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and promote nutrient uptake. Yet, the benefits of microbes for plant health can be
altered by above-ground stressors like herbivores and pathogens. However, few
studies have assessed reciprocal plant-mediated interactions between beneficial
soil microbes and multiple above-ground stressors.
2. We assessed if soil rhizobia influenced complex interactions among pea host
plants, a vector herbivore (aphids) and a plant virus (Pea enation mosaic virus,
PEMV). We also examined how aphids and PEMV affected the function of soil
rhizobia.
3. We show that plants attacked by PEMV produced fewer root nodules and had
lower fresh root nodule biomass per g of fresh plant root biomass, and decreased
expression of genes associated with nodulation, suggesting PEMV inhibited nitrogen fixation by rhizobia. However, soil rhizobia decreased aphid abundance and
PEMV titre on host plants, such that rhizobia decreased the susceptibility of plants
to herbivores and pathogens.
4. Assays of amino acids, and gene expression related to hormone signalling, show
interactions among rhizobia, plants, aphids and PEMV were mediated by plant
defence and nutrients. Viruliferous aphids induced salicylic acid in plants, and
salicylic acid suppressed the function of rhizobia. Aphids feeding on plants grown
in rhizobia-inoculated soil also obtained fewer essential amino acids than those
feeding on plants grown in un-inoculated sterilized soil.
5. Mutually antagonistic plant-mediated interactions between soil microbes and
above-ground stressors affected plant susceptibility and herbivore nutrient uptake. This suggests ecological effects of soil microbes and above-ground stressors
for plant health will likely vary based on multi-trophic plant-mediated interactions
among herbivores, pathogens and soil microbes.
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1 | I NTRO D U C TI O N

BASU et al.

and cultivated legumes. However, it is unknown whether rhizobia
decrease plant susceptibility to aphids and/or PEMV, or whether

Soil harbours diverse microbial communities that can alter plant

aphids and/or PEMV affect mutualisms between rhizobia and legume

susceptibility to abiotic stressors such as drought and nutrient

plants. We hypothesized that both soil rhizobia and above-ground

deficiency (Müller et al., 2016; Teng et al., 2015). Beneficial plant-

antagonists would affect plant hormonal signalling and nutrient up-

associated soil microbes also mediate plant susceptibility to biotic

take, such that soil rhizobia could alter plant susceptibility to aphids

stressors including pathogens and herbivores (Ballhorn et al., 2016;

and/or PEMV, or vice versa, through plant-mediated mechanisms. In

Jaber & Vidal, 2009; Santos et al., 2014). By affecting plant stress

controlled experiments, we examined reciprocal interactions among

responses, soil microbes affect the resilience of entire plant com-

these organisms and characterized the underlying mechanisms. Our

munities and ecosystem processes such as biomass production, bi-

results show that rhizobia can interact with above-ground stressors

ological control, nutrient cycling and pollination (A'Bear et al., 2014;

through multiple plant-mediated pathways.

Bardgett & van der Putten, 2014). Above-ground plant antagonists
such as herbivores and pathogens may also affect the abundance
and function of soil microbes by affecting plant biomass and nutritional quality (Bardgett et al., 1998).
Soil rhizobia are ecologically important bacteria that colonize

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Study system

legume roots, forming root nodules that fix atmospheric nitrogen
(Herridge et al., 2008; Smil, 1999). Rhizobia alter tolerance of le-

In the Palouse region of eastern Washington and northern Idaho,

gumes to pathogens by mediating programmed cell death, hormone

USA, A. pisum and PEMV attack P. sativum hosts, which are widely

signalling and physical defences (Dodds & Rathjen, 2010; Kumar

cultivated as a nitrogen-fixing crop (Clement et al., 2010). Infection

et al., 2011). At the same time, abiotic and biotic stress above-ground

of P. sativum with PEMV, which is transmitted by A. pisum, stunts

may affect mutualisms between plants and rhizobia. For example,

plant growth and reduces yield (Clement et al., 2010). The symp-

early nodule formation in legumes can be inhibited by pathogens

toms of P. sativum plants infected with PEMV include small yellow-

(López et al., 2017; Rao et al., 1987), although herbivory can pro-

ish spots on leaves which gradually turn white, crinkled and twisted

mote abundance and greater size of nodules (Heath & Lau, 2011;

leaf textures, presence of cracks and blisters in the adaxial side of

Simonsen & Stinchcombe, 2014). Recent syntheses suggest while

leaves, stem deformation, as well as twisted and small pods. In peas,

herbivores and pathogens alter benefits of microbes for plants, the

R. leguminosarum biovar. viciae, is a common root colonizing, nodule

plant-mediated mechanisms underlying these interactions need fur-

inducing, bacteria (Mutch & Young, 2004).

ther investigation (Friman et al., 2020; Pangesti et al., 2013).

All A. pisum used in experiments were reared in greenhouses

Plant defence and nutrients are affected by soil microbes and

(16:8 hr light:dark; 22:17°C light:dark) on P. sativum (cv. Banner). We

above-ground antagonists. By altering plant traits, soil microbes may

reared both viruliferous and non-viruliferous A. pisum colonies. Both

affect above-ground stressors and vice versa. For example, induc-

were started in 2012 from a field-collected population of virulifer-

tion of salicylic acid, a hormone involved in plant defence, can inhibit

ous A. pisum from the Palouse. To create the non-viruliferous colony,

nodule formation in rhizobia-infested legumes (Martínez-Abarca

we transferred 50 viruliferous A. pisum adults to petri-dishes with

et al., 1998; Nagata & Suzuki, 2014). Enhanced rhizobia coloniza-

filter paper to reproduce for 3 days. All A. pisum nymphs produced

tion, in contrast, has been observed in plants with reduced salicylic

were non-viruliferous, as PEMV is not maternally transmitted and

acid (Stacey et al., 2006; van Spronsen et al., 2003). Consequently,

the nymphs never fed on PEMV-infected plants. Thereafter, these

phytohormone signalling may mediate interactions among rhizobia,

individuals were reared on uninfected P. sativum plants; the virulifer-

plants and biotic stressors (Thaler et al., 2012). However, few studies

ous A. pisum colony was reared on PEMV-infected plants. Colonies

have assessed hormones other than salicylic acid in mediating in-

of viruliferous and non-viruliferous A. pisum were maintained in sep-

teractions among soil microbes and above-ground stressors (Rashid

arate greenhouses (Chisholm et al., 2018).

et al., 2017) while also looking at how rhizobia may affect nutrient
uptake by herbivores (Dean et al., 2014; Johnson et al., 2017), which
may interact to affect plant susceptibility to vector-borne patho-

2.2 | Effects of soil microbes and nitrogen on PEMV

gens. Such studies are needed given that the composition of soil microbial communities varies considerably across ecological contexts

We tested effects of rhizobia and fertilizer on susceptibility of peas

and may thus broadly mitigate the spread of disease.

to A. pisum and PEMV. Soil from the Palouse Conservation Farm

Here, we addressed these key knowledge gaps by examining re-

(Pullman, WA) was exposed to four treatments: (a) control; (b) au-

ciprocal interactions among a legume crop plant (pea Pisum sativum),

toclaved to remove microbes; (c) autoclaved with rhizobia; and (d)

soil rhizobia (Rhizobia leguminosarum biovar. viciae), a vector herbi-

control plus fertilizer; six replicates of each. Soil was autoclaved to

vore (pea aphid Acyrthosiphon pisum) and a vector-borne pathogen

remove microbes by placing it in 61 × 91 cm bags in an autoclave

(Pea enation mosaic virus, PEMV). In the Palouse region of eastern

at 7 psi and 111°C overnight. In rhizobia treatments autoclaved soil

Washington and northern Idaho, these organisms co-occur on wild

was inoculated with pea-specific rhizobia (R. leguminosarum biovar.
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2.3 | Aphid abundance in response to soil treatment

seeds using a manufacturer's protocol (Verdasian Life Sciences). The
rhizobia inoculum concentration was 2 × 10 8 colony forming units

