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Mycorrhiza: “Mycorrhizal fungi are terrestrial fungi that colonise plant roots, forming
ecologically and agronomically important symbioses called mycorrhizae, which are among
the most common symbioses in nature.”1

Key Findings
•
•
•
•

More mycorrhizal fungi are present in domestic sedum than in wild sedum
Mycorrhizal fungi may be more common in plants from some UK regions than in others
Different species of sedum may vary in the amount of mycorrhizal fungi they support
DNA analysis of mycorrhizal species would be extremely valuable in future studies, to
understand why these differences in fungal abundance occur

Introduction
The value of sedum
Sedum, or stonecrops, are a popular garden plant. They are colourful but resistant to difficult
growing conditions such as dry soils. These drought-resistant properties have also made
them the most common species to be planted on green (vegetated) roofs, which are being
installed on flat roofs in most cities in the northern hemisphere. However, sedum in the UK
is a relatively rare wild plant and throughout the world little is known about the ecology of
this family.
The different habitats that sedum grow and are grown in make them an ideal plant to study
competitive interactions. In the wild sedum often grows in harsh environments, such as
mountainsides and coastal cliffs, either in isolation or in competition with other low-growing
hardy vegetation such as mosses. But in gardens and on green roofs environmental
conditions vary greatly and individuals are often planted in high densities, experiencing
competition with individual sedum plants, other garden species and ruderal plants. Studying
the ways that sedum cope with these varying environmental conditions and competitive
scenarios enables ecologists to understand these processes and apply this to plant ecology
more widely.
In addition to understanding ecological processes, sedum is also a species of economic
value. Understanding how to maximise their growth both in nurseries (for gardens) and on
green roofs will benefit sedum growers and gardeners.

Mycorrhizal fungi
Mycorrhizal fungi are fungi that live in the roots of plants. Almost all species of land plants
can form relationships with these fungi 2 and it has been widely thought that the relationship
between plants and mycorrhizae is a mutualist one; mycorrhizae supply key nutrients to
plants in exchange for sugars produced by the plant. However, it is becoming increasingly
evident that the relationship between plants and mycorrhizae is not always beneficial and
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can even be parasitic3. Whether the fungi is beneficial or parasitic can vary depending on the
species of fungi, the species of plant, the environmental conditions and even the mix of plant
species present in a single area4. It is possible that the relationship between the same plant
and same mycorrhizal fungi could even switch between these modes as conditions or
competition changes.
Understanding this relationship is important for two reasons. The first is commercial. Many
companies produce mycorrhizal fungi for the nursery and green roof industry to enable
better plant growth. But there is a lack of robust evidence about which species are most
beneficial and whether benefits will be long lasting. There is increasing evidence to suggest
that mycorrhiza is less needed by plants that are living in low competition, but challenging
environments, such as deserts5,6 and that these fungi are more useful for helping plants to
outcompete their neighbours (i.e. to plants that are in competitive environments). As sedum
are usually found in low competition environments, a key question is whether these fungi are
actually needed by the plant.
The second important reason to study this relationship is to enable industry to apply higher
levels of responsibility in their application of these fungi. In the 21st century, it is thought that
humans have become a key agent in moving these fungi around the world 7, because we
readily transport plants without considering that fungi are also present within the roots. This
means that as well as increasing the prevalence of sedum in cities, we may also be changing
the community of fungi that live in these areas and creating reservoirs of fungi that could
spill over into nearby habitats. This has the potential to change the way that plant
communities develop in ways that we do not fully understand.

