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Aboveground herbivory can impact the root-associated microbiome, while

simultaneously different soil microbial communities influence herbivore performance. It is

currently unclear how these reciprocal top-down and bottom-up interactions between

plants, insects and microbes vary across different soils and over successive plant

generations. In this study, we examined top-down impacts of above-ground herbivory

on the rhizosphere microbiome across different soils, assessed bottom-up impacts

of soil microbial community variation on herbivore performance, and evaluated their

respective contributions to soil legacy effects on herbivore performance. We used

Macrosiphum euphorbiae (potato aphid) and Solanum pimpinellifolium (wild tomato)

to capture pre-domestication microbiome interactions with a specialist pest. First,

using 16S rRNA sequencing we compared bacterial communities associated with

rhizospheres of aphid-infested and uninfested control plants grown in three different

soils over three time points. High aphid infestation impacted rhizosphere bacterial

diversity in a soil-dependent manner, ranging from a 22% decrease to a 21% increase

relative to uninfested plants and explained 6–7% of community composition differences

in two of three soils. We next investigated bottom-up and soil legacy effects of aphid

herbivory by growing wild tomatoes in each of the three soils and a sterilized “no

microbiome” soil, infesting with aphids (phase one), then planting a second generation

(phase two) of plants in the soil conditioned with aphid-infested or uninfested control

plants. In the first phase, aphid performance varied across plants grown in different soil

sources, ranging from a 20 to 50% increase in aphid performance compared to the “no

microbiome” control soil, demonstrating a bottom-up role for soil microbial community.

In the second phase, initial soil community, but not previous aphid infestation, impacted

aphid performance on plants. Thus, while herbivory altered the rhizosphere microbiome

in a soil community-dependent manner, the bottom-up interaction between the microbial

community and the plant, not top-down effects of prior herbivore infestation, affected

herbivore performance in the following plant generation. These findings suggest that the

bottom-up effects of the soil microbial community play an overriding role in herbivore

performance in both current and future plant generations and thus are an important

target for sustainable control of herbivory in agroecosystems.
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INTRODUCTION

Development of sustainable agricultural practices relies on
understanding and managing the impacts of soil microbial
communities on plant health (Finkel et al., 2017; Toju et al., 2018;
French et al., 2021). In particular, microbes that develop around
plant roots (e.g., the rhizosphere), play critical roles in nutrient
acquisition and protection against a range of environmental
stressors (Berendsen et al., 2012; Liu et al., 2020). For example, the
contribution of rhizosphere-associatedmicrobial communities to
increasing pathogen protection is well-characterized (Rudrappa
et al., 2008; Berendsen et al., 2018; Kwak et al., 2018; Yuan
et al., 2018; Wei et al., 2019) and can even extend over multiple
plant generations due to enrichment of protective microbial
community members in soils (Berendsen et al., 2018; Yuan
et al., 2018). However, the role of the rhizosphere microbiome
in protection against herbivore damage is poorly understood,
though evidence increasingly suggests plant-associated microbes
influence plant-herbivore interactions (Badri et al., 2013; Pineda
et al., 2017; Hu et al., 2018).

Two reciprocal processes are hypothesized to influence plant-
insect-microbiome interactions (Figure 1) (Friman et al., 2020).
“Top-down” effects of herbivory on plant physiology (e.g.,
induced defenses or root exudation) can lead to changes in
below-ground microbial communities (Hamilton et al., 2008;
Gosset et al., 2009; Lee et al., 2012; Lebeis et al., 2015; Kong
et al., 2016; Hu et al., 2018; Wilkinson et al., 2019) (Figure 1A),
while “bottom-up” effects of soil or root-associated microbiomes
on plant nutrition or defense can impact herbivore performance
(Pineda et al., 2012; Badri et al., 2013; Benítez et al., 2017;

FIGURE 1 | Graphical representation of experimental questions (A–C) addressed in this study. Numbers in parentheses refer to the experiments that address each

question. Experiment 1: Top-down and bottom-up effects of aphid-tomato-microbiome interactions. Experiment 2: Soil microbial legacy effects of aphid infestation.

Made in Biorender.

Hubbard et al., 2019; Blundell et al., 2020) (Figure 1B). Both top-
down and bottom-up processes are inherently interconnected,
making quantification of plant-insect-microbiome interactions
complicated. When aboveground herbivory alters the microbial
community surrounding plant roots, these top-down effects
can then influence bottom-up effects on herbivore performance
over time. Likewise, if soil microbial communities impact plant-
herbivore interactions, then bottom-up effects could also lead
to variation in responsiveness of the rhizosphere microbiome to
top-down effects of herbivore feeding. Studies have yet to tease
apart these two reciprocal processes and it is unclear if both shape
plant-insect interactions to a similar degree.

Top-down and bottom-up effects can occur through a number
of mechanisms. Herbivory may generate top-down effects on
soil microbial communities surrounding plant roots by triggering
induced systemic plant defenses (Gosset et al., 2009; Lebeis et al.,
2015), altering carbon flux and modulation of root exudates
(Hamilton et al., 2008), or even through deposition of nutrient-
rich excrement (i.e., honeydew or frass) (Seeger and Filser, 2008;
Milcu et al., 2015). In some cases, top-down effects alter plant
stress response and therefore herbivory is hypothesized to elicit
a “cry for help” to recruit soil microbes to the rhizosphere that
provide protection (Yi et al., 2011; Liu et al., 2020). Thus, far
a few studies have shown enrichment of potentially beneficial
microbes after insect infestation in pepper (Yang et al., 2011;
Lee et al., 2012); ragwort (Kostenko et al., 2012; Bezemer et al.,
2013) and maize (Holland, 1995); though direct evidence for
the “cry for help” hypothesis is still lacking. In addition to top-
down effects, “bottom-up” effects of the soil microbiome on
herbivore performance can occur through induction of chemical
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defenses or alteration of plant nutritional quality (Pineda
et al., 2017). For example, single microbial strains that induce
systemic plant defenses can alter insect performance either
positively or negatively (Valenzuela-Soto et al., 2010; Pineda
et al., 2012; Coppola et al., 2019). At the microbial community
level, Badri et al. (2013) showed a positive correlation between
amino acid content and Trichoplusia ni larval weight when
Arabidopsis plants were grown in microbiomes derived from
different soils, suggesting a bottom-up role for the microbiome
in modulating leaf nutrient content with cascading effects on
insect performance.

