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ey 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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Number of reads

Choosing the soil community

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

2500

i
e

Crust dominated by a few taxa and can
be probed as an intact soil community
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Importance of model systems that can
be extended to more complex systems
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SRR Biocrusts fix carbon and stabilizes KR
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soill In arid lands

Arid Lands: 40% of Earth’s Sensitive to physical

terrestrial surface disturbance

Biocrusts estimated to
account for 7% of CO,
fixed by terrestrial
ecosystems

=Tl

WM Asicd/coot Semiarid
B Cool-Cold Semiarid

[ other

Appraximate quatorisl scae 1:115 million

Figure 1. Patterned areas represent regions where biological soil crusts are likely to mnfl local h logi (&
these lands represent 40% of the Earth's terrestrial surface
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Experimentally tractable Large-scale Biocrust inoculation Biocrusts help prevent erosion
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Microcoleus sp. Filamentous Cyanobacteria R
that fix atmospheric carbon dioxide and bind
the soil forming these biocrusts
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Exometabolite webs when biocrusts QP\T
resuscitate from dormancy

Laboratory Wetting Event
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What is soil carbon?

Emerging view: Microbial Metabolites

Historical view

Observed Interpretation
Wet chemical
extraction and ;
5 3 Humic
Soil characterization macromolecules
exist in soil
Emerging understanding
Observed : Interpretation
Direct observation
by in situ imaging
pect Simpl
. ands roscPy bion:gllgciles
Soil exist in soil

Schmidt, Torn, Nature 2011
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A1—Development of
soil metabolomics

approaches
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Developed and published the first LC/MS
soll metabolq’mics methods
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\ & Liquid Chromatography

Metabolite identification, "y
Quantification & comparison

Tandem Mass
Spectrometry

DU

Swenson et al, Untargeted Soil Metabolomics Methods for Analysis of Extractable Organic Matter. Soil Bio. Biochem. 2015
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What Is the connection between
microbial diversity and resource
diversity (diversity in soll
carbon)?

Cactus Small s
round tree Medium Woodpecker
® Medium inch finch tree finch  finch
round - S
inch e @ '
A G. scandens C. parvulus C. pauper C. pallidus
L?éggd G. fortis Small Large cactus |Vegetarian Large Mangrove Green Gray
? h round ground finch |finch tree finch warbler  warbler
e inch 3 finch finch finch
@ 5 e
G. fuliginosa G. conirostris | C. crassi- | C. C. Certhidea Certhidea
G. magnirostris rostris psittacula heliobates | olivacea fusca
L
Sharp-beaked
ground finch
G. difficilis Cactus s [
Seed eaters flower ‘; Insect eaters
[ eaters °°l o~ I
| I
Ground finches Tree finches Warbler finches
Genus Geospiza Genus Camarhynchus Genus Certhidea
L ]
[
|
fze
L5
Common ancestor from
(b) The Galapagos finches South American mainland
Copyright © Pearson Educaion, Inc. . publishing as Bargamen Cummings.




o Biocrust exometabolite webs of
microbes

Microcoleus
(primary producer)

Microcoleus
(primary producer)

.:0:0
e

They all eat everything: They target specific metabolites:
Metabolites do not support Exometabolite niche partitioning

diversity X
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Developed exometabolomics approaches :

Microbes

7 B

A2—Metabolomics to m B
identify bacterial uptake g U l
andreleaseof soil @ -~~~ """""- :
metabolites ' oS

A/USE LC/MS to measure h

changes in metabolites
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o Microcoleus releases a large fraction of @\T
its ‘metabolome’

d
Microcoleus
(primary producer)

a
Microcoleus vaginatus PCC 9802
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) Resource utilization by cyanosphere ™
heterotrophs

Bacillaceae
N ® Micrococcaceae
Q Methylobacteriaceae
c 2 - o Bradyrhizobiaceae
° ® Geodermatophilaceae
2 o 4 ¢ M. vaginatus
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Isolates show specialization for uptake
o of specific metabolites

