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Mutualisms: cooperation between species



1. Cheating can undermine cooperation



2. Mutualisms require complex adaptations

Picture Guillaume Chomicki, University of Oxford
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Fabaceae (legumes)

Betulaceae
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Nodulation found in ten 
plant families, four orders





Ten families, lots of  origins.
Nodulation is easy to evolve, mutualism arises commonly? 

Good news for transfer of  symbiosis to crops? 



A (single) predisposition 
for symbiotic N-fixation? 



Symbiotic N2-fixation in angiosperms clustered in NFC...
Stevens, P. F. (2001). Angiosperm Phylogeny Website 

Nitrogen-fixing clade



…and has a complicated distribution 
Adapted from: Doyle 2011 MPMI

Legumes



or
Shared evolutionary 

innovation..
..independent 

pathways?



From verbal accounts to quantitative 
phylogenetic reconstruction



Trifolium alexandrinum Yes

Solanum tuberosum No

Phaseolus vulgaris Yes

Alnus rubra Yes

Lupinus angustifolius Yes

Part 1: Database               Part 2: Phylogeny

Zanne et al., 2014. Nature

Prof. Janet Sprent, University of  Dundee
N2-fixation database, Legume phylogenetics

Dr. Jens Kattge, Max Planck
N2-fixation database, TRY
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Non-fixing Fixing
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Dr. William Cornwell, UNSW



Trifolium alexandrinum Yes

Solanum tuberosum No

Phaseolus vulgaris Yes

Alnus rubra Yes

Lupinus angustifolius Yes

Database              Phylogeny      Reconstruction Method

Deep time (>200 MYA) & thousands of  species → 
single speed of  evolution unlikely

Zanne et al., 2014. Nature Beaulieu et al., 2013. Syst Biol

Non-fixing Fixing



Trifolium alexandrinum Yes

Solanum tuberosum No

Phaseolus vulgaris Yes

Alnus rubra Yes

Lupinus angustifolius Yes

Database              Phylogeny      Reconstruction Method

Zanne et al., 2014. Nature Beaulieu et al., 2013. Syst Biol

Deep time (>200 MYA) & thousands of  species → 
single speed of  evolution unlikely

Non-fixing Fixing

Non-fixing Fixing

Non-fixing Fixing



Single  Speed Model: Very bad fit (AIC-weight <0.01%)

Best: Model with 2 Rate Classes (AIC-weight 55%)



Werner, Cornwell, Sprent, Kattge & Kiers (2015) Nature Communications
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1. Precursor à 2. Symbiotic N2-fixation à 3. Stable Fixer



1. Precursor à 2. Symbiotic N2-fixation à 3. Stable Fixer

Experimental evolution of  complex traits:

1. Potentiation à 2. Actualization à 3. Refinement

Blount et al. 2012, Nature; Quandt et al. 2014, PNAS







Key events identified

Novel states found
Precursor well supported

Identified current precursor species



Phylogenomics & mapping gene (families)

Evolution of Nodulation Consortium



Parasponia/Trema-Cluster

Parasponia fixes, Trema does not

Only one outside the legumes using rhizobial bacteria 

Rene Geurts, Wageningen





Parasponia and legumes share 290 nodulation genes
- Including some with only known functions in nodulation

7 key nodulation genes lost in Trema (and close relatives). 



A single origin, rather than 1 predisposition?

- Requires symbionts switching
- And many losses



A single origin, rather than 1 predisposition?

- Requires symbionts switching
- And many losses
- >25 in the NFC
- Particularly early 

- Complex traits easier 
to lose than gain? 



Phylogenetic scale is key

Graham et al. 2018 Phylogenetic scale in ecology and evolution



Phylogenetic scale is key

Graham et al. 2018 Phylogenetic scale in ecology and evolution



What is your trait of  interest?
Nodulation per se? Type of  nodule?



Or, symbiotic 
N2-fixation generally? 



Or, symbiotic 
N2-fixation generally? 