We next conducted an assay to assess whether soil treatments,

per g of soil. The fertilizer treatment was included as fertilizer can

aphid type (sham or viruliferous) and their interaction affected

suppress nodule formation, and this treatment thus served as a form

A. pisum abundance, with the same soil treatments: (a) control;

of ‘nitrogen control’. For this, ammonium nitrate was added to soil at

(b) autoclaved; (c) autoclaved with rhizobia added after; and (d)

90 kg/ha (⁓5 mM N), a rate that suppresses nodulation in P. sativum

control plus fertilizer. We had five replicates per soil treatment,

(Harper & Gibson, 1984).

for each aphid type, where each replicate had a single pea source

Experiments were conducted in greenhouses (16:8 hr light:dark,

plant grown in an individual pot, along with 10 recipient plants.

®

Seeds were sown in 9-c m2 pots in treated soil, and pots were

23°C light, 17°C dark) with plants grown in potting mix (Sunshine

LC1) before transplantation into treated soil after 2 weeks. Plants

placed in 0.6 × 0.6 × 1.0 m cages. 20 adult ‘sham’ or viruliferous A.

were put in 1-L pots with soil exposed to one treatment and stan-

pisum were added to individual 2-week-o ld plants, and after 24 hr

dardized to 75% moisture. Plants were not provided supplemen-

for establishment, we placed two rows of five recipient P. sati-

tal nutrients other than fertilizer in select treatments as prior

vum plants directly adjacent to the source plant in the same cage;

experiments show potting mix provides suitable nutrients (Chisholm

each of these plants was grown in an individual pot containing soil

et al., 2018). Plants were put in 0.6 × 0.6 × 0.6 m cages and 1 d later

with the same treatment as the source plant. We used this design

exposed to one of two A. pisum treatments: (a) PEMV: 10 5-day-old

to allow aphid populations to have sufficient plant resources so

viruliferous A. pisum for 48 hr or (b) sham-inoculation: Ten 5-day-old

they would not reach a carrying capacity, while allowing them to

non-viruliferous A. pisum for 48 hr. After 48 hr aphids were removed

move naturally among plants, allowing us to more precisely meas-

by aspiration; the removal of all individuals was confirmed by 72 hr

ure absolute population growth rates. We counted maternal and

of observations. To assess PEMV titre, half the plants in each treat-

nymph A. pisum on all plants daily for 7 days. For analyses, we

ment were harvested at an early time point (4 days post inoculation,

included the last 6 days since the first day only recorded estab-

dpi) and half at a late time point (10 dpi). To harvest plants, plant

lishing A. pisum density. After 7 days, harvested plants were cut at

tissue was cut at the soil and plant fresh shoot biomass was mea-

the soil surface, and plant shoot fresh biomass was measured. All

sured. Then, we carefully washed soil off plant roots and measured

pea plants from each treatment were checked for the presence of

plant root biomass. The experiment included six randomly assigned

PEMV infection using PCR, and 100% of plants exposed to virulif-

replicates of each treatment in a 4 × 2 × 2 factorial design (4 soil

erous aphids had a positive PEMV titre.

treatments × 2 A. pisum treatments × 2 time points × 6 replicates =
96 experimental units).
For measuring relative PEMV-1 titre (per 100 mg plant biomass),

2.4 | Effects of A. pisum and PEMV on soil rhizobia

after weighing, plant shoot tissue samples were wrapped in aluminium foil, frozen in liquid N2 and snap chilled in dry ice before storing

We next assessed how stress from A. pisum and PEMV affected

in −80℃ and ground into fine powder in liquid N2 using mortar and

nodulation and nodule biomass, key metrics of rhizobia function.

pestles. Homogenized tissue (100 mg) was used for total RNA ex-

This experiment had three treatments: (a) control – no A. pisum; (b)

traction using Promega SV total RNA isolation kits (Promega) and

sham-inoculation: plants infested with non-viruliferous A. pisum; (c)

cDNA from 1 µg of total RNA using Bio-Rad iScript cDNA synthesis

PEMV: plants infested with viruliferous A. pisum. In this experiment,

kits. PEMV-1 specific primers (Table S1) were used in qRT-PCR re-

P. sativum plants were grown in Sunshine Mix LC1 potting mix (Sun

actions (10 µl) containing 3 µl of ddH2O, 5 µl of iTaq Univer SYBR

Gro Horticulture) that did not contain rhizobia and were exposed to

Green Supermix, 1 µl of diluted primer mix (forward and reverse

one of two rhizobia treatments: (a) control: no rhizobia or (b) rhizobia:

[concentration 10 µM]) and 1 µl of diluted (1:25) cDNA template.

inoculated with rhizobia as described previously. We had 20 repli-

The qRT-PCR program included an initial denaturation for 3 min at

cates for each combination of treatments (3 A. pisum × 2 soil). In

95°C followed by 40 cycles of denaturation at 95°C for 15 s, an-

treatments with A. pisum, ten 5-day-old A. pisum were released on

nealing for 30 s at 60°C and extension for 30 s at 72°C. For melting

each plant (either all viruliferous or all sham) for 24 hr, after which

curve analysis, a dissociation step cycle was added (55°C for 10 s,

they were removed. Prior studies have shown that a 24-hr expo-

and then 0.5°C for 10 s until 95°C). The relative viral titre of PEMV-1

sure is enough for plants to respond to aphids and PEMV (Chisholm

(per 100 mg plant biomass) at two different time points (4 dpi and 10

et al., 2018). After A. pisum were removed, P. sativum plants were

dpi) were then calculated using the delta–delta Ct method, (2–∆ ∆Ct)

grown for 10 days to assess root development. Representative pea

with Psβ-tubulin as a housekeeping gene (Kozera & Rapacz, 2013;

plants from each treatment were checked for the presence of PEMV

Livak & Schmittgen, 2001). We measured PEMV-1 titre as our met-

infection through PCR using PEMV-1 specific primers, and 100% of

ric of PEMV transmission, rather than visual symptoms, given that

the plants exposed to viruliferous aphids were infected; 0% of plants

visual symptoms of PEMV cannot be reliably quantified (Chisholm

exposed to non-viruliferous aphids were infected.

et al., 2018). However, all plants with positive PEMV titre showed
visual viral symptoms (leaf yellowing, curling, etc).

Following the experiment period, plants were cut at the soil
surface, and plant fresh shoot biomass was measured. Then, plant
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2.6 | Effects of A. pisum and PEMV on gene
transcripts associated with nodule development

nodules were visually counted before they were excised and collected in separate plastic trays using a sharp blade. Nodule fresh

We grew plants for 4 weeks in rhizobia-inoculated Sunshine Mix

weights were taken immediately after collection, and plant root

LC1 potting mix (Sun Gro Horticulture) and then exposed them

biomass (without nodules) was measured. Nodules were dried for

to three A. pisum treatments: (a) control – no A. pisum, (b) sham:

5 days at 37°C for dry weight measurements. None of the plants

infested with non-v iruliferous A. pisum, and (c) PEMV: infested

in the control soil produced nodules, indicating that the soil was

with viruliferous A. pisum. In A. pisum treatments, ten 5-d ay-o ld

free of rhizobia.

