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Editorial on the Research Topic
The Plant Holobiont Volume II: Impacts of the Rhizosphere on Plant Health

The concept of “holobiont” introduced by Margulis (1991), as a simple biological unit involving
a host and a single inherited symbiont, today assumes a more general meaning recognizing that
microorganisms are universally present on and associated with multicellular eukaryotic organisms.
The plant “holobiont” represents an assembly of the host with its symbiotic microorganisms in
interaction, that may occur internally or be associated with the host tissue, acting as a biological
hub able to replicate and transmit genetic information (Zilber-Rosenberg and Rosenberg, 2008).
Thus, the soil community represents a reservoir of various microbes from which the plant can
selectively retrieve a specific microbiome to meet its requirements. Numerous microorganisms
are able to perform biological and physiological functions for the plant, such as nutrient cycling
and water distribution, that significantly impact soil properties, plant development and health.
Different microorganism groups represent key components in the soil-plant systems directly
involved in the network of interactions occurring in the rhizosphere, inner plant tissues and
phyllosphere (Barberdn et al., 2012; Hassani et al., 2018). Soil and plant microbiomes have an
important role in plant development and in soil health, providing a secondary genome that codes
for the genetic machinery activated in biosynthetic processes regulating ecological and biological
functions. Moreover, beneficial microbes can influence plant health and productivity by improving
tolerance to stress through modulation of different functional traits, thus affecting quality and safety
of plant products (Timmusk et al., 2017; Compant et al., 2019).

The composition of each microbiome is influenced by a myriad of factors, including
environmental, soil physical properties, availability of nutrients, and associated plant species.
Among the research papers included in this Research Topic, Seitz et al. studied the influence
of climate changes connected with permafrost thaw on the composition of the soil microbiome.
Significant differences were found in the taxonomy of the microbial species associated with the
different active layers of soil in the permafrost thaw gradient. It was revealed that microbes
associated with highly disturbed soils, negatively affected productivity of several boreal plant
species. Di Lelio et al. demonstrated that varying temperatures (20 and 25°C) affected diversely
the development of two Trichoderma species applied to tomato plants that subsequently resulted
in a different induced defense response of the plants to the aphid Macrosiphum euphorbiae
and the noctuid moth Spodoptera littoralis. Although the mechanisms activated in the plant
by the microbiome are not yet fully understood, there is substantial evidence that many
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microbes provide beneficial effects to crops including disease
control, improved nutrient acquisition, and stress tolerance.
Zheng et al. revealed that the key species in suppressive soil
and/or healthy tobacco plants were fundamental in the inhibition
of soil-borne pathogens, such as Ralstonia solanacearum. The
authors found that healthy plants have more complex bacterial
networks than diseased plants, and that many potential beneficial
bacteria, having inhibitory effects on the pathogen, included
isolates related to Proteobacteria and Actinobacteria, were found
in the disease-suppressive soil. Moreover, the high abundance of
Fusarium in the conducive soil and infected roots was correlated
to the occurrence of bacterial wilt disease.

Soil microorganisms establish close relationships with the
host plant during mycorrhizal symbiosis. The review by Li
et al. presented an updated perspective on the importance of
the interaction between orchids and orchid mycorrhizal fungi
(OMF). OMF involvement in key functions such as development,
distribution and dynamics, environmental adaptability and
protection against different soil pathogens was reported. The
authors suggested that changes in the structure and quantity of
OMF may have important consequences on orchid distribution
and health.

The composition of the root microbiome changes according
to the root compartment association. The work of Illescas
et al. analyzed the effect of inorganic N (calcium nitrate-
CAN) top dressing applications, T. harzianum T34 and their
combination on wheat root microbial community composition.
It was highlighted that there was an overall differentiated
bacterial and fungal composition in bulk soil, rhizosphere
and root endosphere. In all three compartments, the bacterial
diversity was always higher than that recorded for fungi, and
the microbial biodiversity decreased from bulk soil to root
endosphere. Moreover, the combination of CAN and T34 affected
to a greater extent the bulk soil bacterial levels in comparison
to the individual applications, while the fungal composition was
notably affected by each treatments assayed.

Anzalone et al. obtained 400 bacterial isolates from different
tomato root-associated compartments (the soil close to the root
surface, the root surface, and internal the root), and tested their
ability to solubilise phosphates, produce siderophores, and act
as antagonists. The authors highlighted that the sampling site
influenced bacterial composition more than the root partition.

The development of the holobiont concept is now providing
a new scientific basis for variation genetics, which is heritable
and offered by the plant microbiome, in particular by
the endophytic compartment (Nogales et al, 2016). The
review by Harman et al. analyzed the beneficial effects of
endophytes on plants, providing examples indicating improved
nutritional status, photosynthetic capability and maintenance
of an efficient internal cellular functioning. Moreover, it was
explained that the mechanisms involved in the activation
of plant resistance to diseases and abiotic stresses occur
through the production of Symbiont-Associated Molecular
Patterns, microbial elicitors that interact with receptors in
plant cell membranes, thus resulting in signal transduction
via MAP kinase and modification in plant gene expression
and physiology.

Varga et al. utilized x-ray fluorescence spectromicroscopy and
proteomics to demonstrate that two diazotrophic endophytes
promoted organic and inorganic phosphorus uptake in poplar
roots. Carro-Huerga et al. used scanning electron microscopy
and confocal scanning laser microscopy analyses, to verify
the presence of Trichoderma TI154, 6 weeks after inoculation,
in parenchyma fibers and xylem vessels of grapevine wood,
confirming the endophytic colonization by the beneficial fungus
and its ability to limit the development of the pathogen
Phaeoacremonium aleophilum, the causal agent of Grapevine
Trunk Diseases.

The specific interactions that occur between plant species
and the soil microbial community are also important due
to the differential influence on plant growth and resistance
to stress. There is a reciprocal exchange whereby the plants
influence the microbiome composition in the surrounding soil,
and in turn the microbial complex modulates the growth
and protection of the plants. This interaction may involve
different plant species that can recruit the microbes that can
suppress plant pathogens, and consequently stimulate plant
growth. In this context, there is a growing interest in applying
and transplanting soil microbiomes in order to enhance plant
performance during cultivation. Howard et al. tested four
different crop species that were inoculated with diverse soil
microbiomes, originating from actively-managed agricultural
fields or native unplanted fields, and analyzed their growth and
resistance to two insect pests. Soil microbiomes derived from
late succession plant communities increased maize, cucumber,
tomato, and lettuce resistance to Trichoplusia ni, in contrast to
those crops treated with microbiomes from agricultural sources,
although the same application failed to provide protection of
tomato against Spodoptera frugiperda. In addition, plant growth
promotion effects were found to be species-specific and depended
upon the different microbiomes used. This evidence was also
confirmed by Choi et al. who demonstrated that the upland soil
microbial fraction increased the resistance to R. solanacearum
in tomato cultivar Hawaii 7996, but not in the susceptible
cultivar Moneymaker. In addition, the resistance of Hawaii 7996
to bacterial wilt was lost when the transplanted microbiota
was heat-killed.

The MiSeq sequencing performed by Wang et al. provided
new insights on transplantation as feasible approach for
controlling soil-borne diseases in Panax ginseng plants over long
growth periods. The authors found that the abundances of some
pathogenic bacteria and fungi, as well as the functional richness
associated with nutrient elements, decreased with increasing age
of transplanted ginseng plants.

Plants can influence their microbiomes by producing and
releasing various metabolites in their surrounding environment.
In addition, when subjected to a stress condition the generated
compounds can regulate the structure of the plant microbiome.
The diverse manners that plant secondary metabolites may shape
plant microbiome have been reviewed by Pang et al. They focused
on the recent developments in analytical methodologies and
multi-omics, providing an excellent overview of the networks
between the co-operating partners which have implications on
sustainable crop productions.
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In their study, Wei et al. demonstrated that the total
fungal biomass was significantly higher in the rhizosphere
of Verticillium infected cotton plants, as compared to the
rhizosphere of healthy plants, represented by an increase in
different saprophytes and a decrease in mycorrhizal fungi. The
diseased plants showed a ratio of total fungi to total bacteria much
higher than in the healthy plants, suggesting a modification of the
root microbial community due to the stress condition.

All the contributions collected in this Research Topic
strengthen the already known relevance of microbiomes in the
management of a sustainable agriculture. We hope this Research
Topic of articles will encourage new researches on this subject of
current increasing interest and importance.
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Trichoderma strains used in biological control products usually exhibit high efficiency in the
control of plant diseases. However, their behavior under field conditions is difficult to
predict. In addition, the potential of indigenous strains has been poorly assayed as well as
their possible behavior as endophytes. Hence, niche colonization is a key feature for an
effective protection. In this study, we aimed to: (i) explore the possibility of using a new
Trichoderma strain isolated from vine to control pathogens, (i) study the in planta
interaction with the pathogen Phaeoacremonium minimum W. Gams, Crous, M.J.
Wingf. & L. Mugnai (formerly Phaeoacremonium aleophilum), a pioneer fungus involved
in Grapevine Trunk Diseases (GTDs) such as esca. For this purpose, fluorescently tagged
Trichoderma sp. T154 and a P. minimum strain were used for scanning electron
microscopy and confocal scanning laser microscopy analyses. Data showed that the
Trichoderma strain is able to colonize plants up to 12 weeks post inoculation and is
located in xylem, fibers, as well as in parenchymatic tissues inside the wood. The
beneficial fungus reduced colonization of the esca-related pathogen colonizing the
same niches. The main observed mechanism involved in biocontrol of Trichoderma
against the esca pathogen was spore adhesion, niche exclusion and only few typical
hypha coiling was found between Trichoderma and the pathogen. These results suggest
that the Trichoderma strain has potential for reducing the colonization of
Phaeoacremonium minimum and thus, an inoculation of this biological control agent
can protect the plant by limiting the development of GTD, and the strain can behave as
an endophyte.

Keywords: Trichoderma colonization, vine, Phaeoacremonium minimum, indigenous strain, mycoparasitism
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INTRODUCTION

During the last 50 years, intensive agriculture has led to a range
of problems to human health, environment, flora, and fauna
(Geiger et al., 2010). One of the crops requiring considerable
amount of pesticides for increasing production is grapevine. Vitis
vinifera L. (common grapevine) cultivars are among the most
widely planted crops in the world and have a high commercial
value (Gramaje et al., 2018). A significant amount of costs
associated with these cultivars, however, come from intense
pest and disease management programs (Cooper et al., 2012).
Thus, important efforts are needed to search for alternative
control strategies to reduce costs and dependence of chemicals.
Currently, Grapevine Trunk Diseases GTDs (Bertsch et al., 2013;
Roblin et al., 2019) are among the most important vine
destructive diseases. In economic terms, in France, losses due
to these diseases are estimated at around one thousand million €
per year (Lorch, 2014) in yield production terms. In South
Australia, losses were estimated in 1500 kg/ha (Wicks and
Davies, 1999), and according to epidemiologic studies, an
increasing incidence of GTDs has been found in the region of
Castilla and Leon (Spain), increasing from 1.8% in 2001 to 7% in
2006 (Martin et al., 2007).

Since the ban of sodium arsenite in 2003 for controlling esca
or Petri diseases, the use of Biological Control Agents (BCAs) has
been described as an interesting, promising, and ecological
strategy for controlling these diseases. Many BCAs have shown
positive results against GTDs. For instance, bacteria such as a
Bacillus subtilis isolate (ARC Infruitec-Nietvoorbij) have
demonstrated reduction of symptoms (Ferreira et al., 1991;
Fourie and Halleen, 2004). Also, indigenous strains of
Streptomyces have been useful to reduce young grapevine
decline caused by Dactylonectria sp., Ilyonectria sp.,
Phaeomoniella chlamydospora, and Phaeoacremonium
minimum (Alvarez—Pérez et al., 2017) involved in GTDs.

Regarding fungi, Trichoderma strains have been also
successfully tested in different conditions. Thus, under in vitro
conditions, good results have been reported especially against
causal agents of the trunk diseases such as Phomopsis viticola,
Eutypa lata, P. chlamydospora, Neofusicoccum australe,
Neofusicoccum parvum, Diplodia seriata, and Lasidiplodia
theobromae (Kotze et al, 2011). In grapevine nurseries,
Trichoderma strains have also shown the ability to control
infections caused by P. chlamydospora and P. minimum during
the grafting process (Pertot et al., 2016). However, in the field,
positive and negative results have been obtained, and the
grapevine trunk diseases continue to spread. The use of
Trichoderma has been proved, also as an efficient protective
method against E. lata in pruning wounds (Halleen et al., 2010)
and can prevent black goo and necroses in the wood below the
wound (Di Marco et al., 2004). The use of some Trichoderma
strains or their metabolites was shown to control grapevine
diseases (Mutawila et al., 2016b; Pascale et al., 2017).
Trichoderma indigenous strains have been able to reduce the
incidence of Rhizoctonia solani and inducing plant defense-
related genes in bean plants (Mayo et al., 2015). However, little
information is available on how Trichoderma indigenous strains

could be protective and colonize endophytically the same niches
as the pathogens. Preliminary studies suggest the possibility of
using indigenous strains as promising agents for biocontrol in
grapevines (Carro-Huerga et al., 2017; Carro-Huerga et al,
2019). Indeed, the use of Trichoderma to reduce symptoms
and inoculum of pathogen in grapevine plants has been widely
described (Di Marco et al., 2004; Fourie and Halleen, 2004;
Halleen et al., 2010; Pertot et al., 2016). However, no studies are
available regarding the niches, inside the plant, for Trichoderma
colonization, nor to the kind of interaction established between
Trichoderma spp. and pathogens belonging to the GTD complex
inside grapevine plants.

In this study, we analyzed if an indigenous Trichoderma strain
could colonize grapevine plants and protect vines against P.
minimum. For that aim we analyzed: (i) the interaction between
a Trichoderma sp. T154 isolated from vine and P. minimum
under in vitro and in planta conditions, (ii) the niches of
colonization of the Trichoderma sp. T154 and its behavior with
the grapevine plant, and (iii) the persistence and mobility of
pathogen and biocontrol agent in penetrating grapevine wood in
the tripartite interaction grapevine-Trichoderma-P. minimum.

MATERIALS AND METHODS

Fungal Strains

Trichoderma sp. isolate T154 was isolated from wood of Vitis
vinifera cv. Tempranillo (unpublished data). This strain was
stored at the culture collection of Plant and Pest Diagnostic
Laboratory under accession number ULET154 (University of
Leon, Spain).

Phaeoacremonium minimum CBS 100398 (formerly
Phaeoacremonium aleophilum CBS 100398) a GTD related
pathogen was used in this study. A P. minimum:.gfp7 (formerly
P. aleophilum::gfp7) strain was also used for colonization studies.
The latter strain was transformed to express gfp and its
colonization behavior on vine cuttings was reported by Pierron
et al. (2015). Both were initially analyzed under normal
light microscope.

Trichoderma ldentification

After 3 days of growth on PDA medium, genomic DNA of the
Trichoderma strain T154 was isolated from 100 mg of
mycelia using the Nucleospin Plant II kit (Macherey-
Nagel, Diiren, Germany) according to the manufacturer’s
instructions. Extracts were eluted in 50 pl of sterile water and
DNA concentration was estimated using a NanoDrop ND-1000
Spectrophotometer (Thermo Scientific, Wilmington, DE, USA).
PCR amplification was performed using 50 ng of template DNA
in a final volume of 50 pl containing 10 mM Tris-HCI (pH 8.3),
50 mM KCI, 1.5 mM MgCl,, 0.2 mM for each dNTP, 400 nM for
each primer, and 1.5 U of DreamTaq DNA polymerase (Thermo
Scientific). ITS5-ITS4 were used to amplify nuclear rDNA-ITS
regions (White et al., 1990). PCR products were first purified by
the NucleoSpinExtract II kit (Machery-Nagel, Diiren, Germany)
and were then sequenced using primer ITS4 and the kit BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) and
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an automatic capilar sequencer ABI 3130xl (Applied Biosystems)
according to the manufacturer’s instructions. For fungal
identification, sequences were then compared with NCBI
Genbank (National Center for Biotechnology Information,
http://www.ncbi.nlm.nih.gov) databases using the BLAST
program (http://www.ncbi.nlm.nih.gov/BLAST).

Secondly, for a more accurate analysis of the Trichoderma
isolate, sequences of six housekeeping genes [act] (encoding for
the actin); call (calmodulin); fasl (fatty acid synthase alpha
subunit); Icb2 (sphinganine palmitoyl transferase subunit 2);
rpb2 (RNA polymerase 2™ largest subunit); and tefl
(translation elongation factor 1-alpha)] were retrieved from the
genome sequence of that isolate, and were used for a
phylogenetic analysis against the same housekeeping sequences
retrieved from GenBank genomic sequences of other 12
Trichoderma species belonging to four representative clades,
i.e. clade Viride, Brevicopactum, Green Spored, and
Longibrachiatum (Supplementary Data S1: Figure S1). The
procedure used to retrieve all these sequences was as follows:
First, sequences of these six genes were retrieved by BLASTn
software from the genome of T. harzianum CBS 226.95, using as
queries the sequences of fungal homologous genes, which were
found at the GenBank database, against the genome sequence of
that strain. Second, the six T. harzianum CBS 226.95
housekeeping genes were further used as queries to retrieve the
homologous sequences from the genomes of the other 12
Trichoderma strains (including Trichoderma sp. T154),
following the same procedure described above. Third, once the
complete genomic sequences of the six housekeeping genes were
available from the 13 Trichoderma strains used in this study, the
intron regions were manually removed and the resulting coding
sequences (cds) were used to generate the phylogenetic trees as
indicated in the legend to (Supplementary Data S1: Figure S1;
Supplementary Data S3: Appendixes S1-S6).

Sequences of the six housekeeping genes retrieved from the
Trichoderma isolate identified in the present work were
deposited in the GenBank under the accession numbers:
MT701786 for actl; MT708552 (call); MT708557 (fasl);
MT708564 (Icb2); MT708568 (rpb2); MT708571 (tefI).

Trichoderma Transformation

To transform the Trichoderma sp. strain T154, a hygromycin B
test was performed to determine its sensitivity to different
concentrations of hygromycin B (50, 100, 150, and 200 g
mL™") in PDA medium. It was obtained that 200 ug mL™" was
the optimum concentration for performing the experiment, no
growth of Trichoderma was observed (Supplementary Data S2:
Figure S3). The transformation of Trichoderma sp. T154 with
plasmid pBHt2-tdTom (Caasi et al., 2010) was then carried out
from a fresh Trichoderma sp. T154 spores suspension according
to Cardoza et al. (2006). The binary vector pBHt2-tdTom
contains Td tomato fluorescent protein under the control of
the toxA promoter and the hygromycin resistance marker hph.
Plates containing PPG [mashed-potato-glucose agar (Sousa,
2004)] medium were inoculated with 1 x 107 spores and
incubated at 28°C for 3 days. The spores collected from the
plate were then used to inoculate 50 ml of CM (5 g malt extract,

5 g yeast extract and 5 g glucose and distilled water up to 1 L)
medium and incubated in an orbital shaker at 250 rpm and 28°C
for 24 h. Then, 25 mL of that culture were filtered through
Nyta1® (30 UM pore diameter) (Maissa, Barcelona, Spain) and
washed twice with 0.7 M NaCl. After that, the mycelium was re-
suspended in 20 ml of NaCl 0.7M containing a mix of lytic
enzymes (Lysing enzymes L-1412, Driselase D-8037, Chitinase
C-6137, Sigma, USA) at concentrations of 5, 15, and 0.05 mg
mL™’, respectively. The mycelium was then incubated at 30°C on
an orbital shaker at 80 rpm for 20 h. Protoplast formation was
analyzed under the microscope at the end of the incubation
period to verify the hydrolysis of the mycelium cell-walls. Once
the protoplasts were released, they were collected by filtration
through Nytal® filters (30 um pore diameter) and centrifuged for
15 min at 4,000 rpm. The pellet was re-suspended in 0.5 ml STC
buffer (10 mM Tris HCl; pH 7.5, 1.2 M sorbitol, and 50 mM
CaCl,), counted with a Thoma cells, and diluted with STC
solution to a concentration of 1 x 10° protoplasts per ml.
Finally, the protoplasts were mixed with solution 1 (v:v), to
obtain a 5 x 107 protoplast mL™" (solution 1 was prepared by
mixing five volumes of STC with 1 volume of PEG [10 mM Tris
HCl; pH 7.5, 50 mM CaCl,, 30% polyethylene glycol 8000]).
One-hundred microliters of this protoplast suspension
containing 5 x 107 protoplasts mL ™", were then mixed with 10
ug of linearized plasmid, pBHt2-tdTom, resuspended in 100 pul of
STC, and 50 pl of PEG. This plasmid was previously linearized
with the enzyme HindlIII to facilitate the integration of the vector
into the fungal genome. The plasmid and the protoplast
suspension were then mixed and maintained at room
temperature for 15 min, followed by another 15 min at 42°C.
Then, 2 ml of PEG were added, and the mixture was incubated at
room temperature for another 5 min. Finally, the mixture was
diluted with 2 ml of STC and poured as an overlay on
regeneration medium plates (27.4% sucrose; 0.1% yeast extract,
0.1% NZ-amine, and 1.2% Bacto-agar). The plates were
maintained at room temperature for 5 to 10 min until the
medium has solidified, and subsequently incubated at 28°C for
24 h to allow the regeneration of the protoplasts. Finally, a 1%
agar overlay containing hygromycin B at a concentration of 200
ug mL™" was added to the plates, and they were left in incubation,
at 28°C, until the appearance of the transformants, for 3 to 5 days
(Supplementary Data S2: Figure S3).

The transformants were analyzed and confirmed by PCR
following the TERRA method (PCR Direct polymerase mix.
Clontech, Mountain View, CA).

Pure Culture Interaction

In addition to the plant assays and for evaluating the in vitro
mycoparasitic interaction between Trichoderma sp. T154:
tdTom3 and P. minimum:gfp7, a confrontation dual assay was
carried out as previously described (Kotze et al., 2011) with some
modifications. The experiment was performed twice with three
biological replicates each.

For analyzing both types of interaction and the mechanisms
of biocontrol, confocal laser scanning microscopy (CSLM) and
SEM were used. Thus, a mycelial plug of P. minimum:gfp7 was
placed on a 90 mm diameter Petri dish, and after 14 days (when
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the pathogen reached an important grade of growth) another
plug of Trichoderma sp. T154:tdTom3, collected from a 7-day-
old culture grown on PDA, was placed at 5-cm distance of the
pathogen s plug. The plates were incubated at 25°C for 10 days
in the dark (Supplementary Data S2, Figure S4).

Plant Interaction

One-year-old dormant grapevine grafted plants of Tempranillo/
110 Richter combination from Vivai Cooperativi Rauscedo
(Rauscedo, Italy) were potted up in June 2018. Plants were
placed in a phytotronic chamber (photoperiod 16/8, 25°C; 45%
humidity) and watered with autoclaved tap water during the
experiment. Each plant was considered as a biological replicate
and 12 biological replicates per treatment were performed.
Budding took four to 6 weeks in 6-L pots containing a sterile
mixture of vermiculite and turf (1:1 v/v). These plants (n= 72)
were inoculated when at least six leaves were fully developed. In
the upper part of the Vitis vinifera cv. Tempranillo, a wounding
damage at the internode was made using a drilling device with a
3-mm drill head. For each sampling time (6 and 12 weeks) plants
were inoculated with hyphae and spores of Trichoderma sp.
T154::tdTom3 (n=12), Trichoderma sp. T154 (n=12), P.
minimum::gfp7 (n=12), or P. minimum (n=12) and
Trichoderma sp. T154:tdTom3 + P. minimum:gfp7 (n=12).
For inoculation, all fungi were grown separately on three PDA
plates. A cylindrical plug (3 mm long and 1 mm diameter) of P.
minimum:gfp7, Trichoderma sp. T154::tdTom3, P. minimum or
Trichoderma sp. T154 strains growing on PDA medium was
applied to the wound. In the case of dual inoculation,
Trichoderma sp. T154:tdTom3 + P. minimum:gfp7, both of
them were applied in the same hole simultaneously. Only
hyphae in the periphery of the growing fungus were collected
to avoid selecting fungal material at a different reproductive and
metabolic stages at different locations on the same plate. Control
plants were inoculated with a plug of uninoculated PDA
medium. After inoculation, the wound was covered using a
cellophane membrane. Then, plants were maintained in the
phytotronic chamber with the same conditions described
before and were watered once a week with autoclaved tap
water. Plants were harvested after 6 and 12 weeks post-
inoculation (Supplementary Data S2, Figure S5).

Plant Sampling and Preparation for
Microscopy

At sampling, i.e. at 6 and 12 weeks post-inoculation, secateurs
were cleaned with Incidin"™ (Ecolab, UK) and used to cut plants
up to 15 cm above the inoculation point. All samples with
different treatments were then kept in sterile paper bags at 4°C
to avoid fungal growth (Mukherjee et al., 2013; Domingues et al.,
2016). Samples were then prepared for analyzing the inoculation
point by dividing the samples in small parts (technical replicates)
(Supplementary Data S2, Figure $4).

Confocal Laser Scanning Microscopy

Observations of fungi and plants were carried out using a
confocal microscope (Olympus Fluoview FV1000 with multi-
line laser FV5-LAMAR-2 and HeNe(G)laser FV10-LAHEG230-

2, Japan). No additional treatment was applied to avoid
destruction or reduction of the GFP and tdTom signals.
Observations with the confocal microscope were done with
objectives of 10x, 20x, and 40x and between 20 and 40 X, Y, Z
pictures containing 20 to 60 scans were separately taken at
wavelengths of 405, 488, 549 nm in blue/green/orange-red
channels, respectively, with the same settings each time. The
Imaris 9.3 software (Oxford Instruments) was then used at the
confocal microscope to visualize 3D reconstructions. 3D
modelling was further applied to the pictures to improve the
fungal images. Each CSLM analyze of pure culture interaction
consisted of three biological replicates that were analyzed
containing three technical replicates. Plant interaction analyses
consisted of 12 biological replicates that were analyzed
containing four technical replicates.

Scanning Electron Microscopy (SEM)
Observations of hyphae and spores of pure cultures and vine
plant samples were carried out using a scanning electron
microscope Hitachi TM3030 device (Hitachi, Germany) to
further describe niches of fungal colonization in addition to the
confocal microscopy. This study was performed immediately
after the analysis with CSLM microscope. For this purpose, pure
cultures or plant samples were frozen and fixed with a cooling
stage at =25 C. A 15 kV accelerating voltage was used. Each SEM
analyze of pure culture interaction consisted of three biological
replicates that were analyzed containing five technical replicates.
Plant interaction analyze consisted of 12 biological samples with
five technical replicates. Each technical replicate was taken at
three different magnifications and at least five pictures of every
zone were taken where an interaction or a typical fungal
structure were visualized. Combined analyses (CSLM and
SEM) performed over Trichoderma-pathogen-plant interaction
consisted of 12 biological samples containing three
technical replicates.

RESULTS

Identification of Trichoderma sp. T154 and
Trichoderma sp. T154::tdTom3 by CSLM
and SEM Analysis

A preliminary identification of Trichoderma sp. T154, based on
the analysis of ITS sequences by BLASTn software, indicates that
it would correspond to a species close to T. harzianum. Thus, this
fungal strain belongs to the clade Green Spored according to
Jaklitsch and Voglmayr (2015). However, a more detailed
phylogenetic analysis, based on the comparison of a
concatenated sequence of six housekeeping genes (i.e. actl,
call, fasl, Icb2, rpb2, and tefl) with the same sequences of 12
species belonging to the same or to other close Trichoderma
clades (Supplementary Data S1: Table S1), indicated that the
strain isolated in the present work, even when it is very close to
some species of the Green Spored clade, could not be assigned to
a species name (Supplementary Data S1: Figures S1 and S2).
Pairwise distance values obtained from this analysis further
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confirmed this conclusion (Supplementary Data S1: Table S2).
As result, based on these data, the strain isolated in this work was
named as Trichoderma sp. T154.

This strain exhibited a massive production of spores after 7
days of growth and the typical structures of Trichoderma were
visualized under normal light microscope. Isolate T154 was
further transformed with the tdTom gene. As result, six
transformants of Trichoderma sp. 154 were transferred to
selection medium amended with hygromycin and after two
selection rounds, a monosporic transformant was chosen.
Transformant number 3, named Trichoderma sp. T154:
tdTom3, exhibited the highest fluorescence intensity under a
confocal microscope and was selected for further experiments.
Conidia and conidiophores of this transformant showed a high
red fluorescent signal. The fluorescence was intense and
sometimes can be also visualized with punctuated fluorescence
along the mycelium.

Similarly, to Trichoderma sp. T154, the tdTom3 transformant
also showed the typical Trichoderma structures, i.e. conidiophores
and phialides (Supplementary Data S2: Figure S6).

CSLM and SEM Analysis of P. minimum
CBS 100398 and P. minimum::gfp7

P. minimum CBS 100398 was visualized for verifying that the
fungus did not present any autofluorescence signal and was only
visible under normal light. The gfp transformant of this strain
showed a strong green fluorescence as expected (Supplementary
Data S2: Figure S7) and shorts and unbranched conidiophores
(Supplementary Data S2: Figures S7A-C). Also, typical warts of
P. minimum on hyphae were observed (Supplementary Data S2:
Figure S8G). This strain is identified as type II, phialides that are
elongate-ampulliform and attenuated at the base tapering toward
the apex (Supplementary Data S2: Figures S8G, I) (Crous et al.,
1996; Mostert et al., 2005).

CSLM and SEM Analysis of the Interaction
Between Trichoderma sp. T154::tdTom3
and P. minimum::gfp7 and Wild-Type
Strains In Vitro

The use of the SEM microscope allowed to visualize the typical
structures of both fungi in pure culture conditions with spores,
mycelium, and phialides of transformed or wild-type strains,
both for Trichoderma T154 wild-type, Trichoderma sp. T154::
tdTom3, P. minimum wild type or P. minimum::gfp7
(Supplementary Data S2: Figure S8).

The CSLM microscope was also used for evaluating the
interaction between Trichoderma sp. T154:tdTom3 and P.
minimum:gfp7. During dual confrontation assay, Trichoderma
sp. T154:tdTom3 was able to colonize the whole Petri dish and
exhibited a high ability to overgrow the pathogen (Figure 1A). In
order to evaluate the overgrowth of Trichoderma that was
completely covering the pathogen, each sample was evaluated
three times over the same point using the tape touch method
(Harris, 2000), and three different parts were observed (Figure 1):
1) the upper part where Trichoderma was totally overgrowing the
pathogen; 2) a medium part in which there was a strong interaction

B

FIGURE 1 | Dual confrontation culture of Trichoderma sp. T154::tdTom3 (left
plug) (red arrow) and P. minimum::gfp7 (right plug) (green arrow): (A) zoom of
a dual culture after 10 days of incubation. Pathogen has been totally
colonized. (B) Drawing of a transversal section of Petri dish over the
interaction between Trichoderma sp. T154::tdTom3 (red) and P. minimum::
gfo7 (green) where three different levels can be observed. From the upper
part to the bottom. 1, Upper Part. 2, Medium Part. and 3, Bottom Part. Light
brown color at the bottom part reflects media culture.

between both fungi; and 3) finally, the bottom part, where the
pathogen was still resisting the attack of Trichoderma (Figure 1).

Each part was analyzed separately (Figure 1B). In the upper
part, both fungi were confronted. Thus, a massive and strong
presence of both fungi was detected under the microscope (green
and red) (Figures 2A, B). Another situation was found in the
upper part, where P. minimum:gfp7 was trying to grow but
Trichoderma sp. T154:tdTom3 did not allow it due to a high
amount of mycelium of the beneficial fungus (Figures 2C, D). In
the medium part, the mycelia of both fungi were intimately
linked (yellow color due to combination of green and red
fluorescence) (Figures 2E, F). During this interaction,
Trichoderma spores were detected over the P. minimum:gfp7
and also mycelium of Trichoderma sp. T154:tdTom3 was
growing close to the mycelium of P. minimum:gfp7 (Figure
2F). And finally, in the bottom part, green fluorescence color was
predominant, indicating that most hyphae belong to P.
minimum:gfp7 (Figure 2G).

SEM analysis was further performed to visualize the
interaction between both fungi in all interaction zones. The co-
cultivation resulted in a mix of both mycelia (Figure 3A). Both
fungi started to interact by growing in parallel (Figures 3B, C).
Trichoderma spores were also observed, adhered to the
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Pure culture interaction after 10 days (CSLM)

Trichoderma sp. 154::tdTom3 + P. minimum::gfp7

FIGURE 2 | CSLM observation of the interaction zone in a dual culture of Trichoderma sp. T154::tdTom3 (red) (arrowheads) and P. minimum::gfo7 (green) (arrows).
(A-D) Upper part, confrontation zone between Trichoderma sp. T154::tdTom3 and P. minimum::gfo7. (E, F) Medium part, Trichoderma sp. T154::tdTom3 is
controlling P. minimum::gfp7, and a clear interaction between both fungi is observed. (G) Bottom part of the sample, zone where P. minimum::gfp7 is established.

Representative pictures of biological replicates (3) are presented in this figure.

pathogen’s hyphae (Figures 3C, D). Also, conidiophores of
Trichoderma were detected, which were producing spores that
were stuck to the mycelium of P. minimum:gfp7 and where a
hyphal coiling was observed (Figures 3D, E).

Evaluation of Plant Inner Tissues After

6 Weeks Post In Planta Inoculation

Using CSLM Microscope

Plant samples were first evaluated after 6 weeks post inoculation.
Mock controls were evaluated to confirm the lack of green or red
fluorescence in any of the plant tissues after adjusting the settings
to only detect GFP and red fluorescence from the fungi and to

ensure that plants had not any type of structural alteration. First,
regions close to the injury showed no presence of any red and
green fluorescence in parenchymatic tissues (Figure 4A).
Furthermore, no sign of transformed strains was found in dead
tissues, where injury was performed with a PDA plug (Figure
4B). Other tissues close to the injury were also evaluated for
confirming that mock controls did not show the presence of any
kind of alteration and any green or red fluorescence (Figure 4C).

Colonization by Trichoderma sp. T154::tdTom3 inoculated in
plant vines was evaluated. Close to the injury, plant fibers were
colonized by this fungus with small groups of spores (Figures
4D, E), but spores were also observed through different locations
around the injury zone (Figure 4F). Fungal hyphae were also
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Interactions in pure culture (SEM)

Trichoderma sp. 154::tdTom3 + P. minimum::gfp7

observed in this area (Figures 4G, H). However, Trichoderma sp.
T154:tdTom3 was not found far from the injury zone, and most
of its presence was restricted to spores (Figures 4D, I) and few
mycelial structures (Figures 4G, H).

P. minimum:gfp7 was mainly found, 6 weeks post
inoculation, close to the inoculation point (Figure 5A) and full
of hyphae were found around and inside the wood fibers or the
parenchyma in this area (Figure 5B). This fungus was also
present in alive tissues, but only in the xylem vessels (Figures
5C-E). Interestingly, no symptoms of esca or grapevine trunk
diseases were detected.

Finally, the interaction between P. minimum:gfp7 and
Trichoderma sp. T154:tdTom3 was evaluated in planta. Most
images show the presence only of Trichoderma sp. T154:tdTom3
(Figures 5F-K). In the injury zone, dead tissues were mostly
colonized by hyphae of Trichoderma sp. T154:tdTom3 (Figure
5F). In addition, 3D modelling demonstrated a medium degree
of fungal colonization of the injury zone (Figure 5G). Also,
fungal spores were found in this tissue (Figures 5H, K) as well as
dead and alive fungal material exhibiting a very few blue

FIGURE 3 | Interaction between Trichoderma sp. T154::tdTom3 (arrowhead) and P. minimum::gfo7 (arrows) in pure culture. (A) General overview of the interaction
of both fungi. (B) Interaction of different hyphae of Trichoderma sp. T154::tdTom3 over a hyphae of P. minimum::gfo7 showing mycoparasitism. (C) Spores of
Trichoderma sp. T154::tdTom3 colonizing P. minimum::gfo7. (D) Mycelium of both fungi in contact. Spores and structures of Trichoderma can be distinguished.
(E) Different hyphae of Trichoderma sp. T154::tdTom3 colonizing P. minimum::gfo7. Representative pictures of biological replicates (3) are presented in this figure.

fluorescence that was revealed by 3D modelling (Figure 5K)
(corresponding to fungal cell-walls of either Trichoderma,
Phaeoacremonium or natural endophytes). In dual inoculation,
no fluorescence of P. minimum:gfp7 was found in the injury
zone (Figures 5F-H, K), and only in a few cases the mycelium of
P. minimum::gfp7 was observed in areas where Trichoderma sp.
T154::tdTom3 was present (Figures 51, J).

Evaluation of Plant Inner Tissues After 6
Weeks Post In Planta Inoculation by
Comparing CSLM and SEM Microscope
CSLM and SEM were used over same tissues for evaluating
fungal-plant interaction. First, using a CSLM, transformed fungi
were identified using this technique because of the color emitted
by fluorescent green and red proteins, and secondly, a SEM
microscopy was performed to define the type of interaction.

CSLM microscope images have shown that many different
tissues were colonized by the two fungi but they were never
found in the same position (Figures 6A-E).
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Six weeks post-inoculation (CSLM)

Control

Trichoderma sp. 154::tdTom3

Representative pictures of biological replicates (12) are presented in this figure.

1

FIGURE 4 | CSLM Control plants and plants inoculated with Trichoderma sp. T154::tdTom3 (arrowhead) after 6 weeks. (A) Parenchyma zone without any sign of
fluorescence. (B) Inoculation point showing different tissues free of fungi. (C) Xylem zone and occlusion close to the injured zone without any sign of fluorescent
fungi. (D, E) Inoculation point colonized by spores and its 3D modelling identifying clearly all spores. (F) Zoom of the previous picture for showing a big group of
Trichoderma sp. T154::tdTom3 alive spores dispersed randomly inside tissues. (G, H) Inside dead tissues is possible to identify Trichoderma sp. T154.:tdTom3
mycelium. (I) Xylem section showing spores of Trichoderma sp. T154::TdTom3 inside it. Fib.: fibers, Inoc. point: inoculation point, Metaxyl.: metaxylem, xyl.:xylem.

In both cases, the green and red fluorescences were located in
different places without showing clear interactions between the
fungi (Figure 6A). In Figure 6C, both fungi were found colonizing
parenchymatic tissues but in different locations without showing
any kind of interaction. Hyphae of Trichoderma sp. T154::tdTom3
were found in the xylem vessels but growing in parallel to them,
showing the behavior of a beneficial endophyte without causing
any damage to the plant (Figure 6D). Using CSLM microscope we
observed that other tissues were colonized (Figure 6E). A high
performance of colonization in some parts was visualized for
Trichoderma sp. T154::tdTom3 and a strong but rare colonization
of P. minimum:gfp7 was observed (Figure 6E). No hyphal coiling
was proved but Trichoderma was found as colonizing fibers
possibly with another fungus (Figures 6F, G) and P. minimum::
gfp7 was detected in other places (Figure 6E).

Evaluation of Plant Inner Tissues After

12 Weeks Post In Planta Inoculation

Using CSLM Microscope

After 12 weeks post inoculation, no differences were visualized in
any structure of vine plants in comparison to mock inoculation
(Figures 7A-C).

In the case of Trichoderma, after 12 weeks, large groups of
spores and very few hyphae of Trichoderma sp. T154:tdTom3
were found over the inoculation point (Figure 7D). In
comparison to 6 weeks post inoculation, mycelium was indeed
poorly found and spores were mainly visualized. In the wood
fibers, xylem or parenchyma, close to the injury, a great number
of Trichoderma sp. T154:tdTom3 spores were also observed
(Figures 7E, F). Thus, a poor colonization by the Trichoderma
strain was observed after 12 weeks post inoculation.
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Six weeks post-inoculation (CSLM)

P. minimum::gfp7

Trichoderma sp. 154::tdTom3 + P. minimum::gfp7

In the case of single inoculation of P. minimum::gfp7, mycelia
were visualized mainly colonizing the xylem, wood fibers or
parenchyma in dead tissues close to the injury (Figures 8A-E).

In dual inoculation, Trichoderma spores were found in most
images (Figures 8 F-I). A very few hyphae of P. minimum:.gfp7
was observed over different locations but they were found as
colonizing the same tissues as Trichoderma sp. T154:tdTom3
(Figures 8G, H, J, K). Trichoderma sp. T154::tdTom3 was found
mainly at xylem tissues (Figures 81, J). No in planta interaction

FIGURE 5 | CSLM in plants inoculated with P. minimum::gfpo7 (arrows) and plants inoculated with both fungi, Trichoderma sp. T154::tdTom3 (arrowhead) and P.
minimum::gfo7 (arrows) after 6 weeks. (A, B) Mycelium of P. minimum::gfo7 colonizing fiber tissues. (C—E) Hyphae of P. minimum::gfo7 between xylem and phloem
vessels following transversal section of tissues. (F, G) Dominance of Trichoderma sp. T154::tdTom3 mycelium in dead tissues. (H-K) Presencce of spores and some
hyphae of Trichoderma sp. T154::tdTom3 can be identified. (I, J) Interaction into plant between Trichoderma sp. T154::tdTom3 and P. minimum::gfp7 in different
locations. Fib.: fibers, Metaxyl.: metaxylem, Phl: phloem, Xyl.:xylem. Representative pictures of biological replicates (12) are presented in this figure.

was found after 12 weeks between Trichoderma and the
pathogen, so that, no SEM was performed for this reason.

DISCUSSION

Previous studies have evaluated Trichoderma strains isolated
from grapevine plants against P. minimum under in vitro
conditions (Kotze et al., 2011; Carro-Huerga et al., 2017). Also,
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Interactions in vines (SEM and CSLM)

afp7

Trichoderma sp. 154::tdTom3 + P. minimum:

replicates (12) are presented in this figure.

the influence of Trichoderma species inoculated on grapevine
cultivars has been previously described for protecting vine
against GTD’s (Mutawila et al., 2011a). The optimum period
for inoculating Trichoderma is 6 h after pruning in cultivars
Chenin Blanc and Cabernet Sauvignon in field conditions
(Mutawila et al., 2016a). Moreover, different experiments about
colonization have described a good wound colonization after

FIGURE 6 | CSLM and SEM in plants inoculated with P. minimum::gfo7 (arrows) and Trichoderma sp. T154::tdTom3 (arrowhead) and P. minimum::gfo7 (arrows)
after 6 weeks. (A, B) Detail of vine plant tissues that were analyzed by CSLM in the injury. (C) P. minimum::gfo7 and Trichoderma sp. T154::tdTom3 colonizing
parenchyma tissues in different locations. (D) Trichoderma sp. T154::tdTom3 over xylem vessels. (E, F) Another detail of vine plant tissues that were evaluated using
CSLM in the injury. (G) Trichoderma sp. T154::tdTom3 colonizing parenchymatic tissues. Par.: parenchyma, Xyl.: Xylem. Representative pictures of biological

applying Trichoderma strains (John et al., 2005; John et al., 2008)
Mutawila et al. (2011b) described grapevine woody tissue
colonization by Trichoderma harzianum using strains carrying
reporter genes, one expressing gfp (STE-U 6517) and the other
DsRed (STE-U 6518). Mutawila et al. (2011c) described
grapevine woody tissue colonization by Trichoderma
harzianum using strains carrying reporter genes, one
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twelve weeks post-inoculation (CSLM)

Control

Trichoderma sp. 154::tdTom3

expressing gfp (STE-U 6517) and the other DsRed (STE-U 6518)
(Mutawila et al., 2011b). For pathogens such as P. chlamydospora
and E. lata, over one-year-old canes were then used for
evaluating the efficacy of the Trichoderma strain, and the
authors concluded that Trichoderma harzianum reduced the
growth of the inoculated pathogens, being re-isolated more
frequently from the xylem than from the pith and reaching at
maximum depths of 30 mm in dual-inoculated shoots. Albeit
(GFP)-labeled Trichoderma harzianum strains were used, no
Trichoderma strains were visualized in grapevines nor their
behavior inside tissues, rather they were used for re-isolation
from plant tissues. Only the pathogens were visualized in planta.

There was no evidence using biomarkers, such as GFP or
tdTom, about the three-way interaction Trichoderma-plant-
pathogen, which corresponds to an approach that would
simulate the natural interactions occurring in agro-ecosystems
(Lu et al., 2004; Vinale et al., 2008).

FIGURE 7 | CSLM Control plants and plants inoculated with Trichoderma sp. T154::tdTom3 (arrowhead) after 12 weeks. (A) Pith zone without any sign of
fluorescence. (B, C) Xylem zone and occlusion close to injured zone without any sign of fluorescent fungi. (D) Magnification of the inoculation point. Trichoderma sp.
T154::tdTom3 spores can be seen with some hyphae. (E, F) Tissue colonized with plenty of Trichoderma sp. T154::tdTom3 spores distributed in fiber elements.
Fib.: fibers, Metaxyl.: metaxylem, Par: parenchyma. Representative pictures of biological replicates (12) are presented in this figure.

In our study, we deciphered the location of a Trichoderma
indigenous strain inside the plant and its behavior as an
endophyte in grapevine wood; also, its interaction with the
pathogen P. minimum, related to esca and Petri diseases, was
tested in in vitro assay and in grapevine plants by CSLM
and SEM.

Some strains of Trichoderma spp. are endophytes (Jaklitsch
et al., 2006; Gazis et al., 2011) and several strains are recognized
as promising biological control agents against GTDs (Gonzalez
and Tello, 2011). For instance, strains of this genus have been
tested during the last 15 years against Botryosphaeria dieback,
Esca complex and Eutypa dieback with promising positive results
(Mondello et al., 2018). Trichoderma genus is the second most
abundant of the endophytic mycobiota in woody tissues (Bruez
etal., 2014). The use of grapevine endophytes shows a significant
protection against other grapevine diseases (Ferrigo et al., 2017).
Thus, it can be an important source for searching for an efficient
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Twelve weeks post-inoculation (CSLM)

P. minimum::gfp7

Trichoderma sp. T154::tdTom3 + P. minimum::gfp7

biological control strain. However, the location of these fungi
inside the plant has been poorly studied, and we indeed did not
know before this study where the Trichoderma strains could be
present in vines as well as on how it can interact with some vine
pathogens as P. minimum.

In this study, we evaluated the exact location of one strain of
Trichoderma that was isolated from grapevine cv. Tempranillo and
its behavior upon penetration into the same variety and into a 1-
year-old injured tissue. Thus, transformants of Trichoderma sp.

7 3D MODELLING

FIGURE 8 | CSLM over plants inoculated with P. minimum::gfio7 (arrows) and plants inoculated with both fungi, Trichoderma sp. T154::tdTom3 (arrowhead) and P.
minimum::gfo7 (arrows) after 12 weeks. (A, B) Fiber tissues colonized by hyphae of P. minimum::gfo7. (C, D) Xylem colonized by P. minimum::gfo7 and expanding to
other tissues. (E) Inoculation point colonized partially by P. minimum::gfo7. (F) Presence of spores of Trichoderma sp. T154::tdTom3 colonizing fibers and some hyphae
of P. minimum::gfp7. (G-1) Few colonization of hyphae of P. minimum::gfp7 and spores of Trichoderma sp. T154::tdTom3. (J, K) Spores of Trichoderma sp. T154::
tdTom3 over xylem vessels. Fib.: fibers, Inoc. point: inoculation point, Xyl.:xylem. Representative pictures of biological replicates (12) are presented in this figure.

T154 with tdTom gene were selected, which allowed to visualize red
fluorescence under fluorescence microscopy. The strain was
identified as colonizing parenchyma, fibers, and xylem vessels
inside wood mainly after 6 weeks post inoculation. Fluorescence
of P. minimum (GFP) allowed to distinguish both fungi in co-
inoculation. The P. minimum strain was located mainly in xylem
vessels as an endophyte during times of experiments.

To ensure that interactions are the same between wild-type
strains and transformed fungi, in vitro assays on plates were
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performed (see Supplementary Material). Previously to
analyzing any kind of interaction in grapevine plants, plates
with Trichoderma sp. T154, Trichoderma sp. T154::tdTom3, P.
minimum, P. minimum:gfp7, and interaction of both
transformed fungi were visualized by CSLM and in SEM,
which let to identify conidiophores, conidia, and hyphae.
These fungi were also visualized under normal light (data not
shown) to show that no macroscopic and phenotypic differences
were found between the transformants and their wild-
type strains.

Trichoderma sp. strain T154 was able to overgrow the
pathogen. The most usual observation was adhesion of spores
to the pathogen hyphae. Coiling of hyphae was also observed,
albeit rarely. In some cases coiling interaction was indeed
identified in agreement with previous descriptions (Lu et al,
2004), but only in a few cases.

The main mycoparasitism mechanisms exhibited by
Trichoderma in this work were spore adhesion and parallel
growth adhesion. These results are in agreement with previous
reports, analyzing a T. harzianum strain against different wood
decay fungi (Murmanis et al., 1988). Alignment of Trichoderma
with the host hyphae and spore adhesion were identified as the main
mechanisms of action. In this case, no typical coiling and hooks
were visualized. Also a T. harzianum strain from the product
Biotricho [Agro-Organics (PTY) Ltd., RSA] showed hyphal
adhesion as a main mechanism of action against P. minimum as
determined with a microscopic analysis. Furthermore, strains
belonging to other Trichoderma species showed this kind of
interaction against other pathogens such as Diplodia seriata or
Neofusicoccum parvum (Kotze et al., 2011). Also, parallel growth
was observed for the T. harzianum strains AG1, AG2, and AG3
(Agrimm Technologies Ltd, New Zealand) (John et al., 2004).

In our study the niches of colonization were analyzed. After 6
weeks, P. minimum::gfp7 was only found close to the fibers next
to the injury and mainly very close to the inoculation point,
which is in agreement with previously described results (Fleurat-
lessard et al., 2014; Pierron et al., 2015). P. minimum::gfp7 was
able to colonize xylem. In comparison to Pierron et al. (2015), a
different scion and kind of tissue (one-year-old tissue) was
assayed. No fungus was found outside of the inoculation
points. In most of the sites tested, a strong fungal presence was
shown mainly in all dead tissues in the injury and xylem vessels.
Thus, a different adaptation to the cultivar could be a reason for
the observed differences.

After 6 weeks post inoculation, Trichoderma sp. T154:tdTom3
exhibited a good development in plant, which resulted in the
finding of a high proportion of hyphae and spores. Plant fibers
were colonized, with different groups of spores and hyphae inside
this type of tissue. However, after 12 weeks, the strain of
Trichoderma was found at a very low rate only in fibers. Most of
Trichoderma hyphae started to colonize the injury but after 12
weeks most of them were not fluorescent, which would indicate a
poor endophytic ability of this strain inside the grapevine plant or
a lack of development due to not enough nutrients, pH, moisture.
Thus, further studies are needed for evaluating the capability of
growing under these conditions to optimize applications.

In this work, the environmental conditions in the growth
chamber were 24°C and 45% of relative humidity, which were
similar to those described previously (Pierron et al., 2015). Good
results were obtained at a combination of high relative humidity
and high temperature (24°C x 95°C and 100%RH and 28°C and
95%RH) with BCAs (Hannusch and Boland, 1996), being a very
important factor for a successful colonization. This refers that
different climatic events such as raining could improve
Trichoderma colonization.

Colonization of grapevine plants by Trichoderma sp. T154:
tdTom3 and P. minimum:gfp7 (after 6 and 12 weeks) revealed
less quantity of P. minimum in most of the sites investigated.
After the evaluation of 6 weeks post inoculation was done, most
of P. minimum mycelium had disappeared and only spores have
been able to survive in comparison to Trichoderma sp. T154::
tdTom3. Spores of Trichoderma sp. T154 were found in xylem
vessels and fibers. Inoculation was done inside the plant, so no
bark colonization was analyzed. No movement of fungal
mycelium and spores through the plant was detected. This
finding suggests that both fungi did not show a spread of
colonization during this short period of time. But, according to
the reduction of pathogen inoculum, if any of these fungi arrives
and colonizes the injury, it will not allow the other one to grow,
hence prevention is the most important thing for avoiding GTD’
s in vines. In conclusion, applying a biocontrol agent after
pruning or planting could protect plant for the most critical
period when the plant is very vulnerable to be infected.

Both fungi colonize parenchymatic cells and were located
around plant cells enabling normal development of the plant.
Xylem vessels and parenchymatic tissues were other types of
tissues colonized by the Trichoderma strain. In addition, no
interaction between the two fungi was found in grapevine plants
where fungi where able to establish different niches of
colonization inside the plant. However, the pathogen
colonization was reduced. This reinforces the idea that the first
fungus that arrives and is established outcompetes the other one.
Mechanisms are likely related to secretion of antifungal
substances by the Trichoderma strain, induction of the plant
systemic resistance, and niche exclusion. This is in agreement
with previous reports, indicating that competitive exclusion
would be a key factor for persisting in the wood (Mutawila
et al., 2011a).

CONCLUSION

The results indicate that an indigenous Trichoderma strain can
reduce P. minimum plant colonization during their endophytic
colonization and can also exclude the pathogen from plant
niches. Both fungi colonize different plant tissues, such as
xylem vessels and parenchymatic cells. Albeit hyphal coiling
from Trichoderma around pathogen is a well-known mechanism
of action described for Trichoderma spp., our study shows that
rather spore adhesion and niche exclusion constitute the main
mechanism of action for biocontrol of the pathogen as analyzed
by microscopic studies. Indigenous Trichoderma spp. have
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potential for reducing the colonization of P. minimum, a pioneer
agent causing GTD. Thus, an inoculation of one of these BCAs
can protect the vine plant by limiting the development of
the disease.
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Communities of microorganisms in the soil can affect plants’ growth and interactions with
aboveground herbivores. Thus, there is growing interest in utilizing soil microbiomes to
improve plant performance in agriculture (e.g., for pest control), but little is known about
the phenotypic responses of various crop species to different microbiomes. In this study,
we inoculated four crop species from different botanical families, maize (Zea mays,
Poaceae), cucumber (Cucumis sativus, Cucurbitaceae), tomato (Solanum lycopersicum,
Solanaceae), and lettuce (Lactuca sativa, Asteraceae), with diverse soil microbiomes
originating from actively-managed agricultural fields or fallow fields under varying stages of
succession (1, 3, and 16-years post-agriculture) sourced from a large-scale field
experiment. We compared the crops’ responses to these different microbiomes by
assessing their growth and resistance to two generalist insect pests, cabbage looper
(Trichoplusia ni) and fall armyworm (Spodoptera frugiperda). These different microbiomes
affected both plant growth and resistance, but the effects were species-specific. For
instance, lettuce produced the largest leaves when inoculated with a 3-year fallow
microbiome, the microbiome in which cucumber performed worst. Plants were
generally more resistant to T. ni when inoculated with the later succession
microbiomes, particularly in contrast to those treated with agricultural microbiomes.
However, for tomato plants, the opposite pattern was observed with regard to S.
frugiperda resistance. Collectively, these results indicate that plant responses to
microbiomes are species-specific and emphasize the need to characterize the
responses of taxonomically diverse plant species to different microbiomes.

Keywords: aboveground-belowground interactions, agricultural microbiome, herbivore resistance, old-field
succession, plant-soil feedbacks, rhizosphere, Spodoptera frugiperda, Trichoplusia ni

INTRODUCTION

Some microorganisms in the soil can improve the performance of plants, and hence, there is
growing interest in manipulating soil microbiomes to improve yield and pest control in agriculture
(Bell et al., 2019). Soil microbiomes can promote plant growth by enhancing host tolerance to
abiotic stresses, such as drought (Lau and Lennon, 2012), as well as to biotic stresses, such as
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pathogens and herbivores. Microorganisms can affect plants’
resistance to pathogens and herbivores through altering
secondary metabolite production, as well as inducing plant
defense responses (Ludwig-Miiller, 2015; Harun-Or-Rashid
and Chung, 2017). One recent study suggests that the
rhizosphere microbiome may even serve as a stronger driver
than plant genetics in determining plant resistance to insect
herbivores (Hubbard et al., 2019). Thus, the soil microbiome is
frequently proposed as a target for improving pest management
in agriculture (Pineda et al., 2017).

Agricultural cultivation alters soil conditions, which can have
long-term negative consequences for plant performance. These
disturbances can be caused by multiple conventional practices
such as tillage and fertilizer application (reviewed in Howard
et al., 2019) and greater agricultural intensification (i.e.,
conventional versus organic farming) has been associated with
lower levels of beneficial soil microbes, such as arbuscular
mycorrhizal fungi, and decreased complexity of fungal
networks (Banerjee et al., 2019). In some cases, continuous
cultivation of crop monocultures can result in the build-up of
pathogens in the soil, which is often implicated as a causal agent
of “replant disease”, reducing yields of a broad range of crops
from annuals, such as maize, to tree fruits (Traquair, 1984;
Bennett et al., 2012). This condition is typically avoided by
reducing the abundance of suitable plant hosts through crop
rotation or polyculture (Bennett et al., 2012). With regard to
insect pests, one recent study suggests that the lower insect
resistance of plants in conventionally versus organically
managed fields is at least partially due to differences in soil
microbial communities (Blundell et al., 2020). Recent work has
also shown that soil microbiomes conditioned by non-crop
plants, such as grassland species, can reduce the susceptibility
of chrysanthemums to both pathogens and insect herbivores (Ma
et al,, 2017; Ma et al., 2019; Pineda et al., 2020), suggesting that
soil microbiomes from natural systems could be used to improve
crop performance.

Leaving fields fallow and promoting the establishment of
biota unimpeded by tillage and other disruptive management
practices not only results in drastic changes in plant
communities, but also in soil quality and soil microbiomes.
Levels of soil organic matter, nutrients, and microbial biomass
increase in cultivated fields that are left fallow for extended
lengths of time (Post and Kwon, 2000; Howard et al., 2020) and
these successional changes in soils may affect plant growth and
resistance to herbivores (Howard et al., 2018). The composition
of soil microbiomes is also widely known to shift over ecological
succession (Maharning et al., 2009), which is likely to affect the
performance of the plants with which they interact. For example,
the abundance of pathogenic fungi has been found to decrease
over successional time in abandoned agricultural fields (Hannula
et al., 2017), suggesting that these shifts are functional and may
benefit plants over succession. Our recent work also suggests that
these successional shifts in microbial communities may improve
plants’ resistance to herbivores (Howard et al., 2020).

We previously found that the rhizosphere microbial
communities of a native plant, tall goldenrod, Solidago

altissima (Asteraceae), shift over oldfield succession in fallow
maize fields, with functional effects on their resistance to
herbivores. When we inoculated S. altissima with soil
microbiomes from a plant community that had been left fallow
for 15 years, these plants were more resistant to the specialist
goldenrod leaf beetle, Trirhabda virgata, than their counterparts
inoculated with early succession microbiomes, paralleling the
pattern of greater herbivore resistance observed among
goldenrods in late succession communities (Howard et al,
2020). However, it is not known whether this microbiome-
mediated resistance associated with the later oldfield succession
soils is specific to the community-dominating goldenrods or
could more broadly enhance the insect resistance of other plant
species as well.

Little is known about the consistency of phenotypic responses of
diverse plant species to whole soil microbial communities in terms
of plant performance and especially herbivore resistance. The broad
effectiveness of individual growth-promoting microbes across plant
species has been demonstrated for several “beneficial” microbes,
such as mycorrhizae and other fungal endophytes, which can
promote the growth of annual crops and trees alike, albeit to
different degrees (Munyanziza et al., 1997; Khan et al,, 2012; Van
Geel et al., 2016). Yet, while diverse plant species assemble different
microbiomes—likely influenced by their phylogenetic relatedness
(Fitzpatrick et al., 2018), interspecific comparisons of phenotypic
responses to whole soil microbiomes are limited and have shown
that responses can vary by plant species (Fitzpatrick et al., 2018;
Hahl et al,, 2019). However, Fitzpatrick et al. (2018) found that
plants grew larger in soil microbial communities conditioned by
plant species with microbiomes that were more dissimilar to their
own, suggesting that plant species responses may be predictable.

Understanding the predictability of plant responses to
microbiomes will be important for assessing the potential and
general applicability of microbiome-manipulations in
agriculture, including the applications of findings based on
native plants and non-crop models to agronomically important
species. Panke-Buisse et al. (2015) found that complex soil
microbiomes that were artificially selected to promote earlier
flowering time in Arabidopsis thaliana effectively decreased the
latency of flowering in the confamilial crop Brassica rapa. Yet,
whether these same microbiomes would similarly manipulate the
phenology of more distantly related species is unknown. In
addition to variation driven by phylogenetic distance, there
may be differences in plant-microbe interactions in crop plants
versus wild plants due to domestication, particularly breeding
under high-input conventional agricultural conditions in which
forming symbioses with mutualist microorganisms may not be as
crucial for plants as in natural systems (Perez-Jaramillo et al.,
2016; Porter and Sachs, 2020).

In this study, we sought to examine whether the microbiome-
mediated trend in herbivore resistance that we discovered in an
ecologically important native plant, S. altissima, could be applied
to manipulate the pest resistance of crop species. We selected
four crop species from different families: maize (Zea mays,
Poaceae), cucumber (Cucumis sativus, Cucurbitaceae), tomato
(Solanum lycopersicum, Solanaceae), and lettuce (Lactuca sativa,
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Asteraceae) and inoculated them in a glasshouse with soil
microbiomes collected from experimental field plots that were
currently under cultivation (conventional maize agriculture) or
had been fallow for 1, 3, or 16 years. We assessed their early-
season growth and resistance to two agricultural pests,
Spodoptera frugiperda (fall armyworm) and Trichoplusia ni
(cabbage looper). Based on our finding that late succession soil
microbiomes conferred the greatest herbivore resistance to S.
altissima (Howard et al., 2020), we predicted that the crop plants
would be most resistant to the insect pests when inoculated with
the 16-year fallow microbiome.

MATERIALS AND METHODS

Plant Materials

We obtained crop seeds (one cultivar per species) from Burpee
Co. (Warminster, PA, USA): Sweet Sunshine Hybrid sweet corn
(maize), organic Roma tomato, Pick-a-Bushel Hybrid cucumber,
and Parris Island Cos lettuce.

Successional Inoculants

We obtained soil microbiome inoculants from fields that had
undergone three consecutive years of conventional maize
cultivation (year “0”) and plant communities in the 1%, 3™,
and 16" years of fallow (oldfield) succession from a large-scale
successional field experiment at Dunlop Meadow in
Brooktondale, NY, USA (42°23’13”N, 76°24’00”W) (described
in Howard et al., 2020). Briefly, this field experiment consisted of
duplicated 30 x 30 m plots in which maize is grown
conventionally for 3 years and then left fallow. The plantings
are staggered chronologically so that plots in different years of
fallow succession can be sampled simultaneously and there are
two plots representing each successional year. On May 22, 2019,
we collected soils for use as inoculants from the top 10 cm of each
plot. To generate an inoculant that was representative of the plot,
we sampled soil from 5 locations within each plot, homogenized
these subsamples in a plastic bag, and sieved them to 4.75 mm.
We stored these soils at 4°C for one day before using them to
inoculate sterilized soil. Based on our previous surveys of these
plots (Howard et al., 2020), we expect these inoculants to vary
substantially in the composition of their bacterial and
fungal communities.

Plant Inoculation and Growth

We transferred the successional soil microbiomes to sterilized
potting media by directly inoculating a mix of triple autoclaved
(with 24 h rest periods in between cycles) commercial sphagnum
moss potting media (75% (v/v)) (Lambert’s All Purpose, Quebec,
Canada) and topsoil (20% (v/v)) with each field soil inoculant at a
rate of 5% (v/v), an inoculation method which we previously
optimized for this recipient soil type (Howard et al, 2017). As
our objective was to compare plant responses to microbiomes from
agricultural fields with those from communities in different stages of
fallow succession, rather than the effect of inoculation more
generally, we did not include a sterile or mock inoculation

treatment. We prepared six replicate pots of inoculated soil per
inoculant, for a total of 12 pots per successional inoculant year,
watered them with filter-sterilized deionized water (0.1 pm pore
size, Sawyer Products, Inc., Florida, USA) to a moisture level of
approximately 10% (v/v) and allowed the pots to incubate at
ambient temperature (~ 27°C) in a glasshouse at Cornell
University (Ithaca, NY, USA) for 24 h prior to planting. We
surface-sterilized seeds in an aqueous solution containing 1% (w/
v) NaOCl (diluted from household bleach) and 0.0042% (v/v)
Tween20 for 10 min prior to planting on 24-May-2019 to
minimize the effect of the existing microbes colonizing them. We
planted three seeds in each 10 cm diameter pot (ultimately thinned
to one plant—the largest seedling—per pot) to a depth of 25 mm for
maize and cucumber and 6 mm for tomato and lettuce and
positioned the pots in a randomized block design in a glasshouse
with a 16 h photoperiod. We irrigated the pots with filter-sterilized
water as needed and removed any weeds that germinated from the
seedbank of the inoculant soil.

Plant Growth and Measurements

As measures of plant size, we recorded the number of leaves and
length of the longest leaf of each maize and cucumber plant 20
days after planting (DAP), and for each tomato and lettuce plant
23 and 31 DAP, respectively. To obtain an approximate final
biomass (roots and shoots, minus the tissues collected for
bioassays and analysis) of each plant, we harvested the maize,
cucumber, tomato, and lettuce plants 32, 32, 33, and 39 DAP,
respectively, washed the soil off of their roots, and weighed them
after drying in an oven at 60°C for 7 days. At the time of harvest,
two of the largest leaves were already removed for use in
herbivore resistance bioassays (see below). We also measured
specific leaf area (SLA) at harvest by punching two 10 mm
diameter leaf discs from the youngest fully expanded leaves of
maize, cucumber, and tomato plants and the second fully-
expanded leaves of lettuce, and dividing the area of these discs
by their dry weight.

Herbivore Resistance Bioassays

We obtained Trichoplusia ni (cabbage looper) and Spodoptera
frugiperda (fall armyworm) as eggs from Benzon Research, Inc.
(Carlisle, PA, USA) and reared them on cabbage looper diet
(Southland Projects, Inc., Lake Village, AR, USA) prepared
according to the manufacturer’s instructions.

Choice Bioassays

To assess the feeding preference of herbivores for plants grown
with agricultural or fallow microbiomes, we conducted two-way
cafeteria choice tests with T. ni and S. frugiperda (illustrated in
Figures 3A and 5A). In each test, we simultaneously presented a
neonate larva (c. 2 days post-hatching) with 7 mm diameter leaf
discs (punched from the youngest fully-expanded leaf, or the first
collared leaf for maize) from a plant inoculated with an
agricultural (year 0) and a fallow (year 1, 3, or 16) microbiome,
in a 118 mL souffle cup (Solo Cup Co., Urbana, IL, USA) with a
thin layer of agar (12.5 g/L) at the bottom to prevent desiccation.
We recorded the first disc the larvae were observed to eat and if
they did not feed within 2 h, we excluded the test from the analysis.
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We randomly paired each agricultural microbiome-inoculated
plant with a plant from each of the three successional year
treatments and tested each of these pairings twice with
individual, naive larvae of each herbivore species (N = 20-24
tests per plant species x fallow inoculant age level x
herbivore species combination). We performed the choice tests
21, 21, 23, and 33 DAP for maize, cucumber, tomato, and
lettuce, respectively.

No-Choice Bioassays

As another measure of herbivore resistance, we performed no-
choice feeding assays in which we offered T. ni and S. frugiperda
larvae (c. 6 days post-hatching) leaf tissue from a single plant in
individual agar cups (as in the choice assay). This piece of tissue
was excised from the second youngest collared leaf for maize
(mean + SE: 9.76 + 0.2 cm?), half of the youngest uncurled leaf
for cucumber cut down the midvein (16.1 + 0.5 cm?), one of the
side leaflets from the second youngest fully-expanded leaf for
tomato (10.6 + 0.3 cm®), or half of the second youngest fully-
expanded leaf for lettuce cut down the midvein (18.8 £ 0.5 cm?).
We performed the no-choice assays 26 DAP for the maize,
cucumber, and tomato plants and 35 DAP for the lettuce
plants. We measured the amount of weight gained and leaf
tissue eaten by the larvae after 3 d for maize, cucumber, and
tomato, and after 4 d for lettuce. We quantified the area of leaf
tissue eaten using Adobe Photoshop. As an integrated measure of
herbivore performance, we calculated biomass accumulation
efficiency by dividing the amount of weight gained by the area
of leaf tissue consumed.

Statistical Analyses

We performed all statistical analyses using R version 3.6.2 (R Core
Team, 2019). We analyzed the plant size and no-choice bioassay
data using linear mixed effects models using the function Imer in the
package Ime4 (Bates et al., 2015) with fixed effects of inoculant age,
plant species, their interaction, and inoculant source (spatial block
in the field) and a random effect of greenhouse block (position in the
greenhouse experiment). In addition to these cross-species analyses,
we separately analyzed the plant size and no-choice bioassay data
for each crop, using the same model design minus the plant species
fixed effect (and interaction term). We omitted one maize and one
tomato plant that died from the 1- and 3-year microbiome
treatment groups, respectively. We also removed insects that died,
lost weight, or did not consume any tissue in the no-choice
bioassays. If necessary, we used logarithmic or square-root
transformations to meet the assumptions of normality and
homoscedasticity of residuals. We assessed the significance of the
fixed effects using F-tests with Kenward-Rogers approximated
degrees of freedom via the anova function in the package
ImerTest (Kuznetsova et al., 2017) and used the emmeans
function in the package emmeans (Lenth, 2020) to examine
pairwise contrasts between the different inoculant age levels. We
analyzed the choice bioassay data using generalized linear mixed-
effects models (family = binomial) with choice as a binary variable
(agricultural microbiome vs. fallow microbiome), inoculant
successional age, crop species, and their interaction as fixed
effects, and individual plants (both agricultural and fallow

microbiome-inoculated) as random effects using glmer in the
package Ime4. Additionally, we separately analyzed choice data for
each crop species, using the same model design minus the crop
species fixed effect (and the interaction term). We calculated 95%
confidence intervals for the probabilities of eating a disc from each
inoculant treatment level using emmeans and then determined
whether or not insects showed a significant preference based on
whether this interval included 0.5 (where the probabilities of
choosing the agricultural microbiome-inoculated plant vs. the
fallow microbiome-inoculated plant are equal).

RESULTS

Plant growth was a function of inoculant successional age treatment
for some crops, but the effects varied both in pattern and by growth
measurement (Figure 1, Table 1). Plants generally produced the
most biomass when inoculated with the oldest soil microbiome, but
there were significant crop species by inoculant interactions for both
leaf size and total plant biomass (Table 1). While inoculant
successional age had a significant effect on the leaf sizes of both
cucumber and lettuce plants, cacumber produced the largest leaves
when inoculated with agricultural soil microbiomes and the smallest
leaves when inoculated with soil from fields that had been fallow for
3 years, the opposite of the pattern observed for lettuce (Figure 1A;
cucumber: inoculant age: Fs4 = 2.8500, P = 0.0491, inoculant
source: F; 4 = 1.0906, P = 0.3025; lettuce: inoculant age: F; 4 =
3.5328, P = 0.0229, inoculant source: F; 4; = 1.7969, P = 0.1875). The
dry weight biomass of cucumber and lettuce paralleled these leaf
length trends, but did not differ significantly with regard to
inoculant age for these species (Figure 1B). Maize biomass varied
with inoculant successional age, growing largest when inoculated
with the oldest, 16-year fallow microbiome (Figure 1B; inoculant
age: F; 4 = 5.5873, P = 0.0027, inoculant source: F; 4 = 0.5276, P =
0.4718). Maize plants in this inoculation treatment also tended to
have the largest leaves, and there was also an effect of inoculant
source on leaf size (Figure 1A, inoculant age: F;,4 = 2.4187, P =
0.0803, inoculant source: F; 4 = 4.8069, P = 0.0342). Moreover,
maize SLA varied with inoculant age, whereby larger, late-
succession microbiome plants had the lowest SLA (Figure 1C,
inoculant age: F; 4 = 3.8493, P = 0.0164, inoculant source: F; 4 =
0.8477, P = 0.3627). SLA did not differ significantly by inoculant age
for any other crop species. In contrast to the other species, none of
the growth measurements of tomato plants were affected by
inoculant age (Figure 1).

Overall, the resistance of plants to T. ni varied by both species
and inoculant age based on the no-choice feeding experiments
(Figure 2, Table 2). The agricultural microbiomes conferred the
least resistance to the plants, with T. ni larvae gaining the most
weight, and consuming the greatest amount, while feeding on the
plants inoculated with agricultural soil in the no-choice
experiments (Figure 2, Table 2). However, when looking at
the crop species individually, we only observed a significant effect
of inoculant age on the resistance of cucumber plants.
Trichoplusia ni consumed less leaf tissue from cucumber plants
inoculated with the late succession (16-year) soil compared to
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TABLE 1 | Results of ANOVAs assessing the overall effects of soil microbial
inoculants on plant growth across crop species.

Growth Variable F P

measurement

Leaf length Inoculant age Fs 165 = 1.0429 0.3752
Crop species Fsg = 442.9242 <0.0001***
Inoculant source Fi1165 = 2.1440 0.1450
Inoculant age x crop species  Fg 165 = 2.3019 0.0184*

Dry weight biomass  Inoculant age F3165 = 2.9407 0.0348*
Crop species Fs6 =5.0985 0.0291*
Inoculant source Fi1165 =1.7916 0.1826
Inoculant age x crop species  Fg 165 = 2.3807 0.0147*

SLA Inoculant age F3165 = 1.8785 0.1352
Crop species Fs5=152.0031 <0.0001***
Inoculant source F1,1765 = 0.0601 0.8067
Inoculant age x crop species  Fg 165 = 1.1778 0.3123

Maize (Z. mays), tomato (S. lycopersicum), cucumber (C. sativus), and lettuce (L. sativa)
plants were inoculated with soil microbiomes from agricultural (O years) or fallow plots of
different ages (1, 3, or 16 years post-agriculture), with 2 plots representing each age
(inoculant source). Plant growth was measured as the length of the longest leaf, dry weight
biomass (roots and shoots), and specific leaf area (SLA). N = 11-12 per species x
inoculant age treatment. Note that 2 leaves had been harvested prior to the dry weight
measurement for use in the herbivore resistance bioassays. *p < 0.05, **p < 0.001.

those treated with the agricultural microbiome (Figure 2B;
inoculant age: F;,o = 3.0218, P = 0.0456, inoculant source:
F; 28 = 3.9438, P = 0.0568). Consistent with this consumption
trend, the larvae also tended to gain less weight feeding on these

FIGURE 1 | Sizes of maize (Z. mays), tomato (S. lycopersicum), cucumber (C. sativus), and lettuce (L. sativa) plants inoculated with agricultural (O year) or fallow
microbiomes of different ages (1, 3, or 16 years post-agriculture) measured as (A) the length of the longest leaf, (B) dry weight biomass (roots and shoots), and (C)
specific leaf area (SLA). All plants (N = 11-12 per species x inoculant age treatment) were grown in a glasshouse common garden experiment. Note that 2 leaves had
been harvested prior to the dry weight measurement for use in the herbivore resistance bioassays. Boxes enclose the middle 50% of values, with the 50" percentile
indicated by the midline and error bars spanning 1.5 times the interquartile range in both directions; values outside this range are indicated as black dots. Bar plots show
estimated marginal means (+ SE) averaged across species, and inoculant and greenhouse spatial blocks (see model outputs in Table 1). Letters above the boxes/bars
indicate significant differences between inoculant age levels within plant species for the boxplots and across all species for the bar plots (o = 0.05).

later succession-inoculated cucumber plants, though there was
not a statistically significant effect of inoculant age (Figure 2A;
inoculant age: F; 59 = 2.1902, P = 0.1105, inoculant source: F; 55 =
3.0123, P = 0.0935) and there was no difference in biomass
accumulation efficiency (Figure 2C, inoculant age: F3 59 = 0.7550,
P = 0.5285, inoculant source: F; 5 = 0.0101, P = 0.9206).

Trichoplusia ni larvae generally did not exhibit a preference for
feeding on crops inoculated with agricultural versus fallow soil
microbiomes, regardless of plant species or the successional age of
the fallow inoculant (Figure 3). However, T. ni exhibited a
marginal preference for crops with 3-year fallow microbiomes
over those inoculated with agricultural soil (Figure 3B, probability
of selecting the agricultural microbiome plant: 0.3627 with an
upper 95% confidence limit of 0.5020). Yet, when looking at
individual crop species, the only significant preference observed
was for 1-year fallow inoculated cucumber plants; larvae selected
the agricultural microbiome cucumber with a probability of only
0.2 (95% confidence interval: 0.0659 to 0.470) when tested against
their 1-year fallow-inoculated counterparts (Figure 3C).

The inoculation treatments generally did not affect resistance
to S. frugiperda in the no-choice experiments (Figure 4, Table 3),
except for one species: tomato. The larvae gained more weight
feeding on tomato plants inoculated with microbiomes from
fields that had been fallow for 3 and 16 years compared to those
treated with agricultural microbiomes (Figure 4A; inoculant age:
F; 36 = 3.8566, P = 0.0173, inoculant source: F; 35 = 0.1336, P =
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FIGURE 2 | Trichoplusia ni resistance of maize (Z. mays), tomato (S. lycopersicum), cucumber (C. sativus), and lettuce (L. sativa) plants inoculated with agricultural
(0 year) or fallow microbiomes of different ages (1, 3, or 16 years post-agriculture) in a no-choice assay. Resistance measured as (A) weight gained (B) amount of
tissue eaten by T. ni larvae (c. 6 d old at start), as well as their (C) biomass accumulation efficiency after feeding for 3 (maize, tomato, and cucumber assays) or 4 d
(lettuce assays). N = 8-12 replicates per species x inoculant age treatment after omitting insects that died, lost weight, or did not eat. Boxes enclose the middle 50%
of values, with the 50" percentile indicated by the midline and error bars spanning 1.5 times the interquartile range in both directions; values outside this range are
indicated as black dots. Bar plots show estimated marginal means (+ SE) averaged across species, and inoculant and greenhouse spatial blocks (see model outputs
in Table 2). Letters above the boxes/bars indicate significant differences between inoculant age levels within plant species for the boxplots and across all species for
the bar plots (o = 0.05).

TABLE 2 | Results of ANOVAs assessing the overall effects of soil microbial
inoculants on resistance to T. ni in a no-choice test across crop species.

Resistance Variable F P

measurement

Weight gain Inoculant age Fs131 = 3.1318  0.0279*
Crop species Fs5=286.9621 <0.0001**
Inoculant source F1131 = 2.4207 0.1222
Inoculant age x crop Fg,150 = 0.6468 0.7552
species

Leaf area eaten Inoculant age Fs1531 =2.7717 0.0441*

Crop species Fs5=283.2206 <0.0001**

Inoculant source F1130 = 1.9539 0.1645
Inoculant age x crop Fg,157 = 0.4388 0.9118
species
Accumulation Inoculant age Fs151 = 1.3854 0.2501
efficiency Crop species F3g=23.7509 0.0003**
Inoculant source F1,130 = 0.2690 0.6049
Inoculant age x crop Fg,157 = 0.7149 0.6945

species

Maize (Z. mays), tomato (S. lycopersicum), cucumber (C. sativus), and lettuce (L. sativa)
plants were inoculated with soil microbiomes from agricultural (O years) or fallow plots of
different ages (1, 3, or 16 years post-agriculture), with 2 plots representing each age
(inoculant source). Herbivore resistance was measured in no-choice bioassays with c. 6 d
old T. ni larvae, in which weight gain, leaf area eaten, and biomass accumulation efficiency
were measured after feeding for 3 (maize, tomato, and cucumber assays) or 4 d (lettuce
assays). N = 8-12 replicates per species x inoculant age treatment after omitting insects
that died, lost weight, or did not eat. “p < 0.05, **p < 0.001.

0.7169). While the larvae did not consume significantly greater
amounts of leaf tissue from these later succession microbiome-
inoculated plants (Figure 4B), they gained weight more
efficiently feeding on the 16-year fallow microbiome plants
compared to their agricultural counterparts (Figure 4C;
inoculant age: F;3; = 4.3989, P = 0.0099, inoculant source:
F; 36 = 0.1320, P = 0.7185). The biomass accumulation
efficiency of S. frugiperda varied by inoculant age, overall,
though the response differed by plant species (Table 3, Figure 4).

Overall, the S. frugiperda larvae preferred to feed on plants
inoculated with 16-year fallow versus agricultural soil microbiomes,
but did not exhibit a significant preference for plants inoculated
with the other fallow microbiomes (Figure 5B). Considering the
species individually, the significant preference for late succession-
treated plants was only observed for cucumbers, with the larvae
choosing the agricultural microbiome plants with a probability of
only 0.263 (95% CI: 0.1140 to 0.498) versus 16-year microbiome
cucumber leaves (Figure 5C).

DISCUSSION

Overall, we found that soil microbiomes from varying stages of
fallow succession can differentially affect both the pest resistance
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FIGURE 3 | Feeding preference of Trichoplusia ni for maize (Z. mays), tomato (S. lycopersicum), cucumber (C. sativus), and lettuce (L. sativa) inoculated with
agricultural or fallow microbiomes of different ages. (A) Neonatal T. ni larvae were simultaneously presented with a disc of leaf tissue from a plant inoculated with an
agricultural soil microbiome and a disc of leaf tissue from a plant inoculated with a microbiome from a fallow field (1, 3, or 16 years post-agriculture) in an arena. All
choice tests were performed within plant species. Choices represent the microbiome treatment of the disc each larva was first observed to eat. (B) Probabilities (with
95% confidence intervals) of selecting the agriculture microbiome-inoculated plant averaged across plant species; the dashed line indicates an equal preference for
agriculture- and fallow-microbiome treated plants. (C) Choices by crop species; light grey bars indicate the proportion of larvae that chose the plant treated with the
agricultural soil microbiome whereas the dark grey bars indicate instances in which the fallow microbiome plant was chosen. N = 9-22 tests per plant species x
fallow inoculant age level after omitting larvae that did not feed within the 2 h trial. An asterisk (*) indicates a significant preference.
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FIGURE 4 | Spodoptera frugiperda resistance of maize (Z. mays), tomato (S. lycopersicum), cucumber (C. sativus), and lettuce (L. sativa) plants inoculated with
agricultural (O year) or fallow microbiomes of different ages (1, 3, or 16 years post-agriculture) in a no-choice assay. Resistance measured as (A) weight gained (B)
amount of tissue eaten by S. frugiperda larvae (c. 6 d old at start), as well as their (C) biomass accumulation efficiency after feeding for 3 (maize, tomato, and
cucumber assays) or 4 d (lettuce assays). N = 8-12 replicates per species x inoculant age treatment after omitting insects that died. Boxes enclose the middle 50%
of values, with the 50" percentile indicated by the midline and error bars spanning 1.5 times the interquartile range in both directions; values outside this range are
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TABLE 3 | Results of ANOVAs assessing the overall effects of soil microbial
inoculants on resistance to S. frugiperda in a no-choice test across crop species.

Resistance Variable F P
measurement
Weight gain Inoculant age Fs140=0.2579  0.8556

Crop species Fs5=72.5039 <0.0001**

Inoculant source Fi1.141 = 0.3924 0.56320
Inoculant age x crop Fg,140 = 0.8693 0.56543
species

Leaf area eaten Inoculant age Fs140 = 0.6133 0.6075

Crop species Fs5=156.0374 <0.0001**

Inoculant source F1.147 = 0.3841 0.56364
Inoculant age x crop Fg,740 = 0.9578 04777
species
Accumulation Inoculant age F3,140 = 3.6408 0.0144*
efficiency Crop species F55 =8.5635 0.0071**
Inoculant source F1,140 = 0.0109 0.9171
Inoculant age x crop Fg,140 = 3.0900 0.0021**

species

Maize (Z. mays), tomato (S. lycopersicum), cucumber (C. sativus), and lettuce (L. sativa)
plants were inoculated with soil microbiomes from agricultural (O years) or fallow plots of
different ages (1, 3, or 16 years post-agriculture), with 2 plots representing each age
(inoculant source). Herbivore resistance was measured in no-choice bioassays with c. 6 d
old S. frugiperda larvae, in which weight gain, leaf area eaten, and biomass accumulation
efficiency were measured after feeding for 3 (maize, tomato, and cucumber assays) or 4 d
(lettuce assays). N = 8-12 replicates per species x inoculant age treatment after omitting
insects that died, lost weight, or did not eat. *p < 0.05, ***p < 0.001.
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and growth of different crop species, but that the effects are
species-specific, and often contrasting. In line with the pattern
we previously observed in the S. altissima study that motivated
this experiment (Howard et al.,, 2020), later succession
microbiomes conferred greater T. ni resistance to the crop
species, particularly cucumber (Figure 2). In contrast, tomato
plants were least resistant to S. frugiperda when inoculated with
late succession (16 year fallow) microbiomes (Figure 4). These
species-specific responses to the various microbiomes were
further illustrated through differences in plant growth. For
example, lettuce produced the largest leaves when inoculated
with a 3-year fallow microbiome, the microbiome in which
cucumber performed worst, while tomato growth was overall
unaffected by inoculant successional age. Collectively, these
results indicate that various plant species have different
phenotypic responses to different microbiomes and point to
the need to study microbiome-influenced phenotypes in a
broad and taxon-replicated range of plant species, as well as
the underlying mechanisms of how microbiomes assemble and
affect these plant traits.

These differential phenotypic responses of plant species to soil
microbial communities of varying successional age could be due
to differences in microbiome assembly, as well as the degree to
which different plants rely on microorganisms for different

(o]
Maize Tomato
1.001 1.001
0.754 0.754
0.50 0.50
0.251 0.25
0.00 T 0.00 T T T
16 1 3 16
Cucumber Lettuce
1.007 1.007
0.751 0.754
0.50 0.50
0.254 0.254
0.00 - - - 0.00 - - .
1 3 16 1 3 16

Inoculant age of fallow microbiome plant (years)

FIGURE 5 | Feeding preference of Spodoptera frugiperda for maize (Z. mays), tomato (S. lycopersicum), cucumber (C. sativus), and lettuce (L. sativa) inoculated
with agricultural or fallow microbiomes of different ages. (A) Neonatal S. frugiperda larvae were simultaneously presented with a disc of leaf tissue from a plant
inoculated with an agricultural soil microbiome and a disc of leaf tissue from a plant inoculated with a microbiome from a fallow field (1, 3, or 16 years post-
agriculture) in an arena. All choice tests were performed within plant species. Choices represent the microbiome treatment of the disc each larva was first observed
to eat. (B) Probabilities (with 95% confidence intervals) of selecting the agriculture microbiome-inoculated plant averaged across plant species; the dashed line
indicates an equal preference for agriculture- and fallow-microbiome treated plants. (C) Choices by crop species; light grey bars indicate the proportion of larvae that
chose the plant treated with the agricultural soil microbiome whereas the dark grey bars indicate instances in which the fallow microbiome plant was chosen. N =
10-20 tests per plant species x fallow inoculant age level after omitting larvae that did not feed within the 2 h trial. An asterisk (*) indicates a significant preference.
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functions. It is well known that different species, and even
different cultivars and genotypes, of plants assemble distinct
microbiomes (Lundberg et al., 2013; Peiffer et al., 2013;
Cardinale et al., 2015; Fitzpatrick et al., 2018; Matthews et al,,
2019). While few studies have directly compared microbiome
assembly on different crop species, Matthews et al. (2019) recently
found that maize, tomato, pea, and onion plants not only
assembled microbiomes with distinct community structures, but
also differed in the variability of their rhizosphere microbiome
composition when grown in grassland versus woodland soils. In
their study, tomato and maize showed the greatest variation in
rhizosphere assembly at the individual taxon (OTU) level by soil
type. Yet, even with differences in nutrients between the soils, they
found that tomato and maize growth were unaffected, indicating
that the performance of these species is robust and might not
easily be altered by shifts in microbiomes. However, as most of the
differentially abundant OTUs between the two soil types in their
study came from the same taxonomic families and were
potentially functionally redundant, it is difficult to assess
whether these plant species differed from the other crops in
their capacity to discriminate or actively influence their
microbiome assembly (Matthews et al, 2019). On the other
hand, we saw that maize, cucumber, and lettuce growth was
affected by microbial community treatments, suggesting that
these species might assemble even more divergent microbial
communities under the different inoculation treatments and
perhaps are not as able to actively select a microbiome. Similar
to Matthews et al. (2019), we found that tomato growth was
relatively robust to our microbiome treatments. This may have to
do with its physiology, as tomato growth and reproduction are
particularly resilient, even when defoliated (Slack, 1986). Thus,
some species may be less likely than others to be affected by
changes in their microbiomes due to their physiology. Plants also
vary in their reliance on microbes for different functions related to
growth and defense, some patterns of which may be
phylogenetically generalizable (e.g., Brassicaceae not forming
symbioses with arbuscular mycorrhizal fungi for resource
acquisition (Tester et al., 1987), many grasses hosting alkaloid-
producing endophytes for herbivore defense (Clay, 1988). Thus,
studying a diverse range of plant species, especially in a taxon-
replicated manner, may help us understand and better predict
plant responses to microbiomes.

