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Abstract

Sustainable agricultural management practices aimed at improving soil health can alter the soil microbiome, which can influ-
ence plant health and defenses against insects. The western corn rootworm (WCR), Diabrotica virgifera virgifera LeConte,
is a major belowground pest of corn. Pest management relies heavily on the planting of transgenic crops expressing Bacillus
thuringiensis (Bt) toxins. In this study, we ask how corn-WCR interactions via the soil microbiome are affected by a conserva-
tion management system (extended corn-soybean-wheat rotation with cover crops under no-till) compared with a conventional
management system (corn-soybean rotation under mulch tillage and no cover crops) when combined with transgenic Bt corn.
To do this, we applied soil microbes from the conservation and conventional management systems to two corn lines, one
producing Bt and one non-Bt. We then reared Bt-resistant and Bt-susceptible WCR on inoculated seedlings to examine plant
and insect changes in fitness. We found that Bt was effective against susceptible larvae in both soil treatments. Bt-resistant
larvae were ~20% smaller when reared in the presence of soil microbes from the conservation management system. Thus,
control of Bt-resistant WCR may be improved in a conservation system without sacrificing Bt effectiveness in susceptible
insects. Comparing the microbial communities using 16S rRNA sequencing revealed that management practices influenced
the microbiomes associated with the soil and the plant rhizosphere, but not WCR. Our findings suggest value for growers
in utilizing conservation management practices, such as no-till and cover crops, in agricultural systems through bottom-up
changes to plant—insect interactions via the soil microbiome.

Keywords Bacillus thuringiensis - Conservation management - Western corn rootworm - Cover crops - Diabrotica virgifera
virgifera - No-till - Rhizosphere - Soil health - Soil microbiome

Key message e  Western corn rootworm (WCR) is a major below-ground
pest of corn.
e WCR-corn interactions may be altered through changes
¢ Cropping practices influence the soil microbiome. in the soil microbiome.
e Soil health practices alter rhizosphere microbiomes that
correlate with reduced WCR fitness.
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¢ Cropping practices designed to boost soil health may
improve below-ground pest management.

Introduction

A major goal of sustainable cropping practices is to maintain
or improve soil health, defined as, “the continued capacity
of a soil to function as a vital living ecosystem that sustains
plants, animals, and humans” (e.g., Karlen et al. 2019). Soil
health can be modified through management practices that
change soil disturbance, residue and amendment inputs, soil
cover, and crop diversity (Doran 2002; Veum et al. 2015,
2022). In turn, management systems integrating soil health
conservation practices experience increased soil organic
matter, reduced erosion, lower nutrient loss, higher patho-
gen suppression, and increased microbial abundance (Nunes
et al. 2020a, 2020b; Veum et al. 2015, 2022; Hartwig and
Ammon 2002; Kim et al. 2020).

Common practices aimed at improving soil health
include planting cover crops, reducing tillage, and expand-
ing crop rotations (USDA NASS 2017; Wallander et al.
2021). Instead of leaving a field fallow with bare soil over
the winter, a grower can seed cover crops in the fall imme-
diately before or after harvest of the cash crop. The cover
crop will overwinter and be terminated the following spring.
Although a corn yield drag has been observed under some
conditions (Liedgens et al. 2004), cover crops can poten-
tially increase cash crop production by improving several
soil health metrics (Hartwig and Ammon 2002; Kim et al.
2020). Tillage operations are known to lead to dramatic
losses in soil organic matter and soil health status, whereas
reduced tillage or no-till systems can maintain or restore soil
health (e.g., Nunes et al. 2020a, 2020b; Veum et al. 2015,
2022). Integrating cover crops into no-till systems can fur-
ther boost surface soil carbon and water infiltration (Mitchell
et al. 2017). Enhanced above-ground biodiversity, achieved
through extended crop rotations, may contribute to improved
crop productivity, nutrient cycling, pathogen suppression,
and water dynamics (Tilman et al. 2014). In contrast, low
diversity cropping systems, such as monoculture or two-crop
systems, can reduce soil health and productivity (Schmer
et al. 2020; Chahal et al. 2021). Growers are continuing to
adopt practices increasing soil health; farmland acreage
planted with cover crops totaled over 15 million in the USA
in 2017, an increase of 50% from 2012 (USDA NASS 2017).
Over 100 million acres of farmland practice no-till, and rates
are 2-3 times higher in systems using cover crops (Wal-
lander et al. 2021).

