
David	
  A.	
  Gold
Department	
  of	
  Biology	
  and	
  Biological	
  Engineering

California	
  Institute	
  of	
  Technology

Sterol	
  Biosynthesis	
  and	
  the	
  Rise	
  of	
  Oxygen	
  



Goal

Walk	
  you	
  through	
  our	
  recent	
  publication	
  in	
  Nature	
  

Conclude	
  with	
  the	
  astrobiological implications



What	
  is	
  a	
  sterol?

• Organic	
  molecules	
  and	
  a	
  subclass	
  of	
  steroids
• Play	
  important	
  roles	
  in	
  cell	
  communication	
  and	
  

membrane	
  fluidity

Nucleus

Side	
  chain

hydroxyl	
  group



Why	
  are	
  sterols	
  interesting	
  for	
  the	
  origin	
  of	
  complex	
  
life?

• Sterols	
  are	
  (almost)	
  
exclusively	
  made	
  by	
  
eukaryotes

• Sterols	
  require	
  a	
  
significant	
  amount	
  of	
  
oxygen	
  (11	
  mol O2)	
  

• The	
  presence	
  of	
  
steranes	
  in	
  the	
  
geological	
  record	
  
provides	
  evidence	
  of	
  
oxygen	
  and	
  complex	
  
life



When	
  did	
  sterols	
  originate?

Brocks et al. Science 285.5430 (1999): 1033-1036.

Pilbara	
  Craton,	
  Australia

• Rocks	
  from	
  Pilbara	
  Craton were	
  
analyzed	
  for	
  preserved	
  biomolecules

• The	
  results	
  suggested	
  sterols	
  were	
  
present	
  ~2.7	
  Gya



French et al. Proceedings of the National Academy of Sciences 112.19 (2015): 5915-5920.

Agouron Institute Drilling Project

When	
  did	
  sterols	
  originate?

• Over	
  time,	
  the	
  original	
  
study	
  has	
  proven	
  
controversial

• The	
  rocks	
  were	
  
reappraised	
  in	
  2015



Modified from Brocks et al. Nature (2017). Online ahead of print

The	
  sterane “fossil”	
  record



The	
  big	
  question:	
  could	
  steranes	
  really	
  be	
  that	
  young?

Sterol	
  production	
  appears	
  to	
  be	
  as	
  old	
  as	
  the	
  eukaryotes



The	
  big	
  question:	
  could	
  steranes	
  really	
  be	
  that	
  young?

Butterfield,	
  Nicholas	
  J.	
  Paleobiology 26.3	
  (2000):	
  386-­‐404.
Bengtson,	
  Stefan,	
  et	
  al.	
  PLoS biology 15.3	
  (2017):	
  e2000735.

Bangiomorpha
Red	
  algae
~1200	
  Mya

Rafatazmia and	
  Ramathallus
Red	
  algae?
~1600	
  Mya

The	
  fossil	
  record	
  suggests	
  eukaryotes	
  are	
  older	
  than	
  820	
  My



Two	
  ways	
  to	
  date	
  the	
  origin	
  of	
  life	
  forms

Fossils

Molecular	
  clocks



AATTAGATTACACCCC

TAATAAATAGACTACAC

CCGGAATTAGATTACTC

GGGGGGCGAAATAGATTACAC

TTTATAAATAGACTACACTTT

How	
  does	
  a	
  molecular	
  clock	
  work?

Step	
  1:	
  Sequence	
  DNA



AATTAGATTACAC

AAATAGACTACAC

AATTAGATTACTC

AAATAGATTACAC

AAATAGACTACAC

How	
  does	
  a	
  molecular	
  clock	
  work?

Step	
  2:	
  Align	
  regions	
  of	
  
DNA	
  that	
  are	
  
homologous	
  and	
  look	
  
for	
  differences	
  
(mutations)



AAATAGACTACAC

AATTAGATTACTC

AAATAGATTACAC

AAATAGACTACAC

How	
  does	
  a	
  molecular	
  clock	
  work?

