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LIST OF MANUSCRIPTS

7KH PDLQ UHVXOWV Rl WKH SUHVHQW WKHVLV DUH UHSRUW
SXEOLWKB®WHUQDWLRQDO MRXUQDOV RQH XQGHU UHYLHZ D
OLVWHG KHUH DUH UHSRUWHG LQ WKH $QQH[HV

$QQH[ $

'‘DOOH 3DOOH 6 %RVFDUL ( %RUGLIJQRQ 6 * O0XxR] ORU
'LITHUHQW &KURPRVRPH 6HJUHJDWLRQ 3DWWHUQV &RH[LVW
$FLSHQVHU QDFFDULL

'LYHUVLW\ GRL RUJ G

$QQH[ %
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OXOWL ORFXV ,QWURQ 3RO\PRUSKLVP 0,3 PDUNHUV LQ VSH
SRSXODWLRQ JHQRPLFV WKH ILUVW uXQLYHUVDOY SDQHO |
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,GHQWLILFDWLRQ DQG WUDFNLQJ RI VWXUJHRQV DQG SDGG
IRU WUDGH FRQWURO DQG ELRGLYHUVLW\ PDQDJHPHQW
ODQXVFULSW VXEPLWWHG $TXDFXOWXUH



$%675%&7

7KH RUGHU RI $FLSHQVHULIRUPHV FRXQWLQJ D WRWDO RI
WD[D $ SDGGOHIVMBKXBNFVLHM@®GRLERWKHU VWRUSHRQHYSEH
GDEU\DKDMWH EHHQ UHFHQWO\ GHFODUHG UHVSHEWLYHO\ |
DFFRUGL@DWWR VBEH 5HG /LVW DVVHVVPHQW 7ZHQW)\ VSHFL
H(QGDQJHUHGY RU p&ULWLFDOO\ (QGDQJHUHGYT ZKLOH Wt
HOXOQHUDEOHY 7KHUHIRUH WKHVH SRSXODWLRQV UHTXLULI
LQ VDQHY VLWXDW QHHG WR EH LQIRUPHG E\ UHODWHGQHV
FKDUDFWHULVDWLRQ

7KH SUHVHQW 3K ' WKHVLV ZLOO PDLQF\L SRIFXWH B QDRVAKAD 8 ¢
WHWUDSORLG VSHFLHY HQGHPLF WR WKH $GULDWLF UHJLR(
LWV WULEXWDULHV B5HFHQWO\ LWV VWDWXV KDV EHHQ X!
H&ULWLFDOO\ (QGDQJHUHGYT RQ WKH ,8&1 5HG /LVW +RZHYH
WKH ZLOG Rl W¥EBDWVH & RHFERBWRBWHPHQW

7JRSUHVHUYH WKH KLJKHVW SRVVLEOH OHYHO RI JHQHWLF Y
PDWXUH IDUPHG SURJHQ\ ) PXVW EH DOORFDWHG WR WK}
JURXSV RI VLEV DQG LQIRUP IXWXUH EUHHGQREBHODRVHGR \
DV WKH\ DUH VWLOO WKH EHVW PDUNHUV IRU VWXG\LQJ SR
GLYHUVLW\ DQG OHVV GHPDQGLQJ JHQRW\SLQJ LQYHVWPHQ
PDUNHUV WR SDUHQWDO DOORFDWRR®VWVEH UIHIHDW\LIRY G\D U
,Q IDFW GLIIHUHQW SRVVLEOH LQKHULWDQFH SDWWHUQV T
WHWUDVRPLF 6HJUHJDWLRQ DQDO\VHV Rl DOOHOH WUDQV
FRPSRVHG RI PRWKHU DQG IDWKHU DQG VRPH WHQV RI ILQ
REVHUYDWLRQ RI WZR FRH[LVWLQJ SDWWHUQV RI LQKHULW
$ VLPLODU PLFURVDWHOOLWH EDVHG UHODWHGQHVV DQDC
VWXUJHRQ RQ WKH EULQN RI H[VBEQSWQRIQU \WKRE HRGKWLOP VW H/
QXPEHU RI PLQLPXP EUHHGHUV ZKR SDUWLFLSDWHG LQ W
RFFXUUHG LQ WKH ODVW \HDUV OQRHIMH L XQOWKIGY W VBH Pl
PROHFXODU PDUNHUV IRU SDUHQWDO LQIHUHQFHV DOORZL
PDOHV DQG IHPDOHV UHPDLQLQJ IRU WKLV VSHFLHYV

7KH $GULDWLF VWXUJHRQ ZDV DOVR LQFOXGHG LQ D
KWWSV HQGHPL[LW FRP ZKRVH DLP LV WR DSSO\ FRQVI
,WDOLDQ HQGHPLFV *LYHQ WKH SRVVLELOLW\ RI FRQGXFWL
VHOHFW HIG WRWMFHH\BRWHQWLDOLW\ RI JHQRPLF JHQHWLF O
UHODWLRQV EHWZHHQ WKH ORDG RI ELRLQIRUPDWLFDOO\ L
RI WKH RIIVSULQJ Rl VHOHFWHG SDUHQWV )RU WKLV WD
DYDLODEOH DV WKH GDWD VHW QHHGV WR EH FOHDQHG R
FRUUHFW LGHQWLILEDWLRQ RI JHQRW\SHV LQ WKLV WHWUD
$QRWKHU UHOHYDQW FRQWULEXWLRQ RI JHQHWLFV WR W
GHYHORSPHQW RI VXLWDEOH PDUNHUV IRU WKH LGHQWLIL!
IUHTXHQWO\ LQ FDSWLYH VWRFNV GXH WR WKH SURPLVF)
SURGXFWLRQ DQG DTXDFXOWXUH IRU FRQVHUYDWLRQ 7KH
LQWURQLF UHJLRQV ZDV H[SORUHG WR GHYHORS D QHZ FDYV



ORFXV ,QWURQ 3RO\PRUSKLVPV WKDW ZLOO DOORZ WKH Gt
K\EULGV DIWHU WKH ILUVW JHQHUDWLRQ 7KLV VWXG\ IROC
ZKLFK WKDQNV WR WKH QXPHURXV DYDLODEOH JHQRPHV I
IRU LQWURQLF UHJLRQV DPSOLILFDWLRQ ZDV LGHQWLILHG

IROORZHG E\ VHTXHQFLQJ RQ WKH ,00XPLQD SODWIRUP ZDV
PDUNHUV DW ERWK VSHFLHVY DQG SRSXODWLRQ OHYHOV LQ
VDPH DSSURDFK ZDV DSSOLHG WR VWXUJHRQV WDNLQJ DG"
$FLSHQVHU QX KHKHX WD YDLODEOH WU D QGFASIHQWRIRIH 8 DREIUAR )
$FLSHQVHU BFQLBSHONVHQVR@®EEDHWQVHU ¢,WH PODWMNYY GHVLJIQ
VWXUJHRQV SURPLVH WR EH KLJKO\ YHUVDWLOH ZLWK PDQ
SRSXODWLRQV OHYHOV LQ GHWHFWLQJ GLIIHUHQWLDWLRQ
JHQHWLF GQ YWDUWL WEWXHUYDWLRQ SODQV DQG WKH LGHQ\
K\EULGV WR FRQWUDVW WKH LOOHJDO WUDGH RI VXUJHRQ ¢



1. GENERAL INTRODUCTION
35($0%/(

7KH SUHVHQW ZRUN DULVHV IURP WKH QHHG WR LPSOHPHQ
WKH SURWHFWLRQ Rl VSHFLHV EHORQJLQJ WR WKH RUGHU ¢
WD[D 2YHUILVKLQJ KDELWDW GHJUDGDWLRQ SROOXWLRC
FDXVHG WKH GHFOLQH RI VWXUJHRQ DQG SDGGOHILVK SRS)
$Q ,WDOLDQ HQGHPLF UHSUHVHQWDWL$ALBHOYXHY WO FF R VL
D EUHHGLQJ SURJUDPPH VWDUWHG ZLWK WKH WUDQVIH
WKH 3R 5LYHU WR WKH SULYDWH DTXDFXOWXUH SODQW u$
,WDO\ $IWHU WKH ILUVW VXFFHVVIXO UHSURGXFWLRQ LQ F
EHHQ REWDLQHG E\ UDQGRPO\ SDLUHG ) EUHHGHUV DQG UF
WKHQ VRPH UHFDSWXUHV KDYH RFFXUUHG HYHQ RI SRVVL
VSHFLHV LV VWLOO IDU IURP FRPSOHWH UHFRYHU\ 7KH )
UHSUHVHQWY WKH ODVW DQLPDOV RI FOHDU ZLOG RULJLQ
&RQJLX HW DO $GGLWLRQDOO\ WKH JHQHWLF YDULD
VKRZLQJ D UHGXPWR FEQ WRBEDVH®RVFDUL DQG &RQJLX
ODFN Rl JHQHWLF VXSSRUW GXULQJ SDVW UHSURGXFWLRQ)\
WKH FRUVBBWDJHPHQW Rl ) LQGLYLGXDOV ZLWK VSHFLDO
RI JHQHWLF YDULDWLRQ WUDQVPLWWHG WR IXWX@RFIHQHL
UHPDLQ XVHIXO PDUNHUV IRU SRO\SORLG VSHFLHV VXFK DV
PRUH WKDQ W R DXOMFHOMWBWUQJ UHODW H\GRUM M GLQQ Bl (SIODR
%RVFDUL HW DO
7KLV VDPH DSSURDFK LV QRW OLPLWHG WR WKH PDQDJHPH
UHODWHGQHVYV DQDO\VHV LQ ZLOG LQGLYLGXDOV DQG HVW
7KLV LV WKH FDVH Rl WKH p&ULWLF3GDOSHQEBPQ NQQBEEWE KL
WKH ILQGLQJV RI &KLQHVH VWXUJHRQ MXYHQLOHV LQ W
VSDZQLQJ VLIJQDOV LQ WKH ODVW  \HDUV EXW IRU ZKLFK
QXPEHU RI EUHHGHUV DQG WKHLU JHQHWLF PDNH XS :X HW
7KH $GULDWLF VWXUJHRQ KDV DOVR EHHQ LQFOXGHG
KWWSV HQGHPL[LW FRP ZKLFK DLPV WR DSSO\ JHQRPLF
HQGHPLFV 7KLV SURMHFW LQYROYLQJ FROODERUDWLRQYV
XQGHUVWDQG WKH HIIHFWV RI JHQHWLF ORDG LQ VPDOO SR
HIWLQFWLRQ *LYHQ WKH SRVVLELO LV [RPEHRUDRYE LSEUER
VWXUJHRQ GHOHWHULRXV PXWDWLRQV ZHUH SUHGLFWHG
UHVHTXHQFLQJ DQG WKHQ *HQRW\SHG E\ VHTXHQFLQJ *%6
WHVW WKH DVVRFLDWLRQ EHWZHHQ ORDG ELRLQIRUPDWLF
WR LQYHVWLIJDWH WKH HIITHFW RI LQEUHHGLQJ LQ WKLV WH
$QRWKHU LPSRUWDQW DVSHFW RI VWXUJHRQ FRQVHUYDW
LOQWHUVSHFLILF K\EULGV ,QGLYLGXDOV FDQ K\EULGLVH EH
K\EULGV DUH IHUWLOH 7KLV SRVVLELOLW\ EHFRPHV SDUYV
LOQWHUVSHFLILF K\EULGV EDFNFURVVHV ZLWK WKH SDUHC
JHQHUDWHG LQ DTXDFXOWXUH +DYHOND HW DO 7KH\
IURP SXUH VSHFLHV HVSHFLDOO\ LQ WKH FDGDH RD FDCPM K U F

5



SODQWY DUH RIWHQ QRW NHSW VHSDUDWH WKHUH YV D KL
DSSURSULDWH WKDW WKH QXPHURXV UHVWRFNLQJ SURJU
DTXDEFXOWXUH DQLPDOV DUH VXSSRUWHG E\ DGHTXDWH JF
PDUNHUV IRU WKLV SXUSRVH LV VWLOO RQJRLQJ DQG HVSFH
LW LV QHFHVVDU\ WR LEBEWIXFO®XDW P DR¥FKYVWWKDW DOOR
RI GHWHFWLQJ DOO WKH VSHFLHV LQYROYHG LQ D K\EULG
7KLV DVSHFW KDV EHHQ DGGUHVVHG E\ GHYHORSLQJ D Q
K\SHUYDULDELOLW\ RI LQWURQLF VHTXHQFHVY WDNLQJ DGY
1*6 WHFKQLTXHV DQG WKH LQFUHDVLQJO\ DYDLODEOH JH
FRQVHUYHG H[RQLF UHM B8RV V IDEGH WWKRH GHMUK® WUDQVIHUD
ZLWK PXOWISUBFBFWHRQ ZKLWRKDWDEW KWIHG LQWURQ VHT
WKURXJK 3&5 EDVHG OLEUDU\ SUHSDUDWLRQV DQG *HQRW
DQG ODOGRQDGR YRUFLQD HW DO

$ ILUVW H[SORUDWLRQ RI| WQWK/HDA.SAR VDK RZDR/PD B SORKG V R
FRXQW QXPHURXV VSHFLHV DQG IRU ZKLFK VHYHUDO JHQR
SHUPLW WKH ELRLQIRUPDWLF LGHQWLILEFDWLRQ RI LQWURQ
IODQNHG E\ KLJKO\ FRQVHUYHG H[RQV )XUWKHGHARURY RGXH
JHQRPH DVVHPEO\ RI V8K HSHQN B O HWK MWHOXMRQ DQG WKH [
WUDQVFULSWRPHV IRU RWK HIWWDRX B HV SRFIVHE (RH WIRXIUGHQ Q
LQWURQV LQ $FLSHQVHULIRUPHY OHDGLQJ WR WKH LGHQW
DQG SRVVLEO\ SRSXODWLRQ OHYHQV B R{WLFDW RM\O HIIDYL |
VWUHQJWKHQLQJ FRQVHUYDWLRQ VWUDWHJLHYV



1.2 CONSERVATION GENETICS AND GENOMICS

&RQVLGHULQJ WKH UDSLG ORVV RI VSHFLHV DIIHFWLQJ PD
FXUUHQWO\ DFFHSWHG WKDW (DUWK LV QRZ IDFLQJ WKH V
&RZLH HW DO $OWKRXJK PDVV H[WLQFWLRQV FDQ EH
SDVW WKHUH LV QR GRXEW WKDW WKH FXUUHQW GHFOLQH
KXPDQ DFWLYLWLHV )XUWKHUPRUH VXFK D ORVV Rl ELRGC
UHFRYHU DIIHFWLQJ LQ WKH LPPHGLDWH IXWXUH WKH .
HQYLURQPHQWDO GHJUDGDWLRQ DQG WKH ORVV RI LPSRUW
$SDUW IURP WKUHDWY GHULYHG IURP KXPDQ DFWLYLWL
WR WKH HIIHFW Rl GHPRJUDSKLF DQG JHQHWLF VWRFKDVWL
WR D UDQGRP ORVV LQ JHQHWLF YDULDELOLW\ *HQHWLF Y
FKDQJH WKXV D JURXS RI LQGLYLGXDOV ZLWK D ORZ OHYH!
HYROXWLRQDU\ SRWHQWLDO WKDW DFTXLUHV HYHQ PRUH LI
JUDQNKDP HW DO ORUHRYHU WKHVH VWRFKDVWLF S
QDWXUDO VHOHFWLRQ SRVVLEO\ OHDGLQJ WR WKH IL[DWL
)LQDOO\ LQ VPDOO SRSXODWLRQV ORVV LQ JHQHWLF
DPRQJ UHODWLYHV HQKDQFH WKH OHYHO RI KRPR]J\JRVLW
GHOHWHULRXV PXWDWLRQV OHDGLQJ WR LQEUHHGLQJ GHSL
JRU DOO WKHVH UHDVRQV PDLQWDLQLQJ WKH KLJKH
YDULDWLRQ LV D SUHUHTXLVLWH IRU WKH VXFFHVV RI VSHF
,Q WKH ODVW GHFDGHV PROHFXODU DQG JHQHWLF WHFKQL
ZLWK HFRORJ\ DQG FRQVHUYDWLRQ ELRORJ\ IRU WKH VWXG
FRQVHUYDWLRQ RI VSHFLHVY DQG ELRGLYHUVLW\ LQ D GLVF
'H6DOOH DQG $PDWR 3HUWROGL HW DO
&RQVHUYDWLRQ JHQHWLFV UHOLHG RQ QHXWUDO PDUNHUYV
'1$ WKURXJK GLIIHUHQW PHWKRGRORJLHV 7HFKQLTXHV V
SRO\PRUSKLF '1$ 5)/3 5HVWULFWLRQ IUDJPHQW OHQJWK
IUDJPHQWHG OHQJWK SRO\PRUSKLVPV PLFURVDWHOOLWH\
ZHUH WKH PRVW XVHG IRU JHQHWLF FKDUDFWHULVDWLRQ
OHDQZKLOH WKH DGYDQFH RI VHTXHQFLQJ WHFKQLTXHV |
SURJUHVVLYHO\ ODUJHU UHJLRQV RI JHQRPHV DQG WKH FR
DQDO\WH D JUHMWRASDPXOEMRR@DHUYDWLRQ JHQRPLFV
&RPSDWRBGUOLHU FRQVHUYDWLRQ JHQHWLFV PHWKRGV ED
ZLGH W\SLQJ RI LQGLYLGXDOV FDQ EH XVHG WR HVWLPD\
KHWHURJ\JRVLW\ DQG LQEUHHGLQJ FRHIILFLHQWYV 2XERUJ |
RI ODUJH IXQFWLRQDOO\ UHOHYDQW IUDJPHQWYV RI WKH JHQ
FORVHU WR DGDSWLYH JHQHWLF YDULDWLRQ WKDW PDWWH
)ODQDJDQ HW DO JURP JHQRPLF GDWD LW LV SRVVLE
ELRLQIRUPDWLF SUHGLFWLRQV FRQVLGHULQJ WKH SUHGLFW
ORDG FDQ EH VXEGLYLGHG LQ PDVNHG ORDG DQG UHDOLYV
SRWHQWLDO ORVV RI ILWQHVV GXH WR GHOHWHULRXV PX
GHSHQGLQJ RQ SRSXODWLRQ GHPRJUDSK\ ZKLOH WKH UHD
DQG SRSXODWLRQV LQ WKH FXUUHQW JHQHUDWLRQ %HUWF



'"HOHWHULRXD ® YWWBWMRKHVIHQHWLF ORDG FDQ EH LQIHUUH
UHJLRQV DFURVV GLYHUVH OLQHDJHV ZLWK WKH DVVXPS)
SUREDEO\ GHOHWHULRXV HIIHFWV 7KH DGYDQWDJH RI WK
UHIHUHQFH JHQRPH DQUGHDRIQWWIB WREBWHQBWO\ XVHG FRPSI
HVSHFLDOO\ LQ ZLOG DQLPDO VWXGLHV LV *HQRPLF (YRO
LGHQWLILHY UHJLRQV WKDW VKRZ D QXFOHRWLGH VXEVWL
PHDVXUHV WKHVH GHILFLWVY DV pUHMHFWHG VXEVWLWXWLR
SDVW SXULI\LQJ VHOHFWLRQ DQG DUH XVHG WR UDQN DQG
DO 7KXV D KLJK *(53 VFRUH LGH\WWRIQH Y DWHI L\R(EW W
WKURXJK SK\ORJHQ\ +RZHYHU FKDQJHV LQ WKH VHOHFW
WKURXJKRXW WKH SK\ORJHQ\ FDQ OLPLW WKH SUHGLFWLR
DSSURDFKHV )RU H[DPSOH WKH SUHVHQFH RI OLQHDJH V
WXUQRYHU LQ VHOHFWLYH SUHVVXUHV DQG VKRXOG EH HYL
2WKHU PHWKRGVY WR SUHGLFW WKH HIITHFWV Rl PXWDWLRQV
IURP ELRFKHPLFDO VWXGLHV TRIVLIXIRFM DRQRQ FQ QREHD WD R
VIQRQ\PRXV RU QRQ VI\QRQ\PRXV DQG HYHQWXDOO\ DV OR?Z
RQ WKH W\SH RI FKDQJH 6RIWZDUHV OLNH 6QS(Il SURYLGH
GLIIHUHQW PXWDWLRQV DQG VSHFLILF YDULDQWYV VXFK DV

FDQ DOVR EH SUHGLFWHG &LQJRODQL HW DO ([SHUL
HITHFWV RI VSHFLILF PXWDWLRQV KDYH EHHQ SHUIRUPHG |
'URVRSKLOD PHORRRUDNW HIJO ) XUWKHUPRUH D PHW|

VKRZHG D FRUUHODWLRQ EHWZHHQ LQFUHDVHG JHQRPLF
GHFUHDVH LQ SKHQRW\SLF YDOXH L H UHSURGXEWLRQ
SURGXFWLRQ DQG KHDOWK 'RHNHV HW DO 5DUHU C
RUJDQLVPV DQG HYHQ LQ ZLOG DQLPDO VWXGLHV LW ZR:
ELRLQIRUPDWLF SUHGLEWLRQV DQG H[SHU L FPHRQWDIF ¥R OD I
HVWLPDWHV RI ERWK WKH PDVNHG DQG UHDOLVHG ORDG LQ
JRULWMKHDVRQ LQIRUPDWLRQ RQ LQGLYLGXDO IOQ |MLKIRVW R
H[SHULPHQWY DUH LQWHUHVMWQ § ISRISFER BW KR QW [RH \0 VRRPR B
DQG LGHQWLI\ PXWDWLRQV VLJQLILFDQWO\ DVVRFLDWHG
UHGXFWLRQ



1.3 ACIPENSERIFORMES AND CONSERVATION STATUS

$FLSHQVHULIRUPHY DUH DQ DQFLHQW JURXS RI ILVK GLVWL
DQRG SUREDEO\ GLYHUJHG IURP WKH DFWXDO DFWLQRSWHU'

DO (Y R@OXSHRQDQW WKHVH VSHFLHVY SUHVHQW VRPH L
DUH FRQVLGHUHG 3/LYLQJ )RVVLOV™ VLQFH WKH\ HWKRELW O
IRVVLO UHFRUGY GDWHG EHWZHHQ DQG 0D &RPELQF

UHODWLYHO\ ORZHU UDWH RI PXWDWLRQ LQ PLWRFKRQGULTE
HYROXWLRQ DUH REVHUYHG LQ WKHVH VSHFLHV .ULHJHU F
DUH DOVR FKDUDFWHULVHG E\ GLVWLQFW OHYHOV RI SORL
HYHQWY WKDW RFFXUUHG ERWK LQ WKHLU FRPPRQ DQFHVW
JURXS .LP HW DO 3HQJ HW DO

8QIRUWXQDWHO\ WKLV RUGHU WKDW FRXQWY  VSHFLHV L
JURXSV 5HFHQWO\ DQ ,8&1 5HG /LVW DVVHVVPHQW FDUULI
*URXS UHYHDOHG D@GOGWIOHULE K MQ® WWXUJHRQ SRSXODWL
7KH &KLQHVH SWDIBSKOHIXVKHIDEHXMV WR WKH <DQJWI]H 5LYH
IXQFWLRQDOO\ H[WLQFW E\ KDV QRW EHHQ VHHQ VLQFF
WR WKH FULWHULD RI WKH ,8&1 5HG /LVW =KDQJ HW DO
VWXUSHROWGDEU\DIQKWFODVVLILHG DV u([WLQFW LQ WKH :L
UHFDSWXUHG LQ QDWXUH RULJLQDWHG IURP UHVWRFNLQJ
GHVSLWH EHLQJ XQGHU SURWHFWLRQ VLQFH DUH FODYV
(QGDQJHUHGYT E\ WKH QHZ XSGDWH RI WKH ,8&1 5HG /LVW 7
SUHVHQW D EHWWHU VLWXDWLRQ WKDQ WKH (XUDVLDWLF |
HITRUWV EXW HYHQ KHUH WKH FRQVHUYDWLRQ VWDWXV R
DO

7KH FDXVHV Rl $FLSHQVHULIRUPHY GHFOLQH DUH ZHOO NQ
VSHFLHY 'HWHULRUDWLRQ DQG SROOXWLRQ RIDWHKHLIUQR UL J
UHSURGXFWLRQ DQG ODUYDH VXUYLYDO :LOOLRW HW DO
WKDW QHHG WR UHWXUQ WR D IUHVKZDWHU EDVLQ WR VSEC
FRQVLGHUHG D VHFRQGDU\ DGDSWDWLRQ WR H[SORLW HVW:
SK\WLRORJLFDOO\ LQWROHUDQW WR KLJK OHYHOV RI VDOL
VSDZQ ORFDWLRQV GLIIHU LQ GHSWK DQG FXUUHQW YHO
FKDUDFWHULVHG E\ KDUG VXEVWUDWHY RI SHEEOHV JUDY
7KHVH VXEVWUDWHY SURYLGH D VXUIDFH ZKHUH HJJV FDQ |
DIWHU KDWFKLQJ GHVNOHED HW DO 1JX\HQ HW DO
DUH REVHUYHG GHSHQGLQJ RQ WKH VSHFLHV %LOODUG DQ
FRQWH[W WKH LQFUHDVLQJ FRQVWUXFWLRQ Rl GDPV DQG |
ZLOG UHSURGXFWLRQV EHFDXVH VXFK VWUXFWXUHV FDQ SL
EH WKH FDXVH RI WKHLU FRPSOHWH GLVUXSWLRQ :LOOLRW
$QRWKHU PDLQ IDFWRU RI VWXUJHRQV GHFOLQH ZDV WKHI
DQG PHDW 7KHLU OLIH KLVWRU\ WUDLWV VXFK DV ODWH PD
ERG\ VL]H UHVXOWHG WR EH DGDSWLYH IRU PLOOLRQV RI \
WKLY FKDUDFWHULVWLF FRXOG UHVXOW XQIDYRXUDEOH Wi
WDUJHW WKH ODUJHVW LQGLYLGXDOV



6LQFH $SULO DOO WKH $FLSHQVHULIRUPHV VSHFLHV K
RYU, UHVXOWLQJ LQ EHWWHU FRQWURO Rl WKH LQWHUQDWLF
'HVSLWH WKH &,7(6 UHIJXODWLRQ DQG WKH LQFUHDVLQJ D
DTXDEFXOWXUHV %URQJL HW DO SRDFKLQJ DQG LOOH
VSHFLHV DIIHFWLQJ WKH UHFRYHU\ Rl ZLOG SRSXODWLRQV
,Q WKLV FRQWH[W PROHFXODU PDUNHUV DUH HVVHQWLDO
LOOHJDO WUDGHVY DQG FRPPHUFLDO IUDXGV LQ RQH RI WKH
'XH WR WKWNDEKHVH VSHFLHY WR PDNH YLWDO K\EULGV QX
WRPLWRFKRQGDVWRHRQBWWHU SURYLGHV RQO\ WKH JHQH)
FROQWULEXWLRQ ORUHRYHU WKH WHFKQLTXH VKRXOG EH U|
URXWLQH LQYHVWLIJDWLRQV 7R WKHVH SXUSRVHV TXLFN L
LPSOHPHQWHG IRU WKH LGHQWLILFDWLRQ RI YDULRXV VSF
SUHVHQW LQ WKH LQWURQLF UHJLRQV RI WKH QXFOHDU 6

ULERVRPDO SURWHLQ 53 6 %RVFDUL HW DO % RVFD|L
DOVR LPSRUWDQW WRROV LQ JHQHWLF DQG JHQRPLF VWXG
LQEUHHGLQJ DQG JHQHWLF ORDG SUHVHQW LQ WKH LQGL)
VSHFLHV :LWK VXFK LQ|RDEXWIFRR VEHUNWWURQ SODQV FDQ
HQKDQFLQJ WKH SUREDELOLW)\ RI VXFFHVV )UDQNKDP HW D
JRUWXQDWHO\ WKHUH DUH SRVLWLYH VLIQV WKDW VWXUJF
PHDVXUHV 7KH $RLSHQWXWI BERVY REYWUYWG LQ WKH 5LRQL !
RI DEVHQFH %HULG]H HW DO D V 3A/HHXG PWF IVKHKIL M K ROF
KHUPDQUHDSSHDUHG LQ WKH $PX 'DU\D 5LYHU DIWHU \HDL
(YHQ WKH $GULDWLF VWXUJHRQ KDV EHHQ FODVVLILHG Il
(QGDQJHUHGYT DIWHU ILQGLQJ MXYHQLOHY OLQNHG WR VSRI
LQGLFDWRU WKDW ORQJ WHUP FRQVHUYDWLRQ HIIRUWV IRL

10



1.4 MICROSATELLITE IN POLYPLOIDS STURGEONS MANAGEMENT

,Q VWXUJHRQV JHQHWLF DQDO\VWVHVY QHHG WR GHDO ZLWK FF
GXH WR GLYHUVH HYHQWY RI ZKROH JHQRPH GXSOLFDWLRQ

WKH FRPPRQ DQFHVWRU SRVVHVVLQJ FKURPRVRPHV 61
GXSOLFDWLRQ WKHQ RFFXU LQ WKH 3DFLILF DQG $WODQWLF
3HQJ HW DO )LQDOO\ D WKLUG HYHQW OHG WR WK
REVHUYDEFQBHIQYHU E U HLYL URWY WUWDX P 7TKH QXPEHU RI F

DVVRFLDWHG ZLWK WKH GLIITHUHQW OHYHOV RI SORLG\ KD
EHWZHHQ WKH WZR PDLQ SRVLWLRQV 7KH ILUVW DUJXHV Wt
LVGHULYHG IURP D GXSOLFDWLRQ HYHQW LQ WKH FRPPRQ I
PXVW EH FRQVLGHUHG WHWUDSORLG DQG WKRVH ZLWK F
PRUH RQ LWV IXQFWLROYD®OHPYBEM FALWKRVWUDRXWLQREKURPRVR
RI GLSORLG\ bQG WHWUDSORLG\ UHVSHFWLYHO\ )RQWDQD
7TKH WZR SRVLWLRQV DUH FRPSDWLEOH DQG ERWK FRUUHFW
ILUVW GHILQHYVY WKH GHJUHH RI QRPLQDO SORLG\ EDVHG RQ
IRFXVVHVY RQ WKH IXQFWLRQDOLW\ RI WKH JHQRPH DQG Gl
QXPEHU RI FRSLHVY RI VRPH JHQHV REVHUYHG WR EH DFWLY
OD\HU RI FRPSOH[LW\ SRO\SORLGL]DWLRQ FDQ RULJLQDWH
WKH LQWUDVSHFLILF RU LQWHUVSHFLILF OHYHO ,Q WHWUD
Rl FRQGLWLRQ FDOOHG DXWRWHWUDSORLG\ DQG DOOI
DXWRWHWUDSORLGY WKHUH DUH IRXU FRPSOHWH KRPROR
ELYDOHQWY DQG TXDGULYDOHQWY DUH SRVVLEOH GXULQJ
LOQKHULWDQFH ZKLFK PHDQV WKDW DOO DOOHOLF FRPELQELC
DO 2Q WKH FRQWUDU\ LQ FRPSOHWH DOORWHWUDSO
GLYHUVLILHG KRPRHRORJRXV FKURPRVRPHV +RPHRORJRX
OHDGLQJ WR GLVRPLF LQKHULWDQFH ZKHUH RQO\ IRXU RX
6WLIW HW DO $Q\zD\ WKHVH DUH WZR H[WUHPH FRQ(
REVHUYDEOH ZKHQ FKURPRVRPHYVY KDYH GLIITHUHQW GHJUHE
F\WWRORJLFDO GLSORLGL]DWLRQ FDQ EH SURPRWHG E\ VHO
KDYH QHJDWLYH LPSDFWV RQ IHUWLOLW\ DQG NDU\RW\S
KRPHRORJRXV FKURPRVRPHV IURP WZR GLVWLQFW VSHFLH\
DIILQLW\ WKDW DOORZV KRPHRORJRXV SDLULQJ 6RDUHV H\
'"HVSLWH WKH LPSURYHPHQW RI 1*6 WHFKQLTXHY DQG WKH

GLIILFXOWLHYV UHPDLQ LQ WKH DQDO\VLV RI SRO\SORLG VS
UHFRQVWUXFW WKH KDSORLG JHQRPH RI D SRO\SORLG RUJEL
ZKHUH WKH DVVHPEO\ RI WKH KDSORLG JHQRPS$FRSEMKWHHIXQ
UXWKHEXWDOHG D FRPSOH[ VWUXFWXUH ZLWK D GLIIHUHQ
FKURPRVRPHV ZKGER MR WMKHQMHIPHQWDO VWGIIEW RRLIFGLX] D WH.A
WKLV VSHFLHV 'X HW DO

)JXUWKHUPRUH JHQHWLF DQG JHQRPLF DQDO\WVHYV UHO\LQJ |
613V ZKLFK DUH WKH PRVW DEXQGDQW HYHQ LQ SRO\SORL
LQ LQIHUULQJ WKHLU FRUUHFW JHQRW\SHV DQG WKHLU V
OHLUPDQV HW DO ,Q SDUWLFXODU LQIHUHQFH RI UH
KLIKHU UHDGVY GHSWK FRPSDUHG WR WKRVH QHHGHG LQ Gl
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LQFUHDVLQJ WKH FRVWV DQG ORZHULQJ WKH QXPEH
FKDUDFWHULVHG XVLQJ *HQRW\SLQJ E\ VHTXHQFLQJ WHFKQ
,Q WKLV FRQWH[W KLJKOODRBHPDEQH PHFX®\WPDWNBO0YWHV H
YDULDELOLW\ Rl SRO\SORLG VSHFLHV VXFK DV VWXUJHRQV
WKDQ WZR ORPYE®NKY BBIQ EH REVHUYHG LQ FRPSOHWH KHWE
7KLV FKDUDFWHULVWLF DOVR IDFLOLWDWHVY LQIHUHQEH

LQIRUPDWLRQ LQ SRO\SORLGVY WR UHDFK D FRUUHFW FRQEFC
DRO\VHV %RVFDUL HW DO %RVFDUL HW DO DQG
IXQFWLRQDO SORLG\ OHYHO DFURVV WKH GLIIHUHQW VSHEFL
UHDVRQV PLFURVDWHOOLWHY DUH VWLOO XVHG DQG LVR

BHTXHQFLQJ WHFKQLTXHV +X HW DO 'DQJ HW DO
IRU WKH FRUUHFW PDQDJHPHQW RI JHQHWLG VIDAE D/EMOXL W \
FRQVHUYDWLRQ SODQV %RVFDUL HW DO 'KLWH HW DC

12



, 175216 $6 02/(&8/$5 0$5.(56

,QWURQV DUH WKH QRQ FRGLQJ UHJLRQV RI '1$ SUHVHQW L
WKH PRUH FRQVHUYHG DQG FRGLQJ H[RQ VHTXHQFHV $0!
LQYROYHG LQ VSOLFLQJ DQG RWKHU SURFHVVHV UHODWHG
WRHK QHXWUDO SRUWLRQV RI JHQRPHV DQG IODQNLQJ FRQ
SULPHU WUDQVIHUDEOH LQ D YDULHW\ RI GLIIHUHQW VSHFI
DO
,QWURQV KDYH EHHQ DOUHDG\ LQYHVWLJDWHG LQ WKH SDV
LQYROYHG WKH XVH RI (3,& 3&5 ([RQ 3ULPHG ,QWURQ &URYV
RI '1$ ZLWK SULPHU SDLUV GHVLJQ RQ WKH IODQNLQJ H[RQ\
3DVW VWXGLHV IRFXVHIR PIB QY ®\KRIR OOPRUBELF PV &{UWH -
'DIXLQ DQG %RUVD RU LQWURQLF VLQJOH ORFXV VHTX
3DOXPEL DQG %DNHU &KRZ DQG +D]DPD 7KH SR
H[SORUHG HYHQUMIOMWDQIIHRQWKH GHYHORSPHQW RI VSHF
FXUUHQWO\ XVHG LQ IRUHQVLF DQDO\VLVY %RVEFDUL HW DO
7KDQNV WR LQFUHDVLQJ DGYDQFHV DQG DIIRUGDELOLW)
WHFKQRORJLHY DQG PHWKRGRORJLFDO LPSURYHPHQW LQ
VHTXHQFLQJ WHFKQLTXHYV DUH GHYHORSHG DQG HPSOR\HG
WKH UHGXFWLRQ LQ WKH SULFH RI VHTXHQFLQJ WHFKQLTX
UHPDLQV D FRVWO\ WDVN ,QVWHDG *HQRW\SLQJ E\ VHTXHC
UHIHUHQFH JHQRPHV DQG DPSOLFRQV FDQ EH HDVLO\ LQGF
RITHULQJ WKH SRVVLELOLW\ WR FKDUDFWHULVH KXQGUHGV
QXPHURXV VDPSOHV 6FKZHL]JHU HW DO OLFURKDSORMW
LQORFWYHDWHG DV D VLQJOH KDSORW\SH KDYH SURYHQ WF
VXFK DV VWRFNV LGHQWLILFDWLRQ DQG UHODWLRQVKLS LC
HITHFWLYH SRSXODWLRQ VL]H DQG HVWLPDWHV Rl KHWHU
2VERUQH HW DO
*LYHQ WKDW LQWURQV FDQ EH LQWHUHVWLQJ JHQRPLF UHJ
PLFURKDSORW\SH OLNH PDUNHUV 6WDUWLQJ IURP WKH DY
QRZ SRVVLEOH WR LVRODWH ELRLQIRUPDWLFDOO\ LQWURQ"
GHVLJQ SDQHOV RI SULPHUV IRU LQWURQV FKDUDFWHULVDMW
JHQRPLF LQIRUPDWLRQ LV QRW \HW DYDLODEOH
)LQDOO\ OLNH RWKHU PLFURKDSORW\SH PDUNHUV LQWURC
UDQJH RI ELRORJLFDO SUREOHPV IURP K\EULG DQG VSHFLF
WKH VFUHHQLQJ Rl JHQHWLF GLYHUVLW\ DW WKH SRSXODWL
HW DO

13



$,0 2) 7+( :25.

Considering the conservation status of the Acipenseriformes species, it is extremely important
to take timely actions for their preservation and recovery.

In this context, genetic investigations are a fundamental prerequisite to infornmn both
situ andex situmanagement plans that should aim to maintain the highest level of genetic
variation, and thus adaptive potentials. Moreover, the development of new markers for species
and hybrid identification can greatly contribute to contrast illegal trade of sturgeon-derived
products and to identify same-species conservation units.

The aim of this study is to apply different molecular techniques to solve different biological
problems in this taxonomic group characterised by complex genomes and diverse levels of
ploidy. Segregation patterns iAcipenser naccariiwill be investigated and the kinship
relationship among individuals managed situwill be solved using microsatellite markers.

The same approach will be applied to the genetic characterisation géivéldle individuals

of Acipenser sinensiand then to estimate the number of breeders that contributes tagh
significant reproductive event.

A new approach based on the variability present at inttoaievill be explored first in Teleost

and then in Acipenseriformes with the aim of identifying new molecular markers applicable for
species identification and population studies.

Finally, a genomic approach to estimate the genetic load will be evaluated, comparing
bioinformatic predictions with fitness observation in controlled cross@sipenser naccarii

SURMHFW WDVNYV

,Q GHWDLO WKH IROORZLQJ DVSHFW ZLOO EH H[DPLQHG

$VVHVVPHQW RI WKH VHJUHIJDWLRQ SDWWHUQ LQ WKH ¥

*HQHWLF FKDUDFWHULVDWLRQ RI D EDSWLYH VWRFN RI

*HQHWLF FKDUDFWHULVDWLRQ RI D ZLOG VWRFN RI &KL

,QYHVWLJDWLRQ RI OXOWL ORFXW SRWHQ® LDROQWR U 8K

VSHFLHVY $QQHI[ "

SUHOLPLQDU\ LQYHVWLIJDWLRQ RI 0OXOWL ORFXV ,QWUI

VSHFLHVY $QQH] (

SUHOLPLQDU\ UHY XYQMWMRK R WKHYDOXDWH JHQHWLF OR

$GULDWLF VWXUJHRQ
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5(68/7 $1' ',6&866,21

7KH ILYH SXEOLFDWLRQV WKDW UHVXOWHG IURP WKLV VWX(
7KH GHWDLOHG RULJLQDO SXEOLFDWLRQV RU PDQXVFULSW

$66(660(17 2) 7+( 6(*5(*$7,21 3$77(51 ,1 7+( $'5,$7,& 6785*
2ULJLQDO SXEOLFDWLRQ LQ $QQHI[ $

*HQHWLF DQDO\WVHV RQ VWXUJHRQV GHDO ZLWK FRPSOH]
RULJLQDWHG IURP LQGHSHQGHQW HYHQWV Rl ZKROH JHQR

DOQFHVWRU ZLWK FKURPRVRPHV 3HQJ HW DO JRQWD
7KH OHYHOV RI SORLG\ KDYH EHHQ WKH VXEMHFW RI HIWHQ'
ILUVW DUJXHV WKDW VSHFLHV ZLWK DQG FKURPRVRPF

RFWDSORLG UHVSHFWLYHO\ 7KH VHFRQG SRVLWLRQ FRQ
DWWULEXWHY WR WKH WZR JURXSV D FRQGLWLRQ RI GLSOR
WZR YLHZV XVH GLIIHUHQW FULWHULD WR GHILQH WKH QRP
ILUVW DQG WKH IXQFWLRQDO DFWLYLW\ RI JHQHV LQ WKH
IXOO\ FRPSDWLEOH )RQWDQD HW DO L ®F MBKHQ/V AR Q \
Q D F F DAL K FKURPRVRPHV LV JHQHUDOO\ FRQVLGHUHG D

7KLV LV DOVR FRQILUPHG E\ PRVW RI WKH PLFURVDW !
PRVWO\ VKRZ XS WR DOOHOHV SHU LQGLYLGXDO

Autotetraploid Allotetrapolid
.
- Homeologous chromosomes
Homologous chromosomes Complete heterozygote individuals

ABCD EFGH

/\ / \Locus

Gametes

A B AC AD B C B D cCD EG EH F G FH

(a) (b)

Figure 1. Expected segregation patterns under pure disomy (a) or tetrasomgsfi®ctively expected ir
Autotetraploid and Allotetraploid genomes.

