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Abstract
1.	 Arbuscular mycorrhizal (AM) fungi are important plant symbionts that provide 

plants with nutrients and water as well as support plant defences against pests 
and disease. Consequently, they present a promising alternative to using environ-
mentally damaging and costly fertilisers and pesticides in agricultural systems. 
However, our limited understanding of how agricultural practices impact AM 
fungal diversity and functions is a key impediment to using them effectively in 
agriculture.

2.	 We assessed how organic and conventional agricultural management systems 
shaped AM fungal communities. We also investigated how AM fungal communi-
ties derived from these agricultural management systems affected crop biomass 
and development. Six soil samples from five organically and five conventionally 
managed agricultural sites were used to cultivate Sorghum bicolor. Plant growth, 
plant nutrient concentrations and AM fungal colonisation rates were analysed 
alongside DNA metabarcoding of community composition.

3.	 We observed that soil from conventional agricultural fields resulted in a pro-
nounced reduction in sorghum biomass (−53.6%) and a significant delay in flow-
ering compared to plants grown without AM fungi. Sorghum biomass was also 
reduced with soil from the organic system, but to a lesser extent (−30%) and with-
out a delay in flowering. Organic systems were associated with a large proportion 
of AM fungal taxa (50.5% of VTs) not found in conventional systems, including 
Diversispora (r2 = 0.09, p < 0.001), Archaeospora (r2 = 0.07, p < 0.001) and Glomus 
(r2 = 0.25, p < 0.001) spp., but also shared a large proportion of taxa with conven-
tional systems (42.3% of VTs). Conventional systems had relatively few unique 
taxa (7.2% of VTs).

4.	 Our results suggest that conventional agricultural practices selected against 
AM fungi that were, in this context, more beneficial for host plants. In contrast, 
organic management practices mitigate this negative effect, likely due to the 
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1  |  INTRODUC TION

Arbuscular mycorrhizal (AM) fungi, forming symbiotic relation-
ships with the majority of terrestrial plants, are commonly present 
in agricultural environments (Brundrett & Tedersoo, 2018). Within 
this symbiosis, plants provide the fungi with carbon (c) in the form 
of lipids and sugars, while the fungi reciprocate by improving the 
plants' access to essential nutrients, particularly phosphorus (P), 
and water (Smith & Read,  2008). Beyond nutrient provision, AM 
fungi play pivotal roles in nutrient cycling (Zhang & Powell, 2021), 
the reduction of soil nutrient losses (Cavagnaro et al., 2015) and in-
direct influences on decomposition processes (Taylor et al., 2016). 
Additionally, they possess the capacity to enhance plant resistance 
against biotic stressors such as insect herbivores and pathogens 
(Frew et al., 2021). Consequently, they have the potential to support 
soil health and crop productivity, offering a pathway to reduce reli-
ance on fertilisers and pesticides, thus fostering more sustainable 
agricultural practices.

Conventional agricultural practices reduce AM fungal network 
complexity and connectivity as well as the abundance of keystone 
taxa (Banerjee et al., 2019). For example, tilling or ploughing of the 
soil physically disrupts the hyphal network (Kabir, 2005), while the 
absence of a symbiotic partner in fallow areas post-tillage further 
diminishes colonisation rates and can lower AM fungal diversity in 
some cases (Bowles et al., 2017; Vahter et al., 2024). Furthermore, 
high nutrient availability through fertilisation can cause the AM fun-
gal community to become less diverse, leading to a greater degree 
of genetic relatedness amongst its members (Frew et  al.,  2023). 
However, different results exist (Liu et al., 2015). As such, farming 
techniques place selective pressure on AM fungi as they can create 
unstable environments associated with, for example, the removal of 
host plants or high nutrient fluctuations. Lastly, pesticide use can 
decrease AM fungal species richness and colonisation rates (Riedo 
et al., 2021; Vahter et al., 2022) and seems to have especially an effect 
on a few rare species within the community (Karpouzas et al., 2014; 
Vahter et al., 2022). Overall, agricultural systems are anticipated to 
favour AM fungi that demonstrate rapid reproductive capabilities, 
for example Glomeraceae (Horsch et al., 2023), and result in dimin-
ished functional diversity within AM fungal communities when com-
pared to natural environments (Verbruggen & Kiers, 2010).

Thus, agricultural management selects for certain AM fungi 
that can persist in agricultural environments (Johnson et al., 1997). 

The number of fungicide applications was, for example, shown to 
correlate with decreased AM fungal mediated phosphorus uptake 
(Edlinger et al., 2021). On the other hand, a high nutrient availability 
through fertilisation can reduce plant dependence on the fungi for 
nutrients and are thought to simultaneously select for AM fungi that 
are more aggressive competitors for plant carbohydrates (Chagnon 
et  al.,  2013). However, this does not necessarily go hand in hand 
with a high C cost to the plant (Corrêa et al., 2012, 2024; Horning 
et  al.,  2023). Furthermore, evidence suggests that high nutrient 
availability can result in selection of AM fungal communities offering 
less benefits in regard to plant growth or nutrient uptake, but may 
still offer benefits associated with plant defence (Frew et al., 2023). 
Ultimately, soil tillage has been hypothesised to favour the selection 
of AM fungi with short life cycles and the ability to rapidly repair 
damaged hyphae (Chagnon et al., 2013; Verbruggen & Kiers, 2010).

However, our understanding on how agricultural practices affect 
AM fungi and the functional outcome for plants remains constrained. 
Currently, the majority of research aimed at addressing these chal-
lenges tends to concentrate solely on a limited number of commonly 
utilised AM fungal taxa (Berruti et al., 2016; Malik, 2018). This pres-
ents a concern considering the functional diversity inherent within 
AM fungi (Powell & Rillig, 2018), suggesting a need to focus on the 
functional outcomes of whole agricultural AM fungal communities 
rather than just a few overrepresented taxa. Thus, comparing how 
conventional and organic agricultural practices shape whole AM 
fungal communities offers a promising way to better understand 
which practices are damaging to AM fungal communities with re-
spect to the functions they can offer to the plant. This approach 
also has the potential to help develop guidelines that could support 
beneficial AM fungal communities.