A. pisum were released on each plant (all viruliferous or sham) for
48 hr, after which they were removed. Plants were then grown

2.5 | Analyses of transcripts related to
phytohormone signalling

for 7 days for nodule development. Following this period, plants
were carefully uprooted and the roots were washed with tap
water to clean up soil particles. From each plant, five nodules
of similar size were excised using a sharp blade and collected in

To assess if phytohormones mediated interactions among soil

microfuge tubes, frozen in liquid N2 , and snap chilled in dry ice

rhizobia, A. pisum, and PEMV, we conducted a 2 × 3 factorial

before storing in −80℃. For analyses, samples were homogenized

experiment that varied rhizobia (present or absent) and A. pisum

using a micro pestle using liquid N2 . Homogenized tissue was

(none, sham or viruliferous) and assessed the relative expression

used for total RNA extraction and cDNA synthesis as previously

of two plant genes, PR1 (PATHOGENESIS-RELATED PROTEIN 1) and

described (see ‘Effects of soil microbes and nitrogen on A. pisum

LOX2 (LIPOXYGENASE 2). PR1 acts downstream of the salicylic acid

and PEMV’). Relative transcript abundances of Nodule Inception

pathway and is induced by pathogens (Johnson et al., 2003; Zhu

Protein gene (PsNIN) and Nodule Lectin (PsNLEC1) were determined

et al., 2018). In contrast, LOX2 is involved upstream of the jasmonic

using qRT-P CR reactions with gene specific primers (Table S1) and

acid pathway and induced by chewing insects (Turner et al., 2002;

Psβ-tubulin as a housekeeping gene (Kozera & Rapacz, 2013; Livak

Zhu et al., 2018). The expression of these genes reflects the salicylic

& Schmittgen, 2001). Presence of infection in the PEMV treated

acid and jasmonic acid signalling pathways, which can mediate

plants were confirmed by using PEMV-1 specific primers, and

responses of plants to biotic stress (Kouzai et al., 2016; Lemarié

100% of plants exposed to viruliferous A. pisum had a positive

et al., 2015). Expression of these genes also mirror production

PEMV titre.

of salicylic acid and jasmonic acid (Chisholm et al., 2018). Pea
plants were grown in potting mix (Sunshine® LC1) in 1-L pots, and
rhizobia treatments were inoculated as previously described. For
A. pisum treatments (sham or viruliferous), we added ten 5-day-old
A. pisum to plants when they were 2 weeks old in 0.6 × 0.6 × 0.6 m

2.7 | Effects of phytohormones on function of soil
rhizobia in mediating PEMV infection

mesh cages. After 48 hr, A. pisum were removed by aspiration and
plants were grown for 7 days before harvesting. While transcript

We assessed if phytohormones mediated the effects of rhizobia

abundances can vary over time, we waited 7 days to harvest plants

on providing tolerance to PEMV by treating leaves of 2-week-o ld

as this is the amount of time for PEMV to be detectable and to

P. sativum plants (grown in potting mix inoculated with rhizobia)

allow for comparison to other studies that used this time period for

with one of three treatments: (a) control – 0.01% tween solution

analysis (Bera et al., 2020; Chisholm et al., 2018). Each of the treat-

(a surfactant), (b) jasmonic acid – 0.01% tween plus 0.45 mM me-

ments [2 soils (rhizobia or control) × 3 A. pisum (viruliferous, sham

thyl jasmonate, an active form of jasmonic acid (Adio et al., 2011)

and none)] had four biological replicates.

and (c) salicylic acid – 0.01% tween plus 1 mM methyl salicy-

After A. pisum treatments were complete, above-g round plant

late, an active form of salicylic acid (Ghazijahani et al., 2014).

tissue was harvested and prepped for RNA extraction as described

These concentrations reflect levels used in experiments with

earlier (see ‘Effects of soil microbes and nitrogen PEMV’). After

Arabidopsis spp., P. sativum, and other plants (Adio et al., 2011;

processing, primers specific to phytohormone genes, PR1 and

Bera et al., 2020; Ghazijahani et al., 2014). Twelve replicates were

LOX2 (Table S1) were used in qRT-P CR reactions (10 µl) follow-

used per treatment. Plants were individually placed in mesh cages

ing procedures described earlier (see ‘Effects of soil microbes and

(0.6 × 0.6 × 1 m), and after 24 hr, ten 5-d ay-o ld viruliferous A.

nitrogen on A. pisum and PEMV’). Relative transcript abundances

pisum were released on each plant for 24 hr, after which they

of PR1 and LOX2 were then calculated using the delta–d elta Ct

were removed by aspiration. After 10 days, plants were uprooted,

method, (2–∆ ∆Ct) with Psβ-tubulin as a housekeeping gene (Kozera

cleaned with tap water, and the number of nodules was counted.

& Rapacz, 2013; Livak & Schmittgen, 2001). PEMV infection in the

Representative plants from each treatment were confirmed for

infected plants were confirmed through PCR using PEMV-1 spe-

viral presence through PCR using PEMV-1 rep specific primers,

cific primers, and 100% of plants exposed to viruliferous A. pisum

and 100% of plants exposed to viruliferous A. pisum had a positive

had a positive PEMV titre.

PEMV titre.

Functional Ecology
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2.8 | Analyses of amino acids
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univariate models to assess whether soil treatments affected nodule weight and nodule count in rhizobia-treated soil. Nodule weight

We also measured amino acid content of A. pisum from plants grown

and nodule counts measurements were standardized based on plant

in each field-collected soil treatment. We used this method, rather

root biomass. Finally, average amino acid content for 11 amino acids

than testing amino acids in phloem sap, because the most common

(serine, glycine, glutamine, histidine, homoserine, arginine, thre-

technique to extract phloem sap (extrusion into ethylenediamine-

onine, alanine, proline, tyrosine and lysine) was fitted to a general-

tetraacetic acid) can confound sugar and amino acid concentrations

ized linear mixed model (GLMM,

(Casteel et al., 2014). However, measuring amino acids directly from

with soil treatment as a fixed effect and amino acid and replicate

aphids can provide a fairly reliable estimate of nutrients available in

as random effects. For this analysis, amino acid concentration was

phloem.
For the experiment, 20 age-standardized (5-day-old adults)

lme4

package, Bates et al., 2015),

log-transformed to meet normality assumptions. All post-hoc tests
were calculated using the

emmeans

package (Lenth, 2016), while sig-

A. pisum were collected from each replicate of the abundance ex-

nificance tests via analysis of deviance tables were generated using

periment for each soil treatment into liquid N2 and lyophilized (4

the car package (Fox & Weisberg, 2011).

replicates each). Amino acids were extracted and analysed based on
Casteel et al. (2014). Briefly, 10 mg of dried material was placed in a
2-ml micro-centrifuge tube with two 3-mm steel beads, and ground
to powder using a Harbil 5G-HD paint shaker. Ground tissue was extracted with 100 μl of 20 mM HCl, centrifuged, and supernatant was
saved. Amino acids were derivatized with AccQ-Fluor reagent kits

3 | R E S U LT S
3.1 | Treatment effects on plant shoot and root
biomass

with the manufacturer's instructions (Waters), with L-Norleucine as a
standard. From each sample, 10 μl was injected with an Agilent 1,260

