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The "fern" at center is Silver dentrite, the 
surrounding "grass" is etched Silicon. 

Courtesy of Julien Goxe

The Valdivian temperate forests is an 
ecoregion on the west coast of southern 
South America, in Chile and Argentina.



Source: NASA Astrobiology

To becom e  a  b ios ign a t u re , a  phenom enon m ust be  re liab ly p roduced  by life .



We are largely unaware of how environmental and 
evolutionary changes impacted our planet 

Nor the  circum stances and  tim ing of events tha t 
m ade  the  ea rly Earth  a  m uch d iffe ren t p lace
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Land p lan ts and
Surface  ecosystem s

Anim als

Green  
a lgae

Cellu la r life

Eukaryotes
Cyanobacte ria

Geologic tim e  (Ga)

Hadean Prote rozoic

4.54 4.0 2.5 0.54 Present

Archean Phanerozoic



Land p lan ts and
Surface  ecosystem s

Anim als

Green  
a lgae

Eukaryotes
Cyanobacte ria

Geologic tim e  (Ga)

Hadean Prote rozoic

4.54 4.0 2.5 0.54 Present

Archean Phanerozoic

Cellu lar life

SINGULAR EVENTS

All the  s in gu la r  e ve n t s  tha t gave  rise  to  the  m odern  
b iosphere  a ll happened  over a  b illion  years ago.
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Early life .. It ’s com plica ted .

Adding to  the  cha llenge
Major p rob lem s p iecing toge the r Earth’s b iosigna ture  h istory.

Exam ple : Dom inan t d rive rs of b iogeochem istry a re  poorly 
constra ined

• Microbes a re  eve rywhere , bu t eukaryotes dom ina te  land  
b iom ass

• O2 is curren t m ajor a tm ospheric com ponent
• O2 undoubted ly sh ifted  ecosystem  com plexity AND enzym atic 

functions AND m inera l wea the ring  



There  is no  substitu te  for b io logy in  the  assessm ent of p lane ta ry-sca le  
life  in  the  un ive rse .

There are almost no direct remains of life from the Earth’s earliest 
history.

We need another way to look at ancient life on Earth
?

- Without the  bene fit (and  the  lim ita tion) of com paring these  even ts 
to  any othe r in  evolu tionary h istory.

But how do we  do th is?



Building “The Bridge”
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“The Bridge”

Natural Phenomena
• “bioinorganic bridge” (Anbar & Knoll 2002)

The Science
• New tools!

• Us! 





Biology &
geochemistry

of Earth’s history

Life as we
don’t know it

Life’s metal
requirements

What drives the natural selection of chemical elements in biology?





78% N2
21% O2

<1% CO2, Ar , a n d  o t h e r  ga se s  

Earth’s curren t a tm osphere



Nit roge n a se
Life’s on ly trick to  convert a tm ospheric n itrogen  to  b ioava ilab le  am m onia

N2

NH3
Life  depends on  n itrogen , n itrogenase  
has been  a  core  fea ture  of the  Earth  

b iosphere  for b illions of years.

N2 + 8 H+ + 8 e- + 16ATP → 2 NH3 + H2 + 16ADP + 16Pi



Nit roge n a se
Life’s on ly trick to  convert a tm ospheric n itrogen  to  b ioava ilab le  am m onia

N2

NH3

Nitrogen Cycle
after Bernhard 2010

Nitrogen 
fixation
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Life  depends on  n itrogenase , 
n itrogenase  depends on  
Molyb d e n u m !



Life as we know it requires nitrogen, but how does 
our understanding of the N cycle inform our search 

for life in the universe? 

In  order to  understand  the  evolu tion  of the  n itrogen  cycle , we  need  to  
understand  the  p lane ta ry cond itions tha t gave  rise  to  b iologica l 

n itrogen  fixa tion . 



?

Tim e
(billions of years)

Today4.5 4.0 3.0 2.0 1.0

Marine  Fe

Marine  Mo

Anbar & Knoll, Science, 2002

Nitrogenase  evolu tion : Seeking guidance  from  Earth  h istory

A case  for “p lane tary m icrob iology”

Anbar and Knoll

Mo-dependence  like ly evolved  under a  low Mo bu t h igh  Fe  ocean .
Why?
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Qu e st ion s  fo r  b io logica l N-cycle  e vo lu t ion :
• How have changes in abiotic/biotic nutrient cycling influenced the evolution of 

these enzymes?

• What drives the selection of their metal cofactors as well as other incorporated 
elements?

• I.e., metal abundances, nutrient limitation/minimums, environmental conditions, 
ecological processes, etc. 

• What gaps in knowledge might there be in both the geologic and biological 
record that need to be addressed?

• Ex. Isotope fractionation data from non-model organisms, undiscovered N-cycle 
pathways/enzymes, etc. 

• What a re  the  obse rvab le  signa tures of th is phenom enon? 



Earth’s past biology offers a unique opportunity. The  
early Earth  is a  na tura l labora tory to  iden tify poten tia l 
b iosigna tures in  the  con text of the ir environm ent.

