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The goal of regenerative agriculture is to utilize technologies that build healthy soils
and improve the environment. Microbial technologies could play a significant role in
reducing reliance on synthetic herbicides for weed control. In the United States, the
expenditure on herbicides exceeds $5 billion annually and accounts for 58% of the total
pesticide use nationally. This overreliance on chemical weed control has exacerbated
herbicide resistance in a multitude of weed species, leading to aggressive cultivation
practices that contribute to soil erosion and depletion. The proliferation of microbiome
research in agriculture has increased our understanding of the complex interactions
between plant species and their microbiota. Microbial technologies offer novel weed
management strategies that could reduce the need for herbicides. Some of these
strategies could also help rebuild soil and improve environmental quality. Specifically,
we propose three emerging areas in microbiome science that can enhance weed
management: (1) identifying soil microorganisms that inhibit weed growth; (2) discovering
microbial natural products that suppress weeds; and (3) developing field management
approaches that promote weed suppression by enhancing soil microbiome function.

Keywords: bioherbicide, herbicide resistance, invasive, microbiome, natural product, weeds

INTRODUCTION

Weed management in the United States (U.S.) has been largely reliant on synthetic herbicides since
the 1970’. In some cropping systems, synthetic herbicides have reduced or eliminated the need
for tillage or cultivation to manage weeds. Dependence on chemical weed control fuels a global
herbicide industry that accounts for 40% of pesticide use worldwide (1). In the U.S. alone, the
expenditure on herbicides exceeds $5 billion each year and accounts for 57% of the total pesticide
use nationally (2). However, the continued sole reliance on chemical control has led to the evolved
resistance of many weed species to an increasing number of widely used herbicides (3). Herbicide-
resistant weeds, particularly weeds that are resistant to multiple herbicides, threaten agricultural
productivity and sustainability.

The prevalence of single-tactic approaches to weed control stems largely from the early
commercial success of glyphosate. Indeed, the development of glyphosate-resistant genetically
modified (GM) crops expanded the use of glyphosate almost 15-fold by the twenty-first century (4)
and encompassed multiple crops (Figure 1). Glyphosate applications in the U.S. exceed 1 billion
kg/yr and now account for 67% of quantities used globally (4). As a result, severe outbreaks of
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FIGURE 1 | Adoption of herbicide-tolerant crops in the United States since the 1990's. The crop data indicate herbicide-tolerant varieties. Source: USDA, Economic
Research Service using data from the 2002 ERS report, Adoption of Bioengineered Crops (AER-810) for the years 1996-99 and National Agricultural Statistics Service
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glyphosate-resistant or tolerant weed populations have been
reported in 54 plant species (5), resulting in an expected
annual cost of over $10 billion in increased chemical costs (6).
Herbicide resistance in weeds has been developing rapidly, now
compromising 21 of the 31 currently known herbicide sites of
action (7). Many weed populations have evolved resistance to
multiple sites of action (7). The second generation of GM crops
that have stacked herbicide-resistant traits is likely to accelerate
the evolution of weeds resistant to multiple sites of action and
further compromise the efficacy of chemical control methods (3).
Pivoting toward a regenerative agricultural system that limits or
delays the development of herbicide-resistant weeds will require
innovative approaches.

While there is an urgent need to develop new herbicide
compounds with novel modes of action, the pace of discovery
has been slow in the early twenty-first century. In 2020,
inhibition of fatty acid thioesterase (Cinmethylin, branded
as Luximo by BASF), became the first new mode of action
approved in the past 35 years by HRAC (Herbicide Resistance
Action Committee) (Figure 2). This compound was originally
discovered synthetically in the early 1980s (8). Naturally
occurring microorganisms that suppress weeds are a potential
source of novel herbicides. Microorganisms associated with
plants (collectively, the plant microbiome) likely co-evolved
strategies to contend with neighboring plant competitors, so
they may be a promising reservoir for compounds that inhibit
plant growth. Several microorganisms have been formulated
as bioherbicides to control weedy and invasive plants in
agricultural and natural areas (9). An alternative to using
living microorganisms for weed control is the application of
compounds produced by these organisms, which are referred
to as “natural products.” Weed-suppressive and allelopathic
compounds can be isolated as natural products derived from
microorganisms and plants (10). Natural products isolated from
microorganisms also play important roles outside of agriculture.
For example, over 60% of FDA-approved anti-infective and anti-
tumorigenic agents currently on the market were discovered

from microorganisms found in natural environments, like soil
and water (11, 12).

Natural product discovery has historically been limited by
the fact that most soil microorganisms are not cultivable in a
laboratory setting. The biosynthetic potential of soil microbiomes
may be underestimated because research may be biased toward
the few microbial phyla that have high representation of
cultivable bacteria with full reference genomes (13). In addition,
research efforts have sometimes overlooked environments that
could serve as potential reservoirs of natural products. For
example, an analysis of park soils from New York City showed
a large diversity of natural product biosynthetic gene clusters
(14). Soil microbiomes producing natural products relevant
to agriculture are found worldwide and in a wide variety
of environments.

