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Plants in grasslands navigate a complex landscape of interactions including
competition for resources and defense against pathogens. Foliar fungi can
suppress plant growth directly through pathogenic interactions, or indirectly
via host growth-defense tradeoffs. The exclusion of foliar fungi allows the
reallocation of resources from defense to growth and reproduction. In
addition, plants also invest photosynthates in rhizodeposition, or root exudates,
which play a significant role in shaping the rhizosphere microbial community.
However, it remains unclear what impact the exclusion of foliar fungi has on the
allocation of resources to rhizodeposition and the composition of the
rhizosphere microbial community. Using a 6-year foliar fungicide study in plots
planted with 16 species of native prairie plants, we asked whether foliar fungi
influence the rhizosphere microbial composition of a common prairie grass
(Andropogon gerardii) and a common legume (Lespedeza capatita). We found
that foliar fungicide increased aboveground biomass and season-long plant
production, but did not alter root biomass, seed production, or rhizosphere
microbial diversity. The magnitude of change in aboveground season-long plant
production was significantly associated with the magnitude of change in the
rhizosphere microbial community in paired foliar fungicide-treated vs. control
plots. These results suggest important coupling between foliar fungal infection
and plant investment in rhizodeposition to modify the local soil
microbial community.
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Introduction

Perennial grasslands sequester significant quantities of soil
carbon and play a major role in global nutrient cycling (Bai and
Cotrufo, 2022). In contrast to forest ecosystems, grasslands
sequester the bulk of their stored carbon (up to 98%)
belowground, a form that is resistant to major disturbances,
including drought, heat stress, and wildfires (Allen et al., 2010;
Anderegg et al, 2015; Dass et al, 2018; Hungate et al., 1997;
McDowell and Allen, 2015; Vicente-Serrano et al., 2013).
Grassland productivity, the primary source of stored carbon, can
be underestimated if it does not account for losses to plant-
heterotroph interactions, including the effects of plant pathogens
and other herbivores (Duffy et al., 2007; Seabloom et al., 2017).
Foliar fungi, including pathogenic and non-pathogenic species, may
limit plant biomass accumulation via direct effects such as the
consumption of plant photosynthates and biomass, as well as
indirect effects including altered plant resource allocation
reflecting potential growth-defense tradeoffs.

Pathogenic fungi can reduce photosynthesis by producing lesions
and chlorotic areas on infected leaves (Carretero et al, 2011;
Kumudini et al., 2008). Plant responses to pathogen infection, such
as lignin deposition and the production of reactive oxygen species,
also can necessitate the reallocation of resources from growth and
competition to defense (Cesarino, 2019; Huot et al.,, 2014; O’Brien
et al, 2012). While non-pathogenic fungi (e.g., endophytes) can
provide protection from abiotic stresses including drought, heat,
and salt (Rodriguez et al, 2009), they also capture nutrients from
the host plant potentially imparting a fitness cost upon the host plant.
In particular, some non-pathogenic foliar fungi can prime the plant
immune system for a more rapid and stronger response to pathogen
infection (Pieterse et al., 2014). While the fitness cost of defense
priming on the host plant is lower than constitutively-activated
defenses, the costs can impose a growth-defense tradeoff (Van
Hulten et al., 2006; Walters et al., 2008).

Fungicide applications reduce fungal infections, alter the
aboveground host microbiome (Lane et al., 2023b; Ruuskanen
et al,, 2023; Yu et al,, 2023), and can increase aboveground host
biomass, in part by allowing plants to reallocate resources
previously used for defense into host growth and productivity and
by reducing carbon losses to foliar microbial populations (Seabloom
et al, 2017). Traditional frameworks of plant biomass allocation
posit that these resources could be reallocated among leaves, stems,
roots, and reproduction (Bazzaz and Grace, 1997). However, plants
also may invest a significant proportion of their photosynthates in
rhizodeposition, or the release of carbon compounds into the
surrounding soil from living plant roots (Jones et al., 2004), with
potential impacts on the composition of the rhizosphere microbial
community (Tian et al., 2020; Vives-Peris et al., 2020).

