3

% WILLIAM & MARY
CHARTERED 1693 W&M ScholarWorks

Dissertations, Theses, and Masters Projects Theses, Dissertations, & Master Projects

2016

Sturgeon (Acipenseridae) phylogeny, biogeography, & ontogeny.

Katie May Laumann
College of William and Mary - Virginia Institute of Marine Science

Follow this and additional works at: https://scholarworks.wm.edu/etd

Recommended Citation

Laumann, Katie May, "Sturgeon (Acipenseridae) phylogeny, biogeography, & ontogeny." (2016).
Dissertations, Theses, and Masters Projects. Paper 1539616731.
https://dx.doi.org/doi:10.25773/v5-23d7-b702

This Dissertation is brought to you for free and open access by the Theses, Dissertations, & Master Projects at W&M
ScholarWorks. It has been accepted for inclusion in Dissertations, Theses, and Masters Projects by an authorized
administrator of W&M ScholarWorks. For more information, please contact scholarworks@wm.edu.


https://scholarworks.wm.edu/
https://scholarworks.wm.edu/etd
https://scholarworks.wm.edu/etds
https://scholarworks.wm.edu/etd?utm_source=scholarworks.wm.edu%2Fetd%2F1539616731&utm_medium=PDF&utm_campaign=PDFCoverPages
https://dx.doi.org/doi:10.25773/v5-23d7-b702
mailto:scholarworks@wm.edu

Sturgeon (Acipenseridae)

Phylogeny, Biogeography, & Ontogeny

A Dissertation

Presented to

The Faculty of the Schoo! of Marine Science

The College of William & Mary in Virginia

In Partial Fulfillment
Of the requirements for the Degree of

Doctor of Philosophy

By

Katie May Laumann

2016



APPROVAL SHEET

This dissertation is submitted in partial fulfillment of
the requirements for the degree of

Doctor of Philosophy

_ Lot

Katie May Laumann

Approved by the committee, April 2016

.)*,_______

Eric Hilton, Ph.D.
Committee Chairman / Advisor

Casey Dillman, Ph.D.
Smithsonian Institution
Washington, D.C.

9,&%@4@%{\

b o
J.£mmett Duffy, Ph.D.

Smithsonian Institution

Washington, D.C.

S

J&hn Graves, Ph.D.

/AM/L

Lynne arentl, Ph.D.
Smithsonian Institution
Washington, D.C.



DEDICATION

For my family, my wonderful parents Bonnie May Kersta and Rupert Laumann and my sister
Jessie May Laumann, and most of all for my husband Jon Lefcheck, and Berlioz May Fett
Laumann-Lefcheck, who have provided unequaled love and support.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ......occierirriienterenieessssereseereseaessaresstessaseaseasnaaseesaseesaasastesateressresasesssnsrsaseesss iii

L ST OF TABLES .. cetreiiieri e eirtinrree e e et e mreraiessestesaseett aas s e seaaeaaaaaseanssnsnssseeteeeennsanansseaerenssnseraransessvnnrese 4

LIST OF FIGURES ... eeeiotieeeerrreereeseeaeineaseesesseesassoeaeteasaueaaaetrasnsasasnresesseeasasesassasansntresnenssnresnsesssases 5

ABSTRACT .....oeieeeeeeeiieese et eesteertesseessaes st s st e entsenee et eeasesasesaseasesaraaease e nseeratessaeanseeesternssssnssnsessnesssen 7

STUTEEON (ACIPENSEIIAAR): ...eieiieirieiieenrere et e et e e st snneesssansees s s saresesoannteae s aronesasmeeseeneranrassss 9

Phylogeny, Biogeography, & ONtOZENY ......cccccrriiriirrrrrrereirereerensseessscasecenaoensesaeessseeeessasesaasaseesesssees 9

INTRODUCGTION.......ccciieiiriirireiimmeeemreerereeaeeeesteeiestsiiiitesssasiessstimssssasnsnsrssssssmsiosmserssssssessssassssassssorssssn 10

RETEIENCES ...eeeeeeee ettt et et sane s s r e s s s snsa s s s aea s sa s et e s e samte s samtensssnans 13

FIBUIES ... eiieeeeee ettt e ctecareecreetare et reers st e ne s e s e earsaeaasesansssasssesresseerssmaemassenassenesensnesasenssaesioss 14
CHAPTER 1. Phylogeny of Sturgeons (Actinopterygii: Acipenseriformes: Acipenseridae) Based

oN FUll MItOBenomIIC Data...... oo rcecceccerrcretereecesanaset oo rse e s sass e s asanssennnossssaneesseses 16

ADSITACT ... ceeercet et ieee et tecte et ee et ee et re et e e st e e e st e s a e s eae e e ateaen e nereamre s et e e e neae et ae s e e s et e s enesenaretas 17

L. INEPOAUCTION ceeeetiiiiiiicrecce ettt sr e rtrr et e e s s s sesssensmens s s aeesseramanssanssssssssnerasaessas 19

PR Y T d Vo To KOS PP 29

2.1 Taxon Sampling and SUMMATIY.....cccoiiieiiiiiiececcrinrraceesssssonensescnconnsesensnsnssssassasessnsose 29

2.2 DNA Purification and Sequencing of A. fulvescens and H. dQuriCus ..........coueeeeeereveecrenes 30

2.3 DNA Purification and Sequencing for Other SPECIES .......cccccvceervrreeerrcrrrerrerrererseerenensrnsnes 31

2.4 Alignments and Model TESES....ccoviimiiriiii et s s s s sen et s e sesae e e e e 32

2.5 PhylOBENEtiC ANAIYSES....cueiiiivieeieiecciereccneriesnreesisnressseanesasssnresssessmeeeressonsensssnssresaseasrann 33

2.6 Tree COMPATISONS cocuuuciiieieieeriierirertrerecttesesssessareerseresrmersesssssassssammssssaesseeseesnsnssassssssasreananses 34

2.7 Comparisons t0 Previous STUIES.......c.cocrvciieeiiiinenniiicseasccrnstiessenssssisseeeesersessssroneesasaess 35

B RESUIS ..o eecieercrctr e srrre e s e s smac e ete e e s st e s seaae s et ot e s snn e s v senees e o ent e sae e et eee et et s e aaaaa s 36

3.1 Sequences and AlIBNMENT...........coovviiiriiieeeie et ecireeeeeceeeccrrrrteeeessessssssunsessssssnssurnaeasssaess 36

3.2 FUll MItOBENOME FESUILS .....ccceveveeeriiiiieeeiicecececeterccrcecrerre e s s s s s s s s e s s n e s s s s n s e s snnnnaeen 37

3.2.1 Phylogenetic Hypothesis SUPPOrt Values ..........oooiiiiiiiciiinrciniitintst s 37

3.2.2 Full Mitogenome HypOothesSes.......ccocueirireiiiiiiee et eeecr et re e s se e anesesenens 37

3.3 Gene Tree Analysis and Comparison to the Full Mitogenome ...........ccccvnnerniiniisiercnnn 39

3.3.1 tRNA Gene Family PhylOogeny...........ccccoiueiiiniieccciniiimnerniisrnncnrennnssenincsssessesssansssanes 39



3.3.2 rRNA Gene Family PRYIOBENY .........eeeereerieicecceiriscersncnteeeteseecsssanereesseecesetssesssosvansnns 40

3.3.3 Protein-coding Gene Family PRYIOGENY .........o et reeveerree e sen e ee e 41
3.4 Tree Comparisons: Influence of Individual Gene Regions on Gene Tree topology ......... 41
3.5 Gene Influence on Bayesian Full Mitogenome Tree.........ccoovveeeeeeeeiieiiiiiieiniecicer e 41
3.5.1 Gene FAMIIES.....ooceeciirieninitiiiiiiiiinccrerr et eer e ssrr e ses s s sbres s s s s nen e nenns 41
3.5.2 INAIVIAUAI GENES.......comeiiiiiiiiiiiiiiciintitie st srectr e s ssessattase s s s s sresessssnnnasnnsss soses 42
3.6 Comparison to Birstein et al. (2002) ......oovvieeiirecr ettt ettt s 44
BL6.1 PATSIINIONY oottt s s ee s e s e s s e as s esaras e s s saassaserasasastssaanasssssssssssnasssnsssns 44
3.6.2 Maximum LikelihOOod........... .. e et re e cnt e e e reenr e e s e s e e e s e e ns s s s s 46
3.6.3 CoMbDINEd EVIAENCE ....c.ooeiiiiiiiiiiniiicciretiiretrirnccincsssesetsstcsse s sessessssssssssnsssssossnssaessssenes 48
B, DiISCUSSION.....ceeiicciiciriiitiitttasit s rssasssssesassasssesenser st st enssnsssbssssenrasensarenassannssnssenmssseniorsrassos 49
4.1 Phylogenetic structure within Acipenseridae..........c.ocoviiiriinirniecceeerricsc e, 49
4.2 Influence of Individual Genes on PhylOgeny.........co it 53
4.3 TAXON COVEIAGR ....uvviriiiiiiiiiiiiinsitreetierietesisssssersrrtentessssssssnssssnneesasssssnsesesssssrnreesessssnnnnsns 54
4.4 MItOBeNOME COVEIABE .....oooviiiiiiiiiiiiiiiiiiiiiiieeeseere et iasstssisssasesasssstssssssarsssrsrrrreesssenresssenen 56
4.5 Use of Mitochondrial Sequences: Benefits and Drawbacks ........cccceevreeireneensnerenroncnnee 56
I 0o T (ol [T 11T 20T 1 - o T O OO 57
ACKNOWIEABEMENTS.......oiiirirrreeriiiirecirerecirriereetetaeesesosssssesterrrsessesssssssannesssssssosssnnesssssmennessssassss 59
RETFEIEIICES ....oeeeeerrreeeeetee e st isrrener s seereraesonnraetaeerses et esses i sa st st e st s e aes s aarsesaesesimasessanensnnensnanans 60
DS oot errerrer e e r et e et s e st et b e b e g e e s et s e et e s e s et e e e e e e s e s s re et s aat s e s et en e e benen 75
FA U S . ieieieceeeeeeetr e e st st eman e s e s essa i sese st b aa s esa et semsasasiasesaasabesenssasssssesnsonasastannensonassenan 81
CHAPTER 2. The Biogeography of EXtant STUMBEONS........cccriiviiiriieeiieeeercee e eeeeectae e var e aane 90
ADSETACT . ....oiiiiiieeiiirerciiireeesisunnaeressessssessassnsmnnressasaereesasssrssantnssenessaessnassmaessssasesssasesiorsnsnnesnsnans 91
10 (134470 I¥Tot 1 1o 1 1 JHUU TP RSO UORRPIN 92
1.1 Sturgeons and BIOBEORIAPNY ........ccovrriiiiiiiccirrccrciecntreeessseesssnstrassessssssuresosersnmmneesossasas 92
1.2 History of Areas Inhabited by STUIBEONS .......coiveeiriiee et ecce et 97
1.2.1 Geologic History: Formation of the Atlantic and Pacific Oceans and Ponto-Caspian
REEION . eireerercererrrer e e reraa e esasoasrsessassnsssssraresssrerssrsssiosssssnsrsssssasssesssosssssosssrensennns 97
1.2.2 Geologic History: The Arctic Ocean and Bering Sea.......c..ceecvmeereiererinrieeiinsinsnecneenene 99
1.2.3 Recent Geologic History: Baltic and North Seas .........cccccvvrriiviriricniiviinciceceecen, 99

iv



1.2.4 Recent Geologic History: East China, Yellow, and Japan Seas..............cccceevrvreeevennne 101

1.2.5 Recent Geologic History: Interior North America, The Mississippi and Missouri Rivers

AN their tHDULAMIES........coeeieeeee ettt et et sie e e e nr e s e sa e s m e e aneessnrassaseeaasn 101
2.0 MELROMS ... crreiecrreectrtri ittt rsess s s sas e bbb et e e e s e e e e e s s an e e e e nnetee e enn 102
2.1 Phylogenies fOr COMPAriSON ....ccccvcviiereieirnerreecceree s e s setressstesseaesaoeseeseeeaessanaseenansnn 103
2.2 Species Ranges and PhYIOZENIeS........c..vureeierriieieioceeireieneeieree s seiiees e seeer e s raeee e e 104
BL0 RESUILS c...eeeeerrircenererrueeneseern e etene e bt ee et e eresas e es s bt bessab e sa b et et e e e e st e easasassbnarensssasstessrasensans 105
3.1 Areas Of ENDEMISIN ......cooiiiiiriiecrieiirietreriresrecestseie sttt sseenereeesesesnessnssssssasssessssonsaessnese 105
3.2 INLErSECION TT@E..ciiueireeieitiiriiretoereeeeee e s sttt s s menee s e e s eeescs s sessans sessastssssssanns 108
4.0 Discussion and CONCIUSIONS ......cocviiiiuierniiiciieceietineiritis e rere s s ceesasssssnnessnssesnssosssseoss 108
8.1 ARAATOMY.coicciiiiiicieecrereerceeeseeiesssreeessreseesssaseearensote s saeanstenessssnnsassessntossessameesssnnmreesann 108
4.2 Area RelationShips .....ccooieocviiiiiiiiieticcrieirre s sccceeerateseasnieas e e e e sansesesssrsaesesessssossansnsssesanes 109
4.2. 1 AIANTIC Clad@ .....veeieeeceeeieeieeccrintees st ee s eee s et ee s e s e teeses s annaaesssneseseeasmsonasenmeeneeane 109
4.2.1a Atlantic Clade: North American and Baltic/North Sea/Ponto-Caspian Regions........ 109
4.2.1b Atlantic Clade: North American RegIONS......ccccocceieiiiviiiiiiriiereerriseeees et e e 110
4.2.1c Atlantic Clade: Baltic/North Sea and Ponto-Caspian Regions..........cccccceeveererrnnerenee. 110
8.3 PACIIC ClAad@ ..ocoueeierereeiiiereceeeete ettt ste st e e mee e sressseesae s s e e saaesnsessan e e e st s nesnnses 111
4.3.1 Pacific Clade: Asia and Pacific North America..........cccccevoemieriiimninnrccreceereerereeeeee 111
4.3.2 Pacific Clade: Pacific and ArCHIC........cccvueereiiiicreieeeiee et eereee e e e nme e r e e 112
B4 BEIINE S ...ooeeeeiiirireeteersiicietnicsiisentarecesistresessssisssatscssesestarsessssessassssastsssssssesssonnnesserssssas 114
4.5 CONCIUSIONS ....coeerireeeciiemeeietr et cie et e e e et r et e e s e seer e e se e semetes s ee s e e ressmeeesssanenessenne 115
ACKNOWIEABEMENTS. .....oioireiiiiiirteeree et ettt e e e e st e e e e s e e e e s s s nee e s smrre s saneeans 116
REFEIEICES ... .oevirernreeeetirert ettt ettt e et e e s ss e e s et e e e st e e s e e s amne e s e e anteeessassnnessanensenonenns 117
TADIES oottt cciree et e tte e e e e e s e e teeses s s e as s s e s e s eene s e e nr e rnaassssssss Rt e e e esressases 130
FI IS . eeeeeieininiiiiietteinsieieeecetreenneaesssnetassesssssssannessrssaenrasersenaessassssssssssrmanstessssssressssannsssssssses 133
CHAPTER 3. Utility of Ontogenetic Characters in Phylogenetic Studies........cccoeereieececenrccncennn. 154
ADSEIACT...... .ottt et e ee e s e s er s s s st s es st st e e r e e e e e e eee e e s bbb st s st r e s ar s e e s 155
L. INEFOAUCTION «..eeee ettt et et e e s r et e e e ent e s set e s s st e ssbbbsnnnassanenes 156
2. MEEROMS ...ttt st e et e et ae e s n e e s e e s st s to st s srae s e sbasebe 160
2.1 Taxon Sampling and Data Collection ..........c.coveeevevimnciiririiicrer e srrecrrer e sssree e 160



2.1.1 Morphological Characters.........cuivieiiiiiiiiiiiciciinecretirreerete et eecs s sraenesesasesnsnennne 160

2.1.2 Behavioral CharaClers ........ .o cireerncte et e e rserceese s eeee s nnaesssnasaesssanesns 161
2.2 Metrics for Phylogenetic Signal in Individual Traits......cccovvviivveieecenicicecccvnrnnrnsncseneeens 164
2.3 Tree COMPATiSON MEETICS........uviieiiiiieiicciiirre e e e cersnrcaraessrerensnessesesssssssstesesssassssnassance 165
2.4 Phylogenetic COmPparative TeSTS.......cuceeiieiiireicmriircteesninneesses st srsec et esesarsssessssones 166

B RESUIS ..ciiieiiiececrrceeccere e cre e tresessee s be s se s e b et s st e s st s ebaa bt s e n e b ee e se s e e a s s ennesa e s 167
K 20 B 1 - 11 £ J OO OO 167
3.1.1 Morphological Ontogenetic Traits: ABe.......cocceviriieiiiiiinciireciinseer s ece 167
3.1.2 Morphological Ontogenetic Traits: Length ........cccicoiireceiiiciniiicirtie e, 168
3.1.3 Behavioral Ontogenetic Traits: ABE ......cccviriiciiiiiiiciiitirenei it 168
3.2 Pruned (reference) toOPOIOBIES......cccociirirrirecireercctee et et er e s 169
3.3 Phylogenetic Signal in Individual Traits.......ccccorcooimrrrrnirreriicccrnse st seresteceees 169
3.4 TrEE COMPAIISONS ..coiiieceererieinrirereesterisesrennssssasassnressssarsresssssarssssessesssosssacnsserssssssnnsonsasens 170
3.4.1 Morphological Character Tree COMPATISONS .....cccverrrierrirecernrreerirenmtermmieisissssssensaese 170
3.4.2 Behavioral Character Tree COMPATiSONS .....ccc.ueereiiiriecnmrerenceminrrens et sacenssessssesseas 170
3.5 Correlations between Characters .. ...t 171

4. Discussion and CONCIUSION ..c.cvueuiiiieiciceiitee ettt e tr st e sasstsesar e s ssssrens sssanancossnne 171
4.1 PhylOBenetic SIBNal ... eererieieeeieriee e treeeree s crans e nsrassasstrr b s eeasteseeesssats 171
4.3 CoNCIUAING REMATKS. ... ...uvtiiieiiiirireaereiereiaasesecreenreesanteaeeessnnessanearerssnsecssesnnessessmesenannen 175
ACKNOWIBABEIMENTS.......crieieceiieeircirrees ettt st s st e e saetssssesasre s nee s s assansassesssssnensassans 176
REFEIBINCES ..ceeverierieeieieiieeireerriereerreseesesss e e s eeesteae e s e smtassas st eeerasasassas s bt sasatsarastsrantennreseraneas 177
TADIES ...ttt cee e ee s e ettt e e e e e e et e e e et e e e e e e e nnte st ses s s b e baa s se s eauntesaant 185
FIBUIES ...ceiiiieiieeeierireeeetrrrcerteeeeeaettarerarrierests bttt areetbecetreraesasasnssenssessensssssssssssteresssresenetessetesonss 189
CONCLUSION. ...ttt et eet et eeree s s eses st ete s sae s e e e saes st v saesaeesseersnsssresanessrasssnassasenseesns 199
REFEIEICES .coeeeirierieeerrereerineeesareseesrraessssosetes e secesmeseeesa st measeeeeen e neseaaene s s o sbsesabasbe s ababeassacteresas 202
APPENAIX 1 c.ooeiiriieiieieireirie e s ecieee s e e crarr e s ee et e s st e se e e e s et ssntessanaae s e rueaaaesare s s ane ot s e aaneeeeanneteeanaen 203

vi



ACKNOWLEDGEMENTS

Many thanks to my committee, Drs. Eric Hilton, John Graves, Emmett Duffy, Casey Dillman, and
Lynne Parenti, for their assistance, advice, and support throughout this work. Thanks also to Jan
McDowell for support, mentorship, and friendship, and to Dr. Masaki Miya for mentorship and
the amazing opportunity to work with his lab at the Natural History Museum and Institute in
Chiba, Japan. Thanks to my family my good friends Derek and Rebekah Loftis and Ashley
Morton for encouragement and support. Finally, thank you Jon and Berlioz.



LIST OF TABLES

CHAPTER 1. Phylogeny of Sturgeons (Actinopterygii: Acipenseriformes: Acipenseridae) Based

ON FUll MItOZeNOmMIC Data........cccccciiimiiimmenriniiiiiiieerestrrnsassssiseesnssenmssssssssastessasesssssssessrssensessenses 16
Table 1. GenBank AcCession NUMDETS.......uiiiiiiiiiciiircerreetercccnirnerrerceesassssseasonstosarosssssssssassnn 75
Table 2. Gene Families, Lengths, and Best Models...........co.iiiiiiiiiicicoriniieiiiinreccienees 76

Table 3. Rzhetsky-Nei Distances: Bayesian Mitogenome Topology and Gene-Family
TOPOIOIES. .eeeeeereeeeiireccracrreeeeerrer s e e resesssstassesssssesassssossserssesssosisassnsstessssssssasrasantesssneessnsnsnnnns 77

Table 4. Full Mitogenome Hypothesis Clade Constituents, and Presence in Gene-Family Trees.

Table 5. Rzhetsky-Nei Distances between Bayesian Mitogenome Topology and Gene Trees..78

Table 6. Birstein et al. 2002 Parsimony Clade Constituents. .........ccccccccevviiiisiinnnceneeeinnninioesannnn 79
Table 7. Birstein et al. 2002 Maximum Likelihood Clade Constituents. ..........ccccovevmmrircvcnennenen. 80
Table 8. Birstein et al. 2002 Combined Evidence Clade Constituents. .........coccceriiineeiiiniinenncen 80
CHAPTER 2. The Biogeography of EXtant STUFBEONS .........coeriiriimierercresscire s ssess s saaasee e 90
Table 1: StUrBEON SPECIES FANEES.......ccoiviiieeeiinreiiitiiiisenerrccesssssasssas s ress s ssssnsasie s resesnesnns 130
Table 2: LampPrey SPECIES FANGES. ......veivieeririreeircirraassrsereesssaseraassreereesassanssssansessescssrseeessrsressnes 131
Table 3: Pinniped SPeCIES FANEES. .....coiiiiieireeerre e crree e e st rmsess s rase e s sssssasassosssrarsessssssssses 132
CHAPTER 3. Utility of Ontogenetic Characters in Phylogenetic Studies ........c.ccccceevevecnnnnanes 154
Table 1: Character matrix of three behavioral traits. ........ccccccorvvciimninvvcrniiiines 185
Table 2: Earliest occurrences of ontogenetic changes in four species. .......ccccceveecvcecrrrnnneennn. 186

Table 3: Calculations of phylogenetic signal in morphological characters based on age at which
milestones first occur. *s indicate SIgNIfICANCE.........coiieeviiiecirirerrneererereer e ereese s rnneeesnens 187

Table 4. Calculations of phylogenetic signal in morphological characters based on total length
(mm) at which milestones fIrSt OCCUN. ... cuiicriieiiiicceeierrrreereserrssersnaee s e e st e e s seessoeseesesmneeeseann 188



LIST OF FIGURES

INTRODUCGTION ...ttt et ettt tee e ceeooacme o ne s e e s e s et e emanes s eesesssaasessnnsosnasssassnsssrisran 10
FIBUIES oo eeeereecrert e v e sress e e e e e st e sessanna s s e vasnessssassrranessreseesssmne et sesmne et asanensessannesssnssssstessastesssronar 14
Figure 1. Acipenser gueldenstaedtii (Russian sturgeon) with protruding jaw.......cccccccccveennn. 14

Figure 2. Acipenser gueldenstaedtii (Russian sturgeon) with distinctive scutes and barbels ..15

CHAPTER 1. Phylogeny of Sturgeons (Actinopterygii: Acipenseriformes: Acipenseridae) Based

ON FUll MItOBeNOMIC DAata. ... .coiiiiiieeeii et e et se st e et s s ane s s e e e e s saeeeme s e sne s o barnes 16
Figure 1: Parsimony tree based on 12s, 16s, cytb, D-loop, and NADH S ........cccoorerriicciinnnnnne, 81
Figure 2;: Maximum Likelihood tree based on 12s, 16s, cytb, D-loop, and NADHS.................. 82
Figure 3: Combined Evidence tree based on 12s, 16s, cytb, D-loop, NADH 5, and
(11TeTg el Tel[oT={Ter- | I« I- | € SOOI 83
Figure 4: Bayesian full mitogenome phylogeny......c..ccccccviiiiiircimniiiniicineenseneececirnenseseesnas 84
Figure 5: Maximum Likelihood Full mitogenome phylogeny. .......ccceovcemrercceeieiiceenrncrcreninneens 85
Figure 6: Parsimony full mitogenome PhylOBeNY ..........ccciiiviiiiiciimmmiiiriese e cecsnnsesssnenas 86
Figure 7: Bayesian phylogenetic hypothesis based on concatenated tRNA sequences............ 87
Figure 8: Bayesian phylogenetic hypothesis based on concatenated rRNA sequences............ 88
Figure 9: Bayesian phylogenetic hypothesis based on concatenated protein-coding sequences.
................................................................................................................................................... 89

CHAPTER 2. The Biogeography of EXtant StUrgEONS ......c.ccueveiiiiier e 90
Table 1: STUrEeOn SPECIES TANEES. .....ccvvrieerrrrreriereeereiaersistsesessrnsissssoatssrraesssastessrsrsssreessessnseresssss 130
Table 2: LamMPrey SPECIES TANEES .....cc.ciierrerrenrrrecreervrerrensssssessrressrsosssisreesssesssereresssernssssssossssses 131
Table 3: Pinniped SPecCies FANEES ........c.occiiviiii et ereer e e e reeee s s sanneasanneeenassssssssnnann 132
Figure 1: Bayesian full mitogenome phylogeny..........ccmiiiiiiiiieiiciiiniiiieeciiieerinnssssreenses 133
Figure 2: Croizat’s global biogeography mMap.........cceeeeeiriiereere e see s 134
Figure 3: Areagram of Croizat’s (1958) biogeographic regions .........ccceeevvveevvrecrreeecsnrceeeenas 135
Figure 4: Map of sturgeon Areas of ENAemism; .....cccvvccieeriiccinrnnicrernetircnrecssre e srnesessmeeesas 136
Figure 5: Morphological Lamprey PhylOBENY .......cccveercriiinimmmeiinieticerrree e e rece s sceeesrees e 137

Figure 6: Molecular Pinniped PhYIOGENY .........coveirioiveeiiiiiiieere ettt e rer e cecsesie oo 138



Figure 7: Range maps of sturgeon species included in biogeographic analyses ..................... 139

FIgure 8: STUIBEON AFCABIAM .....ccir e reeccee sttt s e s re s ce e aee s snaa s eessenneesessnaeeseassssasasss 150
FIgUre 9: Lamprey AT@aBIaM ... eeiiririiiriiiicttiinriisesserssanereresssessssisessessenassesessssasneaassasesssssnsnse 151
Figure 10: PInNipPed Ar@agram «....ccocccoeirrerirreccneee e sitote it seneeeaessnsaaesssesasseessereresssasaeserssssesesns 152
Figure 11: Sturgeon-Lamprey-Pinniped Intersection Tree ............cccccocirrirecvccrccnnerrecrsnneenen 153
CHAPTER 3. Utility of Ontogenetic Characters in Phylogenetic Studies .......c...ccceeceveevcnnnnnnnn. 154
Figure 1: Bayesian full mitogenome phylogeny.......ccciiviniiniciiciincccnennrcineeceneene 189
Figure 2: Example of cleared and stained Specimens.............ccccvvvinvirecrvnnrennncinneenainin. 190
Figure 3: Full mitogenome Bayesian phylogeny, pruned ...........cccccociviiminiinnnniinninnnnnnn. 191
Figure 4: Full mitogenome Bayesian phylogeny ...........c.ccouiiiiiiiiiciicnnntinnieeninecinecnnees 192
Figure 5: Topology shown by single-character (yolk sac and teeth) trees ...........cccccoeveneenn. 193
Figure 6: Topology shown by single-character (jaws elements) tree ..........cccocvvvvvennvinecnnnnnn. 194
Figure 7: Topology shown by single-character (migration) tree..........ccccovcievviiiicniinncciinnnnnn 195
Figure 8: Topology shown by single-character (nocturnality) trees............ccovcviiviviiiciiennes 196
Figure 9: Topology shown by single-character (phototaxis) trees........ccccooccevviiiniiincciininnenne 197
Figure 10: Phylogenetic Independent Contrast values..........cc.cocoeiiieiiiiimiiciininnirc e creeeeenes 198

CONCLUSIONS ...ttt st sas s essostate s e sesba e o srse s e s ssrss s s s sssnsasnsassanssessantenesnns 199



ABSTRACT

Thought of as “ancient” fishes, 25 broadly recognized extant sturgeon species are classified in
four genera (Acipenser, Huso, Pseudoscaphirhynchus, and Scaphirhynchus). Molecular and
morphological analyses have led to broad but conflicting changes to sturgeon phylogeny. For
example, the position of Scaphirhynchus among other sturgeons had been contentious, and
various sets of sturgeon species have been proposed to make up the subfamily Husinae. Here, a
molecular phylogeny of sturgeons, based on the full mitogenome, is presented. In this
phylogeny, Scaphirhynchus is recovered with strong support as basal to the other sturgeons.
Huso huso is recovered as basal within a clade containing P. kaufmanni and several species of
Acipenser, and is proposed as a new, monotypic subfamily Husinae. This phylogeny is used to
examine phylogenetic signal in individual genes and in gene families. The protein coding genes
as a unit, and individually, along with 16s rRNA, show phylogenetic signal most similar to that of
the full mitogenome. The phylogeny, along with evolutionary relationships of pinnipeds and
lampreys, provides the basis for the exploration of sturgeon biogeography. Relationships among
geographic areas inhabited by sturgeons are found, finding two sets of related areas- a Pacific
area group and an Atlantic group. Relationships of areas within and between these groups
reflect area relationships proposed by previous biogeographic and geologic studies.
Phylogenetic signal is tested amongst ontogenetic characters, and is recovered in the timing at
which larval sturgeon teeth are completely resorbed, indicating that the timing of ontogenetic

milestones can carry signal. The phylogeny is used to remove confounding signal from, and



investigate correlations among, behavioral and morphological ontogenetic characters.

Correlation is found between one pair of characters.



Sturgeon (Acipenseridae):

Phylogeny, Biogeography, & Ontogeny



INTRODUCTION
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The 25 broadly recognized extant sturgeon species are classified in four genera
(Acipenser, Huso, Pseudoscaphirhynchus, and Scaphirhynchus) and are widely acknowledged to
form the monophyletic family Acipenseridae. Thought of as “ancient” fishes, sturgeons occupy
a basal position relative to other ray-finned fishes (Actinopterygii). Together with their sister
group, the paddlefishes (Polyodontidae), they form the extant sister-group to Neopterygii (the
group including gars, bowfins, and teleostean fishes; Grande and Bemis 1996). Sturgeons range
throughout the freshwaters and coastal regions of Europe, Asia, and North America. Most
sturgeons are diadromous, moving between fresh and saltwater for feeding (primarily
downstream movement) and reproductive (upstream movement) purposes (Bemis and Kynard
1997, Peng 2007). Sturgeons have protrusible jaws that enable suction feeding (Figure 1),
chemosensory barbels (Figure 2), and bony plates called scutes along their bodies in rows
(Figure 2). These charismatic fishes are culturally and economically important (e.g., as the
source of true caviar). The oldest known sturgeon fossils are from the Late Cretaceous (85
million years; Hilton and Grande 2006), but the sister-group reiationship between Acipenseridae
and Polyodontidae, combined with the existence of paddlefish fossils from the Early Cretaceous,
indicates that sturgeons are much older (Peng et al. 2007). Populations of many sturgeon
species are currently in sharp decline due in part to overfishing and habitat alterations
(Holzkamm and Waisberg 2004), and all species of sturgeons are provided conservation
protection (IUCN 2014). Even with the imperiled status of these fishes, the study of their

evolutionary history through examination of character states and cladistic methods began only
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relatively recently (Findeis 1997), and a well-resolved, broadly accepted phylogeny for the family

remains elusive.

The first explicitly cladistic study of the family Acipenseridae, based on morphological data
(Findeis 1997), recovered the genus Huso as the sister group of the other three genera and
recovered Scaphirhynchus and Pseudoscaphirhynchus as sister taxa (forming the tribe
Scaphirhynchini, recognized as the subfamily Scaphirhynchinae by some authors). Molecular
data were introduced into the study of sturgeon phylogenetics at about the same time (e.g.,
Birstein and DeSalle 1998) and recent analyses using both molecular and morphological data
(independent of one another and together) have resulted in markedly different phylogenetic
hypotheses than those of Findeis (1997) (Hilton et a/. 2011). Several broad changes to Findeis’
phylogeny of Acipenseridae have been proposed across morphological and molecular studies,
for example the dissolution of Scaphirhynchini. The details of these differences, however, vary
from study to study; for example, the position of Scaphirhynchus is has been debated. Some
differences in hypothesized relationships of sturgeons may be due to incomplete taxon sampling

and the use of different molecular markers and morphological characters across studies.

Variation in the details of recent sturgeon phylogenetic hypotheses illustrates the need for
further examination. The goal of this dissertation research was to use modern phylogenetic
methods and various types of data to work toward a well-resolved sturgeon phylogeny. |
constructed a molecular phylogeny, sequencing the full mitogenome and including near-
complete taxon sampling, explored the effects of using different segments of mitochondrial DNA

on phylogeny, and different optimality criteria for phylogenetic hypotheses. | used the resulting
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full mitogenome phylogenetic hypothesis to investigate area relationships of different areas
inhabited by sturgeons. Finally, | investigated jaw development in five North American species
in the genus Acipenser, and identified and tested potential morphological and behavioral

ontogenetic characters for use in phylogenetic studies.
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Figures

Protrusible jaws

Figure 1. Acipenser gueldenstaedtii (Russian sturgeon) with protruding jaw, enabling suction
feeding. Photo taken at Volga River Exhibit at the Tennesse Aquarium in Chatanooga.
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Scutes

Figure 2. Acipenser gueldenstaedtii (Russian sturgeon) with distinctive scutes and barbels
indicated. Photo taken at Volga River Exhibit at the Tennesse Aquarium in Chatanooga.
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CHAPTER 1.

Phylogeny of Sturgeons (Actinopterygii: Acipenseriformes: Acipenseridae)
Based on Full Mitogenomic Data
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Abstract

The 25 commonly recognized species of sturgeons, family Acipenseridae (Actinopterygii,
Acipenseriformes), are traditionally classified in four genera (Acipenser, Huso, Scaphirhynchus,
and Pseudoscaphirhynchus). Recent phylogenetic studies of the family, using both
morphological and molecular data, generally recover Acipenser as paraphyletic, Huso nested
within Acipenser, and Pseudoscaphirhynchus as sister to A. stellatus. The details of phylogenetic
relationships among species within the family, however, vary from study to study. Previous
molecular-based studies of the family have been limited to the use of fragments of the
mitochondrial gene to estimate the phylogenetic relationships among sturgeons. In this study, |
present a phylogenetic hypothesis based on analysis of the complete mitogenomic sequences of
23 sturgeon taxa (22 species and both subspecies of A. oxyrinchus) and discuss the implications
of the proposed relationships. This analysis supports the inclusion of Huso spp. in “Acipenser”
and proposes that “Scaphirhynchini” is nonmonophyletic. Huso huso is recovered as sister to a
clade that includes A. ruthenus, A. fulvescens, A. baerii, A. naccarii, A. queldenstaedstii, A.
brevirostrum, and A. stellatus and P. kaufmanni as sister species. Huso dauricus is recovered in a
clade with A. medirostris and A. mikadoi, and this clade is sister to A. dabryanus, A. sinensis, A.
transmontanus, and A. schrenckii. Scaphirhynchus is recovered as sister to all other sturgeons.
Acipenser sturio and both subspecies of A. oxyrinchus form another monophyletic group. |
explore the influence of each mitochondrial gene region on full mitogenome topologies.
Although they are linked within the same molecule, individual rRNA, tRNA, and protein-coding
mitochondrial genes do not all exhibit the same phylogenetic signal as one another or as the full
mitogenome as a whole. Several genes, including all of the protein-coding and rRNA genes, as

well as D-loop, recover significant phylogenetic structure among sturgeons. Of those genes that
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recover structure, the protein coding genes and 16s recover relationships similar to those found
by the full mitogenome, whereas 12s and D-loop recover structure different from that shown by
the full mitogenome. Other genes, including the tRNAs, recover very little phylogenetic
structure, showing either complete polytomies or several groups, within which there islittle or

no resolution.
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1. Introduction

The 25 commonly recognized extant species of sturgeon, traditionally classified in four
genera (Acipenser, Huso, Pseudoscaphirhynchus, and Scaphirhynchus), form the monophyletic
family Acipenseridae Bonaparte 1831 (Berg 1904, Bemis et al. 1997, Birstein et al. 1997, Findeis
1997, Hilton et al. 2011). Two monotypic genera, tPriscosturion {Grande and Hilton 2006) and
tProtoscaphirhynchus (Wilimovsky 1956), are known only as fossils. The paddlefishes
(Polyodontidae), two entirely fossil families (+Chondrosteidae, *Peipiaosteidae), and
Acipenseridae together form the Acipenseriformes, which is broadly regarded as the extant
sister-group to Neopterygii (gars, bowfins, and teleosts; Grande and Bemis 1996, Bemis et al.
1997, Nelson 2006, Hilton and Forey 2009, Hilton et al. 2011). The earliest fossil evidence of
sturgeons dates to the Late Cretaceous, 85 million years ago ago (Hilton and Grande 2006), but
these fishes are likely older, as polyodontid fossils date back to the Early Cretaceous (Bemis et
al. 1997, Grande et al. 2002). Due in part to overfishing and habitat alterations {Holzkamm and
Waisberg 2004), nineteen species have been listed as endangered or critically endangered by
the IUCN (2014) and at least one (P. fedtschenkoi) is likely extinct (JUCN 2014). International

trade of all sturgeon species is closely monitored (ICES 12.7 CoP16).

A broad understanding of sturgeon evolutionary history may have implications for
management and conservation efforts. These efforts focus on regions, species, and the
evolutionary process itself (Forest et al. 2007). Conservation managers recognize that species
represent evolutionary history, and treat the loss of “old” taxa, taxa undergoing rapid
diversification, evolutionarily distinct taxa, and taxa at high risk of extinction as priorities for
conservation (Crozier 1997, Isaac et al. 2007, Forest et al. 2007, Rodrigues and Gaston 2002,
Moritz 1994, Rodrigues and Gaston 2002). Determining whether a species or group of species

fits into these categories requires phylogenetic information, and although incomplete
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phylogenies may be useful, hypotheses based on comprehensive datasets are the most
informative for management and conservation planning (Moritz 1994, Rodrigues et al. 2011). As
conservation and management strategies aim to conserve phylogenetic diversity (evolutionary
differences across all biodiversity, Lefcheck et al. 2014), phylogenetic hypotheses are playing a
larger role in conservation efforts (Faith 1992, Avise 2010). Understanding phylogeny also
allows conservation managers and planners to estimate historic population size, identify trends
in gene flow, and determine how bottlenecks have historically impacted currently imperiled
species (Moritz 1994). These data can help conservation managers determine the best methods
for conservation of various taxa (Moritz 1994), helping maintain gene flow in extant populations
and preventing or mitigating the effects of bottlenecks. All of the criteria listed above apply to
sturgeons- they are considered “ancient” fishes, and are declining across their ranges. A well-
supported sturgeon phylogeny will help resource managers to determine the conservation
priority of these fishes as well as helping identify avenues for the protection of these species (for
example by helping to determine when hybridization with escaped or released hatchery-raised
individuals might pose a risk to wild populations, and mitigate this threat). In addition to
conservation and management value, a better understanding of sturgeon phylogeny may be
broadly informative for the evolution of all fishes, as sturgeons generally represent the most

species-rich clade of basal ray-finned fishes (Actinopterygii).

There have been numerous attempts to resolve the evolutionary history of
Acipenseridae from many perspectives; however, a consensus on sturgeon phylogeny has not
been reached. Based on morphological data, Findeis (1997) found Huso to be sister to all other
sturgeons and recovered Pseudoscaphirhynchus and Scaphirhynchus as a monophyletic group,
Scaphirhynchini (also sometimes classified as a subfamily, Scaphirhynchinae; e.g., see Mayden

and Kuhajda 1996). Findeis (1997) included the genus Acipenser in his analysis as a terminal
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taxon but noted that it was likely nonmonophyletic as there were no synapomorphies
supporting this genus. Subsequent morphological studies have led to various phylogenetic
hypotheses. Mayden and Kuhajda (1996) recovered Acipenser and Huso as sister genera and
found Pseudoscaphirhynchus and Scaphirhynchus to form a clade, though they failed to recover
monophyly for Pseudoscaphirhynchus. Choudhury and Dick (1998) also recovered
Scaphyrhynchini as monophyletic, and found distinct clades within Acipenser; Huso was not
included in their study. Artyukhin (2006) recovered Scaphirhynchini as sister to the other
sturgeons, and recovered distinct subclades within Acipenser. Acipenser oxyrinchus and A.
sturio were hypothesized to be sister to the other sturgeon clades, which included H. huso and
H. dauricus as sister taxa, grouped with A. nudiventris, A. schrenckii, and A. ruthenus. Other
studies have recovered alternate clades within Acipenser. Hilton et al. (2011) also recovered
Scaphyrhinchus as sister to the other sturgeons, finding (H. huso, (A. ruthenus, A. baerii)) to form

a monophyletic group with (A. stellatus, (P. kaufmanni, P. hermanni)).

Molecular studies of sturgeon phylogenetics have led to additional phylogenetic
hypotheses; these studies are based on mitochondrial DNA sequences. in fishes, the
mitochondrial genome (also referred to as mitogenome or mitochondrion) is composed of 37
genes that are exclusively maternally inherited as a single linkage-group, and is considered to be
a single locus. These genes are distributed amongst three gene families, the tRNAs, rRNAs, and
protein coding genes, and evolve at different rates and with different nucleotide substitution
patterns. Most animal mitochondrial genomes, those of sturgeons included, contain 22 tRNAs:
tRNA-Phe, -Val, -Leu, -lie, -GIn, -Met, -Trp, -Ala, -Asn, -Cys, -Tyr, -Ser, -Asp, -Lys, -Gly, -Arg, -His, -
Ser (2), -Leu {2), -Glu, -Thr, -Pro. Two genes, 12s and 16s, make up the rRNA (ribosomal
ribonucleic acid) gene “family”. The protein coding gene family comprises 13 genes: ATP6 and

ATPS8, COI, COMN, COIIl, cyth, and NADH’s 1-6 and NADH 4L. Mitochondrial DNA, is not protected

21



from oxidative damage by chromatin, and so is exposed to free radicals and susceptible to injury
(Gredilla et al. 2010). Although mechanisms to mitigate this damage have been identified in the
mitochondribn, recent studies sugéest that these mechanisms cannot repair damage after it is
caused (Gredilla et al. 2010). In addition to decreased damage repair as compared to nuclear
DNA, proofreading mechanisms during mitochondrial DNA replication are limited. As this
portion of the genome does not undergo recombination, mismatches cannot be repaired based
on a reference or template sequence. The proofreading mechanisms that are present in
mitochondrial DNA have been shown to be inefficient in some mammal cells (Song et al. 2005).
In contrast to this, nuclear DNA is packaged and protected by chromatin and therefore not
exposed to the same levels of damage. Recombination allows for corrections to mismatches in
nuclear DNA replication, and additional proofreading mechanisms are efficient, leading to high
fidelity in nuclear DNA replication (Caravas 2012). This leads to a high rate of substitution and
evolution in the mitochondrial genome as compared to the nuclear genome (Avise 1998,

Caravas 2012).

Mitochondrial DNA is invaluable to phylogenetic studies, but various concerns have
been raised about relying exclusively on mitochondrial genes to elucidate phylogeny (e.g.
Caraveas 2012, Moore 1995). Pitfalls concerning mitochondrial DNA couid lead to the recovery
of unresolved or incorrect topologies. Even if a well-supported mitochondrial phylogeny is
recovered, in some situations this phylogeny may not represent the species phylogeny (Caravas
2012). The high rate of substitution in mitochondrial DNA could result in saturation or
overwriting of phylogenetic signal, weakening the display of this signal (DeFilippis and Moore
2000). Composition bias of adenine and thymine present in mitochondrial DNA may lead to the
same issue (DeFilippis and Moore 2000). The reliance on few or short mitochondrial sequences,

frequent in past molecular phylogenetic studies of sturgeons, could lead to low resolution in the
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resulting phylogeny (Vilstrup et al. 2011). Including multiple genes from the mitogenome,
however, only provides a single independent estimate of phylogenetic relationships because

these genes are linked and do not evolve strictly independently of one another (Moore 1995).

Additional challenges to the use of mitochondrial DNA in phylogenetic studies include
hybridization, or reproduction between different species. The use of mitochondrial DNA in
phylogenetic studies of taxa that exhibit hybridization may result in the recovery of a gene tree
that is different from the species tree (Baack and Rieseberg 2007, Caravas 2012, Moore 1995).
Hybridization can lead to introgression, the incorporation of genetic material from one species
into the genome of another (Baack and Rieseberg 2007). Hybridization and introgression are
especially problematic when using mitochondrial DNA alone to infer phylogeny because if the
mitochondrial DNA of one species is incorporated into a hybrid or an individual of another
species, that mitochondrial DNA will not reflect the evolutionary history of the species. If
undetected, this will mislead phylogenetic analyses (Moore 1995). If hybridization is detected, it
can be accounted for in phylogenetic studies (Moore 1995), but the detection of hybridization
and introgression requires comparison between topologies based on unlinked genes (Caravas
2012). Because all mitochondrial genes are linked, hybridization and introgression are
undetectable based on mitochondrial sequence data alone. Mitochondrial phylogenies must be
compared with nuclear phylogenies to search for congruence. If nuclear and mitochondrial
phylogenies present the same topology, introgression is unlikely. If they present conflicting
hypotheses, introgression should be explored as one possible cause of incongruence (Duchene

2011, Moore 1995, Caravas 2012, Baack and Rieseberg 2007).

Despite these potential pitfalls, there are several advantages to the use of mitochondrial

sequences in phylogenetic analyses. Many copies of the mitochondrion are present in each cell,
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making amplification of mitochondrial sequences relatively simpler than amplification of nuclear
genes (Caravas 2012). Mitochondrial gene order is generally conserved in vertebrates, and the
mitochondrion lacks introns and can therefore be sequenced in larger units can than nuclear
genes (Caravas 2012). Recent technological innovations allow for the sequencing of the full
mitogenome at relatively low cost and in relatively short amounts of time (Mardis 2008).
Mitochondrial genes and the mitochondrial genome as a whole have been used to recover the
phylogenies of many taxonomic groups, including Diptera (Caravas 2012), reptiles and
amphibians (Roos et al. 2007, Zhang et al. 2005, Zhang and Wake 2009, Zhang et al. 2013},
delphinids (Duchene et al. 2011), teleostean and other fishes {Inoue et al. 2003, Ishiguro et a/
2003, Miya et al. 2001, inoue et al. 2010, Lavoue et al. 2007), and various groups of birds

(DeFilippis and Moore 2000).

In addition to phylogenetic reconstruction, the utility of mitochondrial genes in species
identification, for example, is indisputable (Wolf 1999, Brown 1996, Miya and Nishida 2000).
Cytochrome c oxidase | {COl), for example, is used for DNA barcoding (Ward 2009). Among
fishes, COI has been shown to distinguish among 98% of marine and 93% of freshwater species
(Ward 2009). Additionally, a hypervariable region of rRNA was recently found to successfully
identify, to species, at least 168 taxonomically diverse teleostean fishes, including closely related
congeners (Miya and Nishida 2015). Although individual mitochondrial genes used for species
identification may not carry enough information to resolve phylogenies, they may be useful in
phylogenetic investigations when considered alongside other genes. Genes that differentiate
between species or even subspecies add resolution to “shallow” branches in a phylogeny,
enhancing the phylogeny by providing support for fine-scale relationships (Hajibabaei et al.
2007). Some barcoding genes, COIl in particular, have been shown to be extremely useful in

phylogenetic studies focusing on relationships at the species level (e.g. in caddisflies, Hogg et al.
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2009, and in the families Apionidae, Ptaszynska et al. 2012 and Sarcophagidae, Meiklejohn et al.

2013).

Although mitochondrial genes are linked, they evolve at different rates (Xia 1998, Sloan
et al. 2009). Recent studies generally conclude that the common practice of relying on one or
only a few mitochondrial genes to inform phylogeny is not ideal, as some genes are misleading
and inappropriate for phylogenetic reconstruction because they recover topologies with iow
resolution {Duchene et al. 2011, Zardoya and Meyer 1996, Miya and Nishida 2000, Rastorguev et
al. 2008). Selection of genes to be used in a phylogenetic study is important not only because
phylogenetic signal may vary widely from gene to gene, but also because different genes resolve

relationships at different evolutionary scales.

Various studies spotlight the different phylogenetic signals carried by different
mitochondrial genes by comparing topologies derived using these genes with other topologies
recovered by full mitogenomic, morphological, or other data. Zardoya and Meyer (1996)
compared tetrapod and mammal topologies recovered by all protein-coding genes combined
and individual protein-coding genes. They found that NADH4, NADH5, NADH2, cytb, and COl
recovered topologies consistent with those previously proposed based on morphological and
genetic data, whereas topologies based on ATP6, ATP8, NADH3, and NADHAL diverged
significantly from previous topologies. Miya and Nishida (2000) evaluated the similarity of single
protein-coding gene topologies and a tRNA topology to the full mitogenome topology of eight
teleosts and found that only NADHS5 and the concatenated tRNA sequences recovered the same
topology as the full mitogenome. Rastorguev et al. (2008) similarly compared individual protein
coding gene topologies to the full mitogenome topology of 10 sturgeons and found that COl,
NADH4, and ATP6 recovered topologies similar to that of the full mitogenome. Analyses of

NADHS, in contrast, recovered a very different topology from that of the full mitogenome.
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Using the oceanic dolphins (family Delphinidae) and the killer whales (genus Orcinus), Duchene
et al. (2011) compared topologies inferred from the full mitogenome to those derived from 12s,
16s, and individual protein coding genes. They found different results for the two different
taxonomic groups, with COI, cytb, NADH3 and ATP6 recovering topologies (with varying levels of
support) similar to that of the full mitogenome for Orcinus, and NADH1, COl and NADHA4 doing
so with the delphinids. Cleary, individual mitochondrial genes carry different phylogenetic signal

from one another, with some carrying similar signal to that of the full mitogenome.

Efforts to identify factors contributing to the different phylogenetic hypotheses
recovered by different genes have found that neither gene length nor evolutionary rate
accurately predict how similar a gene’s topology will be to that derived from the full
mitogenome (Zardoya and Meyer 1996). The depth of the phylogeny under consideration may
play a role, as might the completeness of the taxon sampling (Zardoya and Meyer 1996).
Therefore, when selecting genes to be used in a phylogenetic study, the taxonomic group,
number of taxa for which data are available, and target resolution of the phylogeny should be

considered.

Longer DNA sequences than those that have previously been used may help resolve
phylogenetic relationships, particularly higher-level relationships (Miya and Nishida 2015). The
use of more data, particularly those from molecular gene regions that evolve at different rates,
can provide resolution at multiple phylogenetic levels and reduce biases that may be gene-
specific (Hajibabaei et al. 2007). Previous studies were limited because there was no
straightforward method to sequence the entire mitogenome until fish-versatile primers were
designed to sequence the full mitogenome via a combination of long-and short PCR (Miya and
Nishida 1999, 2015). The development of this methodology has allowed exploration of

individual mitogenomes, mitochondrial gene arrangement, and reconstruction of phylogeny.
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The utility of complete mitogenomic data in phylogenetic analysis of fishes has been
demonstrated in studies of both higher-level refationships (e.g. teleostean phylogenetic
relationships, Miya and Nishida 2000b) and in population-level relationships (e.g. Jacobsen et al.
2012). More recently, next-generation sequencing (NGS) methods have been applied to full-
mitogenome sequencing techniques (Ahn et al. 2009, Groenenberg et al. 2012, Feldemeyer et
al. 2010, Jex et al. 2010, lorizzo et al. 2012, Varshney et al. 2009, Miya and Nishida 2015,

Lindqvist et al. 2010, Webb and Rosenthal 2011, Botero-Castro et al. 2013, Shen et al. 2015).

Mitochondrial data have been used frequently in analyses of sturgeon phylogenies. Of
ten recent molecular phylogenetic studies of sturgeons (Birstein and DeSalle 1998, Birstein et al.
2002, Dillman et al. 2007, Fontana et al. 2001, Krieger et al. 2000, Krieger et al. 2008, Ludwig et
al. 2001, Rastorguev et al. 2008, Simons et al. 2001, Zhang et al. 2000), most have relied on
short segments of the mitochondrial genome (<5000 base pairs, or <30% of the mitogenome),
with just one (Rastorguev et al. 2008) considering the full mitogenome (but with limited taxon
sampling). None of the studies included more than 22 of the 25 extant species, and only three
(Birstein et al. 2002, Dillman et al. 2007, Krieger et al. 2008) considered specimens from all four
recognized genera. Within these studies, the most commonly used mitochondrial genes were
cytb, NADH4, NADHA4L, NADHS, the rRNAs, and D-loop. Single-gene trees resulting from analyses
of these sequences suggest that each of these genes carries different phylogenetic signals,
despite the fact that they all occur in the mitochondrial genome. Further, the strength of
phylogenetic signal among these genes varies and when two genes are considered together, the
signal carried by one may be stronger than that from another, “swamping” it out. This effect

may be reversed or negated when more than two genes are considered together.

Along with recent morphological studies, these molecular analyses have expanded our

understanding of sturgeon phylogeny (Hilton et al. 2011). Among the most significant findings of
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these studies include H. huso nested within “Acipenser” {e.g., Birstein and DeSalle 1998, Birstein
et al. 2002, Dillman et al. 2007, Krieger et al. 2008, Hilton et al. 2011}, which Vasil’eva et al/
(2009) formally recognized as A. huso, and break up Scaphirhynchini by recovering A. stellatus as
sister to Pseudoscaphirhynchus spp. (e.g., Birstein et al. 2002, Dillman et al. 2007, Krieger et al.
2008, Hilton et al. 2011). However, the hypotheses of relationships among species vary from
study to study. For example, various relationships of Huso within “Acipenser” have been
proposed, including the recovery of H. huso as sister to A. ruthenus (in a redefined Husinae;
Hilton et al. 2011) or as sister to other species of “Acipenser” (e.g., Fontana et al. 2001). Further,
different relationships have been proposed regarding the position of genera formerly in the
tribe Scaphirhynchini as well as the monophyly of species groups included in the genus
“Acipenser.” Molecular-based studies of sturgeon relationships have all used different
mitochondrial gene regions or different combinations of gene regions, and therefore each study
includes different characters leading to differences in the phylogenies proposed. Nuclear data
have not been used in phylogenetic analyses of sturgeons, in part due to difficulties sequencing

nuclear genes in these polyploid fishes (Krieger et al. 2006).

The goal of this study was to apply full mitogenome sequencing methods to
complement previous studies of sturgeon phylogeny. Combining both long and short PCR
methods and NGS methods, | build upon past studies by using more mitochondrial DNA
sequence data than has been available previously. This allowed for the comparison of
phylogenetic signal carried by individual mitochondrial genes to the signal of the full
mitogenome, and led to the resolution of polytomies recovered in some recent sturgeon
phylogenetic studies (Birstein et al. 2002, Dillman et al. 2007, Ludwig et al. 2001, and Zhang et
al. 2000). | conducted a phylogenetic analysis of Acipenseridae using the full mitogenome of 23

sturgeon species and subspecies representing all four currently recognized sturgeon genera. |
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investigated phylogenetic signal present in individual genes, and determined which mitogenome
segments exert the strongest signal recovering this phylogenetic hypothesis. To determine the
relative phylogenetic signal of these three topologies, data were explored by assessing the
topologies based on 1) all protein coding gene regions analyzed together, and sequences of 2)
all ribosomal RNA and 3) all transfer RNA sequences. Additionally, | compared my topology to

three topologies from a previous study (Birstein et al. 2002).

