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Deconstructing the metabolic webs of 

microbiomes within biological soil crusts



Overall Goal: This project will develop metabolomics 

approaches to link soil biochemical activity with microbial 

phylogeny and metabolic potential, complementing 

sequencing efforts to inform the development of next 

generation biogeochemical and climate models.
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Choosing the soil community 

A gram of soil likely has 1000s-
millions of microbial taxa

Importance of model systems that can 
be extended to more complex systems  

Crust dominated by a few taxa and can 
be probed as an intact soil community

Extend understanding/approaches to 
more complex systems



Biocrusts fix carbon and stabilizes 

soil in arid lands 

Arid Lands: 40% of Earth’s 
terrestrial surface

Biocrusts help prevent erosion

Biocrusts estimated to 
account for 7% of CO2

fixed by terrestrial 
ecosystems

Large-scale Biocrust inoculation

Sensitive to physical 
disturbance 

Grazing No grazing

Experimentally tractable 



Microcoleus sp. Filamentous  Cyanobacteria 

that fix atmospheric carbon dioxide and bind 

the soil forming these biocrusts



Exometabolite webs when biocrusts

resuscitate from dormancy

Laboratory Wetting Event



What is soil carbon? 

Emerging view: Microbial Metabolites

Schmidt, Torn, Nature 2011



Application of metabolomics to soils?



Swenson et al, Untargeted Soil Metabolomics Methods for Analysis of Extractable Organic Matter. Soil Bio. Biochem. 2015

Developed and published the first LC/MS 

soil metabolomics methods
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These soils contain a complex 
mixture of small molecules

m/z < 400 Da

What is the connection between 

microbial diversity and resource 

diversity (diversity in soil 
carbon)?



Biocrust exometabolite webs of 

microbes

They all eat everything:

Metabolites do not support 
diversity

They target specific metabolites:

Exometabolite niche partitioning

Richard Baran



Developed exometabolomics approaches

Time 0 T final

Use LC/MS to measure the 
changes in metabolites

Soil heterotrophs



Microcoleus releases a large fraction of 

its ‘metabolome’

endometabolome

exometabolome



Resource utilization by cyanosphere 

heterotrophs

Nunes da Rocha Frontiers in Microbiology (2015), 6:277. 



Isolate exometabolite
analysis on rich media
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Crust extract 
time series

Isolate in 
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degrees of 
annotation:
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Comparison of isolate metabolite 

use with intact biocrusts



Isolates show specialization for uptake 

of specific metabolites 

Baran et al  Nature Communications 2015 DOI:10.1038/ncomms9289



Exometabolite niche portioning couples 

microbial diversity to chemical diversity



Suzie Kosina
(LBNL)

Annette 
Greiner 
(NERSC)

Built Webofmicrobes.org to predict interactions

Kosina et al BMC Genomics 2018

Nitrogen fixing bacterium

Must be drought tolerant



Exometabolite data predicts metabolic webs

m. vaginatus
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Can isolate exometabolite

profiles be used to relate isolate 

and metabolite abundance within 
biocrusts?



Can exometabolite profiles link microbe 
and metabolite abundance in situ?

Laboratory Wetting Event



Approach

Exometabolomics

4 successional stages

5 timepoints

Tami Swenson

Metagenomics enables examination of 

the genomics of uncultivated microbes

Swenson T. Linking soil biology and chemistry in biological soil crust using isolate exometabolomics. Nature Communications 
(2018) 9:19.  DOI: 10.1038/s41467-017-02356-9.



Selection of abundant taxa that exhibit strong dynamics

Increase in Firmicutes during wet-up

Time
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Exometabolomics niche partitioning results
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Karaoz U. mBio (2018) 9:e01366-16. doi.org/10.1128/mBio.01366-16



Metabolite cycling observed across wetup and 

successional
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Isolate exometabolite profiles link microbial abundance to 

metabolite abundance 

Swenson T. et al. Nature Communications (2018)

Morton, J. et al. Nature Methods (In Press)



Phage haven’t been studied in biocrusts

?Does phage predation contribute 
to the decline of Bacilli? 



Observe a diversity of phage with putatively predating Fimicutes

uncultivated viral genomes (UViGs). 

Marc Van Goethem Simon Roux (JGI)



Observe predator prey relationships for some Bacillus and 
Bacillus phage and sporulation auxiliary metabolic genes

Phylogenetic placement of spoIIIE genes retrieved 
from UViGs with their nearest bacterial neighbors 
(from Firmicutes MAGs)

Van Goethem et al mBio (accepted)



PacBio sequencing of Microcoleus

enrichments

• Identified new Microcoleus species (average 

nucleotide identity 86 and 79 vs. known 

species).

• Genomic analysis suggests  adaptations for 

life at higher temperatures, including higher 

base pairing in their 2D tRNA structures

Collaboration with Ferran Garcia-Pichel



Temperature driven replacement of cyanobacteria at 
both the local and continental scales

Garcia-Pichel et al. 

Science, 2013

Couradeau et al Nature Communications 2016; doi:10.1038/ncomms10373

10 C

Estelle 
Couradeau

Eoin Brodie
Ferran

Garcia-Pichel

10 C

Do metabolites play a role in 

the observed changes in 
community structure?



Scytonemin

Changes in surface albedo explained by 
cyanobacterial secondary metabolite produced by 

Nostoc cyanobacteria

Couradeau et al Nature Communications 2016; doi:10.1038/ncomms10373

10 C



~40% of fixed carbon is deposited from the roots to ‘pay’ beneficial microbes

Kate Zhalnina
Brodie Lab
Firestone Lab

New direction: Using 

exometabolomics approach to study 

the role of exudates in structuring 

rhizosphere communities?

Extend understanding/approaches to 
more complex systems



Extension of exometabolite analysis identified 
metabolites that may drive rhizosphere assembly

Feed exudates to 
rhizobacteria

Zhalnina et al  Nature Microbiology 2018



Avena barbata

Suggests plant use exometabolite niche 
partitioning to manipulate microbiome 

composition

How can we test these 
predictions?



FieldCellular and organismal biology

New capabilities are needed to achieve a predictive 
understanding of microbial communities

Controlled and reproducible 
fabricated ecosystems (EcoFAB) + 
perturbation technologies

CRISPR-

Cas

36

CRISPR-

Cas

2016 
EcoFAB
workshop 

2017 
EcoFAB
summit 

2018 AAAS 
Session

2018 Breaking 
the bottleneck 
of genomes

2020 AAAS Session

Bioscience
s strategic 
plan

2018 EcoFAB paper



Dramatic positive impact of this project on my career 

Webofmicrobes.org 



Summary 

• Developed soil metabolomic methods to measure 
microbial substrates and products

• Developed exometabolomic approaches to measure 
microbial activities on environmental metabolites

• Observed exometabolite niche partitioning among 
biocrust isolates

• In situ biocrust microbe-metabolite correlations were 
consistent with isolate exometabolite profiles

• Identified that a bacterial pigment could explain changes 
in community structure along an environmental gradient

• Discovered evidence of phage predation on biocrust 
community structure and sporulation auxiliary metabolic 
genes
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