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Viruses, not lions, tigers or bears, sit masterfully above us on the food chain of life, occupying 

a role as alpha predators who prey on everything and are preyed upon by nothing
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DQG�ı�� DOVR�KDV� WKH� DELOLW\� WR� LQGXFH SURWHFWLRQ� DJDLQVW�+60,�ZKHQ�GHOLYHUHG�DV� D�'1$�

YDFFLQH�
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6DPPHQGUDJ��6XPPDU\�LQ�1RUZHJLDQ�

Piscine orthoreovirus �359�� HU� XELNYLW U� KRV� RSSGUHWWVODNV� RJ� nUVDNHQ� WLO� KMHUWH� RJ�

VNMHOHWWPXVNHOEHWHQQHOVH��+60%���359�HU HW�RUWKRUHRYLUXV�L�IDPLOLHQ�Reoviridae, RJ�KDU�IOHUH�

OLNKHWVWUHNN�PHG�Mammalian orthoreovirus �059��

,NNH�VWUXNWXUHOOH� SURWHLQHU� IUD� UHRYLUXV� HU� LQYROYHUW� L� HWDEOHULQJ� DY� YLUXVIDEULNNHU YHG�

LQIHNVMRQ� RJ� YLUXVIDEULNN�OLNQHQGH� VWUXNWXUHU� HU� WLGOLJHUH� REVHUYHUW� L� 359� LQILVHUWH�

HU\WURF\WWHU IUD� ODNV�� )OXRUHVFHQVPLNURVNRSL� YLVWH YLUXVIDEULNN�OLNQHQGH� JOREXO UH�

LQNOXVMRQHU GDQQHW�DY�GHW�LNNH�VWUXNWXUHOOH�SURWHLQHW ȝ16 L�WUDQVIHNWHUWH�ILVNHFHOOHU��,�HWW�NR�

WUDQVIHNVMRQVIRUV¡N� PHG� ȝ16� EOH� ı16�� ȝ�� RJ� Ȝ��SURWHLQHU� UHNUXWWHUW� WLO� GH� JOREXO UH�

VWUXNWXUHQH��'HW�EOH�LNNH�REVHUYHUW�YLUXVIDEULNN�OLNQHQGH�VWUXNWXUHU�QnU�NXQ�GHQ�1�WHUPLQDOH�

GHOHQ� DY� �16� EOH� XWWU\NW�� QRH� VRP� NQ\WWHU GHQQH� HJHQVNDSHQ� WLO� GH JMHQY UHQGH� ����&�

WHUPLQDOH�DPLQRV\UHQH�

3U¡YHPDWHULDOH�IUD�HW ��XNHUV�NRKDELWDQW�VPLWWHIRUV¡N�EOH�EHQ\WWHW�WLO�n�VWXGHUH�YLUXVNLQHWLNN��

SURWHLQNLQHWLNN�RJ�DQWLYLUDO�LPPXQUHVSRQV�L EORGFHOOHU�IUD�359�LQILVHUW�ODNV��6WXGLHQ�YLVWH�DW�

359�JLU�HQ�DNXWW��PDVVLY�LQIHNVMRQ�L�EORGFHOOHU�VRP�NXQ�VWUHNNHU�VHJ�RYHU�QRHQ�In�XNHU�I¡U�

ILVNHQV� LPPXQUHVSRQV� GLULJHUHU� LQIHNVMRQHQ� RYHU� L� HQ� SHUVLVWHQW� IDVH�� � 8OLNH�

VW¡UUHOVHVYDULDQWHU� DY� ȝ16� RJ� GHW� \WUH� NDSVLGSURWHLQHW� ȝ�� EOH� REVHUYHUW� YHG� EHVWHPWH�

WLGVSXQNWHU�XQGHU�LQIHNVMRQ��(WW�SURWHRO\WLVN�NO¡\YLQJVIUDJPHQW�DY�ȝO�SURWHLQHW�YDU�GHW�HQHVWH�

SnYLVEDUH�YLUXVSURWHLQHW���XNHU�HWWHU�VPLWWH��QRH�VRP�LQGLNHUHU�DW�GHWWH�IUDJPHQWHW�NDQ�Y UH�

LQYROYHUW�L�PHNDQLVPHU�VRP�I¡UHU�WLO�SHUVLVWHQW�LQIHNVMRQ�

7LO� VOXWW� EOH� GHW� XWI¡UW� WR� VPLWWHIRUV¡N� KYRU� XOLNH� '1$�YDNVLQHU� PRW� +60%� EOH� WHVWHW��

5HVXOWDWHQH�YLVWH�DW�HQ�YDNVLQH� VRP�XWWU\NWH�GH YLUXVIDEULNN�GDQQHQGH�SURWHLQHQH��16�RJ

ı16�� L� NRPELQDVMRQ� PHG� GHW� VWUXNWXUHOOH� \WUH� NDSVLG� SURWHLQHW� ı�� LQGXVHUWH� PRGHUDW�

EHVN\WWHOVH�PRW�+60%�L�$WODQWLVN�ODNV�

9nUH�VWXGLHU KDU YLVW�DW�ȝ16�HU�KRYHGSURWHLQHW LQYROYHUW�L�GDQQHOVHQ�DY�YLUXVIDEULNNHU RJ�DW�

359�JLU�HQ DNXWW LQIHNVMRQ DY�UHODWLYW�NRUW�YDULJKHW�I¡U�LQIHNVMRQHQ�JnU�RYHU�L�HQ�SHUVLVWHQW�

IDVH��.RPELQDVMRQHQ DY �16�RJ�ı���KDU�HYQHQ�WLO�n�LQGXVHUH�PRGHUDW�EHVN\WWHOVH�PRW�+60%�

QnU�GH XWWU\NNHV�L�HQ�'1$�YDNVLQH�
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�� ,QWURGXFWLRQ

���� Background

9LUDO�GLVHDVHV�SRVH�D�VLJQLILFDQW�WKUHDW�WR�WKH�SURGXFWLYLW\�RI�DTXDFXOWXUH�DQG�WKXV�WR�LWV�IXWXUH�

LQ� IRRG� SURGXFWLRQ�� $TXDFXOWXUH� LV� DPRQJ� WKH� IDVWHVW�JURZLQJ� IRRG� SURGXFWLRQ� LQGXVWULHV

JOREDOO\�� DQG� LV� H[SHFWHG� WR� LQFUHDVH� IXUWKHU� WR�PHHW� IXWXUH� IRRG� GHPDQG� :LWK� IRRG� ILVK�

VXSSO\� LQFUHDVLQJ� DW� DQ� DYHUDJH� DQQXDO� UDWH� RI� ������ JOREDO� DTXDFXOWXUH SURGXFWLRQ� LV�

HVWLPDWHG�WR�SURYLGH�����RI�DOO�KXPDQ ILVK IRRG�E\������>�@� ,Q�������DPELWLRQV�IRU�D�ILYHIROG�

LQFUHDVH�LQ�WKH�1RUZHJLDQ�DTXDFXOWXUH�LQGXVWU\�ZHUH�DQQRXQFHG�DW�SROLWLFDO�OHYHO��

$WODQWLF�VDOPRQ��Salmo salar��LV�IDUPHG�LQ�1RUZD\��&KLOH��6FRWODQG��&DQDGD��,UHODQG��)DHURH�

,VODQGV�� ,FHODQG�� 86$� DQG� $XVWUDOLD�� ZLWK 1RUZD\� DV WKH� GRPLQDQW� SURGXFHU� >�@� 7KH�

HQYLURQPHQW�HQFRXQWHUHG�E\�$WODQWLF�VDOPRQ LQ�DTXDFXOWXUH�LV PDUNHGO\�GLIIHUHQW�IURP�WKDW�

RI�ZLOG� ILVK��)DUPLQJ�KDV� LQWURGXFHG� UHGXFHG�HQYLURQPHQWDO�YDULDWLRQ��KLJK� ILVK�GHQVLWLHV��

H[FHVV�IRRG�DYDLODELOLW\��DEVHQFH�RI�SUHGDWLRQ��QR�FRPSHWLWLRQ�IRU�PDWHV�DQG�VWURQJ�VHOHFWLRQ�

IRU�WUDLWV�VXFK�DV�UDSLG�JURZWK�DQG�GHOD\HG�VH[XDO�PDWXUDWLRQ�>�@� *HQHWLF�DQG�PRUSKRORJLFDO�

FKDQJHV�LQ�UHVSRQVH�WR�DUWLILFLDO�VHOHFWLRQ�DQG�JHQHWLF�GULIW�ZLWKLQ�D�OLPLWHG�SRSXODWLRQ�VL]H��

PD\� OHDG� WR� UHGXFHG� ILWQHVV� FRPSDUHG� WR� ZLOG� LQGLYLGXDOV�� ,Q� DGGLWLRQ�� ILVK� NHSW� DW� KLJK�

VWRFNLQJ GHQVLW\�ZLWK�IUHTXHQW�KDQGOLQJ VXFK�DV�GH�ORXVLQJ�DQG�VRUWLQJ��H[SHULHQFH�D�VWUHVVIXO

HQYLURQPHQW� >�@� $Q� LQWULQVLF� SURSHUW\� RI� ODUJH� VFDOH� IDUPLQJ� LV� IDFLOLWDWHG VSUHDG� RI�

SDWKRJHQV� 7RGD\� RQH�RI�WKH�PDLQ�FKDOOHQJHV�LQ�DTXDFXOWXUH�LQGXVWU\�LV YLUDO�GLVHDVHV��7DEOH�

���>�@�

7DEOH��� ,QFLGHQFH�RI�YLUDO�GLVHDVHV�LQ�IDUPHG�VDOPRQLGV�LQ�1RUZD\�IURP����� ± �����

)LJXUHV� IRU� QRWLILDEOH� DQG� QRQ�QRWLILDEOH� GLVHDVHV� DUH� EDVHG� RQ� GDWD� IURP� VDPSOHV� WHVWHG� E\� WKH�1RUZHJLDQ�

9HWHULQDU\�,QVWLWXWH� 0RGLILHG�IURP )LVK�+HDOWK�5HSRUW�������WKH�1RUZHJLDQ�9HWHULQDU\�,QVWLWXWH ���� >�@�

���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����

,6$ � � �� �� � � � �� �� �� ��

3' �� �� ��� �� �� �� ��� �� ��� ��� ���

+60, �� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���

,31 ��� ��� ��� ��� ��� ��� ��� �� �� �� ��

&06 �� �� �� �� �� �� �� ��� ��� ��� ��
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Piscine orthoreovirus �359�� LV� D�XELTXLWRXV�YLUXV� LQ� WKH�PDULQH�SKDVH�RI IDUPHG�$WODQWLF�

VDOPRQ� DQG� WKH� FDXVH� RI� KHDUW� DQG� VNHOHWDO�PXVFOH� LQIODPPDWLRQ �+60,�� >�@� +60,� KDV�

HPHUJHG�IURP�LWV�GLVFRYHU\�LQ������WR���������DQQXDO�RXWEUHDNV�WKH�ODVW \HDUV �7DEOH�����7KH�

FXPXODWLYH�PRUWDOLW\�YDULHV�IURP�QHJOLJLEOH�WR������ZKLOH�WKH�PRUELGLW\�LV�DOPRVW �����LQ�

DIIHFWHG� FDJHV >�@�� 7KH� FRQGLWLRQ� OHDGV� WR VLJQLILFDQW� HFRQRPLF� ORVV LQ� $WODQWLF� VDOPRQ

DTXDFXOWXUH�LQ�1RUZD\��359�LV�DOVR�DVVRFLDWHG�ZLWK�WKH�RFFXUUHQFH�RI�PHODQLVHG�IRFL�LQ�WKH�

ZKLWH�PXVFXODWXUH�RI�$WODQWLF�VDOPRQ�>�@�

&KDUDFWHUL]DWLRQ�RI�WKH�FDXVDWLYH�DJHQW��LQFOXGLQJ�YLUXOHQFH�IDFWRUV�DQG�LPPXQH�UHVSRQVHV�RI�

WKH�KRVW��PRGHV�RI�WUDQVPLVVLRQ�DQG�NQRZOHGJH�RI�VXUYLYDO�RI�LWV�LQIHFWLYLW\�RXWVLGH�WKH�KRVW��

DUH� FUXFLDO� IRU� XQGHUVWDQGLQJ� DQG� SUHYHQWLQJ� WKH� VSUHDG� RI� 359� DQG� SRVVLEOH� GLVHDVH�

RXWFRPHV��

���� Piscine orthoreovirus

359 ZDV� LGHQWLILHG� LQ� ����� DIWHU� KLJK�WKURXJKSXW� S\URVHTXHQFLQJ� RI� VHUXP� IURP�+60,�

DIIHFWHG� ILVK�� 7KH� YLUDO� JHQRPH� UHVHPEOHG� WKDW� RI� UHRYLUXVHV� DQG� 359� ZDV� WHQWDWLYHO\�

DVVLJQHG�WR�WKH�IDPLO\ Reoviridae, JHQXV�Orthoreovirus >����@� ,QWHUQDWLRQDO�&RPPLWWHH�RQ�

7D[RQRP\�RI�9LUXVHV��,&79��DSSURYHG�WKLV�DVVLJQPHQW�DQG�WKH�QDPH�RI�WKH�YLUXV�LQ�������

2UWKRUHRYLUXVHV�DUH�XELTXLWRXV�LQ�YDULRXV�DQLPDO�VSHFLHV��EXW�RULJLQDOO\�RQO\�IRXQG�WR�EH�RI�

SDWKRJHQLF� VLJQLILFDQFH� LQ� IDUPHG� SRXOWU\� DQG� UHFHQWO\� LQ� IDUPHG� ILVK� >���� ��@� 5HFHQWO\��

YDULDQWV� RI� PDPPDOLDQ� RUWKRUHRYLUXVHV �059V�� KDV� EHHQ� IRXQG� WR WULJJHU� LQIODPPDWRU\�

UHVSRQVHV�WKDW�PD\�OHDG�WR�WKH�GHYHORSPHQW�RI�FHOLDF�GLVHDVH�>��@��LQGLFDWLQJ�WKDW�DVVXPHG�

QRQ�SDWKRJHQLF�UHRYLUXV�PD\�KDYH�ORQJ�WHUP�HIIHFWV�QRW�REVHUYHG�DW�WKH�DFXWH�LQIHFWLRQ�� 359�

LV�DQ orthoreovirus WKDW�LQIHFWV�DQG�UHSOLFDWHV�DW�ORZ�WHPSHUDWXUHV��7KH�YLUXV�KDV�EHHQ�GHWHFWHG�

LQ�ERWK� IDUPHG�DQG�ZLOG�$WODQWLF VDOPRQ��EXW�QR� OHVLRQV�FRQVLVWHQW�ZLWK�+60,�KDYH�EHHQ�

IRXQG LQ�ZLOG�SRSXODWLRQV >��@�
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������ 7D[RQRP\

)DPLO\�Reoviridae

7KH� Reoviridae IDPLO\� LV� D� ODUJH� DQG� GLYHUVH� JURXS� RI� VSKHULFDO� QRQ�HQYHORSHG� YLUXVHV�

FRQWDLQLQJ���� ���VHJPHQWV�RI�OLQHDU�GV51$�>��@� 5HRYLUXV�ZDV�ILUVW�FODVVLILHG�LQ������DV�D�

JURXS�RI�YLUXVHV�W\SLFDOO\�LVRODWHG�IURP�KXPDQ� UHVSLUDWRU\�DQG�JDVWURLQWHVWLQDO�WUDFW��RIWHQ�

ZLWKRXW�DQ\�DVVRFLDWLRQ�WR�GLVHDVH��UHR� �UHVSLUDWRU\��HQWHULF��RUSKDQ��>��@� ,Q�WKH�����LHV��WKH�

Reoviridae IDPLO\�ZDV�DUUDQJHG�LQWR�VHYHUDO�JHQHUD�DQG�LW�KDV�H[SDQGHG�HYHU�VLQFH��7RGD\��

WKH�IDPLO\�FRPSULVHV����JHQHUD�ZLWK�D�EURDG�KRVW�UDQJH�IURP�SODQWV��LQVHFWV��WR�ILVK��UHSWLOHV��

ELUG� DQG� PDPPDOV�� 7KH� JHQHUD� LV� GLYLGHG� LQWR� WZR� VXEIDPLOLHV�� Spinareovirinae DQG�

Sedoreovirinae��*URXSLQJ�WR�WKH�VXEIDPLOLHV�LV�EDVHG�XSRQ�WKH�SUHVHQFH�RU�DEVHQFH�RI�WXUUHW�

VWUXFWXUHV�DW�WKH�LFRVDKHGUDO�YHUWLFHV�RI�WKH�YLULRQ�

*HQXV�Orthoreovirus

2UWKRUHRYLUXVHV EHORQJV�WR�WKH�VXEIDPLO\�Spinareovirinae��WKH�³WXUUHWHG´�JURXS�RI�UHRYLUXVHV��

7KHUH� DUH� VL[� DSSURYHG� VSHFLHV� JURXSV� RI� RUWKRUHRYLUXVHV �7DEOH� ��� Mammalian 

orthoreovirus �059���Avian orthoreovirus �$59���Baboon orthoreovirus �%59���Nelson 

Bay orthoreovirus �1%9���Reptilian orthoreovirus �559��DQG�Piscine orthoreovirus �359��

$GGLWLRQDOO\��Broome orthoreovirus �%UR9���LVRODWHG�IURP�IUXLW�EDW��UHSUHVHQWV�D�QHZ��WKRXJK

QRW�IRUPDOO\�UHFRJQL]HG�RUWKRUHRYLUXV�>��@�

7DEOH����7D[RQRPLF�SODFHPHQW�RI Piscine orthoreovirus.

)DPLO\ 6XEIDPLO\ *HQXV 6SHFLHV

Reoviridae ĺ Spinareovirinae ĺ Orthoreovirus ĺ Mammalian orthoreovirus

Aquareovirus Avian orthoreovirus

Sedoreovirinae Oryzavirus Baboon orthoreovirus

Fijivirus Nelson bay orthoreovirus

Mycoreovirus Reptilian orthoreovirus

Cypovirus Piscine orthoreovirus

Idnoreovirus

Dinovrnavirus

Coltivirus
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2UWKRUHRYLUXVHV�FRQWDLQ����GV51$�JHQRPLF�VHJPHQWV�GLVWULEXWHG� LQ�JURXSV�RI� WKUHH� ODUJH�

�/���/�� /����WKUHH�PHGLXP��0���0���0���DQG�IRXU�VPDOO��6���6���6���6�� VHJPHQWV��7KH�

JHQRPH�HQFRGHV�DW�OHDVW����SURWHLQV PRVWO\ GHQRWHG�DIWHU�WKH�FRUUHVSRQGLQJ�JUHHN�OHWWHU��Ȝ����

DQG�ı��IURP�WKH�HQFRGLQJ�JHQH�VHJPHQW��/��0�DQG�6� >��@�

7KH�RUWKRUHRYLUXVHV�DUH�IXQFWLRQDOO\ GLYLGHG�LQWR�WZR�JHQHUDO�VXEJURXSV��WKH�IXVRJHQLF�DQG�

QRQ�IXVRJHQLF� UHRYLUXVHV�� EDVHG� RQ� WKH� DELOLW\� RI� WKH� YLUXV� WR� LQGXFH� FHOO�FHOO� IXVLRQ� DQG�

V\QF\WLXP�IRUPDWLRQ�LQ�LQIHFWHG�FHOOV >��@� 7KLV�SURSHUW\�LV�PHGLDWHG�E\�WKH�IXVLRQ�DVVRFLDWHG�

VPDOO� WUDQVPHPEUDQH� �)$67�� SURWHLQ DQG� FDQ� EH� REVHUYHG� DV�PXOWLQXFOHDWHG� V\QF\WLD� LQ�

FXOWXUH�>��@��059�DQG�359�DUH�FXUUHQWO\�WKH�RQO\�QRQ�IXVRJHQLF�RUWKRUHRYLUXVHV�>������@�

059 LV�WKH�SURWRW\SH�VSHFLHV�DQG�KDV�EHHQ�VWXGLHG�H[WHQVLYHO\�DV�D�PRGHO�V\VWHP�IRU�YLUXV�

HQWU\�� UHSOLFDWLRQ� DQG� SDWKRJHQHVLV >�����@� 5HRYLUXVHV� DUH NQRZQ� IRU� WKHLU� RQFRO\WLF�

SURSHUWLHV DQG�WKH�W\SH���'HDULQJ��7�'��VWUDLQ�RI�059�LV�RQH�RI�WKH WKHUDSHXWLF�RQFRO\WLF�

YLUXVHV� LQ FOLQLFDO� GHYHORSPHQW >��@� 059� KDV� EHHQ� LVRODWHG� IURP� VHYHUDO� PDPPDOLDQ�

VSHFLHV��EXW�LV�UDUHO\�DVVRFLDWHG�ZLWK�FOLQLFDO�GLVHDVH�LQ�KXPDQV >������@� +RZHYHU��LQ�PLFH�

059�PD\�FDXVH�D�QXPEHU�RI�GLVHDVH�FRQGLWLRQV� LQYROYLQJ�YDULRXV�RUJDQV� OLNH� WKH�FHQWUDO�

QHUYRXV�V\VWHP��&16���LQWHVWLQH�DQG�KHDUW�>������@�

$59 KDV� EHHQ� LVRODWHG� IURP� FKLFNHQV�� GXFNV�� JHHVH�� WXUNH\V� DQG� SVLWWDFLIRUPHV�� DQG� LV�

DVVRFLDWHG�ZLWK� D� QXPEHU� RI� GLIIHUHQW� GLVHDVH� VWDWHV�� LQFOXGLQJ� DUWKULWLV� DQG� WHQRV\QRYLWLV��

HQWHULF�DQG�UHVSLUDWRU\�GLVHDVHV��KHSDWLWLV�DQG�PDODEVRUSWLRQ� LQ�SRXOWU\ >�����@� %59��1%5�

DQG� 559� KDV� DOVR� EHHQ� DVVRFLDWHG� ZLWK� GLVHDVH� LQ� EDERRQV�� KXPDQV� DQG� UHSWLOLDQV��

UHVSHFWLYHO\�>�����@�

359�FDXVHV�+60,� LV�DVVRFLDWHG�ZLWK�PHODQLVHG�IRFL�LQ�$WODQWLF�VDOPRQ >����@��DQG�LV�WKH�RQO\�

VSHFLHV�ZLWKLQ�WKLV�JHQXV�WKDW�LQIHFWV�ILVK� 5HFHQWO\��D�YDULDQW�RI�359�ZDV�DOVR GHPRQVWUDWHG�

WR� EH� WKH� HWLRORJLF� DJHQW� RI� HU\WKURF\WLF� LQFOXVLRQ� ERG\� V\QGURPH� �(,%6��� D� FRQGLWLRQ�

DVVRFLDWHG� ZLWK� DQHPLD� DQG� PDVV� PRUWDOLW\� LQ� MXYHQLOH� &RKR� VDOPRQ� �Onchorhynchus 

kisutchi� >��@��,Q�DGGLWLRQ��\HW�DQRWKHU�359�YDULDQW�LV�DVVRFLDWHG�ZLWK�DQHPLD�DQG�DQ�+60,�

OLNH�GLVHDVH�LQ�UDLQERZ�WURXW >��@� 2UWKRUHRYLUXVHV�KDYH�EHHQ�IRXQG�LQ�QRQ�VDOPRQLG�ILVK��EXW

WKHVH�YLUXVHV�DUH�QRW�\HW�DVVLJQHG�WR�DQ\�YLUXV�VSHFLHV�>��@�
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������ *HQRPH�DQG�SURWHLQV

359�LV�D�VSKHULFDO��QRQ�HQYHORSHG�YLUXV�ZLWK�DQ�RXWHU�GLDPHWHU�RI��� QP�DQG�DQ�HOHFWURQ�

GHQVH�FHQWHU�RI����QP UHSUHVHQWLQJ�WKH�FHQWUDOO\�FRQGHQVHG�51$�JHQRPH>�@�

7KH�JHQRPH�RI�359�KDV D� WRWDO� VL]H RI��������QW >��� ��@� &XUUHQWO\�� WKH�359�JHQRPH� LV�

SUHGLFWHG� WR� HQFRGH� DW� OHDVW� �� SULPDU\� WUDQVODWLRQ� SURGXFWV ZKHUH� SXWDWLYH� IXQFWLRQV� DUH�

DVVLJQHG��7DEOH�����+RZHYHU��WKH�IXQFWLRQV�DQG�SURSHUWLHV�RI�WKH�GLIIHUHQW�SURWHLQV�DUH�RQO\�

SDUWO\� GHVFULEHG� >��� ��@� %DVHG� XSRQ� VHTXHQFH� KRPRORJ\� WR�059��$59� DQG�Grass carp 

reovirus �*&59��JHQXV�Aquareovirus� DQG�WKH�SUHVHQFH�RI�FRQVHUYHG�VWUXFWXUHV�DQG�PRWLIV��

QLQH RI�WKH�GHGXFHG�WUDQVODWLRQ�SURGXFWV�DUH�DVVXPHG�WR�EH�VWUXFWXUDO�FRPSRQHQWV IRUPLQJ DQ�

LQQHU�FRUH�DQG�DQ�RXWHU�FDSVLG RI�WKH�YLUDO�SDUWLFOH��ZKLOH�WKUHH RI�WKH�WUDQVODWLRQ�SURGXFWV�DUH�

FRQVLGHUHG�QRQ�VWUXFWXUDO�SURWHLQV�>�@�

7DEOH��� 3XWDWLYH�ORFDWLRQ�DQG�IXQFWLRQ�RI�359�SURWHLQV�
/LVW�RI�359�HQFRGHG�SURWHLQV�DQG�WKHLU�SUHGLFWHG�ORFDWLRQ�DQG�IXQFWLRQ�EDVHG�RQ FRPSDULVRQ�ZLWK WKH�SURSHUWLHV�

RI�059��$59�DQG�*&59��0RGLILHG�IURP�0DUNXVVHQ�HW�DO��3/R6�2QH������>�@�

6HJPHQW 3URWHLQ /HQJWK��DD� :HLJKW��N'D� 3XWDWLYH�IXQFWLRQ

/� Ȝ� ���� ����� 51$�GHSHQGHQW�51$�SRO\PHUDVH

/� Ȝ� ���� ����� *XDQ\O\OWUDQVIHUDVH��PHWK\OWUDQVIHUDVH

S�� +\SRWKHWLFDO�SURWHLQ

/� Ȝ� ���� ����� +HOLFDVH��173DVH��51$�WULSKRVSKDWDVH

0� �� ��� ���� 173DVH��51$�WULSKRVSKDWDVH��51$�
ELQGLQJ

0� �� ��� ���� 2XWHU�FDSVLG�SURWHLQ��PHPEUDQH�
SHQHWUDWLRQ

��& ����

0� �16 ��� ���� 1RQ�VWUXFWXUDO�SURWHLQ��LQFOXVLRQ�
IRUPDWLRQ�

6� ı� ��� ���� 2XWHU�FDSVLG�SURWHLQ��]LQF�PHWDOORSURWHLQ

S�� ��� ���� &\WRWR[LF��LQWHJUDO�PHPEUDQH�SURWHLQ

6� ı� ��� ���� ,QQHU�FDSVLG�SURWHLQ��51$�ELQGLQJ

S� +\SRWKHWLFDO�SURWHLQ

6� ı16 ��� ���� 1RQ�VWUXFWXUDO�SURWHLQ��LQFOXVLRQ�
IRUPDWLRQ�

6� ı� ��� ���� &HOO�DWWDFKPHQW�SURWHLQ
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,QQHU�FDSVLG�SURWHLQV
,Q�RUWKRUHRYLUXVHV��WZR�SURWHLQV��Ȝ��DQG�ı���IRUP�WKH�LQQHU�FRUH� ZLWK�WZR�DGGLWLRQDO�SURWHLQV��

Ȝ�� DQG� ���� SUHVHQW� LQ� VPDOO� DPRXQWV �)LJXUH� �� >��@� 059� Ȝ�� LV� WKH�PDMRU� FRUH� SURWHLQ�

IRUPLQJ�DQ�LFRVDKHGUDO VKHOO�VWDELOL]HG�E\�WKH�ı� SURWHLQ��WKH WZR�GLPHQVLRQDO VWUXFWXUHV�DUH�

FRQVHUYHG�LQ�359 Ȝ��DQG�ı���GHVSLWH�ORZ�VHTXHQFH�KRPRORJ\�WR�059 >�����@�

2XWHU�FDSVLG�SURWHLQV
7KH�PDPPDOLDQ�RUWKRUHRYLUXV�FRUH�LV�FRDWHG�ZLWK�D�ZHOO�GHILQHG�RXWHU�FDSVLG�FRPSRVHG�RI�

KH[DJRQDO�DQG�SHQWDJRQDO�VXEXQLWV�IRUPHG�E\�WKH�����ı��DQG�ı��SURWHLQV��ZLWK�SHQWDPHUV�RI�

WKH�Ȝ��SURWHLQ�IRUPLQJ�WKH�WXUUHWV�DW�WKH����YHUWLFHV�RI�WKH�FRUH��)LJXUH����>������@� $�WULPHU�

RI� ı�� LV DVVRFLDWHG�ZLWK� HDFK� Ȝ�� WXUUHW�� PDNLQJ� XS� WKH� VSLNHV�� DQG� NQRZQ� WR� EH� WKH� FHOO�

DWWDFKPHQW� SURWHLQ� DQG� VHURW\SH� GHWHUPLQDQW� IRU� 059� >�����@� $QDO\VLV� RI� 359� JHQH�

VHJPHQW� 6�� LQGLFDWLQJ� WKH� SUHVHQFH� RI� Į�KHOLFDO� FRLOHG�FRLO� VWUXFWXUH�V�� LQ� WKH�1�WHUPLQDO�

UHJLRQ� VKRZV�WKDW�359�ı��PRVW�OLNHO\�LV�WKH�FHOO�DWWDFKPHQW�SURWHLQ FRUUHVSRQGLQJ WR�WKRVH�

RI�RWKHU�RUWKRUHRYLUXVHV >�@�

)LJXUH��� 7KH�RUWKRUHRYLUXV�SDUWLFOH�
7KH�PRGHO�LOOXVWUDWHV�LQQHU�DQG�RXWHU�FDSVLG�SURWHLQV�DQG�WKH�GV51$�JHQRPH�RI�RUWKRUHRYLUXVHV��0RGLILHG�IURP�

0RKDPHG�HW�DO��9LUXVHV������>��@�

7KH�059����DQG�ı��SURWHLQV�FRQVWLWXWH�WKH�PDMRULW\�RI�WKH�RXWHU�FDSVLG��FRDWLQJ�WKH�FRUH�DV�

D�KHWHURKH[DPHU�>��@��,Q�WKH�YLULRQ�RXWHU�FDSVLG��PRVW�RI�WKH����SURWHLQ�H[LVWV LQ�WKH�IRUP�RI�
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��&� DQG���1� IUDJPHQWV� JHQHUDWHG� E\� SURWHRO\WLF� FOHDYDJH� >�����@��7KH���1� IUDJPHQW� LV�

P\ULVWR\ODWHG� DQG� LPSRUWDQW� IRU� PHPEUDQH� SHQHWUDWLRQ� >���� ��@�� � %RWK� WKH� FOHDYDJH� DQG�

P\ULVWROL]DWLRQ�VLWHV LQ�059����DUH�FRQVHUYHG� LQ� WKH�FRUUHVSRQGLQJ�359�SURWHLQ� >�����@�

&\WRSODVPLF�ı��SURWHLQ�ELQGV�GV51$�LQ�D�VHTXHQFH�LQGHSHQGHQW�PDQQHU�ZKLFK�LQKLELWV�WKH�

LQWHUIHURQ�LQGXFHG��GV51$�DFWLYDWHG�NLQDVH��3.5��DQG�RU�WKH�51DVH�/�V\VWHP��DQG�LQ�WXUQ�

SUHYHQWV�WUDQVODWLRQDO�VKXWRII�>�����@��359�ı��LV�VKRZQ�WR�KDYH�LPSRUWDQW�]LQF�ILQJHU�PRWLIV�

DQG GV51$�ELQGLQJ�SURSHUWLHV��DOWKRXJK�QR�VSHFLILF�GRPDLQ LV�VKRZQ�WR�EH�UHVSRQVLEOH IRU�

GV51$�ELQGLQJ >�����@�

1RQ�VWUXFWXUDO�SURWHLQV
1RQ�VWUXFWXUDO��16��SURWHLQV�DUH�SURWHLQV�HQFRGHG�E\�WKH�YLUDO�51$��EXW�QRW�SDUW�RI�WKH�YLUDO�

SDUWLFOH� LWVHOI��7KH� QRQ�VWUXFWXUDO� SURWHLQV� DUH� RQO\ SURGXFHG� LQ� WKH� FHOO� WR� VHUYH� D� UROH� LQ�

UHSOLFDWLRQ��

359�JHQH�VHJPHQW�6��LV�ELFLVWURQLF�DQG�KDV�DQ�LQWHUQDO RSHQ�UHDGLQJ�IUDPH �25)� HQFRGLQJ�

D�����DD ����N'D� F\WRWR[LF�SURWHLQ��S���>�@� 7KH�S���SURWHLQ�ELQGV�WR�LQWUDFHOOXODU�PHPEUDQHV�

DQG�FR�ORFDOL]HV ZLWK�D�PDUNHU�IRU�WKH�WUDQV�*ROJL�QHWZRUN�>��@� ,W�GRHV�QRW�FR�ORFDOL]H�ZLWK�

WKH ı��SURWHLQ��DOVR�HQFRGHG�E\�WKH�6��VHJPHQW�>��@� ,Q�DGGLWLRQ��ERWK�6��DQG�/��DUH�SXWDWLYH�

SRO\FLVWURQLF� JHQH� VHJPHQWV�� KRZHYHU� QHLWKHU� WKH� SUHVHQFH� RI� WKH� JHQH� SURGXFWV� QRU�

IXQFWLRQDO�SURSHUWLHV�RI�WKHVH� KDYH�EHHQ�LQYHVWLJDWHG�>�@�

359� JHQH� VHJPHQWV� 0�� DQG� 6�� HQFRGHV� WKH� QRQ�VWUXFWXUDO SURWHLQV� ȝ16� DQG� ı16��

UHVSHFWLYHO\�>�@��359�ȝ16�LV�KRPRORJRXV� WR�059�DQG�$59�ȝ16� ERWK�HQFRGHG�E\�JHQH�

VHJPHQW�0�� 6LPLODUO\��359�ı16�LV�WKH�KRPRORJXH WR�059�DQG�$59�ı16��HQFRGHG�E\�JHQH�

VHJPHQW�6��DQG�6���UHVSHFWLYHO\�>�@� 7KHUH�LV�YHU\�ORZ�DPLQR�DFLG�VHTXHQFH�LGHQWLW\�����±

������ IRU�ERWK� WKH�ȝ16�DQG�ı16�SURWHLQV�EHWZHHQ�059��$59�DQG�359��KRZHYHU�VRPH�

DVVXPHG�IXQFWLRQDO�PRWLIV�DUH�FRQVHUYHG�>�@�

)RU� ERWK�059� DQG�$59�0��� WZR� WUDQVODWLRQDO� SURGXFWV� KDYH� EHHQ� UHSRUWHG�ZKHUH� ȝ16�

UHSUHVHQWV� WKH� IXOO�OHQJWK� LVRIRUP >��@��359�ȝ16�FRQVLVWV�RI�����DPLQR�DFLGV� �DD��ZLWK�D�

WKHRUHWLFDO�ZHLJKW�RI������N'D��HTXLYDOHQW�WR�WKH�IXOO�OHQJWK�059�KRPRORJXH�>�@� 359�0��

KDV�RQO\�RQH�25) FRKHUHQW�ZLWK�WKH�.R]DN�UXOH RI�WUDQVFULSWLRQDO�DFWLYDWLRQ >��@� )RU�ı16��

WKH� VLPLODULWLHV� EHWZHHQ� 359��059� DQG�$59� LV� VOLJKWO\� KLJKHU� WKDQ� IRU� ȝ16��$OO� WKUHH�
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KRPRORJRXV�JHQH�VHJPHQWV�FRQWDLQ�RQH�VLQJOH�25)�DQG�WKH�SURWHLQ�VL]H�PDWFKHV�FORVHO\�DW

DERXW����N'D�>�@�

$�FRPPRQ�IHDWXUH�RI�WKH�QRQ�VWUXFWXUDO�SURWHLQV�RI�UHRYLUXVHV�LV�WKHLU�DELOLW\�WR�IRUP�YLUDO�

IDFWRULHV��9)V���ZKLFK�IDFLOLWDWHV�VXFFHVVIXO�UHSOLFDWLRQ�>������@� 7KLV�IHDWXUH�KDV�EHHQ�VWXGLHG�

H[WHQVLYHO\��EXW�WKH�PHFKDQLVPV�E\�ZKLFK�D YLUDO�IDFWRU\ IRUPV�DQG�VXSSRUWV�YLUDO�UHSOLFDWLRQ�

DUH� VWLOO� QRW� FRPSOHWHO\� HOXFLGDWHG� >��@� 6LPLODU� YLUDO� IDFWRULHV� DUH� REVHUYHG� GXULQJ� 359�

LQIHFWLRQ�>������@�

������ 7DUJHW�FHOOV

&XUUHQWO\��QR�FHOOXODU�UHFHSWRU�IRU�359�KDV�EHHQ�IRXQG��)RU�059��WKH�ı��SURWHLQ�LV�VKRZQ�WR�

VHUYH� DV� D� YLUDO� UHFHSWRU� UHFRJQLWLRQ� SURWHLQ� DQG� GLVWLQFW� GRPDLQV� RI� WKH� SURWHLQ� PD\� EH�

LQYROYHG�LQ�ELQGLQJ�GLIIHUHQW� W\SHV�RI�UHFHSWRUV�RQ�GLVFUHWH�SRSXODWLRQV�RI� WDUJHW�FHOOV�>����

��@� 7KH�059�ı��SURWHLQ�FRQWDLQV�D�GRPDLQ�WKDW�ELQGV�WR�VLDOLF�DFLGV��DQG�DQRWKHU�GRPDLQ��

ZKLFK�ELQGV�WKH�UHFHSWRU�MXQFWLRQDO�DGKHVLRQ�PROHFXOH�$��-$0�$���6LDOLF�DFLGV�DUH�ZLGHO\�

GLVWULEXWHG�RQ�FHOO�VXUIDFHV��DQG�059¶V�ELQGLQJ�WR�WKHVH�LV�WKRXJKW�WR�KHOS�WKH�YLUXV�JHW�LQWR�

FORVHU� FRQWDFW� ZLWK WKH� SURSHU� UHFHSWRU�� 6HYHUDO� RI� WKH DPLQR� DFLG UHVLGXHV� LQ�059� ı��

LQYROYHG�LQ VLDOLF�DFLG ELQGLQJ DUH FRQVHUYHG�LQ�359 >��@� 059�KDV�D�WURSLVP�IRU�QXPHURXV�

GLIIHUHQW�FHOO�W\SHV�LQFOXGLQJ�P\RF\WHV�DQG�QHXURQV�>��������������@� 059�7\SH����7���VSUHDG�

IURP�WKH�HQWHULF�WUDFW�LQWR�PRQRQXFOHDU�FHOOV��LOHDO�3H\HU¶V�SDWFKHV��QHXURQV�RI�WKH�P\HQWHULF�

SOH[XV�DGMDFHQW�WR�3H\HU¶V�SDWFKHV�DQG�WKHQ�LQWR�WKH�EUDLQ�VWHP�QHXURQV�WKURXJK�WKH�YDJXV�

QHUYH�>��@��5HRYLUXV�7\SH���/RQJ��7�/��IROORZV�D�GLIIHUHQW�SDWKZD\�DV�LW�LV�WUDQVSRUWHG�DFURVV�

0�FHOOV�LQWR�3H\HU¶V�SDWFKHV��PHVHQWHULF�O\PSK�QRGHV�DQG��XOWLPDWHO\��WR�WKH�VSOHHQ�>��@�

(U\WKURF\WHV�DUH�PDMRU�WDUJHW�FHOOV IRU�359�DQG�GXULQJ�SHDN�SKDVH�RI�LQIHFWLRQ�RYHU������RI�

WKHVH�FHOOV�FDQ�EH�LQIHFWHG�>��@� 359�DOVR�LQIHFWV�P\RF\WHV�RI�WKH�KHDUW DQG�VNHOHWDO�PXVFOHV

>��@��+RZHYHU��WKH�UHODWLYH�DPRXQW�RI�359�51$�LQ�EORRG�LV�VLJQLILFDQWO\�KLJKHU�WKDQ�ZKDW�LV�

IRXQG� LQ�KHDUW�RU�VNHOHWDO�PXVFOH�GXULQJ�SHDN�SKDVH�RI�H[SHULPHQWDO� LQIHFWLRQ��ZKLOH�YLUDO�

51$�ORDG�LQ�VSOHHQ�DQG�KHDG�NLGQH\�E\SDVVHV�WKDW�RI�EORRG�LQ�ODWHU�SKDVHV RI�LQIHFWLRQ�>��@�
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3LVFLQH�HU\WKURF\WHV
3LVFLQH�HU\WKURF\WHV�DUH�SULPDULO\�SURGXFHG�LQ�WKH�DQWHULRU�TXDUWHU�RI�WKH�NLGQH\ DQG�WKH�SXOS�

RI�WKH�VSOHHQ��EXW�DOVR�LQ�WKH�UHQDO�LQWHUVWLWLXP�LQ�WKH�SRVWHULRU�SDUW�RI�WKH�NLGQH\�>��@� 3LVFLQH�

UHSWLOH�DQG�DYLDQ HU\WKURF\WHV��RSSRVHG�WR�PDPPDOLDQ�HU\WKURF\WHV� DUH�QXFOHDWHG�DQG�FRQWDLQ�

WKH� WUDQVFULSWLRQDO� DQG� WUDQVODWLRQDO� PDFKLQHU\� QHFHVVDU\� IRU� H[SUHVVLRQ� RI� P51$� DQG�

SURWHLQV�>��@� 7KH�PDLQ�IXQFWLRQ�LV�UHVSLUDWRU\�JDV�H[FKDQJH��EXW� LW�KDV�EHHQ�VSHFXODWHG�LI�

QRQ�PDPPDOLDQ�HU\WKURF\WHV�DOVR�KDYH�RWKHU�IXQFWLRQV�>��@ DQG�UHFHQW�VWXGLHV�KDYH�LQGLFDWHG�

D�UROH�LQ�SDWKRJHQ�UHFRJQLWLRQ�DQG�LPPXQH�UHVSRQVH�>������@��&ROG�ZDWHU�ILVK��OLNH�$WODQWLF�

VDOPRQ��KDYH�ORZHU�PHWDEROLVP�DQG�WKHUHIRUH�OHVV�R[\JHQ�GHPDQG��+RZHYHU��HU\WKURF\WHV�

DUH�VWLOO�WKH�PRVW�DEXQGDQW�FLUFXODWRU\�FHOO�

0DWXUH�VDOPRQLG�HU\WKURF\WHV�DUH�HOOLSVRLGDO������ ����0 ORQJ����� ����0�EURDG��DQG�KDYH�D�

FHQWUDOO\� ORFDWHG� QXFOHXV� ZLWK� FRPSDFW� FKURPDWLQ� �)LJXUH� ��� >���� ���� ��@�� ,PPDWXUH�

HU\WKURF\WHV��FDOOHG�UHWLFXORF\WHV��KDYH�D�PRUH�RYDO�VKDSH�ZLWK�OHVV�GHQVH�FKURPDWLQ�DQG�PRUH�

JUDQXODU�VXEVWDQFH�ZLWKLQ�WKH�F\WRSODVP�>������@��'XULQJ�PDWXUDWLRQ�RI�WKH�HU\WKURF\WHV��WKHUH�

LV� DQ� LQFUHDVLQJ� ORVV� RI� F\WRSODVPLF� RUJDQHOOHV� DFFRPSDQLHG� E\� DXJPHQWHG� KHPRJORELQ�

FRQWHQW�DQG�UHGXFHG�DHURELF�PHWDEROLF�UDWH�>������@�

)LJXUH����%ORRG�VPHDU�IURP�ILVK�VKRZLQJ�SLVFLQH�HU\WKURF\WHV�

&RXUWHV\�RI�6RXWKHUQ�,OOLQRLV�8QLYHUVLW\�DW�&DUERQGDOH� 'HSDUWPHQW�RI�=RRORJ\ �ZZZ�VLXPHG�HGX���
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������ 7UDQVPLVVLRQ

(SLWKHOLDO�VXUIDFHV�VXFK�DV�WKH�JLOOV��VNLQ��EDVLV�RI�ILQV DQG�LQWHVWLQH�DUH�PDMRU�VLWHV�RI�YLUDO�

HQWU\� LQ� ILVK� VSHFLHV� >��@�� 359� LV� EHOLHYHG� WR� WUDQVPLW� KRUL]RQWDOO\� WKURXJK� ZDWHU� DQG

FRKDELWDWLRQ�ZLWK�LQIHFWHG�ILVK LQGXFH�FKDUDFWHULVWLF�+60,�OHVLRQV�LQ�WKH�FRKDELWDQWV�>������@�

$�VWXG\�RI�EURRG VWRFN�ILVK�VKRZHG�WKDW�IHUWLOL]HG�HJJV�SURGXFHG�E\�359�SRVLWLYH�SDUHQWV�

ZHUH�359�QHJDWLYH��LQGLFDWLQJ�WKDW�YHUWLFDO�WUDQVIHU�LV�QRW�D�PDMRU�URXWH�RI�WUDQVPLVVLRQ�>��@�

$� UHFHQW� VWXG\� VKRZHG� WKDW� $WODQWLF� VDOPRQ� ZDV HIILFLHQWO\� LQIHFWHG� E\� 359� DIWHU� DQDO�

LQWXEDWLRQ��OHDGLQJ�WR�WUDQVIHU�RI�YLUXV�IURP WKH�LQWHVWLQDO�OXPHQ��WR�EORRG�DQG�VXEVHTXHQWO\�

WR�WKH�KHDUW >��@� 7KH�YLUXV�LQIHFWV�DQG�UHSOLFDWHV�LQ�FLUFXODWLQJ�HU\WKURF\WHV�SULRU�WR�LQIHFWLRQ�

RI�KHDUW�P\RF\WHV�>����������@� )XUWKHU��359�ZDV DOVR IRXQG�WR�VKHG�LQWR�IDHFHV��LQGLFDWLQJ�D�

SRWHQWLDO�YLUXV�WUDQVPLVVLRQ�URXWH >��@�

���� Replication of orthoreoviruses

9LUXVHV�DUH�LQWUDFHOOXODU�SDUDVLWHV��DQG�GHSHQG�RQ�FHOO�IXQFWLRQV�IRU�WKHLU�PRUSKRJHQHVLV�DQG�

SURSDJDWLRQ� >��@� 7KH� LQDELOLW\� WR�SURSDJDWH�359� LQ� ODERUDWRU\� FHOO� OLQHV�KDV� VLJQLILFDQWO\�

GHOD\HG� WKH� VWXG\� RI� YLUDO� UHSOLFDWLRQ� DQG� SDWKRJHQHVLV� RI�+60,��+RZHYHU�� UHRYLUXVHV LQ�

JHQHUDO�DUH�ZHOO�FKDUDFWHUL]HG�DQG�059�LV�FRPPRQO\�XVHG�DV�D�PRGHO�WR�XQGHUVWDQG�EDVLF�

PHFKDQLVPV�LQ�UHRYLUXV�UHSOLFDWLRQ��

������ 5HFHSWRU�PHGLDWHG�HQGRF\WRVH

5HRYLUXVHV LQIHFW�WKH�WDUJHW�FHOO�WKURXJK�UHFHSWRU�PHGLDWHG�HQGRF\WRVLV��)LJXUH�����7KH�059�

ı��SURWHLQ�LQLWLDOO\�ELQGV�ZLWK�ORZ�DIILQLW\�WR�FDUERK\GUDWH�VWUXFWXUHV�RQ�WKH�FHOO�VXUIDFH��WKH�

DPLQR� DFLGV� RI� ı�� LQYROYHG� LQ� WKLV� ELQGLQJ� LV� FRQVHUYHG� EHWZHHQ�059� DQG� 359�� 7KH�

FDUERK\GUDWHV VHUYH�DV�FR�UHFHSWRUV� IDFLOLWDWLQJ�WKH�KLJK�DIILQLW\�ELQGLQJ�RI�ı��WR�WKH�PDLQ�

UHFHSWRU� IRU� 059�� MXQFWLRQ� DGKHVLRQ� PROHFXOH�$� �-$0�$�� >�����@�� 7KLV� WULJJHUV�

LQWHUQDOL]DWLRQ�RI�WKH�YLUXV�LQWR�WKH�FHOO�E\�UHFHSWRU�PHGLDWHG�HQGRF\WRVLV�LQ�FODWKULQ�FRDWHG

YHVLFOHV >���� ��@�� )XUWKHU�� WKH� YHVLFOH� ORVHV� LWV� FODWKULQ�FRDWLQJ�� PDWXUHV� LQWR� DQ� HDUO\�

HQGRVRPH�DQG�LV�DFLGLILHG�GXH�WR�LQIOX[�RI�+� LRQV�E\�DFWLYH�SXPSLQJ�>�����@�
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,Q�WKH�ODWH�HQGRVRPH��SURWHRO\VLV�RI�RXWHU�FDSVLG�SURWHLQV�DFWLYDWHV�UHRYLUXV�SDUWLFOHV�IRU�WKH�

QH[W�VWHS�LQ�LQIHFWLRQ��7KH�YLULRQV�DUH WXUQHG�LQWR�LQIHFWLRXV�VXEYLUDO�SDUWLFOHV��,693V��>����

��@ DQG�IXUWKHU�LQWR�FRUH�SDUWLFOHV�WKDW�HQWHU�WKH�F\WRSODVP�>������@��7KH�,693V�DUH�IRUPHG�E\�

GLJHVWLRQ�RI�WKH�RXWHU�FDSVLG�SURWHLQ�ı��DQG�SURWHRO\WLF�FOHDYDJH�RI�WKH�RXWHU�FDSVLG�SURWHLQ�

��� >��@� 0DWXUH� YLULRQV� FDQ� DOVR� EH� VXEMHFW� WR� H[WUDFHOOXODU� SURWHRO\VLV� DQG� IRUPDWLRQ� RI�

,693V� XQGHU FHUWDLQ� FRQGLWLRQV� OLNH� LQ� WKH� LQWHVWLQH�>���� ��@�� 7KH� ,693V� FUHDWHG� LQ� WKH�

LQWHVWLQH�DUH�KLJKO\�LQIHFWLRXV�DQG�PD\�XVH UHFHSWRU�LQGHSHQGHQW�SDWKZD\V�WR�HQWHU�KRVW FHOOV

>��@�

)LJXUH��� 5HSOLFDWLRQ�RI�0DPPDOLDQ�RUWKRUHRYLUXV�
7KH�PRGHO�LOOXVWUDWHV�WKH�UHSOLFDWLRQ�F\FOH�RI�059�LQFOXGLQJ�FHOO�DWWDFKPHQW��HQGRF\WRVLV��XQFRDWLQJ��PHPEUDQH�

SHQHWUDWLRQ��WUDQVFULSWLRQ��WUDQVODWLRQ��DVVHPEO\�DQG�UHOHDVH�RI�LQIHFWLRXV�YLULRQV��0RGLILHG�IURP�0RKDPHG�HW�DO��

9LUXVHV������>��@�



��

������ 0HPEUDQH�SHQHWUDWLRQ

$V� QRQ�HQYHORSHG� YLUXVHV� FDQQRW� IXVH� ZLWK� HQGRVRPDO� PHPEUDQHV� IRU� LQWHUDFWLRQ� DQG�

SHQHWUDWLRQ��RWKHU�PHFKDQLVPV�PXVW�EH�XWLOL]HG�IRU�WKH�UHRYLUXV�SDUWLFOHV�WR�JDLQ�DFFHVV�WR�WKH�

F\WRSODVP�>��@� &RQYHUVLRQ�RI�,693V�WR�FRUH�SDUWLFOHV�IDFLOLWDWHV�WKLV�SURFHVV� 7KH�,693V�DUH�

WKRXJKW� WR� EH� UHTXLUHG� LQWHUPHGLDWHV� GXULQJ� DQ� LQIHFWLRQ� DV� WKH\� DUH� XQLTXHO\� FDSDEOH� RI�

LQLWLDWLQJ�SHQHWUDWLRQ�RI�D�FHOO�PHPEUDQH�WR�SURYLGH�DFFHVV�WR�WKH�F\WRSODVP��)LJXUH����>��@�

7KH����SURWHLQ��ZKLFK�FRYHUV�PRVW�RI�WKH�VXUIDFH�RI�,693V��LV�SURFHVVHG�UHVXOWLQJ�LQ�UHOHDVH�

RI� WKH�PHPEUDQH�SHQHWUDWLQJ�IUDJPHQW���1�>������@�� �7KH�ı��SURWHLQ� LV�UHOHDVHG�IURP�WKH�

SDUWLFOH�DQG�WKH���1�IUDJPHQW�LQWHUDFWV�ZLWK�WKH�HQGRVRPDO�PHPEUDQH�IRUPLQJ�VL]H�VHOHFWLYH�

SRUHV�WKURXJK�ZKLFK�WKH�FRUH�SDUWLFOHV�FDQ�SDVV�>��@��&RUH�SDUWLFOHV��LQ�FRQWUDVW�WR�WKH�,693V��

DUH�QRW�LQIHFWLRXV��EXW�KLJKO\�DFWLYH�P51$�WUDQVFULSWLRQ�PDFKLQHV�>������@�

������ 7UDQVFULSWLRQ�DQG�WUDQVODWLRQ

,Q�WKH�F\WRSODVP��WKH�FRUH�SDUWLFOHV�GR�QRW�IXUWKHU�GLVDVVHPEOH DQG�WKH�WUDQVFULSWLRQ�RFFXUV�

ZLWKLQ�WKH�FRUH�SDUWLFOH��(DUO\ WUDQVFULSWLRQ�LV�LQLWLDWHG IURP�WKH�GV51$�JHQRPH�LQVLGH�WKH�

FRUH�V\QWKHVL]LQJ�SOXV�VWUDQG�51$�WUDQVFULSWV�ZKLFK�DUH�UHOHDVHG WKURXJK�WKH�Ȝ��WXUUHW��)LJXUH�

����7UDQVFULSWLRQ LV�SHUIRUPHG�E\�WKH�Ȝ��51$�GHSHQGHQW�51$�SRO\PHUDVH�DQG�WUDQVFULSWDVH�

FRIDFWRU�����ZKLOH� FDSSLQJ LV�PHGLDWHG�E\ Ȝ��� UHVSHFWLYHO\� DOO� HQ]\PHV� HQFRGHG�E\�YLUDO�

JHQHV� DQG SUHVHQW� LQ� WKH� YLULRQ� >��@�� (DFK� RI� WKH� WHQ� JHQH� VHJPHQWV� PD\� UHSUHVHQW� DQ�

LQGHSHQGHQW�WUDQVFULSWLRQDO�XQLW�DQG�WKH�GLIIHUHQW�WUDQVFULSWV�DUH�SURGXFHG�DW�UDWHV�ZKLFK�DUH�

DSSUR[LPDWHO\�SURSRUWLRQDO�WR�WKH�UHFLSURFDO�RI�WKHLU�OHQJWK�>����������@� 1HLWKHU�GV51$�QRU�

QHJDWLYH�VWUDQG 51$�H[LVW� LQ IUHH IRUP LQ�WKH�F\WRSODVP��7KH�FDSSHG��QRQ�SRO\DGHQ\ODWHG�

SOXV�VWUDQG�WUDQVFULSWV�FDQ�VHUYH�ERWK�DV�P51$V�IRU�WUDQVODWLRQ�DQG�DV�WHPSODWHV�IRU�PLQXV�

VWUDQG�V\QWKHVLV�ZLWKLQ�SURJHQ\�SDUWLFOHV�>�������@�

,Q FHOO�FXOWXUHV LQIHFWHG�ZLWK�059��SULPDU\�WUDQVFULSWV�DUH�GHWHFWHG���KU�DIWHU�LQIHFWLRQ��UHDFK�

D�PD[LPXP�DIWHU���WR���KU��DQG�GHFUHDVH�WR�XQGHWHFWDEOH�OHYHOV�E\����KU�>�������@��7UDQVFULSWV�

IURP� JHQH� VHJPHQW� /��� 0��� 6�� DQG� 6��� HQFRGLQJ� WKH� Ȝ��� �16�� ı16� DQG� ı�� SURWHLQV��

UHVSHFWLYHO\�� � DUH�PDGH� SUHIHUHQWLDOO\� GXULQJ� WKH� ILUVW� KRXUV� RI� LQIHFWLRQ� >����� ����� ���@�

6HFRQGDU\� WUDQVFULSWV� DUH PHGLDWHG� E\� QHZO\� DVVHPEOHG� SDUWLFOHV� DQG� DUH� PRUH� HIIHFWLYH�

SURGXFHUV�RI WUDQVFULSWV� GXULQJ� LQIHFWLRQ� >���@��7KH� WUDQVFULSWV� H[LWV� WKURXJK� WKH�Ȝ�� WXUUHW�



��

VWUXFWXUH�DQG�DUH�WUDQVODWHG�LQWR�YLUDO�SURWHLQV�LQ�WKH�F\WRSODVP E\�KRVW�ULERVRPHV �)LJXUH����

>��������@��5HRYLUXV�P51$�ODFN�WKH��CSRO\$�WDLO�ZKLFK�LV�NQRZQ�WR�ELQG�SRO\�$��ELQGLQJ�

SURWHLQ��3$%3��LPSRUWDQW�IRU�VWDELOL]DWLRQ�DQG�UHFUXLWPHQW RI�WUDQVODWLRQ�IDFWRUV�>����������

���@��+RZ�UHRYLUXV�P51$�LV�VWDELOL]HG�DQG�WUDQVODWHG�LQ�WKH�F\WRSODVP�LV�WKHUHIRUH�VWLOO�QRW�

FRPSOHWHO\�HOXFLGDWHG��

6KRUWO\�DIWHU�WKH�RQVHW�RI�LQIHFWLRQ��WKHUH�LV�D�JUDGXDO�LQFUHDVH�LQ�V\QWKHVLV�RI UHRYLUXV�SURWHLQV��

1HZO\�V\QWKHVL]HG�059�SURWHLQV�FDQ�EH�GHWHFWHG�DOUHDG\���KU�SRVW�LQIHFWLRQ�DQG�E\����KU��

PRVW�RI�WKH�SURWHLQV�V\QWKHVL]HG�LQ�WKH�LQIHFWHG�FHOO�DUH�RI�YLUDO�UDWKHU�WKDQ�FHOOXODU�RULJLQ�>��@�

$�VWXG\�SHUIRUPHG�RQ�DTXDUHRYLUXV�ZKHUH�LQIHFWHG�FHOO�FXOWXUHV�ZHUH�KDUYHVWHG�DW�GLIIHUHQW�

WLPH�SRLQWV�SRVW�LQIHFWLRQ��S�L���UHYHDOHG�WKDW�16����WKH�059�DQG�359��16�HTXLYDOHQW��FRXOG�

EH�GHWHFWHG�DW���KU S�L��ZKLOH�WKH�VWUXFWXUDO�LQQHU�FRUH�DQG�RXWHU�FDSVLG�SURWHLQV�ZHUH�GHWHFWHG�

��DQG����KU S�L��>���@�

7KH� QHZO\� V\QWKHVL]HG� YLUDO� SURWHLQV� DUH� DVVHPEOHG� LQ� VWUXFWXUHV� FDOOHG� YLUDO� IDFWRULHV��

RUJDQL]HG�E\�WKH�QRQ�VWUXFWXUDO�SURWHLQ��16��,Q�WKH�YLUDO�IDFWRULHV��UHSOLFDWLRQ� SDFNDJLQJ�RI�

YLUDO�JHQRPHV��DQG�VXEVHTXHQW�DVVHPEO\ RI�QRYHO�YLUDO�SDUWLFOHV�RFFXU >���������������@� 0DQ\�

RI�WKH�UHRYLUXV�VWUXFWXUDO�SURWHLQV�H[KLELW�VRPH�GHJUHH�RI�VHOI�DVVHPEO\�LQ�WKH�DEVHQFH�RI�YLUDO�

51$�RU�WKH�FRPSOHWH�VHW RI�YLUDO�SURWHLQV��7KH�PDMRU�LQQHU�FDSVLG�SURWHLQV�Ȝ��DQG�ı��IRUP�

SDUWLFOHV�PRUSKRORJLFDOO\�VLPLODU�WR�FRUH�VKHOOV� DQG�ZKHQ�Ȝ��DQG�Ȝ��DUH�FR�H[SUHVVHG�ZLWK�

WKHVH��WKH\�DUH�LQFRUSRUDWHG�LQWR�WKH�SDUWLFOH�DV�ZHOO�>���@��,Q�WKH�F\WRSODVP�RI�LQIHFWHG�FHOOV��

�����RI�IUHH�0��HQFRGHG�SURWHLQ�LV�����ZKLOH������RI�WKH�SURWHLQ�FRPSOH[HG�ZLWK�ı��KDV�

EHHQ�FOHDYHG� WR� IRUP���&�� VXJJHVWLQJ� WKDW� FOHDYDJH�RI����PD\�EH� OLQNHG� WR� IRUPDWLRQ RI�

FRPSOH[�ZLWK�ı��>��@�

'XULQJ�FRUH�DVVHPEO\��SOXV�VWUDQG�51$�LV�HQFDSVXODWHG�DQG�PLQXV�VWUDQG�51$�LV�V\QWKHVL]HG�

LQ�WKH�FRUH�WR�IRUP�WKH�GV51$�JHQRPH�>���@��7KLV�PHFKDQLVP NHHSV�ERWK�WKH�GV51$�DQG�

QHJDWLYH�VHQVH�51$�VKLHOGHG� IURP�F\WRSODVPLF� UHFHSWRUV�RI� WKH� LQQDWH� LPPXQH V\VWHP DV�

QHLWKHU�GV51$�QRU�QHJDWLYH� VWUDQG�51$�DUH� IRXQG� IUHH� LQ� WKH� F\WRSODVP� >���@� 7KH�FRUH�

FDYLW\� RI� WKH� YLULRQ� HQFRPSDVVHV� RQH� VLQJOH� FRS\� RI� HDFK� JHQRPLF� VHJPHQW��ZKLFK� HDFK�

DVVRFLDWH�ZLWK�D�VHSDUDWH�Ȝ��SRO\PHUDVH�>���@�



��

������ 9LUDO IDFWRULHV

$�FRPPRQ�IHDWXUH�RI WKH�QRQ�VWUXFWXUDO�SURWHLQV�RI�UHRYLUXVHV�LV�WKHLU�DELOLW\�WR�IRUP YLUDO�

IDFWRULHV� �)LJXUH���� >���� ���@� 9LUDO� IDFWRULHV� DUH� LQWUDFHOOXODU� FRPSDUWPHQWV�RU� LQFOXVLRQV�

ZKHUH�UHSOLFDWLRQ��SDFNDJLQJ�DQG�DVVHPEO\�RI�QRYHO�YLUDO�SDUWLFOHV�RFFXU�>��@� 6HYHUDO�51$�

DQG� '1$� YLUXVHV� WKDW� UHSOLFDWH� LQ� WKH� F\WRSODVP� IRUP� YLUDO� IDFWRULHV� WKDW� UHTXLUH� UH�

ORFDOL]DWLRQ� RI� RUJDQHOOHV�� UHRUJDQL]DWLRQ� RI� FHOOXODU� PHPEUDQHV�� DQG� FKDQJHV� LQ� WKH�

GLVWULEXWLRQ�DQG�G\QDPLFV�RI�WKH�F\WRVNHOHWRQ�>���@�

9LUDO� IDFWRULHV� FRPPRQO\� IRUP� DV� LQYDJLQDWLRQV� LQ� RUJDQHOOHV� VXFK� DV� PLWRFKRQGULD��

HQGRSODVPLF�UHWLFXOXP��(5�� O\VRVRPHV��SHUR[LVRPHV��*ROJL�DSSDUDWXV�RU�FKORURSODVWV�>����

���@� 5HFHQW�VWXGLHV�KDV�DVVRFLDWHG�UHRYLUXV�LQFOXVLRQV�ZLWK�VHYHUDO�RI�WKHVH�RUJDQHOOHV��L�H��

PLWRFKRQGULD��(5�HOHPHQWV�DQG�D�PHPEUDQRXV�ZHE�ZKLFK�PD\�IXQFWLRQ�DV�D�SK\VLFDO�VFDIIROG�

IRU�LQFOXVLRQ�IRUPDWLRQ�>��@��0LWRFKRQGULD�PD\�EH�XVHG�DV�DQ�HQHUJ\�VRXUFH�WR�SRZHU�YLUDO�

UHSOLFDWLRQ� DQG� DOVR� VXSSO\� KRVW� IDFWRUV� UHTXLUHG� IRU� YLUDO� JHQRPH� V\QWKHVLV� DQG� SDUWLFOH�

DVVHPEO\� >���@� 7KH� YLUXV� IDFWRU\� JLYHV� VSDFH� DQG� HDVHV� FRRUGLQDWLRQ� RI� YLUDO� JHQRPH�

UHSOLFDWLRQ�DQG�DVVHPEO\�>���@�

)LJXUH��� )RUPDWLRQ�RI�YLUDO�IDFWRULHV��
7KH�PRGHO�LOOXVWUDWHV�WKH�RUJDQL]DWLRQ�RI�YLUDO�IDFWRULHV�ZLWK�D�ILODPHQWRXV�PRUSKRORJ\�ZKHUH����DVVRFLDWHV�WKH�

IDFWRULHV�ZLWK�PLFURWXEXOHV��07�� DQG��16�IXQFWLRQV�DV�WKH�UHFUXLWLQJ�SURWHLQ� 5LERVRPHV�DUH�H[FOXGHG�IURP�

WKH�IDFWRULHV��VR�SURWHLQ�V\QWKHVLV�PXVW�RFFXU�LQ�VXUURXQGLQJ�UHJLRQV�RI�WKH�F\WRSODVP� 7KH�FRUH�VXUIDFH�SURWHLQV�

DQG�WKH�VLQJOH�VWUDQGHG�51$�ELQGLQJ�SURWHLQ�ı16�DUH�UHFUXLWHG�WR�WKH�IDFWRU\�WKURXJK�DVVRFLDWLRQ�ZLWK��16��
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&RUH� DVVHPEO\� LV� SURSRVHG� WR� RFFXU� ZLWKLQ� WKH� IDFWRU\� EXW� PLJKW� DOVR� RFFXU� LQ� VXUURXQGLQJ� UHJLRQV� RI� WKH�

F\WRSODVP�DV�VKRZQ�LQ�WKH�PRGHO��&RUHV�DVVHPEOHG�LQ�WKH�F\WRSODVP�PD\�WKHQ�EH�UHFUXLWHG�WR�WKH�IDFWRU\�WKURXJK�

DVVRFLDWLRQ�ZLWK��16��1HZ�SOXV�VWUDQG�51$�WUDQVFULSWV�SURGXFHG�E\��16�DVVRFLDWHG�FRUHV�ZLWKLQ�WKH�IDFWRU\�

PD\�EH�ODUJHO\�UHWDLQHG�WKHUH��SRVVLEO\�E\�ELQGLQJ�WR�ı16��D���ZKLFK�PD\�SURPRWH�WKHLU�DVVHPEO\�LQWR�SURJHQ\�

SDUWLFOHV��6RPH�QHZO\�SURGXFHG�YLUDO�WUDQVFULSWV��KRZHYHU��PXVW�EH�UHOHDVHG�LQWR�WKH�VXUURXQGLQJ�F\WRSODVP��E��

WR� SURPRWH� RQJRLQJ� YLUDO� SURWHLQ� V\QWKHVLV�� $OWKRXJK� WKH� YDULRXV� SURWHLQ� DVVRFLDWLRQV� DUH� VKRZQ� DV� GLUHFW�

LQWHUDFWLRQV��WKHUH�PD\�EH XQLGHQWLILHG�LQWHUPHGLDULHV��0RGLILHG�IURP�%URHULQJ�HW�DO��-�9LURO �����>���@�

7KH�YLUDO�IDFWRU\�LQFOXVLRQV�RI�51$�YLUXVHV�FRQVLVW�RI�YLUDO�GV51$��YLUDO�SURWHLQV��SDUWLDOO\�

DQG� IXOO\� DVVHPEOHG� YLUDO� SDUWLFOHV�� PLFURWXEXOHV� DQG� WKLQQHU� ILODPHQWV� VXJJHVWHG� WR� EH�

LQWHUPHGLDWH� VWUXFWXUHV� >���@� 9LUDO� GV51$� DQG� VV51$� DUH� VHQVHG� E\� WKH� FHOOXODU� LQQDWH�

LPPXQH�V\VWHP�DV�SDWKRJHQ�DVVRFLDWHG�PROHFXODU�SDWWHUQV��3$03V���3$03V�DUH�PROHFXOHV�

DVVRFLDWHG�ZLWK�JURXSV�RI�SDWKRJHQV��UHFRJQL]HG�E\�FHOOV�RI�WKH�LQQDWH�LPPXQH�V\VWHP DQG�

WKHUHE\�KDV�WKH�DELOLW\�WR�WULJJHU�DQWLYLUDO�UHVSRQVHV� ,Q�WKH�YLUDO�IDFWRULHV� WKH�YLUDO�3$03V�

DUH�LVRODWHG�IURP LQGXFLQJ�WKH�DFWLYDWLRQ�RI�FHOOXODU�LQQDWH�LPPXQH�UHVSRQVHV�>��@�

(DUO\� LQ�059� LQIHFWLRQ�� YLUDO� IDFWRULHV IRUP�DV� VPDOO� SXQFWXDWH� VWUXFWXUHV� WKURXJKRXW� WKH�

F\WRSODVP�WKDW�JURZ�LQ�VL]H�DQG�EHFRPH�PRUH�SHULQXFOHDU�DV�LQIHFWLRQ�FRQWLQXHV��$�VLPLODU�

WLPH�FRXUVH�GHYHORSPHQW�RI�YLUDO�IDFWRU\�OLNH�VWUXFWXUHV�DUH�VHHQ�LQ�359�LQIHFWHG�HU\WKURF\WHV�

�)LJXUH�����7KHVH� VWUXFWXUHV� DUH� LPSRUWDQW� LQ� UHFUXLWPHQW�RI�QHZO\� V\QWKHWL]HG�SURWHLQV� WR�

DOORZ�HIILFLHQW DVVHPEO\�RI�SURJHQ\�YLUXV�FRUH�SDUWLFOHV�>���@��059�ȝ16�DQG�ı16�DUH�SUHVHQW�

LQ�WKH�HDUOLHVW�GHWHFWHG��V\QWKHVL]HG�YLUDO�SURWHLQ�51$�FRPSOH[HV�LQ�LQIHFWHG�FHOOV��DQG�WKHVH�

SURWHLQV�DOVR�IRUP�F\WRSODVPLF�LQFOXVLRQ�VWUXFWXUHV�VLPLODU�WR�YLUDO�IDFWRULHV�ZKHQ�WUDQVIHFWHG�

LQWR�FHOOV�LQ�WKH�DEVHQFH�RI�YLUDO�LQIHFWLRQ�>���@� ,Q�DGGLWLRQ�WR�EHLQJ�DVVRFLDWHG�ZLWK�ı16��

ȝ16�LQWHUDFWV�ZLWK�HDFK�RI�WKH�ILYH�VWUXFWXUDO�SURWHLQV�WKDW�PDNH�XS�WKH�FRUH�SDUWLFOH��Ȝ���Ȝ���

Ȝ���ı��DQG�ȝ���LQ�059�>��������@�

6WXGLHV�RQ� WKH�$59�ȝ16�KRPRORJ�KDYH�UHDFKHG�VLPLODU�FRQFOXVLRQV�UHJDUGLQJ� WKH�UROH�RI�

ȝ16�LQ�IDFWRU\�IRUPDWLRQ >���@��7KH�Ȝ$�SURWHLQ�RI�$59��KRPRORJ�WR�059�DQG�359�Ȝ���LV�

WKH�ILUVW�VWUXFWXUDO�SURWHLQ�IRXQG�ZLWKLQ�YLUDO�IDFWRULHV�IRUPHG�E\��16��IROORZHG�E\�SDFNLQJ�

RI�IRXU�RWKHU�YLUDO�LQQHU�FDSVLG�SURWHLQV�>���@��7KH�VWXG\�SURSRVH�WKDW�WKH�RUGHU�RI�UHFUXLWPHQW�

RI�YLUDO�SURWHLQV�LQWR�YLUDO IDFWRULHV�IROORZV�D�VHTXHQWLDO SDWWHUQ�DQG�WKXV��VRPH SURWHLQV�DSSHDU�

WR�EH UHFUXLWHG LQLWLDOO\ WR� IDFWRULHV�E\�DVVRFLDWLRQ�ZLWK��16��ZKHUHDV�RWKHUV�DUH� UHFUXLWHG�

VXEVHTXHQWO\�WKURXJK�LQWHUDFWLRQ�ZLWK�\HW�XQNQRZQ�IDFWRUV >���@�
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)LJXUH����'HYHORSPHQW�RI�YLUDO�IDFWRULHV�LQ�359�LQIHFWHG�HU\WKURF\WHV�
)OXRUHVFHQW� ODEHOLQJ� RI� WKH� 359�ѫ��SURWHLQ� �JUHHQ�� LQ�ex vivo LQIHFWHG�5%&��7KH� QXFOHL�ZHUH� VWDLQHG�ZLWK�

+RHFKVW��EOXH���1RQ�LQIHFWHG�FHOOV�DUH�VKRZQ�DW���GSL��DQG�LQIHFWHG�FHOOV�DUH�VKRZQ�DW���������DQG����GSL��/DUJH�

359�LQFOXVLRQV�DW����GSL��PDUNHG�E\�DUURZKHDGV��ZDV�DOVR REVHUYHG�LQ�SKDVH�FRQWUDVW���0RGLILHG�IURP :HVVHO�

HW�DO��9HW�5HV������>��@�

7ZR�GLIIHUHQW�IDFWRU\�PRUSKRORJLHV�DUH�GHVFULEHG�IRU�059��ILODPHQWRXV�DQG�JOREXODU�>���@�

7KH�GLIIHUHQFH�LQ�PRUSKRORJ\�DUH�GHWHUPLQHG�E\�WKH�DELOLW\�RI�WKH�YLUXV�WR�LQWHUDFW�ZLWK�WKH�

FHOOXODU�PLFURWXEXOH�V\VWHP�DQG�WKLV�IHDWXUH�LV�PRUH�VSHFLILFDOO\�PDSSHG�WR�WKH�0��JHQRPH�

VHJPHQW� HQFRGLQJ� ȝ���2QO\� �� RXW� RI� ���059� VWUDLQV� WHVWHG� VKRZHG� WKH� JOREXODU� IDFWRU\�

PRUSKRORJ\� >���@�� 6WXGLHV� SURSRVH� WKDW� WKH� ODUJHU� VXUIDFH� DUHD� RI� ILODPHQWRXV� LQFOXVLRQV�

DOORZ�IRU�PRUH�HIILFLHQW�YLUDO�UHSOLFDWLRQ�WKURXJK�EHWWHU�DFFHVV�WR�VPDOO�PROHFXOH�VXEVWUDWHV�

RU� QHZO\� V\QWKHVL]HG� SURWHLQV� IURP� WKH� F\WRVRO� >���@� ,PPXQRIOXRUHVFHQFH DQG� FRQIRFDO�

PLFURVFRS\�KDYH�EHHQ�XVHG�WR�LGHQWLI\�JOREXODU�DQG�ILODPHQWRXV�LQFOXVLRQV�DIWHU�WUDQVIHFWLRQ�

ZLWK� QRQ�VWUXFWXUDO� SURWHLQV� IURP�059�� $59� DQG� URWDYLUXV�� 7KLV�PHWKRG� KDV� EHFRPH� D�

YDOXDEOH�WRRO�WR�SUREH�HDUO\�VWHSV�LQ�WKH�IRUPDWLRQ�RI�YLUDO�LQFOXVLRQV E\�LGHQWLI\LQJ�VSHFLILF�

YLUDO�SURWHLQV�>���@�

6WUXFWXUHV�UHVHPEOLQJ�YLUDO�IDFWRULHV�DUH DOVR�REVHUYHG�LQ�359�LQIHFWHG�HU\WKURF\WHV �)LJXUH�

�� >������@� 7KHVH UHVHPEOH�WKH�JOREXODU�VWUXFWXUHV IRUPHG�E\�WKH�059�7�' VWUDLQ >�������@�

7KH�359�LQFOXVLRQV�YDULHV�LQ�VL]H�IURP�����WR������QP�DQG DUH�RIWHQ�ORFDWHG�LQ�WKH�SHULQXFOHDU�

UHJLRQ� HQFDSVXODWHG�E\� D�PHPEUDQH�OLNH� VWUXFWXUH >��@��6RPH�RI� WKH� LQFOXVLRQV� FRQWDLQ� D�

PL[WXUH�RI�UHRYLUXV�OLNH�SDUWLFOHV�DQG�D�PRUH�KRPRJHQRXV�PDWHULDO�ZLWK�ODPHOODU�VWUXFWXUHV��

ZKLOH�RWKHUV�RQO\�FRQWDLQ�YLUXV�SDUWLFOHV�>��@�



��

)LJXUH����*OREXODU�LQFOXVLRQV�UHVHPEOLQJ�YLUDO�IDFWRULHV�
*UHHQ�IOXRUHVFHQW�ODEHOLQJ�RI�ı��LQ�359�LQIHFWHG�HU\WKURF\WHV� 1XFOHXV�LV�VWDLQHG�UHG ZLWK�SURSLGLXP�LRGLGH�

0RGLILHG�IURP�)LQVWDG�HW�DO��9HW�5HV������>��@�

������ 9LULRQ�UHOHDVH

7KH�UHOHDVH�RI�SURJHQ\�059�SDUWLFOHV IURP�LQIHFWHG�FHOOV�LV�VKRZQ�WR�EH�DVVRFLDWHG�ZLWK FHOO�

GHDWK�DQG�GLVUXSWLRQ�RI�WKH�SODVPD�PHPEUDQH�>��������@� +RZHYHU��YLUDO�UHOHDVH�IURP�KXPDQ�

EUDLQ� PLFURYDVFXODU� HQGRWKHOLDO� FHOOV RFFXUV� H[FOXVLYHO\� IURP� WKH� DSLFDO� VXUIDFH� YLD� D�

PHFKDQLVP�WKDW�LV�QRW�DVVRFLDWHG�ZLWK�O\VLV�RU�DSRSWRVLV�RI LQIHFWHG�FHOOV�>���@�

,W�LV�QRW�NQRZQ�KRZ�359 HVFDSH�IURP�WKHLU�WDUJHW�FHOOV� 9LUXV�LQGXFHG�O\VLV�RI�359�LQIHFWHG�

HU\WKURF\WHV�KDV�QRW�EHHQ�UHSRUWHG� IROORZLQJ�PLFURVFRS\� 1HLWKHU�KDV�VHYHUH�DQHPLD�EHHQ�

REVHUYHG� LQ�359� LQIHFWHG $WODQWLF� VDOPRQ�� LQGLFDWLQJ� WKDW� HYHQWXDO YLUXV�LQGXFHG� O\VLV�RI�

LQIHFWHG� HU\WKURF\WHV LV� DEVHQW�� ORZ� RU� DW� OHDVW� FRPSHQVDWHG� E\� HU\WKURSRLHVLV� >���@�

,QWHUHVWLQJO\��D�YDULDQW�RI�359�ZDV�UHFHQWO\�GHPRQVWUDWHG�WR�EH�WKH�HWLRORJLF�DJHQW�RI�(,%6�

ZKLFK� LV DVVRFLDWHG� ZLWK� DQHPLD� DQG� PDVV� PRUWDOLW\� LQ� MXYHQLOH� &RKR� VDOPRQ� >��@� ,Q�

DGGLWLRQ�� LQIHFWLRQ� RI� UDLQERZ� WURXW� LQ� IUHVK� ZDWHU� E\� \HW� DQRWKHU� 359� YDULDQW� LV� DOVR�

DVVRFLDWHG�ZLWK�DQHPLD�DQG�DQ�+60,�OLNH�GLVHDVH >��@�

([WUDFHOOXODU�YHKLFOHV
'XULQJ�WKH�FRXUVH�RI�WKH�SUHVHQWHG�VWXG\��DQ�LQWULJXLQJ�K\SRWKHVLV�ZDV�SURSRVHG�LQYROYLQJ�

YLUDO� XWLOL]DWLRQ� RI� H[WUDFHOOXODU� YHKLFOHV IRU� 359� YLULRQ� UHOHDVH� IURP� HU\WKURF\WHV��

([WUDFHOOXODU� YHKLFOHV� DUH KHWHURJHQHRXV�� VXEPLFURQ�VL]HG PHPEUDQH� YHVLFOHV FDSDEOH� RI�

LQWHUFHOOXODU� WUDQVIHU� RI� ELRORJLFDO� PDWHULDOV� DQG� JHQHWLF� LQIRUPDWLRQ� >���@� ([WUDFHOOXODU�
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YHKLFOHV FDQ�EH�IRXQG�LQ�DOO�ERGLO\�IOXLGV�DQG�DUH�FUHDWHG�E\�LQYDJLQDWLRQ�RI�WKH�HQGRVRPDO�

PHPEUDQH� >�������@�� ([WUDFHOOXODU� YHKLFOHV FDQ� WUDYHO� RYHU� VKRUW� RU� ORQJ� GLVWDQFHV WR�

HYHQWXDOO\�ELQG� WDUJHW� FHOO�PHPEUDQHV DQG�GHOLYHU� WKHLU� FDUJR� >��������@� 5HFHQW� LQVLJKWV�

VKRZV�WKDW�YLUXVHV�H[SORLW�H[WUDFHOOXODU�YHKLFOHV IRU�VHYHUDO�SXUSRVHV��WR�HQWHU�KRVW�FHOOV��WR�

SURPRWH�YLUDO�VSUHDG�DQG�WR�DYRLG�KXPRUDO�LPPXQH�UHVSRQVHV�>���@��$SDUW�IURP�LQFRUSRUDWLQJ�

YLUDO� SURWHLQV�� VWXGLHV� KDYH� LQGLFDWHG� WKDW� H[WUDFHOOXODU� YHKLFOHV FDQ� FRQWDLQ� YLUXV�GHULYHG�

QXFOHLF�DFLGV��LQFOXGLQJ�IXQFWLRQDO��QRQ�FRGLQJ�PLFUR51$V�>��������@�

7KH� XVH� RI� H[WUDFHOOXODU� YHKLFOHV IRU� YLULRQ� UHOHDVH� ZRXOG� QRW� O\VH� WKH� 359� LQIHFWHG�

HU\WKURF\WHV�DQG�FRXOG�H[SODLQ�WKH�ODFN�RI�DQHPLD�LQ�359�LQIHFWHG ILVK��6HYHUDO�RWKHU�IDFWRUV�

FRXOG�DOVR�LQGLFDWH�WKDW�H[WUDFHOOXODU�YHKLFOHV PLJKW�EH�D�SODXVLEOH�PHFKDQLVP GXULQJ�359�

LQIHFWLRQ�� L�H�� WKH� LQDELOLW\� RI� KXPRUDO� LPPXQH� UHVSRQVH� WR� H[WHUPLQDWH� LQIHFWLRQ� DQG�

GLIILFXOWLHV�LQ�ILQGLQJ�D�VSHFLILF�UHFHSWRU�IRU�HQGRF\WRVLV��3UHOLPLQDU\�VWXGLHV�RQ�WKLV�VXEMHFW�

ZDV�WKHUHIRUH�SHUIRUPHG��

���� Orthoreoviruses and effects on host cells

7KH�PHFKDQLVPV�E\�ZKLFK�PDPPDOLDQ�UHRYLUXVHV�LQIHFW�VXVFHSWLEOH�FHOOV� LQ�WDUJHW�RUJDQV��

VSUHDGV� EHWZHHQ� WKH� GLIIHUHQW� RUJDQ� V\VWHPV� DQG� HYDGH� KRVW� LPPXQH� UHVSRQVH� DUH� SDUWO\�

HOXFLGDWHG�DQG�NQRZOHGJH�IURP�059�LQIHFWLRQ�VWXGLHV�LV�XVHG�WR�XQGHUVWDQG�KRVW�UHVSRQVHV�

WR� 359�� +RZHYHU�� KRZ� UHRYLUXVHV� XOWLPDWHO\� SURGXFH� GLVHDVH� LQ� WKH� LQIHFWHG� KRVW�� VWLOO�

UHPDLQV�SRRUO\�XQGHUVWRRG�DQG�UHVHDUFK�LQ�WKLV�ILHOG�LV�FRQWLQXRXVO\�RQJRLQJ��

������ 6WUHVV�JUDQXOHV

,QIHFWLRQ�ZLWK�VHYHUDO�059 VWUDLQV�UHVXOWV�LQ�VKXWRII�RI�KRVW��EXW�QRW�YLUDO��SURWHLQ�V\QWKHVLV�

YLD�GV51$�ELQGLQJ�SURWHLQ�NLQDVH�5� �3.5��DFWLYDWLRQ�DQG�VXEVHTXHQW�SKRVSKRU\ODWLRQ�RI�

WUDQVODWLRQ� LQLWLDWLRQ� IDFWRU� H,)�Į >����� ���@� )ROORZLQJ� LQKLELWLRQ� RI� SURWHLQ� V\QWKHVLV��

FHOOXODU�P51$V�ORFDOL]H�WR�GLVFUHWH�VWUXFWXUHV�LQ�WKH�F\WRSODVP�FDOOHG�VWUHVV�JUDQXOHV��ZKHUH�

WKH\�DUH�KHOG�LQ�D�WUDQVODWLRQDOO\�LQDFWLYH�VWDWH �)LJXUH����>���@�
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)LJXUH����)RUPDWLRQ�RI�VWUHVV�JUDQXOHV�
0RGHO�LOOXVWUDWLQJ�WKH�IRUPDWLRQ�RI�VWUHVV�JUDQXOHV�WULJJHUHG�E\�HQYLURQPHQWDO VWUHVV LQ�WKH�FHOO��3KRVSKRU\ODWHG�

H,)�Į�SUHYHQWV�WKH�IRUPDWLRQ�RI WKH WHUQDU\�FRPSOH[�OHDGLQJ�WR�LQKLELWLRQ�RI�WUDQVODWLRQ�RI�PRVW�FHOOXODU�SURWHLQV�

6WUHVV�JUDQXOHV�DULVH�DQG IXUWKHU� LQKLELW�SURWHLQ� WUDQVODWLRQ�E\�VHTXHVWHULQJ�P51$V�DQG� WUDQVODWLRQ� LQLWLDWLRQ�

IDFWRUV�LQ�D�WUDQVODWLRQDOO\�LQDFWLYH�VWDWH�XQWLO�WKH�FHOOV�UHFRYHU�IURP�VWUHVV�RU�XQGHUJR�DSRSWRVLV��&RXUWHV\�RI�4LQ�

4��'RFWRUDO�WKHVLV������>���@�

6WUHVV� JUDQXOHV DUH F\WRSODVPLF SKDVH�GHQVH� SDUWLFOHV FRQVLVWLQJ� RI� VWDOOHG� ULERVRPDO�

FRPSOH[HV ZKHUH� SURWHLQ� V\QWKHVLV� LV� VKXW� GRZQ� DV� D� UHVSRQVH� WR� HQYLURQPHQWDO� VWUHVV� WR�

FRQVHUYH DQDEROLF�HQHUJ\�IRU�WKH�UHSDLU�RI�VWUHVV�LQGXFHG�FHOOXODU�GDPDJH >���@��7KH�FHOOXODU�

WUDQVODWLRQ�LQLWLDWLRQ�IDFWRU�H,)�Į�LV D�FULWLFDO�UHJXODWRU\�FRPSRQHQW�RI�WKH�WHUQDU\�FRPSOH[�

WKDW�ORDGV�LQLWLDWRU�W51$L0HW�RQWR�WKH�VPDOO�ULERVRPDO�VXEXQLW�WR�LQLWLDWH�SURWHLQ�V\QWKHVLV�

,Q�LWV�SKRVSKRU\ODWHG�FRQGLWLRQ��H,)�Į�LV�LQKLELWHG�DQG�WUDQVODWLRQDO�DUUHVW�RFFXUV�>��������@�

6WUHVV�JUDQXOHV�PD\�DOVR�EH�LQGXFHG�E\�PHFKDQLVPV�LQGHSHQGHQW�RI�H,)�Į�SKRVSKRU\ODWLRQ�

>���@�
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059�KDV� WKH� DELOLW\� WR� GLVUXSW� VWUHVV� JUDQXOHV GHVSLWH� VXVWDLQHG� OHYHOV� RI� SKRVSKRU\ODWHG�

H,)�Į�DQG�LQWHUIHUH ZLWK�WKH�LQGXFWLRQ�RI�VWUHVV�JUDQXOH�IRUPDWLRQ >���@��7KH GLVUXSWLRQ�RI�

VWUHVV� JUDQXOHV� FRUUHODWHV� ZLWK� WKH� HVFDSH� RI� YLUDO�� EXW� QRW� FHOOXODU�� P51$V� IURP� KRVW�

WUDQVODWLRQDO�VKXWRII�>���@��0DQ\�DVSHFWV�RI�VWUHVV�JUDQXOH�IRUPDWLRQ�DQG�IXQFWLRQ�DUH�QRW�IXOO\�

XQGHUVWRRG��EXW�LW�LV�EHOLHYHG�WKDW�WKH\�PD\�VHUYH�DV�SDUW�RI�WKH�LQQDWH�LPPXQH�UHVSRQVH�WR�

YLUDO�LQIHFWLRQV�>��������@�

7KH�VWUXFWXUDO�059�SURWHLQ�ı��KDV�UHJXODWRU\�IXQFWLRQV�GXULQJ�UHSOLFDWLRQ�E\�DIIHFWLQJ�WKH�

IRUPDWLRQ�RI�VWUHVV�JUDQXOHV��>������������@��1HZO\�V\QWKHVL]HG�F\WRSODVPLF�ı��ELQGV�GV51$�

LQ�D�VHTXHQFH�LQGHSHQGHQW�PDQQHU��ZKLFK�LQKLELWV�3.5�DFWLYDWLRQ�DQG�RU�WKH�51DVH�/��DQG�

WKXV�SUHYHQWV�WUDQVODWLRQDO�VKXWRII�>�����@��6LPLODU�GV51$�ELQGLQJ�SURSHUWLHV�DUH�VKRZHG�IRU�

359�ı���DOWKRXJK�QR�VSHFLILF�GRPDLQ RI�WKH�SURWHLQ�ZDV�IRXQG�WR�H[HFXWH�WKH�ELQGLQJ >�����@�

6RPH�ILVK VSHFLHV DSSHDU�WR�KDYH�D�3.5�OLNH�SURWHLQ� DQG�LQ�DGGLWLRQ�D�SURWHLQ�ZLWK =�'1$�

ELQGLQJ�GRPDLQV�LQVWHDG�RI�GV51$�ELQGLQJ�GRPDLQV� FDOOHG =�'1$�ELQGLQJ�SURWHLQ�NLQDVH�

�3.=� >���@� ,W�KDV�EHHQ�GHPRQVWUDWHG WKDW�UHFRPELQDQW�$WODQWLF�VDOPRQ�3.= KDV�WKH�DELOLW\�

WR� SKRVSKRU\ODWH� H,)�Į in vitro, DQG� WKDW� ZLOG�W\SH� $WODQWLF� VDOPRQ� 3.= KDV� D� GLUHFW�

LQKLELWRU\�HIIHFW�RQ�SURWHLQ�V\QWKHVLV�DIWHU�WUDQVLHQW�H[SUHVVLRQ�LQ�&KLQRRN�VDOPRQ�HPEU\R�

FHOOV >���@� 7KLV� LPSOLHV�D� UROH� IRU�3.=�� OLNH�3.5�� LQ�KRVW�GHIHQVH�DJDLQVW�YLUXV� LQIHFWLRQ�

>���@�

������ $SRSWRVLV

5HRYLUXV LQGXFHG�DSRSWRVLV�LV�D�PDMRU�PHFKDQLVP�RI�WLVVXH�LQMXU\ LQ�PDPPDOV� DQG�LQYROYHG�

LQ� WKH� SDWKRJHQHVLV� RI� GLVHDVH� LQ� ERWK� WKH� EUDLQ� DQG� KHDUW >�������@�� ,Q� FXOWXUHG� FHOOV��

GLIIHUHQFHV�LQ�WKH�FDSDFLW\�RI�059 VWUDLQV�WR�LQGXFH�DSRSWRVLV�DUH�GHWHUPLQHG�E\�WKH�6� DQG�

0� JHQH�VHJPHQWV� DQG�WKHVH�JHQH�VHJPHQWV�DUH GHWHUPLQDQWV RI�YLUDO�SDWKRJHQHVLV�LQ�ERWK�

WKH�KHDUW�DQG�WKH�&16 in vivo >��������@� 0XOWLSOH�YLUDO�JHQH VHJPHQWV��LQFOXGLQJ�0���/���

/���DQG�6���DUH�GHWHUPLQDQWV�RI�059�LQGXFHG�DFXWH�P\RFDUGLWLV >��������@�

$SRSWRWLF�FDUGLRP\RF\WHV�KDYH�DOVR�EHHQ�GHWHFWHG�LQ�WKH�KHDUW�RI�+60,�GLVHDVHG�ILVK�>���@�

EXW�LV�QRW�D�FRPPRQ�REVHUYDWLRQ�>��������@� 359�LQIHFWLRQ�W\SLFDOO\�UHVXOWV�LQ�&'��7�FHOO�
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P\RFDUGLWLV�DQG�UHG�VNHOHWDO�PXVFOH�P\RVLWLV >���@� 6HYHUH�DQHPLD�KDV�QRW�EHHQ�UHSRUWHG�IURP�

+60,� RXWEUHDNV� LQ� WKH� VHDZDWHU� SKDVH�� LQGLFDWLQJ� ORZ�� QR� RU� FRPSHQVDWHG� YLUXV�LQGXFHG�

DSRSWRVLV RI�359�LQIHFWHG�HU\WKURF\WHV >���@�

������ $QWL�YLUDO�UHVSRQVH

7KH�LPPXQH�V\VWHP�LV�D�KRVW�GHIHQVH�PHFKDQLVP�FRPSULVLQJ�PDQ\�ELRORJLFDO�VWUXFWXUHV�DQG�

SURFHVVHV�WKDW�GHWHFWV�D�ZLGH�YDULHW\�RI SDWKRJHQV� ,W�LV�FXVWRPDU\�WR�GLYLGH�LPPXQH�UHVSRQVHV�

LQWR�WZR�PDLQ�FDWHJRULHV��WKH�LQQDWH�LPPXQH�V\VWHP DQG�WKH�DGDSWLYH�LPPXQH�V\VWHP� 7KH�

LQQDWH� LPPXQH� UHVSRQVHV� FRPSULVH� HDUO\� LPPXQH� GHIHQVH� OLNH LQWHUIHURQV �,)1V��� QDWXUDO�

NLOOHU��1.��FHOOV�DQG�PDFURSKDJHV��ZKLOH�WKH�DGDSWLYH�LPPXQH�UHVSRQVHV�DUH�KLJKO\�VSHFLILF�

IRU�D�SDUWLFXODU�SDWKRJHQ�DQG�DUH�GHILQHG�E\�VHYHUDO�IDFWRUV�DV�O\PSKRF\WHV��DQWLJHQ�UHFHSWRUV�

DQG�PDMRU�KLVWRFRPSDWLELOLW\�FRPSOH[��0+&��W\SH�, DQG�,,�

,QQDWH�LPPXQH�UHVSRQVH
7KH�LQQDWH�LPPXQH�UHVSRQVH�GHYHORSV�DV�D�UDSLG�DQG�UHJXODWHG�GHIHQVH�PHFKDQLVP�WULJJHUHG�

E\�UHFHSWRUV�WKDW�UHFRJQL]H�WKH�FRQVHUYHG�SDWWHUQV�RI�SDWKRJHQLF�RUJDQLVP�VXFK�DV�SURWHLQV��

OLSRSURWHLQV��GV51$�DQG�RWKHU�3$03V��DQG�LQLWLDWH VLJQDOLQJ�FDVFDGHV�WKDW�LQ�WXUQ�GLUHFWV�WKH�

LQQDWH� LPPXQH� UHVSRQVH� >��������@� 7KH�DQWLYLUDO� UHVSRQVH� LV�D� VSHFLILF�SDUW�RI� WKH� LQQDWH�

LPPXQH�UHVSRQVH�WULJJHUHG�E\�YLUXVHV DQG�HYHQ�YHU\�SULPLWLYH�RUJDQLVPV�KDYH�WKH�DELOLW\�WR�

PRXQW�DQ�LQQDWH�LPPXQH�UHVSRQVH�DJDLQVW�SDWKRJHQV��

,Q�PDPPDOLDQV��,)1V�FDQ�LQKLELW�YLUDO�UHSOLFDWLRQ E\�LQGXFLQJ�DQ�DQWLYLUDO�VWDWH�LQ�WKH�KRVW�

FHOOV� RU E\� LQFUHDVLQJ� WKH DQWLJHQ�SUHVHQWDWLRQ� LQ 0+& W\SH� ,�� LQLWLDWLQJ� LQIODPPDWRU\�

UHVSRQVHV��DQG�VWLPXODWLQJ�WKH�DFWLYDWLRQ RI�PDFURSKDJHV��1. FHOOV�RU�F\WRWR[LF�7�FHOOV�DV�

ZHOO�DV�WKH�GLIIHUHQWLDWLRQ�RI�%�FHOOV�LQWR�DQWLERG\�SURGXFLQJ�SODVPD�FHOOV�>���@� ,)1�LV�DQ�

H[WUHPHO\�SRZHUIXO�DQWLYLUDO�UHVSRQVH�WKDW�LV�FDSDEOH�RI�FRQWUROOLQJ�VHYHUDO�YLUXV�LQIHFWLRQV�LQ�

WKH�DEVHQFH�RI�DGDSWLYH�LPPXQLW\�

'RXEOH�VWUDQGHG�51$�LV�FRQVLGHUHG WKH�PDLQ�3$03�RI�UHRYLUXVHV��)LVK�KDYH�WZR�WROO�OLNH�

UHFHSWRUV �7/5V���7/5��DQG�7/5����WKDW�FDQ�ELQG�GV51$�LQ�WKH�HQGRVRPHV DQG�F\WRSODVPLF�

PHPEUDQH� UHVSHFWLYHO\ >���@� DQG� WZR�PDLQ� F\WRSODVPLF� GV51$� UHFHSWRUV� UHWLQRLF� DFLG�

LQGXFLEOH�JHQH��5,*�,��DQG PHODQRPD�GLIIHUHQWLDWLRQ�DVVRFLDWHG�JHQH�� �0'$�� >���@� 7KH�
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LQWHUDFWLRQ�OHDGV�WR�DFWLYDWLRQ�DQG�QXFOHDU�WUDQVORFDWLRQ�RI�WKH�WUDQVFULSWLRQ�IDFWRUV�LQWHUIHURQ�

UHJXODWRU\�IDFWRU����,5)����DQG�QXFOHDU�IDFWRU�țȕ��1)�țȕ���ZKLFK�WULJJHUV�SURGXFWLRQ�RI�W\SH�

,� LQWHUIHURQV�� FKHPRNLQHV�DQG�F\WRNLQHV WR� UHFUXLW� LPPXQH�FHOOV� WR� WKH� LQIHFWLRQ�VLWH� DQG�

LQFUHDVHV H[SUHVVLRQ�RI�0+& W\SH�,�DQG�FR�VWLPXODWRU\�PROHFXOHV�VXFK�DV�&'����&'���DQG�

&'���>���@� 7\SH�,�,)1V�DUH�VHFUHWHG�DQG�DFWLYDWH�LQWUDFHOOXODU�VLJQDOLQJ�SDWKZD\V�YLD�D�W\SH�

,�,)1�UHFHSWRU��DQG�UHJXODWH�WKH�H[SUHVVLRQ�RI�D�VHW�RI�,)1�VWLPXODWHG�JHQHV �,6*V�� 7KH�,6*V�

LQFOXGH�D�ZLGH�UDQJH�RI�JHQHV�LQYROYHG�LQ�HOLPLQDWLQJ�YLUDO�FRPSRQHQWV�IURP�LQIHFWHG�FHOOV��

LQGXFLQJ�DSRSWRVLV�RI�LQIHFWHG�FHOOV� DQG FRQIHUULQJ�UHVLVWDQFH�WR�YLUDO�LQIHFWLRQ�LQ�XQLQIHFWHG�

FHOOV >���@� ,)1V�WULJJHU�VLJQDO�WUDQVGXFWLRQ�WKURXJK�WKH�-$.�67$7�VLJQDOLQJ�SDWKZD\��ZKLFK�

UHVXOWV�LQ�FKDQJHV�RI�PDQ\�FHOOXODU�SDWKZD\V�LQFOXGLQJ�H[SUHVVLRQ�RI�DQWLYLUDO�SURWHLQV�VXFK�

DV� WKH�0\[RYLUXV� UHVLVWDQFH� �0[�� SURWHLQ�� 3.5� DQG� WKH� YLUXV� LQKLELWRU\� SURWHLQ� 9LSHULQ

�)LJXUH��� >�������@�

)LJXUH����)LVK�YLUXV�LQGXFHG�JHQHV�LQ�WKH�FRQWH[W�RI�LQWHUIHURQ�ĳ�VLJQDOLQJ��
)ROORZLQJ�YLUXV�HQWU\�LQ�WKH�FHOO��YLUDO�QXFOHLF�DFLGV�ELQG�GLIIHUHQW�VHQVRUV�DV�5,*���DQG�7/5V�DQG�DFWLYDWLRQ

RI�WKHVH�VHQVRUV�OHDGV�WR�WKH�LQGXFWLRQ�DQG�VHFUHWLRQ�RI�LQWHUIHURQV��7KH�F\WRNLQHV�KDV�DXWR� DQG�SDUDFULQH�DFWLYLW\�

PHGLDWHG�WKURXJK�LQWHUDFWLRQV�ZLWK�D�WUDQVPHPEUDQH�UHFHSWRU��,)1$5��WKDW�DFWLYDWHV�WKH�-$.�67$7�SDWKZD\��

7KLV� OHDGV� WR� WKH� LQGXFWLRQ�RI� LQWHUIHURQ� VWLPXODWHG�JHQHV� �,6*V�� VXFK� DV� ,VJ����3.5��3.=��0[�RU� YLSHULQ��

0RGLILHG�IURP�9HUULHU�HW�DO��'HY�FRPS�LPPXQRO����� >���@�
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9LUDO�FRXQWHU�PHFKDQLVPV
,Q� RUGHU� WR� E\SDVV� WKHVH� DQWLYLUDO� UHVSRQVHV�� GV51$� YLUXVHV� KDYH� GHYHORSHG� FRXQWHU�

PHFKDQLVPV� 'XULQJ�UHSOLFDWLRQ�RI�RUWKRUHRYLUXVHV�� WKH�GV51$�JHQRPH�LV�HQFORVHG�ZLWKLQ�

WKH�YLUDO�FRUH WR�DYRLG�H[SRVXUH >���@� ,Q�DGGLWLRQ��YLUDO�51$�FDQ�EH PDVNHG�E\�GV51$�

ELQGLQJ�YLUDO�SURWHLQV� LQKLELWLQJ�WKH�GV51$�VLJQDOLQJ�SDWKZD\��RU QRQ�SRO\DGHQ\ODWHG�YLUDO

P51$ FDQ�EH�SURGXFHG�WR RPLW�WUDQVODWLRQDO�VKXWGRZQ >��������@� 7UDQVODWLRQDO�VKXWGRZQ�

RFFXUV� WKURXJK� DFWLYDWLRQ� RI� 3.5�� OHDGLQJ� WR� SKRVSKRU\ODWLRQ� RI� WKH� FHOOXODU WUDQVODWLRQ�

LQLWLDWLRQ�IDFWRU�H,)�Į�DQG�WKXV�EORFNLQJ�FHOOXODU�WUDQVODWLRQ��ZKLOH�YLUDO�51$�WUDQVODWLRQ�LV�

PDLQWDLQHG�>������������@�

'XH�WR�VWUXFWXUDO�VLPLODULWLHV��359�PD\�FRXQWHUDFW�DQWLYLUDO�PHFKDQLVPV�LQ�VLPLODU�ZD\V DV�

RWKHU�RUWKRUHRYLUXVHV >������@�5HFHQWO\��LW�KDV�EHHQ�VKRZQ�WKDW�359�ѫ��SURWHLQ ELQGV�GV51$�

LQ�D�VHTXHQFH�LQGHSHQGHQW�PDQQHU�VLPLODU�WR059�ѫ��>��@� 1HYHUWKHOHVV��059�LQGXFHV�,)1�

ȕ LQ� LQIHFWHG�FHOOV� >�������@��7KLV� LQGLFDWHV� WKDW�GV51$�LQWHUPHGLDWHV�PD\�EH� UHFRJQL]HG�

>���@�

359�DQG�DQWL�YLUDO�UHVSRQVH
7KH� QXFOHDWHG� SLVFLQH� HU\WKURF\WHV� KDYH� WKH� SRWHQWLDO� WR� VXSSRUW� YLUDO� SURSDJDWLRQ� DQG�

FRQWULEXWH�WR�HIILFLHQW�YLUXV�GLVWULEXWLRQ�LQ�WKH�KRVW�RUJDQLVP�>��@���7KH�DELOLW\�WR�VXSSRUW�DQ�

LQQDWH� DQWLYLUDO� UHVSRQVH� LV� WKHUHIRUH� HVVHQWLDO� LQ� SUHYHQWLRQ� RI� GLVHDVH� 359� LQIHFWLRQ� LQ�

HU\WKURF\WHV� KDV� SUHYLRXVO\� EHHQ� VKRZQ� WR� LQGXFH� H[SUHVVLRQ� RI� W\SH� ,� LQWHUIHURQ� DQG�

LQWHUIHURQ±UHJXODWHG� JHQHV�� ZKLFK LQGXFHV� WKH� H[SUHVVLRQ� RU� VWLPXODWHV� D� ZLGH� UDQJH� RI�

DQWLYLUDO�HIIHFWRU�PROHFXOHV >�������@� ,Q�DQ�ex vivo VWXG\�ZKHUH�SLVFLQH�HU\WKURF\WHV�ZHUH�

LQIHFWHG� ZLWK� 359�� JHQH� H[SUHVVLRQ� RI� ,)1�Į�� 0[�� 5,*�,� DQG� 3.5 ZDV� XSUHJXODWHG��

LQGLFDWLQJ�PRELOL]DWLRQ�RI DQ�DQWLYLUDO�LPPXQH�UHVSRQVH�>��@� $�FRKDELWDQW�VWXG\�DOVR�VKRZHG�

LQFUHDVHG� H[SUHVVLRQ� RI� VHYHUDO KRXVHNHHSLQJ� DQG DQWLYLUDO� LQQDWH� LPPXQH�JHQHV�� VXFK� DV

HORQJDWLRQ�IDFWRU��Į �()�Į���ȕ�DFWLQ��,)1� ,)1�VWLPXODWHG�JHQH�����,6*������0[��3.5��5,*��

9LSHULQ�DQG�8ELTXLWLQ�VSHFLILF�SHSWLGDVH�����863���� WKDW�ODVWHG�IRU�PRUH�WKDQ�WHQ�ZHHNV�LQ�

EORRG�FHOOV��VSOHHQ�DQG�KHDUW�DIWHU�359�LQIHFWLRQ��7KH�OHYHO�RI�LQQDWH�LPPXQH�JHQH�H[SUHVVLRQ

FRUUHODWHG�VWURQJO\�ZLWK� WKH�&W�RI�359�51$�>���@� +RZHYHU�� D�VWXG\�SHUIRUPHG�RQ�359�

IURP�ZHVWHUQ�1RUWK�$PHULFD�IDLOHG�WR�FDXVH�DQ�LQQDWH�DQWLYLUDO�UHVSRQVH�>���@��LQGLFDWLQJ�WKDW�

WKHUH�PLJKW�EH�VWUDLQ�GLIIHUHQFHV�LQ�YLUXOHQFH�RU�GLIIHUHQFHV�LQ�KRVW�LPPXQH�UHVSRQVH��



��

$GDSWLYH�LPPXQH�UHVSRQVH
7KH�DGDSWLYH� LPPXQH� V\VWHP� LV� D� V\VWHP�ZKHUH� WKH� DQLPDO� DFTXLUHV� ORQJ�WHUP�SURWHFWLRQ�

DJDLQVW�D�SDWKRJHQ�IROORZLQJ�HQFRXQWHU� ,W�KDV�EHHQ�SURYHQ WKDW�ERQ\�ILVK�DUH�DEOH�WR�PRXQW�

DQWLJHQ� VSHFLILF� LPPXQH� UHVSRQVHV WRZDUGV YLUXVHV� VLPLODU� WR� ZKDW LV IRXQG� LQ� RWKHU�

YHUWHEUDWHV��DOWKRXJK�LPSRUWDQW�GLIIHUHQFHV�H[LVW��

&HQWUDO� WR� WKH� DGDSWLYH� LPPXQH� UHVSRQVH� DUH� WKH� O\PSKRF\WHV�� GLYLGHG� LQWR� %�FHOOV�

UHVSRQVLEOH�IRU�DQWLERG\�SURGXFWLRQ��F\WRWR[LF�7�FHOOV�WKDW�GLUHFWO\�NLOO�LQIHFWHG�RU�DEQRUPDO�

FHOOV��DQG�KHOSHU�7�FHOOV�WKDW�PRGXODWH�RWKHU�LPPXQH�FHOOV�WKURXJK�LQWHUDFWLRQ�DQG�F\WRNLQH�

SURGXFWLRQ�>���@� 7KH�DGDSWLYH�LPPXQH�UHVSRQVH�RI�ILVK�LV�WHPSHUDWXUH�GHSHQGHQW��DQG�WDNHV�

ORQJHU� WR�GHYHORS�FRPSDUHG�ZLWK�PDPPDOLDQ�FRXQWHUSDUWV��$OVR�� WKHUH�DUH� IHZHU�DQWLERG\�

LVRW\SHV��,J0��,J'�DQG�,J7���ZLWK�RQO\�WZR�EHLQJ�VKRZQ�WR�UHVSRQG�WR�DQWLJHQ�VWLPXODWLRQ��

&ODVV�VZLWFKLQJ�RI�DQWLERGLHV�LV�QRW�REVHUYHG�LQ�ILVK�>���@��,J0�LV�WKH�SUHGRPLQDQW�LVRW\SH�

V\VWHPLFDOO\��ZKLOH�,J7�SUHGRPLQDWHV�LQ�WKH�JXW�PXFRVD��

9LUXV� VSHFLILF� DQWLERG\� UHVSRQVHV� DJDLQVW� VHYHUDO� ILVK� YLUXVHV�� LQFOXGLQJ� 359�� KDYH� EHHQ�

VKRZQ�LQ�VDOPRQLGV�>�������@� $ UHFHQW�UHSRUW�XVLQJ�QRYHO�EHDG�EDVHG�DVVD\V IRU�GHWHFWLRQ�

RI VSHFLILF�DQWLERGLHV�DJDLQVW�359�SURWHLQV��GHPRQVWUDWHG�D GLVWLQFW�LQFUHDVH�LQ�VSHFLILF�,J0�

DJDLQVW���&�DQG��16�LQ�SODVPD RI�$WODQWLF�VDOPRQ�GXULQJ�WKH�FRXUVH�RI�DQ�H[SHULPHQWDO 359�

FKDOOHQJH�>���@�

7�FHOOV�DOVR�DSSHDU�WR�KDYH�DQ�LPSRUWDQW�UROH�LQ�359�PHGLDWHG�LPPXQH�UHVSRQVHV��,QFUHDVHG�

JHQH�H[SUHVVLRQ�RI�WKH�7�FHOO�PDUNHUV�&'��DQG &'���LPSO\LQJ PRELOL]DWLRQ�RI�F\WRWR[LF�DQG�

PHPRU\�7�FHOOV�UHVSHFWLYHO\� KDYH�EHHQ�GHPRQVWUDWHG�LQ�359�LQIHFWHG�VDOPRQ�KHDUWV >�����

���@� 7KH�7�FHOO�PRELOL]DWLRQ�LV�DVVRFLDWHG�ZLWK�GHFUHDVHG�YLUXV�OHYHOV�LQ�WKH�KHDUW��LQGLFDWLQJ�

D�SURWHFWLYH�UROH��+RZHYHU��WKH�UHVSRQVH�LV�DOVR�DVVRFLDWHG�ZLWK�P\RFDUGLWLV�>���@�

���� PRV distribution and disease associations

6HYHUDO�GLIIHUHQW�GLVHDVH�VWDWHV�KDV�EHHQ�DVVRFLDWHG�ZLWK�359��,Q�$WODQWLF�VDOPRQ��359�FDXVHV�

+60,�DQG�LV�DOVR�DVVRFLDWHG�ZLWK�WKH�SUHVHQFH�RI�PHODQLVHG�IRFL�LQ�ZKLWH�PXVFOH�>����������@�



��

,Q� MXYHQLOH� &RKR� VDOPRQ� �Oncorhynchus kisutch��� D� 359� YDULDQW� FDOOHG� 359���� ZDV�

GHPRQVWUDWHG� WR� EH� WKH� SRVVLEOH� HWLRORJLF� DJHQW� RI� (,%6�� D� GLVHDVH� WKDW� FDQ� FDXVH� PDVV�

PRUWDOLW\ >��@� (,%6�ZDV�ILUVW�UHSRUWHG�LQ������DQG�VFUHHQLQJ�UHYHDOHG�WKDW�WKH�FRQGLWLRQ�ZDV�

ZLGHVSUHDG�DPRQJ�GLIIHUHQW�$WODQWLF�DQG�3DFLILF� VDOPRQLG�VSHFLHV� ERWK� LQ� IUHVKZDWHU�DQG�

VHDZDWHU >�������@� ,Q�UDLQERZ�WURXW��\HW�DQRWKHU 359�OLNH�YLUXV�LV�DVVRFLDWHG�ZLWK�DQHPLD��

FLUFXODWRU\�GLVWXUEDQFH�DQG�KLVWRSDWKRORJLFDO�FKDQJHV�UHVHPEOLQJ�+60, >��@�

������ 359�LQ�$WODQWLF�VDOPRQ

359�LV�XELTXLWRXV�LQ�IDUPHG�$WODQWLF�VDOPRQ�LQ�1RUZD\�D�IHZ�PRQWKV�DIWHU�WUDQVIHU�WR�VHD��

EXW�FDQ�EH�GHWHFWHG�DW�D�ORZHU�SUHYDOHQFH�LQ�WKH�IUHVK�ZDWHU�SUH�VPROW�VWDJH�>�������@��7KH�

PRVW�FRPPRQ PHWKRG�IRU�359�GHWHFWLRQ�LV 57�T3&5�DQDO\VLV�>�@��%RWK�WKH�SUHYDOHQFH�DQG�

YLUDO� ORDG� LQ� IDUPHG� VDOPRQ� LQFUHDVH� IROORZLQJ� WUDQVIHU� WR� VHD�� DQG� WKHQ� GHFUHDVH� DJDLQ�

WRZDUGV�VODXJKWHU�>��@��7KLV�ZRXOG�LQGLFDWH�WKDW�WKH�SRSXODWLRQV�JRHV WKURXJK�D�359�LQIHFWLRQ

ZKHUH�WKH�YLUDO�ORDG LQLWLDOO\ LQFUHDVHV�WRZDUGV�D�SHDN� EHIRUH�LW LV�UHGXFHG DJDLQ��7KH�YLUXV�

KDV�DOVR�EHHQ�IRXQG�LQ�ZLOG�UHWXUQLQJ�$WODQWLF�VDOPRQ��EXW�LW�LV�QRW�NQRZQ�LI�WKHVH�ILVK�KDV�

DFTXLUHG�WKH�YLUXV�WKURXJK�FRQWDFW�ZLWK�IDUPHG�VDOPRQ�RU�LI�LW�UHIOHFWV�D�JHQXLQH�LQIHFWLRQ�LQ�

ZLOG�VDOPRQ��,Q�DGGLWLRQ��359�KDV EHHQ�GHWHFWHG LQ�DUFKLYDO�PDWHULDO�GDWLQJ�EDFN�WR�WKH������

LHV� EHIRUH�WKH�HUD�RI�$WODQWLF�VDOPRQ IDUPLQJ DQG�WKH�RFFXUUHQFH�RI�+60,�>���@� +60,�KDV�

VR� IDU� RQO\� EHHQ� GHWHFWHG� LQ� IDUPHG� ILVK� >���@� $TXDFXOWXUH� FRQILQH� DQLPDOV� XQGHU� KLJK�

GHQVLW\�ZKLFK�JHQHUDOO\�IDFLOLWDWH�WUDQVPLVVLRQ�RI�LQIHFWLRXV�DJHQWV�DQG UHGXFH UHVLVWDQFH�WR�

GLVHDVH�>�@�

359�LV�JHRJUDSKLFDOO\�ZLGHVSUHDG��SUHVHQW�LQ�ZLOG�DQG�IDUPHG�VDOPRQLG�VSHFLHV�LQ�(XURSH��

&DQDGD DQG�&KLOH�>������������@� 7KH�RFFXUUHQFH�RI�+60,�LV�FRPPRQ�LQ�$WODQWLF�VDOPRQ�LQ�

(XURSH�DQG�&KLOH��WKH�GLVHDVH�KRZHYHU� LV�QRW�HYHQO\�RFFXUULQJ LQ�IDUPHG�VDOPRQ�SRSXODWLRQV�

ZRUOGZLGH� DQG� LQ� &DQDGD�� RQO\� RQH� RXWEUHDN� RI� +60,� KDV� EHHQ� GHVFULEHG� >���@� $Q

H[SHULPHQWDO�WUDQVPLVVLRQ�VWXG\�XVLQJ�359�FRQWDLQLQJ�PDWHULDO�IURP�1RUWK�$PHULFD�VKRZHG�

WKDW� 359�ZDV� WUDQVPLVVLEOH� WR� ERWK�$WODQWLF� VDOPRQ� DQG� 6RFNH\H VDOPRQ� �Oncorhynchus 

nerka���EXW�QHLWKHU�GHYHORSHG +60, >���@� 7KH�UHDVRQ�IRU�WKLV�GLIIHUHQFH�LV�QRW�NQRZQ��EXW�

PLJKW�GHSHQG�XSRQ�GLIIHUHQFHV�LQ�KRVW�LPPXQH�UHVSRQVH�RU�YLUDO�VWUDLQV�
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������ +HDUW�DQG�VNHOHWDO�PXVFOH�LQIODPPDWLRQ