The rhizosphere, the soil directly adjacent to plant roots, is
shaped by interactions between roots and microorganisms.
Rhizodeposition may benefit the host plant by facilitating soil
microbial nutrient cycling, by stimulating microbial populations
that promote host growth, or by suppressing soilborne pathogens
(Bais et al., 2006). However, rhizodeposition may alternatively harm
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the host directly by favoring pathogenic soil microbes, indirectly by
reducing disease-suppressing soil microbes, or by promoting the
growth of microbes which compete with plant roots for nutrients
(Dotaniya and Meena, 2015; Fields and Friman, 2022; Hakim et al,,
2021; Weller, 1988; Whipps, 2001). The composition of the
rhizosphere microbial community and effects of rhizodeposition
can be shaped by many factors including soil type, climate, disease,
host species and genotype, and plant developmental age (Qu et al.,
2020). In particular, rhizodeposition of sugars and other
photosynthates can play an important role in driving the
assembly of the rhizosphere microbial community under a
wide range of conditions (Paterson et al., 2007). While bulk soil
contains a relative dearth of microbially-available organic
carbon, the rhizodeposition of carbon by a host plant creates a
microenvironment with an elevated level of microbial activity
(Starkey, 1938). Increases in carbon fixation play a key role in
influencing the composition of the rhizosphere microbial
community due to corresponding shifts in rhizodeposition
(Pinton et al.,, 2007). However, as growth-defense tradeoffs
require the reallocation of photosynthates to plant defense, the
exclusion of foliar fungi is likely consequential for soil microbiome
composition and functional capacities.

While host biomass and photosynthetic capacity are associated
with the composition of the rhizosphere microbial community, it
remains unclear, however, if increases in productivity resulting from
foliar fungicide-associated alterations to plant growth-defense
tradeofts produce corresponding shifts in the composition of the
rhizosphere microbial community. To answer this question, we
harnessed experimental prairie plots where foliar fungicides or
water controls have been applied continuously to determine the
impact of foliar fungi on the productivity of perennial grasslands.
After six years of continuous treatment, we sequenced the bacterial
and fungal rhizosphere communities to determine how foliar fungal
impacts on host productivity impact the composition of the
rhizosphere microbial community. Here, we test the hypothesis that
foliar fungicide-mediated increases in productivity are positively
associated with the amplitude of compositional changes in the
rhizosphere microbial community. Given the critical role the
rhizosphere microbial community plays in plant health (Berendsen
etal, 2012; Trivedi et al., 2020; Wallenstein, 2017), understanding the
impacts of host infection and productivity on rhizosphere community
assembly will shed light on potential mechanisms by which host
plants influence rhizosphere microbial composition and functioning.

Methods
Field sites

Data used in this paper were collected from an experiment
conducted in an experimental grassland at the University of
Minnesota Cedar Creek Ecosystem Science Reserve (Latitude 45.4
N, Longitude 93.2 W; Cedar Creek), part of the U.S. Long-Term
Ecological Research (LTER) Network. Cedar Creek has a temperate
climate with a mean annual precipitation of 750 mm and mean
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annual temperature of 6°C. The soils are sandy and infertile
compared to many other grasslands (Fay et al., 2015).

Each block of this experiment (9m x 9m) was planted in 1994
with seeds of 16 native prairie species: four C4 grasses, four C3
grasses, four legumes, and four forb species (for details of methods
see Tilman et al,, 2006). The field in which these blocks lie is
permanently fenced to exclude vertebrate herbivores. Blocks are
weeded annually to maintain plant species diversity and are burned
annually in early spring to remove residual aboveground biomass.
In 2008, two plots (1.5 m x 2 m) were established in each of six 16-
species blocks, with half of the plots receiving biweekly water
controls and half receiving applications of Quilt (Syngenta Crop
Protection, Greensboro, NC, USA), a broad spectrum, systemic
fungicide comprised of Azoxystrobin and Propiconazole (Borer
et al, 2015). Note this experiment is a subset of a larger plant
diversity and food web experiment described in detail by Borer et al.
(2015) and Seabloom et al. (2017). Previous work from this larger
experiment established that the aforementioned foliar fungicide
regimen reduced disease severity approximately three-fold Borer
et al. (2015). The block design of this experiment allows us to
account for the well-documented impact of spatial location on
rhizosphere microbial community composition and host growth
(Christian et al., 2016; Finkel et al., 2011; Fitzpatrick et al., 2020;
Klasek et al., 2023, 2021; Xing et al., 2023).

