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   Dinoflagellates	
  are	
  a	
  diverse	
  group	
  of	
  protists,	
  which	
  possess	
  the	
  ability	
  to	
  

modify	
  their	
  genomic	
  information	
  at	
  a	
  rapid	
  rate	
  compared	
  to	
  other	
  eukaryotes.	
  When	
  

adding	
  plastid	
  organelles	
  via	
  endosymbiosis,	
  the	
  genome	
  of	
  the	
  endosymbiont	
  can	
  also	
  

be	
  modified	
  by	
  means	
  such	
  as	
  fragmentation	
  into	
  circular	
  chromosomes	
  (minicircles),	
  

reorganization	
  of	
  protein	
  structure,	
  and	
  transference	
  of	
  more	
  of	
  their	
  photosynthesis	
  

genes	
  to	
  the	
  nucleus	
  than	
  any	
  other	
  eukaryote.	
  Due	
  to	
  being	
  “suited”	
  for	
  endosymbiotic	
  

acquisition	
  of	
  organelles,	
  the	
  dinoflagellate	
  family	
  exhibits	
  three	
  distinct	
  plastid	
  types,	
  

two	
  of	
  which	
  use	
  chlorophyll	
  a	
  along	
  with	
  peridinin	
  and	
  fucoxanthin,	
  respectively.	
  The	
  

third	
  plastid	
  type	
  is	
  found	
  in	
  Lepidodinium,	
  and	
  appears	
  to	
  be	
  derived	
  from	
  a	
  

chlorophyte	
  inclusion,	
  as	
  it	
  uses	
  chlorophylls	
  a	
  and	
  b.	
  At	
  this	
  time,	
  the	
  peridinin	
  

dinoflagellates	
  have	
  been	
  better	
  studied	
  than	
  the	
  fucoxanthin	
  lineages	
  such	
  as	
  Karenia	
  

brevis	
  and	
  Karlodinium	
  veneficum.	
  Although	
  comparative	
  studies	
  have	
  found	
  

phylogenetic	
  evidence	
  of	
  similarities	
  between	
  the	
  peridinin	
  and	
  fucoxanthin	
  

dinoflagellates,	
  conflicting	
  results	
  and	
  a	
  significant	
  body	
  of	
  empirical	
  evidence	
  suggests	
  

substantial	
  differences	
  between	
  them	
  in	
  the	
  areas	
  of	
  genome	
  and	
  membrane	
  structure.	
  

In	
  this	
  study,	
  we	
  have	
  used	
  Illumina	
  RNA	
  sequencing	
  to	
  produce	
  the	
  most	
  complete	
  

plastid	
  transcriptome	
  of	
  Karenia	
  brevis	
  to	
  date.	
  We	
  have	
  analyzed	
  the	
  transcript	
  

structure	
  and	
  noted	
  a	
  number	
  of	
  dinoflagellate	
  hallmarks,	
  such	
  as	
  polyuridylation	
  of	
  the	
  

3’	
  end	
  of	
  mRNAs,	
  and	
  loss	
  of	
  consensus	
  start	
  codons.	
  We	
  have	
  also	
  identified	
  evidence	
  



	
  

v	
  

	
  	
  

of	
  polyadenylation	
  of	
  the	
  5’	
  end	
  of	
  protein	
  coding	
  transcripts,	
  which	
  has	
  not	
  been	
  

reported	
  so	
  far.	
  Six	
  of	
  the	
  protein	
  sequences	
  produced	
  were	
  used	
  to	
  conduct	
  a	
  

comparative	
  phylogenetic	
  analysis,	
  which	
  has	
  identified	
  both	
  previously	
  known,	
  and	
  

unreported	
  similarities,	
  between	
  the	
  peridinin	
  and	
  fucoxanthin	
  dinoflagellates,	
  including	
  

shared	
  instances	
  of	
  consensus	
  loss	
  when	
  compared	
  to	
  broad	
  group	
  of	
  reference	
  taxa.	
  

We	
  have	
  also	
  found	
  discrete	
  instances	
  of	
  invariant	
  site	
  substitution	
  preferences,	
  which	
  

are	
  shared	
  between	
  these	
  groups.	
  These	
  findings	
  do	
  not	
  support	
  previous	
  studies	
  that	
  

have	
  suggested	
  a	
  common	
  lineage	
  for	
  these	
  groups,	
  but	
  further	
  elucidate	
  a	
  complex	
  

pattern	
  of	
  endosymbiont	
  genome	
  modifications	
  associated	
  with	
  the	
  dinoflagellate	
  host	
  

cell.	
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Dinoflagellates	
  are	
  a	
  highly	
  diverse	
  group	
  of	
  protists,	
  united	
  under	
  the	
  phylum	
  

Dinoflagellata.	
  Most	
  species	
  live	
  as	
  marine	
  or	
  freshwater	
  plankton,	
  with	
  a	
  subset	
  of	
  

these	
  capable	
  of	
  producing	
  toxic	
  compounds	
  and	
  reproducing	
  at	
  a	
  rapid	
  rate	
  under	
  the	
  

right	
  nutrient	
  and	
  environmental	
  conditions	
  (Hackett	
  et	
  al.	
  2004).	
  This	
  sudden	
  and	
  rapid	
  

reproduction	
  and	
  the	
  corresponding	
  increase	
  in	
  toxin	
  concentrations,	
  called	
  a	
  harmful	
  

algal	
  bloom	
  (HAB),	
  is	
  known	
  to	
  cause	
  fish	
  kills	
  and	
  illness	
  in	
  humans	
  that	
  consume	
  fish	
  

harvested	
  from	
  these	
  areas	
  (reviewed	
  in	
  Reguera	
  et	
  al.	
  2012).	
  Due	
  to	
  the	
  economic	
  and	
  

public	
  health	
  concerns	
  related	
  to	
  the	
  toxic	
  species,	
  many	
  of	
  these	
  have	
  been	
  the	
  focus	
  

of	
  much	
  dinoflagellate	
  research.	
  Karenia	
  brevis	
  is	
  one	
  such	
  species,	
  which	
  is	
  found	
  in	
  the	
  

warm	
  waters	
  of	
  the	
  Gulf	
  of	
  Mexico.	
  HABs	
  due	
  to	
  increases	
  in	
  K.	
  brevis	
  and	
  similar	
  

dinoflagellates,	
  have	
  acquired	
  the	
  name	
  “red-­‐tides”,	
  stemming	
  from	
  their	
  characteristic	
  

red	
  color.	
  This	
  pigment	
  is	
  due	
  to	
  accessory	
  carotenoids	
  from	
  the	
  red	
  algal	
  origin	
  of	
  their	
  

chloroplasts.	
  The	
  group	
  of	
  organisms	
  causing	
  such	
  blooms	
  is	
  colloquially	
  referred	
  to	
  as	
  

“red	
  tide	
  algae”.	
  	
  

Diversity	
  among	
  the	
  dinoflagellates	
  

All	
  species	
  of	
  dinoflagellates	
  are	
  flagellated	
  and	
  contain	
  some	
  form	
  of	
  plastid,	
  

whether	
  functional	
  or	
  vestigial.	
  The	
  source	
  from	
  which	
  these	
  plastids	
  were	
  derived,	
  their	
  

degree	
  of	
  functionality	
  within	
  the	
  organism,	
  the	
  structure	
  of	
  plastid	
  genome	
  (plastome)	
  

and	
  level	
  of	
  reduction	
  varies	
  to	
  a	
  large	
  degree	
  between	
  genera,	
  but	
  falls	
  within	
  a	
  few	
  

semi-­‐distinct	
  groups	
  (Gagat	
  et	
  al.	
  2014).	
  Many	
  species	
  have	
  retained	
  the	
  photosynthetic	
  

potential	
  from	
  their	
  algal	
  endosymbiote,	
  while	
  others	
  have	
  retained	
  only	
  the	
  more	
  basic	
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lipid	
  synthesis	
  and	
  biochemical	
  functions,	
  reverting	
  to	
  a	
  heterotrophic	
  lifestyle.	
  These	
  

heterotrophic	
  dinoflagellates	
  form	
  one	
  group	
  within	
  dinoflagellates	
  (Jeong	
  et	
  al.	
  2010).	
  

The	
  remaining	
  photosynthetic	
  species	
  fall	
  into	
  4	
  categories,	
  based	
  on	
  plastid	
  

pigmentation	
  or	
  origin;	
  peridinin	
  dinoflagellates,	
  non-­‐peridinin	
  or	
  fucoxanthin	
  

dinoflagellates,	
  green	
  dinoflagellates,	
  and	
  dinotoms.	
  Most	
  of	
  these	
  autotrophic	
  species	
  

have	
  plastids	
  that	
  utilize	
  chlorophyll	
  c	
  and	
  the	
  peridinin	
  accessory	
  pigment.	
  Based	
  on	
  

current	
  evidence,	
  these	
  species	
  are	
  widely	
  thought	
  to	
  have	
  obtained	
  their	
  plastids	
  by	
  

engulfing	
  a	
  eukaryotic	
  algal	
  cell	
  already	
  containing	
  a	
  plastid	
  that	
  itself	
  captured	
  as	
  a	
  

prokaryotic	
  algae	
  (secondary	
  endosymbiosis).	
  This	
  relationship	
  is	
  referred	
  to	
  as	
  tertiary	
  

endosymbiosis	
  (Keeling	
  2010).	
  Karenia	
  species,	
  and	
  other	
  similar	
  taxa,	
  utilize	
  a	
  different	
  

characteristic	
  pigment,	
  19’-­‐hexanoyloxyfucoxanthin	
  (fucoxanthin)	
  (Bjornland	
  et	
  al.	
  

2003).	
  This	
  pigment	
  is	
  associated	
  with	
  another	
  group	
  of	
  algae	
  called	
  the	
  haptophytes,	
  

which	
  are	
  secondary	
  endosymbionts	
  themselves	
  (Zapata	
  et	
  al.	
  2004).	
  The	
  presences	
  of	
  

fucoxanthin	
  and	
  comparative	
  phylogenetic	
  analysis	
  of	
  the	
  plastid	
  genes	
  of	
  fucoxanthin	
  

dinoflagellates	
  and	
  haptophyte	
  algae,	
  have	
  led	
  to	
  the	
  consensus	
  that	
  these	
  fucoxanthin	
  

dinoflagellate	
  species	
  acquired	
  their	
  plastids	
  as	
  a	
  haptophyte	
  tertiary	
  endosymbiote	
  

(Tengs	
  et	
  al.	
  2000).	
  Dinoflagellates	
  of	
  the	
  genus	
  Lepidodinium	
  have	
  obtained	
  their	
  

plastid	
  from	
  a	
  green	
  algae	
  source,	
  and	
  therefor	
  utilize	
  chlorophylls	
  a	
  and	
  b,	
  with	
  blooms	
  

being	
  the	
  bright	
  green	
  associated	
  with	
  the	
  Chlorophyceae	
  (Minge	
  et	
  al.	
  2010).	
  A	
  final	
  

group	
  containing	
  genera	
  such	
  as	
  Durinskia	
  and	
  Kryptoperidinium	
  contain	
  plastids	
  

resulting	
  from	
  engulfing	
  diatoms,	
  and	
  have	
  been	
  nicknamed	
  “dinotoms”	
  (Inagaki	
  et	
  al.	
  

2000).	
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Plastid	
  structure	
  and	
  transcript	
  processing	
  	
  

Dinoflagellate	
  cellular	
  structure,	
  especially	
  regarding	
  the	
  host	
  nuclei	
  and	
  plastid	
  

membrane	
  structure,	
  presents	
  a	
  number	
  of	
  difficulties	
  in	
  understanding	
  the	
  relationship	
  

between	
  the	
  nucleus	
  of	
  the	
  host	
  and	
  the	
  plastid	
  organelle.	
  Host	
  cell	
  effect	
  may	
  have	
  

provided	
  a	
  unique	
  set	
  of	
  genomic	
  pressures	
  for	
  ancestral	
  plastids	
  acclimating	
  to	
  their	
  

new	
  endosymbiotic	
  relationship,	
  as	
  many	
  dinoflagellates	
  exhibit	
  atypical	
  nuclear	
  

structure,	
  such	
  as	
  a	
  lack	
  of	
  histones,	
  significantly	
  higher	
  DNA	
  to	
  protein	
  ratios	
  and	
  liquid-­‐

crystal	
  chromosomes	
  which	
  remain	
  condensed	
  throughout	
  interphase	
  (Nassoury	
  et	
  al.	
  

2003;	
  Wisecaver	
  and	
  Hackett	
  2011).	
  Evidence	
  of	
  serial	
  endosymbiosis	
  and	
  horizontal	
  

gene	
  transfer	
  further	
  complicates	
  the	
  picture	
  of	
  plastid	
  integration	
  in	
  dinoflagellates	
  

(Takano	
  et	
  al.	
  2008;	
  Wisecaver	
  and	
  Hackett	
  2010).	
  Studies	
  of	
  the	
  plastome	
  structure	
  of	
  

peridinin	
  dinoflagellates,	
  such	
  as	
  Heterocapsa	
  triquetra,	
  have	
  revealed	
  that	
  their	
  

plastomes	
  are	
  not	
  structured	
  in	
  the	
  whole-­‐genome	
  rings	
  that	
  are	
  normally	
  associated	
  

with	
  plastids.	
  The	
  plastomes	
  of	
  these	
  organisms	
  exist	
  as	
  many	
  discrete	
  rings	
  containing	
  

a	
  distinctive	
  “core	
  region”	
  sequence,	
  as	
  well	
  as	
  a	
  single	
  or	
  small	
  number	
  of	
  functional	
  

genes	
  (Howe	
  et	
  al.	
  2008).	
  Fucoxanthin	
  dinoflagellates,	
  on	
  the	
  other	
  hand,	
  seemed	
  to	
  

display	
  the	
  conventional	
  whole-­‐plastome	
  ring	
  structure	
  based	
  on	
  initial	
  evidence,	
  but	
  a	
  

recent	
  study	
  of	
  K.	
  veneficum	
  identified	
  a	
  minicircle	
  present	
  in	
  its	
  plastid,	
  via	
  presence	
  of	
  

a	
  characteristic	
  form	
  of	
  RNA	
  sometimes	
  produced	
  when	
  a	
  minicircle	
  is	
  continuously	
  

transcribed,	
  called	
  a	
  rolling	
  circle	
  transcript	
  (Dang	
  and	
  Green	
  2010).	
  Rolling	
  circle	
  

transcripts	
  occur	
  when	
  transcription	
  of	
  a	
  minicircle	
  does	
  not	
  terminate	
  upon	
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completion,	
  resulting	
  in	
  a	
  transcript	
  that	
  has	
  areas	
  of	
  redundancy	
  where	
  the	
  RNA	
  

polymerase	
  (RNAp)	
  began	
  transcribing	
  the	
  5’	
  coding	
  region	
  again	
  (Richardson	
  et	
  al.	
  

2014).	
  	
  

The	
  process	
  of	
  transcription	
  of	
  plastid	
  genes	
  in	
  dinoflagellates	
  also	
  poses	
  

interesting	
  questions.	
  A	
  recent	
  study	
  noted	
  extensive	
  editing,	
  and	
  the	
  presence	
  of	
  

polyuridylation	
  of	
  the	
  3’	
  ends	
  of	
  Karenia	
  mikimotoi	
  plastid	
  mRNAs.	
  The	
  addition	
  of	
  a	
  

poly-­‐U	
  tail	
  to	
  plastid	
  mRNA	
  had	
  previously	
  been	
  thought	
  to	
  have	
  been	
  a	
  characteristic	
  

unique	
  to	
  the	
  peridinin	
  dinoflagellates	
  and	
  Chromera	
  velia	
  (Dorrell	
  and	
  Howe	
  2012).	
  

Evidence	
  has	
  also	
  been	
  produced	
  that	
  indicates	
  that	
  the	
  current	
  plastids	
  of	
  peridinin	
  and	
  

fucoxanthin	
  dinoflagellates	
  share	
  a	
  common	
  haptophyte	
  origin,	
  although	
  it	
  is	
  not	
  

sufficiently	
  clear	
  whether	
  or	
  not	
  the	
  differences,	
  such	
  as	
  genome	
  size	
  and	
  structure	
  

between	
  the	
  groups,	
  have	
  arisen	
  since	
  a	
  single	
  inclusion	
  event,	
  or	
  are	
  due	
  to	
  separate	
  

inclusions	
  of	
  haptophyte	
  ancestors	
  during	
  the	
  history	
  of	
  the	
  dinophyceae	
  (Shalchian-­‐

Tabrizi	
  et	
  al.	
  2006;	
  Yoon	
  et	
  al.	
  2002;	
  Yoon	
  et	
  al.	
  2005).	
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Purpose	
  of	
  this	
  study	
  

	
   The	
  purpose	
  of	
  this	
  study	
  was	
  to	
  identify	
  and	
  catalog	
  putative	
  plastid	
  gene	
  

sequences	
  from	
  the	
  fucoxanthin	
  dinoflagellate	
  K.	
  brevis.	
  Despite	
  the	
  aforementioned	
  

economic	
  importance	
  and	
  interesting	
  evolutionary	
  history	
  of	
  this	
  organism,	
  no	
  complete	
  

genome	
  or	
  list	
  of	
  confirmed	
  plastid	
  genes	
  currently	
  exists.	
  With	
  these	
  sequences,	
  I	
  

intend	
  to	
  address	
  the	
  following	
  questions:	
  

1. As	
  mentioned	
  before,	
  dinoflagellate	
  plastomes	
  exhibit	
  significant	
  variability	
  in	
  overall	
  

structure.	
  With	
  no	
  published	
  plastid	
  genome	
  for	
  any	
  near	
  relatives	
  to	
  rely	
  on	
  as	
  a	
  guide	
  

for	
  the	
  composition	
  of	
  the	
  Karenia	
  brevis	
  plastid	
  genome,	
  will	
  a	
  plastid	
  transcriptome	
  be	
  

a	
  sufficient	
  alternative	
  to	
  identify	
  plastid	
  genes?	
  

2. Since	
  minicircle	
  plastomes	
  have	
  been	
  shown	
  to	
  exhibit	
  unique	
  rolling	
  circle	
  

transcription,	
  can	
  the	
  characteristics	
  of	
  the	
  plastid	
  transcripts	
  of	
  Karenia	
  brevis	
  be	
  used	
  

to	
  make	
  inferences	
  about	
  the	
  form	
  of	
  the	
  genome	
  they	
  were	
  transcribed	
  from?	
  

3. Higher	
  plants	
  extensively	
  process	
  their	
  plastid	
  transcripts	
  after	
  they	
  are	
  made.	
  Is	
  there	
  

any	
  evidence	
  of	
  processing	
  or	
  editing	
  in	
  the	
  transcripts	
  identified	
  by	
  this	
  study?	
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CHAPTER	
  II	
  

SEQUENCING,	
  ANALYSIS	
  AND	
  TRANSLATION	
  OF	
  KARENIA	
  BREVIS	
  

TRANSCRIPTS	
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Chapter	
  Introduction	
  

This	
  chapter	
  describes	
  the	
  sequencing,	
  assembly,	
  and	
  analysis	
  of	
  the	
  Karenia	
  

brevis	
  transcriptome.	
  	
  The	
  intention	
  was	
  to	
  identify	
  transcripts	
  made	
  from	
  the	
  

chloroplast	
  transcriptome	
  and	
  use	
  them	
  to	
  answer	
  several	
  questions:	
  	
  Is	
  it	
  possible	
  to	
  

assemble	
  and	
  identify	
  plastid	
  mRNA’s	
  with	
  no	
  available	
  genomic	
  sequence?	
  	
  Can	
  the	
  

overall	
  structure	
  of	
  the	
  K.	
  brevis	
  transcriptome	
  be	
  determined	
  from	
  assembled	
  

transcripts?	
  	
  Are	
  plastid	
  genes	
  transcribed	
  as	
  mono-­‐cistronic	
  and/or	
  as	
  poly-­‐cistronic	
  

transcipts?	
  	
  How	
  are	
  mRNAs	
  post-­‐transcriptionally	
  processed?	
  	
  Can	
  we	
  distinguish	
  

nuclear-­‐encoded,	
  plastid-­‐targeted,	
  transcripts	
  from	
  plastid-­‐encoded	
  transcripts?	
  

	
  

Methods	
  

Karenia	
  brevis	
  culture	
  

Cultures	
  of	
  K.	
  brevis	
  CCMP	
  2281	
  were	
  inoculated	
  from	
  either	
  fresh	
  or	
  frozen	
  

stock	
  into	
  a	
  2	
  liter	
  Fernbach	
  flask	
  containing	
  1	
  liter	
  of	
  sterile	
  seawater	
  at	
  25°C.	
  The	
  

inoculated	
  cultures	
  were	
  then	
  incubated	
  under	
  constant	
  low	
  light	
  (50μE	
  m-­‐2	
  s-­‐1)	
  

conditions	
  for	
  6-­‐8	
  weeks,	
  whereupon	
  the	
  cells	
  were	
  harvested	
  for	
  nucleic	
  acid	
  

extraction	
  by	
  full	
  volume	
  (1L)	
  pelleting	
  in	
  a	
  clinical	
  centrifuge.	
  Cells	
  not	
  immediately	
  

processed	
  were	
  flash	
  frozen	
  in	
  liquid	
  nitrogen	
  and	
  stored	
  at	
  -­‐80°C.	
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Nucleic	
  acid	
  extraction	
  

Cell	
  pellets	
  were	
  resuspended	
  in	
  extraction	
  buffer,	
  and	
  processed	
  by	
  either	
  the	
  

RNeasy	
  or	
  DNeasy	
  kits	
  (Qiagen)	
  according	
  to	
  the	
  manufacturer’s	
  protocol	
  to	
  extract	
  RNA	
  

and	
  DNA,	
  respectively.	
  Extracted	
  nucleic	
  acids	
  were	
  then	
  analyzed	
  with	
  the	
  NanoDrop	
  

Lite	
  (ThermoScientific)	
  spectrophotometer	
  to	
  determine	
  extraction	
  yield	
  and	
  purity.	
  

Transcriptome	
  sequencing	
  	
  

mRNA	
  presence	
  was	
  enriched	
  using	
  Ribo-­‐Zero	
  to	
  remove	
  ribosomal	
  RNAs	
  from	
  

each	
  sample.	
  Samples	
  were	
  prepared	
  with	
  the	
  TruSeq	
  RNAseq	
  kit	
  (Illumina,	
  San	
  Diego,	
  

CA),	
  and	
  ran	
  using	
  the	
  TruSeq	
  SBS	
  sequencing	
  kit	
  v.3	
  on	
  the	
  HiSeq2000	
  platform	
  

(Illumina,	
  San	
  Diego,	
  CA)	
  at	
  the	
  University	
  of	
  Illinois	
  sequencing	
  center	
  (Springfield,	
  IL).	
  

Inserts	
  averaged	
  260	
  nucleotides	
  in	
  length,	
  and	
  were	
  read	
  for	
  100	
  bases	
  from	
  each	
  end.	
  

Paired	
  end	
  reads	
  were	
  analyzed	
  with	
  Casava	
  1.8.	
  

Transcript	
  de	
  novo	
  assembly	
  

Three	
  software	
  packages	
  were	
  used	
  to	
  assemble	
  the	
  end	
  read	
  data	
  into	
  

contiguous	
  sequences	
  (contigs).	
  SOAPdenovo	
  (Luo	
  et	
  al	
  2012),	
  Trinity	
  (Grabher	
  et	
  al.	
  

2011),	
  and	
  Velvet	
  (Zerbino	
  and	
  Birney	
  2008)	
  were	
  each	
  used	
  to	
  build	
  a	
  contig	
  set	
  from	
  

the	
  Karenia	
  brevis	
  read	
  data,	
  from	
  which	
  the	
  best	
  matches	
  could	
  be	
  selected	
  as	
  putative	
  

chloroplast	
  genes.	
  In	
  each	
  case,	
  the	
  default	
  k-­‐mer	
  for	
  each	
  program	
  was	
  used	
  (63,	
  25,	
  

and	
  31	
  respectively).	
  

	
  



10	
  
	
  

	
  

Screening	
  for	
  plastid	
  transcripts	
  

A	
  standalone	
  tBLASTx	
  search	
  was	
  conducted	
  for	
  each	
  contig.	
  Every	
  chloroplast	
  

genome	
  in	
  GenBank	
  was	
  downloaded	
  (April	
  2013)	
  and	
  stored	
  locally	
  for	
  faster	
  

searching.	
  Each	
  contig	
  was	
  translated	
  into	
  each	
  of	
  the	
  6	
  possible	
  reading	
  frames,	
  and	
  

searched	
  against	
  the	
  translated	
  plastomes	
  database	
  constructed	
  above.	
  Contigs	
  that	
  

matched	
  a	
  portion	
  of	
  a	
  plastid	
  coding	
  region	
  with	
  E-­‐values	
  of	
  0.001	
  or	
  less	
  were	
  

considered	
  significant	
  and	
  saved.	
  

	
  	
  	
  	
  	
  	
  	
  	
  A	
  sample	
  from	
  Nicotiana	
  was	
  run	
  in	
  the	
  same	
  lane,	
  with	
  incomplete	
  data	
  

separation.	
  Any	
  contigs	
  that	
  had	
  a	
  strong	
  (E	
  ≤	
  0.001)	
  match	
  to	
  tobacco	
  in	
  the	
  top	
  16	
  hits	
  

were	
  eliminated.	
  Some	
  bacterial	
  contamination	
  was	
  also	
  present	
  due	
  to	
  xenic	
  nature	
  of	
  

K.	
  brevis	
  culture.	
  Any	
  contigs	
  that	
  produced	
  a	
  top	
  match	
  containing	
  the	
  string	
  “bacter”	
  

in	
  the	
  taxon	
  label,	
  or	
  produced	
  at	
  very	
  close	
  (E	
  ≤	
  1x10-­‐10)	
  nucleotide	
  BLAST	
  match	
  to	
  a	
  

bacterial	
  species	
  were	
  removed	
  from	
  consideration.	
  The	
  remaining	
  contigs	
  were	
  sorted	
  

into	
  files	
  based	
  on	
  which	
  gene	
  they	
  best	
  matched	
  via	
  BLAST,	
  and	
  within	
  that,	
  which	
  de	
  

novo	
  assembly	
  application	
  had	
  produced	
  them.	
  

Plastid	
  transcript	
  manual	
  ID	
  and	
  translation	
  

	
   Unfortunately,	
  the	
  above	
  screens	
  could	
  not	
  eliminate	
  all	
  bacterial	
  and	
  tobacco	
  

contamination,	
  so	
  each	
  candidate	
  contig	
  selected	
  above	
  was	
  manually	
  BLAST	
  searched	
  

for	
  bacterial	
  homology,	
  and	
  removed	
  from	
  consideration	
  when	
  any	
  of	
  high	
  significance	
  

was	
  found.	
  The	
  same	
  process	
  was	
  performed	
  using	
  tBLASTx	
  for	
  Nicotiana	
  homology.	
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Table	
  2-­‐1:	
  	
  Primers	
  used	
  to	
  confirm	
  Karenia	
  brevis	
  contigs.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

The	
  remaining	
  contigs	
  were	
  then	
  compared	
  to	
  the	
  GenBank	
  database	
  with	
  

tBLASTx.	
  The	
  contig	
  for	
  each	
  gene	
  that	
  had	
  highest	
  algal	
  homology	
  and	
  greatest	
  length	
  

of	
  coverage	
  was	
  selected	
  as	
  the	
  “best	
  candidate”	
  for	
  each	
  gene,	
  and	
  used	
  for	
  all	
  further	
  

analysis.	
  The	
  coding	
  region	
  of	
  these	
  putative	
  transcripts	
  was	
  translated	
  in-­‐frame	
  with	
  

Virtual	
  Ribosome	
  (Wernersson	
  2006)	
  and	
  aligned	
  with	
  protein	
  sequences	
  from	
  taxa	
  

related	
  to	
  K.	
  brevis	
  for	
  final	
  confirmation	
  of	
  gene	
  identification.	
  Each	
  confirmed	
  putative	
  

transcript	
  was	
  then	
  used	
  for	
  a	
  template-­‐based	
  reassembly	
  using	
  Geneious	
  software	
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(Biomatter	
  Ltd.,	
  San	
  Francisco,	
  CA),	
  in	
  order	
  to	
  extend	
  coverage	
  and	
  resolve	
  ambiguous	
  

base	
  calls	
  from	
  the	
  initial	
  de	
  novo	
  assembly.	
  

RT-­‐PCR	
  confirmation	
  of	
  assemblies	
  

35	
  if	
  the	
  identified	
  transcripts	
  were	
  suitable	
  for	
  PCR	
  confirmation.	
  Sets	
  of	
  left	
  

and	
  right	
  primers	
  for	
  each	
  of	
  these	
  transcripts	
  were	
  designed	
  in	
  Primer	
  3	
  (Rozen	
  and	
  

Skaletsky	
  2000),	
  and	
  used	
  either	
  together	
  to	
  amplify	
  internal	
  regions	
  of	
  the	
  transcript,	
  

or	
  with	
  polyA	
  or	
  polyT	
  primers	
  to	
  detect	
  the	
  3’	
  and	
  5’	
  ends,	
  respectively	
  (Table	
  2-­‐1).	
  

50ng	
  of	
  template	
  was	
  used	
  for	
  RT-­‐PCR,	
  along	
  with	
  1nM	
  dNTPs	
  and	
  10pmol	
  of	
  each	
  

primer.	
  RT-­‐PCR	
  was	
  either	
  carried	
  out	
  in	
  two-­‐step	
  fashion	
  with	
  reverse	
  transcription	
  

carried	
  out	
  separately	
  with	
  the	
  M-­‐MLV	
  Reverse	
  Transcriptase	
  kit	
  (Promega,	
  Madison,	
  

WI)	
  according	
  to	
  the	
  manufacturer’s	
  protocol	
  and	
  ExTaq	
  (Clontech	
  Inc.,	
  Mountain	
  View,	
  

CA)	
  or	
  Fisher	
  brand	
  (Thermo	
  Scientific,	
  Sand	
  Diego,	
  CA)	
  taq	
  polymerase	
  and	
  supplied	
  

buffer	
  for	
  PCR	
  amplification,	
  or	
  with	
  a	
  single-­‐step	
  method	
  using	
  the	
  qScript	
  One-­‐Step	
  

RT-­‐PCR	
  kit	
  (Quanta	
  Biosciences,	
  Gaithersburg,	
  MD).	
  In	
  either	
  case,	
  the	
  cycling	
  protocol	
  

used	
  was:	
  denaturation	
  at	
  95°C	
  for	
  10	
  minutes	
  for	
  1	
  cycle,	
  then	
  95°C	
  for	
  30s,	
  55°C	
  for	
  

30s,	
  and	
  2	
  mins	
  at	
  70°C	
  for	
  35	
  cycles,	
  and	
  1	
  cycle	
  at	
  70°C	
  for	
  10	
  mins	
  at	
  end	
  of	
  run,	
  with	
  

single-­‐step	
  reactions	
  having	
  a	
  10	
  minute	
  reverse	
  transcription	
  incubation	
  at	
  45°C	
  before	
  

denaturation.	
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Results	
  

Transcriptome	
  sequencing	
  

Whole	
  transcriptome	
  Illumina	
  sequencing	
  of	
  K.	
  brevis	
  yielded	
  151,417,524	
  paired	
  

end	
  reads,	
  each	
  of	
  which	
  were	
  100	
  bases	
  in	
  length.	
  The	
  average	
  insert	
  length	
  of	
  the	
  

library	
  sequenced	
  was	
  260	
  nucleotides.	
  Depth	
  of	
  coverage	
  averaged	
  17,883,	
  with	
  psbA	
  

being	
  by	
  far	
  the	
  most	
  represented	
  at	
  558,035.	
  Illumina	
  read	
  data	
  was	
  processed	
  by	
  de	
  

novo	
  assemblers	
  to	
  construct	
  contiguous	
  sequences	
  (contigs)	
  that	
  could	
  be	
  analyzed	
  as	
  

putative	
  plastid	
  transcript	
  candidates.	
  SOAPdenovo	
  (Short	
  Oligonucleotide	
  Analysis	
  

Package),	
  a	
  program	
  specially	
  designed	
  to	
  assemble	
  Illumina	
  short	
  reads,	
  produced	
  

211,213	
  contigs	
  (Luo	
  et	
  al.	
  2012).	
  Trinity	
  (Broad	
  Institute),	
  which	
  combines	
  three	
  

independent	
  software	
  modules	
  to	
  reconstruct	
  transcriptomes	
  from	
  RNA-­‐seq	
  data,	
  

yielded	
  244,993	
  contigs.	
  Velvet	
  (Zebrino	
  and	
  Birney	
  2008),	
  designed	
  to	
  assemble	
  very	
  

short	
  read	
  data,	
  was	
  also	
  used,	
  and	
  provided	
  313,396	
  contigs	
  (Table	
  2-­‐2).	
  

	
  

Table	
  2-­‐2:	
  	
  Contig	
  numbers	
  associated	
  with	
  assembly	
  output	
  and	
  screening.	
  

	
  

	
  

	
  

	
  



14	
  
	
  

	
  

Sequence	
  filtering	
  

Each	
  of	
  the	
  three	
  de	
  novo	
  assemblers	
  produced	
  far	
  more	
  contigs	
  than	
  the	
  

number	
  of	
  genes	
  targeted,	
  so	
  a	
  systematic	
  approach	
  to	
  filtering	
  contigs	
  for	
  quality	
  was	
  

used	
  to	
  progressively	
  eliminate	
  contigs	
  that	
  represented	
  sample	
  contamination,	
  and	
  

then	
  select	
  the	
  best	
  representative	
  for	
  each	
  plastid	
  gene	
  transcript	
  identified	
  (Table	
  2-­‐

2).	
  	
  

	
   Total	
  mRNA	
  samples	
  from	
  Karenia	
  brevis	
  were	
  sequenced,	
  and	
  thus	
  contained	
  

transcripts	
  of	
  nuclear	
  and	
  mitochondrial	
  origin.	
  In	
  order	
  to	
  identify	
  putative	
  plastid	
  

sequences	
  from	
  the	
  total	
  cell	
  transcriptome	
  read,	
  a	
  standalone	
  database	
  was	
  created	
  by	
  

downloading	
  all	
  complete	
  plastid	
  genomes	
  from	
  GenBank	
  (accessed	
  April	
  2013).	
  All	
  

contigs	
  produced	
  by	
  de	
  novo	
  assembly	
  were	
  searched	
  against	
  the	
  plastome	
  database	
  via	
  

local	
  tBLASTx.	
  This	
  variant	
  of	
  BLAST	
  translates	
  nucleotide	
  queries	
  into	
  all	
  6	
  reading	
  

frames,	
  and	
  compares	
  them	
  to	
  a	
  translated	
  nucleotide	
  database.	
  Any	
  contigs	
  that	
  

matched	
  a	
  coding	
  region	
  of	
  a	
  known	
  plastid	
  genome	
  (E	
  ≤	
  	
  0.001)	
  was	
  considered	
  

significant	
  and	
  saved.	
  	
  

	
   A	
  sample	
  from	
  Nicotiana	
  was	
  run	
  on	
  the	
  same	
  lane	
  as	
  the	
  Karenia	
  brevis	
  sample	
  

used	
  for	
  this	
  study.	
  Unfortunately,	
  complete	
  data	
  separation	
  did	
  not	
  occur,	
  so	
  some	
  

tobacco	
  reads	
  contaminated	
  the	
  data	
  pool	
  for	
  this	
  study.	
  In	
  order	
  to	
  filter	
  for,	
  and	
  

remove,	
  the	
  reads	
  from	
  tobacco	
  contamination,	
  any	
  presumed	
  plastid	
  contig	
  that	
  

produced	
  a	
  significant	
  (E	
  ≤	
  	
  0.001)	
  match	
  to	
  Nicotiana	
  in	
  the	
  top	
  16	
  tBLASTx	
  results	
  was	
  

removed	
  from	
  consideration.	
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   Due	
  to	
  the	
  xenic	
  nature	
  of	
  the	
  Karenia	
  brevis	
  culture,	
  there	
  was	
  a	
  significant	
  

amount	
  of	
  bacterial	
  contamination	
  in	
  the	
  contigs	
  produced	
  by	
  each	
  assembler	
  used.	
  In	
  

order	
  to	
  screen	
  for	
  and	
  eliminate	
  these	
  sequences,	
  each	
  remaining	
  contig	
  was	
  

compared	
  to	
  GenBank’s	
  NR	
  database	
  with	
  tBLASTx.	
  Any	
  contig	
  that	
  produced	
  a	
  very	
  

close	
  (E	
  ≤	
  	
  1x10-­‐10)	
  match	
  to	
  a	
  sequence	
  containing	
  the	
  string	
  “bacter”	
  in	
  the	
  taxon	
  label,	
  

was	
  eliminated	
  from	
  the	
  candidate	
  pool.	
  

	
   The	
  remaining	
  sequences	
  were	
  sorted	
  according	
  to	
  the	
  names	
  of	
  the	
  chloroplast	
  

genes	
  they’d	
  been	
  matched	
  with,	
  and	
  the	
  assembler	
  that	
  produced	
  them.	
  	
  The	
  

cumulative	
  effect	
  of	
  the	
  above	
  screening	
  process	
  was	
  to	
  greatly	
  reduce	
  the	
  number	
  of	
  

transcripts	
  in	
  the	
  candidate	
  pool	
  before	
  manual	
  screening,	
  translation,	
  and	
  analysis.	
  

Manual	
  Screening	
  of	
  Transcripts	
  

1,372	
  contigs	
  remained	
  after	
  the	
  above	
  screens	
  as	
  putative	
  chloroplast	
  transcript	
  

candidates.	
  They	
  corresponded	
  to	
  68	
  genes	
  commonly	
  associated	
  with	
  plastid	
  genomes,	
  

some	
  specifically	
  found	
  in	
  the	
  plastome	
  of	
  K.	
  veneficum,	
  a	
  dinoflagellate	
  closely	
  related	
  

to	
  K.	
  brevis.	
  However,	
  many	
  of	
  the	
  remaining	
  contigs	
  were	
  sequences	
  from	
  tobacco	
  or	
  

bacterial	
  contamination.	
  In	
  order	
  to	
  select	
  a	
  best	
  candidate	
  for	
  each	
  gene,	
  and	
  remove	
  

any	
  remaining	
  contamination,	
  each	
  assembled	
  contig	
  was	
  converted	
  to	
  a	
  “.seq”	
  file	
  

format	
  in	
  EditSeq	
  (DNASTAR,	
  Inc.,	
  Madison,	
  WI),	
  with	
  all	
  such	
  files	
  for	
  each	
  plastid	
  gene	
  

aligned	
  in	
  SeqMan	
  (DNASTAR,	
  Inc.,	
  Madison,	
  WI).	
  The	
  alignments	
  produced	
  were	
  used	
  

to	
  select	
  contigs	
  likely	
  to	
  have	
  full	
  coverage	
  of	
  the	
  coding	
  region	
  of	
  the	
  gene	
  in	
  question.	
  

The	
  selected	
  contigs	
  were	
  then	
  searched	
  against	
  GenBank	
  with	
  nucleotide	
  BLAST	
  and	
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tBLASTx	
  to	
  identify	
  contaminating	
  sequences	
  and	
  verify	
  algal	
  homology.	
  Contigs	
  that	
  

closely	
  matched	
  (E	
  value	
  of	
  1.0e-­‐20	
  or	
  lower)	
  a	
  related	
  algal	
  ortholog,	
  and	
  had	
  the	
  

greatest	
  degree	
  of	
  transcript	
  coverage	
  were	
  considered	
  the	
  best	
  candidate,	
  and	
  used	
  as	
  

the	
  putative	
  transcript	
  for	
  that	
  gene	
  going	
  forward.	
  	
  A	
  list	
  of	
  all	
  sequences	
  can	
  be	
  found	
  

in	
  Appendix	
  A.	
  

	
   Most	
  putative	
  transcripts	
  had	
  the	
  closest	
  homology	
  to	
  Phaeocystis	
  antarctica,	
  

Phaeocystis	
  globulosa,	
  and/or	
  Emiliania	
  huxleyii,	
  all	
  of	
  which	
  are	
  haptophytes	
  with	
  

sequenced	
  plastomes.	
  Although	
  there	
  is	
  almost	
  no	
  plastid	
  data	
  for	
  Karenia	
  brevis	
  on	
  

GenBank,	
  the	
  one	
  sequence	
  available,	
  the	
  16S	
  ribosomal	
  region	
  of	
  the	
  psbD	
  poly-­‐

cistronic	
  unit,	
  was	
  an	
  exact	
  match	
  for	
  one	
  of	
  the	
  contigs	
  in	
  our	
  Karenia	
  brevis	
  library.	
  

	
   Contigs	
  corresponding	
  to	
  43	
  individual	
  genes	
  associated	
  with	
  plastid	
  genomes	
  

were	
  identified	
  by	
  the	
  above	
  process,	
  that	
  were	
  unlikely	
  to	
  be	
  ambiguous	
  to	
  the	
  nucleus	
  

or	
  mitochondria	
  of	
  Karenia	
  brevis,	
  or	
  due	
  to	
  contamination	
  from	
  tobacco	
  or	
  bacteria	
  

(Table	
  2-­‐3).	
  These	
  de	
  novo	
  putative	
  transcripts	
  were	
  then	
  used	
  in	
  Geneious	
  (Biomatters,	
  

Ltd.,	
  Auckland,	
  New	
  Zealand)	
  to	
  perform	
  a	
  template-­‐based	
  reassembly,	
  which	
  increased	
  

coverage	
  and	
  resolved	
  ambiguous	
  base	
  calls	
  in	
  a	
  number	
  of	
  candidate	
  transcripts.	
  Each	
  

transcript	
  was	
  considered	
  confirmed	
  if	
  the	
  RT-­‐PCR	
  amplicon	
  was	
  consistent	
  with	
  the	
  size	
  

predicted	
  from	
  the	
  assembled	
  contig	
  and	
  the	
  –RT	
  control	
  was	
  negative	
  (Figure	
  2-­‐1).	
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Table	
  2-­‐3:	
  	
  List	
  of	
  all	
  confirmed	
  plastid	
  derived	
  mRNAs	
  identified	
  from	
  Karenia	
  brevis.	
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Transcript	
  Structure	
  

Among	
  the	
  assembled,	
  screened	
  and	
  confirmed	
  genes,	
  thirty-­‐three	
  appeared	
  as	
  

single	
  coding	
  regions	
  and	
  were	
  scored	
  as	
  mono-­‐cistronic	
  transcripts	
  (Figure	
  2-­‐2	
  and	
  

Table	
  2-­‐3).	
  	
  The	
  remaining	
  ten	
  coding	
  regions	
  appeared	
  as	
  members	
  of	
  poly-­‐cistronic	
  

transcripts	
  (Figure	
  2-­‐3	
  and	
  Table	
  2-­‐3).	
  

	
   Transcripts	
  were	
  amplified	
  by	
  one	
  or	
  two	
  step	
  RT-­‐PCR	
  using	
  internal	
  primers	
  (Internal	
  

positive	
  control),	
  an	
  internal	
  primer	
  paired	
  with	
  a	
  polyA	
  primer	
  (polyU	
  tail),	
  or	
  an	
  internal	
  primer	
  

paired	
  with	
  a	
  polyT	
  primer	
  (polyA	
  leader).	
  	
  Reactions	
  without	
  reverse	
  transcriptase	
  (-­‐RT)	
  were	
  

conducted	
  to	
  confirm	
  that	
  the	
  sequences	
  were	
  actually	
  RNA	
  (negative	
  control)	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  2-­‐1:	
  	
  RT-­‐PCR	
  confirmation	
  of	
  six	
  Karenia	
  brevis	
  plastid	
  mRNAs.	
  

psaA 	
  	
   psbB rpl2 rbcL psbF 

3’	
  polyU	
  tail 

polyA	
  leader 

Internal	
  positive	
  control 

Negative	
  control 
-­‐RT 
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AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAGTTCCCCCAGGATATGAGTA
ACGTAAATCCCCTACCGAGCCAGGCTAAATCTCGGGCAAAACT
TTGTAAGGGGGCAGGTCATAATACATTCGGGGAACCGGCTTGG
CCTAACGATTTACTGTTCTTATTTCCCATCTGTATTACAGGTG
TACTTGCTTGTAGTTTAGGTCTAGCAGTTCTATCTCCGCCGGC
AATCGACGCCCAATCAGACCCGTTTTCTACACCGCTGGAAATT
CTTCCGGAATGGTATTTCTTACCATCATTTAATTTGCTACGTC
TTCTTCCTAATAAACTTTTAGGTGTTGCTGCGATGGCCAGTAT
ACCTCTTGCATTAACGCAGGTAGCAGCTTCCGAGAACCAGACC
GCTTCTCAAAATCCTAATCGACGCTCGCAAAGTTCACTGTTAT
ATATCCTGGGATCTTCGTCATCATCATGGCTTGGCGCAGGAGG
TGCTATGCCGCTTTCGCAGTCTTTAACTTTAGCACTTAATTAA
AAATTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTTT  
 
 
Figure	
  2-­‐2:	
  	
  Example	
  of	
  a	
  mono-­‐cistronic	
  Karenia	
  brevis	
  plastid	
  transcript,	
  petD,	
  
showing	
  the	
  5’	
  polyadenylation	
  and	
  3’	
  polyuridinilylation	
  (underlined).	
  

petD 
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   GTTTCTTTGAAAATTAGAAGAGATTCGTTGGCGATTCACGGTTGCGGACTTTTCCTTCTTTCTCAAAAGGACTAAG
ACAAGATCCAACTACGCGACGATTGTCATACTCTGTGGGTATTGCCCATGATTTGGAGTCACATGATTTCGTTACG
GAATCACTTTTGTATCAACGTATTTTTGCTTCTCATTTTGGGCACCTAGCAATAATATTTTTATGGTCCGCTGGAAAT
CTATTCCACGTAGCATGGCAAGGAAATTTTCAAGAGTGGATTATAAATCCTCTGAAAACGTCACCAATTGCGCATG
CGATATTCGATCCGCACTTTGGAGTAGACGCGCTTAAAGCCTTCACGCCATCTGCCGGCTCTTATCCCGTTAATATA
TCGACCTCAGGGTTGTATCATTGGTGGTATACTATCGGCTTACGATCAAACACTGACTTGTATTCCGCTTCAATGTT
CCTTATTCTATGCAGTCTTCTGTTTTTATATGCAGGGTGGCTTCATTCTACACCTGGTCGGCAACCGAACCTAGCGT
TTTTTAAAAACAATGAATCAAGATTAAATCATCATCTGTCGGGTCTTTTTGGGGTAAGTTCGCTGGCCTGGGCAGG
GCATCTAATTCATGTTGCAATACCTGCGTCTCGTGGCCAAGTTGTTAGTCTGGATCATCTTCCGTTACCCCATCCCG
CTGGGTTAACCCCATTCCTAACGTTTAATTGGGGTATTTACGCCGAAAATCCTGATTCTCCAACTCATGTGTTTGCG
ACTACAGAAGGTGCAGGTACGGCAATCCTCACTTTCCTAGGAGGATTTCATCCTCAAACCCAAGCTATGTGGCTGA
CTGATATTGCCCATCATCATTTAGCAATCGCAATCATTTTTATTGTTGCAGGGCATATGTATCGAACAACCTATGCT
TGGGGCCATCGCTTTACCGAGTTGTTGCACGCGCACGTTCCTCCTAAAGGACGTCTTCGCGCTGGTCATGTTGGCT
TAATGGAAACGTTGACCAATAGTTTACACATGCAACTTGGTTTAGCGCTGGCAGCGCTAGGCGTTGCAACTTCGCT
AACGGCCCAGCATATGTATGCGTTACCTGCCTACGCATTTATCGCGAGCAGCCCCGTAACTCAAGCAGCATTGTAC
GTACACCATCAGTATATCGCGGGTTTCCTAATGACGGGGGCCTTCGCCCATGGTGCCATTTTTTTCGTCCGTGATT
ACGAGCCTTCGAATGAAGGAAATGTACTTGCGACAGTACTTCTTCACAAAGAGGCTATAATTTCTCACTTGAGTTG
GGTGAGTTTATTTTTGGGTTTCCATACGTTGGGTCTCTATGTGCACAATGATACTTGCGTTGCATTTGGCCTTCCCG
AAAATCAAATATTATTGGATCCAATATTTGCTCAACTCGTTCAAGCCGCATCAGGTAAAGCAGGAAATGGAATTGA
TATTCTTCTTTCGGAACCTACAAGTCCCGCTAGTATTGCAAGTAGTAAAGTTTGGTTGCCTGGGTGGCTCGCGGGA
ATTAACAGCCAGCGAAGTACCGCCTTCTTACCAATTGGACCGGGTGATTTCCTTATTCATCACGCAATTTCACTGG
GATTGCATACAACTACGCTAATCTTAGTAAAGGGTGCTCTTGATGCTCGAGCCTCAAGATTACTTCCAGATAAGAA
AGATTTTGGTTATAGTTTCCCGTGTGATGGTCCTGGACGTGGTGGTACTTGTGACGTTTCAGCTTGGGACGCCTTT
TATTTGGCTGTCTTCTGGCAATTAAATACTACGGCATGGACCACATTCTATTGGCACTGGAAACATTTGACATTATG
GGGTGGCAATAGCGCCCTTTTCAATGAAGCTTCAACATACATTATGGGTTGGTTACGCGATTATTTATGGTTAAAC
TCAGCTCCAACGATCACCGGTTATACGGCACAAGGAATGAACGCACAGGCTGTTTGGACATGGATGTTCCTGTTT
GGACACCTTACTTGGGCTACCGGTTTTATGTTCTTAATTTCATGGCGAGGATATTGGCAAGAACTTATTGAAACCA
TAGTTTGGGCACATGAAAGAACCCCACTAGCTAATTTGCTAAAATGGAATGACAAGCCTGTGGCTCTGTCAATTGT
CCAAGCACGTCTCGTAGGGTTGACACATTTCACGACAGGGTATATATTTACTTATGCCCCTTTTTTAATTTCTAGTA
CGTCCGCCAAAACAGCTGGAATATCTACTGCCGCCGCCTTATTTAAAGATCTACCTGGCGAAATTATCTAGAACGT
ACAAAAAAATGATTACTTATGATTTCGCTTCAAGAAAGTTAATTGTTTTACAAATAGAAAAAAAGTTAGTCCTTGAC
GCCTCAGCATATCAAGAAAAAACTTTTTAATAAGAATTAGTCTGGTGAAGATACGAGGACAATCTACATTTTTTAAT
CTTTACTGAACTTGAACATAAATTTGGACTCTAATTTACGGAAGCTACTCTCACAAATCGTTCGAACACTTAAAACA
TATTTTTACCCTACAGCTTGCAAAATCTTTCTGGTGAACACTTTTTCTTCTCATTTCTTAATTTTTAAAGGAGTCTAAG
TCCAAACTTTTTCACTAAAACACTAATACGTTAGCCCCATCGATCGACTCGTTTCAGGTCCCAAGTATACACGTATG
CTTAAGTAATCCGTGGGGCATGCCGATTCACAACGCTTACAACCAATGCAGTCGGCAGGCCGCGGGGCAGCAGC
AACTTGTCCTGACTTATTCCATACGGTGTCGGGTACCATTGCAAGGACATCACAAGGACACGCACGGACACACTG
AGTACAGCCGATACATGTAGTATAAATCCTTAGGGTATGAGACATAAATTTAGATTGTACCGAACCGTTTTTTTTTT
TTTTTTTTTTTTT  
  
  
Figure	
  2-­‐3:	
  	
  Example	
  of	
  a	
  poly-­‐cistronic	
  Karenia	
  brevis	
  plastid	
  transcript,	
  psaB-­‐psaC.	
  	
  
psaB	
  is	
  colored	
  red	
  and	
  psaC	
  is	
  green.	
  	
  3’	
  polyuridnilylation	
  is	
  underlined.	
  