,Q JHQHUDO SRO\SORLGL]DWLRQ FDQ RULJLQDWH WKURX
LQWUDVSHFLILF RU LQWHUVSHFLILF OHYHOV OHDGLQJ WR
DXWRWHWUDSORLG\ DQG DOORWHWUDSORLG\ ZKLFK GHWF
ZLWKLQ JDPHWHY ,Q FRPSOHWH DXWRWHWUDSORLGV WKH
DQG UDQGRP SDLUV RI ELYDOHQWY DQG TXDGULYDOHQWV D
OHDGLQJ WR WHWUDVRPLF LQKHULWDQFH ZKHUH DOO FKlL
SRVVLEOH )LJXUH ,QVWHDG LQ DOORWHWUDSORLGV H
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VHWV Rl KRPRORJRXV FKURPRVRPHV RULJLQDWLQJ IURP W
WKH KRPHRORJRXV FKURPRVRPHY GR QRW IRUP SDLUV DQG
KRPRORJRXV OHDGLQJ WR GRXEOH GLVRPLF LQKHULWDQFH
FRPELQDWLRQV DUH SRVVLEOH LQ WKH JDPHWHV 6WLIW H\
LQWHUPHGLDWH FRQGLWLRQV DUH REVHUYDEOH ZKHQ WK
SUHIHUHQWLDO SDLULQJ
,Q IDFW WKH LQKHULWDQFH SDWWHUQ PD\ VKLIW IURP WH\
)RU H[DPSOH LQ DXWRWHWUDSORLGY IHUWLOLW\ DG
LPSDFWHG E\ LPSHUIHFW PXOWLYDOHQW SDLULQJ WKXV
VKLIWLQJ WR GLVRP\ ,Q FRQWUDVW LQ DOORWHWUDSORLG
SDUHQWDO VSHFLHV FRXOG PDLQWDLQ VRPH GHJUHH RI JH(
KRPRORJRXV SDLU GXULQJ PHLRWLF LQWHUDFWLRQV DQG \
LQKHULWDQFH 6RDUHV HW DO
8QGHUVWDQGLQJ WKH PHFKDQLVPV RI FKURPRVRPDO VHJU!
LPSRUWDQW FRQVHUYDWLRQ LPSOLFDWLRQV IRU H[DPSOH
PHWKRGV LV UHTXLUHG
,Q WKH $GULDWLF VWXUJHRQ DOOHOH VHJUHJORERIQQADV S
PLFURVDWHOOLWH PDUNHU®R FIRR/ZFD® ID HWWHIWODVRPLBQQKH
LQGLFDWLQJ WKH SUREDEOH DXWRSRO\SORLG RULJLQ RI Wt
UHFHQW DYDLODELOLW\ RI QHZ FRPSOHWH IDPLO\ JURXSYV
(1'(0,;,7 SURMHFW KWWSV HQGHPL[LW FRP DQG QHZ l
ORBRW \HW H[SORUHG WR SURYLGH D GHHSHU LQVLJKW LQ
LQ WKLV VSBREXWV (PRE®RVLGHUHG LQIRUPDWLYH RQO\ LI DW
IDPLO\ JURXS ZDV FRPSOHWHO\ KHWHUR]J\JRXV DQG WKH RW
ZLWK WKH IRUPMR |ROORZDQIDPELIXRXVO\ WKH VHJUHJDW
FRPSDUH WKH QXOO K\SRWKHVLV RI WHWUDVRP\ + ZLWK
LQWHUPHGLDWH PRGHOV RI LQKHULWDQFH D OLNHOLKRRG
SURSRVHG E\ 6WLIW HW DO ORUH GHWDLOV DUH UHSR
7KH VHJUHJDWLRQ SDWVORER REVRYYWE&DIWWKRN WG ULDWLF
FRQVLGHUHG SUHGRPLQDQWO\ WHWUDSORLG ZLWK D WHWU
+RZHYHU WKH WHWUDVRPLF VHJUHJDWLRQ SDWWHRFQ ZDV
LQGLFDWLQJ WKDW WKH IXQFWLRQDO GLYHUVLILFDWLRQ S|
WKH JHQRPH ZLWK PRVW UHJLRQV VWLOO IXQFWLRQDOO\ W
RI GLYHUJHQFH KDV UHDFKHG WKH FRQGLWLRQ Rl GRXEOH
WZRRELWK D PDUNHG WHQGHQF\ WR GLVRP\ SRLQWLQJ WR L
WKDW LV LK MAHNWHPE GLDWH VWDJHV RI IXQFWLRQDO GLSORL
DO ) X UW K HQURPFRRUGHV LWR\PPHHQ WO\ VKRZHG PRUH WKDQ DC
%RVFDUL HW DO W R/XS U LFXOLR @ HRGWHKH UHJLRQ RI VX
DOWHUQDWLYHO\ DQ LQFRPSOHWH SURFHVV RI IXQFWLRQDC
H[FOXGHG DV DOUHDG\ SURSRVHG DOVR IRU RWKHU VWXUJ
HW DO
7KHVH SLHFHV RI HYLGHQFH VKRZ WKDW WKH OHYHO RI KR
$GULDWLF VWXUJHRQ JHQRPH LV OLNHO\ WR YDU\ IURP FKU
SDUWV RI WKH JHQRPH PD\ FRQVHTXHQWO\ KDYH GLIITHUHQYV
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HLJKW DQG VKRXOG EH FRQVLGHUHG ZKHQ FKDUDFWHULVL
RI VWXUJHRQV LQ JHQHUDO

'KDWHYHU WKH HYROXWLRQDU\ RULJLQ DQG LPSOLFDWLR
LQYHVWLIJDWHG RQO\ ZKHQ WKH JHQRPH RI WKLV VSHFLH\
GLIIHUHQW LQKHULWDQFH SDWWHUQV DW GLIIHUHQW PDUN
FRQVHUYDWLRQ RI WKH $GULDWLF VWXUJHRQ 2XU ILQGLQ
DOORFDWLRQ PHWKRGV D ®WRERVHG QB U HFRPEHWQGE HG WK H\
WKH UHFRQVWUXFWLRQ RI LQGLYLGXDO JHQHDORJLHV RI
UHDOORFDWLRQ RI DQ\ LQGLYLGXDO UHEFDSWXUHG DIWHU
XQH[SORUH G [DWBREWHRIYDWLRQ LQ ZKLFK D FOHDU NQRZOH(
DW GLORBRRWG EHPRQLIWAULQJ WKH JHQRPLF LPSDFW RI EU
EUHHGLQJ LV XVXDOO\ SHUIRUPHG IROORZLQJ VWDQGDUGL\
DQG PLOW UHOHDVH DQG IHUWLOLVDWLRQ LV FDUULHG RX
SURJHQ\ LV UHOHDVHG ZLWKRXW YHULI\LQJ LI WKH SURFHG
IRU H[DPSOH E\ LQGXFLQJ DQHXSORLGLHV ZKLFK DUH D ¥
VWXUJHRQ VWRENV 6FKUHLHU HW DO 7KH UHOHDYV
LQGLYLGXDOV VKRXOG EH DYRLGHG DV WKH FRQVHTXHQF
JHQHUDWLRQV DQG WKHLU UHSURGXFWLYH HIILFLHQF\ DUH
JHQHUDWLRQ WLPHV FRXOG EH UHYHDOHG DIWHU GHFDGH
YHULI\ FRUUHFW VHJUHJDWLRQ ORFRRWE GLYVRIP LF DIMEOW I
UHGXFLQJ WKH SRWHQWLDO LPSDFW RI JHQRPLF DQRPDOLH
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*(1(7,& &+$5%$&7(5,6%$7,21 2) $ &$37,9( 672&. 2) $'5,%$7,&
6785*(216
2ULJLOQDO SXEOLFDWLRQ LQ $QQH[ %

7KH HQGHPLF $GULPAUBHQMHXUBDFFEHHIQ SDUW RI FDSWL
SURJUDPPHV VLQFH VWDUWLQJ ZLWK WKH FDSWXUHV R
$IWHU PRUH WKDQ \HDUV WKLV ZLOG ) VWREN LV QRZ
UHSUHVHQW WKH RQO\ OLYLQJ $GULDWLF VWXUJHRQV RI FH
WKHLU ) SURJHQ\ LV HVVHQWLDO IRU WKH SUHVHUYDWLR
PD[LPLVH WKH OHYHO Rl JHQHWLF YDULDWLRQ WUDQVPLWYV
WKH KLIKHVW SRVVLEOH OHYHO Rl ORQJ WHUP DGDSWLYH ¢S
7R WKLV SXUSRVH SDUW RI WKH ) LQGLYLGXDOV KDYH EHH
GLIIHUHQW SXEOLF DXWKRULWLHY DQG E\ WKH u$JLHQGD $
EUHG LQ FDSWLYLW\ LQ ,WDO\ DQG DEURDG GHVFHQG GLI
JHQHDORJ\ RI HDFK LQGLYLGXDO DQG WKH FRQVHTXHQW Gt
RI WKHP
$]LHQGD $JULFROD 9, 3 fV VWRFENV KDYH DOUHDG\ EHHQ L
KLIKHU JHQHWLF GWWRHINVKH W \VRRFENVUHGWDEOLVKHG IURP D
JURXSV %RVFDERQMWXBWWRVFDUL DQG &RQJILX
,Q WKLV FRQWH[W D QHZ SDUHQWDO DOORFDWLRQ LV SUH\
LQYHVWLIJDWLRQV RQ WKHSWRIENOD §XWIWAHRDDOY DFETXLUHG
HEBWRULRQH 7LFLQRY LQFOXGLQJ LQ WKH DQDO\VHV WKRVF
WKH PHDQWLPH ORUHRYHU D KLJBREDYXREHG RIRPLGERNI
UHVROXWLRQ SRZHU
,Q SDUWLFXODU WKH JHQHWLF GLYHUVLW\ RI D WRWDO R
IHPDOHV DQG LQGLYLGXDOV RI ILUVW JHQHUDWLRQ
SODQW ZHUH DQDO\VHG
$ VLIQLILFDQW IUDFWLRQ RI WKHVH JHQRW\SHG DQLPDOV C
\HDUV DJR +RZHYHU WKH\ ZHUH LQFOXGHG LQ WKH DQDO\
DV MXYHQLOHV LQ WKH SDVW FDPH IURP WKH VDPH FURVV]
GLYHUVLW\ RI DOO IDPLO\ JURXSV JHQHUDWHG LQ WKH ODV
UHFDSWXUHG LQGLYLGXDOV UHOHDVHG E\ GLIIHUHQW UHVW
7KH ILQDO PLFURVDWHOMDRRMHDEBE®HG DOPRQYIGHGHQRW\SHG
KDYH EHHQ H[FOXGHG GXH WR WKHLU GLVRPLF VHJUHJD
LQWHUSUHWDWLRQ SUREOHPV 7KH SDUHQWDO DOORFDWL]
VRIWZDUH p%UHHGLQJ 6WXUJHRQY VSHFLILFDOO\ GHYHOR:
HW DO E
7ZR GLIIHUHQW DOJRULWKPV DUH IROORZHG WKH VWDQGI
HVWLPDWLRQ RI VHIJUHJDWLQJ DOOHOHYV IURP GLIITHUHQW S
7KH ILUVW DQG VLPSOHU DQDO\VLY FRPSDUHV WKH DOOHOH
LQGLYLGADMK WKH RQHV RI DOO SRVVLEOH SDLUZLVH FRPEL
DOOHOHYV DUH SUHVHQW LQ D SDLU Rl EUHHGHUV SDUHQWI
FKHFNV IRU WKH VDWLVIDEFWLRQ Rl OHQGHOLDQ VHJUHJDW
XQGHU FRPSDULVRQ WKH WZR SRVVLEOH EUHHGHUV DQG W
JHQRW\SHV DUH IORIF)OWBGVEKW HQRKKULWDQFH RI WZR DOOH:
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ORENV YHULILHG 7KLV VHFRQG DSSURDFK PD\ DOVR DFFHS
VHIUHIJDWLRQ DQRPDOICHREIMRIOHBP O MLIHF WSLW RHWZIR DQFH ¢
RI DQRPDOLHV OR¥FDWQ KIHOBRWRDR/LRQ VFRUH LV FDOFXODWHG
WKUHVKROG RI %RVFDUL HW DO E % RWK PHWKR
FRPSDUHG )LQDOO\ WKH FRQFRUGDQFH RI PRWKHUV DQG
FRQIURQWLQJ PLWRFKRQGULDO ' ORRS KDSORW\SHYV

Family Parental Pair N F! Tot mtDNA Family Parental Pair N F% Tot mtDNA
Group (Alive) Haplotype Group (Alive) Haplotype

01 Pelvienne (F) x NaccS18 (M) 14 (5) 2 17 NacceS8 (F) x 740 (M) 21 (14) 2

02 NaceS8 (F) x Matto (M) 9 (6) 2 18 NaceS3 (F) x Matto (M) 5(1) 3

03 NaccS7 (F) x NaccSé6 (M) 12 (12) 3 19 NaccS33 (F) x 740 (M) 4(2) 3

04 NaccS8 (F) x NaceS31 (M) 17 (15) 2 20 NaccS7 (F) x VerdeBis (M) 2(1) 3

05 NaccS33 (F) x NaccS11 (M) 10 (4) 3 21 NaccS12 (F) x NaccS17 (M) 1(1) 2

06 02 (F) x Matto (M) 12 (9) 5 22 Indecisa (U) x Matto (M) 2(2) 2

07 NaceS26 (F) x NaccS29 (M) 27 (18) 5 23 Indecisa (U) x AnS11 (M) 1{1) 2

08 NaceS19 (F) x NaceS17 (M) 18 (17) 5/7 24 NaccS12 (F) x Matto (M) 1(0) 2

09 NaceS28 (F) x NaccS17 (M) 51 (30) 3 25 Nacces3 (F)-Naces29 (M) 1(0) 3

10 NaceS16 (F) x NaceS23 (M) 39 (15) 3 26 NaceS16 (F) x 740 (M) 1(1) 3

11 NaceS19 (F) x NaccS31 (M) 30 (21) 5/7 27 NaceS16 (F) x NaceS29 (M) 1(1) 3

12 NaccS16 (F) x NaceS30 (M) 13 (2) 3 28 Naccs8 (F)-Naccs11 (M) 6 (6) 2

13 NaccS33 (F) x NaccS9 (M) 17 (12) 3 29 Pelvienne (F)-Naccs23 (M) 3(3) 2

14 NaccS8 (F) x NaccS17 (M) 8 (8) 2 30 Non-allocated 141 (108)

15 NaceS12 (F) x NaccS27 (M) 10 (3) 2 31 Multi-allocated 7(7)

16 NaceS3 (F) x 740 (M) 21 (6) 3

Table 1 The family groups identified with parental allocation analysis based on 15 microsétellitéor each
family group, the parent pair, the total number of allocated animals, and themnoisurvived ones (in brackets
are reported as well as the maternal mitochondrial haplotype. The families 08anedcbinposed of F1 anima
carrying the mitochondrial haplotypes 5 or 7, and in some cases, asimaled heteroplasmy with both th
mitochondrial variants. This was due to the heteroplasmic condition of the shaerddi.

$ WRWDO RI ) Rl ZKLFK DUH VWLOO DOLYH ZHUH XQ
SDLU LGHQWLI\LQJ IDPLO\ JURXSV 7DEOH

7KH FRQWULEXWLRQ RI WKH GLITIHUHQW EUHHGHUV\WR WKH
IRXU EUHHGHUV FRQWULEXWLQJ PRUH WKDQ RI WKH VW]

IDPLOLHY DOUHDG\ VPDOO LQ VRPH FDVHV ZDV IXUWKHU
FRPSOHWHO\ ORVW IDPLO\ JURXSV DQG FRPSRVHG RI WKU
UHPDLQHG PXOWL DOORFDWHG FRPSDWLEOH ZLWK PRUH WI
WKH DOORFDWLRQ SRZHU LV H[SHFWRGLY R B IFHDDNGND E WD &
QRW EH VXIILFLHQW

)LQDOO3 QDFHMHWIH  QRW DOORFDWHG SUREDEO\ EHFDXVH F
WKH ILUVW VDPSOLQJ RFFXUUHG LQ

,Q WKLV FDVH ZKHUH WKH JHQRW\SHV RI SRWHQWLDO ) SDI
ZDV HYDOXDWHG )RU WKLV SXUSRVH DQ HVWLPDWLRQ RI S
DOO ) DQLPDOV WKDW VKDUHG WKH VDPH KDSORW\SH SRV
FRQGLWLRQ WKDW SUHFOXGHV WKH SRVVLELOLW\ RI DVVF
SUHVHQFH DEVHQFH LQIRUPDWLRQ RI WKH GLITHUHQW DOC
6iUHQVHQ ZLWK WHH KkLRXONRDMH pGHD®OD LUZLVH GLVW
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ZHUH WKHQ YLVXDOL]HG WURXJK 0OXOWL GLPHQVLRQDO VFD
3JJSORW ~ :LFNKDP

,Q JHQHUDO ZLWK WKH OXOWL GLPHQVLRQDO 6FDOLQJ 0'6
ZLWK SUHYLRXV SDUHQWDO DOORFDWLRQV ZLWK DQLPDO\
FOHDU JURXSV RI VLPLODULW)\ )LJXUH D G )DPLOLHV VKD
FOXVWHU WRJHWKHU ORUHRYHU ZKHQ D VHFRQG UXQ R
LQYHVWLJIJDWLQJ HDFK Rl WKHVH FOXVWHUV RI KDOI VLEV VL1
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Figure 2 5HVXOWYV RI 0'6 DQDO\WHYV SHUIRUPHG RQ SDLUZLINM®G6 )U
mitochondrial haplotype 2 (a); FO and F1 with mitochondrial haplotypeah(bl-O and mitochondrial haplotype
5 and 7 (c). Individuals of two half-sib family groups (10 and it in the first run were not distinguishabl
were included in a second run, excluding all other F1s to show the useffirelierarchical approach in als
distinguishing related families the common dam and the sires of the two famdliatsarhighlighted (d). The
same approach was used on animals for which the parental information was not availahiéemitochondrial

haplotype 2 and 3 (e, f), respectively.
In all figures, full and empty circles represent alive and dead animals, respectively. NAakooated.

BXEVHTXHQWO\ WKH 0'6 [DBQURDBK RDWQINBRBZQ JHQHDORJ
WKHP DFFRUGLQJ WR WKH PLWRFKRQGULDO KDSORW\SH )l
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YHULI\ WKH UHVXOWV XVLQJ SDWHUQLW\ DQDO\VHV LW LV
SUREDEO\ FRQVLVWLQJ RI JURXSV RI VLEOLQJV RU KDOI VL
VLEV FDQ EH GLIILFXOW DV H[SHFWHG DV WKH DYHUDJH

VLPLODULW\ RI WKH WZR SDUHQWYV ZKLFK FDQ DOVR VLJQLI
FDVH DV ZDV VKRZQ D VHFRQG 0'6 UXQ SHUIRUPHG RQ LQGC
LQ WKH ILUVW UXQ FDQ SURYLGH D ILQHU UHVROXWLRQ ,C
DSSOLHG WR DQLPDOV ZLWK WKH VDPH KDSORW\SHV DOOR:
KDOI VLEV VKDULQJ WKH VDPH PRWKHU +RZHYHU LQ GRLC
IDWKHU DUH QRW LGHQWLILHG LI WKH WZR PRWKHUV KDG ¢
QRW LQFOXGHG LQ WKH VDPH DQDO\WHV 7KHVH W\SHV RI IX
ZHUH DQDO\WHG VLPXOWDQHRXVO\ 7KLV ZDV QRW SRVVLEC
QRW DOORZ IRU WKH LGHQWLILFDWLRQ Rl PXOWL KDSORW\'
KLJK QXPEHU RI IDPLOLHV SUHVHQW LQ WKH VWRFN DQG W
SDLUZLVH 6{UHQVHQYV GLVWDQFHV ,Q DQ\ FDVH WKH PHW
ZKLFK LQ WKH FDVH RI VWRFNV GHVFHQGLQJ IURP D ORZ Q.
GHWHEFWLRQ RI SDWHUQDO KDOI VLEV

SHIDUGLQJ WKH p6WRULRQH 7LFLQRY VWRFNV HYHQ LI I D
RQ WKH PD[LPXP SRVVLEOH IDPLOLHVY REWDLQDEOH IURP |
R DGXOWYV ZHUH UHSURGXFHG LQ WKH SDVW WHVWLILE

EUHHGHUV WR PD[LPLVH UHVLGXDO JHQHWLF GLYHUVLW\ L«
WKDW VRPH ) LQGLYLGXDOV QHYHU EHFDPH DYDLODEOH IR
DIWHU HYHU\ WZR WKUHH RU HYHQ PRUH \HDUV 7RUWRQHYV
LQGLYLGXDOV QR SDLUV RI') SDUHQWYV ZHUH IRXQG WR EH
DGGLWLRQDO EUHHGHUV ZHUH XVHG LQ WKH SDVW WR JHQF
FROOHFWLRQ OHDYLQJ WKHLU JHQHWLF KHULWDJH LQ WKF
YDOXH LQ WHUPV RI ELRGLYHUVLW\ 8QIRUWXQDWHO\ VRPH
IHZ LQGLYLGXDOV DQG LQ VRPH FDVHV E\ D VLQJOH DQLPF
JHQHWLF GLYHUVLW\ RI WKHLU SDUHQWV *LYHQ WKH LQF
SRVVLELOLW\ Rl SHUPDQHQWO\ ORVLQJ WKHVH JHQHWLF O
LQGLYLGXDOV EHORQJLQJ WR WKHVH UHVLGXDO IDPLOLHYV
IXWXUH FURVVLQJV

+RZHYHU WKHUH DU BHBFRSWKGHWH VY WERFB\BBIRIDL & DVWUR HW DO
GHVFHQGDQWY RI WKH ) VWRFN DQDO\WHG LQ WKLV VWXG\
RI VRPH XQGHU UHSUHVHQWHG RU QRQ UHSUHVHQWHG IDPL
+RZHYHU WKH VWRFN Rl WKH H6WRULRQH 7LFLQRY IDUP FRC
RI JHQHWLF GLYHUVLW\ %RVFDUL DQG &RQJLX 7KLV
DGHTXDWH QXPEHU RI DQLPDOV IURP HDFK FURVVLQJ DQC
DQLPDOV Rl GLIIHUHQW JHQHDORJLFDO OLQHV LQ GLIIHUI
GLVDSSHDUDQFH GXH WR DFFLGHQWDO HYHQWYV

7R FRQFOXGH WKH DQDO\VHV ZHUH VLPSOLILHG E\ WKH J
+RZHYHU WKH UHOLDELOLW\ RI WKH PHWKRGV XVHG KHUH
XVHIXO IRU WKH DQDO\VLV Rl DOO VWXUJHRQ VWRENV ZKRYV
,Q JHQHUDO WKH DSSURDFKHVY DGRSWHG KHUH DUH SDUWL
VWXUJHRQV IRU ZKLFK VWDQGDUG DQDO\VHV EDVHG RQ JH
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LQ SRO\SORLG RUJDQLVPV D SUHFLVH LQIHUHQFH RI WKH J
XVH RI SKHQRW\SLF LOQIRUPDWLRQ RQ WKH SUHVHQFH DEVH
)XUWKHUPRUH DV SUHYLR®REDGHRRQRW DDGVHW® PYRPHHJUH.
'DOOH 3DOOH HW DO + $QQH[$ LQGLFDWLYH RI IXUWK]
D GLSORLG FRQGLWLRQ B6WLIW HW DO ,Q VXPPDU\ Wi
LQ GLIIHUHQW UHJLRQV RI WKH JHQRPH FKDOOHQJHV WKF
VWXUJHRQ VSHFLHV EHORQJLQJ WR WKH JURXS ZLWK

7KHUHIRUH UHO\LQJ RQ uUSKHQRW\SLFY GDWD UHPDLQV WK
ZLOO DOVR EHL®HWRR QKN Q B WitF &/SNDQUVIHHIR @ REAQVLWHW DO

$QQH[ &
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*(1(7,& &+$5$&7(5,6%$7,21 2) $ :,/' 672&. 2) &+,1(6( 6785*(21
2ULJLQDO SXEOLFDWLRQ LQ $QQH][ &

2QH Rl WKH ELWRWXYUYKR @DPMBEIFWBW GHIJUDGDWLRQ GXH \
EDUULHUV WKDW LPSDLU DFFHVV RU HYHQ FDXVH WKH ORV
7KLV SUREOHP DIIHFWV HYHQ WKH <DQJW]H 5LYHU &KLQD
E\ WKHV@DGURHOHFWULF GDPV WKH *H]KRXED 'DP FRPSO
*HRUJHV 'DP FRPSOHWHG LQ +XDQJ %HIRUH WKH
ZDV LQKDELWHG E\ WZR VWXUJHRGFLSHBIMHW GBE G \MERY V
&KLQHVH VMFXBHOR/GIU \DLADG R/ SDGGOHILVK VSHFLHV WK
3VHSKXUXV $OWBUXA/DPPLQJ GUDPDWLF ORVV RI VXLWDEOF
VSDZQLQJ VWURQJO\ UHGXFHG UHSURGXFWLYH DFWLYLW\
WR D ZRUVHQLQJ Rl WKH JHQHUDO FRQVHUYDWLRQ VWDW X\
DW&ULWLFDOO\ (QGDQJHUHGYT =KDQJ HW DO =KDQJ H
&KLQHVH SDGGOHILVK ZDV UHFHQWO\ GHFODUHG p([WLQEFW:
)RU RQH Rl WKH WZR UHPDLQLQJ VWXUJHRQ VSHFLHV SUHV
&KLQHVH VWXUJHRQ D pQHZY VSDZQLQJ JURXQG ZDV RIILFL
WKH *H]KRXED 'DP :HL 'HVSLWH WKLV WKH QXPEHU |
VSDZQLQJ VLWH FRQVWDQWO\ GHFUHDVHV IURP DERXW
LQGLYLGXDOV SHU \HDU LQ WKH V :X HW DO
+RZHYHU IURP $SULO WR $XJXVW PRUH WKDQ M XY H
HVWXDU\ UHSUHVHQWLQJ WKH PRVW UHOHYDQW VSDZQLQ.
UHFRUGHG VR IDU

Figure 3Haplotype network showing

relationships among the nin
mitochondrial haplotypes detected

1soie

@ Jwvenles 15C5AS the population sample and the
relative frequencies expressed
percentages.

The inset bar-plot represents a res
example of the DAPC analysis bast
on microsatellite data and performe
to detect differentiated KHn group
within each haplogroup.

The example is referred to Haplotyg
B for which we considered thre
differentiated cluster of individuals
KB1, KB2, and KB3.

7KLV DOORZHG SURYLGLQJ GDWD RQ WKH UHVLGXDO HIIHF
PDNH XS D FUXFLDO LQYHWQLVD@X K EWER/ HQ VFOUNWPL RQVXWH D
*HQHWLF FKDUDFWHULVDWLRQ ZDV FDUULHG RXW XVLQJ WK
PLFURVDWHOOLWH PDUNHUV RQ D WRWDO RI RI UDQGR
ZHUH FROOHFWHG %\ DQDO\VLQJ PLWRFKRQGULDO VHTXH
UHVXOWLQJ LQ RQO3 ,Q MXKD WDBIDWRWV YSHVY HQO\ GLVWULEXW
VDPSOHV )LJIXUH
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7KH GDWD VHW ZDV WKHQ DQDO\VHG XVLQJ WKH GLVFULF
'$3& -RPEDUW HW DO LQVKHPSGBFNQWHE$SGHIJHQHWY -RPE
HDFK PLWRFKRQGULDO KDSORJURXS $, WR EFDSWXUH IXUV
HVWLPDWH WKH EHVW QXPEHU RI JHQHWLFDOO\ GLIIHUHQW
7R UXQ '$3& PLFURVDWHOOLWH GDWD ZHUH WUDQVIRUPHG
FRSLHV RI HDF KORGRMIDMHR BWE HDOFIKF X UDWHO\ UHVROYHG LQ W
HW DO D %RVFDUL HW DO E 7KH '$3& DQDO\VLV D¢
JHQHWLFDOO\ GLIIHUHQWLDWHG JURXSV RI DQLPDOV .+Q
LQGLYLGXDOV (DFK . JURXS LV QDPHG ZLWK D FDSLWDO OH
QXPEHU WKDW UHIHUV WR D GLIITHUHQWLDWHG VXEJURXS ZL
% « .+Q BXEVHTXHQWO\ WKH GHJUHH RI NLQVKLS ZDV }
GLVWDQFHV EHWZHHQ WKH LGHQWLILHG JURXSV .+Q ZLW
GLVWDQFHV EHWZHHQ VLPXODWHG JUR XIS\ D) WWKKD MIQRIZE) C
+6 DQG XQUHODWHG 81
JRU WKH VLPXODW IORR@WK RQ G\L & KHRW. WHKRZ DQ\ VLJQ RI SRV
WKDQ IRXU DOOHOHV SHU LQGLYLGXDO JHQRW\SH DQG IRU
LQKHULWDQFH %RVFDUL HW DO KDG SUHYLRXVO\ EHF
ZDWEWDLQHG WKURXJK WKH SUHYLRXVO\ PHQWLRQHG p%U
E
%ULHIO\ WKH VRIWZDUH LQIHUV DOO SRVVLEOH WHWUDSO
HDRKRFRQG WKHQ JHQHUDWHVY UDQGRP PDWLQJ SDLUV E\
GUDZLQJ DOOHOHV DFFRUGLQJ WR WKH WHWUDVRPLF PRGF
IHPDOH DQG SDUHQWDO PDOH SURIZOWK D WRWWDXDRILQQ
HDFK ZHUH JHQHUDWHG 7KHVH YLUWXDO RIIVSULQJ SURILO
JHQHWLF GLVWDQFHV XVHG WR DVVHVV WKH UHIHUHQFH GL
BXEVHTXHQWO\ WKH VLPXODWHG GLVWULEXWLRQV ZHUH |
VKDULQJ %6 ZLWKLQ DQG EHWZHHQ .+Q JURXSV WR HVWLF
6WDWLVWLFDO VLJQLILFDQFH ZDV REWDLQHG E\ FRPSDULC
FRPSDULVRQV ZLWKLQ WKH REVHUYHG .+Q JURXS DQG WKH
ZH FRXQWHG WKH QXPEHU Rl WLPHV WKH H[SHFWHG DYHUI
H[FHHGHG WKH REVHUYHG YDOXHV RI UHSOLFDWHV DQC
GHWDLOV DUH JLYHQ LQ $QQHI[ &
$V DQ H[DPSOH FRPSDULVRQV RI JURXSV ZLWK DW OHDVW
)RU HDFK FRPSDULVRQ WKH SUREDELOLW\ RI EHORQJLQJ W
HVWLPDWHG
ORVW JHQHWLFDOO\ GLIITHUHQW LYBWWGI JMWRW B Y JZW K B W RAPISH
KDSORW\SHVY DSSUR[LPDWHV ZHOO WKH UHDO QXPEHU RI ElI
WKH VDPH KDSORW\SH ZHUH FDWHJRULVHG DV +6 $SRLQWL
PLQRU IUDFWLRQ RI ZLWKLQ JURXS FRPSDULVRQV ZDV SUHI
ZKLFK FRXOG EH D VLJQDO RI IXUWKHU JHQHWLF VXEGLYLYV
OLNHO\ WKDW WKLV LV DQ HIIHFW Rl WKH VPDOO VDPSOH V|
.| WKH DERYH FRXQWLQJ Rl QLQH IHPDOHV FDQ EH FRQVLGH!
QXPEHU RI PDOHV LV OHVV VWUDLJKWIRUZDUG ,Q PDQ\ FI
GLIIHUHQW KDSORW\SHV GLIIHUHQW PDWHUQDO FRQWULEX
IDWKHU FRXOG EH VKDUHG
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%

N. of comparisons

Genetic distances

Figure 4 The three curves represented by continuous lines show the pairwise genetic dissrifigimulated
groups of animals with known degree of relatedness: Full Sibs (FS), Ha{HSpsand Unrelated (UN). The
superimposed bar-plot shows the distribution of the mean observed pailigtiznces between KHn grouy
considering groups with a number of individuals greater than 8 ¢dfifparisons). The different colout
represent the final kinship assignment: FS = black, HS = dark grey, UN = light@uwenparisons whose
probability of assignments have a difference of less than 10 % foritfecedt kinship categories remain
unresolved and are represented in red (FS/HS) and orange (HS/UN).

&RQVLGHULQJ WKDW HVWLPDWLQJ WKH H[DFW QXPEHU RI P
IUDFWLRQ RI JURXSYVY WKDW VKDUH WKH PDOH FDQ EH WDNH
RI PDOH EUHHGHUV PLJKW EH FRQVLGHUDEO\ ORZHU WKDQ
WR K\SRWKHVLVH DOPRVW WKH VDPH RUGHU RI PDJQLWXGH
LQGLFDWLQJ D WRWDO RI DSSURILGMKWHOBDZQ@IQAPDOV SDUW
+RZHYHU VLQFH RQ DYHUDJH HDFK &KLQHVH VWXUJHRQ IHP
LW FDQ EH UHDVRQDEO\ K\SRWKHVLVHG WKDW DGGLWL
)XUWKHU FR@RIW ZHHFOXGH WKH SUHVHQFH RI D®&GLWLR
VSDZQLQJ ZLWKRXW UHSURGXFWLYH VXFFHVV RU ZKRVH SU
7R GDWH HYHQ IRFXVVLQJ VWULFWO\ RQ WKH VSDZQLQJ V
GLITHUHQW KDSORW\SHV LQ VXFK D VPDOO SRSXODWLRQ VX
WKH VDPH RUGHU RI PDJQLWXGH DV ZKDW LV REVHUYHG LQ
VWXUIJHRQ %RVFDUL HW DO D %RVFDUL HW DO E
WKY8SHFLHYVY WKLY SUHFLRXV KHULWDJH VKRXOG EH WKH W|
LPSOHPHQWHG XUJHQWO\ 7KH RQO\ ORQJ WHUP ZD\ WR S|
FRQVWUXFWLRQ RI D E\SDVV FKDQQHO WKDW FRQQHFWV W
RFHDQ :HL OHDQZKLOH LW LV HIWUHPHO\ XUJHQW W
VWUDWHJLHY WKDW LQFOXGH GLUHFW DFWLRQV WRBQEBERWK V
SURWHFW WKH VSDZQLQJ DUHD SUHGLFWHG WR EH EHWZHH
DQG WKH PRXWK RI WKH 4LQJMLDQJ 5LYHU DV ZHOO DV
UHSURGXFWLRQ DFFRUGLQJ WR ZKDW KDV DOUHDG\ EHHQ C
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DO 6HFRQB[ TFWDE¥OUVRWLRQ SURJUDPPHV WKURXJK

RI WKH PRUH WKDQ ) NHSW LQ DTXDFXOWXUH :HL
DQRG JHQHWLF GLYHUVLW\ PDQDJHPHQW DFFRUGLQJ WR VWU
VWXUJHRQV &RQJLX HW DO %RVFDUL HW DO D %R
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,19(67,%$7,21 2) 08/7, /2&86 ,17521 32/<0253+,606 0,36
327(17,$/,7< ,1 7(/(267 63(&,(6
2ULJLOQDO SXEOLFDWLRQ LQ $QQHJ[ '

7KH QHZ 1H[W *HQHUDWHSR WIBFAR@HTFHYIDQG WKH DGYDQFHI
OLEUDU\ SUHSDUDWLRQ DOORZ WKH *HQRWORBEQJ \EN WHUDX®I
LQGLYLGXDOV 7KDQNV WR WKH HYHU LQFUHDVLQJ JHQR
ELRLQIRUPDWLFDOO\ LGHQWLI\ VSHFLILF UHJLRQV RI LQWF
DPSOLILFDWLRQV DFURVV VSHFLHV 7KLV SURFHGXUH LV IDI
E\ FRQVHUYHG UHJLRQV 7KLV LV WKH FDVH IRU LQWURQV W
ODOGRQDGR %DVHG RQ WKLV WKH LQYHVWLJDWLRQV |
EHHQ HYDOXDWHG LQ WKH SUHVHQW VWXG\ VWDUWLQJ IUR
GLVWULEXWHG DFURVV WKHLU SK\ORJHQ\ DUH DYDLODEOH
$ ELRLQIRUPDWLF SLSHOLQH KDV EHHQ FUHDWHG WR H[WUD
WKH LQWURQ MXQFWLRQV IURP GDWD DYDLODEOH LQ  IL\
DW OHDVW LGHQWLW\ DQG FRQWDLQLQJ LQIRUPDWLRQ R
7KH FOXVWHUV ZHUH H[DPLQHG IRU KLJKO\ WUDQVIHUDE
WR KDYH DQ DYHUDJH LQWURQ OHQJWK EHWZHHQ DQG
VSHFLHV DQG KLJKO\ FRQVHUYHG H[RQLF UHJLRQ@RFAKHVH
ZLWK SUHGLFWHG OHQJWKYV FRPSDWLEOH ZLWK ,00XPLQD \
SRWHQWLDOO\ WUDQVIHUDEOH EHWZHHQ VSHFLHV IRU Z
BXEVHTXHQWO\ WKH SULPHU SDLUV ZHUH XVHG WR FKDUI
GLIIHUHQW VSHFLHV Rl 7THOHRVW /LEUDULHV ZHUH SUHSDU
WKHQ VHTXHQFHG LQ SE SDLUHG HQG ,00XPLQD®LG6HT Y
DQG ILOWHUHG E\ TXDOLW\ DQG WKH SDLUH®RFOWE WHKDGV
SRLQRFKRZLQJ FRYHUDJH RI IHZHU WKDQ KLJK TXDOLW\ U
UHPRYHG DW WKH VSHFLHV OHYHO OR EZANUGA L\8 KB WIOIQH G LEL
DQ LQWUD DQG LQWHU LQGLORFERC MFREDEADWLAG MRKHH
DOOHOHV LQ IUHTXHQF\ ZKRVH FXPXODWLYH DEXQGDQFH ZI
UHWDLQHG ,Q DGGLWLRQ WKH SUHVHQFH RI QR PRUH WK
,QGLYLGXDO UHSOLFDWHGR¥WKZHEHRD \SHEFE QWQRM RSHV RI
DQG UHSOLFDWHG ZLWKLQ RU EHWZHHQ UXQV DUH FRPSDL
“ LQWUD UXQ DQG “ LQWHU UXQ VKRZLQ
PHWKRGRORJ\ $ PRUH GHWDLOHG GHVFULSWLRQ RI WKH
SHUIRUPDQFHV DQG ELRLQIRUPDWLF ILOWHULQJ LV SURYL(
5HJDUGLQJ WKH HVWLPDWLERBEIUWYXY WIHFQ W UDAE IPXMMA RH
RI WKH  VSHFLHV DQDO\VHG LQ WKLV ZRUN DUH UHSUH"
GLIIHUHQW RULJLQV DQG VWDWHV RI FRQVHUYDWLRQ 7KL\
GHJUHH RI WUDQORARXL® LWAOVWRFAHDPSOLILFDWLRQ GXH W
WKH\ PD\ JLYH EHWWHU UHVXOWYV LI DPSOLILHG RQ PRUH L
WKLV 0,3V PDUNHUV KDYH SURY HI)VPRR HE KV KD QKFOMLURAU D Q V
DPSOLILHG LQ PRUH WKDQ KDOI RI WKH VSHFLHV
7KH EHVW UHVXOWV ZHUH REWDLQHG LQ VSHFLHV EHORQ
&DUDQJLDULD FODGHV %HWDQFXU HW DO ORFLHOVRQ HW
DQG UHVSHFWLYHO\
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Figure 5 Graphical representation by UPGMA of the allele sharing
across a subsample of genotyped individuals. Only species with at least
three individuals have been considered and, for highly represented
species, a maximum of six individual with the highest coverage have
been included.

/‘&\ P macropterus

On the order of Clupeiformes,
Gadiformes,  Cypriniformes,
and Anguilliformes, the last
two having only one species
tested, the genotypes
characterisation was successful
at 51 loci (42.4%) on average.
Overall, given the wide
taxonomic range of Teleost
species tested, this can be
considered a very satisfying
result. These loci also revealed
a strong potential for species
The
of allele

identification. pairwise
analysis sharing
between samples is represented
graphically in Figure 5. In this
analysis, the species with at
least three individuals showed
high coverage at almost all /oci

to avoid missing data. The fact

that samples of the same
species clustered together suggests a strong identification power of MIPs markers. To validate
this hypothesis, MIPs have been applied to two case studies, the first aimed at testing the species
identification power in the suborder Notothenioids, and the second to analyse the genetic
differentiation within the genus Soleq, at both species and population level. Loci were selected
separately for both sole and icefish case studies considering only the species under analysis.
Each /ocus was selected if the genotype was characterised in at least 75% of individuals per
species or population, avoiding homopolymer elongation or microsatellites that fall in the
merging region of the paired-end reads.
Focussing first on Notothenioids, some of these species, besides having a close phylogenetic
position, show subtle morphological differences that make them prone to misidentification
based on morphology. Furthermore, for species of the genus Chionodraco, interspecific
hybridisation was hypothesised based on microsatellite analysis (Marino et al. 2013).
A subsample of 79 individuals belonging to seven diverse species was genotyped, some of
which have already been analysed (Schiavon et al., 2021). Of the 121 intron /oci tested, 54
(44%) passed selection for the analysis on these Notothenioids species. The differentiation
between samples within and between population samples based on the 54 intron /loci is
represented by the Principal Component Analysis (PCA) (Figure 6). The first, second, and third
principal components (PC1, PC2, and PC3) explain 16.14%, 10.19%, and 8.75% of the variance
in the dataset, respectively, and almost all samples cluster according to the declared species.
The only exception was represented by a single individual (Cham_PS82 2711) classified as
Chionodraco hamatus, appearing completely differentiated from all other samples included in
the dataset. Sequencing of the mitochondrial gene, Cytochrome Oxidase I (COI), revealed a
misclassification and assigned this individual to the Trematomus scotti species, belonging to the
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VXERUGHU 1RWRWKHQLRLGHL 7KH HOHYHQ DQLPDOV WKDW
SUHYHQWHG D FOHDU PRUSKRORJLFDO FODVVLILFDWLRQ Z|
JHQXKLRQRGUWBKRRKHUH WKH UHVXOWY ZHUH VXSSRUWHG E\
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Figure 6 Plot of the principal component analysis of variation based on 54 ilsicogenotyped at a total of 8:
icefish individuals. The three first axes explain 16.14, 10.19 and 8.7%9¢ wériation. Colours indicate specie
The outlier individual which has been genetically assigned to the spémesatomus scott{originally
misassigned t€. hamatu}is highlighted by a red circle.
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,Q WKH VROHV FDVH VWXG\ L & OVHIDGX®@ @M H D HD A R\GWALLCTH
VDPSOHG IURP DQG GLIIHUHQW VLWHV UHVSHFWLYHO\
$ WRWDO RI 0,3V PDUNHUV SDVVHG DOO ILOWHU®RFQG ZH!
ZHUH SRO\PRUSKLF DQG 6 VRDMBGSHHFIWS WHQOF DL ®1 WKHP
VKRZHG DOWHUQDWLYH DO CHDFRIVWR HWHKFHRW Q2R ESHFVYHE VDI
VLQOBAWRROV WR GLIIHUHQWLDWH WKH WZR VSHFLHYV

,Q WKLV FDVH ZLWKRXW FRQVLGHULQJ D SULRUL NQRZOHG.
WKH WKLUG SULQFLSDO FRPSRQHQWV 3& 3& DQG 3& F
YDULDQFH LQ WKH GDWDVHW UHVSHFWLYHO\ 7KH YDULDW
3& DQG WKH 3& H[SODLQ L QWU MDVEINE IVBE FRXEG IEDXYULN L RHQ V |
,Q6 DHJ\SWL@EDDQDO\VHVY LGHQWLI\ WKH EHVW FOXVWHU
VXEGLYLVLRQWREXUEBHIW @ VRAFKHVORI PDUNHUV VXEV
UHSOLFDWH ZKDW KDV DOUHDG\ EHHQ DVVHVVHG LR SUHYL
FRQWLQXRXV JUDGLHQW RI GLYHUJHQFH IURP WKH ZHVW W
JLIXUH % RQ WKH ULJKW

(YHQ KHUH 0,3V PDUNHUV LGHQWLI\ LQFRUUHFW PRUSKRO
FDSWXUHG LQ WKH 1RUWK $GULDWLF VDPSOHG DW WKH p!
FODVVLELHARDDWHDG FOXVWHUHG ZLW K6 WIKHJ$SSWQ INDIOF S
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analyses (Figure 7A). The misclassification has been confirmed again by the mitochondrial
barcode (COI) that assigned all samples to the putative species S. aegyptiaca.

B Ssolea
K=2 B Saegyptiaca
{ A 3 < N by § ¥4 3 [
& & & & & focff‘??u F F K &F &K
B. SsGU @ SSADR @ SSTUR ® saTWR ¢ SATR

Species M Ssoea @ Saegyptiaca Population
pech a @® ssTYR @ SS-GRE @ SS-ADR_Chioggia SA-ALE @ SA-ADR

PC1vs PC2 PC1vs PC3

PC2(4.45%)

 PC1(425%) © PC1(425%)

barplot - Populations of S. solea

& Feo
o gt
& 9“’5\9“

Figure 7 Distribution of genetic differentiation patterns between species and populations of the genus Solea
based on the genotype information at 43 intron loci.

A. Structure bar-plot showing the membership probabilities of cluster assignment for each of the 106 individuals
of the two species (71 S. solea and 35 S. aegyptiaca). The best number of cluster (K=2) that overlaps the species
subdivision is reported. The black arrow indicates the three individuals morphologically classified as S. solea,
which cluster with S. aegyptiaca according to their mitochondrial barcode information. B. Plot of the Principal
Component Analysis of variation (PC1 vs PC2 on the left, PC1 vs PC3 on the right). Loading on the three first
axes explain 42.5%, 4.45% and 3.77% of the variation. Shapes indicate species while colours indicate
populations. Below each PCoA, the best cluster subdivision obtained by structure analysis performed within
species is also reported as bar-plot showing individual membership probabilities.