Data collection

In 2014, we estimated aboveground biomass non-destructively
in the fungicide and control plots of six blocks via reflected
radiation using an MSR5 multispectral radiometer (Cropscan,
Inc., Rochester, MN, USA). Measurements were taken for each
plot approximately biweekly between May 28 — September 17, 2014.
Measurements were taken 1m above the vegetation canopy as
described by (Zaret et al, 2022). Season-long plot productivity
was calculated as the area under the NDVI curve. Aboveground
biomass was measured in early August 2014 by clipping, drying,
and weighing a 0.1m x 1.0m strip from each plot (Seabloom et al.,
2017; Zaret et al., 2024). Belowground plant biomass was estimated
through the collection of three soil cores per plot (5cm diameter x
30cm depth), collected at peak biomass in August 2014, from
random locations within each plot. Soil was washed from roots,
and the roots were dried and weighed. NDVI, and belowground
plant biomass were determined at the plot level. Seed production of
individual plants was measured through the placement of nylon
organza bags around the seed heads of ten randomly selected
Andropogon gerardii and ten randomly selected Lespedeza
capitata plants in late August, after fertilization but prior to seed
maturation. In October, following natural senescence, we measured
both the number and total dry weight of seeds produced per seed
head and counted the total number of seed heads per plot.

To investigate the response of rhizosphere microbial
communities to foliar fungicide application, soil cores (lcm
diameter x 10cm depth) were collected from the base of three
randomly selected A. gerardii and three randomly selected L.
capitata (host plant) from each of the six foliar fungicide treated
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and six control plots in November of 2014. Triplicate rhizosphere
soil samples were taken from the base of each individual host plant
and bulked into a single composite sample for a total of six control
and six foliar fungicide treated samples. A total of 72 composite
rhizosphere samples were obtained (six blocks x two plots per block
x two host species x three individuals per host species, with each
sample composed of 3 bulked soil cores). Rhizosphere soil samples
were transported in a cooler (4°C) to the lab, sieved on a 2mm
screen, and stored at -20°C until processing. DNA was extracted
using 0.25¢g of soil using the MoBio PowerSoil DNA extraction kit
following the manufacturer’s instructions. DNA was quantified on a
BioTek plate reader (Agilent Technologies, Santa Clara, CA, USA)
and submitted to the University of Minnesota Genomics Center
(UMGC) for amplification and sequencing. The fungal ITS1 region
was amplified using the primers ITS1F:5’- CTTGGTCAT
TTAGAGGAAGTAA-3" and ITS2:5- GCTGCGTTCTTCATC
GATGC-3’ using established protocols (Gohl et al, 2016; Smith
and Peay, 2014). Amplicons were barcoded, pooled, and sequenced
by Illumina Miseq 2x300 paired-end chemistry. The bacterial V5-
V6 region of the bacterial 16S rRNA gene was amplified using the
primers V5£:5’- RGGATTAGATACCC-3’ and Vér:5- CGACRRC
CATGCANCACCT-3" using established protocols (Gohl et al,
2016). Amplicons were barcoded, pooled, and sequenced on an
Mumina MiSeq machine using 2x250 paired-end chemistry.

Soil carbon, nitrogen, potassium, phosphorous, and pH were
determined for each composite soil core collected from each plot. In
brief, soil samples were dried overnight under sterilized cheesecloth.
Total carbon and nitrogen were measured through combustion in a
Costech CN elemental analyzer (Costech Analytical Technologies,
Inc., Valencia, CA, USA). Soil pH was measured in a 1:2 (w/v) soil:
water mixture using a Thermoscientific Orion Star A211 pH meter
(Thermo Fisher Scientific, Waltham, MA, USA). Extractable
potassium and phosphorous were measured at the University of
Minnesota Research Analytical Laboratory, the methods are
available at ral.cfans.umn.edu.

