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Abstract
1.	 An assumption in ecology is that plant identity plays a central role in the 

assembly of root-colonising arbuscular mycorrhizal (AM) fungal communities. 
While numerous correlational studies support this notion, with evidence of host 
selectivity among fungal taxa and host-specific responses to different AM fungi, 
empirical demonstrations of host-driven AM fungal community assembly remain 
surprisingly limited.

2.	 We conducted a factorial experiment growing two globally significant crop 
species, wheat (Triticum aestivum) and sorghum (Sorghum bicolor), with a common 
pool of AM fungal species, or without AM fungi. We hypothesised strong 
differences in AM fungal community structure between the two species driven 
by strong habitat filtering. Plants were harvested at two time points in which we 
analysed the community structure of AM fungi in the roots, the phylogenetic 
diversity, and interactions with plant physiological responses.

3.	 As we expected, there were distinct trajectories in both the composition and 
phylogenetic diversity of AM fungal communities between the two host plants 
through time. However, the effect of habitat filtering during community assembly 
differed between the two species. In sorghum roots, AM fungal communities 
exhibited increased richness and became more phylogenetically clustered over 
time. This shift suggests that community assembly was primarily driven by habitat 
filtering, or selectivity, imposed by the host which was accompanied by significant 
increases in plant mycorrhizal growth (from 11.83% to 43.67%) and phosphorus 
responses (from −0.6% to 43.3%). In contrast, AM fungal communities in wheat 
displayed little change in diversity, remained phylogenetically unstructured, and 
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1  |  INTRODUC TION

Arbuscular mycorrhizal (AM) fungi are essential components 
of terrestrial ecosystems, establishing symbiotic relationships 
with the roots of most plant species and playing a pivotal role 
in plant productivity, nutrient cycling and soil structure (Powell 
& Rillig, 2018; Smith & Read, 2008). The composition and struc-
ture of AM fungal communities are influenced by the plant com-
munities they inhabit, which in turn have strong effects on plant 
health and ecosystem functionality (Helgason et al., 2007; Wagg 
et al., 2011, 2014). Although the mutual influences between plant 
hosts and AM fungal communities are well-recognised, the impor-
tance and magnitude of these interactions during community as-
sembly—the temporal process by which ecological factors shape 
the species present in a local community—remain poorly defined 
(Zobel & Öpik, 2014). On the one hand, AM fungi are generalists 
and, as such, the same AM fungal taxa are found across multi-
ple host species (Davison et  al.,  2015; Smith & Read,  2008). On 
the other hand, a central assumption in their ecology is that the 
identity of the host plant acts as a major selective force in the 
assembly of AM fungal communities within plant roots (Davison 
et al., 2011; Martínez-García et al., 2015; Zobel & Öpik, 2014).

Researchers in plant and mycorrhizal ecology typically expect a 
strong effect of plant identity—whether determined by genotype, 
species or functional group—on the composition of AM fungal com-
munities within the roots. This expectation is based on multiple lines 
of evidence including many studies showing host-specific responses 
to AM fungi (e.g. Cheeke et al., 2019; Frew, 2019), seminal studies on 
host-specific effects on AM fungal sporulation (Bever, 2002), differ-
ential carbon allocation from a host to different AM fungal species 
(Kiers et al., 2011) and from different hosts to an AM fungus (Elliott 
et  al.,  2021), specific effects on soil microbial community struc-
ture in plant–soil-feedback experiments (Revillini et al., 2016), and 
observational field studies (Davison et  al.,  2011; Martínez-García 
et al., 2015). Different degrees of plant species selectivity have been 
demonstrated using trap-cultures (Řezáčová et al., 2016), as well as 

comprehensive sampling campaigns (Sepp et al., 2019). Yet, exper-
iments explicitly testing if and to what extent host species trigger 
distinct assembly processes on root-colonising AM fungal commu-
nities are lacking.