While the differences between the patterns of herbivore
resistance we saw here and in our previous study of S. altissima
may be driven by the phylogenetic diversity of the plant hosts, some
differences might also be due to comparing domesticated crops to
wild plants. While S. altissima may be ecologically similar to a crop
in that it grows in agriculturally-altered habitats, including fallow
fields, its abilities to form microbial symbioses may not have been
under the same selective pressures as plants that have been bred for
agricultural performance. Comparisons between crops and their
wild relatives have indicated that domestication has altered their
interactions with microorganisms (Pérez-Jaramillo et al., 2018),
sometimes resulting in plants that form symbioses with resource
mutualists, such as arbuscular mycorrhizal fungi, less readily
(Martin-Robles et al.,, 2018). Breeding under high-input

agricultural regimes (e.g., ample fertilizer) may make roots less
conducive to forming microbial symbioses and relax selection on
the ability to form symbioses—or even select against forming
symbioses due to the costs of maintaining them when resources
are abundant (Pérez-Jaramillo et al., 2016; Porter and Sachs, 2020).
Furthermore, breeding crops for improved pathogen resistance
may also inadvertently reduce the ability of plants to form
symbioses with mutualistic microbes due to common pathways
of colonization (Porter and Sachs, 2020). Wild sunflower
accessions are slightly more readily colonized by mycorrhizae
(Turrini et al, 2016) and also less resistant to pathogens than
domesticated lines (Leff et al.,, 2016). With regard to the crops
studied here, previous studies have indicated that cultivated lettuce
and maize plants assemble different microbiomes than their wild
relatives (Cardinale et al.,, 2015; Szoboszlay et al., 2015), and that
cultivated tomato plants respond differently to soil conditioning
compared to their wild counterparts (Carrillo et al., 2019). It is also
important to note that these studies found substantial cultivar-level
variation in the microbiomes of these crop species, which
emphasizes the need to not only characterize the responses of
different plant species to microbiomes, but also a diverse range of
genotypes within species. In our study, we only examined one
cultivar per crop species to maximize the number of species tested.
This, however, limits our ability to make generalizations for specific
species and assess the intraspecific variation among cultivars. For a
general application of microbiome-enhanced plant resistance,
studies examining crop responses to microbiomes should aim to
capture inter-cultivar variation.

While we observed effects of soil microbiomes on plant
resistance to insect pests, we did not investigate the basis of this
herbivore resistance, limiting our ability to understand how these
microbiomes are affecting the plants. For instance, the differences in
weight gained by S. frugiperda feeding on plants inoculated with
different microbiomes appears to be due to greater biomass
accumulation efficiency rather than amount of tissue eaten, but
we cannot tell if this is driven by differences in defense compounds
(e.g., digestibility reducers) or the nutritional value of the leaves.
Interestingly, while tomato’s resistance to S. frugiperda was affected
by the different microbiomes, its resistance to the other generalist
noctuid pest we tested, T. ni, was not (Figure 4). Similarly, the
microbiome treatments only affected cucumber’s T. ni resistance
(Figure 2), indicating that not only are these microbiome-mediated
resistance phenotypes plant species-specific, but also herbivore-
specific, even as generalist (and here also confamilial) herbivores
are typically expected to be similarly affected by chemical defenses
(Ali and Agrawal, 2012). The data presented here suggest that
different plant defense traits or trait combinations expressed by the
same plant can contribute to the resistance to different herbivore
species, even when the herbivore species are closely related.
Consequently, the findings expand the interaction diversity
hypothesis (Berenbaum and Zangerl, 1996; Tason et al.,, 2011) to
include defense-related plant secondary metabolism that is
mediated by the microbial community. This further suggests
microbe-mediated changes in plant secondary metabolism as one
of the drivers of functional chemical diversity in plants (Kessler and
Kalske, 2018). Investigating the leaf chemistry of these microbiome-
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treated plants may help us understand whether these patterns of
resistance are driven by different mechanisms. Additionally, we
observed some discrepancies between our two measures of
herbivore resistance that are difficult to resolve without
understanding the underlying mechanisms of resistance. For
example, plants treated with 3-year fallow microbiomes were
overall more resistant than agricultural-microbiome plants to T.
ni based on the no-choice assays (Figure 2), but the larvae exhibited
a preference (albeit marginally significant) for them over the
supposedly less resistant agricultural-microbiome plants in the
choice experiments (Figure 3B). This discrepancy could be an
artifact of using excised leaf discs in our assay, wherein defenses
induced via the mechanical damage from cutting leaf tissue could
result in the more defended leaves being more apparent, and thus
more attractive to larval herbivores, than the less conspicuous, but
actually less chemically-defended plants (Carroll et al., 2006).
Moreover, we do not know how, mechanistically, the
microbiomes are contributing to the plants’ resistance phenotype.
In addition to directly altering plants’ secondary metabolism, it is
possible that pathogenic microbes in the soil (or non-pathogenic
microbes perceived by the plants as pathogens) could be altering
insect resistance by inducing salicylic acid-mediated responses and
simultaneously suppressing the oft-reciprocally antagonistic
jasmonic acid pathway that mediates defenses to chewing
herbivores (Thaler et al, 2012). One recent study demonstrated
that a rhizosphere-dwelling strain of Pseudomonas sp. that induced
systemic pathogen susceptibility increased tomato plants’ resistance
to T. ni, further indicating that the salicylic acid-jasmonic acid
trade-off may play an important role in mediating rhizosphere
microbial influence on insect herbivory (Haney et al, 2018).
Another recent study (Blundell et al, 2020) implicated salicylic
acid as an important mediator of soil microbe-influenced resistance
to a hemipteran herbivore (which generally tend to be more
strongly affected by salicylic acid- versus jasmonic acid-mediated
defenses), further emphasizing the potential importance of
rhizosphere microbes affecting plant-insect interactions through
altering phytohormonal signaling. Thus, changes in the functional
composition of soil microbial communities, including the
abundance of pathogens—which are expected to shift over fallow
succession (Hannula et al., 2017)—could affect herbivore resistance
through altering plant defense responses. It is important to note,
however, that since we performed our herbivore resistance assays
with excised leaf tissue, we are likely masking potential differences in
herbivore-induced resistance responses between our microbial
treatments. While our study shows that soil microbiomes can
differentially affect plants’ resistance to herbivores, the underlying
mechanisms for these phenotypic shifts warrant further study.
With agricultural losses to pest damage expected to increase
under a warming climate (Deutsch et al., 2018), investigating novel
tools such as soil microbiome manipulations to improve the
herbivore resistance of crop plants is becoming increasingly
relevant (Pineda et al, 2017; Bell et al,, 2019). In this study, we
found that fallow agricultural fields may harbor soil microbiomes
that can promote the growth and pest resistance of some crop plants.
We found that, in comparison to agricultural microbiomes, the late
succession soil microbiomes most notably improved cucumber’s

resistance to T. ni, a pest which is especially damaging to cucumbers
in greenhouses, where microbial inoculants would be relatively easy
to apply (Sarfraz et al, 2011). This finding is in line with our
previous work, which has suggested that successional shifts in soil
microbiomes are an important factor driving increases in the
herbivore resistance of a wild plant (Howard et al., 2020), yet the
underlying mechanisms for this microbe-mediated resistance are
still unresolved. However, it is becoming clearer that various early
successional forbs and grasses (Pineda et al., 2020), as well as organic
management practices (Blundell et al., 2020), can condition soil to
promote herbivore resistance. Thus, in addition to providing related
ecosystem services as habitat for natural enemies of pests (Denys and
Tscharntke, 2002), fallow land may be worth investigating as sources
of beneficial soil microbiomes that are adapted to local edaphic
conditions, not only potentially improving their establishment and
efficacy (Hawkes and Connor, 2017), but also reducing the non-
target risks of introducing non-native microbes (Hart et al., 2018).
Yet, sources aside, our study indicates that observing beneficial
effects of an inoculant on one plant species may not be predictive of
its capacity to improve the performance of another.
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Plant-associated microbiota plays an important role in plant disease resistance. Bacterial
wilt resistance of tomato is a function of the quantitative trait of tomato plants; however,
the mechanism underlying quantitative resistance is unexplored. In this study, we
hypothesized that rhizosphere microbiota affects the resistance of tomato plants
against soil-borne bacterial wilt caused by Ralstonia solanacearum. This hypothesis
was tested using a tomato cultivar grown in a defined soil with various microbiota
transplants. The bacterial wilt-resistant Hawaii 7996 tomato cultivar exhibited marked
suppression and induction of disease severity after treatment with upland soil-derived and
forest soil-derived microbiotas, respectively, whereas the transplants did not affect the
disease severity in the susceptible tomato cultivar Moneymaker. The differential resistance
of Hawaii 7996 to bacterial wilt was abolished by diluted or heat-killed microbiota
transplantation. Microbial community analysis revealed the transplant-specific distinct
community structure in the tomato rhizosphere and the significant enrichment of specific
microbial operational taxonomic units (OTUs) in the rhizosphere of the upland soil
microbiota-treated Hawaii 7996. These results suggest that the specific transplanted
microbiota alters the bacterial wilt resistance in the resistant cultivar potentially through a
priority effect.

Keywords: rhizosphere microbiome, tomato plant, microbiota transplant, bacterial wilt, Ralstonia solanacearum

INTRODUCTION

The lethal bacterial wilt (BW) disease is caused by Ralstonia solanacearum, and the bacterial
pathogen infects more than 400 plant species, especially plants belonging to the Solanaceae family
(Hayward, 1991; Scott et al., 2005). R. solanacearum is a soil-borne pathogen that enters the plant
through wounds or elongation zones and subsequently resides in the xylem vessels to block water
transport (Vasse et al., 1995). The pathogenesis of BW, including bacterial invasion and pathogen
colonization of the xylem, is regulated by a highly complex and sophisticated signaling mechanism
(Hikichi et al., 2017). As there are no effective chemical agents for managing BW, the disease is
generally managed by crop rotation and disease-resistant plants (Hanson et al., 1998;
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Wang et al.,, 2000). There are several BW-resistant cultivars of
tomato (Wang et al., 1998), pepper (Du et al., 2016), and
eggplant (Salgon et al, 2017). One of the well-known BW-
resistant tomato cultivars is Hawaii 7996, which exerts the
most stable resistance against R. solanacearum infection by
several major and minor quantitative trait loci (QTL) (Thoquet
et al,, 1996; Wang et al, 1998). However, the quantitative
resistance to BW is not completely understood, and the genes
and functions of QTL have not been characterized in Hawaii
7996 and other major crops. It is known that the performance of
quantitative resistance in Hawaii 7996 is frequently influenced by
environmental conditions such as the pathogen strain,
temperature, and soil conditions (Wang et al., 2013).

The plant rhizosphere is the dynamic and complex interface
between the plant root and soil. The plant rhizosphere serves as a
niche where the soil microbiota derives nutrition from the plant
(Dennis et al., 2010; Berendsen et al., 2012). Recent studies have
demonstrated that diverse microorganisms are associated with
the plant in the rhizosphere (Mendes et al,, 2013) and form
plant-specific microbial communities (Hassani et al., 2018).
Various factors in the rhizosphere affect the composition of the
microbial community (Marschner et al., 1986; Dennis et al.,
2010). Plant functions, such as growth, development, and stress
tolerance, are influenced by the rhizosphere microbiota (Lau and
Lennon, 2012; Panke-Buisse et al., 2015; Robbins et al., 2018).
The soil microbiota in this niche can affect plant health
negatively or positively. The agronomic goal is to positively
promote plant functions including plant growth and health
(Mendes et al., 2011; Lundberg et al., 2012; Bulgarelli et al.,
2013). The plants shape the bacterial community structure of
their rhizosphere using the microbial reservoir of the soil. Both
biotic and abiotic factors are reported to shape the structural and
functional diversities of microbial communities in the
rhizosphere (Berg and Smalla, 2009; Bulgarelli et al., 2012;
Lundberg et al., 2012).

Recently, soil microbiota was reported to protect plants
against various diseases, such as potato scab disease caused by
Streptomyces species (Meng et al., 2012), Fusarium wilt of various
plants (Chialva et al., 2018), damping-off disease of sugar beet
caused by Rhizoctonia solani (Mendes et al., 2011), and take-all
decline of wheat caused by Gaeumannomyces graminis var. tritici
(Weller et al., 1988). There is growing evidence that suggests the
role of the rhizosphere microbiome in protecting the plant
against soil-borne diseases (Kyselkova et al,, 2009; Chialva
et al.,, 2018; Kwak et al.,, 2018). The soil microbiome can
directly protect plants against disease or can modulate the
plant’s defense mechanism against disease (Millet et al., 2010;
Mendes et al., 2011). Additionally, plant defense hormones, such
as salicylic acid, can modulate the soil microbial communities
(Lebeis et al., 2015).

Soil is a highly heterogeneous matrix that supports plant
growth. The physicochemical properties and microbial diversity
of soil vary with each soil type. Although soil properties also
contribute to plant growth and health, the physicochemical
properties frequently mask the microbial function that
regulates plant traits. Therefore, it is necessary to investigate

the microbial function in the rhizosphere under defined soil
conditions to understand the role of microbiota in regulating
plant traits (Vorholt et al., 2017; Kwak et al., 2018).

In this study, we used soil microbiota transplant in tomato
plants under defined soil condition to investigate the disease
progress of BW in tomato. We have previously shown that
microbial community structure of BW-resistant Hawaii 7996 is
distinct from that of BW-susceptible cultivar Moneymaker, and
specific microbiota is recruited by host plant to protect
themselves (Kwak et al., 2018). However, in this study, we
focused on the microbiota associated with the resistant cultivar
Hawaii 7996 to investigate the role of tomato rhizosphere
microbiota in influencing BW resistance. Our hypothesis is
that soil microbiota transplant contributes to the formation of
distinct rhizosphere microbial communities and to subsequently
affect plant traits, especially BW resistance in tomato. To our
knowledge, this is the first to show that plant quantitative trait
can be affected by plant-associated microbiota.

MATERIALS AND METHODS
Soil Sampling

In this study, we established a protocol to use soil microbial
fraction (MF) for microbiota transplant from various soils. The
initial soil samples comprised 18 different soils and included
natural soils from different types of vegetation, such as various
crop cultivated fields, forest, and alluvial soils from river estuarine
and pasture areas, where there was no crop cultivation
(Supplementary Table S1). The soil MFs were subjected to
preliminary screening to determine the influence of soil
microbiota on tomato BW progress. Based on these results, four
different soils showing distinct and differential BW resistance by
microbiota transplant were selected for further investigation:
upland, paddy, forest, and alluvial soils. The topsoil (3-5 cm)
and organic debris were removed, and the soil layer between 5 and
10 cm was collected using a shovel. The harvested soil was sieved
through a 5 mm mesh to exclude the remaining organic debris.
The sieved soil samples were stored in zipper bags at ambient
temperature. For long-term storage, the soil samples were stored at
—80°C in zipper bags under dark conditions until further use. The
physicochemical properties of the soil samples were analyzed at
the National Instrumentation Center for Environmental
Management (NICEM), Seoul National University, Seoul, Korea.
The physicochemical properties of each soil are listed in
Supplementary Table S2.

Preparation of the Soil MF

The soil MF was isolated from the soil samples using 170 g of
soil. The soil sample was incubated with 250 ml of 2.5 mM MES
buffer (pH 5.7) on a shaker at 200 rpm for 30 min. The mixture
of soil and MES buffer was centrifuged at 500 rpm for 5 min to
remove most of the soil particles. The supernatant was
subsequently centrifuged again at 8,000 rpm for 15 min to
collect the bacterial cell pellet. The bacterial cell pellet was
resuspended in 220 ml of 2.5 mM MES bufter (pH 5.7)
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(Supplementary Figure S1A). This final bacterial suspension
derived from 170 g of soil was used as the soil MF for treating 10
tomato seedlings and for the comparison of bacterial community
between bulk soil and soil MF (Supplementary Figure S2).

The Analysis System for Plant-Microbiome
Interaction (ASPMI)

Tomato seeds (Solanum lycopersicum cv. Hawaii 7996 and cv.
Moneymaker) were subjected to serial surface sterilization with
70% ethanol containing 0.1% TritonX-100 by vigorous vortexing
for 1 min and 0.5% NaOCI containing 0.1% Triton X-100 for
15 min. The seeds were thoroughly washed with sterilized
distilled water (SDW) and dried in a laminar flow hood before
germination. The germination and plant growth conditions were
14 h/10 h of a light/dark regime at 28°C for all experiments. The
seeds were germinated on sterilized filter paper in Petri dishes
containing 5 mL SDW (ADVANTEC, Tokyo, Japan) for 7 days
until planting. The germinated seedlings were planted in a 10
hole cell seedling tray that was surface-cleaned with 70% ethanol,
and each hole contained 17 g of sterilized commercial
horticultural nursery soil (Punong Co., Ltd, Korea). The
horticultural nursery soils were autoclaved twice (121°C for
40 min) with an interval to allow the soil to reach ambient
temperature before the second round of autoclaving. The planted
tomato seedlings were treated with 20 ml of soil MF and were
grown for 3 weeks before R. solanacearum inoculation. For the
control, the seedlings were treated with an equal volume of 2.5
mM MES bufter (pH 5.7) (Supplementary Figure S1B). When
necessary, the soil MF was diluted 10- or 100-fold with 2.5 mM
MES buffer or was autoclaved at 121°C for 20 min before
treatment to tomato seedlings.

BW Disease Incidence Assays and
Quantification of R. solanacearum SL341
All strains of R. solanacearum (Supplementary Table S3) were
cultured in CPG medium plates containing 2,3,4-triphenyl
tetrazolium chloride (TZC) for 36 h at 30°C. Except for the
virulence comparison of Hawaii 7996 among R. solanacearum
strains, the strain SL341 (race 1, phylotype I, i.e., R.
pseudosolanacearum) (Safni et al., 2014) was used for most BW
progress assays (Supplementary Table S3). The cultured bacterial
cells were suspended in SDW, and the cell density was adjusted to
2 x 10® CFU/ml. The final bacterial suspension was poured onto the
soil in the pot containing soil MF-treated plants (grown for 3 weeks
after soil MF treatment) at a final concentration of 1 x 10" CFU/g of
soil (Supplementary Figure S1B).

To investigate the population of R. solanacearum SL341 in the
tomato rhizosphere and endosphere, Hawaii 7996 grown in
sterilized nursery soil were treated with upland soil MF or
forest soil MF, and then after 3 weeks, SL341 strain was
inoculated. SL341 cell density was measured at 2 h, 5 and 14
days post inoculation (dpi); the population of the cells was
determine 2 h post inoculation in rhizosphere, and the cell
density in the roots and stems of Hawaii 7996 cultivar was
quantified at 5 and 14 dpi. BW disease incidence was scored until
14 dpi using the following formula: (number of wilted leaves/

total number of leaves) x 100 (%). For disease scoring, three
replications were used, each containing 10 plants for the soil MF
treatment and control.

Evaluation of the Antimicrobial Effect of
the Rhizosphere Microbiome

In order to investigate whether the differential bacterial wilt
resistance in Hawaii 7996 treated with soil MFs was due to
direct antagonism to R. solanacearum, the antimicrobial
activity of the rhizosphere soil of Hawaii 7996 treated with
either upland soil MF or forest soil MF was tested. The soil ME-
treated Hawaii 7996 cultivars were allowed to grow for 3 weeks.
The rhizosphere soil was collected from the tomato plants. R.
solanacearum SL341 at an ODg of 0.3 was mixed with 32.5 ml
of collected rhizosphere soil suspension in 2.5 mM MES buffer.
This mixture was applied to 30 g sterilized nursery soil that was
subsequently incubated at 30°C in a stationary incubator. The
inoculated soil (1 g) from three replicates was collected to
measure the colony forming units (CFUs) of R. solanacearum
every 2.5 h until 10 h on semiselective SMSA medium
(Engelbrecht, 1994).

DNA Extraction From Bulk Soil, MF, and
Rhizosphere Soil

Metagenomic DNA was extracted from 500 mg of bulk soil, plant
rhizosphere and MF to amplify 16S rRNA genes. The tomato
plants were manually harvested from the pots to collect the
rhizosphere soil. The large soil aggregates loosely attached to the
roots were removed by gentle tapping, leaving only the firmly
adhered soil particles. The plant roots were immersed in 5 ml of 2.5
mM MES buffer (pH 5.7) in 50 ml falcon tubes and sonicated at 135
W for 5 min using a sonicator (Branson 5500DTH, Danbury, USA).
Next, 5 ml of the soil suspension was centrifuged at 13,000 rpm. The
soil pellet was weighed and processed for DNA extraction using the
FastDNA™ SPIN for soil kit (MP Biomedicals, Solon, USA)
following the manufacturer’s instructions.

Amplicon Library Preparation and
Sequencing

The 16S rRNA gene was subjected to GS-FLX amplicon
sequencing and Illumina sequencing. Sequencing of samples
(comparison of the bacterial community between bulk soil and
MF in Supplementary Figure S2) was conducted as follows: For
454 pyrosequencing of the 16S rRNA gene amplicon, a PCR
amplicon library was generated using the 341F (5'-TCGTCGG
CAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGG
CWGCAG-3') and 805R (5'-GTCTCGTGGGCTCGGAGATGT
GTATAAGAGACAGGACTACHVGGGTATCTAATCC-3")
(Mizrahi-Man et al, 2013) primers. These primers amplify a
region spanning approximately 400 bp of the hypervariable
region (V3-V4 region) of the bacterial 16S rRNA gene with
the addition of 33 and 34 mer adaptors (underlined). Polymerase
chain reaction (PCR) was performed in a 25-pl reaction volume
containing 2.5 pl of 5 ng/ul template DNA, 12.5 ul of 2x KAPA
HiFi HotStart Ready Mix (KAPA Biosystems), and 5 ul (1 uM) of
each primer. The PCR conditions were as follows: initial
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denaturation at 95°C for 3 min, followed by 25 cycles of
denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and
extension at 72°C for 30 s, with a final extension step at 72°C
for 5 min.

Sequencing of the majority samples except for the data shown
in Figure S2 was conducted using Illumina (MiSeq) paired-end
sequencing. For Illumina sequencing of the 16S rRNA gene
amplicon, amplicon libraries were developed using the PCR
primers 341F and 805R (Herlemann et al, 2011). These
primers were used to amplify a region spanning approximately
400 bp of the hypervariable region (V3-V4 region). PCR was
performed in a thermal cycler (Gene Atlas, Astec—Japan) in a
25-ul reaction volume containing 2.5 pl of 5 ng/ul template DNA,
12.5 pl of 2x KAPA HiFi HotStart Ready Mix (KAPA
Biosystems), and 5 ul (1 pM) of each primer. The PCR
conditions were as follows: an initial template denaturation
step at 95°C for 3 min, followed by 25 cycles of denaturation
at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C
for 30 s, with a final extension step at 72°C for 5 min. To remove
traces of PCR primers and primer dimers, PCR amplicons were
purified using the Agencourt AMPure XP PCR Purification
system (Beckman Coulter, Brea, USA), following the
manufacturer’s instructions. The quality of amplicons
(including the negative control) was evaluated by agarose gel
electrophoresis using 1% gel. The DNA concentration was
measured using a NanoDrop instrument (Thermo Scientific,
Wilmington, MA). The libraries for paired-end sequencing and
454 pyrosequencing were prepared, and sequencing was
performed at NICEM. The 16S rRNA gene amplicon
sequences were analyzed for the microbial community
structure as described in the supporting information.
Microbiome network was analyzed using the Molecular
Ecological Network Analysis (MENA) pipeline (Zhou et al,
2010) as described in the supporting information.

Statistical Analysis

All statistical analyses were performed with R software (version
3.2.2) (http://www.r-project.org/). The suitability of the alpha-
diversity indices was examined using the Shapiro-Wilk
normality test followed by one-way univariate analysis of
variance (ANOVA) and Tukey’s honestly significant difference
(HSD) post hoc test in R. As the data were not normally
distributed, statistically significant differences in alpha-diversity
indices were examined by nonparametric Kruskal-Wallis one-
way ANOVA followed by Dunn’s multiple comparisons post hoc
test. To identify taxa that were significantly different between the
Hawaii 7996 rhizosphere microbiota under the ASPMI treated
with two different soil MFs, we used DESeq2 package. DESeq2
was run under a negative binomial fit, and Wald test and q-
values were calculated with the Benjamini-Hochberg procedure
to correct p-values and control for false discovery rates.
Differences in the abundance were considered significant when
FDR adjusted p-values were lower than 0.0001. The significant
differences among the four different bulk soil and MF treatment
groups (alluvial, forest, paddy, and upland) were evaluated by
multivariate analysis of variance using distance matrices
(ADONIS), which calculates squared deviations and determines

statistical significance by F-tests on sequential sums of squares
from permutations of data.

RESULTS
Establishment of ASPMI

Soil MFs from the various natural bulk soils were collected
from several places and added to the sterilized soil to grow
tomato seedlings with the isolated soil MFs (Supplementary
Figures S1A, B). This ASPMI method enables the investigation
of plant traits relevant to the treated microbiota in sterilized
soils with similar physicochemical properties containing
various microbiota. To verify the utility of ASPMI, thirteen
physiochemical properties were comparatively evaluated
between the four different field soils and sterilized commercial
nursery soils treated with the MFs isolated from the
corresponding four field soils. The four field soils exhibited
differential physicochemical properties. However, the
physicochemical properties were similar between the sterilized
nursery soils that were treated with the four soil MFs
(Supplementary Table S2 and Supplementary Figure S3).
These results suggest that the ASPMI method successfully
eliminated the differential effect of physicochemical properties
among the field soil samples, which enabled the evaluation of
plant-microbiota interactions under controlled soil conditions
using various soil MFs.

The bacterial community structure of both soil MFs and bulk
soils was compared to determine whether the isolated soil MF
represented the microbiota of the respective bulk soil. Principal
coordinate analysis (PCoA) based on the Bray—Curtis dissimilarity
measure was performed to determine the beta-diversity
(community comparison among microbial community) of the
microbiome in the bulk soils and the corresponding MFs. The
PCoA revealed that each resultant microbiota separated across
the first and second principal coordinates (22.6 and 17.8%
of variation, respectively), whereas only limited separation
was observed between bulk soil and its respective MF
(Supplementary Figure S2). Therefore, this indicated that the
isolated soil MFs represented the bacterial community of the
respective bulk soils.

Microbiota Transplant Influences

BW Resistance

The ASPMI method was used to test the differential effect of
various soil MFs against BW disease in the BW-resistant
tomato cultivar (Hawaii 7996) and BW-susceptible cultivar
(Moneymaker). In this study, 18 different soil MFs from
various natural ecosystems in Korea were used to test BW
resistance by inoculation of R. solanacearum strain SL341.
Each microbiota transplant exhibited differential BW progress
in the resistant cultivar Hawaii 7996 (Figure 1A and
Supplementary Figure S4). To further investigate the effect of
microbiota on BW resistance on Hawaii 7996, four different soils
from various natural ecosystems in Korea were selected based on
the distinct and differential quantitative resistance of tomato BW
and the reproducibility of the results after several repetitive
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FIGURE 1 | Bacterial wilt (BW) disease progression in tomato cultivars treated with soil microbial fractions (MFs) evaluated by ASPMI method. BW disease
progression by R. solanacearum SL341 in the tomato cultivar Hawaii 7996 treated with four different soil MFs (A) and in the susceptible cultivar Moneymaker treated
with soils MFs (B). BW disease progression in the Hawaii 7996 cultivar inoculated with six different R. solanacearum strains (C). Evaluation of BW disease
progression by R. solanacearum LMG 17139 strain in Hawaii 7996 treated with upland soil MF or forest soil MF (D). Effect of heat-killed soil MFs (autoclave MF)

(E) on BW disease progression in the Hawaii 7996 cultivar. Effect of diluted soil MF (F) on BW disease progression in the Hawaii 7996 cultivar (107", ten-fold diluted
MF, 1072, hundred-fold diluted MF). Control was treated with 2.5 mM MES buffer (oH 5.7). Each data point represents the mean disease incidence from three
independent experiments. In total, 30 plants were analyzed for each treatment. Each vertical bar represents the standard error of the mean from three replicates
(each replicate with 10 plants, n = 30). Significant difference was evaluated by repeated measure analysis of variance (ANOVA) (*p < 0.05; *p < 0.01; **p < 0.001).

experiments. The BW disease progression was significantly
different among the soil MF-treated Hawaii 7966 plants.
Interestingly, the progression of BW in the upland soil MF and
paddy soil MF-treated plants was significantly delayed (repeated
measures ANOVA, p < 0.001) compared to that in the control
(Figure 1A). Treatment of upland soil MF was more effective to
suppress disease progress in the Hawaii 7996 cultivar The forest
soil MF-treated Hawaii 7996 plants exhibited the highest
susceptibility to BW disease. However, the progression of BW
in Moneymaker plants was similar among the plants treated with
different soil MFs (Figure 1B).

Bacterial population of SL341 was estimated at three different
time points in rhizosphere and endosphere of tomato plant (cv.
Hawaii 7996). Initial inoculum densities of SL341 at 2 h post
inoculation were not significantly different among treatments
(Figure 2A), which is equivalent to 107 CFU/g of soil. Bacterial
population of SL341 in the tomato roots was not significantly
different at 5 dpi between upland soil MF transplant and forest
soil MF transplant, while that with forest soil MF transplant was
significantly higher than that with upland soil MF transplant at
14 dpi (Figure 2B). The population of SL341 was significantly
increased by forest soil MF transplant from 5 dpi to 14 dpi.
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FIGURE 2 | Population dynamics of R. solanacearum SL341 in the tomato
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buffer (pH 5.7). Each vertical bar represents the standard error of the mean
from three replicates (each replicate with three plants, n = 3) (p < 0.05; **p <
0.01; **p < 0.001).

However, the population of SL341 was maintained steady from 5
dpi to 14 dpi by upland soil MF transplant (Figure 2B).
Similarly, bacterial population of SL341 in the tomato stems
was not significantly different at 5 dpi between upland soil MF
transplant and forest soil MF transplant. The bacterial
population was significantly increased from 5 dpi to 14 dpi by
forest soil MF transplant whereas that transplanted by upland
soil MF was maintained steady (Figure 2C). Overall, the bacterial
population of SL341 in tomato roots and stems treated with
different soil MFs was coincident to the bacterial wilt progress in
Hawaii 7996 (Figure 1A).

Hawaii 7996 is highly resistant to R. solanacearum strains;
however, this cultivar was susceptible to strain SL341 in sterile

soil without microbiota transplantation. Therefore, we tested
whether other strains of R. solanacearum could affect BW
resistance under the same conditions. Six strains of R.
solanacearum were selected for the virulence test (Supplementary
Table S3) based on the stable production of exopolysaccharide
(EPS) in TZC medium. Among these six strains, the LMG17139
strain exhibited the highest virulence except SL341 strain in the
Hawaii 7996 cultivar (Figure 1C). Furthermore, the upland soil
MF-treated Hawaii 7996 cultivar inoculated with the LMG17139
strain exhibited significantly (repeated measures ANOVA, p <
0.001) delayed BW disease progression compared to the control
and forest soil MF (Figure 1D). No significant difference of disease
progress was observed between control and forest soil MF.
Although it is speculative, the vulnerability of BW resistance in
Hawaii 7996 to highly virulent strains of R. solanacearum could be
altered by soil microbiota transplant.

Next, the effect of soil MF on BW disease progression was
evaluated by treating the Hawaii 7996 cultivar with autoclaved
(heat-killed) soil MFs. The heat-killed soil MFs completely
diminished the suppression or induction of disease progression
observed in the plants treated with live soil MFs (Figure 1E). No
significant difference was noticed among treatments of heat-
killed soil MFs. Moreover, the treatment with diluted (10" and
1072) soil MF decreased the positive or negative effect on the BW
disease progression and equalized the disease severity (Figure
1F). Although each soil MF affected BW disease progression in
the BW-resistant Hawaii 7996 cultivar but not in the BW-
susceptible cultivar, we needed to test whether the rhizosphere
microbiota of Hawaii 7996 treated by upland soil MF would
inhibit the growth of bacterial pathogens by direct antagonistic
effects. To test this, we incubated R. solanacearum SL341 in the
rhizosphere soils from Hawaii 7996 cultivars treated with an
upland soil MF or a forest soil MF. However, direct growth
inhibition of R. solanacearum was not observed in the
rhizosphere soils (Supplementary Figure S5).

Effect of Transplanted Soil MFs on the
Microbiota Structure in the Tomato
Rhizosphere

The effect of soil MF or MES buffer treatment (control) on the
bacterial community structure was investigated in the tomato
rhizosphere. Comparative analysis of alpha-diversity indices
[Shannon diversity index (H')] revealed that there was a
significant difference in the alpha diversity of the tomato
rhizosphere microbiota (ANOVA with HSD post hoc test, p <
0.05), except between the rhizosphere microbiota of control and
alluvial soil MF-treated plants and between the rhizosphere
microbiota of paddy soil MF-treated and forest soil MF-treated
plants. The alpha diversity of the rhizosphere microbiota of
control plants exhibited the lowest H', whereas that of upland
soil MF-treated plants exhibited the highest H' (Figure 3A).
Bray-Curtis dissimilarity multivariate analysis was performed
for tomato rhizosphere microbiota post soil MF treatment.
Nonmetric multidimensional scaling (NMDS) was used to
visualize the microbial community structure. Distinct
separation of bacterial communities in the rhizosphere was
apparent in the tomato plants treated with different soil MFs

Frontiers in Plant Science | www.frontiersin.org

40

August 2020 | Volume 11 | Article 1186


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Disease Resistance by Microbiota Transplant

Choi et al.
A
b
7.4
=y
® c
g I B SControl_RH
2.0 =Alluvial_RH
g c N Paddy_RH
o N . “IForest_RH
H . . SUpland_RH
s .
» . o
66 = O c
S .
6.2
& <& & & &
& & o s
o““\\ & 4"°° " \)Q\é?
Sample
B
.
s ®
s,
02 °
» "
L]
15 <
0.1
5
Py ® Control_RH
N, 00 ® Alluvial_RH
~ ® Paddy RH
® Forest_RH
é @ Upland_RH
a 01
0.2 .
* .
k 3 *
s‘ i
e
03
-04 02 00 02
PCoA 1 [28.2%]
(&

8
§133

iControl_RH
:Alluvial_RH

Relative abundance

]| “Paddy_RH
H CForest_RH
7 1Upland_RH
20 . Pl
g T
LRe W P
E] . L s
N E = o
2N S
Bty ’ &
o B, e T B i
2 3 2 2 5 3 >
& & & S & s &
8 o P
03 ¥ & & ~ ‘,of)

FIGURE 3 | Microbial community analysis of rhizosphere in the Hawaii 7996
cultivar treated with different soil microbial fractions (MFs). (A) Comparative alpha-
diversity analysis of bacterial community among the bacterial wilt (BW)-resistant
Hawaii 7996 cultivars treated with four different MFs. Shannon diversity index (H’)
is calculated after subsampling (p < 0.05, ANOVA with HSD post hoc test).
Different letters indicate significant differences. (B) Comparative beta diversity
analysis of bacterial community among the BW-resistant Hawaii 7996 cultivars
treated with four different MFs. The distribution pattern of four rhizosphere
microbiomes in the BW-resistant cultivars evaluated using nonmetric
multidimensional scaling based on the Bray—Curtis dissimilarity measures. (C)
Relative abundance (%) of the major bacterial phyla in the rhizosphere microbiota
of the BW-resistant cultivar treated with four different soil MFs.

(Figure 3B). ADONIS revealed that the rhizosphere microbiota
of Hawaii 7996 exhibited significant differences in the microbial
community structure between the groups (R* = 0.37946,
p < 0.001).

Additionally, the rhizosphere microbiota of tomato plants
was distinct from the microbiota of bulk soils in the same pot,
which contained the initially treated MFs. There was no
significant difference in species richness and evenness between
the rhizosphere and bulk soils treated with upland soil MF and
forest soil MF (Supplementary Figure S6A). Bray-Curtis
dissimilarity measures revealed that there was a significant
difference (R = 0.37838, p < 0.001) in the microbial communities
among bulk soils and rhizosphere soils of tomato plants treated with
the upland soil MF or forest soil MF (Supplementary Figure S6B).

These results suggest that the rhizosphere microbiota in the
tomato plants was sculpted to have a unique community
structure from the respective soil MF input with a distinct
community composition.

Microbial Taxa Distribution in the
Rhizosphere of Soil MF-Treated Tomato
The microbial community composition of the tomato rhizosphere
was comparatively evaluated between the upland soil MF-treated
and forest soil MF-treated plants. The rhizosphere microbiota of
the upland soil MF-treated tomato plants was different from that of
forest soil MF-treated tomato plants (Figures 3A, B). The
rhizosphere of upland soil MF-treated and forest soil MF-treated
tomato plants exhibited significant differences in the relative
abundance (RA) of the following bacterial phyla: Acidobacteria
(1.60 and 3.34%, respectively), Actinomycetes (2.05 and 4.00%,
respectively), Planctomycetes (7.49 and 6.33%, respectively),
Firmicutes (12.6 and 9.32%, respectively) (Figure 3C). Further,
individual taxa displaying differential abundance are listed in
Supplementary Table S4 (DESeq2, log2 fold change); plus log2
fold change indicates the individual taxa belongs to Opitutaceae,
Burkholderiaceae, Oxalobacteriaceae, Pseudomonadaceae,
Xanthomonadaceae, Chitinophagaceae, and Planctomycetes which
are more abundant in upland soil MF-treated tomato plants. The
minus log2 fold change indicates the individual taxa belongs to
Enterobacteriaceae, Calulobacteriaceae, Chthoniobacteriaceae,
Chitinophagaceae, Isosphaeraceae, Cytophagaceae, and
Sporolactobacillaceae which are more abundant in forest soil MF-
treated tomato plants (Supplementary Table S4). Particularly, 118
OTUs were enriched in upland soil MF-treated tomato plants, and
88 OTUs were enriched in forest soil MF-treated tomato plants
(Supplementary Table S4). These data illustrate that certain
rhizosphere bacterial OTUs or a combination of OTUs may be
responsible for the differential disease progress of BW in
Hawaii 7996.

Putative Keystone Taxa and

Their Differential Abundance in the

Tomato Rhizosphere

The potential candidate OTUs for the network hub, module hub,
and connector were identified based on the rhizosphere

Frontiers in Plant Science | www.frontiersin.org

]

August 2020 | Volume 11 | Article 1186


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Choi et al.

Disease Resistance by Microbiota Transplant

microbial community data of upland soil MF-treated (Figure
4A) and forest soil MF-treated tomato plants (Figure 4B). The
module connectivity (Zi) and among-module connectivity (P7)
values (Deng et al., 2012) were measured in the rhizosphere soil
of upland soil MF-treated and forest soil MF-treated Hawaii
7996 plants. The network analysis revealed that the peripherals
were the most abundant nodes in the network hub. Additionally,
no network hub was detected in the rhizosphere of upland and
forest soil MF-treated tomato plants (Figures 4C, D). In total,
two module hubs, OTUs of Bacteroidetes, were identified in the
rhizosphere network of upland soil MF-treated plants. Five
module connectors, OTUs of Proteobacteria, Verrucomicrobia,
Firmicutes, Bacteroidetes, and Planctomycetes Bacteroidetes were
also identified in the rhizosphere network of upland soil MF-
treated Hawaii 7996 (Figure 4C and Supplementary Table S5).
On the other hand, four module hubs belonging to
Proteobacteria and two connectors, OTUs of Proteobacteria
were detected in the rhizosphere network of forest soil MF-
treated Hawaii 7996 (Figure 4D and Supplementary Table S5).
The putative keystone taxa of the rhizosphere of upland soil MF-
treated and forest soil MF-treated plants include OTUs from
Verrucomicrobia, Firmicutes, Bacteroidetes, and Planctomycetes
which were identified based on the Pi and Zi scores. However,
they did not overlap in the network analysis between
communities of two different treatment groups.

The RA of microbes in the module hubs ranged from 0.496 to
1.042% for upland soil MF-treated plants and from 0.451 to
1.158% for forest soil MF-treated plants (Supplementary Figure
S$7). The connectors also exhibited low RA (0.131 and 1.641%)
(Supplementary Figure S7). The RA of putative keystone taxa in
each treatment group revealed the differential abundance of
keystone taxa in the rhizosphere of upland soil MF-treated and
forest soil MF-treated plants (Figure 5). The number of network
topological properties was compared among the rhizospheres of
tomato treated with four different soil MFs. The properties
included total nodes, total edges, the average degree, network
diameter, network density, average clustering coefficient, and
average path length (Supplementary Table S6). The microbiota
network of the rhizosphere of upland soil MF-treated
plants exhibited a higher number of network topological
properties than the rhizosphere of forest soil MF-treated plants
(Supplementary Table S6).

DISCUSSION

This study aimed to test our hypothesis that resistance of the
well-known tomato cultivar Hawaii 7996 against BW is altered
by rhizosphere microbiota. Rhizosphere microbiota is highly
complicated and dependent on the surrounding soils. The
structure of the rhizosphere microbiota is influenced by
various biotic and abiotic factors. The critical factors
determining the structure of rhizosphere microbiota are the
soil type and soil physicochemical properties (Schutter et al.,
2001; Bulluck et al., 2002; Marschner et al., 2004; Inceoglu et al.,
2012). Because the physiochemical properties of soil strongly

influence the rhizosphere microbiome structure (Staley and
Konopka, 1985; Amann et al., 1995; Hugenholtz et al., 1998;
Lauber et al., 2008), we established the ASPMI method to
evaluate the BW resistance of tomatoes treated with various
soil MFs under sterile soil conditions. A previous study isolated
microbes from field soils by excluding variations in soil
physicochemical properties and treated isolated microbes with
Boechera stricta seedlings to determine their effect on flowering
phenology and time (Wagner et al., 2014). Our study adopted
and modified the method developed by Wagner et al. (2014). The
modifications mostly included two-step centrifugation of the soil
suspension instead of filtration of soil suspension to establish the
ASPMI protocol (Supplementary Figure S1). Our ASPMI
protocol successfully excluded the abiotic factors in various
soils (Supplementary Table S2). It is likely that application of
soil MFs to aseptically germinated tomato seedlings aided in
microbial colonization of the rhizosphere of tomato to sculpt a
unique rhizosphere microbial community in the sterilized soil.
Therefore, the microbial community may exhibit a priority effect
in the tomato rhizosphere (Busby et al., 2017; Wei et al., 2019) as
the soil MF was applied to germ-free tomato seedlings.

The rhizosphere microbiota plays an important role in
protecting plants from pathogen invasion (Kwak et al., 2018)
by preventing pathogen colonization or by facilitating the
colonization of commensal bacteria. In this study, the upland
soil MF-treated Hawaii 7996 cultivars exhibited higher BW
disease resistance than the plants treated with other soil MFs.
Interestingly, the soil MF treatment did not protect the BW-
susceptible cultivar Moneymaker (Figures 1A, B). However, the
MFs of upland soil and forest soil did not exhibit any
antimicrobial effect against R. solanacearum (Supplementary
Figure S5). This suggested that the observed BW resistance in
Hawaii 7996 was the function of plant-microbiota interaction
and was not due to the direct antagonistic effect. In fact,
population dynamics of R. solanacearum SL341 showed that
population of SL341 was not different at 5 dpi both in the roots
and stems of Hawaii 7996 treated with either upland soil MF or
forest soil MF (Figure 2). This suggested that pathogen invasion
was not affected by microbiota transplant in tomato roots, and
there might be no antagonistic effect by upland soil MF to
bacterial pathogen.

Interestingly, in the same BW-resistant tomato cultivar,
bacterial population of SL341 in planta was dramatically
increased over time by forest soil MF treatment but not by
upland soil MF treatment (Figure 2). It is likely that microbiota
transplant somehow influenced the BW resistance of tomato
Hawaii 7996 to have altered disease progress, i.e. tomato plants
with upland soil-derived microbiota hindered the multiplication of
bacterial pathogen in planta. Several reports have illustrated that
R. solanacearum in the resistant tomato cultivar is limited to
colonize inside of tomato plants and not able to multiply in the
stem, although the resistant cultivar contains significant number
of bacteria in the roots and shoots (Grimault et al., 1994; Saile
et al., 1997). The colonization of R. solanacearum race 3 in tomato
stems restricted by QTL was also reported by Carmeille et al.
(2006). Our result suggests that the priming of the defense
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response or alteration r of disease resistance trait is mediated by
the rhizosphere microbiome in the Hawaii 7996 cultivar. The
upland soil MF treatment conferred higher resistance to BW only
in the BW-resistant cultivar, which further indicated that the
alteration of BW disease resistance is mediated by the rhizosphere
microbiome. One can argue if the differential entophytic
community derived from different soil MFs transplant may be
responsible for the altered BW-resistance. This needs to be
investigated further. In contrast, the forest soil MF-treated
Hawaii 7996 cultivars exhibited enhanced susceptibility to BW.
It would be interesting to evaluate whether certain groups of
microbial taxa or the microbial community enhance BW disease
susceptibility in BW-resistant cultivars.

In this study, the ASPMI method was used to harvest
microbes to obtain the soil MF from a variety of natural bulk
soils and to analyze the biological effect of the isolated soil MF. In
fact, the BW resistance of Hawaii 7996 conferred by upland soil
MF transplant was completely abolished by heat-killed MF
treatment. This result suggested that the plant phenotype (i.e.,
BW resistance) could be regulated by the biological effect of
treated soil MF. The tomato rhizosphere microbiota shaped by
treating the sterilized nursery soil with various soil MFs may not
fully represent the function of the original field soil microbiota
because the soil properties under ASPMI were completely

different from those of the original soil. However, the soil MF
enabled the reproducible investigation of plant host response,
i.e., tomato BW resistance, to its microbiota compared to the
field soil microbiota. This is because the field soil microbial
composition is affected by fluctuating environmental factors that
cannot be efficiently controlled. In this study, two soil MFs,
upland soil MF and forest soil MF, displayed differential effects
on the BW resistance of Hawaii 7996 under ASPMI. The
bacterial community diversity and composition were markedly
different between the fertilized, intensely managed grassland, and
forest soils (Peiffer et al., 2013). Similarly, the rhizosphere
bacterial community structure was significantly different
between the upland soil MF-treated and forest soil MF-treated
tomato plants (Figure 3A). These results indicate that the
differential composition of bacterial taxa observed in the
rhizosphere of the plants treated with various soil MFs may
potentially influence the BW resistance. This differential effect
on the plant phenotype may be due to the priority effect of initially
colonized microbiota in the tomato rhizosphere (Wei et al., 2019).

In this study, most of the network nodes and connectors in
the rhizosphere of upland soil MF-treated and forest soil MF-
treated plants exhibited a relatively low abundance of putative
keystone taxa (Supplementary Figure S7). This indicated that
the rare taxa may be key to developing or maintaining the
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structure of the rhizosphere network. In fact, treatment of diluted
upland soil MF lost the original upland soil MF activity of BW
resistance (Figure 1F), suggesting that key players of upland soil
MF to alter BW resistance in Hawaii 7996 could be members
with low abundance. Similar conclusions were reported in other
studies on microbial community analysis with macro- and
micro-ecological networks in various ecosystems (Power et al.,
1996; Lyons and Schwartz, 2001; Pester et al., 2010; Lupatini
et al, 2014; Deng et al., 2016). The rhizosphere microbiome of
upland soil MF-treated plants exhibited a higher complexity in
the network in this study. An earlier study reported that the
microbial community in the Fusarium oxysporum (Fox)-
resistant cultivar was more complex than that in the Fox-
susceptible cultivar (Mendes et al., 2017). High bacterial
diversity was reported to confer enhanced resistance against
pathogen invasion (Latz et al, 2012; Mallon et al,, 2015). The
disease resistance driven by the relationship between microbial
diversity and pathogen invasion could be described by the
fundamental interaction network architecture (Wei et al.,
2015). The rhizosphere network of upland soil MF-treated
plants contained more nodes and edges when compared to the
rhizosphere network of forest soil MF-treated plants. The results
of this study suggested that the highly connected and modular
rhizosphere microbial community may be involved in conferring
enhanced BW disease resistance to plants.

Genes and mechanisms underlying the quantitative resistance
to BW in tomato Hawaii 7996 cultivar have yet to be identified
and characterized. However, two major QTLs, Bwr-12 and Bwr-
6, have been identified in Hawaii 7996. Bwr-12 confers phylotype
I-specific BW resistance, and Bwr-6 confers broad-spectrum BW
resistance (Grimault and Prior, 1993). The R. solanacearum
strain SL341 used in this study is phylotype I, and it is not
clear how this strain could affect BW resistance in Hawaii 7996.
Nonetheless, specific microbiota transplant, i.e., upland soil MF,
conferred stable resistance in Hawaii 7996 against the strain

SL341. This result revealed the alteration of quantitative
resistance in Hawaii 7996 by soil microbiota transplant, which
will sculpt unique root microbiota. It would be interesting to
investigate how the rhizosphere microbiota influences BW
resistance in Hawaii 7996 once the genes are cloned. In
conclusion, our ASPMI method can successfully be used to
evaluate the effects of microbiota transplantation on the BW
resistance of tomatoes, and this study is the first to show that
quantitative traits of plant, such as disease resistance, can be
altered by soil microbiota transplantation.
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SAdvanced Photon Source, Argonne National Laboratory, Lemont, IL, United States

Phosphorus is one of the essential nutrients for plant growth, but it may be relatively
unavailable to plants because of its chemistry. In soil, the majority of phosphorus is present
in the form of a phosphate, usually as metal complexes making it bound to minerals or
organic matter. Therefore, inorganic phosphate solubilization is an important process of
plant growth promotion by plant associated bacteria and fungi. Non-nodulating plant
species have been shown to thrive in low-nutrient environments, in some instances by
relying on plant associated microorganisms called endophytes. These microorganisms
live within the plant and help supply nutrients for the plant. Despite their potential enormous
environmental importance, there are a limited number of studies looking at the direct
molecular impact of phosphate solubilizing endophytic bacteria on the host plant. In this
work, we studied the impact of two endophyte strains of wild poplar (Populus trichocarpa)
that solubilize phosphate. Using a combination of x-ray imaging, spectroscopy methods,
and proteomics, we report direct evidence of endophyte-promoted phosphorus uptake
in poplar. We found that the solubilized phosphate may react and become insoluble once
inside plant tissue, suggesting that endophytes may aid in the re-release of phosphate.
Using synchrotron x-ray fluorescence spectromicroscopy, we visualized the nutrient
phosphorus inside poplar roots inoculated by the selected endophytes and found the
phosphorus in both forms of organic and inorganic phosphates inside the root. Tomography-
based root imaging revealed a markedly different root biomass and root architecture for
poplar samples inoculated with the phosphate solubilizing bacteria strains. Proteomics
characterization on poplar roots coupled with protein network analysis revealed novel
proteins and metabolic pathways with possible involvement in endophyte enriched
phosphorus uptake. These findings suggest an important role of endophytes for
phosphorus acquisition and provide a deeper understanding of the critical symbiotic
associations between poplar and the endophytic bacteria.

Keywords: Populus, poplar, endophytes, phosphorus, solubilization, synchrotron x-ray fluorescence, x-ray
absorption near edge structure, x-ray computed tomography
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INTRODUCTION

Crop productivity is constrained by the bioavailability of water-
soluble nutrients, especially phosphorus (P) in the form of
phosphate. The efficiency of P acquisition, in which fine roots
play a critical role, is important in addressing global food and
bioenergy security issues that arise from increasing world
population and climate change. In nutrient-limiting environments,
plants are known to form associations with microorganisms
capable of increasing the bioavailability of nutrients (Chhabra
and Dowling, 2017). Phosphorus complexes with calcium, iron,
and aluminum in soils, causing the bio-availability of this
essential macronutrient to be low. Phosphorus must be in the
form of orthophosphate anions for plants to uptake (Chhabra
et al, 2013). Mycorrhizal fungal symbiotic associations with
plants have long been known to increase transport of P (Clark
and Zeto, 2000). However, it is becoming clear that bacterial
associations can also increase nutrient acquisition (Richardson,
2001; Compant et al., 2010; Gaiero et al., 2013; Vandenkoornhuyse
et al., 2015; Chhabra and Dowling, 2017). A wide variety of
non-nodulating plant species are able to thrive in low-nutrient
settings through symbiosis with internal microorganisms called
endophytes (Santi et al, 2013). There has been a body of
research on endophytes suggesting their important role in
the growth of plants under nutrient-limiting conditions
(Hardoim et al., 2008; Ryan et al., 2008; Gaiero et al., 2013).

Microbial mechanisms for solubilization of P include
production of organic acid anions such as gluconic acid (Crespo
et al.,, 2011; Oteino et al., 2015), malic acid (Jog et al., 2014),
citric acid (Chen et al.,, 2014; Hane et al., 2014), salicylic acid,
and benzeneacetic acid (Chen et al,, 2014), as well as oxalic
acid (Schneider et al., 2010; Mendes et al., 2014). Pyrroloquinoline
quinone (PQQ) is involved in solubilization of both organic
and inorganic phosphates as it is a redox cofactor of glucose
dehydrogenase (GDH) for oxidation of glucose to gluconic
acid (Misra et al., 2012). While screens for potentially symbiotic
traits of plant-associated bacteria often include testing for
solubilization of tricalcium phosphate [Ca;(PO,),], it is valuable
to also test for the rarer ability to solubilize Fe-phosphate and
Al-phosphate (Bashan et al., 2013).

Poplar (Populus) trees are early successional tree species
that are known to be able to grow in nutrient-limited
environments (Doty et al, 2016). Poplar, a member of the
Salicaceae family, is considered important as a wood product,
for bioenergy and for environmental services (Bradshaw and
Stettler, 1995; Isebrands and Richardson, 2014). While it has
been demonstrated that P-solubilizing bacteria can provide P
that impacts plant growth (Chhabra et al., 2013; Oteino et al,,
2015), such studies have not been done on ecologically important
poplar trees. Recently, the role of endophytic bacteria in nitrogen
(N) fixation was reported in wild poplar (Doty et al., 2016).
Although many of the endophyte strains are shown to solubilize
Ca3(PO,), (Kandel et al, 2017), how plants interact with
phosphate solubilizing endophytic bacteria remains understudied.

In this study, we tested the hypothesis that, apart from
mycorrhizal networks, closely associated endophytic bacteria
also contribute significant P to the host plants. We report

evidence of endophytic activity to promote P uptake by comparing
samples inoculated with two P-solubilizing endophytes and
those uninoculated (controls). By comparing root masses from
physical root measurements as well as root imaging by x-ray
microtomography, we show indications of increased nutrient
uptake in the plants inoculated with the endophytes. P inside
the roots was visualized using synchrotron x-ray fluorescence
(SR-XRF) microscopy. Using P K-edge x-ray absorption near
edge structure (XANES), we determined P speciation inside
the roots. Finally, our proteomics analysis points to differential
protein enrichment between inoculated and uninoculated poplar
roots as well as proteins that may have been involved in P
solubilization and utilization. These findings suggest that
endophytes are important for P acquisition and give us a deeper
understanding of the biological relevance of the symbiosis
between the plants and the endophytic bacteria.

MATERIALS AND METHODS

Microbial Strains

Diazotrophic endophyte strains from poplar (Doty et al., 2009;
Khan et al., 2015; Kandel et al., 2017) had previously been
screened for Ca,;(PO,), solubilization on National Botanical
Research Institute’s phosphate (NBRIP) growth medium plates
as described before (Nautiyal, 1999; Khan et al., 2015). Strains
with the highest phosphate solubilization index were further
screened for the ability to grow on medium with aluminum
phosphate or iron phosphate as the sole P sources. Based on
these screens, strains WP5 (Rahnella sp.; Khan et al, 2015)
and WP42 (Burkholderia sp.; Kandel et al., 2017) were selected
for further study. All bacteria, and controls, for this experiment
were incubated at 30°C with shaking at 150 rpm.

Quantification of Bacterial Growth and
Phosphate Solubilization

Modified phosphate-free NBRIP liquid medium was prepared,
with glucose 20 g/L and magnesium chloride 10 g/L as described
for maximum phosphate solubilization (Nautiyal, 1999), and
termed enhanced NBRIP (ENBRIP) broth. ENBRIP contained
per liter: 20 g glucose, 5 g Ca;(PO,),, 10 g magnesium chloride
hexahydrate (MgCl-6H,0), 0.25 g magnesium sulfate
heptahydrate (MgSO,-7H,0), 0.2 g potassium chloride (KCI),
and 0.1 g ammonium sulfate [(NH,),SO,]. Fifty milligram of
either Ca;(PO,),, iron phosphate, or aluminum phosphate was
added to 125-ml Erlenmeyer flasks containing 10 ml of ENBRIP
broth prior to autoclaving at 121°C for 25 min. The pH of
the medium was adjusted to 7.0 prior to autoclaving. Starting
cultures of strains WP5 and WP42 were grown overnight in
25 ml ENBRIP containing 3 g/L potassium phosphate as well
as in 25 ml MG/L broth (Cangelosi et al., 1991) to ensure
sufficient cells for the assays. The MG/L broth contained per
liter: 5 g tryptone, 1.5 g yeast extract, 5 g sodium chloride
(NaCl), 10 g mannitol, 2.32 g sodium glutamate, 0.5 g monobasic
potassium phosphate (KH,PO,), and 0.2 g MgSO,-7H,0. Cells
were washed three times in ENBRIP without phosphate by
centrifugation at 6,000 rpm for 20 min at 15°C. The cells
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were then grown for several hours in ENBRIP to allow depletion
of residual internal phosphate. The optical density at 600 nm
of the washed cells were then measured by spectroscopy (Fisher)
and the amount of culture needed to give an optical density
of 0.1 in 10 ml was calculated. The flasks of ENBRIP with
added phosphates, and a set without added phosphate, were
inoculated in triplicate with each strain. Another set of 12
uninoculated control flasks was prepared, without the addition
of cells. All flasks were incubated for 3 days before the cultures
were transferred into 50-ml conicle tubes and allowed to settle
for 90 min. Solubilized phosphate was quantified using the
method of Murphy and Riley (1962) modified as follows: 5 pl
of the settled cultures was added to 795 pl water and reacted
with 200 pl of freshly prepared reagent B. Absorbance was
read at 880 nm. Optical density of the settled cultures was
read at 600 nm as an estimate of cell density.

Localization of the Endophyte Strains on
Poplar Roots

Fluorescent tags were introduced into strains WP5 and WP42
through electroporation using standard protocols (Cangelosi
et al, 1991). The green fluorescent protein (GFP) plasmid,
pBHR-GEFP (Stevens et al., 2005), conferring kanamycin resistance,
and the purple fluorescent protein, pPMMB67EH/Kate2, conferring
gentamicin resistance, were obtained from the Greenberg and
Miller labs (UW Microbiology Department). Tagged strains were
verified by fluorescent microscopy using a Zeiss Imager M2
equipped with an AxioCam MRM and recorded with Zeiss Zen
software (Karl Zeiss, LLC, Thornwood, NY, United States). Rooted,
internally-sterile Populus trichocarpa clone Nisqually-1 poplar
plants were co-cultivated in sterile 40 ml vials for 2 days with
the tagged strains that had been brought to an ODy, of 0.5 in
half-strength Murashige and Skoog (MS) medium without sucrose
(Murashige and Skoog, 1962). Plants were then washed three
times in sterile water and placed into fresh 0.5X MS. Colonization
of root surfaces was visualized by fluorescent microscopy.

Plant Growth and Conditioning for P
Solubilization Studies

Internally sterile P. trichocarpa clone Nisqually-1 plants were
propagated on McCown's Woody Plant Medium (Phytotechnology
Labs). Twelve-day old apical cuttings with fresh roots were
transferred to Magenta vessels (Caisson Labs) containing 10 ml
of % strength MS broth without sucrose (pH 5.8). Endophyte
strains, WP5 and WP42, were grown in N-Limited Combined
Carbon Medium (Rennie, 1981) for 2 days. Colonies were
inoculated into 10 ml NL-CCM broth in 125-ml flasks and
grown on a shaker at 30°C for 2 days. Cells were pelleted by
centrifugation and resuspended in N-free medium (Doty et al.,
2009). Inoculum was prepared with a mixture of the two strains
at equal densities to a final OD600 of 0.1 in % X Hoagland’s
solution (Hoagland and Arnon, 1938). Half of the plants were
co-cultivated in the inoculum while the control plants received
the sterile broth. As soil medium, dried sand was thoroughly
mixed with Ca;(PO,), (Sigma-Aldrich) in a 200:1 ratio by
weight before use (Oteino et al.,, 2015). The non-water soluble

Ca;(PO,), was chosen to confirm the capability of the endophytes
to help the plant mobilize that compound. The % X Hoagland’s
Solution (Hoagland and Arnon, 1938) was added to the soil,
and the poplar plants were transferred into it. The samples
that contained the endophyte strain were called P-mix samples,
and those that did not were called Control samples. Plants
were grown for 4 weeks in Magenta GA-7 vessels in growth
chambers under 16 h/8 h light-dark regime (with light intensity
of 250 pmol m™ s7'), temperature of 24°C day/18°C night,
and relative humidity of 60%. A subset of plants grown under
same condition were used for x-ray computed tomography
(XCT) and pXRF/pXANES analyses (see below).

Soil Analysis

The same sandy soil mix was used for planting all P-mix and
Control samples. In order to evaluate whether there was a
significant difference between the total P concentrations of
the P-mix and Control samples after the plants were harvested,
Inductively Coupled Mass Spectrometry (ICP-MS) measurements
were carried out on one soil sample from the P-mix group
and one from the Control group. For acid extraction to bring
all of the P into solution for the analysis, 20 g of sediment
was weighed into 50-ml centrifuge tubes. Fifteen microliter of
2% nitric acid (trace metal grade) was added to the centrifuge
tubes and vortexed for 24 h. The samples were then put in
the 4°C fridge to let the solids settle. The supernatant was
pulled off the next morning and all samples were left at 4°C
until analysis.

Root Collection Procedure

Ten plants (five Control and five P-mix) were collected for
root biomass, morphology analysis, and further proteomics
characterization. The clippers and forceps were wiped down
with ethanol between collecting each sample. Plants were gently
removed from the planting boxes by tilting the boxes and
rocking back and forth to expose roots. While holding onto
the plant, the roots were gently freed from sand and gently
rinsed with deionized water to remove the remaining sand.
The plants were placed on large Kim-wipes to remove excess
moisture and the longest root length was measured. The plant
leaf mass was subsequently weighed and recorded. A picture
of the plant was taken, then the roots were cut off, weighed,
put in a labeled 50-ml Falcon tube and flash-frozen in liquid
nitrogen. The roots were then placed in a —80°C freezer for
proteomics analysis.

Proteomics Characterization

Protein Extraction and Digestion

Roots were flash frozen in liquid nitrogen and ground into a
fine frozen powder using a Freezer/Mill (SPEX, Metuchen, NJ,
United States) using a program that ran 2 cycles, with a 1 min
precool, and a 2 min run time at 10 cycles/min. Two milliliters
of ice-cold methanol was added to about 0.5-1 ml volume of
frozen plant powder, and the sample was vortexed. Then, 1 ml
of nanopure water and 1.8 ml of chloroform were added and
the sample was shaken vigorously for about 15 s into an emulsion.
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Each sample was centrifuged for 10 min at 4°C at 7,197 x g.
The middle protein pellet was washed with 3 ml ice cold
methanol and centrifuged at 10,000 x g for 10 min at 4°C
three times to remove remaining metabolites from protein
sample. Excess methanol was removed by drying the pellets
gently under a flow of nitrogen for ~2 min. A protein
solubilization solution containing 7 M urea, 2 M thiourea, 4%
CHAPS, and 5 mM TCEP was added to completely cover
each pellet, plus 500 pl more. Samples were then incubated
at 4°C overnight. Debris/protein pellets from each sample were
physically mixed into solution with a pipette tip and the slurry
sonicated briefly in a sonoreactor. The protein slurries were
then incubated at 60°C for 30 min, with samples vortexed
and sonicated in a sonoreactor again for about 30 s. Each
sample was then centrifuged for 10 min at 5,000 x g at 4°C.
A Coomassie Plus protein assay (Pierce, Rockford, IL,
United States) using a bovine serum albumin standard (BSA)
was next performed on the individual supernatants to estimate
protein concentration. Afterwards, the denatured samples were
diluted tenfold with 50 mM ammonium bicarbonate, pH 8.0.
CaCl, was added to a concentration of 2 mM and trypsin
(Affymetrix, Santa Clara, CA, United States) was added at a
trypsin:sample ratio of 1:50 (w/w). Samples were digested
overnight at 37°C and alkylated with chloroacetamide at a
concentration of 5 mM in the dark at 37°C for 30 min. The
peptides from each treatment were desalted with C-18 SPE
columns (SUPELCO Discovery) using a 0.1% TFA in nanopure
water to wash the peptides and 80:20 acetonitrile:water with
0.1% TFA solvent was used to elute the peptides. Peptides
were then quantified using a BCA assay (Pierce, Rockford, IL,
United States) with a BSA standard.

iTRAQ Peptide Labeling

Peptides were labeled with 10-plex tandem mass tag (TMT)
reagents (ThermoScientific, San Jose, CA, United States) according
to manufacturer’s instructions. After samples were labeled, they
were dried down in a centrifugal vacuum concentrator.

Offline Fractionation of Peptides and Preparation
of Proteome Samples

Labeled peptides were separated using an off-line high pH
(pH 10) reversed-phase (RP) separation with a Waters XBridge
C18 column (250 mm x 4.6 mm column containing 5 pm
particles and a 4.6 mm x 20 mm guard column) using an
Agilent 1200 HPLC System. The sample loaded onto the C18
column was washed for 15 min with Solvent A (10 mM
ammonium formate, adjusted to pH 10 with ammonium
hydroxide). The LC gradient started with a linear increase of
Solvent B (10 mM ammonium formate, pH 10, 90:10
acetonitrile:water) to: 5% Solvent B over 10 min, 45% Solvent
B over 65 min, and then a linear increase to 100% Solvent
B over 15 min. Solvent B was held at 100% for 10 min, and
then was changed to 100% Solvent A, this being held for
20 min to recondition the column. The flow rate was 0.5 ml/min.
A total of 96 fractions were collected into a 96-well
plate. The high pH RP fractions were then combined into 24
fractions using the concatenation strategy previously reported

(Wang et al, 2011) excluding CHAPS containing wells
(F2-F11). Peptide fractions were dried down and re-suspended
in nanopure water at a concentration of 0.075 pg/ul for mass
spectrometry analysis using an Q Exactive Hybrid Quadrupole
Orbitrap Mass Spectrometer (Thermo Scientific) system as
described below.

Mass Spectrometry

All peptide samples were analyzed using an automated constant
flow nano LC system (Agilent) coupled to Q Exactive Orbitrap
(Thermo Fisher Scientific). Electrospray emitters were custom
made using 150 pm o.d. x 20 pm o.d. x 20 pm i.d. chemically
etched fused silica. An on-line 4-cm x 360 pm o.d. X 150 pm
i.d. fused-silica capillary analytical column (3 pm Jupiter C18)
was used. Mobile phases consisted of 0.1% formic acid in
water (A) and 0.1% formic acid acetonitrile (B) operated at
300 nl/min with a gradient profile as follows (min: %B); 0:5,
2:8, 20:12, 75:35, 97:60, and 100:85.

The LTQ Orbitrap Velos mass spectrometer was operated
in the data-dependent mode acquiring higher-energy collisional
dissociation (HCD) scans (R = 7,500, 5 x 104 target ions)
after each full MS scan (R = 30,000, 3 x 106 target ions) for
the top 10 most abundant ions within the mass range of
300-1,800 m/z. An isolation window of 2.5 Th was used to
isolate ions prior to HCD. All HCD scans used normalized
collision energy of 45 and maximum injection time of 1,000 ms.
The dynamic exclusion time was set to 60 s and charge state
screening was enabled to reject unassigned and singly
charged ions.

Peptide Identification and Quantification

For peptide identification, MS/MS spectra were searched against
a decoy P. trichocarpa v3.1 protein database from Phytozome'
using the algorithm SEQUEST (Eng et al, 1994). Search
parameters included: no enzyme specificity for proteome data
and trypsin enzyme specificity with a maximum of two missed
cleaves, £50 ppm precursor mass tolerance, £0.05 Da product
mass tolerance, and carbamidomethylation of cysteines and
TMT labeling of lysines and peptide N-termini as fixed
modifications. Allowed variable modifications were oxidation
of methionine and proline. MSGF+ spectra probability values
(Kim et al., 2008) were also calculated for peptides identified
from SEQUEST searches. Measured mass accuracy and MSGF
spectra probability were used to filter identified peptides to
<0.4% false discovery rate (FDR) at spectrum level and <1%
FDR at the peptide level using the decoy approach. TMT
reporter ions were extracted using the MASIC software (Monroe
et al., 2008) with a 10 ppm mass tolerance for each expected
TMT reporter ion as determined from each MS/MS spectrum.

Protein Abundance Value and Significance
Determination

Relative abundances of peptides were determined using TMT
reporter ion intensity ratios from each MS/MS spectrum.

'https://genome.jgi.doe.gov/
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Individual peptide intensity values were determined by dividing
the base peak intensity by the relative ratio associated with
each reporter ion. All peptide data were transformed to a
log2 value, mean centered normalized, then each value was
taken as an exponent of 2 to convert back to an unlogged
value. Peptide abundance values were separated into two datasets,
one of peptides unique to a single protein and peptides which
may have been derived from two or more proteins. Peptides
were rolled up to a protein value by summing the peptides
that belong to each protein in each dataset. For the peptide
data which could come from multiple proteins, these were
concatenated into a group name to represent all proteins which
could produce each unique peptide. Protein rollup calculations
from the unique or shared/group peptide table were designated
in the final protein rollup table. Kyoto Encyclopedia of Genes
and Genomes (KEGG) protein function orthologs® (Kanehisa
et al.,, 2017), gene ontologies® (Carbon et al., 2017), and other
annotations were obtained from the P, trichocarpa v3.1 annotation
file located at Phytozome®! (Goodstein et al., 2012). A partial
least-squares and Pearson’s pairwise correlation plots were
constructed using the proteomics software Inferno.” Log2 values
were uploaded to MeV® (Wang et al., 2017), where a t-test
was performed between Control and P-mix sample groups
using a Welch approximation (assuming unequal group variances)
and with a significance determined with a cut-off value of p
less than 0.05 with a value of p based on a t-distribution.

STRING Network Analysis

A Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING): functional protein association network’ (Szklarczyk
et al, 2019) was performed on the proteins determined to
be significantly changed from the f-test (p < 0.05) against
co-expression, co-occurrence, databases, gene fusion, experiments,
neighborhood, and textmining active interaction sources found
in the STRING databases for P. trichocarpa. The minimum
required interaction score was 0.400, and disconnected nodes
in the network were hidden from the network image.

X-Ray Computed Tomography

To characterize root growth and architecture, inoculated and
control samples were scanned using a microfocus XCT scanner
(X-Tek/Metris XTH 320/225 kV, Nikon Metrology, Brighton,
M1, United States). Scans were performed at 90 kV and 350 pA
x-ray power. During scans, samples were rotated continuously
with momentary stopping to collect each projection. A total
of 2,000 projections were collected over 360° with an exposure
time of 500 ms per projection. Images were collected at an
isotropic voxel resolution of 40.0 pm, resulting in 32-bit gray-
scale images. The raw images were reconstructed to create a
three-dimensional (3D) dataset using the software CT Pro 3D

*https://www.kegg.jp/
*http://geneontology.org/
“https://genome.jgi.doe.gov/
*https://omics.pnl.gov/software/infernordn
Shttp://mev.tm4.org/

"https://string-db.org

(Nikon Metrology, Brighton, MI, United States). For higher
resolution imaging, XCT data were collected at beamline
8.3.2 of the Advanced Light Source (ALS) at Lawrence
Berkeley National Laboratory (LBNL). A double-multilayer
monochromator was used to select 17 keV x-rays, and detection
used a 0.5 mm LuAG scintillator and 2x lenses with a sCMOS
PCO.Edge camera, giving a 3.3 pm pixel dimension, and a
8.4 mm horizontal field of view. The sample to scintillator
distance was 15 mm. A 300 ms exposure time yielded 8,000
counts on the 16-bit camera (allowing a maximum of 65,535
counts). For each tomographic scan, 1,313 projections were
acquired over a 180° rotation, with a total scan time of 15 min.
The images were analyzed using Avizo (Thermo Fisher Scientific,
Waltham, MA, United States) to segments the roots and generate
root volume and surface area data.

Synchrotron X-Ray Fluorescence
Microprobe

Petrographic thin sections (30-pm thick) of root samples were
prepared by Spectrum Petrographics, Inc. Soda-lime petrographic
glass slides of size 27 x 46 x 1.2 mm were mounted with a
UV curing acrylic adhesive. High-purity fused quartz glass
slides with superglue mounting adhesive were used for
synchrotron sample preparations. The slides ranged in thickness
from 0.030 to 0.040”. High-purity fused quartz cover glasses
of about 200 pm thick were used to mount the samples with
permanent adhesive. That sample/coverglass was then mounted
in “piggyback” style with superglue (removable with acetone)
onto a normal petrographic slide that had the necessary rigidity
for further processing. Another set of samples were mounted
on Si;N, windows (5 x 5 mm size, 2 pm thick, Norcada Inc.,
Edmonton, Canada) after the following preparation. Roots from
P-mix and Control samples were gently washed with MilliQ
water. Root tips were then harvested and frozen at —80°C in
2.5% CMC using a 600-pl Eppendorf tube. Samples were then
kept in the —80°C overnight tip orientation down. Samples
were removed from the tube and mounted onto a chuck with
200-pl of Milliq water for fixing. Samples were cryosectioned
on a Thermo NX-70 with the chuck set to —14°C and the
blade set to —11°C. 60-pM sections were sliced both longitudinally
and laterally to the tip of the root. Using tweezers kept at
—20°C, sections were then placed onto the Si;N, windows and
thaw-mounted.

X-ray microprobe analyses were carried out at the ALS
XFM beamline 10.3.2 at LBNL (Marcus et al., 2004). All data
were recorded in fluorescence mode at room temperature, using
a Si(111) monochromator, an Amptek FAST SDD fluorescence
detector, and a He-filled chamber in the sample-detector path.
Root and P reference powder samples were mounted on Magic
Scotch 3 M tape, found to have the lowest detectable P content
(no P, Si, or S detected). pXRF mapping was performed at
an incident energy of 100 eV above the P K-edge (2,245 eV).
This allowed for capturing the distribution of P as well as Ca
and K (through harmonics), important elements in soils and
roots. Coarse pXRF maps of the roots were first recorded
with 35 pm pixel size, then specific regions of interest mapped
at higher resolution (8 pm). XRF maps were displayed to the
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same intensity scale and analyzed for P distribution and
concentration. Defocused and microfocused P K-edge XANES
data were collected along with the pXRF images on the same
samples to investigate P speciation. A variety of inorganic P
reference compounds were used: AIPO,, FePO,, and multiple
Ca-bound phosphates (see Supplementary Figure S6).
Organically bound P was represented by phytate, DNA, and
lecithin. Reference compounds were acquired by this project
and from other studies (Barnes et al., 2019; O’Day et al., 2020).
Bulk and microfocus spectra were deadtime corrected and
deglitched using a custom LabVIEW software available at
beamline 10.3.2. Spectra were then imported to the ATHENA
software package (Demeter 0.9.20; Ravel and Newville, 2005)
for calibration, baseline correction, normalization and linear
combination fitting (LCF). Spectra were corrected for over-
absorption prior to LCF using a custom LabVIEW software
available at beamline 10.3.2. Calcium phosphate (CaHPO,) with
a white line at 2152.26 eV was used for calibration. Baseline
correction and edge-step normalization parameters were varied
for individual samples to reduce error associated with LCF
(Werner and Prietzel, 2015). Fits were implemented with the
component sum not forced to unity and a maximum of four
reference compounds were allowed. A final fit was chosen
based on the combination of reference compounds with lowest
R-factor that also visually aligned with the unknown sample,
and only fits within +2.5% of 100% were accepted. Error
associated with this technique is about 5-10% (Ajiboye et al.,
2007; Werner and Prietzel, 2015), therefore, in instances where
a reference fit with <5% of that compound, it was removed
and the sample refit.

Additional high-resolution x-ray fluorescence data were
collected at 2-ID-E beamline of the Advanced Photon Source
(APS) at Argonne National Laboratory. X-ray energy was set
to 10 KeV using 3.3 cm periodicity undulator and Si (111)
crystal monochromator; beam was focused with Fresnel zone
plate down to 400 x 400 pm spot on sample. Sample was
placed in Helium and raster scanned using translation stages
with 200 nm step in X and 300 nm step in Y and 10 msec/pixel
at 45° angle to incident beam to minimize sample-to-detector
distance and improve signal for low Z elements (P-Ca). Emitted
x-ray spectra were recorded by four-element silicon-drift
Vortex-ME detector (Hitachi), calibrated, and fitted by MAPS
(Vogt, 2003) using thin-film standard AXO 1 X (AXO Dresden
GmbH) to obtain 2D maps of elements.

The P concentrations inside the roots were determined
from all high-resolution pXRF maps collected at beamline
2-ID-E at the APS. Using the average values, a final P
concentration was generated to demonstrate any change in P
content between P-mix and Control samples. The data were
analyzed, fitted, and quantified using MAPS software (Vogt,
2003). The P concentrations were determined from two regions
of interest (ROIs), from inside the root and substrate background
from outside the root. In order to avoid soil traces within
samples, ROIs were selected in areas with minimal interference
from element, which are present in soil but have negligible
uptake by plants, such as Si and Ti (van der Ent et al., 2018).
In addition, other metals like Ca, K, and Fe, Mn, Cu, and

Zn were measured from both the root and the background
to correlate those with the P concentrations to see how it
correlates with Ca, especially. The data points from each
detector element for each region were normalized using
downstream ion chamber and averaged. The substrate
background elemental values were subtracted to get the true
P concentration from inside the roots, as well as K, Ca, Fe,
Cu, and Zn. Using the average values, a final P concentration
was generated to demonstrate any change in P content between
P-mix and Control samples.

RESULTS

Phosphate Solubilization by the Endophyte
Strains

Poplar endophyte strains, WP5 and WP42, were previously
tested using plate assays for the ability to solubilize Ca;(PO,),
(Khan et al,, 2015; Kandel et al., 2017) and to grow on aluminum
phosphate and iron phosphate (unpublished). To quantify
bacterial growth and phosphate solubilization, liquid assays
were performed. Both strains grew well only in the medium
containing Ca;(PO,),, but appeared to have negligible growth
beyond controls in media containing aluminum phosphate
(Figure 1C). Results of the colorimetric method to quantify
phosphate indicated that both strains solubilized Cas(PO,),,
with residual suspended solid phosphate seen in the control
(Figure 1A). In addition, strains WP5 and WP42 both showed
a limited ability to solubilize aluminum phosphate, with WP5
alone showing minor solubilization of iron phosphate above
controls (Figure 1B). However, the cell concentration observed
by optical density for both strains in iron phosphate was lower
than the controls without added phosphate (Figure 1C).

Root Colonization by the Endophyte
Strains

Since strains WP5 and WP42 were originally isolated as
endophytes of poplar branches, we tested if they could also
colonize root surfaces where their ability to solubilize phosphate
from soils could be most advantageous to the host plant.
Fluorescent microscopy images of poplar plants co-cultivated
with WP5 tagged with purple fluorescent protein (PFP) and
WP42 with GFP are shown in Figure 2, where colonization
by the two strains is visualized simultaneously. Microbes, as
a likely biofilm, are observed colonizing the root surface,
covering the primary root as well as the root hairs. Microbial
populations are, therefore, spatially available to manipulate
external soil chemistry. When the junction of a primary root
with a lateral root is investigated by focusing beyond the
epidermis, endophytic fluorescence can be observed inside root
tissue, showing availability for the manipulation of internal
chemistry as well.

Soil Phosphorus Content
The starting total P concentration in the sand that was used
as the root inhabiting medium was calculated to be approximately
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FIGURE 1 | (A,B) Solubilized phosphate in enhanced National Botanical Research Institute’s phosphate (ENBRIP) media after 36 h incubation (n = 3, +SE).
Significantly different from uninoculated media (t-test, *p < 0.05, **p < 0.001). (C) Cell concentrations in ENBRIP media after 36 h incubation (n = 3, +SE).
Optical densities of uninoculated media were subtracted for each phosphate type to control for unsettled phosphate particulates.

FIGURE 2 | Colonization of poplar roots by WP42 [tagged with green
fluorescent protein (GFP)] and WP5 [purple fluorescent protein (PFP)].

(A) Microbes colonizing the root surface, as a likely biofim, covering the
primary root (seen bottom left of image) as well as the root hairs which eminate
from it. Microbial populations are, therefore, spatially available to manipulate
external soil chemistry. Scale bar 20 um. (B) The junction of a primary root
(seen top of image) with a lateral root. By focusing beyond the epidermis,
endophytic fluorescence can be observed inside root tissue showing special
availability for the manipulation of internal chemistry as well. Scale bar 100 pm.

3,500 pg/kg, based on the nutrient mix added and the weight
and volume of the sand used in the pots. At the time of root
harvesting, from ICP-MS, the total P concentration for the
sand that contained a P-mix sample was reduced to 1,690 pg/kg,
while for the Control sample it was reduced only to 2,680 pg/kg
(see Supplementary Figure S1). Results from this complementary
analysis were consistent with increased microbial P mineralization
uptake of soluble P by endophyte inoculated plants.

Root Biomass and Morphology
We monitored poplar root phenotypic changes in P-mix inoculated
and control plants. Roots and leaves from five biological replicates

inoculated with the endophyte (P mix) and five Control
samples were harvested for root length, mass, and leaf mass
measurements prior to proteomics characterization. Representative
Control and P-mix and the harvested plants are shown in
Supplementary Figure S2. Root dry weight and root length
showed similar values under both conditions and no significant
changes were observed (see Supplementary Table S1).

Root Imaging by XCT

Since the comparison of root dry weight and root length
values of the P-mix and Control samples was inconclusive,
we turned to 3D imaging to look at the architecture and
microstructure of the roots in more details. Root volume and
surface area measurements were carried out by tomographic
image-based analysis. Whole roots imaged by XCT revealed
greater wet root volume in the P-mix samples and smaller
wet root volume with greater fine root formation in the Control
samples. High-resolution synchrotron micro-XCT images
collected on small root sections confirmed the significant
increase in root surface area for Control samples relative to
the inoculated ones (Figure 3).

P Uptake Studied by SR-XRF

To further confirm and visualize P solubilization by the plant
root, we conducted a combination of synchrotron x-ray micro-
fluorescence (LXRF) imaging and P K-edge XANES experiments.
Roots from poplar samples inoculated with the bacterial
consortium and uninoculated samples were harvested for both
longitudinal and cross sectioning and used for microprobe
(pXRF and pXANES) analyses to investigate P distribution
and speciation in the roots. Longitudinal sections showed a
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55.2mm?
1017 mm?

FIGURE 3 | CT analysis of a whole root (root of brown color) showing a
P-mix sample with 92.0 mm? volume and 646 mm? surface area, and a
control sample with 55.2 mm® volume and 1,017 mm? surface area. Analysis
of synchrotron micro-CT images (green color) shows increased fine root
formation in the Control; P-mix sample with a root volume 538.3 mm?®
exhibited a surface area of 1842.1 mm?, while a Control sample with

27.4 mm?® volume had a surface area of 2940.6 mm?.

marked difference in P distribution for the inoculated plant
compared to controls. While the longitudinal sections appeared
to show a uniform P distribution across the imaged root section
for controls, the plants inoculated with P-mix exhibited distinct
hot spots where P accumulated inside the root (Figure 4).
When the distribution of P in the roots is displayed on
the same P intensity scale (Figure 5), we found a significant
difference in the P distribution within the root from the
endophyte-inoculated plant vs. the control. The P-mix sample
also showed a higher P concentration in certain spots when
compared to the Control sample. We presume that the Control
sample has the homogeneously distributed P from the water-
soluble ammonium phosphate in the Hoaglands solution
(Hoagland and Arnon, 1938), while the P-mix samples have
the additional, solubilized P from the insoluble phosphate,
superimposed on the “background” P present in both groups.
See Supplementary Figures S4, S5 for additional pXRF images.
High-resolution x-ray fluorescence microprobe (pXRF) maps
collected from inside the roots at the APS were used for a
quantitative comparison of P concentrations between P-mix
and Control samples. pXRF has been proven to be a useful
approach for quantitative analysis of trace elements from
environmental and biological samples (Twining et al., 2003;
Fittschen and Falkenberg, 2011; Kirker et al, 2017). From
quantitative elemental analysis perfomed on 17 different spots
for P-mix and Control samples each, we found that the P
concentrations inside the roots were consistently greater (by
20-30%) for all P-mix samples than for Control samples (see
Supplementary Figure S6 and Supplementary Tables S2-S5).

Chemical State of P From XANES

To learn about the chemical state of the P in those hot spots
in Figure 5, XANES spectra were collected at the P K-edge
both in defocused (overall P speciation of the roots) and focused
modes (speciation of the hot spots) for root sections. We found
species of inorganic and organic phosphates to be present in
both the P-mix and Control samples (Figure 6). The inorganic
P in both groups is mostly Ca-bound [Ca;(PO,),, Ca(H,PO,),,
CaHPO,, amorphous Ca phosphate, Cas(PO,);(OH,ECI), and
Ca,P,0;]; other inorganic phosphates identified are sodium

Control

Control

FIGURE 4 | Micro-x-ray fluorescence (uXRF) maps of longitudinal root
sections show evidence of P uptake in plant that has the endophytic bacterial
strains WP5 and WP42 (“P-mix”). P appears pink in bottom left and right
most image due to P and Ca overlapping.