  
  



21	
  
	
  

	
  

	
   Since	
  peridinin	
  containing	
  dinoflagellate	
  plastomes	
  are	
  organized	
  into	
  mini-­‐

circles	
  that	
  undergo	
  rolling	
  circle	
  transcription,	
  evidence	
  of	
  mini-­‐circles	
  was	
  sought	
  as	
  

repeated	
  sequences	
  on	
  the	
  3’	
  and	
  5’	
  ends	
  of	
  each	
  assembled	
  transcript.	
  	
  No	
  repeating	
  

sequences	
  were	
  detected	
  on	
  the	
  ends	
  of	
  the	
  transcripts.	
  	
  Instead,	
  twenty	
  two	
  of	
  the	
  

assembled	
  transcripts	
  had	
  a	
  5’	
  polyA	
  leader	
  sequence	
  and/or	
  a	
  3’	
  polyU	
  tail	
  sequence	
  

(Figures	
  2-­‐1,	
  2-­‐2,	
  2-­‐3,	
  and	
  Table	
  2-­‐3).	
  	
  RT-­‐PCR	
  was	
  used	
  to	
  confirm	
  the	
  presence	
  of	
  these	
  

sequences	
  (Figure	
  2-­‐1).	
  	
  3’	
  PolyU	
  tails	
  were	
  RT-­‐PCR	
  amplified	
  from	
  fifteen	
  transcripts	
  by	
  

pairing	
  a	
  polyA	
  primer	
  to	
  a	
  transcript	
  specific	
  primer.	
  	
  PolyA	
  leader	
  sequences	
  were	
  

attempted	
  by	
  pairing	
  a	
  polyT	
  primer	
  with	
  a	
  transcript	
  specific	
  primer	
  but	
  the	
  results	
  

were	
  ambiguous	
  except	
  for	
  two	
  transcripts,	
  rps4	
  and	
  psbF	
  (Figure	
  2-­‐1).	
  	
  Neither	
  polyU	
  or	
  

polyA	
  sequences	
  were	
  detected	
  from	
  –RT	
  control	
  reactions,	
  or	
  PCR	
  attempts	
  from	
  DNA	
  

templates.	
  

Protein	
  Translations	
  

All	
  forty	
  three	
  transcripts	
  were	
  translatable	
  into	
  full	
  length	
  protein	
  sequences	
  

(Appendix	
  B).	
  	
  Standard	
  chloroplast	
  and	
  bacterial	
  genetic	
  codes	
  identified	
  protein	
  

sequences	
  with	
  clear	
  homologous	
  hits	
  as	
  determined	
  by	
  protein	
  BLAST	
  searches	
  against	
  

GenBank’s	
  nr	
  database.	
  	
  Ten	
  of	
  the	
  transcripts	
  did	
  not	
  have	
  a	
  canonical	
  AUG-­‐methionine	
  

start	
  codon	
  (Figure	
  2-­‐4	
  and	
  Table	
  2-­‐3).	
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A 

	
  
B	
  	
   

Kbrevis 
Ehuxleyi 

Figure	
  2-­‐4:	
  	
  Non-­‐canonical	
  start	
  codons.	
  A	
  –	
  translation	
  of	
  petB,	
  a	
  K.	
  brevis	
  transcript	
  
with	
  a	
  non-­‐canonical	
  start	
  codon,	
  in	
  this	
  case	
  a	
  CTA	
  coding	
  for	
  leucine.	
  B	
  –	
  a	
  
comparison	
  of	
  the	
  Karenia	
  brevis	
  petD	
  translation	
  with	
  petD	
  from	
  the	
  haptophyte	
  
Emiliania	
  huxleyi	
  showing	
  the	
  presumed	
  K.brevis	
  start	
  codon	
  as	
  a	
  leucine.	
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Table	
  2-­‐4:	
  	
  Non-­‐canonical	
  start	
  codons	
  found	
  in	
  Karenia	
  brevis	
  plastid	
  transcripts.	
  

	
  

	
  

	
  

	
  

	
  

Translations	
  were	
  screened	
  for	
  signal	
  and	
  transit	
  peptides	
  to	
  determine	
  if	
  any	
  

transcripts	
  were	
  mis-­‐identified.	
  	
  Each	
  peptide	
  was	
  screened	
  with	
  SignalP	
  (Peterson	
  et	
  al	
  

2011)	
  and	
  ChloroP	
  (Emanuelsson	
  et	
  al	
  1999)	
  along	
  with	
  petF,	
  a	
  known	
  K.	
  brevis	
  nuclear-­‐

encoded,	
  plastid-­‐localized	
  protein	
  (Nosenko	
  et	
  al	
  2006).	
  	
  petF	
  had	
  clearly	
  defined	
  transit	
  

peptides	
  even	
  with	
  the	
  most	
  stringent	
  settings	
  (Table	
  2-­‐5).	
  	
  Several	
  of	
  the	
  new	
  K.	
  brevis	
  

translations	
  were	
  identified	
  as	
  having	
  possible	
  signal	
  and/or	
  transit	
  peptides	
  but	
  only	
  

groEL	
  passed	
  the	
  strictest	
  SignalP	
  settings	
  with	
  a	
  strong	
  mitochondrial	
  transit	
  peptide.	
  	
  

groEL	
  is	
  a	
  general	
  chaperonin	
  found	
  in	
  many	
  bacteria	
  and	
  necessary	
  in	
  eukaryotic	
  

mitochondria	
  and	
  plastids	
  (Horwich	
  et	
  al	
  2007)	
  so	
  this	
  sequence	
  is	
  likely	
  a	
  nuclear	
  

encoded,	
  mitochondria-­‐targeted	
  protein.	
  	
  The	
  translations	
  psaC,	
  psaF,	
  psbH,	
  and	
  psbV	
  

had	
  signal	
  peptides	
  of	
  low	
  confidence.	
  	
  Since	
  these	
  genes	
  are	
  found	
  in	
  the	
  plastid	
  

genomes	
  of	
  red	
  algae,	
  at	
  least	
  one	
  haptophyte,	
  the	
  alveolate	
  Chromera	
  velia	
  and	
  the	
  

fucoxanthin	
  dinoflagellate	
  K.	
  veneficum	
  (Gabrielsen	
  et	
  al	
  2011),	
  I	
  chose	
  to	
  dismiss	
  the	
  

possibility	
  that	
  these	
  are	
  nuclear	
  encoded.
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Table	
  2-­‐5:	
  	
  Signal	
  and	
  transit	
  peptide	
  prediction	
  using	
  the	
  programs	
  SignalP	
  and	
  ChloroP.	
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Discussion	
  

In	
  this	
  study,	
  forty-­‐three	
  plastid	
  transcripts	
  were	
  identified	
  from	
  a	
  K.	
  brevis	
  

transcriptome	
  produced	
  by	
  Illumina	
  sequencing.	
  	
  Assembled	
  transcripts	
  were	
  

identifiable	
  by	
  their	
  homology	
  to	
  other	
  algal	
  sequences.	
  	
  	
  

Transcript	
  structure	
  and	
  Processing	
  

	
  	
   Analysis	
  of	
  my	
  data	
  revealed	
  no	
  putative	
  transcripts	
  of	
  rolling-­‐circle	
  structure,	
  or	
  

any	
  other	
  indication	
  of	
  the	
  use	
  of	
  minicircles	
  in	
  the	
  plastid	
  genome	
  of	
  K.	
  brevis.	
  	
  

However,	
  mini-­‐circles	
  cannot	
  be	
  ruled	
  out	
  with	
  my	
  analysis	
  since	
  the	
  methodology	
  was	
  

skewed	
  towards	
  the	
  assembly	
  and	
  analysis	
  of	
  fully	
  processed	
  transcripts.	
  	
  To	
  date,	
  most	
  

studies	
  of	
  dinoflagellate	
  plastid	
  genomes,	
  transcription,	
  and	
  transcript	
  processing	
  have	
  

focused	
  on	
  peridinin-­‐containing	
  dinoflagellates.	
  	
  Peridinin-­‐containing	
  dinoflagellates	
  

have	
  mini-­‐circular	
  plastome	
  structures	
  (Barbrook	
  and	
  Howe	
  2000;	
  Howe	
  et	
  al.	
  2008;	
  

Zhang	
  et	
  al.	
  1999)	
  that	
  are	
  transcribed	
  by	
  a	
  rolling	
  circle	
  mechanism	
  (Dang	
  and	
  Green	
  

2010;	
  Nisbet	
  et	
  al	
  2008).	
  	
  Transcripts	
  are	
  processed	
  by	
  RNA	
  editing	
  (Zauner	
  et	
  al	
  2004;	
  

Dang	
  and	
  Green	
  2009),	
  the	
  addition	
  of	
  a	
  3’	
  polyU	
  tail	
  (Nelson	
  et	
  al	
  2007;	
  Wang	
  and	
  

Morse	
  2006),	
  and	
  an	
  unknown	
  5’	
  processing	
  event.	
  	
  K.	
  brevis	
  is	
  a	
  fucoxanthin	
  containing	
  

dinoflagellate,	
  a	
  group	
  which	
  has	
  chloroplast	
  gene	
  sequences	
  resembling	
  haptophytes	
  

(Yoon	
  et	
  al	
  2005;	
  Nosenko	
  et	
  al	
  2006).	
  	
  They	
  appear	
  to	
  have	
  been	
  peridinin-­‐containing	
  

secondary	
  endosymbionts	
  that	
  later	
  replaced	
  the	
  red-­‐algal-­‐like	
  plastid	
  with	
  a	
  

haptophyte	
  chloroplast	
  in	
  a	
  tertiary	
  endosymbiosis	
  (Janouskavic	
  2010;	
  Gabrielson	
  2011).	
  	
  

The	
  plastid	
  genome	
  of	
  K.	
  brevis	
  has	
  not	
  been	
  published	
  but	
  another	
  fucoxanthin	
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dinoflagellate,	
  K.	
  veneficum,	
  has	
  a	
  large	
  circular	
  chromosome	
  (Gabrielson	
  et	
  al	
  2011)	
  but	
  

also	
  appears	
  to	
  have	
  smaller	
  circular	
  fragments	
  (Espelund	
  et	
  al	
  2012).	
  	
  The	
  haptophyte,	
  

Emiliania	
  huxleyi,	
  also	
  has	
  a	
  large	
  circular	
  plastome	
  (Sanchez	
  Puerta	
  et	
  al	
  2005).	
  	
  These	
  

observations	
  suggest	
  the	
  possibility	
  that	
  other	
  fucoxanthin	
  dinoflagellates	
  could	
  have	
  

plastid	
  genomes	
  with	
  these	
  structural	
  elements.	
  	
  	
  

	
   K.	
  brevis	
  transcripts	
  are	
  both	
  mono-­‐	
  and	
  poly-­‐cistronic.	
  	
  This	
  observation	
  fits	
  with	
  

observed	
  plastid	
  biology	
  where	
  mono-­‐	
  and	
  poly-­‐cistronic	
  transcripts	
  are	
  common	
  

among	
  plastids	
  (Stern	
  et	
  al	
  2010;	
  Zhelyazkova	
  et	
  al	
  2012).	
  	
  They	
  have	
  also	
  been	
  

observed	
  in	
  the	
  peridinin-­‐containing	
  dinoflagellate	
  Amphidinium	
  carterae,	
  which	
  has	
  

mini-­‐circular	
  plastome	
  structure	
  (Barbrook	
  et	
  al	
  2012)	
  

	
   K.	
  brevis	
  plastid	
  transcripts	
  are	
  processed	
  by	
  RNA	
  editing	
  and	
  the	
  addition	
  of	
  a	
  

polyA	
  5’	
  leader	
  sequences	
  and	
  polyU	
  3’	
  tail	
  to	
  each	
  sequence.	
  	
  This	
  feature	
  appeared	
  on	
  

mono-­‐	
  and	
  poly-­‐cistronic	
  RNAs.	
  	
  Two	
  recent	
  studies	
  have	
  demonstrated	
  that	
  the	
  

fucoxanthin-­‐containing	
  dinoflagellates,	
  Karenia	
  mikimotoi	
  and	
  K.	
  veneficum	
  have	
  

maintained	
  two	
  RNA	
  processing	
  mechanisms	
  found	
  in	
  the	
  peridinin	
  dinoflagellates	
  but	
  

not	
  haptophytes	
  or	
  diatoms,	
  RNA	
  editing	
  and	
  3’	
  polyuridinilylation	
  (Dorrel	
  and	
  Howe	
  

2012;	
  Richardson	
  et	
  al	
  2014).	
  	
  	
  In	
  A.	
  carterae,	
  3’	
  polyuridinilylation	
  has	
  been	
  shown	
  to	
  

define	
  the	
  processed	
  ends	
  of	
  both	
  mono-­‐	
  and	
  poly-­‐cistronic	
  transcripts	
  cleaved	
  from	
  

“multi-­‐copy	
  transcripts”	
  produced	
  from	
  rolling	
  circle	
  transcription	
  (Barbrook	
  et	
  al	
  2012).	
  	
  

Our	
  data	
  is	
  consistent	
  with	
  other	
  RNA	
  processing	
  observations	
  among	
  dinoflagellates.	
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   3’	
  polyuridinilylation	
  has	
  been	
  found	
  associated	
  with	
  transcripts	
  encoding	
  

proteins	
  used	
  in	
  the	
  photosynthetic	
  electron	
  transport	
  chain	
  in	
  two	
  chromerid	
  algae,	
  

Chromera	
  velia	
  and	
  Vitrella	
  brassicaformis	
  (Dorrell	
  et	
  al.	
  2014).	
  	
  	
  The	
  authors	
  did	
  find	
  

two	
  exceptions	
  suggesting	
  this	
  phenomenon	
  is	
  primarily	
  but	
  not	
  exclusively	
  associated	
  

with	
  photosystem	
  genes.	
  	
  It	
  has	
  also	
  been	
  reported	
  in	
  K.	
  mikimotoi	
  (Dorrell	
  and	
  Howe	
  

2012)	
  but	
  there	
  was	
  no	
  correlation	
  to	
  protein	
  function	
  reported.	
  	
  According	
  to	
  my	
  data,	
  

eleven	
  of	
  the	
  twenty-­‐three	
  polyU-­‐containing	
  transcripts	
  encode	
  proteins	
  used	
  in	
  the	
  

photosynthetic	
  electron	
  transport	
  chain	
  suggesting	
  there	
  is	
  no	
  correlation	
  between	
  this	
  

processing	
  event	
  and	
  protein	
  function.	
  	
  It	
  has	
  also	
  been	
  suggested	
  that	
  the	
  presence	
  of	
  

the	
  polyU	
  tail	
  may	
  correlate	
  to	
  transcript	
  abundance	
  (Barbrook	
  et	
  al	
  2012;	
  Dorrell	
  et	
  al	
  

2014)	
  but	
  in	
  the	
  K.	
  brevis	
  data	
  there	
  is	
  no	
  correlation	
  between	
  the	
  presence	
  of	
  a	
  polyU	
  

tail	
  and	
  the	
  average	
  depth	
  of	
  coverage	
  detected	
  for	
  any	
  transcript.	
  

	
   	
  In	
  silico	
  assemblies	
  from	
  this	
  study	
  suggest	
  eighteen	
  transcripts	
  had	
  a	
  poly-­‐

adenylated	
  5’	
  end,	
  fifteen	
  of	
  these	
  also	
  had	
  a	
  polyU	
  3’	
  end.	
  	
  To	
  the	
  best	
  of	
  my	
  

knowledge	
  there	
  are	
  no	
  reports	
  of	
  5’	
  polyadenylation	
  of	
  dinoflagellate	
  transcripts.	
  	
  

Barbrook	
  et	
  al.	
  (2012)	
  sequenced	
  circularized	
  transcripts	
  from	
  the	
  peridinin-­‐containing	
  

A.	
  carterae,	
  which	
  would	
  provide	
  both	
  3’	
  and	
  5’	
  ends.	
  	
  They	
  report	
  polyU	
  3’	
  tails	
  and	
  5’	
  

ends	
  that	
  varied	
  greatly	
  in	
  the	
  distance	
  of	
  the	
  upstream	
  processing	
  site	
  from	
  the	
  start	
  

codon,	
  but	
  did	
  not	
  report	
  polyadenylation	
  associated	
  with	
  the	
  5’	
  end.	
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Translations	
  

	
   Translation	
  of	
  these	
  transcripts	
  was	
  possible	
  using	
  standard	
  plastid	
  and	
  bacterial	
  

genetic	
  codes	
  (code	
  table	
  11)	
  with	
  the	
  exception	
  of	
  nine	
  transcripts	
  with	
  non-­‐canonical	
  

start	
  codons.	
  	
  Several	
  coding	
  regions	
  in	
  land	
  plant	
  plastomes	
  have	
  non-­‐canonical	
  start	
  

codons	
  (Yang	
  et	
  al	
  2013;	
  Yang	
  et	
  al.	
  2010;	
  Cahoon	
  et	
  al.	
  2010;	
  Raubeson	
  et	
  al.	
  2007;	
  Gao	
  

et	
  al	
  .	
  2009)	
  and	
  they	
  have	
  also	
  been	
  reported	
  in	
  coding	
  regions	
  for	
  several	
  

dinoflagellates.	
  	
  A	
  single	
  unusual	
  start	
  codon	
  was	
  found	
  in	
  the	
  K.	
  veneficum	
  plastome	
  as	
  

well	
  as	
  numerous	
  premature	
  stop	
  codons	
  and	
  “highly	
  divergent”	
  coding	
  sequences	
  

(Gabrielsen	
  et	
  al	
  2011).	
  	
  GUA	
  has	
  been	
  shown	
  to	
  act	
  as	
  an	
  alternative	
  start	
  codon	
  in	
  the	
  

dinoflagellate	
  Amphidinium	
  operculatum	
  (Barbrook	
  et	
  al.	
  2001)	
  and	
  AUU	
  and	
  AUA	
  are	
  

start	
  codons	
  in	
  Symbiodinium	
  sp.	
  (Barbrook	
  et	
  al.	
  2014).	
  	
  Other	
  algae	
  include	
  the	
  

haptophyte	
  E.	
  huxleyi	
  could	
  be	
  translated	
  using	
  the	
  standard	
  plastid/bacterial	
  genetic	
  

code	
  but	
  also	
  uses	
  GUG	
  as	
  an	
  alternative	
  start	
  codon	
  (Sanchez-­‐Puerta	
  et	
  al.	
  2005).	
  	
  The	
  

diatoms,	
  Phaeodactylum	
  tricornutum	
  and	
  Thalassiosira	
  pseudonana,	
  both	
  secondary	
  

endosymbionts	
  with	
  red	
  algal	
  plastids	
  use	
  GUG	
  and	
  AUU	
  as	
  start	
  codons	
  (Oudot-­‐Le	
  Secq	
  

et	
  al.	
  2007)	
  but	
  are	
  otherwise	
  translated	
  with	
  the	
  standard	
  plastid	
  &	
  bacterial	
  genetic	
  

code.	
  

	
   RNA	
  editing	
  has	
  been	
  cited	
  as	
  a	
  mechanism,	
  which	
  could	
  change	
  non-­‐canonical	
  

start	
  codons,	
  premature	
  stop	
  codons,	
  or	
  places	
  stop	
  codons	
  (Gabrielson	
  et	
  al	
  2011;	
  

Cahoon	
  et	
  al	
  2010).	
  	
  Chloroplast	
  mRNA	
  editing	
  is	
  common	
  among	
  land	
  plants	
  and	
  

dinoflagellates	
  (Dorrell	
  and	
  Howe	
  2012;	
  Zauner	
  et	
  al	
  2004;	
  Dang	
  and	
  Green	
  2009)	
  but	
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not	
  among	
  red	
  or	
  green	
  algae	
  and	
  their	
  secondary	
  endosymbionts.	
  	
  The	
  transcripts	
  

assembled	
  for	
  K.	
  brevis	
  in	
  this	
  study	
  appear	
  to	
  have	
  been	
  fully	
  edited	
  and	
  processed	
  due	
  

to	
  their	
  lack	
  of	
  premature	
  stop	
  codons	
  and	
  adherence	
  to	
  the	
  standard	
  plastid/bacterial	
  

genetic	
  code	
  to	
  produce	
  full-­‐length	
  recognizable	
  proteins.	
  	
  Four	
  of	
  the	
  nine	
  non-­‐

canonical	
  stops	
  fit	
  the	
  ‘NUG’	
  start	
  codon	
  motif	
  in	
  the	
  bacterial	
  codon	
  usage	
  table,	
  which	
  

leaves	
  CUA,	
  CGC,	
  AAU,	
  CUA,	
  and	
  CUU	
  as	
  putative	
  non-­‐canonical	
  start	
  codons.	
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Chapter	
  Introduction	
  

	
   The	
  purpose	
  of	
  the	
  work	
  described	
  in	
  this	
  chapter	
  is	
  to	
  use	
  the	
  plastid	
  

transcriptome	
  sequences	
  described	
  in	
  Chapter	
  2	
  to	
  perform	
  a	
  robust	
  phylogenetic	
  

analysis	
  of	
  the	
  K.	
  brevis.	
  	
  The	
  publicly	
  available	
  plastid	
  transcript	
  and	
  protein	
  data	
  for	
  K.	
  

brevis	
  and	
  other	
  fucoxanthin	
  dinoflagellates	
  has	
  been	
  limited	
  until	
  recently.	
  Most	
  

phylogenetic	
  studies	
  have	
  focused	
  on	
  a	
  limited	
  number	
  of	
  gene	
  products,	
  in	
  many	
  cases	
  

incomplete	
  ESTs	
  and	
  have	
  noted	
  considerable	
  difficulty	
  in	
  using	
  phylogenetic	
  methods	
  

to	
  place	
  dinoflagellate	
  plastid	
  lineages	
  and	
  relationships	
  (Yoon	
  et	
  al	
  2005,	
  Shalchian-­‐

Tabrizi	
  et	
  al	
  2006).	
  	
  

	
   For	
  this	
  phylogenetic	
  inquiry,	
  the	
  protein	
  products	
  from	
  the	
  families	
  pet,	
  psa,	
  

psb,	
  rbc	
  and	
  rpo	
  were	
  chosen	
  for	
  comparison	
  to	
  21	
  representative	
  taxa	
  from	
  the	
  major	
  

eukaryotic	
  algal	
  groups	
  and	
  higher	
  plants.	
  Phylogenetic	
  trees	
  were	
  built	
  for	
  each	
  gene,	
  

as	
  well	
  as	
  for	
  the	
  concatenated	
  alignments.	
  This	
  analysis	
  will	
  be	
  used	
  to	
  answer	
  the	
  

following	
  questions:	
  	
  

-­‐ Does	
  phylogenetic	
  analysis	
  of	
  the	
  protein	
  products	
  of	
  plastid	
  genes	
  obtained	
  by	
  

this	
  study	
  agree	
  with	
  current	
  evidence	
  of	
  the	
  haptophyte	
  origin	
  of	
  the	
  

fucoxanthin	
  dinoflagellate	
  plastid?	
  

-­‐ Do	
  the	
  new	
  K.	
  brevis	
  protein	
  sequences	
  presented	
  in	
  Chapter	
  2	
  allow	
  a	
  more	
  

rigorous	
  phylogenetic	
  analysis	
  of	
  the	
  peridinin	
  and	
  fucoxanthin	
  dinoflagellate	
  

plastid	
  proteomes?	
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Methods	
  

Protein	
  sequence	
  alignments	
  

	
   An	
  alignment	
  file	
  was	
  assembled	
  for	
  the	
  putative	
  amino	
  acid	
  sequences	
  for	
  each	
  

plastid	
  gene	
  of	
  interest,	
  as	
  well	
  as	
  the	
  corresponding	
  sequences	
  from	
  a	
  group	
  of	
  26	
  taxa	
  

spanning	
  the	
  major	
  groups	
  of	
  eukaryotic	
  algae,	
  and	
  including	
  higher	
  plants	
  retrieved	
  

from	
  GenBank	
  or	
  UniProt	
  (Table	
  3-­‐1,	
  Appendix	
  Table	
  3-­‐X).	
  Protein	
  sequence	
  data	
  was	
  

chosen	
  due	
  to	
  greater	
  availability	
  of	
  the	
  necessary	
  complete	
  protein	
  sequences	
  of	
  the	
  

related	
  taxa	
  on	
  GenBank,	
  and	
  to	
  mitigate	
  the	
  effects	
  of	
  atypical	
  codon	
  usage	
  in	
  

dinoflagellates,	
  as	
  seen	
  by	
  others	
  (Shalchian-­‐Tabrizi	
  et	
  al.	
  2006).	
  Sequence	
  alignments	
  

were	
  performed	
  in	
  Geneious	
  (Biomatters,	
  Ltd.,	
  Auckland,	
  New	
  Zealand)	
  using	
  MUSCLE	
  

(EMBL-­‐EBI)	
  with	
  the	
  default	
  settings,	
  and	
  converted	
  to	
  FASTA	
  and	
  interleaved	
  Phylip	
  

formats	
  for	
  phylogenetic	
  analysis.	
  

	
   The	
  concatenated	
  sequences	
  were	
  assembled	
  from	
  the	
  protein	
  sequences	
  

produced	
  in	
  this	
  study	
  and	
  those	
  of	
  all	
  of	
  the	
  related	
  taxa	
  within	
  the	
  library.	
  

Concatemers	
  were	
  assembled	
  in	
  Geneious,	
  and	
  ordered	
  in	
  alphabetical	
  fashion	
  from	
  left	
  

to	
  right.	
  	
  Amino	
  acid	
  sequences	
  from	
  Synechococcus	
  sp.	
  WH	
  7803	
  was	
  included	
  in	
  each	
  

uniprotein	
  and	
  concatenated	
  alignment,	
  and	
  used	
  below	
  as	
  the	
  outgroup	
  for	
  each	
  

phylogenetic	
  tree	
  constructed.	
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Construction	
  of	
  phylogenetic	
  trees	
  

	
   The	
  “Find	
  best	
  DNA/Protein	
  Model”	
  feature	
  in	
  MEGA6	
  was	
  used	
  to	
  determine	
  

the	
  substitution	
  model	
  and	
  parameters	
  used	
  to	
  construct	
  the	
  phylogenetic	
  trees.	
  	
  The	
  

model	
  with	
  the	
  lowest	
  Bayesian	
  Information	
  Criterion	
  score	
  was	
  chosen	
  as	
  the	
  most	
  

representative.	
  The	
  Le-­‐Gascuel	
  substitution	
  model	
  (LG)	
  with	
  gamma	
  distribution	
  (Γ)	
  

scored	
  the	
  lowest	
  for	
  most	
  attempts	
  (15	
  of	
  19),	
  and	
  was	
  either	
  the	
  second	
  or	
  third	
  

choice	
  is	
  the	
  remaining	
  3	
  instances.	
  The	
  output	
  from	
  these	
  analyses	
  is	
  contained	
  in	
  

Appendix	
  C.	
  	
  

	
   Phylogenetic	
  trees	
  were	
  built	
  using	
  the	
  genomic	
  computing	
  resources	
  provided	
  

by	
  the	
  CIPRES	
  portal	
  (citation).	
  Tree	
  structure	
  was	
  determined	
  using	
  the	
  Maximum	
  

Likelihood	
  method	
  in	
  RAxML,	
  based	
  on	
  the	
  LG	
  substitution	
  model,	
  with	
  gamma	
  

distribution	
  and	
  allowance	
  for	
  invariant	
  sites	
  (LG	
  +	
  Γ	
  +	
  I),	
  with	
  the	
  tree	
  that	
  had	
  the	
  

highest	
  log-­‐likelihood	
  being	
  selected.	
  Gamma	
  distribution	
  was	
  used	
  to	
  model	
  

evolutionary	
  rate	
  differences	
  among	
  sites,	
  with	
  4	
  rate	
  site	
  categories	
  selected.	
  All	
  trees	
  

were	
  bootstrapped	
  with	
  1000	
  replications.	
  Best-­‐fit	
  trees	
  were	
  edited	
  in	
  MEGA6	
  for	
  

formatting	
  fit	
  and	
  addition	
  of	
  taxa	
  information.	
  The	
  bootstrap	
  values	
  for	
  each	
  branch	
  

were	
  added	
  at	
  the	
  tree	
  nodes.	
  	
  

	
   Upon	
  completion	
  of	
  a	
  robust	
  library	
  of	
  complete	
  protein	
  sequence	
  data	
  from	
  

over	
  thirty	
  taxa,	
  including	
  the	
  pet,	
  psa,	
  psb,	
  rbc	
  and	
  rpo	
  gene	
  families,	
  the	
  sequences	
  

were	
  organized	
  into	
  files	
  by	
  gene,	
  aligned	
  with	
  MUSCLE,	
  and	
  tested	
  for	
  the	
  best	
  

substitution	
  model	
  and	
  ML	
  parameters	
  in	
  MEGA6	
  (citation).	
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Results	
  

Sequence	
  and	
  substitution	
  model	
  selection	
  

	
   The	
  taxa	
  chosen	
  for	
  this	
  study	
  were	
  selected	
  to	
  represent	
  a	
  broad	
  range	
  of	
  

eukaryotic	
  photosynthetic	
  organisms,	
  based	
  the	
  availability	
  of	
  plastid	
  

gene/transcript/protein	
  sequence	
  data	
  in	
  the	
  GenBank	
  non-­‐redundant	
  protein	
  

database.	
  Preliminary	
  single	
  protein	
  phylogenetic	
  analysis	
  of	
  alignments	
  from	
  the	
  pet,	
  

psa,	
  psb,	
  rbc	
  and	
  rpo	
  gene	
  families,	
  revealed	
  that	
  petD,	
  rbcL	
  and	
  a	
  number	
  of	
  the	
  psa	
  

and	
  psb	
  family	
  proteins	
  produced	
  empirically	
  sound	
  branching	
  (Appendix	
  D).	
  	
  

	
   Each	
  single	
  protein	
  alignment	
  for	
  the	
  proteins	
  selected	
  above,	
  was	
  tested	
  for	
  the	
  

best-­‐fit	
  substitution	
  model,	
  using	
  the	
  model	
  test	
  function	
  in	
  MEGA6.	
  The	
  output	
  from	
  

this	
  analysis	
  is	
  collected	
  in	
  Appendix	
  C.	
  In	
  the	
  majority	
  of	
  cases,	
  the	
  Le-­‐Gascuel	
  

substitution	
  model	
  with	
  gamma	
  distribution	
  was	
  shown	
  to	
  fit	
  the	
  data	
  best,	
  and	
  

allowing	
  for	
  invariant	
  sites	
  produced	
  a	
  non-­‐significant	
  change	
  in	
  BIC	
  scores	
  in	
  most	
  

remaining	
  cases.	
  In	
  light	
  of	
  this	
  analysis,	
  the	
  Le-­‐Gascuel	
  substitution	
  model	
  with	
  gamma	
  

distribution	
  and	
  allowance	
  of	
  invariant	
  sites	
  (LG	
  +	
  Γ	
  +	
  I)	
  was	
  chosen	
  for	
  construction	
  of	
  

maximum	
  likelihood	
  (ML)	
  phylogenetic	
  trees	
  used	
  in	
  this	
  study.	
  Invariant	
  site	
  

consideration	
  was	
  included	
  for	
  empirical	
  reasons,	
  as	
  all	
  proteins	
  contained	
  some	
  

number	
  of	
  invariant	
  sites	
  across	
  the	
  breadth	
  of	
  taxa	
  analyzed.	
  The	
  protein	
  sequences	
  of	
  

petD,	
  psbA,	
  psbB,	
  psbC,	
  psbD,	
  and	
  psbE	
  were	
  chosen	
  to	
  conduct	
  a	
  more	
  thorough	
  

phylogenetic	
  analysis,	
  based	
  on	
  the	
  amount	
  sequence	
  data	
  for	
  the	
  taxa	
  chosen.	
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Table	
  3-­‐1.	
  	
  Taxa	
  used	
  in	
  phylogenetic	
  analysis	
  
	
   	
  Group	
   Species	
   Order	
   TaxID	
  

Embryophyta	
   Arabidopsis	
  thaliana	
   Brassicales	
   3702	
  
(higher	
  plants)	
   Pinus	
  pinea	
   Pinales	
   3346	
  

	
  
Physcomitrella	
  patens	
   Funariales	
   3218	
  

	
  
Zea	
  mays	
   Poales	
   4577	
  

	
   	
   	
   	
  

Chlorophyta	
   Chalmydomonas	
  reinhardtii	
   Vovlocales	
   3055	
  
(green	
  algae)	
   Dunaliella	
  salina	
   Volvocales	
   3046	
  

	
  
Leptosira	
  terrestris	
   Chaetophorales	
   34116	
  

	
  
Pedinomonas	
  minor	
   Pedinomonadales	
   3159	
  

	
   	
   	
   	
  

Rhodophyta	
   Galdiera	
  sulphuraria	
   Cyanidiales	
   130081	
  
(red	
  algae)	
   Grateloupia	
  taiwanensis	
   Halymeniales	
   1260292	
  

	
  
Porphyra	
  umbicalis	
   Bangiales	
   2786	
  

	
  
Porphyridium	
  purpureum	
   Porphyridiales	
   35688	
  

	
   	
   	
   	
  

Phaeophyta	
   Ectocarpus	
  siliculosis	
   Ectocarpales	
   2880	
  
(brown	
  algae)	
   Fucus	
  vesiculosis	
  	
   Fucales	
   49266	
  

	
  
Saccharina	
  japonica	
   Laminariales	
   88149	
  

	
   	
   	
   	
  

Haptophyta	
   Emiliania	
  huxleyii	
   Isochysidales	
   2903	
  

	
  
Pavlova	
  lutheri	
   Pavlovales	
   2832	
  

	
  
Phaeocystis	
  globulosa	
   Phaeocystales	
   33658	
  

	
   	
   	
   	
  

Bacillariophyta	
   Asterionella	
  formosa	
   Pennales	
   210441	
  
(diatoms)	
   Lithodesmium	
  undulatum	
   Lithodesmiales	
   59812	
  

	
  
Odontella	
  sinensis	
   Triceratiales	
   2839	
  

	
  
Phaeodactylum	
  tricornutum	
   Naviculales	
   2850	
  

	
  
Thalassiosira	
  pseudonana	
   Thalassiosirales	
   35128	
  

	
   	
   	
   	
  

Dinophyta	
  	
   Durinskia	
  baltica	
   Dinotrichales	
   400756	
  
(dinotom)	
   Kryptoperidinium	
  foliaceum	
   Dinotrichales	
   160619	
  

	
   	
   	
   	
  

Dinophyta	
  	
   Amphidinium	
  carterae	
   Gymnodiales	
   2961	
  
(peridinin	
  pigment)	
   Heterocapsa	
  triquetra	
   Peridinales	
   66468	
  

	
  
Lingulodinium	
   Gonyaulacales	
   107758	
  

	
   	
   	
   	
  

Dinophyta	
  	
   Karenia	
  brevis	
   Brachidiniales	
   156230	
  
(fucoxanthin	
  pigment)	
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Unstable	
  topology	
  of	
  dinoflagellate	
  taxa	
  

	
   A	
  six	
  protein	
  concatemer	
  was	
  assembled	
  from	
  the	
  single	
  protein	
  MUSCLE	
  

alignments	
  of	
  petD,	
  psbA,	
  psbB,	
  psbC,	
  psbD	
  and	
  psbE	
  with	
  Geneious,	
  and	
  used	
  to	
  

construct	
  a	
  maximum	
  likelihood	
  tree	
  in	
  RAxML	
  using	
  the	
  LG	
  +	
  Γ	
  +	
  I	
  parameters	
  allowing	
  

for	
  4	
  rate	
  sites,	
  which	
  is	
  shown	
  in	
  Figure	
  3-­‐1.	
  In	
  this	
  tree,	
  all	
  dinoflagellate	
  taxa	
  from	
  the	
  

fucoxanthin	
  and	
  peridinin	
  lines	
  are	
  grouped	
  monophyletically	
  with	
  the	
  haptophyceae,	
  

although	
  with	
  weak	
  bootstrap	
  support,	
  which	
  is	
  congruent	
  with	
  the	
  findings	
  of	
  Yoon	
  et	
  

al.	
  2002.	
  Non-­‐canonical	
  topologies	
  such	
  as	
  this	
  have	
  been	
  seen	
  before,	
  with	
  psaA	
  

showing	
  significant	
  disruption	
  to	
  expected	
  branching	
  patterns	
  when	
  added	
  to	
  alignment	
  

concatenations	
  (Shalchian-­‐Tabrizi	
  et	
  al.	
  2006).	
  Examination	
  of	
  the	
  single	
  protein	
  

alignments	
  revealed	
  patterns	
  of	
  consensus	
  loss	
  present	
  in	
  both	
  peridinin	
  and	
  

fucoxanthin	
  dinoflagellate	
  species,	
  which	
  are	
  discussed	
  in	
  greater	
  detail	
  below.	
  	
   	
  

	
   The	
  alignment	
  of	
  psbE	
  contained	
  the	
  highest	
  ratio	
  of	
  lost	
  invariant	
  sites	
  to	
  total	
  

sequence	
  (figure	
  3-­‐8),	
  and	
  at	
  only	
  92	
  residues	
  in	
  length,	
  could	
  be	
  eliminated	
  from	
  the	
  

concatemer	
  without	
  significant	
  reduction	
  in	
  the	
  total	
  information	
  thereof,	
  and	
  the	
  

corresponding	
  drop	
  in	
  overall	
  support	
  for	
  the	
  tree.	
  When	
  reanalyzed	
  without	
  psbE	
  

sequence	
  data	
  the	
  tree	
  topology	
  shifted,	
  with	
  the	
  peridinin	
  taxa	
  branching	
  from	
  the	
  

heterokonts	
  with	
  weak	
  support	
  (Figure	
  3-­‐2).	
  Support	
  for	
  K.	
  brevis’s	
  monophyly	
  with	
  the	
  

haptophyceae	
  is	
  improved	
  slightly	
  by	
  the	
  removal	
  of	
  psbE,	
  but	
  remains	
  low.	
  In	
  all	
  cases,	
  

Kryptoperidinium	
  sequences	
  are	
  congruent	
  with	
  the	
  broader	
  group	
  of	
  taxa,	
  and	
  show	
  no	
  

sign	
  of	
  invariant	
  site	
  loss.	
  	
  



37	
  
	
  

	
  

	
  

Figure	
  3-­‐1.	
  Maximum	
  likelihood	
  phylogenetic	
  tree,	
  based	
  on	
  a	
  6	
  protein	
  alignment	
  containing	
  
petD,	
  psbA,	
  psbB,	
  psbC,	
  psbD	
  and	
  psbE	
  concatenated	
  in	
  that	
  order.	
  The	
  tree	
  shown	
  was	
  
constructed	
  in	
  RAxML,	
  using	
  the	
  Le-­‐Gascuel	
  substitution	
  model,	
  	
  Γ	
  distribution	
  of	
  site	
  rates	
  and	
  
allowance	
  for	
  invariant	
  sites	
  (LG	
  +	
  Γ	
  +	
  I).	
  Bootstrap	
  support	
  values	
  (1000	
  replications)	
  for	
  each	
  
node	
  are	
  given.	
  All	
  dinoflagellate	
  taxa	
  examined	
  are	
  grouped	
  monophyletically	
  with	
  the	
  
haptophyceae	
  and	
  distinct	
  from	
  the	
  heterokonts,	
  albeit	
  with	
  weak	
  support.	
  

	
  

	
  

	
   Since	
  the	
  loss	
  of	
  invariant	
  sites	
  seen	
  in	
  the	
  alignments	
  demonstrated	
  evidence	
  of	
  

a	
  pattern	
  preserved	
  across	
  the	
  peridinin	
  and	
  fucoxanthin	
  dinoflagellate	
  taxa,	
  two	
  

concatemers	
  were	
  reassembled	
  containing	
  petD,	
  psbA,	
  psbB,	
  psbC,	
  psbD	
  and	
  psbE	
  

proteins;	
  one	
  with	
  the	
  K.	
  brevis	
  sequence	
  removed,	
  and	
  the	
  other	
  lacking	
  Amphidinium	
  

carterae,	
  Heterocapsa	
  triquetra	
  and	
  Lingulodinium	
  polyedrum.	
  Maximum	
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Phaeophyceae

 Thalassiosira 
 Asterionella formosa
 Lithodesmium
 Odontella
 Kryptoperidinium
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Figure	
  3-­‐2.	
  	
  Maximum	
  likelihood	
  phylogenetic	
  tree,	
  based	
  on	
  a	
  5	
  protein	
  alignment	
  containing	
  
petD,	
  psbA,	
  psbB,	
  psbC,	
  and	
  psbD	
  concatenated	
  in	
  that	
  order.	
  The	
  tree	
  shown	
  was	
  constructed	
  
in	
  RAxML,	
  using	
  the	
  Le-­‐Gascuel	
  substitution	
  model,	
  and	
  Γ	
  distribution	
  of	
  site	
  rates	
  and	
  
allowance	
  for	
  invariant	
  sites	
  (LG	
  +	
  Γ	
  +	
  I).	
  Bootstrap	
  support	
  values	
  (1000	
  replications)	
  for	
  each	
  
node	
  are	
  given.	
  K.	
  brevis	
  has	
  moderate	
  support	
  for	
  inclusion	
  within	
  the	
  haptophyceae,	
  while	
  the	
  
dinoflagellate	
  plastid	
  proteins	
  form	
  a	
  weakly	
  supported	
  monophyletic	
  group	
  with	
  the	
  
heterokontophyceae.	
  

	
  

	
  

likelihood	
  trees	
  for	
  these	
  concatemers	
  are	
  found	
  in	
  Figure	
  3-­‐3.	
  With	
  the	
  peridinin	
  

dinoflagellate	
  taxa	
  removed	
  from	
  the	
  alignment,	
  K.	
  brevis	
  remains	
  grouped	
  

monophyletically	
  with	
  the	
  haptophyceae,	
  but	
  the	
  bootstrap	
  support	
  is	
  increased	
  to	
  

100%	
  at	
  that	
  node.	
  	
  With	
  K.	
  brevis	
  removed,	
  the	
  peridinin	
  dinoflagellates	
  form	
  a	
  weakly	
  

supported	
  monophyletic	
  branch	
  with	
  the	
  heterokontophyceae,	
  and	
  are	
  distinct	
  from	
  the	
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 Kryptoperiridinium Dinotrichales

Bacillariophyceae

Gymnodiales Amphidinium
Gonyaulacales Lingulodinium

Peridinales Heterocapsa
 Emiliania huxleyi
 Phaeocystis globosa Haptophyceae

Brachidiniales Karenia brevis

100

86

98
94
44

59

100

86
100

77

100

48

100

100
100

100

100

100
96

96

80

64

93

49

100

0.1
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haptophyceae	
  by	
  one	
  level	
  with	
  weak	
  support.	
  In	
  all	
  cases,	
  the	
  proteins	
  from	
  the	
  

peridinin	
  plastid	
  taxa	
  had	
  significantly	
  more	
  loss	
  of	
  invariant	
  sites	
  than	
  K.	
  brevis.	
  

Patterns	
  in	
  dinoflagellate	
  invariant	
  site	
  loss	
  

	
   As	
  mentioned	
  above,	
  when	
  compared	
  to	
  the	
  broader	
  group	
  of	
  taxa,	
  both	
  

peridinin	
  and	
  fucoxanthin	
  dinoflagellate	
  plastid	
  proteins	
  lack	
  invariant	
  sites	
  that	
  are	
  

preserved	
  across	
  all	
  other	
  photosynthetic	
  eukaryotes.	
  In	
  a	
  number	
  of	
  the	
  proteins	
  used	
  

in	
  this	
  study,	
  these	
  losses	
  occur	
  in	
  somewhat	
  localized	
  regions	
  that	
  are	
  shared	
  across	
  

both	
  dinoflagellate	
  subgroups.	
  Figure	
  3-­‐4	
  shows	
  the	
  MUSCLE	
  protein	
  sequence	
  

alignment	
  of	
  the	
  psbA	
  protein	
  sequences	
  from	
  the	
  26	
  taxa	
  used	
  in	
  the	
  phylogenetic	
  

analysis	
  above.	
  A	
  sequence	
  of	
  the	
  first	
  9	
  residues	
  of	
  the	
  N-­‐terminus,	
  which	
  are	
  well	
  

conserved	
  in	
  the	
  reference	
  taxa,	
  show	
  substantial	
  variation	
  from	
  reference	
  consensus	
  in	
  

both	
  the	
  peridinin	
  and	
  fucoxanthin	
  dinoflagellates.	
  Further	
  into	
  the	
  sequence,	
  at	
  

alignment	
  position	
  233,	
  all	
  taxa	
  of	
  dinoflagellates	
  have	
  a	
  glycine	
  residue	
  for	
  the	
  glutamic	
  

acid	
  conserved	
  across	
  all	
  reference	
  taxa.	
  The	
  protein	
  sequence	
  of	
  psbD,	
  seen	
  in	
  figure	
  3-­‐

5,	
  shows	
  the	
  same	
  pattern	
  as	
  psbA,	
  with	
  a	
  loss	
  of	
  a	
  strongly	
  conserved	
  N-­‐terminal	
  motif,	
  

and	
  position	
  of	
  uniform	
  substitution	
  preference.	
  In	
  this	
  case,	
  threonine	
  is	
  substituted	
  for	
  

a	
  position	
  containing	
  a	
  consensus	
  asparagine	
  residue	
  in	
  all	
  reference	
  taxa,	
  except	
  the	
  

rhodophyceae.	
  

	
   The	
  peridinin	
  and	
  fucoxanthin	
  dinoflagellate	
  petD	
  protein	
  has	
  also	
  lost	
  a	
  

substantial	
  amount	
  of	
  invariant	
  sites	
  when	
  compared	
  to	
  the	
  reference	
  taxa.	
  Whereas,	
  in	
  

the	
  previous	
  proteins	
  discussed,	
  the	
  loss	
  of	
  invariant	
  sites	
  is	
  not	
  prevalent	
  in	
  functional	
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regions	
  of	
  the	
  protein,	
  the	
  petD	
  protein	
  in	
  the	
  peridinin	
  and	
  fucoxanthin	
  dinoflagellates	
  

has	
  been	
  affected	
  in	
  4	
  transmembrane	
  regions,	
  as	
  shown	
  in	
  figure	
  3-­‐6.	
  The	
  

transmembrane	
  regions	
  affected	
  show	
  a	
  number	
  of	
  areas	
  of	
  invariant	
  site	
  loss	
  shared	
  

between	
  the	
  peridinin	
  and	
  fucoxanthin	
  dinoflagellates.	
  	
  

	
  

	
  	
   	
  

Figure	
  3-­‐3.	
  	
  Maximum	
  likelihood	
  phylogenetic	
  trees	
  built	
  from	
  the	
  6	
  protein	
  concatemer	
  with	
  
each	
  dinoflagellate	
  group	
  added	
  individually.	
  Trees	
  were	
  built	
  with	
  RAxML	
  using	
  LG	
  +	
  Γ	
  +	
  I	
  
parameters,	
  and	
  the	
  node	
  values	
  given	
  are	
  bootstrap	
  support	
  (x1000).	
  Panel	
  A	
  shows	
  the	
  tree	
  
constructed	
  with	
  the	
  peridinin	
  dinoflagellate	
  taxa	
  removed	
  from	
  the	
  alignment.	
  K.	
  brevis	
  is	
  
grouped	
  monophyletically	
  with	
  the	
  haptophyceae,	
  showing	
  strong	
  (>98%)	
  support	
  at	
  all	
  relevant	
  
nodes.	
  Removal	
  of	
  the	
  K.	
  	
  brevis	
  sequence	
  data	
  (B),	
  yields	
  a	
  best	
  fit	
  tree	
  that	
  groups	
  the	
  
peridinin	
  dinoflagellates	
  within	
  heterokontophyceae,	
  albeit	
  with	
  weak	
  support	
  (BS	
  =	
  68,	
  59	
  and	
  
52	
  respectively).	
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Figure	
  3-­‐4.	
  	
  Multiple	
  sequence	
  alignment	
  of	
  the	
  psbA	
  proteins	
  of	
  26	
  taxa,	
  including	
  
representatives	
  from	
  3	
  groups	
  of	
  peridinin-­‐pigmented	
  dinoflagellates,	
  as	
  well	
  as	
  the	
  putative	
  K.	
  
brevis	
  sequence	
  identified	
  in	
  Chapter	
  2.	
  Section	
  A	
  shows	
  the	
  first	
  26	
  residues	
  of	
  the	
  N-­‐terminus	
  
of	
  the	
  aligned	
  sequences,	
  and	
  highlights	
  the	
  lost	
  region	
  of	
  consensus,	
  and	
  the	
  missing	
  
methionine	
  from	
  the	
  K.	
  brevis	
  protein.	
  Section	
  B	
  shows	
  a	
  region	
  of	
  internal	
  consensus	
  loss,	
  with	
  
a	
  consistent	
  preference	
  for	
  substituting	
  the	
  glycine	
  residue	
  for	
  glutamic	
  acid	
  at	
  the	
  233rd	
  
position	
  of	
  the	
  alignment,	
  which	
  is	
  present	
  in	
  the	
  proteins	
  of	
  both	
  peridinin	
  and	
  fucoxanthin	
  
plastid	
  lineages.	
  The	
  sequence	
  from	
  Kryptoperidinium,	
  which	
  has	
  a	
  diatom	
  endosymbiont,	
  is	
  
congruent	
  with	
  non-­‐dinoflagellate	
  taxa	
  in	
  both	
  respects.	
  Similarity	
  values	
  according	
  to	
  Blosum62	
  
scoring	
  matrix.	
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   The	
  dinoflagellate	
  protein	
  sequences	
  of	
  psbB	
  do	
  not	
  exhibit	
  the	
  shared	
  loss	
  of	
  N-­‐

terminal	
  consensus	
  regions,	
  as	
  the	
  previous	
  proteins	
  discussed	
  have	
  (Figure	
  3-­‐7).	
  There	
  

is	
  a	
  single	
  site	
  in	
  this	
  region	
  of	
  all	
  peridinin	
  and	
  fucoxanthin	
  taxa,	
  where	
  an	
  isoleucine	
  is	
  

substituted	
  in	
  place	
  of	
  a	
  threonine.	
  The	
  threonine	
  in	
  this	
  position	
  is	
  invariant	
  across	
  all	
  

reference	
  taxa.	
  Another	
  position	
  shown	
  in	
  panel	
  B	
  shows	
  a	
  preference	
  for	
  a	
  serine	
  

substituted	
  for	
  an	
  invariant	
  aspartic	
  acid.	
  This	
  preference	
  is	
  not	
  uniform,	
  however,	
  as	
  A.	
  

carterae	
  has	
  substituted	
  asparagine	
  at	
  the	
  same	
  position.	
  Five	
  other	
  positions	
  of	
  

invariant	
  site	
  loss	
  are	
  shared	
  across	
  the	
  peridinin	
  and	
  fucoxanthin	
  dinoflagellate	
  taxa,	
  

but	
  no	
  homogenous	
  substation	
  preference	
  is	
  seen.	
  

	
   As	
  discussed	
  above,	
  psbE	
  was	
  particularly	
  disruptive	
  to	
  expected	
  branching	
  

patterns	
  when	
  added	
  to	
  the	
  concatemer.	
  The	
  protein	
  alignment	
  in	
  figure	
  3-­‐8	
  shows	
  that	
  

much	
  of	
  its	
  C-­‐terminal	
  sequence	
  is	
  affected	
  by	
  invariant	
  consensus	
  loss.	
  There	
  is	
  one	
  

instance	
  of	
  shared	
  site	
  substitution	
  preference,	
  in	
  which	
  the	
  dinoflagellates	
  are	
  seen	
  to	
  

prefer	
  a	
  leucine	
  over	
  the	
  serine	
  seen	
  in	
  all	
  reference	
  taxa.	
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Figure	
  3-­‐5.	
  	