+60, LQ�IDUPHG�$WODQWLF�VDOPRQ�LV�FDXVHG�E\�359�DQG�KDV�HPHUJHG�IURP�LWV�GLVFRYHU\�LQ�

�����WR���������DQQXDO�RXWEUHDNV�LQ�1RUZD\�WKH�ODVW�\HDUV >�������@� +60,�JHQHUDOO\ RFFXUV

����PRQWKV�DIWHU�VHD�WUDQVIHU�DQG�ODVW�IRU�VHYHUDO�ZHHNV�DIWHU�ZKLFK�WKH�359�LQIHFWLRQ�SHUVLVWV�

>���@�� +60,� LV� FRQVLGHUHG� D� FRPPRQ� GLVHDVH� SUREOHP� LQ� 1RUZHJLDQ� DTXDFXOWXUH� ZLWK�

RXWEUHDNV�DOO�DORQJ�WKH�FRDVWOLQH�>�@��7KH�FXPXODWLYH�PRUWDOLW\�YDULHV�IURP�QHJOLJLEOH�WR������

ZKLOH�WKH�PRUELGLW\�LV�DOPRVW������LQ�DIIHFWHG�FDJHV�>�@��,QIHFWLRQ�SUHVVXUH�LV�DQ�LPSRUWDQW�

IDFWRU�IRU�LQLWLDWLQJ�DQ�+60,�RXWEUHDN�DQG�VWUHVVRUV�VXFK�DV�OLFH�WUHDWPHQW�RU�PRYLQJ�WKH�ILVK�

KDV�EHHQ�REVHUYHG�WR�SUHFHGH�+60,�>����������@�

&OLQLFDO�VLJQV�RI�+60,�LQFOXGH�DEQRUPDO�VZLPPLQJ��DQRUH[LD�DQG�LQFUHDVHG�PRUWDOLW\�>���@�

7\SLFDO� JURVV� SDWKRORJLF� OHVLRQV� LQFOXGH� VLJQV� RI� FLUFXODWRU\� GLVWXUEDQFH� ZLWK� SDOH� KHDUW��

\HOORZ� OLYHU�� VZROOHQ� VSOHHQ�� YLVFHUDO� SHWHFKLDH� DQG� DVFLWHV� >���@�� 7KH� DIIHFWHG� ILVK� KDYH�

VHYHUH�LQIODPPDWLRQ�DQG�LQIODPPDWLRQ�DVVRFLDWHG�QHFURVLV�LQ�HSL���HQGR� DQG�P\RFDUGLXP�RI�

WKH�FDUGLDF�YHQWULFOH�DQG�DWULXP��DV�ZHOO�DV�P\RVLWLV�LQ�UHG�VNHOHWDO�PXVFOH�>���@� 'LDJQRVLV�

RI� +60,� LV� EDVHG� RQ� W\SLFDO� KLVWRSDWKRORJLFDO� ILQGLQJV� LQ� KHDUW� DQG� UHG� VNHOHWDO� PXVFOH�

�)LJXUH��� >��������@��+LVWRSDWKRORJLFDO�FKDQJHV�KDYH�DOVR�EHHQ�REVHUYHG� LQ�RWKHU�RUJDQV�

>���@��(U\WKURF\WHV�DUH�RIWHQ�DFFXPXODWHG�LQ�WKH�VSOHHQ��KHDG�NLGQH\��OLYHU�DQG�JLOOV��DQG�ERWK�

WKH�VSOHHQ�DQG�KHDG�NLGQH\�KDYH�KLJKHU�ORDGV�RI�YLUXV�WKDQ�KHDUW�DQG�VNHOHWDO�PXVFOH�GXULQJ�

LQIHFWLRQ�>������@�

)LJXUH����,PPXQRVWDLQLQJ RI�359�LQ�KHDUW�VHFWLRQ�IURP�LQIHFWHG�VDOPRQ�
7KH�LOOXVWUDWLRQ�VKRZV�FODVVLFDO�+60,�OHVLRQV�ZLWK�HSLFDUGLWLV��DUURZ��DQG�LQIODPPDWRU\�UHVSRQVH�LQ�WKH�RXWHU�

SDUW�RI�WKH�FRPSDFW�OD\HU��,PPXQRVWDLQLQJ�ZLWK���&�DQWLERGLHV�GHWHFWHG�359�RXWVLGH�WKH�DUHD�RI�LQIODPPDWLRQ�
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�DUURZKHDG��LQ�WKH�LQQHU�SDUW�RI�FRPSDFWXP�DQG�LQ�WKH�VSRQJ\�OD\HU��&RXUWHV\�RI�)LQVWDG�HW�DO��9HW�5HV������

>��@�

&DUGLDF�OHVLRQV�LQ�IDUPHG�VDOPRQ�LV�QRW�XQFRPPRQ�DQG�WKHUH�DUH�VHYHUDO�GLIIHUHQWLDO�GLDJQRVLV�

WR�EH�FRQVLGHUHG��%RWK�SDQFUHDV�GLVHDVH��3'��DQG�FDUGLRP\RSDWK\�V\QGURPH��&06��FDXVHV�

FDUGLDF�OHVLRQV�WKDW�KDYH�WR�EH�GLIIHUHQWLDWHG�IURP�WKRVH�VHHQ�LQ�+60,�>�������@��,Q�DGGLWLRQ��

FDUGLDF�OHVLRQV�FDQ�DOVR�EH�UHODWHG�WR�QRQ�LQIHFWLRXV�HWLRORJ\�OLNH�WKH�FRPELQDWLRQ�RI�UHVWULFWHG�

DFWLYLW\�� FRQWLQXRXV� IRRG� VXSSO\�� ORZ� R[\JHQ� OHYHOV�� FURZGLQJ�� VWUHVV� DQG� WHPSHUDWXUH�

YDULDWLRQV�>���@��+RZHYHU��PDQ\�RI�WKHVH�DVVXPHG�UHODWLRQV�DUH�VWUHVV�UHODWHG�DQG�KDV�EHHQ

GHVFULEHG� EHIRUH� 359� ZDV� NQRZQ� DQG� WKH� ILVK� ZHUH� GHHPHG� QRQ�LQIHFWHG� EDVHG� RQ� WKH�

GLDJQRVWLF�PDFKLQHU\�DYDLODEOH�DW�WKDW�WLPH���'XH�WR�WKH�XELTXLWRXV�SUHVHQFH�RI�359�LQ�WKH�

PDULQH�SKDVH��LWV�HYHQWXDO�FRQWULEXWLRQ�LV�GLIILFXOW�WR�GHFLSKHU��

������ 0HODQLVHG�IRFL�LQ�ZKLWH�PXVFOH

0HODQLVHG�IRFL�LQ�ZKLWH�PXVFOH�RI�IDUPHG�VDOPRQ�KDV�UHFHQWO\�EHHQ�DVVRFLDWHG�ZLWK�359 >�@�

7KHVH�DUH EODFN��EURZQ�RU�UHG�SLJPHQWV�LQ�WKH�PXVFOH�ILOOHW�DQG�XS�WR���� RI�VDOPRQ�RQ�VRPH�

IDUPLQJ VLWHV� JHW� WKHVH� VSRWV� �)LJXUH� ��� >���@�� 7KH� FKDQJHV� W\SLFDOO\� DSSHDU� LQ� WKH�

FUDQLRYHQWUDO�DQG�FUDQLRGRUVDO�UHJLRQ�RI�WKH�DEGRPLQDO�ZDOO��EXW�PD\�DOVR�EH�IRXQG�HOVHZKHUH�

LQ�WKH�PXVFXODWXUH�>��������@��7KH�SUREOHP�H[LVWV�DORQJ�WKH�ZKROH FRDVWOLQH�DQG�FRQWULEXWHV�

WR�D�ODUJH�HFRQRPLF�ORVV�LQ WKH�1RUZHJLDQ�DTXDFXOWXUH LQGXVWU\�DV�WKH�ILOOHWV�ZLWK�SLJPHQWDWLRQ�

DUH�GRZQJUDGHG�

)LJXUH���� 0HODQLVHG�IRFL�LQ�ZKLWH�PXVFXODWXUH RI VDOPRQ��
7KH�LOOXVWUDWLRQ�VKRZV�PHODQLVHG�IRFL�LQ�ZKLWH�PXVFOH�RI�$WODQWLF�VDOPRQ���$��$ UHG�IRFDO�FKDQJH�LQ�WKH�PXVFOH�

RI� WKH� FUDQLRGRUVDO� UHJLRQ� RI� WKH� DEGRPLQDO� ZDOO�� �%�� $Q� LQFLVLRQ� WKURXJK� D� UHG� IRFDO� FKDQJH� VKRZLQJ�

GLVFRORUDWLRQ� H[WHQGLQJ� GHHS� LQWR� WKH� ILOOHW�� �&��$�PHODQLVHG� IRFDO� FKDQJH� GHWHFWHG� LQ� WKH� VDPH� DQDWRPLFDO�

ORFDWLRQ�LQ�D�GLIIHUHQW�ILVK���'��$�PHODQLVHG�IRFDO�FKDQJH�ZLWK�H[WHQVLYH�DPRXQWV�RI�D�ZKLWLVK�WLVVXH�H[WHQGLQJ�

LQWR�WKH�GHSWK�RI�WKH�ILOOHW��0RGLILHG�IURP�%MRUJHQ�HW�DO� 9HW�5HV������>�@�



��

7KH� SLJPHQW� LV� DWWULEXWHG� WR� PHODQLQ�SURGXFLQJ� OHXNRF\WHV� UHIHUUHG� WR� DV� PHODQR�

PDFURSKDJHV�>��������@�� ,W�KDV�EHHQ�VXJJHVWHG� WKDW� WKH�PHODQLQ�IRFL�RFFXU�GXH� WR�FKURQLF�

LQIODPPDWLRQ�LQGXFHG�E\�GLVORFDWLRQ�RI�RLO�DGMXYDQWHG�YDFFLQH�FRPSRQHQWV��EXW�ODWHU�VWXGLHV�

KDV�VKRZHG�WKDW�DOVR�XQYDFFLQDWHG�ILVK�PD\�GHYHORS�VLPLODU�OHVLRQV�>��������@��0HFKDQLFDO�

WUDXPD�SUHFHGLQJ�IRFDO�LQWUDPXVFXODU�KHPRUUKDJH�KDV�DOVR�EHHQ�VXJJHVWHG�DV�FDXVH��EXW�DUH�

QRW�VXSSRUWHG E\�KLVWRORJLFDO�LQYHVWLJDWLRQV��

+LVWRORJLFDO�LQYHVWLJDWLRQV LQ�D�UHFHQW�VWXG\ UHYHDOHG�WKDW�UHG�IRFDO�FKDQJHV�ZHUH�GRPLQDWHG�

E\� KHPRUUKDJHV� DQG� P\RF\WH� QHFURVLV�� FRQVLVWHQW� ZLWK� DFXWH� PDQLIHVWDWLRQV� RI� PXVFOH�

GDPDJH��ZKLOH� WKH� IRFDO�PHODQLVHG� FKDQJHV�ZHUH� GRPLQDWHG� E\� JUDQXORPDWRXV� WLVVXH DQG�

PHODQR�PDFURSKDJHV��LQGLFDWLQJ�D�FKURQLF�LQIODPPDWRU\�UHVSRQVH�>�@��,Q�DGGLWLRQ��WKH�VWXG\�

VKRZHG� WKDW� ODUJH� DPRXQW� RI� 359� DQWLJHQV� GHWHFWHG� E\� LPPXQRKLVWRFKHPLVWU\� ZDV� WKH�

FRPPRQ�GHQRPLQDWRU�WR�DOO�UHG�DQG�PHODQLVHG�FKDQJHV��VXJJHVWLQJ�WKDW�359�KDV�DQ�H[SOLFLW�

UROH�LQ�WKH�IRUPDWLRQ�RI�PHODQLVHG�IRFL�>�@�

������ )LVK�ZHOIDUH

,Q�1RUZHJLDQ�VDOPRQ�IDUPLQJ��DSSUR[LPDWHO\��������RI WKH ILVK�WUDQVIHUUHG�WR�VHD�GLH�EHIRUH�

WKH\�ILQLVK�SURGXFWLRQ�F\FOH��ZKLFK�WRGD\�HTXDOV�DSSUR[LPDWHO\���� ���PLOOLRQ�ILVK�DQQXDOO\�

ORVW� GXULQJ� VHDZDWHU� SURGXFWLRQ >���@� &XUUHQW� HYLGHQFH� VXJJHVWV WKDW� ILVK� DUH� FDSDEOH� RI�

SHUFHLYLQJ�VHQVRU\�VWLPXOL�DQG�H[SHULHQFH�IHHOLQJV�OLNH�IULJKW��SDLQ�DQG�GLVFRPIRUW�DQG�ILVK�

DUH� SURWHFWHG� E\� WKH� $QLPDO�:HOIDUH� $FW� DORQJ� ZLWK� RWKHU� YHUWHEUDWH� VSHFLHV�� GHFDSRGV��

RFWRSXV��VTXLG�DQG�KRQH\EHHV�>�����������@�

'LVHDVHV�DIIHFW�ZHOIDUH�LQ�YDULRXV�ZD\V�GHSHQGLQJ�RQ�ZKLFK�RUJDQV�DQG�IXQFWLRQV�WKDW�DUH�

DIIHFWHG��DQG�WKH�LQWHQVLW\�DQG�GXUDWLRQ�RI�WKH�SDLQ�RU�GLVFRPIRUW�DFFRPSDQ\LQJ�WKH�GLVHDVH�

>�@��+60,�FDXVHV�VHYHUH�LQIODPPDWLRQ�LQ�WKH�KHDUW�DQG�VNHOHWDO�PXVFOH��DQG�VHYHUH�PXVFOH�

SDLQ�LV�OLNHO\�WR�DFFRPPRGDWH�WKLV�FRQGLWLRQ��6XUYLYLQJ�ILVK�VHHP�WR�UHFRYHU��EXW�WKH\�PD\�

KDYH�FDUGLDF�OHVLRQV�IRU�PRQWK�DIWHU�DQ�RXWEUHDN�>�@��:LWK�WKH�XELTXLWRXV�SUHVHQFHV�RI�359�

DQG�RQO\�VSDUVH�NQRZOHGJH�RQ�KRZ�WKH�YLUXV�FDXVHV�GLVHDVH��359�SRVHV�D�WUHPHQGRXV�ULVN�IRU�

UHGXFHG�ZHOIDUH�IRU�IDUPHG�VDOPRQ��
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5HVHDUFK� LQVWLWXWLRQV� DQG� ILVK� KHDOWK� SHUVRQQHO� KDYH� D� VSHFLDO� UHVSRQVLELOLW\� WR� ZRUN� IRU

LPSURYHG�ILVK�ZHOIDUH�DQG�LQIOXHQFH�WKH�DWWLWXGHV�WRZDUGV�ILVK�LQ�ERWK�WKH�DTXDFXOWXUH�LQGXVWU\�

DQG�DPRQJ�WKH�JHQHUDO�SXEOLF�>�@��$V�JRRG�KHDOWK�LV�D�SUHUHTXLVLWH�IRU�JRRG�ZHOIDUH��HIIRUWV�

GHGLFDWHG�WR�LPSURYH�ILVK�KHDOWK�DUH�LPSRUWDQW�IRU�ZHOIDUH�>�@�

���� Vaccine against HSMI

&RQVLGHULQJ�WKH�LQFUHDVLQJ�RFFXUUHQFH�RI�YLUDO�GLVHDVH�RXWEUHDNV�LQ�1RUZD\�DQG WKH�GLVFRYHU\�

RI�+60,� LQ� FRXQWULHV� VXFK� DV�&DQDGD�� 6FRWODQG� DQG�&KLOH�� GLVHDVHV� DVVRFLDWHG�ZLWK�359�

H[KLELW� D� FRQVLGHUDEOH� ULVN� IRU� WKH� DTXDFXOWXUH� LQGXVWU\ >����� ����� ����� ����� ���@�� ,I� WKH�

HVWLPDWHG�JURZWK�LQ�DTXDFXOWXUH VXVWDLQV� SURSHU�GLVHDVH�FRQWURO�LV�UHTXLUHG >�@�

7KH�ORDG�RI�359�LQFUHDVHV�LQ�D�SRSXODWLRQ�DIWHU�WUDQVIHU�WR�VHD�DQG�WKH�WRWDO�ORDG�RI�YLUXV�DW�

SHDN�RI�LQIHFWLRQ�PD\�EH�D�NH\�IDFWRU�LQ�GLVHDVH�GHYHORSPHQW��&XUUHQWO\��WKHUH�LV�QR�WUHDWPHQW�

WR� UHGXFH� WKH� H[WHQW� RI� DQ�+60,� RXWEUHDN�� ,QFUHDVHG� VXUYLYDO� KDV� EHHQ� REVHUYHG� IHHGLQJ�

WHWUDGHF\OWKLRDFHWLF�DFLG��77$��DQG�IXQFWLRQDO�IHHG�PD\�EH�DQ�DOWHUQDWLYH�WR�UHGXFH�WKH�H[WHQW�

RI� DQ� +60,� RXWEUHDN� >���@�� %UHHGLQJ� IRU� LQFUHDVHG� GLVHDVH UHVLVWDQFH DJDLQVW� LQIHFWLRXV�

SDQFUHDWLF�QHFURVLV��,31��LQ�$WODQWLF�VDOPRQ�KDV�EHHQ�VXFFHVVIXO��DQG�D�VLPLODU�DSSURDFK�ZLOO�

SUREDEO\� EH� WHVWHG� DJDLQVW� +60,��$� JRRG� VROXWLRQ�ZRXOG� QHYHUWKHOHVV� EH� D� YDFFLQH� WKDW�

SRWHQWLDOO\�FRXOG�EULQJ�WKH�WRWDO�359�ORDG�EHORZ�WKUHVKROG�IRU�+60,�RXWEUHDNV�

9DFFLQHV�DGPLQLVWUDWHG�WR�$WODQWLF�VDOPRQ�LQ�1RUZHJLDQ�VDOPRQ�IDUPV�DLP�WR�JLYH�SURWHFWLRQ�

LQ�WKH�JURZHU�VWDJH�LQ�VHD�ZDWHU� &ODVVLFDO�LQDFWLYDWHG��YDFFLQHV�DUH�EDVHG�XSRQ�WKH�DELOLW\�WR�

FXOWLYDWH�WKH�UHVSHFWLYH�SDWKRJHQ� &RPPHUFLDOO\�DYDLODEOH�YDFFLQHV�IRU�$WODQWLF�VDOPRQ�DUH�

DGPLQLVWUDWHG�DV�RLO�DGMXYDQWHG�LQWUD�SHULWRQHDO��L�S�� LQMHFWLRQV FRQWDLQLQJ�LQDFWLYDWHG�YLUXV�

SDUWLFOHV�IURP�FHOO�FXOWXUHV�RU�UHFRPELQDQWO\�SURGXFHG�FDSVLG�SURWHLQV >��������@� 7KH�VWXG\�

RI�PROHFXODU�PHFKDQLVPV�OLQNHG�WR�359�LQIHFWLRQ�KDV�EHHQ�OLPLWHG�E\�WKH�ODFN�RI�VXVFHSWLEOH�

FHOO�OLQHV IRU�FXOWLYDWLRQ�RI�WKH�YLUXV��ZKLFK KDPSHUV�ERWK�UHVHDUFK�RQ�WKH�YLUXV�DQG�WKH�DELOLW\

WR�PDNH�D�WUDGLWLRQDO�YDFFLQH��+RZHYHU��SURJUHVVLRQ�LQ�YDFFLQH�GHYHORSPHQW�KDV�PRYHG�IURP�

XVLQJ� ZKROH� PLFURRUJDQLVPV� WR� VXEXQLW� YDFFLQHV� WKDW� FRQWDLQ� RQO\� WKH� SURWHLQV� RI� WKH�

SDWKRJHQCV� WKDW� LQGXFH�SURWHFWLYH� UHVSRQVHV��6XEXQLW�YDFFLQHV�DUH�RIWHQ� OHVV� LPPXQRJHQLF�
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WKDQ�ZKROH�SDWKRJHQV��EXW�LQFRUSRUDWLRQ�RI�DQWLJHQV�LQWR�ELRPDWHULDOV�FDQ�DFKLHYH�D�GHVLUHG�

YDFFLQH�UHVSRQVH��

2QH� RI� WKH�PRVW� SURPLVLQJ� YDFFLQH� SUHSDUDWLRQV� DJDLQVW� YLUDO� GLVHDVHV� LV� '1$� YDFFLQHV�

1DNHG� SODVPLG�'1$ UHVXOWV� LQ� JHQH� H[SUHVVLRQ� RI� YLUDO� SURWHLQV� LQ� WKH�PXVFOH� WLVVXH� RI�

YDFFLQDWHG�ILVK DQG�VHYHUDO�GLIIHUHQW�SODVPLG�EDFNERQHV�DUH�DYDLODEOH�IRU�XVH�DV�'1$�GHOLYHU\�

V\VWHPV >���@� $�6DOPRQLG�$OSKDYLUXV��6$9��UHSOLFRQ�YHFWRU��EDVHG�RQ�D�YLUXV�DGDSWHG�WR�

FROG�ZDWHU�SLVFLQH�KRVWV�� KDV� UHFHLYHG�FRQVLGHUDEOH� DWWHQWLRQV� LQ� ILVK�YDFFLQHV� VWXGLHV� DQG�

IRXQG� WR� LQGXFH� HIILFLHQW� SURWHFWLRQ� DJDLQVW� LQIHFWLRXV� VDOPRQ� DQHPLD� �,6$�� DQG� SDQFUHDV�

GLVHDVH��3'��LQ�FKDOOHQJH�H[SHULPHQWV�>������������@� 6HYHUDO�RWKHU�'1$�YDFFLQHV�EDVHG�RQ�

GLIIHUHQW�SODVPLG�EDFNERQHV�KDV�DOVR�EHHQ�SURYHQ�HIILFLHQW�LQ�D ODUJH�QXPEHU�RI�ILVK�VSHFLHV

DQG DJDLQVW�D�YDULHW\�RI�YLUDO�GLVHDVHV >�������@��6WLOO��RQO\�RQH '1$�YDFFLQHV�IRU�DTXDFXOWXUH�

ILVK� DUH OLFHQVHG� IRU� VDOH�� 7KLV� '1$� YDFFLQH� LQGXFH� SURWHFWLRQ� DJDLQVW� LQIHFWLRXV�

KHPDWRSRLHWLF�QHFURVLV� �,+1��YLUXV DQG�KDV�EHHQ�XVHG� LQ�&DQDGD�ZLWK�JUHDW�VXFFHVV VLQFH�

���� >���@� 5HFHQWO\�� D�'1$�YDFFLQH� DJDLQVW� 3'�KDV� DOVR� EHHQ� UHFRPPHQGHG� IRU� XVH� LQ�

VDOPRQ�LQ�(XURSH��3UHVV�UHOHDVH��(XURSHDQ�0HGLFLQHV�$JHQF\���

)RU�059��PRQRFORQDO�DQWLERGLHV�GLUHFWHG�DJDLQVW�RXWHU�FDSVLG�SURWHLQV�ı���ı��DQG���&��DV�

ZHOO�DV�FRUH�SURWHLQ�Ȝ���FDQ�QHXWUDOL]H�WKH�YLUXV�>���@� 7KH�FRUUHVSRQGLQJ�SURWHLQV�LQ�359�

PLJKW�EH�VXLWDEOH�YDFFLQH�FDQGLGDWHV� ,Q�DGGLWLRQ��LQWUDFHOOXODU�359�SURWHLQV�PD\�LQGXFH�D�

FHOOXODU��7�FHOO�PHGLDWHG�UHVSRQVH�DJDLQVW�359�LQIHFWHG�FHOOV��$�YDFFLQH�DJDLQVW�359 PD\�

KDYH�WR�LQGXFH�ERWK�WKHVH�SDWKZD\V�IRU�RSWLPDO�SURWHFWLRQ��&RQWUROOLQJ�+60,�E\�YDFFLQDWLRQ

ZLOO� VLJQLILFDQWO\� EHQHILW� ERWK� WKH� ILVK� KHDOWK� DQG�ZHOIDUH�� DQG� WKH� HFRQRPLFV� LQ�$WODQWLF�

VDOPRQ�IDUPLQJ�
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�� $LPV�RI�VWXG\

0DLQ�REMHFWLYH
7KH�SULQFLSDO�DLP�RI�WKH�SUHVHQW�WKHVLV�ZDV�WR�FRQWULEXWH�WR�NQRZOHGJH�UHJDUGLQJ�WKH�IXQFWLRQ�

RI�359�SURWHLQV��7KH�WKHVLV HQFRPSDVVHV ERWK�in vitro VWXGLHV�RI�SURWHLQ�IXQFWLRQV�DV�ZHOO�DV

in vivo FKDOOHQJH�H[SHULPHQWV�IRU�VWXGLHV RI�SURWHLQ�NLQHWLFV�

6XE�JRDOV
�� )XQFWLRQ�RI�359�YLUXV�IDFWRU\�DVVHPEO\�SURWHLQV

Based on comparative data from MRV and TEM analysis of PRV infected piscine 

erythrocytes��ZH�K\SRWKHVL]HG�WKDW�WKH�ȝ16�protein is the main organizer in assembling

progeny particles. The primary goals in this study was to examine the subcellular 

localization of the ȝ16 protein and its interaction with other PRV proteins.

�� 359�SURWHLQ�NLQHWLFV�LQ�EORRG�FHOOV

In this study, we investigated the kinetics of PRV in blood cells from experimentally 

infected fish. We hypothesized that PRV causes an acute massive infection of a relatively 

short duration. In addition, we further investigated our LQ�YLWUR�results from sub-goal 1 

and studied �NS and the formation of viral factories LQ YLYR.

�� '1$�YDFFLQH�H[SUHVVLQJ�359�QRQ�VWUXFWXUDO�SURWHLQV

In this study, the protective effect of DNA vaccines expressing the non-structural, factory 

forming, PRV proteins was tested in experimental challenges. We hypothesized that 

expression of 359�ȝ16�would induce a protective host immune response against HSMI.
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�� 6XPPDU\�RI�SDSHUV

Paper I

7KH�QRQǦǦVWUXFWXUDO�SURWHLQ�ȝ16�RI�Piscine orthoreovirus IRUPV�YLUDO�IDFWRULHV

+DDWYHLW�+0��1\PDQ�,%��0DUNXVVHQ�7��:HVVHO��� 'DKOH�0.��5LPVWDG�(�

Veterinary Research ����������

,Q�WKLV�VWXG\��WKH�VXEFHOOXODU�ORFDWLRQ�RI�359�ȝ16� DQG�LWV�FR�ORFDOL]DWLRQ�ZLWK�RWKHU 359�

SURWHLQV�ZDV�LQYHVWLJDWHG� 7KH 359�ȝ16 SURWHLQ IRUPV�GHQVH�JOREXODU�F\WRSODVPLF�LQFOXVLRQV�

LQ�WUDQVIHFWHG�ILVK�FHOOV��UHVHPEOLQJ YLUDO�IDFWRULHV��,Q�FR�WUDQVIHFWLRQ�H[SHULPHQWV�ZLWK�ȝ16��

WKH�ı16� ȝ��DQG�Ȝ� SURWHLQV�ZHUH�UHFUXLWHG�WR�WKH�JOREXODU�VWUXFWXUHV��,PPXQRSUHFLSLWDWLRQ�

DQG�VXEVHTXHQW�ZHVWHUQ�EORW�DQDO\VLV�FRQILUPHG�WKH�DVVRFLDWLRQ�EHWZHHQ�ȝ16�ı16�DQG�ȝ16�

ȝ��� ([SUHVVLRQ� RI� WKH�1�WHUPLQDO� ���� DPLQR� DFLGV� RI� WKH�ȝ16 SURWHLQ� GLG� QRW� IRUP� YLUDO�

IDFWRU\�OLNH�VWUXFWXUHV��PDSSLQJ� WKLV� IHDWXUH� WR� WKH� UHPDLQLQJ�&�WHUPLQDO�����DPLQR�DFLGV��

7KH�ILQGLQJV�VWURQJO\�VXJJHVWV�WKDW�ȝ16�LV�WKH�PDLQ�SURWHLQ�LQYROYHG�LQ�IRUPDWLRQ RI�YLUDO�

IDFWRULHV�GXULQJ 359 LQIHFWLRQ�

Paper II

9LUDO�SURWHLQ�NLQHWLFV�RI�Piscine orthoreovirus �359� LQIHFWLRQ�LQ�$WODQWLF�VDOPRQ�EORRG�
FHOOV
+DDWYHLW�+0��:HVVHO����0DUNXVVHQ�7��/XQG�0��7KLHGH�%��1\PDQ�,%��%UDDHQ�6��'DKOH�0.��

5LPVWDG�(�

Viruses �����������

7KH�DLP RI� WKLV� VWXG\�ZDV� WR� LQYHVWLJDWH WKH�NLQHWLFV�RI�359� LQIHFWLRQ� LQ�$WODQWLF� VDOPRQ�

EORRG�FHOOV��8VLQJ�DQ�H[SHULPHQWDO�FRKDELWDWLRQ�FKDOOHQJH�PRGHO UXQQLQJ�IRU���ZHHNV��ZH�

IRXQG WKDW�359�FDXVHV�DQ DFXWH�LQIHFWLRQ�RI�EORRG�FHOOV EHIRUH�VHWWOLQJ�DW�D� ORZHU OHYHO�RI�

SHUVLVWHQFH��0D[LPDO� YLUDO� SURWHLQ� ORDG�ZDV� REVHUYHG ��ZHHNV� SRVW� FKDOOHQJH E\�ZHVWHUQ�

EORWWLQJ��GHFUHDVHG�VKDUSO\�WKHUHDIWHU�DQG�ZDV�XQGHWHFWDEOH�IURP���ZHHNV�SRVW�FKDOOHQJH��,Q�

FRQWUDVW��YLUDO�51$�OHYHOV ZDV�FRQVLVWHQWO\�KLJK� *OREXODU�YLUDO�IDFWRULHV�UHSUHVHQWLQJ�YLUDO�
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UHSOLFDWLRQ� ZHUH REVHUYHG� LQ� UHG� EORRG� FHOOV� IURP� �� WR� �� ZHHNV� SRVW� FKDOOHQJH� DQG� ZH

GHPRQVWUDWHG�LQWHUDFWLRQV EHWZHHQ��16�DQG�WKH�VWUXFWXUDO�359�SURWHLQV�ı�������Ȝ��DQG�Ȝ� DW�

WKHVH�WLPH�SRLQWV XVLQJ�ZHVWHUQ�EORWWLQJ�DQG�/&�06��:H�DOVR�IRXQG�GLIIHUHQW�VL]H�YDULDQWV�RI�

�16�DQG�WKH�RXWHU�FDSVLG�SURWHLQ����DW�VSHFLILF�WLPH�SRLQWV�GXULQJ�LQIHFWLRQ��$�SURWHRO\WLF�

FOHDYDJH� IUDJPHQW�RI� WKH����SURWHLQ�ZDV� WKH�RQO\�YLUDO� SURWHLQ�GHWHFWDEOH�����ZHHNV�SRVW�

FKDOOHQJH��LQGLFDWLQJ�WKDW�WKLV����IUDJPHQW�PD\�EH�LQYROYHG�LQ�WKH�PHFKDQLVPV�RI�SHUVLVWHQW�

LQIHFWLRQ��

Paper III

'1$�YDFFLQH� H[SUHVVLQJ� WKH� QRQ�VWUXFWXUDO� SURWHLQV� RI�Piscine orthoreovirus LQGXFHV

PRGHUDWH�SURWHFWLRQ�DJDLQVW�KHDUW DQG�VNHOHWDO�PXVFOH�LQIODPPDWLRQ�LQ�$WODQWLF�VDOPRQ�
�Salmo salar�
+DDWYHLW�+0��+RGQHODQG�.��%UDDHQ�6��+DQVHQ�()��)URVW�3��5LPVWDG�(�

Manuscript

,Q�WKLV�VWXG\��'1$�YDFFLQHV�H[SUHVVLQJ�WKH�QRQ�VWUXFWXUDO�SURWHLQ��16�LQ�FRPELQDWLRQ�ZLWK�

RWKHU� 359�SURWHLQV�ZHUH WHVWHG LQ� WZR� H[SHULPHQWDO� FRKDELWDQW� FKDOOHQJHV��:H� XVHG� WZR�

GLIIHUHQW�SODVPLG�EDFNERQHV� RQH�FRQWDLQLQJ�WKH�UHSOLFRQ�PDFKLQHU\�RI�Salmonid alphavirus�

WKH�S6$9�UHSOLFRQ�YHFWRU� DQG�RQH FRQYHQWLRQDO�YHFWRU��SF'1$�����ZKHUH�WKH�H[SUHVVLRQ�RI�

SURWHLQV� LV�FRQWUROOHG�E\� WKH�F\WRPHJDORYLUXV�SURPRWHU� In vitro H[SUHVVLRQ�DQDO\VLV�XVLQJ�

&+6(�FHOOV�VKRZHG�WKDW�WKH�WUDQVIHFWLRQ�HIILFLHQF\�ZDV�VXEVWDQWLDOO\�KLJKHU�IRU WKH�SF'1$����

YHFWRU�WKDQ�WKH�S6$9�UHSOLFRQ�YHFWRU��5HVXOWV�IURP�WKH�H[SHULPHQWDO�FKDOOHQJHV�GHPRQVWUDWHG

WKDW�PRVW�'1$�SODVPLG�FRPELQDWLRQV�GLG�QRW�LQGXFH�VLJQLILFDQW�SURWHFWLRQ�DJDLQVW�+60,�LQ�

$WODQWLF�VDOPRQ��EXW�PRGHVW�SURWHFWLRQ�ZDV�REWDLQHG�ZLWK WKH�YDFFLQH�EDVHG�RQ�WKH�SF'1$����

YHFWRU�H[SUHVVLQJ�WKH�FRPELQDWLRQ�RI �16��ı16�DQG�ı��
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�� 5HVXOWV�DQG�GLVFXVVLRQ

359�ZDV�ILUVW�GLVFRYHUHG�LQ������DQG�XSRQ�LQLWLDWLRQ�RI�WKLV�VWXG\��SXEOLVKHG�LQIRUPDWLRQ�RQ�

359�ZDV�OLPLWHG��'XULQJ�WKH�ODVW�\HDUV��WKH�YLUXV�KDV�EHHQ�FKDUDFWHUL]HG�DQG�IRXQG�WR�EHORQJ�

WR�WKH�JHQXV�Orthoreovirus��VXEIDPLO\�Spinareovirinae� IDPLO\ Reoviridae��)XUWKHUPRUH��WKH�

HWLRORJLFDO� DVVRFLDWLRQ� ZLWK� +60,� LQ� $WODQWLF� VDOPRQ� KDV� EHHQ� FRQILUPHG�� VDOPRQ�

HU\WKURF\WHV�ZDV�UHSRUWHG�WR�EH�D�PDMRU�WDUJHW�FHOO�W\SH�IRU�359��HQDEOLQJ�GHYHORSPHQW�RI�DQ�

ex vivo YLUXV�FXOWLYDWLRQ�V\VWHP�XVLQJ�SLVFLQH�HU\WKURF\WHV��DV�ZHOO�DV�SXULILFDWLRQ�RI�WKH�YLUXV�

>����������������@�

+RZHYHU� EDVLF� PROHFXODU� VWXGLHV� RQ� 359� UHSOLFDWLRQ� LQ� WDUJHW� FHOOV� DUH� VWLOO� VSDUVH� DQG�

PHFKDQLVPV�RI�GLVHDVH�GHYHORSPHQW��VWUDLQ�YDULDWLRQV�DQG�VR�IRUWK�KDYH�QRW�EHHQ�HOXFLGDWHG��

7KLV��LQ�DGGLWLRQ�WR�WKH�ODFN�RI�D�SURSHU�FXOWLYDWLRQ V\VWHP��KDV�DOVR�GHOD\HG�WKH�GHYHORSPHQW�

RI�D�YDFFLQH�DJDLQVW�359�LQIHFWLRQ�DQG�+60,�

7KH�VWXG\�RI�359�SURWHLQV��WKHLU�UROH�LQ�UHSOLFDWLRQ�DV�ZHOO�DV�WKH�GHYHORSPHQW�RI�D�YDFFLQH�

DJDLQVW�359�EHFDPH�WKH�PDLQ�VFLHQWLILF�IRFXV�RI�WKLV�WKHVLV�ZRUN�

���� The nonǦǦVWUXFWXUDO�SURWHLQ�ȝ16�IRUPV�and organizes viral 

factories

7KH�LQLWLDO�VWXG\�LQYHVWLJDWHG�WKH�IRUPDWLRQ�RI�YLUDO�IDFWRU\�OLNH�VWUXFWXUHV�WKDW�DUH�REVHUYHG�

LQ�359�LQIHFWHG�$WODQWLF�VDOPRQ�HU\WKURF\WHV��3DSHU�,���7KH�YLUDO�SURWHLQ�ȝ16�LV�WKH�SULPDU\�

RUJDQL]HU�RI�IDFWRU\�IRUPDWLRQ�IRU�059��DQG�ELRLQIRUPDWLFV�VWXGLHV�KDG�HDUOLHU�LQGLFDWHG�WKDW�

WKH�359�DQDORJXH�RI��16�LV HQFRGHG�E\�359�JHQH�VHJPHQW�0� >��@�

9LUDO� IDFWRULHV� UHSUHVHQW�D�VDIH�KDYHQ�ZKHUH�UHSOLFDWLRQ��SDFNDJLQJ�DQG�DVVHPEO\�RI�QRYHO�

YLUDO� SDUWLFOHV� FDQ� RFFXU� VKLHOGHG� IURP� WKH� FHOOXODU� YLUXV�DVVRFLDWHG�PROHFXODU�SDWWHUQ�

GHWHFWLRQ�V\VWHP�DQG�VXEVHTXHQW�DQWLYLUDO�UHVSRQVH�>��@� ,Q�WKLV�VWXG\��WKH�VXEFHOOXODU�ORFDWLRQ�

RI�359�ȝ16 DQG� LWV� FR�ORFDOL]DWLRQ�ZLWK�RWKHU�359�SURWHLQV�ZDV� LQYHVWLJDWHG� 359�ȝ16

IRUPV GHQVH� JOREXODU� F\WRSODVPLF�LQFOXVLRQV�LQ�WUDQVIHFWHG�ILVK�FHOOV��UHVHPEOLQJ�WKH�YLUDO�

IDFWRU\�OLNH�VWUXFWXUHV�LQ�359�LQIHFWHG SLVFLQH�HU\WKURF\WHV��)LJXUH���� >��@� 7KLV�GLVWULEXWLRQ�
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SDWWHUQ�ZDV�GLIIHUHQW IURP�WKDW�SUHYLRXVO\�GHVFULEHG�IRU�UHFRPELQDQWO\�H[SUHVVHG�ı���ı��DQG�

ȝ�� >���� ���� ��@�� DQG� ZDV� QHLWKHU� REVHUYHG� ZKHQ� WKH� QRQ�VWUXFWXUDO� SURWHLQ� ı16�� RU� WKH�

VWUXFWXUDO�SURWHLQV�Ȝ��DQG�ȝ��ZHUH�H[SUHVVHG�LQ�WUDQVIHFWHG�(3&�FHOOV� $OO RWKHU�359�SURWHLQV�

ZHUH�HYHQO\�GLVWULEXWHG�LQ�WKH�F\WRSODVP �)LJXUH������

)RU�059�� YLUDO� LQFOXVLRQV� ZLWK� GLIIHUHQW� PRUSKRORJLHV� KDYH� EHHQ� REVHUYHG�� ILODPHQWRXV�

LQFOXVLRQV LQ�WKH�059�7�/ VWUDLQ�DQG�JOREXODU�LQFOXVLRQV�LQ�WKH�059�7�' VWUDLQ >���@��7KH�

PRUSKRORJLF� GLIIHUHQFHV� DUH� GHWHUPLQHG� E\� WKH� DELOLW\� RI� WKH� YLUXV� WR� LQWHUDFW� ZLWK� WKH�

PLFURWXEXOH�V\VWHP��D�IHDWXUH�PDSSHG�WR�059�ȝ��>���@� ,Q�WKH�ILODPHQWRXV�IDFWRULHV��059�

ȝ��FR�ORFDOL]H�ZLWK�WKH�PLFURWXEXOH�V\VWHP ZKHQ�H[SUHVVHG�LQ�FHOOV�LQ�WKH�DEVHQFH�RI�RWKHU�

YLUDO�SURWHLQV�>���@� ,Q�D�SUHOLPLQDU\�VWXG\ RQ (3&�FHOOV�WUDQVIHFWHG�ZLWK�359�ȝ��DQG�VWDLQHG�

ZLWK�ERWK�SKDOORLGLQ�DQG�DQWL�WXEXOLQ�Į�� WZR�GLIIHUHQW�PDUNHUV� IRU� WKH�PLFURWXEXOH�V\VWHP��

VXFK FR�ORFDOL]DWLRQ�ZDV�QRW�REVHUYHG��RZQ�GDWD��QRW�SXEOLVKHG���7KLV�ILQGLQJ�LV�FRQVLVWHQW�

ZLWK�WKH�ILQGLQJV�IURP�059�7�'�

)LJXUH���� 6XEFHOOXODU�ORFDOL]DWLRQ�RI�359�SURWHLQV�
(3&�FHOOV�WUDQVIHFWHG�ZLWK�IRXU�GLIIHUHQW�359�SODVPLG�FRQVWUXFWV�H[SUHVVLQJ�ȝ16��ı16��Ȝ���ȝ���UHVSHFWLYHO\��

SURFHVVHG IRU�IOXRUHVFHQFH�PLFURVFRS\ DW��� KSW���$� (3&�FHOOV�H[SUHVVLQJ�ȝ16�1�)/$*��%R[HG�UHJLRQ�LQ�WRS�

OHIW�FRUQHU�VKRZV�(3&�FHOOV�H[SUHVVLQJ�ȝ16�&�)/$*���%� (3&�FHOOV�H[SUHVVLQJ�ı16�1�0<&��%R[HG�UHJLRQ�

VKRZV�ı16�&�0<&���&� (3&�FHOOV�H[SUHVVLQJ�ȝ��&�+$���'� (3&�FHOOV�H[SUHVVLQJ�Ȝ��1�+$��)URP�3DSHU�,�
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059�ȝ16�DQG�ı16�DUH�IRXQG�LQ�WKH�HDUOLHVW�GHWHFWDEOH�YLUDO�SURWHLQ�51$�FRPSOH[HV�LQ�059�

LQIHFWHG� FHOOV� DQG� IRUP� F\WRSODVPLF� LQFOXVLRQV� VLPLODU� WR� YLUDO� IDFWRULHV� VHHQ� GXULQJ�

WUDQVIHFWLRQ�H[SHULPHQWV�ZLWK��16 >���@� )XUWKHUPRUH��059��16�LQWHUDFWV ZLWK�HDFK�RI�WKH�

ILYH�VWUXFWXUDO�SURWHLQV�WKDW�PDNH�XS�WKH�FRUH�SDUWLFOH��Ȝ���Ȝ���Ȝ���ı��DQG�ȝ�� GXULQJ�UHSOLFDWLRQ

>����� ���@� ,Q� FR�WUDQVIHFWLRQ� H[SHULPHQWV�ZLWK� 359�ȝ16 �3DSHU� ,��� WKH�ı16�� ȝ�� DQG� Ȝ��

SURWHLQV� ZHUH� UHFUXLWHG� WR� WKH� JOREXODU� VWUXFWXUHV �)LJXUH� ����� ,PPXQRSUHFLSLWDWLRQ DQG�

VXEVHTXHQW�ZHVWHUQ�EORW�DQDO\VLV�FRQILUPHG�WKH�DVVRFLDWLRQ�EHWZHHQ�ȝ16�ı16�DQG�ȝ16�ȝ��

7KH�DVVRFLDWLRQ�EHWZHHQ��16�Ȝ��FRXOG�QRW�EH�FRQILUPHG��KRZHYHU�FRQIRFDO�LPDJHV�FOHDUO\�

SURYHG� UHGLVWULEXWLRQ�RI� Ȝ��ZKHQ�FR�H[SUHVVHG�ZLWK�ȝ16 �)LJXUH������7KH�SURWHLQ�SURWHLQ�

LQWHUDFWLRQ�EHWZHHQ�ȝ16�DQG�Ȝ��PLJKW�EH�RI�ORZHU�DIILQLW\ WKDQ�EHWZHHQ�ȝ16�DQG�WKH�RWKHU�

WZR�359�SURWHLQV�VWXGLHG��9LUDO� IDFWRULHV�DUH�FRPSOH[�VWUXFWXUHV�DQG�VHYHUDO�RWKHU� IDFWRUV�

OLNHO\�FRQWULEXWH�WR�WKH�SURWHLQ�LQWHUDFWLRQV��

)LJXUH���� 6XEFHOOXODU�ORFDOL]DWLRQ�RI�359�SURWHLQV�DIWHU�FR�WUDQVIHFWLRQ�ZLWK��16�
(3&�FHOOV�WUDQVIHFWHG�ZLWK�FRQVWUXFWV�HQFRGLQJ�ı16��ȝ��DQG�Ȝ� VHSDUDWHO\� DQG�FR�WUDQVIHFWHG�ZLWK��16��7KH�

FHOOV� ZHUH� SURFHVVHG� IRU� FRQIRFDO�PLFURVFRS\� DW� ��� KSW�� �$�� (3&� FHOOV� WUDQVIHFWHG�ZLWK� ı16� DORQH� �L�� DQG�

FRWUDQVIHFWHG�ZLWK�ȝ16��LL�LY����%��(3&�FHOOV�WUDQVIHFWHG�ZLWK�ȝ��DORQH��L��DQG�FRWUDQVIHFWHG�ZLWK�ȝ16��LL�LY���

�&��(3&�FHOOV�WUDQVIHFWHG�ZLWK�Ȝ��DORQH��L��DQG�FRWUDQVIHFWHG�ZLWK�ȝ16��LL�LY�� )URP�3DSHU�,�
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7KH�&�WHUPLQDO�RI�059�JHQH�VHJPHQW�0��KDV�IRXU�GLVWLQFW�UHJLRQV�FRPSULVLQJ�����DPLQR�

DFLGV�WKDW�DUH�VXIILFLHQW�WR�IRUP�YLUDO�IDFWRULHV� LQFOXGLQJ WZR�SUHGLFWHG�FRLOHG�FRLO�GRPDLQV��

D�OLQNHU�UHJLRQ�FRQWDLQLQJ�D�SXWDWLYH�]LQF�KRRN�EHWZHHQ�WKH�FRLOHG�FRLOV��DQG�D�VKRUW�&�WHUPLQDO

WDLO�UHJLRQ�>���@� 'HOHWLRQ�RI�WKH�&�WHUPLQDO���DPLQR�DFLGV�UHVXOWV�LQ�D GLIIXVHO\�GLVWULEXWHG�

SURWHLQ >���@� 359�ȝ16�DOVR�KDV D KLJK�Į�KHOLFDO�FRQWHQW�LQ�WKH�&�WHUPLQDO�UHJLRQ� DOWKRXJK�

DPLQR�DFLG�VHTXHQFH�KRPRORJ\ WR�059 LV YHU\ ORZ� DQG�RQO\�����LGHQWLFDO ZKHQ�FRPSDULQJ�

WKH�ZKROH�ȝ16�VHTXHQFH�>�@� 7R�IXUWKHU�VWXG\�WKH�359��16�SURWHLQ�DQG�LWV�DELOLW\�WR�IRUP�

JOREXODU�LQFOXVLRQV��ZH FRQVWUXFWHG�IRXU�WUXQFDWHG�YDULDQWV�IRU�H[SUHVVLRQ�DQDO\VLV��,Q�FRQWUDVW�

WR�059��16��WZR�RI�WKH�WUXQFDWHG�359�ȝ16 YDULDQWV ZKLFK�KDG GHOHWLRQV RI�WKH�&�WHUPLQDO�

�� RU����DPLQR�DFLGV��VWLOO�IRUPHG�JOREXODU��YLUDO�IDFWRU\�OLNH�VWUXFWXUHV�ZKHQ�H[SUHVVHG�LQ�

(3&� FHOOV�� 'HOHWLRQ� RI� WKH� &�WHUPLQDO ���� DPLQR� DFLGV KRZHYHU�� UHVXOWHG� LQ� GLIIXVHO\�

GLVWULEXWHG� SURWHLQ� DQG� QR� YLUDO� IDFWRU\�OLNH� VWUXFWXUHV�� LQGLFDWLQJ� WKDW� WKH� IHDWXUH� RI� YLUDO�

IDFWRU\� IRUPDWLRQ� LV�PDSSHG� WR� WKH�&�WHUPLQDO�HQG��'HOHWLRQ�RI� WKH�1�WHUPLQDO ����DPLQR�

DFLGV� DOVR� LQIOXHQFHG WKH� IRUPDWLRQ� RI� JOREXODU� LQFOXVLRQV�� EXW� VWLOO� LUUHJXODU� VWUXFWXUHV�

H[KLELWLQJ�YLUDO�IDFWRU\�OLNH�PRUSKRORJ\�DFFXPXODWHG�

���� PRV causes an acute infection in blood cells

,Q RXU�VHFRQG�VWXG\��ZH�VHW�RXW� WR� LQYHVWLJDWH� WKH�NLQHWLFV�RI�YLUDO�51$��YLUDO�SURWHLQ�DQG�

DQWLYLUDO�LPPXQH�UHVSRQVHV LQ�EORRG�FHOOV�IURP�H[SHULPHQWDOO\�359�LQIHFWHG�$WODQWLF�VDOPRQ�

�3DSHU� ,,�� ,Q� RUGHU� WR� SHUIRUP� WKLV� WLPH� FRXUVH� VWXG\ RSWLPDOO\�� WZR� QHZ� DQWLVHUD� ZHUH�

JHQHUDWHG� IURP� LPPXQL]DWLRQ� RI� UDEELWV� ZLWK� UHFRPELQDQW� 359� �16� DQG� Ȝ� SURWHLQV�

H[SUHVVHG�IURP�WKH�25)V�RI�359�JHQH�VHJPHQWV�0��DQG�/��LQ�6I��LQVHFW FHOOV�DQG�E.coli,

UHVSHFWLYHO\� 7KH� UDLVHG� DQWLVHUD� DJDLQVW� �16 DQG� Ȝ��� LQ� DGGLWLRQ� WR� WKUHH� RWKHU� HDUOLHU�

JHQHUDWHG�DQWLVHUD DJDLQVW�359�VWUXFWXUDO�SURWHLQV >������@� ZHUH�XVHG�IRU�DQDO\VLV�RI�YLUDO�

SURWHLQ�H[SUHVVLRQ��

5HVXOWV�IURP�57�T3&5�WDUJHWLQJ�JHQRPH�VHJPHQWV 6���0��DQG�0��UHYHDOHG�D�KLJK�359�ORDG�

LQ�EORRG�GXULQJ�PRVW�RI�WKH���ZHHN�ORQJ�H[SHULPHQWDO�FRKDELWDWLRQ�FKDOOHQJH��9LUDO�51$�ZDV�

ILUVW�GHWHFWHG�LQ�EORRG�FHOOV�� ZSF�DQG�SHDNHG���ZSF��)LJXUH������$IWHU�WKH�LQLWLDO�SHDN��0��

DQG� 0�� 51$� SHUVLVWHG� DW� D� KLJK� OHYHO� WKURXJKRXW� WKH� VWXG\�� ZKLOH� 6�� 51$� GHFUHDVHG��

$QDO\VLV�RI�YLUDO�SURWHLQV�E\�IORZ�F\WRPHWU\�VKRZHG�WKDW�WKH��16�DQG�WKH�ı��SURWHLQV�ZHUH�
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ILUVW�GHWHFWHG�DW���ZSF��GHFUHDVHG�DW���ZSF�DQG�ZHUH�XQGHWHFWDEOH�IURP���ZSF�DQG�WKURXJKRXW�

WKH�VWXG\�

)LJXUH�����359�51$�ORDG�LQ�EORRG�FHOOV��
57�T3&5�RI�359�JHQH�VHJPHQWV�6���0��DQG�0��LQ�EORRG�FHOOV�IURP�FRKDELWDQW�ILVK��,QGLYLGXDO��GRWV��DQG�PHDQ�

�OLQH��&W�YDOXHV��Q� �� SHU�WLPH�SRLQW��ZSF� �ZHHNV�SRVW�FKDOOHQJH� )URP�3DSHU�,,�

7KH�SHDN�LQ 359�UHSOLFDWLRQ�ZDV�DFFRPSDQLHG�E\�LQGXFWLRQ�RI�DQWLYLUDO�JHQH�H[SUHVVLRQ��7KH�

DPRXQW�RI�YLUDO�51$�FRUUHODWHG�ZLWK�WKH�DQWLYLUDO�UHVSRQVH�LQ�LQGLYLGXDO�ILVK�EHIRUH�DQG�LQ�

WKH�SHDN�SKDVH��EXW�QRW�SRVW�SHDN�SKDVH��7KH�FRQWLQXRXV�KLJK�OHYHO�RI�0��DQG�0��51$�PD\�

LPSO\�WKDW�WKH�DQWLYLUDO�LPPXQH�UHVSRQVH�SULPDULO\�LQKLELWV�UHSOLFDWLRQ�SRVW�WUDQVFULSWLRQDOO\��

LQ�OLQH�ZLWK�WKH�IXQFWLRQV�RI�3.5�DQG�,6*���LQ UHJXODWLRQ�RI�WUDQVODWLRQ�DQG�SURWHLQ VWDELOLW\�

UHVSHFWLYHO\� >����� ���@� ([SUHVVLRQ� RI� LQWHUIHURQ±UHJXODWHG� JHQHV� LQ� UHVSRQVH� WR� 359�

LQIHFWLRQ� LQ� HU\WKURF\WHV� KDYH� EHHQ� UHSRUWHG� HDUOLHU� >���� ���@�� 7KH� SHDN SKDVH RI� YLUXV�

UHSOLFDWLRQ�LQ�EORRG�FHOOV�RFFXU�����ZHHNV�EHIRUH�WKH�H[SHFWHG�RQVHW�RI�+60,��7KH�+60,�

OHVLRQV� DUH� GRPLQDWHG� E\� LQIOX[� RI� &'�� SRVLWLYH O\PSKRF\WHV� LQGLFDWLQJ WKDW� LPPXQH�

PHGLDWHG UHVSRQVHV�WR�WKH�YLUXV�LQIHFWLRQ��DQG�QRW�WKH�F\WRSDWKLF�HIIHFW�RI�WKH�YLUXV�UHSOLFDWLRQ�

SHU� VH�� FDXVH� WKH� REVHUYHG�P\RFDUGLWLV� >���@� 9LUXV�PHGLDWHG� FHOO� O\VLV� LV� QRW� D� FRPPRQ�

ILQGLQJ LQ 359�LQIHFWHG� ILVK�� LQGLFDWLQJ� WKDW�359�KDV�RWKHU�PHFKDQLVPV�RI�GLVVHPLQDWLRQ

EHWZHHQ�WDUJHW�FHOOV�DQG�RUJDQV�

,PPXQRIOXRUHVFHQW�PLFURVFRS\�GHPRQVWUDWHG� WKH�SUHVHQFH�RI�YLUDO� IDFWRULHV� LQ�EORRG�FHOOV�

KDUYHVWHG������DQG���ZSF��7KH�FHOOV�ZHUH�LQWUDFHOOXODUO\�VWDLQHG�ZLWK�DQWL��16�DQG�DQWL�ı��

DQG�WKH�VWDLQLQJ�SDWWHUQ�IRU�ERWK�SURWHLQV�UHVHPEOHG�JOREXODU�LQFOXVLRQV�WKDW�YDULHG�LQ�VL]H�DQG�

QXPEHU��$W���ZSF��WKH�QXPEHU�DQG�VL]H�RI�WKH�LQFOXVLRQV�ZHUH�FRQVLGHUDEO\�UHGXFHG FRPSDUHG�
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WR SHDN�LQIHFWLRQ�DW���ZSF��DQG�QR�LQFOXVLRQV�ZHUH�REVHUYHG�DIWHU���ZSF� 7KH�F\WRSODVPLF�

JOREXODU�YLUDO�IDFWRULHV�SURGXFHG�E\�359�in vivo UHVHPEOHG WKRVH�RI�WKH�059�7�' VWUDLQ DQG�

FRQWDLQHG�WKH��16�SURWHLQ��LQ�OLQH�ZLWK�WKH�REVHUYDWLRQ�IURP�UHFRPELQDQW�SURWHLQ�H[SUHVVLRQ�

LQ�SDSHU�,��

&RUUHVSRQGLQJ�ZLWK�WKH�WLPLQJ�RI�YLUDO�SURWHLQ�SURGXFWLRQ�DQG�REVHUYDWLRQ�RI�YLUDO�IDFWRULHV��

7(0�DQDO\VLV�RI� WKH�EORRG�FHOOV�VKRZHG� ODPHOODU�VWUXFWXUHV� WKDW�GHYHORSHG� LQWR� LQFOXVLRQV�

FRQWDLQLQJ�UHRYLUXV�OLNH�SDUWLFOHV�IURP���WR���ZSF��ZKLOH�QR�YLUXV�SDUWLFOHV�FRXOG�EH�REVHUYHG�

��ZSF��)LJXUH������7KH�GLIIHUHQW�FRQWHQWV� LQ�WKH�LQFOXVLRQV�PD\�UHIOHFW� WKH�SURJUHVV�RI� WKH�

LQIHFWLRQ� RI� WKH� FHOO�� DV� ODPHOODU� VWUXFWXUHV� ZHUH� REVHUYHG� DW� HDUOLHU� WLPH�SRLQWV� WKDQ� WKH�

LQFOXVLRQV�FRQWDLQLQJ�UHRYLUXV�SDUWLFOHV�

)LJXUH�����7(0�RI�EORRG�FHOOV��
(OHFWURQ�PLFURVFRS\ RI�359�LQIHFWHG�UHG�EORRG�FHOOV�VDPSOHG����QHJDWLYH�FRQWURO��������DQG���ZSF�VKRZ�VPDOO�

HPSW\� YHVLFOHV� �FURVV��� ODPHOODU� VWUXFWXUHV� �DUURZKHDG��� UHRYLUXV�OLNH� SDUWLFOHV� �DUURZ�� DQG� ODUJH� HPSW\�

LQFOXVLRQV��VWDU�� )URP�3DSHU�,,�

,PPXQRSUHFLSLWDWLRQ� DQG� VXEVHTXHQW�ZHVWHUQ� EORW� DQDO\VLV� LQ� DGGLWLRQ� WR�/&�06�DQDO\VLV�

FRQILUPHG�WKDW�359��16�LQWHUDFWV�ZLWK�ı���ı���ı�� ı16������Ȝ���Ȝ��DQG�Ȝ� SURWHLQV in vivo�

7KLV�VWURQJO\�VXJJHVWV�WKDW��16�LQWHUDFWV�GLUHFWO\�RU�LQGLUHFWO\�ZLWK�DOO�WKUHH�Ȝ�SURWHLQV��WKH�

��� SURWHLQ� DQG� SRVVLEO\� DOO� IRXU� ı�SURWHLQV�� ZKLFK� LV� LQ� OLQH� ZLWK� WKH� IHDWXUHV� RI� RWKHU�

RUWKRUHRYLUDO�SURWHLQ�KRPRORJXHV�WR�359��16�DQG�WKHLU�UROH�LQ�RUFKHVWUDWLQJ�WKH�FRQVWUXFWLRQ�

RI�YLUDO�IDFWRULHV�>������������@�

%ORRG�IURP�LQGLYLGXDO�ILVK�KDUYHVWHG���������DQG���ZSF�ZHUH�DOVR�DQDO\]HG�E\�ZHVWHUQ�EORW�

WDUJHWLQJ� �16� DQG� FRPSDUHG� WR WKH� OHYHOV� RI�0��51$� RI� WKH� FRUUHVSRQGLQJ� LQGLYLGXDO�

VDPSOHV��)LJXUH������2XU�UHVXOWV�VKRZHG�WKDW�SURWHLQ�DQG�51$�ORDG�FRUUHODWHG�ZHOO�LQ EORRG�

KDUYHVWHG� DW� ��ZSF��+RZHYHU�� LQ� EORRG� KDUYHVWHG� �� DQG� ��ZSF�� WKHUH�ZDV� QR� FRQVLVWHQF\�

EHWZHHQ�YLUXV�SURWHLQ�DQG�51$�ORDG��7KLV�LQGLFDWHV�WKDW�WKH�FRPPRQO\�XVHG�DVVHVVPHQW�RI�
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359�51$�OHYHO�E\�57�T3&5�IRU�TXDQWLILFDWLRQ�RI�YLUXV�LQ�WKH�ILVK�GRHV�QRW�DFFXUDWHO\�UHIOHFW�

WKH�YLUDO�ORDG�ZKHQ�SUHIRUPHG�SRVW�WKH�DFXWH�SKDVH��

)LJXUH�����([SUHVVLRQ�RI�359��16�SURWHLQ�LQ�EORRG�FHOOV�
%ORRG�FHOOV�IURP���������DQG���ZSF��Q� ����DQDO\]HG�IRU��16�E\�ZHVWHUQ�EORWWLQJ��&W�YDOXHV�IRU�JHQH�VHJPHQW�

0����16��IURP�WKH VDPH�VDPSOHV�DUH�VKRZQ�EHORZ�HDFK�ODQH��0� �PROHFXODU�ZHLJKW�VWDQGDUG��/DQH���� ��UHIHUV�

WR�LQGLYLGXDO�ILVK�������SHU�WLPH�SRLQW��ZSF� �ZHHNV�SRVW�FKDOOHQJH� )URP�3DSHU�,,�

'XULQJ� LQIHFWLRQV��YDVW�DPRXQWV�RI�YLUDO�P51$�DUH�SURGXFHG� WKURXJK� WKH� ILUVW�SDUW�RI� WKH�

UHSOLFDWLRQ�F\FOH�ZKLFK�PD\�EH�WUDQVODWHG�LQ�WKH�F\WRSODVP�RU�FRQILQHG�LQVLGH�D�YLUDO�SDUWLFOH�

�)LJXUH������7KH�KRVW�LQQDWH�LPPXQH�UHVSRQVH�PLJKW�LQWHUIHUH�ZLWK�WUDQVODWLRQ�OHDGLQJ�WR�D�

EXLOG�XS�RI�YLUDO�51$�FRPSDUHG� WR�YLUDO�SURWHLQV�DQG�SDUWLFOHV��)RU� LQVWDQFH��3.5� WKDW� LV�

DFWLYDWHG�E\�GV51$�DQG�LQWHUIHURQ��SKRVSKRU\ODWHV�WKH�HXNDU\RWLF�WUDQVODWLRQ�LQLWLDWLRQ�IDFWRU�

H,)�Į DQG�WKXV�LQKLELWV�P51$�WUDQVODWLRQ�DQG�YLUDO�SURWHLQ�V\QWKHVLV��7KH�JHQRPH�RI�359�

FRQVLVWV�RI�GV51$��DQG� LQWHUIHURQ� LV� LQGXFHG� LQ�359� LQIHFWHG�EORRG�FHOOV� >���@��7KH�57�

T3&5�XVHG�IRU�359�ORDG�HVWLPDWLRQ�LQ�WLVVXH�DQG�EORRG�FRXOG�WKHUHIRUH HDVLO\�RYHUHVWLPDWH�

WKH�YLUDO�ORDG��HVSHFLDOO\�LQ�WKH�ODWHU�VWDJHV�RI�LQIHFWLRQ��,Q�FRQWUDVW��WKH ORDG�RI�YLUDO�51$�LQ�

VHUXP�RU�SODVPD�ZRXOG�SUREDEO\�QRW�EH�DV�SURQH�WR�RYHUHVWLPDWLRQ��DV�PRVW�51$�GHWHFWHG�LV�

SDUWLFOHV� DVVRFLDWHG�� :HVWHUQ� EORW� DQG� IORZ� F\WRPHWU\� PHDVXUHV� YLUDO� SURWHLQ�� ZKLFK� DUH�

SURGXFHG�GXULQJ�WKH�VHFRQG�SDUW�RI�WKH�UHSOLFDWLRQ�F\FOH �)LJXUH������7KLV�LV�RQH�VWHS�FORVHU�

WR�WKH�DVVHPEO\�RI�QRYHO�LQIHFWLRXV�YLUDO�SDUWLFOHV��DQG�D�EHWWHU�PHDVXUHPHQW�RI�YLUDO�ORDG�

3UHYLRXV�FKDOOHQJH�H[SHULPHQWV�KDYH�VKRZQ�WKDW�359�51$�FDQ�EH�GHWHFWHG�E\�57�T3&5�DW�

D�VWHDG\�OHYHO�LQ�EORRG�IRU�PRUH�WKDQ�D \HDU�DIWHU�FKDOOHQJH�>�������@��LQGLFDWLQJ�WKDW�WKH�ILVK�

LPPXQH� UHVSRQVH�GRHV�QRW�HOLPLQDWH�359� DQG� WKDW� WKH� LQIHFWLRQ�EHFRPHV�SHUVLVWHQW�� ,Q� D�

SUHYLRXV�H[SHULPHQW�VWXG\LQJ�WKH�LQIHFWLRXV�SRWHQWLDO�RI�SHUVLVWHQWO\�LQIHFWHG�$WODQWLF�VDOPRQ��

VHQWLQHO�ILVK�ZHUH�DGGHG�DW����ZHHNV�SRVW�FKDOOHQJH��EXW�QR�WUDQVPLVVLRQ�WR�WKH�VHQWLQHO�ILVK�
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ZDV�REVHUYHG�>���@��7KLV�LQGLFDWHV�WKDW�SHUVLVWHQWO\�359�LQIHFWHG�ILVK�DUH�QRW�FRQWLQXRXVO\�

VKHGGLQJ�WKH�YLUXV��EXW PDLQWDLQ�D�EDVLF�SURGXFWLRQ�RI�YLUDO�51$�

)LJXUH�����5HSOLFDWLRQ�RI�0DPPDOLDQ�RUWKRUHRYLUXV�
7KH�PRGHO�LOOXVWUDWHV�WKH�UHSOLFDWLRQ�F\FOH�RI�059�GLYLGHG�LQWR�WZR�VHSDUDWH�SDUWV�ZKHUH�YLUDO�51$�ORDG�DQG�

YLUDO�SURWHLQ�ORDG��UHVSHFWLYHO\�FDQ�EH�PHDVXUHG�E\�GLIIHUHQW�ODERUDWRU\�PHWKRGV��0RGLILHG�IURP�0RKDPHG�HW�

DO��9LUXVHV������>��@�

:HVWHUQ� EORW� DQDO\VLV� RI� SRROHG� EORRG� VDPSOHV� IURP� HDFK� WLPH�SRLQW� LQ� WKH� FKDOOHQJH�

H[SHULPHQW� WDUJHWLQJ�359�SURWHLQV�ı���ı��������16�DQG�Ȝ��� VKRZHG� WKDW�DOO� ILYH�SURWHLQV�

DSSHDUHG���ZSF��SHDNHG�DW���ZSF��GHFOLQHG�VKDUSO\�DW���ZSF�DQG�ZHUH�XQGHWHFWDEOH���ZSF�

7KH�DQWL��16�DQWLERG\�DOVR�GHWHFWHG�D�EDQG�FRUUHVSRQGLQJ�WR�D PROHFXODU�ZHLJKW�RI�DERXW����
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N'D�DW���ZSF��LQGLFDWLQJ�WKH�H[LVWHQFH�RI�D�VPDOOHU�VL]H�YDULDQW�RI�WKH��16�SURWHLQ��)LJXUH�

����� 059� �16� LV� JHQHUDWHG� LQ� WZR� VL]H� YHUVLRQV� E\� DQ� DOWHUQDWLYH� LQ�IUDPH� WUDQVODWLRQ�

LQLWLDWLRQ�VLWH�LQ�WKH��¶�HQG�RI�WKH�JHQH�>��������@��359�0��KDV�RQO\�RQH�25)�FRUUHVSRQGLQJ�

ZLWK�WKH�.R]DN�UXOH�RI�WUDQVFULSWLRQDO�DFWLYDWLRQ��DOWKRXJK�DW�OHDVW�WZR�GLIIHUHQW�VL]H�YDULDQWV�

RI�WKH�359��16�SURWHLQ�KDV�EHHQ�SUHGLFWHG FRQVLGHULQJ�DOWHUQDWLYH�WUDQVODWLRQDO�LQLWLDWLRQ >�@�

/&�06�DQDO\VLV�RI� WKH� VPDOOHU� VL]H�YDULDQW�RI�359��16� LQGLFDWH� WKDW� D SRWHQWLDO LQWHUQDO�

WUDQVODWLRQ�LQLWLDWLRQ�VLWH�DW�0��� FDQ JHQHUDWH�D��16&�IUDJPHQW��KRPRORJRXV WR�D�IUDJPHQW�

RI�WKH�059��16 >�������@�

6HYHUDO�VL]H�YDULDQWV�RI�WKH����SURWHLQ�ZHUH�GHWHFWHG�E\�ZHVWHUQ�EORW�DW�GLIIHUHQW�WLPH�SRLQWV�

GXULQJ�WKH�FKDOOHQJH VWXG\��$W���ZSF�WKH�SXWDWLYH�IXOO�OHQJWK�YDULDQW�������N'D��ZDV�REVHUYHG��

$W���ZSF KRZHYHU��WKUHH EDQGV�FRUUHVSRQGLQJ�WR�DSSUR[LPDWHO\��������DQG����N'D�DSSHDUHG�

ZKLOH� WKH�SXWDWLYH�IXOO�OHQJWK�YDULDQW�ZDV�DEVHQW��$W���DQG���ZSF��RQO\�RQH�EDQG�ZLWK� WKH�

PROHFXODU�ZHLJKW�RI�DERXW����N'D�ZDV�GHWHFWHG��059����LV�FOHDYHG�DW�WZR�SRVLWLRQV�ZKLFK�

JHQHUDWHV�� LQ� DGGLWLRQ� WR� WKH� IXOO�OHQJWK� SURWHLQ�� IRXU� GLIIHUHQW� IUDJPHQWV� >���@�� 7KH� 1�

WHUPLQDO�DXWRO\WLF�FOHDYDJH�VLWH�1��3����ZKLFK�SURGXFHV ��1 DQG���& IUDJPHQW��VHHPV�WR�EH�

FRQVHUYHG�DFURVV�RUWKRUHRYLUXVHV��LQFOXGLQJ�359�>����������@��7KH�EDQG�REVHUYHG���ZSF�RQ�

ZHVWHUQ�EORW�PLJKW�WKXV�UHSUHVHQWV�WKH�IXOO�OHQJWK����SURWHLQ��ZKLOH�WKH����N'D�EDQG�GHWHFWHG�

��ZSF�PD\�UHSUHVHQW���&��059��� DOVR FRQWDLQV�D�VHFRQG�FOHDYDJH�VLWH LQ�LWV�&�WHUPLQDO�

UHJLRQ� EHWZHHQ�<��� DQG�*���� ZKLFK�XSRQ�FOHDYDJH�JHQHUDWHV WKH�DGGLWLRQDO�IUDJPHQWV�G DQG

I >���@� $OWKRXJK�359����RQO\�LV������LGHQWLFDO�WR�059��� DW�WKH�DPLQR�DFLGV�OHYHO�>�@�

WKH�RYHUDOO�SUHGLFWHG�VHFRQGDU\�VWUXFWXUH�LV�VLPLODU�>��@��/&�06�DQDO\VLV�RI�WKH�VPDOOHU����

YDULDQWV SURYLGHG VXSSRUW�IRU�D�VHFRQG�SURWHRO\WLF�FOHDYDJH�VLWH�DW�RU�FORVH�WR�)���6�����\LHOGLQJ�

WZR�IUDJPHQWV�RI������N'D�DQG �����N'D��FORVH�WR�WKH�VL]HV�HVWLPDWHG�IURP�ZHVWHUQ�EORW��7KXV��

RXU� UHVXOWV� VXJJHVWHG� WKDW� WKH� ����� N'D� DQG� ����� N'D� EDQGV� PD\� UHSUHVHQW� WKH� 359�

KRPRORJXHV�RI�059����IUDJPHQWV�G DQG�I��UHVSHFWLYHO\�

���� DNA vaccine expressing the PRV non-structural proteins

7KH�WKLUG�VWXG\�DLPHG�DW�WHVWLQJ�WKH�DELOLW\�RI�359�QRQ�VWUXFWXUDO�SURWHLQV�WR�LQGXFH�SURWHFWLYH�

LPPXQLW\ DJDLQVW� +60, DIWHU� YDFFLQDWLRQ�� 7KH UDWLRQDOH� EHKLQG� WKLV� ZDV�� ��� 7KHUH� DUH�

UHODWLYHO\� ODUJH� DPRXQWV�RI� WKH��16�SURWHLQ� LQ� LQIHFWHG� FHOOV�� DV� VHHQ� LQ� WKH� WZR�SUHYLRXV�
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VWXGLHV�����7KH��16�SURWHLQ�LV�SUHVHQW�LQ�LQFOXVLRQ�OLNH�VWUXFWXUHV��DQG�DQWLJHQV�WKDW�DUH�QRW�

HDVLO\�GHJUDGDEOH�PD\�JLYH� D� ORQJ�ODVWLQJ� LPPXQH� VWLPXODWLRQ���� 359�KDV� VR� IDU�SURYHQ�

UHVLVWDQW�WR�FXOWLYDWLRQ�LQ�FHOO�OLQHV��WKXV�WKHUH�DUH�QR�LQH[KDXVWLEOH�VRXUFH�IRU�FRUUHFWO\�IROGHG�

359� DQWLJHQV�� ��� 6SHFLILF� DQWLERGLHV� DUH� IRUPHG� DJDLQVW� �16� LQ� 359�LQIHFWHG� ILVK�� DV�

GHPRQVWUDWHG�E\�EHDG�EDVHG�DQWLERG\�DVVD\V�>���@��LQGLFDWLQJ�WKDW��16�FRXOG�EH�D�VXLWDEOH�

359�DQWLJHQ�

$ '1$�YDFFLQDWLRQ DSSURDFK�ZDV�FKRVHQ�VLQFH WKH�QRQ�VWUXFWXUDO�SURWHLQV�DUH�UHVWULFWHG�WR�

WKH�LQWUDFHOOXODU�HQYLURQPHQW��DQG�SURWHLQ�SURGXFWLRQ�LQ�'1$�YDFFLQH�WUDQVIHFWHG�FHOOV�FRXOG�

PLPLF�WKLV��$�'1$�YHFWRU�FRQWDLQLQJ WKH��16 25)�ZDV�WHVWHG DORQH�DQG LQ�FRPELQDWLRQ�ZLWK�

'1$� YHFWRUV� H[SUHVVLQJ� RWKHU� 359� SURWHLQV� LQ� D� YDFFLQDWLRQ WULDO ZKHUH WKH� SURWHFWLYH�

HIILFLHQF\�DJDLQVW�+60,�ZDV VWXGLHG��7KH�JHQHV�IRU WKH�GLIIHUHQW�359�SURWHLQV�ZHUH�FORQHG�

LQ� LQGLYLGXDO� YHFWRUV�� ,Q� DGGLWLRQ� WR� WHVWLQJ� H[SUHVVLRQ� RI� VHYHUDO� GLIIHUHQW� 359� SURWHLQ�

FRPELQDWLRQV��WZR�GLIIHUHQW�H[SUHVVLRQ�YHFWRUV�ZHUH�WHVWHG��

$ '1$�OD\HUHG� S6$9� UHSOLFRQ� YHFWRU� ZDV� FRPSDUHG� WR� D� F\WRORPHJDORYLUXV� �&09��

SURPRWHU�GULYHQ�SF'1$����YHFWRU�DV�GHOLYHU\�YHKLFOHV� )LYH�GLIIHUHQW�YDFFLQH�FRPELQDWLRQV�

EDVHG�RQ�WKH�S6$9�UHSOLFRQ�FRQVWUXFWV��DOO�FRQWDLQLQJ�WKH�QRQ�VWUXFWXUDO��16�SURWHLQ�RQ�D�

VHSDUDWH�SODVPLG��ZHUH�GHYHORSHG��7DEOH�����,Q�DGGLWLRQ��IRXU�GLIIHUHQW�YDFFLQHV�EDVHG�RQ�WKH�

SF'1$����H[SUHVVLRQ�YHFWRU�ZLWK� WKH�FRQYHQWLRQDO &09�SURPRWRU�ZHUH WHVWHG��7DEOH����

7KH�'1$�OD\HUHG�S6$9�UHSOLFRQ�YHFWRU�XWLOL]HV�WKH�PDFKLQHU\�RI�WKH�Salmonid alphavirus

DQG�LQGXFHV VWURQJ�LQQDWH�LPPXQH�UHVSRQVHV�LQ�$WODQWLF�VDOPRQ�>���@��$QWLJHQ�FRQWDLQLQJ�

S6$9�UHSOLFRQ�YHFWRUV KDYH�SURYHQ�WR�SURWHFW�DJDLQVW�LQIHFWLRXV�VDOPRQ�DQHPLD�DQG�SDQFUHDV�

GLVHDVH� LQ� H[SHULPHQWDO� VHWWLQJV� >����� ���@�� ,PPXQL]DWLRQV� ZLWK� UHODWHG� '1$�OD\HUHG�

DOSKDYLUXV�UHSOLFRQV�KDYH�EHHQ�VKRZQ�WR�UREXVWO\�DFWLYDWH�WKH�FHOOXODU�DQG�KXPRUDO�LPPXQH�

UHVSRQVHV� LQ�PDPPDOV� >���@��2Q� WKH�RWKHU�KDQG�� WKH�DPRXQW�RI�DQWLJHQV�H[SUHVVHG�E\� WKH�

'1$�OD\HUHG� S6$9� UHSOLFRQ YHFWRUV DUH� ORZHU WKDQ� FRQYHQWLRQDO� &09� SURPRWHU� GULYHQ�

H[SUHVVLRQ��,QLWLDOO\��WKHUH ZHUH QR LQWXLWLYH�DQVZHU�WR�ZKDW�ZRXOG LQGXFH�WKH�EHVW�LPPXQH�

UHVSRQVH�DQG�SURWHFWLRQ�DJDLQVW�359 DQG�+60,��WKH�VWURQJHU�LQQDWH�UHVSRQVH�LQGXFHG�E\�WKH�

S6$9�UHSOLFRQ�YHFWRU�RU�WKH�ODUJHU�DPRXQW�RI�DQWLJHQ�H[SUHVVHG�E\�SF'1$����

7ZR�VHSDUDWH�YDFFLQDWLRQ� WULDOV ZLWK�$WODQWLF�VDOPRQ�ZHUH�SHUIRUPHG��ERWK�ZLWK�D���ZHHN�

LPPXQL]DWLRQ�SHULRG��IROORZHG�E\�359�LQIHFWLRQ�E\�FRKDELWDWLRQ��7KH�FRQWURO�JURXSV�ZLWK�
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PRFN�YDFFLQDWHG�ILVK�IURP�ERWK�WULDOV�VKRZHG�KLJK�359�ORDGV�IROORZLQJ FKDOOHQJH� LQGLFDWLQJ�

VXFFHVVIXO�LQIHFWLRQ�

7DEOH����2YHUYLHZ�RI�WKH�GLIIHUHQW�'1$�YDFFLQHV�SUHSDUHG IRU�WKH�WZR�H[SHULPHQWDO�FKDOOHQJHV�
$OO�YDFFLQHV�ZHUH�EOLQGHG�EHIRUH�VKLSPHQW�WR�WKH�DTXDWLF�UHVHDUFK�IDFLOLW\� )URP�3DSHU�,,,�

,n vitro H[SUHVVLRQ�DQDO\VLV�IURP�WKH�YDFFLQH�FRQVWUXFWV�VKRZHG�WKDW�WUDQVIHFWLRQ�HIILFDF\�ZDV�

KLJKHU��DV�DVVHVVHG�YLVXDOO\��IRU� WKH�SF'1$����FRQVWUXFWV�FRPSDUHG�WR WKH�S6$9�UHSOLFRQ�

FRQVWUXFWV�� 7KH� VL]H� RI� WKH� UHSOLFRQ� EDFNERQH� RI� ��� ���� ES FRPSDUHG� WR� WKH� SF'1$����

EDFNERQH RI������ES FRXOG�SDUWO\�H[SODLQ�WKLV��DV�WUDQVIHFWLRQ�ZLWK�ODUJHU�'1$�FRQVWUXFWV�LV�

OHVV�HIILFLHQW >���@�

)URP�WKH�ILUVW�YDFFLQDWLRQ�WULDO��57�T3&5�UHVXOWV�DQG�KLVWRSDWKRORJ\�DQDO\VLV�DIWHU�FKDOOHQJH�

VKRZHG�WKDW�QRQH�RI�WKH�YDFFLQHV�EDVHG�RQ�WKH�S6$9�UHSOLFRQ�YHFWRU�LQGXFHG�JRRG�SURWHFWLRQ�

DJDLQVW�+60,��6WLOO��KLVWRSDWKRORJ\�OHVLRQV�FRQVLVWHQW�ZLWK�+60,�ZDV�VOLJKWO\�UHGXFHG�LQ�DOO�

JURXSV�FRPSDUHG�WR�WKH�PRFN�YDFFLQDWHG�ILVK��+RZHYHU��WKH�SF'1$����YDFFLQH�FRPELQDWLRQ�

�16�� ı16�� ı��WHVWHG�LQ�WKH�ILUVW�FKDOOHQJH�H[SHULPHQW�DOWHUHG�WKH�NLQHWLFV�RI�359�LQIHFWLRQ�

DQG�LQGXFHG�IXOO�SURWHFWLRQ�DJDLQVW�+60,��57�T3&5 DQDO\VLV VKRZHG�VLJQLILFDQWO\�UHGXFHG�

YLUDO� ORDGV LQ�EORRG �S� �������DW���ZSF� DQG�D�WZR�ZHHN�GHOD\�LQ�YLUDO�51$�SHDN��ZKLOH�

KLVWRSDWKRORJLF�H[DPLQDWLRQ�UHYHDOHG�QR�OHVLRQV�LQ�WKH�KHDUW�RI�YDFFLQDWHG�ILVK��)LJXUH���$���

7KLV�FOHDUO\�LQGLFDWHG�WKH�YDFFLQDWLRQ�SRWHQWLDO�RI�WKLV�WULSOH�359�DQWLJHQ FRPELQDWLRQ��DQG�

WKH�PRUH�SRWHQW�HIIHFW�RI�WKH�&09�GULYHQ�SF'1$����YHFWRU�FRXOG�LQGLFDWH�WKDW�WKH�DPRXQW�

7ULDO��� 9HFWRU 9DFFLQH
� S6$9 �16
� S6$9 �16���ı16
� S6$9 �16��������ı16���ı����Ȝ����Ȝ�
� S6$9 �16��������ı16���ı����ı����Ȝ�
� S6$9 �16�������������ı16���ı����ı����ı����Ȝ����Ȝ����Ȝ�
� SF'1$��� �16���ı16���ı�
� S6$9 (*)3��FRQWURO�

7ULDO��� 9HFWRU 9DFFLQH
� SF'1$��� �16���ı16���ı�
� SF'1$��� �16���ı16���ı�
� SF'1$��� �16���ı16
� SF'1$��� �16
� SF'1$��� (*)3��FRQWURO�
� SF'1$��� 3%6��FRQWURO�
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RI�H[SUHVVHG�SURWHLQ�LV PRUH�LPSRUWDQW�IRU�SURWHFWLRQ�DJDLQVW�+60,�WKDQ�WKH�VWURQJHU�LQQDWH�

UHVSRQVHV�LQGXFHG�E\�DOSKDYLUXV�UHSOLFRQV >��������@��359 LV WUDQVPLWWHG E\�FRKDELWDWLRQ LQ�

WKH�H[SHULPHQWDO�FKDOOHQJHV DQG�PXVW�FURVV�WKH�PXFRVDO�EDUULHU�WR�LQIHFW��7KH�GLIIHUHQFHV�LQ�

HIILFDF\� EHWZHHQ� WKH� S6$9� DQG� SF'1$��� FRQVWUXFWV� FRXOG� EH� WKDW� WKH� LQGXFWLRQ� RI�

SURWHFWLRQ�DW�PXFRVDO�VLWHV�RU�LQ�EORFNLQJ�359�GLVVHPLQDWLRQ�WR�HU\WKURF\WHV� DUH�UHODWHG�QRW�

RQO\�WR�WKH�VSHFLILF�SURWHLQV� EXW�DOVR�WR�WKH�OHYHO RI�H[SUHVVLRQ��&RQVHTXHQWO\��LQ�WKH�VHFRQG�

FKDOOHQJH� H[SHULPHQW�� YDULRXV� FRQVWUXFWV� XVLQJ� WKH� SF'1$���� YHFWRU� ZDV� WHVWHG�� DQG� WKH�

VXFFHVVIXO�SF'1$����YDFFLQH�H[SUHVVLQJ��16��ı16�DQG�ı��ZDV�UHWHVWHG�

)LJXUH�����359�51$�ORDG�LQ�EORRG�FHOOV�DQG�KLVWRSDWKRORJLFDO�VFRUH�LQ�HSLFDUG�
57�T3&5�UHVXOWV��OHIW��DQG�KLVWRSDWKRORJLFDO�VFRUH��ULJKW��FRPSDULQJ�ILVK�YDFFLQDWHG�ZLWK�WKH�SF'1$����YHFWRU�

H[SUHVVLQJ��16���ı16���ı���DQG�ILVK�LQMHFWHG�ZLWK�WKH�PRFN�YDFFLQH�V��LQ�FKDOOHQJH�H[SHULPHQW�,��$��DQG�,,�

�%���,QGLYLGXDO�&W�YDOXHV �GRWV��DQG�PHDQ��OLQH�� Q� ������SHU�WLPH�SRLQW��ZSF� �ZHHNV�SRVW�FKDOOHQJH�
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359�57�T3&5�DQG�+60,�KLVWRSDWKRORJ\� UHVXOWV� IURP� WKH� VHFRQG�H[SHULPHQWDO�FKDOOHQJH�

VKRZHG� WKDW� RQO\� WKH� UHWHVWHG� YDFFLQH� IURP� WULDO� �, LQGXFHG� SURWHFWLRQ� DJDLQVW� +60,�

+RZHYHU��WKH�SURWHFWLRQ�ZDV�RQO\�PRGHUDWH�LQ�WKLV�H[SHULPHQW��$W��ZSF��WKH�YLUDO�51$�ORDG�

ZDV�VLJQLILFDQWO\�UHGXFHG�LQ�WKH�SF'1$�����16���ı16���ı��� YDFFLQDWHG�JURXS�FRPSDUHG�WR�

WKH�FRQWUROV �S� �������DQG�S� �������FRPSDUHG�WR�WKH�SF'1$����(*)3�DQG�WKH�3%6�JURXSV��

UHVSHFWLYHO\�� +RZHYHU�� DW� ��ZSF�QR�GLIIHUHQFH�ZDV�REVHUYHG�EHWZHHQ� WKH�JURXSV� �)LJXUH�

��%��� $OWKRXJK� KLVWRSDWKRORJLFDO� OHVLRQV� FRQVLVWHQW� ZLWK� +60,� ZHUH� REVHUYHG� DIWHU�

YDFFLQDWLRQ�LQ�WKH�VHFRQG�FKDOOHQJH��WKH�OHVLRQV�ZHUH�UHGXFHG�FRPSDUHG�WR�WKH�FRQWURO�JURXSV�

�)LJXUH���%���

7KH� H[SHULPHQWDO� FRQGLWLRQV� LQ� WKH� WZR� FKDOOHQJHV� ZHUH� VLPLODU� �7DEOH� ���� QHYHUWKHOHVV�

HQYLURQPHQWDO� IDFWRUV� FDQQRW�EH� FRPSOHWHO\� FRQWUROOHG��7ZR�GLIIHUHQW� VWUDLQV�RI� ILVK�ZHUH�

XVHG�LQ�WKH�WZR�FKDOOHQJHV��EXW�WKH�FRQWURO�ILVK�LQ�ERWK�FKDOOHQJHV�VKRZHG�VLPLODU�UHVSRQVH�WR�

FRKDELWDQW� LQIHFWLRQ�� $OVR�� DOWKRXJK�PRUH� ILVK� ZHUH� VDPSOHG� LQ� WKH� VHFRQG� H[SHULPHQWDO�

FKDOOHQJH�LW�LQFOXGHG�RQO\�WZR�WLPH�SRLQWV��ZKLFK�PLJKW�KDYH�UHGXFHG�WKH�UHVROXWLRQ�RI�WKH�

YLUDO�NLQHWLFV�

7DEOH����([SHULPHQWDO�FRQGLWLRQV�
7DEOH�LOOXVWUDWLQJ�WKH�H[SHULPHQWDO�FRQGLWLRQV�VHW�IRU�WKH�WZR�VHSDUDWH�FKDOOHQJH�H[SHULPHQWV� ZSY� �ZHHNV�SRVW�

YDFFLQDWLRQ��ZSF� �ZHHNV�SRVW�FKDOOHQJH� 0RGLILHG�IURP�3DSHU�,,�

6SHFLHV
6WUDLQ
2ULJLQ
$YHUDJH�ZHLJKW
3K\VLRORJLFDO�VWDWXV
1XPEHU�RI�ILVK
6DOLQLW\
6WRFNLQJ�GHQVLW\
7HPSHUDWXUH
)ORZ
:DWHU�GLVFKDUJH
&OHDQLQJ
3KRWRSHULRG�UHJLPH
)HHGLQJ
9DFFLQDWLRQ
359�FKDOOHQJH
6DPSOLQJ
)LVK�VDPSOHG�SHU�WLPH�SRLQW � ��

0D[����NJ�P�

���&�����&
$GMXVWHG�WR�����R[\JHQ�VDWXUDWLRQ

7XEH�RYHUIORZ�V\VWHP
2QFH�D�GD\

)LVK�DQG�PDQDJHPHQW 9DFFLQDWLRQ�WULDO��,

��������DQG����ZSF ��DQG���ZSF

������JUDPV
3UHVPROWV

�����������VKHGGHUV �����������VKHGGHUV
)UHVK�ZDWHU�GXULQJ�LPPXQL]DWLRQ�6DOW�ZDWHU�GXULQJ�FKDOOHQJH

9DFFLQDWLRQ�WULDO��,,

/�'� �������IROORZHG�E\�����
$XWRPDWLF�IHHGHU

'D\��
��ZSY

$WODQWLF�VDOPRQ��6DOPR�VDODU�
6DOPR%UHHG�6WDQGDUG 6WRIQILVNXU

9(62�9LNDQ�+DWFKHU\
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$Q�HDUOLHU�VWXG\�KDV�VKRZHG�WKDW�359�LQIHFWHG�ILVK�SURGXFH�DQWLERGLHV�DJDLQVW�ERWK��16�DQG�

��&�DSSUR[LPDWHO\�WZR�ZHHNV�SRVW�SHDN�YLUDO�51$�ORDG��MXVW�DERXW�WKH�RQVHW�RI�+60,�OHVLRQV�

>���@��7KH�IRUPDWLRQ�RI�VSHFLILF�DQWLERGLHV�DJDLQVW�WKH�QRQ�VWUXFWXUDO��16�SURWHLQ�VKRZV�WKH�

DELOLW\�RI�WKLV�SURWHLQ�WR�LQGXFH�D�WDUJHWHG�KXPRUDO�UHVSRQVH���16�LV�D�F\WRSODVPLF�SURWHLQ DQG�

QRW�D�SDUW�RI� WKH�H[WUDFHOOXODU�YLUXV�SDUWLFOH��DQG WKXV�PRUH�OLNHO\�WR�WULJJHU�D FHOOXODU� WKDQ�

KXPRUDO�LPPXQH�UHVSRQVH�>���@� 7KH�359��16�SURWHLQ�IRUPV�GHQVH� JOREXODU��F\WRSODVPLF�

LQFOXVLRQV DQG�UHFUXLWV�RWKHU�359�SURWHLQV�IRU�YLUXV�UHSOLFDWLRQ�DQG�DVVHPEO\��3DSHU�,�DQG�,,���

7KHVH F\WRSODVPLF� LQFOXVLRQV�PD\� WULJJHU� D�PRUH� HIIHFWLYH� ORFDO� LQQDWH� LPPXQH� UHVSRQVH�

OHDGLQJ�WR�UHFUXLWPHQW�RI LPPXQH FHOOV�WR�WKH�YDFFLQDWLRQ�VLWH��ZLWK�DQWLJHQ�SUHVHQWDWLRQ�DQG�

LQLWLDWLRQ�RI�ORQJ�WHUP�SURWHFWLRQ�

$OO�'1$�YDFFLQHV�WHVWHG�LQ�WKHVH�WZR�FKDOOHQJH�H[SHULPHQWV�FRQWDLQHG�WKH�JHQH�IRU�WKH�QRQ�

VWUXFWXUDO��16�SURWHLQ��6WLOO��RQO\�RQH�RI�WKH�DQWLJHQ�FRPELQDWLRQV LQGXFHG�SURWHFWLRQ�DJDLQVW�

+60,��LQGLFDWLQJ�WKDW�WKH�LQFOXVLRQ�ERGLHV�IRUPHG�E\��16�DORQH�GR�QRW�LQGXFH�D VXIILFLHQW�

LPPXQH� UHVSRQVH WR� LQGXFH� SURWHFWLRQ�� &R�H[SUHVVLRQ� RI� WKH� QRQ�VWUXFWXUDO� SURWHLQ� ı16��

ZKLFK�GXULQJ�059�LQIHFWLRQ�IDFLOLWDWHV� WKH�DVVHPEO\ RI�YLUXV�SDUWLFOHV >��������@��GLG�QRW�

LPSURYH�SURWHFWLRQ��+RZHYHU��ZKHQ�FRPELQLQJ�H[SUHVVLRQ�RI�WKHVH�WR�QRQ�VWUXFWXUDO�SURWHLQV�

ZLWK�H[SUHVVLRQ�RI�WKH�VWUXFWXUDO�YLUXV�UHFHSWRU�ELQGLQJ SURWHLQ�ı���SURWHFWLRQ�DJDLQVW�+60,�

ZDV� DFKLHYHG�� 7KH� PHFKDQLVP� EHKLQG� WKLV� SURWHFWLYH� LPPXQH� UHVSRQVH� KDV� QRW� EHHQ�

HOXFLGDWHG��$�SRWHQWLDO�H[SODQDWLRQ�FRXOG�EH�WKDW�WKH�QRQ�VWUXFWXUDO�SURWHLQV�DUH�UHTXLUHG�WR�

LQGXFH�WKH�RSWLPDO�LQQDWH�LPPXQH�UHVSRQVHV�DQG�F\WRNLQH�FKHPRNLQH�HQYLURQPHQW�WR�UHFUXLW�

DQG�DFWLYDWH�KHOSHU�7�FHOOV�DQG�%�FHOOV�WR�PRXQW�DQ�HIIHFWLYH�DQWLERG\�UHVSRQVH�DJDLQVW�ı���

+RZHYHU��D�GLUHFWHG�FHOOXODU�UHVSRQVH�DJDLQVW��16�RU�ı16�H[SUHVVLQJ�FHOOV�PD\�EH�UHTXLUHG�

DV�ZHOO� ,PPXQLW\�LQGXFHG�E\�UHFHSWRU�ELQGLQJ�YLUXV�SURWHLQV�DUH�FODVVLFDOO\�DQWLERG\�EDVHG�

DQG�QHXWUDOL]LQJ�>��������@�
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�� 0HWKRGRORJLFDO�FRQVLGHUDWLRQV

'XULQJ�WKH�FRXUVH�RI� WKLV�3K'�,�KDYH�IDPLOLDUL]HG�P\VHOI�ZLWK�VHYHUDO�GLIIHUHQW� ODERUDWRU\�

PHWKRGV� VXFK� DV PROHFXODU� FORQLQJ�� FHOO� FXOWXUH�� WUDQVIHFWLRQ�� IOXRUHVFHQW� PLFURVFRS\��

WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\��SURGXFWLRQ�RI�DQWLERGLHV��ZHVWHUQ�EORW��IORZ F\WRPHWU\�DQG�

57�T3&5��7R�JHQHUDWH�VDPSOHV�IRU�WKHVH�VWXGLHV��,�KDYH�EHHQ�DFTXDLQWHG�ZLWK�WKH�XVH�RI�ILVK�

DV� D� UHVHDUFK� DQLPDO� DQG� SODQQLQJ� RI� H[SHULPHQWDO� FKDOOHQJHV�� ,Q� DGGLWLRQ�� ,� KDYH� EHHQ�

LQWURGXFHG�WR�WKH�ILHOG�RI�PDVV�VSHFWURPHWU\��DOWKRXJK�WKLV�ZRUN�ZDV�FRQGXFWHG�DW�D�GLIIHUHQW�

ODERUDWRU\��7KH�HQFORVHG�SDSHUV�FRQWDLQV GHWDLOHG�LQIRUPDWLRQ�RQ�WKH�XVH�RI�WKHVH�PHWKRGV��

7KH�IROORZLQJ�VHFWLRQV�LQFOXGH�FRQVLGHUDWLRQV�UHJDUGLQJ�WKH�PDWHULDO�DQG�PHWKRGV�IRU�ZKLFK�

,�KDYH�EHHQ�PRVWO\�LQYROYHG�LQ�GXULQJ�WKH�VWXG\�

���� Plasmid construction

3ODVPLG�'1$�LV�WKH�PRVW�FRPPRQ�YHFWRU�IRU�WUDQVIHFWLQJ�DQG�H[SUHVVLQJ�QRYHO�JHQHV�LQ�FHOO�

OLQHV��7KHUH�DUH�VHYHUDO�GLIIHUHQW�WRROV�DYDLODEOH�IRU�FRQVWUXFWLRQ�RI�SODVPLGV FRQWDLQLQJ�WKH�

JHQHV�RI�LQWHUHVW��DQG�WRGD\�JHQH�FRQWDLQLQJ SODVPLGV�FDQ�HYHQ�EH�V\QWKHVL]HG�IURP�VFUDWFK��

,Q� 3DSHU� ,�� ZH� GHVFULEH� WKH� SURFHVV� RI� FRQVWUXFWLQJ� SODVPLGV� FRQWDLQLQJ� WKH� 359� 25)V�

HQFRGLQJ�WKH ȝ16��ı16��ȝ��DQG�Ȝ� SURWHLQV�

7RSRORJ\��VL]H�DQG�SURPRWRU�RI�WKH�YHFWRU�FRQVWUXFW�DUH�DOO�IDFWRUV�WKDW�LQIOXHQFH�WKH�HIILFLHQF\�

RI� WUDQVIHFWLRQ DQG�H[SUHVVLRQ� LQ�FHOOV��DQG� LPSRUWDQW� WR�FRQVLGHU�EHIRUH�SODQQLQJ�SODVPLG�

FRQVWUXFWLRQ��'LIIHUHQW�SURPRWRUV�FDQ�IRU�H[DPSOH�EH�LQDFWLYH�RU�VXSSUHVVHG�LQ�SDUWLFXODU FHOO�

W\SHV�� WHPSHUDWXUHV�RU�FRQGLWLRQV��:H�FKRVH� WR�XVH�D�SF'1$����EDFNERQH� LQ�RXU�SODVPLG�

FRQVWUXFWV� VLQFH� LW� FRQWDLQ� WKH� FRQYHQWLRQDO� &09� SURPRWRU� WKDW� KDV� HDUOLHU� EHHQ� SURYHQ�

HIILFLHQW�LQ�WUDQVIHFWLRQ�RI�GLIIHUHQW�ILVK�FHOO�OLQHV�LQFOXGLQJ�WKRVH�ZH�LQWHQGHG�WR�XVH��&+6(�

DQG�(3&���7KH�&09�SURPRWRU�LV�DOVR IDYRUDEOH�IRU�KLJK�WUDQVFULSWLRQDO�DFWLYLW\�OHDGLQJ�WR�

KLJK�SURWHLQ�SURGXFWLRQ�

7KH�359�25)V�RI�ȝ16��ı16��ȝ��DQG�Ȝ� ZHUH�DPSOLILHG�IURP�F'1$�RULJLQDWLQJ�IURP�359�

LQIHFWHG�ILVK��&RUUHFW�SULPHU�GHVLJQ�IRU�WKLV�DPSOLILFDWLRQ�VWHS�LV�D�NH\�IDFWRU�IRU�VXFFHVVIXO�

FORQLQJ��:H�PDGH�VXUH�WKH�SULPHUV�ZHUH�VSHFLILF�IRU�WKH�359�JHQHV DQG�FRQWDLQHG�D�YHFWRU�
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FRPSOHPHQWDU\�VHTXHQFH�IRU�WKH�XSFRPLQJ�FORQLQJ�SURFHGXUH� WKDW�QR�VHFRQGDU\�VWUXFWXUHV�

RU�SULPHU�GLPHUV�ZHUH�OLNHO\�WR�RFFXU� DQG�WKDW�WKH�PHOWLQJ�WHPSHUDWXUH��7P��RI�ERWK�SULPHUV�

ZDV�VLPLODU��)XUWKHU��ZH�FKRVH�D�SURRIUHDGLQJ�SRO\PHUDVH��WKH�3IX8OWUD�,,�)XVLRQ�+6�'1$�

SRO\PHUDVH IRU�WKLV�DPSOLILFDWLRQ�WR�HQVXUH�WKDW�WKH�ULVN�IRU�PXWDWLRQV�ZHUH�NHSW�DW�D�PLQLPXP�

:H�DOVR�FRQVLGHUHG�WKH�OHQJWK�RI�WKH�SURGXFW�ZKHQ�FKRRVLQJ�WKLV�HQ]\PH��DV�WKH�SRVVLELOLW\�

RI�UDQGRP�PXWDWLRQV�GXULQJ�DPSOLILFDWLRQ�LQFUHDVHV�ZLWK�OHQJWK��$IWHU�FORQLQJ�WKH�JHQH�RI�

LQWHUHVW� LQWR� RXU� VHOHFWHG� YHFWRU�� ZH� WUDQVIRUPHG� EDFWHULD� XVLQJ� D� WUDGLWLRQDO� KHDW� VKRFN�

SURFHGXUH�� (OHFWURSRUDWLRQ� LV� DQ� DOWHUQDWLYH� WUDQVIRUPDWLRQ� PHWKRG� NQRZQ� WR� EH� PRUH�

HIILFLHQW��KRZHYHU�HOHFWURSRUDWLRQ�UHTXLUHV�D�GHGLFDWHG�HOHFWURSRUDWRU�DQG�VSHFLDO�FXYHWWHV�

)LQDOO\�� SODVPLG� LVRODWLRQ�ZDV� SHUIRUPHG� XVLQJ� D� FRPPHUFLDO� FROXPQ� NLW� IRU�PD[L� SUHSV�

3XULW\�DQG�TXDOLW\�RI�WKH�SODVPLG�LV�FULWLFDO IRU�D�VXFFHVVIXO�WUDQVIHFWLRQ�DV�FRQWDPLQDQWV�ZLOO�

HDVLO\� NLOO� WKH� FHOOV� LQ� VXEVHTXHQW� WUDQVIHFWLRQ� VWXGLHV� DQG� VDOW� ZLOO� LQWHUIHUH� ZLWK� OLSLG�

FRPSOH[LQJ�� GHFUHDVLQJ� WUDQVIHFWLRQ� HIILFLHQF\�� 2XU� ILQDOL]HG� SODVPLG FRQVWUXFWV� ZHUH�

YHULILHG�E\�6DQJHU�VHTXHQFLQJ�

���� Transfection experiments and epitope tagging

)ODJ��P\F�DQG�+$ WDJV DUH�SRO\SHSWLGHV�ZKLFK�FDQ�EH�IXVHG�WR�UHFRPELQDQW�SURWHLQV�WR�HQDEOH�

WKHLU� WDUJHWLQJ� E\� DQWLERGLHV�� 6XFK� WDJV�ZHUH XVHG� WR� ODEHO �16�� ı16� ��� DQG� Ȝ�� IRU� WKH�

VXEFHOOXODU�ORFDWLRQ�VWXG\�GHVFULEHG�LQ�3DSHU�,��:KHQ�LQLWLDWLQJ�WKLV�SURMHFW��ZH�ODFNHG�VSHFLILF�

DQWLERGLHV�DJDLQVW�VHYHUDO�RI�WKH�359�SURWHLQV�ZH�ZLVKHG�WR�VWXG\��ZKLFK�OHG�WR�WKH�XVH�RI�

HSLWRSH�WDJV��(SLWRSH�WDJV KHOSV�LQ�LGHQWLILFDWLRQ�RI�SURWHLQV LQ�WKH�FHOO�DIWHU WUDQVIHFWLRQ��DV

FRPPHUFLDO�DQWLERGLHV�GLUHFWHG�DJDLQVW�WKHVH�WDJV�FDQ�EH�XVHG�IRU�LPPXQRORJLFDO�GHWHFWLRQ��

3RO\SHSWLGH�WDJV�DUH�XVXDOO\�K\GURSKLOLF� ZKLFK ORFDOL]HV�WKHP�WR�WKH�SURWHLQ�VXUIDFH�ZKHUH�

WKH\� DUH HDVLO\� DYDLODEOH� IRU DQWLERG\� ELQGLQJ� +RZHYHU�� K\GURSKLOLF� WDJV� FDQ� LQIOXHQFH

SURWHLQ�IXQFWLRQ��IRU�H[DPSOH�E\�LQWHUIHULQJ�ZLWK�D�SURWHLQ�ELQGLQJ�VLWH��SURWHLQ�IROGLQJ RU WKH�

ORFDOL]DWLRQ�RI�WKH�SURWHLQV�LQ�WKH�FHOO�

,Q�RXU�VWXG\��WKH�IRUPDWLRQ�RI�JOREXODU�VWUXFWXUHV�E\�WKH�H[SUHVVHG�ȝ16�SURWHLQ�GLG�QRW�DSSHDU�

WR�EH�LQIOXHQFHG�E\�FHOO�W\SH��QRU�&± RU�1�WHUPLQDO�SRVLWLRQ�RI�WKH�HSLWRSH�WDJ��:H�SHUIRUPHG�

VHYHUDO�FRQWURO�WUDQVIHFWLRQV�WR�FKHFN�IRU�FHOO�YLDELOLW\��GHWHUPLQH�ZKHWKHU�WKH�UHSRUWHU�DVVD\�

ZDV�ZRUNLQJ�SURSHUO\��DQG�WR�HVWLPDWH�DQ\�LQVHUW�UHODWHG�SUREOHPV��&HOO�JURZWK�FRQGLWLRQV�
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ZHUH�FRQWUROOHG�E\�LQFOXGLQJ�QHJDWLYH�FRQWUROV�ZLWK�QR�'1$�DQG�QR�WUDQVIHFWLRQ�UHDJHQW��DQG�

ZH�XVHG�SDUDOOHO�WUDQVIHFWLRQV�ZLWK�ZHOO�GHVFULEHG�WUDQVIHFWLRQ�PHWKRGV�DV�SRVLWLYH�FRQWUROV�

WR�HVWDEOLVK�WKDW�WKH�UHSRUWHU�DVVD\�ZDV�ZRUNLQJ�SURSHUO\��

:H�FDQQRW�UXOH�RXW�WKDW�WKH�LQFOXVLRQ�IRUPDWLRQ�LQGXFHG�E\��16�ZDV�GXH�WR�RYHUH[SUHVVLRQ�

RI�PLVIROGHG�SURWHLQ��NQRZQ�DV�DJJUHVRPHV��7KH�&09�SURPRWHU�RI� WKH�SF'1$����YHFWRU�

XVHG�LV�VWURQJ�DQG SURGXFH�KLJK�OHYHOV�RI�P51$�DQG�SURWHLQ� +RZHYHU��DJJUHVRPH�IRUPDWLRQ�

XVXDOO\�GHSHQGV�RQ�WKH�PLFURWXEXOH�V\VWHP�WR�DFFXPXODWH�SHULQXFOHDUO\�>���@��&R�VWDLQLQJ�RI�

ȝ16�ZLWK�ERWK�3KDOORLGLQ�DQG�DQWL�WXEXOLQ�Į��GHVLJQHG�WR�VWDLQ�PLFURWXEXOH�FRPSRQHQWV��GLG�

QRW�FR�ORFDOL]H��LQGLFDWLQJ�WKDW�WKH IRUPDWLRQ�RI�JOREXODU�LQFOXVLRQ�VWUXFWXUHV�LV�DQ�LQWULQVLF�

SURSHUW\�RI�WKH�ȝ16�SURWHLQ��7KLV�ZDV�DOVR�FRQILUPHG�in vivo LQ�SDSHU�,,�

���� Production of polyclonal antibodies

7KH� XVH� RI� HSLWRSH� WDJV� LV� D� JUHDW� RSWLRQ� IRU� in vitro VWXGLHV� RI� FRPSDUWPHQWDOL]DWLRQ� RI�

SURWHLQV��+RZHYHU��WR�FRQILUP�RXU�LQLWLDO�UHVXOWV�DQG�WR�IXUWKHU�HOXFLGDWH�WKH�NLQHWLFV�GXULQJ�

359�LQIHFWLRQ��ZH�QHHGHG�VSHFLILF�DQWLERGLHV�WDUJHWLQJ�WKH�GLIIHUHQW�359�SURWHLQV�IRU�in vivo

GHWHFWLRQ��3DSHU�,,���:H�FKRVH�WR�PDQXIDFWXUH�SRO\FORQDO�DQWLERGLHV��3$EV���DV�RSSRVHG�WR�

PRQRFORQDO� DQWLERGLHV �0$EV��� DJDLQVW� WKH� QRQ�VWUXFWXUDO� SURWHLQ� �16� DQG� WKH� VWUXFWXUDO�

SURWHLQ�Ȝ���GXULQJ�WKH�FRXUVH�RI�WKLV�VWXG\��

7KH WHFKQLFDO�VNLOOV�QHHGHG� WR SURGXFH�3$EV� LV� OHVV GHPDQGLQJ WKDQ� IRU� WKH�SURGXFWLRQ�RI�

0$EV�� DQG� WKH\� DUH� LQH[SHQVLYH� WR� SURGXFH LQ� FRPSDULVRQ� 3$EV� DUH� KHWHURJHQHRXV DQG�

SURGXFHG�IURP�D�ODUJH�QXPEHU�RI�GLIIHUHQW�%�FHOO�FORQHV LQ�WKH�LPPXQL]HG�KRVW��ZKLFK�DOORZV�

WKHP�WR�ELQG D�ZLGH�UDQJH�RI�DQWLJHQ�HSLWRSHV RQ�WKH�WDUJHW�SURWHLQ� 7KH\�DUH�RIWHQ�PRUH�XVHIXO�

WKDQ�0$EV�LQ�WHFKQLTXHV�VXFK�DV�ZHVWHUQ�EORW�WKDW�LQFOXGH�D�GHQDWXUDWLRQ�VWHS�RI�WKH�WDUJHW�

SURWHLQ��DV�PDQ\�0$EV ELQG� WR�FRQIRUPDWLRQDO�GHSHQGHQW� HSLWRSHV�� ,Q� D� VWDQGDUG�ZHVWHUQ�

EORW�� WKH� VDPSOH� DQG� HOHFWURSKRUHVLV� EXIIHU FRQWDLQ� WKH� GHQDWXULQJ� DJHQW� VRGLXP� GRGHF\O�

VXOIDWH��6'6��DQG�UHGXFLQJ�DJHQWV OLNH�GLWKLRWKULWRO��'77��WKDW�EUHDN�GLVXOSKDWH�ERQGV�ZLWKLQ�

WKH� SURWHLQV�� 7KLV� GLVUXSWV� WKH� VHFRQGDU\� DQG� WHUWLDU\� SURWHLQ VWUXFWXUH LQ� RUGHU� WR� DOORZ�

VHSDUDWLRQ� RI� SURWHLQV� E\� WKHLU� PROHFXODU� PDVV LQ� WKH� HOHFWURSKRUHVLV�� +RZHYHU�� 0$EV�

JHQHUDOO\�KDYH�D�KLJKHU�VSHFLILFLW\�DQG�ORZHU EDFNJURXQG�QRLVH��DQG�WKH�XVH�RI�3$EV�RIWHQ�
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EULQJ�DORQJ�ODERULRXV�RSWLPL]DWLRQ�VWHSV��7KH�VRXUFH�RI�3$E�LV�OLPLWHG�WR�WKH�VHUXP�IURP�WKH

LPPXQL]HG�DQLPDO��ZKLOH�WKH�0$E�WKHRUHWLFDOO\�FDQ�EH�SURGXFHG�LQ�LQH[KDXVWLEOH�TXDQWLWLHV

IURP�VWRUHG�K\EULGRPDV�

7KH� SURGXFHG� UDEELW� DQWLVHUD� ZHUH� EDVHG� RQ� LPPXQL]DWLRQ� ZLWK� UHFRPELQDQW� SURWHLQV�

H[SUHVVHG�LQ�VI��LQVHFW�FHOOV���16��RU�E.coli �Ȝ����%RWK�DQWLVHUD�ZHUH�WHVWHG�LQ�VHYHUDO�GLIIHUHQW�

DSSOLFDWLRQV�� L�H�� ZHVWHUQ� EORW�� IORZ� F\WRPHWU\�� IOXRUHVFHQW� PLFURVFRS\� DQG�

LPPXQRKLVWRFKHPLVWU\���16��GDWD�QRW�SXEOLVKHG���XVLQJ�UHFRPELQDQW�SURWHLQ�LQ�WUDQVIHFWHG�

FHOOV�DQG�QDWXUDOO\�LQIHFWHG�FHOOV��2QH�VKRXOG�EH�DZDUH�WKDW QHLWKHU�H[SUHVVLRQ�LQ�VI��LQVHFW�

FHOOV�QRU�E.coli FDQ�IXOO\�PLPLF�WKH�SRVW�WUDQVODWLRQDO�PRGLILFDWLRQV�WKHVH�SURWHLQV�XQGHUJR�

DIWHU� H[SUHVVLRQ� LQ� 359� LQIHFWHG� VDOPRQLG� FHOOV�� 7KH� RSWLPDO� WHPSHUDWXUH� IRU� 359�

SURSDJDWLRQ�LV�FRQVLGHUDEO\�ORZHU��§����&��WKDQ�ZKDW�LV�XWLOL]HG�IRU�VI��LQVHFWV�FHOOV��§����&��

RU�E.coli �§����&�� 7KH�XVH�RI� UHFRPELQDQW�SURWHLQ�PLJKW� OHDG� WR�SRWHQWLDO� ORVV�RI�SURWHLQ�

PRGLILFDWLRQV� DQG� FRQIRUPDWLRQ�GHSHQGHQW� HSLWRSHV�� ZKLFK� VKRXOG� EH� WDNHQ� LQWR�

FRQVLGHUDWLRQ�ZKHQ�WKH�DQWLERGLHV�DUH�DSSOLHG�LQ�GLIIHUHQW�PHWKRGV�

���� Immunoprecipitation 

,PPXQRSUHFLSLWDWLRQ� LV� WKH� WHFKQLTXH� RI� SUHFLSLWDWLQJ� D� SURWHLQ� RXW� RI� VROXWLRQ� XVLQJ� DQ�

DQWLERG\� WKDW� VSHFLILFDOO\� WDUJHWV� WKDW� SDUWLFXODU� SURWHLQ�� ,Q� ERWK� 3DSHU� ,� DQG� 3DSHU� ,,� FR�

LPPXQRSUHFLSLWDWLRQ�WDUJHWLQJ�359�SURWHLQV�E\� WKH�XVH�RI�DQWLERGLHV�DJDLQVW��16�IURP� in 

vitro WUDQVIHFWHG�(3&�FHOOV�RU�in vivo LQIHFWHG�EORRG�FHOOV��UHVSHFWLYHO\��ZDV�SHUIRUPHG��7KH�

PHWKRG�LV�DSSOLFDEOH ZKHQ�WKH�SURWHLQV�LQYROYHG�LQ�WKH�FRPSOH[�ELQG�WR�HDFK�RWKHU�WLJKWO\��

PDNLQJ�LW�SRVVLEOH�WR�SXOO�PXOWLSOH�PHPEHUV�RI�WKH�FRPSOH[�RXW�RI�VROXWLRQ�E\ WDUJHWLQJ�RQH�

PHPEHU�ZLWK� DQ� DQWLERG\�� 7R� IXUWKHU� LQYHVWLJDWH� WKH� SURWHLQ�SURWHLQ� LQWHUDFWLRQ��ZH� XVHG�

ZHVWHUQ�EORW�WR�GHWHFW�WKH�FR�SUHFLSLWDWHG�SURWHLQV��

7KHUH�DUH�VHYHUDO�FRQVLGHUDWLRQV�WKDW�VKRXOG�EH�UHJDUGHG�ZKHQ�XVLQJ�WKHVH�PHWKRGV��LQFOXGLQJ�

WKH� QDWXUH� RI� WKH� DQWLJHQV� DQG� VSHFLILFLW\� DQG� VHQVLWLYLW\� RI� WKH� DYDLODEOH� DQWLERGLHV�� 7KH�

SURWHLQ�SURWHLQ�LQWHUDFWLRQV�PLJKW�EH�GLUHFW�RU�LQGLUHFW�LQYROYLQJ�D�WKLUG�SURWHLQ�IXQFWLRQLQJ�

DV� D�EULGJH�EHWZHHQ� WKH� WDUJHWHG� DQWLJHQ� DQG� WKH� FR�SUHFLSLWDWHG� DQWLJHQ� �)LJXUH������7KH
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ELQGLQJ�DIILQLWLHV�EHWZHHQ WZR�SURWHLQV PLJKW�DOVR�EH EHORZ�WKH�WKUHVKROG�GHWHFWDEOH�E\�WKH�

FRQGLWLRQV�XVHG�LQ�WKH�LPPXQRSUHFLSLWDWLRQ� DQG�ZHVWHUQ�EORW�DVVD\V�

)LJXUH���� &R�LPPXQRSUHFLSLWDWLRQ�
0RGHO�LOOXVWUDWLQJ�WKH�FRPSOH[�IRUPDWLRQ LQ�FR�LPPXQRSUHFLSLWDWLRQ�

���� Protein detection

,PPXQRIOXRUHVFHQW� PLFURVFRS\�� ZHVWHUQ� EORW� DQG� IORZ� F\WRPHWU\� DUH� FRPPRQO\� XVHG�

PHWKRGV�IRU�GHWHFWLRQ�RI�WDUJHWHG�SURWHLQV�DQG�GHSHQG�RQ�VSHFLILF��VHOHFWLYH�DQG�UHSURGXFLEOH�

DQWLERGLHV��7DUJHWLQJ� SURWHLQ LQ� VWXGLHV� RI� YLUXVHV� LV RIWHQ�PRUH� WLPH�GHPDQGLQJ� WKDQ� IRU�

H[DPSOH�GHWHFWLRQ�RI�WKH�YLUXV�JHQRPH�XVLQJ�57�T3&5��LQ�DGGLWLRQ��SURWHLQ�DQDO\VHV�OLNH�IORZ�

F\WRPHWU\�UHTXLUHV�IUHVK�VLQJOH�FHOO�VDPSOHV�IRU�DQDO\VLV�

������ )OXRUHVFHQW�PLFURVFRS\

,Q�3DSHU�,��FHOOV�ZHUH�IL[HG��VWDLQHG�DQG�SUHSDUHG�IRU�IOXRUHVFHQW�PLFURVFRS\��,PDJHV�ZHUH�

FDSWXUHG�RQ�DQ� LQYHUWHG� IOXRUHVFHQFH�PLFURVFRSH��2O\PSXV� ,;����DQG�RQ�D�FRQIRFDO� ODVHU�

VFDQQLQJ� PLFURVFRSH� �=HLVV� /60� ����� )OXRUHVFHQW� PLFURVFRS\� LV� D� EURDGO\� DSSOLFDEOH�

PHWKRG�JHQHUDOO\�XVHG�WR�DVVHVV�ERWK�WKH�ORFDOL]DWLRQ�DQG�HQGRJHQRXV�H[SUHVVLRQ�OHYHOV�RI�

VSHFLILFDOO\� WDUJHWHG� SURWHLQV�� 7KHUH� DUH� VHYHUDO� FRQVLGHUDWLRQV WR� HYDOXDWH� ZKHQ� XVLQJ�

IOXRUHVFHQW�PLFURVFRS\��LQFOXGLQJ�WKH�QDWXUH�RI�WKH�DQWLJHQ��VSHFLILFLW\ DQG�VHQVLWLYLW\�RI�WKH�
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SULPDU\�DQWLERG\��SURSHUWLHV�RI�WKH�IOXRUHVFHQW�ODEHO��SHUPHDELOL]DWLRQ�DQG�IL[DWLRQ�WHFKQLTXH�

RI�WKH�VDPSOH��DQG�IOXRUHVFHQW LPDJLQJ�RI�WKH�FHOOV�

,PDJLQJ� FDQ� EH� SHUIRUPHG� ZLWK� IOXRURSKRUH�FRQMXJDWHG� SULPDU\� DQWLERGLHV� RU� ZLWK� QRQ�

FRQMXJDWHG�SULPDU\�DQWLERGLHV�WDUJHWHG�E\�IOXRURSKRUH�FRQMXJDWHG�VHFRQGDU\�DQWLERGLHV� :H

XVHG�D�VHFRQGDU\�DQWLERG\�IRU�GHWHFWLRQ�LQ�3DSHU�, DQG�,,��ZKLFK�PD\�LQFUHDVH�EDFNJURXQG�

QRLVH�LQ�WKH�LPDJHV�LI�WKH�VHFRQGDU\�DQWLERGLHV�ELQG�XQVSHFLILF�SURWHLQV�LQ�WKH�FHOO�EHVLGHV�WKH�

WDUJHWHG�SULPDU\�DQWLERGLHV��+RZHYHU��E\�DGGLQJ�FRQWUROV�ZKHUH�PRFN�WUDQVIHFWHG�FHOOV�ZHUH�

VWDLQHG�DIWHU�LQFXEDWLRQ�ZLWK�HLWKHU�WKH�SULPDU\�DQG�RU�WKH�VHFRQGDU\�DQWLERGLHV��ZH�ZHUH�DEOH�

WR�RSWLPL]H�WKH�SURWRFRO�DQG�OLPLW�EDFNJURXQG�QRLVH��

$QRWKHU�LPSRUWDQW�IDFWRU�WR�FRQVLGHU�ZKHQ�ZRUNLQJ�ZLWK�FR�WUDQVIHFWLRQ�DQG�FR�VWDLQLQJ��LV�

WR�FKRRVH� IOXRURSKRUHV� WKDW�GR�QRW�RYHUODS� LQ� WKH�HPLVVLRQ�VSHFWHU��$Q�RYHUODS�ZLOO�PDNH�

VHSDUDWLRQ� EHWZHHQ� WKH� FRORUV� HPLWWHG� E\� WKH� WZR� IOXRURSKRUHV� GLIILFXOW� DQG� GLVWXUE� WKH�

LQWHUSUHWDWLRQ�RI�WKH�UHVXOW��7KH�VHFRQGDU\�DQWLERGLHV�LQ�3DSHU�,�ZDV�FDUHIXOO\�FKRVHQ�LQ�UHJDUG�

WR�OLPLW�LQWHUDFWLRQ�EHWZHHQ�WKH�IOXRUHVFHQW�ODEHOV�

������ )ORZ�F\WRPHWU\

)ORZ� F\WRPHWU\� LV� XVHG IRU� DQDO\]LQJ� WKH� H[SUHVVLRQ� RI� FHOO� VXUIDFH� DQG� LQWUDFHOOXODU�

PROHFXOHV��FKDUDFWHUL]LQJ�DQG�GHILQLQJ�GLIIHUHQW�FHOO�W\SHV�LQ�D�KHWHURJHQHRXV�FHOO�SRSXODWLRQ��

DVVHVVLQJ� WKH� SXULW\� RI� LVRODWHG� VXESRSXODWLRQV� DQG� DQDO\]LQJ� FHOO� VL]H� DQG� YROXPH�� 7KH�

PHWKRG DOORZV�VLPXOWDQHRXV�PXOWL�SDUDPHWHU�DQDO\VLV�RI�VLQJOH�FHOOV��DQG�TXDQWLILFDWLRQ�RI�

WKH�FHOO�IUDFWLRQ�FRQWDLQLQJ�WKH�VSHFLILF�WDUJHW�SURWHLQV�

'XULQJ� WKLV� WKHVLV�ZRUN�� IORZ�F\WRPHWU\�ZDV�XVHG� IRU�GHWHFWLRQ�RI�YLUDO� SURWHLQV� LQ�EORRG�

VDPSOHG� IURP�$WODQWLF� VDOPRQ� LQ�3DSHU� ,,��7KH� QRQ�VWUXFWXUDO� SURWHLQ��16�� DQG� WKH� RXWHU�

FDSVLG� SURWHLQ� ı�� ZDV� WDUJHWHG� DQG� IORZ� F\WRPHWU\� PHDVXUHG� WKH� IOXRUHVFHQFH� LQWHQVLW\�

SURGXFHG� E\� WKH� IOXRUHVFHQW�ODEHOHG� VHFRQGDU\� DQWLERGLHV��7KH� EORRG�ZDV� SUHSDUHG� LQ� WKH�

VDPH�PDQQHU�DV�IRU�LQWUDFHOOXODU�VWDLQLQJ DQG�IOXRUHVFHQW�PLFURVFRS\�

7KH FHOO�VXVSHQVLRQ�LV�UXQ�WKURXJK�WKH�F\WRPHWHU�DQG�D WLQ\�VWUHDP�RI�IOXLG�WDNHV�WKH�FHOOV�SDVW�

D ODVHU�OLJKW�RQH�FHOO�DW�D�WLPH��/LJKW�VFDWWHUHG�IURP�WKH�FHOOV�LV�GHWHFWHG�DV�WKH\�JR�WKURXJK�

WKH�ODVHU�EHDP��$�GHWHFWRU�LQ�IURQW�RI�WKH�OLJKW�EHDP�PHDVXUHV�IRUZDUG�VFDWWHU��)6��FRUUHODWLQJ�
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ZLWK� FHOO� VL]H�� VHYHUDO� GHWHFWRUV� WR� WKH� VLGH�PHDVXUH� VLGH� VFDWWHU� �66�� SURSRUWLRQDO� WR� WKH�

JUDQXODULW\�RI�WKH�FHOOV��ZKLOH�IOXRUHVFHQFH�GHWHFWRUV�PHDVXUH�WKH�IOXRUHVFHQFH�HPLWWHG�IURP�

SRVLWLYHO\� VWDLQHG� FHOOV�� ,Q� WKLV� PDQQHU�� FHOO� SRSXODWLRQV� FDQ� EH� GLVWLQJXLVKHG� EDVHG� RQ�

GLIIHUHQFHV�LQ�WKHLU�VL]H�DQG�JUDQXODULW\� ,Q�RXU�VWXG\��ZH�FKRVH�WR�RQO\�GHWHFW�359�SRVLWLYH�

FHOOV�LQ�EORRG�DQG�QRW�GLVWLQJXLVK�EHWZHHQ�FHOO�W\SHV��+RZHYHU��FHOOV�ZHUH�JDWHG�DFFRUGLQJ�WR�

VL]H�DQG�JUDQXODULW\�WR�LQFOXGH�RQO\�LQWDFW�FHOOV� DQG�VDPSOHV IURP���ZSF�ZHUH�XVHG�DV�QHJDWLYH�

FRQWUROV�� 'XH� WR� VOLJKW� YDULDWLRQ� LQ� EDFNJURXQG� VWDLQLQJ�� WKH� IORZ� FKDUWV� ZHUH� JDWHG�

LQGLYLGXDOO\�WR�GLVFULPLQDWH�EHWZHHQ�QHJDWLYH�DQG�SRVLWLYH�SHDNV� $OO�VDPSOHV�ZHUH�SUHSDUHG�

LQ� GXSOLFDWHV� DQG� DOVR� VWDLQHG�ZLWK� FRUUHVSRQGLQJ� ]HUR� VHUXP�� DQWL��16�=HUR� DQG� DQWL�ı��

=HUR� WR�FKHFN�IRU�XQVSHFLILF�ELQGLQJ�DQG UHGXFH�EDFNJURXQG�VWDLQLQJ�

7KH�VHQVLWLYLW\�DQG�VSHFLILFLW\�RI� WKH�DQWLERG\�ZLOO�DIIHFW� WKH�RXWFRPH�RI�RXU�DQDO\VLV�DQG

VHYHUDO� GLOXWLRQV� RI� WKH� DQWLERGLHV� ZHUH� WHVWHG� LQ� WKH� VWDLQLQJ� SURFHGXUH� WR� PLQLPL]H�

EDFNJURXQG� VWDLQLQJ� $� ZHDNQHVV� LQ� WKLV� ZRUN� ZDV� WKDW� ZH� IL[HG�� VWDLQHG� DQG� DQDO\]HG�

VDPSOHV�IURP�WZR�RI�WKH�WLPH�SRLQWV�LPPHGLDWHO\��ZKLOH�WKH�UHVW�RI�WKH�VDPSOHV�ZHUH�IL[HG�

DQG� VWRUHG� IRU� �� ± � ZHHNV� EHIRUH� DQDO\VLV�� 7R� PLQLPL]H� WKH� SRWHQWLDO� ULVN� RI� SURWHLQ�

GHJUDGDWLRQ� DQG� RWKHU� VWRUDJH� UHODWHG� SUREOHPV��ZH� FKRVH� QRW� WR� XVH� IORZ� F\WRPHWU\� DV� D�

TXDQWLWDWLYH� PHDVXUH� RI� SURWHLQ� ORDG�� EXW� UDWKHU� DV� D� TXDOLWDWLYH� GHWHFWLRQ� V\VWHP� IRU� WKH�

SUHVHQFH�RI�WDUJHWHG�359�SURWHLQV�

������ :HVWHUQ�EORW

:HVWHUQ�EORW�LV�XVHG�DV�DQ�DQDO\WLFDO�WHFKQLTXH�WR�GHWHFW�VSHFLILF�SURWHLQV�LQ�D�VDPSOH�RI�WLVVXH�

KRPRJHQDWH�RU�H[WUDFW��DQG�SURYLGH� LQIRUPDWLRQ�RQ�SURWHLQ�PDVV� LQ�NLOR'DOWRQ��N'D�� 7KH�

PHWKRG� LV� FRPSOH[� DQG� WLPH� FRQVXPLQJ� DQG� WKHUH� DUH� VHYHUDO� IDFWRUV� WR� WDNH� LQWR�

FRQVLGHUDWLRQ��3UHSDUDWLRQ�RI� WKH� VDPSOH�� L�H�� WLVVXH� O\VLV� DQG�GHQDWXUDWLRQ�RI WKH�SURWHLQV��

GLOXWLRQV�LQ�UHJDUGV�WR�VDPSOH�ORDG�DQG�SURWHLQ�GHWHFWLRQ��DQG�DOVR�LI�\RX�SUHIHU�WR�UXQ�WKH�JHO�

XQGHU�UHGXFLQJ�RU�QRQ�UHGXFLQJ�FRQGLWLRQV��DUH�RQO\ WKH�ILUVW�VWHS�LQ�WKH�SURWRFRO�LQ�QHHG�RI�

VHYHUDO�FRQVLGHUDWLRQV�

7KH� PHWKRG� FDQ� EH� GLYLGHG� LQWR� VHYHUDO� VWHSV� ZHUH� SRVVLEOH� SUREOHPV� DZDLWV�� JHO�

HOHFWURSKRUHVLV�� EORWWLQJ�� VWDLQLQJ� DQG� GHWHFWLRQ� $IWHU� VDPSOH� SUHSDUDWLRQ� DQG� JHO�

HOHFWURSKRUHVLV�ZKHUH�\RX�KDYH�WR�FKRRVH�DQ�RSWLPDO�JHO FRQFHQWUDWLRQ��UXQQLQJ�EXIIHU�DQG�
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UXQQLQJ�FRQGLWLRQV�� WKH�EORWWLQJ�RI�SURWHLQ�WR�D�PHPEUDQH�FDQ�VWDUW��7KHUH�DUH�D�YDULHW\�RI�

PHWKRGV�WKDW�KDYH�EHHQ�XVHG�IRU�WKLV�SURFHVV��L�H� GLIIXVLRQ�WUDQVIHU��FDSLOODU\�WUDQVIHU��YDFXXP�

EORWWLQJ� WUDQVIHU� DQG� HOHFWURHOXWLRQ�� (OHFWURHOXWLRQ� RU� HOHFWURSKRUHWLF� WUDQVIHU� LV� WKH� PRVW�

FRPPRQ�PHWKRG� EHFDXVH� RI� LWV� VSHHG� DQG� WUDQVIHU� HIILFLHQF\�� $PRQJ� WKH� HOHFWURWUDQVIHU�

V\VWHPV�� \RX� FDQ� FKRRVH� EHWZHHQ� GU\� DQG VHPL�GU\� WUDQVIHU� PHWKRGV�� RU� ZHW� WUDQVIHU�

WHFKQLTXHV��:H�FKRVH�D�ZHW�WUDQVIHU�WHFKQLTXH�LQ�WKLV�WKHVLV�ZRUN��3DSHU�,��,,�DQG�,,,��DV�WKLV�

ZDV�WKH�HTXLSPHQW�DYDLODEOH�LQ�RXU�ODE��)XUWKHU��KDYLQJ�FKRVHQ�WKH�ZHW�WUDQVIHU�V\VWHP��\RX�

KDYH�WR�FRQVLGHU DQ�RSWLPDO�PHPEUDQH�W\SH��WUDQVIHU�EXIIHU�DQG�EORWWLQJ�FRQGLWLRQV��,Q�WKH�

VWDLQLQJ�SURFHGXUH��WKH�VHQVLWLYLW\�DQG�VSHFLILFLW\�RI�WKH�DQWLERGLHV�ZLOO�DIIHFW�WKH�RXWFRPH�

DQG�RSWLPL]DWLRQ�RI�DQWLERG\�GLOXWLRQV�FDQ�JLYH�WUHPHQGRXV�HIIHFW�RQ�WKH�ILQDO�UHVXOW��$IWHU�

ILQDOL]LQJ� WKH� VWDLQLQJ� SURFHGXUH�� WKHUH� DUH� DOVR� VHYHUDO� GLIIHUHQW� DYDLODEOH� PHWKRGV� IRU�

GHWHFWLRQ� :H�FKRVH�WR�XVH�FKHPLOXPLQHVFHQFH LQ�WKLV�ZRUN�DV�WKLV�PHWKRG�\LHOGV�WKH�JUHDWHVW�

VHQVLWLYLW\�

���� RT-qPCR

57�T3&5� LV� D ZLGHO\� XVHG WHFKQLTXH� WKDW� SURYLGHV� YDOLG� LQIRUPDWLRQ� UHJDUGLQJ JHQH�

H[SUHVVLRQ��+RZHYHU��VHYHUDO�IDFWRUV�FDQ�LQIOXHQFH�WKH�TXDOLW\�RI�GDWD��L�H��YDULDWLRQ�LQ�VDPSOH

KDQGOLQJ��VHOHFWLRQ�RI�PDWHULDO��51$�TXDOLW\ DQG�VWDELOLW\� DQG�DQDO\WLFDO�FRQGLWLRQV� 7KH�&W

YDOXH�FRUUHVSRQGLQJ�WR�YLUXV�GHWHFWLRQ�E\�WDUJHWLQJ�WKH�51$�JHQRPH�RU H[SUHVVHG�YLUDO�JHQH�

LV�RIWHQ�UHIHUUHG�WR�DV�D�PHDVXUHPHQW�RI�YLUDO�ORDG��+RZHYHU��WKH�TXDQWLW\�RI�LQIHFWLRXV�YLUXV�

SDUWLFOHV�DV�GHWHFWHG�E\�HQG�SRLQW�GLOXWLRQ�LQ�D�VXVFHSWLEOH�FHOO�OLQH�ZRXOG�EH�D�PRUH�DFFXUDWH�

PHDVXUH�RI�YLUDO�ORDG��

57�T3&5�XVHG�IRU�GHWHFWLRQ�RI�GV51$�YLUXVHV�OLNH�359 LQ�LQIHFWHG�FHOOV PHDVXUH�DOO�YLUDO�

51$��L�H�JHQRPLF�GV51$��F51$�DQG�P51$��,Q�D�FHOO�IUHH�VDPSOH�VXFK�DV�VHUXP�RU�SODVPD��

WKH� GRPLQDWLQJ� IRUP� RI� YLUDO� 51$� LV WKH� GV51$ JHQRPH LQ� YLUDO� SDUWLFOHV� $Q� LQLWLDO�

GHQDWXUDWLRQ�VWHS�SULRU�WR�V\QWKHVLV�RI�F'1$�DQDO\VLV�LV�FUXFLDO�IRU�DQDO\VLV�

2XU�UHVXOWV�IURP�3DSHU�,,�VKRZHG�WKDW�WKH�OHYHO�RI�YLUDO�51$�DQG�SURWHLQ�RQO\�FRUUHODWHG�XS�

XQWLO�WKH�DFXWH�SKDVH�RI�WKH�LQIHFWLRQ��3RVW�WKH�DFXWH�SKDVH��WKH�359�51$�OHYHO��GHWHUPLQHG�

E\�57�T3&5��GLG�QRW�UHIOHFW�WKH�OHYHO�RI�YLUXV�SURWHLQ�LQ�EORRG��7KH�DFXWH�SKDVH�RI�D�359�
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LQIHFWLRQ�LV�UHODWLYHO\�VKRUW��ODVWLQJ�����ZHHNV��ZKLOH�WKH�LQIHFWLRQ�ODVWV�DW�OHDVW�IRU�PRUH�WKDQ�

D� \HDU� >���@�� DQG�PRVW�SUREDEO\� IRU� D� OLIHWLPH��&RQVHTXHQWO\�� WKHVH� ILQGLQJV� LQGLFDWH� WKDW�

PHDVXUHPHQW�RI�YLUDO�ORDG�E\�57�T3&5�KDV�WR�EH�LQWHUSUHWHG�ZLWK�FDXWLRQ��HVSHFLDOO\�LQ�ILHOG�

VDPSOHV�ZHUH�WKH�H[DFW�WLPH�RI�LQIHFWLRQ�LV�QRW�NQRZQ��)XUWKHUPRUH��LQ�VHYHUDO�SXEOLFDWLRQV�

ZH�KDYH� VKRZQ� WKDW�359� ORDG�SHDNV�����ZHHNV�EHIRUH�+60,� OHVLRQV� FXOPLQDWH� >������@�

&RPELQHG��WKHVH�ILQGLQJV�LQGLFDWH�WKDW�VWXGLHV�RI�ILHOG�VDPSOHV�DLPLQJ�WR�HOXDWH�D�UHODWLRQVKLS�

EHWZHHQ� 359� DQG� +60,� EDVHG� RQ� YLUDO� ORDG� DVVHVVHG� E\� 57�T3&5� KDYH� IXQGDPHQWDO�

PHWKRGRORJLFDO�ZHDNQHVVHV�>�������@��7KLV�LV�IXUWKHU�FRPSOLFDWHG�E\�WKH�XQNQRZQ�IDFWRU�RI�

WKH�UHODWLYH�DPRXQWV�RI�P51$�IRU� WKH�GLIIHUHQW�JHQRPLF�VHJPHQWV�RI�359�WKURXJKRXW� WKH�

LQIHFWLRQ�

���� Experimental challenges

,Q�3DSHU�,,,��WKH�FRQGLWLRQV�IRU�WKH�H[SHULPHQWDO�FKDOOHQJH DIWHU�YDFFLQDWLRQ ZHUH�EDVHG�RQ�

HDUOLHU�FRQGXFWHG�359�H[SHULPHQWDO�FRKDELWDWLRQ�FKDOOHQJH VWXGLHV��:H�FKRVH�D�FRKDELWDWLRQ�

URXWH�RI�WUDQVPLVVLRQ�DV�WKLV�UHVHPEOHV�WKH�QDWXUDO�ZD\�RI�LQIHFWLRQ�ZKHUH�WKH�YLUXV�PXVW�FURVV�

WKH�PXFRVDO�EDUULHU�WR�LQIHFW��2Q�WKH�RWKHU�KDQG��PXFRVDO�LPPXQLW\�FDQ�EH�GLIILFXOW�WR�DFKLHYH�

ZLWKRXW�XVLQJ�UHSOLFDWLQJ�YDFFLQHV RU�PXFRVDO�YDFFLQH�GHOLYHU\��+RZHYHU��VHYHUDO�IDFWRUV�DUH�

KDUG�WR�VWDQGDUGL]H�LQ�FRKDELWDWLRQ�H[SHULPHQWV��WKH�LQIHFWLRQ�SUHVVXUH�LQ�WKH�WDQN�ZLOO�GHSHQG�

XSRQ WKH�LQLWLDO�LQIHFWLYH�GRVH�JLYHQ�WR�WKH�VKHGGHUV��WKH�LPPXQH�UHVSRQVH�RI�WKH�VKHGGHUV�DQG�

WKH�FRKDELWDQWV��ILVK�GHQVLW\��ILVK�VL]H�DQG�DJH��ZDWHU�IORZ��DQG�RWKHU�HQYLURQPHQWDO�IDFWRUV��

L�H��LQ�D�EURDG�VHQVH�WKH�LQWHUDFWLRQ�EHWZHHQ�YLUXV� KRVW�DQG�HQYLURQPHQW��)LJXUH�����

7KH�QXPEHU�RI�ILVK�VDPSOHG��WKH�QXPEHU�RI�VDPSOLQJ�SRLQWV��ZKDW�NLQG�RI�VDPSOHV��DQG�KRZ�

ZH� GHFLGH� WR� DQDO\]H� RXU� VDPSOHV��ZLOO�PDNH� DQ� LPSDFW� RQ� WKH� UHVXOWV��:H� LQFUHDVHG� WKH�

QXPEHU�RI�VDPSOHG�ILVK�IURP�7ULDO�,�WR�7ULDO�,,�LQ�SDSHU�,,,�IRU�PRUH�DFFXUDWH�VWDWLVWLFV��:H�

DOVR� FKRVH� WR� UHGXFH� WKH� QXPEHU� RI� VDPSOLQJ� SRLQWV�� L�H�� UHGXFH� WKH� FRVWV�� +RZHYHU�� WKH�

UHGXFWLRQ�LQ�VDPSOLQJ�SRLQWV�ZDV�DFFRPSDQLHG�E\�DQ�DGGLWLRQDO�VDPSOLQJ�RI�WKH�FRQWURO�ILVK

DW���ZSF��WR�HVWLPDWH�WKH�SHDN�YLUDO�ORDG�DQG�WKXV�SODQ�WKH�WZR�VDPSOLQJ�SRLQWV�DFFRUGLQJO\��

:H�FKRVH�WR�RQO\�VDPSOH�KHSDULQL]HG�EORRG� SODVPD�DQG�KHDUW��VWRUHG�LQ����IRUPDOLQ�DQG�

51$ODWHU���DV�HDUOLHU�VWXGLHV�KDYH�VKRZQ�WKDW�HU\WKURF\WHV�DUH�LPSRUWDQW�WDUJHW�FHOOV�IRU�359�

DQG�WKH�GLDJQRVLV�RI�+60,�LV�EDVHG�XSRQ�KLVWRSDWKRORJLF�OHVLRQV�LQ�WKH�KHDUW��
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)LJXUH���� )DFWRUV�LQIOXHQFLQJ�WKH�H[SHULPHQWDO�FRQGLWLRQV�
7KH�PRGHO�LOOXVWUDWHV LQWHUDFWLRQ�EHWZHHQ�WKH�PDLQ�IDFWRUV�LQIOXHQFLQJ�WKH�H[SHULPHQWDO�FRQGLWLRQV�

,Q� DGGLWLRQ�� VLQFH� WKH� DLP� RI� WKLV� VWXG\�ZDV� WR� LQGXFH� SURWHFWLRQ� DJDLQVW�+60,� E\�'1$�

YDFFLQDWLRQ ZLWK�FRPELQDWLRQV�RI�GLIIHUHQW�359�SURWHLQV�H[SUHVVHG�IURP�H[SUHVVLRQ�SODVPLGV�

RU�UHSOLFRQV��ZH�FKRVH�WR�DVVHVV�KLVWRSDWKRORJ\�OHVLRQV�LQ�KHDUW�DV�WKH�GLDJQRVWLF�PHDVXUHPHQW�

RI�+60,��7KH�KLVWRSDWKRORJLF�VFRUHV�DUH�VXEMHFWLYH��DQG�GLIIHUHQW�VFDOHV�IRU�WKH�VFRULQJ�RI�

KHDUW� OHVLRQV� KDYH� EHHQ� XVHG� LQ� WKH� OLWHUDWXUH� >���� ���@�� $QDO\VLV� IURP� ERWK� FKDOOHQJHV�

FRQGXFWHG�LQ�WKLV�VWXG\�ZDV�SHUIRUPHG�EOLQGHG�E\�WKH�VDPH�SHUVRQ�XVLQJ�D�VFRULQJ�VFKHPH�

UDQJLQJ�IURP���WR���
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�� 0DLQ�FRQFOXVLRQV

7KH�UHVXOWV�SUHVHQWHG�LQ WKLV�ZRUN�KDYH�EURXJKW�XV�FORVHU�LQ�XQGHUVWDQGLQJ 359�LQIHFWLRQ�DQG�

GHYHORSPHQW�RI�+60,�

359�LQIHFWLRQ�RI�D�FHOO�OHDGV�WR�IRUPDWLRQ�RI�JOREXODU�YLUDO�IDFWRULHV�LQ�WKH�F\WRSODVP��7KLV�

IRUPDWLRQ�LV�RUJDQL]HG�E\�WKH QRQ�VWUXFWXUDO�SURWHLQ��16�DQG LV�SLYRWDO IRU�HDUO\�VWHSV�LQ YLUDO�

UHSOLFDWLRQ� 7KH� IHDWXUH�RI�YLUDO� IDFWRU\� IRUPDWLRQ� LV�PDSSHG� WR� WKH�&�WHUPLQDO�����DPLQR�

DFLGV�RI�WKH��16�SURWHLQ��,Q�FR�WUDQVIHFWLRQ�H[SHULPHQWV�ZLWK�359�ȝ16��WKH�ı16��ȝ��DQG�Ȝ��

SURWHLQV�ZHUH�UHFUXLWHG�WR�WKH�JOREXODU�VWUXFWXUHV� DQG�DV�IRU�RWKHU�RUWKRUHRYLUXVHV�WKH�PDMRULW\�

RI�YLUXV�HQFRGHG�SURWHLQV�ORFDOL]H�FRPSOHWHO\�RU�SDUWLDOO\�ZLWKLQ�WKH YLUDO�IDFWRULHV�

359� FDXVHV� DQ� DFXWH� LQIHFWLRQ� LQ� EORRG� FHOOV� 7KH SURGXFWLRQ� RI� 359�SURWHLQV� DQG� YLUXV�

SDUWLFOHV�LQ�WKHVH�FHOOV�FXOPLQDWHV�DIWHU D�UHODWLYHO\�VKRUW�SHULRG��L�H���� ��ZHHNV� EHIRUH�WKH�

LQIHFWLRQ�PRYHV�LQWR�D�SHUVLVWHQW�VWDWH��2XU�UHVXOWV�VKRZ�WKDW�359�SURWHLQ�DQG�51$�OHYHOV

RQO\�FRUUHODWH�RYHU D�VKRUW�WLPH�SHULRG�SULRU�WR�DQG�GXULQJ�WKH�SHDN�SKDVH�RI�YLUDO�UHSOLFDWLRQ��

9LUDO� IDFWRULHV� ZHUH� REVHUYHG� IURP� �� WR� �� ZSF� DQG� 7(0� DQDO\VLV� RI� LQIHFWHG� SLVFLQH�

HU\WKURF\WHV�VKRZHG�LQFOXVLRQV�FRQWDLQLQJ�UHRYLUXV�SDUWLFOHV���ZSF��,PPXQRSUHFLSLWDWLRQ�DQG�

VXEVHTXHQW�ZHVWHUQ�EORW�DQDO\VLV�LQ�DGGLWLRQ�WR�/&�06�DQDO\VLV�FRQILUPHG�WKDW�WKH�IDFWRU\�

JHQHUDWLQJ��16�SURWHLQ�LQWHUDFWV�ZLWK�ı����ı����ı�� ı16������Ȝ���Ȝ��DQG�Ȝ� SURWHLQV�in vivo�

7KH��16�SURWHLQ�DSSHDUV�HDUO\�LQ�LQIHFWLRQ�DQG�H[LVW LQ�WZR�LVRIRUPV� 7KH�VPDOOHU�VL]H�YDULDQW�

RI� 359��16� LV� SRVVLEO\� HQFRGHG� IURP� DQ LQWHUQDO� WUDQVODWLRQ� LQLWLDWLRQ� VLWH�� JHQHUDWLQJ� D�

�16&�IUDJPHQW� 6HYHUDO�VL]H�YDULDQWV�RI�WKH����SURWHLQ��SUREDEO\�JHQHUDWHG�E\�DXWRO\WLF�DQG�

SURWHRO\WLF� FOHDYDJHV�� ZHUH� DOVR� LGHQWLILHG� DQG� REVHUYHG� DW� GLIIHUHQW� WLPH� SRLQWV� GXULQJ�

LQIHFWLRQ��2QH�FOHDYDJH�IUDJPHQW�RI��� ZDV�WKH�RQO\�YLUDO�SURWHLQ�GHWHFWDEOH���ZHHNV�SRVW�

FKDOOHQJH� �ZSF�� DQG� RQZDUGV�� LQGLFDWLQJ� WKDW� WKLV� ��� IUDJPHQW� PD\� EH� LQYROYHG� LQ� WKH�

PHFKDQLVPV�OLQNHG�WR�SHUVLVWHQW�LQIHFWLRQ�

7KH��16�SURWHLQ�LV�RQO\�SUHVHQW�LQ�FHOOV�GXULQJ�YLUXV�UHSOLFDWLRQ�DQG�KDV�WKH�DELOLW\�WR�UHFUXLW�

RWKHU�359�SURWHLQV�DQG� IRUP�JOREXODU�F\WRSODVPLF� LQFOXVLRQV� 7KLV�DELOLW\�PDNHV��16�DQ�

LQWULJXLQJ�SURWHLQ�DQG�RXU�UHVXOWV�IURP�D�YDFFLQDWLRQ�WULDO LQ $WODQWLF�VDOPRQ�VKRZHG WKDW�D�

'1$� YDFFLQH� H[SUHVVLQJ� WKH� QRQ�VWUXFWXUDO� SURWHLQ� �16 LQ� FRPELQDWLRQ� ZLWK� WKH� QRQ�

VWUXFWXUDO�SURWHLQ�ı16�DQG�WKH�FHOO�DWWDFKPHQW�SURWHLQ�ı�� LQGXFH�PRGHUDWH�SURWHFWLRQ�DJDLQVW�

+60,�
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�� )XWXUH�SHUVSHFWLYHV

359�LV�D�XELTXLWRXV�YLUXV�ZHOO�DGDSWHG�WR�PDULQH�IDUPLQJ RI�$WODQWLF�VDOPRQ� 359 KDV�EHHQ�

GHWHFWHG� LQ�ERWK�IDUPHG�DQG�ZLOG�VDOPRQ��EXW�QR� OHVLRQV�FRQVLVWHQW�ZLWK�+60,�KDYH�EHHQ�

IRXQG LQ�WKH�ZLOG�SRSXODWLRQ�>��@� ,Q�WKH�ODVW�FRXSOH�RI�\HDUV��GLIIHUHQW�YDULDQWV�RU�VXEW\SHV�

RI�359��L�H��359���359��DQG�359���KDYH�EHHQ�UHFRJQL]HG�LQ�WKH�DTXDFXOWXUH�LQGXVWU\�RI�

VDOPRQLGV��7KH�YLUXV�KDV�EHHQ�OLQNHG�WR�VHYHUDO�GLIIHUHQW�GLVHDVH�FRQGLWLRQV��L�H��+60,�DQG�

PHODQLVHG� IRFL� LQ� ZKLWH� PXVFXODWXUH� RI� $WODQWLF� VDOPRQ� �359� RU� 359���� (,%6� LQ� &RKR�

VDOPRQ��359����DQG�DQ�+60,�OLNH�GLVHDVH�LQ�UDLQERZ�WURXW��359��RU�359�2P���UHVSHFWLYHO\�

>������������@� 5HFHQWO\��D�QRYHO�RUWKRUHRYLUXV�ZDV�DVVRFLDWHG�ZLWK�HSLGHPLF�PRUWDOLW\�LQ�ZLOG�

ODUJHPRXWK�EDVV >��@��7KLV� LPSOLHV� WKDW� WKHUH�PLJKW�EH�YDULDQWV�RI�SLVFLQH�RUWKRUHRYLUXVHV�

DGDSWHG�WR�VHYHUDO�RWKHU�ILVK�VSHFLHV�DV�ZHOO�

7KH�GLIIHUHQW�359�VWUDLQV�PLJKW�H[KLELW�GLIIHUHQFHV�LQ�YLUXOHQFH��ZKLFK�FRXOG�H[SODLQ�WKH�ODFN�

RI�+60,�DPRQJ�VRPH�SRSXODWLRQV RI�$WODQWLF�VDOPRQ� 5HFHQWO\��YDULDQWV�RI�059�KDV�EHHQ�

IRXQG�WR WULJJHU�LQIODPPDWRU\�UHVSRQVHV�WKDW�PD\�OHDG�WR�WKH�GHYHORSPHQW�RI�FHOLDF�GLVHDVH�

>��@��LQGLFDWLQJ�WKDW�DVVXPHG�QRQ�SDWKRJHQLF�RUWKRUHRYLUXVHV�FDQ KDYH�ORQJ�WHUP�HIIHFWV�QRW�

REVHUYHG�GXULQJ�DFXWH�LQIHFWLRQ��7KH�359�LQIHFWLRQ�PLJKW�WKHUHIRUH�EH�OLQNHG�WR�VHYHUDO��QRW�

\HW�UHFRJQL]HG�GLVHDVH�FRQGLWLRQV��$V�WKH�YLUXV�KDV�D�51$�JHQRPH��PXWDWLRQV DUH�IUHTXHQW

DQG�GXH�WR�LWV�VHJPHQWHG�QDWXUH��UHDVVRUWPHQWV�RI�ZKROH�JHQRPLF�VHJPHQWV�DUH�OLNHO\�WR�RFFXU�

,Q�FRPELQDWLRQ�ZLWK�EHLQJ�XELTXLWRXV�LQ�IDUPHG�VDOPRQ� D�VPDOO�FKDQJH�LQ�YLUXOHQFH FDQ�KDYH�

D�WUHPHQGRXV�HIIHFW�RQ�GLVHDVH�RXWFRPH� *UDVV�FDUS�UHRYLUXV�LV�D�VHULRXV�GLVHDVH�FDXVLQJ�YLUXV�

LQ�WKH�YHU\�LPSRUWDQW�DTXDFXOWXUH�VSHFLHV�JUDVV�FDUS��DQG�DOWKRXJK LW�KDV����JHQH�VHJPHQWV�

DQG�WKXV�LV�QRW�DQ�RUWKRUHRYLUXV�SHU�VH��LW�LV�DQ�H[DPSOH�RI�D�UHODWLYHO\�FORVH�UHODWLYH�WR�359�

ZLWK�WKH�DELOLW\�WR�LQGXFH�DFXWH�GLVHDVH�DQG�KLJK�PRUWDOLW\�LQ�DTXDFXOWXUH��$�YLUXV�VXFK�DV�

359��ZKLFK�LV�ZHOO�DGDSWHG�WR�IDUPLQJ�FRQGLWLRQV��DQG�KDV�D�VHJPHQWHG�51$�JHQRPH��VKRXOG�

EH� VXUYHLOOHG� IRU�HYHQWXDO�FKDQJHV� LQ�JHRJUDSKLFDO�DQG�VSHFLHV�GLVWULEXWLRQ��DV�ZHOO�DV� IRU�

YDULDWLRQV�LQ�LWV�YLUXOHQFH��

(U\WKURF\WHV�DUH�WKH�PDLQ�UHVHUYRLU�IRU�359�DQG�WKH�PRVW�DEXQGDQW�FHOO�LQ�ERWK�WKH�EORRG�DQG�

WKH�ILVK DV�VXFK��+RZHYHU��HU\WKURF\WHV�DUH�SRRUO\�LQYHVWLJDWHG�WDUJHW�FHOOV�IRU�YLUXV�LQIHFWLRQV��

DV�PDPPDOLDQ�HU\WKURF\WHV�DUH�HQXFOHDWHG��7KLV�LV�D�EDVLF�GLIIHUHQFH�EHWZHHQ�PDPPDOV�DQG�

FROG�EORRGHG�DQLPDOV��DQG�359�LV�DQ�H[DPSOH�RI�DQ� LQIHFWLRQ�RSHUDWLQJ� LQ� WKLV�VFKLVPDWLF�

DUHD��%DVLF�PROHFXODU�VWXGLHV�RQ�359�LQIHFWLRQ�LQ�HU\WKURF\WHV�PLJKW�WKHUHIRUH�OHDG�WR�PRUH�
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LQIRUPDWLRQ�UHJDUGLQJ�SLVFLQH�HU\WKURF\WHV�DQG�WKHLU�IXQFWLRQV�EHVLGHV�WKH�HVVHQWLDO�UROH�LQ�2�

DQG�&2� H[FKDQJH�DQG�WUDQVSRUW��5HFHQW�VWXGLHV�KDYH�LQGLFDWHG�WKDW�HU\WKURF\WHV�PLJKW�SOD\�

D�UROH�LQ�WKH�ILVK�LPPXQH�V\VWHP�>��@�

0RUH�NQRZOHGJH�UHJDUGLQJ�359�SURWHLQV�DQG�WKHLU�GLIIHUHQW�IXQFWLRQV�LQ�WKH�YLUXV�UHSOLFDWLRQ

F\FOH� LV� RI� FHQWUDO� LPSRUWDQFH� IRU� WKH� XQGHUVWDQGLQJ� RI� WKLV� YLUXV�� WKH� GLVHDVHV� LW�PD\� EH�

LQYROYHG�LQ� DQG�XOWLPDWHO\� IRU�WKH�GHYHORSPHQW�RI�HIILFLHQW�YDFFLQH�VWUDWHJLHV� 7KH�FRXUVH�RI�

WKLV�3K'�KDV�OHG�WR�VHYHUDO�LQWHUHVWLQJ�K\SRWKHVLV�WKDW�ZRXOG�EH�YDOXDEOH�IRU�IXWXUH�UHVHDUFK��

L�H�� WKH� IRUPDWLRQ� RI� VWUHVV� JUDQXOHV� RU� WKH� XVH� RI� H[WUDFHOOXODU� YHKLFOHV� DV� DQ� HVFDSH�

PHFKDQLVP��+RZ�LV�WKH�YLUXV�WUDQVSRUWHG�IURP�FHOO�WR�FHOO�DIWHU�WKH�LPPXQH�UHVSRQVH�KDV�JRQH

WR� DFWLRQ�� L�H�� GXULQJ� WKH� SHUVLVWHQW� SKDVH"�&DQ� LW� EH� VKHG� DIWHU� WKH� DFXWH� SKDVH�� DQG� FDQ�

VWUHVVRUV� VXFK� DV� OLFH� WUHDWPHQW� LQGXFH� WKLV"�:KDW� LV� WKH� HIIHFW� RI� WUDQVPLVVLRQ� IURP� WKH�

DTXDFXOWXUH� WR� WKH�ZLOG� VDOPRQ�SRSXODWLRQ�RI� D� ORZ�YLUXOHQW�� EXW�XELTXLWRXV�YLUXV� VXFK�DV�

359"�&DQ� LW� EH XWLOLVHG� DV� DQ� LQGLFDWRU� RI� WKH� LPSDFW� RI� DTXDFXOWXUH� RQ�ZLOG� ILVK� IDXQD"�

4XHVWLRQV�WKDW�FDQ�EH�UDLVHG�DUH�QXPHURXV�DQG�WKLV�SDUDJUDSK�LV�QRW�LQWHQGHG�WR�EH�H[KDXVWLYH�

9LUDO�51$�ORDG�YHUVXV�YLUDO�SURWHLQ�ORDG�LV�D�ILHOG�WKDW�VKRXOG�EH�IXUWKHU�LQYHVWLJDWHG��7KLV�

VKRXOG�EH�H[SDQGHG�WR�RWKHU�YLUXVHV�DV�ZHOO��57�T3&5�LV�WKH�VWDQGDUG�PHWKRG�IRU�GHWHFWLQJ�

YLUXV�LQ�WKH�DTXDFXOWXUH�LQGXVWU\��DQG�DV�WKH�359�51$�ORDG�GRHV�QRW�UHSUHVHQW�SURWHLQ�ORDG�

DQG� WKHUHE\� YLUXV� ORDG� DIWHU� SHDN� UHSOLFDWLRQ� SKDVH�� WKLV� PHWKRG� VKRXOG� EH� TXHVWLRQHG��

'HYHORSPHQW�RI�PRUH�FRVW�HIILFLHQW�PHWKRGV�IRU�GHWHFWLQJ�SURWHLQ�ORDG�PLJKW�EH�D�IXWXUH�JRDO��

,Q� WKLV�GRFWRUDO� WKHVLV�� ,� KDYH� VWXGLHG� WKH� DFXWH�SKDVH�RI� D�359� LQIHFWLRQ��)XUWKHU� VWXGLHV�

VKRXOG� LQFOXGH� WKH� SHUVLVWHQW� SKDVH� DV� VHYHUDO� \HW� XQNQRZQ� GLVHDVH� FRQGLWLRQV� PLJKW� EH�

DVVRFLDWHG� ZLWK� 359� )RU� D XELTXLWRXV� YLUXV�� ZLWK� XQNQRZQ� FRQVHTXHQFHV� RI� LQIHFWLRQ��

PDQDJHPHQW� WR� FRQWURO� WUDQVPLVVLRQ� DQG� LQIHFWLRQ VKRXOG EH� SULRULWL]HG� LQ� WKH� IXWXUH��

9DFFLQHV� LQGXFLQJ�IXOO�RU�SDUWLDO�SURWHFWLRQ�VKRXOG�EH�IXUWKHU�GHYHORSHG�DQG�PLJKW�RIIHU�D�

PLWLJDWLRQ�
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��� $WWRXL�+��)DQJ�4��0RKG�-DDIDU�)��&DQWDORXEH�-)��%LDJLQL�3��GH�0LFFR�3��GH�
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��� :HLQHU�+/��)LHOGV�%1��1HXWUDOL]DWLRQ�RI�UHRYLUXV��WKH�JHQH�UHVSRQVLEOH�IRU�WKH�
QHXWUDOL]DWLRQ�DQWLJHQ� J Exp Med ����� �����������������
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,Q��Diseases of fish. Volume 30��HGQ��(GLWHG�E\�0DZGHOH\�7KRPDV�/(��/RQGRQ��
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Dis ����� ���

��� .RQJWRUS�57��7DNVGDO�7��6WXGLHV�ZLWK�H[SHULPHQWDO�WUDQVPLVVLRQ�RI�KHDUW�DQG�
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The non-structural protein μNS 
of piscine orthoreovirus (PRV) forms viral 
factory-like structures
Hanne Merethe Haatveit1 , Ingvild B. Nyman1, Turhan Markussen1,2, Øystein Wessel1, Maria Krudtaa Dahle3 
and Espen Rimstad1*

Abstract 
Piscine orthoreovirus (PRV) is associated with heart- and skeletal muscle inflammation in farmed Atlantic salmon. 
The virus is ubiquitous and found in both farmed and wild salmonid fish. It belongs to the family Reoviridae, closely 
related to the genus Orthoreovirus. The PRV genome comprises ten double-stranded RNA segments encoding at least 
eight structural and two non-structural proteins. Erythrocytes are the major target cells for PRV. Infected erythrocytes 
contain globular inclusions resembling viral factories; the putative site of viral replication. For the mammalian reovirus 
(MRV), the non-structural protein μNS is the primary organizer in factory formation. The analogous PRV protein was 
the focus of the present study. The subcellular location of PRV μNS and its co-localization with the PRV σNS, µ2 and λ1 
proteins was investigated. We demonstrated that PRV μNS forms dense globular cytoplasmic inclusions in transfected 
fish cells, resembling the viral factories of MRV. In co-transfection experiments with μNS, the σNS, μ2 and λ1 proteins 
were recruited to the globular structures. The ability of μNS to recruit other PRV proteins into globular inclusions indi-
cates that it is the main viral protein involved in viral factory formation and pivotal in early steps of viral assembly.

© 2016 Haatveit et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Introduction
Piscine orthoreovirus (PRV) is a member of the family 
Reoviridae. The virus is associated with heart and skel-
etal muscle inflammation (HSMI), an important emerg-
ing disease in the intensive farming of Atlantic salmon 
(Salmo salar) [1, 2]. HSMI is mainly observed during the 
seawater grow-out phase and there is often a prolonged 
disease development [3]. The cumulative mortality var-
ies from negligible to 20%, while the morbidity is almost 
100% in affected cages [3]. PRV seems to be ubiquitous 
in Norwegian salmon farms [4]. Fish kept at high stock-
ing density with frequent handling experience a stress-
ful environment that may result in immunosuppression 
and a greater disease burden, thus facilitating the rapid 
spread of pathogens [5]. PRV has also been detected in 

wild salmon, but no lesions consistent with HSMI have 
been discovered in the wild population [6].

Phylogenetic analysis indicates that PRV branches 
off the common root of the genera Orthoreovirus and 
Aquareovirus, but most closely related to the orthoreo-
viruses [7, 8]. PRV differs from other orthoreoviruses 
like mammalian reoviruses (MRVs) and avian reoviruses 
(ARVs) in the ability to infect salmonid fish species at 
low temperatures, and in the preference for erythro-
cytes as one of the main target cells. The genome of PRV 
comprises ten double-stranded RNA (dsRNA) segments 
distributed in the classical orthoreoviral groups of three 
large, three medium and four small segments [1, 8, 9]. 
Currently, the PRV genome has been found to encode at 
least ten primary translation products. However, there 
is only a limited number of functional studies concern-
ing the different proteins expressed by this virus [10, 11]. 
Based upon sequence homology to MRV, and the pres-
ence of conserved structures and motifs, eight of the 
deduced translation products are assumed structural 
components forming the orthoreovirus particle with an 
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inner core and an outer capsid, while two of the transla-
tion products are non-structural proteins [8, 12].

A common feature for the non-structural proteins of 
reoviruses is their ability to form viral factories [13, 14]. 
Viral factories, also known as viroplasms or viral repli-
cation centers, are intracellular compartments for rep-
lication, packaging and assembly of viral particles [13, 
15]. Several RNA and DNA viruses have been reported 
to induce these specialized membranous compartments 
within the cytoplasm of infected cells [16–18]. They 
commonly form as invaginations in a variety of orga-
nelles such as mitochondria, endoplasmic reticulum, 
lysosomes, peroxisomes, Golgi apparatus or chloroplasts 
[18, 19]. The factory scaffold facilitates spatial coordina-
tion of viral genome replication and assembly with the 
use of cell resources [18]. The viral factory inclusions 
seen during MRV infection consist of viral dsRNA, viral 
proteins, partially and fully assembled viral particles, 
microtubules and thinner filaments suggested to be inter-
mediate structures [20]. Although organization of viral 
factories varies between different virus families, several 
fundamental similarities exist. Viruses utilize cellular bio-
synthetic pathways for their morphogenesis and propa-
gation, and use a variety of mechanisms to avoid being 
wiped out by the cellular antiviral response [13, 21]. In 
the viral factories the viral pathogen-associated molecu-
lar patterns are shielded from inducing the activation of 
cellular innate responses [19].

Erythrocytes are major target cells for PRV, and in 
infected erythrocytes globular inclusions are formed 
and contain both PRV protein and dsRNA [22, 23]. The 
inclusions resemble the globular viral factories seen in 
MRV type 3 Dearing (T3D) prototype strain infected 
cells [19, 22]. Furthermore, the PRV inclusions contain 
reovirus-like particles as observed by transmission elec-
tron microscopy (TEM) [22]. This suggests that PRV, like 
MRV, forms viral factories in infected cells.

MRV μNS is the scaffolding protein that organizes 
viral factories during MRV infection [24]. Comparison 
of the PRV μNS amino acid sequence with the homolo-
gous proteins from MRV and ARV has revealed a very 
low sequence identity of only 17%, however, partially 
conserved motifs are present [8]. The latter includes a 
C-terminal motif shown for MRV μNS to be required 
for the recruitment of clathrin to viral factories [8, 25]. 
Furthermore, predictions of MRV and ARV μNS show 
two α-helical coils in their C-terminal region required 
for inclusion formation [26–29]. A high α-helical con-
tent in the C-terminal region is also predicted for the 
PRV μNS, but coiled coil motifs are predicted with sig-
nificantly lower probability than for MRV and ARV [8]. 
In addition, MRV and ARV have both been shown to 
produce two protein products from gene segment M3 [8, 

30]. Whereas μNS represents the full-length isoform, a 
second in-frame AUG (Met41) in the MRV protein rep-
resents the translational start site for the second isoform 
μNSC. In the ARV protein, post-translational cleavage 
near the N-terminal region creates μNSN [8, 30]. In PRV 
M3, only one open reading frame (ORF) has been identi-
fied encoding the μNS protein [8].

We hypothesized that the μNS of PRV is an organiza-
tion center in the assembly of progeny virus particles. 
The aim in this study was to examine the localization of 
PRV μNS and its ability to interact with other PRV pro-
teins in transfected cells.

Materials and methods
Cells
EPC cells (ATCC CRL-2872, Epithelioma papulosum 
cyprini) and CHSE-214 cells (ATCC CRL-1681, Chinook 
salmon embryo) were cultivated in Leibovitz-15 medium 
(L15, Life Technologies, Paisley, Scotland, UK) supple-
mented with 10% heat inactivated fetal bovine serum 
(FBS, Life technologies), 2  mM  L-glutamine, 0.04  mM 
mercaptoethanol and 0.05  mg/mL gentamycin-sulphate 
(Life Technologies).

Computer analyses
Multiple sequence alignments were performed using 
AlignX (Vector NTI Advance™ 11, Invitrogen, Carlsbad, 
CA, USA) and protein secondary structure predictions 
using PSIPRED v3.0. The presence of putative nuclear 
localization signals (NLS) in PRV μ2 was investigated 
using PSORTII, PredictProtein [31] and NLS map-
per. The GenBank accession numbers for the PRV μNS, 
σNS, λ1 and μ2 coding sequences of the present study 
are KR337478, KR337481, KR337475 and KR337476, 
respectively.

Plasmid constructs
Total RNA was isolated from homogenized tissue from 
a natural outbreak of HSMI in Atlantic salmon (MH-
050607) as previously described [8]. RNA was denatured 
at 95  °C for 5  min and transcribed into cDNA using 
SuperScript® III Reverse Transcriptase (RT) (Invitro-
gen) and Random Primers (Invitrogen) according to the 
manufacturer’s protocol. PfuUltra II Fusion HS DNA 
polymerase (Agilent, Santa Clara, CA, USA) was used to 
amplify the ORFs of μNS, σNS, μ2 and λ1. The primers 
contained the sequences encoding flag-tag, myc-tag or 
HA-tag for protein recognition by antibodies [32]. Primer 
sequences are shown in Table 1. For both the full-length 
μNS and σNS constructs, a pair of expression vectors 
was made encoding proteins tagged in either the C-ter-
minus or the N-terminus; pcDNA3.1-μNS-N-FLAG, 
pcDNA3.1-μNS-C-FLAG, pcDNA3.1-σNS-N-MYC and 
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pcDNA3.1-σNS-C-MYC. For μ2, the tag was added only 
C-terminally and for λ1 only N-terminally, pcDNA3.1-
μ2-C-MYC and pcDNA3.1-λ1-N-HA, respectively. Four 
truncated forms of the μNS protein with flag-tags C- or 
N-terminally depending on the truncation were also 
generated to determine sequence regions in PRV μNS 
involved in formation of viral factories during infec-
tion, pcDNA3.1-μNSΔ1-401, pcDNA3.1-μNSΔ402-752, 
pcDNA3.1-μNSΔ736-752 and pcDNA3.1-μNSΔ743-752 
(Figure 1). In-fusion HD Cloning Kit (Clontech Labora-
tories, Mountain View, CA, USA) was used to clone PCR 
products into the XbaI restriction site of the eukaryotic 
expression vector pcDNA3.1(+) (Invitrogen). Sanger 
sequencing (GATC Biotech AG, Konstanz, Germany) 
verified all sequences. A pcDNA3.1 construct express-
ing the protein encoded by infectious salmon anemia 
virus (ISAV) segment 8 open reading frame 2 (S8ORF2) 
protein [33] was used as a control during transfections, 
immunoprecipitation and western blotting. 

Transfections of fish cells
EPC and CHSE cells were seeded on gelatin embedded 
cover slips (12  mm) with pre-equilibrated L-15 growth 
medium at a density of 1.5  ×  104 cells in a 24-well 
plate 24 h prior to transfection. Plasmids were transfected 
using Lipofectamine LTX reagent (Life Technologies) 

according to the manufacturer’s instructions. In brief, 2 
μL lipofectamine was mixed with 0.5 μg plasmid and 0.5 
μL PLUS reagent, and diluted in a total of 100 μL Opti-
MEM (Life Technologies). After 5 min of incubation, the 
mixture was added to the cells and incubated at 20  °C 
for 48 h. When co-transfections were performed, a total 
of 0.4 μg of each plasmid were used and the amount of 
PLUS reagent was increased to 0.8 μL.

Immunofluorescence microscopy
Transfected EPC and CHSE cells were fixed and stained 
using an intracellular Fixation and Permeabilization 
Buffer (eBioscience, San Diego, CA, USA). The cells were 
washed in Dulbecco’s PBS (DPBS) with sodium azide. 
Intracellular fixation buffer was added before incubation 

Table 1 Expression plasmids.

Primers used in generating the constructs encoding PRV μNS (M3), σNS (S3), μ2 (M1) and λ1 (L3) and truncated versions of μNS.

Start codons are marked in bold and epitope tags in italic.

Plasmid name Primer Sequence (5ʹ → 3ʹ)

pcDNA3.1-μNS-N-FLAG Forward GCCGCTCGAGTCTAGAGCCACCATGGACTACAAAGACGATGACGACAAGATGGCTGAATCAATTACTTTTG

Reverse AAACGGGCCCTCTAGATCAGCCACGTAGCACATTATTCAC

pcDNA3.1-μNS-C-FLAG Forward GCCGCTCGAGTCTAGAGCCACCATGCGCAAGCTGGACTTGGTTGCA

Reverse AAACGGGCCCTCTAGATCACTTGTCGTCATCGTCTTTGTAGTCGCCACGTAGCACATTATTCACGCC

pcDNA3.1-σNS-N-MYC Forward GCCGCTCGAGTCTAGAGCCACCATGGAACAAAAACTCATCTCAGAAGAGGATCTGATGTCGAACTTTGATCTTGG

Reverse AAACGGGCCCTCTAGACTAACAAAACATGGCCATGA

pcDNA3.1-σNS-C-MYC Forward GCCGCTCGAGTCTAGAGCCACCATGTCGAACTTTGATCTTGG

Reverse AAACGGGCCCTCTAGACTACAGATCCTCTTCTGAGATGAGTTTTTGTTCACAAAACATGGCCATGATGC

pcDNA3.1-μ2-C-HA Forward GGCGGCCGCTCGAGTCTAGAATGCCTATCATAAACCTGCC

Reverse GTTTAAACGGGCCCTCTAGAAGCGTAATCTGGAACATCGTATGGGTACTCACCAGCTGTAGACCACC

pcDNA3.1- λ1-N-HA Forward CGCTCGAGTCTAGAGCCACCATGTACCCATACGATGTTCCAGATTACGCTATGGAGCGACTTAAGAGGAAAG

Reverse AAACGGGCCCTCTAGATTAGTTGAGTACAGGATGAG

pcDNA3.1-μNS∆743-753 Forward GCCGCTCGAGTCTAGAGCCACCATGGACTACAAAGACGATGACGACAAGATGGCTGAATCAATTACTTTTG

Reverse AAACGGGCCCTCTAGATCACCAGTCATCTGAGCCACCAAA

pcDNA3.1-μNS∆736-752 Forward GCCGCTCGAGTCTAGAGCCACCATGGACTACAAAGACGATGACGACAAGATGGCTGAATCAATTACTTTTG

Reverse AAACGGGCCCTCTAGATCAGTCGATGATTTTTGGAAACTC

pcDNA3.1-μNS∆1-401 Forward GCCGCTCGAGTCTAGAGCCACCATGCCAACCACCTGGTATTCAAC

Reverse AAACGGGCCCTCTAGATCACTTGTCGTCATCGTCTTTGTAGTCGCCACGTAGCACATTATTCACGCC

pcDNA3.1-μNS∆402-752 Forward GCCGCTCGAGTCTAGAGCCACCATGGACTACAAAGACGATGACGACAAGATGGCTGAATCAATTACTTTTG

Reverse AAACGGGCCCTCTAGATCATGTGGTCAGGGAATAGTGCAT

Figure 1 Truncated μNS variants. Schematic overview of the 
truncated μNS constructs.
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with primary (1:1000) and secondary antibodies (1:400) 
diluted in permeabilization buffer according to the manu-
facturer’s protocol. Antibodies against flag (mouse anti-
flag antibody) and HA (rabbit anti-HA antibody) were 
obtained from Sigma-Aldrich (St Louis, MO, USA), 
while antibodies against the myc epitope (goat anti-myc 
antibody) was obtained from Abcam (Cambridge, UK). 
Secondary antibodies against mouse immunoglobulin 
G (IgG), goat IgG and rabbit IgG were conjugated with 
either Alexa Fluor 488 or 594 obtained from Molecular 
Probes (Life Technologies). Hoechst trihydrochloride tri-
hydrate (Life Technologies) was used for nuclear stain-
ing. The cover slips were mounted onto glass slides using 
Fluoroshield (Sigma-Aldrich) and prepared for micros-
copy as described above. Images were captured on an 
inverted fluorescence microscope (Olympus IX81) and on 
a confocal laser scanning microscope (Zeiss LSM 710).

Immunoprecipitation
A total of 5 million EPC cells were pelleted by centrifuga-
tion, resuspended in 100 μL Ingenio Electroporation Solu-
tion (Mirus, Madison, WI, USA) and co-transfected with 
8 μg plasmid using the Amaxa T-20 program. pcDNA3.1-
μNS-N-FLAG was co-transfected with pcDNA3.1-σNS-
N-MYC, pcDNA3.1-μ2-C-HA, pcDNA3.1-λ1-N-HA and 
pcDNA3.1 S8ORF2 (negative control) separately, using 
three parallel preparations. The transfected cells were 
transferred to 75  cm2 culture flasks containing 20  mL 
pre-equilibrated L-15 growth medium (described above). 
From each culture flask, 0.5  mL transfected cells were 
transferred to a 24-well plate intended for expression 
analysis by immunofluorescence microscopy. Cells were 
collected from the culture flasks 72  h post transfection 
(hpt), centrifuged at 5000 g for 5 min and resuspended in 
1 mL Nonidet-P40 lysis buffer (1% NP-40, 50 mM Tris–
HCl pH 8.0, 150  mM NaCl, 2  mM EDTA) containing 
Complete ultra mini protease inhibitor cocktail (Roche, 
Mannheim, Germany). The mix was incubated on ice for 
30 min, and then centrifuged at 9700 g for 12 min at 4 °C. 
The supernatant was transferred to a new tube, added 
antibodies against the desired epitope tag or anti-S8ORF2 
and incubated overnight at 4 °C with rotation. The Immu-
noprecipitation Kit Dynabeads Protein G (Novex, Life 
Technologies) was used for protein extraction and the 
beads prepared according to the manufacturer’s protocol. 
The cell-lysate-antibody mixture was mixed with the pro-
tein G coated beads and incubated 2 h at 4 °C. The beads-
antibody-protein complex was washed according to the 
manufacturer’s protocol.

Western blotting
The beads-antibody-protein complex was diluted in 
Sample Buffer (Bio-Rad, Hercules, CA, USA) and 

Reducing Agent (Bio-Rad), denatured for 5 min at 95 °C 
and run in sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE), using 4-12% Bis–Tris Cri-
terion XT gel (Bio-Rad). Lysates from non-transfected 
EPC cells were used as a negative control, and Preci-
sion Plus Protein Western C Standards (Bio-Rad) as a 
molecular size marker. Following SDS-PAGE, the pro-
teins were blotted onto a polyvinylidene fluoride (PVDF) 
membrane (Bio-Rad) and incubated with primary anti-
body (anti-flag 1:1000) at 4  °C overnight. After incuba-
tion with secondary antibody (Anti-mouse IgG-HRP, 
GE Healthcare, Buchinghamshire, UK), the proteins 
were detected by chemiluminescense using Amersham 
ECL Prime Western Blotting Detection Reagent (GE 
Healthcare).

Results
Prediction of secondary structure
The predicted secondary structure profiles of PRV and 
MRV μNS were similar despite low sequence identity 
(Figure 2). The PRV μNS sequence in this study differs by 
twenty-three nucleotides of which twenty are silent (not 
shown) to that analyzed in a previous study (GU994018) 
[8]. The three amino acids that differed between the two 
PRV μNS sequences did not cause significant changes to 
the predicted secondary structures as determined by the 
PSIPRED program. The remaining three nucleotides all 
result in synonymous amino acid differences, i.e., display-
ing similar physiochemical properties (M/L94, I/V451 and 
A/V498). For σNS, the difference is six nucleotides and for 
λ1 twenty-eight, all silent. For μ2, the difference is fifteen 
nucleotides, all silent except for one synonymous substi-
tution (R/K113).

