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Abstract

All cereal crops engage in arbuscular mycorrhizal symbioses which can have
profound, but sometimes deleterious, effects on plant nutrient acquisition and
growth. The mechanisms underlying variable mycorrhizal responsiveness in
cereals are not well characterised or understood. Adapting crops to realise my-
corrhizal benefits could reduce fertiliser requirements and improve crop nutri-
tion where fertiliser is unavailable. We conducted a phenotype screen in wheat
(Triticum aestivum L.), using 99 lines of an Avalon x Cadenza doubled-haploid
mapping population. Plants were grown with or without a mixed inoculum con-
taining 5 species of arbuscular mycorrhizal fungi. Plant growth, nutrition and
mycorrhizal colonisation were quantified. Plant growth response to inocula-
tion was remarkably varied among lines, ranging from more than 30% decrease
to 80% increase in shoot biomass. Mycorrhizal plants did not suffer decreasing
shoot phosphorus concentration with increasing biomass as observed in their
non-mycorrhizal counterparts. The extent to which mycorrhizal inoculation was
beneficial for individual lines was negatively correlated with shoot biomass in
the non-mycorrhizal state but was not correlated with the extent of mycorrhizal
colonisation of roots. Highly variable mycorrhizal responsiveness among closely
related wheat lines and the identification of several QTL for these traits suggests
the potential to breed for improved crop-mycorrhizal symbiosis.

KEYWORDS

arbuscular mycorrhiza, fungi, mycorrhizal growth response, phosphorus, sustainable
agriculture, Triticum aestivum (wheat)

1 | INTRODUCTION now underpin much of human nutrition. In wheat, yields
have increased dramatically since the 1950s with fertiliser
and pesticide applications, and the inclusion of several

key genes into elite cultivars, to confer, for example, a

The domestication and improvement of a small number
of cereal species has given rise to the staple crops which

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
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semi-dwarfing growth habit, disease resistance and reg-
ulation of flowering (Morrell et al., 2012; Pingali, 2012).
Despite these advances, nutrient acquisition still limits
grain production in many systems (Kvaki¢ et al., 2018;
Vitousek et al., 2009). In many countries, cereal yields
in intensive arable systems are no longer increasing
(Grassini et al., 2013). In high-input systems, phosphorus
(P) limitation in cereal crops is particularly concerning, as
P fertiliser production relies largely on the supply of rock
phosphate, a finite resource (Cordell & White, 2014).

In highly productive arable systems, P limitation
arises because most fertiliser P becomes immobilised in
soil in forms which plants are unable to acquire (Tinker
& Nye, 2000). Regular applications of P mean that much
of the arable land in the developed world has a stock of
‘legacy P’ (Rowe et al., 2016). Although these soils are
heavily enriched in P, low phytoavailability means many
cereals remain P-limited (YEN, 2021). In high-input sys-
tems, elevated soil P concentrations can lead to increased
leaching and run-off, with ecologically damaging con-
sequences downstream (Elser & Bennett, 2011; Withers
& Haygarth, 2007). Mounting evidence suggests that by
exploiting legacy P reserves, cereal yields could be main-
tained, P fertiliser applications reduced, and the severity
of environmental harm diminished (Rowe et al., 2016;
Withers et al., 2017). Exploiting legacy P will likely re-
quire crops with greater P acquisition efficiency. In soils
where there is little legacy P, higher crop P acquisition
efficiency should allow P fertiliser applications to be re-
duced towards levels closer to those which are removed
from the field as grain.

Exploiting soil microbes could provide a means by
which P acquisition efficiency from arable soils may be
increased. Cereal crop species worldwide engage in sym-
bioses with arbuscular mycorrhizal (AM) fungi (Smith &
Smith, 2011), a group of soil-dwelling fungi in the clade
Glomeromycotina (Spatafora et al., 2016). The symbiosis
is characterised by the development of specialised fungal
structures within the cortex of host plant roots, facilitat-
ing the transfer of mineral nutrients from fungus to plant.
For the host plant, the principal benefit of the symbiosis is
most commonly enhanced P uptake (Smith & Read, 2008).
With a dense network of hyphae proliferating into the soil,
a mycorrhizal plant may acquire P from a much greater
volume of soil than a non-mycorrhizal plant. In return
for mineral nutrients acquired from the soil, plant carbon
(C) is acquired by the fungus in the form of sugars and
lipids (Luginbuehl et al., 2017). In addition to nutritional
advantages, AM fungi may also improve plant water use
efficiency, heavy metal tolerance and ability to withstand
attack from pests and pathogens (Cameron et al., 2013).
Beyond the host plant, soils with greater quantities of AM
fungal biomass may be more stable against erosion, suffer

less water and nutrient leaching and potentially have
greater carbon storage capacity (Rillig et al., 2019).