Sequence processing

The fungal raw sequencing data were downloaded from the
Data Repository for the University of Minnesota (DRUM, https://
conservancy.umn.edu/), accession number 190418, utilizing the
archives for 2014 data. Bacterial sequencing data has been
deposited in the NCBI Short Read Archive under BioProject
PRJNA1200703. Fungal and bacterial microbial community data
were processed using QIIME2 (version 2023.2) as a wrapper for
DADA? unless otherwise noted (Bolyen et al., 2019; Callahan et al.,
2016). In brief, demultiplexed reads were received with the forward
and reverse primers already removed. Primer removal was
confirmed using the cutadapt trim-paired command within
QIIME2. Forward and reverse bacterial reads were truncated at
190 and 160 bp, corresponding with the degradation of quality
scores observed at the 3’ end. Likewise, forward and reverse fungal
reads were truncated at 230 and 170 bp respectively. Reads which
were shorter than truncation values were discarded. Fungal and
bacterial reads were quality filtered with expected errors less than
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2.0 using DADA?2 and clustered into OTUs at 97% similarity using
vsearch de novo clustering within QIIME2. OTUs were used instead
of ASVs as 97% similarity OTUs were the predominant method of
addressing sequencing errors within the MiSeq chemistries used in
this project. Taxonomic classification was assigned using classify-
sklearn, a Naive Bayes kmer classifier within the QIIME2 pipeline,
trained on the UNITE 9.0 dynamic sequences (fungal) or the SILVA
138.1 (bacterial) database (Abarenkov et al, 2024; Quast et al,
2013). OTU tables and taxonomic classifications were exported to R
for subsequent analyses.

Sequence normalization

Rhizosphere samples were split across two Illumina MiSeq 2x250
(16S) and two 2x300 (ITS) runs for a total of four sequencing runs.
Although samples were randomized to minimize sequencing batch
effects, previous work with the data identified OTUs which were
variably amplified between sequencing runs (Song et al., 2018). Three
rhizosphere samples (110-1, 138-2A, and 182-2) were replicated in all
sequencing runs, with each run containing three technical replicates
of these rhizosphere samples. In total, the three rhizosphere samples
were sequenced for 6 ITS and 6 rRNA technical replicates each. We
identified variably amplified OTUs using a modified version of the
approach described by Song et al. (2018). In brief, for each replicated
rhizosphere sample (n=3) we converted total reads to relative
abundance values. Within each replicated rhizosphere sample, we
used a linear model to determine differential abundance between
sequencing runs for each OTU. OTUs which were determined to be
differentially abundant between sequencing runs (p<0.01) in any of
the three replicated rhizosphere samples were excluded from the final
OTU table. In total 29 bacterial and 28 fungal OTUs were excluded,
comprising 4.0% and 3.1% of the total sequences, respectively. In
addition, the decontam package (v1.16.0) (Davis et al., 2018) was used
with two negative control samples for the identification of potential
contaminating OTUs. The decontam package removed 4 bacterial
and 24 fungal OTUs comprising 0.0125% and 0.878% of
the sequences.

Statistical analyses

All statistical analyses were conducted in R version 4.2.0
(R Core Team, 2022) using mixed effects models with p-values
estimated using the package ImerTest (v3.1.3) (Kuznetsova et al,
2017) which provides p-values for random effects models using
Satterthwaite’s degrees of freedom. Season-long aboveground plot
productivity was calculated as the area under the NDVI curve. The
impact of foliar fungicide application on plot belowground biomass,
aboveground productivity, and seed measurements were compared
using linear mixed-effect models, as implemented in Imer, with
treatment as a fixed effect and plot as a random intercept to facilitate
pairwise comparisons between paired plots. All data visualizations
were produced using the package ggplot2 (Wickham, 2016).

