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Societal Impact Statement

The Earth's population is projected to rise to 9.7 billion by 2050 resulting in mounting

pressure to increase agricultural yields in a sustainable manner. Arbuscular mycorrhi-

zal (AM) fungi may be important players in this agricultural transition given their

capacity to improve soil and plant health. Benefits gained by crops hosting AM fungi

can be cultivar-specific and also affected by insect herbivory, although the combined

effect of these factors remains unclear. Here, we show that, in an economically and

socially significant tri-partite system, there is interplay between crop cultivar, AM col-

onisation and aphid herbivory on plant growth and nutritional status.

Summary

• Arbuscular mycorrhizal (AM) fungi are critical components of the rhizosphere

across nearly all terrestrial biomes. AM fungi associate with most plants, including

major crops, usually increasing plant access to soil nutrients and enhancing

defence against pests and pathogens in return for photosynthetic carbon (C).

However, plant growth responses to AM fungi vary according to species and

genotype, an issue pertinent in agro-ecosystems where crop cultivar can play an

important role in AM function. Evidence suggests other biotic interactions, includ-

ing with sap-feeding aphids, impact the function of AM symbioses in plants. None-

theless, whether these biotic factors alter genotype (or cultivar)-specific plant

growth and nutritional responses to colonisation by AM fungi remains unclear.

• Here, we investigated whether mycorrhizal responsiveness of three cultivars of

wheat (Triticum eastivum L.) to colonisation by a ubiquitously occurring AM fungus

(Rhizophagus irregularis) differ in the presence or absence of bird cherry-oat aphids

(Rhopalosiphum padi), a major pest of cereals.

• Our findings show that although AM fungal colonisation and AM-mediated plant

growth responses were not affected by aphid feeding, there was variation

between cultivars in the benefits gained by host plants in terms of nutrient acqui-

sition and root growth, while aphid abundances also differed between wheat

varieties.

• Understanding what causes cultivar-specific outcomes and how they ultimately

impact plant growth promotion, crop yields and food production represent key

future research goals in agroecology.
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1 | INTRODUCTION

Arbuscular mycorrhizal (AM) fungi are near-ubiquitous components of

global agro-ecosystems. The colonisation of plant roots by AM fungi

often enhances plant uptake of phosphorus and nitrogen (Leigh et al.,

2009; Smith et al., 2003) and may improve protection against insect

herbivores by ‘priming’ phytohormonal pathways (Cameron

et al., 2013). In exchange for these benefits, host plants provide AM

fungi with 4–20% of their photosynthetically fixed carbon

(C) (Cotton, 2018) as hexose sugars or lipids (Jiang et al., 2017). As

such, AM colonisation has potential to contribute to increased yield

and nutrition in food crops (Pellegrino et al., 2015; Zhang et al., 2018)

and in turn reduce agricultural dependence on synthetic agro-chemi-

cals, thereby promoting a more sustainable approach to food produc-

tion (Thirkell et al., 2017). However, crop-mycorrhizal outcomes are

context specific, being driven by plant genotype or cultivar (Ellouze

et al., 2016; Hetrick et al., 1992; Thirkell et al., 2021) as well as by

which AM fungi are involved (Munkvold et al., 2004), as is also the

case in unmanaged ecosystems (Hoeksema et al., 2010;

Klironomos, 2003). Abiotic factors, like soil nutrient status (Li

et al., 2005), shading (Johnson et al., 2015) and atmospheric CO2

(Johnson et al., 2005), may intensify this variability. To date, relatively

little attention has been paid to how external biotic factors such as

interactions between mycorrhizal plants and insect pests could impact

plant growth responses to AM fungi.

Most mycorrhizal plants are routinely challenged by insect herbi-

vores (Frew & Price, 2019), of which aphids are common pests (Black-

man & Eastop, 2000). Aphids are a diverse group of phytophagous

insects (Fereres & Moreno, 2009), which use specialised needle-like

mouthparts to imbibe C-rich phloem from plant vascular tissues

(Douglas, 2006). Large aggregations of aphids may drain plant C

resources and/or result in changes to plant C partitioning (Girousse

et al., 2003; Kaplan et al., 2011), perhaps towards plant defence rather

than growth or mutualistic symbionts. For instance, plant recognition

of aphid infestation increases salicylic acid (SA)-dependent defences

(Ali & Agrawal, 2012) and triggers other secondary metabolic changes

in cereals (Ahmad et al., 2011), limiting plant C availability. Aphid her-

bivory may also inhibit photosynthesis (Macedo et al., 2009), although

examples exist where aphid feeding stimulates photosynthetic activity

(Kucharik et al., 2016).

