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Abstract

Highly variable phenotypic responses in mycorrhizal plants challenge our functional
understanding of plant-fungal mutualisms. Using non-invasive high-throughput phenotyping,
we observed that arbuscular mycorrhizal (AM) fungi relieved phosphorus (P) limitation and
enhanced growth of Brachypodium distachyon under P-limited conditions, while
photosynthetic limitation under low nitrogen (N) was exacerbated by the fungus. However,
these responses were strongly dependent on host genotype: only the faster growing genotype
(Bd3-1) utilised P transferred from the fungus to achieve improved growth under P-limited
conditions. Under low N, the slower growing genotype (Bd21) had a carbon and N surplus
that was linked to a less negative growth response compared with the faster growing
genotype. These responses were linked to the regulation of N:P stoichiometry, couples
resource allocation to growth or luxury consumption in diverse plant lineages. Our results
attest strongly to a mechanism in plants by which plant genotype-specific resource economics

drive phenotypic outcomes during AM symbioses.
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Introduction

Arbuscular mycorrhizal (AM) fungi are generally considered beneficial associates, improving
host-plant access to and uptake of nutrients such as nitrogen and phosphorus (Smith and Read
2008). However, several studies have demonstrated that mycorrhizal growth responses
(MGRs; the response of plants to growing in the presence of mycorrhizal fungi compared to
growth in their absence) can range widely, from positive to negative, and can be difficult to
predict (Johnson et al. 1997; Klironomos 2003). Several models propose that this context
dependency may be explained by dynamics of resource exchange between plants and fungi
under light and/or nutrient limiting conditions and that these dynamics may support the
maintenance of AM associations for many plant species (Johnson ef al. 1997; Kiers and van
der Heijden 2006; Johnson ef al. 2015; Walder and van der Heijden 2015; Kiers et al. 2016;
van der Heijden and Walder 2016). One hypothesis links plant nitrogen (N) and phosphorus
(P) limitation and the mycorrhizal carbon (C) source-sink balance to variation in MGRs
(Johnson ef al. 2015). Under low available soil P, an AM fungus can scavenge P and transfer
this to the plant, alleviating P deficiency and causing positive MGRs. However, under low N,
they may compete for plant-available N, contribute to further N deficiency and cause
reductions in C-assimilation, thus yielding negative MGRs (Johnson et al. 2015). Given that
AM fungi are ubiquitous in terrestrial ecosystems and associate with the majority of plant
species, including all important cereal crop species, it is critical to understand what factors
drive the context dependency of MGRs and, particularly, observed variation among plant

genotypes (Hetrick ef al. 1996; Klironomos 2003; van der Heijden ef al. 2004).

There is likely a genetic basis for variation in MGRs (Kaeppler et al. 2000, Lehnert et al.
2018). Evidence suggests that mechanisms maintaining the symbiosis may have been
selected against by plant domestication and modern crop-breeding approaches, resulting in

MGRs that can be positive but small or possibly even negative (Hetrick ef al. 1992; Zhu et al.
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2001; Sawers et al. 2008; Plett et al. 2016). In natural ecosystems, AM fungi can influence
plant community structure and function (van der Heijden et al. 1998; Hartnett and Wilson
2002; O’Connor et al. 2002), hypothesised to be due to variation in mycorrhizal
responsiveness depending on the subordinate-dominance rank of plant community members
(Urcelay and Diaz 2003). The latter has been associated with functional processes that
underly plant growth, including resource economic trade-offs (Elser et al. 2010) and
stoichiometric relationships between N and P within individual plants (Yu et al. 2010; Yu et
al. 2011; Johnson et al. 2015; Yang et al. 2016). Therefore, variation in MGRs between
plants may be driven by mechanisms constraining plant C, N and P allocation among various

tissues (including associated mycorrhizal fungi).