  Multiple	
  protein	
  sequence	
  alignment	
  of	
  psbD	
  from	
  26	
  taxa,	
  showing	
  the	
  N-­‐terminal	
  
region,	
  and	
  an	
  area	
  ~250	
  residues	
  into	
  the	
  alignment.	
  Significant	
  loss	
  of	
  consensus	
  in	
  the	
  well	
  
conserved	
  N-­‐terminal	
  region	
  across	
  all	
  dinoflagellates,	
  when	
  compared	
  to	
  proteins	
  from	
  taxa	
  
representing	
  the	
  major	
  groups	
  of	
  photosynthetic	
  eukaryotes.	
  The	
  vertical	
  arrow	
  indicates	
  an	
  
invariant	
  site	
  substitution	
  of	
  a	
  threonine	
  for	
  asparagine,	
  which	
  is	
  congruent	
  among	
  the	
  peridinin	
  
dinoflagellates	
  and	
  the	
  fucoxanthin-­‐pigmented	
  K.	
  brevis.	
  Sequences	
  aligned	
  with	
  MUSCLE,	
  with	
  
similarity	
  values	
  according	
  to	
  Blosum62	
  scoring	
  matrix.	
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Figure	
  3-­‐6.	
  	
  Multiple	
  sequence	
  alignment	
  of	
  complete	
  petD	
  proteins	
  for	
  26	
  taxa,	
  including	
  
representatives	
  from	
  most	
  major	
  photosynthetic	
  groups,	
  K.	
  brevis	
  and	
  3	
  taxa	
  of	
  dinoflagellates	
  
containing	
  peridinin-­‐pigmented	
  plastids.	
  Loss	
  of	
  invariant	
  sites	
  at	
  the	
  N-­‐terminal	
  region	
  of	
  the	
  
protein	
  is	
  highlighted	
  in	
  box	
  A.	
  B,	
  C	
  and	
  D	
  denote	
  the	
  approximate	
  locations	
  of	
  transmembrane	
  
regions	
  identified	
  in	
  the	
  petD	
  protein	
  of	
  Chlamydomonas	
  reinhardtii.	
  Similarity	
  values	
  according	
  
to	
  Blosum62	
  scoring	
  matrix.	
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Figure	
  3-­‐7.	
  	
  Two	
  selections	
  from	
  the	
  MUSCLE	
  multiple	
  sequence	
  alignment	
  of	
  psbB,	
  with	
  
dinoflagellate	
  taxa	
  containing	
  peridinin	
  and	
  fucoxanthin	
  pigmented	
  plastids	
  denoted	
  by	
  
brackets.	
  Arrows	
  indicate	
  positions	
  with	
  preferred	
  substitution	
  in	
  both	
  peridinin	
  and	
  fucoxanthin	
  
dinoflagellate	
  taxa,	
  boxes	
  are	
  shared	
  lost	
  invariant	
  sites.	
  The	
  N-­‐terminal	
  region	
  in	
  panel	
  A	
  shows	
  
no	
  significant	
  loss	
  of	
  consensus	
  compared	
  to	
  that	
  of	
  petD	
  in	
  Figure	
  3-­‐X.	
  A	
  single	
  position	
  was	
  
found	
  with	
  a	
  uniform	
  preference	
  for	
  substituting	
  the	
  hydrophilic	
  isoleucine	
  for	
  a	
  hydrophobic	
  
threonine	
  that	
  is	
  invariant	
  across	
  all	
  other	
  taxa	
  examined.	
  Panel	
  B	
  contains	
  the	
  first	
  
tetratricopeptide	
  repeat	
  (TPR)	
  region,	
  highlighting	
  another	
  instance	
  of	
  an	
  invariant	
  site	
  
substitution	
  preferred	
  across	
  both	
  plastid	
  lineages,	
  as	
  well	
  as	
  other	
  areas	
  of	
  reorganization	
  in	
  
the	
  TPR	
  region	
  shared	
  amongst	
  peridinin	
  and	
  fucoxanthin	
  dinoflagellates.	
  The	
  protein	
  from	
  the	
  
diatom	
  plastid	
  in	
  Kryptoperidinium	
  is	
  in	
  agreement	
  with	
  the	
  consensus	
  regions	
  in	
  non-­‐
dinoflagellate	
  taxa,	
  as	
  seen	
  in	
  the	
  9th	
  sequence	
  in	
  the	
  alignment.	
  Similarity	
  values	
  according	
  to	
  
Blosum62	
  scoring	
  matrix.	
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Discussion	
  

	
   We	
  have	
  attempted	
  to	
  use	
  the	
  sequence	
  data	
  produced	
  in	
  Chapter	
  2	
  of	
  this	
  

study	
  to	
  conduct	
  a	
  phylogenetic	
  analysis	
  comparing	
  the	
  petD,	
  psbA,	
  psbB,	
  psbC,	
  psbD,	
  

and	
  psbE	
  plastid	
  protein	
  sequences	
  of	
  the	
  peridinin	
  and	
  fucoxanthin	
  dinoflagellates.	
  The	
  

maximum	
  likelihood	
  trees	
  produced	
  using	
  the	
  sequences	
  of	
  individual	
  proteins	
  were	
  not	
  

similar	
  to	
  one	
  another	
  with	
  respect	
  to	
  topology,	
  and	
  often	
  showed	
  low	
  bootstrap	
  

support	
  at	
  nodes	
  relevant	
  to	
  the	
  placement	
  of	
  the	
  peridinin	
  and	
  fucoxanthin	
  

dinoflagellates.	
  Concatenation	
  of	
  the	
  protein	
  alignments	
  for	
  each	
  gene	
  resulted	
  in	
  more	
  

stable	
  and	
  well-­‐supported	
  topologies	
  that	
  took	
  two	
  forms,	
  based	
  on	
  whether	
  or	
  not	
  

psbE	
  was	
  included	
  in	
  the	
  concatemer.	
  Addition	
  of	
  psbE	
  to	
  the	
  other	
  5	
  proteins	
  resulted	
  

in	
  movement	
  of	
  the	
  peridinin	
  dinoflagellates	
  from	
  the	
  heterokonts	
  into	
  a	
  monophyletic	
  

group	
  with	
  the	
  haptophytes	
  and	
  fucoxanthin	
  dinoflagellates	
  (Figures	
  3-­‐1	
  and	
  3-­‐2).	
  This	
  is	
  

similar	
  to	
  the	
  findings	
  regarding	
  the	
  unsuitability	
  of	
  psaA	
  for	
  phylogenetic	
  analysis	
  in	
  a	
  

previous	
  study	
  (Shalchian-­‐Tabrizi	
  et	
  al.	
  2006).	
  They	
  also	
  identified	
  synapomorphic	
  

characters	
  in	
  psaA	
  protein	
  sequences	
  that	
  are	
  shared	
  between	
  the	
  peridinin	
  

dinoflagellates	
  and	
  haptophytes.	
  We	
  have	
  not	
  found	
  sufficient	
  evidence	
  to	
  highlight	
  that	
  

here,	
  however	
  we	
  have	
  noted	
  broader	
  regions	
  of	
  sequence	
  that	
  are	
  dissimilar	
  to	
  the	
  

well-­‐conserved	
  (nearly	
  invariant)	
  motifs	
  found	
  in	
  all	
  other	
  photosynthetic	
  eukaryotes	
  

(Figures	
  3-­‐4,	
  3-­‐5,	
  3-­‐6	
  and	
  3-­‐7).	
  In	
  some	
  instances	
  these	
  amino	
  acid	
  substitutions	
  are	
  

uniform	
  across	
  both	
  dinoflagellate	
  plastid	
  types.	
  This	
  was	
  seen	
  to	
  some	
  degree	
  in	
  each	
  

protein	
  examined.	
  The	
  protein	
  sequence	
  of	
  psbE	
  shows	
  a	
  high	
  degree	
  of	
  this	
  type	
  of	
  

general	
  consensus	
  loss	
  related	
  to	
  total	
  sequence	
  length,	
  which	
  may	
  be	
  why	
  it	
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significantly	
  alters	
  the	
  topology	
  of	
  the	
  concatemers,	
  despite	
  only	
  comprising	
  

approximately	
  5%	
  of	
  the	
  total	
  information	
  therein.	
  	
  

	
   The	
  loss	
  of	
  invariant	
  sites	
  in	
  the	
  peridinin	
  and	
  fucoxanthin	
  lineages,	
  while	
  not	
  

highly	
  congruent	
  between	
  them,	
  infers	
  that	
  certain	
  areas	
  of	
  contiguous	
  invariant	
  sites,	
  

both	
  with	
  and	
  without	
  defined	
  function,	
  are	
  subject	
  to	
  loss	
  in	
  these	
  taxa.	
  The	
  peridinin	
  

dinoflagellates	
  have	
  lost	
  substantially	
  more	
  invariant	
  sites	
  than	
  seen	
  in	
  the	
  K.	
  brevis	
  

proteins	
  examined,	
  however,	
  as	
  mentioned	
  above,	
  discrete	
  instances	
  of	
  homologous	
  

invariant	
  site	
  substitution	
  preference	
  between	
  these	
  two	
  groups	
  are	
  noted.	
  The	
  ML	
  

trees	
  produced	
  in	
  this	
  study	
  with	
  each	
  putative	
  plastid	
  lineage	
  removed	
  infer	
  that	
  these	
  

areas	
  of	
  lost	
  consensus	
  similarity/invariant	
  sites	
  may	
  be	
  sufficient	
  to	
  cause	
  the	
  

monophyletic	
  grouping	
  of	
  peridinin	
  and	
  fucoxanthin	
  dinoflagellates	
  seen	
  in	
  this	
  and	
  

other	
  studies	
  (Shalchian-­‐Tabrizi	
  et	
  al.	
  2006,	
  Yoon	
  et	
  al.	
  2002,	
  and	
  Yoon	
  et	
  al.	
  2005).	
  	
  

	
   The	
  environment	
  within	
  the	
  dinoflagellate	
  host	
  cell	
  provides	
  for	
  a	
  substantially	
  

higher	
  rate	
  of	
  evolution	
  that	
  seen	
  in	
  most	
  eukaryotes	
  (Gagat	
  et	
  al.	
  2014).	
  When	
  a	
  new	
  

plastid	
  is	
  acquired	
  by	
  a	
  dinoflagellate,	
  the	
  endosymbiont’s	
  genome	
  becomes	
  subjected	
  

to	
  this	
  rate	
  increase.	
  Heterotachy,	
  which	
  describes	
  variation	
  in	
  the	
  rates	
  of	
  substitution	
  

at	
  a	
  given	
  site	
  over	
  time,	
  as	
  well	
  as	
  alternate	
  codon	
  preferences,	
  have	
  been	
  shown	
  to	
  

play	
  a	
  role	
  in	
  confounding	
  DNA-­‐based	
  phylogenies	
  of	
  dinoflagellate	
  plastid	
  genes,	
  

causing	
  confusing	
  tree	
  topologies	
  (Lockhart	
  et	
  al.	
  2006,	
  Shalchian-­‐Tabrizi	
  et	
  al	
  2006).	
  

This	
  is	
  mitigated	
  to	
  a	
  large	
  degree	
  by	
  using	
  protein	
  sequence	
  data.	
  However,	
  even	
  

protein	
  sequence	
  trees	
  have	
  problems	
  with	
  long-­‐branch	
  attraction	
  between	
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dinoflagellates	
  containing	
  tertiary	
  plastids	
  of	
  different	
  lineages	
  (Yoon	
  et	
  al	
  2002	
  and	
  

Yoon	
  et	
  al	
  2005).	
  The	
  branch	
  length	
  for	
  a	
  given	
  taxa	
  or	
  group	
  in	
  a	
  phylogenetic	
  tree	
  is	
  a	
  

representation	
  of	
  the	
  amount	
  of	
  evolutionary	
  change	
  that	
  has	
  occurred	
  since	
  the	
  

previous	
  split	
  from	
  the	
  presumed	
  common	
  ancestor.	
  The	
  rapid	
  evolution	
  of	
  the	
  

dinoflagellate	
  plastid	
  genome	
  in	
  both	
  peridinin	
  and	
  fucoxanthin	
  pigmented	
  

dinoflagellates	
  causes	
  branch	
  lengths	
  much	
  longer	
  than	
  in	
  the	
  other	
  taxa	
  in	
  the	
  

alignment	
  (Figures	
  3-­‐1,	
  3-­‐2,	
  3-­‐3,	
  and	
  Appendix	
  D),	
  which	
  can	
  confuse	
  tree	
  building	
  

algorithms,	
  causing	
  them	
  to	
  group	
  the	
  taxa	
  possessing	
  abnormally	
  long	
  branches	
  

together,	
  despite	
  having	
  polyphyletic	
  origins	
  (Shalchian-­‐Tabrizi	
  et	
  al.	
  2006,	
  Yoon	
  et	
  al.	
  

2005).	
  

	
   While	
  protein	
  phylogenies	
  can	
  minimize	
  the	
  impact	
  of	
  base	
  heterotachy	
  and	
  

codon	
  convergence,	
  they	
  do	
  so	
  at	
  the	
  expense	
  of	
  reducing	
  the	
  length	
  of	
  sequence	
  data	
  

available	
  to	
  be	
  analyzed	
  by	
  a	
  factor	
  of	
  3.	
  This	
  is	
  ordinarily	
  dealt	
  with	
  by	
  sequence	
  

alignment	
  concatenation	
  of	
  multiple	
  proteins,	
  which	
  increases	
  the	
  total	
  sequence	
  data	
  

provided	
  to	
  the	
  phylogenetic	
  software	
  and	
  the	
  confidence	
  of	
  its	
  decisions.	
  This	
  method,	
  

however,	
  does	
  not	
  allow	
  for	
  one	
  to	
  examine	
  the	
  lineage	
  of	
  individual	
  genes	
  discretely	
  

from	
  one	
  another,	
  and	
  could	
  potentially	
  “average	
  out”	
  the	
  impact	
  of	
  a	
  single	
  gene.	
  This	
  

is	
  important	
  when	
  more	
  complex	
  methods	
  of	
  gene	
  acquisition	
  mean	
  direct	
  assumptions	
  

of	
  the	
  lineage	
  of	
  the	
  gene	
  may	
  be	
  inaccurate,	
  such	
  as	
  in	
  the	
  dinoflagellates.	
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Figure	
  3-­‐8.	
  	
  Protein	
  sequence	
  alignment	
  of	
  psbE.	
  The	
  box	
  indicated	
  by	
  the	
  arrow	
  contains	
  a	
  
substitution	
  site	
  that’s	
  homogenous	
  across	
  both	
  groups	
  of	
  dinoflagellates.	
  The	
  second	
  box	
  
highlights	
  a	
  large	
  area	
  of	
  consensus	
  loss	
  which	
  is	
  shared	
  between	
  both	
  dinoflagellate	
  groups.	
  
Consensus	
  determined	
  by	
  Blosum62	
  scoring	
  matrix.	
  

	
  

	
  

	
   The	
  combined	
  results	
  of	
  this	
  chapter’s	
  analysis	
  open	
  interesting	
  questions	
  about	
  

the	
  nature	
  of	
  dinoflagellate	
  host	
  cell	
  effect	
  upon	
  the	
  genome	
  of	
  its	
  plastid	
  

endosymbiont.	
  Evidence	
  of	
  shared	
  regions	
  invariant	
  site	
  loss	
  in	
  functional	
  and	
  non-­‐

functional	
  protein	
  regions,	
  and	
  discrete	
  sites	
  of	
  homologous	
  substitution	
  shared	
  

between	
  both	
  plastid	
  types,	
  may	
  have	
  significant	
  implications	
  upon	
  discovering	
  the	
  

relationship	
  between	
  the	
  plastid	
  genomes	
  of	
  these	
  two	
  dinoflagellate	
  groups.	
  

	
  



50	
  
	
  

	
  

REFERENCES	
  

Barbrook	
  AC,	
  Symington	
  H,	
  Nisbet	
  RER,	
  Larkum	
  A,	
  Howe	
  CJ	
  (2001)	
  Organisation	
  and	
  
expression	
  of	
  the	
  plastid	
  genome	
  of	
  the	
  dinoflagellate	
  Amphidinium	
  operculatum.	
  	
  Mol	
  
Genet	
  Genomics	
  266:632-­‐638.	
  

Barbrook	
  AC,	
  Voolstra	
  CR,	
  Howe	
  CJ	
  (2014)	
  The	
  chloroplast	
  genome	
  of	
  a	
  Symbiodinium	
  
sp.	
  Clade	
  c3	
  isolate.	
  	
  Protist	
  165:1-­‐13.	
  

Barbrook	
  AC,	
  Dorrell	
  RG,	
  Burrows	
  J,	
  Plenderleith	
  LJ,	
  Nisbet	
  RER,	
  Howe	
  CJ	
  (2012)	
  
Polyuridylylation	
  and	
  processing	
  of	
  transcripts	
  from	
  multiple	
  gene	
  minicircles	
  in	
  
chloroplasts	
  of	
  the	
  dinoflagellate	
  Amphidinium	
  carerae.	
  	
  Plant	
  Mol	
  Biol	
  79:347-­‐357.	
  

Bjørnland	
  T,	
  Haxo	
  FT,	
  Liaaen-­‐Jensen	
  S	
  (2003)	
  Carotenoids	
  of	
  the	
  Florida	
  red	
  tide	
  
dinoflagellate:	
  Karenia	
  brevis.	
  Biochem	
  Syst	
  Ecol	
  31:1147–1162.	
  

Cahoon	
  AB,	
  Sharpe	
  RM,	
  Mysaypohn	
  C,	
  Thompson	
  EJ,	
  Ward	
  AD,	
  Lin	
  A	
  (2010)	
  The	
  
complete	
  chloroplast	
  genome	
  of	
  tall	
  fescue	
  (Lolium	
  arundinaceum;	
  Poaceae)	
  and	
  
comparison	
  of	
  whole	
  plastomes	
  from	
  the	
  family	
  Poaceae.	
  	
  Am	
  J	
  Bot	
  97:49-­‐58.	
  

Dang	
  Y,	
  Green	
  BR	
  (2010)	
  Long	
  transcripts	
  from	
  dinoflagellate	
  chloroplast	
  minicircle	
  
suggest	
  “rolling	
  circle”	
  transcription.	
  	
  J	
  Biol	
  Chem	
  285:5196-­‐5203.	
  	
  

Dorrell	
  RG,	
  Drew	
  J,	
  Nisbet	
  RER,	
  Howe	
  CJ	
  (2014)	
  Evolution	
  of	
  chloroplast	
  transcript	
  
processing	
  in	
  Plasmodium	
  and	
  its	
  chromerid	
  algal	
  relatives.	
  	
  PLoS	
  Genetics	
  10:e1004008.	
  

Dorrell	
  RG	
  and	
  Howe	
  CJ	
  (2012)	
  Functional	
  remodeling	
  of	
  RNA	
  processing	
  in	
  replacement	
  
chloroplasts	
  by	
  pathways	
  retained	
  from	
  their	
  predecessors.	
  	
  PNAS	
  109:18879-­‐18884.	
  

Edgar	
  RC.	
  (2004)	
  MUSCLE:	
  multiple	
  sequence	
  alignment	
  with	
  high	
  accuracy	
  and	
  high	
  
throughput.	
  Nucleic	
  Acids	
  Res	
  32(5):1792-­‐1797.	
  
	
  
Espelund	
  M,	
  Minge	
  MA,	
  Garielsen	
  TM,	
  Nederbragt	
  AJ,	
  Shalchian-­‐Tabrizi	
  K,	
  Otis	
  C,	
  Turmel	
  
M,	
  Lenieux	
  C,	
  Jakobsen	
  KS	
  (2012)	
  Genome	
  fragmentation	
  is	
  not	
  confined	
  to	
  the	
  
peridinin	
  plastid	
  in	
  dinoflagellates.	
  	
  PLoS	
  ONE	
  7:e38809.	
  

Gabrielsen	
  TM,	
  Minge	
  MA,	
  Espelund	
  M,	
  Tooming-­‐Klunderud	
  A,	
  Patil	
  V,	
  Nederbragt	
  AJ,	
  
Otis	
  C,	
  Turmel	
  M,	
  Shalchian-­‐Tabrizi	
  K,	
  Lemieux	
  C,	
  Jakobsen	
  KS	
  (2011)	
  Genome	
  evolution	
  
of	
  a	
  tertiary	
  dinoflagellate	
  plastid.	
  	
  PLoS	
  ONE	
  6:e19132.	
  

Gadagkar	
  SR,	
  Rosenberg	
  MS,	
  Kumar	
  S.	
  (2005)	
  Inferring	
  Species	
  Phylogenies	
  From	
  
Multiple	
  Genes:	
  Concatenated	
  Sequence	
  Tree	
  Versus	
  Consensus	
  Gene	
  Tree.	
  Mol	
  Dev	
  
Evo	
  304B:64–74.	
  
	
  



51	
  
	
  

	
  

Gagat	
  et	
  al.	
  (2014)	
  Book	
  Chapter	
  from	
  Endosymbiosis:	
  Tertiary	
  Plastid	
  Endosymbioses	
  in	
  
Dinoflagellates.	
  Edited	
  by:	
  Wolfgang	
  Loffelhardt.	
  Springer-­‐Verlag	
  Wien	
  2014.	
  

Gao	
  L,	
  Yi	
  X,	
  Yang	
  YX,	
  Su	
  YJ,	
  Wang	
  T	
  (2009)	
  	
  Complete	
  chloroplast	
  genome	
  sequence	
  of	
  a	
  
tree	
  fern	
  Alsophila	
  spinulosa:	
  	
  insights	
  into	
  evolutionary	
  changes	
  in	
  fern	
  chloroplast	
  
genomes.	
  	
  BMC	
  Evol	
  Biol	
  9:130.	
  

Goujon	
  M,	
  McWilliam	
  H,	
  Li	
  W,	
  Valentin	
  F,	
  Squizzato	
  S,	
  Paern	
  J,	
  Lopez	
  R.	
  (2010)	
  A	
  new	
  
bioinformatics	
  analysis	
  tools	
  framework	
  at	
  EMBL-­‐EBI.	
  Nucleic	
  Acids	
  Res	
  38(Web	
  Server	
  
issue):W695-­‐9.	
  

Grabherr	
  MG,	
  Haas	
  BJ,	
  Yassour	
  M,	
  Levin	
  JZ,	
  Thompson	
  DA,	
  Amit	
  I,	
  Adiconis	
  X,	
  Fan	
  L,	
  
Raychowdhury	
  R,	
  Zeng	
  Q,	
  Chen	
  Z,	
  Mauceli	
  E,	
  Hacohen	
  N,	
  Gnirke	
  A,	
  Rhind	
  N,	
  di	
  Palma	
  F,	
  
Birren	
  BW,	
  Nusbaum	
  C,	
  Lindblad-­‐Toh	
  K,	
  Friedman	
  N,	
  Regev	
  A	
  (2011)	
  Full-­‐length	
  
transcriptome	
  assembly	
  from	
  RNA-­‐seq	
  data	
  without	
  a	
  reference	
  genome.	
  Nat	
  
Biotechnol.	
  29(7):644-­‐52.	
  

Green	
  BR	
  (2004)	
  The	
  chloroplast	
  genome	
  of	
  dinoflagellates	
  –	
  a	
  reduced	
  instruction	
  set.	
  	
  
Protist	
  155:23-­‐31.	
  

Hackett	
  JD,	
  Anderson	
  DM,	
  Erdner	
  DL,	
  Bhattacharya	
  D	
  (2004a)	
  Dinoflagellates:	
  a	
  
remarkable	
  evolutionary	
  experiment.	
  Am	
  J	
  Bot	
  91:1523–1534.	
  

Horwich	
  A,	
  Fenton	
  W,	
  Chapman	
  E,	
  Farr	
  G	
  (2007)	
  	
  Two	
  families	
  of	
  chaperonin:	
  physiology	
  
and	
  mechanism.	
  	
  Annu	
  Rev	
  Cell	
  Dev	
  Biol	
  23:115-­‐145.	
  

Howe	
  CJ,	
  Nisbet	
  RER,	
  Barbrook	
  AC	
  (2008)	
  The	
  remarkable	
  chloroplast	
  genome	
  of	
  
dinoflagellates.	
  	
  J	
  Exp	
  Bot	
  59:1035-­‐1045.	
  

Inagaki	
  Y,	
  Dacks	
  JB,	
  Doolittle	
  WF,	
  Watanabe	
  KI,	
  Ohama	
  T	
  (2000)	
  Evolutionary	
  
relationship	
  between	
  dinoflagellates	
  bearing	
  obligate	
  diatom	
  endosymbionts:	
  insight	
  
into	
  tertiary	
  endosymbiosis.	
  Int	
  J	
  Syst	
  Evol	
  Microbiol	
  50:2075–2081.	
  

Jackson	
  CJ,	
  Gornik	
  SG,	
  Waller	
  RF	
  (2012)	
  A	
  tertiary	
  plastid	
  gains	
  RNA	
  edting	
  in	
  its	
  new	
  
host.	
  	
  Mol	
  Biol	
  Evol	
  30:788-­‐792.	
  

Janouskovec	
  J,	
  Horak	
  A,	
  Obornik	
  M,	
  Lukes	
  J,	
  Keeling	
  PJ	
  (2010)	
  A	
  common	
  red	
  algal	
  origin	
  
of	
  the	
  apicomplexan,	
  dinoflagellate,	
  and	
  heterokont	
  plastids.	
  	
  PNAS	
  107:10949-­‐10954.	
  

Jeong	
  HJ,	
  Du	
  Yoo	
  Y,	
  Kim	
  JS,	
  Seong	
  KA,	
  Kang	
  NS,	
  Kim	
  TH	
  (2010)	
  Growth,	
  feeding	
  and	
  
ecological	
  roles	
  of	
  the	
  mixotrophic	
  and	
  heterotrophic	
  dinoflagellates	
  in	
  marine	
  
planktonic	
  food	
  webs.	
  Ocean	
  Sci	
  J	
  45:65–91.	
  

Keeling	
  PJ	
  (2010)	
  The	
  endosymbiotic	
  origin,	
  diversification	
  and	
  fate	
  of	
  plastids.	
  Philos	
  
Trans	
  R	
  Soc	
  Lond	
  B	
  Biol	
  Sci	
  365:729–748.	
  
	
  



52	
  
	
  

	
  

Kumar	
  S,	
  Stecher	
  G,	
  Peterson	
  D,	
  and	
  Tamura	
  K	
  (2012)	
  MEGA-­‐CC:	
  Computing	
  Core	
  of	
  
Molecular	
  Evolutionary	
  Genetics	
  Analysis	
  Program	
  for	
  Automated	
  and	
  Iterative	
  Data	
  
Analysis.	
  Bioinformatics	
  28:2685-­‐2686.	
  
	
  
Lockhart	
  P,	
  Novis	
  P,	
  Milligan	
  BG,	
  Riden	
  J,	
  Rambaut	
  A,	
  and	
  Larkum	
  T.	
  (2006)	
  Heterotachy	
  
and	
  Tree	
  Building:	
  A	
  Case	
  Study	
  with	
  Plastids	
  and	
  Eubacteria.	
  Mol	
  Biol	
  Evol	
  23(1):40–45.	
  	
  

Luo	
  R,	
  Liu	
  B,	
  Xie	
  Y,	
  Li	
  Z,	
  Huang	
  W,	
  Yuan	
  J,	
  He	
  G,	
  Chen	
  y,	
  Pan	
  Q,	
  Liu	
  Y,	
  Tang	
  J,	
  Wu	
  G,	
  Zhang	
  
H,	
  Shi	
  Y,	
  Liu	
  Y,	
  Yu	
  C,	
  Wang	
  B,	
  Lu	
  Y,	
  Han	
  C,	
  Cheung	
  D,	
  Yiu	
  SM,	
  Peng	
  S,	
  Xiaoqian	
  Zhu,	
  Liu	
  G,	
  
Liao	
  X,	
  Li	
  Y,	
  Yang	
  H,	
  Wang	
  J,	
  Lam	
  TW	
  and	
  Wang	
  J	
  (2012)	
  SOAPdenovo2:	
  an	
  empirically	
  
improved	
  memory-­‐efficient	
  short-­‐read	
  de	
  novo	
  assembler.	
  GigaScience	
  2012	
  1:18.	
  

Minge	
  MA,	
  Shalchian-­‐Tabrizi	
  K,	
  Torresen	
  OK,	
  Takishita	
  K,	
  Probert	
  I,	
  Inagaki	
  Y,	
  Klaveness	
  
D,	
  Jakobsen	
  KS	
  (2010)	
  A	
  phylogenetic	
  mosaic	
  plastid	
  proteome	
  and	
  unusual	
  plastid-­‐
targeting	
  signals	
  in	
  the	
  green-­‐colored	
  dinoflagellate	
  Lepidodinium	
  chlorophorum.	
  BMC	
  
Evol	
  Biol	
  10:191.	
  

Nassoury	
  N,	
  Cappadocia	
  M,	
  Morse	
  D	
  (2003)	
  Plastid	
  ultrastructure	
  defines	
  the	
  protein	
  
import	
  pathway	
  in	
  dinoflagellates.	
  J	
  Cell	
  Sci	
  116:2867–2874.	
  

Nisbet	
  RER,	
  Hiller	
  RG,	
  Barry	
  ER,	
  Skene	
  P,	
  Barbrook	
  AC,	
  Howe	
  CJ	
  (2008)	
  	
  Transcript	
  
analysis	
  of	
  dinoflagellate	
  plastid	
  gene	
  minicircles.	
  	
  Protist	
  159:31-­‐39.	
  

Nosenko	
  T,	
  Lidie	
  KL,	
  Van	
  Dolah	
  FM,	
  Lindquist	
  E,	
  Cheng	
  J-­‐F	
  (2006)	
  	
  Chimeric	
  plastid	
  
proteome	
  in	
  the	
  Florida	
  “red	
  tide”	
  dinoflagellate	
  Karenia	
  brevis.	
  	
  Mol	
  Biol	
  Evol	
  23:2026-­‐
2038.	
  

Oudot-­‐Le	
  Secq	
  M-­‐P,	
  Grimwood	
  J,	
  Shapiro	
  H,	
  Armbrst	
  EV,	
  Bowler	
  C,	
  Green	
  BR	
  (2007)	
  	
  
Chloroplast	
  genome	
  of	
  the	
  diatoms	
  Phaeodactylum	
  tricornutum	
  and	
  Thalassiosira	
  
pseudonana:	
  	
  comparison	
  with	
  other	
  plastid	
  genomes	
  of	
  the	
  red	
  lineage.	
  	
  Mol	
  Genet	
  
Genomics	
  277:427-­‐439.	
  

Raubeson	
  LA,	
  Peery	
  R,	
  Chumley	
  TW,	
  Dziubek	
  C,	
  Fourcade	
  HM,	
  Boore	
  JL,	
  Jansen	
  RK	
  
(2007)	
  Comparative	
  chloroplast	
  genomics:	
  analysis	
  including	
  new	
  sequences	
  from	
  the	
  
angiosperms	
  Nuphar	
  advena	
  and	
  Ranunculus	
  macranthus.	
  	
  BMC	
  Genomics	
  8:174.	
  

Reguera	
  B,	
  Velo-­‐Suarez	
  L,	
  Raine	
  R,	
  Park	
  MG	
  (2012)	
  Harmful	
  Dinophysis	
  species:	
  a	
  review.	
  
Harmful	
  Algae	
  14:87–106.	
  

Richardson	
  E,	
  Dorrel	
  RG,	
  Howe	
  CJ	
  (2014)	
  	
  Genome-­‐wide	
  transcript	
  profiling	
  reveals	
  the	
  
coevolution	
  of	
  plastid	
  gene	
  sequences	
  and	
  transcript	
  processing	
  pathways	
  in	
  the	
  
fucoxanthin	
  dinoflagellate	
  Karlodinium	
  venficum.	
  	
  Mol	
  Biol	
  Evol	
  31:2376-­‐2386.	
  

	
  



53	
  
	
  

	
  

Rozen	
  S,	
  Skaletsky	
  HJ:	
  Primer3	
  on	
  the	
  WWW	
  for	
  general	
  users	
  and	
  for	
  biologist	
  
programmers.	
  In	
  Methods	
  Mol	
  Biol	
  Edited	
  by:	
  Krawetz	
  S,	
  Misener	
  S.	
  Humana	
  Press,	
  
Totowa,	
  NJ;	
  2000:365-­‐386.	
  

Sanchez	
  Puerta	
  MV,	
  Bachvaroff	
  TR,	
  Delwiche	
  CF	
  (2005)	
  The	
  complete	
  plastid	
  genome	
  
sequence	
  of	
  the	
  haptophyte	
  Emiliana	
  huxleyi:	
  	
  a	
  comparison	
  to	
  other	
  plastid	
  genomes.	
  	
  
DNA	
  Res.	
  12:151-­‐156.	
  

Shalchian-­‐Tabrizi	
  K,	
  Skanseng	
  M,	
  Ronquist	
  F,	
  Klaveness	
  D,	
  Bachvaroff	
  TR,	
  Delwiche	
  CF,	
  
Botnen,A	
  Tengs	
  T,	
  Jakobsen	
  KS.	
  	
  (YEAR	
  )Heterotachy	
  Processes	
  in	
  Rhodophyte-­‐Derived	
  
Secondhand	
  Plastid	
  Genes:	
  Implications	
  for	
  Addressing	
  the	
  Origin	
  and	
  Evolution	
  of	
  
Dinoflagellate	
  Plastids.	
  Mol	
  Biol	
  Evol	
  23(8):1504–1515.	
  

Stern	
  DB,	
  Goldschmidt-­‐Clermont	
  M,	
  Hanson	
  MR	
  (2010)	
  Chloroplast	
  RNA	
  metabolism.	
  	
  
Annu	
  Rev	
  Plant	
  Biol	
  61:125-­‐155.	
  

Tamura	
  K,	
  Stecher	
  G,	
  Peterson	
  D,	
  Filipski	
  A,	
  and	
  Kumar	
  S	
  (2013)	
  MEGA6:	
  Molecular	
  
Evolutionary	
  Genetics	
  Analysis	
  Version	
  6.0.	
  Mol	
  Biol	
  and	
  Evol	
  30:2725-­‐2729.	
  

Takano	
  Y,	
  Hansen	
  G,	
  Fujita	
  D,	
  Horiguchi	
  T	
  (2008)	
  Serial	
  replacement	
  ofdiatom	
  
endosymbiontsin	
  two	
  freshwater	
  dinoflagellates,	
  Peridiniopsis	
  spp.	
  (Peridiniales,	
  
Dinophyceae).	
  Phycologia	
  47:41–53.	
  

Tengs	
  T,	
  Dahlberg	
  OJ,	
  Shalchian-­‐Tabrizi	
  K,	
  Klaveness	
  D,	
  Rudi	
  K,	
  Delwiche	
  CF,	
  Jakobsen	
  KS	
  
(2000)	
  Phylogenetic	
  analyses	
  indicate	
  that	
  the	
  19’	
  hexanoyloxy-­‐fucoxanthin-­‐containing	
  
dinoflagellates	
  have	
  tertiary	
  plastids	
  of	
  haptophyte	
  origin.	
  Mol	
  Biol	
  Evol	
  17:718–729.	
  

Wernersson	
  R.	
  (2006)	
  Virtual	
  Ribosome-­‐-­‐a	
  comprehensive	
  DNA	
  translation	
  tool	
  with	
  
support	
  for	
  integration	
  of	
  sequence	
  feature	
  annotation.	
  Nucleic	
  Acids	
  Res	
  34:385-­‐388.	
  

Wisecaver	
  J,	
  Hackett	
  J	
  (2010)	
  Transcriptome	
  analysis	
  reveals	
  nuclear-­‐encoded	
  proteins	
  
for	
  the	
  maintenance	
  of	
  temporary	
  plastids	
  in	
  the	
  dinoflagellate	
  Dinophysis	
  acuminata.	
  
BMC	
  Genomics	
  11:366.	
  

Wisecaver	
  JH,	
  Hackett	
  JD	
  (2011)	
  Dinoflagellate	
  genome	
  evolution.	
  Annu	
  Rev	
  Microbiol	
  
65:369–387.	
  

Yang	
  JB,	
  Tang	
  M,	
  Li	
  HT,	
  Zhang	
  ZR,	
  Li	
  DZ	
  (2013)	
  Complete	
  chloroplast	
  genome	
  of	
  the	
  
genus	
  Cymbidium:	
  lights	
  into	
  the	
  species	
  identification,	
  phylogenetic	
  implications	
  and	
  
population	
  genetic	
  analyses.	
  	
  BMC	
  Evol	
  Biol	
  13:84.	
  

Yang	
  M,	
  Zhang	
  X,	
  Liu	
  G,	
  Yin	
  Y,	
  Chen	
  K,	
  Yun	
  Q,	
  Zhao	
  D,	
  Al-­‐Mssallem	
  IS,	
  Yu	
  J	
  (2010)	
  The	
  
complete	
  chloroplast	
  genome	
  sequence	
  of	
  date	
  palm	
  (Phoenix	
  dactylifera	
  L.).	
  	
  PLoS	
  One	
  
5:e12762.	
  



54	
  
	
  

	
  

Yoon	
  HS,	
  Hackett	
  JD,	
  Bhattacharya	
  D.	
  (2002)	
  A	
  single	
  origin	
  of	
  the	
  peridinin-­‐	
  and	
  
fucoxanthin-­‐containing	
  plastids	
  in	
  dinoflagellates	
  through	
  tertiary	
  endosymbiosis.	
  PNAS	
  
99(18):11724-­‐11729.	
  
	
  
Yoon	
  HS,	
  Hackett	
  JD,	
  Van	
  Dolah	
  FM,	
  Nosenko	
  T,	
  Lidie	
  KL,	
  Bhattacharya	
  D	
  (2005)	
  Tertiary	
  
endosymbiosis	
  driven	
  genome	
  evolution	
  in	
  dinoflagellate	
  algae.	
  	
  Mol	
  Biol	
  Evol	
  22:1299-­‐
1308.	
  

Zapata	
  M,	
  Jeffrey	
  S,	
  Wright	
  SW,	
  Rodrı	
  ´guez	
  F,	
  Garrido	
  JL,	
  Clementson	
  L	
  (2004)	
  
Photosynthetic	
  pigments	
  in	
  37	
  species	
  (65	
  strains)	
  of	
  Haptophyta:	
  implications	
  for	
  
oceanography	
  and	
  chemo-­‐taxonomy.	
  Mar	
  Ecol	
  Prog	
  Ser	
  270:83–102.	
  

Zerbino	
  DR	
  and	
  Birney	
  E	
  (2008)	
  Velvet:	
  algorithms	
  for	
  de	
  novo	
  short	
  read	
  assembly	
  using	
  
de	
  Bruijn	
  graphs.	
  Genome	
  Research	
  18:821-­‐829.	
  

Zhang	
  Z,	
  Cavalier-­‐Smith	
  T,	
  Green	
  BR	
  (2001)	
  A	
  family	
  of	
  selfish	
  minicircular	
  chromosomes	
  
with	
  jumbled	
  chloroplast	
  gene	
  fragments	
  from	
  a	
  dinoflagellate.	
  	
  Mol	
  Biol	
  Evol	
  18:1558-­‐
1565.	
  

Zhelyazkova	
  P,	
  Sharma	
  CM,	
  Forstner	
  KU,	
  Liere	
  K,	
  Vogel	
  J,	
  Borner	
  T	
  (2012)	
  The	
  primary	
  
transcriptome	
  of	
  barley	
  chloroplasts:	
  	
  numerours	
  noncoding	
  RNAs	
  and	
  the	
  dominating	
  
role	
  of	
  the	
  plastid-­‐encoded	
  RNA	
  polymerase.	
  	
  Plant	
  Cell	
  24:123-­‐136.	
  

	
  

	
  

	
  

 

 

 

 

 

 

 

 

 

 



55	
  
	
  

	
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDICES	
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



56	
  
	
  

	
  

APPENDIX	
  A:	
  	
  KARENIA	
  BREVIS	
  PLASTID	
  TRANSCRIPTS	
  

Start	
  codons	
  are	
  highlighted	
  in	
  green	
  and	
  stop	
  codons	
  in	
  red.	
  	
  Ambiguous	
  or	
  non-­‐

canonical	
  start	
  codons	
  are	
  highlighted	
  in	
  blue.	
  

petB  

GTAAACTTCATTTTGAAGATCCTAATCTTTTATAAGCTGTGTACTTAAAACACTAGTTTTTGCAA
TAAACTAGAATCCTTTGACCTAAAATTACCTATAACTGATTACGCGTCATCTGCAATTGATGGAA
CATCATTGGCGGCTGCCTGCTACATCTTATCTACAACAGTAGGGGAGTCAGCAGGTTCCAACCGG
TTAGTTCGTCGACTAATCAAAATATCCTTCATTGTTACGGAATTTTATTGGGCCATCGTAGGTTG
AGGCCCATTCTCGAAACGTTGTAAGTGGCTAAATTGCCGCCAGAAGCTGTTCGAATAGTTTGCTA
CTGCTTCGAAGATATTGGATGGTTCCGTTGGCAACTAATAATATGATAGTATTACCTACTTGTTC
TCAATAGACATGATATTTGACCTAACTAGCTAGTGGTATCAATTTCCTTCAAGAGCGACTTGATC
TTCAGTCGCTTTCTGATGATGTGTCCTCAAAATATGTTCCACCCCACGTTAATCTACTTTATTGC
ATTGGGGGGTTAACTCTTACAAGTTTTTTACTACAACTAACAACGGGGTTCTCACTAACATTTTA
TTACAGACCCATCGTTGCTTCGGCGTTTGCGACCGTGTCGTTCTTGTCATCTACGCTTCACTATG
GGTGGGTAATTCGTGCAGCTCATCGGTGGACTGCCAGTCTGATGGTACTTGCTCTACTAGGGCAT
ATTTCACGAGTTTATCTTACAGGGGGTTTTAAACGACCACGTGAACTAACTTGGCTGACAGGTCT
CGCGTTGTCATGTCTTACAGTAAGCTTCGGGGTTACTGGATATTCTTTACCTTGGGATCAAGTTG
CATATTGGGCTTGTAAAATTGTGACGGGTGTTCCAGATGCTATTCCTCTTATTGGCGGTCAAATC
GTTGCACTTCTTCGTGGCGCTGACACTGTAGGACAGTCAACGCTGTCGCGTTTCTTTGAAACACA
TACTTTCTTATTGCCTGCGCTAACCACGGTTCTAATGTTAACACATTTCCTTCTTATCCGAAAGC
TAGGTATTTCGGGGCCACAGTAACCTAAAAAGTAGCTTCTATGTTCGAAGATTCATAGATTTGAA
ATTCTGATTCTCTAGTTATAGTGGCAAGAAACCGAGCTCATCATGTTATGCATNGTATTTAGTGG
ACAATATCTATGTTCATTTATAACATTTTGAAAAGAGTCATCGTAAGATTACCTTGTGAAAAACT
CACCTCCCTCAATCACAGTTTTACCCTTCAACTTTTTTATTTGAAATTCAACTTTTGCTCTATTT
TTAAAGTGCTTTGTAGACTAACTCGTTCTAATGATCTCATGAATAAAAGTCCTTCTTTTTTTAAA
GAATTCAAACGTTACTGAACTTCGCTTAAATCTATATCGTCGATGGTTCGGGAAGGAAAAACCGT
AGCGAATACAGTGGCTACTTTTTGTCCAGAATCTATAGGAGATAATGGATCTTTACGAAGTCTAT 

 

petD 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AGTTCCCCCAGGATATGAGTAACGTAAATCCCCTACCGAGCCAGGCTAAATCTCGGGCAAAACTT
TGTAAGGGGGCAGGTCATAATACATTCGGGGAACCGGCTTGGCCTAACGATTTACTGTTCTTATT
TCCCATCTGTATTACAGGTGTACTTGCTTGTAGTTTAGGTCTAGCAGTTCTATCTCCGCCGGCAA
TCGACGCCCAATCAGACCCGTTTTCTACACCGCTGGAAATTCTTCCGGAATGGTATTTCTTACCA
TCATTTAATTTGCTACGTCTTCTTCCTAATAAACTTTTAGGTGTTGCTGCGATGGCCAGTATACC
TCTTGCATTAACGCAGGTAGCAGCTTCCGAGAACCAGACCGCTTCTCAAAATCCTAATCGACGCT
CGCAAAGTTCACTGTTATATATCCTGGGATCTTCGTCATCATCATGGCTTGGCGCAGGAGGTGCT
ATGCCGCTTTCGCAGTCTTTAACTTTAGCACTTAATTAAAAATTTTTTTTTTTTTTTTTTTTTTT
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TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTT 

 

 

psaA  

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAGTTATCACTAGCGCTTCCCAACCACCTTTTCTGCTTGGAG
GGATCCTGGCCATTTCTCGAAAACTCTTGCGAAAGGGCCGAAATCAACAACATGGATTTGGAATC
TACATGCTGATGCGCACGATTTCGATGCTCACACAAACAGTTTACAATCCTTATCTAGAAAAATC
TACAGTGCACACTTTGGTCAACTTTCCTTAATTTTACTATGGTTGGCGGGTATGTGGTTCCACGG
CGCGCGGTTTTCAAATTACATTGCTTGGTTAAGCGACCCGACGGGTCTCACTCCTATGGCACAGT
CTGTTTGGCCAGTTGTTGGTCAAGATCTTTTAAATTCGGACGGGGGAGGAGGTACTCTTGGACTA
CCATTCACAGCTGGTTGGTTCCCCTTGTGGCGCGCCTGTGGTATTACCTCGGAAGCGCAGCTTTT
TTCAACTGCGTGTTCAGGACTTGTTCTCGCAGCTCTAACTGCTCTGGGAGGTTGGTATCATTACC
ATAGATCAGCTCCGTCATTAGATTGGTTCCAACATGCCCAAACGATGCTGGTCCATCATTTGACA
GGTCTATTAGGACTTGGATGTTTATCTTGGGCAGGTCATCAAATTCATGTAAGTTTACCTATTAA
TTCTTTACTTGATGCTGGAGTGGACATACGAATACTACCTACACCTGCCGCCCTTTTATTCGACC
GCGGATATCTAGAGAATCTTTATCCCTCTTTTAAACAGGGACTTACCCCTTTACTTTCTGGCCAC
TGGGCTGCTTACACTGATTTCCTAACGTTCAAAGGCGGTTTGAACCCAATAACGGGAGGGCTTTG
GCTAACCGACGTAGCGCATCATCATCTGGCACTTGCTCTGTTATTCTTGATTGCTGGACATATGT
ACAGGACGTCATTCCCGATTGGCCATAACATATCTGCAATTCACGCTGCACATAAAGGACCTTTA
ACGGGAGCGGGACACAACGGACTTTATACAATACTAACAACCTCTTGGCATTCTCAGCTTGCACT
TAATTTGGCATTATTGGGTTCTACAACTATACTTGTAGCCCATCATATGTATGCCATGCCTCCTT
ATCCATTTATAGCGTTGCAGTACGCTACCCAACTTTCTTTGTTTACACACCACATGTGGATTGGA
GGATTCCTTATAGTGGGAGCTGGTGCGCATGCGTCTATTTTCATGACACGTGATTATACTCCTAC
TGCAAGTCCTAATGGATTCTCTGATACTAATTTGCTAGAGCGTGTATTGCTACATCGTACAACTA
TACTTGCACATCTAAATTGGGTGTGTATTTTCTTGGGAACGCACAGTTTCGGTCTTTATGCTCAT
AATGATACGATGCGAGCTTTAGGAAGACCAACAGACACCTTTGGTGATGGTTCAATCGCACTCTC
TCCTATATTTGCGAAGTGTATTCAGGCTCTACATTCGGTTGCTCCTGGTAATACAGCGCCACACG
CCATCTCAGTTTCTAGTTATGTTTTTGGTGCGGGTACAATAGCGGTCAACGGTCGGATTGCTATT
CAACCACTTTATTTAGGGACCGCTGACTTTATGATACATCATATTCACGCCTTCCAAATTCATGT
GGCAACTTTGATTCTATTAAAAGGTGTCCTTTTCGCGAGAAGCTCCGGTTTAATACCCGATAAAT
ACCGATTAGGATTCCGATTCCCGTGTGATGGTCCGGGAAGAGGAGGGACGTGTCAAGTTTCGCCT
TGGGACCATGTATTCTTAGGATTATTCTGGATGTACAATTGTATTTCGATAACTATATTCCATTT
CTATTGGAAGATGCAGTCAGATGTTTGGGGAACCATAACATCTTCCGGCCGGGTATCGCACATTA
CGAATGGAAATTTCTCTTCTGGGTCACTTACGGTTAACGGATGGCTTCGAGATTTCCTATGGTCG
CAATCTTCACAGGTAATTCAAAGTTATGGAACACCTGCGTCGGCGTATGGTTTAATATTCCTTGG
CGCTCATTTCATTTGGGCTTTCAGTCTAATGTTCCTTTTCTCTGGTAGAGGGTATTGGCAAGAGC
TTATTGACACATTAGTATGGGCACACCGTAAAGTGCGCCTTTCTCCATCGATTTCTCCTCGAGCA
TTAAGCATCACTACGGGTCGCTCCGTTGGAGTTGCTCATTATCTCCTTGGAGGTATCGGAACAAC
CTGGTCTTTCTTCTTAGCGCGTGCAACTACGACCTAAATTATTATTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
CTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 
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psaB – psaC di-cistronic mRNA  

