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Letter

Critical research challenges facing
Mucoromycotina ‘fine root
endophytes’

Mucoromycotina ‘fine root endophytes’ form globally
widespread, nutritional mutualisms with plants

Mucoromycotina ‘fine root endophytes’ (MFRE), referred to
previously as Glomus tenue (Greenall) or more recently Planticon-
sortium tenue (Walker et al., 2018), are a globally distributed group
of soil fungi (Orchard et al., 2017a) that form endosymbioses with
plants from acrossmost of the land plant phylogeny (Hoysted et al.,
2018, 2019; Rimington et al., 2019). Despite much progress
having been made in characterizing plant–MFRE symbioses in the
last decade, significant challenges remain. Here, we mark out these
challenges and discuss future directions for promoting research in
this rapidly developing field.

MFRE, within Endogonales (Mucoromycotina, Mucoromy-
cota), are recognized as phylogenetically (Bidartondo et al., 2011;
Spatafora et al., 2016; Orchard et al., 2017b) and functionally
(Field et al., 2015, 2019; Hoysted et al., 2019) distinct from the
more commonly studied arbuscular mycorrhizal fungi (AMF),
which belong to the Glomeromycotina (or Glomeromycota)
(Spatafora et al., 2016). Research using isotope tracers has shown
thatMFRE exchange both phosphorus andnitrogen for plant-fixed
carbon when in association with liverworts (Field et al., 2015,
2016, 2019) and with the vascular plant Lycopodiella inundata
(Hoysted et al., 2019, 2021b), while a cryo-scanning electron
microscopy (SEM) and X-ray microanalysis study suggests MFRE
may play a role in phosphorus assimilation in Trifolium subterra-
neum (Albornoz et al., 2020). Where it has been measured, MFRE
have been shown to transfer a significant amount of nitrogen to
their host plant (Field et al., 2016, 2019; Hoysted et al., 2019,
2021a), suggesting that there may be a complementary role for
these fungal symbionts alongside AMF. In contrast to their well-
established role in plant phosphorus nutrition, the extent to which
AMF contribute directly to host plant nitrogen nutrition has been
subject to some debate (Smith & Smith, 2011; Hodge & Storer,
2015; Thirkell et al., 2016) which is now pertinent given the
widespread misidentification of fungal endosymbionts, including
MFRE, as AMF (Orchard et al., 2017a; Field et al., 2019). Ameta-
analysis of the literature on MFRE revealed that many past studies
have neglected to focus on MFRE due to difficulties in distin-
guishing between MFRE and AMF morphologies (Orchard et al.,
2017a), the challenge of isolatingMFRE, and the absence ofMFRE
from plant specimens as a result of degradation brought about by
sample storage conditions and duration (Orchard et al., 2017c). As
the importance of MFRE in plant nutrition is increasingly

recognized, further research into their form and function has
become critical for understanding of the flows of carbon and
nutrients through plant and soil communities. Such findings may
have potentially important implications for applications of myc-
orrhizal fungi in sustainable agriculture (Thirkell et al., 2017).

The choice of plant host for MFRE in experiments represents a
critical consideration for researchers, particularly given that
relatively little is known about compatibility and variability in
function of MFRE symbionts across plant clades. To date, the
majority of experiments have been conducted using a relatively
limited range of plant hosts, focusing on species where MFRE but
not AMF have been detected molecularly across multiple wild
populations (e.g. Lycopodiella inundata and some Haplomitriop-
sida liverwort species), or those which are readily colonized by
MFRE in soil-based inocula (e.g. Trifolium spp.). The breadth of
host range for MFRE symbionts, inclusive of compatibility,
structure and function of plant–MFRE associations, warrants
further investigation (Sinanaj et al., 2020). Experiments involving
the use of plants, particularly those where genomes are available,
that might be considered as models for symbiosis research (e.g.
Medicago, Lotus) would be especially valuable in unpicking the
molecular and physiological mechanisms underpinning the sym-
biosis.

Using light microscopy, MFRE are generally recognizable by
their fine hyphae (< 1.5 µm diameter) with small intercalary and
terminal swellings and ‘fan-like’ branching structures (Thippa-
yarugs et al., 1999). These contrast with the relatively coarse hyphae
(> 3 µm diameter) of AMF (or ‘coarse root endophytes’) (Field &
Pressel, 2018). Arbuscules (highly branched intracellular fungal
structures) are characteristic of plant–AMF symbioses; however,
their occurrence and appearance in MFRE symbioses across host
plants and even plant lifecycles (Hoysted et al., 2021a), is variable
(Orchard et al., 2017b; Hoysted et al., 2019). Morphological
plasticity has also been noted in transmission and scanning electron
micrographs of the ultrastructure of symbioses in plants where only
MFRE were detected (Field et al., 2015; Hoysted et al., 2019),
making it challenging to distinguish them in planta in co-
colonizations with AMF (Field et al., 2016). In contrast with the
generally very well-characterized AMF spores, those of MFRE are
poorly documented. Brief descriptions of their appearance and size
occur but are unaccompanied by images (Hall, 1977; McGee,
1987); in fact, only a single unvalidated image of an Endogonales
MFRE spore has been published to date (Orchard et al., 2017a).