Soil management practices can also affect insect pest
populations, an important concern for growers as insect
pests reduce yields by 20% annually (Culliney 2014). The
majority of studies investigating the effects of cover crops
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and no-till on insect pests focus on the benefits of promoting
arthropod predator populations as a top-down control tactic
(Bowers et al. 2021; Lundgren and Fergen 2010; Prasifka
et al. 2006; Rivers et al. 2020), but these studies yield vari-
able outcomes (Fox et al. 2016; Rowen and Tooker 2021).
Cropping systems that incorporate multiple conservation
practices, such as extended rotations with cover crops and
reduced tillage, increase soil health by supporting diverse
microbial communities and enhancing nutrient cycling and
availability (Lehman et al. 2015). Yet considerably less work
focuses on bottom-up pest suppression through changes in
the soil microbiome. Moreover, studies investigating the
effect of soil microbes on plant—insect interactions rarely
examine the insect microbiome and instead focus on changes
in the plant and its microbiome. Insects can use microbes
to overcome plant defenses (Chu et al. 2013), supplement
nutrition (Douglas 2009), and resist insecticides (Kikuchi
et al. 2012). Oftentimes, these microbes are acquired from
the environment (Kikuchi et al. 2007; van den Bosch and
Welte 2017). Thus, changes in the plant or soil microbi-
ome may disrupt insect microbiomes and impact insect pest
management.

It is increasingly clear that soil microbiomes can improve
plant health and alter plant defenses against pests (Chap-
arro et al. 2012; Pineda et al. 2010). Examples of microbe-
induced pest resistance in cover crop systems exist (Blundell
et al. 2020; Krey et al. 2020), but are often confounded with
organic farming practices, of which cover crops are only
one aspect of management. In reality, the vast majority of
cover crop no-till acreage has been adopted on non-organic
farms (USDA NASS 2017). Despite the growing interest
in plant-soil-microbial interactions, the effects of manage-
ment on belowground insects are rarely investigated (Leslie
et al. 2017; Lundgren and Fergen 2010) even though root
herbivory has significant impact on ecosystems (Hunter
2001). Therefore, it is necessary to investigate the effects
of conservation management systems on belowground pest
suppression via the soil microbiome in a more traditional
agricultural setting.

One of the most damaging belowground crop pests
in the USA is the western corn rootworm (WCR), Dia-
brotica virgifera virgifera LeConte. The immature larvae
feed on corn roots causing severe damage that results in
decreased plant nutrient uptake, decreased plant stabil-
ity, and increased susceptibility to pathogens (Hou et al.
1997; Kahler et al. 1985; Kurtz et al. 2010; Riedell 1990;
Spike and Tollefson 1991). The combined cost of damage
and management of WCR accounts for an estimated $2
billion in 2010 (Wechsler and Smith 2018). WCR man-
agement relies heavily on transgenic corn that produces
toxins derived from Bacillus thuringiensis (Bt). Conse-
quently, the continuous planting of Bt corn has led to the
evolution of resistance. All four commercially available
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transgenic Bt products (Cry3Bbl, mCry3a, eCry3.1Ab,
and Gpp34/Tpp35) have seen failures in the field while
the number of acres planted with Bt continues to increase
(Gassmann 2021). Given the concurrent increase in cover
crop utilization, it is important to understand how these
two management strategies interact and how their interac-
tion influences WCR management.

Current evidence suggests the WCR microbiome
may be susceptible to management-driven disruption of
microbial communities. It is likely that WCR are highly
adapted to corn root microbes. There is overlap in corn
root microbiomes and WCR microbiomes (Dematheis
et al. 2012; Ludwick et al. 2019), but the extent to which
larval WCR acquire microbes from the environment is not
well understood (Ludwick et al. 2019). Larvae select for a
relatively conserved bacterial community that is refined
with age (Ludwick et al. 2019). Continuous selection on
Bt alters the larval microbiome suggesting it may play a
role in susceptibility and resistance to Bt (Paddock et al.
2021). As adults, WCR can use microbes to overcome
plant defenses to exploit a new host plant (Chu et al.
2013), but their microbiome varies based on their geo-
graphical location (Paddock et al. 2022).

Here, we examined the impact of soil microbiomes
from a long-term conservation management system [a
corn (Zea mays L.)-soybean (Glycine max L. Merr)-wheat
(Triticum aestivum) rotation under no-till with cereal rye
(Secale cereale) cover crops] and a conventional man-
agement system (mulch till corn-soybean rotation with-
out cover crops) on the microbiome of WCR feeding on
two different corn lines (Bt and non-Bt). The aims of
the study were to (1) characterize microbial communities
from soil under differing management tactics, (2) observe
differences in plant and insect microbiomes grown in the
presence of those soil microbiomes, and (3) measure the
impact of the microbiomes on plant and insect growth.
Our hypothesis was that changes in soil microbiomes
introduced through varying management practices would
alter the corn root rhizosphere. These changes may then
disrupt the microbiome of WCR larvae. Given the influ-
ence of microbiomes on host fitness, we sought to com-
pare how these soil health management practices affect
plant—insect interactions. We paired fitness assays with
16S rRNA gene sequencing to capture microbe-mediated
changes to corn and WCR fitness. We hypothesized that
rhizosphere community compositional changes would
reduce WCR fitness in the presence of microbes from the
conservation management system. Taken together, this
study will inform future pest management decisions for
growers integrating conservation management practices
such as cover crops, no-till, and extended rotations into a
traditional row crop setting.