Mi |
\x\ Bacmus 2 (primlacrl;log?oedltscer) w 5@’&6
\ %
Bacillus 1 11/ - )%
/ Arthrobacter B\
' . Modestobacter \ %
6\ __— /1) | Methylobacterium ‘ o
- ’ ;’ |
5 \ YAy _
A \ / Microcoleus
, ;’f 1
4 ~ \ 1
3 s
2

Microcoleus

0.00 0.05 010 015 020 025 030 035

Fraction of Metabolites Taken Up
Heterotrophs
[ Competition  ciruiine —
11 Dihexose Glutamate
1 <:] Glycerophosphocholine Glutamine
111¢ Citrate/lsocitrate nGl

GInGInGln
Proline Acetyllysine
Histidine  Acetylornithine

Potential for exchange

Adenine Aspartate AspArg
Adenosine Uracil AlaAla
E Guanine Hypoxanthine yGluVval
Xanthine Methylguanine yGluAla
Malate 2-isopropylmalateMethionine
Citramalate Methieninesulfoxide

Succinate Guanidinobutanoate
Urocanate

Glycine betaine

Released onl

nHex+C;He0; rihexose
CHx0;, Dihexosylglycerol
Histidine betaine

Cytosine
Mercaptohistidine betaine :_::/’—J>

...but consumed by authentic crust
Baran et al Nature Communications 2015 DOI:10.1038/ncomms9289
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Bt Exometabolite niche portioning couples R
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microbial diversity to chemical diversity

BIOCRUST BUFFET ‘
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Lawrence Bertelay Mational Laborstory

@il Built Webofmicrobes.org to predict interactions .

Northen Group Internal
Of analyzing the chemistry between microbes
The Web One Metabolite Environmental Upload | About WoM
Please se - - v -0
"0 Fit Model to Exometabolite Data
one or Mac § {1l Idemify the minimal set of biochemical reactions to add to a draft metabalic model to enable production and consumption of as many exametabolites as possible
= Reset | Finished with success 51m 49s ago i i
Envir ’ Suzie Kosina Annette
| Input Objects {1advanced parameterhidden) showadvanced ( LB N L) G rel n e r
Avena k
Input model iJN678.int M ( N E RSC)
Environme
Exometabolite matrix WOM_exometabolite_profiles =
0 rg a l Input base media Carbon-D-Glucose .
check all | | p ters (5 advanced ters hidden)  showadvanced
Show Data column to fit Available ltems - 56
The search X . v X
« Bra 1 A+MEBM_Environment
WOM_exometabolite_profiles
# Bur 2 A+MEBM_Synechococcus_PCCT002
WOM_exometabolite_profiles
J Cau 3 As+SynechococcusExtract_Environment
Cell WOM_exometabolite_profiles
4 : 4 A+SynechococcusExtract_Synechococcus_PCCT002
l Flay WOM_exometabolite_profiles
. 1 5 A+YeastExtract_Environment
Gec WOM_exometabolite_profiles
Y AN
Selected Items
1 BGT_écrustisoExtract_M_vaginatus_PCC9B02
WOM_exometabolite_profiles
Output Objects
Output model iIN&78 recon
Output media iIN&78.exomedia
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Can Isolate exometabolite
profiles be used to relate isolate
and metabolite abundance within

blocrusts?




Can exometabolite profiles link microbe QP\T
and metabolite abundance in situ?