Determining the role of host identity on AM fungal community 
assembly is complex given the multiple evolutionary and ecologi-
cal pressures at play (Koch et al., 2017). As obligate symbionts, AM 
fungi rely exclusively on host plants for carbon access, provided in 
the forms of sugars and lipids (Smith & Read, 2008). However, the 
degree of plant dependency on the AM fungal symbionts varies 
significantly among host taxa and environmental conditions, such 
as soil fertility, pH and water availability (Hoeksema et al., 2010). 
As the total amount of carbon that plants allocate to AM fungi can 
be substantial (Hawkins et al., 2023), we might expect evolutionary 
pressures on plants to develop selectivity towards AM fungal taxa 
that return the highest benefits, depending on the environmental 
context. Such selectivity, however, is at odds with evolutionary 
pressures on AM fungi, which would benefit from maintaining 
generalist traits to derive carbon from a wide array of potential 
hosts. This preferential partnering or allocation of resources has 
been explored at various scales (Magkourilou et al., 2024). In vitro 
experiments have shown that plants can preferentially allocate 
carbon to fungi that deliver more nutrients under specific condi-
tions (Kiers et al., 2011). Pot studies on crop plants, such as sor-
ghum, have found AM fungal communities become increasingly 
dominated by closely related taxa through time (Frew & Aguilar-
Trigueros, 2024), suggesting a degree of selectivity. Furthermore, 
the nitrogen and phosphorus benefits a host receives from the 
AM symbiosis can be fungal species-specific (de Souza Campos 
et al., 2021; Walder et al., 2012) and different crop cultivars have 
been found to allocate varying amounts of carbon to their AM fun-
gal partners (Elliott et al., 2021).

In natural systems, factors such as dispersal mechanisms and 
environmental variations significantly influence the extent that 
plant hosts dictate the community structure of AM fungi (Van 
Geel et  al.,  2018). For instance, certain AM fungal species may 

provided minimal benefits to the host, indicating a more stochastic assembly 
process with a stronger influence of competitive interactions.

4.	 As the field looks to understand what determines the distribution of AM fungi and 
their community composition while simultaneously seeking to utilise AM fungi for 
ecosystem benefits, it is important to know the extent to which host identity 
can influence fungal assembly within plant roots. Our results provide empirical 
support of host-determinism in AM fungal community assembly and suggest that 
this determinism is associated with the growth and nutrient benefits provided by 
the symbiosis to plants.

K E Y W O R D S
arbuscular mycorrhiza, environmental filtering, fungal community, host selection, plant roots, 
symbiosis
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be absent from otherwise suitable hosts due to constraints in dis-
persal ability (Chaudhary et al., 2020; García de León et al., 2016), 
limiting the diversity of AM fungi accessible to those hosts. 
Conversely, AM fungi may establish in a plant principally due to 
efficient and effective dispersal from spatially adjacent hosts. 
Additionally, environmental conditions alter the mutualistic ben-
efits derived by hosts, such as when soil fertility is high (Riley 
et al., 2019), consequently this may reduce the host's selectivity 
towards these symbiotic partners.

Considering these complexities, our strong reliance on cor-
relational observations to understand host identity effects on AM 
fungal community assembly in roots presents certain challenges. 
There is no doubt that such studies offer valuable insights and 
do so often by using advanced inferential statistical methods, 
yet their ability to separate host identity effects from dispersal 
effects or other environmental filtering factors remains limited 
(König et al., 2010; Lekberg & Waller, 2016; Šmilauer et al., 2020; 
Van Geel et al., 2018).

Given the fundamental nature of this topic, we require more 
experimental data from explicit studies focussed on inferring AM 
fungal community assembly in plant roots to validate many as-
sumptions in the field. Building on recent observations of strong 
phylogenetic clustering in root-colonising fungal communities 
(Frew & Aguilar-Trigueros,  2024), we aimed at quantifying the 
importance of host plant species identity during the assembly of 
root-colonising AM fungal communities, controlling for disper-
sal and other factors. For this, we used two host plants of global 
agricultural significance, wheat (Triticum aestivum) and sorghum 
(Sorghum bicolor), two of the top five most important cereal crops 
(FAO, 2024). Specifically, we track the trajectory of the same pool 
of AM fungal taxa exposed to the two contrasting hosts through 
time. This temporal aspect is crucial because community assem-
bly is not instantaneous but a time-dependent phenomenon 
(HilleRisLambers et  al.,  2012). We hypothesised that, at earlier 
stages, AM fungal communities in roots will resemble each other 
regardless of host identity, as the symbiosis may not yet have sta-
bilised with hosts yet to discriminate which AM fungal taxa best 
fit their metabolic needs. At later stages, we expect higher fun-
gal community dissimilarity between the two hosts as a result 
of strong host-driven habitat filtering. Finally, we hypothesised 
that, despite differences in the resulting community structures, 
the host-selected communities will confer a nutritional benefit to 
each host.

2  |  MATERIAL S AND METHODS

2.1  |  Experimental set-up

A factorial greenhouse experiment was conducted to explore the 
assembly of root-colonising AM fungal communities in two plant 
species, wheat (Triticum aestivum L. cv. ‘Raider’) and sorghum 
(Sorghum bicolor L. Moench cv. ‘MR Taurus’). The experiment 

comprised of three factors, each with two levels: host plant species 
(wheat or sorghum), AM fungi (with or without) and time of harvest 
(‘early’ at 4 weeks or ‘late’ at 9 weeks post germination).