Data analysis was conducted in R using the packages ImerTest,
phyloseq (v1.41.1), and vegan (v2.6.2) (Lin and Peddada, 2024;
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McMurdie and Holmes, 2013; Oksanen et al., 2022). Adequate
sequencing depth was determined through visual inspection for
saturation of rarefaction curves. The fungal and bacterial
sequencing results obtained from four rhizosphere samples were
removed due to insufficient sequencing depth, resulting in 68 total
fungal and bacterial sequencing samples. Alpha diversity metrics
(Chaol, observed OTUs, Shannon’s diversity index, and Pielou’s
evenness) were calculated using samples rarefied to the depth of the
sample with the smallest number of reads (7,615 fungal reads and
25,333 bacterial reads). We calculated Chaol, the number of
observed OTUs, and Shannon’s diversity index using the
estimate_richness function in the phyloseq package. Pielou’s
evenness was calculated as a function of Shannon’s diversity and
Chaol. o-diversity metrics were transformed and normality was
confirmed through the Shapiro-Wilk test of normality and by visual
inspections of the residuals. Shannon’s diversity and Pielou’s
evenness were squared for normality, no transformation was
necessary for Chaol or observed OTUs. To test for differences in
o-diversity metrics between paired treated and control plots we used
a linear mixed effect model, implemented in the function Imer, on
the transformed data, modeling treatment as a fixed effect and plot as
a random intercept. The statistical significance of fixed effects
was determined through an analysis of variance using the
anova function.

To quantify variation in community composition, we
scaled the number of reads assigned to each OTU to relative
abundances within samples without rarefaction. Distance matrices
were calculated with the vegdist function, as implemented in the
package vegan, using Bray-Curtis and Jaccard dissimilarity metrics.
The impact of foliar fungicide application and host species on
rhizosphere microbial communities was determined through
permutational multivariate analysis of variance (PERMANOVA)
with the adonis2 function using 25,000 permutations. Plot was used
as a stratifying factor in PERMANOVA analyses due to the paired
design of sampled plots. The amplitude of shifts in rhizosphere
microbial communities, resulting from foliar fungicide application
to each plot, was calculated with both Bray-Curtis and Jaccard
dissimilarity as the mean iterative distance between all samples
from paired foliar fungicide applied and control plots. Correlations
between foliar-fungicide associated shifts in plot productivity and
rhizosphere microbial communities were determined with linear
models, as implemented in the function Im.

Results
Sequencing summary

Fungi

After quality filtering, 2.6 million reads were clustered into 1,900
OTUs at 97% identity. Of these, 127 OTUs were not assigned to the
Kingdom Fungi and were removed from further analyses. Adequate
sequencing depth of fungal samples was confirmed by visual
inspections for saturation of rarefaction curves. The number of
reads per sample ranged between 7,615 - 76,138 reads. The final
OTU table was comprised of 1,773 OTUs and 2.5 million fungal reads.
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Bacteria

We clustered 4.5 million bacterial reads into 17,085 OTUs at
97% sequence identity. Of these, 105 OTUs which were not assigned
to Bacteria were removed. Adequate sequencing depth of the
bacterial samples was confirmed by visual inspections for
saturation of rarefaction curves. The number of reads per sample
ranged between 25,333 - 239,163 reads. The final OTU table was
comprised of 16,980 OTUs and 4.5 million bacterial reads.

Impacts of foliar fungicide application on
rhizosphere microbial diversity
and composition

Foliar fungicide applications shifted the species present in the
community, as measured by Jaccard’s distance. However, the changes
were primarily rare species, as we did not find differences when we
used an abundance-weighted distance (Bray-Curtis) (Table 1).
Rhizosphere fungal communities were also influenced by host
species and the interaction of host species and foliar fungicide
application. Post-hoc analysis revealed the rhizosphere fungal
communities of A. gerardii and L. capitata differed only in plots
which received foliar fungicide applications (Figure 1; Supplementary
Table S1). In contrast to rhizosphere fungal communities, the
composition of rhizosphere bacterial communities was altered by
foliar fungicide application and host species, but not their
interaction, regardless of dissimilarity metric (Table 1). Fungal and
bacterial alpha diversity (richness, diversity, and evenness) were not
impacted by foliar fungicide application (Table 2).

Changes in aboveground plant
productivity, but not aboveground
biomass, are significantly correlated with
shifts in rhizosphere microbial composition

The effect of foliar fungicide on season-long, aboveground plant
productivity (area under the NDVI curve) was positively associated
with the Bray-Curtis differences in rhizosphere fungal (p<0.001, R* =
0.9566), but not bacterial communities (Figure 2) between paired

TABLE 1 Result of PERMANOVA investigating the impact of treatment,
host species, and their interaction on the composition of the rhizosphere
microbial community.