2. Methods
2.1 Taxon Sampling and Summary

Tissue samples were obtained for vouchered specimens of 22 sturgeon taxa (A. o.
desotoi, A. 0. oxyrinchus, A. sturio, H. huso, H. dauricus, A. brevirostrum, A. gueldenstaedtii, A.
naccarii, A. fulvescens, A. mikadoi, A. medirostris, A. schrenckii, A. transmontanus, A. sinensis, A.
baerii, A. ruthenus, A. stellatus, S. albus, S. platorynchus, S. suttkusi, P. kaufmanni, and P.
hermanni) and one outgroup species (P. spathula). Total genomic DNA was extracted from
muscle or, in some cases, gill tissue using the Qiagen DNeasy Blood & Tissue Kit following

manufacturer’s protocol (Qiagen 2006).

Methods described below were applied in an attempt to obtain full mitogenome
sequences for each of these species. Full mitogenome sequencing was successful for all of these
taxa except A. baerii, A. ruthenus, A. stellatus, and P. hermanni. Full mitogenome sequences for
four ingroup species (A. baerii, Chen et al. 2011; A. dabryanus, Peng et al. 2007, A. ruthenus, Li
et al. 2013; and A. stellatus, Arnason et al. 2007) and four outgroup species including both
extant paddlefishes (Polyodon spathula, Inoue et al. 2003 and Psephurus gladius, Peng et al.
2007) and two Polypteriformes (Polypterus delhezi, Chen and Lin 2010 and P. endlicherii, Chen

and Lin 2010) were available on GenBank® (Accession numbers are shown in Table 1). To
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evaluate the validity of sequences obtained from GenBank®, | sequenced a 16s segment of rRNA
from tissue extracted from voucher specimens of A. baerii and A. stellatus. Sequencing failed
for for A. ruthenus and P. hermanni. | aligned the sequences with the full mitogenome
sequences on GenBank® and calculated the number of base pair differences. There were no
base pair differences between the GenBank® A. baerii 16s sequence and the 562 base pair
segment | sequenced. The GenBank® 16s sequence from A. stellatus was also a 100% match to

the 610 base pair sequence | obtained.

2.2 DNA Purification and Sequencing of A. fulvescens and H. dauricus

| attempted to use a long PCR technique (Cheng et al. 1994), described below, to amplify
the complete mitogenome of the total genomic DNA extractions. This method was successful

only for A. fulvescens and H. dauricus.

Two general fish primers were designed and used to amplify the mitochondrial genome
in two long-PCR reactions (Miya and Nishida 1996). Long PCR was done in a BioRad $1000
thermal cycler using a 20-pl reaction (2.4 pl extracted DNA, 2 pl of each primer, 3.2 pl dNTPs, 2
pl MgCL2, 6.24 pl water, 2 ul TaKaRa LA Tag ™ buffer, and 0.16 pl TaKaRa LA Taq Polymerase ™)
and running 30 cycles of denaturation at 98° C for 10 seconds followed by annealing and
extension combined at 60° C for 12 minutes. The two long PCR products from each of these
species were mixed together and diluted with TE buffer (1:5) for use as template in subsequent

PCR reactions.

Twenty-four sets of general fish primers (Inoue et al. 2003) were used for short PCR of
long PCR products. PCR was carried out in a BioRad $1000 thermal cycler (Applied Biosystems)

using a 10.4-pl reaction (1 pl dilute long PCR product, 1 pl of each primer, 0.8 ul dNTPs, 5.53 pl
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water, 1 pl TaKaRa Z Taq ™ buffer, and 0.07 pl TakaRa Z Taq Polymerase ™) and using the
following thermal-cycler protocol: initial denaturation at 94°C for 2 minutes, followed by 30
cycles of 98°C for 1 second, 50°C for 5 seconds, and 72°C for 15 seconds. PCR products were
purified using a QlAquick PCR Purification Kit and following manufacturers’ instructions. Direct-
cycle sequencing using dye-labeled terminators (Applied Biosystems Inc.) was conducted using
36 internal sequencing primers. Labeled fragments were analyzed on an Applied Biosystems
3130xI Genetic Analyzer. DNA sequences were edited by eye and contigs were assembled using
Sequencher 5.1. Sequences were annotated using mitoannotator in MitoFish (lwasaki et al.
2013).
2.3 DNA Purification and Sequencing for Other Species

AnNGS method was used to obtain mitogenome sequences from the extracted total
genomic DNA of A. o. desotoi, A. 0. oxyrinchus, A. sturio, P. kaufmanni, P. hermanni, H. huso, A.
brevirostrum, A. gueldenstaedtii, A. naccarii, S. albus, S. platorynchus, S. suttkusi. A. mikadoi, A.

medirostris, A. schrenckii, A. transmontanus, and A. sinensis.

Before beginning library preparation for NGS, extracted DNA was quantified using the
Qubit 2.0 fluorometer and the Qubit dsDNA BR Assay kit. Samples were prepared for sequencing
using the Nextera XT DNA Library Preparation Kit v2 Set A following the manufacturers protocol
for tagmentation of input DNA, PCR amplification and cleanup, and library validation,
normalization, and pooling (illumine 2012). Tagmentation is an enzymatic reaction in which DNA
is simultaneously fragmented and tagged with adapters; the subsequent PCR cycles amplify the
tagged segments (illumina 2015). Libraries were sequenced using the lllumina MiSeq System. All
MiSeq data were subsequently trimmed and merged in CLC Genomics workbench using the de

novo assembly algorithm. This algorithm uses de Bruijn graphs, first identifying contigs (sets of
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overlapping sequecnce segments) in the data read in, creating a sequence of contigs, and
mapping the reads through alignment to the contigs (QIAGEN 2016).
2.4 Alignments and Model Tests

MitoAnnotator (lwasaki et al. 2013) was used to rotate each mitogenome so that all
mitogenomes started at tRNA-Phe. Rotated sequences were aligned in MAFFT version 7. The
resulting alignment was edited by eye in MacVector6 (Rastogi 1999). The edited alignment was
used to generate a consensus sequence using MacVector6. The resuiting consensus sequence
was then re-annotated in MitoAnnotator to identify individual mitochondrial genes (lwasaki et

al. 2013). Based on this annotation, individual gene alignments were separated.

The program DAMBE was used to test for saturation in the full mitogenome alignment
and individual gene alignments (Xia and Lemey 2009). Alignments were imported into DAMBE.
First, proportion of invariant sites was estimated for each alignment using the option
“Seq.Analysis|Substitution rates over sites|Estimate proportion of invariant sites” using the
“new tree” and neighbor joining criteria. Actual tests for saturation were conducted using the
option “Seq.Analysis | Measure substitution saturation|Test by Xia et al.” and entering the
appropriate estimated proportion of invariant sites. Saturation was not detected in the full

mitogenome or individual gene alignments.

The best models of nucleotide evolution were determined for each gene using in
imodeitest 2.1.3 (Posada 2008) and BIC criteria. The full mitochondrial genome was partitioned
by gene, and the best model of evolution for each gene was used in all Bayesian analyses.

Models used are listed in Table 2.
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2.5 Phylogenetic Analyses

Parsimony analyses were run on the full mitogenome alignment in PAUP* 4.0 (Swofford
2003) with 1000 bootstrap replicates. Gaps were treated as missing data. Stepwise addition was
used to obtain starting trees for branch swapping. Only the best trees found were kept. A 50%

majority-rule consensus tree was calculated and is shown in the results section.

Maximum likelihood analyses were run on the full mitogenome alignment using the
RAXML-HPC2 (Stamatakis 2006) on XSEDE tool on the Cipres Science Gateway (Miller et al.
2011). Gaps were treated as missing data. Nonparametric bootstrapping was enabled and the
seed value was set at 12345. A general time-reversible model was identified by jmodeltest 2.1.3
(Posada 2008) as the most appropriate model parameter for the full mitogenome alignment,
and was chosen using the setting “GTRCAT” to allow for rate heterogeneity. 1000 bootstrap
replicates were run to generate support values. The best-scoring tree was retained, and is

presented in the results section.

Bayesian phylogenetic analyses were run for the following four data configurations: 1)
the edited alignments of the full mitogenome; and gene family trees made up of edited and
concatenated alignments of 2) all protein coding genes; 3) ribosomal RNA sequences, and 4)
transfer RNA sequences. Individual gene trees were also constructed using Bayesian methods
for each individual mitogchondrial gene. Analyses were conducted in Mr.Bayes 3.2.2
(Huelsenbeck and Ronquist 2001). For each analysis, aligned sequences were partitioned by
gene, with each gene assigned the best model of evolution as indicated by jmodeltest 2.1.3
(Posada 2008). For each dataset, between 500,000 and 3 million generations were run
depending on the necessary number of generations for standard deviation on split frequencies
to equal 0.0000 (Huelsenbeck and Ronquist 2001), the full mitogenome analysis required 3

million generations, the protein coding gene analysis was run for 1 million generations, and both
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tRNA and rRNA analyses were run for 500,000 generations. All analyses used 4 chains and a

burn-in of 30% to allow chain convergence.

In the resulting phylogenetic hypothesis, confidence in each node was expressed in the
form of posterior probability values. Distinct taxonomic groupings with relatively high posterior
probability support values (>0.90) were recovered by analyses of each dataset. The full
mitogenome topology required some re-analysis due to the recovery of several polytomies with
low support values within one monophyletic taxonomic grouping (that overall had high support
values). Reanalysis conducted for the Bayesian full mitogenome topology involved running
analyses for the nine taxa in this group separate from the other sturgeon taxa. Analyses were
run for one-million generations, and as with other Baysian analyses in this study, 4 chains and a
burn-in of 30% were used. These analyses recovered a highly supported topology. | constrained
the full mitogenome dataset including all taxa to include this topology, re-ran Bayesian analyses
using a burn-in of 30% and running for one million generations, and recovered a well-supported,
polytomy-free topology for all taxa. Relationships among other taxa did not change as a result of
this constraint. The resulting consensus tree is presented as my preferred full mitogenome
topology.

2.6 Tree Comparisons

To identify which genes most strongly influence the full mitogenome phylogenetic
hypothesis, | calculated tree distance metrics between the topology resulting from the full
mitogenome Bayesian analysis and those generated through alternate data sets. The Robinson-
Foulds metric (Rzhetsky and Nei 1992; similar to the Penny-Hendy distance (Penny and Hendy
1985), which is defined as twice the number of bipartitions that differ between trees, is a tree
distance metric used to quantify similarity and differences among trees (Paradis et al. 2004).

Duchene et al. (2011) used it to identify which mitochondrial genes carry the same phylogenetic

34



signal as the full mitogenome in studies of delphinid and killer whale phylogenies (Duchene et
al. 2011). Because the Rzhetsky-Nei distance metric is well defined for use only in strictly
bifurcating trees and many of my gene trees have polytomies, | employed a version of this
metric modified to allow for polytomies, the Rzhetsky-Nei distance (Paradis et al. 2004, Rzhetsky
and Nei 1992). Rzhetsky-Nei (R-N) distances were calculated between 1) my Bayesian
mitogenome phylogeny and each of the gene-family topologies {protein-coding, tRNA and rRNA
topologies), 2) each individual gene tree and the Bayesian full mitogenome tree, and3) each
individual gene tree against the corresponding gene family tree (each individual protein-coding
gene tree was run alongside the protein coding family topology). Calculations for all topology
comparisons were done using the dist.topo function in the ape package (version 3.4) in R
(Paradis et al. 2004, R Core Team 2014). An R-N distance of O indicates identical phylogenies.
High Rzhetsky-Nei distances indicate divergent trees (Duchene et al. 2011). When conducting
multiple tree comparisons, tree pairs with the lowest R-N distances are most similar to one
another. Statistical significance tests are not available for R-N distances; this is a method for
comparison between topologies only.
2.7 Comparisons to Previous Studies

The phylogenetic analyses of sturgeons conducted by Birstein et al. (2002) included a
taxon composition close to that of the present study, and provides three topologies to compare
with my results. They conducted parsimony and maximum likelihood analyses of 22 sturgeon
species based on NADHS5, cytochrome b, 12s, 16s, and D-loop (Figures 1, 2). They also
conducted a combined-evidence phylogenetic analysis of 16 sturgeon species, based on the
same molecular data and morphological data derived from Mayden and Kuhajda 1996 (Figure

3).
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In order to compare Birstein et al.’s (2002) parsimony and maximum likelihood trees to
my Bayesian, parsimony, maximum likelihood, 12s, 16s, cytb, NADHS5, and D-loop topologies, |
pruned (using the command drop.tip in the ape package, version 3.4, Paradis et al. 2004, for R, R
Core Team 2014) outgroups and sturgeon taxa not included in both studies from the trees . |
ran Rzhetsky-Nei analyses on the pruned topologies to compare Birstein et al.’s (2002)
parsimony and maximum likelihood tree with mine. | performed the same analytical methods
using my gene trees and Birstein et al.’s (2002) parsimony and maximum likelihood trees to
determine which genes most strongly influence their trees. | also compared my phylogenies and
gene trees to Birstein et al.’s (2002) combined-evidence phylogeny. Birstein et al.’s combined
evidence phylogeny included fewer taxa than their parsimony and maximum likelihood
phylogenies, requiring pruning of additional taxa from my phylogenies and gene trees. |
calculated R-N distances to determine the level of similarity between the different studies and
to identify the genes most strongly represented in the combined evidence phylogeny of Birstein

et al. (2002).

3. Results
3.1 Sequences and Alignment

The final, edited, aligned matrix for the full mitogenome was 14,105 base pairs in length
(Appendix 1). It included the control region, or D-loop (1,295 base pairs), 13 protein coding
genes (9,614 base pairs total), both rRNAs (2,676 bps long), 22 tRNAs (1,693 bps). Gene order
was conserved across sturgeon mitogenomes. Substitution models, gene family, and gene

length for each gene are presented in Table 2.
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3.2 Full mitogenome results

3.2.1 Phylogenetic Hypothesis Support Values

The full mitogenome Bayesian phylogenetic hypothesis recovered the sturgeons as a
clade with posterior probability (PP) support of 1.0 (Figure 4). Maximum likelihood recovered
sturgeons as monophyletic with a bootstrap (BS) value of 100 (Figure 5), while parsimony

recovered sturgeons as monophyletic, though with a BS value of only 50 (Figure 6).

3.2.2 Full Mitogenome Hypotheses

The Bayesian, maximum likelihood, and parsimony full mitogenome phylogenetic
hypotheses had similar topologies, with only a few differences. For ease of discussion, these
hypotheses will subsequently be referred to as the Bayesian, maximum likelihood, and
parsimony topologies. All three full mitogenome topologies recovered Scaphirynchus as a clade
in which S. platorynchus and S. albus are sister [(S. suttkusi, (S. platorynchus, S. albus))]
{Bayesian PP= (1.0,(.78)), parsimony BS=(100,(88)), maximum likelihood BS=(1.0,(.95))).
Acipenser sturio was recovered in a clade with the sister taxa A. oxyrinchus and A. o. desotoi [(A.
sturio, (A. oxyrinchus, A. o. desotoi))] in all three topologies (support values of 100 in all). A
clade with two sets of sister species was recovered in all the three analyses: A. dabryanus as
sister to A. sinensis and A. transmontanus as sister to A. schrenckii {({(A. dabryanus, A. sinensis),
{A. transmontanus, A. schrenckii))] (BS=100, PP=1.0). Huso dauricus was consistently recovered
in a clade with the sister taxa A. medirostris and A. mikadoi [(H. dauricus, {A. medirostris, A.
mikadoi))] (BS=100, PP=1.0). Huso huso was basal in a clade that contained P. kaufmanni as
sister to A. stellatus [(A. stellatus, P. kaufmanni)] and also included [(A. ruthenus, (A. fulvescens,
(A. brevirostrum, (A. baerii, (A. naccarii, A. gueldenstaedtii)))))]. 1t was in this clade that some
differences across topologies were found. Other differences were found in the relationships

amongst the clades.
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For ease of discussion among topologies, these clades (Table 4) will subsequently be

referred to as:

Clade 1: (H. huso, Subclade 1.1, Subclade 1.2)
Subclade 1.1: (A. stellatus, P. kaufmanni)

Sublade 1.2: (A. ruthenus, (A. fulvescens, (A. brevirostrum, (A. baerii, (A.
naccarii, A. gueldenstaedstii)))))

Clade 2: (H. dauricus, (A. medirostris, A. mikadoi})

Clade 3: ((A. dabryanus, A. sinensis), (A. transmontanus, A. schrenckii))
Clade 4: (A. sturio, (A. oxyrinchux, A. o. desotoi))

Clade 5:((S. suttkusi, (S. platorynchus, A. albus))).

Although the three full mitogenome analyses {Bayesian, Parsimony, and Maximum
Lieklihood, Figures 4-6) all recovered Clade 1, the position of this clade varied among
phyogenies. All three topologies recovered Subclade 1.1, P. kaufmanni and A. stellatus as sister,
and Subclade 1.2, (A. ruthenus, (A. fulvescens, (A. brevirostrum, (A. baerii, (A. naccarii, A.
gueldenstaedtii))))). The Bayesian and maximum likelihood analyses recovered Clade 1 (within
which H. huso was basal) as sister to Clade 2. The maximum parsimony analysis recovered

Subclade 1.1, Subclade 1.2, and H. huso to be in a polytomy.

Clades 2 and 3 were consistently recovered as sister to each other in all analyses. The
Bayesian analysis recovered Clade 4 as sister to this group and Clade 1 as sister to the Clade 2, 3,
and 4 grouping. Parsimony analyses recovered an opposing topology, with Clade 1 as sister to
Clades 2 and 3 and Clade 4 as sister the the three clade grouping. Both Bayesian and parsimony
phylogenies recovered Clade 5 ((S. suttkusi, (S. platorynchus, S. albus})) as sister to the other
sturgeons. In contrast, the maximum likelihood analysis recovered Clade 5 as sister to Clade 1.
Clades 2 and 3 were recovered as sister to Clade 1 + 5 group, with Clade 4 as sister to all other

sturgeons.
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1 favor the topology resulting from Bayesian analyses for comparison to individual gene
trees for several reasons. First, this method allowed me to specify the best model of nucleotide
evolution for the full mitogenome and the individual gene analyses. Second, it showed slightly
more phylogenetic structure than the parsimony phylogeny (which contained a polytomy).
Finally, multiple previous datasets, including molecular, morphological, and combined evidence
data, support a Scaphirhynchus as the sister lineage to all other sturgeons, as recovered in this
topology.

3.3 Gene Tree Analysis and Comparison to the Full Mitogenome

The Rzhetsky-Nei distances between the Bayesian full mitogenome topology and the
Bayesian protein-coding, tRNA, and rRNA topologies were 1, 10, and 12 respectively (Table 3).
This indicates that the protein-coding gene family produced a phylogenetic hypothesis most
similar, but not identical, to that of the full mitogenome. The tRNAs had the second most

similar topology. The rRNA gene family tree was the least similar to the full mitogenome

phylogeny.
3.3.1 tRNA Gene Family Phylogeny

Aligned and edited sturgeon tRNAs ranged from 67 to 165 base pairs in length (Table 2),
and the complete tRNA dataset was 1,693 base pairs long. The Bayesian tRNA gene family
phylogeny (Figure 7) recovered the same composition and structure within Clades 2, 4, and 5
(Table 4) as the full mitogenome Bayesian analysis. Clade 3 was found to be monophyletic, but
the sister grouping of A. transmontanus and A. schrenckii was dissolved, so that these two
species formed a polytomy with (A. dabryanus, A. sinensis). As in the full mitogenome topology,
Clades 2 and 3 were recovered as sister, and Clade 5 (Scaphirynchus) was sister to all other

extant sturgeon taxon.
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in the tRNA phylogeny, Clade 1 was nonmonophyletic. Subclade 1.1 was also
nonmonophyletic; P. kaufmanni was recovered as sister to H. huso. Four species of Subclade 1.2
grouped together, with a structure similar to that recovered in the full mitogenome analysis: (A.
brevirostrum, (A. baerii, {A. naccarii, A. gueldenstaedtii))); these four species formed one branch
of a five branch polytomy. The other branches are: A. stellatus; A. fulvescens, Clades 2 and 3 as
sister; and H. huso and P. kaufmanni as sister. Acipenser ruthenus (full mitogenome Subclade
1.2) was recovered as sister to this polytomy. Clade 4 was recovered as sister to all other
sturgeons except Scaphirynchus.
3.3.2 rRNA Gene Family Phylogeny

The aligned, edited rRNA sequence was 2,676 base pairs long, with a 960 bp 12s and a
1716 bp 16s. The Bayesian rRNA gene family phylogeny (Figure 8) recovered the same
composition and structure within Clades 2-5S (Table 4) as the full mitogenome Bayesian analysis.
Clade 1 was monophyletic, but the structure was different from that recovered by the full
mitogenome. Clades 2 and 3 were recovered as sister taxa and Scaphirynchus (Clade 5) was
found to be sister to all other extant sturgeons. Clades 2 and 3 were sister to Clade 1 (these

were recovered as sister to Clade 4 in analysis of the full mitogenome).

Within Clade 1, Clades 1.1 and 1.2 were found to be nonmonphyletic in the rRNA
phylogeny. Acipenser brevirostrum and P. kaufmanni were recovered as sister taxa in Clade 1.
Rather than being found sister to other Clade 1 taxa, as in the full mitogenome phylogeny, H.
huso was recovered as sister to A. ruthenus, with A. stellatus as sister to them. Sister to this
grouping was the clade (A. fulvescens, (A. baerii, (A. naccarii, A. gueldenstaedtii))). Although the
relationships among A. baerii, A. naccarii, and A. gueldenstaedtii match those recovered in the

full mitogenome analysis, a close relationship of A. fulvescens with these taxa does not.
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3.3.3 Protein-coding Gene Family Phylogeny

Lengths of the edited, aligned gene sequences varied from 169 to 1422 base pairs, with
the protein coding gene family alignment having a total of 9,614 base pairs. The resulting
Bayesian protein-coding gene family phylogeny (Figure 9) recovered Clades 1-4 from the full
mitogenome topology, with the same within-clade structure (Table 4). A monophyletic
Scaphirynchus was recovered, although relationships among the species were unresolved.
Clades 2 and 3 were recovered as sister taxa, as in the other topologies. Clade 1, however, was
recovered as sister to Clade 5. Further diverging from the full mitogenome topology, analysis of

the protein-coding genes recovered Clade 4 as sister to all other extant sturgeons.

3.4 Tree Comparisons: Influence of Individual Gene Regions on Gene Tree topology

Among tRNAs, the lowest R-N distance (indicating the most similar topology) between a
tRNA gene tree and the tRNA gene family phylogeny was that of tRNA Asp (R-N=11). The tRNAs
Cys, Phe, and Ser (segment 1) all had the next shortest distances (R-N=12). Of the two rRNAs,
16s produced a tree most similar to that of the rRNA phylogeny, with a R-N distance of 11; that

of 12s (R-N= 12) was slightly higher.

Among the protein coding genes, ATP6 had the shortest R-N distance (1) to the full
protein coding phylogeny. NADH5 had the second shortest distance of 5. COlI, NADH1, and
NADHA4L all had distances of 8, and NADH2 had a distance of 9. Both NADH3 and NADH4 had R-
N distances of 11 to the protein coding family phylogeny, and ATP8 and COIll were each a R-N

distance of 12 to the protein-coding phylogeny.

3.5 Gene Influence on Bayesian Full Mitogenome Tree

3.5.1 Gene Families

The R-N distances suggest that the protein coding genes as a group likely influence the

topology of the full mitogenome phylogenetic hypothesis most strongly, followed by the tRNAs,
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with the rRNA gene family being least influential (Table 3). As a unit, the protein coding genes
recovered, with strong support (posterior probability values >0.98), all five clades that were also
recovered by the full mitogenome. The phylogenetic structure within all but one of these
groups was identical to that recovered by the full mitogenome, although the structure among
the clades differed greatly from that of the full mitogenome. For example, the protein-coding
genes recover Scaphirhynchus nested within all other sturgeons, whereas Bayesian analysis of

the full mitogenome found it to be the sister group of all other sturgeons.

In contrast, the tRNA analysis recovered Scaphirhynchus as sister to the other sturgeons.
This gene family, however, only recovered four of the five monophyletic groupings (Clades 2-5)
found by the full mitogenome. Structure matching that of the full mitogenome was recovered
with strong support in Clades 2 and 4 (PP >.99) and with weak support in Clade 5
(Scaphirhynchus, PP= 0.78). Only partial structure (one of two sister taxa) was recovered in

Clade 3.

The rRNA data recovered all five monophyletic groupings that were recovered by the
Bayesian analysis of the full mitogenome, and identical structure to the full mitogenome in four
of these (PP >0.95) (Clades 2-5). Clade 1 was recovered as monophyletic but the structure
within this grouping does not match that found in analysis of the full mitogenome and support
within Clade 1 was low (average posterior probability <0.80 for nodes within this clade).

3.5.2 individual Genes

Comparisons between individual gene topologies and the full mitogenome hypothesis
found that the 25% best-scoring genes (i.e., most-similar topologies) were 16s rRNA and eight
protein-coding genes (ATP6, NADHS5, CO3, NADH1, NADHA4L, NADH2, NADH4, and NADH3)

(Table 5). These genes exhibit strong phylogenetic signal matching that of the full mitogenome.
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Protein coding genes made up 13 of the 14 genes recovering topologies most similar to that of
the full mitogenome. ATP6 and NADHS5 were the two genes with topologies most similar to that
of the full mitogenome, having Rzhetsky-Nei scores of 2 and 6, respectively. COlil, NADH1,
NADHAL , and 16s, had Rzhetsky-Nei scores of 9. The tRNAs Asp, Cys, Phe, Serl, and His fell
within the 50% best scoring genes, indicating that they had the most similar topologies to the
full mitogenome; Asp had the shortest Rzhetsky-Nei distance (15) . D-loop had the greatest
Rzhetsky-Nei distance {33) from the full mitogenome phylogenetic hypothesis, indicating a lack
of similarity between the topologies. This non-coding region recovered only one clade also
found by the full mitogenome phylogenetic hypothesis. Additional structure was present in this
phylogeny, but this structure is in conflict with that of the full mitogenome and had poor

support values (PP <0.90 for more than half the clades).

Evolutionary rate of gene regions does not seem to correlate with the recovery of the
same topology as the full mitogenome. Four models of nucleotide rate substitution (Jukes-
Cantor, General Time Reversible, Hasegawa-Kishino-Yano, and Kimura 2-parameter) and four
models of rate heterogeneity (equal, gamma, some sites invariable, and some sites invariable
with the rest drawn from gamma-distributionTable 2) were represented across all genes. Both
the most similar (ATP6) and least similar (D-loop) gene trees to the full mitogenome had the

same models of nucleotide substitution.

A Pearson's product-moment correlation test between Rzhetsky-Nei distance to the full
mitogenome phylogenetic hypothesis and the length (in base pairs) of each gene revealed a
significant linear relationship {r=0.59, p<0.05). This test indicates a relationship between the
similarity of a single gene tree to the full mitogenome topology and the length of the gene

sequence, with longer genes carrying more phylogenetic signal (similar to that of the full
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mitogenome) than shorter genes. This contradicts previous studies, where gene length was

considered to be a poor estimator of phylogenetic signal (Zardoya and Meyer 1996).

3.6 Comparison to Birstein et al. (2002)

3.6.1 Parsimony

The molecular phylogenetic hypothesis of Birstein et al. (2002) based on a maximum
parsimony analysis contains multiple polytomies made up of 9 clades, named here as Polytomy
A, B, and C and Clades 1-9 (Figure 1, Table 6). The most derived polytomy, Polytomy A,
comprises five clades: Al) (A. brevirostrum, (A. baerii, (A. gueldenstaedtii, (A. persicus, A.
naccarii)))), A2) (A. stellatus, Pseudoscaphirynchus), A3) (H. dauricus, (A. ruthenus, H. huso), A4)
A. fulvescens, and A5) A. nudiventris. Sister to this polytomy is A. mikadoi. This grouping is in
another polytomy, Polytomy B, with two additional clades, B1) {A. schrenckii, (A. transmontanus,
A. medirostris}) andB2) A. sinensis. A third polytomy, Polytomy C, comprises Polytomy B and
two more clades, C1) (A. sturio, A. oxyrinchus) and C2) Scaphirynchus. The clade containsing all
three species Scaphirynchus species (S. platorynchus, S. albus, and S. suttkusi) recovered these

species in a polytomy.

Comparing Birstein et al.’s (2002) parsimony topology with the results of my parsimony
analysis reveals broad similarity in the composition of monophyletic groupings (not considering
taxa that are missing from either topology). With the exception of H. dauricus, all of the taxa in
Birstein et al.’s (2002) Polytomy A were found to form a clade in my topology. All of the taxa
included in Polytomy B were also found to be monophyletic in my topology, although H.
dauricus was recovered with A. sinensis, A. transmontanus, A. schrenckii, A. medirostris, and A.

mikadoi instead of with Polytomy A as in Birstein et al. (2002).
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Reviewing the topologies clade-by-clade reveals, on a finer scale, more similarities and
several differences. Birstein et al.’s (2002) Clade A1 is nearly identical to Clade 1 in my topology
both in composition and structure, except that | did notinclude A. persicus and A. nudiventris in
my study. Birstein et al.’s (2002) Clade A2, the sister-species relationship between A. stellatus
and Pseudoscaphirynchus, was also recovered in my topology, although Birstein et al. (2002)
included both P. hermanni and P. kaufmanni in their study, and | only included P. kaufmanni. As
in Birstein et al.’s study, my resuits recovered these two clades in a broader monophyletic
grouping including H. huso and A. ruthenus. Unlike the topology recovered by Birstein et al.
(2002), in my analysis A. fulvescens (CladeA4) was found to be sister to Clade A1, with H. huso
sister to that grouping. Huso dauricus was not monophyletic with H. huso and A. ruthenus
(Clade A3). Birstein et al.’s (2002) Clade B1 and B2 were not recovered by my analysis. instead,
A. mikadoi (Clade C2), A. medirostris (Clade B2), and H. dauricus (Clade 3) were found to be
monophyletic and sister to A. dabryanus (not included by Birstein et al. (2002), A. sinensis (Clade

C1), A.transmontanus (Clade B2), and A. schrenckii (Clade B2).

Birstein et al.’s (2002) monophyletic group A. sturio + A. oxyrinchus was reflected in my
parsimony topology, which included both subspecies of A. oxyrinchus. Similarly, Birstein et al.’s
(2002) monophyletic Scaphirynchus was included in my topology, although they recovered these
taxa in a polytomy, whereas my hypothesis found S. platorynchus and S. albus to be sister taxa.
Birstein et al. (2002) based their parsimony analysis on five genes: 12s, 16s, D-loop, cytb, and
NADHS. Comparison of the single gene-trees | generated indicated that four of these genes 12s,
D-loop, cytb, and NADHS5 also recovered the three Scaphirhynchus species in a monophyletic
polytomy. A lack of structure among the taxa composing Polytomy A was reflected in the 12s,
D-loop, and 16s gene trees. Rzhetsky-Nei distances indicate that of the five individual genes

included in Birstein et al.’s analysis, the NADHS5 gene tree has the shortest distance from, and is
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therefore most similar to, Birstein et al.’s (2002) parsimony topology (R-N = 17), followed by D-
loop and 16s (both have R-N = 20). These genes likely influence the topology recovered by

Birstein et al. most strongly.

The differences of topology and resolution between my parsimony tree and Birstein et
al.’s parsimony Tree may be related to the amount of data used. Of the five genes Birstein et
al.{2002) used in their phylogeny, | found two to be inconsistent with the full mitogenomic
phylogeny (12s and 16s, discussed above). Rzhetsky-Nei analyses indicate that of the thirteen
genes that most strongly influence the results of my parsimony analysis, eleven were found to
produce topologies similar to that of the full mitogenome. These results support the finding of
previous studies that an increase in data improves resolution in phylogenetic analyses (Hajibabei
et al. 2007).

3.6.2 Maximum Likelihood

Birstein et al.’s (2002) maximum likelihood topology recovered several clades referred
here as clades ML1-6 (Figure 2, Table 7). Solely Acipenser species made up Clade ML1: (A.
fulvescens, (A. brevirostrum, (A. baerii, (A. gueldenstaedtii, (A. naccarii, A. persicus)))))). Clade
ML1 was recovered as sister to Clade ML2: (A. stellatus, (P. kaufmanni, P. hermanni)), with A.
nudiventris as sister to this group. Clade ML3: (H. dauricus, (H. huso, A. ruthenus)) was found to
be sister to Clades ML1, ML2, and A. nudiventris; the three species of Scaphirynchus form a
polytomy,Clade ML4, which was found to be the sister group of Clades ML1, ML2 and ML3. A.
mikadoi is sister group of to Clades ML1-ML4. Four Acipenser species form Clade ML5: (A.
medirostris, (A. sinensis, (A. transmontanus, A. schrenckii}))). CladeML 6, (A. oxyrinchus, A.

sturio), was found to be the sister group of all other sturgeons.
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Comparing Birstein et al.’s (2002) maximum likelihood topology to my full mitogenome
maximum likelihood topology reveals a few similarities and many differences, with an R-N
distance of 27. Clade ML1 is identical to my Subclade 1.2, except that A. persicus was not
included in my analyses. Likewise, Clade ML2 is identical to the sister grouping my analyses
recover between Pseudoscaphirynchus and A. stellatus, except that my study did not include P.
hermanni. The species in Clade ML3 of Birstein et al.’s (2002) phylogeny are not recovered in a
clade in my analyses. Instead, in my topology, A. ruthenus was recovered as sister to Clade ML1,
and H. huso was sister to Clades ML1 + ML2. Huso dauricus was found to be sister to A. mikadoi
and A. medirostris (which was recovered by Birstein et al. (2002) in Clade ML5). Like Birstein et
al.’'s (2002) maximum likelihood topology, my analyses recovered a monophyletic Scaphirynchus
as sister to the taxa in Clades ML1, ML2, and ML3 (except for H. dauricus). Scaphirynchus albus
and S. platorynchus were recovered as sister species within this clade in my topology. The taxa
Birstein et al. (2002) recovered in Clade 5 were not recovered as monophyletic in my analyses.
In my topology, A. medirostris was recovered as sister to A. mikadoi in a clade also containing H.
dauricus (Clade ML3). This clade was recovered as sister to a monophyletic group containing
three of Birstein et al.’s (2002) Clade ML5 species (A. transmontanus, A. schrenckii, and A.
sinensis) along with A. dabryanus, which was not included in Birstein et al.’s (2002) study. Asin
Birstein et al.’s (2002) topology, though, my phylogenetic hypothesis recovered A. sturio + A.

oxyrinchus as the sister group of all other sturgeons.

Of the genes included in Birstein et al.’s (2002) analyses, NADH 5 appears to be the most
influential in the maximum likelihood topology (R-N = 17}, followed by 16s (R-N= 18), cytb (R-N=
21), D-loop (R-N= 22}, and finally 12s (R-N= 23). D-loop is the only one of these genes that
recovered Scaphirhynchus within Acipenser. | consider the recovery of Scaphirhynchus within

Acipenser to be a significant difference between these two topologies and the other gene trees.
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3.6.3 Combined Evidence

Birstein et al.’s (2002) combined evidence topology, based on both molecular and
morphological data, recovered five distinct clades (Table 8). Clade CE1 included the species (A.
baerii, A. brevirostrum) with Clade CE2 (A. stellatus, (P. hermanni, P. kaufmanni)-and Clade CE3
(H. dauricus, (A. ruthenus, H. huso)} as sequential sister groups. Acipenser fulvescens was found
to be sister to (Clade CE3, (Clade CE2, Clade CE1)). Acipenser sinensis + A. transmontanus (Clade
CE4) formed the sister group of the previously described clades. Acipenser oxyrinchus was sister
to Clades CE1-4. Scaphirynchus (Clade CE5), with S. albus and S. platorynchus as sister taxa, was

the sister group of all other sturgeons.

Based on Rzhetsky-Nei analyses, the Birstein et al. (2002) combined evidence phylogeny
{molecular and morphological data), is most similar to the topology based on my parsimony
analysis (R-N= 9), than to the results of my Bayesian analysis (R-N= 12), and least similar to my
maximum likelihood results. The results of my parsimony analysis suggests that A. oxyrinchus
and A. sturio form the sister group of all sturgeons other than Scaphirhynchus, as does the
Birstein et a/. combined evidence phylogeny. This similarity is absent from my Bayesian results.
This illustrates that the algorithm selected for phylogenetic analysis dictates a role in the

relationships recovered.

Rzhetsky-Nei analyses suggest that, of the genes considered, Birstein et al.’s (2002)
combined evidence phylogeny is most strongly influenced by NADH5 (R-N=10), then by 16s (R-

N=11), followed by 12s and cytb (R-N=16), with D-loop being the least influential (R-N=28).
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4. Discussion

4.1 Phylogenetic structure within Acipenseridae

Several studies have proposed varying relationships regarding Huso huso. Based on
skeletal characters, Findeis (1997) recognized a subfamily Husinae, containing the two species in
the genus Huso (H. huso and H. dauricus), with this subfamily as sister to all other Acipenseridae.
Huso since has been found to be nonmonophyletic (Krieger et al. 2008), with H. huso included in
Acipenser (Vasil’eva et al. 2009). Relationships between H. huso and various species or species
groups have been recovered in past analyses, including those similar to the monophyletic
grouping | recovered here and discussed above. For example, based on morphological data,
Hilton et al. (2011) defined the subfamily Husinae as including only H. huso and A. ruthenus,
with A. baerii as its sister-group. Although | recover H. huso in a clade with these species, these

data and analyses do not support Husinae sensu Hilton et al. (2011).

My recovery of (H. huso, ({Acipenser stellatus, Pseudoscaphirynchus kaufmanni), (A.
ruthenus, (A. fulvescens, (A. brevirostrum, (A. baerii, (A. naccarii, A. gueldenstaedtii})))))
illustrates a potential new sturgeon clade containing significant phylogenetic structure. This
result supports the previous recovery of Pseudoscaphirynchus and A. stellatus as a clade in both
morphological (Hilton et al. 2011) and molecular studies (Birstein et al. 2002, Dillman et al.
2007, Krieger et al. 2008). My results support the recognition of Pseudoscaphirhynchinae,

proposed by Hilton et al. 2011, that includes Pseudoscaphirynchus and A. stellatus.

Recovery of H. huso within a group of Acipenser species is not surprising, as H. huso has
been frequently recovered within Acipenser (e.g. Ludwig et al. 2001, Zhang et al. 200, Fontana et
al. 2001, Hilton et a/. 2011, Dillman et al. 2007, Krieger et al. 2008). Krieger et al. noted that two

positions of Huso within Acipenser have been proposed: 1) Huso clustered with A. ruthenus; and
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2) Huso basal to other Acipenser species. Krieger et al. (2008) first recovered H. huso clustered
with A. ruthenus. After examination of sequences used in analyses, Krieger et al. (2008)
suggested that this position could be a result of past introgression. When Krieger et al. (2008)
excluded A. ruthenus from analyses, H. huso was found as sister to other Acipenser species.
Krieger et al. (2008) analyzed sequences of specific gene segments used in their and Birstein et
al’s. (2002) analyses, and found that the 12s sequences of the two taxa had only three
differences. In my analyses A. ruthenus was recovered in the same clade as H. huso by full
mitogenome and protein-coding data, but H. huso was found to be basal to the other taxa
within this clade, with A. ruthenus more deeply nested in this clade. My rRNA topology,
however, recovered H. huso and A. ruthenus as sister taxa within a broader Acipenser clade. My
12s topology recovered H. huso clustered with A. ruthenus and A. stellatus, whereas 16s
recovered H. huso as sister to an Acipenser species clade. None of the other gene trees
recovered a close relationship between H. huso and A. ruthenus. Although further investigation
might reveal more regarding the position of Huso, my study suggests that a close or sister
relationship with A, ruthenus is likely influenced by 12s. My analyses ultimately support an

Acipenser species clade in which H. huso occupies a sister position.

My full mitogenome and protein coding data configurations recovered a core group of
taxa clustered together: Acipenser gueldenstaedstii, A. naccarii, A. baerii, A. brevirostrum, and A.
fulvescens. These species have been recovered together by several previous studies. Ludwig et
al. (2001) and Fontanta et al. (2001) used molecular analyses and recovered these taxa (along
with A, persicus) with the same structure as my full mitogenome and protein coding
phylogenies. This clade is not novel, but my data support previous phylogenetic hypotheses

including this configuration of taxa.
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The grouping of A. medirostris, A. mikadoi, and H. dauricus was recovered here and
previously in analyses by Krieger et al. (2008) and Ludwig et al. (2001). The separation between

H. dauricus and H. huso provides further support for the dissolution of a monophyletic Huso.

I recovered a monophyletic pair of sister species: ((A. dabryanus, A. sinensis), (A.
schrenckii, A. transmontanus)). A close relationship among A. schrenckii, A. sinensis, and A.
transmontanus was described by Birstein and DeSalle (1998) and Krieger et al. (2008). Clades
including three of these taxa were recovered by Ludwig et al. (2008) and Fontana et al. (2008).
A sister relationship between A. sinensis and A. dabryanus has been supported previously by
morphological data, protein coding genes, and biogeographic analyses (Artyukhin 1995, 2006,

Choudhury and Dick 1998, Zhang et al. 2000).

The two subspelcies of A. oxyrinchus (A. o. oxyrinchus and A. o. desotoi) and A. sturio
form Clade 4. Historically A.oxyrinchus had been considered a subspecies of A.sturio (Birstein
and DeSalle 1998, Ludwig et al. 2001, Fontana et al. 2001, Krieger et al. 2008, Choudhury and
Dick 1998, Artyukhin 2006). The recovery of these two in a clade together is therefore not

surprising and supports previously hypothesized sturgeon phylogenies.

All four of the main data configurations recovered Scaphirhynchus as a monophyletic
genus including S. albus, S. platorhynchus, and S. suttkusi. My recovery of Scaphirhynchus as the
sister group of all other sturgeons (by all data configurations except for the protein-coding
sequences) supports the dissolution of the tribe Scaphirhynchini (sensu Findeis, 1997), as
previously proposed (Birstein et al. 2002). Scaphirhynchus has been recovered as basatl to other
sturgeons by molecular analyses, morpholoéical studies, and studies combining both types of
data. This topology was recovered in a strictly molecular analysis based on cytb, 12s, and 16s,

and in a combined-data study using these genes, NADHS, D-loop, and morphological data. A
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morphological study including extant and extinct sturgeons recovered two equally most
parsimonious trees, one with each topology (Hilton et al. 2011). The authors favored the
topology recovering Scaphirhynchus as sister to all other extant sturgeons. Some previous
studies have instead considered Scaphirhynchus to be withinAcipenser; these include studies
based on cytb and studies using cytochrome b with cytochrome oxidase 2, NADH5, D-loop, both

rRNAs, and the tRNAs Phe and Asp (Fontana et al. 2001, Krieger et al. 2008).

Most of my analyses recover S. albus and S. platorhynchus as sister taxa within the
monophyletic genus Scaphirhynchus. Support for this relationship is especially strong (e.g.,
PP=1) in the full mitogenome and rRNA analyses. This is consistent with previous studies
combining morphological and molecular data (Birstein et a/. 2002), but conflicts with studies
relying exclusively on protein-coding genes or morphological data. Based on morphological
characters, Mayden and Kuhajda (1996) recovered S. suttkusi and S. platorhynchus as sister taxa
relative to S. albus. Ludwig et al. (2001) recovered that same sister relationship using exclusively
cytb, but Fontana et al. (2001), who also used cytb instead found S. suttkusi to be sister to S.
albus relative to S. platorhynchus. My data support a monophyletic Scaphirhynchus sister to
other extant sturgeons, with a sister relationship between S. platorhynchus and S. albus, as

previously recovered by Birstein et al. (2002).

My full mitogenome analysis recovered a large clade containing A. oxyrinchus, A. sturio,
A. schrenckii, A. transmontanus, A. sinensis, A. dabryanus, A. mikadoi, A. medirostris, and H.
dauricus. Within this group are three well-supported, previously defined clades. Two of these
clades, (H. dauricus, (A. medirostris, A. mikadoi) and ((A. dabryanus, A. sinensis), (A.
transmontanus, A. schrecknii)}, were recovered as sister by all of my major data configurations.

This sister relationship has been previously recovered by Birstein and DeSalle (1998) based on
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protein coding and rRNA sequences. A sister relationship between these grouping (excluding A.

dabryanus) was found by Ludwig et al. (2001).

4.2 Influence of Individual Genes on Phylogeny

All of the clades recovered by the full mitogenome phylogenetic hypothesis were also
recovered by ATP6, and all but one had the same structure exhibited in the full mitogenome
phylogenetic hypothesis. It is unsurprising that NADHS5 also yielded one of the most similar gene
trees to the full mitogenome phylogenetic hypothesis; previous studies have found this gene to
recover mammal, dolphin, orca, teleostean, and sturgeon phylogenies similar to that recovered
by the full mitogenome (Zardoya and Meyer 1996, Miya and Nishida 2000, Rastorguev et al.
2008, Duchene et al. 2011). COIll, NADHI, and NADHAL recovered topologies similar to that
found by the full mitogenome phylogenetic hypothesis. CO3 was previously found to recover
teleostean phylogenies similar to that of the full mitogenome (Miya and Nishida 2000) and
NADH1 was useful in testing the phylogeny of Delphinae (Duchene et al. 2011). Previously,
Rastorguev et al. (2008) found that NADHA4L did not recover a phylogeny very similar to that of
the full mitogenome topology of Russian sturgeons. The relatively high {compared to other
protein trees) tree distance results from this study for ATP8, COll, NADH2, NADH3, and NADH6
(R-N = 10 to 14) correspond with conclusions of similar studies that although these genes carry
similar signal to that ofthe full mitogenome in various taxa, the signal carried by other protein-
coding genes is more similar (Zardoya and Meyer 1996, Miya and Nishida 2000, Rastorguev et al.
2008, Duchene et al. 2011). Surprisingly, | obtained relatively high Rzhetsky-Nei distances
between the full mitogenome and both cytb and CO!l. These genes have been consistently
found by previous studies to recover topologies similar to that of the full mitogenome (in studies
of sturgeons, teleosts, dolphins, and terrestrial mammals) (Zardoya and Meyer 1996, Miya and

Nishida 2000, Rastorguev et al. 2008, Duchene et al. 2011). Although cytb and COI did recover
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similar topologies to the full mitogenome in this study, the topologies recovered by 16s and the

other protein coding genes were more similar to that of the mitogenome.

Results of my tree comparison indicate that individual mitogenome segments with
varying functions strongly influence the topology of the full mitogenome phylogenetic
hypothesis. Further, segments in the same gene family (rRNA, tRNA, protein-coding) do not
necessarily carry the same phylogenetic signal. Therefore, | cannot recommend restricting
mitochondrial phylogenetic studies by gene family. Instead, | underscore conclusions of previous
studies indicating that as a group, the protein coding genes carry similar signal to the full
mitogenome, but this signal is not identical to that of the full mitogenome (when all genes are
considered). In addition, 16s rRNA recovered a topology similar to that of the full mitogenome.
Further studies, however, are necessary to determine the relative influence of signal carried by
16s rRNA, as it relate to the full mitogenomic signal, beyond this family.

4.3 Taxon coverage

This study represents almost complete taxon coverage for extant sturgeons. The three
extant (P. fedtschenkoi is presumed extinct) sturgeons missing from this analysis are P.
hermanni, A. persicus, and A. nudiventris (lJUCN 2014). While the absence of species from a
topology represents missing phylogenetic signal that, if present, might change the topology, the
omission of P. hermanni and A. persicus from my analyses might be of little consequence.
Pseudoscaphirhynchus hermanni has been recovered, by both morphological (Hilton et al. 2011)
and molecular datasets (e.g. Dillman et al. 2007, Birstein et al. 2002), as sister to P. kaufmanni,
which was included in my study. Molecular characters recovering these taxa as sister taxa
include three of the genes | found to carry similar phylogenetic signal to the full mitogénome
phylogenetic hypothesis (NADHS, 16s, and cytb; Birstein et al. 2002). Because previous studies

based on protein coding genes have recovered P. hermanni and P. kaufmanni as sister, | predict
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that if P. hermanni had been included in my study the same sister relationship would have been

recovered. This would likely not change the rest of the topology.

Also missing from my analyses is A. persicus, which has been regarded as a subspecies of
A. gueldenstaedtii rather than a valid species (Birstein et al. 2005). A recent study focused on
the taxonomic status of A. persicus employed morphological data and two mitochondrial genes,
cytb and D-loop, and concluded that A. persicus is not a valid species (Ruban et al. 2008). The
authors of the study (Ruban et al. 2011) argued, based on both morphological and molecular
data, that these are conspecific. Molecular studies based on cytb, 12s, 16s, NADHS, and D-loop
failed to recover A. persicus as a monophyletic species separate from A. gueldenstaedtii (Birstein
and DeSalle 1998; Birstein et al. 2000; Birstein and Doukakis 2001, and Birstein et al. 2005). My
gene tree comparison analyses found that three of the genes supporting this conclusion
{NADHS, 16s, and cytb) reflect the full mitogenome phylogenetic hypothesis. | hypothesize that
if included in my study, A. persicus would fall as a sister species to A. gueldenstaedtii, and would

not significantly alter the overall topology.

Acipenser nudiventris has been recovered as sister to various taxa across phylogenetic
studies. Ludwig et al. (2001) and Fontana et al. (2001) both recovered it as sister to A. ruthenus
based on cytb data. Using 12s and 16s sequences, Birstein and DeSalle (1998) found A.
nudiventris to be sister to A. dabryanus. Employing more sequence data, however, both Krieger
et al. (2008; using cytb, 12s, cytochrome c, the tRNAs Phe and Asp, NADH5, and D-loop) and
Birstein et al. (2002; in their combined data set) found A. nudiventris to be sister to (P.
kaufmanni, A. stellatus). Both studies used cytb, which | found to carry a signal similar to that of
the full mitogenome. Birstein et al. (2002) also employed NADHS, the second best scoring gene
in my study for recovering full-mitogenome topology, and 16s, which also recovered a topology

similar to that of the full mitogenome analysis. | consider it likely that had | been able to include
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A. nudiventris in my analyses, it would have been recovered as closely related to both
Pseudoscaphirhynchus and A. stellatus. | recommend that future studies include A. nudiventris,
ideally with full mitogenomic data or, at least, with the full protein-coding family and 16s data,

to resolve its relationship.

4.4 Mitogenome Coverage

Although two other studies included more sturgeon species than mine (Birstein et al.
2002, Krieger et al. 2008), | included the greatest amount of molecular data applied to sturgeon
phylogeny to date, over 14,000 base pairs. More data may not always be better, but various
studies have shown that longer mitochondrial sequences produce higher resolution phylogenies
(Vilstrup et al. 2011).
4.5 Use of Mitochondrial Sequences: Benefits and Drawbacks

Most concerns regarding the use of mitochondrial DNA sequences in phylogenetic
reconstruction have been addressed in this study. Although the high substitution rate is of
concern due to potential saturation and subsequent loss of lineage information, genes with high
substitution rates are particularly useful in determining relationships between genetically similar
species (Moore 1995). Nuclear genes are also at risk for loss of evolutionary information,
though; recombination can lead to loss of the phylogenetic signal reflecting true evolutionary
history (Rautenberg et al. 2008). The issue of recovering poorly resolved phylogenies due to use
of short sequence segments is addressed easily. Addition of more sequences, for example the
use here of the full mitogenome, leads to higher resolution in the phylogenies produced. This
has been illustrated in studies across taxa, and is illustrated here by the number of polytomies
present in single gene trees compared to the lack of polytomies in the phylogenetic hypothesis
presented here (Vilstrup et al. 2011). The concern that mitochondrial DNA is linked and

therefore only provides a single estimate of phylogeny, making introgression and hybridization
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undetectable, is valid. However, mitochondrial gene regions evolve at different rates and carry
different phylogenetic signals, illustrated by the difference in topology among gene trees.
Therefore, including the full mitogenome in this study ensures that various signals are
considered in the analysis, even if they are from linked genes. Additionally, various studies have
shown that the full mitogenome phylogenetic hypothesis is more likely to reflect the actual

presumed species phylogeny than one nuclear gene alone (Moore 1995).

I am unable to account for potential hybridization and introgression in sturgeons,
because nuclear sequences are not available for phylogenetic analysis and comparison to my
phylogeny. Sturgeon are polyploid, making efforts to sequence nuclear DNA for phylogenetic
studies extremely difficult (Krieger et al. 2006).This is a particular concern because both historic
and recent hybridization is known in sturgeons (Peng 2007). To address this, future work should
focus on sequencing nuclear DNA and producing sturgeon phylogenies for comparison to my

mitochondrial phylogeny.

5. Concluding Remarks

Based on more data than has been previously included in any phylogenetic analysis of
Acipenseridae, the full mitogenome of 22 sturgeon species (plus one subspecies), | propose a
new phylogeny for the Acipenseridae. This topology, like many recent studies, recovers
Scaphirhynchus as sister to all other sturgeons. These data support three previously described
clades: (A. sturio, (A. oxyrinchus, A. 0. desotoi)); ((A. dabryanus, A. sinensis), (A. transmontanus,
A. schrenckii)); and (H. dauricus, (A. medirostris, A. mikadoi)). Pseudoscaphirhynchinae sensu
Hilton et al. (2011) is supported, but falls within a broader clade containing additional Acipenser

species and H. huso.
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The monophyly of Husinae sensu Hilton et al. (2011) is not supported. Husinae, if
restricted to only H. huso, is included in a clade with Pseudoscaphirhynchinae and a clade
comprising A. gueldenstaedtii, A. naccarii, A. ruthenus, A. baerii, A. fulvescens, and A.
brevirostrum; additional data are required to determine whether A. persicus and A. nudiventris

(not included in this study) belong within this group.

Past molecular studies of sturgeon phylogeny have frequently employed a single or few
mitochondrial genes. There is strong support for the ability of protein coding genes, individually
and as a unit, to recover the same monophyletic groupings, and structure within these
groupings, as the full mitogenome. My results suggest that the protein coding gene family along
with the rRNA 16s may reflect a topology more similar to that of the full mitogenome than any
other mitochondrial gene grouping. My resuits reinforce the conclusion drawn by previous
authors that evolutionary rate does not account for gene performance in topology recovery, but
contradict the assertion that gene length cannot be used to infer utility of a gene to recover the
full mitogenome phylogenetic hypothesis. Although past studies have not found a trend
between gene length and reliability in recovering phylogeny, this study did recover such a trend.
| suggest that future studies consider addressing this further. The use of the full mitogenome
along with other characters (nuclear genes, morphological data) may recover differing or better

supported topologies.
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Tables

Table 1. Tissue samples used in this study. GenBank accession numbers of the tissue specimens
sequenced are listed (or are pending); collection numbers for voucher specimens are provided
(in some cases these are pending cataloging in a home institution).

