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ABSTRACT

There have been previous calls for, and efforts focused on, realizing the power and potential
of weed genomics for better understanding of weeds. Sustained advances in genome
sequencing and assembly technologies now make it possible for individual research groups to

generate reference genomes for multiple weed species at reasonable costs. Here, we present



the outcomes from several meetings, discussions, and workshops focused on establishing an
International Weed Genomics Consortium (IWGC) for a coordinated international effort in
weed genomics. We review the ‘state of the art” in genomics and weed genomics, including
technologies, applications, and on-going weed genome projects. We also report the outcomes
from a workshop and a global survey of the weed science community to identify priority
species, key biological questions, and weed management applications that can be addressed
through greater availability of, and access to, genomic resources. Major focus areas include
the evolution of herbicide resistance and weedy traits, the development of molecular
diagnostics, and the identification of novel targets and approaches for weed management.
There is increasing interest in, and need for, weed genomics, and the establishment of the
IWGC will provide the necessary global platform for communication and coordination of
weed genomics research.

Keywords: genomics, weed biology, weed management, weed evolution, herbicide

resistance, weedy species

1. INTRODUCTION

In their 2017 State of the World’s Plants report, Kew Gardens estimated that whole
genome sequences are now available for 225 plant species.’ Of sequenced vascular plants,
58% were crop species, 18% were crop wild relatives, and 22% were model species and their
wild relatives. Clearly, the commercial and societal value of plants for providing food,
materials, fiber, energy, and medicinal products has been a major motivating factor in plant
genomics efforts. However, it is notable that the weeds that compete with crops, and result in
an average 30% annual yield loss across several crops,” are currently under-represented.
Indeed, only four weed genomes have been published to date (not including crops with

closely related weed species, see section 2). Weed genomics also lags behind studies of the



genomes of arthropods that are plant pests (more than 30 sequenced as of December 2017)**
and plant pathogens (275 sequenced as of May 2017).’

The power and potential of weed genomics to provide biological insight into the
discovery of new herbicide targets and new weed management approaches has long been
recognized. A symposium addressing the potential impacts of biotechnology and genomics
for weed science was held at the Weed Science Society of America (WSSA) meeting in
Toronto in 2000.° Here, various speakers discussed the potential of genomics for discovering
new herbicide targets,” providing insights into weed diversity® and for identifying the genetic
basis of weedy traits, invasiveness, seed dormancy, allelopathy, biological control, and
reproductive characters.’

Later, at the WSSA meeting in 2007, an Emerging Technologies Symposium'’
considered how advances in genomics, transcriptomics, proteomics and bioinformatics might
be applied to studies of weed biology, followed by another WSSA symposium in 2015 on the
integration of “omics” approaches in weed science.'' Many other researchers have considered

1315 to contribute to advances

the potential of weed molecular biology'? and weed genomics
in basic and applied weed science and called for the pooling of resources towards a
community effort to generate genomic data and resources for major weed species.'®
Detractors of weed genomics argue that existing plant model genomes should be sufficient,
but this view is incorrect because there is a great diversity of weedy traits and variation in the
evolutionary strategies of weeds that is not represented in wild and domesticated model
plants such as Arabidopsis and rice.'” We need reference genomes representing the full
diversity of weedy traits and evolutionary strategies. Sustained advances in sequencing

technologies exponentially increase the rate at which genome sequence data in non-model

organisms can be generated at rapidly diminishing costs. Considering these advances, it is



timely to review the aspirations and potential for an international, community-based effort by
weed scientists to sequence the genomes of important, global weed species.

Here, we review the global status of weed genomics research, the impacts that new
sequencing technologies have on the availability of genomic data from weeds and present the
outcomes of several recent international workshops, discussions and surveys that have
attempted to visualize a global effort in weed genomics, through the auspices of an
International Weed Genomics Consortium (IWGC). Whilst these efforts remain preliminary,
we feel it is timely to present our first efforts to determine global priorities for weed
genomics, including major species to be sequenced, biological questions and models to be
addressed and the novel weed management tools, resources, targets, and approaches that may

arise from such an effort.

2. THE STATE OF THE ART IN GENOMICS AND WEED GENOMICS
Discovery in genomics is primarily being driven by advances in sequencing
technologies. When second (next) generation sequencing was first developed, the cost per

base pair plummeted and opened genomics and transcriptomics

to non-model organisms.
Third generation sequencing technologies that provide the ability to sequence long DNA
molecules (> 5kb) are highly advantageous for weed genome sequencing efforts.”**! The
production of longer individual sequences imparts more complete and accurate recapitulation
of complex regions of the genome. Reads from third generation sequencing technologies are
long enough to span most repetitive regions [simple sequence repeats (SSRs), tandem DNA
arrays, long stretches of homo-polymers, low complexity sequence, repetitive DNA elements,
telomeres, etc.] and can therefore resolve these areas and accurately scaffold large contiguous

DNA sections (contigs). Previously, short-read-only assemblies (so called “shotgun”

assemblies) could not resolve complex regions and assemblies remained highly fragmented,



regardless of the amount of short-read data used in their generation.***

Highly repetitive,
gene-poor regions such as centromeres and telomeres remain difficult to assemble, even with
long-read data, and still require other strategies such as Hi-C sequencing, mate-pair
sequencing, linkage mapping, and optical mapping to construct sequences for entire
chromosomes. Computational assembly algorithms have also advanced to handle hybrid data
sets (2" and 3™ generation), and can also manage higher amounts of heterozygous sites and
the ability to split haplotypes, which is crucial for outcrossing species.***’

Once complete, reference genomes become valuable tools for studying structural
variation, DNA rearrangements, association genetics, and polyploid genome evolution.?
Reference genomes, including non-coding regions, are essential for bridging genomics to
weed management by enabling studies to understand evolution, domestication, phylogeny,
reproduction, invasiveness, and herbicide resistance in weedy species. In short, technological
advancements have drastically enabled genome reconstruction efforts to deliver more
complete, contiguous, and accurate genome assemblies for more complex species, which is
necessary to deliver on the promise of weed genomics to improve weed management.

Recently, the sequencing of complex crop genomes has been completed for multiple
species, e.g. sugar beet, quinoa, grain amaranth, millet, and sorghum.””' These results
greatly aid efforts to sequence weed genomes as some of these crops, e.g., grain amaranth,
foxtail millet, quinoa, perennial ryegrass, have weedy relatives (Figure 1). One of the most
ambitious recent genomes to be published is the hexaploid wheat genome (15.3 Gb).** The
wheat sequencing effort makes it clear that almost no genome is out of reach for a dedicated
research group.

Despite the increasing ease with which long-read sequence data can be generated and

assembled, the genomes of few economically important weed species have been fully

sequenced. In contrast, numerous de novo transcriptomes have been completed for
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investigation of herbicide resistance® and weed biology and evolution.”**’

Weed genome
assemblies have been published for Conyza canadensis (horseweed),”® Echinochloa crus-
galli (barnyardgrass),”’ Thilaspi arvense (field pennycress),” and Raphanus raphanistrum
(wild radish).”> A genome assembly for the perennial grass forage species Lolium perenne®
has been published, which is closely related to the weed species L. rigidum (annual ryegrass)
and L. perenne ssp. multiflorum (Italian ryegrass). However, these genomes remain
fragmented and are not presented as chromosome-scale pseudomolecules, making some types
of analysis impossible. Importantly, these projects do not represent the broad diversity of
weed species and remain relatively isolated efforts. Currently, several projects are underway
to sequence the genomes of additional weed species, including Amaranthus palmeri (Palmer
amaranth), A. tuberculatus (waterhemp), Echinochloa colona (junglerice), and Kochia
scoparia (kochia). These assemblies have not yet been completed nor made publicly
available. There likely are additional weed genome sequencing efforts underway of which we
are not aware. Furthermore, it is very likely that multiple groups are independently
sequencing the genomes of the same species, which is an inefficient use of resources and
could be better coordinated via the IWGC platform.

Looking forward, several new weed genome sequencing projects will be initiated and
the pace at which sequence data becomes available to weed researchers will accelerate
dramatically. Indeed, it may soon be possible for researchers to move beyond sequencing a
single individual to embark on pangenomics projects*' that aim to elucidate gene and genome

diversity across a species range, and provide opportunities for studies of the adaptation and

eco-evolutionary dynamics of weed populations in specific environments.