Laboratory Wetting Event

microbe abundance
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Approach

: _ _

: ¥ metabolomics Exometabolomics
yd’ 'f 1 .
L Tami Swenson

O Y
porewater

s
sample collection

wetup P

5 timepoints \

P L

microbial-metabolite
correlations/ relationships

c0ee DNA
4 successional stages ;{ \ )}/\

W DF l
metagenomics

Metagenomics enables examination of
the genomics of uncultivated microbes

4

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. ENERGY St




— Selection of abundant taxa that exhibit strong dynamics R
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Increase in Firmicutes during wet-up Exometabolomics niche partitioning results
3 min wetup 49.5 hr wetup
s o Bacillus 2
i . Bacillus 1
- n Arthrobacter
Modestobacter
Methylobacterium
— Bosea
— : Microcoleus
: ! ! — 0.00 0.05 0.10 0.15 020 0.25 0.30 0.35
" e@(\{&‘é \3@,«'\@’ ¥ A e%‘\*,@'\é o & Fraction of Metabolites Taken Up
Cyano »acteria-dominated Firmicutes-do'\r‘ginated
Microcoleus- early responder Bacillus 1- mid responder  Bacillus 2- late responder
0.6 | ‘—
0.5
0.4 -
2 05
.
I]' > i E ."‘ ..'-r m'?"ite Wz } X
wetup time (hours) ° et time ”'°“ rs) 49 P

Karaoz U. mBio (2018) 9:201366-16. doi.org/lO.1128/mB|o.01366-16 e e IRGY oo
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Lawrence Bertelay Mational Laborstory

Metabolite cycling observed across wetup an

row groups

| purine

carbohydrate —

B fatty acid
vitamin
peptide
nucleobase
other
amino acid
organic acid

colorke

min

wetup time

successional stage

successional

" e

creatinine

betaine

urate

carniting

(N&-acetyl-lysine )

thymidine

isoleucine

fggceru—.’-}—uh osphoethanolamine)
actate

aminoadipic acid
thymine
hypoxanthine
2Z-aminobutanoate
monosaccharide
4guanidinobutanoate

xylitol
3' 5 cycic-AMP
xanthine
(2, 3-dihydroxy-3-methylbutanoate )
urocanate
nicotinate
T-methyladenine
(2,5-diaminohexanoate}
ta ur‘ijne_
pyridoxine
pantothenate Ia
(3-hydroxypyridine)
salicylate -
sachyose metabolites
pyroglutamate

oline
citrulling
valine
alanine

0sine
(5,6-dihydrothymine)
tyrosine
palmitoleate
guaning
N-acetylornithine
phenylalanine
2'—da_ux*{guannsme
sucanate
2-oxoglutarate
methionine

adenine

{leucy-leucine) - .
aaviewrs | aMiNo acids/
tryptophan

tnima o) nucleobases

serine

inosine

leucine

threonine

2'-deoxyuridine

N-acetylglutamate

(lipoate )

oleate

4-hydroxy-proline

(3-methyladenine)

uracil

fumarate

glutamine

glutam ate

asparagine

(4-oxoproline)
idine

g\l‘:tm

uriding

guanosine

aspartate
(dehydroalanine)
lysine
disaccharide
adenosine
ergothioneine
palmsllta}e .
myristate

Samte fatty acids
(gueuine)

laurate

decanoate

U.S. DEPARTMENT OF

ENERGY

Office of
Science



BERKELEY LAB

el Isolate exometabolite profiles link microbial abundance to @4
metabolite abundance '

late-mid successional stage

1

Exometabolomics

——) (e|eased
—— cONsumed

Microcoleus Bacillus 1

0.8 1
0.6 1

0.4 1

Current Study

0.2 1

data agree

normalized RPKM

1

™

ambiguous
3
wetup timepoint

wetup time

Swenson T. et al. Nature Communications (2018)
Morton, J. et al. Nature Methods (In Press)
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Does phage predation contribute
to the decline of Bacllli?