Plants were grown in a homogenised mix of sandy loam soil and 
washed river sand (30: 70) that underwent gamma irradiation (50 kGy). 
For plants grown with an AM fungal community, this soil: sand mix was 
then fully mixed with a soil inoculum (10%). This inoculum was com-
posed of field soils collected from agricultural and non-agricultural 
sites in Queensland and New South Wales, Australia, over a 12-month 
period. The soils were air-dried and sieved after field collection, they 
were then stored with silica gel until use. The soil inoculum was gen-
erated from a mix of four of these soils that were previously observed 
to harbour high AM fungal diversity to maximise the pool of potential 
root-colonising AM fungal taxa. The diversity and composition of the 
AM fungal community in this soil inoculum (Figure  1a) was charac-
terised by high-throughput amplicon sequencing as described below. 
For the “without AM fungi” treatment, the sterile soil:sand mix was 
fully mixed with autoclaved soil inoculum (10%). All pots were supple-
mented with 200 mL of microbial liquid filtrate derived from washing 
the soil inoculum filtered through sieves down to 20 μm to standardise 
the non-AM fungal microbial community across all pots. An initial 
10 g dose of low-phosphorus fertiliser, Osmocote Native Controlled 
Release Fertiliser (The Scotts Company LLC), was mixed through for all 
pots. Seeds of both wheat and sorghum were surface sterilised with 
a 10% diluted commercial bleach solution (4% sodium hypochlorite), 
germinated for 6 days in sterile Petri dishes, and then transplanted into 
3.7 L pots filled with the respective soils as described (either with or 
without AM fungi).

At the start of the experiment, for both early and late harvests, 
wheat and sorghum without AM fungi had 11 replicates each, and 
those with AM fungi had 13 replicates. The eventual number of repli-
cates among treatments varied due to differences in germination suc-
cess and early seedling losses. For plants without AM fungi, both wheat 
and sorghum had 11 replicates for early and late harvests. For plants 
with AM fungi: sorghum had nine replicates at the early harvest and 
12 at the late harvest; wheat had 13 replicates at the early harvest and 
10 at the late harvest. Plants were watered as required and soil mois-
ture was monitored every 3 days with a soil moisture meter (PMS-714, 
Lutron Electronics, PA USA), to maintain consistent conditions across 
all pots. The greenhouse had day/night temperatures of 27 and 16°C, 
respectively, with a 13 h daylength. Pots were randomly rearranged 
within the greenhouse every 2 weeks to mitigate any spatial effects.

Plants were harvested at the designated early (4 weeks) and late 
(9 weeks) harvest timepoints. These time points were selected to 
provide insight at an early and late stage of vegetative development 
for both crops, prior to either plant flowering. Root samples were 
processed where a 1 g subsample was taken and stored in 50% eth-
anol prior to mycorrhizal fungal colonisation assessment, and the 
remaining above- and below-ground plant tissues were all dried at 
38°C (Hart et al., 2015). Biomass was recorded and all above-ground 
tissue was ground and homogenised prior to any chemical analy-
ses, while dried root tissue was retained for downstream DNA ex-
tractions and sequencing.
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2.2  |  Chemical analyses and fungal colonisation

Phosphorus (P) concentrations in plants were assessed via 
inductively coupled plasma (ICP) spectroscopy following digestions 
with nitric acid (Zarcinas et  al.,  1987). Carbon (C) and nitrogen 
(N) concentrations were determined using the high-temperature 
combustion method on a LECO elemental analyser. For assessing 
mycorrhizal fungal colonisation, ethanol-stored root samples 
were cleared with 10% KOH at 90°C for 15 min, stained with 5% 
ink-vinegar at 90°C for 20 min. Root fragments were mounted on 
glass slides with glycerine under a cover slip and microscopically 

examined using the intersect method at 200× magnification for 100 
intersections per sample (McGonigle et al., 1990).

2.3  |  Amplicon sequencing and bioinformatics

DNA was extracted from 70 mg of dried root samples using 
the DNeasy Powersoil Pro Kit (Qiagen, GmbH). Sequencing 
was processed through the Western Sydney University's Next-
Generation Sequencing Facility's liquid handling pipeline. The DNA 
was purified using the Agencourt AMPure XP Beads (Beckman 