Methods
Sample collection and preparation

The experimental site is located at the Goodwater Creek
Experimental Watershed in Centralia, Missouri and man-
aged by the USDA-ARS Cropping Systems and Water
Quality Research Unit. The experimental plots were estab-
lished in 1991 to study the productivity and environmental
effects of conservation management practices. In 2012,
the site was selected as one of the 10 initial ARS Long-
Term Agroecosystem Research (LTAR) network sites and
was named the Central Mississippi River Basin (LTAR-
CMRB) site. Research conducted at this site has quantified
the benefits of conservation management practices, includ-
ing crop productivity, water quality, and soil health (Sadler
et al. 2015; Veum et al. 2015). Ten management systems
represent a continuum of variable crop rotation, tillage,
and cover crop practices. Research plots at the site are 18
by 189 m (59 by 620 ft) running east—west and the experi-
mental design is a randomized complete block with three
replications (Supplementary Figure S1a). Soils at the site
include Adco silt loam (fine, smectitic, mesic Vertic Alba-
qualfs) and Mexico silt loam (fine, smectitic, mesic Vertic
Epiaqualfs). Cropping system treatments selected for this
study included 1) a conservation management system in a
corn-soybean-wheat rotation under no-till with cereal rye
cover crops, and 2) a conventional management system in
a corn-soybean rotation under mulch tillage with no cover
crops (Supplementary Figure S1b). Further details of the
management practices and history can be found in Sup-
plementary Table S1.

In April 2021, soil cores were collected to 10 cm depth
with a 3.18 cm diameter probe from the replicated conser-
vation and conventional management system plots. Each
system was in the corn phase of the crop rotation the year
before. Crop residues were removed from the surface prior
to sampling, and the soil probe was sterilized with 95%
ethanol between locations. Five soil cores were collected
and combined into a single composite sample at each of
four locations within each plot (~ 150 ft apart) for a total of
12 soil samples per management system (Supplementary
Figure S1c). Samples were transported back to the labora-
tory at the University of Missouri-Columbia in a cooler
with ice packs where they were placed in a 4 °C refrigera-
tor until further processing one week later.

Each soil sample was homogenized and passed through
a steel sieve (1 cm) to remove any large debris. Sieved
soil was homogenized by mixing, and 30 g were trans-
ferred to two separate 50-mL flip top tubes (Nalge Nunc
International, Rochester, NY, USA). Three 1 mL soil sam-
ples were subsampled and stored at -80 °C for subsequent
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DNA extraction and sequencing. Soil slurries were pre-
pared based on previously published methods (Walsh
et al. 2021). To prepare microbial soil slurries, 37.5 mL
of 1 XxPBS (7.4 pH) was added to each tube, and the tubes
were shaken on their side on a platform shaker (New Brun-
swick Scientific, Edison, New Jersey) at a speed of 40 rpm
for 30 min. Soil debris was separated from the microbial
layer by centrifugation at 600 g for 4 min (Walsh et al.
2021; Allegra 25R, Beckman Coulter, Brea, CA, USA).
The supernatant was transferred to a clean 50-mL tube.
Three 1 mL inoculum samples were also collected and
stored at —80 °C for later DNA extraction and sequenc-
ing. Inoculum was used in bioassays the same day of
preparation.

Bioassays

The experiment was designed as a 2 X2 X 3 factorial design
with 2 microbiome types (conservation and conventional),
2 corn types (Bt and non-Bt corn), and 3 rootworm infesta-
tion types (resistant, susceptible, and uninfested). Given the
size of the experiment, a block was set up every other day
over the course of one week for a total of four blocks match-
ing the sampling location of the field. Thus, each sampling
location within a replicated plot was treated as a block dur-
ing the bioassay. Microbiome treatment and corn type were
randomized within blocks, with one replicate per sample.
Paired infested and uninfested treatments were used to cal-
culate relative root damage. Each experimental unit was run
in duplicate to allow for destructive fitness and microbiome
sampling, resulting in a total of 288 experimental units.
Assays were conducted in 50-mL flip top tubes (Nalge
Nunc International, Rochester, NY, USA). First, tubes
were filled with 30 mL of soil mixture. The soil mixture of
two parts top-soil and one part Promix (Premier Horticul-
ture Inc., Quakertown, PA, USA) was double-autoclaved,
allowed to cool, and passed through a sterile sieve (2 mm) to
remove large soil particulates and rock before use in bioas-
says. The day before planting, corn seeds of both genotypes
were surface sterilized by soaking in 5% bleach solution,
triple-rinsed with sterile DI water and left to soak overnight
to speed germination in the tubes. Each 50-mL tube was
seeded with two kernels of corn and then overlaid with 1 mL
of microbial inoculum per seed. The seeds were then cov-
ered with 10 mL of soil, watered with 5 mL of DI water,
and left for 30 min to allow water to permeate the soil. An
additional 5 mL of water was then added to each tube, and
caps were closed for two days to retain moisture until seeds
germinated inside a growth chamber (16:8 L:D). Five days
after planting seeds, tubes were infested with six neonate
larvae of either Bt-resistant (Frank et al. 2013; Geisert and
Hibbard 2016; Paddock et al. 2021) or Bt-susceptible WCR
(non-diapausing WCR; Crop Characteristics, Farmington,
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MN, USA) by transferring living larvae with a horse-hair
paintbrush. Tubes were returned to growth chamber for the
duration of the bioassay and watered as needed throughout
(~every 2 days).