The prevailing symbiotic scenario among mycorrhiza-forming
vascular plants is colonization by multiple fungal symbionts
(Hoysted et al., 2019;Teste et al., 2020).Over the years, techniques
for the detection and characterization of mycorrhizal fungi have
been refined, including molecular detection methods using fungal-
specific primers that target marker genes (White et al., 1990), the
MaarjAM curated database dedicated to AMF sequences (€Opik
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et al., 2010), and inoculation methods using either axenic fungal
cultures (Mugnier &Mosse, 1987) or fungal spores extracted from
soil (Gerdemann & Nicolson, 1963) to generate plants colonized
exclusively by specific species ofmycorrhizal fungi. This approach is
particularly challenging for MFRE, as their spores are poorly
characterized and difficult to isolate, and available fungal isolates
are few (Field et al., 2015). This represents perhaps the most
pressing obstacle toMFRE research progress, highlighting the need
for MFRE–plant experimental systems that allow researchers
greater control over biotic and abiotic factors that may influence
form and function of MFRE symbioses. Here, we discuss the three
state-of-the-art approaches currently available to investigate these
associations, including use of soil sieving, wild plants and axenic
fungal isolates, together with the caveats that should be considered
where each method is employed.

Soil sieving

Inoculum production through soil sieving (Gerdemann & Nicol-
son, 1963; An et al., 1990; Orchard et al., 2017b) is currently the
only published technique for colonizing experimental vascular
plants with MFRE, while excluding the other arbuscule-forming
symbionts, AMF (Albornoz et al., 2020). This method, based on
the observation that AMF spores appear to be much larger than
those produced by MFRE, involves wet-sieving soil collected from
a site known to contain MFRE to obtain the material that
accumulates between sieves of pore sizes 200 µmand50 µm.This is
then dried and used as a soil inoculum enriched in MFRE. The
inoculum is mixed with autoclaved sand or soil at a ratio of 1 : 81
(Orchard et al., 2017b) or 1 : 162 (Albornoz et al., 2020) to
produce a substrate for plant growth (Fig. 1). There are several
factors with this method that require consideration (Table 1). The
diameters of AMF spores typically range from 91 µm to > 300 µm
(Gerdemann & Nicolson, 1963) but can be smaller (see supple-
mentary material of Aguilar-Trigueros et al., 2019). As such, AMF
spores and other propagules such as hyphal fragments (Bingle &
Paul, 1986) cannot be consistently excluded from inocula
produced using the sieve sizes specified earlier, which generate
inoculum containing spores and/or hyphae ≥50 µm and up to
200 µm. MFRE spore diameters are reported to range from 10 to
12 µm (Hall, 1977) or 25 to 35 µm (McGee, 1987) and thus could
pass through a 50 µm sieve. As a result of this uncertainty and the
ambiguity in descriptions of MFRE spore morphologies, it is
difficult to determine the quality of a soil inoculum immediately
after it is produced.Checks on inoculumquality and/or viability for
monoxenic AMF cultures or AMF spores extracted from soil
involve the microscopic quantification of spore density and
morphological confirmation of spore identities (Daniels & Skip-
per, 1982). This is currently not possible forMFRE inocula and is a
limitation across methodologies for obtaining MFRE-colonized
plants (Table 1). The quality of an MFRE-enriched soil inoculum
only becomes apparent when it is used in a substrate to grow plants.

Dilution of soil-based inocula aims to ensure a plant will ‘more
likely encounter a single unit of inoculum and contain a single
fungus’ (Orchard et al., 2017b).While thismay be the case, the unit
of inoculum that colonizes the plant is determined largely by chance

and can equally be MFRE or AMF if the growth substrate retains
AMF propagules c. 50–200 µm. As such, this inoculation strategy
may not be effective at exposing plants to similar amounts of fungal
propagules and generating roots with consistent MFRE coloniza-
tion, which can be a limitation to ensuring replicable experimental
conditions. An improvement to this method, as used in Albornoz
et al. (2020), is to first use the soil inoculum to produce an MFRE
pot culture. Plants are grown in pots containing diluted soil
inoculum, after which the substrate within pots containing the
highest amount of MFRE and lowest amount of AMF is sieved
again to produce soil inoculum to grow more plants. This process
encourages the proliferation of MFRE hyphal networks in the
substrate and can be repeated until plants grown in the sieved
substrate are consistently colonized by MFRE. This process can be
labour intensive and time consuming, especially when propagating
a pot culture to produce enough material for an experiment with a
large number of replicate plants.