F I G U R E  1  Communities of arbuscular mycorrhizal (AM) fungi in the soil inoculum, and in roots of wheat (Triticum aestivum) and sorghum 
(Sorghum bicolor). Communities in the soil inoculum are shown for visual contrast purposes but were not included in statistical analyses. (a) 
Relative abundances (%) of AM fungal families and the (b) AM fungal virtual taxa (VT) richness in the soil inoculum, and in the roots of wheat 
and sorghum at the early and late harvest times, the solid points and error bars represent the mean ± SE, which are overlaid on top of the raw 
data points. Significant effect shown *p < 0.05. (c) Principal coordinate analysis (PCoA) of beta diversity (Bray–Curtis dissimilarity) comparing 
AM fungal communities in the initial inoculum, and in wheat and sorghum at the early and late harvest times. Each point on the PCoA 
represents a community of AM fungi, the associated ellipses represent 95% confidence intervals and the proportions of variation explained 
by each axis (PCo1 and PCo2) are shown. Significant effects are shown *p < 0.05, ***p < 0.001.
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Coulter), followed by a quality assessment using the Quant-iT™ 
PicoGreen fluorescence-based analysis (ThermoFisher Scientific). 
The purified DNA then underwent amplification using polymerase 
chain reaction targeting the small-subunit ribosomal RNA gene 
(Lekberg et al., 2018) using AM fungal-specific primers WANDA and 
AML2 (Dumbrell et al., 2011; Lee et al., 2008).

Raw reads (2 × 1,894,886 reads in total) were demultiplexed and 
cleaned using a series of bioinformatic steps (see Vasar et al., 2017, 
2021). Briefly, reads were demultiplexed by checking double barcodes, 
allowing one mismatch for both reads. Reads were retained if they 
carried the correct primer sequences (WANDA and AML2; allowing 
one mismatch for each) and had an average quality of at least 30, and 
orphan reads were removed (leaving 2 × 1,003,029 cleaned reads). 
Putative chimeric sequences (12,214; 1.2% of cleaned reads) were 
identified and removed using vsearch v2.15.0 (Rognes et  al.,  2016) 
with the default parameters referencing against the MaarjAM da-
tabase (2021 release; Öpik et  al.,  2010). Cleaned and chimera-free 
AM fungal sequences, and their taxonomies, were identified using 
BLAST+ (v2.7.1, Camacho et al., 2009) where each individual read was 
identified in comparison to the MaarjAM database (Öpik et al., 2010) 
as a reference using the nucleotide local pairwise alignment BLASTN 
algorithm. This identified sequences to phylogenetically defined taxo-
nomic units called virtual taxa (VT) with at least 97% identity and 95% 
alignment thresholds. Representative sequences of each VT were then 
picked selecting those with the highest scores as described in Vasar 
et al.  (2021) for conducting phylogenetic analysis. Picked sequences 
were aligned with ClustalW (Thompson et al., 2003) and a neighbour-
joining phylogenetic tree (Figure S1) of representative sequences was 
constructed using MEGA11 using maximum composite likelihood 
method (Tamura et al., 2021).

2.4  |  Statistics

All analyses were conducted using R version 4.3.3 (R Core 
Team,  2024). For our regression analyses, data exploration was 
carried out following the protocol described in Zuur et al. (2010). To 
counteract bias from differences in sequencing depth we used the 
variance-stabilising transformation from the ‘DESeq2’ R package 
(Love et al., 2014; McMurdie & Holmes, 2014) prior to downstream 
analyses. To assess differences in VT richness in plant roots between 
the two plant species and the two harvests, we fitted linear models 
using lm from base R, and Anova (type = III) from the ‘car’ R package. 
Dissimilarity in the composition and structure of root-colonising 
AM fungal communities were visualised by principal coordinate 
analysis (PCoA) based on Bray–Curtis dissimilarity of communities 
using the ordinate function from the ‘Phyloseq’ package (McMurdie 
& Holmes, 2013). To test for the effects of plant host and the time 
of harvest on Bray-Curtis dissimilarities, we used permutational 
multivariate ANOVA (perMANOVA) using adonis2 from the R 
package ‘vegan’ (Oksanen et al., 2015).

To investigate potential differences in the community assembly 
processes between the two hosts, we calculated the phylogenetic 

diversity and structure of AM fungal communities. We used the 
mean pairwise distance (using the mpd function), measuring the 
mean phylogenetic distance between all VT pairs in a community, 
and the mean nearest taxon distance (using the mntd function) to 
measure the distance between each VT and its nearest relative, 
all employing the ‘picante’ package (Kembel et  al.,  2010; Webb 
et al., 2002). We further calculated standardised effect sizes (SES), 
accounting only for VT presence and also abundance-weighted, by 
way of the ses.mpd and ses.mntd functions (Kembel et  al.,  2010). 
Higher values suggest phylogenetic overdispersion, whereas lower 
values imply phylogenetic clustering (Pausas & Verdú,  2010). We 
employed linear models and the Anova function from the ‘car’ pack-
age to determine how these metrics differed between plants and 
harvests (Fox & Weisberg, 2011).