In order to assess the structure and functional potential of AM 
fungal communities associated with different management intensi-
ties, we grew Sorghum bicolor with soil from 10 agricultural fields 
containing, amongst other soil biota, AM fungi, half of them organi-
cally managed, half of them conventionally managed. Conventional 
agricultural management was predominantly associated with mono-
cultures, the application of synthetic pesticides and fertilisers and 
tractor-based tillage, whereas organic farming was associated with 
a broader variety of crops, sometimes even within the same field 
patch, the application of organic certified fertilisers and pesticides 
and tillage with light machinery. Our study aimed to investigate the 
impact of these management systems on taxonomic diversity and 

presence of specific key AM fungal taxa. However, this mitigation is only partial, 
as less beneficial AM fungal taxa still persist, probably due to abiotic factors as-
sociated with agricultural management and the sensitivity of AM fungi to these 
factors. This persistence explains why the effect is not entirely eradicated.

K E Y W O R D S
arbuscular mycorrhizal fungi, biological soil fertility, community composition, food security, 
sustainable agriculture
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the functionality of the AM symbiosis in regard to nutrient uptake, 
plant growth and development stage benefits. Using DNA metabar-
coding, we identified the AM fungal communities, evaluated their 
taxonomic diversity and structure, and interpreted these findings 
in the context of plant growth, nutrient levels, flowering status and 
root colonisation.

We hypothesise that (i) plants grown with soil containing AM 
fungi exhibit greater growth, nutrient uptake and more acceler-
ated development than plants grown without AM fungi (‘No AM 
fungi’ treatment). Additionally, (ii) AM fungal communities from 
organically managed fields have a distinct community structure. 
Consequently, (iii) AM fungal communities derived from organic 
farming practices will offer greater functional benefits for the host 
plant than AM fungal communities sourced from conventional 
fields.

2  |  METHODS

2.1  |  Experimental design

We conducted a factorial glasshouse experiment with five soils from 
organically managed fields and five soils from conventionally man-
aged fields using 110 Sorghum bicolor L. Moench cv. ‘Acclaim’ plants. 
Farms from which the soil was sourced followed their management 
system for ≥5 years and organically managed farms were certified 
(Table S2). Thus, the experiment consisted of 11 treatments, includ-
ing a ‘No AM fungi’ treatment. Each treatment was replicated 10 
times. Plants were grown from seeds that were surface-sterilised 
using 0.5% sodium hypochlorite solution. The seeds were germi-
nated in Petri dishes for 6 days, after which individual seedlings were 
transplanted into 3.7 L pots.

All plants were grown in gamma-irradiated (50kGray) 50:50 sand: 
soil mixture (Table S1). Plants which were grown with soil containing 
AM fungi had 250 g of the appropriate field soil inoculum added. The 
field soil for this experiment was collected from each of the 10 agri-
cultural fields from the top 0–10 cm layer where six sampling points 
were evenly distributed within a 25 × 25 m plot in January 2023. 
Field soil inoculum from each of the six sampling points per site was 
mixed in a bucket, sieved through a 2 mm sieve, dried at 38°C and 
then kept at 4°C until the start of the experiment. Field soil inoculum 
was stored and used in the experiment separated by the field sites. 
Pots without an AM fungal treatment received 250 g autoclaved 
field soil inoculum, which was mixed across the fields. In addition, all 
pots received 300 mL microbial filtrate obtained from washed field 
soil, which was filtered through a 38-μm sieve to standardise the 
non-AM fungal microbial community (Koide & Li, 1989). Throughout 
the experiment, plants were watered approximately every second 
day with tap water and were grown in the glasshouse for 9 weeks 
with 11 h day length, a mean maximum light level of 260 μmol m−2 s−1 
and day/night temperatures of 27°C/17°C. To minimise any spatial 
or edge effects, the pots were fully randomised within the glass-
house chamber every week.

At the time of the harvest, plants were removed from pots, and 
the roots and above-ground tissues were separated. Roots were 
washed and from each plant, a 1 g subsample of fresh roots was 
taken to assess mycorrhizal fungal colonisation. The above-ground 
biomass and the remaining below-ground biomass were oven dried 
at 38°C for 72 h. Once dried to constant weight, the weights were 
recorded. To enable nutrient analyses, the above-ground plant tissue 
was ground to powder, and dried roots samples were obtained for 
molecular analyses.

After harvest, a subset of the pots which received a combina-
tion of all five soil inocula from conventionally managed fields and all 
five inocula from organically managed fields were checked for nem-
atodes following the Baermann funnel method (Baermann, 1917). In 
total, 20 pots were checked. These pots were exclusively used for 
checking for nematodes. Plant and fungal data were not collected 
from these pots or analysed.

2.2  |  Soil analysis

To determine soil nutrients, four out of 10 subsamples from the 
pots per treatment were analysed for total nitrogen (TN), total car-
bon (TC), plant-available nitrogen (N) and phosphorus (P) as well as 
pH following the methods described by Rayment and Lyons (2011). 
Plant-available N and P were determined by the Environmental 
Analysis Laboratory by the Southern Cross University using the 
Colwell method for P and potassium chloride (KCl) for N.

2.3  |  Plant nutrient analysis and DNA 
metabarcoding of AM fungi

To determine the plant nutrient concentrations, the ground plant 
samples were analysed with X-ray fluorescence spectrometry 
(Epsilon 3×, PANalytical, EA Almelo, The Netherlands) according to 
the methodology described by Reidinger et al. (2012).