3. BUILDING A GLOBAL WEED GENOMICS COMMUNITY

We believe the weed science community is now ready to successfully engage in a
community-based approach to weed genomics through the IWGC. Firstly, advances in
sequencing technology have reduced the cost of de novo genome assembly such that multiple
weed genomes may be successfully completed. Secondly, a critical mass of interested and
motivated scientists from academia and industry have joined together to both drive the
genomics effort and to utilize the resulting genomics resources. Here, we report on recent
efforts to launch the IWGC.

Initially, a “Grass and weed genomics workshop” held in Prague at the 7t
International Weed Science Congress in 2016 (IWSC; http://iwss.info) brought together over
30 weed scientists from academia and industry. This workshop aimed to determine global
priorities for weed biology and management and highlighted the importance of developing
weed genomics databases and skills to address those priorities in key weed species. A
fundamental output of the workshop was the establishment of an international working group
focused on developing weed genomics resources.

Following the IWSC 2016, this working group, which included members from North
America, South America, Europe, Aftrica, Asia and Australia, met at the first official IWGC
workshop at Rothamsted Research (UK) in March 2017. The aim of this meeting was to
better define the overall effort including the organization, structure, objectives and financing
of the consortium. The IWGC concept was then presented to the weed science community
during a keynote session at the Global Herbicide Resistance Challenge in Denver in May
2017. A workshop that addressed the question ‘how do we bridge the gap between weed
genomics and weed management?’ was also held at the conference with the intention of
identifying key applications of weed genomics and activities of the IWGC (see below). These
meetings were followed by an online survey of the weed science community to assess the

level of interest in the IWGC concept (see below).



The main objectives of the IWGC are to obtain reference genomes for the most
important weedy species globally, to provide open-access to the data, and to offer user-
friendly genome analytical tools and training. The expectation is that the IWGC and its
associated website will become a central resource not only for a broad array of scientists with
diverse areas of expertise and interests around the globe, but will also represent a key
platform for stimulating 1) data sharing, 2) partnerships between academia and industry, 3)
collaborations between international research groups, 4) education of the next generation of
weed scientists, 5) the transfer of knowledge and experience to developing countries and 6)

an open forum for discussion.

4. FOCAL SPECIES FOR A GLOBAL WEED GENOMICS INITIATIVE

Initial feedback on the IWGC proposal highlighted the importance of careful selection
of ‘priority’ weed species for genome sequencing. A survey circulated amongst the weed
science community following the GHRC addressed this point through two questions. The
survey consisted of 245 participants that represented a range of geographic regions and
research interests (Supporting Information Figures 1 and 2). Analysis of the distribution of
the survey’s participants highlighted the over-representation of the Americas and Europe,
while Africa and Asia were clearly under-represented (Supporting Information Figure 1).
Participants were asked to choose three priority species from amongst a pre-selected list of 10
species that could be targets for future sequencing efforts, based on the output of previous
workshops and discussions, and for which genome assembly projects were not completed or
known to be in progress as of March, 2017. For example, Amaranthus palmeri and Conyza
canadensis were not included in the pre-selected list since their genomes were sequenced or

in progress at the time of the survey. As this list of species may not have reflected the needs
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of the entire community, a second question offered the possibility of nominating two
additional unlisted weed species.

In summary, responses to these two questions revealed a consensus towards
sequencing weed models within the genera of Conyza, Sorghum, Poa, Lolium, Amaranthus,
Echinochloa, and to a lesser extent Alopecurus, Eleusine and Digitaria (Figures 2, 3). The
analysis of preferences based on the 10 listed species (Figure 2) revealed two species that
were globally important: Lolium rigidum (rigid ryegrass) and Conyza bonariensis (hairy
fleabane). A cluster of four species, namely, Amaranthus tuberculatus (waterhemp), Sorghum
halepense (Johnsongrass), Alopecurus myosuroides (blackgrass) and Digitaria sanguinalis
(hairy crabgrass) were viewed as next in importance. Respondents also identified several
additional genera, consisting of multiple target weed species (Figure 3). Several species
appeared in the second list (Figure 3A) for which genomes are in progress or complete, such
as Amaranthus palmeri and Conyza canadensis, indicating their importance to the North
American weed science community and a need for improved communication about the status
of genome sequencing projects in weeds.

Fortunately, several of the species identified as high priority have closely related crop
relatives whose genomes and genome annotations (Figure 1) will be highly useful for
annotating new weed genome assemblies. Additionally, genomes of several of the identified
priority species or related species within the same genus are in progress and/or published,
including the published C. canadensis®® and E. crus-galli’’ genomes and the sequencing of

BACs from A. palmeri,” with a whole genome assembly in progress.

5. WEED GENOMICS PROVIDES NOVEL INSIGHTS INTO WEED BIOLOGY
As mentioned above, a workshop was also held at the GHRC to examine and discuss

the desired weed biology and management focus for the IWGC. Prior to the workshop,
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participants were asked to submit up to five biological questions and/or weed management
applications where they thought weed genomics could or should make a significant
contribution. In total, 91 responses were submitted (Supporting Information Table 1). These
responses were analyzed to identify major emerging themes and areas where potential new
insights and advances could be made given access to weed genomics resources (Supporting
Information Table 2). From this analysis, several focal areas for weed biology research and
for weed management application were identified (Figure 4). These areas are discussed
below. Broadly, three areas in which weed genomics can make significant advances were
identified: (i) understanding of the fundamental molecular, physiological, genetic, ecological
and evolutionary processes that underlie weed adaptation (basic plant biology), (i1) insights
into new targets and new approaches for weed management (translational plant science) and
(ii1)) management strategies that make weed adaptation (applied evolutionary biology) more

difficult, or slower, to evolve.

5.1.Herbicide resistance

To date, our understanding of the molecular basis of herbicide resistance has been
largely informed by single-gene sequencing and identification of single-point mutations
causing target-site resistance (TSR). More recently, second-generation sequencing
technologies have also enabled transcriptomic approaches (e.g., RNA-Seq) to identify
candidate genes underlying more complex non-target-site resistance (NTSR) mechanisms,
such as herbicide metabolism and translocation. Genomics offers the promise to go beyond
transcriptomics to provide further novel insights into the genomic basis of complex resistance
traits such as NTSR. For instance, as specific NTSR genes such as cytochrome P450s* are
identified, researchers will use functional genomics to determine why differential regulation

of TSR and NTSR genes occurs (and thus provide insights into regulatory mechanisms),
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determine what types of mutations produce this adaptive molecular variation (such as copy
number variation or changes in gene promoters), and the relationship between a weed's
genome and its resistance phenotype. This knowledge will inform the design of specific weed
management programs for different types of resistance mechanisms.

Gene expression can be controlled by a variety of mechanisms; however, mutations in
cis and trans regulatory elements and in the transcription factors that bind them can only be
understood with genomic tools. Additionally, gene copy number variation (CNV) and the
resulting changes in gene expression have been shown repeatedly to underlie herbicide
resistance in multiple weed species.***> Genomic and computational resources are essential to
answer questions related to CNVs. In addition, epigenetic mechanisms are likely to be
playing a yet unknown role in herbicide resistance*® and weed adaptation to changing
environmental and management conditions, yet without genomic resources, all work on
epigenetics is currently restricted to model species with reference genomes, such as
Arabidopsis. Further, research into CNVs and epigenetics will undoubtedly generate new
insights into whether herbicide resistance mechanisms are linked to abiotic stress responses,
such as tolerance to flooding, drought, heat, cold, or xenobiotics, and thus provide
information on how different weed species will respond to changing climate and weed
control practices. Such knowledge is key to developing effective and sustainable weed
management strategies for the future.

Some important research needs in weed biology and herbicide resistance evolution
identified in the GHRC 2017 workshop include 1) identifying the mechanistic basis and
frequency of novel molecular variation in NTSR genes; 2) determining whether NTSR
mechanisms are linked to stress responses, such as responses to flooding, drought, heat, or
cold tolerance; 3) discovering whether NTSR genes are genetically linked and/or co-

regulated with such stress response pathways; 4) asking if pre-adaptation for NTSR occurs in

16



weed populations that are adapted to stressful environments and 5) determining why
enhanced metabolic resistance appears to be relatively common in grass weeds but relatively

less common in broadleaf weeds.