Innovations in sequencing and molecular biology have
enabled metagenomic approaches to be developed for isolation
of microbial antibiotics and enzymes, which could lead to
the discovery of new modes of action for weed control (15).
Notably, shotgun metagenomics facilitates de novo sequencing of
microbiomes (16). Metagenomic approaches to natural product
discovery have been used to identify new antibiotics for the
pharmaceutical industry (17). The same methods used for the
isolation of antibiotics can accelerate the discovery of weed-
suppressive compounds. For example, antibiotic compounds
such as herbicidin, blasticidin and 5-hydro-xylmethyl-blasticidin
S exhibit herbicidal activity (15). Compounds other than
antibiotics, such as glufosinate, were also discovered from soil
bacteria and subsequently synthesized in large quantities as
commercial herbicides (18). Most recently, genome mining
of soil fungal species led to the discovery of a potent
weed-suppressive compound that could be developed as an
herbicide having a novel mode of action (19). Once identified,
natural products must be synthesized in large quantities to be
used commercially. Microbial technologies focused on product
biosynthesis are based on the concept of microorganisms serving
as production factories for natural products.
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FIGURE 2 | Timeline of herbicide development indicating synthetic, natural, and genomics-enabled screening tools. Chemical synthesis approaches have stagnated
since the start of the twenty-first century, while microbial natural product discovery and genomics show promising applications in weed management.
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Carver et al. (2016) isolated weed suppressive
compounds by screening the heterologous
expressed metagenomic |braries constructed
from weed rhizosphere microbiomes.

Yan et al. (2018) demonstrated a genomic
approach of natural product discovery directed
by a resistance gene which could be a
promising strategy in herbicide discovery.

An alternative to the use of microbial natural products
for weed control is the use of ecological management
strategies that enhance microbiome function to suppress weeds.
Integrated weed management (IWM), which combines various
management practices based on ecological principles, can be an
effective approach to manage herbicide-resistant weeds (3). An
IWM approach focuses on managing herbicide-resistant weeds
through mechanical and cultural practices, such as growing cover
crops (20), cultivation, increased seeding rates, and reducing
weed seed drop during harvest (21). However, IWM research
has largely focused on aboveground processes, such as plant
competition and herbivory, with more limited attention given
to understanding the soil microbiome despite its significant
influence on weed establishment and growth (1). The soil
microbiome can be affected by land management practices. For
example, agricultural practices such as tillage, crop rotation,
cover crops, and fertilization can influence the diversity of
arbuscular mycorrhizal fungi (22, 23), which in turn can impact
a range of weed species (24, 25). This interaction suggests
that field management practices could be used to create weed-
suppressive soil microbiomes, supplementing current IWM
strategies. Sequencing technologies could be harnessed to better
understand the effects of agricultural practices on the soil
microbiome and consequently on weed species and crop-
weed interactions.

In this paper, we review: (1) the status and challenges of
microbial biocontrol with bioherbicides; (2) current approaches
of natural product discovery for novel herbicides; and (3)
IWM strategies for managing the field microbiome and
suppressing weeds with negative plant-soil feedbacks. Lastly,

we address the need for soil microbiome research that uses
emerging technologies and methodologies to discover novel
weed-suppressive compounds. Our review differs from previous
treatments of microbial biocontrol and natural products [e.g.,
(26, 27)] because we focus on the potential of emerging
technologies to assist natural product discovery and the role of
cropping system management in shaping the soil microbiome.

Microbial Biocontrol With Bioherbicide
Agents

Decades of research have focused on bacteria and fungi for
the control of undesirable plants. The microbial agents or their
compounds are referred to as “bioherbicides” and suppress weeds
through plant-pathogen interactions or allelopathy. For example,
novel pathogens were able to accumulate and suppress a highly
invasive species, Japanese stiltgrass (Microstegium vimineum),
under field conditions (28). Most bioherbicides are target-specific
pathogens that require large quantities of product (e.g., infective
spores) to control mostly annual weeds in cropping or turfgrass
systems (26). This approach is often referred to as “inundative”
biological control. It is distinct from the “inoculative” or classical
biological control approach, which typically uses imported
insects to target non-native perennial weeds occupying extensive
rangelands. Although some microbes might be candidates for the
inoculative approach, this approach is challenging to implement
and generally unsuitable for agricultural systems (27).

Among the most promising bioherbicides are microbial
strains that can reduce the weed seedbank by promoting weed
seed decay, inhibiting germination, or arresting germination.
Such bioherbicides, which target the earliest stages of weed
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establishment, have great potential in reduced-till or no-
till cropping systems (26). For example, Pseudomonas strains
isolated from weed rhizospheres have been developed into
effective preemergent bioherbicides. A strain of Pseudomonas
fluorescens formulated as a bioherbicide caused a 90% reduction
in emergence of an annual weedy grass, green foxtail (Setaria
viridis) (29). Many Fusarium strains with seed-decaying potential
have been evaluated for their capacity to kill weed seeds (30).
In contrast with these preemergent bioherbicides, postemergent
bioherbicides control the weed seed bank by reducing seed
production. For example, Puccinia carduorum suppressed musk
thistle (Carduus nutans) seed production by as much as 57%
(31). Other research showed that pseudomonas spp. developed
for biocontrol reduced seed production of downy brome (Bromus
tectorum) by 64% (32).