geerlil Observe a diversity of phage with putatively predating Fimicutes P2

BERKELEY LAB @

Putative Host
® Biocrust (unknown)
® Actinobacteria
Marc Van Goethem )
N © Bacteroidetes
14000 Cyanobacteria
R2=0.8935 . y
12000 4 © Deinococcus-Thermus
2 Firmicutes
S 10000 - - )
" C Alphaproteobacteria
@
< 8000 1 @® Betaproteobacteria
o
5 Deltaproteobacteria
@ 6000 | Myoviridae ¢ P
..33:: — () Siphoviridae ® Epsilonproteobacteria
O 4000 1 e ® - ]
E oo < Podoviridae ® Gammaproteobacteria
i 200 | Inoviridae .
() Biocrust viruses @® Tenericutes
0 la /\ Uncharacterized ® Archaea

s U.S. DEPARTMENT OF Office O_F
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ey Observe predator prey relationships for some Bacillus and QF@
Bacillus phage and sporulation auxiliary metabolic genes

BERKELEY LAB

Phylogenetic placement of spolllE genes retrieved
from UViGs with their nearest bacterial neighbors
(from Firmicutes MAGS)

Bacillus-Phage Relationship Brevibacillus (EM51)
6000 6 : Bacilli (D5)
Clostridia (LM56)
— Myoviridae LM215258
Caudovirales E17321
5000 5 L_< Podoviridae E45732
Caudovirales E26460
Cbvirus E37638
4000 4 Phietavirus EM51 6'79
Paenibacillaceae (E11)
Abouovirus L50752

Caudovirales E15680
Lambdavirus L45445

3000 1 3 01

Bacillus — Paenibacillaceae (E11)

— Anoxybacillus (EM40)
7 Bacillus (E35)
wIAnoxybaciI/us (LM42)
Brevibacillus (E39)
WlBrevibacil/us (EM46)

Bacillus Phage Tree Scale

N
UViGs known to infect Bacillus

2000

Bacillus 16S rRNA gene copies

Key
UViGs

Fimicutes MAGS Brevibacillus (LM22)

Brevibacillus (L6)

Paenibacillus (E14)
Paenibacillus (L3)
0 0 -
0 3 min 9h 18 h 42 h 495h P

Time after Wetting . Paen/.bam./lus (EM31)
Paenibacillus (L51)

1000 1

Van Goethem et al mBio (accepted)
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’7 Pleurocapsa sir SAG 499 (AJ3445641)
— / " Pleurccapsa sp CALU 1126 (DQ2939941)

s 'ﬁ Synechococcus sp PCC 7002 (CP0009511) - - -
| acBio sequencing of Microcoleus
' Spirulina major str PCC 6313 (NR 1257121) @
EE,E&E!,‘E,I. hﬂg Synechococcus elongatus str PCC 6301 (NR 0743091)
Synechococcus PCCE717 (AF2169431)
™ Glogobacter kilaueensis str JS1 (NR 1217451) -

o Glosobacter violaceus str PCC 7421 (NR 0742821)

Gloeobacter violaceus SAG 3587 (KM0200091)
"L Gloeobacter violaceus PCC 7421 (AF1327801)
Coleofasciculus chth: ) EcFYyyyy00 (KC4631901)
Oscillatoria acuminata str PCC 6304 (NR 1024631)
pirulina sp EEW5 (HQ0082281)

Lyngbya str PCC 7419 (AJ0007141)

— T  |dentified new Microcoleus species (average
nucleotide identity 86 and 79 vs. known
species).

Microcoleus vaginatus HSN0O3
| Microcoleus vaginatus SAG 2211 (EF6540741)
"I Microcoleus vaginatus CJI U2 KK2 (EF6540631)
Microcoleus vaginatus PCC9802
Microcoleus vaginatus FGP-2
Microcoleus vaginatus CJI U2 KK1 (EF6540621)
| Microcoleus vaginatus SEV1 KK3 (EF6540761)
Microcoleus vaginatus CSI U KK1 (EFB540661)
Microcoleus vaginatus UBI KK2 (EF6540791)
Microcoleus cf vaginatus Ru 6 12 (MHB6888451)
Microcoleus vaginatus KZ 2 2 5 (MK2112251) - - -
Microcoleus vaginatus SRS1 KK2 (EF6540781) . G e n O m

Microcoleus vaginatus CJI U2 KK1 (EF6540621) I C an a yS I S S u g g eS S a ap a I O n S O r
o T Oscillatoria nigro viridis str PCC 7112 (NR 1024691)
" Oscillatoria nigro viridis PCC 7112 (CP0036141) . . . . .