Appropriate quality control measures are necessary when
using any soil-based inoculation method, regardless of whether
the resultant soil inoculum comes directly from wild soil or
from a sieved soil pot culture. AMF contamination, which is
the biggest issue of this method, should be monitored through
molecular and morphological identification of fungi in plants
and their substrate. As with other methodologies for obtaining
MFRE-colonized plants, the more quality control checks that
are carried out, the more accurate the data on the fungal
symbionts present. Entire root systems, which inevitably have
patchy colonization regardless of inoculation method, cannot be
simultaneously analysed molecularly if other informative but
destructive techniques, e.g. root clearing and staining for
microscopy, are used. This means symbionts may go undetected
molecularly due to the limited amount of root material used for
sequencing. However, co-colonizations can go undiagnosed due
to the morphological plasticity of AMF and MFRE (Field et al.,
2016). As such, it is critical that enough plant material is
available to adequately sample (multiple plants, multiple pots,
multiple time points) for these checks when using soil
inoculation methods.

We tested the effectiveness of soil sieving protocols for growing
vascular plants predominantly or exclusively colonized byMFRE in
four experiments using long-term pasture soil (Supporting Infor-
mation Fig. S1; seeMethods S1). In Experiment 1, we followed the
methods of Albornoz et al. (2020) and grewTrifolium repens in pots
containing sieved soil inoculum combined with either autoclaved
soil or autoclaved sand. In Experiment 2, we grew Medicago
truncatula using the methods of Orchard et al. (2017b). Given the
necessary considerations outlined earlier, in both of these exper-
iments we used smaller sieve sizes than those published. To refine
the protocols further and increase the chance of MFRE coloniza-
tion, we explored the effect of growing M. truncatula in substrate
containing colonized root fragments taken from Experiment 2,
with or without sieved soil inoculum (Experiment 3). In Exper-
iment 4, we grew Trifolium repens in substrate containing root
fragments and sieved soil inoculum. We hypothesized that
supplementing the growth substrate with root fragments (derived
from plants grown in MFRE-enriched substrate), in addition to
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sieved soil inoculum, would increase colonization of plant roots by
MFRE through exposure to more MFRE propagules and hyphal
networks.

At the harvest stage of each experiment, plant roots were stained
with acidified ink to quantify fungal colonization (Vierheilig et al.,
1998) and hyphal extractions with Trypan blue staining were
carried out on substrate from each pot (Brundrett et al., 1994). In
Experiment 1, we found no evidence of fungal colonization in plant
roots, while soil hyphal extractions revealed that six pots out of a
total of 35 contained few AMF-like hyphal fragments (Fig. S2). As
no MFRE were detected in the substrate of any pots, we were not
able to generate any inoculum to grow a second generation of plants
to recreate the second stage of the methods of Albornoz et al.
(2020). In Experiment 2, root staining revealed colonization with

MFRE and AMF in one pot; colonization with only MFRE in two
pots; and no fungal colonization in one pot (Table S1). Values for
the percentage total root length (%TRL) colonized by MFRE
varied, ranging between 1.4% and 92.9% (Fig. 2a). This wide
range for MFRE was similar to results reported in Orchard et al.
(2017b) where %TRL colonization ranged between c. 18% and
c. 77% between pots (n = 3). Using molecular methods (see
Methods S1 for details), we detected MFRE in root samples from
all four pots using the Endogonales-specific primers EndAD1f and
EndAD2r (Desir�o et al., 2013). The inclusion of root fragments in
the substrates of Experiments 3 and 4 resulted in plant roots with
variable levels of MFRE colonization, and increased AMF
colonization within roots and in the substrate (Figs 2a–d, S3).
Our data confirmmethods using soil inoculum obtained fromwild

Fig. 1 Current methods used for obtaining plants colonized by Mucoromycotina fine root endophytes (MFRE). (a) Soil is sieved to remove rocks and plant
material and then wet-sieved through a couple of sieves to obtain a soil inoculum enriched in MFRE. This is dried in an oven and mixed with soil or sand to
produce a substrate for plant growth. (b) Plants are carefully dug up from a site where MFRE are present and transferred into a pot filled with autoclaved
substrate and experimental features such as plastic coreswithmesh-coveredwindows accessible to fungal hyphae,which can be filledwith isotope tracers and
rotated to conduct functional experiments. (c) Treubia lacunosa is cut up to obtain a segment of the thallus midrib that is colonized byMFRE. The segment is
placedonto sterilemedia to allowMFREhyphae togrowout andbe isolatedonto freshmediawhere they canproliferate andbeused in experimentswith plants
grown under sterile conditions, or as a blended pure culture mixed with soil for pot-based experiments.

� 2021 The Authors

New Phytologist� 2021 New Phytologist Foundation

New Phytologist (2021)
www.newphytologist.com

New
Phytologist Letter Forum 3



soils are prone to result in inconsistent colonization of plant roots
by MFRE fungi.