Several commercial biocontrol agents have been developed
from weed-suppressive microorganisms isolated from soil (1).
A limited number of bioherbicides (products of living or dead
microorganisms) are currently registered in the United States
(Table 1). The first registered bioherbicide in the United States
was DeVine®, introduced in 1981. The product is a facultative
fungal pathogen (Phytophthora palmivora) that causes root rot
in strangler vine (Morrenia odorata). Since then, the number of
biopesticides has increased around the world, but the market
share of bioherbicides represents <10% of all biopesticides
(26). The following paragraphs discuss reasons for the limited
commercial success of bioherbicides: the difficulty of studying
some microbial taxa, the need to screen numerous isolates,
and the unpredictable behavior of some candidate agents under
field conditions.

Bioherbicide development is impeded by challenges in
accessing the pool of potential agents. Many surveys are restricted
to a small subset of microbial taxa that are primarily fungi (1)
and dependent on cultivation-based methods. The potential pool
of biological agents for biocontrol is largely untapped, given the
vast diversity of microbial taxa that have no reference genome
(36). The identification and isolation of microorganisms that
are elusive to standard laboratory cultivation may be facilitated
by recent advances in cell capture technologies. One example
is the “ichip” platform developed by Epstein et al., where
cultivation in native soil habitats is achieved using diffusion
chambers (37). Another example is using microfluidic techniques
to simulate the chemical conditions and physical structures of
native growth conditions (38). Greater focus on technologies to
isolate microorganisms from their environments should expand
the pool of candidate bioherbicides, increasing the likelihood that
novel products for weed control will be discovered.

Another major challenge in bioherbicide discovery is the time-
and resource- consuming process of isolate screening and testing.
For instance, Kennedy and Stubbs (39) recovered more than
10,000 isolates using a conventional agar plating method. After
several rounds of bioassay and growth chamber screening, only
six strains showed promise and were field tested. Pathogenic
isolates collected from diseased plants might reveal potential
bioherbicides useful in downstream screening but require
significant testing for off-target pathogenicity. A Bipolaris bicolor
strain was isolated from severely diseased leaves of goosegrass

(Eleusine indica) in a tea plantation system. Further tests on
pathogenicity and host range demonstrated the potential of this
strain as a biocontrol agent against Poaceae weeds in tea and
broadleaf vegetable production (40). The initial field collection
of 10 candidate isolates was obtained from 16 tea plantations
through a time-consuming process. Soil microbiomes can serve
as a pool of potential bioherbicides as well but could have similar
limitations (time- and resource-intensive screening processes).
For example, only one promising phytotoxic isolate was obtained
after an herbicidal assay of 1,300 field-collected Streptomyces
strains, even though Streptomyces are well-known for producing
secondary metabolites relevant to natural product discovery (41).
For bioherbicides to be successfully commercialized, additional
testing and evaluation of host range, formulation, soil survival,
production, and application need to be conducted to meet both
consumer demand and regulatory requirements. Click or tap here
to enter text.

Commercial use of biocontrol agents will be easiest if these
bioherbicides, like most synthetic herbicides, are reliably effective
when applied to the soil. However, the behavior of bioherbicide
agents in soil can be unpredictable if the product is comprised of
living organisms that are expected to perform a specific function.
For example, a recent study on weed-suppressive Pseudomonas
fluorescens strains showed that these strains reduced plant growth
when grown on agar media but not in soil (42). Competition
from other soil microorganisms was suggested as a possible
reason for the loss of efficacy in the field. Indeed, microbial
communities often work as a cohort and microbial functions that
suppress weeds could be affected by both microbial interactions
and environmental conditions. A single strain is less likely
to be effective under field conditions. Recent studies have
demonstrated that synthetic microbial communities (SynCom)
designed with metagenomic data have tremendous potential
in plant improvement (43). In fact, commercial biofertilizers
or plant growth-promoting products on the market often
include multiple microbial species or strains. An example is
the Mammoth P consortium (Growcentia, Fort Collins, CO,
USA), which is an assemblage of phosphorus-mobilizing bacteria
from four taxa. The product showed higher rates of phosphate
solubilization compared with single strains (44). Currently, all
the registered bioherbicides in the United States are based
on single species and strains. Outside of the United States,
the only bioherbicide product that contains more than one
strain is Organo-Sol®, registered in Canada (26). This product,
which contains several species of lactic acid bacteria that
produce lactic acid and citric acid, suppresses white clover
(Trifolium repens) and red clover (Trifolium pratense) in lawns.
Emerging technologies enabling researchers to study difficult-to-
culture microorganisms may facilitate the development of novel
SynCom-based bioherbicides. A more in-depth understanding of
microbial interactions and their effects on microbiome function
would help ensure that bioherbicides that are effective in lab and
greenhouse settings can also suppress weeds in the field.

The rising cost of managing herbicide-resistant weeds and
restrictions on the use of some herbicides should drive demand
for innovations in weed biocontrol. The global bioherbicide
market, valued at USD 1.28 billion in 2016, is expected to
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TABLE 1 | Registered bioherbicides in the United States.