Species Source Voucher Accession Number
Acipenser baerii (full mitogenome) GenBank ® n/a 1Q045341.1
Acipenser baerii_(16s rRNA, spot checking) Inovel sequence JFMNH 117783 pending
Acipenser dabryanus GenBank ® n/a AY510085.1
Acipenser ruthenus GenBank ® n/a NC_022453.1
Acipenser stellatus (full mitogenome) GenBank ® VIMS 13552 NC_005795.1
Acipenser stellatus (16s rRNA, spot checking)lnovel sequence |pending pending
Acipenser oxyrinchus desotoi novel sequence |VIMS uncataloged pending
Acipenser brevirostrum novel sequence JVIMS 12073 pending
Acipenser fulvescens novel sequence JVIMS uncatalo_ged pending
Acipenser gueldenstaedtii novel sequence §VIMS uncatalo_gfed pending
Acipenser medirostris novel sequence JVIMS 17715 pending
Acipenser mikadoi novel sequence In/a* pending
Acipenser naccarii novel sequence |n/a** pending
Acipenser oxyrinchus oxyrinchus novel sequence jVIMS 12207 pending
Acipenser ruthenus novel sequence |n/a*** pending
Acipenser schrenckii novel sequence JVIMS uncataloged jpending
Acipenser sinensis novel sequence JVIMS 13834 pending
Acipenser sturio novel sequence §VIMS 13756 pending
Acipenser transmontanus novel sequence JFMNH 117779 pending
Huso dauricus novel sequence |NSMT P 91146 pending
Huso huso novel sequence [n/a*** pending
Pseudoscaphirhynchus kaufmanni novel sequence |PKN-9 pending
Scaphirhynchus albus novel sequence |VIMS 12193 pending
Scaphirhynchus platorynchus novel sequence |VIMS 13515 pending
Scaphirhynchus suttkusi novel sequence |SUT-3 pending
Polyodon spathula GenBank ® n/a NC_004419.1
Polypterus delhezi GenBank ® NTNU LSP136 NC_020652
Polypterus endlicherii GenBank ® NTNU LSP117 NC_020791
Psephurus gladius GenBank ® n/a AY571339.1
Polyodon spathula novel sequence In/a pending

* tissue sent courtesy of Shinji Adachi at Hokkaido University.
** tissue sent courtesy of Dr. Leonardo Congiu, University of Padova.
*** tissue sent courtesy of Dr. Radu Suciu, Danube Delta National Institute, Tulcea, Romania;

photo available upon request.
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Table 2. Gene Families, Lengths, and Best Models. Mitochondrial genes are listed, with the
gene family to which each belongs and the length of each in base pairs. The best evolutionary
model for each gene as determined by jModelTest is listed with the abbreviation for that model
and the model name spelled out. These evolutionary models were used in all Bayesian analyses.

Gene Gene Family | Length (in base pairs) Best Model
D-loop control region 348 GTR+G General time reversible
ATP6 protein coding 674 GTRH+G General time reversible
ATP8 protein coding 169 HKY++G General time reversible
COl protein coding 1422 GTR++G General time reversible
coll protein coding 691 HKY+I+G General time reversible
COlll protein coding 785 GTR+G General time reversible
Cytb protein coding 562 GTR++G General time reversible
ND1 protein coding 750 GTR+G General time reversible
ND2 protein coding 756 GTRH+G General time reversible
ND3 protein coding 348 GTR+I+G General time reversible
ND4 protein coding 1374 GTR+G General time reversible
ND4L protein coding 297 GTR+G General time reversible
NDS protein coding 1383 GTRH+G General time reversible
ND6 protein coding 403 HKY+G Hasegawa-Kishono-Yano
12s rRNA 960 GTR++G Hasegawa-Kishono-Yano
16s rRNA 1716 GTRH+G Hasegawa-Kishono-Yano
Ala tRNA 74 HKY+i Hasegawa-Kishono-Yano
Arg tRNA 70 K80 Hasegawa-Kishono-Yano
Asn tRNA 75 HKY+G Hase_grawa-Kishono-Yano
Asp tRNA 87 HKY+G Hasegawa-Kishono-Yano
Cys tRNA 67 K80+G Hasegawa-Kishono-Yano
Gln tRNA 69 HKY+G Hasegawa-Kishono-Yano
Glu tRNA 165 HKYH Hasegawa-Kishono-Yano
Gly tRNA 73 HKY Hasegawa-Kishono-Yano
His tRNA 69 HKY Hasegawa-Kishono-Yano
lle tRNA 72 K80+G Jukes-Cantor
Leu tRNA 75 K80+G Kimura
Leu2 tRNA 75 HKY+ Kimura
Lys tRNA 75 K80+ Kimura
Met tRNA 70 JC Kimura
Phe tRNA 71 K80 Kimura
Pro tRNA 71 HKY+G Kimura
Serl tRNA 78 K80+G Kimura
Ser2 tRNA 70 K80+G Kimura
Thr tRNA 72 K80 Kimura
Trp tRNA 73 K80 Kimura
Tyr tRNA 71 K80+G Kimura
Val tRNA 71 K80 Kimura

76



Table 3. Rzhetsky-Nei Distances: Bayesian Mitogenome Topology and Gene-Family Topologies.
Rzhetsky-Nei Distances, signifying the level of similarity to that of the Bayesian full mitogenome
topology, are listed for each gene-family tree. A distance of O signals identical topologies.

. Rzhetsky-Nei
Gene Family distaknyce
Protein-coding 1
tRNA 10
rRNA 12

Table 4. Full Mitogenome Hypothesis Clade Constituents, and Presence in Gene-Family Trees.
Names assigned to clades and subclades recovered in the full mitogenome Bayesian phylogeny

are listed, with the constituents of each clade and their presence (indicated by a check mark) or
absence in the three gene-family topologies.

Full Present in Gene-Family
Mitogenome Topologies?
Clade protein-
numbers Clade Constituents tRNA | rRNA | coding
Clade 1 (H. huso(Subclade 1.1, Subclade 1.2)} v v
Subclade 1.1 (A. stellatus, P. kaufmanni) v
{A. ruthenus, (A. fulvescens, (A. brevirostrum, (A.
Subclade 1.2 baerii, (A. naccarii, A. gueldenstaedtii))})) v
Clade 2 (H. dauricus, (A. medirostris, A. mikadoi)) v v v
((A. dabryanus, A. sinensis), (A. transmontanus, A.
Clade 3 schrenckii)) v \) v
Clade 4 (A. sturio, (A. oxyrinchus, A. o. desotoi)) v v v
Clade 5 (S. suttkusi, (S. platorynchus, S. albus)) v v v
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Table 5. Rzhetsky-Nei Distances between Bayesian Mitogenome Topology and Gene Trees.
Rzhetsky-Nei Distances, signifying the level of similarity to that of the Bayesian full mitogenome
topology, are listed for each individual gene phylogeny. A distance of O signals identical
topologies. The most similar 25% and 50% of genes to the full mitogenome are lindicated.

Gene : Rrhetsky-Nei distance Gene length Top-scoring
ATP6 2 674
ND5 6 1383
16s 9 1716
Co3 9 785 top-
ND1 9 750 scoring
ND4L 9 297 25%
ND2 10 756
ND4 10 1374
ND3 12 348 top-
ATP8 13 169 scoring
Co2 13 691 50%
CO1 14 1422
cytb 14 562
ND6 14 403
Asp 15 87
Cys 16 67
Phe 16 71
Serl 16 78
His 17 69
12s 18 960
Ala 18 74
Glin 18 69
Lys 18 75
Pro 18 71
Thr 18 72
val 18 71
Asn 19 75
Glu 19 165
Gly 19 73
Leu2 19
Met 19 70
Ser2 19
Trp 19 73
Arg 20 70
lle 20 72
Leul
Tyr 21 71
D-loop 28 348
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Table 6. Birstein et al. 2002 Parsimony Clade Constituents. Names assigned to polytomies and
clades recovered in Birstein et al.’s (2002) parsimony phylogeny are listed, along with the

constituents of each polytomy or clade.

Polytomy
Name Clade Name
(or sister (or sister
species species
designation) position) Polytomy/Clade Constituents
{(A. brevirostrum, (A. baerii, (A. gueldenstaedstii, (A. persicus, A.
Al naccarii))))
A2 (A. stellatus, (P. kaufmanni, P. hermanni))
A3 (H. dauricus, (A. ruthenus, H. huso)
Ad A. fulvescens
A AS A. nudiventris
sister to
sister taxon Polytomy A A. mikadoi
Polytomy A see above
B1 (A. schrenckii, (A. transmontanus, A. medirostris))
B B2 A. sinensis
Polytomy B see above
ci (A. sturio, A. oxyrinchus)
C c2 (S. platorynchus, S. albus, and S. suttkusi)
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Table 7. Birstein et al. 2002 Maximum Likelihood Clade Constituents. Names assigned to clades
recovered in Birstein et al.’s (2002) maximum likelihood phylogeny are listed, along with the
constituents of each polytomy or clade. Species not belonging to any of the named clades (ML1-
62) are listed according to their relationship with named clades.

Clade Name

{or sister
specles
position) Clade Constituents
(A. fulvescens, (A. brevirostrum, (A. baerii, (A. gueldenstaedtii, {A. naccarii, A.
ML1 persicusj)))))
ML2 (A. stellatus, (P. kaufmanni, P. hermanni))
sister to Clades
MLl and 2 A. nudiventris

ML3 (H. dauricus, (H. huso, A. ruthenus))
M4 (S. platorynchus, S. albus, and S. suttkusi)
MLS (A. medirostris, (A. sinensis, {A. transmontanus, A. schrenckii)))
ML6 {A. oxyrinchus, A. sturio)

Table 8. Birstein et al. 2002 Combined Evidence Clade Constituents. Names assigned to clades
recovered in Birstein et al.’s (2002) combined evidence (molecular and morphological)
phylogeny are listed, along with the constituents of each polytomy or clade. Species not

belonging to any of the named clades (CE1-5) are listed according to their relationship with
named clades.

Clade Name
(or sister specles position) Clade Constituents
CEl (A. baerii, A. brevirostrum)
CE2 (A. stellatus, (P. hermanni, P. kaufmanni)
CE3 (H. dauricus, (A. ruthenus, H. huso))
sister to Clades CE1, 2, and 3 Acipenser fulvescens
CE4 (A. sinensis, A. transmontanus}
sister to Clades CE1-CE4 Acipenser oxyrinchus
CES (S. suttkusi, (S. albus, S. platorynchus))
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Figure 1: Parsimony tree based on 12s, 16s, cytb, D-loop, and NADH 5; modified from Birstein
et al. (2002). Clades and clade numbers are in boxes with dashed lines; polytomy constituents
and polytomy names are to the right of the phylogeny. Clades and polytomies are listed in Table

6.
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Figure 2: Maximum Likelihood tree based on 12s, 16s, cytb, D-loop, and NADH 5; modified

from Birstein et al. 2002. Clades and clade numbers are in boxes with dashed lines; clades are

listed in Table 7.
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Figure 3: Combined Evidence tree based on 12s, 16s, cytb, D-loop, NADH 5, and morphological
data; modified from Birstein et al. (2002). Clades and clade numbers are in boxes with dashed

lines; clades are listed in Table 8.
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Figure 4: Bayesian full mitogenome phylogeny. Posterior probability values are to the left of
and below each node. Branch lengths indicate estimated amount of evolutionary (or genetic)
change. Long branches (pertaining to outgroups) have been broken to allow for better
visualization of ingroup relationships. Clades and clade numbers are in boxes with dashed lines;
Clade 1, which is composed of units 1.1, 1.2, and H. huso, is labeled to the right of the

phylogeny. Clade constituents are listed in Table 4.
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Figure 5: Maximum Likelihood Full mitogenome phylogeny. Bootstrap values are below and to
the left of each node. Branch lengths indicate estimated amount of evolutionary (or genetic)
change. Long branches (pertaining to outgroups) have been broken to allow for better
visualization of ingroup relationships. Clades and clade numbers are in boxes with dashed lines;
Clade 1, which is composed of units 1.1, 1.2, and H. huso, is labeled to the right of the

phylogeny. Clade constituents are listed in Table 4.
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Figure 6: Parsimony full mitogenome phylogeny. Bootstrap values are below and to the left of
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Figure 7: Bayesian phylogenetic hypothesis based on concatenated tRNA sequences. Posterior
probability values are to the left of and below each node. Branch lengths indicate estimated
amount of evolutionary {or genetic) change. Long branches (pertaining to outgroups) have been
broken to allow for better visualization of ingroup relationships. Clades that match those
recovered by full mitogenome topologies are shown in boxes with dashed lines and labeled with

clade numbers listed in Table 4.
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Figure 8: Bayesian phylogenetic hypothesis based on concatenated rRNA sequences. Posterior
probability values are to the left of and below each node. Branch lengths indicate estimated
amount of evolutionary (or genetic) change. Long branches (pertaining to outgroups) have been
broken to allow for better visualization of ingroup relationships. Clades that match those
recovered by full mitogenome topologies are shown in boxes with dashed lines and labeled with

clade numbers listed in Table 4.
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Figure 9: Bayesian phylogenetic hypothesis based on concatenated protein-coding sequences.
Posterior probability values are to the left of and below each node. Branch lengths indicate
estimated amount of evolutionary (or genetic) change. Long branches (pertaining to outgroups)
have been broken to allow for better visualization of ingroup relationships. Clades {(except for
Clade 1) that match those recovered by full mitogenome topologies are shown in boxes with
dashed lines and labeled with clade numbers listed in Table 4. Clade 1 is made up of groups 1.1,

1.2, and H. huso, and is identified to the right of the phylogeny.
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CHAPTER 2.

The Biogeography of Extant Sturgeons
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Abstract

Previous studies have investigated the biogeography of sturgeons (Acipenseridae), but the
presentation of a new, full mitogenome phylogeny for the family presents the opportunity for a
revised study. Here, | consider sturgeon phylogeny and their current distributions, along with
phylogenetic and distribution information from lampreys and pinnipeds, to explore relationships
among geographic areas inhabited by sturgeons. Three-item analysis, a comparative
biogeography method, is employed. Eleven areas of endemism are identified, and relationships
amongst these areas are proposed based on phylogenetic and species range data. These areas
of endemism are recovered in three broad clades illustrating area relationship hypotheses: a
Pacific clade, and Atlantic clade, and the Bering Sea. The Atlantic and Pacific clades are
recovered as sister, reflecting previous biogeographic hypotheses. Relationships within each
clade also follow previously described hypotheses and are explored in the context of geologic

history. The Bering Sea area falls outside of this Atlantic-Pacific relationship.
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1.0 Introduction
1.1 Sturgeons and Biogeography

Sturgeons (Acipenseridae) are a relatively old (at least 85 million years) group of ray
finned fishes, with two known fossil genera: *Protoscaphirhynchus and *Priscosturion (Grande
and Hilton 2006). The 25 broadly recognized extant sturgeon species exhibit a Holoarctic
distribution, inhabiting wide and disjunct ranges exclusively in the temperate zones of Eufope,
Asia, and North America (Bemis and Kynard 1997, Choudhury and Dick 1998, Hilton and Grande
2006). Most extant sturgeons are anadromous, moving between fresh and saltwater to feed
(primarily downstream movement) and to reproduce (upstream movement) (Bemis and Kynard
1997, Peng 2007). Sturgeon taxa are distributed among four commonly recognized genera
(Acipenser, Huso, Scaphirhynchus, and Pseudoscaphirhynchus) in the monophyletic family
Acipenseridae (Findeis 1997, Bemis et al., 1997). Sturgeons, paddlefishes (Polyodontidae), and
their fossil relatives form the order Acipenseriformes, which occupies a basal position among
the other ray-finned fishes {Actinopterygii), the clade containing over half of ail vertebrate
diversity (Hilton et al. 2011). Across their ranges, sturgeons face threats such as habitat loss,
overfishing, and other fishery interactions (Holzkamm and Waisberg 2004). These threats have
led to the decline of sturgeon populations worldwide and the implementation of conservation
measures that afford them protection (Holzkamm and Waisberg 2004). The disjunct
distributions of sturgeon, their long evolutionary history, and their anadromous behavior have

made this group of particular interest for biogeographic studies (Bemis and Kynard 1997).

Biogeography is the study of the relationship between taxa that inhabit the Earth and
Earth’s geography, with the goal of understanding the shared relationships between taxa and
their distributions {Nelson and Platnick 1981, Posadas et al. 2006, Parenti and Ebach 2009).

Several methods exist for biogeographic studies, and many of them consider phylogeny and use
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cladistic principles (Parenti and Ebach 2009). Comparative biogeography, a field that combines
biogeography with systematics (Nelson and Platnick 1981), is defined by Parenti and Ebach
(2009) as the use of hierarchical phylogenetic relationships of taxa to identify area relationships
among biogeographic regions. Area relationships may be considered alongside geologic history
and compared to historical biogeographic patterns (sets of area relationships shared by more
than one taxon) previously revealed. Only after patterns of area relationships are discovered,
should the process by which these relationships evolved, be interpreted (Parenti and Ebach

2009).

The first explicitly cladistic study of relationships within Acipenseridae (Findeis 1997)
recovered Huso as the sister taxon of a clade comprising the other three genera, and recovered
Scaphirhynchus and Pseudoscaphirhynchus as sister taxa forming Scaphirhynchini, which is
recognized as Scaphirhynchinae by some authors {Myden and Kuhajda 1996). Many studies
since Findeis (1997) have suggested broad changes to this topology. Widely accepted changes
indicate that the tribe “Scaphrihynchini” {(sensu Findeis) is paraphyletic, and suggest
nonmonophyly of the genus Huso (Dillman et al. 2007, Krieger et al 2008, Hilton et al. 2011). A
phylogenetic analysis of the full mitogenome (see Chapter 1) supports these changes and

provides structure within the nonmonophyletic “Acipenser.”

Many biogeographic studies have examined geographical distributions of sturgeons
using the phylogenetic context available at the time. The many recent hypotheses of sturgeon
phylogeny encourage a reconsideration of the historical biogeography of sturgeons. For
example, Bemis and Kynard (1997) considered Scaphirhynchini to be monophyletic. They also
considered Huso to be monophyletic and basal to other sturgeons, and noted that were Huso
nested within “Acipenser,” biogeographical hypotheses would likewise change. Choudhury and

Dick (1998) also considered Scaphirhynchini to be monophyletic, and based their biogeographic
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analyses on a modified version of a morphological phylogeny proposed by Artyhukin (1995).
Peng et al. (2007) considered Huso to be nonmonophyletic and nested within Acipenser. Many
studies (e.g. Vasileva et al. 2009) have confirmed the paraphyly of Huso, and, subsequently, its
classification within Acipenser. Following the suggestion of Bemis and Kynard (1997), we
propose a new analysis of sturgeon biogeography, based on recent, strongly supported changes

to phylogeny.

Traditional biogeographic studies of sturgeons have focused on identifying a center of
origin for sturgeons from which dispersal routes are inferred. The Ponto-Caspian Region, which
includes the Mediterranean, Black, Caspian, and Aral seas and their tributaries, has the highest
diversity of extant sturgeons (Bemis and Kynard 1997, Peng et al. 2007). This region has
frequently been inferred to be the sturgeon center of origin (Bemis and Kynard 1997,
Choudhury and Dick 1998, Peng et al. 2007), although some studies have ruled it out
(Choudhury and Dick 1998). Conflicting hypotheses regarding the timing of divergences among
sturgeon taxa have further led to the suggestion of varying and conflicting mechanisms and
paths of dispersal from the Ponto-Caspian (Choudhury and Dick 1998, Peng et al. 2007, Bemis
and Kynard 1997). Nevertheless, most studies agree that geologic events of the evolution of the
Tethys Sea are critical to sturgeon biogeography (Bemis and Kynard 1997, Choudhury and Dick

1998, Peng et al. 2007).

The Tethys Sea was one of two large water bodies during the Triassic, and was situated
in between Gondwana and Laurasia (Zonenshain and Pichon 1986); the Panthalassic Ocean
covered the rest of the non-terrestrial world (Algeo et al. 2011). As geologic events shaped the
earth, the Tethys Sea began to narrow during the Late Triassic, and eventually became
separated from the Paratethys Sea (Bartock 1993, Rogl 1999). The Mediterranean Sea is the last

remnant of the Tethys, and the other Ponto-Caspian Seas- the Black, Caspian, and Aral seas-
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formed from the Paratethys Sea (Rogl 1999), giving rise to the frequently presumed sturgeon
center of origin. The proposal of a center of origin of a taxon has been criticized for many
reasons, chief among them that the hypothseses are untestable and applied frequently to only

one taxon at a time, and hence are not comparative (Croizat et al. 1974).

Past biogeographic studies of sturgeons have aiso focused on the disjunct distributions
of closely related species. For example A. oxyrinchus, which is sympatric with A. brevirostrum
inhabits the Atlantic coast and rivers of North America from Canada to Florida, while its sister
species A. sturio, is distributed in the North Sea, Mediterranean, and Black Sea (Ludwig et al.
2002). Although A. oxyrinchus and A. brevirostrum are sympatric, phylogenetic studies have not
found them to be closely related to one another (e.g. Birstein and DeSalle 1998; Laumann et al.,
unpublished, Chapter 1). Another pair of sympatric sturgeon species, A. transmontanus and A.
medirostris, are distributed along the North American Pacific Coast. Some recent studies have
recovered a sister relationship between these two species and found them to be closely related
to A. schrenckii (e.g., Birstein et al. 2002), whereas others have recovered them within a
monophyletic group that also includes A. dabryanus (e.g., Diliman et al. 2007). Still others have
not found them to be closely related (e.g., Krieger et a/.2008). In Chapter 1, | recovered these
two species to be within a broad clade also including A. dabryanus, A. sinensis, A. schrenckii, A.
mikadoi, and H. dauricus. Within this clade, A. medirostris is closely related to A. mikadoi and H.
dauricus, whereas A. transmontanus is sister to A. schrenckii, a clade which is sister to A. sinensis
and A. dabryanus. Therefore, based on this and other topologies, there are trans-Pacific

relationships reflected within Acipenseridae.

Sturgeons have also been of particular interest for biogeographic analysis due to their
anadromous life history (Bemis and Kynard 1997). Diadromous taxa have frequently been the

subject of biogeographic studies seeking to identify explanations for their distributions, to
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identify whether diadromy is a derived or ancient trait, and to identify the ancestral habitat of
the taxa involved as freshwater or marine (Parenti 2008). Anadromy in sturgeons has been
considered a derived trait with the assumption that the ancestral habitat was freshwater {Sulak
and Randall 2002). As stated by Parenti (2008), identifying the ancestral habitat as either
freshwater or marine relies on assuming that the habitat has (or has not) changed; this
assumption is not necessarily supported (Parenti and Ebach 2009). Any number of events, from
stranding (becoming stuck in a newly isolated habitat) to invasion, may be used to explain
distributions of anadromous taxa, as they could be used to explain biogeographic distributions

of any taxonomic group (Parenti 2008).

In this chapter, | employ comparative biogeographic methods to identify patterns of
relationships among regions inhabited by sturgeons. | use a new phylogenetic hypothesis based
on full mitogenomic data (Figure 1; Chapter 1) and current sturgeon distributions. Mechanisms
leading to current distributions of sturgeons are not discussed. The aim of this study was to
identify area relationships (relationships between geographic regions) using comparative
biogeographic methods, consider them alongside geologic history, and discuss them in relation
1o area relationships suggested by other taxa distributed throughout the northern hemisphere.
Broad biogeographic patterns that are considered alongside the area relationships hypothesized
in this study include those involving the five areas of global distribution identified by Croizat
(1958): Atlantic, Indian, Pacific, boreal, and austral (Figure 2). Historically the boreal and austral
regions have been associated with the distributions of holoarctic taxa like sturgeons (Nelson and
Ladiges 2001, Parenti and Ebach 2008). These regions have been repeatedly linked with the
Pacific by biogeographic studies, while the Atlantic has been linked with the Indian regions.
Nelson and Ladiges (2001) distilled these frequently prqposed area relationships into a “cladistic

summary of global patterns” (Figure 3).
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1.2 History of Areas Inhabited by Sturgeons

One important aspect of comparative biogeographic analysis is the consideration of the
geologic history of areas under consideration, in this case the areas inhabited by extant sturgeon

taxa. The geologic history of these areas is discussed below.

1.2.1 Geologic History: Formation of the Atlantic and Pacific Oceans and Ponto-Caspian Region

During the Triassic, Pangea enclosed the Tethys Sea on three sides (Zonenshain and
Pichon 1986} and an archipelgo comprising portions of China defined the eastern border of the
Tethys (Yang et al. 1982). The Panthalassic Ocean covered the rest of the Earth (Algeo et al.
2011). The oldest of the world’s oceans, the Pacific arose from the Panthalassic Ocean at least
167 million years ago (Neall and Trewick 2008). In the Late Triassic and Early Jurassic, Pangea
began breaking into two super-continents, Laurasia and Gondwana (Golonka 2007). Laurasia, to
the north, comprised present day North America and Eurasia (excluding the Indian
subcontinent). Gondwana, the southern supercontinent, was composed of South America,
Africa, Australia, India, and the Arabian Peninsula. The shift of Laurasia away from Gondwana
opened the North Atlantic, then an arm of the Tethys Sea (McHone 2000, Thiede 1979). The
rifting of Pangea also resulted in the formation of the Gulf of Mexico and the movement of
Eurasia southwards, narrowing the Tethys Sea (Bartock 1993). Uplift of Great Britain and Ireland
began, as did a cycle of marine incursions, flooding what is now the North Sea (Ziegler1975,
Torsvik et al. 2002).

Rising sea levels inundated much of Laurasia so that large portions of North America and
Europe were submerged by 100 million years ago (Cretaceous) (Schiee 1999). During the
Cretaceous, the South Atlantic opened and the Atlantic Ocean as a whole continued to widen
(Thiede 1979, Fairhead 1988). Connections between the narrowing Tethys and the Atlantic

closed, with the Tethys separating Laurasia from Gondwana (Rogl 1999). Modern day
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continents that formed Laurasia began to separate, as did Gondwana (Thiede 1979). During this
period, much of North America and Eurasia were submerged, with Eurasia separated from
Gondwana by the Tethys Sea (Hay et al. 1993). North America was inundated by the Western
Interior Seaway (Hay et a/. 1993).

In the Paleocene, the continents composing Laurasia continued to move away from one
another, but North America was still connected to Asia by the Bering Land Bridge and Europe by
Greenland; this separated the future Pacific from the Bering Sea (Hopkins 1973). Likewise, the
continents that composed Gondwana were shifting, with India moving toward Asia (Tapponier
et al. 1986). Africa shifted toward Europe, continuing the narrowing of the Tethys. In the
Eocene, North America became more separated from Eurasia as it broke apart from Greenland
and Europe; this movement opened the North Sea, allowing it to deepen (O’Leary et al. 2004 ;
Kender et al. 2012). Also during the Eocene, India collided with Asia forming the Himalayas
(Tapponier et al. 1986).

During the Oligocene, the Atlantic continued to widen (Fairhead 1988). The continued
growth of the Himalayas separated a section of the Tethys Sea, forming the Paratethys Sea (Rogl
et al. 1999). The Paratethys Sea was fed with water from the North Sea and was connected to
the Mediterranean (Rogl 1999). At this time, the African and Eurasian plates converged,
isolating what remained of the Tethys Sea from other water bodies except for the indian Ocean.
The isolation of the Tethys from other water bodies was completed in the Miocene, sealing it in
to today’s Mediterranean Basin (Rogl et al. 1999). Today’s Mediterranean Sea is the last
remnant of the Tethys Sea (Rogl et al. 1999), and the Paratethys Sea formed the Black, Caspian,
and Aral seas; these together with the Mediterranean Sea form the Ponto-Caspian Region

(Hakanson et al. 2002). The isolation of the North Sea (from the Tethys) was followed by
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Miocene shallowing of the North Sea and the formation of deltas in the area (Torsvik et al.
2002).
1.2.2 Geologic History: The Arctic Ocean and Bering Sea

The geologic history of the Arctic is poorly known and contentious (Clark 1974, 1975,
Shepard et al. 2013, Moran et al. 2006). In the early Miocene, around 18 million years ago, a
connection between the Arctic Ocean and the Atlantic was established in the form of the Fram
Strait (Jacobson et al. 2007). Initially shallow, the strait allowed exchange of water between the
two water bodies, transitioning the Arctic through an estuarine phase into the ocean of today
(Thompson et al.2010; Engen et al. 2008). Fluctuations in sea level led to the opening and
closing of the Bering Sea, alternately linking and isolating the Arctic from the Pacific (Elias et al.
1996). About 11,000 years ago, sea level rise caused the final inundation of the Bering land
bridge, connecting the Bering Sea to the Pacific via the Bering Strait (Elias et al. 1996). Today,
the Arctic and Atlantic oceans are linked by the Barents, Greenland, and Norwegian seas and the
Denmark Strait. The Arctic Ocean remainsconnected to the Pacific via the Bering Sea.
1.2.3 Recent Geologic History: Baltic and North Seas

Pleistocene glaciations and interglacial periods caused several periods of drying and
subsequent filling of the North Sea. During one of the interglacial periods, the Eemian (around
130,000 and 115,000 years ago), the North Sea expanded (Torvick et al. 2002). During this time,
the first body of water known from the Baltic Basin, the Eemian Sea, formed (Torvick et al. 2002,
Miettinen 2003). The Eemian Sea was larger than the Baltic Sea is today and had connections to
the Atlantic Ocean and the North Sea (Miettinen 2003). The transformation from the Eemian
Sea to today’s Baltic Sea occurred through several stages, involving freezing, melting, different
salinity regimes, and varying connections to the Atlantic Ocean and North Sea. The Weischlian

Glaciation, the last glaciation of Earth, was characterized by the coverage of much of Eurasia by
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ice sheets (Siegert et al. 2001). This resulted in the drying of large portions of the North Sea to
form plains (Torsvik et al. 2002, Konradi et al. 2005).

About 13,000-14,000 years ago, receding glaciers isolated sections of the Eemian Sea,
which merged to form the Baltic Ice Lake (Morner 1995, Vassiljev and Saarse 2013). During the
time of the Baltic Ice Lake, cooling and warming periods resulted in expansion and subsequent
regression of ice sheets as well as uplift of land, changing the shape of the Baltic Ice Lake
(Morner 1995, Vassiljev and Saarse 2013). The exact timing of the formation of the Baltic Ice
Lake is controversial, but it is hypothesized to have been in existence between 13,800 and
10,300 years ago (Morner 1995, Vassiljev and Saarse 2013).

Toward the end of the Weisclian Glaciation, warming temperatures caused the final
retreat of ice sheets and increased sea level. Water again began filling the North Sea, and once
again a connection between the North Sea and the Baltic Ice Lake formed (Lepparanta and
Myreberg 2009). North Sea waters inundated the lake, increasing salinity and forming the
Yoldia Sea, which persisted until about 9,500 years ago (Andren et al. 2002, Lepparanta and
Myreberg 2009).

Continuing uplift of land separated the Yoldia and North seas, resulting in the formation
of the freshwater Ancylus Lake from the Yoldia Sea (Morner 1995). About 8,150 years ago, a
Tsunami hit the North Sea, inundating the remaining dry areas (Weninger et al. 2008). Portions
of Ancylus Lake were still ice-covered and uplift continued, gradually forming a new river (Dana
River) between Ancylus Lake and the North Sea (Lepparanta and Myreberg 2009). The river
widened into a strait, introducing saltwater into Ancylus Lake once again. This led to the
formation of the Littorina Sea about 7,500 years ago (Sandgren et al. 2004). The exchange of
water between the North and Littorina seas and sea level rise led to higher levels of salinity than

present in the Baltic Sea (Sandgren et al. 2004). Influx of seawater into the Littorina Sea
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continued until about 4,000 years ago, when sea level rise ended and salinity began decreasing
in what is now known as the Baltic Sea (Sandgren et al. 2004, Berglund et al. 2005). The Baltic
Sea is brackish and continues to shrink due to uplift (Walday and Krogland 2011). Itis connected

to and exchanges water with the North Sea (Walday and Krogland 2011).

1.2.4 Recent Geologic History: East China, Yellow, and Japan Seas

The Sea of Japan first opened 32 million years ago, a process that continued until about
15 million years ago at which point it was an isolated body of water (Tada et al. 2013). About
2.6 million years ago, the oldest portion of the East China Sea began opening {(Gallagher et al.
2015). Around this time, the Sea of Japan became connected to the Pacific Ocean by the
opening of the Tsugaru and Tsushima straits (Uda 2016, Gallagher et al. 2015). Linkages
between the Sea of Japan and the Pacific continued intermittently with sea level rise and fall (Liu
and Milliman 2004). Today, the Sea of Japan maintains a connection to the Pacific Ocean via the

Tsugaru Strait.

The East China Sea and Yellow Sea were still primarily terrestrial or subtidal areas 20,000
years ago (Lee 2012). Multiple phases of sea level rise inundated these areas and led to both
the East China and Yellow Seas as we know them today. By 15,000 years ago, rising sea levels
filled the East China Sea and reached the southern portion of the Yellow Sea (Liu and Milliman
2004, Yi et al. 2003). Subsequent periods of rapid sea level rise led to the gradual filling of the
Yellow Sea, from the south to the north, over the next 5,000 years (Liu and Milliman 2004, Yi et

al. 2003). The Tsushima Strait connects the East China Sea to the Sea of Japan today.

1.2.5 Recent Geologic History: Interior North America, The Mississippi and Missouri Rivers and
their tributaries

The Mississippi River and its tributaries existed before the Pleistocene, but their courses

were so different from those seen today that the history of these rivers is commonly considered
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to begin with the end of the last glacial stage (Leverett 1921). The Missouri River also formed
before the last ice age, but its course was significantly diverted by glaciation (Trimble 1980).
Much of North America was covered with ice sheets and glaciers during the Pleistocene
(Leverett 1921, Trimble 1980). 13,000 years ago, glacial melt flooded the area now occupied by
Lake Champlain and the Gulf of Saint Lawrence, forming the Champlain Sea (Russell and
Cummings 2009, Mather 1917). As glacial retreat continued in the Holocene, continental
rebound caused this arm of the Atlantic Ocean to shrink (Mather 1917). Further melting formed
the Great Lakes Erie and Michigan, which drained into the Mississippi, about 10,000 years ago
(Larson and Schaetzi 2001, UWSG 2013). By one thousand years later, Lake Superior, which also
drained into the Mississippi, had formed. Sea level rise about 7,500 years ago flooded the Great
Lakes, connecting them to form one large lake, Lake Nipissing, which drained into the
Mississippi and the Atlantic {Larson and Schaetzl 2001, UWSG 2013). By 3,000 years ago, the
level of the lake had fallen, resulting in the current configuration of the Great Lakes (Farrand
1988, UWSG 2013). The final retreat of glaciation also established the Mississippi and Missouri
Rivers in the (approximate) courses they occupy today, draining into the Gulf of Mexico (Wickert

et al. 2013, Trimble 1980, Leverett 1921).

2.0 Methods

In keeping with the cladistic nature of my dissertation and following the detailed
example of Hoagstrom et al. (2014), | selected a comparative biogeographical method of
analyses based on hierarchical relationships (Parenti and Ebach 2009). This method is rooted in
the use of three-item analysis to infer relationships among geographic areas (Parenti and Ebach
2009). In three-item analysis, phylogenies of taxa that have overlapping distributions are

converted to areagrams. An areagram is a cladogram on which species names have been
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replaced by the areas the taxon inhabits. It is the overlap of multiple species (with hypothesized
evolutionary history) that provides the shared history informing relationships of the areas-
termed areas of endemism. Analyses are then conducted to extract three-area relationships
(i.e., hierarchical relationships reflecting the relationships among sets of three areas). Three-
area relationships are combined to form optimal area cladograms, which are further broken
down into an intersection tree, which displays the three area relationships recovered by all
optimal area cladograms. These relationships may be explored by examining the geologic
history of areas of endemism; geologic patterns considered alongside biological ones allow for

reciprocal illumination- each method sheds light on the other. (Parenti and Ebach 2009).

2.1 Phylogenies for Comparison

The full mitogenome sturgeon (Figure 4) phylogeny was used for the exploration of area
relationships based on sturgeon biogeography, as were phylogenies for lampreys (Figure 5; Gill
et al. 2013), and pinnipeds (Figure 6; Arnason et al. 2006).. These taxa have overlapping ranges
with sturgeons, and phylogenetic hypotheses were available for them.

The lamprey phylogeny (Gill et al. 2003) was based on 32 morphological and
karyological characters. The original phylogeny included 18 lamprey species. Three of these
species (Mordacia mordax, M. lapicida, and Geotria australis) do not have ranges that overlap
with those of sturgeons or within my proposed areas of endemism and were pruned from the
phylogeny, resulting in a 15 terminal taxa topology (Figure 5).

The pinniped phylogeny (Arnason et al. 2006) was based on protein-coding sequences of
the mitogenome, and included 28 species. Sixteen of these species overlapped with sturgeons
in the proposed areas of endemism, and the remaining species (Otaria byronia, Arctocephalus

pusilis, Phocarctos hookeri, Neophoca cinerea, A. forsteri, A. australis, Monachus schauinslandi,
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Ommatophoca rossi, Lobodon carcinophagus, Leptonychotes weddelli, Hydrurga leptonyx, and
Pusa sibirica) were pruned from the topology (Figure 6).
2.2 Species Ranges and Phylogenies

I conducted literature and fishery landing searches to map the ranges of extant sturgeon
species in my full mitogenome Bayesian phylogeny of extant sturgeons (Figure 7). This sturgeon
phylogeny (Figure 1; Chapter 1) was used in analyses described below. Maps were
superimposed upon one another and were used, along with Bemis and Kynard’s (1997) sturgeon
biogeography study, to identify potential areas of endemism (Figure 4). Once these areas were
identified, the ranges of lamprey and pinniped species were identified from the literature (Gill et
al. 2003, Arnason et al. 2006), IUCN RedList species range maps and descriptions (IUCN 2014)
and the global fish species database FishBase (Froese and Pauly 2016). Lamprey and pinniped
taxa that do not inhabit the areas of endemism identified for sturgeons were pruned (using the
command drop.tip in the ape package, version 3.4, Paradis et al. 2004, for R, R Core Team 2014)

from the available phylogenies.2.3 Areas of Endemism and Three-item Analysis

Areas of endemism and pruned phylogenies were converted into areagrams and coded
for LISBETH version 1.3 (Bagils et al. 2012). LISBETH conducts three-item analysis using
fractional weighting and paralogy free sub-tree analysis (Nelson and Ladiges 1996). Three-area
statements were extracted from LISBETH and imported into PAUP*4b10 (Swofford 2003). PAUP
was used to identify optimal taxon-area cladograms (by combining TACs). Optimal TACs were
then imported into LISBETH, where an intersection tree including all three-area relationships
was constructed. Results are reported with a “completeness index”, which is the percentage of
three-area statements in both the intersection trees and the paralogy free sub-trees. A high

completeness index is indicative of agreement on area relationships among all taxa considered
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(Hoagstrom et al. 2014). Results are discussed in comparison to geologic history of the areas of

endemism considered.

3.0 Results
3.1 Areas of Endemism

Proposed areas of endemism followed “provinces” used by Bemis and Kynard (1997) to
explore sturgeon biogeography. Maodifications were made to Bemis and Kynard’s (1997)
provinces, and two additional areas of endemism were proposed. Proposed areas of endemism
are given different names here to reflect that the regions have been modified from those of
Bemis and Kynard (1997). Eleven putative areas of endemism were proposed (Figure 4) and are

defined as follows.

1) Japan {(JPN) Region
a. Includes the Sea of Japan, Amur Basin, Sea of Okhotsk, and Tatar Strait,
b. Corresponds to Bemis and Kynard’s (1997) ASJ province, but is expanded to
include the entire Sea of Okhotsk,
¢. Inhabited by A. mikadoi, A. schrenckii, and H. dauricus.
2) China (CHN) Region
a. Includes the Yangtze Basin and the southern portion of the East China Sea,
b. Corresponds to Bemis and Kynard’s (1997) CH province, but does not
include the part of the coast along the Yellow Sea,
¢. Inhabited by A. dabryanus and A. sinensis.
3) Yellow Sea (YLW) Region

a. Includes the Yellow Sea itself, and the coast of China along the Yellow Sea,
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b. The Yellow Sea was not included in Bemis and Kynard’s (1997) study, but
part of the coast of China along the Yellow Sea was included in their CH
province,

c. Inhabited by A. sinensis.

4) Pacific Coast of North America (PNA) Region

a. Includes the Pacific Coast and rivers draining into the Pacific,

b. Corresponds to Bemis and Kynard’s (1997) NEA province, but is slightly
expanded (here) to the south,

c. Inhabited by A. medirostris and A. transmontanus.

5) Bering Sea (BRG) Region

a. Includes the Bering Strait,

b. Was not included in Bemis and Kynard’s (1997) study,

¢. Inhabited by A. mikadoi.

6) Baltic and North Seas (BNS) Region

a. Includes the Gulf of Bothnia,

b. Corresponds to Bemis and Kynard’s (1997) NEA province, but is expanded to
include the Gulf of Bothnia,

¢. Inhabited by A. sturio.

7) Ponto-Caspian {PTC) Region

a. Includes the Black, Azov, Caspian, Mediterranean and Adriatic seas,

b. Corresponds to Bemis and Kynard’s (1997) PT province,

¢. Inhabited by A. gueldenstaedtii, A. naccarii, A. ruthenus, A. stellatus, A.
sturio, H. huso, and P. kaufmanni,

8) Arctic (AES) Region
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a. Includes the Arctic Ocean and East Siberian Sea,
b. Corresponds to Bemis and Kynard’s (1997) SAO province, expanded to
include Arctic North America,
c. Inhabited by A. baerii, A. mikadoi, A. ruthenus, and A. stellatus.
9) Atlantic Coast of North America (ANA) Region
a. Includes the Atlantic and rivers draining into it,
b. Corresponds to Bemis and Kynard’s (1997) NWA province, expanded slightly
northward
¢. Inhabited by A. brevisotrum and A. o. oxyrinchus.
10) Gulf of Mexico Region (MGM)
a. Includes the Mississippi and Mobile basins,
b. Corresponds to Bemis and Kynard’s (1997) MGM province,
c. Inhabited by A. fulvesencs, A. o. desotoi, and Scaphirhynchus.
11) North American Lakes (NAL)
a. Includes the Great Lakes, Hudson Bay, and Lake Champlain,
b. Corresponds to Bemis and Kynard’s (1997) GL province,

¢. Inhabited by A. fulvescens and A. oxyrhynchus.

Each sturgeon (Table 1), lamprey (Table 2), and pinniped (Table 3) species was assigned
to all areas of endemism that they inhabit (see above). Areagrams were constructed using the
phylogenies of each taxonomic group and the areas of endemism they inhabit; thees areagram

is shown in Figure 8, the lamprey areagram in Figure 9, and the Pinniped areagram in Figure 10.
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3.2 Intersection Tree

The Sturgeon-Lamprey-Pinniped intersection tree had a completeness index of 92.7%.
This intersection tree (Figure 11) suggested two clades of related areas, a Pacific clade and a
primarily Atlantic clade. The Pacific clade consisted of China and the Yellow Sea areas of
endemism grouping as sister areas, with Pacific North America outside of them. QOutside of this
relationship was the Japan area of endemism, with the Arctic area just outside of that grouping
of four areas. The Atlantic clade recovered the Ponto-Caspian and Baltic/North Sea areas of
endemism as sister areas. The North American Lakes area of endemism was sister to the Gulf of
Mexico area, with the Atlantic coast of North America area falling just outside. The Atlantic and
Pacific clades grouped together, with the Bering Sea area of endemism outside of that sister-

area relationship.

4.0 Discussion and Conclusions
4.1 Anadromy

Although | do not attempt to identify the ancestral habitat of sturgeons as marine or
freshwater, or to identify the processes by which sturgeons came to inhabit their current ranges,
it is interesting to consider the areas of endemism occupied by the strictly freshwater taxa
(Figure 1). Exclusively freshwater sturgeons are present in the Japan, China, Ponto-Caspian,
Arctic, Gulf of Mexico, and North American Lakes Regions. These regions are also occupied by
anadromous species. Except for Scaphirinchus, none of the sturgeon clades in this analysis is
exclusively freshwater. This may be due to taxon sampling. For example, only one species of
Pseudoscaphirhynchus was included in this study. Pseudoscaphirhynchus is generally considered
to be a clade also containing P. kaufmanni, P. hermanni (Birstein et al. 2002, Dillman et al. 2007,
Hilton et al. 2011) and the presumed recently extinct P. fedtschenkoi (IJUCN 2014). The three

Pseudoscaphirhynchus taxa are freshwater species, and as such represent an entire freshwater

108



clade {IUCN 2014). Parenti (2008) noted that, without making assumptions that the habitat of a
taxon has changed from either marine to freshwater or vice versa, the ancestral habitat can be
reconstructed as one that includes both fresh and saltwater areas. This analysis does not

contradict this statement, and, in fact, supports it.

4.2 Area Relationships

Many of the area relationships hypothesized via three-item-analysis mirror those
suggested by geologic history and by past biogeographic studies. Area relationships are divided
into two primary area clades: 1) the Atlantic Clade containing three North American Regions
(Lakes, Atlantic Coast, and Gulf of Mexico), the Baltic/North Sea Region, and the Ponto-Caspian
Region; and 2) the Pacific Clade, composed of Pacific North America, China, Yellow Sea, Japan,

and Arctic Regions. The Bering Sea Region was recovered separate from these two clades.

4.2.1 Atlantic Clade

4.2.1a Atlantic Clade: North American and Baltic/North Sea/Ponto-Caspian Regions

Connections between the two Atlantic Region cladesare exemplified in the relationships
between two clades of sturgeons. In the first clade, Acipenser sturio, which ranges throughout
the Ponto-Caspian and Baltic/North Sea regions, is sister to the two subspecies of A. oxyrinchus,
which inhabit the North American Atlantic Regions (including Gulf of Mexico). The second clade
contains six Ponto-Caspian species (H. huso, A. ruthenus, A. naccarii, A. gueldenstaedtii, A.
stellatus, and P. kaufmanni), A. brevirostrum from the Atlantic Coast of North America, and A.
fulvescens, which ranges in the Gulf of Mexico Region and North American Lakes Regions. Of
interest, two of the Ponto-Caspian species, A. stellatus and A. ruthenus, are also found in the

Arctic Region, as is A. baerii which is also part of this sturgeon clade.

Current geography also supports a relationship between the two Atlantic Region Area

Clades. The North Sea connects the Atlantic Ocean to the Baltic Sea today; these waters have
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been intermittently connected since at least 115,000 years ago. The Atlantic is also currently
connected to the Mediterranean (included in the Ponto-Caspian Region) via the Strait of
Gibraltar. Although the other seas in the Ponto-Caspian region do not currently connect to the
Atlantic Ocean, the origin of the Atlantic as part of the Tethys Sea in the Jurassic, and continued

connection to the Tethys until the Cretaceous, supports these area relationships.

4.2.1b Atlantic Clade: North American Regions

The recovery of three area relationships among the Atlantic Coast of North America, the
North American Lakes, and the Guif of Mexico Regions, in which the latter two areas are most
closely related to one another, is supported by three sturgeon taxa and geologic history.
Acipenser fulvescens is found in both the Gulf of Mexico and North American Lakes Regions.
Linkages between these two regions have occurred intermittently, with the Great Lakes draining
into the Mississippi at some points over the last 10,000 years. None of the sturgeon taxa
considered in this analysis inhabits all three North American regions, but A. 0. oxyrinchus lives in
the North American Lakes region and along the Atlantic Coast. Its subspecies A. 0. desotoi is
endemic to the Gulf of Mexico. These evolutionary relationships and the area relationships they
suggest are strengthened by the geologic connections between the Atlantic Ocean and the other
two North American Regions. The North American Lakes Region was historically connected to
the Atlantic Ocean via the Champlain Sea, and has a current connection to the Atlantic through
the Guif of Saint Lawrence. The Gulf of Mexico is connected to the Atlantic Ocean by the Florida

Straits, and the Mississippi River had historic connections to the Atlantic.

4.2.1c Atlantic Clade: Baltic/North Sea and Ponto-Caspian Regions

The Baltic/North Sea and Ponto-Caspian regions are hypothesized to have a sister-area

relationship to one another. A single sturgeon species in this analyses, Acipenser sturio, inhabits
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the Baltic/North Sea Region; it is also found in the Ponto-Caspian Region. The Oligocene

connection between the North Sea and Paratethys Sea supports this area relationship.

4.3 Pacific Clade

4.3.1 Pacific Clade: Asia and Pacific North America

A seven-species clade supports the area relationships among several Pacific regions:
({{China Region + Yellow Sea Region) Pacific North America Region) Japan Region). The taxa
reflecting this clade include two sister species, A. dabryanus and A. sinensis, that inhabit the East
China Sea. Acipenser sinensis is also found in the Yellow Sea. Sister to A. dabryanus and A.
sinensis is another pair of sister-species: A. transmontanus, which inhabits the Pacific North
America region and A. schrenckii, which is from the Japan Region. Another pair of Pacific North
America-Japan Region taxa, Acipenser medirostris and A. mikadoi, respectively, form a sister
species relationship. Together with the Japan Region species H. dauricus, these taxa form a

sister clade to the four taxa listed above.

The shared geologic history between the East China and Yellow Seas, which were filled
sequentially by an increase in sea level, further supports the hypothesized biogeographic
relationship between these two areas. Although it might seem that these areas should be most
closely related to the Sea of Japan, as they are all marginal seas of the western Pacific, this

analysis and geologic history do not support such a relationship.

In this analysis, the East China and Yellow seas are more closely related to Pacific North
America than they are to the Sea of Japan. Although the Sea of Japan was connected to the
Pacific long before the East China Sea was flooded, about 2.6 million years ago, these
connections have been ephemeral. The Sea of Japan has also maintained intermittent
connections with the East China Sea. This long history has provided for periods of exchange of
water and taxa between the Sea of Japan and the Pacific, illustrated by the sister species
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relationships between A. transmontanus and A. schrenckii, and A. medirostris and A. mikadoi.
The East China Sea and Yellow Sea, however, have had a constant connection to the Pacific
Ocean, and therefore provided more consistent opportunity for taxonomic connections since

they formed.

Current and past connections between the East China Sea and the Yellow Sea, along
with the fact that the only sturgeon taxon that inhabits the Yellow Sea (A. sinensis) also inhabits
the China Region, suggest that subsequent analyses should consolidate these into a single region
or area of endemism.

4.3.2 Pacific Clade: Pacific and Arctic

Four turgeon species, A. baerii, A. mikadoi, A. ruthenus, and A. stellatus occur in the
Arctic region. The relationships hypothesized in this analysis among the Arctic and other Pacific
Clade Regions are not strongly supported by the phylogeny of sturgeons alone. A single taxon
occurring in the Arctic Region (A. mikadoi) also occurs in other Pacific Clade Regions. This
species is sister to a Pacific North American species, and part of a clade with other exclusively
Pacific Region taxa. Two other taxa from in the Arctic (A. ruthenus and A. stellatus) occur in the
Ponto-Caspian Region of the Atlantic Area clade. Another species (A. baerii) is sister to two

Ponto-Caspian Region species (A. naccarii and A. gueldenstaedtii).

- The examination of areagrams based on phylogenetic relationships of other taxa
included in three-item analysis help clarify the history of the Arctic Region. Two lamprey taxa
inhabit the Arctic region- Lethenteron camtschaticum and Petromyzon marinus (JUCN 2014).
The first of these also inhabits the Pacific region, and is phylogenetically most closely related to
two pairs of sister species; one species in each pair inhabits the Atlantic region, and one in each

pair the Pacific (JUCN 2014, Gill et al. 2003). Along with the two species pairs, L. camtschaticum
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is part of a larger clade composed of five other Pacific and one Atlantic species (IJUCN 2014, Gill
et al. 2003). Petromyzon marinus, on the other hand, inhabits the Atlantic as well as the Arctic
(ITUCN 2014). This taxon is in a clade with three Atlantic species (Gill et al. 2003). Of the
pinnipeds included in three-item analysis, Odobenus rosmarus, Histriophoca fasciata, Pagophilus
groenlandicus, Pusa hispida and Phoca vitulina range in the Arctic (Arnason et al. 2006, IUCN
2014). Pusa hispida and P. vitulina are also be found in regions in the Atlantic and Pacific
Regions of this analysis (Arnason et al. 2006, IUCN 2014). Histriophoca fasciata is found in the
Pacific as well as the Arctic, while its sister species P. groenlandicus is found in the Atlantic
(Arnason et al. 2006, IUCN 2014). Phoca vitulina is sister to a Pacific Clade species, and these
sister species form a polytomy with H. grypus, an Atlantic species, and P. hispida (Arnason et al.
2006, IUCN 2014). These phylogenetic relationships suggest area relationships among the Arctic,
Pacific, and Atlantic, but the evolutionary history of O. rosmarus supports inclusion in the Pacific
Clade (IUCN 2014). Odobenus rosmarus can be found in the Bering Sea Region as well as the
Arctic (IUCN 2014). Althought it is not found in the Atlantic or Pacific, it is part of a clade
including four other pinnipeds that inhabit only Pacific Regions in our analysis (Arnason et al.

2006, IUCN 2014).

Although the Arctic became geographically connected to the Atlantic in the Cenozoic,
long before its connection to the Pacific, other studies show a similarly close area relationship
between the Arctic and Pacific as opposed to an Arctic-Atlantic area relationship. Early Cenozoic
taxa in the Arctic and East Siberian Seas (my Arctic Region) also inhabited the Atlantic
(Marincovich and Gladenkov 2001). During the mid-to-late Cenozoic, with the opening of the
Bering Strait (Brigham-Grette 2001, Marincovich and Gladenkov 2001), the fauna of the Arctic
became dominated by taxa common in the Pacific, indicating migration from the Pacific to the

Arctic (Marincovich and Gladenkov 2001). This relationship also mirrors past studies that

113



recover Croizat’s “boreal” region, which encompasses my Arctic Region, with the Pacific Ocean

rather than the Atlantic.

4.4 Bering Sea

Three-item analysis recovered the Atlantic and Pacific Area clades as “sister”, with the
Bering Sea Region outside of these clades, although this is not strongly supported by geologic
history. Geographically, the Bering Sea provides a connection between the Pacific and Arctic
oceans. The Bering and Arctic seas are also an aquatic “bridge” between the Pacific and
Atlantic. Therefore, one might predict that taxa in the Bering Sea Region would be more closely
related to the taxa in the Pacific Area Clade than to those of the Atlantic Clade. Past studies also
support inclusion of the Bering Sea with the Pacific; Croizat’s “boreal” region includes my Bering

Sea Region, and has been repeatedly associated with the Pacific.

Among sturgeons, only A. mikadoi occurs in the Bering Sea; it also occurs in the Pacific
and is closely related to other Pacific taxa (IUCN 2014). The two lamprey species occurring in
the Bering Sea Region, Lethenteron camtschaticum and Entosphenus tridentatus, also occur in
the Pacific Region (IUCN 2014). Entosphenus tridentatus groups in a clade with other Pacific
species, while L. camtschaticum is in a clade with two Pacific and two Atlantic taxa (IUCN 2014,
Gill et al. 2003). Of the pinniped taxa that occur in the Bering Sea, two occur in both the Atlantic
and Pacific regions and four occur in Pacific Regions (including the Arctic) (IUCN 2014). The area
relationships of the Bering Sea may be strongly influenced by widespread and highly migratory
pinniped taxa that inhabit this region. These factors suggest re-examination of whether the
Bering Sea Region should be a distinct area for future analyses. Further analyses including more

taxa may help clarify the issue.
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4.5 Conclusions

With the exception of the Bering Sea, the area relationships proposed here are
supported by geologic history. Excluding the Bering Sea Region, broad area relationships,
namely the inclusion of the Arctic Region within the Pacific Area Clade, reflect patterns that
have been proposed in past studies (Marincovich and Gladenkov 2001). Future studies should
consider different or additional taxa to clarify the issues with the hypothesized Bering Sea
Region area relationships. They should also consider consolidation of the Yellow Sea Region into

the China Region.

Mechanisms leading to current distributions of sturgeons were not discussed here for
mulitiple reasons. First, the geologic history of some of the regions considered is contentious
{e.g. the Arctic, see Clark 1974). Second, even with reliable dates for geologic events, a well-
supported, time-calibrated sturgeon phylogeny would be needed to hypothesize potential
specific mechanisms such as invasions or strandings. Finally, the methods of biogeography that |
endorse (comparative biogeography) do not include selection of ancestral habitats as either
strictly marine or freshwater. Because distributional mechanisms are not discussed, the
evolution of migratory habits and how they relate to geologic history (previously discussed by
Bemis and Kynard 1997} are not discussed here. Despite the lack of speculation on the ancestral
habitat and on potential mechanisms for the evolution of anadromy, the occurrence of both
anadromous and strictly freshwater taxa in nearly every region, as well as the occurrence of
anadromy and freshwater habits in taxa at varying levels of the phylogeny, supports previous

hypotheses that the ancestral habitat likely included both freshwater and marine environments.
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Tables

Table 1: Sturgeon species ranges. Ranges of sturgeon species in areas of endemism. JPN=Japan
Region, CHN=China Region, YLW=Yellow Sea Region, PNA=Pacific Coast of North America
Region, AES=Arctic Region, BNS=Baltic and North Sea Region, PTC=Ponto-Caspian Region,
ANA=Atlantic Coast of North America Region, MGM=Gulf of Mexico Region, NAL=North
American Lakes Region, BRG=Bering Sea Region

1E

JPN
PNA
AES
BNS
PTC
ANA
NAL
BRG

<|MGM
<

Acipenser fulvescens

Acipenser baerii v

Acipenser brevirostrum v

Acipenser dabryanus v

Acipenser gueldenstaedtii v

Acipenser medirostris v

Acipenser mikadoi v v N

Acipenser naccarii v

Acipenser oxyrinchus desotoi v

Acipenser oxyrinchus oxyrinchus v v

Acipenser ruthenus v v

Acipenser schrenckii v

Acipenser sinensis V]V

Acipenser stellatus N v

Acipenser sturio Vi

Acipenser transmontanus v

Huso dauricus v

<.