Experiments with wild-collected plants

Plants colonized byMFRE have been sourced from the wild for use
in several experiments examining the nutritional significance of
MFRE symbioses (Fig. 1) (Field et al., 2015, 2016, 2019; Hoysted
et al., 2019). To do this, a field site is identified where MFRE are
prevalent by collecting environmental samples, including plant
roots, and identifying the fungal symbionts using staining and
molecular methods. Following this, whole plants are carefully
removed from the site and transferred into pots containing
autoclaved substrate. Although the use of wild plants allows
glasshouse experiments to be more representative of natural
habitats, there are critical biological considerations that must not
be overlooked in such experiments (Table 1).

The soil adhering to the roots of wild plants contains microbial
communities that are transferred to the pots, adding a further level
of complexity to the experimental system. Rhizosphere bacteria are

known to associate with mycorrhizal fungi (Garbaye, 1994;
Bonfante et al., 2019); however, the extent of bacterial impacts
on fungal fitness and function under different environmental
conditions is largely unknown, particularly for MFRE. For
researchers wishing to disentangle the effects that MFRE have on
plants from those of rhizobacteria, the use of wild-collected plants
presents difficulties that can only be mitigated with complex and
sometimes expensive experimental features. Custom-made plastic
cores with mesh-covered windows accessible to fungal hyphae but
not plant roots (Johnson et al., 2001), can be buried within the
substrate of pots to account for microbial nutrient cycling (Fig. 1)
(Field et al., 2015). Comparisons between the same plant species
obtained from different field sites should be drawn with caution, as
variations in microbial community, including MFRE diversity,
between sites could lead to ambiguity in results. This is also
applicable when comparing data from independent experiments on
wild plants colonized by different fungal symbionts, e.g. MFRE
and AMF may host distinct microbiomes. The types of research
questions that wild-collected plants would be suitable for address-
ing include those exploring the function, recruitment and compe-
tition of MFRE in an ecological context where various other biota
may be present.

Although staining and molecular identification of fungal
symbionts in roots must be carried out as a quality control when
selecting sites to source wild plants from and at the end of
experiments whenwild plants are harvested, this does not guarantee
a complete picture of fungal colonization or the absence of AMF.
Some stained fungal structures may be only remnant cell walls,
lacking cytoplasm and functional capabilities. Patchy fungal
colonization is a limitation when DNA sequencing fungi from
small segments of root, as primers can fail to detect fungi due to
their spatial distribution. The specificity of primers to certain clades
of fungi is also an issue (Bidartondo et al., 2011), which can be
overcome by using a selection of primer sets to capture fungal
diversity. Despite these measures, there is always a chance that
fungal symbionts may go undetected, which also brings into
questionwhether plant species, populations or individuals can truly
form exclusive MFRE, or AMF, associations in nature. Currently,
candidate MFRE-specialist plants include several Haplomitriop-
sida liverwort species (Field et al., 2015; Rimington et al., 2020)
and the lycophyte Lycopodiella inundata (Rimington et al., 2015;
Hoysted et al., 2019) where, so far, AMF have never been detected
across repeated sampling from multiple, geographically separated
populations at various timepoints across a number of years. A single
report of rare AMF occurrence in Haplomitrium mnioides mainly
colonized byMFRE (Yamamoto et al., 2019) was based on limited
molecular evidence and without anatomical details and thus
requires further investigation (Rimington et al., 2020).

Production of fungal inocula through axenic culture

The gold standard for the production of fungal inocula is isolation
and axenic culture of symbiotic fungi, which result in propagules of
the desired fungus without contamination with other fungi or
bacteria. It is now critical that a rich collection of MFRE isolates,
potentially within existing AMF collections, is established,

Table 1 Key challenges of the three approaches currently available for
obtaining Mucoromycotina fine root endophytes (MFRE)-colonized plants.

Method Essential considerations

Soil sieving � Sieve sizes mean arbuscular mycorrhizal fungi (AMF)
propagules cannot be consistently excluded.

� Soil microbial communities are present in the soil
inocula.

� Composition of soil inocula may be incompatible with
the plant species chosen for pot experiments.

� Different starting soils result in different qualities of
inocula, making it difficult to draw comparisons
between independent experiments.

� Plants grown in soil inocula may have patchy colo-
nization, which means fungal symbionts, including
MFRE, may go undetected.

� Time-consuming.

Wild-collected
plants

� AMF propagules are not excluded from substrate.
� Only few candidate MFRE specialist plant species are

known.
� Soil microbial communities are present in the soil

inocula.
� Plants collected fromdifferent siteshavedifferent root–

microbe associations, making it difficult to draw com-
parisons between independent experiments.

� Patchy root colonization means fungal symbionts,
including MFRE, may go undetected.

� Ethical considerations when collecting plants (e.g.
protected status of species or sites).

Axenic culture � Microbial communities thatoccuralongside fungi in soil
are absent, thus, little ecological insight.