Although frequently identified as a mechanism which
may aid sustainable intensification in agriculture (Rillig
et al., 2016; Sosa-Hernandez et al., 2019; Thirkell et al.,
2017), the utilisation of arbuscular mycorrhizas in crop-
ping systems is limited by the unreliable nature of the
interaction, in terms of tangible, realised plant benefits
(Rillig et al., 2019; Ryan et al., 2019). Highly varied and
unpredictable nutritional and yield responses among my-
corrhizal plants have been demonstrated in numerous
crop species including wheat (Hetrick et al., 1993; Lehnert
et al., 2018; Singh et al., 2012; Zhu et al., 2001). Frequently
observed yield reductions in mycorrhizal crop plants com-
pared with non-mycorrhizal counterparts have led to a
persistent stance in the literature that AM fungi are likely
to be of little benefit in conventional, intensive agricul-
tural systems (Ryan & Graham, 2018). However, recent
meta-analyses suggest overall positive outcomes for grain
yield following mycorrhizal colonisation or inoculation
(Lehmann et al., 2012; Zhang et al., 2019), and increasing
adoption of sustainable practices (Rillig et al., 2019; Ryan
et al., 2019) suggests that application of mycorrhizas in
agriculture warrants further attention. This is especially
pertinent for those farming practices which more actively
prioritise soil ecology and environmental impacts, such as
organic or regenerative agricultural systems (LaCanne &
Lundgren, 2018; Reganold & Wachter, 2016).

As far as we are aware, deliberate selection for positive
(or negative) mycorrhizal traits has never occurred in the
development of modern elite cereal cultivars since domes-
tication of progenitors c. 8000 years ago. Crop breeding
may have inadvertently selected against mutualistic my-
corrhizal associations, as plant traits become adapted for
roles which were carried out by fungal symbionts in ances-
tral progenitors. Breeding for greater root length densities
in upper soil horizons, for example, can improve plant P
acquisition (White et al., 2013), but may make AM symbi-
oses less important, as fine roots substitute for AM fungal
mycelia in acquiring P (Raven et al., 2018). As crops are
further bred for nutrient acquisition under high rates of
fertiliser application, the redundancy of mycorrhizal sym-
biosis is likely to be increased. Where plants are unable
to dissociate from their fungal symbionts, plant carbon is
acquired by the fungi for reduced mineral nutrient cost,
and the symbiosis may no longer be mutualistic. Progress
in crop breeding to reduce susceptibility to fungal disease
such as take-all (McMillan et al., 2014) may unintention-
ally also reduce susceptibility to colonisation by beneficial
symbionts such as AM fungi, further exacerbating this
problem (Jacott et al., 2017).

Unknowingly including or excluding mycorrhizal
traits is potentially very significant, given the fact that
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AM fungi can, in extreme cases, be responsible for all
plant P uptake and may acquire more than 10% of plant
C. For some time, it has been suggested that cereal crops
might be bred to exploit their symbiosis with AM fungi
(Berger & Gutjahr, 2021; Kaeppler et al., 2000; Lefebvre,
2020; Sawers et al., 2008). Wheat (Triticum aestivum L.) is
grown on more land than any other crop, is ubiquitously
mycorrhizal and shows varied nutritional and growth re-
sponses to AM fungal colonisation (Hetrick et al., 1992,
1993; Lehnert et al., 2018). A number of genetic markers
in wheat appear to be associated with the degree to which
wheat genotypes become colonised by AM fungi (De Vita
et al., 2018; Lehnert et al., 2017). Improved mycorrhizal
responsiveness to colonisation is probably a better target
for breeders than purely seeking to increase the biomass
of mycorrhizal fungi within host roots, as the extent of
colonisation is not necessarily correlated with the benefit
afforded to host plants, in nutrient assimilation or biomass
(Martin et al., 2012; Sawers et al., 2017; Smith et al., 2004).
Here, we used a greenhouse phenotype screen to charac-
terise the variation in growth and nutritional responses of
a panel of 99 spring wheat lines from a doubled-haploid
mapping population (progeny from a cross of cv. Avalon
X cv. Cadenza) to inoculation with a mixed community of
five AM fungal species. Composite interval mapping was
then used to identify quantitative trait loci (QTL) associ-
ated with mycorrhizal benefit in the population.

2 | MATERIALS AND METHODS
2.1 | Wheat and mycorrhizal fungal
material

A subset of 99 spring wheat (Triticum aestivum L.) lines
were selected from the Avalon X Cadenza doubled-
haploid mapping population (Table S1), the UK reference
population which represents a wide range of the observ-
able variation in UK elite wheat germplasm, including
contrasting mycorrhizal phenotypes (Elliott et al., 2021).
The population of doubled-haploid (DH) individuals, de-
rived from F1 progeny of a cross between cultivars Avalon
and Cadenza, was developed at the John Innes Centre, as
part of a DEFRA (Department of Environment, Food and
Rural Affairs, UK Government) project led by ADAS.
Seeds were surface sterilised (1% sodium hypochlo-
rite solution, 5 min) then rinsed thoroughly in distilled
H,0, before being planted singly into ‘Jumbo Rootrainer’
pots measuring 6.32 X 6.32 X 25 cm (WxDxH) (Tildenet,
Bristol, UK), filled with a 50/50 (v/v) mix of perlite and sil-
ica sand. Each pot in the mycorrhizal treatment received
10 g of wetted (with autoclaved, distilled H,O) inoculum
(Rootgrow Professional ; PlantWorks Ltd, Sittingbourne,

CWILEY-®

UK). This inoculum contained the AM fungal spe-
cies Funneliformis mosseae, Funneliformis geosporus,
Claroideoglomus clarodeum, Rhizophagus intraradices
and Glomus microaggregatum and comprised small root
fragments, AM fungal spores and a granulated clay. To the
non-mycorrhizal treatment, each pot received 10 g of a
twice autoclaved (121°C for 20 min, 48 h between cycles)
portion of the same inoculum. Inoculum was autoclaved
twice to reduce the risk of contamination in the non-
mycorrhizal treatment by AM fungal spores which may
have survived the first autoclave cycle. In both treatments,
inoculum was added as a layer at the bottom of the plant-
ing hole to which the seedling was added, to ensure root
growth through inoculum and thereby maximise chances
of AM fungal colonisation.

