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1 Introduction.  
 
Processed  pseudogenes  are  genera ted  by  the  random in tegra t ion  of  reve rsed-
t ransc r ibed  mature  RNA (cDNA) molecules  in to  genomes  (1 ,  2 ) .  Given  the i r  
o r ig in ,  p rocessed  pseudogenes  a re  charac te r ized  by  the  absence  of  p romoters ,  a  
l ack  o f  in t rons ,  the  p resence  of  a  po ly (A)- ta i l  a t  the i r  3 ’ -end ,  and  the  presence  
of  smal l  d i rec t  repea t s  a t  the i r  5 ' -  and  3 ' - te rmin i  ( the  resul t  o f  ta rge t -s i te  
dupl ica t ions ) .  Because  the  sequences  of  p rocessed  pseudogenes  a re  
unconst ra ined  by  se lec t ive  p ressures ,  the  subs t i tu t ions  they  accumula te  a re  
considered  to  p rovide  an  accura te  represen ta t ion  of  the  spontaneous  muta t ions  
occur r ing  in  genomes (2 ) .  
 
2 Software and files.  
 
We downloaded  the  comple te  Arabidops i s  thal iana  genome sequence  (5  
chromosomes  to ta l ing  125  Mb) ,  and a l l  25 ,562 annota ted  genes  p resen t  in  
January  2003 ,  f rom the  Arabidopsi s  In format ion  Resource  f tp  s i t e  (TAIR web 
s i te :  f tp : / / f tp .a rabidops i s .o rg/  home/ ta i r / ) .  We  used  an  in-house  PERL scr ip t  to  
e l imina te  the  genes  tha t  d id  not  conta in  in t rons .  Thi s  f i l t e r  was  u t i l i zed  because  
the  most  impor tant  charac te r i s t i c  of  processed  pseudogenes  i s  tha t  they  do no t  
have  the  in t rons  p resent  in  the  genomic  sequences  o f  the  genes  f rom which  they  
a re  de r ived .  The  in t rons  o f  the  20 ,532  in t ron-conta in ing  genes  were  removed  to  
mimic  the  molecula r  process  tha t  occurs  in  pre-mRNA molecules .  These  in  
s i l ico  sp l iced  sequences  were  then  used  as  quer ies  aga ins t  the  ent i re  genome of  
Arabidopsi s  thal iana  us ing  the  program FASTA 3.4  wi th  a  Ktup  of  6  (3 ) .  The  
a l ignments  produced  where  then  f i l te red  us ing  a  PERL scr ip t  tha t  se lec ted  
processed  pseudogenes  wi th  a  leng th  ≥  95% tha t  o f  the  query .  Fina l ly ,  a l l  
sequences  desc r ibed  as  be ing  re t ro t ransposons  were  a l so  d i sca rded.  

 
3 Results.  
 
We iden t i f ied  411  processed  sequences  in  the  Arabidops i s  genome based  on  the  
fac t  tha t  they  have  los t  the i r  in t ron(s)  and  have  a  l ength  tha t  i s  a t  leas t  95% of  
the  l ength  of  the  gene  tha t  gave  r i se  to  them.  These  sequences  were  genera ted  
by  279  d i f ferent  genes  and  c lear ly  or ig ina ted  f rom re t ro t ranspos i tons  even t s  
because  most  of  them (91%) have  a  po ly (A)- ta i l .  They  a re  composed  of  376 
sequences  wi th  f rame sh i f t s  and /or  p remature  s top  codons  (processed 
pseudogenes)  and  35  sequences  wi thout  d i sablements  (p rocessed genes) .  E leven  
o f  these  p rocessed  genes  a re  l ike ly  func t iona l  re t ro t ransposed genes  because  
they  have  low Ka/Ks  ra t ios ,  h igh  Ks va lues  and tha t  the i r  sequences  match  
numerous  Arabidopsi s  ETSs .  
 
Distr ibut ion of  processed sequences  in  the  Arabidopsi s  genome 
The  number  o f  p rocessed  sequences  on  each  of  the  Arabidops i s  thal iana 
chromosomes i s  p ropor t iona l  to  the i r  l ength  (Table  1 ;  Spearman’s  rank 
cor re la t ion  te s t ,  r 2  =  0 .96 ,  p  =  0 .0084) .  Processed sequences  a re  randomly  
d i s t r ibuted  a long  the  l eng th  o f  Arabidopsi s  chromosomes  2  to  5  (p  >  0 .1)  but  
no t  on  chromosome 1  because  i t  conta ins  four  c lus te r s  wi th  12 ,  11 ,  13  and 11 
processed  sequences ,  re spec t ive ly  (p  <  0 .001) .  
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Table  1 .  Dis t r ibu t ion  processed  sequences  in  the  Arabidopsi s  genome.  