In plants, the regulation of C, N and P uptake and allocation to various functional processes is
closely interconnected due to the central role that these elements have in plant growth and
development (Martin ef al. 2002; Hermans ef al. 2006). The balance of C, N and P within
organisms — known as ecological stoichiometry — is an important determinant of plant
biodiversity and ecosystem function (Wright et al. 2004; Elser et al. 2010; Yu et al. 2015;
Mariotte et al. 2017) and has been linked to plant responses to AM fungi (Johnson et al.
2015; Yang et al. 2016; Mariotte et al. 2017). The flexibility of N:P stoichiometry is the
physiological tendency of an organism to maintain constant tissue N:P over variation in
supply N:P (Sterner and Elser 2002; Persson ef al. 2010). This tendency can be measured by
an index of N:P homeostasis (Hy.p; the degree to which tissue N:P follows supply N:P
changes) — as the degree of homeostasis decreases, the rate that tissue N:P follows supply
N:P increases. When both N and P are co-limiting growth, N:P ratios at maximum growth
rate tend to converge on the ‘Redfield ratio’ (7.3:1 mass ratio, 16:1 molar ratio) because of an
optimal coupling of protein and ribosome production to support high-growth (Elser 2010,
Agren et al. 2012). In plants and algae, resources tend to be consumed in excess when N or P

supplies are non-limiting for growth. This ‘luxury consumption’ (Lambers and Poorter 2004)
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causes tissue N:P ratios to follow supply N:P and results in lower Hy.,. However, when
resources are limiting, variation in functional traits such as growth rate may determine Hy.p
because growth depends on the coupled synthesis of ribosomes and proteins. As a result, at
low N and P supply, plants with faster growth rates may have N:P ratios that are constrained
within a narrower range, resulting in greater Hy.p. Under non-limiting conditions, plants with
slower growth rates and effective nutrient retention strategies may have N and P
concentrations that are decoupled from protein and ribosome synthesis, resulting in flexible
N:P ratios and a lower Hy.p (Sterner and Elser 2002; Persson et al. 2010; Sistla and Schimel
2012). Therefore, the extent that a plant experiences N or P limitation may be a function of
the environmental supply of N and P as well as genotype-dependent functional traits that
together determine Hy.p. We hypothesised that across a finite N:P supply gradient, variation
in Hy.p between genotypes would be linked to the resource limitation phenotypes that drive

MGRs.

We tested our hypothesis using two accessions of the cereal model Brachypodium distachyon
(Brutnell et al. 2015) that we identified as possibly having contrasting patterns of N and P
allocation to growth and, therefore, variable Hy.p. Both are diploid inbred lines originating
from Iraq (Vogel ef al. 2006). In previous work, accession Bd3-1 was observed to be a larger
plant at maturity, with more positive root growth response to N deficiency (Ingram et al.
2012) and had lower C and N containing metabolite concentrations compared to accession
Bd21 (Ingram et al. 2012; Shi et al. 2015). We predicted that under low P, a plant with a
higher Hy.p would exhibit faster growth and use additional P in the presence of AM fungi,
leading to a more positive MGR than a plant with a lower Hy.p. However, under low N,
additional demand for C and N in the presence of AM fungi will trade-off more with plant
growth for a faster growing plant with higher Hy.p compared to a slower growing plant with

lower Hy.p. Therefore, when comparing responses between low N supply and low P supply
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conditions, we expected that the plant with a greater Hy.p would have a larger range of MGRs

compared to a plant with lower Hy.p (Fig. S1).

Materials and Methods

Plant growth conditions

AM fungal inoculum was obtained from a wheat field in Coomandook, South Australia (SA)
and cultured with maize (Zea mays L.). Soil was collected from the same site of origin as the
AM inoculum, sterilised by autoclaving twice and diluted by 80% (w/w) with dry sand (N40
from Sloans Sands, SA, Australia) to reduce nutrient availability (available P = 8.8 mg/kg,
available N = 17.2 mg/kg). We created three N:P supply treatments with the following
nutrient combinations: additional N (+52.2 mg/kg NH4NOs of dry soil; +N-P treatment),
additional P (+35.4 mg/kg of dry soil; -N+P treatment), and no additional N or P (-N-P
treatment). Additional nutrients were added to all pots as described in the Supplemental

Methods.

Three inocula were generated from the original inoculum: a live inoculum, a mock inoculum,
and microbial wash. The mock inoculum was generated by autoclaving the live inoculum
twice, while the microbial wash was created by mixing live inoculum with water (1:6 w/v),
mixing for 15 min and filtering through a 38 um sieve. Additionally, a second microbial wash
was made in the same way using unsterilised field soil. At the time of potting, live inoculum
(AM+) or mock inoculum (AM-) was added to each pot by weighing out 1,320 g dry soil and
100 g dry inoculum and mixing by hand for 45 s. All pots received 20 mL of each microbial
wash. Seeds of B. distachyon were surface sterilised in 10% bleach solution and thoroughly

rinsed in reverse osmosis (RO) water.