Although the top-down and bottom-up effects of microbial
communities are increasingly recognized as important in shaping
plant-insect interactions, it is unclear what role they together
play in determining soil microbial legacy effects that impact plant
health and herbivore performance when plants are grown in
the same soil over multiple generations. Soil microbial legacies,
defined as the effects of previous planting and environmental
conditions on the microbial community that feedback onto plant
health in successive plantings, likely play an important role in
the outcome of insect-plant interactions (Figure 1C) (Kaplan
et al., 2018), similar to evidence from plant-pathogen interactions
(Berendsen et al., 2018; Yuan et al., 2018). Several studies show
different plant species leave legacies that impact herbivory in
successive generations of plants grown in the same soil (Kos et al.,
2015; Zhu et al., 2018; Carrillo et al., 2019; Pineda et al., 2019).
For example, top-down effects resulting from root exudation of
benzoxazinoids, a class of plant defensive chemicals specific to
cereal species, are linked to alterations in the soil microbiome that
affect both plant growth and insect pest resistance in subsequent
generations (Hu et al., 2018). Microbial community differences
between soils that have bottom-up impacts on plant health may
also lead to different legacy impacts, though this has been poorly
studied thus far (Bezemer et al., 2006; Harrison and Bardgett,
2010; Pizano et al., 2019). In general, it remains unclear if and
how herbivory generates microbial soil legacies through top-
down effects on the soil microbiome (Kostenko et al., 2012;
Bezemer et al., 2013) and to what extent variation across soil types
that differ in physico-chemical properties and native microbial
communities contributes to legacy impacts. Thus, there is a
need for research that investigates top-down and bottom-up
plant-microbiome-herbivore interactions and how these together
contribute to soil legacies impacting plant health in different
soil types.

To address these knowledge gaps in plant-insect-microbiome
interactions, we investigated top-down and bottom-up
interactions of foliar herbivores infesting plants grown in three
different soil microbiomes and their subsequent legacy effects
(Figure 1). We used potato aphid (Macrosiphum euphorbiae), a
common North American pest of solanaceous crops that causes
leaf curling and chlorosis (Walgenbach, 1997). Potato aphids
also transmit viruses, promote mold growth on leaves, and
attract other damage-causing insects (Lange and Bronson, 1981;
Walgenbach, 1997). Together, these effects can result in yield
losses and reduced fruit quality (Walgenbach, 1997). We chose S.
pimpinellifolium, a close wild relative of tomato, as the host plant
to minimize effects of crop domestication, such as reduced ability

to interact positively with the microbiome (Pérez-Jaramillo et al.,
2015). We asked the following questions: (1) Does herbivory
have similar top-down effects on rhizosphere communities
across soils? (2) Do bottom-up effects on herbivore performance
vary across soils? (3) How do top-down and bottom-up effects
impact soil legacies on herbivory in the following generation
of plants? This study is an important step in the development
of effective microbiome management strategies for sustainable
insect control in agro-ecosystems.

METHODS

To examine the relationship between aphid herbivory and the
plant-root associated microbiome (rhizosphere), we performed
two experiments to test bottom-up, top-down, and legacy effects
of wild tomato-rhizosphere microbiome interactions under
aphid herbivory. First, we infested wild tomato plants grown in
three different soil microbial communities with potato aphids
and used 16S sequencing to assess top-down impacts of herbivory
on rhizosphere bacterial communities (Figure 1A) as well as
measures of aphid performance to assess bottom-up effects of
the soil microbial community on herbivory (Figure 1B). In a
second experiment, we first conditioned the three different soils
with aphid-infested or control plants, then grew a new set of
plants in the conditioned soils and measured aphid performance
to investigate how bottom-up and top-down plant-microbiome
interactions lead to legacy effects on herbivory (Figure 1C).

Plant and Insect Materials
Seeds for both experiments derived from five S. pimpinellifolium
plants grown from seeds obtained from the Tomato Genetic
Resource Center (University of California Davis, USA) under
greenhouse conditions in Spring 2019. For both experiments,
seeds were sterilized in 50% bleach (Chlorox brand sodium
hypochlorite mixed with ultrapure water) for 30min, rinsed five
times with sterile ultrapure water, and stored overnight at 4C
before planting.

Wingless, adult M. euphorbiae were used to infest herbivore-
treated plants for both experiments. The aphid colony was
maintained on the same genotype of S. pimpinellifolium in a
growth chamber at 100 µm/s light 16 h day/8 h night cycle at
24◦C day/20◦C night. The colony was started from a potato
aphid infestation on tomato plants in a high tunnel in Indiana
in October 2018 and has been continuously maintained under
laboratory growth chamber conditions. For both experiments,
aphids were age synchronized by placing ten adult females from
the colony on 3-week-old tomato plants and allowing them to
reproduce for 48 h. After 48 h the adult aphids were removed,
and their offspring were allowed to mature for an additional 5
days (for a total of 7 days from initial adult infestation). These
age-synchronized aphids were then used for both experiments.

Soil Collection
Soils for both experiments were collected from Purdue
Agriculture Centers and Research Areas (Table 1A) from the
top 10 cm of the soil horizon at each location and stored at 4C
until use. The soils were chosen from undisturbed or minimally
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TABLE 1 | Soil physico-chemical and microbial community characteristics.

A: Soil physico-chemical characteristics

Soil 1 Soil 2 Soil 3

Collection location Meigs Agricultural Center Gabis Arboretum Purdue Wildlife Area

Land use history Fallow adjacent organically managed

vegetable agriculture

Early successional prairie Early successional prairie

Collection coordinates 40.287858, −86.878563 41.440700, −87.146000 40.459380, −87.052215

Soil classification Silt loam Loam Silty clay loam

% Organic Matter 4.4A (± 0.0)B AC 3.3 (± 0.0) B 2.7 (± 0.1) C

Bray-1 Phosphorus (ppm) 16 (± 1) C 25 (± 1) B 33 (± 1) A

Potassium (ppm) 114 (± 8) A 73 (± 3) B 114 (± 4) A

Magnesium (ppm) 417 (± 24) C 157 (± 3) A 237 (± 7) B

Calcium (ppm) 1917 (± 133) A 817 (± 44) B 983 (± 17) B

Soil pH 7.0 (± 0.0) A 5.5 (± 0.1) C 5.8 (± 0.1) B

CEC (mEq/100g) 13.4 (± 0.9) A 9.2 (± 0.2) B 10.4 (± 0.3) B

Nitrate (NO3) 68 (± 4) A 40 (± 1) B 49 (± 2) B

B: Phylum-level average relative abundance

Soil 1 Soil 2 Soil 3

Bulk Rhizo Bulk Rhizo Bulk Rhizo

Proteobacteria 0.459 aD 0.514 B 0.466 a 0.526 B 0.520 a 0.548 A

Verrucomicrobia 0.091 b 0.093A 0.088 b 0.087 B 0.056 a 0.065 C

Bacteroidetes 0.234 a 0.231A 0.199 a 0.192 B 0.21 a 0.212 A

Actinobacteria 0.064 a 0.044 B 0.070 a 0.063A 0.057 a 0.053 A

Planctomycetes 0.049 a 0.039 B 0.059 a 0.048A 0.033 b 0.034 B

Acidobacteria 0.040 b 0.023C 0.049 ab 0.029 B 0.057 a 0.032 A

Gemmatimonadetes 0.014 b 0.010 B 0.020 a 0.013A 0.017 ab 0.009 B

Chloroflexi 0.024 a 0.019A 0.023 a 0.012 B 0.018 a 0.012 B

Below 1%E 0.025 0.027 0.025 0.031 0.031 0.037

CEC, Cation exchange capacity; mEq, milliequivalents; Rhizo, Rhizosphere.
Amean value of three technical replicates.
Bstandard error in parentheses.
Cdiffering letters indicate significant differences by Tukey’s Honest Significant Differences at p < 0.05 compared across the three soils.
Ddiffering letters indicate significant differential abundance at an adjusted p < 0.05. Capital letters indicate differences among rhizosphere samples and lower-case letters indicate

differences among bulk soil samples.
Esee Supplementary Table 2 for differentially abundant phyla below 1% average relative abundance.