Product name and Active microbe Target Mechanism Status References
time species
DeVine™ 1981 Phytophthora Strangler vine (Morrenia Initiates a root infection in strangler Not available (26)
palmivora odorata) in citrus crops vine that starts to kill the plant in 6-10
weeks
Collego-”‘A/LockDownTM ,Colletotrichum Northern jointvetch Primarily infects the stems of the Not available (83)
1982/2006 gloeosporioides (Aeschynomene weed, causes disease lesions that will
f.sp. virginica L. B.S.P)) in completely encircle the stems of the
aeschynomene rice and soybean northern jointvetch plants.
Dr. BioSedge®, Puccinia Yellow nutsedge Inhibits yellow nutsedge flowering, Product failed due to mass (34)
1987 canaliculala (Cyperus esculentus L.) reduces plant density and new tuber production issue
in soybean, potato, formation
corn, and cotton
Woad Warrior®, Puccinia Dyer’s woad (/satis Fungal rust that reproduces and Not commercially available (35)
2002 thlaspeos woad tinctoria L.) spreads using only dyer’s woad as a
host.
Myco-Tech® Paste Chondrostereum Susceptible deciduous Colonizes the stump and inhibits Commercially available (34)
/Chontrol® Paste, purpureum tree species in forests sprouting and regrowth, causes
2005/2020 HQ1/ PFC2139* subsequent wood decomposition.
The reduced stem density helps
mechanical cut.
Smoulder® G/WP, Alternaria Dodders (Cuscuta Infects live or dead dodder plant Not commercially available (26)
2008 destruens 059 spp.) in fields and tissue, suppressing dodder at early
ornamental nurseries and late stages of growth
SolviNix™, 2009 Tobacco mild Tropical soda apple The virus enters the plant cells Commercially available (34)
green mosaic (Solanum viarum) in through minute injuries and kills
tobamovirus rangelands tropical soda apple by triggering a
(TMGMV U2) systemic lethal hypersensitive plant
response.
Phoma P/H/TECH, Phoma Dicots in golf courses, Produces macrocidins that cause Commercially available (26)
2012 macrostoma agriculture and photobleaching in dicots.
94-44B agroforestry
Opportune™/MBI- Streptomyces Broadleaves and The fermentation produces Undergoing further EPA, Marrone
005, acidiscabies sedges in turf, wheat, Thaxtomin A that inhibits cellulose formulation refinement Bio Innovations
2012* rice, and corn biosynthesis in the meristem of Inc
sensitive plant species.
Battalion Pro, 2020 Pseudomonas Downy brome (Bromus The bacteria affect the roots, seeds, Absence of an industrial EPA
fluorescens tectorum), or young seedlings and inhibit partner
ACK55 medusahead root-cell elongation. The suppressive
(Taeniatherum compound inhibits lipopolysaccharide
caput-medusag), production in the cell wall and
jointed goatgrass membrane and reduces root-cell wall
(Aegilops cylindrica) elongation.
Venerate /MBI-012, Burkholderia Pigweed family Produces herbicidal compounds Registered as EPA, Marrone

20211 rinojensis A396

(Amaranthaceae)

including Templamide A/B and
Templazole A/B

bioinsecticide. Spectrum of
herbicidal activity and crop
safety to be determined.
WDG formulation in
development.

Bio Innovations
Inc

Adapted from Cordeau et al. (26), Aneja et al. (9), and Abbas et al. (34).

*Opportune™/MBI-005 and Venerate/MBI-012 are microorganism-based products that contains non-viable microbe cells. According to Marrone Bio Innovations Inc, WDG (water

dispersible granules) formulation is being developed for commercially viability.

TVenerate/MBI-012 is registered as a bioinsecticide but the same strain possesses herbicidal activity. The product is sold as Venerate or Venerate XC. The herbicidal activity is from
multiple metabolites (undisclosed) produced during fermentation (Marrone Bio Innovations Inc at IR-4 western regional workshop).

reach USD 4.14 billion by 2024 (45). However, challenges in
bioherbicide commercialization still exist [reviewed by (27)].
Although bioherbicides have been the focus of research for
decades, their modes of action are not well-understood [reviewed
by (26, 46)]. Environmental factors, such as temperature

and humidity, and their interactions can significantly affect
bioherbicide efficacy under field conditions (47). Microbial
interactions could also impact the organism’s virulence through
quorum sensing (47). Other factors impeding commercialization
may include inconsistent product quality with scaled-up
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production (47) and concerns about non-target dispersal through
adaptation to the new environment and host exposure over time.
The potential to release a bioherbicide agent that becomes a
non-target pathogen is a major limitation to wider adoption of
practice. One solution to concerns about non-target dispersal is
to apply active compounds produced by microorganisms (i.e.,
natural products) rather than releasing live microorganisms as
biocontrol agents.

Discovery of Weed-Suppressive Natural

Products

Microbial natural products have been a prolific source of
compounds for medical and agricultural uses (12). Natural
products are secondary metabolites produced by organisms
that are not involved in primary growth, reproduction, and
development. Some secondary metabolites increase fitness
by altering interactions with other organisms. For example,
secondary metabolites can be used as biological weaponry to
outcompete other organisms for resources. Microorganisms in
the plant rhizosphere, which is a narrow band (1-2mm) of
soil surrounding plant roots, could co-evolve with their plant
hosts by generating novel allelopathic compounds that suppress
competing plant species. Because these compounds suppress
plants, they could be a rich reservoir for the discovery of
natural products with novel herbicidal properties. Some natural
products isolated from microbes can be used as herbicides
without modification, while others can be modified or used to
identify new herbicide targets (27).