Chroc idiopsis thermalis str PCC 7203 (102464 1)
T Ife at higher temperatures, including higher
T — Fischerella major NIES 592 (AB0934871) ]
L— Fischerella sp Mv9 (DQ7861691)

— . e base pairing in their 2D tRNA structures

i Nostoc sp UAM 308 (HMB237811)
Nostoc commune HK 02 (AB6949271)
Nostoc commune YK 04 (AB6949281)
Microcoleus paludosus SAG 1449 1a (EF6540901)
Phormidium murrayii ANTLPE2 (AY4935981)
Coleofasciculus chthonopiastes WW1 (EF6540501)
™ ] r Coleofasciculus chthonoplastes SAH (EF6540431)
Coleofasciculus chthonoplastes WW3 (EF6540521)

Uncultured bacterium clone HF934 (KF0373211)
Symplocastrum torsivum CPER KK1 (EF6540651)
Uncultured cyanobacterium clone BkfYyy 600 (KC4636811)

Microcoleus steenstrupii HS024 :
kv I;"L: Microcoleus steenstrupil CAUS clone 2 (MG6419201)
Microcoleus steenstrupii CAU8 clone 1 (MG6419191)
Uncultured cyanobacterium clone BkfYyyy600 (KC4633671)
Uncultured bacterium clone L1CLN40 (AB6963131)
E Schizothrix sp UAM 402 (KF5449671)

‘iFﬂMfcmCufeus vaginafus NV1 KK1 (EF8540711)
2

ape|o snjeuibea snajooololp

o

JGI X

JOINT GENOME INSTITUTE

Uncultured cyanobacterium clone MSmat31 (JQ6121371)
Uncultured bacterium clone TG 11 (JQ7695211)
Oscillatoriales cyanobacterium 41PC (MF5816571)
Oscillatoriales cyancbacterium 44PC (MF5816601)
o :{ Oscillatoriales cyanobacterium 46PC (MF5816621)
Oscillatoriales cyanobacterium 45PC (MF5816611) :
Microcoleus sp SON62
Uncultured bacterium clone YL625 (KF0376681)
— "l‘g Uncultured cyanobacterium clone BkfYyy 800 (KC4636831)
=~ Uncultured bacterium clone SH201206 59 (KX5084101)
| Uncultured bacterium clone SH201206 52 (KX5084041)
Microcoleus sp HTT U KK5 (EFE540701)
0.01 Microcoleus sp PCC 7113 plasmid pMIC711302 (CP0036321)
| Microcoleus sp PCC 7113

P Collaboration with Ferran Garcia-Pichel

apep ;_rdmfuaa)s SNajoo0.oIp
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Do metabolites play arole in
the observed changes In
community structure?




— Changes in surface albedo explained by @4

BERKELEY LAB @

cyanobacterial secondary metabolite produced by
Nostoc cyanobacteria

TR B
s J o7

OH »
Nosto&sp

Scytonemin

sample ID
-
(0]
5 T
£ 1.4,
2 D
b R2=0.9721
2 M -
B 1- Strupii
o] - T4 Microcoleus steenstrupii
w
: M -
2
©
5 0.6
Q.
IS
‘9 T T T T T 1 ied Oscillatoriales
8 0.27 0.29 0.31 0.33 0.35 0.37 yancbacera
£ Albedo -Gm
520 52 5.2