Bray-Curtis Jaccard
R®>  p-value R?®  p-value
Fungal Treatment 0.01801 0.06844 0.01748 0.03748
Host Species | 0.02147 0.00768 0.01929 0.00604
Interaction | 0.01998 0.01788 0.01849 0.01236
Bacterial = Treatment 0.02342 0.00424 0.02112 0.00184
Host Species  0.01858 0.02912 0.01750 0.02428
Interaction  0.01498 0.13323 0.01534 0.09436

PERMANOVAs were conducted using 25,000 permutations and paired subplots as a
stratifying effect.
Bold p-values indicate significance.
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FIGURE 1

Principal coordinate analysis of (A) Fungal and (B) Bacterial
populations using Bray-Curtis distances. Ellipses are drawn by
treatment and host species.

treated and control plots. Rhizosphere bacterial communities exhibited
a significantly smaller response to foliar fungicide application than
fungal communities (bacterial Bray-Curtis dissimilarity between
paired plots: 0.538 + 0.0202 mean + se, fungal 0.755 + 0.0181;
p<0.001). Changes in productivity associated with foliar fungicide
application did not alter fungal alpha diversity, bacterial alpha
diversity, or diversity shifts between paired plots (Table 2).

Soil edaphic properties are associated with
microbial communities and aboveground
plant productivity but not the magnitude
of fungicide mediated shifts

Over all plots, soil phosphorous and potassium were positively
correlated with season-long aboveground plant productivity while
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TABLE 2 Analysis of the impact of (left) treatment and (middle) season-long subplot productivity on microbial diversity, as well as (right) the
correlation of the percent change in season-long subplot productivity and change in diversity between paired treated and control subplots.

Change in paired subplot
diversity vs changes in

Correlation with

Treatment subplot productivity microbial diversity
F-value p-value F-value p-value F-value p-value
Fungal Observed
OTUs 0.1733 0.6787 1.8720 0.1759 0.2352 0.6531
Chaol 0.1810 0.6721 1.9494 0.1673 0.2987 0.6137
Shannon’s
Diversity 1.0934 0.2995 0.0300 0.8631 0.2070 0.6728
Pielou’s
Evenness 1.0280 0.3146 0.3735 0.5432 0.0506 0.8331
Bacterial Observed
OTUs 0.0744 0.7859 0.0112 0.9160 0.1757 0.6966
Chaol 0.0601 0.8070 0.0198 0.8884 0.1981 0.6793
Shannon’s
Diversity 0.4681 0.4963 0.0345 0.8532 4.00E-04 0.9856
Pielou’s
Evenness 2.0040 0.1616 1.3184 0.2550 4.7436 0.0950

All analyses were conducted using a linear model. The analysis of treatment utilized paired treated and control subplots as a random effect. The analysis of subplot productivity utilized treatment

as a random effect.

pH was negatively correlated with productivity (Supplementary
Table S2). However, fungicide treatments did not alter
these relationships within blocks (Supplementary Table S2).
While soil carbon, nitrogen, potassium, and pH were associated
with significant differences in rhizosphere fungal or bacterial
communities between paired plots (Table 3), the magnitude of
soil chemical shifts between paired plots were not correlated
with the amplitude of shifts in the rhizosphere microbial
communities (Table 3).

Foliar fungicide applications impact
aboveground productivity and biomass but
not root biomass or seed production.

The application of foliar fungicide significantly increased
season-long productivity and aboveground biomass of treated
over paired control plots by an average of 5.7% and 59.1%,
respectively (Figures 3A, B; Supplementary Table S3). In contrast,
there were no significant differences in the peak-season
belowground biomass, seed heads per plot, seed count per head,
or seed weight per head between paired treated and control
plots (Figures 3C-F; Supplementary Table S3). Season-long
productivity, as measured by cumulative NDVI, was correlated
with aboveground biomass (R* = 0.6505), consistent with previous
work (Zaret et al., 2022). However, changes in season-long
productivity associated with foliar fungicide application were not
significantly correlated with changes in aboveground biomass. This
may reflect differences among plots in the relative timeline of
biomass accumulation; a season long integrated metric
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(cumulative NDVI) vs a single end of season measurement
(aboveground biomass).