Upon completion of the assay, tubes used for fitness
measurements were emptied into Berlese funnels with a
collection jar filled with water attached to the bottom to col-
lect living larvae. Jars were collected after 24 h, and larvae
were counted and placed in 1.5-mL tubes containing ethanol.
Larvae were dried at 40 °C in an oven for one week. Plant
fitness data were collected as follows. Aboveground tissue
on corn seedlings was removed at the base of the mesocotyl.
The remaining tissue was collected and rehydrated for 24 h,
washed to remove excess soil, and weighed. Roots were then
allowed to dry in oven at 40 °C for one week after which dry
weights were recorded.

For microbiome sample collection, contents of the 50-mL
tubes were emptied into a sterile metal container. Resist-
ant larvae found moving were collected with a horse-hair
paintbrush, surfaced sterilized with 70% ethanol, and trans-
ferred to sterile garnet beaded tubes (4 larvae max per tube).
Tubes were frozen at —80 °C. Roots were lightly disturbed
to separate soil from the rhizosphere (~1 mm surround-
ing roots). The roots and rhizosphere were transferred to
sterile 50-mL flip top tube filled with 30 mL of 1 X PBS.
Tubes were fastened, shaken by hand, and then allowed to
sit for 30 min to settle the rhizosphere soil before debris was
removed. Rhizosphere samples in tubes were spun down at
3000 g for 15 min in a high-speed centrifuge (Allegra 25R,
Beckman Coulter, Brea, CA, USA) to pellet the microbial
layer. Supernatant layer was pipetted off leaving the rhizos-
phere sample undisturbed. Rhizosphere subsamples of equal
weight (250 mg) were transferred to sterile 1.5-mL beaded
garnet tubes in triplicate and immediately frozen at —80 °C.

DNA extraction and 16S rRNA gene amplification

Bacterial DNA was extracted from the original soil samples,
microbial inoculum, plant rhizospheres, and living, Bt-resist-
ant insects using PowerFecal Pro DNA Isolation kits (Qia-
gen, catalogue No. 51804) in accordance with manufacturer
protocols (https://www.qiagen.com/us/resources/resourcede
tail?1d=8896817a-253f-4952-b845-0aab796813ce&lang=
en). The total sample list can be found with the metadata
on FigShare at doi: 10.6084/m9.figshare.22229527. DNA
concentration was measured using a Qubit 2.0 fluorometer
(Thermo Fisher Scientific) to ensure equal concentrations
of 3.51 ng/uL. Extracted DNA was stored at —80 °C until
downstream processing began. 16S amplicon libraries were
constructed and sequenced at the MU DNA Core in Colum-
bia, Missouri. The V4 hypervariable region of the 16S rRNA
gene was amplified using single indexed universal primers
(515F/806R; Caporaso et al. 2012) with Illumina standard
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adapter sequences. Forward and reverse, dual indexed prim-
ers were used in all reactions. PCR steps were as follows:
98CG90 1 198C 15 4 50C0:30) 4 72C 030 for 25 cycles.
The resulting amplicons were pooled before sequencing on
Illumina MiSeq 2 x 250 bp platform.

16S rRNA sequence assembly

16S rRNA sequence processing was conducted using Qiime2
v2022.8 (Bolyen et al. 2019). Paired-end reads were demul-
tiplexed prior to trimming primer sequences with Cutadapt
(Martin 2011). An error rate of 0.1 was allowed in the primer
sequences, and any untrimmed reads were discarded. Low-
quality filtering and denoising were performed with DADA2
(Callahan et al. 2016). Reads were trimmed when the lower
25th quartile range at a given base pair fell below a quality
score of 30. Chimeras were detected using the “consensus”
method and removed. Remaining sequences were filtered
to retain those with lengths between 240 and 255. Taxon-
omy was assigned to amplicon sequence variants (ASVs)
using the Silva.v132 database with the sklearn classifier
in Qiime?2 (Quast et al. 2012; Bokulich et al. 2018). ASVs
were compiled into biom tables for downstream analysis in
RStudio 4.0.4. Any ASV matching chloroplast, mitochon-
dria, archaea, Wolbachia, or “uncharacterized” at the phylum
level were filtered using phyloseq:filter_taxa (McMurdie and
Holmes 2013). For global comparisons across sample types,
data were rarefied to even depth of 1300 reads.