Huso huso

Pseudoscaphirhynchus kaufmanni v

Scaphirhynchus albus v

<.

Scaphirhynchus platorynchus

Scaphirhynchus suttkusi v

130



Table 2: Lamprey species ranges. Ranges of lamprey species in areas of endemism. JPN=Japan
Region, CHN=China Region, YLW=Yellow Sea Region, PNA=Pacific Coast of North America
Region, AES=Arctic Region, BNS=Baltic and North Sea Region, PTC=Ponto-Caspian Region,
ANA=Atlantic Coast of North America Region, MGM=Gulf of Mexico Region, NAL=North
American Lakes Region, BRG=Bering Sea Region

dEHE

Caspiomyzon wagneri v

JPN
BNS
PTC
ANA
MGM
NAL
BRG

Entosphenus macrostomus

Entosphenus minimus

Entosphenus similis

D P P P

Entosphenus tridentatus

Eudontomyzon danfordi v

Eudontomyzon morii v

<.
<.

Ichthyomyzon unicuspis

<.

Ichthyomyzon bdellium

Ichthyomyzon casteneus A I

Lampetra ayresii v

Lampetra fluviatilis B
Lethenteron camtschaticum | ViAW v

Petromyzon marinus v NI V] VLY

Tetrapleurodon spadiceus v
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Table 3: Pinniped species ranges. Ranges of pinniped species in areas of endemism. JPN=Japan
Region, CHN=China Region, YLW=Yellow Sea Region, PNA=Pacific Coast of North America
Region, AES=Arctic Region, BNS=Baltic and North Sea Region, PTC=Ponto-Caspian Region,
ANA=Atlantic Coast of North America Region, MGM=Gulf of Mexico Region, NAL=North
American Lakes Region, BRG=Bering Sea Region

vl = 7n|Q

HEHHHBHEEEHEEE
Monachus monachus X
Arctocephalus townsendi X
Callorhinus ursinus X X X
Cystophora cristata X X X
Erignathus barbatus X X X
Eumetopias jubatus X X X
Halichoerus grypus X X X
Histriophoca fasciata X X1 X
Mirounga angustirostris X
Odobenus rosmarus X)X
Pagophilus groenlandicus X X1 X
Phoca largha X X
Phoca vitulina X X X X| X
Pusa caspica X
Pusa hispida X1 X X X X|IX| X
Zalophus californionus X
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Figures

endlicheri
L Polypterus deihezi

[ Polyodon spathula
®ol Psephurus gladius
S suttkusi *

— — [3 platorynchus

-——-—-—-—A, sturio

0 . oxyrinchus
WA, 0. desotoi

A. dabryanus *

WA, sinensis

A. transmontanus

L_A. schrenckii *

o A. medirostris
- b [A. mikadoi
—M. dauricus
e, HUSO

A. ruthenus™*
A. fulvescens *

gl

P. kaufmanni *

Figure 1: Bayesian full mitogenome phylogeny. Posterior probability values are to the left of
and below each node. Branch lengths indicate estimated amount of evolutionary (or genetic)
change. Long branches (pertaining to outgroups) have been broken to allow for better

visualization of ingroup relationships. Exclusively freshwater taxa are indicated by an asterisk

(*).
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Figure 2: Croizat’'s global biogeography map. Austral and Boreal regions are depicted with
hatched lines.
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Figure 3: Areagram of Croizat’s (1958) biogeographic regions following Nelson and Ladiges
(2001) and Parenti (2008). Asterisks indicate regions inhabited by sturgeons.

135



9t

"BJlBWY YHON Jiluejly (YNV
PUE ‘S3YE] UE2LIAWY YLION TIVN ‘0IXB JO JIND SO ‘EILBWY YLON J1ed :YNd ‘€3S Buliag :DYg 21 1S3V ‘BUIYD INHD ‘B35 MOI2A :MIA
‘ueder :Ndr ‘ueidsed-03u0d :JLd ‘©3S YLON PUe dieq ‘SN SMOJ|0} Se P1eIABIqqe 3.8 Su03aY ‘WSIWAPUT JO Sealy uoaginis Jo del iy aindly




—L.fluviatilis
—L.ayresii
—E.danfordii
—E.mornii
L.camtschaticum
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E.similis
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T.spadiceus
C.wagneri

P.marinus
|.unicuspis

l.casteneus
——/.bdellium

Figure 5: Morphological Lamprey Phylogeny modified from Gill et al. 2003; species that do not
share area of endemism with sturgeons were pruned from the original topology.
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——Z.califomianus

—F jubatus

Figure 6: Molecular Pinniped Phylogeny modified from Arnason et al. 2006; species that do not
share area of endemism with sturgeons were pruned from the original topology.
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PN
PTC
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— PTC
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—PTC/AES
“—pr1C

Figure 8: Sturgeon Areagram; species names are replaced on the full mitogenome phylogeny
with areas of endemism
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Figure 9: Lamprey Areagram. Species names are replaced on the pruned Gill et al. phylogeny
with areas of endemism.
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Figure 10: Pinniped Areagram; species names are replaced on the pruned Arnason et al. 2006
phylogeny with areas of endemism
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Figure 11: Sturgeon-Lamprey-Pinniped Intersection Tree showing area relationships for
sturgeon, lamprey, and pinniped areas of endemism. Box A indicates the primarily Pacific clade,
while box B indicates the Atlantic-Arctic clade. The completeness index 92.7%.
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CHAPTER 3.

Utility of Ontogenetic Characters in Phylogenetic Studies
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Abstract

Form, which is represented by morphology, and function, which is exemplified through
behavior, are said to be inextricably linked. Sturgeons (Acipenseridae) exhibit dramatic
morphological and behavioral shifts during ontogeny: developing then resorbing teeth and
beginning their exogenous feeding behavior by swimming up into the water column before
eventually becoming benthic feeders. Researchers often use behavioral and ontogenetic
characters in the study of phylogeny, but the timing of morphological and behavioral shifts in
sturgeons has not been investigated for phylogenetic signal. The primary goal of this chapter is
to identify links between morphological and behavioral ontogeny, and to determine whether
the timing of ontogenetic changes in their morphology and behavior carries phylogenetic signal.
Correlation is found between one set of behavioral-morphological characters, the age at which
migration of early life stage sturgeons is completed and the length at which tooth development
is complete. One ontogenetic character, the age at which teeth are completely resorbed, shows

phylogenetic signal.
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1. Introduction

It is widely understood that form (morphology) and function (exemplified in behavior)
are often inextricably linked (e.g. Russell 1982, Arnold 1983, Zelditch et al. 2004, Bertossa 2011).
Comparative analyses among species, which have traditionally been used to test for correlations
between morphological traits (Garland et al. 1992), may also be used to test for links between
form (morphological traits) and function (behavioral traits) (Jordana et al. 1999). Traditional
comparative methods, such as Pearson product moment correlations, assume that trait data
under consideration are not statistically linked and that all taxa included in analysis are equally
related to one another (Felsenstein 1985, Garland et al. 2005). However, the hierarchical nature
of species relationships violates this assumption; traits are linked through the shared
evolutionary history of their taxa (Garland et al. 2005). To remove the confounding factor of
hierarchical relationships from comparative analyses and avoid making an assumption that is
sure to be violated, phylogenetic relationships must be taken into account in comparative
analyses. Phylogenetic comparative methods such as phylogenetically independent contrasts
(PIC) use phylogenies to control for the confounding phylogenetic relationships. This allows for
the straightforward testing for correlations among species traits. The 25 species of sturgeon,
distributed amongst the genera Acipenser, Scaphirhynchus, Pseudoscaphirhynchus, and Huso,
exhibit behavioral and morphological changes during development that may be linked, and may

exhibit phylogenetic signal.

Frequently described as “ancient” fishes (Inoue et al. 2003, Birstein 1993, Ludwig et al.
2007, Katsu et al. 2008), sturgeons exhibit dramatic morphological and behavioral shifts

between hatching and maturity (Kirschbaum and Williot 2011, Nelson et a/. 2013, Dang and
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Zhang 2014). Many sturgeon species are anadromous, moving between fresh and saltwater
during their lives (Bemis and Kynard 1997, Peng 2007). They spawn and hatch as free embryos
in riverine systems, where they develop into larvae and begin foraging (Kynard and Parker 2005,
Kynard 1997, Kynard and Horgan 2002, Kynard et al. 2005, Parker 2007, Kynard and Parker
2010). The anadromous species move into the ocean by adulthood, but return to rivers to
spawn (Neison et al. 2013). Sturgeon larval development includes major changes to jaw
morphology, the appearance and proliferation of electroreceptors on the rostrum, and the
development of bony scutes in rows along the sides of the body (although scute development
continues after the larval stage} (Parker 2007). Sturgeons hatch with forward facing,
subterminal jaws, which shift to a ventral orientation during early stages of development (i.e.,
before the juvenile stage). Oral jaws (subsequently referred to as jaws) in juvenile and adult
sturgeons are highly protrusible, enabling suction feeding. The jaws of sturgeons are toothless
at hatching, but teeth develop on the dentary, dermopalatines, and palatopterygoid during the
larval stage. The teeth are subsequently resorbed and the jaws of juvenile and adult sturgeons
are edentulous. It is likely that teeth assist in prey capture while the jaws are still terminally

positioned (B. Kuhajda, personal communication, 2011).

Sturgeons also display shifts in behavior during larval and early juvenile life stages. The
links between behavioral and morphological development in sturgeons have been the focus of a
variety of studies, and morphological and behavioral changes during early life history stages of
sturgeons are known to occur concurrently (Dang and Zhang 2014, Parker 2007, Gisbert and
Williot 1999). Dang and Zhang (2014) found that behavioral ontogeny, in general, correlated

with morphological development in A. fulvescens. Parker (2007) showed that the peak of
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migration in A. brevirostrum is linked with the completion of development of the pectoral and
pelvic fins and the presence of a pre-anal fin fold. Gisbert and Williot (1999) showed that the
beginning of free feeding in A. baerii is accompanied by changes in digestive enzymes present in
the gut. The ability to perform behaviors such as swimming downstream requires that certain
morphological structures be developed (e.g., fins; Parker 2007). It follows, then, that the timing

of tooth and oral jaw development should correlate with changes in feeding behavior.

Several studies have documented early life history changes in sturgeons (e.g. Buckley
and Kynard 1981, Kynard 1997, Kynard and Horgan 2002, Kynard et al. 2005, Parker 2007,
Richmond and Kynard 1995). The goals of these studies included informing conservation and
restoration efforts and describing various aspects of behavior (feeding behavior, habitat use,
upstream and downstream movement, activity patterns at different time of day and different
light levels night, and position in the water column). They have also shown that different
sturgeon species exhibit different behaviors during the larval stage. For example, the larvae of
different species lie on the substrate, seek cover in rocky habitat, or swim up above the bottom
during foraging migrations (Parker 2007, Gisbert and Williot 1997). Behaviors that are shared
among taxa in the larval stage may diverge as the species develop; most species first feed on
plankton and eventually progress to a diet of benthic organisms, but some species (e.g., S. albus)

may become piscivorous as adults (Grohs et al. 2009, Parker 2007).

Developmental studies have noted a general trend for post-hatch embryonic (=free
embryo) A. oxyrinchus and A. brevirostrum to seek and maintain cover until the larval stage is
reached, upon which the fish emerge to migrate and forage (Buckley and Kynard 1981, Kynard

1997, Kynard and Horgan 2002, Richmond and Kynard 1995). Acipenser transmontanus,
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however, begins a short migration immediately upon hatching (Kynard and Parker 2005 and
2010). This species migrates during the day and night, but exhibits nocturnal foraging habits
(Kynard and Parker 2005, 2010). Acipenser medirostris cannot swim well upon hatching, but can
move short distances to reach cover {Kynard et al. 2005). Like A. oxyrinchus and A.
brevirostrum, A. medirostris emerges from cover-providing habitat at the larval stage and begins
migrating downstream, with brief foraging periods during migration (Kynard. et al. 2005).
Conversely, free embryos and larvae of A. medirostris exhibit primarily nocturnal migration and
foraging habits (Kynard et al. 2005). Acipenser oxyrinchus is nocturnal during the early stages of
its 12-day migration period, and decidedly diurnal during the later migration period (Kynard and

Horgan 2002). Acipenser brevirostrum migrates diurnally (Kynard and Horgan 2002).

Patterns of development of sturgeons, including behavioral and morphological
ontogeny, may reflect phylogenetic signal. For example, migration and habitat preference have
been used as characters in phylogenetic studies of sturgeons (Mayden and Kuhajda 1996).
Some researchers have suggested that similarities in behavior in sturgeon development is the
result of convergent evolution rather than shared evolutionary history (Kynard and Horgan
2002). Morphological characters have been used in phylogenetic studies of sturgeons (e.g.
Findeis 1997; Artyukhin 2006, Hilton et al. 2011), but the timing of development of these
characters has not been explored in the context of the phylogenetic history of sturgeons. The
goals of this study are twofold. First, | test whether the timing of specific behavioral and
morphological shifts carries phylogenetic signal. Results are discussed in terms of which
characters carry phylogenetic signal matching that of a full mitogenome Bayesian phylogeny

(Figure 1). Second, | test for correlation between the timing of morphological and behavioral
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ontogenetic shifts related to feeding structures (teeth and oral jaw elements, specifically

Meckel’s cartilage and cartilage of the palatoquadrate) and feeding, respectively.

2. Methods

2.1 Taxon Sampling and Data Collection

2.1.1 Morphological Characters
Developmental series of known-age specimens (from one to 65 days post-hatch) of

Acipenser transmontanus (VIMS 17716), A. oxyrinchus (VIMS uncataloged),, A. brevirostrum
(VIMS 12091; also VIMS 12076-12082, VIMS 12086, VIiMS12088, VIMS 12089, VIMS, 12101),, A.
medirostris (VIMS 17715),, and A. fulvescens (VIMS 13577), were obtained from hatcheries and
collections; all specimens were deposited in the VIMS Ichthyology Collection. Specimens were
preserved in 4% paraformaldehyde and transferred to 70% ethanol. Specimens were cleared
and stained for bone (stained red) and cartilage (stained blue) based on a protocol modified
from Dingerkus and Uhler (1977) (examples of cleared and stained specimens are shown in
Figure 2). All specimens were photographed and total length (TL) measured using a Zeiss
Discovery V20 microscope. Specimens were examined to identify the earliest appearance
feeding-related structures (teeth and oral jaw elements) in each species. Additionally, the
development of teeth was tracked, as was the resorption of the yolk sac. The earliest age (days
posthatch) and shortest length (total length) at which elements were first observed was
recorded for each species. Age at occurrence for some elements is unknown. This resulted in 10

continuous morphological ontogenetic characters:

1. Age at which first appearance of mandibular arch (jaw) elements (specifically Meckel’s

cartilage and cartilage of the palatoquadrate) occurs;
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2. Length at which first appearance of mandibular arch elements occurs;

3. Age at which teeth first appear;

4. Length at which teeth first appear;

5. Age at which all teeth are completely developed, and after which teeth begin to resorb,
becoming thinner, shorter, and fewer (this milestone is identified by the maximum
counts and lengths of teeth);

6. Length at which ali teeth are completely developed;

7. Age when teeth are completely resorbed, defined as the presence of tooth sockets but
absence of mineralized tissue protruding from sockets;

8. Length at which teeth are completely resorbed;

9. Age at which the yolk sac is completely digested; and

10. Length at which the yolk sac is completely digested.

2.1.2 Behavioral Characters
Extensive ontogenetic behavioral data for five species were available from the

literature: A. brevirostrum (Richmond and Kynard 1995, Kynard 1997, Kynard and Horgan 2002),
A. medirostris (Kynard et al. 2005), A. oxyrinchus (Kynard and Horgan 2002), A. fulvescens (Smith
and King 2005) and A. transmontanus (Kynard and Parker 2005, 2010). These data include
information about habitat use, preference for illumination, foraging behavior, migratory
behavior, preference for dark or light substrate, swimming height at different life stages,
nocturnal and diurnal behavior, and timing of the onset of arval migration. Data for some of
these characters were not available for A. fulvescens (see Smith and King 2005). Habitat use was
characterized by the percent of fish using rocky cover, the open bottom, the water column, and

the water surface on each day for A. transmontanus, A. brevirostrum, and A. medirostris; this
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has not been investigated for A. oxyrinchus (see Kynard and Horgan 2002, Kynard et al. 2005,
Kynard and Parker 2005). Preference for light or dark habitats was measured by the mean
percent of fish in illuminated sections of a tank as opposed to covered, dark sections each day
for A. transmontanus, A. brevirostrum, A. medirostris, and A. oxyrinchus (see Kynard and Horgan
2002, Kynard et al. 2005, Kynard and Parker 2005). Preference for different color substrates
was determined by the mean percent of fish on white, rather than black, substrate in A.
transmontanus, A. oxyrinchus, and A. medirostris (see Kynard and Horgan 2002, Kynard et al.
2005, Kynard and Parker 2005). It was measured as the percent of individuals on black, gray,
and white substrates for A. brevirostrum (Richmond and Kynard 1995). Swimming height was
calculated as the mean swimming height of fish, in centimeters, each day for A. transmontanus
and A. medirostris (Kynard et al. 2005, Kynard and Parker 2005). For A. brevirostrum, swimming
height was measured as the mean swimming height of fish introduced at the water surface and
after swimming to the bottom (Kynard and Horgan 2002). information regarding A. oxyrinchus
was not available for this trait. Migratory behavior was determined for A. transmontanus, A.
brevirostrum, A. medirostris, and A. oxyrinchus by counting the number of times fish passed a
set point moving upstream during daylight hours (Kynard and Horgan 2002, Kynard et al. 2005,
Kynard and Parker 2005). Nocturnal migratory behavior was measured for all species in the
same way as migratory behavior, but at night (Kynard and Horgan 2002, Kynard et al. 2005,

Kynard and Parker 2005).

From these studies, | identified and analyzed five continuous behavioral ontogenetic

characters that were measured in a standard format across studies, and comparable across four
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of the included species- A. transmontanus, A. oxyrhynchus, A. brevirostrum, and A. medirostris.

These characters are:

1. The earliest age (in degree-days posthatch) at which fish begin to swim above the
substrate;

2. The age at which downstream migration begins, regardless of whether migration is
during the day or night (foraging begins at the same time);

3. The age at which migration ends;

4. The age at which fish first use open habitat, including the open bottom, the water
column, and the water surface regardless of whether they previously hid in rocky
substrate; and

5. The earliest age at which fish use open habitat after a period of time hiding in rocky

substrate.

General habits of all five taxa, available from the literature, provided the basis for three
categorical behavioral ontogenetic characters (Kempinger 1988, Richmond and Kynard 1995,

Kynard and Horgan 2002, Kynard et al. 2005, Kynard and Parker 2005, Smith and King 2005).

1. Nocturnality: categorized as primarily nocturna!l or diurnal during the larval stage;
2. Migration: timing of migration was determined to be either early (as free embryos) in
development or late (as larvae) for all five species; and

3. Larval behavior related to phototaxis: photopositive or photonegative.
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2.2 Metrics for Phylogenetic Signal in Individual Traits

To test for phylogenetic signal in individual ontogenetic characters, | calculated two
autocorrelation indices (Moran’s | and Abouheif’s C-mean) following Munkemuller et al. (2012).
A full mitogenome Bayesian phylogeny, originally including 22 sturgeon species {Figure 1), was
used as the reference phylogeny for these tests. All species except A. transmontanus, A.
oxyrinchus, A. fulvescens, A. brevirostrum, and A. transmontanus were pruned {using the
command drop.tip in the ape package, version 3.4, Paradis et al. 2004, for R, R Core Team 2014)
from this topology prior to comparison (Figure 3). For tests of traits for which data were missing

for A. fulvescens, this species was also pruned from the phylogeny (Figure 4).

Moran'’s | was originally designed to measure spatial autocorrelation (Moran 1950), but
was modified for use with phylogenies and trait data by Gittleman and Kot (1990). It measures
phylogenetic signal based on the correlation between variation of the trait in question and the
given phylogeny. To calculate Moran’s |, 1 ran 999 observations under the Moran.| function in
the ape package {version 3.4, Paradis et al. 2004) for R {R Core Team 2014). This package
calculates the observed value of Moran’s | and the value that would be expected (in the case of
no correlation between the trait and the phylogeny in question). If the observed value is greater
than the expected value, the trait in question positively correlated with the phylogeny,
indicating phylogenetic signal. | used a 95% confidence interval to determine significance in the

difference between the observed and expected values.

Abouheif’s Ciean tests for independence between traits and a given phylogeny by
squaring the differences between the trait values of sister species as defined by the phylogeny

(Jombart and Dray 2008). | calculated this parameter with the abouheif.moran function in the
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adephylo package for R, using the method “oriAbouheif” and running 999 iterations (Jombart
and Dray 2008). As with Moran’s |, observed and expected (if no phylogenetic signal is present)
values of Abouheif’s Cmean are calculated, and an observed value greater than the expected value

indicates phylogenetic signal. Again, | used a 95% confidence interval to determine significance.

2.3 Tree Comparison Metrics

A character matrix including A. transmontanus, A. fulvescens, A. medirostris, A.
oxyrinchus, and A. brevirostrum was constructed. Characters included in the matrix were coded
as categorical (nocturnality, migration, and phototaxic habit; Table 1) or continuous (ages at
which teeth first appear, mandibular arch elements appear, teeth are fully developed, teeth are
completely resorbed, and the yolk sac is completely absorbed; Table 2). Single-character trees
were constructed using the “Heuristic Add and Rearrange Tree Search” function in Mesquite v.
3.04 (Maddison and Maddison 2015). Criteria used in tree searches were Parsimony Character

Steps, using the SPR Tree Rearranger and storing 100 maximum trees. The trees were unrooted.

Rzhetsky-Nei (R-N) distances are a metric used to calculate the difference between two
topologies using the number of bipartitions that differ between trees (Rzhetsky and Nei 1992).
High R-N distances indicate divergent trees, low distances indicate similarity between trees, and
an R-N distance of 0 indicates identical topologies (Duchene et al. 2011). Statistical significance
tests are not available for R-N distances; this is a method for comparison between topologies
only. Rzhetsky-Nei distances were calculated to examine similarity in phylogenetic signal
between single-character trees and a reference phylogeny (a full mitogenome Bayesian

sturgeon phylogeny pruned (using the command drop.tip in the ape package, version 3.4,
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Paradis et al. 2004, for R, R Core Team 2014) to include only the species under consideration)

using the dist.topo function in the ape package in R (Paradis et al. 2004, R Core Team 2014).

2.4 Phylogenetic Comparative Tests

To test whether morphological characters correlate with behavioral characters (i.e., are
linked), | conducted Phylogenetically Independent Contrast (PIC) and Pearson’s Product Moment
of Correlation analyses. PIC allows for tests of correlation with the confounding factor of shared
evolutionary history removed, but when few taxa are under consideration, it is recommended
that correlation tests in which no branch transformations occur (e.g., Pearson’s Product
Moment of Correlations) are run alongside PIC (Swenson 2014, Paradis 2006). Therefore,
Pearson’s Correlations were also calculated, and correlations were considered significant if they

were found to be so by both PIC and Pearson’s Correlations.

Phylogenetically Independent Contrasts were run for each continuous ontogenetic
character (10 morphological and five behavioral characters) using the pic function in the ape
package (version 3.4, Paradis et al. 2004) for R (R Core Team 2014) and the pruned full
mitogenome phylogeny. PICs were plotted between every possible morphological-behavioral
character pair. Because plots revealed that observed correlations were, for the most part,
linear, a simple linear regression with the regression line forced through the origin was
performed for each pair (Swenson 2014, Paradis 2006). Correlation coefficients were calculated
on the PIC-transformed data for morphological and behavioral character pairs using the cor.test
function in R, and a 95% confidence interval was used to determine significance. Pearson's
product moment correlation coefficients were calculated for all character pairs using the

cor.test function in R and a 95% confidence interval to determine significance.
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3. Results

3.1 Traits
3.1.1 Morphological Ontogenetic Traits: Age

Morphological milestones (Table 2} in A. oxyrinchus and A. transmontanus occurred in
the same order, as did traits in A. medirostris and A. fulvescens. Acipenser brevirostrum reached

the measured milestones in a unique order.

In A. oxyrinchus and A. transmontanus, the first appearance of mandibular arch
elements occurs at two and three days posthatch, respectively, followed by the appearance of
teeth at four days posthatch in both species. The yolk sac is completely resorbed at six days
posthatch in A. oxyrinchus and 9 days posthatch in A. transmontanus. Teeth are completely
developed at 19 and 20 days posthatch in A. oxyrinchus and A. transmontanus, respectively.
After the development of teeth is complete, they are lost via resorption; teeth gradually become
thinner and shorter until the only evidence they ever existed is the presence of shallow tooth
sockets in the underlying bones. This occurs in A. oxyrinchus at 23 days posthatch, and slightly
earlier, at 21 days posthatch, in A. transmontanus. Eventually the tooth sockets become
smoothed out, leaving no evidence of teeth; the available developmental series ended prior to

some species reaching this stage, so it was not included in the analyses.

In A. medirostris and A. fulvescens, teeth are completely developed before the yolk sac
is completely resorbed. In A. fulvescens, first appearance of mandibular arch elements occurs at
day seven and teeth first appear at day eight, whereas both of these are reached at seven days
posthatch in A. medirostris. Completion of tooth development {13 days) and yolk sac resorption

(15 days) occur earlier in A. fulvescens than in A. medirostris (14 and 18 days posthatch,
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respectively). Although tooth resorption begins later in A. medirostris than in A. fulvescens,
teeth are completely resorbed in A. medirostris earlier than in A. fulvescens (21 and 44 days post

hatching, respectively).

Mandibular arch elements first appear in A. brevirostrum at six days posthatch. Eight
days after hatching, the teeth first appear. The complete development of teeth and completion
of yolk sac resorption occur at 13 days posthatch. Teeth are completely resorbed, with tooth

sockets present, 52 days after hatching.

3.1.2 Morphological Ontogenetic Traits: Length

Lengths at which milestones are reached are provided in Table 2. Commonalities and

differences in the order in which these milestones are reached are discussed here.

In A. oxyrinchus, A. transmontanus, A. brevirostrum, and A. fulvescens, the mandibular
arch elements appear first, followed by first appearance of teeth. In A. medirostris, the first
appearance of teeth and the oral jaws occur at the same size and mark the earliest milestone
reached. Acipenser oxyrinchus and A. transmontanus both have a completely resorbed yolk sac
prior to complete tooth development. in contrast, the completion of tooth development occurs
prior to complete resorption of the yolk sac in A. medirostris, A. fulvescens, and A. brevirostrum.

The complete resorption of the teeth is the final milestone reached in all five taxa.

3.1.3 Behavioral Ontogenetic Traits: Age

Four of the five sturgeon species under consideration, A. oxyrinchus, A. medirostris, A,
fulvescens, and A. brevirostrum, migrate as larvae, whereas A. transmontanus undergoes a short
migration during the free embryo phase (Table 2). Acipenser transmontanus, A. medirostris, and
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A. fulvescens are primarily nocturnal during their larval migration phases (Smith and King 2005,
Kynard et al. 2005, Kynard and Parker 1995 and 2010). Acipenser oxyrinchus and A.

brevirostrum are diurnal during migratory life stages (Kynard and Horgan 2002).

Phototaxic behavior was characterized for free embryos and larval A. oxyrinchus, A.
brevirostrum, A. transmontanus, and A. medirostris based on tests for preference for illuminated
or dark habitat (Kynard 1997, Kynard et al. 2005, Kynard and Horgan 2002, Kynard and Parker
2005 and 2010); phototaxis data were not available for A. fulvescens (Table 1). All four species
are photonegative as free embryos. Both A. oxyrinchus and A. brevirostrum become
photopositive when they reach the larval stage. Acipenser transmontanus and A. medirostris

continue photonegative behavior into the larval stage of life.

3.2 Pruned (reference) topologies

When pruned (using the command drop.tip in the ape package, version 3.4, Paradis et
al. 2004, for R, R Core Team 2014) to inciude only the five taxa in these analyses, the full
mitogenome Bayesian topology included two monophyletic groups: one in which A. oxyrinchus
is sister to (A. transmontanus, A. medirostris), and one in which A. fulvescens and A.
brevirostrum are sister species (Figure 3). When A. fulvescens was pruned out of the topology
for analyses including only four taxa, A. brevirostrum fell outside of the A. oxyrinchus, (A.
transmontanus, A. medirostris) clade (Figure 4). These topologies were used as the reference

phylogenies in tree comparison and PIC.

3.3 Phylogenetic Signal in Individual Traits

Moran’s | and Abouheif's Cmean both returned statistically significant results for one

morphological character (Table 3). The age at which teeth are completely resorbed but tooth
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sockets are still present carries phylogenetic signal matching that of the reference phylogeny.

Neither length (Table 4) nor behavioral characters exhibited phylogenetic signal.

3.4 Tree Comparisons

3.4.1 Morphological Character Tree Comparisons
The topology recovered by the tree based on age at which teeth are completely
resorbed but tooth sockets are present exactly matched the reference phylogeny (Rzhetsky-Nei

distance = 0; Figure 3).

The trees based on the number of days at which teeth first appear, at which teeth are
completely developed, and at which the yolk sac is completely resorbed also recovered A.
brevirostrum and A. fulvescens as sister taxa, although they recovered A. medirostris as sister to
these species, and (A. transmontanus, A. oxyrinchus) as sister to this clade (Rzhetsky-Nei
distance = 2; Figure 5). The topology based on first appearance of mandibular arch elements
also recovered A. transmontanus and A. oxyrinchus as sister taxa, but with A. medirostris sister

to A. fulvescens, and A. brevirostrum outside of that group (Rzhetsky-Nei distance = 2; Figure 6).

3.4.2 Behavioral Character Tree Comparisons

The tree based on the timing of initial migration in sturgeon larvae recovered a
polytomy consisting of A. brevirostrum, A. fulvescens, A. medirostris, and A. oxyrinchus, to which
A. transmontanus is sister (Rzhetsky-Nei distance = 2; Figure 7). Two different topologies, both
with a Rzhetsky-Nei distance = 3, were recovered by nocturnal behavior (Figure 8) and

phototaxis (Figure 9).
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Nocturnal behavior recovered a polytomy composed of A. fulvescens, A. medirostris,
and A. transmontanus, with A. brevirostrum and A. oxyrinchus as sister taxa (Figure 8). Data on
the phototaxic habits of A. fulvescens were not available. This trait recovers a topology with two
sister groups: A. medirostris and A. transmontanus; and A. brevirostrum and A. oxyrinchus

(Figure 9). No behavioral traits recovered the same topology as the full mitogenome.

3.5 Correlations between Characters

Correlation was shown in one pair of behavioral and morphological characters, the age
at which migration ends and the length at which teeth are completely developed. Both PIC and
Pearson’s product moment correlation tests identified a negative correlation between these
characters (Pearson: ¢=-0.97, p=0.03; PIC: adjusted R-squared=0.92, p=0.03; Figures 7, 5, and
10), showing that correlation is present independent of phylogeny. This indicates that species
whose teeth are fully developed at smaller sizes end their larval migration at older ages than
those whose teeth finish developing later. No other morphological-behavioral trait pair showed

evidence of correlation in both transformed (PIC) and non-transformed (Pearson) analyses.

4. Discussion and Conclusion
4.1 Phylogenetic Signal

The phylogenetic signal shown, by autocorrelation indices, in the age at which teeth are
completely resorbed but tooth sockets are still present, is refelected by the fact that this trait
recovered the same topology as the full mitogenome. The failure to detect phylogenetic signal
in other traits does not necessarily mean that phylogenetic signal is not present.
Autocorrelation tests do not pick up on all aspects of phylogenetic signal, so signal could be

present but undetected by the methods used. Additionally, few species were included in these
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analyses, and tests for phylogenetic signal perform better when more species are considered
(Blomberg et al. 2003, Munkemuller et al. 2012). Previous evaluations of the effect of sample
size (number of nodes in a phylogeny) found that autocorrelation tests perform better at larger
sample sizes (Munkemuller et al. 2012); these tests have not been evaluated for use with fewer
than eight species (Pavoine et al. 2008). Still, my results suggest further consideration of the

patterns detected and factors other than phylogenetic signal that may drive these patterns.

Considering behavioral characters in the context of the full mitogenome phylogeny
revealed that both the full mitogenome and phototaxic behavior link Acipenser medirostris and
A. transmontanus as sister species. This might suggest some phylogenetic signal in phototaxis
even though signal was not detected by autocorrelation metrics. However, factors other than
common ancestry may contribute to this similarity between these species. Although these
species are sympatric, the specimens examined in behavioral analyses were not from the same
river of origin so | cannot conclude that habitat-related pressures drive the similarity.
Convergent evolution, as suggested by previous studies (Kynard and Horgan 2002), may play a
role in shared behavioral traits. Further analyses with data on more species could help shed

light on this similarity.

Behavioral trait similarities between other species are influenced by non-phylogenetic
factors; Acipenser oxyrinchus and A. brevirostrum are not closely related (based on the full
mitogenome phylogeny), but they share several larval behavioral traits. Similarity in their
diurnal/nocturnality behavior and phototaxic habits, coupled with the fact that these characters
did not appear to exhibit phylogenetic signal, suggests that factors other than phylogeny

influence these behaviors. Kynard and Horgan (2002) concluded that similarities in the larval
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behavior of these species was likely due to common adaptations. Kynard et al. (2005) described
predation, foraging, competition, and visual acuity as factors that contribute to nocturnal
behavior. While these species are sympatric, individuals used in behavioral studies did not come
from the same river of origin. Pressures influencing these behaviors cannot, therefore, be

directly linked to shared habitat but may reflect similarities between habitats.

4.2 Correlations between Characters

Because teeth may play a role in the foraging that occurs during migration, the negative
correlation between the age at which migration of early life stage sturgeons is completed and
the length at which tooth development is complete is somewhat counter-intuitive (Kynard 1997,
Kynrd and Horgan 2002, Kynard and Park 2005 and 2010, Kynard et al. 2005). Species such as A.
oxyrinchus, in which tooth development is complete at relatively small sizes, also complete their
migration later than those (e.g. A. medirostris) that develop teeth at larger sizes. Although the
end of migration does not correlate with the age at which tooth development is complete, and
length data are unavailable for the individuals used in behavioral studies, teeth are present
when foraging begins (Richmond and Kynard 1995). The developmental stage of the teeth
during this migratory and foraging behavior is unknown.

Although the correlation between the age at which migration ends and completion of
tooth development supports my hypothesis that the feeding-related morphological characters |
measured would be correlated to the behavioral traits examined, the lack of evidence for

correlation between most morphological and behavioral characters must be considered.
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Factors other than an actual lack of correlation might have influenced my analyses. Behavioral
characters obtained from the literature (Kynard et al. 1997, 2002, 2005, 2010) were measured
as age in degree days at which milestones occurred. Age in degree-days was calculated by
Kynard et al. (1997, 2002, 2005, 2010) as the sum of 0.5 x temperature ¢ C for all days post-
hatch. Because data on the temperature at which all specimens in my developmental series
were not available, morphological traits were measured in days post-hatch rather than degree-
days post-hatch. This difference in age measurement may have contributed to the lack of

correlation between age-based morphological and behavioral characters.

Similar to autocorrelation metrics, PICs are sensitive to sample size. While Ackerly
(2000) found that PIC is relatively reliable for the exploration of links between continuous traits
even without complete taxon sampling, the use of non-phylogenetically-transformed data
necessarily accompanied PIC due to the small sample size included in this study. The inclusion

of additional taxa in future analyses would make for more reliable analyses.

The timing of behavioral and morphological shifts may be influenced by different
factors; predation risk may influence behavior while temperature influences morphological
development. Some of the behavioral characters | evaluated, such as use of open habitat, are
likely linked to predation risk. For example, the manner in which larval sturgeons migrate has
been hypothesized to be a habit used to find cover and avoid predation (Richmond and Kynard
1995). The use of open habitat is linked to predation and food availability- sturgeons begin
using open habitat and foraging when predation risk is not prohibitively high (Parker 2007).

In addition to helping shed light on the lack of correlation between the timing of

morphological and behavioral shifts, the influence of different factors on growth may explain
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discrepancies in the age and length at which morphological milestones are reached. While food
availability affects both behavior and growth (Gisbert and Williot 1997), the exact nutritional
components of the food available can strongly impact growth and skeletal development of larval
fishes (Gawlicka et al. 2002, Cahu et al. 2003). Temperature is widely known to impact growth
of both fresh and saltwater fishes, and colder temperatures have been linked to slow growth in
A. brevirostrum and A. oxyrinchus (see Houde 1989, Claramunt and Wahl 2000, Hardy and Litvak
2004). Light and day length have also been shown to impact larval fish growth, with longer days
increasing growth {Boeuf and Bail 1999).
4.3 Concluding Remarks

Overall, | did not find the timing of the behavioral ontogenetic milestones considered
here to carry phylogenetic signal. The timing of one morphological ontogenetic milestone did
carry phylogenetic signal; the use of this type of data needs to be considered carefully in
phylogenetic analyses. This study included few behavioral and morphological milestones in the
context of a small {five taxon) phylogeny. Other studies have found these types of characters
useful in the recovery (e.g. Tucker et al. 1993), resolution (e.g. Scholtz et al. 2009), and
polarization (Bryant 2001) of phylogenies. The timing of the aspects of morphological and
behavioral development in larval sturgeons that were considered here are likely impacted by
factors other than common ancestry, such that any phylogenetic signal is swamped by selection
pressures. Food availability and quality, temperature, and other habitat factors are known to
influence early life history (Houde 1989, Claramunt and Wahl 2000, Gawlicka et al. 2002, Cahu
et al. 2003, Hardy and Litvak 2004). Therefore, signal may be present in these character, but

that signal may be swamped out by other factors that play a role in the timing of development.
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The correlation between one morphological and one behavioral trait support the fact
that form and function are inextricably linked, but lack of correlation among other traits
suggests that behavior and morphological development are impacted by differing factors. While
form and function are definitely linked (larval sturgeons feed in the water column until their oral
jaws are ventrally oriented to allow for benthic feeding), the characters considered here appear

to be influenced more strongly by outside factors than by one another.

Finally, my findings may be biased by the small number of taxa considered in analysis.
The best metrics available for the number of taxa included were selected for phylogenetic signal
testing, and the restricted taxon sampling was accounted for in correlation tests by including
non-transformed data along with PIC. However, the inclusion of more taxa and consideration of

more traits is recommended in future studies of this kind.
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Tables

Table 1: Character matrix of three behavioral traits. For migration, character state 1 indicates
that first migration occurs during the free embryo stage, 2 indicates first migration at larval
stage. For nocturnality, 1 indicates nocturnal habits during the larval stage, 2 indicates a diurnal
habit. For Phototaxis, O indicates no data, 1 indicates photonegative behavior, and 2
photopositive behavior.

CHARACTER STATE
TRAITS A.t. A.b. A.m. A.o. A.f.
Migration 1 2 2 2 2
Nocturnality 1 2 1 2 1
Phototaxis 1 2 1 2 0

185



Table 2: Earliest occurrences of ontogenetic changes in four species. KEY: A t.=A.
transmontanus; A.o0.=A. oxyrinchus; A.b.=A. brevirostrum; A.m.=A. medirostris; A.f.=A. fulvescens

) TRAITS Days posthatch Size (mm T1)
Timing of morphological shifts At Ao. Ab. Am. Af At A0 Ab. Am. Af.
f i
1st appearance of mandibular 3 2 6 7 7 9.9 8.2 131 185
arch elements 164
1st appearance of teeth 4 4 6 . 12.7, 9.8 16 18.5 17.6]
'Yolk sac completely resorbed 9 6 13 18 15 18.5 15.3 19.2; 21.8 218
Teeth completely developed 20 19 13 14 13| 26.6 16 19.2 21.2 19.4
Teeth completely resorbed 21 23 52 21 44| 36.2 26.6 58.7 40.3 33.
Timing of behavioral shifts At Ao. Ab. Am.
Fishes swim above benthos 1 8 0 15
Downstream migration begins [ 8 18 10}
Downstream migration ends 7 27 20 21
Fishes us open habitat 4] 8 9 O
Downstream migration ends 7 27 20 21
Fishes us open habitat 0 8 9 Of
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Table 3: Calculations of phylogenetic signal in morphological characters based on age at which
milestones first occur. *s indicate significance.

Moran's | Abouheif's Cmean
Cmeasn Cmean
TRAITS lobserved |expected p-value | observed expected p-value

1st appearance of mandibular arch

elements o ) 0.02 -0.22 0.31 -0.01 -0.01 0.51
1st appearance of teeth 0.73 0.05 0.30 1.38 0.23 0.21
Yolk sac completely digested -0.43 -0.38 0.31 -0.67 -0.13 0.80
Teeth completely developed 0.52 -0.03 0.27 1.05 0.15 0.21
Teeth completely resorbed | 2.43 0.43 .00* 2.81 0.56 0.04*
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Table 4. Calculations of phylogenetic signal in morphological characters based on total length
(mm) at which milestones first occur.

Moran's | Abouheif's Cmean
Cmean Cmean
TRAITS | observed | | expected p value observed expected p value

1st appearance of mandibular arch

elements -0.42 -0.48 0.53 -0.17 -0.48 0.76
1st appearance of teeth -0.29 -0.13 0.35 -0.04 -0.11 0.36
Yolk sac completely resorbed -0.33 -0.27 0.47 -0.04 -0.12 0.37
[Teeth completely developed -0.17 0.36 0.33 0.04 0.23 0.36
[Teeth completely resorbed -0.34 -0.53 0.77 -0.01 -0.41 0.66
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Figures
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Figure 1: Bayesian full mitogenome phylogeny. Posterior probability values are to the left of
and below each node. Branch lengths indicate estimated amount of evolutionary (or genetic)
change. Long branches (pertaining to outgroups) have been broken to allow for better
visualization of ingroup relationships.
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] Upper Lower
Lateral View of Head Jaw Jaw
1a. 1c.
13.56 mm TL 4
4 days /
.i
1.6 mm 1 6'n_|m
2a. 2c. ,
21.39 mm TL
10 days
J— 1.0-;nm
0.5mm
3a. 3b. 3c¢.
55 days '
122.40 mm TL ,
2.0 mm 0.2 mm 2.0 mm

Figure 2: Example of cleared and stained specimens (A. transmontanus) illustrating various
stages of tooth and mandibular arch elements. Boxes 1a,1b, and 1c illustrate appearance of
teeth and mandibular arch elements. Boxes 2a, b, and ¢ show developing teeth. Boxes 3a, b,
and ¢ show a specimen with teeth completely resorbed.
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A. oxyrinchus

A. transmontanus

A. medirostris

A. fulvescens

—A. brevirostrum

Figure 3: Full mitogenome Bayesian phylogeny, pruned so that only Acipenser oxyrinchus, A.
brevirostrum, A. transmontanus, A. medirostris, and A. fulvescens appear. This topology is also
shown by single-character tree based on the age at which complete resorption of teeth except

for sockets occur.
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A. oxyrinchus

—A. fransmontanus

A. medirostris

A. brevirostrum

Figure 4: Full mitogenome Bayesian phylogeny, pruned so that only Acipenser oxyrinchus, A.
brevirostrum, A. transmontanus, and A. medirostris appear.
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A. medirostris

—A. brevirostrum

“——A. fulvescens

—A. transmontanus

———A. oxyrinchus

Figure 5: Topology shown by single-character (yolk sac and teeth) trees based on age at which
first appearance of teeth, complete development of teeth, and complete resorption of yolk sac

occur.
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—A. transmontanus

A. oxyrinchus

A. brevirostrum

—A. medirostris

—A. fulvescens

Figure 6: Topology shown by single-character (jaws elements) tree based on age at which first
appearance of mandibular arch elements occurs.
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A. transmontanus

A. brevirostrum

A. fulvescens

A. medirostris

A. oxyrinchus

Figure 7: Topology shown by single-character (migration) tree based on age at which migration
begins.
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A. fulvescens

A. medirostris

A. transmontanus

—A. brevirostrum

A. oxyrinchus

Figure 8: Topology shown by single-character (nocturnality) trees based on larval nocturnal
behavior.
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A. medirostris

A. transmontanus

A. brevirostrum

A. oxyrinchus

Figure 9: Topology shown by single-character (phototaxis) trees based on larval phototaxic

behavior.
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Full Mitogenome Five Sturgeon Species Phylogeny

-A. oxyninchus

.28
-14 58
29 557

A. transmontanus

i X) -A. medirostns
;;5_5-3 ------- A. fulvescens
183.1
9.94 16.61
A. brevirostrum
Key:

Dashed lines indicate species included only in strictly

morphological analyses.
Posterior probability values: italics to the left of each node

PIC values for traits:

Black- length at which teeth are completely developed
Red- age at which migration begins

Green- age at which migration ends

Figure 10: Phylogenetic Independent Contrast values used to calculate correlations between
traits.
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CONCLUSIONS
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Evolutionary relationships of sturgeons have been contentious, as phylogenetic studies
based on different datasets have resulted in varied hypotheses of sturgeon evolution. Although
general trends hold from study to study, specific refationships, namely the position of the genus
Scaphirhynchus and the composition of subfamilies, have remained questionable. | used the
most comprehensive dataset available thus far, over 14,000 base pairs of the sturgeon
mitogenome for 22 species and subspecies, to produce a new sturgeon phylogenetic hypothesis.
This hypothesis indicates, with strong support, a basal position for Scaphirhynchus and proposes

the subfamily Husinae to be monotypic, including just H. huso.

My new phylogenetic hypothesis provided a framework for the exploration of
phylogenetic signal among individual mitochondrial genes and gene families. Recent studies of
the evolutionary relationships of various taxa (sturgeons, fungi, dolphins) have investigated
signal carried by genes and gene families in an attempt to identify which genes are most useful
to phylogenetic analyses. | sought to determine which genes most strongly influence
phylogenetic signal in the full mitochondrial genome of sturgeons, and how this has impacted
previous phylogenetic studies. | found that the protein coding genes and the rRNA 16s have
signal similar to that of the full mitogenome, while D-loop, 12s rRNA, and the tRNAs have signal
less similar to that of the full mitogenome. Previous phylogenetic analyses of sturgeons have
commonly relied heavily upon the protein coding genes, the rRNAs, and D-loop. The fact that
some of these regions (D-loop and 12s) have topologies that conflict with that of the full
mitogenome while others have signal matching it 1) illustrates that different signal is carried by
different genes and 2} indicates why studies using different genes have proposed many different

phylogenetic hypotheses for sturgeons.
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Sturgeon evolutionary relationships proposed in the full mitogenome phylogeny
provided insight into the relationships among regions inhabited by these fishes. A clear division
between Pacific and Atlantic regions was supported, and patterns of relationships within each of
those groupings were further supported by the exploration of geologic history. These area
relationships were further supported by those proposed by past biogeographic studies of other
taxa. These results may be added to by future analyses incorporating additional sturgeon

species and other taxa that inhabit similar ranges.

Finally, morphological and behavioral ontogenetic characters present in sturgeons were
explored. A link between the age at which migration ends and the length at which teeth are
completely developed supported the often-made statement that “form and function are
inextricably linked”. Although links between other morphological-behavioral characters were
not found, they may be present but undetectable. Additionally, ontogenetic characters were
evaluated for phylogenetic signal, with signal matching the full mitogenome identified in one
character- the age at which the resorption of teeth is complete. Many factors contribute to the
timing of development in fishes- from temperature and food availability to predation risk.
Ontogenetic characters for which signal was not found may be more influenced by these or
other environmental factors, they may be present but not detected, or signal differing from that

of the full mitogenome might be present.

