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EvoluAonary	  Strata	  
In	   mammals,	   dis#nct	   evolu#onary	   strata	   –	   regions	   with	   similar	   X-‐Y	  
divergence	  among	   sequences,	  but	  different	   from	  neighboring	   regions	  –	  
evolved	   following	   a	   series	   of	   inversion	   events	   that	   suppressed	  
recombina#on	  between	  the	  sex	  chromosomes.	  However,	   liDle	   is	  known	  
about	   when	   these	   strata	   were	   formed.	   Here,	   using	   a	   phylogene#c	  
method	   and	   taking	   advantage	   of	   the	   growing	   number	   of	   mammalian	  
genome	  sequences,	  we	  present	  bounds	  of	  when	  X-‐Y	  recombina#on	  was	  
suppressed	  across	  the	  X	  chromosome.	  	  

	  	  

DaAng	  recombinaAon	  suppression	  

	  	  

Conclusions	  

	  
	  
	  

•  Age	   of	   stratum	   forma#on	   is	   significantly	   correlated	   with	  
synonymous	  divergence	  between	  gametologous	  X	  and	  Y	  sequences,	  
and	  this	  correla#on	  is	  much	  stronger	  among	  sequences	  in	  the	  more	  
recently	  formed	  strata.	  	  

	  

•  Using	   available	   Y	   sequences	   from	   other	   mammals,	   we	   present	  
evidence	   of	   shared	   recombina#on	   suppression	   events	   across	   all	  
mammals	   among	   the	   oldest	   strata,	   and	   iden#fy	   lineage-‐specific	  
recombina#on	  suppression	  events.	  	  

•  Recombina#on	   suppression	   likely	   began	   in	   a	   small	   region	   around	  
SRY,	   then	   spread	   to	   both	   ends	   of	   the	   X	   chromosome.	   	   X-‐Y	  
recombina#on	   suppression	   reached	   the	   proximal	   end	   of	   the	   long	  
arm	  of	   the	  X	  chromosome	  quickly,	  and	   is	  s#ll	  con#nuing	   its	  spread	  
through	  to	  the	  proximal	  end	  of	  the	  short	  arm	  of	  the	  X	  chromosome.	  	  	  
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2.	  Sex	  chromosome	  evoluAon	  
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The	  male	  germline	  in	  mammals	  
undergoes	   many	   more	   rounds	  
of	   division	   than	   the	   female	  
germline	   resul#ng	   in	  muta#ons	  
being	  introduced	  from	  the	  male	  
versus	  the	  female	  germline.	  My	  
lab	   studies	   how	   this	   process	  
occurs	  and	  what	  its	  genomic	  	  impacts	  are.	  
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The	   human	   X	   and	   Y	   were	   once	  
indis#nguishable,	   but	   today	   the	   X	   has	  
more	  than	  ten	  #mes	  the	  gene	  content	  of	  
the	  Y.	  My	   lab	   studies	  which	  genes	  were	  
lost,	  how	  the	  loss	  of	  func#onal	  genes	  on	  
the	  Y	  affects	  the	  evolu#on	  of	  the	  human	  
X,	   and	   whether	   func#on	   or	   expression	  
affect	  which	  genes	  are	  more	  likely	  to	  be	  	  
	  	  	  	  	  	  retained	  on	  the	  Y.	  	  

chrX 
start gene name accession G/P timing Predicted 

Stratum 
2.68 XG NM_175569 P <6.4 PAR1/9 
2.76 GYG2 NM_003918 P 15.7-29.6 9 
2.84 ARSD NM_001669 P Unresolved 9 
2.86 ARSE NM_000047 P <6.4 9 
3.24 MXRA5 NM_015419 P 15.7–29.6 9 
3.54 PRKX NM_005044 P <6.4 9 
5.82 NLGN4X NM_181332 G 6.4-15.7 8 
7.15 STS NM_000351 P 15.7-29.6 8 
7.83 PNPLA4 NM_004650 P 29.6–44.2 8 
8.46 KAL1 NM_000216 P 6.4-15.7 8/7 
9.58 TBL1X NM_005647 G 29.6–176.1 7 
9.65 GPR143 NM_000273 P 29.6–77.5 7 
9.71 SHROOM2 NM_001649 P 29.6–91.0 7 
9.99 WWC3 NM_015691 P 44.2–91.0 7 

11.22 AMELX NM_182680 G 29.6–71.1 7 
12.9 TMSB4X NM_021109 G 29.6-44.2 7 

13.66 OFD1 NM_003611 P 29.6–44.2 7 
16.71 CXorf15 NM_018360 G 91.0–97.4 7 
20.06 EIF1AX NM_001412 G 97.4–104.7 7 
24.1 ZFX NM_003410 G 29.6–91.0 7 