Five replicate plants of each line were grown in each
of the mycorrhizal and non-mycorrhizal treatments, such
that 990 plants were grown in total. Planting was carried
out in 5 blocks, each separated by one week; each block
contained one mycorrhizal and one non-mycorrhizal
replicate per line. Within blocks, lines were spatially ran-
domised, while mycorrhizal and non-mycorrhizal coun-
terparts of each line were placed adjacent, to minimise
environmental artefacts on seedling growth. The first
block was planted 11-12 July 2018, and the last block
planted 8-9 August 2018 (see Table S2 for full planting and
harvesting timings). Plants were maintained in a heated,
lit glasshouse (16-hour day length, day temperature: 22°C,
night temperature: 17°C). Supplementary lighting pro-
vided 202.9 + 12.1 umol m~*s ™" at canopy height. Relative
humidity was maintained at 70% for the duration of the
growing period.

From two weeks after planting, each pot received
weekly 30 ml doses of Long Ashton nutrient solution pre-
pared to the ‘nitrate type’ protocol, modified by reducing
the monosodium phosphate component to 25% of the orig-
inal protocol (see Table S3). Plants were watered with tap
water as required through the course of the experiment.
Where plants did not grow, these individual replicates
were excluded from analyses (data shown in Table S4).

Food and Energy Security

2.2 | Plant harvest and sample
preparation

At 5 weeks (immediately prior to harvest), shoot height
was measured from the soil surface to the tip of the tallest
leaf. Plants were destructively harvested at 5 weeks (block
1: 15-17 August, block 5: 12-14 September; see Table S2
for full planting and harvest timings). Plants were re-
moved from pots, and roots were gently washed from the
growth medium. Shoot and root material were separated.
After patting dry with tissue paper, root fresh biomass was
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recorded, and a small subsample (c. 10%—-20% root system)
was taken and stored in 50% (v/v) ethanol to allow sub-
sequent quantification of mycorrhizal colonisation. The
remaining root fresh biomass was recorded. Shoot and
root samples were oven-dried at 70°C for 60 h and dry bio-
masses recorded. Total root dry biomass was calculated by
extrapolating from total fresh biomass, fresh biomass of
remaining sample and dry biomass of remaining sample.

2.3 | Tissue phosphorus measurement
Shoot phosphorus (P) content and concentration were
quantified in mycorrhizal and non-mycorrhizal counter-
parts from 50 lines (randomly selected, see Table S5) from
block 1. Dried shoot material was homogenised (IKA A10
basic mill; IKA & Co, Staufen, Germany), then samples of
known mass (25-50 mg) were digested in 1 ml H,SO, (96%
v/v) at 360°C for 15 min (BTD5 dry block heater; Grant
Instruments, Shepreth, UK). Digest products were al-
lowed to cool to 20°C before addition of 100 ul H,0, (30%
v/v), at which point samples became colourless. Sample P
content was determined by colorimetric methods adapted
from Murphy and Riley (1962) and used in Thirkell et al.
(2020). Briefly, 0.2 ml aliquots of digest samples were
mixed with 0.2 ml L-ascorbic acid, 0.2 ml 3.44 M NaOH
and 0.5 ml of developer solution (prepared by dissolving
0.1 g antimony potassium tartrate and 4.8 g ammonium
molybdate in 250 ml 2 M H,SO,). After incubating at
25°C for 45 min, absorbance was read at 882 nm with a
Jenway 6300 spectrophotometer (Cole-Palmer: St Neots,
UK). Using a calibration curve produced with a 10 ppm P
standard solution (NaH,PO,), digest sample P concentra-
tions were determined.

2.4 | Assessment of mycorrhizal
colonisation

Root colonisation by AM fungi was confirmed for all
plants in the mycorrhizal group, and AM fungal absence
was confirmed in all plants in the non-mycorrhizal group.
Using methods adapted from Vierheilig et al. (1998), root
subsamples were cleared in 10% (w/v) KOH for 40 min at
70°C, briefly rinsed in tap water, immersed in staining so-
lution (5% Pelikan ‘Brilliant Black’ ink; Pelikan Holding
AG, Hanover, Germany, 5% acetic acid, 90% distilled H,0)
for 20 min at 20°C and then incubated for 48 h at 20°C
in 1% acetic acid. For each plant, 15 sections of root (of
length c. 1 cm) were mounted to microscope slides with
PVLG (8.33 g polyvinyl alcohol, 50 ml distilled H,0, 50 ml
lactic acid) and fixed in a drying oven at 65°C for 24 h.
AM fungal colonisation was quantified for all plants in

the mycorrhizal treatment of 36 lines from the population,
categorised as having positive/neutral/negative shoot bio-
mass response to inoculation (Table S6). Mycorrhizal col-
onisation was quantified using the methods of McGonigle
et al. (1990), following inspection of a minimum of 100
intersects per plant.