Research on natural products developed rapidly after the
discovery of penicillin, one of the worlds first antibiotics
(10). This discovery ushered in the “Golden Age” of natural
product discovery of the 1950's and 1960%, which focused
primarily on microorganisms and plants. During this early
period, researchers developed systematic screening processes for
soils, typically including acquisition of environmental samples,
culturing and isolation of microorganisms, followed by testing
of the fermentation broth or purified products against test
organisms. More than 1,000 natural products with antibacterial
or antifungal activities were discovered during this time (10).
Most of these natural products were produced by organisms
in the bacterial phylum Actinomycetes, containing the highly
cultivable members of the Streptomyces genus. The many
species of Streptomyces are widely distributed across nearly all
ecosystems, including the microbiomes inhabited by higher
eukaryotes. At present, actinobacteria produce two thirds
of all known antibiotics (48). Actinobacteria also produce a
vast array of anti-cancer compounds, immunosuppressants,
anthelmintics, antiviral compounds, and extracellular enzymes
(48). Compounds produced by several actinobacteria species
have also led to novel herbicide discovery (Figure 2). These
compounds include bialaphos produced by Streptomyces
hygroscopicus SF1293, herbicidins produced by Streptomyces
saganonensis, phosphinothricin produced by Streptomyces
viridochromogenes (known as glufosinate when synthesized), and
Thaxtomin A from Streptomyces acidiscabies (49) (Figure 2).

Natural product discovery continued after the Golden Age.
An estimated 10-20 million microbial isolates were screened
from 1950 to 2000, with efforts mostly focused on discovering

antibacterial and antifungal compounds (10). There was also
interest in finding natural products for the treatment of
various human diseases and development of agrichemicals.
Sample collection was expanded to sources beyond soils; for
example, some anti-cancer compounds were successfully derived
from marine samples (50). However, the pace of natural
product discovery eventually slowed, partially because screening
processes that require isolating organisms as pure cultures in
a laboratory setting are laborious. Such cultivation-dependent
screening processes are still widely used. For example, 14
phytotoxic secondary metabolites were obtained from in vitro
cultures of two fungal pathogens of buffelgrass (Cenchrus
ciliaris) (51). Among these compounds, radicinin was identified
as a promising bioherbicide that showed target-specific toxic
activities on buffelgrass. Another study conducted herbicidal
assays on 1,300 field-collected Streptomyces strains and found
only two herbicidal compounds from one phytotoxic isolate
(41). Research in the decades after the Golden Age of natural
product discovery has revealed more bioactive actinomycete
species; however, most bacteria in soil remain uncultivable
using standard lab culturing techniques (10, 15). Therefore,
the likelihood of finding new natural products via traditional
methods is decreasing. The rate of novel antibiotic discovery in
the phylum Actinomycetes using traditional screening has been
estimated at <1 per million (48).

Advances in genome sequencing during the twenty-first
century have brought new opportunities for natural product
discovery. Genome sequencing can be used to identify novel
biosynthetic gene clusters (BGC) coding the production of
secondary metabolites (Figure 2). Genomic sequencing data
revealed that BGCs in microbial genomes are much more
abundant than predictions based on expressed secondary
metabolites (48). A recent study of BGC diversity and potential
bioactivity in urban park soils of New York City demonstrated
a higher-than-expected level of chemical novelty, suggesting that
urban soils could be a valuable source of natural products (14).
Genomic datasets are typically large and complex, particularly
with microbiome samples or when many microbial strains are
collected. To find potentially useful natural products within
these datasets, bioinformatic tools such as antiSMASH6 (52) or
PRISM4 (53) can be used to predict and identify novel BGCs.
For example, antiSMASH was used to predict which gene clusters
in actinomycetes might yield new antibiotics (54). This approach
led to the discovery of corbomycin, which is an antibiotic with
a novel mode of action (54). Several other bioinformatic tools
have been developed to assist BCG mining. For example, with
the putative gene clusters identified by antiSMASH, BiG-SCAPE
can build gene cluster families (55). Additionally, MIBiG is
a database of known BGCs and their products that could be
used for sequence-based dereplication of the gene clusters (56).
Deep learning approaches are being developed for screening of
chemical libraries; these approaches can improve predictions of
natural product functions based on their structures (57).

The rapid-growing datasets of BGCs discovered through high-
throughput genome mining could be a challenge in natural
product discovery. Because these datasets contain numerous
BGCs of unknown function, many of which are irrelevant to the
desired purpose or functionally redundant with known BGCs,
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it is difficult to determine which BGCs merit experimental
study. One strategy is to cluster putative BGCs into gene
cluster families (GCFs) for the purpose of dereplication and
to avoid rediscovery of known compounds in the downstream
experimental characterization. However, the increasingly large
number of GCFs with no known functions still makes it
difficult to focus downstream screening on groups that are
likely to produce natural products of interest. For example,
a large-scale genomic study on 3,080 bacterial genomes from
the Actinomycetes phylum found nearly 18,000 GCFs, most of
which have no known products (55). To increase the likelihood
of obtaining chemical novelty, some researchers have tried
prioritizing microbial taxa that are less well-characterized, or
sampling extreme or unusual environments. For example, rare
Actinomycetes bacteria of marine and wetland ecosystems were
suggested to be promising sources of novel natural products (58,
59). A recent global soil survey of polyketide synthases (PKSs)
and non-ribosomal peptide synthetases (NRPSs), which are
enzymes involved in the biosynthesis of numerous peptide and
peptide-like natural products, found that geographic distance
and biome type were associated with diversity in BGCs (11).
However, knowledge about the environmental and taxonomic
distributions of BGCs is still lacking (48).