Data analysis

All data analyses were conducted in RStudio 4.0.4. We first
tested the effect that soil microbes from different manage-
ment systems had on plant—insect interactions between Bt-
resistant and -susceptible insects feeding on Bt and non-
Bt corn. Larval fitness was estimated by measuring larval
survival and average larval dry weight of surviving insects.
All surviving insects collected from an experimental unit
were weighed together and divided by the number of lar-
vae to obtain the average weight per larvae. Residuals of
dependent variables were checked for normality of variance
using Levene’s test and normality of distributions using Sha-
piro—Wilk test prior to evaluation in linear mixed effects
models. Average larval dry weight data did not satisfy the
assumptions of normality of residuals and were square-root
transformed. The main effects of microbiome treatment,
corn line, and colony and their interactions were examined
using a linear mixed effects model with block, block X corn
line, and block X colony interactions as the random effects
(dry weight ~ microbiome treatment X corn line X col-
ony + block + block X corn line 4+ block X colony). Post hoc
comparisons of estimated marginal means were conducted
on significant interactions using emmeans in the emmeans

package based on a priori predictions (Russell 2022). Mor-
tality was modeled using a generalized mixed effect model
following a Poisson distribution with microbiome treatment,
corn line, and colony and their interactions as main effects
and a random slope of block and random intercept of corn
line and colony. Type III sum of squares were compared
using Anova in the car package (Fox and Weisberg 2019),
and post hoc tests on estimated marginal means were con-
ducted on significant interactions using emmeans based on
a priori predictions. To evaluate changes in plant growth,
we compared the effect of soil microbes on root dry weight
of uninfested control plants. Data were analyzed using a
linear mixed effects model with treatment x corn line inter-
action as the main effects and block and block x corn line
interaction as the random effects in a single model. Post
hoc comparisons of estimated marginal means were con-
ducted on significant effects. Log response ratios for corn
root dry weight were calculated by taking the natural log of
the proportion of root dry weight of WCR infested plants
to the paired uninfested control plant. Log response ratios
were analyzed using a linear mixed effects model with treat-
ment X corn line X colony interaction as the main effects and
block, block X colony, and block X corn line interaction as the
random effects. Post hoc comparisons of estimated marginal
means were conducted on significant effects.

Next, we examined the overall effect of soil manage-
ment system on the microbiome alpha and beta diversity
of each sample type (soil, inoculum, rhizosphere, insect).
Alpha diversity was calculated using estimate_richness in
the phyloseq package. Estimates of richness and Inverse
Simpson’s D were evaluated using a linear mixed effects
model with management tactic X sample type interaction
with block as the random effect. Residuals of dependent
variables were checked for normality of distributions using
Shapiro—Wilk test prior to evaluation in linear mixed effects
models. Post hoc comparisons of estimated marginal means
were conducted on significant interactions using emmeans
in the emmeans package. We analyzed beta diversity using
a single PERMANOVA model with field block as the ran-
dom effect and management tactic x sample type interaction
with adonis2 in the vegan package (Oksanen et al. 2019). A
significant interaction was followed by pairwise compari-
sons using pairwise.adonis2 treating each treatment X sam-
ple type combination as an independent factor (Martinez
Arbizu 2020). Variance within a community was estimated
using betadisper and compared using a permutational test
of multivariate homogeneity of group dispersion treating
each treatment X sample type combination as an independ-
ent factor in the vegan package. Pairwise differences were
compared using TukeyHSD.

We followed up the global tests with specific models
investigating the differences between management tac-
tics on rhizospheres of Bt and non-Bt corn fed upon by
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different insect strains (Bt-resistant, Bt-susceptible, and
uninfested) using unrarefied data given the low variation
in sampling depth between samples. We compared differ-
ences in overall community composition using Bray—Curtis
and Jaccard distances in a permutational analysis of vari-
ance (PERMANOVA) with treatment X corn line X colony
interaction as the main effects and field block as the random
effect (specified through permutation). Significant interac-
tions were tested using individual models across levels of an
effect. NMDS ordinations based on Bray—Curtis distances
were generated using ordinate in the phyloseq package.
Alpha diversity metrics were calculated using estimate_
richness in the phyloseq package. Estimates of richness and
Inverse Simpson’s D were evaluated using a linear mixed
effects model with treatment, corn line, colony, and their
interaction as fixed effects and block, block X corn line, and
block X colony interaction as random effects. Dependent
variables were checked for normality of distributions using
Shapiro—Wilk test prior to evaluation in linear mixed effects
models. Post hoc comparisons of estimated marginal means
were conducted on significant interactions using emmeans
in the emmeans package.

We examined bacterial taxa that were differentially abun-
dant between treatments using analysis of compositions of
microbiomes with bias correction (ANCOM-BC; Lin and
Peddada 2020). We made comparisons between those sam-
ples that had statistically different microbial communities
based on PERMANOVA results, and each corn line was ana-
lyzed separately to account for differences between the lines.
Analyses were conducted at two different taxonomic ranks,
family and ASV level. Resulting taxa that were found to be
significantly differentially abundant between treatments were
filtered to select the most abundant 125 ASVs across sam-
ples. The top 125 were used to visualize the log10 percent
abundance across sample types using a heatmap. Recruit-
ment from the soil microbiome by plants was estimated as
the proportion of reads observed in the rhizosphere of each
corn line in each soil microbiome treatment consistent with
the field replication. Proportions were analyzed using beta
regression with the treatment corn line interaction using
betareg (Cribari-Neto and Zeileis 2010).