2.5 | Datahandling and analysis

The effect of inoculation on wheat shoot dry biomass
(hereafter mycorrhizal growth response, MGR) was
calculated following Hetrick et al. (1992), using the
formula MGR = (mycorrhizal shoot mass - mean non-
mycorrhizal shoot mass)/mean non-mycorrhizal shoot
mass. Calculating MGR separately for each replicate
within the mycorrhizal group, while comparing against
the mean value in the non-mycorrhizal group allowed 5
replicate values to be generated for each line. Mycorrhizal
response values were also computed for root dry biomass,
plant dry biomass, root weight ratio (the proportion of
the plant dry biomass that is root dry biomass, calculated
as root dry biomass/plant dry biomass) and shoot height.
Shoot phosphorus response to inoculation (MPR) was
calculated similarly.

All statistical analyses of phenotype traits were per-
formed using the RStudio interface of R statistical soft-
ware, version 3.4.3. (R Core Team, 2020; RStudio Team,
2015). Wilcoxon sum rank tests were performed to test
differences between mycorrhizal vs non-mycorrhizal trait
means where contrasts are tested by AM treatment across
the whole population, for example comparing shoot bio-
mass between inoculated and uninoculated plants. To test
where MGR values were significantly different from zero,
one-sample Wilcoxon signed-rank tests were performed.
Spearman rank correlation was used to test relationships
between continuous variables; shoot biomass vs shoot
phosphorus concentration, and root length colonisation
vs shoot phosphorus concentration. Kruskal-Wallis rank-
sum tests were performed on population data to determine
whether line identity significantly affected MGR traits.

2.6 | QTL identification

Linkage maps and molecular marker data for the Avalon
x Cadenza mapping population were obtained from the
University of Bristol Cereals DB website (cerealsdb.
uk.net/cerealgenomics/). Linkage groups were tested for
the presence of segregating quantitative trait loci (QTL)
using the composite interval mapping (CIM; Zeng, 1994)
function of Windows QTL Cartographer version 2.5 soft-
ware (Wang, Basten, & Zeng, 2012; Wang, Schornack,
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et al., 2012). Automatic cofactor selection by a forward
regression was performed using 5 control markers and
a window size of 10 cM, under the standard CIM model.
The step size chosen for all traits was 1 cM. QTL were
deemed significant above a LOD value of 3.0.

3 | RESULTS
3.1 | Mycorrhizal inoculation elicits
variable growth responses

Considering all lines from the Avalon X Cadenza mapping
population together, inoculation with AM fungi increased
shoot dry biomass by over 10% (W = 125816, p < 0.0001;
Figure 1a), while root biomass did not differ between AM-
inoculated and mock-inoculated groups (W = 112344, p =
0.25; Figure 1b). Mycorrhizal inoculation increased shoot
biomass sufficiently to increase total dry biomass of wheat
plants (W = 117774, p = 0.013; Figure S1a). Root weight
ratio (the proportion of plant biomass that is root) was sig-
nificantly reduced in mycorrhizal plants compared with
non-mycorrhizal counterparts, as inoculation increased
shoot biomass while root biomass was unchanged (W =
94574, p = 0.001; Figure S1b). Shoot height was also sig-
nificantly increased in mycorrhizal compared with non-
mycorrhizal plants (W = 122680, p < 0.001; Figure S1c).
Substantial variation in trait response to mycorrhizal
inoculation was found among the 99 lines tested (Tables
S7 and S8). Shoot dry biomass response to inoculation var-
ied from —34% to +89% among individual lines (Kruskal-
Wallis:)(2 =136.86, df =98, p =0.0058; Figure 2). Wilcoxon
signed-rank tests indicated that 3 lines showed statistically
significant negative MGR, and 9 lines showed statistically

significant positive shoot MGR (marked on the x-axis in
Figure 2 with grey and yellow stars, respectively. Tables
S6 and S7). Similar trait variation was shown for root
biomass (;(2 = 158.64, df = 98, p = 0.0001), total biomass
(/> = 157.19, df = 98, p = 0.0001), root weight ratio (y* =
143.78, df = 98, p = 0.0018) and shoot height (;(2 =177.61,
df =98, p < 0.0001) (Figures S2-S5). Following mycorrhi-
zal inoculation, root biomass was significantly increased
in 4 lines and decreased in 8 lines (Figure S2, Tables S7
and S8). Total dry biomass was increased in 5 lines and
decreased in 6 lines (Figure S3, Tables S7 and S8). Root
weight ratio response to inoculation exhibited the low-
est variability of the traits measured here, ranging from
—21% to +22% among lines, although was significantly
increased in 3 lines and decreased in 8 lines (Figure S4,
Tables S7 and S8). Shoot height response to inoculation
also showed significant variation among lines (Figure S5),
ranging from —25% to +33%. Inoculation was far more
likely to increase shoot height than to decrease it, being
statistically significantly different from zero in 14 lines
and 1 line, respectively (Figure S5, Tables S7 and S8).

Mean shoot biomass among lines was significantly
negatively correlated with mycorrhizal growth response
(Figure 3); those lines with the highest biomass in the non-
mycorrhizal treatments were more likely to exhibit nega-
tive mycorrhizal growth responses, while the lines with
the lowest non-mycorrhizal biomass were more likely to
have positive mycorrhizal growth responses.