Although  metagenomic  approaches provide great
opportunities for identifying novel BGCs, it is still a challenge
to link orphan (ie., unknown corresponding metabolites)
BGCs to their associated natural products (60). To address this
challenge, BGCs are often cloned or transferred to heterologous
expression hosts such as Streptomyces species that are known
for their natural product production abilities. The heterologous
expression method typically involves three steps: isolation
and cloning of the DNA fragments that contain BGCs in the
original host, expression in a heterologous host organism, and
genetic manipulation of the cloned pathway for interrogation or
activation. Zhang et al. (60) provide a comprehensive review of
heterologous expression methods for microbial natural product
discovery. One advantage of heterologous expression of BGCs
is that it enables the expression of BGCs from uncultivable
microorganisms derived from environmental samples. Another
advantage is that a good heterologous expression host can
provide a clean secondary metabolite background, which will
make it easier to isolate and identify the compound encoded
by the BGC of interest. Streptomyces coelicolor M1152/M1154,
Streptomyces avermitilis SUKA17/22, and Streptomyces lividans
SBT5 are good expression hosts that lack competing BGCs (61).
A third advantage is that genetic tools can be used to activate
cryptic BGCs in the heterologous expression host; these tools are
typically not available in the original host.

Cloning is a challenging step in the heterologous expression
of microbial natural products due to the large size, repetitiveness,
and high GC-content of many microbial BGCs (60). Library-
based cloning and heterologous expression methods provide
an alternative top-down approach. The strategy is widely used
to clone microbial BGCs from metagenome or environmental
DNA samples, where complete genome information is lacking.
Genomic DNA are randomly sheared into small fragments
of ~40kb that could contain BGCs and ligated into cosmid

or fosmid vectors. The vectors are then transformed into
heterologous hosts such as E. coli or Streptomyces lividans
strains to be expressed. The BGCs in the random 40kb
fragments are often incomplete and need to be combined and
trimmed before use (60). However, a complete BGC can be
obtained using this expression method and the biosynthetic
pathway can be expressed. This approach was first used
by Brady and Clardy to discover novel antibiotics from
uncultivated microorganisms in soil samples (62). Following
the same methodology, Carver et al. (63) isolated weed-
suppressive compounds by using heterologous expression to
screen fosmid libraries constructed from weed rhizosphere
microbiomes (Figure 2). Library vectors that hold longer DNA
fragments (>55kb) than cosmids and fosmids, such as bacterial
artificial chromosomes (BACs) and P1 artificial chromosomes
(PACs), could be transferred to E. coli directly by electroporation
(60). Because these vectors hold longer DNA, they make it easier
to screen complete biosynthetic pathways or larger BGCs. The
best example is the largest heterologously expressed BGC, the
quinolidomicin A1, which is over 200 kb and cloned in a BAC
library (64).

Assembly and direct cloning methods provide powerful
alternatives to library cloning (60). These methods, based on
synthetic biology, either assemble BGCs in vitro or reconstruct
larger BGCs in vivo. Examples include Gibson assembly, Golden
Gate assembly, and yeast recombination (65). A recent study
successfully expressed two synthesized BGCs from human
metagenomic sequences in various heterologous hosts and
obtained five novel antibacterial compounds (66). In addition to
these cloning methods, the increased feasibility of de novo DNA
synthesis is providing new opportunities for research on BGCs.
De novo DNA synthesis was used to access and refactor BGCs
(i.e., reorganize the cluster structure to achieve stable function)
<10kb; this approach could greatly facilitate capturing and
characterizing BGCs in the future (60). Although these advances
are promising, it is still challenging to express natural products in
heterologous host systems, where precursors or cofactors may be
lacking (67).

It is often difficult to induce BCG expression because
the factors controlling activation and expression are typically
not well-understood. It was estimated that <10% of BGCs
are expressed under laboratory culture conditions where
microorganisms are grown in artificial, simplistic environments
consisting of agar petri plates and liquid broth (10). Expression
of BGCs may require environmental signals and cues, such
as cues from microbial interactions with hosts or other
organisms (68, 69). For example, unique chemical production
patterns were observed in Streptomyces coelicolor interacting
with other Actinomycetes bacteria by nanospray desorption
electrospray ionization (NanoDESI) and matrix-assisted laser
desorption ionization-time of flight (MALDI-TOF) imaging
mass spectrometry (68). A recent study showed that fungal
infection of plant roots induced the production of non-ribosomal
peptide synthetases (NRPSs) and polyketide synthases (PKSs)
by unknown BGCs in the root endophytic microbiome (70).
Computational tools such as PREDetector that predict regulatory
elements of BGC expression (71), along with other meta-omics
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data, could be used to systematically study the triggers of BGC
expression (60).