Run the ‘what if’ experiment



E. coli                 S. elonga tus           A. vinelandii             R. pa lustris    K. va riicola          Sulfolobus a rchaea            

“Plane ta ry Microb iology”
Microb e s



Ancestra l
reconstruction

Synthe tic 
b io logy

Prote in
b iochem istry

Experim enta l
evolu tion

Machine
learn ing

Isotope
geochem istry

“Plane ta ry Microb iology”

We have several questions that we can answer with modern tools in biology

Such as CRISPR, computational biology, AI predictions, laboratory evolution, 
etc.

First question: How did nitrogenase evolve?



A B C E F GDModern 
protein

Evolutionary
history

Ancestor

Ancient DNA reconstruction



A B C E F GDModern 
protein

Ancestor

Reprogram cells to generate extinct biosignatures



Garcia et al., Geobiology, 2020

Nitrogenase  prote in  phylogeny

• Built m ach ine  learn ing m ode ls to  
in fe r ancien t p rote in  and  
m etabolism  & propertie s 

Active -site  am ino acids
tuned  to  cofactor

m eta l com position



Engineer ancient DNA in microbes

Ge n e ra t e  n e w  e xp e r im e n t a l sys t e m

Kacar et al., mBio, 2017
Venkataram et al., PNAS, 2020
Garcia et al., eLife , 2023

A. vinelandii 

Amanda Garcia (NPP)



Garcia et al., eLife , 2023

Environm enta l p ressures  Evolu tionary opportun itie s 
Bridging enzym es to  ecosystem s & obse rvab les



Garcia et al., eLife , 2023

• Genera te  ancien t m e tabolism s in  the  lab :

• Despite  sca rcity, ea rly n itrogenases pre fe rred  Mo

• Study and  evolve  them  under ancien t Earth  conditions

• Labora tory re surrection  of ancien t iso tope  signa tures



Garcia et al., eLife , 2023

Rivier et al., Spectrum, 2023
Rucker et al., Trends in Micro, 2023

• We sim ula te  ancien t & a lien  Earth  cond itions in  the  

labora tory to  genera te  a  h igh-th roughput b iosigna tu re  

lib ra ry



Rucker and Kaçar, 2023

Meta l com position  evolved  across geologic tim e   



Presen ting new ana lyses of nu trien t transition  m eta ls 
in  seafloor ven t flu ids from  the  icon ic Lost City 
Hydrothe rm al Fie ld  (LCHF) 

We have  ca lcu la ted  the  am ounts of m e ta ls tha t a re  
necessary to  susta in  life  
(includ ing Ni, Mo, Mn, Fe , Co, Cd , W)

Guy Evans et al.

Mo

Fe
S



Life as we know it requires nitrogen, but how does 
our understanding of the N cycle inform our search 

for life in the universe? 

Recall…



Look in g fo r  life  in  a ll t h e  w ron g (o r  r igh t ?) p la ce s?

We cannot put a lab on a spacecraft 
but we can distill that to a set of 

observables that can be measurable 
using a limited set of tools

Iron

Vanadium



Looking for life  in  a ll the  wrong (or righ t?) p laces?

We are  recrea ting ancien t Earth  in  the  lab . 
Can  th is te ll us if Mars’ past was a live  or dead?

Goals:

• deve lop  the  techniques so  tha t NASA astronauts can  recognize  the  
poten tia l for past and  presen t life  e lsewhere

• support p lane ta ry scien tists in  assessing poten tia l for life  on  icy worlds

• he lp  p lace  exoplane ts in  con text with  ancien t and  presen t-day Earth



We study which  e lem ents m ay 
produce  obse rvable  signa tures 

under a  variab le  conditions from  
Mars to  icy-m oons.

Our goa l is  to  he lp  people  figure  ou t 
wha t life  looks life  (or not!)



If we  can  tie  any of the  evolu tionary singula r 
even ts to  the  p resence , absence , abundance  or 
de ficiency of e lem ents, we  m ight he lp  to  m ake  
th is a  p rob lem  tha t is m ore  easily obse rvab le  

across in te rste lla r d istances. 

The  early Earth  is a  na tu ra l labora tory to  iden tify poten tia l b iosigna tu res 
in  the  con text of the ir environm ent



Understanding life -p lane t co-evolu tion  recorded  in  the  rock 
record , in  b iod ive rsity, in  genom e da tabases, and  m ode led  in 
silico or by lab  proxy stud ies. 