� Only a single axenicMFRE culture has been established
to date.

� Viability of cultures can change over time.
� No available checks for quality/viability of MFRE

cultures.
� Fungi may evolve phenotypes in culture, which may

influence their ability to colonize plant roots.
� Time-consuming and costly to establish.
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inclusive of fungi isolated from the breadth of MFRE plant hosts,
across environmental and geographic gradients to truly capture the
diversity of symbiotic MFRE fungi. Existing techniques for
isolation of MFRE currently remain underdeveloped and require
dedicated efforts in developing new protocols and media for their
effective isolation and growth.

The first successful axenic culture of MFRE was established and
reported in Field et al. (2015) where surface-sterilized segments of
colonized thallus from the liverwort Treubia lacunosa were placed
onto sterile fungal media to allow MFRE hyphae to grow out and
establish in the media. The cultured fungus was then introduced to
and recolonized the axis of another liverwort (Haplomitrium
gibbsiae) in vitro. These MFRE grew in sterile media without a
plant host before introduction to H. gibbsiae (Field et al., 2015),
suggesting they may have facultative saprotrophic capabilities in
nature. This trait could give researchers the opportunity, so far
unavailable for AMF, to perform in vitro experiments to address
fundamental questions regarding the function and development of
MFRE in isolation; for example, the range of nutrient sources that
MFRE are able to access independently and substances such as
fungal exudates and enzymes that may be specific to this group.
Alternatively, blended pure MFRE cultures could be used as
inoculum in pot-based experiments (Fig. 1), but this method
remains untested.

As with other methods, care should be taken when interpreting
data from experiments using fungal isolates (Table 1). Pure cultures
of MFRE do not contain the microbial communities that occur
alongside fungi in soil.While this allows determination of the direct
impact ofMFRE on plant hosts, it may not reflect their true role in

natural ecosystems. A full understanding of the diversity of MFRE
is needed to ensure that the isolated strains are representative and
compatible with the chosen experimental plants. The vitality of
cultures is also an important aspect that should be taken into
account, as propagule production and the viability of cultures can
change over time. For example, it has been suggested that
mycorrhiza-forming fungi may evolve particular phenotypes and
adaptations as a result of the growth conditions that they are
exposed to while in culture, which may influence their ability to
colonize plant roots (Rillig et al., 2020).

Future directions

The three experimental methods discussed here have each provided
important insights into the form and function of plant–MFRE
associations and will continue to do so, particularly if used in
combination to determine the direct contributions ofMFRE fungi
to plants alongside those from interacting rhizosphere microbes.
Soil sieving methods have the potential to expand the selection of
plant species we are able to study MFRE in, albeit with variable
colonization success. Wild-collected plants offer more consistent
fungal colonization and are a valuable window into the significance
of MFRE-associations in their natural habitat but do not resolve
issues with AMF co-colonization in most vascular plants. Fungal
isolation and axenic culture techniques will allow the function of
plant–MFRE associations to be determined directly in a controlled
environment free of additional biota. Although this system may
constrain ecological insights, it is likely to be the only feasible
avenue bywhichwemay study the fundamental biology ofMFRE–

(a)

(c) (d)

(b)

Fig. 2 Fungal colonization in plant roots
inoculated with Mucoromycotina fine root
endophytes (MFRE) using sieved soil
protocols. (a) Percentage total root length (%
TRL) colonized by MFRE and arbuscular
mycorrhizal fungi (AMF) inMedicago

truncatula grown in three different substrates
(Experiments 2 and 3; n = 4 and n = 5,
respectively). Error bars showstandarderror of
the mean. (b) %TRL colonized by MFRE and
AMF in Trifolium repens grown in sieved soil
inoculum and root fragments (Experiment 4;
n = 6). Error bars show standard error of the
mean. Light micrographs of ink stained fungal
structures in (c) the roots and (d) substrate of
Trifolium repens harvested from Experiment
4. Bars, 50 µm.
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plant symbioses (e.g. signalling and development). Developing the
appropriate tools, including a suite of MFRE isolates from a wide
variety of plants, is essential for the future development of the field.

Acknowledgements

The authors gratefully acknowledge support from the Natural
Environment Research Council (NERC) to KJF, SP (NE/
N00941X/1; NE/S009663/1) and MIB (NE/N009665/1) and
the European Research Council (MYCOREV - 865225). KJF and
BS are funded by a Philip Leverhulme Prize (PLP-2017-079). The
authors are grateful to the Editor and to the anonymous reviewers
for their constructive comments on the article.

Author contributions

KJF, SP, MIB, GAH and BS conceived and designed the
investigation. BS and GAH undertook the experiments and
analysed the results. BS led the writing; all authors discussed results
and commented on the manuscript. KJF agrees to serve as the
author responsible for contact and ensure communication.