According to the carbon-limitation hypothesis, the removal or

redirection of plant C by herbivores away from mycorrhizal roots

may compromise the ability of AM fungi to maintain root-internal

and root-external structures (Barto & Rillig, 2010; Gehring &

Whitham, 1994). Reduced fungal growth because of competition for

resources with insects (Larson & Whitham, 1997) could explain lower

AM colonisation in roots of aphid exposed plants (Babikova

et al., 2014; Meier & Hunter, 2018). In turn, this could limit the capac-

ity of AM fungi to supply plants with nutrients, driving a more one-

sided symbiosis. However, neutral (Cabral et al., 2018; Wilkinson

et al., 2019) and even positive (Meier & Hunter, 2018) effects of

aphids have been reported on AM colonisation, potentially due to

changes in root exudation (Hoysted et al., 2018) or honeydew

deposits (Milcu et al., 2015). The identity of the organisms at each tro-

phic level appears to determine these outcomes; aphid feeding rates

vary (Puterka et al., 2017), AM fungi differ in their C requirements

(Lendenmann et al., 2011) and plant genotype—particularly in crops—

can influence mycorrhizal function (Thirkell et al., 2019, 2021). Recent

evidence suggests aphids (Rhopalosiphum padi), which cost UK wheat

growers £120 million annually in reduced yield (Loxdale et al., 2017)

through direct feeding and plant virus transmission (Leather

et al., 1989), can impact the functioning of wheat-mycorrhizal symbio-

ses (Charters et al., 2020), but how this translates into wheat growth

responses remains unknown.

Colonisation of wheat by AM fungi may also, indirectly, affect

herbivore fitness. The survival of chewing herbivores tends to be

adversely affected by AM colonisation (Koricheva et al., 2009), while

sap-feeding pests like aphids may achieve greater abundance (Ueda

et al., 2013). This is perhaps a consequence of altered leaf physiol-

ogy (Simon et al., 2017) or the enhanced nutritional quality of host

plants which can gain improved nutrient access and supply from the

fungus (Hartley & Gange, 2009). By increasing resource availability,

AM fungi may also improve the ability of plants to maintain or

increase their biomass when challenged by herbivores (Bennett

et al., 2005; Kula et al., 2005). However, despite the near ubiquity

of AM fungi in agroecosystems, their effect on crop responses to

cereal aphids and their impact on aphid abundance across cultivars

is unclear.

To address these important knowledge gaps, we investigated

how virus-free aphids (R. padi) impact the responses of three wheat

cultivars commonly grown by farmers in the UK to colonisation by a

generalist AM fungus (Rhizophagus irregularis) (van der Heijden

et al., 2015) and, in turn, how colonisation of host plants by the fun-

gus impacts aphid abundance. Two of the cultivars, cv. Avalon and

cv. Cadenza, represent parental lines of the UK bread wheat reference

population (Ma et al., 2015), with known differences in canopy traits

(Piñera-Chavez et al., 2021), resistance to biotic stressors (Bass

et al., 2006; Gardiner et al., 2020) and function of mutualists (Thirkell

et al., 2019, 2022). The third, cv. Skyfall, is the most widely sown vari-

ety in the UK (RAGT, 2018).
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2 | MATERIALS AND METHODS

2.1 | Wheat pre-germination and AM fungal

inoculation

Twenty seeds of each of the wheat cultivars Avalon, Cadenza, and

Skyfall (RAGT Seeds Ltd) were sterilised, germinated and trans-

planted into 12 cm diameter pots containing substrate consisting of

three parts sand to one part perlite (Methods S1; 60 plants,

n = 5). cvs. Avalon and Cadenza were first described in 1991 and

1993, respectively, and were crossed by the Wheat Genetic

Improvement Network in 2003, with their progeny used to study

the genetic basis of a wide variety of wheat characteristics (Ma

et al., 2015). cv. Skyfall was developed in 2012 and has strong

agronomic traits, producing high yield and exhibiting disease resis-

tance (RAGT, 2018).

Plants in the mycorrhizal treatment (‘+AMF’) were inoculated

with the AM fungus Rhizophagus irregularis, a widely distributed iso-

late (Savary et al., 2018) and the most frequently used strain in com-

mercial inocula (Rosikiewicz et al., 2017). A total of 15 ml of inoculum

(Methods S2) containing 23,500 spores was mixed throughout the

substrate of each +AMF replicate. Remaining plants (‘�AMF’) were

inoculated with the same volume of inoculum that was autoclaved at

121�C for 30 min.