AATTAGATTACAC

Step	
  3:	
  Use	
  this	
  
information	
  to	
  
reconstruct	
  an	
  
evolutionary	
  tree	
  	
  (using	
  
parsimony	
  or	
  more	
  
complex	
  mathematical	
  
models	
  of	
  DNA	
  
mutations)



AATTAGATTACAC

AAATAGACTACAC

AATTAGATTACTC

AAATAGATTACAC

AAATAGACTACAC

Let’s	
  assume	
  that	
  1	
  
mutation	
  occurs	
  
every	
  100	
  million	
  
years	
  (a	
  strict	
  
molecular	
  clock)

How	
  does	
  a	
  molecular	
  clock	
  work?



AATTAGATTACAC

AAATAGACTACAC

AATTAGATTACTC

AAATAGATTACAC

AAATAGACTACAC

3	
  mutations

2	
  mutations

1	
  mutation

0	
  mutations

How	
  does	
  a	
  molecular	
  clock	
  work?



Time

<	
  100	
  Ma

100	
  Ma

200	
  Ma

300	
  Ma

3	
  mutations

2	
  mutations

1	
  mutation

0	
  mutations

How	
  does	
  a	
  molecular	
  clock	
  work?



Time

<	
  100	
  Ma

100	
  Ma

450	
  Ma

550	
  Ma

3	
  mutations

2	
  mutations

1	
  mutation

0	
  mutations

~420	
  Ma

How	
  does	
  a	
  molecular	
  clock	
  work?



How	
  does	
  a	
  molecular	
  clock	
  work?

Parfrey et	
  al.	
  Proceedings	
  of	
  the	
  National	
  Academy	
  of	
  Sciences 108.33	
  (2011):	
  13624-­‐13629.

• Molecular	
  clock	
  
of	
  eukaryotes

• Origin	
  ~1.8	
  Gya



Molecular	
  clock	
  dates	
  for	
  the	
  origin	
  of	
  eukaryotes

Gaya	
  et	
  al.	
  Proceedings	
  of	
  the	
  National	
  Academy	
  of	
  Sciences 112.37	
  (2015):	
  11600-­‐11605.
Parfrey et	
  al. Proceedings	
  of	
  the	
  National	
   Academy	
  of	
  Sciences 108.33	
  (2011):	
  13624-­‐13629.
Hedges	
  et	
  al BMC	
  evolutionary	
   biology 4.1	
  (2004):	
  2.

1082.2	
  Mya Gaya et	
  al.	
  2015
1781.1	
  Mya Parfrey et	
  al.	
  2011
1624.0	
  Mya Hedges	
  et	
  al.	
  2004

• These	
  dates	
  suggest	
  steranes	
  could	
  be	
  twice	
  as	
  old	
  as	
  their	
  fossil	
  record
• And	
  they	
  could	
  be	
  older…

• Is	
  there	
  a	
  way	
  we	
  can	
  study	
  the	
  origin	
  of	
  sterols	
  specifically?



The	
  sterol	
  biosynthesis	
  pathway



The	
  evolution	
  of	
  genes	
  versus	
  species



The	
  evolution	
  of	
  genes	
  versus	
  species

Species	
  tree

Gene	
  tree



The	
  evolution	
  of	
  genes	
  versus	
  species

Gene
duplication

event



The	
  evolution	
  of	
  genes	
  versus	
  species

Horizontal
gene

transfer



Gene-­‐focused	
  molecular	
  clocks	
  reveal	
  the	
  origin	
  of	
  	
  
24-­‐ipc

Isopropylcholesterol

Gold,	
  David	
  A.,	
  et	
  al.	
  "Sterol	
  and	
  genomic	
  analyses	
  validate	
  the	
  sponge	
  biomarker	
  hypothesis."	
   Proceedings	
  of	
  the	
  National	
  
Academy	
  of	
  Sciences	
   113.10	
  (2016):	
  2684-­‐2689.dos



Gene-­‐focused	
  molecular	
  clocks	
  reveal	
  the	
  origin	
  of	
  	
  
24-­‐ipc

Gold,	
  David	
  A.,	
  et	
  al.	
  "Sterol	
  and	
  genomic	
  analyses	
  validate	
  the	
  sponge	
  biomarker	
  hypothesis."	
   Proceedings	
  of	
  the	
  National	
  