Results

To assess the impact of microbial communities on corn-
WCR interactions, we first examined dry weight and larval
survival of Bt-resistant and -susceptible WCR feeding on
Bt and non-Bt corn inoculated with soil microbiomes from
contrasting management systems. There were differences in
how Bt-resistant and -susceptible WCR responded to the
soil microbiome treatment (treatment X colony interaction:
F;96=6.643, p=0.0123). Susceptible WCR dry weight
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Fig.1 Average larval dry weight of a Bt-susceptible and b Bt-resist-
ant western corn rootworm (Diabrotica virgifera virgifera LeConte)
when reared for five days on either Bt or non-Bt corn treated with
soil microbiomes from conservation and conventional management
systems. Each bar represents the average for each treatment across
blocks. Error bars represent the standard error for each treatment
combination across blocks. Pairwise differences are based on esti-
mated marginal means from linear models where significance was
considered for factors with p <0.05. Single asterisk denotes p <0.05;
three asterisks denote p <0.001

was not affected by the soil microbiome treatment (Fig. 1a).
However, Bt-resistant WCR dry weight was significantly
reduced when reared on corn treated with soil microbes
from the conservation management system (Fig. 1b). Bt
was equally effective in both soil microbiome treatments
at controlling susceptible insects, both in terms of mor-
tality and dry weight (weight; corn line X colony interac-
tion: F; 5=28.31, p<0.001; mortality; corn line x colony
interaction: F;96=18.51, p<0.001, df=1,96; Fig. 1a). We
also examined the impact of the soil microbiome on plant
fitness by comparing dry weight of corn roots. Overall,
there was a marginally significant increase in root weight
when inoculated with the conservation management soil
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Fig.2 a Dry root weight of corn lines (Bt or non-Bt) grown for
10 days after inoculation with soil microbiomes from either conser-
vation or conventional management systems. b Log response ratio
of dry root weight between WCR infested and uninfested corn plants

microbiome (Fig. 2a; p=0.058). In addition, we found non-
Bt roots to be heavier than Bt roots (Fig. 2a; p <0.001);
however, these were not true isolines because these were not
available. Whether roots were fed upon by Bt-resistant and
Bt-susceptible insects did not influence root biomass. We
observed only a main effect of soil microbiome treatment on
the log response ratio of biomass of fed upon to unfed upon
roots. There was a significantly greater difference between
fed upon and unfed upon roots when reared in the presence
of the conservation management microbiome (Fig. 2b, F1,
96=4.661, p=0.034).

We then sought to examine how bacterial communities of
soil, plant, and insect were impacted by management prac-
tices. Overall, we found evidence that the long-term use of
conservation management significantly alters the soil micro-
biome composition. However, this effect was variable across
rhizosphere and WCR samples. Rhizosphere samples were
significantly influenced by the soil microbiome applied to
the seedlings, both in terms of community richness, diver-
sity, and composition (Supplementary Figure S2a—c).
Rhizosphere richness was increased when corn seedlings
were grown in the presence of the conservation management
soil microbiome compared to the conventionally managed
soil microbiome (pairwise: t=5.176, p <0.001), despite
there being no difference in the richness of the original soil
microbiome. WCR larval microbiome composition did not
vary based on the soil microbiome applied to their host plant

©
o

Log Response Ratio
(fed/unfed)

1
o
3

Conservation Conventional
Treatment

after 5 days. Sample means are presented as a bold point with accom-
panying standard error bars. Pairwise differences are based on esti-
mated marginal means from linear models where significance was
considered for factors with p <0.05

(Supplementary Figure S2a). Inverse Simpson’s D, or the
effective number of species, followed a similar pattern with
the highest diversity in soil, followed by rhizosphere, and
insect samples. Insects harbored the communities with the
lowest diversity (Supplementary Figure S1c). Beta diver-
sity analyses revealed a significant interaction between
sample type and microbiome treatment (type X treatment:
F355=2.54, p<0.001, R2=0.0214). Pairwise compari-
sons between each combination resulted in significant dif-
ferences in centroid location for all pairs except for WCR
larval microbiomes reared in different soil microbiomes
(Supplementary Table S2).

To specifically investigate whether changes in WCR fit-
ness could be explained by rhizosphere communities, we
analyzed data from rhizosphere communities of the two
different corn lines, Bt and non-Bt, infested with either
Bt-resistant WCR, Bt-susceptible WCR, or uninfested. We
found a significant treatment by corn line interaction for
richness and community composition. Diversity estimated
by Inverse Simpson’s D was not different across any of the
conditions. For rhizosphere richness, the interaction was
due to an observed increase in community richness in Bt
corn rhizospheres grown in the presence of cover crop soil
microbes, but no difference in non-Bt corn rhizosphere rich-
ness (Fig. 3c; pairwise comparisons: Bt: p <0.001; non-Bt:
p=0.18). These differences in corn line may be driven by the
increased variance in richness of non-Bt corn rhizospheres
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Fig.3 a Relative abundance of different classes of bacteria found in
different sample types. Each bar represents the combined abundances
of all samples within the specified treatment group rarefied to 1300
reads. Conservation and conventional management systems are distin-
guished by colors, corn lines are distinguished by stripes, and insect
colonies are distinguished by labels. b Non-metric multidimensional