5.2. Weed evolution

Over 60 years ago, Harper (1956)*" surmised that ‘arable weeds constitute an
ecological group ...... that have been selected by the very practices that were originally
designed to suppress them’. The relative importance of ‘general-purpose’ genotypes™,
phenotypic plasticity and rapid, ongoing adaptation for explaining the prominence of some
plant species as agricultural weeds has been the subject of ongoing debate,*° leading to a
recognition that weed species may be ideal models for studying adaptation in plants.”’ Given
that the evolution of herbicide resistance provides evidence of the importance of, and
potential for, rapid weed adaptation, it is also likely that ongoing selection for other weedy
traits is a pervasive force that impacts all weed management efforts.

Many weedy traits (including NTSR) have complex genetic architecture, and
understanding the evolution of those traits in the face of novel management and
environmental challenges requires knowledge of the additive genetic variation that underlies
traits and the resulting trait heritability. Approaches based on quantitative genetics and
population genomics, including genome-wide association studies (GWAS) and whole
genome diversity scans, can deliver increased power to unravel the genetic basis of complex
traits in weeds, their phylogenetic histories, and the demographic and population genetic
processes that mediate responses to environment- and management-based selection pressures.
These approaches will be enabled by greater access to genomic resources for weed species.

As the costs decline and accessibility increases for genomic data in non-model

organisms, many researchers envision that we are rapidly moving towards the age of

17



pangenomics,” where genome sequencing efforts focus on multiple individuals and
populations to capture the full range of genetic diversity within a species. This may be
particularly important for species where understanding adaptation is a major focus (such as
weeds), as there is an increasing realization of the importance of gene duplication, genomic
rearrangements, and neo-functionalization in rapid plant adaptation to environmental
stress. "% While these pangenomics approaches may be a longer-term aspiration for the

IWGC, they can only be possible by initial access to reference genomes for key weed species.

5.3.Weedy traits and stress tolerance

Through natural and human-mediated selection, weeds have been and continue to be
selected for optimal fitness in agricultural environments. Since weeds are not constrained by
conscious breeding efforts that may deliberately select for only a few specific traits,
especially related to yield and pest resistance, natural selection acts on a host of weedy traits
that make weeds well-adapted to compete with crops. Important weedy traits include prolific
seed production causing high rates of population increase, extended seed dormancy, high
dispersion rates, adaptive germination traits, abiotic stress tolerance, and competitiveness.
Additional weedy traits of high interest for weed management and crop improvement are
allelopathy and seed shattering. These life history and resistance traits have been shaped by
evolution in response to human and environmental pressures. Identifying and understanding
the genetic bases of these traits will be facilitated by access to the genomes of weed species.

Many weed species have high tolerance to abiotic stresses such as drought and
flooding, cold and heat.” Identifying the gene(s) responsible for these abiotic stress tolerance
traits would open new avenues for crop improvement™ to breed crops that may, for example,
be more resilient to drought and heat stress associated with changing climate. In theory, genes

responsible for weedy traits may be incorporated into crop varieties (via introgression if the
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crop and weed are sexually compatible, or via transgenic approaches where they are not) or
the corresponding crop gene may be modified to mimic the function of the weed gene (via
genome editing). While functional genomics in weeds remains at a preliminary stage,
genomic resources for weed species developed now will pay large dividends in the years to

come.

5.4. Weed taxonomy and identification

Where closely related weed species coexist, and where definitive identification via
morphological traits is not possible, genomic resources may play a role in assigning species
identity. This may be particularly important in instances where control options and efficacies
differ between closely-related weed species and where hybrid complexes between co-
occurring species have been reported. For example, two related aquatic plant species of the
Myriophyllum genus, and their hybrid, were distinguished using three Kompetitive Allele
specific PCR (KASP) markers.”’ Molecular diagnostics may also enable confirmation of
species identity where novel invasions of weed species beyond their normal range are
suspected. A recent example used species diagnostic KASP markers to confirm the recent
invasion into Brazil of populations of Amaranthus palmeri, distinguishing this species from
the complex of other weedy Amaranthus species previously documented in Brazil.™®

Increasing access to genomic resources and sequence data for closely-related weed species

will continue to enable and inform these efforts.

5.5. Weed dispersal and gene flow
Elucidating the spatial dynamics of weed dispersal (via seed, fruits, and propagules)
and gene flow (via seed and pollen) is important for understanding the evolution and spread

of weeds and weedy traits. This knowledge can, in turn, inform the design of effective weed
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management strategies that limit seed production and/or movement locally and/or over larger,
continental areas. Where dispersal is limited, weed management interventions can be planned
and implemented at local (field to farm) scale, whereas for highly mobile species, studies
over large areas and integrated approaches may be warranted. The degree to which the
evolution and spread of herbicide resistance over large distances is determined by multiple
independent evolutionary events versus rarer, isolated events with subsequent spread remains
incompletely understood, and likely varies for different resistance traits and species.” Studies
to quantify the dispersal of herbicide resistance alleles have used a variety of methods.

6061 and field observations of gene flow between herbicide

Manipulative field experiments
resistant and susceptible crop varieties have been conducted.®® Population genetics analyses
have used the sequence and/or frequency of herbicide target genes,” AFLP markers® and
microsatellites/simple sequence repeats.®%

With access to less expensive sequencing technologies, it becomes possible to
generate orders of magnitude more data (tens of thousands of markers) for genotyping-by-
sequencing (GBS) and population genomics studies.®” These approaches will significantly
increase the power to determine genetic structure, and associated gene flow and dispersal
processes in weed populations. Associated with this, the greater genome coverage achieved
provides extra power to determine the areas of the genome that are under selection at
landscape scales in weed populations, not just for resistance to herbicides, but for weedy
traits in general.

A related issue that has elicited much discussion within the weed science community
has been the potential for ‘transgene escape’ via introgression of transgenic crops and their

weedy relatives. Several mitigation strategies have been proposed, which link crop protection

traits with other traits that will lower the fitness of weedy populations should introgression
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occur.” Increased access to weed genomes will facilitate efforts to identify candidate

‘fitness-reducing’ traits that can be coupled with crop protection traits in tandem constructs.

6. WEED GENOMICS FOR NOVEL AND IMPROVED WEED MANAGEMENT
6.1. Resistance diagnostics

Understanding the underlying genetic basis of herbicide resistance mechanisms and the
development of diagnostic methods for those genetic traits is one immediate practical
application of weed genomics. Information on the presence and frequency of herbicide
resistance is most valuable when available prior to planning and making herbicide
applications. Most current diagnostic procedures use either PCR-based assays to genotype for
known TSR mutations, and/or directly measure herbicide metabolism using analytical
procedures.” These current diagnostics can be improved (made faster and less expensive)
once the molecular variation underlying NTSR is known, i.e., specific mutations in regulatory
regions or other functional molecular variants detected using PCR. PCR-based methods for
resistance diagnostics would preferably be DNA-based, as DNA is less expensive to extract
and easier to manipulate for diagnostics than RNA. Without a full understanding of
intron/exon and promoter structure of a gene, as would be possible with weed genomic
resources, these DNA based methods can only rely on inferences from closely related
species.

Some resistance mechanisms may be amenable for protein-based detection methods
using antibodies (TSR or NTSR protein overexpression). Such methods would work for
mechanisms in which the abundance of a given protein (e.g., a cytochrome P450) is much
higher in a resistant plant than in a susceptible plant. Antibody-based detection methods can
be adapted to field applications, as a leaf can be crushed in buffer and the extraction applied

to a strip or column containing the antibody for rapid detection and visualization.
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It must be emphasized that DNA and protein-based diagnostic methods are
necessarily specific to known mutations and mechanisms. If a weed population carries an
unidentified mechanism that is not tested for in the assay, the diagnosis would produce the
false result of herbicide sensitivity. Biological diagnostic assays, which are independent of
mechanism, are better at avoiding false results but typically require more time. The RISQ
assay70 is a current leading example of a cost-effective test that can be easily employed for a
result within approximately two weeks, but necessary seeds or seedlings are not available at
all times of year. A major challenge for resistance diagnostics in the years ahead is to develop
simple, inexpensive, and robust molecular diagnostics that encompass all known mechanisms

while somehow addressing the potential for as yet unknown mechanisms.