Control 158817

158817 200pm

300 300

o -
o, 200pm

FIGURE 5 | Phosphorus x-ray fluorescence maps (grayscale) in poplar root
longitudinal thin sections of the P-mix and Control samples. P in the roots is
displayed on the same P intensity scale and same gamma value (white levels,
expressed as counts in the maps, are the same). Red circles mark the spots
where x-ray absorption near edge structure (XANES) spectra were collected
(P-mix Long Spot 1, Spot 2, Spot 3, and Control Long in Supplementary
Material).

pyrophosphate (Na,P,0,) and aluminum phosphate (AIPO,).
The organic P could be identified as being chemically similar
to Na- or Ca-phytate (C;H;3O,P¢) and DNA (CH,O,N,P).
We found subtle differences between the P-mix and Control
samples for P speciation collected in defocused mode (Figure 6;
Supplementary Figure S8 and Supplementary Table S6).
Overall, P-mix defocused samples were dominated by organic
species (DNA and phytate) which comprised 73.5% in Cross
1 and 68% in Cross 2. Control samples were inconsistent, as
Control Cross Diffuse organic species represented 77% of total
P and Control Cross Hot was only composed of 20.6%. Control
Cross Hot was instead dominated by Ca-bound inorganic P
(80.8%). Although composed of proportionally smaller amounts,
inorganic P in the other defocused samples was also primarily
associated with Ca. We examined P hot spots in the P-mix
samples using microfocus mode at three locations (see
Supplementary Figure S8 and Supplementary Table S6). Our
findings show two of the hot spots were dominated by inorganic
Ca species with 51.6% (P-mix Long Spot 1) and 90.3% (P-mix
Long Spot 2). Taken together, we hypothesize that the
homogeneous P background observed in the maps of Figure 5
can be attributed to the readily absorbed ammonium phosphate
from the Hoagland’s solution being used by the plant, while
the P hot spots seen in the P-mix samples are related to the
presence of Ca;(PO,), that was taken in with the help of the
endophytes. The increased P in the plant is most likely from
the increased uptake of solubilized P due to the endophyte
activity in solubilizing the Ca;(PO,),. Why do the microfocus
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findings collected on longitudinal (i.e., long) and cross sections of P-mix and Control root samples.

spots look like Ca-bound P? As mentioned above, the once in either the P-mix or Control samples and those that passed
solubilized phosphate may have reacted with the Ca present a Students t-test with a p < 0.05 (Figure 7).
in the plant becoming insoluble again. We found no evidence For proteins involved in metabolism (Figure 7, top panel),
that endophytes made the phosphate insoluble. We expect a  there were more proteins in total as well as more KEGG
dynamic relationship of P going into and out of solution within  functional categories/metabolic pathways enriched in the P-mix
the plant. We note that although the Control samples also  inoculated roots than in the Control. This includes higher
had hot spots, they were overwhelmingly a characteristic of  enrichment of proteins involved in primary carbohydrate
the P-mix group. metabolism like glycolysis, and starch/sucrose metabolism, which
In summary, these pXRF/XANES results provide additional  are dependent upon P as cosubstrate. Notable differences between
evidence that the endophytes possessed the capacity to solubilize ~ the Control and P-mix group include the large enrichment of
phosphate. The chemical state of P found inside the root oxidative phosphorylation, photosynthesis — antenna proteins,
suggests that the solubilized P is a mix of inorganic and organic ~ and glutathione metabolism related proteins.
phosphates. The solubilization of the non-water-soluble phosphate In the Genetic Information Processing analysis (Figure 7,
[Cas(PO,),] was suggested by the presence of inorganic hot  middle panel) we identified the enrichment of several histones
spots with chemistry similar to that of inorganic Ca-phosphates.  in the P-mix inoculated roots. We identified five histones (i.e.,
Since the control plants could not solubilize the Ca;(PO,), in  POPTR_0011s13490, POPTR_0013s01890, POPTR_0005504260,
the medium, they had less available calcium able to react with ~ POPTR_0018s01310, and Potri_013G028900) significantly

the phosphate within root tissue. increased in abundance in the P-mix inoculated roots and

one histone modification protein, POPTR_0019s04940, which
Proteomics Analysis was significantly increased in abundance in the Control roots.
In order to further link our phenotypic and image-based P We were particularly interested in identifying transporters

uptake observations to molecular signature of plant-endophyte  (related to P transport) enriched in either the P-mix or Control
interactions, and to gain insight into metabolic and system-  root samples. We observed in the Environmental Information
wide protein changes in inoculated vs. uninoculated poplar  Processing functional category (Figure 7, bottom panel) that
roots, we conducted a global proteomics analysis. Phosphate  the Control samples actually had a greater number of transporters
limitation/starvation acts like a stress to plants, stimulating enriched compared to the enrichment of a single transporter
up-regulation of phosphate transporter genes, as well as nutrient  in the P-mix samples. The transporters we identified as enriched
sensing signaling networks both locally and systemically (Liu  in the Control samples included an ATPase, an exportin, myosin
et al,, 1998; Chiou and Lin, 2011). As transcriptional regulation 'V, and an aquaporin. However, the only transporter identified
only shows potential proteins involved in a process or as being enriched in the P-mix inoculated samples was a KEGG
perturbation, we opted, here, to explore the proteome in order  defined ATPase POPTR_0010s23200, which has some homology
to identify the actual protein machinery present and enriched to the anion transport protein in Arabidopsis. Other ATPases
between P-mix and Control roots. As significant protein  were identified as being significantly changed in the proteomics
enrichment can reveal differences in functional roles between  data but were not functionally annotated by KEGG so were
samples, here, we show relative functional category distributions  not included in the funcational category comparisons in Figure 7.
between the P-mix and Control roots. Significant protein = The ATPase POPTR_0009s12330 was found to be significantly
enrichment was defined as those proteins increased in abundance  increased in the P-mix trees.
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FIGURE 7 | KEGG functional category enrichment distributions displayed as an overall percent or absolute number of proteins identified in each category for those
proteins determined to be significantly changed (p < 0.05) between Control and P-mix inoculated poplar roots using a t-test. A protein was designated to the
Control or P-mix group depending on which group it displayed a higher abundance.

We only identified signaling related proteins to be enriched
in the Control samples. However, we identified POPTR_
0003514620 which was significantly increased in abundance
in the P-mix roots. This protein has high homology to an
Arabidopsis tetratricopeptide repeat (TPR)-like superfamily protein.
Three kinases, POPTR_0007s14380, POPTR_0001s14410, and
POPTR_0013s14080, and one phosphatase, POPTR_0006s09720,
were also found significantly enriched in the Control samples.

Protein Network Analysis

A STRING® (Szklarczyk et al, 2019) network analysis was
performed on 100 significantly changed proteins found between
the Control and P-mix root proteomics analyses. STRING
network analysis works to identify known or predicted
protein-protein associations between proteins utilizing prior
analyses which include known interactions found in curated
databases, experimentally determined databases, predicted
interactions, including gene neighborhood, gene fusion, and
gene co-occurrence analyses, and other predicted interactions
based on text-mining, co-expression, and protein homology.

*https://string-db.org/

Figure 8 shows the interactions between 57 significantly changed
poplar proteins found to have at least one protein-protein
association in the STRING database. Each node in the figure
represent a protein and each edge represents the association.
The color of the edge represents the type of association known
between the two proteins/nodes. Associations are meant to
convey a variety of ways the proteins are related and do not
necessarily mean they are physically binding/interacting in vivo
with one another. Prominent clusters were further grouped using
a black circle and the functional category or activity was noted.

DISCUSSION

Our solubilization experiments confirmed the earlier finding
that poplar endophyte strains WP5 and WP42 had the ability
to solubilize Ca;(PO,), (Khan et al., 2015; Kandel et al., 2017).
It is noted that most poplar microbiome studies lack the
resolution to determine how common these particular bacterial
species are in poplar (Ulrich et al.,, 2008; Gottel et al., 2011;
Shakya et al.,, 2013; Beckers et al., 2017; Timm et al., 2018;
Firrincieli et al., 2020); however, the genera of the two endophyte
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strains, Rahnella and Burkholderia, are fairly common culturable
isolates from wild P. trichocarpa (Doty et al, 2009; Kandel
et al,, 2017). In a study of the poplar root microbiome, it
was found that most of the core rhizosphere OTU’s were
within the order of Burkholderiales and Rhizobiales (Shakya
et al,, 2013). In another study, Burkholderiaceae comprised
about 6% of the poplar rhizosphere (Beckers et al., 2017).
Members of the Rahnella genus were one of the most abundant
ASVs in P trichocarpa in a poplar microbiome study that
included the environment from which these strains were
isolated (Firrincieli et al., 2020). Members of the family of
Burkholderiaceae were up to about 20% of the microbial
population in that study.

From tomography-based root imaging, we discovered that
poplar samples inoculated with the phosphate solubilizing
bacteria strains exhibited a root architecture with greater biomass
(greater root volume), while the control samples exhibited
increased fine root growth. This suggests an increased P uptake
in the plants inoculated with the endophytes as plants that
have more access to phosphorus typically produce fewer lateral
roots (ie., they produce less overall root surface area; Niu
et al., 2013). High-resolution synchrotron micro-XCT images
collected on small root sections confirmed the significant

increase in root surface area due to fine root formation for
control samples relative to the inoculated ones (Figure 3).

The macronutrient P was successfully visualized inside the
root by synchrotron pXRF further indicating that the endophytes
possessed the capacity to solubilize phosphate, thereby allowing
the plant host to gain increased access to this nutrient. The
quantitative pXRF based results that the P concentrations were
greater in the P-mix samples are consistent with our micro-CT
results that suggest markedly different root architecture and
root volume for the samples inoculated with the endophytes.
More available nutrient was expected to result in greater root
mass growth.

X-ray absorption near edge structure studies into the chemical
state of the P contained inside the root suggested that phosphorus
within the plant is in the form of a mix of inorganic and
organic phosphates. The solubilization of non-water-soluble
phosphate was suggested by the presence of inorganic hot
spots with chemistry similar to that of Ca-phosphates. We found
that the inorganic P in both P-mix and Control groups was
mostly Ca-bound, while the organic P could be identified as
being chemically similar to phytate and DNA. By solubilizing
the Ca;(PO,), in the media, the endophyte strains make phosphate
and calcium, both macronutrients required for growth, more
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bioavailable to the plant. While the high reactivity of soluble
phosphate with calcium is well-known, and the ability of many
soil bacteria to solubilize inorganic P in vitro has been established,
it was unknown why there was little correlation between
solubilization ability and impact on plant growth (Collavino
et al, 2010; Bashan et al., 2013). Our results point to a possible
explanation for this incongruity. Once within the plant, phosphate
seems to readily react with the calcium and other metals
prevalent in the plant, becoming insoluble again. A benefit of
endophytes over rhizobacteria may be that the phosphate could
be stored in a non-reactive form inside the plant root and
then re-released within the plant by endophytes as needed.

Considering the potential benefits of P solubilization enhanced
by endophytes, the ability of WP5 and WP42 endophyte strains
to fully solubilize Ca-phosphate could be beneficial to plants
in alkaline soils, and the ability to at least partially solubilize
Al-phosphate and Fe-phosphate could benefit plants in the
more common acidic soils. While Ca-phosphate solubilization
is commonly published as a symbiotic trait, Ca;(PO,), is actually
not difficult for many bacteria to dissolve (Bashan et al., 2013).
The mechanism for solubilization of Ca-phosphate is primarily
by organic acid production (Chhabra and Dowling, 2017),
which is a fairly common trait. In screens of TCP-solubilizing
bacteria for plant growth promotion, very few were positive.
It is rarer to find Al-phosphate and Fe-phosphate solubilizers
(Perez et al., 2007). Since solubility of Fe-phosphate decreases
with lower pH, and Al-phosphate has the lowest solubility
within pH 5.5 and 4.5, acidification through production of
organic acids would not result in P solubilization in these
cases (Bashan et al, 2013). The ability of WP5 and WP42 to
solubilize, at least to some degree, all three common forms
of phosphate is possibly reflective of the environment from
which they were isolated. Both strains were isolated from wild
poplar growing in primary substrates of cobble and sand with
low organic matter. The source of the Snoqualmie River is
high alpine snow melt; therefore, the environment is likely to
be highly selective for the ability to make all sources of P
bioavailable (Doty et al., 2009; Stettler, 2009). The growth data
of both strains in ENBRIP do not fully align with this thinking;
however, the mechanisms of solubilizing Al and Fe phosphate
are less well understood. It may be that cells adhere to these
phosphates during the solubilization process. If this is the case,
then cells would have settled out with the excess phosphate
and would not contribute to the optical density of the media.
In support of this hypothesis, we often observed a high degree
of cell clumping when dilutions of the phosphate cultures were
plated but not from the inoculated no phosphate controls.

We explored the proteome in the plants in order to identify
the actual protein machinery present and enriched between
P-mix and Control roots. In this study, Control roots could
be thought of as P-limited and potentially more stressed
compared to the P-mix root where P was more available (by
endophytes). An increased chlorosis observed in the Control
trees compared to the P-mix trees may be indicative of this
increased stess due to P being more limited. However,
unfortunately, we did not have enough replicates to monitor
these kinds of phenotyping responses.

The higher enrichment of proteins involved in primary
carbohydrate metabolism (glycolysis and starch/sucrose
metabolism, both dependent upon P as cosubstrate) indicates
that the greater uptake of phosphorus brought about by
P-solubilizing endophytes stimulated more metabolic pathways
than when phosphate was less available and when metabolism
presumably was slowed due to the relative limitations of
this essential nutrient. The large enrichment of oxidative
phosphorylation, photosynthesis - antenna proteins, and
glutathione metabolism related proteins in the Control samples
is connected to nutrient limitation and abiotic stress in that
group. It is documented that sugars are redistributed to the
roots when phosphate is less available (Ciereszko et al., 2005;
Morcuende et al,, 2007; Muller et al., 2007). Greater sugar
accumulation would require increased oxidative phosphorylation
capability to catabolize the sugars into ATP.

With regards to the histones that were found to be significantly
increased in abundance in the P-mix inoculated roots and the
one histone modification protein, which was significantly increased
in abundance in the Control roots, phosphate availability is known
to be involved in chromatin modification (Smith et al., 2010).
In Arabidopsis, histone H2A.Z was found to regulate phosphate
starvation response genes (Smith et al., 2010). Prior studies have
shown that reactive oxygen species (ROS) concentrations are
increased when P and other nutrients (i.e., nitrogen, potassium,
and sulfur) are less available (Shin and Schachtman, 2004; Shin
et al, 2005; Schachtman and Shin, 2007; Tyburski et al., 2009).
ROS has also been associated with changes in root system
architecture (RSA; Shin et al.,, 2005; Tyburski et al, 2009) and
regulation of genes via oxidation reduction reactions. As a
protection mechanism against ROS, plant cells utilize antioxidant
and other oxidation ameliorating molecules, such as glutathione,
super oxide dismutase (SOD), and light-harvesting antenna complex
proteins (LHCBs), which are also induced in Control plants in
this work. While the induction of antenna complex proteins in
root tissues (which are devoid of photosynthesis capability) appears
unusual, it is documented in the literature that antenna protein
expression is coupled to abscisic acid signaling capable of being
complexed with carotenoids and xanthophylls as well as chlorophyll,
which are very efficient in ROS scavenging (Kobayashi et al.,
2013) and have been found to be expressed ubiquitously in all
different tissues, including roots of Arabidopsis (Smith et al.,
2010; Xu et al, 2012). A common feature of endophytes is the
ability to scavenge ROS, resulting in lowered stress responses
in the host plant (Sessitsch et al., 2012). We previously reported
that a consortium of endophyte strains, including strain WP5,
reduced ROS levels in poplar (Khan et al, 2016).

Based on our exploration of which transporter proteins
showed enrichment in the Control or the P-mix samples, it
appears that greater phosphate availability does not necessarily
equate into greater diversity of active transporters. Instead it
appears as though the Control samples, where P was less
available, required the enrichment of a greater number of
transporters. One transporter that was identified as being
enriched in the P-mix samples, and is related to the anion
transport protein in Arabidopsis, may serve to aid transport
of the phosphate provided by endophytes. The ATPase protein
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that was found to be significantly increased in the P-mix trees
is a four-way junction helicase. Helicases are involved in
unwinding DNA during replication. This ATPase might, therefore,
play a role in cell replication which could support the increased
metabolic activity occurring in the roots of the P-mix trees.

The enrichment of signaling-related proteins in the Control
samples indicated that more cell-signaling networks were activated
and enriched in the roots when the trees had less P available
than when the P-solubilizing endophytes were present. At the
same time, the Arabidopsis TPR-like superfamily protein, which
was significantly increased in abundance in the P-mix roots,
is thought to be involved in the regulation of different cellular
functions and plant hormone signaling like TPR proteins
(Schapire et al., 2006). Specifically, these proteins have been
found to be essential for abscisic acid, ethylene, cytokinin,
gibberellin, and auxin which are all hormones involved in P
sensing responses (Chiou and Lin, 2011).

In protein network analyses, centrality is a proxy for essentiality
or importance. The protein/node uridine monophosphate (UMP)
synthase (UMPS; POPTR_0003s19810) displayed the highest
betweenness centrality. UMPS catalyzes the formation of uridine
monophosphate which is a building block of RNA and pyrimidine
synthesis. UMPS may also play a role as a negative regulator
in increased availability of sugar in the roots. It is well-
documented that when plants experience less phosphate in
the roots, starch in shoot tissue is broken down and the released
sugars are mobilized to the roots (Ciereszko et al, 2005;
Morcuende et al., 2007; Muller et al., 2007). When UMPS
expression was decreased in potato tubers, there were increased
conversions of sucrose to starch and cell wall synthesis
(Geigenberger et al., 2005). In our network analysis, UMPS
displayed the highest betweenness centrality connecting major
protein clusters related to genetic information processing (e.g.,
nucleic acid replication, chromatin remodeling, spliceosome,
and ribosomal proteins) and carbohydrate metabolism.
We hypothesize that disruption of this protein may cause
interruption in sugar metabolism related to P availability.

In summary, the proteomics data revealed that more proteins
involved in a diverse array of metabolic activities were enriched
in the P-mix roots, whereas proteins related to abiotic stress,
cell-signaling, and ROS amelioration were enriched in the
Control samples which experienced less P availability.

Finally, we note that in order to visualize the effects of the
inoculated strains on poplar, it was essential to begin with internally
sterile plants. It is unknown how other members of the plant
microbiome may affect the phosphorous solubilization performed
by the two strains, WP5 and WP42. Microbial community
dynamics can be complex, with both positive and negative
interactions at play. However, these microbial interplays on which
strains solubilize the phosphates would likely not affect the impact
of bacterially solubilized phosphate on the host plant. Since
bioavailable phosphate is an essential nutrient and solubilization
is an exported activity, it is a “public good” subject to microbial
“cheating” (recently reviewed in Smith and Schuster, 2019).

Further research is required to determine the mechanisms
by which WP5 and WP42 solubilize the three phosphates.
Also, in order to screen specific inorganic-organic associations

related to P nutrient solubilization processes and to learn about
the elemental distribution and speciation of the elements P
and O on the nanoscale, future studies will employ scanning
transmission x-ray microscopy in the soft x-ray energy region
at 25-50 nm resolution combined with XANES.

CONCLUSION

Using laboratory and synchrotron XCT, synchrotron x-ray
fluorescence spectromicroscopy and proteomics we found direct
evidence of endophyte-promoted phosphorus uptake in poplar.
Root imaging by XCT revealed greater root volume in the
samples inoculated with the endophytes and smaller wet root
volume with greater fine root formation in the control samples.
This suggested an increased P uptake in the inoculated plants
as plants that have more access to phosphorus typically produce
fewer lateral roots. Using synchrotron x-ray fluorescence
spectromicroscopy, we visualized the nutrient phosphorus inside
poplar roots inoculated by the selected endophytes and found
the phosphorus in both forms of organic and inorganic phosphates
inside the root. Proteomics characterization on poplar roots
coupled with protein network analysis revealed novel proteins
and metabolic pathways with possible involvement in endophyte
enriched phosphorus uptake, cell signaling, and metabolism.
Our results have a significant implication: phosphate taken up
by plants can form insoluble phosphate compounds within the
plant; and therefore, rhizobacteria with the ability to solubilize
P exclusively outside the plant tissue in soil may be at a
disadvantage compared with endophytes. Being within the plant,
endophytes may have the ability to continue re-releasing the
phosphate for continued plant growth. In addition, since the
endophytic bacteria in this study possess at least some ability
to promote solubilization of all three common forms of phosphate,
i.e, Ca-, Al, and Fe-phosphate, they may have an advantage
as bioinoculants in both alkaline and acidic soils. In all, these
findings suggest an important role of endophytes for phosphorus
acquisition and provide a deeper understanding of the symbiotic
associations between poplar and the endophytic bacteria.
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Wheat crop production needs nitrogen (N) for ensuring yield and quality. High doses of
inorganic N fertilizer are applied to soil before sowing (basal dressing), with additional
doses supplied along the cultivation (top dressing). Here, a long-term wheat field trial
(12 plots), including four conditions (control, N top dressing, Trichoderma harzianum
T34 seed-inoculation, and top dressing plus T34) in triplicate, was performed to assess,
under high basal N fertilization, the influence of these treatments on crop yield and
root microbial community shaping. Crop yield was not affected by top dressing and
T. harzianum T34, but top dressing significantly increased grain protein and gluten
contents. Twenty-seven-week old wheat plants were collected at 12 days after top
dressing application and sampled as bulk soil, rhizosphere and root endosphere
compartments in order to analyze their bacterial and fungal assemblies by 16S rDNA
and ITS2 high-throughput sequencing, respectively. Significant differences for bacterial
and fungal richness and diversity were detected among the three compartments with
a microbial decline from bulk soil to root endosphere. The most abundant wheat
root phyla were Proteobacteria and Actinobacteria for bacteria, and Ascomycota
and Basidiomycota for fungi. An enrichment of genera commonly associated with
soils subjected to chemical N fertilization was observed: Kaistobacter, Mortierella,
and Solicoccozyma in bulk soil, Olpidium in rhizosphere, and Janthinobacterium and
Pedobacter in root endosphere. Taxa whose abundance significantly differed among
conditions within each compartment were identified. Results show that: (i) single or strain
T34-combined application of N top dressing affected to a greater extent the bulk soil
bacterial levels than the use of T34 alone; (i) when N top dressing and T34 were applied
in combination, the N fertilizer played a more decisive role in the bacterial microbiome
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than T34; (i) many genera of plant beneficial bacteria, negatively affected by N top
dressing, were increased by the application of T34 alone; (iv) bulk soil and rhizosphere
fungal microbiomes were affected by any of the three treatments assayed; and (v) all
treatments reduced Claroideoglomus in bulk soil but the single application of T34 raised
the rhizosphere levels of this mycorrhizal fungus.

Keywords: bacterial composition, fungal composition, chemical fertilization, bulk soil, rhizosphere, root

endosphere

INTRODUCTION

Wheat is one of the most important crops worldwide, with
figures like a harvested area of 214.3 million ha and a global
production of 734 million tons in 2018 (FAOSTAT, 2020). Given
the fact that wheat grain provides about one-fifth of both calories
and proteins to human diet, there is, therefore, a need for
increasing the production of this crop in order to feed the world’s-
growing population (International Wheat Genome Sequencing
Consortium [TWGSC], 2018). Conventional extensive agriculture
has an absolute requirement of nitrogen (N) for ensuring the yield
and high quality of wheat crops (Zorb et al., 2018). However, it is
well known that this and other widespread cereal crops use only
30-40% of the applied N fertilizers, while the rest remains unused
causing severe environmental pollution (Rockstrom et al., 2009;
Curci et al,, 2017). Although the EU is suggesting a reduction in
N fertilization to quantities of 170 kg/ha/year, in countries like
Spain, where 2.4 million ha are devoted to this crop, this figure
can still reach as high as 500 kg/ha/year. It is a common practice
in Spain to apply 240 kg/ha as basal nitrogen fertilizer and to add
a higher quantity as top dressings along the wheat crop.

Several studies have reported a wide range of beneficial
effects of the microbiome members on plants, including disease
suppression, priming of the plant immune system leading
to the induction of systemic resistance, increased nutrient
acquisition, increased tolerance to abiotic stresses or adaptation
to environmental variations (Hassani et al.,, 2018). It is now
evident that the root system provides many more traits than just
anchorage and uptake of nutrients and water, and therefore all the
interconnected factors that influence the complex ecosystem of
the rhizosphere, considering it as an integrated whole, including
numerous and multiple kinds of microorganisms that interact in
various ways need to be taken into account (Mendes et al., 2011).
Besides the well-known mycorrhizal fungi, N-fixing bacteria,
and growth-promoting bacteria, plant microbiomes include a
high diversity of microorganisms that become apparent when
comparing microbial species and strains even at the level of the
genotypes from a same species (Vandenkoornhuyse et al., 2002;
Bulgarelli et al., 2012; Peiffer et al., 2013; Rossmann et al., 2020).

Advances in next-generation sequencing (NGS) technologies
have marked the beginning of a new era in gathering
information on the genetic repertoires of microbial communities
(Fricker et al., 2019). The Proteobacteria, mostly alpha and
beta classes, usually dominate in root-associated samples.
Other major bacterial groups that are often present in the
roots include Actinobacteria, Acidobacteria, Cyanobacteria,
Firmicutes, FCB (Fibrobacteres-Chlorobi-Bacteroidetes),

particularly Bacteroidetes and Gemmatimonadetes, and PVC
(Planctomycetes-Verrucomicrobia-Chlamydiae), especially
Planctomycetes and Verrucomicrobia (Philippot et al., 2013;
Turner et al, 2013). A large number of research reports have
explored the fungal communities associated with plant roots,
revealing a staggering diversity of fungi, mainly belonging to the
two major phyla Ascomycetes and Basidiomycetes (Porras-Alfaro
and Bayman, 2011; Rossmann et al., 2020; Wang et al., 2020).
Fungal communities are not randomly assembled but instead
appear to be specifically filtered by their plant host which recruits
a particular microbial consortium to adapt to the environmental
conditions at a microscale (Lé Van et al.,, 2017). At least three
distinct microbiomes thriving at the root-soil interface have been
identified (Bulgarelli et al., 2012; Hirsch and Mauchline, 2012),
depending on whether they belong to bulk soil, rhizosphere
or endosphere. In almost all cases, an apparent decrease in
the diversity of species was recorded from the rhizosphere to
the endosphere, indicating that exists a strong habitat filtering
mechanism and that it may shape the composition of each
microbiome compartment (Vandenkoornhuyse et al, 2015).
It has been described that the bacterial rhizosphere changes
much more than the bulk soil community in wheat cropping
systems (Donn et al., 2015). Moreover, soil nutrient availability
constitutes a driving factor in shaping the wheat endophytic
bacterial microbiome (Robinson et al., 2015), although the use
of N fertilization negatively affects bacterial assemblages in the
wheat rhizosphere (Kavamura et al., 2018).

Most Trichoderma spp. have been linked to biocontrol
against plant pathogenic fungi, oomycetes, and even nematodes
(Medeiros et al., 2017; Debbi et al., 2018). Moreover, rhizosphere
competent strains have proved to be beneficial for plants
(Hermosa et al., 2012). Trichoderma species are frequently found
as common inhabitants of the soil and the rhizosphere, and
even though many of them may become facultative endophytes,
the number of truly endophytic Trichoderma spp. is scarce
(Bae et al., 2009; Carrero-Carréon et al,, 2018). In addition
to rhizosphere colonization, nutrient uptake facilitation and
plant growth promotion (Hermosa et al., 2012; Samolski et al.,
2012), the application of Trichoderma strains may also affect the
soil bacterial and fungal communities in a pH- and N supply
dependent manner, respectively (Zhang et al., 2018). It has been
reported that biofertilizers based on Trichoderma strains when
used alone or in combination with organic fertilizers (compost)
provoke changes in the rhizosphere microbial community of
crop plants (Zhang et al,, 2013; Pang et al., 2017; Ros et al,,
2017; Qiao et al., 2019). Specifically, Trichoderma spp. have been
directly related to the increased levels of Acidobacteria detected
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in different agricultural soils such as those from maize and black
pepper (Saravanakumar et al., 2017; Umadevi et al., 2017; Singh
etal.,, 2018). The combined application of Trichoderma, and other
beneficial microorganisms such as Bacillus, to crop soils fosters
the recruitment of other plant beneficial bacteria and fungi in the
rhizosphere (Wang et al., 2019).

The previous studies showed positive effects of T. harzianum
T34 on tomato plant growth under greenhouse conditions (Rubio
et al, 2017) and also the ability of this strain to increase
wheat systemic defense after culturing under in vitro conditions
(Rubio et al., 2019). However, little is known about the effects
caused by the application of Trichoderma or N-based fertilizers
on the microbiota of wheat plants under field conditions, and
whether the microbial communities are randomly assembled
or specifically filtered by the host plant to create a particular
microbial assemblage to meet the new requirements of the
environment. The conventional agronomic practices for wheat
crop in the Spanish region of Castile and Leon include the
application of high doses of N fertilizer to the soil before the
sowing (basal) and along the cultivation (top dressing). We
lack of a complete understanding of how bacterial and fungal
communities are structured in crop plants, how fertilization
practices can alter microbial communities, how such practices
might affect microbe performance, and how they are in turn
linked to their potential microbial preys. Here, the aim of our
work has been to assess the diversity and structure of both
bacterial and fungal communities in the root system of wheat
crop plants subjected to three different treatments (top dressing,
T. harzianum T34, and strain T34 plus top dressing) in order
to explore, under high basal N dosage (control), the influence
of inorganic N top dressing and Trichoderma application in
the microbiome distribution at the bulk soil, rhizosphere and
endosphere compartments.

MATERIALS AND METHODS

Field Wheat Experiment and Sample

Collection

A field trial was performed in Ventosa de la Cuesta (Valladolid,
Spain), a region with continental Mediterranean climate and
an average annual temperature and precipitation of 12.5°C and
415 mm, respectively. The experimental field was preceded by
fallow for 1 year and this last by a barley crop. The trial
was carried out over 1 year from 2018 to 2019 and included
12 experimental plots containing four conditions (C1, C2, C3,
and C4) with three replicates in a randomized complete block
design (Supplementary Figure S1). Each experimental plot had
12.75 m? (8.5 x 1.5 m) with a plantation framework of 425
seeds/m?, corresponding approximately to 240 kg seeds/ha, and
using wheat of the Berdun R variety.

The four conditions were designed as follows: C1 (control:
soil amended with basal chemical fertilizer), C2 (soil amended
with basal chemical fertilizer and two top dressing applications),
C3 (soil amended with basal chemical fertilizer and strain
T. harzianum T34), and C4 (soil amended with basal chemical
fertilizer, and both strain T34 and two top dressing applications).

Following conventional agronomic practices in this region, 2 days
before sowing 240 kg/ha of NPK 8-15-15 and 30 kg/ha of KCl
were applied as basal chemical fertilization. The first top dressing
application was performed 12 weeks after sowing with the 60% of
N requirement (157 kg/ha of calcium nitrate, CAN) in conditions
C2 and C4, and the second CAN dosage was supplied similarly
27 weeks after sowing with the 40% of total N requirement
(105 kg/ha) in these two conditions. Trichoderma harzianum
CECT 2413 (Spanish Type Culture Collection, Valencia, Spain),
also referred to as strain T34, was grown on potato dextrose agar
medium (PDA, Difco Laboratories, Detroit, MI, United States)
and spores were harvested as previously described (Rubio et al,,
2017). Strain T34 was seed-coating applied at a concentration of
2 x 10° conidia/seed in the C3 and C4 conditions. The procedure
was carried on through the addition of 15 mL of a T34 suspension
(6.7 x 10® conidia/mL) and 10 mL of a commercial Arabic gum
solution (Pelikan, Barcelona, Spain) to plastic bags containing
250 g of wheat seeds and subsequent manual mixing. The seed-
inoculated bags were kept open for 20 h in a laminar flow cabinet
for drying. Furthermore, 15 mL of sterile water and 10 mL of
Arabic gum solution were added to each bag with seeds for C1
and C2 conditions.

Sampling process was carried out at 27 weeks after sowing
(12 days after applying the second top dressing where indicated).
Soil and wheat samples were collected from five spots selected
within each plot (assayed condition) and were considered as
a single sample. Three biological replicates per condition were
considered. The five sample spots were uniformly selected across
plots (Supplementary Figure S1). From each spot a total of 20
plants were harvested by digging a hole (up to about 30 cm deep
and 15 cm wide) around the pool of plants with a trench shovel
in order to collect the whole root system of the plants (bulk soil
and rhizosphere) as well as the areal part. The 20 plants from
each of the five spots were carefully placed in one plastic bag
and labeled with the condition, replicate, and sampling plot. In
addition, soil samples were collected from each hole for chemical
analysis. Approximately, 100 g of fine earth was collected from
each hole with a hand shovel, once the pool of plants was taking
out, and placed in a 50 mL sterile tube. The soil samples from
the five spots per plot were combined in a single sample and
three replicates per condition were considered. Soil and plant
samples were taken to the laboratory for processing. The crop
was harvested on June 28th, 2019 and the grains were used to
calculate crop yield (kg/ha), macro- and microelements content,
and quality parameters such as protein and gluten contents.

Root Sample Preparation

In order to carry out the microbiota analysis, the whole root
system of the plants (set of 100 plants per plot) was processed
to isolate three different samples: (i) bulk soil, considered as
the soil at a distance of 2-6 c¢cm of the root surface; (ii)
rhizosphere, considered as the loosely adhering soil from the
root system; and (iii) root endosphere, considered as the inside
of surface-disinfected roots. Samples were prepared according
to the methodology previously described (D’Amico et al., 2018;
Yamamoto et al., 2018) with slight modifications. Briefly, for each
plant set, 10 g of bulk soil was uniformly hand-collected, taking
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care not to disturb any root, and placed in a 50 mL sterile tube,
frozen in liquid N, and stored at —80°C. Once the soil attached
to the roots was removed, the root systems of the set of plants
were laid on a flat bench as a unit and transversally cut with
scissors. From these roots, 3.5 g were collected, cut into segments
and washed twice with 20 mL PBS-S buffer (130 mM NaCl,
7 mM Na;HPO4, 3mMNaH, POy, pH 7.0, 0.02% Silwet L-77), by
shaking at 180 rpm in a 50 mL tube for 20 min. Washed roots
were transferred to a 50 mL sterile tube and the remained liquid
was filtered throught nylon. The obtained liquid, about 38 mL,
was centrifuged at 3200 rpm and 4°C for 15 min. The generated
pellet, called as the rhizosphere, was frozen in liquid N, and
stored at —80°C. The roots were subsequently washed by shaking
as described above once in 35 mL of 2% commercial sodium
hypochlorite and three times in 35 mL of PBS-S buffer. Then,
the roots were transferred to a 50 mL sterile tube with 35 mL
PBS-S buffer, sonicated for 20 min with a water bath sonicator at
40 kHz (Model 5510, Branson Ultrasonics Corporation, Danbury,
CT, United States), and washed again in 35 mL of PBS buffer using
the same procedure described above. Roots were dried on 50 mm
diameter Whatman filter paper, transferred to a 50 mL sterile
tube, and then frozen in liquid nitrogen for storage at —80°C.
The three sample types obtained were used for DNA extraction.

Chemical Properties of Soil and Grains

All measurements were quantified by the IRNASA’s analytical
service (CSIC, Salamanca, Spain), apart from protein and gluten
contents in wheat grain. For the soil, the 12 sample sets of 0.5 kg
were sieved and an aliquot of 100 g used for determination
of pH and content in CaCO3, carbon (C), organic matter, N
and phosphorus (P). For the 12 sets of pooled wheat grain, the
samples were powdered and 500 mg used for quantification of C,
N, macro- and microelements.

The pH of the soil was determined in a soil/water suspension
(1:2.5, w/v ratio) with a glass electrode. N and organic C
contents, expressed as percentage (g per 100 g sampled material),
were determined by dry combustion (Dumas, 1831) in a
CN628 automatic carbon-nitrogen analyzer (LECO Instruments
S.L., Madrid, Spain) following the manufacturer’s instructions.
Organic C data were used to calculate the organic matter
percentage. The content of inorganic carbon was determined
as CaCOs with a Bernard calcimeter. The available P in soil
samples was estimated by extraction with sodium bicarbonate
(Olsen et al., 1954).

The content of macro- [sulphur (S), P, magnesium (Mg),
potassium (K) and calcium (Ca)] and microelements [iron (Fe),
manganese (Mn), zinc (Zn) and copper (Cu)] was determined by
mineralization in a mixture of nitric acid and hydrogen peroxide
(4:1 v/v) using an Ethos Up High Performance Microwave
Digestion System (Milestone, Sorisole, Italy). Samples were
subjected to the microwave heating with a temperature ramp
ranging from room temperature to 200°C for 40 min, followed
by maintaining at 200°C for 15 min. After cooling, solutions
were quantitatively transferred into 25 mL volumetric flasks and
brought up to volume with ultrapure water. The content of such
elements was analyzed by ICP-OES (Inductively Coupled Plasma
Optical Emission Spectrometry, iCAP 6300 DUO, Thermo

Electron Corporation, Rugby, United Kingdom), as previously
described (Jiménez et al., 2019).

Protein and wet gluten contents were determined in 0.5 kg of
pooled wheat grains per plot by near-infrared spectroscopy (NIR)
technology (Chen et al., 2017), using a portable Zeltex ZX50 NIR
analyzer (Zeltex Inc., Hagerstown, MD, United States). Values
were expressed as percentage.

DNA Extraction, PCR Amplifications and

lllumina Sequencing
DNA was extracted from all the 36 sample sets, 12 from
each soil, rhizosphere and root endosphere compartments. Root
endosphere samples were previously lyophilized and ground
to a fine powder with a sterilized mortar and a pestle. Total
DNA of bulk soil and rhizosphere samples was extracted using
the FastDNA Spin Kit for Soil (MP Biomedical LLC, Irvine,
CA, United States) and that of root endosphere samples using
the NucleoSpin Plant Kit (Macherey-Nagel, Diiren, Germany),
following manufacturer’s instructions. Each sample had three
replicates in our experiment, and the triplicate DNA samples
were pooled. Approximately 30 ng of DNA for each sample was
sent to the Genomics Unit (Parque Cientifico de Madrid, Madrid,
Spain) for amplification, library preparation and sequencing.
The 16S rRNA and ITS region were used to determine
bacterial and fungal communities, respectively, in all the 36
sample sets from soil, rhizosphere and root endosphere. DNA
concentration was determined in the samples using Quant-
IT PicoGreen reagent (ThermoFisher Scientific, Waltham, MA,
United States). Purified DNAs (3 ng) and the universal
primers 341f (5'-CCTACGGGNGGCWGCAG-3') and 785r (5'-
GACTACHVGGGTATCTAATCC-3") were employed to amplify
the V3-V4 region of the bacterial 16S rRNA gene, and the
primers ITS86F (5'-GTGAATCATCGAATCTTTGAA-3") and
ITS4 reverse (5'-TCCTCCGCTTATTGATATGC-3') were used
to amplify the ITS2 region of the fungal ITS. The PCR mix
was prepared as previously described (Zhang et al., 2018). The
PCR thermal cycling program consisted of initial denaturation
at 98°C for 30 s, followed by 20 (for 16S) or 21 (for ITS)
cycles of denaturation at 95°C for 10 s, annealing at 55°C for
20 s and extension at 72°C for 20 s, and a final extension
step at 72°C for 2 min. Each sample was amplified in triplicate
and subsequently the PCR products were pooled. PCR products
(approximately 450 and 300 pb in size for bacterial and fungal
samples, respectively) included extension tails which allowed
sample barcoding and the addition of specific Illumina sequences
in a second low cycle number PCR. The obtained amplicons were
validated and quantified by a Bioanalyzer, and an equimolecular
pool of 16S and ITS PCR products was purified using AMPure
beads and titrated by quantitative PCR using the “Kapa-SYBR
FAST qPCR kit for Light Cycler 480” and a reference standard
for quantification. The pool of amplicons was denatured before
seeding on a flowcell of an Illumina Miseq platform at a
density of 10 pM, and the cluster were formed and sequenced
using a “MiSeq Reagent Nano Kit v2” and a 2 x 250 pair-
end sequencing run. Illumina sequencing resulted in a total
of 3,621,101 reads for 16S and 4,019,719 reads for ITS that
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passed Illumina quality control (Supplementary Tables S1, S2).
The obtained bacterial 16S and fungal ITS sequences data are
available at the Sequence Read Archive (SRA), operated by the
National Center for Biotechnology Information (NCBI), under
the accession number PRJNA639567.

Bioinformatics Processing and

Taxonomy Assignment

Sequence quality was evaluated for raw forward and reverse
Ilumina ITS and 16S reads with FastQC (Andrews, 2010).
Preprocessing and quality control filtering, operational
taxonomic unit (OTU) clustering, taxonomy assignment
and construction of the abundance tables were performed using
USEARCH v11.1 (Edgar, 2010). Sequences which could not
be assembled, singletons, chimeras, and sequences with a low
quality score were discarded.

For both bacterial and fungal communities, OTUs were
clustered with at least 97% similarity threshold using UPARSE-
OTU algorithm (Edgar, 2013) and were taxonomically assigned
using the GreenGenes v13.5 (DeSantis et al., 2006) and UNITE
USEARCH/UTAX release for fungi version 18.11.2018 (Koljalg
et al, 2013), a database specifically modified for USEARCH
pipeline, respectively. Only taxonomic annotations with a 97%
confidence estimate as provided by the SINTAX algorithm
(Edgar, 2016) command were accepted. Taxonomy assignment
provided the available annotation of each OTU to the different
taxonomy levels (kingdom, phylum, class, order, family, genus,
and species). The low abundance OTUs were eliminated
from the OTU table if they did not have a total of at least
10 counts across all the dataset, moreover, OTUs assigned
to mitochondria (o__Rickettsiales/f _mitochondria) and
chloroplasts (p__Cyanobacteria/c__Chloroplast) were removed
before downstream analysis. Taxonomic prediction was explored.
A phylogenetic tree was generated using cluster_tree command
from USEARCH v11.1.

Statistical Analyses

Metagenomics Data

All metagenomic data analyses were conducted in RStudio v3.6.2
(R Core Team, 2019). Rarefaction curves were constructed
for each sample individually per compartment (bulk soil,
rhizosphere and root endosphere) and condition type (Cl-
C4) using rarefy_even_depth command from phyloseq package
(McMurdie and Holmes, 2013). Redundancy analysis (RDA)
was performed based on vegan package (Oksanen et al., 2015)
to evaluate the taxonomic structure of bacterial and fungal
communities and to correlate them with compartment and
condition type using Hellinger distance. A hierarchical clustering
was performed to examine whether there were clusters between
samples and relate them to the environmental conditions using
the euclidean distance and the complete linkage method.

Sample richness and evenness were estimated using total
number of observed OTUs and the alpha-diversity indices
[Chaol and abundance-based coverage estimator (ACE),
Shannon, Simpson, Pielou and Phylogenetic Diversity (PD)].
The PD index was calculated using the picante package

(Kembel et al., 2010), the rest of indices were calculated using
the phyloseq package. Kruskal-Wallis sum-rank test was used
to compare difference in medians of alpha-diversity indices
across the three compartments and the four conditions types.
Wilcoxon rank-sum test was further employed to test for
pairwise significant differences. Bacterial and fungal beta-
diversity was estimated according to the Bray-Curtis and
un/weighted UniFrac distances from the abundance matrix
across samples. A Permutational Multivariate Analysis of
Variance (PERMANOVA) test was performed to determine
whether bacterial and fungal communities were significantly
influenced by compartment and condition types, with 999
permutations, and a multivariate pairwise test for pairwise
comparisons using the adonis command from vegan package
and pairwise.adonis from PairwiseAdonis (Martinez-Arbizu,
2017), respectively. Principal coordinates analysis (PCoA) based
on these beta-diversity distances were used to visualize the
dissimilarities among the compartments and condition types.

The relative abundance of taxa at the phylum, family, genus
and species levels was calculated and depicted by stacked
barplots. The differential abundance testing was conducted using
ALDEx2 (Fernandes et al., 2013) in order to explore whether
the abundance for bacteria and fungi data varied at the genus
level among compartments and among conditions within a given
compartment. ALDEx2 uses the centered log-ratio (clr) transform
which ensures that the data is scale invariant and compositional
consistent. Before carrying out this analysis, a filtering was
performed, excluding those OTUs with a relative abundance
of less than 0.001%. While ALDEx2 provides both parametric
and non-parametric statistical tests, only non-parametric test
results are reported in this study, Kruskal-Wallis test followed by
Wilcoxon test were used for pairwise comparisons. Significance
was measured based on the Benjamini-Hochberg corrected P-
value for both tests (significance threshold, P < 0.05). In pairwise
comparisons, ALDEx2 also provides an effect size and a 95%
confidence interval (95% CI).

Finally, the linear discriminant analysis (LDA) effect size
(LEfSe) method from Huttenhower Lab (Segata et al., 2011),
which is based on the Kruskal-Wallis sum-rank test for
comparison classes, was also used to identify genera significantly
different among compartments and, within compartments,
among conditions. An LDA threshold score > 4.0 for
compartments and >2.0 for conditions, and a significance
P < 0.05 threshold for conditions as well as a sample
normalization to 1 M, which is usually applied for metagenomic
data in which the relative abundances are taken into account,
were used. Different LEfSe-generated taxonomic cladograms
from phylum to genus were produced.

Agronomic Data

All data were collected from three biological replicates. The
homogeneity of variances and normality tests were performed
by Levene’s and Shapiro-Wilk’s tests. The data of soil parameter,
agronomic traits, and micro- and macroelements content agreed
with the parametric statistics assumptions were further analyzed.
One-way and two-way ANOVA were performed followed by a
post-hoc Tukey’s test using the IBM SPSS Statistics for Windows,
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version 25 (IBM Corp., Armonk, NY, United States) and setting
confidence intervals of 95%.

RESULTS

To explore the soil parameters existing at the time of collecting
the microbiome samples, soil samples were also collected,
pH measured, and content in organic matter, CaCO3, C, N,
and P was analyzed. Non-variability among conditions was
detected (Table 1). In addition, there was not significant
effect of combining T34 and top dressing upon the outcome
of these values.

In order to determinate associations between microbiome
data and crop traits, parameters such as final crop production,
specific weight, and protein and gluten contents were calculated
in the grain samples that were harvested from this wheat trial
(Table 2). No statistical differences were observed for yield values
among the four conditions (P > 0.05), although compared to
control (C1) conditions C2, C3, and C4 tended to increase final
production. Gluten values recorded for conditions C2 and C4,
both supplemented with CAN top dressing, were significantly
higher than those of CIl. Regarding grain protein content,
significant higher percentages were only observed for CAN
top dressing (C2) when compared to Cl. A two-way ANOVA
statistical analysis of the data from the four crop parameters
indicated above showed that the top dressing application
increased protein (P = 0.024) and gluten (P = 0.017) in grain when
top dressing-applied and not applied conditions were compared.
These parameters were not significantly modified by the T34
application relative to the T34-unapplied conditions, and non-
significant changes for these four parameters were detected in
the double T34 and top dressing interaction. In terms of micro-
and macroelements content in harvested grain (Table 3), no
significant differences among the tested conditions were detected
for N, Ca and the four microelements analyzed. Compared to
control (Cl1), the single application of T34 (C3) significantly
increased the Mg and K contents but reduced that of C, while
the top dressing application alone (C2) or in combination with
T34 (C4) increased the S content. Interestingly, the combined
application of T34 and top dressing (C4) decreased the content of
P when compared to the single application of T34 (C3). Despite
the effect caused by the T34 and top dressing applications on the
content of some elements, only the Mg content was significantly
affected by the combination of both factors (P < 0.05).

Bacterial Microbiome Assembly in Wheat
Crop Plants Under Different Conditions
Exploratory Analysis of Bacterial Libraries

We obtained 3,621,101 raw reads for V3-V4 region from the
[lumina Miseq of the 36 samples (99.6% of them with Phred
score of 20). After filtering the 3,130,161 clean sequences, a total
of 2,541,261 high-quality reads were obtained with an average
of 70,608 £ 24,328 per sample (Supplementary Table S1). The
sequence reads were clustered into 5,984 OTUs at 97% identity
and, after removing low abundance OTUs, a total of 4,990 OTUs
were used to analyze bacterial diversity and composition.

The RDA used to explore the differences across the 36 samples
showed that RDA1 (compartment) and RDA2 (condition)
explained 48.7% (P < 0.001) and 9.6% (P < 0.001) variability,
respectively. Moreover, the composition of communities was
significantly affected by the factor compartment (P < 0.001)
but not by the factor tested condition (P = 0.267). In any
case, further bacterial composition analyses allowed to study
the effect of the condition factor within each compartment.
Considering the degree of bacterial taxonomy prediction, 97%
of the OTUs were assigned at phylum level and the percentage
was gradually reduced at class (91.9), order (76.8) and family
(44.2) level, until it reached 13.6 and 0.24% at genus and species
level, respectively.

Diversity of Bacterial Communities

All metrics used to calculate richness and/or biodiversity,
including observed OTUs, Shannon index and Faith’s PD
(Figure 1A), exhibited similar trends among the three
compartments. Values of Shannon index for bulk soil and
rhizosphere samples were >5.5 which was indicative of a
moderate-high bacterial diversity, while values of Simpson
index were close to 1 for these two compartment samples which
indicated dominance of some taxons. Moreover, root endosphere
samples pointed out to a moderate diversity (Shannon index: 3
to under 5). A significantly decrease in bacterial alpha-diversity,
estimated by Shannon and Faith’s PD index, from bulk soil to
root endosphere was observed (Kruskal-Wallis test, P < 0.001),
and there were not differences among conditions (P > 0.05).
Regarding beta-diversity PCoA, similar PCoA plots were
observed using weighted/unweighted UniFrac and Bray-Curtis
distance models. All of them revealed significant separation
among compartments (P < 0.001) but no segregation among
tested conditions (P > 0.9). The index of weighted UniFrac
distance (Figures 2A,B) was able to explain the 72.6% variability
reached, such distance being only significantly affected by the
factor compartment (PERMANOVA, P < 0.001; and for all
pairwise comparisons post-hoc Adonis P < 0.001, P adjusted
0.003). Moreover, root endosphere samples displayed the highest
dispersion degree.

Composition of Bacterial Communities

Considering the relative abundance of taxonomically assigned
OTUs, members of the phyla Proteobacteria (74.3-16.5%)
and Actinobacteria (63.1-12.7%) dominated in the 36
samples, followed by Bacteroidetes (18.3-4.8%), Acidobacteria
(14.4-0.2%), Gemmatimonadetes (6.9-0.1%) and Chloroflexi
(5.2-0.2%). The wide range of these percentages indicates that
there is a high variability among the 36 samples. At phylum
and family levels, bulk soil and rhizosphere samples showed
closer composition patterns than those from root endosphere
(Supplementary Table S3). Nevertheless, the bacterial
composition differed in relative abundance among the three
compartments analyzed. Actinobacteria and Proteobacteria were
the most relatively abundant bacteria in root endosphere, while
Bacteroidetes increased their presence in bulk soil. The relative
abundance of Acidobacteria, Gemmatimonadetes, Chloroflexi,
Verrucomicrobia, Planctomycetes and Cyanobacteria decreased
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from bulk soil to root endosphere. A summary of the genera with When abundance differences among compartments were
assigned names and relative abundance higher than 1% is shown explored at the genus level by ALDEx2 analysis, 231 taxa
in Figure 3A. showing differential abundance (corrected Kruskal-Wallis,

TABLE 1 | Soil parameters’ analysis in samples from a field wheat trial under four different conditions collected at 27 weeks after sowing and 12 days after second top
dressing application where corresponded.

Parameters? Conditions®
Cc1 c2 c3 c4 Pr34® Prp Pr3s x D

pH 7.81 £0.452 7.71 £0.832 8.04 +0.432 7.07 £+ 0.50? ns ns ns
CaCO3 (%) 1.05 4+ 0.742 1.06 4+ 0.922 1.48 + 0.962 0.27 £ 0.472 ns ns ns
C (%) 0.54 +£0.112 0.56 + 0.142 0.583 +£0.172 0.59 + 0.042 ns ns ns
Organic matter (%) 0.93 +£0.192 0.97 £ 0.252 0.91 +£0.302 1.02 + 0.062 ns ns ns
N (%) 0.07 £ 0.012 0.06 £+ 0.012 0.07 £ 0.012 0.07 £ 0.00? ns ns ns
C/N ratio 8.27 4+ 1.822 9.00 £+ 1.712 7.93 £+ 3.152 8.17 4+ 0.352 ns ns ns
P (ppm) 21.72 + 8.55% 19.06 + 4.012 25.09 + 2.65% 19.07 + 6.112 ns ns ns

aFor each parameter, values are means of three plots by treatment (n = 3). Values in the same row with same letter are not significantly different according to Tukey'’s test
(P > 0.05). bThe four conditions, under high basal chemical N fertilization, were as follow: C1, control; C2, two applications of calcium nitrate as top dressing (TD); C3,
T. harzianum T34 (T34); and C4, T34 plus two applications of calcium nitrate as TD. °Significant effects were determined by a two-way analysis of variance (ANOVA) for
T34, TD, and the interactions between both factors (T34 x TD) (Tukey’s test, P < 0.05). ns, no statistical differences.

TABLE 2 | Agronomic traits of wheat grain harvested from a field trial under four different conditions.

Traits? Conditions®

c1 Cc2 C3 C4 P'r34c PTD PT34 x TD
Yield (kg/ha) 6154.0 + 188.092 6613.0 + 362.932 7098.5 + 931.262 6950.3 + 722.392 ns ns ns
Wet gluten (%) 24.30 4 0.28° 27.00 + 0.822 25.45 + 0.78% 26.57 +1.182 ns * ns
Proteins (%) 10.67 + 0.05° 11.28 £ 0.152 10.90 + 0.16%° 11.07 + 0.29%° ns * ns
Specific weight (kg/hl) 80.90 4+ 0.572 80.93 4+ 0.312 80.80 4 0.002 81.03 4+ 0.322 ns ns ns

aFor each parameter, values are means of three plots by condition (n = 3). Values in the same row with same letter are not significantly different according to Duncan’s
test (P > 0.05). ®The four conditions, under high basal chemical N fertilization, were as follows: C1, control; C2, two applications of calcium nitrate as top dressing (TD);
C3, T. harzianum T34 seed-inoculation (T34); and C4, T34 plus two applications of calcium nitrate as TD. °Significant effects were determined by a two-way analysis of
variance (ANOVA) for T34, TD, and the interactions between both factors (T34 x TD) (Duncan’s test, P < 0.05). ns, no significant differences.

TABLE 3 | Measurement of micro- and macroelements content on wheat grain harvested from the field trial at 27 weeks after sowing and 12 days after second top
dressing application where corresponded.

Elements? Conditions?
C1 C2 C3 C4 PT34c PTD PT34 x TD

Macro-elements C 45.53 & 0.14° 45.59 + 0.08° 4514 +£0.122 45.31 4+ 0.22%0 * ns ns
N 1.85 +0.032 1.96 + 0.022 1.88 +0.082 1.96 + 0.072 ns * ns
Ca 0.44 +0.022 0.44 +0.022 0.43 +£0.012 0.44 +0.022 ns ns ns
K 3.22 +0.112 3.20 £ 0.102 3.51 +0.10P 3.33 +0.15% * ns ns
Mg 1.20 4 0.022 1.17 £0.012 1.25 4 0.03° 1.16 & 0.022 ns * *
P 2.51 +0.10% 2.49 + 0.05%° 2,75+ 0.11° 2.48 £0.132 ns * ns
S 1.47 £ 0.052 1.64 4+ 0.01P 1.55 + 0.082° 1.62 4 0.04° ns * ns

Micro-elements Cu 3.22 + 0.302 2.91 £ 0.252 3.156£0.132 2.82 £ 0.252 ns * ns
Fe 42,85+ 21912 61.79 + 29-402 45.80 + 13.722 50.25 + 17.162 ns ns ns
Mn 22.63 4 1.122 22.32 4 2-262 23.43 + 1.682 22.18 + 1.822 ns ns ns
zn 11.30 + 1.652 11.89 + 1.112 12.53 + 1.252 12.32 + 0.682 ns ns ns

aMacroelements: C and N = %; Ca, K, Mg, R and S = g/kg of grain. Microelements = mg/kg of grain. Data are the mean of three plots for each condition (n = 3). Values
in the same row with different letter are significantly different according to Tukey’s test (P > 0.05). ®The four conditions, under high basal chemical N fertilization, was as
follow: C1, control; C2, two applications of calcium nitrate as top dressing (TD); C3, T. harzianum T34 (T34); and C4, T34 plus two applications of calcium nitrate as TD.
CSignificant effects were determined by a two-way analysis of variance (ANOVA) for T34, TD, and the interactions between both factors (T34 x TD) (Tukey’s test, P < 0.05),
ns: no statistical differences.
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FIGURE 1 | Bacterial (A) and fungal (B) variety in 36 samples of wheat crop plants under four different conditions, using the total number of OTUs observed

C2, two applications of calcium nitrate as top dressing (TD); C3, T. harzianum T34 seed-inoculation (T34); and C4, T34 plus two applications of calcium nitrate as
TD. Whiskers represent the minimum and maximum values. All other points are contained within the box, and the bar represents the median. For all metrics, bulk
soil, rhizosphere and root endosphere samples were significantly separated (Kruskal-Wallis test, P < 0.001).
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r conditions, under high basal inorganic N fertilization, were as follows: C1, control;

P < 0.05) were identified: 195 corresponded to endospore
vs. bulk soil; 163 to rhizosphere vs. bulk soil; and 108 to
endosphere vs. rhizosphere (Supplementary Table S4).
Based on the effect size (95% CI), still a larger number
of taxa whose abundance differed among compartments
were observed. Bearing in mind these pairwise comparison
results, it can be pointed out that the levels of genera such

as Pedobacter, Janthinobacterium, Agrobacterium, Flavobacter
or Chitinophaga were gradually increased from bulk soil to
root endosphere, while Kaistobacter followed an opposite
direction showing the highest levels in the bulk soil. Results
also showed that genera such as Devosia, Rhizobium, and
Sphingomonas were increased in rhizosphere and root
endosphere. The 20 bacterial taxa with the highest values
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FIGURE 2 | Principal coordinates analysis (PCoA) of bacterial (A,B) and fungal (C,D) community structures in different samples of wheat crop plants, based on the
weighted UniFrac distance model. Bacterial (A) and fungal (C) PCoAs show significant segregation among bulk soil, rhizosphere and root endosphere samples.
Bacterial (B) and fungal (D) PCoAs show no separation among conditions [C1, control; C2, two applications of calcium nitrate as top dressing (TD); C3, T. harzianum
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Weighted Uni-Frac Distance

0.2~

0.0-

PCoA2 (17%)

-0.2-

04

00
PCoA1 (68.6%)

of average relative abundance (mean proportions) are presented
in Figure 4A.

Differential abundance among compartments was also
analyzed at the genus level by the LEfSe method, and 41 bacterial
taxa showing differences in abundance (LDA > 4, P < 0.05)
were identified (Supplementary Table S5). In order to better
understand the changes occurring from phylum to genus, a
LEfSe taxonomic cladodram was generated (Supplementary
Figure S2A). Different considerations could be taken into
account for the factor compartment: (i) most changes due to
conditions occurred in bulk soil; (ii) the phyla Acidobacteria,
Gemmatimonadetes,  Chloroflexi, ~Verrucomicrobia, and
Plactomycetes in bulk soil, and Enterobactereriaceae in
endosphere, were increased, and (iii) the order Rhizobiales
increased in the rhizosphere. At the genus level, 11 taxa showed
to be differentially more abundant (LDA > 4, P < 0.05) in

one of the compartments (Supplementary Figure S2B). They
were distributed in this way: (i) Kaistobacter and one member
from each of the following taxa: family Sphingomonadaceae,
order Solirubrobacterales and the Acidobacteria order iiil-
15, in bulk soil; (ii) one member of order Rhizobiales and
another from family Nocardioidaceae, in rhizosphere; and (iii)
Janthinobacterium and the FCB Pedobacter, and three members
belonging to the order Actinomycetales and the families
Streptomycetaceae and Enterobacteriaceae, in root endosphere.
Although our ALDEx2 and LEfSe analyses performed at
the genus level could not identify taxa differing in abundance
among conditions through all three compartments, many taxa
were identified when such differences were explored within
each of the three compartments by ALDEx2 (Supplementary
Table S4). After pairwise comparisons, between conditions C2,
C3, or C4 and C1 (control), differences in abundance (effect
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FIGURE 3 | Average of relative abundance of bacteria (A) and fungi (B) in bulk soil, rhizosphere and root endosphere samples of wheat crop plants under four
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size, 95% CI) were detected in 81, 16 and 9 taxa for bulk
soil, rhizosphere and root endosphere samples, respectively. As
expected, most of these taxa corresponded to genera annotated
as unclassified for the three compartments. Results show
that most changes associated to conditions occurred in bulk
soil. Taxa showing significant differences in abundance among
conditions within bulk soil, rhizosphere and root endosphere
are respectively included in Figures 4B-D. As they were many

in bulk soil, only the 20 taxa with the highest values of
average relative abundance (mean proportions) were depicted.
According to the abundance differences detected in bulk soil:
(i) application of the top dressing alone (C2) caused a decrease
in the levels of Streptomyces, Cellulomonas, Nonomuraea,
Rubrobacter, Haliangium and Brevibacillus, but increased those
of Aeromicrobium, Kaistobacter, Gemmatimonas, Luteolibacter,
Flavisolibacter, and Opitutus; (ii) no changes were associated to

Frontiers in Plant Science | www.frontiersin.org

October 2020 | Volume 11 | Article 575861


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

llescas et al.

Wheat Microbiota and Trichoderma/Nitrogen

Compartments

()
o_Devosia p=0or

a_eisovacter B peomons

™
_Pseudomonas M

o
9__unclassied {_Bradyhaobisoese [l petons

Sassifed_Chiinoshs = =o0ezae
_unciassified{_Ghiinoshagacese b=

a__undiassfied {_Comamonadaceor [

o

a_unciassied{_Gaielaceze foum p=ooo0te

‘a__unclassfied{_Geodermatophiaceae peoszz

@__unclssified _Microbacteriaceas

F p=ascor

a_unclassifea{_Micrococcacese

1

peootonr
—
‘o__uncassiiec_Nocardiidacsas [ p=0ouonr
——
a__unclassifedt_Oxelobacteracese M p=0moz
o__unclassified _Sphingomonadacese i peooezsy

a_unclassfied(_

peteas

‘a_unclassfied _Xanthe peoserz

1|"'||

o_unclassifid.o_Actinomycetaes: petnos

a_unciassifed.o_ii1-15 o p=ascor
a_uncassiiedo_Mysccoccales e p=oouose

—
o_unclassfed.o_Rrizobisles [ p=0smcor

Jassied o_Solrubrobacterses R oomore
a_unciassifed.o_Solrubrobacteraes: »

o_uechssess_cner oze|

R

o natst o sn
B ————
e —aaaaaa

crezza s 709

ciczanaanem

Bt

croeazsoss 0on

crez a0 1590

crcnrs7008 1481

Cros s 1550

cres 23t (1136040

1z 130007, 1500

o1z 1s000 9

crczzus a0

crcu s men

crez s oa

crez a0 aen

Gk 1805940

crezza 0822

1oz s

cresisson s

cres sz

Bulk Soil
B

o_riavsoinacr [
PR ——
o_uncsied_Chinophagcess [
T ———————
o_unclssivos_eis1
o_unciassitoss_etieors
o_uncissites_Geodamaopnscese R
PR ————
[ETT—
o_unclssteso_cimisovales
o_nclssifeso_sunasoralos B
o_nlsseso_i 10—
oL uncsio_now
B ————=

o )

0
Mean Proporton (%)
Conditions B C1 8 C2 8 C3 0 C4

Endosphere
1
-

g_Acinetobacter

3_Asteroiepiasma]|

——
—
o Fmepasenn §

[cetyionr]

o_unclassified.f_Alcaligenaceae

5_unclassifed_Auranfimonadacead]

P .,E

crozesas s
Grekemba il

cror 280 3818
Tk 138 (0] 2032)
croz 288 (2085, 4.0)
Crok 123008, 2739
crez 1 0aT 1398
kI3 0 1705

crez a7 021, 1839
ek T3 0 2131

otz 178 033, 2088
ek 239 0 18381

otz a1 0, 99
e 230 0, 78]
crz: 288 (1557, 008)
crezas rar zasy
STk 351 (16, 427)
crcz 173 4280, 288)
Gr.Ce T3 (2736, a18)
crz 330 106, 2519)
crz: 2321738, 050)
crox s w3y
€1k 374 (052 3426)
crox 181 0ar 1849
ik 140 012 1438)
crok 168 011, 3838)
croz 1790024, 980)
cron 168 036, 14421
croz 3 0r 2189

crezam s, 19
TGk 238 0Ta 2348

c102:189 (021, 2070)

cr.cz 294 (2721, 089
Gr.c: 227 (2420, 078)

0103134 0.4, 1826)

cres: 182 (1833, 029
3ed

303 (1901, 038

10165 (0.4, 1332)

er.ca: 135 (1212, 0.08)

Cr.C3: 149 (4613, 0.17)

102191013, 1078)

00 o5 o s
Mean Proportion (%)

Mean Proporton (%)
Gonditons B G1 8 C2 8 C3 8 Ca

FIGURE 4 | Bacterial taxa showing differential abundance among compartments (A) and conditions within bulk soil (B), rhizosphere (C) and root endosphere (D) of
wheat crop plants. Abundance is shown as mean proportion and was calculated by ALDEX2 at the genus level. Significance for compartments is based on
corrected Kruskal-Wallis test (P < 0.05) and for conditions in effect size (95% CI) (n = 3). Conditions were: C1, control; C2, two applications of calcium nitrate as top
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the single application of strain T34 (C3); and (iii) the combined
application of top dressing and strain T34 reduced the levels of
Williamsia, Haliangium and Steroidobacter, but increased those
of Kaistobacter, Gemmatimonas, Luteolibacter, Flavisolibacter,
Janthinobacterium, and Lysobacter. The differences in abundance
shared by conditions C2 and C4, for at least five genera, indicate
that they are due to top dressing. The rhizospheric levels of
Devosia, Luteolibacter, and Agrobacterium in the condition C2,
Nocardia in C3, and Dyadobacter in C4 were significantly
increased when compared with those of Cl. The fact that
increased levels of Devosia were also detected in C4 and that
a taxa of the order Actynomicetales was only differentially
increased in that condition, is an example of the particular
effects caused by the combined application of top dressing
and strain T34 on the different rhizospheric bacterial taxa
(Figure 4C). The lowest number of taxa showing changes in
abundance associated with conditions was recorded in the root
endosphere (Figure 4D). Compared to the control condition, the

endosphere changes showed that the single application of strain
T34 (C3) increases the levels of Acinetobacter and when applied
in combination with top dressing (C4) reduces Methylopila and
Asteroleplasma, although lower levels of the latter genus were also
observed when top dressing is applied alone (C2) (Figure 4D).
When the category condition was explored by LEfSe for each
compartment (LDA > 2, P < 0.05), a total of 87, 27 and 21
taxa showing differential abundance in bulk soil, rhizosphere and
endosphere, respectively, were identified (Figures 5, 6). Changes
occurring from phylum to genus are shown in cladograms
(Figures 5A, 6A,C), and taxa identified at the genus level
according to their differential abundance among conditions
are separately displayed (Figures 5B, 6B,D). For bulk soil,
in addition to several unclassified genus taxa (Figure 5B),
increased levels of the genera Bacillus, Catellatospora and
Virgisporangium in condition Cl1, Kaistobacter in C2, and
Rubrobacter, Streptosporangium, and Haliangium in C3, were
detected. The analysis of rhizosphere taxa identified that
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the abundance of 12 of them was affected by the factor
condition (Figure 6B), with increases for Paenibacillus in Cl,
Asteroleplasma in C3 and Luteolibacter in C4. In the endosphere,
Methylopila in C1 and Asteroleplasma in C3 were two of the
eight taxa with increased levels detected under any of the
conditions (Figure 6D).

Fungal Microbiome Assembly in Wheat

Crop Plants Under Different Conditions
Exploratory Analysis of Fungal Libraries

We obtained 4,019,719 raw reads for the ITS2 region from the
Mumina Miseq of the 36 samples (98.5% of them with Phred
score of 20). After filtering the 3,397,598 clean sequences, a total
of 3,386,201 high-quality reads were obtained with an average
of 94,061 £ 15,261 per sample (Supplementary Table S2). The
sequence reads were clustered into 3,497 OTUs at 97% identity
and, after removing low abundance OTUs, a total of 2,056 OTUs
were used to analyze fungal diversity and composition.

The RDA used to explore the differences across the 36 fungal
libraries showed that compartment and condition variables
explained 48.7% (P < 0.001) and 9.6% (P < 0.001) variability,
respectively. As observed for bacterial samples, the separation of
fungal ones was affected by the factor compartment (P < 0.001)
but not by the factor condition (P = 0.11). Subsequent fungal
composition analyses allowed to study the effect of the condition
factor within each compartment. It can be pointed out that
the predicted degree of the reached fungal taxonomy was low.
At phylum level, only 26.4% of the OTUs were assigned, and
the percentage decreased at class (19.7%), order (17.2%), family
(11.4%), genus (6.91%), and species (1.8%) levels.

Diversity of Fungal Communities

Fungal richness and alpha-diversity obtained across the 36
samples (Figure 1B) were only significantly affected by the
factor compartment (Kruskal-Wallis test, P < 0.001). The lowest
richness (total observed OTUs, Chaol, ACE) corresponded to
root endosphere samples. Regarding estimated alpha-diversity,
three groups were separated by Shannon index values of ca.
1 (root endosphere), above 3 (rhizosphere), and close to 5
(bulk soil), being indicative of low, low-moderate and moderate
diversity, respectively (Figure 1B). There was taxa dominance
for bulk soil and rhizosphere samples, as supported by Simpson
index values close to 1, and this did not occur in root endosphere
samples. Similar results were obtained for the beta-diversity
estimated by weighted/unweighted UniFrac and Bray-Curtis
distance models, confirming that the variable compartment was a
significant factor for the spatial separation of the 36 samples in the
three groups. The most discriminative PCoA plot was observed
for the distance model weighted UniFrac (Figures 2C,D) that
explained the reached 85.6% variability, of which 68.6% was due
to the component compartment (PERMANOVA, P < 0.001; and
for all pairwise comparisons post hoc Adonis P < 0.001, P adjusted
0.003). Moreover, root endosphere samples showed the lowest
dispersion degree within a given group (root endosphere vs.
bulk soil, P = 2.993 107 !% and root endosphere vs. rhizosphere,
P=1.58010"7).

Composition of Fungal Communities

The relative abundance calculated at the different taxonomy
levels led to a picture of compositional structure extremely
uneven for the three compartments concerned. A total of 46
phyla with a relative abundance > 1% showed differences
among samples, where the seven most abundant predicted
phyla were Ascomycota, Basidiomycota, Olpidiomycota,
Chytridiomycota, Mortierellomycota, Glomeromycota and
Mucoromycota (Supplementary Table S6). However, their
relative abundance differed for the three compartments and
ranged as follow: Ascomycota in bulk soil (39.04-20.5%),
rhizosphere (35.33-18.1%), and root endosphere (7.48-1.43%);
and Basidiomycota in rhizosphere (14.52-4.07%), bulk soil
(9.12-3.2%), and root endosphere (0.94-0.02%) samples.
Moreover, the phyla Mortierellomycota and Olpidiomycota were
increased in bulk soil and rhizosphere samples, respectively. The
fungal genera with assigned name and relative abundance higher
than 1% are presented in Figure 3B.

An ALDEx2 analysis of the differences in abundance at
the genus level among compartments identified changes
(corrected Kruskal-Wallis, P < 0.05) in 64 fungal taxa: 51
corresponded to endosphere vs. bulk soil, 31 to endosphere
vs. rhizosphere, and 46 to rhizosphere vs. bulk soil
(Supplementary Table S7). Lower numbers of taxa whose
abundance differed among compartments were detected
considering the effect size. Results (effect size, 95% CI) showed
that the levels of Solicoccozyma, Mortierella, Eucasphaeria,
Rhizopus, Powellomyces, Coniochaeta, Rhizophlyctis, and
Trichoderma decreased from bulk soil to rhizosphere,
and many of these were not present in root endosphere.
The 20 differential taxa showing the highest percentages of
average relative abundance, calculated as mean proportions,
are shown in Figure 7A. It can be also observed that
the levels of genera such as Olpidium, Penicillium, and
Zymoseptoria were increased in rhizosphere, and those of
Fusarium in bulk soil.

The LEfSe-based differential abundance of fungi was also
explored at the genus level among compartments and a total of
41 fungal taxa showing differences (LDA > 4, P < 0.001) was
identified (Supplementary Table S8 and Supplementary Figure
$3). Changes from phylum to genus among compartments
are represented in a taxonomic cladogram (Supplementary
Figure S3A). The genera Solicoccozyma and Mortierella as
well as one member from each of the following taxa: phylum
Ascomycota, order Hypocreales and class Sordariomycetes, were
more abundant in bulk soil, while Olpidium and a member of
phylum Basidiomycota were more abundant in rhizosphere.

When differences in abundance were investigated by ALDEx2
at the genus level within each of the three compartments, several
taxa were identified (Supplementary Table S7). After pairwise
comparing each condition with the control (C1), 29, 13 and one
taxa presented differential abundance (effect size, 95% CI) among
some of the compared conditions in bulk soil, rhizosphere and
root endosphere, respectively (Figures 7B-D). In the case of
bulk soil taxa, only 20 with the highest abundance are shown
in Figure 7B. According to the differences detected in bulk soil
(effect size, 95% CI) for genera with assigned name (Figure 7B),
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it can be deduced that: (i) the single application of top dressing
(C2) caused a decrease of Claroideoglomus and Geminibasidium
but also an increase of Conocybe and Zymoseptoria levels; (ii)
the single application of strain T34 (C3) reduced the levels of
Claroideoglomus, Fusicolla and Holtermanniella, and increased

those of Trichoderma; and (iii) the combined application of
top dressing and strain T34 (C4) also reduced the levels of
Claroideoglomus, Fusicolla, Geminibasidium, Holtermanniella,
Minimedusa and Striatibotrys, with Alternaria being increased.
Lower and higher rhizospheric levels of Trichoderma and
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the genus level. Taxonomic cladograms showing differences from phylum to genus level in the rhizosphere (A) and the root endosphere (C), and bacterial taxa with
LDA > 2 (P < 0.05) in the rhizosphere (B) and the root endosphere (D) (n = 3). Conditions were: C1, control; C2, two applications of calcium nitrate as top dressing
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abundance and letters refer to the taxa listed on the right. In barplots, black boxes refer to the taxa identified by both LEfSe and ALDEX2 analyses.
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Udeniomyces were respectively detected in C2 (Figure 7C).
As Trichoderma was also decreased in the condition C4, such
reduction can be associated with the application of top dressing.
In the root endosphere (Figure 7D), only significant changes
were observed for the yeast Sporobolomyces, which levels were
raised by the single application of top dressing.

The LEfSe analysis at the genus level among conditions
(LDA > 2, P < 0.05) let us to identify a total of four, five
and one taxa showing differential abundance in bulk soil,
rhizosphere and root endosphere, respectively (Figures 8A-F).
Considering the differences observed in genera with assigned
name, it can be established that: (i) the levels of Claroideoglomus
in bulk soil, and Itersonilia and Trichoderma in rhizosphere were
negatively affected by any of the three treatments assayed; (ii)
the single application of strain T34 increased the rhizospheric
levels of Gymnoascus and Claroideoglomus; and (iii) the single
application of top dressing increased the levels of Mortierella in
the root endosphere.

DISCUSSION

A wheat microbiome study was performed in a non-irrigated
field trial, under the conventional agronomic practices for this

crop in Spain, to explore the influence of inorganic N top
dressing, T. harzianum T34 and their combination on root
microbial community shaping and production traits. Yield results
showed that nor did the application of top dressing or strain
T34 influence the crop yield. A recent study has reported
that low N fertilization increases sweet potato yield, whereas
high N fertilization inhibits biological N fixation and produces
unintended environmental consequences (Ding et al., 2020). We
have seen that the effect of the T34 strain upon the growth of
wheat plants is significantly determined by the concentration of
chemical N fertilizer (Rubio et al., 2019). Thus, we should not
rule out the fact that the basal chemical N dosage (240 kg/ha)
could have been so high that led to not improvement in the crop
yield for neither top dressing application nor strain T34 seed-
inoculation. Even though the absence of a N basal fertilization
condition might be considered as a flaw in the experimental
design, it is worth noting that the application of high basal
N fertilization is a very common practice in wheat intensive
production in the region where the trial took place, so the
possibility of following the conventional agronomic practices
was considered the best and true to customs approach. Soil
parameters analyses, including N (%), did not show differences
among conditions (Table 1). Although we cannot exclude the
possibility that part of the N applied as top dressing could be
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FIGURE 7 | Fungal taxa showing differential abundance among compartments (A) and conditions within bulk soil (B), rhizosphere (C), and root endosphere (D) of
wheat crop plants. Abundance is shown as mean proportion and was calculated by ALDEx2 at the genus level. Significance for compartments is based on
corrected Kruskal-Wallis test (P < 0.05) and for conditions in effect size (95% ClI) (n = 3). Conditions were: C1, control; C2, two applications of calcium nitrate as top
dressing (TD); C3, T. harzianum T34 seed-inoculation (T34); and C4, T34 plus two applications of calcium nitrate as TD. For panels (A,B), only the 20 most abundant
taxa are shown. For panels (B-D), significant pairwise comparisons with median effect size values and in brackets their lower and upper limits are indicated. Black
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lost, other part of that N could be uptaken by plants. This
statement is based on the positive effects of top dressing on
grain gluten and protein contents detected for the conditions
C2 and C4 (Table 2). In this sense, a two-way ANOVA showed
that the N content of grains, as well as that of Mg, P, S, and
Cu, were significantly increased by CAN top dressing application
(Table 3), demonstrating in any case the practical value of
this treatment. Particularly, the grain gluten content is a highly
valuable quality parameter by the flour industry. However, several
considerations linked to the use of chemical fertilization on wheat
crop should be taken into account as chemical N fertilization
costs are high and N is one of the major inputs for intensive
production. It is well known that the unused N by plants ends
up polluting the environment, and so the adjustment of chemical
N fertilizer dosages or even the replacement with biofertilizers
are needed goals. Either way, there is still a lack of knowledge
upon the use of beneficial organisms such as Trichoderma on

wheat crops and their effects on fertilization (Meena et al., 2016;
Mahato et al., 2018).

Many microbiome studies in wheat cropping systems have
been focused on bacterial communities (Donn et al., 2015;
Robinson et al., 2015; Rascovan et al., 2016; Kavamura et al,
2018), but the most recent ones include both bacterial and fungal
analyses (Friberg et al., 2019; Schlatter et al., 2019; Rossmann
et al.,, 2020). Our results show an overall different microbial
layout in the three compartments analyzed and, for bacterial and
fungal communities, the differences involving richness, diversity
and relative composition. All comparison analyses performed
across the 36 bacterial and the 36 fungal samples showed
that only the factor compartment explained their separation
in three groups corresponding to bulk soil, rhizosphere and
root endosphere (P < 0.001). In accordance with this premise,
the effect of the condition factor on the composition of the
microbial communities within each compartment was analyzed.
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Our results are in agreement with the description of the existence
of at least three distinct microbiomes thriving at the root-soil
interface (Bulgarelli et al., 2012; Hirsch and Mauchline, 2012).
Based on Shannon index estimations, we have observed that
the bacterial diversity within each compartment was always
higher than that recorded for fungi. We have also observed
a decrease of bacterial and fungal diversity from bulk soil to
root endosphere of wheat plants, as previously described in
microbiome studies from different plants and crop systems
(Yamamoto et al, 2018; Ding et al, 2020). The microbial
diversity differences detected in wheat plants were accompanied
by different composition pictures in relative abundance at the
different taxonomical levels investigated (phylum, family, and

genus) in the three microhabitats. These observations are in
agreement with previous reports that indicate the major role
of plants in shaping the composition of each compartment
(Vandenkoornhuyse et al., 2015; D’Amico et al., 2018; Rossmann
etal., 2020) which should be considered separately.

Our study shows that the bacterial dominant taxa within each
compartment were the phyla Proteobacteria and Actinobacteria
and that other phyla present across samples differed in
relative abundance among compartments. A dominance
of Proteobacteria, Acidobacteria and Actinobacteria has
been observed in rhizosphere of landraces and modern
varieties of wheat (Rossmann et al, 2020). Our data
indicate an enrichment in Proteobacteria, Bacterioidetes
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and Actinobacteria in root endosphere samples. A similar
behavior has been found in the root endosphere of
grapevines (D’Amico et al, 2018). Results also show a
decrease in Acidobacteria, Gemmatimonadetes, Chloroflexi,
Verrucomicrobia, Planctomycetes and Cyanobacteria from
bulk soil to root endosphere. This should come as no surprise,
since the increased number of microbiome studies available
(Kavamura et al., 2020; Rossmann et al., 2020) suggests that the
particular conditions of every study impact on the microbial
communities outcome.

After ALDEx2 and LEfSe analyses, our study discriminated
bacterial genera with tropism toward wheat microecosystems.
We have seen that Kaistobacter was significantly increased
in bulk soil, whereas Flavobacterium, Rhizobium or Devosia
were overrepresented in the rhizosphere, and Sphingomonas
in rhizosphere and root endosphere. Kaistobacter has been
described as one of the most abundant bacterial genera in soil
globally (Delgado-Vaquerizo et al., 2018), including those from
wheat crops (Schlatter et al., 2019; Zhou et al., 2020). It is not
surprising the abundance of Rhizobium and Devosia close to the
root system as they are rhizobacteria with a symbiotic lifestyle
with plants (Zhou et al., 2020). In addition, it has been reported
the use of antagonistic Sphingomonas for the biological control
of wheat pathogens (Wachowska et al., 2013). In this sense,
diseased wheat was not observed in our field trial. The inclusion
of a fallow period of 1 year between barley and wheat crop
seasons could have had a positive effect on the maintenance of
the plant health status.

Although no significant differences in bacterial abundance
were detected among the four conditions when the whole set
of samples was compared, there were bacterial taxa showing
differential abundance when pairwise comparisons of conditions
within a given compartment were performed by ALDEx2, which
also includes possibility of doing effect size and significance
testing to identify features that are different between groups
(Fernandes et al., 2013). Additionally, overrepresented bacterial
genera in one of the tested conditions in each compartment
were detected in a LEfSe analysis. Considering both approaches,
the largest number of differentially abundant taxa was recorded
in bulk soil (17 genera) while in the rhizosphere and root
endosphere there were three and four, respectively. In general,
many differential taxa were recorded as unclassified genus and
this is clearly because the generic boundaries in many soil-borne
microbes with importance in agriculture (i.e., plant pathogens,
biocontrol agents) are still poorly defined. Most of the changes
observed in bulk soil were due to the application of CAN top
dressing alone or in combination with strain T34. In this sense,
the use of CAN top dressing seems to reduce the levels of
Actinobacteria but it also increases the levels of Kaistobacter
together with FCB and PVC bacteria. Although the abundance
levels of many taxa were similar for the conditions C2 and C4 (i.e.,
Flavisolibacter, Kaistobacter) (Figure 4B), some of them showed
no significant differences for the C1-C4 pairwise comparison
(i.e., Rubrobacter, g_unclassified.f Sphingomonadaceae), as a
result of the enormous variability shown by samples of the C4
condition. ALDEx2 results showed that the application of strain
T34 (C3) did not lead to significant changes of bacterial genera

in bulk soil compared to the control (C1). This is a confirmation
of harmlessness of the use of Trichoderma against soil bacteria.
Nevertheless, the application of strain T34 was associated by a
LEfSe analysis to increased levels of 11 taxa including members
of Rhizobiales and Actinobacteria, but also with a reduction
of 12 taxa among which are other members of Actinobacteria
and Bacillus (Figure 5B). In any case, such reductions are not
exclusive to apply strain T34 since they can also be associated
to the implementation of CAN. Similar to what was observed in
the bulk soil, most of the changes detected by ALDEx2 in the
rhizosphere are associated with the CAN top dressing and the
absence of significance of some taxa in C4, with levels similar
to those of C2, may be due to the high abundance variability of
the C4 samples (Figure 4C, i.e., Agrobacterium). The progressive
increase of rhizobia toward the wheat rhizosphere seems to be
helped by the application of CAN top dressing. Contrary to what
happens in bulk soil, strain T34 applied alone or combined with
CAN top dressing seemed to affect the abundance levels of some
taxa, although some of the increases, such as those of Dyadobacter
and a member of Actinomycetales, would be consequence of the
combination of both treatments.

It has been reported that inorganic N fertilization can
negatively affect wheat rhizosphere bacterial communities
(Kavamura et al.,, 2018), but we have detected that CAN top
dressing application was associated with increased levels of
Kaistobacter, Gemmatimonas, Flavisolibacter or Aeromicrobium
in bulk soil, and Agrobacterium, Devosia and Luteolibacter in
rhizosphere. However, similarly to Kavamura et al. (2018),
we observed for the condition C2 a reduction in the levels
of several genera of bacteria (Brevibacillus, Cellulomonas,
Rubrobacter, Streptomyces, or Haliangium) in bulk soil. Many
of these top dressing-impacted genera contain plant beneficial
microorganisms used as biocontrol agents and biofertilizers
(Bargaz et al., 2018; Begum et al, 2019). Interestingly, the
increased levels of biocontrol agents in bulk soil, such
as Rubrobacter, Streptosporangium, and Haliangium, were
negatively affected by CAN top dressing, and they could be
associated with the application of strain T34. As a positive
feature of the use of strain T34, it should be noted that the C2-
negatively affected strict anaerobic mollicutes Asteroleplasma was
also favored in its colonization of rhizosphere and endosphere by
the application of Trichoderma.

Our fungal approach indicates that Ascomycota and
Basidiomycota were the most frequent phyla in the wheat
microbiome. Although relative abundance data also indicate
that Olpidiomycota was the phylum significantly increased
in rhizosphere, Ascomycota was overrepresented in root
endosphere, and Mortierellomycota and Chytridiomycota
were overrepresented in bulk soil. Interestingly, the phylum
Chytridiomycota was not present in root endosphere samples
and the phylum Glomeromycota was only detected in one
of the endosphere samples as it would be expected for AMF
and zoospore-forming fungi. A recent study has reported that
fungal communities of the wheat rhizosphere are dominated by
Ascomycota, followed by Chytridiomycota and Basidiomycota
(Rossmann et al., 2020), and it has been reported that saprophytic
fungal genera are frequent in the rhizosphere of different crops,
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including wheat, and that root pathogens are abundant in the
wheat rhizosphere (Schlatter et al., 2019). We have observed from
ALDEX2 analysis performed at the genus level that saprophytic
fungi such as Mortierella, Solicoccozyma and Trichoderma are
overrepresented in bulk soil, and the pathogenic Zymoseptoria in
the rhizosphere. Likewise, Fusarium was also increased in bulk
soil and even though some species of Fusarium are pathogenic
to wheat, the absence of disease in our field assay would be
supporting that an important amount of the detected fusaria
could be not detrimental or even beneficial for the crop. In
addition, the absence of disease could be a consequence of
the observed presence of bacteria and fungi with potential
activity of biocontrol, as occurs with Kaistobacter, Streptomyces,
Pseudomonas, Sphingomonas, and Trichoderma (Jung et al,
2013; Liu et al., 2016; Mehrabi et al., 2016; Rubio et al., 2019).
Moreover, as indicated above, such absence could be also
related to the cultivation history of the experimental field, since
the wheat crop was preceded by fallow land. Our data show
a comprehensive picture of the significant impact of factor
compartment in the relative abundance of fungal taxa observed
in wheat, it being also in agreement with the idea of the plant
modulating microbial communities assemblage (Bulgarelli et al.,
2012; Hirsch and Mauchline, 2012). As it could be expected
for a field trial performed under high basal N fertilization,
Mortierella and Solicoccozyma, were amongst the genera with
increased abundance in bulk soil detected by LEfSe, and they
were previously associated to soil subjected to chemical N
fertilization (Ding et al., 2020).

As in the bacterial study, there were fungal taxa showing
differential abundance within a given compartment after
ALDEX2 analysis and the largest number of taxa with differential
abundance was found in bulk soil. Contrary to that observed
in the bacterial analysis, several fungal taxa were identified
as differentially abundant in the condition C3, this indicating
that fungi are affected in a greater extent than bacteria by
the application of strain T34. Our results are indicative of the
enormous variability of soil fungal systems and their dependence
on the treatment applied. In this sense, the changes in
abundance observed for several taxa in bulk soil and rhizosphere
seem to be a consequence of the applications of CAN top
dressing (i.e., Conocybe, Zymoseptoria), strain T34 (Trichoderma)
or their combination (Alternaria, unclassified.o_Mortierellales).
Particularly, Conocybe and Alternaria have been proposed as
bioindicators of intensive crop soils subjected to N fertilization
(Schops et al., 2018). Our results show that the strain T34
increased the levels of the Trichoderma genus in bulk soil while
the single or T34-combined application of CAN top dressing
reduced those levels in the rhizosphere. In this sense, several
reports have shown that microbial communities of different
crops are affected by the introduction of a Trichoderma strain
(Umadevi et al., 2017; Schops et al., 2018; Singh et al., 2018)
but the opposite has been also described (Ganuza et al., 2019;
Wang et al, 2019), illustrating that the increased availability
of nutrients is not the sole mechanism which explains this
fact. In other way, it is well known that the use of AMF
inoculants increases the production of many crops, including
wheat under drought stress conditions (Begum et al., 2019),

and we have previously reported that strain T34 facilitates
the access of AMF to non-host Brassicaceae Arabidopsis and
rapeseed roots, with increased production (Poveda et al., 2019).
Moreover, the AMF Claroideoglomus has been described as
an abundant genus in the wheat rhizosphere under intensive
chemical N fertilization (Sommermann et al., 2018). Our study
shows that Claroideoglomus levels in bulk soil were negatively
affected by the application of CAN top dressing, strain T34
or both. However, the single application of T34 favored the
presence of Claroideoglomus in the rhizosphere. Thus, the trophic
dependencies derived from N fertilization and Trichoderma
application (Rubio et al., 2019) impact on the AMF abundance
in wheat bulk soil and rhizosphere microbiome. Two beneficial
fungi such as the yeast Sporobolomyces and Mortierella were
increased in the endosphere by CAN top dressing application.
This result was to be expected since Mortierella is considered a
root-associated fungal metacommunity hub (Wani et al., 2017)
proposed as soil fungal bioindicator after chemical N fertilization
(Ding et al., 2020) and it has been reported that CAN supports
the growth of Sporobolomyces when colonizing wheat plants
(Frossard et al., 1983).

