
E
very living organism is connected 

in the web of life. Complex and 

dynamic interactions can span across 

different species, families, kingdoms, and 

domains of life. This inspired Professor 

Pawlowska, and her team, to study one 

of the most common relationships seen 

in nature – the connection between 

terrestrial plants and mycorrhizal fungi. 

This is known as a symbiotic relationship, 

in which an association exists between 

two (or more) organisms. Interactions 

can range from antagonistic to beneicial 
for one or both the species involved. 

Symbiotic relationships are unique and 

are essential in maintaining a delicate 

balance in ecosystems all over the world. 

ARBUSCULAR MYCORRHIZAL 

FUNGI (AMF) AND PLANTS 

Incredibly, the majority of all studied plant 

families have a beneicial association with 
their mycorrhizal fungi and are sometimes 

completely dependent on the fungus. 

80% of vascular plant families, including 

crops, have a mutualistic symbiotic 

relationship (thought to have originated 

around 400-460 million years ago) with 

Arbuscular Mycorrhizal Fungi (AMF), 

part of the Glomeromycotina group. 

This important partner acts as a natural 

biofertiliser, harvesting from the soil 

essential nutrients, such as phosphorus 

and nitrogen, and translocating them to 

plant hosts. AMF colonise plant roots, 

using specialised structures known as 

arbuscules to penetrate root cortical 

cells. This physical connection allows 

the passage of nutrients from the AMF 

to the plant. In return, the AMF receive 

approximately 20% of the plant’s 

photosynthetic carbon.

Remarkably, research has shown that 

AMF have an additional symbiotic 

relationship with mycoplasma-related 

endobacteria (part of the Mollicutes 
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class of bacteria), which reside in the 

cytoplasm of AMF cells. Our knowledge 

regarding the biology and life-cycle of 

MRE is relatively limited. To address 

this lack of understanding, Professor 

Pawlowska and her team have conducted 

a series of in-depth studies, focusing 

on the evolution and genetic make-up 

of these endobacteria. As it has been 

suggested that AMF could be an effective 

alternative to potent chemical fertilisers, 

understanding the effects of MRE on 

AMF function, and the subsequent 

consequences for the host plant, is of vital 

importance.

This project, sponsored by the National 

Science Foundation and the National 

Institute of Food and Agriculture, was 

highly collaborative, 

involving scientists 

from Cornell 

University, West 

Virginia University, 

and the University 

of Turin, and offered 

training opportunities for undergraduate, 

graduate and postdoctoral students. 

Mentoring throughout the study inspired 

and engaged students and provided 

them with research experience in the 

ields of microbiology, molecular genetics, 
and bioinformatics.  

ENDOSYMBIONTS DEPEND ON 

FUNGAL HOSTS
Professor Pawlowska conducted a 

metagenomic study by analysing different 

populations of MRE, associated with three 

different AMF species. Metagenomics is 

the study of genetic material, obtained 

from environmental samples. This allows 

researchers to examine the complex 

genetic composition and diversity within 

natural populations and communities. 

Results indicated that MRE genomes 

are greatly reduced – their genomic 

capacities being minimal and limited to 

the most basic cellular functions. This is 

a consequence of living in the cytoplasm 

of host AMF cells. The intracellular 

environment is relatively safe and rich 

in metabolites such as amino and 

nucleic acids. As a result, endobacterial 

genes that also encode these products, 

essentially become unnecessary and MRE 

become completely reliant on AMF.

VERTICAL TRANSMISSION 

Some endosymbionts, including MRE, 

are vertically transmitted between host 

generations. This means that when 

AMF asexually reproduces (the offspring 

contains the exact same genes as the 

parent and are effectively clones) only 

some of the endobacteria are inherited 

by the next generation. A reduction 

in endobacteria population size could 

therefore limit genetic diversity, meaning 

that deleterious mutations can become 

more frequent in the population, 

potentially leading to 

extinction. 

However, Professor 

Pawlowska and her 

team showed that 

within each of the 

three studied MRE populations, genetic 

diversity was unusually high, enabling the 

different populations to adapt to speciic 
host conditions. Typically, mutualistic 
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Root with AMF. A plant root surrounded by hyphae 
and spores of Claroideoglomus etunicatum.