This study
There are several inventories describing which species of plants form mycorrhizal
relationships. Sedum, however, have not been well studied within this field. Table 1 presents
a sample of the records within the academic literature and their findings. Overall, previous
research suggests that most sedum either does not form these relationships, or forms very
weak relationships However, research on green roofs tells quite a different story, with very
high proportions of mycorrhiza found in a variety of sedum species; Sedum acre is the only
species within these green roof studies that appears to be non-mycorrhizal.
The current study aims to find out which species in the UK form mycorrhizal relationships
and whether this differs in different areas of the UK, different habitats and whether different
sedum species vary in their relationships. An analysis of roots from sedum individuals grown
in wild environments was undertaken. This data was added to data collected by Scannell8 in
2017, who studied green roof, nursery and garden sedum plants; these samples are termed
as having been collected from “domestic” (as opposed to wild) sedum in this report.
This study will form the basis for a larger project on sedum/mycorrhiza interactions that
aims to explore the biogeography of mycorrhiza in sedum plants and seeks to develop new
ways to improve sedum plant growth for application in nurseries and on green roofs.
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Table 1. Percentage colonisation of sedum species by mycorrhiza’s in the literature. Bold entries
denote papers investigating sedum growing on green roofs.
Species
% colonisation by
Authority
mycorrhiza
S. acre
Absent
Harley & Harley, 19879; Lundholm & Kernaghan, 2014 10
<5%
Ernst et al., 198011
S. album
Absent
Harley & Harley, 19879
20-50%
Rumble et al., 201812
S. alfredii
20-50%
Hu et al., 2013a13; Hu et al., 2013b14
>50%
Hu et al., 2013b14
S. anglicum
Absent
Harley & Harley, 19879
S. dasyphyllum
Absent
Harley & Harley, 19879
S. forsterianum
Absent
Harley & Harley, 19879
S. kamtschatikum >50%
Rumble & Gange, 201315
S. lanceolatum
Absent
Cripps & Eddington, 200516
S. reflexum
Absent
Harley & Harley, 19879
10-20%
Rumble et al., 201812
S. rhodanthum
Absent
Cripps & Eddington, 200516
S. rosea
Present (no count)
Harley & Harley, 19879
S. sexangulare
Absent
Harley & Harley, 19879
S. spurium
Absent
Harley & Harley, 19879
10-20%
Rumble et al., 201812
>50%
Lundholm & Kernaghan, 201410; Rumble & Gange 201717
S. telephium
Absent
Harley & Harley, 19879
S. tenellum
Absent
Onipchenko & Zobel, 200018
S. villosum
Absent
Harley & Harley, 19879
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Key terms
This study talks about three key structures within a mycorrhiza:
Hyphae: This is the main body of the fungus and is seen throughout the roots either in coils
or in lines moving between and inside the plant root cells. The hyphae are the equivalent of
a plant’s stem, allowing the fungus to grow through plants and soil and transporting nutrients
between different areas of the fungus.
Vesicles: These are the storage areas of the fungus. They form within plant root cells and are
usually globular in shape.
Arbuscules: These are areas of nutrient exchange for the fungus and are densely branched
to give them a high surface area. As a result, they look like a small tree within a root cell.
They only have a lifespan of a few days, compared to hyphae and vesicles, which can live in
roots for many years.
For an in-depth resource on analysing mycorrhizas, see: https://mycorrhizas.info

