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$VVHJXUDU�VH�R�XVR�GH�PDWpULDV�SULPDV�H�LQJUHGLHQWHV�FRP�EDL[DV�SRSXODo}HV�LQLFLDLV�GH�PLFUR�

RUJDQLVPRV� HVSRUXODGRV�� FRQVWLWXL�VH� XPD� GDV� SULQFLSDLV� SUHPLVVDV� SDUD� REWHU�VH� SURGXWRV�

DOLPHQWtFLRV� HVWiYHLV� GXUDQWH� D� YLGD� GH� SUDWHOHLUD� H� PLFURELRORJLFDPHQWH� VHJXURV�� $� QtYHO�

LQGXVWULDO��VmR�FRPXQV�RV�UHODWRV�GH�UHFROKLPHQWR�GH�SURGXWRV�VXEPHWLGRV�DR�WUDWDPHQWR�XOWUD�

KLJK�WHPSHUDWXUH��8+7��GHWHULRUDGRV��FRPR�OHLWHV�DFKRFRODWDGRV��(P�PXLWRV�GHVWHV�FDVRV��D�

FDXVD�GD�GHWHULRUDomR�VmR�PLFUR�RUJDQLVPRV�SHUWHQFHQWHV�DR�JrQHUR�Bacillus�VSS��H�D�IRQWH�GD�

FRQWDPLQDomR� p� R� FDFDX� HP� Sy��$SHVDU� GH� VXD� LPSRUWkQFLD� FRPR�PDWpULD�SULPD� LQGXVWULDO��

H[LVWHP� SRXFRV� HVWXGRV� FXMRV� REMHWLYRV� WHQKDP� VLGR� HVWXGDU� D� HFRORJLD� PLFURELDQD� FRP�

UHIHUrQFLD� j�PLFUR�RUJDQLVPRV� HVSRUXODGRV� HP� GLIHUHQWHV� XQLGDGHV� SURGXWRUDV� �ID]HQGDV� GH�

FDFDX�� ORFDOL]DGDV� HP� ]RQDV� WURSLFDLV�� FRPR� R� %UDVLO�� 3RUWDQWR�� R� SULQFLSDO� REMHWLYR� GHVWH�

WUDEDOKR�IRL�DYDOLDU�DV�SRSXODo}HV�GH�EDFWpULDV�HVSRUXODGDV�GXUDQWH�WRGR�R�SURFHVVDPHQWR�GR�

FDFDX� HP� Sy�� ���� DPRVWUDV� IRUDP� FROHWDGDV� GH� GXDV� ID]HQGDV� H� GH� WUrV� OLQKDV� LQGXVWULDLV��

ORFDOL]DGRV� QR� HVWDGR� GD� %DKLD�� $OpP� GLVVR�� DYDOLRX�VH� R� LPSDFWR� GD� IHUPHQWDomR� H� GD�

WRUUHIDomR�VREUH�FHSDV�GH�B. cereus�H�G. stearothermophilus��2V�UHVXOWDGRV�PRVWUDUDP�TXH�D�

FRQWDPLQDomR�SRU�EDFWpULDV�HVSRUXODGDV�RFRUUH�GXUDQWH�D�IHUPHQWDomR��H�SRGH�FKHJDU�D�LQGXVWULD�

FRP� FRQWDJHQV� DOWDV� ����� ORJ� HVSRURV�J��� (WDSDV� GH� WRUUHIDomR� H� DOFDOLQL]DomR� GR� SURFHVVR�

LQGXVWULDO�UHGX]LUDP�D�SRSXODomR�GH�HVSRUXODGRV�HP�DOJXQV�FDVRV������ORJ�HVSRURV�J���SRUpP�

KRXYH� UHVLVWrQFLD� DR� SURFHVVR�� 1D� VLPXODomR� GD� IHUPHQWDomR� GR� FDFDX� HP� ODERUDWyULR�� D�

SRSXODomR�GH�B. cereus�H�G. stearothermophilus�SHUPDQHFHX�HVWiYHO������ORJ�HVSRURV�J���FRP�

H[FHomR�DRV�GRLV�~OWLPRV�GLDV��TXDQGR�RFRUUHX�XP�OLJHLUR�DXPHQWR��1D�VLPXODomR�GR�SURFHVVR�

GH�WRUUHIDomR�REVHUYRX�VH�TXH�HVWD�SRGH�WHU�XP�HIHLWR�OLPLWDGR�QD�LQDWLYDomR�GH�HVSRURV��(VWHV�

UHVXOWDGRV�VmR�LPSRUWDQWHV�SRLV�R�FRQKHFLPHQWR�GRV�HIHLWRV�GR�SURFHVVDPHQWR�GR�FDFDX�VREUH�

RV� PLFUR�RUJDQLVPRV� HVSRUXODGRV�� p� HVVHQFLDO� QmR� VRPHQWH� SDUD� D� PHOKRULD� GD� TXDOLGDGH�

PLFURELROyJLFD��PDV�WDPEpP�SDUD�D�PHOKRULD�GRV�PpWRGRV�GH�SUHVHUYDomR�YLVDQGR�VH�JDUDQWLU�

D�VHJXUDQoD�H�HVWDELOLGDGH�PLFURELROyJLFD�GH�SURGXWRV�IRUPXODGRV�FRP�FDFDX�HP�Sy��

�

FDFDX�HP�Sy��EDFWpULDV�HVSRUXODGDV��SURFHVVDPHQWR�GR�FDFDX��VHJXUDQoD�

PLFURELROyJLFD���
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(QVXULQJ�WKH�XVH�RI�UDZ�PDWHULDOV�DQG�LQJUHGLHQWV�ZLWK�ORZ�LQLWLDO�SRSXODWLRQV�RI�VSRUH�IRUPLQJ�

EDFWHULD�LV�RQH�RI�WKH�PDLQ�DVVXPSWLRQV�IRU�REWDLQLQJ�VKHOI�VWDEOH�DQG�PLFURELRORJLFDO�VDIHW\�

IRRG�SURGXFWV��$W�LQGXVWULDO�OHYHO��UHSRUWV�RI�VSRLODJH�RI�XOWUD�KLJK�WHPSHUDWXUH��8+7��SURGXFWV�

VXFK�DV�FKRFRODWH�PLONV�DUH�FRPPRQ��,Q�PDQ\�RI�WKHVH�FDVHV��WKH�FDXVH�RI�WKH�VSRLODJH�LV�VSRUH�

IRUPLQJ�EDFWHULD�EHORQJLQJ�WR�WKH�JHQXV�Bacillus�VSS��DQG�WKH�VRXUFH�RI�FRQWDPLQDWLRQ�LV�FRFRD�

SRZGHU�� 'HVSLWH� LWV� LPSRUWDQFH� DV� DQ� LQGXVWULDO� UDZ�PDWHULDO�� WKHUH� DUH� IHZ� VWXGLHV� ZKRVH�

REMHFWLYHV�KDYH�EHHQ�WR�VWXG\�PLFURELDO�HFRORJ\�ZLWK�UHIHUHQFH�WR�VSRUH�IRUPLQJ�EDFWHULD� LQ�

GLIIHUHQW�SURGXFWLRQ�XQLWV��FRFRD�IDUPV��ORFDWHG�LQ�WURSLFDO�]RQHV��VXFK�DV�%UD]LO��7KHUHIRUH��WKH�

PDLQ�REMHFWLYH�RI�WKLV�ZRUN�ZDV�WR�HYDOXDWH�SRSXODWLRQV�RI�VSRUH�IRUPLQJ�EDFWHULD�DORQJ�WKH�

SURFHVVLQJ�RI�FRFRD�SRZGHU������VDPSOHV�ZHUH�FROOHFWHG�IURP�WZR�IDUPV�DQG�WKUHH�LQGXVWULDO�

OLQHV��ORFDWHG�LQ�WKH�VWDWH�RI�%DKLD��%UD]LO��,Q�DGGLWLRQ��WKH�LPSDFW�RI�IHUPHQWDWLRQ�DQG�URDVWLQJ�

RQ� B. cereus� DQG� G. stearothermophilus� VWUDLQV� ZDV� HYDOXDWHG�� 7KH� UHVXOWV� VKRZHG� WKDW�

FRQWDPLQDWLRQ�E\�VSRUH�IRUPLQJ�EDFWHULD�RFFXUV�GXULQJ�IHUPHQWDWLRQ��DQG�WKLV�FRQWDPLQDWLRQ�

FDQ�UHDFK�LQGXVWU\�ZLWK�KLJK�FRXQWV������ORJ�VSRUH�J���5RDVWLQJ�DQG�DONDOL]DWLRQ�VWDJHV�RI�WKH�

LQGXVWULDO�SURFHVV�UHGXFHG�WKH�VSRUH�SRSXODWLRQ�LQ�VRPH�FDVHV������ORJ�VSRUH�J���EXW�WKHUH�ZDV�

UHVLVWDQFH� WR� WKH� SURFHVV�� ,Q� WKH� VLPXODWLRQ� RI� FRFRD� IHUPHQWDWLRQ� LQ� WKH� ODERUDWRU\�� WKH�

SRSXODWLRQ�RI�B. cereus�DQG�G. stearothermophilus�UHPDLQHG�VWDEOH������ORJ�VSRUH�J���H[FHSW�

IRU�WKH�ODVW�WZR�GD\V��ZKHQ�D�VPDOO�LQFUHDVH�RFFXUUHG��,Q�WKH�VLPXODWLRQ�RI�WKH�URDVWLQJ�SURFHVV�

LW�ZDV�REVHUYHG�WKDW�WKLV�PD\�KDYH�D�OLPLWHG�HIIHFW�RQ�WKH�LQDFWLYDWLRQ�RI�VSRUHV��7KHVH�UHVXOWV�

DUH� LPSRUWDQW� EHFDXVH�NQRZOHGJH�RI� WKH� HIIHFWV� RI� FRFRD�SURFHVVLQJ�RQ� VSRUH�SRSXODWLRQ� LV�

HVVHQWLDO�QRW�RQO\�IRU�WKH�LPSURYHPHQW�RI�PLFURELRORJLFDO�TXDOLW\�EXW�DOVR�IRU�WKH�LPSURYHPHQW�

RI�SUHVHUYDWLRQ�PHWKRGV�LQ�RUGHU�WR�JXDUDQWHH�PLFURELRORJLFDO�VDIHW\�DQG�VWDELOLW\�RI�SURGXFWV�

IRUPXODWHG�ZLWK�FRFRD�SRZGHU��
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2� FDFDXHLUR� SHUWHQFH� j� IDPtOLD� 6WHUFXOLDFHDH�� JrQHUR� Theobroma�� HVSpFLH�

Theobroma cacao�/���H�FRQVLVWH�QD�SULQFLSDO�PDWpULD�SULPD�SDUD�D�SURGXomR�GH�FDFDX�HP�Sy��

FKRFRODWH�H�RXWURV�SURGXWRV�GHULYDGRV�GR�FDFDX��2UDF]�HW�DO���������%HOVFDN�HW�DO����������'H�

DFRUGR�FRP�DV�VXDV�FDUDFWHUtVWLFDV�PRUIROyJLFDV�H�JHRJUiILFDV��R�FDFDXHLUR�SRGH�VHU�FODVVLILFDGR�

HP�GRLV�JUXSRV��&ULROOR�H�)RUDVWHUR��2�JUXSR�&ULROOR��HQFRQWUDGR�SULQFLSDOPHQWH�QD�$PpULFD�

&HQWUDO��FRUUHVSRQGH�D�VRPHQWH����GD�SURGXomR�PXQGLDO�GH�FDFDX��(VWH�JUXSR�p�FDUDFWHUL]DGR�

SRU�DSUHVHQWDU�PHQRU�WHPSR�GH�IHUPHQWDomR�GD�SROSD��SURGXomR�GH�FDFDX�GH�PHOKRU�TXDOLGDGH�

H�PDLRU�VXVFHSWLELOLGDGH�j�SUDJDV�H�GRHQoDV��-i�R�JUXSR�)RUDVWHUR��WtSLFR�GD�UHJLmR�DPD]{QLFD��

SURGX]�FDFDX�FRP�DURPD�PDLV�VXDYH�H�FRUUHVSRQGH�D�PDLRU�SDUWH�GR�FDFDX�SURGX]LGR�QR�PXQGR��

8P� WHUFHLUR� JUXSR� GHQRPLQDGR� 7ULQLWiULR�� IRL� REWLGR� D� SDUWLU� GD� KLEULGL]DomR� GRV� JUXSRV�

DQWHULRUHV� H� DSUHVHQWD� UHVLVWrQFLD� j� SUDJDV� H� GRHQoDV�� DOpP� GH� FDFDX� FRP� VXDYHV� DWULEXWRV�

VHQVRULDLV��6DOWLQL�HW�DO���������0RWDPD\RU�HW�DO���������$IRDNZD�HW�DO����������$SHVDU�GLVVR��

VDEH�VH�TXH�DV�SURSULHGDGHV�GR�FKRFRODWH�SRGHP�YDULDU�GH�DFRUGR�FRP�D�RULJHP�GR�FDFDXHLUR��

FRPSRVLomR�GR� IUXWR�H�FRQGLo}HV�GH�SURFHVVDPHQWR��7DLV� IDWRUHV�DIHWDP�D�DFHLWDELOLGDGH�GR�

SURGXWR�ILQDO�SHOR�FRQVXPLGRU��7RUUHV�0RUHQR�HW�DO���������&RSHWWL�HW�DO����������

$V� SODQWDo}HV� GH� FDFDX� VmR� FXOWLYDGDV� HP� GLYHUVDV� UHJL}HV� WURSLFDLV� GR�PXQGR��

VHQGR�&RVWD�GR�0DUILP��*DQD��1LJpULD��&DPDU}HV��,QGRQpVLD�H�%UDVLO��RV�SULQFLSDLV�SURGXWRUHV�

�$IRDNZD�HW�DO���������6FKZDQ�DQG�:KHDOV��������0RUHLUD�HW�DO����������1R�%UDVLO��VXD�IDL[D�

LGHDO�SDUD�FXOWLYR�ILFD�HQWUH�RV�HVWDGRV�GR�(VStULWR�6DQWR��%DKLD�H�5RQG{QLD��$%,&$%���������

&RVWD�GR�0DUILP�QR�FRQWLQHQWH�DIULFDQR��OLGHUD�D�SURGXomR�PXQGLDO�GH�FDFDX�FRP�����PLOKmR�

GH� WRQHODGDV�� 2� %UDVLO� RFXSD� R� TXLQWR� OXJDU�� FRP� ���� PLO� WRQHODGDV� SURGX]LGDV� HP� �����

�$%,&$%����������������SURGXWRUHV��QXPD�iUHD�GH�FXOWLYR�WRWDO�GH���������KD��1HYHV�HW�DO���

�������$�SURGXomR�H�FRPHUFLDOL]DomR�GR�FDFDX�UHSUHVHQWD�JUDQGH�LPSRUWkQFLD�HFRQ{PLFD�SDUD�

DOJXQV�HVWDGRV�EUDVLOHLURV��SDUWLFXODUPHQWH��%DKLD��0RUHLUD�HW�DO����������

$VVLP�FRPR�RXWURV�LQJUHGLHQWHV�H�PDWpULDV�SULPDV��R�FDFDX�H�VHXV�GHULYDGRV�VmR�

VXVFHSWtYHLV�j�FRQWDPLQDomR�SRU�PLFUR�RUJDQLVPRV�SDWRJrQLFRV�H�GHWHULRUDGRUHV�HP�WRGD�FDGHLD�

SURGXWLYD��$V� IUXWDV� �FDFDX�� LQ�QDWXUD�� LQFOXLQGR� VHPHQWHV� H�SROSD�� SRGHP�VHU� FRQVLGHUDGDV�

HVWpUHLV� DWp� R� LQtFLR� GR� SURFHVVDPHQWR�� 1D� HWDSD� GH� FRUWH� GR� FDFDX�� VHPHQWHV� H� SROSD� VmR�

FRQWDPLQDGDV� SRU� XPD� DPSOD� YDULHGDGH� GH� PLFUR�RUJDQLVPRV�� 3RHLUD�� iJXD�� DU�� DQLPDLV��

XWHQVtOLRV��PDQLSXODomR��H�HTXLSDPHQWRV�VmR�DOJXQV�H[HPSORV�GH�IRQWHV�GH�FRQWDPLQDomR�GR�



FDFDX�QRV�HVWiJLRV�LQLFLDLV�GR�SURFHVVDPHQWR��3DUWH�GHVWHV�PLFUR�RUJDQLVPRV�p�UHVSRQViYHO�SHOD�

IHUPHQWDomR�QDWXUDO�GR�FDFDX��1DVFLPHQWR�HW�DO����������

2V�SULQFLSDLV�JUXSRV�PLFURELDQRV�SUHVHQWHV�GXUDQWH�R�SURFHVVDPHQWR�GR�FDFDX�VmR�

OHYHGXUDV�� EDFWpULDV� OiFWLFDV�� EDFWpULDV� DFpWLFDV�� IXQJRV�� (QWHUREDFWHULDFHDH� H� HVSpFLHV� GR�

JrQHUR�Bacillus��GHQWUH�RXWUDV��1DVFLPHQWR�HW�DO���������&RSHWWL�HW�DO���������/LPD�HW�DO����������

&RQWXGR��D�SUHVHQoD�GH�FRPSRVWRV�DQWLPLFURELDQRV��UHGXomR�GD�DWLYLGDGH�GH�iJXD��PXGDQoDV�

QR�S+�H�WUDWDPHQWRV�WpUPLFRV�GXUDQWH�R�SURFHVVDPHQWR�GR�FDFDX�H�FKRFRODWH��OHYDP�j�VHOHomR�

GH�PLFUR�RUJDQLVPRV�UHVLVWHQWHV��SULQFLSDOPHQWH�RV�IRUPDGRUHV�GH�HVSRURV��

2V� HVSRURV� VmR� HVWUXWXUDV� GRUPHQWHV�� UHIUDWiULDV�� QmR� UHSURGXWLYDV�� GH� JUDQGH�

UHVLVWrQFLD�WpUPLFD�H�TXtPLFD��FRQVWLWXtGDV�SULQFLSDOPHQWH�SRU�'1$��XPD�FDSD�SURWHLFD��XPD�

FDPDGD�GH�SHSWLGRJOLFDQR��iFLGR�GLSLFROtQLFR��H�VDLV�GH�FiOFLR��$EHH�HW�DO���������,QGHVW�HW�DO���

������� (P� YLUWXGH� GH� VXD� UHVLVWrQFLD� WpUPLFD� H� TXtPLFD�� RV� PLFUR�RUJDQLVPRV� HVSRUXODGRV�

VREUHYLYHQWHV� DR� SURFHVVDPHQWR� SRGHP� VHU� LVRODGRV� GH� PDWpULDV�SULPDV�� LQJUHGLHQWHV��

DPELHQWHV��H�D�SDUWLU�GHVWHV��SRGHP�FRQWDPLQDU�SURGXWRV�SURFHVVDGRV��&DUOLQ��������0HHU�HW�DO���

�������$�FRQWDPLQDomR�SRU�HVSRURV�EDFWHULDQRV�p�UHODWDGD�HP�TXDVH�WRGRV�RV�WLSRV�GH�SURGXWRV�

H�SURFHVVRV��&DUOLQ���������$�SULQFLSDO�IRQWH�GH�EDFWpULDV�HVSRUXODGDV�p�R�VROR��PDV�HVWHV�PLFUR�

RUJDQLVPRV�SRGHP�WDPEpP�VHU�HQFRQWUDGRV�QR�WUDWR�JDVWURLQWHVWLQDO�GH�LQVHWRV�H�DQLPDLV�GH�

VDQJXH�TXHQWH��$OpP�GLVVR��HTXLSDPHQWRV�H�XWHQVtOLRV�GH�SURFHVVDPHQWR�WDPEpP�SRGHP�VHU�

IRQWHV�GH�FRQWDPLQDomR�SRU�PLFUR�RUJDQLVPRV�HVSRUXODGRV��FRPR�Bacillus�VSS���TXH�SRVVXHP�

KDELOLGDGH� GH� DGHULU� j� VXSHUItFLH� GH� HTXLSDPHQWRV�� IRUPDU� ELRILOPHV� H�RX� UHVLVWLU� DRV�

SURFHGLPHQWRV�GH�OLPSH]D�H�VDQLILFDomR��3RVWROOHF�HW�DO���������&DUOLQ���������$�SUHVHQoD�GHVWHV�

PLFUR�RUJDQLVPRV�HP�PDWpULDV�SULPDV�H�SURGXWRV�SURFHVVDGRV�SRGH�OHYDU�D�SHUGDV�HFRQ{PLFDV�

VLJQLILFDWLYDV� H� D�GDQRV�QD� UHSXWDomR�GD� LQG~VWULD� �/�FNLQJ�HW� DO��� �������$OJXPDV� HVSpFLHV�

SRGHP�VHU�SDWRJrQLFDV�H�RXWUDV�GHWHULRUDGRUDV��3RU�H[HPSOR��B. cereus�p�FRQKHFLGR�SRU�FDXVDU�

GRLV� WLSRV� GH� GRHQoDV� GH� RULJHP� DOLPHQWDU�� DV� VtQGURPHV� GLDUUpLFD� �LQIHFomR�� H� HPpWLFD�

�LQWR[LFDomR���$�VtQGURPH�GLDUUpLFD�p�FDXVDGD�SRU�FpOXODV�YHJHWDWLYDV��LQJHULGDV�FRPR�FpOXODV�

RX� HVSRURV� YLiYHLV�� TXH� SURGX]HP� HQWHURWR[LQDV� QR� LQWHVWLQR� GHOJDGR�� 2V� VLQWRPDV� WtSLFRV�

LQFOXHP� GRUHV� DEGRPLQDLV�� GLDUUHLD� DTXRVD�� QiXVHDV� H� Y{PLWRV�� -i� D� VtQGURPH� HPpWLFD��

FRQVLGHUDGD�PDLV�JUDYH��p�FDXVDGD�SHOD� WR[LQD�HPpWLFD�GHQRPLQDGD�FHUHXOLGH��SURGX]LGD�QR�

DOLPHQWR�DQWHV�GD�LQJHVWmR��2V�VLQWRPDV�GD�VtQGURPH�HPpWLFD�LQFOXHP�SULQFLSDOPHQWH�QiXVHDV�

H�Y{PLWRV��$EHH�HW�DO���������$QGHUVVRQ�HW�DO����������-i�PLFUR�RUJDQLVPRV�FRPR�Geobacillus

stearothermophilus, Bacillus licheniformis, Bacillus amyloliquefaciens, Bacillus pumilus��

GHQWUH�RXWURV��SRGHP�FDXVDU�GLIHUHQWHV�WLSRV�GH�GHWHULRUDomR�GRV�DOLPHQWRV��GHYLGR�j�SURGXomR�

GH�iFLGRV�H�RX�HQ]LPDV��3HUHLUD�HW�DO���������&DVSHUV�HW�DO���������/XFNLQJ�HW�DO����������$SHVDU�



GH� VXD� LPSRUWkQFLD�� SRXFRV� HVWXGRV� WHP� UHSRUWDGR� D� SUHVHQoD� GH� EDFWpULDV� HVSRUXODGDV� HP�

GLIHUHQWHV�HWDSDV�GR�SURFHVVDPHQWR�GH�FDFDX�H�QRV�SURGXWRV�GHULYDGRV��FRPR�FDFDX�HP�Sy��

'H�DFRUGR�FRP�R�H[SRVWR��R�REMHWLYR�GHVWH�HVWXGR� IRL� LQYHVWLJDU�D� LQFLGrQFLD�GH�

EDFWpULDV�HVSRUXODGDV�DR�ORQJR�GD�FDGHLD�SURGXWLYD�GR�FDFDX�HP�Sy��GD�ID]HQGD�DWp�D�LQG~VWULD��

DVVLP�FRPR�DQDOLVDU�D�SHUVLVWrQFLD�GH�B. cereus QR�SURFHVVDPHQWR��$OpP�GLVVR��IRL�LQYHVWLJDGR�

R� LPSDFWR� GH� HWDSDV� GR� SURFHVVDPHQWR� GR� FDFDX� �IHUPHQWDomR� H� WRUUHIDomR�� VREUH� R�

FRPSRUWDPHQWR��VREUHYLYrQFLD��GH�B. cereus H�G. stearothermophilus.  
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A B S T R A C T

Background: Raw materials such as cocoa, milk powder, sugar, and starch are widely used in the formulation of a
wide variety of processed foods. The unit operations applied during their production vary according to their
specific properties, technological advances and needs, which undoubtedly affect the microbial composition
found in these raw materials. The microbial composition of these raw materials is known to consist mainly of
spores of bacteria, which are known to withstand harsh food processing conditions.
Scope and research: This article aims to discuss data available on the diversity of spore forming bacteria in
selected raw materials (cocoa, milk powder, sugar, starch). These raw materials are contaminated mainly by
spore forming bacteria, which can germinate and be a concern in products made with these ingredients. In
addition, this review presents data gaps and studies needed to establish the fate of spore forming bacteria
throughout the production chain of specific raw materials.
Key findings and conclusions: The review of literature conducted in this study indicates that data on the effects of
processing and diversity of spore forming bacteria in sugar and starch are much scarcer compared with cocoa
and milk powders. Thus, cutting-edge approaches combining quantitative data with metagenomics could be used
to improve our knowledge on the fate and diversity of spore forming bacteria in raw materials. These approaches
can be employed to guide further developments that are aimed at enhancing food safety and controlling food
spoilage caused by spore forming bacteria.