CONCLUSION

Although the factor top dressing increased wheat quality
parameters, neither CAN applications nor seed-inoculated strain
T34 impacted the crop yield in our field trial. The significant
differences observed in bacterial and fungal richness, diversity
and relative composition among bulk soil, rhizosphere and root
endosphere show a specific trophic behavior in these three wheat
microhabitats. Bulk soil overrepresented bacterial and fungal
genera here recorded are microbes associated to soils with an
abuse of chemical N fertilization history, and most changes in
microbial abundance associated to conditions occurred in this
compartment. The single or strain T34-combined application
of CAN top dressing affected to a greater extent the bulk soil
bacterial levels than the use of T34 alone. When combined,
CAN top dressing played a more decisive role in the bacterial
microbiome of wheat than strain T34. Particularly, the three
tested treatments reduced the levels of the AMF Claroideoglomus
in bulk soil, although strain T34 increased the rhizhosphere
abundance of this mycorrhizal fungus as well as that of plant
beneficial rhizobacteria. The fungal microbiome of wheat bulk
soil and rhizosphere was notably affected and to varying degrees
by any of the three treatments assayed. Interestingly, bacterial
and fungal genera negatively affected by CAN top dressing were
increased in their bulk soil and rhizosphere levels after the
implementation of strain T34. The results obtained can provide
the basis for future trials using lower doses of inorganic N
fertilization aimed at favoring a specific microbiome able to allow
acceptable agronomic traits with less environmental impact.
Further studies focused on isolating potential biofertilizers from
the wheat rhizosphere to be used as synthetic communities
to favor microbiota recruitment in exhausted crop soils are
considered important. The application of microbial synthetic
communities particularly selected for wheat cropping could help
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to modulate root microbiomes in order to sustain plant health
and consequently productivity.
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Transplantation is a cultivation mode widely applied in perennial plant growing. This method
might be an effective way to alleviate problems associated with continuous cultivation
(4-6 years) in ginseng production, but the alleviating mechanism and effects on soil
microbial community is unclear. To study this issue, non-transplanted 2-year-old, and
5-year-old (transplantation mode: 2 + 3) and 9-year-old (transplantation mode: 3 + 3 + 3)
ginseng rhizosphere soils were analyzed via MiSeq sequencing. The results showed that
9-year-old ginseng rhizosphere soil had lower available nitrogen and the lowest pH,
available phosphorus, observed species and community diversity and richness (Chaot,
and ACE) among all samples (p < 0.05). The abundances of some bacterial classes
(Thermoleophilia, Bacilli, and Nitrospira) and fungal genera (Mortierella, Epicoccum, and
Penicillium spp.) and functional richness associated with nutrient element cycles and
antifungal activity decreased, while abundances of some fungal genera (/lyonectria,
Tetracladium, and Leptodontidium spp.) increased with increasing age of ginseng plants
(p < 0.05 or p < 0.01). However, there was greater similarity between soil samples of
2-year-old and transplanted 5-year-old ginseng plants and the increase in cultivation time
from 2 to 5 years did not significantly influence the microbial community, suggesting that
transplantation is a viable strategy for suppressing soil-borne diseases in Panax ginseng
plants over long growth periods.

Keywords: transplantation mode, cultivation years, microbial community, microbial functions, rhizosphere soils

INTRODUCTION

Soil sickness causes a reduction in crop yield and a prevalence of soil borne diseases, and it
is a negative plant-soil feedback with the same crop growing on the same soil successively
(Huang et al., 2013). Soil sickness is a common phenomenon not only for many crops such
as maize (Gentry et al.,, 2013), peanut (Li et al., 2018a), cucumber (Jin et al, 2019), but also
for many perennial medicinal plants (Xiao et al., 2016a; Tan et al., 2017a). For example, Panax
ginseng (Araliaceae family) is a perennial herbaceous plant that is widely cultivated in northeast
China, Korea, and Japan for its highly valued root, which possesses multifunctional properties
(Yang et al., 2014; Shin et al,, 2015; Xu et al., 2017). Moreover, the potency of pharmacological/
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bioactive constituents in ginseng root tends to increase with
cultivation age (Shi et al,, 2007; Li et al., 2014a). Generally,
it takes at least 5-6 years before ginseng is ready to be harvested
(Ying et al., 2012). However, the risks for soil-borne diseases
increase over longer periods of cultivation, and these factors
have severe negative effects on the yield and quality of ginseng
(Ying et al, 2012; Li et al., 2014b).

The causal agents of soil sickness have also been proved to
be a combination of biotic and abiotic factors (Huang et al,
2013). Regarding the biotic factors, rhizosphere microorganisms
are considered to be the important indicators of soil function
that significantly affect the growth, nutrition, and health of
plants (Franke-Whittle et al., 2015; Lopez-Carmona et al., 2019).
An imbalance in these communities is responsible for the soil
sickness, as the abundances of some microorganisms decrease,
including Pseudomonas, Bacillus, and arbuscular mycorrhizal
fungal species, which can prevent plant disease and improve
growth (Li et al, 2012, 2014b; Kil et al, 2014). In contrast,
pathogenic fungi such as Cylindrocarpon/Ilyonectria, unclassified
genera Leotiomycetes, and Fusarium, which are associated with
soil-borne diseases, tend to pose greater risks to plants with
increasingly long growth periods of 4-6 years (Xiao et al., 2016a;
Tan et al,, 2017a; Dong et al., 2018). In addition, abiotic factors
such as the soil pH and fertility play vital roles in ginseng
growth, which requires slightly acidic and nutrient-rich soil.
The soil pH and fertility have been shown to be strongly linked
with soil microbial communities (Shen et al., 2013; Siciliano
et al, 2014). In the rhizosphere of ginseng plants, the soil pH
and nutrient concentrations decline with increasing years of
cultivation, ultimately leading to decreased microbial diversity,
which in turn is responsible for the development of soil-borne
ginseng diseases (Nguyen et al., 2016a; Xiao et al., 2016a; Dong
et al., 2017). It has also been demonstrated that allelochemicals
(root exudates) of P. ginseng significantly decrease the genetic
diversity and carbon-metabolic activity of microorganisms and
cause chemotaxis responses of ginseng pathogenic microorganisms
(Li et al,, 2014c, 2016; Lei et al, 2017). Consequently, negative
plant-soil feedbacks via pathogenic activity, deteriorated soil
conditions, or allelopathy, played an important role in soil sickness
(Huang et al., 2013; Zhou et al., 2018).

A transplantation mode involves transplantation of ginseng
to a new location after growing in one place for 2-3 years
(Li et al.,, 2014c). It is an effective way to avoid the excessive
accumulation of allelochemicals and soil deterioration that
occurs when the same plants are cultivated in one field for
years. This practice is common in the cultivation of the perennial
herbaceous plant widely used in traditional Chinese medicines
for their highly valued root (Xiao et al., 2016a). For example,
5-year-old ginseng in transplantation mode requires direct
sowing and growing in one field for 2-3 years; it is then
transplanted to a new field with no recent ginseng plantation
history, where it grows for another 2-3 years. Many studies
have proved that microbial community became unbalanced,
and phytopathogens would gradually be the predominant in
the rhizosphere soil of P. ginseng (Li et al., 2012; Ying et al,
2012). In addition, ginseng soil samples without transplantation
have lower microbial diversity than ginseng soil samples with

transplantation (Nguyen et al, 2016a; Xiao et al, 2016a).
Because of the importance of transplantation mode, it is
necessary to explore the changes in soil abiotic factors and
microbial communities associated with transplantation mode.
This study will increase our understanding of the status of
rhizosphere microbial communities in relation to years of the
perennial herbaceous plant growing in transplantation mode
and will help in field management with respect to perennial
plant cultivation. However, the composition and function of
rhizosphere microbial community following different numbers
of years in transplantation mode remain poorly understood
and is due to complicated metabolic pathways of microbial
community and methodological limitations (Xiao et al., 2016a;
Wang et al., 2018). Amplicon-based studies involving 16S rRNA
genes or internal transcribed spacer (ITS) sequences have been
an effective way to achieve high sample-throughput and a
deeper insight into soil microbial communities (Miao et al.,
2016; Sun et al,, 2017; Xiong et al., 2017). Recently, FAPROTAX
and FUNGuild were developed to predict the functions, lifestyles,
or guilds of bacterial and fungal communities following the
data from high-throughput sequencing, respectively (Louca
et al., 2016; Nguyen et al., 2016b). These two bioinformatic
tools were employed to analyze bacterial functional diversity
and fungal trophic mode in soil (Bao et al, 2018; Tayyab
et al., 2019); thus, they can provide the potential ways to
decipher function succession of rhizosphere microbial community
associated with the transplantation mode.

In our study, rhizosphere microbial composition and functional
potential of P ginseng at various ages in transplantation mode
were investigated by MiSeq sequencing of the 16S rRNA gene
and ITS1 region, and FAPROTAX and FUNGuild tools. The
objectives of the present study were (1) to characterize the
rhizosphere microbial community composition and functional
profiling of P. ginseng at various ages in transplantation mode,
and (2) to assess the relationships between soil properties and
the rhizosphere microbial communities of P ginseng.
We demonstrated that (1) microbial community diversity decreased,
and the soil microbial community composition and function
changed with increasing number of years of cultivation, especially
with 9-year-old transplanted ginseng plants and (2) there would
not be significant difference in microbial communities between
2-year-old and 5-year-old ginseng rhizosphere soils in
transplantation mode. This study will increase our understanding
of the status of rhizosphere microbial communities in relation
to years of the perennial herbaceous plant growing in transplantation
mode and will help in soil amelioration after ginseng cultivation.

MATERIALS AND METHODS
Soil Sampling

The main production region of P. ginseng is Fusong in the
Changbai Mountains of China. A mixture of local soils, humus
and albic horizons (1:1), one of the main soil types in Fusong,
were used to create raised ginseng bed soils for ginseng
cultivation (You et al., 2015; Wang et al., 2019a). In September
2014, soil samples of P. ginseng cultivated in transplantation
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mode for increasing times were obtained from five ginseng
fields (named A-E) from three locations (Manjiang, Donggang,
and Wanliang Town) in Fusong (Table 1; Wang et al., 2016).
Because ginseng is usually harvested at the age of 5 years,
soil samples of 5-year old ginseng plants from three fields
(A, C, and D; Table 1) in transplantation mode were selected.
Disease occurrence and mortality rates in ginseng seedlings
generally increase after 2 years of consecutive growth (Dong
et al., 2018); therefore, soil samples from non-transplanted
2-year-old ginseng plants were chosen as the control in this
study (soil E in Table 1). Soil samples from ginseng plants
in transplantation mode with a high age (9 years old) were
also studied (soil B in Table 1). G2, G5, and G9 represent
soil samples from 2-year-old, 5-year-old, and 9-year-old ginseng
plants, respectively, which were obtained as follows:

1. G2 ginseng plants: direct sowing and growing for 2 years
without transplantation;

2. G5 ginseng plants: direct sowing and growing in one field
for 2 years with subsequent transplantation to a second
field, where they grew for 3 years before sample collection;

3. G9 ginseng plants: direct sowing and growing in one field
for 3 years, followed by transplantation to another field for
3 years, and final transplantation to a third field, where
they grew for another 3 years before sampling.

In our study, ginseng seeds were sowed and all transplanted
plants were replanted in soils with no recent history of ginseng
cultivation. Forty to sixty rhizosphere soil samples were randomly
collected by gently scraping the soil directly attached to the
ginseng roots from each ginseng field. Ten soil samples from
10 ginseng roots with the same rust area were uniformly mixed
after removal of visible plant materials and were considered
one replicate (Wang et al., 2019a). All soil samples were placed
on ice for 1-2 days, after which they were passed through a
2-mm sieve and homogenized. Soil samples were stored at
—80°C until DNA extraction. For soil properties, soil samples
were air-dried and passed through a 0.15 mm sieve for organic
matter (OM) content analysis, and a 2 mm sieve for pH,
available nitrogen (AN), available phosphorus (AP), and available
potassium (AK) content, respectively. Soil properties, including
the pH, OM, AN, AP, and AK, were determined as previously
described (Wang et al., 2016).

Soil DNA Extraction, PCR Amplification,
and lllumina Miseq Sequencing

Total DNA from 0.50 g of each soil sample was extracted
using the PowerSoil® DNA Isolation Kit (MoBio Laboratories,
CA, USA) according to the manufacturer’s instructions and
was quantified using a NanoDrop2000 device (Thermo Scientific,
Pittsburgh, PA, USA). Each soil sample was extracted in triplicate,
and the three DNA solutions were combined together.

DNA was amplified by the PCR using the primer set 341F
(5'-CCTACGGGNGGCWGCAG-3") and 805R (5'-barcode-
GACTACHVGGGTATCTAATCC-3') for the V3-V4 regions of
16S rRNAs, or ITSIF (5'-CTTGGTCATTTAGAGGAAGTAA-3")
and ITSIR (5'-barcode-ATGAGCGCTGCGTTCTTCATCGA
TGC-3') for the fungal ITS1 sequences. Sample-specific barcodes
were incorporated into the primers. The PCR conditions used
were as follows: 95°C for 2 min; 27 cycles of 95°C for 30 s,
55°C for 30 s, and 72°C for 45 s; final extension at 72°C for
10 min; and a hold at 10°C. Only one PCR was performed
for each soil sample with 20-pl reaction mixtures containing
4 pl of 5x FastPfu Buffer, 2 pl of 2.5 mM dNTPs, 0.4 pl of
each primer (5 pM), 0.4 pl of TransStart FastPfu DNA Polymerase
(TransGen Biotech, Beijing, China), and 10 ng of template
DNA. Amplicons were extracted from 2% agarose gels and
purified using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA), following the manufacturer’s
instructions and then quantified using QuantiFluor™-ST
(Promega, Madison, WI, USA). The normalized PCR products
were subjected to paired-end sequencing using MiSeq platform
(Illumina, San Diego, CA, USA) at SinoGenoMax (Beijing)
according to the standard protocol.

Sequence Data Processing

After removing the barcode and primer sequences using MOTHUR
(Schloss et al., 2009), the remaining reads were merged and
quality filtered using FLASH (Mago¢ and Salzberg, 2011) and
QIIME (Caporaso et al., 2010). Following the removal of chimeric
sequences by UCHIME (Edgar et al., 2011), operational taxonomic
units (OTUs) were clustered at 97% sequence similarity using
the UPARSE pipeline (Edgar, 2013). Finally, the taxonomic
affiliation of each OTU was calculated using the RDP classifier
(version 2.2; Wang et al, 2007) against the Silval28 Database
for bacteria (confidence coefficient = 0.8-1) and the UNITE_INSD

TABLE 1 | Soil samples used in the present work.

Fields Transplantation Start time Transplanting time Harvesting time Cultivation years® Location

mode?
A 2+3 2009 2011 2014 5 (G5) Manjiang Town, Fusong
B 3+3+3 2005 2008, 2011 2014 9(G9) Manjiang Town, Fusong
C 2+3 2009 2011 2014 5(G5) Donggang Town, Fusong
D 2+3 2009 2011 2014 5 (G5) Wanliang Town, Fusong
E 2 2012 / 2014 2(G2) Wanliang Town, Fusong

2In the transplantation mode column, the number presented (i.e., 2 + 3) indicates that Panax ginseng plants were grown in one field for 2 years and then transplanted to the
indicated sampling field and grown for 3 years. Similarly, 3 + 3 + 3 indicates cases, where plants were directly seeded and grown in one field for 3 years, then transplanted to
another field for 3 years, and finally transplanted to the indicated sampling field and grown for 3 years.

vG2, G5, and G9 indicate soil samples from 2-year, 5-year, and 9-year-old ginseng plants, respectively.
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v7.0 Fungal ITS database for fungi (E value = 1le-05; Koljalg
etal,, 2013). The taxon abundances in each sample were generated
at the phylum, class, order, family, and genus levels. Sequences
were deposited in the NCBI Short Read Archive under accession
numbers SRP131809 and SRP129584.

Statistical Analysis

After removing singletons, the alpha diversity was calculated
with QIIME (version 1.7.0) based on the Shannon, Simpson,
Chaol, and ACE diversity indices. Statistical analysis was
carried out using the SAS 9.1 software package (SAS institute
Inc., Cary, NC, USA). One-way ANOVA with least significant
difference (LSD) test was used to compare the means of
samples with 4-6 replicates, and variability in the data was
expressed as the standard error. Differences at p < 0.05 and
p < 0.01 were considered significant and highly significant,
respectively.

Microbial community similarities among the different samples
were determined by performing UniFrac analyses (Lozupone
et al., 2011). Principal coordinates analysis (PCoA) based on
the weighted UniFrac distance and analysis of similarities
(ANOSIM) were used to depict differences in the microbial
community compositions. A heatmap was generated using the
gplots package in R (version 2.15.3) to compare the top 35
bacterial classes and fungal genera in soil samples with different
years of cultivation. Redundancy analysis (RDA) has been
performed to measure the linkage between variables of soil
microbial community and soil factors by CANOCOS5.0 (Biometrics
Wageningen, the Netherlands; Xiao et al, 2016b). Spearman’s
correlation analyses were also performed to assess the relationships
among the soil properties, plant age, and microbial community,
using the Vegan package of R software (Oksanen et al., 2019).
The functions, lifestyles, or guilds of the bacterial and fungal
OTUs were identified using FAPROTAX (Louca et al, 2016)
and FUNGuild (Nguyen et al, 2016b), respectively.

Differences in functional groups between different soils were
determined using ANOVA.

RESULTS

Rhizosphere Soil Properties of P. ginseng
The rhizosphere soil properties (pH, AN, AP, AK, and OM)
were strongly influenced by the plant age (Table 2). Compared
with the G2 soil samples, ANOVA showed that the pH and
AN were significantly lower in G5 by 13.90 and 30.32%,
respectively, and in G9 by 27.32 and 48.21%, respectively,
(p < 0.05), whereas the OM was markedly higher in G5 by
249.87% and in G9 by 181.87% (p < 0.05), respectively. The
level of AP did not notably differ between G2 and G5 soils.
However, the AP levels of G9 were notably lower than those
in G2 by 61.32%, and G5 by 72.74% (p < 0.05), respectively.
Furthermore, no significant difference was found in AK across
all soil samples with different transplantation treatments.

Microbial Diversity and Structure
The alpha-diversity indices, including the number of observed
species and diversity and richness indices of the 16S rRNA
bacterial and ITS fungal libraries, were different across all soil
samples. For bacteria, G9 soil (B) had the lowest number of
observed species (882) and community diversity and richness
(Shannon = 8.451, Simpson = 0.994, Chaol = 1,271, and
ACE = 1,325) among all samples (p < 0.05); for fungi, the
lowest observed species number (705) and richness (Chaol = 997
and ACE = 1,022) were also observed in G9 (B; p < 0.05;
Table 3). However, no significant differences in any of the
bacterial and fungal alpha-diversity indices were found between
the G2 and G5 groups.

The beta diversities of the soil microbial communities in
P ginseng rhizosphere soil at varying ages were evaluated
using PCoA (Figure 1) and ANOSIM analysis (Table 4).

TABLE 2 | The basic properties of soil samples used in the present work.

Fields Cultivation years pH OM (g/kg) AN (mg/kg) AP (mg/kg) AK (mg/kg)

E 2(G2) 6.26 £ 0.182 34.37 + 2.40° 565.84 + 41.322 32.73 + 8.16° 325.00 + 78.01°
A, C,and D 5 (G5) 5.39 + 0.07° 120.25 + 7.95% 394.25 + 30.14° 46.44 + 3.54° 252.72 + 18.80°
B 9 (G9) 4.55 +0.08° 96.88 + 7.98% 293.05 + 26.11° 12.66 + 1.50° 327.75 £ 27.612

The OM, AN, AR, and AK represented, respectively, the contents of organic matter, available nitrogen, available phosphorus, and available potassium; means followed by different
letters (a-c) within a column are significantly different as determined by the LSD test (p < 0.05).

TABLE 3 | Number of observed species, and diversity and richness indices of the 16S rRNA bacterial and ITS fungal libraries obtained by clustering at 97 % identity.

Cultivation years Observed species Shannon Simpson Chao1 ACE
2 (G2) 1,220 + 1122 9.351 +0.181¢2 0.997 + 0.00022 1,583 + 186°° 1,676 + 2072
Bacteria 5 (G5) 1,300 + 242 9.381 + 0.053° 0.997 + 0.00022 1866 + 432 1973 + 432
9(G9 882 + 67° 8.451 + 0.175° 0.994 + 0.0009° 1,271 + 148° 1,325 + 129°
2 (G2) 883 + 83* 6.645 + 0.526° 0.949 + 0.0227 1,344 + 198° 1,207 + 80°
Fungi 5 (G5) 829 + 232 6.598 + 0.1272 0.966 + 0.005° 1,119 + 443° 1,171 = 412
9 (G9) 705 + 41° 6.194 + 0.240% 0.954 + 0.010° 997 + 52° 1,022 + 50*

Means followed by the different letters (a,b) within a column represent significant differences, as determined by the LSD test (p < 0.05).
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TABLE 4 | Dissimilarities in the microbial community composition across
different groups as determined by analysis of similarities (ANOSIM).

Cultivation Bacteria Fungi
years

R p R p
G2-G5 0.278 0.046 0.300 0.047
G5-G9 0.834 0.001 0.626 0.001
G2-G9 0.888 0.007 0.980 0.011

An R-value near +1 indicates that dissimilarity was observed between the groups,
whereas an R-value near O indicates that no significant dissimilarity was observed
between the groups. p < 0.05 indicates significant dissimilarity; G2, G5, and G9
indicate soil samples from 2-year, 5-year, and 9-year-old ginseng plants,
respectively.

Differences in the microbial communities were observed,
especially between the G9 group and the other two groups
(G2 and G5); however, most of the soil microbial communities
in the G2 and G5 samples clustered together (Figure 1). In
the pairwise ANOSIM test, the lowest R values were observed
between G2 and G5 (R < 0.300, p < 0.05), whereas a much
higher R value was observed between G9 and the other two
samples (G2 and G5; R > 0.626, p < 0.05) for both bacteria
and fungi (Table 4). Thus, the PCoA analysis and ANOSIM
test suggested that the closest similarity existed between the
non-transplanted G2 samples and the transplanted G5 samples.

Bacterial Community Composition and
Function Analysis
The effective bacterial sequences were all assigned to 39 phyla
using QIIME with the default settings, and the three predominant
phyla across all samples were Proteobacteria (25.59-32.38%),
Actinobacteria (12.56-15.20%), and Acidobacteria (11.15-
16.51%) across the samples with different years (Figure 2A).
Different cultivation years significantly changed the relative
abundances of the major bacterial phyla. The relative abundances
of Proteobacteria (32.38%) and Saccharibacteria (3.44%) phyla
were markedly higher in the rhizospheres of older ginseng
plants (G9), whereas Nitrospirae (0.97 and 1.14%), Chloroflexi
(6.94 and 6.54%), and Elusimicrobia (0.20 and 0.16%) phyla
were higher in those of younger ginseng plants (G2 soil and
G5 soils; p < 0.05). The Bacteroidetes phylum (3.82%) showed
the highest abundance in the G2 samples (p < 0.05).
Furthermore, a comparison of the top 35 classes from the
predominant phyla revealed that the G2 and G5 samples clustered
together and had similar microbial community structures at
the class level with most classes being found in soils samples
from both groups. However, only nine predominant classes
were found in the G9 soil samples. Specifically, Thermoleophilia
(4.25 and 3.97%), Deltaproteobacteria (2.54 and 2.58%), TK10
(0.46 and 0.43%), KD4.96 (0.82 and 0.68%), and Nitrospira
(1.13 and 1.30%) classes were more abundant, respectively, in
G2 and G5 samples, whereas Gammaproteobacteria (7.66%)
and Alphaproteobacteria (19.05%) classes were more abundant
in G9 samples (p < 0.05 or p < 0.01). Betaproteobacteria (6.17%)
and Bacilli (1.16%) classes were only detected in high abundance
in the G2 group (p < 0.05; Figure 3A). Differences in bacterial

functions between the G2, G5, and G9 groups were investigated
using FAPROTAX (Figure 3B). G9 had the lowest functional
richness in terms of only three functions. Long cultivation
years (>5 years) significantly increased functional groups of
cellulolysis (5.79%), chemoheterotrophy (15.50%), and aerobic
chemoheterotrophy (14.97%; p < 0.05 or p < 0.01), and
decreased functional groups of aerobic ammonia oxidation
(0.39%), nitrification (0.57%), respiration of sulfur compounds
(0.05%), sulfur respiration (0.04%), nitrogen fixation (0.48%),
and aerobic nitrite oxidation (0.18%; p < 0.05 or p < 0.01).
Some functional groups associated with nutrient element
cycles (e.g., methylotrophy, methanol_oxidation nitrification,
respiration of sulfur compounds, sulfur respiration, nitrogen
fixation, and aerobic nitrite oxidation) and antifungal activity
(chitinolysis) were markedly enriched in G2 or G5, which
were 1.48-19.37 times higher than that in G9 (p < 0.05 or
p < 0.01). G2 had the highest functional richness in terms
of 14 functions.

Environmental factors, such as pH, AN, AP, OM and plant
age appear to be the most important environmental factors
(Figure 4A). According to the RDA analysis, Deltaproteobacteria,
Betaproteobacteria, Thermoleophilia, Bacilli, and Nitrospira
classes were positively affected by pH, AN, and AP, and
negatively affected by plant age, and even Betaproteobacteria,
Thermoleophilia, and Bacilli were negatively affected by OM,
whereas Alphaproteobacteria, and unidentified_Acidobacteria
classes were negatively affected by pH, AN, and AP, and positively
affected by plant age. Moreover, Spearman’s rank correlations
revealed that approximately 12 classes, including Thermoleophilia,
Bacilli, and Nitrospira, showed significant negative correlations
with the plant age (r = —0.44, p < 0.05; r = —0.61, p < 0.01;
r = =047, p < 0.05), or Thermoleophilia negatively correlated
with AK (r = —0.42, p < 0.05), but Thermoleophilia and Bacilli
were positively correlated with the pH(r = 0.54, p < 0.0land
r = 0.53, p < 0.01), or Nitrospira was positively correlated with
AP (r = 042, p < 0.05) and AN(r = 0.58, p < 0.01). In contrast,
three classes (Alphaproteobacteria, unidentified_Actinobacteria,
and unidentified_Acidobacteria) were positively correlated with
the plant age (r = 0.70, p < 0.01; r = 0.47, p < 0.05; r = 0.40,
p < 0.05), but negatively with the pH(r = —0.58, p < 0.01;
r=—0.42, p <0.05 and r = —0.48, p < 0.05), or Alphaproteobacteria
negatively with AP (r = —0.47, p < 0.05) and AN (r = —0.55,
p < 0.01; Figure 5A). At the OTU levels, six OTUs (OTU11,
OTU13, OTU15, OTU29, OTU45 and OTU46) belonging to
Alphaproteobacteria and Gammaproteobacteria classes were also
more abundant in G9 samples (1.38, 1.14, 1.22, 1.30, 0.92, and
0.58%; p < 0.05 or p < 0.01); and two OTUs (OTU663 and
OTU1212) belonging to Bacilli class were also only detected in
high abundance in the G2 group (0.32 and 0.28%; p < 0.05).

Fungal Community Composition and
Function Analysis

Fungal sequences were only assigned to six phyla according
to QIIME using default settings. Fungal sequences were
predominantly associated with the phyla Ascomycota (47.04-
70.25%), Zygomycota (17.93-32.18%), and Basidiomycota
(7.67-34.40%), whereas Glomeromycota (or Glomeromycotina;
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0.34-1.07%), Chytridiomycota (0.27-0.57%), and
Neocallimastigomycota (0.02-0.23%) were present in most soils,
but at relatively low abundance (Figure 2B). The abundance
of some phyla varied in different soil samples. For example,
Ascomycota and Zygomycota were most prevalent in G2 (70.25
and 20.41%, respectively) and G5 (54.95 and 32.18%, respectively)
but had low abundances in G9 (47.04 and 17.93%, respectively;
p < 0.05). In contrast, Basidiomycota was most abundant in
G9 (34.40%; p < 0.05).

At the genus level, a heatmap analysis of the top 35 fungal
genera also revealed significant differences in the fungal
community compositions of ginseng soils at various ages
(Figure 3C). G2 was enriched with Penicillium and Epicoccum
spp., which respectively were 4.22-7.94 and 4.69-7.16 times
higher than in G5 and G9 soils (p < 0.05). G2 and G5 were
enriched with Mortierella spp. 2.59-2.65 higher than in G9
soil. G9 showed 3.04-6.52, 2.50-3.02, and 9.81-27.90 times
higher abundances of Ilyonectria, Tetracladium, and
Leptodontidium spp. than in G2 and G5, respectively (p < 0.05).
There were seven major fungal trophic modes detected in all
samples (Figure 3D). These modes were varied among different
samples, and most pathotrophic relationships (pathotroph-
saprotroph, pathotroph-saprotroph-symbiotroph, and pathotroph-
symbiotroph) were enriched in G9 soil, which were 4.13-4.19,
2.12-3.21, 2.26-3.17 times higher than in G2 and G5 soils,
respectively (p < 0.05).

According to the RDA analysis, Epicoccum, Mortierella and
Penicillium spp. were negatively affected by plant age, positively
affected by pH and AP, and even Epicoccum and Penicillium
spp. were positively affected by AN, whereas Ilyonectria,
Tetracladium, and Leptodontidium spp. were negatively affected
by pH, AN, and AP, and positively affected by plant age
(Figure 4B). Furthermore, Spearmans rank correlations were
also employed to evaluate the relationships between soil properties
and the top 35 fungal genera (Figure 5B). Twelve genera,
including Mortierella, Epicoccum, and Penicillium spp., were
negatively correlated with the plant age (r = —0.59, p < 0.01;
r = —042, p < 005 and r = —0.57, p < 0.01), and even
Epicoccum spp. were negatively correlated with OM (r = —0.44,
p < 0.05) and AK (r = —0.50, p < 0.05). However, Mortierella
and Epicoccum spp., etc. displayed a significant positive correlation

with the pH (r = 0.52, p < 0.01 and r = 0.46, p < 0.05), and
Mortierella and Penicillium spp., were positively correlated with
AP (r=0.52, p < 0.01) or AN (r = 0.51, p < 0.05), respectively.
In contrast, eight genera, including Ilyonectria, Leptodontidium,
Tetracladium, and Scleromitrula spp., were positively correlated
with the plant age (r = 0.72, p < 0.01; r = 0.75, p < 0.01;
r =047, p < 0.05and r = 0.58, p < 0.01) and AK (r = 0.66,
p <001 r =050, p <005 r=053p< 001 and r = 0.49,
p < 0.05) but were negatively correlated with the pH (r = —0.79,
p < 001; r = —086 p < 0.01; r = —0.46, p < 0.05 and
r=—0.66, p < 0.01). In addition, Leptodontidium and Scleromitrula
spp. were negatively correlated with AP (r = —0.47, p < 0.05
and r = —0.41, p < 0.05). At the OTU levels, two OTUs
(OTU1 and OTU4) belonging to Mortierella spp. were also
more abundant in G2 (8.24 and 5.16%) and G5 (8.77 and
4.90%) samples (p < 0.05).

DISCUSSION

Rhizosphere Soil Characteristic Response
to Cultivation Years in Transplantation
Mode

Soil pH is the primary factor involved in ginseng growth and
development. It has been found in previous studies that the
soils with ginseng cultivation had a much lower pH values
than those without ginseng (You et al., 2015; Xiao et al., 2016a).
The soil pH in transplantation mode also decreased with
increasing cultivation years in our study (Table 2).

The soil pH can influence the environmental AN, AP, and
OM contents by controlling the transformation of N, P, and
OM (Santrackova et al., 2004; Yao et al., 2011; Sommer et al.,
2017). It has been demonstrated that changes in the soil pH
significantly affect the rate of soil N cycling, and the absence
of nitrification (a crucial N cycling process) in some highly
acidic soils resulted in low concentrations of AN (nitrate; De
Boer and Kowalchuk, 2001; Kemmitt et al, 2006). Nguyen
et al. (2016a) suggested that long-term ginseng cultivation may
decrease the soil pH and that the acidic soil can cause P
absorption via Fe-Al and Ca®* interactions, leading to low
soil P concentrations. Owing to the lowest pH, the concentrations
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FIGURE 2 | Comparison of the bacterial (A) and fungal (B) communities
from G2, G5, and G9 soil samples at the phylum level.

of AN and AP deceased in 9-year old ginseng soil (Table 2).
Previously, it has been shown that an increased pH drove OM
solubilization and transformation, and lowered the soil OM
contents (Grybos et al., 2009); conversely, our current findings
showed that OM accumulation in soils with older ginseng
plants was attributable to a lower soil pH, which prevented
OM transformation.

Rhizosphere Bacterial Community
Composition and Functions in
Transplantation Mode

The increase of cultivation years (>5 years) had a negative
effect on microbial diversity (Table 3). This effect has also
been reported previously (Vendan et al, 2012; Li et al,
2014b; Xiao et al., 2016a). However, the lack of differences
in microbial diversity between the non-transplanted G2
samples and the transplanted G5 samples suggested that
increased cultivation years (<5 years) did not significantly
influence the bacterial diversity of ginseng soil because
of transplantation.

Growing ginseng plants for increasing years negatively
affected the bacterial composition. Proteobacteria was the
major bacterial phylum associated with P. ginseng soils (Xiao
et al, 2016a; Sun et al., 2017), and different classes of
Proteobacteria were found to be associated with P. ginseng
plants of different ages (Figure 3). The abundances of some
bacterial classes (including members of Thermoleophilia, Bacilli,
and Nitrospira) that negatively correlated with the plant age
(Figures 4A, 5A) proved to be beneficial for plant growth
(Kumar et al.,, 2012; Guan et al., 2013; Zhou et al., 2015).

However, some of them (Thermoleophilia and Nitrospira)
were enriched in the soil of ginseng plants with lower cultivation
years (up to 5 years) in transplantation mode.

Bacterial community composition is very closely related to
microbial function. Nitrospirae and Chloroflexi classes have
been shown to play key roles in nitration-anammox reactors
(Shu et al, 2016; Gu et al, 2019). Some families of
Desulfobacterales in Deltaproteobacteria class are closely
associated with sulfur (S) cycling (Zhang et al, 2018). In
addition, many species of Bacillus in Bacilli class can reduce
the incidence of soil-borne disease by producing chitinases
and acting as biocontrol agents (Kishore and Pande, 2007; Li
et al., 2018b). The reduction in bacterial diversity and the
abundance of some microbes resulted in a decrease of functional
groups involved in nutrient element cycling and soil resistance
with higher cultivation years (9-year-old ginseng plants) In
contrast, in our study, the functional groups of N and S cycling
were higher and might be contributing to the enrichment of
Nitrospira, TK10, KD4.96 and Deltaproteobacteria classes in
soil of ginseng with lower cultivation years (up to 5 years)
in transplantation mode.

Rhizosphere Fungal Community
Composition and Functions in
Transplantation Mode

Our result suggested that increasing cultivation years decreased
fungal diversity. The decreased fungal diversity could lead
to plant disease and increased death rate, whereas increased
soil fungal diversity might involve the amelioration of soil
sickness (Dong et al., 2016; Tan et al., 2017b). The fungal
community compositions of ginseng rhizosphere soil changed
with increasing cultivation years, which has also been found
in previous study (Dong et al, 2018). The Mortierella,
Epicoccum, and Penicillium spp., which were beneficial for
plant growth, were negatively correlated with the plant age
(Figures 4B, 5B). It was inferred that Mortierella spp., which
can produce antibiotics and potential antagonistic agents
against various plant pathogens and exists in the rhizosphere
soil of P. notoginseng, potentially plays a role in maintaining
the microecological balance, as protective microbes, by
suppressing soil-borne pathogens (Tagawa et al., 2010; Miao
et al, 2016; Xiong et al, 2017). Similarly, Epicoccumn and
Penicillium spp. can produce numerous biologically active
compounds that act as bacterial antagonists and plant growth
promoters (Favaro et al., 2012; Franke-Whittle et al., 2015).
As potential pathogens, Ilyonectria spp. mainly caused root-rot
disease (Farh et al., 2018). Tetracladium and Leptodontidium
spp., which belong to the Leotiomycetes class, also were
responded to soil sickness (Tan et al., 2017a). Some pathogenic
fungi including Ilyonectria, Tetracladium, and Leptodontidium
spp.» as indicators of soil sickness (Xiao et al., 2016a; Tan
et al., 2017a), markedly increased with increasing cultivation
years (Figure 5B). The accumulation of allelochemicals (root
exudates) from P. ginseng plants, such as phenolic compounds,
had an important effect on the fungal community as the
years of cultivation increased and could promote the growth
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of some pathogenic microorganism species (Cylindrocarpon
destructans;Li et al., 2016; Zhang et al., 2017). Moreover,
the increased abundance of pathogenic fungal genera (Ilyonectria,
Tetracladium, and Leptodontidium spp.) in ginseng rhizosphere
soil promoted the development of soil-borne diseases and
increased death rates (Tan et al, 2017a; Dong et al., 2018).

The decreased abundance of antagonistic fungi and increased
abundance of pathogenic fungi could lead to an enrichment
of pathotrophs, enhancing the rate of soil-borne disease with
higher cultivation years (9-year-old ginseng plants). However,
some fungal genera (Ilyonectria, Tetracladium, and Leptodontidium
spp.) acting as indicators of soil sickness (Xiao et al.,, 2016a;
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FIGURE 5 | Spearman’s correlation analyses between the soil properties and plant age, and abundance of the top 35 bacterial classes (A) and fungal genera (B).
**p < 0.01; *p < 0.05. OM, organic matter; AN, available nitrogen; AP, available phosphorous; and AK, available potassium.

Tan et al., 2017a) were not enriched, whereas some beneficial
fungal genera (Mortierella spp.) were even enriched in the
soil of ginseng plants with lower cultivation years (up to
5 years) in transplantation mode. This result revealed that

the increase in cultivation years (up to 5 years) did not
significantly influence the fungal community and function
in the soil of ginseng plants in transplantation mode. Because
of an accumulation of root exudates (even after transplantation),
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increased fungal pathogens were still observed with the 9-year-
old transplanted ginsengs. Future studies including the effect
of root exudates on soil microbial community are necessary
to better characterize the alleviating mechanism of transplantation
mode for P ginseng.

Relationship Between the Microbial
Community and Soil Properties

The composition of soil bacterial and fungal communities
was closely correlated with the soil properties (Figures 4, 5).
The soil pH is a key determinant of the microbial community
composition (Shen et al., 2013; Ren et al,, 2018). Although
ginseng plants grow better when cultivated in slightly acidic
soils, a highly acidic soil could restrain ginseng growth by
shaping the microbial community (You et al., 2015; Zhou
et al., 2015). For instance, plant growth-promoting and yield-
enhancing Bacilli, which were positively correlated with the
soil pH, have been found in moderately acidic soil (Yadav
et al., 2011; Kumar et al., 2012). The relative abundances of
some fungal genera (Mortierella and Epicoccum spp.; which
preferentially grow in slightly acidic soils) decreased, and
other fungal genera (Illyonectria, Tetracladium, and
Leptodontidium spp.), preferring highly acidic soils, increased
after the soil pH decreased, which could affect the growth
of ginseng plants.

Microbes have been shown to be dominant drivers of
biogeochemical cycles including nutrient cycling in soils
(Wang et al., 2019b). Shifts in the relative abundances of
some microbes with differing pH values can influence
the nutrient availability in soils (Rubenecia et al., 2015;
Tan et al., 2017b). Thermoleophilia class, a predominant
Actinobacteria phylum subgroup that was negatively correlated
with OM, is known to be involved in the degradation of
OM in soils (Zhou et al., 2015). Nitrospira spp., belonging
to Nitrospira class, was positively correlated with AN. These
are nitrite-oxidizing bacteria that play pivotal roles in the
N cycle (Pii et al., 2016). Betaproteobacteria class positively
correlated with the soil pH and negatively correlated with
OM levels have also been found by Zhou et al. (2015).

However, our results showed that Alphaproteobacteria
class was negatively correlated with AP and that
Gammaproteobacteria class was negatively correlated

with AP and OM; the opposite trend to that which has
been previously reported (Zhou et al, 2015). Thus,
Betaproteobacteria and Gammaproteobacteria classes may
also be involved in the degradation of OM in soils. We also
found that soil fungal communities were also closely correlated
with soil properties (Figures 4B, 5B). Furthermore, Mortierella
spp. were positively correlated with AP and has been suggested
to be an important component of phosphorus cycling by
Curlevski et al. (2010); in contrast, some potential genera
of pathogens (Ilyonectria, Tetracladium, and Leptodontidium
spp., among others) were positively correlated with the plant
age and AK (Figures 4B, 5B). Our results indicated that
low pH may inhibit the growth of some microbes involving
nutrient element cycles and antifungal activity, leading to

low AP or AN level and high abundances of some potential
pathogens with an increasing age of P. ginseng plants.

CONCLUSION

During prolonged growth (up to 9 years) of P. ginseng plants,
the rhizosphere microbial diversity, abundance of some microbes
and functional richness associated with nutrient element cycles
and antifungal activity decreased, while the abundances of
some potential pathotroph fungi increased. The abundance of
some bacterial classes (Thermoleophilia, Bacilli, and Nitrospira)
and fungal genera (Mortierella, Epicoccum, and Penicillium spp.)
decreased with increasing age of P. ginseng plants. Conversely,
the abundance of some fungal genera (Ilyonectria, Tetracladium,
and Leptodontidium spp.) increased under the same conditions.
Although microbial community diversity decreased, and the
microbial composition and function changed with increasing
number of years of cultivation, compared with cultivation for
2 vyears, cultivating ginseng plants for up to 5 years did not
significantly influence the microbial communities of the ginseng
rhizosphere soil in transplantation mode. Some fungal genera
(Ilyonectria, Tetracladium, and Leptodontidium spp.) were not
enriched in response to continuous cropping and some microbes
(Thermoleophilia, Nitrospira, and Mortierella spp.) were enriched
even in the soil of ginseng plants cultivated for up to 5 years
in the transplantation mode.
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Recent advances in climate research have discovered that permafrost is particularly
vulnerable to the changes occurring in the atmosphere and climate, especially in Alaska
where 85% of the land is underlain by mostly discontinuous permafrost. As permafrost
thaws, research has shown that natural and anthropogenic soil disturbance causes
microbial communities to undergo shifts in membership composition and biomass, as
well as in functional diversity. Boreal forests are home to many plants that are integral
to the subsistence diets of many Alaska Native communities. Yet, it is unclear how
the observed shifts in soil microbes can affect above ground plant communities that
are relied on as a major source of food. In this study, we tested the hypothesis that
microbial communities associated with permafrost thaw affect plant productivity by
growing five plant species found in Boreal forests and Tundra ecosystems, including
low-bush cranberry and bog blueberry, with microbial communities from the active layer
soils of a permafrost thaw gradient. We found that plant productivity was significantly
affected by the microbial soil inoculants. Plants inoculated with communities from above
thawing permafrost showed decreased productivity compared to plants inoculated with
microbes from undisturbed soils. We used metagenomic sequencing to determine
that microbial communities from disturbed soils above thawing permafrost differ in
taxonomy from microbial communities in undisturbed soils above intact permafrost. The
combination of these results indicates that a decrease in plant productivity can be linked
to soil disturbance driven changes in microbial community membership and abundance.
These data contribute to an understanding of how microbial communities can be
affected by soil disturbance and climate change, and how those community shifts can
further influence plant productivity in Boreal forests and more broadly, ecosystem health.

Keywords: permafrost thaw, microbial communities, boreal forest, metagenomics, plant growth

INTRODUCTION

With nearly 85% of the land in Alaska underlain with discontinuous permafrost, Alaska
is particularly vulnerable to large-scale ecosystem changes due to climate change-driven
permafrost thaw and resulting soil disturbance (Department of Natural Resources: Alaska
Division of Geological and Geophysical Surveys, 2020). As foundational abiotic factors
such as nutrient availability and soil hydrology begin to change, they in turn affect
ecosystem processes including succession and productivity, that regulate plant and microbial
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communities present in the disturbed soils (Schuur and Mack,
2018). Recent research has turned to exploring the effects
of climate change on microbial communities residing in soil
and permafrost (Jansson and Hofmockel, 2018). As permafrost
thaws and soil disturbance events occur, microbial communities
undergo shifts in membership composition and biomass, as well
as in functional diversity (Mackelprang et al., 2011; Coolen and
Orsi, 2015; Schuur et al., 2015; Schiitte et al., 2019). As these
smaller scale changes develop, it is important that we build a
better understanding of how microbial communities in northern
latitude soils affect larger scale processes such as plant growth.

Permafrost is frozen ground (rock, ice, soil) that remains
at less than 0°C for more than 2 years. Permafrost underlies
approximately 26% of terrestrial ecosystems globally and is a
critical structural element that holds large potential for altering
ecosystem composition through thawing and melting of ice
wedges (Schuur and Mack, 2018). It has been estimated that the
carbon stored in permafrost accounts for more than 2.5 times as
much as the atmospheric carbon pool (Schuur et al., 2007, 2015).
As permafrost thaws, previously frozen organic matter, nutrients,
water, and microbes are exposed and reintroduced into actively
cycling pools of carbon and nutrients (Chapin et al., 2006). Plant
roots interact within the active layer of soil which sits above the
permafrost and undergoes seasonal cycles of freezing and thawing
(Christensen et al., 2004; Schuur et al., 2015). The depth of the
active layer defines what nutrients, rooting space, and water are
available to plants which can in turn affect community succession
and composition.

Previous research has found evidence that the composition,
diversity, and biomass of microbial communities can become
altered in locations that are undergoing permafrost thaw and
disturbance events such as thermokarst formation (Schuur
et al, 2007; Mackelprang et al, 2011; Monteux et al., 2019).
The atmospheric release of carbon trapped in soils following
permafrost thaw is mediated by soil bacterial and fungal
respiration. These organisms have been surviving in the active
layer and frozen soil below for millennia, either frozen or
respiring at extremely low rates, using the cold organic matter
as an energy source (Tripathi et al., 2018). As the permafrost
thaws, soil microbes exit dormancy and microbial communities
gain access to large pools of previously frozen carbon and
nutrients (Burkert et al., 2019). As the activity of the microbial
communities increases with a warming climate, microbial effects
may be more complicated than merely releasing greenhouse gases
into the environment through respiration. These microbes can
also cause alterations and feedback to ecosystem nutrient cycling
and may in turn drive alterations to the plant community in
associated soils (Natali et al., 2012; Du Toit, 2018).

Plant-microbe interactions within the rhizosphere are known
determinants of plant health and productivity, and consequently,
plant growth (Reynolds et al., 2003; Bever et al., 2010; Mangan
et al, 2010). Interactions between microbes and plants are
critical for the acquisition and cycling of nutrients such as
biological nitrogen fixation and phosphate solubilization (de
Souza et al, 2015). Highly studied environments such as
agricultural production have shown evidence that small changes
to soil microbiomes largely determine the success of plant

growth and development (Van Wees et al., 2008; Lugtenberg
and Kamilova, 2009). Wei et al. (2019) showed that within
an agricultural monoculture system, the composition of the
initial soil microbial inoculant predetermined whether a crop
succumbed to disease or survived. Previous studies focused in
the arctic and sub-arctic have demonstrated that soil microbes
are important drivers of plant succession, relative abundance,
and productivity (Schuur et al., 2007; Natali et al.,, 2012). As
physical and chemical properties of soil such as temperature
and pH are changing, the composition of microbial communities
present in the active layer changes as well. Permafrost thaw
could induce now active microbes to transform newly available
organic matter into gaseous products such as CO; and CHy, and
metabolites that are now accessible to plants and other organisms
living in and interacting with active layer soils (Graham et al,,
2012). With the availability of newly released nutrients and
the production of metabolites, soil microbes then have the
potential to shape above ground plant communities by mediating
and partitioning soil resources (Ho et al,, 2017). Not only do
beneficial microbes assist in nutrient accessibility, but they can
also improve plant performance in a variety of systems by
conferring resistance to pathogens.

Here we investigate how active layer soil microbial
communities affect above ground plant communities, indicating
that microbes play a role in climate change driven alterations
to Alaskan plant communities. We hypothesized that plants
inoculated with microbial communities from disturbed soils
associated with greater permafrost thaw will experience lower
levels of plant productivity compared to plants inoculated
with microbes from less disturbed soils. We tested this
hypothesis by conducting a plant growth experiment on
boreal plant species inoculated with microbes from soils with
different degrees of permafrost thaw and assessed soil microbial
community composition.

MATERIALS AND METHODS

Sample Site Description and Soil

Collection

The Fairbanks Permafrost Experiment Station (FPES) is located
in interior Alaska (64.877°N, 147.670°W) and is part of the
US Army Corps of Engineers Cold Regions Research and
Engineering Laboratory (CRREL). FPES is divided into three
Linell plots (Linell, 1973; Douglas et al., 2008), each 3,721 m?:
undisturbed (UD), semi disturbed (SD), and most disturbed
(MD) (Supplementary Figure 1). When these three plots were
created in 1946, the first plot, UD, was left untouched. The second
plot (SD) was cleared of trees and above ground vegetation
by hand, but the roots and other organic material were left
intact. The third plot (MD) was stripped of all vegetation and
surface level organic material down to mineral soil. Over the
next 25 years, total stripping (MD) led to permafrost thaw and
degradation to 6.7 m below surface level, and partial stripping
(SD) led to thaw 4.7 m below surface level. These plots were
created to simulate soil disturbance events and to then identify
potential ecological effects.
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Each plot is representative of the subarctic taiga forest. The
undisturbed plot is covered by a dense black spruce stand
(Picea mariana) with intermittent white spruce (Picea glauca).
Its understory is dominated by Labrador tea (Rhododendron
groenlandicum) and low-bush cranberry (Vaccinium vitis-idaea)
with a ground cover of continuous feather and Sphagnum moss
and lichen. The surface soils are moderately moist and can be
classified as mesic, with an average soil organic layer thickness of
35 cm and a consistent thaw depth of 85 cm (Douglas et al., 2008;
Johnstone et al., 2008). The semi-disturbed plot is covered by a
mixed stand of Alaskan birch (Betula neoalaskana), willow (Salix
sp.), black spruce, and white spruce, with a developing understory
of moss and shrubs. The trees at the semi-disturbed plot are taller
than those in the most disturbed. The most disturbed plot is
covered by a mixed stand of Alaskan birch, willow, and young
black spruce. The understory is a mixture of moss and grass
(Douglas et al., 2008).

We collected 48 soil cores from FPES on 28 May 2018,
16 individual cores at each FPES treatment level. Using an
established grid layout of FPES, we took cores from four selected
quadrats per plot to demonstrate the fine-scale heterogeneity of
the sample site. At each quadrat we took four samples at the
corners, approximately 1 m apart. We utilized a sterile technique
to sample soil and at each sampling point, the top layer of
moss and vegetation was removed. We used a soil corer (4.5 cm
diameter by 10 cm height) to collect the top 10 cm of soil,
which were stored in a cooler throughout the duration of sample
collection. We then transported the cores back to the lab where
each was homogenized and stored at 4°C to be used 10 days
later for soil inoculants and between 7 and 45 days later for
DNA extractions.

Greenhouse Experimental Design and
Sampling

To test how the sampled microbial communities affect plant
growth, we grew all plants in a climate-controlled greenhouse,
within autoclaved, nutrient-poor soils containing soil microbial
inoculum. The soil microbial inoculants were obtained from
FPES for the three treatment levels: UD, SD, and MD. We also
included a sterile inoculant (ST), an autoclaved mixture of UD,
SD, and MD soils.

We conducted the growth experiment in the Institute of
Arctic Biology Greenhouse at the University of Alaska Fairbanks
(UAF), consisting of five plant species: Vaccinium vitis-idaea
(low-bush cranberry), Vaccinium uliginosum (bog blueberry);
Picea mariana (black spruce); Ledum groenlandicum (Labrador
tea); and Chamerion angustifolium (fireweed), hereafter all plants
will be referred to by their colloquial names. We obtained
all seeds from Alaskan sources, and we surface-sterilized them
prior to planting. On 11 June 2018, we placed 5-10 seeds
of one plant type into a pot (SC10 Cone-tainers, Ray Leach;
United States) filled with a mixture of densely packed sterile
vermiculite and Canadian peat (ProMix), with 1.5 g of soil
containing the treatment microbial soil inoculant (Figure 1).
Sixty-four pots were planted for each plant type, with 16 unique
soil inoculants per each of four treatments, for a total of 320

pots. We randomized all pots across seven RL98 trays (Ray Leach,
United States) to reduce possible bias from temperature or light
gradients within the greenhouse. Plants were maintained under
12 h light cycles and watered once daily.

Following the first month of growth past germination, we
measured the plants biweekly for the first 3 months, recording
their leaf count and height to the nearest millimeter. We stopped
black spruce needle counts in November 2018, when needle
counts exceeded 200 and we were unable to accurately measure.
By October 2018, all the fireweed (n = 61) had started to
decline in height measurements, so on 10 October 2018, we
clipped above ground living plant material at the soil surface
and then oven dried plants 55°C to a constant mass before
determining biomass produced. The bog blueberry, black spruce,
Labrador tea, and low-bush cranberry continued to grow and be
measured monthly. We then harvested above ground biomass
per plant type in March 2020, and below ground biomass in
April 2020. We oven dried plants at 55°C to a constant mass
before weighing.

Statistical Analysis

All statistical analyses were performed in R version 3.5.2 (R
Core Team, 2020). In order to test the effects of the microbial
inoculant treatments during the plant growth experiment, we
used the Shapiro-Wilk test and Levene’s test to check ANOVA
assumptions. We log-transformed growth measurements (leaf
count, height, biomass) per plant type if it improved normality
and reduced heteroscedasticity. We used a one-way ANOVA (Car
R package, v3.0.3) to evaluate the significance of soil inoculant
on each plant growth measurement within each plant type. We
used a Tukey HSD (Agricolae R package, Mendiburu and Yaseen,
2009, v1.3.2) post hoc test to identify significant effects of specific
inoculant treatments on growth within each plant type. We
visualized differences using the R package ggplot2 v3.2.1).

DNA Extractions and Metagenomic
Sequencing

In order to analyze the microbial communities used to
inoculate plants in the growth experiment, we performed
shotgun metagenomic sequencing on each individual core.
To do this, we extracted and purified total genomic DNA
from approximately 250 mg of soil per homogenized soil
core using the DNeasy PowerSoil kit (Qiagen; Germany)
following manufacturer instructions. We quantified the yield
and the quality of the DNA extracted using a NanoDrop One
spectrophotometer (Thermo Fisher Scientific; United States) and
a Qubit (Thermo Fisher Scientific; United States). Following
DNA extractions, we randomly divided the 48 cores into four
sequencing runs. We prepared the DNA sequencing library
using the Oxford Nanopore Technologies Ligation Kit with
Native barcodes to multiplex 12 samples (SQK-LSK109, ONT;
United Kingdom). We diluted sample DNA to 400 ng for input
and followed the kit according to the manufacturer instructions.
We then sequenced DNA using a MinION and R9.4.1 and
R9.5 flow-cells (FLO-MIN106) (Supplementary Table S1). The
sequencing runs each lasted 48 h.
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and ProMix

is a sterile mixture of vermiculite and ProMix.

Sterile ‘ Soil Inoculant Replication Plant
Seeds FPES Source
Soil ; Bog Blueberry
Soolant Undisturbed
o Low-Bush
Semi disturbed 16 soil cores Cranberry
X _ X pertreatment X
Most disturbed source Labrador Tea
Sterile Fireweed
Vermiculite Black Spruce

FIGURE 1 | Overview of experimental design for the greenhouse plant growth experiment. Soil microbial inoculant was sourced from FPES soil cores and potting soil

Metagenomic Analyses

We base called the raw data using Guppy v3.6.1 (ONT)
specifying the high accuracy model (Supplementary Table S1).
We then demultiplexed samples with the Guppy barcoder using
parameters to discard sequences with middle adapters and to
trim barcodes. We used Filtlong v0.2.0' to control for length
(=50 bp) and quality (Q) score (>10). Following quality control,
we detected taxa with a k-mer based approach using Kraken
2 (v.2.0.9-beta; Wood et al,, 2019) and subsequently estimated
abundance using Bracken (v.2.6.0; Lu et al, 2017). We used
a reference database prepared with archaeal, bacterial, fungal,
protozoal, and viral sequences from RefSeq on 22 May 2020
(Nicholls et al., 2019). We merged sample Bracken reports and
then generated heat maps based on the most prevalent bacterial
phyla, families, and genera with gplots v.3.0.3 in R. We excluded
reads that were classified as fungal for any further analyses, due
to the lack of breadth in our database.

In order to identify biomarkers within the microbial
communities we used the linear discriminant analysis (LDA)
effect size (LEfSe) method (Segata et al., 2011). This method
compares across all taxonomic levels and identifies differentially
abundant features between biological classes using a non-
parametric factorial Kruskal-Wallis sum-rank test. LEfSe then
uses LDA to estimate the effect sizes of each feature. To
accomplish this, we uploaded our Bracken results to the Galaxy
web platform® (Afgan et al., 2018) where we then used the

'https://github.com/rrwick/Filtlong
Zhttps://galaxyproject.org/

Huttenhower Lab workflow® for LEfSe analysis. We used an LDA
threshold of 4.0 and significance a of 0.01 to detect biomarkers.
Following the LEfSe analysis, we estimated Pearson’s correlation
values (stats R package v3.6.1), r, between plant productivity
measures and the significant biomarkers that LEfSe identified.

RESULTS
Plant Growth Experiment

Our results indicate that soil microbial communities from
across the thaw gradient differentially affected plant productivity
(Figures 2-6 and Supplementary Tables S3-S8). Most plant
types responded negatively when grown in soils inoculated
with microbial communities from the most disturbed FPES
soil compared to either inoculants from semi disturbed or
undisturbed soils, or the sterile treatment (Supplementary
Figure S2 and Supplementary Table S8).

Bog Blueberry

Bog blueberry had reduced growth in height and leaf count when
grown in soils inoculated with microbial communities from the
MD treatment site compared to plants growth with inoculants
from UD, SD, or ST soil (Figure 2). This trend was consistent
across height and leaf count starting at the third through the final
measurement point (Supplementary Figure S2). While the mean
height and leaf count of bog blueberry grown in MD treatment

3https://huttenhower.sph.harvard.edu/galaxy/
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since planting. Boxplots represent median, and the upper and lower quartiles. Yellow circles represent mean value for each group. Tukey HSD post hoc comparisons
are denoted with lowercase letters above boxplots.

was significantly smaller compared to bog blueberry grown under
the SD, UD, or ST treatments (Supplementary Table S3), there
was no significant difference between height or leaf number
for bog blueberry plants grown in UD, SD, or ST treatments.
While the source of inoculant was a significant factor in above
ground and below ground biomass, the responses did not follow
the same trends as height and leaf count. For above ground
biomass the post hoc Tukey HSD test showed that SD plants had
more mass on average and differed significantly from MD and
ST, SD plants did not differ significantly in biomass production
(Supplementary Table S8).

Low-Bush Cranberry

Low-bush cranberry showed the same trends to bog blueberry
when grown in soils from the most disturbed treatment
site (Figure 3). Low-bush cranberry height and leaf count
significantly decreased when grown with inoculant from the
MD site compared to when grown with inoculant from the SD
or UD sites, or with ST inoculant (Supplementary Tables S4,
$8). There was no significant difference in either height or leaf
count between low-bush cranberry grown in UD, SD, or ST
treatments. Above ground biomass increased when plants were
grown with soil from the SD compared to plants inoculated
with UD, MD, and ST treatments. Low-bush cranberry below

ground biomass did not differ significantly depending on the soil
inoculant treatment.

Labrador Tea

Labrador tea plants displayed nearly identical trends to both
bog blueberry and low-bush cranberry when grown in soils
inoculated with microbial communities from the most disturbed
treatment site (Figure 4). At the time of final measurements,
the mean height and leaf count of Labrador tea grown
in the MD treatment was significantly smaller compared
to low-bush cranberry grown SD, UD, or ST treatments
(Supplementary Table S5). There was no observed difference
between Labrador tea grown in UD, SD, or ST treatments.
Labrador tea above ground biomass showed that MD plants
weighed in at a significantly smaller amount than plants
grown in soils inoculated with UD or SD treatments. No
differences were observed between below ground biomass
measures (Supplementary Table S8).

Fireweed

In contrast to cranberry, bog blueberry, and Labrador tea,
fireweed did not show a significant difference in mean leaf count
or height (Figure 5); however, fireweed plants grown in inoculant
from MD site showed a significant decrease in above ground
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biomass compared to those grown in UD, SD, or ST treatment
soils (Figure 5 and Supplementary Tables S6, S8).

Black Spruce

Black spruce showed no consistent response patterns to microbial
inoculant for growth and biomass measures (Figure 6 and
Supplementary Table S7). Black spruce plants grew significantly
taller when grown with the sterile inoculant (ST) compared to
UD, SD, or MD inoculants. Below ground and above ground
biomass showed both showed a similar pattern of ST plants
measuring at a significantly lower biomass compared to SD
plants, and with MD and UD plants showing no significant
differences in mass. For leaf (needle) count, no significant
differences were observed across all treatment inoculant groups.
Leaf count was discontinued and excluded from analysis after
needle numbers exceeded 200 for all plants and was not able to
be accurately measured.

Microbial Community Analysis

We sequenced 48 metagenomes through four multiplexed
MinION runs, and after demultiplexing and quality control, total
sample reads showed a mean read length of 2,594 bp, a N50
of 5,531 bp, and a mean quality score of 13 (Supplementary
Table S2). All samples had an average yield of 373 Mbase
(range: 182-737 Mbase) with an average read count of 143 K

reads (range: 53-299 K). The analysis using Kraken 2 and then
Bracken resulted in a mean of 41% (range: 30-60%) of reads
being classified as bacterial (60,034 reads). The percent classified
did not show a correlation to the read depth of the sample
(Supplementary Figure S3).

Following classification via Kraken 2 and Bracken, we
identified 24 bacterial phyla within our microbial communities.
A majority of samples across the three levels of disturbance were
largely dominated by Proteobacteria and Actinobacteria with
mean relative abundances of 62.9 and 19.9%, respectively. Of
the 24 bacterial phyla identified, eight were present at relative
abundances higher than 1% (Figure 7A). We observed a general
shift in community membership and abundance across the
disturbance gradient, with both the UD and MD soil cores
showing variation in the dominant taxonomic groups present,
all the way down to the genus level (Figures 7B,C). Among
the 59 genera present at more than 1% relative abundance,
Bradyrhizobium and Streptomyces were present at the highest
relative abundances, with means of 10.2 and 6.9%, respectively.

To further analyze the taxonomic shifts, we utilized the
LEfSe method to identify any biomarkers across samples. Out of
only the bacterial reads, we identified 13 differentially abundant
biomarkers across the phylum to family level within our dataset
(Table 1). Four of the biomarkers, that all fall under the same
taxonomic branch of the phylum Acidobacteria and down to
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the family Acidobacteriaceae were found to be overrepresented
in UD soil communities. Nine biomarkers were found to be
overrepresented in MD soil communities, including members of
the phyla Proteobacteria and Actinobacteria (Table 1).

Using the 13 biomarkers that we identified through LEfSe, we
completed correlation analyses (Pearson’s correlation coeflicient)
between the taxonomic biomarkers and plant productivity
measures. We found the relative abundance of UD biomarkers
to be positively correlated with the height and leaf count for
blueberry and cranberry, and with the leaf count of black
spruce. One of the UD biomarkers, Acidobacteriaceae, showed
the strongest positive correlation between growth measures,
and was present at a mean relative abundance of 18% in
UD communities compared to the SD (5%) and MD (>5%)
soil communities (Table 1 and Figure 8A). Of the MD
biomarkers, all nine showed significant negative correlations
between relative abundance and the productivity measures for
blueberry, cranberry, and Labrador tea (Table 1). Looking at the
family level, the most negative correlations occurred between
plant growth and Comamonadaceae, a family that was found to be
present at significantly higher relative abundances within the MD
soil microbial communities with a mean of 16%, compared to in
UD (5%) and SD (8%) soils (Table 1 and Figure 8B). We observed

no significant correlations between fireweed plant productivity
measures and biomarkers (Table 1).

DISCUSSION

Our results indicate that there is a strong relationship between
microbial community inoculant and total plant growth. We
have evidence that microbes associated with highly disturbed
soil negatively affect plant productivity within several boreal
plant species. Within our study we see similar growth response
patterns across low-bush cranberry, bog blueberry, Labrador tea,
and fireweed plants. Our analyses also revealed that microbial
community membership and abundance shifts across active layer
soils above a permafrost thaw gradient. Several studies have also
observed soil microbial community responses to permafrost thaw
and soil disturbance events (Mackelprang et al., 2011; Coolen
and Orsi, 2015; Mondav et al., 2017), and previous research
completed by Schiitte et al. (2019) has identified links between
fungal microbial communities associated with permafrost thaw
and plant growth.

Our research showed that plants including bog blueberry, low-
bush cranberry, and Labrador tea demonstrated decreased height
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and leaf count when grown with microbial communities from
highly disturbed soil that was associated with deep permafrost
thaw compared to undisturbed soil associated with little to no
permafrost thaw. Fireweed plants did not show any changes
in growth dependent on soil inoculant when looking at leaf
count and height. However, when looking at above-ground
biomass, plants inoculated with MD soil communities did exhibit
lower levels of growth compared to plants inoculated with
UD or SD soils. The evidence of this pattern when looking
at biomass could potentially be due to the large variation
in leaf area and stem thickness that was not present within
other plant species that we grew. Additionally, Fireweed is
a robust perennial plant, which is known to tolerate a wide
range of soil conditions. It is early successional and very
commonly following vegetation disturbance (Dyrness, 1973;
Pinno et al, 2014). Due to these factors, we speculated
that fireweed would not be affected by the disturbance level
of the inoculum.

We can attribute the changes in plant growth to the variation
in microbial communities across the active layer of soil above
the permafrost thaw gradient. We hypothesized that if the soil
microbial communities were to change depending on the level
of associated permafrost thaw, so would the growth of plants
in that soil. Consistent with our hypothesis, plants (specifically
bog blueberry, low-bush cranberry, Labrador tea, and fireweed)
grown with microbial inoculum from MD soils exhibited lower
growth than plants grown in soils with no added microbes or
with inoculants from the UD or SD soils. These results were

similar to a study performed by Schiitte et al. (2019) on boreal
plant species using microbial inoculums from thermokarst bogs
(disturbed soils) and permafrost plateaus (undisturbed soil).
Schiitte et al. (2019) showed that bog blueberry and marsh-
cinquefoil (Potentilla palustris) grew significantly worse when
inoculated with soil microbes from thermokarst bogs than when
inoculated by permafrost plateau soil microbes.

We found no apparent relationship between black spruce
growth and the initial soil microbial inoculant. While Schiitte
et al. (2019) found that biomass decreased black spruce when
grown with inoculum from a thawed permafrost site, our results
are consistent with Sniderhan and Baltzer (2016) analyzing the
growth of black spruce across a lateral permafrost thaw gradient
in Scotty Creek, Canada. They found that the lateral thaw rate of
permafrost did not appear to be a driver of black spruce growth
dynamics. Further, controlled warming experiments meant to
simulate the quickly warming northern latitudes have shown that
black spruce shoot length tends to increase with warming air
and soil temperatures (Bronson et al., 2009; Bronson and Gower,
2010). This suggests that while productivity of black spruce may
be decreased in some thaw scenarios, overall abiotic factors
may be having larger influences on black spruce productivity
compared to biotic factors during climate warming events.

Previous studies using both culture-based and culture-
independent approaches have been able to identify significant
functional and taxonomic shifts in soil microbiomes resulting
from various types of disturbance (Axelrood et al, 2002;
Mendes et al,, 2015; Van Nuland et al., 2020). Variation in
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plant growth across treatments could largely be due to a
change in representation from growth-promoting bacterial and
fungal species to deleterious, pathogenic ones found in the
soil microbiomes between treatment groups. Beneficial microbes
in soil are known to enhance nutrient availability to plants,
allowing for an increase in plant growth and productivity
(Vimal et al., 2017). Common indicators of a neutral or healthy
soil microbiome include wide array of bacterial phyla such as
Proteobacteria, Acidobacteria, Actinobacteria, and Bacteriodetes,
as well as and fungal phyla such as Glomeromycota (Fierer et al.,
2005; Ohsowski et al., 2014; Mendes et al., 2015). Consistent
with such a roll, and perhaps the most striking difference in
microbial taxa between treatment groups, was the bacterial family
Acidobactericae, which was largely overrepresented in UD soil
communities. Acidobacteriaceae was also positively correlated
with plant productivity measures of both blueberry and cranberry
plants, two plants that showed significantly different growth
responses between the different inoculant groups. Members
of the Acidobacteriacae are thought to be plant-promoters
and degrade a variety of simple carbon compounds, such as
those that are found in root exudates, which contribute to
nutrient cycling and the support of a healthy rhizosphere
(Campbell et al, 2010; Kielak et al., 2016). Other groups
of bacteria that were found to be present at higher relative
abundances in the UD soil cores compared to MD soils,

including Bacillales which can form endospores and provide
protection against and Enterobacterales, are both ubiquitous in
soil microbiomes.

In contrast, the MD soil cores displayed a much higher
relative abundance of bacteria from the family Comamonadaceae,
a member of Proteobacteria, than either the UD or SD
cores. Additionally, Comamonadaceae showed the strongest
negative correlation with plant productivity of all identified
biomarkers, indicating that members of this family may be
driving the decrease in growth that we observed with blueberry,
cranberry, and Labrador tea plants. Members of the family
Comamonadaceae are known to exhibit pathogenic effects on a
variety of plants, such as causing bacterial fruit blotch disease
in agricultural settings (Willems et al,, 1991; Schaad et al,
2008; Burdman and Walcott, 2012). van der Voort et al. (2016)
and Yang et al. (2020) have also showed that soils stressed by
drought and heat disturbance, respectively, were found to have
overrepresented populations of known plant pathogens including
members of Comamonadaceae and Erwiniaceae. Although few
studies have looked at the effects of physical disturbances on
microbiomes specifically in arctic or subarctic soils, in previous
research we cultured and isolated bacterial strains belonging
to Erwiniaceae from the FPES MD soil plot (Humphrey et al.,
2019). It is possible that the higher presence of bacterial
groups including known plant-pathogenic bacteria found in the
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from other disturbance gradients are needed test the generality
of these observed patterns. Furthermore, long term studies at
sites such as the Alaska Peatland Experiment within the Bonanza
Creek LTER demonstrate the effects of permafrost thaw on
plant communities, trace gas fluxes, microbial communities, and
biogeochemical processes (Mackelprang et al., 2011; Blazewicz
etal,, 2012; Euskirchen et al., 2014; Klapstein et al., 2014; Hultman

et al., 2015; Finger et al., 2016; Neumann et al., 2016; Rupp et al.,
2019). It is important that more experimentation integrating
microbial mechanisms driving plant growth are needed to
understand the patterns we have observed.

Having an increased understanding of how microbial
communities that reside above permafrost affect plant growth
is important for predicting effects of permafrost thaw on plant
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communities and ecosystem health. Specifically, for potentially
predicting effects on plants, such as bog blueberry, low-bush
cranberry, and Labrador tea, that are relied on as common food
sources for both humans and animals throughout the Northern
regions. Although the links between soil microbial and plant
communities are complex and rarely straight-forward, this study
indicates that the variation in active layer soil microbiomes
can have a strong effect on plant growth. This data point
toward building an understanding of how shifting microbial
communities may affect plant growth in the face of climate
change causing thawing permafrost; specifically, growth of plants
such as bog blueberry and low-bush cranberry, both plants
integral to the diets and cultures of many people indigenous to
Alaska. The results reported here demonstrate that soil microbes
have the capability to alter plant growth in response to climate
change, therefore highlighting the need for further research
on the taxonomy and functionality of microbial communities
residing above thawing permafrost.
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Plant secondary metabolites (PSMs) play many roles including defense against
pathogens, pests, and herbivores; response to environmental stresses, and mediating
organismal interactions. Similarly, plant microbiomes participate in many of the above-
mentioned processes directly or indirectly by regulating plant metabolism. Studies have
shown that plants can influence their microbiome by secreting various metabolites and,
in turn, the microbiome may also impact the metabolome of the host plant. However, not
much is known about the communications between the interacting partners to impact
their phenotypic changes. In this article, we review the patterns and potential underlying
mechanisms of interactions between PSMs and plant microbiomes. We describe the
recent developments in analytical approaches and methods in this field. The applications
of these new methods and approaches have increased our understanding of the
relationships between PSMs and plant microbiomes. Though the current studies have
primarily focused on model organisms, the methods and results obtained so far should
help future studies of agriculturally important plants and facilitate the development of
methods to manipulate PSMs—microbiome interactions with predictive outcomes for
sustainable crop productions.

Keywords: root exudates, SynCom, multi-omics, phytohormones, VOCs, rhizobia, endophytes, pathogens

INTRODUCTION
Plant Secondary Metabolites

Different from primary metabolism, secondary metabolism refers to metabolic pathways and their
associated small molecular products that are non-essential for the growth and reproduction of the
organism (Yang et al., 2018). In plants, the secondary metabolic pathways produce a diversity of
compounds called plant secondary metabolites (PSMs). PSMs contain a large group of structurally
diverse compounds originated from either primary metabolites or intermediates in the biosynthetic
pathways of these primary metabolites (Piasecka et al., 2015). According to their biosynthetic
pathways, PSMs are generally classified into several large molecular families: phenolics, terpenes,
steroids, alkaloids, and flavanoids (Kessler and Kalske, 2018).

Plant secondary metabolites play a variety of functions such as in plant growth and
developmental processes, innate immunity (Piasecka et al., 2015), defense response signaling (Isah,
2019), and response to environmental stresses (Yang et al., 2018). In addition, PSMs also have
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important functions such as repelling pests and pathogens,
acting as signals for symbiosis between plants and microbes,
and modifying microbial communities associated with hosts
(Guerrieri et al., 2019). Many PSMs have positive beneficial
effects on human health (Ullrich et al., 2019; Fakhri et al.,
2020) and on agriculture production, contributing significantly
to the economy. However, the functions of many PSMs
remain unknown. For example, while many PSMs and protein-
metabolite complexes have been identified, the biological roles
of most have not been verified (Kosmacz et al.,, 2020). There
have been several excellent reviews summarizing recent studies
reporting the novel roles of PSMs and emphasizing the
importance of functional understanding of the plant metabolome
(Fang et al., 2019; Kosmacz et al., 2020; Zhou and Pichersky,
2020). The studies presented in those reviews have benefited
significantly from recent developments in omics technologies
such as high throughput DNA sequencing and high-resolution
mass spectrometry.

Technologies for Analyzing Plant
Metabolites

Plant metabolomics methods have been used for identifying
functional secondary metabolites and metabolic pathways for
both basic and applied research. Those methods help provide
comprehensive perspectives on how plant metabolic networks
are regulated. The most widely used methods include gas
chromatography (GC) -mass spectrometry (-MS) (GC-MS),
liquid chromatography-MS (LC-MS), capillary electrophoresis-
MS (CE-MS), nuclear magnetic resonance spectroscopy (NMR),
Fourier transform-near-infrared (FT-NIR) spectroscopy, MS
imaging (MSI), and live single-cell -MS (LSC-MS). These
methods are often used in combination because they can provide
largely complimentary information with each other by analyzing
different types of metabolites. A number of excellent technical
reviews (Lu et al., 2017; Tahir et al., 2019) and detailed protocols
(Zhalnina et al., 2018) regarding the utilization of these analytical
tools in metabolomics experiments have been published.

Most traditional studies of PSMs utilize extracts of
representative plant tissues as the main materials representing
average plant cells in a specific tissue or organ (Masuda et al.,
2018). Because of the bulk nature of those samples, it is often
difficult to distinguish between PSMs produced by either host
plants or their associated microbes. However, at present, there
is a growing interest in narrowing PSMs analyses down to the
single-cell level, allowing the separation of plant cells from
their potentially associated microbial cells. Such separations and
individualized analyses can be achieved using approaches such
as MSI (Boughton and Thinagaran, 2018), matrix-assisted laser
desorption ionization (MALDI) and laser ablation electrospray
ionization (LAESI) (Etalo et al, 2018a; Bhattacharjee et al,
2020), live single-cell mass spectrometry (LSC-MS) (Masuda
et al., 2018), nanospray desorption electrospray ionization
mass spectrometry (Nano-DESI MS) (Battin et al., 2016), and
the spatial metabolomics pipeline (metaFISH) (Geier et al.,
2020). In combination with MS data alignment and molecular
networking software and relevant databases, these tools allow

for the detection of a large number (hundreds to thousands)
of metabolites acquired from a single plant cell (Brader et al.,
2014). These platforms provide significant advancement for
the discovery of metabolites produced in situ and of the
dynamics of interactions between plant and microbial cells at a
single-cell level.

Plant Microbiome
The microbial communities of plants, also known as the plant
microbiome (or plant microbiota), are found in the rhizosphere,
phyllosphere, and endosphere. These plant microbiomes play
important roles in helping host plants develop immunity
(Stringlis et al., 2018), suppress diseases (Carrion et al., 2019),
supply nutrients (Zhang et al., 2019), and protect from biotic and
abiotic environmental stresses (de Vries et al., 2020). Over the last
15 years, plant microbiome studies have progressed significantly
due to the advent of massive parallel sequencing. These studies
have helped define different kinds of plant microbiomes and
plant-microbiome interactions, e.g., the epiphytic microbiome,
seed microbiome, core microbiome (CM), synthetic community
(SynCom), and DefenseBiome (Liu H. et al., 2020). However,
these plant microbiomes are not static, they can change in
response to environmental stimuli, including both abiotic stresses
and biotic factors. Indeed, there is increasing evidence that the
structure of plant microbiomes is the result of a series of forward
and backward interactions between the plant, the microbes
and their environmental physical and chemical conditions. For
example, PSMs secreted by roots are important mediators of
plant-soil microbiome interactions (Sasse et al., 2018). In maize,
secondary metabolites such as benzoxazinoids, were shown to
attract bacteria Chloroflexi and influence the assembly of the
maize microbiomes that subsequently enhance the capacity of
maize plants to adapt to their environments (Hu et al., 2018).
Among the plants analyzed so far, model species such
as Arabidopsis thaliana and Echinacea purpurea have been
extensively studied to help define their microbiomes and the roles
of these microbiomes in enhancing the growth and reproduction
of host plants (Kudjordjie et al., 2019; Maggini et al., 2020).
However, despite the growing number of studies and reviews
demonstrating that different host plants species (Compant et al.,
2019), their development stages (Schlechter et al., 2019), their
root exudates (Sasse et al., 2018; Vives-Peris et al., 2020), and
their rhizodeposits (Tian et al., 2020) can all influence the
composition of the plant microbiomes and their functional
capacities, relatively few reviews have attempted to integrate
the chemical basis and molecular mechanism into the PSMs-
microbiome relationship. Complicating the understanding is that
the relationship is a dynamic one, involving multiple back-and-
forth exchanges of chemical signals and molecular pathways.
For example, some microbes can modulate the production of
PSMs, including plant bioactive phytometabolites that in turn
can influence the microbiome (Mastan et al., 2019). Furthermore,
while a number of studies have provided insights into the
structure and dynamics of the plant microbiome, relatively
little is known about the contribution of plant microbiomes to
host PSMs. The latest models of traditional medicinal PSMs-
microbiome interactions approaches provide a new framework
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for understanding the various types of interactions between PSMs
and microbiomes (Maggini et al., 2020). Such an understanding
can have significant impacts on several applied fields such as
crop cultivation and breeding. During crop breeding, scientists
typically select for higher yield and/or better nutrition but only
from the crop cultivar perspective with limited consideration
of the plant microbiome or the PSMs-microbiome interactions.
Understanding of the interactions between PSMs and plant
microbiomes could help opening up a new avenue of research in
crop production.

Over the past few years, the characterization of the plant
microbiomes and their relationships with the host plants using
high-throughput techniques including genome and metagenome
sequencing has become a hot topic in research. Both the
culturome (all microbes that can be cultured in the lab)
and metagenome sequencing techniques are providing in-
depth information of the plant microbiome. The culturome is
an important component of the microbiome. To obtain the
culturome, the culturable cells in the microbial community are
selected using solid media or liquid medium in high throughput
formats. Subsequent shotgun sequencing allows the identification
of linkages between taxonomic identity to important functions
to the cultured cells, such as biological nitrogen fixation.
However, culture-based methods are usually less sensitive than
direct amplicon sequencing for identifying rare microbes. High-
throughput sequencing of specific gene amplicons is typically
more powerful for elucidating the composition, and spatial
distribution of microorganisms in their environments and this
approach is increasingly used in plant microbiome studies. The
metagenome approaches can be combined with other high-
throughput methods, such as metabolomics, proteomics, and
transcriptomics. There is an excellent review discussing the
quality of publicly available genome data, metagenome data,
other omics data, and software pipelines for analyzing such data
(Lucaciu et al., 2019). In these analyses, it's important to minimize
sequence artifacts and reduce noise in data (Davis et al., 2018;
Zhou et al.,, 2019). For processing the bacterial 16S rRNA gene
and fungal ITS amplicons, a collection of software, such as QIIME
(Caporaso et al, 2010), UPARSE (Edgar, 2013), VSEARCH
(Rognes etal., 2016), PIPITS (Gweon et al., 2015), and USEARCH
(Edgar and Flyvbjerg, 2015) have been developed. Similarly, for
shotgun microbiome sequencing analyses, several recent articles
reported specific computational workflow and bioinformatics
resources (Liu Y. X. et al., 2020), including Microbiome Helper
(Comeauetal., 2017), HmmUFOtu (Zheng et al., 2018), iMicrobe
(Youens-Clark et al., 2019), MMinte (Mendes-Soares et al., 2016),
MDIiNE (McGregor et al., 2020), MicrobiomeAnalyst (Dhariwal
et al., 2017), SIMBA (Mariano et al., 2016), and iMAP (Buza
et al.,, 2019). Several in-depth summaries and comparisons of
next-generation amplicon sequencing and analyses approaches
were published recently (Lucaciu et al., 2019; Nilsson et al., 2019).

Herein, we review the current literature on the bidirectional
interactions and effects between PSMs and plant microbiomes.
In addition, we review the latest advances in plant metabolome
analytical technologies and methods for analyzing the
relationships between the plant metabolome and the plant
microbiomes. To achieve our objectives, we used the following

keywords for database searches: a variety of plants (such as
legume plants, medicinal plants), plant microbiome (microbiota),
metagenome, metagenomic, amplicon sequencing, PSMs,
metabolomics, metabolomic analytical methodology, plant
metabolome databases, correlation relationship, metabolomic-
microbiome, and omics etc. The main retrieval databases were
Web of Science, PubMed, and ResearchGate. Table 1 shows a few
common terms and their definitions used in this review.

Data Analyses Tools for Association
Studies Between Plant Metabolome and

Microbiome

Due to advances in high-throughput sequencing techniques,
direct analyses of microbial communities in their natural
environments have become increasingly convenient and cost
effective. In recent years, microbiome studies using multi-omics
approaches have greatly deepened our understanding of the
relationship between microbiomes and hosts. For example, multi-
omics studies of the gut microbiome and the human metabolome
(Chen M. X. et al.,, 2019; Ilhan et al., 2020) have provided new
understanding in human health and diseases. In order to help
the application of multi-omics technologies on plant metabolome
and microbiome studies, we reviewed the data integration and

TABLE 1 | Common terms and definitions.

Term Definition

Secondary metabolism  Metabolic pathways and their associated small
molecular products that are non-essential for the
growth and reproduction of the organism
Rhizosphere

microbiome

All microorganisms found in the narrow region of soil or
substrate that is directly influenced by root secretions
and associated soil, also called root microbiome
Epiphytic microbiome All microorganisms found on the surface of aerial parts
of plants. These microorganisms use plants for physical
support but do not obtain any nutrients from plants nor
cause any damage or offer any benefit to host plants.

Endophytic microbiome  All microorganisms found inside the internal tissues of

plants, including both aerial and root tissues

Seed microbiome All microorganisms found on the surface of and inside

the seeds

Core microbiome The group of microorganisms that are found in all
individuals of a host species. The persistent association
suggests a potentially critical function within the
ecological niche of the host in which these

microorganisms are found

Synthetic community
(SynCom)

Defined systems with reduced complexity for both the
host and the microorganisms. SynCom serves as
model systems to investigate the performance and
stability of microbial communities or to identify the
necessary conditions for generating interaction patterns
and higher order community structure and function

DefenseBiome Plant-associated microbes that are positively

associated with plant stress resistance

Rhizodeposits All material transferred from plant roots to the soil. They
include dead root tissues and cells, root exudates (both
soluble and insoluble materials), and gasses such as

COs2 and ethylene.

Culturome All microbes in a sample that can be cultured in the lab.
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analysis methods for studying human and animal microbiomes
and metabolomes; and provided a few suggestions on how they
could be used for plant studies. Table 2 lists the methods and tools
for association studies between metabolome and microbiome.
Correlation-based analysis of paired microbiome-metabolite
data sets has been a common approach to identify microbial

drivers of metabolic variations. A commonly used method
to infer the drivers of metabolic variations in a network is
correlation analysis, such as Pearson’s and Spearman’s correlation
coefficients among all pairs of operational taxonomic units
(OTUs) and the metabolite profiles. An interaction between
microbes is inferred when there is a high correlation coefficient

TABLE 2 | Comparison of methods and tools for association studies between metabolites and microbiomes.

Type of analysis Method Function Note (Link) References
Univariate analysis Pearson Comparatively simple method, but high false positive rate, Multiple calibration tests Mao et al., 2016; llhan et al.,
Spearman unable to explain biological mechanism are required 2020
Common descending PCA A multivariable correlation analysis method to describe the van der Kloet et al., 2016
dimension methods PLS relationship between the two data matrices.
Joint and individual JIVE An extension of PCA, identifying joint variations in multiple Lock et al., 2013
variation explained data types, reducing the dimensionality of data and
determining the unique features of a particular data type.
Simultaneous SCA DIStinct COmmon SCA (DISCO-SCA) offers new avenues Smilde et al., 2017
component analysis for multi-omics data fusion
Canonical correlation CCA Samples over variables, Sparse CCA, kernel CCA and Multivariable analysis Kostic et al., 2015
RCCA partial least-squares
Procrustes analysis PA Powerful least-square approach, simplifies omics McHardy et al., 2013
comparisons, may not be sufficient to draw conclusions
Co-inertia analysis CIA Suitable approach to determine the relationship, not Hill et al., 2017
suitable for large-scale data analysis
Maximum information MIC MINE statistics for identify associations and characterize http://exploredata.net Reshef et al., 2011
coefficient such as non-linearity and monotonicity, comes closer than
mutual information.
Linear regression LR Provide more accurate results Bakker O. B. et al., 2018
Generalized coRrelation GRaMM Captures linear/non-linear correlations in datasets and can https: Liang et al., 2019
analysis adjust the influence of confounders, combines LR, MIC //github.com/chentianlu.
etal.
Seed set framework A TDA Calculate the symbiosis and competition scores of different Greenblum et al., 2012
microbes and predict the interaction relationship between
microbes.
Predicted relative PRMT Explore metabolite-space inferred from the metagenome, http://camera.calit2.net Larsen et al., 2011
metabolic can combine and analyze additional metagenomic and
Turnover metabolic datasets
Computational MIMOSA2 Mechanistic interpretation and hypothesis generation. Only ~ www.borensteinlab.com/ Noecker et al., 2016
framework analyze metabolites in the specific reference database software_MIMOSA2.html
Genome-scale GEMs Contains a complete metabolic map of all metabolic Magnusdéttir et al., 2017
metabolic models reactions of the body and can be used for metabolite.
Integration of Histology and Metagenomics Data
Neural networks Mmvec Estimate probability and strength of interaction https://github.com/ Morton et al., 2019
biocore/mmvec)
A Valid Alternative to Proportionality ~ Present proportionality as a means to analyze related data. Lovell et al., 2015
Correlation
Correlation inference for CClasso An alternating direction algorithm from augmented https://github.com/ Fang et al., 2015
Compositional data Lagrangian method. Poorly for the hub model, component huayingfang/CCLasso
through Lasso fraction estimation
Sparse Correlations for SparCC Not rely on high diversity. Relies on reliable component https://bitbucket.org/ Friedman and Alm, 2012
Compositional data counts, no considered for the overall property yonatanf/sparcc
SParse Inversk SPIEC-EASI Making assumptions about the underlying network http://bonneaulab.bio. Kurtz et al., 2015
Covariance Estimation structure. nyu.edu/
Scale-free structures elude accurate inference
Correlation network CCREPE (bioBakery or ReBoot) Provides a similarity measure more http://huttenhower.sph. Faust et al., 2012; Mclver et al.,
appropriate for compositional data analysis, performance is harvard.edu/ccrepe 2018
similar to SparCC
Multivariate statistical M2IA Integrative data analysis from data preprocessing, univariate http://m2ia.met- Ni et al., 2020

analyses

and multivariate statistical analyses, advanced functional
analysis for biological interpretation, to a summary report.

bioinformatics.cn
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between them (Morton et al., 2019). However, traditional
correlation analyses, such as univariate analysis and simultaneous
component analysis that treat the observed data as absolute
abundances of the microbes, may lead to spurious results. This is
because most of the observed data through metagenomic analyses
only represent relative abundances (Gevers et al,, 2014). For
example, concluding that a microbial community showing no
signs of microbiome-metabolite interactions based on a single
correlation analysis is unlikely correct, as none of the traditional
tools can definitively identify actual correlations (Weiss et al.,
2016). Consequently, simple correlation analysis alone is not
suitable for detecting true microbial contributors to metabolite
variations. Thus, special care and appropriate adjustments are
required prior to correlation analysis for microbiome and
metabolome data (Fang et al, 2015). Recent methods such
as MIMOSA2, Correlation inference for Compositional data
through Lasso (CCLasso), Neural networks (such as mmvec),
Predicted relative metabolic turnover (PRMT), Compositionally
Corrected by REnormalization and PErmutation (CCREPE), and
Sparse Correlations for Compositional data (SparCC) (Table 2)
have been designed to take these compositional biases into
account for analyzing microbiome-metabolite interactions. The
joint usage of multiple methods can achieve better results.
Several tools and resources are described in Figure 1 and the
following subsection.