179  The experiment was conducted at the Australian Plant Phenomics Facility at the University of
180  Adelaide, SA, using a Scanalyzer 3D system (LemnaTec GmbH, Aachen, Germany) which
181  enabled daily non-destructive red-green-blue (RGB) imaging (one top-view and two side-
182  view images) and daily watering-to-weight (70% water holding capacity). The experiment
183  commenced at the start of October 2016 (i.e. Austral spring) when there were approximately
184 12 h of daylight. Average daily maximum (at midday) irradiance throughout the experiment
185 was 780 pumol/m?/s, which is sufficient to support optimal growth of B. distachyon (Matos et
186  al. 2014). The average daily light integral was 19 mol/m*/d. Glasshouse conditions were set
187  at 25°C day/ 20°C night and relative humidity was set at 70% throughout the experiment.
188  After 20 days of growth, plants were loaded onto the conveyor system. For each genotype,
189  there were six treatment combinations each replicated six times, except for one treatment
190  where a plant died early into growth. For the final 26 days, plants were imaged and watered-
191  to-weight daily by the Scanalyser 3D system.

192

193 Plant harvest and tissue elemental analysis, and root staining

194 At harvest (day 47) shoots were removed and weighed, then oven-dried at 70°C for 48 h to
195  obtain dry weight. Shoots were ground to a fine powder and analysed for total P using a

196  PANalytical Epsilon 3* X-Ray Fluorometer (Malvern Panalytical, United Kingdom) and C
197  and N using 40 mg of tissue in an elemental analyser (Flash EA 1112 Series CHN analyser,
198  Thermo-Finnigan, Waltham, MA, USA). Over three days, roots were washed and

199  subsampled for fungal staining by haphazardly selecting fine roots from throughout the root
200  system and storing in 30% ethanol (v/v). The remaining root tissue was oven dried at 70°C

201  for 48 h. Roots were stained for quantification of fungal colonisation using a modified
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version of the ink-vinegar method (Vierheilig ef al. 1998) and percent root length colonised

assessed using the grid-line intersect method (McGonigle et al. 1990).

Data processing, trait calculations and statistical analyses

Using the RGB images, we calculated projected shoot area (PSA), absolute growth rate
(AGR), and hue angle (HA; a measure of greenness) according to methods previously
described (Neilson et al. 2015; Al-Tamimi et al. 2016). Tissue N:P ratios are expressed on a
mass basis. We calculated the stoichiometric homeostasis coefficient, separately for each
genotype under AM+ and AM- treatments, using the inverse of the slope of the line of log-
shoot N:P as a response of log-supply N:P (Sterner and Elser 2002; Elser et al. 2010).
Mycorrhizal growth responses (MGRs) were calculated using PSA of individual AM+
(=AM) plants and mean PSA of AM- (=NM) plants using the equation, 100[(AM — mean
NM)/ mean NM] (Cavagnaro et al. 2003). Shoot area mass ratio (SAMR; PSA per fresh
shoot fresh mass) was expressed on a fresh-weight basis. Total weight (g), shoot weight (g),
root weight (g), and root mass fraction (RMF) were expressed as a dry mass basis, unless
otherwise specified. Plant HA values were extracted from the day of AGR.x of each pot for
the principal component analysis (PCA) or from the final day before harvest for the percent
colonisation analysis. PCA of plant traits and significance testing were conducted using the
rda and adonis functions from the 'vegan' library (Oksanen et al. 2013) in R (R Core
Development Team 2017), using standardised trait values and Euclidean distances.
Univariate mixed models were fit using the R libraries ‘ASReml-R’ versions 3 (Butler et al.
2009) and 4 (Butler 2017) and ‘asremlPlus’ (Brien 2017). To produce PSA and AGR growth
curves, a longitudinal mixed-model analysis was performed for PSA (Brien and Demetrio
2009) while other trait data were analysed using a mixed model of the same general form

(Supplemental Methods).
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Results

Phenotypic responses to nutrient treatments and AM fungi

All responses are summarised in Tables S1 and S2 and summaries of hypothesis tests are
presented in Table S3. Projected shoot area (PSA) was strongly correlated with shoot fresh
weight (R*=0.95) and dry weight (R*=0.93) at harvest (Fig. S2), confirming its use as a proxy
for plant biomass (35-37). While Bd3-1 exhibited a greater average maximum absolute
growth rate (AGRmax) and PSA than Bd21, the differences were dependent on both the
nutrient and fungal treatments (Fig. 1). In the absence of AM fungi, PSA and AGR .« of both
genotypes responded positively to N addition (+N-P), while addition of P (-N+P) was not
observed to increase shoot growth and lead to earlier declines in PSA and absolute growth
rate (AGR). Shoot N:P was less than the Redfield ratio when grown in the unfertilised
treatment and decreased further when phosphorus was added (Fig. S3), suggesting that N
limitation prevented a growth response to P addition. Shoot N:P was greater than the Redfield
ratio when nitrogen was added (Fig. S3), suggesting that P limitation was induced once N

deficiency was addressed.