Overall, the potentiality of MIPs markers has been clearly demonstrated by these two case
studies in which both sole and icefish were easily distinguishable and by the correct species
clustering of individuals belonging to 22 different taxa (Figure 5). The cases of discrepancy
between morphological classification and genetic analysis turned out to be due to errors based
on an unclear morphological phenotype, and the genetic identification of the MIPs was always
consistent with the mitochondrial barcoding.

MIPs markers are characterised by highly polymorphic multi-locus codominant information
with an expected lower level of homoplasy and ambiguity compared to microsatellites.

In fact, the informative power of a single MIPs locus can be very elevated, since a single intronic
region can harbour an elevated number of haplotypes, each of which can be considered as an
allele containing a distinctive set of SNPs or indels. As an example, the Solea samples showed
loci with up to 40 alleles. This represents an undoubted advantage of MIPs, which, like
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PLFURVDWHOOLWHY DUH SURPLVLQJ WR EH D SRZHUIXO DC
OHYHOV GXH WR WKHLU PHQGHOLDQ LQKHULWDQFH DSSOL
$V UHJDUGV WKH FRPSDULVRQ ZLWK RWKHU *HQRW\SLQJ E\
TXLWH VLPLODU IRU WKH H[SHULPHQWDO HIIRUW LQYROYL
VXEVHTXHQW VHTXHQFLQJ 1HYHUW KHIHE/ WHEKIQHRTKBW OR Q|
ORRDYH EHHQ ELRLQIRUPDWLFDOO\ HGHXQ WKIH HE&R @0HU WHKG
WKHNVUDQVIHUDEOH SULPHUV FDQ EH DSSOLHG WR D ZLGH
LQIRUPDWLRQ LV UHTXLUHG 7KLV SURSHUW\ LV VKDUHG E
DVVRFUBWHE VHTXHQFLQJ ZKLFK DOVR GR QRW UHTXLUH I
WKH JHQRW\SLQJ +RZHYHU WKH DOUHDG\ PHQWLRQHG KL
UHJLRQV ZKHUH WKH SULPHUV DWWDFK DOVR HQVXUHV T
SHUFHQWDJH RRMWIRBWLDUWHGGLVFDUGHG EHFDXVH WKH\ DUH
LOQWKH GRZQVWUHDP DQDO\VLV $V DLUBIOXRW HGKFXIGQ FAL
FRQVHTXHQW EHQHILW LQ FRVWV DQG WKH SRWHQWLDO W
FKDUDFWHULVHG LQ D VHTXHQFLQJ UXQ ORUHRYHU LW L\
FRYHUDORFSHWUIRUPLQJ QHZ VHTXHQFLQJ UXQV DQ LPSRUWI
WR HIILFLHQWO\ JHQRW\SH SRO\SORLG VWXUJHRQV WKDW
GXSOLFDWHG JHQHV 'X HW DO DV LOOXVWUDWHG LQ
DSSURDFK FRPELQH WKH DGYDQWDJH VORY DRIASMERLDV R WHKE XF
SRVVLELOLW\ WR EH DSSOLHG WR D ZLGH UDQJH RI QRQ PR
ORUHRYHU RXU PHWKRGRORJ\ SURYLGHV 0,3V VHTXHQFHYV
WKDW Rl WKH 5$' PHWKRGVY 7KHVH ORQJ VHTXHQFHV WKDW
DGMDFHQW 613V DOORZLQJ WR LGHQWLRF XD/OO/RU BHH WPXLRNE H
GHYHORSPHQW RI TXLEN LQH[SHQVLYH DQG HDVLO\ DSSOL
IRU IRUHQVLF DQDO\WVHYV DQG VSHFLHV LGHQWLILFDWLRQ
WHFKQLTXHV PD\ VHHP VXUSDVVHG E\ KLJKO\ HIILFLHQW
VLPXOWDQHRXVO\ JHQRW\SH KXQGUHGV RI 613V LQ KXQGU
PHWKRGRORJLHV +RZHYHU WKH FRQYHQLHQFH RI WKHVH T
LQGLYLGXDOV QHHG WR EH BRSRWRHGEWXFK WDWD WQ R SW RQ
RU LQ IRUHQVLF DQDO\VHV ,Q WKHVH FDVHV KDYLQJ D TXL
IDVW DQG FKHDS 3&5 FDQ EH YHU\ EHQHILFLDO %RWK WK
$FLSHQVHULIRUPHY WKDW DV DOUHDG\ PHQWLRQHG DUH J!
DQG IRU ZKLFK WKH LGHQWLILFDWLRQ RI SXUHH[SWEWKV L
PDQDJHPHQW $ SUHOLPLQDU\ LQYHVWLJDWLRQ RQ WKLV JU
SDUDJUDSK
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35(/,0,1$5< ,19(67,*$7,21 2) 08/7, /2&86 ,17521 32/<0253+,6
0,36 ,1 6785*(21 63(&,(6
2ULJLOQDO SXEOLFDWLRQ LQ $QQH] (

,Q VWXUJHRQV FRQVHUYDWLRQ WKH GHYHORSPHQW RI \
IXQGDPHQWDO WR FRQWUDVW LOOHJDO WUDGH RI GHULYH
FRUUHFW LGHQWLILFDWLRQ RI LQGLY LGHK[D QNN WIRVH R
6WXUJHRQV LQ IDFW DUH FKDUDFWHULVHG E\ WKH SRVVLE
ZLWK WKH VDPH SORLG\ OHYHO DUH FURVVHG +DYHOND H
GLIILFXOW WR LGHQWLI\ HVSHFLDOO\ LQ WKH FDVH RI VLPL
FDOOHG *JXHOGHQVWDHG V8 EL SFHRP\BHOWH [J X FHRBFCSSROGMEDENS WW \/ L |
$FLSHQVHD GOHIHQVHU YR¥FDULLHW DO D $Q LGHQWLI
DOUHDG\ EHHQ HVWDEOLVKHG H LS R HW.LEA WRIQH SYUMHWYIHIDEA Q.|
UHJLRQV RI WKH QXFOHDU 6 ULERVRPDO SURWHLQ 536
536 %RVFDUL HW DO D %RVFDUL HW DO E +RZ
FRPSOLFDWHG ZKHQ LQWHUVSHFLILF K\EULGV EDFNFURVYV Z
GHYHORSPHQW Rl QHZ PDUNHUV LV VWLOO QHFHVVDU\ H\
K\EULGV ZKHUH PXOWL ORFXV QXFOHDU PDUNHUV ZLOO DC
WKH VSHFLHV LQYROYHG LQ D K\EULG

7R WKLV SXUSRVH WKH VDPH DSSURDFK SUHYLRXVO\ GHVFL
KDV EHHQ DSSOLHG WR $FLSHQVHULIRUPHV ZLWK VRPH DG\
WKH RQO\ DYDLODEOH $FLSHQVHULIRUPHV JHEMRMSH QEHORC
UXWKH@DWFRPSDUHG ZLWK WKH D $PBLOHDEDHU WSEE@W B KWW R
IXOYHSFHONQVHU ROEBEDHWQYHU VWHOODWXV

JRU WKH JHSFRBSH GRUIHU WXWKHQXYOHV ZKLFK FRQWDLQ LC
VWUXFWXUH Rl DQQRWDMBHRR UIEQ DD WG ZRIQW DARZWE&R D G H (
GDWDEDVH KWWSV ZZZ HQVHPEO RUJ $FFRUGLQJ WR W
VHTXHQFHV RI HDFK LQWURQ ZHUH H[WUDFWHG DQG ES
PDLQWDLQHG IRU IXUWKHU D QUIFMDOVLYHQRRQF WK HAXWI@E 8 V FAH
ZLWK DW OHDVW LGHQWLW\ 7KH VHTXHQFH FOXVWHF
WUDQVIHUDEOH SULPHU FRQVWUXFWLRQ &OXVWHUV ZHUH
DQG ES LQ WKH VWHUOHW JHQRPH DQG KLJKO\ FRQVHU
FULWHULD DOORZHG WR FRQFHQWUDWH @/RKFLKHY MMVMHL S D WR |
SDLUV KDYH EHHQ XVHG IRU WKH SUHSDUDRQWGRQLRB X IMKWH Rl
GLIITHUHQWLWHEKFLWYPHE SURWRFROV XVHG IRU 7THOHRVW VSF
$IWHU WKH ILUVW TXDOLW\ ILOWHUV WKH 6HHN'HHS Y
LPSOHPHQWHG WR JHQHUDWH WKH P®X¥¥W B UN & JWK HD OID\W @ L
IRU 7THOHRVW LQ WKLV FDVH WKH SLSHOLQH SDUDPHWHUYV
KLJKHVW OHYHO RI FRQFRUGDQFH LQ WKH UHSOLFDWHV IRL
RI SORLG\ ,Q WKH ILQDO VHW RI SDUDPHWHUV FDOOHG u(5
VLQJOH ORZ TXDOLW\ EDVH KDY HVERH ¥ RQQLDMHR K Bl SORGG SR PO
WKH ORZ FRYHUDJH KDSORW\SHV GLIIHULQJ IRU D VLQJOH E
RQHV FROODSVHG ZLWK WKH ODWWHU 7KHVH VHWWLQJV DI
SURGXFHG E\ WKH DPSOLILFDWLRQ DQG VHTXHQFLQJ VWHS
ZHUH UHWDLQHG LQ RQH LQGLYLGXDO LI WKH VDPH KDSOR
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Finally, all clusters composed of less than 40 sequences or recognised as chimeric were
removed. The parameters used in the SeekDeep ProcessClusters package are shown in Box 1.
The replicates of the five samples belonging to five different species, which are Acipenser
brevirostrum, Acipenser fulvescens, Acipenser naccarii, Acipenser sinensis and Huso huso,
reached levels of allele concordance of 66%, 49%, 64%, 54% and 73%, respectively.

Box 1:‘ERCAcutOff40’

List of parameters empirically modified in the
ProcessClusters package of SeekDeep to increase the allelic
concordance between the library replicates during the
bioinformatic calling of alleles at individual level.

--strictErrors
Collapse parameters with a several low-quality mismatches in population clustering

--sampleMinTotalReadCutOff=30

Sample minimum total reads cut off, if the total read count for the sample is below this threshold it will
be thrown out

--excludeCommonlyLowFreqHaplotypes

Remove commonly low frequency haplotypes

--majorHaplotypeFracForRescue=0.05
Fraction in order to be considered a major haplotype in a sample for comparing during rescue

--allowHomopolymerCollapse
Allow homopolymer slippage collapse between clusters
--excludeLowFreqOneOffs
Collapse any haplotypes that are low frequency compared to another haplotype (determined by --
oneOffLowFregMultiplier) and only differs by 1 base
--oneOffLowFregMultiplier=5
Low frequency multiplier used for --excludeLowFreqOneOffs, considered low frequency if
haplotype frac is less than its fraction times this number than the other haplotype

--rescuekxcludedLowFreqHaplotypes

Rescue excluded haplotypes for falling below frequency cut off if they appear as a major haplotype
in another sample

--clusterCutOff=40

Clusters of less than 40 sequences will be removed

Notwithstanding the above selection criteria, the low percentage of maximum identity obtained
between replicates and a preliminary analysis of the library highlighted several problems.

In all species, for example, the presence of extra-numerary alleles was found in diverse /oci
compared to what was expected based on their ploidy. This seems to be due to an unexpectedly
high frequency of duplicate /oci. Duplications are inferred by the presence of two or more
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GLVWLQFW DOOHOLF FOXVWHUV QRFD@®EW I QLMHEQWM L7K IDWQ KL B!
VXSSRUWHG E\ WKH IDFW WKDW RQFH WKH WZR RU PRUH
WKH QXPEHU RIDBMBXEHORFXYHZHUH FRKHUHQW WR WKH H[SHI
VSHFLHV 7KHVH REVHUYDWLRQV DUH DOVR FRQVLVWHQW
REVHUYHGHLQRWRHUHQFH 9 FIQRPYWH R | UX K HDQOX V
8QIRUWXQDWHO\ HYHQ LI WKH SUHOLPLQDU\ LQYHVWLJDW
SHUIRUP D GHWDLOHG DQDORHADRBIKWKH EWDEB RN HR\W\HLGE
SDUWLFXODUO\ LQIRUPDWLYH VLQJOH 613V IRU DOO WKH
FDXVHG E\ YDULRXV SUREOHPV HQFRXQWHUHG GXULQJ WKH
SUHVHQW UHVXOWY YHU\ SUHOLPLQDORFERH BUQKG! ZH TWHH §
SRO\SORLG\ WKDW FKDUDFWHULVHV PDQ\ VSHFLHV KHUH L
DYHUDJH FRYHUDJH REVHUYHG IRU WKH GLIIHUHQW DOOH(¢
GLVFULPLQDWLQJ WKH UHDO KDSORW\SHV IURP WKH DUWHI
ORRKIQXVDEOH 7IKHUYHGRHMHN WK DW WKH SURWRFRO WKDW ZF
ZLWK WKH VDPH W\SH Rl VHTXHQFLQJ SODWIRUP QHHGV V
JHQHWLF SHFXOLDULWLHVY Rl VWXUJHRQ VSHFLHV
)XUWKHU VHTXHQFLQJ UXQV FRXOG JUHDWO\ PLWLJDWH
GXSOLFDWLRQV 7KLV ZRXOG HQVXUH PRUH UHOLDEOH SRV
DQ LQFUHDVH LQ WKH FRQFRUGDQFH EHWZHHQ UHSOLFDWH
WKH GLORBUEHEKHQ SURFHHG WR D GHWDLOHG VFUHHQLQ.
+RZHYHU WKH EH®MWQ G KPR@QFREEOLHWVHG WR SHUIRUP DOC
DEVHQFH SURILOHV ZKLFK DOORZHG WR FOHDUO\ JURXS W
VSHFLHV )LJXUH 3URILOHV ZHUH YLVXDOLVHG LQ D 1HL.
0(*$ ; VRIWZDUH .XPDU HW DO O ROARKUBIWS B H B HVSHUDH V WE W
RI WKH LQGLYLGXDOV DQG DW OHDVW  VSHFLHV ZHUH \
RQH LQGLYLGXDO ZDV SUHVHQW LQ WKH OLEUDU\ ZHUH H[F
7KH DOOHOLF LQIRUPMRERY §XHY AW WWVR KFHRUHJHFW O\ JU
VSHFLHV RXW RI WKH WRWDO RI DQDO\VHG $ZILS\HQ WHKW F
VFKUHQPM{VYR GDXPDKERK FOXVWHUHG LQ D VLQJOH JURXS
H[SHFWHG DV WKH VDPH VDPSOHYV DQDO\VHG ZLWK GLIIHUE}
DGPL[WXUH %RVFDUL HW DO D ,Q IDFW WKH GLVWLQF
SUREDEO\ GXH WR SDVW K\EULGL]DWLRQV WKDW RFFXUUHG
WKHVH WZR VSHFLHVY DUH IHUWLOH DQG FDQ EH FURVVHG Z
VSHFLHV $GGLWLRQDOO\ WKH FDYLDU SURGXFHG IURP WKI
YDOXHG DQG UHSUHVHQWY WKH PDMRULW\ RI &KLQHVH DTX
DJR ZKHQ EUHHGLQJ LQ IORDWLQJ FDJHV ZDV VWLOO DOO
UHDUHG GLUHFWO\ LQ WKH ULYHU LQVLGH IORDWLQJ VWUX
ZHDWKHU SKHQRPHQD WHQV Rl WKRXVDQGV RI LQGLYLGXD(
JRU WKLV UHDVRQ SUREDEO\ ERWK LQ FDSWLYLW\ DQG LQ
K\EULGLVDWLRQ DUH SUHVHQW OLNH RXU UHIHUHQFH VDP
LQGLYLGXDOV
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H. huso

A. ruthenus

A. naccarii A. baerii
A. gueldenstaeditii
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A. sinensis

A. schrenckii
H. dauricus

A. dabryanus
A. sturio

A. fulvescens
A. transmontanus

ED

A. brevirostrum

Figure 8 Neighbor-Joining tree based on the number of allelic differences among species for the 18 best
characterize intronic /oci. The genotypes at each locus were converted into presence/absence data for each allele.
The data were then transformed into a sequence consisting of the T and A bases, to be an input file for the

MEGAX software.
The MIPs markers characterised in this work have confirmed, although through preliminary
analyses, the expected potential for this type of hypervariable nuclear /oci in the identification
of species and interspecific hybrids. From the MIPs sequences, after further sequencing runs, it
will be possible to identify diagnostic SNPs, which will be useful for the development of rapid

PCR-based markers for the identification of species and hybrids.
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7KH HQGHPLBFUSHPMHWU ZDFERBDIXGHG LQ WKH 35,1 SURM
KWWSV HQGHPL[LW FRP ZLWK WKH DLP RI DSSO\LQJ WK
HQGDQJHUHG ,WDOLDQ HQGHPLFV 2QH RI WKH PDLQ JRDO
DFFXPXODWLRQ Rl GHOHWHULRXV PXWDWLRQV LQ GHFOLQL
ULVN RI H{HWLQFWLRQ
JURP JHQRPLF GDWD LW LV SRVVLEOH WR HVWLPDWH WKI
SUHGLFWHG GHOHWHULRXV YDULDQWY LQ FRGLQJ JHQHV 4
REWDLQ PHFKDQLVWLF LQVLJKW DQG WR WHVW WKH SUHGLI
VWLOO UDUH LQ QRQ PRGHO RUJDQLVPV ,Q WKLV FRQWHI[W
FDSWLYLW\ DW WKH DTXDFXOWXUH ISQ DIQM\RIG W R/RL B M HAL
UHODWLRQVKLS EHWZHHQ ILWQHVV LQGLFDWRUV REVHUYHC
HVWLPDWHG JHQHWLF ORDG 6L[ SDLUV RI ILUVW JHQHUDWL
GLIIHUHQW FURVVHV REWDLQLQJ VL[ GLVWLQFW LQEUHG
SODQ ZDV GHVLJQHG WR KDYH JURXSV RI RIIVSULQJ ZLWK
DQG WR YHULI\ GLIITHUHQFHV LQ ILWQHVYV EHWZHHQ LQEUHG
EDWFK RI DERXW HJJV IURP HDFK FURVV ZDV VDPSOHG D
NHSW LQ D FRQWUROOHG HQYLURQPHQW IRU WKH ILUVW W
VDPSOHG DQG VWRUHG LQ HWKDQRO IRU IXUWKHU DQDO\VL"
RIWHQ DIIHFW HJJV HYHQ LQ DTXDFXOWXUH SODQWYV JUHD
EDWFKHV DQG SUHYHQWHG WKH SRVVLELOLW\ RI H{IWUDEWL
WKLY PRUWDOLW\ LQ WKH ILUVW GD\V ZDV YHU\ KLJK UHC
LQGLYLGXDOV LQVXIILFLHQW WR FRQWLQXH ZLWK WKH IRO
%HLQJ DZDUH RI WKLV ULVN WKH UHPDLQLQJ ODUYDH SUR
VHSDUDWH SRQGV DW WKH u6WRULRQH 7LFLQRY SODQW DO
DQLPDOV IURP HDFK IDPLO\ DQG WKHLU WUDQVORFDWLRQ \
'XHYLOOH 9LFHQ]D ,WDO\ 6RPH EHKDYLRXUDO UHVSRQV
VXPROLIJKW UHVSRQVHV UHVLVWDQFH LQ D IORZ FKDQQHO
WRLQG IRRG VRXUFHV $OWKRXJK LW ZDV QRW SRVVLEOH W
HQYLURQPHQW VRPH VLJQDOV ZHUH IRXQG IRU WKH ILUVW
QRW VXLWDEOH WR EH LQFOXGHG DV ILWQHVV SUR[\ 7KH
LQGLYLGXDO OHYHO ZKLOH WKH UHVXOWY EHWZHHQ LQGLY
LW ZRXOG KDYH EHHQ QHFHVVDU\ WR SHUIRUP PDQ\ UHSHW
ULVN Rl VWUHVVLQJ WKH DQLPDOV &OHDUHU ZHUH WKH Gl
VDPH GD\ WKH LQGLYLGXDOV VWDUWHG WR VKRZ D VLJQLIL
WKH VDPH JURXS DQ LQGLYLGXDO FRXOG EH PDQ\ WLPHV ¢
WKH OHQJWK DQG ZHLJKW RI DOO WKH LQGLYLGXDOV ZHUH
VL[ ZHHNV XQWLO -XO\ IRU D WRWDO RI ILYH DVVHVVPHQ
GLIIHUHQFH LQ VL]H DQG JURZWK UDWH EHWZHHQ LQEUHG
GLIIHUHQFH HPHUJHV RYHU WLPH EHWZHHQ WKH GLIIHUHQV
OLH LQ WKH IDFW WKDW DIWHU RQO\ RQH JHQHUDWLRQ RI |
GXH WR WKH FRPSOHWH XQPDVNLQJ RI UHFHVVLYH GHOH\
SRO\SORLG\ &OR DQG .RODU
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Figure 9 Graphical representation of th
difference in growth-rate betwee
inbred and outbred individuals (abowv
and among the different familie
(below). From January 2021 to Jul
2021 all individuals were weighed
every six weeks, for a total of five
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’ . ‘ : average weight (p<0,001) respect to t
other families in the Bobservation.
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)XUWKHUPRUH WKH LPSDFW RI GHOHWHULRXV PXWDWLRQ
GXSOLFDWHG JHQHV LQ SRO\SORLGV )R[ HW DO ZKL
VSHFLHV 'X HW DO +RZHYHU WKH GLIIHUHQFHV DPRC
GLIIHUHQW FRPELQDWLRQ RI JHQHV DQG WKXV D GLIIHUHQ
LV QRW SRVVLEOH WR H[FOXGH VRPH SDUHQWDO HIIHFWYV
LQ IHPDOH ) ZKLFK FRXOG KDYH LPSDFWHG WKH HDUO\
SHUIRUPDQFHV RI WKH RIIVSULQJ *UHHQ

7KH JHQRPHV RI WKH WZHOYH SDUHQWY ZHUH VHTXHQFHG
WKH 8QLYHUVLW\ Rl JORUHQFH SURGXFLQJ SDLUHG HQG UF
VDPSOH 7KH DFWXDO DYHUDJH VHTXHQFLQJ FRYHUDJH UDC
WR ' LQ PDOH EUHHGHU 0 ZLWK DQ DYHUDJH RI .6
7KH (1'(0,;,7 SURMHFW DOVR LQF GG 0B& WRRH HDRIRHHEOH UR |
QDFEDEXW WKLV WDVN KDV QRW EHHQLBPRPBOHIFH G JL 8 UR E Pl
DW WKH p9HUWHEUDWH *HQRPH 3URMHFWY ODERUDWRU\ 1H
LQ SURJUHVV UHTXLUHV WKH GHVLJQ RI D FXVWRP SLSHOL
KLIJKO\ FRPSOH[ WHWUDSORLG JHQRPH

JRU WKHVH UHDVRQV WKH IDPLO\ EUHHGHU VHTXHQFLQJV
VWXUJHRQ JHQRPHFRS MK U SIHEH W MO V 7KH PHDQ GHS
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IURP : LQ IHPDOH EUHHGHU ) WR . LQ PDOH EUHHGH
6 $IWHU PDSSLQJ SHUIRUPHG ZLWK %XUURZV :KHHOH!I
DOWHUQDWLYH YDULDQWY WR WKH UHIHUHQFH JHQRI
IROORZLQJ WKH EHVW SUDFWLVHVY UHFRPPHQGHG XVLQJ W
*$7. OF.HQQD HW DO $W WKLV VWDJH 613V ZLWK D
JUHDWHU WKDQ *41  ZHUH VHOHFWHG 7KHQ WKH HIIHEW
KDV EHHQ SUHGLFWHG XVLQJ WKH ELRLQIRUPDWLF WRRO 6¢
$ WRWDO RI ELDOOHOLF 613V ZHUH FKRVHQ 613V S|
LPSDFW L H VWRS JDLQ VWRS ORVYV 613V SUHGLFWHG
WR EH VIQRQ\PRXV DV FRQWURO 7KH FKRVHQ 613V KDYH EH
RI WKH UHIHUHQFH JHQRPH DQG QRW EH LQ OLQNDJH LPSR
HDFK RWKHU GXULQJ WKH VHOHFWLRQ 7KH IUHTXHQF\ RI P
EHHQ WDNHQ LQWR DFFRXQW DYRLGLQJ YDULDQWYV ZLWK
SRVVLEOH DOOHOHV 7KLV ZDV GRQH WR OLPLW WKH VHOH
UHSUHVHQWHG LQ WKH SDUHQW VWRFN ZLWKRXW D UHDO
KDYLQJ DW OHDVW WZR PXWDWHG DOOHOHYV LQ DW OHDVW |
PXWDWLRQV LQ FRPSOHWH KRPR]J\JRVLW\ LQ WKH RIIVSULQ
PXWDWLRQV SUHGLFWHG WR KDYH D KLJK GHOHWHULRXYV LI
PLVVHQVH DQG VI\QRQ\PRXV IPQOWKIW KR QVQ XKERK ZAHIH UDQ
DIWHU WKH SUHYLRXVO\ GHVFULEHG VHOHFWLRQV
$Q HYHQ QXPEHU RI WZR GLIIHUHQWLDOO\ SHUIRUPLQJ SU!
UHVSHFWLYH OHYHOV Rl JHQHWLF ORDGV IRU WKHVH WKUF
JURXS FRQVLVWYVYV RI WKRVH ODUYDH WKDW GLHG HBUO\ EH|
JURXS FRQWDLQV WKRVH LQGLYLGXDOV ZKR VKRZ D KLJKHU
GHVFULEHG REVHUYDWLRQV 7KH RIIVSULQJ EHORQJLQJ WF
DPRQJ IDPLOLHV ZHUH *HQBRW)SRBGILMKMWKHOGROLFV //&1
71 86$% IRU D WRWDO RI LQGLYLGXDOV $IWHU VHTXHQF
%:$ WR WKH UHIHUI$6ESHQNIRP HXVRKHQXV
$ WRWDO RI 613V ZHUH VXFFHVVIXOO\ DPSOLILHG VHTXF
GHSWK SHU VDPSOH UDQJHV IURP : WR . RQO\ RQH R
DQ DYHUDJH RI . '6 7KH YDULDQWY ZHUH FDOOHG D
WKH *$7. ELRLQIRUPDWLF WRRO
,GHQWLILFDWLRQ RI WKH FRUUHFW JHQRW\SH ZDV QRW VWL
VSHFLHV ,Q IDEFW ILYH JHQRW\SHV DUHQXPOWOWLSEB$ IRU EL
VLRAHOS$$S %G XSO %MW ULSEOHPH % TRQGUXHOHF% $OWKRXIK
LQIHUHQ X Q0 DEXBH] G UXYOHHODWLYHO\ VLPSOHU WKH LQIH
RI KHWHUR]J\JRVLW\ WKDW ELDOOHOLF 613V FDOXSOHYHQW
JHQRW\SHV VXIIHU IURP PRVW PLVLGHQW VILFOEM[B RVOEH L Q
ODWLDV HW DO
,Q JHQHUDO PRVW ELRLQIRUPDWLF DQDO\VLV WRROV DUH
VXSSRUW H[LW ZKHQ ZRUNLQJ ZLWK SRO\SORLG GDWDVHWYV
WR DGRSW VWUDLJKWIRUZDUG DQG KLJKO\ YDOLGDWHG SUI
GLVWULEXWLRQ RI JHQRW\SH TXDOLW\ *4 DQG UHDG GHSW
JHQRW\SHV LQIHUUHG ZLWK *$7. )LJXUH
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Figure 10 Graphical representation of the reads depth and genotype quality (GQ) valeestagenotype

inferred with GATK. A set of 95 samples (average read depth 43,&adall the 798ci have been selecte

for the graphical representation (on the left). Another representation renadvihg genotype with read dept

lower than 40the same threshold used on the preliminary analysis, has been perfonrtteei ight). Each dot

represents a genotypssociated to a specific sampteus combination. Red dots represent genotypes wil

low estimate genotype quality (QG <10), yellow dots represent genotypes with internastirate genotype

quality (GQ 1020), and green dots represent genotypes with high estimate genotype quality §iGQeskis

depth being equals, it is possible to naseluplex and triplexgenotypes ardisfavoured in terms of genotyp

quality estimate by GATK. The pattern is clearer when all the genotypes with realddadeqt than 40 are

removed (on the right)The *$ 7 .  ¥enotype quality estimates that affect differentially the distinct clas

genotypes need to be investigate and solved before to proceed with dneheses.

$ YHU\ SUHOLPLQDU\ DQDO\VLV ZDV SHUIRUPHG E\ ILOWHU!
‘3! DYRLGLQJ DV PXFK XQFHUWDLQW\ DERXW WKH JHQRW
QXPEHU RI LQIRUPDMWRKKIDEOHY LQKBIW OHDVW RI DOO LQC
WRWDO RI 613V ZHUH VHOHFWHG KLJK LPSDFW PLY
$ VLIQLILFDQWO\ KLIJIKHU JHQHDWUYDBRRG ERWRBMHWYIHPG D F
613 PXWDWLRQV DV H[SHFWHG +RZHYHU WKH VDPH SDWW€EL
WKDW ZHUH VHOHFWHG DV D FRQWURO DQG IRU ZKLFK QR VI
7KLY FRXOG EH GXH WR DQ HUURQHRXV SUHGLFWLRQ RI WK
RQ WKH DQQRWDWHG JHQHV RI D GLITHUHQW VSHFLHV RU
JHQRW\SHVY DV SUHYLRXVO\ GHVFULEHG &RQILUPLQJ WKH
YDOXHYV DUH HV &SP LGRARMISHY JUHDWO\ LQIOXHQFL
RI' JHQHWLF ORDG IRU HDFK RI WKH WKUHH FODVVHV RI Y
DQDO\VHV LW LV WKXV QHFHVVDU\ WR LGHQWLI\ WKH FDXVF
LQ WHUPV RI WKHLU TXDOLW\ SDUDPHWHUY DQG WKHUHIRU
,Q WKLV FRQWH[W LW ZLOO SUREDEO\ EH QHFHW®D KKRWR H)
VWUDWHILHYVY IRUD PRUH UHOLDEOH SUHGLFWLRQ RI WKH J
ORUHRYHU WKH FEMHMSQRWYLHRRERN RKWKH $GULDWLF VWXUJH
D QHZ PRUH UHOLDEOH SUHGLFWLRQ RI WKH HIITHFWV RI R
SURYLGLQJ WKH SRVVLELOLW\ WR FRQILUP RU FRUUHFW WK
QHZ PXWDWLRQV RQ WKH ES ORQJ UHJLRQV VHTXHQF|
DQDO\VLV ZRXOG DGG PRUH UREXVWQHVYVY WR WKH ILQDO HY
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D EHWWHU HVWLPDWH RI WKH UHODWLRQVKLS EHWZHHQ SU
WKH LQGLYLGXDOV
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7KH 2UGHU Rl $FLSHQVHULIRUPHY LV RQH RI WKH PRVW HQC
5HG /LVW UHDVVHVVPHQW UHOHDVHG E\ WKH ,8&1 6WXUJHR
JRU WKLV UHDVRQ DGHTXDWH PDQDJHPHQW RI UHVLGXDO .
UHSUHVHQWY D SULRULW\

7KH SUHVHQW VWXG\ GHPRQVWUDWHY K&RR MWK & LUK SV BADH
YDOXDEOH DSSURDFK IRU WKH JHQHWLF DQDO\VLV Rl WKH
OHYHOV RI SORLG\ +RZHYHU WKHLU DSSOLFDWLRQ UHTXLU
WKHLU VHJUHJDWLRQ SDWWHUQV ,Q IDFW WZR GLIIHUHQW
DUH SRVVLEOH LQ WHWUDSORLG VSHFLHV $ VSHFLILFDOO\

IROORZHG LQ WKH SURJHQ\ RI SUHOLPLQDH[L®L\QMRRW\SH
DTXDFXOWXUH SODQW p6WRULRQH 7LFLQRY UHYHDOHG W
SDWWHUQV LQ WKH WHWLFDSE R VG $ GUELERDHUR NG QW HH R OR Z V
OHYHO RI KRPRORJ\ EHWZHHQ FKURPRVRPHWV @KL QURKH §
FKURPRVRPH WR FKURPRVRPH DQG FRQV HAXGIIMWHOG G LHIBIH®!
GHJUHHV RI IXQFWLRQDO SORLG\ JLYLQJ LQVLJKW LQWR W
VSHFELHV

$IWHU WKLV ILUVW DVVHDRRMCDW WHRIZ PIGF D RV IDW U DDR L |
ZHUH VXFFHVVIXOO\ DSSOLHG IRU SDUHQWDO DOORFDWLRQ
RULJLQV SURJHQLWRUV ) $ WRWDO RI ) RIIVSULQJ Z
SDUHQWDO SDLUV ZKLOH IRU LOQGLYLGXDOV QR DOORFLC
ERWK ) SDUHQWV GLHG EHIRUH WKH ILUVW VDPSOLQJ RF¥
IHYHUWKHOHVY IRU PDQ\ RI WKHVH QRQ DOORFDWHG LQGL
VLEV RU KDOI VLEV UHODWHGQHVV

,Q JHQHUDO WKH H6WRULRQH 7LFLQRY VWRFN DQDO\VHG ZlI
D KLJKHU OHYHO RI JHQHWMRW KGLUY N WARIANXW FIRPS DB EGVKHG E\
D VPDOOHU QXPEHU RI VLEOLQJVY JURXSV 7KHVH UHVXO
FRPSDUDWLYH WUDQVYHUVDO DQDO\VHYV DFURVV FDSWLYH )
DYDLODEOH JHQHWLF GLYHUVLW\ DQG FRQVLGHULQJ WKHP
EUHHGLQJ SODQV

7KH VDPH DSSURDFK ED\OHRERD \PXFRHRWDIWE QQLRAKDUDFWH U
RI QHZ ERUQ &KL QFANVHHOW MU HRIR @WVLO/RZLQJ WKH HVWLPDW
RI DERXW IHPDOHV DQG PDOHV SDUWLFLSDWLQJ LQ WKH
IRU WKLV VSHFLHV

SHOHYDQW SUREOHPV IRU VWXUJHRQ VSHFLHV DUH SRDFKL
VXFFHVVIXO UHFRYHU\ RI ZLOG SRSXODWLRQV B6WXUJHRQV
SURGXFLQJ PDQ\ YLWDO IHUWLOH K\EULGV ZKRVH LGHQW
DSSURDFKHV XVXDOO\ EDVHG RQ PLWRFKRQGULDO PDUNF
PDUNHUV IRU VSHFLHYV DQG K\EULG LGHQWLILFDWLRQ FDQ
RI VWXUJHRQ GHULYHG SURGXFWV 7R WKLV SXUSRVH WKF
UHJLRQV ZDV H[SORUHG LQ WKH 7HOHRVW WD[D IRU ZKLFK

OXOWL ORFXV ,QWURQ 3RO\PRUSKLVPV DUH VLPXOWDQHR:
PDUNHUV FKDUDFWHULVHG E\ KLJK DOOHOLF YDULDELOLW\
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7KLV KLJK DOOHOLF YDULDELOLW)\ DOVR S®RPKB/WYWDWW HWRIP\GH
ORUHRYHU EHLQJ WKH SULPHUV GHVLJQME\HK KLU KE U ¥ RIDA
WR FKDUDFWHULVH D ZLGH UDQJH RI VSHFLHV HYHQ LI QR L
/IDVWO\ WKH VHTXHQFHNVEQIRWRDMW DRRLSKHBLMIDHWLF YDUL
DGMDFHQW 613V SURYLGLQJ D PRUH GHWDLOHG DQG DFFXU
613V $W WKH VDPH WLPH WKH ORQJ VHTXHQFHV DYDLODE
VSHFLILF 3&5 RQ VLQJOH 613V ZKLFK FDQ EH HPSOR\HG IR
DQG VSHFLHV LGHQWLILFDWLRQ

$IWHU H[SORULQJ WKH SRWHQWLDOLW\ RI LQWURQLF PDUN
HIILFDF\ DW ERWK VSHFLHV DQG SRSXODWLRQ OHYHOV WKI
0,3V PDUNHUV GHVLJQHG IRU VWXUJHRQV SURPLVHG RQFH
SRVVLEOH DSSOLFDWLRQV IURP VSHFLHV WR SRSXODWLRQ
HYHQ LI IRU WHFKQLFDO UHDVRQV WKH FRUUHFW JHQRYV
UHFRYHUHG ORBMRWQ®! WKH WHVWHG 7KH SUREOHPV ZHUH
RI GXSORFBRMELQHG ZLWK WKH SRO\SORLG\ WKDW FKDUDF
7KLV UHVXOWHG LQ D GUDVWLF GURS LQ WKH DYHUDJH FRY]|
LW GLIILFXOW WR GLVFULPLQDWH WKH UHDO KDSORW\SHYV
XQGHU GHYHORSPHQW DQG D VHFRQG VHTXHQFLQJ UXQ RI
HQKDQFH WKH DYHUDJH FRYHUDJH

,Q JHQHUDO JHQRPLF DSSURDFKHV EDVHG RQ 1H[W *HQHUD
HOQFRXQWHU VHYHUDO GLIILFXOWLHY ZKHQ XVHG LQ WKH Fi
WKH DYHUDJH VHTXHQFLQJ FRYHUDJH UHPDLQV D FULWLFD
RI DOOHOHV DQG LQIHUHQFHV RI JHQRW\SHV 7KIORPIDVW L
VXFK DV ELDOOHOLF 613V IRU ZKLFK LQIHUHQFH RI WKH FI
TXDOLW\ DQG TXDQWLW\ Rl UHDGV WKDW DFFRXQW IRU H
SUREOHPV ZHVUEUHYHRQWDQJ D UHOLDEOH HVWLPDWH RI W]
FRPSDUHG ZLWK WKH ILWQHVV $RGH@WHRIU \QIDGIEDREN D @ M
)XUWKHUPRUH WKH XQDYDLODELOLW\ RI WKH UHIHWHQFH
IXOO\ UHOLDEOH SUHGLFWLRQ RI GHOHWHULRXV PXWDWLRC
7KHUHIRUH LW LV QRW \HW SRVVLEOH WR DG KKNREYUD @ I1LLGHL
PXVW EH LPSOHPHQWHG WR REWDLQ D PRUH UHOLDEOH JH(
RI WKLV VWXG\ GHSHQGV
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Abstract: The Adriatic sturgeon, Acipenser naccari{Bonaparte, 1836), is a critically endangered
tetraploid endemism of the Adriatic region; it has been targeted, over the last 20 years, by different
conservation programs based on controlled reproduction of captive breeders followed by the release
of their juvenile offspring; its preservation would greatly bene t from the correct and coordinated
management of the residual genetic variability available in the different captive stocks. In this sense,
the setup of an ef cient parental allocation procedure would allow identifying familiar groups and
establishing informed breeding plans, effectively preserving genetic variation. However, being the
species tetraploid, the analyses often deal with complex genome architecture and a preliminary
evaluation of allele segregation patterns at different chromosomes is necessary to assess whether the
species can be considered a pure tetraploid, as previously observed at some loci, or if a more complex
situation is present. Here we study the segregation at 14 microsatellites loci in 12 familiar groups.
Results support in different families the tetrasomic segregation pattern at 11 markers and the disomic
segregation at three markers. The Adriatic sturgeon thus shows a mixed inheritance modality. In this
species, and likely in other sturgeons, accurate knowledge of the loci used for paternity analysis is
therefore required.

Keywords: acipensaeridae; autotertraploid; allopolyploid; Adriatic sturgeon; disomic segregation;
inheritance; microsatellites; tetrasomic segregation

1. Introduction

Sturgeons are the most endangered group of species, according to the International
Union for Conservation of Nature (IUCN, July 2021) ( http://www.iucnredlist.org , accessed
on 8 August 2022). For this reason, sturgeons are targeted by several conservation efforts
that often include restocking programs with juveniles produced in captivity; these ex-situ
conservation activities must necessarily be supported by studies aimed at preserving the
residual genetic diversity through long-term breeding programs [ 1]. However, genetic
analyses on sturgeons deal with complex genomes and various levels of ploidy, due to
independent events of whole-genome duplication [ 2,3]. The rst event of duplication
took place in the Acipenseriformes' common ancestor starting from sixty chromosomes.
Then, secondary events of duplication occurred in the Paci ¢ and Atlantic clades leading
to a total of 240 chromosomes [2]. Finally, a third event led to the unique number of
360 chromosomes observable inAcipenser brevirostrunfLesueur, 1818) f]. The number
of chromosomes associated with the distinct levels of ploidy has been the subject of an
extensive debate between two main positions. The rst argues that, since the condition with
120 chromosomes results from a duplication event in the common ancestor, the species with
120 and 240 chromosomes must be considered tetraploid and octaploid, respectively. The
second position, taking into account the functional reduction of ploidy that follows whole
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genome duplications, attributes to the two groups a condition of diploidy and tetraploidy,
respectively [5]. The two views use different criteria to de ne the nominal ploidy, the
number of duplications and the functional activity of genes, respectively, and are both
correct and fully compatible [ 3].

The Adriatic sturgeon, Acipenser naccariBonaparte, 1836), a species with 240 chromo-
somes, is in general considered a functional tetraploid based on the analyses of 28S and 5S
rDNA through in situ hybridization [  6€]; this is also con rmed by most of the microsatellites
analysed in this species which mostly show up to 4 alleles per individuals. However, some
loci consistently showed more than 4 alleles in many individuals [ 7]; this could be due
to the duplication of the region of such microsatellites but, a still incomplete process of
functional reduction following genome duplication cannot be excluded as already proposed
also for other sturgeon species [8,9].

For these reasons, loci to be used for applied purposes, such as parental allocation and
kinship analysis, should be carefully selected and their functional ploidy should be prelimi-
narily assessed. Moreover, these applications require a careful preliminary investigation
also on the segregation modalities which, in tetraploids, can be of different types. In fact,
polyploidization can originate through the fusion of unreduced gametes at intraspeci c or
interspeci c levels, leading to two types of conditions in tetraploids, called autotetraploidy
and allotetraploidy, respectively. The origins of polyploidization have important implica-
tions on the segregation patterns of the alleles within gametes. In complete autotetraploids,
there are always four homologous chromosomes, and random pairs of bivalents and quadri-
valents are possible during meiosis (see Figure 1 for graphical support) [ 10]; this condition
leads to tetrasomic inheritance, which means that all allelic combinations within gametes
are possible; this is not the case in complete allotetraploids, where each tetrad is composed
of two sets of homeologous chromosomes, originating from the two parental species. In this
situation, the homeologous chromosomes do not form pairs, leading to disomic inheritance,
where only four out of six allelic combinations are possible [ 10]; these are two extreme
cases and intermediate conditions are observable when the chromosomes have different
degrees of preferential pairing. Indeed, the inheritance may shift from tetrasomic to disomic
or vice versa [10]. For example, in autotetraploids, fertility and karyotype stability can
be negatively impacted by imperfect multivalent pairing, thus promoting diploidization
and consequent shifting to disomy; on the contrary, in allotetraploids, the homeologous
chromosomes from two distinct parental species could maintain some degree of genetic
af nity permitting the competition with the homologous pair during meiotic interactions
with a certain degree of tetrasomic inheritance [ 11]. Understanding the mechanisms of chro-
mosomal segregation in a tetraploid species can have important conservation implications,
for example when the development of parental allocation methods is required.

In the Adriatic sturgeon, allele segregation was previously investigated at only 7 loci
using microsatellite markers [ 12]. All loci showed a tetrasomic inheritance pattern, point-
ing at the probable autopolyploidization origin of this species. However, as secondary
differentiation of some homologous chromosomes cannot be excluded and different segre-
gation patterns can be followed by different chromosomes, we took advantage of the recent
availability of new complete family groups and new isolated and tested microsatellite loci
not yet explored, to provide a deeper insight into the mode of chromosome segregation in
this species.

This is a key step not only to have a better understanding of the karyotype in the
Adriatic sturgeon but also for the correct interpretation of the genetic analysis and parental
allocation which in this species can have multiple applications. Firstly, the distinction of
extremely rare individuals of wild origin from released ones. Secondly, the identi cation
of groups of siblings existing in the different farms by assigning everyone to his pair of
parents of the FO generation. Finally, knowing the segregation patterns is crucial when the
generation of virtual genotypes starting from observed genetic pro les is needed [ 13,14].
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Autotetraploid
/

Homologous chromosomes

Gametes

Tetrasomic inheritance

The alleles form tetrads during meiosis and can randomly segregate
in the gametes thus generating all six possible allele combinations.

