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古代のゲノム進化の可能性: Oxytricha からの教訓 



Ciliates	
  are	
  microbial	
  eukaryotes	
  

 Ernst Haeckel, Kunstformen der Natur, 1904 
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         Oxytricha trifallax:  2 nuclear genomes	


	



 • MACronucleus   complete  [Swart et al., PLoS Biol, 2013] 
	

 	

67 Mb     (half Tetrahymena) 
  average MAC “nano-chromosome”   3.2 kb   (469 bp - 66 kb) 
   90% contain 1 gene, 10% contain 2-8 genes 
  >16,000 completely sequenced nanochromosomes, ~18,400 genes 
   amplified:  ~1000 copies each 
  65% A+T 

 
 • MICronucleus  100x draft  [Chen, Bracht, Goldman, Amemiya et al.]  
  109  bp     (20-50x more complexity than MAC) 
  ~100 small equal-sized chromosomes 
  75% is highly repetitive 
   ~8% are known transposon families, 67% satellite 
  ~20% genes scrambled (>3000 scrambled genes) 
   (MDSs in permuted order, inverted, or unlinked)	





A Gene-Dense Micronuclear Region 



11 complete genes, 3 IES-less, 1 scrambled (red) 



Gene pieces (MDSs) interrupt other genes 



(851 cases so far of overlapping genes) 



MDS	
  shuffling:	
  origin	
  of	
  a	
  new	
  gene 



200bp 

Micronucleus m3 m4 m5 m6 m7 m8 m10 

m2 m1 

m9 

i1 i2 i3 i4 i5 i6 i7 i8 i9 

Macronucleus 

m3 m4 m5 m6 

m7 

m8 m10 

m9 

m2 m1 

The scrambled Actin I gene in Stylonychia lemnae:  
a simplest case to examine the timecourse of rearrangement 

Möllenbeck, Zhou et al., PLoS ONE 2008 
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[Especially error prone…! ] 

Möllenbeck, Zhou et al., PLoS ONE 2008 
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Template Model 

Prescott, Rozenberg, Ehrenfeucht,  J. Theoretical Biol.  2003 





β-TBP precursor DNA 

Rearranged β-TBP product DNA 
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Switching adjacent DNA segments:  
scrambling a conventional gene 

Nowacki et al., Nature 2008 



Epigenetic re-programming of a 
DNA rearrangement pathway 

β-TBP precursor DNA 

Rearranged β-TBP product DNA 
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Nowacki et al., Nature 2008 





Rearrangement or original? 
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Original 
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Switch 

Nowacki et al., Nature 2008 



New MAC 
development 
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Microinjection of alternative DNA or RNA templates: 
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Nowacki et al., Nature 2008 

Inheritance of acquired somatic characters 



Telomere RT-PCR can detect putative Template RNAs 

TEBPα (scrambled)	

 TEBPβ  (non-scrambled) 	



pol-α (scrambled)	
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   Oxytricha piRNAs 
Fang et al., Cell, 2012 



Fang et al., Cell, 2012 

Injection of small RNAs leads to heritable 
DNA fusions lasting 3 generations 



Small RNAs are powerful transgenerational carriers of epigenetic information! 

Fang et al., Cell, 2012 

Injection of small RNAs leads to heritable 
DNA fusions lasting 3 generations 



Oxytricha	
  versus	
  early	
  genomes	
  

DNA genes 
RNA genes 

DNA genomes 

    RNA genome cache RNA-guided DNA ligation 

DNA 

RNA DNA-RNA 

 DNA  
pieces 

Goldman & Landweber, Trends Genetics 2012 



Conclusions	
  for	
  early	
  genomes	
  
     !

v RNA genes are subject to epigenetic regulation:!
!à  Epigenetics preceded genetics!

v Complex life is possible with tiny chromosomes:      
short enough to be copied by inefficient polymerases!

v Ligases, much easier to arise than polymerases,           
could have copied genomes before polymerases!



www.youtube.com/watch?v=5YHVP2xDbS0 (DNA bypass) 



Mariusz Nowacki    Wash U GC    Chris Amemiya    funding: NSF/NIH
  

ありがとう 
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Why not? – (almost) neutral���
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Protection against DNA loss	





•  MIC genome generally unexpressed "
•  MAC genes unlinked and prone to loss "
•  The only way to regenerate the MAC 

genome is to recoup all the pieces from 
the germline."

•  Consistent with maximal fragmentation 
of essential genes, such as rDNA"



Why not? – (almost) neutral���
Novelty – combinatorial products 
Molecular fossils – primitive���
Atavism – reverting to primitive form���

Reductive evolution – consequence of���

Protection against DNA loss ���
Rapid adaptation – somatic fixation?	