Inoculation with AM fungi resulted in reduced PSA and AGR in the -N+P and -N-P
treatments indicating that AM fungi caused growth depressions when plants were N deficient.
This growth depression was larger in Bd3-1 compared to Bd21. Bd3-1 had more positive
MGRs under -N+P and more negative MGRs under —N-P and +N-P compared to Bd21 (Fig.

IC; Pgenotype.'nutrient: 0003)

Genotypes have differences in growth and luxury consumption in response to

nutrient treatments and AM fungi

Principal components analysis (PCA) revealed that shoot trait responses were driven by

genotype-specific responses to changing N availability and to AM fungi (Fig. 2). All main



254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

effects and interactions were statistically significant (P < 0.01) except the three-way
interaction, which was marginally nonsignificant (Pgenosnpe:nurieni-are = 0.06), and the genotype-
by-AM interaction, which was clearly not significant (Pgenonpe-ars > 0.1). Plants grown in the
absence of N addition (-N-P and -N+P) treatments, had negative values and plants grown
with added N (+N-P) had positive values along the first axis. Total shoot N (TN) was
strongly positively loaded along this axis and shoot area mass ratio (SAMR) was strongly
negatively loaded. Shoot P concentration and root mass fraction (RMF) loaded moderately
negatively while PSA, HA, shoot N concentration and shoot C concentration loaded
moderately positively. Inoculating with AM fungi resulted in a negative shift in loadings
along the first axis, this shift was larger in the absence of added N and was greater for Bd3-1
than for Bd21. Taken together, these trait responses suggest that AM fungi exacerbated N
deficiency and that this may have been stronger in the fast-growing genotype, Bd3-1, than in

the slower growing genotype, Bd21.

The PCA also revealed genotypic differences in growth and shoot concentrations of C, N and
P. Across the nutrient treatments, Bd21 tended to have greater C, N, and P concentrations
than Bd3-1, while Bd3-1 tended to have higher RMF, PSA, and AGR.x. This indicated that
Bd21 accumulated more C, N and P but grew less compared to Bd3-1, which invested more

C, N and P into growth.

N and P allocation to growth or luxury consumption are determinants of Hy.p

When plotting tissue N:P against supply N:P across the three nutrient treatments to calculate
Hy.p, we found that Bd3-1 had a more constant tissue N:P as supply N:P changed (higher
Hy.p) compared to Bd21 (Fig. 3a, Fig. S3; Pgenotype:log(NP supply) < 0.001). We constructed a new
PCA that included traits associated with C assimilation and growth (i.e., C concentration,

SAMR, AGRmax, PSA, and HA; Fig. S4) and plotted the first axis against shoot N:P ratios of
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both genotypes to reveal that Bd3-1 had a larger range in trait responses compared to Bd21
(Fig. 3b; Pgenotype:tissue Np < 0.001). Plants that had added N (+N-P) had high values on the first
axis and N:P ratios at or above 7.3:1, while plants that were N deficient (-N-P and -N+P) had
N:P ratios below 7.3:1. Moreover, Bd3-1 had N:P ratios closer to the Redfield ratio of 7.3:1,
which is the ratio where tissue N and P concentrations have been observed to be associated
with maximum growth (Sterner and Elser 2002; Agren et al. 2012), in every nutrient

treatment compared to Bd21.

We also observed that, in the presence of AM fungi, shoot N:P ratios were slightly less
flexible in both genotypes, as indicated by a greater Hy.p (Fig. 3a; Pam:logonp supply) = 0.038,
P aM:nutrient = 0.056). This was driven by the presence of AM fungi resulting in a slightly larger

decrease of shoot N:P ratios at higher supply N:P ratios.