3.2 | Shoot phosphorus uptake

Overall, AM inoculation did not increase P content or
concentration of shoots (p > 0.05; Figure 4a,b). Plotting P
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FIGURE 3 Association between mean mycorrhizal growth
response of 99 lines of Avalon x Cadenza DH wheat (Triticum
aestivum L.) mapping population and shoot dry biomass of non-
mycorrhizal replicates. Negative correlation (Spearman rank)
indicates that mycorrhizal responsiveness is most positive in those
lines which have a lower shoot dry biomass in the non-mycorrhizal
state; lines with a high dry biomass when non-mycorrhizal are
more likely to experience a negative MGR. Data points are mean
values for traits of each line. Except where noted in Table S3,n =5

data against shoot dry biomass, however, revealed effects
of AM inoculation on P concentration (Figure 5). Pearson
rank correlation showed that shoot P concentration is sig-
nificantly negatively correlated with shoot dry biomass in
non-mycorrhizal plants (R* = —0.43, p = 0.0028), suggest-
ing that non-mycorrhizal plants suffer a relative dilution
in shoot P with increased biomass (Figure 5). By contrast,

there was no correlation between shoot biomass and P
concentration in the mycorrhizal-inoculated plants (R?
= —0.18, p = 0.2241), suggesting that larger plants in the
mycorrhizal treatment were better able to maintain shoot
P concentration than those in the non-mycorrhizal group.
Similarly, root dry biomass was negatively correlated with
shoot P concentration in non-mycorrhizal, but not myc-
orrhizal plants (Figure S6), indicating more efficient P
uptake and assimilation in mycorrhizal plants compared
with non-mycorrhizal counterparts.

3.3 | Arbuscular mycorrhizal
colonisation

Root length colonisation data were collected from lines
representative of positive, neutral and negative shoot bi-
omass responses (Table S6). All plants in the mycorrhi-
zal treatment were colonised by arbuscular mycorrhizal
hyphae, with many also containing characteristic arbus-
cules and vesicles. All plants in the non-mycorrhizal con-
trol group remained free from AM fungal colonisation. A
Kruskal-Wallis rank-sum test showed there was no dif-
ference in the per cent root length colonisation between
groups categorised as having negative, neutral or positive
shoot MGR ()(2 =4.19, df = 2, p = 0.123; Figure S7, Table
S6). Similarly, there was no difference between MGR
groups in terms of the frequency of arbuscules (y* = 0.413,
df = 2, p = 0.813) or vesicles (;(2 =1.47,df =2, p =0.479).
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FIGURE 5 Scatterplot and Spearman rank correlation

of wheat (Triticum aestivum L.) shoot dry biomass and shoot
phosphorus concentration, with mycorrhizal-inoculated and mock-
inoculated plotted separately in pink and blue, respectively. Single
representative replicates from 50 lines of Avalon x Cadenza DH
mapping population are represented, n = 50

There was no correlation between the extent of root
length colonisation and the shoot MGR (Figure 6a).
Similarly, there was no correlation between the frequency
of arbuscules and the shoot MGR (Figure 6b). There was
also no correlation between root length colonised and the
shoot P concentration in mycorrhizal plants (Figure 6¢) or
between arbuscule frequency and shoot P concentration
(Figure 6d). Vesicle frequency did not correlate with shoot
MGR (Figure S8a) or shoot P concentration in mycorrhi-
zal plants (Figure S8b). Shoot P content in mycorrhizal
plants was not correlated with root length colonisation
(Figure S8c), arbuscule frequency (Figure S8d) or vesicle
frequency (Figure S8e).

ment, there was no association between shoot dry biomass
and the root length colonised (Figure S9d), the arbuscule
frequency (Figure S9e) or vesicle frequency (Figure S9f).
Neither the extent of root length colonisation nor the
arbuscule frequency in the mycorrhizal treatment was
correlated with shoot P concentration (Figure S10a, c) or
content (Figure S10b, d) in the non-mycorrhizal plants. P
uptake by non-mycorrhizal plants was a good predictor of
the effect of inoculation on P uptake; there were significant
negative correlations between the shoot P concentration
in the non-mycorrhizal plants and the MPR (concentra-
tion (Figure S10e)), as well as between the shoot P content
in the non-mycorrhizal plants and the shoot MPR (content
(Figure S10f)). However, P uptake by non-mycorrhizal
plants was a poor predictor of how beneficial AM inoc-
ulation would be for plant growth; there were no correla-
tions between the shoot P concentration (Figure S10g) or
content (Figure S10h) in the non-mycorrhizal plants and
the shoot MGR. This probably represents an unavoidable
trade-off between growth and nutrient accumulation—
plants with lower biomass in the non-mycorrhizal state
are likely to have higher shoot P concentration than larger
plants, and these lines will be unable to further increase
their P acquisition to increase P concentration (Figures 5,
S6 and S11a,b).