This new, well-supported sturgeon phylogenetic hypothesis provided a framework for
many analyses, from exploration of phylogenetic signal to the investigation of relationships
among areas sturgeons inhabit. These analyses provide new information not only about the

interrelationships of sturgeons, but about the type of data that may be useful in phylogenetic
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analyses. My findings may be useful in future studies of sturgeons, including those on
biogeography and early life history, and the data used may be incorporated into future
phylogenetic analyses. The utility of this study does not end here. As imperiled, ancient fishes,
sturgeons are frequently the subject of conservation efforts. The information revealed by my
research may be useful to these efforts. For example, sturgeons are more and more frequently
raised in aquaculture facilities, and hybridization between captive-raised escaped fishes has
been identified as a threat to wild populations (Ludwig et al. 2009). Understanding species
relationships and habitat needs of sturgeon species may help to identify where hybridization
between species is likely and to prevent or mitigate this threat (e.g. identify if escaped fish
would be able to 1: survive in habitat available and 2: hybridize with wild sturgeon(s) present).
This study may further aid in conservation efforts by providing information that will help
prioritize species or geographic areas for conservation (e.g. 1: the evolutionarily
“distinctiveness” of species and 2: regions with the highest overall diversity of sturgeons).
Ultimately, the data, analyses, and interpretations presented here have added to our knowledge
of sturgeons, and it is my hope that these data and my findings will be useful in future research

and in the conservation of these remarkable fishes.
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Appendix 1. Alligned data matrix used in phylogenetic analyses presented in
Chapter 1
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AACCGTATAC
AGCCGTATAC
AGCCGTATAC
AGCAGTCTAC
AGCAGTATAC

TGCTCTCCGA
TGCACTCCGA
GGGCTTTCGA
GGCACTCCGA
GGCACTTCGA
GGCACTTCGA
GGCACTTCGA
GGCACTCCGA
AGCACTCCGA
AGCACTCCGA
AGCACTCCGA
AGCACTCCGA

CTCACAGATT
CTAACAGACT
NNNNNNNNNN
GACGCAGACC
ATCGCAGACC
ATCGCAGACC
ATCGCAGACC
GTCGCAGACC
GTCGCAGACC
ATCGCAGACC
ATCGCAGACC
ATCGCAGACC
GTTGCAGACC
GTCGCAGACC
GTCGCAGACC
ATCGCAGACC
ATCGCAGACC
GTCGCAGACC
GTCGCAGACC
GTCGCAGACC
GTCGCAGACC
GTCGCAGACC
GTCGCAGACC
GTCGCAGACC
ATTGCAGACC
ATTGCAGATC

TCCATCCTCG
TCTATTTTGG
NNNNNNNNNN
TCAATCTTAG
TCAATCCTAG
TCAATCCTAG
TCAATCCTAG
TCAATCTTAG
TCAATCTTAG
TCAATCTTAG
TCAATCTTAG
TCAATCTTAG
TCAATCTTAG
TCAATCTTAG
TCAATCTTAG
TCAATCTTAG
TCRAATCTTAG
TCAATCTTAG
TCAATCTTAG
TCGATCTTAG
TCAATCTTAG
TCAATCTTAG
TCAATCTTAG
TCAATCTTAG
TCAATCCTAG
TCAATCTTAG

GCAGTAGCAC
GCAGTAGCCC
GCGGTAGCAC
GCGGTAGCAC
GCAGTAGCAC
GCAGTAGCAC
GCAGTAGCAC
GCAGTAGCAC
GCAGTAGCAC
GCAGTAGCAC
GCGGTAGCAC
GCGGTGGCAC

TAAACCTAAC
TAAACCTTAC
NNNNNNNNNN
TCAACCTAGG
TCAACCTGGG
TCAACCTGGG
TCAACCTGGG
TAAACTTGGG
TAAACCTGGG
TAAACCTGGG
TCAACCTAGG
TCAACCTAGG
TCAACCTAGG
TCAACCTAGG
TCAACCTAGG
TCAACCTAGG
TCAACCTAGG
TCAACCTAGG
TCAACCTAGG
TCAACCTAGG
TCAACCTAGG
TCAACCTAGG
TCAACCTAGG
TCAACCTAGG
TCAACCTAGG
TTAACCTAGG

GCTCAGGCTG
GTTCAGGCTG
NNNNNNNNNN
GCTCCGGTTG
GCTCCGGCTG
GCTCCGGCTG
GCTCCGGCTG
GTTCCGGCTG
GTTCCGGCTG
GTTCCGGCTG
GCTCCGGTTG
GCTCCGGTTG
GCTCCGGTTG
GCTCCGGTTG
GCTCCGGTTG
GCTCCGGTTG
GCTCCGGTTG
GCTCCGGTTG
GCTCCGGTTG
GCTCCGGTTG
GCTCCGGTTG
GCTCCGGTTG
GCTCCGGTTG
GCTCCGGTTG
GATCCGGCTG
GCTCTGGCTG

AAACAATCTC
ARAACAATTTC
AAACAATCTC
AAACAATCTC
ARACAATCTC
AAACAATCTC
AARCAATCTC
AAACAATCTC
ARACAATTTC
AAACAATTTC
AAACAATCTC
AAACAATCTC

TATCCTCTTC
CATCCTCTTC
NNNNNNNNNN
TATCCTATTC
TATCCTATTC
TATCCTATTC
TATCCTATTC
CATCCTATTT
CATCCTATTT
CATCCTATTT
CATCCTATTT
CATCTTATTT
CATCCTATTT
CATCCTATTT
TATCCTATTT
CATCCTATTT
CATCCTATTT
CATCCTATTT
CATCCTATTT
TATCCTATTT
CATCCTATTT
CATCCTATTT
CATCCTATTT
CATCCTATTT
CATCCTATTT
CATCCTATTT

AGCCTCAAAT
AGCCTCAAAT
NNNNNNNNNN
AGCCTCCAAT
AGCCTCTARC
AGCCTCTAAC
AGCCTCTAAC
AGCCTCCAAT
AGCCTCCAAT
AGCCTCCAAT
AGCCTCCAAT
AGCCTCCAAT
AGCCTCCAAT
AGCCTCCAAT
AGCCTCCAAT
AGCCTCCAAT
AGCCTCCAAT
AGCCTCCAAT
AGCCTCCAAT
AGCCTCCAAT
AGCCTCCAAT
AGCCTCCAAT
AGCCTCCAAT
AGCCTCCAAC
AGCCTCCACT
AGCCTCCAAT

ATACGAAGTC
TTACGAAGTT
CTACGAAGTA
CTACGAAGTA
CTACGAAGTA
CTACGAAGTA
CTACGAAGTA
CTACGAAGTA
CTACGAAGTA
CTACGAAGTA
CTACGAAGTA
CTACGAAGTA

ATCCTGGCAG
ATCTTAGCAG
NNNNNNNNNN
ATCCTAGCCC
ATCCTAGCCC
ATCCTAGCCC
ATCCTAGCCC
ATCCTAGCCC
ATCCTAGCCC
ATCCTAGCCC
ATTCTAGCCC
ATTCTAGCCC
ATTCTAGCCC
ATTCTAGCCC
ATCCTAGCCC
ATCCTAGCCC
ATCCTAGCCC
ATCCTAGCCC
ATCCTAGCCT
ATTCTAGCCC
ATCCTAGCCC
ATCCTAGCCC
ATCCTAGCCC
ATCCTAGCCC
ATCCTAGCCC
ATCCTAGCCC

TCTAAATACG
TCAAAATATG
NNNNNNNNNN
TCAAAATACG
TCAAAATACG
TCAAAATACG
TCAAAATACG
TCAAARATACG
TCAAAATACG
TCAAAATACG
TCAAAATATG
TCAAAATATG
TCARAATATG
TCABRRATATG
TCAAAATACG
TCAAAATACG
TCAAAATACG
TCAAAATACG
TCAAAATACG
TCAAAATACG
TCAAAATACG
TCAARATACG
TCAAAATACG
TCAAAATACG
TCAAAATACG
TCAAAATACG

ACCCTAGGCC
ACATTAGGCC
AGCCTTGGCT
AGCCTCGGCT
AGCCTAGGCT
AGCCTAGGCT
AGCCTAGGCT
AGCCTCGGCT
AGCCTTGGCT
AGCCTTGGCT
AGCCTCGGCT
AGCCTCGGCT
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TATCCAGCCT
TCTCAAGTCT
NNNNNNNNNN
TATCAAGTCT
TCTCCAGTCT
TCTCCAGTCT
TCTCCAGTCT
TATCCAGTCT
TGTCCAGTCT
TGTCCAGTCT
TATCCAGTCT
TATCCAGTCT
TATCCAGTCT
TATCCAGTCT
TATCCAGCCT
TATCCAGCCT
TATCCAGCCT
TATCAAGTCT
TATCCAGCCT
TATCCAGTCT
TATCCAGTCT
TATCCAGTCT
TATCCAGTCT
TATCCAGTCT
TCTCCAGTCT
TTTCCAGCCT

CTTTAATTGG
CCCTAATTGG
NNNNNNNNGG
CCCTAATCGG
CCCTAATCGG
CCCTAATCGG
CCCTAATCGG
CCCTCATCGG
CTCTTATCGG
CTCTTATCGG
CTCTCATTGG
CTCTCATTGG
CTCTCATCGG
CTCTCATCGG
CTCTCATCGG
CTCTCATTGG
CTCTCATTGG
CCCTAATCGG
CCCTAATCGG
CCCTAATCGG
CCCTAATTGG
CCCTAATCGG
CCCTAATCGG
CCCTAATCGG
CCCTCATCGG
CCCTCATCGG

TCATCATCCT
TGATCATCCT
TGATCCTCTT
TAATCCTCTT
TAATCCTCTT
TAATCCTCTT
TAATCCTCTT
TAATTCTCTT
TAATCCTCTT
TAATCCTCTT
TGATCCTCTT
TGATCCTCTT



AGCACTTCGA
AGCACTTCGA
GGCACTTCGA
GGCACTCCGA
GGCACTCCGA
GGCACTCCGA
GGCACTTCGA
GGCACTTCGA
GGCACTTCGA
AGCACTCCGA
AGCACTCCGA
GGCACTTCGA
GGCACTTCGA
AGCACTTCGA

CTCACTCATT
TTCCCTAATT
ATGTATAATT
ATGTATAATT
GTCCATGATT
GTCCATGATT
GTCCATGATT
ATGTATAATC
ATGTATAATT
ATGTATAATT
ATGTATAATC
ATGTATAATC
ATGTATAATT
ATGTATAATT
ATGTATGATT
ATGTATAATT
ATGTATAATT
ATGTATAATT
ATCTATAATT
ATGTATAATT
ATGTATAATT
ATGTATAATT
ATGTATAATT
ATGTATAATT
ATGCATGATT
ATGCATAATC

CGTATGATTA
AGTATGACTT
AATTTGACTG
AATTTGACTA
AATCTGACTA
AATCTGACTA
AATCTGACTA
AATTTGACTG
AATTTGACTG
AATTTGACTG
AATTTGGCTG
AATTTGGCTG
AATTTGACTG
AATTTGACTG
AATCTGACTA
AATCTGACTG
AATCTGACTG
AATTTGACTA
GATTTGACTA
AATTTGACTG
AATTTGACTG
AATTTGACTG
AATTTGACTG
AATTTGACTG
AATCTGACTA

GCGGTGGCAC
GCGGTGGCAC
GCAGTGGCAC
GCGGTGGCAC
GCGGTGGCAC
GCGGTAGCAC
GCAGTAGCAC
GCGGTAGCAC
GCGGTAGCGC
GCGGTAGCAC
GCGGTAGCAC
GCGGTAGCGC
GCAGTAGCAC
GCAGTAGCAC

ATATTTACAG
ATATTTACCG
ATCTTCACTG
GTCTTCACTG
ATCTTCACTG
ATCTTCACTG
ATCTTCACTG
ATCTTCACTG
ATCTTCACCG
ATCTTCACCG
ATCTTCACTG
ATCTTCACTG
ATCTTCACTG
ATCTTCACTG
ATCTTCACTG
ATCTTCACTG
ATCTTCACTG
GTCTTCACTG
ATCTTCACCG
ATCTTCACTG
ATCTTCACTG
ATCTTCACTG
ATCTTCACTG
ATCTTCACTG
GTCTTCACCG
ATCTTCACTG

ATTTTACCAG
ATTTTACCAG
CTAGCCCCAG
CTAGCCCCAG
CTAGCCCCGG
CTAGCCCCGG
CTAGCCCCGG
CTAGCCCCAG
CTAGCCCCAG
CTAGCCCCAG
CTAGCCCCAG
CTAGCCCCGG
CTAGCCCCAG
CTAGCCCCAG
CTAGCCCCAG
CTAGCCCCAG
CTAGCCCCAG
CTAGCCCCAG
CTAGCCCCAG
CTAGCCCCAG
CTAGCCCCAG
CTAGCCCCAG
CTAGCCCCAG
CTAGCACCAG
CTCGCCCCAG

AAACAATCTC
AAACAATCTC
AAACAATCTC
AAACAATCTC
AAACAATCTC
AAACAATTTC
AAACAATCTC
AAACAATCTC
ARAACAATCTC
AAACAATCTC
AARACAATCTC
AAACAATCTC
AAACAATCTC
AAACAATCTC

GGGCCTTTAC
GAGCATTTAC
GCAATTTCAC
GCAATTTCAC
GCAATTTCAC
GCAATTTCAC
GCAATTTCAC
GCAATTTCAC
GCAACTTCAC
GCAACTTCAC
GCAATTTCAC
GCAATTTCAC
GCAATTTCAC
GCAATTTCAC
GCAATTTTAC
GCAATTTTAC
GCAATTTTAC
GCAATTTCAC
GCAATTTCAC
GCAACTTTAC
GCAATTTCAC
GCAATTTCAC
GCAATTTCAC
GCAATTTCAC
GCAATTTTAC
GCAACTTTAC

CCTGACCATT
CCTGACCACT
GCTGACCCCT
GCTGACCACT
GCTGACCCCT
GCTGACCCCT
GCTGACCCCT
GCTGACCCCT
GCTGACCCCT
GCTGACCCCT
GCTGACCCCT
GCTGACCCCT
GCTGACCACT
GCTGACCCCT
GCTGACCCCT
GCTGACCCCT
GCTGACCCCT
GCTGACCCCT
GCTGACCCCT
GCTGACCCCT
GCTGACCCCT
GCTGACCCCT
GCTGACCCCT
GCTGACCCCT
GCTGACCCCT

CTATGAAGTA
CTATGAAGTA
CTATGAAGTA
CTATGAAGTA
CTATGAAGTA
CTACGAAGTA
CTATGAAGTA
CTATGAAGTA
CTACGAAGTA
CTACGAAGTA
CTACGAAGTA
CTACGAAGTA
CTACGAAGTA
CTACGAAGTA

ACTAATTACA
ACTAACTATA
TCTACACACC
CCTCCACACC
CCTCCACACC
CCTCCACACC
CCTCCACACC
CCTCCATACC
CCTCCATACC
CCTCCATACC
CCTCCACACC
CCTCCACACC
CCTCCACACC
CCTCCACACC
CCTCCACACC
CCTCCACACC
CCTCCACACC
CCTCCACACC
CCTCCACACC
CCTCCACACC
CCTACACACC
CCTACACACC
CCTACACACC
CCTACACACC
CCTTCACACC
CCTTCACACC

AGCCGCAATA
AGCCACAATA
CGCAGCAATA
AGCAGCAATA
CGCAGCAATA
CGCAGCAATA
CGCAGCAATA
CGCAGCRATA
CGCAGCAATA
CGCAGCAATA
CGCAGCAATA
CGCAGCAATA
CGCAGCAATA
CGCAGCAATA
CGCAGCAATA
CGCAGCAATA
CGCAGCAATA
CGCAGCAATA
CGCAGCAATA
CGCAGCAATA
CGCAGCAATA
CGCAGCAATA
CGCAGCAATA
CGCAGCAATA
CGCAGCAATA

AGCCTCGGCT
AGCCTCGGCT
AGCCTGGGCT
AGCCTGGGCT
AGCCTGGGCT
AGCCTCGGCT
AGCCTTGGCT
AGCCTTGGCT
AGCCTTGGCT
AGCCTTGGCT
AGCCTTGGCT
AGCCTTGGCT
AGCCTAGGCC
AGCTTAGGCC

TTCAACACCG
TTCAACACCG
TTCAATACTA
TTCAACATCA
TTCAATGTTA
TTCAATGTTA
TTCAATGTTA
TTTAATGTTA
TTTAATGTTA
TTTAATGTCA
TTCAACATTA
TTCAACATTA
TTCAATATTA
TTCAATATTA
TTCAATACCA
TTCAATACCA
TTCAATACCA
TTCAATGTTA
TTCAATGTCA
TTCAATATTA
TTCAATATCA
TTCAATATTA
TTCAATATTA
TTCAATATTA
TTTAACACCG
TTCAACATCA

TGATTTATTT
TGATTTATCT
TGATACATCT
AGARAACATCT
TGATATATCT
TGATATATCT
TGATATATCT
TGATACATCT
TGATACATCT
TGATACATCT
TGGTATATCT
TGGTATATCT
TGATATATCT
TGATATATCT
TGATATATCT
TGATACATCT
TGATACATCT
TGATACATCT
TGATACATCT
TGATACATCT
TGATACATCT
TGATACATCT
TGATACATCT
TGATACATCT
TGGTATATTT
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TGATCCTCTT
TGATCCTCTT
TAATTCTCTT
TAATTCTCTT
TAATTCTCTT
TAATCCTCTT
TAATCCTCTT
TGATCCTCTT
TGATCCTCTT
TGATCCTCTT
TGATCCTCTT
TGATCCTCTT
TAATTCTCCT
TAATTCTCCT

CACAAGAAGC
CACAAGAGGC
CACAAGAGGC
AACAAGAGGC
CACAAGAGGC
CACAAGAGGC
CACAAGAGGC
CACAAGAAGC
CACAAGAGGC
CACAAGAGGC
CACAAGAGGC
CACAAGAGGC
CACAAGAAGC
CACAAGAGGC
CACRAGAGGC
CACAAGAGGC
CACAAGAGGC
CACAAGAGGC
CACAAGAGGC
CACAAGAGGC
CACAAGAGGC
CACAAGAGGC
CACAAGAGGC
CACAAGAGGC
CACAAGAAGC
CACAAGAAGC

CTACCCTAGC
CCACCTTAGC
CTACCCTCGC
CTACCCTCAC
CCACCCTCGC
CCACCCTCGC
CCACCCTCGC
CTACCCTCGC
CCACCCTCGC
CCACCCTCGC
CCACCCTCGC
CCACCCTCGC
CCACCCTCGC
CCACCCTCGC
CCACCCTAGC
CCACCCTAGC
CCACCCTAGC
CCACCCTAGC
CTACCCTCGC
CTACCCTCGC
CTACCCTCGC
CTACCCTCGC
CTACCCTCGC
CTACCCTCGC
CCACCCTTGC



AATCTGACTA

TGAGACAAAC
AGAARCAAAC
CGAAACAAAC
AGAAACAANC
CGAAACAAAC
CGAAACAAAC
CGBRAACAAAC
CGAAACAAAC
CGAARCARAC
CGAAACAARC
CGAAACARAAC
CGAAACAAAC
CGARACAAAC
CGAAACAAAC
CGAAACARAC
CGAAACAAAC
CGAAACAAAC
CGAAACAAAC
CGARACAAAC
CGAAACAAAC
CGAAACAAAC
CGAAACAAAC
CGAAACAAAC
AGAAACAARC
AGAAACAAAC
CGAAACAAAC

TAACGTCGAG
TAATGTTGAA
CAACGTAGAA
CAACGTAGAA
CAACGTAGAA
CAACGTAGAA
CAACGTAGAA
CAATGTAGAG
CAATGTAGAA
CAATGTAGAA
CAACGTAGAA
CAACGTAGAA
CAACGTAGAA
CAACGTAGAG
CAACGTAGAA
CAACGTAGAA
CAACGTAGAA
CAACGTAGAA
CAACGTAGAA
CAACGTAGAA
CAACGTAGAA
TAACGTAGAA
TAACGTAGAA
TAACGTAGARA
CAACGTAGAA
CAATGTAGAA

CTTATTTATA
CTTACTAATA
CCTCCTAATA
CCTCCTGATA
CCTGCTAATA
CCTGCTAATA
CCTGCTAATA
TCTCCTAATA
TCTCCTAATA
TCTCCTAATA
CCTCCTAATA

CTCGCCCCAG

CGTGCCCCGT
CGAGCCCCAT
CGAGCCCCTT
CGAGCACCAT
CGAGCCCCAT
CGAGCCCCAT
CGAGCCCCAT
CGAGCCCCAT
CGAGCCCCAT
CGAGCCCCAT
CGAGCCCCTT
CGAGCCCCTT
CGAGCCCCTT
CGAGCCCCTT
CGAGCCCCTT
CGAGCCCCTT
CGAGCCCCTT
CGAGCCCCGT
CGAGCCCCAT
CGAGCTCCAT
CGAGCCCCTT
CGAGCCCCTT
CGAGCCCCTT
CGAGCCCCTT
CGAGCCCCAT
CGAGCCCCAT

TATGCAGGAG
TATGCAGGAG
TATGCAGGAG
TACGCAGGGG
TACGCAGGGG
TACGCAGGGG
TACGCAGGGG
TACGCAGGAG
TACGCAGGAG
TACGCAGGAG
TATGCAGGAG
TATGCAGGAG
TACGCAGGGG
TACGCAGGAG
TACGCAGGAG
TATGCAGGAG
TATGCAGGAG
TATGCAGGGG
TACGCAGGGG
TATGCGGGAG
TATGCGGGAG

TATGCAGGAG

TATGCAGGAG
TATGCAGGAG
TATGCAGGAG
TATGCCGGAG

AACGCCTTAT
AATGCTCTTT
AACACCCTCT
AACACCCTTT
AATACCCTTT
AATACCCTTT
AATACCCTTT
AACACCCTCT
AACACCCTCT
AACACCCTCT
AACACCCTCT

GCTGACCCCT

TTGACCTTAC
TTGACCTCAC
TCGATCTCAC
TCGACCTCAC
TCGACCTCAC
TCGACCTCAC
TCGACCTCAC
TCGACCTAAC
TCGATCTAAC
TCGATCTARAC
TCGACCTCAC
TCGACCTCAC
TCGACCTCAC
TCGACCTCAC
TCGACCTCAC
TCGACCTCAC
TCGACCTCAC
TTGACCTCAC
TTGACCTCAC
TCGACCTCAC
TCGACCTCAC
TCGACCTCAC
TCGACCTCAC
TCGACCTCAC
TTGACCTCAC
TTGACCTCAC

GCCCCTTCGC
GACCCTTCGC
GACCCTTCGC
GGCCCTTCGC
GGCCCTTCGC
GGCCCTTCGC
GGCCCTTCGC
GGCCATTCGC
GGCCGTTCGC
GGCCGTTCGC
GGCCATTCGC
GGCCATTCGC
GACCATTCGC
GACCATTCGC
GACCATTCGC
GGCCATTCGC
GGCCATTCGC
GACCCTTCGC
GGCCCTTCGC
GACCCTTCGC
GACCCTTCGC
GACCCTTCGC
GACCCTTCGC
GACCATTCGC
GACCATTCGC
GGCCATTCGC

CCGCARATTCT
CTGCTATTCT
CCACAATCCT
CCACAATCCT
CCACAACCCT
CCACAATCCT
CCACAATCCT
CCACAATCCT
CCACAATCCT
CCACAATCCT
CCACCATCCT

CGCAGCAATA

AGAAGGAGAA
AGAAGGAGAA
AGAGGGGGAA
AGAAGGGGAA
AGAAGGAGAA
AGAAGGAGAA
AGAAGGAGAA
AGAAGGAGAA
GGAAGGGGAA
GGAAGGGGAA
AGAAGGGGAA
AGAAGGGGAA
AGAGGGGGAA
AGAGGGGGAA
AGAAGGGGAA
AGAAGGGGAA
AGAAGGGGAA
AGAAGGAGAA
AGAAGGGGAA
AGAAGGGGAA
AGAAGGGGAA
AGAGGGGGAA
AGAGGGGGAA
AGAAGGGGAA
AGAAGGGGAA
AGAGGGAGAA

CCTATTTTTC
CCTTTTCTTC
CCTATTTTTC
CCTATTTTTC
CCTATTTTTC
CCTATTTTTC
CCTATTTTTC
CCTATTCTTC
CCTATTTTTC
CCTATTTTTC
CCTATTTTTT
CCTATTTTTT
CCTATTTTTT
CCTATTTTTT
CCTATTTTTT
CCTATTTTTT
CCTATTTTTT
CCTGTTTTTC
CCTATTTTTC
CCTATTTTTC
CCTATTTTTC
CCTATTTTTC
CCTATTTTTC
CCTATTTTTC
CCTATTCTTC
CCTATTCTTC

ATTCCTCGGA
ATTCCTCGGA
ATTCCTAGGA
ATTCTTAGGA
GTTTCTAGGA
GTTTCTAGGA
GTTTCTAGGA
ATTCTTAGGA
ATTCTTAGGA
ATTCTTAGGA
ATTCCTGGGA

TGATTCATCT

TCCGAACTTG
TCTGAACTAG
TCAGAACTGG
TCAGAACTAG
TCAGAACTAG
TCAGAACTAG
TCAGAACTAG
TCAGAGCTAG
TCAGAGCTCG
TCAGAGCTCG
TCAGAACTAG
TCAGAACTAG
TCAGAACTAG
TCAGAACTAG
TCAGAACTAG
TCAGAARCTAG
TCAGAACTAG
TCAGAACTAG
TCAGAACTAG
TCAGAACTAG
TCAGAACTAG
TCAGAACTAG
TCAGAACTAG
TCAGAACTAG
TCAGAACTAG
TCAGAACTAG

CTTGCCGAGT
CTTGCAGAAT
TTAGCTGAAT
TTAGCTGAAT
TTAGCTGAAT
TTAGCTGAAT
TTAGCTGAAT
CTAGCTGAGT
CTGGCTGAGT
CTGGCTGAGT
CTAGCTGAAT
CTAGCTGAAT
CTAGCTGAAT
CTAGCTGAAT
CTAGCTGAAT
CTAGCCGAAT
CTAGCCGAAT
TTGGCTGAAT
TTAGCTGAAT
TTAGCTGAAT
TTAGCTGAAT
TTAGCTGAAT
TTAGCTGAAT
TTAGCTGAAT
CTAGCCGAAT
CTAGCCGAAT

TGAGCCCTTA
TGAGCCCATA
TGAACCCCTA
TGAACCCATA
TGAACCCATA
TGAACCCATA
TGAACCCATA
TGAACCCCTA
TGAACCCCTA
TGAACCCCTA
TGAACCCCTA
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CTACCCTAGC

TCTCCGGGTT
TTTCGGGCTT
TCTCCGGCTT
TCTCCGGATT
TTTCCGGCTT
TTTCCGGCTT
TTTCCGGCTT
TCTCTGGCTT
TCTCCGGCTT
TCTCCGGCTT
TCTCCGGCTT
TTTCCGGCTT
TCTCCGGCTT
TCTCCGGCTT
TCTCCGGCTT
TCTCCGGCTT
TCTCCGGCTT
TCTCTGGCTT
TCTCCGGATT
TCTCCGGCTT
TCTCCGGCTT
TCTCCGGCTT
TCTCCGGCTT
TCTCCGGCTT
TCTCTGGCTT
TCTCCGGCTT

ACACAAATAT
ACACAAATAT
ACGCCAACAT
ACGCCAACAT
ACGCCAACAT
ACGCCAACAT
ACGCCAACAT
ACGCCAATAT
ACGCCAATAT
ACGCCAATAT
ACGCCAATAT
ACGCCAATAT
ACGCCAACAT
ACGCCAACAT
ACGCCAACAT
ATGCCAACAT
ATGCCAACAT
ACGCCAACAT
ACGCCAACAT
ACGCCARCAT
ACGCCAACAT
ACGCCAACAT
ACGCCAACAT
ACGCCAACAT
ACGCCAACAT
ACGCCAACAT

CATCTTATTT
CATCCTATCA
CGTACTTGCC
CGTACTTGCC
CGTACTTGCC
CGTACTTGCC
CGTACTTGCC
CGTACTTGCC
CGTACTTGCC
CGTACTTGCC
CGTACTTGCC



CCTCCTAATA
CCTCCTAATA
CCTCCTAATA
CCTCCTAATA
CCTCCTAATA
CCTCCTAATA
CCTCTTGATA
CCTCCTGATA
CCTCCTGATA
CCTCCTGATA
CCTCCTGATA
CCTCCTGATA
CCTCCTGATA
TCTTCTAATA
CCTCCTAATA

ATTATACTTA
ACAATACTTA
ATCCTGCTTT
ATCCTGCTTT
GTCCTGCTTT
GTCCTGCTTT
GTCCTGCTTT
ATCCTGCTTT
ATCCTGCTCT
ATCCTGCTCT
GTCCTGCTTT
GTCCTGCTTT
ATCCTGCTTT
ATCCTGCTTT
ATCCTGCTTT
ATCCTGCTTT
ATCCTGCTTT
ATCCTGCTTT
ATCCTGCTTT
ATCCTGCTTT
ATCCTGCTTT
ATCCTGCTTT
ATCCTGCTTT
ATCCTGCTTT
ATCCTGCTTT
ATCCTGCTCT

CTCGCATGAA
CTTGCATGAA
TTAGCATGAA
TTAGCATGAA
TTAGCATGAA
TTAGCATGAR
TTAGCATGAA
TTGGCATGAA
TTGGCATGAA
TTGGCATGAA
TTAGCATGAA
TTAGCATGAA
TTGGCATGAA
TTGGCATGAA
TTGGCATGAA
TTGGCATGAA
TTGGCATGAA
TTAGCATGAA
TTGGCATGAA
TTAGCATGAA
TTAGCATGAA
TTAGCATGAA
TTAGCATGAA
TTAGCATGAA

AACACCCTCT
AACACCCTCT
AACACCCTCT
AACACCCTCT
AACACCCTCT
AACACCCTCT
AACACCCTTT
AACACCCTTT
AACACCCTTT
AATACCCTTT
AACACCCTTT
AACACCCTTT
AACACCCTTT
AACACCCTCT
AATACCCTCT

CAAGCCTAGG
TTAGCCTAGG
CAAGCCTAGG
CAAGCCTAGG
CAAGCCTGGG
CAAGCCTGGG
CAAGCCTGGG
CBAGCCTAGG
CAAGCCTAGG
CAAGCCTAGG
CAAGCCTAGG
CAAGCCTAGG
CARGCCTAGG
CAAGCCTAGG
CAAGCCTAGG
CAAGCCTAGG
CAAGCCTAGG
CAAGCCTAGG
CAAGCCTAGG
CAAGCCTAGG
CARAGCCTAGG
CAAGCCTAGG
CAAGCCTAGG
CAAGCCTAGG
CAAGTCTAGG
CAAGCCTAGG

TAGGCCTAGA
TAGGTTTAGA
TGGGCCTAGA
TAGGCCTAGA
TAGGCCTAGA
TAGGCCTAGA
TAGGCCTAGA
TGGGCCTAGA
TGGGCCTAGA
TGGGCCTAGA
TGGGACTAGA
TGGGACTAGA
TGGGCCTAGA
TGGGCCTAGA
TGGGCCTAGA
TGGGCCTAGA
TGGGCCTAGA
TAGGCCTAGA
TAGGCCTAGA
TGGGCCTAGA
TAGGCCTAGA
TAGGCCTAGA
TAGGCCTAGA
TAGGCCTAGA

CCACCATCCT
CCACAATCCT
CCACAATCCT
CCACAATCCT
CCACAATCCT
CCACAATCCT
CCACAATCCT
CCACAATCCT
CCACAATCCT
CCACAATCCT
CCACAATCCT
CCACAATCCT
CCACAATCCT
CCACAATCCT
CCGCAATCCT

ACTAGGCACT
ATTAGGAACA
AATTGGAACT
AATTGGAACT
AATTGGAACC
AATTGGGACC
AATTGGAACC
AATTGGAACT
AATTGGAACT
AATTGGAACT
AATTGGAACT
AATTGGAACT
AATTGGAACT
AATTGGAACT
AATTGGAACC
AATTGGAACT
AATTGGAACT
AATTGGAACT
AATTGGAACT
AATTGGAACT
AATTGGAACT
AATTGGAACT
AATTGGAACT
AATTGGAACT
AATCGGAACC
AATTGGAACT

AATTAATACT
AATTAATACT
AATCAGTACA
AATCAGTACA
GATCAGTACA
GATCAGTACA
GATCAGTACA
AATCAGTACA
AATCAGCACA
ARATCAGCACA
GATCAGTACA
GATCAGTACA
GATTAGTACA
GATTAGTACA
GATTAGTACA
GATTAGTACA
GATTAGTACA
GATTAGTACA
AATCAATACA
AATCAGTACG
AATCAGTACA
AATCAGTACA
AATCAGTACA
AATCAGTACA

ATTCCTGGGA
ATTTCTGGGA
ATTCCTGGGA
ATTCCTGGGA
ATTCCTGGGA
ATTCCTTGGA
ATTCCTAGGA
ATTTCTGGGA
ATTCCTAGGA
ATTCCTAGGA
ATTCCTAGGA
ATTCCTAGGA
ATTCCTAGGA
ATTCCTCGGA
ATTCCTCGGA

ACTCTAACTT
ACTCTAACCT
ACCTTAACAT
ACCCTAACAT
ACCCTAACAT
ACCCTAACAT
ACCCTAACAT
ACCCTAACAT
ACCCTAACAT
ACCCTAACAT
ACCCTGACAC
ACCCTGACAC
ACCCTAACAT
ACCCTAACAT
ACCCTAACAT
ACCCTAACAT
ACCCTAACAT
ACCCTAACAT
ACCCTAACAT
ACCCTAACAT
ACCCTAACAT
ACCCTAACAT
ACCCTAACAT
ACCCTAACAT
ACCCTAACAT
ACCCTAACAT

CTTGCCATTA
CTAGCTATTA
CTAGCCATCA
ATAGCCATCA
CTAGCCATCA
CTAGCCATCA
CTAGCCATCA
CTAGCCATCA
CTGGCCATCA
CTGGCCATCA
CTAGCCATCA
CTAGCCATCA
TTAGCCATCA
TTAGCCATCA
CTAGCCATCA
CTAGCCATCA
CTAGCCATCA
CTAGCCATCA
CTAGCCATCA
CTAGCCATCA
CTAGCCATCA
CTAGCCATCA
CTAGCCATCA
CTAGCCATCA

TGAACCCCTA
TGAACCCCTA
TGAACCCCTA
TGAACCCCTA
TGAACCCCTA
TGAACCCCTA
TGAACCCCTA
TGAACCCCTA
TGAACCCCTA
TGAACCCCTA
TGAACCCCTA
TGARACCCCTA
TGAACCCCTA
TGAACCCCTA
TGAACCCCTA

TTGCCAGCTC
TTGCTAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGTAAGCTC
TTGTAAGCTC
TTGTAAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGCAAGCTC
TTGCAAGCTC

TTCCCCTCAT
TTCCCCTTAT
TCCCCTTAAT
TCCCCCTAAT
TCCCTCTAAT
TCCCTCTAAT
TCCCTCTAAT
TCCCCTTAAT
TTCCCTTAAT
TCCCCTTAAT
TCCCCCTTAT
TCCCCCTTAT
TCCCCCTCAT
TCCCCCTCAT
TCCCCCTTAT
TCCCCCTTAT
TCCCCCTTAT
TCCCCCTAAT
TCCCCCTGAT
TCCCCTTAAT
TCCCCCTAAT
TCCCCCTAAT
TCCCCCTAAT
TCCCCCTAAT
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CGTACTTGCC
CGTACTTGCC
CGTACTTGCC
CGTACTTGCC
CGTACTTGCC
CGTACTTGCC
CGTACTTGCC
CGTACTTGCC
CGTACTTGCC
CGTACTTGCC
CGTACTTGCC
CGTACTTGCC
CGTACTTGCC
CGTATTTGCC
CGTACTTGCC

CAACTGACTT
CAACTGACTT
CCACTGACTT
CCACTGACTT
CCACTGACTC
CCACTGACTC
CCACTGACTC
CCACTGACTT
CCACTGACTT
CCACTGACTT
CCACTGACTT
CCACTGACTT
CCACTGACTT
CCACTGACTT
CCACTGACTT
CCACTGACTT
CCACTGACTT
CCACTGACTT
CCACTGACTT
CCACTGACTT
CCACTGACTT
CCACTGACTT
CCACTGACTT
CCACTGACTT
CCACTGACTC
CCATTGACTC

AGCCCACCAC
AGCCCGCCAC
AGCACAACAA
AGCACAACAA
AGCACAACAA
AGCACAACAA
AGCACAACAA
AGCACAACAG
AGCACAACAA
AGCACAACAA
AGCACAACAA
AGCACAACAA
AGCACAACAA
AGCACAACAA
AGCACAACAA
AGCACAACAA
AGCACAACAA
AGCACAACAA
AGCACAACAA
AGCACARACAA
AGCACAACAA
AGCACAACAA
AGCACAACAA
AGCACAACAA



CTAGCATGAA
CTAGCATGAA

CATCACCCAC
CACCACCCAC
CATCACCCTC
CATCACCCTC
CATCACCCCC
CATCACCCCC
CATCACCCCC
CACCACCCTC
CACCACCCTC
CACCACCCTC
CACCACCCCC
CACCACCCCC
CACCACCCCC
CACCACCCCC
CACCACCCCC
CACCACCCCC
CACCACCCCC
CATCACCCTC
CATCACCCTC
CACCACCCTC
CATCACCCTC
CATCACCCTC
CATCACCCTC
CATCACCCTC
caccacccce
CACCACCCCC

GCTTTACTTC
GCACTACTTC
GCTATAATTT
GCTATAATTT
GCTATAATTT
GCTATAATTT
GCTATAATTT
GCTATAATCT
GCTATAATCT
GCTATAATCT
GCTATAATTT
GCTATAATTT
GCTATAATTT
GCTATAATTT
GCTATAATTT
GCTATGATTT
GCTATAATTT
GCTATAATTT
GCTATAATTT
GCTATAATTT
GCTATAATTT
GCTATAATTT
GCTATAATTT
GCTATAATTT
GCCATAATTT
GCTATAATCT

GACAT-TACA
GATATATCAA
GAAATATCCA
GAAATATCCA
GARATATCCA
GAAATATCCA
GAAATATCCA
GAAATATCCA
GAAATATCCA
GAAATATCCA

TAGGCCTAGA
TAGGCCTAGA

GAGCCGTAGA
GAGCTGTTGA
GAGCAGTCGA
GAGCAGTCGA
GAGCAGTAGA
GAGCAGTAGA
GAGCAGTAGA
GAGCAGTAGA
GAGCAGTCGA
GAGCAGTCGA
GAGCAGTCGA
GAGCAGTCGA
GAGCAGTCGA
GAGCAGTCGA
GAGCAGTCGA
GAGCAGTTGA
GAGCAGTTGA
GAGCAGTCGA
GAGCAGTCGA
GAGCAGTCGA
GAGCAGTCGA
GAGCAGTCGA
GAGCAGTCGA
GAGCAGTCGA
GAGCAGTTGA
GAGCAATTGA

TGTTTGCCGG
TATTCACTGG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCCAG
TATTTGCTAG
TATTTGCCAG

ATACC--AGT
TACC--~AGT
ACCCCACAGC
AACCCACACA
ACCCCACAGC
ACCCCACAGC
ACCCCACAGC
ACCCCACAGC
ACCCCACAGC
ACCCCACAGC

AATCAACACA
AATCAGTACT

AGCCGCAACA
AGCCGCAACA
GGCCACAACT
AGCCACAACT
AGCCACAACC
AGCCACAACC
AGCCACAACC
AGCCACAACT
AGCCACAACT
AGCCACAACT
AGCCACAACT
AGCCACAACT
AGCCACGACT
AGCCACAACT
AGCCACAACT
AGCCACAACC
AGCCACAACT
AGCCACAACT
GGCCACAACT
AGCCACAACT
GGCCACAACT
GGCCACAACT
GGCCACAACT
GGCCACAACT
GGCCACAACC
AGCCACAACC

CCTATTTAAT
CTTATTTAAT
TACCACCAAT
CACCACCAAT
CACCACCAAT
CACCACCAAT
CACCACCAAT
TACCACCAAT
CACCACCAAT
CACCACCAAT
CACCACCAAT
CACCACCAAT
CACCACCAAT
CACCACCAAT
CACCACCAAT
CACCACCAAT
CACCACCAAT
TACCACCAAT
CACCACCAAT
TACCACCAAC
TACCACCAAT
TACCACCAAT
TACCACCAAT
TACCACCAAT
CACTACAAAT
TACTACAAAT

CTCCACCCTT
ATCTGCACTT
CTTAGTCCTA
CTTAGCCCTA
CTTAGTCCTA
CTTAGTCCTA
CTTAGTCCTA
CTTAGTCCTA
CTTAGTCCTA
CTTAGTCCTA

CTAGCCATTA
TTAGCCATCA

AAATACTTCA
AAATACTTTA
ARATACTTCC
AAATATTTTC
AAATATTTTC
AAATATTTTC
AAATATTTTC
AAATATTTTC
AAATATTTTC
AARATATTTTC
AAATACTTCC
AAATACTTCC
AAATACTTCC
AAATACTTCC
AAATACTTCC
AAATATTTCC
AAATACTTCC
AAATATTTTC
AAATACTTTC
AAATATTTTC
AAATACTTTC
ARATACTTTC
AAATACTTTC
AAATACTTTC
AAGTACTTTC
AAATACTTTC

GCTTGACAGT
GCCTGACAAT
GCTTGAGCAA
GACACAAAAA
GCTTGAATAA
GCTTGAATAA
GCTTGAATAA
GCTTGAACAA
GCTTGAACAA
GCTTGAACAA
GCTTGAACAA
GCTTGAACAA
GCTTGAACAA
GCTTGAACAA
GCTTGAATAA
GCTTGAATAA
GCTTGAGTAA
GCTTGAACAA
GCTTGAACRA
GCTTGAACAA
GCTTGAATAA
GCTTGAACAA
GCTTGAACAA
GCTTGAACAA
GCCTGATTGA
GCCTGAGTGA

ATGACTCTAG
ATAACACTAG
ATCACCATAG
AGTACCATCC
ATCACCATAG
ATCACCCTAG
ATCACCATAG
ATCACCATAG
ATCACCATAG
ATCACCATAG

TCCCACTAAT
TCCCCCTAAT

TTACACAAGC
TTACTCAAGC
TCACCCAAGC
TCACCCAAGC
TTACCCAAGC
TTACCCAAGC
TTACCCAAGC
TCACCCAAGC
TCACCCAAGC
TCACCCAAGC
TCACCCAAGC
TCACCCAAGC
TCACCCAAGC
TCACCCAAGC
TCACCCAAGC
TCACCCARAGC
TCACCCARGC
TCACCCAAGC
TCACCCAGGC
TTACCCAAGC
TCACCCAAGC
TCACCCAAGC
TCACCCAAGC
TCACCCAAGC
TAACCCAAGC
TCACCCAAGC

CCGGACAATG
CAGGACAATG
CAGGAGAATG
CAGCAGAATG
CAGGAGAATG
CAGGAGAATG
CAGGAGAATG
CAGGAGAATG
CAGGAGAATG
CAGGAGAATG
CAGGAGAATG
CAGGAGAATG
CAGGAGAATG
CAGGAGAATG
CAGGAGAATG
CAGGAGAATG
CAGGAGAATG
CGGGAGAATG
CAGGAGAATG
CAGGAGAATG
CAGGAGAATG
CAGGAGAATG
CAGGAGAATG
CAGGAGAATG
CAGGAGAATG
CGGGAGAATG

CAATTGCCAT
CAATTGCCAT
CCCTGGCCCT
CCCGAACCCT
CCCTGGCCCT
CCCTGGCCCT
CCCTGGCCCT
CCCTGGCCCT
CCCTGGCCCT
CCCTGGCCCT
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AGCACAACAA
AGCGCAACAA

TGCAGCCGCA
TGCAGCTGCA
AACAGCCGCA
CACAGCCGCA
CACAGCCGCA
CACAGCCGCA
CACAGCCGCA
AACAGCCGCA
GACGGCCGCA
AACGGCCGCA
AACGGCCGCA
AACGGCCGCA
AACAGCCGCA
AACAGCCGCA
AACAGCTGCA
AACAGCTGCA
AACAGCTGCA
CACGGCCGCA
GACAGCCGCA
AACAGCCGCA
AACAGCCGCA
AACAGCCGCA
AACAGCCGCA
AACAGCCGCA
ARACGGCCGCA
AACGGCCGCA

ACTTATCCAA
ACTAATTCAA
AAATATCCAA
AAACATCCAA
AAATATCCAA
AAATATCCAA
ARATATCCAA
ARATATCCAA
AAATATCCAA
ARATATCCAA
GGGTATCCAA
GAATATCCARA
AAATATCCAA
AAACATCCAA
AAATATCCAA
ARATATCCAA
AAATATCCAA
ARAATATCCAA
AAATATCCAA
GAATATCCAA
AARCATCCAA
ARATATCCAA
AAATATCCAA
AAATATCCAA
AAACATTCAA
AARACATTCAA

TAAACTCGGG
CAAACTAGGC
AAARATTGGA
ADAAATCGGA
ARAGATTGGA
ARAGATTGGA
AAAGATTGGA
AARAATCGGG
ARAAATTGGA
ARAAATTGGA



GAAARTATCCA
GAAATATCTA
GAGATGTCCA
GAAATGTCCA
GAGATATCCA
GAGATATCCA
GAGATATCCA
GAAATATCTA
GAAATATCCA
GAGATATCCA
GAAATGTCCA
GAAATGTCCA
GARATGTCCA
GARATATCCA
GAAATATCCA
GAAATATCTA

ATTGCCCCAA
GTAGCCCCTA
CTCGCCCCCG
CTAGCCCCCG
CTCGCCCCCG
CTCGCCCCCG
CTCGCCCCCG
CTCGCCCCCG
CTCGCCCCCG
CTCGCCCCCG
CTCGCCCCCG
CTCGCCCCCG
CTCGCCCCCG
CTCGCCCCCG
CTCGCCCCCG
CTAGCCCCCG
CTCGCCCCCG
CTCGCCCCCG
CTCGCCCCCG
CTCGCCCCCG
CTAGCCCCCG
CTAGCCCCCG
CTAGCCCCCG
CTAGCCCCCG
CTTGCCCCCA
CTCGCCCCTG

CTAATCTTAG
CTAATCTTAG
CTCATCCTCT
CTTATCCTCT
CTCATCCTCT
CTCATCCTCT
CTCATCCTCT
CTTATCCTCT
CTTATCCTCT
CTTATCCTCT
CTCATCCTCT
CTCATCCTCT
CTCATCCTTT
CTCATCCTTT
CTCATCCTCT
CTCATCCTCT
CTCATCCTCT
CTCATCCTCT
CTCATCCTCT
CTCATCCTTT
CTCATCCTCT
CTCATCCTCT
CTCATCCTCT

ACCCCACAGC
ACCCCACAGC
ACCCCACAGC
ACCCCACAGC
ACCCCACAGC
ACCCCATAGC
ACCCCATAGC
ACCCCACAGC
ACCCCACGGC
ATCCCACAGC
ACCCCACAGC
ACCCCACAGC
ACCCCACAGC
ACCCCACAGC
ACCCCACAGC
ACCCCACAGC

TACACTTCTG
TACACTTCTG
TCCACTACTG
TCCACTACTT
TCCACTACTG
TCCACTACTG
TCCACTACTG
TCCACTACTG
TCCACTACTG
TCCACTACTG
TCCACTACTG
TCCACTACTG
TCCACTACTG
TCCACTACTG
TCCACTACTG
TCCACTACTG
TCCACTACTG
TCCACTACTG
TCCACTACTG
TCCACTACTG
TCCACTACTG
TCCACTACTG
TCCACTACTG
TCCATTACTG
TCCACTACTG
TCCACTACTG

CCACCTGACA
CCACCTGACA
CTACCTGACA
CGACCTGACA
CAACCTGACA
CAACCTGACA
CAACCTGACA
CAACCTGACA
CGACCTGACA
CGACCTGACA
CAACCTGACA
CAACCTGACA
CAACCTGACA
CAACCTGACA
CAACCTGACA
CAACCTGACA
CAACCTGACA
CGACCTGACA
CGACCTGACA
CARCCTGACA
CGACCTGACA
CGACCTGACA
CGACCTGACA

CTTAGCCCTA
CTTAGCCCTA
CTTAGTCCTA
CTTAGTCCTA
CTTAACCCTA
CTTAGTCCTA
CTTAGTCCTA
CTTAGTCCTA
CTTAGTCCTA
CTTAGTCCTA
CTTAGTCCTA
CTTAGTCCTA
CTTAGTCCTA
CTTAGTCCTA
CCTAACCTTA
CCTAGCCTTA

ACTGCCCGAA
ATTACCAGAA
ACTCCCAGAA
ACTCCCAGAA
ACTCCCAGAG
ACTCCCAGAG
ACTCCCAGAG
ACTTCCAGAA
ACTCCCAGAA
ACTCCCAGAA
ACTTCCAGAA
ACTTCCAGAA
ACTCCCAGAA
ACTCCCAGAA
ACTTCCGGAA
ACTTCCAGAG
ACTTCCAGAG
ACTCCCAGAG
ACTCCCAGAA
ACTCCCAGAA
ACTCCCAGAA
ACTCCCAGAA
ACTCCCAGAA
ACTCCCAGAA
ATTGCCAGAA
ACTGCCAGAA

AAAACTCGCA
AARAARCTTGCA
AAAACTGGCC
AAAACTGGCC
AAAACTGGCC
AAAACTGGCC
AAAACTGGCC
AAAACTAGCC
AARAACTAGCC
AAAACTAGCC
GAAACTAGCC
GAAACTGGCC
AAAACTAGCC
ABRAACTAGCC
AARACTAGCC
AARACTAGCC
AAAACTAGCC
ARAACTGGCC
AAAACTGGCC
AAAACTGGCT
ARAACTGGCC
AAAMRCTGGCC
AAAACTGGCC

ATCACCATGG
ATCACCATGG
ATCACCATAG
ATCACCATAG
ATCACCATGG
ATTACCATGG
ATTACCATGG
ATTACCATAG
ATCACCATAG
ATTACCATAG
ATTACCATGG
ATTACCATAG
ATTACCATAG
ATTACCATAG
ATCACCATAG
ATCACCATAG

GTCATACAAG
GTAATACAAG
GTACTGCAAG
GTACTACARG
GTACTGCAAG
GTACTGCAAG
GTACTGCAAG
GTCCTACAAG
GTTCTACAAG
GTTCTACAAG
GTACTACAAG
GTACTACAAG
GTACTGCAAG
GTACTGCAAG
GTACTGCAAG
GTACTGCAAG
GTACTGCAAG
GTACTGCAAG
GTACTACAAG
GTACTGCAAG
GTACTGCAAG
GTACTGCAAG
GTACTGCAAG
GTACTGCAAG
GTATTACAAG
GTACTACAAG

CCATTAGCAC
CCTCTAGCAC
CCATTTGCCC
CCATTCGCCC
CCATTTGCCC
CCATTTGCCC
CCATTTGCCC
CCCTTTGCCT
CCCTTTGCCT
CCCTTTGCCT
CCGTTTGCCC
CCGTTTGCCC
CCATTCGCCC
CCCTTCGCCC
CCATTTGCCC
CCATTTGCCC
CCATTTGCCC
CCATTCGCCC
CCATTTGTCC
CCATTTGCCC
CCATTTGCCC
CCATTTGCCC
CCATTTGCCC

CCCTGGCCCT
CCCTGGCCCT
CCCTGGCCCT
CCCTGGCCCT
CCCTAGCCCT
CCCTGGCCCT
CCCTGGCCCT
CCTTAGCCCT
CCCTGGCCCT
CCCTGGCCCT
CCCTGGCCCT
CCCTGGCCCT
CCCTGGCCCT
CCCTGGCCCT
CCCTGGCCCT
CCCTAGCCCT

GAATCACATT
GAATTACACT
GCCTCGACCT
GCCTCGACCT
GCCTCGACCT
GCCTCGACCT
GCCTCGACCT
GCCTCGATCT
GCCTCAATCT
GCCTCAATCT
GCCTCGACCT
GCCTCGACCT
GCCTCGACCT
GCCTCGACCT
GCCTCGACCT
GCCTCGACCT
GCCTCGACCT
GCCTCGACCT
GCCTCGACCT
GTCTCGACCT
GCCTCGACCT
GCCTCGACCT
GCCTCGACCT
GCCTCGACCT
GCCTTGACCT
GCCTCGACCT

TCCTATACCA
TCCTCTACCA
TAATTTATCA
TAATTTATCA
TAATTTACCA
TAATTTACCA
TAATTTACCA
TAATTTATCA
TAATTTATCA
TAATTTATCA
TAATTTATCA
TAATTTATCA
TAATTTATCA
TAATTTATCA
TAATCTATCA
TAATTTATCA
TAATTTATCA
TTATTTATCA
TGATTTATCA
TAATTTATCA
TAATCTACCA
TAATTTATCA
TAATTTATCA
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AARAATAGGA
ARARAATAGGA
AAAGATCGGA
ABRAGATCGGA
AARAATCGGA
AAARAATCGGA
ARRAATCGGA
AAAAATTGGA
ARAAATTGGA
AARRARATTGGA
AARAAATTGGA
ARAAATTGGA
AAAAATTGGA
AAAAATTGGA
TAAAATCGGA
TARAATCGGG

AAATACAGGA
AAATACAGGA
CACCACAGGT
CACCACGGGT
CACCACAGGC
CACCACAGGC
CACCACAGGC
CACCACAGGA
CACCACAGGA
CACCACAGGA
CACCACAGGC
CACCACAGGC
CACCACAGGC
CACCACAGGC
CACCACAGGC
CACCACAGGC
CACCACAGGC
CACCACGGGT
CACCACAGGT
CACCACAGGT
CACCACAGGT
CACCACAGGT
CACCACAGGT
CACCACAGGT
CACCACAGGA
CACCACAGGA

AATT--TCCA
AATT~-TCTA
AATCAGTCCA
AATTAGCCCA
AATCAGCCAA
AATCAGCCAA
AATCAGCCAA
AATTAGCCCA
GATTAGCCCA
GATTAGCCCA
AATCAGCCCA
AATCAGTCCA
AATCAGTCCA
AATCAGTCCA
AATTAGCCCA
AATTAGCCCA
AATTAGCCCA
AATTAGCCCA
AATCAGCCCA
AATCAGCCCA
AATCAGTCCA
AATCAGTCCA
AATCAGTCCA



CTCATCCTCT
CTTATCCTCT
CTCATCCTCT

GCAACCTCAT
ATAACCTCAT
ATAA--TAAR
ATAA--TAAA
GTAA~~TGAA
GTAA--TGAA
GTAA--TGAA
ATAA~-TAAA
ATAA--TAAA
ATAA--TARA
ATAA--TAARA
ATAA--TAAA
ATAA--TAAA
ATAAR--TAARA
ATAA--TAAA
ATAA--TAAA
ATAA~~TAAA
ATAA--TAARA
ATAA-~-TAAG
ATAR--TAAA
ATAA~-TAAR
ATAA--TARA
ATAA--TAAA
ATAA--TAAA
ATAR--TAAA
ATAA--TAAA

GAGGAGGACT
GAGGTGGACT
GAGGCGGCCT
GAGGCGGCCT
GGGGCGGCCT
GGGGCGGCCT
GGGGCGGCCT
GAGGTGGCCT
GAGGTGGCCT
GAGGTGGCCT
GAGGCGGCCT
GAGGCGGCCT
GAGGCGGCCT
GGGGCGGCCT
GAGGCGGCCT
GAGGTGGCCT
GAGGTGGCCT
GAGGCGGCCT
GAGGCGGCCT
GAGGCGGCCT
GGGGCGGCCT
GGGGCGGCCT
GGGGCGGCCT
GGGGCGGCCT
GAGGCGGATT
GAGGCGGTTT

TAGGATGAAT
TAGGCTGAAT
TGGGTTGAAT
TAGGTTGAAG
TAGGCTGAAT
TAGGCTGAAT
TAGGCTGAAT
TAGGTTGAAT
TAGGCTGAAT

CGACCTGACA
CTACCTGACA
CCACCTGACA

ACCAGAACTA
ACCAGAACTC
CCCAACTCTG
CCCAACCCTA
CCCAACTCTA
CCCAACTCTA
CCCAACTCTA
CCCAACTCTA
CCCAACTCTA
CCCARCTCTA
CCCGTCCCTA
CCCATCCCTG
TCCATCCCTG
CCCATCCCTG
CCCAACCCTA
CCCAACCCTA
CCCAACCCTA
CCCAACCCTA
CCCAACTCTA
CCCAACTCTA
CCCAACTCTG
CCCAACTCTG
CCCAACTCTG
CCCAACTCTG
CCCCACCCTT
CCCAACCCTT

TAATCAGACA
TAATCAAACT
AAACCAGACA
AAACCAAACA
AAACCAAACG
AAACCAAACG
AAACCAAACG
AAATCAGACA
AAATCAGACA
AARATCAGACA
AAACCAAACG
AAACCAAACG
AAACCAAACA
ADACCAAACA
AAACCAAACA
AAACCAAACA
AAACCAAACA
ARACCAAACA
ARACCAGACA
AAACCAGACA
AAACCAAACA
ARACCAAACA
AAACCAAACA
ARACCAAACA
AAACCAAACA
AAACCAAACA

TATTTCCATC
CATCTCAATT
AATGATCGTC
AATGATTGTT
GATGATCGTC
GATGATCGTC
GATGATCGTC
AATGATTGTT
AATGATTGTC

ARAACTGGCC
AAARACTAGCC
ARAACTAGCC

ACAATTACCC
ATAATTGCCC
ATAATTATGC
GTAATTATAT
ATAATCACAC
ATARATCACAC
ATAATCACAC
GTAATCATAC
GTAATTACAC
GTAATTACAC
ATAACCATAC
ATAACCATAC
GTAATCATAC
GTAATCATAC
GTAATCATAT
GTAGTTATAT
GTAGTTATAT
GTAATTATGC
CTAATTATAC
GTAATTATGC
GTAATTATGC
GTAATTATAC
GTAATTATAC
GTARATATGC
ATAATCACCC
GTAGTCATCC

CAAATTCGAA
CAAATCCGAA
CAACTACGAA
CCACTACGCA
CAACTACGAA
CAACTACGAA
CAACTACGAA
CAACTACGAR
CAACTACGAA
CAACTACGAA
CAACTACGAA
CAACTACGAA
CAACTACGAA
CAACTACGAA
CAACTACGAA
CAACTACGAA
CAACTACGAA
CAACTGCGAA
CAACTACGAA
CAGCTACGAA
CAACTACGAA
CAACTACGAA
CAACTACGRA
CAACTACGAA
CAACTACGAA
CAACTACGAA

ATGCACTTCA
ATACACTTCA
ATACAGTATT
ATGCAGTATT
ATACAGTACT
ATACAGTACT
ATACAGTACT
ATACAATATT
ATACAATATT

CCATTTGCCC
CCATTCGCCC
CCATTTGCCC

TAGGCCTAAT
TAGGACTAAT
TAGGCCTAGC
TAGGACTGGC
TAGGCCTTTC
TAGGCCTTTC
TAGGCCTTTC
TAGGCCTAGC
TAGGCCTGGC
TAGGCCTGGC
TAGGCCTAGC
TAGGCCTAGC
TAGGCCTAGC
TAGGCCTAGC
TAAGCCTGGC
TAAGCCTAGC
TAAGCCTAGC
TAGGCCTGGC
TAGGCCTAGC
TGGGCCTAGC
TAGGCCTAGC
TAGGCCTAGC
TAGGCCTAGC
TAGGCCTAGC
TAGGCCTAGC
TAGGCCTAAC

AAATCATAGC
AAATTATAGC
AAATCCTAGC
AAAGCCTCGC
ARATCCTAGC
AAATCCTAGC
AAATCCTAGC
AAATCCTAGC
AAATCCTAGC
AAATCCTAGC
AGATCCTAGC
AGATTCTAGC
AARTCCTGGC
AAATCCTGGC
AAATCCTAGC
AAATCCTAGC
AAATCCTAGC
AAATCCTAGC
AAATCCTAGC
AAATCCTAGC
AAATCCTAGC
AARTCCTAGC
AAATCCTAGC
ARATCCTAGC
AAATCCTAGC
AAATCCTAGC

TACCTGCCTT
TACCAACCCT
CCCCaARCCT
CCCCAAACCT
CCCCAARCCT
CCCCAAACCT
CCCCAAACCT
CCCCAAATCT
CCCCAAACCT

TAATTTATCA
TAATTTACCA
TAATTTACCA

ATCCACAATT
ATCTACAATT
CTCCACCATC
CTCCGCCATC
CTCCGCCGTC
CTCCGCCGTC
CTCCGCCGTC
CTCCACCATC
CTCCACTATC
CTCCACCATC
CTCCACCATC
CTCCACCATC
CTCCACCATC
TTCCACCATC
CTCCACCATC
CTCCACCATC
CTCCACCATC
CTCCGCCATC
CTCCACCATC
CTCCACCATC
CTCCACCATC
CTCCACCATC
CTCCACCATC
CTCCACCATC
CTCCACCATC
CTCCACCATT

CTACTCATCC
CTACTCATCC
ATACTCATCA
ATACTCATGA
ATATTCATCA
ATATTCATCA
ATATTCATCA
ATACTCATCA
ATACTCATCA
ATACTCATCA
ATACTCATCA
ATACTCATCA
ATACTCATCA
ATACTCATCA
ATACTCATCA
ATATTCATCA
ATATTCATCA
ATACTCATCA
ATACTCATCA
ATACTCATCA
ATACTCATCA
ATACTCATCA
ATACTCATCA
ATACTCATCA
ATACTCATCC
ATACTCATCG

AGCCATTATT
AGCAATTATT
TGCTATCCTA
TGCCATCCTG
CGCCATCCTG
CGCCATCCTG
CGCCATCCTG
TGCCATTCTA
TGCCATTCTA
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AATCAGTCCA
AATCAGCCCA
AATTAGCCCA

ATTGGTGGAT
ATTGGTGGCT
ATTGGCGGAT
ATTGGTGGAT
ATCGGCGGAT
ATCGGCGGAT
ATCGGCGGAT
ATTGGAGGAT
ATTGGCGGAT
ATTGGCGGAT
ATCGGCGGGT
ATCGGCGGGT
ATCGGCGGGT
ATCGGCGGAT
ATCGGCGGAT
GTTGGCGGAT
GTCGGCGGAT
ATTGGTGGAT
ATTGGCGGAT
ATTGGCGGAT
ATTGGCGGAT
ATTGGCGGAT
ATTGGCGGAT
ATTGGCGGAT
GTTGGCGGAT
ATTGGCGGAT

ATTGCCCACT
ATTGCACACT
ATCGCCCACC
ATCACCCACA
ATCGCCCACC
ATCGCCCACC
ATCGCCCACC
ATCGCCCATC
ATCGCCCATC
ATCGCCCATC
ATCGCCCACC
ATCGCCCACC
ATCGCCCACC
ATCGCCCACC
ATCGCCCACC
ATCGCCCATC
ATCGCCCATC
ATTGCCCACC
ATCGCCCACC
ATCGCTCACC
ATCGCCCACC
ATCGCCCACC
ATCGCCCACC
ATCGCCCACC
ATCGCTCACC
ATTGCCCACC

