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Model Organism Model Mutualism Model Field Sites

(E. coli + (Legume-rhizobia) (LTAR, GLBRC,
Adaptive Dynamics) Bodega Bay)

S type (forms small colonies)
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Model Organism Model Mutualism Model Field Sites

(E. coli + (Legume-rhizobia) (LTAR, GLBRC,
Adaptive Dynamics) Bodega Bay)

S type (forms small colonies)

i tybe (forms large colonies)

Questions:
What promotes beneficial interactions?
How does diversity arise and persist!




The Paradox of Diversity in Mutualisms

Antagonistic Mutualistic coevolution

coevolution .
- predicted to generate

- readily generates negative positive frequency
frequency-dependent dependent selection
selection - many models show

- can maintain numerous coexistence of only 2

alleles / phenotypes alleles / phenotypes



Cheating in Mutualisms:

Why perform a costly act that benefits another species?

Richard Dawkins
The Selfish Gene




“When is a mutualist a cheater?”” NCEAS 2012

e

Volume 18 Number 11 November 2015

Irs
e

/ common definitions

Of Cheating -0.5 -0.25 0 0.5

Disagree Neutral Agree




Cheaters must prosper!

In terms of FITNESS, a cheater must have
increased relative fitness while decreasing
its partner's relative fitness

Otherwise, they can't threaten the mutualism!

Very few examples: hard to collect these data? Or
perhaps cheating is rare!

Jones et al. 2015



Cheaters can occur under fithess
alignment or conflict

Average fitness of partner

Average fitness of partner

Average fitness of genotype Average fitness of genotype

Jones et al. 2015



What determines conflict?
Whose traits are they anyway?

RICHARD BAYRUleclulZal UV elli =gl
IDEVAANEINNY types of microbially-mediated

Tue EXTENDED oy
1 S s host traits:

|) One-dimensional traits
2) Two-way exchange

THE LONG REACH OF THE GENE



Fithess

One-dimensional Traits
With Multi-genomic Basis

alignment  conflict alignment

Host Microbe

Trait Value

e.g., flowering time, root length, ...
Pop gen coevol: Simonsen et al. 2020



Two-way Exchange: Conflict

R2

MI1b benefits by producing less R1, which
decreases fitness of partner M2




Two-way Exchange: Alignment
Giving less # Cheating

Potential mechanisms coupling R2 provision to R
production: reciprocity, sanctions, partner fidelity
feedback



Biological Nitrogen Fixation:
A model system for resource exchange mutualisms




Haber-Bosch Process

Reactor
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We are beyond the N planetary boundary

Planetary Boundaries

Climate crisis

Chemical
pollution

(not yet sufficiently quantified)

Particle pollgtion
of the atmosphere

(not yet sufficiently quantified)

Deforestation
and other land
use changes

Ocean acidification

Ozone
depletion
Phosphorus
cycle
Freshwater
use

Safe planetary boundary / guide rail

according to the authors

. Scientific observation until 2009

NATION

There's a 'dead zone' in the Gulf of
Mexico this summer that's bigger
than Connecticut

Doyle Rice USA TODAY
Published 7:34 p.m. ET Aug. 3, 2021

Steffen et al. 201 5.




40-50% of Humans due to Haber-Bosch

World population with and without synthetic nitrogen fertilizers OurWond
Estimates of the global population reliant on synthetic nitrogenous fertilizers, produced via the Haber-Bosch process for

food production. Best estimates project that just over half of the global population could be sustained without reactive

nitrogen fertilizer derived from the Haber-Bosch process.

sivs World population
7 billion

6 billion

5 billion

4 billion World p'opL,ll.avt[on—supported without
synthetic fertilizer

_~World population fed by synthetic
fertilizer

3 billion
2 billion

1 billion

O foesoeese—0—

1900 1920 1940 1960 1980 2000 2015

Source: Erisman et al. (2008); Smil (2002); Stewart (2005) OurWorldInData.org/how-many-people-does-synthetic-fertilizer-feed/ ¢ CC BY

’ 1900 M 2015




BNF: ~30% of protein in human diet
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Nitrogenase: One and Done
N, +8H*+8e + I6ATP — 2 NH, + H_+ 16 ADP + 16 Pi

MoFe protein
o }C; B-Subunit
\ (NifK)

Fe protein

Y a-Subunit
(NifD)

FeMo-cofactor
Formation requires:
NifH (Fe Protein), NifB, NifEN
NifV supplies homocitrate

[4Fe-4S] P-Cluster
Maturation requires:

NifH (Fe Protein)

3 forms (Fe-Fe, Fe-Vn, Fe-Mo)
Highly conserved proteins:
nifHDKEN

No other enzymes known that
can reduce dinitrogen (the
“superoxide dependent
nitrogenase” SDN system was
concluded to not exist:
MacKellar et al. 2016)
Irreversibly inhibited by O,
Lots of effort trying to
engineer into plants...