μNS forms viral factory-like structures
EPC cells transfected with pcDNA3.1-μNS-N-FLAG 
48 hpt showed small, dense globular inclusions evenly 
distributed in the cytoplasm with some larger perinu-
clear inclusions 48 hpt (Figure  3A). A similar staining 
pattern was seen with the corresponding C-terminally 
flag-labelled construct (Figure 3A, insert), and in CHSE 
cells (not shown). EPC cells transfected with the σNS-N-
MYC, μ2-C-HA or λ1-N-HA constructs were also exam-
ined 48 hpt (Figure 3B–D). The σNS-N-MYC protein was 
evenly distributed in the cytoplasm possibly with some 
minor nuclear localization (Figure  3B). A nucleocyto-
plasmic distribution pattern was also observed with the 
C-terminally myc-labelled σNS (Figure 3B, insert). Both 
the μ2-C-HA and λ1-N-HA proteins were evenly distrib-
uted in the cytoplasm (Figure 3C and D), with the former 
showing minor staining in the nucleus of some cells (not 
shown). Non-transfected cells did not show any staining 
(not shown).
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Figure 2 Secondary structure predictions. Secondary structure predictions of the μNS proteins from PRV and MRV (PSIPRED). Accession num-
bers for the MRV and PRV proteins are NC004281 and KR337478, respectively.
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σNS, λ1 and μ2 are recruited to viral factory-like structures
Viral proteins interacting with μNS were identified 
by co-transfecting EPC cells with pcDNA3.1-μNS-N-
FLAG and separately with each of the σNS-N-MYC, 
μ2-C-HA or λ1-N-HA constructs. The μNS protein 
retained its globular distribution pattern in the pres-
ence of the other PRV proteins 48 hpt (Figure  4). In 
contrast, the staining pattern for σNS, μ2 and λ1 pro-
teins changed from an evenly cytoplasmic distribution 
to globular inclusions co-localizing wholly or partially 
with the μNS protein (Figure  4A–C). Co-localization 
with μNS was most pronounced for σNS, and σNS was 
no longer found in the nucleus (Figure 4A). For μ2, the 
change in distribution was not as pronounced as for 
σNS and λ1, but in some cells μ2 formed small punc-
tuated structures partially overlapping with the μNS 

globular inclusions (Figure 4B). Co-expression of σNS-
N-MYC with either μ2-C-HA or λ1-N-HA, i.e. in the 
absence of μNS, did not alter staining patterns, and 
the viral factory-like structures were not formed (not 
shown).

σNS and μ2 interact with μNS
Immunoprecipitation and western blotting were per-
formed to confirm interactions between PRV μNS and 
each of σNS, λ1 and μ2 (Figure  5). EPC cells were co-
transfected with μNS-N-FLAG and separately with the 
σNS-N-MYC, λ1-N-HA and μ2-C-HA constructs. The 
results confirmed that μNS interacts with σNS and μ2. 
Interaction with λ1 on the other hand (Figure 5), or to the 
negative control ISAV-S8ORF2 protein, was not observed 
(not shown).

Figure 3 Subcellular localization of PRV proteins. EPC cells transfected with four different PRV plasmid constructs (µNS, σNS, λ1, µ2) processed 
for fluorescence microscopy 48 hpt. A EPC cells expressing μNS N-FLAG. Boxed region in top left corner shows EPC cells expressing μNS-C-FLAG. B 
EPC cells expressing σNS N-MYC. Boxed region shows σNS-C-MYC. C EPC cells expressing μ2-C-HA. D EPC cells expressing λ1-N-HA.



Page 7 of 11Haatveit et al. Vet Res  (2016) 47:5 

Truncated μNS proteins
EPC cells were transfected with plasmid constructs encod-
ing the truncated μNS variants μNS-Δ743-752, μNS-
Δ736-752, μNS-Δ1-401 and μNS-Δ402-752 (Figure  1). 
Small, factory-like globular inclusions were formed by 
μNSΔ743-752 and μNSΔ736-752 (Figure 6A and B). Indi-
vidual co-expression of these μNS truncated variants with 
σNS-N-MYC recruited the latter protein to the factory-
like inclusions, similar to that observed with full-length 
μNS (Figures  4A, 6A and B). The μNSΔ1-401 protein 
formed small dense irregular or granular structures in the 
cytoplasm with reminiscences to the globular structures 
formed by the full-length protein (Figure 6C). The μNSΔ1-
401 truncated version did also recruit and change the dis-
tribution pattern of σNS (Figures 3B and 6C). In contrast, 
μNSΔ402-752 was evenly distributed in the cytoplasm, and 
did not form viral factory-like structures. When μNSΔ402-
752 was expressed together with σNS, both proteins were 
evenly dispersed throughout the cytoplasm (Figure 6D).

Discussion
The reoviral factories are the sites for virus replica-
tion and particle assembly [19]. The MRV μNS is the 

scaffolding protein organizing the viral factories includ-
ing gathering of core proteins, while the σNS protein 
facilitates construction of core particles and subsequent 
particle assembly [20, 24, 29, 34]. Viral factory-like 
structures have been observed in PRV infected Atlantic 
salmon erythrocytes in both in vivo and ex vivo experi-
ments [22, 23]. In this study we demonstrated that 
PRV μNS alone forms dense globular, viral factory-like 
cytoplasmic inclusions. The globular, cytoplasmic dis-
tribution of μNS was not seen for the non-structural 
σNS or the structural μ2 and λ1 PRV proteins. How-
ever, these proteins changed their distribution pat-
tern and co-localized with μNS in the dense globular 
structures when they were co-transfected with μNS. 
Co-transfection of σNS with μ2 or λ1 did not cause 
changes in distribution pattern. Expression of the 
N-terminal 401 amino acids did not form viral factory-
like structures, mapping this feature to the remaining 
C-terminal 351 amino acids. Immunoprecipitation and 
subsequent Western blot analysis confirmed the asso-
ciation between μNS-σNS and μNS-μ2. Our findings 
strongly suggests that μNS is the prime organizer of 
viral factories for PRV.

Figure 4 Co-transfections with μNS. EPC cells transfected with constructs encoding σNS, μ2 and λ1 and co-transfected with µNS. The cells were 
processed for confocal microscopy 48 hpt. A EPC cells transfected with σNS alone and cotransfected with μNS. B EPC cells transfected with μ2 
alone and cotransfected with μNS. C EPC cells transfected with λ1 alone and cotransfected with μNS.
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MRV strains exhibit differences in viral inclusion mor-
phology. Reovirus type 1 Lang (T1L) forms filamentous 
inclusions, whereas type 3 Dearing (T3D) forms punctate 
or globular inclusions [20, 35]. These morphologic differ-
ences are determined by the ability of the virus to interact 
with the microtubule system, a feature mapped to MRV 
μ2 [35]. In the filamentous factories, μ2 co-localize with 
and stabilize microtubules when expressed in cells in the 
absence of other viral proteins [20, 35]. PRV inclusions 
appear similar to the globular inclusion type, closely 
resembling the μNS-containing globular viral factories in 
reovirus T3D infected cells [35]. We cannot exclude that 
there are strains of PRV that forms filamentous inclu-
sions. There might be several not yet recognized PRV-
like viruses that infect other salmonid fish species. It has 
been proposed that the larger surface area of filamen-
tous inclusions allow for more efficient viral replication 
through better access to small-molecule substrates or 
newly synthesized proteins from the surrounding cytosol 
[35]. Immunofluorescence and confocal microscopy have 
been used to identify globular and filamentous inclusions 
after transfection with expression plasmids encoding 
proteins from MRV and ARV [27, 36, 37].

Viral factories commonly form early in reovirus infec-
tion as small punctate structures throughout the cyto-
plasm that increase in size and become more perinuclear 
during infection [20]. The factories recruit viral proteins, 

which allow the efficient assembly of virus core particles 
[34, 38]. We observed that PRV μNS guided the σNS, μ2 
and λ1 proteins to the viral factories. Our rationale for 
choosing σNS, μ2 and λ1 as co-transfectants was that 
these are examples of non-structural (σNS) and struc-
tural (μ2 and λ1) proteins in the core particle. MRV μNS 
and σNS are found in the first detectable viral protein-
RNA complexes in MRV infected cells and form cytoplas-
mic inclusions similar to the viral factory-like structures 
formed in the absence of viral infection [36]. Analysis of 
MRV μNS transfected cells revealed that at 6 hpt, μNS 
inclusions were uniformly small and spread through-
out the cytoplasm, whereas at 18 hpt and 36 hpt, larger 
perinuclear inclusions were present along with smaller 
inclusions [20]. In addition to its association with σNS, 
MRV μNS has been shown to interact with each of the 
five structural proteins that make up the core particle (λ1, 
λ2, λ3, σ2 and μ2) [24, 34]. Although it generally occurs 
within 18 hpt, strong co-localization between MRV μNS 
and the core surface proteins have been observed as soon 
as 6 h post infection [34]. Since PRV replicates at lower 
temperatures than MRV, the process of assembling core 
proteins to viral factories occurs at a slower rate. Studies 
on the ARV have identified a similar role of μNS in form-
ing viral factories [27].

The nature of the globular inclusions and their inter-
actions with other PRV proteins might differ in eryth-
rocytes and established cell lines. However, neither cell 
line nor C– or N-terminal epitope tagging influenced the 
formation of dense globular structures by the PRV μNS. 
Transfection of salmon erythrocytes was not successful 
(data not shown). Still, globular-type inclusions are com-
mon in naturally PRV infected erythrocytes. This indi-
cates that the formation of globular inclusion structures 
is an intrinsic property of μNS.

The ability of μNS to redirect the subcellular localiza-
tions of other PRV proteins can be mediated through 
protein–protein interactions. This was observed for 
σNS and μ2 following immunoprecipitation and west-
ern blotting. Many cellular proteins are only functional 
when localized to specific cellular compartments, and 
translocation to the appropriate sites can serve to regu-
late protein function [36]. Reovirus proteins involved 
in replication are only active within functional centers 
characterized by a particular location and protein com-
position [36]. We could not demonstrate protein–pro-
tein interaction between μNS and λ1, although confocal 
imaging clearly proved redistribution of λ1 when the pro-
tein was co-expressed with μNS. Interaction(s) between 
μNS and λ1 is therefore likely but perhaps through the 
involvement of a third cellular protein. Alternatively, the 
binding affinities between the two proteins are below 
the threshold detectable by the conditions used in the 

Figure 5 Western blot of immunoprecipitated PRV proteins. 
Lysates from EPC cells transfected with µNS alone or µNS together 
with σNS, μ2 or λ1 were used for immunoprecipitation (IP) target-
ing the different protein tags. Their ability to co-precipitate µNS was 
assessed by western blotting targeting µNS (84.5 kDa).
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immunoprecipitation- and western blot assays. Fur-
ther investigations are needed to study the mechanisms 
involved in λ1 redistribution when co-expressed with 
μNS. Since μNS expressed alone forms viral factory-like 
inclusions, and is responsible for the redistribution of 
other PRV proteins, it is likely one of the first proteins 
involved in virus factory formation and thereby essential 
in the early steps of viral replication.

Staining of σNS, and to some extend μ2, was observed 
in the nucleus of transfected cells. The size of the σNS 
protein, predicted to be 39.1  kDa, may allow pas-
sive diffusion through the nuclear pores, whereas the 
86  kDa μ2 protein exceeds the 40  kDa limit for passive 

diffusion [39]. MRV σNS and μ2 are both shown to be 
distributed in the nucleus and the cytoplasm of trans-
fected and infected cells. The ability of MRV σNS to 
locate in the nucleus of infected cells has been linked to 
its nucleic acid binding capability, while the presence of 
MRV μ2 in the nucleus of transfected cells is explained 
by predicted nuclear import and export signals [20, 24, 
40–42]. There are no predicted classical nuclear localiza-
tion signals (NLSs) in PRV σNS [8] or PRV μ2 (present 
study, using PSORTII and NLS mapper). The presence of 
nuclear export signals (NES) have though been predicted 
for both proteins. Neither σNS nor μ2 was found in the 
nucleus after co-transfection with μNS. As μNS does not 

Figure 6 Co-transfections with truncated μNS variants. EPC cells transfected with pcDNA3.1-μNS-∆743-752, pcDNA3.1-μNS-∆736-752, 
pcDNA3.1-μNS-∆1-401 and pcDNA3.1-μNS-∆402-752 processed for fluorescence microscopy 48 hpt. A EPC cells expressing μNS∆743-752 alone 
and co-expressed with σNS. B EPC cells expressing μNS∆736-752 alone and co-expressed with σNS. C EPC cells expressing μNS∆402-752 alone and 
co-expressed with σNS. D EPC cells expressing μNS∆1-401 alone and co-expressed with σNS.
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localize to the nucleus, an explanation might be that μNS 
sequesters σNS and μ2 within the cytoplasmic inclusions, 
thus reducing the amount of free σNS and μ2 to enter the 
nucleus. This has also been proposed for MRV σNS and 
μ2 [20, 40]. Further studies are needed to excavate the 
functional roles of the observed nuclear localization of 
PRV σNS and μ2.

The C-terminal part of MRV μNS contains four distinct 
regions comprising 250 amino acids that are sufficient to 
form viral factories [29]. These regions include two pre-
dicted coiled-coil domains, a linker region between the 
coiled coils containing a putative zinc hook, and a short 
C-terminal tail [24]. PRV μNS may contain a coiled-coil 
motif in its C-terminal region [8]. A deletion of the eight 
C-terminal amino acids of MRV μNS results in diffusely 
distributed protein throughout the cytoplasm and the 
nucleus, suggesting that these amino acids are necessary 
for inclusion formation [29]. PRV μNS also contains a 
high α-helical content in its C-terminal region although 
the sequence identity to the homologous MRV protein is 
low [8]. In fact, the predicted secondary structure profiles 
of MRV and PRV μNS show significant similarities, high-
lighting the importance of conserving structural features 
over primary sequence for the function of homologues 
proteins across evolutionary lines. Still, the two C-termi-
nally truncated forms of μNS containing deletions of 10 
and 17 amino acids, respectively, formed viral factory-like 
structures when expressed in EPC cells, indicating that 
factory formation is not dependent on these amino acids. 
Deletion of the 401  N-terminal amino acids seemed to 
have some influence on the viral factory formation, but 
the protein still accumulated in granular structures and 
retained its ability to recruit σNS. Deletions of the 351 
C-terminal amino acids, on the other hand, resulted in 
diffusely distributed protein and absence of globular 
inclusions. This indicates that the C-terminal region of 
μNS is essential for factory formation. The N-terminal 
region of PRV μNS displays a somewhat higher level of 
secondary structure conservation when compared to 
MRV. In MRV, this region of μNS is crucial for interac-
tions with σNS, μ2, λ1 and λ2 [34, 38].

In conclusion, our results strongly suggest that PRV 
µNS protein is essential for factory formation and assem-
bly of viral proteins, similar to that of μNS of other 
orthoreoviruses. Further studies on both the structural 
and functional properties of PRV proteins can provide 
important information relating to disease development 
following PRV infections.
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Abstract: Piscine orthoreovirus (PRV) is ubiquitous in farmed Atlantic salmon (Salmo salar) and the
cause of heart and skeletal muscle inflammation. Erythrocytes are important target cells for PRV.
We have investigated the kinetics of PRV infection in salmon blood cells. The findings indicate that
PRV causes an acute infection of blood cells lasting 1–2 weeks, before it subsides into persistence.
A high production of viral proteins occurred initially in the acute phase which significantly correlated
with antiviral gene transcription. Globular viral factories organized by the non-structural protein
µNS were also observed initially, but were not evident at later stages. Interactions between µNS and
the PRV structural proteins λ1, µ1, σ1 and σ3 were demonstrated. Different size variants of µNS and
the outer capsid protein µ1 appeared at specific time points during infection. Maximal viral protein
load was observed five weeks post cohabitant challenge and was undetectable from seven weeks
post challenge. In contrast, viral RNA at a high level could be detected throughout the eight-week
trial. A proteolytic cleavage fragment of the µ1 protein was the only viral protein detectable after
seven weeks post challenge, indicating that this µ1 fragment may be involved in the mechanisms of
persistent infection.

Keywords: Piscine orthoreovirus; PRV; non-structural protein; µNS; µ1; expression kinetics; proteolytic
cleavage; pathogenesis; blood cells; Atlantic Salmon

1. Introduction

Piscine orthoreovirus (PRV) belongs to the genus Orthoreovirus in the family Reoviridae [1,2].
The orthoreoviruses are ubiquitous in various animal species, but only found to be of pathogenic
significance in poultry and recently in fish [3–7]. PRV is abundant in farmed Atlantic salmon
(Salmo salar), detected both in apparently healthy and diseased fish [8–11]. The infection causes
heart and skeletal muscle inflammation (HSMI) and is associated with melanised foci in white muscle
in Atlantic salmon [1,7,12]. HSMI is a prevalent disease and melanised foci is a quality problem; both
conditions are of major economic importance to salmon aquaculture. The pathogenesis of HSMI is not
completely elucidated. Outbreaks of the disease are primarily observed in the seawater phase and last
for several weeks in the population [13], after which the PRV infection becomes persistent [9,11,14].
In experimental cohabitant infection trials, disease onset occurs after 8–10 weeks [15].
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The study of molecular mechanisms linked to PRV infection has been limited by the lack of
susceptible cell lines. Studies of the viral infection have therefore been performed in vivo or by
infecting erythrocytes ex vivo [16]. Piscine erythrocytes are nucleated and contain the transcriptional
and translational machinery necessary for expression of mRNA and proteins [17]. Erythrocytes
are important target cells for PRV and the infection activates an innate antiviral immune response
typical for RNA viruses in these cells [18]. During the peak phase of infection, more than 50% of all
erythrocytes may be infected [19]. Interestingly, severe anemia has not been reported from HSMI
outbreaks in the seawater phase, indicating low or no virus-induced lysis of infected erythrocytes [20].
Recently, a variant of PRV was demonstrated to be the etiologic agent of erythrocytic inclusion body
syndrome (EIBS), a condition associated with anemia and mass mortality in juvenile Coho salmon
(Onchorhynchus kisutchi). The level of anemia in EIBS affected fish corresponded with the level of viral
replication in blood [7]. In addition, infection of rainbow trout in fresh water by yet another PRV
variant is also associated with anemia and an HSMI-like disease [5].

The Orthoreovirus genome consists of ten double-stranded RNA (dsRNA) segments enclosed in a
double protein capsid. The genomic segments are classified according to size with three large (L), three
medium (M) and four small (S) segments encoding the λ, µ and σ class proteins, respectively [3,21].
In mammalian orthoreovirus (MRV), the species type of genus Orthoreovirus, the viral transcription
machinery is located in the inner core and consists of λ1, λ2, λ3, µ2 and σ2 [22]. The outer capsid
proteins µ1, σ1 and σ3 are involved in cell attachment and membrane penetration during the initial
stages of infection [23–25]. The two non-structural proteins µNS and σNS participate in the formation
of viral factories where viral genome replication and particle assembly occur [21,26,27]. Although
some important amino acid motifs are conserved between MRV and PRV, sequence identities between
homologous proteins are generally low [2]. MRV enters the cell by receptor-mediated endocytosis.
The outer capsid is largely removed and µ1 is cleaved at two positions that generate, in addition
to the full-length protein, five different fragments [24,28]. The N-terminal autolytic cleavage site,
which produces µ1N and µ1C, seems conserved across orthoreoviruses, including PRV [2,29,30].
Further cleavage of µ1C, mediated by exogenous proteases, generate fragments δ and φ [24].

Structures resembling viral factories have also been observed in PRV-infected erythrocytes,
and recombinant expression of the protein in fish cell lines indicate that PRV µNS has an analogous role
in factory formation [16,19,31]. The majority of virus-encoded proteins localize completely or partially
within these viral factories [2,3,21]. The viral factories in PRV-infected cells resemble the globular
structures observed for the MRV type 3 Dearing (T3D) strain, in contrast to the filamentous-like
viral factories generated by MRV Type 1 Lang (T1L) [19]. The latter is considered the most common
morphology type of orthoreoviral factories [21,32]. Gene segment M3 in MRV and avian orthoreovirus
(ARV) are reported to produce two isoforms of the factory forming µNS protein in infected cells [33–35].
The second isoform is produced by different mechanisms in the two viruses; in MRV, µNSC is expressed
by a second in-frame AUG (Met41) while in ARV, post-translational cleavage in the N-terminal region
releases µNSN [33,35,36]. In ARV, only full-length µNS interacts with σNS in infected cells, suggesting
that the two isoforms play different roles during ARV infection [34].

Considering the emerging occurrence of HSMI, PRV exhibits a considerable risk for the
aquaculture industry and proper disease control is highly desired. To understand the association
between PRV infection and disease outcome, and also to limit further disease outbreaks, more
information regarding PRV protein kinetics is essential. In the present study, the kinetics of viral
RNA, viral protein and antiviral immune response in blood cells from experimentally PRV-infected
Atlantic salmon were investigated. We hypothesized that PRV causes an acute infection in blood cells
correlating with innate antiviral gene expression, before the infection subsides to a low persistent level.
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2. Materials and Methods

2.1. Construction and Expression of Recombinant Piscine orthoreovirus (PRV) µNS

Following the supplier’s protocol, the BaculoDirect™ Baculovirus Expression System (Invitrogen,
Carlsbad, CA, USA) was used to generate recombinant µNS. The µNS open reading frame (ORF)
(acc. no. KR337478) was obtained by polymerase chain reaction (PCR; primers listed in Table S1)
of the plasmid construct pcDNA3.1 µNS N-FLAG [31] and cloned into the pENTR™ TOPO® vector
(Invitrogen). The pENTR µNS construct was used in a recombination reaction to generate the
recombinant baculovirus DNA. Sanger sequencing (GATC Biotech AG, Konstanz, Germany) confirmed
the sequence of the construct. Spodoptera frugiperda (Sf9) insect cells (BD Bioscience, Erembodegem,
Belgium) cultured in Grace Insect Medium (Invitrogen) supplemented with 10% heat inactivated
fetal bovine serum (FBS, Life Technologies, Paisley, Scotland, UK), 100 U/mL Penicillin, 100 µg/mL
Streptomycin and 0.25 µg/mL Fungizone (Life Technologies), were transfected with recombinant
baculovirus DNA. Passage 1 (P1) viral stock was harvested 11 days post transfection and used to
produce high titer viral stocks according to the supplier’s protocol. The BacPAK quantitative PCR
(qPCR) Titration kit (Clontech, Mountain View, CA, USA) was used to determine the viral titer. Finally,
Sf9 insect cells were infected with Passage 2 (P2) or higher passage of recombinant baculovirus stock
(>1 × 108 copies/mL) and incubated at 27 ◦C for 96 h for expression of the recombinant µNS protein
containing a C-terminal 6xHis-tag.

2.2. Construction and Expression of Recombinant PRV λ1

The ORF of PRV structural protein λ1 (acc. no. KR337475) encoded by gene segment L3 was
amplified (primers listed in Table S1) using cDNA originating from a HSMI outbreak [31] as template.
The PCR product was cloned into pET100/D-TOPO (Invitrogen) and the sequence verified by Sanger
sequencing (GATC Biotech AG). The pET100-λ1 plasmid was transfected into E. coli (BL21 DE3 strain,
Invitrogen) and expressed with a N-terminal 6xHis-tag, following the manufacturer’s instructions.
Protein expression was monitored by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE).

2.3. Protein Purification

The Sf9 insect cells and the E. coli cells expressing recombinant PRV µNS and λ1 proteins,
respectively, were pelleted by centrifugation at 5000× g for 10 min, then dissolved and washed in
phosphate-buffered solution (PBS). Purification of recombinant proteins was carried out using ProBond
Purification System (Life Technologies) following the manufacturer’s instructions. The recombinant
µNS protein was eluted with an elution buffer containing 8 M Urea, 20 mM Na2H2PO4 (pH 4.0), and
500 mM NaCl. The purity of the recombinant protein was monitored by SDS-PAGE using a 4%–12%
Bis–Tris Criterion XT gel (Bio-Rad, Hercules, CA, USA). To purify λ1, the Ni-NTA agarose was run on
a SDS-PAGE where a band matching the size of λ1 was excised. The gel sample containing λ1 protein
was solubilized in 250 mM Tris-HCl with 0.1% SDS, pH 6.8, sonicated 3 × 5 s and incubated at 4 ◦C
with shaking overnight. The sample was centrifuged at 10,000× g for 10 min and the supernatant was
dialyzed using the Slide-A-Lyser® Dialysis cassette with 20,000 molecular weight cut-off (MWCO) and
0.5–3.0 mL capacity (Thermo Scientific, Waltham, MA, USA) following the manufacturer’s protocol.
SDS-PAGE confirmed the purity of the recombinant λ1 protein. Protein concentrations for both µNS
and λ1 were determined using the DC Protein Assay Reagent Package (Bio-Rad), with bovine serum
albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA) as protein standard.

2.4. Immunization of Rabbits

The purified recombinant proteins were used for immunization of rabbits and generation of
antisera named anti-µNS #R320684 and anti-λ1 #K273. In the first injection, Freund’s complete
adjuvant was added, thereafter the rabbits were boosted three times with Freund’s incomplete adjuvant
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weekly. The amount of µNS and λ1 antigen used per immunization was in the range of 45–500 µg.
The rabbit sera produced were tested by Western blotting (WB) and fluorescent microscopy after
transfection of epithelioma papulosum cyprini (EPC; ATCC CRL-2872) cells with pcDNA3.1 µNS
N-FLAG [31] or pcDNA3.1 λ1 N-HA [31] (see description below). Antisera controls were collected
prior to immunization. WB and immunofluorescent microscopy confirmed that the rabbit µNS and
λ1 antisera recognized the µNS and λ1 proteins in transfected EPC cells (Figure S1). No staining was
detected using the pre-immunization sera (data not shown).

2.5. Specificity of Antisera

EPC cells were cultivated in Leibovitz-15 medium (L15; Life Technologies) supplemented
with 10% heat inactivated FBS, 2 mM L-glutamine, 0.04 mM mercaptoethanol and 0.05 mg/mL
gentamycin-sulphate (Life Technologies), and seeded at a density of 1.5 × 104 cells/well in a 24-well
plate 24 h prior to transfection. Plasmids pcDNA3.1-µNS N-FLAG and pcDNA3.1-λ1 N-HA were
transfected using Lipofectamine LTX reagent (Life Technologies) according to the manufacturer’s
instructions. The cells were fixed and stained 48 h post-transfection with an Intracellular Fixation
and Permeabilization Buffer Set (eBioscience, San Diego, CA, USA) following the manufacturer’s
protocol. Antisera against µNS (1:1000) and λ1 (1:500); secondary antibody against rabbit IgG
conjugated with Alexa Fluor 488 (Life Technologies) and Hoechst trihydrochloride trihydrate
(Life Technologies) were used for staining. Images were captured on an inverted fluorescence
microscope (Olympus IX81). Transfected EPC cells were also used to further verify anti-µNS and
anti-λ1 in WB. A total of 3 × 5 million EPC cells were pelleted by centrifugation, resuspended
in 100 µL Ingenio Electroporation Solution (Mirus, Madison, WI, USA) and transfected with 4 µg
pcDNA3.1 µNS N-FLAG or pcDNA3.1 λ1 N-HA. The transfected cells were transferred to 75 cm2

culture flasks containing 20 mL pre-equilibrated L-15 growth medium (described above) and collected
72 h post-transfection. The cell pellets were lysed in Nonidet-P40 lysis buffer (1% NP-40, 50 mM
Tris–HCl pH 8.0, 150 mM NaCl, 2 mM EDTA) containing Complete ultra mini protease inhibitor
cocktail (Roche, Mannheim, Germany). The mix was incubated on ice for 30 min, and then centrifuged
at 5000× g for 5 min at 4 ◦C. The supernatant was mixed with Sample Buffer (Bio-Rad) and Reducing
Agent (Bio-Rad), denatured for 5 min at 95 ◦C and run in SDS-PAGE, using 4%–12% Bis–Tris Criterion
XT gel (Bio-Rad). Magic MarkTM XP Standard (Invitrogen) was used as a molecular size marker.
Following SDS-PAGE, the proteins were blotted onto a polyvinylidene fluoride (PVDF) membrane
(Bio-Rad) and anti-µNS and anti-λ1 were used as primary antibodies and anti-Rabbit IgG-HRP
(GE Healthcare, Buchinghamshire, UK) as secondary antibody. Protein bands were detected by
chemiluminescence (Amersham ECL Plus, GE Healthcare).

2.6. Experimental Challenge of Salmon

A cohabitation challenge experiment was performed at VESO Vikan aquatic research facility,
(Vikan, Norway). The fish had an average weight of 30 grams at the onset of the experiment with a
maximum stocking density of 80 kg/m3, and were kept in 0.4 m3 tanks supplied with filtered and
UV-radiated fresh water, 12 ◦C ± 1 ◦C with a 12 h light/12 h dark regime. Water discharge of the
tanks was provided by a tube overflow system with 7.2 L/min flow rate. The fish were acclimatized
for two weeks prior to challenge, fed according to standard procedures and anesthetized by bath
immersion (2–5 min) in benzocaine chloride (0.5 g/10 L water, Apotekproduksjon AS, Oslo, Norway)
before handling. Briefly, the experimental study included one group of shedder fish (50%) marked at
the time of PRV-injection by cutting off the adipose fin and one naïve cohabitant group (50%). The PRV
inoculum was prepared from a batch of pooled heparinized blood samples from a previous PRV
challenge experiment [19].

On day 0 of the challenge, the heparinized blood was diluted 1:2 in PBS and 0.1 mL of the
inoculum was intraperitoneal (i.p.) injected into the shedders. The inoculum was confirmed negative
for salmon viruses such as infectious pancreatic necrosis virus (IPNV), infectious salmon anemia virus
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(ISAV), salmonid alphavirus (SAV) and piscine myocarditis virus (PMCV) by reverse transcription
quantitative PCR (RT-qPCR). Samples from six fish were collected before initiation of the experiment
to provide time-0 uninfected control material for protein assays. Heparinized blood was collected from
six cohabitant fish at each sampling point; 3, 4, 5, 6, 7 and 8 weeks post challenge (wpc). In addition,
a second cohabitation challenge experiment lasting 10 weeks was performed at the same facility
following a similar experimental design. In this study, six fish sampled prior to PRV challenge were
used to provide uninfected control material for protein and RT-qPCR assays, and heparinized blood
was collected from six cohabitant fish at 4, 6, 8 and 10 wpc. The second challenge experiment was
otherwise performed under the same conditions as the first experiment. Both experiments were
approved by the Norwegian Animal Research Authority and followed the European Union Directive
2010/63/EU for animal experiments.

2.7. RNA Isolation and Reverse Transcription Quantiative Polymerase Chain Reaction (RT-qPCR)

Total RNA was isolated from 20 µL heparinized blood homogenized in 650 µL QIAzol Lysis
Reagent (Qiagen, Hilden, Germany) using 5 mm steel beads, TissueLyser II (Qiagen) and RNeasy Mini
spin column (Qiagen) as recommended by the manufacturer. RNA was quantified using a NanoDrop,
ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). The Qiagen OneStep kit
(Qiagen) was used for RT-qPCR with a standard input of 100 ng (5 µL of 20 ng/µL) of the isolated total
RNA per reaction in a total reaction volume of 12.5 µL. The template RNA was denaturated at 95 ◦C
for 5 min prior to RT-qPCR targeting PRV gene segments S1, M2 and M3. The following conditions
were used for S1: 400 nM primer, 300 nM probe, 400 nM dNTPs, 1.26 mM MgCl2, 1:100 RNase Out
(Invitrogen) and 1 × ROX reference dye with the following cycle parameters: 30 min at 50 ◦C, 15 min
at 94 ◦C, 40 cycles of 94 ◦C/15 s, 54 ◦C/30 s and 72 ◦C/15 s in an AriaMx (Agilent, Santa Clara, CA,
USA). Similar conditions and cycle parameters were also used targeting M2 and M3, although primer
concentration was adjusted to 600 nM and annealing temperature to 58 ◦C. All samples were run in
duplicates, and a sample was defined as positive if both parallel samples had a Ct <35. The fluorescence
threshold for S1, M2 and M3 was set at ∆Rn 0.261, 0.028 and 0.021, respectively. The primers and
probes are listed in Table S1. For analysis of antiviral gene expression, cDNA was prepared from
500 ng RNA using the QuantiTect reverse transcription kit with gDNA elimination (Qiagen) following
the instructions from the manufacturer. Quantitative PCR was performed in triplets on 384-well plates
using cDNA corresponding to 5 ng RNA in a total volume of 10 µL per parallel, SsoAdvanced™
Universal SYBR® Green Supermix, and 500 nM forward and reverse primers (Table S2). The qPCRs
were run for 40 cycles of 94 ◦C/15 s and 60 ◦C/30 s. All samples in the sample set were analyzed on the
same plate using the same fluorescence threshold, and the cut-off value was set to Ct 37. The specificity
of the SYBR green assays was confirmed by melting point analysis. Levels of Elongation factor (EF1α)
mRNA were used for normalization of all assays by the ∆∆Ct method.

2.8. Flow Cytometry

Samples consisting of 1.25 µL heparinized blood (diluted 1:20 in PBS) from each of the cohabitant
fish in the first challenge experiment were plated into 96-well plates for intracellular staining as
previously described [19] using anti-µNS and anti-ơ1 [4]. The corresponding zero serum, anti-µNS
Zero and anti-σ1 Zero [4] were used as negative controls for background staining. Samples originating
from 5 and 8 wpc were fixed, stained and analyzed immediately, while samples from 4 and 7 wpc
were fixed and stored for one week and samples from 0, 3 and 6 wpc were fixed and stored for two
weeks in flowbuffer (PBS, 1% BSA, 0.05% azide) before analysis. The cells were analyzed on a Gallios
Flow Cytometer (Beckman Coulter, Miami, FL, USA), counting 50,000 cells per sample, and the data
were analyzed using the Kaluza software (Becton Dickinson). Cells were gated according to size
and granularity to include only intact cells and samples from 0 wpc were used as negative controls.
Due to slight variation in background staining, the flow charts were gated individually to discriminate
between negative and positive peaks.
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2.9. Immunofluorescence Microscopy

Following flow cytometry analysis, the cells were prepared for immunofluorescence microscopy.
The nuclei were stained with Hoechst trihydrochloride trihydrate (Life Technologies) and the cells
were mounted to glass slides using Fluoroshield (Sigma-Aldrich, St. Louis, MO, USA) and cover slips.
Images were captured on an inverted fluorescence microscope (Olympus IX81).

2.10. Transmission Electron Microscopy (TEM)

Samples consisting of 20 µL heparinized blood from each cohabitant fish in the first experimental
challenge were diluted in 1 mL PBS, centrifuged at 1000× g for 5 min at 4 ◦C, washed twice in PBS
and fixed in 3% glutaraldehyde overnight at 4 ◦C. All samples were further washed twice in PBS and
prepared for transmission electron microscopy (TEM) as described earlier [19]. The sections were
examined in a FEI MORGAGNI 268, and photographs were recorded using a VELETA camera.

2.11. Western Blotting (WB)

Heparinized blood from each cohabitant fish in the first challenge experiment was analyzed
separately and as pooled samples from the different time-points. The samples were centrifuged at
5000× g and the blood pellets was lysed in Nonidet-P40 lysis buffer containing Complete ultra mini
protease inhibitor cocktail and prepared for WB as described above. Anti-µNS (1:1000), anti-µ1C
(1:500) [4], anti-σ1 (1:1000) [4], anti-σ3 (1:500) [2] and anti-λ1 (1:500) were used as primary antisera,
Rabbit Anti-Actin (Sigma-Aldrich, St. Louis, MO, USA) was used to standardize the blots and
Anti-Rabbit IgG-HRP (GE Healthcare) was used as secondary antibody. Blood collected at 0 wpc was
used as negative control. In addition, heparinized blood from six of the cohabitant fish sampled at 0, 4,
6, 8 and 10 wpc in the second challenge experiment were prepared and analyzed in the same manner.

2.12. Immunoprecipitation (IP)

Blood from six cohabitants in the first challenge experiment sampled at 4, 5 and 8 wpc were
pooled and lysed in Nonidet-P40 lysis buffer containing Complete ultra mini protease inhibitor
cocktail as described above. The supernatants were transferred to new tubes and added anti-µNS or
anti-µ1C (1:50) and incubated at 4 ◦C overnight with rotation. The Immunoprecipitation Kit Dynabeads
Protein G (Novex, Life Technologies) was used for protein extraction and the beads were prepared
according to the manufacturer’s protocol. The cell–lysate–antibody mixtures were mixed with the
protein G-coated beads and incubated 2 h at 4 ◦C. The beads–antibody–protein complexes were
washed according to the manufacturer’s protocol and run in SDS-PAGE. The SDS-gel was blotted onto
PVDF membranes (Bio-Rad) and the proteins were detected using anti-µNS, anti-µ1C [4], anti-σ1 [4],
anti-σ3 [2] and anti-λ1.

2.13. Liquid Chromatography–Mass Spectrometry (LC–MS)

Five and three fragments immunoprecipitated with anti-µNS (4 and 5 wpc) and anti-µ1C (5 wpc),
respectively, that were not observed at 0 wpc, were excised and in-gel digested with 0.1 µg of trypsin
in 20 µL of 50 mM ammonium bicarbonate, pH 7.8 for 16 h at 37 ◦C (Promega, Madison, WI, USA).
The peptides were purified with µ-C18 ZipTips (Millipore, Billerica, MA, USA), and analyzed using an
Ultimate 3000 nano-UHPLC system (Dionex, Sunnyvale, CA, USA) connected to a Q Exactive mass
spectrometer (ThermoElectron, Bremen, Germany). Liquid chromatography and mass spectrometry
was performed as previously described [37]. Data were acquired using Xcalibur v2.5.5 and raw files
were processed to generate peak list in Mascot generic format (*.mgf) using ProteoWizard release
(Version 3.0.331). Database searches were performed using Mascot (Version 2.4.0) against the protein
sequences of λ1, λ2, λ3, µNS, µ1, µ2, σNS, σ1, σ2 and σ3 assuming the digestion enzyme trypsin and
semi-trypsin, at a maximum of one missed cleavage site, fragment ion mass tolerance of 0.05 Da, parent
ion tolerance of 10 ppm and oxidation of methionines, propionamidylation of cysteines, acetylation of



Viruses 2017, 9, 49 7 of 18

the protein N-terminus as variable modifications. Scaffold 4.4.8 (Proteome Software Inc., Portland, OR,
USA) was used to validate MS/MS based peptide and protein identifications.

2.14. Computational Analysis

Theoretical molecular weights for proteins were calculated using the Compute pI/Mw tool [38].
PSI-blast based secondary structure PREDiction (PSIPRED; Version 3.3) was used to predict protein
secondary structure [39].

2.15. Statistical Analysis

Differences in gene expression levels of innate antiviral genes was analyzed using one-way Anova
with Tukey’s multiple comparison test. Correlation analysis between PRV S1/M3 RNA levels and
antiviral and immune gene expression were performed using nonparametric Spearman correlation.

3. Results

3.1. Viral RNA Load in Blood Cells

RT-qPCR targeting PRV genomic segments S1, M2 and M3 revealed high viral RNA loads in
blood cells from 3 to 8 wpc (Figure 1). RNA from segments S1, M2 and M3 were first detected at 3 wpc
and peaked at 5 wpc with mean Ct-values of 17.2 (±0.4), 14.5 (±0.3) and 14.6 (±0.4). From 5 wpc, the
S1 RNA load decreased, and by 8 wpc the mean Ct-value was 26.4 (±0.6). However, a similar decrease
was not observed for the M2 and M3 RNAs, and by 8 wpc mean Ct-values for these genomic segments
were 17.4 (±0.5) and 17.7 (±0.4), respectively. RT-qPCR targeting genomic segment S1 in blood from
six fish sampled at 0, 4, 6, 8 and 10 wpc in the second challenge experiment was also performed and
gave similar results (Figure S2).

ȱ
Figure 1. Piscine orthoreovirus (PRV) RNA load in blood cells. Reverse transcription quantitative
polymerase chain reaction (RT-qPCR) of PRV gene segments S1, M2 and M3 in blood cells from
cohabitant fish. Individual (dots) and mean (line) Ct-values, n = 6 per time-point. wpc = weeks
post challenge.
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3.2. Expression of Innate Antiviral Genes in PRV Infected Blood Cells

The innate antiviral immune response in blood following PRV infection was studied by RT-qPCR
targeting Atlantic salmon type I interferon (IFNab), viperin, interferon-stimulated gene 15 (ISG15),
dsRNA-activated protein kinase (PKR) and IFNγ. All innate antiviral genes analyzed were statistically
significantly upregulated during the peak phase of PRV infection from 4 to 6 wpc, increasing 5- to
20-fold compared to the level at 3 wpc (Figure 2a, Figure S3). The Ct values for S1 and M3 RNA
correlated with the relative levels of gene expression for all innate antiviral genes, but not for the T-cell
marker genes CD4 and CD8 (Figure 2b). When comparing the early phase up to the peak of infection
(3–5 wpc) with the later phase (6–8 wpc), S1 RNA was correlated with the innate antiviral response
in both phases, whereas M3 only showed significant correlation in the early phase (Figure 2b). EF1α
were stably expressed during PRV infection and were used for normalization of all other assays by the
∆∆Ct method (Figure S4) [15,40].

Figure 2. Expression of immune genes in blood cells. (a) Immune genes were assayed at 3–8 wpc by
RT-qPCR in blood cells from cohabitant fish (n = 6 per time point). Data are normalized against EF1α
and the lowest ∆Ct level at 3 wpc (n = 6), and 2-∆∆Ct values are calculated. Mean relative expression
is indicated. ISG = interferon-stimulated gene, PKR = double-stranded RNA (dsRNA)-activated
protein kinase; (b) Correlation between Ct values for S1/M3 RNA and relative levels of antiviral gene
expression for a set of immune genes.
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3.3. Flow Cytometry Indicates a Transient Peak in Blood Cells

Blood cells stained intracellularly with anti-µNS and anti-σ1 were analyzed by flow cytometry
(Figure 3a, Figure S5). A PRV positive population of blood cells was observed from 4 wpc as a marked
shift in the histograms compared to negative samples. Five out of six fish were positive for µNS by
flow cytometry at 4 wpc, consistent with the RT-qPCR data where the positive fish had lower Ct-values
(18.2 ± 5.6) compared to the negative fish (30.4). At 5 wpc, the PRV positive blood cell population
decreased, but was still visible for all individuals. From 6 wpc and onwards, no PRV-positive cell
populations were observed. The pattern for σ1 positive cells was similar to that described for µNS.

Figure 3. Presence of PRV µNS and σ1 in blood cells. (a) Intracellular staining of µNS in blood cells
analyzed by flow cytometry from three cohabitant fish sampled at 4, 5 and 6 wpc. The negative control
staining is one fish sampled at 0 wpc. A total of 50,000 cells were counted per sample and 30,000 were
gated for analysis; (b) Fluorescent labeling of µNS (left) and σ1 (right) displaying viral factory-like
inclusions (green) in infected red blood cells sampled 0 (negative control), 4, 5 and 6 wpc. The nuclei
were stained with Hoechst (blue).

3.4. Viral Factories Observed in Blood Cells

Both µNS and σ1 were detected by immunofluorescence as cytoplasmic globular inclusions in
erythrocytes at 4, 5 and 6 wpc (Figure 3b). The inclusions varied in both size and number. At 4 and
5 wpc, they were predominantly large and perinuclear. Inclusions stained with anti-σ1 were generally
smaller and more variable in size than those stained with anti-µNS. At 6 wpc, the number and size
of the inclusions were considerably reduced and at 7 wpc and onward no inclusions were detected.
These findings correlated with the results obtained from flow cytometry.

3.5. TEM of PRV Infected Blood Cells

TEM of PRV infected blood cells sampled at 0, 4, 5 and 6 wpc are shown in Figure 4. The control
cells (0 wpc) contained circular cytoplasmic vesicles (200–500 nm) that were apparently devoid
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of specific content. In addition, a few control cells contained lamellar structures up to 300 nm in
size. At 4 wpc, lamellar structures were frequent and a few large cytoplasmic inclusions (~800 nm)
containing particles with reovirus-like morphology were observed. The viral particles were naked
with an electron dense core that resembled previous TEM descriptions of PRV [19]. At 5 wpc, several
small (200–500 nm) and large (~800 nm) cytoplasmic inclusions containing reovirus-like particles were
detected. The larger inclusions contained a mixture of reovirus-like particles and lamellar structures,
some enclosed within membrane-like structures. At 6 wpc, large inclusions were frequent, but only a
few contained viral particles.

Figure 4. Transmission electron microscopy (TEM) of blood cells. PRV-infected red blood cells sampled
at 0 (negative control), 4, 5 and 6 wpc show small empty vesicles (cross), lamellar structures (arrowhead),
reovirus-like particles (arrow) and large empty inclusions (star).

3.6. µNS Protein Expression in Individual Fish Correlate with viral RNA only during the Acute Phase
of Infection

Blood cells from six fish sampled at 3, 4, 5 and 6 wpc were analyzed by WB using anti-µNS
and compared to Ct-values targeting the corresponding genomic segment M3 of the same samples
(Figure 5). No fish were positive by WB at 3 wpc, while five samples at 4 wpc demonstrated bands
at molecular weight (MW) 83.5 (putative full-length µNS) and 70 kDa. The Ct-values from the same
samples corresponded to the positive staining of the putative full-length µNS bands. Fish 6 at 4 wpc,
was negative for µNS by WB; this individual also displayed a higher Ct-value (30.4) than the other
cohabitants. The amount of µNS decreased markedly from 4 to 5 wpc, and the 70 kDa band was barely
detectable at 5 wpc. At 6 wpc, the µNS protein was non-detectable by WB in fish 1, 5 and 6, and only
barely detectable in the remaining fish. Although the µNS protein level decreased below the detection
limit for WB, the corresponding viral RNA levels (genomic segment M3) remained high throughout
the challenge. Thus, µNS protein and M3 RNA levels only correlated at 4 wpc.

Figure 5. Detection of PRV uNS protein in blood cells compared to viral RNA load. Blood cells from 3,
4, 5 and 6 wpc (n = 6) analyzed for µNS by Western blotting. Ct-values for gene segment M3 (µNS)
from the same samples are shown below each lane. M = molecular weight standard; Lane 1–6 refers to
individual fish (1–6) per time point.
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3.7. PRV Protein Levels Display a Transient Peak in Blood Cells

The load of structural proteins λ1, µ1, σ1 and σ3, and the non-structural protein µNS, displayed a
similar transient peak at 4–6 wpc in blood cells (Figure 6). All five proteins appeared at 4 wpc and were
non-detectable at 7 wpc. In addition to the putative full-length µNS, a band with the MW of about
70 kDa was observed at 4 wpc, consistent with findings from individual fish (Figure 5). The putative
full-length µ1 protein (74.2 kDa) was detected at 4 wpc. However, at 5 wpc, this band was not present
but replaced by three bands of approximately 70 kDa, 37 kDa and 32 kDa in size. At 7 and 8 wpc,
only one band of approximately 35 kDa was detected. The same staining patterns for the λ1, µNS, µ1,
σ1 and σ3 proteins were observed when blood from the second challenge experiment was analyzed
(Figure S6).

Figure 6. Presence of PRV proteins in blood cells. Pooled blood cell samples (n = 6) from each week
were analyzed by Western blotting, targeting µNS, σ1, σ3, µ1 and λ1. M = molecular weight standard.
Actin was used as control for protein load.

3.8. PRV Proteins Interact with µNS

Interaction between µNS and other PRV proteins was studied by IP and WB (Figure 7).
At 4 wpc, µNS was detected as a 70 kDa protein and at the same time-point the structural proteins
λ1, µ1, σ1 and σ3 were co-immunoprecipitated. At 5 wpc, µNS was detected in three different
sizes ranging from 70 kDa to 83.5 kDa (putative full-length µNS). However, the only structural
proteins co-immunoprecipitating with µNS at 5 wpc were σ3 and the 35 kDa fragment of µ1
(see above). Interactions between µNS and other viral proteins were also investigated by liquid
chromatography–mass spectrometry (LC–MS; Table 1) and peptides corresponding to λ1, λ2, λ3, µNS,
µ1, σNS and σ1 were identified.



Viruses 2017, 9, 49 12 of 18

Figure 7. µNS interacts with multiple PRV proteins. Pooled blood cell lysate (n = 6) immunoprecipitated
with µNS-antiserum, followed by Western blotting with primary antibodies detecting µNS, µ1C, σ1, σ3
and λ1 (arrows). M = molecular weight standard.

Table 1. Identified piscine orthoreovirus (PRV) peptides following immunoprecipitation with anti-µNS
and mass spectrometry (MS).

* Band Excised from
SDS-PAGE (kDa)

Identified PRV
Proteins

Unique
Peptides

Theoretical PRV
Protein Size (kDa)

140 (5 wpc) µNS 1 83.5

130 (5 wpc)

λ3 2 144.5
λ2 7 143.7
λ1 14 141.5
µNS 9 83.5
σ1 1 34.6

80 (5 wpc) λ1 11 141.5
µNS 24 83.5

70 (4 wpc) µNS 16 83.5

35 (5 wpc)

µNS 4 83.5
δ † 3 37.7
σNS 1 39.1
σ1 2 34.6

* Approximate size of proteins excised from bands following IP with anti-µNS antisera at four and five weeks post
challenge (wpc). † Proteolytic fragment of µ1 proposed in the present work.

3.9. µNS Exists in Two Forms

WB of infected blood cells consistently produced two µNS bands of approximately 83.5 and
70 kDa (Figures 5 and 6). Due to the presence of two translation initiation sites in MRV segment M3,
the LC–MS data were analyzed to identify putative shorter variants of the PRV µNS. The peptide
distribution along the full-length µNS sequence and their spectrum matches are shown in Figure S7a.
The µNS peptides and total spectrum matches obtained from the two bands are shown in Figure S7b.
Several N-terminal µNS peptides were identified from the 83.5 kDa band that were not observed in the
70 kDa band. Furthermore, the peptide spectrum matches from the 83.5 kDa and 70 kDa bands in the
200 amino acid N-terminus were 10 to 1, respectively. In contrast, for the remaining C-terminal µNS
sequence, the 83.5 kDa and 70 kDa bands produced similar or identical peptide spectrum matches,
with a ratio of 66 to 63 (Figure S7). These results point to the presence of a second translation initiation
site in the 5’- region of the µNS ORF. Start sites at M85, M94, M115 or M169 would provide proteins with
predicted sizes of 74.5, 73.6, 71.1 and 65.5 kDa, respectively. M115 is the most likely candidate due to its
size and presence in all PRV strains.
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3.10. µ1 Has Two Putative Proteolytic Cleavage Sites

WB targeting the µ1 protein showed that the protein is present in different forms during infection.
The putative full-length µ1 (74.1 kDa) was detected at 4 wpc (Figures 6 and 7). In contrast, smaller
versions, with estimated sizes of 70, 37 and 32 kDa, replaced the full-length variant at 5 wpc (Figure 6).
The three size variants from 5 wpc were subjected to LC–MS analysis (Figure S8). The 70 kDa band
most likely represents µ1C following pre-cleavage at N42P43 (MW 69.8 kDa). Of the fourteen peptide
spectrum matches identified from the 70 kDa band, two were found to overlap N42P43 (Figure S8a).
This is most likely due to carryover of slightly larger full-length µ1 (74.1 kDa) following gel excision.
No peptides stretching N-terminal to N42P43 were identified from the 37 and 32 kDa bands. Additional
semi-tryptic peptides, i.e., peptides generated by trypsin cleavage at one end but not the other, were
identified from both the 37 and 32 kDa bands (Figure S8a). Among these is a peptide identified
from the 32 kDa band harboring an N-terminal S388. Cleavage of µ1C at F387S388 would yield N- and
C-terminal fragments of 37.7 kDa and 32.1 kDa, respectively. The distribution of peptide sequences and
peptide spectrum matches provides support for proteolytic cleavage at or close to F387S388 (Figure S8).
The results suggest that the 37 kDa and 32 kDa bands represent the PRV homologues of MRV µ1
fragments δ and φ, respectively. Besides the µ1 peptide sequences, peptides originating from other
PRV proteins with sizes close to the sizes of the three excised fragments, were also identified. Peptide
sequences matching λ1 and µNS (one peptide spectrum match each) were identified from the 70 kDa
band, sequences matching σ1, σ3 and σNS were identified from the 37 kDa band (2, 2 and 11 peptide
spectrum matches, respectively) and σ2 sequences were identified from the 32 kDa band (four peptide
spectrum matches).

4. Discussion

Screening of farmed Atlantic salmon has indicated that PRV is ubiquitous in seawater and causes
a persistent infection [9,11,41,42]. The study of PRV pathogenesis has been hampered by the lack of
susceptible cell lines, and is currently dependent upon in vivo experiments. The fish in this experiment
were challenged by cohabitation, i.e., through a natural transmission route. To ensure coordinated
onset of infection, a high ratio of shedder fish was used. We found that PRV infection of salmon blood
cells is acute and transient, with a peak lasting for 1–2 weeks under these experimental conditions.

Erythrocytes are major target cells for PRV [19]. Piscine erythrocytes are nucleated and contain the
transcriptional and translational machinery enabling virus replication both in vivo and ex vivo [16,19].
We detected various PRV proteins in blood cells from 4 wpc, and the amount of protein was reduced at
6 wpc. Innate antiviral gene expression also peaked at 4–6 wpc and all selected genes were significantly
induced during the peak period, in line with PRV protein production. In contrast to the transient
peak displayed by PRV proteins, the viral RNA levels in blood cells persisted. The viral RNA level
though, varied for the targeted genomic segments; the level of M2 (µ1) and M3 (µNS) remained high
throughout the trial, while S1 (σ3) transcripts decreased from 6 wpc. TEM analysis corresponded
well with viral protein production, i.e., the lamellar structures observed at 4 wpc developed into
inclusions containing reovirus-like particles at 5 wpc, while no virus particles could be observed at
7 wpc. The findings support PRV, causing an acute infection in blood cells where high PRV protein
and particle production are sustained 1–2 weeks before the infection becomes persistent. Our study
shows that, after the acute phase, the PRV RNA level as determined by RT-qPCR does not reflect the
virus load in blood.

The salmon does not appear to be able to eliminate PRV. Challenge experiments have shown that
PRV RNA can be detected at a steady level in heart and liver until 36 wpc (end of experiment) [41], and
in blood for more than a year after challenge [9,19]. In an experiment where the infectious potential
of persistently PRV infected Atlantic salmon was studied, sentinel fish were added at 59 wpc, but no
transmission to the sentinel fish was observed [9]. This indicates that fish persistently infected with PRV
do not continuously shed the virus. Viral persistence is common in fish and has been demonstrated
for several RNA viruses [9,43–47]. The only PRV protein that could be detected after the peak of
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virus protein production was a fragment of µ1, suggesting a possible role for this protein in persistent
infection. In farmed salmon, where the size of the population in a net pen may exceed a hundred
thousand individuals, and in the whole farm be more than a million fish, viral persistence in the
population, but not necessarily in the individual, is also a critical parameter.

PRV infection in erythrocytes has previously been shown to induce expression of type I interferon
and interferon-regulated genes [16,18]. In this study, the level of viral RNA correlated with the innate
antiviral response in individual fish, with the exception of M3 expression after the virus peak (6–8 wpc).
The continuous production of M3 RNA indicates that the innate antiviral immune response primarily
inhibits virus replication post transcriptionally, which is in line with the functions of PKR and ISG15
on translation and protein modification, respectively [48,49].

Orthoreoviruses generate viral factories in the cytoplasm of infected cells [21,27,50–52], and PRV
forms cytoplasmic globular viral factories resembling the structures produced by MRV T3D [16,19,31].
Viral factories are structures where virus replication and assembly occur, and thus where the viral
proteins co-localize. The secluded nature of the viral factories modulates the level of the innate antiviral
immune response. The orthoreoviral protein µNS is orchestrating the construction of the factories
and in this study and earlier studies we have found that λ1, λ2, λ3, µ1, σNS, σ1, σ2 and σ3 interact
with µNS [31]. The σ3 protein co-precipitated with µNS but was not identified by MS, however WB
can be more sensitive than LC–MS [52]. This suggests that µNS interacts directly or indirectly with
all three λ-proteins, the µ1 protein, and possibly all four σ-proteins. The µNS protein was detected
in different molecular sizes at specific time points. Further investigations led to the finding of four
possible internal translation initiation sites in the µNS gene. The M115 residue was determined to be
the best candidate as M94 is not conserved among all PRV isolates, and M85 and M169 are unlikely
due to the sizes of the proteins generated. Post-translational cleavage to generate µNSC as shown for
ARV µNS cannot be excluded, although the specific proteolytic cleavage site in the ARV protein is not
conserved in PRV [2,33,53]. The different µNS size variants, i.e., full-length µNS and the 70 kDa variant
with putative translation initiation at M115, may differ in their interactions with other PRV proteins.
At 4 wpc, when only the 70 kDa variant of µNS was detected following IP, all targeted structural
proteins co-precipitated. However, at 5 wpc, when full-length µNS was dominant, only the σ3 protein
and the assumed µ1 fragment δ co-precipitated. Studies previously performed on aquareoviruses and
ARV indicate that recruitment of viral proteins into viral factories occurs in a predefined order through
direct or indirect association with µNS [50,54].

Four different molecular sizes of the µ1 protein were observed in the infected blood cells. Previous
multiple sequence alignments of the µ1 amino acid sequence showed absolute conservation of the
G2-myristoylation site and the autolytic N42P43 cleavage site, both regarded as crucial for reovirus
µ1-mediated membrane penetration [2]. The band observed at 4 wpc represents the full-length µ1
protein while the 70 kDa band at 5 wpc most likely represents µ1C.

Although peptides containing amino acid sequences overlapping the N42P43 site were observed
from the 70 kDa band following LC–MS, peptides ending in P43 were present in equal amount.
We conclude that the presence of the N42P43 overlapping peptides originate from carryover of the
slightly larger full-length µ1 following gel excision. In addition, proteins can exhibit different abilities
to separate in SDS-PAGE. This explains the presence of a minor fraction of peptides from the δ

fragment (i.e., 37 kDa band) in the φ fragment (i.e., 32 kDa band) and vice versa. No peptide sequences
overlapping N42P43 were identified from the 37 and 32 kDa bands. Rather, a higher number of peptides
with an N-terminal P43 generated by non-tryptic cleavage were identified, providing additional
support for cleavage at N42P43.

MRV µ1 contains a second cleavage site in its C-terminal region which, upon cleavage by
exogenous proteases, generates the additional fragments δ and φ [55]. In the present study, we propose
that the 37 kDa and 32 kDa bands represent the PRV homologues of the MRV δ and φ proteins. Hence,
PRV φ contains a larger N-terminal portion of µ1 compared to MRV φ. Although there is only 28%
identity at the amino acid level [2], the secondary structure of the PRV µ1 monomer predicted by
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PSIPRED [39] (not shown) is very similar to that of MRV µl [56]. This includes the helix-rich region
in the C-terminal end [57], which for MRV largely constitutes the φ fragment shown to be crucial
for membrane penetration, apoptosis induction and intracellular localization [57,58]. An interesting
observation is that the three PRV µ1 peptide sequences detected in the 35 kDa band following IP with
anti-µNS were all N-terminal to the proposed φ region, suggesting that µNS-interacting sites on µ1
may be located in the proposed δ region, between P43 and F387. From 7 wpc and onwards, the only
PRV protein detected was a ~35 kDa protein which could represent the δ proteolytic fragment.

Production-related diseases are often multifactorial and the outcome of a PRV infection is
influenced by viral strain, age of the fish, production and environmental factors. Recently, PRV
was demonstrated to be the etiologic agent of EIBS, causing anemia and mass mortality in juvenile
Coho salmon [7]. The level of anemia in EIBS corresponded well with the level of viral replication
in blood and it is therefore tempting to suggest that EIBS is a consequence of acute PRV infection,
i.e., the direct effect of virus PRV replication in erythrocytes. PRV is also the causative agent of
HSMI [1,4], which appears 2–3 weeks after virus replication peaks in blood cells. The dominance
of CD8 positive inflammatory cells found in the HSMI specific heart lesions indicates that immune
mediated mechanisms are a major cause of the myocarditis.

