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Abstract

The hidden diversity of viruses (the “virome”) in plant and soil ecosystems is being uncovered by metage-
nomic sequencing, revealing many novel viruses in crops, wild plants and microbial hosts. Plant viromes
often dominated by RNA viruses can influence disease emergence, host resistance and stress tolerance. At
the same time, synthetic microbiomes (laboratory-designed consortia of beneficial bacteria, fungi and other
microbes) are being developed to bolster plant defenses and resilience. This review synthesizes current
knowledge on plant-associated viromes and engineered microbiomes, focusing on how they reshape plant
disease and pest dynamics in the Anthropocene. We first define key concepts: the plant virome, microbiome
and synthetic community and outline the scope of their relevance. We describe methodologies for virome
detection (including untargeted sequencing and computational virus discovery) and for designing synthetic
communities (from isolation to in planta assembly). We examine ecological and evolutionary consequences:
for example, how virus reservoirs in wild flora can spill over into crops, how coevolution under stress may
convert viruses into mutualists and how tailored microbial consortia can suppress pathogens or affect insect
pests. We then discuss potential risks of horizontal gene transfer, ecological imbalance, public acceptance
and the evolving regulatory landscape for engineered microorganisms. Finally, we identify knowledge gaps
(uncharacterized viral taxa, multi-kingdom community dynamics, long-term field outcomes) and propose
research priorities for integrating virome science and microbiome engineering into sustainable agriculture.
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The identification of viruses infecting plants goes back
to the late 19th century. In 1886, Adolf Mayer described
a disease of tobacco and later Dmitri lIwanowski (1892)
and Martinus Beijerinck (1898) showed that tobacco
mosaic virus (TMV) was a non-bacterial, “contagium
vivum fluidum”. The crystallization of TMV by W.M. Stan-
ley in 1935 confirmed the virus concept and gave rise to
plantvirology [1,2]. The 20th century saw the discovery
of dozens of plant viruses and the emergence of ideas
like cross-protection (using mild viruses to safeguard
crops) [3]. At the same time, the relevance of soil and
root microorganisms became clear in the early 20th
century. However, the concentration of microbiology
on bacteria and fungi meant that plant-associated mi-
crobiomes were conceptually separated [4]. The term
“microbiome” (later applied to the human gut flora) and
the concept of a plant “holobiont” (plant with its mi-
croorganisms) were more widely used in the 21st cen-
tury. Microbial communities were diversified in root
zones (rhizospheres) and leaf surfaces (phyllospheres)
impacting plant health [5,6].

The notion of the Anthropocene is that human activity
(industrial agriculture, global commerce and climate
change) has profoundly changed Earth’s ecosystems:
emerged about 2000 [7]. During the age of the Green
Revolution in agriculture, there were extensive mono-
cultures, widespread use of agrochemicals and fast
worldwide movement of crops and pests. These ap-
proaches have enhanced agricultural yields, but also
resulted in soil degradation, insect infestations and cli-
matic stress on plants [8]. At the same time, advances
in sequencing and biotechnology (around 2010s) al-
lowed an unprecedented examination of microbial and
viral diversity in crops and wild plants. In the 2010s,
researchers started to intentionally assemble synthetic
microbial communities (SynComs) to enhance agricul-
tural attributes and deep sequencing revealed enor-
mous undiscovered viromes in farm and natural sys-
tems. So, in the Anthropocene, plant pathology and
entomology are inseparable from microbial ecology
and synthetic biology, transforming the way we think
about and control plant disease and pest dynamics
[9,10].

Plant microbiome is the aggregate of all microorgan-
isms associated with plants (bacteria, fungus, archaea,
protists and viruses) that colonize roots, leaves, flow-
ers and seeds. Conceptually it extends to the phy-
tobiome (plant host, related organisms and environ-
ment). Plants actively alter their microbiomes via root
exudates and other signals and microbiomes in turn
regulate plant nutrition, growth and immunity. A core
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microbiome may be made up of microbial species that
are consistently presentin a host plant throughout set-
tings [11,12,13].