The QTL analysis identified six QTL statistically sig-
nificantly associated with four aspects of mycorrhizal
growth response. Shoot height response to inoculation
was represented by only one QTL, while root dry biomass
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FIGURE 6 Scatterplots of mycorrhizal growth response (shoot dry biomass) plotted against (a) extent of root colonisation by arbuscular

mycorrhizal fungi and (b) frequency of arbuscules; and shoot P concentration in mycorrhizal plants plotted against (c) extent of root

colonisation by arbuscular mycorrhizal fungi and (d) frequency of arbuscules. In panes a-b, data points represent means of plant trait data

from 3-5 replicates of selected lines from Avalon X Cadenza DH wheat (Triticum aestivum L.) mapping population. In panes c-d, data points

represent individual replicates from selected lines (see Table S5 for details of lines used)

TABLE 1 Mycorrhizal growth

Highvalue  Variation response quantitative trait loci (QTL)
QTL Chromosome Trait LOD allele explained P . d .
mapping results, showing chromosome
1 1B Root dry biomass 3.5 Cadenza 13% identity, trait affected, logarithm of
2 2B Root dry biomass 4.2 Cadenza 15% the odds (LOD) score, identity of allele
Root weight ratio 3.2 Cadlemz 11% carrying the high value for relevant trait
3 4D Root weight ratio 40 Avalon 14% and the degree of variation explained by
these QTL
4 6B Root dry biomass 3.1 Avalon 11%
Total dry biomass 4.4 Avalon 15%
5 7B Root weight ratio 3.1 Cadenza 10%
6 7D Shoot height 3.1 Avalon 11%
and root weight ratio were each associated with three 4 | DISCUSSION

QTL (Table 1). Logarithm of the Odds (LOD) scores var-
ied between 3.1 and 4.4 for the identified QTL, the largest
of which was associated with mycorrhizal responsive-
ness in total dry biomass on chromosome 6B. Four QTL
were found on the B genome, two were found on the D
genome and none was found on the A genome. Avalon
and Cadenza were each the donor of 3 increasing alleles
of the identified QTL (Table 1).

Our data indicate that modern, elite wheat cultivars con-
tain sufficient genetic diversity to allow selective breeding
to improve mycorrhizal growth responses. QTL associated
with mycorrhizal responsiveness have been identified
in several crop species, including onions (Galvan et al.,
2011) and maize (Kaeppler et al., 2000). We have identi-
fied a number of QTL associated with mycorrhizal growth
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response in several plant traits (Table 1). Optimising the
symbiosis through plant breeding will be an important
contribution to ‘agro-engineering’—an approach aimed at
improving agricultural sustainability (Rowe et al., 2016;
Withers et al., 2017), in part by minimising fertiliser in-
puts and maximising nutrient acquisition efficiency in
Crops.

Improving crop growth responses to AM fungi through
conventional cereal breeding will rely upon varied growth
and nutritional responses to inoculation among geno-
types of target crops. Such variation has been observed
many times in a range of species, including maize (Chu
et al., 2013; Kaeppler et al., 2000; Sawers et al., 2017), rice
(Diedhiou et al., 2016), barley (Baon et al., 1993; Mutairi
et al., 2020), sorghum (Watts-Williams et al., 2019) and
wheat (Hetrick et al., 1992, 1993; Lehnert et al., 2018).
Generally, these studies use too few genotypes to allow
identification of genetic markers associated with mycor-
rhizal growth responsiveness by QTL analysis or genome-
wide association studies. Notably, Lehnert et al. (2018)
used 94 genotypes of wheat; the diverse population of
genotypes used represent 21 different countries of origin
and range in age from 5 to at least 70 years since develop-
ment of the variety.

By contrast, we employed a panel of doubled-haploid
lines developed from a cross of a single pair of parent cul-
tivars, Avalon and Cadenza. As a result, the population
used here contains significantly less genetic variation than
in the material used by Lehnert et al. (2018). Despite using
a closely related population, we still observe dramatically
segregating phenotypes among lines in numerous plant
growth traits. The Avalon X Cadenza doubled-haploid
mapping population studied here has previously been
used for QTL studies of several traits such as grain mor-
phology (Gegas et al., 2010), plant height (Griffiths et al.,
2012), seedling rooting (Bai et al., 2013), traits associ-
ated with lodging (Pifiera-Chavez et al., 2021) and other
wider agronomic traits (Amalova et al., 2021). Avalon and
Cadenza have previously also been shown to experience
contrasting nutrient uptake following mycorrhizal in-
oculation (Elliott et al., 2021). An extensive marker map
for the Avalon x Cadenza population exists in the public
domain, making this a useful tool for quantitative genetic
analysis of wheat traits (Wang et al., 2014; http://www.
wgin.org.uk/).

In a genome-wide association study, Lehnert et al.
(2018) identified two QTL associated with mycorrhizal
responsiveness, on chromosomes 3D and 7D; these QTL
were linked to increased grain yield and grain number,
respectively. Hetrick et al. (1991) identified chromo-
somes 1A, 5B, 6B, 7B, 5D and 7D from the donor culti-
var Cheyenne as having a positive effect on mycorrhizal
responsiveness. In common with these studies, we found

one QTL on chromosome 7D also associated with positive
mycorrhizal responsiveness, in this case observed in shoot
height. The studies of Hetrick et al. (1991) and Lehnert
et al. (2018) each found unique QTL not identified either
in each other study or here. The context dependence of
QTL identities is illustrated by the two QTL found by
Lehnert et al. (2018) shown under droughted, but not
well-watered conditions. As far as we are aware, we also
identify the first QTL for root trait responsiveness to my-
corrhizal inoculation (Table 1). Further data on mycorrhi-
zal responsiveness in the Avalon x Cadenza DH mapping
population from contrasting environments are now re-
quired to validate the QTL identified here, allowing the
identification of candidate genes associated with mycor-
rhizal responsiveness.