DNA extraction from 70 mg of dried root samples was con-
ducted using the DNeasy Powersoil Pro Kit (Qiagen, GmBH, Hilden, 
Germany) following the manufacturer's instructions. A modification 
was made where dried root material, cut into small 0.5 mm fragments, 
was added to the extraction tubes. Subsequently, sequencing was 
carried out through the liquid handling pipeline at Western Sydney 
University's Next-Generation Sequencing Facility (Richmond, 
NSW, Australia), utilising in-house optimised protocols. The ex-
tracted DNA underwent purification using Agencourt AMPure XP 
Beads (Beckman Coulter), followed by quality assessment using the 
Qunat-iT™ PicoGreen fluorescence-based analysis (ThermoFisher 
Scientific, North Ryde, NSW, Australia). For amplification, the pu-
rified DNA underwent polymerase chain reaction targeting the 
small-subunit ribosomal RNA gene. The AM fungal-specific primers 
WANDA (Dumbrell et al., 2011) and AML2 (Lee et al., 2008) were 
used. The subsequent sequencing procedures were performed on 
the Illumina MiSeq platform using the Illumina MiSeq reagent kit v3 
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with 2 × 300 bp paired-end chemistry, following the manufacturer's 
instructions.

The graphical downstream analysis tool (gDAT), as described by 
Vasar et al. (2021), was employed for the bioinformatic analysis and 
processing of rDNA sequences. A total of 2 × 3,504,908 raw reads 
underwent demultiplexing and cleaning through a sequence of bio-
informatic steps (Vasar et  al.,  2017, 2021). Briefly, demultiplexing 
involved checking double barcodes, permitting one mismatch for 
both reads. Retention criteria included correct primer sequences 
(WANDA and AML2) with allowance for one mismatch each, an av-
erage quality of at least 30, and the removal of orphan reads, re-
sulting in 2 × 3,333,787 cleaned reads. Putative chimeric sequences 
(3.4% of cleaned reads; total count of 119,061) were identified 
and subsequently eliminated using vsearch v2.15.0 (Rognes et  al., 
2016) in reference database mode against the MaarjAM database 
(Öpik et  al.,  2010) with the default parameters. The cleaned and 
chimera-free sequences were then assigned to virtual taxa (VT) 
using BLAST+ (v2.7.1, Camacho et  al., 2009) by referencing the 
MaarjAM database (Öpik et al., 2010) with a minimum of 97% iden-
tity and 95% alignment thresholds. The representative sequences of 
each VT were selected by choosing those with the highest scores, 
following the methodology outlined in Vasar et al. (2021), for subse-
quent phylogenetic analysis. These selected sequences were aligned 
using ClustalW (Thompson et  al.,  2003), and a neighbour-joining 
phylogenetic tree (Figure S3) was constructed from the representa-
tive sequences using the maximum composite likelihood method in 
MEGA11 (Tamura et al., 2021).

2.4  |  AM fungal colonisation

To verify root colonisation in plants inoculated with AM fungi and 
the absence of colonisation in the ‘No AM fungi’ treatment, 1 g 
fresh root subsamples were taken at harvest. The subsample was 
cleared with 10% potassium hydroxide at 90°C for 10 min in a water 
bath, followed by staining with 5% ink vinegar solution (Vierheilig 
et al., 1998). For each plant, five cleared and stained 3 cm long root 
fragments were placed on glass slides with glycerine under a cover 
slip and scored to assess the presence of AM fungi using the inter-
sect method, counting at least 100 intersections per slide at 200× 
magnification (McGonigle et al., 1990). To be conservative in quan-
tifying colonisation, only hyphae visibly connected to AM fungal 
structures, such as arbuscules, vesicles or spores, were counted.

2.5  |  Statistical analyses

All analyses were carried out using R v4.0.5 and RStudio v2023.12.0, 
‘Ocean Storm’ (R Core Team, 2023).

To counteract bias from differences in sequencing depth, all 
samples were rarefied to the minimum number of sequences per 
sample (100 sequences) using the avgdist function from the R pack-
age ‘vegan’ (Oksanen et al., 2022).

The effects of the management practices on alpha diversity in-
dices (Observed VT richness, Shannon diversity, Pielou's evenness) 
were analysed using the ‘vegan’ package. Dissimilarity in community 
composition and structure of the root-colonising AM fungal com-
munities were visualised using non-metric multidimensional scaling 
(NMDS, package ‘vegan’) based on Bray–Curtis dissimilarity. To sta-
tistically test the effects of the management practices on the ob-
served changes in community dissimilarity, we used permutational 
multivariate ANOVA (perMANOVA) using the adonis function from 
the R package ‘vegan’ (Oksanen et al., 2022). To investigate prefer-
ential management–taxa associations, we tested for significance on 
individual taxa using the wilcox.test from base R (R Core Team, 2023). 
The related r2 value was calculated using a combination of the sum-
mary and lm functions from base R. We also performed an indicator 
species analysis using the R package ‘indicspecies’. This package of-
fers an association index that indicates the degree of association be-
tween a taxon and a specific level within a grouping variable (Cáceres 
& Legendre, 2009) and we used this to identify potential indicator 
species for the conventional and organic systems we investigated.

To investigate the community assembly process associated with 
the management systems, we assessed phylogenetic diversity and 
structure by calculating Faith's phylogenetic diversity (Faith, 1992) 
using the pd function from the ‘picante’ package (Kembel et al., 2010), 
mean pairwise distance using the mpd function from ‘picante’ and 
mean nearest taxon distance using the mntd function from ‘picante’ 
(Webb et  al.,  2002). Additionally, we calculated standardised ef-
fect sizes (SES) using ses.mpd and ses.mntd functions from ‘picante’ 
(Kembel et al., 2010).