Academy	
  of	
  Sciences	
   113.10	
  (2016):	
  2684-­‐2689.dos



C-­‐24	
  methylation	
  is	
  
an	
  advanced	
  step	
  in	
  
sterol	
  biosynthesis

The	
  sterol	
  biosynthesis	
  pathway



• First	
  two	
  genes	
  
required	
  in	
  all	
  sterol	
  
biosynthesis	
  pathways

• Only	
  two	
  genes	
  that	
  
are	
  also	
  found	
  in	
  
bacteria

The	
  sterol	
  biosynthesis	
  pathway



Squalene monooxegenase (SQMO)

squalene

2,3-­‐oxidosqualene
(squalene epoxide)



2,3-­‐oxidosqualene
(squalene epoxide)

cycloartenollanosterol

Oxidosqualene cyclase	
  (OSC)



Sterol	
  biosynthesis	
  in	
  bacteria

Wei	
  JH,	
  Yin	
  X,	
  Welander PV.	
  Sterol	
  synthesis	
  in	
  diverse	
  bacteria.	
  Frontiers	
   in	
  microbiology.	
   2016;7.

• Rare	
  but	
  found	
  in	
  
diverse	
  taxa

• Some	
  taxa	
  make	
  
cycloartenol and	
  
some	
  make	
  
lanosterol

• Many	
  bacteria	
  
modify	
  their	
  sterols,	
  
but	
  do	
  so	
  with	
  
different	
  genes	
  than	
  
eukaryotes

Labilithrix luteola



Methodology

• Collect	
  SQMO	
  and	
  OSC	
  gene	
  
from	
  diverse	
  taxa

• Reconstruct	
  evolutionary	
  trees	
  
of	
  the	
  SQMO	
  and	
  OSC	
  genes

• Generate	
  molecular	
  clocks	
  to	
  
determine	
  when	
  each	
  gene	
  
separated	
  from	
  its	
  last	
  
common	
  ancestor	
  (outgroup)



An	
  evolutionary	
  tree	
  of	
  SQMO

• Some	
  bacterial	
  sequences	
  predate	
  living	
  (crown-­‐
group)	
  eukaryotes

Eukaryotes



An	
  evolutionary	
  tree	
  of	
  SQMO

• Two	
  different	
  
bacterial	
  
groups

• The	
  members	
  
of	
  these	
  
groups	
  are	
  not	
  
closely	
  related

• This	
  suggests	
  
two	
  horizontal	
  
gene	
  transfer	
  
events



SQMO	
  and	
  OSC	
  show	
  the	
  same	
  evolutionary	
  history

Perhaps	
  the	
  genes	
  are	
  being	
  transferred	
  as	
  a	
  pair?



Gene	
  synteny across	
  bacterial	
  genomes

Synteny:	
  the	
  physical	
  co-­‐localization	
  of	
  genes	
  in	
  the	
  genome

• The	
  fact	
  that	
  both	
  genes	
  stay	
  close	
  together	
  in	
  such	
  distantly	
  related	
  
organisms	
  supports	
  horizontal	
  gene	
  transfer

• This	
  means	
  we	
  can	
  treat	
  both	
  genes	
  like	
  a	
  single	
  unit



Creating	
  the	
  molecular	
  clock

SQMO

UbiH
(outgroup)