Virome are the combined viral genetic material inside
an environment (here, coupled with plants). It com-
prises viruses that infect the plant itself (pathogens,
persistent viruses), viruses of plant-associated microor-
ganisms (bacteriophages, mycoviruses) and viruses
in invertebrate vectors. Most plant viromes are dom-
inated by RNA viruses (single- and double-stranded)
[14]. Many viruses are ‘cryptic’ - they infect plants or
microorganisms, but without any evident symptoms.
Viral groups that have been recently found (e.g. new
phyla of RNA viruses) increase the known virosphere
enormously.

Synthetic microbiomes (SynComs) are specifically de-
signed communities of bacteria that mimic or improve
desired functionalities of natural microbiomes [15,16].
These may be bacteria, fungi, or even viruses that have
been chosen for features such as the ability to suppress
pathogens or tolerate stress. SynCom design may rely
on core microbiome members of healthy plants, on
microbial consortia found in suppressive soils, or on
created strains [17]. It is typically compared to strain
bioinoculants (which may be inconsistent); SynComs
seek synergistic stability. The review deals with plant
diseases (caused by pathogenic microbes: fungus, bac-
teria, oomycetes, nematodes, viruses) and pests (her-
bivores such as insects and worms). Both are affected
by microbial communities [18]. For example, certain
rhizosphere bacteria may generate systemic resistance
to insect herbivores and viruses can be spread by in-
sect vectors. It covers pests in general, although the
main emphasis is on diseases [19].

The Anthropocene (the age of major human influence)
is characterized by causes such as climate warming,
habitat fragmentation, monoculture farming, pesticide
usage and global commerce that have changed disease
and pest dynamics [20,21]. Warmer temperatures are
seeing the spread of pests. Intensive agriculture may re-
duce the diversity of microbiomes. Pests and illnesses
travel the world. These changes interact with viromes
and microbiomes, sometimes upsetting ecosystems,
sometimes providing new options (e.g. synthetic so-
lutions). Sustainable agriculture (biologically based
approaches) is a unifying theme throughout [22].

The revolution in plant virome identification via ad-
vances in genomics and analytics has also driven Syn-
Com design. Important methodological points are:
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« Sampling and nucleic acid extraction: Sam-
ples of plant tissue (leaves, roots, seeds), soil
or rhizosphere and insect vectors are collected.
We extract total RNA or DNA. In virome studies,
enrichment procedures are often used for viral
particles (e.g. filtration, nuclease treatment or
dsRNA capture kits) to increase the virus signal
[23,24].

+ High-throughput sequencing (HTS): Unbiased
sequencing is important to virome discovery.
Short-read platforms (lllumina) are used to pro-
duce large amounts of sequences from whole
or double-stranded RNA depleted of rRNA. Com-
plete viral genomes can be assembled on long-
read technologies (PacBio, Oxford Nanopore).
Library preparation biases: poly(A)-tail enrich-
ment procedures will prefer polyadenylated
RNA (e.g. many +ssRNA viruses), whereas rRNA
depletion or whole RNA kits will catch non-
polyadenylated viruses (e.g. dsRNA viruses, DNA
viruses) [25,26].

+ Metagenomic assembly and categorization:
Contigs are constructed from the sequence reads.
Viral sequences are searched for via similarity
to databases (BLAST versus viral genomes) and
by signature techniques. Tools like VirSorter,
VirFinder and deep-learning algorithms (e.g.,
VirHunter) may predict infectious content with-
out close homology. These technologies can find
whole new viruses. Also, short RNA (siRNA) se-
quencing from plants may be indicative of viral
infection [27,28].