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGTTAACACAAAAAGTTCCTCGGGATTG
GAGCGCAAATTGGGTGGTAAATTTCATCTAAAGCTAAATATTGGTTCGAGACCGATAGCAAACAA
GTACCATGAGGGAAAGGTGAAAAGGACTTTGAAAAGAGAGTTAAAAGTGCCTGAAATTGCTGAAA
GGGAAGCGAATGGAACCAGTTGTTCTTGGTCGTTGGCGATTCACGGTTGCGGACTTTTCCTTCTT
TCTCAAAAGGACTAAGACAAGATCCAACTACGCGACGATTGTCATACTCTGTGGGTATTGCCCAT
GATTTGGAGTCACATGATTTCGTTACGGAATCACTTTTGTATCAACGTATTTTTGCTTCTCATTT
TGGGCACCTAGCAATAATATTTTTATGGTCCGCTGGAAATCTATTCCACGTAGCATGGCAAGGAA
ATTTTCAAGAGTGGATTATAAATCCTCTGAAAACGTCACCAATTGCGCATGCGATATTCGATCCG
CACTTTGGAGTAGACGCGCTTAAAGCCTTCACGCCATCTGCCGGCTCTTATCCCGTTAATATATC
GACCTCAGGGTTGTATCATTGGTGGTATACTATCGGCTTACGATCAAACACTGACTTGTATTCCG
CTTCAATGTTCCTTATTCTATGCAGTCTTCTGTTTTTATATGCAGGGTGGCTTCATTCTACACCT
GGTCGGCAACCGAACCTAGCGTTTTTTAAAAACAATGAATCAAGATTAAATCATCATCTGTCGGG
TCTTTTTGGGGTAAGTTCGCTGGCCTGGGCAGGGCATCTAATTCATGTTGCAATACCTGCGTCTC
GTGGCCAAGTTGTTAGTCTGGATCATCTTCCGTTACCCCATCCCGCTGGGTTAACCCCATTCCTA
ACGTTTAATTGGGGTATTTACGCCGAAAATCCTGATTCTCCAACTCATGTGTTTGCGACTACAGA
AGGTGCAGGTACGGCAATCCTCACTTTCCTAGGAGGATTTCATCCTCAAACCCAAGCTATGTGGC
TGACTGATATTGCCCATCATCATTTAGCAATCGCAATCATTTTTATTGTTGCAGGGCATATGTAT
CGAACAACCTATGCTTGGGGCCATCGCTTTACCGAGTTGTTGCACGCGCACGTTCCTCCTAAAGG
ACGTCTTCGCGCTGGTCATGTTGGCTTAATGGAAACGTTGACCAATAGTTTACACATGCAACTTG
GTTTAGCGCTGGCAGCGCTAGGCGTTGCAACTTCGCTAACGGCCCAGCATATGTATGCGTTACCT
GCCTACGCATTTATCGCGAGCAGCCCCGTAACTCAAGCAGCATTGTACGTACACCATCAGTATAT
CGCGGGTTTCCTAATGACGGGGGCCTTCGCCCATGGTGCCATTTTTTTCGTCCGTGATTACGAGC
CTTCGAATGAAGGAAATGTACTTGCGACAGTACTTCTTCACAAAGAGGCTATAATTTCTCACTTG
AGTTGGGTGAGTTTATTTTTGGGTTTCCATACGTTGGGTCTCTATGTGCACAATGATACTTGCGT
TGCATTTGGCCTTCCCGAAAATCAAATATTATTGGATCCAATATTTGCTCAACTCGTTCAAGCCG
CATCAGGTAAAGCAGGAAATGGAATTGATATTCTTCTTTCGGAACCTACAAGTCCCGCTAGTATT
GCAAGTAGTAAAGTTTGGTTGCCTGGGTGGCTCGCGGGAATTAACAGCCAGCGAAGTACCGCCTT
CTTACCAATTGGACCGGGTGATTTCCTTATTCATCACGCAATTTCACTGGGATTGCATACAACTA
CGCTAATCTTAGTAAAGGGTGCTCTTGATGCTCGAGCCTCAAGATTACTTCCAGATAAGAAAGAT
TTTGGTTATAGTTTCCCGTGTGATGGTCCTGGACGTGGTGGTACTTGTGACGTTTCAGCTTGGGA
CGCCTTTTATTTGGCTGTCTTCTGGCAATTAAATACTACGGCATGGACCACATTCTATTGGCACT
GGAAACATTTGACATTATGGGGTGGCAATAGCGCCCTTTTCAATGAAGCTTCAACATACATTATG
GGTTGGTTACGCGATTATTTATGGTTAAACTCAGCTCCAACGATCACCGGTTATACGGCACAAGG
AATGAACGCACAGGCTGTTTGGACATGGATGTTCCTGTTTGGACACCTTACTTGGGCTACCGGTT
TTATGTTCTTAATTTCATGGCGAGGATATTGGCAAGAACTTATTGAAACCATAGTTTGGGCACAT
GAAAGAACCCCACTAGCTAATTTGCTAAAATGGAATGACAAGCCTGTGGCTCTGTCAATTGTCCA
AGCACGTCTCGTAGGGTTGACACATTTCACGACAGGGTATATATTTACTTATGCCCCTTTTTTAA
TTTCTAGTACGTCCGCCAAAACAGCTGGAATATCTACTGCCGCCGCCTTATTTAAAGATCTACCT
GGCGAAATTATCTAGAACGTACAAAAAAATGATTACTTATGATTTCGCTTCAAGAAAGTTAATTG
TTTTACAAATAGAAAAAAAGTTAGTCCTTGACGCCTCAGCATATCAAGAAAAAACTTTTTAATAA
GAATTAGTCTGGTGAAGATACGAGGACAATCTACATTTTTTAATCTTTACTGAACTTGAACATAA
ATTTGGACTCTAATTTACGGAAGCTACTCTCACAAATCGTTCGAACACTTAAAACATATTTTTAC
CCTACAGCTTGCAAAATCTTTCTGGTGAACACTTTTTCTTCTCATTTCTTAATTTTTAAAGGAGT
CTAAGTCCAAACTTTTTCACTAAAACACTAATACGTTAGCCCCATCGATCGACTCGTTTCAGGTC
CCAAGTATACACGTATGCTTAAGTAATCCGTGGGGCATGCCGATTCACAACGCTTACAACCAATG
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CAGTCGGCAGGCCGCGGGGCAGCAGCAACTTGTCCTGACTTATTCCATACGGTGTCGGGTACCAT
TGCAAGGACATCACAAGGACACGCACGGACACACTGAGTACAGCCGATACATGTAGTATAAATCC
TTAGGGTATGAGACATAAATTTAGATTGTACCGAATTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTTTTT 

 

psaF 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAATTTATACTATGTTACCTGCCGCTACGGATT
CAAGAATTTGGCAGCAAAAATTCGCCACCCTTGCCTTAAGTTGCATGATATTCCTTCCTGAGAAA
GCTCAGTCAAGCACTCCTCTCATCGTTATGTGTAAAGATTCGGCGGCTTTCAACAATCTAGCCAC
GACAAGATTAACACGTCTGAACACCGCCTTGAGTAATTTCGAACCGCGAACACCAGCTTATCGCG
CTACAATGGAGAGAAAGCGCGCCGCAAAAAACCGATTCTCCCGGCAAGCACTCTTAATGTGTGGT
CGGAATGATGGTTTACCTCGCTTATTTTCTGCTGACCTTAATACGTTCTATAACTCTTTCGCCGT
GCCCGCACTACAGTTTTTGTATATAGCTACTTGCATTGGTTGGGCAGGCCGAGAGTATCTATCTC
GCACGGCAAATTATAAGTCAGAAATTCTAATCGATCTTACTCTAGCTGCTACACTAATGGGGTCT
AGCCCATTCCGAGCTGTAGGAGCTGCGTGGGACGACTTACTCCGTGGAAAGTTGTTAAATACCAC
ACTTCAGTAAACTTGTTTTCGTGCGAACAGAAGAAGATAATTGCAAGATAATGGACATTGGCAAA
CCTAAAATATCTATCGAAATTAGTAGTGTTTTTGAAGTTTTATAACGAAAATCTTAGTAATTCTT
ATGCCAATATACAACACACCCAAATTTGGAATTACGTTTATTACGTCATAGAATATTATTTACGC
AATTCCATGCTGAAAAAGTTGTGAAAGTAAAGTTTTTTAGTAACTAAATGAGAAAAATGACATCA
ACAAAATTAGAGTAAAAAATCGCTATGCCAAAGATAAACAGAGTCGTACGTAAATGTCAATAAAA
GTATTATATTGACTAATCTACAAATGTACATGTTAAATGAGTTAAACTCTTTTGTGACGCGTACG
ACGAAACGCGAGGTGTTACCTTACGATTAAAAATGGATTACAGTGGTCTGGTATCTAGTTGTGAA
ACTTTTATTGTCATTATTGAAACCATCATAAAATCACCAACTCCAATTGTACACAAGCTCACTAT
TTCGACGGACTTGGTAATTTTTGGCGCTTGATTACATTTTATGAATCTGTTTGTCTTACTAGCAT
TGCCAAAAACTTTTAATTATAACAATGTTCTATTTCAAGCACTGGTACCTCTAGTTAGACCTTAT
TCCTGTATTAGTACATGAACTCCTTTTACCTCTAATCCGAACACTTTGAGTGAGACGATGAAGCT
TATCCCACGCCGTCTCACTATTCTATATTATCTATAGTATTCTAAGTTTACCTAGACTTAGTACC
GTTTACACGGCCCGCGCCAAAATAGTCGCTTTACCCCCTAAGAATTTCAATAAGATGAATGCTGC
GCCTCAACACATTTCGGGGAGATCCAGCTAGCCTCAGATTCGAATAGAATTTCACAACTAACCAA
AATTCATCCGTCATTTTTTCAACAATGGACGGTTGGCACCTCCGTTTAGTAATAACTAAGCTTCG
TACTGAATTTGGTTAGATCATCTGAATTCGGGTCAAAAAATCATGACTTAACAAACCCAAATCTT
ATCACACGACTGTATGGAGACGCTTGCACTATGACGATTATTCATAGAAGAACGCCACTCTTGTT
CTCGCTGAACATACCAAACAAAATGTATCTTCCATAATATCTAACTAAAGTCTTGCCACAACCCA
TAAGTCGCTAGCACATTCTTCAACAGGCACAGTTTCAATCGTTAAGTCTATCTTATCTTGCAAAA
TAAGCATTACGTTTTTACATACTTTTTCATTCCCCTCCCGGGGTTCTTTTCAACGTTCCCTCACG
GTACTTTCCG 

 

psbA  

ATGAATTATTATAATCCGAAATCATCACTAAACATTCGTCAACGTCAACAAACCTCATCTGCGTG
GGAGGTTTTTTGCTCGTGGGTTACAACTACAGAAAACAGACTATATCTAGGGTGGTTCGGTTGTC
TAATGGTACCGACCTTAGTTTCAGCAACCTTTGCCTATATCATAGGTTTCATCGCGGCACCGCCT
GTCGACATAGACGGTATACGTGAACCTGTGTCAGGGTCGTTGCTATATGGAAACAACATAATATC
AGGAGCAGTAATTCCAAGTTCAAATGCTATCGGTGTACACTTCTACCCTATTTGGGAGGCGGCAT
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CTTTAGACGAGTGGCTTTACAACGGGGGAACCTACCAAATGGTGGTTTTCCATTTCTTCCTTGGT
GTATGCAGTTATCTAGGGCGTGAGTGGGAACTGTCGTATCGTCTAAGTATGCGTCCTTGGATATG
CGTAGCTTTCTCAGCACCAGTTGCTGCAGCATCTGCAGTATTCATAGTATACCCGATAGGACAGG
GTTCTTTCTCGGATGGTATGCCTTTAGGAATATCAGGGACGTTCAACTTCATGCTAGTTTTCCAA
GCTGAGCACAACATATTAATGCATCCATTGCACATGTTTGGTGTAGCCGCTGTATTCGGGGGTTC
ACTTTTCTCTGCAATGCATGGTTCACTAGTAACCTCATCGCTTCTAAAAGAAACGACGGGTTCTG
AGTCTCTGAACTACGGATACAGATTCGGTCAACATAATGAGACCTATAACATAGTAGCAGCGCAC
GGATATTTTGGGCGACTAATCTTCCAATACGCTTCATTCAATAACTCAAGATCATTGCACTTCTT
CCTAGGTGCGTGGCCAGTTATTGGTATATGGCTAACGTCTATGGGAGTTTCAACCATGGCGTTCA
ATCTTAACGGGTTAAACTTCCAACAGTCAATCTTAGATGCTTGCGGGTGTCCAATAAGTACTTGG
GCGGACATTCTAAACCGCGCAAACCTTGGTATGGAGGTAATGCATGAAAGAAATGCACACAACTT
CCCTCTGGATCTTGCTAGCACATCTAATAATAACACGAACACAACATGGCCTATAACTCTAGGAT
AA  

 

psbB – no obvious start codon 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAATTTTTTTTAAATTTTCAATTTAGA
ATTTATCGAAGAGTGGTGGCCTGGTGGCTTTACCATGGTATAGGGTACATATTGTCGTAGTAAAT
GACCCGGGACGACTAATTGCCGTTCATCTAATGCATACGGCTCTCGTGTCCGGTTGGGCTGGAGC
CATGGCTTTGTATGAATTGGCTGTTTTCGATCCTGGCGACCCAGTCTTGAATCCGATGTGGCGGC
AAGGAATGTTTGTTTTACCATTCATGACGCGTCTTGGTGTTACGCAATCATGGGGAGGTTGGAGT
ATAACAGGCGAAAGCTTAGGTGGTAAATCGGTTGGTTTATGGAGTTATGAGGGTGTCGCTTTGTC
ACACATAGGTCTTTCGGGCTTATGTTTCCTTGCTGCTTTATGGCACTGGCGTTTCTGGGATCTAG
AACTGTTCCGATCACCATTAAATCCGACTCAAACATCGTTAGATTTACCGACAATTTTTGGTATT
CATTTACTCCTGGCATCTCTTCTATGCTTTGGTTTTGGTTCCTATCATGTAACAGGGACATACGG
TCCTGGTATTTGGGTCTCAGATGCATATGGTATTTGTGGAAGAGTACAAGGAGTATCACCTTCAT
GGGGTGCTGCAGGTTTTAATCCATTCAATCCGGGTGGAATTGCAGCGCACCATATCGCGGCCGGA
GTGCTAGGAACTCTAGCGGCGGTTTTTCATATAACCAATCCACCCCCAGAGGTTTTATTTTTAGC
CTTGCGAATGGCTAATATAGAAACGGTTCTTTCTAGTAGTATCGCTGCTGTTTTCTTCGCAGCTT
TTGTTACCAGTGGAACAATGTGGTATGGCGCAGCTGCAACGCCCATTGAGCTTTTTGGCCCAACC
CGTTATCAATGGGACTCAGAATATTTCCTTAAAAAGATCACGCAAACGGTTAACTACTATAAGGG
ATTGTCCCTAACAGATTCGGACGCATGGGCTCTTGTGCCTGAAAAATTAGCCTTTTATGATTATG
TCGGAAATAATCCCGCAAAAGGTGGACTTTTCAGGGCAGGCCCTTTAACAAAGGGCGATGGAGTT
GCAAAAGCTTGGCTTGGACACCCGCAATTTTATGGTCCAGATGGGTCAATATTGAGAGTGCGTCG
AATACCCGCTTTCTTTGAGACACTACCCGTACTTTTATTGGATACACGTGCCCTTGTTGCGGCGG
ATATCCCATTCAGACGAGCTGAATCAAAGTTTAGTATCGAACAAATAGGCGTATCTGCAGTCATC
TTAGGTGGAAGAGACGCCGGAGCCGAGTTTACGTCGGCAGCAAGCGTTAAAGCGCTTGCGAGAAA
AGCTCAATTCGGAGAACTTTTCGAATTTGATAGAGCGAAATTAAAATCGGATGGGGTGTTCCGTT
CTAGTCCAAGAGCCTGGTATACTTATGCACACCTAAATTTTGCGTTCTTATTCTTCTTGGGACAT
TTGTGGCACGGAGGACGTACACTTTTCCGTGATGTATTTGCGGGGATTGGTGCTGACTCAATTGA
ACAAGTTGAGTTCGGGGCTTTCGTAAAGTTGGGCGATGCTCGCACAAGAAAAAAACCGCGGCAAT
TGAAATCATAAATTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 
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psbC  

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAATTTTTTAAAAAAAAAAAAAAAAAAACAAAAA
AAAAAAAAAAGTTGGTTAAAAGTAAAAATCCCAGTAAATTTATGAAAAGGGAAAATGGAGTGTCC
TCGAACGCTAGAAAGTTTGCACCTCGGTGTGTATTTACTCAAAACGTATCGGGGCAAAAATACCC
GGACGGAAAATAACGGGATAGGGCGTCGAGCGGAGTCGAAAAACAGTAAATGGAAAAATCATGCT
GAAAATTCTTCCGCTGCCGGTCGTGACTTACTCACTACAGGGTATGCTTGGTGGTCTGGAAATGC
TCGATTAATTTCTGTATCCGGGCGACTTTTGGGCGCTCACGTAGCACATGCCGGTCTTATGATTT
TATGGTGTGGTGCAATGACGCTATTCGAAACAGCACATTATATTCCCGAGCTTCCTCTCTATGAG
CAAGGGTGTATTTTACTTCCACACATTGCCACATTAGGCTGGGGTGTTGACCCTGAAGGGGAAAT
ATCAGGAACTTATGCAGCTTTCGTAATTGGTGTACTTCACTTATTAAGTGCTTCTGTAGTTGGCT
GTGGTGGACTTTACCATGCACTCCTTGGCCCGGATACGCTCGAGGAAAACTTTGCTTATTATGGG
TATGACTGGCGTGACAAAAATAAAATGACAACAATTCTAGGTTTTCATCTAATACTTCTCGGTCT
TGGATGTTATTTACTTGTTGCTAAGGCTCTTTATTTCGGAGGTATTTACGATACCTGGGCTGCAG
GAGGTGGAGATGTAGTTCGAGTTACAGCACCGACCCTAAATCCTATAATAATAGCTAATTATGCG
CTTAAGTCACCTTTTGGAGGAGATGGGTGGGTTATTAGCGTCAATAATCTTCAAGACCTAGTAGG
AGGTCACGCATGGATGGGATCGATCCTTATTTTAGGTGGTCTCTTCCATCAAAATACAAAACCAC
CTGCGTTTGTAAGAAGAGCATTCATTTGGTCTGGCGAAGCATATTTATCTTATTCACTAGGAGCA
TTAACCATTTGTGGTTTAACCGCAGCAGTTTTTGTCTGGTATAATAATACCGCTTATCCTAGTGA
ATTCTTTGGTCCAACTGCAGCCGAAGCTTCTCAAGCTCAGGCATTCACGTTCCTTGTTCGAGACC
AAAAACTGGGAGCAAAAGTAGCATCTGCTCAAGGACCTACGGGATTAGGTAAATATCTTATGAGA
TCGCCGAGTGGTGAGATAATATTCGGAGGTGAAACTATGCGTTTCTGGGATATGCGTGCACCGTG
GGTGGAACCATTGCGTGGGCCAACTGGTCTAGTTCTAACACGAATCCGACGAGATATTCAGCCAT
GGCAGGTTCGACGGGCAGCGGAATACATGACGCACGCACCTCTCGGTTCATTAAATTCAGTGGGA
GGAGTTGCGACGGAAATTAATACTTTCAACTATGTTTCTCCACGTTCATGGTTATGTACTTCTCA
TTTCTTCCTTGGATTCTTTATGTGGATTGGCCATTTATGGCATGCCGGACGTGCTCGAGCCGCAG
GAGCTGGGTTTGAAAAAGGTATTTCGAGAGAAAACGAACCGGTTTTATACATGAGGCCGTTAGAT
TAGTCAAAGTTATATTTTGAACTTACTTCGATCAGTGAGATTTTCCACGCGACATAAAGTTTCAA
ACTTGTGTAATAGCTAGCAAAGAGAATTGAACTCTTGGCCTACTAATTACAAATCAGTTGCTCTA
CCGGTTGAGCTACGCCAGCGCAAGATAACAAGACCTTATCTTAACAGTCTATTTTGAATATAAAA
ATACCCTTGAACTTCATACAAAAGTCTAAATCAAGATAATGAGTAAAGTTTTGTTAGCAAAAGTA
TCGATGATTTTTTATAACAAAGAAGAATTTTTGGAAAGATTAAAAATCACCACCAGATTAATTTA
TCTTTTTACTTGTAAACGGTGAAGGATCTATTATGATCATTTTAGCTTACAATTGATTGTAAGGT
TAAGCGTCCTCAAAACTCTT 

 

 

psbD 

GCCTATTTAGCCGTTGGTGGTTGGTTGACCGGTATTACTTTTGTAACGTCATGGTTTACACATGG
TCAGGTCTTCTTCTATTCCCATGCGCCTATTTAGCCGTTGGTGGTTGGTTGACCGGAAATACTTT
TGTTTTCGTTGGGTGGTCAGGTCTTCTTCTATTCCCATGCGCCTATTTAGCCAGGTAATCTAACG
TTAACAGAAGATCAGTCATGTGAAACGATGTTATAATGAAATTTGGTAACTCTAAAGCAAAGTCC
GCTCAAACGGCTATGCGCCGAAAAGTATCGTTATTTAGTCTTGTCGATGATTGGTTAAAACGAGA
TCGTTTTGTTTTCGTTGGGTGGTCAGGTCTTCTTCTATTCCCATGCGCCTATTTAGCCGTTGGTG
GTTGGTTGACCGGTATTACTTTTGTAACGTCATGGTTTACACATGGTCTGGCAAGTTCTTTCCTG
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GAAGGTTGTAACTTCCTTACGGCTGCCGTTTCCACGCCACCAAATTGTATGGGTCATGCCCTACT
ATTATTATGGGGTCCAGAATTATCCGGTGATATTATAAGATGGTTCCAAGCAGGTGGTCTGTGGA
CGTTTATCGCGCTACATGGTTCATTCGGAGTCGTTGGTTTTTGCCTACGGCAATTTGAAATAGCG
CGGCTAGTCGGTATCCGACCTTACAATGCTATAGCTTTCTCGGGTCCAATAGCTGTCTTCCTAAC
GGTTTTCCTTGTTTATCCGTTGGGACAGGCTAGCTGGTTCTTCGCACCTAGTTTCGGGGTCGCTG
CTATTTTCCGATTCCTTCTTTTCATACAAGGGTTCCACAATTATACCCTCAATCCGTTCCATATG
ATGGGGGTAGCTGGAATCTTGGGTGGAGCTTTATTGTGTGCAATTCATGGTGCCACCGTCGAAAA
TACGCTTTTTGAAGATGGAGACGCTGCAACTACTTTCCGTGCTTTCACACCAACACAAGCTGAAG
AAACGTATTCTATGGTAACAGCCAATCGTTTTTGGTCACAAATATTCGGCGTTGCATTTTCTAAT
AAACGCTGGCTACACTTCTTTATGCTTTTTGTACCAGTCGCTGGAATGTGGACAAGTTCAATAGG
TATAGTGGGGTTAGCCTTAAATTTAAGATCTTACGACTTCGTTTCACAGGAACTGCGTGCTGCCT
ATGACCCTGAGTTCGAAACCTTCTATACAAAAAACCAACTTCTAAATGAAGGAATCCGTGCCTGG
ATGTCTGCACAAGATCAACCACACGAAAACTTTATATTCCCCGAAGAAGTACTGCCTCGAGGAAA
TGGTCTGTAAAAATTTTTTTTTCACCTTTTCCATCGCAATAAATACCACTTCAGTACCTTGCAAA
AAGGGGATGGCTCCGATTCTTCGAAGTTAAACCTGTGAGGAGTATGAAGATAATCAAAAATCACT
GAAGATATGTATCAAATAATTAAAATAAAACTTTTTATTGTACGGAAAAATATTCATATGACCTT
TCTTCGAGATGAACATTAGATGTAAACTTTACCCCATGGTTATTTTACTTTTAAATCGACCCTTT
AAACATAAAATAGTTTTTCATTATGATGGAACATAAATGGTTCGATAAAAACAGTATATTTCTAT
ATCATAGAGGAATAATTGTTACCAAAACATTTCGTTAAATAGCTAGATAAATATACTTGTTCAAG
TCACTGACGTTGGTTGTTTGGCTTGATTACGTTGGGTTACGATTAATGGGATCTTAAAACTAGAT
TAAATTTGCTCTGGTAAATGGCGTTTATTTTTTTAGATAACGAAGCAAACACCTTACCTGTCGGT
AGAAAAAGATAATTATGTCAATTTTTATTGTGTTTTATATCTCTGACGTTGTTACGAACCGACAT
TGCCAGTTATGTTAACATTCGTTTTATAGGTTTTAAAATAAATCATTTAGGATTAATATAGAATA
TTAGTAAAACAATTCACAAGCAGTGTACTGTTTAAACTGTGATTTTGGTATTCTTAGAAGCTTGA
TCTTCGAAACAAGTATTTCGCAGAAGAACAAATCCGTTTCTATGTAGTTGTTAAATTTACGAACG
CTGGAAATTATTGTAGTGTATTACCTTATTGCTGGATATTCATACAAGATGTTTCATAATTTTTA
GACTCACAGCGATTAATTATCAACAGTTTATATATGTGTAAGATATTAGACGACTTTATCTCTTG
CGTGTCCATTGTAACTCACCGGACGATTTCCGAAATGTCTTTTATTGGGGTAATTTTACTAATCC
TTATTAATTTTATAAAGCGAATTACATTATTGTATTTAATCGTGAACGTAAAATGTAGAAATTCG
CCGGTTAATAAATGCTTTTTACGCTTTAAAACTCTTGGTATAGAAGAAGTTTTAAATTCTAAAAT
TTACAATTTAATTATGTAATATTTTTAGACTAACTTGACGGCTTTCTGCAAATCCAATTTTTTTA
TTGACTTAGCCACCGACTTAAAAATGAATTTAATCCTAGATATAACATTCGTTATAGTTTTCTCA
ATTAGACTTCGGGATCTAGAATAGTGGAGAAACGCTGAGCCGAACTTTACCGCCGAAACACTCAA
GAAAAATCTAATACAGCATTTTCACGGTTTTATCGTAATGGGTTTTATTCATATTAAGTTGAACT
CAAAGCGCTAAAACTAAATAAAACCCCACTTATTTATAATGATAAAAACTCTGCATACATAATTA
ACTAATATAAAAATTAAGGTGTTTTTGTATAAAAAATAATAAAACTTATTTATGGTATAACGAAG
TCAACTTCTATGCGACATGAAAGTGTTTTTGTCATGAATCTTTTTGGTGAGTTTGATCCTGGCTC
GGGATGAACGTTGGAGGCATGCCTTGAGACATGCAAGTTGGTCGGAAATCATTTCAAATTTAATT
TCCGTAGCGGACGGGTGCGTAACACGTGAGAATCAACCCTTAGGGACGAGGATAAAGGTCGGTGA
CGATTTCTAAAACTCTATAAGCCGTGTCAATTACCCATGTAGTTGTCGGTGAAGATTTCCTAGGG
ACGAGCTTGCGCCTGATTAGTTAGTTGGCGAGGTAATGGCTCACCAAGACTATGATCAGTAGCTG
GTTTGAGAGAGCGGTCAGCCACATTGGGATTGAGATACGGCCCAAACTTCTTCGGGGGGCAGCAG
TCGGGAATTTTCCGCAATGGGCGCAAGCCTGACGGAGCGATGCCTTGTGGAGGATGAAGGATCAT
AAAGGTTCGTAAACTCCTTTTATTAAGGAACATTAATTGTCGTTTCCGTATTTAGATAGTACTTA
AAGAATCAAGTATCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACGGGGGATGCAAACGTTGTC
CAGTTGTATTGGGCGTAAAGCGTCCGTAGGTGGACTGGTAAGTTTATTGTTAAAGATTCTGGCTC
AACCAGGAAAAAGCAATGAAAACTGCTGGACTAGAGAGTGGACGGGGTGAAGAGAATATCTAGTG
GAGCGGTAAAATGCGATGATATTAGGCGGAACACCAGTGGCGAAAGCGCTTCACTAGACCATTTC
TGACACTGAGGGACGAAAGCTAGGGGAGCAAAAAGGATTAGGTACCCTTGTAGTCCTATCGCTGT
AAACGCTGGGTACTAGATGTCGCAGTGGTGCGGTGTCTTAGCTAACGCGTTAAGTACCCCGCCTG
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GGGAGTACGCTCGCAAGGGTGAAACTCAAAGGAATTGACGGGACCCCTCGCAAGCGGTGGAGCAT
GCTGTTTAATTCGATCAACGCGAAGAACCTTACCTAGATTTGACCTTCTATAAATCTCCATGAAA
ATGGAGGAAACCAAACTTACATGGTGTAAAAGCTTCTTAGGGAGCAGTAGTTACAGGTGGTGCAT
GGCTGTCGTCAGTTCGTGTCGTGAGATGTCAGGTTAAGTCCTAGTAACGAACGCAACCCTTATCC
TTAGTTAATTATATGTCTAGGGAAACGGCCAACGATCAAGTTGGAGGAAGGAGAGGATGACGTCA
AGTCAGCATGCCCCGTATGTCTAGGGCTACAAGCGTGCTACAATGACTATTCAACAAAAAGTCGC
AACTTTGTGAAAGGAAGCGAATCTACAAATGAGGTCACAGTTCGGATTGTAGGCTGCAACTCGGC
TACATGAAGTCGGAATCGCTAGTAATCGCTGGTCAGCTATACAGCGGTGAACTTGTTTCAGGGGT
TTGTACACACCGCCCGTCACACCCCTGAAGTTGACTATACCAGGCGTCGTTGTCTTAACCACACA
TATTTTTAAGACGGAAGACAACGATAAAGGTTGTGTCGGTAACCGAGGTGAAGTCGTAACAAGGT
AGCCGTACTGGAAGGTGTGGCTGGAAATCTTTTTTAAAGAAAAAAACATCTAATTAAGTTCTCTA
TCCTATATGTGCGACGGCTCATTTTTTCGGCGGTTTTAGCATTTAATATGCACGCATTACACTGC
GACAACCATCTCGAATTCTGGAGTGAAGATATATAAAAGTTCGTACTGCTCAAATTGCCTGACTA
TCCTACAAAAAGGATAAGCATTCTAGAAACAAAAGAAATGAAAGACTATATTACCCGATAAACAT
TCGTCAACGTCAACAAACCTCATCTGCGTGGGAGGTTTTTTGCTCGTGGGTTACAACTACAGAAA
ACAGACTATATCTAGGGTGGTTCGGTTGTCTAATGGTACCGACCTTAGTTTCAGCAACCTTTGCC
TATATCATAGGTTTCATCGCGGCACCGCCTGTCGACATAGACGGTATACGTGAACCTGTGAGAAC
GAAGCAGAAGAGCAATCGTAGCACAAAGAATCTTCTGAAGGCCCCAGAAATCCATCCAGAGGGCC
GAAAAAAAAAAAAAAAAAAAAAAGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
 
 
psbE  

CAACATTGTCTCGTATGTACTAGTTAACAAAAAAGTTTTTTTGCACAAACGTGCTAAACTCAAAG
AGATATTTGTTAACGATGCTCACTCGGCTTATTAAACAAAATAAATGCTATTTCAAACTTTACTC
AATTTTTTGTTAAGTAAAATTAATGATACCATCGACTTTTTAGAAAACGAGTAAAGAAGACGTGC
AACTTACGAAGAGTTGTGATTCATCTAAAGTTAAGCTGAATTAAATCGATTGCTCGAGTATTAAA
AAATTTATTCCCTGGAATCAAAATACTTAATTGGAATATATCGCATTGAGCGTAACATATTGATT
CTTTTAAAACCCATAACTTATTTCCGTTAGAATAGAAAAATCTTTATGCGAAGAAAACTATAATC
TAAGATTGAGAAGCGTAGATAATATAAAGAGGGTTTGTAACTCAGTGGATAGAGTAGCGGACTCC
GATTCCGTTGGTCGTAGGTTCGAATCCTTCCAAACTCAGATCACATATTTTTAATACAATAGTAG
ACTAAAAATAGCAGTTGTTTATTTGTATTTATATGAAGTAATTTGTTTCATATTATAAAATTTCA
CTACTGGACGTTCCACATCATATACTTTTCTACAAATATTTCTTTGTAAACCCTTCGACGTTCGT
TTTCTACATTAAAGACTCGCAAAACCCTTGTTGAGTCGCGTGGGGTCTTTACTTATTTTACGAAA
AATAAAGCGATTGAAAATTACAAAAAGGCGAAAAAATTATTTCTTTCGTGTGCTTTGATTACAAT
ACATATCAAGCTGAGGCTCAAAATGGAATATTTTCACTATAAACGTGTTGATTAGAAAATACTTA
TGCCCTTCGCGGACTAACAAACTTTTTTATGTTACGTTCGTGCTAGTGTTTTAAGTATAAACCGG
CAAAGTGTAGTTATTATTAACGACTACACAATTCTTACCTTTTAAAAGAATCTCGTTCTAATTAG
GCGATAAAATACGTTTTTTTCGACCTCGTAACCGTTGTTTAAGGAAAGGGCATTTACAAGTATTC
TAAATAAGGTGTTGCTTGTGAATTAAATTTATAGTATGGCCGGTTCCACAGGAGAACGACCGTTC
ACAGATATTATAACCAGTGTACGCTATTGGATCATTCATAGTGTGACCATTCCATCACTTTTCGT
CTCAGGTTTTTTATTTGTATTAACCGGTTTAGCTTACGATGCATTTGGAACCCCTCGACCTTCTG
AATATTACACCGAAAAGCGTAATGCTGCACCAAGATTAACTGAGCGTTATGGTGCAAAAGCGGAG
TTAACAGCCATCGCGGCGGGTATGCAAGAAGAATAAATGAAATCTTACGTTTTACTACGAACATC
TTTTGTGAAGTTTAGACCAACTGAAAATAGTGCTGAATTAAGTAGGAAATATTTCGTAAAATTAC
TCTTAGTGCTATTACCAGAAGATTAATTTTATCAAAAGTTATACCATTGAATTTATTATTATACA
CCAACTGTGTCTTTTGAATAATA 
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psbF  

AAAAAAAAAAAAAAAAAAAGTCTAAAGCCAGTGACCGGAGCTGTGACATATCCCATATTTACTTT
TCGATGGTTGACAATTCATGCTCTTGCAGTCCCCACGGTATTCTTCCTTGGTGCGATCACTTGCA
TGCAATTTATACAGAGAGCGTAAAGTACGGTGTTTAGATAACTAAACACTTCGAAAATTCGTGAT
ACCCAAGTTCATACTTTCTAGTACCTTAAATTCTCGTCCCATGTTACAAAAAAATCCCTATGAAG
GAGAACCTGTAGAACTGAATCGAACGTCTCTATTTTGGGGATTGTTACTTTTCTTTGTACTAGCG
GTTTTATTTTCAAGTTATTTATTAAATTAGGAGTGACTTGTAAATTTTTTTTTTTTTTTTTTTTT
TTTTT 

 

psbH   

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAACACCCATTTTTGTACAAAGTCTTCTCTTATCAGCAAACGGC
CGCAACGGGAAGAGGTTTAAAAACAAAGTTAGGGAGAGCCCTGTTGCCTCTTAATTCTCAAGCGG
GCTTGGTAACGGCGGGGTGGGGTTCAACGGGATTCATGGTATTTACTATGGTGGCATTCCTATTG
TTTTTAACAATTATTTTACAATTATATAATTCTACAATATTATTGGATGATTTCGAGCTTTCTTG
GGCTGATTTACCAACAGGGTAAAGTTCTTGATTTCCGAATGTTCAGTGTTTAATTATTGAAGGTT
ATGGGAGTTAAATTTTGGCATATGATCAAACTATCATTAGGCAATCTAAGTGTGAACAATTTAGT
CGTAGAGTACACTCAATAAGGATAATTCAGCAACTTATCTAATTTTTTAAACATATTTTACTTAG
TAATAAAAAAACACTGGTTGGAATTAAAATTATTCTTATGACCACGACATATGACAAATGTGATA
TCAGTTGGTTAAATAATAACCCAAAACCAATGATGTTAGGCCTTACATTTAAAACTCGTCTCGTA
GTAAGATCATGTGAAGTTTTTTCCGCATGATAATTTACTTTTATAAAATCCATCTTCAATTATTT
TTGATTATCTCCATACTCCTCTACTTTTTCTTTTTAAACTTCTCGAAGAGCCTCGACAAGGAGCG
TTAACATCGCCTTTTGGCAAGTTACTGAAGCGGTGTTTATTGTAATGGGAAAGGTAAATCCGCAA
GGGTTTTCATCAGTATTGATGAAGCCTACTGTCGGAATTTTAAGACGCTTACATTCCTCTAAAGC
TGGTTGGGTTGACTTCGAGTTAAAAAAAATTACCATTTTTGGTAAATAGGGGGTCGAAGGGGCTG
AAGACTCGCGGGTTCCCTCAATTCCCTCAAATAAGCGGTTAAGTCGTTGAAATCTTCGACGAAAT
TTACTAACGACTCTTCGATTCATTCTGGGGAATGGTTTCGAGTGACGACCACTGAGGCTTGTGCG
TAAGAAACTTAATTGGGTAGCACCCTGAGAAATTTGGTTAGCGTTCGTTAATATCCCAGCAAGCC
ACCGCGAATTAACGAAACGAGATCCACACGCAATTGCAGCTTTTCGGGTTAAGTTCGCTGGTTTA
ATAGATTTTCTAGGAGTAGGTTGCAAACTCTTAAGCGAAATACTTCCTTCCATAAAGGCTTCCTT
TGAGGACCAAGATTTTTGAGGGACGAAAGCTAAATGCCTCCAGGAGCGTTTTGGTTTTAAACTTG
GAACTGTTTGGCTTTCGTCAACAGTTCGAGTGGGTGTAACTCGAGTATCTACTAGAAGGACATCA
GCTGCTTGGTAAGCACCTGTTTCTCTCTGAAGTCGCAAGAAAGTAAGAAGGCTGGATAATTCACT
AGCCGAACGACGATAATCAATAATTAATCGTTCCTTCTTATAACTTTGACTAGCTACATGCTTTA
TCCATCCCTCAGAAGAATCTGACGGGCACCTAGCAAGAACTCTGTCATACATTTGAGGGTGTAGC
TGACATCGTAAGGTACCCAGGTGACCACGTGTGTTTAATAAAACTTTCTCAAGGTGACGTACTTC
ACGACTACGCGTGACCGATTGCTCAAGTTCTTTTTTAAATCCTGGTAAAGATTGAGATGCGACTA
CCTTTTCAGAGGGGAGTGACATATTTATATCAGCTCTTTTTGGAGAAACCCACTTTCGAAAATTA
AGTACAGTCATAAAGTTATAAAGATGAGATAACAGCCTAATCGAAAAAACTCACAAATTAAAAAT
AAGTTTAAAGAAGGCGCGAGTAAAACTCCGCAATCAAGGTTTTGTTCAACCGAGGTTTTTTGGCA
TCACGAAGAGTGGCCACACGATACGATTCAAATTTATCCGAGTCTTCTTTTGGAGACGATGCCGC
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GATTTGTGACTGGCGAGCTTTTGTACCCCTCTGTTCCACAATCGCCTTTTTTATTTCCACAGTAT
CTGTTGTTTGGCACGAATAACTGGGGATAGTTACAGGTACGCTATTAACTTTCACATGTCCGTGA
CTCACTATTTGACGAGCCGCACGAATTGATGTCGTAGATAAAGCTCGATAAACCACGGTATCTAA
ACGACGGTCTAAAGCTTCAAGTACAACATCTATTATGGAAGATCCTGCTTCTTTGAGCATCGTTG
AAGACCGAGAAGAACTAGCCTTTACATAAGCTCTTAGTTGCCGTTCTCGTAGACCGTAATTATAC
AAAAGTTGTTGTTTCGAAAGTAAACGTTTTCCGGCTAAAGTCACGTTTCCTCGTGCTGCTGCTCC
TCGTCCTCCTCCTCCTTTTGTTGGTCCGGCGCGATATCCATGCTCTCCTGGGACGTATGTACGCC
GCGTTTGTTTCTTACAGAACCCTGGTAAAGGCCCTAATCTT 

 

psbI 

TCGATCAAAGTACATAATACCAGCACCAAGGTAAGCTGTGGTCCAACCAGAATCAGTCTTCATTT
GAAATATACCTCCTCCTTCGGGAGTAGCTCCAATCCAGCACTGGTGCGCGGAAGCTAGGGTCTGT
CTACCCCGGCCGGCACATGGGACGTCAAAGAGCGATGCTTGAAACTCGAGGGCAGCCGTATCTTC
CCATCCTTCGGGAACCCAAACTCGAGCGGTAACGGTCATGTAGTTTATTATAGGGATATAATAGC
CTGGGATTTCTCACTAATATTAAAAGTTTCAAATAATTAGACTTTACGAGATCCTAAGATAAATG
GATAAAGCATGGATTTTTGCCTGCAATAAAGGCGTCTTTTGTCTTTTTGGGCCGCCTAAGAATCG
AACCTAGGCCCCCACCCTTGTCAGGGGTGTGCTCTAACCACTGAGCTAGCGGCCCGAAAGCCATA
AAAAATAATACAATTTTCACGAATAAGGGAAAAGGTGAAAAATTGTATTGAATCATATCAAGAAA
AAAAAAAAAAAAAAAAAAAACGTATAATAAGGCCCCAAATGTATCGCTTAAAGTTAGCTGTTTAT
CTGGTTGTGATTTTCTTCTTAACTATTTTTACCCTAGGTTTCTTAACAGGTGATCCATCTCGAAA
CCCGAATAGAAAAGATATAGAGTAAGGAAAATTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTT 

 

 

psbN – no obvious start codon 

TGCATGTTAACGAATATTACACTTAAAACTGCTCCAGAACGAAAACTTCAGTCAAACCTCCTCTA
CTCTAATACTGTTCTAAAATCTTGTTCTACGAGCACCAACTCCGCACCGGGGTCACCCACGCCCA
CCAAGGTAGGAGCACAGCCTCTTGACAGACAGAATCTTACTCTTCTTCTGTCACTTCCTGCCTCC
TTATCGTTGGTGCCAACTCTGGGAGATTCTCTCGCGCCAGCTGCAGGTCTTTGTTTGTCATCGTT
ATCAGAAGGTGGTTACGGACAAGATGAATCGGAAATACTTCTTTCGGAACCAAGTAGAGTCAAAG
GAATTTCTTCATTCCTTGGCACGTCGCTTCTTGCGCAATATCTTCTTCTTCTCAAAAAACGACAA
TTCGACTCTGTACAATTGCGTGCCGCAACGTACTAGTTTTGTGGTCGTGTGAAAATATCCAATTT
TGTTCAGTTTTTATAAGAAAATTGGTTACTATTGCGATTTTATCCCCGTACTTGCAGTCTTTAAA
TATTTAAACGCTTATTCTTTTCATTTCGCTGAGAGAAAGTTCACTTGTAATATTAGTCAAAGTTT
ATTTTAGGGTTGTGCGCGTGCGTAAGTTATCATGCTATTACGTAGGAACGTTGGTAAGGTTGAAA
CTTTTTGCAGATTTTAGTAAGTTGGAAGCTGCCGCTTTTGTAACATACTTTGTCCTAGGCCTTTT
AGTAGGTATCACAGGATATTCCATATATACTGCTTTTGGAGCTGGTTCTTCAAATCTTCGCGATC
CTTTTGAGGAACATGAGACAACGGAGGCTATTACATTACATACCCCTCGATAAATTTTTCACCCC
AGCCCTTTACTTTAATATTATGGTAATAGGCCATAACATGAGTCTTTTCCGATAAAAATTATGTA
GAATGTGGGAATAAGATTTTTAACTTTGCCGATCTTTTAAAAGCTACCGACGCACTAAAACGTGT
ATAAAATTATCACATTAGTCGTATATATTTGTCATTGTCGTACCTACTCACCTTCGTCGATGTTA
TCAGTGTCTCACAATAGCTCGATTTTCTTAAAAGGTACTTCAGTAAGCTTTATTTACAACTAAAA
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GCTTAGAAGTTTGGTCGTGCTAATTTTATAAGATGGCTGTAAAACACTTTTTATTTCAACAAGGA
AAAAGTAAACAGAAACCTCAATTATTATACGTGCACTTCGTAGTAAACTACCCAGTATTCTCACG
TATATACATAATAACAAAATAGAAGTCTTCATGCTTCATTTTGTAAATACGTTTTTAGCATATTT
GA 

 

psbT 

GTTAATTTCATAATTTCAGAGTTATTTTATTTGATATCTTAGTAGTTTATGGAGGGGTAACGTCT
GTTGCGCCATTTAAGAGATTGCTAAGTTAAAATTATTAACAATATTAGAGTAAGCAATGAAAAAG
TTTGTAGTTTTCTAAGCACACCATCCCTCGAGATTGTAGTTCAATTGGTTGGAACGTCRCCCTGT
CACGGCGAAGGTTGCGGGTTCGAGTCCCGTCAATCTCGATAGTAAGGTGACGTTCCAACCAATTG
AACTACAATCTCGAGGGATGGTGTGCTTAGAAAATTWAAAAATTATTCAATTCTAATAAAATTCT
TGAGATTCGGGTCCTTTTTTATCTTTTATTTTAAAATTCTTAGTTTCCATAAAAGGTTTTATAAA
ACCCAATAATAATGGTAAAATTTAGTTCATTGGAAACATATCTATAGCTTTATAACGTGAATAAT
TTTATTATCATAAATAACACGTACATGGGAGTAGTTGTAAAAGTATTTATTACTCAAAATACAAA
ATTTTTACTCTGTGCAAAAACTTCAGAACTAAATTTAATGCTCTGAAAATTATAAGAATACGGGG
CGTAACAAGACTAGATTTTTCGATTTGATTAATGTCTTGAATAGCACTGCATATTACTAATAAAA
TGAGGGTAAAATTTATATTTGTAGCCAGTTTAGTTTATAAAAACAAGTTTTTGGTATTGTATTTA
ACGTTTTACTATCGTCTAAGTTCGATCGATTATATTAATAATATAATTGGCGATGTTATGAACTT
TTGTACTCGTAAAGAGAGGGTAGTTCTCTATTCTACGGATATGGAGGCCATTCTGTATACAGTTC
TATTGATTGGCACTCTATTTGTTATATTTTTTGCAATTTTTTTTAGAGATCCGCCACGTCTTGTT
CGAAAATAAACGATTTTGGAGTTATTCATTGGTATTTATGCAACGTTAAACACTAAGAGAACATT
GCTAGAAGGTCTATTAACATTTTTGAGAGCGATCATGGTAACTTTGATTTTGAGAGATAAAAATC
TTTCATACGACTTCAGAGAATAAATTGAATTTTTCGCCACTCTTCTATATGGTTCAAAATTAGTA
GAAAAATTACGCTTTTTCATGTATGGTTTCAAATAAGATAATATATGATTATACCCATAAAACAT
ATTTCCTTTTCGACTGGAAGGTAATTTTACGCTAAAAAATTTATCTTCTACAATTTCCCTATCAG
TTAAAAAAGATCCTATTCTCTCAAAAATTCCAGAAACACTTAAAATAGACTGCTGGTAAA 

 

psbV   

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAATTGTTACTAAAGCTTCA
AAATGCCTAAAAAACAGATTTTTTCTAGGCAAGTAAGAACAAACAAACAAGTCCAAGCATCTCTT
CTTTTTTCATTAGTTTTCTTAGCTTCCCCTGAGTTTGCATTTGCTCGCAAATTCACAGACTCGGT
CAGAACCGTACAACTGAATGCAGCGCGCGCAGATGTAGTACTATCACCAAATCAAGTACGTCGAG
GAAAGTTTCTATTCGGAAAAGCTTGTGCGTCTTGTCATGTAGGTGGGTTAACAAAACCTAATCCA
AACGTGGGGTTAGATATCAAATCGTTACAAGTTGCACGACCTCCTAAGAACAATGTCGCCAATTT
AATCGCATATATCATTGCACCGACCACATACGATGGATTAACTGATATATCAGATATTCATCCTT
GCACAAAACAATCCAGATTGTACACAAAGGTTAGGTCTCTAACTCGATTCGACTGTTTCTGTATT
GGTGGTCACGTTCTACTACAAGCAAAACTATTGGGAGAAAAATGGGGTGGAGGAAAAGTTTATTA
CTGAACTTTCTCAGAATAAGTAATAAATTCGCTATTTTCATAGTGAAGGAAATCTTTATAAAATA
TAGAGCATGTCATTTCTTTTAGTGTAATTTTATCCAAAAACAAGTTTTTAATTCTTCGATAAAAG
ATATGTCATAGGCAGTATAACGTTGAGGTCAATCTTATAGTTTTTTTTACCTACTGAAAAATTAG
AGTAAAGTATACAACGTTTTTTATAGGTTTAAGTTTAGAACAATCATACTAAGAATATTTTTTGG
AATAATAAAATTAACGAAGTTTTTTTAGATTAAGATTTTTCACATAAACTAAAAAAAAGTAGTAT
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TTAATTTTATGGCGACAAAGGGAAAAATTGAAACTGAGATGCGTCGAGAACGCTTAATAATTAGT
TATTACAACAAAAGAGAAAAGCTACGCGAGGCCGTTAAAGTAAATAGACGTAATTTTAGACAAGG
TAAAGCTCCAACGCTCGTCCAACATGTTGAGTTATTGAAAAAAATTCACAGTTTACCGAGGAATT
CTGCCCCCACTCGGCATCGAAATCGCTGTTGGGCAACGGGTCGAAGTCGAGGGTTTTATAGAGAT
TTCGGGTTATCAAGACATGTTTTACGTGAAATGGGAAATGAGGGATTAATTCCTGGGCTTAAGAG
ATCAAGTTGGTAAAAAACCTGTACGTAAAAGTACTTCGATAGAAAAAGTCGGAGTAAATGTGTTC
AAAATGTAGAATCTCCTGATTAAGTAGAAAACTTTCTTGAAGCCATAAAATAATTACATCGAGAA
TAAAAACGCAGTTAGACACTTACTATTTTCGACGACGACTCGTTCCATATCTTTTCGATTACTTT
TACACTTTCAAGATAAAGAGTTTCTATCCGTTAAGATTATTATAGATTTCATTATTCTAGCCCTC
ATCTCTAATATTTTTATCTTCCTTGAGAACGGTCATGGTTAATCAAATTTTTAGTCACTTGGGTC
ATGAGTCAATTAAAAAAGTTTAGAACGACAATATCTTTTTTGGTTTCCTGGACCCATGGCACATA
GGTTATAGGTTTTTAGATAAAAGTCGAGAAAATACCCTATAAATAAATAAATTGGAAATCTCAAA
TTGACTTGTAAAAATCATTTGATTGTTCAGATAAGATAACTTTATATTTATCGTAATATCTCCTT
TGTTTTATTAGATAAAGGATTTAATCAATAGATTTTAAAATCAAAAAAAACCAGGTCGCTTCTTG
TTAATGCGTTGTAAAAGAATACTATTTTAGTAAACTGCGATAGCTAACGAGCTTTTAAGAAGAAT
TCGTATAAGTAAGTTAATTACTAAATGTGATAAACCATCGCATTTAACTGGATACTTTTTTAATG
GAAATATTTAGCGTGAAGAAAGTTTTTTAATACAGATTGTTTTTTCATTACTAAAGAATAAAAGT
AATCCTTTAATTTTATACGAACATTCTCTTCTGTCGTTGTGACCCACGAGCGTAAAGTCTCGCAC
TCCAATGAAGTTTGTCGAAGTTGAATAATGGTTAGTGATGCTTTCCTGTGTGTTAGAAATTAACT
ACGATAACGTGTGTTTATAGTAGTTATCTAAGTATACTTTATGTGTCCCAAACTCGTCATTACTA
ACAACAATTTATACCATTTCGCTATTTCGAAAGAATACTTGGCGGAAGCGGAAGACTTAGTCCCG
ATAATTTTTGGCGCTCGATTACACACAAAATTTGGATATAGAGGTGGGCTACTACGCACTCGTTT
AAGGATTGTTGCCTCTAGTCAAACCTTCCACCTGTATTAGTACGCGAACCTCCTTTACCACTAAG
CCTAGTACACTTTGGGGCCTTAATTTAACGGTTTAGGCTGTTTCCCATTTGACGATGAAGCTTAT
CCCACGCCGTCTCACTATTCTATATTATCTATAGTATTCTAAGTTTACCTAGACCTCGAATAGAA
TTTTACAACTGACAAAAATTCACCCGTTATTTTTTCAATAATGAACGATTGGTATCGCCGTTTAG
TAAGAATTAAAATTCATCGCCAAACGATTCTTTCGTCTTAAATGTTACTGTACATATTGTCGAAG
ATAACCCGAATAATATTTTTTGGGCGTCTCTATCAACTCGCAATATTTTACTTGTATAGTAAGGA
TAAGAGTTCTAAATTAAAAGATCTTTGAGTAAGATCCTGAAGTTAGTAGTTATCTTTCCATTTTT
GGCAAAGCTAAACTCTAGGTATTCGTCGTAAGGATCGGCCACAAATGTGAACATCCTTATTACCT
CATTATATTTAGCCAAAGAGCCAAGATTTTTAAATCCACTCTTTTCGGCCTAAATGGCGGTCTAC
CCGCCCGAACCTCAAAAACTCTCGTAGATGTTCGAAGATACGTCGTGCCGGCCTTAAAATTATTT
CCAACAAGCCCACCGAAATTTCCAATTCCTATGCTAAGTGATACAATGCCCTTATTTTCGGCTTG
GATAATAGCTTCTCATAAGAGTATGATACTTAAATCCCTTATTACTAAATTATAAAAAAAAGAGT
TGTTAATTAGTAAAATAATGTTCACATAGCAATCTAAATAGGAAAGATTTGAATCTGAAAATCCT
ACAGTAGCTATTCTCAAGTTTGGATAAATTAAAATCACACAACAGCTGTCAACTTTAATTTTCTG
ATTTAATCGGAATTCATAGTGATTTTTTTATTAATTACCGTTGTAAAAGTGTTTCAATTGATAAT
CCTATATGTTATCCTCAATGTGACGTCTCATGCTTCGTATAGTAGTGGGTACGCACTAGAAGAAA
TACAACAATTTTCTTTAATTTTACGAATGTGTATTATGTTCATTACTGCTGCAGCAGTTACGCCC
TCACTGAAGGCTTTTTTACAAAGTATTCTTACTGCCACCCTCCTTGTTGTATTACCTATTGCAGC
CGCATTAACCGCGGTTAGTTCTCTCGATAAAATTGCGAGATCATAAATGTGTCAAGTACACACCT
TTTTTCTTGAGCGTCTAATATTAGTAATTTATTGATTTCTCTAACCAGCTTGAGATGTACGTTAC
TAAAAATTAAGTGTCTTCAACTTTTAATAACCAGCACTAAAAGTGTAATAGATTTATTTCTTTAT
TTGTGCATTGCGCACATCGAGAGAATTTTCCAAATACTAACCCGTTGTAAATTCGCAAAAGTTTA
AAATATATTTTACTATAACAATTAATACAAATTGCAGCTTTCTTAACTATTATCAATTTCTGAAA
T 
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psbZ   