disturbed soils in Indiana to represent high microbial diversity.
Soil 1 was collected from a fallow area adjacent to a plot that
has been organically managed since 2012 with a combination
of cover crops and vegetable plots at the Meigs Horticultural
Research Farm. Soil 2 was collected from a preserved prairie site
established in 1998 located at the Gabis Arboretum in Northwest
Indiana. Soil 3 was collected from a site within the Purdue
Wildlife Area cropped with corn and soybeans until 1999 and
established as a prairie site in 2002. Since 2008, it has been
managed with prescribed fire to encourage plant diversity. Soils
were homogenized by hand and visible insects or invertebrates
were removed. Soil classification, percent organic matter, Bray-
1 phosphorus, potassium (K), magnesium (Mg), calcium (Ca),
soil pH, cation exchange capacity (CEC), and total nitrate (NO3)
were determined by a commercial laboratory (A&L Great Lakes
Laboratories; Fort Wayne, Indiana, USA).

EXPERIMENT 1: BOTTOM-UP AND
TOP-DOWN EFFECTS OF
TOMATO-APHID-MICROBIOME
INTERACTIONS

To test bottom-up effects of different soil microbial communities

on aphid herbivory as well as top-down effects of herbivory

on the tomato rhizosphere bacterial communities over time, a

greenhouse experiment was designed that included three soil

sources, three aphid infestation levels (0, 2, 10 aphids) and four

time points (pre-infestation, 2, 7, and 14 days post-infestation)
for a total of 30 pots per replicate block (3 soils × 3 aphid

treatments × 3 time points + 3 pre-infestation samples, one for
each soil). As each pot was sampled destructively, a different set
of individual pots was included for each time point. Pots were
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arranged in a randomized complete block design with one pot
per treatment in each of four blocks to account for environmental
variation in the greenhouse. Each block represents one biological
replicate of each treatment, leading to a total of four replicates per
treatment and 120 pots for the experiment.

Soil and Seed Preparation
Three soils (labeled 1, 2, and 3) were used for this experiment
(Table 1). Potting mix (Metro-mix 510, Sungro Horticulture,
Massachusetts, USA) was autoclaved for 2.5 h at 235◦C to
sterilize. Soils were mixed with autoclaved potting mix 1:1 by
volume. This was done to prevent excess soil compaction in pots
that severely reduces tomato seedling germination and growth.
Mixed soils were then transferred into four-inch square pots
that were seeded with two sterile seeds and arranged by block
in a temperature-controlled greenhouse (24–30◦C) with a 16:8 h
day/night cycle and high pressure sodium lighting. Pots were
watered as needed with drip stakes and thinned to one plant
after germination.

Aphid Infestation and Sample Collection
After ∼2.5 weeks (leaf stage 4–5), plants were infested with
either 0, 2 or 10 aphids and placed in mesh cages with a frame
for support. Rhizospheres were harvested from plants at Day 0
(pre-infestation), and post-infestation on Days 2, 7, and 14 to
examine top-down effects of aphid infestation on the rhizosphere
bacterial community. Four replicate pots were harvested for
each aphid treatment and soil on each date. For each sampling
date, fresh shoots were collected and weighed as a measure of
plant performance, and the total number of aphids was counted
on each plant as a measure of aphid performance. These two
measures were used as a proxy for bottom-up effects of soil type.
We acknowledge that due to the reciprocal nature of top-down
and bottom-up processes, aphid and plant performance may also
result from top-down effects on rhizosphere communities that
then feedback onto aphid performance via bottom-up effects on
plant physiology, but we are unable to separate these effects in
this experimental design.

Rhizosphere samples were collected by gently removing the
root system from the pot and removing soil until only the
rhizosphere remained (∼1mm from root surface). Then roots
+ rhizosphere were placed in sterile 250mL flasks containing
50mL of 1× PBS buffer and agitated to dislodge rhizosphere soil.
Samples were transferred to 50mL conical tubes and centrifuged
at 3000 RPM for 15min. The supernatant was decanted,∼250mg
of rhizosphere soil was weighed into a 1.5mL Eppendorf tube,
and then flash frozen in liquid nitrogen. Bulk soil samples were
collected from unplanted pots. Soil samples were then stored at
−80◦C until needed for DNA extraction.

DNA Extraction and Sequencing
To analyze bacterial community composition through next
generation sequencing, DNA was first extracted with Qiagen
DNeasy PowerSoil kits as per kit instructions. One negative water
control and onemock community DNA control (ZymoBIOMICS
Microbial Community Standard, Zymo Research, Irvine,
California, USA) were included on each plate. Samples were sent

to the University of Minnesota Genomics Center for sequencing
of the V4 region of the 16S ribosomal gene following the
optimized method described in Gohl et al. (2016). Sequencing
was performed on the Illumina MiSeq with V2 chemistry and
paired end 250 bp sequencing. Primers used were standard
V4 region primers 515F GTGCCAGCMGCCGCGGTAA and
806R GGACTACHVGGGTWTCTAAT (Caporaso et al., 2011).
Sample demultiplexing was performed by the University of
Minnesota Genomics Center with Illumina software.

Sequence Pre-processing
16S rRNA sequencing of the V4 region resulted in a total
of 11.5M reads. Adapter removal and primer clipping was
performed with Trimmomatic (v 0.36) (Bolger et al., 2014) and
Cutadapt (v 1.13) (Martin, 2015). Reads were then processed
through the dada2 (v 1.14.1) pipeline by filtering and trimming
based on read quality, inferring error rates, merging paired
end reads, removing chimeras, and assigning taxonomy with
the Silva reference database v. 132 (Callahan et al., 2016).
Likely contaminant sequences inferred from negative controls,
as well as archaeal, mitochondrial and plastid 16S sequences
and low abundance sequences (fewer than 2 reads across 10%
of samples) were filtered out, leaving 2,149 amplicon sequence
variants (ASVs) in the final dataset (Davis et al., 2018). After
preprocessing and removing samples with fewer than 2,000
reads, the dataset contained ∼3 million reads in 123 samples,
averaging 24,164 reads per sample (see Supplementary Table 1

for sequencing summary).

Statistical Analyses
To examine the bottom-up effects of soil community and aphid
infestation on plant performance, a linear mixed model was
developed in R (v. 3.6.3) (Team, 2018) to test the effects of
soil type, aphid level, and their interactions on fresh shoot
weight with block included as a random factor. One model was
developed for each time point as the model including time point
as a variable did not meet the assumption of normality (Shapiro-
Wilks test p < 0.05). To examine the bottom-up effects of soil
community on aphid performance, a linear mixed model was
developedto test the effects of soil type, aphid level, time, and
their interactions on total aphid counts with block included as
a random factor.