AMF spore with CaMg. A crushed spore 
of the arbuscular mycorrhiza fungus 
Claroideoglomus claroideum, stained 
with the luorescent dyes SYTO BC and 
propidium iodide. The image shows a cloud 
of endobacteria (in green) being released 
from the spore together with fungal nuclei 
(in red). Photograph by Maria Naumann and 
Paola Bonfante, University of Torino (Italy).
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CaMg, is a product of an ancestral host 

switch from animals to fungi. Present-

day animal-infecting mycoplasmas are 

entirely dependent on host metabolites. 

Availability of costly metabolites from 

the host reduces selective pressures on 

genes responsible for their biosynthesis. 

These genes accumulate deleterious 

mutations and, in bacteria, they are 

eliminated from the genome, leading to 

permanent dependency on the host.

In what ways are MRE different from 

other endobacteria?

CaMg is vertically transmitted and yet 

it retains mechanisms that generate 

genetic diversity in its populations, 

such as recombination and MGE. These 

mechanisms are lost in other heritable 

endobacteria.

Why are arbuscular mycorrhizal 

fungi (AMF) so important for plant 

health?

Dependence on AMF for soil mineral 

nutrients appears to be an ancestral 

feature of terrestrial plants. Some 

plants, such as brassicas, have evolved 

to be independent of AMF but most 

other plants relay on AMF for mineral 

nutrition. Mineral nutrient deiciencies 
are debilitating to plant growth 

and development. Plants deicient 
in phosphorus, the key element 

translocated by AMF, experience 

stunting.

How did endobacteria, such as 

mycoplasma-related endobacteria 

(MRE) evolve to become so 

dependent on their fungal host?

Our data suggest that MRE, or better 

Why is it important to study the 

relationship between AMF, MRE 

and plants?

Once rock phosphate deposits, which 

are the source of phosphate fertilisers, 

are exhausted, AMF with their ability to 

translocate phosphorus from the soil 

into plant roots will become critical to 

food production.

It has been suggested that MRE 

could be a parasite of AMF. How 

could this impact both the fungi and 

the plant hosts?

As a parasite, CaMg would inlict 
a metabolic cost on AMF, which 

themselves are obligately dependent 

on plants for energy. Consequently, 

mycorrhizal symbioses involving CaMg 

would become costlier to plants.
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and evolutionary genomics of recently 
discovered mycoplasma-related 
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Glomeromycotina). 

Funding
National Science Foundation (NSF)

Collaborators 
PhD advisees: Mizue Naito (Cornell 
University), Olga Lastovetsky (Cornell 
University), and Stephen Mondo (DOE 
Joint Genome Institute).

Undergraduate mentees: Toomer, 
Kevin (Cornell University), Zhang, Aolin 
(Brown University), Ahn, Ezekiel (Cornell 
University).
Co-authors: Bonfante, Paola 
(University of Torino), Chen, Xiuhua 
(Huazhong Agricultural University), 
Desirò, Alessandro (Michigan State 
University), Gonzalez, Jonathan (Cornell 
University), Morton, Joseph (West 
Virginia University), Olsson, Stefan 
(University of Copenhagen), Tao, Gang 
(Guizhou Agricultural Academy). 

Bio
Prof Pawlowska is a fungal biologist 
with interests in the evolution of 

symbioses between fungi and 
bacteria. She received her PhD from 
the University of Minnesota and is an 
Associate Professor in the Section 
of Plant Pathology & Plant-Microbe 
Biology in the School of Integrative 
Plant Science at Cornell University.

Contact
Teresa E. Pawlowska, PhD
School of Integrative Plant Science 
Plant Pathology & Plant-Microbe 
Biology 
334 Plant Science Building, 
236 Tower Rd
Cornell University 
Ithaca, NY 14850 USA

Professor Teresa Pawlowska
E: tep8@cornell.edu    T: +1 607 342 3866    W: https://pppmb.cals.cornell.edu/people/teresa-pawlowska

Behind the Bench

endosymbionts retain their genetic and 

lifestyle characteristics, regardless of 

whether they are present in the fungal 

host alone or together.