Parallel approaches can offer new opportunities for analyzing
microbiome-metabolite interactions especially if diverse types of
information can be integrated. However, such data integration
and analysis methods are still in their early stages of development
(Lamichhane et al, 2018). In addition, to understand the
underlying biological processes for the observed patterns of
interaction, it is important to develop computational approaches
that include individual organisms’ unique biological features
(Mallick et al., 2019). With a growing interest in connecting the
microbes and metabolites in the context of plant and human
health, we also need to bring together researchers from the
two domains that traditionally do not interact with each other
(Misra, 2020).

Importantly, while there are limitations in the correlation-
based analysis to identify key microbiome-metabolite links,
such linkages can be found in the current microbiome-
metabolome data (Noecker et al., 2019). As is commonly stated,
a correlation doesn’t mean a causation or a true biological
interaction. However, statistically significant correlations do help
generate hypotheses and guide experimental efforts. Indeed,
appropriately designed and carefully executed experiments are
indispensable for confirming the hypotheses about the role of
specific metabolites in plant-microbiome interactions. In the
sections below, we first describe evidence for and a general model
of PSMs-plant microbiome interactions. We then use specific
examples to show how PSMs influence plant microbiomes
(see section “Evidence for Specific PSMs Modulating the Plant
Microbiome”) and how plant microbiomes influence PSMs (see
section “Plant Microbiomes Contribute to the Productions of
PSMs”). We then describe how the PSMs-plant microbiome
interactions could be used for crop production (see section
“PSMs—Microbiome Interactions Impact Crop Breeding, Abiotic

Stress Response, and Plant Invasion”). We finish by discussing
potential areas for future research.

EVIDENCE AND MODEL FRAMEWORK
FOR INTERACTIONS BETWEEN PLANT
SECONDARY METABOLITES AND
PLANT MICROBIOMES

As shown by Koberl et al. (2013), the same plants grown
in different locations may produce different SMs, with some
of the differences attributed to their associated microbes at
different sites. Microbes adapted to specific locations and
associated with specific plants may produce unique effects on
host plants, including the production of SMs (Huang et al,
2018). For example, Methylobacterium was found to be involved
in modulating the production of phytometabolites associated
with flavor and in metabolizing plant host compounds, including
volatile organic compounds (VOC) (Brader et al., 2014). Indeed,
the induction of PSMs by endophytes may be a very general
phenomenon in aromatic and medicinal plants. For example,
several studies have shown that root exudates containing
compounds such as aromatic organic acids (nicotinic, shikimic,
salicylic, cinnamic, and indole-3-acetic acids) could shape the
root microbiome (rhizobiome), which subsequently influenced
root—microbe interactions (Sasse et al., 2018; Cotton et al., 2019).
The combinations of plant exudation and microbial nutrient
traits could interact to produce unique microbial community
assemblies (Zhalnina et al., 2018). These studies have led to
a proposed framework for studying the relationship between
microbiome and PSMs, as depicted in Figure 2.

Interactions between legume plants and their rhizobia
represent among the best studied models of PSMs-microbe
interactions. Besides being economically important crops for
food and forage, legume plants (such as pea, soybean, peanuts,
clover, and alfalfa) and rhizobia have been used for decades
for revealing how secondary metabolites from both partners
mediate their interactions to establish root nodules for biological
nitrogen fixation. Previous studies have observed a higher
abundance of symbiotic rhizobia in the root microbiome
of legume plants (70% with clover Trifolium) than that of
bulk soil or the root microbiome of other plants (Hartman
et al, 2017; Zhang et al., 2018). Soybean (Glycine max) is an
example of legume plants that has been studied extensively
for its mutualistic relationships with nitrogen-fixing rhizobia
and arbuscular mycorrhizal fungi. Soybeans secrete various
specialized metabolites such as isoflavones and saponins into the
soil (Sugiyama, 2019). Specifically, isoflavones and strigolactones
are signal molecules for symbioses between soybean with
rhizobia and arbuscular mycorrhizal fungi, respectively. During
symbiosis, a hallmark feature of legume plants is that their roots
secrete flavonoids/isoflavones [such as condensed tannins (CTs,
prodelphinidins and procyanidins), daidzein and genistein)] into
the rhizosphere as signal compounds to attract nitrogen-fixing
bacteria such as Ensifer (formerly Sinorhizobium), Rhizobium,
Allorhizobium, Mesorhizobium, Neorhizobium, Azorhizobium,
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Pararhizobium, and Bradyrhizobium (Hartman et al., 2017).
Similarly, bacteria in the genera Cupriavidus, Paraburkholderia,
and Trinickia also form mutualistic interactions with
Papilionoideae and Caesalpinioideae to establish nodulation. The
analysis of rhizosphere microbiomes between plants with and
without isoflavone synthetase revealed that isoflavones exerted
significant influence on the abundance of Xanthomonadaceae
and Comamonadaceae (White et al., 2017). In addition, a recent
study indicated that daidzein had a significant effect on soybean
root microbiome, showing a concentration-specific effect on
the bacterial community assemblage (Okutani et al., 2020).
Specifically, the results suggested that daidzein functions both
as an attractant and a repellent for different groups of bacteria.
When the concentration of daidzein is high in the rhizosphere,
there is an increased abundance of Comamonadaceae while
rhizobia abundance was decreased, causing an overall reduced
a-diversity. The overall reduced microbial diversity was probably
because daidzein is not a preferred carbon source of rhizobia,
different from several other bacteria that were enriched in
daidzein-treated soils. In addition, a study showed that root-
root interactions between the broad bean (Vicia faba) and
maize significantly increased both nodulation and symbiotic
N, fixation in intercropped V. faba (Li et al., 2016). However,

while root exudates from maize promoted faba bean nodulation
(flavonoids), root exudates from wheat and barley did not
(Li et al., 2016). Recently, an interesting study suggested that
cyanide production by cassava (Manihot esculenta Crantz) can
trigger ethylene production in adjacent peanut (Arachis hypogaea
L.) roots (Chen Y. et al, 2020), which subsequently changed
the microbial composition and re-assembled the microbial
co-occurrence network of peanut plants, causing an increased
abundance of Catenulispora spp., an actinobacterium. However,
the full details of this specific relationship between legume plants
and rhizobia remain to be elucidated.

Apart from impacting legume and bacterial interactions,
flavanones (such as strigolactones) can positively influence the
growth of ectomycorrhizal fungi and increase the colonization of
AM fungi. For example, flavanones can enhance the germination
of spores of ectomycorrhizal fungi in genera Pisolithus and
Suillus as well as stimulate the production of symbiotic effector
protein in the mushroom Laccaria bicolor (Garcia et al., 2015;
Pei et al., 2020). In contrast, the suppression of flavonoids and
phenylpropanoid pathway secretion reduced the endophytes and
ectomycorrhizal colonization of the maize and poplar roots,
respectively (Mehmood et al., 2020). At present, the mechanisms
of their interactions remain unclear.
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EVIDENCE FOR SPECIFIC PSMs
MODULATING THE PLANT
MICROBIOME

Plants exude both low-molecular-weight compounds (such as
phenolics, amino acids, nucleotides, sugars, terpenoids, and
lipids) and high-molecular-weight compounds (such as nucleic
acids, polysaccharides, and proteins). The types of compounds
and their relative abundances depend on the species of plants,
their growth and developmental stages, and presence of stress
(abiotic, biotic) factors (Korenblum et al., 2020). The key classes
of PSMs are either non-volatile compounds or VOCs. Plant
roots secrete PSMs into the rhizosphere and/or soil environment
actively using ATP as the energy source and passively through
diffusion. PSMs are also released when root tissues and cells are
detached from roots. After entering into the rhizosphere and
soil, most PSMs may be quickly utilized by soil microbes, but
some can remain in the rhizosphere and mediate interactions
among organisms (Sugiyama and Yazaki, 2014). The roles
of root exudates in plant-microbe chemical interactions in
the rhizosphere is increasingly recognized (Sasse et al., 2018;
Yuan et al., 2018; Williams and de Vries, 2020). Furthermore,
different rhizodeposits can influence the rhizosphere microbiome
composition differently (Pascale et al., 2020). Some root PSMs
can affect the assembly of the root microbiome even before
microbes reach the root surface (Sasse et al., 2018). Recent studies
showed that selected SMs including coumarin, triterpenes,
flavonoid, benzoxazinoid, and phytohormones can impact the
proliferation or suppression of specific microbes around the root
of host plants (Holmer et al., 2017; Hu et al., 2018; Chen Q. et al.,
2019; Voges et al., 2019; Chen Q.-L. et al., 2020). These results call
for further investigations into how natural habitat variation, crop
genetic variation, and plant introduction between locations can
potentially affect the PSMs and the recruitment and assembly of
plant microbiome.

Coumarin, Benzoxazinoid, Terpenes, and
Other Root-Exuded Molecules Modulate

Root Microbiome

Plant secondary metabolites capable of changing plant
microbiomes belong to diverse classes, including phenolics,
benzoxazinoids, terpenes, and alkaloids (Cotton et al,
2019; Voges et al,, 2019; Wang and Niu, 2019). Non-volatile
compounds such as coumarins and flavonoids are produced
by many plant species and are common in the rhizosphere.
Coumarins are a family of plant-derived SMs produced via
the phenylpropanoid pathway, and are involved in responses
of dicotyledonous plants to iron deficiency (Stringlis et al.,
2019). Recent studies suggested that coumarins, a sub-group of
phenolic compounds, can influence the rhizosphere microbiome
composition and exhibit differential toxicity against beneficial
and pathogenic microorganisms (Lundberg and Teixeira,
2018; Voges et al, 2019). For example, a coumarin-deficient
Arabidopsis mutant with beta-glucosidase gene BGLU42
knocked out showed an increase in the relative abundance of
Proteobacteria and a decrease of Firmicutes around its root

(Stringlis et al., 2018, 2019). Further experiments showed that
one specific coumarin compound called scopoletin inhibited
the growth of soilborne pathogens whereas rhizobacteria were
not affected. This was further confirmed by evidence showing
that coumarins could shape the composition of a SynCom,
where the abundance of Pseudomonas was significantly higher in
coumarin-deficient Arabidopsis f6’h1 mutants than in wild-type
plants (Voges et al., 2019). A recent excellent review described
coumarins as the “new kids on the block” in the chemical
communications between plant roots and root microbiomes
(Stassen et al., 2020).

Recent studies found that benzoxazinoids (BXs), SMs
produced by several Poaceae species, and several downstream
metabolites, could act as allelochemicals and natural pesticides
on the root microbiome (Hu et al., 2018; Cotton et al., 2019;
Kudjordjie et al., 2019; Schiitz et al., 2019; Jacoby et al., 2020).
Specifically, Hu et al. (2018) used a benzoxazinoids deficient
maize mutant bxI and found that different bacterial and fungal
communities were assembled in the roots of the mutants
compared to wild-type maize. Another research used different
maize BX mutant materials (BX knockout mutants, bxI, bx2, and
bx6, and their near-isogenic W22-based controls T43 and a;-m3),
and found similar results (Kudjordjie et al., 2019). Interestingly,
such effects could be detected over several generations of
the maize crop, suggesting that these molecules are likely
key agents in plant-soil microbe feedback interactions (Jacoby
et al,, 2020). Overall, benzoxazinoids enriched Methylophilaceae
bacteria while repressed Xanthomonadaceae (Cotton et al., 2019),
likely due to their differential ability to use benzoxazolinones as
carbon and energy sources (Schiitz et al., 2019).

Similar to the benzoxazinoids, camalexin, an indolic
compound, can also modulate the functionality of root
microbiome (Koprivova et al, 2019). Loss of function of
CYP71A27, a root-specific gene involved in the synthesis of
camalexin, affected not only the soil microbiome but also led
to the loss of plant growth-promoting effect by Pseudomonas.
However, loss of the growth-promoting effect in the CYP71A27
mutants could be complemented chemically by the addition of
camalexin. Taken together, these results suggested camalexin’s
beneficial effects on plants by mediating the interaction between
plant roots and microbes (Koprivova et al., 2019).

Terpenoids are a major component of the root-specialized
metabolites. They contribute to the assembly of Arabidopsis-
specific root microbiome by regulating the growth of specific
root bacteria (Wang and Niu, 2019). One group of terpenoids
is the triterpenes, synthesized via the mevalonate pathway that
can accumulate in plant tissues as triterpene glycosides (Pascale
et al, 2020). Recent experiments investigated the effects of
triterpene and sesterterpene biosynthesis on Arabidopsis root
microbiome assembly. The results showed that the compositions
of the root microbiome communities of the triterpene and
sesterterpene biosynthesis mutants were significantly different
from those of the wild-type plants (Chen Q. et al., 2019; Huang
etal., 2019). The authors further investigated whether triterpenes
regulated Arabidopsis root bacteria using purified triterpene
compounds. Growth assays of selected microbial strains
showed that purified triterpenes stimulated the proliferation
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of Arenimonas while inhibited the growth of Arthrobacter
(Huang et al., 2019).

Some of the known PSMs have potent antibiotic activities.
Plants secreting such compounds may create additional
constraints on the groups of bacteria that can grow in the
specific plant microbiome (Huang et al., 2018). For example,
flavonoids have potent antimicrobial activity against a wide
range of pathogenic microorganisms in vitro (Gorniak et al,
2019). In addition, some PSMs such as flavonoids are not only
associated with the regulation of symbiosis between plants
and microbes (e.g., arbuscular mycorrhizal, ectomycorrhizal,
rhizobial, and actinorhizal symbioses), but also as quorum-
sensing (QS) inducers for communications among microbes.
Different legumes produce unique flavonoids that bind to specific
NodD proteins on the surface of rhizobia strains and species to
regulate their symbiosis (Holmer et al., 2017). Application of 7,
4'-dihydroxyflavone, the most abundant flavonoid in the root
exudate of Medicago sativa, to bulk soil caused significant changes
of the relative richness of Acidobacteria (increased), Gaiella,
Nocardioidaceae, and Thermomonosporacea (reduced). These
microbes are known to interact with plant roots (Szoboszlay
et al,, 2016). Similarly, catecholic coumarins, benzoxazinoid,
terpenes, jasmonate, indole glucosinolates, daidzein and others
compounds also have antibacterial activity (Maggini et al., 2018;
Rajniak et al., 2018; Dubey et al., 2020). Decades of research
have demonstrated that a large number of secondary metabolites
are involved in plant defense response to pathogens (Wang
et al., 2020). Indeed, some of these PSMs have been used in
antimicrobial scaffolds (Trda et al., 2019). There is increasing
interests in mining bioactive compounds from economic crops
such as garlic and ginger who are rich in allicin and curcumin
etc. as natural antimicrobial compounds in healthy foods.

Volatile Organic Compounds From

Plants Modulate Plant Microbiome

Apart from soluble secondary metabolites mentioned above,
plants also release various VOCs which constitute an estimated
1% of PSMs (Venturi and Keel, 2016). Due to their unique
physico-chemical properties, VOCs can easily diffuse through
gas- and water- filled pores in the soil and can, therefore, have a
broad effective range in soil (Schulz-Bohm et al., 2018), including
mediating interactions with surrounding soil microorganisms.
Examples of major plant VOCs include aldehydes, terpenoids,
phenylpropanoids, and common monoterpenes limonene,
B-pinene, benzenoids, and p-caryophyllene. Many of these
VOCs have antimicrobial properties and can strongly influence
plant microbiomes, including that on the plant phyllosphere
(Farré-Armengol et al, 2016). A recent study evaluated the
antimicrobial and anti-quorum sensing (QS) properties of 29
common essential oil compounds from plants. Twenty-two of
these 29 compounds were identified to have QS-inhibitory ability,
while seven promoted the QS to a variable extent in populations
of two bacteria Chromobacterium violaceum and Pseudomonas
aeruginosa (Peter et al, 2019). These results suggested that
QS-inhibitory compounds of natural plant origins could be
used to formulate a new generation of antimicrobial agents. In

addition, another recent study found that the attraction of certain
bacteria with antifungal properties through soil toward roots
could be stimulated by VOCs (e.g., propanal, y-nonalactone, and
dimethyl disulfide) produced by Carex arenaria roots, with the
cell numbers of Janthinobacterium, Collimonas, and Paenibacillus
increased by up to three times higher as compared to those in
the control soil samples without C. arenaria (Schulz-Bohm et al.,
2018). However, the soil microbes were not equally attracted by
VOC:s to colonize plant roots.

Due to their antimicrobial effects and their potential role
as carbon sources, plant VOCs can play significant roles in
determining the characteristics of the microbiome on the above-
ground plant surfaces (including stems, leaves, flowers, and
fruits). A recent study found that mutation in CYP706A3, a
clustered terpene synthase and a cytochrome P450 encoding
gene, suppressed sesquiterpene and monoterpene emissions in
Arabidopsis flowers and changed the floral microbial OTUs in
the genus Pseudomonas (Boachon et al, 2019a). This study
suggested that the CYP706A3-generated soluble metabolites
played a role in the assembly of specific bacterial taxa colonizing
Arabidopsis flowers. Furthermore, the floral microbiome may
contribute to VOC productions, thereby inducing or reducing
the emission of VOCs, and potentially catabolize others.
The results suggested that bacteria belonging to the genera
Staphylococcus, Bacillus, and Sphingomonas could exploit certain
plant VOCs as carbon source, which may reduce their emission
rates (Helletsgruber et al., 2017). These bacterial groups
contribute to floral scent differences among flowers. One study
found that in bee-pollinated Penstemon digitalis, the nectar
volatile linalool could slow the growth of bacteria across
the P. digitalis phyllosphere (Burdon et al, 2018). Another
recent study showed that B-caryophyllene in tomato leaves can
act as a signature VOC, which can lead to the release of
a large amount of salicylic acid (SA) from adjacent tomato
roots, and contribute to their similar rhizosphere microbial
communities (up to 69%) (Kong et al., 2020). Together, these
studies show that the plant VOC-microbiome interactions are
widespread and are of great ecological interests. A recent
review provided an excellent account of the interaction between
the phyllosphere or rhizosphere microbiomes and plant VOC
emissions (Schenkel et al., 2019).

Phytohormones Modulate the Plant
Microbiome

Phytohormones are an integral part of the plant defense system,
commonly known as the plants systemic acquired resistance
(SAR) and induced systemic resistance (ISR). Phytohormones
are a class of small bioactive molecules (Chen X. et al., 2020).
In addition to regulating plant physiological and morphological
responses, phytohormones also impact the plant microbiome.
Phytohormones known to influence plant microbiomes include
SA, jasmonic acid (JA), ethylene (ET), abscisic acid (ABA), and
strigolactones (SL). Below we briefly review these findings.

The first study on the potential effect of SA on the phyllosphere
microbiome examined an SA mutant of Arabidopsis thaliana
and found limited difference in the phyllosphere microbiome
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between the SA mutant and the wild-type (Bodenhausen et al.,
2014). However, a different study found SA to be capable
of modulating the root microbiome of A. thaliana (Lebeis
et al., 2015). Specifically, plants with altered SA signaling
had root microbiomes that differed from each other in
their relative abundance of Proteobacteria, Koribacteraceae,
Intrasporangiaceae, Kineosporiaceae, ~Micromonosporaceae,
Nocardioidaceae as well as the core microbiome when compared
with those of wild-type plants. The study further showed
that different bacterial strains responded to SA in different
ways, either as a growth signal or as a carbon source, which
in turn affected the root microbiome. While the induction of
SA-mediated defenses reduced endophytic bacterial community
diversity in Arabidopsis (Kniskern et al., 2007), certain members
of the endophytic microbiome showed evidence of SA-related
dependence for successful colonization. One study showed that
in wheat, SA caused changes in microbiome through allelopathy
(Kong et al., 2018).

Similarly, the effects of JA on plant microbiome are also
evident. One study suggested that JA signaling was involved in
controlling the density of Azoarcus endophyte, thereby shaping
the beneficial microbiome in rice roots (Chen X. et al., 2020).
The activation of JA-dependent defense mechanisms led to
suppression of the SA-mediated defenses against the hemi
biotrophic pathogen P. syringae pv. tomato (Wasternack and
Hause, 2013). However, the addition of external methyl-JA
also affected the root microbiome of A. thaliana (Carvalhais
et al., 2013) and wheat (Liu et al, 2017). Here, JA acted
as a SAR inducer in leaves to impact both the phyllosphere
and endophytic microbiomes. Apart from JA, derivatives of
JA are also capable of influencing the plant root microbiome
(Carvalhais et al., 2017; Sasse et al., 2018). Compared with
the wild-type, Arabidopsis mutants with JA signaling pathway
defects showed lower amounts of asparagine, ornithine, and
tryptophan, as well as increased abundance of Streptomyces,
Bacillus, Enterobacteriaceae, and Lysinibacillus taxa, in the root
microbiome (Carvalhais et al., 2015). A study in 2007 showed that
plants deficient in JA-mediated defenses had greater epiphytic
bacterial diversity (Kniskern et al., 2007).

In addition to JA and SA, ethylene (ET), another
phytohormone, can also diffuse through air- and water-
filled pores in the soil (Broekgaarden et al., 2015). Similar to SA
and JA, ET can modulate arbuscular mycorrhizal colonization
and root nodulation in legume-rhizobia symbioses (Nascimento
et al,, 2018). Therefore, like many VOCs, ET has a wide effective
range in soil, including mediating long-distance attraction of
bacteria to roots. For example, studies on ET mutants showed
that mutations in the ein2 gene altered rhizosphere microbiome
(Doornbos et al,, 2011). A recent study also suggested that ET
production in peanut roots induced by cyanide could alter the
microbiome and re-assembled the microbial co-occurrence
network of peanuts by increasing the abundance of Catenulispora
sp., a keystone actinobacterium, in the intercropped peanut
rhizosphere (Chen Y. et al., 2020). While the mechanism of how
ET works in mediating the plant microbiome is not known,
one study suggested that glucosinolate might be involved
(Pangesti et al., 2016).

Different phytohormones induce different effects on plant
microbiomes. ABA is a common phytohormone and the
exogenous application of ABA caused a preferential selection for
microbes in the genera Limnobacter, Massilia, and Cellvibrio in
a potting soil mixture (Carvalhais et al., 2014). Strigolactones
(SL) are commonly exuded from roots under phosphate or
nitrogen starvations to attract AM fungi, and their biosynthesis
are downregulated after colonization of AM fungi. In contrast,
SA, ET, and gibberellins (GA) can all inhibit both AM and
root nodule symbiosis (Rodriguez et al., 2019). A recent study
found that SL-mediated metabolic pathways are likely involved
in the regulation of root microbiome in rice. In SL deficient
mutants, there was a higher bacterial richness and a lower fungal
diversity than the wild-type plants (Nasir et al., 2019). In addition,
certain beneficial bacteria, including those in Nitrosomonadaceae
and Rhodanobacter, were significantly decreased in SL mutants
compared to the WT (Nasir et al., 2019). Two recent reviews
summarized the relevant research progress of ABA and SL as
regulators of plant-microbiome interactions (Shtark et al., 2018;
Nasir et al., 2020).

Plant microbiomes contain many beneficial and pathogenic
microbes. Overtime, plants have evolved mechanisms to
recognize these microbes and correspondingly reprogram
their defenses to enable or limit the colonization of specific
microbes (Zhou et al, 2020). Apart from the pathways
specific for phytohormones, the different phytohormone
signaling pathways are interconnected at the molecular
and phenotypic levels (Rodriguez et al, 2019). Some
of the phytohormones act antagonistically with each
other, potentially enabling certain microbes to exploit
such antagonism to evade host defense and facilitate
their own colonization (Jha et al, 2018). During this
dynamic interactions, the plant microbiome may also
develop resistance to PSMs (Chen Q.-L. et al, 2020).
There is an increasing interest in this expanding field of
phytohormone-microbiome interactions for both fundamental
and applied research.

Infected Plants Recruit Beneficial

Microbes

Interestingly, plants infected by pathogens may change their
root exudates which may serve as signals to recruit beneficial
root microbes. For example, upon attack by fluorescent
pseudomonads (P. protegens), Ordeum vulgare L. selectively
recruited the Fluorescent pseudomonads carrying antifungal
traits to its root microbiome. Such a recruitment leads to a
reduced impact by the pathogen on host plants (Dudenhoffer
et al., 2016). The same phenomenon was found in citrus root-
associated microbiome change upon infection by Huanglongbing
(HLB) (Zhang et al, 2017). In Arabidopsis, plants challenged
by the foliar pathogen Pseudomonas syringae pv. tomato (Pst)
exudated lower levels of sugars, alcohols, and short-chain organic
acids (SCOAs) and higher levels of amino acids, nucleotides,
and long-chain organic acids (LCOAs). These changes lead to
the recruitment of beneficial rhizosphere microbes, including
a few in Proteobacteria (Yuan et al, 2018). Similarly, the
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infection of sugar beets by the wilt fungal pathogen Rhizoctonia
solani caused the enrichment of several endophytic bacteria
belonging to Chitinophaga, Flavobacterium, and Pseudomonas
species resulting in an activation of their biosynthetic gene
clusters to suppress the fungal pathogen (Carrion et al., 2019).
These organisms produce antifungal effectors, including cell
wall-degrading enzymes, and secondary metabolites such as
phenazines, polyketides, and siderophores, that can contribute to
their effects on the root mycobiome.

Secreted Root Mucilage Shapes the

Nitrogen-Fixation Microbiome

A study on Mexican maize found that the mucilage associated
with the aerial roots of Sierra Mixe maize Z. mays ssp. mexicana
(teosinte) can feed a complex diazotrophic microbiome. The
diazotrophic microbiome includes microbes containing active
nitrogenase, and the fixed nitrogen can be efficiently transported
from the nitrogen-fixing microbes to host plants (Van Deynze
et al., 2018). Interestingly, this mechanism allows maize to fix
up to 82% of its nitrogen needs from the atmosphere. The
maize mucilage was rich in monosaccharides such as arabinose,
fucose, galactose, xylose, glucuronic acid, and mannose. Unlike
most modern maize varieties, the Sierra Mixe maize variety
can develop extensive aerial roots and secrete large amounts of
mucilage after rain (Bennett et al., 2020). The monosaccharides
in mucilage is not commonly found in plant cell walls and
may select for specific mutualistic, nitrogen-fixing bacteria
that are uniquely capable of degrading and consuming the
mucilage mono- and poly- polysaccharide in exchange for fixing
atmospheric nitrogen to benefit the plants (Amicucci et al.,
2019). The study paves the way toward developing innovative
strategies for biological nitrogen fixation in cereal plants. Indeed,
a model for plant-microbe association capable of supporting
diazotrophic activity was proposed to support nitrogen fixation
in cereal crops (Bennett et al., 2020). On the other hand, mucilage
may contain proteins and other metabolites with antimicrobials
that function in defense against fungal and bacterial pathogens
(Sasse et al., 2018).

PLANT MICROBIOMES CONTRIBUTE TO
THE PRODUCTIONS OF PSMs

Previous studies have highlighted the capabilities of plant
microbiomes to influence important plant traits, such as growth,
abiotic stress tolerance, resistance to infectious diseases, and
the synthesis of plant growth promoting (PGP) hormones. At
present, our understanding of the effects of the microbiome
on PSMs, including their mechanism of action remains quite
limited. This is different from the large body of literature
showing how PSMs can shape the plant-microbiome structure.
Improved understanding of PSMs profiles could be achieved by
investigating the interaction of the plant (especially medicinal
plants and economic crops) with their microbiomes. According
to a recent study by Finkel et al. (2020), bacteria in the genus
Variovorax manipulated Arabidopsis root growth and host plant
auxin and ethylene levels to influence the development of the
Arabidopsis root.

Microbiomes Contribute to Productions
of PSMs in Medicinal Plants

For medicinal plants, investigations have shown that the
plant microbiomes could influence host plants’ productivity of
important medicinal components such as alkaloids, steroids,
terpenoids, etc. For example, two recent studies indicated
that plant-microbiome interactions could improve biomass
production of Salvia miltiorrhiza and influence tanshinone
production, which is the major class of bioactive medicinal
components from this plant (Chen et al., 2018; Huang et al,,
2018). In this study, S. miltiorrhiza possesses a distinctive
seed-associated microbiome, including Pantoea, Pseudomonas,
Sphingomonas, and Dothideomycetes. This microbiome contains
a gene reservoir related to the synthesis of forterpenoid
backbone and other compounds, thus providing additional
metabolic capabilities to host plants (Chen et al, 2018).
Another study suggested that Echinacea purpurea is an excellent
model for studying medicinal plant-microbiome interactions
(Maggini et al., 2020). The E. purpurea microbiome (bacterial
strains isolated from stems and leaves) interaction model
showed that microbiome can affect the production of VOCs,
phenylpropanoid, and alkamides in the plants (Maggini et al.,
2017, 2019a,b).

Microbiome Contributes to Functional
PSMs of Economic Crops and Other

Plants

Aside from medicinal plants, other economic crops, such
as Cannabis sativa, are attractive host plants to investigate
plant-microbiome interactions. Cannabis sativa produces
many functional secondary metabolites. Recent research
showed that the endophytic bacteria (plant growth-promoting
bacteria, PGPR) consortium within C. sativa included
Azospirillum  brasilense, ~ Gluconacetobacter — diazotrophicus,
Burkholderia ambifaria, and Herbaspirillum  seropedicae.
These endophytic microbes facilitated the growth and
development of Cannabis and the accumulation of A9-
tetrahydrocannabinol (THC) and cannabidiol (CBD) (Pagnani
et al., 2018; Taghinasab and Jabaji, 2020).

Similarly, inoculation of Papaver somniferum L. with a
consortium of Marmoricola sp. and Acinetobacter sp. increased
the morphine yield by enhancing the expression of COR, a key
gene for morphine biosynthesis (Ray T. et al., 2019). In addition,
three fungal endophytes (Fusarium redolens, Phialemoniopsis
cornearis, and Macrophomina pseudophaseolina) were found
to regulate forskolin biosynthesis in Coleus forskohlii (Mastan
et al.,, 2019). Plants can also detect certain molecules released
by microbiomes through a chemical recognition system, which
can subsequently trigger plants to generate signal transduction
networks and make corresponding changes in related gene
activities, and leading to the accumulation of certain PSMs
(Tidke et al, 2019). Importantly, horizontal gene transfer
(HGT) in plants-endophytes may also lead to changes in
plant secondary metabolic products (Wang et al, 2019).
One recent study showed that local colonization of roots by
bacteria in the genus Bacillus triggered systemic exudation
of acylsugars SMs in tomato (Korenblum et al, 2020). Both
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leaf and root metabolomes and transcriptomes changed due
to differences in the root microbiome community structure,
with different microbiomes inducing specific changes in tomato
root exudation, a process called the systemically induced
root exudation of PSMs (SIREM) (Korenblum et al., 2020).
However, the underlying molecular mechanisms of functional
PSMs synthesis regulated by microbiome- have not been
completely elucidated.

Microbiomes Influence Plant VOCs

Plant microbiomes can participate in and/or influence the
production of plant VOCs. For example, the suppression of
phyllospheric microbiome in Sambucus nigra by antibiotic
fumigation also changed the composition and proportion of
terpenes in the volatile mix (Pefuelas et al., 2014). This result
was confirmed in a later research showing that the application of
antibiotics decreased the concentration of acetyl-CoA, citraconic
acid, isoleucine, and several other PSMs (such as terpenes and
phenols in the epiphytic extracts) in the same plant S. nigra
(Gargallo-Garriga et al., 2016). Similar observations were made
in Penstemon digitalis (Burdon et al., 2018), Arabidopsis thaliana
(Raza et al., 2020), Brassica rapa (Helletsgruber et al., 2017),
petunia (Boachon et al., 2019b), and Atractylodes lancea (Zhou
et al.,, 2018). A recent review provided an excellent summary
on the effects of plant microbiomes on plant VOC emissions
(Schenkel et al., 2019).

Are Secondary Metabolites From Plants
or Their Microbiomes?

The subsections above discussed how the plant microbiome
could contribute to host PSMs. However, it is entirely
possible that some of these so-called “PSMs” could be the
biosynthetic products of their plant microbiome, including
those by their endophytic microbes. Endophytes can produce
diverse classes of phytochemicals, including podophyllotoxin,
paclitaxel (taxol), deoxypodophyllotoxin, and camptothecin
that are also produced by plants (Etalo et al, 2018b;
Furtado et al., 2019; Mastan et al., 2019). A previous review
discussed endophytic microbiome as potential sources of
bioactive compounds (Ray S. et al, 2019). It is necessary
to distinguish which of these compounds are produced
by host plants and which ones by the plant microbiome.
Such knowledge will help with novel developments in the
in situ analysis of metabolites during the interaction between
plants and microbes.

Aside from produce secondary metabolites similar to those
produced by plants, endophytes can metabolize secondary
compounds produced by host plants. For example, the
leaf endophytic mycobiome could metabolize glycosylated
flavonoids, the secondary metabolome of Cephalotaxus
harringtonia (Tian et al, 2014). In another example,
deglycosylated flavonoids showed beneficial effects on the
hyphal growth of their endophytic fungi. Similarly, the
biotransformation of Huperzine has also been found in fungal
endophytes of Huperzia serrata (Zhan et al., 2019). Two recent
reviews summarized microbiome-induced metabolic changes

in roots and shoots of various crop species (Korenblum and
Aharoni, 2019; Ray S. et al.,, 2019).

Microbial Secondary Metabolites (MSMs)

Influence Plant Traits

While the focus of this review is on how PSMs impact
plant microbiomes and how the plant microbiomes can
influence the production of PSMs, there have been extensive
documentations of how microbial secondary metabolites (MSMs)
can impact plant growth and development. Here we describe
a few examples. On the one hand, many plant pathogenic
microbes can secrete toxins that cause diseases and death to
plants. For example, sphinganine-analog mycotoxins including
fumonisins and AAL-toxins produced by plant pathogenic
fungi in the Fusarium genus and in Alternaria alternata
f. sp. Lycopersici respectively have diverse cytotoxicity and
phytotoxicity and are a destructive force to crop production
worldwide (Chen J. et al, 2020). On the other hand, there
are many examples of bacteria and fungi that produce
plant growth - promoting SMs. For example, rhizobacterium
Bacillus tequilensis SSBO7 produces several phytohormones
including gibberellins (GA1, GA3, GA5, GA8, GA19, GA24,
and GA53), indole-3-acetic acid, and ABA. Application of
B. tequilensis SSBO7 enhanced the growth of Chinese cabbage
seedlings and increased the shoot length and biomass, leaf
development, and photosynthetic pigment contents of soybeans.
For B. tequilensis SSB07, its plant growth-enhancing effects were
further increased under heat stress, by significantly upregulating
the endogenous JA and SA contents in the soybean phyllosphere
while down-regulating the production of stress-responsive ABA
(Kang et al., 2019).

The positive effects of MSMs on plant growths are shown
not only for agricultural crops and vegetables but also for
trees. For example, two bacterial strains, Bacillus sp. s50 and
Paenibacillus sp. s37, recently showed significant effects on Abies
nordmanniana, the most common Christmas tree species in
the world. Both bacteria produced high quantities of indole-3-
acetic acid, with Bacillus sp. s50 increased the seed germination
rate and systemic resistance to pathogens while Paenibacillus sp.
37 increased plant root growth in both greenhouse and field
conditions (Garcia-Lemos et al., 2020). Similar to those found
in PGP rhizobacteria, several fungal species such as Trichoderma
virens are also known to produce indole-3-acetic acid and other
auxin-related compounds to positively impact the growth and
development of plants, including rice, cotton, and Arabidopsis
(Contreras-Cornejo et al., 2009).

Aside from phytohormones, the plant microbiomes can also
produce abundant VOCs that can impact plant phenotypes
(Kai et al,, 2009). Many VOCs have been reported from the
plant microbiome, including alcohols, aldehydes, ammonia,
acids, ketones, esters, and terpenes. These microbial VOCs
can influence plant communications, participate in defense
against pathogens, and promote plant growth and development
(Ortiz-Castro et al., 2009). For example, VOCs emitted by
the Bacillus subtilis GB03 can trigger changes in major
hormonal signaling networks in A. thaliana and impact
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the expressions of over 600 genes related to cell wall
modifications, primary and secondary metabolisms, stress
responses and auxin homeostasis (Zhang et al., 2007). The
VOCs emitted by strain B. subtilis GB03 included short-
chained alcohols, aldehydes, acids, esters, ketones, hydrocarbons,
and sulfur-containing compounds and these VOCs increased
photosynthetic efficiency and chlorophyll content in A. thaliana.
Overall, many microbial VOCs analyzed so far showed evidence
of not only impacting plants directly but also indirectly
such as by regulating the activities of herbivorous insects
and plant parasitic nematodes (Hansen and Moran, 2014;
Zhang et al., 2020).

PSMs-MICROBIOME INTERACTIONS
IMPACT CROP BREEDING, ABIOTIC
STRESS RESPONSE, AND PLANT
INVASION

Plant hosts and their microbiome are highly interlinked and may
have co-evolved to function as a meta-organism or holobiont
with integrated ecologies. In domesticated crops (predominantly
selected for yield traits), microbiomes can also be domesticated,
causing different cultivars to be preferentially associated with
different microbiomes (Escudero-Martinez and Bulgarelli, 2019).
A number of studies suggested that crop microbiomes may have
been affected by the domestication process in several crops,
including barley (Bulgarelli et al., 2015), rice (Edwards et al.,
2018), and the common bean (Perez-Jaramillo et al., 2019).
These studies revealed the differences in plant microbiomes
between modern cultivars and their wild ancestors in these
species. Further studies identified that domestication changed
root exudates and several secondary metabolites in modern
varieties, likely contributing to the recruitment and maintenance
of the plant microbiomes (Iannucci et al., 2017). The findings on
PSMs-microbiome interactions have provided valuable insights
to guide microbiome-based approaches to improve agricultural
productivity. Given the large species diversity and enormous
number of potential interactions between PSMs and microbes
within individual plants, we are far from understanding the
biology of the plant system and its microbiome (or PSMs and
microbiome). Identifying specific variations in root exudation
among plant species and genotypes could suggest the potential
for manipulation of root exudation or PSMs in agricultural
cultivars, in order to create specific selective effects on the plant
microbiome (Bakker et al., 2012).

Despite many studies on abiotic stress tolerance of crop
species, responses of roots to such stresses have so far largely
been overlooked. A recent review indicated that plant-associated
microbiomes can influence several plant traits including growth
and abiotic stress tolerance (de Vries etal., 2020). Similarly,
host plants also can adapt to changing environments by
adjusting their production of PSMs (Bont et al., 2020). Indeed,
interests in PSMs have been significantly enhanced with the
knowledge of its importance in enhancing abiotic stress tolerance
(de Vries et al., 2020), plant nutrient uptake, and the formation

of humus in soil (Sokol et al, 2019). Such studies suggest
that PSMs may be central to ecosystem responses to abiotic
stresses and that we need an integrated approach to enhance
the joint plant-microbiome responses to stresses. On the one
hand, PSMs through root exudates can be abiotic stress response
mediators. For example, changes in root exudates can help
recruit microbiome associations to improve nutrient and water
retentions (Huang et al, 2017), and to reduce damaging
reactive oxygen species (ROS) by increasing the production
of root peroxidases (Naylor and Coleman-Derr, 2017). The
exudates of Quercus ilex under drought stress contained
primarily SMs (71% of total metabolites) (Gargallo-Garriga
et al., 2018), brought about mainly by regulating the expression
of genes involved in secondary metabolite biosynthesis (Xu
et al, 2018; Varoquaux et al, 2019). The altered PSMs
further influence the structure of root microbiome, including
the recruitment of Actinobacteria, Streptomyces or Firmicutes,
contributing to the plants DefenseBiome and enhancing
the plants’ survival under conditions (Bakker P. A. H. M.
et al, 2018; Liu and Brettell, 2019; Liu H. et al, 2020;
Williams and de Vries, 2020). Together, these studies suggested
that root exudates could serve as signals to reshape root
microbiome, by acting as chemoattractant or nutrition sources
to reconstruct microbiomes to help alleviate abiotic stresses
on host plants. At present, the exact chemicals that promote
such relationships remain largely unknown. Deciphering this
interaction could advance our ability to use microbiome to
enhance abiotic stress tolerance in crop plants (Cheng et al., 2019;
de Vries et al., 2020).

Invasive plants can change element cycling, soil nutrient
pools, and/or soil microbiome that can all potentially accelerate
further invasion and prevent re-establishment of native species
(Stefanowicz et al, 2017). An example is the invasive plant
Ageratina adenophora that changed the local soil microbial
community and further enhanced A. adenophora’s competitive
advantage over native plants (Chen L. et al., 2019). The detection
and allelopathy of plant neighbors are driven by signal chemicals
secreted by roots. There have been many studies on the role
of below-ground function of PSMs-microbiome, such as plants
releasing SMs (also including VOCs) to communicate with
their root microbiome to gain a competitive advantage over
other plants (Schandry and Becker, 2020). An example of PSM
attracting beneficial microbes was shown in maize with exudate
Benzoxazinoids attracting plant-beneficial Pseudomonas strains
to the maize rhizosphere (Ahmad et al., 2011; Cotton et al., 2019).
Another study supported a scenario in which an invasive plant,
the Chinese tallow tree (Triadica sebifera), enhanced its AMF
association and invasion success by changing its root flavonoid
metabolism (Pei et al., 2020). Similar findings have been reported
from thistle (Verbeek and Kotanen, 2019), Spartina alterniflora
(Yang et al., 2019), and others (Kamutando et al., 2019; Pei et al.,
2020). The recruited microbiome of invasive plants could directly
or indirectly interfere their antagonism toward other plants via
SMs, enhancing host plant nutrient acquisition (phosphorous
and nitrogen) and modulating host root physiology (such as root
exudation). Many crop species (including wheat, maize, and rice)
are allelopathic, thus, targeted exploitation of allelopathy among
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plants to reduce weed invasion coupled with a simultaneous
reduction of herbicide application provides an attractive option
for sustainable agriculture (Schandry and Becker, 2020). For
example, investigating model SynComs with various PSMs-
microbiome strategies can help derive methods to suppress
parasitic weeds in agricultural field. Such methods hold great
promise for developing novel integrated crop management
strategies (Masteling et al, 2019). However, although some
PSMs such as several VOCs are among the biochemically
best-characterized allelochemicals, the extent and the molecular
mechanisms by which the release of PSMs influencing the root
microbiome requires further investigation.

Phosphate is a limiting nutrient in most crop fields. However,
the effects of phosphate on microbiome have not been fully
described. At present, there are two opposing types of results.
In the first, microbes recruited by the PSMs under phosphate
limitation provide the plants an advantage in coping with
phosphate limitation (Castrillo et al, 2017; Fabianska et al.,
2019; You et al., 2020). On the other hand, the microbes could
extract the limited amount of phosphate from the soil and
make the phosphate less available to plants (Finkel et al., 2019).
Together, these results suggest that different plant-microbiome
combinations likely react to phosphate limitations differently.
Further research is needed to understand how PSMs might be
involved in mediating the plant-microbiome interactions for
individual species during phosphate starvation.

DISCUSSION AND FUTURE PROSPECTS

While studies on the human (gut) microbiome have stolen
most of the limelight, botanists have also been making progress
toward elucidating the composition and function of plant
microbiomes and PSMs over the last few years. In spite of a
large number of contributions on plant microbiome, a thorough
comprehension on plant microbiome structure, dynamics, and
function associated with PSMs still remains largely unexplored.
One potential area of research involves understanding the
factors influencing plant microbiome assembly, and the signaling
crosstalk in plant-microbiome interactions (Sasse et al., 2018).
On the one hand, systematic research on the associated
microbiomes in model plants, such as Arabidopsis, rice and
maize, could help clarify the roles microbes may play in
modulating the biosynthetic pathways of PSMs. Approaches
such as SynCom may provide both functional and mechanistic
insights into how plants regulate their microbiomes, and on
how the microbiomes influence PSMs. Secondly, the single-
cell genomics and specialized plant metabolome analytical
tools are opening new possibilities for a diversity of potential
research topics. Thirdly, spatial patterns of PSMs-microbiome
interactions are largely unexplored. To improve the root exudate
analysis, several modern technologies such as microfluidics and
bacterial biosensors that respond to selected PSMs have been
introduced (Massalha et al., 2017). And last but not the least,
the underpinning genetic controls on PSMs and how they are
affected by changing microbiomes and environmental conditions
require greater focus.

Methods for Detecting and Tracking
Plant Secondary Metabolites

The focus of this review is on the interaction between
PSMs-microbiome. Thus, its important to discuss methods
for plant metabolome analysis. Metabolome analyses include
data acquisition and processing. Data processing includes data
normalization, peak alignment, and data scaling (Duan and Qj,
2015; Tahir et al., 2019). Several excellent software and websites
are currently available for the processing of NMR and MS data.
These include MZmine 2, XCMS, Open MS, Decon2LS, and MS-
DIAL, all of which have been extensively used for diverse sets of
metabolomics data. Misra (2020) provided a recent review that
summarized over 95 metabolomics tools, software, and database.

In addition, the fine-scale dynamics between the PSMs-
microbiome are of special importance to improve our
understanding on plant-microbe interactions. Indeed, there
is a growing interest in tracing and narrowing PSMs analyses
down to single-cell level, which will be helpful to observe
in-situ metabolism and trace metabolites in plant-microbiome
interaction. Sensitive detection technologies and innovative cell-
sampling techniques are needed to profile and trace metabolites
in single cells. However, the field is still in its infancy for
plant research. As PSMs are accumulated due to the activities
of both host plant and its microbiome, strategies that allow
metabolite traceability should be used to elucidate the origin
of metabolites and to interpret their actions. The studies of
the intestinal microbiome from humans and animals provide
good references from which to design similar studies on plant-
microbiome interactions (Koh et al., 2018; Duncan et al., 2019;
Nemet et al., 2020).

One approach called Exometabolomics could provide novel
insights into root microbiome. This approach investigates
the root-derived compounds as carbon sources consumed by
individual microbial strains and identifies substrate preferences
of individual microbes from a mixture of exuded metabolites
(Jacoby et al, 2018). Unfortunately, tracking the dynamics
of root-microbiome interactions at high spatial resolution is
still time consuming and requires significant expertise. Other
methods include a microfluidics-based approach termed tracking
root interactions system (TRIS) (Massalha et al., 2017) and a root-
microbe interaction chip (RMI-Chip) (Noirot-Gros et al., 2020).
These biosensors (Pini et al., 2017) or microfluidics (Millet et al.,
2019) based methods enable direct imaging of root-microbiome
interactions in real time, and provide spatiotemporal non-
destructive analysis of samples in situ (Lenzewski et al., 2018). On
the other hand, methods for whole-sample metabolic profiling
of non-sterile rhizosphere soil have also been explored (Petriacq
et al., 2017). These novel approaches thus allow researchers
to investigate microbiome substrate preference for a number
of metabolites at the same time, mimicking the real PSMs-
microbiome interactions.

Bioinformatics of Plant

Metabolome-Microbiome Interactions
Aside from the development in hardware for data acquisition,
software that integrates information from both the metabolome
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and the microbiome is also needed. For example, statistical
methods for metabolome-microbiome data integration have been
developed to identify the potential molecular markers driving
their interactions (Lamichhane et al., 2018). Unfortunately,
though improvements have been made, complete annotation of
plant metabolomes is not yet possible (Lucaciu et al., 2019).
Furthermore, there is a lack of in-depth understanding on how to
integrate multi-omics data such as those from the proteome and
transcriptome. The development of more reliable bioinformatics
tools such as neural networks method is also urgent.

Despite these potential problems, recent studies suggested that
untargeted metabolomics datasets showed a closer correlation
with the microbiome data than those of targeted approaches,
especially when they are compared with specific microbial
metabolites (Melnik et al., 2017; Lamichhane et al., 2018). At
present, several metabolite analysis methods are available and
their use depends mainly on study objectives. These metabolic
profiling methods include nontargeted metabolomics, widely
targeted metabolites, metabolite target analysis (targeted), and
metabolite fingerprinting (Tahir et al., 2019). A new integrated
method named ESI-triple quadrupole-linear ion trap (Q TRAP)-
MS (Luo et al, 2016) or ESI-QqTOF-MS (Chen et al., 2013)
for large-scale detection, identification, and quantification of
common metabolites has also been developed (Duncan et al,
2019; Kozuka et al., 2020). However, there is no specialized
database for plant microbiome-metabolome information that is
linked to environmental conditions (Lucaciu et al., 2019). Priority
needs to be given to the development of such databases for
functional interpretation of the increasingly common large-scale
multi-omics plant microbiome data.

Confirming Causal Relationship Between
PSMs—-Microbiome Interactions Using

Synthetic Communities

Both the plant microbiome and PSMs play important roles in
plant health, impacting agriculture and food security (Haney
et al, 2015). Though progresses have been made in our
understanding of their interactions, many questions remain. For
example, which special microbiome was attracted by PSMs and
how to maintain the activities and abundance of PSMs? How
do PSMs discriminate beneficial microbiome from pathogenic
ones? Future research efforts should be devoted to understanding
the modes with which microbiome affects PSMs in various
plant tissues, evaluating the direction and magnitude of changes
in microbiome as mediated by PSMs. Similarly, understanding
how changes in PSMs are affected by the plant microbiomes is
also important. A promising approach to understand reciprocal
effects of plants and their microbiota is through SynCom,
using sequenced and cultivated bacteria to provide simple and
reproducible systems to study PSMs-microbiome interactions
(Duran et al,, 2018; Liu et al, 2019). Such a system allows
precise variations in stress levels, exposure to infectious agents,
phytohormone concentrations and metabolism, nutrition supply,
etc. (Koprivova et al., 2019; Liu H. et al., 2020). Another study
developed a machine learning computational approach to design
SynCom, making it possible to infer causal relationships between

microbiome membership and host plant phenotypes, potentially
allowing the design of novel communities (Herrera Paredes et al.,
2018). In addition, SynComs can be further combined with
PSMs detection technologies. In summary, SynCom systems can
provide crucial insights into the two-way interactions between
PSMs and plant microbiome.

Connecting PSMs-Microbiome
Relationships With Plant Breeding

Plant scientists are beginning to consider the plant microbiome
as plants’ “secondary genome” that can provide host plants with
microbe-derived metabolites and traits. During traditional crop
breeding, breeders select traits for yield or nutrition but not
for PSMs-microbiome relationships. However, as shown above,
microbiomes can respond rapidly to changes in PSMs such as
those in root exudates and in the phyllosphere. Consequently,
the plant microbiome could be treated as a selectable trait during
breeding that could be manipulated chemically through PSMs.
A pre-requisite for success in such a breeding program is a
broad understanding of the relationships and changes of PSMs
and microbiome during crop domestication. As described above,
domestication can modify PSMs - microbiome relationship.
Furthermore, previous studies have shown that different corps
attract different microbiomes and that the microbiomes can
have different effects on different host plants. A recent review
proposed using desirable microbiomes as selective markers to
identify potential beneficial microbiome for specific crop varieties
(Pascale et al., 2020). In this proposal, PSMs play a key role in the
selection process, by attracting various beneficial microbes and/or
repelling detrimental one.

At present, in-depth and systematic investigations on the
effects of the PSMs and functional microbiome on economic
crops are relatively limited. Indeed, the function and dynamics
of PSMs-functional microbiome interactions remain unexplored
in most economic crops. Some economic crops, such as garlic and
ginger, can be widely used as models to analyze such interactions
and to enhance the production of the desirable metabolites
such as allicin and curcumin for commercial purposes. Indeed,
understanding the relationship between economic crop PSMs
and functional microbiome can lead to improved agricultural
practices that enhance plant fitness and increase the yield of
functional secondary metabolites.
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Exploring Biocontrol Agents From
Microbial Keystone Taxa Associated
to Suppressive Soil: A New Attempt
for a Biocontrol Strategy

Yanfen Zheng'", Xiaobin Han?', Donglin Zhao', Keke Wei', Yuan Yuan’, Yigiang Li’,
Minghong Liu?* and Cheng-Sheng Zhang™

"Pest Integrated Management Key Laboratory of China Tobacco, Tobacco Research Institute of Chinese Academy of
Agricultural Sciences, Qingdao, China, ?Biological Organic Fertilizer Engineering Technology Center of China Tobacco, Zunyi
Branch of Guizhou Tobacco Company, Zunyi, China

Recent studies have observed differing microbiomes between disease-suppressive and
disease-conducive soils. However, it remains unclear whether the microbial keystone taxa
in suppressive soil are critical for the suppression of diseases. Bacterial wilt is a common
soil-borne disease caused by Ralstonia solanacearum that affects tobacco plants. In this
study, two contrasting tobacco fields with bacterial wilt disease incidences of 0% (disease
suppressive) and 100% (disease conducive) were observed. Through amplicon sequencing,
as expected, a high abundance of Ralstonia was found in the disease-conducive sail,
while large amounts of potential beneficial bacteria were found in the disease-suppressive
soil. In the fungal community, an abundance of the Fusarium genus, which contains
species that cause Fusarium wilt, showed a positive correlation (p < 0.001) with the
abundance of Ralstonia. Network analysis revealed that the healthy plants had more
complex bacterial networks than the diseased plants. A total of 9 and 13 bacterial keystone
taxa were identified from the disease-suppressive soil and healthy root, respectively.
Accumulated abundance of these bacterial keystones showed a negative correlation
(p < 0.001) with the abundance of Ralstonia. To complement network analysis, culturable
strains were isolated, and three species belonging to Pseudomonas showed high 16S
rRNA gene similarity (98.4-100%) with keystone taxa. These strains displayed strong
inhibition on pathogens and reduced the incidence of bacterial wilt disease in greenhouse
condition. This study highlighted the importance of keystone species in the protection of
crops against pathogen infection and proposed an approach to obtain beneficial bacteria
through identifying keystone species, avoiding large-scale bacterial isolation and cultivation.

Keywords: bacterial wilt disease, microbiome, Biocontrol Agents, network, biocontrol, suppressive soil

INTRODUCTION

Bacterial wilt, a common soil-borne disease caused by Ralstonia solanacearum, occurs
annually in most tobacco cultivation regions and causes huge economic losses (Jiang et al.,
2017a). It has been reported that plants can adjust their microbiome and specifically recruit
disease-resistant and growth-promoting microbes or microbial consortia when they encounter
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a disease (Berendsen et al., 2018). The soil with low disease
incidence even in the coexistence of susceptible plants and
pathogens was defined as disease-suppressive soil. The
mechanisms behind soil-mediated suppression of diseases,
such as bacterial wilt disease in tobacco (Qi et al., 2019;
Zhang et al., 2020), Fusarium wilt in vanilla (Xiong et al.,
2017), Rhizoctonia solani in sugar beet (Mendes et al., 2011),
and black root rot in tobacco (Kyselkova et al., 2009), have
been extensively investigated. The soil microbiome has been
deciphered in detail, and it has been found that the soil
compositions between suppressive and conducive soils are
distinct, although they share similar geographical and climatic
conditions, as well as the same agronomic management.

To prevent and control bacterial wilt disease, hundreds of
beneficial microbes that exhibit suppressive activity against
R. solanacearum have been isolated (Jiang et al.,, 2017a), e.g.,
Pseudomonas spp. (Raaijmakers and Weller, 1998; Mendes et al.,
2011; Hu et al., 2016), Bacillus spp. (Wei et al., 2011; Guo
et al., 2020), Burkholderia spp. (Nion and Toyota, 2008), and
Streptomyces spp. (Boukaew et al., 2011). They control bacterial
wilt disease by producing antibacterial substance and inducing
host systemic resistance. Moreover, it has been indicated that
multiple beneficial microbial consortia or synthetic community
(SynCom) has been shown to be more efficient than the single
isolates in controlling bacterial wilt (Hu et al, 2016; Jiang
et al,, 2017a), suggesting that interactions and synergistic effects
among microbes are critical.

Network analysis is a particularly useful tool to understand
microbe-microbe associations and to visualize co-occurrence
patterns among communities (Barberan et al., 2012; de Vries
et al, 2018; Banerjee et al, 2019). Previous studies have
shown distinct bacterial networks between healthy and diseased
plants (Xiong et al, 2017; Wei et al, 2019). The bacterial
network of healthy soil was more complex and stable than
bacterial wilt-susceptible soil (Qi et al., 2019). Network scores
can be used to identify keystone taxa, i.e., species highly
associated with a microbial community (Berry and Widder,
2014; Banerjee et al., 2018), which have a significant influence
on the community (Agler et al.,, 2016; Banerjee et al., 2016;
Hu et al., 2020). Extensive keystone taxa have been identified
in various terrestrial ecosystems, such as forest (Ding et al.,
2015), agricultural (Jiang et al, 2017b; Wang et al,, 2017a),
and grassland soils (Lupatini et al., 2014). These keystone
taxa can be indicators of plant or soil microbiome shifts
linked to abiotic factors (Zhou et al., 2011; Liang et al., 2016)
and host genotypes (Jiang et al, 2017b). Moreover, Agler
et al. have suggested that microbial keystone taxa are promising
targets in control of plant-pathogen relationships and in
construction  of  beneficial host-associated  microbial
communities (Agler et al, 2016). A previous study showed
that keystone taxa contributed to the divergences in the
microbiome between healthy and diseased tomato status and
demonstrated that the Massilia, Dyadobacter, Terrabacter,
Arachidicoccus, and Dyella genera were potential keystone
taxa in healthy plants (Wei et al, 2019). Qi et al. found
more key microorganisms (e.g., Bacillus and Actinobacteria)
in healthy soil than in bacterial wilt-susceptible soil through

network analysis. However, it remains unclear if these keystone
microbial species have the ability to suppress bacterial wilt.
Additionally, previous studies mainly focused on bacterial
community and network structure, but the impact on fungal
composition and network made by bacterial wilt disease are
little known.

In this study, we observed two contrasting fields. Bacterial
wilt disease incidence was 0% in suppressive soil but 100%
in conducive soil, although they were geographically proximate
and shared the same management. Here, we aimed to answer
the following: (i) How does the bacterial wilt disease change
the microbe-microbe interaction and network structure? (ii)
What is the keystone taxa in suppressive soil? (iii) What is
the relationship between keystone taxa and bacterial wilt disease
pathogen? (iv) Can these keystone taxa reduce the incidence
of bacterial wilt disease? To achieve this, we sampled tobacco
plants from these contrasting fields. Bacterial and fungal
communities were determined by 16S ribosomal RNA (rRNA)
gene and internal transcribed spacer (ITS) amplicon sequencing,
respectively. Network analyses were used to uncover microbe-
microbe interactions and identify keystone taxa from suppressive
fields. Culturable keystone species were isolated, and their role
in protecting against disease was evaluated using a greenhouse
experiment.

MATERIALS AND METHODS
Sampling

We collected 40 samples from four model experiment stations
in Zunyi city (Guizhou province, China), all of which harbored
two contrasting soils, bacterial wilt disease-suppressive and
disease-conducive soils. Bacterial wilt disease rarely occurred
in disease-suppressive soil, although tobacco had been
continuously planted for ~20 years. In disease-conducive
soil, high disease incidences were observed every year.
Rhizosphere soil and root samples were collected from each
field on August 10, 2018 (70 days after transplanting). When
we collected samples, none of the plants showed wilt symptoms
in the suppressive soil, while all plants suffered from different
levels of wilt disease in the conducive soil. Thus, healthy
plants were collected from the suppressive soil, and plants
with slight disease symptoms were collected from the conducive
soil. From each field, two or three random tobacco plants
were chosen. The roots were shaken to remove loosely
adhering soil, put into sterile plastic bags, and transported
to the laboratory on ice. Finally, the four groups in the
study were rhizosphere soil (SS, n = 10) and healthy tobacco
roots (HR, n = 10) in suppressive fields and rhizosphere
soil (CS, n = 10) and infected tobacco roots (IR, n = 10)
in conducive fields.

Sample Processing and DNA Extraction

Soil attached firmly to the root was collected with a brush
and considered to be the rhizosphere soil. The root was
shaken vigorously with phosphate-buffered saline (PBS) solution
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in order to clean all the soil from the root surface. They
were then soaked in alcohol (75%) for 2 min and sodium
hypochlorite (5%) for 5 min. The final rinse with sterile
water was performed three times for 1 min. We refer to the
community on surface-sterilized roots as the root microbiome.
All samples were stored at —80°C until DNA extraction.
Rhizosphere soil (0.5 g) and root samples were used to perform
DNA extractions with the DNeasy® PowerSoil Kit (Qiagen)
according to the manufacturer’s instructions. DNA concentration
and purity were monitored using a nanodrop and 1% agarose
gels, respectively.

PCR Amplification and 16S rRNA Gene
Amplicon Sequencing

For the community analysis, the V5-V7 regions of the 16S
rRNA gene and the ITS region 1 of the nuclear ribosomal
coding cistron were amplified using primers 799F and 1193R
and ITSIF and ITS2R (Supplementary Table S1). The PCR
reactions were performed in 30 pl reactions with 15 pl of the
Phusion® High-Fidelity PCR Master Mix (2x, New England
Biolabs), 0.2 pM of primers, and 10 ng of the template DNA.
Thermal cycling for the 16S rRNA gene consisted of an initial
denaturation at 98°C for 1 min, followed by 30 cycles of 98°C
for 10 s, 55°C for 30 s, and 72°C for 30 s, and a final extension
step at 72°C for 5 min. Thermal cycling for ITS region 1
consisted of 95°C for 5 min, followed by 34 cycles of 94°C
for 1 min, 57°C for 45 s, 72°C for 1 min, and a final extension
step at 72°C for 10 min. PCR products were detected using
2% agarose gel electrophoresis. Then, the PCR product mixture
in equi-density ratios was purified with the GeneJETTM Gel
Extraction Kit (Thermo Scientific). Libraries were constructed
using the Ion Plus Fragment Library Kit 48 rxns (Thermo
Scientific). The qualified libraries were sequenced on an Ion
S5TM platform (Thermo Fisher Scientific Inc., Waltham, MA,
United States) at Novogene Bioinformatics Technology Co.,
Ltd. (Beijing, China).

Quantification of Bacteria and R.
solanacearum

Bacterial abundance was determined using the Eub338F/Eub518R
primers (Supplementary Table S1). The specific primer Rsol_fliC
(Supplementary Table S1) that targets the fliC gene encoding
the flagellum subunit was used to quantify R. solanacearum
densities. The quantitative PCR (qPCR) analyses were performed
using an Applied Biosystems 7,500 Real-Time PCR System
(Applied Biosystems, United States). Standard curves were
generated using 10-fold serial dilutions of a plasmid containing
the 16S rRNA gene from Arthrobacter pokkalii and a fragment
copy of R. solanacearum fliC. qQPCR amplifications for standard
and DNA samples included a 20-pl mixture containing 2 pl of
templates, 10 pl of the SYBR Green premix Ex Taq (2x), 0.4 pl
of ROX Reference Dye II, 0.4 pl of each primer, and distilled
water. The PCR thermal cycling conditions for bacteria and R.
solanacearum were conducted according to previous procedures
(Muyzer et al., 1993; Schonfeld et al., 2003; Fierer et al., 2005)
with three technical replicates.

Amplicon Sequence Processing and
Statistical Analysis
Raw reads were quality filtered using Cutadapt v1.9.1 (Martin,
2011) to remove low-quality reads and obtain high-quality
clean reads. Chimera sequences were detected using the UCHIME
algorithm (Edgar et al, 2011) and then removed to obtain
the final clean reads. Operational taxonomic unit (OTU)
assignment was performed by Uparse (v7.0.1001; Edgar, 2013)
at a similarity of 97%. For each OTU representative sequence,
the Silva (release 132, https://www.arb-silva.de) and Unite
database (version 7.2, https://unite.ut.ee) were used to annotate
bacterial and fungal taxonomic information, respectively. To
equalize sequencing depth, each sample was rarefied to the
lowest sequence number across all samples (41,326 reads for
bacteria and 63,022 reads for fungi) for downstream analyses.
Alpha and beta diversities were calculated with Qiime (version
1.7.0; Caporaso et al., 2010) and visualized using R software.
Differences between the microbial communities of the
suppressive and conducive field samples (including soil and
root) were calculated using analysis of similarities (ANOSIM)
in PRIMER 6 (Clarke and Gorley, 2006). The microbiome
composition in the different samples was ordinated by principal
coordinates analysis (PCoA) by unweighted UniFrac distance
with WGCNA package, stat packages, and the ggplot2 package
in R software. In this study, the top 100 abundant bacterial
genera were used for co-occurrence network construction. The
Spearman correlation matrix was calculated [absolute correlation
coefficient values >0.6; the false discovery rate (FDR) adjusted
p < 0.05] using the psych package in the R environment
(Revelle, 2017). The network was analyzed and visualized using
Gephi (version 0.9.2; Bastian et al., 2009). The taxa harboring
the highest degree and closeness centrality and the lowest
betweenness centrality values were considered as the keystone
taxa (Berry and Widder, 2014). Based on this, genera with a
degree >40, a closeness centrality >0.61, and a betweenness
centrality <0.18 were considered as the keystone taxa for the
soil and root in suppressive fields. We further used the online
NetShift tool,' which could identify potential driver taxa that
maintain the healthy microbiome against diseased samples.
Statistical analyses were performed using f tests in GraphPad
Prism 7. Linear regression analysis was performed in Microsoft
Excel to determine the association between the absolute
abundance (qQPCR) and relative abundance (amplicon sequencing)
of R. solanacearum as well as the abundances of Ralstonia
and Fusarium.

Bacterial Isolation and Identification

Surface sterile root samples from the suppressive soil were
ground. The homogenate was serially diluted to 107, and 100 pl
of each dilution was spread on nutrient agar (NA) for bacterial
isolation. Media were prepared according to methods described
by Dhingra and Sinclair (1985). All plates were incubated at
28°C for 2-4 days. Morphologically different bacterial isolates
were picked from plates containing approximately 30-300

'https://web.rniapps.net/netshift/
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colonies. All the isolates were purified three times and stored
at —80°C with 15% (v/v) glycerol. The bacterial genomic DNA
was extracted using an EasyPure Bacteria Genomic DNA Kit
according to the manufacturer’s instructions. Bacterial universal
primers 27F/1492R (Supplementary Table S1) were used to
amplify the full-length 16S rRNA genes. PCR products were
tested by 1.0% agarose gel electrophoresis and sequenced by
TsingKe Biological Technology Co., Ltd. (Beijing, China).
Identification and sequence similarity were achieved using the
National Center for Biotechnology Information (NCBI; https://
www.ncbinlm.nih.gov/). Sequences of these isolates and OTUs
from high-throughput sequencing were aligned using the
CLUSTAL_X program (Thompson et al., 1997), and a neighbor-
joining phylogenetic tree was constructed using MEGA 7.0
with a bootstrap value of 1,000 replicates (Kumar et al., 2016).

Inhibition and Greenhouse Experiment

Three isolates (Pseudomonas Ilurida FGD5-2, Pseudomonas
koreensis HCH2-3, and Pseudomonas rhodesiae MTD4-1) that
showed high 16S rRNA gene similarity with keystone taxa
were selected. Their inhibitory effect on R. solanacearum were
determined by the Oxford cup method. Briefly, 100 pl of
R. solanacearum culture was spread on NA plates. Then, sterilized
Oxford cups were placed on the plates, and 200 pl culture of
each isolate was put into these cups in triplicate. All plates
were incubated at 28°C for 24 h. The diameter of the inhibition
zone was recorded. For the greenhouse experiment, tobacco
seeds were sown into a seedling tray. At the three-leaf stage,
tobacco plants were transplanted to a plastic pot containing
300 g of soil collected from a farmland in Qingdao city,
Shandong province, China. Bacteria were cultivated using
nutrient broth medium for 24 h and centrifuged at 4°C,
4000 rpm to concentrate bacterial cells and then resuspended
them in the sterile water. After 5 days of transplantation,
bacterial cells were inoculated by the use of root drenching
methods with a final density of ~10” cells per gram of soil
three times at intervals of 5 days (Wei et al., 2013). Microbial
consortia, a mixture of all isolates with a 1:1 ratio, were also
inoculated. The control group was treated with equal amounts
of sterile water. After 5 days postinoculation of beneficial stains,
the pathogen of R. solanacearum Rsl0 (prepared as the same
methods of keystone species) was inoculated, resulting in ~107
cells/g soil. Each treatment was replicated three times, and
each replicate contained 12 plants. Plants were arranged in a
climate chamber at 30°C with a relative humidity of 70% and
watered regularly with sterile water. The disease index was
assessed 15 days after pathogen inoculation.

RESULTS

The Abundances of Bacteria and R.
solanacearum

Based on the quantitative PCR results, the bacterial 16S rRNA
gene abundance ranged from 6.15 x 10° to 1.51 x 10° copies/g.
No significant differences in bacterial abundance were observed

among the different samples (Supplementary Figure S1). As
expected, the densities of R. solanacearum increased significantly
(p < 0.01) with 5.12 x 10° and 9.13 x 107 copies of fliC gene
per gram in conducive soil and infected roots, respectively.
These values in suppressive soil and healthy roots were 2.39 x 10*
and 6.86 x 10* copies/g, respectively (Supplementary Figure S1).
Additionally, the fold changes in R. solanacearum densities
between the suppressive and conducive fields were larger in
the roots (~1,330-fold) than in the soil (~214-fold), suggesting
that R. solanacearum infection might exert more of an impact
on the root compartment.

Diversity of Microbial Communities
A total of 3,798,025 and 3,846,278 clean reads were produced
from 16S rRNA gene and ITS amplicon sequencing, respectively.
Good’s coverage of all samples was >99.4%, and most rarefaction
curves tended to reach the saturation plateau
(Supplementary Figure S2), which suggested that the sequencing
depth was sufficient to represent the microbial community in
these environments. These sequences were grouped into 2,469
bacterial and 1,606 fungal OTUs. The Venn diagram showed
that 591 bacterial OTUs were shared among the four groups,
while 248, 286, 63, and 9 OTUs were unique to suppressive
soil, conducive soil, healthy root, and infected root, respectively.
The four groups shared 499 fungal OTUs, while suppressive
soil, conducive soil, healthy root, and infected root harbored
106, 198, 93, and 104 specific OTUs, respectively
(Supplementary Figure S3). According to the diversity indices,
we observed that both bacterial and fungal species were significantly
lower (p < 0.05) in the suppressive soil than in the conducive
soil (Figures 1A,C). In contrast, for the root samples, the observed
bacterial species in the healthy plants were significantly higher
(p < 0.001) than those in the infected plants, whereas there
was no significant difference in fungal species. These diversity
patterns were confirmed by the Chaol indices (Figures 1B,D).
For the beta diversity, principal coordinate analysis (PCoA)
showed that both the bacterial and fungal communities from
the suppressive soil and healthy root were clearly separated
from the conducive soil and infected root (Figure 2). This
result was confirmed by the analysis of similarity (ANOSIM)
of Bray-Curtis measures, which indicated that significant
differences were observed between the suppressive and conducive
soils (R = 0.530, p < 0.01 for bacteria; R = 0.339, p < 0.01
for fungi) and the healthy and infected roots (R = 0.656,
p < 0.01 for bacteria; R = 0.553, p < 0.01 for fungi). Additionally,
there were no significant differences between the soil and root
of healthy plants (R = 0.0408, p = 0.203) as well as the soil
and root of infected plants (R = 0.0644, p = 0.147) regarding
the fungal community, suggesting that a healthy status rather
than the sample type was the key factor affecting the fungal
profile in this study.

Specific Differences in Microbiome

Between Suppressive and Conducive Fields
At the phylum level, all samples shared three dominant bacterial
phyla, Proteobacteria, Actinobacteria, and Firmicutes, accounting
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FIGURE 1 | Alpha diversity indices of bacteria and fungi in different samples. (A) Bacterial operational taxonomic unit (OTU) numbers, (B) bacterial Chao 1,
(C) fungal OTU numbers, and (D) fungal Chao 1. SS, suppressive rhizosphere soil; CS, conducive rhizosphere soil; HR, root of healthy tobacco; IR. root of infected
tobacco. The asterisks (*) indicate significant differences determined by the Student’s ¢ test. *p < 0.05; **p < 0.01.
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FIGURE 2 | Principal coordinate analysis of the bacterial and fungal communities in rhizosphere soil and root based on unweighted UniFrac distance. SS,
suppressive rhizosphere soil; CS, conducive rhizosphere soil; HR, root of healthy tobacco; IR, root of infected tobacco.

for 61.5-89.3%, 6.4-19.0%, and 1.9-13.7% of the total bacterial ~ The most dominant phyla in the fungal community were
communities, respectively. However, these three phyla varied  Ascomycota (52.1-80.8%), Basidiomycota (1.8-25.9%), and
in their relative abundance in the different samples. More  Mortierellomycota (0.3-5.0%). Ascomycota were more abundant
Firmicutes and less Proteobacteria and Bacteroidetes were in the suppressive soil and healthy roots than in the conducive
observed in the suppressive soil than in the conducive soil, soil and infected roots, whereas Basidiomycota showed the
and a similar trend was found in the root samples (Figure 3A).  opposite trend (Figure 3B).
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To further investigate the taxa in order to discriminate
between the microbiomes of the different samples, MetaStat
analysis was performed based on the relative abundance of
the  microbial community at the genus level
(Supplementary Figure S4). The relative abundance of the
Ralstonia genus, which contains the pathogenic species of
bacterial wilt disease, was much higher in the conducive soil
(12.8%) and infected root (39.0%) than in the suppressive soil
(0.3%) and healthy root (0.6%; Figure 3C). Although we could
not attest that all OTUs assigned to Ralstonia in this study
were pathogenic species, the relative abundance of Ralstonia
from 16S rRNA gene amplicon sequencing correlated positively
(R* = 0.843, p < 0.001) with the density of R. solanacearum
determined by qPCR (Supplementary Figure S5). This indicates
that the abundance of the Ralstonia genus can represent the
density of the pathogen R. solanacearum. In addition to Ralstonia,
the abundances of Ochrobactrum and Kluyvera were also higher
in the conducive soil than in the suppressive soil
(Supplementary Figure S4A). In the fungal community, the
Fusarium genus, which contains the fungal wilt pathogens in
plants, was the most dominant group in the conducive soil

and infected root (Figure 3D; Supplementary Figure S4B),
accounting for 15.0 and 21.6% of the total fungal sequences,
respectively (only 0.6 and 1.7% in the suppressive soil and
healthy root, respectively). Interestingly, the relative abundance
of  Fusarium  positively  correlated ~ with  Ralstonia
(Supplementary Figure S6), suggesting that bacterial wilt disease
is probably accompanied by Fusarium wilt disease.

Network Analysis of Bacterial and Fungal
Communities

To explore the microbial co-occurrence and potential keystone
taxa in the suppressive soil and healthy root samples, network
analyses were carried out based on the top 100 abundant
genera. The networks showed remarkable differences in their
structure  and  topological  properties  (Figure  4;
Supplementary Table S2). For the bacterial community, the
suppressive and conducive soils consisted of 97 and 100 nodes
with a modularity of 0.444 and 0.731, with average path lengths
of 2.343 and 3.125, respectively (Supplementary Table S2).
Moreover, the suppressive soil harbored higher values of edges
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community at the phylum level. The relative abundances of Ralstonia and Fusarium in different samples were shown in Panels (C and D), respectively. Bars represent
the standard error of the mean, and asterisks (*) indicate significant differences determined by the Student’s ¢ test. ns, no significant; “o < 0.05; **p < 0.01. SS,
suppressive rhizosphere soil; CS, conducive rhizosphere soil; HR, root of healthy tobacco; IR, root of infected tobacco.
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(total of 1,649: positive, 1,449; negative, 200), clustering coefficient
(0.474), and average degree (17.0) than the conducive soil,
which presented values of 900 (positive, 701; negative, 199),
0.277, and 9.0, respectively (Figures 4A,B;
Supplementary Table S2). Similarly, the healthy roots also
had a higher number of edges, clustering coeflicient, average
degree, lower modularity, and shorter average path length
compared to the infected roots (Figures 4D,E;
Supplementary Table S2). The above results revealed that the
bacteria in the suppressive soil and healthy roots formed a
highly interactive and complex network. Moreover, the infected
root samples harbored a much simpler network than the
conducive soil, suggesting that bacterial wilt disease may have
a greater influence on the endophytic microbiome. Similar to
the general community analysis, the phyla Proteobacteria,
Actinobacteria, and Firmicutes seem to play a key role in the
establishment of the microbiota sociability (Figure 4).

With respect to fungi, networks of the top 100 abundant
genera were also constructed (Supplementary Figure S7;
Supplementary Table S3). In contrast to the bacterial network,
the conducive soil had higher edges (425), average degree (4.5),

and clustering coeflicient (0.203) than those (352, 3.8, and
0.189, respectively) in the suppressive soil. The healthy root
samples had higher edges (418), average degree (5.1), and
clustering coefficient (0.218) than those (331, 3.9, and 0.162,
respectively) in the infected root samples. This indicated that
the healthy roots possessed a more complex network compared
to the infected roots, which was consistent with the
bacterial network.

Keystone Taxa Associated With Bacterial
and Fungal Communities

To investigate the driving taxa behind the disease-suppressive
soil and healthy root samples, the taxa with the high degree,
high closeness centrality, and low betweenness centrality were
calculated. The results showed that no bacterial keystone taxon
was found in the conducive soils and infected roots, while 9
and 13 bacterial keystone taxa were obtained in the suppressive
soil and healthy roots, respectively (Supplementary Table S4).
Three and 10 fungal keystone taxa were found in the suppressive
soil and healthy roots, respectively (Supplementary Table S5).
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FIGURE 4 | Co-occurrence network analyses of the rhizosphere soil and root based on top 100 abundant bacterial genera. Soil networks are shown in Panels (A;
suppressive soil) and (B; conducive soil). Root network are shown in Panels (C; healthy root) and (D; infected root). The nodes in these networks represent genera
and the edges represent correlations between the nodes. AD, average degree; the average number of direct correlations to a node in the network; CC, clustering
coefficient. The probability that the adjacent nodes of a node are connected. A connection indicates a statistically significant [false discovery rate (FDR) adjusted

p < 0.05] correlation with magnitude >0.6 (positive correlation: blue edges) or <—0.6 (negative correlation: red edges). The size of each node is proportional to the
connection numbers of node (i.e., degree). Each node color represents a bacterial genus at phylum level.
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Most of the bacterial keystone taxa were from Proteobacteria
and Actinobacteria. Among all bacterial keystone taxa,
Pseudomonas was the most abundant genus in both the
suppressive soil and healthy roots, followed by Streptomyces
and Gaiella (Supplementary Table S4). More importantly, the
accumulated abundance of all bacterial keystone taxa negatively
correlated with Ralstonia in the soil (R* = 0.115, p < 0.05;
Figure 5A) and root (R* = 0.414, p < 0.001; Figure 5B),
implying their potential beneficial effects on disease control.
No correlation between fungal keystone taxa and Ralstonia
was observed. NetShift analysis was carried out to identify
drivers in the conducive soil and infected root samples
(Supplementary Figure S8). A total of 24 and 25 bacterial
genera whose betweenness (importance) increased from the
suppressive soil to the conducive soil and from the healthy
root to the infected root samples, respectively, were identified
as potential driver taxa. Among these taxa, 13 taxa were shared
by the conducive soil and infected roots. Ralstonia, Kluyvera,
Terrabacter, Ochrobactrum, and Massilia were considered to
play significant roles in maintaining the network structure of
the conducive soil and infected roots.

Inhibitory Effects of Isolates on

R. solanacearum and Greenhouse
Experiments

To complement the network analysis and further investigate
the important role keystone taxa might play in suppressing
disease, we performed an isolation campaign and isolated 83
bacterial strains from a healthy root sample. These root-derived
isolates represented four bacterial phyla and nine bacterial
orders (Figure 6A). Unfortunately, only Pseudomonas sp. of
the keystone taxa was obtained. Three Pseudomonas isolates,
P lurida FGD5-2, P. koreensis HCH2-3, and P. rhodesiae
MTD4-1 showed 98.4-100% of 16S rRNA gene similarity to
Pseudomonas OTU sequences derived from high-throughput
amplicon sequencing and clustered together (Figure 6B),
indicating that these strains represent indigenous key species

of healthy plants. Thus, they were selected for further
experiment. We found that three Pseudomonas isolates displayed
strong inhibitory effects on R. solanacearum, with an inhibition
zone ranging from 2.9 to 4.2 cm (Supplementary Table S6).
Moreover, greenhouse experiments were performed to determine
whether they could protect plants against R. solanacearum
infection. The results showed that all Pseudomonas addition
groups could significantly reduce disease indices (Tukey’s test,
p < 0.05) when compared to the control group (Figure 6C).
The consortium consisted of three Pseudomonas isolates,
thereby showing similar protection against disease with strain
MTD4-1. Overall, this indicated that Pseudomonas species
(one of the keystone taxa) might play a significant role in
maintaining tobacco health while decreasing bacterial
wilt incidence.

DISCUSSION

In this study, we observed that in two adjacent tobacco
experimental fields, plants in conducive soil suffered severe
wilt disease, but in suppressive soil, they grew well. Our objective
was to find microbial keystone taxa behind this phenomenon
using network analysis and explore their relationship with
bacterial wilt pathogen. We found that both bacterial and
fungal network complexity between the suppressive and conducive
soils were different. Several keystone taxa were identified from
the suppressive soil. Importantly, we further found that isolates
presumably related to keystone taxa have inhibitory effects on
the pathogen and reduction of bacterial wilt disease incidence,
highlighting  the importance of keystone taxa in
suppressing disease.

Large numbers of previous studies have analyzed the soil
microbial community, abundance, and diversity when bacterial
wilt disease outbreak (Wang et al., 2017b; Qi et al., 2019; Wei
et al, 2019; Lee et al,, 2020). As they reported, we also found
that the relative abundance of Firmicutes was higher in the
suppressive soil compared to that in the conducive soil
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(Figure 3A). The phylum F

species that produce various secondary metabolites beneficial

to plant growth (Kim et

abundance in tomato rhizosphere causes the incidence of

bacterial wilt disease (Lee et

Ascomycota and Basidiomycota were the most abundant phyla
in all the samples (Figure 3B), broadly corresponding to
extensive surveys of the soil microbiome (Hartmann et al., 2015;

irmicutes is well known to include
al, 2011), and disruption of its

al,, 2020). In the fungal community,

Fu et al, 2017; Xiong et al., 2017). In this study, we found
that bacterial wilt disease causes the reduction in Ascomycota
and enrichment of Basidiomycota.

Consistent with field observations of the plants, OTUs
assigned to the potential pathogenic Ralstonia showed high
abundances in the conducive soil and infected roots but were
rarely found in the suppressive soil and healthy roots (Figure 3C).
In the fungal community, the relative abundances of Fusarium
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in the conducive soil and infected roots were 25- and 13-fold  (Supplementary Table S4). The high abundance and diversity
higher than those in the suppressive soil and healthy roots, of these keystone taxa can increase the complexity of healthy
respectively (Figure 3D), indicating that the occurrence of plant networks, leading to a highly resilient microbiome. It
bacterial wilt disease might be accompanied by a high abundance  has been found that keystone taxa play a determinant role
of Fusarium. This is supported by the positive correlation  within the microbiome, and their removal causes significant
between the abundance of Fusarium and Ralstonia. changes in network complexity, microbial composition, and
It has been suggested that the function of a plant microbiome  function (Banerjee et al., 2018, 2019). Furthermore, the
is not the sum of its individual members, since microbial accumulated abundance of all keystone taxa exhibited a negative
taxa can interact with each other and shape a complex network  correlation with the abundance of Ralstonia (Figure 5),
(van der Heijden and Hartmann, 2016). Our study revealed  indicating the importance of their roles in suppressing bacterial
that disease altered the network features of the soil and root  wilt disease.
microbiomes. In particular, the co-occurrence networks of Keystones identified by network-based scores must
the suppressive soil and healthy roots were more complex, be complemented with experimental evidence to uncover their
with a higher number of edges, higher average degree, and  true importance (Banerjee et al., 2018). Therefore, we performed
clustering coefficient compared with the networks of the an isolation campaign to obtain culturable keystone taxa.
conducive soil and infected roots (Figure 4); this is consistent ~ Unfortunately, only species of the Pseudomonas genus within
with previous studies (Qi et al., 2019; Wei et al., 2019; Zhang  the keystone taxa were obtained in our study. By constructing
et al, 2020). It was indicated that complex networks are a phylogenetic tree with sequences of OTUs and isolates, three
more robust to external biotic and abiotic stresses than simple  Pseudomonas species were considered as indigenous strains,
networks (Santolini and Barabdsi, 2018). Thus, the high- and all of them showed strong inhibitory effects on R.
complexity network of the suppressive soil and healthy root  solanacearum plates. Furthermore, a greenhouse experiment
in this study might be critical for the suppression of disease.  suggested that these Pseudomonas species could significantly
The key members of microbial communities are defined as  reduce the disease indices of tobacco plants (Figure 6C).
keystone species, which frequently interact with other microbial ~ Consistently, Hu et al. (2016) found that diverse Pseudomonas
taxa in co-occurrence networks. In this study, no keystone  consortia enhanced rhizosphere microbiome function and plant
taxon was observed in the conducive soil and infected roots, disease suppression. We know that numerous Pseudomonas
while 9 and 13 keystone taxa, most of them belonging to  species have been found from suppressive soil and are used as
Proteobacteria and Actinobacteria, were identified in the  protectants against soil-borne diseases (Schroth and Hancock, 1982;
suppressive  soil ~and  healthy  roots, respectively Keel et al, 1992; Haas and Keel, 2003). However, to our
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knowledge, this is the first study to reveal their indispensable
role as keystone taxa in sustaining the stability of healthy
plant microbiomes. Many other keystone taxa, such as
Streptomyces (Tan et al., 2011), Ensifer (Kumar et al, 2011),
Bradyrhizobium (Omar and Abd-Alla, 1998), and Microbacterium
(Freitas et al., 2019) have been reported to be beneficial for
plant growth and/or antagonistic to R. solanacearum.

It has been indicated that most exogenous microorganisms
cannot colonize in plant rhizosphere under field conditions
(Gémez Expésito et al.,, 2017). Recently, synthetic community
(SynCom) comprising multiple microbes has been constructed
in sterile soil to imitate disease-suppressive community (Bai
et al, 2015; Liu et al, 2019). Identification of keystone taxa
from disease-suppressive soil may provide insights to design
an artificial SynCom against soil-borne diseases. In this study,
we identified keystone taxa through network analysis at the
genus level and confirmed their preventive effect on disease
suppression. Based on the results of previous and current
studies, we propose a new strategy for biocontrol agent exploring
based on rhizosphere core microbiome. The potential strategy
may include the following steps (Figure 7): (1) rhizosphere
microbiome analysis through high-throughput sequencing
techniques; (2) screening microbial keystone taxa associated
to plant health by network analysis; (3) the cultivable biocontrol
agents screening; and (4) select candidate agent by comparison
to the microbial keystone taxa. It should be noted that the
biocontrol effect of these strains selected should be further
verified by field experiments.

CONCLUSION

The suppressive and conducive soils showed substantial shifts
in microbial abundance and community composition. High
abundance of Fusarium in the conducive soil and infected
roots suggests that R. solanacearum infection probably boosts
the growth of Fusarium within the fungal community. The
network complexity and abundance of keystone taxa are higher
in the suppressive soil than in the conducive soil. A negative
association was observed between the accumulated abundance
of keystone taxa and the abundance of Ralstonia. The genus
Pseudomonas was the most abundant keystone taxon, and
greenhouse experiments showed that several species in this
genus could reduce the disease index. Thus, we propose that
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Rhizosphere microbial communities are known to be related to plant health; using such
an association for crop management requires a better understanding of this relationship.
We investigated rhizosphere microbiomes associated with Verticillium wilt symptoms in
two cotton cultivars. Microbial communities were profiled by amplicon sequencing, with
the total bacterial and fungal DNA quantified by quantitative polymerase chain reaction
based on the respective 16S and internal transcribed spacer primers. Although the
level of V. dahliae inoculum was higher in the rhizosphere of diseased plants than in
the healthy plants, such a difference explained only a small proportion of variation in
wilt severities. Compared to healthy plants, the diseased plants had much higher total
fungal/bacterial biomass ratio, as represented by quantified total fungal or bacterial DNA.
The variability in the fungal/bacterial biomass ratio was much smaller than variability
in either fungal or bacterial total biomass among samples within diseased or healthy
plants. Diseased plants generally had lower bacterial alpha diversity in their rhizosphere,
but such differences in the fungal alpha diversity depended on cultivars. There were
large differences in both fungal and bacterial communities between diseased and
healthy plants. Many rhizosphere microbial groups differed in their abundance between
healthy and diseased plants. There was a decrease in arbuscular mycorrhizal fungi
and an increase in several plant pathogen and saprophyte guilds in diseased plants.
These findings suggested that V. dahliae infection of roots led to considerable changes
in rhizosphere microbial communities, with large increases in saprophytic fungi and
reduction in bacterial community.