Jimenez-Vincente et al. 2018



Phylogenetic Distribution of N-fixation
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Associative vs Symbiotic

Oxygen Concentration

low e High

nitrogenase

(a) diverse array of N-fixers
(b) DOC

microbially driven

Smercina et al. 2019 “To Fix or Not to Fix”’

(a) population of N-fixers
(rhizobia, frankia)

(b) C(e.q. succinate)
NH, (90,

[

“(y (d) nutrients
Amino" <
Acids

plant-driven



N-fixation seems like costly cooperation

- e f 3
N F -
SE IR | T e

Partner choice: (Robinson 1969, Heath & Tiffin 2009, Sachs et al
2010)

Sanctions / reciprocity: (Kiers et al. 2003, Simms et al. 2006,
Oono et al. 2009, 2010)

— Selection on the symbiont to fix nitrogen at the expense of
its own potential fitness



Possible cost-free reasons for N-fixation

| -- Microbes fix nitrogen because they need nitrogen and plants
sometimes benefit

2 -- Microbes fix nitrogen because plants give them luxury carbon

3 -- Nitrogen fixation doesn’t happen as part of an exchange of
carbon for nitrogen, but rather the plant is using the microbe as an
organelle in metabolic dependency



Free-living N-fixers

~ Scr.eening sensu Archetti et al. 201 |
Passive trade: results in byproduct
benefit for plant




(a) population of N-fixers
(rhizobia, frankia)

Switchgrass rhizosphere |
communities in the field
Ecology of N-fixation: who,
what, when

- . .
r\ \/ Am.lno /_
W Acids

® |egume-rhizobia in a growth
chamber
® Economics of N-fixation

|— (a) diverse array of N-fixers
(b) DOC

microbially driven plant-driven
Smercina et al. 2019 “To Fix or Not to Fix”




Great Lakes Bioenergy Research Center
Switchgrass on marginal lands

Response to Fertilizer
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Rhizosphere N-fixation potential:
Varies by year, within year, not by fertilization

Fertilizer

® Fert
Unfert
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Sampling Date

Smercina et al. in submission



nifH Communities Diverse & Variable

— Top Indicator Taxa:
Bradyrhizobium (10)
Desulfovibrionales
Methylococcaceae
Paenibacillaceae (2)
Burkholderiaceae (2)
Rhodobacteraceae
Ectothiorhodospiracea
e

Plant Avail. N¢

Sample Date: Year:
R? = 0.0095 R? = 0.0541
p = 0.0009 p = 0.0001
Rel. Chlorophyll
Field Rep: Fertilizer
R2 =0.0638 R2 =0.0151
p = 0.0001 p = 0.0001

-0.50 -0.25 0.00 0.25
PCoA 1 (14.4%)

Smercina et al. in submission




FLNF Variation ~ soil moisture!

* Soil Moisture
% Gammaproteobacteria 4
* Rainfall 4
% Air Temp 4
PHOS 1
Soil Temp
Phi2

TYR 1 °

Microbial C:N - °

NAG 4

u T T T
15 2 25 30
%INncMSE

Soil moisture

Smercina et al. in submission



(a) population of N-fixers
(rhizobia, frankia)

e Switchgrass rhizosphere
communities: diverse, many A
taxa correlate with

N-fixation rates. We have
some in culture...

Soil moisture big driver, see
also Roley et al. 2018

\NJ UUL

microbially driven plant-driven
Smercina et al. 2019 “To Fix or Not to Fix”



-/‘
.
Rhizobium (30 spp.)

[ . .
A |
AN Rhizobia
4 &5~ Neorhizobium (4 spp.)
r -Allorhizobium undicola LMG 11875 (Y17047)
\ ~Pararhizobium giardinii H152 (NR 026059)

{ 190 pararhizobium herbae CCBAU 83011 (NR 117530) Ph I .
ylogenetically

| -Pararhizobium helanshanense CCNWQTX14 (NR 133019)
a7l ,
4 “"“Pararhizobium sphaerophysae CCNWGS0238 (NR 116540 d °
IVErse
(paraphyletic)

1o[Ochrobactrum lupini LUP21 (AY457038)
\Ochrobactrum cytisi ESC1 (AY776289)
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;'f /] Ensifer (15 spp.)
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—Phyliobacterium trifolii PETP02 (AY786080)
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1
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Cupriavidus taiwanensis LMG 19424 (AF300324)
"Wi_Cupriavidus necator ATCC 43291 (ATCC 43291)
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%0 particles

Root hair

Bacteria

L
Infection
thread
containing
bacteria

Inner cortex and
pericycle cells
under dtvision

Horizontal
transmission

Nodule is
essentially clonal

Bacteria are
endosymbiotic
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Is there fithess conflict!?
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Alignment Conflict



Rhizobia-legume fitness alignhment

» |
$ 5 FITNESS
F g ALIGNMENT
QU
3t °
O
O O
- |
M o Nodule Nodule Nodule Nodule # =
* Number Number Number Biomass
®o  (sterile)  (soil) .
:. RELATIVE ABSOLUTE

o* Symbiont Fitness Symbiont Fitness *

Ineffective rhizobia are “defective”, not “defectors”