CAAGATTGGMWYMAGTCAAGGATATACTGTTTTCAGTTGGTCGTCAAAGCTAGCCCCAATTCTTG
CGTACTTTGTTAACCATGCGAGCAACTGCCTTCGTTCTGAGCTGCATAGCTTGCGCTCAAGCTCG
CCAGAGCTCGCCAAGTCCGTTGCAATCGCTTGCAACACTGCTTCAGGCATCCAGTCCTGAAGCTG
GATGGCAACTGAGCGGTGCTGGCGCTGCTGCGAACAGTCAGGCTCCCCGGCAAGTGCGTTCGGTG
GTTGCAATGAATGGCATTGGCAAGGAAGATGAATCTCGTGTATCAAGGCGTTCAGCAGTGGCGCA
ACTTGCAACTGTAGCTGGTATGGCAAGCATGCTTGGTGCAATGCCAGCACTAGCCAAGGATGATG
ATGACGATGACAGCGGCGTGAAGGCTCCTCCTCTCAGGACTGATGCCGTTTTGCAGGCGCGAGAC
AAGTACGAATTCGGAAGGAAATACAAAGCCGACACGAAGCTCATGATTGACAACATGAAGATCGT
TACAGACATGGGACGAGGCACTCCGCAGATGGAGGACATTGCAAAAGCCACGCGAAAGCAGATGA
TTGAATACATCTCTCTCTACCGCGCGAGACCAGAGACGACCAAGTTGCCGTCGTTCTCTGTCATG
TACACAGCCATCAACACCGTCGCCGGGCACTACGCATCGTATGGATACAAGTACCCAATTCCAGA
GAAGCGCAGGGTGCGACTTGCAGAGCAATACTTGGAGGTTGAGCGCGCGCTCGCTCGTGGCAAGT
AAACAGCTGACCATATGAAAACAAAATTTCCTCGACAATTTGAATCCTATGCCAGTTACATGATC
TTTTCCGAAATGTTGA  

 

rbcL 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAATTCACGCTACGGCTATAATAGATTTTTATGTTTACAACGTTGCCTAAAAATTTGTCCACTT
ATCAGATTATATAGATGTAAATTACAAAATAGAGAGAATGTATTATATGTCCTAAAGTTATGTTA
ATAAAAAAATTTTCTGAGGACGTGAACTCACGAACTCGAATAAAAGCCGGACGATATAAATCAGG
TGTACTTGCCTACAAAGACATGGGATATTGGGAACCTGACTATTCTATAAAAACAACAGATGTTT
TAGCAACATTCCGATTCCAACCGCAGCCGAGTGTACACCCAATTGAATTAGCTGCTGCATTAGCA
GGAGAATCTTCTACGGCTACATGGACCGTAGTTTGGACAGATCTTTTAACCGCGAGTGATATTTA
CCGTGCCAAAGCCTATAAAGTGATAAGTCTCCAAGATTCTTCAGCACTAGCTTACATTGCATATG
ATCTAGATCTTTTTGAGGAAGGATCTATTGCAAATTTAACAGCCTCCATAATTGGTAATATTTTT
GGTTTCAAAGCTGTAAAGTCTCTTCGGCTTGAGGATATGAGAATCCCGGTGGCTTATCTAAAAAC
GTTCCAAGGTCCAGCTACTGGTTTAGTCGTTGAACGAGAACGTCTAGATAAGTTCGGTCGACCTC
TTTTGGGAGCGACAGTTAAACCAAAATTAGGTCTTTCCGGTAAAAATTATGGAAGAGTTGTATAC
GAAGGGTTAAAAGGGGGATTAGATTTCCTTAAAGATGATGAAAATATTAATTCGCAGCCTTTCAT
GCGGTATCGTGAACGTTTCCTATACTCTATGGAAGGTGTCAATCATGCTGCCGCAAAAACCGGTG
AAATCAAAGGACATTATTTAAATGTCACGGCAGCGACGATGGAAGACATGTATGAAAGAGCGAAT
TTCGCTACGGAACTAGGTTCCGTAATTGTAATGATAGATCTTGTAATCGGTTATACAGCGATACA
ATCAATGGCTTACTGGGCTCGCAGTAATGATACTCTGCTTCACTTGCATCGTGCCGGTAATTCTA
CGTATTCTCGACAAAAAAATCATGGTATGAATTTCCGCGTCATCTGTAAATGGATGCGAATGGCT
GGTGTTGATCATATTCATGCCGGAACCGTTGTGGGTAAACTAGAAGGAGATCCAAAAATGATTAA
AGGGTTCTATGAAACGTTATTGGGTCTGTCTACACCGGTTAACCTTAGTCTCGGGTTATTCTTTG
CACAAGAATGGGCTAGTTTACGAAAGTGTGTACCTGTCGCTAGTGGAGGAATTCACGCAGGACAA
ATGCACTACTTATTACACTATTTGGGTGATGACGTTATTCTCCAGTTCGGAGGTGGAACAATAGG
TCATCCTGATGGTATTCAAGCTGGTGCAACAGCTAATCGAGTAGCGCTAGAAGCAATGGTTGCTG
CGCGAAACGTCGGCCTAGACTACGTTGCGCTTGGTAAAAGCATATTAACTAATGCTGCAAAGCGG
TGCGATCCATTACACGCTGCTATTTCAGTTTGGAAGGATATAGCCTTTAATTATGAATCAACAGA
CACACCAGATGTAGGAATAGAAGCGGCTCATTCGTCATCATCGACTTCTCAACATGCTTCTCAGC
ACGATGTTGCCCCTTCATAAGTTCAAAACCCTTTACTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTT  
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rbcS  

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAATGGCACACCGCCA
TAAAAAAAAGGCATTAGTAGCACCGTCATTATCATCATCAGTGTTTTTGATATGGGGGATTTTAG
TTGTGTATGTATATATATACATATATACATACATGTGGAAATATTTAATATGTAGCCAGGATTCG
CTAGTCGTTTGTTTTGAAGTTGTACGAGTGTGTTATAGAACTAGATTACTACGTAGGAACGCTGA
TAAAACTGGAACTTTTTACGATTCTTAAGGTTGTAACTACCATACTTTTTTGTTCTCCCTTAATT
TAACTCGAGGTGACAGATATCTCTGTAATACCCTAAGAGGATAAGTATGTACGATGTACAAAATT
TAGCTTCCGATGATTACACAAGGATGTTATTCTTATCTGCCTCCTCTTACGCCTCAGCAATTGGT
AATGCAAATCGACAGTGCATTAAAACGAGGACTGGGTCTTGGTATCGAATACACTTATGATCCGC
ATCCTAGAAATAGCTATTGGGAAATGTGGGGAAACCCACGTTTCACATTTGAAGGGGTTCAATCG
ATAGTTTATGAGCTGGCAGCTTGCGCTAAAGCACACCCCGAAGCCTATATCAAACTACTAGCTTT
TGATCAAGCAAGAGGGACAGAGTCGTGTGTCTTGTCTTTCATCTATCATCGCCCATCTGTAGAAA
CGGCATTTAGATTAGTTAGACAGGAAGCTAACTCAAGAAAAATTGTTTATACCTTAGAACCTACA
ACTCCTTAAAGATTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTTTTTTTTTTTTTTT 
 
 

rpl2  

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAATATTTAAAAATCGTAAATGCCTCGATCTT
TAAGATTAGCTTCATCTGGATCTTCAGCACTACTTGAAGTTATTAAGTATCCTCTTTTCTCAGAA
AAAGTCTATCGCTTAATCGAATCTAATCAATATTGTTTTGCAGTAGACGTGTATGCGACAAAGCC
AGACATCAAATCTGCTGTGCAAAATCTTTTCGCTGTGAAGGTTGATTCTGTGGCCACCGCACTTC
CACCACCCAAAAAGTTCGGCCGTGCTTTGGCTAATGGGAGAAAATCAGCTTATAAACGAGCTTAC
GTAAAACTATCTCCCGGAAATAGTATATCGCTTATCACTGATTCTTAAAAATTTTCCCCTCTGCT
TATTAAATTGAAATAATTAAATTTATGCTATAAATACCACAATAATAAAATTGTGCGCAACTCAT
GACTTAAATAACTTTAAGTCTTATAATTATTTTTGCTATTAGACGTAATTCATAATTAATATCAG
CTAGAAATTTACGATACAAAACTAATAATAGTCGAGTACAACATAAATCCATTTCAACGTCGTTT
TAAATAAATGATTTTCATGAATATTATCCTCAAGAATATATTTGAGTTGTTGTGAAAAACAGACA
TGACTATACTTATGTTTTAATTTAATATGTCGATCATGTACAAATTATTCTATTTCAGAATAAAA
AATCATAAAATGAAGCTATTTACCAAGATTAAAGTTATGTCTGACACATTTTATTAAAAAATGTA
CATACCTAGATTAAGGGGTTTCCATACCTGTTTCGGTCCAGATAATTTAATAAAAATCACCTCAA
AATTCTTTTATGAAGTGAGGGTACAAACTTCTACCTCTTAGCGCTAACTAAGTGAAAAAGGACGA
ATGCCGGTTTTGAGCTACGTATCACCCCGTAGCCCCGGAGTACGTCATTATACCAGATTAAGCTT
TGAAAATCTTTCCTCAAAAGCTCCTTTAAAAAGTTTAACTCGAGGTCTAGCGAAGACTGGCGGCC
GAAATACTAGAGGCGTCATAACGGTACGAGGGCGTGGTGGTGGTGCGAGAAAAAAGTGTCGACTT
ATAAACACCGTACGAAACAAGACGAAATTTTCAAGTGGACGCCTTCCACTAAAACAGTCCCTAAA
TGCAAAGGTTATGTCACTAGAATACGCTCCTCACAGAAATACAACTCTCGCCTTAATTTCCTACG
AAGATGGTCAACGGGAGTACATTATAGCACCACGTGCATTAAAGGAGGGCTCGTCTCTTTCTCTG
GGACCTGGTTCAAGTCGTGCGATTGGTACAACTCGGCCTATGGGCCTATTACCAGCTGGTTGCGT
TTTGCATAATGTAGAATTGAATGCGGGTGCCGGTGGTAAAATTGCACGGTCCGCAGGGACTTTTG
CGCAATTAATTGCGAAAACGGCTTCTCATGTAACGCTGCGATTACCATCAGGTGAAGTTCGTCTA
TTATCAAAACATTGTCAAGCAACACTAGGGCAGGTGTGTAATTTCATTGTGCAAAATAGATCACT
GGGAAAATCCGGTAGAAAAAGATGGTTAGGAAGAAGACCTTCAGTTCGTGGTCTTGCAATGAATC
CTAACGACCATCCTCATGGAGGTGGTGAGGGGCGTTCACCCATTGGACGAAAAGCCCCCGTAACT
CCTTGGGGTAAAATTGCGTTAGGTCTAAAAACTCGAAACACCCGTAAAAAAAGTACCATGTACAT
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ATTGCGTTCGCGTCATTCAAAAACTTGATACTCCACAAAAATGGGTGGGTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTT 

 

Rpl3  

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAATGCCTCTCACCGCGGTAGGTTTA
TTTGGAAAGAAGCTGGCAATGACACAATATGCATGCGATCGTTCACATTCTATAGCTACTTTTGT
TCCCGCGACAGCGGTTGAAATTGGAGCTAACCAAGTTACGCAGATAAAAACTGTGCAAACTTCTG
GATATGGAGCGCTTCAAGTTGCGTACAATGAAGTAAAGCCACGAGTGCTAAGCAAATCTTGTTTT
GGTAAACTACGCAAGGCTGGGTCGAGTCGATTCTTTAAAAACTTTGGTGAGTTTCGTGTGGCACA
ACCGGAAAAGTATAGGATTGGAGAATGTTTAGACGTAAGGCTTTTTCATCCTGGGCAACCGGTAA
CCGTCGTTGCGCCAGGGTCAGGGAAAGGATTTTTGGGTACTGTAAAACGACACAACTTCAGTAGA
GGTCCAATGACTCATGGTTCAAAAAATCATCGCTTACCTGGTAGTATTGGCTCGGGTACTACTCC
GGGACGTGTCTATCCTGGAAAGAAAATGGCTGGTCGTTCTTCTGGGCGCTCACGGGTACGATCAA
CAGTCTTAGAAACAGATGAAAATAATAACATCGTTCTTTTACGTGGTTCCGCGCCGGGGAAGCGC
GGACACTTTCTTAAGATAAGTGCAGAAAAATAGTAAAGTTTTTCCAAATTTTTCTAAATTTAGAA
GAATTAATTACGGTCATARATTAACGTTCTAAGTAGAAAATTGATAATAAAACTTTTGCTTAATT
TTGTAGACGTACGTTTCATGAGTACAAATTAAAACGTACTAAGCGAGTTTTGAGGGAACTCTTAC
ATTTAGCTGACTAAAATATTAATAACGTGGTGGTATATTTTACTACGTAAAACACGTACTCTATT
TACAAATCGTAGTGATAATATAAAAACGGACTACTCGCTATCTAATTTATCTAAAGTTTTTTAGT
ATGTTGACAAAAAAAAGTATGATTAATTACTTACAAAACTTTTTTGATACCTTAAGTGTATTTCT
AATTCGAGTATTTTGATAATTTAGGTCGTAGTTGCACGCGCTAAGAAGAAAGACCAGGTTGTTCC
GATACCTCCAAGGAGATAATGAGCAACTCCAACGGAGCGACCCGTAGTGATGCTTAATGCTCGAG
GAGAAATCGATGGAGAAAGGCGCACTTTACGGTGTGCCCATACTAATGTGTCAATAAGCTCTTGC
CAATACCCTCTACCAGAGAAAAGGAACATTAGACTGAAAGCCCAAATGAAATGAGCGCCAAGGAA
TATTAAACCATACGCCGACGCAGGTGTTCCATAACTTTGAATTACCTGTGAAGATTGCGACCATA
GGAAATCTCGAAGCCATCCGTTAACCGTAAGTGACCCAGAAGAGAAATTTCCATTCGTAATGTGC
GATACCCGGCCGGAAGATGTTATGGTTCCCCAAACATCTGACTGCATCTTCCAATAGAAATGGAA
TATAGTTATCGAAATACAATTGTACA 

 

 

Rpl6  

CCCCCGGTATGGTCAAGTCGAGCTGGTAAGGAGGGCATAGTATGAACGATCCTATCGGCGATATG
CTCACCCGTATCCGCAACGCACAGATGCGCGGCAAGTCCACAACCATGACACCGGCTTCCAAGCT
GCGTGGCCGCGTTCTCGCGGTGATGGCGGACGAAGGCTACATCCGCGGTTTCGAAGAAACCAAGG
ACGTGAACGGCCACCCCGCGTACGAAATCAGCCTCAAGTACTACGATGGCACCCCCGTGATCCGC
GAACTCAAGCGCGTGTCCAAGCCGGGCCGTCGTGTGTATCTGGGTGTGGATGACATCCCGCAGGT
CCGTCAGGGTCTCGGTGTGTCGATCGTGTCCACGTCCAAAGGCGTCATGACCGATGCAAGTGCCC
GCAGCCACAATGTTGGCGGCGAAGTACTCTGCACWGTCTTCTAAGGAGGTCTGGTAATGTCTCGT
ATTGGTAAACAGCCGGTCGAGCTGCCCTCGGGTGTCTCTGCATCCGTGTCTGGCCAGACCGTCGA
AGTGAAGGGCCCGAAAGGCGCCCGCAGCTTCACCGCGACCGATGATATCACCATCACGGTTGAAG
ATAACGTCATCACAGTCACGCCGCGTGGCAAGTCCAAGCGCGCACGCCAGCAGTGGGGCATGTCC
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CGCACTATGGTTGCGAACCTGGTTCATGGTGTGACCAACACCTTCAAGAAAGAGCTTGAAATTCA
GGGTGTTGGTTACCGTGCTCAGCTTCAGGGCAATGTCCTGAAACTGAACCTTGGCCTGTCGCATG
ACGTGGATTTCCAAATTCCTGACGGTGTGACCGTCACTTGCCCCAAGCAGACAGAGATCGTGGTC
GAAGGCCAAGATGCTCAGCTCGTGGGTCAAGTGGCTGCGAACATTCGCGACTGGCGTCGTCCTGA
GCCCTACAAGGGCAAAGGCATTCGCTATAAGGGCGAATTCATCTTCCGTAAGGAAGGCAAGAAGA
AGTAAGGACGCAAGGACATGGCAAACAGTAAACGTGATCTGTTCCAAAAGCGCCGTCTGCGCGTT
CGGAACAAACTTCGCAAGGTCAATGCAGGGCGCGTGCGCCTTAGCGTTCACCGTTCGAACAAGAA
CATCAGCGTTCAGCTGATCGACGACGTTCAGGGCGTGACGCTTGCAGCGGCTTCGACAATGGAAA
AAGACCTCGGCGGCAAGAATGATGTCGCTTCGGCTGCAAAGGTTGGCGCGGCGATTGCCGAGCGG
GCCAAGAAAGCTGGTGTAACCGAAGCGTACTTCGACCGCGGTGGTTTCCTTTTCCACGGTCGCGT
CAAGGCTCTCGCCGACGCAGCCCGCGAAGGTGGTCTTAAGATCTAAGATAGCGGTGCGTGCAAGC
ACGCACCCTAGATATCTCGTAGGCCGGGCTTCTGCCCGGCATACATTTTGCGGAAGGGGTGACTC
TTTCCCGATGATCCGGGAGCTCCGAAAGGCTCACCTGGATTGGACAATCGGGCCAATGGCCCACA
GCACA 

 

Rpl19  

GGGCTATAAAAATACCAAGAAAATGAGCGATTTAATCAAATTAATAGAAAACGAATATAATGCTG
TAAGGGAGTCTATTCCTGCTTTTGGCGCTGGTGATACTGTAAACGTTCACGTTAAAATCAAAGAG
GGAAACAAAGAAAGGATTCAGCAGTTTCAAGGAACTGTAATGCAGCGAAGAAATTCGGGTAATAG
CGAGACTTTCACCGTAAGAAAAATTGCTAGTGGTATCGCTGTAGAAAGAATCTTCCCAGTTATTT
CTCCTAACATCGAGAAGATAGAAGTATTGAGAAGAGGTAAGGTAAGAAGAGCTAGATTGTTCTAC
CTGAGAGGAAGAAAAGGAAAAGCTGCTAGAATCAAAGAGAAACTTTAAGATTCACTTTTTAAGAT
ATTTTTCAAGAGCCATTCCTTCTCAGGTTTGGCTTTTTGTGTTTACAATACTTTCAGCTACGCGC
AGCTAAAGTTAGTGTCCTCACTAACTTTTTACAAGAGGTGTTTGTGAGGACACGAACCAAAGCGT
AAGTTGATGACAAAACAACATTGATTCTTAAGCCTACAATGATTCTATTGTTGGTGTTACTTCAT
AACTTTGACGCAAAGAGAAGCTCATGACTATCAACTTTTTCAAATATCAGGGTACAGGCAATGAT
TTTGTAATGATCGATGATCGMARCAATGGATTTCCTGATGATATAAAATATGTACAGCAATTGTG
TGATCGTAGGTTTGGTATCGGGGCTGATGGCCTCATCCTAATCCAGAACCATCCGACCTTGGATT
TTGAGATGGTATACTTCAATGCTGATGGTAGCAAGAGCCTTTGTGGTAATGGCAGCAGAAGTGCT
GTGAACTTCGCTAAGCAACTCGGTATTATAAAAAATGAAACGAAGTTCCTGACCATCGATGGGGA
GTATGAAGCTACTATCGATGAGGATCAGATCGTTCACTTGCACATGAGGAATATTGAAGGGCTAA
GTGCCAAAGGCTCTGATTTCT 

rpl23  

ATTTTGGCTCAAGGTATATGGCTCAAGGAGAGTGCGCTTGATTGCCCAGTCCCTTATAGCGTGGT
GGTTCCATAGCTCCAGGCGAGATGAAACGTGGACGTGGCGGCAAGGGCGGTGGCAAGCTCAAGAT
CTCGCTCGGTATGGGAGTGGCGTCCTTGATGAATTGTGCGGACAACAGCGGTGCCAAGAATCTCT
ACGTCGTCGCTGTGGCAGGCATCGGTGGACGCTTGAACAAGATACCAAAGTGCTGCCCAGGAGAT
ATGGTACTTTGCACCGTGAAGAAGGGCAAGCCGGAGCTCAGGAAGAAGATGTTGAAGGGTGTGGT
GATCCGTCAGAAGAAGCAGTGGCGGCGCCGCGAAGGCCTCTTYGTCTACTTCGAAGACAACGCTG
GCGTGATTGTCAATGACAAGGGCGAGATGAAGGGCTCAGCGATCACAGGCCCCGTCGCCAAGGAG
TGTGCSGAACTCTGGCCAAAGGTGGCATCTACTGCACCTGCCATCTGCTAGAGGATATCTTGAAG
AGCAAGAAGTGAGTGTGCACCAGAAGCCGAAAAAGAGAGCCGAAAGAGAGAGCTGAAGAATATCT
TGAAGAGCCGWGCGCATTGTACTACCAGAAGCCGAAGAAGAGCCCCGCCCTTGAGGCCATGATCA
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AGGATCGCTATGCGCGGGACTATGCAGACCGCGGGCGCGAAGTGCCTCCAGCACCCACCTTCTCA
GATGCAGACCGGCGCCTCCAGTACGACGAGAATGCCGAGGTTCATCTTGGTGTGGGTTGCGATGG
TTGCGGCATCTGGCCAATCAGAGGACCAGCTTGGGTTGATGCAGACTGCCCAGAGCCAACTGGTT
TTCATCTCTGCGACCCTTGCTATCAACTGGGCTTTCACCGCCGCGTCCTCACTGGCAGGTTCAAT
CAGACACACATGCCGAAGAACAAGATGATCCCACT 

 

rpl27 

ATTACAAATTATGTACGCAATAGTTGATATAGCCGGTAAGCAGTTCAAAGTAACGCAAGATCAGT
ATGTTTACACTCCTCGTTTGGAGGGTGAAGCTGGCGCTTCCGTAGAGTTTGACCGTGTATTGTTG
ATTGACAACGATGGAAAGGTCAAAGTAGGTGCCCCAACAGTGAAGGGTGCCAAGGTTTCAGGAAA
AATCCTTGCTCAGGAGAAGGATGATAAAGTGATCGTATTCAAGAAGAAGAGAAGAAAAGGATACA
AGGTAAAGAATGGTCACAGACAGCAGTTTTCTAAAATTTTAGTTGAAGACATTAAAGGATATAAT
ACCATGGCACATAAGAAAGGTGCAGGTAGTTCGAAAAACGGAAGAGAATCCCATAGTAAACGATT
GGGAGTGAAGATATTTGGTGGACAAGACATTGTTGCTGGTAATATCATCGTAAGACAAAGAGGAA
CGCAACACCATCCAGGAGAAAATGTTGGAATGGGGAAAGACCACACTTTGTTTGCATTGACAGAC
GGTGTAGTTGAGTTCAAAAAAGGAAGACAAAACAGATCTTTCGTATCAGTAGTTACTCCTGAGGC
GAAGGCTTAATTAGTCTGTTTAGAATATAAAAAAGCCATCTCGGTAAACGGGATGGCTTTTCTTG
TTTGTAGTGTTTGGTACTAGACAGCATCCTCCTCTAGCTTTCTCAAGTCGAATTCCTTCAGAAAT
TTTTGAGCTTCATTAGTATTTTGAAATTCGAAATTTTTGACCTGGCCATCAGTGGTGTSGATG 

 

rpl31 

AAAGGTAACCCTGTCCCTCCCCAAGGGTCAGATCCCTCAATACTCTCACGGGATTCGACTTCATC
GGAAATAATCAAGACAAATCCGTCGTATTTTAGACATTTAATAGATCCGTTTATCGCATTAGATT
TGGATTATAAGGATTTTGACGTTTTTGTCTCTGTCAGAGGTGGGGGATTGATGGGGCAATCAGTA
GCCATAGGTCTTGGGGTCGCTCGTGAACTTTGTCACATGCACGCACAATTAAATGAAACAGCTGA
GGGCATCGAGTCGCCTTCGTCTGCGGAAGGAACCTCTATGGAACTAAGAAAAAAGCTAAAAGTAC
ATAAACTTTTAACCCGAGACCCACGTTGTAAGGAACGAAAAAAATTTGGCCGGAAAAAAGCTAGA
AAAAAGCCTCAATTTTCGAAAAGATGATCGCATTAATGCCAAAACCTGCAATTCACCCCACTTGG
TATCCTCATGCAAAAGTTTATCTCGATGGACAATTACTCCTTAAAGTTGGTGCAACTAAGCCAAA
ATTAGAAGTGGATATTTGGTCCGGAACTCACCCTGCATATACAGGGCGTACAGAAGAACTCGATA
CGGAAGGGCGAGCAAAACGCTTTTTACGAAGATATGGTTGGGAGGAAGCTTCTCTAACAGAAGCT
ACGATAGATGCCAACGATTCAACAACTAGTTAGGTCCCGTAGAAAACCGAAACCTCAACGTAGCA
AAACTCCTGCTCTTAAAGGTTGTCCCCAGCGTCGAGGTGTTTGCGCACGTACTTATTGCACAGCT
CCTAAAAAACCAAATTCAGCTTTGCGAAAAGTTGCGCGCGTGAGATTATCCTCACGAGTCGAGGT
ATCTGCGTCAATACCAGGTATTGGACATACTTTGACAGATCACTCTATTTGTATAGTAAGAGGTG
GTCGGGTAAAAGATCTACCAGGTTGTCGTTATCGTGTCGTTCGAGGTGTTTTGGATTTGGCGCCA
GTACAAGGTCGAAAGCGTGCACGATCAAAATATGGATGCCCAAGGCCCGTTGGAAAAAAAGTGAT
TAATTAAACCATTAAAAATTTTATCGAATATTTTTACGACTAAAAAACGTTGTGTACGCTCCCTT
ATTTAAAAAGTATAAC 
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rpl36 – weak homology 

AAAAGTTCAAGACCTATTTTGATCGGCTCAATAAAAATCTGGAGTTTGAATTTGTTCGCAGTGAA
GCCCCTCTTGTTACATTAGCCGAAAAATGAAGGTTCGCTCCGCGGTCAAGACCATTTGCAGCGGC
TGCACGCTGGTTATTCGCAATAGAGTTAGGTATGTAGTGTGCAAGAAGAACCCGAAGCACAAACA
GCGTCAAGGATTTCACACCTTGGCGAATATTTCCCCGAGTGAATTTCCGTCGCCTGCCCCTTTTG
TGAAGGGAAGCATAGGTCAGCAGAACTTGAATACCGCGGCCGCTCTCCATGGGAATCTCGGCCAA
ATGCGGGCGAAAATATTTTGGAACGCACTCAAAATTTGCTAATAACTGGGTTCCACATTATATAT
TTCCGTTTCTTTGGGTGGCATTTTGGGCTGTTTCGTTGCATTTCGGCAGCTGAGCAAATGTGTCT
TTATCTCCATATAGGCAGATCATAGACGAGGAGAAGGATCAGTGGCATTGAGTTACGCGCATTGA
ATCGATTACCGCCAGTGTGGTTATTGTGGAGGCACCTTTCTTTATGTGTATTGTATATTGAAATT
GTCTTTAAT  

 

rpoA  

GTGGGCCAACTGGTCTAGTTCTAACACGAATCCGACGAGATATTCAGCCATGGCAGGTTCGACGG
GCAGCGGAATACATGACGCACGCACCTCTCGGTTCATTAAATTCAGTGGGAGGAGTTGCGACGGA
AATTAATACTTTCAACTATGTTTCTCCACGTTCATGGTTATGTACTTCTCATTTCTTCCTTGGAT
TCTTTATGTGGATTGGCCATTTATGGCATGCCGGACGTGCTCGAGCCGCAGGAGCTGGGTTTGAA
AAAGGTATTTCGAGAGAAAACGAACCGGTTTTATACATGAGGCCGTTAGATTAGTCAAAGTTATA
TTTTGAACTTACTTCGATCAGTGAGATTTTCCACGCGACATAAAGTTTCAAACTTGTGTAATAGC
TAGCAAAGAGAATTGAACTCTTGGCCTACTAATTACAAATCAGTTGCTCTACCGGTTGAGCTACG
CCAGCGCAAGATAACAAGACCTTATCTTAACAGTCTATTTTGAATATAAAAATACCCTTGAACTT
CATACAAAAGTCTAAATCAAGATAATGAGTAAAGTTTTGTTAGCAAAAGTATCGATGATTTTTTA
TAACAAAGAAGAATTTTTGGAAAGATTAAAAATCACCACCAGATTAATTTATCTTTTTACTTGTA
AACGGTGAAGGATCTATTATGATCATTTTAGCTTACAATTGATTGTAAGGTTAAGCGTCCTCAAA
ACTCTTCAAAGTATAAAGATTTCGTAAAGAATAACATGTATAATATTTTAAGGTCACCCGTCAAA
GAATTAATGGATCCTACGGGACAAAGTTTAGTTCATGGAAAATATTATGTAGGCCCTTTATTAAG
AGGGCAGTCGATTACACTTGCTTGTGCTTTGCGGCGAACTTTACTGGCGGAGATAGAAGGATTCG
CTATAATAGGAATTCATGTTCCTAACGTCAAACATGAATATGAGCATATTCCTGGACTAAAAGAA
GATATGCTGGAACTTTCATTGAACCTAAAACAAATTAAGATTACATCCGAGAGCAACACGAATAC
TACCTTGGCAAAATTAAAAGTATCGGGGTCTAATAAAAAGTCAGGTTTTCTATGCGCGCAGGACC
TGATACTTCCAGAAGGTTATACTGTTTCTAATCCACGAGCGTATATCGCGAGTTTAACTTCGACA
GACGTCCCGGATTTTACCATGGAACTTCTAATTGCTCGGGGAAAAGGTTTTGTGCTGGCTCAGGA
CATACGGGCACGATTACCGACACGTTTCATTCCTCTTGACGCTACTTTTACGCCAATACCTCGCG
TTTCGTTTTCTTTTGAGGTCTCACGTGACAATAAATATGAAACACTCATATTCGAGGTGTGGACT
TTCGTCGGTTTTGACCCCGAGATTTTAATTGCTGAAGCTTCTTTTATTTTGGAACGTACATTTAG
ACGTTTTCGTCTGGTTCCTTTTCAGTCTACCATCAAACGTCCTGTTTCTCTTCCAACTGCTACAA
AGTTAGAATCTGCTCCTACTGAACTTGACCAAACTTCATTAAGAGAGCTTAAGTTAACAGTCCGA
GCTCGTAACTGTTTAATTCGAGCAGGCGTAAAAACCGTTGGTGACGTTACTCGTTTCTCACATAA
ATCCTTACTACAGCTGCAGGGATGTGGTGTCCACTCTGTTAAAGAAATAGAAGCCAAAATGCTCG
AATATTTTAATTGGAAAATATCTTAAGA 
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rpoB –rpl16-rpl14 poly-cistronic mRNA  

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAATCTATTATCTAAGAATGCTTCCCCCTGG
ACAGGACACGGTTGCCGCAGCATCTGTAGTTTCAGCTGGCCTAGCAATTGGATTATCATCAATCG
GCCCGGGTCTCGCCCAAGGGGCCGCGGCAGCCCAAGCTGTTGATGGTCTTGCTCGTCAACCTGAG
TCTGAAGGAAAAATAAGAGCGACATTATTGATCTCATTGGCTTTCATGGAATCACTAACAATTTA
TGGATTAGTTGTTGCACTGTGTCTTATATTTGCAAATCCTTTCCTATGATGAATCATTTTATATT
TAGCTTCGTACATAGTAATTTCTTTCATGGTATAGTTTAACCTACTTCGAACGATTAAACGGATT
GGGTAACAATCTTTCATAATTTTATAGAGCACTTCTACTAATTTTTTTAATAACTTAAGACTCTC
CGTTACTGAACGAGCTTAAATCTAAACTGCAGAATACGTTGATTTTACGTATGAGAAAGTTGACT
TCTTATTGCTTCTTCCAAAAAGAGTTAAGTTCGCACGGCAGCATCGTTCCCGCCTAAAGCCAACG
TCTTTGTCCCCCCGAAATTCAAAATTGGTTTTTGGTGATTTTGGGTTACGGTCGGTGCAACCTAG
TTGGGTTACTGCACGACAAATAGAAGCAACTCGTCGAGTTTTGACGCGTTATGTTCGACGCACAG
GAAAAATATGGATTCGAATTTTTCCAGATTTACCCATTACTGAAAGGGCAGCAGAGTCCAGAATG
GGCTCGGGAAAAGGAACAGTTTCTTATTGGGTTGCTTCTGTACCCGCTGGTTCCATGCTTTTCGA
ACTTAACGGACTCAAAAAACCTATGGCGTATAAAGTACTAAAACTTGCTTCACATAAGCTACCTT
TAAAAACGTGCGTTGTTGAAAAAAGCGAATGTTAAAACTCATAAAGTCTATTTATACCAGGAATT
TGGATTTTGTAACTGCTGCGATGAAAGAAAAAAAACCTAATAAGGCTCTTAAGGGTCGTGTGATC
AACTGTTCCGCCGATGGTAGCAATATGTCGACATGTACTGTCGTGGTCCAGAGACGAATTTATGA
CCCATTTTACAAGAAGGTTCTCGTTAAAAGCAAGAGGTTTTGCGTAGTTGATTTTACTCGTAAAG
TAAGTTTTGGGGATACAGTCGAATTTATTCAAAGCAGACCACTCAGTAAACGAAAGAGTTGGAAA
ATCAATCGAATTCTAAAAAGTTAAGTTAAATTCTATTGTTGCATGATACAACTTCAAACCTGTCT
TTCTGTTGCGGATAATTGCGGTGCAACTCAGTTACAATGCATTCGAATTCCAGGTACCCGGCGCA
AATTTGCTCGTGTCGGTGATGAAATCGTAGGGGTGGTAAAGGCGGCGATGCCCTTGCTTACGGTA
AAACGTAGAGAAATTGTTAGAGCTGTTATTGTTCGCACAAAGCAAGCTCAAGCGCGAAAAGATGG
TTCACATATACGATTTGATGATAATGCTGTCGCGATAGTTGACAAATCGGGCAATCCTCTCGGAA
CGCGGGTTTTCGGGCCTGTGGCTCGAGAAGTGAAAGTTAAAGGATTCACCGCTGTTGCTGCGCTG
GCTCTGGATTTATTATAACGACGAATGAAACTTGACTTTAGAGCGTTATATAGAGAGTCTATTGT
TCCCAAAAATTTAAGTTCACACGCGTATTCTAATCCTCACCAAGTTCCAAAGATCCTGAAAATTT
GCATTAATTGTGGCATATCGCACGCTTCCTCGAAAACTGCAAATCAGCCTAAGGAATTAGATTCC
GTACTCCGTGAATTAAGCTTAATCGCAGGCTTGAAACCTAAAACAGTAGCTACAAAGAAATCGGT
TGCTGGATTCAACATTCGTGATGGAATGATTGTTGGAGCCACTGTTACTCTTCGTGGTGCTCGAA
TGTATTCCTTCTTGGAAAAATTAATTCACCTTGATTTACCCCGCGTTAGAGATTTCAAAGGCATT
GACGCTCATGGTGATGGAGCTGGAAATTATTCTTTTGGTATTACTGATCAGCTGGTCTTTCCTGA
AATTTCTTATGAAAGCGTGGATCGCAGACGTGGTTTCGATATTTCCATAGTTACAAGCGCTTCGA
CAGCCGAAGAAGGATGTGCATTGCTTCGTTCTTTTGGAATGCCCTTTGTTACTTAGTTAAACTTA
CGTAAAGAACAATTTTTATAAAGATTATTTTCCTAAATAGTAAAAACTATGGTTGAATATTTCTC
TAATATTCAAGGAAAACGATCGTTGGAACGATCTGTGAATCCGAACGTAGTTATCTTAGCTCTAC
TTAATTTAAATTTTACACCGTTCCTATAAAATTTCAACTCAAGTATTAATATACGTTGTATGATT
TTACCTCAAAAAACGTATCTTAATTTACACAAGTTTCAGCGCGAATATAATGTTATATTTTTAGA
GTAGTAAAAAAGGTAGATTATTAATTCTTATTCAATAGCGTCGTGAACATGAAGTTAAATTCTTT
CTATGCCATAGTTTTAGAAGATGATAAATTGTCTTCGTACAATGACTTTTCTCTTTATTAAAATA
TTAGTCTTAAAGTATCCTTTAAAGACTAGGATGGTTTCACGAAAAATCTGATCCTTCAAAAATAG
CCGATAACTTCGTTTATTGGAATGCCATTTGTAAATCTCGCTTGAGTACAAGTTTCGTAATATAC
GTAATAAAATGGATTCAGTTAGCGACATGTTTACACGCATCCGAAATGCAGCCATGCGCAAAACT
AAAGTACTTACGGTTTCCGCGACACCAATAACACGTGGAATTGCTCAGGCCCTTTTATCTTACCG
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TCTACTTGAGAATGTTCAAGAAAGTATCGAACAAACTTCTCGCAGGACGCTTTACTTATCTTTGG
CTACGAAAAGAACTTCTCCTCAAGAGATTATCCTTAAAGATATCCAACGGTTGAGTAAACCGGGA
TCGAGAAAATATTGTAAAAGTAAAGCAATTCCTCACGCAATAAAAGGGATAGGGATCCCTATAAT
ATCCACTTCAAAAGGTGTAATGACAGGTTTGGATGCTCGAGAAAAAGGTCTTGGTGGAGAATTAC
TAGGATACTTTGTGTAAGTATCTCGTTAATATTTTTTCTAACCTAAATCAGTACGGTTAATTTAC
ATGTGATTTAATATTTCTTAGTGACCTTTCATTTGTCTTTAAATTAATGCTCTTTTCTGGAAATA
GCATGAAGGTTTTACCTTCGAGCATTAACAATGTTCGGTGGAATGACTTATTCAAGTCGTGGAAT
AGGACTCCTTTTTTTGGTATGTGTAACGATAACCTGAATTATCAAAATAATGTAACTAGCTTTTA
TAAATGAGTTAAGAATAGTTTTTTATTTTGGGAAAAATTCAGTTGAACAAAAAATAATTTTAAGT
TTTTTTGCAGTTAGAGATTGATTCATGACATAATTATAATCTTATAACTAATTCTTTTGCTCATG
TTTATTTTTTTATTCTAGACTCACTGTAAAGTTATAAAGACTTAAACTGTGTATAACCAAAAATC
AACTTTTTACGGATCACAACGGGCTCTTCGCATTAATGAAATTCAGCACTTAAGTTTTTTTTGGT
TCTTAGAACGAGGATTCCGGCTTACCTTGGAAAAGTTTTCAAAATTTCAATATATGCAAGGGCGT
GATTACATTCTCGTAGAATACTCTACAGACTTTTACAAACTTTGCCGGCCACCTTTATCGTTATC
TTCCGCAAAATCCTATGCACGTAGTTATTATACTACTTTATTTGTTAAAGCTCGTTGGACGAAAC
TTAAAGACACCAGTAATGCATGTTTACTTAATCCTTCATTCATAGCGAGTGAAAGTCCAGATTTA
CATCATTCTCCTCGTCGTCCTTATCTTTACTTTAAAGTATGTGACTTACCTCTGTTAACACAGCA
GGGTTATTTTTATATTAATGGAGTAGCACGGGTTGTGATTTCCCAGATTATCCGAGGTCCGGGCG
TCTACTATAATCAAGAACATCAGCCGCGTAAATCTTGTTATACCGCTACATTGGTTCCTTCCTCC
GGGCCTTGGTTAAAATTTAACCTCATTACTACGCATAAGGGGTCAAAAGTGGTATTACACTATAA
AGGGATGGATATTCCGATGTATCATATTTTACATATATTTGGGTTTTCTGCTGTAAAAATTCTGA
GCGTATTTCCAACAGACCCAACTATTTTTAAAATGGAAGCTGCAAAACCAACTTCCGAAATTTGT
AACGAATTACGAGAATTTTTACCCGTTGCTCTCAAACCCCTAAACAGTGATAAAGGTAAAAAAAA
AATATTCAAGAATCAATTCTATCGATTTTTCTTTGATCCGCGAAATTACACTCTATCGGCGCTTG
GTAGACGAAAAATTAACCTACATACCACTTCAAAAACGGATGAAATTGTAACTACTTTGACCCCA
AACGATTTTCTAAACATTCTTATAAGTTTGTCTCGTTATGCTTATGATCCTAAATTTCAGGCACC
CGATATCGATCATTTGGGAAATAAAAGGATAAAAAGCATAGGAGAAATGCTACAATTACAAATTC
ATAAAGGTTTTTCGCGCCATCAGCAAATATTAGTTACACGTGCCGGGAAATGGTTAAAGCCTCTT
GATAAACGATTAATGTACCTTAAATCATTAAATAAATGTCTCACTAATCGGCCTTTTGAAGCTCT
GCTTAAAGAGTTTTTCAATACTAATCCACTTTCACAATTTATGGATCAAGTAAACCCTTTATCTG
AATTAACGCATCTCAGAAAAGTTTCTCTCTTGGGACCTGGCGGACTAACTCGCGATCAGGCGCGG
TCAATCCAAGTCAGAAAGGTGCATCCATCGCAAACAGGAAGAATTTGTACAGTTGAAACTTCAGA
AGGTCAAAATGCAGGATTGGTAAGCGCTATGTCTCTTGCAGCCATACCAGATGGGTTTGGTATTC
TTCGGGCTCCTTTTTTTCGTGTTCACAATGGTAACATTATTCGTAGACCAACATATCTCGATTCG
CATCAAGAAGAGGCATCTGTTGTATCTTCGACTGATCGATCGGTTAAATACGACAGTTTGCCAAC
TGTTTCTGTGCCGGCACGATTTTTTCAGGTTACGTATGATGTCCCACCTGACATGCTTGAATATA
TTAGTATTTCACCATTACAAAATTTATCGCTAGGAATATCTCTTGTCCCTTTTCTAGAACATAAT
GATGTAACACGTTCATTAATGGCATCGAATATGCAAAGACAGTCACTACCTTTAATGTTTCCGAG
TCGATCTATTATCGGGACGGGTTCTGAAAATCTTGTGGCTACTGAATCATTACGGGCTATTTCTA
GCGTCAGCTATGGAAAAGTTATTGCAGTTGACACAGCAGAGGTTTTTGTCAAAGATTTACACAAG
AATATCTTGAAATATTGTCTATGTCGCCACGAACGATCAAATCAAGCAACAAATCTCAATCAAAG
AGTTTCAGTTTCTCTTAATGAAAAAGTAGCTCCTGGGCAAGTAATTGCTGATAGTTTTTGTACAG
AAGGTGGGGAACTAGCTTTGGGTCAAAGTGTTTTAGTAGCATACATGCCATGGGATGGATATAAC
TTTGAAGATGCTGTCTTAATAAGCGAACGGTTAATTTCTGACAATGTTTACACATCGATGCATGT
CGCAGAATTTACAGCGGATATTTGTTGTACTGCGTTGGGGTTAGAAGAAGTTACAAAACATTTAC
CTGGTATTGCTGCTTCAAAAACTTCTCACCTCACCGATGAAGGTTTCGTCTCAATAGGAACATGG
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GTAAATTCTCATGATATTCTTGTTGGAAAAGTAACGCCGTTTGATCCTGAAACGTTGTCTCCTTC
CCAGCGACTACTAAAAGCTGTCATGGGCATTAAAAATTGGCATATTACAGCGACACCGTTTCGTT
TACCCGTGGGACAAGATGGTGTTGTTGTAAATATTAAAGTTTTTAAAGCTATTCTCGAACCGTGG
GAAATCGACATCCCAAACGTTTCACATGCAAGTATTCGAGTTTGTCTTGCACAACGAAAAATACT
TTGCGTAGGTGACAAAGTAGCCGGGCGTCATGGAAACAAGGGTGTTATTTCCAAGATTTTACCTG
TGGAAGATATGCCTCATCTTTCGGATGGGACTGTCATCGATATGATTCTAAATCCAATGGGTGTG
CCGTCGCGAATGAATGTTGGTCAAGTTTATGAGTGTTTACTAGGATGGGCCGCAGATACACTTGG
TTTACGACTTAAAGTATCCCCTTTTGATGAAGGCTATGGAGCCAATGCCTCTTATAATTTGGTGC
ATACAAAAATGGCGCAGGCTTCACTTCTTTCACCTCAAAATTTTTCGGATATGACCCCAGGTAAG
ACGTTCCTTTGGGATGGTCGAACGGGGTTGGCATTCCACAGTGCAGTCACGGTTGGAAAAGCCTA
CTTTTTAAAGCTTGTTCATTTGGCAGCGGGAAAATTACATGCACGTTCAACAGGTCCATATGCTC
TATTGACACAACAACCTCTTCACGGACGACGTAAAAATGGAGGACAGCGATTTGGTGAAATGGAA
GTATGGGCTTTACAGGCGTATGGAGCTGCATATACATTACATGAACTATTGACAATCAAATCTGA
CGATCTTTTAGGTCGTAAAAAGACGGTAAAAGCACTTTTGCAAAGTTTTCCGGTTCCAAAGCCTG
GTATTCCGGAAACGTTTCGTACAATGGTGCGTGAATTACAAGCATTGTGTCTTGATATTGCAGCT
TACCATAAACGAAATCATGATTCGTCTCTCGACGTAGAAGTTAATCTTTTTCAGTAGAATTTGGA
AGTTTATTGCGTGAATATCAAGATATTGTAAACAGTAAAACAATAAATTATTAATGTGAAAATCT
CAAATAAACTTTAAAGATATTTTTAACGTAAATATGTGCACACTTTATTATTATCTCGAAGAACT
ACGTCTTATAGAACAAGTTTTTTACAAACAAAACTTTCTCTAATGCAACCGCTCATTTAAATTTA
TTACATAAAAAAGGCCTGTTTCATAACAAAGAAAATTAGGATCCCTTTTTGCTATATTCTTTTTT
TTCGACGTCAATCTTACATAACCTAAAAAACGTAATTTTAAACAAGAGTGATAGACCTTGTACAA
TCAGCATGATTATCACAAATTCTCTAAAACTTTTTAGTACGAAAGGACCGAAGAAGCATTGGCAA
TGGTCTTTCAGTTGTCGCGCCAACGGTACACGCTGGGTAGCTAACCAGTATTGTGCCAATATCCT
AGGTTGTAAGCTTTTTAAGCTCGCACTATGTAAAATATAACTGCTGAAAGCATCTAAGCGGGAAG
TCAGGGCCAAGATTAGCAATCCTTTTAAACGTATAATCATTTAATGTTTGACGAGGGTTGAAAGT
TTTTTCAGGGACGCTGCTAGACAAGTTGTTTGATAGGCGTTAGTGTGAGGTTTGCCATGTTGAGA
TGCACTAATTGTCCTTATCTTTGATTTTAGTAAAAAGAATACTAGTGGTAGTGTTGTCTTGCCCA
TGTTGAGATGCACTAATTGTCCTTATCTTTGATTTTATTAAAAAGAATACTAGTGGTAGTGTTGT
CTTGCAACTTGGTATCGTTTTTGCAGGTGCGTGTATATCACAGGATTTTATTAAAAAAACTGTTG
TTTTGAAAAAAAG 