Soil treatment (control, sterilized, rhizobia, nitrogen) and aphid

Infinity pump system with a Nova-Pak C18 column and a fluores-

type (sham, viruliferous) did not affect shoot or root biomass for

cence detector. Data were recorded using the Agilent Chemstation

4-week-old pea plants in PEMV titre experiments at 4 dpi (shoot

software. Amino acid derivatives were detected with an excitation

biomass - soil: F3,40 = 0.88, p = 0.46, aphid: F1,40 = 0.73, p = 0.40,

wavelength of 250 nm and an emission wavelength of 395 nm. Peak

soil × aphid: F3,40 = 0.10, p = 0.96; root biomass – soil: F3,40 = 1.08,

areas from samples were compared to a standard curve made from

p = 0.37, aphid: F1,40 = 0.23, p = 0.64, soil × aphid: F3,40 = 0.85,

a serial dilution of amino acid standards (Sigma-Aldrich). Plants and

p = 0.48) or 10 dpi (shoot biomass – soil: F3,40 = 0.043, p = 0.99,

aphids from all the soil treatments were tested for the presence of

aphid: F1,40 = 0.52, p = 0.48, soil × aphid: F3,40 = 0.87, p = 0.47; root

PEMV by using PEMV-1 specific primers, and 100% of plants ex-

biomass - soil: F3,40 = 1.15, p = 0.34, aphid: F1,40 = 2.42, p = 0.13,

posed to viruliferous A. pisum had a positive PEMV titre.

soil × aphid: F3,40 = 1.43, p = 0.25). Soil treatments also did not affect shoot biomass in the experiment measuring effects on aphid

2.9 | Data analysis

population growth (F3,16 = 2.11, p = 0.14; Figure S1); the three aphid
treatments (none, sham, viruliferous) also did not affect plant root
biomass in the experiment testing nodulation (F2,57 = 2.17, p = 0.12).

Analyses were conducted in R 3.6.1 (R Core Team, 2019). Using
ANOVA, we assessed whether soil (control, sterilized, rhizobia, nitrogen) and aphid (sham or viruliferous) treatments affected plant
shoot and root biomass in the experiment measuring PEMV titre. We

3.2 | Soil treatment effects on viral titre and
vector abundance

then assessed if the four soil treatments affected shoot biomass in
the experiment that assessed viruliferous aphid population growth.

PEMV titre was affected by soil treatment at both 4 (GLMM, χ2

Finally, we assessed if three aphid treatments [none, sham, virulifer-

= 43.45, p < 0.001) and 10 dpi (GLMM, χ2 = 47.41, p < 0.001). At

ous] and soil treatment (rhizobia or not) affected plant root biomass

both dpi, the lowest PEMV titre occurred for plants treated with

in the experiment testing nodulation.

rhizobia (Figure 1A,B). At 4 dpi, sterilized soil had intermediate

We analysed the fold change in viral titre using ANOVA to ex-

PEMV titre between rhizobia and control treatments (Figure 1A),

amine effects of soil and aphid treatments, and their interaction, on

but this was not observed at 10 dpi (Figure 1B). In the experi-

delta CT values for PEMV titre and relative transcript abundance for

ment assessing soil treatments on A. pisum abundance, the num-

the PR1, LOX2, PsNIN and PsNLEC1 gene transcripts. Parameter es-

ber of A. pisum on recipient host plants was significantly lower

timates and subsequent calculations for delta-delta CT (2–∆ ∆Ct) were

when plants were in soil inoculated with rhizobia compared to the

plotted on the log10 scale. To evaluate the effect of soil treatments on

control treatment (GLMM, χ 2 = 8.88, p = 0.030, Figure 1C). These

A. pisum abundance, A. pisum counts per plant per day in each dorm

results were consistent for both aphid types (sham or virulifer-

was modelled as a Poisson-distributed response variable in a GLMM

ous; GLMM, χ2 = 1.35, p = 0.25, Figure 1C), and there was no

using soil treatment as a fixed effect and dorm number × duration as

interaction between aphid type and soil treatment on abundance

a random effect (GLMM, lme4 package, Bates et al., 2015). We used

(GLMM, χ2 = 2.47, p = 0.48).
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3.3 | Effects of A. pisum and PEMV on the
function of rhizobia

(A)

PEMV infection decreased the number of root nodules per g of plant
root biomass (GLMM, χ2 = 68.7, p < 0.001), nodule dry mass per g

of plant root biomass (GLMM, χ2 = 63.9, p < 0.001) and nodule fresh
biomass per g of plant root biomass (GLMM, χ2 = 77.5, p < 0.0001)

compared to both sham-inoculated and control plants (Figure 2).
These reductions in nodule size and biomass, and lateral root formation, could be observed visually on washed P. sativum roots (Figure

(B)

S2).

3.4 | Effects of stressors on plant gene expression
across soil backgrounds
Differences in stress treatments, and soil background, affected the
relative expression of both PR1 (ANOVA, F7,24 = 15.71, p < 0.001)

(C)

and LOX2 (ANOVA, F7,24 = 2.73, p = 0.03; Figure 3). Treatments
with viruliferous aphids had higher PR1 expression in plants with
or without rhizobia, compared to the control + sham aphid, rhizobia + no aphid and rhizobia + sham aphid treatments (Figure 3).
Conversely, there was a significant reduction in LOX2 expression in
PEMV-infected plants compared to the sham treatment with non-
viruliferous A. pisum. Rhizobia treated plants, regardless of PEMV
infection, had intermediate levels of LOX2 expression (Figure 3).

F I G U R E 1 (A, B) Relative PEMV accumulation with four soil
treatments at (A) 4 and (B) 10 days post inoculation. Fold change
in PEMV titre was compared to controls based on parameter
estimates from GLM. Values <1 show decreased PEMV titre, and
bars with different letters had significant differences (from Tukey
HSD post hoc tests). (C) Total abundance of Acyrthosiphon pisum
with four soil treatments (mean ± SE) after 7 days (results were
averaged across sham and viruliferous aphid types); bars with
different letters had significant differences (Tukey HSD post hoc
tests)

(A)

(B)

3.5 | Effects of A. pisum and PEMV on gene
transcripts associated with nodule development
We observed significant differences in the expression gene transcripts for PSNLEC1 (F3,11 = 27.6, p < 0.001) and PSNIN (F3,11 = 7.43,
p = 0.007). The lowest expression levels for either gene transcript
occurred with plants exposed to PEMV (Figure 4, Tukey HSD). Sham
aphids alone (no PEMV) did not significantly reduce expression of

(C)

F I G U R E 2 Effect of PEMV infection
on nodule formation by soil rhizobia in pea
roots, measured as nodule (A) number, (B)
fresh mass and (C) dry mass per g plant
root biomass (mean ± SE for each). Bars
not connected by the same letter were
significantly different based on post hoc
tests from the individual ANOVA models
(Tukey HSD tests)

BASU et al.

F I G U R E 3 Fold change in relative expression of phytohormone
genes associated with the salicylic acid (PR1) and jasmonic acid
(LOX2) signalling pathways (compared to control using ANOVA).
Bars not connected by the same letter are significantly different
(Tukey HSD tests)
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F I G U R E 4 Fold change in relative expression of nodulation
genes PSNLEC1 and PSNIN signalling pathways (compared to control
using ANOVA models). The PEMV phenotype was produced by
viruliferous Acyrthosiphon pisum. Bars not connected by the same
letter are significantly different (Tukey HSD post hoc tests)

PSNLEC1 or PSNIN compared to plants with no A. pisum (Figure 4,
Tukey HSD). Reduced nodulation in PEMV plants could be visibly
observed from plant roots in this experiment (Figure S3).

3.6 | Effects of plant phytohormones on
function of rhizobia
As we observed that PEMV affected gene expression associated with
the salicylic and jasmonic signalling pathways, we tested whether exogenous application of these phytohormones affected the function
of rhizobia. While exogenously sprayed methyl jasmonate had no effect on nodule formation compared to plants with no phytohormone
treatment, plants treated with methyl salicylate had a significantly
reduced number of nodules (GLM, χ2 = 96.84, p < 0.001, Figure 5).