« Validation by targeted assays: Candidate
viruses found by HTS are often confirmed by
PCR or ELISA (if antibodies exist), especially
for known viruses. Novel virus genomes may
be verified by RT-PCR and Sanger sequencing
[29,30,31].

+ Isolation and cultivation of microbes: For syn-
thetic microbiomes, traditional microbiology is
still used: culturing bacteria and fungi from plant
tissues or soil and characterizing them. Isolation
is inherently biased (many microbes are uncul-
tivable), but it allows functional testing [32,33].

Design of synthetic communities: Engineering Syn-
Coms typically follows these steps:

1. Sequencing (16S/ITS amplicons, metagenomes)
to detect bacteria consistently linked with
healthy plants or soils that suppress disease.
This is the first stage in the core member identifi-
cation process. These are the core or keystone
species and they are the prospective contenders
to become a member of SynCom [34].
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2. Choose isolates with beneficial traits (antago-
nism to pathogens, PGP traits) for the in vitro
community building procedure. They should be
cultivated together to see whether they are com-
patible or not [35].

3. Greenhouse validation: Inoculate axenic or dis-
infected plants with the synthetic consortium to
assess the growth of the plants, the suppression
of illnesses or their resilience to stress compared
to the controls [36].

4. lteration: Change composition according to per-
formance, add or remove strains, introduce ge-
netically engineered microorganisms with im-
proved features (e.g. nitrogen-fixing bacteria
modified by CRISPR) [37].

5. Formulation development (liquid, powder, seed
coating) for field application. This is the fifth
phase in scale-up preparation [38].

« Bioinformatic and modelling tools: Design-
ing SynComs is aided by network analysis (co-
occurrence networks to find interacting pairs),
genome mining (to predict metabolic functions)
and machine learning (to predict stable combi-
nations). Computational models can simulate
community stability under different conditions
[39].

+ Containment and monitoring systems: When
engineered microbes are used, biocontainment
strategies (auxotrophic strains, kill-switch cir-
cuits) and ecological assays are applied to mini-
mize risk [40,41].

The following tables summarize representative meth-
ods and virus taxa:

This table indicates that a mix of biological and compu-
tational approaches is necessary to uncover the hidden
virome. On the other hand, the building of synthetic mi-
crobiomes integrates both classical microbiology and
modern systems technology. For example, deep se-
quencing might identify viruses that are already known
and network analysis could identify possible microbial
partners for SynComs [58].

Plant viromes and microbiomes have profound effects
on the ecology and evolution of plant disease and
pest systems [59]. The interactions can be broadly de-
scribed as follows:

+ Reservoirs and spillover: Wild plants, weeds
and non-crop hosts commonly carry viruses
and bacteria that may flow over into agricul-
tural systems. Wild flora are reservoirs for plant
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Table 1. Methods for virome detection and synthetic microbiome design [50-57]

Method/Tool

Category

Use/Feature/Outcome

High-throughput
sequencing (lllumina)

Virome Detec-
tion

Deep sequencing of total RNA/DNA
extracts; detects known and novel
viruses; high coverage of small
genomes. Short reads require assem-
bly to recover viral genomes.

Long-read sequencing
(PacBio/ONT)

Virome Detec-
tion

Generates long contigs (often full vi-
ral genomes) directly; useful for com-
plex or repetitive viral genomes; lower
throughput.

rRNA-depleted total
RNA seq

Library Prep

Removes ribosomal RNA to enrich vi-
ral and microbial RNA; broad detec-
tion of RNA viruses, especially non-
polyadenylated types.

Poly(A)-capture RNA
seq

Library Prep

Enriches polyadenylated transcripts;
catches +ssRNA viruses with poly(A)
tails (e.g. Potyvirus), but misses many
others.

dsRNA capture/enzy-
matic enrichment

Virome Enrich-
ment

Enriches double-stranded or viral RNA;
improves signal for dsSRNA viruses.