In this study, we show that PRV infection has an acute phase in blood cells with high virus
production before the infection subsides to a low persistent level. The continued transcription of viral
RNA in the persistent phase suggests that the innate antiviral immune response may act to inhibit the
virus infection post transcriptionally.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4915/9/3/49/s1,
Figure S1: Specificity of µNS and λ1 antisera; Figure S2: PRV RNA load in blood cells (second challenge
experiment); Figure S3: Expression of immune genes in blood cells; Figure S4: Expression of EF1α during PRV
infection; Figure S5: PRV σ1 positive blood cells detected by flow cytometry; Figure S6: Presence of PRV proteins
in blood cells (second challenge experiment); Figure S7: LC–MS analyses of PRV µNS; Figure S8: LC–MS analyses
of PRV µ1; Table S1: Primers and probes used for construction of plasmids and expression of viral RNA levels;
Table S2: Primers used for analysis of antiviral gene expression.
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'1$�YDFFLQH�H[SUHVVLQJ�WKH�QRQ�VWUXFWXUDO�SURWHLQV RI�Piscine 

orthoreovirus LQGXFHV PRGHUDWH SURWHFWLRQ�DJDLQVW�KHDUW�DQG�VNHOHWDO�
PXVFOH�LQIODPPDWLRQ�LQ�$WODQWLF�VDOPRQ �Salmo salar�

+DQQH�0��+DDWYHLW�� .MDUWDQ�+RGQHODQG�� 6WLQH�%UDDHQ�� (OLVDEHWK�)� +DQVHQ�� 3HWWHU�)URVW��

(VSHQ�5LPVWDG�

�'HSDUWPHQW�RI�)RRG�6DIHW\�DQG�,QIHFWLRQ�%LRORJ\��1RUZHJLDQ�8QLYHUVLW\ RI�/LIH�6FLHQFHV��2VOR��

1RUZD\
�06'�$QLPDO�+HDOWK ,QQRYDWLRQ�$6��%HUJHQ��1RUZD\

&RUUHVSRQGLQJ�DXWKRU

Manuscript

$EVWUDFW
Piscine orthoreovirus �359��LV WKH�FDXVDWLYH�DJHQW�RI KHDUW DQG�VNHOHWDO�PXVFOH�LQIODPPDWLRQ

�+60,� LQ�IDUPHG�$WODQWLF�VDOPRQ �Salmo salar�� +60,�FDXVHV VLJQLILFDQW�HFRQRPLF�ORVVHV

WR�WKH�VDOPRQ�DTXDFXOWXUH�LQGXVWU\��DQG�WKHUH�LV FXUUHQWO\�QR�YDFFLQH�DYDLODEOH� /LNH�RWKHU�

RUWKRUHRYLUXVHV��359�VWUXFWXUHV�LWV�UHSOLFDWLRQ�DQG�DVVHPEO\�ZLWKLQ�F\WRSODVPLF�LQFOXVLRQV

FDOOHG YLUDO�IDFWRULHV� RUJDQL]HG�E\�WKH�YLUDO SURWHLQ��16��7KH QRQ�VWUXFWXUDO �16�DQG�ı16�

SURWHLQV�DUH RQO\�SUHVHQW�LQ�FHOOV�GXULQJ UHSOLFDWLRQ�RI�359�DQG DUH QRW�SDUW�RI�WKH�YLUDO�

SDUWLFOH��,Q�WZR�H[SHULPHQWDO�YDFFLQDWLRQ�WULDOV LQ�$WODQWLF�VDOPRQ��XVLQJ�'1$�YDFFLQHV�

H[SUHVVLQJ�GLIIHUHQW�FRPELQDWLRQV�RI�359�SURWHLQV��ZH�KDYH�VKRZQ�WKDW H[SUHVVLRQ�RI WKH�

QRQ�VWUXFWXUDO�SURWHLQV LQGXFH�PRGHUDWH�SURWHFWLRQ�DJDLQVW�+60,��,Q�SDUWLFXODU� H[SUHVVLRQ�RI

�16�DQG ı16�FRPELQHG�ZLWK WKH�FHOO DWWDFKPHQW�SURWHLQ�ı�� LQGXFHG D SURWHFWLYH HIIHFW�

DJDLQVW�+60,�
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,QWURGXFWLRQ
$TXDFXOWXUH� LV� IDVW�JURZLQJ� JOREDOO\� DQG H[SHFWHG� WR� LQFUHDVH� IXUWKHU� WR�PHHW� IXWXUH� IRRG�

GHPDQG��,QIHFWLRXV�GLVHDVHV�DUH�LQWULQVLF�WR�ODUJH�VFDOH PRQRFXOWXUH IDUPLQJ�DQG PD\�WKUHDWHQ

WKH�VXVWDLQDELOLW\�RI�WKH�DTXDFXOWXUH�LQGXVWU\ GXH�WR�KLJK�SURFUHDWLRQ� UDSLG�VSUHDG DQG�ODFN�RI�

HIILFLHQW�SURSK\ODFWLF�PHDVXUHV� +HDUW�DQG�VNHOHWDO�PXVFOH�LQIODPPDWLRQ��+60,��LQ�$WODQWLF�

VDOPRQ��Salmo salar) LV�FDXVHG�E\ Piscine orthoreovirus �359� >�@� DQG�LV�RQH�RI� WKH�PRVW�

SUHYDOHQW�YLUDO�GLVHDVHV�LQ�1RUZHJLDQ VDOPRQ�DTXDFXOWXUH >�@� DOVR UHSRUWHG�LQ�6FRWODQG��&KLOH�

DQG�&DQDGD >���@� 7KH�GLVHDVH�LV�PDLQO\�REVHUYHG�GXULQJ�WKH�VHDZDWHU�JURZ�RXW�SKDVH�DQG�KDV

D VORZ GLVHDVH�GHYHORSPHQW�>�@��7KH�KLVWRSDWKRORJLFDO�FKDUDFWHULVWLFV�RI�+60,�DUH�HSL���HQGR�

DQG�P\RFDUGLWLV��P\RFDUGLDO�QHFURVLV��P\RVLWLV�DQG�QHFURVLV�RI�WKH�UHG�VNHOHWDO�PXVFOH�>����@�

7KH�DFFXPXODWHG�PRUWDOLW\�LV�PRGHUDWH��UDQJLQJ IURP�QHJOLJLEOH�WR����� 7KH PRUELGLW\��RQ�WKH�

RWKHU� KDQG� L�H�� WKH� SUHYDOHQFH� RI� KLVWRSDWKRORJLFDO� FKDQJHV W\SLFDO� RI�+60, LQ� D� GLVHDVHG�

SRSXODWLRQ� LV�FORVH�WR������>�@� +60,�OHDGV�WR�VLJQLILFDQW�HFRQRPLF�ORVVHV LQ�$WODQWLF�VDOPRQ�

DTXDFXOWXUH� LQ�1RUZD\� ,QWHUYHQWLRQ�E\�RSWLPL]HG�PDQDJHPHQW� UHPDLQV�D�FKDOOHQJH� DV� WKH�

NQRZOHGJH�RI�359�WUDQVPLVVLRQ�URXWHV�DQG�HIIHFWV�RI GLVLQIHFWLRQ DUH OLPLWHG�

359 LV� SUHVHQW� LQ� IDUPHG� $WODQWLF� VDOPRQ� LQ� (XURSH� 1RUWK� DQG� 6RXWK� $PHULFD� DQG�

FRQVLGHUHG�XELTXLWRXV�LQ�WKH�PDULQH�SKDVH RI�$WODQWLF�VDOPRQ�IDUPLQJ� $ YLUXV�FORVHO\�UHODWHG�

WR��359��QDPHG 359����ZDV�GHPRQVWUDWHG�WR�EH�WKH�HWLRORJLFDO DJHQW�RI�HU\WKURF\WLF�LQFOXVLRQ�

ERG\�V\QGURPH��(,%6� LQ� MXYHQLOH�&RKR�VDOPRQ��Onchorhynchus kisutchi�� FDXVLQJ DQHPLD�

DQG�PDVV�PRUWDOLW\�>�@��,QIHFWLRQ�RI�IDUPHG�UDLQERZ�WURXW�LQ�IUHVK�ZDWHU�E\�\HW�DQRWKHU�359�

OLNH�YLUXV� KDV�EHHQ�DVVRFLDWHG ZLWK�DQHPLD�DQG�+60,�OLNH�GLVHDVH�>��@�
 

359�LV�LQ�WKH�IDPLO\�Reoviridae, JHQXV Orthoreovirus, FRQWDLQLQJ�WHQ GRXEOH�VWUDQGHG�51$�

�GV51$�� JHQRPH� VHJPHQWV HQFDSVXODWHG� LQ� D� GRXEOH�VKHOOHG� SURWHLQ� FDSVLG� >���� ��@� 7KH�

JHQRPH�VHJPHQWV�HQFRGLQJ �� ����SURWHLQV�DUH�GLYLGHG�LQWR WKUHH�VL]H�FODVVHV��WKUHH�ODUJH��/���

WKUHH�PHGLXP��0��DQG IRXU�VPDOO��6�� H[SUHVVLQJ�WKH�Ȝ����DQG�ı�SURWHLQV��UHVSHFWLYHO\ >������@�

(U\WKURF\WHV�DUH�PDMRU�WDUJHW�FHOOV�IRU�359�DQG�LPSRUWDQW�IRU�SDWKRJHQHVLV�>��@��EXW 359�DOVR�

LQIHFWV�P\RF\WHV�RI�WKH�KHDUW� DQG�VNHOHWDO�PXVFOHV�>��@� ,QIOX[�RI�LQIODPPDWRU\�FHOOV LQWR�KHDUW�

DQG�PXVFOH��ZKLFK� FRPPHQFHV� ����ZHHNV� DIWHU� SHDN� YLUDO� UHSOLFDWLRQ� >��@�� KDV� QDPHG� WKH�

GLVHDVH��
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&\WRSODVPLF� JOREXODU LQFOXVLRQV�WKDW�UHVHPEOH�RUWKRUHRYLUDO�IDFWRULHV�DUH�IRUPHG LQ�LQIHFWHG�

HU\WKURF\WHV >������@� 7KH�FRQFHQWUDWLRQ�RI�WKH�YLUDO�SURGXFWV�LQ�WHPSRUDU\�RUJDQHOOHV��FDOOHG�

YLUDO�IDFWRULHV��IDFLOLWDWHV FRRUGLQDWLRQ�RI�WKH UHSOLFDWLRQ��SDFNDJLQJ�DQG�SDUWLFOH�DVVHPEO\� DQG�

SURYLGHV� SURWHFWLRQ� IURP� WKH� FHOOXODU� DQWLYLUDO� UHVSRQVH >��@� $V� VKRZQ� LQ� Mammalian 

orthoreovirus �059� LQIHFWLRQV�� YLUDO� IDFWRULHV� DUH� IRUPHG DV� VPDOO� SXQFWDWH� VWUXFWXUHV�

WKURXJKRXW�WKH�F\WRSODVP�HDUO\�DIWHU LQIHFWLRQ��DQG JURZ�LQ�VL]H�EHFRPLQJ SHULQXFOHDU�DV�WKH�

LQIHFWLRQ� SURJUHVVHV� >��@� )RU� ERWK� 059 DQG 359� ȝ16� LV� WKH� VFDIIROGLQJ� SURWHLQ� WKDW�

RUJDQL]HV�WKHVH�IDFWRULHV�>������@�

$V GHPRQVWUDWHG IRU�059� WULPHULF ı��SURWHLQV�DVVRFLDWHV ZLWK�Ȝ��IRUPLQJ WKH�FHOO�DWWDFKPHQW�

FRPSOH[� DQG�GLVWLQFW�GRPDLQV�RI�ı� DUH�LQYROYHG�LQ�ELQGLQJ�WR WDUJHW�FHOO UHFHSWRUV >�����@�

)ROORZLQJ�DWWDFKPHQW�WR�WKH�FHOO��UHRYLUXVHV DUH�LQWHUQDOL]HG�E\�UHFHSWRU�PHGLDWHG�HQGRF\WRVLV�

>������@� 7KHLU�UHOHDVH�LQWR�WKH�F\WRSODVP�WKURXJK�WKH�HQGRVRPDO�PHPEUDQH�LV DVVRFLDWHG�ZLWK�

UHPRYDO� RI� WKH� RXWHU� FDSVLG� SURWHLQ� ı� DQG� SURWHRO\WLF FOHDYDJH� RI� ��� >���� ��@�� )XUWKHU�

SURWHRO\WLF� FOHDYDJH DIWHU� F\WRSODVPLF WUDQVORFDWLRQ� UHPRYHV� WKH� UHPDLQLQJ� RXWHU� FDSVLG�

SURWHLQV��JHQHUDWLQJ�WUDQVFULSWLRQDOO\�DFWLYH�FRUH�SDUWLFOHV�>��@� )RU�059 LW�KDV�EHHQ�VKRZQ�

WKDW� PRQRFORQDO� DQWLERGLHV WKDW� LQWHUIHUH� ZLWK� FHOO� DWWDFKPHQW�� HQGRVRPDO� UHOHDVH� RU� YLUDO�

XQFRDWLQJ��L�H� GLUHFWHG�DJDLQVW�RXWHU�FDSVLG�SURWHLQV�ı���ı��DQG���&��DV�ZHOO�DV�FRUH�SURWHLQ�

Ȝ���FDQ�QHXWUDOL]H�WKH�YLUXV >��@�

359�KDV�VR�IDU�UHVLVWHG�SURSDJDWLRQ�LQ�FHOO�FXOWXUHV��ZKLFK�KDV�PDGH�SURGXFWLRQ�RI�LQDFWLYDWHG�

ZKROH�YLUXV� YDFFLQHV GLIILFXOW� ,Q� H[SHULPHQWDO� VHWWLQJV�� '1$� YDFFLQDWLRQ� DJDLQVW� YLUDO�

GLVHDVHV�LQ�VDOPRQLGV�VXFK�DV�YLUDO�KDHPRUUKDJLF�VHSWLFDHPLD��9+6���LQIHFWLRXV�VDOPRQ�DQHPLD�

�,6$��DQG�SDQFUHDV�GLVHDVH��3'��KDYH�LQGXFHG�HIILFLHQW SURWHFWLRQ >�����@� $ '1$�YDFFLQH

DJDLQVW�LQIHFWLRXV�KHPDWRSRLHWLF�QHFURVLV��,+1��KDV�EHHQ�XVHG LQ &DQDGLDQ�DTXDFXOWXUH�VLQFH�

���� >��@ DQG�VR�IDU�WKHUH�KDV�EHHQ�QR�UHSRUWV�RI�,+1�RXWEUHDNV�LQ�WKH�YDFFLQDWHG�SRSXODWLRQV�

$OSKDYLUXV�UHSOLFRQ�YHFWRUV��ZKHUH�WKH�QRQ�VWUXFWXUDO�JHQHV�DUH�UHWDLQHG�DQG�YLUDO�VWUXFWXUDO�

SURWHLQ�JHQHV� DUH� H[FKDQJHG�ZLWK� D� JHQH�RI� LQWHUHVW� �*2,��� L�H�� YDFFLQH� DQWLJHQ��KDYH�EHHQ�

GHYHORSHG� IURP� VHYHUDO� GLIIHUHQW� PDPPDOLDQ� DOSKDYLUXVHV� DQG� UHSUHVHQW� HIILFLHQW WRROV� LQ�

UHFRPELQDQW�YDFFLQH�GHYHORSPHQW�>��@� $ VDOPRQLG�DOSKDYLUXV��S6$9��UHSOLFRQ�YHFWRU��KDV�

EHHQ IRXQG�WR�LQGXFH�HIILFLHQW�SURWHFWLRQ�DJDLQVW�,6$�DQG�3'�LQ�H[SHULPHQWDO�WULDOV >�����������

��@� 7KH�JHQHUDWLRQ�RI�GRXEOH�VWUDQGHG�51$�LQWHUPHGLDWHV�IURP�VXFK�YHFWRUV�DUH DVVXPHG�WR�

WULJJHU�D IDYRUDEOH LPPXQH�UHVSRQVH�DIWHU�YDFFLQDWLRQ >��@�
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7KH�SUHVHQW� VWXG\�ZDV�FRQGXFWHG� WR�H[DPLQH ZKHWKHU '1$�YDFFLQHV H[SUHVVLQJ 359 QRQ�

VWUXFWXUDO� SURWHLQV� DORQH� RU LQ� FRPELQDWLRQ� ZLWK� VWUXFWXUDO� 359� SURWHLQV�� FRXOG� LQGXFH�

SURWHFWLRQ DJDLQVW� +60,� %RWK� S6$9� UHSOLFRQ�GULYHQ� 359� SURWHLQ� H[SUHVVLRQ� DQG

FRQYHQWLRQDO�&09�SURPRWHU�GULYHQ 359�SURWHLQ� H[SUHVVLRQ�ZHUH� WHVWHG��:H�K\SRWKHVL]HG�

WKDW�H[SUHVVLRQ�RI�WKH�YLUXV�IDFWRU\�DVVHPEO\�SURWHLQ�ȝ16�FRXOG�SURYLGH�DQ�HIILFLHQW�WULJJHU�RI�

WKH KRVW�LPPXQH�UHVSRQVH�GXULQJ�D�YDFFLQDWLRQ�WULDO�DJDLQVW�+60,�

0DWHULDOV�DQG�PHWKRGV
3ODVPLG�FRQVWUXFWV
7KH�IXOO�OHQJWK�RSHQ�UHDGLQJ�IUDPHV��25)V� RI�359�JHQHV�HQFRGLQJ�Ȝ���Ȝ���Ȝ�� ������� �16��

ı���ı�� ı� DQG�ı16� ZHUH DPSOLILHG�XVLQJ 3IX8OWUD ,,�)XVLRQ�+6�'1$�SRO\PHUDVH��$JLOHQW��

6DQWD�&ODUD��&$��86$��DQG F'1$�SUHSDUHG�LQ�DQ�HDUOLHU�VWXG\�>��@� S6$9 UHSOLFRQ�YHFWRUV

>��@ H[SUHVVLQJ� HDFK� RI� WKHVH� 25)V LQGLYLGXDOO\� DQG WKH� HXNDU\RWLF� H[SUHVVLRQ� YHFWRU�

SF'1$���������,QYLWURJHQ��H[SUHVVLQJ�359��16��ı16��ı���ı� RU HQKDQFHG *UHHQ�IOXRUHVFHQW�

SURWHLQ��(*)3� �FRQWURO�� ZHUH�FRQVWUXFWHG�� ,Q�VKRUW�� WKH�3&5�DPSOLFRQV RI WKH�25)V ZHUH

HLWKHU�FORQHG�LQWR�WKH�$JH,�DQG $VF,�UHVWULFWLRQ�VLWHV�RI�WKH�S6$9�UHSOLFRQ �WKHUHE\�UHPRYLQJ�

WKH�(*)3 RI�WKH�RULJLQDO�UHSOLFRQ�FRQVWUXFW�� RU�LQWR WKH�;ED,�UHVWULFWLRQ�VLWH RI�SF'1$���� 6L[

DGGLWLRQDO�SODVPLGV�FRQWDLQLQJ�DQ�HSLWRSH�WDJ IXVHG�WR�WKH�JHQH�RI�LQWHUHVW� S6$9�ı16�1�0<&��

SF'1$����ı16�1�0<&��S6$9�ı� 1�+$��S6$9����1�+$��S6$9�Ȝ��1�+$�DQG�S6$9�Ȝ��

1�+$�� ZHUH� DOVR� FRQVWUXFWHG� IRU� H[SUHVVLRQ� DQDO\VLV� DV� GHVFULEHG� HDUOLHU� >��@� 3ULPHU�

VHTXHQFHV�DUH�OLVWHG�LQ�7DEOH�6�� 6DQJHU�VHTXHQFLQJ��*$7&�%LRWHFK�$*��.RQVWDQ]��*HUPDQ\��

YHULILHG�DOO�VHTXHQFHV�

7UDQVIHFWLRQV RI�ILVK�FHOOV
&+6(�����FHOOV��$7&&�&5/�������&KLQRRN�VDOPRQ�HPEU\R��ZHUH�FXOWLYDWHG�LQ�/HLERYLW]�/�

���PHGLXP��/����/LIH�7HFKQRORJLHV��&DUOVEDG��86$��VXSSOHPHQWHG�ZLWK������KHDW�LQDFWLYDWHG�

IHWDO�ERYLQH�VHUXP��)%6��/LIH�WHFKQRORJLHV�����P0�/�JOXWDPLQH�������P0��PHUFDSWRHWKDQRO�

DQG������PJ�PO�JHQWDP\FLQ�VXOSKDWH� �/LIH�7HFKQRORJLHV���$� WRWDO� RI���PLOOLRQ�&+6(�FHOOV�

ZHUH� SHOOHWHG� E\� FHQWULIXJDWLRQ�� UHVXVSHQGHG� LQ� ���� ȝ/� ,QJHQLR� (OHFWURSRUDWLRQ� 6ROXWLRQ�

�0LUXV�� 0DGLVRQ�� :,�� 86$�� DQG� VHSDUDWHO\� WUDQVIHFWHG� ZLWK� �� ȝJ� RI� HDFK� WKH� SODVPLGV�

H[SUHVVLQJ�Ȝ���Ȝ���Ȝ������������16��ı���ı���ı� RU�ı16 XVLQJ�WKH�$PD[D�7����SURJUDP��7KH�

WUDQVIHFWHG�FHOOV�ZHUH�GLOXWHG�LQ�� P/�SUH�HTXLOLEUDWHG�/����JURZWK�PHGLXP�DQG������/�RI�WKH�

GLOXWHG� FHOOV�ZDV� VHHGHG�RQWR JHODWLQ�HPEHGGHG FRYHU� VOLSV� ����PP�� LQ�D����ZHOO� SODWH� IRU�
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H[SUHVVLRQ�DQDO\VLV�E\�LPPXQRIOXRUHVFHQFH�PLFURVFRS\��7UDQVIHFWLRQV�ZLWK�S6$9�(*)3�DQG�

SF'1$����(*)3�FRQVWUXFWV ZHUH�XVHG�DV�SRVLWLYH�H[SUHVVLRQ�FRQWUROV�

,PPXQRIOXRUHVFHQFH PLFURVFRS\
7UDQVIHFWHG� &+6(���� FHOOV� ZHUH� IL[HG� DQG� VWDLQHG� XVLQJ� DQ� LQWUDFHOOXODU� )L[DWLRQ� DQG�

3HUPDELOL]DWLRQ� %XIIHU� �H%LRVFLHQFH�� 6DQ� 'LHJR�� &$�� 86$��� 7KH� FHOOV� ZHUH� ZDVKHG� LQ�

'XOEHFFR¶V 3%6� �'3%6��ZLWK� VRGLXP�D]LGH� ,QWUDFHOOXODU� IL[DWLRQ�EXIIHU ZDV DGGHG EHIRUH�

LQFXEDWLRQ�ZLWK� SULPDU\ DQWLERGLHV� DQWL�Ȝ�� ��������� >��@� DQWL���& �������� >��@�� DQWL��16�

���������>��@� DQWL�ı� �������� >��@� DQWL�ı�����������>��@� DQWL�P\F��JRDW�DQWL�P\F�DQWLERG\��

$EFDP��&DPEULGJH��8.��RU�DQWL�+$��UDEELW�DQWL�+$�DQWLERG\��6LJPD�$OGULFK��6W�/RXLV��02��

86$�� 6HFRQGDU\�DQWLERGLHV�ZHUH DQWL�UDEELW�LPPXQRJOREXOLQ�*��,J*��FRQMXJDWHG�ZLWK�$OH[D�

)OXRU������/LIH�7HFKQRORJLHV�������� RU�DQWL�JRDW�,J*�FRQMXJDWHG�ZLWK�$OH[D�)OXRU������/LIH�

7HFKQRORJLHV�� ������� 1XFOHDU� VWDLQLQJ� ZDV� SHUIRUPHG� ZLWK� +RHFKVW� WULK\GURFKORULGH

WULK\GUDWH VWDLQ�VROXWLRQ��/LIH�7HFKQRORJLHV���7KH�FRYHU�VOLSV�ZHUH�PRXQWHG�RQWR JODVV�VOLGHV�

XVLQJ� )OXRURVKLHOG� �6LJPD�$OGULFK�� DQG LPDJHV�ZHUH� FDSWXUHG� RQ� DQ� LQYHUWHG� IOXRUHVFHQFH�

PLFURVFRSH��2O\PSXV�,;����

9DFFLQH�SUHSDUDWLRQV
7KH� FRQFHQWUDWLRQ� RI� SODVPLG FRQVWUXFWV ZHUH� PHDVXUHG� XVLQJ� D� 1DQR'URS 1'������

VSHFWURSKRWRPHWHU��7KHUPR�)LVKHU�6FLHQWLILF��:LOPLQJWRQ��'(��86$��DQG�GLOXWHG�LQ�3%6�WR�

�����QJ��/��6DPSOHV�IRU�YDFFLQDWLRQ�ZHUH�SUHSDUHG�WR�FRQWDLQ�����J RI�HDFK SODVPLG FRQVWUXFW

LQ�D�WRWDO�YROXPH�����/��7DEOH�����7KH VDPSOHV ZHUH EOLQGHG�EHIRUH LQLWLDWLRQ�RI�WKH�FKDOOHQJH�

H[SHULPHQWV�

9DFFLQDWLRQ�WULDOV
7ZR� FRKDELWDQW� FKDOOHQJH� H[SHULPHQWV� ZHUH� SHUIRUPHG� DW� 9(62� 9LNDQ� DTXDWLF� UHVHDUFK�

IDFLOLW\ �9LNDQ��1RUZD\�� LQ�RUGHU WR� HYDOXDWH� WKH�YDFFLQH� HIILFDF\� DJDLQVW�+60,� IROORZLQJ

LPPXQL]DWLRQ�ZLWK�S6$9�EDVHG�UHSOLFRQ�YDFFLQHV�DQG�SF'1$����EDVHG�H[SUHVVLRQ YDFFLQHV

�)LJXUH� ��� 7KH� WULDOV� ZHUH SHUIRUPHG� XVLQJ� SUHYLRXVO\� XQYDFFLQDWHG�$WODQWLF� VDOPRQ� SUH�

VPROWV ZLWK�DQ�DYHUDJH�ZHLJKW�RI�������J��FRQILUPHG�IUHH�RI�FRPPRQ VDOPRQ�SDWKRJHQV� 7KH�

ILVK�ZHUH�NHSW�LQ�D�IUHVKZDWHU�IORZ�WKURXJK�V\VWHP��WHPSHUDWXUH�����&��R[\JHQ��!������S+�

���������� DFFOLPDWL]HG� IRU���ZHHN�DQG� VWDUYHG ���KRXUV�SULRU� WR�YDFFLQDWLRQ��7KH� ILVK�ZHUH�

UDQGRPO\�VHOHFWHG IRU�YDFFLQDWLRQ��DQHVWKHWL]HG�E\�EDWK�LPPHUVLRQ���±��PLQ��LQ�EHQ]RFDLQH�

FKORULGH� ����� J���� /� ZDWHU�� $SRWHNSURGXNVMRQ� $6�� 2VOR�� 1RUZD\��� ODEHOOHG ZLWK� SDVVLYH�



6 
 

LQWHJUDWHG�WUDQVSRQGHU��3,7��WDJV �WZR ZHHNV�SULRU�WR�YDFFLQDWLRQ� DQG�LQWUDPXVFXODUO\��L�P���

LQMHFWHG�ZLWK�WKH�YDFFLQHV�RU�FRQWURO�VXEVWDQFHV� 7KH�FKDOOHQJHV�ZHUH�SHUIRUPHG�LQ�FRQQHFWLRQ�

ZLWK� WUDQVIHU� WR� VHDZDWHU� DIWHU� D� VL[� ZHHN� LPPXQL]DWLRQ� DQG� VPROWLILFDWLRQ�SKRWRSHULRG�

PDQLSXODWLRQ��7KH�VKHGGHUV�ZHUH�L�S��LQMHFWHG�ZLWK�����P/�RI�SRROHG�KHSDULQL]HG�EORRG�VDPSOHV�

IURP�D�SUHYLRXV�359�FKDOOHQJH�H[SHULPHQW�>��@� 7KH�LQRFXOXP�ZDV�FRQILUPHG�QHJDWLYH�IRU�WKH�

VDOPRQ� YLUXVHV� LQFOXGLQJ� LQIHFWLRXV� SDQFUHDWLF� QHFURVLV� YLUXV� �,319��� LQIHFWLRXV� VDOPRQ�

DQHPLD�YLUXV��,6$9���VDOPRQLG�DOSKDYLUXV��6$9��DQG�SLVFLQH�P\RFDUGLWLV�YLUXV��30&9��E\�

57�T3&5�� 7KH� ILVK� ZHUH� VWDUYHG� IRU ��� KRXUV� SULRU� WR� FKDOOHQJH� 7KH� H[SHULPHQWV� ZHUH�

DSSURYHG�E\� WKH�1RUZHJLDQ�$QLPDO�5HVHDUFK�$XWKRULW\� DQG� IROORZHG� WKH�(XURSHDQ�8QLRQ�

'LUHFWLYH���������(8�IRU�DQLPDO�H[SHULPHQWV�

,Q�YDFFLQDWLRQ�WULDO��, WKH�ILVK�ZHUH�GLYLGHG�LQWR�VHYHQ JURXSV��HDFK�FRQWDLQLQJ����ILVK��DQG�

LPPXQL]HG� E\� L�P� LQMHFWLRQ� RI� �� �J���� �/ SHU� S6$9� UHSOLFRQ� EDVHG� YDFFLQH FRQVWUXFW�

SF'1$����EDVHG�YDFFLQH FRQVWUXFW RU FRQWURO�S6$9�(*)3 UHSOLFRQ �7DEOH���� 7KH�YDFFLQDWLRQ�

GD\�ZDV�GHILQHG�DV�GD\�� RI�WKH�H[SHULPHQW� 7HQ�XQWUHDWHG�ILVK�ZHUH VDPSOHG DV FRQWUROV SULRU�

WR� WKH� H[SHULPHQW�� $QRWKHU� VL[ ILVK� SHU� JURXS� ZHUH VDPSOHG� WZR� DQG� VL[� ZHHNV� DIWHU�

YDFFLQDWLRQ��6L[ ZHHNV�DIWHU�YDFFLQDWLRQ� DSSUR[LPDWHO\����� 359�VKHGGHUV�ZHUH LQWURGXFHG�

WR�WKH FKDOOHQJH�WDQN��7KH�ILVK�ZHUH�REVHUYHG�GDLO\�DQG�IHG�DFFRUGLQJ�WR�VWDQGDUG�SURFHGXUHV�

6L[ ILVK�SHU�JURXS�ZHUH�VDPSOHG�DW���ZHHNV�SRVW�FKDOOHQJH��ZSF�����ZSF����ZSF�DQG����ZSF�

DQG HXWKDQL]HG XVLQJ�DQ�RYHUGRVH�RI�DQHVWKHWLFV�

,Q�YDFFLQDWLRQ� WULDO� �,,�� WKH� ILVK�ZHUH�GLYLGHG� LQWR� VL[ JURXSV� HDFK�FRQWDLQLQJ��� ILVK�� DQG�

LPPXQL]HG� E\� L�P�� LQMHFWLRQ� RI� �� �J���� �/ SHU SF'1$���� FRQVWUXFW�� FRQWURO� FRQVWUXFW

�SF'1$����(*)3� RU�3%6 �7DEOH���� $W � ZSF�� VL[� ILVK� IURP� WKH�3%6 FRQWURO�JURXS�ZHUH�

VDPSOHG�DQG�DQDO\]HG�IRU�YLUDO�51$�ORDGV LQ�EORRG�WR�GHWHUPLQH�VXLWDEOH�WLPH�SRLQWV�IRU�WKH�

IROORZLQJ WZR�VDPSOLQJV��VHW�WR���DQG���ZSF��)XUWKHU�����ILVK�SHU�JURXS�ZHUH�VDPSOHG�DW�WKHVH�

WZR� WLPH�SRLQWV�EHIRUH� WHUPLQDWLRQ�RI� WKH�H[SHULPHQW� +HSDULQL]HG�EORRG��SODVPD DQG�KHDUW�

�VWRUHG�LQ����IRUPDOLQ�RU 51$ODWHU��ZHUH�VDPSOHG�IURP�ERWK�FKDOOHQJH�H[SHULPHQWV�

51$�LVRODWLRQ�DQG�57�T3&5
7RWDO�51$�ZDV�LVRODWHG�IURP�����/�KHSDULQL]HG�EORRG�KRPRJHQL]HG�LQ������/�4,$]RO /\VLV�

5HDJHQW� �4LDJHQ��+LOGHQ��*HUPDQ\�� XVLQJ� ��PP� VWHHO� EHDGV� 7LVVXH/\VHU� ,,� �4LDJHQ�� DQG�

51HDV\�0LQL�VSLQ�FROXPQ��4LDJHQ��DV�UHFRPPHQGHG�E\�WKH�PDQXIDFWXUHU��51$�TXDQWLILFDWLRQ�

ZDV� SHUIRUPHG XVLQJ D 1DQR'URS� 1'������ VSHFWURSKRWRPHWHU� �7KHUPR� )LVKHU� 6FLHQWLILF��
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:LOPLQJWRQ��'(��86$���)RU�WKH�SODVPD�VDPSOHV��D �� �/�YROXPH ZDV GLOXWHG�LQ�3%6�WR�����

�/�DQG XVHG� LQ� WKH�0LQL�VSLQ�FROXPQ��4LDJHQ��� DV� UHFRPPHQGHG�E\� WKH�PDQXIDFWXUHU��7KH�

4LDJHQ�2QH6WHS�NLW��4LDJHQ��ZDV�XVHG�IRU�57�T3&5�ZLWK�D�VWDQGDUG�LQSXW�RI�����QJ����ȝ/�RI�

���QJ�ȝ/��RI�WKH�LVRODWHG�WRWDO�51$�SHU�UHDFWLRQ��)URP�WKH�FHOO�IUHH�SODVPD�VDPSOHV����ȝ/�LQSXW�

RI�WRWDO�HOXWHG�51$�ZDV�XVHG��7KH�WHPSODWH�51$�ZDV�GHQDWXUHG�DW����&�IRU���PLQ�SULRU�WR�57�

T3&5�WDUJHWLQJ�359�JHQH�VHJPHQW�6���6�)ZG� �¶7*&*7&&7*&*7$7**&$&&¶�� 6�5HY�

�¶**&7**&$7*&&&*$$7$*&$¶��DQG 6�SUREH� �¶�)$0�$7&$&$$&*&&7$&&7¶��

0*%1)4� XVLQJ�WKH�IROORZLQJ�FRQGLWLRQV������Q0�SULPHU������Q0�SUREH������Q0�G173V��

�����P0�0J&O��� ������51DVH�2XW� �,QYLWURJHQ�� DQG� �� î�52;� UHIHUHQFH� G\H� 7KH� F\FOLQJ�

FRQGLWLRQV�ZHUH ���& IRU��� PLQ�DQG ���&�IRU����PLQ� IROORZHG�E\ �� F\FOHV�RI����&����VHF��

���&����VHF�DQG����&����VHF�LQ�DQ�$ULD0[��$JLOHQW��6DQWD�&ODUD��&$��86$���$OO�VDPSOHV�ZHUH�

UXQ�LQ�GXSOLFDWHV��DQG�D�VDPSOH�ZDV�GHILQHG�DV�SRVLWLYH�LI�ERWK�SDUDOOHOV�SURGXFHG D�&W�YDOXH�

EHORZ ���

+LVWRSDWKRORJLFDO�VFRULQJ
6HFWLRQV IRU�KLVWRSDWKRORJ\�ZHUH�SURFHVVHG�DQG�VWDLQHG�ZLWK�KHPDWR[\OLQ�DQG�HRVLQ�IROORZLQJ�

VWDQGDUG� SURFHGXUHV� ,QGLYLGXDO� ILVK� IURP� ERWK� YDFFLQDWLRQ� WULDOV� ZHUH� H[DPLQHG� IRU� KHDUW�

OHVLRQV�LQ FRQVLVWHQFH�ZLWK�+60,��GLVFULPLQDWLQJ�EHWZHHQ�HSLFDUGLDO�DQG�P\RFDUGLDO�FKDQJHV�

7KH� JUDGH� RI� FKDQJHV� ZDV VFRUHG� IURP� �� WR� �� XVLQJ� FULWHULD� GHVFULEHG� LQ� 7DEOH� 6��� 7KH�

LQGLYLGXDO�KLVWRSDWKRORJLFDO�VFRUHV�ZHUH�XVHG�WR�FDOFXODWH�WKH�PHDQ�VFRUH���6'�DW�HDFK�WLPH�

SRLQW�RI�VDPSOLQJ��Q� �� RU�Q� �����IRU�ERWK�HSLFDUGLDO�DQG�P\RFDUGLDO�FKDQJHV�

6WDWLVWLFDO�DQDO\VHV
7KH�359�57�T3&5�UHVXOWV�DQG�WKH�KLVWRSDWKRORJ\�VFRUHV ZHUH�DQDO\]HG�VWDWLVWLFDOO\�XVLQJ WKH

0DQQ�:KLWQH\� FRPSDUH UDQNV WHVW� GXH� WR� WKH� VPDOO� VDPSOH� VL]HV �Q� ��������$OO� VWDWLVWLFDO�

DQDO\VLV�GHVFULEHG�ZHUH�SHUIRUPHG�ZLWK�*UDSK3DG�3ULVP��*UDSK3DG�6RIWZDUH�LQF���86$��DQG�

S�YDOXHV�RI�S��������ZHUH�FRQVLGHUHG�DV�VLJQLILFDQW�

5HVXOWV
([SUHVVLRQ�DQDO\VLV
$OO�SODVPLG�FRQVWUXFWV�H[SUHVVHG�359�SURWHLQV�DV REVHUYHG�IROORZLQJ�WUDQVIHFWLRQ�RI�&+6(�

��� FHOOV �7DEOH�6����([SUHVVLRQ�RI�WKH��16�DQG�ı��SURWHLQV�DUH�SUHVHQWHG LQ�)LJXUH��� 7KH�

�16�SURWHLQ� IRUPHG� VPDOO� SXQFWXDWH� VWUXFWXUHV� WKURXJKRXW� WKH� F\WRSODVP��ZKLOH�ı� KDG�DQ�
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HYHQ�� GLIIXVH� GLVWULEXWLRQ� SDWWHUQ�� 7KH� SF'1$���� FRQVWUXFWV \LHOGHG D KLJKHU� QXPEHU� RI�

SRVLWLYH� FHOOV� �DSSUR[LPDWHO\� ������� LQGLFDWLQJ� EHWWHU� WUDQVIHFWLRQ� HIILFDF\� WKDQ� WKH� S6$9�

UHSOLFRQ� FRQVWUXFW� �DSSUR[LPDWHO\� ��� ���� DV� HVWLPDWHG� YLVXDOO\�� )RU� VRPH� RI� WKH� S6$9�

FRQVWUXFWV��RQO\���� �����WUDQVIHFWLRQ�HIILFDF\�ZHUH�DFKLHYHG��GDWD�QRW�VKRZQ��

9DFFLQDWLRQ�WULDO��,

SF'1$��� H[SUHVVLQJ��16���ı16���ı��VLJQLILFDQWO\�UHGXFHG 359�ORDGV�LQ�EORRG
7KH�PHDQ�359�&W�YDOXHV LQ�EORRG�IURP�DOO�JURXSV��LQFOXGLQJ FRQWURO�JURXS �S6$9�(*)3� LQ�

YDFFLQDWLRQ�WULDO��, DUH�VKRZQ�LQ�)LJXUH 6�� 359�ZDV�ILUVW�GHWHFWHG E\�57�T3&5 LQ�EORRG�DW���

ZSF LQ�DOO�JURXSV��,Q�WKH�S6$9�(*)3�FRQWURO�JURXS� 359 51$�OHYHOV�ZHUH�KLJK� SHDNLQJ�DW��

ZSF�ZLWK�D�PHDQ�&W�YDOXH�RI����� ������� DQG UHPDLQHG KLJK�XQWLO�WKH�HQG�RI�WKH�VWXG\� *URXS�

���YDFFLQDWHG�ZLWK�SF'1$����FRQVWUXFWV�HQFRGLQJ� WKH� WZR�QRQ�VWUXFWXUDO�SURWHLQV��16�DQG�

ı16� DQG� WKH� FHOOXODU� DWWDFKPHQW� SURWHLQ� ı��� VKRZHG� ORZHU� YLUDO 51$ ORDGV� LQ� WKH� EORRG�

VDPSOHV�WKURXJKRXW�WKH�FKDOOHQJH��DQG�DW���ZSF��WKH�PHDQ�359�&W�YDOXH��������������� ZDV�

VLJQLILFDQWO\�ORZHU��S� ��������WKDQ�LQ�WKH�FRQWURO�JURXS��������������� �)LJXUH��%���7KH�YLUDO�

NLQHWLFV�IRU�WKLV�JURXS�ZDV�DOVR�GHOD\HG FRPSDUHG�WR�WKH�FRQWURO�JURXS� DQG�359�OHYHOV�GLG�QRW�

SHDN LQ�EORRG�XQWLO WKH�HQG�RI�WKH�FKDOOHQJH ����ZSF��&W�YDOXH�RI����������������,Q�FRQWUDVW� WKH�

YLUDO�ORDGV LQ�EORRG�IURP�DOO ILYH JURXSV YDFFLQDWHG�ZLWK�S6$9�UHSOLFRQ�EDVHG�FRQVWUXFWV ZHUH

RYHUDOO�KLJK��+RZHYHU� HYHQ�WKRXJK�QRW�VLJQLILFDQW� S6$9 H[SUHVVLQJ �16�DQG ı16 �*URXS�

���KDG�ORZHU�YLUDO�51$�OHYHOV WKDQ�WKH�FRQWURO�JURXS�DW�WKH�HQG�RI�WKH�VWXG\�����ZSF���ZLWK�D�

PHDQ�&W�YDOXH�RI���������������S6$9�UHSOLFRQV HQFRGLQJ�DOO�WHQ�359�SURWHLQV �S6$9��16���

����������ı16���ı����ı����ı����Ȝ����Ȝ����Ȝ���*URXS��� VKRZHG�GHOD\HG�359�NLQHWLFV�ZLWK�D

SHDN�ORDG�RI�YLUDO�51$ DW����ZSF �&W�YDOXH�RI�������������� )LJXUH��$�� $W���ZSF��*URXSV ���

�� DQG� �� DOO� KDG� VLJQLILFDQWO\� ORZHU� YLUDO� 51$� ORDG� �S�YDOXHV� RI� ������� ������ DQG� �������

UHVSHFWLYHO\���WKDQ�WKH�FRQWURO�JURXS�

SF'1$���� H[SUHVVLQJ��16� �� ı16� �� ı�� VLJQLILFDQWO\� UHGXFHG +60,� KLVWRSDWKRORJLFDO�
OHVLRQV�
+LVWRSDWKRORJLFDO�OHVLRQV�LQ�WKH�KHDUW�W\SLFDO�IRU�+60,�ZHUH�SUHVHQW�LQ�WKH�S6$9�(*)3�FRQWURO�

JURXS� DW� � ZSF�� SHDNHG� DW� ��ZSF�ZLWK� D�PHDQ� VFRUH� RI� ���� DQG� ���� LQ� WKH� HSLFDUGLXP DQG�

YHQWULFOH�UHVSHFWLYHO\� 7KH�OHVLRQV�JUDGXDOO\�UHVROYHG�WRZDUGV����ZSF��7KH�KHDUW�OHVLRQV�ZHUH�

FKDUDFWHUL]HG�E\ PDVVLYH�HSLFDUGLWLV�DQG�LQILOWUDWLRQ�RI�O\PSKRF\WLF�FHOOV�LQ�WKH�FRPSDFW�DQG�

VSRQJ\�P\RFDUGLXP�OD\HU�RI�WKH�YHQWULFOH� 0HDQ�KLVWRSDWKRORJLFDO�VFRUHV IURP�DOO�YDFFLQDWLRQ�

JURXSV�DQG�WKH�FRQWURO�JURXS�IURP YDFFLQDWLRQ WULDO��, DUH�VKRZHG�LQ�)LJXUH��� $OO�YDFFLQDWHG�
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JURXSV�KDG�ORZHU KHDUW�SDWKRORJ\�VFRUHV�FRPSDUHG�WR WKH�FRQWURO�JURXS DW�LWV�SHDNLQJ�SRLQW�

*URXS���� SF'1$����H[SUHVVLQJ���16�� ı16 � ı���KDG�UHGXFHG�KHDUW�SDWKRORJ\�LQ�ERWK�WKH�

HSLFDUGLXP DQG�WKH�YHQWULFOH�DW�DOO�VDPSOLQJ�SRLQWV�SRVW�FKDOOHQJH DQG�DEVHQFH�RI�KHDUW�OHVLRQV�

DW���ZSF��VFRUH�RI�������S� ��������LQ�ERWK�FRPSDUWPHQWV��DW�WKH�WLPH�ZKHQ�WKH�S6$9�(*)3

FRQWURO�JURXS�SHDNHG��)LJXUH�����$W����ZSF� ��RXW�RI���ILVK�LQ�*URXS�� VKRZHG�KLVWRSDWKRORJLFDO

FKDQJHV�ZLWK D�PHDQ�VFRUH IRU� WKH�JURXS�RI ���� IRU ERWK�HSLFDUGLXP DQG�YHQWULFOH�*URXS��

�S6$9��16��DQG�*URXS�� �S6$9��16���ı16� ERWK�SHDNHG�LQ�KHDUW�SDWKRORJ\���ZSF��OLNH WKH�

FRQWURO�JURXS��ZKLOH�*URXSV �����DQG����S6$9��16���YDULRXV�VWUXFWXUDO�SURWHLQV��SHDNHG DW �

ZSF�

9DFFLQDWLRQ�WULDO �,,
SF'1$����YDFFLQH H[SUHVVLQJ��16���ı16���ı� UHGXFHG�YLUDO�ORDG�LQ�EORRG
,Q�YDFFLQH�WULDO�,,��57�T3&5�DQDO\VLV�LQGLFDWHG KLJK�359�ORDGV�DW�WKH�WZR�VDPSOLQJ�SRLQWV���

DQG���ZSF�IRU ERWK�FRQWURO�JURXSV�ZLWK�SHDN�YLUDO�ORDG�DW���ZSF�IRU�WKH�SF'1$����(*)3�JURXS�

�PHDQ�&W�YDOXH�RI������������ DQG�DW���ZSF�IRU�WKH�3%6�JURXS �PHDQ�&W�YDOXH�RI����� �������

$OO�IRXU�YDFFLQDWHG JURXSV VKRZHG�UHGXFHG�YLUDO�51$�ORDGV LQ�EORRG�FHOOV�FRPSDUHG�WR�WKH�

FRQWUROV DW���ZSF��)LJXUH�6�$�� *URXS�� �SF'1$�����16�� ı16 � ı�� VKRZHG�VLJQLILFDQWO\�

ORZHU YLUDO�51$�ORDG ��ZSF ZLWK�D�PHDQ�&W�YDOXH�RI����� ������� �S� �������DQG S� �������

FRPSDUHG�WR�WKH�SF'1$����(*)3�DQG�WKH�3%6�JURXSV��UHVSHFWLYHO\���EHIRUH�SHDNLQJ�ZLWK�D�

&W�YDOXH�RI����� ������� DW���ZSF �)LJXUH���� *URXS�� �SF'1$�����16� ZDV�WKH�RQO\�JURXS�

WKDW�VKRZHG�KLJKHU�359�51$�OHYHOV WKDQ�WKH�FRQWURO�JURXSV�DW���ZSF��ZLWK�D�PHDQ &W�YDOXH�

RI��������������

SF'1$����YDFFLQH H[SUHVVLQJ��16���ı16���ı� UHGXFHG�YLUDO�ORDGV LQ�SODVPD
,Q�JHQHUDO��WKH�SDWWHUQ�RI�YLUDO�51$�OHYHOV�LQ�SODVPD�IURP�YDFFLQDWLRQ�WULDO�,,�ZDV�VLPLODU�WR�

WKDW�RI�WKH�YLUDO�51$�OHYHOV�LQ�EORRG� IRU�DOO�YDFFLQDWLRQ�JURXSV��)LJXUH�6�%���7KH�S6$9�(*)3�

FRQWURO�JURXS�SHDNHG�DW���ZSF�ZLWK�D�PHDQ�&W�YDOXH�RI��������������DQG�WKH�3%6�JURXS�SHDNHG�

DW���ZSF�ZLWK�D�PHDQ�&W�YDOXH�RI���������������*URXS����SF'1$����ȝ16���ı16���ı�� VKRZHG�

VLJQLILFDQWO\�UHGXFHG�359�51$�OHYHOV LQ�SODVPD�DW�ERWK���DQG���ZSF�ZLWK�D�PHDQ�&W�YDOXH�RI�

�������������DW���ZSF��S� �������DQG�S� �������FRPSDUHG�WR�WKH SF'1$����(*)3�JURXS�DQG�

WKH� 3%6� JURXS�� DQG� ����� ��� ���� DW� �� ZSF� �S�  � ������ DQG� S�  � ������ FRPSDUHG� WR� WKH�

SF'1$����(*)3� JURXS� DQG� WKH� 3%6� JURXS�� UHVSHFWLYHO\� �)LJXUH� ��� $W� �� ZSF�� *URXS� �

�SF'1$����ȝ16���ı16���ı�� DQG�*URXS����SF'1$����ȝ16���ı16���DOVR�VKRZHG�VLJQLILFDQWO\

UHGXFHG�YLUDO�51$�OHYHOV LQ�SODVPD�ZLWK�&W�YDOXHV�RI��������������DQG���������������FRPSDUHG�
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WR� WKH�S6$9�(*)3� �S �������DQG�������� UHVSHFWLYHO\� DQG� WKH�3%6� �S� �������DQG��������

UHVSHFWLYHO\�� FRQWURO� JURXSV� *URXS�� �SF'1$�����16� VKRZHG�KLJKHU� 359� ORDG� WKDQ� WKH�

FRQWURO�JURXSV���ZSF��ZLWK�D�PHDQ &W�YDOXH�RI��������������

SF'1$����YDFFLQH�H[SUHVVLQJ��16���ı16���ı��UHGXFHG�KLVWRSDWKRORJLFDO�OHVLRQV�LQ�KHDUW
+LVWRSDWKRORJLFDO�OHVLRQV�LQ�WKH�KHDUW�W\SLFDO�IRU�+60,�ZHUH�SUHVHQW LQ�DOO�ILVK�IURP�WKH�

FRQWURO�JURXSV�DW���ZSF��ZLWK�D�PHDQ�KLVWRSDWKRORJLFDO�VFRUH�RI�������������DQG���� ��������LQ�

WKH�HSLFDUGLXP�DQG�WKH�YHQWULFOH��UHVSHFWLYHO\� IRU�WKH�S6$9�(*)3�JURXS� DQG��������������

DQG��������������IRU�WKH�3%6�JURXS� 0HDQ�KLVWRSDWKRORJLFDO�VFRUHV�IRU�DOO�JURXSV�IURP�

YDFFLQDWLRQ�WULDO��,, DUH�VKRZQ�LQ�)LJXUH��� *URXS����SF'1$����ȝ16���ı16���ı�� VKRZHG�

UHGXFHG�KLVWRSDWKRORJLFDO�OHVLRQV���ZSF�ZLWK�PHDQ�VFRUH�RI�������������DQG�������������LQ�WKH�

HSLFDUGLXP�DQG�YHQWULFOH��UHVSHFWLYHO\ �)LJXUH���� *URXS������DQG���DOVR�VKRZHG�UHGXFHG�

KLVWRSDWKRORJLFDO�VFRUHV�LQ�ERWK�HSLFDUGLXP�DQG�YHQWULFOH�DW���ZSF��DOWKRXJK�WKH�UHVXOWV�DUH�

QRW�VLJQLILFDQW�FRPSDUHG�WR�WKH�FRQWURO�JURXSV��

'LVFXVVLRQ
,Q�WKLV�VWXG\��D�SF'1$����EDVHG�YDFFLQH�H[SUHVVLQJ�WKH�359�QRQ�VWUXFWXUDO�SURWHLQ��16��WKH�

QRQ�VWUXFWXUDO�SURWHLQ�ı16� DQG� WKH FHOO�DWWDFKPHQW SURWHLQ�ı� >��@� GHOD\HG WKH�NLQHWLFV�RI�

359�LQIHFWLRQ�DQG�LQGXFHG�SURWHFWLRQ�DJDLQVW�+60,�LQ�$WODQWLF�VDOPRQ� 7KH�YDFFLQH�ZDV�WHVWHG�

LQ� WZR� LQGHSHQGHQW H[SHULPHQWDO LQIHFWLRQ WULDOV�� LQGXFLQJ IXOO�SURWHFWLRQ� DJDLQVW�+60,� �DV�

GHWHUPLQHG�E\�KLVWRSDWKRORJ\�� LQ� WKH� ILUVW� WULDO� DQG�PRGHUDWH�SURWHFWLRQ� LQ� WKH� VHFRQG� WULDO��

9DULRXV�FRPELQDWLRQV�RI�'1$�OD\HUHG�DOSKDYLUXV�UHSOLFRQ FRQVWUXFWV ZHUH WHVWHG�LQ�7ULDO��,�

ZKHUH�359��16�ZDV�H[SUHVVHG�DORQH�RU�LQ�FRPELQDWLRQ�ZLWK�ı16�DQG VWUXFWXUDO�359 FDSVLG�

DQG�FRUH SURWHLQV��$OO YDFFLQH�FRQVWUXFWV�UHGXFHG�+60,�VSHFLILF�KHDUW�OHVLRQV�FRPSDUHG�ZLWK�

WKH�FRQWURO JURXS LQ�WKLV�WULDO� +RZHYHU��WKH JURXS�YDFFLQDWHG�E\�WKH SF'1$�����16���ı16���

ı� FRPELQDWLRQ ZDV�EHWWHU�SURWHFWHG�WKDQ�DQ\�RI�WKH�JURXSV�YDFFLQDWHG�E\ UHSOLFRQ�FRQVWUXFWV�

&RQVHTXHQWO\��LQ 7ULDO��,,� YDULRXV�FRQVWUXFWV�XVLQJ�WKH�SF'1$����EDFNERQH�ZHUH FRPSDUHG�

359�SURWHLQ�H[SUHVVLRQ�IURP�S6$9�UHSOLFRQ�FRQVWUXFWV�DQG�SF'1$����ZDV�FRQILUPHG�in vitro

LQ &KLQRRN� VDOPRQ� HPEU\R �&+6(�� EHIRUH� XVHG� LQ� YLYR� LQ WKH� YDFFLQDWLRQ� WULDO� >��@� $V�

YLVXDOL]HG� E\� IOXRUHVFHQW� PLFURVFRS\�� PRUH� FHOOV� VHHPHG� WUDQVIHFWHG� E\ WKH� SF'1$����

FRQVWUXFWV WKDQ�WKH�S6$9�UHSOLFRQ FRQVWUXFWV��7KH ODUJHU S6$9�UHSOLFRQ�EDFNERQH���� ����ES�

FRPSDUHG� WR� WKH� SF'1$���� EDFNERQH� ������ ES� FRXOG� SDUWO\� H[SODLQ� WKH� GLIIHUHQFHV� LQ�
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WUDQVIHFWLRQ� HIILFLHQF\� WUDQVIHFWLRQ�ZLWK� ODUJHU�'1$�FRQVWUXFWV� DUH� JHQHUDOO\� OHVV� HIILFLHQW�

>��@��7KH�DPRXQW�RI 359�SURWHLQ�H[SUHVVHG�LQ�WKH�WUDQVIHFWHG�FHOOV�LQFUHDVHG�IURP����K�XQWLO�

���K SRVW�WUDQVIHFWLRQ�UHJDUGOHVV�RI�WKH�H[SUHVVLRQ�YHFWRU� 7KLV�LV�FRQVLVWHQW�ZLWK�HDUOLHU�VWXGLHV��

ZKLFK KDYH� VKRZQ WKDW� H[SUHVVLRQ� IURP� S6$9� UHSOLFRQ� FRQVWUXFWV� SHDN� DW GD\� �� SRVW�

WUDQVIHFWLRQ�>������@� 3UHYLRXV�VWXGLHV�KDYH�VKRZQ�WKDW�H[SUHVVLRQ RI�(*)3�IURP S6$9�(*)3�

WUDQVIHFWHG &+6(���� FHOOV�LV GHOD\HG�DQG�ORZHU FRPSDUHG�WR�WKH�UHSRUWHU H[SUHVVHG�XQGHU�WKH�

FRQWURO�RI�DQ LPPHGLDWH�HDUO\�&09�SURPRWHU��ZKLFK�LV�WKH�SURPRWHU�LQ SF'1$����>��@��7KLV�

LV�LQ�OLQH�ZLWK�WKH�UHVXOWV�IURP WKH�WUDQVIHFWLRQV�LQ�WKLV�VWXG\��7KH�GHOD\�LQ�SURWHLQ�SURGXFWLRQ�

IURP�S6$9 FRQVWUXFWV�FRXOG EH�H[SODLQHG�E\�WKH�S6$9�H[SUHVVLRQ�PHFKDQLVPV��ZKLFK�UHTXLUH�

WUDQVFULSWLRQ�DQG�WUDQVODWLRQ�RI�WKH�DOSKDYLUDO UHSOLFDVH�FRPSOH[ DQG�WUDQVFULSWLRQ�RI�WKH FRS\�

�PLQXV� VWUDQG�RI�WKH�JHQRPH EHIRUH WUDQVFULSWLRQ�RI�WKH�VXEJHQRPLF�25) FRQWDLQLQJ�WKH�359�

FRGLQJ�VHTXHQFHV� 7KH�KLJKHU�HIILFLHQF\�RI�SURWHLQ�H[SUHVVLRQ�IURP SF'1$����PRWLYDWHG XV�

WR�WHVW�WKHP�LQ�WKH�VHFRQG�WULDO�

&RQWURO� JURXSV� ZLWK� PRFN�YDFFLQDWHG� ILVK� ZHUH� VXUYHLOOHG� WR� YHULI\� SURSHU� LQIHFWLRQ� DIWHU�

H[SHULPHQWDO�FKDOOHQJH ZLWK�359��,Q�FKDOOHQJH 7ULDO��,��WKH�FRQWURO�JURXS�ZDV�YDFFLQDWHG�ZLWK�

S6$9�(*)3��ZKHUHDV LQ�FKDOOHQJH 7ULDO��,,�� WZR�FRQWURO�JURXSV�ZHUH XVHG� RQH�YDFFLQDWHG�

ZLWK� D�SF'1$����(*)3 FRQVWUXFW� DQG�RQH� JLYHQ 3%6��359�51$� OHYHOV�ZHUH� DQDO\]HG� LQ�

EORRG��7ULDO��,�DQG�,,��DQG�SODVPD �7ULDO��,,���UHDFKLQJ SHDN�OHYHOV DSSUR[LPDWHO\���ZSF LQ�

FRQWURO�JURXSV��ZKLFK�LV�LQ�OLQH�ZLWK�SUHYLRXV�FRKDELWDQW�359�FKDOOHQJH�H[SHULPHQWV >��@��,Q�

DGGLWLRQ��W\SLFDO�KLVWRSDWKRORJLFDO�OHVLRQV ZHUH�REVHUYHG LQ�WKH�KHDUW�DQG�WKXV�WKH�FULWHULD�IRU�

WKH�GLDJQRVLV�RI�+60,�ZHUH IXOILOOHG >�����@� ,GHDOO\��YDFFLQH�FDQGLGDWHV VKRXOG�DOVR�EH�WHVWHG�

IRU� SURWHFWLRQ DJDLQVW PRUWDOLW\� FRPSDUHG� WR PRFN�YDFFLQDWHG� RU� XQYDFFLQDWHG� ILVK� JURXSV�

KRZHYHU��PRUWDOLW\�KDV�QRW�EHHQ�REVHUYHG�LQ�359�FKDOOHQJH�H[SHULPHQWV >���������@�

$OO�ILYH�YDFFLQH�FRPELQDWLRQV�RI�WKH�S6$9�UHSOLFRQ FRQVWUXFWV FRQWDLQHG�WKH JHQH�IRU�WKH�QRQ�

VWUXFWXUDO��16 SURWHLQ� ZKLFK� LV� UHVSRQVLEOH� IRU�RUJDQL]DWLRQ�RI�YLUDO� IDFWRULHV�GXULQJ�359�

UHSOLFDWLRQ� >��@� 7KH� 359� �16� SURWHLQ� IRUPV� GHQVH� JOREXODU�� F\WRSODVPLF� LQFOXVLRQV DQG�

UHFUXLWV RWKHU�359�SURWHLQV WR�D�ZRUNVKRS�IRU�YLUXV�UHSOLFDWLRQ�DQG�DVVHPEO\ >��@� 2QH�RI�WKH�

S6$9� EDVHG� YDFFLQHV� FRQWDLQHG� RQO\� WKH� �16�H[SUHVVLQJ� FRQVWUXFW� DQG� WKH� W\SLFDO� �16�

LQFOXVLRQV� ZHUH� REVHUYHG� ZKHQ� WKH� FRQVWUXFW� ZDV WUDQVIHFWHG LQWR &+6(���� FHOOV� 7KLV�

YDFFLQH DOWHUHG�WKH�NLQHWLFV�RI�359 LQIHFWLRQ��EXW SURWHFWLRQ�DJDLQVW�+60,�ZDV�RQO\�PRGHUDWH�

VXJJHVWLQJ WKDW� �16� GRHV� QRW� LQGXFH D VXIILFLHQW� SURWHFWLYH� LPPXQH� UHVSRQVH�� 7KH� VHFRQG�

S6$9�UHSOLFRQ�FRQVWUXFW�FRPELQDWLRQ H[SUHVVHG �16�DQG�ı16��ZKLFK LV�DQRWKHU QRQ�VWUXFWXUDO
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SURWHLQ� OLQNHG� WR�YLUDO� IDFWRULHV��7KH IXQFWLRQDO�SURSHUWLHV�RI� WKH ı16�SURWHLQ KDV�QRW�EHHQ�

VWXGLHG�IRU�359��EXW�IRU 059 ı16�KDV EHHQ VKRZQ�WR�IDFLOLWDWH WKH�DVVHPEO\ RI�YLUXV�SDUWLFOHV

>������@� +HUH� DGGLQJ�WKH�ı16�FRQVWUXFW�WR�WKH�YDFFLQH�GLG�QRW�LPSURYH�SURWHFWLRQ� ,Q�WKH�WKLUG�

DQG� IRXUWK� YDFFLQH FRPELQDWLRQV� WKH� �16� DQG� ı16 FRQVWUXFWV� ZHUH� NHSW� ZKLOH� WKH� FRUH

SURWHLQV�� Ȝ��� Ȝ�� ��� DQG�ı�� DQG� WKH� RXWHU� FDSVLG� SURWHLQV��Ȝ������� ı�� DQG�ı� ZHUH DGGHG��

UHVSHFWLYHO\� 1HLWKHU�RI�WKHVH�YDFFLQHV�UHGXFHG�WKH�359�51$�OHYHOV LQ�EORRG�FRPSDUHG�WR�WKH�

FRQWURO��EXW�D�PRGHUDWH�UHGXFWLRQ�LQ FDUGLDF�KLVWRSDWKRORJLFDO�VFRUHV ZDV�DJDLQ�REVHUYHG� ,Q�

WKH� ILIWK '1$�OD\HUHG� S6$9�UHSOLFRQ YDFFLQH� JURXS� DOO� WKH� SULPDU\ 25)V� RI� WKH� 359�

JHQRPLF�VHJPHQWV�ZHUH�H[SUHVVHG��DQG�DOWKRXJK WKH�YLUDO�51$�OHYHOV ZHUH QRW�VLJQLILFDQWO\�

UHGXFHG�FRPSDUHG�WR�WKH�FRQWURO�JURXS�DW���ZSF��WKH�KLVWRSDWKRORJLFDO�VFRUH�ZDV�VLJQLILFDQWO\�

ORZHU�WKDQ�WKDW�RI�WKH�FRQWURO�JURXS�DW�WKH�WLPH�RI�PD[LPXP�FKDQJH��L�H����ZSF� ,Q�FRQFOXVLRQ��

WKH� YDULRXV� FRPELQDWLRQV� RI� WKH� S6$9� UHSOLFRQ� FRQVWUXFW H[SUHVVLQJ� QRQ�VWUXFWXUDO� DQG�

VWUXFWXUDO� 359� SURWHLQV� GLG� RQO\� LQGXFH� PRGHUDWH SURWHFWLRQ� DJDLQVW +60,� $OSKDYLUXV�

UHSOLFRQV�KDYH�SUHYLRXVO\�EHHQ�GHPRQVWUDWHG WR�H[SUHVV GV51$�DQG WR�LQGXFH�VWURQJHU�7�FHOO�

LPPXQH�UHVSRQVH�WKDQ�FRQYHQWLRQDO�'1$�YHFWRUV >������@� 7KH�SDWKRJHQHVLV�RI�+60,�LV�QRW�

IXOO\�HOXFLGDWHG��EXW�WKH�KLVWRSDWKRORJLFDO�OHVLRQV�DUH�FKDUDFWHUL]HG�E\�LQIOX[�RI�LQIODPPDWRU\�

FHOOV�� LQGLFDWLQJ� WKDW� LPPXQH�PHGLDWHG�PHFKDQLVPV�DUH UHVSRQVLEOH� IRU GHYHORSPHQW�RI� WKH�

GLVHDVH�>��@�

,Q�WKH�ILUVW�YDFFLQH WULDO� WKH�FRPELQDWLRQ��16��ı16�DQG�ı� H[SUHVVHG�E\�SF'1$����YHFWRUV�

UHGXFHG� WKH� YLUXV� ORDG� VLJQLILFDQWO\� DQG� DOPRVW� FRPSOHWHO\ DEROLVKHG KLVWRSDWKRORJLFDO�

FKDQJHV��7KHUHIRUH��WKH�VHFRQG�H[SHULPHQWDO�FKDOOHQJH�ZDV�VHW�XS�ZLWK�SF'1$����H[SUHVVLRQ�

YHFWRUV RQO\� 7ZR�RI�WKH�YDFFLQDWLRQ JURXSV�ZHUH�VLPLODU�WR�WKH�HDUOLHU�JURXSV��RQO\�FKDQJLQJ�

IURP� S6$9� UHSOLFRQ� YHFWRUV WR SF'1$���� H[SUHVVLRQ� YHFWRUV� +RZHYHU�� LQ� WKH� VHFRQG�

H[SHULPHQWDO� WULDO� DOWKRXJK YLUDO� 51$� OHYHOV DQG� KHDUW� SDWKRORJLFDO� OHVLRQV� ZHUH� UHGXFHG�

FRPSDUHG� WR� WKH� FRQWURO� JURXSV�� WKH� SURWHFWLRQ� ZDV� RQO\� PRGHUDWH�� 7KH� WZR� H[SHULPHQWDO�

FKDOOHQJHV�ZHUH�VHW�XS ZLWK�VLPLODU�H[SHULPHQWDO�FRQGLWLRQV��(QYLURQPHQWDO�IDFWRUV�KRZHYHU��

FDQQRW�EH�FRPSOHWHO\� FRQWUROOHG DQG�PLJKW�KDYH� DIIHFWHG� WKH�GLIIHUHQW�RXWFRPHV� )LVK�ZLWK�

GLIIHUHQW�JHQHWLF�EDFNJURXQGV�ZHUH�XVHG�LQ�WKH�WZR�WULDOV� +RZHYHU��+60,�KDV�EHHQ�GHWHFWHG�

LQ�DOO�VDOPRQ�SURGXFLQJ�FRXQWLHV LQ�1RUZD\ >��@��DQG�WKHUH�DUH�FXUUHQWO\�QR�LQGLFDWLRQV WKDW�WKH�

YLUXV�VKRZV�VHOHFWLYH�SUHIHUHQFH�IRU�VSHFLILF�VDOPRQ�VWUDLQV�RU�IDPLOLHV��&RQWURO�ILVK�LQ�ERWK�

H[SHULPHQWDO FKDOOHQJHV VKRZHG�VLPLODU�LQIHFWLRQ�NLQHWLFV�IROORZLQJ WKH�FRKDELWDQW�LQIHFWLRQ

FRQILUPLQJ�HTXDO�LQIHFWLRQ�HIILFLHQF\ LQ�ERWK�VDOPRQ�JURXSV� $OVR��HYHQ�WKRXJK�PRUH ILVK�ZHUH�
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VDPSOHG� LQ� WKH�VHFRQG�H[SHULPHQWDO�FKDOOHQJH� WKH\�ZHUH�RQO\�VDPSOHG� WZLFH��ZKLFK�PLJKW�

KDYH�OHG WR�LQIRUPDWLRQ�ORVV�UHJDUGLQJ�YLUDO�NLQHWLFV�

,Q�7ULDO��,��WKH�FRPELQDWLRQ��16��ı16�DQG�ı�� ZKLFK LQGXFHG�IXOO�SURWHFWLRQ�ZKHQ�H[SUHVVHG�

WKURXJK WKH SF'1$����EDFNERQHV� ZDV DOVR� LQFOXGHG� LQ� WKH S6$9�UHSOLFRQV JURXSV� LQ� WKH�

YDFFLQHV� WKDW� FRQWDLQHG� WKH� RXWHU� FDSVLG� SURWHLQV �*URXSV� �� DQG� ��� ,QWHUHVWLQJO\�� WKLV

FRPELQDWLRQ�RQO\�LQGXFHG PLQRU�SURWHFWLRQ VXJJHVWLQJ WKDW�WKH�DPRXQW�RI�H[SUHVVHG�SURWHLQ�

PLJKW�EH�PRUH LPSRUWDQW� IRU�SURWHFWLRQ� DJDLQVW�+60,� WKDQ� WKH� VWURQJHU LPPXQH UHVSRQVHV�

LQGXFHG�E\�DOSKDYLUXV�UHSOLFRQV >������@� ,Q�WKHVH H[SHULPHQWDO�WULDOV� 359�ZDV�WUDQVPLWWHG E\�

FRKDELWDWLRQ�DQG�WKXV�QHHGHG�WR FURVV�WKH�PXFRVDO�EDUULHU�LQ�RUGHU�WR�HVWDEOLVK�DQ�LQIHFWLRQ��,J7�

LV� WKH�VSHFLILF�PXFRVDO�DQWLERG\� LQ�VDOPRQLGV >��@��7KH�GLIIHUHQFHV LQ�HIILFDF\ EHWZHHQ� WKH�

S6$9�DQG�SF'1$����FRQVWUXFWV�FRXOG�EH�WKDW�WKH�LQGXFWLRQ�RI�SURWHFWLRQ�DW�PXFRVDO�VLWHV�RU�

RI�PHFKDQLVPV EORFNLQJ�359�GLVVHPLQDWLRQ�WR�HU\WKURF\WHV�DUH�GHSHQGHQW XSRQ YLUDO�SURWHLQ�

H[SUHVVLRQ OHYHOV�

%HVLGHV�WKH��16��ı16�DQG�ı��FRPELQDWLRQ��WKUHH�RWKHU�SF'1$����EDVHG�YDFFLQHV�ZHUH�WHVWHG�

LQ�YDFFLQDWLRQ�WULDO��,,��,Q�*URXS����WKH �16�DQG�ı16�SURWHLQV�ZHUH�H[SUHVVHG�LQ�FRPELQDWLRQ

ZLWK� WKH�RXWHU�FDSVLG�SURWHLQ�ı���7KH�ı��SURWHLQ LV�D PDMRU�SDUW�RI� WKH RXWHU�YLULRQ�VXUIDFH�

IRUPLQJ D�KHWHURKH[DPHU�ZLWK����>��@� &RPSDUHG�WR�WKH�FRQWURO�JURXSV��YLUDO�51$�ORDG�LQ�

SODVPD�ZDV�VLJQLILFDQWO\�UHGXFHG�DW���ZSF�DQG�SDUWO\�UHGXFHG�LQ�ERWK�EORRG�DQG�SODVPD�DW���

ZSF� ,Q�WKH�WKLUG�SF'1$����YDFFLQH JURXS���16�ZDV�H[SUHVVHG�LQ�FRPELQDWLRQ�ZLWK�ı16 RQO\�

+HUH��WKH�YLUDO�51$�ORDG�LQ�SODVPD�ZDV�VLJQLILFDQWO\�UHGXFHG�DW�ERWK�VDPSOLQJ�SRLQWV�FRPSDUHG�

WR�WKH�FRQWURO�JURXSV��%RWK�*URXS���DQG���DOVR�VKRZHG�UHGXFHG�KLVWRSDWKRORJLFDO�OHVLRQV�LQ�WKH�

KHDUW�DW�WKH�HQG�RI�WKH�FKDOOHQJH��DOWKRXJK�WKH�UHGXFWLRQ�ZDV�QRW�VLJQLILFDQW��7KH�ODVW�SF'1$����

YDFFLQH�JURXS�H[SUHVVHG �16�DORQH��DQG�LQ�WKLV�JURXS��YLUDO�51$�ORDG�ZDV�VLPLODU�RU�HYHQ�

LQFUHDVHG� FRPSDUHG� WR� WKH� FRQWURO� JURXSV� +RZHYHU�� WKLV� YDFFLQH� DOVR� RIIHUHG� UHGXFHG�

KLVWRSDWKRORJLFDO�OHVLRQV�LQ�WKH�KHDUW�DW���ZSF��LQGLFDWLQJ�WKDW�WKH�YLUDO�IDFWRU\�IRUPLQJ�SURWHLQ

FRXOG� EH� D� VXLWDEOH� WDUJHW� IRU� LPPXQL]DWLRQ� HYHQ� WKRXJK� �16� DORQH� ZDV QRW� FDSDEOH� RI�

PRXQWLQJ�D GHVLUHG�UHVSRQVH�

$�QXPEHU� RI� FRPELQDWLRQV� RI�359�SURWHLQV H[SUHVVHG� DV�'1$�YDFFLQHV ZDV� WHVWHG� LQ� WKH�

SUHVHQW�VWXG\��&R�H[SUHVVLRQ�RI �16� ı16�DQG�ı���FRPELQLQJ�WZR QRQ�VWUXFWXUDO�SURWHLQV�DQG�

WKH� SXWDWLYH� UHFHSWRU�ELQGLQJ� SURWHLQ�� SURYHG� DGYDQWDJHRXV 7KH� LQWUDFHOOXODU� QRQ�VWUXFWXUDO�

SURWHLQV� DUH�PRVW� OLNHO\ WR WULJJHU� D� FHOO�PHGLDWHG� LPPXQH� UHVSRQVH�ZKLOH� WKH�RXWHU� FDSVLG�
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SURWHLQ� ı�� LV D� JRRG� FDQGLGDWH� IRU� WKH� SURGXFWLRQ� RI� QHXWUDOL]LQJ� DQWLERGLHV�� ,Q� DGGLWLRQ��

DEXQGDQW�H[SUHVVLRQ�IURP WKH�SF'1$����YHFWRU�PLJKW�KDYH�EHHQ�GHFLVLYH IRU�WKH�UHFUXLWPHQW�

DQG�DFWLYDWLRQ�RI�WKH�LPPXQH�V\VWHP� 7KH�PHFKDQLVP�RI�SURWHFWLRQ DIWHU�VXFFHVVIXO�YDFFLQDWLRQ�

DJDLQVW�YLUDO�LQIHFWLRQ�LQ�ILVK�LV�QRW IXOO\�XQGHUVWRRG�DQG PLJKW�GHSHQGHQW�XSRQ�VHYHUDO�IDFWRUV�

6WXGLHV� RQ ERWK� ,319 DQG� 3'� KDV FODLPHG� JRRG� FRUUHODWLRQ� EHWZHHQ DQWLERG\� WLWHU RU�

QHXWUDOL]LQJ� DQWLERGLHV DQG� SURWHFWLRQ� DFTXLUHG� DIWHU� YDFFLQDWLRQ� WULDOV�� LQGLFDWLQJ� WKDW� WKH�

KXPRUDO�LPPXQH�UHVSRQVH PLJKW�EH�LPSRUWDQW IRU�SURWHFWLRQ >������@��$ VWXG\�RQ�,6$9 VKRZHG�

D�VWURQJHU�FRUUHODWLRQ�EHWZHHQ�VXUYLYDO�DQG�WKH�FHOO�PHGLDWHG�LPPXQH�UHVSRQVH >��@� %DVHG�RQ�

WKLV��LW�LV�OLNHO\�WKDW�D�FRPELQHG�UHVSRQVH�SURYLGHV�WKH�PRVW�RSWLPDO�SURWHFWLRQ��$QWLERGLHV�WKDW�

LQWHUIHUH�ZLWK�FHOO�DWWDFKPHQW��HQGRVRPDO�UHOHDVH�RU�YLUDO�XQFRDWLQJ��L�H�DQWLERGLHV�DJDLQVW�ı���

ı�����F��DQG�Ȝ���KDYH�EHHQ�GHPRQVWUDWHG�WR�LQKLELW�059�LQIHFWLRQ�LQ ERWK FHOO�FXOWXUH V\VWHPV

DQG�PLFH�>����������@��,W�LV�WKXV�OLNHO\�WKDW�ı�DQG���SURWHLQ�DQDORJXHV�LQ�359�DUH�WDUJHWV�IRU�

DQWLERGLHV� LQ� LQIHFWHG� VDOPRQ� DQG� WKDW� QHXWUDOL]LQJ� DQWLERGLHV�PD\� KDYH� D� UROH� LQ� GHIHQVH�

DJDLQVW�WKH�YLUXV >��@� $ UHFHQW�UHSRUW�XVLQJ�QRYHO�EHDG�EDVHG�DVVD\V IRU�GHWHFWLRQ�RI VSHFLILF�

DQWLERGLHV�DJDLQVW�359�SURWHLQV��GHPRQVWUDWHG�D GLVWLQFW�LQFUHDVH�LQ�VSHFLILF�DQWLERGLHV DJDLQVW�

��&� DQG� �16� LQ� SODVPD RI� $WODQWLF� VDOPRQ� GXULQJ� WKH� FRXUVH� RI� DQ� H[SHULPHQWDO 359�

FKDOOHQJH >��@� 7KH� PHFKDQLVPV� RI� SURWHFWLRQ� LQ� WKH� FXUUHQW� YDFFLQDWLRQ WULDOV� ZHUH� QRW�

HOXFLGDWHG�DQG�IXWXUH�VWXGLHV�VKRXOG�LQFOXGH�DQWLERG\�DVVD\V�DV�ZHOO�DV�JHQH�H[SUHVVLRQ�DQDO\VLV�

IRFXVLQJ�RQ�WKH�LPPXQH�UHVSRQVH�

$TXDFXOWXUH� FRQILQH� DQLPDOV� XQGHU� KLJK� GHQVLW\� ZKLFK� JHQHUDOO\� IDFLOLWDWH� WUDQVPLVVLRQ� RI�

LQIHFWLRXV�DJHQWV�DQG�UHGXFHG�UHVLVWDQFH�WR�GLVHDVH�>��@��DQG�YDFFLQDWLRQ�WR�FRQWURO�LQIHFWLRXV�

GLVHDVHV�LV�QHFHVVDU\�IRU�WKH�VXVWDLQDELOLW\�RI�DTXDFXOWXUH� 359�KDV�EHHQ�GHWHFWHG�LQ�YDULRXV�

VDOPRQLG�VSHFLHV��$WODQWLF�VDOPRQ��UDLQERZ WURXW��Oncorhynchus mykiss���FKXP�VDOPRQ��O. 

keta���FXWWKURDW�WURXW��O. clarkii� DQG�EURZQ�WURXW��Salmo trutta� >������@ DQG�359¶V�DELOLW\�WR�

LQIHFW�VHYHUDO�VSHFLHV�DQG�KDYLQJ�D�VHJPHQWHG�JHQRPH�SURQH�WR�UH�DVVRUWPHQW� DUH�IDFWRUV�WKDW�

PD\�HDVH�UDSLG�HYROXWLRQ� &RQWUROOLQJ�359 LQIHFWLRQ�PD\�WKHUHIRUH�OLPLW D�FRQVLGHUDEOH�ULVN�

IDFWRU� IRU� WKH� DTXDFXOWXUH� LQGXVWU\�� DQG� WKH� GHYHORSPHQW� RI� SURWHFWLYH� YDFFLQH� FDQGLGDWHV�

DJDLQVW�+60,�LV�DQ�LPSRUWDQW�VWHS��:LWK WKH�HVWLPDWHG�IXWXUH�JURZWK�LQ�DTXDFXOWXUH� SURSHU�

GLVHDVH�FRQWURO�GHSHQGV�XSRQ�GHYHORSPHQW�RI�HIILFLHQW�YDFFLQHV�
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$FNQRZOHGJHPHQWV
7KH�5HVHDUFK�&RXQFLO�RI�1RUZD\��JUDQW���������(���DQG����������DQG�06'�$QLPDO�

+HDOWK�IXQGHG�WKH�VWXG\� :H�ZRXOG�DOVR�OLNH WR�WKDQN�,QJYLOG�%HUJ�1\PDQ IRU�WHFKQLFDO�DQG�

VFLHQWLILF�DVVLVWDQFH�LQ�WKH�SURMHFW��
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5HIHUHQFHV
�� :HVVHO�2��%UDDHQ�6��$ODUFRQ�0��+DDWYHLW�+��5RRV�1��0DUNXVVHQ�7��7HQJV�7��'DKOH�

0.��5LPVWDG�(��,QIHFWLRQ�ZLWK�SXULILHG�3LVFLQH�RUWKRUHRYLUXV�GHPRQVWUDWHV�D�

FDXVDO�UHODWLRQVKLS�ZLWK�KHDUW�DQG�VNHOHWDO�PXVFOH�LQIODPPDWLRQ�LQ�$WODQWLF�
VDOPRQ� PloS One ����� ������H��������

�� 1RUZHJLDQ�YHWHULQDU\�LQVWLWXWH��)LVK�KHDOWK�UHSRUW������ (GLWHG�E\�+MHOWQHV�+��:DOGH�

&��%DQJ�-HQVHQ�%��+DXNDDV�$��2VOR�������

�� )HUJXVRQ�+:��.RQJWRUS�57��7DNVGDO�7��*UDKDP�'��)DON�.��$Q�RXWEUHDN�RI�GLVHDVH�

UHVHPEOLQJ�KHDUW�DQG�VNHOHWDO�PXVFOH�LQIODPPDWLRQ�LQ�6FRWWLVK�IDUPHG�VDOPRQ��
6DOPR�VDODU�/���ZLWK�REVHUYDWLRQV�RQ�P\RFDUGLDO�UHJHQHUDWLRQ� J Fish Dis �����

��������������

�� *RGR\�0*��.LEHQJH�0-��:DQJ�<��6XDUH]�5��/HLYD�&��9DOOHMRV�)��.LEHQJH�)6��)LUVW�

GHVFULSWLRQ�RI�FOLQLFDO�SUHVHQWDWLRQ�RI�SLVFLQH�RUWKRUHRYLUXV��359��LQIHFWLRQV�LQ�
VDOPRQLG�DTXDFXOWXUH�LQ�&KLOH�DQG�LGHQWLILFDWLRQ�RI�D�VHFRQG�JHQRW\SH��*HQRW\SH
,,��RI�359� Virol J ���������������

�� 'L�&LFFR�(��)HUJXVRQ�+:��6FKXO]H�$'��.DXNLQHQ�.+��/L�6��9DQGHUVWLFKHO�5��:HVVHO�

2��5LPVWDG�(��*DUGQHU�,$��+DPPHOO�./ et al� +HDUW�DQG�VNHOHWDO�PXVFOH�

LQIODPPDWLRQ��+60,��GLVHDVH�GLDJQRVHG�RQ�D�%ULWLVK�&ROXPELD�VDOPRQ IDUP�
WKURXJK�D�ORQJLWXGLQDO�IDUP�VWXG\� PloS One ������������H��������

�� .RQJWRUS�57��+DOVH�0��7DNVGDO�7��)DON�.��/RQJLWXGLQDO�VWXG\�RI�D�QDWXUDO�RXWEUHDN�
RI�KHDUW�DQG�VNHOHWDO�PXVFOH�LQIODPPDWLRQ�LQ�$WODQWLF�VDOPRQ��6DOPR�VDODU�/� J

Fish Dis ����� ��������������

�� .RQJWRUS�57��.MHUVWDG�$��7DNVGDO�7��*XWWYLN�$��)DON�.��+HDUW�DQG�VNHOHWDO�PXVFOH�

LQIODPPDWLRQ�LQ�$WODQWLF�VDOPRQ��6DOPR�VDODU�/��D�QHZ�LQIHFWLRXV�GLVHDVH� J Fish 

Dis ����� ���

�� .RQJWRUS�57��7DNVGDO�7��/\QJR\�$��3DWKRORJ\�RI�KHDUW�DQG�VNHOHWDO�PXVFOH�
LQIODPPDWLRQ��+60,��LQ�IDUPHG�$WODQWLF�VDOPRQ�6DOPR�VDODU� Dis Aquatic Org

����� ��������������
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�� 7DNDQR�7��1DZDWD�$��6DNDL�7��0DWVX\DPD�7��,WR�7��.XULWD�-��7HUDVKLPD�6��<DVXLNH�0��

1DNDPXUD�<��)XMLZDUD�$ et al� )XOO�*HQRPH�VHTXHQFLQJ�DQG�FRQILUPDWLRQ�RI�WKH�

FDXVDWLYH�DJHQW�RI�(U\WKURF\WLF�LQFOXVLRQ�ERG\�V\QGURPH�LQ�&RKR�6DOPRQ�
LGHQWLILHV�D�QHZ�W\SH�RI�3LVFLQH�2UWKRUHRYLUXV� PloS One ����� �������H��������

��� 2OVHQ�$%��+MRUWDDV�0��7HQJV�7��+HOOEHUJ�+��-RKDQVHQ�5��)LUVW�GHVFULSWLRQ�RI�D�QHZ�

GLVHDVH�LQ�5DLQERZ�7URXW��2QFRUK\QFKXV�P\NLVV��:DOEDXP���VLPLODU�WR�+HDUW�

DQG�VNHOHWDO�PXVFOH�LQIODPPDWLRQ��+60,��DQG�GHWHFWLRQ�RI�D�JHQH�VHTXHQFH�UHODWHG�
WR�3LVFLQH�2UWKRUHRYLUXV��359�� PloS One ������������H��������

��� 3DODFLRV�*��/RYROO�0��7HQJV�7��+RUQLJ�0��+XWFKLVRQ�6��+XL�-��.RQJWRUS�57��6DYML�1��

%XVVHWWL�$9��6RORY\RY�$ et al� +HDUW�DQG�VNHOHWDO�PXVFOH�LQIODPPDWLRQ�RI�IDUPHG�

VDOPRQ�LV�DVVRFLDWHG�ZLWK�LQIHFWLRQ�ZLWK�D�QRYHO�UHRYLUXV� PloS One ������

�����H������

��� 0DUNXVVHQ�7��'DKOH�0.��7HQJV�7��/¡YROO�0��)LQVWDG����:LLN�1LHOVHQ�&5��*URYH�6��

/DXNVXQG�6��5REHUWVHQ�%��5LPVWDG�(��6HTXHQFH�DQDO\VLV�RI�WKH�JHQRPH�RI�SLVFLQH�

RUWKRUHRYLUXV��359��DVVRFLDWHG�ZLWK�KHDUW�DQG�VNHOHWDO�PXVFOH�LQIODPPDWLRQ�
�+60,��LQ�$WODQWLF�VDOPRQ��6DOPR�VDODU�� PloS One ����� ��

��� 3DODFLRV�*��/¡YROO�0��7HQJV�7��+RUQLJ�0��+XWFKLVRQ�6��+XL�-��.RQJWRUS�57��6DYML�1��

%XVVHWWL�$9��6RORY\RY�$ et al� +HDUW�DQG�VNHOHWDO�PXVFOH�LQIODPPDWLRQ�RI�IDUPHG�

VDOPRQ�LV�DVVRFLDWHG�ZLWK�LQIHFWLRQ�ZLWK�D�QRYHO�UHRYLUXV� PloS One ��������

��� )LQVWDG�2:��'DKOH�0.��/LQGKROP�7+��1\PDQ�,%��/RYROO�0��:DOODFH�&��2OVHQ�&0��

6WRUVHW�$.��5LPVWDG�(��3LVFLQH�RUWKRUHRYLUXV��359��LQIHFWV�$WODQWLF�VDOPRQ�
HU\WKURF\WHV� Vet Res ������������

��� )LQVWDG�2:��)DON�.��/RYROO�0��(YHQVHQ�2��5LPVWDG�(��,PPXQRKLVWRFKHPLFDO�

GHWHFWLRQ�RI�SLVFLQH�UHRYLUXV��359��LQ�KHDUWV�RI�$WODQWLF�VDOPRQ�FRLQFLGH�ZLWK�WKH�
FRXUVH�RI�KHDUW�DQG�VNHOHWDO�PXVFOH�LQIODPPDWLRQ��+60,�� Vet Res ������������

��� +DDWYHLW�+0��:HVVHO�2��0DUNXVVHQ�7��/XQG�0��7KLHGH�%��1\PDQ�,%��%UDDHQ�6��'DKOH�

0.��5LPVWDG�(��9LUDO�3URWHLQ�.LQHWLFV�RI�3LVFLQH�2UWKRUHRYLUXV�,QIHFWLRQ�LQ�
$WODQWLF�6DOPRQ�%ORRG�&HOOV� Viruses ����� �����
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��� :HVVHO�2��2OVHQ�&0��5LPVWDG�(��'DKOH�0.��3LVFLQH�RUWKRUHRYLUXV��359��UHSOLFDWHV�
LQ�$WODQWLF�VDOPRQ��6DOPR�6DODU�/���HU\WKURF\WHV�H[�YLYR� Vet Res ������,Q�SUHVV�

��� GH�&DVWUR�,)��9RORQWH�/��5LVFR�&��9LUXV�IDFWRULHV��ELRJHQHVLV�DQG�VWUXFWXUDO�GHVLJQ�
Cell microbiol ����� ������������

��� &DUUROO�.��+DVWLQJV�&��0LOOHU�&/��$PLQR�DFLGV����DQG����RI�0DPPDOLDQ�

2UWKRUHRYLUXV�SURWHLQ�PLFUR16�DUH�QHFHVVDU\�IRU�VWUHVV�JUDQXOH�ORFDOL]DWLRQ��FRUH�
SURWHLQ�ODPEGD���LQWHUDFWLRQ��DQG�GH�QRYR�YLUXV�UHSOLFDWLRQ� Virology �����

������������

��� 0LOOHU�&/��$UQROG�00��%URHULQJ�7-��+DVWLQJV�&(��1LEHUW�0/��/RFDOL]DWLRQ�RI�

PDPPDOLDQ�RUWKRUHRYLUXV�SURWHLQV�WR�F\WRSODVPLF�IDFWRU\�OLNH�VWUXFWXUHV�YLD�
QRQRYHUODSSLQJ�UHJLRQV�RI�PLFUR16� J Virol ����� ��������������

��� +DDWYHLW�+0��1\PDQ�,%��0DUNXVVHQ�7��:HVVHO�2��'DKOH�0.��5LPVWDG�(��7KH�QRQ�

VWUXFWXUDO�SURWHLQ�PX16�RI�SLVFLQH�RUWKRUHRYLUXV��359��IRUPV�YLUDO�IDFWRU\�OLNH�
VWUXFWXUHV� Vet Res ��������������

��� 'HUPRG\�76��1LEHUW�0/��%DVVHO�'XE\�5��)LHOGV�%1��$�VLJPD���UHJLRQ�LPSRUWDQW�IRU�
KHPDJJOXWLQDWLRQ�E\�VHURW\SH���UHRYLUXV�VWUDLQV� J Virol ����� �����������������

��� .LUFKQHU�(��*XJOLHOPL�.0��6WUDXVV�+0��'HUPRG\�76��6WHKOH�7��6WUXFWXUH�RI�UHRYLUXV�
VLJPD��LQ�FRPSOH[�ZLWK�LWV�UHFHSWRU�MXQFWLRQDO�DGKHVLRQ�PROHFXOH�$� PLoS Path

����� ������H��������

��� /HH�3:��+D\HV�(&��-RNOLN�:.��3URWHLQ�VLJPD���LV�WKH�UHRYLUXV�FHOO�DWWDFKPHQW�

SURWHLQ� Virology ����� ���������������

��� %DUWRQ�(6��)RUUHVW�-&��&RQQROO\�-/��&KDSSHOO�-'��/LX�<��6FKQHOO�)-��1XVUDW�$��3DUNRV�

&$��'HUPRG\�76��-XQFWLRQ�DGKHVLRQ�PROHFXOH�LV�D�UHFHSWRU�IRU�UHRYLUXV� Cell �����

���������������

��� 5HLWHU�'0��)ULHUVRQ�-0��+DOYRUVRQ�((��.RED\DVKL�7��'HUPRG\�76��6WHKOH�7� &U\VWDO�

VWUXFWXUH�RI�UHRYLUXV�DWWDFKPHQW�SURWHLQ�VLJPD��LQ�FRPSOH[�ZLWK�VLDO\ODWHG�
ROLJRVDFFKDULGHV� PLoS Path ����� �����H��������
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��� :HLQHU�+/��)LHOGV�%1��1HXWUDOL]DWLRQ�RI�UHRYLUXV��WKH�JHQH�UHVSRQVLEOH�IRU�WKH�
QHXWUDOL]DWLRQ�DQWLJHQ� J Exp Med ����� �����������������

��� 'U\GHQ�.$��:DQJ�*��<HDJHU�0��1LEHUW�0/��&RRPEV�.0��)XUORQJ�'%��)LHOGV�%1��

%DNHU�76��(DUO\�VWHSV�LQ�UHRYLUXV�LQIHFWLRQ�DUH�DVVRFLDWHG�ZLWK�GUDPDWLF�FKDQJHV�LQ�

VXSUDPROHFXODU�VWUXFWXUH�DQG�SURWHLQ�FRQIRUPDWLRQ��DQDO\VLV�RI�YLULRQV�DQG�
VXEYLUDO�SDUWLFOHV�E\�FU\RHOHFWURQ�PLFURVFRS\�DQG�LPDJH�UHFRQVWUXFWLRQ� J Cell 

Biol ����� �����������������

��� 1LEHUW�0/��)XUORQJ�'%��)LHOGV�%1��0HFKDQLVPV�RI�YLUDO�SDWKRJHQHVLV��'LVWLQFW�

IRUPV�RI�UHRYLUXVHV�DQG�WKHLU�UROHV�GXULQJ�UHSOLFDWLRQ�LQ�FHOOV�DQG�KRVW� J Clin 

Invest ����� ��������������

��� 1LEHUW�0/��)LHOGV�%1��$�FDUER[\�WHUPLQDO�IUDJPHQW�RI�SURWHLQ�PX���PX��&�LV�

SUHVHQW�LQ�LQIHFWLRXV�VXEYLULRQ�SDUWLFOHV�RI�PDPPDOLDQ�UHRYLUXVHV�DQG�LV�SURSRVHG�
WR�KDYH�D�UROH�LQ�SHQHWUDWLRQ� J Virol ����� �����������������

��� 6NHKHO�--��-RNOLN�:.��6WXGLHV�RQ�WKH�LQ�YLWUR�WUDQVFULSWLRQ�RI�UHRYLUXV�51$�

FDWDO\]HG�E\�UHRYLUXV�FRUHV� Virology ����� ��������������

��� 7\OHU�./��0DQQ�0$��)LHOGV�%1��9LUJLQ�+:W��3URWHFWLYH�DQWL�UHRYLUXV�PRQRFORQDO�

DQWLERGLHV�DQG�WKHLU�HIIHFWV�RQ�YLUDO�SDWKRJHQHVLV� J virol ����� ����������������

��� :ROI�$��+RGQHODQG�.��)URVW�3��%UDDHQ�6��5LPVWDG�(��$�KHPDJJOXWLQLQ�HVWHUDVH�

H[SUHVVLQJ�VDOPRQLG�DOSKDYLUXV�UHSOLFRQ�SURWHFWV�$WODQWLF�VDOPRQ��6DOPR�VDODU��
DJDLQVW�LQIHFWLRXV�VDOPRQ�DQHPLD��,6$�� Vaccine ����� ��������������

��� +LNNH�0&��%UDDHQ�6��9LOORLQJ�6��+RGQHODQG�.��*HHUWVHPD�&��9HUKDJHQ�/��)URVW�3��

9ODN�-0��5LPVWDG�(��3LMOPDQ�*3��6DOPRQLG�DOSKDYLUXV�JO\FRSURWHLQ�(��UHTXLUHV�ORZ�

WHPSHUDWXUH�DQG�(��IRU�YLULRQ�IRUPDWLRQ�DQG�LQGXFWLRQ�RI SURWHFWLYH�LPPXQLW\�
Vaccine ����� �����������������

��� /RUHQ]HQ�1��/RUHQ]HQ�(��(LQHU�-HQVHQ�.��+HSSHOO�-��'DYLV�+/��*HQHWLF�YDFFLQDWLRQ�RI�

UDLQERZ�WURXW�DJDLQVW�YLUDO�KDHPRUUKDJLF�VHSWLFDHPLD�YLUXV��VPDOO�DPRXQWV�RI�
SODVPLG�'1$�SURWHFW�DJDLQVW�D�KHWHURORJRXV�VHURW\SH� Virus Res ����� �����������
���
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��� 6DORQLXV�.��6LPDUG�1��+DUODQG�5��8OPHU�-%��7KH�URDG�WR�OLFHQVXUH�RI�D�'1$�
YDFFLQH� Curr Opin Investig Drugs ����� �������������

��� 5D\QHU�-2��'U\JD�6$��.DPUXG�.,��$OSKDYLUXV�YHFWRUV�DQG�YDFFLQDWLRQ� Rev Med 

Virol ����� ��������������

��� .DUOVHQ�0��9LOORLQJ�6��5LPVWDG�(��1\OXQG�$��&KDUDFWHUL]DWLRQ�RI�XQWUDQVODWHG�

UHJLRQV�RI�WKH�VDOPRQLG�DOSKDYLUXV����6$9���JHQRPH�DQG�FRQVWUXFWLRQ�RI�D�6$9��
EDVHG�UHSOLFRQ� Virol Jl ����� ������

��� .DUOVHQ�0��9LOORLQJ�6��2WWHP�.)��5LPVWDG�(��1\OXQG�$��'HYHORSPHQW�RI�LQIHFWLRXV�

F'1$�FORQHV�RI�6DOPRQLG�DOSKDYLUXV�VXEW\SH��� BMC Res Not ����� ������

��� $EGXOODK�$��2OVHQ�&0��+RGQHODQG�.��5LPVWDG�(��$�SRO\SURWHLQ�H[SUHVVLQJ�

VDOPRQLG�DOSKDYLUXV�UHSOLFRQ�LQGXFHV�PRGHVW�SURWHFWLRQ�LQ�DWODQWLF�VDOPRQ��6DOPR�
VDODU��DJDLQVW�LQIHFWLRXV�SDQFUHDWLF�QHFURVLV� Viruses ����� �������������

��� /HLWQHU�::��+ZDQJ�/1��GH9HHU�0-��=KRX�$��6LOYHUPDQ�5+��:LOOLDPV�%5��'XEHQVN\�

7:��<LQJ�+��5HVWLIR�13��$OSKDYLUXV�EDVHG�'1$�YDFFLQH�EUHDNV�LPPXQRORJLFDO�

WROHUDQFH�E\�DFWLYDWLQJ�LQQDWH�DQWLYLUDO�SDWKZD\V� Nat Med ����� �����������

��� +RUQVWHLQ�%'��5RPDQ�'��$UHYDOR�6ROL]�/0��(QJHYLN�0$��=HFKLHGULFK�/��(IIHFWV�RI�

&LUFXODU�'1$�/HQJWK�RQ�7UDQVIHFWLRQ�(IILFLHQF\�E\�(OHFWURSRUDWLRQ�LQWR�+H/D�
&HOOV� PloS One ����� �������H��������

��� 2OVHQ�&0��3HPXOD�$.��%UDDHQ�6��6DQNDUDQ�.��5LPVWDG�(��6DOPRQLG�DOSKDYLUXV�

UHSOLFRQ�LV�IXQFWLRQDO�LQ�ILVK��PDPPDOLDQ�DQG�LQVHFW�FHOOV�DQG�LQ�YLYR�LQ�VKULPSV�
�/LWRSHQDHXV�YDQQDPHL�� Vaccine ����� �����������������

��� 0LNDOVHQ�$%��+DXJODQG�2��5RGH�0��6ROEDNN�,7��(YHQVHQ�2��$WODQWLF�VDOPRQ�

UHRYLUXV�LQIHFWLRQ�FDXVHV�D�&'��7�FHOO�P\RFDUGLWLV�LQ�$WODQWLF�VDOPRQ��6DOPR�VDODU�
/��� PloS One ����� �����H������

��� %HFNHU�00��3HWHUV�75��'HUPRG\�76��5HRYLUXV�VLJPD�16�DQG�PX�16�SURWHLQV�IRUP�
F\WRSODVPLF�LQFOXVLRQ�VWUXFWXUHV�LQ�WKH�DEVHQFH�RI�YLUDO�LQIHFWLRQ� J Virol �����

�����������������
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��� %URHULQJ�7-��.LP�-��0LOOHU�&/��3LJJRWW�&'��'LQRVR�-%��1LEHUW�0/��3DUNHU�-6��

5HRYLUXV�QRQVWUXFWXUDO�SURWHLQ�PX16�UHFUXLWV�YLUDO�FRUH�VXUIDFH SURWHLQV�DQG�
HQWHULQJ�FRUH�SDUWLFOHV�WR�IDFWRU\�OLNH�LQFOXVLRQV� J Virol ����� ����������������

��� .QXGVHQ�0/��0EHZH�0YXOD�$��5RVDULR�0��-RKDQVVRQ�';��.DNRXOLGRX�0��%ULGJHPDQ�

$��5H\HV�6DQGRYDO�$��1LFRVLD�$��/MXQJEHUJ�.��+DQNH�7 et al� 6XSHULRU�LQGXFWLRQ�RI�

7�FHOO�UHVSRQVHV�WR�FRQVHUYHG�+,9���UHJLRQV�E\�HOHFWURSRUDWHG�DOSKDYLUXV�UHSOLFRQ�
'1$�FRPSDUHG�WR�WKDW�ZLWK�FRQYHQWLRQDO�SODVPLG�'1$�YDFFLQH� J virol �����

����������������

��� *DUVHWK�c��)ULWVYROG�&��2SKHLP�0��6NMHUYH�(��%LHULQJ�(��3LVFLQH�UHRYLUXV��359��LQ�
ZLOG�$WODQWLF�VDOPRQ��6DOPR�VDODU�/���DQG�VHD�WURXW��6DOPR�WUXWWD�/���LQ�1RUZD\� J

Fish Dis ����� ���

��� =KDQJ�<$��6DOLQDV�,��/L�-��3DUUD�'��%MRUN�6��;X�=��/D3DWUD�6(��%DUWKRORPHZ�-��6XQ\HU�

-2��,J7��D�SULPLWLYH�LPPXQRJOREXOLQ�FODVV�VSHFLDOL]HG�LQ�PXFRVDO�LPPXQLW\� Nat 

Immunol ����� ��������������

��� /LHPDQQ�6��&KDQGUDQ�.��%DNHU�76��1LEHUW�0/��+DUULVRQ�6&��6WUXFWXUH�RI�WKH�

UHRYLUXV�PHPEUDQH�SHQHWUDWLRQ�SURWHLQ��0X���LQ�D�FRPSOH[�ZLWK�LV�SURWHFWRU�
SURWHLQ��6LJPD�� Cell ���������������������

��� 0XQDQJ¶DQGX�+0��)UHGULNVHQ�%1��0XWRORNL�6��'DOPR�5$��(YHQVHQ����$QWLJHQ�GRVH�

DQG�KXPRUDO�LPPXQH�UHVSRQVH�FRUUHVSRQG�ZLWK�SURWHFWLRQ�IRU�LQDFWLYDWHG�
LQIHFWLRXV�SDQFUHDWLF�QHFURVLV�YLUXV�YDFFLQHV�LQ�$WODQWLF�VDOPRQ��6DOPR�VDODU�/��

Vet Res ����� ��������

��� *UDKDP�'$��5RZOH\�+5��)URVW�3��&URVV�QHXWUDOL]DWLRQ�VWXGLHV�ZLWK�VDOPRQLG�

DOSKDYLUXV�VXEW\SH�����VWUDLQV��UHVXOWV�ZLWK�VHUD�IURP�H[SHULPHQWDO�VWXGLHV�DQG�
QDWXUDO�LQIHFWLRQV� J Fish Dis ����� ��������������

��� -RUJHQVHQ�60��$IDQDV\HY�6��.UDVQRY�$��*HQH�H[SUHVVLRQ�DQDO\VHV�LQ�$WODQWLF�

VDOPRQ�FKDOOHQJHG�ZLWK�LQIHFWLRXV�VDOPRQ�DQHPLD�YLUXV�UHYHDO�GLIIHUHQFHV�EHWZHHQ�
LQGLYLGXDOV�ZLWK�HDUO\��LQWHUPHGLDWH�DQG�ODWH�PRUWDOLW\� BMC genomics ����� ������

��� +HODQGHU�$��0LOOHU�&/��0\HUV�.6��1HXWUD�05��1LEHUW�0/��3URWHFWLYH�

LPPXQRJOREXOLQ�$�DQG�*�DQWLERGLHV�ELQG�WR�RYHUODSSLQJ�LQWHUVXEXQLW�HSLWRSHV�LQ�
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WKH�KHDG�GRPDLQ�RI�W\SH���UHRYLUXV�DGKHVLQ�VLJPD�� J Virol ����� �������������
������

��� +XWFKLQJV�$%��+HODQGHU�$��6LOYH\�.-��&KDQGUDQ�.��/XFDV�:7��1LEHUW�0/��1HXWUD�

05��6HFUHWRU\�LPPXQRJOREXOLQ�$�DQWLERGLHV�DJDLQVW�WKH�VLJPD��RXWHU�FDSVLG�

SURWHLQ�RI�UHRYLUXV�W\SH���/DQJ�SUHYHQW�LQIHFWLRQ�RI�PRXVH�3H\HU
V�SDWFKHV� J  Virol

����� ��������������

��� 7HLJH�/+��/XQG�0��+DDWYHLW�+0��5RVDHJ�09��:HVVHO�2��'DKOH�0.��6WRUVHW�$.��$

EHDG EDVHG�PXOWLSOH[�LPPXQRDVVD\�GHWHFWV�3LVFLQH�RUWKRUHRYLUXV�VSHFLILF�
DQWLERGLHV�LQ�$WODQWLF�VDOPRQ��6DOPR�VDODU�� Fish Shellfish Immunol ����� �������
����

��� 5LPVWDG�(��([DPSOHV�RI�HPHUJLQJ�YLUXV�GLVHDVHV�LQ�VDOPRQLG�DTXDFXOWXUH� Aquacult 

Res ����� ���������

��� .LEHQJH�0-��,ZDPRWR�7��:DQJ�<��0RUWRQ�$��*RGR\�0*��.LEHQJH�)6��:KROH�

JHQRPH�DQDO\VLV�RI�SLVFLQH�UHRYLUXV��359��VKRZV�359�UHSUHVHQWV�D�QHZ�JHQXV�LQ�

IDPLO\�5HRYLULGDH�DQG�LWV�JHQRPH�VHJPHQW�6��VHTXHQFHV�JURXS�LW�LQWR�WZR�VHSDUDWH�
VXE�JHQRW\SHV� Virol J ����� �������
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7DEOHV

7DEOH����9DFFLQH�JURXSV
7KH�FRPELQDWLRQ�RI�YDFFLQH�DQWLJHQV�DQG�WKH�H[SUHVVLRQ�YHFWRU�EDFNERQH�LQ�7ULDO��,�DQG�7ULDO��,,�
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)LJXUHV

)LJXUH����9DFFLQH�WULDO�VHWXS
�$��7KH�WLPH�FRXUVH�DQG�VDPSOLQJ�SRLQWV�IRU�WKH�WZR�YDFFLQDWLRQ�WULDOV���%��7DEOH�FRQWDLQLQJ�WKH�H[SHULPHQWDO�

FRQGLWLRQV�RU�WKH�WZR�H[SHULPHQWDO�WULDOV��ZSY� �ZHHNV�SRVW�YDFFLQDWLRQ��ZSF� �ZHHNV�SRVW�FKDOOHQJH�
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)LJXUH����([SUHVVLRQ�RI��16�DQG�ı��IURP�YDFFLQH�YHFWRUV�LQ�ILVK�FHOOV
&+6(�FHOOV�H[SUHVVLQJ�WKH�QRQ�VWUXFWXUDO�SURWHLQ��16�DQG�WKH�VWUXFWXUDO�SURWHLQ�ı��DIWHU�WUDQVIHFWLRQ�ZLWK�S6$9�

UHSOLFRQ�FRQVWUXFWV��WRS�URZ��RU�SF'1$����FRQVWUXFWV��ERWWRP�URZ���7KH�FHOOV�ZHUH�SURFHVVHG�IRU�IOXRUHVFHQFH�

PLFURVFRS\����K�SRVW�WUDQVIHFWLRQ�DQG�WKH�QXFOHL�ZHUH�VWDLQHG�ZLWK�+RHFKVW��EOXH��
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)LJXUH����9DFFLQH�WULDO��,��3LVFLQH�RUWKRUHRYLUXV��359��51$�ORDG�LQ�EORRG�FHOOV
57�T3&5� RI� 359� JHQH� VHJPHQW� 6�� LQ� EORRG� FHOOV� IURP� FRKDELWDQW� ILVK� LQ� YDFFLQDWLRQ� WULDO� �,�� �$��*URXS� ��

�S6$9��16� �� ��� �� ��� �� ı16� �� ı�� �� ı�� �� ı�� � Ȝ�� �� Ȝ�� �� Ȝ��� DQG� S6$9�(*)3� FRQWURO�� �%�� *URXS� ��

�SF'1$�����16���ı16���ı���DQG�S6$9�(*)3�FRQWURO��&W�YDOXHV�RI�LQGLYLGXDO�ILVK��GRWV��DQG�PHDQ��OLQH���7KH�

&W�YDOXHV�IURP�DOO�LQGLYLGXDOV�ZLWKLQ�WKH�VHSDUDWH�JURXSV�DUH�FRPSDUHG�WR�WKH�LQGLYLGXDO�&W�YDOXHV�IURP�WKH�FRQWURO�

JURXS�DW�HDFK�WLPHSRLQW�XVLQJ�WKH�0DQQ�:KLWQH\�FRPSDUH�UDQNV�WHVW��6WDU� �S�� YDOXH����������Q� ���SHU�WLPH�SRLQW��

ZSF� �ZHHNV�SRVW�FKDOOHQJH�
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)LJXUH����9DFFLQH�WULDO��,��+LVWRSDWKRORJLFDO�VFRUHV�LQ�HSLFDUGLXP�DQG�YHQWULFOH
7KH�LQGLYLGXDO�KLVWRSDWKRORJLFDO�VFRUHV��GRWV��DQG�PHDQ��OLQH��LQ�HSLFDUGLXP�DQG�YHQWULFOH�IURP�ILVK�LQ�*URXS���

�SF'1$�����16� �� ı16� �� ı��� DQG� WKH� FRQWURO� JURXS� �S6$9�(*)3��� 7KH� KLVWRSDWKRORJLFDO� VFRUHV� IURP� DOO�

LQGLYLGXDOV�ZLWKLQ�WKH�VHSDUDWH�JURXSV�DUH�FRPSDUHG�WR�WKH�LQGLYLGXDO�KLVWRSDWKRORJLFDO�VFRUHV�IURP�WKH�FRQWURO�

JURXS�DW�HDFK�WLPHSRLQW�XVLQJ�WKH�0DQQ�:KLWQH\�FRPSDUH�UDQNV�WHVW��6WDU� �S�� YDOXH����������Q� ����ZSF� �ZHHN�

SRVW�FKDOOHQJH�
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)LJXUH����9DFFLQH�WULDO��,��+LVWRSDWKRORJLFDO�VFRUHV�LQ�WKH�HSLFDUGLXP�DQG�YHQWULFOH
�$��%DUV�LOOXVWUDWLQJ�PHDQ�KLVWRSDWKRORJLFDO�VFRUH�ZLWK�6'�LQ�HSLFDUGLXP�DQG�YHQWULFOH�IURP�HDFK�WLPHSRLQW�RI�

VDPSOLQJ���%��7DEOH�VKRZLQJ�PHDQ�KLVWRSDWKRORJLFDO�VFRUH�LQ�HSLFDUGLXP�DQG�YHQWULFOH�IURP�HDFK�JURXS�DW�HDFK�

WLPHSRLQW�RI�VDPSOLQJ��7KH�KLVWRSDWKRORJLFDO�VFRUHV�IURP�DOO�LQGLYLGXDOV�ZLWKLQ�WKH�VHSDUDWH�JURXSV�DUH�FRPSDUHG�

WR� WKH� LQGLYLGXDO� KLVWRSDWKRORJLFDO� VFRUHV� IURP� WKH� FRQWURO� JURXS� DW� HDFK� WLPHSRLQW� XVLQJ� WKH�0DQQ�:KLWQH\�

FRPSDUH�UDQNV�WHVW��6WDU� �S�� YDOXH���������Q� ����ZSF� �ZHHNV�SRVW�FKDOOHQJH�
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)LJXUH����9DFFLQH�WULDO��,,��3LVFLQH�RUWKRUHRYLUXV��359��51$�ORDG�LQ�EORRG�FHOOV�DQG�SODVPD
57�T3&5�RI� 359� JHQH� VHJPHQW� 6�� LQ� EORRG� FHOOV� �OHIW�� DQG� SODVPD� �ULJKW�� IURP� FRKDELWDQW� ILVK� LQ�*URXS� ��

�SF'1$�����16���ı16���ı���DQG�WKH�WZR�FRQWURO�JURXSV��S6$9�(*)3�DQG�3%6��LQ�YDFFLQDWLRQ�WULDO��,,��&W�

YDOXHV�RI�LQGLYLGXDO�ILVK��GRWV��DQG�PHDQ��OLQH���7KH�&W�YDOXHV�IURP�DOO�LQGLYLGXDOV�ZLWKLQ�WKH�VHSDUDWH�JURXSV�DUH�

FRPSDUHG�WR�WKH�LQGLYLGXDO�&W�YDOXHV�IURP�WKH�FRQWURO�JURXSV�DW�HDFK�WLPHSRLQW�XVLQJ�WKH�0DQQ�:KLWQH\�FRPSDUH�

UDQNV�WHVW��6WDU� �S�� YDOXH����������Q� �����ZSF� �ZHHNV�SRVW�FKDOOHQJH�
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)LJXUH����9DFFLQH�WULDO��,,��+LVWRSDWKRORJLFDO�VFRUHV�LQ�WKH�HSLFDUGLXP�DQG�YHQWULFOH
�$��%DUV�LOOXVWUDWLQJ�PHDQ�KLVWRSDWKRORJLFDO�VFRUH�LQ�HSLFDUGLXP�DQG�YHQWULFOH�IURP�HDFK�JURXS�DW�HDFK�WLPHSRLQW�

RI�VDPSOLQJ��ZSF��LQ�YDFFLQDWLRQ�WULDO��,,���%��7DEOH�VKRZLQJ�PHDQ�KLVWRSDWKRORJLFDO�VFRUH�LQ�HSLFDUGLXP�DQG�

YHQWULFOH�IURP�HDFK�JURXS�DW�HDFK�WLPHSRLQW�RI�VDPSOLQJ��7KH�KLVWRSDWKRORJLFDO�VFRUHV�IURP�DOO�LQGLYLGXDOV�ZLWKLQ�

WKH� VHSDUDWH� JURXSV� DUH� FRPSDUHG� WR� WKH� LQGLYLGXDO� KLVWRSDWKRORJLFDO� VFRUHV� IURP� WKH� FRQWURO� JURXSV� DW� HDFK�

WLPHSRLQW�XVLQJ�WKH�0DQQ�:KLWQH\�FRPSDUH�UDQNV�WHVW��6WDU� �S�� YDOXH���������Q� �����ZSF� �ZHHNV�SRVW�FKDOOHQJH�
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)LJXUH����9DFFLQH�WULDO��,,��+LVWRSDWKRORJLFDO�VFRUHV�LQ�HSLFDUGLXP�DQG�YHQWULFOH
7KH�LQGLYLGXDO�KLVWRSDWKRORJLFDO�VFRUHV��GRWV��DQG�PHDQ��OLQH��LQ�HSLFDUGLXP�DQG�YHQWULFOH�IURP�ILVK�LQ�*URXS���

�SF'1$�����16���ı16���ı���DQG�WKH�FRQWURO�JURXSV��S6$9�(*)3�DQG�3%6����Q� �����ZSF� �ZHHN�SRVW�FKDOOHQJH�
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6XSSOHPHQWDU\�WDEOHV

7DEOH�6���([SUHVVLRQ�SODVPLGV
3ULPHUV�XVHG�IRU�FORQLQJ�WKH�IXOO�OHQJWK�25)V�RI�WKH�WHQ�GLIIHUHQW�359�VHJPHQWV�LQWR�WKH�UHSOLFRQ�YHFWRU�S6$9��

DQG�WKH�IRXU�359�VHJPHQWV�0���6���6��DQG�6��LQWR�WKH�HXFDU\RWLF�H[SUHVVLRQ�YHFWRU�SF'1$�����6WDUW�FRGRQV�DUH�

PDUNHG�LQ�EROG�DQG�HSLWRSH�WDJV�IRU�H[SUHVVLRQ�DUH�PDUNHG�LQ�LWDOLF�
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7DEOH�6���+LVWRSDWKRORJLFDO�VFRULQJ�FULWHULD
&ULWHULD�XVHG�IRU�KLVWRSDWKRORJLFDO�VFRULQJ�GLVFULPLQDWLQJ�EHWZHHQ�HSLFDUGLDO�DQG�YHQWULFXODU�OHVLRQV�LQ�WKH�KHDUW�



34 
 

7DEOH�6���3ODVPLG�FRQVWUXFWV�DQG�H[SUHVVLRQ�DQDO\VLV
)LYH�RI�WKH�SODVPLGV�ZHUH�PDGH�ZLWK�DQ�HSLWRSH�WDJ�IRU�H[SUHVVLRQ�DQDO\VLV�GXH�WR�ODFN�RI�DYDLODEOH�DQWLERGLHV�
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6XSSOHPHQWDU\�ILJXUHV

)LJXUH�6�� 9DFFLQH�WULDO��,� 3LVFLQH�RUWKRUHRYLUXV��359��51$�ORDG�LQ�EORRG�FHOOV
5HYHUVH�WUDQVFULSWLRQ�TXDQWLWDWLYH�SRO\PHUDVH�FKDLQ�UHDFWLRQ��57�T3&5��RI�359�JHQH�VHJPHQW�6��LQ�EORRG�FHOOV�

IURP�DOO� ILVK�LQ�YDFFLQDWLRQ�WULDO��,��%DUV�LOOXVWUDWLQJ�PHDQ�&W�YDOXH�ZLWK�6'�FDOFXODWHG�IURP�HDFK�YDFFLQDWLRQ�

JURXS�SHU�WLPH�SRLQW��7KH�&W�YDOXHV IURP�DOO�LQGLYLGXDOV�ZLWKLQ�WKH�VHSDUDWH�JURXSV�DUH�FRPSDUHG�WR�WKH�LQGLYLGXDO�

&W�YDOXHV�IURP�WKH�FRQWURO�JURXS�DW�HDFK�WLPHSRLQW�XVLQJ�WKH�0DQQ�:KLWQH\�FRPSDUH�UDQNV�WHVW��6WDU� �S�� YDOXH�

��������Q� ����ZSF� �ZHHNV�SRVW�FKDOOHQJH��
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)LJXUH�6�� 9DFFLQH WULDO��,,� 3LVFLQH�RUWKRUHRYLUXV��359��51$�ORDG�LQ�EORRG�FHOOV�DQG�SODVPD
5HYHUVH�WUDQVFULSWLRQ�TXDQWLWDWLYH�SRO\PHUDVH�FKDLQ�UHDFWLRQ��57�T3&5��RI�359�JHQH�VHJPHQW�6��LQ�EORRG�FHOOV�

�$��DQG�SODVPD��%��IURP�DOO�ILVK�LQ�YDFFLQDWLRQ�WULDO��,,��%DUV�LOOXVWUDWLQJ�PHDQ�&W�YDOXH�ZLWK�6'�FDOFXODWHG�IURP�

HDFK�YDFFLQDWLRQ�JURXS�SHU�WLPH�SRLQW��7KH�&W�YDOXHV�IURP�DOO�LQGLYLGXDOV�ZLWKLQ�WKH�VHSDUDWH�JURXSV�DUH�FRPSDUHG�

WR�WKH�LQGLYLGXDO�&W�YDOXHV�IURP�WKH�FRQWURO�JURXS�DW�HDFK�WLPHSRLQW�XVLQJ�WKH�0DQQ�:KLWQH\�FRPSDUH UDQNV�WHVW��

6WDU� �S�� YDOXH���������Q� �����ZSF� �ZHHNV�SRVW�FKDOOHQJH�






