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Abstract

Two greenhouse experiments using soils from long-term field plots were carried out to test whether and how soil factors
modulated by organic amendments feed back to rice plant growth and defense against an aboveground herbivore, the planthopper
Nilaparvata lugens. Using factorial combinations of sterilized soil and soil inocula obtained from chemically amended plots (i.e.,
control treatment) or chemically plus organically amended plots (i.e., organic treatment), we disentangled the effects of biotic and
abiotic soil properties on plant and planthopper performance. We found that, compared with abiotic soil properties, soil biological
factors were the main drivers in regulating plant growth performance. Specifically, soil biota that are shaped by the organic
treatment had high microbial abundance and diversity and enhanced rice plant tolerance (i.e., increasing plant total biomass) and
resistance (i.e., decreasing amino acid and sugar concentrations) to planthoppers. Moreover, the organic treatment simultaneously
increased plant growth and defense against planthoppers, which could be explained by high soil nutrient availability driven by
soil biota. Our results demonstrate the importance of synergistic effects of soil biota and soil abiotic factors on plant growth and
resistance to herbivory. These findings are important for better understanding the mechanisms and impacts of ecological
intensification as well as the potential of steering soil communities to reduce the use of chemical fertilizers and pesticides and
further optimize crop production.
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Introduction

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00374-020-01473-w) contains supplementary
material, which is available to authorized users.

The functioning of soil ecosystems is facing serious challenges
under the increasing pressure of anthropogenic activities (Grime
et al. 2000; Sala et al. 2000). Soil communities are integral in
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ecosystem responses to perturbations and management actions
(Bardgett and van der Putten 2014; Delgado-Baquerizo et al.
2017; Singh and Gupta 2018), but their key roles in sustaining
the ecological processes in agricultural management strategies
remain little understood. Evidence is mounting that soil commu-
nities can not only enhance plant tolerance to herbivores but also
induce systemic resistance against herbivores and pathogens
(Martinez-Medina et al. 2016; Pineda et al. 2010; Raaijmakers
and Mazzola 2015). Thus, targeted management of soil commu-
nities might be an effective approach to enhance agricultural
sustainability (Xu et al. 2020).

In agroecosystems, soil community composition and func-
tion depend on the input of plant-derived organic compounds
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but is also influenced by chemical amendments (e.g., indus-
trial inorganic fertilizer) and organic amendments, such as
manure and biochar (Ikoyi et al. 2020; Liu et al. 2020;
Wang et al. 2019a). Comparisons between organic and chem-
ical amendments have received much recent attention, in par-
ticular the negative impacts of chemical amendments on soil
degradation, environmental pollution, and aboveground pest
outbreaks (Gravuer et al. 2019; Knapp and van der Heijden
2018; Shi et al. 2020). Previous studies have shown that soil
chemical properties affected by fertilization regimes could in-
fluence crop nutrient uptake and growth rate. Moreover, soil
biological factors, including microbial abundance and diver-
sity, also play vital roles in maintaining soil functions via C
and nutrient turnover (Bedada et al. 2014; Singh and Gupta
2018). However, how biotic and abiotic soil factors are driven
by different fertilization regimes and in turn affect plant
growth and resistance to aboveground pests is largely
unknown.

With the development of more sustainable agricultural
practices, increasing attention has been paid to the influence
of soil communities on plant performance and defense against
herbivores (Friesen et al. 2011; Heinen et al. 2018, 2020; Lau
and Lennon 2012; Pineda et al. 2020; Qiao et al. 2019). For
example, targeted manipulation of soil biota can stimulate soil
life and maximize the biological processes they drive, and
hence, their contribution to sustainable ecosystem function-
ing, and thereby increasing crop yield (Bender et al. 2016;
Ma et al. 2020; Mariotte et al. 2018). A diverse soil commu-
nity can also promote the uptake of micronutrients by plants
and is essential in keeping a plant’s nutrient balance
(Chaboussou 2004). Moreover, soil biota can positively affect
plant defense against herbivores via stimulating the synthesis
of plant secondary compounds (Pineda et al. 2013; Rashid and
Chung 2017), and improving phytohormone signaling, such
as salicylic (SA) and jasmonic acid (JA) signaling, through the
regulation of defense genes (Puga-Freitas and Blouin 2015;
Spence et al. 2014; Zhu et al. 2018). In this context, managing
plant-associated microbes might provide a sustainable solu-
tion to decrease agricultural pollution by increasing crop
yields, and reducing the use of pesticides. However, so far,
most studies on aboveground plant defense have focused on
the effects of individual microbial species or strains. There is
an urgent need to further explore what factors and processes
induced by complex soil communities are involved in these
interactions (Pineda et al. 2017).

Plants can employ various strategies to maximize their fit-
ness against herbivore attack, including tolerance and resis-
tance. Generally, tolerance is the ability of plants to regrow
and reproduce in the presence of herbivores (Strauss and
Agrawal 1999), whereas resistance is the ability of plants to
reduce herbivore preference or performance (Karban and
Baldwin 1997). Previous studies have shown that increased
investment in defense may come at the expense of plant
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growth (i.e., the growth-defense hypothesis, Fig. la;
Bechtold et al. 2018; Huot et al. 2014), leading to differential
investment in plant growth or defense depending on, for ex-
ample, soil conditions. Here, the resource availability hypoth-
esis postulates that resource availability is the major determi-
nant of the plant growth-defense trade-off (Fig. 1b; Coley
et al. 1985; Ziist and Agrawal 2017). Therefore, plants might
exhibit faster growth rates and lower defense levels in envi-
ronments with high resource availability.

In agroecosystems, to enhance crop production, fertilizers
are applied to improve soil nutrient availability. Although the
application of chemical fertilizers can promote crop yield, it
causes major problems (Foley et al. 2011; Reganold and
Wachter 2016). Besides severe environmental problems, ex-
cessive use of chemical fertilizers can lead to outbreak of pest
herbivores, due to nutrient imbalances and lower pest resis-
tance (the mineral balance hypothesis; Alyokhin et al. 2005;
Phelan et al. 1996). The mineral balance hypothesis (Fig. 1¢)
suggests that soil organic matter (SOM) and microbial activity
associated with organic amendments help to maintain the nu-
trient balance in crops, for example through promoting protein
synthesis and inhibiting the accumulation of plant amino
acids. Hence, adding organic amendments in addition to
chemical fertilizers is one of the recommended ways to both
solve the problems derived from excessive chemical fertilizers
and sustain crop yield (Ji et al. 2020; Liu et al. 2009; Muller
et al. 2017). Nevertheless, the role of abiotic and biotic soil
properties as affected by organic amendments in plant growth-
defense trade-off remains poorly understood.

Here, we utilized a long-term fertilization experiment to set
up two greenhouse experiments examining whether and how
biotic and abiotic soil properties as influenced by organic
amendments alter rice plant growth and defense against
aboveground herbivores. First, we investigated the soil lega-
cies of organic amendments on rice plant and herbivore per-
formance using a fully factorial experiment. We hypothesized
that (H1) plants with higher biomass and lower nutrients in
organically amended soils would possess greater tolerance
and resistance to herbivores, and thereby suffer less herbivore
abundance than plants grown in control soils. Second, a recip-
rocal transplant experiment was conducted to disentangle the
effects of biotic and abiotic soil properties as influenced by
organic amendments on plant-herbivore interactions. We hy-
pothesized that (H2) compared with the sterilized soil treat-
ments, the presence of soil biota, especially when shaped by
organic amendments, could promote plant growth and en-
hance plant tolerance against herbivores. We expected that
soil biota are the main drivers in regulating plant growth per-
formance, rather than abiotic soil properties. We further hy-
pothesized that (H3) high soil nutrient availability driven by
soil biota in soils receiving organic amendments would pro-
mote plant resource investment in growth rather than in de-
fense against herbivores.
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Fig. 1 Conceptual diagram illustrating (a) the growth-defense hypothe-
sis. This hypothesis predicts that activation of defense mechanisms comes
at the expense of plant growth as plants typically are resource-limited; (b)
the resource availability hypothesis. This hypothesis posits that resource
availability is the main driver of the plant growth-defense trade-off. Plants
tend to grow faster but possess lower levels of defense compounds in
environments with high resource availability; (¢) the mineral balance

Materials and methods
Soil collection and characterization

Soil samples were collected from a rice paddy field experi-
ment located at the Jiangxi Institute of Red Soils (28° 15’ N,
116° 20" E, Jiangxi Province, China) to set up two greenhouse
experiments. Mean annual temperature in the study area is
approximately 17.2 °C. Mean annual precipitation and evap-
oration are approximately 1550 and 1150 mm, respectively.
The soil is classified as a typical Stagnic Anthrosol (IUSS
Working Group 20006), silty loam texture (19.7% sand,
48.5% silt, and 31.8% clay). Before establishment of the ex-
periment, the field had been used for rice (Oryza sativa L.)
cultivation for at least 100 years.

The long-term fertilization experiment was established
in 1981 with a double rice cropping system (rice-rice-win-
ter fallow). The experiment consists of a randomized de-
sign with three replicates of nine treatments (all plots were
46.67 mz), aiming to determine the optimum ratio of
chemical fertilizers and the role of organic amendments.
The details of the field experiment have been described in
Huang et al. (2009). In 2014, to estimate the effects of
organic amendments on plant-herbivore interactions, we
selected two treatments with distinct fertilization regimes,
i.e., only chemical amendments (hereafter, control
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hypothesis. This hypothesis suggests that SOM and microbial activities
associated with organic amendments promote a buffering capacity that
can maintain the nutrient balance in crops, thus increasing plant resistance
to herbivores. d Conceptual diagram of how biotic and abiotic soil prop-
erties as affected by organic treatment influence rice growth and suscep-
tibility to herbivores and herbivore performance

treatment, C), and combined addition of chemical and or-
ganic amendments (hereafter, organic treatment, O). The C
treatment consisted of addition of NPK fertilizer (N:
90 kg ha !, P,Os: 45 kg ha !, K,O: 75 kg ha ') for each
rice cycle, while the O treatment consisted of the same
amount of NPK fertilizer plus green manure
(22,500 kg ha™'; organic C: 467 g kg™ ', total N:
4.0 g kg'', total P: 1.1 g kg ', total K: 3.5 g kg ") for
the early rice cycle and NPK fertilizer plus pig manure
compost (22,500 kg ha '; organic C: 340 g kg ', total N:
6.0 gkg ', total P: 4.5 g kg™, total K: 5.0 g kg™ ") for the
late rice cycle. We then used the C and O soils to set up
two greenhouse experiments exploring the contributions of
soil biota to plant growth performance as influenced by the
addition of organic amendments.

In May 2014, three soil cores per plot were sampled using a
standard core sampler (diameter: 5 cm) to a depth of 20 cm.
We pooled the samples from the C treatments and we pooled
the samples of the O treatments into two composite samples,
i.e.,, C and O soils. The method of pooling soil samples has
some drawbacks (Reinhart and Rinella 2016), but the purpose
of our study was to test the average effects of biotic and abiotic
soil properties as influenced by organic amendments on plant-
herbivore interactions, and we were not interested in the spa-
tial variability of soil community effects (Cahill et al. 2017;
Gundale et al. 2017; Teste et al. 2019). The composite soil
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samples were then passed through a 5-mm sieve. Each soil
sample was divided into three parts: (1) half of each sample
was sterilized by gamma-irradiation (50 kGy) and used as a
substrate for rice growth in the second experiment. (2) The
largest part of the remaining soil sample was not sterilized and
was used to investigate the legacy effects of organic treatment
on rice plant growth in the first experiment. (3) A small part of
each sample was used as an inoculum in the second experi-
ment by shaking the soils at a 2:1 water-to-soil ratio
(Rodriguez-Echeverria et al. 2013). We used the soil suspen-
sions as inocula without filtering, since filtering would ex-
clude microorganisms attached to soil particles or soil organ-
isms too large to pass through the mesh (van de Voorde et al.
2012). In addition, 10 g soil subsamples were used for analy-
ses of soil microbial communities (see below), and 200 g soil
subsamples were used to measure the pH and nutrient content
(see below). Soil samples were stored at — 80 °C and 4 °C for
microbial and chemical properties, respectively. Chemical
properties of non-sterilized and sterilized soils are shown in
Table 1.

Rice cultivar and sap-feeding herbivores

In our study, we used the local rice cultivar Nongxiang 98.
Seeds were surface-sterilized in 10% H,O, (w/w) solution for
30 min, rinsed five times, and then soaked in sterile distilled
water for 12 h before being germinated on damp gauze at
28 °C. As sap-feeding herbivore, we selected the specialist
planthopper Nilaparvata lugens (Stal) (Hemiptera,
Delphacidae), which is one of the most economically delete-
rious pests in rice cultivation (Bottrell and Schoenly 2012). It
sucks the phloem sap of rice plants and causes plants to wilt
and turn brown (Yadav and Chander 2010). In a previous
study, we have shown that our rice cultivar was medium sus-
ceptible to this herbivore (Huang et al. 2012). Planthoppers
were collected from paddy fields and then reared on young
seedlings of Nongxiang 98 under a 16:8 h light:dark photope-
riod at 15,000 1x, at 26 = 1 °C, and at a relative humidity of 66
+5%.

Experimental set-up

Experiment |: effects of organic amendments on plant growth
and resistance to aboveground herbivores

The first experiment was a fully factorial experiment, in which soil
treatments (C or O) and N. lugens (presence or absence) were
factors, resulting in four treatments with five replicated pots per
treatment. During the experiment, midday temperatures in the
greenhouse ranged from 25 to 30 °C, and natural light was pro-
vided. A total of 20 polypropylene pots (250 mL) were filled with
200 g (dry weight equivalent) of C or O soils, and each pot was
planted with six 1-week-old rice seedlings. All pots were located
randomly in the greenhouse, and plants were not affected by any
other herbivores. Seven weeks after transplanting, fourth instar
nympbhs of the planthopper Nilaparvata lugens were added to half
of the pots (i.e., five pots per soil treatment, ten pots in total). We
established a low to moderate infestation density based on an
earlier study (Huang et al. 2013) with the expectation of severe
herbivore attack but no plant mortality. Each pot received a total
of 30 nymphs. The planthoppers were contained in the pots by
transparent polyvinyl chloride (PVC) cylinders, higher than the
plants (d =20 cm, /=60 cm), covered with a gauze. Pots without
herbivores were also equipped with PVC-cylinders, to ensure
similar conditions to all plants. One day after transfer,
planthoppers were counted and any losses were replaced. All pots
were watered daily until 3 days before the final sampling. The
experimental pots were harvested 3 weeks after N. lugens infes-
tation, when rice plants showed significant herbivore damage.

Experiment Il: effects of biotic and abiotic soil properties
on plant growth and resistance to aboveground herbivores

Experiment II consisted of two phases, a conditioning phase (to
stabilize microbial communities introduced by the inoculum) and
atest phase (Fig. 2). In the conditioning phase, 60 pots were set up
by weighing 350 g (dry weight equivalent) of sterilized soils into
500-mL glass pots under laminar air-flow conditions; 30 pots
contained sterilized O soils and 30 pots contained sterilized C

Table 1 Chemical properties of
non-sterilized and sterilized field
soils. Values shown are means +

Non-sterilized soils Sterilized soils

SE (n=5) Control Organic Control Organic
Exchangeable NH,*-N (mg kg ™) 2.18+0.17 434+0.23 37.23+£0.33 4721+043
NO; N (mg kg ") 4.72+0.21 3.16+0.11 4.69+0.36 3.40+0.03
DOC (mg kg ) 103.34 +4.86 158.38 +4.61 369.74+12.75 487.49+19.45
AP (mg kg ™) 8.73+0.44 46.20 +2.64 21.88+0.24 115.34+2.25
AK (mg kg™ 130.27+4.83 174.30+2.32 258.42+15.36 442.06+10.11
pH (H,0) 6.05+0.14 6.26+0.07 5.70+0.09 5.95+0.12

DOC dissolved organic C, AP available P, AK available K
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soils. For each of the sterilized soils, 10 pots were inoculated with
organic soils (15 mL pot ', approximately 2% of dry weight; O +

0 and C +0), 10 pots with control soils (15 mL pot ', approxi-
mately 2% of dry weight; O +c and C+c), and 10 pots with
sterile distilled water (15 mL po‘(l ,O+sand C +s). This resulted
in a total of six soil treatments (O +0, C+0, O+¢c, C+c, O+s,
and C + s) with ten replicated pots per soil treatment (Fig. 2). All
soils were then adjusted to and maintained at 80% water-holding
capacity using sterilized distilled water. The pots were sealed with
rubber plugs (to avoid contamination from airborne microorgan-
isms) and incubated in darkness at 25 °C for 8 months for the soil
communities to establish and stabilize (Griffiths et al. 2001).
During the incubation period, all pots were vented in a laminar
air-flow cabinet for 1 h to reset them to incubation conditions
when CO, concentrations in the pots were beyond 5% (Ma
et al. 2015). At the end of the incubation period, a sample of
80 g was collected from each pot for chemical and soil microbial
analyses (see below). The remaining soil of each pot was used in
the test phase of this experiment.

The test phase of the experiment was conducted in the same
greenhouse as the conditioning phase, but under natural light
conditions. A total of 60 polypropylene pots (250 mL) were filled
with 200 g of soil (dry weight equivalent) collected from the
conditioning phase (the 6 soil treatments: O+0, O+c, C+o,

C+c, O+s, and C+s; 10 pots per treatment), and each pot
was planted with 6 1-week-old rice seedlings under laminar air-
flow conditions (Fig. 2). Each pot was sealed in a 30 cm x 40 cm
polyethylene sterile bag to avoid contamination from airborne
microorganisms. The bags were opened in a laminar air-flow
cabinet to flush with ambient air for 1 h three times a week.
Three weeks after transplanting, the polyethylene sterile bags
were removed to ensure sufficient space for plant growth. Seven
weeks after plant transplanting, fourth instar nymphs of the
planthopper Nilaparvata lugens were added to half of the pots
(i.e., 5 pots per soil treatment, 30 pots in total). Each pot received a
total of 30 nymphs. All the pots were also equipped with PVC-
cylinders, to ensure similar conditions to all plants. One day after
transfer, planthoppers were counted and any losses were replaced.
All pots were watered daily until 3 days before the final sampling.
The experimental pots were harvested 3 weeks after N. lugens
infestation.

Measurements
Soil chemical properties

We measured chemical properties of both sterilized and non-
sterilized field soils and soil samples at the end of conditioning

o

% Soil inoculum from the organic treatment (0)

&3 Soil inoculum from the control treatment (c)

‘ Organic sterilized soils (O) ‘

‘ Control sterilized soils (C) ‘
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Soil sterilized
y-ray (50 kGy)

0

o
13

o
o

Inoculum (o, c)
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O+00+cC+0C+c
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Plants

Inoculated Sterile

Seven weeks &5

Planthoppers
Three weeks

e/l LW

/el W

Without planthoppers

Fig. 2 Schematic illustrating the design of experiment II. In the
conditioning phase, long-term organically amended soils (O) and control
soils (C) were sterilized and then inoculated with soil inoculum from the
organic treatment (o) or the control treatment (c). The design also includ-
ed sterilized soils without inoculum, resulting in six different soils with

With planthoppers

ten replicated pots per treatment. In the test phase, six 1-week-old rice
seedlings were transplanted to each pot. Seven weeks later, nymphs of the
planthopper Nilaparvata lugens were added to half of the pots (30
nymphs per pot); the herbivore treatments consisted of five replicated
pots
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phase of experiment II. Mineral N (exchangeable NH,*-N and
NO; -N), dissolved organic N (DON), and dissolved organic
C (DOC) were extracted from 10 g fresh soil with 50 mL
ultrapure water (shaken for 1 h at 20 °C at a speed of 200
rev min ') and then centrifuged at 3800 g for 10 min. The
solution was filtered through a 0.45 um cellulose acetate
membrane and the flow-through was analyzed with a total C
analyzer (Elementar, Langenselbold, DE) for the DOC con-
centration and a continuous flow analyzer (Skalar San++,
Breda, the Netherlands) for exchangeable NH,™-N, NO;™-N,
and DON concentrations. Soil available P (AP) was extracted
with 0.50 M NaHCOj; and determined colorimetrically using
molybdate. After extraction with neutral ammonium acetate,
soil available K (AK) concentrations were determined using a
flame photometric method. Soil pH was measured with a
PHS-3C mv/pH detector (Shanghai, China) using a 1:5 soil-
to-water ratio.

Soil microbial communities

After the conditioning phase in experiment II, DNA was ex-
tracted from 0.5 g of soil (fresh weight) from each pot using
the Fast DNA® SPIN kit for soil (MP-BIO, Santa Ana,
California, USA) according to the manufacturer’s instruc-
tions. Quality and concentration of extracted DNA were eval-
uated by 1% agarose gel electrophoresis and measured with a
NanoDrop ND-1000 (NanoDrop Technologies, Willmington,
DE, USA). Following a robust, cost effective and widely used
analysis method for microbial community composition
(Almasia et al. 2016; Gong et al. 2019; Trivedi et al. 2019),
we evaluated the genetic composition and richness of bacterial
and fungal communities in different soils by terminal restric-
tion fragment length polymorphisms (T-RFLP) and quantified
the abundance of bacterial and fungal taxa by quantitative
real-time PCR (qPCR). A detailed description of the molecu-
lar analyses is provided in Method S1 in the Supporting
Information.

Herbivore and plant performance

In both experiments, herbivore and plant performance were
measured 3 weeks after N. /ugens infestation. N. lugens
nymphs were collected from the plants according to Huang
et al. (2012), counted, and their biomass per pot was deter-
mined after drying at 60 °C for 48 h. The average shoot height
(from the stem base to the longest leaf top) of the six plants
was calculated for each pot. Afterwards, plant shoots and roots
were harvested. Fresh shoot and root biomass were recorded,
and half of each sample was dried at 65 °C for 72 h to obtain
dry weight. The remaining fresh sample was used for plant
nutritional metabolite (soluble sugars and amino acids), sec-
ondary metabolite (phenolics), and phytohormone (salicylic
and jasmonic acid, hereafter SA and JA) measurements.
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The shoot soluble sugars were determined by the sulfuric
acid-phenol colorimetric method according to Masuko et al.
(2005) and D’Costa et al. (2014), total amino acids were mea-
sured according to Rohsius et al. (2006) with some slight
modifications, and phenolics were determined using the
Folin-Ciocalteu colorimetric method (Ainsworth and
Gillespie 2007) as described previously (Xiao et al. 2016,
2019). The accumulation of the shoot phytohormones SA
and JA was measured using a modified HPLC-MS/MS meth-
od (Hettenhausen et al. 2013; Pan et al. 2010). A detailed
description of the phytohormone measurements is provided
in Method S2 in the Supporting Information.

Data analysis

In both experiments, as a proxy for plant tolerance to herbiv-
ory, tolerance scores were calculated as the ratio of the shoot
biomass of damaged plants relative to the mean value of un-
damaged plants under the same treatment conditions (Huang
et al. 2010; Simms and Triplett 1994). Plant resistance was
estimated by counting the numbers of N. lugens (ind. pot ');
here, lower numbers of N. /ugens mean that plants possess
higher resistance to herbivory. Besides, linear correlation anal-
yses were used to evaluate the relationships between plant
growth (as estimated by rice plant total biomass) and resis-
tance (as estimated by numbers of N. lugens).

In experiment II, we used two-way ANOVA to test the
effects of biotic and abiotic soil properties on numbers and
biomass of N. lugens. Soil inoculum and sterilized soil treat-
ments were included as fixed factors. These analyses were
performed using IBM SPSS Statistics 22. We then used prin-
cipal coordinate analysis (PCoA) based on weighted UniFrac
distance metrics (Lozupone et al. 2006) to explore the dissim-
ilarities of the microbial (bacterial or fungal) community com-
position using R Version 3.6.0. To identify which plant traits
(total biomass and the concentrations of amino acids, sugars,
phenolics, SA, and JA) were the best predictors of N. lugens
abundance, we conducted a classification random forest anal-
ysis (Breiman 2001) as explained in Delgado-Baquerizo et al.
(2015). Random forest adds an additional layer of randomness
to bagging, and each tree used a different bootstrap sample of
data (5000 trees). These analyses were conducted using the
“randomForest” package in R (Liaw and Wiener 2002). The
significance of the model and the cross-validated R* values
were assessed with 5000 permutations of the response vari-
able (i.e., N. lugens abundance) using the “A3” R package
(Fortmann-Roe 2013). Similarly, the significance of each pre-
dictor (here, plant traits) on N. lugens abundance was assessed
by using the “rfPermute” package (Archer 2016).
Additionally, another classification random forest analysis
was employed to identify the best predictors of plant total
biomass. In the second random forest analysis, the different
abiotic (soil pH, exchangeable NH,"-N, NO; -N, DON,
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DOC, AP, and AK) and biotic (i.e., bacterial and fungal abun-
dance and diversity) soil properties were included as predic-
tors of plant total biomass.

To test for the effects of soil inoculum (s, o, or ¢) and
sterilized soil treatment (O vs. C), and their interaction on
plant growth (shoot biomass and root biomass) and defenses
(amino acids, sugars, phenolics, SA, and JA) in the presence
of planthoppers, we performed two-way permutational multi-
variate analyses of variance (PERMANOVA) using the
adonis function in the “vegan” package in R (Oksanen et al.
2018). PERMANOVAs were run based on Bray-Curtis dis-
similarities with 999 permutations. We then estimated partial
eta-squared effect sizes—the relative importance of the two
manipulated factors (sterilized soil treatments and soil inocu-
la)—on rice growth and defenses in the presence of
planthoppers (Glassman et al. 2018; Talongo 2016). In addi-
tion, linear correlation analyses were used to evaluate the re-
lationships between N. lugens and plant total biomass, the
relationships between N. lugens and plant nutrients (concen-
trations of shoot amino acids and sugars), the relationships
between plant total biomass and microbial properties (bacte-
rial and fungal abundance and diversity), and the relationships
between plant nutrients and microbial properties. To visualize
the associations among abiotic (pH, exchangeable NH4*-N,
NO; -N, DON, DOC, AP, and AK) and biotic (bacterial and
fungal abundance and diversity) soil properties, plant traits
(total biomass, root-to-shoot ratio, and the concentrations of
amino acids, sugars, phenolics, SA, and JA), and herbivore
performance (N. lugens number), we conducted a principal
component analysis (PCA) using R to show the effects of
different soil treatments on abiotic and biotic soil properties,
plant traits, and planthopper numbers.

Results
Experiment |

Compared with the control, the organic treatment significantly
increased plant total (shoot and root) biomass, by ~72% and
~83% in the absence and presence of planthoppers, respec-
tively (p <0.05, Fig. 3a, b, Table S1). Plants grown in organic
soils had ~82% higher and ~21% lower concentrations of
amino acids than plants grown in control soils in the absence
and presence of planthoppers, respectively (Fig. 3¢). In the
presence of planthoppers, the organic treatment significantly
reduced shoot SA and JA concentrations by up to ~60% and
~38%, respectively, compared with the control (p <0.05,
Fig. 3g, h). In addition, the organic treatment significantly
decreased planthopper numbers by ~42% as compared to
the control (p < 0.05, Fig. 3i). There was no significant corre-
lation between planthopper numbers and plant total biomass
in either control or organic treatments (Fig. 3j).

Experiment Il
Biotic and abiotic soil properties after the conditioning phase

Both soil treatment and soil inoculum significantly affected
the composition of bacterial and fungal communities (Fig. 4a,
b). Compared with the control, the abundance and diversity of
bacteria and fungi was increased in organic soils (p <0.05,
Fig. 4c—f, Table S2). Soil inoculum from the organic treatment
caused higher microbial abundance (~2.3% for bacteria and ~

0.7% for fungi) and diversity (~23% for bacteria and ~ 18%
for fungi) than soil inoculum from the control treatment when
added to sterilized organic soils (Fig. 4c—f), and higher fungal
abundance (~1.9%) and diversity (~10%) when added to
sterilized control soils (Fig. 4d, f). Similarly, the organic treat-
ment also increased the content of exchangeable NH,*-N,
DOC, AP, AK, and pH compared with the control (Table S3).

Plant growth

Plants in organic soils had ~56% higher total biomass than
plants in control soils (Fig. 5a). In sterilized soils, plant total
biomass decreased by ~65% under N. lugens infestation.
However, when sterilized soils were inoculated with soil in-
oculum from organic or control treatments, plant total biomass
was decreased by ~29% and ~36%, respectively, under N.
lugens infestation. Across all treatments, the presence of soil
biota significantly increased root biomass but had no effect on
shoot biomass in the absence of herbivores (Fig. 5a).

Rice plants grown in organic soils had ~23% higher con-
centrations of shoot amino acids than plants grown in control
soils in the absence of herbivores. By contrast, compared with
the control, the organic treatment reduced the concentrations
of shoot amino acids and sugars by up to ~41% and ~17%,
respectively, under N. lugens infestation (Fig. 5b, c).

Plant defense traits were significantly influenced by the
interaction of sterilized soil treatments and soil inocula (~
18% variance explained, p < 0.05, Table S4b). Specifically,
in the control soils, soil inoculum from the organic treatment
increased the root-to-shoot ratio and stimulated the production
of shoot SA compared with soil inoculum from the control
treatment under N. lugens attack (p <0.05, Fig. 5d, f).
Meanwhile, shoot phenolics and SA concentrations of plants
grown in control soils were increased by ~36% and ~21% in
the presence of N. lugens infestation, respectively (Fig. Se, f).

Planthopper abundance

Both sterilized soil and soil inoculum treatments influenced
planthopper numbers at the end of the experiment (ANOVA,
sterilized soil treatment effect: F'=7.53, p <0.05; soil inocu-
lum effect: F'=26.12, p <0.001). Across all treatments, plants
grown in organic soils had ~ 17% lower planthopper numbers
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Fig. 3 Effects of organic amendments and planthopper presence on plant
performance including a shoot biomass, b root biomass, ¢ shoot amino
acid concentration, d shoot sugar concentration, e root-to-shoot ratio, f
shoot phenolic concentration, g shoot salicylic acid (SA) concentration,
and h shoot jasmonic acid (JA) concentration. i Effects of organic

as compared to plants grown in control soils (Fig. 6a). Soil
inocula suppressed the development of N. lugens with the
magnitude being greatest for soil inocula from the organic
treatment (p < 0.05, Fig. 6a).

The importance of plant traits

Soil inocula explained ~42% of variation in plant biomass
(p<0.001, Table S4a). The random forest analysis indicated
that plant total biomass was the best predictor of planthopper
abundance (p <0.001; Fig. 6b), and soil bacterial diversity
(p<0.01) was the best predictor of plant total biomass,
followed by the abundance of fungi and bacteria (p <0.05,
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1.5 2.0
Plant total biomass

amendments on planthopper numbers. Bars represent standard error of
the mean (n =5). Different letters above bars indicate significant differ-
ences among treatments (Fisher’s LSD test, p <0.05). j Relationships
between planthopper numbers and plant total biomass across soil treat-
ments. Shaded areas indicate 95% confidence intervals

Fig. 6¢). Further, planthopper abundance was negatively cor-
related with plant total biomass (R2 =0.42,p<0.01, Fig. Sla),
while positively correlated with shoot amino acid and sugar
concentrations (amino acids: R>= 0.24, p <0.01; sugars: R>=
0.31, p<0.01, Fig. 6d; S2). In addition, plant total biomass
was positively correlated with microbial abundance and diver-
sity (p <0.001, Fig. S1b), and plant nutrients (concentrations
of shoot amino acids and sugars) were negatively correlated
with microbial abundance and diversity (p <0.001, Fig. 6e).
Plants grown in organic soils showed greater tolerance to
herbivory than plants grown in control soils (F=5.6, p=
0.025). Compared with sterilized soils, sterilized soils re-
inoculated with soil inocula significantly increased plant
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tolerance to herbivory (p <0.05, Fig. 7a). Planthopper num-
bers negatively correlated with plant total biomass in organic
soils, but did not correlate with plant total biomass in control
soils (Fig. 7b).

Discussion

The aim of the study was to investigate the legacy effects of
organic amendments on rice plant growth and susceptibility to
aboveground herbivores, and to further disentangle effects of

Soil treatment

biotic and abiotic soil properties as influenced by fertilization
regimes on plant and herbivore performance.

Effects of soil biota on plant tolerance

Consistent with our first hypothesis, rice plant biomass was
higher in organic soils than in control soils, possibly due to
increased soil nutrient availability and soil biodiversity associ-
ated with organic amendments (Luo et al. 2018; Mader et al.
2002). This suggests that reduced planthopper numbers ob-
served in those treatments were not caused by poor vigor or
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Fig. 5 Effects of sterilized soils and soil inoculum from organic (O) or
control (C) treatments, and planthopper presence on plant performance
including a plant (shoot and root) biomass, b shoot amino acid concen-
tration, ¢ shoot sugar concentration, d root-to-shoot ratio, e shoot phenolic
concentration, f shoot salicylic acid (SA) concentration, and g shoot
jasmonic acid (JA) concentration. s, sterilized soil without inoculum; o,

smaller size of rice plant. At the end of the conditioning phase
of experiment I, organic soils had higher nutrient availability
and pH than control soils. This is in line with previous studies
showing that organic amendments improved soil properties
through increases in soil organic C, cation exchange capacity,
and pH (Agegnehu et al. 2016; Gravuer et al. 2019; Ji et al.
2020). Generally, high nutrient availability and favorable pH
could promote soil community development (Chen et al. 2019;
Hu et al. 2014; Rousk et al. 2010; Tian et al. 2017), which could
be the reason for the significant increment of microbial abun-
dance and diversity in organic soils in our study.

In support of our second hypothesis, the presence of soil
biota promoted plants to accumulate more biomass under
planthopper attack (Fig. 5a). Soil biota may positively affect
root development and the availability of nutrients for plant
uptake (Richardson et al. 2009; van der Heijden et al. 2015;
Verbon and Liberman 2016). Hence, the accumulation of root
biomass, together with improved plant nutrition, synergistical-
ly boost plant compensatory growth (Spence et al. 2014; Van
der Ent et al. 2009). Furthermore, plant growth was more
affected by the abundance and diversity of their associated
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sterilized soil with soil inoculum from the organic treatment; c, sterilized
soil with soil inoculum from the control treatment. Bars represent stan-
dard error of the mean (n = 5). Different capital letters above bars indicate
significant differences among treatments without planthoppers and dif-
ferent lowercase letters indicate significant differences among treatments
with planthoppers (Fisher’s LSD test, p <0.05)

soil microbial communities than by abiotic soil properties
(Fig. 6¢c, Table S4a). This indicates that high abundance and
diversity of soil biota were of pivotal importance for regulat-
ing soil nutrient availability and promoting plant growth.
Similarly, earlier studies showed that high soil biodiversity
facilitated the regrowth of plant tissues after herbivory by
improving nutrient and water uptake (Kula et al. 2005;
Saleem et al. 2019; Wagg et al. 2014), thereby promoting
plant tolerance to herbivores. Taken together, our findings
suggest that soil community development amended by organ-
ic amendments could promote plant growth and tolerance
against herbivores via improving soil nutrient availability in
agroecosystems.

Effects of soil biota on plant herbivore resistance

In further support of our first hypothesis, the concentrations of
shoot amino acids in the presence of N. lugens were lower
when rice plants were grown in organic soils than when grown
in control soils. Also, substantially lower N. lugens numbers
were detected in the treatments with organic soils. Plant
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Fig. 6 a Effects of sterilized soils and soil inoculum from organic (O) or
control (C) treatments on planthopper numbers. s, sterilized soil without
inoculum; o, sterilized soil with soil inoculum from the organic treatment;
¢, sterilized soil with soil inoculum from the control treatment. Bars
represent standard error of the mean (n =5). Different letters at each bar
indicate significant differences among treatments (Fisher’s LSD test,
p<0.05). Random forest mean predictor importance (% increase in
MSE) of b plant traits (total biomass and the concentrations of amino
acids, sugars, phenolics, SA, and JA) with respect to V. lugens abundance
and ¢ abiotic soil properties (soil pH, exchangeable NH,*-N, NO; -N,

primary metabolites, such as amino acids and sugars, could
positively affect the preference of herbivorous insects, and
have been considered as a major determinant of plant resis-
tance against herbivores (Berenbaum 1995). Therefore, lower
herbivore abundance in the organic treatment might be due to
reduced accumulation of plant amino acids. It has long been
recognized that responses of both aboveground herbivores
and plant primary metabolites are strongly positively correlat-
ed with high soil nutrient availability (Altieri and Nicholls
2003; Wu et al. 2017). However, herbivore survival can also
decline with increasing availability of soil nutrients, because
of increased plant production of N-based alkaloids which are
toxic to herbivores (Lehtonen et al. 2005; Vesterlund et al.
2011). Both amino acids and N-based alkaloids are N-
containing compounds. Hence, we cannot rule out that the
high nutrient availability in organic soils in our study promot-
ed also plant investment in alkaloids. Unraveling the mecha-
nisms warrants further study, but our study indicates that or-
ganic amendments have a negative effect on aboveground

Microbial abundance

_ . Microbial diversity
Ig(copies g dry soil)

DON, DOC, AP, and AK) and microbial properties (bacterial and fungal
abundance and diversity) with respect to plant total biomass across treat-
ments. SA salicylic acid, JA jasmonic acid, AP available P, AK available
K, DOC dissolved organic C, DON dissolved organic N. Significance
levels of each predictor are as follows: *p <0.05, **p <0.01, and
*##%p < 0.001. Relationships d between planthopper numbers and plant
nutrients (concentrations of shoot amino acids and sugars) and e between
plant nutrients and microbial properties (bacterial and fungal abundance
and diversity) across soil treatments. Shaded areas indicate 95% confi-
dence intervals

herbivore survival by reducing the concentrations of plant
amino acids.