VANA (Virion-|Virome Enrich-|Isolates virus particles from extracts
Associated  Nucleic| ment before sequencing; recovers both RNA
Acids) and DNA viruses.

Virus-specific Validation/Diagndstigets known viruses with primers or
PCR/ELISA antibodies; confirms presence in sam-

ples; requires prior knowledge.

VirFinder, VirSorter

Computational
Tool

Detects viral sequences by sequence
signatures (k-mers, gene content) with-
out known homology. Useful for novel
viruses.

Shotgun metage-
nomics (microbes)

Microbial profil-
ing

Whole-community DNA sequencing to
discover potential beneficial microbes
(genes for PGP traits, antimicrobials).

Biofertilizer formula-
tion (seed coat, gran-
ules)

Delivery
method

Packaging SynCom inoculants for ap-
plication (coating seeds, mixing into
soil) to introduce beneficial consortia
at planting.

viruses; for example, several symptomless infec-
tions with viruses such as Turnip mosaic virus
(TuMV) or Cucumber mosaic virus (CMV) have

press diseases via competition, antibiosis or in-
duced plant resistance. Synthetic microbiome

been found in weed species bordering agricul-
tural areas. These hidden reservoirs may re-
infect crops and influence disease outbreaks.
Pathogens and beneficial microorganisms may
also transfer across wild and controlled ecosys-
tems with implications for regional disease pat-

terns [60,61,62].

+ Disease-suppressive microbiomes: Certain

soils or root microbiomes naturally suppress par-
ticular diseases (e.g. take-all decrease in wheat,
Fusarium wilt suppression). These are suppres-
sive soils with microbial communities that sup-
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techniques aim at recreating or transplanting
such suppressiveness by assembling important
microbial taxa [63,64].

Pathogen helpers and dysbiosis: Not all mi-
croorganisms are good for plants. Some may pro-
mote illness (“pathogen helpers”), for example
by regulating host immunity, or delivering nutri-
ents to a pathogen. Stress or genetics may alter
normal microbial control, resulting in the dom-
inance of opportunistic pathogens and a dysbi-
otic (imbalanced) microbiome [65,66,67].
Evolution of virulence and host range: Hid-
den viromes provide a reservoir of genetic vari-
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Table 2. Synthetic microbiome applications and outcomes [87-90]

Crop/System Synthetic Community Com-| Target Outcome

position
Apple (orchard |5 root bacteria + 3 beneficial | Suppress Apple replant dis-
soil) fungi (e.g. Bacillus, Tricho-|ease (ARD)

derma)
Maize (drought-|8 drought-adapted bacteria |Enhance drought tolerance,
prone field) (from  sugarcane rhizo-|yield

sphere)
Tomato (green-|4 phyllosphere bacteria|Suppress bacterial wilt (Ral-
house) (from healthy tomato leaves) | stonia)

Soybean (field)

6 nitrogen-fixers + PGP rhi-
zobacteria

Increase yield, soil N fertility

Cucumber (field)

3 antagonistic Pseudomonas
spp.

Control Fusarium wilt

Rice (seedling)

2 endophytic bacteria with
ACC-deaminase activity

Salt stress tolerance

Wheat (field)

Streptomyces + Trichoderma
consortium

Suppress common root rot

Soybean (green-

Mock community of 3 soil

Prime immune system (ISR)

house) fungi

Lettuce (hydro-|Yeast + Bacillus inoculum Biofilm formation, nutrient

ponic) uptake

Pepper (field) Phage cocktail + beneficial | Control bacterial spot (Xan-
rhizobacteria thomonas)

Cotton  (saline

Salt-tolerant rhizobacteria +

Improve salt tolerance, yield

field) mycorrhizal fungi

ety; new viral strains or species may arise with
changed host ranges or virulence. RNA viruses
have high mutation rates and recombination, al-
lowing them to evolve rapidly. In the Anthro-
pocene, hosts are under heavy selection, with
concentrated agriculture and monocultures fa-
voring virulent strains suited to homogeneous
crops [68,69].