2.2 | Growth conditions

Plants were grown for 8 weeks inside nylon-lined insect rearing cages

in semi-controlled glasshouse conditions at Leeds University. Temper-

ature was kept at a constant 20�C during a 16:8 h light:dark cycle.

Natural daylight was supplemented with LED lighting and automatic

blinds, providing an average light intensity of 190 μmol m�2 s�1 at

canopy level. Plants were fed once each week with 30 ml of 40%

nitrate-type Long Ashton Solution (Table S1) and watered with tap

water when necessary.

2.3 | Insect culture and exposure

Bird cherry-oat aphids (R. padi) were provided by Dr. Tom Pope at

Harper Adams University. Virus-free cultures of this specialist cereal-

feeding insect were maintained on plants of cvs. Avalon, Cadenza and

Skyfall grown in composted soil inside insect rearing cages. Growth

conditions for aphid cultures were the same as those for experimental

plants. After experimental plants had grown for 8 weeks, 30 wingless

aphids of mixed life-cycle stages were added to half of all �AMF and

+AMF plants (30 plants, n = 5 per treatment), hereafter termed the

‘+aphids’ treatment (Methods S3). Remaining plants of each cultivar

were not exposed to aphids (‘�aphids’ treatment). All plants were

grown for a further 14 days, a duration of aphid exposure shown pre-

viously to elicit changes in AM fungal colonisation (Meier &

Hunter, 2018) and mycorrhizal function (Charters et al., 2020), after

which final aphid abundance per plant was recorded and insects were

removed.

2.4 | Wheat, AMF and aphid growth measures

At the end of the 2-week aphid exposure period, plants were

extracted from their pots, and substrate was dislodged from the

roots. A known volume of substrate was collected from each pot

and stored at 5�C. This was used to calculate extra-radical hyphal

lengths of the AM fungus (Methods S4). Roots were washed with

water to remove remaining substrate. Shoots and roots were sepa-

rated, and roots were split equally in two with half being stored in

50% EtOH (v/v) at 5�C. These roots were cleared and stained, and

% AMF root length colonisation, % arbuscules and % vesicles were

determined using the gridline intersection methodology (Methods

S5). Remaining roots were freeze-dried with shoot material for 72 h

and biomass measured using a digital scale. Aphid load, measured as

the number of aphids per gramme of dry shoot weight, on each

aphid exposed plant, was calculated in accordance with Petermann

et al. (2010).

2.5 | Plant P determination

Freeze-dried shoot material was homogenised separately in a mill. A

known amount of sample (30–40 mg) was weighed in triplicate into

acid-washed tubes (1% HCl). One millilitre concentrated sulphuric acid

(H2SO4) was added to each tube, and samples were digested at 365�C

for 15 min using a digest block. Samples were allowed to cool and

then returned to the block with 100 μl hydrogen peroxide (H2O2) until

clear. Digests were diluted to 10 ml with distilled water and total P

within resulting solutions quantified using colourimetry, following an

adapted method from Murphy and Riley (1962) and John (1970)

(Methods S6; Figure S1a).

2.6 | Plant N determination

A total of 20–30 mg of freeze-dried homogenized shoot material

was weighed into acid-washed tubes with 1.1 ml ‘mixed digestion

reagent’ containing 0.21 g selenium powder and 7 g lithium sul-

phate dissolved in a solution of sulphuric acid (210 ml) and hydro-

gen peroxide (175 ml). Samples were digested at 365�C for up to

60 min until clear. Digest solutions were diluted to 6.25 ml with dis-

tilled water, and total N was determined as described by Thirkell

et al. (2016) (Methods S7; Figure S1b).

2.7 | Data analyses

All data analyses were conducted in R Studio v1.1.453. Data were

tested to ensure assumptions of normality, and homogeneity of

CHARTERS ET AL. 3



variances was met using residuals vs. fitted and normal Q-Q plots.