C, N and P allocations to growth or luxury consumption are linked to MGRs

Under added N, as N:P ratios approached the Redfield ratio, PSA increased in both genotypes
(Fig. 3c; Piissue np < 0.001) but more so for Bd3-1 (Pgenotype:tissue Np = 0.004). The addition of
AM fungi resulted in more shoot P in both genotypes (Shoot P concentration: Pam:nutrient =
0.016; Total shoot P; Pam:nutrient < 0.001). This resulted in a negative shift in the N:P ratios
towards the Redfield ratio. However, in Bd3-1 N:P ratios shifted to a mean of 7.3:1 along
with a significant increase in PSA, while in Bd21 N:P ratios were larger than 7.3:1 and PSA

did not increase (Fig. 3¢; Pam:genotype = 0.009).

Negative MGRs under N deficient conditions were linked to reductions in C and increases in
N concentration. Under N deficient conditions, in the absence of AM fungi, Bd3-1 had a
greater PSA and lower C and N concentrations than Bd21 (Fig. S5a and b; C concentration:

Penotype = 0.009, N concentration: Pgenotype < 0.001). When AM fungi were added, PSA
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decreased to a similar level in both genotypes, while C concentration decreased and N
concentration increased to an extent that depended on the nutrient treatment and/or genotype
(C concentration: Pgenotype:am = 0.044, N concentration: Pgenotype:nutrien:am = 0.033). This led to
AM fungi inducing a greater decrease in C:N ratio in Bd3-1 compared to Bd21 (Fig. S5c;

Pgenotype:AM =0.03 7)

Finally, we observed that increased AM colonisation was exacerbating N deficiency
symptoms (Fig. 4, Fig. S6). This was indicated by negative trends in plant HA on day 46
(Fig. 4a; Py,co1 = 0.006) and shoot N concentration for both genotypes (Fig. 4b; Poyco1 < 0.001),
with no detected differences in the slopes among genotypes (Poscol:genotype > 0.05) and nutrient
treatments (Po,col:nutrient > 0.05). Changes in percent root length colonised were positively

correlated with total dry plant weight (Fig. 4c¢; Po,co1 = 0.024), with no detected difference in
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slope among genotypes and nutrient treatments (Pocol:genotype = 0.65, Pojeol:nutrient = 0.87,

P%col:genotype:nutrient =0.6 1)

Discussion

Taken together, the results presented here provide a novel framework to investigate plant
responses to AM fungi whereby MGRs are driven by the regulation of C, N and P allocation
within the plant together with environmental supply of N and P. First, we demonstrate that B.
distachyon stoichiometric flexibility is determined by inherent genotypic differences in N and
P allocation to growth or luxury consumption. We also demonstrate that the presence of AM
fungi exacerbated N deficiency and increased P uptake to plants, which caused negative and
neutral/positive MGRs under N-limiting and P-limiting supply conditions, respectively.
Bringing together these observations, we demonstrate that plant genotypic differences in
growth and luxury consumption determined the magnitude of these MGRs. By demonstrating
this link, we show that plant genotypic differences in resource allocation are an important

determinant of phenotypic responses to AM fungi.

Central to our findings is the growth rate hypothesis, which applies to all organisms and
predicts that the coupling of tissue N:P to growth-rate is determined by P-rich ribosomal
RNA that is required for the synthesis of N-rich proteins and organelles, in support of growth
(Sterner and Elser 2002; Elser et al. 2010; Persson et al. 2010; Agren et al. 2012; Sistla and
Schimel 2012). When both N and P are co-limiting growth, N:P ratios at maximum growth
rate tend to converge to 7.3:1 mass ratio because of an optimal coupling of protein and
ribosome production to support high-growth (Elser et al. 2010; Agren et al. 2012). This was
also the ratio in B. distachyon where we observed the greatest PSA in our experiment.
Moreover, we found that Bd3-1 was faster growing and had a higher degree of N:P

homeostasis (Hy:p) compared to Bd21, which was slower growing and had a lower Hy.p
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because it accumulated more N or P. These results are in line with previous observations that
rapid growth in plants and algae drives tissue N:P ratios within a narrower range, increasing
Hy.p because of the coupled use of N and P between ribosomes and proteins. On the other
hand, slower growing plants and algae tend to have larger ranges in N:P, decreasing Hy:.p,

because of the luxury accumulation of N and P (Elser ef al. 2010; Persson et al. 2010).