Fig 1. Diagram of a magnified plant root. Brown structures are the boundaries
of plant root cells. Blue structures are mycorrhizae.
Adapted by the author from an original diagram by Ingrid Kottke, CC BY-SA 4.0.
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Results and Discussion
Detailed analysis of wild sedum
Thirty-one root samples were collected, comprising of six species: Sedum acre, S. album,
S. anglicum, S. rupestre, S. forsterianum, S. kamschaticum and S. bulbiferum. For all species,
at least one individual was colonised by fungal hyphae. Overall 0 to 51% of the root sections
analysed contained fungi. Twenty-one individuals contained more than 5% fungi. All species
except S. forsterianum contained vesicles and these were present in 1 to 20% of root
sections. Arbuscules were rare, only present in four individuals of S. anglicum, S. rupestre
and S. kamschaticum, with a prevalence between 1 and 4%.
There is a suggestion that some species may be more mycorrhizal than others (Fig 2a.), but
more data would be needed to verify this, because the range of colonisation varied so much
within each species. This meant that no significant statistical difference was present. There
were also no differences between the proportion of vesicles present (Fig 2b.), though again
there may have been an overall trend denoting that some species may have had more
vesicles than others. Some studies suggest that vesicle number can be an indicator of
mycorrhizal species19. The results suggest that if this is the case, one species of sedum could
form relationships with several different species of mycorrhiza, rather than the
plant/mycorrhiza relationship being highly specific.
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Fig 2. Average colonisation of mycorrhiza in different sedum species, counting (a) hyphae
and (b) vesicles. Error bars represent standard error of the mean. No error bars are
shown if only one individual of that category was sampled.
In terms of geographical regions, there was a suggestion that mycorrhizal colonisation was
highest in species collected from Snowdonia than on the Gower or in the Lake District
(Fig 3a.). However, again, this was not statistically significant due to high variability within
each dataset, so more data would need to be collected to understand geographical variability.
The pattern was more pronounced when analysing vesicles (Fig 3b.), but this was still not
statistically significant. There are a wide range of factors that could enable one geographical
area to be “more mycorrhizal” than others, including climate, plant diversity, density of
gardens and human footfall (humans can transport mycorrhizal spores on their shoes).
These factors could mean that different mycorrhizal species are more (or less) prevalent in
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some areas than others, or that the environment is generally better for mycorrhiza.
Identifying the mycorrhizal species living within these plants would enable us to investigate
this phenomenon more robustly.
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Fig 3. Average colonisation of mycorrhiza collected from different regions in the UK,
counting (a) hyphae and (b) vesicles. Error bars represent standard error of the mean.
There was very little evidence to suggest that mycorrhizal colonisation differs in wild
individuals of sedum depending on competition level (Fig 4.). Some authors suggest that
mycorrhiza has evolved to mediate competition between plants and that plants growing in
low competition environments may not, therefore, form functional associations with
mycorrhiza5. Evidence from the current study suggests this is not the case for sedum, which
harboured high levels of both hyphae and vesicles.
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Fig 4. Average colonisation of mycorrhiza collected from competitive and non-competitive
environments, counting (a) hyphae and (b) vesicles. Error bars represent standard error
of the mean.
There is currently a debate among mycorrhizal ecologists about what constitutes a
mycorrhizal relationship. Some authors20 argue that arbuscules are necessary for a
relationship to be functional, because these structures indicate an exchange of nutrients
between the plant and the fungus. Others 21 argue that this is an oversimplification of the
evidence, with emerging evidence that other structures of the mycorrhiza (such as the
hyphae) are able to transfer nutrients as well22. In the current study and in previous studies
by the author, arbuscules have been found in very low numbers in sedum. Future studies
should examine sedum at different life stages to determine if fungi in younger plants have
more arbuscules, which could be the case given their short lifespan23.
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Analysis by habitat
Twenty-eight samples, collected by Scannell8 were added to the wild samples, totalling
59 samples overall. This included 32 wild specimens and 27 domestic samples: Seven
collected from green roofs, six collected from gardens and 14 collected from garden centres
and nurseries. There were statistically significant differences in mycorrhizal colonisation
levels between the different habitats, with wild sedum harbouring less mycorrhiza than the
other three habitatsa. The range of colonisation in domestic samples was between
10 and 80%.
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Fig 5. Average colonisation of mycorrhiza by counting hyphae between samples from
different habitats. Error bars represent standard error of the mean. Stars denote
statistically significant results.
In Rumble & Gange (2013) 15 we remarked on the high levels of mycorrhizal colonisation in
green roof sedum when compared with literature records, with the few records that exist
about sedum suggesting very low or no colonisation. As investigating mycorrhizal
colonisation was not the primary aim of Rumble & Gange (2013)15, we did not know if this was
a recurring pattern. The current finding confirms that a range of sedum harbour fungi within
their roots and that there is an apparent split between wild and domestic individuals. This
finding is intriguing and significant, justifying further research that could be both applicable
and gain significant insight into mycorrhizal ecology and biogeography.
The first question is why this pattern occurs. Is biogeography a key driver? For example, is
the high prevalence of mycorrhiza in domestic samples due to plants being grown in high
population densities, where sources of inocula are greater? Or is the species of mycorrhiza
in domestic species different to wild species and, perhaps, better at colonisation? These
questions have key implications for landscape ecology, because if we routinely plant sedum
a

Χ2(3) = 34.02, p < 0.001. Mean rank scores were 18.28 for wild plants, 45.64 for roof plants, 40.36 for nursery
plants and 50.08 for garden plants.
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in high volumes in cities, which is likely with higher adoption of green roofs, we could alter
the ecology of nearby habitats by producing successful source populations, or reservoirs.
Whether this would be a positive or negative change is unknown but should not be
overlooked.
This is a key question for the mycorrhizal inoculum industry: is the relationship between
sedum and mycorrhiza positive, neutral or negative, and does this vary between domestic
and wild individuals? Positive plant growth is a key driver for the development of inocula, but
this should not be at the cost of local ecology. Thus, development of new inocula needs to go
hand in hand with an understanding of the impact different mycorrhizal species have on plant
growth within the wider environment.