Shoot biomass was found to differ between cultivars (see results) so

herbivore pressure was measured as aphid load (number of aphids per

gramme of dry shoot weight), which standardised herbivore pressure

per cultivar, and was treated as a continuous covariate to account for

the effect of aphids on AMF and cultivar treatments. AM colonisation

datasets were tested using one-way ANCOVAs followed by Tukey

HSD post hoc tests, with percentage data being arcsine square root

transformed. For this, cultivar was the categorical, independent vari-

able, and aphid treatment (represented by aphid load) was a continu-

ous covariate. Plant biomass, plant P and plant N data sets were

tested using two-way ANCOVAs, followed by Tukey HSD post hoc

tests. For this, cultivar and AMF treatment were the categorical, inde-

pendent variables, and aphid treatment (represented by aphid load)

was a continuous covariate. AM colonisation affecting aphid perfor-

mance data sets was tested using two-way ANOVAs, followed by

Tukey HSD post hoc tests. A generalised linear model (GLM) was used

to test the effect of AMF, cultivar and their interaction on aphid per-

formance on wheat. Spearman rank-test correlation analyses were

conducted between final aphid abundance or aphid load and shoot

P/[P] and N/[N], in order to investigate the relationship between plant

nutrient status and aphid performance. All figures were produced

using GraphPad Prism v8.2.0.

3 | RESULTS

3.1 | AM colonisation does not impact aphid

performance

There was no difference in aphid abundance on wheat grown with or

without the AM fungus across the cultivars tested (Figure 1a;

Table S2). However, aphid abundance differed significantly between

cultivar, being greatest on cv. Avalon (223 ± 18, mean ± SE) followed

by cv. Cadenza (121 ± 16) and cv. Skyfall (67 ± 6) (p ≤ 0.001, GLM).

Similarly, aphid loads were unaffected by mycorrhizal treatment but

varied between cultivar (Figure 1b; Table S2), again being highest on

cv. Avalon (102 ± 9 N g�1), followed by cv. Cadenza (54 ± 7 N g�1)

and cv. Skyfall (36 ± 4 N g�1) (p ≤ 0.001, GLM).

3.2 | AM colonisation of wheat is unaffected by

aphid feeding

The roots and soils of all plants that were inoculated were colo-

nised by the AM fungus (hereafter AMF). % root length colonisa-

tion (RLC) was not affected by aphid herbivory in any of the

cultivars (Figure 2a; Table S3), but the extent of RLC varied signifi-

cantly between cultivars. cv. Avalon had higher mean (± SE) RLC

(45.2 ± 5.2%) than cv. Cadenza (39.6 ± 4.7%), with cv. Skyfall hav-

ing lowest mean RLC (24.1 ± 3.1%). cv. Avalon was significantly

different from cv. Skyfall (p ≤ 0.01, one-way ANCOVA), but there

was no difference between cv. Cadenza and the other two culti-

vars. The % of arbuscules and vesicles in roots was unaffected by

aphid treatment, cultivar or their interaction (Figure 2b,c; Table S3).

Hyphal length densities (HLDs) were also unchanged by aphid

exposure, but varied according to cultivar (Figure 2d; Table S3),

with cv. Cadenza supporting higher HLDs (2.07 ± 0.11 m g�1, mean

± SE) than cvs. Avalon (1.29 ± 0.14 m g�1) and Skyfall (1.43

± 0.09 m g�1). cv. Cadenza was significantly different from the

other cultivars (p ≤ 0.01, one-way ANCOVA).

3.3 | Cultivar-specific root growth responses to

AM colonisation but not aphid exposure

Wheat cultivar had a strong significant effect on shoot biomass

(Figure 3a; Table S4), with cv. Cadenza plants (2.27 ± 0.03 g, mean ±

SE) being larger than cvs. Avalon (2.11 ± 0.04 g) and Skyfall (1.79

± 0.03 g), and cv. Skyfall plants being significantly smaller than the

other two cultivars (p ≤ 0.0001, Two-way ANCOVA), regardless of

AM colonisation and aphid feeding.

Root biomass was significantly affected by the interaction

between AMF and cultivar (Figure 3b; Table S4). AM colonisation

reduced the root biomass of cv. Avalon, but not cv. Cadenza or

Skyfall, regardless of aphid treatment (p ≤ 0.0001, two-way

ANCOVA). The root biomass of cv. Avalon and Skyfall were signifi-

cantly different from each other (p ≤ 0.05, two-way ANCOVA), but

not from cv. Cadenza, regardless of AMF colonisation or aphid

treatment.