Allotetrapolid

\ Homeologous chromosomes

EFG H\
/\LOCUS

Complete heterozygote individuals

Disomic inheritance

The alleles E and G, and the alleles F and H, preferentially pair
during meiosis and never segregate (o?heter in the gametes thus
generating only four possible allele combinations.

Locus Afug41 Phenotypes Locus Spl168 Phenotypes
A|B]|C D Fl227]236] | 271 286
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3| BD(3) 217 259 3 FH(5) 245 269
D) 242 259 Gl (0) | ]
(a) (b)

Figure 1. Expected segregation patterns under pure disomy ( a) or tetrasomy (b), respectively expected
in Autotetraploid and Allotetraploid genomes.

Thanks to the possibility of making 12 distinct crosses and raising their progeny sep-
arately within the project ENDEMIXIT ( https://endemixit.com/ , accessed on 8 August
2022), many new informative familiar groups became available for the analysis of seg-
regation patterns at a much higher number of loci than those available in the past. The
main purpose of the present study is therefore to exhaustively describe the modalities
of microsatellite alleles inheritance in the Adriatic sturgeon with the following objec-
tives: (a) verifying if the inferred pure tetrasomy is con rmed on a high number of loci,

(b) providing a signi cant contribution to the management of the residua genetic diversity
of this critically endangered species, and (c) shedding light on the functional ploidy level
across its genome.

2. Materials and Methods
2.1. Samples and DNA Puri cation

Most samples analyzed in the present study were obtained from the aquaculture
plant Storione Ticino (Cassolnovo, Italy). The reproduction of six females (F2, F4, F5, F6,
F7, and F8) and six males (M2, M4, M5, M6, M7, and M8) was performed in different
combinations. For each parent, a n clip was collected for genotyping and, for each cross,
the progeny was reared in captivity and spontaneously dead animals were collected and
stored in ethanol. Moreover, ve familiar groups (Nacc7 Nacc5 ,Nacc8  Nacc3l ,
Naccl9 Naccl7 ,Naccl9 Nacc30 ,Nacc28 Nacc23 ) derived from crosses
performed in the past and for which ngerlings were available were also used. In total,
21 adult parents (12 parent pairs) and 376 ngerlings (with about 30 individuals per family)
were collected (Table 1).

Genomic DNA was extracted from breeder's n clips (10—100 mg) and from offspring's
muscular tissue, using Euroclone spinNAker Universal Genomic DNA mini kit (Euroclone)
and stored at 20 C till their processing for microsatellite analysis.

2.2. Selection of Loci and Genotyping

Loci analysed in the present study were selected based on the possibility of unambigu-
ously tracing the genetic contribution of at least one of the two parents in at least one of the
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available families. For this reason, all loci in which there were no complete heterozygotes
or there were individuals with more than four alleles were discarded. In fact, it is known
that the Adriatic sturgeon presents a minority of loci at which more than four alleles were
can be observed in different individuals; thus, segregation anomalies cannot be detected [ 7];
these extra numerary alleles could originate from duplication or from a locally unreduced
octaploid condition. In fact, we recall that the Adriatic sturgeon is functionally a tetraploid
but evolutionarily it is an octaploid [ 3]. Nevertheless, segregation anomalies were also
observed in some individuals of each family that were accordingly excluded from the
analysis.

Table 1. Screening of microsatellite loci.

Locus Ref Ta Size Family Parents Genotypes Genotyped Fingerling (Y/N) #
LS-39 15 52 C 116-155 Not informative - - N -
AfuG113 16 Td 326-364 Not informative - - N -
F5 293/309/318/330
F5 M6 M6 313/318/322 Y 82
F6 313/318/342
AfuG132 16 61 C 259-346 F6 M7 7 293/300/318/322 Y 32
F8 304/318/322
F8 M2 M2 313/338/342/346 Y 30
F8 212/234/293
F8 M2 M2 203/255/259/285 Y 30
F2 247/255/259/285
F2 M4 M4 212/255/293/305 Y 30
Fa4 212/217/242/259
F4 M4 M4 212/255/293/305 Y 30
AluGAL 16 %8 C 156-198 F6 212/242/259/278
F6 M7 M7 203/225/229/259 Y 82
Nacc? 225/229/252/259
Nacc7  Nacch Naccs 203/225/247/305 Y 82
Nacc8 212/242/293/305
Nacc8  Nacc 31 Nacc31 203/234/305 Y 82
F7 160/164/194
An20 * 17 62 C 159-213 F7 M8 Vis 160/172/182/186 Y 30
Anac-15214 7 61 C 259-285 Not informative - - N -
Anac-2589 7 63 C 224-294 Not informative - - N -
Nacc19 311/322/330/334
Anac-6784 7 62 C 311-346 Naccl9 Naccl7 Nacol? 392/326 Y 32
F7 164/174
Anac-3133 7 56 C 164-178 F7 M8 Ve 1641166/170/172 Y 30
F5 307/313
AnacA6 * 18 62 C 289-313 F5 M6 Ve 903/9971301/307 Y 32
F6 148/150
F6 M7 M7 138/144/148/162 Y 82
AnacB11 18 60 C 132-162 i 52136/ 136/144
acc
Nace19  Nacel? Naccl7? 132/150/162 Y 82
F6 166/172/174/176
F6 M7 M7 154/156/164 Y 82
AnacB7 18 60 C 152-198 Nacels 156/166/174
acc
Nacc19 - Nacc30 Nacc30 154/170/174/176 Y 82
AnacC11 18 50 C 167-193 Not informative - - N -
F5 332/340/346/354
AnacE4 * 18 58 C 326-354 F5 M6 Ve 2361346 Y 32
F4 123/127/131/139
F4 M5 M5 131/135/155 Y 30
F8 123/131/135/139
AoxD161 19 60 C 111-156 F8 M2 Vo 157151 Y 30
Nace?  Naccs Nacc? 123/127/131/143 v 2

Nacc5 131/135/139
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Table 1. Cont.
Locus Ref Ta Size Family Parents Genotypes Genotyped Fingerling (Y/N) #
F2 210/223/243/255
F2. M4 M4 2271243 Y 30
F4 2071243/247/251
F4 M5 M5 235/239/255/259 Y 30
AoXD234 * 19 52 C 215-275
Nacc28 210/243/247/263
Nacc28  Nacc23 Nacc23 230/243/251/255 Y 24
F6 207/243/247/255
F6 M7 M7 210/239/247 Y 82
F7 168/176/180
AoxD241 * 19 57 C 156-196 F7 M8 Wi e 64 Y 30
AoxD64 * 19 60 C 216-260 Not informative - - N -
Spl-120 20 55 C 263-303 Not informative - - N -
F2 207/215/220
Spl-163 20 63 C 166-233 2 M4 Wi L 0 Y 30
F7 2321240/294
Fr w8 M8 218/236/271/273 Y 30
F4 200/232/257/273
F4 M5 M5 218/1232/279/282 Y 30
F6 2271236/271/286
F6 M7 M7 240/245/264/269 Y 32
Sph168 10 63 ¢ 200-314 Naccl9 218/227/269/294
acc
Nace19 - Nacel? Naccl? 2271240/286/314 Y 82
Nacc? 2321245/264/294
Nacc7  Naccd Naccs 214/240/273/279 Y 82
Naccs 200/236/271/279
Nacc8  Nacc3l Nacc3l 218/249/273/279 Y 82

Loci were used for genotyping of breeders for the selection of informative family/locus combinations for which
progeny was also processed. References, annealing temperatures used, and size are reported. For each informative
family/locus combination, the genotypes of each parent at such loci are also reported and the parent's genotypes
for which the allele segregation was followed in the progeny is in bold. The total number of ngerlings processed

for each informative family is reported in the last column. * Loci for which the segregation inheritance pattern
was already explored in other familiar groups of the same species [ 12]. Y = Yes, N = Not processed. # = number of
analyzed individuals.

All breeders were genotyped at 21 microsatellite loci (Table 1) [7,15-20] to select the
informative Family/Locus combinations for the assessment of chromosomal segregation.
For each selected combination, the progeny was also ampli ed and genotyped. Tracking
segregation in the progeny requires the satisfaction of some features, such as (i) the complete
heterozygosity (four different alleles) of at least one parent to ensure that each allele can
unambiguously mark the segregation of its own chromosome and (ii) no more than an
allele shared by the two parents to avoid ambiguity in following the alleles transmission to
the progeny [12].

A total of 33 Family/Locus combinations were nally selected and approximately
30 ngerlings each were genotyped (Table 1). In 22 out of 33 case studies only one breeder
of the parent pair was completely heterozygote and therefore informative to follow the
segregation of the alleles, while for the remnant 11 Family/Locus combinations the seg-
regation pattern was followed for both breeders of the parent pair as both they showed
completely heterozygous genotypes with a single allele shared at most (Table 1).

Microsatellite loci were ampli ed from genomic DNA in a 10 L reaction: 1X Master
Mix Buffer (QIAGEN), 0.2 M of each primer and about 50 ng of genomic DNA. Ampli ca-
tions were performed on SimpliAmp Thermal Cycler (Thermo Fisher Scienti ¢, Bologna,
Italy). Ampli cations were checked on 1.8% agarose gel in TBE1X stained with GelRed
(BIOTIUM, Fremont, Canada, GelRed™ Nucleic Acid Stain). Genotyping was performed
on ABI PRISM 310 Genetic Analyzer (external service, BMR Genomics, Padova, Italy).
For microsatellite scoring the software GeneMarker Version 1.95 (SoftGenetics LLC, State
College, PA, USA) was used.
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2.3. Data Analyses

Scoring was performed by two operators, independently, with GeneMarker Version
1.95 (SoftGenetics LLC). The nal dataset was carefully checked, and each individual was
controlled for perfect Mendelian inheritance within his Family/Locus combination under
the assumption that the observed genotypes at a given locus should be compatible with
the inheritance of two allele copies from each parent. Individuals that for different possible
reasons discussed later did not match this assumption were discarded. Since discordances
with the above-accepted criterion can be attributed to anomalies in chromosomal segrega-
tion in the gametes of one parent, which are independent of what happened in the mating
partner's gametes, it was decided not to discard those animals whose segregation anomaly
was due to a problem in the uninformative parent. Limiting our observations to those
animals that met standard inheritance of two out of four alleles, we consciously excluded
possible genotypes that were not necessarily derived from segregation anomalies such as
the case of double reduction, a phenomenon widely observed in autotetraploid plants in
which the four homolog chromosomes may form multivalents [ 21,22] in which identical
alleles carried on the sister chromatids may enter the same gamete with consequent segre-
gation of two copies of the same allele even if it was present in a single copy in the parental
genome [23]. We have decided to limit ambiguities by disregarding this phenomenon and
excluding all the individuals that could be compatible with it focusing on animals in which
alleles were unambiguously traceable.

As proposed by Stift et al. (2008) [10], Likelihood Ratio Tests (LRT) with 1 df were
applied to compare the null model of tetrasomy with the other alternative models inter-
mediate between disomic and tetrasomic. For each parent-locus combination and each
alternative inheritance model, the log-likelihood was estimated from constrained nonlin-
ear regression models, using SPSS syntax as reported in the original reference 10]. The
Sequential Bonferroni correction [ 24] was applied to adjust signi cance levels ( p < 0.05) for
multiple comparisons across loci and families.

3. Results

From 22 to 32 individuals for each family-locus combination were successfully geno-
typed. In some cases, a few animals were discarded for unreliable pro les or, after the
allele scoring, due to the presence of segregation anomalies of alleles inherited from the
informative parent (Table 2).

At 11 (AfuG132, AfuG41, An20, Anac6784, Anac3133, AnacA6, AnacB11, AnacB7,
AnacE4, AoxD234, AoxD241) out of 14 informative loci the LRT did not lead to the rejection
of the null model of inheritance thus supporting the hypothesis of tetrasomy. At almost alll
these loci, indeed, all six allele combinations were observed in almost all tested families
(Figure 1a, Table 2, Figure Al of Appendix A). The only exceptions were the loci AoxD234
and Anac-3133 at a single family each showing only ve allele combinations. However,
in both cases, the strict disomic inheritance was excluded after correction for multiple
tests (Table2). In these two families, the sixth combination is expected to be detectable
by increasing the sample size. Five (An20, AnacA6, AnacE4, AoxD234, and AoxD241) of
the 11 loci showing tetrasomic inheritance were already tested to assess the inheritance
pattern in different familiar groups of Adriatic sturgeon [ 12] and their tetrasomy has been
here con rmed. Speci cally, the locus AnacA6 here analysed at a single family showed
only four allele combinations but, missing combinations are not compatible with disomic
inheritance modality and even in this case the null model was not rejected.

On the contrary, a signi cant rejection of the null model was observed at three loci,
Spl163, AoxD161, and Spl168, analysed respectively at one, three and six families and
never analysed before in other studies. In some cases, the analysed families have both
parents informative for segregation and agree in suggesting a disomic mode of inheritance
(Table 2, Figure 1b, Figure A1 Appendix A). The disomic model tted the observed allele
combination frequencies signi cantly better than the null model, and the parameter equal
to zero indicates a full disomic inheritance at almost all Family/Locus combinations. The
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only two exceptions were observed in the segregation of the alleles of female F8 at locus
AoxD161 and male Nacc31 at locus Spl168 (Table?). In these two cases, ve combinations of
alleles were present, the parameter assumed a very low value con rming a strong degree
of preferential pairing during meiosis but the rejection of the null model was not signi cant
after the Bonferroni correction, thus suggesting possible imperfect preferential pairing.

Table 2. Likelihood Ratio Test.

Informative

Null Model (T = 1)

Best Intermediate Model

Model

Locus Family parent N (M likelinood Obs Pairing 7 Lkelihood  Comparison: LRT ~ PVAles
Alleles Obs
F5 M6 F5 22 (8) 39.42 AC/BD 082 39.23 0.19 03322
Afug132 F6 M7 M7 29 (1) 51.96 AD/BC 083 51.74 0.22 0.3185
F8 M2 M2 29 (1) 51.96 ABICD 083 51.74 0.22 0.3185
F8 M2 M2 27 (3) 48.38 AC/BD  0.89 48.29 0.09 0.3853
. F2 27 (3) 48.38 ABICD 078 48.03 0.35 02776
M4 27 (3) 48.38 ABICD  0.44 45.98 2.39 0.0609
AC/BD and
N F4 29 (1) 51.96 Fa 0.93 51.93 0.03 0.4259
Afugal M4 29 (1) 51.96 AD/BC 083 51.74 0.22 0.3185
- F6 28(2) 50.17 AD/BC 086 50.02 0.15 0.3509
M7 28(2) 50.17 ABICD 086 50.02 0.15 0.3509
Nacr Mo Nacc? 28 (4) 50.17 AD/BC  0.64 49.21 0.96 0.1631
acc acc
Nacc5 28 (4) 50.17 ADIBC 075 49.71 0.46 0.2489
Nacc8  Nacc 31 Naccs 31(1) 55.54 ADIBC  0.77 55.13 0.41 0.2603
An20 * 7 M8 M8 30 0) 53.75 AD/BC  0.70 53.03 0.72 0.1984
Anac6784  Naccld Naccl? Nacc19 30(2) 53.75 ACA’SIDBg“d 0.91 53.68 0.08 0.3912
Anac3133 F7 M8 M8 29(1) 51.96 ABICD 041 49.06 2.90 0.0444 2
AnacA6 * F5 M6 M6 29(1) 51.96 A%@%g"d 0.72 51.38 058 0.2225
F6 M7 M7 26 (4) 46.59 ABICD 058 45.31 1.28 0.1290
AnacB11
Naccl9  Naccl? Naccl19 26 (6) 46.59 AB/CD 0.81 46.34 0.25 0.3088
F6 M7 F6 27 (3) 48.38 ABICD 067 4757 0.80 0.1849
AnacB7
Naccl9  Nacc30 Nacc30 32 (0) 57.34 AD/BC 094 57.30 0.03 0.4295
AnacE4 * F5 M6 F5 28(2) 50.17 A'i/g/DBg“d 0.96 50.16 0.01 0.4622
SV = 290D 57.96 ABICD 000 3020 11,76 0.0003
AoxDL6L 8 W2 =3 3000) 53.75 ACBD 010 4508 8.47 0.00187
Nacc7  Nacch Nacc? 320) 57.34 AD/BC  0.00 4436 12.97 0.0002
2 A = 2770) 48.38 AD/BC 089 48.29 0.09 0.3853
s Fa 28(2) 50.17 AD/BC  0.86 50.02 0.15 0.3509
M5 28(2) 50.17 AD/BC  0.64 49.21 0.96 0.1631
AoxD234 *
\accss  Naccas Nacc28 23(1) 4121 ABICD  0.78 40.93 0.28 0.2972
acc acc
Nacc23 23 (1) 4121 AC/BD 026 37.29 3.92 0.02392
F6 M7 F6 29 (1) 51.96 AC/BD 052 50.07 1.89 0.0844
AoXD241 * F7 M8 M8 29 (1) 51.96 ACBD 072 51.38 0.58 0.2225
SpIT63 2 Ma NZ 280 50.17 AC/BD 000 3882 11.35 0.0004
SANYE VE 26 () 46,59 ABICD  0.00 36.04 1054 0.0006
2 M5 = 3000) 53.75 ABICD  0.00 4159 12.16 0.0002
Spl168 W5 300) 53.75 ABICD  0.00 4159 12.16 0.0002
Py =3 29 (D) 51.96 ABICD  0.00 30.20 11.76 0.0003
W7 29(D) 51.96 ABICD 000 30.20 11.76 0.0003
Naccid 2309) 3171 ABICD  0.00 31.88 933 0.0011
Naccl9  Naccl? Naccl? 2309) 3171 ABICD 000 31.88 9.33 0.0011
Naccl? 239) 3171 ABICD  0.00 31.88 9.33 0.0011
Nace?  Nacos Nacc? 32 0) 57.34 ABICD  0.00 4436 .97 0.0002
Naccs 32 0) 57.34 ABICD  0.00 44.36 12.97 0.0002
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Table 2. Cont.
Best Intermediate Model Model
f Informative Null Model (T = 1) — — ode g
Locus Family parent N MND ikelinood Obs Pairing Likelih-ood  Comparison: LRT  PValues
Alleles Obs
Nacc8  Nacc3l Nacc8 29 (3) 51.96 AB/CD 0.00 40.20 11.76 0.0003
Nacc31 29 (3) 51.96 AB/CD 0.10 43.86 8.10 0.0022 2

Results of Likelihood Ratio Test between the null model of tetrasomy (TAU = 1) and the best tting intermediate
one (TAU estimated). Signi cant p-values (after Bonferroni correction) that reject the null hypothesis of tetrasomy
are highlighted in grey. 2 not signi cant values after Bonferroni correction for multiple tests. * Loci for which the
segregation inheritance pattern was already explored in other familiar groups of the same species [ 12].

Expected allele combinations in tetrasomic and disomic mod e of inheritance in tetraploids.
(a) Observed allele combinations inherited from a complete heterozygote parent in au-
totetraploids in which tetrads are generated during meiosis and random segregation of
allele pairs is expected. In brackets, the number of individuals carrying the relative allele
combination is reported. (b) Observed allele combinations inherited from a complete
heterozygote parent in allotetraploids in which a preferential pair between homologous
chromosomes occurs. Only four possible gametes are expected. Alleles of the parent for
which the segregation is reported in each table are marked in bold and by a letter used to
indicate the observed combinations. Complete tables for all loci are reported in Appendix A.
(Created with BioRender.com, accessed on 8 August 2022).

4. Discussion

The segregation pattern observed in the present study at most loci indicates that the
Adriatic sturgeon can be considered predominantly tetraploid with a tetrasomic inheritance
pattern. The presence of three disomic loci, however, indicates that the functional diversi-

cation process is at different stages in different parts of the genome, with some regions
possibly still octaploid, most tetraploid, and some others in which the degree of divergence
has gone up to a condition of double diploidy. We also observed the presence of two loci
with a marked tendency to disomy with a few unexpected allele combinations, pointing
to a possible imperfect preferential pairing expected at intermediate stages of functional
diploidization [ 10,11]; this coexistence of different ploidy levels was previously described
in other organisms. In plants, for example, the co-existence of different segregation patterns
(e.g., tetrasomic and disomic) with different intermediate degrees of preferential pairing
among chromosomes provides evidence of a process of functional reduction of ploidy
which reasonably cannot occur simultaneously throughout the genome, but which is the
result of a progressive differentiation [ 11,25].

As for the sturgeons, in other species the presence of different degrees of ploidy has
been deduced based on the maximum number of alleles per individual present at the
different loci [ 16] and, in some cases, the Mendelian transmission in the progeny has
also been veri ed [ 15,26,27]. However, the selection of the cross/locus combinations to
allow the traceability of every single allele and consequently to distinguish between the
different modes of tetraploid segregation (e.g., disomic, tetrasomic or intermediate) has
been conducted to our knowledge only on the Adriatic sturgeon.

The evidence that the level of homology between chromosomes within the Adriatic
sturgeon genome is likely to vary from chromosome to chromosome and that different
parts of the genome may consequently have different degrees of functional ploidy (2 to
8) should be considered when characterizing the genome of this species and probably of
sturgeons in general. Genome assembly procedures must contemplate the possibility that
different regions are present with a variable number of copies.

Whatever the evolutionary origin and implications of our results, which can be better
investigated only when the genome of this species will be available, the identi cation of
different inheritance pattern at different markers may have practical consequences for the
conservation of the Adriatic sturgeon. In fact, our ndings suggest that before developing
parental allocation methods, a preliminary analysis of the loci used is recommended; this
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would ease the reconstruction of individual genealogies of animals kept as captive breeders
and the reallocation of any individual recaptured after release. Another interesting and
relatively unexplored aspect of sturgeon ex situ conservation in which a clear knowledge of
the inheritance patterns at different loci could be useful is the monitoring of the genomic im-
pact of breeding protocols. Captive breeding is usually performed following standardized
protocols of hormonal induction of egg and milt release and fertilization is done in an excess
of sperms. Then, the resulting viable progeny is released without verifying if the procedure
used had some effect on their genomic asset, for example, by inducing aneuploidies, which
are a common phenomenon in some captive sturgeon stocks [28]. The release in nature of
genetically anomalous individuals should be avoided as the consequences that this can
have on the following generations and on their reproductive ef ciency is unknown and, in
the case of animals with long generation times, could be revealed after decades. Random
screening of familiar groups to verify the correct parents-to-progeny segregation at both
disomic and tetrasomic loci could signi cantly contribute to reducing the potential impact

of genomic anomalies on natural populations.

5. Conclusions

Thanks to the availability of some family groups not previously analyzed, it was
possible to better investigate the patterns of chromosomal segregation in the polyploid
Adriatic sturgeon. The picture that emerged is that of an extremely dynamic genome in
which it is possible to nd the co-existence of regions with different degrees of ploidy, some
of which retain the legacy of ancient duplications and others show a dynamic reduction of
functional ploidy; this pattern is probably shared with other polyploid sturgeons in which
different patterns of segregation have been observed [27], but it is not known whether the
same genomic regions are involved.

Additional studies are required to better characterize the distribution of ploidy across
the genome; this will likely contribute to explaining some speci ¢ features of the sturgeons,
such as the ability of species with different degrees of ploidy to hybridize and produce
viable offspring [ 29]; this extreme genomic plasticity could somehow be linked to a high de-
gree of genomic redundancy; it would also be very interesting to verify whether the regions
with different segregation patterns are somehow related to the size of the chromosomes,
which in sturgeons is known to be very variable, with a small number of large chromosomes
and a high number of micro-chromosomes. However, until complete genomes of good
quality are available, it is dif cult to move beyond speculation on these topics.
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Figure Al. Total segregation results. Single-locus microsatellite inheritance for each studied sturgeon
family. Microsatellite alleles of parents are reported as sizes in bp. For families in which both
parents are informative, two different schemes are shown. The 4 alleles of the informative parents are
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also used to label allele combinations observed in the progeny. The number of F1 in which each
combination has been observed is reported in brackets. Missing combinations are marked in grey.
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Abstract: Since 1996, the Adriatic sturgeon (Acipenser naccaiiihas been inscribed on the IUCN Red
List as “Critically Endangered and possibly extinct in the wild”. Nowadays, its survival totally
depends on restocking programs conducted by releasing juveniles generated from adult breeders
reared in aquaculture. Conducting accurate genetic characterizations of all individuals potentially
involved in reproduction activities is therefore of primary importance to avoid inbreeding and to
maximize the genetic diversity transmitted to following generations. Since all animals reared in
captivity descend from a single stock of wild origin, this offers the ideal condition for carrying out
relatedness analysis based on parentage allocations. In this study, we provided the most complete
characterization of about 500 individuals representing the most diverse extant stock of Adriatic
sturgeon. Through the analyses of mitochondrial d-loop and 15 microsatellite loci selected from
24 genotyped loci, we identi ed about 30 different familiar groups, updating data on breeding stocks,
increasing the genetic information already available, and extending the analyses to animals never
genotyped before. Given its completeness, it will represent a reference database for any future
parental allocation of recaptured animals for the inclusion of all other stocks present, as well as for
the development of a long-term breeding plan. The approach used has also been proven useful on
individuals of unknown genealogy, allowing for the identi cation of family groups and thus being
proven to be promising for the analysis of stocks of other tetraploid sturgeon species.

Keywords: acipensaeridae; aquaculture; biodiversity; conservation genetics; critically endangered;
microsatellites; parental allocation; pedigree; relatedness; stock assessment

1. Introduction

The latest IUCN (International Union for Conservation of Nature) sturgeon assessment,
released on 21 July 2022, showed a worsening of the group of species, which was already
at greatest risk of extinction in the world since 2010. Among these, the Adriatic sturgeon
(Acipenser naccariiBonaparte 1836), endemic to the North Adriatic region, showed an
opposite trend if compared to other sturgeon species. Indeed, it has had an improvement
in its reclassi cation from “Critically Endangered and possibly extinct in the wild” to
simply “Critically Endangered”. Its extinction has so far been avoided also thanks to
captive breeding programs started in 1977, just before the species almost disappeared in
nature, by transferring about 90 immature wild individuals (hereafter FO) from the Po
River to a private aquaculture plant, the Azienda Agricola V.I.P. (Orzinuovi, Brescia, Italy).
Fifty of these animals survived and reached sexual maturity after about 10 years. In 1988,
the rst successful reproduction of the species in captivity was obtained [ 1,2], paving the
way for a constant propagation effort that allowed generating more than 30 F1 stocks in
more than 30 years by crossing different FO breeders [3]. Juveniles obtained were mostly
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used for reintroduction purposes, and over 500,000 animals were released under several
independent and uncoordinated restocking programs [ 4]. Since then, occasional captures
have been reported, but up to now, very few and indirect pieces of evidence of natural
reproduction are available [ 5], and the persistence of the species in the wild still depends
on reintroduction programs and on the proper management of residual genetic diversity.

After more than 40 years from its establishment, the FO stock is now reduced to a few
individuals, which represent the only living animals of certain wild origin. Now, mature
F1s are being used for reproductions. In fact, part of the progenies from each FO cross
performed over the years has been retained in captivity as future breeders by different
public authorities as well as by the Azienda Agricola V.1.P. itself. As expected, this stock
resulted in a remarkably higher genetic diversity compared with all other stocks established
by only using a very small number of sibling groups [ 3,6,7]. In any case, all animals bred
in captivity in Italy and abroad descend directly from the FO stock, potentially easing
the genetic analysis required to reconstruct their pedigree but, nevertheless, the precise
genealogy of each individual and the consequent degree of kinship is still unknown for
most stocks. Therefore, a careful survey of all Adriatic sturgeons held in captivity in the
different plants and an exhaustive assessment of the number and size of existing family
groups are a priority to inform optimal strategies for the management of a living bank of
Adriatic sturgeon.

In fact, the future of this species now relies on the correct management of F1 stocks
with special attention to maximizing the level of genetic variation transmitted to future
generations [3], thus maintaining the highest possible level of long-term adaptive potential.
Recently, the Pan European Action Plan [8], approved by the Berne Convention and
included in the Habitats Directive of the European Community, highlighted the importance
of a coordinated effort to optimize conservation strategies, including the management of
genetic heritage. Fortunately, the owners of the above-mentioned most biodiverse stock
of this species, previously reared by the V.I.P. but currently acquired by the company
“Sturgeon Ticino”, agreed to carry out a complete genotyping of their stocks, hopefully
setting the basis for a complete genetic characterization of all A. naccariiindividuals present
in captivity. Most of these stocks are in Italy, but a few of them are in other European
countries such as Spain P]. The present work, by proposing a standardized approach
to the analyses of genetic diversity in polyploid sturgeons, reports the results of this
characterization aimed at identifying the number of family groups and their size, providing
the information for a long-term crossbreeding plan.

2. Materials and Methods
2.1. Sampling and Molecular Markers Used

In the present work, the genetic diversity of a total of 42 individuals of wild origin (FO;
20 males and 22 females) and 505 individuals of rst-generation (F1) of A. naccariiwere
analyzed through mitochondrial and nuclear markers.

For the historical 42 FO and for 418 F1 individuals born along the last 20 years in
captivity and sampled in 2011, the puri cation of genomic DNAs and a preliminary
parental allocation, which was based on sequencing of the mitochondrial control region
and genotyping of seven microsatellite loci (Table S1), were already performed [ 3].Here, the
genotype information at an additional 17 microsatellite loci (Table S1) was obtained, eight
of which (AnacB11, AnacB7 [10], Spl120 [11], AfuG132, AfuG112 [12], Anac_c15214 [L3],
AoxD161, and AoxD241 [14]; Table S1) yielded suitable information to be used in parental
allocation. These were therefore added to the previously used seven loci to provide updated
genealogy reconstructions based on 15 loci. A signi cant fraction of these 418 animals died
in an unfortunate poisoning event some years ago, but we have decided to include them in
the analyses anyway because the hundreds of thousands of animals released as juveniles
in the past came from the same crosses, and a good representation of the diversity of all
family groups generated in the last decades can facilitate genetic tagging of the recaptures.
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For the remaining 87 individuals born after 2011 that were never characterized before, all
24 microsatellite loci and mitochondrial d-Loop were aanalyzed (Table S1).

Genomic DNA was puri ed from n clips with the EuroGOLD Tissue Mini Kit (Eu-
roClone, Milan, Italy) and stored at 4 C before the ampli cation. The mitochondrial
control region was ampli ed using the ProlF-PhelR primer pair following the condi-
tions described in the original reference [ 6]. After enzymatic puri cation with ExXoSAP-
ITTm (Usb), sequencing reactions were performed availing the Applied Biosystem Au-
tomatic Sequencer at the Euro ns Genomics sequencing service (Ebersberg, Germany,
https://euro nsgenomics.eu/ , accessed on 13 September 2022), and chromatograms were
analyzed with MEGAX software [ 15]. For microsatellite analyses, the seven loci previously
used were ampli ed in single PCR reactions and then assembled for genotyping (Multiplex
MO in Table S1) following the same protocols used during past genetic characterization of
the same stock [3]. The panel of 17 new loci was ampli ed in two multiplex reactions, M1
and M2 (Table S1), using the Multiplex PCR Master Mix (QIAGEN); the thermal pro le
was 15°at 95 C, 35 cycles of 38%t 94 C,90P%t 60 C,6(°%t 72 C, and 30°at60 C. Locus
Afug113 was ampli ed in single touchdown PCR reaction and then assembled in M1; loci
AoxD241, Afugl12, and AnacB7 were also individually ampli ed and assembled to M2.
Further information about loci used (e.g., primer sequences, size ranges, multiplexing,
locus-speci ¢ thermal pro les, original references) are detailed in Table S1.

PCR products were genotyped at the BMR Genomics (external service, Padova, Italy,
https://www.bmr-genomics.it/  , accessed on 13 September 2022), and allele scoring was
performed using GENEMARKER software version 1.95 (SoftGenetics LLS, State College,
PA, USA).

2.2. Parental Allocation Analysis

For a total of 505 individuals successfully genotyped, parental allocation was carried
out to reconstruct genealogy and identify full sibs or half sibs. The nal microsatellite
panel included 15 loci selected among the 24 genotyped. Besides the seven old loci already
used in the past and also included in the hereafter analyses, nine loci of the new panel
of 17 were nally not included (Table S1) in the parental allocation for different reasons:
(i) the loci 2589, Anac_c14336, and Spl168 showed a number of alleles greater than four
in many individuals, suggesting duplication of the analyzed region or unreduced ploidy;,
and in any case were not suitable for one of the parental allocation procedures used;
(i) loci Anac_c3133, Afug113, Afug4l, and Spl-163 showed discordances between the
genotypes obtained in multiplex and in single ampli cation; and (iii) the loci Anac_c12159
and Anac_c6784 presented an electropherogram dif cult to interpret in part of the animals
and were prone to bias in allele scoring. The recovery of these discarded loci would have
required further ne-tuning and single-locus ampli cation on many animals, but given the
good informative power of the retained loci, it was considered not necessary.

Given the tetraploid genome of the Adriatic sturgeon, the inference of the real geno-
type at a certain locus is not always possible, and the allelic frequencies can only be
estimated; therefore, parental allocation analyses were implemented by using the software
BreedingSturgeonspeci cally developed for tetraploid sturgeon species [ 3]. Two different
algorithms are followed: the standard band-sharing measure and a weighted estimation
of segregating alleles from different possible parent pairs and putative offspring. The
rst and simpler one compares the alleles observed in the multi-locus pro le of each F1
individuals with the ones of all possible pairwise combinations of breeders (one male and
one female). If all the F1 alleles are present in a breeders' pair, the parental compatibility
is accepted, or otherwise is rejected. This rst method, however, does not check for the
satisfaction of Mendelian segregation, which is on the contrary assessed by the second
approach in which for the three individuals under comparison (the two possible breeders
and the F1 to be allocated), all possible tetraploid genotypes are inferred from the allele
pro les at each locus and the inheritance of two alleles from each parent at all loci is veri ed.
Breeders' pairs that at each locus equally contribute to the generation of the F1 pro le are
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considered totally compatible with an allocation score of 1. This second approach may
also accept the possibility of scoring errors or segregation anomalies tolerating up to two
loci with imperfect inheritance. On the basis of the number of anomalies at these two loci,
an allocation score is accordingly calculated and accepted above a threshold of 0.866 B].
Accepting discrepancies at a small fraction of loci, the software indirectly accepts allocations
of those F1 that show (at those loci) alleles absent in the pro le of the parent pair (a scenario
which is not tolerate by the rst method). However, in these cases the compatibility score is
decreased. The two methods were both used, and the results were compared.

Finally, the mitochondrial haplotype of the identi ed mother was compared with the
mitochondrial haplotype of the associated offspring to verify its concordance.

2.3. Analyses and Visualization of Pairwise Genetic Distances

Brotherhood among F1 animals can be inferred through parental allocation to the
same parent pairs when parents are available; on the contrary, when they are not, alterna-
tive methods are needed. With the aim of testing an alternative empirical approach, we
performed an estimation of pairwise genetic distances among all F1 animals, assuming that
the more related are two genomes the lower is their genetic distance. Due to the tetraploid
condition that precludes the possibility of assessing the exact allele dosage, we used the
presence/absence information of the different alleles to estimate Sgrensen's distances [L6]
with the R package “Ade4” [ 17]. Pairwise distances were then visualized through multi-
dimensional scaling performed with R package “ggplot2” [ 18]. Groups composed of three
or more individuals of known relatedness were analyzed to validate the reliability of the
approach, before applying it on animals with unknown genealogies.

3. Results
3.1. Pedigree Reconstruction

All 505 animals were successfully analyzed at 15 loci, and 357 of which, 216 still alive,
were unambiguously allocated to their parental pair, identifying a total of 29 family groups
(Tables1 and S2).
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Table 1. Resun®? of family groups identi ed with parental allocation analysis based on 15 microsatel-
lite loci. For each family group, the parent pair, the total number of allocated animals, and the number
of survived ones (in brackets) are reported as well as the maternal mitochondrial haplotype. The
families 08 and 11 are composed of F1 animals carrying the mitochondrial haplotypes 5 or 7, and in
some cases, animals showed heteroplasmy with both the mitochondrial variants. This was due to the
heteroplasmic condition of the shared FO female. Further details for each individual analyzed are

reported in Table S2.

Family Parental Pair N F; Tot mtDNA Family Parental Pair N F; Tot mtDNA
Group (Alive) Haplotype Group (Alive) Haplotype
01 Pelvienne (F) NaccS18 (M) 14 (5) 2 17 NaccS8 (F) 740 (M) 21 (14) 2
02 NaccS8 (F) Matto (M) 9(6) 2 18 NaccS3 (F) Matto (M) 5(1) 3
03 NaccS7 (F) NaccS6 (M) 12 (12) 3 19 NaccS33 (F) 740 (M) 4(2) 3
04 NaccS8 (F) NaccS31 (M) 17 (15) 2 20 NaccS7 (F) VerdeBis (M) 2(1) 3
05 NaccS33 (F) NaccS11 (M) 10 (4) 3 21 NaccS12 (F) NaccS17 (M) 1(1) 2
06 02 (F) Matto (M) 12 (9) 5 22 Indecisa (U) Matto (M) 2(2) 2
o7 NaccS26 (F) NaccS29 (M) 27 (18) 5 23 Indecisa (U) AnS11 (M) 1(2) 2
08 NaccS19 (F) NaccS17 (M) 18 (17) 5/7 24 NaccS12 (F) Matto (M) 1(0) 2
09 NaccS28 (F) NaccS17 (M) 51 (30) 3 25 Naccs3 (F)-Naccs29 (M) 1(0) 3
10 NaccS16 (F) NaccS23 (M) 39 (15) 3 26 NaccS16 (F) 740 (M) 1(1) 3
11 NaccS19 (F) NaccS31 (M) 30 (21) 5/7 27 NaccS16 (F) NaccS29 (M) 1(1) 3
12 NaccS16 (F) NaccS30 (M) 13 (2) 3 28 Naccs8 (F)-Naccs11 (M) 6 (6) 2
13 NaccS33 (F) NaccS9 (M) 17 (12) 3 29 Pelvienne (F)-Naccs23 (M) 3(3) 2
14 NaccS8 (F) NaccS17 (M) 8(8) 2 30 Non-allocated 141 (108)

15 NaccS12 (F) NaccS27 (M) 10(3) 2 31 Multi-allocated 7(7)
16 NaccS3 (F) 740 (M) 21 (6) 3

Of these, 26 con rm the previous allocation, even increasing the number of loci from
7 [3] to 15, further supporting past results. The only exceptions are ve animals of the
familiar groups 09, 18, and 25, which, compared to their past allocation, are now assigned to
the same dam but to a different sire (Table S2). In these cases, the compatibility index of the
previously selected parent pair decreased below the threshold due to some incompatibilities
in the newly genotyped loci, and the compatibility index of the new parent pair increased as
alleles at all newly genotyped loci resulted in being compatible. This is somewhat expected
in re-analyzing relatedness and reconstructing pedigree information by adding loci.

The remnant two family groups (28 and 29, in Table 1) were never identi ed previously,
even though the respective FO individuals involved were already represented in other
familiar groups. Unfortunately, the size of families, already small in some cases, was further
reduced after poisoning, resulting in two family groups completely lost and 11 composed
of three or less individuals, at least in the Storione Ticino Stock.

Seven individuals remained multi-allocated (compatible with more than one parent
pair), indicating that, although the allocation power is expected to increase by adding eight
new loci, in some cases it may still not be suf cient.

Finally, 141 A. naccariiwere not allocated, probably because progeny of one or both
parents died before our rst sampling occurred in 2004.

The contribution of the different breeders to the F1 stock was strongly unbalanced,
with only four breeders contributing to than 40% of the still alive F1, and some other
breeders with no progeny at all or very few F1 in this stock (Figure 1). Out of the 26 wild

breeders (14 males out of 20 and 12 females out of 22) that were successfully reproduced
in the past and for which at least one F1 is still available, 9 and 15 were, respectively, the
parents of about 50% and 70% of the stock. Approximately the same percentages were
valid for both the total and the alive stocks.
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Figure 1. Contribution of the different FO breeders to the F1 generation. For each breeder reproduced
in the past, the total number of F1 in the analyzed stock and the ones still alive are reported (created
with Biorender.com, accessed on 13 September 2022).

3.2. Multi-Dimensional Scaling and Relatedness Inference

MDS analysis (Figure 2) was performed to visualize pairwise genetic distances among
individuals belonging to F1 families with at least three animals. For a simple matter of
clarity, individuals were separately analyzed according to their mitochondrial haplotypes,
and the results were reported in three different panels (Figure 2a—c). The graph with the
simultaneous analysis of all individuals is reported in Figure S1 of the Supplementary Ma-
terials. Individuals with haplotypes 5 and 7 were grouped, as haplotype 7 was sporadically
observed mainly in heteroplasmy with haplotype 5.

In general, the MDS graphical representations were concordant with the results of
parental allocations, and animals allocated to the same parental pair formed clear groups
of similarity. Families sharing one parent (half-sibs) also tended to cluster together, such
as families 02, 14, and 28 (Figure2a); families 10 and 12 (Figure 2b); families 05, 13, and
19 (Figure 2b); and families 08 and 11 (Figure 2c). However, when a second run of the
same analysis was performed, considering separately each of these cluster of half-sibs, the
underlying families became better distinguishable, as in the example reported in Figure 2d
in which families 10 and 12, overlapping when analyzed with all individuals with haplotype
3 (Figure 2b), were clearly separated; moreover, the two fathers and the common mother of
these families took a coherent position in the graph.

The results of the same approach used on animals of unknown genealogy, after
having grouped them according to the mitochondrial haplotype, are shown in Figure  2e,f.
Although it is not possible to verify the results using paternity analyzes for these individuals
where the parents are unknown, it is evident that there are groups of similarities, probably
consisting of groups of siblings or half-siblings.
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Figure 2. Results of MDS analyses performed on pairwise Sgrensen's distance matrix among FO and
F1 with mitochondrial haplotype 2 ( a); FO and F1 with mitochondrial haplotype 3 ( b) and FO and
mitochondrial haplotypes 5 and 7 ( ¢). Individuals of two half-sib family groups (10 and 12), that in
the rst run were not distinguishable, were included in a second run, excluding all other F1s to show
the usefulness of a hierarchical approach in also distinguishing related families; the common dam
and the sires of the two families are also highlighted ( d). The same approach was used on animals
for which the parental information was not available, having mitochondrial haplotype 2 and 3 (),
respectively. In all gures, full and empty circles represent alive and dead animals, respectively
(created with Biorender.com, accessed on 13 September 2022). NA = non-allocated.

4, Discussion

This genetic characterization allowed for the deepening of the research already con-
ducted in the past with a lower number of loci and extended it to all mature individuals
reared at the Storione Ticino farm that had never been characterized before. To our knowl-
edge, this is the most complete genetic characterization performed so far on a captive stock
of a sturgeon species, with the aim of planning an informed production of juveniles to be
released into the wild.

The stock of the Storione Ticino farm con rmed the presence of a signi cant degree
of genetic diversity when compared to other F1 A. naccariistocks [7]. Even if 29 families
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were apparently low on the basis of the theoretically maximum possible number of families
obtainable from 20 FO males and 22 FO females, the fact that 26 out of 42 adults were
reproduced in the past testi es a careful commitment in differentiating the breeders used,
in an attempt to maximize residual genetic diversity. It should also be considered that
some of the animals never became available for reproduction. Moreover, given that for
141 F1 individuals, no pairs of FO parents were found to be compatible, we can reasonably
assume that additional breeders were used in the past to generate these families and
died before our sample collection, leaving their genetic heritage in their progenies and
making them bearers of added value in terms of biodiversity. Unfortunately, some of
the family groups were composed of very few individuals, and in some cases by a single
animal. This represents a serious problem, rstly because one single individual is not
representative of the genetic diversity of their parents, and second because not all animals
become available for reproduction, especially females that in this species ovulate every
two, three, or sometimes more years [19], and the probability of permanently losing these
genetic lines is relevant [3]. This highlights the relevance of saving an adequate number of
animals from each crossing and the importance of distributing the animals of the different
genealogical lines in different plants to decrease the probability of disappearance due
to accidental events [8]. As already mentioned, however, there are other stocks of A.
naccarii[9], all descendants of the FO stock analyzed in this study. There is, therefore, hope
that representatives of some under- or non-represented families are present elsewhere. In
any case, individuals belonging to these residual families should be considered a priority
in planning future crossings.