 

rpoC1 

GCTCAAGGGACGCTACAAGCAGCTTTGTGCTCCCCTCCCAGGGGCACCAAGGGGTTCCCGGCGGG
GAAGGTCGGCGGCACCTGCTGTGCAAGACGTGGGTGCGGCTGGCGAGTCTGGGAGGGCGTCGCCT
GCCAGGCGGCGCCGAAGTGTGAGCTGCGCGGTGCCTGCCCAGCCAGTAGTCTTCGGGGACACGGC
CATCGGCAGGCGCAAAGAGCAGCGCGATGACGACCGCGTATGACCTGAATGTGCCATACTCCAGT
GCGGAGCTGAAAAGAGTAAAGGCTGTGAGGTTCACGATTTTTGATGCGGACACGATTGTTGCATG
TTCTGTGGCCGAGATCACTGAGTTAGACATCTACAAGAATGGTGAACCTATGTACGGGGGTGTAA
ACGACCCACGCCTTGGCCCGCTTGATCCTCGGACACCATGCCACACTTGCGGCCTAGGCATCAAG
GAGTGCCCTGGGCACTGGGGTTACGTCACCCTGGCACGGCCTATGTTCCATTGGGGCTTCATGAA
AGCTACTCACAATGTGCTGCGGTGTGTTTGCTACTACTGCTCGAGATTGTTGGCTGACCCGAAGG
ATCACCACATGATCAACGCAGAGGCGATGAAGAATGCAAAGAAGAGGTTGCAGGCTGTCATGCTC
TGCTGTCGAGGTAAGAAGCGATGTGCAGTCGCAGCAGATGCGGCCAATCCCGAGGAGGTGCTTGG
AAGGGATGGCGAGGAGGATCCAGGCAAGAACTTTGCTGGTGGCTGTGGGTATCTCCAGCCAAAGT
TCACCGTAGATATGACCGTCCTGTACGTGTCTTTCCCCGAAGGTGGAGAGGACGAGGGAGATCGA
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AAGCGCGTCATGAGTGCTCAGGAAGCACTTGTGATTTTCAAGCGCATCACTGACACGGATGTCAG
ACGCATGGGCTTCGACCCCAAGATCAACCATCCCTCACAGATGATCCTGACTCATATGGCCATTC
CTCCACCAGCAGTGCGACCGTCCATCCAGATGGGAGCAGCGCGCGCCGAGGACGATGTGACTGCA
AAGTTGTCAGACATCATCAAAGTGAACCTAATGCTCAAGACGCAGGTGCAGTCTGGCGCCGGAGA
TCACATCTGCGCCGAGTTTGCAAAGCTGCTGCAGTACCACATCTACACGCTCAGCGACAACGGCA
TCATCGGCATCCCAACGGCGACGACAAAGTCGAAGCGACCACTGAAGTCGATCCGAGAACGACTG
AAGTCCAAGGAAGGGCGCTTACGAGGCAACCTCATGGGCAAGCGTGTTGATTTCTGCGCACGGAG
TGTCATCGGCGGGGACGCCAATTTCAATACGGAGCAAGTGGGCGTCCCTAGGTCCATTGCTCTCA
ACCTAACATTCCCAGAGCGGGTGACACCTCATAACATACATTGGCTGAAGAAATTAGTTGCGAAA
GGCCCGACACAGCACCCGGGTGCGAGGTACGTTGTCCGAGATGATGGCAGCCGGCTCGATTTGAG
ATATGTCGCTGATACAAGCGCCATCACGCTGCAGTACGGCTGGAAGGTCGAGCGGCACATGATTG
ACGGCGACTATATCATTTTCAACCGGCAGCCCTCATTACACAAGATGTCCATGATGGGACATCGC
GTGAAGGTGATGCCTTTCTCCACCCTTCGCTTCAACCTAGCAGTGACATCGCCATACAACGCAGA
TTTTGATGGGGACGAGATGAATCTGCACCTTGGTCAGAGCCACGAGACTCGATCTGAGATCAAGC
ACATGATGTTGAACCCACGGATGGTTGTGTCGCCGCAGGGCAACAAGCCAGTGATGGGCATCGTG
CAGGACGCGCTGCTCGCCACGTGCAAGTTCACAAAGAGGGACAGCTTCCTGGAGAAGGACCTTGC
CATGAATATCCTTATGTGGGTTCCTGTCTGGGACGGCTGTCTGACAATACCCACCATTTTGAGGC
CGAAGCCCATGTGGACTGGAAAACAAATTCTTTCAATGATCATCCCAAAGGGCTTGTCCTTGAAG
CGCGATGCTGCAATTGCTTCGAAGAACAAGAAGGACAACCCGGATTTTCCTGCGTCGGACTGCAA
GGTCATCGTCCAAGATGGCGAAATCCTAGCTGGCCAAGTCTGCAAGAAGACGGTTGGCTCCAGTG
GTGGCGGCTTAATCCACTTGATTTGGCTTGACTACGGGCCAGAGGTTTGCCGGAACTTCATCTCG
TATTTGCAGAAGATTGTGAACCAGTGGCTGACGCACAACGGGTTCTCGTGTGGGGTGGCAGACAT
TATTGCCAACGACGAGACGTTACTCAATGTGGAAAAGACATTGAAGCAGGCCAAAGTCGAAGTGC
GAAAGATTTTGGCCGACGCGCAGCGTGGCAAGCTGGAGACGCAGCCTGGGAAGACCATGTACCAG
TCTTTCGAGGCCAAGGTCAATCAGAGATTGAACGCCGCCCGTGAGGATGCTGGGCGCATTGGGTC
TGACTCGTTGGATGAGCGCAACAACATCATCTCGATGGTGAACGCTGGGAGCAAGGGTTCTCCAA
TTAACATCGCCCAGATTATTGCTTGTGTGGGGCAGCAGAACGTCGAGGGATCCAGAATCAGGTAC
GGCTTCATGGATCGGACGCTGCCGCACTTCACCAAGGACGACTACGGTGCTGAGTCACGTGGCTT
TGTTGAGAACTCTTACCTTGCCGGCCTGACGCCGCAGGAGGTTTGGATGCACGCCATGGGTGGTC
GAGAAGGTGTCATTGACACCGCGTGCAAGACTTCTGAGACAGGGTATATCCAGCGGCGCCTGGTC
AAGTCCATGGAGACGCTCAGGACTCACTATGACGGTACTTCACGGAATGCCAACAACGAGATCAT
TCAGTTCATCTATGGTGAGGATGGCATGGATGCCCTATGGATCGAGGACCAGACGCTGGAGATTA
TGACGTACGACAACAAAAAGCTCGAGAACACATTCAAGCATGATTATCAGTCTGAATCTTATGGT
GATTCATGGTTGCCGCCGGACGTGCAGCAAGCCATCAAGGCCAGCGGAGAGAATCAGCAAATCTT
AGATGACGAGTGGAAAAAAATCAAAGATCTGAAAGAGATGATCTGTAACGAAGTCTTCCCCGACG
GCGACAGCAAGCAGCATTTTCCGATCAATCTTGCAAGAATGATGGGACGAGCCAAGCTGAAGTTG
GCCCAAGAGAATGATATCGACCGGAACGATAAGTTTACGCCTATGGAGGTTGTTCAGAAGGTCAA
CAAATTACTCTCGGAGCTTGAGATTACAAGAGCGATCAGGGAGGGTGACTCCATCGGCCGCGAGG
TCGAGGACAATGCAAAGATCGTCTTGAACGGACATCTCAGAGGCTGGCTCGGCTCCAAGAAGATC
TTGCAGCAGGAGAAACTCAGCAAGCAGTCCTTCGATTGGCTGCTCGGCGAAGTCAAGCAGCGTTT
CATGAAATCTGTCGCGTTTGCAGGTGAGATGATTGGCACCCTGGCAGCACAGAGTGTCGGCGAGC
CTGCGACGCAGATGACTCTGAACACGTTCCATTTCGCCGGGGTCGGCGCCAAGAACGTGACTCTG
GGTGTGCCCCGTTTGAAGGAGCTCATCAATGTGGCAAAGACCGTGAAGACTCCTTCATTGGCGGT
CTATCTGAATGGCGACCTGGGGAAAGACCAGGAAAGAGCAAAGGACGTGCAGAGTATCCTCGAGC
ATACGACGTTGGAGAAGGTGACCTCCTTCACACAGATCTTCTGGGACCCAGACCCTGAGAATACC
CGTGTGGAAGAGGACAGGGAGTGGGTCGCTGAGTACTATGAGTTGCCCGATGATGATGAGAATCC
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AAACAGATGTGGACCGTGGTGTCTGCGCATCCAACTCAGCAACAAGGTCATGACGGATAAGAAGC
TAACAGTCCGTGAGGTTGGTGAACGCATTCTTCAAGACTTTATGGGCGACTTGGATTGCATCTTC
ACTGATGACAATGCAGAGGAGCTGGTCCTCCGAATCCGACTCCTCAAGGAGGCGGCAGAGATTGA
CCAGGCTCCTCCACCTTTCGACCCCTTGGACGACAAGGAGGACAAAGACTTCAAGTTCTTGAGAA
GCATCGAGGCCAATATCTTGAAGGAGATGTCGCTACAGGGCATCCTCGGCATCAAGAAGGTGTTC
ATGCGTGAGGACACGATGTCAGTGTACAACGCCGTCAAGGGAGGCTTCGAGCGCACAAAGGAGTG
GGTTCTCGACACTGACGGTGTCAACTTTGAGGAGGTCATGCAGATACCACAGGTGAGATTTGAGC
GCTTGCAGAGCAATGACATTGTTGAGATCCTGAACGTATTGGGCATTGAAGCTGTTCGTAATGCA
CTCTTGTTCCATGTTCGAATGGTGATCTCCTTCGATGGTTCATATGTCAATTACCGGCATTTGGG
CACCTTGTGCGACGTGATGACTCAAAGAGGGCACCTCATGGCCATCACGCGCCACGGAATTAACA
GAACCAATCAGGGGCCGCTCATGAAGTGCTCATTCGAAGAAACGGTTGAGATCTTGATGGATGCT
GCCATCTACGCAGAAGTTGACTACATGAGGGCAGTCTCAGAGAATGTCATCATGGGGCAGCTGGC
GCCGATTGGTACTGGTGTCTTTGACCTCTACATGGATGACAAGGTCAACAAGGATGGAGACTGCA
TGCTGAATGATGCAAGACCCGTGCTTCCCAATTCTGGGAAAGCAAACGAGATGTTCTCCATGGCT
TCTCCAGCCGGAACGCCATCGAGGGGTTCACCAATTCCGGCACTCACGCCGCACGCGGATCAGGT
TGAGCCTGACTTTGCACCGCCTTCAACAGAGGGGTCGATTAGCGGCCTGCCGACGCCGAACGTCA
CCCCGAATGGTTCTCCAGAATCAATGGCCGGCGGACAGTCGCCTTTTACGCCCATGGACAGGTCA
CCCGGAGCAGCGAGGTTCTCACCAGCCTTCTCCGCATTGTCTAGCCCAGTATCCGCAGGTGCTCG
AACAAGTCCGTCGTACTCGCCGGTCTTGGGTTATTCTCCCCAAGCTGACGAGCCTCAGAATGTGT
CTCCCACATACAGGCCAGACGACGGTCAGGGGTCCAGCAGCCCTCTCTACAAAACTGGTGCTCAT
GGTCCCTCGAGCTCCGCGGTGTACAGCGCTCCGTCTTACAGTCCTGGCCCAGCTGGTTACGCCCC
CAGTAGTCCAGGGTACACACCGGGTAGAAGTCCGGCGTACGATTATTCGATGCCCAGCTTCAACC
AGTCTCCGTATCAAGCTGATTTTGGTGCTCGAACTAGAACGCGCCCATCTCCTTCAACGGCACCA
GGCGACCACAGTCCGACGTCGCCAGCGGACACACCTGTAGACGGACCCGAGGCGCGTCGGTCTTT
TTCATCGTCACCGAGCTACACTCCTCATCCTGGGTGGATGGAGGGAACTACTTCGCCGCAATTTA
ACTATGATCCCGCAGCAGGGGGCTATGCACTGGACGGGGAAGCTACTGATGACAATGCGAGCGAC
GTCTTCGAGCCCAGCGATGATGAGATGGTACGATGAGGTGCAGGTCTCCAGGAAGAGTCAATCCG
CTCCGTGGCGAATGAGGTTTTCAGGCCCGGCAGTCGTACAGCTGACGGGCACGATGCTGAAGACC
ATGTCGCACGTGTGCATGGCCGGGGCAGTTATGCAGTGGCAGATTGGCTTCGGCACTCTACTAGA
AATAGCTTGTACGACG 

 

rpoC2  

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAATTTTTTTTTCGCTGAAGGGTGGAGGC
TAGAACTTGTAGTTCCCAAACAATTGCAGCTTTTAATTGCGCGCGGCTAAATAGATATTGTCGAT
ACTCTTGGATCAGTAGCTCTAATGAATCGCAAGCTGCAGCAAGCTGAGCTTTGGAAAAGGTACGA
GCGCTTGCACATTTAAGTGCTGCCCGGCGTGCTTTAGGAGGAGTTATTTGTGCTACGTCACGGAT
ACGCTCTTTCCAATACGACATTCGACCACCGGCGGTTGTTAGTTCTAGGATCTGTTGATATGACT
TTTCGTTAATTTCTGTAGTCAGATAAGTTACTAATGCATATGCACACGGTGAGATGACCAAGATA
AGATTAAACAGGTTCGAATCACTAAGCGTGTCTGCTATCGAGAAAGGGACACTTGCAAAAAAGTC
GGCACTATCGGTCAATGGCATTATTGTCGAGGAATCCGAAGGGATTGATATCCCACCGAGTTCAC
CTAGTGCCAAGGGTATTGATGGACTTTGGAAAGGTATCCCTGCGGTTAAATTCCAGATCGTCCTT
AAGGAATTTTCGGCCGTCTCGGAAACCGCTTGTACGGTATTTATTATGGTCCAGGAAACCTCTTG
CGCGCTATCTGCGGTGGTTTGTGCAGTGTACTGGATGACATCTTTTGGCGTGAAGGACTGGTCAG
AGATTGTTGCGGTCACGGTGCGGGCCACATTTTGGTAAGAAAAAGCTTCGTGCAAAGTCTAAATG
AAAAATGACTAAAATATCTTTATTCATATTTCTCTATCAAAAATTATTATCTGCTGATTAAGAAA
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TTTAATACACTTAAGATAATCGCGAAGGATATAAACTTTACAGAAAAGAAGTAAAAATGATGCAT
GAAATAATAGTTGAGTATATTGAGAGATTTTGATTAATAATGATAACAGCGAAATTTGTTTTACG
TACTTTAGTTTGTTCTAGAACGACCTGCTCAAAAAACGAAGGTTTTTTAACTCATAATTACAAAC
AAGTTTTCGTTGTAATGCTTAAATAATTCTCTAATGTTCGTTATACTAACTAATTTAAATAACCT
ATTATTAATAGCAGTTTGGTTCGCTAATATTATTTCCCAAGTTGGATGAAACGTAATAATTTTTT
ATTGTGATGGAACGCGCGTAGTTGAATTATAATGCTGTCGAATTAATTAATAACAACTTCAATCA
AACTTGAAATACTCGAATAAAGCACTAGATAAAAAAGAGTTAAAAGCTTTTTTAACAATTACTGC
ACATAGCTTTGGTGCAACGCAGGCAACGATAATAAGTGACAAGGTGAAAAGCCTTGCTTTTCAAA
GCTCAACTTATTCTGGCGCATCTTTGTCACTGCAAGATTTTACACCGGCTCCCTCTTTAATGCAT
TTAATACATTTAGCAAATGCAGGTGCGCGCCGAGCAAATAATGATTATTGTAATGGGGTAATTAC
ATTTAACGAACGACACAAGCTTATTACTACTTCGTGGCGAGCTGCGCTTGCTCCGTTAACAGATG
CTTTGCAAACGTATATGCAACGATGTGACTCTTTAAGTTCATTGTATGCCCTCGCATTTTCCGGA
GCTCGAGGTAACATAACTCAGGCTAAACAACTTGTTGGTATGCGAGGGTTAATAATGGATGTGCA
GGGTAAACTAGGAGAGCTACCAATCCGAACAAATTTGTTTAGTGGTATGACTAGTTTAGAAATTG
CGATTGCTTCGCATGGTTCTCGAAAGGGTCTCGTTGATACAGGTCTACGGACTGCTGATGCGGGT
TATTTAACAAGACGTTTGGTCGATTCGGCACACGATATTCTAGTGCGAGAAGAAGATTGTTTTGG
CGATGACTTTCTAACACTTGAGGAATTGATATCCCAGAGTAAAAATCGTAAGATTTCATGGGGAG
AAAAACTAGTAGGTCGCGTCTTAGCAACACCTTTATATAGCCCTGAAAACAGTTTGGTTTTTACA
AAGAACATGATAATAACAAAATCTAGCTTAAATAGTTTGAGGCGTGCAGGATTTTTGGAGTCTGC
AGAAAAACGCCGTCTTATTAATATTCGTTCCCCACTTACGTGCACTACGCTTGCAGGAGTATGTC
GAAATTGTTATGGTTCTGATTTAGGAACTTCAAAAAAAGTAAGCTTGGGATTAGCAGTGGGAGTC
ATAGCTGCGCAATCAATCGGTGAACCAGGGACGCAAATGATCTTACGAACTTTTCATACAGGTGG
AGCTGGTATAACTTTGGGTTATACGGCTAGAGATATCTGTTCTCCTTCGAGCGGTCTCGTAACGT
ATCACAATATACAAGCAGCGCTCATAGTGAGATTTCGCGATGGCTTACCAAGCTTGGTTTTGAAA
GAAGAAGGATCCCTTATTATTACGGGTAAACATTCTATTACTCAGTTAACTTTTCCTGCTGGAAC
TGCAATATTCCTTGCTAATAAATCTTTTGTCTATAGAAACCAAGTGATAGCAGATCTCCGTGTTT
CTCGACGTATGCGACCCCGCGTTTCATCCCAACATTCTTCTGCTTCGCCATTACAATTAAAAAAG
CCCGTTATGAAAAAAATAGTGCAAGAACGCTTACCAAAGTCTGGTGATCTTTTTTATTGCAAAGC
GTCTTATACTGATCGTAGGTTAACGCATTCTTCGTCTCCTTCTTCGATTTCATCGATACATAATC
CAGGCGTGCAAAATTATTCATCGAATTTAGAAGATACCCGTTTGTCTCTGTGGGTTTTAGATGGC
TACCGTTATCAGCTTACGAAATTGGCGAAGGTACTTAAACCCGGGAAGACTTTTTCTCGCGGCAC
TTCCATTGCACATTTGAAGCTTATTAATAAGTTTTCTGGAATTCCATATTACCAAAAATTATCCA
AAGATAAAGGCCCTTTAATCATTAATTCTCTTGTTTGCCCGATAAATCTTTTCGTTAAGCAGTCA
TTAGAAAATTTTCAAGCAAAAAACCGTGTACTTCACTTACACACGTCGCGAAAAATTATTCCCCT
TCATTCGCATATTTCCAATGAAACAATCATTCGACCAGGTCATGTTATTTTTACACCTCAGCTCC
ACCCACACTGGTGTCTAGCGAAATGTGGAGGAATAGTTTACCGAATTTACGAAAATAATTTATTG
CTTCTTTTACCAGAAGAACGTTACTATTTGCGATCTTTTCGGGAACTGTTGATTCGACCGCTCGC
CAAAAGTATATACTTACGCGCTGGGACTAAGATAACATCTTCTATTGTTATGCCAACTCAAGGGA
TTCTACAGATTGACGCTAAAAAGCTCACATTAACAATTAAACCGGGGTTCGTCATGCGCCCAAAG
ACGGCTAGCATTCAATCATGTGGAACATTATGGGAACCTACCCCTGTACACCGAACATGGTTTCG
TGATGATTCTAAAAATAATCAAGATTATTCCTACGTGGAAAAATTCATTTTGAGGAAGGTTTCAT
ATGTTCTCGAACGAGTTCCCATCAAATATGTTAACCTTACTAAGTTGACGTCATATATACGTTAT
AACATAATCTCTGTGCCTTTAGTAAAAATACCGCGATTATATATAAAAACCATATATTCTGCATT
GTACGTTTCTGGTGAACGCGTTTTTAAACACGATATTTTATTTGCAACACGCGTTATTATGGACT
CACCAGCAAAGCGATTTCTTCGAACAAGTACGCAAAGCACACCAGGGATTACAAAATTACAGCTT
CACCCTTGTTGCTACGAGATTAAGACGTCACCGAATAAAGAAATATATTCAGCTGATTTTTTCGC
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AACCAACCAGTATGCTACTTCTTCGCGTCTAGTTTCCCAAGAAACAAATTATAAACGACTTACGC
AAGTTGTATCGCAATGGGATAAAATTCGGCTACTAACTTGTGAGCATATTAAAATTCCTAAGCTG
GCCTACACTGCAACCAATCAAAGAGATGCAATTGTTTTGAAAAACCTGGCTATGCCTAGTACTTG
TGTGGCACCAGGCACATTAATTTCTAAAGTTCTTTTGAATGCTTCGGTATCAGGCCAGGTGGTAC
GACAGCAGTTAACGCCGTCTCATCTCGAAGTAATAACCGTTCGTCCTTGCGACTTGAGCTGTTTT
CTATTTAATAGAGCTTGTGAAGTTCTTTACGTTGACGAGGGCGATTTTGTAAAATTAGGTACGCG
TTTAACAACAAGTTTAGTTGCCAACTGCGTAGGTCAAGTTTATCGTGTTTCCAAAACACGTATTT
TTATACGTAAAGGTATGACACGTTTAATTTCAGCAACGCAACAGTTCCCTTTACGTGACTCTATC
AAAAGCAATTTTGCAAAAAAAGGGTCGTTCATGTCCACAACCTGGTCAGAGTTGTTTGAAGCCAA
AGACATCACGCAAGGAATTAAAGATATTTCTAAAATTCTTGAGGTTGGAAAAACTTCTTCAACAG
GACTTTTAGTGCCCTTCAATGGAATAATTTACGTTCACGCCTCAGTTTTAAGGGTCGTGTCACCT
AATCGTAGAATCTGGAAATTTAACATCCCAGATTCGTTATGTCAAAATGACATTTTACCAGCGAG
TGGAACTTATGTTCGTCGATTAGATGTTCTCAGTGCTGGATTTGTGTCACTACGAACCCGGTTAC
AAACGTTATATTATTACTATTGCCATGAAGAAAAATTTGAGTCGCGTGCGGCATGTCAAGAAAGT
ATCAAAGATGCTCGTTTACATCTAACCGAGCAGGTAAAGTCAGCTTATTTAGAATATGGGATCAA
TATTGCCGATAAAAATCTGGAATTAATTGTTCGACGTATGACATCAAAAGTTACTATTCTCGATC
CGGGTGCAACTGATCTAATGATTGGTGAATACATCGACTTTTACAAACTTATGGCCATTGAAAAC
GCTGTTGTGCAAAAATCTTTAAAAAAACCCCGCTACGAGCCACTTATTTTTGGCCTAACAAAAAC
CGCATTACACAGCAATAGTTTCTTATCAGCAGCGAGCTTTCAGTCCACAGTTAAGGTTCTTACAA
GTGCTGCAATTCAAGGTAAAATCGATTGGTTTATTGGACTAAAAGAAGCGGTCATCGCAGGACGT
ATGATTCCCACCTACCAAGATCGTGCTGGCTCTGCTTTACATCTACCTGTTCATTCCAGTTTAAA
AACTTCGATTTTGAATCTTCGAAAAAACGTAGAGCAAAAGGGTAAAGAGAAAATATAGCCTATTA
CGTTTTATCGGTGGTTGACTACGTCCCGTTTTGAGAATTTACCTGCATGTATTGACAGCTACACT
TTTTTGTACTCAACTAGTAAGCGTGATAACGTCCTAGGTTACTTTGTTTACGTAGCTAATTGTTT
TCATTATTTTTGTATAGACTCATCGTTAGAAATACCCAAAATTATTTTTTAAATTTTGTCAATCG
GGTTGATGGCCTGTCCGAAAAAAGCTAAACACTTTGTAAGGGGGCAGGTCATAATAAATTCGGGG
AACCGGCTTGGCCTAACGATTTACTGTTCTTATTTCCCATCTGTATTACAGGTGTACTTGCTTGT
AGTTTAGGTCTAGCAGTTCTATCTCCGCCGGCAATCGACGCCCAATCAGACCCGTTTTCTACACC
GCTGGAAATTCTTCCGGAATGGTATTTCTTACCATCATTTAATTTGCTACGTCTTCTTCCTAATA
AACTTTTAGGTGTTGCTGCGATGGCCAGTATACCTCTTGCATTAACGCAGGTAGCAGCTTCCGAG
AACCAGACCGCTTCTCAAAATCCTAATCGACGCTCGCAAAGTTCACTGTTATATATCCTGGGATC
TTCGTCATCATCATGGCTTGGCGCAGGAGGTGCTATGCCGCTTTCGCAGTCTTTAACTTTAGCAC
TTACTTAAAAATTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 

 

rps2    

AAGAAAGACGTGTGATTGCCCAATATGAATAGTGGACGGTATGGAGCGTCACCCCGTGCAGCTGA
TGCATCTGATTCGGCAATGTTTTTCAACACCAGACTCCACTCATCCGAATAACCAGCTGTATTCG
CATACCACATCCACGGTGACAGCATGAGAGACAACTTCCAAGCTGCTTGAATTACCATGAGGCAA
ATACCTTGCCGTGTAAGTTTTGGTGCTGGTAAGCAGGAAATAACTTTCATCAATGCTGAGCTCCA
GAGCATATTCACTGCTAGCCCTGTAGCAAACGCTATGCGTAAGCCCTTAGAAATGATTCCTCCCA
TGTGGAAGATGAGAAAGATCTGGGTGGACAACAGGAAACCTAGCAACACTATGTGTAACAACTGC
AGAAGCCAAAACGGCTCAAGCCGTTTCGGTTCGAGTTTGGTTCCGGAGTTTAGGTGCAGGTGTGA
TTGTGAGACAGGCCATCCTCCAGATCACTGTTTGAGCAATGGCTATGACTACCAAAGAGGAAGAC
ATTCAGATGATGCTGGTGTGCAAGACCCACTTGGGCACACGCAATTGTGATCACCGTATGAAGCG
CTACGTTTTTCGTCGCACTGTTGACGGCATCCACATCATTCACCTGGGCAAGACCTGGGAGAAGC
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TCATGGCTGCCGCGCGCATCATCGTGGCCATCGAGAACCCCTCCGACATCATCGTGGCGTCCCAG
CGTCCGTATGGTTCGCGGGCGGTGCTGAAGTTCTGCCAATACATCGGTGCACAAGCCATGGCGGG
TCGCTGGATGCCGGGCACGCTCACCAACCAGATCACTACAAAGTTCTTGGAGCCACGCCTCCTCA
TTGTCACTGACCCCCGGACCGACAGCCAGGCTATCAAGGAGGTCGGCTACTCCAGCATTCCMACG
ATTGCCCTCTGCGACACGGACTCGCCCTTGGAGTACATTGACTTSGCCATCCCAGCAAACAACAA
GGGCAAGGAGTCCATCGCCCTCCTCTATTGGCTCCTGGCTCGTGAGGTTCTCTACTTGCGGAATG
TGCACTCTCGCTCCCAGCCTTGGGAAGTGATGGTGGACTCCTTCTTTTGGCGAGATCCAGAAGAG
TTGGAGCGACAGGAGGAAATGGATCAGGGCTTTGCGGCAGCTCCCCGCCAGGCTTACACTGAGGA
ATGGACAGCTGGTGGCGGTGAGTGGGAGGCCGGACCGGCGGCCGAGAATTCCAGCTGGGATGCGG
CTGGCGGAGCGGACGACTGGAGTGCACCAGCTGCTGCAGGGGGAGAGGCCACTGAGGGCGGCAAC
TGGTGAGTGTGCTGCTGTCTGCTTATCGTGTGAAGAAGATATGAGCATGACCTGCGTTG 

 

rps3    

ATTTTGGCTCAAGTCACTCTGGCTCACGGTAAAACACTTCAGTAGCTTCCAGCCAACATCCACCA
CAGCTTTCCACAGAAGAATCAGGACCTGCAATATGGCGAATCAAGGACAGATCTCGAAGAAGCGA
AAGTTTGTCGCAGACGGTGTCTTCTACGCCGAATTGAACGAGTTCTTGATGCGAACGTTGGCCGA
GGATGGCTACGCAGGTGTGGAGGTTCGCGTCACACCCATCCGCACAGAGATCATCATTCGCGCAA
CGAAGACCCGGGAGGTGCTCGGAGATAAGGGACGCCGCATCCGTGAGCTTACCGCTGTGGTTCAG
AAGCGTTACAACTTTCCGGAGAACAGCGTGGAACTCTTCGCGGAAAGGGTCGAAAACCGGGCTGC
TTGCGCAATGGCACAGGCAGAGTCTCTCCGATACAAACTCCTCGGTGGTCTCGCTGTGCGCCGCG
CATGCTACGGCGTTCTTCGCTTCGTCATGGAGAACAACTGCAAGGGAGTCGAGATCATCATCAGT
GGCAAGTTGCGGGCACAGCGAGCCAAGGCAATGAAATTCAAAGATGGCTACCTCATCTCTACTGG
TGAGCCTAAGAGGCACTACATTGACGAAGCTGTGCGCCACGTGCTCATGCGCCAGGGTGTGCTCG
GCATCAAAGTTAAGATCATGATGGGGTACGACCCTGAAGGAAAGATGGGAACTAAAGTGATCTTG
CCGGATAACGTTGTTGTCCATGAGCCCAAGGACGAGGCGCCCGTCAATTTCAGCGCGGAGCAAAC
TTATGAGGAGGAGACCGGATGAGAATGCTACCAAGCACCAGCCTCTCTACGGTAGGTGCTGTTGT
GCTCAGGGCGCGGCAATGGGAWCTCAGCCGGTAACCCTTACCACCCTGGAGGCCACGCCTTTGAC
AAAGCTTGGCATACTTTCGAGTCAGCAGGCAGCTCATTGGCCAATGGTGATGCAAGCCTCTTCGT
GCCGGGGGCAGCTGCATATCCTGCGCACAGCGCTTCTGGCGGACCGTATGGCGCAAGATCATACG
GTGCGTCTTGGAATTGACGCTCGCTGGGACAGCGGAAGACGAGGTGGACAAGGAGAGGTTGAAAG
ATCACTACGGGAAATTCTCGGACATGTTCCCTATTTTAGACGAGGTGATGATGCTGATGAGCAAG
TCCGGTGCAGAGTTCTTCTTCAGCTACCCTGAGTTTGAGAAGGTCTTCATGAAGCCAT  

 

 

 

Rps4 

AAAAAAAAAAAAAAAAAAAAAGTTTATCTAATAATGTCTAGATATGTAGGCGCAAAGCTAAGAAT
TACTCGAAGATTAGGGCCTTTACCAGGGTTCTGTAAGAAACAAACGCGGCGTACATACGTCCCAG
GAGAGCATGGATATCGCGCCGGACCAACAAAAGGAGGAGGAGGACGAGGAGCAGCAGCACGAGGA
AACGTGACTTTAGCCGGAAAACGTTTACTTTCGAAACAACAACTTTTGTATAATTACGGTCTACG
AGAACGGCAACTAAGAGCTTATGTAAAGGCTAGTTCTTCTCGGTCTTCAACGATGCTCAAAGAAG
CAGGATCTTCCATAATAGATGTTGTACTTGAAGCTTTAGACCGTCGTTTAGATACCGTGGTTTAT
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CGAGCTTTATCTACGACATCAATTCGTGCGGCTCGTCAAATAGTGAGTCACGGACATGTGAAAGT
TAATAGCGTACCTGTAACTATCCCCAGTTATTCGTGCCAAACAACAGATACTGTGGAAATAAAAA
AGGCGATTGTGGAACAGAGGGGTACAAAAGCTCGCCAGTCACAAATCGCGGCATCGTCTCCAAAA
GAAGACTCGGATAAATTTGAATCGTATCGTGTGGCCACTCTTCGTGATGCCAAAAAACCTCGGTT
GAACAAAACCTTGATTGCGGAGTTTTACTCGCGCCTTCTTTAAACTTATTTTTAATTTGTGAGTT
TTTTCGATTAGGCTGTTATCTCATCTTTATAACTTTATGACTGTACTTAATTTTCGAAAGTGGGT
TTCTCCAAAAAGAGCTGATATAAATATGTCACTCCCCCCTGAAGAGGTAGTCGCATCTCAATCTT
CACCAGGATTTAAAAAAGAACTTGAGCAATTGGTCACGCGTAGTCGTGAAGTACCTCACCTTGAG
AAAGTTTTATTAAACACACGTGGTCACCTGGGTACCTTACGATGTCAGCTACACCCTCAAATGTA
TGACAGAGTTCTTACTGGGTGCCCGTCAGATTCTTCTGAGGGATCGATAAAGCATGTAGCTAGTC
AAAGTTATAAGAAGGAACGATTAATTATTGATTATCGTCGTTCGGCTAGTGAATTATCCAGCCTT
CTTACTTTCTTGCGACTTCAGAGAGAAACAGGTGCTTACCAAGCAGCTGATGTCCTTCTAGTAGA
TACTCGAGTTACACCCACTCGAACTGTTGACGAAAGCCAAACAGTTCCAAGTTTAAAACCAAAAC
GCTCCTGGAGGCATTTAGCTTTCGTCCCTCAAAAATCTTGGTCCTCAAAGGAAGCCTTTATGGAA
GGAAGTATTTCGCTTACGAGTTTGCAACCTACTCCTAGAAAATCCGTTAAACCAGCGACCTTAAC
CCGACAAGCTGCAATTGCGTGTGGATCTCGTTTCGTTAATTCGCGGTGGCTTGCTGGGATATTAA
CGAACGCTAACCAAATTTCTCAGGGTGCTACCCAATTAAGTTTCTTACGCACAAGCCTCAGTGGT
CGTCACTCGAAACCATTCCCCAGAATGAATCGAAGAGTCGTTAGTAAATTTCGTCGAAGATTTCA
ACGACTTAACCGCTTATTTGAGGGAATTGAGGGAACCCGCGAGTCTTCAGCCCCTTCGACCCCCT
ATTTACCAAAAATGGTAATTTTTTTTAACTCGAAGTCAACCCAACCAGCTTTAGAGGAATGTAAG
CGTCTTAAAATTCCGACAGTAGGCTTCATCAATACTGATGAAAACCCTTGCGGATTTACCTTTCC
CATTACAATAAACACCGCTTCAGTAACTTGCCAAAAGGCGATGTTAACGCTCCTTGTCGAGGCTC
TTCGAGAAGTTTAAAAAGAAAAAGTAGAGGAGTATGGAGATAATCAAAAATAATTGAAGATGGAT
TTTATAAAAGTAAATTATCATGCGGAAAAAACTTCACATGATCTTACTACGAGACGAGTTTTAAA
TGTAAGGCCTAACATCATTGGTTTTGGGTTATTATTTAACCAACTGATATCACATTTGTCATATG
TCGTGGTCATAAGAATAATTTTAATTCCAACCAGTGTTTTTTTATTACTAAGTAAAATATGTTTA
AAAAATTAGATAAGTTGCTGAATTATCCTTATTGAGTGTACTCTACGACTAAATTGTTCACACTT
AGATTGCCTAATGATAGTTTGATCATATGCCAAAATTTAACTCCCATAACCTTCAATAATTAAAC
ACTGAACATTCGGAAATCAAGAACTTTACCCTGTTGGTAAATCAGCCCAAGAAAGCTCGAAATCA
TCCAATAATATTGTAGAATTATATAATTGTAAAATAATTGTTAAAAACAATAGGAATGCCACCAT
AGTAAATACCATGAATCCCGTTGAACCCCACCCCGCCGTTACCAAGCCCGCTTGAGAATTAAGAG
GCAACAGGGCTCTCCCTAACTTTGTTTTTAAACCTCTTCCCGTTGCGGCCGTTTGCTGATAAGAG
AAGACTTTGTACAAAAATGGGTGGGTTTTTTTTTTTTTTTTTTTTTTT 

 

 

 

rps5 

ATTTTGGCTCAAGTTGGCTCGAATCAACTTGCGTGCGGTGATCTCCACCTTGCTCTGCCTACATC
ACATCCACTCGCAATCTTCAAATATCCGTGATGTCAGACGTGAAGCTCTTCGGACGCTGGCCTTA
CGAGGATGTCAATGTGTCAGACAACAGTCTTCTCGATTACATTGCAGTGACGCATGCAGCCCACC
ATTGCTTCCTCCCACACACGCAGGGCCGCTACCAGAAGAAGCGCTTCCGCAAGGCGTTGTGCCCT
ATCGTCGAGCGCCTGTGCTGCTCCATGATGATGCATGGCCGGAACAACGGCAAAAAGTTGATGGC
CGTGCGCATTGTGAAGCACGCCTTCGAAATCATCCACCTTCTCACTGACAAGAACCCGATTCAGG
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TGTTTGTTGACGCCGTGAAGAATGGTGGACCTCGTGAAGATTCAACGCGCATTGGTTCTGCTGGC
GTTGTCCGCCGACAGGCAGTGGATGTGTCTCCTCTGCGCCGTGTGAACCAGGCAATCTACCTCAT
CTGCACAGGAGCACGCAACAGCTCTTTCCGCAACATCAAGTCCATTGCCGAATGCCTTGCTGATG
AGATCATGAATTGCGCCAAGGAGTCATCCAACAGCTATGCCATCAAGAAGAAGGACGAGATCGAG
CGTGTTGCCAAGGCCAACCGCTGAGCTTGGCAAGCTAAGAGGCAAGCAGCATGCAGATCAGATGC
TGCTGGCCAGCATTGGCGACAGAGCAGAGTATTGCTTCATGTGGAA 

 

rps12  

AACCTCTATTTGCCYCTGCCATTCTATGAGTCTCTTCCTTTTTGCGTATGGCATCGCCACTCCCT
TTGGCAGCATCCACTAATTCGGAACTTAATTTGAAAGCCATATTTCGACCCGGACGTTTTCGGGA
TGCCGCTAATAACCAACGAATGGCAAGTGCTTTTCCTTGTGTGGATCCTATTTCAATGGGAACTT
GATGAGTCGATCCACCTACACGTCTTGCTTTTACTGTTATATCGGGAGTTACTCCACGTATTGCT
TGACGTAAAACGGATAGTGGATTTGTTTCTGTCTTTTGTTGAATCTTTTTCACGGCTCGATAGAT
AATTTGATAAGCCAATGATTTTTTTCCGTGTTTCAGAATACGGTTAACCAACATGTTAACTAATC
GATTACGATAAATTGGATCGGATTTTGCTGTTTTTTTTTCTGCAGTACCTCGACGTGACATGAGC
GTGAAAGGGGTTCAAGAATCAGTTTTCTTTTTATAAGGGCTAAAATCACTTATTTTGGCTTTTTT
ACCCCATATTTAGAACGCCCTTGTTGACGATCCTTTACTCCGACAGCATCTAGGGTTCCTCGAAC
AATGTGATATCTCACACCGGGTAAATCCTTAACCCTTCCCCCTCTTACTAAGACTACAGAATGTT
CTTGTAAATTATGGCCAATACCGGGTATATAAGCAGTGATTTCAAATCCAGAGGTTAATCGTACT
CTGGCAACTTTACGTAAGGCAGAGTTTGGTTTTTTTGGGGTGATAGTATACACCCTAGTACATGT
TCCTCGACGCTGAGGACAGCCCCGAAGAGCGGGGGATTTCGTGACATTTCTGATTGGCTGTCTTG
TATTTCTAATAAGTTGTTTAATAGTTGGCATGTTGAATCGTATACATAATATGATGGGTTGGTTT
AGATTGATCCTAACCGAATGATGATGAATTACTTCTATTTAATAGAATATTCAATTCGAAGATAA
AATCTCAAATCACAGATTTGCGCGAAATCCATGTTATTTTCATTCAACSCTCAAGCCTGTTTTGG
CTCCGGAGAAGAAAGCAACATTGCTGCATAGTCGCATCAATCTGGTAAGCAGTCATGGGCGGAAG
CAAGCCTCGCGGTATCCGCTCTGCTCGTAAGCAGGTAATCAGACGCCGAACACAGCGATGGGCTG
ACAAAGACTACAAGAAGGCAAACCTCGGCACAAAGTACAAGTGCAATCCCTTTGGTGGCTCCTCC
CACGCAAAAGGCATTGTTGTGGAGAAGATCGGGATCGAGGCCAAACAGCCAAACTCAGCCATCCG
AAAGTGCTGCCGCGTGCAGCTCATCAAAAACGGGAAGAAGATTGCTGCGTTTGTGCCCCGCGATG
GCTGTTTGAACTTCATCGACGAAAATGACGAGGTGCTCATTTCTGGGTTCGGCCGACGTGGCCAC
GCTGTGGGCGATATCCCTGGTGTACGTTTCAAGGTGGTGAAGGTTGCAGGCTGTGGCTTGGGTGC
TTTGTACCGGGAGAAGAAGGAAAAGCCACGTTCATGAAGGACCTCATCATCTGAGAGCGAATGCG
TCGAGCAGTGCGGCATTGTGCTGGCGCTCTGGTTCTGCCACCTGCATGATCTTGGACAGAAGGAG
GCGGATTTCAGAGCAGTCTTGGCAAGWRMKGGCGCTCTGGTTCTGCCACCTGCATGATCTTGGAC
AGAAGGAGGCGGG 

 

rps14   
ATTTTGGCTCAAGCCAATCTGGCGCGAGGAAAGGCATATACTTGCTGCGGCACACATTGAGCATT
CTTACACCTGTGCATAACTTTACAAGATGGCGCCGAAAACAAAGGCGCCAGTGGAAGCAGTGTCT
CTTGGACCACAGGTCCGAGAGGGAGAGACCGTCTTCGGAGTTGCTCACATCTTCGCATCGTTCAA
TGACACTTTTGTCCACGTGACAGACGTCTCAGGGCGGGAGACTATCATCCGTGTCACAGGTGGCA
TGAAGGTGAAGGCGGACCGTGATGAATCGTCACCATATGCAGCCATGCTTGCTGCCCAAGATGTT
GCCGCTCGTTGCAAGGAATTGGGCATCTCCGCCTTGCACATCAAGCTCCGCGCCACAGGTGGCAC



84	
  
	
  

	
  

CAAGTCGCGCACGCCAGGCCCAGGTGCGCAGAGCGCGCTCCGTGCGCTTGCCCGCTCAGGCATGA
AGATTGGACGCATCGAGGATGTCACTCCCATCCCCACAGATTGCACCCGTCGCAAGGCTGGCCGT
CGCGGTCGCCGTCTGTAAGTGCGGATGTCCATGCTCAGGGACGTGCAATCAGAGTGCCTTGTGGT
GTGTTGTTGCAGCTTGGCCAAAAGTGTTGAC 

 

Rps15a   

TTTGGCTCAAGGTTCTTAGAGCAGGACTGTGCTGCTGCATCTTGATTGCACCCCGCTTCCCGTGT
TCCCAAGCTAGACAATGGTGCGCATTAGCGTCCTCCGTGATTGCCTCAACAACATCAACAACGCC
GAGAAGCGGGGAAAGCGCCAGGTCTTGGTGAGGCCCAATTCCAAAGTCGTCGTCAAATTCCTGCA
GGTCATGCAAAAGAATGGTTACATTGGCGATTTGGAGATCATCGATGACCACCGAGCCGGAAAAG
TGGTCGTGGATCTCATCGGCCGCATCAACAAGTGCGGTGTGATCTCACCCCGTTTTGATGTGCCA
ATTGGTGGCATCGAGCAGTTGGCCAGTGACCTCCTTCCTTCCCGTCAGTTCGGACATGTGGTCCT
GACGACCCCATATGGCATCATGGACCATGAAGAAGCTAAGCGCAAGCATACTGGTGGCAAAATCG
TGGGCTTCTTCTTTTGAGGATAGCTTCGACTCTGCTCATTGCAGGAAAGGGAGAGAGAGCAGAGG
ACTTGGCAGATTGTGAGATCCAAGCTGGCAGCTGTGGATGCAGCAATGGCACAGAGCCCAG 

 

rps18   

GCCAATTCGGCTGAAGATACCAGTGATCAACTGCAAGCTCTGCGTGCTTGCCAAGCCCCTACTCA
TGCACTCCCCACGCAACGGTTGACTTGTGCGGGAAGCGGACGTAGGCAGATGCGCCTGGGAAATG
CGCTCCGTGCAGCAGTCCTGCCAGCACGCCACCGTGCTGGTGCCTTCATCGGACGAGGCTGGCCT
GCCTGCGCCAGGCATGCAGCCAACACGCCTGGCAAGGTGCCAAGTGGCAGTGGTCAGTCTGAAGA
GGCCGTGCGGCTGATGCTGGACACAAAGGTGAGCCAACGAGGCACTGCCGATGCGCTGTTTCAGG
AATGCATTGATGCCATTCGAGAGCGCAGGTTGAAGCTTGAGCAGGATCCCGTGCTGCAGGAGGGT
GACACGCCAGCCATCACGAAGCTCAAGCAGGACGAGTTGGACCTCACGAAGAAGATCTTTCAGCG
CGTGGACCCGTCCAGGGACATCACGTCTGACCTTACACATGCAGGGCACAACATTGACCCGTATT
GGAGCCCGTTCCACAAGGTGCGAGAGGTAAAGGACCAGGTAGCGGCCGAGTTCGACGAGTATGCA
CGCCTTGTCACAGTGGCTGAGCAGAAGCGTGTTAGAATCCAAATCAAGAAGAGCTTGAGAAGAGC
AGCAGCGGTCTACAACCCATACTCAAAAGAGTTCCGGCAGTGGCATGGCAGAAAGTCTGGACAAG
CACCGCCCAAGCCCTTCCGATTGCCCGACAAGCACTGGGAGCCATCACCACTACAGGTTCGCCTG
GCGCGCGAGCGCATCACGTGGAGAGATGTTGACATCCTCCAGCATTTCATCGCTGACAATGGCTA
CATACTCCCGAGGAGGACCACGATGCTGCCGAGGCAGAAGCAGCAAGCCTTGGTCCAAGCAGTGA
AGACAGCGCAGAACATGTCTTTGCTGCCCTACCAGTGGAAGTTAAAAGACTTCCAGGCCATGCCA
CTCATGGACCCTCTGCAATGGATGGCTGATCGGCTCACGGACCGCGTCATGGAATCTCGAGACCG
CCGGTCACGAGCAATGTTGAGGGTCATGATGGAGCGCCACCCGGAGCTGAACTACCGAAACTTTC
TGAGGCATGAAGCTCAGCGGGCAAAGGGTGCGGGCGATCCCAGTGATGCTGTTTAGCTATGATAC
AGACTCCAGGAAAAAG  
 
rps19   

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAGTTAAAACCAAAAAATTGTGGGTCGATCACGTAATA
AATCTCCTTATGTTTCTGCTGCACTTTTAACTAATTTGGCGAAACAAGAAAAGACTCATTCTCGT
CAAGCATCCGGAAAAGAAGCACATCCTTCCCCAATAAAAACGTGGTCGCGAGCCTCAACTGTCAT
TCCCACCATGTTAGGGTATACAATATGCGTTCACAATGGTCGCGAACATATTCCCGTCTTTATCG
ATACTCGAAAGCTTGGCTATAAACTGGGTGAATTTGCACCTACTAGAACATTCCGTGCCCATAAA
CGAAAAGATGCGAAGGCAAGTAAATAGAATAGAGATTTAATGGAGGCACCAGAAAGGATTATAGG
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TCGGAGTGTATGGAGATATGCCAGGGTATCACCAAGTAAGCTTAAACGAGTGTTATCTGAACTAA
AGGGTTTAACTTTTTCTGATGCTAGTACAATATTAGCTTTCCTGCCTTATAAATCATGCTCAAAG
ATCTACCGGCTTCTTAAATCCGCTCGAGCGAATTACAAATTCATTGCTAAGAAAATGGGTTCTTC
TACACCGCAGGCACCAGAGCAAGACAGTCGTTATACTCAGCTAGTTATTACAAAAGCAGCGTCAA
CAAAGGGTCCCCCGATGAAACGCATGCGTCCCGCAGCTCGTGGAAGAGGTTGGCAATTTCTTAGA
AGAACATCACACGTAACTATAGAAGTCACCGGGCTAGCGTTTAAATCGGAAGTCTGATCGATGGC
ACAAAAAACACATCCGATTGGTTTTCGACTTGGAATAACGAAACAGCCGCAAGCGCATTGGTATG
C 
 

rps23 

AACCTCTATTTGCCYCTGCCATTCTATGAGTCTCTTCCTTTTTGCGTATGGCATCGCCACTCCCT
TTGGCAGCATCCACTAATTCGGAACTTAATTTGAAAGCCATATTTCGACCCGGACGTTTTCGGGA
TGCCGCTAATAACCAACGAATGGCAAGTGCTTTTCCTTGTGTGGATCCTATTTCAATGGGAACTT
GATGAGTCGATCCACCTACACGTCTTGCTTTTACTGTTATATCGGGAGTTACTCCACGTATTGCT
TGACGTAAAACGGATAGTGGATTTGTTTCTGTCTTTTGTTGAATCTTTTTCACGGCTCGATAGAT
AATTTGATAAGCCAATGATTTTTTTCCGTGTTTCAGAATACGGTTAACCAACATGTTAACTAATC
GATTACGATAAATTGGATCGGATTTTGCTGTTTTTTTTTCTGCAGTACCTCGACGTGACATGAGC
GTGAAAGGGGTTCAAGAATCAGTTTTCTTTTTATAAGGGCTAAAATCACTTATTTTGGCTTTTTT
ACCCCATATTTAGAACGCCCTTGTTGACGATCCTTTACTCCGACAGCATCTAGGGTTCCTCGAAC
AATGTGATATCTCACACCGGGTAAATCCTTAACCCTTCCCCCTCTTACTAAGACTACAGAATGTT
CTTGTAAATTATGGCCAATACCGGGTATATAAGCAGTGATTTCAAATCCAGAGGTTAATCGTACT
CTGGCAACTTTACGTAAGGCAGAGTTTGGTTTTTTTGGGGTGATAGTATACACCCTAGTACATGT
TCCTCGACGCTGAGGACAGCCCCGAAGAGCGGGGGATTTCGTGACATTTCTGATTGGCTGTCTTG
TATTTCTAATAAGTTGTTTAATAGTTGGCATGTTGAATCGTATACATAATATGATGGGTTGGTTT
AGATTGATCCTAACCGAATGATGATGAATTACTTCTATTTAATAGAATATTCAATTCGAAGATAA
AATCTCAAATCACAGATTTGCGCGAAATCCATGTTATTTTCATTCAACSCTCAAGCCTGTTTTGG
CTCCGGAGAAGAAAGCAACATTGCTGCATAGTCGCATCAATCTGGTAAGCAGTCATGGGCGGAAG
CAAGCCTCGCGGTATCCGCTCTGCTCGTAAGCAGGTAATCAGACGCCGAACACAGCGATGGGCTG
ACAAAGACTACAAGAAGGCAAACCTCGGCACAAAGTACAAGTGCAATCCCTTTGGTGGCTCCTCC
CACGCAAAAGGCATTGTTGTGGAGAAGATCGGGATCGAGGCCAAACAGCCAAACTCAGCCATCCG
AAAGTGCTGCCGCGTGCAGCTCATCAAAAACGGGAAGAAGATTGCTGCGTTTGTGCCCCGCGATG
GCTGTTTGAACTTCATCGACGAAAATGACGAGGTGCTCATTTCTGGGTTCGGCCGACGTGGCCAC
GCTGTGGGCGATATCCCTGGTGTACGTTTCAAGGTGGTGAAGGTTGCAGGCTGTGGCTTGGGTGC
TTTGTACCGGGAGAAGAAGGAAAAGCCACGTTCATGAAGGACCTCATCATCTGAGAGCGAATGCG
TCGAGCAGTGCGGCATTGTGCTGGCGCTCTGGTTCTGCCACCTGCATGATCTTGGACAGAAGGAG
GCGGATTTCAGAGCAGTCTTGGCAAGWRMKGGCGCTCTGGTTCTGCCACCTGCATGATCTTGGAC
AGAAGGAGGCGGG  
 
 
 
 
ycf4     

CTTAGTTACTAAGTTTTTTATCGAGTAACAGCAACAAACGTGAAAATATTTTTACCTTTTCAAAA
AGTGAGTTCTTCACTCACTAGTATTTTTCCAGTTCTTTCTACCATTGAATAAACAATAATGAAAA
GTTCGCTACTCTTAAATGTTATGGATCCAAACGTAAGTGGCGTTTTAATTACGGATGATTATGGT
ATTGGAAAATCGACAGATAGCCATTATTTGATTGATTTACTTCCCAAAATTAAAGTCGTAGCCGG
AGATCCTTATATTTCGCTAGTCACCGATAAAAATCTTATGAGCAATGAAGTTCGAATAACTCTTA



86	
  
	
  

	
  

AAAATTGAAACTGTATTTGGTCAATTCCATTGGTAGAATTGCCCTTAGAAGCAACATAAGACCGT
GTTTATGGAACTTTGGATATTTAAAAATCGTTATAGGACGGGGTCAAAGCGTTTAAATCTGACGT
TCGTTCGGGTTAAAGGTATTCTTTATATCGATGCGATTTTTTTATTGGATTCTAGAGCGTCCAGT
TGATATATTATTATTATTAACGATGAAATACTCTCTTTGTGCCAGACTTCGAGATCTATATAATT
TCAGGTAACCCTCAAAAAGGCAATTTATGTCCTCAACTTTTTGACCAATTTGGTATGTCGGTGGA
GGTAGAAATAGAAAACTCTCTTACGCTGTGGATCAAGTTTGTTGAATAAGAAGTTTTTAGCAAAA
GATGAATCCGGTATACAGCGGATGCGAGATATAATTGTGTTCTGGTTATTACCCAAAGTCGTGCA
CTTCAACGAAGGGATGTAATTACCAGAAGTTTTTTAGAGACATTATACGTTTCTAATACCGCAAT
TACTCTTTATGAATAAATGGTATGAAAATAATAGAACTGAACCCGGTAGTATTTTTTTACCATGC
GCGGAATTGATTAGTTAGCCCGTGCACAAGGTTTGGCTACCGGTCACGTTAGAAGTCTATCCAAC
ATATTGAGTATGCTCGTAATACTGGAGCATCGATTGCCAAAAATAAGAGGGGGTTAGTCTTGTGA
ATCACAATCCCCACTCGTTGGCGATAAGTTGAGGATTTATGCCTTAACAAAGTACCACTACAGCC
TTTGCGAAGGTTTCCTCCTTCTAATTTATAACCGCCTATATATACTCCCTCCAACGATATGTAAA
TGTATCTGACAAATCATATTCCGTCGTAAAAAAATAACGTATACGTACTACATTCGCGTCATTCA
ATAACTTTTATCTATGTTTGGGCATTTTCACAAAAATTGACTAAATTTAGAATTATTACCAATAT
TTGAAAATTTTGCGGTTTTGTAAAGTCATAAAAGTGGCAACTTTGCTCTAAAGTTTCCTAAATAT
GATGTCCCTTAAAGTCGCAGCTCAATTGGTTGAACTACCGTTTTTTTTTGGCCAGGTTCGTATGA
GTTTACGATTAAAAGGTATCCTACTTAGTGTCACGTTTTTAAATTTAAGGATTTAGATTACTCTC
TTTTGGTGAAACTATACCCAGGGTTCACGTAATCTGTTACTTAAAATACAGGAATATTAATCGGT
ATGTTCCCCATAGTCTTGATAGTTTTGATCATATACCTTATAATCAGATTAGGCGAGGTGACTAT
AGAATTCTCTTCTCATAGGCAAATAGGATATCTTTATGATCAGTACCTTGGAAATAGCTGTTAAG
AAACCCACGTTTTATACTTGAGAGTGTTTGACTGATAGCCTATAAAGTAGAAAGTTGCAAAAAAG
CACACGTATAACCCTCCAGTATTAGACTTTGATCTGTTAAGAGGGACAGAAGAGTGTTTCTTATT
TTTCATCTACCATGGCGTATTTATAGAAATGCGAGTTAGATTAGTTAGAGTGGAAGCCAACGAGC
GAAAAATACTATTAGCTAACATGAGTCGGTTGAATATATTTTTTCTTAAATAAGATTGCCTTTTT
TGTCCTTCGACTTTTGGTTCTGTTCTCAATTGAATAGTACGTTTGTTAGTAATCACAAGGGAACA
CCTCGCAAATTATCGATTGTAGACATCTTGAAGCTAGAGTAAATTCATCTTCTGATAATTGTTAG
ATTTTGAAGATAGACGAGAATAAAAATCTACGAAGCATTTTCGTATTTTTTGATAAAGCGTTGAT
TTTATATTTCATTAAAATATATTTTAAAAATATTTGATCGAAGCTAAAAAGACCCATTTTAAAGC
AACAGTGATTTGAGTAGACGTTTATCTTAGTTATTATGTGACAACGTACAATATAGGGGAACGTT
AATGAAAATATCGTGTTAAAATTACGAAGAGAAACGTCCGGATTATGCAGTATGGTAATACCCCA
GCGTGGTGCAAGAAATACTAGTAATTTAATTTTTAGTATTCTGCTAACTCTAGGTGGTCTTGGAT
TTTTTCTTACTGGGTTGTCGAGTTTTTTTAAATATAATTTGATATTCTTAACAAACGTTAGTGAG
ATTGCATTCTTACCCCAAGGTATCGTTTTACTTCTTTATGGTACTATCGGACTTACGTTAGGATC
GTTTCTTTTTTTAACTTTTTATTGGAATCTTGGTGCTGGTTATAATTTATATTGTACCAAGAAAA
AAGCAGTTCTTTTTTATCGGACTCGATTCCCGGGTAGAAAAACAAATAACCCTTTACTACTTAAA
TTTCCTTTTGCAACAATTAATTCTTTGGGACTTAAAAGAGGGACTGCCCTTTCACCTGACAACTC
AGTTATTGCCTATACGTCAAATGGAAGTAAATTTCCATTAATGTACACCGACACGATGGAAGTGG
CTAGAAATTCTGCTATGACACTGGCTTATTTAATGAACTGCCCTGTTGATTCGAAAACACTTTTT
CCTAAAAACTTTTCAGTTTCCGATCTTCGGAAAGTTTTTAAATCATCCATATTAATTCTTTTTCG
ATAGTCATCTTACTACGAAAATATGTTAGACTTCCGTCTATGGTTTAGTAGCTTCAGTGGTTTAG
AGCAGGGGATTCATAAGCCCAAGGACGCTGGTTCAAGTCCAGCCTGAACCATTTTCTGGCACACC
GCCATAATGGCATTAGTAGCACCGTCATTATCATCATCAGTGTTTTTGATATGGGGGATTTTAGT
TGTGTATGTATATATAT 
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cbbX 

TTTTGGCTCAAGCATTCAAAAGATCGTTCGTCGTGGGTTGCTTGTCAGTTTCCATCTTTACATCT
CCGACCATGCAGAGGATCGCCTTCTTGATTTGCTTGGCCTGCACAGGCTTTGGACGACGAGTGCA
AGAGCAAGCGCAGAGGTCCACTGCATCTGATCCAGCTTCGGCGCTTGAGGAACTTCTCTTGTCAC
AAGTTCCACATGCCGCTTTCAATGCACCCGGTCAAGGAGTATATTTTCCAGACAGCAAGGTTGCC
ACTACTAGTTCCCGGGCAGCAGCTGCCCCGATGATGGGGGCAGGAAAGAAGGCAAAGTTGAAAGA
GCAAAAGGAGGCTCTCGAGGCGAAGCTTGATAGAGAGCTGTCTTTGAAAAAGAAAGCGGCAGAGG
ACAAAGCAATTCAGGACGAGTTGAAAGCGGATAAGCATTTCCAATCAATGAGCCTCCGAAGGATT
GCTGGTACAGTAGACAAGTTCATGTACAAGGAAGGTGTCGCAGAGGTTCTGGACAAACTTGACAG
AGAGATGATTGGCCTCAGAGAGGTCAAAGACCGTGTGCGGGCAGTTGCATCGATGTTGGTGATCG
ACAAGATGCGCATGAAGCTTGGCTTAGAGACGAGCATGCCGTCGCTGCACATGAGCTTCACCGGT
GCTCCTGGCACAGGCAAAACTACCATTGCATTGCGCATGGGCCAGATCCTGCAAAAAATGGGCTA
CTGTCGCACCGGGCACGTCGTGATGGCCACCCGTGACGATTTGGTCGGCCAATATGTTGGCCACA
CTGCTCCGAAGACAAAGGAGATGGTTAAGAAAGCAATGGGTGGCATCTTGTTCGTCGACGAGGCG
TACTACTTGTATGATGAGGAAAACGAACGTGACTATGGGGCAGAAAGTTGTGAGATCCTTTCGAG
TGTGATGGAGACCATGCAGGATGATCTCATCGTGATTTTTGCAGGCTACAAGGAGTTGATGGACC
ATTTCTATGCGGGGCAGCCAGGCATCAAGTCGCGCGTTGGCAACCATATTGATTTCCCCAACTAC
TCAGATGACGAGCTCATTGACATCGGCAAGGTCATGCTTAATGCATCTTCGATGACAATGACGCC
TGATGCTATTGTGGCGTTGCGAGAATACATGGTAAAGCGCAGGCAGTTGCCATTTTTCTCAAATG
CACGCACAGTCCGCAATGCTATGGACATGGCGCGTATGAAGGGGTCCGTCCGTACTTACATGGAG
ATTGTCAAACCTATGATGGGATCAACGGTCAATCTCCCAATGTCGGCGTTCACCGAGGTCTCAGC
AAAAGACATTCCGACGATTGAAGAGATGCAGGGTGGTGGTGATGGCCAGAACAAGGTCATGGGCT
AGGCAAGGTTTAGAAGGATATTGAATGCCTCAAGCGCAATTGAAGGATATTGAATGCTTCACACA
TATTTGAAGGATACTGAATGCCTCAAAGTGATCCTCGAAAGAATATTGAATGCTTCAAGCATAGT
TGAACAAAAGTTATATGACCCTTCCTGGAAGCCTTTGTTACCAT 

 

clpC 

GTTTGAGCTACTTRGCTCAAGGGCATTCTCTGCTAAGTGTTAGTTGCTCACATTAGTTCTTGGTG
ACGATGCGCAAGATTGCTTTGGTCTTGGCTTGCCTGGCCTGCACGGGCCATGGACGGCGAGCGCA
ACCGCTGCCTGAGCGGTTGTTGAACGCTGCATCTGCAGAGAGGAGCCAAGTAGCTCAAACAGACG
AGGCTTCAGTTGCTGCACTCGCAAAGGTCCTGAAGGCCTTTGAGCCTTCAACTGGCTTCAACTCG
GCATCGACTCCGTTTGTGCAGCACGCAACTGTAAAGTCTCAGAGTCCAAGAACGCAGCTTCCCTC
AGGCAGGCCCACTCTTGCGGCATTGCCGTTCCGAGCCTCCCTACACAGGCGGCCGCACGGTCACC
ATTCCAGATTTAGCCAGCCACAGATGATGTTTGAACGCTTCAGTGAAAGCGCCATTCAGATTATC
ATGATGGCTCAGAGAGAATCTCAGCGGCTTGGTCACAATTACGTGGGAAACGAGATGATGCTTCT
TGGCGTCGTTGCTCAGAAGAGCGGTGTGGCTGCGAAGGTGCTGGCAAAGCTCGGCGTGAAGCTCG
AGGAGATGCGCAAGGTTGTCGAGGAATTGGTAGGCAAAGGAAACGGTATCACGGGAGTGGACATA
CCGGTCGCGAAGGAAGCCAAGGAAGTCCTGGAAGGTTGCGTCGAGGAAGCTGAGAAGTTAGGATC
AAAAGCAGTTGACACTGTCCACATCCTTCTGGCGCTCATCAAGGACGAGGATGGAGATGCGGCGA
AGATCCTCAAAAAGCTGAGCGTTGATCCTGCCAAGGTGCGGACAGAGGTCTTAGATGCAGTGAAA
AGCCAGGACAAGCCTCTTGTCGGTGCTGTTTCCTCTTCCGGAGGGGCCAAAAGTGGCAAGTCCAA
CACAGCCACACTCGAGCAGTATGCTCGTGACCTTACGAAGATGGCGGAAGCTGGGGAGCTAGATG
TGGTCATTGGCCGCGAGAAAGAGATCAAGCGAGCTGTCCAAGTTTTGGCGCGCCGCCGTAAAAAC
AATCCAGTTCTAATTGGTGAGCCTGGCGTAGGTAAGACAGCTATAGCAGAGGGGCTTGCGCAGAG
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GATCGCCGATGGAAAAGGCCCAAGCTTTCTGCAGGGCAAGCGCATCATGCAGTTGGATTTGACAG
GTCTCTTAGCAGGCACCAAATACCGAGGTGATTTTGAAGAGAGGTTGCAAAACGTCATCAAAGAA
GTGGTCGCCTCGAACAGAGAAATCGTTCTGATGATTGATGAGCTTCACATGCTCGTTGGTGCAGG
AAGCGCAGAAGGTTCCATGGATGCGGGGAACATGCTGAAGCCAATGCTCGCGAATGGAGAGCTCC
AGCTTATCGGTGCCACAACCTTGGAGGAGTATCGCAAATATATTGAGAAAGACAAGGCATTGGAG
CGGCGTTTCCAAACAATCAATGTACCAGAGCCCACGGCAGATCAGGCTACAGACATTTTGAAAGG
ACTTACATACAAGTATGAAGAGCATCACGAGCTCCGGTATACACCAGAGGCGATTGAAGCATGCG
TCAAGCTCGCCGACCGGTACATCACAGATCGTTACCTGCCAGATAAGGCAATTGACATACTTGAT
GAGACGGGTGCTCGTGTGCGACTGCAGGCAGCCAAGGCCGTGCCAAAGGAGACCCTTGAGATCGA
GACAGAGCTGAAGGAGGTTCAGAAACAGTTAGATGAGGCTGTCGAAGTTCAAGACTTTGAGAAAG
CTGCAGAGCTCAAGCCGAAGAAGGATAAGTTGAACGCAACGCTGATGTCTCTTGGCGAAGGCGAG
GAGGAGAAAGCTGAGAAGACTTTCGTTTCCGAAAGCGACGTGGAGCGGATCGTTGCAGACATGAC
TGGCATCCGAGTGGAGAAGGTCTCCTCCAATGAATCTGCACGCTTGCTGGGATTGGAGGATACCT
TGCACGATCGCGTCATTGGTCAAGATGAGGCAGTGGTTGCTGTTTCAAAGGCTGTTCGGAGATCA
CGCTCAGGATTGAAGGATCCAAACCGACCCATTGCTTCCTTCATCTTCTGTGGACCGACAGGTGT
GGGGAAGACTGAACTGTGCAAAGCATTGTCGGATGCCTACTACGGCAGAAAGGATTCCATGATTC
GTTTCGACATGTCTGAATTCATGGAACGACACACAGTTTCCAAGCTCATCGGCAGTCCTCCTGGC
TATGTTGGTTACAACGATGAGAGCCAATTGACTGATAAGGTTCGGCGAAATCCTTACAGTCTTAT
CCTCTTCGATGAAATCGAGAAGGCTCATCCTGATGTGTTCAACCTCATGCTTCAAATTTTGGAGG
ATGGGATGTTGACAGACTCCAAGGGTCGAACTGTTTCTTTCAAGAATGCACTCATCATCATGACA
TCAAATGTTGGCGCACAAGGAATTGAGAAGACTRTTGCTGGTGGCGGAGGCTTTGGCTTTCAAAG
CGCGACAGATGATGTAGAGCAGGCGACCTACGAGAAGATGAAATCAGTCGTTGGAGATCAGCTTA
AAAACAACTTCAAGCCAGAGTTCATCAACCGTCTAGATGAGACGATTGTGTTCAAGCCACTGACG
AAAAAGGAGATAGAGCAGATTGCAGAGTTGGAGTTGGCCAAAGTATTTGAGAGAGTCAAAGAACA
AGGTTTGACAATTGAAATGACAGAGAGATTCAAGAAAAAGTGCGTAGATGACGGCTTCGACCCTA
AGTTCGGAGCAAGGCCACTGCGACGTGCCATCGCCAAACTGCTAGAGGATGAATTAGCAGCTTCG
GTTTTGCTGGAGCCCGTTAGGGAGAACGAGATCGCGATCGTAGACATTGACGACGACGGCAAGGT
GAAAATTTTGCGCAACCAGGGAGAGGTCAAAGTCACTGAGGAAGAAGAGGCGCCCGTCCTAAGAT
GACCGAAGCATTACTGTCTGTACCTGGAAGCTGCTTCACGTCTTGACAATGAATAGACATCCGAC
GACGATCATTGAGGAGCATGGTATGCTTAATTGTGGAGCCTAATTGTTTTCGGGCACAGATAGTA
ATTTGCTTTTTGGACGCATCTGACATTGCAGTTTGGCCCTAGGAATCATAGTTGAGTTGTGTTGC
GATTTTTTTACAGATGTTTCACTGGCGAAGGCCAGCAGTTATACAGTTGAGGGATATTCCAS 

 

groEL 

TTCCTAGTTATATGAAAAGAGTTAAGTCACAAAATATTTGCGATGGTTGTAAAACGTATTTTTTTTCGTGA
GGAAGCAAGAATAGCTATGGAACGTGGAATAGATATGCTTTCCGATGCTGTTTCCACGACGTTAGGGCCAA
AAGGCCGAAATGTTGTGCTAGGACAAAAGTTTAGTACACCTCAAATTGTTAACGATGGAGTCACGATTGCT
CGAGCAATAAATCCATTAGATAATATCGAAAACATGGGTGTTTGTTTGATTCGTCAAGCAGCATCAAAAAC
AAATGATGTCGCGGGGGATGGTACTACTACCGCTACCGTTATAGCTCATGCAATAATAAAACAAGGGTTAC
GAAATATAGCAGCGGGTTCTAATCCCATTGTTTTGAAGCGTGGCATAGAAAAGGCCGCTCAATACATTGTT
GATCGTATTGCAGAGGATGCAATGCCTATCGCTGGTTGGGAAGATATTTTCACCGTTGCGACAATTTCCGC
TGGTAACGATAAGGTAATGGGGAAGCTTATTGCCGATGCTATTTTGGGTGTCGGTAACGATGGGTTGATAT
CTGTTGAAGAGAGTAATTCTACTGCAAATGAATTAGAGTTTACAGAAGGATTTGGCTTCGACAGAGGATTT
CTCTCGGGATATTTTGTTACAGACTCTGAAAAAGTAGAATGTCTTTTGCGTGATCCTTACATACTACTCAC
AGATAAAAGACTCACTGTAGTTAAAGATTTATTATCAACTTTAGAGTTAATGACAAAACTTAACAACAAAC
CCTTATTGATTATTGCGGAAGATGTCCAACAAGAGGCACTTGCCACTCTTATAATAAATTCTCTACGAGGT
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ATATTAAAAGTTGTAGCTGTGCGAGCGCCTGGTTTTGGCGAGAAACGGAGTACGCTGTTAGCAGACATGGC
CGTAATGACAGGTGGACAAGTTATTTCTTCCGCAGCGGGTTATAATCTGGAAAACATGCAAGTTGAACTAT
TGGGACGTGCTCAACGCGTAATAATAAAACGTGACTCTACGACAATAATAACTGACGCGAATAAACAGAAA
GTTTTAGCGCGATGTGAACAACTAAAAAGAGAACTTGAAAATGTAGATTCGACATTTGAAAAAGAAAAAAT
TCAAGAACGATTATCAAAATTAAGTGGTGGTATCGCGGTTATAAGAGTAGGGGCAGCAACTGAAACCGAAA
TGAGGGATAAAAAATTGCGAATGGAAGACGCAGTTAATGCTACAAAAGCCGCTTTGGAGGAGGGCATTGTT
CCGGGCGGTGGAATAACTTTAGCCCGACTAAATGAAGATCTTAAACGTTGGGTGAAATGTTCCTTAAAAAA
TGACGAAGTTACAGGAGGTTTAATTGTTGGCGATGCGCTCTGTGCGCCTTTTAAAAAGATAGCAGCAAACG
CAGGAAAAAATGGAGCGGTGACTTTTGCGAAGTTAATGAAAGAGTCTGACAAGCGAGTGGGTTATGATGCT
GCTAGCGATGAAATGGTCGACATGTATGATCGCGGAATAATTGATCCAGCCAAAGTCACGCGGGCAACACT
CCAAAACGCCACTTCAATCGCTAGCATGGTTTTAACGACGGAATGCATTATTGTGGATAGTAAAAATGACT
ACCTTTGATCTACTGGTATTAACGGTTAATTTTTCGAATGTAATAGTACGAAATTGCTTGTGCTTAAAATT
TATGTAGTGAATTACGCTCATGAAGATAACTACTTCTTTCAAATACATGAAAAACGGAGTTTTACTAGATT
ACTCTTGATGTTTTCCTTATAATCGCCCAAGTATTCAAACAAACTTAATTTACAGAAAAACCAACACACTA
CA 

 

secA 

GTTTCAATTTTTAAGAGTTATTCGAACTTCATTGCTCATAAGATTTTTATCGGTGACTAGCGAAA
TATAAGGATCTCCGGCTACGACTTTAATTTTGGGAAGTAAATCAATCAAATAATGGCTATCTGTC
GATTTTCCAATACCATAATCATCCGTAATTAAAACGCCACTTACGTTTGGATCCATAACATTTAA
GAGTAGCGAACTTTTCATTATTGTTTATTCAATGGTAGAAAGAACTGGAAAAATACTAGTGAGTG
AAGAACTCACTTTTTGAAAAGGTAAAAATATTTTCACGTTTGTTGCTGTTACTCGATAAAAAACT
TAGTAACTAAGTGCAGTTTTTTCTTCTAATTTAATTCAAATTTCCAAAATCTTAAAATGTACATA
TCATATTGAAAATGCTATTACCTACCAGTTGTTTAACCGCAGATAAAAACGTCCAATGAAAAATA
ATGGTTTGCTTGATTTTTATCAACAAATTCTCGAAAATTTTGATCTGGCAAAATACAAACGTCAG
GTTACGCGTATAAATGTGCTAGAACCGGTATTTTCCAAATATTCGAATCAAGATTTACGTGATAA
AACAGTCCAGTTGAAAACTCTTTTGATGTCAGAAACAAGGGCCACATCCAATGTTGTAGAAGAGG
CGTTTGCTCTGGTTCGGGAAGCAAGTAAGCGAGTTCTGGGATTACGACACTTTGATGTCCAAATA
ATCGGTGGATTAGTAATTAATGATGATAAAATTGCCGAAATGAAAACAGGAGAGGGAAAGACTTT
GGCCTCTATTCTACCTGCATTCTTAAACGCATTGTATGGAAAAGGCGTTCACATCATAACTGTAA
ATGAATATTTAGCTCAACGGGATTCGCAGTATACTGGGCAGCTACATAACTTTTTAGGACTGAGC
GTAGGTCTAGTTACAGAAACTATGAGTTCTGTTGAAAAGAAAAAAAATTACTATTGTGATATAAC
TTATGTAACAAACAGTGAACTAGGATTTGACTATTTACGAGATAATTTGGTCCAAAATGCAGAAG
GTGTAGTGCAGAGATCTCTTTTTTATTGTGTCATTGATGAAATCGATTCTGTGTTAATCGATGAC
GCAAGCACTCCCCTAATAATTGCGGGTAGTCCTACGTCATTAGATGATGGGTTGACAGAAAAGTA
TATTAAGTCAACTCGTGTGGCAAACATTTTAAAACGTGATAAACATTACAAAACTGAAGAAAAGA
CGAAAAGTGTTTTATTCTCTGACGCCGGAATATCCATGTGTGAAACATGTCTTGGAATAGAGAGG
AGTGAGATGTATTCTTTACCAGATCCTTTCTGGTTCATTATTTTAAATGCAATAAAAGCAAAAGA
ATTTTATCGTCGTAATAGAAATTATATTATTGATGCAAATCTAGAAATCGTTATTCTTGATGAAT
TTACGGGTCGCGCATTAGAAGGTCGACGCTGGTCGGAGGGAATGCAACAAGCGATGGAGTCTAAA
GAGCGATTAACCATAAGTGGTTTGACACCGCCGCAGGCATCTATCAGTTACCAGAATTTATTCTT
GTTGTATGAACGTCTATCAGGTATGAGTGGTACAGCTGCAACAGAAAAACAAGAATTTAGTACTA
TTTATGATTTGCCTGTCGTGGTGATACCAACAAATAAGCCTGGAAGACGAATAGATTTTTCTGAT
TCGGTCTACACAAAACAACTCTATAAATGGCAGGGTGTCATTAACGAATGTCGTGACATGTATCG
GGTAGGTCGACCTGTTTTAATTGGGACAAAAACTATTACCGCTTCTGAACGTGTGGCAGATTTTC
TTAAATCACAGAATATCCCGTATCAACTTTTGAATGCGCGTCCTGAAAATTCTCGACGCGAGTCG
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GAAATTATTGCCCAAGCTGGTTGTGAATCGACGGTCACCATCGCGACCAATATGGCAGGTCGAGG
TACTGATATTATTTTAGGAGGCAATTCCCAATATTTCGCATCGACTACGATCGCGACATTTGTCG
AAAACATAAACTTTTCGAATGCGAGTATGAATTCGGCGTTACGAAATTATCACCAAGAATATGTT
CGTTCTTTACAGTCTTCTAATGAAAAGAAACTAGACTTAAATCTACGCCGTCTTCGAAAATTCTA
TAATCTTGTTTTATATAAAAAATCTTTATTAACTCAGAAAAATCGTAAAACTGTCCTACGTTTAG
GTGGACTTCATGTTATAGGTACTGAACGTCATGAGTCAAGGCGCATCGATAATCAGCTTCGAGGT
AGAGCAGGACGTCAAGGTGAGCCAGGGTCATCTCGCTTTTTTACATCATTAGATGACGATCTTTT
ACGGCAATTTGGGTCCGAAGCACTACAAAACTTTTATTCTCGATTGGGCGTACCAGAAGATATAC
CTCTTCAATCAAACACGTTGACTACTCAATTAGATCAAGCGCAGCAAAAAGTTGAAAATTCATTT
TTTGACGCCAGGAAAAGACTTTTTGACTACGATCAAGTTTTAAATTCACAACGTAATTGTGTTTA
TAGCGAGCGAACACGGCAAGTTCAATCTCCAGATTTACCTAACTTAGTACGTACTTCTCTAAAAC
TGACGATAGATGATTTATTTAAGTGTACTTTACTTAGTAAGTTTTTTACTTCCAAATCTGGAAAT
GGGATTTCAAACCTTTCAAAACAAGAAATAAGAGAGATATTCTACGAAATTTTAGAAATTCCATT
AATGCCTTACCCCTTTTCTGATAATAGTATGACGGAACAAATAAGCAAGGTTTCGATAGAACTAA
AAAGTCTAAGTAATACGTCACTTTTTCTTGCATACGCCAATTCAAGTAGGCCTATACCGTTATTC
GTAAATAAAATTGCGTCCAATGTGACACTGCGGGAATTGGATACTGTATGGTCCAATCATCTTCA
AAGAATGAGTGCTTTAAAAGAGTTGACGCAATGGTCTGCTTATGGTCGGAGAAATCCATTAACAG
AGTATAAAAGACTTAGCTTCTATTATTTCTTGCAAATGATTAACATTTTTCAGCAGAAGGTTTTA
CAAGCAGTTCCGGTTCTTTTTGAAAGCATCGTATAATTATTTCTTAATTTTGAACTATTTATAGA
GTTAATCAAGACAATAAGTACTTGAAATCGCGTTTAGAAAATGGTCTAAAAATTTTCAAAGTCGG
AGTATGACTACATGGCGAATGTAGCCAAGAGGTTACGGCACTGGGTTGTGATTTCAGCATCCGCG
GGTTCGAATCCCGTCATTCGCCCATTAGCCAAGTTATTTCCGTAAATACTGTTATTTGACGAATT
AAGCAAGTTGAGGAGATAATTAATTTTTACATCTCTTGATATCAGACTAATCGAATATTTTTAAC
GGAAGATTAATAAAAGTTAGTTTTAATTTCTTGTAAAATTAAAAAACGCGATCTTTTCAAAAATG
GTGGGTAACTATTTGTCACGGTTAATCTACACATTTAAACATTGCT 

 

secY 

GGAAGAACTCCATTACATACTTTTAGAGCTGATATTGATTACGCTTTATCCGAAGCACAAACTAC
TTATGGTAAAATAGGTATTAAAGTTTGGATATGTAAAGGTGAAGTTTACGGTAAAAGAGATTTAT
CTCCAAATATTGGCGCAACTAAAGGCGGAAAAGGTGGAGGTAATAACCAACAAAGAGCACCGAGA
AGAAAAAAATAATACGATTAAAAGGTAGATAAGATGTTACAACCAAAACGTACAAAATACAGAAA
GACACACAAAAACAAAGGAGCCGTTAAAAGAGGTGTTACTAAAAAAGGAGCATCTATAGCTTTTG
GTTCTTTTGCAATTAAGTCTTTAGATACAGCATGGGTAACTGCACGTCAAATTGAAGCTGCAAGG
ATTGCTGTTACAAGATATATGAAAAGAGACGGGCAAATCTGGATTAGAATATTTCCTGATAAACC
GTTGACAAAGAAACCGGCAGAAGTAAGGATGGGTAAAGGAAAAGGTAATCCGGAATTGTGGGTAG
CTACAGTTTTACCTGGAAGAATTTTATTTGAAGCAGACGGAGTGCCTTTAGAAGTTGCTAAAGAA
GCAATGAGATTAGCAGCAAGTAAGCTTCCGGTAAGAACTAAATTTATTGTTAGAAGAGATTACTC
TGCATAATTTAAAGAAATAGTAAAACAATGAAACAGGCAGATATAAAAGGACTTTCAAATGACGA
CTTACAAGAGAAGTTGTTAGAGTCGAGAGACAGTGTAGCAAAGCTAAGACGTAGCCATGCTATAT
CTCCACTTGAAAACCCTGCGCAAATTAAACTTGCGAAAAAAACAGTTGCTAGAATATTAACTGAG
CTTAAAAAAAGAGAGCTCGAACAACTTAAAAATACTAAATAAGTATGAGCGCAACAAGATCACTT
AGAAAAGAAAGAACAGGTGTTGTGGTTAGCAACAAGATGGATAAGTCCATTGTTGTTTCTGTAGA
GAGAAAAGAGAAACATCCGATGTACGGAAAGTTTGTTAAGAAAACATCTAAGTTCATGGCACACG
ATGAAAAAAACGAGTGTAACATTGGAGACACTGTGATGATAATGGAAACAAGACCATTAAGCAAA
AGCAAATGTTGGAGATTAGTAAACATAATTGAAAGAGCTAAGTAACCATGATACAACAAGAAAGT
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AGATTATTAGTAGCAGACAATAGCGGAGCAAAAGAAGTGCTTTGCATCCGTGTATTAGGCGGTAC
TAAAAGAAGATACGCTTCCATTGGTGATACCATTGTAGTAAGTGTGAAATCAGCTTTACCTTCAG
GAAACGTAAAGAAGGGAGCTGTATCTAAAGCGGTTGTCGTAAGAACAAAAAAAGAAATCAGAAGA
AATGATGGTTCTTACATCCGTTTTGATGATAACGCTGTTGTTCTTTTAAACACTCAAGGCGAGAT
GAGAGGTACAAGGATTTTTGGACCGGTAGCCAGAGAGCTTAGAGAAAAACAGTATATGAAAATTG
TTTCATTAGCACCGGAGGTGCTTTAATATAATTGAGTCATGAAATTTCATGTTAAGTCAGGAGAT
AAAGTAGTAGTAATTGCTGGAAACAACAAAGGCAAAGAGGGTACAATACAAAAAGTATTAACCAA
AAAAAGCCGTGCAATTGTTGAAGGTGATGACATTAGAAAGGTTAAAAAACATACAAGACCTTCTG
CTGCTTACCCGGAAGGAGGAATTGTAGAAACTAGTCCTTCTATCCACATTTCTAATTTAATGGTA
ATTAACCCTACTACAGGAAAACCTGCTAAGGTTGCCAAAAAAAGAAATGAAAAAGGTAAACTAGA
AAGGTATTTTAAAGAAAAAAAATCTGAAGGAGGAAATAAATAATGGCTTACTCACCTAGATTAAA
AGATAAGTACAGAAACGAAATCGTTTCTAATCTAACTAAAAAGTTTAGTTACTCTACAGTAATGC
AAGTTCCTAAGTTGCAAAAAATATGCATCAACCAAGGAGTTGGAAAAGCTGTAATTGATAAGAAA
ATTGTAGAAACTGCTCTAGAAGAAATGACTACTATAGCCGGACAAAAAGCTGTTCCTACAAAATC
TAAGAAAGATATCTCAAACTTCAAGTTAAGAAAAGGAGTTAACGTTGGAGTTAGAGTTACACTTA
GAGGAGAAAAAATGTATGAATTTTTAGACAGATTAATTGCTGTTTCTTTACCAAGAACCAGAGAC
TTTAGAGGAATTAGCCCTAAAGGATTTGACGGAAGAGGTAACTATACACTTGGTGTAAAAGAGCA
AATTATCTTTCCGGAAATCAATATAGACCAAGTTAAATACATGAATGGAGTTGATATTACTTTTG
TTACTTCAGCTAACTCTGACGAAGAAGCAAAAGCCTTATTGACTGAATTCGGTTTACCATTTAAG
AAAAACTAAGGAGGAAAGTATGGCTAAAGAATCAATGAAAGCTAGAGAAAGAAAAAGACAAGCGT
TAGTTGCAAAATACGCAGCAAAAAGAGCTGCACTTAAAGAAGCAGAAGATTGGGAAGCTTTACAA
AAACTTCCAAAAAATTCTTCTAAAGTAAGATTGCACAACAGATGTCAACTTACAGGAAGACCAAA
AGGTTATATCAGACAGTTTGGCCTTTCAAGAAATACATTTAGAGAAATGGCTTCAAAAGGTTTAA
TACCTGGAGTAAAAAAAGCAAGTTGGTAAAAAATATATATTACAATTATGACTGACGTAGTAGCA
GATTATTTAACTAGAATTAGAAATGCAGTATATGCCAAGCACAGAGTGGTGGATATACCTGGCTC
TAATTTAAAGAAAGAATTAACTAAGATATTGATGCAACAAGGTTTTATCTTAAACTATAAAGTAG
AAGACGATAAAGGACCTCAAGGAAACATTAAAATTGCCTTAAAATATGATCCGGTAACTAAAGTT
CCTGCCATCAAAAACTTAGAAAGAATTAGCTCACCTGGTTTAAGAATTTACAAAAGTGTAGATGA
ATTGCCAAGAGTTATTAATGGATTGGGTATTGCAATTGTTTCAACATCAAAAGGCTTAATGACTG
ATAAGCAAGCTAGAAGAGAAGGCATTGGTGGTGAAGTAATGTGTTACGTTTATTAATTTATAAGA
TATGTCACGAATAGGAAATTTACCGATAGCAATTCCACAAGGTGTTCAAGTTTCAGTGAACAACG
GTGAAGTAGTTGTTAAAGGTCCGAAAGGCGAATTAAAACAAAAAATTGACAATGCTATTGGCATT
AAAGTGGAAAATGATGAAGTAGTTGTTTCAAGATCTACTGAAGAAAAAGACCACAAAGCCAAGCA
CGGTTTATACCGCTCACTTATCAGTAATATGATAGAAGGAGTTTCTAATGGTTACAAACTAGAAC
TTGAATTAGTGGGGGTTGGTTACAGAGCAACTGTTAAAGGACAATTATTAGAATTAGCCTTAGGT
TACTCTCACAACATTGTGTTAGGATTACCAAAAGAAGTTTCAGTAGCTGCGGTTCAAGAAAAAGG
TCAACCACCTATTATTACTCTTGAGTCTATTGACAAACAATTAGTAGGTCACGTTGCTGCTAAAA
TCAGGTCATTTAGAAAACCTGAACCTTACAAAGGAAAAGGTATCAAATTTAAAGGAGAACACATT
AGAAGAAAAGCTGGTAAATCAGCATCTGCTAAATAATAATAAATTGAAGGGCTATGGCACTTACA
ACTAGAGAAAGAAGATTAAGAATTAAAATGCGTGTTAGAAAGAAAGTCTACGGGACTGCTGACTC
GCCAAGAATGTCTGTTTTTAGAAGCAATAAAGAAATTTATGTGCAACTAATTAATGATGATGATT
CTAAAGTAATAGTTTCTTCATCTTCAAGACAAAAAGATATAGCTTCTAAAAAAGGAACTAAATCA
GAAATAGCTGCAATGGTAGGAAAAGATGTTGCCGAAAAAGCTATTAAAGCTGGTGTTACTACTGT
TGCTTTTGATAGAAACGGATACTTATACCATGGTAGAATTAAATCTCTTGCAGATGCTGCTAGAG
AAGGTGGATTAAAATTTTAATAAATAATAATATTATAATAGAATGGCTAGCGCAAACGTACAAAG
AGTAAAGTCAAGCGAAATAGAACTTAAAGACAAACTAGTAGCGATAAACCGTGTAACTAAGGTTA
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CTAAAGGTGGACGTCACTTTAGTTTTTCTGCAATAGTTGTTGTAGGTAACGAAAGAGGTATTGTA
GGGCAAGGGCTTGGAAAAGCAAATGAAGTTACTGACGCAATTTCTAAAGCAATTGACGATGCTAA
GAAAAACTTAATTAAGGTTTCAATTCTTAAAGGAACTATTCCTCATGAAGTTGAAGCTAAGTTTA
GTGGAGCTCAAGTTTTTATTAAGCCTGCTGCAAATGGTACCGGAGTTATTGCCGGTGGTGCAATG
CGTGCTGTGCTTGAAAGCGTTGGAGTTACTGACGTACTAGCTAAATCTAAAGGTTCTTCTAACCC
TCACAATGTGGTTAAAGCTACTTTATTAGCACTAATGAATGTTAGAGATGCTTCTACCGTAGCAA
AACACAGAGGCGTAGAATTAGAAAAAGTATTTAACGGTTAATTTACTGGGCAATGGCTAAAATTA
AAATAAAACAAGTACGAAGCATTATTAAAAGACCTAAAACACAAAAGCTTACTATGCAAGCTTTA
GGTCTTAGAAAAATTAACCATGTTGTTGAACATGATGACACTCCACAAATTTTGGGGATGGTTAA
CAAGGTAAAACACTTAGTAGAAATAGTAAAATAATATTAAGAGATGAACTTACATAGTTTAAAAC
CGGCAGCTGGTTCTACCAAAAACGGAAAGAAAAGATTAGGAAGAGGACAAGGTTCCGGAAAAGGT
GGTACTTCTACAAAAGGTCACAAGGGAGCTAAATCCAGATCTGGATATAAATCTAAAAGAGCTTT
TGAAGGAGGGCAAATGCCGCTTCAAAGAAGAGTACCTAAATTTGGTTTCAACAACATTAATAGAG
TTGAGTACAGACCACTTAATCTTGATATTATTCAAGAAATAGTGGATAAAACCAAAGCAGAAAAA
ATTGACTTTGCCTTTTTAGTAGAAAACGGATTAGCTAAAAAGAAAGACTTAGTTAAAATTTTAGG
TAGAGGTGAATTAAAAGCAAAAGTAGAAGTTGAAGCACATGCTTTTTCTGCTTCTGCATCTAAAG
CTATTGAAGCTAATGGCGGAAAAGCCGTTATCATAAAATAAAAATGAAAAGATTTTTACAGACCA
TAAAAAACATTTGGAGTATTGAAGATCTTCGTAGCAGGATTTTAACTACCCTAGGACTTATTCTT
ATTTACAGAGTTGGTTCGTATGTAGTTTTACCTGGCGTTGACTCTGATGCTCTTGCTGCAGCTAA
TGCCGGAAGCGGTGGAGGAATTACAGACCTAATCAACCTATTTGCGGGTGGTGCTTTTTCTAGAG
CATCAATTTTTGCATTAGGAATTATGCCTTATATCTCTGCATCCATTGTAATKCAGTTAATGGGA
ATTGCGATTCCTTACTTTCAAAAATTACAAAAAGAAGGCGAAAGCGGTAGAAGAAAAATCAATCA
AATTACCAGATACCTTACTATTGCAATTACTGCAATGCAAGCTCCTAGTTATATAGCTACTCAAG
TTCCAAATGAAGCTATTTATAATGTTGGTTTTTGGTCGTTTACTTTCCCTGCTGTAATTATTTTG
GTTACAGGAACTATGTTCGTTATGTGGTTAGGTGAAAGAATTACTGAAAAAGGAATTGGCAATGG
TATTTCATTATTAATTATGATTGGTATTATAGCTAACTTACCATTTGCATTTACTGCTGAATTTG
CTTCCAGACTTTCAAACGGAGGTATGGTGGTATTCTTAATTGAGATGGTAGCATTAATACTAGTT
GTAATAGCATGTATCATGCTTGTACAAGGAACACGAAAAATTCCTGTACACTTTGCTAAACGAAT
AGTTGGTAAAGGCTCTAAAATGATGCAACAAGGTGGAGTAAGACAATACATTCCTTTAAAAGTTA
ATGCTGCTGGTGTAATGCCAATCATCTTTGCTCAGGCAATTATGTTTGTGCCTATTACCTTAGCA
GGATTTTCTGATTCAATGAGTGGTATTGCAGCAGCATTTGCAGACTTTACTGGATTTTGGTATAA
TTTTACTTTTGCGTTACTTTGTATCGCTTTTACATATTTCTATACTGCAGTTACAGTTAATCCTA
ATCAAATTGCAGATGATTTAAAAAGAAACGGAGGCTTTATCCCTGGTGTTAAACCTGGAAAAAGA
ACCTCTGAGTTCATTGATAATGTAATGTCAAGAATAACCCTTCCGGGTTCAATATTTTTAGCATT
CGTTGCAATATTACCTGCATTTGCCGGTATTTTAGAAGTAAACTCTCAATTTGCTCAATTCTTTG
GCGGAACGTCACTATTAATTATGGTGGGTGTTGTGCTAGATACATTGCAACAAATTGAATCTCAT
TTATTAATGAGAGAGTATGATGGATTAATGAAATCAGGTAGAATTAAAGGAAGAAGCAGTACAGG
CGGAGTAGGAATGGCTGGATAGTATGGGAAAGATCTATCTGAAAACAGAAGATGAAATTGAATTA
ATAAGACAAAGTTCTTTACTTGTTGGTAAAACCTTAGCAGAAGTTGCTAAACACATTGAGCCGGG
TGTAACTACACTTGAGCTTGACAAAGTTGCTGAAGAGTTTATTCTTGATCATGGTGCAAAACCTG
GATTTAAAGGATTTCACGGGTACGAATACACCCTATGTACATCTGTAAATAGTGCAGTTGTTCAT
GGCTTACCTACTTCAAACCCACTTCAAAGTGGAGATATAGTTTCAGTAGACTGTGGTGTTTTAAT
GAACGGATACTATGGTGATGTTGCCTATACTTTTATGGTAGGTGAAGTTTCTGAAGATGTTAAGA
AACTCTTGAAAGTTACAAAAGAGTGCCTTGACCTTGCAATAGAACAAGCGGTTGCAGGAAATAGA
AT 
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APPENDIX	
  B:	
  	
  TRANSLATIONS	
  

	
  

petB  

LASGINFLQERLDLQSLSDDVSSKYVPPHVNLLYCIGGLTLTSFLLQLTTGFSLTFYYRPIVASA
FATVSFLSSTLHYGWVIRAAHRWTASLMVLALLGHISRVYLTGGFKRPRELTWLTGLALSCLTVS
FGVTGYSLPWDQVAYWACKIVTGVPDAIPLIGGQIVALLRGADTVGQSTLSRFFETHTFLLPALT
TVLMLTHFLLIRKLGISGPQ 

 

petD 

MSNVNPLPSQAKSRAKLCKGAGHNTFGEPAWPNDLLFLFPICITGVLACSLGLAVLSPPAIDAQS
DPFSTPLEILPEWYFLPSFNLLRLLPNKLLGVAAMASIPLALTQVAASENQTASQNPNRRSQSSL
LYILGSSSSSWLGAGGAMPLSQSLTLALN 

 

psaA  

RFPTTFSAWRDPGHFSKTLAKGPKSTTWIWNLHADAHDFDAHTNSLQSLSRKIYSAHFGQLSLIL
LWLAGMWFHGARFSNYIAWLSDPTGLTPMAQSVWPVVGQDLLNSDGGGGTLGLPFTAGWFPLWRA
CGITSEAQLFSTACSGLVLAALTALGGWYHYHRSAPSLDWFQHAQTMLVHHLTGLLGLGCLSWAG
HQIHVSLPINSLLDAGVDIRILPTPAALLFDRGYLENLYPSFKQGLTPLLSGHWAAYTDFLTFKG
GLNPITGGLWLTDVAHHHLALALLFLIAGHMYRTSFPIGHNISAIHAAHKGPLTGAGHNGLYTIL
TTSWHSQLALNLALLGSTTILVAHHMYAMPPYPFIALQYATQLSLFTHHMWIGGFLIVGAGAHAS
IFMTRDYTPTASPNGFSDTNLLERVLLHRTTILAHLNWVCIFLGTHSFGLYAHNDTMRALGRPTD
TFGDGSIALSPIFAKCIQALHSVAPGNTAPHAISVSSYVFGAGTIAVNGRIAIQPLYLGTADFMI
HHIHAFQIHVATLILLKGVLFARSSGLIPDKYRLGFRFPCDGPGRGGTCQVSPWDHVFLGLFWMY
NCISITIFHFYWKMQSDVWGTITSSGRVSHITNGNFSSGSLTVNGWLRDFLWSQSSQVIQSYGTP
ASAYGLIFLGAHFIWAFSLMFLFSGRGYWQELIDTLVWAHRKVRLSPSISPRALSITTGRSVGVA
HYLLGGIGTTWSFFLARATTT 

 

psaB  

KGSEWNQLFLVVGDSRLRTFPSFSKGLRQDPTTRRLSYSVGIAHDLESHDFVTESLLYQRIFASH
FGHLAIIFLWSAGNLFHVAWQGNFQEWIINPLKTSPIAHAIFDPHFGVDALKAFTPSAGSYPVNI
STSGLYHWWYTIGLRSNTDLYSASMFLILCSLLFLYAGWLHSTPGRQPNLAFFKNNESRLNHHLS
GLFGVSSLAWAGHLIHVAIPASRGQVVSLDHLPLPHPAGLTPFLTFNWGIYAENPDSPTHVFATT
EGAGTAILTFLGGFHPQTQAMWLTDIAHHHLAIAIIFIVAGHMYRTTYAWGHRFTELLHAHVPPK
GRLRAGHVGLMETLTNSLHMQLGLALAALGVATSLTAQHMYALPAYAFIASSPVTQAALYVHHQY
IAGFLMTGAFAHGAIFFVRDYEPSNEGNVLATVLLHKEAIISHLSWVSLFLGFHTLGLYVHNDTC
VAFGLPENQILLDPIFAQLVQAASGKAGNGIDILLSEPTSPASIASSKVWLPGWLAGINSQRSTA
FLPIGPGDFLIHHAISLGLHTTTLILVKGALDARASRLLPDKKDFGYSFPCDGPGRGGTCDVSAW
DAFYLAVFWQLNTTAWTTFYWHWKHLTLWGGNSALFNEASTYIMGWLRDYLWLNSAPTITGYTAQ
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GMNAQAVWTWMFLFGHLTWATGFMFLISWRGYWQELIETIVWAHERTPLANLLKWNDKPVALSIV
QARLVGLTHFTTGYIFTYAPFLISSTSAKTAGISTAAALFKDLPGEII 

 

psaC  

MSHTLRIYTTCIGCTQCVRACPCDVLAMVPDTVWNKSGQVAAAPRPADCIGCKRCESACPTDYLS
IRVYLGPETSRSMGLTY 

 

psaF 

MLPAATDSRIWQQKFATLALSCMIFLPEKAQSSTPLIVMCKDSAAFNNLATTRLTRLNTALSNFE
PRTPAYRATMERKRAAKNRFSRQALLMCGRNDGLPRLFSADLNTFYNSFAVPALQFLYIATCIGW
AGREYLSRTANYKSEILIDLTLAATLMGSSPFRAVGAAWDDLLRGKLLNTTLQ 

 

psbA  

MNYYNPKSSLNIRQRQQTSSAWEVFCSWVTTTENRLYLGWFGCLMVPTLVSATFAYIIGFIAAPP
VDIDGIREPVSGSLLYGNNIISGAVIPSSNAIGVHFYPIWEAASLDEWLYNGGTYQMVVFHFFLG
VCSYLGREWELSYRLSMRPWICVAFSAPVAAASAVFIVYPIGQGSFSDGMPLGISGTFNFMLVFQ
AEHNILMHPLHMFGVAAVFGGSLFSAMHGSLVTSSLLKETTGSESLNYGYRFGQHNETYNIVAAH
GYFGRLIFQYASFNNSRSLHFFLGAWPVIGIWLTSMGVSTMAFNLNGLNFQQSILDACGCPISTW
ADILNRANLGMEVMHERNAHNFPLDLASTSNNNTNTTWPITLG 

 

psbB  

NLSKSGGLVALPWYRVHIVVVNDPGRLIAVHLMHTALVSGWAGAMALYELAVFDPGDPVLNPMWR
QGMFVLPFMTRLGVTQSWGGWSITGESLGGKSVGLWSYEGVALSHIGLSGLCFLAALWHWRFWDL
ELFRSPLNPTQTSLDLPTIFGIHLLLASLLCFGFGSYHVTGTYGPGIWVSDAYGICGRVQGVSPS
WGAAGFNPFNPGGIAAHHIAAGVLGTLAAVFHITNPPPEVLFLALRMANIETVLSSSIAAVFFAA
FVTSGTMWYGAAATPIELFGPTRYQWDSEYFLKKITQTVNYYKGLSLTDSDAWALVPEKLAFYDY
VGNNPAKGGLFRAGPLTKGDGVAKAWLGHPQFYGPDGSILRVRRIPAFFETLPVLLLDTRALVAA
DIPFRRAESKFSIEQIGVSAVILGGRDAGAEFTSAASVKALARKAQFGELFEFDRAKLKSDGVFR
SSPRAWYTYAHLNFAFLFFLGHLWHGGRTLFRDVFAGIGADSIEQVEFGAFVKLGDARTRKKPRQ
LKS 

 

psbC  

MECPRTLESLHLGVYLLKTYRGKNTRTENNGIGRRAESKNSKWKNHAENSSAAGRDLLTTGYAWW
SGNARLISVSGRLLGAHVAHAGLMILWCGAMTLFETAHYIPELPLYEQGCILLPHIATLGWGVDP
EGEISGTYAAFVIGVLHLLSASVVGCGGLYHALLGPDTLEENFAYYGYDWRDKNKMTTILGFHLI
LLGLGCYLLVAKALYFGGIYDTWAAGGGDVVRVTAPTLNPIIIANYALKSPFGGDGWVISVNNLQ
DLVGGHAWMGSILILGGLFHQNTKPPAFVRRAFIWSGEAYLSYSLGALTICGLTAAVFVWYNNTA
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YPSEFFGPTAAEASQAQAFTFLVRDQKLGAKVASAQGPTGLGKYLMRSPSGEIIFGGETMRFWDM
RAPWVEPLRGPTGLVLTRIRRDIQPWQVRRAAEYMTHAPLGSLNSVGGVATEINTFNYVSPRSWL
CTSHFFLGFFMWIGHLWHAGRARAAGAGFEKGISRENEPVLYMRPLD 

 

psbD 

MKFGNSKAKSAQTAMRRKVSLFSLVDDWLKRDRFVFVGWSGLLLFPCAYLAVGGWLTGITFVTSW
FTHGLASSFLEGCNFLTAAVSTPPNCMGHALLLLWGPELSGDIIRWFQAGGLWTFIALHGSFGVV
GFCLRQFEIARLVGIRPYNAIAFSGPIAVFLTVFLVYPLGQASWFFAPSFGVAAIFRFLLFIQGF
HNYTLNPFHMMGVAGILGGALLCAIHGATVENTLFEDGDAATTFRAFTPTQAEETYSMVTANRFW
SQIFGVAFSNKRWLHFFMLFVPVAGMWTSSIGIVGLALNLRSYDFVSQELRAAYDPEFETFYTKN
QLLNEGIRAWMSAQDQPHENFIFPEEVLPRGNGL 
 

psbE  

MAGSTGERPFTDIITSVRYWIIHSVTIPSLFVSGFLFVLTGLAYDAFGTPRPSEYYTEKRNAAPR
LTERYGAKAELTAIAAGMQEE 

 

psbF  

SLKPVTGAVTYPIFTFRWLTIHALAVPTVFFLGAITCMQFIQRA 

 

psbH   

HPFLYKVFSYQQTAATGRGLKTKLGRALLPLNSQAGLVTAGWGSTGFMVFTMVAFLLFLTIILQL
YNSTILLDDFELSWADLPTG 

 

psbI 

MYRLKLAVYLVVIFFLTIFTLGFLTGDPSRNPNRKDIE 

 

 

psbN  

TLILFISLRESSLVILVKVYFRVVRVRKLSCYYVGTLVRLKLFADFSKLEAAAFVTYFVLGLLVG
ITGYSIYTAFGAGSSNLRDPFEEHETTEAITLHTPR 

 

psbT 

MEAILYTVLLIGTLFVIFFAIFFRDPPRLVRK 
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psbV   