To compare bacterial diversity measures across samples,
richness and Shannon diversity were calculated with the
Phyloseq (v 1.30.0) package (McMurdie and Holmes, 2013)
after subsampling to the smallest library size (2,223 reads)
100 times and averaging the results. To evaluate the effects
of aphid infestation on community diversity over time in the
three soils, linear mixed models were developed. Initial models
included soil source, time point (post-infestation Days 2, 7,
14), aphid infestation level (0, 2 or 10) and all interactions
as fixed factors with block included as a random factor, and
each diversity measure (richness and Shannon diversity) was
modeled separately. Statistical models tested a complete crossed
design (Soil Source × Time × Aphid Level), therefore the pre-
infestation time point was not included. Significant interactions
occurred in these initial complete models (e.g., Soil × Time, Soil

Frontiers in Sustainable Food Systems | www.frontiersin.org 5 April 2021 | Volume 5 | Article 629684

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


French et al. Aphid Herbivory Alters Root Microbiome

× Aphid Level), therefore we developed separate linear mixed
models for each soil source to test the effects of time point,
aphid infestation level, and their interaction as fixed factors and
block as a random factor for each diversity measure. Separate
models were developed for high (10 initial aphids) and low (2
initial aphids) infestation level comparisons to the non-infested
control. Because the data set failed to meet the assumptions of
homogeneity of variance and normality, non-parametric, rank-
based two-way ANOVA was also performed using raov() in the
Rfit (v 0.24.2) package to test the fixed effects of time, aphid level
and their interaction on both diversity measures. Results from
these models were consistent with the linear mixedmodel results,
so we report the results of the linear mixed models. Rank-based
results can be found in the R code uploaded to github. All linear
mixed models were tested with the lmer() function in the lme4
package (v. 1.1–23) and lmerTest package (v 3.1–3) (Bates et al.,
2015; Kuznetsova et al., 2017).

Then, to examine community compositional differences
across samples, β diversity distance calculations and constrained
analysis of principle coordinates (CAP) were performed with
Phyloseq and vegan (v 2.5–6) (Dixon, 2003) packages with reads
proportionally scaled to the smallest library size (code courtesy
of Denef lab tutorial—http://deneflab.github.io/MicrobeMiseq/).
Bray-Curtis distance, which includes both number of taxa
and their relative abundance in its distance calculations,
and Jaccard distance, which includes only presence/absence
information on taxa, were used for distance measures. CAP
analysis allows for comparison of multivariate data points
according to a priori hypotheses (e.g., effects of time and aphid
infestation on bacterial community composition) (Anderson
and Willis, 2003). DESeq2 (v 1.26.0) (Love et al., 2014) was
used to identify differentially abundant taxa between soils at
the phylum level and between aphid-infested or control plants
at the family and ASV levels. To identify over- or under-
represented taxa exclusive to herbivore-infested or control
plants in each soil, over-representation analysis was performed
using Fisher’s Exact Test on the number of ASVs in each
phyla exclusive to the aphid-infested or control rhizospheres
compared to the total number of ASVs in that phylum across
the dataset. The Bonferroni test was used to correct for multiple
comparisons (Abdi, 2007). All code for analysis and figure
generation can be found in the Purdue University Github at
https://github.itap.purdue.edu/LaramyEndersGroup/Aphid-
Rhizosphere-Microbiome. All sequences have been deposited
to NCBI’s Short Read Archive (SRA) under the BioProject
number PRJNA676117.

EXPERIMENT 2: SOIL MICROBIAL LEGACY
EFFECTS OF APHID INFESTATION

We next designed a plant-soil feedback experiment to test (1)
bottom-up effects of the soil microbial community and (2) legacy
effects of both aphid herbivory and differing initial soil microbial
communities on aphid herbivory in a subsequent generation of
plants grown in the same soil. See Supplementary Figure 1 for a
graphical representation of the feedback experiment.

Phase 1: Conditioning
For the initial conditioning phase of the experiment, sterile soil
substrate was created by mixing potting mix (Metro-mix 510,
Sungro Horticulture, Massachusetts, USA) and top soil (Wrede’s
Rocks, Lafayette, IN, USA) 1:1 by volume and steam sterilizing
for 2 h. The sterile mix was then mixed with 10% live soil by
volume for each of the three soils. This technique permitted
the introduction of the microbial community from each soil
source while minimizing soil physico-chemical differences. For
the “no microbiome” control, 100% sterile soil mix was used.
Mixed soils were then transferred into 36 pot flats. Pots were
seeded with 2 sterile seeds each and caged in tents (Bioquip,
Rancho Dominguez, California, USA) in the greenhouse with
supplemental high pressure sodium lighting 16 h a day. Twenty
pots were planted for each soil mixture. Flats were bottom-
watered as needed to keep soil moist. When plants reached the 3
leaf stage (about 2 weeks), between 12 and 16 plants (depending
on germination) were infested with 10 adult aphids for a total of
54 infested plants. An additional four un-infested plants grown
in each soil type served as “no aphid” control plants, resulting in
66 total plants for the experiment. Plants were then individually
caged with micro-perforated bags sealed with elastic. After 1
week, aphid performance was measured by counting the number
of aphids on each plant to quantify the “bottom-up” effect
of different soil microbial communities on aphid performance.
Shoot weights were not measured for this experiment.

Phase 2: Response
Then, to investigate legacy effects, three pots with and without
aphid infestation were selected randomly from each of three soil
treatments from the conditioning phase to be carried forward
for the response phase of the experiment. The “no microbiome”
control was not carried forward to the response phase. The entire
soil sample from each pot was collected and used to inoculate
sterile soil mix, made as above, at a 10% rate by volume. After
mixing thoroughly with aseptic technique, each soil mix was
placed into ten pots that were then seeded with two sterile
S. pimpinellifolium seeds each and thinned to one plant after
germination. The flats from each replicate were then arranged
randomly in three blocks in the greenhouse. After 2 weeks, eight
plants from each treatment were infested with ten adult aphids.
One week after infestation, aphid performance was measured by
counting the total number of aphids on each plant to quantify the
effects of both different soil types and herbivory in the previous
generation on herbivory in the response phase.

Statistical analysis was performed in R with lm(), anova(),
and TukeyHSD() functions. Two-way ANOVA with post-hoc
Tukey Honest Significant Differences were used to test (1) the
effects of phase 1 (conditioning) aphid infestation on phase 2
(response) aphid performance in each soil source with prior
aphid infestation, soil, and their interaction as fixed factors and
(2) the overall effects of phase (phase 1 conditioning vs. phase
2 response) and soil on aphid performance with phase, soil,
and their interaction as fixed factors. These models did not
meet the assumptions of homogeneity of variance and normality.
However, the results of the rank-based test raov() gave the same
results. Thus, the results of the two-way ANOVA are reported. All
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FIGURE 2 | The three soil types differed significantly in bacterial community

composition. Asterisks indicate main factors that contribute significantly to

compositional variation among samples (***p < 0.001) by Bray-Curtis

distance, tested by PERMANOVA. Bulk, soil samples not associated with

plants; Rhizo, soil samples collected from rhizospheres. Compartment refers

to bulk vs. rhizosphere samples.

plots were made with the ggplot2 (v. 3.3.0) package (Wickham,
2017) and arranged in Inkscape (v. 0.92.3).

RESULTS

Overall, Soil Types Differed in
Physico-Chemical Properties, and
Bacterial Community Composition
The three soils used in our experiments varied in both physical
and chemical characteristics (Table 1A). Soil 1 had higher organic
matter, magnesium, calcium, cation exchange capacity (CEC),
soil pH, and nitrate, but lower Bray-1 (available) phosphorus than
the other two soils. Soils 2 and 3 also differed from one another
in organic matter, phosphorus, potassium, magnesium, and pH.
All three soils were classified as loamy soils, though Soil 1 was a
silt loam and Soil 3 was a silty clay loam.

Bacterial 16S rRNA sequencing of rhizosphere samples
collected in Experiment 1 was used to compare the structure and
composition of communities across the different soils (Table 1,
Figure 2, Supplementary Tables 1–3). Principal coordinate
analysis revealed that bacterial community composition varied
primarily by soil type (Figure 2, Supplementary Table 3), which
alone explained about 42% of the variation in the entire dataset
when all experimental samples were considered. In contrast, the
difference between bulk and rhizosphere samples explained only
about 2% of variation in bacterial communities. To characterize
the taxonomic differences among the soils, we then examined
the relative abundances of taxa at the phylum level across bulk
and rhizosphere samples from the three soil types (Table 1B).
Overall, Proteobacteria (52.6%), Bacteroidetes (21.2%), and
Verrucomicrobia (8.1%) were the most highly abundant taxa
across all the soils (Table 1, Supplementary Table 2). However,
several phyla were significantly differentially abundant across
rhizospheres of the three soil sources, includingVerrucomicrobia,

Acidobacteria, and Proteobacteria. For example, Proteobacteria,
the most highly abundant phylum, was significantly more
abundant in Soil 3 (54.8%) than in Soil 1 (51.4%) or Soil 2
(52.6%) rhizospheres. Soil 2 samples also had higher relative
abundance of Gemmatimonadetes, but lower abundance of
Bacteroidetes than the other two soils, while Soil 1 had higher
Chloroflexi and lower Actinobacteria. Fewer differences were
observed among bulk soil samples, likely due to lower sample
sizes, though relative abundances of Verrucomicrobia and
Planctomycetes were lower in Soil 3 compared to the other
two soils. No differences in overall bacterial species diversity
were observed across bulk soil samples of the three different
soils (Supplementary Table 4), indicating that differences in
soil physico-chemical characteristics did not impact overall
taxonomic diversity, though community composition varied.

TOP-DOWN EFFECTS: DOES APHID
HERBIVORY IMPACT THE TOMATO
RHIZOSPHERE MICROBIOME ACROSS
DIFFERENT SOIL COMMUNITIES?
(EXPERIMENT 1)

High Initial Aphid Infestation Had Time and
Soil-Dependent “Top-Down” Effects on
Rhizosphere Bacterial Community
Composition and Diversity
In contrast to initial predictions that top-down effects of aphid
herbivory on the rhizosphere would be similar across soils
due to a common “cry for help” response, we observed soil-
dependent effects of herbivory on both the diversity and structure
of rhizosphere bacterial communities. We first characterized
the top-down effects of aphid herbivory on bacterial taxonomic
diversity between aphid-infested and un-infested control plant
rhizospheres across the three soils over time. Interestingly,
though no main effects were significant, the interaction between
soil and aphid level was significant for both richness (p =

0.018) and Shannon diversity (p = 0.024) when comparing high
initial aphid infestation (10 aphids) and uninfested controls
(Figure 3, Supplementary Table 4). This significant interaction
suggested that high initial aphid infestation resulted in soil-
dependent differences in diversity. Therefore, we then tested the
effects of aphid infestation and time in each soil individually
to characterize these differences. High initial aphid infestation
resulted in significantly reduced bacterial species richness in Soil
3, where the number of amplicon sequence variants (ASVs) per
sample in the rhizospheres of aphid-infested plants decreased
by 22.2% compared to un-infested control plants (Figure 3;
statistical results in Supplementary Table 4). Interestingly, the
opposite pattern appeared in Soil 1, with bacterial richness
increasing by 21.2% in rhizospheres of aphid-infested plants
compared to uninfested controls; however, this trend was only
marginally significant (p = 0.096). Similar trends were observed
for Shannon diversity, which takes both the number of taxa and
their relative abundance into account (Supplementary Figure 2,
Supplementary Table 4). In contrast, rhizospheres of plants
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FIGURE 3 | Top-down effects of high levels of aphid herbivory on rhizosphere bacterial taxonomic diversity vary across soils. Boxplots showing average bacterial

richness (number ASVs/sample) of individual samples, comparing high aphid-infestation and no aphid infestation in each soil type (soils analyzed separately).

Statistically different factors (*p < 0.05, †p < 0.1) are labeled on the panel to which they correspond.

infested with low initial aphid density showed no variation in
bacterial richness or Shannon diversity compared to un-infested
plants in any soil over the time course (Supplementary Figure 3,
Supplementary Table 4). We also found a significant interaction
between soil and time in the initial overall models for high initial
aphid infestation (Richness, p = 0.042; Shannon diversity, p =

0.029). When looking at the soil-specific models, we found a
marginally significant effect of time for both diversity measures
in Soil 1 (Richness, p = 0.076; Shannon diversity, p = 0.083) and
for Shannon diversity in Soil 2 (p = 0.091). Bacterial community
diversity trended upward overall in Soil 1 over time, while it
trended downward in Soil 2.

Next, we used constrained analysis of principal coordinates
(CAP) to investigate the effects of aphid infestation over multiple
time points on bacterial community composition in each
soil (Figure 4). High levels of aphid infestation significantly
affected rhizosphere bacterial community composition in Soil
1 (Figure 4A) and Soil 3 (Figure 4B), explaining 6% of overall
bacterial community variation, using Bray-Curtis distance.
However, low aphid infestation did not impact community
composition measured by Bray-Curtis distance in any soil
(Supplementary Figure 4). For all three soils, rhizosphere
bacterial community composition varied significantly over
the 2 week experiment for both high and low infestation
densities, with time explaining 14–23% of variation between
rhizosphere samples (Figure 4, Supplementary Figure 4,
Supplementary Table 5).

Next, we compared patterns of dissimilarity in community
composition (i.e., Bray-Curtis distance) between aphid-infested
and control plants over time and between soil types. The
dissimilarity in taxonomic composition between aphid-infested
and control samples varied significantly over the time points
evaluated, peaking at 7 days (Figure 4D). Additionally, the

interaction between soil and time was marginally significant
(p = 0.07; Supplementary Table 6), suggesting that the effects of
aphid infestation on rhizosphere community composition over
time differed by soil type. In particular, rhizosphere communities
from aphid-infested plants differed from their controls to a
similar extent over time in Soil 1, while dissimilarity between
aphid-infested and control communities peaked at 7 days for
Soils 2 and 3, suggesting a transient effect of aphid infestation on
the rhizosphere bacterial community in these two soils.