The information provided here can be used to select the breeders to pair as well as to
perform genetic allocations to parents of origin. For this reason, we decided to also perform
the characterization on the 170 animals already dead due to an accidental poisoning [ 3] as
they might have been used to generate ngerlings released in the wild. Moreover, since
part of the animals of the analyzed broodstock were used to produce commercial caviar,
the method proposed could also be suitable to certify the origin of products in trade.

The fact that full- and half-sibs are often not completely distinguishable is somewhat
expected as the average distance within a family depends on the similarity of the two
parents, which can signi cantly vary across families. This implies that, if the method
is applied to identify groups of relatedness in stock for which parents are not available,
distinguishing full- from half-sibs may be dif cult. However, in these cases, we have shown
that a second MDS run, performed only on individuals identi ed as somehow related in
the rstrun, can provide a ner resolution. In any case, whatever the degree of kinship,
their genetic proximity suggests not to use individuals of the same group as reproductive
partners. In the present paper, the MDS representation was applied to animals with the
same haplotypes, allowing for the detection of full sibs and maternal half-sibs (sharing the
same mother). In doing this, however, paternal half-sibs (sharing the same father) would
not be detected if the two mothers had different mitochondrial haplotypes. These kinds of
full sibs could be identi ed only if all animals were simultaneously analyzed. This was
not our case, as the MDS analyses of all animals did not allow for the identi cation of
multi-haplotype clusters (Figure S1). This limit was possibly due to the high number of
families present in the stock and the consequent homogeneous distribution of pairwise
Sgrensen's distances. In any case, we suggest a preliminary overall analysis that, in the
case of stocks descending from a low number of parents, could also allow for the detection
of paternal half-sibs.

The availability of the FO generation, besides facilitating the analyses of relatedness,
allowed for validation of the alternative approach on the basis of the presence/absence of
the different alleles, which is especially useful in the case of tetraploid species in which it is
not possible to infer the exact genotype [6].

Having at our disposal the genotypes of most of the wild founders, the analysis of the
relatedness among F1 was much easier than for stocks whose origin is unknown; however,
the reliability of the method used here in identifying the groups of relatedness, even in the
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case of the not-allocated animals, makes it particularly useful for the analysis of all sturgeon
stocks whose composition is unknown. In particular, the approach adopted here is useful
for sturgeon species with a high degree of ploidy, for which standard approaches based on
the knowledge of the genotype cannot be used. In fact, in polyploid genomes, even markers
that in diploids are considered co-dominant, such as microsatellites or single-nucleotide
polymorphisms (SNPs), do not allow for a precise inference of the genotype, forcing the use
of phenotypic information of the presence/absence of the different alleles. This approach
could be very useful for all polyploid species on the brink of extinction in nature but for
which signi cant captive stocks are available, and thus a careful assessment of purity and
relatedness is required in order to inform restocking measures. For example, this was
the case for the Dabry sturgeon (Acipenser dabryanyum?2ril, 1869), recently assessed by
IUCN (2022) as extinct in the wild, or of the Chinese sturgeon ( Acipenser sinensisGray,
1835), for which very few wild breeders survive [ 20].

The different genetic characterizations carried out on this species have shown that the
genome of A. naccarii as well as probably of all the other sturgeon species, has a variable
level of ploidy. In fact, in addition to the loci here analyzed, which were selected for the
presence of a maximum of four alleles for individuals (indicating a probable tetraploidy),
loci with a higher number of alleles were observed [ 13]. This can be explained by the
presence of duplicate regions or as a trace of an ancestral genomic duplication [21]. Recently,
it was also observed that in A. naccarii some loci follow a disomic segregation modality [ 27,
indicative of a further differentiation of the chromosomes towards a diploid condition[  23].
In summary, the coexistence of different ploidy levels in different regions of the genome
makes the development of analytical methods for sturgeon species belonging to the group
with 240 chromosomes challenging [21]. Relying on “phenotypic” data, therefore, remains
the preferred approach for these of animals, as recently demonstrated also on the Chinese
sturgeon (A. sinensi3 [20].

5. Conclusions

Genetic erosion is inevitable in ex situ maintenance of a limited number of animals,
but it could be mitigated by including animals coming from other stocks and planning
crosses on the basis of accurate pedigree reconstructions§]. In Europe, mainly in ltaly
and Spain [9], several stocks of A. naccariiexist, both public and private, which, even if all
descending from the original FO stock and generally made up of a small number of family
groups, could have accidentally kept rare genetic lines, which should be reproduced with
priority. The very recent publication of the new assessment of sturgeons and paddle sh
by the IUCN denounces a serious deterioration in the conservation status of most of the
populations and indicates the urgency of establishing genetically certi ed ex situ stocks.
Thus, we claim the urgency of characterizing all existing captive stocks of A. naccarii
considering them as a unique meta-stock, reared in different plants, on which a breeding
program is designed that contemplates the informed exchange of individuals or gametes
between the different farms. The approach proposed does not require any preliminary
information and can be applied to all the various polyploid sturgeon species for which
conservation relies on the maintenance and reproduction of ex situ stocks.

Supplementary Materials: The following supporting information can be downloaded at https:
[lwww.mdpi.com/article/10.3390/d14100829/s1  , Figure S1: MDS performed on pairwise Sgrensen's
distance matrix among all 505 F1 animals colored according to their mitochondrial haplotype. Table
S1: Details about all microsatellite loci analyzed in the present study [ 24,25]. Table S2: Pedigree
information for each individual analyzed in the present study.

Author Contributions:  Conceptualization, L.C. and E.B.; methodology, L.C. and E.B.; validation, F.B.,
S.D.P. and E.B.; formal analysis, F.B. and S.D.P.; investigation, F.B., S.D.P., C.S. and E.B.; software, L.S.;
writing—original draft preparation, F.B.; writing—review and editing, E.B. and L.C.; supervision,

E.B., G.C. and L.C.; project administration, L.C.; funding acquisition, L.C. All authors have read and
agreed to the published version of the manuscript.



Diversity 2022 14, 829 100f11

Funding: This research was funded by the National Biodiversity Future Centre (NBFC funded by
the Italian Ministry of University and Research, PNRR, Missione 4 Componente 2, “Dalla ricerca
allimpresa”, Investimento 1.4, Project CNO0000033).

Institutional Review Board Statement:  The animal study protocol was approved by the Institutional
Ethics Committee of the University of Padova (OPBA) (protocol code 421922 of 14 October 2020).

Data Availability Statement:  Not applicable.

Acknowledgments: We thank the Storione Ticino farm for providing samples, as well as the Giovan-
nini family for their 50-year-long engagement in the conservation of the Adriatic sturgeon and for
having conducted their activity under constant interaction with researchers in different disciplines.

Conicts of Interest: The authors declare no con ict of interest.

References

1.  Arlati, G.; Bronzi, P.; Colombo, L.; Giovannini, G. Induzione della riproduzione nello storione italiano (  Acipenser naccajjiiallevato
in cattivit . Riv. Ital. Acquacol.1988 23, 94-96.

2. Giovannini, G.; Colombo, L.; Bronzi, P.; Arlati, G. Growth of hatchery-produced juveniles of Italian sturgeon, Acipenser naccarii
Bonaparte, reared intensively in fresh water. In Acipensey Cemagref Publication: Bordeaux, France, 1991; pp. 401-404.

3. Boscari, E.; Pujolar, J.M.; Dupanloup, |.; Corradin, R.; Congiu, L. Captive breeding programs based on family groups in polyploid
sturgeons. PLoS ONE2014 9, e110951. CrossRef

4. Arlati, G.; Poliakova, L. Restoration of Adriatic Sturgeon ( Acipenser naccaijiiin Italy: Situation and Perspectives. In Biology,
Conservation and Sustainable Development of Sturge@asmona, R., Garéa-Gallego, M., Ruiz-Rejan, M., Eds.; Springer: Dordrecht,
The Netherlands, 2009; Volume 14, pp. 237-238.

5. Congiu, L.; Boscari, E.; Pagani, S.; Gazzola, M.; Bronzi, P. Resumption of natural reproduction of the Adriatic sturgeon in the
River Po. Oryx 2021 55, 816. [CrossRef

6. Congiu, L.; Pujolar, J.M.; Forlani, A.; Cenadelli, S.; Dupanloup, |.; Barbisan, F.; Galli, A.; Fontana, F. Managing polyploidy in ex
situ conservation genetics: The case of the critically endangered Adriatic sturgeon ( Acipenser naccai PLoS ONE2011, 6, €18249.
[CrossRef

7. Boscari, E.; Congiu, L. The need for genetic support in restocking activities and ex situ conservation programmes: The case of the
Adriatic sturgeon ( Acipenser naccariBonaparte, 1836) in the Ticino River Park. J. Appl. Ichthyol.2014 30, 1416-1422. CrossRef

8.  World Sturgeon Conservation Society; WWF. Pan-European Action Plan for Sturgeons. In Proceedings of the Convention on
the Conservation of European Wildlife and Natural Habitats Standing Committee: 38th Meeting, Strasbourg, France, 27-30
November 2018.

9. Cabrera-Castro, R.; Zabal, C.; Soriguer, M.C.; Domezain, A.; Hernando, J.A. Morphological development in the rst phase of
Adriatic sturgeon Acipenser naccariinder controlled conditions. J. Fish Biol2018 92, 1956-1974. CrossRef

10. Forlani, A.; Fontana, F.; Congiu, L. Isolation of microsatellite loci from the endemic and endangered Adriatic sturgeon ( Acipenser
naccari). Conserv. GeneR007, 9, 461-463. CrossRef

11. McQuown, E.C.; Sloss, B.L.; Sheehan, R.J.; Rodzen, J.; Tranah, G.J.; May, B. Microsatellite analysis of genetic variation in sturgeon:
New primer sequences for Scaphirhynchuand Acipenser Trans. Am. Fish. So200Q 129 1380-1388. CrossRef

12. Welsh, A.B.; Blumberg, M.; May, B. Identi cation of microsatellite loci in lake sturgeon, Acipenser fulvescenand their variability
in green sturgeon, A. medirostris Mol. Ecol. Note2003 3, 47-55. CrossRef

13. Boscari, E.; Vidotto, M.; Martini, D.; Papetti, C.; Ogden, R.; Congiu, L. Microsatellites from the genome and the transcriptome
of the tetraploid Adriatic sturgeon, Acipenser naccarijBonaparte, 1836) and cross-species applicability to the diploid beluga
sturgeon, Huso husqLinnaeus, 1758).J. Appl. Ichthyol.2015 31, 977-983. CrossRef

14. Henderson-Arzapalo, A.; King, T.L. Novel microsatellite markers for Atlantic sturgeon ( Acipenser oxyrinchuspopulation
delineation and broodstock management. Mol. Ecol. Note2022 2, 437—-439. CrossRel

15. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol.2018 35, 1547. CrossRel

16. Sarensen, T. A Method of Establishing Groups of Equal Amplitude in Plant Sociology Based on Similarity of Species Content and
Its Application to Analyses of the Vegetation on Danish Commons. Biol. Skr. K. Dan. Vidensk. Selsk948 5, 1-34.

17. Thioulouse, J.; Dray, S.; Dufour, A.-B.; Siberchicot, A.; Jombart, T.; Pavoine, SMultivariate Analysis of Ecological Data with adg4
Springer: New York, NY, USA, 2018. [CrossRef

18. Wickham, H. ggplot2: Elegant Graphics for Data AnalysiSpringer: New York, NY, USA, 2016; Available online: https://ggplot2
tidyverse.org (accessed on 5 September 2020)ISBN 978-3-319-24277-4.

19. Tortonese, E. Acipenser naccarii (Bonaparte, 1836). InThe Freshwater Fishes of Eurpptlcik, J., Ed.; AULA_Verlag: Wiesbaden,
Germany, 1989; pp. 286—293.

20. Boscari, E.; Wu, J.; Jiang, T.; Zhang, S.; Cattelan, S.; Wang, C.; Du, H.; Li, C.; Li, J.; Ruan, R.; et al. The last giants of the Yangtze

River: A multidisciplinary picture of what remains of the endemic Chinese sturgeon.  Sci. Total Environ. 2022 843 157011.
[CrossRef



Diversity 2022 14, 829 110f 11

21.

22.

23.

24,

25.

Fontana, F.; Congiu, L.; Mudrak, V.A.; Quattro, J.M.; Smith, T.I.; Ware, K.; Doroshoy, S.I. Evidence of hexaploid karyotype in
shortnose sturgeon. Genome2008 51, 113-119. CrossRel]

Palle, S.D.; Boscari, E.; Bordignon, S.G.; Mufioz-Mora, V.H.; Bertorelle, G.; Congiu, L. Different chromosome segregation patterns
coexist in the tetraploid Adriatic sturgeon Acipenser naccariiDiversity 2022 14, 745. [CrossRef

Stift, M.; Berenos, C.; Kuperus, P.; Van Tienderen, P.H. Segregation models for disomic, tetrasomic and intermediate inheritance in
tetraploids: A general procedure applied to Rorippa (yellow cress) microsatellite data. Genetic2008 179, 2113-2123. CrossRel
[PubMed]

May, B.; Krueger, C.C.; Kincaid, H.L. Genetic variation at microsatellite loci in sturgeon: Primer sequence homology in Acipenser
and Scaphirhynchus. Can. J. Fish. Aquat. Scl997, 54, 1542-1547. CrossRef

Zane, L.; Patarnello, T.; Ludwig, A.; Fontana, F.; Congiu, L. Isolation and characterization of microsatellites in the Adri-atic
sturgeon (Acipenser naccaiii Mol. Ecol. Note2022 2, 586-588. CrossRef



$11(; &



Science of the Total Environment 843 (2022) 157011

Contents lists available atScienceDirect

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

The last giants of the Yangtze River: A multidisciplinary picture of what R

Check for

remains of the endemic Chinese sturgeon

Elisa Boscarf"*, Jinming Wu

a1 Tao Jiang®, Shuhuan Zhang”, Silvia Cattelan®, Chengyou Wang?, Hao Du?,

Chuangju Li?, Junyi Li 2, Rui Ruan?, Junmin Xu ©, Yueping Zheng', Stefano Dalle Palle®, Jian Yang®?,
Leonardo Congiu® %, Qiwei Wei %2

2 Key Laboratory of Freshwater Biodiversity Conservation, Ministry of Agriculture and Rufair&bf China, Yangtze River Fisheries Research Institute, Chinese Academy of Fishery

Sciences, Wuhan 430223, China

b Ecology Research Unit, Department of Biology, University of Padua, Padova 35131, Italy
¢ Key Laboratory of Fishery Ecological Environment Assessment and Resource Conservation iarlditidieer Reaches of the Yangtze River, Freshwater Fisheries Research Center,

Chinese Academy of Fishery Sciences, Wuxi City,

Jiangsu Province 214081, China

9 Guizhou University of Traditional Chinese Medicine, Guiyang 550025, China
¢ Shenzhen Key Lab of Marine Genomics, Guangdong Provincial Key Lab of Molecular Breedingie Etamnomic Animals, BGI Academy of Marine Sciences, BGI Marine, BGI,

Shenzhen 518083, China

" Shanghai Aquatic Wildlife Conservation and Research Center, Chongming, Shanghai 2@ina

HIGHLIGHTS

The Chinese sturgeon, endemic of the
Yangtze River, is on the verge of extinction.
Large dams on the Yangtze River have
degraded spawning ground habitats.
Microchemical analyzes indicate a proba-
ble shifting of the reproductive sites.
Genetic analyzes made it possible to esti-
mate the number of remaining breeders.
Environmental restoration and ex-situ

species management are urgently needed.

ARTICLE INFO

Editor: Sergi Sabater

Keywords:

Acipenser sinensissidual population
Elemental analyses, genetic analyses
Gezhouba dam

Three-Georges dam

Yangtze River

GRAPHICAL ABSTRACT

ABSTRACT

The Chinese sturgeon, an important endemism of the Yangtze River, belongs t&the most critically endangered group
of species worldwide, with over shing and habitat destruction being the main drivers towards extinction. Newly
obtained microchemical comparisons between animals and water from different river locations revealed a probable
shifting of the spawning ground few kilometers downstream compared to the only previously known site, located
under the Gezhouba Dam. This offers a glimmer of hope for an adaptive response to habitat perturbation caused by
the recently built Three Gorges dam on the Yangtze River. On the other hand, genetic data provide an estimate of
about 20 breeders participating in the only signi  cant breeding event of the past 10 years. This warns of a near species
extinction forecast if no in situ and ex situ conservation efforts occur promptly. Given these results we propose a list of
priority conservation actions that urgently need to be promoted, supported, and put into practi ce.

Corresponding author at: University of Padova, Department of Biology, Via Ugo Bassi 58b, Padova, Itty.
E-mail addressieonardo.congiu@unipd.it (L. Congiu).

1 Equal contribution

2 Equal contribution to the supervision of the work and corresponding authors for elemental analyses (JY), Genetic analyses (LC) and Chinese sturgeon conservation (QW).

http://dx.doi.org/10.1016/j.scitotenv.2022.157011
Received 10 May 2022; Received in revised form 9 June 2022; Accepted 23 June 2022

Available online 27 June 2022

0048-9697/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the C BY-NC-ND licenselfttp://creativecommons.org/licenses/by-nc-nd/4.

or).



E. Boscari et al.

1. Introduction

Worldwide, more than 58.000 large dams (ICOLD, 2017) and several
millions of smaller ones (Couto and Olden, 2018; Lehner et al., 2011)
severely impact river habitats by disrupting sediment and nutrient trans-
port, altering ow regimes and river bottoms, with potential effects on
demography, migrations, reproductive patterns, and habitat use of local

sh species Thieme etal., 2021). Drawing an exhaustive picture of impacts
of these structures on resident species is often not possible by direct obser-
vations, especially in the case of very rare and elusive species for which the
size of the residual population and the habitat use patterns are dif cult to
unravel. Therefore, assessing the impact of damming on local species can
bene t from indirect and multidisciplinary approaches. Among these, the
evaluation of microchemical composition in  sh hard tissues proved to be
an informative technique to elucidate habitat uses at different animals
ages (eitosa et al., 2020). In this context, we try to couple genetic and
microchemical approaches to evaluate the impact of damming on animper-
iled sturgeon species as a case study.

Sturgeons and paddle sh are species among the most heavily impacted
by over shing and anthropogenic habitat destruction, all drivers that push
them to the brink of extinction (International Union for Conservation of
Nature - [IUCN, www.iucnredlist.org ; He et al., 2017). Despite worldwide
legal protection and their listing under the Convention on International
Trade in Endangered Species (CITES) agreement since 1998, the lucrative
and illegal business trade of sturgeon meat and caviar has continued to
deplete wild stocks (Pikitch et al., 2005). Meanwhile, hydroelectric dams
and other development projects in the proximity of rivers have led to the
destruction of spawning areas and to the blockade of migration routes
(He et al., 2017).

Extremely critical is the situation in the Yangtze River (China), the
world's third longest river, which is spanned by the largest hydroelectric
dams (the Gezhouba Dam [GD], completed in 1981, and the Three-
Georges Dam [TGD], in 2003; (Huang, 2019)). Prior to the dams'
construction, the Yangtze was inhabited by the three most important
endemic exponents of the Chinese sh fauna: two sturgeon species, the
Yangtze or Dabry sturgeon @Acipenser dabryangsind the Chinese sturgeon
(A. sinensi} and the Chinese Paddle sh (Psephurus gladiyisand their distri-
bution range extended over 3000 km (Wei et al., 1997) in river length. After
damming, the habitat stability was heavily perturbated; the dams cut off
almost all known spawning sites for sturgeon species Fig. 1A; Wu et al.,
2017a, 2017b) and in uenced the seasonal uctuations in downstream
water temperatures (Huang, 2019). Also, morphological features of
the river bottom such as hardness, roughness and embeddedness which
are important in shaping suitable spawning grounds and in providing the
larvae with adequate hiding place after hatching (Huang, 2019), were
signi cantly modi ed by the hydrological alteration, possibly causing the
loss or the positional changes of breeding sites Du et al., 2015). The
dramatic loss of suitable hydro-ecological conditions for spawning strongly
reduced the reproductive activity negatively affecting the recruitment and
leading to a worsening of the general conservation status of these species
to ‘Critically Endangered’ (Zhang et al., 2013, 2016; Zhou et al., 2014).
Based on the consequent decrease of animal sightingdjuang and Wang
(2018) predict, based on in silico simulations, a possible species extinction
in less than 20 years. Recently, after the declaration of the extinction of the
Chinese Paddle sh (Zhang et al., 2020), global attention has turned to the
other two remaining species whose recovery needs urgent interventions.

Data about reproduction events of the Chinese sturgeon after 1981 of -
cially recorded a ‘new’ spawning ground located just below the Gezhouba
Dam, along a river stretch of 5 km (Fig. 1A; Wei, 2020). However, despite
this, the number of mature animals that reach this ‘new’ spawning site
dropped off from about 2000 in the early 1980s to less than 100/year in
2013-2017 (Wu et al., 2015). No spawning was recorded between 2013
and 2015, although a few dozen adults were sighted in that period (Wu
et al., 2017a, 2017b; Zhang et al., 2016). In this context, providing data
on the residual effective number of breeders and on their genetic make-
up is crucial.
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From April and August 2015, unexpectedly, more than 3000 juveniles
were recorded in the Yangtze estuary potentially representing the most
relevant signal of spawning in 10 years, which is also the last one recorded
so far. Their smaller size (approximately 10 cm measured in May) com-
pared with what has usually been observed in the past in the same area
(12-15 cm) of obligate passage during the downstream migration to the
sea, led previous authors to hypothesize the presence of a different
spawning location, likely closest to the estuary (Wu et al., 2015; Zhang
etal.,, 2016).

Also considering the high degradation of the only remnant ‘new’
spawning site, to shed light on this hypothesis and to estimate the number
of remaining breeders of the ‘Critically Endangered’ Chinese sturgeon, we
analysed a population sample of the above stock of juveniles. Using an
integrated approach of genetic and elemental analyses, we hypothesized a
possible ongoing process of adaptation in response to habitat destruction
and provided a quantitative estimation of the status of the species. The ele-
mental signature of pectoral ns, known to effectively provide life-history
information on individual  sh (Clarke et al., 2007), provided information
useful for the location of a new reproductive site never used previously,
while genetic analyses allowed for an accurate estimate of the number of
breeders that participated in the last known spawning.

2. Material and methods
2.1. Study site, organism and sampling

The study was conducted from April to August 2015 on the Yangtze
River Estuary, where more than 3000 juveniles of Chinese sturgeon have
been caught after years of unobserved spawning activity. We focused on
the estuary region mainly because it is the only way forward to reach the
sea for this anadromous species. Moreover, the estuary represents an impor-
tant feeding ground for juveniles that, based on data from past spawns, stay
there for a few months between April and August before dispersing into the
sea. Thus, the annual monitoring of the estuary, performed by using tidal
nets, represents the best chance to sight animals generated by spawning
the previous winter.Most juveniles were released back to the river immedi-
ately after capture. Only for 400 randomly selected specimens we collected
a n clip and performed genetic analyses to infer relatedness and estimate
the possible number of adult spawners. Meanwhile, we also performed an
elemental analysis on pectoral nray samples from a subgroup of 179 indi-
viduals randomly selected. The processing of nray samples followed Jiang
et al. (2016). A laboratory experiment was performed to characterize the
relationship between water and sturgeon n ray (Phelps et al., 2012).
Firstly, the elemental compositions of the sh were compared with data ob-
tained from  ve cultured individuals (L6APAS) collected from the Yangtze
River Fisheries Research Institute in Jinzhou and with a few juveniles
(Zhuang et al., 2016) collected in the Yangtze (15CMAS) to con rm the
wild origin of the sighted juveniles (15CMAS June —July-August). Secondly,
the elemental data from cultural ponds were also compared with water
characteristics obtained from 27 sampling sites from different sections of
the Yangtze (Fig. 1A) to investigate the hypothesis that this species alters
its reproductive strategy in response to habitat degradation.

2.2. Elemental analysis

We performed elemental and isaopic analysis directly on n rays
by using an LA-ICPMS i.e. an NW213 laser ablation system (New Wave
Research, Fremont, USA) coupled with an Agilent 7500ce ICPMS
(Agilent Technologies, USA), as n ray microchemistry is usually pre-
ferred to otolith analysis in cartilaginous shes (Allen et al., 2018;
Phelps et al., 2012, 2017, Selheim et al., 2017). The analytical process
was based on replicated measurerants to determine for each sample
the actual limits of detection (LODs) and the relative standard devia-
tions (%RSD) (Jiang et al., 2016).

Five water samples (50 mL each) were collected from each sampling site.
Samples were ltered ( rst through 0.45- then through 0.02- m pore-size
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Fig. 1. Study area, sampling sites, and microchemistry results. A, Map of the Yangtze River and tribuaries upstream and downstream the TGD and GD (red bars). The region
where historical spawning grounds for the Chinese sturgeon were known is highlighted in green. The numbers within red circles are referred to the sampling sites interested
by the water collection for elemental analysis. 1: Zhengjiang, 2: Wuwei, 3: Anging section, 4: Poyang Lake Downstream (D), 5: Poyang Lake Maih (M), 6: Poyang Lake
Upstream (U), 7: Wuxue, 8: Huangshi, 9: Ezhou, 10: Tianxingzhou, 11: Hanjiang River D, 12: Hanjiang River Estuary (E), 13: Hanjiang River U, 14: Paizhouwan, 15:
Laowan, 16: Dongting Lake D, 17: Dongting Lake M, 18: Dongting Lake U, 19: Shishou, 20: Mayangzhou, 21: Songzi River D, 28ongzi River E, 23: Songzi River U, 24:
Qingjiang River D, 25: Qingjiang River E, 26: Qingjiang River U, 27: Gezhou Dam. Very close sampling sites are displayed by pop-up windowsThe only known site
below the dam where spawning occurred in the past corresponds to the number 27. Potential current spawningarea is highlighted in pink. B, Scatterplot of n ray
elemental ratios of Chinese sturgeon samples for wild versus cultured origin discrimination. 16APAS = cultured samples taken from the Yangtze River Fisheries Research
Institute in Jinzhou; 15CSAS = juvenile animals taken from the Changshu Section in the Yangtze; 15CMAS in June, 15CMAS in July, 15CMAS in August = juveniles
object of the study collected from the Yangtze Estuary, grouped by harvest month. Analytical standard erors were 5.4 x 10 * for Mg/Ca, 4.3 x 10  *for Mn/Ca, 8.4 x
10 © for Co/Ca, 2.4 x 10 * for Cu/Ca, 1.1 x 10 2 for Zn/Ca, 1.7 x 10 * for Sr/Ca, and 3.3 x 10 * for Ba/Ca. C, Graphical representation of elemental
concentrations to visualize the more likely origin of wild juveniles. The presence of the different elements in each site (1-27) is codi ed as the ratio between natural
water and pond water. The same approach was used to represent the elemental concentrations in the n rays, expressed as the ratio between values measured in wild
juveniles and those measured in cultured animals. Red dot = natural water elemental or juvenile n ray ratios are lower than the cultured. Green dot = natural water
elemental or juvenile n ray ratios are higher than the cultured. Yellow dot = not detected. Elemental ratios shadowed in grey are discordant with the n ray values. The
black frame identi es the more probable site of origin.

Iters) and analysed for elemental concentrations using inductively coupled elements, Ca ratios (mmol/mol). Linear Discriminant Analysis (LDA) per-
plasma mass spectrometry. A total of eight elemental concentrations were  formed by SPSS 23.0 (IBM SPSS Statistics Inc., Chicago, IL, USA) was used
estimated (Mg, Mn, Co, Cu, Zn, Sr, Ba and Ca) and converted to molar  to analyse and visualize relationships among groups of collected animals.
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2.3. Genetic analysis and deition of the number of spawners

We puri ed total genomic DNA following a salt-extraction method
(Salah and Iciar, 1997) and analysed all samples through mitochondrial
and nuclear markers to infer relatedness among samples.

The mitochondrial control region was ampli ed using the primer pair
DL-H740 and conditions reported in the original reference (Liu et al.,
2018). All successful ampli cations were puri ed (Liu et al., 2018) and
sequenced in both directions with the ABI BigDye Terminator mix followed
by electrophoresis in an ABI3730 automated sequencer (Sangon Biotech Co.,
Ltd., Shangai). Sequences wer checked and aligned by MegaX Kumar et al.,
2018), and different mtDNA haplotypes were identi ed by TCS v 1.13
(Clement et al., 2000) and graphically represented by PopArt 1.7 (Leigh
and Bryant, 2015).

All specimens were also genotyped at 10 microsatellite loci (Asi-66,034,
Asi-65,194, Asi-75,067, Asi-77,057, Asi-72,040, Asi-67,648, Asi-73,834,
Asi-70,421, Asi56700 and Asi-67,123) following recommendations
reported in the original reference (Xin et al., 2016). The locus Asi-67,123
was discarded and the nal dataset composed by 382 animals, genotyped
at nine loci, was analysed through the Discriminant Analysis of Principal
Components (DAPC;Jombart et al., 2010) implemented in the R package
‘adegenet (Jombart, 2008) to estimate the best number of genetically
differentiated clusters (K) within each haplogroup (A-L). We named each
identi ed K with a capital letter identifying the haplogroup (A-1) and a
number that refers to a differentiated sub-group within such a haplogroup
(e.9. Kaz, Kaz, Kaz, Kg1, ..., Kun). To run DAPC, microsatellite data obtained
from this polyploid species were turned into dominant data, as the exact
number of copies of each allele at each locus cannot be accurately resolved
(Boscari et al., 2014a, 2014b).

The effective degree of kinship was estimated by comparing the genetic
distances between the identi ed groups (Ky,) with simulated distributions
of expected genetic distances between groups with known degree of related-
ness (full-sibs— FS, half-sibs— HS and unrelated— UN). In this regard, we
used only the ve loci (Asi-75,067, Asi-65,194, Asi-70,421, Asi-66,034 and
Asi-56,700) that did not show any sign of possible duplication (more than
four alleles per individual genotype) and for which the mode of inheritance
(Boscari et al., 2011) had previously been veri ed by genotyping of real
familiar groups (data not shown).

We implemented the generation of multi-locus genotypes of virtual
individuals with a known degree of relatedness in ‘BreedingSturgeori, a
dedicated software program developed for pedigree reconstruction and
generation of virtual offspring in tetraploid sturgeon species (Boscari
etal., 2014a, 2014b). The software, starting from real multi-locus pro les,
generates virtual progenies as follows. Firstly, it infers all possible tet-
raploid genotypes for each ‘parental’ individual at each locus and then
generates random mating pairs by simulating gametes and randomly draw-
ing alleles according to the tetrasomic mode of inheritance (Boscari et al.,
2011). The whole procedure nally results in the generation of offspring
multi-locus pro les that are converted into allele pro les to be used in
diversity analyses. We generated 198 groups of FS with 112 virtual individ-
uals each, starting from a panel of 66 parental female and 66 parental male
multi-locus pro les. These virtual offspring pro les were pairwise
compared, resulting in 6216 comparisons between FS per each mate
(198), 396 comparisons between groups of HS (virtual individuals that
share one of the two parents) and 396 with groups of UN (virtual individ-
uals that did not share either of the parents). All obtained virtual pairwise
genetic distances were used to draw reference distributions for FS, HS
and UN, based, respectively, on 1.230.778 comparisons for FS, and
4.967.424 for HS and UN.

We compared the above simulated distributions with the average
observed band sharing (BS) within and between K, groups to estimate
kinship in the observed data. Statistical signi cance was obtained by
comparing an equal number of randomly selected comparisons within the
observed Ky, group and the three reference distributions. Thus, we counted
how many times the expected averages for the three simulated distributions
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percentage. For instance, a result of 50 % means the observed average is
exactly in the middle of the distribution of a certain category, implying
that the probability of belonging to that category is 100 %. The probability
decreases in both directions, reaching zero at the two extremities of the
distribution. We applied this reasoning to each comparison in order to
calculate the probability of belonging to the FS, HS and UN categories.
For the FS category, to obtain probability values, we multiplied the original
percentage by 2 if it was below 50 %, and if it was above 50 % the proba-
bility was necessarily xed at 100 %. For HS, we multiplied the original per-
centage by 2 if it was below 50 %, and if it was above 50 %, we subtracted
the original percentage from 100 and multiplied by 2. Finally, for UN, if the
original percentage was above 50 %, we subtracted it from 100 and multi-
plied by 2, while if it was below 50 % the probability was necessarily  xed
at 100 %. If the difference between the assignment probabilities between
two categories was lower than 10 %, the assignment was considered unre-
solved. Results of kinship assignments were represented by a heatmap
using the R function heatmap.2 (R package version 2.17.0- http://CRAN.
R-project.org/package=gplots ).

3. Results
3.1. Elemental data reveal a possible downstream shifting of spawning

For the seven elemental ratios considered, the LODs (mmol/mol) were

3.99 x 10 *(Mg/Ca), 3.45 x 10 3 (Mn/Ca), 7.14 x 10  ® (Co/Ca),
1.62x10 “(Cu/Ca),1.28x10 3(zZn/Ca), 6.84 x 10 °(Sr/Ca) and
1.96 x 10 * (Ba/Ca), and the %RDS, which re ects the analytical accu-

racy of the standard across all samples, ranged from 1.55 (Cu) to 9.05 (Mg).

A clear separation between cultured Chinese sturgeon (16APAS) and
wild Chinese sturgeon was detectable Fig. 1B). Among the 15 juveniles
(15CSAS) taken from the Changshu Section in the Yangtze, 12 appeared
to be mixed with the juveniles collected in the Estuary (15CMAS), while
the other three appeared more similar to some cultured ones (16APAS),
leading us to hypothesize that they might be released animals.

Our microchemistry results clearly show that there would be little
possibility for the hatch/spawning ground to be located downstream from
the Qingjiang River (Sites n. 24-26 in Fig. 1A and C). In particular, the
Co/Ca ratio shows signi cant variation among sites and, in combination
with Mn, Cu, Zn and Sr/Ca ratios, has been used to identify site no. 27 as
the most likely hatching site of our specimens. Accordingly, it is reasonable
to hypothesize that the spawning area is located between the Qingjiang
River mouth and the Gezhouba Dam. Raw elemental data for n rays
and water samples, respectively, are reported in Supplementary Tables S1
and S2.

3.2. Genetic inferences reveal the actual number of breeders

By analysing 382 mitochondrial sequences, we identi ed 21 variable
sites resulting in only nine haplotypes (A-l) differing from each other by a
few mutations (from 1 to 10). The frequencies of the nine haplotypes ap-
pear unevenly distributed within the population sample (see the haplotype
network in Fig. 2A). Based on microsatellite information, DAPC (Fig. 2A)
allowed to identi ed a total of 31 genetically differentiated groups of
animals (Kyn) with a sample size ranging from 2 to 34 individuals. The
pairwise comparisons within and between groups have been compared
with the reference distributions of simulated degrees of relatedness
(Fig. 2B) to infer the most likely kinship category. Comparisons involving
groups with at least eight individuals are reported in Fig. 2B (105 compar-
isons), while the complete histogram showing the distribution of all the 496
comparisons (Supplementary Fig. S1). For each comparison the probability
of belonging to each of the three kinship categories was estimated Fig. 2C).

The mean genetic distance within and between groups and the nal
kinship assignment for each of the 496 comparisons between K, groups
are represented inFig. 3.

These results allow estimating only 9 females with different mitochon-

exceeded the observed values out of 200 replicates and expressed it as a drial haplotypes, and consequently unrelated, participated to the spawning.



Fig. 2. Kinship estimation between genetically differentiated groups of animals. A, Haplotype network showing relationships among the nine mitochondrial haplotypes detected in the population sample and their relative
frequencies expressed in percentages. The inset bar-plot represents a resexample of the DAPC analysis based on microsatellite data and perforrad to detect differentiated Ky, groups within each haplogroup. The example is
referred to Haplotype B for which we considered three differentiated cluster of individuals (K g1, Kg2, Kgs, corresponding to groups reported in Fig. 3). B, The three curves represented by continuous lines show the pairwise
genetic distributions of simulated groups of animals with known degree of relatedness: Full Sibs (FS), Half sibs (HS), and Unrelated (UN). The superimposed bar-plot shows the distribution of the mean observed pairwise
distances between K, groups considering groups with a number of individuals greater than 8 (105 comparisons) and the different colors represent the nal kinship assignment: FS = black, HS = dark grey, UN = light grey.
Comparisons whose probability of assignments have a difference of less than 10 % for two different kinship categories remains unresolved and are representeid red (FS/HS) and orange (HS/UN). The same curved with a
superimposed bar-plot based on all 496 comparisons is reported in Supplementary Fig. S1. C, Heatmap showing the probdlily of assignment to the three kinship categories for 105 comparisons between K, groups with a
sample size greater than 8. The leftside-coloured bar shows the nal assignment obtained considering as threshold to accept the assignment aitference greater than 10 % between the probabilities in different categories. All
comparisons here shown are the same reported as histogram irfrig. 2B. The nal category assignment for all 496 comparisons between the 31 K, groups is schematically represented inFig. 3.
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Fig. 3. Matrix showing a synthesis of genetic results. Individuals are grouped by mitochondrial haplotype (mt-DNA) represented by capital letters (A-l). Within each
haplogroup, individuals are further grouped in genetically differentiated cluster (K 4,) identi ed by analysing 9 microsatellite loci with DAPC. The number of animals
(N) per Ky, is also reported. The upper side of the triangular matrix reports the average value of genetic distances observed within and between I, groups. Genetic
distances, here approximated to three decimal places, have been estimated by Band Sharing (BSE6ngiu et al., 2011) based on the ve microsatellite loci showing
tetrasomic inheritance (Boscari et al., 2011) and selected to simulate virtual familiar groups. The lower side of the triangular matrix shows the more likely kinship
category obtained by simulations. Colors Black, Dark Grey, and Light Grey represent the category of Full Sis, Half Sibs, and Unrelated, respectively. While colors red and

yellow identi
comparisons within haplogroup are highlighted by a bold rectangle.

Conversely, the number of males cannot be surely assessed due to the low
sample size of some familiar groups but based on the overall analysis of
progeny relatedness, it is likely similar to the number of females. In conclu-
sion, a total number of about 20 breeders contributed to the spawning in
2014.

4. Discussion

Monitoring spawning grounds and/or detecting new ones are the
rst important tasks in boosting protection of species in perturbated or
fragmented habitats. However, traditional survey methods are extremely
challenging in extensive environments and further limited by the complex
life history of anadromous species. We applied the more promising method
of hard tissue microchemistry (Jiang et al., 2016, 2021; Wu et al., 2021) to
gather information on the possible origin of this population of juveniles.

By analysing seven elemental content ratio patterns in a subgroup of
animals, we were clearly able to differentiate between wild and cultured
animals, thus con rming the wild origin of the sampled juveniles. This
evidence con rms that natural propagation of the Chinese sturgeon has
occurred in the Yangtze River even though no spawning activity was
directly observed in the 20 Km section immediately downstream of the
GD in 2014.

As to the possible location of spawning, the area of interest has been
restricted to site 27, corresponding to the area below the GD, based on
the elemental pattern. Given that no spawning activity had been recorded
in 2014 at the usual spawning ground just below the GD and given that
there are no other tributaries owing into the Yangtze between the GD
and the Qingjiang, the putative ‘new’ hatching/spawning water should be

ed familiar comparisons for which the kinship category were classi ed as unresolved (red = Full Sibs/Half Sibs, yellow = Half Sibs/Unrelated). Familiar

located in the section from the GD to 5 km upstream the Qingjiang Estuary
(site n. 27 in Fig. 1A and C). Accordingly, adult spawners of the Chinese
sturgeon usually prefer pebble bottoms for spawning grounds Huang,
2019), and careful surveys allowed us to exclude the presence of such a
riverbed below the Qingjiang Estuary; only sandy or sludge bottoms were
detected instead. This allowed us to posit that the Chinese sturgeon
would hardly succeed in reproducing in downstream sections, thus corrob-
orating our ndings. Since 2003, the water discharge caused by the comple-
tion of the Three Gorges Reservoir water storage degraded the quality of the
pebbly riverbed in the original spawning site immediately downstream the
GD and resulted in the accumulation of a potentially suitable cobble-gravel
riverbed 20-50 km further downstream ( Du et al., 2015). These consider-
ations, taken together with the absence of observed spawning activity in
the usual spawning ground and with the n ray microchemistry data,
support the hypothesis that the animals probably moved a little down-
stream to reproduce, perhaps to avoid the highly disturbed dam area
where deep modi cations of the hydrological regime with important effects
on sediment ushing might have compromised the habitat suitability. Such
a short shifting of the spawning site does not justify any variation in the
average length of the juveniles observed in the river mouth that is probably
better ascribable to other ecological or behavioural reasons.

From a genetic viewpoint, we carried out a kinship estimation based on
mitochondrial and nuclear analyses. Our statistical approach identi ed
most genetically differentiated groups as composed by FS, suggesting that
the number of haplotypes approximates well the real number of breeding
females. Distinct groups with the same haplotype were mostly identi ed
as HS, pointing out the female as the shared parent. A minor fraction of
within-group comparisons was preferentially assigned to HS rather than
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FS, leading us to hypothesize that there could be a further genetic subdivi-
sion within those groups, but this is more likely an effect of the small sample
size available for these Ky, groups.

If the above counting of nine females can be considered as strongly reli-
able, estimating the number of males is less straightforward. In many cases,
comparisons between groups with different haplotypes (different maternal
contribution) were assigned to HS, suggesting that the father might be
shared. Considering that estimating the exact number of males remains a
speculation, owing to the very limited sample size of many Ky, groups
and to the presence of unresolved kinship assignments, the signicant frac-
tion of groups that share the male can be taken as a good indication that the
overall number of male breeders might be considerably lower than the
number of Ky, groups. This allows us to hypothesize almost the same
order of magnitude for the number of female and male breeders indicating
a total of approximately 20 animals participating to the last signi cant
spawning of the Chinese sturgeon.

On the other hand, since on average each female spawns every-Z
years (Yue et al., 2015), we can reasonably hypothesize that additional
animals exist that did not reproduce in 2014. Very few animals were
sighted in the following years in the proximity of the GD spawning site,
but no spawning activity was recorded (Wei Qiwei, Pers. Comm.), with a
last small exception in 2016 when a few eggs and 22 sturgeon larvae, to
which we have not had access for analyses, were observedWu et al.,
2017a, 2017b).

Furthermore, we cannot exclude the presence of additional animals par-
ticipating to the spawning without reproductive success or whose progeny
was not sampled.

The implications of our results go far beyond the simple decline in
recruitment due to the low number of breeders. In fact, a very small popu-
lation may undergo a further acceleration of decline for different reasons
among which the greater exposure to demographic or environmental
stochastic events, the Allee effect Myers et al., 1995) and the erosion of
genetic diversity, which represents the adaptive potential of a population
especially relevant in instable environments.