ORCID

Martin I. Bidartondo https://orcid.org/0000-0003-3172-3036
Katie J. Field https://orcid.org/0000-0002-5196-2360
Grace A. Hoysted https://orcid.org/0000-0002-3469-2549
Silvia Pressel https://orcid.org/0000-0001-9652-6338
Besiana Sinanaj https://orcid.org/0000-0002-7124-7698

Besiana Sinanaj1 , Grace A. Hoysted2 , Silvia Pressel3 ,
Martin I. Bidartondo4,5 and Katie J. Field6*

1School of Biology, Faculty of Biological Sciences, University of
Leeds, Leeds, LS2 9JT, UK;

2Botany and Plant Science, School of Natural Sciences, National
University of Ireland, Galway, H91 TK33, Ireland;

3Department of Life Sciences, Natural History Museum, London,
SW7 5BD, UK;

4Comparative Plant and Fungal Biology, Royal Botanic Gardens,
Kew, Richmond, TW9 3DS, UK;

5Department of Life Sciences, Imperial College London, London,
SW7 2AZ, UK;

6Department ofAnimal andPlant Sciences,University of Sheffield,
Sheffield, S10 2TN, UK

(*Author for correspondence: email k.j.field@sheffield.ac.uk)

References

Aguilar-Trigueros CA, Hempel S, Powell JR, Cornwell WK, Rillig MC. 2019.

Bridging reproductive and microbial ecology: a case study in arbuscular

mycorrhizal fungi. ISME Journal 13: 873–884.
Albornoz FE, Hayes PE, Orchard S, Clode PL, Nazeri N, Standish RJ, Dickie IA,

Bending GD, Hilton S, Ryan MH. 2020. First cryo-scanning electron

microscopy images and X-ray microanalyses of mucoromycotinian fine root

endophytes in vascular plants. Frontiers in Microbiology 11: 2018.

An ZQ, Hendrix JW, Hershman DE, Henson GT. 1990. Evaluation of the

“most probable number” (MPN) and wet-sieving methods for determining

soil-borne populations of endogonaceous mycorrhizal fungi. Mycologia 82:

576–581.

Bidartondo MI, Read DJ, Trappe JM, Merckx V, Ligrone R, Duckett JG. 2011.

The dawn of symbiosis between plants and fungi. Biology Letters 7: 574–577.
Bingle WH, Paul EA. 1986. A method for separating fungal hyphae from soil.

Canadian Journal of Microbiology 32: 62–66.
Bonfante P, Venice F, Lanfranco L. 2019. The mycobiota: fungi take their place

between plants and bacteria. Current Opinion in Microbiology 49: 18–25.
Brundrett MC, Melville L, Peterson RL. 1994. Practical methods in mycorrhizal
research. Waterloo, ON, Canada: Mycologue Publications.

Daniels BA, Skipper HD. 1982.Methods for the recovery and quantitative

estimation of propagules from soil. In: Schenck NC, ed.Methods and principles of
mycorrhizal research. St Paul, MN, USA: American Phytopathological Society,

29–35.

Desir�o A, Duckett JG, Pressel S, Villarreal JC, Bidartondo MI. 2013. Fungal

symbioses in hornworts: a chequered history. Proceedings of the Royal Society B:
Biological Sciences 280: 20130207.

Field KJ, Bidartondo MI, Rimington WR, Hoysted GA, Beerling D, Cameron

DD, Duckett JG, Leake JR, Pressel S. 2019. Functional complementarity of

ancient plant–fungal mutualisms: contrasting nitrogen, phosphorus and carbon

exchanges betweenMucoromycotina andGlomeromycotina fungal symbionts of

liverworts. New Phytologist 223: 908–921.
Field KJ, Pressel S. 2018.Unity in diversity: structural and functional insights into

the ancient partnerships between plants and fungi. New Phytologist 220: 996–
1011.

Field KJ, Rimington WR, Bidartondo MI, Allinson KE, Beerling DJ, Cameron

DD,Duckett JG, Leake JR, Pressel S. 2015.First evidence ofmutualismbetween

ancient plant lineages (Haplomitriopsida liverworts) andMucoromycotina fungi

and its response to simulated Palaeozoic changes in atmospheric CO2. New
Phytologist 205: 743–756.

Field KJ, Rimington WR, Bidartondo MI, Allinson KE, Beerling DJ, Cameron

DD, Duckett JG, Leake JR, Pressel S. 2016. Functional analysis of liverworts in

dual symbiosis with Glomeromycota and Mucoromycotina fungi under a

simulated Palaeozoic CO2 decline. ISME Journal 10: 1514–1526.
Garbaye J. 1994. Tansley review no. 76. Helper bacteria: a new dimension to the

mycorrhizal symbiosis. New Phytologist 128: 197–210.
Gerdemann JW, Nicolson TH. 1963. Spores of mycorrhizal Endogone species
extracted from soil by wet sieving and decanting. Transactions of the British
Mycological Society 46: 235–244.

Hall IR. 1977. Species and mycorrhizal infections of New Zealand Endogonaceae.