To determine how management practices shifted the outcome 
of the AM symbiosis between nutritional and growth benefits, 
we fitted linear mixed-effects models using lmer from the ‘lme4’ 
package (Bates et al., 2015) and the Anova function from the ‘car’ 
package (Fox & Weisberg,  2019) to assess significance based on 
the likelihood ratio test. We fitted four separate models to assess 
how difference in management affected different plant responses 
we measured. The response variables were (1) plant total biomass, 
(2) nutrient concentrations, (3) photosynthesis rate and (4) flowering 
stage. In each case, the response variables were normally distrib-
uted and so fit using a Gaussian distribution. In each of the models, 
management type was the fixed effects and to account for repeat 
measures from each farm, the individual farm level was a random 
effect (Fox & Weisberg, 2011; Kuznetsova et al., 2017) (Table S4). 
We also calculated the mycorrhizal growth response (MGR) and 
the mycorrhizal P response (MPR) under each of the management 
practices. These plant mycorrhizal responses (%) were calculated as 
((plant response − mean plant responses with No AM fungi)/mean 
plant responses with No AM fungi) × 100, where the plant response 
was either the total biomass or P concentration of plants with soil 
containing AM fungi. Linear mixed-effects models with a Gaussian/
normal distribution were also used to determine the effects of the 
management practices on plant mycorrhizal responses, phyloge-
netic metrics and alpha diversity indices. Generalised mixed-effects 
models with a beta distribution for percentage data were used to 
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determine the effects of management practices on the total, vesic-
ular and arbuscular colonisation of plant roots using glmmTBM and 
the Anova function from the ‘glmmTMB’ (Brooks et  al.,  2017) and 
‘car’ (Fox & Weisberg,  2019) packages (Table  S4). Additionally, we 
used the ‘emmeans’ (Lenth, 2023) package to calculate the estimated 
marginal means for the different levels of management system and 
performed pairwise comparisons between the estimated marginal 
means for each level (Tables S3 and S4).

3  |  RESULTS

Across all AM fungal samples, 98 VTs were detected (Table S5). The 
top five abundant taxa in the dataset constituted 88.7% of all AM 
fungal sequences, belonging to the genera Funneliformis (VTX00067: 
69.7%), Glomus (VTX00114: 5.5%, VTX00113: 4.7%, VTX00143: 
3.7%), and Claroideoglomus (VTX00193: 5.1%). Across the two man-
agement systems, 91 VTs were identified in the organic and 49 VTs 
were identified in the conventional system (Table S5).

Diversispora spp. were with 5 VT, 89 sequences especially as-
sociated with the organic system, whereas no VT was found in the 
conventional system (r2 = 0.09, p < 0.001). The same trend was true 
for Archaeospora spp. with 6 VT, 1350 sequences in the organic sys-
tem and 4 VT, 18 sequences in the conventional system (r2 = 0.07, 
p < 0.001) and Glomus spp. with 57 VT, 131.441 sequences associ-
ated with the organic system and 28 VT, 12.282 sequences asso-
ciated with the conventional system (r2 = 0.25, p < 0.001) (Figure 1). 
Thus, the presence of Diversispora was unique for the organic sys-
tem. Archaeospora and Glomus, while present in the conventional 
system, were considerably reduced (Table 1; Table S5).

AM fungal diversity, represented by observed VT richness, 
Shannon diversity and Pielou's evenness, was reduced under the 
conventional management system (Figure 2). Observed VT richness 
was 103.5% higher in the organic system than in the conventional 
one. Meanwhile, Shannon diversity was 87.2% higher in the organic 
system. This pattern was also true for Pielou's evenness with a 

31.9% increase in the organic system compared to the conventional 
one. Additionally, the AM fungal communities between the two 
management systems were particularly distinct based on non-metric 
multidimensional scaling (NMDS) of beta diversity (Bray–Curtis dis-
similarity) (p < 0.001) and the Venn diagram (Figure 3). The organic 
systems were not only associated with a large proportion of unique 
taxa (50.5% of VTs) but also shared a large proportion of taxa with 
the conventional systems (42.3% of VTs). Conversely, conventional 
systems had relatively few unique taxa (7.2% of VTs). Further, Faith's 
phylogenetic diversity was affected by the management systems 
where phylogenetic diversity was on average by 59% increased 
under the organic treatment. The mean pairwise distances (SES) and 
mean nearest taxon distances (SES) were not significantly different 
between the conventional and organic systems (Figure S2).

Plant biomass was reduced when grown on soil containing ag-
ricultural AM fungi (Figure 4a) relative to plants grown without AM 
fungi, although the magnitude of reduction depended on the man-
agement system. Soil from conventional agricultural fields resulted 
in a pronounced reduction in sorghum biomass (−53.6%) whereas 
the reduction was less for soil from organically managed fields 
(−30%) (Figure 4a; Figure S1). Plant phosphorus concentrations were 
higher with soil containing AM fungi, represented by the MPR but 
were not significantly different between the conventional (+45.1%) 
and the organic (+39.7%) system. Furthermore, silicon (Si) was low-
est in plants with soil from organic fields and highest in plants with 
soil from conventional fields. We also observed considerably higher 
potassium (K) concentrations for plants with soil from convention-
ally managed fields. The N:P ratio was highest for the ‘No AM fungi’ 
treatment (average: 17.2; standard deviation: ±2.86) and plants with 
soil from conventional systems (average: 15.8; standard deviation: 
±2.82) and lowest for plants with soil from organic systems (aver-
age: 14.4; standard deviation: ±6.11) (Table S3). The photosynthesis 
rate was increased for plants receiving soil from organic agriculture 
(+18%) compared to plants with soil from conventional agriculture. 
However, photosynthesis rates from the ‘No AM fungi’ treatment 
and the organic system were almost identical with just 1% increase 

F I G U R E  1  Preferential management-
taxa analysis with Diversispora, 
Araecheospora and Glomus as closely 
related genera (p < 0.001) for the organic 
treatment. Black points represent the 
median values and the bars represent 
the 50% confidence interval around the 
median values.
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6  |    HEUCK et al.

for the organic system (Figure 4b). Besides differences in growth and 
nutrient responses, we detected noticeable effects on the develop-
ment stage, reflected by the number of plants reaching the flowering 
stage. After 9 weeks of growth, 85.7% of the plants with soil from 
organically managed fields reached the flowering stage. In compari-
son, 70% of the ‘No AM fungi’ treatment and only 22% of the plants 
with soil from conventionally managed fields reached the flowering 
stage (Figure 4d).