LECA

LECA

LECA

LECA

LUCA

Biosphere

Multi-
cellularity

Molecular
Biology

Evolution

Ecology
Complex
systems

Space
Missions

Biosignatures

Geochemistry

Microbiology
Paleontology

A community dedicated to understanding life-planet co-evolution recorded in the rock 
record, in biodiversity, in genome databases, and modeled in silico or by lab proxy studies. 

lifeRCN.org





Co-Leads
• Mary Drose r, UC-Rive rside
• Betü l Kaçar, UW-Madison ,
• Frank Rosenzwe ig, GTech
• Arie l Anbar, ASU

Early Caree r Com m ittee

•Christina  Buffo, Georgia  Institu te of Technology
•Ja im e  Cordova , Unive rsity of Wisconsin -Madison
•Bruno Cuevas-Zuviría , Unive rsity of Wisconsin -Madison
•Ethan  Edm ans, Arizona  Sta te Unive rsity
•Brandon  Hasty, Arizona  Sta te Unive rsity
•Adam  Hoffm an , Unive rsity of Californ ia , Rive rside
•Charle s Ross Lindsey, Georgia  Institu te of Technology
•Kathryn Rico, Arizona  Sta te Unive rsity
•Rache l Surprenan t, Unive rsity of Californ ia , Rive rside

Stee ring Com m ittee

•Tom  Boothby, Unive rsity of Wyom ing
•Don Burke -Aguero, Unive rsity of Missouri
•She lley Copley, Unive rsity of Colorado-Boulde r
•Mark Ditzle r, NASA Am es Research Cente r
•Ben Gill, Un ive rsity of Verm ont 
•Trin ity Ham ilton , Unive rsity Minnesota
•Tim  Lyons, Unive rsity of Californ ia , Rive rside
•Niki Paren teau , NASA Am es Research Cente r
•Danie l Stolpe r, Unive rsity of Californ ia , Be rke ley
•Cynth ia  Silvie ra , Unive rsity of Miam i
•Steve  Vance , NASA Je t Propu lsion Labora tory

There’s a  p lace  for eve rybody here . As long as you’re
fascina ted by life , the re are  m any diffe ren t ways to
chase  these questions and  we want eve ryone to be  

excited and  jo in us in  th is e ffort.



@LIFE_RCNlifercn.org youtube.com/@LIFE-RCN

Online community seminars and workshops



1st LIFE Workshop

Nitrogen Cycling Across Planetary Scales
October 18, 20, 2023
Lead Organizers: Eva Stueeken (St. Andrews Univ) &  
Ben Johnson (Iowa State)
LIFE organizers: Betül Kaçar and Ariel Anbar

This workshop brought toge the r a  wide  varie ty 
of scien tists, including b iologists, geologists, 
a stronom ers, and  chem ists to  bu ild  
connections and  enhance  understanding of 
the  ro le  of n itrogen  in  the  search  for life .

• 170 participan ts
• Over 8 countrie s
• 12 presen te rs, 4 pane lists
• 1 white  pape r, 1 review pape r
“The  cosm ic im portance  of n itrogen”



Prebiotic Chemistry and Early Earth 
Environments

PCE3

Network for Life Detection
NFOLDNetwork for Ocean Worlds

NOW

NASA Earth Sciences Division
NASA ESD

A connected network of networks – supporting current NASA Mission Science

NASA 
Astrophysics 

Division
NASA APD

The Nexus for 
Exoplanet System 

Science 
NExSS

LIFE: Early Cells to 
Multicellularity

ECM

Europa Clipper
Europa Lander Dragonfly

JWST
Luvoir/HabEx

OSIRIS REx

Perseverance
Mars Sample

Return

Enceladus 
Orbilander



No single  ‘sm oking gun’ of b io logica l p resence

Strongest a rgum ents will involve  a  m ix of m ultip le , 
com plem enta ry b iosigna tures tha t re in force  a  consisten t view of 
b io logica l im pact.

Our goa l is to  he lp  NASA and  its m issions to  correctly assess 
the  poten tia l for past or p resen t life







Thank you!



Microbia l “b iosigna tures” 
can  be  prese rved  in  the  

rock record

Biologica l
C & S cycling

C

S

?
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4.54 4.0 2.5 0.54 Present
Microb ia l Life

Rebuild ing  and  recrea ting 
ancien t b iosigna tures in  
the  labora tory

High  CO2 Low CO2

Atm ospheric oxygen
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Microb ia l Life

Rebuild ing  and  recrea ting 
ancien t b iosigna tures in  
the  labora tory  

High  CO2 Low CO2

Atm ospheric oxygen

Kedzior et al., Cell Reports, 2022
Garcia et al., Geobiology, 2023
Kacar et al., ISME J, 2021

Labora tory resurrection  of ancien t b iosignatures 
(Kedzior, 2022)



Reviewed  200-year-old  lite ra tu re . Reporting 270 com bina tions of m olecu les 
across the  pe riod ic tab le . 

The  da ta  will be  used  in  labora tory experim ents sim ula ting m ultip le  p lane ta ry 
cond itions, p rovid ing insigh t in to  how and  where  these  ingred ien ts cou ld  form  
com plex cycles.

MUSE “Encyclopedia  Autoca ta lytica”
Peng et al., JACS, 2023



Other N-cycle metalloenzymes

Nitrite reductase

Nitrate reductase

Nitric oxide reductase

Nitrous oxide reductase

Hydroxylamine reductase

Mo

Mo

Cu

Fe
Cu

Fe

Fe

NO2

NH2OH

N2O

N2
NO N2ONO3

NO2

NO2

NO
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