 

         Processed  sequences  Chromosome 
Genes  l ength  (Mb)  GC (%)  From On Densi ty  

        1  6517     29 .6   33 .4  87 /10  110/8  3 .72 /0 .27  
        2  4035     19 .6   35 .5  78 /10  59 /1  3 .01 /0 .05  
        3  5224     23 .3   35 .4  83 /6  87 /4  3 .73 /0 .17  
        4  3828     17 .5   35 .5  48 /3  46 /8  2 .63 /0 .46  
        5  5956     26 .3   34 .5  80 /6  74 /14  2 .81 /0 .53  
Tota l  (average)  25560   116.4   34 .9  376/35  376/35  3 .18 /0 .30  

Genes produc ing  processed pseudogenes  
We used  the  TAIR web  s i t e  (h t tp : / /www.arabidops is .org/ index. j sp)  to  ca tegor ize  
the  279  genes  tha t  genera ted  the  411  processed sequences  we  ident i f ied ,  a s  we l l  
a s  a l l  the  p ro te in  coding genes  presen t  in  the  Arabidopsi s  genome.  The  type  of  
genes  genera t ing  processed  sequences  i s  s t rongly  cor re la ted  wi th  the  number  of  
such genes  in  the  Arabidops i s  genome ( resul t s  not  shown;  r 2  =  0 .81 ,  p<< 0 .001) .  
The  number  o f  p rocessed sequences  generated  by  d i f fe rent  genes  i s  a l so  no t  
b iased  in  favor  of  housekeep ing genes  h ighly  expressed  in  the  ge rm l ine  ( resu l t s  
no t  shown) .  In  fac t ,  the  mos t  abundant  processed  sequences  found  in  the  
Arabidopsi s  genome a re  mos t ly  hypothe t ica l  p ro te ins  and not  housekeep ing 
genes  such  as  those  coding  for  r ibosomal  prote ins ,  ac t in ,  o r  tubu l in  ( resu l t s  no t  
shown) .  F ina l ly ,  mos t  genes  genera te  few processed  pseudogenes  ( resul t s  no t  
shown) .  The  processed  pseudogenes  found  in  the  Arabidopsi s  genome there fore  
o r ig ina ted  f rom a  random sampl ing  of  i t s  genes .  
 
Patterns  of  spontaneous mutat ions  in  Arabidopsi s  
Table 2 shows the combined pattern of substitution inferred from 66 processed pseudogenes with 
sequence similarities of at least 80% (2781 mutated sites / 52657 total sites).  
       
 T o    
F r o m A  T  C  G  T o t a l s  
A  -  6 . 61  ±  0 . 72  5 . 92  ±  0 . 74  1 2 .72  ±  1 .02  2 5 .26   
T  6 . 67  ±  0 . 87  -  6 . 11  ±  0 . 60  5 . 82  ±  0 . 65  1 8 .60   
C  9 . 15  ±  1 . 42  1 1 .78  ±  1 .48  -  7 . 18  ±  0 . 98  2 8 .11   
G  1 4 .36  ±  1 .48  8 . 14  ±  0 . 81  5 . 53  ±  0 . 82  -  2 8 .03   
T o t a l s  3 0 .18  2 6 .53  1 7 .56  2 5 .72    
 
C  and  G a re  the  mos t  mutable  nuc leot ides  (wi th  28 .11  and  28.03%,  respec t ive ly )  
and  nuc leo t ides  muta te  most  of ten  to  A and  T  nuc leo t ides  (wi th  30 .18  and  
26.53%,  respec t ive ly )  and l eas t  of ten  to  C  nucleot ides  (17 .56%).  For  indiv idual  
nuc leo t ides ,  we  see  tha t  A changes  to  G more  of ten  tha t  to  o the r  nuc leot ides ,  T  
changes  to  A more  o f ten  tha t  to  o the r  nuc leot ides ,  C  changes  to  T  more  of ten  
tha t  to  o ther  nuc leot ides  and  G changes  to  A more  of ten  tha t  to  o the r  
nuc leo t ides .  For  t rans i t ions ,  we  see  tha t  C  to  T  subs t i tu t ions  (11 .78%)  a re  more  
f requent  than  T  to  C  subs t i tu t ions  (6 .11%) and  tha t  G to  A subs t i tu t ions  
(14 .36%) a re  more  f requent  than A to  G subs t i tu t ions  (12 .72) .  
 
4   Discussion. 
Processed  sequences  a re  mos t ly  randomly  d i s t r ibu ted  in  the  Arabidops i s  
genome.  In  cont ras t  wi th  the  s i tua t ion  observed in  mammals ,  the  processed  
sequences  found  in  the  Arabidopsi s  genome or ig ina te  f rom abundant  genes  and 
no t  f rom high ly  expressed  genes .  The  pa t te rns  o f  spontaneous  muta t ions  in  
Arabidopsi s  a re  s l igh t ly  d i f fe rent  than  those  of  mammals  but  a re  s imi la r  to  
those  obse rved  in  Drosophi la .  Thi s  sugges t s  tha t  tha t  me thy la ted  cy tos ine  
deaminat ion  i s  le ss  f requent  in  Arabidops i s  than  in  mammals .  
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