6.2. New targets for weed control

New herbicides are being discovered at a slowing pace and no new modes of action
have been marketed in more than 30 years.”' When new candidate molecules are found, they
may not be brought to market for a range of reasons such as insufficient efficacy, narrow
range of usefulness, non-selectivity, inappropriate residual activity, and/or mammalian
toxicity.”” Weed genomics can contribute to new herbicide discovery by helping to 1) identify
the mode of action of new compounds with unknown targets using sequence-based
approaches, 2) discover the target proteins of existing modes of action for which all
molecular targets are not yet known (e.g., synthetic auxins, cellulose biosynthesis inhibitors),
and 3) design the chemical structure of candidate inhibitors based on potential new molecular
targets discovered in the genome. It should be noted that having genomic sequence is no
guarantee of finding new herbicide targets. Gene knockout approaches for chemical
discovery have been attempted using Arabidopsis by the chemical discovery industry, but no

commercial products with new target sites have reached the market from this approach.”
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Gene knock-down may be more promising to identify novel targets because no chemical
herbicide completely inhibits a target. Plant death often results from toxic substrates or
products that accumulate when a target is inhibited. We anticipate that having the gene
sequences of economically important weeds may aid in identifying novel protein targets.
Molecules inhibiting the specific enzyme in weeds could be developed and tested. Novel
molecular targets may be discovered through computational approaches using the sequences
of all expressed genes available from transcriptomes and genomes. Additionally, candidate
molecules from other crop protection or medical sectors with known targets could be
evaluated against plant targets using complete proteomes available from weed genomes, as
has been conducted for antimalarial drugs as candidate herbicides using Arabidopsis as a
model.”>"*

Potentially disruptive technologies such as RNAi and gene drive may provide new
tools for weed management with facilitation by weed genomics. RNAI targets could function
as herbicide synergists, and/or as stand-alone herbicides, depending on the efficiency of
transcript silencing that can be achieved.” Gene drive technology’® could be employed to
reverse herbicide resistance or to spread deleterious mutations through weed populations that
impact reproductive success, competitiveness or other fitness-related traits. The more
complete understanding of herbicide resistance mechanisms expected to result from weed
genomics could also be utilized to discover and develop chemical synergists to reverse and/or
down-regulate resistance mechanisms. Finally, the discovery of novel herbicide resistance
mechanisms that have evolved in weeds can be used to develop new herbicide resistance

traits in crops through targeted gene editing.
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6.3. Proactive resistance management

The potential for weed genomics to provide additional insight and understanding for
resistance management featured heavily in responses and discussions among delegates at the
2017 GHRC conference. In the word cloud depicted in Figure 4, we distinguish participant
responses between the general category of resistance management, and responses specifically
recognizing the potential for weed genomic resources to enable more predictive or proactive
approaches. In general, proactive resistance management would be facilitated by access to
resistance diagnostics and through the identification of novel targets for weed control, which
would enable more diverse weed management strategies and moderate selection pressures by
reducing reliance on current weed management tools. As these aspects have been discussed
above, here we focus on application for proactive resistance management.

Access to comprehensive genome sequences for major global weeds will result in
increased efforts to elucidate the herbicide- and stress-responsive pathways that are involved
in non-target-site resistance. With this insight, it should be possible to gain a better
understanding of the relative risks of resistance evolution prior to, or during, the early stages
of selection for NTSR. Further, such insights would motivate pre-emptive studies that assess
risks of resistance to new herbicides, and even new modes of action. They may also help to
answer longstanding and recalcitrant questions about why some weed species are more prone
to the rapid evolution of resistance than others. Increased knowledge of the underlying
molecular genetic mechanisms of NTSR can inform questions about the molecular basis of
cross-resistance patterns, and the repeatability and genetic convergence of evolutionary
outcomes.” This understanding will inform the rational design of herbicide mixture and
rotation strategies to ensure that these do not promote the use of herbicides with cross-
resistance NTSR mechanisms. Armed with this basic knowledge, it will be possible to
improve the design, testing and implementation of proactive resistance management

strategies.
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6.4. New traits for crop improvement and crop/weed comparative genomics

Despite the continuous advances made in crop breeding, projection models of crop
production suggest a progressive decline in yield for most major crops, which threatens food
security globally.54 There are two main reasons for these predictions. First, breeders have
long focused on producing phenotypically, and thus genetically, uniform crop cultivars with
specific plant traits, which has led to significant losses in genetic diversity (i.e., genetic
erosion).”” Second, modern varieties have been selected based on their performance in a
specific climate and are generally locally adapted as a result. Fluctuations in the environment
can result in dramatic crop yield loss, and thus global climate change will significantly
impact crop production.

Agricultural weeds and wild relatives of crops are re-emerging as promising sources
of genetic diversity for crop improvement.>* As previously mentioned, many traits increasing
weed competitiveness are unknown, and most of the physiological characteristics associated
with weed fitness, other than herbicide resistance, have an unknown genetic basis.
Understanding the genetic mechanisms underlying the physiological processes that make
weedy species so competitive in agriculture settings will provide new genetic resources for
developing new crop cultivars that can out-compete weeds and produce significant crop
yields under various climatic scenarios. Among the most interesting traits are developmental
traits improving plant biomass production and seed yield, and stress tolerance traits
enhancing plant adaptation to environmental challenges.

As an example, the cultivated rice/weedy rice system represents an excellent model
for crop/weed comparative genomics because the species belong to the same genus, a high
quality and fully annotated reference genome is available, and many cultivated rice cultivars

and wild relatives have been sequenced. Re-sequencing of several rice and weedy rice

25



accessions from China demonstrated that Chinese weedy rice was the result of de-
domestication of cultivated rice through exoferality.78 Using a similar approach, 38 weedy
rice accessions from the United States were re-sequenced and compared to over 100
previously sequenced rice genomes, including weedy rice accessions from China.” Such
work provided insights into evolutionary processes responsible for weedy traits in rice and
identified genomic regions that could be used for crop improvement.80 Importantly, with the
more robust genomic tools in rice, we can now detect the difference between exoferal
(derived from crop-wild relative hybridization) and endoferal (escaped crop genotypes)
weeds.* ¥ Through comparative genomics analyses of exo- and endoferal weedy rice, we can
now discover quantitative genetic differences in weedy versus domesticated traits and how

population structure may modulate these differences in the field.

7. DELIVERING AN INTERNATIONAL WEED GENOMICS CONSORTIUM

To reach its full potential, weed genomics must connect communities from diverse
disciplines of biology such as weed science, plant genetics, molecular physiology, evolution,
and ecology. The IWGC is moving forward with members from across these disciplines and
plans to initiate the envisaged genome sequencing, website, and training initiatives.
Annotated genomes at chromosome-scale assembly will be released in a user-friendly
database environment. To provide a platform for community engagement with the IWGC, we
have established a discussion forum at Plantae (www.plantae.org), a free online resource for
the plant science community. Interested readers are invited to register with Plantae and join
the conversation at

https://community.plantae.org/discussion/4896069111202710923/international-weed-

genomics-consortium. The weed genomics website developed by Scott McElroy,

www.weedgenomics.org, may be further developed into the online weed genomics resource
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for the IWGC, based in part on other successful genome initiatives such as

www.rosaceae.org. The weed genomics website will provide genome browsers, searching

capability, comparative and diversity genomics tools, and visualization of gene expression
and genotyping data sets. The website will also provide a platform for IWGC training in

bioinformatics.

ACKNOWLEDGMENTS

This work was partially supported by the Biotechnology and Biological Sciences Research
Council (BBSRC), UK (grant number BB/N022319/1 to P.N. and T.G. and grant number
BB/L001489/1 to P.N.). The work at Rothamsted forms part of the Smart Crop Protection
(SCP) strategic programme (BBS/OS/CP/000001) funded through the BBSRC’s Industrial

Strategy Challenge Fund.

REFERENCES

1. Kew, State of the World's Plants. Available at: https://stateoftheworldsplants.com.
Accessed 10 November 2017. (2017).