To examine AM fungal associations with the host plant spe-
cies across the two harvests we used the joint species distribution 
Bayesian framework, Hierarchical Modelling of Species Communities 
(HMSC: Tikhonov et al., 2020). This allowed us to model multiple VT 
simultaneously and account for phylogenetic relationships, interac-
tions and hierarchical data structures. We applied a hurdle model, 
consisting of one occurrence model (Bernoulli distribution with pro-
bit link function) on the data truncated to presence-absence (non-
zeros set to one, and zeros kept as zeros), and an abundance model 
(normal distribution) that modelled AM fungal VT abundances con-
ditional on their presence. Only VT that were present in two or more 
samples were included. Our fixed predictors were host plant species 
and harvest time (both categorical with two levels), and their inter-
action, as well as the log-transformed sequencing depth (continuous 
variable). To account for the study design, we also included the ran-
dom effect of pot number/sample. Model fitting was with the ‘Hmsc’ 
R package and the Hmsc function, assuming the default prior dis-
tributions (Ovaskainen & Abrego, 2020). We sampled the posterior 
distribution using four Markov Chain Monte Carlo (MCMC) chains, 
each producing 250 samples after a thinning of 1000 iterations. 
Each chain performed a total of 300,000 iterations, which includes 
a burn-in of 50,000 iterations per chain, culminating in 1,200,000 it-
erations across all chains. We examined the MCMC convergence by 
examining the potential scale reduction factors of model parameter 
(Figure S2; Gelman & Rubin, 1992). We applied variance partitioning 
to calculate the proportion of explained variance in VT occurrences 
attributed by each of our model predictors. We also evaluated pos-
terior support for the beta parameters that describe individual AM 
fungal VT-level responses to each predictor in the models. Due to 
the interaction between host and harvest time predictors we fitted 
additional occurrence models for each host separately to more di-
rectly examine how much variation was attributable to harvest time 
in explaining AM fungal assembly between the two host plants.

To explore the effects of AM symbiosis on host plants at two time 
points, we fitted models for each plant response variable, assessing 
the fixed effects of host species, harvest time, and their interaction. 
We calculated the plant mycorrhizal growth response (MGR) and plant 
mycorrhizal P responses (MPR). These plant mycorrhizal responses 
were calculated as ([plant response − mean plant responses with No AM 
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fungi]/mean plant responses with no AM fungi) × 100, where the plant 
response was either the total biomass or P concentration. MGR re-
sponses were analysed using permutation tests for linear models from 
the R package ‘lmPerm’ to handle the non-normal distribution of re-
siduals (Wheeler & Torchiano, 2016). MPR was analysed using lm and 
Anova (type = III) from the ‘car’ package in R. Plant N:P ratios were cal-
culated by dividing leaf nitrogen (N) by phosphorus (P) concentration. 
To explore the plant N:P responses to the AM fungal treatment and 
the plant hosts across the two time points, data were also analysed 
using lm and Anova (type = III) from the ‘car’ package in R.

3  |  RESULTS

Communities of AM fungi across both plant hosts and harvest times 
were dominated by Glomeraceae taxon abundance, which was also 
the case for the communities in the initial soil inoculum (Figure 1a). 
Notably, this dominance increased in sorghum from the early to the 
late harvest time, coinciding with a decline in other fungal families 
such as Paraglomeraceae and Archaeosporaceae. Compared to the 
soil inoculum, plant root communities of AM fungi had lower richness. 
Among the AM fungal communities in roots, we observed high varia-
tion in VT richness across plants at both harvest times. The VT rich-
ness in wheat and sorghum were similar at the early harvest, and in 
wheat, this did not change by the late harvest. In contrast, the richness 
of communities in sorghum more than tripled from the early to the 
late harvest time (Figure 1b). Beta diversity exhibited a similar pattern 
where, initially, at the early harvest time, the structure of the root-
colonising AM fungal communities in wheat and sorghum were similar; 
however, by the late harvest, significant shifts were observed but only 
in sorghum (Figure 1c; Table S2).

Similar distinct responses between sorghum and wheat were 
observed in terms of the AM fungal phylogenetic beta diversity. In 
the sorghum-colonising AM fungal communities, the SES for mean 
pairwise distance and nearest taxon distances exhibited significant 
decreases from the early to the late harvest times (Figure 2a,b). This 
same pattern was observed in the abundance-weighted mean pair-
wise distance (Figure 2c). In contrast to this, no significant changes 
in phylogenetic beta diversity were observed in the AM fungal com-
munities in wheat roots (Figure 2).