Keywords: cotton, Verticillium dahliae, rhizosphere soil, amplicon-sequencing, microbial community composition

INTRODUCTION

Cotton (Gossypium hirsutum L.) is an important fiber crop. Cotton Verticillium wilt, caused by
Verticillium dahliae, is one of the most devastating plant diseases worldwide (Klosterman et al.,
2009). The pathogen can survive in the soil as resting microsclerotia without a host plant for
more than 14 years. In China, its hosts include a number of economically important crops
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such as potato (Solanum tuberosum L.), tomato (Lycopersicon
esculentum Miller), strawberry (Fragaria x ananassa), sunflower
(Helianthus annuus), eggplant (Solanum melongena L.), and
pepper (Capsicum annuum L.). Incidence of cotton wilt increases
with increasing densities of V. dahliae microsclerotia in soil (Wei
et al,, 2015). Controlling Verticillium wilt is difficult because
of the inaccessibility of the pathogen during infection, long-
term survival of microsclerotia in soil, and its broad host range
(Klosterman et al., 2009). There has been limited success in
planting resistant cultivars of upland cotton against wilt in
heavy infested fields (Zhang et al., 2012b). In Xinjiang, the
main cotton production region in China, crop rotation with
non-hosts of V. dahliae has not been adopted because of the
difficulties in changing cropping systems and saline-alkali soils.
Soil fumigation with methyl bromide was very effective against V.
dahliae but has already been banned under the Montreal Protocol
(Martin, 2003). Although several remaining fumigants, such as
chloropicrin and dazomet, can be used to manage wilt, farmers
in China are reluctant to use them in cotton production because
of their limited economic benefits.

Plants harbor diverse microbiota both inside and outside their
tissues (Vandenkoornhuyse et al., 2015). Rhizosphere microbiota,
which closely interact with plant roots, are important for plant
health (Berendsen et al., 2012) and crop yield potential (Xu
et al,, 2015) and influenced by many factors such as plant species
and developmental stage, soil properties, nutrient status, land
use, and climatic conditions. Selective recruitment of specific
microbes by plant roots has been observed (Peiffer et al., 2013;
Bai et al, 2015; Zarraonaindia et al., 2015). Suppression of
soilborne disease has long been considered as one of the key
benefits associated with beneficial microbes in soil (Mendes et al.,
2011; Bai et al.,, 2015; Finkel et al., 2017; Xiong et al., 2017).
Microbial diversity and composition are related to plant disease
resistance (Wei et al., 2019); high microbial diversity provides
greater protection against soilborne pathogens (van Elsas et al.,
2002; Mallon et al., 2015). Understanding the association of
plant health with rhizosphere microbiota may provide a basis for
manipulating soil microbiomes directly (e.g., amending soil with
specific microbes) and/or indirectly (e.g., altering management
practice) to promote plant health.

Biocontrol of soilborne pathogens has long been a goal
of sustainable agriculture, but because of the complexity of
the soil environment and resident microbial communities,
there are limited numbers of commercial biocontrol products
against soilborne diseases in commercial agriculture (Mazzola
and Freilich, 2017). To ensure that introduced microorganisms
remain effective against pathogens over time in the soil
environment, a clear understanding of how the introduced
microbes interact with soilborne pathogens and other soil
microorganisms is necessary. This knowledge may assist in
development of cultural measures to increase the suppressiveness
of soil microbiomes against soilborne pathogens and to
improve survival (and hence enhance efficacy) of introduced
biocontrol microbes.

Multinutrient interactions among resident microbes may be
disturbed by plant pathogens, which could cause community
reorganization and lead to large-scale collapse and serious

degradation of soil ecosystems (van der Putten et al., 2007). There
is, however, limited knowledge on the changes in rhizosphere
microbiota due to infection of plant roots by pathogens.
Recently, several studies have shown that soilborne pathogens
can significantly affect soil bacterial composition under field
conditions (Shanmugam et al., 2011; Zhang et al, 2011; Wu
et al., 2015) or in greenhouse (Mendes et al., 2011; Li et al.,
2014). Specific fungal groups, e.g., Mortierella spp., may play an
important role in the development of soil suppressiveness against
Fusarium wilt disease in vanilla (Vanilla planifolia) (Xiong
et al., 2017). However, bacterial and fungal communities are
rarely investigated together to understand the nature of disease
suppressive soil.

The present study focuses on the changes in rhizosphere
microbiome associated with the occurrence of Verticillium wilt
on two cotton cultivars. Specifically, we quantified V. dahliae
inoculum in rhizosphere soil and assessed the wilt severity for
a number of pairs of plants (healthy and diseased plants) in
two cultivars. Then we used amplicon metabarcoding to profile
rhizosphere microbiome of these paired healthy-wilted plants
and quantified the total biomass of fungi and bacteria DNA using
quantitative polymerase chain reaction (qQPCR) with generic
internal transcribed spacer (ITS) and 16S primers. Finally, we
established the differences in microbial communities in the
rhizosphere between healthy and diseased plants.

MATERIALS AND METHODS

Site Description and Sample Collection

Two commercial monoculture cotton fields (~300 m apart) with
the incidence of plants with Verticillium wilt >50% were used for
sampling in August 2018 in Anyang, Henan Province, China. The
soil at the two sites is classified as cambisol type soil (FAO, 1998).
At one site (36°03'44” N, 114°28'52” E) cv. “Zhongzhimian2”
[ZHM2] was grown and cv. “Lumianyan28” [LM28] at the other
site (36°03/36” N, 114°29'04” E). Both fields were cultivated by
farmers using standard cultural practices. Thirty random pairs
of neighboring healthy and diseased plants were selected (120
samples in total, 60 plants [30 pairs] per cultivar) for sampling
rhizosphere soil on September 3, 2018 (at the boll-forming stage
of cotton plants). Each diseased plant was assessed for wilt on an
ordinal scale of 0 to 4 as described previously (Wei et al., 2019).
For cv. ZHM2, there were 30, 6, 16, and 8 sampled plants with
severity score of 0, 1, 2, and 3, respectively; for cv. LM28, there
were 30, 8, 16, and 6 sampled plants with wilt severity score of 0,
1, 2, and 3, respectively. Rhizosphere soil samples were collected
and stored as described previously (Wei et al., 2019). We first
removed the top soil and then dug out of the roots along the base
of plants with a soil sampler to maintain the root system integrity
as much as possible. Roots were first shaken to remove loosely
adhering soil particles; then, each root sample was placed in a
sterile plastic bag, kept on ice, and transported to the laboratory
within 4 h of sampling the soil. Fine roots were cut into pieces of
~2-cm length with a pair of sterile scissors. Rhizosphere samples
were harvested in aliquots of 20-g roots in 1:50 TE buffer by
shaking, filtering, and centrifuging. At the same time, soil samples
(~100 g) were collected from the position of each sampled plant
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to estimate the density of V. dahliae inoculum based on a wet
sieving and plating method (Wei et al., 2016).

DNA Extraction and gPCR

DNA extraction of rhizosphere samples (250mg) was
performed using the MoBio PowerSoil DNA Isolation Kit
(MoBio Laboratories, Carlsbad, CA, USA) following published
procedures (Wei et al., 2019). Rhizosphere samples (250 mg)
were resuspended in 500 |LL MoBio PowerSoil bead solution, and
DNA was extracted according to the manufacturer’s instructions.
The extracts were checked on a 1% agarose gel, and the DNA
concentration was estimated with a NanoDrop ND-2000
spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA). DNA was stored at —80°C until further analysis.

qPCR of the 16S rRNA and ITS rRNA genes was performed
for each sample in triplicate to estimate the total bacterial and
fungal abundances (to represent biomass) with a LightCycler 480
system (Roche Diagnostics, Mannheim, Germany). Primer sets
F515/R806 (Caporaso et al., 2011) and ITS1f/5.8s (Fierer et al.,
2005) were used to quantify bacteria and fungi, respectively.
The reactions were conducted in a 20-pL mixture containing
10 pL of SYBR® Premix Ex Taq™ (Tli RNaseH Plus; Takara,
China), 0.2 iL of each primer (10 wmol L™1), 1 kL of DNA,
and 8.6 nL of ultrapure water. Plasmids containing either the
16S rRNA gene fragment or ITS gene fragment were constructed
to prepare the respective standard curves, and the plasmid
copy numbers were automatically calculated using an online
calculator (http://cels.uri.edu/gsc/cndna.html). PCR conditions
were as follows: (i) for the bacterial 16S rRNA gene: 95°C for
30s; 95°C for 30s, 55°C for 30s, and 72°C for 30s for 40
total cycles; and (ii) for the fungal ITS rRNA gene: 95°C for
30s; 95°C for 30s, 53°C for 30s, and 72°C for 30s for 40
total cycles. No-template controls as well as positive controls
with known cycle threshold (Ct) values were included in every
qPCR reaction.

Amplicon Sequencing of Rhizosphere

Samples

For bacteria, the V3-V4 hypervariable region of the 16S
rRNA gene was amplified in triplicate for each sample using
the 341F/805R primers (Herlemann et al, 2011). For fungi,
primers ITS5/ITS2 (White et al.,, 1990) were used to amplify
the ITSI region in triplicates for each sample. PCR reactions
and subsequent extraction and purification of amplicons were
performed according to the method we used previously (Wei
et al,, 2019). Sequencing libraries were generated with the Ion
Plus Fragment Library Kit 48 rxns (Thermo Scientific, USA)
following the manufacturer’s recommendations. The quality of
each library was assessed on a Qubit 2.0 Fluorometer (Life
Technologies, USA). Finally, the libraries were sequenced on
an Ion S5™ XL platform (Thermo Fisher Scientific, Waltham,
MA) to generate single-end reads. In total, 240 libraries were
sequenced: 120 samples (2 cultivars x 30 pairs of healthy
and diseased plants) each for 16S rRNA gene and ITS
rRNA gene.

Processing and Analysis of the Sequencing
Data

Sequences were processed and filtered separately for 16S
and ITS data to retain high-quality sequences following the
general pipeline we used previously (Wei et al., 2019) to
generate operational taxonomic units (OTUs). These high-
quality sequences were first dereplicated, and only those unique
reads with at least 2 copies were used in cluster analysis
to generate OTUs at 97% sequence identity together with a
representative sequence for each OTU. Clustered reads were
checked for chimeras using the UPARSE pipeline. An OTU count
table was then generated as described previously (Wei et al,
2019). All OTU processing was carried out with the UPARSE
pipeline (version 10.0) (Edgar, 2013) unless specified otherwise.

The UTAX algorithm (https://www.drive5.com/usearch/
manual9/utax_algo.html) was used to assign each ITS OTU and
16S rRNA OTU representative sequence to taxonomic ranks
by alignment with the gene sequences against Unite V7 fungal
database (Koljalg et al., 2013) and RDP training set 15 bacterial
database (Cole et al., 2014), respectively.

Statistical Analysis of Sequence Data

The differences in the level of inoculum (microsclerotia) between
different levels of disease severities, cultivars, and within-field
locations were assessed via analysis of variance (ANOVA)
in which inoculum density was logarithmically transformed.
Ordinal regression was used to establish whether wilt severity
scores are related to cultivars, locations (represented by the
pairs of healthy and diseased plants), the level of inoculum, and
microbial (bacterial and fungal) biomass (represented by qPCR
data). The ordinal package for R version 3.5.4 was used to carry
out the ordinal regression analysis.

Before statistical analysis of sequence data, both bacterial
and fungal OTU tables were transformed to abundance data
by multiplying the relative abundance (sequence reads) of each
OTU for each sample with the number of total bacterial 16S
rRNA or ITS rRNA copies of the respective sample as determined
in the qPCR. All subsequent data analyses were based on this
transformed (normalized) OTU data set.

General statistical methodology was similar to previous
publications (Tilston et al., 2018; Wei et al., 2019). It should
be noted that differences between the two cultivars are
confounded with the differences between the two fields; hence,
cautions should be excised when interpreting cultivar differences.
However, the present study focuses on the differences between
healthy and wilted plants.

Alpha-diversity indices, including the observed OTUs,
Shannon, and Simpson indices, were calculated with the R vegan
2.3-1 package (Dixon, 2003). The rank of alpha-diversity indices
was subjected to ANOVA to assess the differences between
healthy and diseased plants with statistical significance derived
from a permutation test. Beta-diversity (Bray-Curtis metric)
indices were calculated and subjected to non-dimensional scaling
analysis as implemented in the vegan package. The effects
of cultivar, location within a field (namely, among pairs of
plants), and disease status on the beta-diversity indices were
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assessed with permutational multivariate ANOVA using distance
matrices (via the “Adonis” function as implement in the R vegan
package version 2.5-7). Similarly, the effects of these experimental
factors on the first three principle components were determined
via ANOVA.

Further analysis was carried out to identify specific microbial
OTUs that differed significantly in their abundances between
healthy and diseased plants for each cultivar separately, as well
as together through DESeq2 (McMurdie and Holmes, 2013).
DESeq2 also implements an algorithm for automatic filtering
of OTUs before differential abundance analysis using several
criteria, including variance in abundance across samples and
overall abundance level. The Benjamini-Hochberg adjustment
was used with DESeq2 (Benjamin and Aikman, 1995) to correct
for the false discovery rate associated with multiple testing. For
tree view graphs, OTU abundances were aggregated at each
taxonomic rank (at the SINTAX confidence of 0.7), and these
aggregated values were tested for differential abundance between
diseased and healthy plants with DESeq2 as above. FunGuild
(Nguyen et al., 2016) was used to classify those fungal OTUs
with differential abundance between diseased and healthy plants
into several broad groups and tested for enrichment using a
Fisher exact test in which significance was taken at 0.05 and not
corrected for multiple testing.

RESULTS

Relationship of Wilt Severity With Bacterial

and Fungal Abundances

The overall bacterial and fungal abundances in the rhizosphere
soil were estimated with the qPCR technique. The coeflicient
of determination of the standard curve was 0.993 and 0.988 for
bacteria and fungi, respectively; the corresponding efficiencies
were 100 and 97%. The number of quantified 16S copies ranged
from 1.40 x 108 to 7.06 x 10° per sample (0.25-g soil), with the
respective mean and median of 1.29 x 10° and 1.08 x 10°. The
number of quantified ITS copies ranged from 3.18 x 10 to 1.02
x 10'0 per sample (0.25-g soil), with the respective mean and
median of 1.45 x 10° and 5.85 x 10® copies.

The density of V. dahliae microsclerotia in soil quantified with
the wet-sieving method increased with wilt severity (P < 0.05)
independent of cultivars, but this relationship accounted for only
limited variation in the wilt severity (Supplementary Figure 1).
None of sampled plants reached a wilt score of 4; no visible root
decay was found in all samples. Average colony-forming units
(CFU) value was 3.70 per gram of dry soil for healthy plants;
average CFU values were 3.26, 4.21, and 5.71 per gram of dry
soil for diseased plants with wilt scores of 1, 2, and 3, respectively
(Supplementary Figure 1). The ratio between the overall fungal
and bacterial abundance also increased (P < 0.001) with the
increasing wilt score, particularly from healthy to wilt symptoms
irrespective of wilt severities (Figure 1). Such a relationship of
the wilt severity with the fungal/bacterial biomass ratio was
independent of cultivars (Figure 1). This increase in the fungi
and bacteria ratio is primarily due to the pronounced increase
in the fungal ITS copy number associated with diseased plants

(Figure 1). Average ratios of fungal/bacterial abundance were
0.23, 2.31, 2.66, and 2.25 for plants with wilt scores of 0 (healthy)
1, 2, and 3, respectively. There was also less variation in the ratio
among healthy samples than among diseased samples (Figure 1)
despite the large sample-to-sample variability in both the total
bacterial and fungal biomass in the healthy plant samples.

Overview of the Sequencing Results

There were 4,406 bacterial OTUs, with the top 166 OTUs
accounting for 90% of the total reads. The number of sequence
reads clustered into OTUs ranged from 27,987 to 72,236 per
sample, with the respective mean and median of 49,441 and
47,161. There were 3,856 fungal OTUs, with the top 159 OTUs
accounting for 90% of the total reads. Three samples failed the
ITS sequencing. Of the remaining 117 samples, the number
of sequence reads clustered into OTUs ranged from 31,937 to
71,478 per sample, with the respective mean and median of
64,388 and 68,426. For both ITS and 168, rarefication curves
indicated that sequencing depth is sufficient for all samples
(Supplementary Figures 2, 3), except those three sampled that
failed ITS sequencing.

Most of the bacterial OTUs could not be assigned to a
taxonomic rank below the class with high confidence. At a
confidence of 0.8, 85.2, 65.5, 31.9, 21.7, and 15.6% of bacterial
OTUs were assigned to the taxonomic rank of phylum, class,
order, family, and genus, respectively. The corresponding values
for assigning taxonomy to fungal OTUs were 68.8, 37.7, 27.8,
18.9, and 10.8%.

Alpha Diversity

For all three bacterial alpha diversity measures, rhizosphere soil
samples from healthy plants had much larger (P < 0.001) values
than from diseased plants (Figure 2A). Moreover, this difference
was even greater on cv. LM28 than cv. ZHM2, as indicated
by the interactions (P < 0.001) between cultivars and plant
disease status. However, fungal alpha-diversity indices showed
a different pattern (Figure 2B). LM28 had the same pattern as
for bacteria; namely, alpha-diversity indices were greater for
healthy plants than for diseased plants. The opposite was true
for ZHM2. Such a difference in the response between the two
cultivars, i.e., the interaction between cultivar and plant disease
status, was highly significant (P < 0.001). For both fungi and
bacteria, there were no significant differences in the alpha-
diversity indices among 30 pairs (i.e., locations within a field) of
plant samples.

Beta Diversity Indices

In contrast to the alpha-diversity indices, beta diversity (Bray-
Curtis metric) indices showed consistent differences between
diseased and healthy plant samples of both cultivars (Figure 3).
In addition, this consistent difference in both fungal and
bacterial communities was further supported by the results from
principal component analysis (Table 1). Two general patterns
can be observed. First, variability among samples from cv.
LM28 was less than from cv. ZHM2. Second, variability among
diseased samples was far less than among healthy plant samples,
particularly for the bacterial community in the rhizosphere of
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FIGURE 1 | Bacterial 16S and fungal ITS copy number as estimated by qPCR for each rhizosphere soil sample in relation to plant healthy status—healthy plants with
the wilt score of zero. Rhizosphere soil samples were collected from neighboring pairs of healthy and diseased (showing Verticillium wilt symptoms) cotton plants of

cv. LM28 plants (Figure 3). There were significant differences
among locations, namely, between 30 pairs of plants within
each cultivar, in the beta-diversity indices as shown by the
Adonis analysis.

For both bacterial and fungal communities, the main effects of
cultivar and plant wilt status, as well as their interaction on beta-
diversity indices, were highly significant (Adonis). For bacteria,
cultivar, plant wilt status, and their interactions accounted for

9.1, 16.7, and 6.9% of the total variability, respectively; the
corresponding values for the fungal community were 10.3, 18.4,
and 4.9%. The interaction was primarily because the difference
between the healthy and diseased plant samples was greater for
cv. LM28 than cv. ZHM2, especially for the bacterial community.

The first PC accounted for 44.3% of the total variability in
the bacterial community, whereas the second and third PCs
accounted for only 9.2 and 2.3%, respectively. For the first
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FIGURE 3 | Non-dimensional scaling analysis of bacterial (A) and fungal (B) community based on Bray—Curtis indices for rhizosphere soil samples collected from
neighboring pairs of healthy and diseased (showing wilt symptoms) cotton plants of two cotton cultivars in two separated fields ~300 m apart. 16S and ITS amplicon
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PC, more than half of its variability among samples was due
to the differences between diseased and healthy plant samples
(Table 1); cultivar and its interaction with plant wilt status each
accounted for ~10% of the total variability. The second PC was
primarily affected by cultivars, accounting for 12.5% of the total
variability. The third PC was mainly affected by within-field
locations (namely, among pairs of plants) but accounting for only
3.8% of the total variability.

For fungal data, the first three PCs accounted for 19.7, 13.3,
and 5.4% of the total variability, respectively. The effects of
experimental variables on the first three PCs were similar to
those for the bacterial community. Thus, the first and second
PCs were primarily affected by plant diseased status and cultivar,
respectively; nevertheless, the cultivar effect appeared to be more
pronounced for the fungal than for the bacterial community
(Table 1).
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Comparison of Individual OTUs Between healthy plants (Figures 4A,B). The majority of these OTUs with
Diseased and Healthy Plant Samples reduced abundance in the diseased plants were shared between
Rhizosphere Bacterial Community Composition the two cultivars with only 25 and 8 unique to LM28 and ZHM2,

On cv. LM28, 1,543 bacterial OTUs passed the default DESeq2 respectively (Figure 4B). Except for Gammaproteobacteria, the
filtering criteria and were subjected to statistical comparison. relative abundance of almost all bacterial groups was reduced in
Of the 1,543 OTUs, 1,027 differed in their abundance between  the rhizosphere of diseased plants of both cultivars, including
diseased and healthy plant samples. For 1,007 of the 1,027 OTUs, ~ Several well-known taxonomy groups containing beneficial
the abundance was less in the rhizosphere of diseased plants than ~ microbes, such as Bacilli (Firmicutes) and Gemmatimonadetes
healthy plants (Supplementary Figure 4A). For cv. ZHM2, only ~ (Supplementary Figure 6).

1,243 bacterial OT'Us passed the default DESeq?2 filtering criteria.

Of the 1,243 OTUs, 640 differed in their abundance between ~ Rhizosphere Fungal Community Composition

diseased and healthy plant samples. For 631 of the 640 OTUs, ~ Oncv. LM28, only 1,142 fungal OTUs passed the default DESeq2
the abundance was less in the rhizosphere Of diseased plants than ﬁltering criteria and were subjected to statistical Comparison. In
healthy plants (Supplementary Figure 4B). total, 597 OTUs differed in their abundance between diseased

When both cultivars were analyzed together, 1,468 bacterial ~ and healthy plant samples; for all these OTUs, the abundance was
OTUs passed the default DESeq2 filtering criteria. Of the 1,468  greater in the rhizosphere of diseased plants than healthy plants
OTUs, 1,050 differed in their abundance between diseased  (Supplementary Figure 5A). For cv. ZHM2, only 1,272 fungal
and healthy plant samples. For 1,035 of the 1,050 OTUs, the =~ OTUs passed the default DESeq2 filtering criteria. Of the 1,272
abundance was less in the rhizosphere of diseased plants than =~ OTUs, 738 differed in their abundance between diseased and
healthy plant samples. For 736 of these 738 OTUs, the abundance
was greater in the rhizosphere of diseased plants than healthy
plants (Supplementary Figure 5B).

When both cultivars were analyzed together, 1,856 fungal
TALE g 1 1 e e 5 e T OTUspassed the deflt DESes ileng e, Of the 1556
cotton plants)f ° . OTUs, 855 differed in their abundance between diseased and

healthy plant samples. For all these 855 OTUs, the abundance was

Terms Bacteria Fungi greater in the rhizosphere of diseased plants than healthy plants.
pci  PC2 PC3 PCi  PC2  PC3 As with bacteria, the majority of those fungal OTUs with

increased abundance in the rhizosphere of diseased plants were

Cultivar [1] 104 125%™ 01 20.0"* 439" 0.4 shared between the two cultivars with only 2 and 7 unique to
Plant status [2] 51.5™* 227 <01 433%™ 94" 02 LM28 and ZHM2, respectively (Figure 4C). Taxonomy heat trees
Location within cultivar 9.9 1.9 3.8 19.1 5.1 18.3* (Figure 5) were constructed with Metacoder (Foster et al., 2017)
1] x [2] 109" 1.8 01* 04 2.7 06" for each cultivar to illustrate the differences in fungal abundances

between healthy and diseased samples at specific taxonomy

Rhizosphere soils from paired of neighboring healthy and diseased plants of two cultivars C e . .
P o gnerng ety P ranks. There were clear distinctions in the Tremellomycetes

were sampled and profiled with amplicon sequence for the 16S and ITS regions. Two

cultivars were planted in two separate fields ~300 m apart. and a clade (Sordariales order) within the Sordariomycetes
*P < 0.05, P < 0.01, **P < 0.007 based on ANOVA. that had increased abundance in diseased plant samples over
A B C

LM?28 ZHM?2 LM28 ZHM?2
7 0 2 7

Both Both Both
1 36 87

FIGURE 4 | The number of OTUs that differed (P < 0.05) in their abundance between diseased and healthy plant samples. (A) Bacteria increased in diseased
samples, (B) bacteria decreased in diseased samples, and (C) fungi increased in diseased samples.
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FIGURE 5 | Tree views of the differences in the fungal abundance in the rhizosphere of healthy and diseased cotton plants: (A) cv. LM28, and (B) cv. ZHM2; the
difference in abundance is expressed as logzFoldChange, with values >0 indicating that the abundance of specific OTUs was greater in diseased samples than in
healthy samples. Label and node represent the abundance of rhizosphere fungi at the class rank.

the healthy plants in cv. ZHM2 but not in LM28. Similar
heat trees for bacterial OTUs showed very little difference
(Supplementary Figure 6) between the two cultivars.

The fungal taxonomy was annotated using the online
version of FUNGuild (http://www.stbates.org/guilds/app.php).
Enrichment analysis (Fisher exact test with uncorrected P-values)
of trophic level annotations of those OTUs with increased
abundance in diseased samples indicated an increase in
saprotrophs and a decrease in symbionts (Table 2). Enrichment
of “Guilds” indicated a decrease in arbuscular mycorrhizal in cv.
LM28 and an increase in several plant pathogen guilds (Table 3).

DISCUSSION

In the present study, similar to our previous finding (Wei et al.,
2015), wilt severity increased significantly with the increasing
V. dahliae inoculum density in the rhizosphere. However, the
inoculum level explained only a very small proportion of the
variability in observed wilt severities among plants, indicating
that most differences in wilt severities are likely due to other
factors rather than the differing inoculum densities.

Total bacterial biomass, as indicted by qPCR results, was
significantly higher in the rhizosphere of healthy plants than
that of diseased plants; the opposite was true for the total fungal
biomass. Similar results in total bacteria were also observed for
potato plants with high and low levels of potato common scab

severity (Shi et al., 2019). Suppressive soil against Fusarium wilt
has higher populations of bacteria than the wilt-conducive soil
that has higher populations of fungi (Peng et al., 1999). The
occurrence of cotton Verticillium wilt appears to be accompanied
by increased fungal abundance in the rhizosphere. The ratio of
total fungi with total bacteria in the rhizosphere of wilt cotton
plants is much > 1; the opposite is true for the healthy plants.
Therefore, the ratio of total fungal to total bacterial biomass
can be considered as an indicator of cotton Verticillium wilt
occurrence. This agrees with previous findings that the ratio
of fungi to bacteria shows increasing trends in the soil of
continuous cropping that leads to severe soilborne disease of
Panax notoginseng (Dong et al., 2016). Interestingly, this ratio
appears to be less variable for healthy plants than for diseased
plants, suggesting that healthy plants are associated with stable
fungal/bacterial communities.

Microorganisms are one indicator of soil health, particularly
disease suppressiveness (Epelde et al., 2014; Ferris and Tuomisto,
2015; van Bruggen et al., 2015). High microbial diversity can
improve community stability (Lefcheck et al.,, 2015; Delgado-
Baquerizo et al, 2016). However, the relationship between
microbial diversity and disease development varies with studies.
For instance, a higher diversity in soil bacteria is associated
with healthy plants in P. notoginseng (Wu et al,, 2015) and
cotton (Zhang et al., 2011), whereas the opposite was observed
in tomato plants (Li et al., 2014). In the present study, higher
bacterial alpha-diversity indices were found in healthy plants
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TABLE 2 | Differences in the number of putative fungal functional groups (identified by FUNGuild “trophic level” annotations) in the rhizosphere of healthy and diseased
cotton plants in two cultivars (LM28 and ZHM2).

Annotated LM28 ZHM2 Both
Sig. Odds ratio P Sig. Odds ratio P Sig. Odds ratio P

Unknown 2,190 283 1.38 <0.001 394 1.22 0.004 462 1.21 0.003
Sap? 543 156 0.62 <0.001 190 0.63 0.000 199 0.7 <0.001
Path® 82 14 1.04 1.000 14 1.29 0.500 19 1.1 0.803
Sym° 83 5 2.96 0.010 9 2.03 0.039 12 1.77 0.070
Sap-Path 85 22 0.69 0.133 23 0.81 0.376 29 0.75 0.195
Sap-Sym 72 16 0.80 0.452 21 0.75 0.275 22 0.84 0.440
Path-Sym 26 6 0.77 0.618 6 0.95 0.820 7 0.95 0.830
Sap-Path-Sym 268 95 0.50 <0.001 79 0.75 0.030 105 0.65 0.001

Individual OTUs with significant differences in its abundance between diseased and healthy plants determined by DESeq2 analysis. Odds ratio of < 1 indicates a higher proportion of
OTUs in the particular fungal functional group in the microbiome of diseased samples, and P-value indicates whether the odds ratio differs significantly from 1.0.
aSaprotroph, PPathotroph, ¢Symbiotroph.

TABLE 3 | Differences in the number of putative fungal functional groups (identified by FUNGuild “trophic level” annotations) in the rhizosphere of healthy and diseased
cotton plants in two cultivars (LM28 and ZHM2).

Annotated LM28 ZHM2 Both

Sig. Odds ratio P Sig. Odds ratio P Sig. Odds ratio P
Undefined sap 433 143 0.54 <0.001 172 0.55 <0.001 178 0.62 <0.001
Plant path undefined sap 14 0.31 0.012 0.38 0.045 9 0.40 0.036
Dung sap undefined sap 5 0.22 0.035 0.27 0.062 4 0.32 0.090
Arbuscular mycorrhizal 71 5 2.52 0.085 9 1.73 0.140 12 1.51 0.215
Fungal parasite 133 52 0.45 <0.001 29 1.01 1.000 53 0.64 0.009
Undefined sap
Endophyte fungal parasite plant path 9 0.32 0.048 5 0.39 0.152 0.46 0.178
Animal path endophyte 21 10 0.37 0.019 ihl 0.42 0.034 12 0.45 0.030
Fungal parasite
Plant path
Wood sap
Endophyte 39 15 0.46 0.020 19 0.45 0.009 20 0.50 0.014
Litter sap
Soil sap undefined sap
Animal path 19 10 0.34 0.008 12 0.35 0.008 12 0.40 0.022
Dung sap endophyte
Epiphyte
Plant sap
Wood sap

Individual OTUs with significant differences in its abundance between diseased and healthy plants determined by DESeq2 analysis. Odds ratio of < 1 indicates a higher proportion of
OTUs in the particular fungal functional group in the microbiome of diseased samples, and P-value indicates whether the odds ratio differs significantly from 1.0. Only guilds with P <
0.05 in any of the contrasts are shown.

than in wilt diseased plants, but this is not true for fungal
community. Higher diversity in soil bacteria is often associated
with greater resistance to pathogens (Garbeva et al, 2004;
Mallon et al., 2015). The increase of soil resistance/tolerance to
pathogens may be related to the complexity of the interaction
network of microorganisms in soil (Shi et al., 2019). Complex
microbial community interaction can regulate the stability
of the community (Eisenhauer et al, 2013), thus limiting
pathogen increase.

Soilborne pathogens can have profound impacts on nutrient
availability and plant root exudates in rhizosphere, which, in

turn, may affect microbial communities (Cook et al., 1995). The
present study showed large and consistent effects of a soilborne
vascular disease on both fungal and bacterial communities in
the rhizosphere of cotton plants. Rhizosphere microbiomes have
been showed to differ between healthy and soilborne diseased
plants (Mendes et al., 2011; Shanmugam et al., 2011; Zhang
et al., 2011; Wu et al,, 2015). However, a recent study showed
that bacterial community in the geocaulosphere soil could be
distinguished according to potato scab severity, but not in
rhizosphere soil (Shi et al, 2019). This difference could be
because that common scab of potato mainly invades through
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tubers, whereas many other soilborne pathogens directly infect
root systems. As a vascular pathogen of the cotton, V. dahliae
infects roots and then colonizes vascular tissues, causing plant
wilting, but usually does not cause root decay. However,
fungal colonization in vascular tissues is expected to result in
considerable changes in plant physiology and hence in root
exudates. We thus speculate that it is the change in root exudates
that may largely be responsible for the resulting differences in
rhizosphere microbiomes between healthy and diseased plants.

In the present study, the differences in the rhizosphere
microbiome between diseased and healthy plants within the
same cultivars are much greater than differences between
cultivars. Cultivar differences may be exaggerated as the two
cultivars were grown separately in two neighboring fields
and thus are confounded with the differences in microbial
communities between the two fields, which is well-known
(Edwards et al., 2015). Such a spatial effect was also illustrated by
the significant differences between pairs of plants (representing
different locations within a field). Precisely for this reason,
we sampled scheme neighboring diseased and healthy plants
of the same cultivar to minimize the compounding effects of
disease phenotype and microbial variability in space. Thus, the
differences in the rhizosphere microbial community between
diseased and healthy plant within the pairs of plants are
more likely to be directly related to the wilt development.
The important question, however, remains whether the large
community differences in the rhizosphere between diseased
and healthy plants are a consequence of the infection by
V. dahliae and/or subsequent wilt development that has
affected root exudate composition leading to changes in
rhizosphere microbiome.

Differences in abundance of individual OTUs between the
diseased and healthy plants have a consistent pattern: nearly
all those bacterial OTUs with differential abundance had much
higher abundance in healthy plants than in diseased plants, and
the opposite was true for the fungal OTUs. Many bacterial and
some fungal groups have been shown to associate with cotton
plant tolerance to development of wilt caused by V. dahliae
(Wei et al., 2019). Many specific bacterial OTUs have higher
abundance in rhizosphere of healthy plants than diseased plants.
For instance, the abundance of Acidobacteria is reduced in
rhizosphere of diseased plants, agreeing with a recent finding
that the decrease of this phylum is linked to wilt development
in olive, also caused by V. dahliae (Fernandez-Gonzilez et al.,
2020). Furthermore, the abundance of several well-known
taxonomy groups containing beneficial microbes, such as Bacilli
(Firmicutes) and Gemmatimonadetes, was reduced in the
rhizosphere of diseased plants, consistent with previous findings
(Wei et al., 2019; Fernandez-Gonzalez et al., 2020). In contrast,
the abundance of Gammaproteobacteria was increased in
diseased plants in both cultivars. Gammaproteobacterial diversity
and community members have been identified as potential
health indicators (Koberl et al., 2017). For example, healthy
banana (Musa acuminata L.) plants have increased presence of
potentially plant-beneficial Pseudomonas and Stenotrophomonas,
whereas diseased plants had a high level of Enterobacteriaceae
known for their plant degradation ability (Kéberl et al.,, 2017).

Decreased abundance associated with diseased plants was
also observed for arbuscular mycorrhizal fungi (AMF). AMF
colonization may have increased the expression of pathogenesis-
related genes and lignin synthesis-related genes more strongly,
thus leading to induced resistance against V. dahliae in cotton
(Zhang et al., 2018). In addition, AMF can also induce changes
in the composition of cotton root exudates, contributing to
bioactive effects against germination of V. dahliae conidia
(Zhang et al., 2012a). Similarly, increased abundance of fungal
pathogens in general together with reduced abundance of
beneficial microbes may explain yield (mainly due to soilborne
diseases) declining potential observed in continuous cotton
monocropping systems (Wei and Yu, 2018).

The present study showed that a much greater proportion
of rhizosphere microbial OTUs differed in their abundance
between neighboring diseased and healthy plants of the same
cultivars than between cultivars with differing susceptibility to
V. dahliae. This may suggest that much of these differences
between diseased and healthy plants may have resulted from
postinfection or postdisease development as consequences of
changes in root exudates and/or volatiles from plants associated
with pathogen infection and subsequent disease development.
Thus, rhizosphere of diseased plants has greater abundance of
fungal saprophytes than healthy plants.

CONCLUSION

This study demonstrated that V. dahlige infection and
subsequent disease development can lead to large changes
in rhizosphere microbiomes in cotton. In addition to high V.
dahliae inoculum density, a high fungal/bacterial biomass ratio
in rhizosphere is an indicator of wilt disease development. Much
of the increased fungal abundance in diseased roots is likely
contributable to increased fungal saprophytes.
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Plants exist in close association with uncountable numbers of microorganisms around,
on, and within them. Some of these endophytically colonize plant roots. The colonization
of roots by certain symbiotic strains of plant-associated bacteria and fungi results in these
plants performing better than plants whose roots are colonized by only the wild populations
of microbes. We consider here crop plants whose roots are inhabited by introduced
organisms, referring to them as Enhanced Plant Holobionts (EPHs). EPHs frequently
exhibit resistance to specific plant diseases and pests (biotic stresses); resistance to
abiotic stresses such as drought, cold, salinity, and flooding; enhanced nutrient acquisition
and nutrient use efficiency; increased photosynthetic capability; and enhanced ability to
maintain efficient internal cellular functioning. The microbes described here generate
effects in part through their production of Symbiont-Associated Molecular Patterns
(SAMPs) that interact with receptors in plant cell membranes. Such interaction results in
the transduction of systemic signals that cause plant-wide changes in the plants’ gene
expression and physiology. EPH effects arise not only from plant-microbe interactions,
but also from microbe-microbe interactions like competition, mycoparasitism, and antibiotic
production. When root and shoot growth are enhanced as a consequence of these root
endophytes, this increases the yield from EPH plants. An additional benefit from growing
larger root systems and having greater photosynthetic capability is greater sequestration
of atmospheric CO,. This is transferred to roots where sequestered C, through exudation
or root decomposition, becomes part of the total soil carbon, which reduces global
warming potential in the atmosphere. Forming EPHs requires selection and introduction
of appropriate strains of microorganisms, with EPH performance affected also by the
delivery and management practices.
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INTRODUCTION

Plants, like other so-called higher organisms, do not exist as
entities unto themselves. They are biotic systems which consist
of the plant plus innumerable microorganisms, the plant
microbiome. This review considers plant-associated bacteria and
fungi, focusing on those that internally colonize plant roots as
microbial endophytes. Plants, together with their associated
microbiomes, function as complex multi-species entities, referred
to in the literature as holobionts (Margulis and Fester, 1991).
The association can be detrimental to the plant if pathogens
predominate, or it can be neutral. More often, it results in
plants having better health, growth, and performance. We have
previously discussed endophytic root colonization and the resulting
symbiotic increases in plants’ capabilities using the concept of
Enhanced Plant Holobionts (EPHs; Harman and Uphoff, 2019).

A number of mechanisms are involved in producing these
effects, particularly plant-microbial interactions, but there are
also various microbe-microbe interactions. Because they are
not widely known, we are particularly interested here in the
microbial production of organic molecules that interact with
plant cell membranes and induce system-wide changes in plant
physiology, altering both plant gene and protein expression.
These molecules we refer to as Symbiont-Associated Molecular
Patterns (SAMPs; Harman and Uphoff, 2019). This terminology
is consistent with the scientific literature on plant pathogens
that already uses the terms Pathogen-Associated Molecular
Patterns (PAMPs) and Damage-Associated Molecular Patterns
(DAMPs); see, for example, Malik et al. (2020). As a consequence
of certain plant-microbial interactions, plants’ photosynthesis
can be enhanced, and there can be induced improvements in
internal cellular environments. A result of these effects is having
significantly larger EPH roots and shoots with higher crop yields.

By enhancing yields, EPHs can contribute to maintaining
food security and reducing hunger in the world. These goals
will become more challenging in future decades as still-rising
human populations must be supported from a diminishing
natural resource base that will be further constrained by the
changing climate. EPHs can help to mitigate this as increased
plant photosynthesis with greater root growth can increase
carbon sequestration from the atmosphere and larger root
systems will increase carbon stores in the soil. Increases in
soil carbon (SC), especially in soil organic matter (SOM), will
improve soil health and fertility which are associated with
greater plant health, crop yields, and ultimately human health.

Following this introduction, Section 2 (entitled the functioning
of enhanced plant holobionts) describes in general terms the
physical interactions of symbiotic microbes with plants, and
especially the colonization of internal plant organs and the
nature of the endophytic associations. Section 3 (mechanisms
for enhanced plant holobionts) reviews mechanisms by which
endophytes react with plants to protect plants’ health and
support their growth, robustness, and productivity. Section 4
(biochemical and genetic effects associated with EPHs) discusses
the biochemical effects associated with SAMPs and their gene
and protein regulation, improvements in photosynthetic efficiency,
and effects of internal cellular functioning.

Section 5 (benefits conferred on plants) considers benefits
that this symbiotic association confers on plants, including the
control of biotic stresses, including disease, insect pests, and
nematodes, as well as the mitigation of abiotic stresses such
as drought, salt, and adverse temperatures. Section 6 (agricultural
and societal benefits) discusses higher-level agricultural and
societal benefits, including improvements in soil health, enhancing
sustainable food production, and creating environmental benefits
such as carbon sequestration and storage, which can help to
slow global warming by capturing and removing greenhouse
gases such as CO, from the atmosphere.

Section 7 (management and delivery systems for EPHs)
addresses important aspects of the delivery and management
of microbial agents, including the application of exogenous
inoculum and the mobilization of existing soil populations.
Section 8 (enhancing microbial endowments with changes in
crop and soil management) then goes into management systems
such as no-till cultivation that can have beneficial effects on
the soil biota, and the system of rice intensification for which
we have experimental evidence confirming the practicality of
EPHs when modifying crop management. Section 9 summarizes
the various components that contribute to the creation and
cultivation of EPHs and to the benefits that these confer at
both micro and macro levels. Section 9 is a summary of
the paper.

Numerous fungi and bacteria may provide beneficial effects
including endophytic fungi (T. afroharzianum, viride, atroviride,
virens, reesei and others; Woo et al., 2014; Harman and Uphoff,
2019; Tkram et al, 2019), in addition to other endophytic
fungi such as strains of Aspergillus niger (Ismail et al., 2020),
Penicillium roqueforti (Ikram et al., 2018), Aspergillus terreus
(Khushdil et al., 2019) Yarriwia lipolytica (Farzana et al., 2019),
as well as Piriformaspora indica (Gill et al., 2016) Penicillium
citrinum and Aspergillus terreus (Waqas et al., 2015), and bacteria
such as Pseudomonas (Pieterse et al., 2014), Bacillus (Kloepper
et al., 2004) and Rhizobiacae (Chi et al., 2005). It is important
to note that, while many fungi and bacteria are endophytic
and provide benefits to plants, microbial effects on plants are
highly specific to individual strains. Just because one strain
benefits certain plants, does not mean that all members of
the same genus or species of microbes will have the same effects.

THE FUNCTIONING OF ENHANCED
PLANT HOLOBIONTS

Microbial Enhancement of Plants

Many bacteria and fungi are beneficial to plants in various ways:

« By improving their resistance to diseases and pests;

By mitigating abiotic stresses such as drought, salt, and
adverse temperatures;

« By improving plants’ nutritional status through better
acquisition of nutrients from the soil, enhancing supply of
nutrients such as through the fixation of nitrogen, and better
nutrient-use efficiency;

By enhancement of plants’ photosynthetic capability; and
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o By maintaining internal cellular environments that are more
conducivefor thefunctioningof critical plantmetabolic processes.

These services generally result in better growth of plants’
shoots and roots and thus in higher yields, especially under
adverse conditions.

Numerous bacteria and fungi are known to improve plant
performance, among them bacteria in the genus or families
Pseudomonas, Bacillus, and Rhizobiacae, and fungi such as
Trichoderma and Piriforma. Other microbes may also induce
similar benefits, but the groups mentioned here are the best
documented, most studied, and most widely used. For a
comprehensive listing of beneficial microbes, see (Copping,
2004). The most effective strains of either fungi or bacteria
are usually ones that colonize the plant roots endophytically.

Endophytic Root, Leaf, and Branch
Colonization

Many of the most beneficial microbes live within the internal
space of plant roots. In at least one case, they take up residence
anywhere in the plant where they are applied, not limited to
the roots. In two other cases, once established in the roots,
the microbes become systemic throughout the plant. The beneficial
species that are considered in this review do not cause disease
or other deleterious effects. Not all, but many microorganisms
living within plant organs and tissues have beneficial effects
on plants’ growth, health, and productivity. Their symbiotic
services to plants are similar to those that myriad microbes
in the human microbiome confer on our species. These endophytes
when introduced purposefully to augment whatever microbial
populations exist naturally in the plants’ microbiomes create
what we refer to as EPHs.

Colonization patterns differ as shown in Figure 1. As noted
above, the beneficial effects are always strain-specific, and no
generalizations can be made regarding specific taxa since a
given strain or species may have members that are highly
beneficial, while other members of the same species may not
confer advantages. Some genera contain species whose
colonization confers advantages to the plants that harbor them,
while other genera, e.g., Pseudomonas, Fusarium, and Rhizoctonia,
include both pathogens and beneficial organisms. Some strains
of Pseudomonas can be beneficial symbionts for certain plants,
while other strains cause disease in both animals and plants.

Among the more complex interactions are those involving
bacteria in the Rhizobiacae family of protobacteria. In leguminous
plant species, these bacteria infect plant roots and form nitrogen-
fixing nodules, structures composed of both plant and bacterial
cells as shown in Figures 1C,D.

Conversely, some of these same bacteria which fix nitrogen
in the roots of clover plants can infect the roots of cereal
plans like wheat or rice and become systemic throughout these
plants (Figure 1A; Chi et al., 2005). Little is known about the
extent to which such systemic colonization occurs in other plants.

Vascular-arbuscular mycorrhizal (VAM) fungi also form
complex plant root-microbial structures. These fungi interact
with plant roots to form arbuscules within the roots that are
highly efficient in transferring nutrients such as phosphorus

FIGURE 1 | Examples of endophytic colonization by different bacteria or
fungi. (A) Endophytic colonization of rice by Rhizobium leguminosarum bv.
Trifoli in rice. The photomicrograph shows the bacteria in the stems after the
bacterium was applied to seeds. From (Chi et al., 2005). The journal does not
require persmission to use materials. (B) Photograph of mycorhizzae labeled
to show arbucules and hyphae within roots, from (Schussler, 2009), used with
permission of the author. (C) Nodules on soybean roots. Used courtesy of
Advanced Biological Marketing. (D) Photograph of nodules on soybean roots.
Photo by the first author. (E) A photomicrograph of fluorescent imaging of a
corn root showing growth of Trichoderma on the surface. Spores of the
fungus were added to seeds, and the growth shown was taken 2 days later.
Photograph courtesy of Advanced Biological Marketing. (F) Fluorescent
photomicrograph of Trichoderma growing in root hairs. From

(Harman et al., 2004a), used with permission of the journal.

from the VAM to the plant and of nutrients from the plant
to the VAM in return, as seen in Figure 1B.

Some strains of Trichoderma become endophytes and colonize
the cortical cells of roots. Figures 1E,F show this interaction.
If specific strains of Trichoderma are applied to seeds, spores
of the fungi germinate very rapidly, and within a few days
hyphae, branching filaments, grow from the seed onto the
emerging radicle (Figure 1E). The fungi then colonize the
roots (Figure 1F). Other strains of Trichoderma, however, are
unable to colonize the rhizosphere or to become endophytic
(Harman and Uphoff, 2019).
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In certain plants, strains of Trichoderma become systemic,
living throughout the plant, while in other plants these same
strains are confined to the roots (Bae et al, 2011). The
location of endophytes is therefore plant-specific. Other fungi
may become endophytic in any part of the plant where they
are inoculated. For example, Clonostachys rosea can colonize
plant tissues including leaves, with the result of controlling
certain plant diseases that affect the leaves (Shafia et al., 2001;
Xue et al., 2014).

Chemical crosstalk between roots and root colonizing microbes
is required for symbiotic relationships to occur. With maize,
roots and A. nominus require indole acetic acid and flavonoids
to establish the relationship (Mehmood et al., 2020). Similar
crosstalk occurs to establish the relationship with legumes and
Rhizobiacae and with mycorrhizae and the numerous plants
they colonize. These signaling pathways developed first with
mycorrhizae and the legume-Rhizobiacae developed similar
interactions (Genre and Russo, 2016). Other relationships, such
as those between Fusarium and legumes employ elements of
these same pathways (Skiada et al., 2020).

MECHANISMS FOR ENHANCED PLANT
HOLOBIONTS

Mycoparasitism

The ability of certain fungi to colonize and parasitize other
fungi and Oomycetes has been known for almost 90 years.
This capability of fungi does not per se lead to the formation
of holobionts, but it is included here for reasons of completeness.
In addition, some fungi that are mycoparasiitic are endophytes
that form holobiontic associations with plants.

The events that occur in mycoparasitism have been well
documented in interactions of Trichoderma with other fungi,
including pathogens. The interactions can be complex. At least
in vitro, Trichoderma can be grown in a directed fashion to
attack targeted fungi (Chet et al., 1981). This is facilitated by
the ability of the mycoparasite to secrete small amounts of
an exochitinase that releases carbohydrates; Trichoderma sensing
these follows this trail of nutrients to the target fungi (Brunner
et al., 2003). Once Trichoderma comes into contact with the
target fungus, it engages in interaction that results, in some
cases, with the coiling response noted above.

Once in contact with the target fungus, Trichoderma can
penetrate its internal lumen and establishes an internal infection
(Harman et al., 2004a). This is facilitated by the ability of
Trichoderma to produce a potent array of fungal cell-wall-
degrading enzymes (Figure 1D) and also various antibiotics,
many of which exhibit synergistic fungitoxicity. Scores of genes,
enzymes, and metabolites are known to be involved in this
interaction (Harman et al., 2004a; Lorito et al., 2010). In some
cases, mycoparasitism is essential and sufficient for biocontrol.

For example, strains of Ampelomyces are parasitic on powdery
mildews (Kiss et al., 2004), and since they are obligate pathogens
on mildews, this mechanism must be the operative one.
Coniothyrium minitans is a commercial product for control of
sclerotia-producing fungal pathogens. C. minitans parasitizes

the sclerotia which contain food reserves for the pathogen,
and over time this reduces the pathogenic populations, resulting
in successful control (Whipps and Lumsden, 1991; Whipps, 1997;
Gwynn, 2014).

Production of Antibiotics

Numerous metabolites are produced by bacteria and fungi that
are toxic to particular plant pathogens and pests. For example,
certain strains of Agrobacterium that do not give rise to galls
in plants have the ability to control other strains of the bacteria
that do. This effect is associated with the microbe’s production
of agrocin, a biochemical that is highly toxic to tumorigenic
bacterial strains (Burr and Reid, 1994). It cannot be ascertained
whether this toxin is solely responsible for the observed biocontrol
ability, however, since other factors such as competition for
infection sites could be operative.

Similarly, control of the take-all disease in wheat caused
by Guamannomyces tritici can be controlled by the addition
of strains of Pseudomonas fluorscens that produce phenazine
antibiotics (Fravel, 1988; Weller, 1988). This bacterium was
obtained from soils that became suppressive to the disease
following years of wheat monoculture. This microorganism can
create a soil in which the disease is reduced to levels where
crop damage is greatly reduced (Cook, 2017).

In another case, we searched for strains of Trichoderma
that could control the Phytophthora disease caused by pathogenic
Oomycetes. Hundreds of strains were screened, first in vitro,
and then by plant assays. The only strain identified with an
ability to control this pathogen was a strain of T. virens that
produced the antibiotic gliotoxin (Smith et al, 1990). This
antibiotic is extremely toxic to zoospores of the pathogen
(Wilcox et al., 1992).

This strain was isolated from a soil that had been periodically
cultivated with peas for over a century. The root rot caused
by the water mold Aphanomyces euteiches f. sp. pisi was not
present in this soil, although earlier reports indicated that in
the pathogen had caused very damaging root rot in this same
area. The pathogen A. euteiches is a relative to the plant-
damaging Oomycete Phytophthora and both produce motile
zoospores, so the gliotoxin produced by T. virens is extremely
toxic to both.

In the cases mentioned above, the antibiotics are clearly
associated with disease suppression. However, it should not
be assumed that this antibiotic production is the only mechanism
involved in disease control. Many or most microorganisms
produce at least some antibiotic substances. While their antibiotics
may be involved in biocontrol, in most cases other mechanisms
may also be involved, as discussed in later sections.

Antifungal Enzymes

Earlier, we mentioned fungitoxic enzymes from Trichoderma
that are involved in mycoparasitism. In addition, various
antibiotics that are produced have antifungal synergy with
certain enzymes. The diversity of these enzymes and their
functions is remarkable. There are multiple classes of enzymes
that degrade chitin, cellulose, proteins, and other polymers
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found in nature. Beyond this, there are numerous separate
enzymes for each functional classification, and the numbers
of active enzymes and combinations are very large.

For example, a search for Trichoderma-produced chitinases
in the Uniprot database gave 1,090 entries (https://www.uniprot.
org/uniprot/?query=trichoderma+chitinase&sort=score-chitinases
are one of several classes of cellulose-degrading enzymes),
while a similar search for the broader category of Trichoderma
cellulases gave 9,559. Some of these are from different
strains that produce similar enzymes, but a perusal of this
database demonstrates that many are different enzymes
produced by beneficial microorganisms, having, e.g., dissimilar
molecular weights.

Competition

For many years, this has been considered one of the three
main mechanisms for microbial disease control, along with
antibiosis and mycoparasitism. It is obvious that competition
occurs widely and can never be excluded as a mechanism of
biocontrol, but it is hard to prove or disprove. In at least one
case, the control of aflatoxin by heavy application of atoxigenic
strains of Aspergillus flavus, competition is clearly the main
factor. The atoxigenic strains compete with the one that produces
aflatoxin, and this prevents accumulation of levels of this
highly-toxic metabolite that are harmful to animals, including
humans (Garber and Cotty, 1997).

Competition for infection sites by nonharmful strains can
be expected to exclude harmful strains or species that are
deleterious. It is thus difficult to rule competition in or out,
since many cases of biocontrol may include competition.

Siderophores

Siderophores are a class of microbial metabolites that sequester
iron, binding to it very tightly and making it difficult for
other microbes with a lower affinity for iron to compete with
those that are producing siderophores with a very strong binding
of iron (Trapet et al., 2016). Because iron under many soil
conditions is poorly soluble, plants and other organisms in
soil have evolved mechanisms to acquire iron under these
conditions, either through the production of siderophores or
through acidification or the immediate area in proximity to
the organism. Organisms that produce siderophores with a
very high affinity to iron can compete successfully with other
organisms (Trapet et al., 2016).

Siderophores from fluorescent Pseudomonas strains (e.g.,
pyoverdines and pseudobactins) are among the strongest iron-
binding compounds known. They can solubilize iron in the
soil and to transport it back into the microorganism, which
enables it to obtain this vital compound for its metabolism.
In so doing, it scavenges iron away from other microbes, and
this is an important mechanism in the competitive battle with
other organisms that would occupy this niche.

This capability can be demonstrated through several methods,
such as comparing the Fe-EDTA or EDDHA (Scher and Baker,
1982; Hubbard et al, 1983). These compounds chelate
iron and make it available to plants and microorganisms.
If the synthetic compound reverses the biological effect, this

is evidence of the role of the siderophore in that effect. This
approach was taken in both of the citations just given. The
effect may be either beneficial or detrimental. The strong effect
of the Pseudomonas siderophore has been shown to be important
in biocontrol of Fusarium wilt (Scher and Baker, 1982).
However, competition for iron prevented biocontrol of
damping-off diseases by a strain of Trichoderma in some
New York soils that had low levels of available iron; however,
it was effective in Colorado, where Fe carbonates were more
available. In the NY soils, biocontrol could be accomplished
in the presence of synthetic iron-chelating compounds. A search
for Trichoderma strains in NY soils that could be effective in
biocontroil resulted in the identification and selection of a
strain that provided biocontrol and which was found to produce
siderophores of its own (Hubbard et al, 1983). These two
examples demonstrate the importance of this mechanism.

Induced Systemic Resistance

The previous sections have described biocontrol by the action
of one organism on another. However, it is becoming increasingly
clear that a great deal of the control of diseases and pests,
as well as control of abiotic stresses, is a result of the effects
of the microbial agent on the plant, changing gene and protein
expression that results in benefits from developing EPHs.

We noted above, for example, that T. virens produces the
antibiotic gliotoxin. For many years this antibiotic was assumed
to be responsible for the Trichodermass ability to control seedling
diseases of cotton (Howell, 2003). However, we now know that
antibiotic production was not the primary mechanism of control
in this case. Studies in which mutants of T. virens were produced
have shown varying capacities for biocontrol, mycoparasitism,
and antibiotic production. The only property correlated with
the ability of T. virens to control R. solani, which causes sheath
blight in rice, for example, was the Trichoderma’s ability to
induce plant resistance to the pathogen, as there was no
correlation of biocontrol with either antibiotic production or
mycoparasitism (Howell et al.,, 2000; Harman et al., 2004a).

Evidence of induced resistance includes the ability to control
abiotic or biotic stresses at a distance from where the agent
is located (Harman et al., 2004a). For example, many organisms
are restricted to plant roots, but induce plant resistance to
foliar diseases. An example of shown in Figure 2 in the
photograph of corn leaves, where T. afroharzianum was either
applied or not applied to cpheorn seeds. The fungus is restricted
to growth only in the roots, but it induces plant resistance
to anthracnose on its leaves. In the photo, the two upper
leaves were from a plant whose seeds had been treated, while
on the lower leaves, no treatment was applied. Clearly, much
less disease occurred on leaves from treated plants, thus
demonstrating the concept of protection at plant sites distant
from the actual location of the fungus.

Other evidence comes from genetic studies. For example,
the gene NPRI is essential to functioning of both Systemic
Acquired Resistance (SAR) and Induced Systemic Resistance
(ISR). These are two separate biochemical pathways by which
each kind of resistance is induced. In studies with strains of
the plant Arabidopsis that were deficient in the gene encoding
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FIGURE 2 | A synoptic diagram of the interactions of plants and endophytes that result in the formation of EPHs. A similar diagram was presented in (Harman and
Uphoff, 2019), which is an open access journal. The photograph of corn leaves is from (Harman et al., 2004a) and is used with permission of the journal.

this factor, Trichoderma did not control the fungal pathogen
Pythium while strains with functional NPR1 were well-protected
by the fungus (Shoresh et al., 2010).

However, these strains are also potent inducers of systemic
resistance in plants (Pieterse et al, 2014), so attribution of
causation is not unambiguous.

These two examples (many others could be cited) demonstrate
that effects on plants of beneficial microbes occur as a
consequence of microbial effects on plants, rather than just
their effects on plant pathogens as provided in section 5. Most
of the studies demonstrating this effect began to be published
in the early 2000s cf. (Harman et al., 2004a). Older literature
frequently ascribed the benefits of microbial agents to other
mechanisms, but this was based on imcomplete knowledge.
The ability of endophytic microbes to directly affect plants is
the primary element contributing to the superiority of EPHs.
To understand this, we turn to biochemistry.

BIOCHEMICAL AND GENETIC EFFECTS
ASSOCIATED WITH EPHs

Production and Description of SAMPs

In almost all cases, the induction of systemic effects which
protect plants from pathogenic losses is mediated by the
production of signaling molecules by endophytic microbes
that interact with plant cell membranes. This results in
signal transduction that occurs, in many cases, through
mitogen-activated protein (MAP) kinases (Shoresh et al.,
2010). Two principal pathways for effects on plants are the
ISR and SAR mentioned above. ISR uses jasmonic acid as
a principal signaling molecule, while SAR relies on salicylic

acid. There is a considerable amount of cross-talk between
these two pathways, and the interactions and triggering
systems have been provided diagrammatically elsewhere
(Harman et al., 2004a; Pieterse et al., 2014).

As indicated in those and other references, wounding of
plants by injury or insects, infection by pathogenic
microorganisms, and especially the effects of endophytic beneficial
organisms all result in induction of beneficial systemic effects
as does the alleviation of the negative effects of abiotic stresses.

The signaling compounds produced by beneficial organisms
are numerous and varied. The primary elicitors for Rhizobiace
and AMFs are chitooligosaccarides, and these are part of the
common symbiotic pathway (Gough and Cullimore, 2011; Genre
and Russo, 2016). The elicitor in P. indica is cellotriose (Johnson
et al,, 2018). Trichoderma uses a number of different compounds
that trigger systemic activity including sulfur-rich proteins
including SM1 (Djonovic et al., 2007) and certain hydrophobins
(Ruoccco et al., 2015). These proteins contain a hydrophobic
and a hydrophilic portion that enables them to insert themselves
into cell membranes. These elicited responses frequently act
by signal transduction (Shoresh et al., 2006).

Surfactins from Bacillus subtlis also have hydrophobic and
hydrophilic portions of the molecule, and they too induce
systemic reactions in plants. Both can be characterized by
Ca' bursts in the plant cells to which they are applied
(Jourdan et al., 2009). There may be small-molecular-weight
volatile compounds such as 1-octen-3-ol (Harman et al., 2018)
and 6-pentyl-a-prone (Lorito et al., 2010). Other non-volatile
small-molecular-weight compounds such as koningic acid,
also known as heptelidic acid, act as elicitors of systemic
plant responses (Lorito et al., 2010) is required for the systemic
response of T. virens (Djonovic et al, 2007). Any of the
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small molecular compounds used alone can elicit systemic
responses in plants (Harman and Uphoff, 2019).

Interaction of SAMPs With Cellular
Membranes

Signal transduction leads to systemic responses in plants
(Ward and Schroeder, 1977; Shoresh et al., 2006). The amphoteric
molecules (those with both hydrophobic and hydophilic regions)
such as the proteins and surfactins just mentioned interact
with cellular membranes through the production of pores in
the membranes that open channels for ion influx and efflux
and also trigger Ca'™ bursts and H,O, production that are
characteristic of resistance responses.

This in turn leads to signal transduction that leads to
systemic responses (Shoresh et al., 2010). This transduction
is indispensable for the systemic response that EPHs induce,
eliciting resistance to biotic and abiotic stresses. Signal
transduction is induced by the interactions of SAMPs produced
by the microorganism, as described earlier. This in turn leads
to signal transduction which leads to systemic responses
(Shoresh et al., 2010). This transduction is indispensable for
the systemic response that EPHs induce, eliciting resistance
to biotic and abiotic stresses. Signal transduction is induced
by the interactions of SAMPs produced by the microorganism,
as described earlier (Harman and Uphoff, 2019). In addition
to the SAMPs described in that reference, plant hormones
such as salicylic acid and jasmonic acid can act a elicitors
of plant responses, In addition, the methylated forms can
also be involved in systemic transport throughout the plant
(Morita et al.,, 2009; Shah and Zeier, 2013).

Signal Transduction and Systemic
Changes in Plant Genes and Proteins
As mentioned above, systemic changes in plant gene and protein
expression require signal transduction, at least in some cases,
through the action of MAP kinases (Shoresh et al, 2006).
This results in changes in plant genes and proteins, frequently
as up-regulation. There are many thousands of proteins and
genes that are known to be up-regulated. For example, a study
of microbial inoculation of rice identified 2,414 transcripts
that were differentially expressed in plants whose roots had
been endophytically colonized by Trichoderma, thereby affecting
plant growth and health (Doni et al, 2019a; Harman et al.,
2019). These differently-expressed genes included genes directly
involved in photosynthesis (335 transcripts), in the synthesis
of photosynthetic products, and in the protection and
maintenance of cellular functions (Doni et al, 2019a;
Harman et al., 2019). Other examples are provided in section 8.
An important consideration in this up-regulation are the
energy costs to the plant. The pathways involved require both
energy and resources such as fixed carbon, nitrogen, and other
components that also are necessary for plant growth and
development (Shoresh and Harman, 2008). As part of meeting
the needs for both plant growth and effective responses to
stresses, and to economize on their expenditure of resources,
plants employ a process called gene priming. In this process,

a stimulus such as either stress or a response to plant endophytes
induces an initial response in the plant which then establishes
processes whereby proteins and other elements can be produced
more rapidly and in larger quantity in the future. A plant
that is primed by previous experience or by induced resistance
can make responses that are quicker and stronger than would
otherwise occur (Conrath et al., 2015).

This process may take the form of some modification of
histones surrounding DNA or DNA methylation which are
part of the plant’s regulatory machinery (Jaskiewicz et al.,
2011a,b). These changes may be long-lasting and may even
persist in the next generation. They are an efficient mechanism
to minimize the cells’ energy costs while still permitting rapid
responses by the plant to stressors or other demands, while
preserving energy and resources for plant growth when these
are not required by environmental or other internal requirements
(see section 5). This reprogramming of gene expression is
shown pictorially (Figure 2).

BENEFITS CONFERRED ON PLANTS

Control of Biotic Stresses Including
Diseases, Insect Pests, and Nematodes
Conventional agriculture practices use chemical biocides in
controlling plant diseases and pests. Unfortunately, this approach
induces resistance in pathogens and pests during long-term use
(Mahmood et al., 2016). The excessive use of biocides in agriculture
can also cause undesirable effects on humans and the natural
environment (Heong et al, 2015). The use of EPHs is an
underutilized opportunity for sustaining high agricultural
production with lower negative impacts (Harman and Uphoff,
2019). Several endophytes belonging to different genera are involved
in eliciting induced systemic resistance in plants and reported
to be an effective tool for the biological control of certain plant
pathogens and pests (Compant et al.,, 2019; Doni et al., 2019a).

The development of high-throughput molecular techniques
such as proteomics, genomics, metagenomics and metabolomics
for microbe isolation and characterization have allowed for
the identification of a variety of bacteria and fungi able to
act beneficially when proliferating in the soil for disease control
and plant-growth promotion. Multi-omics has also advanced
our ability to strategically select for microorganisms that have
unique host site-specific qualities that function in biological
disease or pest control (Bonanomi et al., 2018).

P. roqueforti and T. reesei produced numerous substances
that had broad-spectrum activity against several bacterial
plant pathogens, as well as antioxidative compounds (Ikram
et al., 2019). P. citrinum and A. terrus are endophytes that
secrete gibberelins were evaluated for the ability to protect
against stem rot caused by Scleerotium rolfsii. These endophytes
reduced disease. The authors concluded that the endophytes
reprogramed the plants involved in systemic plant defense
reactions (Waqas et al., 2015).

Application of microbes as biocontrol agents in the field
can have many benefits without requiring extensive investment
in plant breeding and genetics (Harman et al, 2019).
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These beneficial microbes can provide benefits through various
mechanisms such as competing with pathogens or by directly
antagonizing plant pathogens by producing certain antibacterial
or antifungal compounds (Ab Rahman et al., 2018); induction
of plant genes and biochemical pathways that provide greater
resistance to disease and pest through induced systemic resistance
(Harman et al, 2019); modulation of the signaling and
metabolism of reactive oxygen species (ROS) as a key mechanism
to counteract microbial antagonism (Nath et al., 2016); changing
microbial balance in the rhizosphere in favor of beneficial
microorganisms, thus suppressing a broad spectrum of diseases
and pests (Siddiqui, 2005).

The Trichoderma spp. controls plant diseases through various
mechanisms, e.g., mycoparasitism and production of antibiotics.
However, more recent studies have indicated that a primary
method of pathogen control occurs through the ability of the
Trichoderma spp. to reprogram plants’ gene expressions so as
to lead to the induction of systemic resistance (Shoresh et al.,
2010; Poveda et al, 2019). For example, T. asperellum has
been able to control white rot disease caused by Sclerotium
cepivorum in onion plants by up-regulating the expression of
biocontrol-related genes such as AcPRI, AcPALI, AcLOX1, and
AcEIN3 (Rivera-Mendez et al., 2020).

The ability of T. asperellum to control white rot is only a
subset of its capabilities. They can control disease, and have
other benefits, including enhancement of growth, yield, and
physiological parameters (Rivera-Mendez et al., 2020). Moreover,
a study in inoculated rice seedlings revealed that T. asperellum
can up-regulate numerous genes that were involved in plant
defense responses and in systemic acquired resistance (SAR)
signaling (Doni et al., 2019a). An abundance of up-regulated
genes that relate to defense response and SAR signaling is an
indication of greater plant ability to resist biotic stresses.

Some endophytic fungi, particularly Beauveria bassiana, have
demonstrated antagonistic activity against numerous insect pests
and arthropods (Mascarin and Jaronski, 2016). A recent study
has indicated that B. bassiana could endophytically colonize
pecan seedlings by seed soaking, seed coating, and soil drenching.
The establishment of endophytic B. bassiana in pecan plants
led to a protection against two pecan aphids in particular,
namely Melanocallis  caryaefoliae and Monellia caryella
(Ramakuwela et al., 2020).

Moreover, the presence of B. bassiana in maize plants has
reduced the survival and fecundity of the aphid Sitobion avenae,
an important pest in agricultural systems (Mahmood et al.,
2019). It has been suggested that protective alkaloids developed
by the plant in response to endophytic fungal colonization
could play an important role in protecting plants against chewing
insects (Gange et al., 2019). In addition to producing protective
alkaloids, endophytes promote plant immunity against chewing
insects by enhancing endogenous defense responses mediated
by the jasmonic acid (JA) pathway (Bastias et al, 2017).

Arbuscular  mycorrhizal fungi (AMF), which are
endosymbionts, are effective biocontrol agents against several
soil-borne plant pathogens. AMF are obligate root symbionts
that can offer many benefits and protect their host
plant against pathogen infections (Schouteden et al.,, 2015).

For example, the biocontrol efficacy of AMF against common
bean root rot caused by Fusarium solani f. sp. Phaseoli has
showed that plants grown with symbiotic AMF exhibited
greater resistance against the pathogen compared to untreated
plants (Eke et al., 2016).

The results also revealed that total soluble phenols, flavonoids
contents, and the defense enzyme phenylalanine ammonia lyase
(PAL) were increased with AMF colonization, indicating an
enhancement of the plant immune system against F. solani f.
sp. Phaseoli (Eke et al, 2016). A transcriptomic analysis of
soybean plantlets in symbiosis with AMF versus non-AMF
soybean plantlets following infection by E virguliforme showed
a comprehensive view of changes in gene expression, confirming
an alteration of gene-expression patterns by AME. There were
1,768 differentially expressed genes (DEGs) in the AMF-colonized
plants compared to 967 DEGs in the noncolonized plants.
Major transcriptional changes corresponded to defense response-
related genes belonging to secondary metabolism, stress, and
signaling categories (Marquez et al., 2019).

Finally, several plant growth-promoting bacteria (PGPR) also
possess traits that make them well suited as biocontrol and
growth-promoting agents. As a consequence, plants treated
with PGPR may be larger and healthier and have greater yields
than plants without such treatment (Mhatre et al, 2019).
Pseudomonas and Bacillus species are two PGPR species that
are capable of protecting Solanum lycopersicum against bacterial
wilt disease. These PGPRs produced biocatalysts for plant-
growth promotion and regulated pathogen-related genes such
as PR-la and PAL (Durairaj et al, 2018).

Canola plants inoculated with P. chlororaphis showed greater
protection against the necrotrophic fungus Sclerotinia
sclerotiorum. The P. chlororaphis treatment resulted in structural
and metabolic changes, and it prevented the accumulation of
ROS in the leaf of canola plants. Global transcriptional analysis
showed a significant up-regulation of genes associated with
SAR mechanisms, ROS signaling, and chloroplast integrity
(Duke et al., 2017). In addition, P. chlororaphis was capable
of suppressing S. sclerotiorum by secreting the antibiotics
pyrrolnitrin and phenazine, degradative enzymes, and
siderophores (Nandi et al., 2017).

Microorganisms have developed mechanisms that increase
their host fitness and provide a more stable ecological community
by working effectively against a broad spectrum of pathogens
and pests and for alleviation of the adverse effects of plant
stress, which is discussed in the next section.

Alleviation of Abiotic Stresses

On a daily basis, plants are exposed to numerous harmful
environmental conditions that significantly affect their growth
(Shahid et al., 2018). EPHs are reported to have substantial
impacts on plants by enabling plants to grow consistently
faster and more uniformly whether the stress was drought,
salt, cold or flooding (Cheng et al., 2019). Over the years,
some EPHs, especially fungal endophytes, have been widely
regarded to be an important tool that can mitigate plant stress
through various cellular plant processes (Harman, 2011;
Rodriguez et al.,, 2019).
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Drought Stress

Drought stress, one of the most destructive abiotic stresses,
has increased in intensity over the past decades, endangering
the worlds food security. Currently, 90% of global water
consumption is used for agriculture, and water constraints are
expected to intensify in the future (Huang et al., 2019). Numerous
microbes can confer fitness benefits to plants, including increased
tolerance to drought stress (Rodriguez and Redman, 2005).

There are various agronomic mechanisms that explain
microbes’ contributions to reducing the impacts of drought:
alterations in root architecture that result in improved water
use efficiency; increases in the synthesis of osmolytes, particularly
proline; increases in antioxidant enzymes that scavenge for
ROS; manipulation of phytohormones; and modifying plant
gene regulation (Ngumbi and Kloepper, 2016).

Root colonization by Pseudomonas chlororaphis induces
systemic drought tolerance in Arabidopsis thaliana by increasing
transcript accumulation from genes associated with defense,
response to ROS, and phytohormone-responsiveness,
accompanied by decreases in transcription factors associated
with ethylene and abscisic acid signaling (Cho et al, 2013).
P. simiae promoted growth and protected soybean plants from
damage from drought stress, mainly manifested as changes in
the gene expression profiles of drought stress-responsive genes
such as DREB2A, EREB, GOLS and P5CS, and secondarily as
modulation of phytohormonal signaling altered plant physiology
and morphology (Vaishnav and Choudhary, 2019).

Inoculation of wheat with Trichoderma enhances drought
tolerance through induced changes in stomatal conductance,
net photosynthesis, and chlorophyll fluorescence. The inoculation
also decreases proline, malondialdehyde (MDA), and hydrogen
peroxide (H,O,), while increasing total phenolics and plant
capacity to scavenge ROS (Shukla et al., 2015). Trichoderma
inoculation in rice plants results in significant increases in
plant height, total dry matter and chlorophyll content (Doni
et al,, 2014). Other studies have demonstrated the ability of
Trichoderma to improve drought tolerance in rice by modulating
proline, superoxide dismutase, and lipid peroxidation products
and altering the transcript level of dehydrins-related genes such
as LOC_0s01g50700, LOC_0Os02¢44870, and LOC_Os11g26750
(Shukla et al., 2015). Further, Trichoderma has improved the
ability of tomato plants to neutralize damaging ROS when
exposed to a water deficit. The ability of tomato plants to
protect themselves from oxidative damage was accompanied
by the up-regulation of genes encoding antioxidant enzymes
that significantly reduce the glutathione and ascorbate contents
(Mastouri et al., 2012).

The application of Alternaria, a fungal endophyte, conferred
drought tolerance on tomato plants. Endophyte-colonized plants
exposed to drought had higher root and shoot biomass, better
water-use efficiency, and higher photosynthetic efficiency, and
they also recorded lower ROS than non-colonized plants (Azad
and Kaminskyj, 2016). Moreover, application of Curvularia
protuberata has been found to reduce rice plants’ water
consumption by 20-30% and increase their growth rate,
reproductive yield, and biomass when exposed to drought stress
(Redman et al., 2011). These different findings indicate that

symbiotic endophytes can be useful in mitigating the impacts
of drought stress on plants, which will unfortunately increase
with climate change.

Salt Stress

Salinity is another major abiotic stress that limits the growth
and productivity of plants in arid and semiarid environments
(Thu et al,, 2017). To cope with salt stress, plants deploy a
variety of traits to control cell functioning and development
that rely on signal perception, signal integration, and processing
plant systems (Hanin et al., 2016). ROS are overproduced in
plants when they are exposed to abiotic stresses such as salinity.
However, we must bear in mind that despite their toxicity,
ROS are also regulators of growth, development, and defense
pathways, so their elimination is not desirable (Farooq et al,
2019). Balancing the generation and reduction of ROS is a
crucial process in plants (Rodriguez and Redman, 2005).

Many studies have reported microbes’ abilities to induce
salt stress in plants by modulating ROS production (Harman
and Uphoff, 2019). Inoculation of chickpea plants with Bacillus
subtilis under saline conditions increased plant biomass and
photosynthetic pigments, while reducing the levels of ROS
and lipid peroxidation. B. subtilis has also been found to
decrease Na accumulation while enhancing the N, K, Ca,
and Mg content in the plants (Abdallah et al, 2018).
B. amyloliquefaciens inoculation of rice plants under salt stress
increased rice plant growth and the expression of several stress
related genes such as NADP-Me2, EREBP, SOSI, BADH, SERK1,
GIG, and SAPK4 (Nautiyal et al., 2013).

In another study, barley plants previously inoculated with
Piriformospora indica have been shown to increase resistance
of salt stress. P indica appeared to confer tolerance to this
stress, at least partly, through the up-regulation of ascorbate
and antioxidant enzymes (Baltruschat et al., 2008). Similarly,
colonization of tomato plants by P. indica increased the expression
of an important gene in leaves, namely LeNHXI, one of a
family of genes responsible for removing sodium from cells.
Further, P indica also increased levels of antioxidant enzyme
activity, offering further protection (Abdelaziz et al., 2019).

Enterobacter spp. have improved vegetative growth and
alleviated salt stress in tomato plants by producing 1-aminocy-
clopropane-1-carboxylate (ACC) deaminase and indole-3-acetic
acid (IAA) which resulted in increased fresh weight, dry weight,
and plant height. At the molecular level, treatment with
Enterobacter spp. has increased the expression of salt-stress-
related genes such as P5CSI, P5CS2, MPK3, and MPK6 (Kim
et al., 2014). Dietzia natronolimnaea STRI1 protected wheat
plants from salt stress by stimulating the expression of TaST
(a salt stress-induced gene), and SOSI and SOS4 (salt-sensitive-
pathway-related genes), accompanied with enhanced gene
expression of various antioxidant enzymes such as APX, MnSOD,
CAT, POD, GPX, and GR (Bharti et al., 2016).

Y. lipolytica minimized the effects of salt on corn growth
and development through the plant hormones absicic acid and
indole acetic acid, indole-3-acetmimide and flavonoids. Treated
plants had higher levels of chlorophyll, carotenes, and the
antioxidants perioxidase and catalase (Farzana et al., 2019).
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Cold and Heat Stress
Cold stress also severely hampers the reproductive development
of plants and will result in significant agricultural losses. The
major negative effect of cold stress is that it induces severe
membrane damage in plants (Yadav et al, 2010). To improve
cold stress in plants, cold-tolerant microorganisms such as
Trichoderma spp., Burkholderia spp., and Pseudomonas spp.
are usually used (Mishra et al, 2011). Inoculation of
B. phytofirmans increased grapevine growth and starch, proline,
and phenolic contents at a low temperature (Barka et al., 2006).
With wheat plants, bacterization with Pseudomonas spp. under
cold-induced stress significantly increased growth, total
chlorophyll, anthocyanin, total phenolics, and starch content,
and decreased the Na*/K* ratio, and electrolyte leakage compared
to non-bacterized control (Mishra et al., 2009).
Pseudomonas spp. were also reported to mitigate impacts
of cold stress in tomato plants by reducing membrane damage
and ROS levels, improved antioxidant activity in leaf tissues,
and altering expression of cold acclimation genes LeCBFI1 and
LeCBF3 (Subramanian et al., 2015). Furthermore, endophytic
T. harzianum increased the tolerance of tomato plants under
chilling stress by reducing the lipid peroxidation rate and
electrolyte leakage while increasing leaf water content and
proline accumulation. T. harzianum was also able to alter the
expression of transcription factor NACI and dehydrin TAS14
genes, leading to cold tolerance in tomato plants (Ghorbanpour
et al., 2018). A. niger enhanced heat tolerance of soybean and
sunflower by control of ROS and peroxidative damage. This
organism also increased plant growth and enhanced chlorophyll
levels (Ismail et al., 2020).

Flooding Stress

During complete submergence, plants experience a strong decline
in their photosynthesis rate and carbon availability. This is due
to a lack of light or a reduced rate of CO, diffusion, and to
impaired respiration through reduced O, availability (Perata et al.,
2011). To survive in such conditions, microorganisms come up
with a variety of physiological, biochemical, and molecular
mechanisms to protect plants from this adverse condition.

Beneficial microorganisms induce plant growth and counteract
flooding stress through production of ACC deaminase, discussed
in section “salt stress” Under flooded conditions, plant roots
become hypoxic. In response to oxygen-limitation, the enzyme
ACC synthase is synthesized in roots. Because there is limited
oxygen, ACC cannot be converted into ethylene. Subsequently,
the unused ACC is transferred to the shoots where oxygen
is available, and ACC can be converted into ethylene. However,
the overproduction of ethylene by plants results in their wilting,
necrosis and chlorosis.

One way that beneficial microorganisms contribute to mitigate
flooding-stress conditions is by their producing ACC deaminase
that can convert ACC into a-ketobutyrate and ammonia, thus
reducing the levels of ethylene (Tewari and Arora, 2016). In
addition, beneficial microorganisms such as Klebsiella variicola
was reported to mitigate the effect of flooding stress in plants
by increasing plants adventitious roots. An increase in
adventitious root growth encourages plant survival when the

level of oxygen in the root zone is decreased (Kim et al., 2017).
Maintaining proper shoot and root development especially
under flooding stress is very essential for sustainable growth
and development of plants. This is just one of many well-
documented mechanisms by which the symbiotic relationship
between plants and microorganisms works to the advantage
of both.

Alleviation of Environmental Pollutants

One other stress that is alleviated by microorganisms is heavy
metal stress. Staphlococcus arlettae alleviated chromate toxicity
to sunflowers by suppressing the uptake and reducing the
hexavalent form to the less toxic trivalent form (Qadir et al,
2020). Beneficial effects do not always occur. In commercial
plantings of poinsettia, a report was received that said that
in the presence of T. afroharzium T22, all the plants died,
while in its absence, plants were healthy. It was discovered
that the medium in which the plants were grown was sewage
sludge with high levels of chromium. T. afroharzianum increased
uptake of the element to toxic levels (observations of the
first author).

The ability of a gibberellin-producing endophytic strain
of Penicillium janthinellum in a tomato with tolerance to
aluminum toxicity. Plant cell membranes were less damaged
by application of the endophyte or exogenous gibberellic acid.
Salicylic acid was upregulated by the presence of the fungus
and It was concluded that either application of gibberellin
or the endophyte counteracted the adverse effects of aluminum
toxicity (Khan et al.,, 2015).

Amelioration of other environmental toxicants may
be accomplished by the use of endophytic fungi. Cyanides are
frequently present in mine tailings. Endophytic T. afroharzianum
is able to take up and degrade metallocyanides. The polyphenols
are toxicants produced in olive-processing systems and are
toxic. If olive waste water is diluted and aerated, Trichoderma
spp. degraded the polyphenols and appear to be a useful method
to cleanse olive oil waste waters (Harman et al., 2004b).

Soils polluted by oily wastes are a serious problem. Researchers
in Canada utilized Pseudomonas strains including P. putida
which colonize plant roots. Treatment with the bacteria enabled
plants to grow through enhancing stress resistance by mechanisms
already described. This permitted roots to grow and provide
a habitat for other microorganisms to proliferate. These other
microflora degraded the hydrocarbons and thereby removed
the pollution problem (Gurska et al., 2009). This system has
been used commercially in Ontario. Research by the first author
has been able to achieve this amelioration of oil pollution of
soil by the use of T. afroharzianum.

Improvements in Internal Cellular Environments
Allowing Efficient Functioning

An important component of higher-level functioning leading
to EPHs is the maintenance of internal cellular processes critical
for plant growth, development and induced resistance to both
biotic abiotic stresses is the avoidance of damaging ROS by
gene and protein upregulation of the pathways for alleviating
and mitigating their damaging effects (see the preceding divisions
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of this section). This is a feature of many endophytic
microorganisms discussed in this paper. Earlier in this review,
we discussed the damage that ROS cause to cellular functioning,
and these are described in (Nath et al., 2016). Since the mid-90s,
many microbes have been shown to protect plants from ROS.
These include mycorrhizae (Mo et al., 2016), P. indica (Sherameti
et al., 2008), Trichoderma (Sherameti et al., 2008; Mastouri
et al., 2012), and Azospirillum and Rhizobium (Fukami et al.,
2018). In all of these cases, plants under stress were protected
from damage against ROS. A very strong evidence of the
capability of Trichoderma afroharzianum was provided by
experiments in which tomato seedlings were exposed to the
herbicide Paraquat™, which kills plants by inducing very strong
ROS production to lethal levels. Inoculation of the seedlings
overcame this damage (Mastouri et al., 2012). Alleviation of
ROS damage in plants is accompanied by overexpression of
the genes and proteins involved in managing ROS stress and
was described in the earlier divisions of this section.

Thus, these endophytes are able to create an internal
environment that maintains a cellular environment that is
conducive to efficient operation of photosynthesis and all the
other metabolic processes necessary for plant growth and
amelioration of stresses. We have coined the term Optimized
Internal Redox Environment (OIRE; Harman and Uphoff, 2019).
This is a very important component of the beneficial effects
of these beneficial organisms.

Improvements in Photosynthesis

The previous section described maintenance of cellular functions,
including photosynthesis. However, photosynthesis is actually
increased and improved by endophytes, which contribute to
formation of EPHs. Within the genus Trichoderma, the presence
of endophytes increases levels of photosynthetic pigments, which
increase levels of proteins critical to photosynthesis (De Palma
et al., 2016; Vitti et al., 2016; Pelhivan et al.,, 2017; Fu et al,,
2018). Such changes are not restricted to Trichoderma; Rhizobium
also demonstrates such effects (Chi et al., 2005). These beneficial
effects are documented more fully in a paper devoted to this
topic (Harman et al., 2019). Enhancement of photosynthesis
is a very important attribute of endophytes that increase plant
growth and limit adverse effects of biotic and abiotic stresses
and that contribute to the formation of EPHs.

AGRICULTURAL AND SOCIETAL
BENEFITS

Meeting Food Demand and Reducing
World Hunger

The global population is increasing rapidly and is predicted to
be roughly 9 billion by the middle of this century. Concurrently,
global agriculture is facing increasing competition for land,
water, and energy in food production (Godfray et al, 2010).
At the same time, the agricultural sector must cope with increasing
temperatures, more erratic rainfall, more frequent droughts,
rising sea-levels due to melting snow, and pest and pathogen
pressure in crops around the globe (Wheeler and Braun, 2013).

Importantly, despite a doubling of the global population in the
past half century, the extent of global hunger has been reduced
(Godfray et al., 2010). This was mainly due to contributions
from the Green Revolution which increased crop productivity
by the introduction of high yielding varieties, new irrigation
schemes, and a broad range of agrochemical inputs to supply
nutrients and manage pests, weeds, and pathogens. However,
negative impacts of the Green Revolution started coming to
the surface at the latter decades of 20th century in terms of
soil degradation, environmental imbalance, and the emergence
of chemical-resistant biotypes in pests, pathogens, and weeds.

In any case, global food requirements in the 2050s are
expected to be double those of 2005. Unfortunately, annual
productivity gains have been decelerating over the past two
decades, and crop production area has been decreasing due
to industrialization, desertification, and urbanization, which
further constrains future food production. Therefore, there is
urgent need for new initiatives to mitigate these challenges to
the global food supply. Much evidence shows that careful
selection and augmentation of efficient soil microbial strains
is a potentially sustainable solution for raising agricultural
production and reducing hunger globally. As mentioned
previously, soil microbes play vital roles in helping crops to
cope with multiple stresses induced by climate change such
as higher temperature, more flooding and drought, and containing
pests and pathogens. Soil microbes can also help to rehabilitate
degraded soils by improving soil nutrient availability, suppressing
soil pathogens, cleansing the soil of pollution and heavy metal
contaminants, and preventing soil erosion.