Mutualistic viruses: Viruses may be advan-
tageous to hosts under certain circumstances.
Some plant viruses have been shown to increase
resistance to drought or cold. It has been demon-
strated that plants suffering from drought may
generate mutualistic plant viruses that improve
host survival. Similarly, mycoviruses (viruses of
fungi) may reduce the virulence of fungal dis-
eases and thereby provide efficient protection
to the plant host [70,71].

Effects on pest (herbivore) dynamics: The
plant microbiome also impacts insect pests.
Volatiles or poisons that repel herbivores may
be produced by rhizosphere or phyllosphere mi-
crobes. Certain endophytic fungi or bacteria, for
example, produce systemic resistance that low-
ersinsect feeding [72]. By contrast, insect vectors
transmit both plant viruses and their own sym-

594

biotic bacteria/viruses, thus a designed micro-
biome in the vector or plant might, in principle,
interfere with transmission [73,74].

« Climate and Anthropocene drivers: Climate
change intensifies these connections. Higher
temperatures may boost replication rates of
viruses or extend ranges of vectors. Elevated
CO; and drought change root exudates and mi-
crobiota composition [75]. Land-use change
(deforestation, intensive tillage) homogenizes
soil ecosystems, sometimes resulting in the
loss of beneficial bacteria. Global commerce
may bring non-native infections into naive mi-
crobiomes, frequently with disastrous conse-
quences (e.g. chestnut blight, citrus greening,
or tomato brown rugose fruit virus) [76].

+ Microbiomes and the evolution of plant de-
fense: Plants co-evolve with their microbiomes.
Domestication and breeding have often targeted
plant immunity genes, however there is increas-
ing evidence that plants choose helpful bacte-
ria via exudates and immune regulation. Fu-
ture plant genotypes might be selected to attract
more protective microbiomes or to withstand
transgenic strains [77,78].

« In this model, plants, pathogens, pests and mi-
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Table 3. Representative plant virus taxa and characteristics [42-49]

potato virus
cereals; legumes)

Y;

Virus Family/-| Genome Type |Typical Hosts Transmission

Genus

Tobamovirus +ssRNA  (non-| Tobacco, tomato,| Mechanical (sap),
enveloped) cucumber, others |seeds

Potyvirus +ssRNA Many crops (e.g.|Aphid (non-

persistent)

Geminivirus (Bego-

ssDNA (circular)

Tomato, cotton,

Whiteflies (Bemisia

movirus) legumes, vegeta-| tabaci)
bles
Bromoviridae +ssRNA (multi-| Cucurbits, stone | Aphids or pollen

odamovirus)

tite or bipartite)

tuce, spinach)

partite) fruits, ornamentals
Tombusviridae +ssRNA Various wild plants | Mechanical (sap);
(Carmovirus/N- (monopar- and crops (e.g. let-| some via beetles

Tospovirus (Ortho-| -ssRNA (en-|Vegetables Thrips  (Franklin-
tospovirus) veloped) (tomato, pep-|iella, Thrips)
per, beans)
Rhabdovirus -ssRNA (en-| Several crops | Aphids
veloped) (e.g. maize, rice,
lettuce)
Caulimovirus dsDNA  (with|Banana, citrus,| Aphids or white-
(Pararetrovirus) RNA intermedi-| strawberry, brassi-|flies
ate) cas
Nanovirus ssDNA  (multi-| Legumes (e.g. faba | Aphids
component) bean); coconut
Endornavirus dsRNA Many plants | Vertical
(grasses, legumes) | (seed/pollen)
Luteovirus +sSRNA Cereals, legumes,|Aphids (persistent)
potato
Benyvirus +ssRNA (multi-| Sugar beet, hops,| Polymyxa protists

partite) cereals (soilborne vector)
Sobemovirus +ssRNA Cereal crops, some | Insects, possibly
dicots seeds
Partitivirus dsRNA (seg-| Fungi and plants|Seed, pollen (verti-
mented) (some spores,| cal)
seeds)

crobiota form a network of interactions. The na-
tive microbiome can inhibit disease and pests,
but it can also harbor latent pathogens and
viruses. Introducing a synthetic community
aims to strengthen beneficial interactions (e.g.
pathogen suppression) and disrupt harmful ones.
Anthropocene factors (warming, habitat change)
affect all compartments [79].