We show that overall, inoculation with AM fungi sub-
stantially increased wheat growth across the population of
lines used here, supporting the findings of previous meta-
analyses (Lehmann et al., 2012; Pellegrino et al., 2015;
Zhang et al., 2019). As our plants were harvested after
only 5 weeks’ growth, it is unclear whether these lines
would show greater or lesser variability in mycorrhizal
growth response if taken to yield, and this remains a clear
priority for future phenotyping work in crop mycorrhizas.
The ability of mycorrhizal plants to maintain shoot P con-
centrations at increased biomass, where non-mycorrhizal
counterparts showed a relative dilution (Figures 5 and
S6), might be expected, given the well-established role of
AM fungi in enhancing plant P acquisition (Bolan, 1991;
Bolan et al., 1983; Smith et al., 2011). Strong negative
correlations between shoot P concentration in the non-
mycorrhizal state and subsequent shoot P concentration
response to inoculation (Figure S10e—f) show that as with
biomass, AM fungal inoculation most strongly benefits
those lines which perform relatively poorly in the non-
mycorrhizal state. Although testing the response of these
lines under low-P conditions was beyond the scope of
this study, it is interesting to note that the shoot P con-
centration in the non-mycorrhizal state was not correlated
with the extent to which these lines become colonised by
AM fungi (Figure S10a-d). If mycorrhizal responsiveness
was purely controlled by the extent of mycorrhizal colo-
nisation, those lines with low P in the non-mycorrhizal
state might be expected to have greater colonisation in
the mycorrhizal treatment, but this was not seen. These
data suggest mycorrhizal benefit in these lines was not
correlated with the extent of mycorrhizal colonisation
(Figures 6a-d, S8a—e and S9a-f). A lack of correlation be-
tween P content or concentration in the non-mycorrhizal
state and the MGR (Figure S10g-h) is perhaps not sur-
prising, given that, as demonstrated in Figure 5, shoot
P concentration in the non-mycorrhizal state correlates
negatively with shoot biomass. Smaller plants showed
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higher shoot P concentration, while they are also likely
to positive biomass response to inoculation (Figure 3).
A significant correlation between MGR (shoot biomass)
and MPR (content) suggests lines which receive a benefit
from inoculation in terms of P uptake are also likely to
see this translated into increased biomass (Figure S11b).
A lack of correlation between MPR (concentration) and
MGR (shoot biomass (Figure S11a)) suggests a trade-off;
plants are unable to substantially increase biomass and P
concentration concurrently.

A number of QTL associated with the extent of my-
corrhizal fungal colonisation have recently been identi-
fied in crops including tomato (Plouznikoff et al., 2019),
soya bean (Pawlowski et al., 2020), rice (Davidson et al.,
2019), durum wheat (De Vita et al., 2018) and bread wheat
(Lehnert et al., 2017). Although a certain degree of colo-
nisation is presumably required for substantial mycorrhi-
zal benefit, the degree to which plants respond positively
to mycorrhizal inoculation or colonisation is often not
correlated with intraradical fungal biomass or the fre-
quency of arbuscules (Martin et al., 2012; Sawers et al.,
2017; Smith et al., 2004; Thirkell et al., 2019; Thirkell
et al., 2021; Pawlowski et al., 2020; but see Huang et al.,
2020). In a meta-analysis, Treseder (2013) did find that
colonisation levels were correlated with both mycorrhizal
growth response and P response, but the association was
notably weak. We found no correlation between mycor-
rhizal colonisation and AM fungal benefit to plant growth
or P uptake (Figures S7 and S8b-e). Furthermore, if the
root length colonised and the P benefit were tightly cou-
pled, we might expect to have seen negative correlations
between P content or concentration of shoots in non-
mycorrhizal plants and levels of AM fungal colonisation
in the corresponding mycorrhizal group of the same lines,
but these trends were not apparent (Figure S10a-d). We
suggest factors other than colonisation levels are likely to
exhibit significant control over plant response to coloni-
sation (Lefebvre, 2020; Ramirez-Flores et al., 2020); fo-
cussing solely on maximising AM fungal colonisation is a
potentially risky strategy to improve crop responsiveness.
High levels of mycorrhizal colonisation may even elicit
negative growth responses (Ryan et al., 2005; Tran et al.,
2019). Levels of root length colonisation here appear rel-
atively high after only 5 weeks’ growth, although using a
simple growth medium will have reduced the capacity for
competing microbes to colonise the wheat roots. The lev-
els of colonisation here are comparable with those found
using similar wheat genotypes and inocula in previous ex-
periments (Elliott et al., 2021; Thirkell et al., 2020).

Maximising the proliferation of root-external hyphae
may have a greater influence over mycorrhizal responsive-
ness than maximising root length colonisation (Diedhiou
et al., 2016; Munkvold et al., 2004; Sawers et al., 2017).