2. Oerke EC, Crop losses to pests. J Agr Sci 144: 31-43 (20006).

3. Childers A, Sequenced Arthropod Genomes, 15k Initiative,
http://i5k.github.io/arthropod genomes at ncbi#FAQ, Accessed 7 March 2018.
(2018).

4. 15K Consortium, The 15K Initiative: advancing arthropod genomics for knowledge, human
health, agriculture, and the environment. J Hered 104: 595-600 (2013).

5. Pedro H, Maheswari U, Urban M, Irvine AG, Cuzick A, McDowall MD, et al,, PhytoPath:
an integrative resource for plant pathogen genomics. Nuc Acids Res 44: D688-D693

(2016).

27



6. Shaner DL, Introduction to the effect of biotechnology and genomics on weed science.
Weed Sci 49: 248-248 (2001).

7. Hess FD, Anderson RJ and Reagan JD, High throughput synthesis and screening: the
partner of genomics for discovery of new chemicals for agriculture. Weed Sci 49: 249-
256 (2001).

8. Jasieniuk M and Maxwell BD, Plant diversity: New insights from molecular biology and
genomics technologies. Weed Sci 49: 257-265 (2001).

9. Weller SC, Bressan RA, Goldsbrough PB, Fredenburg TB and Hasegawa PM, The effect
of genomics on weed management in the 21st century. Weed Sci 49: 282-289 (2001).

10. Anderson JV, Emerging technologies: an opportunity for weed biology research. Weed
Sci 56: 281-282 (2008).

11. Maroli A, Gaines TA, Foley ME, Duke SO, Dogramaci M, Anderson JV, et al,, Omics in
weed science research: A perspective from genomics, transcriptomics, and
metabolomics approaches. Weed Sci: Minor revisions (2018).

12. Gressel J, Molecular Biology of Weed Control. CRC Press. (2002).

13. Stewart CN, ed. Weedy and Invasive Plant Genomics: John Wiley & Sons. 271 p. (2009)

14. Tranel PJ and Horvath DP, Molecular biology and genomics: new tools for weed science.
BioScience 59: 207-215 (2009).

15. Basu C, Halfhill MD, Mueller TC and Stewart Jr CN, Weed genomics: new tools to
understand weed biology. Trends Plant Sci 9: 391-398 (2004).

16. Stewart CN, Tranel PJ, Horvath DP, Anderson JV, Rieseberg LH, Westwood JH, et al,,
Evolution of weediness and invasiveness: Charting the course for weed genomics.

Weed Sci 57: 451-462 (2009).



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Gressel J, Arabidopsis is not a weed, and mostly not a good model for weed genomics;
There is no good model for weed genomics. In: Stewart CN, editor. Weedy and
Invasive Plant Genomics: John Wiley & Sons. pp. 25-32. (2009).

Shendure J and Ji H, Next-generation DNA sequencing. Nature Biotech 26: 1135-1145
(2008).

Ansorge WJ, Next-generation DNA sequencing techniques. New Biotechnol 25: 195-203
(2009).

Schadt EE, Turner S and Kasarskis A, A window into third-generation sequencing.
Human Mol Genet 19: R227-R240 (2010).

Stapley J, Reger J, Feulner PG, Smadja C, Galindo J, Ekblom R, et al,, Adaptation
genomics: the next generation. Trends Ecol Evol 25: 705-712 (2010).

Alkan C, Sajjadian S and Eichler EE, Limitations of next-generation genome sequence
assembly. Nat Methods 8: 61-65 (2011).

Treangen TJ and Salzberg SL, Repetitive DNA and next-generation sequencing:
computational challenges and solutions. Nat Rev Genet 13: 36-46 (2012).

Xiao C-L, Chen Y, Xie S-Q, Chen K-N, Wang Y, Han Y, et al,, MECAT: fast mapping,
error correction, and de novo assembly for single-molecule sequencing reads. Nat
Methods 14: 1072-1074 (2017).

Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH and Phillippy AM, Canu:
scalable and accurate long-read assembly via adaptive k-mer weighting and repeat
separation. Genome Res 27: 722-736 (2017).

Chaney L, Sharp AR, Evans CR and Udall JA, Genome mapping in plant comparative
genomics. Trends Plant Sci 21: 770-780 (2016).

Jarvis DE, Ho Y, Lightfoot DJ, Schmdckel SM, Li B, Borm TJ, et al,, The genome of

Chenopodium quinoa. Nature 542: 307-312 (2017).

29



28.

29.

30.

31.

32.

33.

34.

35.

Dohm JC, Minoche AE, Holtgrawe D, Capella-Gutiérrez S, Zakrzewski F, Tafer H, et al,,
The genome of the recently domesticated crop plant sugar beet (Beta vulgaris).
Nature 505: 546-549 (2014).

Lightfoot D, Jarvis DE, Ramaraj T, Lee R, Jellen E and Maughan P, Single-molecule
sequencing and Hi-C-based proximity-guided assembly of amaranth (Amaranthus
hypochondriacus) chromosomes provide insights into genome evolution. BMC
Biology 15: 74 (2017). DOI: 10.1186/s12915-017-0412-4.

Varshney RK, Shi C, Thudi M, Mariac C, Wallace J, Qi P, et a/,, Pearl millet genome
sequence provides a resource to improve agronomic traits in arid environments.
Nature Biotech 35: 969 (2017). DOI: 10.1038/nbt.3943.

Paterson AH, Bowers JE, Bruggmann R, Dubchak I, Grimwood J, Gundlach H, et al,,
The Sorghum bicolor genome and the diversification of grasses. Nature 457: 551-556
(2009).

Zimin AV, Puiu D, Hall R, Kingan S, Clavijo BJ and Salzberg SL, The first near-
complete assembly of the hexaploid bread wheat genome, Triticum aestivum.
GigaScience 6: 1-7 (2017).

Giacomini DA, Gaines T, Beffa R and Tranel PJ, Optimizing RNA-seq studies to
investigate herbicide resistance. Pest Manag Sci: in press, DOI: 10.1002/ps.4822
(2018).

Babineau M, Mahmood K, Mathiassen SK, Kudsk P and Kristensen M, De novo
transcriptome assembly analysis of weed Apera spica-venti from seven tissues and
growth stages. BMC Gen 18: 128 (2017). DOI: 10.1186/5s12864-017-3538-4.

Jayasena AS, Fisher MF, Panero JL, Secco D, Bernath-Levin K, Berkowitz O, et al,,
Stepwise evolution of a buried inhibitor peptide over 45 My. Mol Biol Evol 34: 1505-

1516 (2017).

30



36.

37.

38.

39.

40.

41.

42.

43.

Peng Y, Lai Z, Lane T, Nageswara-Rao M, Okada M, Jasieniuk M, et al,, De novo
genome assembly of the economically important weed horseweed using integrated
data from multiple sequencing platforms. Plant Physiol 166: 1241-1254 (2014).

Guo L, Qiu J, Ye C, Jin G, Mao L, Zhang H, et al,, Echinochloa crus-galli genome
analysis provides insight into its adaptation and invasiveness as a weed. Nature Comm
8: 1031 (2017). DOI: 10.1038/s41467-017-01067-5.

Dorn KM, Fankhauser JD, Wyse DL and Marks MD, A draft genome of field pennycress
(Thlaspi arvense) provides tools for the domestication of a new winter biofuel crop.
DNA Research 22: 121-131 (2015).

Moghe GD, Hufnagel DE, Tang H, Xiao Y, Dworkin I, Town CD, et a/,, Consequences
of whole-genome triplication as revealed by comparative genomic analyses of the
wild radish (Raphanus raphanistrum) and three other Brassicaceae species. Plant Cell
26: 1925-1937 (2014).

Byrne SL, Nagy I, Pfeifer M, Armstead I, Swain S, Studer B, et al,, A synteny-based draft
genome sequence of the forage grass Lolium perenne. Plant J 84: 816-826 (2015).
Golicz AA, Batley J and Edwards D, Towards plant pangenomics. Plant Biotechnol J 14:

1099-1105 (2016).