Gunnera – Nostoc



A single origin, rather than 1 predisposition?

- Requires symbionts switching
- And many losses
- >25 in the NFC
- Particularly early 

New question:
Why mutualism losses?



Sometimes mutualistic cooperation breaks down



Why mutualism breakdown?
What are the evolutionary drivers?

Sometimes mutualistic cooperation breaks down



Host Mutualist
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1.   Symbiont switching

2. Mutualism abandonment
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Arbuscular Mycorrhizal Fungi (AMF)



Arbuscular Mycorrhizal Fungi (AMF)



AMF predate colonisation of  the land

Remy et al. (1994) PNAS



Yet, some plant species do not have AMF

What are pathways towards (stable) AM Loss?



Zanne et al., 2014. Nature

Species AM ECM ER
Abarema jupunba Yes No No
Abies alba No Yes No
Abies amabilis No Yes No
Abronia umbellata Yes No No
Abuta grandifolia Yes No No
Abutilon grandifolium Yes No No
Acacia ampliceps Yes No No

Akhmetzhanova et al. 2012 Ecology; 
Wang 2006 Mycorrhiza

1. Phylogeny 2. Database

>30k species

Prof. Hans Cornelissen, VU Amsterdam

Dr. Nadia Soudzilovskaia, Leiden



Werner et al. (2018) PNAS



‘Stable AM’ is ancestral and retained in most plants

Stability Class # Species Percentage 
Stable AM 2,616 70.0% 
Labile 829 22.2% 
Stable Non-AM 291 7.8% 
	

24.6 losses estimated

Werner et al. (2018) PNAS



Is mutualism breakdown driven by symbiont switching and abandonment?

Werner et al. (2018) PNAS



Is mutualism breakdown driven by symbiont switching and abandonment?



Dependent or independent model of  evolution? 



D-AICc 565.13 
AICc-weight 99.9%
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3. Shift mutualism -> parasitism

?



Is mutualism breakdown driven by
shifts to AM parasitism?

No AMF             With AMF





Plant response: 
coefficient -0.01 pMCMC = 0.49
Alternatives presence: 
coefficient 0.10 pMCMC < 0.01**
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1. Negative growth effects common
In 611 / 2984 AMF studies

Kiers et al. 2011 Science

2. Variation in AMF ’quality’

Zheng et al. (2015) New Phyt. 
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2. Variation in AMF ’quality’

Zheng et al. (2015) New Phyt. 

3. Preferential allocations/rewards for cooperators



Cheating /defection easily evolves (experimentally) in other 
root symbionts.  



Paradox of  stasis?

Particularly for (sym)biotic interactions?

Cinnamon fern



Oscillations in preferential allocations (rewarding) 
and % mycorrhizal cheaters



Mutation-selection balance & equilibrium 
rewarding strength - cheating benefit



= ?



And/or, wrong 
(phylogenetic) scale? 

Ideas?



Host Mutualist

1.   Symbiont switching

2. Mutualism abandonment

540 species,
~12 origins

110
species,
~9 origins

3. Shift mutualism -> parasitism

What ecological factors drive losses? 



Commonly thought: soil nutrients, particularly phosphorus

Prof. Hafiz Maherali, Guelph



What ecological factors drive losses? 



No clear effect of  P on mycorrhizal status.
- Again, scaling issues?  



Conclusions

- Large-scale comparative work can discover important drivers in 
(social) evolution

- Think about the scale of  your trait
- Move back-and-forth between levels.
- Negative results – when can you be sure?  



Thanks to..

Prof. Toby Kiers, VU Amsterdam

Prof. Stuart West, University of  Oxford

www.gijsbertwerner.com / @Gijsbertwerner













Three stability classes are robust to phylogenetic uncertainty..



Three stability classes are robust to phylogenetic uncertainty..



And correlated revolution is also robust..



...and to data uncertainty & bias

Even up to 25% false positive and 25% false negative!





Estimated # 
breakdowns: 
24.6 (25.4, SD 7.7)






