consortium of beneficial bacteria and fungi de-
rived from healthy rhizospheres salvaged plant
growth. Application of a SynCom of Bacillus, Tri-
choderma and other root colonizers to replanted
apple or rose soils led to a significant decrease
in the severity of replant disease symptoms, pos-
sibly as a consequence of antagonism of Fusar-
ium and Pythium pathogens. One study showed

that the incidence of Fusarium wilt was reduced
in greenhouse tests by combining 5-10 root-
associated bacteria into a synthetic microbiota
(SynMs), providing a proof of concept of how con-
sortia might be used as a replacement for chem-
ical fumigation [80,81].

« Increased stress tolerance and productivity in

Several recent studies illustrate how understanding
viromes and using synthetic microbiomes can reshape
plant health in practice:

« Soil transmission of disease suppression:
ARD often arises from the accumulation of soil
pathogens in perennial orchards. A synthetic
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cereals: Inoculation of maize fields with a Syn-
Com isolated from sugarcane enhanced biomass
under water stress and stabilized output. Sim-
ilarly, desiccation-resistant bacterial consortia
enhanced crop growth parameters (height, root
weight) in drought tests. In soybean field tests,
multi-strain inoculants boosted yield by up to
30-40% over controls demonstrating that well-
designed consortia may translate to real-world
benefits [82].

+ Control of vegetable pathogens: SynComs
have been used in plants for defense against
soilborne wilt and blight. For example, a con-
sortium of rhizobacteria (including Bacillus and
Pseudomonas spp.) treated tomato plants re-
duced the wilt caused by Ralstonia solanacearum
by generating resistance. In cucumber, foliar
spray application of a synthetic leaf microbiome
mix (from disease suppressive fields) decreased
powdery mildew severity by boosting the abun-
dance of beneficial yeast and bacteria on the
leaves [83].

+ Virome-informed quarantine and diagnostics:
Metagenomic monitoring has revealed unex-
pected viruses in weeds close to crops leading
to novel management strategies. For instance,
high-throughput sequencing revealed two novel
potexviruses in weeds close to bean fields, result-
ing in improved sanitation techniques to elim-
inate weed reservoirs. In another case a new
ilarvirus was identified in nightshade and this
led to farmers changing their crop rotation and
thus preventing a possible epidemic in tomatoes
[84,85].

+ Phage and microbial predators for biocontrol:
The virome method is now being used to pests
as well: bacteriophages specific to Xanthomonas
or Erwinia (bacterial plant diseases) have been
created to treat fire blight in orchards. In certain
vineyards, rootstock soil sprayed with virus-like
particles (bacteriophages) killed Agrobacterium,
reducing crown gall disease. Similarly, the dis-
covery and enhancement of naturally existing
predatory bacteria (Bdellovibrio-like species) in
the rhizosphere has promise as a synthetic bio-
control [86].
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teria may swap genes with natural populations.
Antibiotic resistance, or synthetic features (e.g.
new metabolic enzymes) might be transferred
into pathogens or soil microorganisms, thereby
changing the ecological dynamics. A transgenic
designed strain (e.g. with enhanced pesticidal
potential) may distributeits genes by plasmids or
phages. Introduced microorganisms may poten-
tially become invasive by outcompeting native
species particularly if they have growth benefits.
This may lead to a loss of biodiversity or disrup-
tion of established plant-microbe associations
[91,92].