(Levene’s test: corn line, p=0.03). Soil microbes from dif-
ferent management systems significantly altered community
composition based on Bray—Curtis and Jaccard distances
in both Bt and non-Bt corn rhizospheres but by different
magnitudes (B-C treatment X corn line: p =0.008; Jaccard
treatment X corn line: p =0.005). Bt-corn rhizosphere com-
munities varied more substantially between treatments
compared to non-Bt corn rhizospheres (Supplementary
Table S3). When comparing corn lines within each soil
microbiome treatment, we only found differences between
corn lines when reared in the conventionally managed soil
microbiome (Supplementary Table S3). We did not detect
differences in beta-dispersion between those groups. In addi-
tion, we found no evidence feeding by either insect strain
altered rhizosphere communities compared to unfed upon
corn rhizospheres.

Soil microbiomes from the two management systems
were composed of similar classes of bacteria but in different
relative abundance (Fig. 3a). The conservation soil micro-
biome contributed a higher proportion of taxa from their
bacterial communities to the corn rhizosphere (p =0.0144).
While the proportion was relatively small when account-
ing for only presence or absence, these taxa combined to
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soil microbiomes with unrarefied data. ¢ Comparison of number of
observed species present in the rhizosphere of Bt and non-Bt corn
inoculated with bacterial communities from conservation or conven-
tional management system soils. Three asterisks denote p <0.001

account for around ~40% of the rhizosphere communities.
Differentially abundant taxa between soil microbiome treat-
ments in the rhizosphere of each corn line were concentrated
across nine classes of bacteria (Fig. 4b). A total of 118 ASVs
overlapped in enrichment in the rhizosphere of both corn
lines (Fig. 4a). Some genera were found enriched in only
one treatment, whereas other genera were represented in
both management systems. For insects, we found an aver-
age of 127 ASVs also observed in the soil and rhizosphere
samples, which represents an average of 14.64% of the total
taxa observed across samples.

Discussion

Sustainable cropping practices can boost crop yield while
maintaining broader ecosystem functioning. Practices pro-
moting soil health such as extended rotations, cover crops,
and reduced tillage, can increase plant health through
changes in the soil microbiome (Lehman et al. 2015). Here,
we document the soil microbiome of a conservation manage-
ment system reduces Bt-resistant western corn rootworm fit-
ness potentially through an increase in rhizosphere microbial
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Fig.4 a Heatmap of the top 125 most abundant ASV found to be
significantly differentially abundant between treatments in both corn
lines using separate ANCOM-BC with significance at p <.05. Each
column represents an individual rhizosphere sample from the corre-
sponding corn line and microbiome treatment, and each row repre-
sents an individual ASV grouped by class. The logl0 relative abun-
dance was calculated as a proportion of the ASV in the individual

richness. Changes in WCR fitness are likely plant-mediated
effects as we detected no difference in the microbiome of
WCR feeding on corn roots in conservation soil microbi-
omes compared to conventional soil microbiomes. Root
weight for Bt plants was higher when grown in association
with the conservation soil microbiome, further highlighting
a correlation between rhizosphere richness and plant health.
In addition, susceptibility to Bt was still high in Bt-suscepti-
ble insects regardless of the soil microbiome. Growers may
achieve improved control of Bt-resistant WCR when using
Bt corn in their conservation management system without
sacrificing Bt effectiveness in non-resistant insects.
Conservation management practices can impact pest
populations. One study that investigated the effects of cover
crops on WCR found that WCR survival and plant damage
decreased in a cover crop system compared to a traditional
one (Lundgren and Fergen 2010). The authors concluded
that increased predator abundance in cover crop fields was
responsible for reduced 3rd instar WCR abundance and plant
damage. Interestingly, they also found that 2nd instar larvae
were larger in traditionally managed fields, suggesting fitness
decreased in cover crop fields, possibly to due to bottom-up
effects via the soil microbiome. The conservation manage-
ment practices significantly altered soil microbiomes in our

Conservation
Bt comn

Conservation
non-Bt corn

Corn line

Bt
non-Bt

@ sdelovivrionia
@ Fivovacteria
[\ @ Gammaproteobacteria

Gemmatimonadetes
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Logm(Fteiative abundance)
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sample divided by the total sum of all reads in that sample. b Dif-
ferentially abundant genera between Bt- corn rhizospheres inoculated
with conservation or conventional management system soil microbi-
omes. Significant differences in abundance between treatments were
calculated using an analysis of compositions of microbiomes with
bias correction (ANCOM-BC) with significance at p <0.05