Firmicutes, Particularly Bacillaceae, Are
More Diverse and Abundant in
Aphid-Infested Rhizospheres of Soil 1
Compared to Un-infested Controls
We next investigated the presence/absence of taxa between
aphid-infested and control plants in each soil type to identify
underlying sources of variation that could contribute to observed
differences in bacterial diversity and composition (Figures 3,
4A–C). Because the differences between aphid-infested and
control rhizospheres were highest at 7 days after infestation,
we focused only on this time point for our analysis. Consistent
with differences in bacterial species richness, Soil 1 had a higher
proportion of taxa that were found exclusively (i.e., unique to a
treatment) in the aphid-treated rhizospheres (25.3%) compared
to the un-infested controls (6.9%) at Day 7 (Figure 5A). The
opposite pattern was observed in Soil 3, where a larger proportion
of taxa were found exclusively in the control plants (29.1%)
compared to the aphid-infested plants (11.2%) (Figure 5C).
Soil 2 had similar proportions of taxa found exclusively in
rhizospheres of either control or infested plants (20.0 vs.
14.0%) compared to the other two soils (Figure 5B). Next,
we performed an over-representation analysis at the phylum
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FIGURE 4 | Top-down effects of aphid herbivory alter rhizosphere bacterial community composition in two soils, and impacts vary over time and soil type. Canonical

analysis of principle component (CAP) plots showing Bray-Curtis distance between sample community compositions in (A) Soil 1, (B) Soil 2, and (C) Soil 3.

Bray-Curtis distance represents variation among samples due to both taxa presence and relative abundance. Points on plots represent individual samples. Color

represents aphid infestation level and shape represents the number of days after infestation. Percent variance explained is listed after significant CAP factors. Distance

between aphid-infested and control samples within each block were plotted over time for (D) Bray-Curtis distance. Statistically different factors (*p < 0.05, **p < 0.01,

***p < 0.001, †p < 0.1) are labeled on the panel to which they correspond.

level to determine if any taxa exclusive to aphid-infested or
control rhizospheres in a given soil were significantly over or
under-represented. We found that the phylum Firmicutes was
significantly overrepresented in aphid-infested plants in Soil 1
(Fisher’s exact test, adjusted p < 0.05) at 7 days after infestation
(Figure 5D, Supplementary Table 7), suggesting an increased
diversity of Firmicutes present in aphid-infested rhizospheres of
Soil 1-grown plants.

We next examined differential abundance of taxa between
aphid-infested and control rhizosphere communities at 7 days
after infestation as CAP analysis showed differences between
aphid-infested and control rhizosphere bacterial communities
in Soils 1 and 3 (Figure 4). Only a few low abundance taxa
were differentially abundant between aphid-infested and control
plants at the ASV level, with ten differentially abundant taxa in
Soil 1, and one each in Soils 2 and 3 (Supplementary Table 8).
No bacterial families were differentially abundant between
aphid-infested and control rhizospheres in either prairie soil
treatment. Three families were however differentially abundant
in Soil 1, with Bacillaceae (Phylum: Firmicutes) (Figure 5E)
and Azospirillaceae significantly enriched in aphid-infested
rhizospheres, and Pedosphaeraceae depleted in aphid-infested

compared to control rhizospheres (Supplementary Table 8).
Though Bacillaceae were enriched in aphid-infested Soil 1
plants, Soil 1 had the lowest overall relative abundance
of Firmicutes compared to the other two soils (Figure 5E,
Supplementary Table 2).

BOTTOM-UP EFFECTS: DO SOIL
MICROBIAL COMMUNITY DIFFERENCES
IMPACT APHID HERBIVORY
(EXPERIMENTS 1 AND 2)?

Soil Microbial Community Source
Impacted Bottom-Up Effects on Plant and
Aphid Performance
We next asked whether fresh shoot weight and aphid population
growth were impacted by different soil microbial communities
in a bottom-up manner (Figure 1B). In Experiment 1, fresh
shoot weight was significantly impacted by soil source at
each time point with plants grown in Soil 1 generally having
the lowest shoot weight. By 14 days after infestation, all
three soils were significantly different, with plants grown
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FIGURE 5 | Differential abundance and presence/absence analysis show an enrichment of Firmicutes in the aphid-infested plants grown in Soil 1 at 7 days after

infestation. Venn Diagrams showing numbers and proportions of ASVs found exclusively in the rhizospheres of aphid-infested, control plants, or both in (A) Soil 1,

(B) Soil 2, and (C) Soil 3. (D) Stacked barplot showing the taxonomic composition at the phylum level of ASVs found exclusively in control or aphid-infested

rhizospheres of Soil 1. Significantly over-represented phyla (adjusted p < 0.05) are marked with an asterisk. (E) Relative abundance of Firmicutes, colored by family,

across the three soils (rows). Columns represent bulk soil, pre-infestation rhizosphere, and control and aphid-infested rhizospheres at 7 days after infestation.

Significantly differentially abundant families (adjusted p < 0.05) are marked with an asterisk.

in Soil 2 having the highest shoot weights and Soil 1
the lowest (Supplementary Figure 5, Supplementary Table 9)
Aphid infestation did not significantly impact shoot weight at
any time point. Total aphid population size per plant changed
significantly over time and with initial aphid infestation level, as
expected (Supplementary Figure 6, Supplementary Table 10).
However, soil source was not a significant factor, though the small
number of replicates and wide variation in aphid population
growth in Soils 1 and 2 suggested that a higher-powered
experiment may reveal differential impacts of soil microbial
community source on aphid performance. Thus, in Experiment
2 we incorporated higher replication (12–16 replicates per soil),
focused on only the high initial aphid infestation level, and
counted aphid populations on each plant 7 days after infestation.
Additionally, in order to minimize the effects of soil physico-
chemical differences we mixed each of the soils at a 10% rate
with a 1:1 sterile mix of potting soil and topsoil. We included

a “no microbiome” control to compare and to what extent
the magnitude of bottom-up effects would differ across soils
in comparison to an initially sterile no-microbiome control. In
Experiment 2, soil microbial community source significantly
affected aphid population growth in phase 1 (Figure 6,
Supplementary Table 10). Surprisingly, aphid performance was
significantly lower on the “no microbiome” control plants than
on plants with an intact soil microbiome (i.e., no evidence of a
soil microbiome induced herbivore suppression). However, we
did observe significant differences in bottom-up effects of the
microbiome on aphid performance across soils compared to the
“no microbiome” control. Soil 1 had the lowest performance with
only a 19% increase over the “no microbiome” control, while
Soil 3 had the highest aphid performance with an∼52% increase
over the control. Aphid performance in plants grown in Soil 2
(43% increase compared to “no microbiome” control) was not
significantly different from either of the other two soils.
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FIGURE 6 | Native soil microbial community has a “bottom-up” impact on

aphid performance after 7 days of infestation. Aphid performance was

measured as the total number of aphids present on the plant 7 days after

infestation with ten adult, wingless aphids. “No microbiome” control refers to

pre-sterilized soil with no introduced native microbial community. Differing

letters indicate significant differences between groups at p < 0.05 with Tukey’s

Honest Significant Differences test.

FIGURE 7 | Soil microbial community source affects legacy impacts on

herbivore performance. Interaction plot showing mean aphid performance

between Phase 1 and 2. Error bars represent standard error of the mean.

Significant factors are shown (**p < 0.01).