1. Introduction

Every food product has its characteristic microbial composition,
depending on processing conditions and raw material used (Gram et al.,
2002). Raw materials are important for the quality of final products
(Zugarramurdi, Parin, Gadaleta, Carrizo, & Lupin, 2004) as even ade-
quately designed preservation processes are not able to ensure the
microbiological quality and safety of foods if low-quality raw materials
are used in food formulations (Inteaz, 1989). Thus, proper handling and
processing of raw materials is necessary to guarantee a microbiological
load that does not negatively affect food safety and stability of final
products.

Cocoa, milk powder, sugar, and starch are raw materials widely
used in the food industry for the manufacturing of a wide variety of
products. Cocoa is the primary raw material for the production of cocoa
powder, chocolate, and other cocoa products (Moreira, Miguel, Duarte,
Dias, & Schwan, 2013). Milk powder is used in the manufacturing of
various dairy foods such as ice cream, reconstituted dairy products and
infant formula, in addition to bakery and confectionery products

(Medeiros, 2010). Sugar is used as an ingredient in multiple desserts
such as jams, jellies, puddings and other sweetened products
(Hoffmann, Cruz, & Vinturim, 1992). Starch is commonly used as
thickening agent in soups and meat sauces, binding agent in sausages,
gel-forming in candies and puddings, stabilizer in salad dressings, etc.
(Amorim, 2011). Spore forming bacteria are the primary contaminants
of these raw materials due to the processing characteristics which favor
the elimination of vegetative bacteria and may allow for survival of
spores, or even outgrowth of sporeformers that subsequently produce
spores (Amorim, 2011; Lima et al., 2012; Walstra, Wouters, & Geurts,
2005; Wojtczak, Biernasiak, & Papiewska, 2012).

Both soil and the gastrointestinal tract of insects and warm-blooded
animals are considered the main sources of spore forming bacteria
(Hong et al., 2009; Nicholson, 2002; Postollec et al., 2012). The soil is
the primary habitat of these microorganisms and can be a direct source
of food contamination (Carlin, 2011). The counts of spore forming
microorganisms such as Bacillus cereus and Clostridium spp. can reach
105-106 spores per g of soil (Carlin, 2011; Lund, 1986; te Giffel,
Beumer, Slaghuis, & Rombouts, 1995). Counts of aerobic spore forming
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bacteria of approximately 106 and 104 spores per g were found in soil
and human feces, respectively (Hong et al., 2009). Other sources of
bacterial spores include silage, which can be a primary source of spores
of Clostridium tyrobutyricum that may be present in milk (Carlin, 2011;
Vissers, Driehuis, Giffel, Jong, & Lankveld, 2007) and compost, which
can be a source of highly resistant spores (Cliff et al., 2005). Bacillus
species dominate the microbial composition of arable land and there-
fore are found in animals, plants and various types of food (Hong et al.,
2009). In addition, processing facilities may also serve as a source of
spore forming bacteria. Certain spore forming are known to have the
ability to adhere and form biofilms on food contact surfaces as well as
their resistance to cleaning procedures (Andersson, Ronner, & Granum,
1995; Auger, Ramarao, & Faille, 2009; Carlin, 2011).

Spore forming bacteria such as Bacillus cereus (Drobniewski, 1993),
Clostridium botulinum (Hatheway, 1990, 1998; Villar, Elliott, &
Davenport, 2006) and C. perfringens (Songer, 1996, 2010) have been
linked with foodborne disease outbreaks in several countries
(Drobniewski, 1993; Otuki, 2010; Peck, 2006; Schoeni & Wong, 2005).
Moreover, germination and outgrowth of spores of non-pathogenic
spore forming species may result in food spoilage, leading to substantial
financial losses and damage to reputation (Lücking, Stoeckel, Atamer,
Hinrichs, & Ehling-schulz, 2013). Thus, the use of raw materials and
ingredients containing low populations (2 log10 CFU per g/mL) of spore
forming bacteria is crucial to obtain shelf-stable and microbiologically
safe products.

Given the above, this article aims to present the diversity of spore
forming bacteria reported until now in selected raw materials - cocoa,
milk powder, sugar and starch, commonly used in the food industry.
This review also identifies data gaps on the fate of spore forming bac-
teria present throughout the production chain of these raw materials.

2. Spore forming bacteria: implications for food safety and quality

Bacterial spores can survive in foods and persist in food processing
facilities for a long time. After germination, the growth of the vegeta-
tive cells may occur under various conditions of temperature, pH, and
water activity (Carlin, 2011).

Among aerobic spore forming bacteria, Bacillus cereus is known to
cause two types of foodborne diseases, the emetic and diarrheal syn-
dromes (Fogele, Granta, Valcina, & Berzins, 2018). In general, both
syndromes are relatively mild, but fatal incidences have been associated
with consumption of food containing high levels of emetic toxin
(Ehling-Schulz, Fricker, & Scherer, 2004; Lund, Buyser, & Granum,
2000) and cytotoxin (CytK) (Lund et al., 2000). Foodborne disease
(FBD) caused by Bacillus cereus has been reported worldwide
(Drobniewski, 1993; Ehling-Schulz et al., 2004; Schoeni & Wong,
2005). Other species of Bacillus such as Bacillus licheniformis, Bacillus
amyloliquefaciens, and Bacillus pumilus can also produce toxins playing a
role in food safety (Ehling-schulz & Messelhäusser, 2013; Logan, 2011;
Lücking, Stoeckel, Atamer, Hinrichs, & Ehling-schulz, 2013).

Among the anaerobic spore forming bacteria, C. botulinum stands
out because it causes foodborne botulism (Proverbio, Lamba, Rossi, &
Siani, 2016). Botulism is a severe disease with a high fatality rate
(Tseng et al., 2009). Another relevant anaerobic spore forming bacteria
is C. perfringens, capable of causing intestinal illness in humans and
animals (Allaart, Asten, Vernooij, & Gröne, 2014; Martin & Smyth,
2010). This bacterium has frequently been involved in food poisoning
(Allaart, Asten, & Gröne, 2013; Paredes-Sabja, Udompijitkul, & Sarker,
2009; Sarker, Shivers, Sparks, Juneja, & McClane, 2000). Food poi-
soning caused by C. perfringens is highly prevalent in the United States
and elsewhere (Udompijitkul, Alnoman, Banawas, Paredes-Sabja, &
Sarker, 2014; Xiao, Wagendorp, Moezelaar, Abee, & Wells-Bennik,
2012). Foods most commonly associated with this food poisoning are
beef, poultry and pork; to a lesser extent eggs, vegetables and grains
(Lynch, Painter, Woodruff, & Braden, 2006). The cost of the disease
caused by this bacterium was estimated at $ 309.4 million per year

(Hoffmann, Batz, & Morris, 2012).
In addition to causing disease, spore forming bacteria in foods also

cause food spoilage (Caspers et al., 2011). Spoilage is characterized by
changes in foods that makes them unacceptable for consumption (Gram
et al., 2002). Consequences of the growth of spore forming bacteria in
foods include changes in pH, color, nutritional composition, potentially
formation of toxic components, off-odors, off-flavors, gas, and slime
(Veld, 1996). The ingredients or raw materials and the environment are
considered the main sources of spore forming bacteria that can cause
spoilage (Fabian & Wethington, 1950; Waite, Jones, & Yousef, 2009).
Microorganisms such as Geobacillus stearothermophilus, Bacillus licheni-

formis, Bacillus amyloliquefaciens and Bacillus pumilus, among others, can
cause different types of food spoilage (Lücking, Stoeckel, Atamer,
Hinrichs, & Ehling-Schulz, 2013).

3. Survival strategies of spore forming bacteria during food

processing

The capacity to form spores enables certain bacteria to survive food
processing as well as to persist for extended periods in foods (Moeller
et al., 2008; Nicholson, Munakata, Horneck, Melosh, & Setlow, 2000;
Postollec et al., 2012). Species within Bacillus, Clostridium, Geobacillus,
Brevibacillus, Paenibacillus genera can produce highly resistant spores
under unfavorable growth conditions. Spores are resilient to adverse
environmental conditions such as pressure, heat, bacteriocides, UV ra-
diation, absence of water and nutrients, and may remain inactive for
centuries (Nicholson et al., 2000). The resistance of spores is a con-
sequence of their structure (Fig. 1), consisting of a dehydrated core
surrounded by several protective layers: intermembrane, cortex, outer
membrane, spore coat and exosporium (when characteristic of a bac-
terium) (Abee et al., 2011; Indest, Buchholz, Faeder, & Setlow, 2009).
Therefore, knowledge about their features is crucial for improving in-
activation and preservation methods (Abee et al., 2011; Wells-Bennik
et al., 2016a,b).

The germination process comprises four steps: activation, commit-
ment, stage I, stage II and outgrowth (Setlow, 2014). The activation
occurs through the addition of nutrients, sublethal heat shock, high
pressure or other agents, such as lysozyme, salts, Ca2+ - DPA (dipico-
linic acid) and cationic surfactants (Gould, 1969; Setlow, 2003). Upon
commitment to germinate, there is a release of H+, monovalent cations
and Zn2+ from the core of the spore (Setlow, 2013; Setlow, Cowan, &
Setlow, 2003; Swerdlow, Setlow, & Setlow, 1981; van Beilen & Brul,
2013). Stage I is characterized by release of DPA and associated diva-
lent cations (Ca2+). The release of DPA, which is replaced by water,
increases core hydration, leading to partial decrease in heat resistance
(Moir & Smith, 1990; Paidhungat & Setlow, 2002; Setlow, Melly, &
Setlow, 2001a). Stage II is characterized by hydrolysis of the cortex and
core hydration, leading to enzymatic activity and a more significant loss
of resistance (Setlow, Melly, & Setlow, 2001b). These events allow for
the initiation of spore metabolism, followed by the synthesis of mac-
romolecules that transform germinated spores into vegetative cells that
initiate outgrowth (Paidhungat & Setlow, 2002; Wells-Bennik et al.,

Fig. 1. Spore structure.
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2016a,b). Spores are metabolically inactive but can recognize their
surrounding environment and respond fast when appropriate nutrients
for germination and outgrowth become available (Paidhungat &
Setlow, 2002). However, it should be highlighted that germination and
outgrowth can be highly variable given the inter- and intra-species
variability. Particularly, the estimation of lag times may be character-
ized by large differences due to heterogeneity of individual spores,
which is challenging for accurate assessment of sporeforming bacteria
germination and outgrowth. The heterogeneity can be even higher
when bacterial spores are injured or when the environmental condi-
tions for outgrowth are not optimal (Wells-Bennik et al., 2016a,b).

Besides their ability to form resistant spores, such microorganisms
can adhere to surfaces of industrial equipment, forming biofilms
(Carlin, 2011; Postollec et al., 2012), which further aides their survival
and persistence (Shi & Zhu, 2009). Biofilms are complex multi-cellular
structures attached to surfaces, surrounded by a highly hydrated matrix
of extracellular polysaccharides (Faille et al., 2014; Shi & Zhu, 2009;
Simões, Simões, & Vieira, 2010). Biofilms can also be comprised of
proteins, fats, minerals and corrosive materials (Teh et al., 2014). Due
to the adherence capacity and resistance to cleaning procedures tar-
geted at bacteria in food processing surfaces, biofilms comprise a sig-
nificant concern in the food industry (Faille et al., 2013). Individual
cells are less resistant to antimicrobial treatment than bacterial biofilms
due to reduced diffusion, physiological changes due to reduced growth
rates and the production of enzymes degrading antimicrobial sub-
stances (Kumar & Anand, 1998). Stainless steel, aluminium, glass,
Buna-N and Teflon seals and nylon are example of surfaces used in the
food industry on which microorganisms can form biofilm (Kumar &
Anand, 1998; Mafu, Roy, Goulet, & Hagny, 1990). The surface of
stainless steel has cracks and crevices allowing the escape of bacteria
from the cleaning process (Kumar & Anand, 1998; Wirtanen, Husmark,
& Mattila-Sandholm, 1996). The brewing, dairy, poultry and meat
sectors are examples of segments that require effective control methods
to prevent biofilms formation (Chen, Rossman, & Pawar, 2007; Frank,
Ehlers, & Wicker, 2003; Jessen & Lammert, 2003; Somers & Wong,
2004). In addition to potentially affecting the operation of some
equipment, biofilms may result in cross-contamination, and post-pro-
cessing contamination of foods (Kumar & Anand, 1998; Shi & Zhu,
2009). Spore forming bacteria can sporulate within biofilms in low-
nutrient conditions, leading to spore contamination of food (Kumar &
Anand, 1998; Scott, Brooks, Rakonjac, Walker, & Flint, 2007).

4. Recovery of spore forming bacteria

Recovery of spore forming bacteria depends on two factors: nu-
trients and heat activation, both used in laboratory methods. Spore
germination is triggered by presence of nutrients and non-nutrients
agents. Nutrient agents called germinants, such as glucose, amino acids
and purine ribosides, bind to germinating receptors located on the inner
membrane of the spore, triggering germination (Ghosh & Setlow, 2009;
Paidhungat & Setlow, 2002; Setlow, 2003). B. subtilis spores respond to
L-alanine, L-valine, mixture of L-asparagine, D-glucose, D-frutose and K+

ions (Atluri, Ragkousi, Cortezzo, & Setlow, 2006; Paidhungat & Setlow,
2002; Setlow, 2003). B. megateruim spores respond to D-glucose, L-pro-
line, L-leucine, L-valine or salts (Christie & Lowe, 2007; Ghosh & Setlow,
2009). Non-nutrient agents such as Ca-DPA and cationic surfactant may
trigger germination as well (Ghosh & Setlow, 2009; Paidhungat &
Setlow, 2002).

Most of the spores germinate rapidly (30–60min) (Ghosh, Scotland,
& Setlow, 2012) in the presence of the nutrients, but a small percentage
of spores remain dormant and can take hours or days to germinate,
called super dormant (SD) spores (Gould, 1970; Wei et al., 2010). SD
spores present a higher optimal temperature for heat activation (Ghosh,
Zhang, Li, & Setlow, 2009), and while they germinate poorly in the
presence of nutrients, they germinate normally in the presence of do-
decylamine and Ca-DPA (Ghosh & Setlow, 2009, 2010; Wei et al.,

2010). When a whole population of spores germinates and environ-
mental conditions change, this population can eliminated, so spore
super dormancy can be a strategy to protect the species against ex-
tinction (Ghosh et al., 2012; Setlow, Liu, & Faeder, 2012; Veening,
Klaas Smits, & Kuipers, 2008). SD spores have high levels of wet heat
resistance and its population is a concern for the food industry (Ghosh
et al., 2012, 2009).

The sublethal heat process used to germinate spores of spore
forming bacteria is termed heat activation. Temperature and time of
heat activation may vary among different groups of spore forming
bacteria (Keynan, Evenchik, Halvorson, & Hastings, 1964). Table 1
shows the conditions for heat activation for each spore forming group in
different category of foods (Downes & Ito, 2001). The optimal tem-
perature of heat activation for dormant and SD spores decreases when
spores are in conditions with a higher amount of germinants, but here is
no answer about how spores are activated by heat or any other acti-
vation treatment (Ghosh et al., 2009).

5. Diversity and fate of spore forming bacteria during the

processing of raw materials

Due to their ubiquitous and resistant nature, spore forming bacteria
can contaminate many raw materials used in the food industry. The
inherent characteristics of raw materials and their processing steps and
conditions are known to be critical factors affecting qualitatively and
quantitatively the microbial composition. Below, the aspects of pro-
cessing and the fate and diversity of spore forming bacteria along the
processing chain of cocoa, milk powder, sugar and starch are discussed.

5.1. Cocoa powder processing

Pre-processing of cocoa held on the farm consists of harvesting and
breaking the fruit, fermentation and drying (Fig. 2A). Such steps occur
under limited hygienic conditions, leading to contamination of cocoa
seeds by various microorganisms from the environment, handlers, and
utensils (Nascimento et al., 2010). The newly harvested fruits are
opened manually to remove the seeds. Thus, knives and hands of
workers used for collection and transportation are examples of con-
tamination sources. Once the seeds are removed, they are placed in
wooden boxes, baskets, trays or platforms, which are naturally fer-
mented for about six days (Copetti, Iamanaka, Frisvad, Pereira, &
Taniwaki, 2011; Wood, 1985).

Table 1

Heat activation conditions for spore forming bacteria.

Microbial group Heat activation
conditions T (°C)/t
(min)

Food category

Aerobic spore
forming

Thermophilic 100/5 Sugar
108.4/10 Starch, milk powder
90/5 Tomato, tomato

pulp, concentrate
milk

121/20 Milk cream
Mesophilic 80/10 Foods in general

80/12 Milk
75/15 Water

Anaerobic
spore
forming

Thermophilic 100/5 Sugar, milk powder
100/15 Starch, flour,

cereals
Thermophilic H2S
producer

100/5 Sugar
100/15 Starch
108.4/10 Milk powder

Mesophilic 100/5 Sugar
100/20 Starch, flour, milk

powder
80/12 Milk, cheese

Reference: Downes and Ito (2001).
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Fermentation is a consequence of the action of several micro-
organisms (yeasts, lactic acid bacteria, acetic acid bacteria and fila-
mentous fungi) that contaminate the environment surrounding the pulp
of cocoa beans after opening. As can be seen in Table 2, although
several Bacillus spp. can be recovered during the fermentation of cocoa,
primarily at the end of this fermentation, their role has not been fully
elucidated yet. Some species are capable of producing pectinolytic en-
zymes, such as polygalacturonase and pectin lyase, during the fer-
mentation, which can cooperate with yeast in depectinization of the
pulp (Ouattara et al., 2008; Schwan & Wheals, 2004). A study of 98
Bacillus strains isolated from fermenting cocoa found 90 strains capable
of pectin degradation, and of these, 80% had detectable pectinolytic
activity during fermentation. The production of polygalacturonase and
pectin lyase was detected in 48 and 47 strains respectively, and 23
strains showed production of both enzymes (Ouattara et al., 2008). In
another study, it was found that B. fusiformis, B. subtilis and B. pumilus

showed high levels of production of pectin lyase, with maximum pro-
duction in the stationary phase of growth (Ouattara, Reverchon,
Niamke, & Nasser, 2011).

Besides the production of pectinolytic enzymes, spore forming
bacteria produce various compounds, which can contribute to the
acidity and may lead to the formation of undesirable flavors in fer-
mented beans. Acetic and lactic acids, 2,3-butanediol and tetra-
methylpyrazine produced by Bacillus spp. can be detrimental to the
chocolate flavor. Furthermore, it has been described that short-chain
free fatty acids encountered during the aerobic phase of fermentation
and accountable for the formation of off-flavors are produced by B.

subtilis, B. cereus and B. megaterium (Lopez & Quesnel, 1971; Zak,
Ostovar, & Keeney, 1972). Alcohols and acids produced through fer-
mentation affect the sensory properties of the final product. These
compounds contribute in a positive manner, however, when they are
present at high concentrations, they can result in off-flavors, making the
products unsuitable for the preparation of good quality chocolate
(Schwan, Vanetti, Silva, Lopez, & Moraes, 1986). Spore forming

Fruit harvest

Breaking

Fermenta on
45-50 °C pH: 3.5-3.6 

Drying
7.5% moisture

Cleaning

Roas ng
110-160 °C

Breaking - Nibs

Grinding

Alkaliza on
60-120 °C pH: 7-8

Pressing
90-110 °C 1.5-2Mpa

Grinding

Cocoa powder

a) b)

Fig. 2. A. Flowchart of pre-processing of cocoa. B. Flowchart of cocoa proces-
sing.
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Table 3

Sporeforming bacteria isolated from cocoa powdera.