Our HMSC models evaluated both occurrence (presence-absence) 
and abundance (conditional on presence) of AM fungal VT. The oc-
currence model demonstrated very good discrimination ability overall 
(Figure S3; mean area under the curve = 0.88, range 0.5–1.00), indicat-
ing it could accurately separate instances where taxa are likely to occur 
from those where they are not, based on our predictor variables (Fielding 
& Bell, 1997). The model attributed 46.3% of the explained variation 
to read depth, the interaction between plant host identity and harvest 
time explained 26.5%, while plant host alone explained 8.3% and har-
vest time explained 5.8% (Figure 3a). We found strong support for AM 
fungal VT specific responses, with the majority of VT present in roots 
having significantly positive associations towards sorghum at the late 
harvest time (Figure 3b). This was particularly evident for Glomeraceae 

and Acaulosporaceae taxa but was absent among Archeosporaceae 
and Paraglomeraceae VT. Indeed, these responses were significantly 
related to their phylogeny, with a moderate to high phylogenetic sig-
nal (ρ = 0.57 ± 0.16). Our abundance model also had good support, 
with strong explanatory power (Figure S3; mean R2 = 0.83, range 0.29–
1.00). Harvest time alone explained 23.3% of the variation in AM fun-
gal abundance, while the interaction between plant host identity and 
harvest time explained 13.1%, and host identity alone explained 6.6% 
(Figure S4). Our post-hoc occurrence models for individual host plants 
further supported the clear difference in AM fungal community assem-
bly between the two hosts. Specifically, when modelling only the wheat 
AM fungal communities, harvest time accounted for 10% of explained 
variation, compared to 54.2% in the model for sorghum (Figure  S5). 
Similarly, no AM fungal VT were significantly associated with the late 
harvest time in wheat, compared to 47 VT in sorghum (Figure S5).

Both plant hosts exhibited positive plant MGRs across both har-
vest times but this varied between hosts and harvest times (Figure 4a). 
Wheat showed consistent responses between harvest times, while 
sorghum exhibited increases of 11.83% to 43.67% in MGR and −0.6% 
to 43.3% in phosphorus mycorrhizal response from the early to late 
harvest (Figure  4a,b). Regarding the foliar N:P ratio responses, the 
presence of AM fungi reduced N:P in sorghum, particularly by the 
late harvest timepoint where we observed a 35.8% reduction in N:P 
in sorghum with AM fungi, compared to sorghum without AM fungi 
(Figure 4c). In contrast, wheat N:P was not affected by AM fungi, nor 
did it exhibit shifts between the two harvest times. There was also an 
associated shift in the allocation of plant biomass to below- and above-
ground tissue where the root:shoot ratios of sorghum plants with AM 
fungi declined at the late harvest time (Figure S6). This was strongly 
driven by changes in the below-ground (root) biomass (Figure S6). In 
terms of the AM fungal colonisation of plant roots, wheat and sor-
ghum at the early harvest had 14% and 18% colonisation, respectively. 
By the late harvest timepoint, this had increased to 24.9% in wheat 
and 53.5% in sorghum (Figure S6). No colonisation was observed in 
the plants without AM fungi.

4  |  DISCUSSION

Community assembly begins with a regional species pool, often 
defined as the species that potentially could inhabit a local site or 
community (Zobel, 1997). Dispersal, abiotic factors and biotic inter-
actions act as ‘filters’ that AM fungi must navigate to gain member-
ship to the root colonising ‘local’ community. The potential for host 
identity to influence this assembly was well-known even prior to the 
widespread availability of amplicon sequencing (Bever et al., 1996). 
Accordingly, it is surprising that there are little experimental data 
quantifying the host identity effects on AM fungal community struc-
ture and the community assembly process behind those effects. Our 
study provides a novel experimental demonstration of differences in 
AM fungal community assembly through time between two globally 
significant crop species controlling for other environmental factors, 
and the associated plant phenotypic outcomes.
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4.1  |  Community assembly of AM fungi differs 
between hosts and is phylogenetically structured

As we hypothesised, host-specific effects on community assembly 
were stronger by the later harvest time point, but the mechanism 
behind those effects differed between hosts. We identified a strong 
temporal shift in both VT richness and community structure of 
the root-colonising AM fungal communities in sorghum only. The 
distinct assembly in the two hosts was further corroborated by 

our HMSC occurrence model (Figure  3), as well as the individual 
occurrence models for wheat and sorghum (Figure  S5). These 
responses were phylogenetically structured, that is, that closely 
related AM fungal VT responded similarly to the effect of sorghum 
through time. Our phylogenetic diversity analyses also aligned with 
this as both the mean pairwise distances (including abundance-
weighted) and mean nearest taxon distances became significantly 
lower in sorghum between the early and late harvests, but again, 
this was not observed in wheat. This suggests that, by the late 