Containment and biosafety: To reduce dan-
gers, synthetic microorganisms are sometimes
engineered with built-in controls (e.g. auxotro-
phy needing nutrients provided by the lab, “kill
switches” that are triggered outside lab settings).
Increasingly regulators demand extensive eco-
logical risk studies before field release. Con-
trolled field experiments (with monitoring) are
needed to assess unexpected impacts on non-
target species (e.g. beneficial insects, soil fauna).
Questions also arise from the use of CRISPR/Cas
to alter microbial genomes [93,94].

Regulatory landscape: The laws governing ge-
netically modified microorganisms differ world-
wide. Under current frameworks, authorities
like USDA-APHIS or EPA may assess modified mi-
croorganisms for agriculture in the United States.
The European Union’s use of the precautionary
principle means GMOs are more tightly regulated.
Moreover, international agreements (e.g. Carta-
gena Protocol on Biosafety) regulate transbound-
ary movement of GMOs. Even non-GM SynComs
may be subject to scrutiny as “biofertilizers” or
“biopesticides” under regulations [95,96].
Ethical and public acceptability issues: Farm-
ers and consumers may be skeptical about the
use of modified microbiomes. Equity concerns
come up: Who owns the strains of microbes?
Patenting a synthetic community or a wild mi-
croorganism might pose issues of benefit shar-
ing, particularly if isolates are obtained from in-
digenous territories. Smallholder farmers could
worry about dependence on proprietary inocu-
lants. Ethics frameworks mustinclude autonomy
(farmer choice), fairness (fair sharing of benefit-
s/risks) and openness (public communication)

While synthetic microbiomes offer benefits, they raise
important risks and governance issues. Key considera-
tions include:

[97,98].
 Ethicalissues of viral information use: The se-
quencing of wild plant viromes raises ethical is-

- Ecological hazards (horizontal gene transfer sues of “bioprospecting”. The discovery of a new

and invasiveness): Engineered or imported bac-
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virus with advantageous features (e.g. induction
of drought tolerance) may be as useful as a micro-
bial gene. But the purposeful release or modifica-
tion of viruses for crop development could have
unforeseen impacts on wild flora. Hence, virome
research needs a compromise between open sci-
ence and biosafety and biosecurity [99,100].
Integrated pest and disease management: syn-
thetic microorganisms or manipulation of vi-
romes must be an addition to ecological strate-
gies, not a replacement. Ethical pest control in
the Anthropocene is based on the conservation
of natural enemies, crop variety and reduction
of chemical inputs [101].

Sustainable crop protection: Helpful bacte-
ria and viruses might mean farmers can use
less hazardous pesticides and fertilizers. Syn-
Coms that increase nutrient uptake or induce
immunity might partly replace fertilizers and fo-
liar sprays, thereby improving sustainability. Vi-
rome monitoring is an early warning system for
novel viruses and allows for preventative steps
[102,103].

Resilience to climate change: Engineered mi-
crobial consortia provide a means to buffer crops
against temperature extremes, saltand drought -
all anticipated to increase under climate change.
Combining microbiome solutions with plant
breeding (microbiome responsive varieties) may
lead to the establishment of resilient agroecosys-
tems. Furthermore, microbiomes contribute
in maintaining or improving soil health, which
helpsin carbon sequestration and ecosystem ser-
vices [104].

Biodiversity and ecosystem function: The
management of plant health via the use of mi-
crobiomes is compatible with the protection of
biodiversity. Both more diversified agricultural
techniques and ecological intensification are ad-
vantageous to plant and soil ecosystems [105].
One-Health perspective: The plant micro-
biome is part of the environmental microbiome.
Synthetic techniques may be coupled with pest
control (e.g. phages against zoonotic infections
on crops). Insights from plant-microbe interac-
tions might translate to microbial therapeutics
in human health and vice versa [106].