3.7 | Soil rhizobia effects on amino acids obtained
by A. pisum from P. sativum
Soil treatment had a significant effect on the average concentration of amino acids for feeding A. pisum (GLMM, χ2 = 13.34,
p = 0.003). Compared to sterilized soil, amino acid content in A.

F I G U R E 5 Effect of application of phytohormones on nodule
formation in pea roots. The number of nodules per plant (N = 10)
was measured in response to controls without phytohormones, JA
(treated with methyl jasmonate), and SA (treatment with methyl
salicylate) treatments using GLMM models. Bars not connected
by the same letter are significantly different (Tukey HSD post hoc
tests)
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pisum was significantly lower in both rhizobia-inoculated and con-

reduces nitrogen fixation, although analyses of nitrogen isotypes

trol soil (Figure 6, Tukey HSD). Nitrogen supplementation to soil had

are needed to confirm this. PEMV reduced expression of gene tran-

an intermediate effect on amino acid content in A. pisum relative to

scripts associated with nodulation, further suggesting nitrogen fix-

rhizobia-inoculated and sterilized soil (Figure 6, Tukey HSD).

ation was likely limited due to PEMV. However, we did not observe
direct effects of sham A. pisum on nodule number or biomass, al-

4 | D I S CU S S I O N

though this may reflect the short aphid feeding duration. Many genes
are involved in nodule development in P. sativum, including PsSym35/
PsNIN (Constantin et al., 2008) and Nodule lectin, PsNLEC1 (Brewin &

Our results show strong antagonistic interactions between soil

Kardailsky, 1997; Constantin et al., 2008; Kijne et al., 1997; van Rhijn

rhizobia and an aphid-borne plant virus. Plants grown with rhizobia

et al., 2001). For example, in legume crops, PEMV outbreaks occur

had lower PEMV titre and aphid abundance even though soil treat-

early in the growing season (Clement et al., 2010). In other studies,

ments did not affect root or shoot biomass. This shows lower plant

infection of legume crops with viruses has been shown to reduce

susceptibility to PEMV and aphids in soil with rhizobia was not due

nitrogen inputs to soil by interfering with legume-rhizobia symbiosis

to greater growth but from alterations of chemical defences or nutri-

(Marchetto & Power, 2021). Our study shows PEMV may similarly

ents. As we autoclaved soil before adding rhizobia, we show rhizobia

reduce nitrogen provided by rhizobia to soil.

are a keystone microbe that alters plant tolerance to biotic stressors

Our study provides more evidence that rhizobia can decrease

by altering plant functional traits. Decreased aphid abundance and

susceptibility to herbivores and pathogens (Dutta et al., 2008;

PEMV titre in rhizobia-treated plants may be due to reduced aphid

Gopalakrishnan et al., 2015; Mabrouk et al., 2018; Ranjbar Sistani

feeding or nutrient uptake, although application of nitrogen ferti-

et al., 2017). In contrast, pathogens like PEMV can inhibit plant mu-

lizer did not affect aphids or PEMV, suggesting rhizobia affect aphids

tualisms with microbes by suppressing symbiotic genes or interfering

and virus transmission through mechanisms other than alterations

with nutrient transfer (Duffy et al., 2003; López et al., 2017). By ana-

of nitrogen. As rhizobia communities vary widely across ecological

lysing phytohormone transcripts, we show that interactions between

contexts, ecological interactions between rhizobia and biotic stress-

rhizobia, A. pisum, and PEMV were mediated by alterations of hormone

ors such as those seen here may drive co-evolution among plants,

signalling. Plants infected with PEMV had greater expression of a SA-

herbivores and microbes (e.g. van Cauwenberghe et al., 2021).

gene, and application of exogenous salicylic acid to infected plants

At the same time, plants infected with PEMV had fewer nodules

caused decreased nodule formation by rhizobia. This suggests salicylic

and lower nodule biomass per g of plant root biomass. This likely

acid mediates interactions between viruses and rhizobia (e.g. Martínez-
Abarca et al., 1998; Nagata & Suzuki, 2014; van Spronsen et al., 2003).
In contrast, enhanced rhizobia colonization occurs in Lotus japonicus,
Medicago truncatula and P. sativum when production of salicylic acid is
inhibited (Blilou et al., 1999; Stacey et al., 2006). While we did not observe effects of rhizobia on gene transcripts, in alfalfa Medicago sativa
rhizobia can reduce salicylic acid accumulation in roots, showing rhizobia may inhibit phytohormone production in some cases or at different
points in the pathway (Martínez-Abarco et al., 1998).
While we did not quantify root growth, our qualitative data suggest
that rhizobia not only affected hormone signalling but also promoted
lateral root formation in peas, although not enough to impact biomass.
Rhizobia secrete signalling molecules that can facilitate lateral root formation in legumes (Bensmihen, 2015; Ferguson & Mathesius, 2014).
However, effects of PEMV on reducing nodule number and size were
unlikely due to reduced root growth but appeared to be mainly due to
disruption of nodule formation. In contrast, Phaseolus vulgaris plants
attacked by Southern bean mosaic virus have severe root malformations, atypical root hairs, and fewer root hairs (López et al., 2017).
The ability of rhizobia and other microbes to colonize plant roots are
strongly affected by root architecture, including abundance of root

F I G U R E 6 Effect of soil treatments on uptake of amino acids by
aphids. Predicted means and standard errors plotted from GLMM
model using back-transformed average concentration (nmol/mg
DW) across 11 amino acids (serine, glycine, glutamine, histidine,
homoserine, arginine, threonine, alanine, proline, tyrosine and
lysine). Bars not connected by the same letter are significantly
different (Tukey HSD post hoc tests)

hairs (Gage, 2004), suggesting virus-induced changes in root growth
may be an additional mechanism that inhibits rhizobia establishment
and function. Besides promoting root growth, soil rhizobia enhance
water uptake by plants and promote drought tolerance, while aphid
feeding often has the opposite effect, reducing total plant water content (Katayama et al., 2014; Mabrouk et al., 2018).
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pisum are able to feed less effectively on plants grown with rhi-

AU T H O R S ' C O N T R I B U T I O N S

zobia, their ability to transmit PEMV could decrease. However,

S.B., C.L.C., A.M.C. and D.W.C. conceived the ideas and designed

we acknowledge that autoclaving of field soil, while a common

the methodology; S.B., R.E.C., R.B., A.M.C. and C.L.C. collected

sterilization technique, can also drive changes in soil texture,

the data; R.E.C., R.B., C.L.C. and D.W.C. analysed the data; all au-

compaction and chemistry; unfortunately, we cannot exclude the

thors contributed critically to the drafts and gave final approval for

possibility that such changes in soil from autoclaving may have af-

publication.

fected results.
As a persistently transmitted pathogen, PEMV requires sustained

DATA AVA I L A B I L I T Y S TAT E M E N T

feeding bouts for transmission, and inhibition of aphid feeding inter-

All data associated with the manuscript have been uploaded to fig-

feres with transmission (Chisholm et al., 2018). Our analysis of amino

share (Crowder & Basu, 2021; https://doi.org/10.6084/m9.figsh

acids from A. pisum reflected aphid feeding behaviour without con-

are.9917756).

founding effects associated with assessing phloem, which can poorly
reflect aphid nutrient uptake (Jakobs et al., 2019; Karley et al., 2002;

ORCID

Mauck et al., 2014). Alternatively, soil rhizobia can exert indirect ef-

Saumik Basu

https://orcid.org/0000-0002-3904-6984

fects on insect herbivores by altering primary and secondary plant

Clare L. Casteel

metabolites (Pineda et al., 2010) or by limiting nutrient uptake (Dean

David W. Crowder

https://orcid.org/0000-0003-3678-0187
https://orcid.org/0000-0002-3720-1581

et al., 2014; Katayama et al., 2014) in ways that affect aphid fitness
(Kempel et al., 2009). Enhanced root nodulation due to silicon ad-