Molin WT, Wright AA, Lawton-Rauh A and Saski CA, The unique genomic landscape
surrounding the EPSPS gene in glyphosate resistant Amaranthus palmeri: a repetitive
path to resistance. BMC Gen 18: 91 (2017). DOI: 10.1186/s12864-016-3336-4.

Iwakami S, Endo M, Saika H, Okuno J, Nakamura N, Yokoyama M, et al,, Cytochrome
P450 CYP81A12 and CYP81A21 are associated with resistance to two acetolactate

synthase inhibitors in Echinochloa phyllopogon. Plant Physiol 165: 618-629 (2014).

31



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Patterson EL, Pettinga DJ, Ravet K, Neve P and Gaines TA, Glyphosate resistance and
EPSPS gene duplication: Convergent evolution in multiple plant species. J Hered
109: 117-125 (2018).

Laforest M, Soufiane B, Simard M-J, Obeid K, Page E and Nurse RE, Acetyl-CoA
carboxylase overexpression in herbicide resistant large crabgrass (Digitaria
sanguinalis). Pest Manag Sci 73: 2227-2235 (2017).

Markus C, Pecinka A, Karan R, Barney JN and Merotto A, Epigenetic regulation—

Contribution to herbicide resistance in weeds? Pest Manag Sci 74: 275-281 (2018).

Harper J, The evolution of weeds in relation to resistance to herbicides. Proc 3rd Br Weed

Control Conf'1: 179-188 (1956).

Baker HG, Characteristics and modes of origin of weeds. In: Baker HG, Stebbins G,
editors. The Genetics of Colonizing Species: Proceedings of the First International
Union of Biological Sciences Symposia on General Biology. pp. 147-172. (1965).

Clements DR, DiTommaso A, Jordan N, Booth BD, Cardina J, Doohan D, ef al,,
Adaptability of plants invading North American cropland. Agr Ecosyst Environ 104:
379-398 (2004).

Neve P, Vila-Aiub M and Roux F, Evolutionary thinking in agricultural weed
management. New Phytol 184: 783-793 (2009).

Vigueira CC, Olsen KM and Caicedo AL, The red queen in the corn: agricultural weeds
as models of rapid adaptive evolution. Heredity 110: 303-311 (2013).

DeBolt S, Copy number variation shapes genome diversity in Arabidopsis over
immediate family generational scales. Genome Biol Evol 2: 441-453 (2010).

Boyko A and Kovalchuk I, Genome instability and epigenetic modification—heritable

responses to environmental stress? Curr Opin Plant Biol 14: 260-266 (2011).

32



54.

55.

56.

57.

58.

59.

60.

61.

Mickelbart MV, Hasegawa PM and Bailey-Serres J, Genetic mechanisms of abiotic stress
tolerance that translate to crop yield stability. Nat Rev Genet 16: 237-251 (2015).

Kuester A, Conner JK, Culley T and Baucom RS, How weeds emerge: a taxonomic and
trait[ 'based examination using United States data. New Phytol 202: 1055-1068
(2014).

Basu C and Zwenger SR, An introduction to molecular genetic and genomic techniques.
In: Stewart CN, editor. Weedy and Invasive Plant Genomics: John Wiley & Sons. pp.
11-24. (2009).

Patterson E, Fleming M, Kessler K, Nissen S and Gaines T, A KASP genotyping method
to identify northern watermilfoil, Eurasian watermilfoil, and their interspecific
hybrids. Front Plant Sci 8: 752 (2017). DOI: 10.3389/fpls.2017.00752.

Kiipper A, Borgato EA, Patterson EL, Netto AG, Nicolai M, Carvalho SJd, et al,,
Multiple resistance to glyphosate and acetolactate synthase inhibitors in Palmer
amaranth (Amaranthus palmeri) identified in Brazil. Weed Sci 65: 317-326 (2017).

Neve P, Busi R, Renton M and VilalJAiub MM, Expanding the ecolJevolutionary
context of herbicide resistance research. Pest Manag Sci 70: 1385-1393 (2014).

Busi R, Yu Q, Barrett-Lennard R and Powles S, Long distance pollen-mediated flow of
herbicide resistance genes in Lolium rigidum. Theor Appl Genet 117: 1281-1290.
(2008).

Sarangi D, Tyre AJ, Patterson EL, Gaines TA, Irmak S, Knezevic SZ, et al,, Pollen-
mediated gene flow from glyphosate-resistant common waterhemp (Amaranthus rudis
Sauer): consequences for the dispersal of resistance genes. Sci Rep 7: 44913 (2017).

DOI: 10.1038/srep44913.

33



62.

63.

64.

65.

66.

67.

68.

Rieger MA, Lamond M, Preston C, Powles SB and Roush RT, Pollen-mediated
movement of herbicide resistance between commercial canola fields. Science 296:
2386-2388 (2002).

Menchari Y, Camilleri C, Michel S, Brunel D, Dessaint F, Le Corre V, et al,, Weed
response to herbicides: regionallIscale distribution of herbicide resistance alleles in
the grass weed Alopecurus myosuroides. New Phytol 171: 861-874 (2006).

Délye C, Michel S, Bérard A, Chauvel B, Brunel D, Guillemin J-P, et a/,, Geographical
variation in resistance to acetyl-coenzyme A carboxylase-inhibiting herbicides across
the range of the arable weed Alopecurus myosuroides (black-grass). New Phytol 186:
1005-1017 (2010).

Okada M, Hanson BD, Hembree KJ, Peng Y, Shrestha A, Stewart CN, Jr., et al,,
Evolution and spread of glyphosate resistance in Conyza canadensis in California.
Evol Appl 6: 761-777 (2013).

Fernandez L, Haro LA, Distefano AJ, Carolina Martinez M, Lia V, Papa JC, et al,,
Population genetics structure of glyphosate(Iresistant Johnsongrass (Sorghum
halepense L. Pers) does not support a single origin of the resistance. Ecol Evol 3:
3388-3400 (2013).

Kiipper A, Manmathan HK, Giacomini D, Patterson EL, McCloskey WB and Gaines TA,
Population genetic structure in glyphosate-resistant and-susceptible Palmer amaranth
(Amaranthus palmeri) populations using genotyping-by-sequencing (GBS). Front
Plant Sci 9: 29 (2018). DOI: 10.3389/fpls.2018.00029.

Gressel J, Dealing with transgene flow of crop protection traits from crops to their

relatives. Pest Manag Sci 71: 658-667 (2015).

34



69.

70.

71.

72.

73.

74.

75.

76.

77.

Beffa R, Figge A, Lorentz L, Hess M, Laber B and Ruiz-Santaella JP, Weed resistance
diagnostic technologies to detect herbicide resistance in cereal growing areas. A
review. Julius-Kiihn-Archiv 434: 75-80 (2012).

Kaundun SS, Hutchings SJ, Dale RP, Bailly GC and Glanfield P, Syngenta 'RISQ' test: a
novel in-season method for detecting resistance to post-emergence ACCase and ALS
inhibitor herbicides in grass weeds. Weed Res 51: 284-293 (2011).

Duke SO, Why have no new herbicide modes of action appeared in recent years? Pest
Manag Sci 68: 505-512 (2012).

Peters B and Strek H, Herbicide discovery in light of rapidly spreading resistance and
ever increasing regulatory hurdles. Pest Manag Sci: In press, DOI: 10.1002/ps.4768
(2018).

Corral MG, Leroux J, Tresch S, Newton T, Stubbs KA and Mylne JS, Exploiting the
evolutionary relationship between malarial parasites and plants to develop new
herbicides. Angew Chem Int Edit 56: 9881-9885 (2017).

Corral MG, Leroux J, Stubbs KA and Mylne JS, Herbicidal properties of antimalarial
drugs. Sci Rep 7: 45871 (2017). DOI: 10.1038/srep45871.

Zotti M, dos Santos EA, Cagliari D, Christiaens O, Taning CNT and Smagghe G, RNAi
technology in crop protection against arthropod pests, pathogens and nematodes. Pest
Manag Sci: in press, DOI: 10.1002/ps.4813 (2018).

Esvelt KM, Smidler AL, Catteruccia F and Church GM, Concerning RNA-guided gene
drives for the alteration of wild populations. eLife 3: ¢03401 (2014). DOI:
10.7554/eLife.03401.