To date, even focussing strictly on the spawning stock here estimated,
the presence of nine different haplotypes in such a small population sug-
gests a discrete residual genetic diversity, of the same order of magnitude
of what observed in other sturgeon species such as the Adriatic sturgeon
(Boscari et al., 2014a, 2014h). Given the rapid demographical collapse of
the species, this precious heritage should be the target of conservation mea-
sures that must be urgently implemented, taking the opportunity of the 10
years shing ban imposed by the Chinese government. Additionally, in all
sturgeon species mortality rate is very high in the rst months of life but
dramatically decreases with time (Jager et al., 2010; Wang et al., 2017).
So, even if not reiterated, a remarkable recruitment like the one observed
could, inthe long run, signi  cantly contribute to the survival of the species.
Individuals that will survive the  rstyear will have concrete probabilities to
come back to the Yangtze River in about ten- fteen years for reproduction
and in the meanwhile effective habitat restoration measures should be es-
tablished. The only way for long term protection of the Chinese sturgeon
is the construction of a bypass channel connecting the medium-high stretch
of the river with the ocean ( Wei, 2020). In the meanwhile, it is extremely
urgent to implement short-term conservation strategies that include direct
actions both at ecosystem and species level. Firstly, localize and protect
the spawning area predicted to be between 20 km below the original
spawning ground and the mouth of Qingjiang River, as well as restoring
suitable environments for reproduction in line with what already done
for other sturgeon species ( eskleba et al., 1985. Secondly, establishing
ex situ conservation programs through the informed management of
the over 3000 F1 kept in aquaculture and belonging to 12 year-classes
(Wei, 2020). This includes the purity assessment and the genetic diversity
management according to strategies already developed for other polyploid
sturgeons (Congiu etal., 2011; Boscari et al., 2014a, 2014b, 2017). Thirdly,
re ning breeding and restocking strategies to minimize the mortality rate
of released individuals, in harmony with the natural life cycle of the species
including its marine phase, with a “land-sea-land’ perspective (Wei, 2020).
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5. Conclusions

To summarize, our estimates provide compelling evidence that the
status of the iconic Chinese sturgeon has deeply worsened compared with
the recent past, raising the need for an urgent and revolutionary recovery
effort to reverse its destiny. The only 20 breeders that participated to the
last signi cant spawning in 2014 showed a discrete genetic diversity that
can be complemented by ex situ conservation programs using animals al-
ready presentin captivity. The 10-year shing ban imposed on the Yangtze
River is a good scenario on which measures for the ecological restoration of
the river and the species can be implemented. Among these, the possibility
of building suitable arti  cial spawning grounds should be considered as a
priority, together with a careful management of the existing ex situ animals
that can be used to integrate the residual natural genetic diversityIn this
context, the long generation time of this species, which exceeds 2530
years, is a great advantage for minimizing the combined effects of genetic
drift and adaptation to captivity on these captive stocks.

If the very low number of counted spawners poses the species on
the verge of extinction, the resumption of successful spawning in a new
site represents an unexpected encouraging signal of resilience. For all the
above reasons, we are condent that there will still be a glimmer of
hope for this species, which is one step away from extinction in the wild,
if appropriate and scienti cally informed actions are carried out as soon
as possible.
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ABSTRACT

1- Inferring species identification and studying population geiwsntypically require the analysis of
bi-parentally inherited molecular markers shared among indadslu Currently, most used
approaches ensure sufficient resolving power by genotyping fewemo highly variable
microsatellite loci, with high costs and low transferability nadirkers across different species, or
thousands obi-allelic Single Nucleotide Polymorphisms (SNPs) throughiveassquencingwith
a great wasting sequencing data as most loci genotyped are noddtzanong individuals

2- Here, we propose an alternative approach aimed at complenoantently available DNA tools for
the analysis of genetic diversity. We implemented an intron-targeted iaomplsequencing method
to genotype Multi-locus Intron Polymorphisms (MIPs). We hypothesibad the hypervariable
nature of intron regions coupled with the high inter-specifiansferability of ad hocselected loci
make MIPs powerful multiple-SNP markers potentially suitabldifferent complexity levels from
species and hybrids identificaticl population comparisons and analyses of relatedness, without
the need of a priori information on the studied species

3- Applying our methods to teleosts, we present the first panel of Migklhtransferable across fish
genomes and demonstrate that our approach accurately distingaigpecies, even closely related,
and identifies different gradient of population structure byngsia limited number of lo. We also
show that selecting intron loci with potentially highly consenexbn flanking regions reduces
computational challenges inherent to post-processing of data.

4- MIPs offer hypervariableZ uv]A Ee+ o[ 0} ] 8} «3p C P v 3] . Tis @Gethdd herdE} s« * %o
applied to teleost as case study, can be easily transfetcedny taxa unveiling an unexplored
source of genetic variabilityMoreover, the availability of sequence information of longegions
compared with what obtained through genotypity-sequencing of SNPs ease the detection of
single-locus diagnostic markers and the setdfipime- and costless species identification tools.

82



KEYWORDS

Forensic identification, High-throughput DNA sequencimgons, multiple-SNP haplotypes,
non-model organisms, population genomics, species identifinateleosts

1| INTRODUCTION

Species identification, population
genomics and molecular ecology
investigations rely on the availability of
highly polymorphic independent markers.
Lowering isolation and characterisation
costs and increasing transferability across
species are major challenges to improve
efficiency and applicability of markers
(Camacho-Sanchez et al., 2020; Toé&ws
Brelsford, 2012). A special attention is
devoted to non-model organisms usually
involved in molecular ecology studies, for
which genetic and genomic information is
very scarce or incomplete. Long before the
establishment of Next Generation
Sequencing (NGS) technology, traditional
genetic approaches preferentially involved
the use of highly variable microsatellites to
study patterns of distribution of genetic
diversity, parental relationships, and
species and hybrid identification
(Camacho-Sanchez et al., 2020). Despite
their high power in diversity assessment,
microsatellites hold different problems
mostly associated to a low transferability
across species and reproducibility across
laboratories, homoplasy, as well as still
high costs for markers isolation and
genotyping. These problems have led more
recent studies to shift the attention to
panels of Single Nucleotide Polymorphism
(SNP) markers (Allendorf, 2017; Camacho-
Sanchez et al., 2020). SNPs are mostly bi-
allelic markers less variable than
microsatellites, but more abundant within
genomes and therefore preferable to
obtain information  at different
evolutionary scales (Camacho-Sanchez et
al., 2020). Typically, methods relying on
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Reduced Representation Sequencing (RRS)
techniques, as different variants of the
Restriction site-Associated DNA
sequencing (RADseq; Baird et al., 2008) and
Genotyping by Sequencing (GBS; Elshire et
al., 2011), are employed fa quick and
affordable discovery of stand-alone SNPs in
many individuals simultaneously. These
SNP panels are analysed to understand
genetic differentiation patterns,
intraspecific demographic processes and
interspecies relationships with  high
resolution power (Baetscher et al., 2018
Boscari et al., 20319Christiansen et al.,
2021 Hodel et al., 2016; Puckett, 2017).
More recent studies focused on
microhaplotypes (multiple, in linkage,
SNP} demonstrating how the use,
instead of stand-alone SNPs, can effectively
increase the informative potential for
diversity analysis. This new category of
nuclear markers increases the efficiency of
genotyping (lowering the false SNP calling)
and provides greater analytical power
(Baetscher et al., 2018; Pakstis et al., 2021).
We focused on multipleSNP alleles
targeted on nuclear intronic regions thus
proposing the  Multi-locus  Intron
Polymorphisms (MIPs)introns are non-
coding portions of gene structures, carried
by all eukaryotic genomes, involved in the
phenomenon of splicing into a wide range
of fundamental processes related to gene
expression (Ressayre et al., 2015).
Although introns are associated to a variety
of functions, which impose strong
functional constraints on at least a part of
their sequence, their mutation rate is
similar to that of neutral genomic regions
(Forcina et al., 2021). Accordingly, even fif



intron features cannot be simply
associated to a random mutational model,
more appropriate for real junk DNAs,
overall they show a high sequence
variability (Bong-Seok & Choi, 20Chorev

& Carmel, 2012rimia & Roy, 2008Yeo0 et
al., 2004) which makes them good
candidates as source of multi-dkeDNA
markers and a good proxy to assess genetic
diversity effectively like microhaplotypes.
So far, introns have already been
considered as a potential alternative to
commonly used nuclear markers. The
pioneer study on introns involved the use

of Exon-Primed Intron-Crossing PCR (EPIC-

PCR; Less&992 to amplify these regions
with primer pairs designed on the more
conserved exon-flanking regions. However,
before the advent of NGS, the application
of introns as molecular markers was
nontrivial and the exploitation of their full
potential has been hindered by demanding
lab procedures (e.g., the need of cloning
amplicons to obtain trustworthy alleles for
each genotype per locudyor this reason,
studies have focused almost exclusively on
loci showing length polymorphissrithus
avoiding direct sequencing and cloning
procedures (Borsa, 199€06rte-Real et al.,
1994 Daguin &; Daguin et al.,, 2001
Villablanca et al., 1998 The analysis of
intron sequence variability with single-
locus approaches has been applied only on
a limited number of species (Chow &
Hazama, 1998Palumbi & Baker, 1994),
mainly for species identification and
forensic purposes (Boscari et al.,, 2014;
Boscari et al., 201720170. Only recently,
with the concomitant increase of the
number of available genomes, the
approaches have shifted towards an
silico isolation of predicted introns to
analyse length polymorphisms or sequence
variability on a multi-locus scale (Igea et al.,
2010; Li et al., 2010; Stroher et al., 2Q13)
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However, the limited number of species
used in the development and definition of
intron loci have not promoted the
transversal applicability to multiple species
that these markers might have.

In this study, we aim at improving the
current DNA tools to assess genetic
diversity by a targeted amplicon high-
throughput sequencing characterization of
MIP markers. With this strategy, we
demonstrated the informative potential
and transferability of a panel of predefined
intronic regions selected across several
teleost genomes. Their effectiveness in
species identification has been
investigated on several additional species
Moreover, three species/populations case
studies have been re-analysed to compar
D/We[ (& wijilo Sthose previously
obtained with other types of nuclear
markers The first case study considers
species identification of the Antarctic fish
of the family Channichthyidae(icefishes,
Notothenioicei). Congeneric icefish of the
genus Chionodracp among the most
common species distributed on the
Antarctic continental  shelf, are
morphologically similar and can be
misidentified (Schiavon et al., 2021).
Moreover, recent studies have suggested
the occurrence of hybridisation among
these species (Marino et al., 2013;
Schiavon et al2021) limiting the potential
for precise assessment of fish biodiversity
by morphological identification onlyFor
these reasons, we have tested species
identification and verified hybridization on
Chionodraco spp. samples previously
analysed in Schiavon et al. (2021) including
eleven animals for which either
morphological and mitochondrial
characterisation were discordantor
microsatellites indicated some degrees of
interspecific hybridisation For
comparative reasons, we have included



samples of other three phylogenetically
very close icefish of the genePRagetopsis
and NeopagetopsisIn the second case
study, we have estimated the genetic
differentiation between the Common sole
(Solea solegand the sympatric and cryptic
Egyptian sole§. aegyptiaca These two
species are valuable fishery resources and
their meaningful management would
benefit from the availability of diagnostic
markers, necessary requirements to realize
fast species identification tools (Sabatini et
al., 2018) The third case study investigates
the population differentiation among
geographical samples &. soledrom the
Mediterranean Sea for which a divergence
pattern along the west to east axis of the
Mediterranean basin is expected based on
a previous analysis of microsatellite
markers (Garoia et al., 2007; Rolland et al.,
2007).

In this study, we demonstrate how large-
scale use of MIPs substantially increases
the power in identifying species, even
phylogenetically closely related, and how
these markers are also suitable to
investigate relationships among
populations in genetic studies as
alternative markers to microsatellites and
SNPs. We also discuss limits and potentials
of the MIPs panel here proposed for
teleosts, and we suggest actions that could
promote the implementation of the
approachin other taxonomic groups by
developing fast and user-friendly protocols
and accessing IT support.

2| METHODS

2.1| Samples

Tissue samples were collected from a total
of 361 individuals: 250 belong 65 species
(20 different taxonomic orders) and 11
samples with no clear classification
(Chionodracospp.) (Table 1)One to five
specimens per species were generally
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considered to evaluate interspecific
transferability of the proposed panel of
markers. For the species involved in the
case studiesGhionodracoand Solea spp.
aimed at estimating species detection
power, larger sample sizes were
considered and, for species of the genus
Solea different populations across their
distribution area were also included (Fig. 1)
to evaluate power to detect genetic
differences among populations.

Almost all individuals were originally
identified to the species level based on
morphological characters. For some
specimens with ambiguous morphological
features which preverdad a
straightforward species identification, we
also verified mitochondrial information at
the Control Region (Schiavon et al., 2021)
Genomic DNA was purified from fin clips
using DNeasy Blood and Tissue kit (Qiagen)
with an elution volume of 100 pl; obtained
extracts were stored at -20°C until analysis.

2.2| In silicoisolation of candidate intron
markers and primer design and validation
Putative intron candidate markers, with
high potential to be transversally
applicable for ecological studies on
teleosts, were isolated by aligning 48
annotated fish genomes distributed across
phylogeny (see Supplementary Material -
Table S1)FASTA files and GTF files, which
contain the coordinates of different
annotated genes on the reference
genomes, were downloaded from Ensembl
database and intron positions embedded

into well-conserved automatically
generated exonic alignment were
considered.

Firstly, according to the GTF files, the exon-
flanking regions of each intron were
extracted and 100 bp before and after the
intron junction were retained for further
analysis. On average, 135,488 sequences



were retrieved from each genome, for a
total of 6503466 introns. Secondly, an
intra-locus sequencing clustering was
performed usingCDHIT program version
4.8.1 (Fu et al., 2012; Limin et al., 2012
Weizhong & Godzik, 2006) and setting i)
e <u Vv ]
to 1 allowing for a slower but more
accurate clustering, and iii) the word length
to 5. The clustering step produced a total of
4,846,172 different clusters The CDHIT
clusters were further processed to retain
only those who were composed by
sequences belonging to at least 15
different genomes with the aim to identify
candidate intron markers whose exon-
flanking regions are potentially highly
conserved across teleost genomes. Only
2,441 clusters passed the above filter and
were considered for further analysis, for a
total of 43,744 sequences.

With the final aim to further maximise the
species representation within filtered
clusters, the last step included a screen for
potential non predicted genes. For each
cluster, the representative seguence
provided by CDHIT were aligned on
reference genomes of all species excluded
during the sequencing clustering step. The
alignment was implemented in BLAST
(Altschul et al., 1990)by using high
stringent criteria. Only sequences aligned
with a percentage of identity of at least
90% and a sequence coverage of 100%
were retained as previously undetected
homologous sequences. As a result of this
process, a total of 16,593 sequences were
retrieved and added to the previously
filtered clusters.

The 2441 filtered clusters were examined
for primer construction and introns
potentially usable as highly transferable
markers were selected to be tested @&
species based on the following criteria: i)
selection of clusters showing an average

86

intron length between 200 and 800 bp
calculated on the genomes successfully
aligned for each cluster, ii) the highest
possible number of genomes matching
cluster, and iii) the more conserved exon-
flanking regions. These criteria allowed to

vS]SC S} 1-RG U %3] BvZconZentrate efforts on loci with predicted

dimension compatible with lllumina
sequencing, easily amplifiable with PCR
and potentially more conserved across
species for which genome was not yet
available.

Based on these criteria, a panel of 121
candidate intron markers has been
selected for the present study and locus
specific primer pairs were designed on
exon-flanking regions, close to intron
junctions, based on consensus sequences
for each cluster (Tabl82.

All primer pairs have been validated by
single-locus PCR on a few individuals
belonging to 15 different species (of which
only two, Danio rerioand Psetta maxima,
had available genome information) thus
confirming their cross-applicability.

2.3 | Library preparation and amplicon
sequencing

DNA concentration was normalized across
individuals, and samples were processed
with an optimized method to obtain
individual intron libraries to be
simultaneously sequenced on lllumina
platform. The proposed method includes a
two-steps PCR protocol (see
Supplementary material - Fig. S1). The first
step consisted in multiplexing intron loci

using locus-specific primer-pairs
opportunelyu} ](] C JvP S Jo
position

~fA[ d ' 'ddd '"ddd "]
v A[ ' 'd'd'" d dd ' d di]

respectively for forward and reverse
primer) and which will act as binding site
for primers used in the second step. Six

S

~

n



multiplex reactions (M®B) have been
performed with the Multiplex PCR Master
Mix (Qiagen) following the manufactures
protocol. The final PCR volume of 50 pl for
each individual has been divided in three
wells during amplification to reduce biases
introduced by PCR. Cycling parameters

amplicons from different samples. The size
selection involved the use of SPRISelect
magnetic beads (Beckman Coulter, 0.5X
and 0.56X are the used ratios for the first
and second purification steps respectively)
and alloved removing primer dimers and
amplicons larger than 800 bp which might

were the following: denaturation at 95°C negatively affect sequencing
(}E iA[U 1A C o » A]53Z94°€ 3 @eriorinancgs. The final libraries of
(}J& Ti[[U vv o]afsqamd ad°a[[ targeted intron amplicons were visualized

respectively for M1-2 and M3-6, and
S ve]lv § oibllopedby adinal
S vel}v S 0IE (}E& Ti[X
multiplex composition are reported in
Supporting Information (Tabl82.
After pooling the three reactions for each
multiplex and all multiplex PCRs with
different loci for each sample, the second
step consisted in indexing-PCRs with
primer pairs usually used in the 2bRAD
protocol (Boscari et al., 201®ang et al.,
2012) with the aim of adding individual-
specific 7bp barcodes for demultiplexing
and adapters compatible with [llumina
platform (P5-P7). For all indexing PCRs, the
following reagents have been used in a
final volume of 50 pl (always divided in
three reactions for amplification as
before): 1X HF Buffer (5X), 0.31 mM of
dNTPs (20mM), 0.5 pM of primer F and
Barcoded-Primer R (10 pM), 0.2 uM o
primer 2bRAD_amp_F and 2bRAD_amp_R
(10 uM), 0.04 U/ul of Tag Phusion (New
England Biolabs) and the purified
multiplexed PCR products opportunely
diluted (1:200). Cycling parameters were
§Z (}oo}A]vPW v SpuE 3]}v

10 cycles with denaturdt}v 8§ 00 £

vv o]JvP § 0if (}E TI[[U Vv
O0TE (}E& o6A[[U vV (Jv o AES
(}E& A[X

Size selection and purification have been
performed for each individual library after
the first amplification step, and for the final
library after indexing-PCRs and pooling
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on agarose gel and quantified by
TapeStation 4150 (Agilent)

A tdml of 384 samples (351 individuals of
which 33 processed as replicates) were
successfully amplified and sequenced on
two 300 pb paired-end Illlumina MiSeq v3
runs performed at the Norwegian
Sequencing Centre (Oslo).

2.4 | Bioinformatic data processing for
haplotype generation

The raw reads in fastq format were firstly
processed with Cutadapt 2.8 (Martin,
2011) to demultiplex reads based on the
individual-specific barcode and to search
for the presence of the intron-specific
primer pairs used to amplify each locus.
Cutadapt was also used to discard low
guality bases and remove any possible
adapters that remain inside by setting i)
<UL O ] S C
length after trimming to 100 pb, and iii)
minimum overlap length with the primer
sequence to 15 bp. During the processing,
when one of the paired-end sequence is
eliminated, the entire forev pair is
Eendoved (fiald Tfhe entire dataset.

(} & Bdqdandly, the program FLASH v 2.2.00

(Magow «f }Salzberg, 2011) was used to
merpgevpaged-efds intra-sample for each
locus. Given the  heterogeneous
dimensional range expected for different
intron loci in different species genomes, an
effective merging of paired-ends is
expected only for shorter introns.

HEMEX 2V ]]e u]lv]upu E



Consequently, whenever the number of
merged for-rev reads at a locus are less
than 20% of the total, the locus has been
discarded at the species level as too long to
generate reliable haplotypes. At this step,
also loci showing a coverage lower than 30
seguences were removed at the species
level.

Finally, the SeekDeepipeline (v 3.0.0)
(Hathaway et al., 2018) was implemented
to genotype MIP markers by generatiag
de novo clustering of allelic variants at each
locus based on an intra- and inter-
individual analyses. Thgluster package
was implemented to predict and estimate
frequencies and relative abundance of
trailing locusspecific alleles at individual
level. Qluster was run using default
parameters to collapse errors, group reads,
and identify chimeric sequences. After
that, theprocessClustefsackage was used
to compare alleles of each locus across
samplesProcessClusterpplies a filter to
the final results ofjclusterto remove low
frequency alleles, singlets and chimeric
alleles getting rid of artefacts. To compare
alleles across samples, the option
Zv} EE}E[ Z - VvV He X
The final output of theSeekDeepipeline
has been further filtered by retaining for
each locus and each sample only the figst n
alleles (sorting them by decreasing
frequency) whose cumulative abundance
was greater than 75% of the total count.

2.5 | Selection of loci for the analysis of
case studies and data analysis

The detected alleles for different loci have
been grouped per species and formatted in
FASTA format by using BioPhyton tools
(Cock et al., 2009van Rossum & Drake,

1995. FASTA files for each locus per
species were aligned and analysed with
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MEGAX (Kumar et al.,, 2018) and all
seguences were manually checked.

Loci were screened separately per species
target of each case study. Each locus was
retained in accordance with the following
criteria: i) the presence of the genotype in
at least the 75% of individuals per species
or population, ii) an allele coverage greater
than 30 high-quality assembled reads, iii)
concordant genotypes between replicates,
Iv) no more than two called alleles per
genotype, and v) the absence of a
homopolymer stretch or microsatellites in
the merging region of the for-rev reads.
For the final panel of 121 MIPs, the unique
name of each allele was converted into
digit codes and genotype information at
each locus per individual and across
samples has been concordantly converted
into the corresponding digits to generate
genepop input files for genetic analysis
(Rousset, 2008). The software CONVERT
(Glaubitz, 2004 was used to convert the
genepopinput files to other type of inputs
for populations genetic software (e.g.,
ARLEQUINS RUCTURE

For the case studies, Allelic Richnesg (A
and private Allelic Richness (gAwere
calculated with HP-Rare 1.1 (Kalinowski,
2004) per population or per species and
standardized to the smallest sample size
Mean number of alleles per locus AN
Expected and Observed heterozygosity (H
and Hb), and inbreeding coefficient @
were calculated by Genetix 4.05.2 (Belkhir
et al., 2000). Departure from Hardy-
Weinberg Equilibrium (HWE), within
populations for each locus and overall loci
was estimated using the Markov chai
method (dememorizations = 100,000,
steps in Markov chain = AQ0000) in
ARLEQUIR.5 (Excoffier & Lisher, 2010). The
significant threshold was set to 0.05, and
then adjusted by Benjamini & Hochberg
(1995) correction for multiple tests.



ARLEQUIN3.5 was also used to calculate
pairwise kr values and to perform non-
hierarchical and hierarchical analysis of
molecular variance (ovas Excoffier &
Lisher, 2010) to estimate population
differentiation.

For species differentiation and population
structuring, the Principal Component
Analysis (PCA) performed in R with
packages adegenet (Jombart, 2008;
Jombart & Ahmed 2011) andgplot2
(Wickham, 2016) and the software
STRUCTUREer. 2.3.4 (Falush et al., 2003,
2007, Pritchard et al., 2000were used to
infer, with no a priori information on the
species or population origin, the most likely
number of differentiated clusters and to
estimate admixture signals among
populations. For the T ®RUCTURRNalysis,
each run was performed witH 00,000
length of burnin andLM of Markov chain
Monte Carlo (MCMC) steps. An admixture
model and correlated allele frequencies
were used. Five replicates per run were
performed testing for K from 1 to the
number of species/populations expected
plus two in relation to the dataset used for
each run. CumpAKKopelman et al., 2015)
and SRUCTUREARVESTHEarl et al., 2012)
were used to estimate the most likely
VU €& }( < SZE}uPz sz
values following the method proposed by
Evanno et al. (2005) and to show the
convergence between runs for each K and
graphical interpretation of the results.

3| RESULTS

3.1| Sequencing performance

The two Mi&qv3 runs with a total of 384
individuals  (including 33 technical
replicates) genotyped at 121 intron loci
yielded 32455511 paired-end raw
sequences, with a number per individual
ranged from 706 to 199362 (mean
84.520). Almost all individuals (N=23) with
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less than 10.000 raw sequences were old
samples ofAtherinaspp. stored for more
than 20 years at -20°C indicating that the
low quality of DNAs can strongly affect
results. After the first filtering phase by
Cutadapt the 24.4% (6,370,386) of raw
reads did not exceed the established
thresholds and were removed from further
bioinformatics steps. The 26,0825
demultiplexed sequences that passed the
above step were distributed across
samples with a mean of 67,930, while the
number of sequences retained per locus
ranged from 10 (Locus_76) to 969,783
(Locus_15) with a mean of 2580
pointing to high heterogeneity in locus
amplification performances.

The measure used for decreasing artefacts
formation in the library amplification steps
successfully limited the formation of
chimeric sequences that were detected by
bioinformatics pipelines at a very low
frequencies and easily removed from
further analysis. Out of 46,464 expected
single-locus genotyping (384 individuals
genotyped at 121 loci), the 24.4% (11,340)
were discarded during merging of paired-
ends. The more frequent reasons were
sequencing problems in one directian,
more rarely the excessive intron length

0 U8 02] }easel)4that prevent paired-ends

from merging reliably. Of the remnant
35,124 single-locus genotyping that
successfully passed the merging phase,
32,499 (92.5%) showed for-rev overlapping
over the 90% of the total sequences per
individual per locus. After the final filtering
phase bySeekDeephat allows generating
alleles and genotypes, a total of 25,643,808
high-quality  filtered and  merged
sequences were retained for further
analysis, with a mean of 67,130 per
individuals and 215,494 per locus. The
mean coverage associated to each allele
per locus per individual was 1,762 reads.



3.2 | Exploring transferability of proposed
intron markers

On average, from each species, the 56% of
121MIP loci was successfully amplified and
sequencedThese loci are different among
species. Based on the classification
reported in Betancur-R et al. (2017) and
Nelson et al. (2016), for species included
within  Eupercaria, Ovalentaria and
Carangiaria a greater number of loci were
successfully sequenced with a mean of 76
loci per species (62.8%), 72 (59.6%), e 71
(58.7%) respectively for the three clades
(Figs 2A and 2B). For species included in
other taxa such as the orders of
Clupeiformes, Gadiformes, Cypriniformes
(with a single species testeDanio reriQ
and Anguilliformes(with a single species
tested, Anguilla anguillyy genotyping
yielded lower performant results with
genotypes obtained on average at 51 loci
(42.4%) per species.

Replicates showed a percentage of loci
with identical genotypes on average of
87.2% and of 88.1% respectively
considering high-quality filtered data and
further filtering the output excluding
alleles with a coverage lower than 30
seguences. Comparisons include replicates
analysed and sequenced within the same
MiSeq run or in different runs. Replicates
within or between runs are comparable
with a mean of genotype identity between
replicates of 89.65% =+ 6.05 intra-run and
84.18% + 7.42 inter-run, pointing at a good
replicability of the approach (see
supplementary materialt Fig. S2) Loci
showing different genotyps among
replicates are suboptimal loci for the
species under examination and should be
therefore discarded from downstream
analysis.

Besides the good observed transferability
of MIP markers across teleost species,
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these loci also revealed a strong potential
for species identification. Pairwise allele
sharing between samples (within and
among species) has been graphically
represented in Fig3 including species with
at least three individuals genotyped with
high coverage at almost all loci. The
clustering of individuals reflects perfectly
the species they belong to, suggesting the
presence of many private alleles per
species at different loci.

3.2 | Case study 1: Exploring species
identification  power in  Antarctic
notothenioids

Results here reported are referretb 8
icefish species for a total of 81 individuals
successfully  sequenced. Individuals
processed in replicate were considered
only once. Of the 121 intron loci tested, 54
(44%) passed all filters (described in
Methods, section 2.5) and were selected
for notothenioid species identification in
this study. Most loci resulted polymorphic
with many alleles per species. Most alleles
were private and therefore informative for
species discrimination. The specieA.
mitopterix showed the highest Allelic
richness and private Allelic richness (see
supplementary material - TableS3,
suggesting a clear differentiation from
other tested notothenioid species also
according to its phylogenetic position (Near
et al.,2012, Near et al.2018. Additional
descriptive information about loci in
Antarctic species are reported in
Supplementary material (TableS3

The differentiation among specimens
within and among population samples
based on the 54 intron loci is represented
by PCAs (Fig. 4). Without considering a
priori sample classification based on
morphology, the first, the second and the
third principal components (PC1, PC2, and
PC3) explain respectively 16.14%, 10.19%



and 8.75% of the variance in the dataset,
and almost all samples cluster according to
the morphological identification of species.
The same clustering was obtained by the
STRUCTUREanalysis (see supplementary
material t Fig. S3. The only exception is
representedby a single individual labelled
asC. hamatugCham_PS82 2711) whieh
completely differentiated from all otheC.
hamatus specimens and also from all
individuals included in the dataset. The
sequencing of the mitochondrial gene
codifying for the Cytochrome Oxidase |
(COl) confirmed the above evidence
assigning the sample to the species
Trematomus scotti (suborder
Notothenioidei) not includedn the tested
species. This is a clear case of sample
mislabelling sinc€. hamatusandT. scotti
are morphologically very different and easy
to distinguish.

The eleven animals presenting ambiguous
classification based on previous analysis
(Schiavon et al., 2021) were assigned in
purity to different species of the genus
Chionodraco as shown by PCA-based
analysis (Fig. 4) and by Structure-based
analysis (see supplementary materiadig.

s3.

3.3 | Case study 2: species and population
differentiation within the genusSolea
Results below are referred to the species
soleaandS. aegyptiacaonsidering a total
of 106 individuals (71 from 6 populations
and 35 from 5 populations, respectively)
(Fig. 1). Individuals processed in replicate
were considered only once.

Of the 121 MIP markers tested, 43 (35%)
passed all filters and were selected for the
analysis. Aselected loci were polymorphic
In S. soleaand 93.1%n S. aegyptiacaThe
speciesS. soleashowed higher genetic
diversity with an overall Allelic richne@s)
overall of 10.91 while theés. aegyptiaca
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ranked lower with an overall,Af 4.32 (see
supplementary material - Table S4).
Moreover, many private and therefore
diagnostic alleles were identified at almost
all loci (pA=10.8 and pA4.24,
respectively; Table S4) suggesting a high
power in differentiating the two species as
confirmed by cluster analysis (Fig. 5A). Out
of 43 MIP markers, 39 showed alternative
alleles for the two species and each one of
these, taken alone, might be used to

develop rapid single locus tools to
differentiate the two species. No
interspecific hybrids were observed

suggesting complete reproductive isolation
between the two species.

Without considering a priori sample
classification based on morphology, the
first, the second and the third principal
components (PC1, PC2, and PC3) explain
42.5, 4.45 and 3.77% of the variance in the
dataset, respectively. Most of the variation
(PC1) is explained by species divergence
(Fig. 5B) while the PC2 and PC3 explain
better subtler subdivisions. In S.
aegyptiaca all the analyses are concordant
in identifying the best clustering as
congruent with population subdivision (Fig.
5B on the left). Concerning the specigs
soleg the MIPs analysis substantially
overlaps what already identified based on
previous works (Corti, 2022; Corti et al.,
2022) showing a gradient of divergence
from the west to east side of the
Mediterranean basin, with the Adriatic
population characterized by admixed
membership probabilities of assignment to
the two main groups identified as the West
and East Mediterranean clusters (Fig. 5B on
the right).

The only exception is represented by three
individuals fished in the North Adriatic,
sampled at the Chioggia Fish Market, and
morphologically classified & soleavhich
clustered with the Adriatic population &.



aegyptiaca in all the analyses. This
discrepancy has been confirmed by
sequencing th& mitochondrial barcode

that assigned all samples to the specks

aegyptiaca thus confirming the original

misclassificatn.

4| DISCUSSION

In a context largely dominated by the use
of microsatellites and SNPs analysed by
whole genome approaches, such as GBS
(Tibihika et al., 2019) and RAD methods
(Baird et al., 2008), the development and
application of nuclear introic markers
have struggled so far to take off due to
demanding laboratory procedures and the
need of single-locus sequencing

Here, we exploited major advances in next-
generation technologies and develegha
protocol for the simultaneous analyses of
multiple, highly transferable selected
introns, using teleosts as test group. The
results obtained go beyond our
expectations and the approach based on
MIPs has shown not only a high
transferability but also a flexible resolving
power, successfully validated both at the
species and population levels.

4.1 | Transferability across teleost species
Considering the estimation of the
transferability of loci across species, it must
be considered that 30 (46%) and 12 (18%)
of the species analysed in this work are
represented by one and two individuals
respectively, and that the origin of the
different samples is very heterogeneous, as
well as their state of sample preservation
It is therefore possible that some species
are represented by few animals with too
low DNA quality. This leads to an
underestimation of the degree of
transferability because loci for which the
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amplification failed due to poor DNA
quality may perform better if amplified on
more individuals or on better quality DNAs
Despite this, MIP markers have proven to
be highly transferable and, in most species,
over 50% of loci were successfully
genotyped. Given the wide taxonomic
range of our samples dataset, we consider
this a very good result. Even by reversing
the perspective and evaluating the
percentage of species on which each locus
is amplifiable, the results are very
satisfactory and more than 60% of the loci
are amplified on more than 50% of the
species. Also in this case, these
percentages are probably underestimated
because of DNA quality as previously
described.

The panel of MIP loci proposed here is the
result of a pilot experiment conducted on
65 species and?21 loci. Both the number
of species analysed and the number of
tested loci may be increased in the future,
allowing the preparation of a reference
dataset that will enable to identify a priori
efficient MIP loci to be genotyped for the
different species or groups of species.

4.2 | MIP loci at species and population
level

The efficiency at the species level,
potentially very useful for species and
hybrids identification, has been clearly
testified in the present study by several
lines of evidence. First, in the case studies
on Antarctic icefish andSolea spp., all
species were perfectly distinguisthiby a
panel of 54 and 43 loci respectively.
Second, the perfect clustering of the
individuals of other 22 taxa occurred
according to the original morphological
identification of species (only considering
presence/absence information of alleles at
differentloci, kg. 3). The only two cases of
discrepancy between a priori classification



and genetic analysis turned out to be one
classification error and one mislabelling:
the three ®lea samples collected in the
northern Adriatic Sea, close to Chioggia and
classified a$. sole@onsistently showed at
all loci diagnostic alleles of sol&.
aegyptiaca and the notothenioid labelled
as C. hamatusthat did not cluster in any
Chionodracasp. pool in this study and was
assigned to the speci€B. scottibased on
the mitochondrial COI haplotype.

MIP markers showed an informative
degree of differentiation also at population
level: the analysis on different populations
of the Egyptian sole showed a clear
geographical pattern of differentiation.
Also in the Common sole, the
differentiation gradient detected by MIPs
from the East to the West side of the
Mediterranean basin well overlaps the

results  previously obtained  with
microsatellites (Corti, 2022; Corti et al.,
2022.

The availability of multilocus codominant
information with a high degree of

polymorphism, biparental inheritance and

an expected lower incidence of homoplasy
compared to microsatellites, suggests a
potential suitability of MIPs as a tool for the
analysis of hybridisation and introgression
at inter- and intra-specific level.

It is advisable to evaluate the advantages
and limitations of the use of MIPs by
comparing them with other nuclear

markers currently in use. As far as the
informative power of a single locus is
concerned, the high number of

polymorphisms within an intron region can
originate a very large number of sequences
(haplotypes), each of which can be
considered as an allele. Consequently,
considering that the size of the analysed
intronic regions ranges between 200 and
600 bp, the number of alleles for a single
locus can be very high, of the order of
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magnitude of microsatellites if not greater
(for example theSoleasample showed loci
with a number of alleles up to 40 per locus
among MIPs used for data analyseR)is
represents an undoubted advantage of
MIP markers which, like microsatellites, are
promising as a powerful analysis tool at the
population level and, due to their
Mendelian inheritance, in paternity or
relatedness analysis.

As for the comparison with GBS methods
such as all RAD methods, the approaches
are quite similar as regards the
experimental effort as both require the
preparation of genomic libraries and
subsequent sequencing on the lllumina
platform. However, there are some
important differences in the type of
information generated. The number of loci
of GBS approaches is much greater than in
MIPs and is therefore more suitable, for
example, for association studies. However,
the fact that SNPs are generally biallelic
requires the use of a very large number of
loci. The possibility to genotype multi-allele
markers a priori selected to be shared
among individuals greatly improves the
efficiency of the approach based on MIPs,
dramatically reducing the main limit of all
GBS methods based on the reduction of
genome complexity, which is the massive
loss of a posteriori information (He et al.,
2014). In fact, the rarefaction of the
genome information and the unpredictable
bottleneck introduced during restriction
and amplification steps, produce
thousands of loci but most of them are
scarcely shared among individuals, needed
condition to perform population genetic
analyses. Therefore, this drastically
reduces the promised throughput in terms
of the number of loci actually usable as of
the thousands of loci produced most will be
discarded afterwards. In MIPs approach,
the a priori selection of informative loci



specific for each case study allows a better
genotyping at all loci, thus guaranteeing a
good coincidence between expected and
observed throughput. As a result,
sequencing data wasting is reduced with a
consequent costs benefit, and potential
increase of the number of multiplexable
individuals in a sequencing run.
Moreover, MIP markers are intrinsically
highly variable and, besideging analysed
considering their allele frequencies as in
the case of microsatellites, they can also
provide sequence information that is
especially suitable for the development of
diagnostic markers. This can be done also
with GBS methods,but MIPs here
developed, being based on iBq
sequencing, have considerably long
sequences with ample margins for the
construction of single locus diagnostic
primers even without the need for
reference genomes. This is an important
advantage to set up faster and cheaper
diagnostic tools highly useful in forensic
species identification.

In summary, the method we propade
shares with microsatellites the high degree
of polymorphism and, with RAD methods,
the possibility to simultaneously process
many individuals at many loci thanks to the
setting up of individual tagged libraries
proposing an efficient method for
genotyping highly informative loci.

4.2 |Possible developments

The potential of MIP markers is still far
from being fully explored but we see
several opportunities for leveraging this
approach and further advance the
application of MIPs at large scale.

Firstly, exploring the effectiveness of MIPs
in paternity tests, relatedness analysis and
genetic tagging could help provide highly
informative markers for the management
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of genetic diversity in species/populations
at risk of extinction. Since the introns have
a Mendelian pattern of inheritance, it is
likely expected that they will be very
efficient. Microsatellites are currently the
markers of choice for this purpose but for
some species they can be difficult to
isolate, not enough polymorphic or difficult
to interpret as in the case of polyploid
species in which inferring the allelic dosage
based on the intensity of the peaks is
challenging. Dealing with MIPs, the exact
genotype @n be deduced from the
coverage of the different alleles but
dedicated tests to confirm this will be
performed.

Secondly, developing and making available
an  automated and user-friendly
bioinformatics pipeline for processing of
sequencing outputs will facilitate workflow
management and data analysis.

Thirdly, increasing efficiency and cost
benefits will be achieved by developing an
interactive reference database dedicated
to MIP markers where all intron
information available will be collected. This
would help researchers in consulting,
downloading, selecting a priori the bestloci
for each case study and, in a longer-
temporal perspective, integrating data
resulting thereof. The advent of a
dedicated database, in combination with
optimized analytical procedures for the
D/We[ Vv 0Ce]eU % E}u]e -«
workflow to choose and genotype the most
suitable universal MIP markers for each
case study, thereby lowering the stochastic
process that underlies the restriction-
based genotypindpy-sequencing methods.
Finally, another possible important
development is the transfer of this
approach to other systematic groups. For
all taxa for which genomic information is
available, at least for some species, it will
be possible to identify conserved intron

§} 1u %o



regions across species and develop a panel
of MIP markers. Once the panel of loci has
been identified for a given systematic
group, it will become the reference panel
for all species in that group further
speeding up the entire process.
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TABLE Bpecies and relative sample sizes used for library preparatiosequeencing. The species
further involved in the proposed case studies are in bold.

Order Species N. Order Species N.
Acanthuriformes Sciaena umbra 1 Perciformes Chionodraco sppe ¢ 11
Umbrina cirrosa 1 Dicentrarchus labrax 2

Anguilliformes Anguilla anguilla 3 Neopagetopsis ionah 6
Atheriniformes Atherina boyeri 60 Pagetopsis macropterus 6
Atherina hepsetus 2 Pagetopsis maculatus 6

Atherina presbiter 1 Platichthys flesus 4

Beloniformes Belone belone 1 Scorpaena porcus 1
Carangiformes Arnoglossus laterna 3 Scorpaena scrofa 2
Clupeiformes Alosa fallax 1 Serranus hepatus 2
Engralius encrasicolus 5 Trachinus draco 3

Sardina pilchardus 4 Trachinus radiates 1

Sprattus sprattus 2 Trigloporus lastoviza 1

Danio rerio 1 Pleuronectiformes Psetta maxima 1

Cypriniformers Sardinella aurita 1 Solea aegyptiaca 35
Cyprinodontiformes  Poecilia reticulata 6 Synapturichthys kleinii 1
Gadiformes Merlangius merlangus 2 Scophothalmus rhombus 1
Phycis blennoides 1 Solea solea 71

Merluccius merluccius 1 Trachurus mediterraneus 6

Deltentosteus quadrimaculatus 2 Trachurus trachurus 1

Gobius cobitis 1 Priacanthiformes  Cepola macrophtalma 1

Gobiiformes Zosterisessor ophiocephalus 4 Cepola rubescens 1
Mugiliformes Chelon auratus 1 Scombriformes Pomatomus saltatrix 1
Chelon labrosus 2 Scomber colias 3

Chelon ramada 1 Spariformes Diplodus annularis 1

Mugil cephalus 1 Lophius budegassa 2

Ophidiiformes Ophidion barbatum 1 Lithognathus mormyrus 5
Perciformes Auxis thazard 1 Pagellus erythrinus 2
Aethotaxis mitopteryxe 6 Sparus aurata 5

Chaenodraco wilsom 8 Sarpa salpa 1

Chelidonichthys lucerna 1 Syngnathiformes  Mullus barbatus 2

Chionodraco hamatus 17 Mullus surmuletus 1

Chionodraco myersi 16 Uranoscopiformes Uranoscopus scaber 1

Chionodraco rastrospinosus 14 Zeiformes Zeus faber 2

» Samples obtained during multiple/V Polarsterncruises. Sampling was approved by the
competent national authority for Antarctic research (Umweltbunaies, UBA, Germany).
 Chionodracandividuals with ambiguous morphological features whpobvented a clear species

classification based on morphology or putative hybrids bame@revious studies (Schiavon et al.,

2021)

98


















Supporting Information:

Table S1List of the 48 genomes considered in the intiosilicoisolation phase. The name of the
species, the assembly, date and version of the genome release areiegecif

Species Assembly Data Ensembl release
Lepisosteus oculatus LepOcul Dec 2011 94.1
Scleropages formosus ASM162426v1 Apr 2016 94.1
Paramormyrops kingsleyae  PKINGS_0.1 Jan 2018 94.1
Danio rerio GRCz11 May 2017 94.11
Ictalurus punctatus IpCoco_1.2 Jun 2016 94.12
Astyanax mexicanus Astyanax_mexicanus-2.0. Sep 2017 94.2
Pygocentrus nattereri Pygocentrus_nattereri-1.0.2 Jul 2016 94.102
Esox lucius Eluc_V3 Jan 2017 94.3
Gadus morhua gadMorl Jan 2010 94.1
Hippocampus comes H_comes_QL1_v1 Dec 2016 94.1
Periophthalmus magnuspinnatt PM.fa Dec 2014 94.1
Monopterus albus M _albus_1.0 Jan2017 94.1
Mastacembelus armatus fMasArm1.1 Mar 2018 94.11
Anabas testudineus fAnaTesl1.1 Mar 2018 94.11
Seriola dumerili Sdu_1.0 Aug 2017 94.1
Seriola lalandi dorsalis Sedorl Dec 2017 94.1
Scophthalmus maximus ASM318616v1 Jun 2018 94.1
Cynoglossus semilaevis Cse v1.0 Jan 2014 94.1
Amphilophus citrinellus Midas_v5 Sep 2014 94.5
Oreochromis niloticus Orenill.0 Jan 2011 94.1
Neolamprologus brichardi NeoBril.0 Dec 2011 94.1
Haplochromis burtoni AstBurl.0 Dec 2011 94.1
Astatotilapia calliptera fAstCall.2 May 2018 94.12
Maylandia zebra M_zebra_UMD2a Apr 2018 94.2
Pundamilia nyererei PunNyel.0 Dec 2011 94.1
Acanthochromis polyacanthus ASM210954v1 Apr 2017 94.1
Amphiprion ocellaris AmpOcel.0 Nov 2017 94.1
Amphiprion percula Nemo_v1 Apr 2018 94.1
Stegastes partitus Stegastes_partitus-1.0.2 May 2014 94.1
Oryzias latipes ASM223471v1 Jul 2017 94.1
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Oryzias latipes

Oryzias latipes

Oryzias melastigma
Fundulus heteroclitus
Cyprinodon variegatus
Poecilia reticulata
Poecilia formosa
Poecilia latipinna
Poecilia mexicana
Xiphophorus maculatus
Xiphophorus couchianus
Gambusia affinis
Kryptolebias marmoratus
Takifugu rubripes
Tetraodon nigroviridis
Mola mola

Labrus bergylta

Gasterosteus aculeatus

ASM223469v1
ASM223467v1
Om_v0.7.RACA

Fundulus_heteroclitus-3.0.2

C_variegatus-1.0

Guppy_female_1.0_MT

Poecilia_formosa-5.1.2

P_latipinna-1.0

P_mexicana-1.0

X_maculatus-5.0-male

Xiphophorus_couchianus-4.0

ASM309773v1
ASM164957v1
FUGUS5
TETRAODON 8.0
ASM169857v1
BallGen_V1
BROAD S1
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Jul 2017

Jul 2017

Feb. 2018
Jan 2015
Oct 2015

Apr 2014
Oct 2013

Nov 2015
Nov 2015
Dec 2017
Nov 2015
May 2018
May 2016
Oct 2011

Mar 2007
Aug 2016
May 2016
Feb 2006

94.1
94.1
94.07
94.302
94.1
94.1
94.512
94.1
94.1
94.5
94.401
94.1
94.1
94.5
94.8
94.1
94.1
941



Table S2List of the 121 primer pair used to prepare intron libraridee primer sequences are tiled
with lllumina adapters. Gene, Primer ID, Primer sequences, Melting Tetapeeand Multiplex to
which they belong are reported. The Locus Number is referredpimgressive number associated

to each locus during the demultiplexing step.