Friesen (2012) New Phytologist



Quantifying Mutualism via Nutrient Manipulation
Invest in Roots Invest in Nodules

C C

ENVIRONM PLANT HIZOBIA

: & W‘ .,11”; O
Colleen Friel, Teresa Clark, Shachar-Hill, Grman




Nodule wt / Shoot wt

Resource Environment
Shapes Trading Strategies

Low High Low ngh

8 24 40 80 8:Low 8:High 80:Low 80: ngh
Increasing N Low N High N

* Plants give less to nodules when N is available

* Plants pay more for N when C is cheap
Friel et al. (2019)



Economic model predicts when trade
benefits both partners

g,=min [Y (f o+ X/(PxT)),Y - X/P)]

crlfcp

g.=min [Y . (f . - XIRxT)),Y o (f .+ X/R)]

P: plant biomass; R: nodule biomass; X: amount
exchanged; T: trade ratio;Y: yield; f: production

Leibeg’s Law of the Minimum:
growth determined by limiting
resource Grman et al. 201 2;

Clark et al. 2019



Leibeg’s Law of the Minimum with 2 resources
Comparative Advantage: both gain from trade

e (et . B W

Not trading is costly,
since your excess
resource can’t be used

)
o
©
b
£
o
—
=
@
O

for growth!

(Schwartz & Hoeksema 1998, De Mazancourt &
Schwartz 2010, Grman et al. 2012)



Empirical Measurements

Parameter Interpretation (units)

Plant allocation to nutrient uptake ([g C root]
[g C plant] )

Plant carbon yield per unit nutrient ([g plant C
m ’] [gplant N"' m?])

Plant nutrient uptake rate ([g N m *][s '] [g
root Cm™] ™)

Plant max carbon uptake (photosynthesis) rate
(lg C fixed m *][s '][g shoot C m ] ")

Plant carbon half-saturation constant ([g C]
[pmol m *s'])

Fungal allocation to carbon uptake ([g C intra-
radical][g C fungus] ')

Fungus carbon yield per unit nutrient ([g fun-
gal C m ’][g fungal N "' m 7))

Fungus nutrient uptake rate ([g N m °|[s '][g
extraradical C m ?] )

Fungus max carbon uptake rate ([g C
m ?][s '][g intraradical C m *] ')

Fungus carbon half-saturation constant ([g
C][pmol m *s'])

Plant biomass ([g plant C] m ?)

Fungal biomass ([g fungus C] m ?)

Nutrient available in the environment ([g N][g
soil] )

Carbon (light) available in the environment
(umol m ?s ")

Amount of carbon exchanged ([g C] m *s ')

Exchange (trade) .atio of ciirbon for nutrient

([gCllg N] )




Invest in Roots

Benefit from Rhizobia __ -
Depends on External Of
Nitrogen Environment

— rhizobia

+ rhizobia

N r 4
| @ C

Invest in Nodules

\&HIZOBIA

ho

Clark et al. 2019



Exchange rate: determined by Nash bargaining

Maximize joint gain from trade: (g,, - £,)(8¢," &)

Asymmetric bargaining: (g, - gP)ﬁ(ng' g )\

8
Trade Ratio e Asymmetry exponent:

: ~0.9 to ~0.6 as soil N

4 .empirically'e.stimated increases .
W smeasaning @ Plant has more bargaining
. asym bargaining

o | | power than rhizobia

Akcay & Roughgarden 2007; Ak¢ay
0
8 24 40 80

& Simms 201 |; German et al. 2012;
Soil N (mg/L) Clark et al. 2019

mg C/mg N




Grand Ambition

Can we determine ‘negotiation’ rules using metabolic

modeling parameterized with genomic data?

® Much more complex than C «—— N...

2 Succinate 2 Arginine 4 Alanine 6 NHg*

Bacteroid
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CATCH-N
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' e bifurcation

4x transamination

4 NHg+

2 NHg*

i N2
4 Succinate

. NifHDK
Nitrogenase

Symbiosome
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‘ 02 Pyruvate -~
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5
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+

2H* !
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47 Keto acid?
| Suc
2H" e QH,
FixABCX
Bacteroid
Fldhd Peribacteroid membrane

Plant cytosol

2Suc + 2Arg + No + 405 + 4Ho0 + 8H" —> 4Ala + 6NH4* + 8COs + Ho

> Alanine

i

» Aspartate ——=—> Asparagine

‘ Glutamate

- - - —- Amino acid?

Glutamine

Xylem

TRENDS in Microbiology



Outstanding questions:

-Are cheaters actually rare (or are we just bad at
finding them)?

-Why is there diversity in mutualism?
® frequency-dependent nodulation...?

-Why is there diversity in specialization?

Shoot biomass
Nod biomass

-How can we predict N fixation rates by microbes?

-What is the role of the hundreds of “third parties™?
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