Van de Wouw M, Kik C, van Hintum T, van Treuren R and Visser B, Genetic erosion in

crops: concept, research results and challenges. Plant Genet Res 8: 1-15 (2010).

35



78. QiulJ, Zhou Y, Mao L, Ye C, Wang W, Zhang J, et al,, Genomic variation associated
with local adaptation of weedy rice during de-domestication. Nature Comm 8: 15323
(2017). DOI: 10.1038/ncomms15323.

79.Li L-F, Li Y-L, Jia Y, Caicedo AL and Olsen KM, Signatures of adaptation in the weedy
rice genome. Nat Genet 49: 811-814 (2017).

80. Stewart Jr CN, Becoming weeds. Nat Genet 49: 654 (2017). DOI: 10.1038/ng.3851.

81. Kanapeckas KL, Tseng TM, Vigueira CC, Ortiz A, Bridges WC, Burgos NR, ef al,,
Contrasting patterns of variation in weedy traits and unique crop features in divergent
populations of US weedy rice (Oryza sativa sp.) in Arkansas and California. Pest
Manag Sci DOI: 10.1002/ps.4820 (2018).

82. Kanapeckas KL, Vigueira CC, Ortiz A, Gettler KA, Burgos NR, Fischer AJ, et al,,
Escape to ferality: the endoferal origin of weedy rice from crop rice through de-

domestication. PLoS One 11: 0162676 (2016). DOI: 10.1371/journal.pone.0162676.

36



Supporting Information

13 North
America

America
76

Academia
171

Supporting Information Figure 1. Distribution of the survey’s participants. The distribution of
participants was analyzed based (A) on their geographic origins and (B) on their type of

professional appointments. Total number of participants: 245.
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Supporting Information Figure 2. Primary scientific interests of participants. Participants
were asked about their main scientific/research interests. They could select among four
categories (genomics, plant biology, weed ecology and evolution, and agriculture/weed

management/herbicide resistance). Additionally, they could choose “other” and give details

about their interests. Participants could check several interests. Total number of participants:

245.
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Supporting Information Table 1. A list of 91 responses that were pre-submitted by attendees
at the Global Herbicide Resistance Challenge workshop on weed genomics and weed
management. Workshop attendees were asked to indicate up to five biological questions or
weed management applications that would benefit from greater access to weed genomics data

and resources.

Response | Biological questions and/or management applications for weed genomics
No.

1 Weed genomics can improve knowledge about weediness traits that could be
used for gene flow mitigation from transgenic crops to crop-related weeds

2 Weed genomics can provide diagnostic tools for rapid identification of
herbicide resistant weeds at large spatial scale

3 Weed genomics can support more precise weed species identification

4 Genomics can contribute to e.g. improve the competitiveness of crop plants,
thus reducing the damaging effects from weeds and allow new weed control
concepts and methodologies

5 Genomics must elucidate the function of genetic modifications and their effects
with regard to crop-weed interaction

6 Weed genomics can contribute to herbicide resistance management by helping
to assess the heritability of resistance alleles/genes.

7 Weed genomics can contribute to herbicide resistance management by helping
to determine the genetic plasticity (standing genetic variation) in weed species
that may result in resistance evolution

8 Weed genomics can contribute to herbicide resistance management by helping
to determine resistance mechanisms preferred for a given species/herbicide
combination so that weed species which are more likely to develop resistance
can be identified early.

9 Weed genomics can contribute to herbicide resistance management by
identifying all non-active herbicidal modes of action on genetic level resulting
in concrete herbicide recommendations for an individual weed population/ a
specific field.

10 Weed genomics must also incorporate physiological, biochemical, and genetic-
based research in order to truly and comprehensively determine and define
mechanisms for herbicide resistance in weeds

11 Weed genomics must also incorporate crop (or any cultivated/model plant)
genomics to enhance our understanding of weedy traits; relying only on weedy
plants' resources (which currently lag far behind cultivated or model plants)




leaves behind many useful and readily accessible genomic resources to help
increase our knowledge of weed genomics.

12

Weed genomics can contribute to herbicide-resistant weed management by
determining how and why weed species respond differently to selection
pressures imposed by chemical and non-chemical weed management strategies

13

Weed genomics can contribute to herbicide resistance management by helping
to determine resistance presence quickly than using traditional methods

14

Weed genomics can contribute to herbicide resistance management by
identifying in loco (on field) the type and frequency of resistance presence,
making herbicides use more accurate

15

Weed genomics can contribute to herbicide resistance management by rapid
diagnosis of weed resistance and its monitoring

16

Weed genomics must contribute to herbicide resistance management by
identifying positive genes and bringing them to commercial crops

17

Weed genomics must contribute to herbicide resistance management by
understanding weed biology

18

Weed genomics can contribute to herbicide resistance management by
investigating frequency and dispersal patterns of resistant populations

19

Weed genomics can contribute to herbicide resistance management by
discovering why plants survive after a herbicide treatment (mechanism of
resistance).

20

Can weed genomics help predict which herbicides are affected by non-target-
site-based resistance (e.g., enhanced metabolism) based on which genes are
being expressed in an individual or population (particularly the Grass family)

21

Can genomics technologies be used (at some point) for rapid, inexpensive (i.e.
in —season) diagnostics of weed resistance?

22

Weed genomics must contribute to herbicide resistance management by
identifying non-target site resistance mechanisms and the extent of cross
resistance they endow

23

Weed genomics must contribute to herbicide resistance management by getting
cheaper and more portable to allow in-field diagnostics

24

Weed genomics can contribute to the knowledge of weed biology making the
genetic association of traits (GWAS) related with the weediness (germination,
growth, tolerance to biotic and abiotic stress, among others)

25

Weed genomics must be able to identify the genes related to non-target-site
herbicide resistance (for instance, cytochrome p450)

26

Weed genomics can contribute to the discovery of new sites of action for the
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develop of news mode of action

27

Weed genomics must contribute to herbicide resistance management by
helping to understand the potential risk of NTSR mechanisms (particularly
enhanced metabolism) of conferring cross/multiple resistance to several modes
of action

28

Weed genomics can contribute to herbicide resistance management by
providing analytical "tools" for rapid infield detection of NTSR mechanisms
(i.e. enhanced metabolism)

29

Weed genomics can contribute to herbicide resistance management by
answering this relevant question (at least to me): when TSR mechanisms have
evolved and selection pressures are maintained (same MoA), does it give
fitness advantage to those resistant plants to evolve NTSR mechanisms?

30

Weed genomics must contribute to herbicide resistance management by
identifying other traits (not related to herbicide selection pressure) evolving in
resistant weeds that enable them to survive to herbicide resistance management
strategies

31

Which is best to prevent or slow down herbicide resistance: herbicide mixtures
versus sequential applications? How many MoA's, as much as possible? This
last statement maybe cannot be answered or is not related to weed genomics

32

Comparative genomics of crop-related weeds and the related crop can pinpoint
genes that can facilitate mitigation of transgene flow of herbicide resistance
transgenes

33

Weed genomics can contribute to herbicide resistance management (HRM) by
identifying novel targets for weed control

34

Weed genomics can contribute to HRM by increasing the understanding of
weed resistance mechanisms and thereby identify means of avoiding and/or
managing herbicide resistance

35

Weed genomics can contribute to weed management and crop breeding by
helping to determine genetic mechanisms of allelopathy of weeds and breeding
weed resistance crops

36

Weed genomics can contribute to weed management by helping to identify
different species (maybe with different genome size or polyploidy and
herbicide response) in natural populations of a weed

37

Weed genomics can contribute to weed biology by helping to setup
a true phylogenetic tree and evolutionary history of a weed species in an area
or worldwide

38

Weed genomics can help exploring the variance in herbicide response between
different species in order to create a wide data base that will improve our
understanding on the function of different genes in herbicide resistance
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mechanisms

39

Weed genomics must serve as a portal connecting herbicide resistance to
other stress related responses in order to identify parallel pathways and genes
that will help us better understand the big picture

40

Weed genomics can speed up resistance confirmation (through molecular
assays) for known mechanisms, which in turn can inform to select for the best
management approach and reduce spread of resistance alleles by pollen or
seeds

41

Weed genomics could eventually provide tools to identify populations most
likely to evolve resistance and allow for preventive measures aimed at the
particular species

42

Weed genomics may inform us about mechanisms of adaptation, a knowledge
that in turn can serve to select better crops

43

Are there common genetic features (driving physiological processes for
example) among different weed species that makes them weeds

44

Are weeds that develop resistance more tolerant to stresses (oxidative, amongst
others)?