F IGURE 1 Aphid abundance (a) and aphid
load (number of aphids per gramme of dry shoot
weight) (b) on three wheat cultivars inoculated
with the arbuscular mycorrhizal fungus (AMF)
Rhizophagus irregularis (+AMF) or a sterile control
(�AMF). Boxes extend from the 25th to the 75th
percentile. Middle lines represent median values,
and whiskers extend to minimum and maximum
data points (closed or open markers, n = 5).
Different letters indicate significant differences
between treatment means (where p < 0.05, Tukey
HSD tests).
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3.4 | Variable effects of AM colonisation and

aphids on wheat P, but not N, status

Cultivar significantly affected plant-acquired shoot P and

[P] (Figure 4a,b; Table S5; p ≤ 0.0001 and p ≤ 0.05, respectively, two-

way ANCOVA), regardless of AMF and aphid treatments. cvs. Avalon

and Cadenza had a greater amount of shoot P and a greater shoot

[P] than cv. Skyfall. AM colonisation also played a significant role in

affecting shoot P and [P] across cultivars, regardless of aphid treat-

ment (Figure 4a,b; Table S5; p ≤ 0.01 and p ≤ 0.05, respectively, two-

way ANCOVA).

For both shoot P and [P], there was a significant interaction

between aphid exposure and cultivar, no matter the status of AMF

colonisation (Figure 4a,b; Table S5; p ≤ 0.01 and p ≤ 0.01, respectively,

two-way ANCOVA). For shoot P, cv. Avalon and cv. Skyfall were

affected by this interaction (Figure 4a; Table S5; p ≤ 0.01, two-way

ANCOVA). Exposure to aphids increased shoot P of cv. Avalon

(�AMF: +10%; +AMF: +6%), did not affect shoot P of cv.

Cadenza but reduced shoot P of cv. Skyfall (�AMF: �9%; +AMF:

�8%). For shoot [P], aphid exposure significantly reduced shoot [P] of

cv. Skyfall (� AMF: �9%; + AMF: �19%) but had no effect on the

shoot [P] of cv. Avalon or Cadenza (Figure 4b; Table S5; p ≤ 0.01,

two-way ANCOVA).

There was no effect of AM colonisation or aphid exposure on

plant- and AM fungal-acquired shoot N (Figure 5a; Table S6).

However, shoot N differed between cultivars, being greatest in cvs.

Cadenza (13.68 ± 0.41 mg) and Avalon (13.13 ± 0.17 mg) and lowest

in cv. Skyfall (11.07 ± 0.19 mg) (Figure 5a; Table S6; p ≤ 0.0001, two-

way ANCOVA). N concentrations ([N]) in wheat shoots were also

unaffected by AMF, aphids, cultivar or any interactive term

(Figure 5b; Table S6).

3.5 | Impact of nutritional status of wheat on

aphid performance

There were strong positive correlations between the number of

aphids after 2 weeks and shoot P (Figure 6a; r = 0.604, p < 0.001,

Pearson's) and N (Figure 6b; r = 0.512, p < 0.004, Pearson's). This was

also the case in terms of aphid load, with plants with greater shoot P

(Figure 6c; r = 0.534, p = 0.02, Pearson's) and N (Figure 6d;

r = 0.406, p < 0.026, Pearson's) supporting a greater aphid load. Shoot

[P] was likewise positively associated with aphid performance, but

shoot [N] was not (Figure S2).

4 | DISCUSSION

Despite growing understanding of how abiotic factors influence

mycorrhizal responsiveness of host plants, the impact of biotic drivers,

F IGURE 2 Arbuscular mycorrhizal
colonisation of roots and soils of three wheat
cultivars grown in the presence (+Aphid) and
absence (�Aphid) of cultivar-specific loads of the
bird cherry-oat aphid (Rhopalosiphum padi). (a) %
root length colonised; (b) % arbuscules; (c) %
vesicles; (d) hyphal length densities. Boxes extend
from the 25th to the 75th percentile. Middle lines
represent median values, and whiskers extend to
minimum and maximum data points (closed or
open markers, n = 5). Different letters indicate
significant differences between treatment means
(where p < 0.05, Tukey HSD tests). ‘ns’ indicates
no significant differences. Aphid effects were
treated as continuous co-variates to account for
differences in aphid load between cultivars, which
differed in size.
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such as insect herbivory, on plant growth responses to colonisation by

arbuscular mycorrhizal (AM) fungi has remained under-explored, in

both managed and unmanaged ecosystems. Here, we investigated

how herbivory by aphids (Rhopalosiphum padi) modulates responses of

wheat to colonisation by the AM fungus Rhizophagus irregularis. We

found that aphid feeding, which may limit plant C availability, had no

impact on AM colonisation of wheat, nor plant growth promotion by

the AM fungus. Instead, aphid load differed between three wheat cul-

tivars commonly grown in the UK, which also varied in their capacity

to maintain or increase shoot biomass when exposed to aphids,

although this trend was not statistically significant. AM colonisation

did not increase aphid abundance, with herbivory rather impacting

shoot nutrient status differently between cultivars.