MPKKQIFSRQVRTNKQVQASLLFSLVFLASPEFAFARKFTDSVRTVQLNAARADVVLSPNQVRRG
KFLFGKACASCHVGGLTKPNPNVGLDIKSLQVARPPKNNVANLIAYIIAPTTYDGLTDISDIHPC
TKQSRLYTKVRSLTRFDCFCIGGHVLLQAKLLGEKWGGGKVYY 

psbZ  

MPALAKDDDDDDSGVKAPPLRTDAVLQARDKYEFGRKYKADTKLMIDNMKIVTDMGRGTPQMEDI
AKATRKQMIEYISLYRARPETTKLPSFSVMYTAINTVAGHYASYGYKYPIPEKRRVRLAEQYLEV
ERALARGK  
 
rbcL 

MLIKKFSEDVNSRTRIKAGRYKSGVLAYKDMGYWEPDYSIKTTDVLATFRFQPQPSVHPIELAAA
LAGESSTATWTVVWTDLLTASDIYRAKAYKVISLQDSSALAYIAYDLDLFEEGSIANLTASIIGN
IFGFKAVKSLRLEDMRIPVAYLKTFQGPATGLVVERERLDKFGRPLLGATVKPKLGLSGKNYGRV
VYEGLKGGLDFLKDDENINSQPFMRYRERFLYSMEGVNHAAAKTGEIKGHYLNVTAATMEDMYER
ANFATELGSVIVMIDLVIGYTAIQSMAYWARSNDTLLHLHRAGNSTYSRQKNHGMNFRVICKWMR
MAGVDHIHAGTVVGKLEGDPKMIKGFYETLLGLSTPVNLSLGLFFAQEWASLRKCVPVASGGIHA
GQMHYLLHYLGDDVILQFGGGTIGHPDGIQAGATANRVALEAMVAARNVGLDYVALGKSILTNAA
KRCDPLHAAISVWKDIAFNYESTDTPDVGIEAAHSSSSTSQHASQHDVAPS 
 
rbcS  

MITQGCYSYLPPLTPQQLVMQIDSALKRGLGLGIEYTYDPHPRNSYWEMWGNPRFTFEGVQSIVY
ELAACAKAHPEAYIKLLAFDQARGTESCVLSFIYHRPSVETAFRLVRQEANSRKIVYTLEPTTP 

 

Rpl3  

MPLTAVGLFGKKLAMTQYACDRSHSIATFVPATAVEIGANQVTQIKTVQTSGYGALQVAYNEVKP
RVLSKSCFGKLRKAGSSRFFKNFGEFRVAQPEKYRIGECLDVRLFHPGQPVTVVAPGSGKGFLGT
VKRHNFSRGPMTHGSKNHRLPGSIGSGTTPGRVYPGKKMAGRSSGRSRVRSTVLETDENNNIVLL
RGSAPGKRGHFLKISAEK 

 

Rpl6  

MSRIGKQPVELPSGVSASVSGQTVEVKGPKGARSFTATDDITITVEDNVITVTPRGKSKRARQQW
GMSRTMVANLVHGVTNTFKKELEIQGVGYRAQLQGNVLKLNLGLSHDVDFQIPDGVTVTCPKQTE
IVVEGQDAQLVGQVAANIRDWRRPEPYKGKGIRYKGEFIFRKEGKKK 

 

Rpl19  

MSDLIKLIENEYNAVRESIPAFGAGDTVNVHVKIKEGNKERIQQFQGTVMQRRNSGNSETFTVRK
IASGIAVERIFPVISPNIEKIEVLRRGKVRRARLFYLRGRKGKAARIKEKL 
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rpl23  

MKRGRGGKGGGKLKISLGMGVASLMNCADNSGAKNLYVVAVAGIGGRLNKIPKCCPGDMVLCTVK
KGKPELRKKMLKGVVIRQKKQWRRREGLFVYFEDNAGVIVNDKGEMKGSAITGPVAKECAELWPK
VASTAPAIC 

rpl27 

MAHKKGAGSSKNGRESHSKRLGVKIFGGQDIVAGNIIVRQRGTQHHPGENVGMGKDHTLFALTDG
VVEFKKGRQNRSFVSVVTPEAKA 

 

rpl31 

MIALMPKPAIHPTWYPHAKVYLDGQLLLKVGATKPKLEVDIWSGTHPAYTGRTEELDTEGRAKRF
LRRYGWEEASLTEATIDANDSTTS 

 

rpl36 – weak homology 

MKVRSAVKTICSGCTLVIRNRVRYVVCKKNPKHKQRQGFHTLANISPSEFPSPAPFVKGSIGQQN
LNTAAALHGNLGQMRAKIFWNALKIC 

 

rpoA  

MYNILRSPVKELMDPTGQSLVHGKYYVGPLLRGQSITLACALRRTLLAEIEGFAIIGIHVPNVKH
EYEHIPGLKEDMLELSLNLKQIKITSESNTNTTLAKLKVSGSNKKSGFLCAQDLILPEGYTVSNP
RAYIASLTSTDVPDFTMELLIARGKGFVLAQDIRARLPTRFIPLDATFTPIPRVSFSFEVSRDNK
YETLIFEVWTFVGFDPEILIAEASFILERTFRRFRLVPFQSTIKRPVSLPTATKLESAPTELDQT
SLRELKLTVRARNCLIRAGVKTVGDVTRFSHKSLLQLQGCGVHSVKEIEAKMLEYFNWKIS 
 

rpoB   

MNEAGQPRKRAKAEPEASKRQDGASNLSVLGQACANHVESFNALLEGGLDGIVSQMDVAEVDPRE
GTNDPAIQIQLTELYVTKPTNMLDSKDTHDGGKFAGRTLNILPVDCRVGHFTYAAPLHGKFELRV
TGKPQTASATLEIGRIPIMVKSKACYLHGKSPQQLVELGEDQTECGGYFIVNGNERVVRMLIMPR
ANYPMAIIRPSYESRGHLYTKYATLFRGMRRDGSTQTNTLHYLLDGSCWMRFSHGREEWFIPLVA
IAYCFYPLTDELFVQQLCGTGEHWSMTFLRERALVMLQHQRTKHKISNQRDAYSYIGKTFRITLG
LMIPRRWTNEEVGKWMMNRFVLVHTQDPVEKLQTLCLMWQKLMGLVREQLEPDNQDVMSSHEILL
PGQLYGLVLKESLETMMERLKAIIAKSTRPRDDVKAEKKATDYIKNERLLEQVIKAASKVSNDLQ
YFVATGNVNSRSGLDLMQKSGYTIVADKLNQARFSSHFAAVHRGQYFAEMKTTTVRKLLPETWGF
LCPVHTPDGSPCGLLNHMARSAKAVIHFPSAEITQSVTRFLSTLGVDVYPGEKTDLPTYQNAKYA
WVMLDGRPVGRLAFDRLDSVAQELRRSKVAGRNGIPRDMEIVPISPDWKYLFPGLFLFLGPSRLI
RPVHCHSLGTVEWIGPLEQVFMNIAMTGKETEEARVAVAAAKDSAGKELVQRDEDLPEQKPIEHT
HQEIKPTEIFSVLAALTPFSNHNQSPRNMYQCQMLKQTMGTPYHNHPYRTDNKVYKIWCPQKPIV
RTEMYNQYNFDEHPQGTNAIVAVITYTGYDMEDSMIINKHSFERGFGHGIVYKTKIIEAGDKNMR
AQEKAACMFTNLRPEFKGGGRYVKDVDPATGEFRLQDDGLPPIGIKMENGDPLCCWAGPDGREKV
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VKFHDDLEAYVENVTRVHPEALPGAQAEPGMHKVLIKLRYPRNPVVGDKFSSRHGQKGVMSRLWP
AEDMPFSESGVTPDIMFNPHGFPSRMTIGMLIESIAAKAAAAEGKPVVDGTTFRGYAGHLTGKHN
NEKDPFLQKESNRKRQHNQEKDGNPVYKYFGDTLVKHGFQRLGTEKLYSGIHGTEMETDIFMGVI
YYQRLRHMVGDKAQARMRGPVDRLTNQPVKGRQKHGGIRFGEMERDSLLAHGTAYLLHDRLCRSS
DFDVGFVCPMCESILTPQANAHLKTGLHSQIAVSGQEWECPPCSRKMKRSVICHPVPIPWIFRFL
TCELAAMNVRLQIKVKSRGREASMLPRSDVTAADAKKAGSGAAAGSVKK 

rpoC1 

MTTAYDLNVPYSSAELKRVKAVRFTIFDADTIVACSVAEITELDIYKNGEPMYGGVNDPRLGPLD
PRTPCHTCGLGIKECPGHWGYVTLARPMFHWGFMKATHNVLRCVCYYCSRLLADPKDHHMINAEA
MKNAKKRLQAVMLCCRGKKRCAVAADAANPEEVLGRDGEEDPGKNFAGGCGYLQPKFTVDMTVLY
VSFPEGGEDEGDRKRVMSAQEALVIFKRITDTDVRRMGFDPKINHPSQMILTHMAIPPPAVRPSI
QMGAARAEDDVTAKLSDIIKVNLMLKTQVQSGAGDHICAEFAKLLQYHIYTLSDNGIIGIPTATT
KSKRPLKSIRERLKSKEGRLRGNLMGKRVDFCARSVIGGDANFNTEQVGVPRSIALNLTFPERVT
PHNIHWLKKLVAKGPTQHPGARYVVRDDGSRLDLRYVADTSAITLQYGWKVERHMIDGDYIIFNR
QPSLHKMSMMGHRVKVMPFSTLRFNLAVTSPYNADFDGDEMNLHLGQSHETRSEIKHMMLNPRMV
VSPQGNKPVMGIVQDALLATCKFTKRDSFLEKDLAMNILMWVPVWDGCLTIPTILRPKPMWTGKQ
ILSMIIPKGLSLKRDAAIASKNKKDNPDFPASDCKVIVQDGEILAGQVCKKTVGSSGGGLIHLIW
LDYGPEVCRNFISYLQKIVNQWLTHNGFSCGVADIIANDETLLNVEKTLKQAKVEVRKILADAQR
GKLETQPGKTMYQSFEAKVNQRLNAAREDAGRIGSDSLDERNNIISMVNAGSKGSPINIAQIIAC
VGQQNVEGSRIRYGFMDRTLPHFTKDDYGAESRGFVENSYLAGLTPQEVWMHAMGGREGVIDTAC
KTSETGYIQRRLVKSMETLRTHYDGTSRNANNEIIQFIYGEDGMDALWIEDQTLEIMTYDNKKLE
NTFKHDYQSESYGDSWLPPDVQQAIKASGENQQILDDEWKKIKDLKEMICNEVFPDGDSKQHFPI
NLARMMGRAKLKLAQENDIDRNDKFTPMEVVQKVNKLLSELEITRAIREGDSIGREVEDNAKIVL
NGHLRGWLGSKKILQQEKLSKQSFDWLLGEVKQRFMKSVAFAGEMIGTLAAQSVGEPATQMTLNT
FHFAGVGAKNVTLGVPRLKELINVAKTVKTPSLAVYLNGDLGKDQERAKDVQSILEHTTLEKVTS
FTQIFWDPDPENTRVEEDREWVAEYYELPDDDENPNRCGPWCLRIQLSNKVMTDKKLTVREVGER
ILQDFMGDLDCIFTDDNAEELVLRIRLLKEAAEIDQAPPPFDPLDDKEDKDFKFLRSIEANILKE
MSLQGILGIKKVFMREDTMSVYNAVKGGFERTKEWVLDTDGVNFEEVMQIPQVRFERLQSNDIVE
ILNVLGIEAVRNALLFHVRMVISFDGSYVNYRHLGTLCDVMTQRGHLMAITRHGINRTNQGPLMK
CSFEETVEILMDAAIYAEVDYMRAVSENVIMGQLAPIGTGVFDLYMDDKVNKDGDCMLNDARPVL
PNSGKANEMFSMASPAGTPSRGSPIPALTPHADQVEPDFAPPSTEGSISGLPTPNVTPNGSPESM
AGGQSPFTPMDRSPGAARFSPAFSALSSPVSAGARTSPSYSPVLGYSPQADEPQNVSPTYRPDDG
QGSSSPLYKTGAHGPSSSAVYSAPSYSPGPAGYAPSSPGYTPGRSPAYDYSMPSFNQSPYQADFG
ARTRTRPSPSTAPGDHSPTSPADTPVDGPEARRSFSSSPSYTPHPGWMEGTTSPQFNYDPAAGGY
ALDGEATDDNASDVFEPSDDEMVR 

 

rpoC2  

LQSNLKYSNKALDKKELKAFLTITAHSFGATQATIISDKVKSLAFQSSTYSGASLSLQDFTPAPS
LMHLIHLANAGARRANNDYCNGVITFNERHKLITTSWRAALAPLTDALQTYMQRCDSLSSLYALA
FSGARGNITQAKQLVGMRGLIMDVQGKLGELPIRTNLFSGMTSLEIAIASHGSRKGLVDTGLRTA
DAGYLTRRLVDSAHDILVREEDCFGDDFLTLEELISQSKNRKISWGEKLVGRVLATPLYSPENSL
VFTKNMIITKSSLNSLRRAGFLESAEKRRLINIRSPLTCTTLAGVCRNCYGSDLGTSKKVSLGLA
VGVIAAQSIGEPGTQMILRTFHTGGAGITLGYTARDICSPSSGLVTYHNIQAALIVRFRDGLPSL
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VLKEEGSLIITGKHSITQLTFPAGTAIFLANKSFVYRNQVIADLRVSRRMRPRVSSQHSSASPLQ
LKKPVMKKIVQERLPKSGDLFYCKASYTDRRLTHSSSPSSISSIHNPGVQNYSSNLEDTRLSLWV
LDGYRYQLTKLAKVLKPGKTFSRGTSIAHLKLINKFSGIPYYQKLSKDKGPLIINSLVCPINLFV
KQSLENFQAKNRVLHLHTSRKIIPLHSHISNETIIRPGHVIFTPQLHPHWCLAKCGGIVYRIYEN
NLLLLLPEERYYLRSFRELLIRPLAKSIYLRAGTKITSSIVMPTQGILQIDAKKLTLTIKPGFVM
RPKTASIQSCGTLWEPTPVHRTWFRDDSKNNQDYSYVEKFILRKVSYVLERVPIKYVNLTKLTSY
IRYNIISVPLVKIPRLYIKTIYSALYVSGERVFKHDILFATRVIMDSPAKRFLRTSTQSTPGITK
LQLHPCCYEIKTSPNKEIYSADFFATNQYATSSRLVSQETNYKRLTQVVSQWDKIRLLTCEHIKI
PKLAYTATNQRDAIVLKNLAMPSTCVAPGTLISKVLLNASVSGQVVRQQLTPSHLEVITVRPCDL
SCFLFNRACEVLYVDEGDFVKLGTRLTTSLVANCVGQVYRVSKTRIFIRKGMTRLISATQQFPLR
DSIKSNFAKKGSFMSTTWSELFEAKDITQGIKDISKILEVGKTSSTGLLVPFNGIIYVHASVLRV
VSPNRRIWKFNIPDSLCQNDILPASGTYVRRLDVLSAGFVSLRTRLQTLYYYYCHEEKFESRAAC
QESIKDARLHLTEQVKSAYLEYGINIADKNLELIVRRMTSKVTILDPGATDLMIGEYIDFYKLMA
IENAVVQKSLKKPRYEPLIFGLTKTALHSNSFLSAASFQSTVKVLTSAAIQGKIDWFIGLKEAVI
AGRMIPTYQDRAGSALHLPVHSSLKTSILNLRKNVEQKGKEKI 

 

rps2   

MAMTTKEEDIQMMLVCKTHLGTRNCDHRMKRYVFRRTVDGIHIIHLGKTWEKLMAAARIIVAIEN
PSDIIVASQRPYGSRAVLKFCQYIGAQAMAGRWMPGTLTNQITTKFLEPRLLIVTDPRTDSQAIK
EVGYSSIPTIALCDTDSPLEYID?AIPANNKGKESIALLYWLLAREVLYLRNVHSRSQPWEVMVD
SFFWRDPEELERQEEMDQGFAAAPRQAYTEEWTAGGGEWEAGPAAENSSWDAAGGADDWSAPAAA
GGEATEGGNW 
 

rps3    
MAQAESLRYKLLGGLAVRRACYGVLRFVMENNCKGVEIIISGKLRAQRAKAMKFKDGYLISTGEP
KRHYIDEAVRHVLMRQGVLGIKVKIMMGYDPEGKMGTKVILPDNVVVHEPKDEAPVNFSAEQTYE
EETG 

 
rps5 

MSDVKLFGRWPYEDVNVSDNSLLDYIAVTHAAHHCFLPHTQGRYQKKRFRKALCPIVERLCCSMM
MHGRNNGKKLMAVRIVKHAFEIIHLLTDKNPIQVFVDAVKNGGPREDSTRIGSAGVVRRQAVDVS
PLRRVNQAIYLICTGARNSSFRNIKSIAECLADEIMNCAKESSNSYAIKKKDEIERVAKANR 

 

rps12  

MGGSKPRGIRSARKQVIRRRTQRWADKDYKKANLGTKYKCNPFGGSSHAKGIVVEKIGIEAKQPN
SAIRKCCRVQLIKNGKKIAAFVPRDGCLNFIDENDEVLISGFGRRGHAVGDIPGVRFKVVKVAGC
GLGALYREKKEKPRS 

 

rps14  - 
MAPKTKAPVEAVSLGPQVREGETVFGVAHIFASFNDTFVHVTDVSGRETIIRVTGGMKVKADRDE
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SSPYAAMLAAQDVAARCKELGISALHIKLRATGGTKSRTPGPGAQSALRALARSGMKIGRIEDVT
PIPTDCTRRKAGRRGRRL 

 
Rps15a   

MVRISVLRDCLNNINNAEKRGKRQVLVRPNSKVVVKFLQVMQKNGYIGDLEIIDDHRAGKVVVDL
IGRINKCGVISPRFDVPIGGIEQLASDLLPSRQFGHVVLTTPYGIMDHEEAKRKHTGGKIVGFFF 

rps18   

MRLGNALRAAVLPARHRAGAFIGRGWPACARHAANTPGKVPSGSGQSEEAVRLMLDTKVSQRGTA
DALFQECIDAIRERRLKLEQDPVLQEGDTPAITKLKQDELDLTKKIFQRVDPSRDITSDLTHAGH
NIDPYWSPFHKVREVKDQVAAEFDEYARLVTVAEQKRVRIQIKKSLRRAAAVYNPYSKEFRQWHG
RKSGQAPPKPFRLPDKHWEPSPLQVRLARERITWRDVDILQHFIADNGYILPRRTTMLPRQKQQA
LVQAVKTAQNMSLLPYQWKLKDFQAMPLMDPLQWMADRLTDRVMESRDRRSRAMLRVMMERHPEL
NYRNFLRHEAQRAKGAGDPSDAV 

 

rps19   

NQKIVGRSRNKSPYVSAALLTNLAKQEKTHSRQASGKEAHPSPIKTWSRASTVIPTMLGYTICVH
NGREHIPVFIDTRKLGYKLGEFAPTRTFRAHKRKDAKASK 

 

rps23 

MGGSKPRGIRSARKQVIRRRTQRWADKDYKKANLGTKYKCNPFGGSSHAKGIVVEKIGIEAKQPN
SAIRKCCRVQLIKNGKKIAAFVPRDGCLNFIDENDEVLISGFGRRGHAVGDIPGVRFKVVKVAGC
GLGALYREKKEKPRS 
 
 
ycf4  - 

MVIPQRGARNTSNLIFSILLTLGGLGFFLTGLSSFFKYNLIFLTNVSEIAFLPQGIVLLLYGTIG
LTLGSFLFLTFYWNLGAGYNLYCTKKKAVLFYRTRFPGRKTNNPLLLKFPFATINSLGLKRGTAL
SPDNSVIAYTSNGSKFPLMYTDTMEVARNSAMTLAYLMNCPVDSKTLFPKNFSVSDLRKVFKSSI
LILFR 

 

cbbX 

MSLRRIAGTVDKFMYKEGVAEVLDKLDREMIGLREVKDRVRAVASMLVIDKMRMKLGLETSMPSL
HMSFTGAPGTGKTTIALRMGQILQKMGYCRTGHVVMATRDDLVGQYVGHTAPKTKEMVKKAMGGI
LFVDEAYYLYDEENERDYGAESCEILSSVMETMQDDLIVIFAGYKELMDHFYAGQPGIKSRVGNH
IDFPNYSDDELIDIGKVMLNASSMTMTPDAIVALREYMVKRRQLPFFSNARTVRNAMDMARMKGS
VRTYMEIVKPMMGSTVNLPMSAFTEVSAKDIPTIEEMQGGGDGQNKVMG 
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clpC 

MMFERFSESAIQIIMMAQRESQRLGHNYVGNEMMLLGVVAQKSGVAAKVLAKLGVKLEEMRKVVE
ELVGKGNGITGVDIPVAKEAKEVLEGCVEEAEKLGSKAVDTVHILLALIKDEDGDAAKILKKLSV
DPAKVRTEVLDAVKSQDKPLVGAVSSSGGAKSGKSNTATLEQYARDLTKMAEAGELDVVIGREKE
IKRAVQVLARRRKNNPVLIGEPGVGKTAIAEGLAQRIADGKGPSFLQGKRIMQLDLTGLLAGTKY
RGDFEERLQNVIKEVVASNREIVLMIDELHMLVGAGSAEGSMDAGNMLKPMLANGELQLIGATTL
EEYRKYIEKDKALERRFQTINVPEPTADQATDILKGLTYKYEEHHELRYTPEAIEACVKLADRYI
TDRYLPDKAIDILDETGARVRLQAAKAVPKETLEIETELKEVQKQLDEAVEVQDFEKAAELKPKK
DKLNATLMSLGEGEEEKAEKTFVSESDVERIVADMTGIRVEKVSSNESARLLGLEDTLHDRVIGQ
DEAVVAVSKAVRRSRSGLKDPNRPIASFIFCGPTGVGKTELCKALSDAYYGRKDSMIRFDMSEFM
ERHTVSKLIGSPPGYVGYNDESQLTDKVRRNPYSLILFDEIEKAHPDVFNLMLQILEDGMLTDSK
GRTVSFKNALIIMTSNVGAQGIEKT?AGGGGFGFQSATDDVEQATYEKMKSVVGDQLKNNFKPEF
INRLDETIVFKPLTKKEIEQIAELELAKVFERVKEQGLTIEMTERFKKKCVDDGFDPKFGARPLR
RAIAKLLEDELAASVLLEPVRENEIAIVDIDDDGKVKILRNQGEVKVTEEEEAPVLR 

 

groEL 

MVVKRIFFREEARIAMERGIDMLSDAVSTTLGPKGRNVVLGQKFSTPQIVNDGVTIARAINPLDN
IENMGVCLIRQAASKTNDVAGDGTTTATVIAHAIIKQGLRNIAAGSNPIVLKRGIEKAAQYIVDR
IAEDAMPIAGWEDIFTVATISAGNDKVMGKLIADAILGVGNDGLISVEESNSTANELEFTEGFGF
DRGFLSGYFVTDSEKVECLLRDPYILLTDKRLTVVKDLLSTLELMTKLNNKPLLIIAEDVQQEAL
ATLIINSLRGILKVVAVRAPGFGEKRSTLLADMAVMTGGQVISSAAGYNLENMQVELLGRAQRVI
IKRDSTTIITDANKQKVLARCEQLKRELENVDSTFEKEKIQERLSKLSGGIAVIRVGAATETEMR
DKKLRMEDAVNATKAALEEGIVPGGGITLARLNEDLKRWVKCSLKNDEVTGGLIVGDALCAPFKK
IAANAGKNGAVTFAKLMKESDKRVGYDAASDEMVDMYDRGIIDPAKVTRATLQNATSIASMVLTT
ECIIVDSKNDYL 

 

secA 

MKNNGLLDFYQQILENFDLAKYKRQVTRINVLEPVFSKYSNQDLRDKTVQLKTLLMSETRATSNV
VEEAFALVREASKRVLGLRHFDVQIIGGLVINDDKIAEMKTGEGKTLASILPAFLNALYGKGVHI
ITVNEYLAQRDSQYTGQLHNFLGLSVGLVTETMSSVEKKKNYYCDITYVTNSELGFDYLRDNLVQ
NAEGVVQRSLFYCVIDEIDSVLIDDASTPLIIAGSPTSLDDGLTEKYIKSTRVANILKRDKHYKT
EEKTKSVLFSDAGISMCETCLGIERSEMYSLPDPFWFIILNAIKAKEFYRRNRNYIIDANLEIVI
LDEFTGRALEGRRWSEGMQQAMESKERLTISGLTPPQASISYQNLFLLYERLSGMSGTAATEKQE
FSTIYDLPVVVIPTNKPGRRIDFSDSVYTKQLYKWQGVINECRDMYRVGRPVLIGTKTITASERV
ADFLKSQNIPYQLLNARPENSRRESEIIAQAGCESTVTIATNMAGRGTDIILGGNSQYFASTTIA
TFVENINFSNASMNSALRNYHQEYVRSLQSSNEKKLDLNLRRLRKFYNLVLYKKSLLTQKNRKTV
LRLGGLHVIGTERHESRRIDNQLRGRAGRQGEPGSSRFFTSLDDDLLRQFGSEALQNFYSRLGVP
EDIPLQSNTLTTQLDQAQQKVENSFFDARKRLFDYDQVLNSQRNCVYSERTRQVQSPDLPNLVRT
SLKLTIDDLFKCTLLSKFFTSKSGNGISNLSKQEIREIFYEILEIPLMPYPFSDNSMTEQISKVS
IELKSLSNTSLFLAYANSSRPIPLFVNKIASNVTLRELDTVWSNHLQRMSALKELTQWSAYGRRN
PLTEYKRLSFYYFLQMINIFQQKVLQAVPVLFESIV 
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secY 

MKRFLQTIKNIWSIEDLRSRILTTLGLILIYRVGSYVVLPGVDSDALAAANAGSGGGITDLINLF
AGGAFSRASIFALGIMPYISASIV?QLMGIAIPYFQKLQKEGESGRRKINQITRYLTIAITAMQA
PSYIATQVPNEAIYNVGFWSFTFPAVIILVTGTMFVMWLGERITEKGIGNGISLLIMIGIIANLP
FAFTAEFASRLSNGGMVVFLIEMVALILVVIACIMLVQGTRKIPVHFAKRIVGKGSKMMQQGGVR
QYIPLKVNAAGVMPIIFAQAIMFVPITLAGFSDSMSGIAAAFADFTGFWYNFTFALLCIAFTYFY
TAVTVNPNQIADDLKRNGGFIPGVKPGKRTSEFIDNVMSRITLPGSIFLAFVAILPAFAGILEVN
SQFAQFFGGTSLLIMVGVVLDTLQQIESHLLMREYDGLMKSGRIKGRSSTGGVGMAG 
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APPENDIX	
  C:	
  	
  SUBSTITUTION	
  MODEL	
  SELECTION	
  

	
  

	
  

	
  

	
  

Appendix	
  Table	
  3-­‐1.	
  	
  Results	
  from	
  MEGA6	
  "Find	
  best	
  protein	
  model"	
  analysis.
PetD PsaA PsaB PsaC PsaF PsaJ

Model BIC Model BIC Model BIC Model BIC Model BIC Model BIC
LG+G 6570 LG+G 20808 LG+G 17234 LG+G 1803 LG+G 10252 LG+G 1938

LG+G+I 6575 LG+G+I 20815 LG+G+I 17242 JTT+G 1804 LG+G+I 10259 LG+G+I 1942

cpREV+G 6625 LG+G+F 20828 cpREV+G 17330 LG+G+I 1809 WAG+G 10282 cpREV+G+I 1943

cpREV+G+I 6629 LG+G+I+F 20835 cpREV+G+I 17330 WAG+G 1810 WAG+G+I 10290 cpREV+G 1945

rtREV+G 6638 cpREV+G 20840 LG+G+F 17351 JTT+G+I 1810 cpREV+G 10303 mtREV24+G+I 1946
rtREV+G+I 6643 cpREV+G+I 20840 WAG+G 17352 Dayhoff+G 1812 JTT+G 10309 mtREV24+G 1949

mtREV24+G 6644 cpREV+G+F 20850 LG+G+I+F 17358 WAG+G+I 1815 cpREV+G+I 10311 WAG+G 1950

mtREV24+G+I 6651 cpREV+G+I+F 20853 WAG+G+I 17359 Dayhoff+G+I 1819 JTT+G+I 10317 JTT+G+I 1951

WAG+G 6656 WAG+G 20952 JTT+G 17366 rtREV+G 1826 Dayhoff+G 10349 JTT+G 1953

WAG+G+I 6660 WAG+G+I 20958 JTT+G+I 17373 JTT+I 1831 LG+G+F 10353 WAG+G+I 1953

JTT+G 6674 rtREV+G+F 20962 rtREV+G 17390 rtREV+G+I 1831 Dayhoff+G+I 10357 LG+I 1954

JTT+G+I 6679 rtREV+G+I+F 20968 rtREV+G+I 17398 LG+I 1833 LG+G+I+F 10361 cpREV+I 1958

LG+I 6685 WAG+G+F 20968 cpREV+G+F 17422 WAG+I 1833 WAG+G+F 10367 WAG+I 1965

LG+G+F 6687 WAG+G+I+F 20975 cpREV+G+I+F 17423 Dayhoff+I 1841 WAG+G+I+F 10375 JTT+I 1967

rtREV+G+F 6691 JTT+G 21006 rtREV+G+F 17431 cpREV+G 1843 Dayhoff+G+F 10382 Dayhoff+G+I 1968

LG+G+I+F 6693 JTT+G+I 21012 rtREV+G+I+F 17438 cpREV+G+I 1847 JTT+G+F 10387 mtREV24+I 1969

rtREV+G+I+F 6698 JTT+G+F 21027 WAG+G+F 17457 mtREV24+G 1847 Dayhoff+G+I+F10390 Dayhoff+G 1970

Dayhoff+G 6730 JTT+G+I+F 21034 Dayhoff+G 17460 mtREV24+G+I 1854 rtREV+G 10394 rtREV+G 1975

cpREV+I 6733 Dayhoff+G+F 21049 WAG+G+I+F 17464 rtREV+I 1855 JTT+G+I+F 10395 rtREV+G+I 1978

Dayhoff+G+I 6734 mtREV24+G+F 21050 Dayhoff+G+I 17467 cpREV+I 1867 rtREV+G+F 10397 rtREV+I 1989

NOTE.-­‐-­‐	
  Models	
  with	
  the	
  lowest	
  BIC	
  scores	
  (Bayesian	
  Information	
  Criterion)	
  are	
  considered	
  to	
  describe	
  the	
  substitution	
  pattern	
  the	
  best.
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ΔBIC	
  >	
  10	
  is	
  considered	
  significant.	
  

PsbA PsbB PsbC PsbD PsbE PsbF

Model BIC Model BIC Model BIC Model BIC Model BIC Model BIC
LG+G+I 7494 LG+G 15849 LG+G 13359 LG+G 7194 LG+I 2535 JTT+G 1279
LG+G 7494 LG+G+I 15859 LG+G+I 13365 cpREV+G 7201 LG+G 2538 rtREV+G 1281
cpREV+G 7496 cpREV+G 15892 LG+G+F 13410 LG+G+I 7204 LG+G+I 2540 LG+G 1282
cpREV+G+I 7499 cpREV+G+I 15902 LG+G+I+F 13416 cpREV+G+I 7210 cpREV+I 2545 cpREV+G 1282
WAG+G 7552 WAG+G 15945 cpREV+G 13437 JTT+G 7245 cpREV+G 2550 JTT+G+I 1285
WAG+G+I 7555 WAG+G+I 15954 rtREV+G+F 13442 WAG+G 7249 LG 2553 rtREV+G+I 1287
cpREV+I 7556 JTT+G 15968 cpREV+G+I 13442 JTT+G+I 7254 cpREV+G+I 2554 LG+G+I 1288
LG+I 7563 JTT+G+I 15977 rtREV+G+I+F 13447 WAG+G+I 7258 WAG+I 2555 cpREV+G+I 1289
JTT+G 7584 LG+G+F 16008 WAG+G 13490 rtREV+G 7289 WAG+G 2559 WAG+G 1292
JTT+G+I 7584 LG+G+I+F 16018 rtREV+G 13491 rtREV+G+I 7299 cpREV 2560 cpREV+I 1295
LG+G+I+F 7592 cpREV+G+F 16038 rtREV+G+I 13496 mtREV24+G 7302 WAG+G+I 2562 Dayhoff+G 1296
rtREV+G+I 7593 rtREV+G 16043 WAG+G+I 13497 mtREV24+G+I 7311 JTT+I 2565 WAG+G+I 1298
rtREV+G 7594 Dayhoff+G 16047 cpREV+G+F 13510 LG+G+F 7315 JTT+G 2568 JTT+I 1300
LG+G+F 7596 cpREV+G+I+F 16047 cpREV+G+I+F 13516 LG+G+I+F 7325 rtREV+I 2570 Dayhoff+G+I 1302
cpREV+G+F 7610 rtREV+G+I 16053 JTT+G 13523 cpREV+G+F 7340 JTT+G+I 2571 mtREV24+G 1303
cpREV+G+I+F 7612 rtREV+G+F 16055 JTT+G+I 13531 cpREV+G+I+F 7349 rtREV+G 2572 rtREV+I 1304
rtREV+G+I+F 7617 Dayhoff+G+I 16056 WAG+G+F 13547 WAG+G+F 7352 WAG 2573 LG+I 1307
WAG+I 7622 rtREV+G+I+F 16065 WAG+G+I+F 13554 mtREV24+G+F 7352 rtREV+G+I 2575 mtREV24+G+I 1309
rtREV+G+F 7622 WAG+G+F 16125 JTT+G+F 13595 rtREV+G+F 7353 JTT 2584 WAG+I 1312
WAG+G+I+F 7629 WAG+G+I+F 16134 JTT+G+I+F 13602 Dayhoff+G 7354 rtREV 2589 Dayhoff+I 1323
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Appendix	
  Table	
  3-­‐1.	
  	
  Results	
  from	
  the	
  MEGA6	
  "Find	
  best	
  Protein	
  Models"	
  analysis.
PsbH PsbI PsbN PsbT PsbV RbcL

Model BIC Model BIC Model BIC Model BIC Model BIC Model BIC
LG+G 2433 JTT+G 1242 JTT+G 1806 LG+G 1209 LG+G 5974 LG+G 13578
LG+G+I 2440 LG+G 1247 JTT+G+I 1812 rtREV+G 1215 LG+G+I 5982 LG+G+I 13584
WAG+G 2444 JTT+I 1248 LG+G 1821 LG+G+I 1216 JTT+G 5984 rtREV+G 13661
JTT+G 2445 JTT+G+I 1249 JTT+I 1826 rtREV+G+I 1222 JTT+G+I 5992 rtREV+G+I 13667
cpREV+G 2451 JTT 1251 cpREV+G 1826 LG+I 1222 cpREV+G 5999 WAG+G 13685
WAG+G+I 2451 LG+G+I 1253 LG+G+I 1827 JTT+G 1222 WAG+G 6003 WAG+G+I 13691
JTT+G+I 2453 cpREV+G 1254 WAG+G 1827 LG 1225 cpREV+G+I 6007 rtREV+G+F 13735
cpREV+G+I 2458 LG+I 1254 Dayhoff+G 1828 rtREV+I 1226 WAG+G+I 6011 rtREV+G+I+F 13742
Dayhoff+G 2458 WAG+G 1255 cpREV+G+I 1831 WAG+G 1226 Dayhoff+G 6047 LG+G+F 13745
Dayhoff+G+I 2464 Dayhoff+G 1258 WAG+G+I 1834 rtREV 1228 Dayhoff+G+I 6055 LG+G+I+F 13751
rtREV+G 2472 LG 1259 Dayhoff+G+I 1834 cpREV+G 1228 rtREV+G 6066 JTT+G 13785
rtREV+G+I 2479 cpREV+G+I 1259 cpREV+I 1841 JTT+G+I 1229 LG+G+F 6071 JTT+G+I 13791
LG+I 2490 cpREV+I 1259 JTT 1842 cpREV+G+I 1231 rtREV+G+I 6074 Dayhoff+G 13794
WAG+I 2498 WAG+I 1261 LG+I 1843 WAG+G+I 1232 LG+G+I+F 6079 Dayhoff+G+I 13799
JTT+I 2502 WAG+G+I 1261 rtREV+G 1846 JTT+I 1235 JTT+G+F 6094 LG+I 13815
cpREV+I 2504 WAG 1264 WAG+I 1851 Dayhoff+G 1237 JTT+G+I+F 6102 cpREV+G 13836
mtREV24+G 2517 Dayhoff+G+I 1264 rtREV+G+I 1853 WAG+I 1237 WAG+G+F 6105 cpREV+G+I 13840
Dayhoff+I 2523 Dayhoff 1267 Dayhoff+I 1853 JTT 1237 rtREV+G+F 6106 WAG+G+F 13858
mtREV24+G+I 2525 cpREV 1267 LG 1860 mtREV24+G 1239 mtREV24+G 6113 WAG+G+I+F 13864
rtREV+I 2535 Dayhoff+I 1267 mtREV24+G 1862 WAG 1239 WAG+G+I+F 6113 WAG+I 13873

RpoB

Model BIC
LG+G+F 61141
LG+G+I+F 61151
cpREV+G 61177
cpREV+G+I 61186
JTT+G+F 61243
JTT+G+I+F 61253
LG+G 61266
cpREV+G+F 61273
LG+G+I 61276
cpREV+G+I+F 61283
WAG+G+F 61386
WAG+G+I+F 61396
mtREV24+G+F61458
mtREV24+G+I+F61468
rtREV+G+F 61498
rtREV+G+I+F 61508
JTT+G 61540
JTT+G+I 61550
WAG+G 61740
WAG+G+I 61750
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APPENDIX	
  D:	
  	
  MAXIMUM	
  LIKELIHOOD	
  TREES	
  

D-­‐1.	
  	
  Preliminary	
  trees	
  for	
  plastid	
  protein	
  candidates.	
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 Dunaliella

 Chlam
ydom

o

 Porphyra

 Porphyridi

 Asterionel

 Odontella

 Fucus

 Ectocarpus

 Karenia br

 Phaeocysti

 Em
iliania

100

100

100

55

100

99

68

92
68

100

0.05

 Arabidopsi

 Zea

 Dunaliella

 Chlam
ydom

o

 Asterionel

 O
dontella

 Fucus

 Ectocarpus

 Porphyra

 Porphyridi

 Karenia br

 Phaeocysti

 Em
iliania

74

89

95

93

29

61

52

73
82

0.02
 A

rabidopsi

 Zea

 D
unaliella

 C
hlam

ydom
o

 P
orphyridi

 P
orphyra

 K
arenia br

 E
m

iliania

 P
haeocysti Fucus

 E
ctocarpus

 O
dontella

 A
sterionel

100

9891

96

98

73

92

89

6795

0.02

 Dunaliella

 Chlam
ydom

o

 Arabidopsi

 Zea m
ays

 Porphyra u

 Porphyridi

 Ectocarpus

 Fucus vesi

 Asterionel

 Odontella 

 Karenia br

 Phaeocysti

 Em
iliania 

100

100

100

81

100

79

79

45
54

79

0.02

PsaB	
   PsaC	
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PsbE	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  PsbH	
  

	
  

	
  

 A
rabidopsi

 Zea

 D
unaliella

 C
hlam

ydom
o

 P
orphyridi

 P
orphyra

 K
arenia br

 E
m

iliania

 P
haeocysti F

ucus

 E
ctocarpus

 O
dontella

 A
sterionel

100

9891

96

98

73

92

89

67

95

0.02  C
hlam

ydom
o

 D
unaliella

 P
orphyra

 P
orphyridi

 E
m

iliania

 K
arenia br

 P
haeocysti

 O
dontella

 A
sterionel Fucus

 E
ctocarpus

 Zea

 A
rabidopsi

98

91

72

100

100

100

77

90

100

99

0.02

 Zea m
ays  

 A
rabidopsi

 D
unaliella

 C
hlam

ydom
o

 K
arenia br

 P
orphyra u

 P
orphyridi

 E
m

iliania 

 P
haeocysti

 A
sterionel Fucus vesi

 E
ctocarpus

 O
dontella 

47

18

62 100

99

96

6917

19

36

0.02

 C
hlam

ydom
o

 D
unaliella

 Zea

 A
rabidopsi

 E
ctocarpus

 Fucus

 K
arenia br

 P
haeocysti

 E
m

iliania

 O
dontella

 A
sterionel

 P
orphyra

 P
orphyridi

7286

51

9899

72

787251

0.1

PsbC	
   PsbD	
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PsbN	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  PsbT	
  

	
  

	
  

	
  

	
  

	
  

	
  

 Z
e
a

 A
ra

b
id

o
p
s
i

 P
h
a
e
o
c
y
s
ti

 P
o
rp

h
y
ra

 P
o
rp

h
y
rid

i

 E
c
to

c
a
rp

u
s

 F
u
c
u
s

 A
s
te

rio
n
e
l

 O
d
o
n
te

lla

 E
m

ilia
n
ia

 K
a
re

n
ia

 b
r

 C
h
la

m
y
d
o
m

o

 D
u
n
a
lie

lla

1
0
0

9
4

7
9

3
4

3
74
2

6
5

1
0
0

0
.1

 Zea m
ays  

 A
rabidopsi

 C
hlam

ydom
o

 D
unaliella

 K
arenia br

 E
m

iliania 

 O
dontella 

 A
sterionel

 P
orphyridi

 E
ctocarpus F

ucus vesi

 P
orphyra u

37

86

9

99

52

78

99

56

280.05
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RbcL	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  RpoB

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

 E
m

iliania

 P
haeocysti

 P
orphyra

 P
orphyridi

 E
ctocarpus

 Fucus

 O
dontella

 A
sterionel

 K
arenia br

 C
hlam

ydom
o

 Leptosira

 Zea

 A
rabidopsi

100

100

73

100

100

56

95
17

17

100

0.5
 O

dontella

 A
sterionel

 Fucus

 E
ctocarpus

 P
orphyra

 E
m

iliania

 P
haeocysti

 K
arenia br

 P
orphyridi

 Zea C
hlam

ydom
o

 D
unaliella

 A
rabidopsi

100

100

7395

95

58

24

100
100

43

0.1
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D-­‐2.	
  	
  Five	
  protein	
  tree	
  (petD-­‐psbA-­‐psbB-­‐psbC-­‐psbD)	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

 Synechococ
 Dunaliella

 Chlamydomo
 Leptosira
 Pedinomona

Chlorophyceae

 Pinus
 Arabidopsi
 Zea

Embryophyceae

 Galdieria
 Porphyra
 Grateloupi

 Porphyridi
Rhodophyceae

 Ectocarpus
 Saccharina
 Fucus

Phaeophyceae

 Asterionel
 Thalassios

 Lithodesmi
 Odontella

 Phaeodacty
 Durinskia
 Kryptoperi Dinotrichales

Bacillariophyceae

Gymnodiales Amphidiniu
Gonyaulacales Lingulodin

Peridinales Heterocaps
 Emiliania
 Phaeocysti Haptophyceae

Brachidiniales Karenia br

100

86

98
94
44

59

100

86
100

77

100

48

100

100
100

100

100

100
96

96

80

64

93

49

100

0.1
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D-­‐3.	
  	
  Six	
  protein	
  tree	
  (petD-­‐psbA-­‐psbB-­‐psbC-­‐psbD-­‐psbE)	
  

	
  

	
  

	
  

	
  

	
  

 Synechococcus 7803

 Chlamydomonas reinhardtii

 Dunaliella salina

 Leptosira terrestris

 Pedinomonas minor

Chlorophyceae

 Pinus pinea

 Arabidopsis thaliana

 Zea mays

Embryophyceae

Cyanidiales Galdieria sulphuraria

 Porphyridium purpureum

 Porphyra umbicalis

 Grateloupia taiwanensis

Rhodophyceae

 Kryptoperidinium foliaceum

 Odontella sinensis

 Lithodesmium undulatum

 Asterionella formosa

 Thalassiossira pseudonana

Bacillariophyceae

 Saccharina japonica

 Ectocarpus siliculosis

 Fucus vesiculosis

Phaeophyceae

 Phaeocystis globosa

 Emiliania huxleyi
Haptophyceae

 Karenia brevis

 Lingulodinium polyedrum

 Heterocapsa triquetra

 Amphidinium carterae

100

85

81

61

50

100

88

100

88

100

45

100

100
100

100

100
100

96

96

94

56

48

100

0.1



112	
  
	
  

	
  

D-­‐4.	
  	
  Five	
  protein	
  tree	
  without	
  Karenia	
  brevis	
  sequences	
  

	
  

	
  

	
  

	
  

	
  

	
  

 Synechococcus 7803

 Zea mays

 Arabidopsis thaliana

 Pinus pinea

Embryophyceae

 Chlamydomonas reinhardtii

 Dunaliella salina

 Pedinomonas minor

 Leptosira terrestris

Chlorophyceae

Cyanidiales Galdieria sulphuraria

 Grateloupia taiwanensis

 Porphyra umbicalis

 Porphyridium purpureum

Rhodophyceae

 Phaeocystis globosa

 Emiliania huxleyi
Haptophyceae

 Asterionella formosis

 Thalassiossira psuedonana

 Odontella sinensis

 Lithodesmium undulatum

 Kryptoperidinium foliaceum

Bacillariophyceae

 Saccharina japonica

 Ectocarpus siliculosis

 Fucus vesiculosis

Phaeophyceae

 Amphidinium carterae

 Heterocapsa triquetra

 Lingulodinium polyedrum100
100

88

100

83

60

52

100

83

60

100

66

100
100

100

48

100

100

100

74

94
100

0.05
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D-­‐5.	
  	
  Six	
  protein	
  tree	
  without	
  Karenia	
  brevis	
  sequences	
  

	
  

	
  

	
  

	
  

	
  

	
  

 Synechococcus 7803

 Pinus pinea

 Arabidopsis thaliana

 Zea mays

Embryophyceae

 Chlamydomonas reinhardtii

 Dunaliella salina

 Leptosira terrestris

 Pedinomonas minor

Chlorophyceae

Cyanidiales Galdieria sulphuraria

 Grateloupia taiwanensis

 Porphyra umbicalis

 Porphyridium purpureum

Rhodophyceae

 Phaeocystis globosa

 Emiliania huxleyi
Haptophyceae

 Lithodesmium undulatum

 Odontella sinensis

 Kryptoperidinium foliaceum

 Thalassiossira pseudonana

 Asterionella formosis

Bacillariophyceae

 Fucus vesiculosis

 Saccharina japonica

 Ectocarpus siliculosis

Phaeophyceae

 Heterocapsa triquetra

 Lingulodinium polyedrum

 Amphidinium carterae

99

100

100

44

100

100

100

100

100

76
57

48

100

89
100

91

52

59

100
94

68

100

0.05
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D-­‐6.	
  	
  Five	
  protein	
  tree	
  without	
  peridinin	
  dinoflagellate	
  sequences	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

 Synechococcus 7803

 Arabidopsis thaliana

 Zea mays

 Pinus pinea

Embryophyceae

 Leptosira terrestris

 Pedinomonas minor

 Chlamydomonas reinhardtii

 Dunaliella salina

Chlorophyceae

Cyanidiales Galdieria sulphuraria

 Porphyridium purpureum

 Porphyra umbicalis

 Grateloupia taiwanensis

Rhodophyceae

 Lithodesmium undulatum

 Odontella sinensis

 Kryptoperidinium foliaceum

 Asterionella formosis

 Thalassiossira psuedonana

Bacillariophyceae

 Saccharina japonica

 Ectocarpus siliculosis

 Fucus vesiculosis

Phaeophyceae

 Emiliania huxleyi

 Phaeocystis globosa
Haptophyceae

 Karenia brevis

100

43

100

100
100

100

100
100

94

100

90

100

53

83
64

100

99

98

100

74

0.05
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D-­‐7.	
  	
  Six	
  protein	
  tree	
  without	
  peridinin	
  dinoflagellate	
  sequences	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

 Synechococcus 7803

 Arabidopsis thaliana

 Zea mays

 Pinus pinea

Embryophyceae

 Chlamydomonas reinhardtii

 Dunaliella salina

 Pedinomonas minor

 Leptosira terrestris

Chlorophyceae

Cyanidiales Galdieria sulphuraria

 Porphyra umbicalis

 Grateloupia taiwanensis

 Porphyridium purpureum

Rhodophyceae

 Asterionella formosa

 Thalassiossira psuedonana

 Kryptoperidinium foliaceum

 Lithodesmium undulatum

 Odontella sinensis

Bacillariophyceae

 Fucus vesiculosis

 Ectocarpus siliculosis

 Saccharina japonica

Phaeophyceae

 Phaeocystis globosa

 Emiliania huxleyi
Haptophyceae

 Karenia brevis

57

83
67

100

100
100

100

40

100

100

100

100
88

100

77

100

98

100

100
89

0.05
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D-­‐8.	
  	
  Unigene	
  protein	
  sequence	
  trees	
  

petD	
  

	
  

	
  

	
  

	
  

 Synechococ

 Pedinomona

 Leptosira

 Dunaliella

 Chlamydomo

 Arabidopsi

 Zea

 Pinus

 Porphyridi

 Grateloupi

 Porphyra

 Galdieria

 Saccharina

 Ectocarpus

 Fucus

 Lithodesmi

 Thalassios

 Odontella

 Kryptoperi

 Asterionel

 Phaeocysti

 Karenia br

 Amphidiniu

 Heterocaps

 Lingulodin

 Emiliania

54
46

71
92

93
57

72

46

87

24

90

83
53

75

89

19

35

23

100
100

28

17

0.05
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psbA	
  

	
  

	
  

	
  

	
  

	
  

 Synechococ

 Porphyridi

 Porphyra

 Grateloupi

 Pedinomona

 Leptosira

 Dunaliella

 Chlamydomo

 Pinus

 Arabidopsi

 Zea

 Galdieria

 Odontella

 Kryptoperi

 Asterionel

 Thalassios

 Lithodesmi

 Fucus

 Saccharina

 Ectocarpus

 Emiliania

 Phaeocysti

 Karenia br

 Amphidiniu

 Heterocaps

 Lingulodin

79

94

57
58

59

98

79

80

68

90

72

50

84

93
96

72

31

89

48

64

100
86

0.1
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psbB	
  

	
  

	
  

	
  

	
  

	
  

 Synechococ

 Chlamydomo

 Dunaliella

 Leptosira

 Pedinomona

 Pinus

 Zea

 Arabidopsi

 Galdieria

 Porphyridi

 Grateloupi

 Porphyra

 Fucus

 Saccharina

 Ectocarpus

 Thalassios

 Asterionel

 Kryptoperi

 Odontella

 Lithodesmi

 Emiliania

 Phaeocysti

 Karenia br

 Lingulodin

 Heterocaps

 Amphidiniu

100

67

100

50

43

75

79

100

80

100

96
100

98

100
100

46

91

52

41

20

28

100

0.1
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psbC	
  

	
  

	
  

	
  

	
  

	
  

 Synechococ

 Pedinomona

 Dunaliella

 Chlamydomo

 Leptosira

 Pinus

 Arabidopsi

 Zea

 Galdieria

 Porphyra

 Grateloupi

 Fucus

 Ectocarpus

 Saccharina

 Thalassios

 Kryptoperi

 Odontella

 Lithodesmi

 Asterionel

 Amphidiniu

 Heterocaps

 Lingulodin

 Porphyridi

 Emiliania

 Phaeocysti

 Karenia br

38

100

85

56

87

99
100

82

90

81

24

69

94

34

10

31
55

82

48

100

22

100
100

0.1
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psbD	
  

	
  

	
  

	
  

	
  

	
  

 Synechococ

 Arabidopsi

 Zea

 Pinus

 Chlamydomo

 Dunaliella

 Pedinomona

 Leptosira

 Grateloupi

 Porphyra

 Porphyridi

 Galdieria

 Thalassios

 Asterionel

 Odontella

 Lithodesmi

 Kryptoperi

 Ectocarpus

 Saccharina

 Fucus

 Emiliania

 Karenia br

 Phaeocysti

 Amphidiniu

 Lingulodin

 Heterocaps

96

73
52

64

99

92
100

52

69

97

27

44

31

19

31

6

60

80

100

48

88
78

0.05
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psbE	
  

	
  

	
  

 Synechococ

 Karenia br

 Phaeocysti

 Odontella

 Kryptoperi

 Lithodesmi

 Thalassios

 Fucus

 Ectocarpus

 Saccharina

 Asterionel

 Chlamydomo

 Dunaliella

 Pedinomona

 Leptosira

 Zea

 Arabidopsi

 Pinus

 Galdieria

 Porphyra

 Grateloupi

 Porphyridi

 Heterocaps

 Lingulodin

 Amphidiniu

 Emiliania

27

18

15

28

100
95

95

46
95

80

32
30

10

17

100

100

20

35

0.05