REFERENCES

dition, in contrast, elevated accumulation of essential foliar amino

A'Bear, A. D., Johnson, S. N., & Jones, T. H. (2014). Putting the ‘upstairs–
downstairs’ into ecosystem service: What can aboveground–
belowground ecology tell us? Biological Control, 75, 97–107. https://
doi.org/10.1016/j.biocontrol.2013.10.004
Adio, A. M., Casteel, C. L., De Vos, M., Kim, J. H., Joshi, V., Li, B., Juéry,
C., Daron, J., Kliebenstein, D. J., & Jander, G. (2011). Biosynthesis
and defensive function of Nδ-acetylornithine, a jasmonate-induced
Arabidopsis metabolite. The Plant Cell, 23, 3303–3318. https://doi.
org/10.1105/tpc.111.088989
Ballhorn, D. J., Schädler, M., Elias, J. D., Millar, J. A., & Kautz, S. (2016).
Friend or Foe –Light availability determines the relationship between
mycorrhizal fungi, rhizobia and lima bean (Phaseolus lunatus L.). PLoS
ONE, 11, e0154116. https://doi.org/10.1371/journal.pone.0154116
Bardgett, R. D., & van der Putten, W. H. (2014). Belowground biodiversity and ecosystem functioning. Nature, 515, 505–511. https://doi.
org/10.1038/nature13855
Bardgett, R. D., Wardle, D. A., & Yeates, G. W. (1998). Linking above-
ground and below-ground interactions: How plant responses to foliar herbivory influence soil organisms. Soil Biology and Biochemistry,
30, 1867–1878. https://doi.org/10.1016/S0038- 0717(98)00069-8
Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using lme4. Journal of Statistical Software, 67,
1–48. https://doi.org/10.18637/jss.v067.i01
Bensmihen, S. (2015). Hormonal control of lateral root and nodule development in legumes. Plants, 4, 523–547. https://doi.org/10.3390/
plants 4030523
Bera, S., Blundell, R., Liang, D., Crowder, D. W., & Casteel, C. L. (2020).
The oxylipin signaling pathway is required for increased aphid attraction and retention on virus-infected plants. Journal of Chemical
Ecology, https://doi.org/10.1007/s10886-020-01157-7
Blilou, I., Ocampo, J. A., & García-Garrido, J. M. (1999). Resistance of
pea roots to endomycorrhizal fungus or rhizobium correlates with
enhanced levels of endogenous salicylic acid. Journal of Experimental
Botany, 50, 1663–1668. https://doi.org/10.1093/jxb/50.340.1663

acids in Medicago sativa and increased uptake by A. pisum (Johnson
et al., 2017). Moreover, increased nitrogen fixation by rhizobia can
increase nitrogen-based defences in legumes, which may inhibit herbivores (Thamer et al., 2011). These studies suggest that effects of rhizobia on plant nutrients and metabolites can alter aphid performance
and feeding behaviour.
Our results suggest soil rhizobia improve plant health by modulating plant defence against above-ground pathogens and lower amino
acids obtained by vector herbivores. Although rhizobia likely increase
nitrogen levels in plants, legume-rhizobia symbiosis triggers synthesis
of secondary metabolites including pyrrolizidine alkaloids and various
flavonoid compounds. These toxic secondary metabolites may act as
feeding deterrents and explain reduced nitrogen uptake by aphids
on plants grown in rhizobia-inoculated soil (Irmer et al., 2015; War
et al., 2012). On the other hand, vectors and pathogens can interfere
strongly with legume-rhizobia symbiosis by inhibiting root nodule
development and nitrogen fixation. From an evolutionary perspective, this suggests soil microbes like rhizobia, and plant pathogens like
PEMV, could co-evolve due to plant-mediated selection pressure. For
example, co-evolution might lead to evolution of viral genomes to
promote greater transmissibility and virulence in areas where rhizobia are common, and selection for rhizobia to promote greater plant
chemical defence and limited nutrients where viruses are common.
Thus, assessing reciprocal interactions between rhizobia, herbivores
and pathogens is crucial for understanding disease ecology and plant
productivity in both natural and agricultural ecosystems across both
short (in-season) and long (evolutionary) time-scales.

2054

|

Functional Ecology

Brewin, N. J., & Kardailsky, I. V. (1997). Legume lectins and nodulation by
Rhizobium. Trends Plant Science, 2, 92–98. https://doi.org/10.1016/
S1360-1385(96)10058-3
Brunner, S. M., Goos, R. J., Swenson, S. J., Foster, S. P., Schatz, B. G.,
Lawley, Y. E., & Prischmann-Voldseth, D. A. (2015). Impact of nitrogen fixing and plant growth-promoting bacteria on a phloem-feeding
soybean herbivore. Applied Soil Ecology, 86, 71–81. https://doi.
org/10.1016/j.apsoil.2014.10.007
Casteel, C. L., Yang, C., Nanduri, A. C., De Jong, H. N., Whitham, S. A.,
& Jander, G. (2014). The NIa-Pro protein of Turnip mosaic virus improves growth and reproduction of the aphid vector, Myzus persicae
(green peach aphid). The Plant Journal: For Cell and Molecular Biology,
77, 653–663. https://doi.org/10.1111/tpj.12417
Chisholm, P. J., Sertsuvalkul, N., Casteel, C. L., & Crowder, D. W. (2018).
Reciprocal plant-mediated interactions between a virus and a non-
vector herbivore. Ecology, 99, 2139–2144. https://doi.org/10.1002/
ecy.2449
Clement, S. L., Husebye, D. S., & Eigenbrode, S. D. (2010). Ecological factors influencing pea aphid outbreaks in the US Pacific Northwest. In
P. Kindlmann, A. F. G. Dixon, & J. P. Michaud (Eds.), Aphid biodiversity
under environmental change: Patterns and processes (pp. 107–128).
Springer.
Constantin, G. D., Gronlund, M., Johansen, I. E., Stougaard, J., & Lund, O.
S. (2008). Virus-induced gene silencing (VIGS) as a reverse genetic
tool to study development of symbiotic root nodules. Plant-Microbe
Interactions, 21, 720–727. https://doi.org/10.1094/MPMI-21-6-0720
Crowder, D. W., & Basu, S. (2021). Basu rhizobia dataset. Figshare, https://
doi.org/10.6084/m9.figshare.9917756.v1
Dean, J. M., Mescher, M. C., & De Moraes, C. M. (2014). Plant dependence on rhizobia for nitrogen influences induced plant defenses and
herbivore performance. International Journal of Molecular Sciences,
15, 1466–1480. https://doi.org/10.3390/ijms15011466
Dodds, P. N., & Rathjen, J. P. (2010). Plant immunity: Towards an integrated view of plant–pathogen interactions. Nature Reviews Genetics,
11, 539–548. https://doi.org/10.1038/nrg2812
Duffy, B., Schouten, A., & Raaijmakers, J. M. (2003). Pathogen self-
defense: Mechanisms to counteract microbial antagonism. Annual
Review of Phytopathology, 41, 501–538. https://doi.org/10.1146/
annurev.phyto.41.052002.095606
Dutta, S., Mishra, A. K., & Dileep Kumar, B. S. (2008). Induction of systemic resistance against fusarial wilt in pigeon pea through interaction of plant growth promoting rhizobacteria and rhizobia. Soil
Biology and Biochemistry, 40, 452–461. https://doi.org/10.1016/j.
soilbio.2007.09.009
Ferguson, B. J., & Mathesius, U. (2014). Phytohormone regulation of
legume-rhizobia interactions. Journal of Chemical Ecology, 40, 770–
790. https://doi.org/10.1007/s10886-014-0 472-7
Fox, J., & Weisberg, S. (2011). An R companion to applied regression. Sage
Publications. Retrieved from http://socser v.socsci.mcmaster
Friman, J., Pineda, A., van Loon, J. J. A., & Dicke, M. (2020). Bidirectional
plant-mediated interactions between rhizobacteria and shoot-
feeding herbivorous insects: A community ecology perspective.
Ecological Entomology, 46, 1–10. https://doi.org/10.1111/een.12966
Gage, D. J. (2004). Infection and invasion of roots by symbiotic, nitrogen-
fixing rhizobia during nodulation of temperate legumes. Microbiology
and Molecular Biology Reviews, 68, 280–3 00. https://doi.org/10.1128/
MMBR.68.2.280-3 00.2004
Ghazijahani, N., Hadavi, E., & Jeong, B. R. (2014). Foliar sprays of citric acid and salicylic acid alter the pattern of root acquisition of
some minerals in sweet basil (Ocimum basilicum L.). Frontiers in Plant
Science, 5, 573. https://doi.org/10.3389/fpls.2014.00573
Gopalakrishnan, S., Sathya, A., Vijayabharathi, R., Varshney, R. K., Gowda,
C. L. L., & Krishnamurthy, L. (2015). Plant growth promoting rhizobia: Challenges and opportunities. 3 Biotech, 5, 355–377. https://doi.
org/10.1007/s13205-014-0241-x