Environmental Benefits

Long-term monoculture production systems are one of the
major factors contributing to soil degradation and contamination
with inorganic pesticides, chemicals, and herbicide. Depending
upon their concentration, soil contaminants can have destructive
consequences on soil ecosystems, on the abundance and diversities
of soil microbial communities, and on soil health. Soil
microorganisms are not only crucial in crop production and
soil health, but are also becoming important tools for cleaning
up environmental pollutants (Morris et al., 2011). The process
is known as bioremediation, where microorganisms are enlisted
for their ability to degrade harmful chemicals and heavy metal
contaminants in the soil by changing them into less harmful
materials. Bioremediation using soil microbes is achieved by
augmenting populations of selected microbial strains with high
degradation abilities at the site of contaminant.

Several beneficial microbes have been reported to have high
bioremediation potential for chemical pesticides, petroleum
hydrocarbons, and heavy metal contaminants in the soil.
Microbial services for soil rehabilitation are less costly, easier
to employ, and more environmentally friendly than other
methods now used such as the “muck, suck, and truck” approach.
Bacterial and fungi species employed for bioremediation include
Trichoderma species which are capable of degrading a wide
range of polycyclic aromatic hydrocarbons (PAHs) such as
naphthalene, phenanthrene, chrysene, pyrene, and benzene
(Zafra and Cortés-Espinosa, 2015; Malla et al., 2018).
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Alleviation of Greenhouse Gases

It is well-established that microorganisms play critical roles in
determining the concentrations of greenhouse gases such as
carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,O)
in the atmosphere (Singh et al., 2010). Furthermore, use of
chemical fertilizers in agriculture increases the greenhouse gas
emission in three ways: (i) a huge amount of fossil fuels are
utilized in the production of chemical fertilizers which is
responsible for the emission of GHGs; (ii) fossil fuels are also
used for the transportation and application of fertilizers and
pesticides; and (iii) chemical fertilizers provide the substrates
for methanogenesis and denitrifying bacteria which are
responsible for the emission of methane, carbon dioxide, and
nitrous oxide from soil into the atmosphere.

On the other hand, the application of beneficial microbes
as biofertilizers, bio-stimulants, or biocontrol agents reduces
the need for agrochemicals including fertilizers. Also, it reduces
the habitat and sustenance for methanogens and denitrifying
bacteria by competition for space, nutrition, and ecological
niches in the soil, thereby reducing microbial sources of GHG
emissions. Furthermore, if beneficial microbes such as
Trichoderma are combined with conservation agriculture practices
such as minimum tillage and with SRI as discussed in the
next section, emission of GHGs can be reduced at the same
time agricultural production is enhanced (Hawken, 2017).

For example, minimum tillage operations favor microbial
communities dominated by fungi which decrease the microbial
decomposition and respiration induced by soil disturbance during
plowing. It has been reported that this could lead to sequestration
of as much as 55 Pg organic carbon in the surface soil (Conant
et al.,, 2003; Singh et al.,, 2010). SRI promotes alternate drying
and wetting practice in paddy irrigation instead of continuous
flooding, which is the usual practice in conventional rice farming.
Continuous flooding supports the methanogenic activity of
bacteria which emit large amounts of methane gas into the
atmosphere. Flooded paddies are major contributors to GHG
emissions from agriculture which account for around 11% of
global anthropogenic methane emission (Stocker et al., 2013).

In China, a microbial preparation used with tea plants in
their cultivation reduced emissions of N,O by 33.1-71.8%,
while yield was increased by 16.2-62.2% relative to standard
use of synthetic N fertilizers. These indicated once again that
microbial enhancement of crop holobionts can reduce GHG
emission from agriculture with favorable impact for less global
warming with a gain rather than a sacrifice in production.

MANAGEMENT AND DELIVERY
SYSTEMS FOR EPHs

The previous sections review the potential of various
microorganisms to improve plant productivity. However, results
may be inconsistent and suboptimal unless the organisms are
properly used. This includes appropriate means of delivery to
maximize and ensure that the organisms are able to colonize,
protect and enhance plant growth and development. In addition
to delivery systems, the way that microbial formulations are

assembled and delivered can make a large difference in whether
or not the organisms are able to provide the benefits anticipated.
These are formidable challenges for their successful use.

Delivery

The major challenges to be dealt with in the commercialization
of microbial agents for improving crop production are inconsistent
efficacy of the biological material, having a delivery system
that can maintain the viability of the material, and ensuring
appropriate physiological conditions of the microbial inoculants
during transportation and handling (Arora et al, 2016). For
the success of any microbial-based products in agriculture,
selection of suitable delivery systems and formulation processes
are equally important as the selection of effective microbial
strain(s) (Zayed, 2016).

Based on considerations of survivability, mode of action,
and local climatic conditions, there are several types of delivery
systems for microbial inoculants. These can be directly applied
to seeds by seed inoculation, to the roots by root dip methods,
by drenching of young plants, to the plant and soil through
drip irrigation or flooding, or to growing plants by foliar spray
(Figure 3; Gasi¢ and Tanovi¢, 2013).

The basic characteristics of an effective delivery system
include easy mode of delivery; enhancement of target activities
with effective concentration; little or no ecotoxicity; time
controlled release; solubility, stability, and effectiveness (Vejan
et al,, 2019). In the last several decades, exogenous application
to plants, seeds or soil with microbial products has mostly
been in the forms of powder, granules, slurry, or liquid. The
dispersal system should provide the nutrients necessary for
the microbial strains and protect them from desiccation,
supporting release of the microbial cells as soon as this is
required (Schoebitz et al., 2013).

Previously, the peat, clay, and liquid-based delivery systems
were well-established; however, peat and clay-based carriers
have proven difficult to sterilize, and they have a high chance
of external contamination, plus low stability and viability during
storage and handling. Similarly, liquid-based formulations may
not be sufficiently protective to bacterial products during storage,
transportation, and application into the soil. Stable liquid
formulations are easier to achieve with spore-formers such as
fungal spores and with gram-positive bacteria that form
endospores; they are more difficult with gram-negative bacteria
that lack resistant spore types.

Commercial practice usually requires that preparations have
at least a year of shelf life without refrigeration or other special
handling. Furthermore, suspension-based inoculations have
several other demerits, such as settling of the microbial inoculants,
blockage of spray nozzles during the application, and abiotic
stresses affecting the viability of the spores (Bateman et al,
2007). It is essential to prepare formulations that meet the
criteria of shelf life and ease of use if microbial formulations
are to be accepted in large-scale commercial agriculture.

Recent advances in science have focused on developing
various encapsulation technologies to deliver the microbial
products more effectively and cheaply in the farming system.
The processes of lengthening the cell viability of microbes by
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FIGURE 3 | A diagram of different delivery systems employed in agriculture.
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entrapping or coating them within polymeric materials that
are permeable to nutrients, gases and metabolites is known as
encapsulation. Encapsulation has been divided into two categories
based on the bead size: (i) macro encapsulation (a few mm
to cm), and (ii) microencapsulation (1-1,000 pm; John et al,, 2011).

Synthetic polymer, biopolymer, and different kinds of organic/
inorganic materials are used in encapsulating microbial cells
for agricultural use. The three major benefits related to
encapsulation technology compared to the traditional delivery
system include: (i) enhanced efficacy due to increased surface
area; (ii) enhanced microbial activity due to higher penetration
efficiency; and (iii) higher dispersion on plant surfaces due to
smaller particle size (Sasson et al., 2007). Encapsulation may
also increase stability and shelf life and may be essential if
non-spore forming organisms are used (Harman and Custis, 2006).

Bioformulation improves the performance of microorganisms
by preserving them and delivering them to their targets more
reliably. (Stephens and Rask, 2000) proposed that good microbial
carriers are characterized by their effectiveness in supplying
the right number of viable cells in excellent physiological
conditions, and at an appropriate stage or time. The carrier
materials that increase the storability of the products generally
include fine clay, peat, talc, lignite, alginate, polyacrylamide
beads, starch, diatomaceous earth, vermiculite, cellulose
(carboxymethyl cellulose), and polymers, especially xanthan
gum (Digat, 1991; Harman and Custis, 2006). Furthermore,
in various local conditions, charcoal, farmyard manure,
vermicompost, compost, bagasse, press mud, and sterilized
grains such as rice, corn, millet and barley have also been
successfully used as carriers for different kinds of microorganisms
(Connick et al., 1991; Schisler et al., 2004; Pitt and Hocking, 2006;
Dorner, 2009; Harman et al., 2010).

Microbial inoculants can be formulated as dust, seed dressing
powder, micro-granules, water dispersal, wettable powder,

emulsifiers, suspension concentrates, oil dispersion, emulsions,
capsule suspension, and ultra-volume formulations (Knowles,
2006). Granular formulations protect microorganisms from
ultraviolet light. A recently-developed soybean oil-based
formulation increases the half-life of the conidia and the
performance of T. asperellum. The oil-based formulation has
more benefits than a water-based formulation because it remains
in contact with the plant surface for a longer time, evaporates
much less, and can also be applied as an emulsion (Batta, 2007).

Some researchers (Xue, 2002) have expressed concerns
regarding inconsistent results from the use of single strains
and have proposed using multiple strains or consortia of
microbes, so there has been interest among researchers in
using multiple species or strains of beneficial microbes in
aggregation or in consortium form to exploit the potential
synergy between them. Bioformulation based on consortia of
beneficial microbes should have more impact in farming systems
due to utilization of all possible mechanisms of action inherent
in the different strains within the consortium. Application of
combinations of strains resulted in higher levels of disease
suppression compared to applying individual strains (Meyer
and Roberts, 2002; Roberts et al., 2005).

In the senior author’s experience, single strains or at most
three strains can be effective if the strains are carefully selected,
if the formulations are appropriate, and if they are used with
appropriate management systems. Limiting the number of strains
is essential if registration is required, since most registration
requirements include toxicology evaluations that are very time-
consuming and expensive. Full registration packets typically
require several tens of thousand dollars for each strain, and
if multiple strains are used the total cost can exceed a million
dollars. Regardless of the strain(s), delivery system, or formulation
used, it is essential that any product or strategy be tested
rigorously to ensure reliable results in the field.
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Application of Exogenous Inoculum
Obviously, the selection of effective microbial strains is critical
in bio-based product development. These strains should
be sufficiently competitive with indigenous soil microbial
populations to survive, as well as being compatible with other
inoculants and native microorganisms along with their
colonization efficiency in plant rhizoplane (Berendsen et al,
2012). It is well-established that exogenous inoculation of
beneficial microorganisms in soil increases plant growth,
promotes plant nutrient uptake, enhances plants’ tolerance to
biotic and abiotic stresses, and suppresses plant diseases (Roiger
and Jeffers, 1991). Due to the dynamic and self-sustaining
propensities of microorganisms, many strains or species can
establish themselves well in the soil so that there would not
be a need for repeated applications (Lucas et al., 1990).

As mentioned already, microbial species and strains have
differential potentialities to serve the plant communities within
and with which they reside, utilizing different mechanisms
and colonizing different niches in the rhizosphere and rhizoplane
regions. Many will inhabit the plants’ endospheres. The
carefully-selected application of microbial strains can fill vacant
niches in the soil and establish communication with plants
and other strains differently than do the indigenous microbes
that are already present in the soil. Some microbial strains
can vigorously thrive in more variable environments than
can others. These can quickly capture spaces and nutrients
in the plant rhizosphere, making these resources unavailable
to potential pathogenic invaders.

The effects from exogenous application of plant microbes
are not always consistent across fields and crop species. However,
research has been undertaken focusing on how to prepare
and adapt the rhizosphere environment for colonization of
specific exogenously-applied microbial strains by rhizosphere
engineering (Ryan et al., 2009), and on how to deliver them
more effectively for establishment. Plant microbial colonization
is also greatly affected by indigenous microbes, by the soil’s
physiochemical environment, and by plant species and even
genotypes within the crop species. Thus, the application of
beneficial microbes requires an understanding of which microbial
strains are more suited for which soil quality, which farming
system, or even which crop genotypes, and consideration of
which plant species and genotype-specific strains might respond
more favorably to inoculation (Siddiqui and Shaukat, 2003).

Host variation along with plant variety will affect a plant’s
response to beneficial microorganisms (Smith and Goodman,
1999). These authors further elaborated that hosting beneficial
microbes in any plant species is influenced by that plants
genes. (Tucci et al, 2011) have reported differential rates of
gene expression after the inoculation of Trichoderma strains
in different varieties of tomato. Thus, understanding the roles
of individual plant genotypes in supporting or impeding plant-
microbe interactions is a necessary step in the success of any
beneficial microbes.

Mobilization of Existing Soil Populations
Agricultural soil is a vast reservoir of microbial biomass and
diversity. It is estimated that 1 g of rhizosphere soil contains

more than 100 species of microbes and 10°-10" viable cells
(Berendsen et al., 2012). Furthermore, plant rhizosphere and
rhizoplane shelter different microbiomes with a diversity of
microbial traits that is highly relevant to plant growth and
health. The proper management and enhancement of these
existing populations of soil microbes may provide excellent
services for plant growth and help plants cope with multiple
stresses, thereby reducing the need for use of agrochemicals
(Saleem et al., 2019).

High tillage, the use of pesticides and chemical fertilizers,
continuous monoculture, flood irrigation, reduced crop
rotation, and lack of organic matter in the soil all negatively
impact the soil microbial population and its diversity. On
the other hand, cover cropping, crop rotation, intercropping,
minimum tillage, system of rice intensification methods,
the addition of organic manure, and organic amendments
to the soil all support microbial and microbiome diversity
and population. The addition of microbial probiotics, biochar,
and organic manure with these different agronomic practices
has been reported to increase microbial abundance
and activity in the soil. Thus, it is possible to increase
the efficacy of indigenous microbial populations by
complementary crop and soil management practices and by
purposeful enhancement of the soil biota (Pang et al., 2017;
Meng et al., 2019).

ENHANCING MICROBIAL ENDOWMENTS
WITH CHANGES IN CROP AND SOIL
MANAGEMENT

The System of Rice Intensification

Rice is the staple food for more than 50% of the global
population. A rice production system known as the system
of rice intensification developed in Madagascar and validated
in over 60 countries is currently gaining currency because of
its higher productivity per seed grain, per drop of water, per
unit area of land, and per unit cost of production. SRI relies
on alternate wetting and drying (AWD) of rice paddies rather
than on their continuous flooding, and it controls weeds by
actively aerating the upper layer of soil around plants by use
of a rotary weeder, rather than by using herbicides. It enhances
soil nutrients by the addition of organic matter rather than
with chemical fertilizer (Thakur et al., 2010; Thakur and Uphoff,
2017). AWD by itself boosts water use efficiency in rice
production (Carrijo et al, 2017). The set of recommended
practices raise factor productivity in addition to lowering water
requirements (Stoop et al, 2002).

These SRI effects have been reported in over 1,000 papers
and are already being achieved by around 20 million farmers
using its methods in Asia, Africa and Latin America (SRI-Rice,
n.d.). The productivity gains are achieved not by making changes
in crop genetic potential and applying external agrochemical
inputs but by making synergistic changes in soil, crop, and
water management practices to create a more favorable
environment for beneficial microbes such as mycorrhizal fungi
and phosphorus-solubilizing microbes.
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Continuous flooding has deleterious effect on rice plant
physiology and anatomy as well as suppression of aerobic
soil microbes. For example, flooding has deleterious effects
on rice root systems by deforming cells in their cortex to
create aerenchyma (air pockets) which affect the transport
of water and nutrients (Kirk and Bouldin, 1991). Under
flooded soil conditions, lower metabolism and ion transport
reduces the growth of rice roots and canopy (Barison and
Uphoff, 2011). Further, depletion of oxygen in the bulk soil
of flooded rice paddies enhances methanogenic archaea
rather than aerobic plant growth-promoting microorganisms
(Liesack et al., 2000) and methanotrophs, that consume
methane produced by methanogens (Rajkishore et al., 2013).

The effects of inoculating SRI-grown rice plants with
Trichoderma have been evaluated in Nepal to assess possible
synergy between SRI's crop management methods and
enhancement of the plants with beneficial endophytes, thereby
creating EPHs (Khadka and Uphoff, 2019). Trials were
conducted in Nepal with two rice varieties, one improved
and the other local. It was found with two seasons of trials
that there was a 75% average increase in grain yield from
the two varieties when rice seedlings were treated with a
native isolate of T. asperellum before they were transplanted
and raised in a field managed organically according to
SRI-recommended practices, compared with farmers usual
practices, reduced or including inorganic fertilization. There
was a 58% average increase in yield from these varieties
managed with SRI methods but with no microbial inoculation;
and the increase from plants inoculated with Trichoderma
but managed otherwise with conventional methods was 67%.
The latter methods included higher plant density, flooding
of fields, and inorganic fertilization. These results were not
surprising since growing rice under aerobic soil conditions
is more favorable for microbes such as Trichoderma than is
hypoxic flooded soil.

There was a 58% average increase in yield from these
varieties when they were managed with SRI methods but no
microbial inoculation. However, yield was further increased
by inoculation with Trichoderma. Among all the replicated
trials, the yield was highest (6.5 t ha™") when inoculation was
combined with SRI methods (more aerobic soil, more organic
matter). These results should not be surprising since SRI soil
conditions are more favorable for aerobic microbes such as
Trichoderma than is hypoxic flooded soil with no enhancement
of soil organic matter.

Research in Malaysia found similar results with a significant
increase in seedling growth, germination rate, seed vigor
index, and leaf chlorophyll content when rice plants grown
under SRI management were inoculated with T. asperellum
sp. SL2 compared to their cultivation with conventional
methods plus inoculation with T. asperellum (Doni et al,
2017, 2019b). In further research, it was determined that
there was greater net photosynthesis, more internal CO,
concentration, greater water use efficiency, plant height, tiller
number, root length, and fresh root weight in rice plants
that were inoculated with T. asperellum compared to
uninoculated plants (Doni et al., 2019b). This research confirmed

that EPH effects can be heightened by the use of conducive
crop management practices.

No-Till With Cover Crops and Other
Management Practices

There is growing interest in alternative cropping methods
not only to reduce farmers’ costs of production but also to
increase their yields and reduce adverse environmental impacts
of farming, particularly soil erosion and agrochemical
contamination of soil and water. What is known as conservation
agriculture combines reduced mechanical tillage such as
no-tillage or minimum tillage, plus crop residue retention
on the soil, the use of cover crops, and crop rotation. It
has been reported that about 13% of global croplands, 200
million ha in 80 countries, are covered by conservation tillage
(Kassam et al., 2014).

Both cover crops and reduced tillage practices improve soil
systems’ physical and chemical properties, which has a positive
impact in the biological properties of soil. Reduced tillage
improves the soil’s structure through better aggregation, soil
organic matter, water infiltration, water-holding capacity, and
less soil erosion. Cover crops cultivation increase nutrient inputs
through crop residue decomposition, biological N fixation, and
root exudates, both for succeeding crops and microbial
communities (Schmidt et al., 2018). This enables cover crops
to enhance microbial abundance and microbial diversity. Further,
broader metabolic capacities of microbes have been reported
in cover crop-cultivated fields compared to non-cover crop-
cultivated fields that enhance the fungal populations in the
soil (Schmidt et al., 2018).

Conservation tillage greatly influences the soil microclimate,
dissemination and decomposition of crop residues, and
nutrient recycling. All of these changes have positive effects
in soil microbial diversity and abundance (Li et al., 2019).
It has been reported that conservation tillage conditions
the soil pH to make it more suitable for crop growth and
microbial diversity and population, which also enhances the
fungal hyphal networks in the soil. Higher antibiosis abilities
of endophytic and root-zone bacteria, both within and around
roots, have been reported with crop rotation and conservation
tillage (Peterson et al., 1993). Furthermore, several reports
are available that the population, diversity and root
colonization rates of arbuscular mycorrhizal fungi (AMF)
were consistently reduced by the tillage operation in soil
(Sile et al., 2015; Jesus et al., 2016; Schmidt et al., 2018)
Enhancement of this symbiotic fungus in crop plant roots
is a good strategy for enhancing crop supply of nutrients
such as phosphorus and for giving the plants more resilience
to drought stress.

SUMMARY

This paper offers a comprehensive review of the knowledge
and practice for using endophytic microorganisms to enhance
and maintain more beneficial systems of crop production. Most
of the cases reported involve endophytic bacteria and fungi
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symbiotically affecting the functioning of plants, but in some
instances beneficial microorganisms’ principal means of
benefitting agriculture and the environment are by other
mechanisms such as competition and mycoparasitism.

The review considered first different patterns of endophytic
root colonization (Figure 1). Then the next section dealt with
mechanisms by which microbes have beneficial effects on crop
plant performance. Figure 2 provided a synoptic view of the
mechanisms that can be found in nature. Colonization of the
interior of plants, particularly their roots, can induce systemic
reactions in the whole plant that give it more resistance or
tolerance to pests and pathogens, that enhance photosynthesis,
or that improve plant functioning at the cellular level.

Beneficial endophytes produce SAMPs that interact with cell
membranes and result in signal transduction via MAP kinases.
This results in higher expression of many proteins and genes,
including those that give rise to coordinated improvements in
disease suppression and to increased resistance to abiotic stresses
such as drought, salt, flooding, and adverse temperatures.

These systemic responses also improve and maintain
photosynthesis. This together with improved nutrient efficiency
and acquisition, including N, fixation, provide the essential
components for plant growth and development. Improving
photosynthesis is critically important. Plants require the energy
and fixed carbon compounds to support both the numerous
changes involved is systemic resistance systems and to provide
the wherewithal for plant growth and development.

Provision of beneficial endophytes by itself cannot provide
total reliability and results. There need to be management
practices and good delivery methods that ensure viability and
efficacy of applications. The components of effective delivery
systems include effective seed treatments or soil applications,
and effective organisms that must be selected from either
single strains or consortia of different strains since only a

few strains or species can enter into mutually-beneficial
relationships with plants (Figure 3). Management strategies
that can enhance the abundance and diversity of beneficial
microbial populations include conservation agriculture farming
systems, System of Rice Intensification practices, and the
management of native populations to strengthen the effectiveness
of soil microbial populations. No-till and minimum-till systems
can be part of soil management and are particularly effective
if accompanied by cover cropping or other methods of
maintaining soil coverage with vegetation or other organic
materials. There can, however, be disadvantages. For example,
leaving corn residue on soil surfaces may provide a source
of inoculum of pathogenic Fusarium for the next year’s crop.
In addition, heavy plant residues may make till and cultivation
difficult or impossible.

These changes in crop and soil management improve soil
health and increase the organic matter in soils (Figure 4).
With these enhancements, the prospects for meeting the world’s
food needs are greatly improved, along with the opportunities
to avoid the worst consequences of climate change by abating
greenhouse gas emissions. Given the great challenges and
uncertainties that we presently face, there are no guarantees
of success. But understanding and taking advantage of the
potency of some of the world’s tiniest organisms to make our
agriculture more sustainably productive could improve the
future for farmers and consumers and provide some simple,
low-cost tools for alleviating some of the largest and most
basic problems confronting our society.
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Tomato is subject to several diseases that affect both field- and greenhouse-
grown crops. To select cost-effective potential biocontrol agents, we used laboratory
throughput screening to identify bacterial strains with versatile characteristics suitable
for multipurpose uses. The natural diversity of tomato root—-associated bacterial
communities was bioprospected under a real-world environment represented by an
intensive tomato cultivation area characterized by extraseasonal productions in the
greenhouse. Approximately 400 tomato root—associated bacterial isolates, in majority
Gram-negative bacteria, were isolated from three compartments: the soil close to the
root surface (rhizosphere, R), the root surface (rhizoplane, RP), and the root interior
(endorhizosphere, E). A total of 33% of the isolates produced siderophores and were
able to solubilize phosphates and grow on NA with 8% NaCl. A total of 30% of the
root-associated bacteria showed antagonistic activity against all the tomato pathogens
tested, i.e., Clavibacter michiganesis pv. michiganensis, Pseudomonas syringae pv.
tomato, Pseudomonas corrugata and Xanthomonas euvesicatoria pv. perforans, and
Fusarium oxysporum f. sp. lycopersici. We found that the sampling site rather than the
root compartment of isolation influenced bacterial composition in terms of analyzed
phenotype. This was demonstrated through a diversity analysis including general
characteristics and PGPR traits, as well as biocontrol activity in vitro. Analysis of 16S
rRNA gene (rDNA) sequencing of 77 culturable endophytic bacteria that shared multiple
beneficial activity revealed a predominance of bacteria in Bacillales, Enterobacteriales,
and Pseudomonadales. Their in vitro antagonistic activity showed that Bacillus species
were significantly more active than the isolates in the other taxonomic group. In planta
activity against phytopathogenic bacteria of a subset of Bacillus and Pseudomonas
isolates was also assessed.

Keywords: microbiome, tomato, PGPR, BCA, endorhizosphere
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INTRODUCTION

Tomato is one of the most widely grown vegetables and
represents a major agricultural industry, with a global production
of more than 180 million tons in 2018". It is one of the vegetables
that is most consumed in the world (second to potatoes) and is
also one with the most beneficial effects on human health (He
et al., 2006). Plant diseases seriously impact tomatoes in several
geographical areas worldwide. At least 140 viral species have been
reported, some of which have emerged in greenhouse grown
tomato plants (Moriones and Verdin, 2020). Several bacterial
species were described causing leaf spots, vascular diseases and
roots (Catara and Bella, 2020). In addition, intensive greenhouse
cropping systems have greatly facilitated the development of
fungal and fungal-like diseases (Bardin and Gullino, 2020).

The intensive management required to mitigate serious
economic losses has encouraged the search of alternative
approach for the control of tomato diseases, including the use of
biological control agents (BCAs) (Singh et al., 2017).

Instead of an independent entity, according to the most
recent definition, the plant is regarded as a holobiont or “super
organism” that is integrated with the microorganisms associated
with it (microbiota) and their genetic information (often referred
to as the microbiome) (Vandenkoornhuyse et al., 2015). The
microbiome is involved in multiple plant functions, ranging from
nutrition to resistance to biotic and abiotic factors (Hardoim
et al., 2008; Mendes et al., 2011). The productivity, vigor,
and resistance of the plant is therefore not only the direct
consequence of the genetic makeup of the plant itself, but also of
its microbiome or set of microorganisms (Philippot et al., 2013;
Berg et al,, 2016).

There is a relatively large body of information on the tomato
microbiome as many studies have explored the mechanisms
of microorganism selection in different compartments of the
plants, also identifying beneficial microorganisms and potential
candidates for biological control. Metagenomic studies based on
amplicon sequencing have identified the microbial communities
associated with different tomato plant organs (Ottesen et al,
2013). An interesting gradient with regard to the distance of
each plant part from the soil has been observed as microbial
diversity decreases as the distance from the soil increases
(Ottesen et al.,, 2013; Dong et al,, 2019). The most attention
has been paid to the rhizosphere where there is a highly
active microbial interaction as exudates released by plant roots
are the main food source for microorganisms and a driving
force for their population density and activities (Raaijmakers
et al,, 2009; Bulgarelli et al., 2013). A subset of rhizospheric
microorganisms penetrates the plant roots and colonizes the
endosphere (horizontal transmission) (Compant et al., 2010).
Vertical transmission of bacterial endophytes via seeds has
also been reported in different crops (Truyens et al, 2015;
Cavazos et al., 2018; Rezki et al., 2018). These endophytes reside
within plants with no obvious negative effects on the host,
contributing to their growth and development and the ability
to adapt to adverse conditions (Vandenkoornhuyse et al., 2015;

Uhttp://faostat.fao.org, accessed September 20, 2020.

Sinno et al., 2020). Tomato rhizosphere and endorhizosphere
microbial communities have been investigated according to
soil characteristics (Poli et al., 2016), genotypes (French et al.,
2020; Taffner et al., 2020), crop management (Allard et al,
2016), rootstocks (Poudel et al., 2019), and soilborne pathogen
infections (Li et al., 2014; Tian et al., 2015; Larousse et al.,
2017). Overall, the results suggest that the tomato endophytic
microbiome is mainly horizontally transferred from the soil
environment (Poli et al., 2016; Chialva et al., 2018), but also
vertically transmitted via seeds from where it can be transmitted
to the subsequent plant generation (Bergna et al., 2018).
Culture-dependent methods have been used to study microbial
communities of the tomato root environment, mainly aimed
at selecting plant growth-promoting rhizobacteria (PGPRs) and
biocontrol agents (Abbamondi et al, 2016; Abdeljalil et al,
2016; Tian et al, 2017; Attia et al., 2020; Saqib et al., 2020).
Microorganisms may have a neutral, pathogenic, or beneficial
interaction with their host plant, and together with plant
pathogens, beneficial microorganisms in the plants can interact
in different ways with the plant (Raaijmakers et al., 2009).
The main roles of beneficial microorganisms are biostimulation
(or phytostimulation), i.e., the direct promotion of plant
growth by the production of phytohormones (Bloemberg and
Lugtenberg, 2001); biofertilization (Bashan, 1998), i.e., the
promotion of plant growth generated by the microorganisms
that facilitate accessibility to essential nutrients or increase the
supply of nutrients to the plant; and biocontrol activity, i.e.,
the ability to control plant pathogens [biological control agents
(BCAs)] through the competition for space and nutrients, the
production of antibiotic substances, or the induction of resistance
mechanisms (Bloemberg and Lugtenberg, 2001; Heimpel and
Mills, 2017). Bacteria that share at least two of these mechanisms
of action are known as PGPRs (Glick, 1995). The use of
microorganisms, alone or combined in consortia, is foreseen as
a method to positively modify the plant microbiome in order
to improve the quantity and quality of agricultural crops. It has
shown great potential as a low-environmental-impact alternative
to agrochemicals and fertilizers (Ciancio et al., 2016; Woo and
Pepe, 2018; Compant et al., 2019).

Microbiome studies based on metagenomics have greatly
contributed to the understanding of the complex network
established between the tomato rhizosphere and its microbiota.
However, the information gained to date mainly refers to identify
the microbiota, understanding where they come from and what
the main driving conditions are that modify the microbiota but
not what their actual role is. To date, cultivation-dependent
methods have been used to isolate and characterize bacterial
isolates from tomato plants exhibiting appreciable PGPR and
BCA capabilities (Enya et al., 2007; Amaresan et al., 2012; Xu
et al., 2014; Abbamondi et al., 2016; Romero et al., 2016; Tian
etal, 2017; Attia et al., 2020; Saqib et al., 2020).

Vacheron et al. (2016) and Besset-Manzoni et al. (2019)
used a systematic sampling method for comparing bacterial
populations on maize and wheat, respectively, we adopted a
similar approach in the current study. A similar approach
was also used by Lemanceau et al. (1995) that demonstrated
that Pseudomonas communities of the root compartments are
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influenced by plant species (flax and tomato). While they
faced the problem with biochemical features and genotyping
aimed at taxonomic resolution of the problem (nowadays
approached by metabarcoding), we focused on the phenotyping
of the beneficial traits. This approach was applied within
the framework of a project on tomato microbiota aimed at
the selection of bacterial isolates to be used in microbial
consortia for seed or plantlet bacterization in the nursery. We
investigated the diversity of the cultivable bacterial population
associated with the tomato root environment. In addition,
we particularly focused on bacterial endophytes in terms of
being beneficial biocontrol agents. Samples were collected
from farms from a restricted area specialized in the intensive
cultivation of tomato under a greenhouse environment in
Ragusa province (Sicily). This is the principal production
area in Italy that uses greenhouses covered by plastic films,
with more than half of the national tomato production. This
area is characterized by sandy soil, high salinity conditions,
and favorable climatic conditions that permit extraseasonal
productions (up to two cycles a year), above all of cherry
tomato typologies.

The main findings of our work were as follows: (i)
cultivable bacterial population sizes in the root are higher
in the rhizosphere and in the rhizoplane than in the
endosphere compartment; (ii) the site of isolation (ie.,
farm and agricultural conditions) rather than the root
compartment drives the phenotypic characteristic of bacterial
populations; (iii) efficient cultivable bacteria from tomato
endorhizosphere belong to Bacillales, Pseudomonadales, and
Enterobacteriales order; (iv) Bacillus species are significantly
more effective in inhibiting tomato plant pathogens in vitro;
(v) preliminary in vivo results showed that some Pseudomonas
and Bacillus isolates from endorhizosphere may protect tomato
plants against plant pathogenic bacteria and thus deserve
further investigation.

MATERIALS AND METHODS

Sampling of Tomato Root-Associated

Bacteria
Tomato plants (Solanum lycopersicum L.) were grown in
unheated greenhouses on four farms located in an area
devoted to greenhouse vegetable production in Ragusa
province (Sicily, Italy). The positions, soil proprieties, and
genotypes are shown in Table 1. Plants were grown in
agricultural soil and watered by drip irrigation, following
standard agronomical practices. Five healthy plants from each
farm were randomly selected from the central rows of each
greenhouse, and their associated root material was collected
at the fruiting stage, in March 2018. Plant stems were cut
30 cm above the root collar, and the five root systems were
placed in a plastic bag and immediately transferred to the
laboratory in a cooler. The samples were preserved at 4°C and
processed within 24 h.

Tomato root-associated bacteria were isolated from three
compartments: the soil close to the root surface (rhizosphere,

R), the root surface (rhizoplane, RP), and the root interior
(endorhizosphere, E). Samples were processed according to
the protocol described by Normander and Prosser (2000) and
Wieland et al. (2001), with some modifications, as follows:

- Rhizosphere (R): Roots were shaken carefully to remove
non-adhering soil. Five grams of soil adhering to the
roots was manually collected and transferred in sterile
50 mL centrifuge tubes containing 20 mL of sterile
saline buffer (0.85% NaCl) and then mixed thoroughly by
vortex for 2 min.

- Rhizoplane (RP): Roots (approximately 5 g), from which the
rhizospheric soil had been dislodged, were soaked in 20 mL
of sterile saline buffer (0.85% NaCl) and mixed thoroughly
by vortex for 5 min.

- Endorhizosphere (E): After treatment for rhizoplane
bacteria extraction, roots (approximately 5 g) were
sterilized with 75% ethanol (2 min), 50% sodium
hypochlorite solution (2 min), and ethanol 75% (1 min)
and rinsed five times in sterile distilled water (SDW).
Sterility was assessed by placing the sterilized roots on
potato dextrose agar (PDA, Oxoid, Milan, Italy) at 27°C for
4-7 days. A lack of bacterial growth ensured the sterility of
the root surfaces. The roots were then homogenized with
a sterile pestle and mortar in 20 mL of sterile saline buffer
(0.85% NaCl).

Culturable Bacterial Population Sizes

Serial 10-fold dilutions in sterile saline buffer (0.85% NaCl)
were prepared from each extract (R, RP, and E), and
0.1 mL of each dilution was plated onto the following
media: plate count agar (Lickson, Palermo, Italy), supplemented
with cycloheximide (100 mg-mL™!) to isolate and quantify
the cultivable fast-growing bacteria; Kings medium B agar,
supplemented with cycloheximide (100 mg-mL~!) to count
the fluorescent pseudomonads (King et al., 1954). In order
to isolate spore-forming bacteria, each extract was heat-
treated (90°C) for 10 min and mixed by vortex for 1 min
(Janstova and Lukasova, 2001; Manzum and Al Mamun, 2018),
and after serial 10 dilutions, 0.1 mL of suspensions were
plated onto nutrient agar (NA; Oxoid, Milan, Italy) with
cycloheximide (100 mg-mL~!). For each compartment, dilution,
and medium, three replicates were performed. The inoculated
plates were incubated at 27°C for 48-72 h. The number
of bacterial colony-forming units (CFUs) was then counted
by visual observation, and selected colonies were isolated in
pure culture. The culturable population of tomato-associated
bacteria was expressed as the log of the number of CFUs
per gram of soil (rhizosphere) or of roots (rhizoplane and
endorhizosphere).

The root-associated bacteria were selected from plates
containing 30-300 colonies, i.e., typically 1072 endorhizosphere
(1:100) and 10=° rhizosphere and rhizoplane dilutions
(1:100,000). Bacterial colonies were selected according to
their macromorphological diversity (size, color, and morphology
of the colony), streaked twice on PDA medium, and checked
for purity. After 24 h of incubation, single colonies of the
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TABLE 1 | Data on sampling sites and number of bacterial isolates from the tomato root environment.

Farm 1 Farm 2 Farm 3 Farm 4
Position
Locality Ispica (RG, Italy) Ispica (RG, Italy) Ragusa (Italy) Vittoria (RG, Italy)
Geographic coordinates 36°42'35.62" N 36°42'59.08” N 36°51'3.24” N 36°56'40.49” N

Soil properties

Soil texture Sandy clay calcareous
loamy

Organic matter (%) 1.93

Ph 7.57

Electrical conductivity (mmhos cm~1) 2.85

P (mg kg™ ") 102

Zn (mgkg™") 1.9

Mn (mg kg~ ") 22.8

Cu(mgkg™ 6.1

Fe (mg kg™ ") 12.2

K (mgkg™") 391

Mg (mg kg™ ") 254

Na (mg kg~") 158

Ca(mgkg™") 221

Tomato genotype

Typology Cherry

Genotype Casarino F1

Number of isolates 70

14°57'36.13" E

14°68'69.98" E

Sandy calcareous

14°27'41.40" E

Sandy calcareous

14°23'42.37" E

Sandy calcareous

loamy
2.1 1.07 2.5
7.72 7.71 7.7
8.45 213 3.62
655 135 155
1.6 6.9 5.9
32.4 14.4 13.2
13.2 4.8 14.4
49.2 15.6 4.6
507 96 747
327 203 529
340 156 290
925 202 290

Mini plum Cherry Mini plum

Dulcemiel F1 Creativo F1 Miele F1

132 85 136

selected isolates were picked off and individually inoculated
with a sterile toothpick in 96-microwell cell culture plates
(Nunc™ MicroWell™ 96-well, collagen type i-treated, flat-
bottom microplate, Thermo Fisher Scientific) containing
Luria-Bertani (LB) broth. After overnight incubation,
the wells were supplemented with 15% glycerol and
stored at —80°C. For routine growth, isolated bacteria
were picked off from stock cell cultures using an 8 x 6
replica plater (Sigma).

Phenotypic Characterization of Bacterial
Isolates

General and PGPR Traits

Colonies of bacterial isolates were preliminarily characterized
in terms of color, shape, opacity, size, and morphology. The
Gram reaction was performed using the 3% KOH test (Schaad
et al., 2001). The following features were assessed: siderophore
production, salt tolerance, and phosphate solubilization. Bacterial
isolates from 24 h-old cultures on PDA were plated using the
replica-plate device (48 isolates per plate) in the respective media,
and results were recorded for up to 3 days of incubation at 28°C.
All strains were tested in three independent replicates.

To detect the phosphate solubilizing bacteria, bacterial isolates
were streaked onto Pikovskaya’s agar medium (Pikovskaya, 1948).
Strains that induced a clear zone around the colonies were
considered as positive. Siderophore production was determined
on chrome-azurol S (CAS) medium (Schwyn and Neilands,
1987). The formation of orange to yellow halos around
the colonies confirmed the production of siderophores. The

salt tolerance was evaluated by inoculating the isolates on
three NA plates containing 0, 2, and 8% NaCl. Bacterial
isolates were classified based on their growth at different NaCl
concentrations in the medium.

Antimicrobial Activity Against Tomato Pathogens

To phenotype the biocontrol activity potential of the tomato
root-associated bacteria, these bacteria were screened for
their antimicrobial activity against a set of tomato plant
pathogens usually occurring in the area: the Gram-positive
bacterium, Clavibacter michiganensis subspecies michiganensis
strain PVCT156.1.1 (Cmm), and the Gram-negative bacteria,
Pseudomonas corrugata strains CFBP5454 (Pco), P. syringae pv.
tomato strains PVCT28.3.1 (Pto), Xanthomonas euvesicatoria pv.
perforans strain NCPPB4321 (Xep), and Fusarium oxysporum f.
sp. lycopersici strain Saitama ly2 (Fol) (Table 2).

The antagonistic activity against plant pathogenic bacteria was
tested on large PDA plates (@ 20 cm). Bacterial suspensions
in SDW (ODgpp = 0.01) were obtained from overnight
cultures of the plant pathogenic bacteria in nutrient broth.
A sterile swab was dipped into the inoculum tube and used
to inoculate the plates by streaking the swab three times
over the entire agar surface and then rotating the plate
approximately 60 degrees each time, as in the Kirby-Bauer
antibiotic resistance test (Hudzicki, 2009). After drying, the
plates were spot-inoculated with bacterial isolates for testing
using sterile toothpicks. Forty-eight bacteria were inoculated
on each plate and incubated at 28°C for 1-5 days. The
antagonistic activity was expressed as the width (mm) of the
growth inhibition area of phytopathogenic bacterium around
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TABLE 2 | Tomato pathogens, bacteria and fungi, used in this study.

Species Strain* Origin Disease References
Pseudomonas corrugata (Pco) CFBP 5454 Italy Pith necrosis Trantas et al., 2015
Pseudomonas syringae pv. tomato (Pto) PVCT 28.3.1 Italy Bacterial speck Bella and Catara, 1998
Clavibacter michiganensis subsp. michiganensis (Cmm) PVCT 156.1.1 Italy Bacterial wilt and canker lalacci et al., 2016
Xanthomonas euvesicatoria pv. perforans (Xep) NCPPB 43217 United States Bacterial spot Constantin et al., 2016
Fusarium oxysporum f. sp. lycopersici (Fol) Saitama ly2 Japan Fusarium wilt Hirano and Arie, 2006

*CFBR, International Center for Microbial Resources, French Collection for Plant-associated Bacteria, INRA, Angers, France; NCPPB, National Collection of Plant
Pathogenic Bacteria, Fera, York, United Kingdom; PVCT, Patologia \Vegetale, University of Catania, Catania, Italy.

the bacterial colonies. The experiments were performed in three
independent replicates.

To test the antagonistic activity against Fol, bacterial isolates
were spot inoculated near the border of small PDA plates
(@ 6 cm, four bacteria per plate). After 24 h of incubation at
28°C, a mycelial plug (0.5 x 0.5 cm) from a 4 day-old culture
of Fol was placed in the center of each plate. Plates inoculated
only with the fungal plug served as the control. All strains were
tested in three independent replicates. The antifungal activity
was expressed as the percentage of growth inhibition (PGI)
according to Vincent (1947): PGI (%) = 100 - (GC — GT)/GC,
where GC represents the mean value of the fungus radius in
the absence of the bacteria (control), and GT represents the
mean value of the fungus radius in the presence of antagonistic
bacteria (treatment). Antagonist activity was recorded after
incubation at 28°C for up to 5-7 days. The comparison of
the antagonistic activity of the bacterial strains was based on
two arbitrary 0-3 scales. The antibacterial activity was scored
based on the growth inhibition area size as follows: 0, no
antagonism; 1, < 3 mm; 2, > 3 and < 10 mm; 3, > 10 mm.
Antifungal activity was scored based on the PGI against Fol
as follows: 0, no inhibition, 1, PGI < 30%; 2, PGI 30-60%;
3, PGI > 60%.

Molecular Identification of the Bacterial

Endophytes

The 16S rRNA gene region was amplified and sequenced
for taxonomic identification. Bacterial DNA targets for colony
PCR were prepared by thermal lysis (10 min at 100°C) of
cell suspensions (ODgpp = 0.01) in 200 wL of SDW. PCR
amplicons were generated using the universal 16S rRNA primer
pair, 27F (5-AGAGTTTGATCCTGGCTCAG-3") and 1492R
(5'-GGTTACCTTGTTACGACTT-3') primer set (Edwards et al.,
1989; Lane, 1991). Master mixtures included 1 x Taq&Go
G2 Hot Start colorless PCR Master Mix (Promega), 0.5 uM
of each primer, and 1 pL of template in a total volume
of 15 pL. Reactions were performed in a thermal cycler
GeneAmp PCR system 9700, with the following thermal
protocol: DNA denaturation for 5 min at 95°C, amplification
(35 cycles) at 94°C for 1 min, 50°C for 1 min, and 72°C
for 1 min, and ended with 10-min extension at 72°C.
The 1,400 bp PCR products were analyzed by agarose gel
electrophoresis [1.0% (wt/vol) agarose, 90 V, 50 min]. The DNA
amplicons were quantified and sequenced by BMR Genomics
(Padova, Italy).

Sequence Analysis and Construction of a
Phylogenetic Tree

The sequences were searched against the nucleotide collection
database at the National Center for Biotechnology Information
(NCBI) nucleotide database using Basic Local Alignment Search
Tool BLASTN?. Taxonomy information was assigned by the
NCBI Taxonomy database according to the highest score
sequence. Highly homologous sequences were aligned using
Clustal-W algorithm within MEGA X; the regions of ambiguous
alignment were edited manually and a neighbor-joining tree was
generated (Kumar et al., 2018). Sequences were aligned by Clustal
W within MEGA X. A phylogenetic tree was built including 16S
rRNA gene sequences of the type strains identified by BLAST.

In vivo Biocontrol Activity Assays

Bacterial Pathogens and Antagonists’ Inoculum
Preparation

Of the 77 endophytes belonging to the genera Pseudomonas
and Bacillus, 10 were selected to evaluate their biocontrol
activity in vivo on tomato plants against Cmm and Xep. The
endophytes were selected on the basis of their taxonomy, i.e.,
representativeness of the species and the results of in vitro test
(Supplementary Table 1). The strains selected were Bacillus
velezensis strains 261, 263, 265, and 306 and Bacillus megaterium
strain 268; Pseudomonas citronellolis strain fl, Pseudomonas
monteilii strain £53, and Pseudomonas plecoglossicida strains 171,
172, and f56. The inoculum of both pathogens and putative
biocontrol agents was prepared from bacterial cells grown
for 48 h on NDA. Single colonies were transferred into LB
broth and incubated at 27°C £ 1°C for 24 h in an orbital
shaker at 150 revolutions/min (rpm). The bacterial cultures
were centrifuged at 7,500 rpm for 15 min. The pellets were
resuspended in sterile tap water, and the density adjusted to
2 x 108 CFU-mL~! (ODggo = 0.1).

Plant Material and Inoculation of Bacterial
Endophytes

Plantlets of tomato SIR ELYAN F1 3 weeks after germination
were obtained from a local nursery and transplanted into
square pots (8 cm side) containing nursery peat. In each
trial, the pots were arranged in a completely randomized
design, with 15 replicates per treatment. Independent trials
were set up to assess the effect of the 10 endophytic strains
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on (i) PGP activity, (ii) biocontrol of bacterial canker, and
(iii) biocontrol of bacterial spot. Plants were maintained in
a growth chamber at 24°C £ 2°C, 68-80% RH, with 16 h
of light and 8 h of darkness daily. They were watered as
required with the same amount of tap water per pot. All
experiments were conducted in duplicate. In all trials, bacterial
endophytes were inoculated by soil drenching with 20 mL
inoculum. In the PGP trial 30 days after soil treatment, tomato
seedlings were harvested. Height, fresh, and dry weight of
roots and shoots and shoot-to-root ratio were measured. To
determine the dry weight, the samples were dried at 105°C for
24 h. These parameters were compared to mock control plants
drenched with tap water.

Plant Challenge With Bacterial Pathogens

Tomato seedlings were inoculated with Cmm, bacterial
suspension 7 days after treatment with the putative BCAs
or water (negative control). Aliquots of 20 mL of Cmm were
poured into the soil near the stem crown. The roots were then
damaged in order to facilitate bacterial penetration by inserting
a scalpel at three points located 2 cm from the stem. Bacterial
canker symptoms were recorded weekly for 1 month using a
0-5 disease scale developed for root inoculations, where 0 = no
symptoms, 1 = chlorosis and loss of turgor, 2 = wilt in 1 or 2
leaves, and/or cankers < 0.5, 3 = wilt in 3 or more leaves, and/or
cankers > 0.5, 4 = fully withered plants, and 5 = dead plants
(Bella et al., 2012).

The area under disease progress curve (AUDPC) was
calculated using weekly recorded data, as described by Madden
and Campbell (1990). Using hand-trigger sprayers 3 days after
the soil treatment with the putative BCAs or water (negative
control), tomato seedlings were spray inoculated with Xep onto
the abaxial and adaxial leaf surfaces of four replicate tomato
plants until runoff. The inoculated plants were preincubated and
postincubated for 1 day under transparent polyethylene sheets
to increase the RH near 100% to promote bacterial penetration.
Ten tomato leaflets per plant were sampled randomly 10 days
after pathogen inoculation. Lesions on individual leaflets were
counted and leaflet area determined; disease severity was
quantified as number of lesions/cm? leaflet area (Ji et al.,
2006). The leaflet area was obtained by image processing
and analysis in Java (Image] software). Disease severity data
were log transformed and subjected to analysis of variance
(ANOVA). Percentage reduction in disease severity compared to
the pathogen-only control was calculated according to Ji et al.
(2006).

Statistical Analysis

The results of the screening indices were used to perform
a principal component analysis (PCA) to detect patterns of
similarity among the tomato root-associated bacteria. The PCA
was calculated on binary data (0, isolate negative to the test;
1, isolate positive to test) using the “prcomp” function of the
“stat” R package (R Core Team, 2013). PCA biplot and loading
projections were visualized through the “factoextra” R package
(Kassambara and Mundt, 2016). Mosaic plots were drawn using
the “stat” R package; the same package was also used to compute

ANOVA and the post hoc Tukey-Kramer test. Data of biocontrol
assays were analyzed by ANOVA using STATGRAPHICS Plus
5. Mean values were compared using the Student-Newman-
Keuls test.

RESULTS

Bacterial Population Size in Tomato Root

Environment

Cultivable population sizes of total, fluorescent, and spore-
forming bacteria in the rhizospheric soil (R) of the four
farms ranged from 6.8 to 8.8, from 3.8 to 4.5, and from
3.3 to 6.4 log CFU - g~!, respectively (Figures 1A-C). On
each farm, the populations were higher in the rhizosphere
than in the endorhizosphere (E) (ANOVA; p < 0.05)
(Figures 1A-C). Population sizes in the rhizoplane (RP)
and in the endorhizosphere ranged from 6.8 to 8.1 and from
3.7 to 6.4 log CFU - g~ ! for total bacteria, and from 3.8 to 4.6
and from 2.3 to 3.5 log CFU - g~ ! for fluorescent bacteria, in
the two root compartments, respectively (Figures 1A,B). The
population sizes of spore-forming bacteria ranged from 3.6 to 6.4
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FIGURE 1 | Boxplot of the total (A), fluorescent (B), and spore-forming (C)
cultivable bacteria in the three root compartments: rhizosphere (R, in red),
rhizoplane (RP, in green), and endorhizosphere (E, in blue). Bacteria are
grouped according to the farm on which they were collected (x-axis).
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and from 3.5 to 4.8 log CFU-g !, for the two root compartments,
respectively (Figure 1C).

Beneficial Phenotypes of Bacteria From
the Root Environment of Tomato Grown
in Agricultural Soil

A total of 424 culturable bacterial strains were obtained in pure
culture from the isolation plates of the four farms (70, 132, 85,
and 136 isolates for farms 1-4, respectively). The percentage of
Gram-negative bacteria in the three compartments was 61, 86,
and 78% for R, RP, and E, respectively. Among these, fluorescent
pseudomonas represented approximately 18.2, 38.6, and 43.2%
of the isolates obtained from the R, RP, and E, respectively
(Supplementary Table 1).

A total of 83.5, 86, and 89% of bacterial isolates from the
R, RP, and E, respectively, were able to grow in up to 8%
NaCl (Supplementary Table 1). The production of siderophores
on CAS agar was found in a similar relative frequency in
the three rhizoplanes (33, 34, and 30% in R, RP, and E)
(Figure 2A and Supplementary Table 1). A total of 64% of
the endophytic isolates showed an ability to solubilize insoluble
organic phosphate, whereas the number of isolates showing the
same characteristic was 46.5 and 29.5% in R and RP, respectively
(Figure 2B and Supplementary Table 1). All the isolates
exhibited at least one of the three PGP traits tested (siderophore
production, phosphate solubilization, and tolerance to salinity),
and most of the strains tested positive for at least two of the
three traits, with 139 of the 424 isolates tested showing the three
positive features: tolerance to salinity, siderophore production,
and phosphate solubilization (Supplementary Table 1).

The tomato root-associated bacterial collection was further
screened for the antagonistic ability to inhibit in vitro the
growth five detrimental tomato phytopathogens (Table 2 and
Figures 2C-E). All isolates were therefore tested against the
Gram-positive C. michiganensis subspecies michiganensis strain
PVCT156.1.1 (Cmm), P. corrugata strain CFBP5454 (Pco),
Pseudomonas syringae pv. tomato strain PVTC28.3.1 (Pto),
X. euvesicatoria pv. perforans strain NCPPB4321 (Xep), and the
fungus F. oxysporum f. sp. lycopersici strain Saitama ly2 (Fol).
Approximately 30% of the tomato root-associated bacteria (127
of 424 isolates) showed antagonistic activity against all the tested
bacterial phytopathogens and Fol (Figure 3 and Supplementary
Table 1). Of these, 42, 26, and 31% were isolated from R, RP, and
E compartments, respectively. The highest activity in terms of the
number of antagonistic strains but also effectiveness in terms of
inhibition zone was observed against Cmm (88% of the isolates)
(Supplementary Figure 1). Among this group, 98% were ranked
within class 3 (inhibition halo > 10 mm). The lowest number
of antagonistic bacteria was detected against Pco (40%), and the
antagonistic activity was ranked with 1 in the scale of activity
(< 3 mm). An intermediate behavior was observed against the
other two plant pathogenic bacteria (Supplementary Figure 1).

The in vitro inhibition of Fol was observed, although to
different extents, by all but three tomato root-associated bacterial
isolates (Supplementary Figure 1). The percentage of bacterial
isolates with antifungal activity was the highest for RP (33%),

FIGURE 2 | Bacterial isolates, tested for (A) siderophore production, orange
halos indicate siderophore positive results; (B) phosphate solubilization,
cleared halos indicate phosphate solubilization positive results; antagonistic
activity against (C) Xanthomonas euvesicatoria pv. perforans (Xep),

(D) Pseudomonas syringae pv. tomato (Pto), and (E) Fusarium oxysporum f.
sp. lycopersici (Fol).

followed by R (32%) and E (21%). PGI values of the fungal
colonies ranged from 8 to 100% after incubation for 6 days
at 24°C (when the colonies on control plates reached the
margin). Based on growth inhibition scores (0-3) exhibited
toward Fol, 214 isolates were ranked in class 2, indicating that
their relative percentages of growth inhibition were less than 30%
(Supplementary Figure 1). Interestingly, 60 isolates led to more
than 60% inhibition of pathogen growth and were thus ranked in
class 3 (Supplementary Figure 1).

Source of Isolation Drives Beneficial

Traits of Bacterial Isolates

PCA (Figures 4A,B) was used to visualize the relationships
between the 10 phenotypic traits analyzed (Gram reaction,
fluorescence production, siderophore production, phosphate
solubilization, salt tolerance, antagonist activity against Cmm,
Pco, Pto, Xep, and Fol) of all bacterial isolates and the source
of isolation (farm; root compartment). The first two principal
components (PCs) explained 41% of the total phenotypic
variability (PC1 = 25.3%, PC2 = 15.7%; Figures 4A,B). Results
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FIGURE 3 | Venn diagram showing the antagonist activity of a collection of
424 bacterial isolates obtained from tomato root environment against the
tomato phytopathogenic bacteria Clavibacter michiganensis subsp.
michiganensis (Cmm), Pseudomonas corrugata (Pco), P syringae pv. tomato
(Pto), and Xanthomonas euvesicatoria pv. perforans (Xep), and the fungus
Fusarium oxysporum f. sp. lycopersici (Fol)
(http://bicinformatics.psb.ugent.be/webtools/\Venn/).

enabled the bacteria to be clearly separated according to the farm
in which they were isolated (Figure 4A), but not to the root
compartment (data not shown): bacteria collected on Farm 1
were mainly separated according to PC2, whereas bacteria from
Farms 2 and 3 clustered mainly in the upper-right PCA quadrant
(PC1 > 0, PC2 > 0); and bacteria collected from Farm 4 were
mainly plotted in the lower-right (PC1 < 0, PC2 > 0) and lower-
left (PC1 and PC2 < 0) PCA quadrants (Supplementary Table 2).
The variables greatly influencing the bacteria disposition along
the first two PCs were the antagonistic activity against Pto, Pco,
and Xep and siderophore production. The antagonistic activity
against Pto and the siderophore production highlighted opposite
directions in the PCA biplot as they were oriented toward the
upper-right quadrant and lower-left quadrants, respectively. On
the other hand, the antagonist activity against Xep and Pco was
oriented toward the lower-right PCA quadrant.

Overall, the 10 traits employed in the PCA showed a
pairwise correlation ranging from -0.45 (p-value < 2.2-16) for
siderophore production and antagonist activity against Pto to
0.34 (p < 1.1-12) for antagonist activity against Xep and Pto
(Figure 4C). An ANOVA test using the collection farm and the
10 traits as categorical variables showed p-values that exceeded
the significance threshold (p < 0.05) for all traits tested. The traits
showing the highest significance (p < 0.0001) were the Gram
reaction, siderophore production, and the antagonist activity
against Cmm, Pto, Pco, and Fol.

The bacteria distribution among the four farms was consistent
for siderophore production and antagonist activity against Cmm
and Pto (Figures 5A-]). Isolates collected from Farm 2 and Farm
3 were characterized by a substantial absence of siderophore

production (Figures 5A,B) and positive antagonist activity
against Cmm and Pto in all the samples (Figures 5C-F), whereas a
more admixed configuration was registered for Farm 1 and Farm
4 (Figures 5C-F).

The Pco antagonistic activity showed statistical differences
among all the four farms analyzed (Figures 5G,H), with bacteria
collected on Farm 3 and Farm 1 showing the highest and lowest
number of Pco antagonistic activity, respectively (Figure 5G).
The antagonist activity against Fol was detected on all farms
(Figures 5L,)).

Bioprospecting of Tomato Endophytic
Bacteria

Of the 100 total tomato root bacterial endophytes in the
working collection, 77 were selected based on their phenotype
and representativeness of the PGP and BCA traits, with at
least two and/or three PGP traits and antagonistic activity to
at least three microorganisms. Partial sequences of the 16S
rRNA genes of the 77 isolates obtained from the E were
analyzed. According to BLASTN similarity matches, isolates
were identified by partial sequencing of their 16S rRNA gene,
which enabled the isolates to be classified into three orders,
namely, Bacillales, with all the bacterial isolates belonging to
the genus Bacillus; Pseudomonadales, with bacterial isolates in
the genera Pseudomonas and Acinetobacter; Enterobacteriales
with isolates in the genera Enterobacter, Ewingella, Pantoea,
Providencia, and Lelliottia. Putative single-isolate taxon is shown
in Supplementary Table 3.

Four different Bacillus species were identified, three strains
with 100% similarity to Bacillus subtilis (GenBank accession
no CP051860.1, MT081484.1, KU729674.1); two strains with
100% similarity to Bacillus amyloliquefaciens (GenBank acc. no
MK501609.1); 11 strains with 99-100% similarity to B. velenzensis
(GenBank acc. no MN559711.1, CP051463.1, KY927398.1,
MT365117.1, MN654121.1, and CP024922.1) (all species of the
B. subtilis clade, Fan et al., 2017); one strain with 99% similarity to
B. megaterium (GenBank accession no KT883839.1). Two strains
were only identified at the genus level as Bacillus species (100%
similarity to GenBank accession no. CP040881.1).

For isolates among the Enterobacteriales, the best hits
were observed with the following species: 10 strains with 97%
similarity to Enterobacter cancerogenus (GenBank accession
no. FJ976582.1); one strain with 97% similarity to Enterobacter
tabaci (GenBank accession no. MF682952.1); one strain with
97% similarity to Enterobacter mori (GenBank accession no.
KJ589489.1); 10 strains were only identified at the genus level
as Lelliottia (96-97% similarity to strain GenBank accession
no. JN853247.1); three strains with 98-100% similarity to
Ewingella americana (GenBank accession no. MT101745.1
and KY126991.1). Three strains with 99% similarity to
Providencia vermicola (GenBank accession no. KX394623.1
and MK942706.1). Four strains were only identified at the genus
level as Pantoea species (97% similarity to strains GenBank
accession no. MK229045.1 and MH884045.1).

Different species were found in the genus Pseudomonas all
within the Pseudomonas putida group within the Pseudomonas
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fluorescens lineage (Mulet et al., 2010): 14 strains with
100% similarity to P. plecoglossicida (GenBank accession no.
MT367715.1); one strain with 100% similarity to P. citronellolis
(GenkBank accession no. KM210226.1); one strain with 100%
similarity to P. monteilii (GenkBank accession no. MH603875.1);
four strains with 100% similarity to P. putida (GenkBank
accession no. LN866622.1 and CP026115.2). All the isolates
in the genus Acinetobacter showed the highest similarity
to Acinetobacter baumannii (99-100% similarity to GenBank
accession no. MT256198.1 and CP050388.1).

In the dendrogram showing the phylogenetic relationships
of the endophytic strains in which type strains of the putative

bacterial species and some reference species were included,
the taxonomic position was confirmed, although some isolates
clustered with appropriate the taxonomic clade (e.g., B. subtilis
or P. putida clade) and not with the type strain of the bacterial
species resulted from the BLAST similarity analysis. For this
reason, sequences of the isolates were deposited at GenBank
with the genus and strain name under accession numbers
from MW130753 to MW130829 (Figure 6 and Supplementary
Tables 3, 4).

The PCA calculated on the 77 endophytic bacteria showing
antagonist activity to at least one pathogen is shown in
Figure 7A. The first two PCs accounted for 58.8% of the
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FIGURE 5 | Mosaic plot and Tukey plot of the traits showing the highest
differentiation among farms (ANOVA test, p < 0.0001), namely, siderophore
production (A), antagonistic activity against Cmm (C), Pto (E), Pco (G), and
Fol (I). Mosaic plots [left of the panels (B,D,F,H,J)] show the relative frequency
of the presence (blue) or absence (red) of a trait (y-axis) given the farm (x-axis);
the width of the columns is proportional to the numerosity of the accessions
isolated on each farm. On the right of the panels, the confidence intervals are
shown of each pairwise comparison after the Tukey post hoc test. Pairwise
comparisons that were not statistically different are shown in gray.

total phenotypic variability, with PC1 accounting for 33.1%
and PC2 for 25.7%. Bacillales were mainly plotted in the
upper-right quadrant of the PCA biplot (PC1 and PC2 > 0),
whereas both Enterobacteriales and Pseudomonadales were

mainly characterized by PCI1 negative values (resulting in a high
prevalence of bacteria plotted in the upper-left and lower-left
PCA quadrants). The high effectiveness of PC1 in distinguishing
between the Bacillales compared to the other two families was
confirmed by the ANOVA test, which showed a p = 0.00003
(Figures 7B-D).

In Planta Bioassays

Tomato seedlings treated by soil drenching with 10 bacterial
strains belonging to the genus Pseudomonas and Bacillus, selected
from the endorhizosphere isolated bacteria data set, showed an
increase in plant height as compared to water treated control
seedlings. Thirty days after the treatment with the bacterial
strains, tomato seedlings were from 1.3 to 22% higher than the
control plants. Pseudomonas strains f56 and f1 and Bacillus strain
306 and 261 significantly promoted plant height compared to
untreated controls (p < 0.05) (Supplementary Table 5). Variable
results were recorded for the other growth parameters that did
not show a clear effect on plant weight (fresh and dry) and dry
matter percentage (Supplementary Table 5).

Symptoms of bacterial canker, caused by Cmm, were first
observed in the control plants 14 days postinoculation (dpi).
They consisted in the unilateral wilting of one or more leaflets.
Generalized wilting symptoms started at 21 dpi. Thirty days
postinoculation of Cmm, the disease indexes of the plants treated
with P. citronellolis strain fl and B. velenzensis strain 265
were significantly lower (p < 0.05) than that of control plants
treated with a water. Both antagonistic isolates also reduced
the percentage of dead plants; these were for the P. citronellolis
strain f1, B. velenzensis strain 265, and control plants, 0, 14.30,
and 75%, respectively (Table 3). The values of the AUDPC,
which records the progression of the disease, although were not
significant statistically, were also lower (Table 3). The effect of
the soil treatments with the tomato bacterial endophytes was
also evaluated on the tomato leaf pathogen Xep. The occurrence
of lesions on leaves was observed on positive control plants
treated with water starting from 6 dpi. In fact, there were minute
chlorotic spots that turned necrotic and expanded by 10 dpi when
the data were recorded. Significant differences were observed
between the endophyte-treated plants that showed fewer spots
than control plants, although differences were observed between
bacterial strains. A reduction of the diseases ranging from 30 to
80% was observed (Table 3).

DISCUSSION

The main aim of this study was to establish a collection
of culturable tomato root-associated bacteria, as well as to
bioprospect the natural diversity of root-associated bacterial
communities under a real-world environment represented here
by an intensive tomato cultivation area characterized by
extraseasonal greenhouse production. Although in recent years
the advances in next-generation omic technologies have led to the
possibility of revealing plant-associated microbiomes, culture-
dependent methods are still necessary to bioprospect natural
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diversity as a source of new tools for sustainable agriculture
(Quiza et al., 2015; Lee et al., 2016; Miiller et al., 2016).

In this study, bacterial population sizes of the total numbers
of fluorescent and spore-forming bacteria associated with the
root environment of greenhouse tomato plants grown in
agricultural soils from four different farms varied according
to the compartment of isolation (i.e., rhizosphere, rhizoplane,
endosphere) and, in some cases, the farms. The characterization
of a collection of 424 bacterial isolates targeted at phenotypic
traits (plant growth promotion and/or biocontrol of detrimental
plant pathogens) did not show any clear relationships between
the compartments of root isolation. In contrast, the isolates
clustered according to the four isolation farms.

The four farms from where the samples were selected shared
some common features of the cultivation area. Sicily is the
principal tomato greenhouse production area in Italy, and
more than half of the tomato production comes from the
Province of Ragusa, where the four farms were located. This

area is characterized by sandy soil and climatic conditions that
facilitate out-of-season production. Tomatoes are grown for one
or two cycles within the year in greenhouses covered with a
plastic film. In the four greenhouses, four different genotypes
of tomato were cultivated, which differed according to the
farm management (irrigation, fertilization, and pesticide use and
agronomic operations).

Opverall, the phenotyping of 424 bacterial isolates from the
tomato root environment revealed that this community was
more represented by Gram-negative than Gram-positive bacteria
and that they possessed interesting PGP bacterial traits. In
fact, 139 of the 424 root-associated bacteria isolates were able
to produce siderophores, solubilize phosphates, and grow on
a saline medium.

These characteristics could be of great interest in developing
bioinoculant with also biofertilizer abilities that could also
promote plant growth and yield. Phosphate-solubilizing
microorganisms play an important role in supplementing
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FIGURE 7 | (A) PCA of the antagonist activity of the endophytic bacteria against Cmm, Pco, Pto, Xep, and Fol, boxplot of the distribution of the first principal
component given the order (B), family (C), and genus (D).

TABLE 3 | Results of the in vivo assays of the biocontrol activity of bacterial endophytes against the tomato bacterial pathogens Clavibacter michiganensis subsp.
michiganensis (Cmm) and Xanthomonas euvesicatoria pv. perforans (Xep).

Cmm Xep

Bacterial strains DI 30 dpi? AUDPC % of dead plants n. spot/cm? leaf area® % reduction®
Pseudomonas plecoglossicida _171 4.71cd 51.78d 84.70% 4.02bc 43.50 + 6.96
P, plecoglossicida _172 4.00abc 35.29abc 57.14% 1.46a 79.50 £ 1.79
Pseudomonas citronellolis_f1 2.28a 15.86a 0.00% 4.88c 31.40 +£ 14.76
Pseudomonas monteilii_f53 4.14abc 40.43abc 57.14% 2.99abc 5791+ 1.14
P, plecoglossicida_f56 4.71cd 33.00abc 84.70% 4.88¢c 31.31 £ 12.39
Bacillus velezensis _261 3.28abc 24.86abc 14.30% 2.00ab 71.83 £ 4.40
B. velezensis_263 5.00c 47.64bc 100% 2.16ab 69.61 + 6.53
B. velezensis _265 2.71ab 30.35abc 14.30% 1.30a 81.70 £ 3.20
Bacillus megaterium_268 3.00abc 22.71ab 28.57% 2.70ab 61.96 £+ 5.67
B. velezensis _306 3.00abc 32.93abc 14.30% 2.06ab 70.97 + 6.82
Positive control 4.71cd 36.92abc 71.42% 7.11d /

aDI 30 dpi: disease index based on a 0-5-point disease scale 30 days post-inoculation.

bDisease severity recorded as number of spot/cm? leaf area assessed 10 days post-Xep inoculation.

®Percentage reduction in lesion numbers per unit leaf area compared to the pathogen-only control + standard error.

Means in a column followed by the same letter are not significantly different according to Student-Newman-Keuls test at p < 0.05.
AUDPC, area under the disease progress curve. http://bioinformatics.psb.ugent.be/webtools/Venn/.

phosphorus to the plants, allowing a sustainable use of phosphate  phosphate, thereby converting it to a soluble form (Sagoe et al.,
fertilizers. P-solubilizing activity is related to the microbial 1998; Rashid et al., 2004; Lugtenberg and Kamilova, 2009). The
production of organic acids, which chelate the cation bound to  ability to produce secondary metabolites such as siderophore
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and antimicrobial peptides has been evaluated in many studies
on PGPRs. The ability to produce siderophore and metabolites
contributing to antibiosis has been the focus of many studies on
PGPR (Sayyed et al., 2004; Maksimov et al., 2011).

The high number of salinity-tolerant bacterial isolates suggests
that a selection may have occurred as salinity is one of the
typical characteristics of the area (i.e., soils of all the farms
showed an EC > 2.0 mmhos cm~! and high Na content).
Tomato is moderately sensitive to salinity saline water that is
used in greenhouse cultivations; however, high salinity may
affect plant physiology (Leonardi and Martorana, 2005). Several
reports have shown that halotolerant PGPRs improve the growth
of various agricultural crops under salinity stress. Inoculating
crops with halotolerant PGPRs isolated from halophytes has been
successful in improving crop growth and tolerance under salt
stress conditions (Shukla et al., 2012; Khan et al., 2016).

More importantly, approximately 30% (129 strains) of the
root-associated bacterial isolates showed antagonistic activity
against all the five tested phytopathogens, although to different
extents. Their antagonistic activity as assessed in vitro suggests
the production of secondary metabolites with inhibitory activity
against fungi and Gram-positive and Gram-negative plant
pathogenic bacteria. Some of these harmful pathogen are seed
and/or soil transmitted (Bardin and Gullino, 2020; Catara and
Bella, 2020).

A large number of studies have shown that tomato bacterial
communities, resolved by metagenomics based on amplicon
sequencing, are influenced by different factors. Data, however,
refer to the taxonomic operational units, and the PGP and
BC activities can only be inferred. Among the biotic and
abiotic factors, soil is considered the primary force driving
plant-microbiota diversity (Jeanbille et al., 2016). Different
studies have demonstrated that the influence of the soil plays
a stronger role on plant-microbiota diversity than the plant
genotype (Poli et al, 2016; Dong et al., 2019). In addition,
transcriptomics and proteomics have demonstrated that the
overall characteristics of the substrate contribute more than plant
genotype to shaping the molecular responses in tomato roots
(Chialva et al., 2018).

Our research also focused on bacterial endophytes, which
are good candidates for beneficial inoculants aimed at reducing
the chemical inputs in conventional agricultural practices and
increasing nutrient uptake and stress resilience in plant species
(Ryan et al., 2008; Gupta et al.,, 2014). In fact, the endophytes
interact more closely with their host than rhizospheric bacteria
because they are located within the plant tissues (Hallmann
et al.,, 1997; Weyens et al., 2013). In addition, as they live in the
apoplast (or in the xylem), endophytes do not need to compete for
nutrition and/or niche in the soil as bacteria do in the rhizosphere
(Reiter et al., 2002), and they or their metabolites can easily reach
the pathogens within the plants (Gupta et al., 2014).

A subset of bacterial endophytes isolated from tomato
endorhizosphere (77 isolates), identified by partial sequencing
of their 16S rRNA gene, belonged to two phyla (Firmicutes and
Proteobacteria) and to three orders, namely, Bacillales (27.3%),
with all the isolates in the genus Bacillus; Pseudomonadales
(31.2%), with isolates in the genera Pseudomonas and

Acinetobacter; and Enterobacteriales (41.6%), with isolates
in the genera Enterobacter, Ewingella, Pantoea, Providencia, and
Lelliottia. Similarly, some of these genera (Bacillus, Pseudomonas,
Acinetobacter, Enterobacter) have been isolated from tomato
endorhizosphere in studies on beneficial bacteria (Tian et al.,
2017; Singh et al, 2019). Bacterial strains in the genera,
Rhizobium and Ralstonia, have also been isolated from the
endorhizophere of tomato plants (Abbamondi et al, 2016).
Bergna et al. (2018) isolated Ralstonia, Stenotrophomonas,
and Bacillus strains both from tomato root and seed
endosphere. The high-throughput screening and cultivable
approach suggested that beneficial bacteria are seed transmitted
(Bergna et al., 2018).

Recent studies demonstrated that tomato bacterial
communities of the root zone and of the rhizosphere
exhibited the highest richness and diversity in comparison
to those of the endorhizosphere (Dong et al, 2019; Lee
et al, 2019). In general, the richness decreased from the
root zone soil to rhizosphere to phyllosphere to endosphere,
whereas the diversity decreased in a different order: root
zone soil > rhizosphere > endosphere > phyllophere
(Ottesen et al., 2013; Dong et al., 2019). Our results, however,
suggest that beneficial activities are commonly spread in each
root compartment. However, the richness of the bacterial
community is the lowest in the endorhizosphere. In this
study, when the relationship between the bacterial families
and the antagonistic activity of the tomato endophytes
was investigated, Bacillus isolates were significantly more
antagonistic in vitro against tomato plant pathogens
than bacterial isolates belonging to Pseudomonadales and
Enterobacteriales.

Almost 40% of the endophytic bacteria characterized
here belong to Enterobacteriales, more specifically to the
Enterobacteriaceae family, and as many as five different
genera were recorded. Many studies have confirmed that
Enterobacteriaceae are indigenous components of the plant
microbiome in different species (Brandl, 2006; Teplitski et al.,
2011; Erlacher et al., 2014, 2015; Tian et al., 2017). Data on
rocket salad suggested that the soil probably provides the largest
reservoir from which enterics become established and spread
within the whole plant (Cernava et al., 2019). Enterobacteriaceae
have been successfully evaluated as biocontrol agents in tomato
(Xue et al., 2009); however, there are still some concerns
regarding the use of these antagonistic bacteria as some species
are human pathogens (Erlacher et al., 2015; Cernava et al., 2019).

Some Pseudomonas species show considerable potential
for the suppression of plant pathogens, in promoting plant
growth, inducing systemic resistance in plants, and are
widely used as biocontrol agents (Mercado-Blanco and
Bakker, 2007). These bacteria produce several diffusible
and/or volatile secondary metabolites with antibiotic
properties such as diacetylphloroglucinol, pyrrolnitrin,
and cyclic lipopeptides phenazine (Haas and Keel, 2003;
Raaijmakers and Mazzola, 2012).

Most endophytic Bacillus isolates identified here with the 16S
rRNA gene sequence belong to the B. amyloliquefaciens and
B. subtilis group. Members of the B. subtilis species complex,
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which includes at present more than 20 closely related species
such as B. subtilis, B. amyloliquefaciens, and Bacillus pumilus
and, to a lesser extent, the genus Paenibacillus species, have
been proven to be efficient at plant growth promotion and
biocontrol against plant pathogens, such as viruses, bacteria,
fungi, and nematodes, in the vicinity of plant roots (Vacheron
et al., 2013; Fan et al, 2017). To date, bacilli are the most
widely used bacteria on the biopesticide market (Borriss,
2011, 2015). This is mainly due to their ability to produce
durable endospores, which enable stable bioformulations to
be prepared with a long shelf life. These antagonistic strains
produce numerous antibiotics including polymyxin, difficidin,
subtilin, mycobacillin, and zwittermicin A, which are active
against plant pathogenic bacteria and fungi (Borriss, 2015;
Caulier et al., 2019).

Biological control of a set of Bacillus and Pseudomonas
isolates from tomato endorhizosphere was tested in a
growth chamber in two separate experiments. Two important
bacterial pathogens that are common in the area of
sampling and that represent important seed-transmitted
pathogens were chosen: (i) the vascular pathogenic bacterium
C. michiganensis pv. michiganensis, which causes tomato
bacterial canker; and (ii) one of the Xanthomonas species
that causes bacterial spot of tomato, X. euvesicatoria
pv. perforans (Bella et al, 2012; Aiello et al, 2013;
Catara and Bella, 2020).

Biocontrol of bacterial pathogens reduces the impact of
copper compounds. Our results were encouraging as in
the growth chamber Cmm spread very quickly inside the
plantlets. In fact, 1 month after inoculation, Cmm led to
the death of 100% of the plants in the control. Two
isolates, Pseudomonas species fl and Bacillus species, 265
out of the 10 bacterial isolates tested in vivo, significantly
reduced bacterial canker by delaying disease progress and
reducing the number of dead plants at the end of the
trial compared to the control. Several studies have shown
that Pseudomonas or Bacillus strains inoculated in the soil
or in the seeds can reduce the incidence and severity of
bacterial canker, and in some cases, an induction of systemic
resistance has been suggested (Boudyach et al,, 2004; Nandi
et al., 2018; Abo-Elyousr et al., 2019). In our pathogenicity
tests, we used two different pathosystems. In the biocontrol
trial on bacterial canker, both the pathogenic bacterium and
the biocontrol agent have been inoculated in the soil where
the two microorganisms may have interacted by competition
and/or antibiotic phenomena. All biocontrol bacteria tested
were able to reduce the symptoms of bacterial spot. As the
phytopathogenic bacterium in this case was inoculated on
the leaves, the spatial distance between the two suggests that
the mechanism of action also involves induction of systemic
resistance. Phage therapy is currently considered the most
effective Xep biological control method (Obradovic et al., 2005).
However, the effect of foliar biocontrol bacteria and PGPRs and
B. pumilus in reducing bacterial spot in greenhouse and some
field trials has been already demonstrated (Byrne et al., 2005;
Jietal., 2006).

The microbial collection generated in this study could provide
the basis for the future development of bioinoculants using
single strains or synthetic microbial communities. The bacterial
isolates were obtained from the same niche of pathogens; thus,
it is conceivable that they could colonize tomato roots, although
endophytic colonization is still to be demonstrated. The use
of microbial consortia has recently emerged as an approach
to combine microorganisms with different traits, effects, or
mechanisms of action (Compant et al., 2019). Future in vivo
studies will demonstrate how successful this bottom-up approach
is and whether the isolates could be used to inoculate plantlets
in the nursery, thus providing intensive tomato cultivation areas
with protected plants.
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Orchid distribution and population dynamics are influenced by a variety of ecological
factors and the formation of holobionts, which play key roles in colonization and ecological
community construction. Seed germination, seedling establishment, reproduction, and
survival of orchid species are strongly dependent on orchid mycorrhizal fungi (OMF), with
mycorrhizal cheating increasingly observed in photosynthetic orchids. Therefore, changes
in the composition and abundance of OMF can have profound effects on orchid distribution
and fitness. Network analysis is an important tool for the study of interactions between
plants, microbes, and the environment, because of the insights that it can provide into
the interactions and coexistence patterns among species. Here, we provide a
comprehensive overview, systematically describing the current research status of the
effects of OMF on orchid distribution and dynamics, phylogenetic signals in orchid—-OMF
interactions, and OMF networks. We argue that orchid—-OMF associations exhibit
complementary and specific effects that are highly adapted to their environment. Such
specificity of associations may affect the niche breadth of orchid species and act as a
stabilizing force in plant-microbe coevolution. We postulate that network analysis is
required to elucidate the functions of fungal partners beyond their effects on germination
and growth. Such studies may lend insight into the microbial ecology of orchids and
provide a scientific basis for the protection of orchids under natural conditions in an efficient
and cost-effective manner.

Keywords: orchid mycorrhizal fungi, orchid performance, complementary selection, environmental variables,
evolutionary constraints, mycorrhizal networks, keystone taxa

INTRODUCTION

Mycorrhizal associations play a key role in generating and maintaining plant diversity. Such
associations not only enhance the acquisition, transmission, and cycling of nutrients in
plants, but also mediate interactions among different plants and between plants and
non-mycorrhizal fungi (Tedersoo et al., 2020). A growing body of research suggests that
mycorrhizal symbionts are important drivers of biogeographic patterns, distributions, community
dynamics, and the health of plants, mediated by their effects on dispersal and coexistence
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of species (Delavaux et al., 2019; Trivedi et al., 2020). For
example, ectomycorrhizae (EcM) interact with pathogenic
fungi to maintain community diversity (Chen et al.,, 2019a).
The family Orchidaceae is extremely diverse (with 28,000+
species), widely distributed across highly heterogeneous
microenvironments, and exhibits large spatiotemporal variation
in population size (Givnish et al., 2016; Fay, 2018; Djordjevi¢
and Tsiftsis, 2020). A common feature of all orchids is their
obligatory dependence on orchid mycorrhizal fungi (OMEF),
which makes the presence of suitable OMF or co-dispersal
with partners a prerequisite for the establishment and
maintenance of orchid populations (Dearnaley et al., 2012;
McCormick and Jacquemyn, 2014). Mycorrhizal symbiosis is
especially important for plants associated with OMF and EcM,
as they often have high mycorrhizal specificity (Polme et al.,
2018). Most species of EcM fungi exhibit short-distance
dispersal and therefore, have limited ranges of distribution
(Sato et al,, 2012; Tedersoo et al., 2020). Although the major
mycorrhizal partners of terrestrial orchids appear to favor a
cross-scale distribution with specificity ranging from wide to
very narrow (Jacquemyn et al., 2017; Swarts and Dixon, 2017),
comparatively little is known about the diversity and
biogeography of the associated mycorrhizae of epiphytic orchids.
Therefore, the interaction between OMF and orchids is a
key factor determining orchid distribution and development,
and diversity of OMF has a strong impact on the niche and
life cycle of host orchids. For instance, low OMF diversity
and high heterogeneity in OMF community composition may
lead to weak growth of orchid populations (Kaur et al., 2020).
Orchids exhibit astonishing morphological characteristics,
such as labella and modified petals, that indicate their substantial
adaptability to the environment (Zhang et al., 2018). On one
hand, interactions with specific pollinators promote the
reproduction of orchids; on the other hand, symbiotic fungi
are required for soil exploitation (Selosse, 2014). Greater
environmental heterogeneity and a wider range of resource
availability usually contribute to the increase of orchid species
diversity (Schodelbauerova et al,, 2009; Traxmandlova et al,
2018). Thus, untangling the role of environmental conditions
in determining the distribution and abundance of orchids is
a prerequisite for effective conservation of these species. Recently,
Djordjevi¢ and Tsiftsis (2020) systematically sorted out the
effects of environmental factors on the distribution, abundance,
and richness of orchids. For instance, rainfall and light regime
in the habitat are closely related to the flowering patterns and
population dynamics of orchids (Wells and Cox, 1991; Jacquemyn
et al., 2010a); physical and chemical properties of soil (such
as pH, soil moisture, nutrients, etc.) significantly affect the
performance of orchid populations (Stuckey, 1967; Tsiftsis et al.,
2012). Interestingly, there is growing evidence supports that
coexisting orchid species usually exhibit strongly spatially
segregated distribution patterns due to strong clustering within
individual species and small overlap between species, and that
they are often associated with different OMF communities,
which are largely explained by differences in soil moisture
and pH (e.g., Jacquemyn et al, 2007, 2012, 2014, 2015a;
Waud et al., 2017; Chen et al., 2019b; Kaur et al., 2019).

These clues strongly suggest that environmental factors may
indirectly affect orchid distribution and population dynamics
by driving niche partitioning in OMF communities. Similarly,
OMF can decompose carbon and nitrogen sources in soil
organic matter and transfer them to the associated host orchids
(Rasmussen, 1995). In addition, orchids often share EcM with
neighboring trees, hence orchid mycorrhiza may mediate the
significant effect of vegetation types on orchid niche partitioning
(Waterman and Bidartondo, 2008; Jacquemyn et al., 2016a).

Orchid fungi are divided into OMF and orchid
non-mycorrhizal fungi (ONF) based on whether or not functional
pelotons are present in cortical cells. OMF include at least 17
families of basidiomycetes and five families or genera of
ascomycetes (Dearnaley, 2007; Dearnaley et al, 2012).
Tulasnellaceae, Ceratobasidiaceae, and Serendipitaceae are most
commonly known as rhizoctonia-type Basidiomycetes.
Basidiomycetes and Ascomycetes are relatively abundant in the
tree roots of forest ecosystems and cultivated species worldwide
(Cregger et al.,, 2018; Wang et al., 2019a; Trivedi et al., 2020),
and are commonly associated with orchids as well. Interestingly,
a large proportion of ascomycetes associated with orchids are
ONE. For example, Helotiales endophytes are the dominant
group of ONF associated with host orchids in different habitats
as well as major players in plant-fungus associations in a
variety of forest ecotypes (Toju et al., 2013; Jacquemyn et al.,
2016a, 2017). Previous studies have identified more than 110
genera of ONF, including 76 genera of ascomycetes and 32
genera of basidiomycetes (Ma et al., 2015). Although ONF
are often overlooked, recent studies have highlighted their
importance in the promotion of orchid seed germination and
performance as well as changes in the composition of key
chemicals such as sugars. Moreover, they also play a role in
mobilizing soil nutrients in the rhizosphere to improve orchid
viability and environmental adaptability, and serve as new
sources of phytochemicals and bioactive substances to protect
the host from soil pathogens. Hence, these ONF provide the
plants with promising medicinal and agricultural breeding
prospects (Chen et al, 2006; Yuan et al, 2009; Aly et al,
2010; Novotna et al., 2018; Sisti et al., 2019; Hajong and Kapoor,
2020; Wu et al., 2020). Furthermore, ONF may interact with
OMEF to influence the distribution and population dynamics
of orchids. Therefore, the diversity and functionality of ONF
should be further explored to gain insight into the associations
between orchids and fungi as a whole. In addition, studying
how ONF and OMF make rational use of the ecological niches
in orchid rhizospheres (i.e., their coexistence mechanism) and
the correlation between their distribution and the phylogenetic
eigenvectors of orchid species could help us better understand
orchid mycorrhizal ecology. We believe that the development
of molecular methods and genomics techniques enables the
simultaneous consideration of both OMF and ONF in mycorrhizal
ecology. This may breed a more complete and informative
fungal network that can more accurately predict their association
with environmental variables, which may be a key to igniting
a new wave of research into orchid mycorrhizae.

The thousands of complex and highly dynamic interactions
between plants, microbiomes, and the environment can
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be analyzed using ecological networks that play pivotal roles
in associations between OME, EcM, and arbuscular mycorrhizae
(AM) fungi, and are often used as black boxes to study the
transfer of carbon signals across hosts (Banerjee et al., 2018;
Tedersoo et al., 2020). Modular analysis within these networks
can be used to identify key microbial groups that are closely
related to plant growth and yield. Additionally, the topological
roles of the species included in complex networks can
be simplified into four categories based on within-module
connectivity (Zi) and among-module connectivity (P
Figure 1A). Connectors, module hubs, and network hubs are
considered ecosystem engineers, which have significant impact
on the assembly of communities and can support higher levels

of ecosystem function. Network hubs are further defined as
keystone taxa due to their high connectivity within these
networks, and have more important functional attributes and
high interpretation rates on the dynamics of plant microorganisms
(Deng et al., 2012; Cavieres et al.,, 2014; Banerjee et al., 2018;
Ma et al, 2020). Thus, they can be used to manipulate the
function of the microbiome or predict changes in its community
composition. A query of the Web of Science core database
using the keyword “orchid mycorrhizal network” retrieved a
total of nine articles (as of 15 October 2020), focusing mainly
on the interaction between epiphytic orchids in tropical systems
or terrestrial orchids in temperate systems and OME The
methods, ecological premise and revealed network architecture
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in the retrieved articles are described in Supplementary Table S1.
We used the HistCite software to analyze the citation network
and calculate the local citation score (LCS) and global citation
score (GCS) from the retrieved articles (Figures 1B,C). In
general, research on the mycorrhizal network of orchids appears
to be insufficient, greatly restricting our understanding of the
stability and persistence of the species-rich orchid community.

Hence, in this study, we summarize the effects of OMF on
orchid distribution and population dynamics, elucidate OMF
networks and the phylogenetic relationships in orchid-OMF
interactions. More specifically, we would like to discuss the
progress in these three aspects to preliminarily clarify the
following two issues: (1) the mutual selection mechanism of
orchid-OMF and the role of ecology and evolution in this
pattern? and (2) the relative importance of nestedness and
modularity in orchid mycorrhizal networks? Finally, in the
“Prospects” section, we focus on the functional roles of rare
groups and discuss several key issues in symbiosis that could
benefit from the advancement of OMF network research.
Collectively, we summarize the results or conclusions of some
case studies related to the target topic, and attempt to focus
on the emerging patterns that are more consistent in these
summaries. However, it should be noted that the network
perpective applies mainly to tropical orchids, and more datasets
are needed to expand other biomes. Through this review,
we hope to direct attention toward the insufficiently explored
field of orchid-fungus mutualism, and encourage the use of
beneficial fungal groups for protection of endangered orchids.