Interestingly, we found that soil inocula decreased plant
nutrient concentrations (i.e., amino acids and sugars) in the
presence of N. lugens, indicating that soil biota decreased
plant phloem sap quality for planthoppers which strongly de-
pend on amino acids and sugars in their diet (Awmack and
Leather 2002; Badri et al. 2013; Schoonhoven et al. 2005).
Notably, our reciprocal transplant experiment showed nega-
tive correlations between plant nutrients and microbial abun-
dance and diversity (Fig. 6e). These negative correlations
might be caused by plant-microbe competition for resources
(Hodge et al. 2000a, b). However, several alternative mecha-
nisms have been put forward to explain how soil biota may
decrease plant nutrients in response to herbivory. For exam-
ple, abundant and diverse communities of soil biota could
reduce plant water stress and increase the availability of
micronutrients for plants, thus facilitating protein synthesis
and decrease soluble N in foliage, in turn making plants less
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Fig. 8 A conceptual model illustrating how biotic and abiotic soil
properties influenced by organic amendments affect rice growth and
susceptibility to planthoppers, and planthopper performance. Compared
with the control, organic amendments could support a more diverse and
active soil community (e.g., increase microbial abundance and diversity)
through providing essential nutrients and creating habitats for soil
organisms (a, e.g., increase biologically available soil organic matter
(SOM) and pH). Increased microbial activity could maintain nutrient
cycling and soil structural properties thereby leading to higher nutrient
availability of organic soils. Hence, high nutrient availability and biodi-
versity associated with organic amendments increased plant tolerance
against herbivores through promoting plant growth (b). In this context,
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Nutrient availability

biotic soil properties contributed more to plant growth than soil chemical
properties. Also, higher microbial abundance and diversity in organic
soils resulted in lower nutrients in plants, thus increasing plant resistance
against planthoppers. Although rice plants grown in control soils in-
creased defense compounds (phenolics, SA and JA), enhanced plant nu-
tritional quality might have offset plant chemical defenses, thus making
plants more palatable to herbivores. Therefore, substantially lower
planthopper abundance was detected in the treatments with organic soils
due to increased plant tolerance and resistance to herbivores. The thick-
ness of the blue arrows corresponds to the strength of the positive
relationships
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nutritious to herbivores (Chaboussou 2004; Waring and Cobb
1992). Moreover, high soil biodiversity may promote the bi-
ologically based buffering capacity of soil and help maintain
nutrient balance in crops under planthopper attack (Phelan
1997). Furthermore, under attack of aboveground herbivores,
complex soil communities could stimulate plants to produce
N-based alkaloids (Wang et al. 2019b), thereby reducing plant
amino acids production.

Despite the key role of plant nutrients in determining plant
resistance against herbivores, changes in plant chemical de-
fenses (phenolics compounds, SA and JA) could also contrib-
ute to reduce the reproduction and development of herbivores.
Previous studies showed that sap-feeding herbivores could
activate the SA-signaling pathway involved in systemic ac-
quired resistance in plants (Bezemer and van Dam 2005).
However, our results showed that plant chemical defenses
were not the main predictors of planthopper abundance
(Fig. 6b). We found that the interactions of biotic and abiotic
soil properties significantly influenced plant defenses against
herbivores, indicating that effects of soil biota on plant de-
fenses to herbivores are important and dependent on the soil
treatments. In the control soils, soil inoculum obtained from
the organic treatment stimulated the synthesis of plant defense
compounds compared with inocula from the control treatment
(Fig. Se, f), emphasizing the tight links between soil commu-
nity composition and chemical plant defenses (Pieterse et al.
2014; Rashid and Chung 2017). In the current study, although
rice plants grown in control soils increased chemical defenses
under planthopper attack, enhanced plant nutritional quality in
plants grown in control soils might have offset plant chemical
defenses, ultimately making plants more palatable to herbi-
vores. Taken together, these findings showed that soil com-
munities and fertilization regimes interactively regulate plant
resource allocation between growth and defense.

Notably, contrary to our third hypothesis, we showed that
organic amendments promoted rice plant growth without
compromising anti-herbivore defenses, but instead simulta-
neously increased plant growth and defense against herbivores
(Fig. 7b). Our analyses indicated that this was due to the high
soil microbial abundance and diversity in organic soils. In
contrast, previous studies showed that the induction of chem-
ical defenses in plants in response to herbivory often comes at
the expense of plant growth as plants typically are resource-
limited (Coley et al. 1985; Huot et al. 2014). Here, we ac-
knowledge that the T-RFLP methods that we used to analyze
soil microbial composition and richness has some limitation as
it is sensitive to the choice of genetic markers and reference
databases (Xue et al. 2019). Nevertheless, our results highlight
the important interactive role of biotic and abiotic soil proper-
ties in predicting plant resource allocation patterns and stress
the need of utilizing organic amendments as well as the po-
tential of regulating soil communities to concomitantly reduce
the use of pesticides for sustainable crop production.

Conclusion

We showed that the plant-mediated suppressing effects of
organic amendments on aboveground herbivores were linked
to the positive effects of organic amendments on soil micro-
bial abundance and diversity. Specifically, compared with the
control treatment, higher essential nutrients and pH in the
organic treatment increased microbial abundance and diversi-
ty (Fig. 8a). The diverse soil biota associated with organic
amendments suppressed aboveground herbivory via enhanc-
ing plant tolerance (i.e., increasing plant total biomass) and
resistance as mediated by plant resource allocation of primary
metabolites (i.e., decreasing concentrations of sugars and ami-
no acids) (Fig. 8b). We further demonstrated that plant growth
was more closely related to their associated soil microbial
community than to soil chemical properties, while plant de-
fenses were strongly affected by the interactions of biotic and
abiotic soil factors. We therefore suggest the vital role of soil
biota to be considered in predicting the allocation of plant
resources to growth and defense based on the resource avail-
ability hypothesis. Taken together, our findings highlight the
importance of disentangling the influences of biotic and abi-
otic drivers to mechanistically understand the ecosystem func-
tioning across agricultural management practices.
Nevertheless, it remains largely unknown how different soil
communities or even specific compositional traits could con-
trol resource allocation patterns and plant resistance. Hence,
further studies are needed, for example by combining field
surveys with functional metagenome and transcriptome meth-
odology of soils, plants, and insect herbivores.
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