BASU et al.

Harper, J. E., & Gibson, A. H. (1984). Differential nodulation tolerance
to nitrate among legume species. Crop Science, 24, 797–8 01. https://
doi.org/10.2135/cropsci1984.0011183X00240004 0040x
Heath, K. D., & Lau, J. A. (2011). Herbivores alter the fitness benefits of
a plant–rhizobium mutualism. Acta Oecologica, 37, 87–92. https://doi.
org/10.1016/j.actao.2010.12.002
Herridge, D. F., Peoples, M. B., & Boddey, R. M. (2008). Global inputs of
biological nitrogen fixation in agricultural systems. Plant and Soil, 311,
1–18. https://doi.org/10.1007/s11104-0 08-9668-3
Irmer, S., Podzun, N., Langel, D., Heidemann, F., Kaltenegger, E.,
Schemmerling, B., Geilfus, C. M., Zörb, C., & Ober, D. (2015). New aspect of plant–rhizobia interaction: Alkaloid biosynthesis in Crotalaria
depends on nodulation. Proceedings of the National Academy of
Sciences of the United States of America, 112, 4164–4169. https://doi.
org/10.1073/pnas.1423457112
Jaber, L. R., & Vidal, S. (2009). Interactions between an endophytic
fungus, aphids and extrafloral nectaries: Do endophytes induce
extrafloral-mediated defences in Vicia faba? Functional Ecology, 23,
707–714. https://doi.org/10.1111/j.1365-2435.2009.01554.x
Jakobs, R., Schweiger, R., & Müller, C. (2019). Aphid infestation leads to
plant part-specific changes in phloem sap chemistry, which may indicate niche construction. The New Phytologist, 221, 503–514. https://
doi.org/10.1111/nph.15335
Johnson, C., Boden, E., & Arias, J. (2003). Salicylic acid and NPR1 induce
the recruitment of trans-activating TGA factors to a defense gene
promoter in Arabidopsis. The Plant Cell, 15, 1846–1858. https://doi.
org/10.1105/tpc.012211
Johnson, S. N., Hartley, S. E., Ryalls, J. M. W., Frew, A., DeGabriel, J. L.,
Duncan, M., & Gherlenda, A. N. (2017). Silicon-induced root nodulation and synthesis of essential amino acids in a legume is associated
with higher herbivore abundance. Functional Ecology, 31, 1903–1909.
https://doi.org/10.1111/1365-2435.12893
Karley, A. J., Douglas, A. E., & Parker, W. E. (2002). Amino acid composition and nutritional quality of potato leaf phloem sap for aphids.
The Journal of Experimental Biology, 205, 3009–3 018. https://doi.
org/10.1242/jeb.205.19.3009
Katayama, N., Silva, A. O., Kishida, O., Ushio, M., Kita, S., & Ohgushi, T.
(2014). Herbivorous insect decreases plant nutrient uptake: The role
of soil nutrient availability and association of below-ground symbionts. Ecological Entomology, 39, 511–518. https://doi.org/10.1111/
een.12125
Kempel, A., Brandl, R., & Schadler, M. (2009). Symbiotic soil microorganisms as players in aboveground plant–herbivore interactions – The role of rhizobia. Oikos, 4, 634–6 40. https://doi.
org/10.1111/j.1600-0706.2009.17418.x
Kijne, J. W., Bauchrowitz, M. A., & Díaz, C. L. (1997). Root lectins and
rhizobia. Plant Physiology, 115, 869–873. https://doi.org/10.1104/
pp.115.3.869
Kouzai, Y., Kimura, M., Yamanaka, Y., Watanabe, M., Matsui, H.,
Yamamoto, M., Ichinose, Y., Toyoda, K., Onda, Y., Mochida, K., &
Noutoshi, Y. (2016). Expression profiling of marker genes responsive
to the defence-associated phytohormones salicylic acid, jasmonic
acid and ethylene in Brachypodium distachyon. BMC Plant Biology, 16,
59. https://doi.org/10.1186/s12870 -016-0749-9
Kozera, B., & Rapacz, M. (2013). Reference genes in real-time PCR.
Journal of Applied Genetics, 54, 391–4 06. https://doi.org/10.1007/
s13353-013-0173-x
Kumar, H., Dubey, R. C., & Maheshwari, D. K. (2011). Effect of plant
growth promoting rhizobia on seed germination, growth promotion and suppression of Fusarium wilt of fenugreek (Trigonella
foenum-graecum L.). Crop Protection, 30, 1396–1403. https://doi.
org/10.1016/j.cropro.2011.05.001
Lemarié, S., Robert-Seilaniantz, A., Lariagon, C., Lemoine, J., Marnet,
N., Jubault, M., Manzanares-Dauleux, M. J., & Gravot, A. (2015).
Both the jasmonic acid and the salicylic acid pathways contribute

Functional Ecology

BASU et al.