Tm

Gene Primer ID Primer sequence °c Multiplex  Locus N.

cl_101301_pou2flb_1f 5'-CTACACGACGCTCTTCCGATCTTCAGATTCGAGTGGCCTTAGA, 54,7

pouzrio cl_101301_pou2flb_1r 5'-CAGACGTGTGCTCTTCCGATCTGGTCAGCGATCAIGGTGATC- 55,9 ! “
cl_102952_nr4a2a_1f 5'-CTACACGACGCTCTTCCGATCTTCAGAGGACTCCAATCBCTCCA 57,6

ez cl_102952_nr4a2a_1r 5-CAGACGTGTGCTCTTCCGATCTTTGGTAGTCAGGGEITAGCCTC 56,3 ‘ -
cl_10332_rpl4_1f 5'-CTACACGACGCTCTTCCGATCTTCAGACTGGCCAGGSTGCTTT 57,7

it cl_10332_rpl4_1r 5'-CAGACGTGTGCTCTTCCGATCTAGGTTTTAGTGGBGGCAAAC- 56 ! ¢
cl_103786_spopla_1f 5'-CTACACGACGCTCTTCCGATCTTCAGATCTGGCCCTAATGACA/ 54,3

spopia cl_103786_spopla_1r 5-CAGACGTGTGCTCTTCCGATCTTTCATCATCAAGTGCCTTTGGA 54 ! ®
cl_103792_spopla_1f 5'-CTACACGACGCTCTTCCGATCTTCAGAGCTGGGCTGTARAGAT 55,4

spopta cl_103792_spopla_1r 5'-CAGACGTGTGCTCTTCCGATCTCAGCCTGCAGTBTCCATTAT- 54,8 ! “
; cl_110155_trio_1f 5'-CTACACGACGCTCTTCCGATCTTCAGATCCACACGCACBTCAAL 57,8

e cl_110155_trio_1r 5'-CAGACGTGTGCTCTTCCGATCTCGTCCAGCAGGBTCCTTCTG- 58,4 ° ®
cl_110983_med13a_1f 5'-CTACACGACGCTCTTCCGATCTTCAGACCCTCGACTCGBAATCAC 57,4

medida cl_110983_med13a_1r 5'-CAGACGTGTGCTCTTCCGATCTGGGCGTTGTAETGCTCCA- 57,8 ° 0
cl_112901_abcg4a_1f 5'-CTACACGACGCTCTTCCGATCTTCAGACCAGTGCCAAGLTCTTT 56,7

sbegda cl_112901_abcg4a_1r 5-CAGACGTGTGCTCTTCCGATCTCACTGACCCTGACIGAGGATG 57,2 > *
cl_115327_sec24a_2f 5'-CTACACGACGCTCTTCCGATCTTCAGACTGTCATGAGGATACG! 55,8

seczda cl_115327_sec24a_2r 5'-CAGACGTGTGCTCTTCCGATCTCGCACAAAGAAGITTCCGTG- 55,3 : “®
cl_118300_rpl19_1f 5'-CTACACGACGCTCTTCCGATCTTCAGACTGCGTCGCTACAGGG 58,1

P cl_118300_rpl19_1r 5'-CAGACGTGTGCTCTTCCGATCTCTCAGGTAGAGGCGIGTGGTAC 56,7 ° *
cl_118929_unkl_1f 5'-CTACACGACGCTCTTCCGATCTTCAGAACCGAGAAACGTACCC/ 54,8

ke cl_118929 unkl_1r 5'-CAGACGTGTGCTCTTCCGATCTGAACAACGGGEACTGCTC- 57,3 2 %
cl_119443 adgrlla_1f 5-CTACACGACGCTCTTCCGATCTTCAGACAGCCATAGACTACAG( 55,8

adartia cl_119443 adgrlla_1r 5-CAGACGTGTGCTCTTCCGATCTTATCCACTCGBAGCCAGC- 57,6 ° *
cl_121169 gysl 1f 5'-CTACACGACGCTCTTCCGATCTTCAGAGATTCAGGAGTTBGTCt 55,7

ovst cl_121169 _gysl 1r 5'-CAGACGTGTGCTCTTCCGATCTACACTTGTCCAGEITGAAGTC 55,1 ? >
_ cl_126635_zmizla_1f 5'-CTACACGACGCTCTTCCGATCTTCAGACCTTCCTGCABAACACT 56,8

amizta cl_126635_zmizla_1r 5-CAGACGTGTGCTCTTCCGATCTACGCTGCTGAAGTTCCTCTT- 56,6 > >
cl_126690_kcnmala_1f 5'-CTACACGACGCTCTTCCGATCTTCAGATTCCCCAAGGICTCCAT 55,6

kcnmala 1 54
cl_126690_kcnmala_1r 5'-CAGACGTGTGCTCTTCCGATCTGTTGACAGCCCTBAAATCTGC- 54,7
cl_126959 ebf3a_1f 5'-CTACACGACGCTCTTCCGATCTTCAGACCTCAACGGATCCTCTC 58,1

eorsa cl_126959_ebf3a_1r 5'-CAGACGTGTGCTCTTCCGATCTGGCGAAGGCGELTCTTTTG- 57,9 ° >
cl_127174_ank3a_1f 5'-CTACACGACGCTCTTCCGATCTTCAGAGGGAAGGGAABAACG( 57,6

ankda cl_127174_ank3a_1r 5-CAGACGTGTGCTCTTCCGATCTTCCATCCGATTGACTTTGGTC- 55 2 %

aridsb cl_127539_arid5b_1f 5'-CTACACGACGCTCTTCCGATCTTCAGATAACGTCGAGRTGGAG 56,6 4 57
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kifbaa

kifbaa

scn8a

atp6apllb

pacs2

ube2d3

gabrrl

syncripl

syncripl

id2a

tmem179

zfyvel

dix3b

loxhd1b

atp5fal

glil

tall

brinp3a2

meis2

pabpclb

rfx3

cl_127539_arid5b_1r
cl_133622_kifsaa_1f
cl_133622_kif5aa_1r
cl_133627_kifaa_1f
cl_133627_kif5aa_1r
cl_134627_scn8a_1f

cl_134627_scn8a_1r

cl_135436_atp6apllb_1f

cl_135436_atp6apllb_1r

cl_137553_pacs2_1f
cl_137553_pacs2_1r
cl_137986_ube2d3_1f
cl_137986_ube2d3_1r
cl_139850_gabrrl_1f
cl_139850_gabrrl_1r
cl_139882_syncripl_1f
cl_139882_syncripl_1r
cl_139885_syncripl_1f
cl_139885_syncripl_1r
cl_139978_id2a_1f

cl_139978 id2a_1r

cl_140453_tmem179_1f

cl_140453_tmem179_1r

cl_140944 zfyvel 1if
cl_140944 zfyvel_1r
cl_144842_dix3b_1f
cl_144842_dix3b_1r
cl_153319 loxhd1b_1f
cl_153319 loxhdib_1r
cl_153330_atp5fal_1f
cl_153330_atp5fal_1r
cl_156199 gli1_1f
cl_156199 gli1_1r
cl_157901_tall_1f
cl_157901_tall_1r
cl_159363_brinp3a2_1f
cl_159363_brinp3a2_1r
cl_172049_meis2_1f
cl_172049_meis2_1r
cl_175437_pabpclb_1f
cl_175437_pabpclb_1r

cl_178477_rfx3_1f

5-CAGACGTGTGCTCTTCCGATCTATGGTCCATGTAAACCGCAAG
5'-CTACACGACGCTCTTCCGATCTTCAGACCTGCCAGCFECCTCATC
5-CAGACGTGTGCTCTTCCGATCTTGTACTCCGTCAGAGAGCGG-
5'-CTACACGACGCTCTTCCGATCTTCAGAGTTCAAGACCICACGTC
5'-CAGACGTGTGCTCTTCCGATCTCCCCCCGCTAFCATCAGG-
5'-CTACACGACGCTCTTCCGATCTTCAGATCATGAGCGTCATTACC
5-CAGACGTGTGCTCTTCCGATCTTTGCGCTGAGACTCCTCC-
5'-CTACACGACGCTCTTCCGATCTTCAGAACACATCTGCTARCTGC
5-CAGACGTGTGCTCTTCCGATCTACTGCACATTGARGGCCTGG-
5'-CTACACGACGCTCTTCCGATCTTCAGAGTGGTGACCAAGGAGA
5-CAGACGTGTGCTCTTCCGATCTCACCTCCTTGT@TTTGCTCT-
5'-CTACACGACGCTCTTCCGATCTTCAGATTCTCAGATCACARGTGC
5-CAGACGTGTGCTCTTCCGATCTGGAGTGAGCAAATGGBAGAGA
5'-CTACACGACGCTCTTCCGATCTTCAGAACACCACCAGCAAGCTC
5'-CAGACGTGTGCTCTTCCGATCTGGGTGAAGTGGATGITACAAA(
5'-CTACACGACGCTCTTCCGATCTTCAGAATTCAAGGACAEGCGACI
5-CAGACGTGTGCTCTTCCGATCTTCATCACGCCACABAGAAAGG
5'-CTACACGACGCTCTTCCGATCTTCAGATTTCTGCACTAABRGAAC
5'-CAGACGTGTGCTCTTCCGATCTCGGTCGAATTTCABIGTTGTT(
5'-CTACACGACGCTCTTCCGATCTTCAGACACCCTCAACACARGATA
5-CAGACGTGTGCTCTTCCGATCTCAGCTCTGATGEBCAACTCC-
5'-CTACACGACGCTCTTCCGATCTTCAGAGCTGTTCTTTCTGTGCA
5-CAGACGTGTGCTCTTCCGATCTTCAGCAGGTTGAGGGAAGGC-
5'-CTACACGACGCTCTTCCGATCTTCAGATGGAAACCCAAETCCCT
5-CAGACGTGTGCTCTTCCGATCTCAGTGATGCTTG&BTGTCGTT-
5'-CTACACGACGCTCTTCCGATCTTCAGACAGCTCGGCCBCACTC!
5'-CAGACGTGTGCTCTTCCGATCTTTGGATCTCCGGTBCTGGAAC
5'-CTACACGACGCTCTTCCGATCTTCAGACGTAGGAGAGATGAAG
5-CAGACGTGTGCTCTTCCGATCTCAACCAGCAGETCTCTGG-
5'-CTACACGACGCTCTTCCGATCTTCAGAGGCAGAAGAGATGBGTC
5'-CAGACGTGTGCTCTTCCGATCTAGGCTCCAAGTTBAGAGACA-
5'-CTACACGACGCTCTTCCGATCTTCAGAGGAGAGAAGCCACACA
5-CAGACGTGTGCTCTTCCGATCTCTCCAGGCGAGAGTAGGC-
5'-CTACACGACGCTCTTCCGATCTTCAGACCTCTCGCGECCATCAA
5'-CAGACGTGTGCTCTTCCGATCTTTGCTGGGGTACAIGCTGTAC
5'-CTACACGACGCTCTTCCGATCTTCAGATGCTGGTTCARGAGCCC
5-CAGACGTGTGCTCTTCCGATCTCTGGAAGGATCAGTGCAAGC
5'-CTACACGACGCTCTTCCGATCTTCAGATTATTGGAGCGCAGCC
5'-CAGACGTGTGCTCTTCCGATCTGGACTCCGTCGBATCCCACC-
5'-CTACACGACGCTCTTCCGATCTTCAGATGAATGGCATGITGCT!(
5-CAGACGTGTGCTCTTCCGATCTCTCTTTGCGAGATITGAAGCG

5'-CTACACGACGCTCTTCCGATCTTCAGAGAATGCCATTCCAEAG/
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cnotéb

rackl

msi2a

trpm5

ptpra

slcla2

tle2a

stk1l

rps5

rimbp2

dla

brsk1x

bzwla

kpnb3

smapl

olfm1b

tmem178b

dhx38

dhx38

hoxa4

azinlb

cl_178477_rfx3_1r
cl_180314_cnot6b_1f
cl_180314_cnot6b_1r
cl_180389_rackl_1f
cl_180389 rackl_1r
cl_180859_msi2a_1f
cl_180859_msi2a_1r
cl_185831_trpm5_1f
cl_185831_trpm5_1r
cl_188538_ptpra_1f
cl_188538_ptpra_1r
cl_202028_slIcla2_1if
cl_202028_slIcla2_1ir
cl_20720_tle2a_1f
cl_20720_tle2a_1r
cl_211520_stk11_1f
cl_211520_stk11_1r
cl_218030_rps5_1f
cl_218030_rps5_1r
cl_226487_rimbp2_1f
cl_226487_rimbp2_1r
cl_230665_dla_1f
cl_230665_dla_1r
cl_232234_brskix_1f
cl_232234_brsklx_1r
cl_24625_bzwla_2f
cl_24625_bzwla_2r
cl_26173_kpnb3_1f
cl_26173_kpnb3_1r
cl_28478_smapl_1f
cl_28478_smapl_1r
cl_3192 olfm1lb_1f
cl_3192_olfm1lb_1r
cl_36988_tmem178b_1f
cl_36988_tmem178b_1r
cl_37567_dhx38_1f
cl_37567_dhx38_1r
cl_37568_dhx38_1f
cl_37568_dhx38_1r
cl_381762_hoxa4d_1f
cl_381762_hoxa4d_1r

cl_385818_azinlb_1f

5'-CAGACGTGTGCTCTTCCGATCTGTTTGCGCAAAGGCACTAA-
5'-CTACACGACGCTCTTCCGATCTTCAGACAGAGCTCGGEAACAT!
5-CAGACGTGTGCTCTTCCGATCTAGAACCCGCAACTEEGTTGTTA
5'-CTACACGACGCTCTTCCGATCTTCAGATGATTCTGTGGGCGTC(
5'-CAGACGTGTGCTCTTCCGATCTAGTTGGTTTCATCACGGGTCA
5'-CTACACGACGCTCTTCCGATCTTCAGAGAGACCCCACGACAAA,
5'-CAGACGTGTGCTCTTCCGATCTTGGCAGCATCTGTRAACGTAA
5'-CTACACGACGCTCTTCCGATCTTCAGAAGGAGGCCAAGBATGA
5'-CAGACGTGTGCTCTTCCGATCTTCACTGTTGGAGTARCACTCT(
5'-CTACACGACGCTCTTCCGATCTTCAGACATGGTGACCAATETG/
5-CAGACGTGTGCTCTTCCGATCTCTGGTCCGGCEBAGTACTG-
5'-CTACACGACGCTCTTCCGATCTTCAGAAGTTCAAAAGTGGEAT(
5'-CAGACGTGTGCTCTTCCGATCTCCATGCAGATGECAAATGC-
5'-CTACACGACGCTCTTCCGATCTTCAGAGAAGCAAGAGCCCCAT
5-CAGACGTGTGCTCTTCCGATCTAGGAGCGGATGTAGTTATCCC
5'-CTACACGACGCTCTTCCGATCTTCAGATTTCCAGTATTTGAAGC
5'-CAGACGTGTGCTCTTCCGATCTCTGTGCAAATATTEAAGGCCA:
5'-CTACACGACGCTCTTCCGATCTTCAGACCCCTCCGCABGAGTCA/
5'-CAGACGTGTGCTCTTCCGATCTGAAAGCAGCTTCBCTTGCTCC-
5'-CTACACGACGCTCTTCCGATCTTCAGAGAGGCTCTGAGTIGGC
5'-CAGACGTGTGCTCTTCCGATCTCGGCTGCTTTCGLTGTGATA-
5'-CTACACGACGCTCTTCCGATCTTCAGAGCAACGGAGGBAGCTC
5'-CAGACGTGTGCTCTTCCGATCTAAACCGTGAGGGEBAAGTGCA-
5'-CTACACGACGCTCTTCCGATCTTCAGAGATTTCTGCCABAGTCA
5'-CAGACGTGTGCTCTTCCGATCTTTCATCCAGGAGGAAGTTCTC-
5'-CTACACGACGCTCTTCCGATCTTCAGATTTCAGAAGATBGTGG”
5'-CAGACGTGTGCTCTTCCGATCTGTACCACTTCAGBATGGCCTC-
5'-CTACACGACGCTCTTCCGATCTTCAGAGACTGCCTCEATCAAG(
5'-CAGACGTGTGCTCTTCCGATCTGATATGTTCTCCATEBTCCTGG(
5'-CTACACGACGCTCTTCCGATCTTCAGACAAGTACTGBGCCGAC
5-CAGACGTGTGCTCTTCCGATCTCCCAGATTCCARGGATGCC-
5'-CTACACGACGCTCTTCCGATCTTCAGACCCGCACCAABRCAACTC
5-CAGACGTGTGCTCTTCCGATCTTGGACTGGGTCATIGTTCTGG-
5'-CTACACGACGCTCTTCCGATCTTCAGAGCTGGGCTACTCITTCI
5-CAGACGTGTGCTCTTCCGATCTTCCTGCCACACRTGTGCAC-
5'-CTACACGACGCTCTTCCGATCTTCAGACATCCACACCBAGGCC!
5-CAGACGTGTGCTCTTCCGATCTGCTGCACCATGATGTCCTT-
5'-CTACACGACGCTCTTCCGATCTTCAGACAGGCTGCCAAGCTCA,
5-CAGACGTGTGCTCTTCCGATCTATGGCATGCCTSTCCTCAC-
5'-CTACACGACGCTCTTCCGATCTTCAGAGGAGCCGGT&GTCTAT
5'-CAGACGTGTGCTCTTCCGATCTCCTCCATTGTAACTIEGCATTG!

5'-CTACACGACGCTCTTCCGATCTTCAGAGGTCCATCTCGTGACTT
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ankiblb

ablimla

Ihx9

igsecl

igsecl

brms1ib

mef2ch

abccd

pdel0a

pdel0a

ccnl

plxndl

dig3

myo3b

uba52

cczl

slit2

etv4

cntn5

dyrklab

dyrklab

cl_385818_azinlb_1r
cl_387480_ankiblb_1f
cl_387480_ankiblb_1r
cl_389624_ablimla_1f
cl_389624_ablimla_1r
cl_395776_lhx9_1f
cl_395776_lhx9_1r
cl_400572_igsecl_1f
cl_400572_igsecl_1r
cl_400576_igsecl_1f
cl_400576_igsecl_1r
cl_40881_brmsllb_1f
cl_40881_brms1llb_1r
cl_412427_mef2cb_1f
cl_412427 _mef2cb_1r
cl_413653_abcc4_1f
cl_413653_abcc4_1r
cl_416134_pdelOa_1f
cl_416134 pdelOa_1r
cl_416139 pdelOa_1f
cl_416139_pdelOa_1r
cl_440349_ccnl_1f
cl_440349_ccnl_1r
cl_451609_plxnd1_1f
cl_451609_pIxnd1_1r
cl_452435_dig3_1f
cl_452435_dig3_1r
cl_456719_myo3b_1f
cl_456719_myo3b_1r
cl_46164_uba52_1f
cl_46164_uba52_1r
cl_479548 ccz1_1f
cl_479548 ccz1_1r
cl_480476_slit2_1f
cl_480476_slit2_1r
cl_486174_etv4_2f
cl_486174_etv4_2r
cl_48726_cntn5_1f
cl_48726_cntn5_1r
cl_49831_dyrklab_ 1f
cl_49831_dyrklab_1r

cl_49838_dyrklab_1f

5-CAGACGTGTGCTCTTCCGATCTCACGACTGAGGCAATGGG-
5'-CTACACGACGCTCTTCCGATCTTCAGACAAGAACCATGAGCAC
5-CAGACGTGTGCTCTTCCGATCTTGCTCCATCTT@TCTTTGGC-
5'-CTACACGACGCTCTTCCGATCTTCAGAGGATGTGGACABGAACC
5'-CAGACGTGTGCTCTTCCGATCTCCTGGATCTCCABICCAAAGA-
5'-CTACACGACGCTCTTCCGATCTTCAGACAAGGACTTAAAGCAG!
5-CAGACGTGTGCTCTTCCGATCTGCTCTTGCGTTTIGGAACCA-
5'-CTACACGACGCTCTTCCGATCTTCAGAGAAGGTGGABCGGCT(
5'-CAGACGTGTGCTCTTCCGATCTCGTGGGGTTACABGATGCAGT-
5'-CTACACGACGCTCTTCCGATCTTCAGATCTCTCTGTATGGEATC
5'-CAGACGTGTGCTCTTCCGATCTCGCTGATGTAAGTGBTGATTCC,
5'-CTACACGACGCTCTTCCGATCTTCAGAGTCTGAAGATGGRAGAC
5-CAGACGTGTGCTCTTCCGATCTCACTCCATCCTECTCCTCTC-
5'-CTACACGACGCTCTTCCGATCTTCAGACAGAACATGCABCATT(
5'-CAGACGTGTGCTCTTCCGATCTACCCTGACATAAGIGAGAGCT
5'-CTACACGACGCTCTTCCGATCTTCAGACAGCACACAGATGAGG
5-CAGACGTGTGCTCTTCCGATCTACCACGGCCTICATCTGC-
5'-CTACACGACGCTCTTCCGATCTTCAGATGCCTATGCAGACCCA(
5'-CAGACGTGTGCTCTTCCGATCTGTTCCGCGTGBTGTAGCC-
5'-CTACACGACGCTCTTCCGATCTTCAGACCAACGACATCTATGCT
5-CAGACGTGTGCTCTTCCGATCTTCCATCATAGGGATCGGCTG-
5'-CTACACGACGCTCTTCCGATCTTCAGAGCTACTACTCGIGGCA™
5'-CAGACGTGTGCTCTTCCGATCTGGTAGATCCTGCTGTTGTACT!
5'-CTACACGACGCTCTTCCGATCTTCAGAGCCATTCTCBCAGTGG(
5-CAGACGTGTGCTCTTCCGATCTTGCTGCCWGAGTCAAACCAC-
5'-CTACACGACGCTCTTCCGATCTTCAGACGAGCATCTTGTGTGTC(
5'-CAGACGTGTGCTCTTCCGATCTCAGACACATCCAGAATGCAGT
5'-CTACACGACGCTCTTCCGATCTTCAGAAGACAGCCTGTAGTAC!
5-CAGACGTGTGCTCTTCCGATCTTTCTCGGCTTCBTCTTGCTC-
5'-CTACACGACGCTCTTCCGATCTTCAGAGCGACAAGATGATCTG
5'-CAGACGTGTGCTCTTCCGATCTCTTGCGGCAGBTGACAGC-
5'-CTACACGACGCTCTTCCGATCTTCAGAGGCCTTTGTGARGCCA'
5-CAGACGTGTGCTCTTCCGATCTGGGATTTAGCTGGBITTGTTG
5'-CTACACGACGCTCTTCCGATCTTCAGAGAGGTGCAGAAGBAG(
5'-CAGACGTGTGCTCTTCCGATCTACTGCAGGAGGAAGATGATG!
5'-CTACACGACGCTCTTCCGATCTTCAGATGGATATTTGGACEAG!
5-CAGACGTGTGCTCTTCCGATCTGCCCATTTCCTIGCGACTT-
5'-CTACACGACGCTCTTCCGATCTTCAGAAGAGATGACTGCGATA(
5'-CAGACGTGTGCTCTTCCGATCTCACCTCCACTEBTGCTCGG-
5'-CTACACGACGCTCTTCCGATCTTCAGACCGTACAGCGACCAGA
5-CAGACGTGTGCTCTTCCGATCTGAAAGCACTGGGBGCATGTG-

5'-CTACACGACGCTCTTCCGATCTTCAGACACCTCCAGCACCTCCT
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camk2nla

sh2b2

hnrpkl

bimh

mctpla

cul3

hatl

ppp3ca

sppl3

kenn2

kenn2

prrc2b

pcbp3

ano8b

ano8b

grinla

grinla

slc6a6

pax7a

park?

tenm2

cl_49838_dyrklab 1r

cl_502173_camk2nla_1f

cl_502173_camk2nla_1r

cl_50523_sh2b2_2f
cl_50523_sh2b2_2r
cl_505778_hnrpkl_1f
cl_505778_hnrpkl_1r
cl_52569_bImh_1f
cl_52569_blmh_1r
cl_532352_mctpla_1f
cl_532352_mctpla_1r
cl_548779_cul3_1f
cl_548779_cul3_1r
cl_561446_ hatl_2f
cl_561446_hatl_2r
cl_570602_ppp3ca_1f
cl_570602_ppp3ca_1r
cl_573257_sppl3_1f
cl_573257_sppl3_1r
cl_573276_kcnn2_1f
cl_573276_kcnn2_1r
cl_573278_kcnn2_1f
cl_573278_kcnn2_1r
cl_573834_prrc2b_1f
cl_573834_prrc2b_1r
cl_588389_pcbp3_1f
cl_588389_pcbp3_1r
cl_59965_ano8b_2f
cl_59965_ano8b_2r
cl_59970_ano8b_1f
cl_59970_ano8b_1r
cl_6155_grinla_1f
cl_6155_grinla_1r
cl_6157_grinla_1f
cl_6157_grinla_1r
cl_616733_slc6a6_1f
cl_616733_slc6a6_1r
cl_63278_pax7a_1f
cl_63278_pax7a_1r
cl_63289 park7_2f
cl_63289_park7_2r

cl_680052_tenm2_1f

5'-CAGACGTGTGCTCTTCCGATCTATCTTGCTCTGECACTGGT-
5'-CTACACGACGCTCTTCCGATCTTCAGAGGACAGATCGGCAGAC
5-CAGACGTGTGCTCTTCCGATCTCCTCGTCTATTGEGTCGTCC-
5'-CTACACGACGCTCTTCCGATCTTCAGATCCAGGACTGEATAGA(
5'-CAGACGTGTGCTCTTCCGATCTCCATGAGGACRTGACGCC-
5'-CTACACGACGCTCTTCCGATCTTCAGAAGGTGCCAAGATBAAG
5-CAGACGTGTGCTCTTCCGATCTCACTCCTGGAACAACTTGATG!
5'-CTACACGACGCTCTTCCGATCTTCAGAGGGACATGCTGGTCAA
5'-CAGACGTGTGCTCTTCCGATCTGCATTTCTTTGGARTGACGCC:
5'-CTACACGACGCTCTTCCGATCTTCAGAGATGAAGTGGCETCCT,
5'-CAGACGTGTGCTCTTCCGATCTAAAGGCACAGTCCASGTTAAAT!
5'-CTACACGACGCTCTTCCGATCTTCAGAGTCTAGAAAGAAGRATG
5-CAGACGTGTGCTCTTCCGATCTTCGCAACTGCBGTGTGAC-
5'-CTACACGACGCTCTTCCGATCTTCAGAGACAAAACCCGBACCAC(
5-CAGACGTGTGCTCTTCCGATCTGAGGCAGGATCABCATTTGG-
5'-CTACACGACGCTCTTCCGATCTTCAGATGGCCAAAATGTECTCA
5-CAGACGTGTGCTCTTCCGATCTGCCCTTAAGCGBCAACACAT-
5'-CTACACGACGCTCTTCCGATCTTCAGATGCACTCTCATCGBGATA
5'-CAGACGTGTGCTCTTCCGATCTGAGCAGCACGATGGATCC-
5'-CTACACGACGCTCTTCCGATCTTCAGAACTGAACTCTCARTGGG(
5'-CAGACGTGTGCTCTTCCGATCTGGCTTATCAGGCATBTTAGAG
5'-CTACACGACGCTCTTCCGATCTTCAGACTGCATGGACAGTGAG
5-CAGACGTGTGCTCTTCCGATCTAAGTTGCTGGTTATIGTCCTGG
5'-CTACACGACGCTCTTCCGATCTTCAGAGTATGGGCCGBGGACCA
5'-CAGACGTGTGCTCTTCCGATCTCTGCCACCAGCTTCCCTC-
5'-CTACACGACGCTCTTCCGATCTTCAGAGCAAAGGAGGCTCGAAA
5-CAGACGTGTGCTCTTCCGATCTCTGAACCTGAGCGCCTGT-
5'-CTACACGACGCTCTTCCGATCTTCAGACTGCTTTGTCTTGCTGC
5'-CAGACGTGTGCTCTTCCGATCTCCTTGATCCCCATEACAAACTC
5'-CTACACGACGCTCTTCCGATCTTCAGAGAGAGCATCGECCAGT
5'-CAGACGTGTGCTCTTCCGATCTACTATGATGGCAATCAGGCCC
5'-CTACACGACGCTCTTCCGATCTTCAGAAGAAGCACAACTATGA(
5'-CAGACGTGTGCTCTTCCGATCTTCCCAGATGAAAGCATGCAG-
5'-CTACACGACGCTCTTCCGATCTTCAGAACACTCACCTTTGRAAAA
5-CAGACGTGTGCTCTTCCGATCTGAGGAAGATCBCTGCTGC-
5'-CTACACGACGCTCTTCCGATCTTCAGATGTCACTCCTTTACTGT
5-CAGACGTGTGCTCTTCCGATCTCGTCAATGGCTTGEATTTGAC(
5'-CTACACGACGCTCTTCCGATCTTCAGACGACAGAAGCARCAGTT!
5-CAGACGTGTGCTCTTCCGATCTCAAAACGCGGGBIGATGGA-
5'-CTACACGACGCTCTTCCGATCTTCAGATGAAGGAGAAGATBGAT
5-CAGACGTGTGCTCTTCCGATCTCCATCCTTCTGTACTCGAGC-

5'-CTACACGACGCTCTTCCGATCTTCAGAAACCCATCATABCGGAC
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tenm2

thx1

ankla

rorb

cpebda

nr3cl

gabrb2a

tIx3

cryball2

megf8

eyal

eyal

eyal

smarcd3b

zfyve9a

acvr2bb

c1ql3b

cacnaleb

eif4a2

cl_680052_tenm2_1r
cl_680057_tenm2_1f
cl_680057_tenm2_1r
cl_68656_thx1_1f
cl_68656_tbx1_1r
cl_70737_ankla_1f
cl_70737_ankla_1r
cl_72477_rorb_1f
cl_72477_rorb_1r
cl_77594_cpebda_1f
cl_77594_cpebda_1r
cl_78021_nr3c1_1f
cl_78021_nr3c1_1r
cl_78077_gabrb2a_1f
cl_78077_gabrb2a_1r
cl_78713 tIx3_1f
cl_78713_tIx3_1r
cl_78754_cryball2_1f
cl_78754_cryball2_1r
cl_84965_megf8_ 2f
cl_84965_megf8_2r
cl_89045_eyal 1f
cl_89045_eyal 1r
cl_89049 eyal 1f
cl_89049 eyal 1r
cl_89053_eyal 1f
cl_89053 eyal 1r
cl_90274_smarcd3b_1f
cl_90274_smarcd3b_1r
cl_93181_zfyve9a_1f
cl_93181_zfyve9a_1r
cl_93416_acvr2bb_1f
cl_93416_acvr2bb_1r
cl_94257 clql3b_1f
cl_94257_c1qI3b_1r
cl_94647_cacnaleb_1f
cl_94647_cacnaleb_1r
cl_96869_eif4a2_1f

cl_96869_eif4a2_1r

5-CAGACGTGTGCTCTTCCGATCTAGGCACCTCGATCTGCTC-
5'-CTACACGACGCTCTTCCGATCTTCAGACACCAGCAT@GACGTC,
5-CAGACGTGTGCTCTTCCGATCTCTAAGTCTGTG&GCCACTC-
5'-CTACACGACGCTCTTCCGATCTTCAGATGATGGACTTECTGCCI
5-CAGACGTGTGCTCTTCCGATCTCGACGAGCTGTEGAAAGC-
5'-CTACACGACGCTCTTCCGATCTTCAGAGGCCAATGTBAACGCT!(
5-CAGACGTGTGCTCTTCCGATCTTGCAGCCATGTACAGTGGA-
5'-CTACACGACGCTCTTCCGATCTTCAGAAGAGGTCAAGATGIAC
5-CAGACGTGTGCTCTTCCGATCTTGGGTGATCTGBATGGCAC-
5'-CTACACGACGCTCTTCCGATCTTCAGAGCCCGATTTGBICAACT
5'-CAGACGTGTGCTCTTCCGATCTAGGACATATGGCTFCACTTCC/
5'-CTACACGACGCTCTTCCGATCTTCAGAGCATGAAGGICCTGCT!
5-CAGACGTGTGCTCTTCCGATCTGCTCTTCAGGICGTCCTT-
5'-CTACACGACGCTCTTCCGATCTTCAGACTGAGACCCBACCCCA/
5'-CAGACGTGTGCTCTTCCGATCTTGGCATACAGAGCATCATCTC
5'-CTACACGACGCTCTTCCGATCTTCAGARGTCAAAACCTGGTTTC
5-CAGACGTGTGCTCTTCCGATCTCCTCTCCTCG&CTGTCTG-
5'-CTACACGACGCTCTTCCGATCTTCAGACATCAGGGTGEAGAGC
5'-CAGACGTGTGCTCTTCCGATCTCTGCTGGCCCBGGAAGTC-
5'-CTACACGACGCTCTTCCGATCTTCAGAATTTGGCTGGTGIGTT(
5-CAGACGTGTGCTCTTCCGATCTTGAGATCTGGTBCACACGG-
5'-CTACACGACGCTCTTCCGATCTTCAGAAGTTCTCTCCACAGATT
5-CAGACGTGTGCTCTTCCGATCTGGGGTAGGAAGARTATGCGG
5'-CTACACGACGCTCTTCCGATCTTCAGAAACAACCCASBCACCGCC
5-CAGACGTGTGCTCTTCCGATCTGTTTCATCCAGGTACCAGATG.
5'-CTACACGACGCTCTTCCGATCTTCAGATGGCACTGAAAGCACT,
5'-CAGACGTGTGCTCTTCCGATCTGTGGTCACCAGGATATTCACA
5'-CTACACGACGCTCTTCCGATCTTCAGAAGGACTGGCTIAAATCI
5-CAGACGTGTGCTCTTCCGATCTCCCCACCACGICTGTCAT-
5'-CTACACGACGCTCTTCCGATCTTCAGAGTACGGGAGBCCACAT
5'-CAGACGTGTGCTCTTCCGATCTGAGGACGATCBCCGACGG-
5'-CTACACGACGCTCTTCCGATCTTCAGAGTGCTGTGGGAGCTGC
5'-CAGACGTGTGCTCTTCCGATCTCAGCATGTACTCECCAACTGT:
5'-CTACACGACGCTCTTCCGATCTTCAGAGGGCTGACCTCTIETAA
5-CAGACGTGTGCTCTTCCGATCTGTAGTTCTGGBCGGCGTC-
5'-CTACACGACGCTCTTCCGATCTTCAGATTTCCAGCTGGCATCAT
5-CAGACGTGTGCTCTTCCGATCTATCACCTCGTTGCAGTCCTC-
5'-CTACACGACGCTCTTCCGATCTTCAGACACCAGAGAGEBTGGCT

5'-CAGACGTGTGCTCTTCCGATCTCATGTAGTCACCCAGAGCCAG
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57
56,4
55,4
56

56,8
56,4
55,9
56

57,5
56,8
55,8
57,3
57,6
58,2
55,5
54,2
57,4
58,2
58,9
55,1
56,5
54

55,4
58,8
56,7
54,9
55,7
56,2
57,3
57

57,2
59,3
57,7
55,3
55,6
55,9
56,3
57,9

57,5
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Table S3Descriptive statistics calculated at 54 loci within idefipecies and on the total dataset
without the 11 individuals with dubious identificatigN=69). The individual originally classified as
C. hamatusbut resulted as a mislabelling of the sample tube has bemsmoved from this
calculation. For each species, samples size (N), proportionlgfpephic loci (R), missing data
percentage across individuals per species (MVs), unbiased exfestexzygosity (B, observed
heterozygosity (), inbreeding coefficient (§, mean number of alleles per locuszNAllelic
richness (A and private Allelic richness (pAre reported. Aand pAvalues are calculated on a
minimum sample size of six diploid individuals. Some inbreedogfficients were negative
reflecting an apparent excess of heterozygotes intraspeciesl¢Tgb

Out of 424 probability tests for HWE, 41 showed a sigamifi departure from HWE, with a nominal
threshold of 0.05. However, it is noteworthy that 90 testdddibecause loci were monomorphic
within the species sample. Loci showing HW disequilibriumdifferent across species. After
correction for multiple tests, only 5 probability tests for HAte statistically significant (loci 7 and
71 inC. hamatuslocus 24 irC. myersand loci 7 and 31 i€. rastrospinosys

Species N Pn MVs (%) He Ho Fis Na A pAr
(%)

C. hamatus 11 |88.68| 11.49 | 0.425|0.353| 0.168| 4.189| 3.320 | 1.140

C. myersi 12 | 86.79 9.74 0.425| 0.429 - 4.359| 3.380 | 1.020
0.011

C. 14 | 88.68 5.12 0.428| 0.409 | 0.043 | 4.566 | 3.450 | 1.140

rastrospinosus

P. macropterus 6 [{69.81| 11.32 | 0.316| 0.337 - 2.674| 5.490 | 1.460
0.067

P. maculatus 6 | 50.94 9.11 0.201 | 0.213 - 1.755| 4.640 | 0.870
0.058

N. ionah 6 |79.25 9.11 0.376 | 0.390 - 2.830 | 2.830 | 1.980
0.038

C. wilsoni 8 | 84.91 2.12 0.441| 0.424| 0.039 | 4.509 | 3.880 | 2.210

A. mitopteryx 6 |81.13 8.80 0.448 | 0.500 - 4.000 | 9.060 | 3.490
0.116
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Table S4Descriptive statistics calculated at 43 loci withingleausSoleaStatistics were calculated
per species based on the total dataset (of 68 and 38 iddals forSolea soleandSolea aegyptiaca
respectively) and per populations. Individuals processed incaplwere considered only once. The
three outlier individuals, morphologically misclassifieasoleand resulted instea8. aegyptiaca
based on genetic identification, were consideredasegyptiacdor the total dataset but were a
priori removed for the analysis population-based. For each sampgies (N), proportion of
polymorphic loci (), missing data percentage across individuals per speciesiptpos (M\4),
unbiased expected heterozygositydHobserved heterozygosity ¢ inbreeding coefficient (,
mean number of alleles per locusgNAllelic richness ¢Aand private Allelic richness (pAare
reported. A and pAvalues are calculated on a minimum sample size of 12 ama&dlindividuals
respectively foIS. soleaandS. aegyptiaca

. Pn MVs
Species N (%) (%) He Ho Fis Na A PA[
Solea solea 68| 100 | 2.599| 0.592 | 0.493 | 0.167 | 14.14 | 10.91 | 10.82
Solea 38 93.02| 1.101 | 0.364 | 0.260 | 0.286 4.32 432 | 4.24
aegyptiaca '
Populations
of Solea | N| PV I MVs ol b | Rs | Na | A DA,
(%) | (%)
solea
SS-GLI 14| 95.3 | 2.66 | 0.604 | 0.551| 0.089| 6.19 | 6.75 | 2.21
SS-TYR 15| 97.7 | 5.12 | 0.613| 0.567 | 0.074| 7.40 | 6.78 | 2.38
SS-ADR 14| 97.7 | 1.83 | 0.565| 0.512 | 0.094 | 5.72 | 5.41 | 1.06
SS-GRE 12| 954 | 1.36 | 0.493| 0.449 | 0.089 | 4.51 | 4.51 | 1.05
SS-TUR 13| 93.0 | 1.61 | 0.436|0.371| 0.149| 3.86 | 3.76 | 0.79
Populations
of Solea | N P | MVs He Ho Fis Na Ar PA:
- (%) | (%)
aegyptiaca
SA-TYR 13| 48.8 | 1.97 | 0.168| 0.153 | 0.090| 1.72 | 1.54 | 0.15
SA-ADR 5 | 62.8 | 0.93 | 0.287 | 0.321 - 2.09 | 0.42
2.09
0.118
SA-GRE 6 | 72.1 0 0.364 | 0.407 - 267 2.54 | 0.78
0.118|
SA-TUR 6 | 53.5 0 0.220| 0.248 - 1.72 | 0.21
1.76
0.126
SA-ALE 5 | 58.1 | 0.47 | 0.258| 0.287 - 2.00 | 0.24
0.115 2.00
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ABSTRACT

Despite strict protection of natural populations and CIT&Srictions on international trade of
caviar, sturgeons are increasingly at risk of extinction. atest assessment released in July 2022
by the IUCN confirms sturgeons and paddlefish as the most eyeled group of species on the
planet. In this context, poaching and the illegal tradeafiar and meat have a significant weight
and it is, therefore, necessary to support control activitiesdwntifying diagnostic and reliable
methods for the identification of species, interspecific hgsriaquaculture or natural origin and
geographical provenance of commercial samples. The technical agpes used for this purpose
now include biochemical, isotopic, and genetic marker analysesare constantly evolving with
remarkable developments proposed in recent years. Among these, particuédelvant are the
numerous nuclear genetic markers, which allow the identifigatiot only of pure sturgeon species
but also of interspecific hybrids and the approaches basethe analysis of fatty acids which allow
to distinguish feed-fed animals from fed with natural foddiditionally, the use of multi-isotopic
fingerprint analyzesto determine the geographical area of nigyrapidly developing and is proving
to be extremely useful for commercial controls and for the protattmf natural sturgeon
populations.This synthesis arises from the need of providimgxhaustive picture of the available
technical approaches and to evaluate their potential andtBpiocusing mainly on the innovations
proposed in the last 10 years which have significantly impraweddiagnostic power.