However, much more research is still 

needed to fully understand the complex 

relationship between MRE, AMF and the 

host plant. Are MRE a friend or foe of 

their fungal host? And, if the effects are 

antagonistic, how will this impact the life 

of the plant?

Understanding this complex relationship 

is vital for the future of agriculture. Soil 

tilling disrupts delicate mycorrhizal 

networks, necessitating the increased use 

of chemical fertilisers such as phosphates. 

However, researchers predict that 

the world’s phosphate supply will be 

exhausted within the next 100 years. AMF, 
as a natural biofertiliser, could be the 

answer. However, we will need to greatly 

increase the prevalence of sustainable 

farming practises before this becomes a 

viable option. 

colleagues has shown that MRE are 

truly unique in terms of their high level 

of genetic diversity, as a result from 

genetic recombination and horizontal 

gene transfer, which increases this 

endosymbiont’s adaptive ability. In fact, 

to acknowledge their distinctive biology, 

the team have developed a taxonomic 

proposal to accommodate MRE in the 

new species ‘Candidatus Moeniiplasma 

glomeromycotorum’.

The team also discovered that within a 

single AMF host, CaMg can coexist with 

another endobacterium, ‘Candidatus 

Glomeribacter gigasporarum’ (CaGg). 

This was the irst study to highlight the 
co-existence of two endosymbionts 

within a single fungal host. CaGg is 

entirely nutritionally dependant on the 

fungal host, and in return, primes host 

energy metabolism. Unlike MRE, CaGg 

populations have a much lower level of 

genetic diversity, which suggests that 

these two endosymbionts may have 

distinctly different lifestyles. Interestingly, 

in all samples, MRE was much more 

abundant than CaGg, further supporting 

differences between their biologies. 

Furthermore, results indicated both 

or beneicial bacteria are characterised 
by genetic similarity, whereas parasitic 

bacteria have a greater level of diversity, 

enabling them to adapt to potential 

host resistance. Therefore, these results 

suggest that MRE could be parasitic. 

WHY ARE MRE SO 

GENETICALLY DIVERSE?
Rapid accumulation of both beneicial 
and deleterious mutations is common 

in heritable endosymbionts (including 

MRE). This is due to the loss of the 

‘proofreading’ ability of DNA polymerase 

to use its exonuclease activity to remove 

erroneously introduced bases and to 

replace them with the correct ones. 

However, the team showed that MRE 

uses recombination to overcome the risk 

of degenerative evolution and restore 

high itness MRE genotypes. In fact, 
recombination rates are higher than 

mutation rates, which makes MRE one 

of the fastest evolving bacteria on the 

planet. Recombination is the process 

of rearranging genetic material, by 

exchanging genes between different 

organisms. Not only can this ‘repair’ gene 

copies carrying harmful mutations, but it 

also enhances genetic diversity.

Results also indicated that 5% of the 
MRE genome comprises mobile genetic 

elements (MGE). These are DNA 

sequences, encoding enzymes that 

enable the movement of DNA within and 

between genomes. Ultimately MGEs can 

introduce novel genes, or disrupt existing 

ones. The movement of MGE and 

ampliication of sequences on a single 
chromosome, increases the number of 

available recombination sites, thereby 

further promoting genetic diversity. 

Furthermore, the team showed that 

a signiicant part of the MRE genome 
encodes proteins mainly used for 

interacting with AMF – for example, 

the SUMO protease, which controls 

postranslation modiications of host 
proteins. This provides evidence for 

horizontal gene transfer; whereby genetic 

material is exchanged between organisms 

of different species or populations. In fact, 

genes that originate from AMF represent 

3-5% of the total coding DNA sequences 
in the three different MRE populations. 

A NEW SPECIES?
Overall, the research conducted 

by Professor Pawlowska and her 

Endobacterial genes that also encode 
these products (essential metabolites), 
become unnecessary and MRE become 
completely reliant on AMF
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