18	
  fossil	
  calibrations



SQMO	
  +	
  OSC	
  Molecular	
  Clock



SQMO	
  +	
  OSC	
  Molecular	
  Clock

Oldest	
  steranes	
  in	
  fossil	
  record
Complex	
  sterols	
  

evolved	
  by	
  this	
  point

Simple	
  sterols	
  
evolved	
  by	
  this	
  point



Caveat:	
  there’s	
  a	
  lot	
  of	
  uncertainty

Simple	
  sterols	
  
evolved	
  by	
  this	
  pointGene Outrgoup? Toplogy

SQMO No 1 3.21(2.49-4.03) 2.22 (1.78-2.73)
SQMO No 2 3.27 (2.51-4.18) 1.98 (1.58-2.34)
SQMO Yes 1 2.47 (1.98-3.05) 1.80 (1.51-2.12)
SQMO Yes 2 2.34(1.78-2.95) 1.60(1.40-1.92)
OSC No 1 2.23(1.78-2.77) 1.61(1.39-1.87)
OSC No 2 2.23(1.75-2.75) 1.51(1.30-1.81)
OSC Yes 1 2.34(1.93-2.82) 1.56(1.37-1.78)
OSC Yes 2 2.31(1.95-2.73) 1.51(1.33-1.70)
Both No 1 2.28(1.90-2.71) 1.82(1.56-2.17)
Both No 2 2.30(1.87-2.78) 1.60(1.45-1.80)

Complex	
  sterols	
  
evolved	
  by	
  this	
  point



Visualizing	
  uncertainty	
  through	
  the	
  probability	
  
distribution

G
re

at
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n 
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Visualizing	
  uncertainty	
  through	
  the	
  probability	
  
distribution



Visualizing	
  uncertainty	
  through	
  the	
  probability	
  
distribution



Visualizing	
  uncertainty	
  through	
  the	
  probability	
  
distribution



Visualizing	
  uncertainty	
  through	
  the	
  probability	
  
distribution



Conclusions

• Protosterol biosynthesis	
  probably	
  existed	
  by	
  the	
  time	
  
oxygen	
  is	
  first	
  detectable	
  as	
  a	
  permanent	
  presence	
  in	
  the	
  
Earth’s	
  atmosphere

• Sterol	
  biosynthesis	
  substantially	
  predates	
  the	
  evolution	
  of	
  
crown-­‐group	
  eukaryotes

• Our	
  work	
  suggests	
  a	
  >670	
  million	
  year	
  gap	
  exists	
  between	
  
the	
  genetic	
  and	
  fossil	
  records



How	
  do	
  we	
  interpret	
  this	
  discrepancy?

• Sponge	
  biomarkers	
  predate	
  sponge	
  fossils	
  by	
  ~50-­‐100	
  
My	
  (Gold	
  et	
  al.	
  2016)

• Sponge	
  molecular	
  clocks	
  predate	
  sponge	
  biomarkers	
  by	
  
~100	
  My	
  (dos	
  Reis	
  et	
  al.	
  2015)

• Algae	
  molecular	
  clocks	
  predate	
  fossils	
  by	
  ~400	
  My	
  (Yang	
  
et	
  al.	
  2016)	
  

All	
  of	
  this	
  data	
  supports	
  a	
  “long	
  fuse”	
  hypothesis

Gold,	
  David	
  A.,	
  et	
  al.	
  "Sterol	
  and	
  genomic	
  analyses	
  validate	
  the	
  sponge	
  biomarker	
  hypothesis."	
   Proceedings	
  of	
  the	
  National	
  
Academy	
  of	
  Sciences	
   113.10	
  (2016):	
  2684-­‐2689.dos
Reis,	
  Mario,	
  et	
  al.	
  "Uncertainty	
  in	
  the	
  timing	
  of	
  origin	
  of	
  animals	
  and	
  the	
  limits	
  of	
  precision	
  in	
  molecular	
  timescales."	
  
Current	
  Biology	
  25.22	
  (2015):	
  2939-­‐2950.
Yang,	
  Eun Chan,	
   et	
  al.	
  "Divergence	
  time	
  estimates	
  and	
  the	
  evolution	
  of	
  major	
  lineages	
  in	
  the	
  florideophyte red	
  algae."	
  
Scientific	
  reports	
  6	
  (2016).



Implications	
  for	
  finding	
  biosignatures on	
  Earth	
  and	
  
beyond

• The	
  early	
  history	
  of	
  many	
  life	
  forms	
  involved	
  a	
  long	
  
period	
  of	
  low	
  population

• It	
  takes	
  a	
  long	
  time	
  for	
  organisms	
  to	
  become	
  widespread	
  
enough	
  to	
  leave	
  a	
  record	
  in	
  the	
  geological	
  data

• Some	
  biochemical	
  signals	
  from	
  complex	
  life	
  predate	
  
complex	
  life	
  itself
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