Origin N° of
sample

Prevalence (%) Counts (log
cfu/g)

Number of
isolates

Species/prevalence (%) Method Reference

aND 36 100 aND 509 Bacillus licheniformis/46, B. cereus/20, B. megaterium/10, B. atrophaeus/
8, B. alvei/2, B. badius/2, B. larvae/2, B. pumilus/1.6, B. pantothenticus/
1.4, B. lentus/1.2, B. circulans/1, B. firmus/1, B. polymyxa/0.8, B.
laterosporus/0.6, B. brevis/0.4, B. coagulans/0,4, B. macerans/0.4, B.
pulvifaciens/0.2, B. sphaericus/0,2, Geobacillus stearothermophilus/0.2

Standard Plate Count Agar (PCA) Gabis, Langlois, and Rudnick
(1970)

Europe, South
America, Africa,
Asia

25 92 0.4–3.7 aND aND Heat treatment of 80 °C/10min. Plating on
PCA. Incubation at 30 °C for 72 h.

Lima, Almeida, et al. (2011)
and Lima, Kamphuis, et al.
(2011)52 0.4–3.1 aND aND Heat treatment of 80 °C/10min. Plating on

PCA. Incubation at 55 °C for 48 h.
36 0.7–1.8

0.6–2.2
61 Bacillus atrophaeus/51, B. amyloliquefaciens/14, B. licheniformis/22, B.

cereus/10, B. simplex/2, Geobacillus spp./2
Heat treatment of 100 °C/10min, 100 °C/
30min, 108 °C/30min, 110 °C/10min,
120 °C/10min, 150 °C/10min,
170 °C/10min.
Plating on PCA. Incubation at 30 °C for 5
days

12 1.0–1.9
0.6–1.6

Heat treatment of 100 °C/10min, 100 °C/
30min, 108 °C/30min, 110 °C/10min,
120 °C/10min, 150 °C/10min,
170 °C/10min.
Plating on PCA. Incubation at 55 °C for 3
days

Netherlands aND aND 2.5–2.8 aND aND Heat treatment of 80 °C/10min. Plating on
PCA. Incubation ate 30 °C/72 h.

Lima et al. (2012)

1.0–1.8 Heat treatment of 80 °C/10min. Plating on
PCA. Incubation ate 55 °C/48 h.

1.0–2.0 10 Bacillus licheniformis/50, B. cereus group/10, B. atrophaeus/40 Heat treatment of 100 °C/10min. Plating on
PCA. Incubation ate 30 °C/5 days

0.0–0.5 1 Bacillus licheniformis/100 Heat treatment of 100 °C/10min. Plating on
PCA. Incubation ate 55 °C/3 days

aND 13 62 aND 11 B. amyloliquefaciens, B. thermoamylovorans, G. pallidus Heat treatment of 100 °C/20min.
Enrichment on BHI broth for 24 h and
plating on BHI agar at 30 °C and 55 °C

Lücking et al. (2013)

aND aND aND aND aND G. pallidus, B. thermoamylovorans Heat treatment of 100 °C/20min.
Enrichment on BHI broth for 24 h and
plating on BHI agar at 30 °C and 55 °C

Witthuhn, Lücking, Atamer,
Ehling-Schulz, and Hinrichs
(2011)

a ND – not determined.
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bacteria and filamentous fungi can lead to spoilage during the final
stage of fermentation, when pH is appropriate for their growth (Schwan
& Wheals, 2004). After fermentation, the drying procedure takes place,
aiming to diminish the moisture content to about 7.5%. Artificial
methods can be used, but the most commonly employed method is sun
drying (Hashim, Selamat, Muhammad, & Ali, 1998).

After the pre-processing steps, the fermented and dried beans are
roasted, ground, stored and marketed. During roasting, temperatures of
110–160 °C are employed (Farah, Zaibunnisa, & Misnawi, 2012). This
process plays an essential role in the development of the typical flavor
of chocolate, such as a more intense brown color and textural changes
(Oliviero, Capuano, Cämmerer, & Fogliano, 2009; Oracz & Nebesny,
2014). The roasted beans are broken into fragments called nibs which
are ground to form a mass or liquor (Fig. 2B) (Copetti, 2009; Wood,
1985).

In cocoa powder processing, alkalization is carried out using alkali
solutions or suspensions, such as sodium or potassium carbonates. The
concentration of alkali may range from 1 to 6%, whereas the tem-
perature may vary from 60 °C to 120 °C, and the process can occur for
30–150min (Bispo, 1999; Li et al., 2014; Minifie, 1999). This process
neutralizes the acidity of the cocoa by raising the pH from 5.0 to 5.6 to
7.0–8.0 (Kostic, 1997; Li et al., 2012).

In the pressing step, the liquor or mass is subjected to high pressure
(1.5–2MPa) at temperatures between 90 and 110 °C when the separa-
tion of cocoa butter and cake occurs (Fang, Tiu, Wu, & Dong, 1995;
Minifie, 1999; Venter, Schouten, Hink, Kuipers, & Haan, 2007). The
cake is subjected to a breaking and milling process to obtain the cocoa
powder. Cocoa powder can be used in chocolate-drinks and various
confectionery and bakery products (Bispo, 1999).

5.1.1. Diversity and fate of spore forming bacteria during cocoa processing

The presence of antimicrobial compounds, reduction of water ac-
tivity, pH changes and heat treatments during cocoa processing lead to
the selection of resistant microorganisms, especially spore forming
bacteria. Despite its importance, few studies have reported the presence
and diversity of spore forming bacteria at different stages of cocoa
processing.

Spore forming bacteria can be isolated through the initial three days
of fermentation with counts of about 4 log CFU per g of pulp.
Subsequently, as the aeration temperature (about 45 °C) and pH
(3.5–5.0) increases, these bacteria dominate the microbial composition,
reaching up to 7.74 log CFU per g (Schwan & Wheals, 2004). Bacillus
megaterium, B. cereus, and Bacillus firmus have been isolated from the
hands of workers, and the last two species have also been isolated from
machetes used for fruit opening (Ostovar & Keeney, 1973). Cocoa seeds
are microbiologically sterile until the opening of the fruit. Thus, ma-
chetes, manipulator's hands, dirty carriers used for seeds transportation,
leaves used in the heap fermentation, residuals found in the fermen-
tation boxes and utensils employed during processing are the primary
source of microorganisms (Schwan & Wheals, 2004). B. coagulans, B.
pumilus and G. stearothermophilus, have been isolated from boxes used in
cocoa fermentation (Ostovar & Keeney, 1973). A marked decrease in
the microbial population is observed after drying, and only spore
forming bacteria (2 log10 CFU per g) and filamentous fungi (1 log10 CFU
per g) can survive (Schwan & Wheals, 2004). This decrease is also
observed for microbial composition after roasting, and only spore
forming bacteria survive (Barrile, Ostovar, & Keeney, 1971; Lima et al.,
2012). Anaerobic spore forming bacteria seems to be less prevalent in
cocoa processing (Lima et al., 2012).

Lima et al. (2012) studied the impact of cocoa powder processing on
the microbial populations. High counts of aerobic spores in raw nibs
ranging from 4.3 to 5.5 log CFU per g were observed. After alkalization
and pre-drying of the nibs, it was found that the number of aerobic
spores and thermophilic spores was significantly reduced in different
batches. A further reduction was observed after the roasting step, but
this number increased slightly during the subsequent processing steps

(liquor, cake, and cocoa powder). In the same study, the wet-heat re-
sistance of 22 strains (comprising B. subtilis complex, Geobacillus spp, B.
licheniformis and B. cereus group) isolated from cocoa powder process,
after alkalization, roasting and milling was evaluated by subjecting the
spores of these isolates a treatment of 110 °C for 5min in 10mM
phosphate buffer. Reductions of 3.5–7 log were observed for B. subtilis
strains (Lima et al., 2012).

Different species of spore forming bacteria were isolated from the
final product, cocoa powder (Table 3). The wet heat resistance of
strains isolated from cocoa powder obtained from various countries in
Europe, South America, Africa and Asia was determined as described
above (110 °C/5min) (Lima, Kamphuis, Nout, & Zwietering, 2011). 24
strains out of 60 showed low heat-resistance (reduction of 5.5–7 log),
and eight strains showed high heat-resistance (decrease of< 1 log). The
thermal kinetic inactivation parameters were determined for six re-
sistant strains belonging to the B. subtilis complex. Strains M1 and M112
had D-values of 9.51 and 111min at 110 °C, respectively. The re-
maining strains had D-values varying from 0.07 to 2.49min at 110 °C.
Thus, spores of B. subtilis complex can survive thermal treatments ap-
plied on food industry. A study shows that certain strains of B. subtilis
produce heat resistant spores that survive sterilization, but others not.
One group of strains presents D120°C of 0.33 s while heat resistant group
presents D120°C of 45.7 s (Berendsen, Zwietering, Kuipers, & Wells-
Bennik, 2015). This heat resistant is due to the presence of a mobile
genetic element (Tn1546-like) carrying operon that confer high-level
heat resistance to spores (Berendsen et al., 2015).

It becomes clear that limited information exists on the impact of
cocoa processing steps such as roasting, alkalization, fermentation, and
pressing, on the diversity and fate of spore forming bacteria. For in-
stance, during cocoa processing high temperatures are applied in dif-
ferent stages, ranging from 60 to 160 °C (roasting, alkalization and
pressing steps). However, as spore forming bacteria prevalence and
counts may vary among seasons, harvesting/processing conditions,
storage and transportation practices, facilities, etc., the responses of
these microorganisms to processing may affect qualitatively and
quantitatively the microbial composition found in cocoa powder.

At the industrial level, reports on either spoiled or contaminated
products, that were subjected to ultra-high temperature (UHT) treat-
ment, such as chocolate milk, are frequent. In many of these cases,
spoilage is caused by microorganisms belonging to the genus Bacillus

spp. that are present in cocoa powder. Also, these microorganisms may
be introduced in the process and form biofilms and further contaminate
foods. Thus, knowing the diversity of spore forming bacteria
throughout cocoa powder processing and in the final product is critical
for the establishment of effective controlling measures to ensure safety
and microbiological stability of products formulated with these in-
gredients. Then, the occurrence and importance of these microorgan-
isms in raw materials with diverse applications such as cocoa powder
should not be ignored, as they present a risk to the stability and safety
of the formulated products (Byrer, Rainey, & Wiegel, 2000; Lima et al.,
2012).

5.2. Milk powder processing

Milk powder is obtained through the following steps: standardiza-
tion, homogenization, pasteurization, concentration, drying and
packaging (Fig. 3). The fat content is adjusted during the standardiza-
tion step. Centrifuges are used to separate milk into cream and skimmed
milk, and then both are standardized to obtain the desired fat content
(Schuck, 2011). The separation can occur at high (50–52 °C) or low
(4–20 °C) temperatures. Cold separation improves the quality of pro-
duct because it inhibits microbial growth (GEA Westfalia, n.d.; Moejes
& Boxtel, 2017). After that, milk is heat treated by pasteurization (72 °C
for 15 s or 63 °C for 30min) (Medeiros, 2010). Sterilization at
110–125 °C for 10–45min or UHT at 135 °C for 0.4–4 s can be used to
produce commercially sterile foods (GEA Westfalia, n.d.; Moejes &
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Boxtel, 2017). Heat treatments aim to destroy microorganisms and in-
activate enzymes, assuring long shelf-life of final product (Schuck,
2011).

Concentration of milk can be achieved by evaporation processes,
which removes the water by multiple effect vacuum evaporators at low
temperatures (< 75 °C). Evaporation minimizes the energy cost of the
subsequent drying process (Medeiros, 2010). This process can be
combined with reverse osmosis (Schuck, 2011). After evaporation, the
drying process takes place, where the concentrated milk emulsion is
injected into the spray dryer through a spinning disk atomizer. The
emulsion is transformed into droplets that come into direct and im-
mediate contact with the downward current of hot air (Medeiros,
2010). The temperature range applied is 180–230 °C, and the powder
leaves the drying step with a water content of 3–7% (Fellows, 2009;
Kessler, 1981; Moejes & Boxtel, 2017).

The powder formed in the spray dryer still has a high moisture, and
further, it is dried to the desired moisture (2.5–3% for whole milk
powder and 3.5–4% for skimmed milk powder) on a vibrofluidized bed
system. Air is injected into two strategic positions of the equipment,
first, at 80–100 °C and then at room temperature; if necessary, a third
jet of air in injected at a temperature 5–8 °C below room temperature.
Thereafter, the milk powder is packaged, stored and distributed (Doyle
et al., 2015; Gopal et al., 2015; Medeiros, 2010).

5.2.1. Diversity and fate of spore forming bacteria during milk powder

processing

The manufacturing process of milk powder usually reduces the
number of bacteria by 5–6 log (Oliveira et al., 2000). The microbial
composition present in raw milk is influenced by high temperature and
reduced water activity during processing, which only enables the sur-
vival of the most resistant micro-organisms, such as spore forming
bacteria (Walstra et al., 2005). The contamination of raw milk by spores
occurs mainly on the farm, arising from soil, air, pasture, silage, fecal
material, udder, storage and transportation tanks (Coorevits et al.,
2008). Specks of dirt present on the udder are considered one of the
most important contamination factors (Waes, 1976). Several species of
spore forming bacteria have been recovered from equipment, the en-
vironment and raw milk (Table 4). The method used to detect spores
may influence the types and levels of spores found (Kent, Chauhan,
Boor, Wiedmann, & Martin, 2016). The number of spores of these mi-
croorganisms in raw milk is low (1–2 log10 CFU per mL). However,

counts of aerobic spores ranging from 5 to 8 log10 CFU per g can be
found in the soil, silage, used bedding and feces (Slaghuis, Giffel,
Beumer, & Andre, 1997). The quality of milk powder with respect to
spore forming bacteria is not necessarily related to the quality of raw
milk, because production practices can affect contamination in addition
to spores of spore forming bacteria found in raw milk (Walstra et al.,
2005). In dairy plants, the contamination with spores is also associated
with the processing conditions. Many bacteria including spore forming
bacteria form biofilms which serve as constant point of contamination,
releasing cells and thus compromising the quality of the final products
(Ronimus et al., 2003; Scott et al., 2007; Seale, Bremer, Flint, &
McQuillan, 2010).

Preheaters and evaporators operate at temperatures from 45 to
75 °C, providing a suitable environment for growth and sporulation of
some spore forming bacteria species (mesophilic and thermophilic).
This growth and sporulation ability allows for the survival of these
bacteria in adverse conditions, resulting in long-term persistence and
continuous contamination of final products. Scott et al. (2007) de-
termined the counts of thermophilic bacteria throughout a milk powder
processing line in a company located in New Zealand. There was no
significant variation in the counts of these microorganisms in raw milk
and standardized milk, but there was an increase in thermophilic spores
counts in the balance tank and pre-evaporator. Therefore, this stage
allowed for the growth of vegetative cells and their sporulation. A si-
milar increase in spore counts was observed in the evaporator sampling
point. The species isolated at these stages of processing milk powder
were Anoxybacillus flavithermus and Geobacillus stearothermophilus. This
fact confirms that spore formation may occur during processing and
that it is not only the result of external contamination. Murphy, Lynch,
and Kelly (1999) also observed growth and sporulation of thermophilic
bacteria at the pre-heating and evaporation steps.

Bacillus species or those which previously belonged to this genus, as
Geobacillus stearothermophilus and Anoxybacillus flavithermus, constitute
a significant concern to producers of milk powder because of their
ability to survive high temperatures. Other species of the genus Bacillus
as Bacillus licheniformis, Bacillus coagulans, and Bacillus subtilis can also
be found in milk powder (Table 5) (Gopal et al., 2015; Rueckert,
Ronimus, & Morgan, 2005; Yuan et al., 2012). Spores of B. licheniformis,

A. flavithermus and G. stearothermophilus strains isolated from milk
powder were characterized for their thermal resistance. Spores of all
strains survived heat treatments of 72 °C/15 s, 85 °C/1min and 93 °C/
3min (pasteurization treatments) and only G. stearothermophilus strains
survived the treatment at 121 °C/15 s (UHT treatment). Three out of
five B. licheniformis strains and two out of three G. stearothermophilus

strains presented high heat resistance surviving the pasteurization
treatments with no decrease in counts of thermophilic spores. Besides
surviving three pasteurization treatments, with no decrease in the
thermophilic spore counts, some strains showed increase (1.6–2
log10 CFU per g) in the count during the treatment of 85 °C and 93 °C
(Yuan et al., 2012). The presence of heat-resistant spores in milk
powder is of concern since this product is used as ingredient for pro-
duction of other heat treated products (Burgess, Lindsay, & Flint, 2010).

Even though drying of milk takes place with inlet air temperature
from 180 to 230 °C (Fellows, 2009; Kessler, 1981; Moejes & Boxtel,
2017), the temperature experienced by the product is much lower,
approaching 60–100 °C in most cases. Bacterial spores may vary in their
responses to heat and mass transfer that take place during spray drying.
Thus, knowing the effects of temperature and water activity changes
during spray drying and their effects on survival or destruction of
spores is needed. While it is clear that spray drying is not designed to
kill microorganisms, if microbial inactivation occurs, it must be char-
acterized and quantified, so the microbiological quality of final raw
materials are well-known.

Heat resistance of spores of mesophilic and thermophilic spore
forming bacteria isolated from Chinese milk powder (Sadiq et al., 2016)
was determined at temperatures ranging from 100 °C to 125 °C. All

Standardiza on
50-52 or 4-20 °C

Homogeniza on

Pasteuriza on
72 °C/15s  or 63 °C/30m

Concentra on
< 75 °C

Drying
180-230 °C 3-7% moisture

Packaging

Fig. 3. Flowchart of milk powder processing.
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Table 4

Sporeforming bacteria isolated from different sources in farms, dairy environment and milka.

Origin Source (N° of sample) Prevalence (%) Counts Number of
isolates

Species/prevalence (%) Method Reference

Belgium Raw milk (n=18) 100 ≤10-≤105 cfu/g aND aND Heat treatment of 80 °C/10min.
Plating on Milk Plate Count Agar.
Incubation at 30 °C/72 h.

Scheldeman, Pil, Herman,
De Vos, and Heyndrickx
(2005)

≤10-≤102 cfu/g 186 Bacillus. barbaricus (1.2), B. fordii (1.2), B. licheniformis

(22.3), B. pallidus (15.1), B. smithii (1.2),
B. atrophaeus (B. subtilis group) (1.2), Bacillus sp. nov. B
(3.0), C (6.0) e D (0.6), Aneurinibacillus thermoaerophilus

(1.2), Brevibacillus agri (4.8), Brevibacillus borstelensis (7.2),
Brevibacillus spp. (4.8), Paenibacillus lactis (4.2),
Paenibacillus sp. nov. J (3.0), L (0.6) e M (2.4), Virgibacillus
proomii (3.6), Virgibacillus sp. nov. F (5.4), Ureibacillus
thermosphaericus (6.6)

Heat treatment of 100 °C/30min.
Plating on BHI agar. Incubation at
20 °C/72 h, 37 °C/48 h and 55 °C/
48 h

Milking equipment
(n= 128)

100 ≤10-≤105 cfu/swab aND aND Heat treatment of 80 °C/10min.
Plating on PCA. Incubation at 30 °C/
72 h.

≤10-≤103 cfu/swab 158 Bacillus circulans (1.4), B. farraginis (2.9), B. fordii (5.8), B.
fortis (0.7), B. licheniformis (11.6), B. oleronius (4.3), B.
pallidus (22.5), B. smithii (7.2), B. sphaericus (0.7),
B. atrophaeus (B. subtilis group) (2.9), B. thermoamylovorans

(2.9), Bacillus sp. nov. C (1.4) e E (0.7), Aneurinibacillus
aneurinilyticus (1.4), Brevibacillus agri (7.2), Brevibacillus
brevis (0.7), Brevibacillus spp. (5.8), Paenibacillus lactis
(2.9), P. thiaminolyticus (2.2), Paenibacillus sp. (2.9),
Paenibacillus sp. nov. I (1.4), Ureibacillus thermosphaericus

(0.7)

Heat treatment of 100 °C/30min.
Plating on BHI agar. Incubation at
20 °C/72 h, 37 °C/48 h and 55 °C/
48 h.

Green crop (n= 72) 100 ≤10-≤107 cfu/g aND aND Heat treatment of 80 °C/10min.
Plating on PCA. Incubation at 30 °C/
72 h.

≤10-103 cfu/g 56 Bacillus cereus group (2.3), B. circulans (2.3), B. farraginis
(16.3), B. licheniformis (9.3), B. pallidus (11.6), B. smithii

(4.7), B. sporothermodurans (2.3),
B. atrophaeus (B. subtilis group) (4.7), B. thermoamylovorans

(4.7), Bacillus sp. nov. K (4.7), Brevibacillus agri (11.6),
Brevibacillus spp. (4.7), Geobacillus spp. (11.6), Paenibacillus
sp. nov. G (4.7)

Heat treatment of 100 °C/30min.
Plating on BHI agar. Incubation at
20 °C/72 h, 37 °C/48 h and 55 °C/
48 h.

Fodder (n=64) 100 ≤10-≤107 cfu/g aND aND Heat treatment of 80 °C/10min.
Plating on PCA. Incubation at 30 °C/
72 h.

≤10-103 cfu/g 301 Bacillus farraginis (8.6), B. flexus (1.2), B. fordii (2.0), B.
fortis (2.0), B. licheniformis (5.5), B. oleronius (1.2), B.
pallidus (15.2), B. smithii (2.7), B. sporothermodurans (5.9),
B. atrophaeus (B. subtilis group) (25.4), B.
thermoamylovorans (0.4), Bacillus sp. (0.4), Bacillus sp. nov.
B (3.9) e D (1.2), Aneurinibacillus aneurinilyticus (0.4),
Aneurinibacillus thermoaerophilus (2.0), Brevibacillus agri
(2.0), Brevibacillus borstelensis (2.3), Brevibacillus spp. (1.2),
Brevibacillus sp. nov. H (2.7), Geobacillus spp. (5.9),
Paenibacillus sp. nov. G (1.2), Paenibacillus sp. nov. J (2.0) e
N (0.4), Virgibacillus sp. nov. A (0.8)

Heat treatment of 100 °C/30min.
Plating on BHI agar. Incubation at
20 °C/72 h, 37 °C/48 h and 55 °C/
48 h.