4.1 | Aphid feeding does not impact AM

colonisation or mycorrhiza-mediated growth of wheat

In our study, aphids had no effect on AM colonisation of wheat

(Figure 2a–c) or on extraradical hyphal lengths in surrounding soils

(Figure 2d). This was true across all cultivars tested and represents the

first research into how cereal aphids impact root-internal and root-

external AM fungal biomass across multiple wheat varieties. As obligate

biotrophs (Smith & Read, 2010), AM fungi rely solely on plant C for the

development and renewal of resource uptake and exchange structures

(Roth & Paszkowski, 2017). As such, it may be possible to indirectly

infer the degree to which host plants are supplying C to AM fungi by

F IGURE 3 Biomass of three wheat cultivars inoculated or not
with an arbuscular mycorrhizal fungus (+AMF or �AMF, respectively)
and grown in the presence or absence of cultivar-specific aphid loads
(+Aphid or �Aphid, respectively). Aphid loads (number of aphids per
gramme of dry shoot weight) were used as the factor to represent
aphid treatment. (a) Shoot biomass (dry weight); (b) root biomass (dry
weight). Boxes extend from the 25th to the 75th percentile. Middle
lines represent median values, and whiskers extend to minimum and
maximum data points (closed or open markers, n = 5). Different
letters indicate significant differences between treatment means
(where p < 0.05, Tukey HSD tests). ‘ns’ indicates no significant
differences. Different letters and ‘ns’ apply to specific cultivars and
not between cultivars. Differences between cultivars are not shown
in the figure.

F IGURE 4 Phosphorus uptake by three wheat cultivars
inoculated or not with an arbuscular mycorrhizal fungus (+AMF or
�AMF, respectively) and grown in the presence and absence of
aphids (+Aphid or �Aphid, respectively). Aphid loads (number of
aphids per gramme of dry shoot weight) were used as the factor to
represent aphid treatment. (a) Total shoot phosphorus (P); (b) shoot P
concentration [P]. Boxes extend from the 25th to the 75th percentile.
Middle lines represent median values, and whiskers extend to
minimum and maximum data points (closed or open markers, n = 5).
Different letters indicate significant differences between treatment
means within each cultivar (where p < 0.05, Tukey HSD tests).
Different letters apply within cultivars, not between cultivars.
Differences between cultivars are not shown. Letters below bars
denote differences between AMF treatment, while the letters above
the bars refer to differences between aphid treatments.
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using the extent of fungal colonisation in roots and hyphal lengths in

adjacent soils (Müller et al., 2017). Similarly, potential capacity for

fungal-acquired nutrient transfer to host plants may be indirectly

deduced from colonisation of plant roots and/or from the type of intra-

cellular fungal structures present (Johnson, 1993), particularly in multi-

trophic contexts (Wearn & Gange, 2007). Our findings suggest that

mycorrhizal function in wheat was not affected by aphids, regardless of

crop cultivar. It is important to note, however, that mycorrhizal infection

does not always reflect resource exchange dynamics between mycorrhi-

zal symbionts (Nagy et al., 2009; Smith et al., 2003). Previous research

using isotope tracers to track carbon-for-nutrient exchange between

mycorrhizal partners demonstrated that aphids can reduce C supply

from wheat to an AM fungus without reducing root colonisation

(Charters et al., 2020). Thus, without employing such methods, it is not

possible to rule out this eventuality in our experiment and, if recipro-

cated with reduced plant P/N uptake, could explain our finding that

inoculating plants with R. irregularis did not promote shoot growth in

the three wheat cultivars tested (Figure 3a). It is also conceivable that

longer exposure periods, or greater aphid loads, may reveal cultivar-

specific effects of aphid feeding on AM colonisation of wheat, which

ought to be studied, although the 2-week exposure used here was com-

parable with previous work in which aphids did alter mycorrhizal coloni-

sation of non-crop hosts (Meier & Hunter, 2018).

Neutral plant growth responses to AM colonisation have been

reported previously in wheat (Hetrick et al., 1992). AM fungi may also

have no effect on plant growth if they provide little-to-no nutritional

benefit in exchange for plant C, thereby inflicting a net C ‘cost’ on their

hosts (Smith & Smith, 2013). However, we found some evidence for an

active mycorrhizal nutrient uptake pathway, where colonisation by

R. irregularis reduced root biomass of cv. Avalon (Figure 3b), but shoot

P and N content and concentrations were unchanged (Figures 4a and

5a). These findings add to the understanding that AM fungi may supply

plants with soil nutrients without any impact on plant growth (Li

et al., 2006; Smith et al., 2003), perhaps reflecting reduced plant nutri-

ent uptake directly via the roots (Smith & Smith, 2011).