F I G U R E  2  Phylogenetic diversity of arbuscular mycorrhizal (AM) fungal communities in the roots of wheat (Triticum aestivum) and 
sorghum (Sorghum bicolor). The standardised effect sizes (SES) for (a) mean pairwise distances, (b) mean nearest taxon distances, the 
(c) abundance-weighted mean pairwise distances and (d) abundance-weighted mean nearest taxon distances are shown for AM fungal 
communities in wheat and sorghum at the early and late harvest times. Solid points and error bars represent the mean ± SE, which are 
overlaid on top of the data points. Significance indicated *p < 0.05, **p < 0.01.
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harvest, the communities of AM fungi inhabiting sorghum roots 
were composed of more closely related taxa, that is phylogenetically 
clustered (Pausas & Verdú,  2010). This clustering was particularly 
apparent in the abundance-weighted mean pairwise distances, 
which is consistent with the compositional increase in the relative 
abundances of Glomeraceae we observed in sorghum by the late 
harvest (Figure 1a).

Phylogenetic clustering can arise from various processes that 
structure communities (Cadotte & Tucker, 2017), but is frequently 
attributed to environmental filtering (Pausas & Verdú, 2010). This 
is relevant to AM fungi, which exhibit niche conservatism, meaning 
that closely related taxa share similar traits, leading to trait-based 
structuring of communities (Maherali & Klironomos, 2007). In the 
context of our study, however, this filtering is mostly represented 
by the host plant. In this case, all plants were exposed to the same 
initial pool of potential AM fungal symbionts in pots, in close 

physical proximity to roots. Host-identity effects on community as-
sembly can be driven by several potential mechanisms. For instance, 
contrasting host traits, such as variations in host physiology, likely 
create divergent ecological habitats for AM fungi that are then oc-
cupied by distinct taxa. In our study, sorghum had more root mass 
overall (Figure S6) compared to the wheat plants, potentially offer-
ing more ‘real estate’ for occupation by potential AM fungal part-
ners. As wheat would then have comparatively less available habitat 
for AM fungi than sorghum, the first fungi to colonise roots would 
more rapidly occupy the potential habitat space in wheat than in 
sorghum. Could priority effects, therefore, be stronger or more per-
sistent in wheat? Possibly, particularly considering the similarity in 
the early colonising communities of wheat and sorghum observed 
at the first harvest.

With more efficient photosynthesis, C4 plants are 
thought to be limited by nutrients more often than C3 species 

F I G U R E  3  (a) The proportion of explained variation in arbuscular mycorrhizal (AM) fungal virtual taxon occurrence (presence-absence) 
by plant host identity, time of harvest sampling, interaction between plant host and harvest time, the sampling depth (read count), and the 
random effect of sample identity. The mean variance explained by each explanatory variable is shown. (b) Beta coefficients indicating a 
positive (orange), negative (black) or no significant relationship (blank/white) in the occurrence of AM fungal virtual taxa (VT) (with at least 
a posterior probability of 0.95) between hosts, in time, the interaction host and time, and with sampling depth as log(readcount). In this 
case, the beta-coefficient of wheat corresponds to the intercept. The AM fungal VT are sorted horizontally according to their phylogenetic 
relatedness.
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(Hoeksema et al., 2010). As such, most C4 plants, like sorghum, are 
thought to rely more on the AM symbiosis than C3 hosts, such as 
wheat. This notion is also supported by studies that observe C4 and 
C3 hosts associate with distinct communities (Davison et al., 2020) 
and that have found sorghum attains more growth and nutrient ben-
efits from the AM symbiosis than wheat (Frew, 2019). In our study, 
the lack of support for phylogenetic clustering in wheat communi-
ties suggests that their assembly was not driven by a strong host 
filtering effect, and instead, biotic interactions or stochastic effects 
play a more prominent role (Frew et  al.,  2023). Host determinism 
in community assembly may also be driven by active selection by a 
plant for specific taxa by rewarding carbon to the fungi that provide 
the most benefit under a given environmental context. Any such 
mechanisms would result in phylogenetically clustered fungal com-
munities if both adaptation to host traits and benefit are conserved 

in evolutionary history. To test this hypothesis, future controlled 
experiments should examine a series of plant species representing 
a range of responsiveness to arbuscular mycorrhizas, potentially 
across functional groups (e.g. C3 or C4).

