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While you are reading this, special alliances are being 
formed underground… invisible to the human eye. But 
they are crucial to plants, and help them conquer extreme 
environments such as acidic soil. We’re talking arbuscular 
mycorrhizal (AM) fungi who help plants improve their 
nutrient uptake.

But how can these fungi themselves tolerate acidic soil? 
Are they “acidic soil specialists”, who can thrive despite 
the acidity? We tested this hypothesis by collecting soil 

containing AM fungi along an acidity gradient in Japan. We 
also exposed fungi from two soils of different pH (acidic/
neutral) to changes in their soils’ acidity levels in the lab, 
and observed their response. 

Surprisingly, we discovered that the fungi in the acidic soils 
also occurred in the less acidic and neutral soils, making 
them generalists! We believe that being generalists opens 
up many opportunities for AM fungi (and for their associated 
plants) to colonize new or quickly changing habitats.

Introduction

Abstract

It is tough for plants to grow in soil that is acidic. Luckily, plants 
have evolved a close relationship with certain fungi that help 
them overcome this problem. These fungi are called arbuscular 
mycorrhizal fungi, or AM fungi for short. (The term arbuscular 
refers to special structures of the fungi, and mycorrhizal means 
root fungus in Greek). AM fungi enter plants’ root cells, and at the 
same time grow into the soil, forming networks that consequently, 
increases the overall root surface area. This helps the plant 
capture nutrients such as phosphorus, sulfur, nitrogen and other 
micronutrients from the soil. In return, the fungus living in the roots 
gets food from the plants. This collaboration is a “Win-Win” for both 
partners, or what biologists call a mutualistic symbiosis. 

And even though you might have never heard of this before, this 
collaboration is ancient - fossil records prove it existed for over 460 
million years - and extremely helpful and important to plants. It can 
be found in over 80% of all terrestrial plants alive today.

But let’s come back to our original point: acidic soils. We know that 
not only are they tough on plants, but also on most fungi! So it 
might take specialized fungi to tolerate such extreme environments. 
Or, fungi in acidic soils could be more generalists, meaning that 
they could tolerate a wide range of acidity in their soils, including 
both neutral and acidic ones. No one has successfully answered 
this question before, so we conducted an experiment to address it.
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Results

Methods
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To find out whether AM fungi living in acidic soil are generalist 
or specialist, we collected soil with AM fungi from two areas 
that differed in soil acidity: One soil was neutral (pH around 
7), the other acidic (pH around 3.5). In the lab, we mixed 
both soils with an equal portion of sterilized soil from the 
other group, to equalize chemical composition but keep each 
soil’s original fungal communities intact. We then divided each 
group’s soil into 3 planting pots and manipulated their acidity 
level to very acidic (pH 3.4), medium acidic (pH 4.0) and 
slightly acidic (pH 5.5). This allowed us to see how fungi from 
each soil would respond to changes in acidity levels of their 
respective environment.

To minimize other factors that could influence the fungal 
communities, we selected a single plant - Chinese Silver grass 
(Miscanthus sinensis) as the host for the fungi, and kept all 
pots in separate greenhouses (Fig. 1). Silver grass is common 
and grows in acidic and neutral soils, making it an ideal host for 
our AM fungal cultures. We sowed Silver grass seeds on each 
of the soil samples, and identified the associated AM fungi in 
the plant roots by DNA analysis using PCR technology. (They 
are too small to be distinguishable by eye or microscope). 

Finally, we collected soil from the root areas of Chinese Silver 
grass from six sites with a pH range from 3 (very acidic) to 7.4 
(neutral). We then cultivated AM fungi with the grass on these 
soils in our greenhouse and compared our results to those of 
the pH manipulation study.

We found a wide diversity of AM fungi in the soil we sampled: all 
together 52 different types. The analysis of our pH manipulation 
experiment showed that both pH, the origin of the fungus (acidic 
or neutral soil) as well as the interaction of the two factors were 
important for the composition of the fungal community. Changes 
to the acidity of the soil impacted the fungi originating from the 
neutral soil, but not the ones from the acidic soil. Interestingly, 
many fungi that lived in the acidic soil also occurred in the neutral 
soil (Fig. 2). 

This means that these fungi seem to be able to tolerate a wide 
range of soil acidity, making them generalists. But we also saw 
that while these generalists were present in a wide range of soils, 
they did not always outnumber the more specialist fungal types.

Analysis of our field survey revealed that soil pH largely 
determined fungal species composition and that fungi in acidic 
soils also occurred in less acidic soils.

Figure 1:
One-month-old chinese silver grass (Miscanthus sinensis). We collected the 

soils underneath the grass naturally  grown in the field, manipulated the pH, 
planted the grass seeds and grew them in pots in a greenhouse.

Figure 2:
AM fungal communities from 

two different soils after
pH manipulation. 

Chinese Silver grass was 
sown to the soils with 

different pH (5.5 for slightly 
acidic, 4.0 for medium acidic, 

and 3.4 for very acidic) and 
grown in our greenhouse. 

Two months later, DNA was 
extracted from the roots, and 

fungal species compositions 
were investigated. The 

rows show different fungal 
species, and the columns 
show what the soil acidity 

level has been changed to. 
Fungi depicted in blue boxes 

originated from the neutral 
soil, fungi in red boxes from 
the acidic soil. Darkness of 

color describes frequency of 
the fungi that colonize the 

grass roots –
the darker the color, the 

more frequently a particular 
fungal species was present.



If confronted with an extreme environment – such as acidic 
soils – is it better to be a generalist or a specialist? Our 
study shows that both have their advantages. Specialists 
are better adapted to tolerate a narrow range of certain 
environmental factors. When in their preferred habitat, 
specialists do very well, and can outperform species that are 

more tolerant (the generalists). Generalists, on the other 
hand, can survive in a much wider range of environments. 
Being more flexible might make them less well adapted 
for a certain (extreme) environment, but allows them to 
spread further and be pioneers in colonizing changing or 
new habitats, giving associated plants a huge advantage.

Conclusion
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Glossary of Key Terms

Our results show that many fungi who live in very acidic 
conditions (low pH) can also survive in less acidic or even 
neutral soil. Being able to tolerate a wide range of conditions 
defines them as generalists. Interestingly, the generalist 
fungi that live in neutral soil are also as acid tolerant as the 
ones originating from acidic soil. 

Being generalists may allow AM fungi to help plants settle 
new habits that were created through disturbances. In fact, 
other studies have shown that the fungi colonize an area 
first before plants move in. (AM fungi have been around 

long before the first plants settled land, and more than 100 
million of years before the first dinosaurs evolved).

While it is not yet fully understood how exactly certain AM 
fungi can deal with such extreme conditions as acidic soils, 
we assume that many of these coping mechanism use a lot 
of energy and therefore are more costly to the acid tolerant 
fungi. This would explain how “neutral soil specialists” 
(fungi that cannot NOT tolerate a wide range of soil acidity) 
dominate in numbers in more neutral soils, despite the 
occurrence of generalists.

Discussion
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Mycorrhiza − a symbiotic association between a fungus and roots
of a vascular plant. The fungus colonizes the host plant's roots,
receiving carbon in exchange for mineral nutrients from the plant

Arbuscular mycorrhizal (AM) fungi − type of mycorrhizal fungi which
penetrate the cells of the plant roots. AM fungi extend the plants’ root
surface area with their own tissue (called hyphae), increasing intake
of available nutrients (especially phosphorus). Most land plants form
this type of association. (See Fig. 3.)

Generalist − a term in biology that describes species that are able to
tolerate or even thrive in a wide variety of environmental conditions and
can make use of a variety of different resources. Pigs, for instance,
are omnivores, which makes them generalists respective their diets.

Specialists − A specialist can only tolerate a narrow range of
environmental conditions or has a limited diet – for instance,
a koala who only eats eucalyptus leaves.

Figure 3:
A microscope image of a root colonized by AM fungi.

The fungi form arbuscules and vesicles which are connected with hyphal networks within the root.
The fungi use the arbuscules to release mineral nutrients to the host plant cell,

and the vesicles - to store lipids they got from the plants as energy source.
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Mycorrhizal fungi enter into a mutualistic relationship with many plants.
Describe the benefits that each partner (AM fungi and plants) gets from it.

Can you think of other relationships between different species that are beneficial to both?

If most AM fungi were specialists (instead of generalists), what different pattern would you observe?
And how different would the results look from the manipulation experiment?

What factors other than soil acidity could create “extreme” or stressful environments for plants?

For our experiment, we did not just collect soil with plant roots and identified the fungi we found in it. 
Instead, we brought the soil into the lab, and then sowed seeds of the Silver grass on that soil, and finally 
looked at the associated fungi in the roots of our planter pots. Why do you think we went through a lengthy 
process like this?

Check your understanding

pH − is short for “potential of hydrogen” and is a scale of acidity from 0 to 14.
It tells how acidic or alkaline a substance is. More acidic solutions, or soils,
have a lower pH. More alkaline soils have higher pH. Neutral substances
(neither acidic or alkaline have a pH of 7.
Mutualism − is a long term relationship between two organisms of different species  in which each individual benefits from 
the activity of the other. 

DNA − (short for DeoxyriboNucleic Acid) is a molecule that carries the genetic instructions used in the growth, development, 
functioning and reproduction of all known living organisms, including humans.

PCR − (Polymerase Chain Reaction) is a technique used in molecular biology to multiply DNA, generating thousands to 
millions of copies of a particular DNA sequence.