Policy and global equity: On the policy side,
incorporating microbiome research into the fab-
ric of life involves revising rules for “biologicals”
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and investing in microbial infrastructure (e.g.,
microbial genome biobanks). To have a world-
wide effect, microbiome-based solutions must
be available to smallholders in underdeveloped
countries who would likely gain the most [107].

Despite progress, many questions remain. Notable
gaps include:

« Uncovered viral diversity: The bulk of plant
viruses remain unknown from metagenomic
studies. The roles of the majority of the viral se-
guences identified in plant or soil are uncharac-
terized. Thereis need for systematic virome map-
ping across a range of environments (tropical
woods, dry regions, crops under stress). Also, the
functions of non-plant viruses (bacteriophages,
mycoviruses) in plant health are not well recog-
nized. New computational techniques will be
required to forecast virus-host interactions at
scale.

« Mechanisms of microbe-virus-plant interac-
tions: A mechanistic understanding of how viral
and microbial populations interact to jointly af-
fect plantimmunology and metabolism is lack-
ing. Advanced systems biology methods (tran-
scriptomics, metabolomics of the holobiont) will
assist to clarify the processes.

« Synthetic communities across kingdoms:
Most SynCom research is focused on bacteria
(some fungus), however plants naturally interact
with bacteria, fungi, archaea and protists. Syn-
thetic communities with many kingdoms (e.g.
bacteria + beneficial fungus + mycoviruses or
phages) are unexplored. Multi-kingdom synergy
is a frontier to understand.

« Efficacy and stability in the field: Success in
controlled environments sometimes does not
transfer to the field. Long-term field experiments
under realistic agricultural circumstances are
needed. Models are required for the dynamics
of inoculants in open systems. Systematic ex-
amination of questions about dose, timing and
administration (seed coatings versus soil drench)
is required.

+ Evolution dynamics of imported community:
Synthetic communities will emerge. Strains may
shed characteristics if they are not required or
mutate in situ. Horizontal gene transfer in the
SynCom or with soil bacteria might lead to new
strains. Adaptive evolution procedures (train-
ing SynComs under selective settings) may pre-
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adapt communities but also complicate risk as-
sessment.

« Standardization and prediction frameworks:
SynCom design is mostly empirical at the mo-
ment. We need concepts or algorithms that
will forecast what combinations would work in
a particular environment. Standardized inoc-
ulation techniques, trait databases for plant-
associated microorganisms and phenotyping
processes could speed rational design.

+ Socio-economic research: How will farmers use
microbiometools? Technical work has to be com-
plemented by studies of farmer attitudes, cost-
benefit analysis of SynCom inputs and socio-
ethical study on bioprospecting rights.

This paper has provided an overview of the interface
of the twin frontiers of plant viromics and synthetic
microbiome engineering with plant disease and pest
dynamics. The viruses are hidden in plant tissues and
soils and are generally unrecognized, yet they impact
plant health and ecosystem function. At the same time,
scientists are learning how to engineer microbial pop-
ulations to provide plants with improved resistance
and resilience. Together, these studies redefined plant
pathology and entomology in ecological and evolu-
tionary terms: plant health is a result of a web of in-
teractions among host, pathogens, symbionts and the
environment.

In the Anthropocene, with its accelerating climate
change and habitat modification, the use of microbial
and viral partners is a sustainable way ahead. But ful-
filling this promise involves thorough risk assessment,
ethical foresight, and integrated research that bridges
the gap between lab and field. The ecological complex-
ity of multi-species groups defies our prediction capac-
ity and many basic problems have to be answered. But
asour capacity to read and write microbial genomes de-
velops, so too does the potential for designing agricul-
tural systems that function in partnership with nature’s
microbiome. In conclusion, we can see that concealed
viromes and synthetic microbiomes will be important
to plant protection in the future but success will de-
pend on profound scientific knowledge, cautious man-
agement, and worldwide cooperation.
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