A recent paper demonstrated a genomic approach to natural
product discovery directed by a resistance gene, which could be a
promising strategy for herbicide discovery (19). Specifically, the
authors discovered and verified the mode of action of aspterric
acid (a fungal sesquiterpenoid with herbicidal activity) based on
the co-clustering of its corresponding self-resistance gene in the
BGC responsible for aspterric acid biosynthesis. The rationale
behind this approach is that, if the fungal aspterric acid targets
a plant enzyme that is also essential to fungi, the fungus might
have a resistance gene in the same BGC as the genes that produce
aspterric acid. Although aspterric acid was previously known as a
phytotoxic compound and not suitable as a commercial herbicide
due to inadequate herbicidal strength and chemical complexity,
this study provides proof of concept for a resistance gene-directed
approach to genome mining for novel herbicide discovery (72).

Agronomic Microbiome Management for
Weed Suppression

Soil microorganisms play an important role in sustaining healthy
soils that promote crop production and suppress pests and
weeds. Management practices that enhance soil biodiversity and
cause desirable changes in soil community composition are
likely to increase agricultural sustainability (73). In the context
of agricultural weed control, managers may be able to create
weed-suppressive soils through enrichment of weed-inhibiting
microorganisms (74, 75). This section focuses on identifying
practices that may be useful in creating weed-suppressive soils,
which include reduced tillage, reduced agrichemical inputs, and
maintenance of high soil organic matter (76). In addition, we
discuss the role of plant-soil feedbacks (PSF) in weed control. It
is worth noting that these topics can now be studied with next-
generation sequencing technology [e.g., (77, 78)], which provides
amuch clearer picture of the soil microbiome than the laboratory
cultivation-based methods that historically limited most studies
to individual bacterial species or strains.

Standard agricultural practices such as tillage and heavy use
of agrichemical inputs (fertilizers and pesticides) significantly
alter soil microbiomes, sometimes with undesirable results
(77, 78). A recent study suggested that cropping practices of
organic and conventional farming with different tillage intensities
accounted for 10% of total variation in wheat rhizosphere
microbial communities (79). Cropping system affected not only
individual microbial groups but also microbial co-occurrences,
indicating that soil microbial interactions can also be affected by
common agricultural practices. A better understanding of which
microbiome members influence crop and weed performance and
how to optimize the microbiome could markedly improve weed
management in cropping systems.

Another agronomic strategy that can be developed within a
microbial weed management approach is the addition of carbon
amendments or incorporation of plant residues into soil (80—
82). Soil microorganisms respond rapidly to carbon additions
with enhanced growth, increasing their demand for nitrogen,
phosphorus, and other limiting nutrients required for primary

metabolism (83). This response to increased carbon availability
is referred to as “nutrient immobilization” because limiting
nutrients other than carbon become immobilized in microbial
cells and therefore are unavailable for biological uptake by
other organisms.

Nutrient immobilization can be harnessed for weed control
because plants can be poor competitors for nutrients, relative
to soil microorganisms. These differences could be exploited
to control weed populations that preferentially grow on highly
fertile soils (84, 85). Several field studies investigating the
effects of carbon addition on invasive weeds showed reduced
nitrogen availability in carbon-amended soils, likely resulting
from microbial nitrogen immobilization in response to carbon
stimulation (86-90). These findings demonstrate the potential
for soil carbon addition to promote microbial competition for
nutrients during the critical period of weed control. In agronomic
settings, it is important to examine which weed species are
most responsive to soil carbon addition and the best timing
for carbon applications and nutrient immobilization in relation
to crop establishment. Future research should also describe
the indirect, microorganism-mediated impacts of cover crop
management on weed communities. Cover crops have been
used to sequester carbon and nitrogen in soil and provide
weed suppression. Several recent studies reported that soil
microbial communities, including functional groups such as
arbuscular mycorrhizal fungi, were positively affected by cover
crop management (43). However, the role of these changes to
microbial communities in influencing weed suppression by cover
crops has not been examined.

Plant-soil feedback (PSF) occurs when a plant species alters
biotic or abiotic conditions in soil, which in turn impact the
growth of the same plant species or a different plant species
(91). Negative PSF (PSF that inhibits plant growth) typically
results from either allelopathic effects or accumulated host-
specific pathogens in soil (92-94). Negative feedback is believed
to be more common than positive feedback and plays an
important role in species coexistence and the maintenance of
plant biodiversity in ecosystems (91, 95).

While PSF has been primarily studied in natural
environments, PSF is also important in agricultural
environments and responsive to agricultural management
practices. As discussed, practices such as tillage and fertilization
can affect the composition and structure of the soil microbiome.
These changes to the microbiome may affect PSF. van der
Putten et al. (96) proposed a triangular framework consisting
of symbionts, decomposers, and enemies (e.g., pathogens)
to analyze the shifts in PSF due to environmental changes.
The authors used this framework to predict the effects of
agricultural practices (agrichemical inputs and land management
in conventional and organic systems) on the soil microbiome
and PSF. This study highlighted the role that PSF plays in
agricultural systems but their potential for weed suppression was
not discussed.

A research focus on PSF in agricultural systems could have
important implications for weed management (Figure 3). There
is increasing empirical evidence for a role of soil microbiomes
and PSF in governing weed population dynamics. Understanding
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FIGURE 3 | A schematic overview of approaches harnessing the soil microbiome and negative plant-soil feedback to promote weed management in regenerative

management programs. Negative plant-soil feedbacks occurs when plants cause biotic and abiotic changes in the soil, which inhibit further plant growth. Research on
these feedback processes may help identify potential microbial agents or compounds involved in plant growth suppression.