AATTTAACTA
AACCTAACCA
AACCTAATCC
AACCTAATCC
ARCCTAATCC
AACCTAATCC
ARCCTAATCC
AACCTAATCC
AACCTAATCC



TAGGCTGAAT
TGGGTTGGAT
TGGGTTGGAT
TGGGTTGGAT
TGGGTTGGAT
TAGGTTGAAT
TAGGTTGAAT
TAGGTTGAART
TAGGCTGAAT
TAGGCTGAAT
TGGGCTGAAT
TAGGTTGAAT
TAGGTTGAAT
TAGGTTGAAT
TAGGTTGAAT
TAGGCTGAAT
TAGGCTGAAT

TTTACATTAT
TGTATATCAT
TATATATTAC
TAGATATTAC
TGTATATCAC
TGTATATCAC
TGTATATCAC
TATACATTAT
TATACATTGC
TATACATTGC
TATATATTAC
TATATATTAC
TATATATTAC
TATATATTAC
TATATATTAC
TATATATTAC
TATATATTAC
TATACATCAC
TATATATTAC
TATACATTAC
TATATATTAC
TATATATTAC
TATATATTAC
TATATATTAC
TCTACATTAT
TTTACATTAT

TTAATACACT
TTAACTCCAT
TAAGTACGCT
TAAGTACGCT
TAAGTACACT
TAAGTACACT
TAAGTACACT
TAAGTACGCT
TAAGTACACT
TAAGTACACT
TAAGTACCCT
TAAGTACACT
TAAGTACACT
TAAGTACACT
TAAGTACACT
TAAGTATACT
TAAGTATACT
TAAGTACGCT
TGAGTACACT
TAAGTACACT
TAAATGCACT
TAAGTACGCT

AATGATTGTC
AATGATTATT
AATGATTATT
AATGATTGTT
AATGATTGTT
AATGATTGTT
AATGATTGTT
AATGATTGTT
AATGATTGTT
AATGATCGTC
AATGATTGTT
AATGATTGTC
AATGATTGTT
AATGATTGTT
AATGATTGTC
AATAGTTATC
AATARATCATT

CATAACAACA
CTTAACTACA
CATAACTACT
CATAACTACT
TATAACCACC
TATAACCACC
TATAACCACC
TATGACCACC
TATAACCACC
TATAACCACC
CATAACTTCC
CATAACTTCC
TATGACCTCT
TATGACCTCT
TATGACTTCT
TATAACTTCT
TATAACTTCT
TATAACCACT
TATAACCACT
TATAACCACT
CATAACTACT
CATAACTACT
CATAACTACT
CATAACTACT
CATAACCACC
CATGACCGCC

GGCCACAAAC
AGCCCTAAAC
GACTCTCACT
GACCCGCACC
CGCCCTCACT
CGCCCTCACT
CGCCCTCACT
AACCCTCACC
AACCCTCACC
AACCCTCACC
AACTCTCACT
AACTCTCACT
GACTCTCACT
GACTCTCACT
AACTCTCACT
AACTCTCACT
AACTCTCACT
AGCTCTCACT
AACTCTCACT
GACTCTCACT
GACTCTCACT
GACTCTCACT

ATACAATATT
ATACAGTACT
ATACAGTACT
ATGCAGTACT
ATACAGTACT
ATACAATATT
ATACAGTACT
ATACAGTATT
ATGCAGTATT
ATACAGTATT
ATACAATATT
ATACAGTATT
ATACAGTATT
ATACAGTATT
ATACAGTATT
ATACAATACT
ATACAATACT

ACAATATTTA
ACTATATTCA
GCGACCTTCC
GCAACCTTCC
GCAACCTTCC
GCAACCTTCC
GCAACCTTCC
GCAACCTTCC
GCAACCTTCC
GCAACCTTCC
GCGGCCTTCC
GCGGCCTTCC
GCGGCCTTCC
GCGGCCTTCC
GCGGCCTTCC
GCGGTCTTCC
GCGGTCTTCC
GCGACCTTCC
GCGACCTTCC
GCGACCTTCC
GCGACCTTCC
GCGACCTTCC
GCGACCTTCC
GCGACCTTCC
GCAACTTTCC
GCAGCCTTCC

TGATCCAAAT
TGATCAAAAT
TGATCAAARA
TCACCAACAA
TGATCAAARA
TGATCAAAAA
TGATCAAARAA
TGATCAAAAA
TGATCAAARA
TGATCAAAAA
TGATCAAARA
TGATCAAARA
TGATCAAAAA
TGATCAAARA
TGATCARAAA
TGATCAAAAA
TGATCAAAAA
TGATCAARAA
TGATCAAAARA
TGATCAAAAA
TGATCAAAAA
TGATCAAAAA

CCCCAAACCT
CCCCARAACCT
CCCCAAACCT
CCCCAAATCT
CCCCAAATCT
CCCCGAATCT
CCCCGAATCT
CCCCGAATCT
CCCCRARCCT
CCCCTAATCT
CCCCAAACCT
CCCCAAACCT
CCCCAAACCT
CCCCAAACCT
CCCCAAACCT
CCCCCAGCCT
CCCCTAACCT

TAACCTTCAA
TRAATCTTTAA
TAACATTCAA
TAACATTCAC
TAACATTCAA
TAACATTCAA
TAACATTCAA
TAACATTCAA
TAACATTCRA
TAACATTCAA
TGACATTCAA
TGACATTCAA
TAACATTCAA
TAARCATTCAA
TAACATTCAA
TAACATTCAA
TAACATTCAA
TAACGTTCAA
TAACATTCAA
TAACATTCAA
TAACATTCAA
TAACATTCAA
TAACATTCAA
TAACATTCAA
TGACATTCAA
TGACATTCAA

TCCCAGTCCT
TCCCTATCCT
CCCCCATAAT
CCCCAATAAC
CCCCCATAAT
CCCCCATAAT
CCCCCATAAT
CCCCCGTAAT
CCCCCATAAT
CCCCCATAAT
CCCCCATAAT
CCCCCATAAT
CCCCCATAAT
CCCCCATAAT
CCCCCATAAT
CCCCCATAAT
CCCCCATAAT
CCCCCATAAT
CCCCCATAAT
CCCCCATAAT
CCCCCATAAT
CCCCCATAAT

TGCCATTCTA
TGCCATTCTA
TGCCATTCTA
TGCCATTCTA
TGCCATTCTA
TGCCATTCTA
TGCCATTCTA
TGCCATTCTA
TGCCATCCTA
TGCTATCCTA
TGCCATCCTA
TGCCATCCTA
TGCCATCCTA
TGCCATCCTA
TGCCATCCTA
CGCCATACTT
CGCCCTACTA

CACATTAAAC
TACCATAAAC
AAATGTAGCC
ACATATGGCC
AAATGTAGCC
AAATGTAGCC
AAATGTAGCC
ARATGTGGCC
ARATGTGACC
AAATGTGACC
GAATGTGGCC
GAATGTGGCC
ARATGTGGCC
AAATGTGGCC
AAATGTAGCC
AAATGTAGCC
AAATGTAGCC
ARATGTGGCC
ARATGTGGCC
ARMATGTAGCC
AAACGTGGCC
ARATGTGGCC
AAATGTGGCC
AAATGTGGCC
AAATGTGACC
AAATGTAGCC

GTCCGCCGCC
ATCTGCCATT
AACCACAATA
AACCACAAGA
AACCACAATA
AACCACAATA
AACCACAATA
AACCACGATG
AACCACAATA
AACCACAATA
AACCACAATA
AACCACAATA
AACCACAATA
AACCACAAT2
AACCACAATA
GACCACAATG
GACCACBATG
AACCACAATA
AACCACAATA
AACCACAATA
AACCACBAATA
AACCACAATA
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ARCCTAATCC
AACCTAATCC
AACCTAATCC
AACCTAACCC
AACCTAATCC
AACCTAATCC
AACCTAATCC
AACCTAATCC
AACCTAATCC
AACCTAATCC
AACCTAATCC
AACCTAATCC
AACCTAARTCC
AACCTAATCC
AACCTAATCC
AACCTAACCC
AACCTAACCC

TCTACTTCAA
TCTACCACTA
TCCACAAAAC
TCCACARAGAC
TCCACAAAAC
TCCACARAAC
TCCACAAAAC
TCCACARAAAC
TCCACARAAC
TCCACAAAAC
TCCACAAAAC
TCCACAAAAC
TCCACARARC
TCCACAAAAC
TCCACARAAC
TCCACAAARC
TCCACAAAAC
TCCACAAAAC
TCCACARAAC
TCTACARAAC
TCCACAAAAC
TCCACAAAAC
TCCACAAAAC
TCCACAARARC
TCCACARAAC
TCCACARAAC

ACCATGCTTG
GCAATACTTG
GCAATAATAA
ACAATAATAA
GCAATAATAA
GCAATAATAA
GCAATAATAA
GCAATAATAA
GCAATAATAA
GCAATAATAA
GCAATAATAA
GCAATAATAA
GCAATAATARA
GCAATAATAA
GCAATAATAA
GCAATAATAA
GCAATAATAA
GCAATAATAA
GCAATAATAA
GCAATAATAA
GCAATAATAA
GCAATAATAA



TAAGTACGCT
TAAGTACGCT
TAARACGCACT
TAAACACATT

CACTCCTATC
CTCTACTATC
CACTACTTTC
CACTACTCTC
CCCTGCTTTC
CCCTGCTTTC
CCCTGCTTTC
CACTACTCTC
CACTACTCTC
CACTACTCTC
CACTACTTTC
CACTACTTTC
CACTACTTTC
CACTACTTTC
CACTACTTTC
CACTACTTTC
CACTACTTTC
CACTACTTTC
CACTACTTTC
CACTACTTTC
CACTACTTTC
CACTACTTTC
CACTACTTTC
CACTACTTTC
CCCTACTTTC
CCCTCCTTTC

TGGCACCCTT
TGGCACCCTT
TGGCACCCTG
TGGCACCCTG
TGGCACCCTA
TGGCACCCTA
TGGCACCCTA
TGGCACCCTG
TGGCACCCTG
TGGCACCCTG
TGGCACCCTG
TGGCACCCTG
TGGCACCCTG
TGGCACCCTG
TGGCACCCTG
TGGCACCCTG
TGGCACCCTG
TGGCACCCTG
TGGCACCCTG
TGGCACCCTG
TGGCACCCTG
TGGCACCCTG
TGGCACCCTG
TGGCACCCTG
TGGCACCCTG
TGGCACCCTG

ATTAARTTCGG
TTTAATTCGT
TCTGATCCGT
TCTGATCCGT
TCTGATCCGC
TCTGATCCGC
TCTGATCCGC
TCTGATCCGT

GACTCTCACT
GACTCTCACT
AGCCCTTACC
AACCCTCACC

ACTAGGGTGA
ATTAGGGTGA
CCTGGGGTGG
CCTAAGGTGG
CTTAGGGTGG
CTTAGGGTGG
CTTAGGGTGG
TCTAGGGTGG
TCTAGGGTGG
TCTAGGGTGG
CCTAGGGTGG
CCTAGGGTGG
TCTAGGGTGG
CCTAGGGTGG
CCTAGGGTGG
CCTGGGGTGG
CCTGGGGTGG
CTTAGGGTGG
CCTAGGGTGG
CCTAGGGTGG
CCTAGGGTGG
CCTAGGGTGG
CCTAGGGTGG
CCTAGGGTGG
CCTAGGGTGG
CTTAGGGTGG

TACTTAATTT
TATTTAATCT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT
TATTTAGTAT

GCTGAACTTG
GCAGARACTTG
GCCGAACTGA
GCCAAACTAA
GCCGAACTCA
GCCGAACTTA
GCCGAACTTA
GCCGAACTGA

TGATCAAARA
TGATCAAAAA
TGATCGAAAA
TGATCAAARA

CCATCACCCG
CCATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CAATCACCCG
CBAATCACCCG
CAATCACCCG

TTGGTGCTTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG
TTGGTGCCTG

GCCAACCCGG
GCCAACCAGG
GCCAACCCGG
GCCRAAACAG
GCCAACCTGG
GCCAACCTGG
GCCAACCTGG
GCCAACCCGG

CCCCCATAAT
CCCCCATAAT
CCCCCATAAT
CCCCCATAAT

TTGACTCTTT
CTGACTATTC
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT

GGCCGGAATA
GGCCGGAATA
AGCAGGCATG
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA
AGCAGGCATG
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA
AGCAGGCATA

GGCCCTAATA
AGCTCTAATA
TGCCCTGCTT
TGCCCTGCCT
TGCCTTGCTT
TGCCTTGCTT
TGCCTTGCTT
TGCCCTGCTT

AACCACAATA
ARACCACAATA
AACCACAATA
GACCGCAATA

TCGACCAACC
TCAACAAATC
TCTACTAACC
TCTACTAACC
TCTACTAACC
TCTACTAACC
TCTACTAACC
TCTACTAACC
TCTACTAACC
TCTACTAACC
TCTACTAACC
TCTACTAACC
TCTACTAACC
TCTACTAACC
TCTACTAACC
TCTACTAACC
TCTACTAACC
TCTACTAACC
TCTACTARACC
TCTACTAACC
TCTACTAACC
TCTACTAACC
TCTACTAACC
TTCACCAACC
TCTACTAACC
TCTACTAACC

GTAGGAACCG
GTAGGAACCG
GTCGGCACAG
ATCGGCRCRG
GTCGGCACAG
GTCGGCACAG
GTCGGCACAG
GTCGGCACAG
GTCGGCACAG
GTCGGCACAG
GTCGGCACAG
GTCGGCACAG
GTCGGCACAG
GTCGGCACAG
GTCGGCACAG
GTCGGTACAG
GTCGGTACAG
GTCGGCACAG
GTCGGCACAG
GTCGGCACAG
GTCGGCACAG
GTCGGCACAG
GTCGGCACAG
GTCGGCACAG
GTCGGCACAG
GTCGGTACGG

GGAGACGACC
GGAGATGACC
GGCGATGATC
GGCGATGARC
GGCGATGACC
GGCGATGACC
GGCGATGACC
GGCGATGATC
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GCAATAATAA
GCAATAATAA
GCAATAATAA
GCAATAATAA

ACAAAGACAT
ACAARAGACAT
ACAAAGACAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGATAT
ACAAAGACAT
ACAAAGATAT
ACAAAGATAT

CATTAAGTCT
CATTAAGCCT
CCCTCAGCCT
CCCTCAGCCT
CCCTCAGTCT
CCCTCAGTCT
CCCTCAGTCT
CCCTCAGCCT
CCCTCAGCCT
CCCTCAGCCT
CCCTCAGCCT
CCCTCAGCCT
CCCTCAGCCT
CCCTCAGCCT
CCCTCAGCCT
CCCTCAGCCT
CCCTCAGCCT
CCCTCAGCCT
CCCTCAGCCT
CCCTCAGCCT
CCCTCAGCCT
CCCTCAGCCT
CCCTCAGCCT
CCCTCAGCCT
CCCTCAGTCT
CCCTGAGCCT

AGATTTATAA
ABATCTACAA
AGATCTACAA
AGATCTACAA
AGATCTACAA
AGATCTACAA
AGATCTACAA
AGATTTACAA



TCTGATCCGT
TCTGATCCGT
TCTGATCCGT
TCTGATCCGT
TCTGATCCGT
TCTGATCCGT
TCTGATCCGT
TCTGATCCGT
TCTGATCCGT
TCTGATCCGT
TCTGATCCGT
TCTGATCCGT
TCTGATCCGT
TCTGATCCGT
TCTGATCCGT
TCTGATCCGT
ACTGATTCGT
TCTGATTCGT

TGTAATTGTC
TGTTATCGTC
TGTTATCGTT
TGTTATCGTT
TGTTATCGTC
TGTTATCGTC
TGTTATCGTC
TGTTATCGTC
TGTTATCGTC
TGTTATCGTC
TGTTATCGTT
TGTTATCGTT
TGTTATCGTT
TGTTATCGTT
TGTTATCGTT
TGTTATCGTT
TGTTATCGTT
TGTTATCGTC
TGTTATCGTC
TGTTATCGTC
TGTTATCGTC
TGTTATCGTT
TGTTATCGTT
TGTTATCGTT
TGTTATCGTC
TGTCATCGTC

CGGGGGATTC
TGGCGGATTT
TGGCGGATTC
CGGCGGATTC
TGGAGGATTC
TGGAGGATTC
TGGAGGATTC
CGGCGGTTTC
CGGCGGTTTC
CGGCGGCTTC
TGGCGGATTC
TGGCGGATTC
TGGCGGATTC
TGGCGGATTC
TGGCGGATTC
TGGCGGATTC
TGGCGGATTC
TGGCGGATTC
TGGCGGATTC
TGGCGGATTC
TGGCGGATTC

GCCGAACTGA
GCCGAACTGA
GCCGAACTGA
GCCGAACTGA
GCCGAACTGA
GCCGAACTGA
GCCGAACTGA
GCCGAACTGA
GCCGAACTGA
GCCGAACTGA
GCCGAACTGA
GCCGAACTGA
GCCGAACTGA
GCCGAACTGA
GCCGAACTGA
GCCGAACTGA
GCCGAACTAA
GCCGAATTGA

ACTGCCCACG
ACTGCTCATG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG
ACCGCCCACG
ACCGCCCACG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG
ACAGCCCACG

GGCAACTGAC
GGTAACTGAC
GGAAACTGAC
GGAAACTGAC
GGAAACTGAC
GGAAACTGAC
GGAAACTGAC
GGAAACTGAC
GGAAACTGAC
GGAAACTGAC
GGAAACTGAC
GGAAACTGAC
GGAAACTGAC
GGAAACTGAC
GGAAACTGAC
GGAAACTGAC
GGAAACTGAC
GGAAACTGAC
GGAAACTGAT
GGAAACTGAC
GGAAACTGAC

GCCAACCCGG
GCCAACCCGG
GCCAACCCGG
GCCAACCCGG
GCCAACCCGG
GCCAACCCGG
GCCAACCCGG
GCCAACCCGG
GCCAACCCGG
GCCAACCTGG
GCCAACCCGG
GCCAACCCGG
GCCAACCCGG
GCCAACCCGG
GCCAACCCGG
GCCAACCCGG
GCCAACCCGG
GCCAACCCGG

CATTTGTTAT
CATTCGTAAT
CCTTTGTCAT
CCTTTGTCAT
CCTTTGTAAT
CCTTTGTAAT
CCTTTGTAAT
CCTTTGTCAT
CCTTTGTCAT
CCTTTGTCAT
CCTTTGTCAT
CCTTTGTCAT
CCTTTGTCAT
CCTTTGTCAT
CCTTTGTCAT
CCTTTGTTAT
CCTTTGTCAT
CCTTTGTCAT
CCTTTGTCAT
CCTTTGTCAT
CCTTTGTCAT
CCTTTGTCAT
CCTTTGTCAT
CCTTTGTCAT
CCTTTGTCAT
CCTTTGTCAT

TTGTACCATT
TGGTGCCACT
TAGTCCCCCT
TGGTCCCCCT
TAGTCCCCCT
TAGTCCCCCT
TAGTCCCCCT
TGATTCCCTT
TGGTCCCCCT
TGGTCCCCCT
TGGTCCCCCT
TGGTCCCCCT
TGGTCCCCCT
TGGTCCCCCT
TAGTGCCCCT
TGGTACCCCT
TGGTACCCCT
TGGTCCCTCT
TGGTCCCCCT
TAGTCCCCCT
TGGTCCCCCT

TGCCCTGCTT
TGCCCTGCTT
TGCCTTGCTT
TGCCTTGCTT
TGCCTTGCTT
TGCCTTGCTT
TGCCTTGCTT
TGCCTTGCTT
TGCCTTGCTT
TGCCTTGCTT
TGCCTTGCTT
TGCCTTGCTT
TGCCCTGCTT
TGCCCTGCTT
TGCCCTGCTT
TGCCCTGCTT
TGCCTTACTT
TGCCTTACTT

AATTTTCTTT
AATTTTCTTC
GATTTTCTTT
GATTTTCTTT
GATTTTCTTT
GATTTTCTTT
GATTTTCTTT
GATTTTCTTT
GATTTTCTTT
GATTTTCTTT
GATTTTCTTT
GATTTTCTTT
GATCTTCTTT
GATCTTCTTT
GATTTTCTTT
GATTTTCTTT
AATTTTCTTT
GATTTTCTTT
GATTTTCTTT
GATTTTCTTT
GATTTTCTTT
GATTTTCTTT
GATTTTCTTT
GATTTTCTTT
GATTTTCTTT
GATTTTCTTT

AATAATTGGA
GATAATTGGG
AATAATTGGG
AATAATTGGA
GATAATTGGA
GATAATTGGA
GATAATTGGA
ARTAATTGGA
AATAATTGGA
AATAATTGGA
AATAATTGGA
AATAATTGGA
AATAATTGGA
AATAATTGGA
AATAATTGGA
ARTAATTGGA
AATAATTGGA
AATAATCGGA
AATAATTGGA
AATAATTGGA
AATAATTGGG

GGCGACGACC
GGCGACGACC
GGCGATGACC
GGCGATGACC
GGCGATGACC
GGCGATGACC
GGCGATGACC
GGCGATGACC
GGCGATGACC
GGCGATGATC
GGCGATGACC
GGCGATGATC
GGCGATGATC
GGCGATGATC
GGCGATGATC
GGCGATGATC
GGCGATGATC
GGCGATGATC

ATAGTAATAC
ATAGTAATAC
ATAGTAATAC
ATAGTAATAC
ATAGTAATGC
ATAGTAATGC
ATAGTAATGC
ATAGTAATAC
ATAGTAATAC
ATAGTAATAC
ATAGTAATAC
ATAGTAATAC
ATAGTAATAC
ATAGTAATAC
ATAGTAATAC
ATAGTGATAC
ATAGTGATAC
ATAGTAATGC
ATAGTAATAC
ATAGTAATAC
ATAGTAATAC
ATAGTAATAC
ATAGTAATAC
ATAGTAATAC
ATAGTAATAC
ATAGTAATAC

GCCCCTGACA
GCCCCCGATA
GCCCCAGACA
GCCCCAGATA
GCCCCAGACA
GCCCCAGACA
GCCCCAGACA
GCCCCAGATA
GCCCCAGATA
GCCCCAGATA
GCCCCAGACA
GCCCCAGACA
GCCCCAGACA
GCCCCAGACA
GCCCCAGACA
GCCCCAGACA
GCCCCAGACA
GCCCCAGACA
GCCCCAGACA
GCCCCAGACA
GCCCCAGACA
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AGATTTACAA
AGATTTACAA
AGATCTACAA
AGATCTACAA
AGATCTACAA
AGATCTACAA
AGATCTACAA
AGATCTACAA
AGATCTACAA
AGATCTACAA
AGATCTACAA
AGATCTACAA
AGATCTACAA
AGATCTACAA
AGATCTACAA
AAATCTACAA
AAATCTATAA
ARATCTATAA

CAATTATAAT
CAATTATAAT
CCATCATAAT
CCATCATAAT
CCATCATAAT
CCATCATAAT
CCATCATAAT
CCATCATAAT
CCATCATGAT
CCATCATGAT
CCATCATAAT
CCATCATAAT
CCATCATAAT
CCATCATAAT
CCATCATAAT
CCATCATAAT
CCATCATAAT
CCATTATGAT
CCATCATAAT
CCATCATGAT
CCATCATAAT
CCATCATAAT
CCATCATAAT
CCATCATAAT
CCATCATAAT
CCATCATAAT

TAGCCTTCCC
TAGCTTTCCC
TGGCATTTCC
TAGCATTTCC
TAGCATTCCC
TAGCATTCCC
TAGCATTCCC
TGGCATTTCC
TAGCATTTCC
TAGCATTTCC
TGGCATTCCC
TGGCATTCCC
TGGCATTCCC
TGGCATTCCC
TGGCATTCCC
TGGCATTCCC
TGGCATTCCC
TAGCATTCCC
TGGCATTTCC
TGGCATTCCC
TGGCATTTCC



TGGCGGATTC
TGGCGGATTC
TGGCGGATTC
CGGCGGATTC
TGGCGGATTC

TCGTATAAAT
GCGTATAAAT
TCGCATGAAC
TCGCATGAAC
CCGTATGARC
CCGTATGAAC
CCGTATGAAC
TCGCATGAAC
TCGCATGAAC
TCGCATGAAC
TCGTATGAAC
TCGTATGAAC
TCGCATGAAC
TCGCATGAAC
TCGCATAAAC
TCGCATAAAC
TCGCATAAARC
TCGCATGAAC
TCGCATGAAC
TCGCATGAAC
TCGCATGARC
TCGCATGAAC
TCGCATGAAC
TCGCATGAAC
TCGCATGAAT
TCGCATGAAT

CTCAGCAGTA
TTCCGCTGTA
CTCTGGGGTA
CTCTGGCGTA
CTCCGGGGTA
CTCCGGGGTA
CTCCGGGGTA
CTCTGGCGTA
CTCTGGCGTA
CTCTGGCGTA
CTCTGGGGTA
CTCTGGGGTA
TTCTGGGGTA
CTCTGGGGTA
CTCTGGGGTA
CTCTGGGGTA
CTCTGGGGTA
CTCTGGGGTA
CTCTGGGGTA
CTCTGGGGTA
CTCTGGGGTA
CTCTGGGGTA
CTCTGGGGTA
CTCTGGGGTA
CTCTGGGGTA
CTCTGGGGTA

CCTGGCACAC
TCTAGCACAT
CCTGGCCCAT
CCCAACCCCA
CCTAGCCCAC
CCTAGCCCAC
CCTAGCCCAC

GGAAACTGAC
GGAAACTGAC
GGAAACTGAC
GGAAATTGAC
GGAAATTGAC

AATATAAGTT
AATATAAGCT
AATATARAGCT
AATATGAGAT
AACATGAGCT
AACATGAGCT
AACATGAGCT
AATATGAGCT
AATATGAGCT
AATATGAGCT
AATATGAGCT
AATATGAGCT
AATATGAGCT
AATATGAGCT
AATATGAGCT
AATATGAGCT
AATATGAGCT
AATATGAGCT
AACATGAGCT
AATATGAGCT
AATATGAGCT
AATATGAGCT
AATATGAGCT
AATATGAGCT
AATATGAGTT
AATATGAGCT

GAAGCCGGAG
GAAGCAGGGG
GAGGCCGGAG
GAGGCCGGAG
GAGGCCGGAG
GAGGCCGGAG
GAGGCCGGAG
GAGGCCGGAG
GAGGCCGGGG
GAGGCCGGGG
GAGGCCGGGG
GAGGCCGGGG
GAGGCCGGGG
GAGGCCGGGG
GAGGCCGGGG
GAGGCCGGAG
GAGGCCGGAG
GAGGCCGGAG
GAGGCCGGAG
GARAGCCGGGG
GAGGCCGGAG
GAGGCCGGAG
GAGGCCGGAG
GAGGCCGGAG
GAGGCCGGAG
GAAGCCGGAG

GCAGGTGCAT
GCAGGGGCAT
GCGGGAGCCT
GCGGGTGCGT
GCGGGGGCCT
GCGGGGGCCT
GCGGGGGCCT

TGGTCCCCCT
TGGTCCCCCT
TGGTCCCCCT
TGGTCCCCCT
TAGTCCCCCT

TCTGACTCCT
TCTGACTCCT
TCTGACTCCT
GCTGGCGCCT
TCTGACTTCT
TCTGACTTCT
TCTGACTTCT
TCTGGCTCCT
TCTGGCTCCT
TCTGGCTCCT
TCTGGCTCCT
TCTGGCTCCT
TCTGGCTCCT
TCTGGCTCCT
TCTGGCTCCT
TCTGGCTCCT
TCTGGCTCCT
TCTGACTTCT
TCTGACTTCT
TCTGACTCCT
TCTGACTCCT
TCTGACTCCT
TCTGACTCCT
TCTGACTCCT
TCTGGCTCCT
TCTGGCTCCT

TCGGAACCGG
TTGGAACCGG
CCGGCACAGG
CCGGCACAGG
CTGGCACAGG
CTGGCACAGG
CTGGCACAGG
CTGGCACAGG
CCGGCACAGG
CCGGCACAGG
CCGGCACAGG
CCGGCACAGG
CCGGCACAGG
CCGGCACAGG
CCGGCACAGG
CCGGCACAGG
CCGGCACAGG
CCGGCACAGG
CCGGTACAGG
CCGGCACRGG
CCGGCACAGG
CCGGCACAGG
CCGGCACAGG
CCGGCACAGG
CCGGCACCGG
CTGGCACCGG

CAGTTGACCT
CAGTTGACCT
CTGTAGACCT
CCGTAGGCCC
CCGTAGACCT
CCGTAGACCT
CCGTAGACCT

AATAATTGGG
AATAATTGGG
AATAATTGGG
GATAATCGGA
AATAATTGGA

TCCCCCATCA
CCCACCTTCA
ACCCCCATCT
ACCCCCATCA
GCCCCCGTCC
GCCCCCGTCC
GCCCCCGTCC
ACCCCCATCA
ACCCCCATCA
ACCCCCATCA
ACCCCCATCC
ACCCCCATCC
ACCCCCATCC
ACCCCCATCC
ACCCCCATCC
ACCCCCATCC
ACCCCcCATCC
ACCCCCATCC
ACCCCCATCC
ACCCCCATCC
ACCCCCATCC
ACCCCCATCC
ACCCCCATCC
ACCCCCATCC
ACCCCCATCC
ACCCCCATCT

ATGAACTGTG
ATGAACAGTA
ATGAACTGTT
GCGAACTGTT
GTGAACCGTC
GTGAACCGTC
GTGAACCGTC
ATGAACCGTC
GTGAACTGTC
GTGAACTGTC
ATGAACTGTT
GTGAACTGTT
GTGAACTGTT
GTGAACTGTT
GTGAACTGTT
GTGAACTGTT
GTGAACTGTT
GTGAACTGTT
ATGAACTGTT
ATGAACTGTC
GTGAACTGTT
GTGAACTGTT
GTGAACTGTT
GTGAACTGTT
GTGAACTGTC
ATGAACTGTA

TGCTATTTTT
GGCTATCTTT
ARCCATTTTC
AACCCATTTT
AACCATCTTC
ARCCATCTTC
ARCCATCTTC

GCCCCAGACA
GCCCCAGACA
GCCCCAGACA
GCTCCAGATA
GCCCCAGACA

CTTCTTCTTC
CTTCTTCTCC
TTCCTGCTCC
TTCCTGCTCC
TTTCTGCTCC
TTTCTGCTCC
TTTCTGCTCC
TTTCTACTCC
TTTCTGCTCC
TTTCTGCTCC
TTCCTACTCC
TTCCTACTCC
TTCCTACTCC
TTCCTACTCC
TTCCTACTCC
TTCCTACTCC
TTCCTACTCC
TTCCTACTCC
TTCCTACTCC
TTCCTACTCC
TTCCTACTCC
TTCCTACTCC
TTCCTACTCC
TTCCTACTCC
TTCCTTCTCC
TTCCTTCTCC

TATCCCCCAC
TACCCACCGC
TACCCTCCGC
TACCCCCCCC
TACCCCCCAC
TACCCCCCAC
TACCCCCCAC
TACCCCCCAC
TACCCCCCAC
TACCCCCCAC
TACCCCCCAC
TACCCCCCAC
TACCCCCCAC
TACCCCCCAC
TACCCCCCAC
TACCCCCCAC
TACCCCCCAC
TACCCCCCAC
TACCCCCCAC
TATCCCCCAC
TACCCCCCAC
TACCCTCCAC
TACCCTCCAC
TACCCTCCAC
TACCCCCCTC
TACCCCCCTT

TCATTACATT
TCACTTCACC
TCCCTTCACC
TCCCTCCACC
TCCCTACACC
TCCCTACACC
TCCCTACACC
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TGGCATTTCC
TGGCATTTCC
TGGCATTTCC
TAGCCTTCCC
TAGCCTTCCC

TACTTACCTC
TACTAACATC
TTTTAGCCTC
TTTTGGCCTC
TTTTAGCCTC
TTTTAGCCTC
TTTTAGCCTC
TTTTGGCCTC
TTTTGGCCTC
TTTTGGCCTC
TTCTGGCCTC
TTCTGGCCTC
TTTTGGCCTC
TTTTGGCCTC
TCTTGGCCTC
TTTTGGCCTC
TTTTGGCCTC
TTTTAGCCTC
TTTTGGCCTC
TTTTGGCCTC
TTTTAGCCTC
TTTTAGCCTC
TTTTAGCCTC
TTTTAGCCTC
TTTTGGCCTC
TTTTGGCTTC

TAGCCGGAAA
TAGCAGGAAA
TGGCGGGAAA
TGGCGGGAAA
TGGCGGGAAA
TGGCGGGAAA
TGGCGGGAAA
TTGCGGGGAA
TGGCGGGGAA
TGGCGGGGAA
TGGCGGGAAA
TGGCGGGAAA
TGGCGGGAAA
TGGCGGGAAA
TGGCGGGAARA
TGGCGGGAAA
TGGCGGGAAA
TGGCGGGAAA
TGGCGGGAAA
TGGCGGGARA
TGGCGGGAAA
TGGCGGGAAA
TGGCGGGAAA
TGGCGGGAAR
TGGCAGGAAA
TAGCAGGAAA

TGGCCGGTGT
TGGCAGGTGC
TGGCTGGGGT
TCGCCCGGGT
TAGCCGGGAT
TAGCCGGGAT
TAGCCGGGAT



CCTAGCCCAT
CTTAGCCCAT
CTTAGCCCAT
CCTGGCCCAT
CCTGGCCCAT
CCTGGCCCAT
CCTGGCCCAT
CCTAGCCCAT
CCTAGCCCAT
CCTAGCCCAT
CCTGGCCCAT
CCTGGCCCAT
CTTGGCCCAC
CCTGGCCCAT
CCTGGCCCAT
CCTGGCCCAT
CCTGGCCCAT
CCTAGCCCAC
CCTGGCCCAC

CTCCTCAATT
CTCCTCAATT
TTCGTCCATT
GTCTTACATT
TTCGTCCATT
TTCGTCCATT
TTCGTCCATT
ATCATCCATT
ATCATCCATT
ATCATCCATT
ATCGTCCATT
ATCGTCCATT
GTCGTCCATT
GTCGTCCATT
GTCGTCCATT
GTCGTCCATT
GTCGTCCATT
TTCGTCCATC
TTCGTCCATT
TTCCTCCATT
TTCGTCCATT
TTCGTCCATT
TTCGTCCATT
TTCGTCCATT
GTCGTCTATC
ATCATCCATC

TACCTCACAG
CACTTCACAA
AGTATCCCAA
CATCTCCCAC
AGTCTCCCAA
AGTCTCCCaA
AGTCTCCCAA
AGTATCCCAG
AGTATCCCAG
AGTATCCCAG
AGTATCCCAA
AGTATCCCAA
AGTATCCCAG
AGTATCCCAG
AGTCTCCCRA
AGTCTCCCAA
AGTCTCCCAA
AGTATCCCAA
AGTATCCCAA
AGTATCCCAA

GCAGGAGCCT
GCGGGAGCCT
GCGGGAGCCT
GCAGGAGCCT
GCAGGAGCCT
GCAGGAGCCT
GCAGGAGCCT
GCGGGAGCCT
GCGGGAGCCT
GCGGGAGCCT
GCAGGAGCCT
GCAGGAGCCT
GCAGGAGCCT
GCAGGAGCCT
GCAGGAGCCT
GCAGGAGCCT
GCAGGAGCCT
GCAGGAGCCT
GCAGGAGCCT

CTTGGGGCCA
CTAGGGGCAR
TTGGGGGCTA
TTTAGGGCCA
TTAGGAGCTA
TTAGGAGCTA
TTAGGAGCTA
TTAGGGGCTA
TTAGGGGCTA
TTAGGGGCTA
TTAGGAGCTA
TTAGGAGCTA
TTAGGAGCTA
TTAGGAGCTA
TTAGGGGCAA
TTAGGGGCCA
TTAGGGGCCA
TTGGGGGCCA
CTGGGGGCTA
TTGGGGGCTA
TTGGGGGCTA
TTGGGGGCTA
TTGGGGGCTA
TTGGGGGCTA
CTAGGGGCTA
TTAGGGGCCA

TACCAAACCC
TATCAAACCC
TATCAGACAC
TATCGGACNN
TACCAAACAC
TACCAAACAC
TACCABAACAC
TATCAGACAC
TATCAGACGC
TATCAGACGC
TACCAGACAC
TACCAGACAC
TATCAGACAC
TATCAGACAC
TATCAGACAC
TATCAGACAC
TATCAGACAC
TACCAGACAC
TATCAGACAC
TACCAGACAC

CTGTGGACCT
CTGTGGACCT
CTGTGGACCT
CTGTAGACCT
CTGTAGACCT
CTGTAGACCT
CTGTAGACCT
CTGTAGACCT
CTGTAGACCT
CTGTAGACCT
CTGTAGACCT
CTGTAGACCT
CTGTAGACCT
CTGTAGACCT
CTGTAGACCT
CTGTAGACCT
CTGTAGACCT
CTGTAGACCT
CTGTAGACCT

TTAACTTTAT
TTAACTTCAT
TTAATTTTAT
TTACTTTTAT
TTAATTTTAT
TTAATTTTAT
TTAATTTTAT
TTAACTTTAT
TTAACTTTAT
TTAACTTTAT
TTAATTTTAT
TTAATTTTAT
TTAATTTTAT
TTAATTTTAT
TTAATTTTAT
TTAATTTTAT
TTAATTTTAT
TTAACTTTAT
TTAATTTTAT
TTAATTTTAT
TTAATTTTAT
TTAATTTTAT
TTAATTTTAT
TTAATTTTAT
TTAATTTTAT
TTAACTTTAT

CCCTATTCGT
CTCTATTTGT
CTCTGTTTGT
NNNNATTTGT
CCCTATTTGT
CCCTATTTGT
CCCTATTTGT
CTCTATTTGT
CCCTATTCGT
CCCTATTCGT
CTCTATTTGT
CTCTATTTGT
CTCTATTTGT
CTCTATTTGT
CTCTATTTGT
CTCTATTTGT
CTCTATTTGT
CTTTATTTGT
CTCTATTTGT
CCCTGTTTGT

AACCATTTTC
AACCATTTTT
AACCATTTTT
AACCATTTTC
AACCATTTTC
AACCATTTTC
AACCATTTTC
AACCATTTTC
AACCATTTTT
AACCATTTTT
AACCATTTTC
AACCATTTTC
AACCATTTTC
AACCATTTTC
AACCATTTTC
AACCATTTTC
AACCATTTTC
TACCATCTTC
TACTATTTTC

TACTACGATT
TACTACAATT
TACTACCATT
TTACACGATT
TACCACAATT
TACCACAATT
TACCACAATT
TACCACAATC
TACCACAATC
TACCACAATC
CACCACAATT
CACCACAATT
TACCACAATT
TACCACAATT
TACCACAATT
TACCACGATT
TACCACGATT
TACCACAATT
TACCACAATC
TACCACAATT
TACCACCATT
TACCACCATT
TACCACCATT
TACCACCATT
CACTACGATT
CACTACAATT

ATGATCAGTG
ATGATCAGTA
GTGATCTGTA
TTGATCCGAA
GTGATCTGTA
GTGATCTGTA
GTGATCTGTA
GTGATCTGTA
GTGATCTGTG
GTGATCTGTG
ATGATCTGTA
ATGATCTGTA
GTGATCTGTA
GTGATCTGTA
ATGATCTGTA
ATGATCTGTA
ATGATCTGTA
GTGATCTGTA
GTGATCTGTG
GTGATCTGTA

TCCCTTCACC
TCTCTTCACC
TCTCTTCACC
TCCCTCCACC
TCCCTCCACC
TCCCTCCACC
TCCCTCCACC
TCCCTCCACC
TCCCTCCACC
TCCCTCCACC
TCCCTTCACC
TCCCTCCATC
TCCCTTCACC
TCCCTTCACC
TCCCTTCACC
TCCCTTCACC
TCCCTTCACC
TCCCTACACT
TCCCTCCACT

ATCAACATAA
ATTAATATAA
ATTAACATGA
TTTAACATGA
ATTAATATGA
ATTAATATGA
ATTAATATGA
ATTAACATGA
ATTAACATGA
ATTAACATGA
ATTAACATGA
ATTAACATGA
ATCAACATGA
ATCAACATGA
ATTAACATGA
ATTAACATGA
ATTAACATGA
ATTAACATGA
ATTAACATGA
ATTAACATGA
ATTAACATGA
ATTAACATGA
ATTAACATGA
ATTAACATGA
ATCAACATAA
ATCAACATGA

CTAGTTACCG
TTAGTTACCG
TTAGTCACGG
TTAAGCACGG
TTAGTCACGG
TTAGTCACGG
TTAGTCACGG
TTAATCACGG
TTAATCACGG
TTAATCACGG
TTAATCACGG
TTAATCACGG
TTAATCACGG
TTAATCACGG
TTAATTACGG
TTAATTACAG
TTAATTACAG
TTAATCACGG
TTAATCACGG
TTAATCACAG
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TGGCTGGGGT
TGGCCGGGGT
TGGCCGGGGT
TGGCCGGGGT
TGGCCGGGGT
TGGCCGGGGT
TGGCCGGGGT
TGGCCGGGGT
TGGCCGGGGT
TGGCCGGGGT
TGGCCGGAGT
TGGCCGGGGT
TGGCCGGGGT
TGGCTGGGGT
TGGCTGGGGT
TGGCTGGGGT
TGGCTGGGGT
TGGCTGGGGT
TGGCTGGGGT

AACCGCCATC
AACCCCCATC
AACCCCCCGC
CGACCCCCGC
AACCCCCCGC
ARCCCCCCGC
AACCCCCCGC
AGCCCCCCGC
AACCCCCCGC
AACCCCCCGC
AACCCCCCGC
AACCCCCCGC
AACCCCCCGC
AACCCCCCGC
AGCCCCCCGC
AGCCCCCCGC
AGCCCCCCGC
AGCCCCCCGC
AACCCCCCGC
AACCTCCCGC
AACCCCCCGC
ADCCCCCCGC
AACCCCCCGC
AACCCCCCGC
AACCTCCCGC
AACCCCCTGC

CAGTACTCCT
CAATTCTTCT
CCGTACTTCT
CCATACATCG
CCGTGCTCCT
CCGTGCTCCT
CCGTGCTCCT
CCGTTCTTCT
CCGTCCTTCT
CCGTCCTTCT
CCGTGCTTCT
CCGTGCTTCT
CCGTACTTCT
CCGTACTTCT
CCGTACTTCT
CCGTACTTCT
CCGTACTTCT
CCGTACTTCT
CCGTACTTCT
CCGTACTTCT



AGTATCCCAA
AGTATCCCAA
AGTATCCCAA
AGTATCCCAA
AGTATTTCAG
AGTATCCCAA

GTTATTATCT
TCTATTATCC
CCTACTATCA
ACTACTATCA
CCTACTGTCC
CCTACTGTCC
CCTACTGTCC
CCTACTGTCA
CCTACTATCA
CCTACTATCA
CCTGCTGTCA
CCTGCTGTCA
CCTACTGTCA
CCTACTGTCA
CCTACTGTCA
CCTACTGTCA
CCTACTGTCA
CCTACTCTCA
CCTACTATCA
CCTATTATCG
CCTACTATCA
CCTACTATCA
CCTACTATCA
CCTGCTATCA
CCTCCTATCA
CCTTCTCTCA

TAATACTACC
CAATACTACC
AAACACCACT
ARACACCACC
ARAACACCACC
AAACACCACC
AAACACCACC
AAACACCACC
AAACACCACC
ABACACCACC
AAACACCACC
ARACACCACC
AAARACACCACC
AAACACCACC
AAACACCACC
AAACACCACC
ARACACCACC
AAACACCACC
AAACACCACC
ARBACACCACC
AAACACCACC
ARACACCACC
AAACACCACC
ARACACCACC
AAATACCACA
AAACACCACA

CTGATTCTTC
TTGATTCTTT
NNNNNNNNNN
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT

TATCAGACAC
TATCAAACAC
TATCAAACAC
TATCAGACAC
TATCAAACCC
TATCARACCC

CTACCGGTTT
CTTCCTGTTT
CTGCCAGTGC
CTGCCAGCGC
CTGCCAGTGC
CTGCCAGTGC
CTGCCAGTGC
CTGCCAGTGC
CTGCCAGTGC
CTGCCAGTGC
CTGCCAGTGC
CTGCCAGTGC
CTGCCAGTGC
CTGCCAGTGC
CTGCCAGTGC
CTGCCAGTGC
CTGCCAGTGC
CTGCCAGTGC
CTGCCAGTGC
CTACCAGTGC
CTGCCAGTGC
CTGCCAGTGC
CTGCCAGTGC
CTGCCAGTGC
CTACCAGTTC
CTACCAGTTC

TTCTTTGACC
TTCTTCGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCTTTGACC
TTCGTTGAAC
TTCTTTGACC
TTCTTTGACC

GGCCACCCAG
GGCCACCCCG
NNNNNNNNNN
GGCCACCCAG
GGCCACCCAG
GGCCACCCAG

CTCTATTTGT
CTCTATTTGT
CTCTATTTGT
CTCTATTTGT
CCCTATTCGT
CCCTATTCGT

TAGCCGCAGG
TAGCTGCAGG
TAGCTGCAGG
TAGCTGAAGG
TAGCTGCAGG
TAGCTGCAGG
TAGCTGCAGG
TAGCTGCAGG
TAGCTGCAGG
TAGCTGCAGG
TAGCTGCGGG
TGGCTGCGGG
TAGCTGCGGG
TAGCTGCGGG
TAGCTGCAGG
TAGCTGCGGG
TAGCTGCGGG
TAGCTGCGGG
TAGCTGCAGG
TAGCTGCAGG
TAGCTGCAGG
TAGCTGCAGG
TAGCTGCAGG
TAGCTGCAGG
TAGCTGCAGG
TAGCTGCCGG

CCGCGGGGGG
CAGCGGGTGG
CAGNNNNNNN
CACCCGGAGA
CAGCTGGAGG
CAGCTGGAGG
CAGCTGGAGG
CGGCCGGAGG
CAGCCGGAGG
CAGCCGGAGG
CAGCCGGAGG
CAGCCGGAGG
CGGCCGGAGG
CAGCCGGAGG
CAGCCGGAGG
CAGCCGGAGG
CAGCCGGAGG
CAGCCGGAGG
CAGCCGGAGG
CAGCCGGAGG
CAGCCGGAGG
CAGCCGGAGG
CAGCCGGAGG
CAGCCGGAGG
CCGCCGGAGG
CCGCCGGGGG

AAGTCTACAT
AAGTATATAT
NNNNNNNNNN
AGGTATATAT
AGGTGTACAT
AGGTGTACAT

GTGATCTGTA
GTGATCTGTA
GTGATCTGTA
GTGATCTGTA
GTGATCTGTA
TTGGTCTGTG

CATTACAATA
CATTACAATG
GATCACAATG
ARTCACCAAA
AATCACAATA
AATCACAATA
AATCACAATA
GATCACAATA
GATCACAATA
GATCACAATA
GATCACAATA
GATCACAATA
AATCACAATA
AATCACAATA
AATTACAATA
AATTACAATA
AATTACAATA
AATCACAATG
GATCACAATA
GATTACAATA
GATCACAATG
GATCACAATG
GATCACAATG
GATCACAATA
AATTACAATA
AATTACAATG

TGGGGACCCA
TGGAGACCCA
NNNNNNNNNN
ACGAGACCCC
AGGAGACCCC
AGGAGACCCC
AGGAGACCCC
AGGAGACCCC
GGGAGACCCC
GGGAGACCCC
AGGAGACCCC
AGGAGACCCC
AGGAGACCCC
AGGAGACCCC
AGGAGACCCC
AGGAGACCCC
AGGAGACCCC
AGGAGACCCC
AGGAGACCCC
AGGAGACCCC
AGGAGACCCC
AGGAGACCCC
AGGAGACCCC
GGGAGACCCC
GGGAGACCCC
AGGAGACCCC

TCTTATCCTC
TCTGATTCTC
NNNNNNNNNN
TCTAATTCTA
TCTAATTCTA
TCTAATTCTA

TTAATCACGG
TTAATCACGG
TTAATCACGG
TTAATCACGG
CTAGTTACAG
CTAATCACAG

CTCCTAACAG
CTCCTAACAG
CTCCTAACAG
CGCCGAACAG
CTCCTGACAG
CTCCTGACAG
CTCCTGACAG
CTCCTAACAG
CTCCTAACAG
CTCCTARCAG
CTTCTAACAG
CTTCTAACAG
CTCCTAACAG
CTCCTAACAG
CTCCTAACAG
CTCCTAACAG
CTCCTAACAG
CTCCTAACAG
CTCCTAACAG
CTCCTARACAG
CTCCTBRACAG
CTCCTAACAG
CTCCTAACAG
CTCCTAARCAG
CTGCTGACAG
CTACTAACAG

ATCCTCTATC
ATCCTTTACC
NNNNNNNNNN
AACCTCTACC
ATCCTCTACC
ATCCTCTACC
ATCCTCTACC
ATTCTCTACC
ATTCTCTACC
ATTCTCTACC
ATCCTCTACC
ATCCTCTACC
ATCCTCTACC
ATCCTCTACC
ATCCTCTACC
ATCCTCTACC
ATCCTCTACC
ATCCTCTATC
ATCCTCTACC
ATCCTCTACC
ATCCTCTACC
ATCCTCTACC
ATCCTCTACC
ATCCTCTACC
ATCCTGTATC
ATCCTCTATC

CCAGGCTTCG
CCGGGGTTCG
NNNNNNNNNN
CCAGGATTCG
CCAGGATTCG
CCAGGATTCG
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CCGTACTTCT
CCGTACTCCT
CCGTACTCCT
CCGTACTCCT
CTGTACTCCT
CTGTTCTTCT

ACCGCAACCT
ACCGAAACCT
ACCGAAATTT
ACCGRAATTT
ACCGAAATTT
ACCGAAATTT
ACCGAAATTT
ACCGTAATTT
ACCGAAATTT
ACCGAAATTT
ATCGAAATTT
ATCGAAATTT
ACCGGAATTT
ACCGGAATTT
ACCGGAATTT
ACCGGAATTT
ACCGGAATTT
ACCGAAATTT
ACCGAAATTT
ACCGARATTT
ACCGAAATTT
ACCGAAATTT
ACCGAAATTT
ACCGAARTTT
ATCGRAATTT
ACCGARRATTT

AACATCTGTT
AACATTTATT
NNNNNNNNNN
AGCACCTATT
AACACCTATT
AACACCTATT
AACACCTATT
AACACCTATT
AACACCTATT
AACACCTATT
AACACCTATT
AACACCTATT
AACACCTATT
AACACCTATT
AACACCTATT
AACACCTATT
AACACCTATT
AGCACCTATT
AACACCTATT
AACACCTATT
AACACCTATT
AACACCTATT
AACACCTATT
AACACCTATT
AGCACCTGTT
BACACCTATT

GCATAATCTC
GCATAATCTC
NNNNNNNNNN
GCATGATCTC
GCATGATTTC
GCATGATTTC



TTGATTCTTT
CTGATTTTTT
TTGATTCTTC
TTGATTCTTC
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
TTGATTCTTT
CTGATTCTTC
CTGATTCTTT

CCACATCGTA
TCATATCGTA
NNNNNNNNNN
CCATATTGTA
CCACATTGTG
CCACATTGTG
CCACATTGTG
CCACATTGTG
CCACATTGTG
CCACATTGTG
CCACATTGTA
CCACATTGTA
CCACATTGTA
CCACATTGTA
CCACATTGTA
CCACATCGTA
CCACATCGTA
CCATATTGTA
CCATATTGTA
CCATATTGTA
CCATATTGTG
CCATATTGTG
CCATATTGTG
CCATATTGTG
CCACATTGTA
CCACATCGTA

AGCAATAATA
AGCAATAATA
NNNNNNNNNN
AGCCATGATG
AGCTATGATG
AGCTATGATG
AGCTATGATG
AGCTATAATG
AGCTATAATG
AGCTATAATG
GGCCATAATG
GGCCATRAATG
GGCTATAATG
GGCTATAATG
GGCTATAATG
GGCTATGATG
GGCTATGATG
GGCTATAATG
GGCTATGATG

GGCCACCCAG
GGTCACCCAG
GGTCACCCAG
GGTCACCCAG
GGCCACCCAG
GGCCACCCAG
GGCCACCCAG
GGCCACCCAG
GGCCACCCAG
GGCCACCCAG
GGCCACCCAG
GGCCACCCAG
GGCCACCCAG
GGCCACCCAG
GGCCACCCAG
GGCCACCCAG
GGCCACCCAG
GGCCACCCAG
GGCCACCCAG
GGCCACCCAG

GCCTATTATT
GCCTATTATT
NNNNNNNNNN
GCATACTACG
GCATACTATG
GCATACTATG
GCATACTATG
GCATACTATG
GCATACTATG
GCATACTATG
GCCTACTATG
GCTTACTATG
GCATACTATG
GCATACTATG
GCATACTACG
GCATACTACG
GCATACTACG
GCATACTATG
GCATACTATG
GCATACTATG
GCATACTATG
GCATACTATG
GCATACTATG
GCATACTATG
GCCTACTATG
GCCTACTATG

GCAATTGGGC
GCGATTGGAC
NNNNNNNNNN
GCCATTGGGC
GCCATCGGAC
GCCATCGGAC
GCCATCGGAC
GCTATCGGAC
GCTATCGGAC
GCTATCGGAC
GCTATTGGAC
GCTATTGGGC
GCTATTGGAC
GCTATTGGAC
GCTATTGGAC
GCTATTGGAC
GCTATTGGAC
GCTATTGGAC
GCCATTGGAC

AGGTGTACAT
AGGTGTACAT
AGGTATACAT
AGGTATACAT
AGGTGTACAT
AGGTATACAT
AAGTATACAT
AAGTGTACAT
AGGTATATAT
AGGTATATAT
AGGTATATAT
AAGTGTATAT
AGGTGTACAT
AGGTGTATAT
AGGTATATAT
AGGTATATAT
AGGTATATAT
AAGTATATAT
AAGTATATAT
AGGTATATAT

CAGGTAAAAA
CAGGTAABRAG
NNNNNNNNNN
CCGGCARAAA
CCGGCAAAAA
CCGGCAAARA
CCGGCARAARA
CCGGCAAARAA
CCGGCAARAR
CCGGCAAAAA
CCGGCAAAAA
CCGGCAAAAA
CCGGCAAARA
CCGGCAAAAA
CCGGCAAARA
CCGGCAAARA
CCGGCAAARA
CCGGCAAARA
CCGGCAAAAA
CCGGCAAAAA
CTGGCAAAAA
CCGGCAAARAA
CCGGCAAARAA
CCGGCAAARAA
CAGGTAAARA
CAGGTAAAAA

TCCTAGGATT
TCTTAGGATT
NNNNNNNNNN
TACTAGGCTT
TACTAGGCTT
TACTAGGCTT
TACTAGGCTT
TACTAGGCTT
TACTAGGCTT
TACTAGGCTT
TACTAGGCTT
TACTAGGCTT
TACTAGGCTT
TACTAGGCTT
TACTAGGCTT
TACTAGGCTT
TACTAGGCTT
TACTAGGCTT
TATTAGGCTT

TCTAATTCTA
CCTAATTCTA
CCTGATTCTA
CCTGATTCTA
TCTAATTCTA
TCTAATTCTA
TCTAATTCTA
TCTAATTCTA
TCTGATTCTA
TCTGATTTTA
TCTGATTCTA
TCTAATTCTA
TCTAATTCTA
TCTAATTCTA
TCTAATTCTA
TCTAATTCTA
TCTAATTCTA
TCTAATTCTG
TCTAATTTTA
TCTAATTTTA

TGAACCCTTC
TGAACCATTC
NNNNNNNNNN
GGAACCTTTT
AGAACCCTTT
AGAACCCTTT
AGAACCCTTT
AGAACCTTTT
GGAACCTTTT
GGAACCTTTT
AGAACCTTTT
AGAACCTTTT
AGAACCTTTT
AGAACCTTTT
AGAACCTTTT
AGAACCTTTT
AGAACCTTTT
AGAACCTTTT
AGAACCTTTT
GGAACCTTTT
GGAACCTTTT
GGAACCTTTT
GGAACCTTTT
GGAACCTTTT
AGAACCCTTT
GGAACCCTTT