Although in-line with some previous studies (Wilkinson

et al., 2019), the same levels of colonisation between wheat cultivars in

response to aphid exposure contrasts with results from other tri-trophic

systems, in which aphids induced variable effects on AM colonisation in

closely related wild plants (Meier & Hunter, 2018). This variability reiter-

ates the fact that these responses cannot be generalised across study sys-

tems and are thus context-dependent (Chitty & Gange, 2021). Modern

crop breeding, which focuses chiefly on improving above-ground traits of

wheat under optimal conditions for achieving high yields (Martinez

et al., 2020), may provide an explanation. Over time, artificial selection

has inadvertently restricted root characteristics of elite wheat (Voss-Fels

et al., 2017), resulting in smaller root systems (den Herder et al., 2010),

lower root-to-shoot ratios (Siddique et al., 1990) and reduced mycorrhizal

responsiveness when compared to older varieties (Zhang et al., 2018),

with modern wheat cultivars also known to supply AM fungi with fewer

plant C resources than more derived plants (Field et al., 2012; Thirkell

et al., 2019, 2021). Nevertheless, given the relative lack of studies into

poorly responsive plant-AM fungal interactions (Watts-Williams

et al., 2019), efforts to address this bias will be crucial in improving our

understanding of AM symbioses in both managed and unmanaged eco-

systems. Aphids have been shown to reduce AM colonisation in other

domesticated plants such as broad bean (Babikova et al., 2014), which—

like wheat—has also been the subject of selective breeding efforts

(Maalouf et al., 2018). Thus, rather than the functional group of the plant,

variable aphid feeding rates (Puterka et al., 2017) and/or differing plant C

requirements between AM fungi (Lendenmann et al., 2011) may deter-

mine colonisation responses to herbivory, which warrants further study.

4.2 | AM colonisation did not impact aphid

abundance

Inoculating wheat with the AM fungus R. irregularis did not impact

aphid performance (Figure 1) in any of the cultivars selected,

F IGURE 5 Nitrogen uptake by three wheat cultivars inoculated or
not with an arbuscular mycorrhizal fungus (+AMF or �AMF,
respectively) and grown in the presence and absence of cultivar-
specific aphid loads (+Aphid or �Aphid, respectively). (a) Total shoot
nitrogen (N); (b) shoot N concentration [N]. Boxes extend from the
25th to the 75th percentile. Middle lines represent median values,
and whiskers extend to minimum and maximum data points (closed or
open markers, n = 5). ‘Ns’ indicates no significant differences within
cultivars and not between cultivars. Differences between cultivars are
not shown in the figure.
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reinforcing previous findings using the same AM fungal isolate and

a different wheat variety (Abdelkarim et al., 2011). Intriguingly, colo-

nisation by Gigaspora margarita reduced aphid numbers in the same

study, suggesting outcomes for aphids may be influenced by AM

fungal identity. These differences could be driven by the variable

rates at which AM fungi colonise plant roots (Hart & Reader, 2002),

as the stage of AM colonisation can determine how mycorrhizal

fungi impact aphid development (Tomczak & Müller, 2017), perhaps

due to the triggering of different phytohormonal pathways at differ-

ent phases of root infection (Cameron et al., 2013). In studying the

effect of mycorrhizal colonisation on aphid numbers alone, it is con-

ceivable that fungal-mediated effects on other aspects of aphid per-

formance were missed, such as relative growth rate (Tomczak &

Müller, 2017, 2018), survivorship (Volpe et al., 2018) and feeding

behaviour (Simon et al., 2017). Over longer time periods—such as a

full growing season—or in non-crop systems, these subtle changes

may ultimately impact pest numbers and thus herbivore pressure,

meaning these traits should be considered in subsequent research

into this economically important yet poorly studied tri-partite sys-

tem. Such effects may also have implications for disease manage-

ment, as aphids vector �275 plant viruses (Fereres &

Moreno, 2009) with R. padi responsible for the transmission of the

most acute strain of barley yellow dwarf virus, RPV (R. padi virus)

(Girvin et al., 2017).