(continued on next page)
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Table 4 (continued)

Origin Source (N° of sample) Prevalence (%) Counts Number of
isolates

Species/prevalence (%) Method Reference

ND Raw milk (aND) aND aND 1 Geobacillus pallidus (100) Heat treatment of 100 °C/20min.
Plating BHI agar. Incubation at 30 °C
and 55 °C

Witthuhn et al. (2011)

Belgium Raw milk (n=20) 80 < 2 spores/ml -> 2 log spores/
ml

794 B. licheniformis (28.8), B. pumilus (12.5), U.
thermosphaericus (7.2), B. clausii (3.6), B. circulans (2.6), B.
amyloliquefaciens (3.1), B. cereus group (6.0), Bacillus sp.
(3.5), B. oleronius (1.6), L. fusiformis (1.6),
B. atrophaeus (0.6), P. lactis (0.6), B. silvestris (0.6), B.
thermoamylovorans (0.5), B. simplex (0.4), Paenibacillus sp.
(0.6), P. polymyxa (2.4), B. badius (0.2), P. lautus (0,1),
Ornithinibacillus sp. (0.2), Oceanobacillus sp. (1.4), L.
sphaericus (0.2), B. galactosidilyticus (0.1), B.
sporothermodurans (0.1), Br. invocatus (0.1), O. profundus
(0.1), P. macerans (0.1), P. odorifer (0.1), Sporosarcina sp.
(0.1), P. terrae (0.1), Brevibacillus sp. (0.1)

Heat treatment of 80 °C/10min.
Plating on BHI agar. Incubation at
37 °C/72 h.

Coorevits et al. (2008)

Belgium Feed concentrate
(n= 6)

100 4.0× 103–1.1×106 cfu/g 106 B. amyloliquefaciens (4.7), B. cereus group (0.9), B. circulans
(1.9), B. clausii (7.5), B. flexus (0.9), B. licheniformis (7.5), B.
oleronius (0.9), B. pallidus (3.8), B. psychrophilus/B.
globisporus (0.9), B. pumilus (23.6), Bacillus sp. (2.8), B.
sphaericus (0.9), B. sporothermodurans (2.8),
B. atrophaeus (B. subtilis group) (30.2), Brevibacillus
borstelensis (1.9), Paenibacillus illinoisensis (0.9),
Paenibacillus thiaminolyticus (1.9), B. cereus (5.6)

Heat treatment of 80 °C/10min.
Plating on Milk Plate Count Agar.
Incubation at 30 °C.

Vaerewijck et al. (2001)

Republic of
Ireland

Skim milk (aND) aND 200-2000 cfu/g aND B. lincheniformis, Geobacillus stearothermophilus Murphy et al. (1999)

New York Raw milk (n=99) 63 0.75–5.20 log cfu/ml 444 B. cereus (0.5), B. cereus sensu lato (1.1), B. cf. aerophilus
(2.3), B. cf. badius (0.2), B. cf. nealsonii (0.5), B. clausii (0.2),
B. licheniformis (32.9), B. megaterium (0.9), B. muralis (0.2),
B. pumilus (12.8), B. safensis (2.7), Bacillus sp. (0.2), B.
atrophaeus (B. subtilis sensu lato) (5.0), B.
weihenstephanensis (11.7), P. amylolyticus (0.2), P.
amylolyticus sensu lato (2.9), P. borealis (0.2), P. cf. cookii
(1.4), P. cf. pabuli (0.9), P. cf. peoriae (7.0), P. graminis (2.7),
P. lactis (0.2), P. macerans (0.5), P. odorifer (9.0),
Paenibacillus sp. (1.4), Lysinibacillus sp. (1.1),
Planococcaceae sp. (0.2), Psychrobacillus sp. (0.2),
Viridibacillus arvi/arenosi (0.7)

Heat treatment of 80 °C/12min.
Plating on SPC agar.

Masiello et al. (2014)

USA Raw milk aND 0.50–2.39 log cfu/mL 142 Bacillus safensis (2.0), Bacillus cereus (1.4), Bacillus
licheniformis (66.2), Bacillus sonorensis (12), Bacillus pumilus

(9.8), Bacillus altitudinis (1.4),
B. atrophaeus (7.0)

Heat treatment of 80 °C/10min.
Plating on PCA. Incubation at 37 °C
and 55 °C for 48 h.

Buehner, Anand, and
Garcia (2014)Corn silage aND 4.45–13.10 log cfu/mL

Milking clusters aND 0.32–4.38 log cfu/cm2

Tunísia Raw milk (n=30) aND aND 40 Bacillus sporothermodurans (5.0), Bacillus cereus (10.0), B.
atrophaeus (10.0), Bacillus licheniformis (7.5), Brevibacillus
brevis (5.0), Bacillus sphaericus (2.5), Bacillus pumilus (7.5)

Heat treatment of 100 °C/30min.
Plating on BHI agar. Incubation at
37 °C/48 h.

Aouadhi, Maaroufi, and
Mejri (2014)

Pasteurized milk
(n= 20)

aND aND Bacillus sporothermodurans (5.0), Bacillus cereus (7.5),
B. atrophaeus (2.5), Bacillus licheniformis (2.5), Brevibacillus
brevis (5.0), Bacillus sphaericus (2.5), Bacillus pumilus (2.5)

UHT milk (n= 30) aND aND Bacillus sporothermodurans (15), Bacillus cereus (5.0),
Bacillus licheniformis (2,5), Bacillus sphaericus (2.5)

(continued on next page)
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Table 4 (continued)

Origin Source (N° of sample) Prevalence (%) Counts Number of
isolates

Species/prevalence (%) Method Reference

Australia Raw milk aND aND 38 B. licheniformis group (60.5),
B. atrophaeus (B. subtilis group) (15.8), B. pumilus group

(5.3), B. cereus group (13.2), B. megaterium (5.3)

Heat treatment of 80 °C/10min.
Plating on NA with 2% starch.
Incubation at 30 °C and 55 °C for
24–48 h.

Chauhan et al. (2013)

Pasteurized milk 61 B. licheniformis group (37.7),
B. atrophaeus (B. subtilis group) (16.4), B. pumilus group
(13.1), B. cereus group (21.3), A. flavithermus (1.6), B.
megaterium (8.2), B. clausii (1.6)

Plating on NA with 2% starch.
Incubation at 30 °C and 55 °C for
24–48 h.

Netherlands Raw milk (n=25) aND <1-102 spores/mL 25 B. cereus, B. sphaericus, B. licheniformis, B. pumilus,

B. atrophaeus, Paenibacillus, Aneurinibacillus, Brevibacillus

Heat treatment of 80 °C/10min.
Plating on PCMA. Incubation at
30 °C/48 h.

te Giffel et al. (2002)

Grass silage (n=25) 100 102- > 105 spores/g B. cereus, Aneurinibacillus,

B. atrophaeus, B. licheniformis, Paenibacillus

Maize silage (n=24) 100 10-103 spores/g Aneurinibacillus, B. licheniformis, B. oleronius/

sporothermodurans

Northern
Ireland

Raw milk (n=50) aND 0.02–3.5 log spores/mL aND aND Heat treatment of 80 °C/10min.
Skimmed milk medium with 0.1% L-
alanine. Incubation at 6.5 °C/15
days.

Mcguiggan, McCleery,
Hannan, and Gilmour
(2002)

aND 1.4× 101–2.4×105 spores/mL aND aND Heat treatment of 80 °C/10min.
Skimmed milk medium with 0.1% L-
alanine. Incubation at 30 °C/15 days.

aND 0.08–54 spores/mL aND aND Heat treatment of 80 °C/20 and
30min. Skimmed milk medium with
0.1% L-alanine. Incubation at 55 °C/
7 days.

Italy Milk pasteurized
(n= 90)

67 1.31 log cfu/g∗ 132 B. cereus (6.8), B. circulans (2.3), B. coagulans (18.2), B.
laterosporus (2.3), B. lentus (2.3), B. licheniformis (22.7), B.
macerans (4.5), B. megaterium (2.3), B. mycoides (2.3), B.
pumilus (4.5), B. sphaericus (6.8), Geobacillus
stearothermophilus (2.3),
B. atrophaeus (18.2)

Heat treatment of 80 °C/15min.
Plating on TSA. Incubation: 55 °C/
48 h, 30 °C/72 h, 6 °C/14 days.

Cosentino, Mulargia,
Pisano, Tuveri, and
Palmas (1997)

UHT milk (n= 60) 30 0.57 log cfu/g∗ 27 B. brevis (22.2), B. coagulans (11.1), B. laterosporus (22.2),
B. licheniformis (11.1), B. pumilus (11.1), B. sphaericus (22.2)

Netherlands Raw bulk tank milk
(n= 288)

aND 1.20 log cfu/ml∗ 5 B. cereus Heat treatment of 80 °C/10min.
Plating on PCA. Incubation at 30 °C/
3 days.

Slaghuis et al. (1997)

First milk,
installation (n= 60)

aND 1.48 log cfu/ml∗ 15

First milk individual
cows (n= 91)

aND 1.61 log cfu/ml∗ 21

Udder, teats (n=86) aND 2.82 log cfu/swab∗ 11
Faeces (n= 87) aND 5.20 log cfu/g∗ 63
Bedding used
(n= 78)

aND 5.15 log cfu/g∗ 53

Bedding unused
(n= 73)

aND 4.08 log cfu/g∗ 6

Maize silage (n=20) aND 5.18 log cfu/g∗ 45
Silage (n= 70) aND 4.71 log cfu/g∗ 67
Concentrate (n= 82) aND 4.10 log cfu/g∗ 24
Grass (n=20) aND 3.80 log cfu/g 50
Soil (n= 20) aND 5.52 log cfu/g 65

(continued on next page)
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spores tested survived 100 °C for 30min. Spores of a total of 15 strains
survived, and spores of 12 strains were inactivated at 115 °C for 30min.
Log reduction varied from 0.39 (G. stearothermophilus) to 7.44 log (B.
licheniformis). Only four strains survived the treatment at 125 °C/
30min, namely: G. thermoleovorans (2 strains), G. stearothermophilus (1
strain), Br. brevis (1 strain). This study demonstrated high resistance of
G. sterothermophilus with reduction of only 1.4 log10 units after being
exposed at 125 °C for 30min. In an extensive meta-analytic study,
Rigaux, Denis, Albert, and Carlin (2013) reported high variability on
D121ºC (3.3 min, 95% CI= [0.8; 9.6]) and z values (9.1 °C, 95%
CI= [5.4; 13.1]) for G. stearothermophilus strains. The results shown by
these studies reveal that bacterial spores can survive the processing of
milk into milk powder. When milk powder is used for the manu-
facturing of food products in which conditions allow for spore germi-
nation, outgrowth and multiplication of vegetative cells. The produc-
tion of microbial enzymes by spore forming bacteria, such as proteases,
lipases, and phospholipases may cause spoilage, quality defects, and
reduced shelf life of dairy products. Thus, sporulation combined with
ineffective food preservation strategies can lead to significant economic
losses (De Jonghe et al., 2010; Lücking, Stoeckel, Atamer, Hinrichs, &
Ehling-schulz, 2013; Seale et al., 2010).

5.3. Sugar processing

Fig. 4 shows the schematic processing for the production of con-
ventional sugar from sugarcane. In the preliminary operations, su-
garcane harvesting can be done manually or mechanically and is car-
ried out on the farm, followed by transportation to the factories.
Sugarcane can be stored for a maximum two days to prevent sugar loss
by bacterial decomposition and plant metabolism. Upon receipt the
cane is washed and chopped. Breaking the cells that contain sugar-rich
materials facilitates sugarcane juice extraction. At the pressing stage, a
set of rotating blades or grinder may be used. Conventional mills consist
of three rolls arranged in a triangular form, so the fiber is pressed twice.
As the pressure alone cannot extract more than 90% of the juice from
the fibers, a re-soaking process in water is required to extract larger
volumes of sugarcane juice. After grinding, coarse impurities such as
bagasse, sugarcane pieces, sand, and soil are separated from juice. The
sugarcane juice is then weighed and sent to the clarification step
(Hamerski, 2009).

In the clarification step, non-sugar impurities are removed. The
clarification of white crystal sugar is typically carried out by sulphita-
tion. This process consists of addition of gaseous sulfur dioxide (SO2) to
the pre-heated juice (60 °C) until reaching pH 3.8 to 4.2, followed by
alkalization with lime to achieve pH values of 7–7.2. The neutralization
of the sulphited juice leads to formation of slightly soluble precipitate of
calcium sulfite, which acts on the adsorption of colored compounds and
other impurities (Hamerski, 2009).

In the production of raw sugar (the raw material of refineries), the
clarification is carried out only by liming of the juice. The clarified juice
is then heated to 90-105 °C, and this process is ineffective in removing
colored compounds and polysaccharides. Therefore the addition of
polyelectrolytes, acrylamide copolymers, and sodium acrylate improves
treatment efficiency (Hamerski, 2009). Brown sugar does not undergo
intense treatment, so the cane must be clean and free of impurities, and
freshly harvested (Verruma-Bernardi, Borges, Lopes, Della-Modesta, &
Ceccato-Antonini, 2007).

After the clarification step, the juice is evaporated, yielding a syrup
with a concentration of about 65° Brix. The syrup is sent to the crys-
tallization stage (58–65 °C) performed in vacuum calendar type eva-
porating crystallizers. Typically, this process takes from 3 to 5 h, and
the crystal mass obtained is sent to horizontal crystallizer equipped
with cooling jacket until room temperature. The final mass is then
subjected to a spin cycle, in which the crystals are washed by applying
water and steam, and then subjected to drying (35–40 °C) and packa-
ging (Mantelatto, 2005). The sugarbeet process is quite similar toT
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Table 5

Sporeforming bacteria isolated from milk powder samplesa.

Origin Number of
sample

Prevalence (%) Counts (cfu/g) Number of
isolates

Species/prevalence (%) Method Reference

Uruguay 22 100 1.0× 102–1.0× 104 207 Bacillus licheniformis (52.8), B. megaterium (8.3), B. pumilus (5.7), B.
atrophaeus (B. subtilis group) (9.3), Anoxybacillus flavithermus (18.7)

Heat treatment of 80 °C/10min. Plating on
PCA. Incubation at 37 °C/24 h.

Reginensi et al.
(2011)

8.0× 101–3.0× 104 193 Bacillus licheniformis (42.5), B. megaterium (4.8), B. pumilus (3.0), B.
atrophaeus (B. subtilis group) (4.8), Anoxybacillus flavithermus (41.5)

C Heat treatment of 80 °C/10min. Plating on
PCA. Incubation at 55 °C/24 h.

2.2× 102–2.6× 104 201 Bacillus licheniformis (44.3), B. megaterium (6.4), B. pumilus (4.0), B.
atrophaeus (B. subtilis group) (7.0), Anoxybacillus flavithermus (34.3)

Plating on PCA. Incubation at 55 °C/24 h.

China 22 100 5.5× 101–3.9× 104 752 Bacillus licheniformis (39.2), Anoxybacillus flavithermus (25.2),
Geobacillus stearothermophilus (21.3), Bacillus sp. JM4 (1.6), Bacillus sp.
R-6484 (2.3), B. atrophaeus (3.0), Brevibacillus borstelensis (2.3),
Aneurinibacillus thermoaerophilus (1.8), B. thermoamylovorans (3.3).

Heat treatment of 80 °C/10min. Plating on
PCA. Incubation at 55 °C/48 h.

Yuan et al. (2012)

New Zealand aND aND aND aND Geobacillus stearothermophilus, Anoxybacillus. flavithermus, B.

licheniformis e B. atrophaeus

Plating on TSA with 0.2% potato starch.
Incubation at 55 °C/24 h.

Ronimus et al. (2003)

New Zealand 4 100 7.1× 101–3.6× 102 147 Bacillus atrophaeus, B. licheniformis, B. coagulans, Geobacillus

stearothermophilus, Ureibacillus thermosphaericus

Plating on TSA with 0.2% potato starch.
Incubation at 55 °C/16–24 h.

1.7× 101–3.3× 102 Heat treatment of 80 °C/20min. Plating on TSA
with 0.2% potato starch. Incubation at 55 °C/
16–24 h.

Different
countries

28 100 8.0× 100–5.0× 104 742 Anoxybacillus flavithermus (43.8), Bacillus licheniformis (39.2),

Geobacillus stearothermophilus (10.8), B. atrophaeus (2.9), B. circulans

(1.2), Ureibacillus thermosphaericus (1.2), B. coagulans (0.7), B. pumilus

(0.1)

Heat treatment of 80 °C/10min. Rückert, Ronimus,
and Morgan (2004)

Germany 11 73 aND 13 Bacillus atrophaeus, B. licheniformis Heat treatment of 100 °C/20min. Enrichment
on BHI broth (24 h) and plating on BHI agar.
Incubation at 30 °C and 55 °C

Lücking et al. (2013)

Germany aND aND aND 2 Anoxybacillus flavithermus (50), Geobacillus stearothermophilus (50) Heat treatment of 100 °C/20min. Enrichment
on BHI broth (24 h) and plating on BHI agar.
Incubation at 30 °C and 55 °C

Witthuhn et al.
(2011)

Australia aND aND aND 66 Bacillus licheniformis group (18.2), Geobacillus spp. (45.4), B. atrophaeus
(B. subtilis group) (7.6), B. pumilus group (7.6), B. cereus group (1.5),
Anoxybacillus flavithermus (18.2), Paenibacillus polymyxa (1.5)

Heat treatment of 80 °C/10min. Plating on NA
with 2% starch. Incubation at 30 °C and 55 °C/
24–48 h.

Chauhan et al. (2013)

a ND – not determined.
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sugarcane process. The main difference is the extraction stage. The
beetroot is washed and cut into thin strips and diffused into a tank of
hot water and shaking. The clarifying and concentrating steps are
performed in similar way of sugarcane process (Moore, 2017).

5.3.1. Diversity and fate of spore forming bacteria during sugar production

The microbial composition of sugarcane consists of several types of
microorganisms. The bacteria often found in sugarcane include Bacillus

spp., Flavobacterium spp., Pseudomonas spp., Xanthomonas spp.,
Lactobacillus spp. and Enterobacteriaceae spp., in addition to the
Saccharomyces spp., Torula spp. and Pichia spp, Penicillium spp.,
Actinomyces spp. and Streptomyces spp (Klaushofer, Clarke, Rein, &
Mauch, 1998; Lucca, Kitchen, Clarke, & Goynes, 1992; Martini,
Margarido, & Ceccato-Antonini, 2010; Nunez & Colmer, 1968). Shortly
after sugarcane cutting, the microbial composition is comprised mainly
of yeasts and bacteria as Leuconostoc spp., Xanthomonas spp. and
Aerobacter spp (Cerutti de Guglielmone, Diez, Cardenas, & Olivier,
2002; Eggleston, 2001). Microbial growth is related to the sugar content
and pH as well as the humidity and temperature of the environment.
The crude juice obtained by grinding has a pH of 5.0–5.6 and a sugar
content of 10–18% RDS (refractometric dry substance). Such condi-
tions, combined with the presence of organic and inorganic salts, pro-
teins and other nutrients provide ideal conditions for bacterial growth
and thus the counts of bacteria in the juice commonly vary from 5 to 7
log CFU/mL. Some microorganisms can grow during extraction and
refining stages, or contaminate the product after processing (Mackrory,
Cazalet, & Smith, 1984; Wojtczak et al., 2012).

While microbial counts in sugar are typically less than 2 log10 CFU
per g, higher counts may lead to spoilage of foods containing sugar as
an ingredient (Table 6). Examples of such microorganisms include
Geobacillus stearothermophilus and Bacillus coagulans, which cause flat-

Cleaning and 

chopping

Pressing

Filtra on

Sulphita on
60 °C pH: 3.8-4.2

Alkaliza on
pH: 7-7.2

Concentra on
~110 °C 65 °Brix
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58-65 °C

Drying
35-40 °C
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Fig. 4. Flowchart of white sugar processing.
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sour spoilage; Clostridium thermosaccharolyticum, which is known to
produce acid in canned foods; Desulfotomaculum nigrificans, which
causes spoilage by H2S production, and mesophilic bacteria, yeasts, and
molds (Hoffmann et al., 1992). In the liming step, the vegetative cells
are eliminated due to the increase and temperature (100–105 °C) re-
sulting in the survival of only mesophilic and thermophilic spore
forming microorganisms (Hoffmann et al., 1992; International
Commission on Microbiological specifications for foods, 1978). The
presence of bacterial spores in sugar is frequent as they can be found in
high loads in the raw materials employed for sugar production (cane
and beetroots, for instance, which have close contact with soil) as well
as due to their resistance to the processing conditions (Parazzi, Jesus,
Lopes, & Valsechi, 2009).

Few studies have assessed the occurrence of spore forming bacteria
in sugarcane (Table 6) and none evaluated sugar beets. Despite the high
importance of these data to serve as a base for improving the quality of
this ingredient, there are no studies on the thermal resistance of spore
forming bacteria isolated from sugar processing. In Japan, the presence
of Clostridium botulinum type A spores was reported in raw sugar and
molasses, and in 2 of 41 brown sugar lump samples. Despite this, spores
of this pathogen were not found in any of 56 samples of refined white
sugar and 13 samples of intermediate products of the sugar processing
plant (Nakano, Yoshikuni, Hashimoto, & Sakaguchi, 1992). Lucca et al.
(1992) isolated Alicyclobacillus acidocaldarius and Clostridium spp. from
sugar refining process and found that the bacilli were able to grow at
70 °C. These authors concluded that spores of mesophilic and strict
thermophilic spore forming bacteria could survive the refining process,
which may potentially cause great losses of final processed products.
The employment of contaminated refined sugar as a raw material in the
processing of different products can significantly contribute to an in-
crease in the microbial load in the product to be thermally processed
(Hoffmann et al., 1992). The demand for high-quality white sugar has
increased in recent years, because besides its nutritional contribution to
daily diet, it is used as raw material in the food and beverage industry
(Hamerski, 2009). Beverage producers stand out on microbiological
criteria of ingredients and hygiene during processing to produce shelf-
stable beverages (Hamerski, 2009).

5.4. Starch/fecula production

Commercial starch is extracted mainly from five raw materials, as
follows: corn, wheat, cassava, potato and sweet potato (Cereda, 2005).
The amylaceous materials are classified as starches, which are extracted
from the edible aerial parts of plants such as corn and wheat starch; and
fecula, which are obtained from the edible underground parts of plants,
such as potato and cassava fecula (Amorim, 2011; Aplevicz & Demiate,
2007).