TATTGTGTGA
TATCGTCTGA
NNNNNNNNNN
TATCGTAAGA
TATCGTATGG
TATCGTATGG
TATCGTATGG
TATCGTGTGG
TATCGTGTGG
TATCGTGTGG
TATCGTGTGA
TATCGTGTGA
TATCGTGTGA
TATCGTGTGA
TATCGTGTGA
TATCGTGTGA
TATCGTGTGA
TATCGTGTGA
TATCGTATGA

CCAGGATTCG
CCGGGATTCG
CCGGGATTCG
CCGGGATTCG
CCAGGATTCG
CCAGGATTCG
CCAGGATTCG
CCAGGATTCG
CCGGGGTTCG
CCAGGGTTCG
CCAGGGTTCG
CCGGGATTCG
CCAGGATTCG
CCGGGATTCG
CCGGGATTCG
CCGGGATTCG
CCGGGATTCG
CCGGGATTCG
CCTGGATTTG
CCAGGGTTCG

GGCTATATAG
GGATATATAG
NNNNNNNNNN
GGCTACATAG
GGCTACATGG
GGCTACATGG
GGCTACATGG
GGCTACATGG
GGCTACATGG
GGCTACATGG
GGCTATATAG
GGCTATATAG
GGTTACATAG
GGTTACATAG
GGTTACATAG
GGTTACATAG
GGTTACATAG
GGTTACATAG
GGCTACATAG
GGCTACATAG
GGCTACATAG
GGCTACATAG
GGCTACATAG
GGCTACATAG
GGATACATAG
GGGTACATAG

GCTCATCACA
GCCCACCACA
NNNNNNNNNN
GCTCATCACA
GCCCATCACA
GCCCATCACA
GCCCATCACA
GCTCATCATA
GCTCATCACA
GCTCATCACA
GCTCATCACA
GCTCATCACA
GCTCATCACA
GCTCATCACA
GCTCATCACA
GCTCATCACA
GCTCATCACA
GCTCATCACA
GCTCATCACA
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GCATGATTTC
GTATGATCTC
GCATGATCTC
GCATGATCTC
GCATGATCTC
GCATGATCTC
GCATGATCTC
GCATGATCTC
GCATGATTTC
GCATGATTTC
GCATGATTTC
GCATGATCTC
GCATGATCTC
GCATGATCTC
GCATGATCTC
GCATAATCTC
GCATAATCTC
GCATGATCTC
GCATGATTTC
GCATGATCTC

GAATAGTATG
GRATAGTATG
NNNNNNNNNN
GAATAGTATG
GAATAGTATG
GAATAGTATG
GAATAGTATG
GAATAGTATG
GAATAGTATG
GAATAGTATG
GAATAGTGTG
GAATAGTGTG
GAATAGTATG
GAATAGTATG
GAATAGTATG
GAATAGTATG
GAATAGTATG
GAATAGTATG
GAATAGTATG
GAATAGTATG
GGATAGTATG
GAATAGTATG
GAATAGTATG
GAATAGTATG
GCATGGTATG
GCATGGTGTG

TATTTACCGT
TATTTACAGT
NNNNNNNNNN
TGTTTACAGT
TGTTTACAGT
TGTTTACAGT
TGTTTACAGT
TATTCACAGT
TGTTCACAGT
TGTTCACAGT
TATTTACAGT
TATTTACAGT
TATTCACAGT
TATTCACAGT
TATTCACAGT
TGTTCACAGT
TGTTCACAGT
TATTCACAGT
TATTTACAGT



GGCTATGATG
AGCCATGATG
AGCTATAATG
AGCTATAATG
AGCTATGATG
GGCTATAATG
AGCTATGATG

CGGCATAGAC
TGGTATAGAT
NNNNNNNNNN
TGGAATGGAC
TGGAATGGAC
TGGAATGGAC
TGGAATGGAC
TGGAATGGAC
TGGAATAGAC
TGGAATAGAC
TGGAATGGAC
TGGAATGGAC
TGGCATGGAC
TGGGATGGAC
TGGCATGGAC
TGGAATGGAC
TGGAATGGAC
TGGGATGGAC
TGGAATGGAC
TGGAATGGAC
TGGAATGGAC
TGGAATGGAC
TGGAATGGAC
TGGBATGGAC
TGGAATAGAC
CGGAATGGAC

AACGGGGGTC
AACTGGAGTT
NNNNNNNNNN
CACAGGTGTC
TACAGGTGTC
TACAGGTGTC
TACAGGTGTC
CACAGGCGTT
CACAGGTGTC
CACAGGTGTC
CACAGGCGTC
CACAGGCGTC
CACAGGCGTC
CACAGGCGTC
CACAGGCGTC
CACAGGTGTC
CACAGGTGTC
CACAGGTGTC
CACAGGTGTC
CACAGGTGTC
CACAGGTGTC
CACAGGTGTC
CACAGGTGTC
CACAGGTGTC
AACAGGGGTC
AACGGGAGTT

AACCCCTATA
AACTCCTATG
NNNNNNNNNN
TACCCCCCTA
CACCCCACTA

GCCATTGGAC
GCCATTGGGC
GCCATTGGGC
GCCATTGGGC
GCTATTGGGC
GCTATCGGCC
GCTATCGGTC

GTAGATACTC
GTTGACACCC
NNNNNNNNNN
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTAGACACAC
GTTGACACAC

AAAGTATTTA
AAAGTATTTA
NNNNNNNNNN
AAAGTCTTTA
AAAGTCTTTA
AAAGTCTTTA
AAAGTCTTTA
AAAGTCTTTA
ARAGTCTTTA
AAAGTCTTTA
AAAGTCTTTA
ARAAGTCTTTA
AAAGTCTTTA
AAAGTCTTTA
AAAGTCTTTA
AAAGTCTTTA
AAAGTCTTTA
ABAGTCTTTA
ARAGTCTTTA
AAAGTCTTTA
AAAGTCTTTA
AAAGTCTTTA
AAAGTCTTTA
AAAGTCTTTA
AAAGTCTTTA
AAAGTTTTTA

TTATGAGCTC
CTATGAGCCC
NNNNNNNNNN
CTTTGAGCCT
CTCTGAGCCT

TACTAGGCTT
TACTAGGCTT
TACTAGGCTT
TACTAGGCTT
TACTAGGCTT
TGCTAGGATT
TATTAGGTTT

GAGCCTACTT
GAGCCTACTT
NNNNNNNNNN
GGGCCTACTT
GGGCTTACTT
GGGCTTACTT
GGGCTTACTT
GGGCCTATTT
GGGCCTATTT
GGGCCTATTT
GGGCCTATTT
GGGCCTATTT
GGGCCTATTT
GGGCCTATTT
GGGCCTATTT
GGGCCTATTT
GGGCCTATTT
GGGCCTATTT
GGGCCTACTT
GGGCCTACTT
GGGCCTACTT
GGGCCTACTT
GGGCCTACTT
GGGCCTACTT
GGGCCTATTT
GGGCCTACTT

GCTGACTTGC
GCTGACTTGC
NNNNNNNNNN
GCTGATCAGC
GCTGATTGGC
GCTGATTGGC
GCTGATTGGC
GCTGATTAGC
GCTGATTAGC
GCTGATTAGC
GCTGATTAGC
GCTGATTAGC
GCTGATTAGC
GCTGATTAGC
GCTGATTAGC
GCTGATTAGC
GCTGATTAGC
GCTGGTTAGC
GCTGATTAGC
GCTGATTGGC
GCTGATTGGC
GCTGATTGGC
GCTGATTGGC
GCTGATTGGC
GCTGATTAGC
GCTGATTAGC

TTGGCTTCAT
TGGGTTTCAT
NNNNNNNNNN
TAGGCTTTAT
TAGGCTTTAT

TATCGTATGA
TATCGTATGA
TATCGTATGA
TATCGTATGA
TATCGTATGA
TATCGTGTGA
TATCGTGTGA

CACTTCCGCT
CACATCCGCC
NNNNNNNNNN
TACCTCCGCC
TACCTCCGCC
TACCTCCGCC
TACCTCCGCC
CACCTCCGCC
TACCTCCGCC
TACCTCCGCC
TACCTCCGCC
TACCTCCGCC
TACCTCCGCC
TACCTCCGCC
TACCTCCGCC
TACCTCCGCC
TACCTCCGCC
TACCTCCGCC
TACCTCCGCC
TACCTCCGCC
TACCTCCGCC
TACCTCCGCC
TACCTCCGCC
TACCTCCGCC
CACCTCCGCC
CACCTCCGCC

CACACTACAC
TACATTACAC
NNNNNNNNNN
CACCCTTCAC
CACCCTTCAC
CACCCTTCAC
CACCCTTCAC
TACCCTTCAC
CACCCTTCAC
CACCCTTCAC
CACCCTTCAC
CACCCTTCAC
CACCCTTCAC
CACCCTTCAC
CACCCTTCAC
CACCCTTCAC
CACCCTTCAC
CACCCTCCAT
CACCCTTCAC
CACCCTTCAT
CACCCTTCAT
CACCCTTCAT
CACCCTTCAT
CACCCTTCAT
CACCCTCCAC
CACCCTTCAC

TTTCTTATTT
TTTCCTTTTC
NNNNNNNNNN
TTTCCTATTC
TTTCCTATTC

GCTCATCACA
GCTCATCACA
GCTCATCACA
GCTCATCACA
GCTCATCACA
GCCCACCACA
GCCCACCACA

ACAATAATTA
ACTATAATTA
NNNNNNNNNN
ACAATAATTA
ACTATAATTA
ACTATAATTA
ACTATAATTA
ACAATAATCA
ACAATAATTA
ACAATAATTA
ACAATAATTA
ACAATAATTA
ACAATAATCA
ACGATAATCA
ACAATAATCA
ACAATAATTA
ACAATAATTA
ACGATAATCA
ACAATAATTA
ACAATAATTA
ACAATAATTA
ACAATAATTA
ACAATAATTA
ACAATAATTA
ACAATAATCA
ACAATAATTA

GGAGGTGCAA
GGAGGCGCAA
NNNNNNNNNN
GGCGGCTCAA
GGCGGCTCAA
GGCGGCTCAA
GGCGGCTCAA
GGCGGTTCAA
GGCGGTTCAA
GGCGGTTCAA
GGCGGTTCAA
GGCGGTTCAA
GGCGGTTCAA
GGCGGTTCAA
GGCGGTTCAA
GGCGGCTCAA
GGCGGCTCAA
GGCGGTTCAA
GGCGGCTCAA
GGTGGTTCARA
GGTGGTTCAA
GGTGGTTCAA
GGTGGTTCRA
GGTGGTTCAA
GGCGGCTCAA
GGCGGCTCAA

ACAGTCGGCG
ACAGTTGGGG
NNNNNNNNNN
ACAGTGGGAG
ACAGTGGGAG
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TGTTTACAGT
TGTTTACAGT
TGTTTACAGT
TGTTTACAGT
TGTTTACAGT
TGTTTACAGT
TATTTACAGT

TTGCGATCCC
TTGCTATTCC
NNNNNNNNNN
TTGCCATCCC
TTGCCATCCC
TTGCCATCCC
TTGCCATCCC
TTGCCATCCC
TTGCCATCCC
TTGCCATCCC
TCGCCATCCC
TCGCTATCCC
TCGCCATCCC
TCGCCATCCC
TCGCCATCCC
TTGCCATCCC
TTGCCATCCC
TCCCAATCCC
TTGCCATCCC
TCGCCATCCC
TTGCCATCCC
TTGCCATCCC
TTGCCATCCC
TTGCCATCCC
TTGCCATCCC
TTGCCATCCC

TTAAATGGGA
TTAAATGAGA
NNNNNNNNNN
TTAAATGAGA
TTAAATGGGA
TTAAATGGGA
TTAAATGGGA
TTAAATGAGA
TTAAATGAGA
TTAAATGAGA
TTAAATGAGA
TTAAATGAGA
TTAAATGGGA
TTAAATGGGA
TTAAATGGGA
TTAAATGAGA
TTAAATGAGA
TTAAATGAGA
TTAAATGAGA
TTAAATGAGA
TTARATGAGA
TTAAATGAGA
TTAAATGAGA
TTAAATGAGA
TCAAATGAGA
TCARATGAGA

GACTAACCGG
GACTAACTGG
NNNNNNNNNN
GCTTAACGGG
GTTTAACGGG



CACCCCACTA
CACCCCACTA
TACCCCCCTG
TACCCCCCTG
TACCCCCCTG
CACCCCTCTA
CACCCCCCTA
CACCCCGCTA
CACCCCGCTA
CACCCCGCTA
TACCCCCCTA
TACCCCCTTA
TACCCCTCTA
TACCCCCCTA
TACCCCCCTA
TACCCCTCTA
TACCCCTCTA
TACCCCTCTA
TACCCCTCTA
CACTCCCCTA
CACCCCCCTA

TATTATCTTA
CATTATTCTA
NNNNNNNNNN
AATTGTCCTG
ARTTGTCTTA
AATTGTCTTA
AATTGTCTTA
AATTGTCTTA
AATTGTCTTA
AATTGTCTTA
AATTGTCTTA
AATTGTCTTA
AATTGTCTTA
ARTTGTCTTA
ABRTTGTCTTA
AATTGTCTTA
AATTGTCTTA
AATTGTCTTA
AATTGTCCTG
AATTGTCTTA
AATTGTCTTA
AATTGTCTTA
AATTGTCTTA
AATTGTCTTA
AATTGTCTTA
AATTGTCTTA

ACACTTCCAC
ACACTTCCAC
NNNNNNNNNN
ACACTTCCAC
ACATTTCCAT
ACATTTCCAT
ACATTTCCAT
ACACTTCCAC
ACACTTCCAC
ACACTTCCAC
ACATTTTCAT
ACATTTTCAT
ACATTTTCAT
ACATTTTCAT
ACATTTTCAT
ACATTTTCAT
ACATTTTCAT
ACATTTTCAC

CTCTGAGCCT
CTCTGAGCCT
CTTTGGGCTC
CTTTGAGCCC
CTTTGAGCCC
CTATGAGCCC
CTATGAGCCC
CTCTGAGCCC
CTATGAGCCC
CTCTGAGCCC
CTTTGAGCCC
CTTTGAGCCC
CTCTGAGCCT
CTTTGAGCCT
CTTTGAGCCT
CTTTGAGCCT
CTTTGAGCCT
CTTTGAGCCT
CTTTGAGCCT
CTATGAGCCC
CTTTGAGCCC

GCCAACTCAT
GCAAACTCAT
NNNNNNNNNN
GCCAACTCGT
GCCAACTCGT
GCCAACTCGT
GCCAACTCGT
GCCAACTCAT
GCCAACTCAT
GCCAACTCAT
GCCAACTCGT
GCCAACTCGT
GCCAACTCGT
GCCAACTCGT
GCCAACTCGT
GCCAACTCGT
GCCAACTCGT
GCCAACTCGT
GCCAACTCGT
GCCAACTCGT
GCCAACTCGT
GCCAACTCGT
GCCAACTCGT
GCCAACTCGT
GCCAACTCAT
GCCAACTCAT

TATGTCCTGT
TATGTTCTCT
NNNNNNNNNN
TAGGCATTAT
TACGTGCTGT
TACGTGCTGT
TACGTGCTGT
TATGTGCTAT
TATGTACTAT
TATGTACTAT
TATGTACTAT
TATGTACTAT
TATGTGTTAT
TATGTATTAT
TATGTGTTAT
TATGTGTTAT
TATGTGTTAT
TATGTACTAT

TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TAGGCTTTAT
TGGGCTTTAT

CACTAGACAT
CATTAGATAT
NNNNNNNNNN
CTCTAGATAT
CCCTAGATAT
CCCTAGATAT
CCCTAGATAT
CCCTGGATAT
CCCTAGATAT
CCCTAGATAT
CCCTAGATAT
CCCTAGATAT
CCCTAGATAT
CCCTAGATAT
CCCTAGATAT
CCCTAGATAT
CCCTAGATAT
CTCTAGACAT
CTCTAGATAT
CTCTAGATAT
CTCTAGATAT
CTCTAGATAT
CTCTAGATAT
CTCTAGATAT
CCCTAGACAT
CCCTGGACAT

CAATAGGAGC
CCATAGGAGC
NNNNNNNNNN
CAATCGGCGC
CAATGGGGGC
CAATGGGGGC
CAATGGGGGC
CAATGGGGGC
CAATGGGAGC
CAATGGGAGC
CAATGGGGGC
CAATGGGGGC
CGATAGGAGC
CAATAGGAGC
CGATAGGAGC
CAATAGGAGC
CAATAGGAGC
CAATGGGAGC

TTTCCTATTC
TTTCCTATTC
CTTCCTATTC
CTTCCTATTT
CTTCCTATTT
CTTCCTATTC
CTTCCTATTC
TTTCCTATTC
TTTCCTATTC
TTTCCTATTC
TTTTCTATTC
TTTTCTATTC
TTTCCTATTC
TTTCCTATTC
TTTCCTATTC
CTTCCTATTC
CTTCCTATTC
CTTCCTATTC
CTTCCTATTC
CTTCCTATTT
TTTCTTATTT

CATACTACAC
TATACTTCAC
NNNNNNNNNN
TGTACTTCAC
TGTACTTCAC
TGTACTTCAC
TGTACTTCAC
TGTGCTTCAT
CGTACTTCAC
CGTACTTCAC
TGTACTTCAC
TGTACTTCAC
CGTACTTCAC
TGTACTTCAC
CGTACTTCAC
TGTGCTTCAC
TGTGCTTCAC
TGTACTTCAT
TGTACTTCAC
TGTACTTCAC
TGTACTTCAC
TGTACTTCAC
TGTACTTCAC
TGTACTTCAC
CGTGCTTCAC
TGTACTTCAC

CGTCTTTGCC
CGTATTTGCT
NNNNNNNNNN
TTTGGTCCGC
TGTGTTTGCC
TGTGTTTGCC
TGTGTTTGCC
TGTGTTCGCT
CGTGTTCGCT
CGTGTTCGCT
TGTATTCGCC
TGTATTCGCC
TGTATTCGCC
TGTATTCGCC
TGTATTCGCC
TGTGTTCGCC
TGTGTTCGCC
TGTGTTCGCC

ACAGTGGGAG
ACAGTGGGAG
ACAGTGGGAG
ACAGTGGGAG
ACAGTGGGAG
ACAGTGGGAG
ACAGTGGGAG
ACAGTGGGAG
ACAGTGGGAG
ACAGTGGGAG
ACAGTGGGGG
ACAGTGGGGG
ACGGTGGGAG
ACAGTGGGAG
ACAGTGGGAG
ACAGTGGGAG
ACAGTGGGAG
ACAGTGGGAG
ACAGTGGGAG
ACAGTGGGAG
ACGGTAGGAG

GATACATATT
GATACGTATT
NNNNNNNNNN
GACACCTACT
GACACCTACT
GACACCTACT
GACACCTACT
GACACCTATT
GACACCTACT
GACACCTACT
GACACCTATT
GACACCTATT
GACACCTACT
GACACCTACT
GACACCTACT
GACACCTACT
GACACCTACT
GACACCTACT
GACACCTACT
GACACCTACT
GACACCTACT
GACACCTACT
GACACCTACT
GACACCTACT
GACACCTACT
GACACCTACT

ATTATGGGCG
ATTATAGGAG
NNNNNNNNNN
ATCAAAGGAG
ATTATAGGAG
ATTATAGGAG
ATTATAGGAG
ATCATAGGGG
ATTATAGGGG
ATTATAGGGG
ATTATGGGGG
ATTATGGGGG
ATTATAGGGG
ATTATAGGGG
ATTATAGGGG
ATTATAGGGG
ATTATAGGGG
ATTATAGGGG
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GTTTAACGGG
GTTTAACGGG
GCTTAACAGG
GCTTARACAGG
GCTTAACAGG
GCTTAACGGG
GCTTAACGGG
GCTTAACGGG
GCTTAACAGG
GCTTAACGGG
GCTTAACGGG
GCTTAACGGG
GCTTAACAGG
GCTTAACGGG
GCTTAACAGG
GCTTAACGGG
GCTTAACGGG
GCTTAACGGG
GCTTAACGGG
GCTTAACAGG
GCTTAACAGG

ACGTAGTTGC
ATGTAGTTGC
NNNNNNNNNN
ACGTCGTAGC
ACGTTGTAGC
ACGTTGTAGC
ACGTTGTAGC
ATGTCGTAGC
ACGTCGTAGC
ACGTCGTAGC
ATGTCGTAGC
ATGTCGTAGC
ACGTCGTAGC
ACGTCGTAGC
ACGTCGTAGC
ACGTTGTAGC
ACGTTGTAGC
ACGTTGTAGC
ACGTTGTAGC
ACGTTGTAGC
ACGTTGTAGC
ACGTTGTAGC
ACGTTGTAGC
ACGTTGTAGC
ACGTTGTAGC
ACGTCGTAGC

GCTTTGTCCA
GCTTCGTCCA
NNNNNNNNNN
CCCTCGAACA
CTTTCGTGCA
CTTTCGTGCA
CTTTCGTGCA
CCTTCGTACA
CCTTCGTACA
CCTTCGTACA
CCTTCGTCCA
CCTTCGTCCA
CCTTCGTACA
CCTTCGTACA
CCTTCGTACA
CCTTCGTACA
CCTTCGTACA
CCTTCGTACA



ACATTTTCAC
ACATTTTCAC
ACATTTCCAC
ACATTTCCAC
ACATTTCCAC
ACATTTCCAC
ACACTTTCAC
TCACTTTCAC

TTGATTCCCC
CTGATTCCCA
NNNNNNNNNN
CTGAGTCCCG
CTGATTCCCA
CTGATTCCCA
CTGATTCCCA
CTGATTCCCG
CTGATTCCCG
CTGATTCCCG
CTGATTCCCG
CTGATTCCCG
CTGATTCCCA
CTGATTCCCA
CTGATTCCCA
CTGATTCCCG
CTGATTCCCG
CTGATTCCCG
CTGATTCCCA
TTGATTCCCG
CTGATTCCCG
CTGATTCCCG
CTGATTCCCG
CTGATTCCCG
CTGATTCCCA
TTGATTCCCG

AATTATATTT
AATTATATTT
NNNNNNNNNN
CGTAATATTT
CGTCATATTT
CGTCATATTT
CGTCATATTT
CGTAATATTT
CGTGATATTT
CGTGATATTT
CGTAATATTT
CGTAATATTT
CGTAATATTT
CGTAATATTT
CGTAATATTT
CGTAATATTC
CGTAATATTC
TGTAATATTT
TGTAATATTT
TGTAATATTT
TGTAATATTT
CGTAATATTT
CGTAATATTT
TGTAATATTT
TGTAATGTTC
TGTGATGTTT

AATACCACGA
AATACCACGA
NNNNNNNNNN
AATACCCCGC

TATGTATTAT
TATGTACTAT
TATGTATTAT
TATGTATTAT
TATGTATTAT
TATGTATTAT
TACGTACTAT
TATGTACTGT

CTGTTCTCAG
TTATTCTCAG
NNNNNNNNNN
CGTCACACAA
CTCTTCACGG
CTCTTCACGG
CTCTTCACGG
CTTTTCACGG
CTTTTTACGG
CTTTTTACGG
CTCTTCACAG
CTCTTCACAG
CTTTTCACAG
CTTTTCACAG
CTTTTCACAG

CAATGGGGGC
CAATGGGGGC
CAATGGGAGC
CAATGGGAGC
CAATGGGAGC
CAATGGGAGC
CAATGGGGGC
CAATAGGAGC

GCTTTACACT
GATATACACT
NNNNNNNNNN
GTTATACACT
GTTACACTCT
GTTACACTCT
GTTACACTCT
GTTATACACT
GTTATACGCT
GTTATACGCT
GTTATACACT
GTTATACACT
GTTACACACT
GTTACACACT
GTTACACACT

CTTTTTACAG

GTTTTACACT

CTTTTTACAG
CTTTTCACAG
CTTTTCACAG
CTTTTTACGG
CTTTTCACAG
CTTTTCACGG
CTTTTCACGG
CTTTTCACGG
CTTTTCACAG
CTTTTCACAG

ATTGGGGTAA
ATTGGAGTCA
NNNNNNNNNN
GTAGGCGTCA
GTAGGTGTCA
GTAGGTGTCA
GTAGGTGTCA
GTAGGCGTRA
GTAGGCGTAA
GTAGGCGTAA
GTAGGCGTCA
GTAGGCGTCA
GTAGGCGTCA
GTAGGCGTCA
GTAGGCGTCA
GTAGGCGTCA
GTAGGCGTCA
GTAGGTGTCA
GTAGGTGTCA
GTAGGTGTCA
GTAGGTGTTA
GTAGGTGTCA
GTAGGTGTCA
GTAGGTGTCA
GTAGGCGTCA
GTAGGCGTCA

CGTTACTCAG
CGCTACTCAG
NNNNNNNNNN
CGATACTCAG

GTTTTACACT
GTTATACGCT
GTTATACACT
GTTATACACT
GTTATACACT
GTTATACACT
GTTATACACT
GTTATACACT
GTTACACACT
GTTATACGCT

ACATAACATT
ACCTAACATT
NNNNNNNNNN
ATCTAACATT
ATTTAACATT
ATTTAACATT
ATTTAACATT
ACTTAACATT
ACTTGACATT
ACTTGACATT
ACTTAACATT
ACTTAACATT
ACTTAACATT
ACTTAACATT
ACTTAACATT
ACTTAACATT
ACTTAACATT
ATTTAACATT
ATTTAACATT
ATTTAACATT
ATTTAACATT
ATCTAACATT
ATCTAACATT
ATTTAACATT
ATTTAACATT
ACCTAACATT

ATTACCCAGA
ACTACCCTGA
NNNNNNNNNN
ACTACCCAGA

TGTGTTCGCC
TGTGTTCGCC
TGTGTTCGCC
TGTGTTCGCC
TGTGTTCGCC
TGTGTTCGCC
CGTATTTGCT
CGTTTTCGCC

TCACCCTACC
TCATCCGACA
NNNNNNNNNN
ACACGGCACC
ACACAGCACC
ACACAGCACC
ACACAGCACC
ACACGGCACC
ACACGGCACC
ACACGGCACC
ACATGGCACC
ACATGGCACC
ACATGGCACC
ACATGGCACC
ACATGGCACC
ACACGGCACC
ACACGGCACC
ACACGGCACC
ACACGGCACC
ACACGGCACC
ACACGGCACC
ACACGGCACC
ACACGGCACC
ACACGGCACC
TCACAGCACC
TCACAGCACC

CTTCCCTCAG
CTTTCCTCAA
NNNNNNNNNN
CTTCCCCCAR
CTTCCCCCAA
CTTCCCCCAA
CTTCCCCCaA
CTTCCCCCAA
CTTCCCCCAA
CTTCCCCCAA
CTTCCCCCAA
CTTCCCCCAA
CTTCCCCCAA
CTTCCCCCAA
CTTCCCCCAA
TTTTCCCCAA
TTTTCCCCAA
CTTCCCCCAA
CTTCCCCCAA
CTTCCCCCAG
CTTCCCCCAA
CTTCCCCCAA
CTTCCCCCAA
CTTCCCCCAA
CTTCCCCCAA
CTTCCCCCAA

TGCATACACC
CGCATATACT
NNNNNNNNNN
CGCATACGCC

ATTATAGGGG
ATTATAGGAG
ATTATAGGGG
ATTATAGGGG
ATCATAGGGG
ATTATAGGGG
ATTATAGGGG
ATCATGGGAG

TGGACTAAAA
TGAACCARAAA
NNNNNNNNNN
TGACCCAAAA
TGATCCAAAA
TGATCCAAAA
TGATCCAAAA
TGATCCARAA
TGATCCAAAA
TGATCCAAARA
TGATCCAAAA
TGATCCAAAA
TGATCCAAAA
TGATCCAAAA
TGATCCAAARA
TGATCCAAAA
TGATCCAAAA
TGATCCAAAA
TGATCCAAAA
TGGTCCAAAA
TGGTCCAAAA
TGATCCARAA
TGATCCAAAA
TGGTCCAAAA
TGATCTAAAR
TGATCTAARA

CACTTCCTAG
CATTTCCTCG
NNNNNNNNNN
CACTTCCTAG
CACTTCCTGG
CACTTCCTGG
CACTTCCTGG
CACTTCCTAG
CACTTCCTAG
CACTTCCTAG
CACTTCCTAG
CACTTCCTAG
CACTTCCTAG
CACTTCCTAG
CACTTCCTAG
CATTTCCTAG
CATTTCCTAG
CACTTCCTAG
CACTTCCTAG
CACTTCCTAG
CACTTCCTAG
CACTTCCTAG
CACTTCCTAG
CACTTCCTAG
CACTTCCTAG
CACTTCCTAG

ATATGAAACT
TTATGAAACT
NNNNNNNNNN
CTATGAAACA
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CCTTCGTACA
CCTTCGTACA
CCTTCGTACA
CCTTCGTACA
CCTTCGTACA
CCTTCGTACA
CTTTCGTTCA
CTTTCGTCCA

TTCACTTCGG
TCCACTTCGG
NNNNNNNNNN
TCCAATTTGC
TCCACTTTGC
TCCACTTTGC
TCCACTTTGC
TCCACTTTGC
TCCACTTTGC
TCCACTTTGC
TCCACTTTGC
TCCACTTTGC
TCCACTTCGC
TCCACTTCGC
TCCACTTCGC
TCCACTTTGC
TCCACTTTGC
TCCACTTTGC
TCCACTTTGC
TCCACTTTGC
TCCACTTTGC
TCCACTTTGC
TCCACTTTGC
TCCACTTTGC
TCCACTTTGC
TCCACTTCGC

GACTAGCTGG
GATTGGCTGG
NNNNNNNNNN
GCCTCGCAGG
GCCTCGCAGG
GCCTCGCAGG
GCCTCGCAGG
GTCTCGCAGG
GTCTCGCAGG
GTCTCGCAGG
GCCTCGCAGG
GCCTCGCAGG
GCCTCGCAGG
GCCTCGCAGG
GCCTCGCAGG
GCCTCGCAGG
GCCTCGCAGG
GCCTCGCAGG
GCCTCGCAGG
GCCTTGCAGG
GCCTCGCAGG
GCCTCGCAGG
GCCTCGCAGG
GCCTCGCAGG
GCCTCGCAGG
GCCTCGCAGG

-CTTTATCTT
-CTTTATCCT
—NNNNNNNNN
GCCGCCTCCT



AATGCCCCGC
AATGCCCCGC
AATGCCCCGC
TATACCCCGC
TATACCCCGC
TATACCCCGC
AATGCCCCGC
AATGCCCCGC
AATGCCCCGC
ARATGCCCCGC
AATGCCCCGC
AATGCCCCGC
AATGCCCCGC
AATGCCTCGC
AATGCCCCGC
AATGCCTCGC
AATGCCTCGC
AATGCCTCGC
AATGCCTCGC
AATGCCTCGC
CATACCCCGT
TATACCCCGC

CTATTGGCTC
CCATCGGATC
NNNNNNNNNN
CAATCAGATC
CAATTGGTTC
CAATTGGTTC
CAATTGGTTC
CAATCGGCTC
CAATCGGCTC
CAATCGGCTC
CAATCGGCTC
CAATCGGCTC
CAATCGGCTC
CAATCGGCTC
CAATCGGCTC
CAATCGGCTC
CAATCGGCTC
CAATCGGCTC
CAATCGGCTC
CAATCGGCTC
CAATCGGCTC
CBATCGGCTC
CAATCGGCTC
CAATCGGCTC
CAGTTGGCTC
CCATTGGCTC

GGCCCACCCC
GGCCCACCCA
NNNNNNNNNN
GGCACATCCA
GGCACATCCA
GGCACATCCA
GGCACATCCA
GGCACATCCA
GGCACATCCA
GGCACATCCA
GGCACATCCA
GGCACATCCA
GGCACATCCA
GGCACATCCA
GGCACATCCA
GGCACATCCA
GGCACATCCA

CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATACTCAG
CGATATTCAG

TATAATCTCC
CATAATTTCC
NNNNNNNNNN
ACTAATCTCA
ACTAATTTCA
ACTAATTTCA
ACTAATTTCA
ACTAATCTCA
ACTAATTTCA
ACTAATTTCA
ACTAATCTCA
ACTAATCTCA
ACTAATCTCA
ACTAATCTCA
ACTAATCTCA
ACTAATCTCA
ACTAATCTCA
ACTAATCTCA
ACTAATCTCA
ACTAATCTCA
ACTAATCTCA
ACTAATCTCA
ACTAATCTCA
ACTAATCTCA
ATTAATCTCG
ACTAATCTCA

GCACAACTAG
GCACAACTAG
NNNNNNNNNN
TCACAATTAG
TCACAATTAG
TCACAATTAG
TCACAATTAG
TCACAATTAG
TCACAATTAG
TCACAATTAG
TCACAATTAG
TCACAATTAG
TCACAATTAG
TCACAATTAG
TCACAATTAG
TCACAATTAG
TCACAATTAG

ACTACCCTGA
ACTACCCTGA
ACTACCCTGA
ACTACCCAGA
ACTACCCAGA
ACTACCCAGA
ACTACCCAGA
ACTACCCAGA
ACTACCCAGA
ACTACCCAGA
ACTACCCGGA
ACTACCCGGA
ACTACCCGGA
ACTACCCAGA
ACTATCCGGA
ACTACCCAGA
ACTACCCAGA
ACTACCCAGA
ACTACCCAGA
ACTACCCAGA
ACTACCCCGA
ACTACCCCGA

CTTACTGCTG
CTTACAGCTG
NNNNNNNNNN
TTAATTGCCG
CTAGTTGCTG
CTAGTTGCTG
CTAGTTGCTG
TTAATTGCCG
TTAATCGCCG
TTAATCGCCG
TTGGTTGCTG
TTGATTGCTG
TTAGTTGCTG
TTAGTTGCCG
TTAGTTGCTG
TTAGTTGCTG
TTAGTTGCTG
CTGATTGCTG
TTAGTTGCCG
TTAGTTGCTG
TTAGTTGCTG
TTAGTTGCTG
TTAGTTGCTG
TTAGTTGCTG
CTTATCGCTG
CTTATTGCTG

GACTACAAGA
GACTTCAAGA
NNNNNNNNNN
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA

CGCATACGCT
CGCATACGCT
CGCATACGCT
CGCATATGCC
CGCATACGCC
CGCATACGCC
CGCATATGCC
CGCATATGCC
CGCATACGCC
CGCATACGCC
CGCATACGCC
CGCATACGCC
CGCATACGCC
CGCGTACGCC
CGCATACGCC
CGCATACGCC
CGCATACGCC
CGCATACGCC
CGCATATGCC
CGCATACGCC
CGCCTACGCC
TGCCTATGCC

TTATTATATT
TTATTATATT
NNNNNNNNNN
TAATTATGTT
TGATTATATT
TGATTATATT
TGATTATATT
TAATTATGTT
TAATTATGTT
TAATTATGTT
TGATTATATT
TGATTATATT
TGATTATATT
TGATTATATT
TAATTATATT
TGATTATATT
TGATTATATT
TGATTATATT
TGATTATATT
TGATTATATT
TGATTATATT
TGATTATATT
TGATTATATT
TGATTATATT
TAATTATGTT
TAATTATGTT

CGCATCCTCC
CGCATCCTCC
NNNNNNNNNN
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA

CTATGAAACA
CTATGAAACA
CTATGARACA
CTATGAAACA
CTATGAAACA
CTATGAAACA
CTATGARACA
CTATGAARCA
CTGTGRAACA
CTGTGAARACA
CTGTGAAATA
CTGTGARATA
CTGTGAAATA
CTATGAAACA
CTGTGAAATA
CTATGAAACA
CTGTGARAACA
CTATGARACA
CTATGAARACA
CTATGARACA
CTATGARACA
CTATGAAACA

TTTATTTATC
CCTATTTATT
NNNNNNNNNN
CCTATTTATT
CCTATTCATT
CCTATTCATT
CCTATTCATT
CCTATTTATT
CCTATTTATT
CCTATTTATT
CCTATTTATC
CCTATTTATC
CCTATTCATT
CCTATTCATT
CCTATTCATT
CCTGTTCATT
CCTGTTCATT
CCTATTCATT
CCTATTCATC
CCTATTCATT
CCTATTTATT
CCTATTTATT
CCTATTTATT
CCTATTTATT
CTTATTCATT
CCTATTCATC

CCTATTATAG
CCTATTATAG
NNNNNNATAG
CATGTAATAG
CCTGTARATAG
CCTGTAATAG
CCTGTAATAG
CCTGTAATAG
CCTGTAATAG
CCTGTRATAG
CCTGTAATAG
CCTGTAATAG
CCTGTAATAG
CCTGTAATAG
CCTGTAATAG
CCTGTAATAG
CCTGTAATAG
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~CCATCTCCT
-CCATCTCCT
-CCATCTCCT
~CCGTTTCCT
-CCGTTTCCT
-CCGTTTCCT
-CCGTCTCCT
~CCGTCTCCT
-CCGTCTCCT
-CCGTCTCCT
-CCGTCTCCT
-CCGTCTCCT
-CCGTCTCCT
-CCGTCTCCT
~CCGTCTCCT
~CCGTCTCCT
-CCGTCTCCT
~CCGTCTCCT
~CCGTCTCCT
-CCGTCTCCT
~CTGTCTCCT
-CTGTCTCCT

CTCTGAGAAT
CTTTGAGAAT
NNNNNNNNNN
TTATGAGAAT
CTGTGAGAAT
CTGTGAGAAT
CTGTGAGAAT
TTATGAGAAT
TTATGAGRAT
TTATGAGAAT
TTATGAGAAT
TTATGAGAAT
TTATGAGAAT
TTATGAGAAT
TTATGAGAAT
TTATGAGAAT
TTATGAGAAT
CTATGAGAAT
CTATGAGAAT
CTATGAGAAT
CTGTGAGAAT
CTGTGAGAAT
CTGTGAGAAT
CTGTGAGAAT
CTTTGAGAAT
CTCTGAGAAT

AAGAACTCCT
AAGAACTTCT
AAGAACTTCT
AAGARACTTCT
AAGAACTTCT
AAGRACTTCT
AAGARCTTCT
AAGAACTTCT
AAGAACTTCT
AAGAACTTCT
AAGAACTTCT
AAGAACTTCT
AAGAACTTCT
AAGAACTTCT
AAGAACTTCT
AAGRACTTCT
AAGAACTTCT



GGCACATCCA
GGCACATCCA
GGCTCATCCA
GGCACATCCA
GGCACATCCA
GGCACATCCA
GGCACATCCA
GGCACATCCA
GGCACATCCA

ACACTTCCAT
CCATTTTCAC
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTCCAT
CCACTTTCAT
CCACTTTCAT

CATCACAACA
TATTACAACA
TATTGTGGCC
TATTGTGGCC
TATTGTAGCC
TATTGTAGCC
TATTGTAGCC
TATTGTGGCC
TATTGTGGCC
TATTGTGGCC
TATTGTGGCC
TATTGTGGCC
TATTGTGGCC
TATTGTGGCC
TATTGTGGCC
TATTGTGGCC
TATTGTGGCC
TATTGTGGCC
TATTGTGGCC
TATTGTGGCC
TATTGTGGCC
TATTGTGGCC
TATTGTGGCC
TATTGTGGCC
TATTGTGGCC
TATTGTGGCC

TGAAATAGTC
TGAAATGGTA
TGAAATTGTA

TCACAATTAG
TCACAATTAG
TCACAATTAG
TCACAATTAG
TCACAATTAG
TCACAATTAG
TCACAATTAG
TCACAATTAG
TCACAATTAG

GACCATGCAT
GACCACGCTC
GACCACACAC
GACCACACAC
GACCACACAC
GACCACACAC
GACCACACAC
GATCACACAC
GATCACACAC
GATCACACAC
GACCACACAC
GACCACACAC
GACCACACAC
GACCACACAC
GATCACACAC
GATCACACAC
GATCACACAC
GACCACACAC
GACCACACAC
GACCACACAC
GACCACACAC
GACCACACAC
GACCACACAC
GACCACACAC
GACCACACAC
GACCACACAC

ACAGTCTCAA
ACTGTCTCAA
ATGGTGTCAA
ATGGTGTCAA
ATGGTATCAA
ATGGTATCAA
ATGGTATCAA
ATGGTGTCAA
ATGGTGTCAA
ATGGTGTCAA
ATGGTGTCAA
ATGGTGTCAA
ATGGTGTCAA
ATGGTGTCAA
ATGGTGTCAA
ATGGTGTCAA
ATGGTGTCAA
ATGGTGTCAA
ATGGTGTCAA
ATGGTGTCAA
ATGGTGTCAA
ATGGTGTCAA
ATGGTGTCAA
ATGGTGTCAA
ATAGTGTCAA
ATAGTGTCAA

TGAACAGTTA
TGAACAGTTA
TGAACAGTAC

GATTCCAAGA
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA
GATTCCAAGA

TAATAATCGT
TAATAATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TGATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT
TAATGATTGT

CAAAACTAAC
CAARAACTARC
CTAAACTAAC
CTAAACTAAC
CTAAGCTAAC
CTAAGCTAAC
CTAAGCTAAC
CTAAACTAAC
CTAAACTAAC
CTAAACTAAC
CTAAACTAAC
CTAAACTAAC
CTAAACTAAC
CTAAACTAAC
CTAAACTAAC
CTAAACTAAC
CTAAACTAAC
CTAAACTAAC
CTAAACTAAC
CTAAACTARC
CTAAACTAAC
CTAAACTAAC
CTAAACTAAC
CTAAACTAAC
CTAAACTAAC
CTAAACTAAC

TACCAGCTTT
TACCGGCTCT
TCCCAGCAGT

CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA
CGCGGCCTCA

CTTTTTAATT
TTTCCTAATT
CTTCCTAATC
CGTCCTAATC
CTTCCTAATT
CTTCCTAATT
CTTCCTAATT
TTTCCTAATC
CTTCCTAATC
CTTCCTAATC
CTTCCTAATT
CTTCCTAATT
CTTCCTAATT
CTTCCTAATT
CTTCCTAATT
CTTCCTAATT
CTTCCTAATT
CTTCCTAATC
CTTCCTAATC
CTTCCTAATC
CTTCCTAATC
CTTCCTARTC
CTTCCTAATC
CTTCCTAATC
CTTCCTAATC
CTTCCTAATC

CAACAAGCAC
TAATAAACAC
AAACAAATAC
ARACAAATAT
AAACAAATAC
ARACAAATAC
AAACAAATAC
AAACAAGTAC
AAACAAGTAC
AAACAAGTAC
AAACAAATAT
AAACAAATAT
AARCAAATAT
AAACAAATAT
AAACAAATAC
AAACAAATAT
AAACAAATAT
AAACAAATAT
AAMACAAATAT
AARACARATAT
AAACAAATAT
AAACAAATAT
AAACAAATAT
AAACAAATAT
AAACAARATAC
AAACAAATAC

AGTGTTAATT
AGTATTGATT
ARTTTTAATC

CCTGTAATAG
CCTGTAATAG
CCTGTAATAG
CCTGTAATAG
CCTGTAATAG
CCTGTAATAG
CCTGTAATAG
CCTGTTATAG
CCTGTTATAG

AGTACCCTTG
AGCACACTAG
AGCACTCTAG
AGCACTCTAG
AGCACTCTAG
AGCACTCTAG
AGCACTCTAG
AGCACTTTAG
AGCACTTTAG
AGCACTTTAG
AGCACTCTGG
AGCACTCTGG
AGCACTCTAG
AGCACTCTAG
AGCACTCTAG
AGCACTCTAG
AGCACTCTAG
AGCACTCTAG
AGCACTCTAG
AGCACTCTAG
AGCACTCTAG
AGCACTCTAG
AGCACTCTAG
AGCACTCTAG
AGTACTTTAG
AGCACTTTAG

TTACTTGACG
CTACTTGATG
GTACTGGACT
GTACTGGACT
GTACTGGACT
GTACTGGACT
GTACTGGACT
GTACTGGACT
GTACTGGACT
GTACTGGACT
GTACTGGACT
GTACTGGACT
GTACTGGACT
GTACTGGACT
GTACTGGACT
GTACTGGACT
GTACTGGACT
GTACTGGACT
GTACTGGACT
GTACTGGACT
GTACTGGACT
GTACTGGATT
GTACTGGATT
GTACTGGATT
GTACTAGACT
GTACTAGACT

GCCATTGCCT
ACTATTGCCC
TTAATTGCCC
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AAGAACTTCT
AAGAACTTICT
AAGAACTTCT
AAGAACTTCT
ARGAACTTCT
AAGAACTTCT
AAGAACTTCT
AAGAACTTCT
AAGAACTTCT

TACTTTACAT
TACTTTATAT
TACTTTACAT
TACTTTACAT
TACTCTACAT
TACTCTACAT
TACTCTACAT
TGCTCTACAT
TGCTCTACAT
TGCTCTACAT
TGCTTTACAT
TGCTTTACAT
TACTTTACAT
TACTTTACAT
TACTTTACAT
TACTTTACAT
TACTTTACAT
TACTTTACAT
TACTTTACAT
TACTTTACAT
TACTTTACAT
TACTTTACAT
TACTTTACAT
TACTTTACAT
TACTTTACAT
TACTTTACAT

CCCAAGAAAT
CTCAAGAAAT
CCCAAGAAAT
CCCAAGAAAT
CCCAAGAAAT
CCCAAGAAAT
CCCAAGAAAT
CCCAAGAAAT
CCCAAGAAAT
CCCAAGAAAT
CCCAAGAAAT
CCCAAGAAAT
CCCAAGAAAT
CCCAAGAAAT
CCCAAGAAAT
CCCAAGAGAT
CCCAAGAGAT
CCCAAGAAAT
CCCAAGAAAT
CCCAAGAAAT
CCCAAGARAT
CCCAAGAAAT
CCCAAGAAAT
CCCAAGAAAT
CCCAAGAAAT
CCCAAGAGAT

TGCCGTCACT
TACCATCACT
TACCTTCCCT



TGAAATTGTA
TGAAATTGTA
TGAAATTGTA
TGAAATTGTA
TGAAATTGTA
TGAAATTGTA
TGARATTGTA
TGAARATTGTA
TGAAATTGTA
TGAAATTGTA
TGAAATTGTA
TGAAATTGTA
TGAAATTGTA
TGAAATTGTA
TGAAATTGTA
TGAAATTGTA
TGAAATTGTA
TGAAATTGTA
TGAAATTGTA
TGAAATTGTA
TGAARATTGTA
CGAAATTGTG
CGAAATTGTG

CCGAATCCTT
TCGAATCCTT
TCGAATTCTT
TCGAACTCTT
TCGAATTCTC
TCGAATTCTC
TCGAATTCTC
TCGARATTCTT
TCGAATTCTT
TCGAATTCTT
TCGAATTCTT
TCGAATTCTT
TCGAATTCTT
TCGAATTCTT
TCGAATTCTT
TCGAATTCTT
TCGAATTCTT
TCGAATTCTT
TCGAATTCTT
TCGAATTCTT
TCGAATTCTT
TCGAATTCTT
TCGAATTCTT
TCGAATTCTT
CCGAATTCTC
CCGAATTCTT

ACATCAGTGG
ACATCAATGA
ACACCAATGA
ACATCAATGA
ACACCAATGA
ACACCAATGA
ACACCAATGA
ACATCAATGA
ACATCAATGA
ACATCAATGA
ACACCAATGA
ACACCAATGA
ACACCARTGA
ACACCAATGA
ACACCAATGA
ACACCAATGA

TGAACAGTAC
TGAACAGTGC
TGAACAGTGC
TGARACAGTGC
TGGACAGTGC
TGGACAGTGC
TGGACAGTGC
TGGACAGTGC
TGGACAGTGC
TGGACAGTAC
TGGACAGTAC
TGAACAGTAC
TGAACAGTAC
TGAACAGTAC
TGAACAGTAC
TGAACAGTAC
TGAACAGTAC
TGAACAGTAC
TGAACAGTAC
TGAACAGTAC
TGAACAGTAC
TGAACAGTAC
TGAACAGTAC

TACCTAATAG
TATCTTATAG
TACCTAATAG
TACCTAATAG
TACCTAATAG
TACCTAATAG
TACCTAATAG
TACCTAATAG
TACCTGATAG
TACCTAATAG
TACCTAATAG
TACCTAATAG
TACCTAATAG
TACCTAATAG
TACCTAATAG
TATCTAATAG
TATCTAATAG
TACCTAATAG
TACCTAATAG
TACCTAATAG
TACCTAATAG
TACCTAATAG
TACCTARATAG
TACCTAATAG
TACCTAATAG
TACCTAATAG

TACTGAAGCT
TACTGAAGTT
TACTGAAGTT
TACTGAAGTT
TACTGAAGCT
TACTGAAGCT
TACTGAAGCT
TACTGAAGTT
TACTGAAGTT
TACTGAAGTT
TACTGAAGTT
TACTGAAGTT
TACTGAAGTT
TACTGAAGTT
TACTGAAGTT
TACTGAAGTT

TCCCAGCAGT
TCCCAGCAGT
TCCCAGCAGT
TCCCAGCAGT
TCCCAGCAGT
TCCCAGCAGT
TCCCAGCAGT
TCCCGGCAGT
TCCCGGCAGT
TCCCAGCAGT
TCCCAGCAGT
TCCCAGCAGT
TCCCAGCAGT
TCCCAGCAGT
TCCCAGCAGT
TCCCAGCAGT
TCCCAGCAGT
TCCCAGCAGT
TCCCAGCAGT
TCCCAGCAGT
TCCCAGCAGT
TCCCAGCAGT
TCCCAGCAGT

ACGAAATCAA
ATGAAATCAA
ACGAGATTAA
ACGAGATCAA
ACGAGATCAA
ACGAGATCAA
ACGAGATCAA
ACGAGATCAA
ACGAGATCAA
ACGAGATCAA
ACGAGATCAA
ACGAGATCAA
ACGAAATCARA
ACGAGATCAA
ACGAGATCAA
ACGAGATCAA
ACGAGATCAA
ATGAGATTAA
ACGAGATCAA
ACGAGATTAA
ACGAGATTAA
ACGAGATTAA
ACGAGATTAA
ACGAGATTAA
ACGAAATTAA
ACGAAATTAA

ATGAGTACAC
ATGAATATAC
ATGAATACAC
ATGAATATAC
ATGAGTACAC
ATGAGTACAC
ATGAGTACAC
ATGAATATAC
ATGAATATAC
ATGAATATAC
ATGAGTATAC
ATGAGTATAC
ATGAGTATAC
ATGAGTATAC
ATGAGTATAC
ATGAGTATAC

AATTCTAATC
AATTCTAATC
AATTCTAATC
AATTCTARATC
AATTCTAATC
GATCCTAATC
GATCCTAATC
AATCCTAATC
AATCCTAATC
AATCCTAATC
AATCCTAATC
AATCCTAATC
AATCCTAATT
AATCCTAATT
AATCTTAATC
AATTCTAATC
AATTTTAATC
AATTTTAATC
AATTTTAATC
AATTTTAATC
AATTTTAATC
AATCCTAATT
AATTCTGTTT

TGACCCTCAC
TGATCCCCAC
TGACCCCCAC
CGACCCCCAC
CGACCCCCAC
CGACCCCCAC
CGACCCCCAC
CGACCCCCAC
CGACCCCCAC
CGACCCCCAC
TGACCCACAC
TGACCCACAC
TGACCCCCAC
TGACCCCCAC
TGACCCCCAC
TGACCCCCAC
TGACCCCCAC
TGACCCCCAC
CGACCCCCAC
TGACCCCCAC
TGACCCCCAC
TGACCCCCAC
TGACCCCCAC
TGACCCCCAC
CGACCCTCAC
CGATCCCCAC

AGACTACGAG
AGATTACGAA
GGACTATGAA
AGATTATGAA
GGACTATGAA
GGACTATGAA
GGACTATGAA
GGATTATGAA
AGATTATGAA
AGATTATGAA
GGACTATGAA
GGACTATGAA
GGACTATGAA
GGACTATGAA
GGACTATGAA
GGACTATGAA

TTAATTGCCC
TTGATTGCCC
TTGATTGCCC
TTGATTGCCC
TTAATTGCCC
TTAATTGCCC
TTAATTGCCC
TTAATTGCCC
TTAATTGCCC
TTAATTGCCC
TTAATTGCCC
TTAATTGCCC
TTAATTGCCC
TTAATTGCCC
TTAATTGCCC
TTAATCGCCC
TTAATTGCCC
TTAATTGCCC
TTAATTGCCC
TTAATTGCCC
TTAATTGCCC
TTAATCGCTC
TTAATCGCCC

CTAACTATCA
CTAACCATTA
CTAACAATTA
CTAACGATTA
CTAACGATCA
CTAACGATCA
CTAACGATCA
CTGACGATTA
CTAACGATTA
CTAACGATTA
CTGACTATTA
CTGACTATTA
CTGACGATTA
CTGACGATTA
CTGACGATTA
CTGACGATTA
CTGACGATTA
CTGACAATCA
CTGACAATTA
CTGACAATTA
CTGACAATTA
CTGACAATTA
CTGACAATTA
CTGACAATTA
CTAACAATCA
TTAACAATCA

ACATTAAATT
ACATTAAACT
GACCTGGGCT
GACCTGGGAT
GACCTGGGCT
GACCTGGGCT
GACCTGGGCT
GATCTGGGAT
GACCTGGGAT
GACCTGGGAT
GACCTGGGCT
GACCTGGGCT
GACCTGGGCT
GACCTGGGCT
GACCTGGGCT
GACCTGGGCT
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TACCCTCCCT
TGCCCTCCCT
TGCCCTCCCT
TGCCCTCCCT
TGCCCTCCCT
TACCCTCCCT
TACCCTCCCT
TACCCTCTCT
TACCCTCTCT
TACCCTCCCT
TACCCTCCCT
TACCCTCCCT
TGCCCTCCCT
TGCCCTCCCT
TGCCTTCTCT
TACCTTCCCT
TGCCCTCCCT
TACCTTCCCT
TACCTTCCCT
TACCTTCCCT
TACCTTCCCT
TACCCTCCCT
TACCCTCCCT

AAGCCACAGG
AAGCCACAGG
AARGCTATAGG
AAGCTATAGG
AGGCTATGGG
AGGCTATGGG
AGGCTATGGG
AAGCTATAGG
AAGCTATAGG
AAGCTATAGG
AAGCCATGGG
AAGCCATGGG
AAGCTATAGG
AAGCTATAGG
AAGCTATAGG
AAGCTATAGG
AAGCTATAGG
AAGCTATGGG
AAGCTATGGG
AAGCTATGGG
AAGCTATAGG
AAGCTATAGG
AAGCTATAGG
AAGCTATAGG
AAGCTATAGG
AAGCCATAGG

TTGACTCATA
TTGACTCATA
TCGACTCCTA
TTGACTCCTA
TCGACTCCTA
TCGACTCCTA
TCGACTCCTA
TTGACTCCTA
TTGACTCCTA
TTGACTCCTA
TCGACTCCTA
TCGACTCCTA
TCGACTCCTA
TCGACTCCTA
TCGACTCCTA
TCGACTCCTA



ACACCAATGA
GCACCAATGA
ACACCAATGA
ACACCAATGA
ACACCAGTGA
ACACCAATGA
ACACCAATGA
ACACCAATGA
ACACCAATGA
ACACCAATGA

TATAATTCCT
CATAATTCCA
CATAATCCCC
CATAATTCCC
CATAATCCCT
CATAATCCCT
CATAATCCCT
CATGATTCCC
CATGATTCCC
CATGATTCCC
CATAATCCCC
CATAATCCCC
CATAATCCCC
CATAATCCCC
CATAATCCCC
CATAATCCCC
CATAATCCCC
CATAATTCCC
CATGATCCCC
CATAATCCCT
CATAATCCCC
CATAATCCCT
CATAATCCCT
CATAATCCCC
TATAATTCCC
CATAGTCCCC