Transactions of the British Mycological Society 68: 341–356.
Hodge A, Storer K. 2015. Arbuscular mycorrhiza and nitrogen: implications for

individual plants through to ecosystems. Plant and Soil 386: 1–19.
Hoysted GA, Bidartondo MI, Duckett JG, Pressel S, Field KJ. 2021a. Phenology

and function in lycopod–Mucoromycotina symbiosis. New Phytologist 229:
2389–2394.

Hoysted GA, Jacob AS, Kowal J, Giesemann P, Bidartondo MI, Duckett JG,

Gebauer G, Rimington WR, Schornack S, Pressel S et al. 2019.

Mucoromycotina fine root endophyte fungi form nutritional mutualisms with

vascular plants. Plant Physiology 181: 565–577.
HoystedGA,Kowal J, JacobA, RimingtonWR,Duckett JG, Pressel S,Orchard S,

Ryan MH, Field KJ, Bidartondo MI. 2018. A mycorrhizal revolution. Current
Opinion in Plant Biology 44: 1–6.

Hoysted GA, Kowal J, Pressel S, Duckett JG, Bidartondo MI, Field KJ. 2021b.

Carbon for nutrient exchange between Lycopodiella inundata and
Mucoromycotina fine root endophytes is unresponsive to high atmospheric CO2.

Mycorrhiza 31: 431–440.
Johnson D, Leake JR, Read DJ. 2001. Novel in-growth core system enables

functional studies of grassland mycorrhizal mycelial networks. New Phytologist
152: 555–562.

McGee PA. 1987. Role of mycorrhizas in the regeneration of arid zone plants. PhD
thesis. Adelaide, SA, Australia: University of Adelaide.

Mugnier J, Mosse B. 1987. Vesicular arbuscular mycorrhizal infection in

transformed root induced T-DNA roots grown axenically. Phytopathology 77:
1045–1050.

New Phytologist (2021)
www.newphytologist.com

� 2021 The Authors

New Phytologist� 2021 New Phytologist Foundation

LetterForum

New
Phytologist6

https://orcid.org/0000-0003-3172-3036
https://orcid.org/0000-0003-3172-3036
https://orcid.org/0000-0003-3172-3036
https://orcid.org/0000-0002-5196-2360
https://orcid.org/0000-0002-5196-2360
https://orcid.org/0000-0002-5196-2360
https://orcid.org/0000-0002-3469-2549
https://orcid.org/0000-0002-3469-2549
https://orcid.org/0000-0002-3469-2549
https://orcid.org/0000-0001-9652-6338
https://orcid.org/0000-0001-9652-6338
https://orcid.org/0000-0001-9652-6338
https://orcid.org/0000-0002-7124-7698
https://orcid.org/0000-0002-7124-7698
https://orcid.org/0000-0002-7124-7698
https://orcid.org/0000-0002-7124-7698
https://orcid.org/0000-0002-7124-7698
https://orcid.org/0000-0002-7124-7698
https://orcid.org/0000-0002-3469-2549
https://orcid.org/0000-0002-3469-2549
https://orcid.org/0000-0002-3469-2549
https://orcid.org/0000-0001-9652-6338
https://orcid.org/0000-0001-9652-6338
https://orcid.org/0000-0001-9652-6338
https://orcid.org/0000-0003-3172-3036
https://orcid.org/0000-0003-3172-3036
https://orcid.org/0000-0003-3172-3036
https://orcid.org/0000-0002-5196-2360
https://orcid.org/0000-0002-5196-2360
https://orcid.org/0000-0002-5196-2360


€Opik M, Vanatoa A, Vanatoa E, Moora M, Davison J, Kalwij JM, Reier €U, Zobel

M. 2010. The online database MaarjAM reveals global and ecosystemic

distribution patterns in arbuscular mycorrhizal fungi (Glomeromycota). New
Phytologist 188: 223–241.

Orchard S, Hilton S, Bending GD, Dickie IA, Standish RJ, Gleeson DB, Jeffery

RP, Powell JR, Walker C, Bass D et al. 2017b. Fine endophytes (Glomus tenue)
are related to Mucoromycotina, not Glomeromycota.New Phytologist 213: 481–
486.

Orchard S, Standish RJ, Dickie IA, Renton M, Walker C, Moot D, Ryan MH.

2017a. Fine root endophytes under scrutiny: a review of the literature on

arbuscule-producing fungi recently suggested to belong to the Mucoromycotina.

Mycorrhiza 27: 619–638.
Orchard S, Standish RJ, Nicol D, Dickie IA, Ryan MH. 2017c. Sample storage

conditions alter colonisation structures of arbuscular mycorrhizal fungi and

particularly, fine root endophyte. Plant and Soil 412: 35–42.
Rillig MC, Aguilar-Trigueros CA, Anderson IC, Antonovics J, Ballhausen MB,

Bergmann J, Bielcik M, Chaudhary VB, Deveautour C, Gr€unfeld L et al. 2020.