The total colonisation of roots by AM fungi was affected 
(p = 0.003) by the different management systems and was 58.1% 
greater for the organic system (Figure 4c). The same trend was true 
for vesicular colonisation with an average colonisation of 5.2% for 
the organic system and 2.1% for the conventional system. Arbuscular 
colonisation alone showed no significant differences (Table S4).

A subset of the pots which received a combination of all five 
soil inocula from conventional managed farms and all five inocula 
from organically managed fields were checked for nematodes and 
no nematodes were found.

4  |  DISCUSSION

Our study found that soil from agricultural sites had detrimental 
effects on plant growth, suggesting that agricultural practices se-
lect for less beneficial fungal symbionts. However, the strength of 
these effects depended on whether the soil was from organic or 
conventionally managed agricultural systems. This distinction was 
associated with a high diversity of root-colonising AM fungi in plants 
grown with soil from organic sites, the presence of particular AM 
fungal taxa (Diversispora, Archaeospora and Glomus) and higher colo-
nisation of roots. At the same time, we observed significantly more 
plants with soil from organically managed fields reaching the flower-
ing stage. These patterns suggest, that in our studied system, agri-
cultural practices select against AM fungi that offer more functional 
benefits for the host plant in comparison with the ‘No AM fungi’ 
treatment. However, the effect is partially mitigated, but not fully 
eliminated under organic practices.

Agricultural soil containing AM fungal communities had neg-
ative impacts on plant growth compared with the ‘No AM fungi’ 
treatment. This suggests agricultural management can select for 
AM fungi that offer limited or no benefits to their hosts in terms of 
biomass, which challenges our first hypothesis (i) that plants grown 
with soil containing AM fungi would have higher growth, nutrient 
uptake, and developmental rates. Focusing on the measured N:P 
ratios, the observed negative growth response does not appear 
to result from increased N limitation due to competition from the 
fungi (Riley et al., 2019). Instead, it suggests that plants grown with 
soil containing AM fungi were not limited by either N or P (Johnson 
et al., 2015), achieving growth rates commensurate with their max-
imum potential (Elser et al., 2010). As such, other mechanisms that 
limited growth potential must have been responsible.

The negative plant responses observed in our study for plants 
grown with AM fungi could be linked to several factors related to the TA
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    |  7HEUCK et al.

experimental design. For example, it is important to recognise that 
the use of soil inoculum does not exclude other soil biota, like bac-
teria, pathogens, or nematodes, which can influence plant responses 
(for potential effects of bacteria, see Chai et al., 2024). Although the 
microbial wash was added to pots to account for the presence of 
other soil organisms, we acknowledge that the microbial wash does 
not perfectly represent the entire soil community. Moreover, we ex-
amined pots that received a combination of soil inocula from both 
conventionally and organically managed fields to assess whether 
differences in the abundance of nematodes existed and found no 
nematodes in these samples. While this, along with the observed 
differences in AM fungal responses, suggests that observed plant 
responses are likely to be due to AM fungi, the potential influence 
of other soil biota cannot be definitely ruled out, which should be 
considered.

Furthermore, it was shown that the effectiveness of the AM sym-
biosis can be dependent on plant growth stage as AM fungi might su-
press early plant growth but enhance seed P content and grain yield 
(Li et al., 2005). These plant growth depressions can be attributed 
to an imbalance between P uptake through the fungal pathway and 
direct uptake via the roots and mitigated with increasing plant den-
sity (Li et al., 2008). This suggests that the MGRs observed in plants 
grown singly in pots may not be directly translatable to field condi-
tions (Li et al., 2008), a limitation that likely applies to our experimen-
tal set-up as well. Additionally, while AM fungi may impose a cost on 
the plant during early growth stages due to the investment required 
for symbiosis, they can provide long-term benefits at later growth 
stages (Johnson et  al.,  1997). This dynamic could have influenced 
the outcomes of our study, especially considering that the effect can 
further intensify when using annual plants (here: sorghum) as they 

F I G U R E  2  Boxplots showing the distribution (centre horizontal line is the median, lower and upper sections are 25th and 75th 
percentiles, respectively, whiskers show the full range of the data, excluding outliers) of the effect of conventional and organic farming 
practices on three alpha diversity indices: (a) Observed VT richness, (b) Shannon diversity, (c) Pielou's evenness of arbuscular mycorrhizal 
(AM) communities of Sorghum bicolor roots. Points overlain on the boxplots represent the mean value and error bars represent the standard 
error of the mean. Effects with p > 0.1 are not shown based on linear-mixed effects models.

F I G U R E  3  (a) Venn diagram showing the number of arbuscular mycorrhizal (AM) fungal virtual taxa (VT) shared and unique between 
the conventional and organic farming system. (b) Non-metric multidimensional scaling (NMDS) of beta diversity (Bray–Curtis dissimilarity) 
comparing the structure of AM fungal communities under the two different management systems. Associated ellipses represent 95% 
confidence intervals. Effects with p > 0.1 are not shown based on the adonis function.
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8  |    HEUCK et al.

have short lifespans (Primieri et al., 2022). However, the idea of C 
costs to the plant is challenged by work from Corrêa et al.  (2024) 
who demonstrated that C allocation to AM fungi had no impact on 
the MGR.