4.2  |  Community assembly is associated with plant 
mycorrhizal responses

Our results showed that the phylogenetically structured assembly 
of AM fungi in sorghum coincided with significant growth and 
nutritional benefits from the symbiosis, something not observed in 
wheat. Specifically, we found a significant increase in both MGRs 
and mycorrhizal phosphorus responses in sorghum between the 
two timepoints. The distinct phenotypic outcomes for the late 

F I G U R E  4  The (a) mycorrhizal growth responses (%) and (b) mycorrhizal phosphorus responses (%) of wheat (Triticum aestivum) and 
sorghum (Sorghum bicolor) at early and late harvest times. (c) Also shown are the foliar nitrogen (N):Phosphorus (P) ratios of wheat and 
sorghum at the early and late harvest times, grown with or without arbuscular mycorrhizal (AM) fungi. Colouration on the y-axis represents a 
general indication of plant nutrient limitation by P (yellow, N:P >16) or limited by N (blue, N:P <14). Solid points and error bars represent the 
mean ± SE, which are overlaid on top of the raw data points. Significance indicated *p < 0.05, **p < 0.01, ***p < 0.001.
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harvested sorghum was also evident in their foliar N:P ratios. As the 
availability of P in the soil was intentionally restricted (Table S1), it 
was unsurprising that most plants in the experiment had N:P ratios 
between 20.5–26.4, suggesting P limitation (Elser et  al.,  2010; 
Güsewell,  2004), which was possibly alleviated in sorghum by 
the late harvest. This, along with the concomitant decrease in 
root:shoot ratios (Figure  S6c), presents strong evidence that 
the assembly of AM fungi in sorghum, driven by host selection, 
alleviated the plant P limitation. The growth and nutrient benefits 
sorghum derived from its AM fungal communities suggest that 
selection for AM fungal taxa based on the benefits they might 
provide for the host would be stronger in plants more able to reap 
such benefits.

4.3  |  Influence of experimental conditions and 
further implications

In our manipulative pot experiment, we have inevitably selected for 
fungal taxa capable of withstanding the disturbances associated 
with generating the soil inoculum and the conditions imposed by 
the pot experiment. Certain fungal taxa may have persisted in the 
soil inoculum but were unable to tolerate the limited space and 
resources within the pot. Consequently, the AM fungal richness 
in plant roots was substantially lower than in the initial soil 
inoculum (Figure 1b). This observation suggests that the AM fungi 
identified in the different plant roots, compared to the soil, were 
influenced not only by host selection but also by environmental 
filtering favouring disturbance-tolerant taxa (Chagnon et al., 2013). 
Would it be reasonable to interpret our findings as applicable to a 
particular subset or functional group of AM fungi? This is a plausible 
interpretation, as is often the case in pot experiments involving 
AM fungi (Ohsowski et  al., 2014). However, given that both hosts 
in our study are crops that would be grown in agroecosystems 
subject to frequent disturbance, the outcomes are likely to be more 
ecologically relevant than if we had assessed assembly in two native 
plant species.

Our results raise important questions about the ecological and 
evolutionary mechanisms driving mycorrhizal dependency and part-
ner selection in different plant species. Phylogenetically structured 
community assembly along with associated growth and nutrient 
benefits was only observed in the more typically mycorrhizal de-
pendent host plant. Why does sorghum support a more distinctly 
structured fungal community in this instance? Could higher mycor-
rhizal dependency drive stronger selective pressures that shape 
fungal communities? Although logical, consistent support for this is 
yet to be established. While future studies should certainly explore 
whether stronger host selection is linked to traits such as mycorrhi-
zal growth or nutrient responses, we encourage researchers to also 
account for mycorrhizal functional benefits like enhanced defence 
or stress tolerance, which have been mostly ignored in the context 

of AM fungal community assembly (Delavaux et  al.,  2017; Frew, 
Weinberger, et al., 2024).

5  |  CONCLUSIONS

The influence of host plant identity on root-colonising AM fungal 
communities has been shown to varying degrees, sometimes using 
extensive datasets (Davison et  al.,  2011, 2016; Öpik et  al.,  2010, 
2013). Here we provide a novel experimental demonstration that 
a given species pool of AM fungi can exhibit vastly contrasting 
community trajectories over time entirely driven by the identity 
of the hosts. Given the same pool of potential fungal partners in 
equal environmental conditions, the two host plant species initially 
harboured relatively similar communities, however by the later 
timepoint, the resultant communities departed from each other. For 
sorghum, the fungal community from the late harvest consisted of 
closely related AM fungal taxa that provided substantial nutritional 
and growth benefits. In contrast, the communities in wheat were 
comparatively more phylogenetically dispersed and provided less 
nutritional benefit. Given we compared only two crop species, 
future research should examine host-driven assembly across a range 
of plant hosts to robustly assess the generality of these findings. 
All in all, our results not only show that host identity can shape 
AM fungal community assembly, but suggest that hosts capable 
of garnering significant benefits from the symbiosis may exert the 
most deterministic effects on AM fungal community assembly.
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