LEGACY EFFECTS: DO BOTTOM-UP OR
TOP-DOWN PLANT-RHIZOSPHERE
INTERACTIONS LEAVE SOIL MICROBIAL
COMMUNITY-DEPENDENT LEGACIES ON
HERBIVORY? (EXPERIMENT 2)

Soil Microbial Community Source, but Not
Herbivory, Impacted Soil Legacy Effects on
Aphid Performance
Because we observed both top-down impacts of herbivory on
the rhizosphere as well as bottom-up differences in aphid
performance across soils (Figures 3–6), we then investigated
whether aphid infestation would result in a feedback effect

on herbivore performance in a following generation of
plants grown in that soil (Figure 1C). We compared aphid
performance between phase one (conditioning) and two
(response) across the different soil sources to investigate
whether soil legacy effects differed. Overall aphid performance
was unchanged from phase one to phase two (Figure 7).
Conditioning with either aphid-infested or uninfested control
plants in phase one had no effect on aphid performance in phase
two plants (Supplementary Figure 7, Supplementary Table 11),
though soil type did have a significant effect, thus suggesting top-
down effects of herbivory play minimal to no role in determining
legacy effects on herbivory over multiple generations in this
system. However, there was a significant interaction between
phase and soil, where aphid performance trended upwards for
Soil 1, while it trended downward in Soils 2 and 3 (Figure 7,
Supplementary Table 11), suggesting a role for initial soil
microbial community (e.g., bottom-up effects) in determining
soil legacy effects on aphid performance.

DISCUSSION

In this study, we found that high levels of aphid herbivory
have a top-down impact on the diversity and composition
of the rhizosphere bacterial microbiome of wild tomato (S.
pimpinellifolium), but this effect depended on the soil microbial
communities in which the plants were grown (Figures 2–5).
Our study also provides evidence for a bottom-up effect of
the rhizosphere microbiome on aphids as soil source impacted
herbivore performance (Figure 6). Additionally, soil microbial
community, but not aphid infestation, impacted legacy effects
on herbivory, suggesting that bottom-up plant-rhizosphere
interactions are important for determining soil legacies over
multiple generations (Figure 7).

Top-Down Effects of Herbivory on the
Rhizosphere Microbiome Are
Soil-Dependent
Few other studies thus far have examined the impacts of above-
ground herbivory on the below-ground soil microbiome, and
most have focused only on culturable bacteria (Yang et al.,
2011; Lee et al., 2012) or cultivation-independent measures of
fungal taxa (Kostenko et al., 2012; Bezemer et al., 2013; Schaeffer
et al., 2017; Wilkinson et al., 2019). In this study, top down
effects of aphid herbivory on rhizosphere bacterial community
diversity varied according to the soil in which the plants were
grown, ranging from a 20% decrease to a 20% increase, with
no effects in one soil (Figure 3). When considering community
composition, the effects of herbivory accounted for ∼6–7% of
variation in the rhizosphere bacterial community in two of the
soils (Figure 4). Similar to our study, herbivory on ragwort
(Jacobaea vulgaris) altered rhizosphere community composition
by ∼10%, though the herbivore tested was a chewing insect
rather than a sap-feeding insect, and the focus was on the fungal
community (Bezemer et al., 2013). In contrast, O’Brien et al.
(2018) observed no effect of green peach aphid (Myzus persicae)
herbivory on cabbage rhizosphere bacterial community diversity
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or composition when plants were grown under controlled
conditions in an agricultural field soil.

Several factors may have played a role in the soil-type
dependent differences we observed in top-down microbiome
responses to herbivory. For example, some soils may contain
strains of bacteria that are more responsive to plant defensive
chemistries activated in response to herbivore feeding. Plants
in the Solanaceae family generally activate the salicylic acid
pathway in response to piercing/sucking insects like aphids
(Digilio et al., 2010; Coppola et al., 2019), and salicylic acid
has been implicated in structuring root bacterial communities
(Lebeis et al., 2015), although these effects were observed in the
endosphere rather than the rhizosphere. In addition, differences
in root exudation in response to both herbivory (Hamilton
et al., 2008) and soil chemistry (Zhang et al., 1997; Carvalhais
et al., 2013; Neumann et al., 2014) is another possible route
to herbivore-triggered microbiome modulation that could lead
to top-down effects dependent on soil properties and native
microbial communities. Interestingly, the top-down effects we
observed on the rhizosphere appeared to be transient, peaking
at 7 days after infestation. These transient shifts in rhizosphere
communities may in part be connected to the timing of induction
of plant defensive hormone signaling or root exudation, which
can be a dynamic process (Weidenhamer et al., 2014; Coppola
et al., 2019) that only temporarily alters microbial communities.
Further research will be required to elucidate mechanisms
and temporal dynamics of soil microbial community-dependent
responses to herbivory.

Though we observed significant, but transient, top down
effects of herbivory on rhizosphere community composition
and diversity, we found few significant shifts in taxonomic
abundance or presence/absence of specific groups that explain
differences in aphid performance across the soils. We observed
changes in three bacterial families in the rhizosphere in
aphid-infested plants grown in Soil 1, which had the lowest
overall aphid performance, with Pedosphaeraceae (phylum:
Verrucomicrobia) being depleted and Bacillaceae (phylum:
Firmicutes) and Azospirillaceae (phylum: Proteobacteria) being
enriched. Bacterial strains belonging to the Pedosphaeraceae
family are known to break down complex carbon molecules
(Senechkin et al., 2010), suggesting a shift in root exudate
composition under aphid infestation. Azospirillaceae are free-
living nitrogen fixers, often having plant-growth promoting
capabilities (Cassán et al., 2020), though impacts on biotic stress
have not been documented. Some strains of Bacillaceae have been
shown to induce systemic resistance against insects (Valenzuela-
Soto et al., 2010; Gadhave and Gange, 2016), though further
work is needed to determine if the strains present in this soil are
protective against insects. However, Soil 1 had an overall higher
abundance of Bacillaceae before aphid infestation, suggesting
that infested Soil 1 plants are maintaining their populations of
Bacillaceae rather than recruiting them to the rhizosphere in
a “cry for help” in response to herbivore attack, as has been
observed when pepper plants were challenged with green peach
aphid after inoculation with a strain of Bacillus subtilis (Lee
et al., 2012). Additionally, Soil 1 had the lowest abundance of
Bacillaceae compared to the other two soils. In the other two soils,

Bacillaceae relative abundance also decreased over time but was
not significantly different between aphid-infested and control
plants. Thus, it is unclear whether maintenance of Bacillaceae
relative abundance or overall increase in presence of Firmicutes in
response to aphid infestation played a role in the reduced aphid
performance on plants grown in Soil 1.

Overall, our data provides little evidence for the “cry for help”
hypothesis (Yi et al., 2011; Liu et al., 2020), suggesting that this
mechanism is less important for plant defenses against herbivory
or depends heavily on the soil community in which affected
plants are growing. Instead, the overall soil-dependent shifts in
community diversity in response to aphid infestation may have
played a role in aphid performance as diversity increased in
Soil 1, which had the lowest aphid performance, and decreased
in Soil 3, which had the highest aphid performance (Figures 3,
6), suggesting a negative correlation between bacterial diversity
response to infestation and aphid performance, though more
soil microbial communities will need to be tested to confirm
this phenomenon. In chrysanthemum, soil bacterial community
diversity differences were similarly negatively correlated with
thrips performance, though the differences in community
diversity resulted from previous soil conditioning with a variety
of plant species (Pineda et al., 2019), not by the thrips
themselves. Increased diversity has been positively linked with
soil and plant health (Hartmann et al., 2015; Bender et al.,
2016; El Mujtar et al., 2019; Saleem et al., 2019), though it
is currently unclear whether this relationship is causal and in
some cases higher diversity does not equate to a healthier or
more beneficial microbiome (Shade, 2017). Future work will
be needed to further understand the mechanistic relationship
between rhizosphere bacterial community diversity and plant
protection from herbivory.