Additionally, plant–AM fungi interactions are species-specific (Li 
et al., 2019), meaning that the variation in crop species at our sam-
pling sites, none of which included sorghum (Table  S2), may have 
influenced the composition of AM fungal communities and, con-
sequently, plant responses. This is especially relevant since it was 
shown that plant identity can shape root AM fungal communities (Li 
et al., 2019).

Despite the common experimental limitations mentioned above, 
a lot of studies have demonstrated positive impacts of AM fungi on 
plant growth (Kaur et al., 2020; Thirkell et al., 2017; Watts-Williams 
et al., 2022). However, there are also many examples where AM fungi 
have resulted in a plant growth depression (Johnson et  al.,  1997; 

Klironomos, 2003; Ng et al., 2023), a trend also evident in our study. 
Ryan and Graham (2018) also argued that the benefits of AM fungi 
on crop yields have not been conclusively demonstrated, especially 
at the field scale, suggesting that the active management of AM 
fungi by farmers is currently unjustified. Our results support this 
statement, though they also provide evidence that organic manage-
ment systems exert less of a negative effect on sorghum growth and 
development compared to conventional systems. While additional 
(field) studies are certainly needed, our findings offer a step towards 
identifying management practices that reduce the prevalence of AM 
fungal taxa causing strong negative plant responses.

In an agricultural context, negative effects of the AM sym-
biosis on crop growth can be related to abiotic factors associated 
with intensive agricultural management that can influence mycor-
rhizal networks. In our study, conventional farming sites relied on 
tillage, and on the application of synthetic pesticides and fertilisers 

F I G U R E  4  Boxplots showing the distribution (centre horizontal line is the median, lower and upper sections are 25th and 75th 
percentiles, respectively, whiskers show the full range of the data, except for outliers which are shown as points) of (a) the total amount of 
biomass (g), (b) the photosynthesis rate ((μmol)CO2 m−2 s−1) measured using a LiCor 6400, (c) the total root AM fungal colonisation (%) of 
Sorghum bicolor plants under each management system after 9 weeks of growth. Points overlain on the boxplots represent the mean value 
and error bars represent the standard error of the mean. (d) Percentage of sorghum plants per management system that have reached the 
flowering stage (where flowering is the presence of one flower) after 9 weeks of growth. Effects with p > 0.1 are not shown based on linear 
mixed-effects models.
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    |  9HEUCK et al.

several times a year. The rate and type of fertiliser that is applied 
to a system can determine whether crops are likely to benefit from 
AM symbiosis or not (Johnson, 2010). In line with this, high fertilisa-
tion can reduce the plant's reliance on AM fungal symbiosis as the 
plant's nutrient requirements are met through fertilisation (Mäder 
et al., 2000). This could favour AM fungi, which offer fewer benefits 
for the plant, potentially explaining the reduction in total plant bio-
mass we observed in response to AM fungi, especially for those with 
AM fungi from conventional systems. In addition to fertiliser effects, 
synthetic pesticide use can also disrupt the functioning of mycorrhi-
zal networks in agroecosystems by disrupting key physiological pro-
cesses such as the uptake and transport of metabolites and nutrients 
resulting in a decreased abundance of AM fungi (Riedo et al., 2021). 
Although pesticides can have such negative outcomes, there is also 
evidence to suggest that the effects of pesticide use on AM fungi are 
not only negative but can also be neutral or even positive (Karpouzas 
et al., 2014). Lastly, the tillage regime can physically disrupt the hy-
phal network, which reduces hyphal survival and expansion (Bowles 
et al., 2017; Kabir, 2005). Consequently, intensive agricultural man-
agement techniques could select for AM fungal communities which 
are less diverse, reflected by lower alpha diversity values for conven-
tionally derived AM fungi in this study, and may be not specialised 
to offer plant growth benefits (Frew et al., 2023). However, different 
study results exist which highlights the need for more detailed and 
long-term studies (Vahter et al., 2024).

Although soil containing AM fungi had negative impacts, this 
was significantly less so for the fungal communities derived from 
organic compared to conventional systems. This difference in 
functional outcomes is associated with the differences observed 
in the phylogeny, diversity and composition of the AM fungi within 
plant roots. We found that roots of plants grown with soil from 
conventionally managed fields exhibited higher proportions of 
specific AM fungal families in some cases than those in the or-
ganic treatment. For instance, this was evident in the relative 
abundance of Claroideoglomeraceae. This particular group of AM 
fungi has been observed to colonise newly exposed substrates 
first (Nielsen et al., 2016) and has been identified as an indicator of 
disturbed habitats (Moora et al., 2014). This pattern held also true 
for Paraglomerales which was previously found in conventional 
systems (Harkes et al., 2019). At the genus level, the relative abun-
dance for Funneliformis increased, aligning with the findings of 
Schneider et al.  (2015), who observed higher Funneliformis abun-
dance in conventional fields. At the VT level, VTX00065, which 
belongs to Funneliformis, is, amongst others, an indicator VT for 
the conventional system. This result is supported by other studies 
showing that VT00065 is frequently found in agricultural contexts 
(Öpik et al., 2006; Peng et al., 2023).