Genome Mining

weed suppression by microorganisms could be included in integrated weed

how management practices affect PSF could therefore improve
ecological weed management strategies. This research is likely to
be complex because PSF processes are likely to vary among weed
species and cropping systems. For example, the rate at which
plants accumulate species-specific pathogens and the effects of
these pathogens vary among plant species (93). Plants that
quickly accumulate pathogens might be more vulnerable to PSF
processes limiting plant density (93). However, it is still not clear
if the strength of negative PSF on a plant species corresponds
with field abundance of the species, as research has provided
contradictory results (97, 98). A more in-depth understanding of
how weed density influences negative feedback pressures is likely
to improve the efficacy of weed management strategies.

More generally, the direction and strength of PSF may
depend on plant species or functional group (95, 99, 100). In a
study of 48 grassland species, grasses and small herbs showed
negative PSE, tall herbs exhibited positive PSF, and legumes
showed neutral PSF, suggesting a strong correlation between PSF
direction and plant functional group (99). While most weed
species are small to mid-sized herbs or grasses, it is not clear if
their PSF patterns are species-dependent or tend to be negative.
For example, Himalayan balsam (Impatiens glandulifera), one
of the most widespread weeds in the United Kingdom, showed
positive PSF (101). In a study of 12 grass and forb species, early-
successional species showed negative PSF while late-successional
species exhibited positive PSF (102). Because PSF patterns
appear to be species-specific, it is unlikely that any management
program could promote negative PSF for all weed species in
an agricultural field. A more realistic goal might be to promote
negative PSF for most weeds or for particularly troublesome
weeds, such as herbicide-resistant populations. Future research

should investigate patterns in PSF strength and direction for
these troublesome weeds. As sequencing technologies continue
to improve in resolution and cost, the ability to characterize soil
microbiomes as contributing to positive or negative PSF could
improve integrated weed management strategies. For example,
there may be opportunities to select cover crop species or
crops that prime the soil for enrichment of weed-suppressive
microbiomes and allelopathic exudates.

Although PSF processes can affect any plant species, research
on PSF may be particularly important to understanding invasive
plants. Many weeds are invasive species that were introduced
into geographically novel ranges (with novel soil biota) and
successfully competed against plants native to these novel ranges.
It has long been recognized that microorganisms and PSF often
play an important role in plant invasions (93, 103). Multiple
hypotheses have been proposed to explain the success of plant
invasions via belowground microbial effects. The “enemy release”
hypothesis proposes that invasive plant species in a novel region
are released from the factors limiting their population sizes
in their native ranges. For example, the absence of soil-borne
pathogens or growth-inhibiting soil biota in invaded regions can
result in the proliferation of a plant species in these regions (104).
Enemy release has been largely a theoretical concept, but there
are convincing empirical studies that support this hypothesis.
The establishment of Chinese tallow (Triadica sebifera), native
to Asia, in the United States was influenced by soil biota:
this invader was more negatively affected by soil pathogens
in the native range and mycorrhizal colonization was higher
in the invaded range (105). Another field study revealed that,
when the invasive Lodgepole pine (Pinus contorta) is grown
in soils without its native soil biota, this species can rapidly
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grow and spread into new regions (106). Common ragweed
(Ambrosia artemisiifolia), a highly invasive annual weed native
to North America, was able to escape from both aboveground
and belowground enemies at a more local scale [new sites
within North America; (107)]. The concept of escaping from
“enemies” could become a management tool for protecting
crops in situations where soil pathogen composition can be
identified rapidly.

Alternatives to the enemy release hypothesis focus on
soil microorganisms that are present in invaded regions. For
example, invasive plant species could gain an advantage in
their new ranges by stimulating the growth and abundance
of pathogens that negatively affect resident competing plant
species [i.e., the “accumulation of local pathogens” hypothesis;
(108)]. In cropping systems, it is valuable to identify soil
biota that are deleterious to weeds but not harmful to crop
species. This area of study warrants further research attention.
Invasive species research has also revealed that invasive plants
can accumulate beneficial mutualists of their own (“enhanced
mutualist” hypothesis) or suppress beneficial mutualists of
resident species to gain a competitive advantage (“mutualism
disruption” hypothesis). Garlic mustard (Alliaria petiolata), a
noxious invasive weed, was shown to inhibit fungal mutualists
of North American native plants; the authors observed stronger
inhibition in its invaded range than in its native range
(109). Continued research on interactions between invasive
plants and soil microorganisms will improve our understanding
of invasive agricultural weeds and plant-microbe interactions
more broadly. Translating ecological theory into agricultural
practice will require innovative approaches to identify factors
influencing PSF processes, including plant, microbial, and
environmental characteristics.

CONCLUSION

Managing weeds effectively and sustainably is essential to
agricultural productivity. However, weed management in the
twenty-first century is challenged by the increasing number
of herbicide-resistant weeds, many of which are resistant to
multiple herbicide modes of action. A key concept in regenerative

agriculture is to use the most appropriate technologies to
effectively manage agroecosystems. In the context of weed
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