to resistance to the biotrophic clubroot agent Plasmodiophora brassicae in Arabidopsis. Plant Cell Physiology, 56, 2158–2168. https://doi.
org/10.1093/pcp/pcv127
Lenth, R. V. (2016). Least-squares means: The R package lsmeans. Journal
of Statistical Software, 69, 1–33. https://doi.org/10.18637/jss.v069.i01
Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods, 25, 402–4 08. https://doi.org/10.1006/
meth.2001.1262
López, M., Muñoz, N., Lascano, H. R., & Izaguirre-Mayoral, M. L. (2017).
The seed-borne Southern bean mosaic virus hinders the early events
of nodulation and growth in Rhizobium-inoculated Phaseolus vulgaris
L. Functional Plant Biology, 44, 208–218. https://doi.org/10.1071/
FP16180
Mabrouk, Y., Hemissi, I., Salem, I. B., Mejri, S., Saidi, M., & Belhadj, O. (2018).
Potential of rhizobia in improving nitrogen fixation and yields of legumes.
Symbiosis, 107, 73495. https://doi.org/10.5772/intechopen.73495
Marchetto, K. M., & Power, A. G. (2021). Viral infection can reduce the
net nitrogen inputs of legume break crops and cover crops. Ecological
Applications, 31, e02241. https://doi.org/10.1002/eap.2241
Martínez-Abarca, F., Herrera-Cervera, J. A., Bueno, P., Sanjuan, J.,
Bisseling, T., & Olivares, J. (1998). Involvement of salicylic acid in the
establishment of the Rhizobium meliloti-Alfalfa symbiosis. Molecular
Plant-Microbe Interactions, 11, 153–155. https://doi.org/10.1094/
MPMI.1998.11.2.153
Mauck, K. E., De Moraes, C. M., & Mescher, M. C. (2014). Biochemical and
physiological mechanisms underlying effects of Cucumber mosaic virus
on host-plant traits that mediate transmission by aphid vectors. Plant
Cell Environment, 37, 1427–1439. https://doi.org/10.1111/pce.12249
Müller, D. B., Vogel, C., Bai, Y., & Vorholt, J. A. (2016). The Plant Microbiota:
Systems-level insights and perspectives. Annual Review of Genetics, 50,
211–234. https://doi.org/10.1146/annurev-genet-120215-034952
Mutch, L. A., & Young, J. P. W. (2004). Diversity and specificity of Rhizobium leguminosarum biovar viciae on wild and cultivated legumes. Molecular Ecology, 13, 2435–2444. https://doi.
org/10.1111/j.1365-294X.2004.02259.x
Nagata, M., & Suzuki, A. (2014). Effects of phytohormones on nodulation
and nitrogen fixation in leguminous plants. In T. Ohyama (Ed.), Advances
in biology and ecology of nitrogen fixation (pp. 111–128). InTech.
Pangesti, N., Pineda, A., Pieterse, C. M. J., Dicke, M., & van Loon,
J. J. A. (2013). Two-way plant mediated interactions between
root-associated microbes and insects: From ecology to mechanisms. Frontiers in Plant Science, 4, 414. https://doi.org/10.3389/
fpls.2013.00414
Pineda, A., Zhang, S.-J., van Loon, J. J. A., Pieterse, C. M. J., & Dicke,
M. (2010). Helping plants to deal with insects: The role of beneficial
soil-borne microbes. Trends in Plant Science, 15, 507–514. https://doi.
org/10.1016/j.tplant s.2010.05.007
R Core Team. (2019). R: A language and environment for statistical
computing. R Foundation for Statistical Computing.
Ranjbar Sistani, N., Kaul, H. P., Desalegn, G., & Wienkoop, S. (2017).
Rhizobium impacts on seed productivity, quality, and protection
of Pisum sativum upon disease stress caused by Didymella pinodes:
Phenotypic, proteomic, and metabolomic traits. Frontiers in Plant
Science, 8, 1961. https://doi.org/10.3389/fpls.2017.01961
Rao, G. P., Shukla, K., & Gupta, S. N. (1987). Effect of cucumber mosaic virus
infection on nodulation, nodular physiology and nitrogen fixation of pea
plants. Journal of Plant Diseases and Protection, 94, 606–613.
Rashid, M. H., Khan, A., Hossain, M. T., & Chung, Y. R. (2017). Induction
of systemic resistance against aphids by endophytic Bacillus
velezensis YC7010 via expressing PHYTOALEXIN DEFICIENT4 in
Arabidopsis. Frontiers in Plant Science, 8, 211. https://doi.org/10.3389/
fpls.2017.00211
Santos, F., Peñaflor, M. F. G. V., Paré, P. W., Sanches, P. A., Kamiya, A.
C., Tonelli, M., Nardi, C., & Bento, J. M. S. (2014). A novel interaction

|

2055

between plant-beneficial rhizobacteria and roots: Colonization
induces corn resistance against the root herbivore Diabrotica
speciosa. PLoS ONE, 9, e113280. https://doi.org/10.1371/journ
al.pone.0113280
Simonsen, A. K., & Stinchcombe, J. R. (2014). Herbivory eliminates fitness costs of mutualism exploiters. New Phytologist, 202, 651–661.
https://doi.org/10.1111/nph.12668
Smil, V. (1999). Nitrogen in crop production: An account of global
flows. Global Biogeochemical Cycles, 13, 647–662. https://doi.
org/10.1029/1999GB900015
Stacey, G., McAlvin, C. B., Kim, S.-Y., Olivares, J., & Soto, M. J. (2006).
Effects of endogenous salicylic acid on nodulation in the model legumes Lotus japonicus and Medicago truncatula. Plant Physiology, 141,
1473–1481. https://doi.org/10.1104/pp.106.080986
Teng, Y., Wang, X., Li, L., Li, Z., & Luo, Y. (2015). Rhizobia and their bio-
partners as novel drivers for functional remediation in contaminated soils. Frontiers in Plant Science, 6, 32. https://doi.org/10.3389/
fpls.2015.00032
Thaler, J. S., Humphrey, P. T., & Whiteman, N. K. (2012). Evolution of
jasmonate and salicylate signal crosstalk. Trends in Plant Science, 17,
260–270. https://doi.org/10.1016/j.tplant s.2012.02.010
Thamer, S., Schädler, M., Bonte, D., & Ballhorn, D. J. (2011). Dual benefit from a belowground symbiosis: Nitrogen fixing rhizobia promote
growth and defense against a specialist herbivore in a cyanogenic
plant. Plant and Soil, 341, 209–219. https://doi.org/10.1007/s1110
4-010-0635-4
Turner, J. G., Ellis, C., & Devoto, A. (2002). The jasmonate signal pathway.
The Plant Cell, 14, S153–S164. https://doi.org/10.1105/tpc.000679
Van Cauwenberghe, J., Santamaria, R. I., Bustos, P., Jaurez, S., Ducci, M.
A., Fleming, T. F., Etcheverry, A. V., & Gonzalez, V. (2021). Spatial patterns in phage-Rhizobium coevolutionary interactions across regions
of common bean domenstication. The ISME Journal, 2092–2106.
https://doi.org/10.1038/s41396-021-0 0907-z
Van Rhijn, P., Fujishige, N. A., Lim, P. O., & Hirsch, A. M. (2001). Sugar-binding
activity of pea lectin enhances heterologous infection of transgenic alfalfa plants by Rhizobium leguminosarum biovar viciae. Plant Physiolology,
126, 133–144. https://doi.org/10.1104/pp.126.1.133
Van Spronsen, P. C., Tak, T., Rood, A. M. M., van Brussel, A. A. N., Kijne,
J. W., & Boot, K. J. M. (2003). Salicylic acid inhibits indeterminate-
type nodulation but not determinate-t ype nodulation. Molecular
Plant-Microbe Interactions, 16, 83–91. https://doi.org/10.1094/
MPMI.2003.16.1.83
War, A. R., Paulraj, M. G., Ahmad, T., Buhroo, A. A., Hussain, B.,
Ignacimuthu, S., & Sharma, H. C. (2012). Mechanisms of plant defense against insect herbivores. Plant Signaling & Behavior, 7, 1306–
1320. https://doi.org/10.4161/psb.21663
Zhu, F., Heinen, R., van der Sluijs, M., Raaijmakers, C., Biere, A., & Bezemer,
T. M. (2018). Species-specific plant–soil feedbacks alter herbivore-
induced gene expression and defense chemistry in Plantago lanceolata.
Oecologia, 188, 801–811. https://doi.org/10.1007/s00442-018-4245-9

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Basu S, Clark RE, Blundell R, Casteel
CL, Charlton AM, Crowder DW. Reciprocal plant-mediated
antagonism between a legume plant virus and soil rhizobia.
Funct Ecol. 2021;35:2045–2055. https://doi.
org/10.1111/1365-2435.13828