AATAGTTGTC
AATAGTTGTC
AATGGTAGTG
AATGGTAGTG
AATAGTGGTG
AATAGTGGTG
AATAGTGGTG
AATAGTAGTA
AATAGTAGTA
AATAGTAGTA
AATAGTAGTC
AATAGTAGTT
AATAGTAGTT
AATGGTAGTT
AATAGTAGTA
AATAGTAGTA
AATAGTAGTA
AATGGTGGTG
AATGGTAGTA
AATGGTAGTG
AATGGTAGTG
AATGGTAGTG
AATGGTAGTG
AATGGTAGTG
AATAGTAGTA
CATGGTAGTA

TTCATGAGCT
CTCATGAGCA

TACTGAAGTT
TACTGAAGTT
TACTGARGTT
TACTGAAGTT
TACTGAAGTT
TACTGAAGTT
TACTGAAGTT
TACTGAAGTT
TACTGAAGCT
TACTGARAGCT

ACACAAGATC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC
ACACAAGACC

CCCACCAGCT
CCAACARGGAT
CCCATAGAAT
CCCATAGAAT
CCCATAGAAT
CCCATAGAAT
CCCATAGAAT
CCCATAGAAT
CCCATAGAAT
CCCATAGAAT
CCAATGGAGT
CCAATGGAGT
CCCATAGAAT
CCCATAGAAT
CCAATAGAAT
CCCATAGAGT
CCCATAGAGT
CCCATAGAAT
CCCATGGAAT
CCCATAGAAT
CCCATAGAAT
CCCATAGAAT
CCCATAGAAT
CCCATAGAAT
CCCATGGAGT
CCCATGGAGT

GTGCCGTCTC
GTACCATCAT

ATGAGTATAC
ATGAGTATAC
ATGAATACAC
ATGAGTATAC
ATGAATATAC
ATGAATATAC
ATGAATATAC
ATGAATATAC
ATGAATACAC
ACGAATACAC

TTCTACCAGG
TTCTACCTGG
TCACCCCAGG
TCGCCCCAGG
TCATCCCTGG
TCATCCCTGG
TCATCCCTGG
TCTCCCCAGG
TTTCCCCAGG
TTTCCCCAGG
TCGCCCCAGG
TCGCCCCAGG
TCGCCCCGGG
TCGCCCCAGG
TCGCCCCAGG
TCGCCCCAGG
TCGCCCCAGG
TCGCCCCGGG
TCGCCCCAGG
TCGCCCCAGG
TCGCCCCAGG
TCGCCCCAGG
TCGCCCCAGG
TCGCCCCAGG
TCACTCCCGG
TCACCCCAGG

CTCCCGTACG
CTCCAGTGCG
CCCCAATTCG
CCCCAATTCG
CACCAATTCG
CACCAATTCG
CACCAATTCG
CCCCAATCCG
CCCCAATCCG
CCCCAATCCG
CTCCAATTCG
CTCCAATTCG
CCCCAATTCG
CTCCAATTCG
CTCCAATTCG
CCCCAATTCG
CCCCAATTCG
CCCCAATTCG
CCCCAATTCG
CCCCAATTCG
CCCCAATTCG
CCCCAATTCG
CCCCAATTCG
CCCCAATTCG
CCCCAATTCG
CCCCAATTCG

TAGGCCTAAA
TAGGCCTAAA

GGACTATGAA
GGACTATGAA
AGACTATGAA
GGACTACGAA
GGACTATGAA
GGACTATGAA
GGACTATGAA
GGACTATGAA
AGACTACGAA
AGACTACGAA

CCAATTCCGC
GCAATTCCGC
GCAATTCCGA
ACAATTCCGA
ACAATTCCGT
ACAATTCCGT
ACAATTCCGT
ACAATTCCGA
ACAATTCCGA
ACAATTCCGA
ACAATTCCGA
ACAATTCCGA
ACAATTCCGA
ACAATTCCGA
ACAATTCCGA
ACAATTCCGA
ACAATTCCGA
ACAATTCCGA
GCAATTCCGA
ACAATTCCGA
ACAATTCCGA
GCAATTCCGA
GCAATTCCGA
GCAATTCCGA
ACAATTCCGA
CCAATTCCGA

TATATTAATT
AATACTTATC
AGTTCTAGTC
AGTTCTAGTC
AGTTCTAGTA
AGTTCTAGTA
AGTTCTAGTA
AGTCCTAGTT
AGTCCTAGTT
AGTCCTAGTT
AGTTCTAGTC
AGTTCTAGTC
AGTTCTAGTC
AGTTCTAGTC
AGTTCTAGTC
AGTTCTAGTC
AGTTCTAGTC
AGTTCTAGTC
AGTTCTAGTT
AGTTCTAGTC
AGTTCTAGTT
AGTTCTAGTT
AGTTCTAGTT
AGTTCTAGTT
AGTTTTAGTC
AGTCTTAGTT

AATGGATGCA
AATAGATGCC

GACCTGGGCT
GACCTGGGCT
GACCTAGGCT
GACCTGGGCT
GACCTGGGCT
GACCTGGGCT
GACCTGGGCT
GACCTGGGCT
AACTTAGGCT
AGCCTGGGCT

CTACTTGACA
CTCCTTGACA
CTCCTAGAAG
CTCCTAGAAG
CTCCTAGAAG
CTCCTAGAAG
CTCCTAGAAG
CTCCTAGAAG
CTCCTAGAAA
CTCCTAGAAA
CTCCTAGAAA
CTCCTAGAAA
CTCCTAGAAA
CTCCTAGARAA
CTCCTAGARA
CTCCTAGARA
CTCCTAGARA
CTCCTAGARA
CTCCTAGARG
CTCCTAGAAG
CTCCTAGAARG
CTCCTAGAAG
CTCCTAGAAG
CTCCTAGAAG
CTACTAGAGA
CTTCTAGARA

ACAGCTGAAG
ACCGCTGARG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGAAG
TCCGCAGRAG
TCCGCAGAAG
TCCGCAGAAG
TCTGCAGAAG
TCCGCAGAAG

GTACCCGGAC
GTACCAGGAC
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TCGACTCCTA
TCGACTCCTA
TCGACTCCTA
TCGACTCCTA
TCGACTCCTA
TCGACTCCTA
TCGACTCCTA
TCGACTCCTA
TTGACTCCTA
TTGACTCCTA

CAGACAACCG
CAGACCACCG
CAGACCATCG
CAGACCATCG
CAGACCATCG
CAGACCATCG
CAGACCATCG
CAGACCATCG
CAGACCATCG
CAGACCATCG
CAGACCACCG
CAGACCACCG
CAGACCATCG
CAGACCATCG
CAGACCATCG
CAGACCATCG
CAGACCATCG
CAGACCATCG
CAGACCATCG
CAGACCATCG
CAGACCATCG
CAGACCATCG
CAGACCATCG
CAGACCATCG
CAGACCACCG
CAGACCATCG

ACGTCCTACA
ACGTCCTTCA
ACGTACTCCA
ACGTACTCCA
ATGTACTCCA
ATGTACTCCA
ATGTACTCCA
ATGTACTCCA
ATGTACTCCA
ATGTACTCCA
ATGTACTCCA
ATGTACTCCA
ATGTACTCCA
ATGTACTCCA
ATGTACTCCA
ATGTGCTCTCA
ATGTGCTCCA
ACGTACTCCA
ATGTACTCCA
ACGTACTCCA
ACGTACTCCA
ACGTACTCCA
ACGTACTCCA
ACGTACTCCA
ATGTGCTCCA
ATGTACTCCA

GACTCAATCA
GACTTAATCA



CTCCTGAGCA
CTCCTGAGCG
CTCCTGAGCA
CTCCTGAGCA
CTCCTGAGCA
CTCCTGAGCG
CTCCTGAGCG
CTCCTGAGCG
CTCCTGAGCG
CTCCTGAGCG
CTCCTGAGCG
CTCCTGAGCG
CTCCTGAGCG
CTCCTGAGCG
CTCCTGAGCG
CTCCTGAGCG
CTCCTGAGCG
CTCCTGAGCA
CTCCTGAGCG
CTCCTGAGCG
CTCCTGAGCG
CTCCTGAGCG
CGCCTGAGCA
CGCTTGAGCA

AGCGACATTT
AGCCACATTT
AACAGCCTTT
AACAGCCTTT
AACAGCTTTT
AACAGCTTTT
AACAGCTTTT
GACGGCCTTT
AACGGCCTTT
AACGGCCTTT
AACAGCCTTT
AACAGCCTTT
AACAGCCTTT
AACAGCCTTT
AACAGCCTTT
AACAGCCTTT
AACAGCCTTT
AACAGCCTTT
AACAGCCTTT
AACAGCCTTT
AACAGCCTTT
AACAGCCTTT
AACAGCCTTT
AACAGCCTTT
AACAGCCTTT
AACAGCCTTT

AGCGAACCAC
AGCARACCAC
AGCTAACCAC
GGCTAAAACC
AGCTAACCAC
AGCTAACCAC
AGCTAACCAC
AGCTAACCAC
AGCTAACCAC
AGCTAACCAC
GGCTAACCAC
GGCTAACCAC
GGCTAACCAC
GGCTAACCAC
AGCTARCCAC

GTGCCAGCCC
GTGCCAGCCC
GTGCCGGCCT
GTGCCGGCCT
GTGCCGGCCT
GTACCAGCCC
GTGCCAGCCC
GTGCCAGCCC
GTGCCAGCCC
GTACCAGCCC
GTACCAGCCC
GTACCAGCCC
GTACCAGCCC
GTACCAGCCC
GTACCAGCCC
GTGCCAGCCC
GTGCCAGCCC
GTGCCAGCCC
GTGCCAGCCC
GTGCCAGCCC
GTGCCAGCCC
GTGCCAGCCC
GTACCCGCCC
GTGCCAGCCC

ATTGCCACCC
ATTGCCACTC
ATCACCTCCC
ATTACCTCAC
ATTACCTCCC
ATTACCTCCC
ATTACCTCCC
ATTACCTCAC
ATCACCTCAC
ATCACCTCAC
ATCACCTCAC
ATCACCTCAC
ATCACCTCAC
ATTACCTCAC
ATTACCTCAC
ATTACCTCAC
ATTACCTCAC
ATCACCTCAC
ATTACCTCAC
ATTACCTCAC
ATTACCTCAC
ATTACCTCAC
ATTACCTCAC
ATTACCTCAC
ATCACCTCAC
ATCACCTCAC

AGCTTCATGC
AGCTTTATAC
AGCTTCATGC
AGCTTCATGC
AGCTTCATGC
AGCTTCATGC
AGCTTCATGC
AGCTTCATGC
AGCTTCATGC
AGCTTCATGC
AGCTTCATGC
AGCTTCATGC
AGCTTCATGC
AGCTTCATGC
AGCTTCATGC

TAGGCATCAA
TAGGCATCRA
TAGGCATCAA
TAGGCATCAA
TAGGCATCAA
TAGGCATCAA
TAGGCATCAA
TAGGCATCAA
TGGGCATTAA
TGGGCATTAA
TAGGCATCAA
TAGGCATCAA
TGGGCATCAA
TAGGCATCAA
TAGGCATCAA
TAGGCATCAA
TAGGCATCAA
TGGGCATCAA
TGGGCATCAA
TGGGCATCAA
TGGGCATCRA
TGGGCATCAA
TAGGCATTAA
TAGGCATCAA

GACCAGGAAT
GACCAGGAAT
GACCGGGAGT
GACCAGGGGA
GACCAGGAGT
GACCAGGAGT
GACCAGGAGT
GACCAGGAGT
GACCAGGAGT
GACCAGGAGT
GACCAGGGGT
GACCAGGGGT
GACCAGGGGT
GACCAGGAGT
GACCAGGAGT
GACCGGGGGT
GACCGGGGGT
GACCAGGGGT
GACCAGGGGT
GACCGGGGGT
GACCGGGAGT
GACCGGGAGT
GACCGGGAGT
GACCGGGGGT
GACCAGGAGT
GACCGGGAAT

CTATTACAAT
CTATTGCGAT
CAATTGTAGT
CAATTGTAGT
CAATTGTAGT
CAATTGTAGT
CAATTGTAGT
CAATTGTAGT
CAATTGTAGT
CAATTGTAGT
CAATTGTAGT
CAATTGTAGT
CAATTGTAGT
CAATTGTAGT
CAATTGTAGT

AATAGACGCA
AATAGACGCA
AATAGACGCA
AATAGACGCA
AATAGACGCA
GATAGACGCA
GATAGACGCA
GATAGACGCA
AATAGACGCG
AATAGACGCG
AATAGACGCA
AATAGATGCA
AATAGACGCA
AATAGACGCG
AATAGACGCG
AATAGACGCA
AATAGACGCA
AATAGACGCA
AATAGACGCA
AATAGACGCA
AATAGACGCA
AATAGACGCA
AATAGACGCA
AATAGACGCA

CTTCTTCGGT
CTTCTTCGGC
TTATTATGGC
TTACTACGGC
CTATTACGGC
CTATTACGGC
CTATTACGGC
TTATTACGGC
TTATTATGGC
TTATTATGGC
TTACTACGGC
TTACTACGGC
TTACTATGGC
TTACTATGGC
TTACTACGGC
TTACTACGGC
TTACTACGGC
CTACTACGGC
TTATTATGGC
TTATTATGGC
TTATTATGGC
TTATTATGGC
CTATTATGGC
TTATTATGGC
TTATTACGGT
CTATTATGGT

TGAATCGACG
TGAATCTTCG
CGAAGCAGTC
CGAAACAGTG
CGAAGCGGTC
CGAAGCGGTC
CGAAGCGGTC
CGAAGCAGTC
CGAAGCAGTC
CGAAGCAGTC
CGAAGCAGTC
CGAAGCAGTC
CGAAGCAGTC
CGAAGCAGTC
CGAAGCAGTC

GTGCCCGGAC
GTACCCGGAC
GTGCCAGGGC
GTGCCAGGGC
GTGCCAGGGC
GTACCAGGAC
GTACCAGGAC
GTACCAGGAC
GTGCCCGGAC
GTGCCCGGAC
GTGCCCGGAC
GTGCCCGGAC
GTGCCTGGAC
GTGCCTGGAC
GTGCCTGGAC
GTGCCCGGAC
GTGCCCGGAC
GTACCCGGAC
GTGCCCGGAC
GTGCCCGGAC
GTGCCCGGAC
GTGCCCGGAC
GTACCAGGAC
GTACCAGGAC

CAGTGTTCAG
CAATGCTCAG
CAATGTTCTG
CAATGCTCCG
CAATGCTCTG
CAATGCTCTG
CAATGCTCTG
CAATGCTCTG
CAATGCTCTG
CAATGCTCTG
CAATGCTCTG
CAATGCTCTG
CAATGCTCCG
CAATGCTCTG
CAATGCTCTG
CAATGCTCTG
CAATGCTCTG
CAATGTTCTG
CAGTGCTCTG
CAATGTTCTG
CAATGTTCTG
CAATGTTCTG
CAATGTTCTG
CAATGTTCTG
CAATGCTCTG
CAATGCTCTG

CCTGTTAAAT
CCAGTAAAAT
CCCCTAGAAC
GCTCTGGAAG
CCCTTAGAAC
CCCTTAGAAC
CCCTTAGAAC
CCCCTAGAGC
CCTCTAGAAC
CCTCTAGAAC
CCCCTAGAAC
CCCCTAGAAC
CCCCTAGAAC
CCCCTAGAAC
CCTCTAGAAC
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GCCTAARTCA
GCCTARATCA
GCCTGAACCA
GCCTGAACCA
GCCTGAACCA
GCCTAAATCA
GCCTAAATCA
GCCTAAATCA
GCCTAAATCA
GCCTAAATCA
GCCTAAATCA
GCCTAAATCA
GCCTAAATCA
GCCTAAATCA
GCCTAAATCA
GCCTAAATCA
GCCTAAATCA
GCCTAAACCA
GCCTAAATCA
GCCTAAATCA
GCCTAAATCA
GCCTAAATCA
GCCTAARACCA
GCCTAAATCA

AAATCTGCGG
ARATTTGTGG
AAATCTGCGG
AAATTTACGG
ARAATCTGCGG
AAATCTGCGG
AAATCTGCGG
AAATTTGCGG
AAATTTGCGG
ADATTTGCGG
ABATTTGCGG
AAATTTGCGG
ARATTTGCGG
ARAATTTGCGG
AAATTTGCGG
ARATTTGCGG
ARATTTGCGG
ABATCTGCGG
AAATCTGCGG
ARATCTGCGG
AAATCTGCGG
ARATCTGCGG
AAATCTGCGG
AAATCTGCGG
ARATCTGCGG
ARATCTGCGG

ACTTTGAATC
ACTTTGAATC
ACTTTGAARAA
ATTTTGAARA
ACTTTGAARA
ACTTTGAAAA
ACTTTGAARA
ACTTTGAAAA
ACTTTGAAAA
ACTTTGAAAA
ACTTTGAAAA
ACTTTGAAAA
ACTTTGAAAA
ACTTTGAAAA
ACTTTGAAAA



GGCTAACCAC
GGCTAACCAC
AGCTAACCAC
AGCTAACCAC
AGCTAACCAC
AGCTAACCAC
AGCTAACCAC
AGCTAACCAC
AGCTAACCAC
AGCCAATCAT
GGCCAATCAC

ATGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA
CTGATCTTCA

TATATCTTAA
ACCATCTTAA
ATAATCTTAG
ATAATTTTAG
ATAATTTTAA
ATAATTTTAA
ATAATTTTAA
ATAATCTTAG
ATAATCTTAG
ATAATCTTAG
ATAATTTTAA
ATAATTTTAA
ATAATTTTAA
ATAATTTTAA
ATAATTTTAA
ATAATTTTAA
ATAATTTTAA
ATAATTTTAG
ATAATTTTAA
ATAATTTTAG
ATAATTTTAG
ATAATTTTAG
ATAATTTTAG
ATAATTTTAG
ATAATTTTAG
ATAATCTTAA

CACAAAACCC

AGCTTCATGC
AGCTTCATGC
AGCTTCATGC
AGCTTCATAC
AGCTTTATGC
AGCTTCATGC
AGCTTCATGC
AGCTTCATGC
AGCTTCATGC
AGCTTCATAC
AGCTTCATAC

TCAATACTAG
TCAARTACTAG
TTAATACTAG
TTAATACTAG
TTAATGCTAG
TTAATGCTAG
TTAATGCTAG
TTAATACTAG
TTAATACTAG
TTAATACTAG
TTAATGCTAG
TTAATGCTAG
TTAATGCTAG
TTAATACTAG
TTAATACTAG
TTAATACTAG
TTAATACTAG
TTAATACTAG
TTAATACTAG
TTAATACTAG
TTAATACTAG
TTAATACTAG
TTAATACTAG
TTAATACTAG
TTAATACTAG
TTAATGCTAG

TCTTCACATG
TTTTTACATG
TTTTCTCATG
TTTTCTCATG
TTTTTTCATG
TTTTTTCATG
TTTTTTCATG
TCTTCTCATG
TCTTCTCATG
TCTTCTCATG
TTTTCTCATG
TTTTCTCATG
TTTTCTCATG
TTTTCTCATG
TTTTCTCATG
TTTTCTCATG
TTTTCTCATG
TTTTCTCATG
TTTTCTCATG
TTTTCTCATG
TTTTCTCATG
TTTTCTCATG
TTTTCTCATG
TTTTCTCATG
TTTTTTCATG
TTTTCTCATG

CAAATGAACC

CAATTGTAGT
CAATTGTAGT
CARATTGTAGT
CAATTGTAGT
CAATTGTAGT
CAATTGTAGT
CAATTGTAGT
CAATTGTAGT
CAATTGTAGT
CCATCGTCGT
CAATTGTTGT

CAGAATCAT-
CAGAATCTT-
AAGAATCCTC
AAGAATCCTC
AAGAGTCCTC
AAGAGTCCTC
AAGAGTCCTC
AAGAATCCTC
AAGAATCCTC
AAGAATCCTC
AAGAATCCTC
AAGRAATCCTC
AAGARTCCTC
AAGAATCCTC
AAGAATCCTC
AAGAATCCTC
AAGAATCCTC
AAGAATCCTC
AAGAATCCTC
AAGAATCCTC
AAGAATCCTC
AAGAATCCTC
AAGBATCCTC
AAGAATCCTC
AAGAATCTTC
AAGAGTCTTC

AGCTGTTTTC
AGCCGTATTC
ACTTATTTTC
ACTTATTTTC
ACTTATTTTC
ACTTATTTTC
ACTTATTTTC
ACTTATTTTC
ACTTATTTTC
ACTTATTTTC
ACTTATCTTC
ACTTATCTTC
ACTTATTTTC
ACTTATTTTC
ACTTATTTTC
ACTTATTTTC
ACTTATTTTC
ACTTATTTTC
ACTTATTTTC
ACTTATTTTC
ACTTATTTTC
ACTTATTTTC
ACTTATTTTC
ACTTATTTTC
ACTTGTCTTC
ACTTATCTTC

CCTCACTAAA

CGAAGCAGTC
CGAAGCAGTC
CGAAGCAGTC
CGAAGCCGTC
CGAAGCAGTC
TGAAGCAGTC
TGAAGCAGTC
TGAAGCAGTC
TGAAGCAGTC
TGAAGCAGTC
TGAAGCAGTT

ATGCCACAAC
ATGCCACAAC
ATGCCCCAAC
ATGCCCCAAC
ATGCCCCAAC
ATGCCCCAAC
ATGCCCCAAC
ATGCCTCAAC
ATGCCCCAAC
ATGCCCCAAC
ATGCCCCAAC
ATGCCCCAAC
ATGCCCCAAC
ATGCCCCAAC
ATGCCCCRAC
ATGCCCCARC
ATGCCCCAAC
ATGCCCCAAC
ATGCCCCAAC
ATGCCCCAAC
ATGCCCCAAC
ATGCCCCAAC
ATGCCCCAAC
ATGCCCCAAC
ATGCCCCAAC
ATGCCCCAAC

CTGACCATCC
TTAACTATTC
CTAATTGTTC
CTAATTGTTC
CTGATTGTTT
CTGATTGTTT
CTGATTGTTT
TTAATCGTTC
CTAATCGTTC
CTAATCGTTC
CTAATTATTC
CTAATTATTC
CTAATTATTT
CTGATTATTC
CTAATTGTTT
CTAATTGTTT
CTAATTGTTT
CTAATTGTTC
CTAATTGTTC
CTAATTGTCT
CTAATTGTTC
TTAATTGTTC
TTAATTGTTC
CTAATTGTTC
CTAATTATTC
CTAATTATTC

GACCCTTCGA

CCTCTAGAAC
CCCCTAGAAC
CCCCTAGAAC
CCCCTAGAAC
CCCCTAGAAC
CCCCTAGAAC
CCCCTAGAAC
CCCCTAGAAC
CCCCTAGAAC
CCCCTAGAGC
CCCCTAGAAC

TCAATCCAGA
TTAACCCAGA
TTAACCCCAG
TGAACCCCAG
TGAACCCCAG
TGAACCCCAG
TGAACCCCAG
TGAATCCCAA
TAAACCCCAA
TAARCCCCAA
TARACCCCAA
TAAACCCCARA
TGAACCCCAG
TGAACCCCAG
TGAACCCCAA
TGAACCCCARA
TGAACCCCAA
TGAACCCCAG
TGAACCCCAG
TGAACCCCAG
TTAACCCCAG
TTAACCCCAG
TTAACCCCAG
TTAACCCCAG
TAARTCCCAG
TARACCCCAG

TGCCAAATAA
TACCAAATAA
TACCACCCAA
TACCACCCAA
TACCACCCAA
TACCACCCAA
TACCACCCAA
TACCACCTAA
TACCACCTAA
TACCACCTRA
TACCGCCTAA
TACCGCCTAA
TACCGCCTAA
TACCGCCTAA
TACCACCTAA
TACCGCCTAA
TACCGCCTAA
TACCACCCAA
TACCACCCAA
TACCACCCAA
TACCACCCAA
TACCACCCAA
TACCACCCRA
TACCACCCRA
TACCACCCAA
TACCACCCAA

GTCTTCTCAC
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ACTTTGAAAA
ACTTTGAAAA
ACTTTGAAAA
ACTTTGAAAA
ACTTTGAAAA
ACTTTGAAAR
ACTTTGAAAA
ACTTTGAAAA
ACTTTGAARA
ACTTCGAAAA
ACTTTGAAAA

CCCCTGATTC
CCCCTGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
CCCATGATTT
TCCATGATTT
CCCATGATTT

GGTTATTATA
AGTCACCTCA
AGTGCTAGGC
AGTGCTAGGC
AGTGCTAGGC
AGTGCTAGGC
AGTGCTAGGC
AGTGTTAGGC
AGTGTTAGGC
AGTGTTAGGC
AGTGCTAGGC
AGTGCTAGGC
AGTGCTAGGC
AGTGCTAGGC
AGTGCTGGGC
AGTGCTGGGC
AGTGCTGGGC
AGTGCTAGGC
AGTGCTAGGC
AGTGCTAGGC
AGTGCTAGGC
AGTGCTAGGC
AGTGCTAGGC
AGTGCTAGGC
AGTTCTAAGC
AGTTCTAGGC

AGAAATCTGA



CATAAAACCC
CATACCTTCA
CATACCTTCA
CATACCTTCA
CATACCTTCA
CATACCTTCA
CACACCTTCA
CACACCTTCA
CACACCTTCA
CACACCTTCA
CACACCTTCA
CACACCTTCA
CACACCTTCA
CACACCTTCA
CACACCTTCA
CACACCTTCA
CACACCTTCA
CATACCTTCA
CATACCTTCA
CATACCTTCA
CATACCTTCA
CATACCTTCA
CATACCTTCA
CACACCTTCA
CACACCTTCA

CCCTGACCAT
TCCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT
ACCTGACCAT

CCACTAATTG
CCATTAATCG
CCCTTAATTG
CCCTTAATTG
CCCTTAATTG
CCCTTAATTG
CCCTTAATTG
CCCCTAATTG
CCCCTAATTG
CCCCTAATTG
CCCCTAATTG
CCCCTAATTG
CCCCTAATTG
CCCCTAATTG

CAAACGAACC
CGAACGAACC
CGAACGARCC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CGAACGAACC
CAAATGAACC
CARATGAACC

GACACTARAAG
GACATTAAAG
GATCCTARAG
GATCCTAAAG
GATCCTAAAG
GATCCTARAG
GATCCTAAAG
GATACTAAAG
GATACTAAAG
GATACTABAG
GATCCTAAAG
GATCCTAAAG
GATCCTAAAG
GATCCTAAAG
GATCCTAAAG
GATCCTAAAG
GATCCTAARAG
GATCCTARAG
GATCCTAAAG
GATCCTAAAG
GATCCTAAAG
GATCCTAAAG
GATCCTAAAG
GATCCTAAAG
GATCCTAARG
GATCCTAAAG

CCGTTGCTCT
CCATTGCCCT
CTCTAGCACT
CTCTAGCACT
CCCTAGCACT
CCCTAGCACT
CCCTAGCACT
CCCTAGCACT
CCCTGGCACT
CCCTGGCACT
CCCTAGCACT
CCCTAGCACT
CCCTGGCACT
CCCTGGCACT

AACTTCTAAA
CACCCATAAA
CACCCACAAA
CACCCACAAA
CACCCACAAA
CACCCACAAA
CACCCACAAA
CACCCACAAA
CACCCACAAA
CACCCACAAA
CACCCACAAA
CACCCACAAA
CACCCACAAA
CACCCACAAA
CACCCACAAA
CACCCACAAA
CACCCACAAA
CACCCACARAA
CACCCACAAA
CACCCATAAA
CACCCATAAA
CACCCATAAA
CACCCATAAA
TACCCATAAA
TACCCACAAA

CTTCTTTGAT
CTTTTTTGAC
CTTTTTTGAC
CTTCTTTGAC
CTTTTTTGAC
CTTTTTTGAC
CTTTTTTGAC
CTTTTTCGAT
CTTTTTTGAC
CTTTTTTGAC
CTTTTTTGAC
CTTTTTTGAC
CTTTTTTGAC
CTTTTTTGAC
CTTTTTTGAC
CTTTTTTGAC
CTTTTTTGAC
CTTCTTTGAC
CTTTTTTGAC
CTTTTTTGAC
CTTTTTTGAC
CTTTTTTGAC
CTTTTTTGAC
CTTTTTTGAC
CTTTTTTGAC
CTTTTTTGAC

TCTACTACCA
CCTACTCCCA
CAGCCTTCCA
CAGCCTTCCA
CAGCCTCCCC
CAGCCTCCCC
CAGCCTCCCC
CAGCCTTCCA
CAGCCTTCCA
CAGCCTTCCA
TAGCCTCCCA
TAGCCTCCCA
TAGCCTTCCA
TAGCCTTCCA

GACTCATCTA
AATGCGGAAA
AATGCAGAARA
AATGCAGAAA
AATGCAGAAA
AATGCAGAAA
AATGCGGAAA
AATGCAGAAA
AATGCAGARA
AATGCAGAAA
AATGCAGAAA
AATGCAGAAA
AATGCAGAAA
AATGCAGAAA
AATGCAGARA
AATGCAGAAA
AATGCAGAAA
AATGCAGAAA
AATGCAGAAA
AACGCAGAAA
AATGCAGARA
AATGCAGARA
AATGCAGAAA
AATGCAGARA
AATGCAGAGA

CAATTTGCCA
CAATTTGCCA
CAATTCATGA
CAATTCATGA
CAGTTCATGA
CAGTTCATGA
CAGTTCATGA
CAATTCATGA
CAATTCATGA
CAATTCATGA
CAATTCATGA
CAATTCATGA
CAATTCATGA
CAATTCATGA
CAATTCATGA
CAATTCATGA
CAATTCATGA
CAATTCATGA
CAATTCATGA
CAATTCATGA
CAATTCATGA
CAATTCATGA
CAATTCATGA
CAATTCATGA
CAATTCATGA
CAATTCATGA

TGAATATTAT
TGAATACTAT
TGAGTACTCA
TGAGTACTTA
TGAGTACTCA
TGAGTACTCA
TGAGTACTCA
TGAGTATTAA
TGAGTACTAA
TGAGTACTAA
TGAGTACTCA
TGAGTACTCA
TGGGTACTTA
TGGGTACTTA

GTTTAATAAC
AGACTARAACC
AGATTAAACC
AGATTAAACC
AGATTAAACC
AGATTAAACC
AGATTAAACC
AGATTAAACC
AGATTAAACC
ARATTAAACC
AAATTAAACC
AGATTAAACC
AGATTAAACC
AGATTAAACC
AGATTARAACC
AGATTAAACC
AGATTAAACC
AGATTAAACC
AGATTAAACC
AGATTAAACC
AGATTAAACC
AGATTAAACC
AGATTAAACC
AAATTAAACC
AGATTAAACC

GCCAAACCTT
GCCAATCCTT
GCCCCACGCA
GCCCCACACA
GCCCCACACA
GCCCCACACA
GCCCCACACA
GCCCCACACA
GCCCCACATA
GCCCCACATA
GCCCCACACA
GCCCCACACA
GCCCCACACA
GCCCCACACA
GCCCCACACA
GCCCCACACA
GCCCCACACA
GCCCCACACA
GCCCCACACA
GCCCCACACA
GCCCCACACA
GCCCCACACA
GCCCCACACA
GCCCCACACA
GCCCCACACA
GCCCCACACA

TCCCAGCCCC
TTCCATCACC
TCCCCACCCC
TTCCCACCCC
TCCCCACCCC
TCCCCACCCC
TCCCCACCCC
TCCCCACCCC
TCCCCACCCC
TCCCCACCCC
TCCCCACCCC
TCCCCACCCC
TCCCCACCCC
TCCCCACCCC
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AGAAATCTGA
TGAACCCTGA
TGAGCCCTGA
TGAARCCCTGA
TGAACCCTGA
TGAACCCTGA
TGAGCCCTGA
TGAGCCTTGA
TGAGCCTTGA
TGAACCCTGA
TGAACCCTGA
TGAACCCTGA
TGAACCCTGA
TGAACCCTGA
TGAACCCTGA
TGAACCCTGA
TGAGCCCTGA
TGAACCCTGA
TGAGCCCTGA
TGAACCCTGA
TGAACCCTGA
TGAACCCTGA
TGAACCCTGA
TGAACCCTGA
CGAACCCTGA

CTTAGGTGCC
TTTAGGTATT
CCTGGGAATC
CCTGGGAATT
CCTGGGAATC
CCTGGGAATC
CCTGGGAATC
CCTGGGAATC
CCTGGGAATT
CCTGGGAATT
CCTAGGAATC
CCTAGGAATC
CCTGGGAATC
CCTGGGAATC
CCTAGGAATC
CCTAGGAATT
CCTAGGAATT
CCTGGGAATT
CCTGGGAATC
CCTGGGAATC
CCTGGGAATC
CCTGGGAATC
CCTGGGAATC
CCTGGGAATC
CCTGGGAATC
CCTGGGAATC

GTATARACGA
TTATAAACGA
CACTARCCGA
CACTAACCGA
GACCAACCGG
GACCARACCGG
GACCAACCGG
CACTARCCGA
CACTAACCGA
CACTAACCGA
CACTAACCGA
CACTAACCGA
CACCAACCGA
CACTAACCGA



CCCTTAATTG
CCCTTAATTG
CCCTTAATTG
CCCTTAATTG
CCCTTAATTG
CCCTTAATTG
CCCTTAATTG
CCCTTAATTG
CCCTTAATTG
CCCTTAATTG
CCTCTAATTG
CCCCTAATTG

TGAATARATA
TGAGTAAATA
TGACTAAACA
TGACTAAACA
TGACTAAACA
TGACTAAACA
TGACTAAACA
TGGCTGAACA
TGGCTGAACA
TGGCTGRACA
TGACTAAACA
TGACTAAACA
TGGCTAAACA
TGGCTAAACA
TGGCTAAACA
TGGCTAAACA
TGGCTAAACA
TGACTAAACA
TGGCTAAACA
TGGCTAAACA
TGACTAAACA
TGACTAAACA
TGACTAAACA
TGACTAAACA
TGACTAAACA
TGACTAAACA

CTCATACTAC
CTCATATTAC
CTCATACTAC
CTCATACTAC
CTTATACTGC
CTTATACTGC
CTTATACTGC
CTCATGCTAC
CTCATGCTAC
CTCATGCTAC
CTCATACTAC
CTCATACTAC
CTCATACTGC
CTCATACTGC
CTCATACTAC
CTCATACTAC
CTCATACTAC
CTCATATTAC
CTCATACTGC
CTCATACTAC
CTCATACTAC
CTCATACTAC
CTCATACTAC
CTCATACTAC
CTCATGCTTC
CTAATACTCC

CCCTAGCACT
CCCTAGCACT
CCCTAGCACT
CTCTAGCACT
CTCTAGCACT
CTCTAGCGCT
CTCTAGCACT
CCCTAGCACT
CCCTAGCACT
CCCTAGCACT
CCCTAGCACT
CCCTAGCACT

ACCGACTGAT
ATCGCCTAAT
ACCGCCTCTT
ACCGCCTCTT
ATCGCCTCTT
ATCGCCTCTT
ATCGCCTCTT
ACCGTCTTTT
ACCGTCTTTT
ACCGTCTTTT
ACCGCCTCTT
ACCGCCTCTT
ACCGCCTCTT
ACCGCCTCTT
ACCGCCTCTT
ACCGCCTCTT
ACCGCCTCTT
ACCGCCTCTT
ACCGCCTTTT
ACCGCCTCTT
ACCGCCTCTT
ACCGCCTCTT
ACCGCCTCTT
ACCGCCTCTT
ATCGCCTCTT
ACCGCCTATT

CACTAAATAT
CCCTAAACAT
CCATCAATCT
CCATCAACCT
CCATCAACCT
CCATCARCCT
CCATCAACCT
CCATCAACCT
CCATCAACCT
CCATCAACCT
CCATTAACCT
CCATTAACCT
CCATTAACCT
CCATTAACCT
CCATTAACCT
CCATTAACCT
CCATTAACCT
CCATCAATCT
CCATCAATCT
CCATCAATCT
CCATCAATCT
CCATCAATCT
CCATCAATCT
CCATCAATCT
CTATCAATCT
CCATCAACCT

CAGCCTTCCA
CAGCCTTCCA
CAGCCTTCCA
CAGCCTTCCA
CAGCCTCCCA
CAGCCTTCCA
CAGCCTTCCA
CAGCCTTCCA
CAGCCTTCCA
CAGCCTTCCA
TAGCCTCCCA
CAGCCTCCCA

TACCGTTCAA
TACTATACAA
AACCCTCCAA
GACCCTCCAA
GACCCTCCAA
GACCCTCCAA
GACCCTCCAA
AACCCTCCAA
AACTCTCCAA
AACTCTCCAA
GACCCTTCAA
GACCCTTCAA
AACCCTTCAA
AACCCTTCAA
GACCCTCCAG
GACCCTCCARA
GACCCTCChAA
GACCCTCCAA
GACCCTCCAA
GACCCTCCAA
AACCCTCCAA
AACCCTCCAA
AACCCTCCAA
AACCCTCCAA
GACCCTACAA
AACCCTCCAA

AGGCGCACAT
TGGAGCCCAT
AGGCGGGCAC
CGGCGGACAC
CGGTGGACAC
CGGTGGACAC
CGGTGGACAC
TGGCGGACAC
TGGCGGACAC
TGGCGGACAC
CGGCGGACAC
CGGCGGACAC
CGGCGGACAC
CGGCGGACAC
CGGCGGACAC
CGGCGGACAC
CGGCGGACAC
CGGCGGACAC
CGGCGGACAC
CGGCGGACAC
CGGCGGGCAC
CGGCGGACAC
CGGCGGGCAC
CGGCGGGCAC
CGGCGGCCAC
CGGCGGGCAC

TGAGTACTTA
TGGGTACTTA
TGGGTACTTA
TGAGTACTCA
TGAGTACTCA
TGAGTACTTA
TGAGTACTCA
TGAATACTCA
TGAGTACTCA
TGAGTACTCA
TGAATCCTCA
TGAATCCTCA

TCCTGGTTTA
TCCTGATTTA
GGTTGATTCA
GGTTGATTTA
GGCTGATTCA
GGCTGATTCA
GGCTGATTCA
GCTTGATTTA
GGTTGATTTA
GGTTGATTTA
GGCTGATTCA
GGCTGATTCA
GGTTGATTCA
GGTTGATTCA
GGTTGATTCA
GGTTGATTCA
GGTTGATTCA
GGTTGATTTA
GGTTGATTCA
GGTTGATTCA
GGTTGATTCA
GGTTGATTCA
GGTTGATTCA
GGTTGATTCA
GCCTGATTTA
GCCTGATTTA

AAATGGGCCA
ADATGAGCCA
AAGTGAGCTG
AAATGAGCTG
ADATGAGCTG
AAATGAGCTG
ARATGAGCTG
ARATGAGCTG
AAATGAGCTG
AAATGAGCTG
AAATGAGCTG
ABATGAGCTG
AAATGAGCTG
AAATGAGCTG
AAATGAGCTG
AAATGAGCTG
AAATGAGCTG
AAATGAGCTG
AAATGAGCTG
AAATGAGCTG
AAATGAGCTG
AAATGAGCTG
AAATGAGCTG
AAATGAGCTG
AAATGAGCTG
AAATGAGCCA

TCCCCACCCC
TCCCCACCCC
TCCCCACCCC
TCCCCACCCC
TCCCCACCCC
TCCCCACCCC
TCCCCACCCC
TCCCCACCCC
TCCCCACCCC
TCCCCACCCC
TCCCCACCCC
TCCCCACCCC

TTGCTCGAGC
TTTCCCGTTC
TCAACCGCTT
TTAACCGCTT
TTAACCGCTT
TTAACCGCTT
TTAACCGCTT
TTAACCGCTT
TTAACCGCTT
TTAACCGCTT
TTAACCGCTT
TTAACCGCTT
TCAACCGCTT
TCAACCGCTT
TTAACCGATT
TTAACCGATT
TTAACCGATT
TTAACCGCTT
TTAACCGCTT
TTAACCGCTT
TTAACCGCTT
TTAACCGCTT
TTAACCGCTT
TTAACCGCTT
TTAACCGATT
TTAACCGATT

TGATCTTAAC
TAATTTTAAC
TTCTGTTAAC
TTCTGTTAAC
TTCTACTAAC
TTCTACTAAC
TTCTACTARC
TTTTATTAAC
TTTTATTAAC
TTTTATTAAC
TTCTCTTAAC
TTCTCTTAAC
TTCTCCTAAC
TTCTCCTAAC
TTCTGTTAAC
TTCTGTTAAC
TTCTGTTAAC
TTCTGTTAAC
TTCTGTTGAC
TTCTGTTAAC
TTCTGTTAAC
TTCTATTAAC
TTCTATTAAC
TTCTGTTAAC
TCTTACTGAC
TACTATTAAC
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CACTAACCGA
CACTAACCGA
CACTAACCGA
CACCAACCGA
CACAAACCGA
CACTAACCGA
CACTAACCGA
CACTAACCGA
CACTAACCGA
CACTAACCGA
CACTAACCGA
CACCAACCGA

CACTAGTCAA
TACAAGCCAA
TACACAACAA
TACACAACAA
TACACAACAA
TACACAACAA
TACACAACAA
TACACAACAA
TACACAACAA
TACACARCAA
TACACAACAA
TACACAACAA
TACACAACAA
TACACAACAA
TACACAACAA
TACACAACRA
TACACAACAA
TACACACCAA
TACACAGCAA
TACACAACAA
TACACAACAA
TACACAACAA
TACGCAACAA
TACACAACAA
CACACAACAA
TACACAACAA

CGCCCTCCTC
CGCCCTCCTT
AGCCCTAATG
AGCCCTAATA
AGCCCTAATA
AGCCCTAATA
AGCCCTAATA
AGCCCTAATG
AGCCCTAATG
AGCCCTAATG
AGCCCTAATA
AGCCCTAATA
AGCCCTAATA
AGCCCTAATA
AGCCCTAATA
AGCCCTAATA
AGCCCTAATA
AGCCCTAATA
AGCCCTAATA
AGCCCTAATG
AGCCCTAATA
AGCCCTAATG
AGCCCTAATG
AGCCCTAATG
AGCCCTAATG
AGCCTTGATA



CTATTTTTAA
CTCTTCCTAA
CTACTCTTAA
TTACTCTTAA
CTACTTTTAA
CTACTTTTAA
CTACTTTTAA
CTACTTTTAA
CTACTTTTAA
CTACTTTTAA
CTACTTTTAA
CTACTTTTARA
CTACTTTTAA
CTACTTTTAA
CTACTTTTAA
CTACTTTTAA
CTACTTTTAA
CTACTCTTAA
CTACTCTTAA
TTACTCCTAA
CTACTCTTAA
CTACTCTTAA
CTACTCTTAA
CTACTCTTAA
CTACTTTTGA
CTACTCTTAA

CAATTATCCA
CAACTATCTA
CAACTCTCCC
CAACTCTCCC
CAACTCTCCC
CAACTCTCCC
CAACTCTCCC
CAGCTCTCTC
CAACTCTCTC
CBACTCTCTC
CAACTCTCCC
CAACTCTCCC
CAACTCTCCC
CAACTCTCCC
CAACTCTCCC
CAACTCTCCC
CAACTCTCCC
CAACTCTCCC
CAACTCTCCC
CAACTCTCCC
CAACTCTCCC
CAACTCTCCC
CAACTCTCCC
CAACTCTCCC
CAACTCTCCC
CAACTCTCCC

ATACGAAATC
ATACGAAATC
ATACGAAACC
ATACGAAACC
ATACGAAACC
ATACGAAACC
ATACGAAACC
ATACGAAACC
ATACGAAACC
ATACGAAACC
ATACGAAACC
ATACGAAACC
ATACGAAACC

TAACCTTAAA
TTACATTAAA
TCACACTTAA
TTACACTCAA
TTACACTCAA
TTACACTCAA
TTACACTCAA
TTACACTCAA
TTACACTCAA
TTACACTCAA
TTACACTCAA
TTACACTCAA
TCACACTCAA
TCACACTCAA
TTACACTTAA
TTACACTTAA
TTACACTTAA
TCACACTCAA
TCACACTCAA
TCACACTCAA
TCACACTTAA
TTACACTTAA
TTACACTTAA
TTACACTTAA
TTACACTCAA
TCACACTCAA

TAAATATAGC
TAAATATAGC
TCAACATGGG
TCAACATAGG
TTAACATAGG
TTAACATAGG
TTAACATAGG
TTAATATAGG
TTAATATAGG
TTAATATAGG
TCAACATGGG
TCAACATGGG
TCAACATAGG
TCAACATAGG
TCAACATGGG
TCAACATGGG
TCAACATGGG
TCAACATAGG
TCAACATGGG
TCAACATGGG
TCAACATGGG
TCAACATGGG
TCAACATGGG
TCAACATGGG
TCAACATGGG
TCAACATAGG

AGCCAACACA
AACCAACCCA
ARCCCACCGC
BAACCCACTGC
AACCCACCGC
AACCCACCGC
AACCCACCGC
AGCCCACCGC
AGCCCACCGC
AGCCCACCGC
AACCCACCGC
AACCCACCGC
AACCCACCGC

TCTTCTAGGC
CCTTTTAGGC
CCTACTCGGC
GCTACTCGGT
CCTGCTAGGC
CCTGCTAGGC
CCTGCTAGGC
TCTACTCGGG
CCTACTCGGG
CCTACTCGGG
CCTACTTGGC
CCTACTTGGC
CCTACTCGGC
CCTACTCGGC
TCTACTCGGC
CCTACTCGGC
CCTACTCGGC
CCTACTCGGC
CCTACTCGGC
CCTACTCGGC
CCTACTCGGC
CCTGCTCGGC
CCTACTCGGC
CCTACTCGGC
TCTACTGGGC
CCTACTAGGC

CCTGGCCGTA
ACTCGCTGTA
CTTACCCGTC
ACTCGCCGTC
ACTCGCCGTC
ACTCGCCGTC
ACTCGCCGTC
ACTCGCCGTC
ACTCGCCGTC
ACTCGCCGTC
ACTCGCCGTC
ACTCGCCGTC
ACTCGCCGTC
ACTCGCCGTC
ACTCGCCGTC
ACTCGCCGTC
ACTCGCCGTC
ACTCGCCGTC
GTTCGCCGTC
ACTCGCCGTC
ACTCGCCGTC
ACTCGCCGTC
ACTCGCCGTC
ACTCGCCGTC
GTTCGCCGTC
ATTTGCCGTC

TTCTTTAGCT
CTCTTTGGCT
CGCCCTAGGC
CGCCCTGGGC
CGCCCTAGGC
CGCCCTAGGC
CGCCCTAGGC
CGCCCTAGGC
CGCCCTAGGC
CGCCCTAGGC
CGCCCTAGGC
CGCCCTAGGC
CGCCCTAGGC

CTTCTGCCGT
CTCCTACCAT
CTCCTCCCCT
CTCCTCCCCT
CTCCTCCCCT
CTCCTCCCCT
CTCCTCCCCT
CTCCTCCCCT
CTCCTCCCTT
CTCCTCCCTT
cTcCcrcccer
CTCCTCCCCT
CTCCTCCCCT
CTCCTCCCCT
CTCCTCCCCT
CTCCTCCCCT
CTCCTCCCCT
CTCCTCCCCT
CTCCTCCCCT
CTCCTCCCCT
CTTCTCCCCT
CTCCTCCCCT
CTCCTCCCCT
CTCCTCCCCT
CTACTTCCAT
CTACTTCCAT

CCATTATGAC
CCATTATGAT
CCCCTGTGAC
CCCCTGTGAC
CCCCTGTGGC
CCCCTGTGGC
CCCCTGTGGC
CCTCTGTGAT
CCCCTGTGAT
CCCCTGTGAT
CCCCTGTGAT
CCCCTGTGAT
CCCCTGTGAT
CCCCTGTGAT
CCCCTGTGAT
CCCCTGTGAC
CCCCTGTGAC
CCCCTGTGAC
CCCCTGTGGC
CCCCTGTGAC
CCCCTATGAC
CCCCTATGAC
CCCCTATGAC
CCCCTATGAC
CCCCTATGAC
CCCCTATGAC

CACCTCCTCC
CACCTTCTAC
CACCTGCTGC
CACCTGCTGC
CACCTGCTAC
CACCTGCTAC
CACCTGCTAC
CACCTTCTGC
CACCTTCTGC
CACCTTCTGC
CACCTGCTAC
CACCTGCTAC
CACCTGCTGC

ATACTTTTAC
ACACATTTAC
ACACCTTCAC
ACACCTTCAC
ATACCTTTAC
ATACCTTTAC
ATACCTTTAC
ACACCTTTAC
ACACCTTTAC
ACACCTTTAC
ACACCTTCAC
ACACCTTCAC
ACACCTTTAC
ACACCTTTAC
ACACCTTTAC
ACACCTTTAC
ACACCTTTAC
ACGCCTTCGC
ACACCTTCAC
ATACCTTCAC
ACACCTTCAC
ACACCTTCAC
ACACCTTCAC
ATACCTTCAC
ATACCTTTAC
ACACCTTTAC

TGGCCACTGT
TAGCTACCGT
TAGCCACCGT
TAGCTACCGT
TAGCTACCGT
TAGCTACCGT
TAGCTACCGT
TGGCTACCGT
TGGCTACCGT
TGGCTACCGT
TAGCTACCGT
TAGCTACCGT
TAGCTACCGT
TAGCCACCGT
TAGCTACCGT
TAGCTACCGT
TAGCTACCGT
TAGCTACCGT
TAGCTACCGT
TAGCTACCGT
TAGCTACCGT
TAGCTACCGT
TAGCTACCGT
TAGCTACCGT
TGGCCACCGT
TAGCCACCGT

CAGAAGGAAC
CAGAAGGTAC
CAGAAGGAAC
CAGAAGGAAC
CAGAAGGAAC
CAGAAGGAAC
CAGAAGGAAC
CAGAAGGAAC
CAGAAGGAAC
CAGAAGGAAC
CAGAAGGAAC
CAGAAGGAAC
CAGAAGGARAC
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TCCGACCACT
CCCAACCACC
CCCTACAACC
CCCTACAACT
CCCTACAACT
CCCTACAACT
CCCTACAACT
TCCTACAACT
TCCTACAACT
TCCTACAACT
CCCTACAACC
CCCTACAACC
CCCTACAACT
CCCTACAACT
CCCCACAACT
CCCCACAACT
CCCCACAACT
CCCTACAACT
CCCTACAACT
CCCTACAACT
CCCTACAACT
CCCTACAACT
CCCTACAACT
CCCTACAACT
TCCTACAACA
CCCTACAACA

ATTAATTGGC
CCTAATTGGT
AATTATTGGC
AATTATTGGC
GATTATTGGC
GATTATTGGC
GATTATTGGC
AATTATTGGC
AATTATTGGT
AATTATTGGT
AATTATTGGC
AATTATTGGC
AATTATTGGC
AATTATTGGC
ARTCATTGGC
AATTATTGGC
AATTATTGGC
AATTATTGGC
AATTATTGGT
AATTATTGGT
AATTATTGGC
AATTATTGGC
AATTATTGGC
AATTATTGGC
GATTATTGGC
AGTCATTGGC

GCCAARCCCCT
ACCAACCTTA
CCCCGTTCCC
CCCCGTTCCT
CCCTATCCCT
CCCTATCCCT
CCCTATCCCT
CCCCGTCCCC
CCCCATTCCC
CCCCATTCCC
CCCCATTCCC
CCCCATTCCC
CCCCATTCCC



ATACGAAACC
ATACGARACC
ATGCGAAACC
ATGCGAAACC
ATACGARACC
ATACGAAACC
ATACGAAACC
ATACGAAACC
ATACGAAACC
ATACGAAACC
ATACGAAACC
ATACGAAACC
ATGCGAAACC

CTAATTCCCA
CTAATCCCAG
CTCATCCCTG
CTTATCCCAG
CTCATTCCCG
CTCATTCCCG
CTCATTCCCG
CTCATCCCGG
CTCATCCCGG
CTCATCCCGG
CTCATCCCAG
CTCATCCCAG
CTCATCCCAG
CTCATCCCGG
CTCATCCCAG
CTCATCCCAG
CTCATCCCAG
CTTATCCCAG
CTCATCCCAG
CTCATCCCAG
CTCATCCCTG
CTCATCCCTG
CTCATCCCTG
CTCATCCCTG
CTCATTCCAG
CTCATCCCAG

GGAGTTCGAC
GGCGTTCGAC
GGCGTTCGAC
GGCGTTCGAC
GGCGTCCGGC
GGCGTCCGGC
GGCGTCCGGC
GGCGTTCGAC
GGCGTTCGAC
GGCGTTCGAC
GGCGTTCGAC
GGCGTTCGAC
GGCGTTCGAC
GGCGTTCGAC
GGCGTTCGAC
GGCGTTCGAC
GGCGTTCGAC
GGCGTTCGAC
GGCGTTCGAC
GGCGTTCGAC
GGCGTTCGAC
GGCGTTCGAC
GGCGTTCGAC
GGCGTTCGAC
GGCGTCCGAC
GGTGTCCGAC

AACCCACCGC
AACCCACCGC
AACCCACCGC
AACCCACCGC
AACCCACTGC
ARCCCACCGC
AACCTACCGC
AACCCACCGC
AACCCACCGC
AACCCACCGC
ARCCCACCGC
AACCCACCGC
AACCCACCGC

TTCTAATTAT
TCTTAATCAT
TCTTAATTAT
TCTTAATTCT
TCCTAATTAT
TCCTAATTAT
TCCTAATTAT
TCTTAATCAT
TCTTAARTCAT
TCTTAATCAT
TCTTAATTGT
TCTTAATTGT
TCTTAATCAT
TCTTAATCAT
TCTTAATCAT
TCTTAATCAT
TCTTAATCAT
TCTTAATCAT
TCTTAATCGT
TTTTAATTAT
TCTTAATTAT
TCTTAATTAT
TCTTAATTAT
TCTTAATTAT
TCTTGATTGT
TTTTAATCAT

TAACAGCAAA
TAACTGCARAA
TCACGGCARA
TCACGGCGAA
TCACAGCAAA
TCACAGCAAA
TCACAGCAAA
TTACAGCAAA
TTACAGCAAA
TTACAGCAAA
TCACGGCARA
TCACGGCAAA
TCACGGCARA
TCACGGCAAA
TCACGGCAAA
TCACGGCAAA
TCACGGCAAA
TCACGGCAAA
TCACGGCAAA
TTACGGCAAA
TCACGGCAAA
TCACGGCAAA
TCACGGCAAA
TCACGGCAAA
TCACAGCAAA
TTACAGCARA

CGCCCTAGGC
CGCCCTAGGC
CGCCCTAGGC
CGCCCTAGGC
CGCCCTGGGC
CGCCCTAGGC
CGCCCTAGGC
TGCCCTAGGC
CGCCCTAGGC
CGCCCTAGGC
CGCCCTAGGC
CGCCCTAGGC
TGCCCTAGGC

TATCGAGACA
TATCGAAACG
TATCGAAACA
TATCGAAACA
CATCGAAACA
CATCGAAARCA
CATCGAAACA
TATCGAAACA
TATCGAAACA
TATCGAAACA
TATCGAAACA
TATCGAAACA
TATCGAAACA
TATCGAAACA
TATCGAAACA
TATCGAAACA
TATCGAAACA
TATCGAAACA
TATCGAAACA
TATCGAAACG
TATCGAAACA
TATCGAAACA
TATCGAAACA
TATCGAAACA
CATCGAAACA
TATTGAAACA

TCTAACCGCA
CCTTACCGCA
CCTAACTGCA
CCTAACTGCA
CCTGACTGCA
CCTGACTGCA
CCTGACTGCA
CCTAACTGCA
CCTAACTGCA
CCTAACTGCA
CCTA