Myristate and the ecology of AM fungi: significance, opportunities, applications

and challenges. New Phytologist 227: 1610–1614.
Rimington WR, Duckett JG, Field KJ, Bidartondo MI, Pressel S. 2020. The

distribution and evolution of fungal symbioses in ancient lineages of land plants.

Mycorrhiza 30: 23–49.
RimingtonWR,Pressel S,Duckett JG, BidartondoMI. 2015.Fungal associations of

basal vascular plants: reopening a closed book? New Phytologist 205: 1394–1398.
RimingtonWR, Pressel S, Duckett JG, Field KJ, BidartondoMI. 2019. Evolution

and networks in ancient and widespread symbioses between Mucoromycotina

and liverworts.Mycorrhiza 29: 551–565.
Sinanaj B, Bidartondo MI, Pressel S & Field KJ. 2020.Molecular evidence of

Mucoromycotina “fine root endophyte” fungi in agricultural crops. In: Presented
at the 1st International ElectronicConference on Plant Science, vol.1.MDPIBiology

and Life Sciences Forum, 15. [WWW document] URL https://sciforum.net/ma

nuscripts/8728/manuscript.pdf [accessed 6 September 2021].

Smith SE, Smith FA. 2011. Roles of arbuscular mycorrhizas in plant nutrition and

growth: new paradigms from cellular to ecosystem scales. Annual Review of Plant
Biology 62: 227–250.

Spatafora JW, Chang Y, Benny GL, Lazarus K, SmithME, BerbeeML, Bonito G,

Corradi N, Grigoriev I, Gryganskyi A et al. 2016. A phylum-level phylogenetic

classification of zygomycete fungi based on genome-scale data.Mycologia 108:
1028–1046.

Teste FP, Jones MD, Dickie IA. 2020.Dual-mycorrhizal plants: their ecology and

relevance. New Phytologist 225: 1835–1851.
Thippayarugs S, Bansal M, Abbott LK. 1999.Morphology and infectivity of fine

endophyte in a Mediterranean environment.Mycological Research 103: 1369–
1379.

Thirkell TJ, Cameron DD, Hodge A. 2016. Resolving the ‘nitrogen paradox’ of

arbuscular mycorrhizas: fertilization with organic matter brings considerable

benefits for plant nutrition and growth. Plant, Cell & Environment 39: 1683–
1690.

Thirkell TJ, Charters MD, Elliott AJ, Sait SM, Field KJ. 2017. Are mycorrhizal

fungi our sustainable saviours?Considerations for achieving food security. Journal
of Ecology 105: 921–929.

Vierheilig H, Coughlan AP, Wyss URS, Pich�e Y. 1998. Ink and vinegar, a simple

staining technique for arbuscular-mycorrhizal fungi. Applied and Environmental
Microbiology 64: 5004–5007.

Walker C, Gollotte A, Redecker D. 2018. A new genus, Planticonsortium
(Mucoromycotina), and new combination (P. tenue), for the fine root endophyte,
Glomus tenue (basionym Rhizophagus tenuis).Mycorrhiza 28: 213–219.

WhiteTJ, BrunsT, Lee S,Taylor JW. 1990.Amplification anddirect sequencing of

fungal ribosomal RNA genes for phylogenetics. In: Innis MA, Gelfand DH,

Sninsky JJ,White TJ, eds. PCR protocols: a guide to methods and applications. New

York, NY, USA: Academic Press, 315–322.

Yamamoto K, Shimamura M, Degawa Y, Yamada A. 2019. Dual colonization of

Mucoromycotina and Glomeromycotina fungi in the basal liverwort,

Haplomitrium mnioides (Haplomitriopsida). Journal of Plant Research 132: 777–
788.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1Methods used to carry out soil sieving Experiments 1–4.

Fig. S2 AMF-like coarse hyphal fragment observed in the soil-
based substrate of Experiment 1.

Fig. S3 Light micrographs of ink-stained roots of Trifolium spp.
from Experiment 4.

Methods S1 Full materials and methods for Experiments 1–4.

Table S1 Percentage total root length (%TRL) colonized by fungi
inMedicago truncatula from Experiment 2.

Please note: Wiley Blackwell are not responsible for the content or
functionality of any Supporting Information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

Key words: arbuscular mycorrhizal fungi (AMF), endogonales, glomeromycotina,

inoculum, mucoromycotina fine root endophytes (MFRE), soil sieving, Trifolium,
vascular plant.

Received, 25 June 2021; accepted, 11 August 2021.

� 2021 The Authors

New Phytologist� 2021 New Phytologist Foundation

New Phytologist (2021)
www.newphytologist.com

New
Phytologist Letter Forum 7

https://sciforum.net/manuscripts/8728/manuscript.pdf
https://sciforum.net/manuscripts/8728/manuscript.pdf