Scytonemin concentration (mg.m)

n
N
igonematales
T lyp thrix | SC yé nem;n;ea_nng
I S cytonema anobacteria
- Microcoleus vaginatus
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Couradeau et al Nature Communications 2016; doi:10.1038/ncomms10373



o New direction: Using
exometabolomics approach to study
the role of exudates in structuring \
rhizosphere communities? Kate Zhalnina

Brodie Lab
Firestone Lab

high

Global
Carbon
Cycling

low Community complexity high

Extend understanding/approaches to
more complex systems

~40% of fixed carbon is deposited from the roots to ‘pay’ beneficial microbes = e
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Lawrence Bertelay Mational Laborstory

Pre-planted & Rhizosphere soils

40
,\: = Week 0
o koo Week 3 Rhizosphere
® e = \Veek 6 Rhizosphere
b 30 4 Week 9 Rhizosphere
= 7 4 mmmm Week 12 Rhizosphere
73 N
F 20 iy { Shi et al., mBio, 2015
73
et 10 1 5 § Z3 = 2!
© 1 1l B - S ¥
o 2l Rl Bl s 23 R R e il O
o L KRN KRN ERN Bl «R1 ERR NRD PER RN mew mm
- . - - 2 . - '\
B I A A T A (PP g B (@ et
@ N OF 7 o0t

0% 2 % ¢ N\
" (\0 \30 \QO \00 \30 < 60 Q\‘ O 0\8
P‘O\\Of Q‘O ’Q(O ﬁ'Q‘o *’Q\O P\Cr\ \‘e‘(\) 6’6 ?\g\«\ «\a\)

Feed exudates to

rhizobacteria . 1 ..
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Zhalnina et al Nature Microbiology 2018
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Extension of exometabolite analysis identified
metabolites that may drive rhizosphere assembly

Aromatic organic
acids, amino acids,
nucleotides
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Phenolic acids are preferentially used by rhizosphere
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’\Ill Suggests plant use exometabolite niche
partitioning to manipulate microbiome

composition

Avena barbata

&
\

How can we test these
predictions?
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New capabilities are needed to achieve a predictive
understanding of microbial communities
Controlled and reproducible

fabricated ecosystems (EcoFAB) +
perturbation technologies

Ay,
A
reSrrrerr |"I|

BERKELEY LAB

Cellular and organismal biology Field

nature
methods

Techniques for life scientists and chemists

EcoFABs: advancing microbiome science through
standardized fabricated ecosystems

ses scientists lack standardized and

\\\"ug; B doccoran

= 4

./ EcoFAB

Microbiomes play critical roles in ecosystems and human health, yet in most ca
reproducible model microbial communities. The development of fabricated microbial ecosystems, which we term
EcoFABs, will provide such model systems for microbiome studies.

WORKSHOP
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Karsten Zengler, Kirsten Hofmockel, Nitin S. Baliga, Scott W. Behie, Hans C. Bernstein,

James B. Brown, José R. Dinneny, Sheri A. Floge, Samuel P. Forry, Matthias Hess, Scott A. Jackson,
Christer Jansson, Stephen R. Lindemann, Jennifer Pett-Ridge, Costas Maranas, Ophelia S. Venturelli,
Matthew D. Wallenstein, Elizabeth A. Shank and Trent R. Northen
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2018 Breaking
the bottleneck
of genomes

2017
EcoFAB
summit

Bioscience
s strategic
plan

2016
EcoFAB
workshop

2018 AAAS 2018 EcoFAB paper

Session

Research for Sustainable Bioenergy:
Linking Genomic and Ecosystem Sciences

Workshop Report
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EARTH
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2020 AAAS Session
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F\”' Dramatic positive impact of this project on my career QP\T

NorthenLab: Exometabolomics linking genomes with environments to understand how webs of microbes sustain
: biomes
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* 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

e |n situ biocrust microbe-metabolite correlations were
consistent with isolate exometabolite profiles

* |dentified 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 e
genes
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