45

Genomics can identify whether spatial movement of resistance alleles (pollen,
seed) is significant and thus determine management strategies to minimize this
potential gene flow

46

Weed genomics can contribute to herbicide resistance management by
identifying genes or loci that contribute to overall resistance in weeds that can
be used as targets for genetic engineering or for develop molecular markers for
crops breeding to improve herbicide resistant traits

47

Weed genomics can contribute to herbicide resistance management by
identifying novel herbicide targets

48

Weed genomics can lead to HR diagnostic tools, to help in site-specific weed
management

49

Weed genomics must identify genetic control strategies for weeds (e.g., gene
drives)

50

Weed genomics can identify herbicide metabolism enzymes/pathways, which
could lead to novel discoveries to mitigate herbicide metabolism

51

Weed genomics must shed insight into how herbicides can be made more
durable

52

Weed genomics must elucidate the basis for NTSR-based cross-resistance
patterns, to inform durable tank-mix partners

53

Weed genomics can improve our ability to predict/model resistance evolution

42



in particular weeds to particular herbicides

54

Weed genomics can facilitate our understanding of the population genetics of
weed populations

55

Weed genomics must inform the discussion and consideration of the potential
to engineer and drive herbicide susceptibility in weed populations

56

Weed genomics can contribute to herbicide resistance management by
developing a tool to determine on-site resistance in the field to assist growers,
golf course superintendents, end-users with immediate confirmation of resistant
species

57

Weed genomics can contribute to herbicide resistance management by
identifying and implementing cultural practices that may prolong resistance
issues of a particular trait

58

Weed genomics can identify novel, previously described genetic traits for
abiotic stress tolerance in weeds that can be applied to crops

59

Weed genomics can provide genome wide targets for genetic control
technology (e.g., RNAI)

60

Weed genomics must enable predictions about the possible consequences of
gene drive systems prior to their deployment

61

Weed genomics can help provide insight into “what makes a weed a weed,”
providing new educational material to assist in communicating management
messages

62

Weed genomics can contribute to herbicide resistance management by
identifying and expanding our understanding of new components of gene
regulation which may serve as a path to identifying novel weed control
mechanisms

63

Weed genomics and exploratory procedures such as RNAseq can provide
insight into new gene targets to focus herbicide development

64

Genomics approaches are required to determine the specific molecular
mechanisms who acts when herbicide resistance evolved two or more
mechanism, such as herbicide detoxification or sequestration of the herbicide
away from its target site in combination with a target site herbicide resistance

65

Genomics sciences are valuable in determination the frequency of crop-weed
hybridization, and that information can be used for risk assessment, as well as
in determining the co-evolution of crop-weed complexes and possible origin of
weeds

66

Weed genomics must be used to understand herbicide-resistance and influence
management strategies

67

Weed genomics can be used to investigate and explore traits that could be
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interesting in crops

68

Weed genomics can be used to understand and predict evolutionary processes
involved in weed adaptation

69

Can we define with all needed exceptions a common and solid set of methods
to be used across different weed species? For example how important are
different time points after the herbicide treatment to understand differential
gene expression between R and S? Should we work on biological or technical
replicates and how many replicates are needed to ensure solid results?

70

Are NTSR genes expressed at the same rate in different tissues / different plant
developmental stages? For TSR this was not so important as for example a
mutation in the ALS gene would have imparted high-level R to an ALS
herbicide regardless this was used pre-em or post-em.

71

Can we understand whether a dicot weed has same potential for herbicide
metabolism as a monocot weed? To what degree we can compare weed
genomics data and find common patterns across weed species? Any lesson /
good examples we could ‘borrow’ from studies on crop plants?

72

Can we understand how / whether a certain herbicide binary mixture remains
effective when used on weeds that have already evolved R to one of the
components? Can we define what dose of each component can minimize R
evolution or control R weeds

73

When and at what point of our research program weed genomics need to be
used? Can weed genomics be predictive and help the proactive diagnosis of
potential / risk for weed resistance evolution? Or weed genomics are more
powerful is used on a very well characterized R phenotype/(s)?

74

Weed genomics can contribute to weed management by discovering genes
endowing non-target-site resistance and using them as molecular markers of
herbicide resistance in fields

75

Weed genomics can contribute to herbicide resistance management by helping
to develop effective tools such as models predicting resistance evolution and/or
integrated weed management strategies to better advise the farmers

76

Weed genomics can contribute to identify protein involved in “resistance”
which can be the starting point for a new screening tool to discover an inhibitor
of this activity (even not an herbicide per se but allowing a second life to the
herbicide, to the MoA concerned by this resistance)

77

Weed genomics can be a highly valuable source of herbicide tolerance genes

78

Weed genomics can contribute to discover new markers for diagnostics,
especially related to NTSR

79

Weed genomics can contribute to new targets for metabolism enhancers
(safeners) or inhibitors (restore sensitivity to known herbicides)
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80 Weed genomics can contribute to discover new genes for herbicide tolerance
traits

81 Weed genomics can contribute to develop new concept for modelling related to
herbicide resistance evolution in weed

82 Weed genomics can contribute to better understand possible weed development
penalties associated to herbicide resistance

83 Weed genomics can contribute to find new herbicide targets

84 Weed genomics can contribute to find genes involved in regulating other
stresses, in particular abiotic stresses

85 Weed genomics can contribute to find key genes involved in plant development
possibly to be used to improve crop development

86 Weed genomics can contribute to identify weed populations- using
transcriptomes analysis and SNPs discovers

87 Weed genomics can contribute to help in the discover of different mechanism
of resistance, xenobiotics genes, and support transcriptomes analysis

88 Weed genomics must contribute to herbicide resistance management by more
openly sharing genomic resources and knowledge between academia and
industry

89 Weed genomics can contribute to weed management by better understanding
resistance mechanisms that can help improve herbicide development

90 Weed genomics can determine the genetic composition of resistant weed
populations and how it changes over time in relation to agricultural practices to
help inform management strategies

91 Weed genomics information/data must be communicated to growers to help

explain resistance situations and inform management strategies
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Supporting Information Table 2. List of 15 summarized responses for weed genomics

workshop conducted at the 2017 Global Herbicide Resistance Challenge.

Response Biological questions and/or management applications for weed genomics
No.

1 Comparative genomics of related crops and weeds can identify genes that may help to
mitigate transgene flow from crops to weeds.

2 Weed genomics can aid in the discovery and validation of molecular diagnostics for in-
field monitoring of herbicide resistance presence, distribution and spread and to facilitate
timely management decisions.

3 Weed genomics can support more precise weed species identification

4 Weed genomics can help to identify weedy traits that may be used for crop improvement.

5 Weed genomics can help to better understand the eco-evolutionary dynamics of resistance
evolution (dispersal, fitness costs, heritability etc.)

6 Weed genomics can help to unravel the genetic architecture of resistance traits (major
genes, minor genes, epialleles, standing genetic variation) to inform the development of
models of resistance evolution.

7 Weed genomics can help to identify the genetic basis of weedy traits to better understand
weed adaptation, in general (seed dormancy, competitiveness, allelopathy, stress
tolerance).

8 Weed genomics can help to inform proactive resistance management by informing
estimates of resistance risk in different species / modes of action.

9 Weed genomics can help to identify novel targets for weed control

10 Weed genomics can contribute to the discovery and development of novel herbicides that
are more robust to evolution of resistance.

11 Weed genomics can contribute to the development of novel approaches in weed
management (gene drive, RNAI, resistance synergists, allelopathy)

12 Weed genomics can contribute to efforts to understand the underlying genetic (not just
transcriptomic) basis of non-target site resistance.

13 Weed genomics can help us to understand why some species are inherently more prone to
evolution of resistance.

14 Weed genomics must generate common, open-data resources for use by the entire weed
science community

15 Weed genomics must deliver a set of common approaches and methodologies to facilitate

comparative analyses of herbicide resistance across diverse species / herbicides.
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