24.62 POLA1 NM_016937 P 29.6-44.2** 7 
30.76 TAB3  NM_152787 P 71.1-104.7 7 
31.05 DMD NM_004006 P 104.7-176.1 6 
39.8 BCOR NM_017745 P 77.5–91.0 6 
40.4 MED14 NM_004229 P 44.2–91.0 6 

40.87 USP9X NM_001039590 G 104.7–176.1 6 
41.08 DDX3X NM_001356 G 107.7–176.1 6 
41.26 CASK NM_003688 P 91.0–104.7 6 
44.62 UTX NM_021140 G 104.7–176.1 6 
44.62 UBE1X* NM_003334 P 91.0-97.4 6 
53.13 TSPYL2 NM_022117 G 97.4-104.7 6 
53.24 JARID1C NM_004187 G 97.4–176.1 6 
71.49 RPS4X NM_001007 G 176.1–220.2 5 
89.06 TGIF2LX NM_138960 G <6.4 XTR 
90.98 PCDH11X NM_032968 G <6.4 XTR 

100.17 XKRX NM_212559 G 104.7-176.1 3 
135.78 RBMX NM_002139 G 176.1–220.2 2 
139.41 SOX3 NM_005634 G 176.1–220.2 2 
148.48 HSFX1 NM_016153 G 97.4-176.1 1 
!

Table	   2.	   EsAmates	   of	   species	  
divergence	   Ames.	   Mean,	   median	   and	  
expert-‐curated	   divergence	   #mes	  
between	  pairs	  of	  species,	  in	  millions	  of	  
years	  (My)	  collected	  from	  the	  TimeTree	  
of	  Life	  (Hedges	  et	  al.	  2006).	  

!

Genes X R2 P 
Subset Whole X 0.3080 2.46x10-04 
Subset XAR 0.5133 1.80x10-05 
Subset XCR 0.0791 0.464 
Full Whole X 0.2689 1.15x10-04 
Full XAR 0.4529 6.33x10-05 
Full XCR 0.2306 0.0374 

Tab le	   3 .	   SubsAtuAon	   ra te	   i s	  
significantly	  posiAvely	  correlated	  with	  
distance	  from	  Xpter.	  Subs#tu#on	  rates	  
are	   significantly	   posi#vely	   correlated	  
w i th	   #ming	   o f	   r ecomb ina#on	  
suppression.	   The	   trend	   is	   much	  
stronger	   the	   younger	   XAR	   than	   in	   the	  
the	  older	  XCR/	  
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Figure	   2.	   Gene	   topologies	   reflect	  
recombinaAon	   cessaAon	   history.	   The	  
topology	  of	  the	  phylogene#c	  trees,	  and	  
corresponding	   species	   divergence	  
#mes,	   can	   be	   used	   to	   determine	   the	  
bounds	  of	  the	  #ming	  of	  recombina#on	  
suppression	   for	   each	   gene.	   A)	   SOX3/
SRY:	   X-‐Y	   recombina#on	   ceased	   in	   the	  
common	  ancestor	  of	  therian	  mammals;	  
B)	   AMELX/AMELY:	   X-‐Y	   recombina#on	  
ceased	   independently	   in	   primates,	  
horse,	  and	  cow.	  

Table	   1 .	   T iming	   esAmates	   of	  
evoluAonary	   strata	   formaAon	   on	   the	  
human	   X.	   Bounds	   on	   the	   #mings	   of	  
strata	   forma#on	   (in	   millions	   of	   years,	  
My)	   from	   the	   cessa#on	   of	   X-‐Y	  
recombina#on	   are	   es#mated	   from	  
phylogene#c	   comparisons	  of	  X-‐	   and	  Y-‐
linked	  genes,	  and	  knowledge	  about	  the	  
#ming	   of	   specia#on	   (Table	   2).	   The	  
status	  of	  the	  Y-‐linked	  gametolog	  (gene,	  
G,	   or	   pseudogene,	   P,)	   is	   listed.	   All	   X-‐
linked	  gametologs	  are	  func#onal.	  
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~210(MYA( ~100(MYA( 3A4(MYA( Figure	  1.	  Strata	  formaAon.	  The	  human	  X	  and	  Y	  
chromosomes	  were	  once	  a	  homologous	  pair	  of	  
autosomes	   that	   could	   recombine	   (swap	   DNA)	  
across	   their	   en#re	   lengths.	   About	   200	   million	  
years	   ago	   (Veyrunes	   et	   al.,	   2008)	   the	   X	   and	   Y	  
started	  to	  diverge	  from	  one	  another,	  likely	  ager	  
an	   inversion	   on	   the	   Y	   that	   suppressed	   X-‐Y	  
recombina#on.	  
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