Allocations of C, N and P to growth or luxury consumption determine

phenotypic responses to AM fungi

We show that the different ranges of MGRs experienced by Bd3-1 and Bd21 across the
nutrient treatments were linked to genotypic differences in allocation of N and P to growth or
luxury consumption. Under N deficient conditions, we observed evidence of competition for
N between AM fungi and plants, with plants obtaining less than their required N as indicated
by lower C and N concentrations, HA, PSA, and AGR,,x and increased SAMR, and RMF
when AM fungi were present under N deficient conditions. These responses can be explained
by the large proportion of plant N that is present in chlorophyll, leading to reduced
chlorophyll production when plant N decreases (Evans 1983). Decreased plant C-gain
because of reduced chlorophyll likely resulted in reductions in shoot PSA, while increased
RMF suggested greater N scavenging to cope with the N limitation (Hilbert 1990). The larger
trait shift in Bd3-1 in the presence of AM fungi under N deficient conditions may be
explained by the tendency of Bd3-1 to invest more in growth, possibly allocating N to
biomass and chlorophyll, compared to Bd21, which appeared to consume N in excess of what
was needed to support growth. Competition with AM fungi for N led to a greater decline in
shoot greenness (HA) in Bd3-1, which likely caused a larger decrease in C production and a

more negative MGR compared to Bd21.

However, when N was added, Bd3-1 was better able to use additional P obtained by AM
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fungi for growth compared to Bd21. This is supported by the observation that the increase in
PSA due to AM fungi in Bd3-1 was linked to a greater total shoot P, shift in N:P ratios
towards the Redfield ratio along with more growth, while Bd21 also accumulated more total
shoot P but maintained higher C, N and P concentrations and did not grow as much. This
suggests that under added N, Bd21 was luxury consuming P rather than using it for growth.
To confirm these hypotheses, it would be valuable to assess genotype and mycorrhizal
responses to N- and P-limitation while also independently constraining photosynthetic
capacity, for example, by reducing availability of light (Johnson et al. 2015) or atmospheric
carbon dioxide (Sage 1995). In addition, assessments of more genotypes exhibiting these and
intermediate growth strategies would be valuable to evaluate the shape and strength of

relationships between stoichiometric homeostasis and mycorrhizal phenotypes.

Stoichiometric homeostasis may help explain plant responses to AM fungi in

managed and natural systems

The functional trait coordination of Bd3-1 and Bd21 supports the notion that the genotypes
may be considered more acquisitive and conservative growth strategists, respectively.
Acquisitive plants tend to be larger with greater shoot N and P while slower growing
conservative plants accumulate resources in excess of their growth demands (Lambers and
Poorter 2004; Sistla and Schimel 2012; Mariotte 2014). Bd3-1 also had a greater RMF across
the experiment compared to Bd21, which indicates a greater demand for below-ground
resources and is consistent with a more acquisitive growth strategy (Lambers and Poorter
2004). Importantly, the different strategies employed by plants have been linked to variation
in plant community composition. Dominant plants tend to be more acquisitive strategists than

subordinates, which tend to be more conservative species (Mariotte 2014). Moreover,
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dominant plants have been found to have a greater Hy.p than subordinate plants species

(Mariotte et al. 2017).

Our findings suggest a mechanistic basis for the effects of AM fungi on plants with different
growth strategies. Previously, the effect of AM fungi on plant diversity has been suggested to
be dependent on the mycorrhizal responsiveness of the dominant and subordinate plant
species in the community (Urcelay and Diaz 2003). Under low P, reductions in diversity have
been attributed to AM fungi when dominant species are more mycorrhizal responsive than
subordinates because the presence of AM fungi intensified competition by enhancing the
growth of dominants (Newsham et al. 1995; Hartnett and Wilson 2002; O’Connor ef al.
2002). On the other hand, several studies have found that AM fungi increase diversity, which
has been proposed to occur when both dominant and subordinate species are mycorrhizal
responsive (Grime et al. 1987; van der Heijden et al. 1998). Mariotte et al. (2017)
hypothesised that, under low N, subordinate plants benefit more from AM fungi compared to
dominant plants because the former have a greater resource surplus that enables C transfer in
the absence of a growth depression. Our results support this notion since we found that the
MGR was not as negative in the genotype having a greater C and N surplus under low N
(Bd21). Our study provides a possible mechanistic explanation for the effect of AM fungi on
competitive outcomes between plants. Further studies should explore the link between Hy.p
variability of coexisting plant species and the effect of AM fungi on their competitive