study, and these differences translated to distinct rhizosphere
communities. Plants recruit mutualistic microbes with which
they trade photosynthetic carbon for increased soil resource
uptake and/or increased stress tolerance (Hu et al. 2018).
In our study, conservation management soils contained a
greater number of taxa that formed association with the
corn rhizosphere. This may be a result of soil management
that minimizes disturbances and the time spent bare, which
allows the build-up of microbial communities that are able
to form associations with plants. The rhizosphere commu-
nity provides plants with important cues to stimulate defense
against pathogens and pests. These changes are often asso-
ciated with induced systemic resistance (ISR), a primed
defense state that allows a plant to respond more quickly
and/or strongly to attacks by pathogens and herbivores (Piet-
erse et al. 2014). Native corn root defenses against WCR
can limit root damage and WCR fitness (Brki¢ et al. 2020;
El Khishen et al. 2009; Hibbard et al. 2007), but how their
expression is altered by microbial communities is relatively
unknown. Our work builds on the understanding that con-
servation management practices can build soil health while
influencing plant health and pest suppression.
Surprisingly, we found evidence that WCR herbivory
on corn roots was greater under conservation management.
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The difference in root weight between infested and unin-
fested corn roots was smaller for plants inoculated with
the conventional soil microbiome. The age and length of
our experiment may skew the amount of damage observed.
WCR often clip roots when feeding (Kahler et al. 1985),
especially in new nodes of roots beginning to emerge from
the stalk, which may compound the loss of root mass over
time. This may explain the high level of variation within
and between treatments in our study. It may be that the
reduced ratio in conservation management systems is a
result of altered defense or nutrition in the corn roots. Insects
can compensate for poor diets by increasing feeding rates
(Lavoie and Oberhauser 2004). One plant compound that
negatively impacts insect nutrition is lignin (Campbell and
Sederoff 1996). Root lignin content can be altered by both
soil microbial communities and WCR feeding (Bennett et al.
2015; Xue et al. 2012). Corn roots may be able to boost
their lignin content in the presence of certain microbes when
fed upon by WCR and reduce WCR fitness, a trade-off with
overall growth of the plant. The reduced WCR growth could
increase mortality over time (Benrey and Denno 1997). Our
study only investigated the impact on 1% instar WCR and
thus did not capture the impact of the soil microbiome on
later developmental stages of WCR.

We found no difference in the microbiome of the WCR
when reared in different soil microbiomes or on different
corn plants. Our findings corroborate previous work with
WCR larval microbiome and the soil microbiome (Dem-
atheis et al. 2012; Ludwick et al. 2019); WCR larvae exhibit
tight control over their microbiome. Regulation of the larval
microbiome may be especially beneficial when feeding on
plants that display strong defense against WCR (Chu et al.
2013; Mason et al. 2019; Paddock et al. 2021). While we
didn’t observe whole community shifts, there may still be
individual bacterial taxa altering WCR fitness. For example,
other studies found feeding on corn infected with the fungus
Fusarium verticillioides (Saccardo) Nirenberg decreased lar-
val fitness (Kurtz et al. 2010), and several Serratia strains
identified on roots fed upon by WCR were also observed
in diseased adults (Prischmann et al. 2008). In this study,
we also did not find evidence of changes to the rhizosphere
microbiome as a whole when fed upon by WCR. However,
our experiment was conducted with neonate larvae feeding
over a period of five days, which may not induce enough
damage to stimulate whole community remodeling.

Community composition of conservation soil microbi-
omes can be influenced through edaphic factors introduced
by the practice (Hartmann and Six 2023), the cover crop
plant species used (Nevins et al. 2018), and the timing of
cover crop termination (Nevins et al. 2018). By using a
replicated, long-term experimental site where climate and
edaphic characteristics are controlled, we account for the
edaphic factors that exist following microbial isolation.

@ Springer

However, we do not know how our results would change
under varying cover crop management practices, such as
cover crop species/mix, seeding rate and method, or ter-
mination timing and method. The increased community
richness observed in rhizosphere samples may attenuate
community composition variation from these factors. In
other words, rhizosphere richness reduces WCR weight.
Fungi can also impact plant health in similar ways to bac-
teria and have been shown to alter bacterial communities
themselves. We have not characterized fungal communi-
ties, but they likely are involved in the plant—insect inter-
actions observed here. Genetic differences in corn lines
can manifest as distinct rhizosphere communities (Meier
et al. 2022; Walters et al. 2018). The interplay between
plant genetics and rhizobiomes can results in distinct phe-
notypes in corn (Wagner et al. 2021). The two corn lines
used in this study are genetically distinct in addition to the
presence of transgenic Bt toxin production. The impact
Bt toxins have on the microbial ecosystem in largely
unknown. How cover crops may affect yield in the field
is highly variable and dependent on the system (Marcillo
and Miguez 2017).

Modern agriculture, typified by monoculture row crops
or simple two-crop rotations managed with heavy chemical
inputs, fallow periods, and high levels of soil disturbance,
negatively impacts microbial communities (French et al.
2021). Ecological intensification of agriculture, which uti-
lizes management practices that minimize negative envi-
ronmental impacts while maintaining yield, offers a more
sustainable approach (Bommarco et al. 2013). However,
our understanding of how sustainable conservation man-
agement practices affect microbiomes and, vice versa, how
microbiomes affect management, is lacking (French et al.
2021). Unified microbiome research across climates, soils,
and crops may provide insight into the sustainable manage-
ment of pests.
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