In contrast, organically sourced AM fungi had higher taxo-
nomic diversity and harboured unique taxa. Taxa from the genera 
Diversispora were unique to organically derived communities, which 
was also partially true for taxa from the genera Archaeospora and 
Glomus. Despite the overall negative impacts of soil containing 
AM fungi, these unique taxa could be the driver of the observed 

benefits in sorghum biomass and development stage compared 
to plants which received soil inocula from conventional fields. 
While Liu et  al.  (2015) found that Diversisporaceae relative abun-
dance increased with fertilisation, a different study observed 
Diversisporaceae richness to increase in response to organic farm-
ing within a large experimental site, the Global Change Experimental 
Facility (Wahdan et  al., 2021). Members of Diversisporaceae have 
been previously described as efficient in resource use (Hart & 
Reader, 2002; Maherali & Klironomos, 2007) and characterised as 
edaphophilic, which would enable them to increase plant access 
to water and nutrients (Phillips et  al.,  2019; Weber et  al.,  2019). 
Members of the family Archaeosporaceae were found to be pres-
ent in organic but almost absent in conventional systems (Peltoniemi 
et al., 2021). We acknowledge that different study results exist, as 
a member of this family was also suggested to be an indicator for 
disturbed environments (Moora et  al.,  2014). This inconsistency 
clearly underpins the need for more studies to fully understand the 
factors that determine the distribution of AM fungi and how this re-
lated to their characteristics and functions. Lastly, we found Glomus 
spp. to be more associated with the organic system, which contra-
dicts results from other studies (Chen et al., 2022; Oehl et al., 2004; 
Verbruggen & Kiers, 2010). This might be due to the latest reclassifi-
cation within this group (Wijayawardene et al., 2022) and it remains 
to be seen whether this reclassification will impact future study 
outcomes.

Organic and conventional farming also shaped the phylogenetic 
diversity of AM fungi with AM fungi from organically managed 
fields leading to a slightly higher Faith's phylogenetic diversity. 
Thus, organic management techniques seem to select for AM 
fungi with a diverse set of evolutionary lineages which may enable 
them to offer functional benefits for the plant. In this context, Säle 
et al. (2021) found in their greenhouse study that especially more 
recently developed AM fungal families, such as Diversisporaceae 
(in our study unique to the organic system) and Glomeraceae (in 
our study with a higher mean relative abundance than the con-
ventional system), stimulate leek growth and nutrient uptake more 
than species from ancient families. The comparisons with other 
studies throughout our discussion show that the observed differ-
ences are global patterns rather than unique to Australia. Overall, 
we found support for our hypothesis (ii) and further hypothesise 
that within the context of this experiment, which used soil col-
lected from varied agricultural systems, a reduction or potential 
absence of specific AM fungal taxa in conventionally managed sys-
tems could negatively impact sorghum production. This indicates 
that certain AM fungi may play a functionally important role in 
supporting sorghum growth and development. However, this hy-
pothesis needs to be tested in field experiments, as our study was 
restricted to controlled glasshouse conditions.

In line with this, the differences between AM fungal com-
munities from organic and conventionally managed farms do not 
only manifest in their taxonomic diversity, as described above, but 
also in their functional diversity. However, potential effects from 
other soil biota have to be taken into account as well. In addition to 
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10  |    HEUCK et al.

biomass and nutritional benefits, plants with soil from organically 
managed fields had a higher photosynthesis rate and considerable 
benefits with respect to their development stage than plants with 
soil from conventionally managed fields, which aligns with our hy-
pothesis (iii). These functional benefits for the host plant suggest 
that, in our system, particular taxon groups such as Diversispora, 
Archaeospora and Glomus may hold importance for organic farm-
ing. Whether this remains true under field conditions, as well as 
different biotic and abiotic conditions, needs to be tested in fur-
ther studies.

Interestingly, higher Si and K concentrations were associated 
with the conventional system. K is known to play a key role in ac-
tivating enzymes and contributes to the detoxification of reactive 
oxygen species (ROS) (Sardans & Peñuelas, 2015; Wang et al., 2013), 
which is important under herbivore attacks as ROS signalling path-
ways are closely linked to hormone signalling pathways in plant–in-
sect interactions (Kerchev et al., 2012). In addition, Si accumulation 
in plants reduces herbivore performance directly and indirectly by 
reducing nutritional quality (Frew et al., 2019). The accumulation of 
Si can further be accelerated by AM fungi which absorb Si through 
their hyphae and spores (Etesami et al., 2022). Thus, while AM fungi 
from conventional systems might be less beneficial for plant growth 
or nutrient uptake, they may provide benefits with respect to plant 
defence (Barber et al., 2013; Frew et al., 2023), although we did not 
assess this here.

Furthermore, we found an effect of soil from organically man-
aged fields on plant flowering stage. A faster development of flow-
ers for plants with soil containing AM fungi was also observed by Liu 
et  al.  (2018). Interestingly, other studies have reported effects on 
various aspects of plant reproduction extending flowering time and 
have proposed related hypotheses (Bennett & Meek, 2020). In line 
with this, a recently published study shows a correlation between 
mycorrhizas and improved floral traits such as floral display size or 
pollinator visitation (Hyjazie & Sargent, 2024). Although we did not 
measure specific floral traits, the faster development of flowers for 
plants with soil from organic farms could support the assumption of 
a mycorrhizal role in plant–pollinator interactions, but this needs to 
be tested further.

Alongside differences in flowering, photosynthesis rates in 
plants with soil from organic farms were not lower than those in the 
‘No AM fungi’ treatment. However, photosynthesis rates were de-
pressed in plants with soil from conventional fields. Since the carbon 
source for AM fungi is the photosynthetically fixed carbon (Drigo 
et al., 2010) and AM fungi are known to have the ability to enhance 
photosynthesis rates (Chen et  al.,  2017), we speculate that within 
the conventional treatment, the effectiveness of the AM symbiosis 
was limited, reflected by low photosynthesis rates. Further, because 
AM fungi present in the conventional treatment were not particu-
larly beneficial in respect of photosynthesis, plants did not associ-
ate with them as extensively, reflected by lower colonisation rates. 
Conversely, an example of a functioning symbiosis with high photo-
synthesis rates and consequently more available carbon for the fungi 
could be reflected by the organic treatment.