EFFECTS OF OMF ON ORCHID
DISTRIBUTION AND POPULATION
DYNAMICS

The distribution and abundance of orchid populations are
curtailed by biotic and abiotic factors. These include latitude,
macroclimate, area size, and evolutionary history at the large
landscape scale, soil characteristics, light conditions, substrate
types, degree of disturbance, pollinating insects, and seed
production and dispersal at the local landscape scale, while
the effects of altitude, soil moisture, and pH may span both
scales (McCormick and Jacquemyn, 2014; Djordjevi¢ et al,
2016; Traxmandlova et al., 2018; Tsiftsis et al., 2019; Djordjevi¢
and Tsiftsis, 2020). The influence of these factors may depend
on the spatiotemporal scale in consideration. Although orchids
have dust-like seeds that generally lack nutrients, OMF play
a critical role in seed dispersal and germination, establishment
of new seedlings, and soil niche partitioning of their lifelong
host orchid (McCormick et al., 2006, 2018; Selosse, 2014;
Tedersoo et al., 2020). In natural habitats, microhabitats rich
in OMF generally facilitate more seed germination and seedling
establishment, and more orchids tend to grow in areas with
richer distribution of OME As a result, changes in OMF
composition, abundance, and evenness may greatly influence
the fitness of orchids, which in turn affects the distribution
and community composition of orchids (McCormick and
Jacquemyn, 2014; Waud et al., 2016a; McCormick et al., 2018).

EFFECTS OF OMF ABUNDANCE ON
ORCHID DISTRIBUTION

To our knowledge, no reports show that the distribution of
orchids at large scales is restricted by OME While Hemrova
et al. (2019) suggested that fungal symbionts are the main
driving forces for the distribution of forest orchids at the
landscape scale based on germination experiments and species
distribution models integrating multiple habitat characteristics,
they did not find molecular evidence for OMF diversity. A
possible explanation for this is that OMF has a wide biogeographic
distribution, and some major branches have been witnessed
on a broad landscape scale (Jacquemyn et al., 2017). Hence,
the distribution of OMF assemblages per se may not be a
limiting factor for the distribution of orchids. However, extensive
studies sampling orchids across continents would be required
to determine whether the total fungal community enlarges or
reduces the distribution of host orchids on the landscape scale.
Studies on the local restriction of orchid distribution by OMF
abundance include at least nine reports covering 13 specialized
orchids (reviewed in McCormick et al, 2018). Most results
demonstrate that the germination percentage of seeds is higher
near adult orchids where OMF abundance tends to be greater.
In addition, some studies show significant positive correlations
between mycoheterotrophic orchid abundance and OMF
abundance, strongly suggesting that OMF affects the abundance
of orchids (McCormick et al., 2009). However, current evidence
showing the influence of OMF abundance on the distribution
of orchids is mainly based on seed germination and protocorm
development (McCormick et al., 2012, 2016, 2018; McCormick
and Jacquemyn, 2014). Subsequent studies on the later
developmental stages of orchids might unravel more information.

Most orchids experience carbon restrictions during nutrient
dormancy. During this phase, orchids require fungi to provide
nutrients, and the recovery from dormancy is proposed to
be linked to the local abundance of appropriate OMF (Rock-
Blake et al., 2017; McCormick et al., 2018; Shefferson et al.,
2018). Therefore, OMF abundance may affect the apparent
density of orchid populations by affecting the dormancy
process, thereby affecting the population characteristics and
reproductive success. At the same time, OMF inoculation
experiments revealed that the introduction of OMF in areas
without orchids but near existing orchid populations can
be successful, so that OMF abundance may also increase
seed germination and the protocorm formation rate (McCormick
et al., 2012, 2016). Interestingly, the relationship between the
OMF abundance and the distribution of orchids suggests that
the location of adult orchids determines the richness and
abundance of OMF to some extent. In addition, several reports
demonstrate that fungi obtain nutrients from autotrophic
orchids (Cameron et al., 2006; Hynson et al., 2009; Liebel
et al.,, 2015; Yeh et al., 2019). Therefore, we cannot rule out
the possibility that the abundance of OMFs may be caused
by the density of autotrophic orchids. Furthermore, it is
essential to design more tests to explore factors controlling
the abundance of OMF and their impact on individuals and
populations of orchids.
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EFFECTS OF OMF IDENTITY AND
SPATIOTEMPORAL VARIABILITY ON
ORCHID DISTRIBUTION AND
POPULATION DYNAMICS

Most orchids are combined with different OMF in different
habitats or climatic conditions, indicating that beneficial OMFs
can vary across these conditions (Martos et al., 2012; Jacquemyn
etal,, 2016a,b; Duffy et al., 2019; Xing et al., 2020a). Germination
and growth promotion tests have largely shown that OMF
exhibit some specificity (e.g., Zi et al., 2014; Rasmussen et al.,
2015; Meng et al.,, 2019; Zhang et al., 2020), while some studies
have suggested that only a few members of OMF assemblages
can promote the growth and flowering of orchids under various
environmental stresses (McCormick et al., 2009, 2018). Therefore,
the identities of OMF and their interactions with the environment
may make certain orchid-OMF assemblages more beneficial
to the growth of orchids, positively affecting their distribution
and population dynamics. In addition, Nurfadilah et al. (2013)
found that fungi associated with some widely distributed
Australian orchids were more likely to acquire nutritional
resources than fungi associated with orchids found only in
certain habitats. This has also been confirmed at the genotype
level by subsequent multi-omics studies (Kohler et al., 2015;
Fochi et al, 2017ab). Interestingly, Tulasnella and some
Serendipita fungi lack genes for using nitrate and nitrite, though
these genes are commonly found in Ceratobasidium. Moreover,
these three types of rhizoctonias possess different genes that
help in the absorption of carbon substrates. Accordingly, recent
tests on the sensitivity of orchid seed to nitrate concentration
have revealed that nitrates can affect the distribution of orchids
by directly inhibiting seed germination (Figura et al.,, 2020).
Hence, nitrates have inhibitory effects on seed germination,
growth, and persistence of orchids. With the change of landscape,
the rapid increase in nitrate content in intensive pastures or
meadows inhabited by a large number of orchid species due
to the high soil nitrification rate and the increasing atmospheric
nitrogen deposition around the world (Figura et al., 2020;
Moore et al., 2020), and eutrophication of habitats (particularly
in habitats with severe human disturbance, such as some ancient
tea estates in southwest China, the rich orchid resources are
faced with the impact of heavy use of chemical fertilizers and
human destruction) poses a potential threat to the distribution
of orchids. It is worth mentioning that a recent study corroborated
that some Ceratobasidium symbionts can effectively alleviate
the inhibitory effect of nitrate on orchid seed germination
(Figura et al., 2021). In addition, recent evidence shows that
some cyanobacteria species with nitrogen-fixing activities are
present in the velamen of epiphytic orchids (Deepthi and Ray,
2020). Therefore, in the epiphytic niches, Tulasnella and some
Serendipita fungi that cannot use mineral nitrogen may benefit
from the velamen roots of epiphytic orchids, at least during
adulthood; indicating that the notion that OMF are free-living
fungi may need to be reviewed, because epiphytic orchids may
indirectly  affect OMF  performance by  recruiting
cyanobacteria species.

In addition to the distribution, abundance, and identity of
OME, spatiotemporal variation in OMF may more important
factor in determining the distribution and population dynamics
of orchids. The high spatiotemporal turnover rate of OMF may
also reduce competition for resources, via niche separation, by
promoting the coexistence of more orchid species in the natural
environment. This is corroborated by several studies on the
coexistence of terrestrial orchids that use a combination of spatial
point pattern analysis and OMF phylogenetic analysis. These
studies have revealed that coexisting orchid species have different
OMF communities with little overlap over fine spatial scales, and
that individual orchid species commonly occur as high-density
clusters, displaying high local dominance (Jacquemyn et al., 2012,
2014, 2015a; Waud et al., 2016b). Therefore, the co-occurrence
of terrestrial orchids observed in nature may be mediated by
spatial distribution and interactions of the associated OME However,
minimal research has been conducted on the relationship between
the spatial distribution of epiphytic orchids on different phorophytes
and OME Since epiphytic orchids account for about 70% of
orchids (Dearnaley et al., 2012; Chase et al, 2015), the lack of
such research limits our understanding of how OMF affect the
distribution and population dynamics of orchids.

ROLES OF TULASNELLA IN ORCHID
COMMUNITY CONSTRUCTION

The fungi Tulasnella mostly reside in various orchid tissues (mainly
roots and stems) and tend to be extremely sensitive to environmental
variables, indicating a strong dependence on host orchids or
surrounding plants. Therefore, recovery from disruption of the
multi-nutrient balance among Tulasnella, orchids, and accompanying
plants (the plant species that often occur around a certain orchid
species and do not belong to the Orchidaceae in natural habitats
and are expected to have a specific association with the orchid
species) that is established by long-term coevolution could
be difficult. This can result in orchid breeders or orchid enthusiasts
facing problems, while reestablishing conditions for growing orchids.
Studies have shown that the use of peat-based, a mixture of
coconut shells, bark shavings, soil from the original habitat, or
a mixture of pinecone scales, mosses, and humus, can induce
symbiosis between transplanted orchid individuals or asymbiotically
cultured orchid individuals grown ex situ and Tulasnellaceae fungi
(Han et al, 2016; Kaur et al.,, 2018; Qin et al., 2019). However,
no Tulasnella symbiotic with orchid individuals were obtained
when transplanted in original habitat soil or sawdust (May et al.,
2020; Li et al, unpublished data). Preliminary research suggests
that the dominant OMF and ONF in fungal communities
reconstructed by cultured orchid individuals are different from
those seen in wild populations. Overall, fungi belonging to the
groups Atractiellales, Auriculariales, Ceratobasidiaceae, and Fusarium
tended to increase, while the abundance of Tulasnellaceae and
Pyronemataceae tended to decrease (Downing et al, 2017; Qin
et al,, 2019; May et al., 2020), as a consequence of transplantation,
and the extent of such changes may depend on the time scales
of culture or transplantation. This indicates low survival rates of
cultured orchids, which may be caused by the loss of some key
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OMF (e.g., Tulasnellaceae fungi) or the restricted construction
of new mycorrhizal communities. Hence, selecting substrates with
high OMF diversity, using molecular identification of OMF
composition of substrates, is critical for improving culturing
practices. However, further research is required to determine the
extent of similarity in Tulasnella taxa between cultivated and wild
orchids across different time scales.

A FRAMEWORK FOR HOW OMF
AFFECT THE DISTRIBUTION AND
POPULATION DYNAMICS OF ORCHIDS

Orchid mycorrhizal fungi exhibit widespread biogeographical
distributions with major clades found all over the world, suggesting
that the widespread distribution of orchids is driven by OMF
(Jacquemyn et al, 2017). However, the mechanisms by which
OMEF affect the distribution and population dynamics of orchids
are still poorly understood since most current knowledge is
based on molecular data from adult plant symbionts, while
complex mycorrhizal associations with orchids occur at different
stages of their life cycle. In this paper, we postulate a simple
framework for the effects of OMF on orchid distribution and
population dynamics, though this conception may be biased.
We argue that orchid-OMF associations exhibit complementary
and specific effects of selection that are highly adapted to the
environment, and promote the niche breadth of orchid species,
which may act as a stabilizing force. More specifically, orchid
species with specific mycorrhizae are usually symbiotic with
generalist OME while OMF associated with host orchids with
generalist mycorrhizae are often limited in their distribution.
In other words, the distribution of orchids is shaped by coupled
influences of environmental variables and efficient complementary
selection between OMF and orchids. The most well-known
example of association between generalist OMF and orchid
species with mycorrhizal specificity is that of Serendipitaceae,
which are symbiotic partners specifically associated with many
host orchids. Serendipitaceae are also widely distributed, shared
by orchids and their accompanying plants in several habitats,
or serving as a beneficial growth-promoting fungus for a wide
range of agricultural crops (e.g., Davis et al., 2015; Jacquemyn
et al, 2015a; Fritsche et al., 2020; Reiter et al., 2020). While
Platanthera leucophaea, which is protected by the United States
federal government, is highly dependent on Ceratobasidium in
the tallgrass prairie ecosystems of North America, Ceratobasidium
species has also been isolated from various orchid species found
in other locations (Thixton et al, 2020). Similarly, two rare
Orechis sister species have high specificity for the dominant fungal
symbiont Tulasnella helicospora, even though this fungus is found
across the world (Calevo et al., 2020). Contrarily, generalist
mycorrhizal orchids recruit a large number of symbiont partners,
but these compatible OMF are rarely found in other areas
(Jacquemyn et al., 2011a). While biogeography is the main factor
affecting the microbial communities (including fungi and bacteria)
associated with Gymnadenia conopsea (i.e., composition varies
greatly with location), the species still exhibits certain specificities
(Lin et al,, 2020; Xing et al., 2020a). Similarly, Gao et al. (2020)

found that OMF isolated from orchid species that coexist with
G. conopsea in the wild do not promote its seed germination
and protocorm formation in vitro, since they require specific OME

Environmental filtering largely accounts for the narrow
distribution of OMF associated with these generalist mycorrhizal
orchids. Recent evidence indicates that phosphorus content is
higher in the roots of larger populations of Platanthera cooperi
and the surrounding bulk soil, which are mainly colonized
by the Tulasnellaceae. In contrast, higher zinc content and a
higher relative abundance of Ceratobasidiaceae are observed
in smaller P. cooperi populations (Kaur et al., 2020). Interestingly,
Ceratobasidiaceae are more abundant in phosphorus-rich restored
grasslands, while Serendipitaceae are more common in semi-
natural grasslands with higher organic matter content (Vogt-
Schilb et al., 2020). This may be due to differences in how
variables in a particular habitat are weighed. In addition, it
has been widely reported that several environmental variables
(such as soil water content, pH, and soil nitrogen content)
can affect the composition and abundance of OMF communities
(Jacquemyn et al., 2015a; Waud et al., 2017; Duffy et al., 2019;
Kaur et al, 2019; Mujica et al., 2020). Hence, the structure
of OMF communities is significantly related to
microenvironmental changes. Thus, these factors exert a joint
effect on the formation and structure of orchid populations.

It must be noted that this framework applies mainly to
terrestrial orchids. Since orchid-OMEF interactions are of a higher
order due to the presence of abundant phorophytes in epiphytic
orchids, equilibrium dynamics underlying their mutual selection
are complicated. More scenarios need to be considered to address
this problem though a recent study has shown that phorophytes
and epiphytic orchids harbor different fungal communities (Eskov
et al, 2020). Moreover, there should be greater focus on the
fungal taxa associated with epiphytic orchids, epiphytic niches,
and accompanying plants as well as their mutual selection
mechanisms. Lastly, the orchid-OMF complementary selection
mechanisms may be related to evolutionary constraints, which
will be discussed in detail in the following section.

In summary, the patchy distribution, heterogeneous
abundance, identities, and spatiotemporal variability of OMF
have crucial effects on the local distribution and population
dynamics of orchids. The local distribution of orchids may in
turn promote the formation and diversification of orchid species
by curtailing the population size and gene flow among
populations, which may be responsible for the huge species
diversity of Orchidaceae. Since the distribution of orchids is
affected by various factors, the relationship between OMF and
the distribution of orchids should be further explored. Future
studies must particularly focus on the influence of availability
of OME flow of nutrient resources between orchids and OME,
and abiotic factors on the distribution of tropical orchids.

PHYLOGENETIC SIGNALS IN ORCHID-
OMF INTERACTIONS

The composition and distribution of biological assemblages are
strongly influenced by a series of ecological and evolutionary
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processes (Heilmann-Clausen et al., 2016; Boeraeve et al., 2018;
Beng and Corlett, 2019; Wang et al., 2019a). The genetic relationship
between hosts in antagonistic or mutualistic interactions and
its influence on the assembly of fungal communities has been
unraveled by recent studies (e.g., Polme et al., 2013; van der
Linde et al., 2018). For example, different degrees of evolutionary
constraints have been observed in AM, EcM, plant pathogens,
and fungi in general (Erlandson et al,, 2018; Wang et al., 2019a,b;
Yang et al., 2019). In addition to these biotrophic fungal guilds,
the dissimilarities among free-living soil fungal communities
significantly increase over large spatial scales and with increasing
plant phylogenetic distance, however, the explained variation is
relatively lower than that of pathogens and EcM fungi (Yang
et al, 2019). Controlled experiments also suggest that soil
microorganisms that are obligately symbiotic with some trees
usually promote growth on these trees or closely related species,
but do not affect growth as much on distantly related species
(Liang et al, 2019). These results suggest that closely related
hosts usually have certain fungal specificities. Considering the
dependence and specificity of orchids on OME the evolution
of host orchids may be a key factor affecting the composition
of the OMF community.

In recent years, some studies have indicated the existence
of phylogenetic conservatism in the interplay between orchids
and OME Jacquemyn et al. (2011b) revealed that the phylogenetic
structure of 16 species of the genus Orchis distributed across
11 different regions in Europe can explain the community
differences in associated Tulasnellaceae. Many orchid species
that are closely related within genera host similar rhizoctonias
or Tulasnellaceae operational taxonomic units (OTUs), such as
Cypripedium (Shefferson et al., 2007), Goodyera (Shefferson et al.,
2010), Neottia (Tesitelova et al., 2015), Teagueia (Sudrez and
Kottke, 2016), Caladenia (Phillips et al., 2016), Dendrobium
(Xing et al., 2017), Pleione (Qin et al., 2019), and Cypripedioideae
(lady’s slipper subfamily; Shefferson et al., 2019). Therefore,
orchid-OMF specific associations during their evolutionary history
may result in strong influences of orchid phylogeny on OMF
communities. However, rhizoctonias display little or no coevolution
with host orchids. This indicates asymmetric interactions during
coevolution process and phylogenetic conservatism of functional
traits of orchids (De Deyn and van der Putten, 2005; Heilmann-
Clausen et al., 2016; Wang et al., 2019a).

Nevertheless, studies on the interactions between orchids
of multiple genera and rhizoctonias have produced inconsistent
conclusions. Martos et al. (2012) performed a phylogenetic
analysis of tropical orchids and symbiotic rhizoctonias distributed
on Reunion Island, utilizing a narrow resolution (34 angraecoid
species) and a broader resolution (25 orchid genera), and
showed that the overall phylogenetic signal was weak. At a
narrow resolution, the evolutionary constraints between orchids
and rhizoctonias tended to be asymmetric, with phylogenetic
signals only observed in orchids. Interestingly, at the broader
resolution, both orchids and rhizoctonias in the epiphytic
sub-networks displayed significant phylogenetic signals. Similarly,
a recent analysis of the mycorrhizal association of 44 tropical
orchids covering three life forms (terrestrial, epiphytic, and
lithophytic) with rhizoctonias or Tulasnella, revealed low

phylogenetic signals in both orchids and fungi (Xing et al,
2019). Moreover, no significant differences were observed in
phylogenetic signals between the three types of orchids and
the sub-networks formed by rhizoctonias or Tulasnella separately,
which were close to zero. Differences in the results of these
two studies could be related to the phylogenetic spectra of
the orchids involved (Tedersoo et al., 2014; Xing et al., 2019).
The number of terrestrial, epiphytic, and lithophytic orchid
species in the latter study was less than 20, and the phylogenetic
diversity focused on fewer orchid genera. No significant
phylogenetic signals were consistently detected on either side
of the interactions in the binary network formed by seven
species of orchids and rhizoctonias belonging to different genera
distributed in Song Mountain, Beijing (Chen et al, 2019b).
Thus, further research could sample greater numbers of different
types of orchids focusing on the broader orchid phylogenetic
spectra. Furthermore, the associations of phylogenetically related
host orchids with similar fungal communities in rhizosphere
soil and orchid-occupied bulk soil may be worth investigating.

The phylogenetic niche conservatism theory proposes that host
species with close genetic relationships tend to possess highly
similar morphologies and functions (Losos, 2008). There is
substantial evidence for the effects of phylogenetic eigenvectors
and species-specific functional traits on fungal communities often
overlap significantly. The phylogenetic effects of hosts can
be explained by the conservatism of plant functional traits. In
addition, the phylogenetic relatedness of hosts could explain the
similarity of functional traits to a large extent, which would allow
a rough prediction of either of these features based on the other
(Wardle et al., 2004; Legay et al., 2014; Lopez-Garcia et al.,, 2017;
Wang et al, 2019a; Yang et al,, 2019). This is probably one of
the major reasons for the greater likelihood of observing phylogenetic
signals from the same orchid genus during interactions with
rhizoctonias. However, since data regarding root traits that are
important in the construction of underground communities is
lacking, further investigations are required to examine the extent
to which evolutionary constraints of orchid genera are caused by
their own functional traits. In addition, little to no phylogenetic
signals were observed in the narrow phylogenetic spectra of
orchids. This could be because the associated rhizoctonias were
mostly saprotrophic and endophytic fungi (Smith and Read, 2008;
Jacquemyn et al., 2017) with relatively high functional redundancy
(particularly saprotrophic fungi) and sensitivity of local species
pools to abiotic environmental filtering, which would substantially
obscure the influence of orchid phylogeny (Setéld and McLean, 2004;
Erlandson et al.,, 2018).

When a plant invades or is transplanted into a new environment,
existing microorganisms in the environment may adapt or
be redistributed. Over time, the outcomes of these adaptations
may not be very beneficial to hosts of other genotypes (Batstone
et al., 2020), which indicates that shared evolutionary history
is an important factor in the mutual selection between hosts
and microorganisms. Consistent with this view, recent studies
have shown that “invasive orchids were capable of associating
with a broader range of mycorrhizal fungi than co-occurring
native congeners (a generalist strategy)” but they were also less
likely to harbor pathogenic fungal groups (Downing et al., 2020).
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However, continual monitoring on longer time scales is required
to verify whether beneficial associations developed by invasive
orchids are driven by evolutionary history.

Hence, to summarize these two sections, the composition of
OMF communities are determined jointly by ecological and
evolutionary constraints, the relative importance of which depends
on the specific time, space, and orchid species studied. Subsequent
case studies could determine the contributions of these constraints
through variation partitioning analysis (VPA) and help us
understand the relationship between orchid ecology and evolution.

ORCHID MYCORRHIZAL NETWORK

The architecture of plant-fungus interactions varies according
to the mycorrhizal type. The association network of AM and
plants is usually characterized by a nested assembly such that
host plants that are symbiotic with fewer AM prefer to form
symbiotic associations with AM that are symbiotic with most
host plants (Chagnon et al., 2012; Montesinos-Navarro et al.,
2012). Orchid mycorrhizae and ericoid mycorrhizae (ErM)
interaction networks form a modular structure (Martos et al.,
2012; Jacquemyn et al., 2015b; Toju et al, 2016; Xing et al.,
2019) with high specificity between host plants and partners,
while EcM network architectures tend to assume an intermediate
structure (Bahram et al., 2014; van der Heijden et al, 2015).
Recently, Polme et al. (2018) performed a meta-analysis of
111 datasets of plant-fungus interactions, which showed that
the OMF community responded most strongly to orchid host
identity, with significantly higher levels of specificity than other
types and higher modularity than EcM and AM. In general,
the orchid mycorrhizal network has significant characteristics
of modules as a whole. However, the contributions of modularity
and nestedness in the local network often change, and the
orchid-OMF interaction in different ecosystems shows
inconsistency with the whole in network eigenvalues. Temperate
and Mediterranean ecosystems exhibit slightly different
architectures: the former tends to be significantly nested
(Jacquemyn et al.,, 2011a, 2015b, 2016b), whereas tropical orchids
and OMF symbiosis are more diversified (Martos et al., 2012;
Kottke et al., 2013; Herrera et al., 2018; Xing et al., 2019, 2020b).

The distribution of orchid species and OMF and their
selective effects constitute a complex orchid mycorrhizal network,
and the tight junctions present in the network are particularly
important for the coexistence and population dynamics of
orchid species. Jacquemyn et al. (2011a) applied network analysis
for studying symbiotic relationships between orchids and OMF
for the first time, and analyzed the architecture of the interaction
between 16 Orchis species distributed in 11 regions of Europe
and OME From this study, they confirmed that the interaction
between orchids and OMF at the community level showed a
nested structure similar to a mutualistic relationship network
seen in pollination and seed dispersal, as well as networks of
predation. This study was identified as a pioneering work in
the field of orchid mycorrhizal networks based on our LCS
analysis (Figure 1B). To our knowledge, this is also one of
the first studies to apply network analysis methods to provide

insight into complex mycorrhizal symbiotic relationships.
Immediately afterward, Martos et al. (2012) built a binary
network of nearly half of the tropical orchid species and 95
rhizoctonia fungi associated with them on Reunion Island,
and found that the overall orchid mycorrhizal network showed
high modularity due to the ecological barrier between epiphytic
and terrestrial orchids. However, the epiphytic subnetwork
formed a highly nested pattern. This study constructed the
largest orchid mycorrhizal network to date, which was another
important milestone in the progress of the orchid mycorrhizal
network and continues to influence fields other than orchid
mycorrhizal networks (Figure 1C). Subsequently, three studies
further supported the highly modular structure of the orchid
mycorrhizal network. The structure of the mycorrhizal network,
formed by species of the genus Dactylorhiza with different
levels of ploidy and inhabiting a wide range of habitats (including
acid peat bogs, wet alkaline grasslands, dry meadows, and
forests), is characterized by modularity that is significantly
dependent on local environmental conditions (Jacquemyn et al.,
2016b). Although orchid species of different life forms are all
simultaneously symbiotic with multiple OME the overall
interconnected network remains highly modular due to the
enhanced specificity of Tulasnellaceae from terrestrial to epiphytic
or lithophytic orchids (Xing et al., 2019). Interestingly, overall
OMF diversity in a narrow transect of 10 x 1,000 m with
relatively similar habitats could be partitioned into a subset
of 20 terrestrial orchids with mycorrhizal diversity belonging
to five coexisting genera, low overlap among the subsets, and
multiple isolated groups present in the interconnected network
(Jacquemyn et al., 2015b).

In contrast, four studies supported significantly nested
network features. The nested network formed between the
highly diverse epiphytic orchids and rhizoctonia distributed
in tropical montane rainforests of southern Ecuador may
be influenced by climate, as climate is the main driving force
for OMF community turnover among sites (Kottke et al,
2013). Herrera et al. (2018) further confirmed that terrestrial
and epiphytic orchids shared abundant Tulasnellaceae mycobionts
in different habitats within tropical forests of southern Ecuador,
and the network showed a nested structure with generalists
forming the core. Due to the large degree of overlap seen in
the mycorrhizal communities of epiphytic and lithophytic
orchids, the network structure formed by these two types of
orchids and sympatrically distributed terrestrial orchids is
highly modular but also shows significant nestedness (Xing
et al,, 2019; Qin et al.,, 2020). Notably, the OMF network of
Dendrobium species inhabiting the same phorophyte escaped
strong selection by the host and showed significant asymmetric
specialization (Xing et al., 2020b). In addition, consistent with
pollination networks, robustness analysis revealed that generalist
OMEF and orchid species play an important role in the stability
of interrelated networks, and their loss may drive the cascading
loss of biodiversity (Memmott et al., 2004; Burgos et al., 2007;
Herrera et al., 2018). Moreover, the robustness of the symbiotic
network formed by terrestrial and epiphytic orchids was only
slightly different, implying that OMF is equally important for
the fate of both life forms of orchids (Herrera et al., 2018).
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FORMATION OF SIGNIFICANTLY
NESTED STRUCTURES

Although there was no significant difference in community
nestedness among different mycorrhizal types, it was
significantly negatively correlated with annual average rainfall.
Moreover, the nestedness values of orchid mycorrhizal networks
showed large variation, implying that the significant nested
structures formed by orchids and OMF may be more sensitive
to fluctuations in environmental conditions (Polme et al.,
2018). This is consistent with the hypothesis proposed by
Kottke et al. (2013) that climate may be the cause of nested
networks. More specifically, the similarity of OMF communities
resulting from habitat variation may explain the observed
nested structure, such as the significant nested structure seen
in Orchis species due to low variation in habitats. Contrarily,
Dactylorhiza species exhibit greater habitat differentiation,
resulting in rare overlap among OMF communities between
different populations and a highly modular structure (Jacquemyn
et al., 2011a, 2016b). From an evolutionary point of view,
mycorrhizal associations of some species of Orchis and
Cypripedium may be undergoing expansion of phylogenetic
breadth, presenting broad specificity, and gradually driving
network attributes to have generalists at the core order to
maximize adaptation to the environment and absorb nutrients
(Shefferson et al., 2007; Jacquemyn et al.,, 2011b).

In addition, the research scale and the threshold for species
delimitation may be two important factors affecting network
nestedness. The smaller the scale of the network constructed, the
tighter interaction within the network, resulting in increased
nestedness of the network (Caruso et al., 2012; Opik and Moora,
2012; Chagnon et al., 2016). Thus, sampling should be performed
at the similar scales to compare the mycorrhizal network of
coexisting orchid species in different habitats. As the OTU sequence
similarity threshold increases, the number of OTUs and rare
associations increase, while the strength of nestedness decreases
(Toju et al,, 2014; Polme et al, 2018). However, the pattern of
nestedness observed in the orchid mycorrhizal network did not
vary according to the OT'U delimitation threshold, probably because
most of the OMF considered in these studies were highly abundant
species (Jacquemyn et al., 2011a; Herrera et al., 2018). Considering
the importance of rare species in subsurface ecosystem services,
the impact of OTU classification on network nestedness should
be fully considered, while performing in-depth analysis of orchid-
fungal (including ONF) networks.

FORMATION OF HIGHLY MODULAR
FEATURES

Since coexisting orchid species commonly exhibit highly spatially
clustered and strongly spatially segregated distribution patterns
and are often associated with different OMF communities, and
these OMF communities with patchy distributions rarely overlap
(Jacquemyn et al., 2007, 2014; Waterman et al., 2011; Waud et al.,
2016b), the interaction network between orchids and OMF often
shows highly modular characteristics. On the one hand, this may

be due to the specific selection of OMF taxa by host orchids
(Jacquemyn et al., 2015b; Xing et al,, 2019). In order to maximize
mutual symbiosis in a complex environment, hosts usually allocate
more carbohydrates to better quality partners, resulting in increased
levels of specificity for the association between orchids and OME
which in turn form a symmetrical and modular network structure
of interactions (Kiers et al, 2011). Notably, the host selection
effect of ErM associations is low but still presents a high degree
of modularity, which may be explained by the high sensitivity
of the modularity metric to total links in the dataset (Bahram
et al,, 2014). Moreover, the modularity of networks may be due
to environmental variables that enhance specific selection of OMF
by hosts (Jacquemyn et al., 2010b; Shefferson et al., 2019). Specific
environmental gradients or distinct niche differentiation may allow
host orchids to be specifically associated with OMF characterized
by greater taxonomic richness or functional diversity. In addition,
the presence of forbidden links may explain the strong modular
structure (Olesen et al,, 2011). For example, the inconsistency of
spatiotemporal dynamic changes in OMF limits certain pairwise
interactions that may occur throughout the network.

A FRAMEWORK FOR WEIGHING THE
RELATIVE IMPORTANCE OF
NESTEDNESS AND MODULARITY

Based on these factors that affect the characteristics of the
orchid mycorrhizal network, we initially proposed a framework
to weigh the relative importance of nestedness and modularity
of the orchid mycorrhizal network (Figure 2). The characteristics
of complex mycorrhizal networks formed by orchids and widely
distributed OMF mainly depend on the relative strength between
specific selection of host orchids and generalist selection of
OME When the coupled influences of phylogenetic spectra,
root traits, and environmental differences of orchids increases
the intensity of specific selection of host orchids beyond that
by OME, the network structure is highly modular. Contrarily,
when the similarity of environmental conditions drives coexisting
orchid species to share similar OMF communities, resulting
in greater intensity of generalist selection of OME, the network
structure shows significant nested assembly.

FUTURE DIRECTIONS

Co-occurrence network analysis is a promising method to gain
insight into ecological communities and may serve as a potential
approach to more efficiently and conveniently study the
distributions of microorganisms, the pattern of symbiotic
relationships, and their impact on plant distribution and population
dynamics at the community level. However, this method has
not been fully applied to multiple mutualisms of orchids, fungi,
and their accompanying plants or phorophytes. Therefore, more
attention should be paid to the in-depth analysis of the total
fungal co-occurrence network among different habitats
(populations) of the same species, different orchid species coexisting
in the same habitat, and orchid species of different life forms
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FIGURE 2 | A framework of the architecture of the orchid mycorrhizal network. The intensity between the specific selection of host orchids and the generalist
selection of orchid mycorrhizal fungi (OMF) indirectly determines the relative importance of modularity and nestedness by affecting the degree of similarity of OMF
communities. The thick line implies that the phylogenetic conservatism and root traits of host orchids as well as environmental variables jointly drive OMF to

be significantly more specific than ectomycorrhizae (EcM) and arbuscular mycorrhizae (AM) fungi.
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or at different developmental stages in further studies. In order
to increase the accuracy of orchid fungal networks, spatial
autocorrelations should be avoided as far as possible when
collecting samples and, combinations of analytical methods should
be used. Moreover, analytical methods such as IDEN should
be developed for the investigation of orchid traits and examining
bipartite networks of orchid-fungus interaction, which can help
understand cross-kingdom associations between vegetation data
and microorganisms (Feng et al., 2019). Alternatively, interactions
among orchid-associated fungi can be jointly analyzed by MENA
and SparCC, using CoNet, which comprehensively considers
multiple correlations, or SPIEC-EASI, which uses a more inferential
function (Deng et al, 2012; Faust et al., 2012; Friedman and
Alm, 2012; Kurtz et al., 2015).

The abundance of microorganisms in a local community
is extremely uneven, as shown by a few dominant groups
playing major roles in active growth along with a large number
of rare groups (Jia et al., 2018). To distinguish abundant and
rare microbes in a community in terms of their roles and
contributions, all OTUs detected within a community are usually
divided into six exclusive categories based on relative abundance
(Figure 1D; Dai et al,, 2016; Chen et al, 2019c). Recently,
an increasing number of studies have emphasized the importance
of rare biosphere microbes, which includes more metabolically
active microorganisms than abundant groups, plays a key role
in co-occurrence networks, ecosystem versatility, and plant
performance. These microbes are not only highly resistant to
environmental stresses, but also enhance the function of abundant
microbes to some extent (Jousset et al., 2017; Ziegler et al.,
2018; Liang et al.,, 2020; Xiong et al., 2020). Similarly, some

Shah et al, 2019; Fritsche et al., 2020). Interestingly, these
rare OMF coexist with a wide range of plants and increase
the reproduction and fitness of symbiotic hosts. Moreover,
S. indica has value in agricultural applications due to its effect
on increasing yield of tomatoes by 65%, while also inducing
their resistance to salt stress (Abdelaziz et al., 2019).

Increasing attention to the mycorrhizal network of orchids,
rare taxa in the network, and adaptive evolution between
orchids and fungi helps identify functions of key orchid fungi
and provides clues about orchid distribution, population
dynamics, and the mechanisms underlying orchid-fungal
mutualisms. Thus, such studies may lend insight into the
following aspects with significant implications:

1. Since the protective effect of mycorrhizal symbiosis on plants
is a redundant feature, some key taxa revealed by network
analysis can be used as targets. The isolation and culture
of these target strains can be achieved as far as possible
using medium prediction techniques in combination with
some characteristics of target strains (such as the increase
in the proportion of rare microorganisms in acidic
environments) or simulating the growth conditions of orchids
in the field. In addition, the effects of their combinations
on orchid germination and various growth stages can
be examined to identify simplified microbial groups that
dominate the community and can meet the demand for
host nutrients. Tentative exploration of orchid SynCom is
would be a major advancement in orchid microbiome research
and a key step for the application of scientific research
achievements into greenhouse and natural environments.

rare OMF affiliated with Serendipitaceae (such as Serendipita 2. Metagenomic analysis can assist in the functional study of key
indica and Serendipita restingae) have been demonstrated to species, and binning assembly with the help of contigs obtained
promote the germination of orchid seeds and the growth and by metagenomic splicing can help in the annotation of genes
adaptation of plantlets (Schifer and Kogel, 2009; Oliveira et al., 2014; and their functions. Moreover, comparative genome analysis
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and evolutionary analysis of inseparable key species at the
strain level may benefit from such approaches and advance
our understanding of the mechanisms of ecological adaptation,
nutrient mutualism, and metabolic functions of the strains.

3. Since plant roots continuously secrete carbon and other
nutrients to the rhizosphere environment, the rhizosphere
is known as one of the most dynamic interfaces on Earth.
This significantly affects the arms race within complex
microbial communities as well as the growth and health
of hosts (Jogaiah et al., 2013; Raaijmakers, 2015; Lee et al,,
2020). However, reports on fungal communities in the
rhizosphere of orchids are currently limited. Therefore, future
studies should focus on the composition, dynamics, and
function of orchid fungal communities in this microdomain
and the correlation of their biogeographic patterns with the
distribution and population dynamics of orchids.

4. Attempts should be made to correlate the underground
fungal diversity with the genetic characteristics of aboveground
orchid populations to gain insight into the genetic diversity
and dynamic history of orchid populations. This can be done
through SSR molecular markers and ABC models or SNP
markers and DADI models, to indirectly predict the dynamics
of fungal diversity with the aim of protecting orchid gene
pools (including orchid provenances and fungal sources).

5. Increasing evidence suggests that nitrates significantly affect
the composition and abundance of OMF and inhibit the
germination of orchid seeds in natural habitats (Dufty et al,
2019; Figura et al,, 2020). Further work should focus on the
effects of specific environmental variables, such as soil moisture
content, nitrate content, and pH, which are frequently reported
to affect OMF communities in network analyses, to gain insight
into how these metrics affect sub-modules and the entire
network. At the same time due to the lack of reports on
orchid seed-associated microbial communities, we know little
to nothing about the heritability of microorganisms associated
with orchid species and the vertical transmission ability of the
microbiome at the plant level. These are important aspects of
orchid-fungus mutualism that require urgent attention.

Finally, in order to better point out the research direction
of orchid fungal networks, while emphasizing the importance
of considering ONF and making full use of network analysis
methods in orchid-fungal interaction, we also provide a conceptual
framework illustrating that orchid fungal networks are critical
for insight into the complex and dynamic linkages between the
orchid, fungi, and the environment, as well as the exploration
of orchid conservation practices (Figure 3). Furthermore, several
forward-looking studies have recently confirmed that certain
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bacterial taxa as well as microbial interkingdom interactions are
essential for plant growth (Durdn et al, 2018; Finkel et al,
2020). Observations under the microscope suggest that bacterial
taxa mainly reside within the root caps of orchids, while fungal
taxa are found in various subdivisions of roots. The spatial
distribution pattern of such cross-kingdom microorganisms in
roots seems to be consistent with their characteristics because
fungal hyphae can act as highways for bacterial movement and
also as transport systems for microorganisms belonging to other
kingdoms. However, it is unclear whether microorganisms in
different kingdoms engage in mutualism within the roots, and
whether such mutualism affects the distribution and population
dynamics of orchids. These issues should be focus areas of
research on orchids and other plants in the future.
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Species of the ecological opportunistic, avirulent fungus, Trichoderma are widely used
in agriculture for their ability to protect crops from the attack of pathogenic fungi and
for plant growth promotion activity. Recently, it has been shown that they may also have
complementary properties that enhance plant defense barriers against insects. However,
the use of these fungi is somewhat undermined by their variable level of biocontrol
activity, which is influenced by environmental conditions. Understanding the source of this
variability is essential for its profitable and wide use in plant protection. Here, we focus on
the impact of temperature on Trichoderma afroharzianum T22, Trichoderma atroviride P1,
and the defense response induced in tomato by insects. The in vitro development of these
two strains was differentially influenced by temperature, and the observed pattern was
consistent with temperature-dependent levels of resistance induced by them in tomato
plants against the aphid, Macrosiphum euphorbiae, and the noctuid moth, Spodoptera
littoralis. Tomato plants treated with T. afroharzianum T22 exhibited enhanced resistance
toward both insect pests at 25°C, while T. atroviride P1 proved to be more effective at
20°C. The comparison of plant transcriptomic profiles generated by the two Trichoderma
species allowed the identification of specific defense genes involved in the observed
response, and a selected group was used to assess, by real-time quantitative reverse
transcription PCR (gRT-PCR), the differential gene expression in Trichoderma-treated
tomato plants subjected to the two temperature regimens that significantly affected
fungal biological performance. These results will help pave the way toward a rational
selection of the most suitable Trichoderma isolates for field applications, in order to best
face the challenges imposed by local environmental conditions and by extreme climatic
shifts due to global warming.

Keywords: induced systemic resistance, defense genes, gene expression analysis, Macrosiphum euphorbiae,
Spodoptera littoralis, biological control
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Temperature Modulates Trichoderma-Plant-Insect Responses

INTRODUCTION

The need to reduce the use of chemical pesticides in agriculture
has promoted the development of bio-based strategies of plant
protection, exploiting beneficial organisms, and the ecological
services they provide. There are various biological products
available on the market used for disease and pest control, as
well as plant biostimulants and fertilizer/soil enhancers that are
based on plant beneficial microbes, such as bacteria [Bacillus,
Pseudomonas (Ferreira et al., 1991; Walsh et al.,, 2001)] or
fungi [Trichoderma, mycorrhizae, Beauveria (Castillo Lopez
and Sword, 2015; Rouphael et al, 2015; Russo et al., 2015;
Sinno et al.,, 2020)]. Numerous Trichoderma strains are the key
components of commercially available microbial biofungicides
(Harman et al., 2004; Woo et al., 2014; Alfiky and Weisskopf,
2021; Ferreira and Musumeci, 2021; Poveda, 2021). Among
the 377 Trichoderma species identified, only 20-30 species are
found in soils as ecological opportunists saprophytes, associated
with the rhizosphere, avirulent to plants, that may be useful
in agriculture (Druzhinina et al., 2011; Cai and Druzhinina,
2021). It cannot be generalized that all Trichoderma are extensive
root colonizers or that they are endophytes (Howell, 2003;
Harman et al., 2004). For example, some isolates exhibit localized
penetration of plant tissues, whereas others are rhizosphere
competent, and are able to colonize the roots by growing in
the epidermis and outer cortex of the tissues (Harman, 2000;
Harman et al., 2004; Hermosa et al., 2012; Lace et al., 2015).
Many Trichoderma are indeed free-living microorganisms in
the soil rhizosphere and have limited contact with the plant;
however, by releasing microbial compounds recognized by the
plant, they are still able to interact in a molecular cross-talk that
influences the plant defense response (Lorito et al., 2010). Some
of these antagonists of phytopathogens, not only contribute to
biocontrol, but also provide well-recognized positive effects to the
plant, such as improved vegetative-root growth, development,
and yield; they also enhance nutrient availability and uptake by
the plant (Vinale et al., 2008). For example, T. afroharzianum (ex-
T. harzianum; Cai and Druzhinina, 2021) strain T22, the active
component of a commercial biofungicide product, was also found
to improve the plant growth of important horticultural crops,
such as lettuce, tomatoes, peppers, ornamentals, and woody
crops, and to prevent diseases, both under greenhouse and field
conditions (Harman et al., 2004; Lorito et al., 2010; Woo et al,,
2014).

Different Trichoderma species or strains can have a diverse
impact on different crop species, or even genotypes of the same
crop, as observed in tomato in which T. afroharzianum T22 and
Trichoderma atroviride P1, diversely affected plant growth and
resistance against Botrytis cinerea, depending upon the tomato
genotype (Tucci et al,, 2011). Furthermore, the crop genotype
was found to significantly influence the colonization by different
Trichoderma strains in the rhizosphere of lentils (Bazghaleh et al.,
2020). Trichoderma may promote plant endogenous defenses
against biotic (phytopathogenic fungi) and abiotic stress factors
by induced local or systemic resistance (ISR), similar to those
activated by plant growth promoting rhizobacteria (PGPR) that

result in the priming of the plant to subsequent attacks by
pathogens or other parasites (Harman et al., 2004; Lorito et al.,
2010; Hermosa et al., 2013; Conrath et al., 2015; Martinez-
Medina et al.,, 2017; Adnan et al., 2019). Trichoderma is also
capable of stimulating an ISR plant defense response against
nematodes, modulated by a cross-talk between salicylic acid
(SA) and jasmonic acid (JA) signaling pathways (Martinez-
Medina et al., 2017). Furthermore, it was observed that plants
exposed to Trichoderma root colonization were more resistant
to pest insects, such as aphids (Coppola et al., 2019a), thrips
(Muvea et al., 2014), caterpillars (Contreras-Cornejo et al., 2018;
Coppola et al,, 2019b), and nematodes (Poveda et al., 2020).
Indirect defense barriers against insects are also induced in
plants colonized by Trichoderma, whereby the plant releases
compounds that attract the parasitoids (Coppola et al., 2017,
2019a) and/or predators (Battaglia et al., 2013) of the pest insects
that attack the plants.

One of the major problems associated with the use of
beneficial microbes in agriculture is the variability of their effects
on target organisms, which can be affected by environmental
conditions. Indeed, the selection of appropriate Trichoderma
for applications in agriculture depends not only on the
targeted use, that is, the biological control of pathogens or
pests or the use as biostimulants, but also on the ecological
adaptability of the strains to diverse environments (i.e., soils
of different properties—structure, pH, and organic matter),
availability of water and nutrients, climatic conditions and
to crops (i.e., species or genotypes) that may influence
their efficacy in the field (Hjeljord and Tronsmo, 1998).
Many authors reported that temperature has an effect on
spore germination, hyphal growth, and colonization of the
biocontrol agent that consequently influences the competitive
and antagonistic capabilities of the Trichoderma strain, due
to its differential interaction with the target fungal pathogen
(Tronsmo and Dennis, 1978; Mukherjee and Raghu, 1997;
Kredics et al, 2003). Furthermore, the disparity in the
growth and development of this plant beneficial microbe at
diverse temperatures can have a key role in the Trichoderma-
host plant interaction, the establishment of the molecular
cross-talk that underpins the activation of the plant defense
response involving induced resistance to pathogen infection or
parasite infestation. The study of the variability in direct and
indirect biocontrol efficacy that is dependent on temperature
is essential to enhance the action and the application of these
microbial agents.

To fill this research gap, the objective of this study is to
investigate how temperature impacts the biological performance
of two different Trichoderma strains (T. afroharzianum T22
and T. atroviride P1) and the consequential effects they have
on transcriptional reprogramming in treated tomato plants to
activate defense barriers against insects. Our results will help
pave the way toward a rational selection of the most suitable
strains of Trichoderma for field applications, in order to better
face the challenges posed by local environmental settings and
by conditions resulting from sudden extreme changes due to
global warming.
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MATERIALS AND METHODS

Fungal Isolates

Trichoderma afroharzianum strain T22, hereafter indicated as
T22, was isolated from the commercial biofungicide product,
Trianum (kindly provided by Koppert Biological Systems,
Rotterdam, the Netherlands). Trichoderma atroviride strain P1,
hereafter indicated as P1 (ATCC 74058) was obtained from the
microbial collection of the Department of Agricultural Sciences,
University of Naples at Portici, Italy. It is a strain that was
isolated from wood chips and selected as an effective biological
control agent against foliar and post-harvest pathogens, such as
B. cinerea, and for use in cold storage (Tronsmo, 1991).

Both fungi were maintained on potato dextrose agar
(PDA; HiMedia) at room temperature (25°C) and sub-cultured
regularly. Conidia were collected from the surface of sporulating
fungal cultures (5-7 days), in sterile distilled water and adjusted
to a concentration of 107 sp ml~! by using a hemocytometer
(Coppola et al., 2019b).

Plant Material and Trichoderma Treatment
A seed-coating treatment was conducted on surface-sterilized
seeds of Solanum lycopersicum cv “Dwarf San Marzano”
following the protocol of Coppola et al. (2019a). Treated seeds
were planted in 60-well planting trays containing sterilized
soil (Floragard, Universal Potting Soil, Oldenburg, Germany),
then 7-10 days after emergence, plant plugs were transplanted
to 10cm diameter vases and grown at different temperature
conditions of 20 + 1°C or 25 £ 1°C, photoperiod 16: 8h
light/dark. Under these two temperatures, experimental plants
attained the size for their use in the insect bioassays after 7 weeks
at 20°C and 5 weeks at 25°C.

Insect Rearing

Spodoptera littoralis is permanently lab-reared at the Department
of Agricultural Sciences and derives from a population collected
on flower crops in Agro-Pontino (Latina, Italy). The larvae were
reared on an artificial diet (41.4 g/l wheat germ, 59.2 g/l brewer’s
yeast, 165 g/l corn meal, 5.9 g/l ascorbic acid, 1.53 g/l benzoic
acid, 1.8 g/l methyl-4-hydroxybenzoate, and 29.6 g/l agar), as
previously described (Di Lelio et al., 2014), at 25 &+ 1°C, 70 %
5% RH, and photoperiod of 16:8 h light/dark.

The aphid Macrosiphum euphorbiae was collected on tomato
crops (Battipaglia, Salerno, Italy) and is permanently reared on
tomato plants (S. lycopersicum, cultivar Dwarf San Marzano)
placed in anti-aphid netcages, in a greenhouse at 20 £ 2°C, 70
=+ 10% RH, and photoperiod of 16:8 h light/dark.

Fungal Development at Different

Temperatures

The two Trichoderma (strains T22 and P1) were cultured in
90 mm Petri plates containing PDA, incubated at 25°C, for 3
days, in the dark. A fungal plug (5 mm) was transferred to the
center of new PDA plates and both Trichoderma inoculated
cultures were incubated in the same controlled growth conditions
as the plants reared for the insect bioassays, at temperatures of 20
and 25°C. Four plates were inoculated for each fungal strain, for

each of the two incubation temperatures (4 x 2 = 8 cultures per
strain); and the experiment was repeated two times. The radial
growth of the fungal mycelia was measured at 24, 48, and 72 h.

Fungal Colony-Forming Units in Soil

At the end of insect bioassays (30 days at 20°C and 32 days
at 25°C), the samples were collected from the soil in the vases
of potted tomato plants at the first flowering stage, to quantify
the number of fungal colony-forming units (CFUs) and confirm
the presence of living Trichoderma after the seed treatments.
A mixture of 10g of soil containing plant roots was added to
90 ml Ringer solution (Sigma-Aldrich, Milan, Italy), containing
0.162 g of sodium pyrophosphate, then placed in agitation for
30min on a “tilting top” mixer (SSL1, Stuart, Staffordshire,
United Kingdom), and this soil suspension was used to prepare
a serial dilution from 1072 to 1077 with sterile water. A 100
ul aliquot of the soil suspension from each dilution series was
transferred to plates containing Trichoderma selective media agar
(TSM; HiMedia Laboratories LLC, PA, United States) augmented
with Igepal, then distributed uniformly on the substrate surface
with an L-spreader, and incubated at 25°C. After 5 days, the
number of Trichoderma colonies was counted to determine the
abundance of fungi present in the soil rhizosphere.

Spodoptera littoralis Bioassay

The larval feeding bioassay was performed at 25 £ 1°C and 70 &
5% RH, and photoperiod of 16:8 h light/dark, in 4-wells plastic
rearing trays (RT32W, Frontier Agricultural Sciences, Pitman,
NJ, United States). In each well, 3 ml of 1.5% agar-agar (w/v) were
dispensed, in order to keep the tomato leaves turgid in a moist
environment, and the rearing wells were closed by perforated
plastic lids (RTCV4, Frontier Agricultural Sciences, Pitman, NJ,
United States). Groups of 25 newly hatched larvae were isolated
into a single well (for a total of 400 larvae/treatment) and allowed
to feed on sub-apical tomato leaf disks of 6 week-old plants. Then,
newly molted third instar larvae were singly transferred into the
wells of a new tray, prepared as above, and were offered fresh
leaf disks daily, obtained from sub-apical leaves of tomato plants
reared at 20°C or at 25°C. For each treatment, 32 larvae and 60
tomato plants were used.

On a daily basis, the following parameters were recorded:
survival of the larvae and their weight, the number of days to
attain the pupal stage, the weight of the pupae, the rate of adult
emergence, and longevity. To assess the fertility of the emerged
adults and the viability of their eggs, each female moth was
fed soon after emergence with water/honey solution (50%) and
allowed to mate with two males for 24 h, then isolated in a box
(40 x 30 x 20) to assess the number of eggs laid daily and their
rate of hatching.

Macrosiphum euphorbiae Bioassay

To assess the effects of plant defense barriers induced by
Trichoderma on sucking insects, a bioassay on aphids was carried
out. Briefly, five apterous adult aphids were gently transferred
onto a single plant using a paintbrush. After 24 h, the adult aphids
were removed and only five nymphs of the newly laid progeny
were left on the plant. Aphid survival was recorded daily, until
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the survival of the last aphid. The laid nymphs were counted
and removed every day until the end of reproductive activity.
The bioassay was conducted in a glasshouse under controlled
climatic conditions, at the temperature of 20 or 25°C in separate
experimental settings, kept at 70 & 10% RH and photoperiod of
16:8 h light/dark. A total of 11 replicates (a single tomato plant
constituted a replicate) were carried out for each experimental
treatment (T22, P1, control).

Gene Expression Analysis
Expression levels of defense-related genes were quantified by
real-time PCR (RT-PCR). Fully expanded leaves from plants
grown at 20 and 25°C were collected at seven and 5 weeks after
sowing, respectively, and immediately frozen in liquid nitrogen.
The isolation of total RNA and the synthesis of the first strand
of cDNA were performed according to standard procedures, as
already described (Corrado et al., 2012). Expression analysis was
carried out using two technical replicates for each of the three
biological replicates per sample. Relative quantification of gene
expression was carried out using the 2724Ct method (Livak
and Schmittgen, 2001). Student’s ¢-test was used to compare the
relative quantification of transcripts in treated samples compared
to the untreated controls, used as calibrator. The housekeeping
gene EF-1a was used as an endogenous reference gene for the
normalization of the expression levels of the target genes. Primers
and their main features are reported in Supplementary Table 1.
The differentially expressed genes (DEGs) originating
from two public datasets reporting the transcriptomic profiles
of tomato plants modulated by T. atroviride P1 (Coppola
et al, 2019a) or by T. afroharzianum T22 treatments
(Coppola et al, 2019b), generated from tomato plants
grown at 20°C, were compared by Venny (Oliveros, 2007).
DEGs were mapped to MapMan bins for data visualization
and pathway analysis (version 3.6.0). To this end, the
tomato MapMan ontologies (http://www.gomapman.org/
export/ current/mapman/sly_SL2.40_ITAG2.3_2015-01-
09_mapping.txt.tgz) were retrieved from the GO MapMan web
resource and imported in the MapMan tool.

Statistical Analysis

Survival curves of S. littoralis and M. euphorbiae were compared
by using Kaplan-Meier and Log-rank analysis. Unpaired
Student’s t-test was used for pairwise comparisons of the means,
and one-way ANOVA test was used when more than two groups
were involved. Normality of data was checked with Shapiro-
Wilk test and Kolmogorov-Smirnov test, while homoscedasticity
was tested with Levene’s test and Barlett’s test. When significant
effects were observed (P < 0.05), Bonferroni’s post-hoc test
was used. If one of the one-way ANOVA assumptions was not
met, even after the transformation of the data, Kruskal-Wallis
(non-parametric ANOVA) test was employed. Fisher’s test was
performed at P < 0.05 to compare the mean mycelial growth of
Trichoderma strains (MiniTab, Windows). Data were analyzed
using Prism (GraphPad Software Inc. version 6.0b, San Diego,
CA, United States).

TABLE 1 | Effect of temperature (20°C and 25°C) on the mycelial growth (colony
diameter in mm) of Trichoderma strains T22 and P1 cultured on PDA, measured at
24h intervals.

Mycelial growth (mm) over time

Temperature Trichoderma 24 h 48 h 72h

20°C T22 2125+ 1.26¢c 4150+ 1.73c 64.00+2.58c¢c
20°C P1 2250 +£1.92¢c 47.50+2.06b 90.00 + 0.00 a
25°C T22 4275+ 1.71a 75.00+2.45a 90.00 +£0.00a
25°C P1 27.00+£2.16b 49.25+299b 74.00+ 3.65b

Values are the means of four replicates + SD. Different letters in the same column indicate
significant differences within each sampling time, according to Fisher’s test (P = 0.05).

RESULTS

Fungal Development

Trichoderma strains, T22 and P1 showed differential growth at
20°C and 25°C in the in vitro plate cultures (Table 1, Figure 1).
At 20°C, the mycelial growth of P1 was more rapid than that
of T22 (Table 1), already significantly higher at the second day
[one-way ANOVA: F(; ) = 21.55; P = 0.004], and by day three,
the difference was even more pronounced [one-way ANOVA:
Fq,6 = 405.60; P < 0.0001]. At 72h, the P1 mycelium was
dense and completely covered the surface of the Petri dish
(90 mm diameter), whereas the T22 culture was thin and required
an additional day to cover the entire substrate (Figure 1 left,
Table 1). At 25°C, the growth of the two strains was inversed,
with T22 demonstrating a significantly faster growth than P1
at all sampling times [one-way ANOVA: 24h F(; ) = 130.85;
P < 0.0001; 48h F(; 5 = 170.97; P < 0.0001; 72h F( 5 =
76.80; P < 0.0001], and its dense mycelium completely covered
the plate by day three, whereas P1 required an additional day
to attain the same dimension (Figure 1 right, Table 1). It can
be noted that T22 had a faster mycelial growth rate than P1,
in particular, when the fungal development was compared at
the optimal temperature for each strain [one-way ANOVA: 24h
F(3, 12) = 122.10; P < 0.0001; 48 h F(3, 15) = 157.20; P < 0.0001;
72h F(3, 12) = 130.93; P < 0.0001) (Table 1).

Fungi in Soil

At 20°C, a significantly higher number of fungal colonies was
obtained from soils of plants receiving the P1 seed treatment
(Student’s t-test: t = 9.88, P < 0.001, dF = 4), whereas at 25°C,
a significantly higher number of CFUs was found in the soils
from the T22 treated plants (Student’s ¢- test: t = 14.632, P <
0.0001, dF = 4) (Figure 2). The CFU abundance in the soil of the
Trichoderma strains at the two temperatures of incubation was
indicative of the corresponding trend observed for the differential
mycelial growth of P1 at 20°C and T22 at 25°C demonstrated in
the in vitro tests.

Spodoptera littoralis Bioassay

Since the two Trichoderma strains tested showed highly different
performances at the two experimental temperatures considered,
it was assessed whether the resulting different interaction
with colonized plants at different temperatures can affect the
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Temperature 20°C Temperature 25°C
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T. atroviride P1

T. harzianum T22

FIGURE 1 | Effect of temperature, at 20°C (left) and 25°C (right), on the
mycelial growth of Trichoderma atroviride P1 and T. afroharzianum T22 after
72 h. Measurements were conducted every 24 h, as indicated by the black/red
markings delineating the periphery of the fungal colony. The fungi were
cultured on potato dextrose agar (PDA) and maintained at a constant
temperature of 20 £ 1°C or 25 + 1°C and photoperiod of 16: 8 h light/dark.
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FIGURE 2 | Trichoderma colonies in soil. Effect of temperature (20 and 25°C)
on the number (means + SD) of fungal colony-forming units (CFU) in soil
samples obtained from the rhizosphere of tomato plants inoculated with
Trichoderma strain T22 or P1, 5 days after inoculation on Trichoderma selective
media (TSM). Values are the means of three replicates; bars with different
letters indicate significant differences according to Fisher’s test at P < 0.05.

activation of defense barriers against insects. At 20°C, S. littoralis
showed the lowest fitness when reared on plants inoculated with
P1 (Figure 3A). T22 and P1 treatments to tomato plants grown
at 20°C significantly affected larval survival until pupation (Log-
rank test: x2 = 16.80; P = 0.0002; dF = 2). However, the survival
rate of larvae fed on P1-tomato leaves was significantly lower,
compared both to controls and T22-tomato plants (Log-rank test:

P1 vs. control 2 = 13.58; P = 0.0002; df = 1; P1 vs. T22 x? =
5.676; P = 0.0172; dF = 1), while no difference was registered
between the latter two (Log-rank test: x2 =3.098; P = 0.0784; dF
= 1) (Figure 3A).

Conversely, at 25°C, the strain most negatively affecting
S. littoralis  fitness was T22 (Figure3B). Under these
experimental conditions, both Trichoderma strains negatively
affected larval survival (Log-rank test: 2 = 31.55; P < 0.0001;
dF = 2), but, unlike what observed at the lower temperature,
T22 had a significantly higher negative impact on larval survival
compared both to the control (Log-rank test: x? = 23.12; P <
0.0001; dF = 1), and to the P1 treatment (Log-rank test: X2 =
11.90; P = 0.0006; dF = 1) (Figure 3B).

The pattern of reduced survival across larval-pupal
development, as affected by temperature, was observed also
for the weight of larvae and pupae and for the time required
to attain the pupal stage (Supplementary Figures1, 2, and
Supplementary Table 2).

Tomato plants colonized by Trichoderma had a negative
impact on Spodoptera adult longevity, which was significantly
higher when they were fed as larvae on P1-tomato at 20°C [one-
way ANOVA: F(; g5y = 79.84; P < 0.0001] (Figure 4A), while, at
25°C, T22-tomato resulted as the food source most detrimental
for adult longevity [one-way ANOVA: F(; 59y = 126.1; P <
0.0001] (Figure 4B).

Adult fertility was similarly affected, with P1 resulting most
detrimental at 20°C [one-way ANOVA: F; 54y = 13.59; P <
0.0001] (Figure 5A), while at 25°C, the reverse occurred, with
females deriving from larvae fed on T22-tomato leaves producing
less eggs [one-way ANOVA: F(; 5 = 61.86; P < 0.0001]
(Figure 5B).

Macrosiphum euphorbiae Bioassay

M. euphorbiae showed a lower survival on tomato plants
inoculated with T. atroviride P1 and incubated at 20°C, while
at 25°C, the reverse was observed, with T. afroharzianum T22
showing a higher negative impact on the insect.

At 20°C, aphid survival was affected by feeding on plants
receiving the Trichoderma treatment (Log-rank test: x> = 6.740;
P = 0.0344; dF = 2), showing a significant reduction on P1-
tomato plants compared to control (Log-rank test: x> = 4.898;
P =10.0269; dF =1), or to T22-tomato (Log-rank test: x> = 3.666;
P = 0.0555; dF = 1), which did not significantly differ between
them (Log-rank test: x> =0.1031; P= 0.7481; dF = 1) (Figure 6).

At 25°C, aphid survival was affected by Trichoderma-treated
plants (Log-rank test: x> = 15.68; P = 0.0004; dF = 2), but,
conversely to what observed at 20°C, survival rates registered on
T22-tomato plants were significantly lower than those induced
by both P1-plants (Log-rank test: x*> = 11.92; P = 0.0006; dF =
1) and controls (Log-rank test: x> = 11.45; P = 0.0007; dF = 1),
which did not differ between them (Log-rank test: x> = 0.1273; P
=0.72; dF = 1) (Figure 7).

Aphid fertility was not influenced by Trichoderma treatments
when plants were reared at 20°C [one-way ANOVA: F(; 13) =
2.023; P < 0.1551; data not shown], while a significant reduction
was induced at 25°C by the T22-tomato treatment [one-way
ANOVA: F(y, 59) = 3.447; P < 0.0454] (Figure 8).
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FIGURE 3 | Spodoptera littoralis larvae survival when fed leaves from tomato plants inoculated with Trichoderma strain T22 or P1 then grown at 20°C (A) or 25°C (B).
At 20°C, (A) survival was significantly lower on T22-tomato with respect to P1- and Control- tomato, whereas, when plants were grown at 25°C, (B) larvae fed on
T22- or P1-tomato showed higher mortality compared to Control. Different letters denote significant differences in the survival curves (Log-Rank test, P < 0.0001).
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FIGURE 4 | Spodoptera littoralis adult longevity. Adults emerging from larvae fed on T22- and P1-tomato leaf disks showed a significantly lower longevity compared
to Control adults. At 20°C, (A) P1-tomato had the highest negative impact on longevity, whereas at 25°C, the reverse was observed, with T22 showing a significantly
higher negative impact on longevity. The values are means + SD. Mean values denoted with different letters are significantly different (one-way ANOVA (A) or
Kruskal-Wallis test (B) (P < 0.05).
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FIGURE 5 | Spodoptera littoralis fertility. Adults emerging from larvae fed on T22- and P1-tomato leaf showed lower fertility compared to adults. At 20°C, (A) the
lower performance was observed on P1-tomato, whereas at 25°C, (B) fertility was significantly poorer on T22-tomato. The values are means + SD. Mean values
denoted with different letters are significantly different (one-way ANOVA test, P < 0.0001).
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FIGURE 6 | Aphid survival rate at 20°C. Macrosiphum euphorbiae reared on
P1-tomato showed higher mortality compared to aphids reared on T22- and
Control-tomato plants. Different letters indicate a significant difference
(Log-rank test, P < 0.001).
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FIGURE 7 | Aphid survival rate at 25°C. Macrosiphum euphorbiae reared on
T22-tomato showed higher mortality compared to aphids on P1- and
Control-tomato plants. Different letters indicate a significant difference
(Log-rank test, P < 0.001).

In silico Comparison of Plant
Transcriptomic Profiles Affected by

T. atroviride P1 and T. afroharzianum T22
To assess the impact of the two Trichoderma species on the
main defense-related pathways, we compared the transcriptomic
profiles of tomato plants, as previously analyzed in precedent
studies: tomato as affected by treatments with T. atroviride P1
(Coppola et al., 2019a) and T. afroharzianum T22 grown at 20°C
(Coppola et al., 2019b).

A Venn diagram representation of the in silico comparison
of the two datasets (Figure 9) showed a common effect of the
two fungi on gene expression, which shared 41 upregulated
and 35 downregulated genes (Supplementary Tables 3A,B).
Common genes induced by the tomato-Trichoderma interaction
included genes coding for several classes of transcription
factors, most of them associated with ethylene signaling
(Table 2): ethylene-responsive transcription factor, TINY,
ethylene-responsive transcription factor, MYB transcription
factor 31, and AP2/EREBP transcription factor. In addition,
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FIGURE 8 | Aphid fertility on tomato plants grown at 25°C. Offspring of
Macrosiphum euphorbiae reared for their whole lifespan on T22-, P1-, and
Control-tomato plants. Data represent mean + SE. Different letters indicate a
significant difference (one-way ANOVA test, P < 0.05).
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FIGURE 9 | Venn diagram visualization of differentially regulated genes (DEGs)
in P1 and T22 treated plants at 20°C. DEGs of tomato plants inoculated with
T. atroviride P1 (P1) and tomato plants inoculated with T. afroharzianum T22

(T22).

TABLE 2 | Common DEGs of datasets coding for transcription factors in tomato
treated with Trichoderma strains P1 or T22 and grown at 20°C.

Gene ID P1 FC T22 FC Description

Solyc06g066540.1 2.93  1.47
Solyc01g090340.2 2.77 1.24
Solyc03g116100.3 1.63  1.12
Solyc08g082210.3 1.53 1.25
Solyc08g066660.1 1.23  1.19

Ethylene-responsive transcription factor TINY
Ethylene-responsive transcription factor
MYB transcription factor 31

AP2/EREBP transcription factor
Ethylene-responsive transcription factor TINY

several genes involved in tomato defense were induced by P1
or T22 seed treatments, such as polyphenol oxidase precursor,
late embryogenesis abundant protein, heat-shock protein,
purple acid phosphatase 17, metallocarboxypeptidase inhibitor
(Supplementary Table 3A).
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TABLE 3| Common DEG datasets of tomato treated with Trichoderma strains P1 or T22 and grown at 20°C, showing opposite regulation sign.

Gene ID P1FC T22 FC Description

Oxidativeburst/detoxification

Solyc08g074683.1 2.87 —1.31 Polyphenol oxidase precursor

Solyc12g006760.1 —1.562 3.92 Glutathione S-transferase zeta 1

Solyc03g080100.3 —1.16 117 Heavy metal transport/detoxification superfamily protein
JA pathway

Solyc04g079730.1 2.72 —-1.10 Allene oxide synthase

Solyc12g010030.2 417 —1.53 Leucine aminopeptidase

Solyc00g187050.3 3.89 —1.49 Leucine aminopeptidase 2

Solyc07g007250.3 4.62 —-1.14 Metallocarboxypeptidase inhibitor

Solyc05g047670.1 2.63 —-3.75 Protein Ycf2

ET pathway

Solyc04g077490.3 1.55 —1.04 AP2-like ethylene-responsive transcription factor
Solyc06g053710.3 1.49 —-1.19 Ethylene receptor homolog (ETR4)

SA pathway

Solyc07g005370.3 —1.58 1.45 Pathogenesis-related (PR)- protein 10
Defense-related pathway

Solyc02g084850.3 4.43 —2.08 Abscisic acid and environmental stress-inducible protein TAS14
Solyc06g074710.1 4.24 —2.23 Hydroxycinnamoyl-CoAshikimate/quinate hydroxycinnamoyltransferase
Solyc04g049750.3 —1.16 2.56 Pentatricopeptide (PPR) repeat protein
Solyc04g011767.1 —1.14 1.14 Pentatricopeptide repeat-containing protein
Solyc10g085900.2 —-1.14 11 Tetratricopeptide repeat (TPR)-like superfamily protein
Solyc06g068130.3 1.72 —-1.87 Tetratricopeptide repeat (TPR)-like superfamily protein

Interestingly, both P1 and T22 treatments downregulated
the genes associated with the cell wall, such as expansin-
like protein, wall-associated receptor kinase-like 20,
pectinesterase, and xyloglucan endotransglucosylase/hydrolase
(Supplementary Table 3B).

A remarkable opposing effect on tomato transcriptomic
profiles determined by the two different species of
Trichoderma was evident for 73 genes, which were
downregulated in P1 and upregulated in T22 samples (Figure 9;
Supplementary Table 3C), and for 48 genes with opposite signs
in the available datasets (Figure 9; Supplementary Table 3D).

Table 3 showed groups of DEGs in common between P1 and
T22 samples, showing opposite signs of the gene regulation in
the experimental plants. Notably, JA pathway is fundamentally
prompted by P1, while in T22, not a single gene associated
with this hormonal pathway was retrieved. Similarly, ethylene
signaling is stimulated by P1, while it is repressed by T22; SA
pathway showed an opposite trend, as can be inferred by the
PR-10 transcription level (Table 3).

Tomato genes univocally upregulated or downregulated by
P1 or T22 are shown in Supplementary Table 4. T. atroviride
P1 induced specifically 1,190 transcripts. The transcript with
the highest fold change encodes for threonine deaminase, a
late defense gene involved in the resistance against chewing
insects (Kang et al., 2006; Gonzales-Vigil et al., 2011). Other
transcripts coding for proteins with similar functions are
those related to leucine aminopeptidase 2, arginase 2, and
several classes of proteinase inhibitors. Interestingly, the

transcript coding for the hypersensitive response assisting
protein is strongly upregulated (Supplementary Table 4A).
Several genes involved in ROS scavenging and detoxification
are also modulated in their expression (protein detoxification,
laccase, NADH dehydrogenase subunit E superoxide dismutase
1 and 3, and hydrogen peroxide-induced 1). The alteration
of early signals in P1 samples is clearly supported by the
pathway analysis carried out by MapMan, which identified
79 gene codings for receptor-like kinases, where most of
them are upregulated (Supplementary Table5). In addition,
among Pl-specific genes are included transcripts coding for
several classes of defense-related transcription factors, such
as WRKY transcription factor 3, 21, 22, bHLH transcription
factor, MYB transcription factor 11, 53, 86, GRAS family
transcription factor, zinc finger transcription factor 54, and AP2-
like ethylene-responsive transcription factor. Genes univocally
downregulated by P1 included S-adenosyl-L-methionine-
dependent  methyltransferases,  S-adenosyl-L-methionine,
salicylic acid carboxyl methyltransferase 1, pathogenesis-
related protein 1, chitinase, $-glucosidase, defensin, subtilisin,
thaumatin, and osmotin (Supplementary Table 4B).

Genes specifically modulated by T22 include 781, and
401 upregulated genes and 380 downregulated genes
(Supplementary Tables 4C,D). Functions and ontologies
of genes modulated by T22 and P1 are superimposable,
despite players are different. T22-specific genes showing high
fold-change code for phenylalanine ammonia lyase 4, ethylene-
responsive transcription factor, and several heat shock proteins
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Class I (Supplementary Table 4C). Gene coding for several
classes of PR proteins are also induced (chitinase, pathogenesis-
related protein 1 and 5), as well as genes involved in SA
biosynthesis (phenylalanine ammonia lyase 4 and S-adenosyl-L-
methionine-dependent methyltransferases). Ethylene pathway
is fundamentally down-represented, since it is observed in
the repression of Il-aminocyclopropane-1-carboxylic acid
synthase-2, several transcripts coding for ethylene-responsive
transcription factor, AP2-like ethylene-responsive transcription
factor, and ethylene response factors D2 and 3. A similar trend
is observed for the following JA pathway: transcripts coding for
lipoxygenase A and D, JA-ZIM domain proteins, and proteinase
inhibitors are all downregulated (Supplementary Table 4D).

An overview of the impact at the cellular level of the used
strains of the two Trichoderma species is shown in Figure 10.
Specific genes of the two interactions are organized in functional
categories according to MapMan ontologies (Figure 10). T.
atroviride P1 showed a stronger impact on tomato transcriptome,
affecting the expression of a higher number of genes than T.
afroharzianum T22. Most of the presented functional categories
were induced by P1, while repressed by T22, despite the analysis
involves specific genes for both interactions (Figure 10).

Differential Response of Defense Genes at
Different Temperatures During

Trichoderma-Tomato Interaction

In order to assess the combined effect of the Trichoderma
strain treatments and the environmental temperatures on the
interaction with tomato and the subsequent plant defense
response, an expression analysis of a selected group of defense
genes was carried out. At 20°C, a greater activation of
defense genes was almost exclusively noted in the P1-treated
plants (Table 3, Figure11). Nine late defense genes were
significantly induced in Pl-treated plants when compared to
the control (Map Kinase 1, germacrene C-synthase, wound-
induced proteinase inhibitor I and II, Kunitz type proteinase
inhibitor, threonine deaminase, leucine aminopeptidase A, and
phenylalanine ammonia lyase). Instead, in the T22 samples
only two genes of threonine deaminase and S-adenosyl
methionine were moderately induced in comparison to the
control (Figure 11).

The transcriptional analysis of plants grown at the higher
temperature showed an opposite trend for the same gene
set, in which the T22 samples were mainly upregulated
when compared to the control, even though the regulated
genes were slightly different (Figure 12); those genes showing
transcriptional rates significantly different from the control
included Map Kinase 1, Ap2 ethylene responsive factor,
hydroperoxide lyase, germacrene C-synthase, subtilisin, and
phenylalanine ammonia lyase.

DISCUSSION

The use of microorganisms in agriculture as biocontrol agents
represents one of the most promising and widespread tools
for the sustainable management of plant diseases (Howell,

2003; Harman et al., 2004; Ab Rahman et al., 2018). Beneficial
microbes contribute to the improvement of crop quality
and yield, concurring to the establishment of useful plant
microbiota, which promotes growth, nutrient availability,
and resistance against pathogens (Vinale et al., 2008; Castillo
Lopez and Sword, 2015; Poveda et al., 2020; Sinno et al., 2020).
Numerous microbial strains are components of biological
products promoting plant growth and/or inducing disease
resistance, and, along with their secondary metabolites may
represent very important bioactive components for the
development of effective formulations (Hermosa et al., 2013;
Rouphael et al, 2015, Woo and Pepe, 2018). Moreover,
another possible effect by beneficial microbes is the induced
resistance response in the plant, a priming of plant defenses
from their interaction that results in a faster and/or a stronger
protective response upon subsequent contact or infection by
a pathogen (Conrath, 2011; Hermosa et al, 2012; Conrath
et al, 2015). Several strains of fungi belonging to the genus
Trichoderma are not only effective biocontrol agents of
plant pathogens, but also stimulators of this priming effect
(Lorito et al., 2010).

Despite the continuous research for new formulations, to find
effective combinations of microbial strains with different plant
species/cultivars, optimal mixtures and doses of microbes plus
bioactive molecules to obtain a broad spectrum of biocontrol
results on diverse crops, little attention has been dedicated to the
environmental abiotic factors that can influence the interaction
with the plant.

Temperature is of pivotal importance in the modulation of
biological processes, and its connection to geographic location
clearly generates spatial heterogeneity that needs to be taken into
account when handling living organisms. This aspect is even
more relevant if we consider the severe environmental stress
associated with global warming and the extreme conditions to
which we are increasingly exposed. Climatic changes strongly
influence plant physiology and the agroecosystem; thus crop
yield and production have an important impact on the world
economy. Empirical data indicate that the productivity of many
crops worldwide has already declined markedly, as a result of
rising temperatures. In the case of maize, for example, global
production has declined by 3.8-12.5% over the past three decades
(Lobell et al., 2011; Tigchelaar et al., 2018). Considering that
global temperatures are forecasted to increase from 2.6 to 4°C
before the end of this century (Change, 2014; Rogelj et al., 2016),
this trend will have a remarkable impact on the living organisms
and their interactions. The severity of the presented scenario
does not include other environmental factors/conditions that
are predicted to aggravate the situation, that is, the effect of
rapid thermic excursions, precipitation and frost, plus CO;
release. In this scenario, further studies characterized by an
increasing tendency to adopt policy measures (e.g., EU Directive
128/2009) aiming to reduce the use of synthetic pesticides, while
promoting integrated pest management (IPM) strategies as a
valid alternative, means that plant beneficial microbials are an
important tool for a sustainable plant health promotion at a
global level. However, their profitable use requires an in-depth
understanding of the effects that climatic conditions may have on

Frontiers in Plant Science | www.frontiersin.org

June 2021 | Volume 12 | Article 678830


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Di Lelio et al.

Temperature Modulates Trichoderma-Plant-Insect Responses

A
P1 T22
. a
Photosynthesis i a 3
Cell wall el &
Secondary metabolism "; &= * A li
-1
Hormone metabolism R8N B -0
=1
u - . - 2
Stress Piwn e o RE TR n g el S I 5
Redox SRR e
Signalling o Rt T R aitens
Transport G ey b i ot e
B . . LR L B B
Transcription factor P e
RLKs samn w - - —— l'-3
-1
Calcium regulation = = = u =0
=
I- 2
Ethylene L B -3
JA =
\SA ) /
FIGURE 10 | MapMan analysis of tomato transcriptomic profiles imposed by T. atroviride P1 or T. afroharzianum T22 inocula at 20°C. Organization of tomato by
differentially expressed genes (DEGs) in functional categories according to the MapMan ontology across the interaction with spores of P1 or T22. (A) Overview of
functional categories related to the main cellular processes; (B) Overview of the most relevant defense-related regulation processes. Each box represents a transcript;
red color indicates upregulation, while green indicates downregulation. Boxes are grouped based on the ontological classification.

their efficiency in controlling pests and disease agents, in order to
select the most appropriate strains to a specific environment.

To address this goal, we studied the endogenous defenses of
tomato plants as affected by two specific Trichoderma species
strains. It is expected that T. atroviride P1 should have a
better performance at lower temperatures, given its original
reasons for selection (Tronsmo, 1989) and the profitable use
for post-harvest protection in cold storage (Tronsmo, 1991).
The beneficial effects of these fungi on tomato plants have been
already reported (Harman et al., 2004; Tucci et al., 2011; Nandini
etal., 2017; Chen et al., 2019; Coppola et al., 2019a,b), but without
special consideration to the effect of temperature, which may
have an important impact both on fungal development and on
the plant-Trichoderma interactions which may be relevant for
crop protection.

Different growth was observed for T. afroharzianum T22
and T. atroviride P1 at 20 and 25°C, both in in vitro and

in vivo test conditions. The lower temperature (20°C) fostered P1
growth and its capacity to colonize tomato plants, whereas T22
germinated and grew more abundantly at the higher temperature
(25°C). This is well in line with available experimental evidence
supporting that T. atroviride P1 is a cold-adapted isolate (Hjeljord
etal., 2000), and corroborating the importance of temperature in
modulating the fungal development, as already reported for other
T. atroviride strains (Daryaei, 2014; Daryaei et al., 2016).

The difference in fungal growth observed in the present study,
along with data on the induction of insect resistance and the
underlying transcriptome reprogramming, well account for the
temperature-dependent biocontrol activity observed for the two
fungal strains considered. Based on our previous transcriptomic
data from experiments with Dwarf San Marzano tomato
performed at 20°C and treatments with T. atroviride P1 (Coppola
et al, 2019a) and T. afroharzianum T22 (Coppola et al., 2019b),
we were able to choose a representative gene set involved in
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FIGURE 11 | Relative quantification of defense-related genes by real-time PCR (RT-PCR). Relative quantities (RQ) of defense genes in plants treated with T.
afroharzianum T22 and T. atroviride P1 at 20°C. Data are calibrated to the untreated control sample (RQ = 1). Bars represent SE. Asterisks indicate statistically
significant differences compared to the control condition (Student’s t-test, *P < 0.05; “*P < 0.01; **P < 0.001; ***P < 0.0001). MAPK1, Map Kinase 1; AP2ERF, Ap2
Ethylene responsive factor; HPL, hydroperoxide lyase; GCS, germacrene C-synthase; Pin | and Pin I, wound-induced proteinase inhibitor | and II; Kunitz, Kunitz type
proteinase inhibitor; TD, Threonine deaminase; LapA, leucine aminopeptidase A; SAM, S-adenosyl methionine; PR7-PR10, pathogenesis-related proteins 1 and 10;
Sub, Subtilisin; Osm, Osmotin; PAL, Phenylalanine ammonia lyase.

defense-related pathways and analyze their transcriptional profile
by qRT-PCR, by comparing the two plant-fungus associations to
determine any temperature-dependent effects.

The present findings were consistent with the expected
beneficial effects of Trichoderma on the activation of tomato
endogenous defense processes: the upregulation of transcripts
coding for several families of transcription factors and genes
associated with oxidative burst and involved in ethylene
signaling are indicative of the instauration of a primed state
(Conrath, 2011; Broekgaarden et al., 2015; Gonzélez-Bosch,
2018). A common gene upregulated in the T22- or P1-treated
tomato, encodes for purple acid phosphatases 17 (PAPs17), an
enzyme that is involved in the plant regulation of phosphorous
uptake but also contributes to other biological functions
including peroxidation, ascorbate recycling, mediation of salt
tolerance, and regulation of cell wall carbohydrate biosynthesis
(Ravichandran et al., 2013). PAPs carry predicted signal peptides
and, presumably, are secreted; however, the biological function
of these proteins in the extracellular space is unknown (Kaffarnik
et al., 2009). The Arabidopsis PAP5 is involved in the basal
resistance against several plant pathogens (Ravichandran et al.,
2013) and its optimal level is crucial for mounting complete basal
resistance against pathogens (Ravichandran et al., 2015).

The activation of multiple responses may be derived from
the action of several Trichoderma elicitors that induce resistance

via different parallel signaling pathways (Hermosa et al., 2013).
The interaction of Trichoderma (P1 or T22) with tomato could
be responsible for the downregulation of genes related to plant
cell wall synthesis: the fungus secretes endoglucanases and other
cellulolytic enzymes in order to invade and colonize plant tissues
(Klose etal., 2015; Sonoda et al., 2019). Both datasets from tomato
treated with either of the Trichoderma demonstrated a repression
of transcripts encoding for enzymes involved in the process of
vegetative cell wall reconstruction that may reflect a strategy
shared by these fungi to colonize the plant.

Pl-treated plants showed upregulated genes related to JA
production, which supports the negative performance on the
moth larval growth, development, and adult reproduction. On
the contrary, the JA as well as the ethylene pathway was
not induced in T22-treated plants, while the SA pathway was
induced, as shown by the upregulation of genes involved in
both synthesis and signaling of this plant hormone. This was
consistent with evidence from bioassays with the aphids, in which
their survival and reproduction were significantly impaired
when plants interacted with the fungus. Aphid susceptibility
to defensive pathways controlled by different plant hormones
has been a matter of debate (Avila et al.,, 2012; Studham and
MaclIntosh, 2013; Duhlian et al, 2020). Both synergistic and
inhibitory aspects of the cross-talk among JA, SA, and ET
pathways have been reported (Morkunas and Gabrys, 2011),
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FIGURE 12 | Relative quantification of defense-related genes by real-time PCR (RT-PCR). Relative quantities (RQ) of defense genes in plants treated with
T. afroharzianum T22 and T. atroviride P1 at 25 °C. Data are calibrated to the CTRL sample (RQ = 1). Bars represent SE. Asterisks indicate statistically significant
differences compared to the control condition (Student’s t-test, *P < 0.05; **P < 0.01; ***P < 0.001). MAPK1, Map Kinase 1; AP2ERF, Ap2 ethylene responsive
factor; HPL, hydroperoxidelyase; GCS, germacrene C-synthase; Pin | and Pin Il, wound-induced proteinase inhibitor | and II; Kunitz, Kunitz type proteinase inhibitor;
TD, threonine deaminase; LapA, leucine aminopeptidase A; SAM, S-adenosyl methionine; PR7-PR10, pathogenesis-related proteins 1 and 10; Sub, subtilisin; Osm,
osmotin; PAL, phenylalanine ammonia lyase.

a complex scenario in which the role of aphid effectors and
suppressors of host-defense responses make the comprehension
very difficult (Escudero-Martinez et al., 2020). Thus, the
reduction of aphid survival observed in P1-treated plants at the
low temperature appears to be associated with the upregulation
of a wide group of ethylene-related genes, which is different
from that observed in the T22-treated plants. Several studies have
examined the role of ethylene in plant-aphid interactions, and
aphids have been shown to induce an ethylene burst in several
different plant species (Miller et al., 1994; Argandona et al.,
2001; Mantelin et al.,, 2009). Moreover, the role of ET against
aphids has been separated by the influence of JA; for instance,
Louis et al. (2015) demonstrated a subtle hormonal equilibrium
between JA- and ET-enabled maize to respond differentially
against chewing and phloem-feeding insects. The maize insect
resistance 1 (mirl) gene product, a cysteine (Cys) proteinase that
is a maize key defensive protein, is induced by JA-ET and active
against chewers. Mirl-mediated resistance to corn leaf aphid
(CLA; Rhopalosiphum maidis) is independent of JA but regulated
by the ET-signaling pathway (Louis et al., 2015). These findings
are consistent with the evidence collected on P1 plants ascribable
exclusively to ET.

Interestingly, the relative expression of selected plant defense
genes clearly mirrors the performance of the insect at different
temperatures. In fact, at lower temperatures, P1-tomato plants

have a more pronounced negative impact on Spodoptera fitness,
compared to the T22-tomato plants. These effects are likely
induced by the observed higher expression of genes coding
for enzymes that interfere with protein digestion/assimilation
in insects. Similarly, the negative impact of P1-tomato plants
on the longevity of aphids at low temperature can be due
to the enhanced transcription rate of Phenylalanine ammonia
lyase (PAL) gene, coding for a key enzyme in the biosynthesis
of salicylic acid that is involved in the defense against aphids
and pathogens. This conclusion was corroborated by the
reverse results observed with the two Trichoderma at higher
temperature in terms of control efficacy, as supported by
a similar gene expression profile, characterized by opposite
trends between P1 vs. T22. Indeed, PAL is upregulated in
T22-tomato plants (in addition to the PR protein, subtilisin),
accounting for the higher resistance against aphids, while the
lower performance of S. littoralis was associated with the
disruption of digestion induced by a moderate induction of
transcripts coding for several defense molecules controlled by the
jasmonate pathway.

Taken into consideration all of our data, the results
demonstrated that a better performance of T. atroviride P1-
tomato interaction occurred at 20°C, potentiating the native
defense tools of the cultivar Dwarf San Marzano: active
against Lepidopteran and aphids via the enhancement of JA-

Frontiers in Plant Science | www.frontiersin.org

June 2021 | Volume 12 | Article 678830


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Di Lelio et al.

Temperature Modulates Trichoderma-Plant-Insect Responses

and/or ET-mediated responses. Conversely, T. afroharzianum
T22 reached its best performance at 25°C, promoting plant
endogenous defenses mainly mediated by SA. The targeted
effect of root colonization of Trichoderma species could be an
interesting consideration in a future investigation.

In conclusion, our results clearly indicate that the outcome
of a plant-Trichoderma interaction is strongly influenced by
temperature; such information is most useful in allowing a
rational selection of species/strain, better adapted to different
climatic zones and to local environmental conditions, for
a more effective and predictable use of these important
biocontrol agents.
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