Keywords:sturgeon, caviar, species identification, traceability, poachsnmuggling
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1 INTRODUCTION
Sturgeons and paddlefish (Acipenseriformes)
E A}Eo [+ u}eS v VP E

holds true for the Caspian Sea, the Danube
basin, the Black and Azov seas, the

p & YAmrHeiloggiiang River. In addition, many

- based upon IUCNs RED List Assessment states have independently enacted national

(IUCN, 2022; Congiu et al., 2023)
(https://www.iucn.org/content/sturgeon-
more-critically-endangered-any-other-group-
specield. Besides habitat degradation through
damming, channelization, gravel extraction
etc. and pollution, a major factor contributing
to this status is a long-lasting overharvest for
production of one of the most prestigious and
valuable food of wildlife origin, the caviar,
obtained by processing their eggs.
In response to the dramatic decline of wild
populations/isting under the Convention on
International Trade in Endangered Species
(CITES) was used to increase transparency and
sustainability of trade in sturgeon products.
This process started with two species
(Acipenser brevirostrunand A. sturig being
listed on Appendix | in 1989, followed by the
remaining 25 species in 1998
(https://cites.org/eng/app/appendices.php
listed under Appendix Il. As such the control
and supervision of international trade was
mandatory for all sturgeon species.
In order to support national and international
trade controls, in 2000 CITES introduced a
labeling system for both wild and aquaculture
caviar, which uses universal codes and non-
removable labels (Resolution CITES Conf 12.7,
Rev CoP17). Although recommended also for
domestic markets several states with
extensive domestic markets, such as China,
Japan, Russia, and the United States, have not
adopted a mandatory labelling system. This
renders the tracking of caviar in trade
impossible and exposes domestic markets to
an uncontrolled distribution of caviar from
illegal sources (whitewashing).
In the same resolution, CITES also
recommends range States with shared stocks
to establish annual quotas for exporting caviar
and meat from wild caught sturgeons.
However, since 2011, no quota has been
communicated, making any trade in meat or
caviar taken from shared stocks illegal. This
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or regional bans on fishing and trading in wild
sturgeons.
In parallel with the dramatic decline of wild
stocks, and driven by the significant market
demand for caviar, a rapid development of
commercial sturgeon aquaculture producing
caviar took place profoundly changing global
caviar production and trade dynamics, shifting
the import ratio of farmedversuswild caviar
internationally from 5% aquaculture source,
in 2000, to 95% in 2015 (Bronzi et al., 2019).
However, the 5% amount of caviar from wild
fish seems to be significantly underestimated
because the volume of illegal trade is
unknown.
According to a report released by TRAFFIC in
2018 (30th meeting of the CITES Animal
Committee, AC30 Inf. 33), there are different
types of illegal trade. One comprises the
"black" market in which wild products are sold
"under the counter”, through individual
contacts or online offers, and the official
market in which illegal caviar might be
Juu & ] o]l pv E Z( oe o0
advantage of the absence of conformity
checks between the actually sold product and
what is declared on the label. Hence, wild
caviar can be labeled as aquaculture product
and thus enter the legal trade illegally. In
some cases, paradoxically, farmed caviar is
o] & §0C «}o =+ "Alo }E]P]v_
market to intentionally overprice the product.
It is also possible that forged or counterfeit
CITES documents, or genuine CITES
documents obtained through corruption, are
used for export.
Despite CITES restrictions and the high
availability of aquaculture products, poaching
and illegal trade in wild meat and caviar
remain serious threats to the survival of wild
populations, as documented in many regions
(Birstein et al.,, 1998; Cohen, 1997; Daea,
2019; Doukakis et al., 2012; Fain et al., 2013;
Hruby, 2019; Jahrl et al., 2021; Knight, 2017;

oo]



Luca et al., 2020; Ludwig et al., 2015;
W %% o0 E } § oXU TiioVv ~ A]
Uhm & Siegel, 2016; Zabyelina, 2014). A
recent innovative study based on the
combination of both genetic and isotopic
analyses on 145 commercial products
sampled in Bulgaria, Romania, Serbia and
Ukraine, demonstrated that a substantial
fraction (19% of the total) was of wild and thus
illegal origin in these four countries (Jahrl et
al.,, 2021). In addition, 17% of the total
samples was sold without the mandatory
CITES labels, with false codes or without the
required CITES permits. This highlights the
urgent need for a greater global effort to
control whether sturgeon products in trade
comply with all legality criteria.

Currently, most control efforts by law
enforcement officials are limited to verifying
the presence of proper CITES documentation
and the integrity of the label. Conversely, less
importance is given to compliance checks
between the commercialized products and
the declarations made on their labels. These
checks should verify the species and the origin
of the commercial product, making use of the
numerous traceability markers already
available and increasing constantly.

Since the publication of the most complete
summary of sturgeon forensic markers
(Ludwig 2008), novel methods and
approaches in genetic analysis have been
developed which allow to improve the
efficacy in species identification as well as in
detection of hybrids. Additionally, the
assessments of origin and provenance of
samples through analysis of the isotope or
chemical compositions have recently
undergone rapid development.

In line with the requirements of CITES
Resolution Conf. 12.7 (Rev.CoP17), this review
examines  available techniques  for
identification of Acipenseriformes species and
their products in trade considering their
advantages and disadvantages.
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2, IDENTIFICATION OF STURGEON
sPEQIESYBRIDAND THEIR PRODUCTS

2.1 Morphological determination

Morphological and morphometric
approaches, supported by dichotomous
identification keys, are usually the first steps
to identify intact specimens. One of the most
comprehensive guides for the morphological
identification of pure species is the CITES
1 vs](] S]iv Pp]l ""SpHEP }ve
fii_ ~ U v filieX ,JA A EU
identification based on dichotomous keys is
often complicated by the fact that the
geographical distribution area of the species is
one of the criteria that must be taken into
account. The various sturgeon species raised
in aquaculture for production purposes have
been globally redistributed and the
information of geographical origin no longer
makes any sense.

Another problem of morphological and
meristic characteristics is the overlap of the
ranges of values between species. Often the
differences are valid only on a statistical basis,
making the identifications meaningful only if
carried out on many animals. Moreover, while
this approach can be successfully used on live
or dead animals if they are intact, this is not
the case with carcasses where significant parts
are often damaged or missing, or with
sturgeons offered for sale in parts, often even
without skin. In these cases, it is necessary to
proceed with identification through a genetic
approach.

Another source of ambiguity in using a
morphological approach is the allometric
growth. During ontogenetic development,
which includes the larval, fry, juvenile and
sub-adult phases, the proportions of the body
undergo significant changes which are not
systematically described in any sturgeon
species identification key. In some species,
also morphological characters can be
modified, as for example in Belug&lyso
husg which reduces its scutes during the
sexual maturation. After attaining sexual



maturity, which can be reached after 2
years depending on the species and
environmental conditions, the morphological
and meristic characteristics tend to be
consistent.

The effectiveness of the morphological
approach collapses when the animals to be
identified are hybrids of unknown origin.
Many interspecific hybrids between sturgeon
species are in fact produced in aquaculture
and possess intermediate morphological
characteristics compared to the parental
species. Furthermore, sturgeon hybrids are
often fertile and can be crossed with third
species, with other hybrids or backcrossed

with  parental species for multiple
generations, potentially generating a
multitude of morphologically

indistinguishable intermediate forms.
Regarding both eggs and caviar (consisting of
salted t traditionally unfertilizedt eggs), the
precise identification of species on a
morphological basis is not reliable due to the
similarity between the eggs of different
species and the unpredictable intraspecific
variability of size and color, which are affected
by the degree of maturation, diet and
individual genetic traits. The possibility to use
the number of micropyles for identification
(Debus et al., 2002) have not been followed up
after the initial attempts. Again, the increasing
number of species and interspecific hybrids
used to produce caviar is decreasing the
guality of diagnostic characters. If historically
the eggs of the main three caviar producing
species K. husg A. gueldenstaedtiand A
stellatug were quite recognizable by experts,
today, the contribution of genetic analyses is
necessary.

All the by-products of sturgeon processing
such as oils, isinglass, swim bladders, and
other derived tissues or body parts are not
morphologically identifiable, the only
exception being the skin which, in some cases,
can retain diagnostic characteristics. The
morphometric approach can sometimes allow
to distinguish animals of wild origin from
animals raised in aquaculture thanks to typical
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malformations that are observed in reared
individuals such as deformed pectoral or anal
fins, shortened opercula, missing nostril
(Gessner & Friedrich, 2017) or eye
abnormalities. However, these malformations
do not constitute decisive evidence of the
origin of the animals as they may not exist in
farmed animals, or they may be observed in
animals released within restocking programs
after a period of intensive farming.

In any case, any type of morphological
sturgeon species identification must be
carried out by skilled experts. For a layman,
the risk of misinterpreting the indications of
the identification guides is high and can lead
to incorrect results. This is very relevant for
example in the case of animals accidentally
caught by sport fishermen who should be able
to distinguish native species of a given basin -
to release them immediately - from alien
species escaped from aquaculture facilities or
released illegally - which should be removed.
In these cases, it would be important to have
the support of experienced personnel.

2.2 Genetic identification

Most limits concerning morphological and

morphometric identification discussed above
are overcome by DNA-based methods which,
in recent decades, have become the approach
of choice in the identification of animal and

plant species of commercial interest. The
analyses of different types of molecular
markers as instruments to detect intra- and
interspecific genetic variability became

powerful approaches to elucidate species
evolutionary and demographic histories,

population differentiation as well as to search
for diagnostic characters which allow to

identify  species, interspecific hybrids,

populations, genetic lines, paternities or even
individuals. In this chapter, the current status
of the availability and application of DNA
markers for sturgeon species is presented,
highlighting their potential and limits.



2.2.1 Mitochondrial markers

Mitochondrial markers are among the most
frequently used genetic tools and often the
prime standard to identify species (Ahmed et
al., 2018; Cooper et al., 2009; Dalton & Kotze,
2011; Dawnay et al., 2007; Khedkar et al.,
2014) and this is true also for sturgeons. This
is mainly due to mitochondrial DNA (mtDNA)
properties such as: i) number of copies
hundreds or thousands of times greater than
the nuclear genome, ii) small size and
consequent high resistance to degradation, iii)
presence of regions with different mutation
rates and therefore with different levels of
sequence heterogeneity, vi) ease of analyses,
reliability and comparability with a rich
reference database (e.g. Genbank, BOLD). Last
but not least, this method is generally
accepted as evidence during court cases. It is
generally used by sequence analysis although
several indirect approaches have been
proposed in the past to limit costs and
processing time (sequencing). For a review of

the Persian sturgeon A({ persicus
morphologically very similar to the Russian
sturgeon A. gueldenstaedtji and with
overlapping distribution. The two species are
not distinguishable based on mitochondrial
DNA and in general no diagnostic genetic
markers are available, raising doubts about
the status ofA. persicusas a valid species.
Although separated geographically, the
mitochondrial haplotypes of the Adriatic
sturgeon A. naccarii do not form a separate
cluster from haplotypes oA. gueldenstaedtii
(Birstein et al., 2000). However, the species is
distinguishable genetically because all existing
individuals descend from a group of animals
bred in captivity that are characterized
genetically. For these species seven mtDNA
control region haplotypes are known and
these haplotypes are not shared with other
species (Boscari et al., 2014a). Another typical
ambiguity that often creates disputes in the
case of analysis of commercial products is
given by the introgression of the Siberian

these methods such as RFLP, SSCP nested or sturgeon A. baeri) into Russian sturgeom(

semi-nested PCR, see Ludwig (2008).

More recently, after sequencing costs
dropped substantially, the mtDNA sequencing
analysis became the most common technique
for species identification through the
comparison of results with sequences
deposited in publicly available data banks.
However, the use of the reference sequences
present in the databases should be treated
with caution as some individuals have been
identified incorrectly and consequently their
deposited sequences can create ambiguities.
This is the case of a mitogenome (EU719645)
deposited asA. sinensidut belonging toA.
gueldenstaedtii (Dillman et al.,, 2014)
highlighting the importance of vouchers and
certified reference samples.

Mitochondrial DNA, for sturgeon in particular
the sequencing of the control region,
represents an excellent tool for the
identification of pure species. Exceptions are
sturgeon species that are not clearly
differentiated or have encountered
introgressions in the past. This is the case for
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gueldenstaedtii) gene pool, followed by
backcrosses with the Russian sturgeon
(Jenneckens et al., 2000; Mugue et al., 2008).
Due to the non-recombinant inheritance of
mtDNA along the matrilinear genealogy, over
30% of Russian sturgeons still has.abaerii
mitochondrial haplotypes that are defined as
"baerii-like_ X d Z baerii-like haplotypes,
based on a simple query of the databases are
attributed to the Siberian sturgeon even if the
animal, after several generations of
backcrosses, has completely lost any
morphological trace of the hybridization
event. The only suitable marker for the
identification ofbaerii-likehaplotypes is a SNP
proposed by Mugue et al. (2008)

Due to its maternal inheritance, the main limit
of mtDNA is the inability to track the paternal
contribution, making it scarcely informative
for relatedness analyses and detection of
hybrids which is a critical limit for sturgeons.
In fact, with the considerable increase in the
production of interspecific hybrids for caviar
or meat, the use of mitochondrial markers for



commercial controls opens the way to a series
of possible commercial frauds, the most
common of which is to sell the hybrid caviar
under the false label of the maternal species
increasing its market value. In this case,
mitochondrial markers would erroneously

confirm the correctness of the label.

Alternatively, pure-bred species wild caviar
(illegal) is sold as being of captive hybrid origin
(whitewashing). For this reason, the
development of biparentally inherited nuclear

markers has been particularly pursued in
recent years.

2.2.2 Nuclear markers

With the exception of the pioneering studies
that had involved multilocus nuclear markers
in the past (extensively reviewed in Ludwig et
al. 2008 but scarcely used nowadays), the use
of nuclear markers to detect species and
hybrids has caught on only lately. In the last 10
years, the focus of the development has been
upon two classes of nuclear markers, the
microsatellites and the Single Nucleotide
Polymorphisms (SNPs), used individually or in
combination through different approaches
(summarized in Table 1). For both classes of
markers, loci can be informative if they have
species-specific alleles, either fixed or with a
frequency high enough to guarantee a good
probability of detection. This condition is less
common in microsatellites than in SNPs,
probably because of their higher rate of
variability and the high number of alleles
resulting thereof. Furthermore, the published
loci have generally been selected for high
variability. Conversely, SNPs are usually
biallelic and, especially those isolated with
genotyping by sequencing approaches, can
map in regions with different variability rates
increasing the likelihood of having loci with
fixed or high frequency species-specific
alleles.

Nuclear molecular markers, being equally
inherited by the parental individuals, are
informative for all applications in which the
genetic contribution of both parents is of
relevance, such as relatedness analyses or
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identification of intra- and interspecific
hybrids. The latter case is especially important
for sturgeons for which artificial hybridization
is recurrent in aquaculture and for the
confirmed occurrence of various events of
natural introgression (Beridze et al.,, 2022;
Ludwig et al., 2009). Since the fertility of many
hybrids can generate genomes with various
degrees of admixed contributions through
backcross with parental species or further
hybridizations with other species, the
availability of one diagnostic marker for each
species may not be sufficient. In fact, in first
generation hybrids the entire chromosomal
set of the two parental species is fully
represented, and even a single locus marker
can successfully detect their target species.
From the second generation onward, only a
subset of these chromosomes (or part of
them, being everything further complicated
by meiotic recombination) will pass the
random bottleneck of segregation (Figure 1).
For this reason, the availability of several loci
increases the possibility that at least one of
them can be still detectable in the sample.
For some specieghe occurrence of past
events of natural introgression renders the
identification of loci with 100% diagnostic
power difficult if not impossible. For example,
due to the past introgression documented for
A. baeriiandA. gueldenstaedtjias mentioned
above, no nuclear loci with alternative alleles
in the two species are yet available. This is also
the case ofA. schrenckiandHuso dauricus
hybrids (sympatric in the Amur River) (Boscari
et al., 2017a).

2.2.2.1 Microsatellites

Microsatellites, given their high variability, the
widespread occurrence and the easy analyses
by PCR, have for decades been the most
common markers for the study of genetic
differentiation at different levels of diversity
(relatedness and population analyses) in many
eukaryotes including sturgeons and
paddlefish (Ludwig et al. 2008).

The presence of a high number of alleles per
locus (for example compared to SNPs) makes



them very informative for the study of genetic

diversity, potentially including species
identification. However, these markers also
have some limitations for species
identification, such as the limited

comparability of results among laboratories
due to different analytical conditions. Small
allele shifting may lead to discordant
genotyping of the same individual analyzed in
different laboratories. To have a reliable allele
size, all laboratories applying this approach
should include some reference samples with
known genotypes in their sample set for the
opportune inter-calibration. Other problems
such as misidentification due to allelic
dropout, null alleles or wrong allele dosage
estimation can also occur but they are locus-
dependent and require preliminary validation
on large sample sets.

For the application of microsatellites in
species identification, the presence of alleles
fixed in a given species and absent from all the
others (private) is a very rare condition, also
due to the high intrinsic variability rate of
microsatellites. However, in some cases, it
was possible to identify efficient markers,
such as for the stellate sturgeoA (stellatuy

in which at the locus Afu-39 (formerly known
as LS -39) (Jenneckens et al., 2001) the allele
with 111 base pairs is private and
monomorphic for this species. This locus can
be used in combination with mitochondrial
DNA for the identification of both the pure
species and stellate sturgedrybrids. In this
case, the discordance with the mitochondrial
haplotype will allow to detect the hybrid.

Loci in which no fully diagnostic alleles are
present can also be used if some alleles are
present at a high frequency in a given species.
In these cases, the identification is performed
by estimating the probability of belonging to a
given species, following  allocation
procedures. However, the use of these
markers for forensic purposes is much more
critical as they cannot provide a certainty, but
only an allocation probability. It is worth
noting that the probability of observing a
given allele in a genome depends not only on
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the allele frequency in the species but also on
its ploidy level (See paragraph 2.2.5 for
details). Based on these criteria, several
microsatellite loci have been proposed as
diagnostic markers for the detection of
different sturgeon species (Barmintseva &
Mugue, 2013; Boscari et al., 2017a; Chassaing
et al., 2011).

2.2.2.2 Single Nucleotide Polymorphisms
(SNPs)

Single Nucleotide Polymorphisms (SNPs) are
substitutions of a single nucleotide and
represent the most frequent case of genetic
polymorphism. Such substitutions can be
localized both on coding and non-coding
regions and their characterization can be
carried out through different approaches.
Species identification based on SNP analysis
has become increasingly important in recent
years, especially thanks to the advent of
massive genotyping by sequencing methods
(Elshire et al., 2011). The advantage of these
approaches is that they allow the
simultaneous genotyping of several SNPs in
hundreds of individuals without the need to
preliminarily identify a panel of polymorphic
loci. However, these approaches, being time
and lab consuming, are useful for the
detection of polymorphism but are not
convenient for applications on a limited
number of samples. In these cases, it is
necessary to use diagnostic SNPs (or
combinations of SNPs) that can be genotyped
quickly and reliably. Once the diagnostic SNPs
have been identified using the above-
mentioned whole genome approaches
(Havelka et al., 2017; Ogden et al., 2013) or
focusing on highly polymorphic regions such
as intronic sequences (Boscari et al. 2014b,
2017a, 2017b), a locus-specific test can be
developed, for example by developing PCR-
based tests based on the presence/absence of
diagnostic alleles. The good transferability and
replicability of this approach among
laboratories represent important advantages
of SNPs compared to microsatellites.



The application of SNPs to sturgeon
identification was first proposed as a single
locus approach by Boscari et al. (2014a). The
authors set up a PCR-based identification tool
based on a panel of diagnostic SNPs within an
intronic region of the RPS7 gene. The
approach, combined with mtDNA, allows the
unambiguous detection of five specieé.(
naccarii, A. fulvescens, A. stellatus, A. sinensis
andA. transmontanups and two hybrids, the
Bester H. huso, x A. ruthenus f) and the AL
(A. naccarii, X A. baerii f), with an 80% and
100% success, respectively. The use of intronic
SNPs has been later extended to another
intronic region, of the gene RPS6, again with a
single locus approach, allowing for the
identification ofH. huso(Boscatri et al., 2017a;
Figure 2A). Introns of RPL4 and RPL5 genes,
combined with a microsatellites panel,
allowed to setup a multi-locus approach for
the differentiation betweenA. schrenckiand

H. dauricuswith discrete overall diagnostic
results (Boscari et al., 2017a) even if no fixed
markers were found that differentially
segregate between the two species (see
chapter 2.2 on the importance of reliable
reference samples). Havelka et al. (2017) have
identified other diagnostic SNPs foA.
ruthenus and H. huso after a massive
screening of loci obtained through Next
Generation Sequencing. More recently,
through a ddRAD approach, Havelka et al.
(2019) isolated new SNPs able to differentiate
A. baeriiand A. gueldenstaedtifrom all the
other species, thus allowing to detect the
presence of one of them as paternal species in
hybrids. A similar whole genome rarefaction
approach (2bRAD) enabled Boscari et al
(2021) to differentiate geographical origins in
the Beluga, but this aspect can be relevant
mainly in a conservation perspective, for a
reliable identification of conservation units.
Multiple, in linkage, SNPs (microhaplotypes)
are the focus of more recent studies that
demonstrated how their use, instead of stand-
alone SNPs, can effectively increase the
informative potential for diversity analysis
(Baetscher et al., 2018; Pakstis et al., 2021).
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The University of Padova is currently
developing the multiple SNPs approach
focusing on intronic regions, which showed
interesting potentials for sturgeon specie
identification (Boscatri et al., 2014d)his new
approach is based on the simultaneous
amplification and sequencing of several
intronic loci through illumina sequencing with
the aim of identifying species-specific
haplotypes to be used for the subsequent
development of diagnostic primers. In a
preliminary application, individuals of
fourteen species were simultaneously
genotyped at 18 loci and the results, based on
allele sharing among individuals, show a
promising detection power as all species are
clearly differentiated (Figure 2B). The only
exceptions areA. schrenckiandH. dauricus
supporting the hypothesis of hybridization
events between the two species, at least in
the individuals used in this analysis,
consistently with what observed by Boscari et
al (2017a).

2.2.3 Effects of ploidy on the efficiency of
nuclear markers

Whatever nuclear marker wused, the
probability of identifying a given species
depends on the frequency of the diagnostic
allele and the degree of ploidy of the
organism.

The 27 species of sturgeon and paddlefish can
be separated in different groups based on
their ploidy level. The first group with about
120 chromosomes, the second with some 240
and the third, represented only byA.
brevirostrum with 360 chromosomes. The
ploidy level to be ascribed to each group
depends on the criteria of classification
(evolutionary of functional) as synthesized by
Fontana et al. (2008). Focussing on the
evolutionary perspective, the first group,
having experienced two rounds of whole
genome duplications, can be considered as
tetraploid, with consequent status of
octaploid and dodecaploids for the other two
groups. On contrary, when focussing on
functional aspects, due to the significant



functional genome re-diploidization, the three
groups can be considered as di-, tetra- and
hexaploidy (Fontana et al., 2008). The
functional reduplication, however, is a
dynamic and still ongoing process and the
ploidy level at different loci cannot be taken
for granted and should be viewed with caution
(Ludwig et al., 2001). These aspects should be
considered in developing species
identification markers, especially in the case
of Unfixed Diagnostic Alleles (UDA). These are
alleles which are present only in one target
species with a frequency lower than one. The
target species can be unambiguously
identified by the corresponding UDA but
cannot be excluded if the UDA is not detected.
Being an UDA not fixed by definition, a certain
percentage of genomes in the population
have alternative alleles; consequently, a
genetic test (for example an allele-specific
PCR) developed to specifically detect the UDA
will yield negative results if, for chance, all
genome copies of an individual carry these
alternative alleles. The probability that a given
individual does not have any copy of the UDA
but carries only alternative alleles is counter
proportional to his ploidy as schematized in
the Figure 3. To better explain this concept, let
consider a hypothetical UDA with frequency
of 0.33 on which an allele-specific diagnostic
PR is set up. The probability that a diploid
animal has only alternative alleles being
negative to the PCR, is 0%66).44, that means
that only 54% of the individuals are
detectable. If an UDA with the same
frequency of 0.33 is observed in a tetraploid
species, the probabilty to carry only
alternative alleles is 0.66= 0.19, and as a
result 81% of individuals will be positive to the
diagnostic PCR.

For this reason, even relatively low frequency
diagnostic alleles can provide valuable
detection power, especially in polyploids.

2.3 The importance of Reference
Samples (RS)
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Irrespective of the methods or the genetic
markers used, the selection of Reference
Samples (RS) in the developmental phase of
forensic tools is crucial. RS must be certified
with regard to their purity and should be
representative of the genetic variability of the
species or population of origin to avoid the
following biases.

Firstly, difficulty in identifying diagnostic
markers due to not pure individuals used as
RS. Often, for the development of diagnostic
markers, sturgeons from aquaculture facilities
or from captive stocks are used as RS. The
history of these animals is sometime unclear.
In many cases, following translocations
among plants or mixing of individuals of
different origins, traces of their individual
histories are lost. This generally does not
represent a big problem since the species are
morphologically recognizable. However, in
aquaculture, pure individuals often coexist
with different degrees of hybrids showing
intermediate features which render the
morphological-based identification a
problem. This is especially true when the
hybrid does not represent a first-generation
specimen, but the hybridization event
occurred in their earlier genealogy, followed
by backcrosses. In this case, the contribution
of the introgressed species is retained in the
population or in the captive stock for several
generations being progressively diluted.
Consequently, some animals that
phenotypically are classifiable as pure species
might have a certain fraction of genome
inherited from other species. Their inclusion in
the reference dataset dramatically decreases
the possibility to identify diagnostic markers.
This situation was hypothesized in the case of
the previously mentioned study conducted by
Boscari et al. (2017a) od. dauricusand A.
schrencki{sympatric in the Amur River). The
authors have failed in identifying diagnostic
markers to distinguish the two species,
despite belonging to different genera and the
fact that they are morphologically very
dissimilar. The production of hybrids between
the two species is in fact very common in



aquaculture in China but the two sympatric
species are also known to occasionally
hybridize in nature. In this case, a potential
alternative is developing markers that identify
the two species as a whole (Boscari, et al.,
2014a) and limiting any testing to the
compatibility of a sample with these two
species, without attributing them with
certainty to one of them. This approach,
however, does not meet the identification
criteria required by CITES regulations.
Secondly, incomplete representation of a
species in the RS. Due to a deficit in sampling

expected to show one state in the target
species and alternative states in all other
ones. This condition can be verified only if all
other species are included in the validation
test, but this is unfortunately often not the
case. An example is given byAa sinensis
marker that was proposed by Boscari et al.
(2014b) which, following further validation
tests, proved to be partially shared with a part
of the individuals oA. dabryanus a species
that was notincluded in the original dataset.

3 DETERMINING AND TRACKING THE
SOURCE AND GEOGRAPHICAL ORIGINS
OF STURGEONS AND THEIR PRODUCTS

effort, it is possible that the individuals used
as a reference for a species are not completely
representative of its genetic diversity. Often,

animals originated from one or few crosses
are reared in aquaculture resulting in a high
degree of relatedness. In these cases, a
genetic variant can be wrongly identified as
always present or always absent from a given
species and its application to forensic analysis
could lead to false interpretations. For this
reason, it is important to verify that the
validation process of the identified markers
has been carried out on the largest number of
animals possible, with different origins,
possibly analysed by different laboratories. An
example of this type of bias is given by Zhang
et al. (2013) in which the authors used
microsatellites to differentiate several
reciprocal hybrids generated by switching the
*]JE& [+ Vv ule Mobaprid > A.
gueldenstaedtiit versusA. gueldenstaedtii x

A. baeriit; A. baerii x A. schrenckit versus
A. schrenckii x A. baerii + andH. dauricus

x A. schrenckii+ versusA. schrenckii x H.
dauricus 1) as genetically distinct. This is not
genetically expected because first-generation
hybrids between two species should group
together regardless of the maternal or
paternal species. It is conceivable that the
group of hybrids analysed in this study
comprised related animals and were not
representative of the potential variability.
Thirdly, limited number of reference species.
A suitable species identification marker is
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Along with the problem of setting up reliable
methods for species and hybrid identification,
a second challenging issue is providing tools
able to identify the origin of sturgeons and to
trace the derived products. Particularly
relevant to defeat the illegal trade and the
whitewashing of wild sturgeon sold as captive-
bred is the possibility of distinguishing wild
from aquaculture products. Different
approaches for these purposes were
proposed on fish (Arechavala et al., 2013),
among which two have proven to be effective
in addressing this question: fatty acid profiling
and stable isotope analysis.

3.1 Specific chemical
profiling (fatty acid)

compound

Fatty acids are both important dietary sources
and important structural components of cells
in all biological organisms. Their composition
is largely determined by th v]u of[e ]
(Zhang et al., 2020).

The analyses of fatty acid composition can be
used to distinguish wild from farmed origin, as
shown in salmonids (Molkentin, 2015) as well
as in sturgeon caviar (DePeters et al., 2013,
Gessner et al. 2002). While Czesny et al.
(2000) pointed out that focusing on stearic
and oelic acids would provide suitable tools
for this purpose, basing the investigation on



the entire fatty acid profile instead of relying
on only one or few discriminating acids
provides more reliable results (Vasconi et al.,
2019). In fact, since the possibility to
distinguish wild from farmed caviar depends
on the food ingredients which are variable
across farms, the more informative fatty acid
for discrimination might change as well.
Unfortunately, fatty acid profiling is a labour-
intensive and time-consuming procedure
(approximately 5 to 10 days). The proteins
need to be hydrolyzed, and the fatty acids are
derivatized breaking them into the original
esters (triglycerides, waxes, phospholipids
etc.) before converting them to methyl esters
that can be finally analyzed by gas
chromatography. New, upcoming
technologies, like Direct Analysis in Real Time
(DART), coupled with a tinme-flight (TOF)
mass spectrometer (MS) (e.g. DART-TOF-MS),
may improve routine analysis of fatty acids by
massively cutting down on costs and
shortening the time needed to less than an
hour including data analyses (Black et al.,
2016; Cajka et al., 2013). The biggest
advantage of this technology is that almost no
sample preparation is required, and the
chemical profile of a suitable sample can be
obtained within seconds.

Therefore, DART is already used in various
fields of authenticity verification. Thus, the
field of work ranges from the verification of
the authenticity of foods such as olive oil
(Vaclavik et al., 2009) to forensics (Sisco &
Forbes, 2021) and the routine application of
species verification in wood (Price et al.,,
2022). However, the application of this
approach to the analyses of caviar is still at its
infancy but the results of a preliminary
analysis performed by Agroisolab (Berlin)
show a remarkable potential of the approach
in distinguishing the different origins.

In combination, DART-TOF-MS provides a
typical mass fingerprinting of those reference
samples.The differentiation of caviar from
wild and farmed origin using Kernel
Discriminant Analysis (KDA) of the fatty acid
chemical fingerprint from the DART-TOF
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analysis was performed on caviar obtained
from farmed and wild origin (Figure 4Jhe
analysis of the environment of origin (wild
versus farmed) performed with DART-MS is
highly concordant with the stable isotopes
approach described in the next paragraph.
The analyses of 58 test samples with both
approaches yielded concordant results in 88%
of cases (51 samples). In three samples the
DART-TOF-MS gave no significant assessment,
so the result could not be compared, and in
four cases (7%) results were discordant. In
these cases, further background information
(i.e. on the feed used in aquaculture) might be
helpful to draw the right conclusions.
Regarding the costs, the method with a price
of about 40 Euros per sample is quite
inexpensive.

3.2 Stable isotopes

Stable Isotope Ratio Analysis (SIRA) is the
analysis of variations in the bioelements C, O,
H, N and S. Isotopes are atoms of the same
element that have different masses, due to
the variable numbers of neutrons in the core
of the atom. In nature, different patterns of
these isotopes occur in the tissue samples
depending on geographic origin. These
geographical patterns of isotopes
composition can be used to trace the
geographical origin of a sample through
Isotope Ratio Mass Spectrometers (IRMS),
allowing to verify the authenticity of materials
(Primrose et al., 2010). There is a wide array
of publications available on their use to
determine the provenance of various
products such as agricultural and animal
products (see Divelos & Constantinos, 2012
for review).

The remarkable sensitivity of the method also
allows for depicting temporal variations
within individuals if applied to continuously
growing tissues, for example to study animal
migration patterns (Hobson, 1999). It was also
applied to investigate interspecific trophic
relationships and aquatic food webs
(Middleburg, 2014). Given the great



geographic variability in isotopic patterns in
water (Bowen & Wilkinson, 2002), water
isotopes are largely used to assess the
geographical origin of organisms. In fact, the
location-dependent water isotope signatures
are reflected in the tissue water of plants and
animals (Boner & Foster, 2004) and in their
products (Lesley et al., 2010). Most studies
using stable isotopes for authentication
purposes focus on terrestrial plants and
animals. This is due to the fact that the first
applications focused on the analysis of
hydrogen and oxygen which have informative
patterns in freshwater. In fact?H/*H and
180/*%0 stable isotope ratios have been
successfully used to verify the provenance of
freshwater fish (Soto et al., 2016). The sea
water shows reduced variability of these
elements world-wide and their use is
therefore less effective in sea organisms. As
most commercial caviar is obtained from
animals reared in freshwater aquaculture, the
stable isotopes of oxygen and hydrogen can
be applied to it. The comparison performed
on more than 50 reference samples from 9
different countries is shown in Figure 5A,
revealing a good distinction among caviar
from different areas.

Further information can be obtained from the
analyses of stable strontium isotopes
(®’Sr%Sr) which have been successfully used
to track the origin of salmon (Barnett-Johnson
et al.,, 2008). Unfortunately, strontium
isotopes are highly affected by the processing
of sturgeon and caviar (e.g., salt effect).
Nevertheless, new models have lmee
developed to minimize the processing effect
and finally to link the sturgeon sample with
the origin (Tchaikovsky et al., 2019). Further
stable isotopes of other bio elements such as
carbon, nitrogen, and sulphur measured in
animal tissue reflect indirectly the origin of
the animals and of their products. For
instance, carbon and nitrogen isotope ratios
allowed to differentiate salmon of wild,
organic, and conventional-farmed origin
(Molkentin et al., 2007) and shrimps from
wild-caught and aquaculture production
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systems (Gamboa-Delgado et al., 2014).
Unfortunately, these elements seem to have a
limited potential for sturgeon identification
with respect to the sturgeon farming system
probably due to the complexity of sturgeon
feed, as well as the varying feeding conditions.
However, their combination with sulphur
isotopes, even if still rarely used in aquatic
studies (Hesslein, 1991; Kiyashko et al. 2011),
results in a high discrimination power
between wild and farmed origin (Figure 5B).
Preliminary results based on 76 reference
samples of caviar (34 wild and 42 from
aquaculture) Analyzed by Agroisolab (Julich,
Germany), showed that the current
separation probability using discriminate
analysis (DA) b&’C, &N and &'S of wild and
farm caviar is over 93%.

3.3 Framing pros and cons of isotope
utilization for forensic analysisTo conclude,
stable isotopes deliver a wide range of
information about the geographical origin and
the production method (wild/farm). Although
a routine implementation of stable isotope
analyses remains challenging and expensive, it
is at the moment the leading standard method
for authentication due to its potential for
universal application to a broad range of
products and has also been accepted in
various court cases as an analytical proof
(Camin, 2017).

The main restriction in application is that
stable isotope technology is discriminative
only if the diet of fish in the wild is different to
commercial feed wused in aquaculture.
Therefore, itis important to keep in mind that
the method cannot actually discriminate wild-
caught from captive-bred sturgeon but rather
sturgeon fed with natural versus commercial
feed (e.g. American Paddlefish from an
aquaculture facility in Ukraine was
determined as wild-caught as it feeds on
natural food only).

Finally, it should be stressed that the stable
isotope applications require dedicated
reference databases: the first made up by
geolocated samples for the identification of



the geographical origin, and the second with
known wild and farmed samples for the
distinction of the two origins in unknown
individuals.

4 IMPLICATIONS FOR CONSERVATION
Methods that allow distinguishing wild and
farmed animals have direct implications for
conservation as they provide the possibility to
detect illegal trade or the illegal exploitation
of natural populations and stable isotope
methods have already been accepted as
analytical proof in court cases (e.g. in
Germany).
Furthermore, the possibility of correctly
identifying sturgeon species and hybrids has a
great conservation value. Most sturgeon
populations are on the verge of extinction and
many conservation programs include the
support of restocking programs. The animals
used for restocking are often produced in
captivity through controlled reproduction. In
many cases, the broodstock originates from
aquaculture facilities. These fish should be
checked genetically to assess their
relatedness and their purity in terms olfie
species they belong to and the population of
origin. Given the thriving production of
different kinds of hybrids and exotic sturgeon
species in aquaculture and since animals
descending from a hybridization followed by
different rounds of backcrosses cannot be
morphologically distinguished from pure
ones, the probability of accidental inclusion of
impure individuals in the broodstock and the
resulting risk of massive genetic pollution of
already reduced natural populations is
significant (Boscari et al., 2014b; Congiu et al.,
2011). With the aim of selecting individuals
whose purity is confirmed at as many loci as
possible, the application of whole genome
genotyping approaches is increasingly used.
An enormous amount of information can be
collected by these approaches dramatically
increases the chances of detecting
informative loci on which developing
multilocus diagnostic tests of rapid and
economic applicability. This is the direction
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that will be followed in the coming years for
the development of diagnostic markers in
sturgeons.

5 GONCLUSIONS

The illegal trade in sturgeons is continuously
putting remaining wild populations at risk.
CITES listing of sturgeons in 1997 and the
subsequent mandatory labeling of caviar in
international trade provided a first set of tools
to increase control of illegal trade. Despite
this, recent investigations (Jahrl et al. 2021)
show that illegal trade still comprises
significant proportions of the commercial
utilization of sturgeons on domestic markets,
including poached products, fraud, as well as
consumer deceit.

Improved regulations allowing the clear
discrimination of legality of products and a
consistent labelling technique must be put in
place also on domestic markets, supported by
systematic controls of the commaodities.

The available methods for these controls have
been outlined in this paper to provide a sound
guidance on the information to be gained by
these analyses. To make them effective tools
to stop illegal trade in all its forms, national
reference laboratories should be trained and
inter-calibrated to deliver meaningful and
jurisdictionally sound results acceptable by
courts.

In addition, more communication and
information efforts are necessary by public
bodies but also by caviar producers to allow
the consumers to make educated decisions,
being aware about the conservation relevance
of their behavior.
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S| Ref Marker Locus Criteria Efficiency Cross-species tested Comments
RPS7 . . FUL, GUE, NAC, PER,
Intron Diagnostic PCR| 51 695 | RUT, SCH, SIN, STE, TH Shared with RUT
roduct
1 | snp RP1) P DAU, HUS
Diagnostic PCR
BAE Vimentine pr'oguct ' 78% | GUE, PER -
. . FUL, GUE, NAC, PER, ) .
2 | snp Unknown Dr'igzzft'c PCRI" 999 | RUT, scH, SIN, STE, TR ahereg with GUE and highly presery
P DAU, HUS
RPS7 Diagnostic PCR BAE, GUE, NAC, PER,
FUL | 1 SNP (Intron roduct 100% RUT, SCH, SIN, STE, TH -
RP1) P DAU, HUS
. . BAE, FUL, NAC, PER, R ] .
GUE | 2 SNP Unknown Diagnostic PCR 96% SCH, SIN. STE, TRA, DA Shared with BAE and highly presen
product in PER
HUS
Species-specifig
An20 range: 185197 | >92%
Diagnostic o BAE, GUE, MIK, NUD,
MED | 3 Microsatellite AfuGS1 allele: 296 100% PER, RUT, SCH, STE, O -
Diagnostic . HUS
AoxD161 allele: 114 97%
Species-specifig 0
AoxD165 range: 230254 68%
RPS7 Diagnostic PCR BAE, FUL, GUE, PER, R
1 SNP (Intron proguct 100% SCH, SIN, STE, TRA, D4 -
RP1) HUS
LS54, specific allelic o Low number of species compared
NAC Aox23 range 100% RS possibly related
4 Mi i XY, ST!
icrosatellite tgég SNPs on 100% OXy, STU Need of sequencing;
AoxD161 flanking region 0 Low number of species compared
Diagnostic o
i allele: 153 o BAE, GUE, MED, MIK
NUD| 3 | Microsatellite | AfuG51 ;:2?:0253; 100% | PER, RUT, SCH, STE, D -
= HUS
AoxD165 | Diagnostic 74%
allele: 196
Aox23, SNPs on Need of sequencing;
OXY | 4 Microsatellite | AoxD161, flanking region 100% NAC, STU Low number of species compared
LS68 g reg RS possibly related
RPS7 Diagnostic PCR BAE, FUL, GUE, NAC, _
1 SNP (Intron roduct 96% PER, SCH, SIN, STE, TR Shared with BAE
RP1) P DAU, HUS
. . BAE, GUE, MIK, NAC,
5 | snp Unknown | Didanostic PCR| 5400 | pER, SCH, STE, TRA, D] -
RUT product
HUS
An20 gl'li?en_ofg‘; >80% | BAE, GUE, MED, MIK,
Mi i - NUD, PER H, STE
3 icrosatellite Diagnostic uD, , SCH, STE, ' '
AfuG51 allele: 252 >91% DAU, HUS Partially shared with DAU
RPS7 Diagnostic PCR BAE, FUL, GUE, NAC,
1 SNP (Intron roguct 100% PER, RUT, SIN, STE, TR Shared with DAU
RP1) P DAU, HUS
An20 gl'lzlg;olsg; 100% | BAE, GUE, MED, MIK,
SCH | 3 Mi tellite - NUD, PER, RUT, STE -
icrosatetite Species-specifig ' ' ' '
AfuG41 range: 185197 Moderate | DAU, HUS
RPL8 . ) Partially shared with DAU;
6 SNP (Intron pDrlﬁgEgtStlc PCR 100% DAU To be used in combination with RP
RP5) 1)
RPS7 Diagnostic PCR BAE, FUL, GUE, NAC,
SIN 1 SNP (Intron ; g t 100% PER, RUT, SCH, STE, T| -
RP1) produc DAU, HUS
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RPS7 Diagnostic PCR BAE, FUL, GUE, NAC,
1 SNP (Intron roguct 100% PER, RUT, SCH, SIN, TR -
RP1) P DAU, HUS
STE Diagnostic o
3 Microsatellite A0 allele: 141 oo EGE (;LI;IFE% '\élE'II? gIC”I:
| I . . , , ’ , -
Afugs1 | Diagnostc 86% | DAU, HUS
allele: 288
AoxD161 Specific allelic 100% )
range
STU | 4 Microsatellite | Aox23, SNPs on NAC, OXY Need of sequencing;
AoxD161, flanking region 100% Low number of species compared.
LS68 greg RS possibly related
RPS7 . . BAE, FUL, GUE, NAC,
TRA |1 | sNP (Intron Dr'ig[}gtst'c PCRI" 100% | PER, RUT, SCH, SIN, S] -
RP1) P DAU, HUS
RPS7 Diagnostic PCR BAE, FUL, GUE, NAC, | _
1 | SNP (Intron roduct 100% | PER, RUT, SCH, SIN, S| Shared with SCH
RP1) P TRA, HUS
AoxD165 gglg/ate allele: 73%
BAE, GUE, MED, MIK,
DAU | 3 Microsatellite | AfuG41 :r?wplification 100% NUD, PER, RUT, SCH, § -
HUS
Diagnostic
An2 %
n20 allele: 169 93%
RPL38 . . Partially shared with SCH
6 SNP (Intron E:igztc)tsuc PCR 100% SCH To be used in combination with RPY
RP4) @)
RPS6 . . BAE, FUL, GUE, NAC,
7 | sNp (Intron Dr'ﬁgggft'c PCR|" 100% | PER, RUT, SCH, SIN, ST -
RP2) P TRA, DAU
. . BAE, GUE, MIK, NAC,
5 SNP Unknown Drlzgzgtstlc PCR 100% PER, RUT, SCH, STE, T| -
P DAU
Diagnostic o o
HUS An20 alleles: 145, 149 5570 45%
AoxD161 ;:i?:-osgc 98% | BAE, GUE, MED, MIK,
3 Microsatellite D'agn.ost'c NUD, PER, RUT, SCH, § -
1 1 o DA
AoxD165 allele: 178 96% U
Species-specifig
AfuG41 range: 249277 Moderate
TABLE 1. Summary of nuclear markers available for the sturgeon spetilesand information

addressing their efficiency and crossko ] ¢ § «3¢X }v @EvV]vP 8Z Jopuv * ((]10]8C_ Az
to detect the target species is estimated for each marker, the frequencyaghdstic alleles and the ploidy

of the species have been considered for the calculation. Refereneesuatbered as follows: 1: Boscari et
al., 2014a; 2: Havelka et al., 2019; 3: Barmintseva §Udu2013; 4: Chassaing, 2011; 5: Havelka et al., 2017;
6: Boscatri et al., 2017a; 7: Boscari et al., 2017b. Towsespecies tested for each marker are reported by
using the official CITES standard code for the identificatbrsturgeon species. Species codes: BAE =
Acipenser baetiiFUL “Acipenser fulvescen&SUE Acipenser gueldenstaedtiMED =Acipenser medirostrjs
MIK = Acipenser mikadpi NAC =Acipenser naccariNUD =Acipenser nudiventrisOXY =Acipenser
oxyrhynchus PER Acipenser persicuRUT Acipenser ruthenysSCH Acipenser schrenckisIN Acipenser
sinensis STE Acipenser stellatysSTU =Acipenser sturio TRA =Acipenser transmontanysDAU =Huso
dauricus HUS #Huso husoFor all other species, no diagnostic markers are available.
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