Again, the selection for AM fungal communities offering more 
benefits to the plant could be mirrored by higher colonisation rates 
of AM fungi from organic systems. The assumption that plants may 
select for AM fungi with certain benefits was already stated in 
a previous paper (see Frew et  al.,  2023). Overall, it appears that 
in our study system, conventional farming selected against AM 
fungi that have more benefits for the host plant. Under organic 
farming, this effect is mitigated, but not fully eliminated. The pos-
itive functional outcomes for the plant may be due to the organic 
management-related taxa we have found, with some being unique 
to the organic system. However, less benefits observed for agricul-
tural AM fungal communities compared to the ‘No AM fungi’ treat-
ment are possibly driven by the fact that less beneficial taxa which 
thrive under agricultural practices are, in our study, still present 
in organic systems. This underpins the role agricultural manage-
ment can play in fostering the effectiveness of AM symbiosis (Rillig 
et al., 2019).

The application frequency of, especially, fertilisers varied in the 
examined organic and conventional management systems. However, 
certain aspects were consistent within each system that may have 
influenced the presence or absence of, in our case, beneficial AM 
fungi. Organic systems adhered strictly to regulations, using only 
organic fertilisers, while conventional systems relied on synthetic 
products. Additionally, organic farms utilised low-impact machin-
ery for tilling. Therefore, we speculate that tilling practices and the 
types of fertilisers used could significantly impact the AM fungal 
community (see also Edlinger et al., 2021; Säle et al., 2015; Thirkell 
et  al.,  2017) and support the proliferation of non-beneficial AM 
fungi (Kiers et al., 2002). Therefore, transitioning to certified organic 
products, reducing the use of heavy machinery, and applying fer-
tilisers less frequently may be essential for fostering beneficial AM 
fungi (Verbruggen et al., 2010). Lastly, under the conditions of our 
study, the presence of less beneficial fungi in organic systems may 
be from the irregular application of fertilisers, where some farms 
were applying organic fertilisers each time before planting. If crops 
with high turnover rates are planted, fertilisers would still be applied 
every couple of weeks, probably leading to competition and the 
proliferation of more aggressive strains (Johnson et al., 1992; Kiers 
et al., 2002). Thus, reducing fertiliser use could potentially decrease 
the prevalence of less beneficial fungi in organic systems. However, 
it needs to be highlighted that more studies including varying abiotic 
and biotic factors, different host plants and types of experimental 
designs (glasshouse study vs. field experiment) are necessary to ver-
ify the general assumptions made here.

5  |  CONCLUSIONS

As we begin to enhance our understanding of how agricultural prac-
tices influence AM fungal communities and their functional value 
for plant hosts, we still face challenges in terms of understanding 
which aspects of the AM fungal community structure best explain 
plant outcomes. Our study found that soil containing agricultural 
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    |  11HEUCK et al.

AM fungal communities have negative effects on plant biomass 
compared to the ‘No AM fungi’ treatment, which may be due to fac-
tors like plant life history, weeks of plant growth or type of experi-
mental design. However, this effect was stronger for soil inoculum 
from conventionally managed fields and less for soil inoculum from 
organically managed fields. AM fungal communities from organic 
systems were more diverse and consisted of potential key taxa, es-
pecially within the families Diversisporaceae, Archaeosporaceae and 
within the genus Glomus. In general, conventional agricultural prac-
tices tend to select against AM fungal communities that are, in our 
study system, more beneficial to host plants. In the organic systems 
studied, this trend is mitigated, likely because of the presence of 
specific key AM fungal taxa. Nevertheless, less beneficial AM fungal 
taxa still persist in the specific organic systems studied likely due 
to abiotic factors associated with agricultural management and the 
susceptibility of AM fungi to these factors. This persistence explains 
why the effect is not entirely eradicated.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1: Boxplots showing (a) the arbuscular mycorrhizal (AM) 
phosphorus response (MPR) and (b) AM growth response (MGR) 
(center horizontal line is the median, lower and upper sections are 
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25th and 75th percentiles, respectively, whiskers show the full 
range of the data, except for outliers which are shown as points) of 
Sorghum bicolor plants under each management system.
Figure S2: Boxplots showing the effects of the management systems 
on the (a) phylogenetic diversity (Faith's), (b) mean pairwise distance 
(standardised effect sizes), and (c) mean nearest taxon distance 
(standardised effect sizes) of arbuscular mycorrhizal (AM) fungl 
communities of Sorghum bicolor roots.
Figure S3: Neighbour-joining phylogenetic tree of arbuscular 
mycorrhizal (AM) fungal virtual taxa (VT) detected in roots across 
the different management types. Bootstrap support values are  
shown.
Table S1: Nutrient analysis of source soil/sand substrate including 
the live soil inoculum. Analysis by EAL Environmental Analysis 
Laboratory, Southern Cross University, NSW, Australia.
Table S2: Metadata per farm. Farms are anonymised.
Table S3: Average plant nutrient concentrations and ratios for plants 
grown either without or with AM fungi from conventional or organic 
managed fields including the standard deviation and p-values 
obained from a post-hoc test.

Table S4: Linear mixed-effects model results for the effects of the 
management system on plant total biomass, plant height, plant 
nutrient concentrations, photosynthesis rate, chlorophyll content 
(SPAD) and flowering stage.
Table  S5: List of virtual taxa (VT) of arbuscular mycorrhizal (AM) 
fungi showing total sequence abundance (after rarefaction) of each 
VT across treatments.
Table S6: Indicator virtual taxa (VT) of arbuscular mycorrhizal (AM) 
fungi in plants under either conventional or organic agricultural 
management.
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