Discussion

The magnitude of change in aboveground plant productivity
arising from foliar fungicide is associated with greater shifts in
rhizosphere community composition. Foliar fungi can impose
significant fitness costs upon host plants through infection,
energy costs associated with plant host defense responses, and as
non-pathogenic carbon sinks (Huot et al., 2014; Walters and Heil,
2007). Six years of fungal reduction via fungicides throughout each
growing season increased season-long productivity but did not
impact belowground biomass or seed production. Our results
suggest the potential for increased productivity in response to
reduced foliar fungal infection to be invested in root exudates,
resulting in shifts in the rhizosphere microbial community.

Increases in NDVI are generally strongly correlated with
increases in photosynthesis and increased production of sugars and
other photosynthates (Gamon et al., 1995). However, after six years of
treatments, we did not observe significant changes in belowground
biomass or seed production in paired treated and control plots,
suggesting that plants are not consistently increasing investment of
photosynthates in reproduction or belowground biomass. Season-
long productivity (cumulative NDVT) is correlated with host end-of-
season aboveground biomass, consistent with previous work (Zaret
et al., 2022). However, changes in season-long productivity following
foliar fungicide application were not significantly correlated with
changes in aboveground biomass in paired foliar fungicide treated vs.
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Correlation of the Bray-Curtis distance between paired foliar fungicide treated and control subplots with the absolute percent change in season-
long productivity resulting from foliar fungicide application. Season-long productivity was measured as area under the NDVI curve from May 28 -
September 17, 2014. Fungal communities are presented in the upper panel, bacterial communities in the lower panel. Solid dots indicate plots which
increased in season-long productivity following foliar fungicide application, white dots decreased. Error bars represent standard error of microbial

community change between paired plots.

control plots, further suggesting that photosynthates were not solely
invested in plant growth. Recent work has proposed rhizodeposition
as a distinct classification of plant nutrient-use strategies (Guyonnet
et al,, 2018). Plants secrete sugars and other carbon compounds as
root exudates in the form of metabolites, amino acids, mucilage, and
cell lysates (Bais et al., 2006). This rhizodeposition can range from 5%
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- 44% of plant net carbon assimilation (Badri et al., 2013; Li et al,,
2024; Paterson and Sim, 2000; Upadhyay et al., 2022) and can result
in the selective enrichment of specific taxa within the rhizosphere
microbial community (Barea et al., 2005). While we did not directly
measure rhizodeposition in this study, root exudate profiles have
been tied to both the composition and substrate preferences of
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TABLE 3 (Left) analyses of the impact of soil chemical properties on soil microbial composition as measured using a PERMANOVA with 25,000

permutations and stratifying by paired treated and control plots.

Impact of soil chemical properties on the

microbial community

Percent change in soil chemistry and
microbial communities between
paired subplots

R2 p-value F-value p-value
Fungal Carbon 0.03918 0.0041 0.4356 0.5453
Nitrogen 0.03540 0.0128 0.2813 0.6239
Phosphorous 0.02030 0.4957 2.8758 0.1652
Potassium 0.02343 0.0160 2.1190 02192
pH 0.01793 0.8572 27898 0.1702
Bacteria Carbon 0.02282 0.8886 5.7583 0.0744
Nitrogen 0.02229 09118 6.6073 0.0620
Phosphorous 0.02033 0.9700 0.3392 05916
Potassium 0.03516 1.00E-04 0.0242 0.8839
pH 0.04261 0.0010 05130 05134

(Right) Correlation of the percent change in soil chemical properties between paired subplots and the Bray-Curtis distance between the microbial communities of paired subplots. Comparisons

were conducted using a linear model.
Bold p-values indicate significance.

rhizosphere-inhabiting microbes, putatively acting as a mechanism
for host-mediated modifications of the rhizosphere community
(Beattie, 2018; Lane et al., 2023a; Zhalnina et al., 2018). While
alterations to the composition of the rhizosphere microbial
community may result from influences other than rhizodeposition
(e.g. soil texture and moisture, temperature, and spatial location), our
comparisons of paired plots within the block design of this
experiment allowed us to minimize the influence of influences not
related to the biology of the host. Alterations to host rhizosphere
investment and rhizosphere composition, as a response to
modifications to the foliar fungal community, suggest potentially
strong ties between above- and belowground plant health. Evidence
from this study suggests that reducing the foliar pathogen burden
does not necessarily result in altered belowground plant biomass or
investment in reproduction, but rather, the substantial changes in the
rhizosphere microbial community point to altered investment in
root exudates.