outcomes and resulting community structure.
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Our findings apply to agricultural crops as well. In a survey of ten wheat cultivars, Hetrick et
al. (1996) found growth responsiveness of the plants to P was a good indication of
mycorrhizal responsiveness and that non-responsive cultivars had significantly higher P
concentrations than responsive cultivars. In a similar study using six different wheat
cultivars, Zhu et al. (2001) found higher P concentrations for inoculated plants and negative
MGRs for all cultivars, possibly due to low light conditions, and a negative relationship
between growth responsiveness to P and MGRs. These and the current study suggest that P
transfer occurs in the presence of AM fungi but growth responsiveness depends on genotype
as well as photosynthetic limitation. Future studies should investigate whether mycorrhizal
responsiveness in crops is related to resource utilisation for immediate growth versus storage
for later use, and the ultimate destination of resources (for example, seed or fruit) in the latter
case. This may lead to a better understanding of the determinants of mycorrhizal phenotypes

for crop plants.

This study focused primarily on host plant physiology, but it is probable that fungal
physiology is also important in determining plant phenotypic response. We used a mixed
community AM inoculum, from an agricultural soil, that likely reflects the norm in nature
since single plants are, more often than not, interacting with multiple AM fungal individuals.
The effects of individual AM fungi on the MGRs of B. distachyon can be variable (Hong et
al. 2012). Previous work suggests that species compositional differences between AM fungal
assemblages associated with Bd21 and Bd3-1 are small (Donn ef al. 2017), but we have little
knowledge about functional differences between these assemblages. Resource economic
approaches can be applied to understand trade-offs in allocation of resources toward growth,
storage, defence and other processes for fungi (Zhang and Elser 2017), and may even help
explain variation in how different AM fungal communities may drive different plant growth

and development outcomes (Powell and Rillig 2018).
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Main Figures

Fig. 1. Longitudinal and mycorrhizal growth responses of Brachypodium distachyon
genotypes to N and P supply. Projected shoot area (PSA) (A) and absolute growth rate
(AGR) (B) plotted against days after planting. Curves were obtained from linear mixed-effect
models that included smoothing spline terms for the trends of days after planting. Shaded
areas around lines are estimated 95% confidence intervals calculated from the fitted values.
C: Box-and-whisker plots of the mycorrhizal growth response (MGR) calculated with PSA
(at 45 days). n=6 per treatment, except for Bd21/AM-/+N-P and Bd21/AM+/+N-P where

n=>5.

Fig. 2. Principal component (PC) analysis of Bd21 and Bd3-1 functional traits. Displayed
traits include shoot area - mass ratio (SAMR; fresh projected shoot area / fresh shoot weight);
average hue angle (HA); total nitrogen (TN); carbon (C), nitrogen (N) and phosphorus (P)
concentrations in shoot tissue; and root mass fraction (RMF; dry root weight / dry total plant

weight). Symbols represent group centroids and whiskers represent one standard error.

Fig. 3. The coordination of plant traits in relation to stoichiometric homeostasis. A: Log
tissue N:P plotted against log supply N:P used to calculate N:P homeostasis coefficients
(Hy.p =1/slope of the relationship) of the genotypes. B: the first component axis (PC1)
associated with growth- and allocation-associated traits (C concentration, SAMR, AGR,x,
PSA, and HA) and C: PSA on the day of harvest, each plotted against tissue N:P ratio.
Vertical dashed lines indicate a mass N:P ratio of 7.3:1 (molar ratio 16:1) that represents the
Redfield ratio. n=6 per treatment, except for Bd21/AM-/+N-P and Bd21/AM+/+N-P where
n=5. Lines were fitted as approximate trends of the true relationships (Table S3). The

stoichiometric coefficient values (Hy.p) were determined from the slope for each treatment
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combination in the maximal model: Bd3-1/AM- = 5.9, Bd21/AM- = 2.8, Bd3-1/AM+ = 6.4,

Bd21/AM+=2.9.

Fig. 4. Nitrogen (N) competition revealed in relationships between plant traits and AM fungal
root colonisation. The acquisitive (Bd3-1, blue) and conservative (Bd21, red) genotypes are
plotted against A: hue angle on day 46, B: shoot N concentration (mg/g) and C: total dry
biomass for each nutrient treatment. Lines were fitted as approximations to the trends

obtained from mixed model analyses. n=6, except for Bd21/AM+/+N-P where n=5.
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