This is an appealing prospect, as the extraradical hyphae
are largely responsible for the principal benefit of the sym-
biosis, that of increased P acquisition from the soil (Smith
& Read, 2008). Increasing quantities of external hyphae
may represent another target for breeders, as crop geno-
type has been shown to influence this trait (Sawers et al.,
2017). Fungal genotype also significantly affects root-
external hyphae—shifting the AM fungal community to
encourage colonisation by fungal species which have an
edaphophilic rather than rhizophilic growth habit (Han
et al., 2020) may also be beneficial. Mycorrhizal fungal
species and isolates have highly variable effects on plant
nutrition and growth (Klironomos, 2003; Mensah et al.,
2015; Munkvold et al., 2004; Watts-Williams et al., 2019).
Beneficial shifts in AM fungal community composition in
arable soils may be achievable through cereal breeding or
agronomic practices, but this remains to be investigated
(Thirkell et al., 2021). Low AM fungal diversity in ara-
ble soils may limit the potential for shifts in intraradical
AM fungal communities towards more beneficial assem-
blages (Schneider et al., 2015; Schnoor et al., 2011). Fully
exploiting mycorrhizal symbioses in arable crops will
likely require a combination of agronomic and breeding
innovation.

It is important to note that our inoculum comprised a
mix of 5 species of AM fungi—without molecular identi-
fication we cannot comment on the diversity or evenness
of the intraradical community here. The extent to which
cereal crop genotype influences intraradical AM fungal
community composition is unclear (Aguilera et al., 2014;
Parvin et al., 2021; Stefani et al., 2020). Conceivably, lines
showing negative response to AM fungal inoculation
could have intraradical fungal communities dominated
by different fungal genotypes than those found in positive
responding lines. Fungal identity seems to be unimport-
ant in some cases—fungal colonisation of any kind may
be more influential (Walder & van der Heijden, 2015). An
evolutionarily conserved plant signalling pathway which
predisposes positive responsiveness following AM fungal
colonisation would be of obvious utility; as yet, no such
pathway has been identified. Shared signalling pathways
appear to regulate colonisation by symbionts and some
pathogenic microbes (Giiimil et al., 2005; Wang, Basten,
& Zeng, 2012; Wang, Schornack, et al., 2012; Zipfel &
Oldroyd, 2017), and plants must distinguish between
these organisms. Trade-offs between susceptibility to col-
onisation by pathogens and symbionts (e.g. AM fungi) are
perhaps therefore necessary and may limit the extent of
mycorrhizal colonisation (Jacott et al., 2017).

Key to understanding whether it is possible to har-
ness the AM symbiosis in industrial agricultural systems
will be to determine which factors allow some elite lines
to respond positively to AM colonisation, rather than
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exclusively those which show poor performance in the
non-mycorrhizal state (Janos, 2007). Studies in quanti-
tative genetics and crop physiology are now required to
achieve this. Here, panels of closely related crop geno-
types showing divergent responses to AM fungal inocula-
tion, such as the Avalon x Cadenza mapping population,
will likely prove invaluable.

Root epidermal phosphate transporters remain an
important target for improving P uptake efficiencies in
cereals (Wang et al., 2016) and may be central to under-
standing varied mycorrhizal responsiveness. A clear target
for improving plant responsiveness to mycorrhizal colo-
nisation will be to attempt to prevent plant P transporter
downregulation by mycorrhizal colonisation, so that the
mycorrhizal and direct P uptake pathways are additive
rather than substitutive (Smith et al., 2011). Whether
plant root N transporters are similarly affected by mycor-
rhizal colonisation is not clear (Duan et al., 2015; Tian
etal., 2017). The influence of root system architecture and
root hair morphology on mycorrhizal responsiveness is
less clear among closely related genotypes of crops than
among unrelated wild species (Hetrick, 1991; Hetrick
et al., 1991; Maherali, 2014; Yang et al., 2015). AM fungi
can offer substantial benefit to barley mutants in which
root hairs are small in size or number (Jakobsen et al.,
2005). Determining the effect of root characteristics on
mycorrhizal responsiveness will be an important step in
identifying target traits to allow exploitation of mycorrhi-
zas through crop breeding.

By distinguishing between mycorrhizal responsiveness
and dependence, it has been argued (Janos, 2007; Sawers
et al., 2008) that modern cereals perform far better than
their ancestors or wild progenitors in the non-mycorrhizal
state, so the capacity for mycorrhizal responsiveness in
yield or nutrition is reduced. Characterising the mech-
anistic nature of how mycorrhizas may influence crop
traits should ensure that any developments in breeding or
agronomy to improve mycorrhizal benefit will not simply
substitute for gains which have been made in improving
innate plant traits, such as rooting architecture, nutri-
ent allocation or plant defence responses. Developments
which substitute mycorrhizal mechanisms for plant mech-
anisms may however be beneficial where they reduce the
carbon cost while maintaining or improving crop mineral
nutrient uptake, or reduce the demand for fertiliser ap-
plication. Further potential benefits to cereal hosts from
the symbiosis must also be examined when considering
whether these substitutions are worthwhile (Rillig et al.,
2019; Ryan et al., 2019). Positive effects at the greater
spatial or temporal scales, such as carbon sequestration,
nutrient retention and soil stability, also require investiga-
tion. Selecting cereal genotypes for more positive mycor-
rhizal responsiveness may also select for enhancements in
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these wider ecosystem benefits, although this remains to
be tested. If yields can be maintained or even improved
through the fostering of more beneficial mycorrhizal as-
sociations while also improving sustainability, trade-offs
between yield and sustainability may be avoided.
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