Conclusions and next steps
The confirmation that domestic sedum is more highly colonised by mycorrhiza than wild
species is a key finding that justifies future research, both to enable a better understanding
of ecological processes as well as to aid industry in developing better inoculants for sedum
growers. It has not been possible, with a small sample size, to elucidate why this pattern
occurs, but the project is a successful proof of concept for this type of study. Data collected
will be used to justify a larger version of this project, which aims not only to quantify
mycorrhizal colonisation between species, habitats and geographical areas, but will also
identify mycorrhizal species using DNA analysis. It also aims to determine the nature of the
relationship between these organisms, to determine if the relationship is positive, negative
or neutral, enabling a better understanding of mycorrhizal colonisation in sedum as well as
in other plants.
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Appendix 1: Study Methods
Study Locations
After preliminary analysis of soil acidity in the UK, as well as discussion with ecologists responsible
for plant records in several UK national parks, three areas were chosen for this study: Snowdonia, the
Gower Peninsula and the Lake District. Records of locations of sedum spp. were obtained from the
Botanical Society of Britain and Ireland, with additional records for Snowdonia obtained from Cofnod.
Lists of potential individuals for sampling were obtained based on accessibility of the site, the age of
the record and the specific species of sedum, with lists of primary and backup individuals identified.
Forty-three percent of the records verified in Snowdonia contained the target species and 28% each
for the Gower and Lake District. In the Gower, sedum was extremely abundant, so this did not greatly
impact fieldwork. In the Lake District the low number of accurate records meant that two trips were
necessary. Overall 53 records were investigated and 17 were present and sampled. An additional 26
plants were sampled that were in neither of the databases, totalling 43 sampled individuals for the
project. Snowdonia samples were obtained in August 2018, Gower samples in September 2018 and
Lake District samples in November 2018 and May 2019.

Field Sampling
Roots were sampled from target plants non-destructively, by gently lifting root matter from the soil.
Where roots were present hanging into free air, such as when plants were growing on walls, roots
from both the soil and from the air were obtained. Depending on the size of the plant, samples varied
from 5-6 small roots to 1cm3 of root matter. A number of site details were noted: The site grid
reference, the species of sedum, the overall terrain (e.g. mountains), the local habitat (e.g. mountain,
village) and the micro-habitat (e.g. crack in wall) and whether the individual was growing alone or in
competition. Photographs of each plant were also taken. Root samples were stored in paper envelopes
and dried in the sun or by a radiator in the field. On return to the lab they were stored in 70% ethanol
until ready to be analysed.

Laboratory analysis
Roots we washed of ethanol and cleared and stained via the method of Vierheilig et al., (1998)24. Briefly,
roots are boiled at 80°C in a solution of 10% KOH to remove tannins. The timing required varied
depending on each individual; some samples required 40 minutes, whilst others needed in excess of
50 minutes. Roots were then washed and dried and boiled, again at 80°C, this time in a solution of 0.5%
Quink Ink, 15% HCl and 84.5% water. This stage is required to dye fungal strands for observation under
a microscope. Roots were then analysed under a light microscope at x200 magnification using the
crosshair eyepiece method of McGonigle et al., (1990)25. Approximately 100 observations of each root
sample was undertaken, noting whether samples contained fungal structures or not. In addition the
type of fungal structure was recorded (hyphae, vesicle and arbuscule). A record of clearing success
was also kept to aid in developing more accurate boiling times for each species in the future.

Statistics
Counts of hyphae, vesicles and arbuscules were converted to a percentage of the total counts for that
individual. Statistics were undertaken in IBM SPSS 25.0 for Windows. Sample groups were uneven
and non-normal, so non-parametric analysis was undertaken: Kruskall-Wallis was used to analyse
differences between sedum species, area sampled and habitat sampled from; Mann-Whitney U was
used to analyse differences between competitive and non-competitive individuals.