Bottom-Up Effects of the Soil Microbiome
on Aphid Performance Differ Among Soils,
but Consistently Increase Plant
Susceptibility to Aphids Compared to a
“No Microbiome” Control
Consistent with other studies that observed bottom-up effects of
soil inoculum on insect performance (Badri et al., 2013; Benítez
et al., 2017; Hubbard et al., 2019; Blundell et al., 2020), we found
that differences in aphid performance depended on the source of
the soil microbial community (Figures 6, 7). While we did not
measure effects of microbiome differences on plant nutritional
quality or defense, we observed differences in shoot weight
between plants grown in the different soils consistent with aphid
performance (e.g., Soil 1 had both the lowest shoot weights
and aphid population growth) (Supplementary Figure 5),
suggesting that the effects of the soil microbiome on
plant growth and aphid performance in this experiment
were nutritionally linked. Previous studies have correlated
compositional microbiome differences with plant nutritional
content (Badri et al., 2013) and secondary chemistry (Benítez
et al., 2017; Blundell et al., 2020) that resulted in differences in
insect performance.
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Surprisingly, we observed a positive impact overall of an
intact microbiome on aphid performance compared to the
pre-sterilized, “no microbiome” control. This is in contrast with
several other studies that observed that intact microbiomes
resulted in decreased insect performance or damage due to green
peach aphids, flea beetles (Hubbard et al., 2019), cabbage looper
(Badri et al., 2013), and thrips (Pineda et al., 2019) compared to
a disrupted or “no microbiome” control. This discrepancy could
be due to differences in soil microbial community sources and
methods of introduction, methods of creating a “no microbiome”
control, or microbiome effect differences across feeding guilds.
The contrasting results with green peach aphid (Hubbard et al.,
2019) may also be related to assay differences. That study
measured aphid populations due to natural infestation, which
is a result of both aphid performance as well as attraction to
the plant, while our study measured only aphid performance
after experimental infestation on caged plants. Our observation
of increased aphid performance in intact microbiome treatments
compared to the “no microbiome” control may be the result
of triggered susceptibility or increased plant nutritional quality
due to the presence of the microbiome, consistent with studies
that have shown that some bacterial strains trigger susceptibility
to aphids (Pineda et al., 2012) and alter nutritional quality
(Badri et al., 2013).

Bottom-Up, but Not Top-Down,
Microbiome-Plant-Herbivore Interactions
Contribute to Legacy Impacts on Aphid
Performance
Though bottom-up and top-down microbiome-plant-herbivore
interactions are both thought to impact herbivore performance
(Friman et al., 2020), their respective roles in legacy impacts
on herbivory are poorly characterized. Unlike previous studies
in ragwort (Kostenko et al., 2012; Bezemer et al., 2013), we
did not observe a legacy impact of above-ground herbivory
on herbivore performance on wild tomato in the subsequent
planting. This discrepancy may result from differences in legacy
impacts between feeding guilds as the previous studies examined
legacy impacts of a chewing insect. Piercing/sucking insects
like aphids may have little impact on soil legacy. Alternatively,
given that we did not observe a negative impact of aphid
herbivory on plant performance, it is possible that the plants
in our study were not exposed to the aphids long enough
to condition the soil sufficiently to observe legacy effects
(Lepinay et al., 2018). However, we did see an impact of soil
microbial community source on herbivore legacy with two of
the soils resulting in negative feedbacks and one soil resulting
in a positive feedback on aphid performance in the following
generation. Interestingly, the soil with the positive feedback
had the lowest aphid performance in the first phase of the
experiment, providing further evidence against the “cry for
help” hypothesis.

Multiple mechanisms could have been involved in the
bottom-up effects of soil on aphid performance in both the
initial and following generation of plants. First, observed
differences in aphid performance and soil legacies may have

been due directly to differences in soil physico-chemical
characteristics. For example, phosphorus (P) and nitrogen
(N) levels have been positively linked to aphid performance
measures (Jansson and Ekbom, 2002). Aphid performance
correlated with Bray-1 P measurements, with Soil 3 having
the highest aphid performance in Phase 1 and highest Bray-
1 P levels, though the same correlation was not seen with N
levels. Additionally, soil type and N levels have been shown
to impact plant-soil feedbacks on plant performance (Bezemer
et al., 2006; Manning et al., 2008), though feedback effects on
herbivory have not been studied. However, since we observed
differences in aphid performance when minimizing soil physico-
chemical differences through 10% soil inoculation into the
same sterile soil substrate, it is more likely that microbial
community differences impacted aphid performance, possibly
through effects on plant growth, though direct effects of
soil chemistry cannot be ruled out. While direct effects of
soil characteristics were likely not the major drivers of the
differences observed in aphid performance and legacy impacts,
differences in soil physico-chemical characteristics such as pH,
organic matter content, and nutrient levels have been linked
to differences in soil microbial communities (Fierer, 2017).
The three soils that we tested all had major differences in
these parameters, which likely contributed to the differences
we observed in their bacterial communities, thus leading to
indirect impacts of soil chemistry on herbivore performance and
legacy impacts.

Conclusions and Implications for
Agriculture
In conclusion, we have shown that both top-down and
bottom-up plant-herbivore interactions depend on the soil
microbial community in which the plant is grown, with bottom-
up effects in particular impacting herbivore performance in
both current and following plant generations. Therefore, the
impact of variation in soil microbiomes on plant responses
to herbivory has important, and thus far under-appreciated,
implications for insect pest management in agroecosystems.
Not all soil communities may have the potential to provide
benefits to crop health and protection from pests. Our work
highlights the need to screen plant-herbivore-microbiome
interactions across many soil microbiomes, which will be
essential for identifying soil microbial community characteristics
important in determining plant protection from insects.
Additionally, agricultural management practices (i.e., nutrient
management, rotation, inter-cropping, irrigation) as well as
crop species and cultivar are all known to impact the soil
microbial community (French et al., 2021). Thus, compositional
and functional alteration of native soil communities that
result from chosen agricultural management practices will
likely impact top-down, bottom-up and legacy effects on
herbivore performance. Further work is needed investigating
plant-herbivore-microbiome interactions under field conditions,
especially different agroecosystem management regimes (i.e.,
conventional, organic, low-input). Developing tools to predict
how a given native microbial community will interact with a
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plant experiencing herbivory stress will be critical to creating
strategies for managing microbiomes for crop health in
agro-ecosystems, whether through interventions with microbial
inoculations, predictive monitoring to assess potential impacts
of a given microbial community on herbivore-crop interactions,
or implementation of agricultural practices that positively direct
the microbiome.
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