MMMMMMMMMMMMMMMMMMMMMMMPPPPPiiiiiiiiiiiiiiiiiiiiiiiPPPPPMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM 
AGACATCAAGGAAAAGCTTTGCTTCGTTCAATCATTATTAAATCAAATTAATCGTTGCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCACGAC 
AGACATCAAGGAAAAGCTTTGCTTCGTTCAATCATTATTAAATCAAATTAATCGTTGCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCACGAC 
AGACATCAAGGAAAAGCTTTGCTTCGTTCAATCATTATTAAATCAAATTAATCGTTGCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCACGAC 
AGACATCAAGGAAAAGCTTTGCTTCGTTCAATCATTATTAAATCAAATTAATCGTTGCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCACGAC 
AGACATCAAGGAAAAGCTTTGCTTCGTTCAATCATTATTAAATCAAATTAATCGTTGCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCACGAC 
AGACATCAAGGAAAAGCTTTGCTTCGTTCAATCATTATTAAATCAAATTAATCGTTGCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCACGAC 
AGACATCAAGGAAAAGCTTTGCTTCGTTCAATCATTATTAAATCAAATTAATCGTTGCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCATGAC 
AGACATCAAGGAAAAGCTTTGCTTCGTTCAATCATTATTAAATCAAATTAATCGTTGCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCATGAC 
AGACATCAAGGAAAAGCTTTGCTTCGTTCAATC--------------------GTTGCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCATGAC 
AGACATCAAGGAAAAGCTTTGCTTCGTT----------------------------GCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCACGAC 
AGACATCAAGGAAAAGCTTTGCTTCGTT----------------------------GCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCACGAC 
AGACATCAAGGAAAAGCTTTGCTTTG~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~GACT-ACGAATCT-GCCCTCAAGCAATCCCACGAC 
AGACATCAAGGAAAAGCTTTGCTTTG~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~GACT-ACGAATCT-GCCCTTAAGCAATCCCACGAC 
AGACATCAAGGAAAAGCTTTG-----------------------------------------GTCT-ACGAATCT-GCCCTCAAGCAATCCCATGAC 
AGACATCAAGGAAAAGCTTTG-----------------------------------------GACT-ACGAATCT-GCCCTCAAGCAATCCCACGAC 
AGACATCAAGGAAAAGCTTTGCTTCGTT----------------------------GCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCACGAC 
AGACATCAAGGAAAAGCTTTGCTTCGTT----------------------------GCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCACGAC 
AGACATCAAGGAAAAGCTTTGCTTCGTT----------------------------GCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCACGAC 
AGACATCAGGGAAAAGCTTTGCTTCGTT----------------------------GCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCACGAC 
AGACATCAAGGAAAAGCTTTGCTTCGTT----------------------------GCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCACGAC 
AGACATCAAGGAAAAGCTTTGCTTCGTT----------------------------GCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCACGAC 
AGACATCAAGGAAAAGCTTTGCTTCGTT----------------------------GCTTTGGACT-ACGAATCT-GCCCTCAAGCAATCCCATGAC 
AGACATGAAGGAAAAGCTTTGCTTCGTT----------------------------GCTTTGGACT-ACGAATCT-GCCCTTAAGCAATCCCACGA- 
AGACATCAAGGAAAAGCTTTGCTTCGTT----------------------------GCTTTGGACT-ACGAATCT-GCCCTTAAGCAATCCCACGA- 
AGACATCAAAGAAAAGTTATGCTTTGTT----------------------------GCTTTGGATT-ACGAGTCT-GCTCTTAAGCAATCTCATGAT 
AGACATCAAAGAAAAGTTATGCTTTGTT----------------------------GCTTTGGATT-ACGAGTCT-GCTCTTAAGCAATCCCATGAT 
AGACATCAAAGAAAAGTTATGCTTTGTT----------------------------GCTTTGGATT-ACGAGTCT-GCTCTTAAGCAATCTCATGAT 
AGACATCAAAGAAAAGTTATGCTTTGTT----------------------------GCTTTGGATT-ACGAGTCT-GCTCTTAAGCAATCTCATGAT 
AGACATCAAAGAAAAGTTATGCTTTGTT----------------------------GCTTTGGATT-ACGAGTCT-GCTCTTAAGCAATCTCATGAT 
AGACATCAAAGAAAAGTTATGCTTTGTT----------------------------GCTTTGGATT-ACGAGTCT-GCTCTTAAGCAATCTCATGAT 
AGACATCAAAGAAAAGTTATGCTTTGTT----------------------------GCTTTGGATT-ACGAGTCT-GCTCTTAAGTAATCTCATGAT 
AGACATCAAAGAAAAGTTATGCTTTGTT----------------------------GCTTTGGATT-ACGAGTCT-GCTCTTAAGCAATCTCATGAT 
AGACATCAAAGAAAAGTTATGCTTTGTT----------------------------GCTTTGGATT-ACGAGTCT-GCTCTTAAGCAATCTCATGAT 
AGACATCAAAGAAAAGTTATGCTTTGTT----------------------------GCTTTGGATT-ACGAGTCT-GCTCTTAAGCAATCTCATGAT 
AGACATCAAAGAAAAGTTATGCTTTGTT----------------------------GCTTTGGATT-ACGAGTCT-GCTCTTAAGCAATCTCATGAT 
----------------------------------TTATTAAATCAAATTAATCGTTGCTT-GGACT-ACGAATCT-GCCCTCAAGCAATCCCACGAC 
AGACATCAAGGAAAAGCTTTGCTTCGTTCAATCATTATTAAAT------------------------------------------------------ 
-----------------------------------------------------GTGGTTTAGGACT-ACGAATCTCGCCCTCAAGCAATCCCATGAC 

Möllenbeck, Zhou et al., PLoS ONE 2008 



What protein machinery is involved in 
mediating rearrangements ?	



Nowacki et al. Science 2009 

eliminated 

transposons 



RNAi knockdown of TBE 1, 2 & 3 transposase 
reduces genome-wide rearrangements	
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Nowacki et al. Science 2009 
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Nowacki et al. Science 2009 

Examples of incomplete DNA rearrangement	


after RNAi knockdown of TBE 1, 2 & 3	



 “Genome-wide” RNAi knockdown of TBEs 
implicates a role for the “dispensable genome”	





Transfer of point substitutions from templates: 
Epigenetic inheritance of somatic substitutions 

Nowacki et al. 2008 



Transfer of artificial nucleotide substitutions  
from RNA templates to F1 progeny DNA 	



RNA-directed DNA proofreading 

sense 

antisense 

both strands 

Nowacki et al. Nature 2008 



Modified from Baldauf et al. (2000) 



Genome Rearrangements in Cancer"