4.3 | Wheat responses to aphids vary by cultivar

Aphid abundance and load were, however, different between the

three wheat cultivars tested (Figure 1), suggesting perhaps variable

levels of resistance to these phloem-feeding pests. While no elite

wheat cultivar has been explicitly bred for reduced susceptibility to

aphid attack (Simon et al., 2021), evidence for R. padi resistance exists

in ancestral wheat lines (Simon et al., 2021) and land race collections

(Aradottir et al., 2017), as well as in some modern Chinese and

Brazilian cultivars (Correa et al., 2020; Zhang et al., 2016). The varia-

tion in aphid numbers and load between cultivars may relate to differ-

ences in the nutritional (Figures 4 and 5), morphological (Figure 3) and

genomic traits of the wheat cultivars studied. Cvs. Skyfall and

Cadenza supported the lowest numbers of R. padi aphids (Figure 1).

Cv. Skyfall is believed to harbour genetic resistance to insect pests

such as the orange wheat blossom midge (Sitodiplosis mosellana)

(AHDB, 2021), and cv. Cadenza carries resistance alleles against other

biotic stressors, such as biotrophic pathogens (Bass et al., 2006; Ma

et al., 2015). In contrast, cv. Avalon hosted the greatest number of

aphids and is considered susceptible to wheat diseases like yellow

stripe rust (Gardiner et al., 2020). Bird cherry-oat aphids are host-

alternating, meaning they over-winter on a primary host plant (Prunus

padus) before colonising their secondary hosts (grasses) in spring

(Blackman & Eastop, 2000). Winter wheat varieties such as

cv. Avalon, which undergo foundational stages during winter before

yielding in the early summer, may be rendered more susceptible to

aphid infestation by climate change; warmer temperatures could

shorten R. padi generation times (Finlay & Luck, 2011) and see them

spend more time on crops over winter, meaning greater emphasis on

breeding for defence traits of winter wheat varieties is now needed

(Bass et al., 2006; Gardiner et al., 2020).

Interestingly, despite hosting the greatest number of aphids and

therefore perhaps being least resistant, cv. Avalon appeared to be the

most tolerant cultivar we tested, with shoot biomass seemingly

increasing when aphids were present compared to when they were

absent (Figure 3a). Tolerance defines the ability of plants to withstand

herbivore damage and/or compensate for it, which is less ‘costly’ for

plants in terms of C resource investment than chemical or physical

defence (Tao et al., 2016) and may not induce insect virulence

(Crespo-Herrera et al., 2014). This trend in cv. Avalon may suggest a

trade-off between tolerance and resistance against aphids (Hu

et al., 2016). Compensatory plant growth in response to herbivory

may off-set the effects of tissue damage or the loss of plant phloem

and perhaps enables greater regrowth following aphid removal. This

F IGURE 6 Correlations between shoot
nutrient status and bird cherry-oat aphid
performance. (a) Shoot phosphorus (P) vs. final
aphid abundance; (b) shoot nitrogen (N) vs. final
aphid abundance; (c) shoot P vs. aphid load;
(d) shoot N vs. aphid load. Pearson's correlation
coefficient (r) indicated in each panel
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may be due to the external biotic C sink (i.e., the aphids) stimulating

higher rates of photosynthesis, as has been recorded in other cereals

(e.g., Sorghum bicolor), which ultimately leads to increased yields

(Kucharik et al., 2016; Liere et al., 2015). Over-compensatory growth

responses have not been shown in wheat before, meaning it is now

critical to determine the density of aphid infestations at which this

can occur, and when yield begins to be adversely affected, potentially

leading to more precise application of synthetic pesticides and greater

sustainability in agroecosystems.

4.4 | Wider considerations

Pressure from pests is expected to grow as climate change worsens

(Deutsch et al., 2018). For sap-feeding pests, such as aphids, this

threatens crops and non-crops through direct feeding and virus trans-

mission, but also through indirect effects via tri-trophic interactions

such as those investigated here. Given that AM fungi are known to

influence plant–plant competitive outcomes (Cameron, 2010; Wagg

et al., 2011), our research has shown that, in economically and

socially significant multi-trophic systems, the mechanisms by which

these outcomes are realised may be more complex than previously

thought. Our findings show that although AM fungal colonisation and

AM-mediated plant growth responses were not affected by aphid

feeding, there were differences between cultivars in terms of toler-

ance of aphids and in the benefits gained by host plants from AM col-

onisation in terms of nutrient acquisition and growth. We were not

able to collect data from our experiment relating directly to impacts

of aphids on wheat yield, and this should form part of any future

studies, particularly those conducted in field environments. Under-

standing what causes cultivar-specific outcomes and how they ulti-

mately impact plant growth promotion represent key research goals

for future work.
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