The significant positive correlation of fungal but not bacterial
communities with changes in season-long productivity may, in part,
be explained by variation in how fungal and bacterial populations
interact with host plant species. Huang et al. (2023) found that
rhizosphere fungal communities are more sensitive to changes in soil
carbon than are rhizosphere bacteria. The authors proposed that
when faced with a dearth of labile carbon substrates the rhizosphere
fungal community may become dominated by lignocellulose-
degrading fungi. Increases in the deposition of comparably labile
root exudates may, in turn, stimulate significant shifts in the
rhizosphere fungal composition as the fungal community becomes
dominated by fungi able to more rapidly utilize those substrates. As
host species identity significantly impacts the rhizosphere microbial
community through variation in root exudate composition,
fungicide-associated increases in rhizodeposition may also explain
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why fungal communities were influenced by host species only in
fungicide treated plots. In contrast to fungi, bacterial communities,
which less commonly utilize lignocellulose organics, may undergo
extended periods of dormancy in the absence of labile carbon
substrates (Joergensen and Wichern, 2018). Because inactive or
dead bacteria may still be detected by high-throughput sequencing,
we cannot rule out the possibility that significant shifts in the
composition or activity of bacterial communities in response to
altered rhizodeposition occur in response to foliar fungicide
treatment but were masked by abundant genetic material from
dormant or dead bacteria (Carini et al., 2016).

Another potential explanation for the observed shifts in fungal
rhizosphere communities could be possible direct impacts of
fungicide application on the rhizosphere fungal microbiome,
potentially through overspray or drip of foliar fungicide onto the
soil despite protocols that explicitly avoided foliar runoff. The
application of foliar fungicides, such as propiconazole, to the soil
can result in significant changes to the microbial community (Sliti
etal, 2024; Yen et al., 2009). However, most studies on the impact of
foliar fungicides on the soil microbial community apply fungicides
directly to the soil, potentially resulting in higher quantities of
chemical residue, and potentially larger impacts, than would be
observed through overspray or drip. In our study, the strong
correlation we observed between changes in plot season-long
productivity and the amplitude of shifts in the rhizosphere fungal
community between paired plots implicates indirect effects drive the
observed shifts in the rhizosphere fungal community. Further, the
lack of clear convergence of fungicide-treated rhizosphere
communities after repeated applications (Supplementary Table S4)
suggests that shifts in the rhizosphere fungal community are driven
by changes in plot productivity rather than direct fungicide impacts
(Nettles et al., 2016; Santisima-Trinidad et al., 2018).
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Impact of foliar fungicide application on (A) season-long productivity, (B) aboveground biomass, (C) belowground biomass, (D) seed heads per plot,
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Rhizosphere microbial communities are important due to their
potential to sustainably promote plant growth, aid in nutrient
acquisition and soil carbon sequestration, and provide protection
from pathogens and abiotic stress (Bano et al, 2021; Besset-
Manzoni et al., 2018; Dessaux et al., 2016; Murali et al., 2021; Pii
et al., 2015; Prashar et al., 2014; Solomon et al., 2024; Wang and

Frontiers in Plant Science

Kuzyakov, 2024). However, researchers have broadly focused on
foliar and rhizosphere microbial communities as distinct entities
even on an individual host. Using a 6-year foliar fungicide study, we
demonstrate that when treatments enhance aboveground plant
productivity, this has substantial impacts on the rhizosphere
microbiome. Future work should determine if 1) changes to the
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rhizosphere microbial community result from alterations to
rhizodeposition, 2) if the observed modifications to the
rhizosphere microbial community are functionally significant, and
3) if changes to the rhizosphere microbial community resulting
from rhizodeposition are beneficial or detrimental to the host.
Critically, however, this work suggests aboveground microbiomes
significantly influence belowground microbial communities,
potentially by altering plant investments in rhizodeposition and/
or growth-defense tradeoffs.
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