Starch processing from different sources is quite similar and in-
volves washing, peeling, cell disintegration and release of the starch
granules, starch separation, and drying. Fig. 5 shows cassava fecula
processing. In the reception area, unloading of cassava may be carried
out by tilting system or by dragging the roots. In the latter method,
cassava goes through a grid, to remove part of the land. Then the cas-
sava is washed, peeled, passed through a conveyor to be manually in-
spected for removal of other woody components and elimination of
impurities. Grinding or milling is performed in a milling machine and
consists of starch recovery from the plant cells that have not been
broken (starch attached) and free starch outside the cells. Then ex-
traction is carried out by centrifugal sifters, where the separation of the
bagasse or cassava bran occurs (Jacquet, 1999). Once the extracted
starch has many impurities, a purification step is needed, followed by
concentration to reduce the water content. Most fecula processing
plants use centrifuges for both phases. The first centrifuge concentrates
the starch-milk, in which fresh water is added. The second centrifuge
removes the water previously added, completing the cleaning step. In
the drying process, the temperature ranges from 120 °C to 150 °C,

depending on the moisture level of the concentrated starch. After
drying, fecula is packaged and stored (Souza, 2011; Takahashi &
Gonçalo, 2001) (see Fig. 5).

5.4.1. Diversity and fate of spore forming bacteria during starch production

Due to the production method and contact of vegetables with soil,
especially tubers, roots and rhizomes, starches may be contaminated by
a variety of microorganisms (Pietranera & Narvaiz, 2001). Some starch
applications do not require heating stages, thus allowing for the sur-
vival of microorganisms. Thermal treatment of cassava starches is a
difficult task due to their low moisture content and poor thermal con-
ductivity. Furthermore, starch containing more than 30% moisture can
gelatinize at temperatures above 60 °C (Cereda, 1984). Thermophilic
spore forming bacteria producing thermoresistant spores are reported
as the main microbiological problem in starch. Several species of the
genus Bacillus originating in soil can remain in the final product, in-
cluding the pathogen Bacillus cereus. Furthermore, the presence of heat-
stable amylase may remain even after destruction of vegetative cells,
causing spoilage of the products manufactured with contaminated
starch (Amorim, 2011; Smittle, Krysinski, & Richter, 1992).

Despite the high probability of contamination of starch by spores of
spore forming bacteria and its application in the manufacturing of a
huge quantity of food products, there are no studies on the diversity and
fate of spore forming bacteria during starch production. Thus, further
studies on microorganisms present in starch are needed, to improve the
microbiological quality and efficiency of preservation methods aiming
to obtain safe and shelf-stable food products.

6. Concluding remarks

The physical and chemical resistances of spores of spore forming
bacteria allow them to survive various unit operations applied during
food processing. Depending on the combination of unit operations ap-
plied during processing of raw materials and the responses of the spores
of spore forming bacteria, qualitative and quantitative variations can be
observed. These variations may further impact on the microbiological
safety and stability of formulated foods.

It is known that spore forming bacteria originate mainly from the
soil, but silage, composting and processing equipment are important
sources too. The application of good manufacturing practices
throughout raw materials processing is vital to control their occurrence
and concentration. Despite this, the review of literature conducted in
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Milling

Starch 

separa on

Concentra on

Drying
120-150 °C

Fecula

Fig. 5. Processing of cassava fecula.
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this study indicates that there is still a limitation regarding the esti-
mation (quantitative) of the effects of some unit operations employed
during cocoa powder, milk powder, sugar, and starch processing on
spore forming bacteria. However, data on the effects of processing and
diversity of spore forming bacteria in sugar and starch are much scarcer
compared with cocoa and milk powders. Thus, it becomes clear that
more data on the occurrence of fouling, species present, their resistance
(superdormant spores, for instance), and diversity are needed. In ad-
dition, knowledge on the effects of unit operations applied during
processing of raw materials on the diversity of spore forming bacteria
and their fate are required to allow the establishment of effective
controls throughout their production chain. Despite this, the literature
review indicates a lack of information regarding the diversity and fate
of spore forming bacteria in raw materials, more specifically during
sugar, and starch processing. Even though cutting-edge approaches
combining quantitative data with metagenomics could improve our
knowledge on the fate and diversity of spore forming bacteria in raw
materials, basic and challenging aspects must still be resolved. For in-
stance, these include improvements in approaches for a better assess-
ment of spores' sub-populations through the development and use of
proper recovery methods that could allow the recovery of very low
number of spores as well as recovery of mixed populations containing,
for instance, super dormant spores. This information will serve and
guide further developments aiming to enhance food safety and to
control food spoilage caused by spore forming bacteria.
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Abstract

6SRUH�IRUPLQJ�EDFWHULD�FDQ�EH�D�FRQFHUQ�LQ�VRPH�UDZ�PDWHULDOV��OLNH�FRFRD�SRZGHU��7ZR�

IDUPV�DQG�WKUHH�LQGXVWULDO�OLQHV�ZHUH�VDPSOHG�ZLWK�WKH�DLP�RI�LQYHVWLJDWLQJ�WKH�LPSDFW�RI�WKH�

SURFHVV�LQ�VSRUH�IRUPLQJ�EDFWHULD�SRSXODWLRQ��0HVRSKLOLF�DHURELF�VSRUHV��PHVRSKLOLF�DQDHURELF�

VSRUHV��WKHUPRSKLOLF�DHURELF�VSRUHV�DQG�Bacillus cereus�SRSXODWLRQV�ZDV�LQYHVWLJDWHG��$�WRWDO�

RI�����VDPSOHV�ZHUH�FROOHFWHG��7KH�SHUVLVWHQFH�RI�B. cereus VWUDLQV�DORQJ�WKH�SURFHVVLQJ�ZDV�

DQDO\VHG�DQG�D�VWXG\�DERXW�WKH�SK\ORJHQHWLF�JURXSV��7KHUH�LV�D�KLJK�SRSXODWLRQ�VSRUH�IRUPLQJ�

EDFWHULD�DW�WKH�EHJLQQLQJ�RI�WKH�SURFHVV��PDLQO\�PHVRSKLOLF�DHURELF�VSRUHV��EXW�DIWHU�DONDOL]DWLRQ�

RU�URDVWLQJ�WKH�OHYHOV�ZHUH�JHQHUDO�UHGXFHG�����0���JURXSV�ZHUH�LGHQWLILHG�E\�EDQG�VLPLODULW\��

6WUDLQV� LVRODWHG� LQ� FRFRD� SRZGHU� ZHUH� DOVR� UHFRYHUHG� LQ� FRFRD� EHDQV�� QLEV�� VDPSOHV� DIWHU�

URDVWLQJ��DIWHU�UHILQLQJ�DQG�DIWHU�SUHVVLQJ��ZKLFK�PHDQV�WKDW�B. cereus FDQ�SHUVLVW�WKH�SURFHVV�

DQG� UHDFK� ILQDO� SURGXFW�� 3K\ORJHQHWLF� JURXS� ,9�ZDV� WKH�PRVW� IUHTXHQW� ������� 6WUDLQV� IURP�

SK\ORJHQHWLF�JURXS�,,,�GLG�QRW�VKRZ�SUHVHQFH�RI�ces�JHQH�DQG�MXVW�RQH�VWUDLQ�IURP�JURXS�9,�

VKRZ�SUHVHQFH�RI�cspA�JHQH��

�

Keywords: FRFRD�SRZGHU��VSRUH�IRUPLQJ�EDFWHULD��FRFRD�SURFHVVLQJ��B. cereus.



1) Introduction

7KH� FRFRD� WUHH� Theobroma cacao� LV� JURZQ� LQ� ODUJH� DUHDV� LQ� WURSLFDO� FRXQWULHV�� ,WV�

SURFHVVHG�EHDQV�HQWHU�SURGXFWLRQ�RI�FRFRD�SRZGHU��DQ�LQJUHGLHQW�ZLGHO\�XVHG�E\�IRRG�LQGXVWU\�

�%HOVFDN�HW�DO���������2UDF]�DQG�1HEHVQ\���������$V�IRU�RWKHU�SODQW�IRRGV��FRQWDPLQDWLRQ�RI�

FRFRD� EHDQ� DQG� GHULYHG� SURGXFWV� E\� VSRUH� IRUPLQJ� EDFWHULD� LV� DOPRVW� LPSRVVLEOH� WR� DYRLG��

6SRUHV�DUH�ZLGHO\�SUHVHQW�LQ�WKH�FURS�HQYLURQPHQW��&DUOLQ�HW�DO����������3URFHVVLQJ�RSHUDWLRQV�

RI�FRFRD�EHDQV�SURFHHGV�LQ�RSHQ�DLU��ZLWK�IUHTXHQW�FRQWDFW�WR�VRLO��DQG�OLPLWHG�LQDFWLYDWLRQ�RQ�

VSRUHV� �3HUHLUD� DQG� 6DQW¶$QD�� ������� 6SRUHV� RI� EDFWHULD� DUH� WKHUHIRUH� D� FRQFHUQ� IRU� FRFRD�

SRZGHU��*DELV�HW�DO���������/LPD�HW�DO�������D������E��:LWWKXKQ�HW�DO����������

&RFRD�EHDQV�SURFHVVLQJ�IRU�FRFRD�SRZGHU�SURGXFWLRQ�LQFOXGHV�VHYHUDO�RSHUDWLRQV��6RPH�

RI�WKRVH�PRGLI\�WKH�PLFURELRWD�RI�WKH�FRFRD�EHDQV��LQFUHDVH��RU�GHFUHDVH�WKH�OHYHOV�RI�PLFURELDO�

SRSXODWLRQV��&RFRD�SUH�SURFHVVLQJ�WDNHV�SODFH�RQ�WKH�IDUP��PDLQO\�LQ�RSHQ�DLU��+DUYHVWHG�SRGV�

DUH� RSHQHG� WR� H[SRVH� EHDQV�� 3XOS� DQG� EHDQV� DUH� SODFHG� LQ�ZRRGHQ�ER[HV�� EDVNHWV�� WUD\V� RU�

SODWIRUPV�WR�IHUPHQW�IRU�DERXW���GD\V��&RSHWWL�HW�DO���������:RRG��������DW�WKH�WHPSHUDWXUHV�

SUHYDLOLQJ� XQGHU� WURSLFDO� FOLPDWH�� 6XQ�GU\LQJ� DIWHU� IHUPHQWDWLRQ� UHGXFHV� WR� ����� �,&06)��

������ 1DVFLPHQWR� HW� DO��� ������ 7KRPSVRQ� HW� DO��� ������� ,Q� LQGXVWULDO� SURFHVVLQJ�� URDVWLQJ�

FRQVLVWV�FRFRD�EHDQV�GU\�KHDWLQJ�DW�����WR�����&�IRU�DERXW����PLQXWHV��%HFNHWW���������7KH�

DONDOL]DWLRQ�SURFHVV�XVHV�DONDOLV��VXFK�DV�VRGLXP�RU�SRWDVVLXP�FDUERQDWHV�DW����WR����FRPELQHG�

WR�KLJK�WHPSHUDWXUHV�����&�WR�����&��IRU����WR�����PLQXWHV��%LVSR��������%LVSR�HW�DO���������

/L�HW�DO���������0LQLILH���������&RFRD�SRZGHU�ILQDOO\�UHVXOWV�RI�EUHDNLQJ�DQG�JULQGLQJ�RI�WKH�

³FRFRD�FDNH´�REWDLQHG�E\�SUHVVLQJ�DW����&�WR�����&�XQGHU�D�SUHVVXUH�RI�������WR�0SD��)DQJ�HW�

DO���������0LQLILH��������9HQWHU�HW�DO�����������

,Q�HDUO\�SURFHVVLQJ�VWDJHV��PLFUR�RUJDQLVPV�IURP�WKH�HQYLURQPHQW��XWHQVLOV�DQG�ZRUNHUV�

FRQWDPLQDWH�FRFRD�VHHGV��1DVFLPHQWR�HW�DO����������+RZHYHU��aw�UHGXFWLRQ��FKDQJHV�LQ�S+�DQG�

WKHUPDO� WUHDWPHQWV� GXULQJ� SURFHVVLQJ� FUHDWHV� VHOHFWLYH� SUHVVXUH� LQ� IDYRXU� RI� UHVLVWDQW�



PLFURRUJDQLVPV�� PDLQO\� VSRUH�IRUPLQJ� EDFWHULD�� )XUWKHU� JHUPLQDWLRQ� DQG� JURZWK� RI� VSRUH�

IRUPLQJ�EDFWHULD�FRQWDPLQDWLQJ�IRUPXODWHG�IRRGV�WKURXJK�UDZ�PDWHULDOV�DQG�RU�LQJUHGLHQWV�FDQ�

EH�D�FDXVH�RI�SRLVRQLQJV�RU�VSRLODJH��3HUHLUD�DQG�6DQW¶$QD���������7KXV��WKH�REMHFWLYH�RI�WKLV�

VWXG\� ZDV� WR� HYDOXDWH� WKH� LQFLGHQFH� DQG� SHUVLVWHQFH� RI� VSRUH�IRUPLQJ� EDFWHULD�� DORQJ� WKH�

SURFHVVLQJ�FKDLQ�RI�FRFRD�SRZGHU��,Q�SDUWLFXODU��JHQHWLF�W\SLQJ�ZDV�DSSOLHG�WR�LVRODWHV�RI�WKH�

IRRGERUQH�SDWKRJHQ�B. cereus�IRU�WUDFLQJ�DQG�KD]DUG�FKDUDFWHUL]DWLRQ��

�

2) Material and Methods 

2.1) Cocoa sampling 

$� WRWDO� RI� ���� VDPSOHV� RI� FRFRD� VDPSOHV� ZHUH� FROOHFWHG� DORQJ� WKH� FRFRD� SRZGHU�

SURFHVVLQJ�FKDLQ�� LQFOXGLQJ�VDPSOHV�FROOHFWHG�LQ�WZR�FRFRD�IDUPV��Q� ������DQG�DORQJ�OLQHV�

IURP�WZR�SODQWV�SURFHVVLQJ�GULHG�FRFRD�EHDQV��Q� �������)DUPV�ZHUH�ORFDWHG�LQ�%DUUHLUDV��)DUP�

���DQG�*DQG~��)DUP�����6WDWH�RI�%DKLD��%UD]LO�DQG�ZHUH�VDPSOHG�LQ�$XJXVW������DQG�-DQXDU\�

������ UHVSHFWLYHO\�� ,QGXVWULDO� SURFHVVLQJ� OLQHV�ZHUH� LQ�SODQWV� ORFDWHG� LQ� ,OKpXV� �/LQH���� DQG�

,WDEXQD��/LQH���DQG�/LQH�����LQ�WKH�VWDWH�RI�%DKLD��%UD]LO�DQG�ZHUH�VDPSOHG�EHWZHHQ�1RYHPEHU�

�����DQG�-XQH�������)DUP�VDPSOHV�IURP�SUH�SURFHVVLQJ�ZHUH�FROOHFWHG�DIWHU�WKH�RSHQLQJ�RI�WKH�

IUXLW�� DQG� RQFH� D� GD\� GXULQJ� IHUPHQWDWLRQ� DQG� GU\LQJ� SURFHVV� �)LJ�� ���� � 7KH� GXUDWLRQ� RI�

IHUPHQWDWLRQ�SURFHVV�ZDV���DQG���GD\V�LQ�)DUP����6DPSOHV�RI�IHUPHQWLQJ�FRFRD�EHDQV�)��)���

DQG����VDPSOHV�)��)����UHVSHFWLYHO\��6XQ�GU\LQJ�RI�IHUPHQWHG�EHDQV�ODVWHG�IRU���GD\V�LQ�)DUP�

���6DPSOHV�'��'���DQG�IRU���GD\V�LQ�)DUP����'��'����6DPSOHV�IURP�SODQWV�ZHUH�FROOHFWHG�DW�

GLIIHUHQW�VWDJHV��$V�VKRZQ�LQ�)LJ�����XQLWDU\�RSHUDWLRQV�ZHUH�GLIIHUHQWO\�RUJDQL]HG�RI�WKH�WKUHH�

SURFHVVLQJ� OLQHV�SURGXFLQJ�FRFRD�SRZGHU��$OO�����J�VDPSOHV� IURP�IDUPV�RU� LQGXVWULHV�ZHUH�

DVHSWLFDOO\� FROOHFWHG� LQ� VWHULOH� EDJV� DQG� GHOLYHUHG� WR� 81,&$03� ODERUDWRU\� E\� IUHH]H�

WUDQVSRUWDWLRQ�IRU�IDUP�VDPSOHV��



�

)LJ�����'LDJUDP�RI�WKH�LQ�IDUP�SURFHVVLQJ�RSHUDWLRQV�RI�FRFRD�EHDQV��6WDUV�LQGLFDWH�VDPSOLQJ�

ORFDWLRQV��
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)LJ�����&RFRD�LQGXVWULDO�SURFHVVLQJ�VDPSOLQJ��,QGXVWULDO�OLQHV������DQG���UHSUHVHQWHG�E\�D��E�DQG�F��6WDUV�LQGLFDWH�VDPSOLQJ�ORFDWLRQ�



2.2) Enumeration of microbial groups 

)RU�HQXPHUDWLRQ�RI�PHVRSKLOLF�DHURELF�EDFWHULD��³0HVRSKOLF�DHURELF�VSRUHV´��0$6�����J�

RI�HDFK�VDPSOH�ZHUH�PL[HG�ZLWK����P/�RI�SHSWRQH�ZDWHU���������J�%DFWHULRORJLFDO�3HSWRQH�

>2[RLG�%DVLQJVWRNH��8.@�SHU� OLWHU�� LQ� D� VWHULOH�EDJ�� WKHQ�KRPRJHQHL]HG��XVLQJ� D�6WRPDFKHU�

�6HZDUG��%$�������:RUWKLQJ��8.��IRU���PLQXWH��$�KHDW�VKRFN�DW����&�IRU����PLQ�LQ�D�ZDWHU�

EDWK� �4XLPLV�� 4����0����� 'LDGHPD�� %UD]LO�� ZDV� DSSOLHG�� 7KHQ� WKH� VDPSOHV� ZHUH� VHULDOO\�

GLOXWHG� DQG�������O�YROXPHV�ZHUH�SODWHG�RQWR�7U\SWRQH�*OXFRVH�([WUDFW� DJDU� �7*(���7*(�

FRQWDLQV��J�/�RI�7U\SWRQH���J�/�RI�%HHI�([WUDFW��ERWK�IURP�$FXPHGLD��1HRJHQ�&R���/DQVLQJ��

86$����J�/�RI�*OXFRVH��'LQkPLFD��'LDGHPD��%UD]LO��DQG���J�/�RI�%DFWHULRORJLFDO�$JDU�>2[RLG��

%DVLQJVWRNH��8.@��3ODWHV�ZHUH�LQFXEDWHG�DW����&�IRU����KRXUV��6WHYHQVRQ�DQG�/HPENH����������

)RU� HQXPHUDWLRQ� RI� VSRUH� RI� Bacillus cereus� JURXS�� VDPSOHV� ZHUH� KRPRJHQL]HG� DV�

GHVFULEHG�IRU�HQXPHUDWLRQ�RI�0$6��KHDW�VKRFNHG�DW����&�IRU����PLQXWHV�LQ�ZDWHU�EDWK��DQG�

VHULDOO\� GLOXWHG� DQG� ���� �O� YROXPHV�ZHUH� SODWHG� RQWR�0DQQLWRO� (JJ�<RON� 3RO\P\[LQ� DJDU�

�0<3��2[RLG��%DVLQJVWRNH��8.���3ODWHV�ZHUH�LQFXEDWHG�DW����&�IRU�������KRXUV��%HQQHWW�HW�DO���

�������6WUDLQV�ZHUH�LVRODWHG�IURP�SODWHV�XVHG�IRU�B. cereus JURXS�HQXPHUDWLRQ��&RORQ\�SXULW\�

ZDV�FRQILUPHG�E\�VWUHDLQJ�RQ�0<3�DJDU��

)RU� HQXPHUDWLRQ� RI� VSRUHV� RI� WKHUPRSKLOLF� DHURELF� EDFWHULD� �³WKHUPRSKLOLF� DHURELF�

VSRUHV´��7$6������J�RI�HDFK�VDPSOH�ZHUH�PL[HG�LQ�D�VWHULOH�EDJ�ZLWK����P/�RI�VWHULOH�GLVWLOOHG�

ZDWHU�DQG�KRPRJHQL]HG�IRU���PLQXWH�XVLQJ�D�6WRPDFKHU��$�KHDW�VKRFN�DW�����&�IRU����PLQXWHV�

LQ� DQ�RLO� EDWK� �3RO\VWDW�� ����������&KLFDJR��86$��ZDV� DSSOLHG�� IROORZHG�E\� VHULDO� GHFLPDO�

GLOXWLRQV� DQG� SODWLQJ� RI� ����� �O� RQ� 'H[WURVH� 7U\SWRQH� DJDU� �'7$��� '7$� FRQWDLQV� ��J�/�

7U\SWRQH�� �J�/� RI� GH[WURVH� >'LQkPLFD�� 'LDGHPD�� %UD]LO@�� ��J�/� RI� %DFWHULRORJLFDO� $JDU�

>2[RLG�� %DVLQJVWRNH�� 8.@�� DQG� ��P/�/� RI� ��� SXUSXUD� RI� %URPRFUHVRO� VROXWLRQ� LQ� 1D2+�

>'LQkPLFD��'LDGHPD��%UD]LO@���7KH�SODWHV�ZHUH�LQFXEDWHG�DW����&�IRU�������KRXUV��2OVRQ�DQG�

6RUUHOOV����������



6SRUHV�RI�PHVRSKLOLF� DQDHURELF�EDFWHULD� �³0HVRSKLOLF� DQDHURELF�VSRUHV´�0$Q6��ZHUH�

HQXPHUDWHG�E\�0RVW�3UREDEOH�1XPEHU��031���7ZHQW\�JUDPV�RI�HDFK�VDPSOH�ZHUH�PL[HG�LQ�D�

VWHULOH�EDJ�ZLWK����P/�RI�SHSWRQH�ZDWHU�DW������DQG�KRPRJHQL]HG�XVLQJ�D�6WRPDFKHU�GXULQJ�

��PLQXWH��7KHQ����P/�ZHUH�GLVWULEXWHG�LQ���WXEHV�FRQWDLQLQJ����P/�RI�3(���PHGLXP�DQG���

QDWXUDO�GULHG�SHDV��3(���FRQWDLQV���J�/�RI�3HSWRQH���J�/�RI�<HDVW�([WUDFW��$FXPHGLD��1HRJHQ�

&R���/DQVLQJ��86$����P/�/�RI� D����%URPRFUHVRO�SXUSOH�RI� VROXWLRQ� LQ�HWKDQRO� �'LQkPLFD��

'LDGHPD��%UD]LO���7KH�WXEHV�ZHUH�KHDW�VKRFNHG�DW�����&�IRU����PLQXWHV�DQG�LQFXEDWHG�DW����&�

IRU�����GD\V��7RUWRUHOOL�DQG�$QGHUVRQ���������3RVLWLYH�WXEHV�ZHUH�WKRVH�ZLWK�WXUELGLW\�DQG�FRORU�

FKDQJH�WR�\HOORZ��7KH�UHVXOWV�RI�WKH�VLQJOH�GLOXWLRQ�WHVW�ZHUH�FDOFXODWHG��

�

2.3) pH and aw measurement  

7KH�S+�RI�VDPSOHV�ZDV�HVWLPDWHG�E\�PHDVXULQJ�WKH�S+�RI�DQ�DOLTXRW�RI�WKH�ILUVW�GLOXWLRQ��

XVHG� IRU� HQXPHUDWLRQ� RI�7$6�GHWHUPLQHG�ZLWK� SUHYLRXVO\� FDOLEUDWHG� S+PHWHU� �PRGHO�.���

����%��.$69,��&KLQD���$GROIR�/XW]�,QVWLWXWH���������7KH�aw�RI�VDPSOHV�ZDV�GHWHUPLQHG�ZLWK�

DQ�$TXD/DE�����HTXLSPHQW��PRGHO�&;����'HFDJRQ�'HYLFHV��:DVKLQJWRQ��86$���

�

2.4) Bacterial strain 

B. cereus VWUDLQV�LVRODWHG�DW�GLIIHUHQW�VWHSV�RI�SURFHVVLQJ��Q �����DQG�DGGLWLRQDO�B. cereus�

VWUDLQV�IURP�ZKLWH�FKRFRODWH��VWUDLQV�����DQG�������FKRFRODWH�IRUWLILHG�ZLWK�YLWDPLQV��VWUDLQV�

����DQG������DQG�PLON��%�����2VZDOGR�&UX]�)RXQGDWLRQ��5LR�GH�-DQHLUR��%UD]LO���76���ZHUH�

VXEFXOWXUHG�RQ�0<3�DJDU�IRU�SXULW\��DQG�WKHQ�VWRUHG�DW������&�LQ�QXWULHQW�EURWK�ZLWK������Z�Z��

JO\FHURO���

�

�

�



2.5) DNA extraction 

'1$�H[WUDFWLRQ�ZDV�SHUIRUPHG�DV�GHVFULEHG�SUHYLRXVO\��*XLQHEUHWLqUH�DQG�1JX\HQ�7KH��

�������7KH�LVRODWHV�ZHUH�SODWHG�RQWR�/XULD�%HUWDQL�DJDU��/%$������J�/�RI�SHSWRQH����J�/�RI�

\HDVW�H[WUDFW����J�/�VRGLXP�FKORULGH�DQG����J�/�RI�%DFWHULRORJLFDO�$JDU��DQG�JURZQ�RYHUQLJKW�

DW����&��$�����/�YROXPH�RI�EDFWHULDO�FXOWXUH�ZDV�SODFHG�LQ�D�PLFURWXEH�FRQWDLQLQJ������/�RI�

7(6�VROXWLRQ������PRO�/���7ULV�EXIIHU�DW�S+ ���������PPRO�/���('7$������PRO�/���1D&O���7KHQ�

����/�RI�����6RGLXP�'RGHF\O�6XOIDWH��6'6��DQG�����/�RI�����J���O�SURWHLQDVH�.�ZHUH�DGGHG��

IROORZHG�E\�LQFXEDWLRQ�DW����&�IRU���KRXU��'1$�ZDV�H[WUDFWHG�ZLWK�RQH�YROXPH�RI�SKHQRO��

IROORZHG�E\�RQH�YROXPH�RI�FKORURIRUP��7KH�DTXHRXV�SKDVH�ZDV�SUHFLSLWDWHG�ZLWK�FROG������

HWKDQRO�DQG�FHQWULIXJHG�DW�������USP�IRU����PLQXWHV��7KH�VXSHUQDWDQW�ZDV�GLVFDUGHG��WKH�SHOOHW�

ZDV�ZDVKHG�ZLWK�FROG�����HWKDQRO�DQG�WKH�SHOOHW�ZDV�GULHG�DIWHU�HWKDQRO�HOLPLQDWLRQ��7KH�SHOOHW�

ZDV�GLVVROYHG�LQ�VWHULOH�0LOOL�4�ZDWHU�DQG�LQFXEDWHG�DW����&�IRU����PLQXWHV�DIWHU�DGGLWLRQ�RI�

�����/�RI�51$DVH��7KH�VROXWLRQ�ZDV�VWRUHG�DW�±����&�XQWLO�XVH���

2.6) M13-PCR 

7KH�3&5�PL[WXUH�FRQWDLQV����QJ��/�RI�'1$�WHPSODWH�������P0�G173V�PL[��(XURJHQWHF��

6HUDLQJ��%HOJLXP�����P0�0J&O���(XURJHQWHF������0�SULPHU�������YRO�YRO��GLPHWK\O�VXOIR[LGH��

����8��/�'1$�SRO\PHUDVH��(XURJHQWHF��DQG���[�UHG�GLDPRQG�EXIIHU��(XURJHQWHF���7KH�SULPHU�

30����¶�*$***7**&**&7&7��¶�ZDV�XVHG��7KH�WKHUPDO�F\FOLQJ�ZDV�FDUULHG�RXW�LQ�3&5�

�����WKHUPRF\FOHU��3HUNLQ�(OPHU���7KH�IROORZLQJ�F\FOLQJ�FRQGLWLRQV�ZHUH�XVHG����PLQXWHV�DW�

���&�����F\FOHV�RI���PLQXWH�DW����&����PLQXWH�DW����&�DQG���PLQXWHV�DW����&��IROORZHG�E\����

PLQXWHV� DW� ���&�� 3URGXFWV� IURP� WKH� 0���3&5� ZHUH� VHSDUDWHG� RQ� ����� DJDURVH� JHO� ZLWK�

PROHFXODU�PDUNHUV�� 7KH� JHOV� ZHUH� VWDLQHG� ZLWK� HWKLGLXP� EURPLGH� DQG� GLJLWDOL]HG� E\� D� JHO�

LPDJHU��7KH�PHWKRG�XVHG�ZDV�GHVFULEHG�EHIRUH��*XLQHEUHWLqUH�DQG�1JX\HQ�7KH���������7KH�

LPDJH�RI�����VWUDLQV�ZHUH�DQDO\VHG�DQG�JURXSHG�E\�VLPLODU�SDWWHUQV��



2.7) Genotyping using panC

7KH�panC�VHTXHQFH�RI����VHOHFWHG�B. cereus�VWUDLQV�UHSUHVHQWLQJ�0���JURXSV�DQG�RI�WKH�

ILYH� FROOHFWLRQ� VWUDLQV�ZDV�GHWHUPLQHG� DV� GHVFULEHG�SUHYLRXVO\� �&DQGHORQ� HW� DO��� ������ZLWK�

PRGLILFDWLRQV� LQ� WKHUPDO� F\FOLQJ� ���PLQXWHV� DW� ���&�� ��� F\FOHV� RI� ��� VHFRQGV� DW� ���&�� ���

VHFRQGV�DW����&�DQG����VHFRQGV�DW����&��IROORZHG�E\���PLQXWHV�DW����&���6HTXHQFHV�RI�panC

ZHUH� DVVLJQHG� WR� VHYHQ� �,�9,,�� SK\ORJHQHWLF� JURXSV� DV� SUHYLRXVO\� GHVFULEHG�

�KWWSV���ZZZ�WRROV�V\PSUHYLXV�RUJ�EFHUHXV�� �*XLQHEUHWLqUH�HW�DO����������$�SK\ORJHQHWLF� WUHH�

ZDV� EXLOW�ZLWK� 3K\ORJHQ\� �ZZZ�SK\ORJHQLF�IU��� 7KH�panC VHTXHQFHV� IURP��� UHSUHVHQWDWLYH�

VWUDLQV� RI� B. cereus EHORQJLQJ� WR� GLIIHUHQW� SK\ORJHQHWLF� JURXSV� ZHUH� LQFOXGHG� LQ� WKH�

SK\ORJHQHWLF�DQDO\VLV���

�

2.8) ces and cspA gene 

$FFRUGLQJ�WR�WKH�REVHUYHG�FKDUDFWHULVWLFV�RI�WKH�VWUDLQV�IURP�JURXSV�,,,�DQG�9,�LQ�SUHYLRXV�

VWXGLHV��*XLQHEUHWLqUH�HW�DO����������ces�DQG�cspA�ZHUH�3&5�DPSOLILHG�IURP�VWUDLQV�EHORQJLQJ�

WR� WKHVH� JURXSV�� UHVSHFWLYHO\�� 3&5� DPSOLILFDWLRQ� RI� ces� JHQH� ZDV� SHUIRUPHG� DV� GHVFULEHG�

SUHYLRXVO\� �(KOLQJ�6FKXO]� HW� DO��� ������� 3&5� DPSOLILFDWLRQ� RI� cspA� JHQH� ZDV� SHUIRUPHG�

IROORZLQJ�WKH�FRQGLWLRQV�GHVFULEHG�SUHYLRXVO\��)UDQFLV�HW�DO���������ZLWK�PLQRU�PRGLILFDWLRQV�

�*XLQHEUHWLqUH�HW�DO����������3RVLWLYH�DQG�QHJDWLYH�FRQWURO�VWUDLQV�ZHUH�XVHG�LQ�WKLV�H[SHULPHQW��

�

2.9) Statistical analysis 

7KH�UHVXOW�RI�SODWH�FRXQW�ZDV�ORJ�WUDQVIRUPHG�DQG�WKH�DYHUDJH�ZHUH�FDOFXODWHG��6LJQLILFDQW�

VWDWLVWLFDO�GLIIHUHQFHV��3���������LQ�WKH�DYHUDJH�OHYHOV�ZHUH�LGHQWLILHG�XVLQJ�DQDO\VLV�RI�YDULDQFH�

�$129$��XVLQJ�$VVLVWDW�YHUVLRQ������&DPSLQD�*UDQGH��%UD]LO���6LOYD�DQG�$]HYrGR���������

�

�



3) Results

3.1) Changes in spore counts along farm and industry processing of cocoa  

�3URFHVVLQJ�VWHSV��L�H��D�IHZ�GD\�IHUPHQWDWLRQ�IROORZHG�E\�VXQ�GU\LQJ��DUH�TXLWH�VLPLODU�

LQ�ERWK�IDUPV���DQG����,QLWLDO�FRQWDPLQDWLRQV�ZLWK�0$6�LQ�)DUPV���DQG���ZHUH�DOVR�TXLWH�VLPLODU�

�DERXW�����ORJ�&)8�J���+RZHYHU��FKDQJHV�LQ�SRSXODWLRQV�GXULQJ�WKH�IHUPHQWDWLRQ�DQG�GU\LQJ�

SURFHVVHV� H[KLELWHG� GLIIHUHQW� SDWWHUQV� LQ� WKH� WZR� IDUPV�� 7KH� LQFUHDVH� GXULQJ� D� ��GD\�

IHUPHQWDWLRQ�ZDV�ORZHU�WKDQ�RQH�ORJ�FIX�J�LQ�IDUP���DQG�ZDV�DERXW�����ORJ�FIX�J�LQ�IDUP����DQG�

KLJKHU�WKDQ���ORJ�FIX�J�LQ�IDUP���GXULQJ�D���GD\�IHUPHQWDWLRQ��7UDQVLWLRQ�EHWZHHQ�IHUPHQWDWLRQ�

DQG�VXQ�GU\LQJ�UHVXOWHG�LQ�D�UHGXFWLRQ�E\�DSSUR[����ORJ��DQG�WKHQ�FRXQWV�UHPDLQHG�UHODWLYHO\�

FRQVWDQW��7KHUH� LV�ZDWHU� ORVV�GXULQJ�GU\LQJ�� WKLV�SUDFWLFDOO\�PHDQV� WKDW� WKH�QXPEHU�RI�VSRUH�

IRUPLQJ� EDFWHULD� PD\� GHFUHDVH� GXULQJ� GU\LQJ� RSHUDWLRQV�� )LQDOO\�� WKH� GLIIHUHQFHV� LQ�

FRQWDPLQDWLRQ�ZLWK�PHVRSKLOLF�VSRUH�IRUPLQJ�EDFWHULD�RI�GULHG�EHDQV�ZHUH�LQ�D�IDFWRU��������

���ORJ�FIX�J�LQ�EHDQV�IURP�IDUP���YV���ORJ�FIX�J�LQ�EHDQV�IURP�IDUP�����3RSXODWLRQV�RI�VSRUHV�

RI�Bacillus cereus�DQG�RI�WKHUPRSKLOLF�PHVRSKLOLF�DHURELF�EDFWHULD�ZHUH��DV�WKH�RQHV�RI�VSRUHV�

RI�PHVRSKLOLF�DHURELF�EDFWHULD�DW�OHYHOV�KLJKHU�LQ�)DUP���WKDQ�LQ�)DUP����6KDUS�LQFUHDVHV�LQ�B.

cereus� JURXS� VSRUH� FRXQWV� RI� 7$6� FRXQWV� ZHUH� REVHUYHG�� RQO\� LQ� )DUP�� DQG� GXULQJ�

IHUPHQWDWLRQ��7KH�SRSXODWLRQ�RI�0$Q6� UHPDLQV� UHODWLYHO\�FRQVWDQW�GXULQJ� IHUPHQWDWLRQ�DQG�

GU\LQJ�LQ�IDUP��������031�VSRUHV�J��DQG�IDUP��������031�VSRUHV�J����

7KH� SRSXODWLRQV� RI� DHURELF� VSRUH� IRUPLQJ� EDFWHULD� LQ� FRFRD� EHDQV� HQWHULQJ� LQGXVWULDO�

SURFHVVLQJ�ZHUH�FRPSULVHG�EHWZHHQ���DQG���ORJ�&)8�J��)LJ������3RSXODWLRQV�RI�B. cereus�JURXS�

ZHUH�KLJKO\�YDULDEOH�DPRQJ�VDPSOHV�DQG�ZHUH�DERXW�����ORJ�&)8�J�LQ�VRPH�DW�WKH�EHJLQQLQJ��

EXW�DIWHU�DONDOL]DWLRQ�RU�URDVWLQJ�WKH�OHYHOV�ZHUH�JHQHUDO�VLJQLILFDQWO\�UHGXFHG��3���������LQ�VRPH�

FDVHV�� $IWHU� DONDOL]DWLRQ� WKH� SRSXODWLRQV� RI� 0$6� DQG� B. cereus JURXS� ZHUH� VLJQLILFDQWO\�

UHGXFHG� �3� �� ������ ����� ORJ� FIX�J� DQG� �� ORJ� FIX�J� UHVSHFWLYHO\�� LQ� LQGXVWULDO� OLQH� ����$IWHU�

URDVWLQJ��WKH�SRSXODWLRQ�RI�B. cereus JURXS�GHFUHDVHV�PRUH�WKDQ���ORJ�FIX�J�LQ�LQGXVWULDO�OLQH����



�3����������DQG�IRU�0$6�SRSXODWLRQ�WKH�UHGXFWLRQ�ZDV�RI���ORJ�FIX�J�LQ�LQGXVWULDO�OLQH�����3���

�������7KH�SRSXODWLRQ�RI�0$Q6�YDULHG�IURP�!�����031�VSRUHV�J�WR�EHOORZ�WKH�OLPLW�RI�GHWHFWLRQ�

LQ� ,QGXVWULDO� /LQH� ��� IURP� !� ���� WR� ��� 031� VSRUHV�J� LQ� ,QGXVWULDO� /LQH� �� DQG� ��� 7KH�

FRQWDPLQDWLRQ�RI�VSRUH�IRUPLQJ�EDFWHULD�FDQ�UHDFK�FRFRD�SRZGHU��,Q�,QGXVWULDO�/LQH����URDVWLQJ�

SURFHVV�DSSHDUHG�WR�EH�PRVW�HIIHFWLYH�LQ�LQDFWLYDWLQJ�0$6�DQG�7$6�VSRUHV��,Q�WKLV�LQGXVWULDO�

OLQH��URDVWLQJ�SURFHVV�RFFXUV�DIWHU�WKH�DONDOL]DWLRQ�SURFHVV��

'XULQJ� WKH� SUH�SURFHVVLQJ� DQG� LQGXVWULDO� SURFHVVLQJ�� S+� DQG� aw� RI� VDPSOHV� YDULHG�

EHWZHHQ�����DQG�����DQG������DQG�������UHVSHFWLYHO\��'XULQJ�IHUPHQWDWLRQ�S+�LQFUHDVH�IURP�����

WR������$IWHU�DONDOL]DWLRQ�SURFHVV�S+�LQFUHDVHV�WR������DQG�GHFUHDVH�WR�����LQ�VXEVHTXHQW�VWHSV���

'XULQJ�GU\LQJ�aw�GHFUHDVHV�IURP������WR�������'XULQJ�LQGXVWULDO�SURFHVVLQJ�aw�UHPDLQV�DOPRVW�

FRQVWDQW��DQG�VKRZV�D�GHFUHDVH�DIWHU�SXOYHULVLQJ��IURP������WR�������LQ�,QGXVWULDO�/LQH���



�

)LJ�����&KDQJHV�LQ�VSRUH�FRXQWV�GXULQJ�WKH�FRFRD�EHDQV�SUH�SURFHVVLQJ�DW�WZR�%UD]LOLDQ�IDUPV��)DUP����,��DQG�)DUP����,,���7KH�EDUV�FRUUHVSRQG�

WR�WKH�HVWLPDWHG�DYHUDJH�OHYHOV��ORJ�VSRUHV�J��RI�D��0$6��E��B. cereus JURXS��F��7$6��7KH�DEVHQFH�RI�EDUV�LQGLFDWHV�OHYHOV�EHORZ�WKH�GHWHFWLRQ�OLPLW�

RI�WKH�PHWKRG����ORJ�VSRUH�J���)��)���IHUPHQWDWLRQ�GD\V��'��'���GU\LQJ�GD\V���



�

�

)LJ�����&KDQJHV�LQ�VSRUH�FRXQWV�GXULQJ�PDQXIDFWXULQJ�RI�FRFRD�SRZGHU�IURP�FRFRD�EHDQV�RQ�WKUHH�SURFHVVLQJ�FKDLQV�DW�WZR�%UD]LOLDQ�FRFRD�

FRPSDQLHV��,QGXVWULDO�/LQH����,���,QGXVWULDO�/LQH����,,���,QGXVWULDO�/LQH����,,,���7KH�EDUV�FRUUHVSRQG�WR�WKH�HVWLPDWHG�DYHUDJH�OHYHOV��ORJ�VSRUHV�J��RI�

D��0$6��E��B. cereus JURXS��F��7$6��7KH�DEVHQFH�RI�EDUV�LQGLFDWHV�OHYHOV�EHORZ�WKH�GHWHFWLRQ�OLPLW�RI�WKH�PHWKRG����ORJ�VSRUH�J���&%��FRFRD�EHDQV��

&��DIWHU�FOHDQLQJ��1��QLEV��0��PDVV��5��DIWHU�URDVWLQJ��5����DIWHU����PLQXWHV�RI�URDVWLQJ��5����DIWHU����PLQXWHV�RI�URDVWLQJ��$��DIWHU�DONDOL]DWLRQ��$���

DIWHU�DONDOL]DWLRQ��������&���PLQ���$���DIWHU�DONDOL]DWLRQ��������&���PLQ���5H��DIWHU�UHILQLQJ��&D��DIWHU�SUHVVLQJ��&3��FRFRD�SRZGHU��



3.2) Genetic diversity of B. cereus isolates  

([DPSOHV� RI� ILQJHUSULQWV� IRU� B. cereus VWUDLQV� JHQHUDWHG� XVLQJ� 0���3&5� DUH�

GHPRQVWUDWHG�LQ�)LJ�����)LQJHUSULQW�ZHUH�REWDLQHG�IRU�DOO�VWUDLQV��$�WRWDO�RI����JURXSV��0���

JURXSV�� ZHUH� IRXQG� E\� YLVXDO� FRPSDULVRQ� RI� VLPLODULW\� LQ� '1$�DPSOLILHG� IUDJPHQWV� RQ�

HOHFWURSKRUHVLV� JHOV� �7DEOH� �� DQG� ���� 7KH� YLVXDO� FRPSDULVRQ� RQ� HOHFWURSKRUHVLV� JHOV� ZDV�

SHUIRUPHG�VHSDUDWHO\�IRU�HDFK�IDUP�DQG�LQGXVWU\��6WUDLQV�EHORQJLQJ�RI�0���JURXSV������������

DQG����ZHUH�UHFRYHUHG�IURP�FRFRD�SRZGHU�DQG�IURP�DQRWKHU�VWHS�RI�WKH�SURFHVV��7DEOH�������

�

)LJ�����([DPSOH�RI�0���3&5�SDWWHUQV�IRU�B. cereus�VWUDLQV��6WUDLQV�IURP�/LQH�����$��DQG�

)DUP�����%���6LPLODULW\�SDWWHUQ�D�������IURP�FRFRD�EHDQV���DQG������IURP�QLEV���E�����������DQG�

�����IURP�FRFRD�EHDQV��������IURP�QLEV���DQG������IURP�FRFRD�SRZGHU���F�����������DQG�����

����GD\�RI�IHUPHQWDWLRQ���G�����$�DQG����%�����GD\�RI�IHUPHQWDWLRQ���



7DEOH����'LVWULEXWLRQ�RI�B. cereus VWUDLQV�IURP�LQ�IDUP�SURFHVVLQJ�DFFRUGLQJ�WR�0���JURXS��RULJLQ�DQG�JHQRW\SLF�FKDUDFWHUL]DWLRQ��

0���JURXS� 1��RI�
6WUDLQV�
LQ�JURXS�

6WUDLQ�RULJLQ� 5HSUHVHQWDWLYH�
VWUDLQV�

3K\ORJHQHWLF�
JURXS�

ces JHQH� cspA�JHQH�

� � )HUPHQWDWLRQ�GD\V 'U\LQJ�GD\V
� � ��� �� �� �� �� �� �� ��� ��
�� � )�� � � � Q��� ,,, QHJDWLYH
�� � � � � � Q��� ,9
�� � � � � � Q��� ,9
�� � � � �� � Q���$ ,,, QHJDWLYH
�� � � �� � � Q��� ,9
�� � � � � � Q��� ,9
�� � � � � � Q��� ,9
�� � � � �� � Q��� ,9
�� � � �� � Q��� 9
��� � � � � � Q��� ,,, QHJDWLYH
��� � � � � � Q��� ,,, QHJDWLYH
��� � � � �� � Q��� ,,, QHJDWLYH
��� � � � � � Q��� ,,, QHJDWLYH
��� � )�� �� � � Q��� ,9
��� � � � � � � Q��� ,9
��� � � � � � � Q��� ,9
��� � � � � � � Q��� ,9
��� � � � � � � Q��� ,9
��� � � �� � Q��� ,,
��� � � � � �� � Q��� ,,
��� � � � � � � Q��� 9
��� � � � � � �� � Q��� 9
��� � � � � � Q��� ,9
��� � � � � � Q��� ,9
��� � � � � � Q��� ,9
��� � � � �� � Q��� ,9
��� � � �� � Q��� ,9
��� � � � � � Q��� ,9
��� � � � � � Q��� 9, SRVLWLYH�
��� � � � � Q��� ,9

�

�



7DEOH����'LVWULEXWLRQ�RI�B. cereus VWUDLQV�IURP�LQ�IDUP�SURFHVVLQJ�DFFRUGLQJ�WR�0���JURXS��RULJLQ�DQG�JHQRW\SLF�FKDUDFWHUL]DWLRQ��FRQW����

0���JURXS� 1��RI�
VWUDLQV�

6WUDLQ�RULJLQ� 5HSUHVHQWDWLYH�
VWUDLQV

3K\ORJHQHWLF�
JURXS

ces JHQH� cspA�JHQH�

� � )HUPHQWDWLRQ�GD\V 'U\LQJ�GD\V
� � ��� �� �� �� �� �� �� ��� ��
��� � � � �� � Q��� ,9
��� � � � � � Q��� ,,
��� � � � � � Q��� ,9
��� � � � � � Q��� 9, QHJDWLYH�
7RWDO�Q���
RI�JURXSV

���)���
���)���

� ��)���
��)���

��)���
��)��

��)���
��)��

��)���
��)��

��)���
��)��

��)���
��)��

��)���
��)��

��)���
��)���

��)���
��)��

� � � �

7RWDO�Q���
RI�VWUDLQV

���)���
���)���

� ��)���
��)���

��)���
��)��

��)���
��)��

��)���
��)��

��)���
��)��

��)���
��)��

��)���
��)��

��)���
��)���

��)���
��)��

� � � �

:KHUH�)���IDUP����)���IDUP���� �



7DEOH����'LVWULEXWLRQ�RI�B. cereus VWUDLQV�IURP�LQGXVWULDO�SURFHVVLQJ�DFFRUGLQJ�WR�0���JURXS��RULJLQ�DQG�JHQRW\SLF�FKDUDFWHUL]DWLRQ��
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7DEOH����6WUDLQV�RI�B. cereus SHUVLVWHQW�GXULQJ�FRFRD�SRZGHU�SURGXFWLRQ�FKDLQ�

,QGXVWULDO�OLQH� *URXS� 6WUDLQ FRGH 2ULJLQ
�� ��� ���� $IWHU�UHILQLQJ
� � ���� &RFRD�SRZGHU
�� ��� ���� &RFRD�EHDQV
� � ���� &RFRD�EHDQV
� � ���� 1LEV
� � ���� 1LEV
� � ���� &RFRD�SRZGHU
�� ��� ���� $IWHU�SUHVVLQJ
� � ���� &RFRD�SRZGHU
� ��� ���� $IWHU�URDVWLQJ
� � ���� &RFRD�SRZGHU

�

$VVLJQPHQW�RI�B. cereus�VWUDLQV�WR�SK\ORJHQHWLF�JURXSV�VWUDLQV�EHORQJHG�ZDV�GHWHUPLQHG�

E\� FRPSDULQJ� pan&� VHTXHQFHV� WR� WKRVH� GHSRVLWHG� LQ� GDWDEDVH� DYDLODEOH� DW�

KWWSV���ZZZ�WRROV�V\PSUHYLXV�RUJ�EFHUHXV��7KH�PRVW� IUHTXHQW�SK\ORJHQHWLF�JURXS�DPRQJ�DOO�

VWUDLQV�ZDV�JUXSR�,9��ZLWK�D�SUHYDOHQFH�RI������IROORZHG�E\�JURXS�,,,��������JURXSV�,,�DQG�9�

�ERWK�ZLWK�����DQG�JURXS�9,�������,Q�IDUP���������RI�VWUDLQV�EHORQJ�WR�JURXS�,9��DQG�����

EHORQJ�WR�JURXS�,,,��,Q�IDUP�����WKH�IUHTXHQF\�RI�JURXSV�,9��9��9,�DQG�,,�ZDV������������������

DQG��������UHVSHFWLYHO\��,Q�LQGXVWULDO�OLQH���������RI�VWUDLQV�EHORQJ�WR�JURXS�,9��DQG�����RI�

VWUDLQV�EHORQJ�WR�JURXS�,,,��,Q�LQGXVWULDO�OLQH���������RI�VWUDLQV�EHORQJ�WR�JURXS�,9��,Q�LQGXVWULDO�

OLQH� ,,,�� ���� DQG� ��� RI� VWUDLQV� EHORQJ� WR� JURXS� ,9� DQG� ,,,�� UHVSHFWLYHO\�� 1R� VWUDLQ� IURP�

SK\ORJHQHWLF�JURXS�,,,�ZHUH�SRVLWLYH�IRU�ces JHQH��2QO\�RQH�VWUDLQ�IURP��Q�����SK\ORJHQHWLF�

JURXS�9,�ZDV�WHVWHG�SRVLWLYH�IRU�SUHVHQFH�RI�cspA��

)LJ����SUHVHQWV�D�SK\ORJHQHWLF�WUHH�EDVHG�RQ�pan&�VHTXHQFHV�RI�B. cereus VWUDLQV��+LJK�

SHUFHQWDJH�RI�VLPLODULWLHV�ZLWK�UHIHUHQFH�VWUDLQV�EHORQJLQJ�WR�SK\ORJHQHWLF�JURXSV�,,��,,,��,9��9�

DQG�9,�ZDV�REVHUYHG�IRU�WKH�PDMRULW\�RI�VWUDLQV��6WUDLQV�Q����DQG�Q����IURP�JURXS�,,,�VKRZV�

KLJKHU�SHUFHQWDJH�RI�VLPLODULWLHV�ZLWK�UHIHUHQFH�VWUDLQ�IURP�SK\ORJHQHWLF�JURXS�,,���



�

)LJ�����3K\ORJHQHWLF� WUHH�RI�VWUDLQV�EDVHG�RQ�pan&�VHTXHQFHV��6HTXHQFHV�IURP�UHIHUHQFH�

VWUDLQV�EHORQJLQJ�WR�GLIIHUHQW�SK\ORJHQHWLF�JURXSV�ZHUH�DOVR�XVHG��

�



4) Discussion

'XULQJ�WKH�SURFHVVLQJ�LQ�WKH�IDUPV�D�ODUJH�FRQWDPLQDWLRQ�E\�D�YDULHW\�RI�PLFURRUJDQLVPV�

RFFXUV�� 7KH� FRQWDFW� ZLWK� VRLO�� ZRUNHUV� KDQG�� UH�XVHG� HTXLSPHQW� DUH� JUHDW� VRXUFHV� RI�

FRQWDPLQDWLRQ��%HVLGHV�WKH�PLFURELRWD�UHVSRQVLEOH�IRU�WKH�QDWXUDO�IHUPHQWDWLRQ�RI�FRFRD��WKHUH�

LV�DOVR�FRQWDPLQDWLRQ�E\�RWKHU�W\SHV�RI�PLFURRUJDQLVPV��VXFK�DV�VSRUH�IRUPLQJ�EDFWHULD��6RPH�

VWXGLHV��$UGKDQD�DQG�)OHHW��������1LHOVHQ�HW�DO���������2VWRYDU�DQG�.HHQH\��������2XDWWDUD�HW�

DO��� ������������6FKZDQ�HW� DO��� ������ UHSRUW� WKH� LQFLGHQFH�RI� VSRUH� IRUPLQJ�EDFWHULD�GXULQJ�

FRFRD�IHUPHQWDWLRQ��3RSXODWLRQV�RI�VSRUHV�GXULQJ�FRFRD�IHUPHQWDWLRQ�QRUPDOO\�GLG�QRW�SUHVHQW�

VLJQLILFDQW�LQFUHDVH�RI�GHFUHDVH��UHPDLQLQJ�DOPRVW�FRQVWDQW��EHWZHHQ�����ORJ�FIX�J��2XDWWDUD�HW�

DO����������0$6�SRSXODWLRQ�RI�IDUP���LV�ORZ��������ORJ�FIX�J��LQ�WKH�ILUVW�GD\V�RI�IHUPHQWDWLRQ��

7KH�VHHGV�DUH�FRQVLGHUHG�VWHULOH�DIWHU�RSHQLQJ�WKH�IUXLW��VR�WKH�FRQWDPLQDWLRQ�RFFXUV�DIWHU�WKLV�

DQG�LQFUHDVHV�DIWHU�IHZ�GD\V�RI�IHUPHQWDWLRQ��ZKHQ�WKHUH�LV�DHUDWLRQ�RI�WKH�VHHGV���

,Q� LQGXVWULDO� SURFHVVLQJ�� VWHSV� VXFK� DV� URDVWLQJ� DQG� DONDOL]DWLRQ� FDQ� UHGXFH�PLFURELDO�

OHYHOV�E\�KLJK�WHPSHUDWXUH�DSSOLHG��'XULQJ�DONDOL]DWLRQ�WHPSHUDWXUHV�RI��������&�DUH�DSSOLHG�

DQG�DONDOLQH�DJHQW��������LV�DGGHG��%LVSR���������'XULQJ�URDVWLQJ�WHPSHUDWXUH����������&��

DQG� WLPH� �������PLQXWHV�� FDQ� YDU\� �%HFNHWW�� �������$� UHGXFWLRQ� EHWZHHQ� ���� ORJ��� LQ� WRWDO�

FRXQWV� DIWHU� URDVWLQJ� DW� ����&����PLQ�ZDV� UHSRUWHG� �%DUULOH� HW� DO��� ������� 7RWDO� VSRUH� DQG�

WKHUPRUHVLVWDQW� VSRUH� OHYHOV�ZHUH� VLJQLILFDQWO\� UHGXFHG�DIWHU� DONDOL]LQJ�RI�QLEV� �/LPD�HW� DO���

������ LQ�DQ� LQGXVWULDO� OLQH�IURP�1HWKHUODQGV�� ,Q� WKLV�VDPH�VWXG\��D� UHGXFWLRQ�RI�VSRUHV�DIWHU�

URDVWLQJ�ZDV�REVHUYHG�WRR��6WXGLHV��3LD�HW�DO���������XQSXEOLVKHG�GDWD��VLPXODWHG�URDVWLQJ�DQG�

DONDOL]DWLRQ�LQ�ODERUDWRU\�DQG�UHSRUW�WKDW�GHSHQGLQJ�RQ�WKH�FRQGLWLRQV�DSSOLHG�LQ�WKH�LQGXVWULHV��

VSRUH�UHGXFWLRQ�PD\�QRW�EH�HIILFLHQW��,Q�WKLV�ZD\��VSRUH�IRUPLQJ�EDFWHULD�FDQ�SHUVLVW�DORQJ�WKH�

SURFHVVLQJ�FKDLQ�DQG�UHDFK�WKH�ILQDO�SURGXFW�DW�ORZ�OHYHOV��

'XULQJ�FRFRD�SRZGHU�SURFHVVLQJ�WKH�aw�GHFUHDVHG�WR������LQ�WKH�ILQDO�SURGXFW��/RZ�aw�

PD\�LQFUHDVHV�WKH�WKHUPDO�UHVLVWDQFH�RI�VSRUHV��ZKLFK�PD\�H[SODLQ�WKH�VSRUH�VXUYLYDO�GXULQJ�



SURFHVVLQJ��DV�LW�LV�IRXQG�LQ�FRFRD�SRZGHU��*DLOODUG�HW�DO����������7KH�PRVW�HIIHFWLYH�LQDFWLYDWLRQ�

RI�URDVWLQJ�SURFHVV�LQ�WKH�0$6�DQG�7$6�VSRUHV�LQ�,QGXVWULDO�/LQH���PD\�KDYH�RFFXUUHG�EHFDXVH�

DIWHU� DONDOL]DWLRQ� WKH�S+� LQFUHDVHG� WR������ ,Q� WKLV�S+� UDQJH� WKH� WKHUPDO� UHVLVWDQFH�RI� VSRUHV�

GHFUHDVHV��DQG�WKLV�DSSHDUV�WR�EH�GXH�WR�UHPRYDO�RI�VROXEOH�FRDW�SURWHLQV�GDPDJLQJ�WKH�O\VLV�

V\VWHP��ZKLFK�LV�QHFHVVDU\�IRU�JHUPLQDWLRQ��'XQFDQ�HW�DO����������

0���3&5� WHFKQLTXH� SURYLGHG� GLVFULPLQDWLRQ� WR� GHWHUPLQDWH� B. cereus� JURXS�

FRQWDPLQDWLRQ�DORQJ�FRFRD�SRZGHU�SURFHVVLQJ�FKDLQ��%\�WKLV�WHFKQLTXH�ZDV�SRVVLEOH�WR�VHH�WKDW�

B. cereus FRQWDPLQDWLRQ�LQ�FRFRD�SRZGHU�FDQ�FRPHV�IURP�FRFRD�EHDQV�DQG�WKH�SURFHVVLQJ�VWHSV��

7KH� SK\ORJHQHWLF� JURXS� ,9� ZDV� WKH� PRVW� IUHTXHQW�� FRPSRVLQJ� ���� RI� VWUDLQV�� *URXS� ,9�

FRPSULVHV�PHVRSKLOLF�VWUDLQV�ZLWK�UDQJH�RI�JURZWK�DW�������&��*XLQHEUHWLqUH�HW�DO����������7KLV�

WHPSHUDWXUH�UDQJH�FRUUHVSRQGV�WR�WKH�WHPSHUDWXUH�UDQJH�RI�D�WURSLFDO�FRXQWU\��VXFK�DV�%UD]LO��

6WUDLQV�IURP�*URXS�,,,�ZHUH�UHSRUWHG��*XLQHEUHWLqUH�HW�DO���������FDUU\LQJ�ces JHQH�UHVSRQVLEOH�

IRU�WKH�V\QWKHVLV�RI�FHUHXOLGH�WR[LQ��ZKLFK�OHDGV�WR�HPHWLF�V\QGURPH��+RZHYHU��QR�VWUDLQV�LQ�

WKLV�VWXG\�SUHVHQW�WKH�SUHVHQFH�RI�WKLV�WR[LQ�JHQH��6WUDLQV�IURP�*URXS�9,�ZHUH�UHSRUWHG�FDUU\LQJ�

cspA� JHQH� FKDUDFWHULVWLF� RI� SV\FKRWURSKLF� VWUDLQV� �)UDQFLV� HW� DO��� ������*XLQHEUHWLqUH� HW� DO���

�������-XVW�RQH�VWUDLQ�SUHVHQWV�WKH�SUHVHQFH�RI�WKLV�JHQH��

,Q�WKLV�VWXG\��ZH�FRQFOXGHG�WKDW�VSRUH�IRUPLQJ�EDFWHULD�FRQWDPLQDWH�FRFRD�VHHGV�GXULQJ�

SURFHVVLQJ�LQ�IDUPV�DQG�PD\�SHUVLVW�LQ�WKH�LQGXVWULDO�SURFHVV��$OWKRXJK�VSRUH�IRUPLQJ�EDFWHULD�

OHYHOV�LQ�FRFRD�SRZGHU�DUH�UHODWLYHO\�ORZ��WKHVH�VSRUHV�FDQ�JHUPLQDWH�LQ�SURGXFWV�SURGXFHG�ZLWK�

WKLV�UDZ�PDWHULDO��OHDGLQJ�WR�SUREOHPV�IRU�WKH�LQGXVWU\��$Q�DOWHUQDWLYH�WR�LPSURYH�WKLV�FRQFHUQ�

ZRXOG�EH�WR�DSSO\�FOHDQLQJ�PHDVXUHV�GXULQJ�WKH�IHUPHQWDWLRQ�DQG�GU\LQJ�VWDJHV��ZLWK�WKH�DLP�

WR�UHGXFH�WKH�OHYHO�RI�FRQWDPLQDWLRQ���

�



Acknowledgments

$�3�0�� 3HUHLUD� DQG� $�6�� 6DQW¶$QD� DUH� WKDQNIXO� WR� WKH� VXSSRUW� RI� &RRUGHQDomR� GH�

$SHUIHLoRDPHQWR�GH�3HVVRDO�GH�1tYHO�6XSHULRU��7KH�DXKRUV�DUH�DOVR�WKDQNIXO�WR�WR�6WpSKDQLH�

2ULRO�IRU�VNLOIXO�WHFKQLFDO�DVVLVWDQFH�LQ�Bacillus cereus�JHQRW\SLQJ�DQG�WR�&13T�IRU�WKH�VXSSRUW�

RI�)��&DUOLQ��*UDQW��&13T������������������

�

References 

$GROIR�/XW]�,QVWLWXWH��������'HWHUPLQDomR�HOHWURPpWULFD�GR�S+��LQ��0pWRGRV�)tVLFR�4XtPLFRV�

3DUD�$QiOLVH�GH�$OLPHQWRV��,QVWLWXWR�$GROIR�/XW]��6mR�3DXOR��S�������

$UGKDQD��0���)OHHW��*���������7KH�PLFURELDO�HFRORJ\�RI�FRFRD�EHDQ�IHUPHQWDWLRQV�LQ�

,QGRQHVLD��,QW��-��)RRG�0LFURELRO��������±����GRL���������6���������������������

%DUULOH��-���2VWRYDU��.���.HHQH\��3���������0LFURIORUD�RI�FRFRD�EHDQV�EHIRUH�DQG�DIWHU�URDVWLQJ�

DW�����&��-��0LON�)RRG�7HFKQRO���������±�����

%HFNHWW��6���������7KH�VFLHQFH�RI�FKRFRODWH���QG�HG��5R\DO�6RFLHW\�RI�&KHPLVWU\�3DSHUEDNV��

&DPEULGJH��

%HOVFDN��$���.RPHV��'���+RU]LF��'���.RYDFHYLF�*DQLF��.���.DUORYLF��'���������&RPSDUDWLYH�

VWXG\�RI�FRPPHUFLDOO\�DYDLODEOH�FRFRD�SURGXFWV�LQ�WHUPV�RI�WKHLU�ELRDFWLYH�FRPSRVLWLRQ��

)RRG�5HV��,QW���������±�����

%HQQHWW��5�:���7DOOHQW��6�0���+DLW��-�0���������Bacillus cereus�DQG�Bacillus cereus�7R[LQV��

LQ��&RPSHQGLXP�RI�0HWKRGV�IRU�WKH�0LFURELRORJLFDO�([DPLQDWLRQ�RI�)RRGV��$PHULFDQ�

3XEOLF�+HDOWK�$VVRFLDWLRQ��:DVKLQJWRQ��'�&��SS�����±�����

%LVSR��(���������3URFHVVR�GH�$OFDOLQL]DomR�GRV�³1,%6´�GH�FDFDX��7KHREURPD�FDFDR�/��H�

DYDOLDomR�GD�TXDOLGDGH�GR�Sy��8QLYHUVLGDGH�(VWDGXDO�GH�&DPSLQDV��

%LVSR��6���)HUUHLUD��9���6DQWDQD��/���<RWVX\DQDJL��.���������3HUILO�VHQVRULDO�GH�Sy�GH�FDFDX�

�7KHREURPD�FDFDR�/���DOFDOLQL]DGR��&LrQFLD�H�7HFQRO��$OLPHQW���������±�����



&DQGHORQ��%���*XLOORX[��.���(KUOLFK��6���6RURNLQ��$���������7ZR�GLVWLQFW�W\SHV�RI�U51$�

RSHURQV�LQ�WKH�%DFLOOXV�FHUHXV�JURXS��0LFURELRORJ\������

&RSHWWL��0��9��,DPDQDND��%�7���)ULVYDG��-�&���3HUHLUD��-�/���7DQLZDNL��0�+���������0\FRELRWD�

RI�FRFRD��IURP�IDUP�WR�FKRFRODWH��)RRG�0LFURELRO����������±������

GRL���������M�IP�������������

'XQFDQ��&���5HLFK��5���/DEEH��5���������*HUPLQDWLRQ�RI�KHDW��DQG�DONDOL�DOWHUHG�VSRUHV�RI�

&ORVWULGLXP�SHUIULQJHQV�W\SH�DOWHUHG�E\�O\VR]\PH�DQG�DQ�LQLWLDWLRQ�SURWHLQ��-��%DFWHULRO��

������±�����

(KOLQJ�6FKXO]��0���)ULFNHU��0���6FKHUHU��6���������,GHQWLILFDWLRQ�RI�HPHWLF�WR[LQ�SURGXFLQJ�

%DFLOOXV�FHUHXV�VWUDLQV�E\�D�QRYHO�PROHFXODU�DVVD\��)(06�0LFURELRO��/HWW����������±����

GRL���������6���������������������

)DQJ��7�1���7LX��&���:X��;���'RQJ��6���������5KHRORJLFDO�EHKDYLRXU�RI�FRFRD�GLVSHUVLRQV��-��

7H[WXUH�6WXG���������±�����

)UDQFLV��.���0D\U��5���YRQ�6WHWWHQ��)���6WHZDUW��*���6FKHUHU��6���������'LVFULPLQDWLRQ�RI�

SV\FKURWURSKLF�DQG�PHVRSKLOLF�VWUDLQV�RI�WKH�%DFLOOXV�FHUHXV�JURXS�E\�3&5�WDUJHWLQJ�RI�

PDMRU�FROG�VKRFN�SURWHLQ�JHQHV��$SSO��(QYLURQ��0LFURELRO������

*DELV��'���/DQJORLV��%���5XGQLFN��$���������0LFURELRORJLFDO�H[DPLQDWLRQ�RI�FRFRD�SRZGHU��

$SSO��0LFURELRO���������±�����

*DLOODUG��6���/HJXHULQHO��,���0DIDUW��3���������0RGHO�IRU�FRPELQHG�HIIHFWV�RI�WHPSHUDWXUH��S+�

DQG�ZDWHU�DFWLYLW\�RQ�WKHUPDO�LQDFWLYDWLRQ�RI�%DFLOOXV�FHUHXV�VSRUHV��-��)RRG�6FL������

*XLQHEUHWLqUH��0���1JX\HQ�7KH��&���������6RXUFHV�RI�%DFLOOXV�FHUHXV�FRQWDPLQDWLRQ�LQ�D�

SDVWHXUL]HG�]XFFKLQL�SXUpH�SURFHVVLQJ�OLQH��GLIIHUHQWLDWHG�E\�WZR�3&5�EDVHG�PHWKRGV��

)(06�0LFURELRO��(FRO������

*XLQHEUHWLqUH��0���7KRPSVRQ��)���6RURNLQ��$���1RUPDQG��3���'DZ\QGW��3���(KOLQJ�6FKXO]��0���

6YHQVVRQ��%���6DQFKLV��9���1JX\HQ�7KH��&���+H\QGULFN[��0���9RV��3��'H��������



(FRORJLFDO�GLYHUVLILFDWLRQ�LQ�WKH�%DFLOOXV�FHUHXV�*URXS��(QYLURQ��0LFURELRO���������±

�����

*XLQHEUHWLqUH��0���9HOJH��3���&RXYHUW��2���&DUOLQ��)���'HEX\VHU��0��/���1JX\HQ�WKH��&���������

$ELOLW\�RI�%DFLOOXV�FHUHXV�*URXS�6WUDLQV�7R�&DXVH�)RRG�3RLVRQLQJ�9DULHV�$FFRUGLQJ�WR�

3K\ORJHQHWLF�$IILOLDWLRQ��*URXSV�,�WR�9,,��5DWKHU�WKDQ�6SHFLHV�$IILOLDWLRQ��-��&OLQ��

0LFURELRO����������±������

,&06)��������,QWHUQDWLRQDO�&RPPLVVLRQ�RQ�0LFURELRORJLFDO�6SHFLILFDWLRQV�IRU�)RRGV��LQ��

&RFRD��&KRFRODWH�DQG�&RQIHFWLRQHU\��,Q��0LFURRUJDQLVPV�LQ�)RRGV����8VH�RI�'DWD�IRU�

$VVHVVLQJ�3URFHVV�&RQWURO�DQG�3URGXFW�$FFHSWDQFH��SS�����±�����

/L��<���=KX��6���)HQJ��<���;X��)���0D��-���=KRQJ��)���������,QIOXHQFH�RI�DONDOL]DWLRQ�WUHDWPHQW�

RQ�WKH�FRORU�TXDOLW\�DQG�WKH�WRWDO�SKHQROLF�DQG�DQWKRF\DQLQ�FRQWHQWV�LQ�FRFRD�SRZGHU��

)RRG�6FL��%LRWHFKQRO�������±���

/LPD��/�-�5���$OPHLGD��0�+���1RXW��0�-�5���=ZLHWHULQJ��0�+�������D��7KHREURPD�FDFDR�/���

³7KH�)RRG�RI�WKH�*RGV´��4XDOLW\�GHWHUPLQDQWV�RI�FRPPHUFLDO�FRFRD�EHDQV��ZLWK�

SDUWLFXODU�UHIHUHQFH�WR�WKH�LPSDFW�RI�IHUPHQWDWLRQ��&ULW��5HY��)RRG�6FL��1XWU���������±

�����GRL���������������������������

/LPD��/�-�5���.DPSKXLV��+�-���1RXW��0�-�5���=ZLHWHULQJ��0�+�������E��0LFURELRWD�RI�FRFRD�

SRZGHU�ZLWK�SDUWLFXODU�UHIHUHQFH�WR�DHURELF�WKHUPRUHVLVWDQW�VSRUH�IRUPHUV��)RRG�

0LFURELRO���������±�����GRL���������M�IP�������������

/LPD��/�-�5���9HOSHQ��9��YDQ�GHU��:RONHUV�5RRLMDFNHUV��-���.DPSKXLV��+�-���=ZLHWHULQJ��0�+���

1RXW��0�-�5���������0LFURELRWD�G\QDPLFV�DQG�GLYHUVLW\�DW�GLIIHUHQW�VWDJHV�RI�LQGXVWULDO�

FRFRD�EHDQV�LQWR�FRFRD�SRZGHU��$SSO��(QYLURQ��0LFURELRO����������±������

GRL���������$(0����������

0LQLILH��%���������&KRFRODWH��FRFRD�DQG�FRQIHFWLRQDU\��VFLHQFH�DQG�WHFKQRORJ\��&KDSPDQ�	�

+DOO��



1DVFLPHQWR��0��GD�6��GR��6LOYD��1���6LOYD��,�)��GD��6LOYD��-��GH�&��GD��0DUTXHV��e�5���6DQWRV��

$�5�%���������(QWHURSDWKRJHQV�LQ�FRFRD�SUH�SURFHVVLQJ��)RRG�&RQWURO��������±�����

GRL���������M�IRRGFRQW�������������

1DVFLPHQWR��0���3HQD��3���%UXP��'���,PD]DNL��)���7XFFL��0���(IUDLP��3���������%HKDYLRU�RI�

6DOPRQHOOD�GXULQJ�IHUPHQWDWLRQ��GU\LQJ�DQG�VWRUDJH�RI�FRFRD�EHDQV��,QW��-��)RRG�

0LFURELRO����������±�����GRL���������M�LMIRRGPLFUR�������������

1LHOVHQ��'�6���7HQLROD��2�'���%DQ�.RIIL��/���2ZXVX��0���$QGHUVVRQ��7�6���+RO]DSIHO��:�+���

������7KH�PLFURELRORJ\�RI�*KDQDLDQ�FRFRD�IHUPHQWDWLRQV�DQDO\VHG�XVLQJ�FXOWXUH�

GHSHQGHQW�DQG�FXOWXUH�LQGHSHQGHQW�PHWKRGV��,QW��-��)RRG�0LFURELRO����������±�����

GRL���������M�LMIRRGPLFUR�������������

2OVRQ��.���6RUUHOOV��.���������7KHUPRSKLOLF�IODW�VRXU�VSRUHIRUPHUV��LQ��'RZQHV��)�3���,WR��.��

�(GV����&RPSHQGLXP�RI�0HWKRGV�IRU�WKH�0LFURELRORJLFDO�([DPLQDWLRQ�RI�)RRGV��

$PHULFDQ�3XEOLF�+HDOWK�$VVRFLDWLRQ��:DVKLQJWRQ��'�&���SS�����±�����

2UDF]��-���1HEHVQ\��(���������,QIOXHQFH�RI�URDVWLQJ�FRQGLWLRQV�RQ�WKH�ELRJHQLF�DPLQHV�FRQWHQW�

LQ�FRFRD�EHDQV�RI�GLIIHUHQW�7KHREURPD�FDFDR�FXOWLYDUV��)RRG�5HV��,QW�������±����

GRL���������M�IRRGUHV�������������

2VWRYDU��.���.HHQH\��3�*���������,VRODWLRQ�DQG�FKDUDFWHUL]DWLRQ�RI�PLFURRUJDQLVPV�LQYROYHG�

LQ�WKH�IHUPHQWDWLRQ�RI�7ULQLGDG¶V�FDFDR�EHDQV��'LY��)RRG�6FL��,QG���������±�����

2XDWWDUD��+�*���.RIIL��%�/���.DURX��*�7���6DQJDUp��$���1LDPNH��6�/���'LRSRK��-�.���������

,PSOLFDWLRQ�RI�%DFLOOXV�VS��LQ�WKH�SURGXFWLRQ�RI�SHFWLQRO\WLF�HQ]\PHV�GXULQJ�FRFRD�

IHUPHQWDWLRQ��:RUOG�-��0LFURELRO��%LRWHFKQRO����������±������GRL���������V����������

�������

2XDWWDUD��+�*���5HYHUFKRQ��6���1LDPNH��6�/���1DVVHU��:���������0ROHFXODU�LGHQWLILFDWLRQ�DQG�

SHFWDWH�O\DVH�SURGXFWLRQ�E\�%DFLOOXV�VWUDLQV�LQYROYHG�LQ�FRFRD�IHUPHQWDWLRQ��)RRG�

0LFURELRO�������±���GRL���������M�IP�������������



3HUHLUD��$�3�0���6DQW¶$QD��$�6���������'LYHUVLW\�DQG�IDWH�RI�VSRUH�IRUPLQJ�EDFWHULD�LQ�FRFRD�

SRZGHU��PLON�SRZGHU��VWDUFK�DQG�VXJDU�GXULQJ�SURFHVVLQJ��$�UHYLHZ��7UHQGV�)RRG�6FL��

7HFKQRO���������±�����

3LD��$�.�5���3HUHLUD��$�3�0���&RVWD��5�$���$OYDUHQJD��9�2���&DUOLQ��)���$QD��$�6�6���������7KH�

IDWH�RI�%DFLOOXV�FHUHXV�DQG�*HREDFLOOXV�VWHDURWKHUPRSKLOXV�GXULQJ�DONDOL]DWLRQ�RI�FRFRD�

DV�DIIHFWHG�E\�DONDOL�FRQFHQWUDWLRQ�DQG�XVH�RI�SUH�URDVWHG�QLEV��)RRG�0LFURELRO�������±

�����GRL���������M�IP�������������

6FKZDQ��5�)���9DQHWWL��0�&�'���6LOYD��'�2���/RSH]��$���0RUDHV��&�$��GH��������

&KDUDFWHUL]DWLRQ�DQG�GLVWULEXWLRQ�RI�DHURELF��VSRUH�IRUPLQJ�EDFWHULD�IURP�FDFDR�

IHUPHQWDWLRQV�LQ�%DKLD��-��)RRG�6FL����������±������

6LOYD��)�$�6���$]HYrGR��&�$����������9HUVmR�GR�SURJUDPD�FRPSXWDFLRQDO�$VVLVWDW�SDUD�R�

VLVWHPD�RSHUDFLRQDO�ZLQGRZV��5HY��%UDV��3URG��$JURLQG~VWULDLV������±����

6WHYHQVRQ��.�(���/HPENH��)�:���������0HVRSKLOLF�DHURELF�HQGRVSRGH�IRUPLQJ�EDFLOOL��LQ��

'RZQHV��)�3���,WR��.���(GV����&RPSHQGLXP�RI�0HWKRGV�IRU�WKH�0LFURELRORJLFDO�

([DPLQDWLRQ�RI�)RRGV��$PHULFDQ�3XEOLF�+HDOWK�$VVRFLDWLRQ��:DVKLQJWRQ��'�&���SS�����±

�����

7KRPSVRQ��6�6���0LOOHU��.�%���/RSH]��$�6���&DPX��1���������&RFRD�DQG�FRIIHH��LQ��)RRG�

0LFURELRORJ\��)XQGDPHQWDOV�DQG�)URQWLHUV��SS�����±�����

7RUWRUHOOL��6���$QGHUVRQ��-���������0HVRSKLOLF�DQDHURELV�VSRUHIRUPHUV��LQ��&RPSHQGLXP�RI�

0HWKRGV�IRU�WKH�0LFURELRORJLFDO�([DPLQDWLRQ�RI�)RRGV��

9HQWHU��0�-���6FKRXWHQ��1���+LQN��5���.XLSHUV��1�-�0���+DDQ��$���������([SUHVVLRQ�RI�FRFRD�

EXWWHU�IURP�FRFRD�QLEV��6HS��3XULI��7HFKQRO���������±�����

GRL���������M�VHSSXU�������������

:LWWKXKQ��0���/�FNLQJ��*���$WDPHU��=���(KOLQJ�6FKXO]��0���+LQULFKV��-���������7KHUPDO�

UHVLVWDQFH�RI�DHURELF�VSRUH�IRUPHUV�LVRODWHG�IURP�IRRG�SURGXFWV��,QW��-��'DLU\�7HFKQRO��



�������±�����GRL���������M����������������������[�

:RRG��*���������)URP�KDUYHVW�WR�VWRUH��LQ��:RRG��*���/DVV��5���(GV����&RFRD��/RQJPDQ�

6FLHQWLILF�DQG�7HFKQLFDO��1HZ�<RUN��SS�����±�����

� �



SUPPLEMENTARY MATERIAL 

7DEOH�6���6WUDLQV�XVHG�LQ�WKLV�VWXG\��

Q���� &RFRD�EHDQV ,/�
Q���� &RFRD�EHDQV ,/�
Q���� &RFRD�EHDQV ,/�
Q���� $IWHU�FOHDQLQJ ,/�
Q���� $IWHU�FOHDQLQJ ,/�
Q���� $IWHU�FOHDQLQJ ,/�
Q���� $IWHU�URDVWLQJ ,/�
Q���� $IWHU�URDVWLQJ ,/�
Q���� &RFRD�PDVV ,/�
Q���� $IWHU�UHILQLQJ ,/�
Q���� &RFRD�SRZGHU ,/�
Q���� &RFRD�SRZGHU ,/�
Q���� &RFRD�EHDQV ,/�
Q���� &RFRD�EHDQV ,/�
Q���� &RFRD�EHDQV ,/�
Q���� 1LEV ,/�
Q���� 1LEV ,/�
Q���� 1LEV ,/�
Q���� 1LEV ,/�
Q���� &RFRD�SRZGHU ,/�
Q���� &RFRD�SRZGHU ,/�
Q���� &RFRD�EHDQV ,/�
Q���� &RFRD�EHDQV ,/�
Q���� &RFRD�EHDQV ,/�
Q���� &RFRD�EHDQV ,/�
Q���� 1LEV ,/�
Q���� 1LEV ,/�
Q���� 1LEV ,/�
Q���� $IWHU�DONDOL]DWLRQ ,/�
Q���� $IWHU�DONDOL]DWLRQ ,/�
Q���� $IWHU�DONDOL]DWLRQ ,/�
Q���� $IWHU����PLQXWHV�RI�URDVWLQJ ,/�
Q���� $IWHU����PLQXWHV�RI�URDVWLQJ ,/�
Q���� $IWHU����PLQXWHV�RI�URDVWLQJ ,/�
Q���� $IWHU����PLQXWHV�RI�URDVWLQJ ,/�
Q���� $IWHU����PLQXWHV�RI�URDVWLQJ ,/�
Q���� $IWHU����PLQXWHV�RI�URDVWLQJ ,/�
Q���� &RFRD�PDVV ,/�
Q���� &RFRD�PDVV ,/�
Q���� &RFRD�PDVV ,/�
Q���� $IWHU�UHILQLQJ ,/�
Q���� $IWHU�UHILQLQJ ,/�
Q���� $IWHU�UHILQLQJ ,/�
Q���� $IWHU�SUHVVLQJ ,/�
Q���� $IWHU�SUHVVLQJ ,/�



Q���� &RFRD�SRZGHU ,/�
Q���� &RFRD�SRZGHU ,/�
Q���� &RFRD�SRZGHU ,/�
Q���� &RFRD�SRZGHU ,/�
Q���� $IWHU���GD\�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\V�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\V�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\V�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\V�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\�RI�GU\LQJ )�
Q���� $IWHU���GD\�RI�GU\LQJ )�
Q���� $IWHU���GD\�RI�GU\LQJ )�
Q���� $IWHU���GD\�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���$� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���$� $IWHU���GD\V�RI�GU\LQJ )�
Q���%� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� 7LPH�� )�
Q���� $IWHU���GD\�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\V�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\V�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\V�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\V�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\V�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\V�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\V�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\V�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\V�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\V�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\V�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\V�RI�IHUPHQWDWLRQ )�
Q���� $IWHU���GD\�RI�GU\LQJ )�
Q���� $IWHU���GD\�RI�GU\LQJ )�
Q���� $IWHU���GD\�RI�GU\LQJ )�
Q���� $IWHU���GD\�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�



Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
Q���� $IWHU���GD\V�RI�GU\LQJ )�
��� :KLWH�FKRFRODWH &&*%���),2&58=E�
��� :KLWH�FKRFRODWH &&*%���),2&58=E�
���� &KRFRODWH�IRUWLILHG�ZLWK�

YLWDPLQV
&&*%���),2&58=E�

���� &KRFRODWH�IRUWLILHG�ZLWK�
YLWDPLQV

&&*%���),2&58=E�

��� %RLVVRQ�DX�FKRFRODW &&*%���),2&58=E�
%�� 0LON &&*%���),2&58=E��

D,QGXVWULDO�/LQH�����,/���,QGXVWULDO�/LQH�����,/���,QGXVWULDO�/LQH�����,/����)DUP�����)����)DUP����
)���
E&XOWXUH�FROOHFWLRQ�RI�Bacillus�DQG�FRUUHODWHG�JHQHUD��),2&58=���2VZDOGR�&UX]�)RXQGDWLRQ��
%UD]LO�



Bacillus cereus Geobacillus stearothermophilus
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Fate of Bacillus cereus and Geobacillus stearothermophilus spores during 
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Abstract

6SRUH�IRUPLQJ�EDFWHULD�VXFK�DV�B. cereus�DQG�G. stearothermophilus�SOD\�DQ�LPSRUWDQW�UROH�DV�

SDWKRJHQ�DQG�VSRLODJH�RUJDQLVPV�RI�SURFHVVHG�IRRGV��UHVSHFWLYHO\��7KH�DLP�RI�WKLV�VWXG\�ZDV�

WR�LQYHVWLJDWH�WKH�IDWH�RI�B. cereus�DQG�G. stearothermophilus�VSRUHV�GXULQJ�IHUPHQWDWLRQ�RI�

FRFRD� EHDQV�� 6SRUHV� VXVSHQVLRQV� RI� ILYH� VWUDLQV� ZHUH� XVHG� IRU� HDFK� PLFURRUJDQLVP�� 7KH�

IHUPHQWDWLRQ�SURFHVV�ZDV�SHUIRUPHG�XVLQJ�FRFRD�SRGV��Theobroma cacao�/���LQ�D�SLORW�VFDOH����

NJ�EHDQV�ER[��IRU���GD\V��,Q�D�GDLO\�EDVLV��D�GLIIHUHQW�IHUPHQWDWLRQ�ER[�ZDV�LQRFXODWHG�ZLWK���

ORJ�&)8�J�RI�VSRUHV��'XULQJ�IHUPHQWDWLRQ��VDPSOHV�ZHUH�FROOHFWHG�IRU�PLFURELRORJLFDO��ZDWHU�

DFWLYLW\�DQG�S+�GHWHUPLQDWLRQV��&RQVXPSWLRQ�RI�FDUERK\GUDWHV��DQG�HWKDQRO��RUJDQLF�DFLGV�DQG�

YRODWLOH� FRPSRXQGV� SURGXFWLRQ� ZHUH� DOVR� GHWHUPLQHG�� 7KH� FRXQWV� RI� B. cereus� DQG� G. 

stearothermophilus�UHPDLQHG�VWDEOH�GXULQJ�WKH�ZKROH�SHULRG�RI�IHUPHQWDWLRQ��H[FHSW�LQ�WKH�ODVW�

WZR� GD\V� RI� WKH� SURFHVV�� LQ� ZKLFK� LQFUHDVH� �LQ� JHQHUDO�� DSSUR[LPDWHO\� ����� ORJ� &)8�J�� LQ�

SRSXODWLRQV�ZHUH�REVHUYHG��7KLV�PLJKW�EH�UHODWHG�WR�WKH�LQFUHDVH�RI�S+�IURP������WR������GXULQJ�

IHUPHQWDWLRQ��ZKLOH�ZDWHU�DFWLYLW\�UHPDLQHG�KLJK����������7KH�PRVW�FRQFHQWUDWHG�DFLG�REVHUYHG�

ZDV� VXFFLQLF�DFLG�RQ� WKH��WK�GD\�RI� IHUPHQWDWLRQ�DQG����YRODWLOH� FRPSRXQGV�ZHUH�GHWHFWHG�

WKURXJKRXW� WKH� IHUPHQWDWLRQ��7KHUH�ZDV�QR� VLJQLILFDQW� GHFUHDVH�RU� LQDFWLYDWLRQ�RI� WKH� VSRUH�

SRSXODWLRQ�GXULQJ�IHUPHQWDWLRQ��EXW�VSRUHV�SUHVHQW�DW�WKH�HQG�FDQ�VXUYLYH�LQGXVWULDO�SURFHVVLQJ��

�FRFRD��IHUPHQWDWLRQ��VSRUH�IRUPLQJ�EDFWHULD��B. cereus��G. stearothermophilus 



1) Introduction

Theobroma cacao�LV�D�WUHH�RULJLQDWHG�IURP�6RXWK�$PHULFD�DQG�FXUUHQWO\�JURZQ�LQ�DOPRVW�

HYHU\� WURSLFDO� DUHD� RI� WKH� JOREH�� &RFRD� VHHGV� �EHDQV�� PD\� EH� XVHG� DV� UDZ� PDWHULDO� WR�

PDQXIDFWXUH�VHYHUDO�SURGXFWV�ZLWK�D�ZLGH�YDULHW\�RI�DSSOLFDWLRQV� LQ�IRRG�LQGXVWULHV��VXFK�DV�

FRFRD�SRZGHU��FRFRD�EXWWHU�DQG�FKRFRODWH��

7KH�FRFRD�SURFHVVLQJ�FKDLQ�FDQ�EH�GLYLGHG�LQ�WZR�PDLQ�VHFWLRQV��i.e.��SUH�SURFHVVLQJ�DQG�

LQGXVWULDO�SURFHVVHV��$PRQJ�SRVWKDUYHVW�VWHSV�� WKH�IHUPHQWDWLRQ�RI�FRFRD�EHDQV� LV�NQRZQ�DV�

KLJKO\� UHOHYDQW� IRU� JHQHUDWLRQ� RI� FRPSRXQGV� WKDW� UHVXOW� LQ� KHDOWK� EHQHILWV� WR� KXPDQV��

$GGLWLRQDOO\�� WKH� IHUPHQWDWLRQ�RI�FRFRD� LV�RI�SDUDPRXQW� LPSRUWDQFH� IRU� WKH�GHYHORSPHQW�RI�

IODYRU�FRPSRXQGV��.RQJRU�HW�DO���������DQG�WKH�PLFURELDO�VXFFHVVLRQ�SOD\V�D�UROH�LQ�WKLV�SURFHVV�

��0RUHLUD�HW�DO���������3HUHLUD�HW�DO����������&RFRD�LV�FRQVLGHUHG�VWHULOH�XQWLO�WKH�RSHQLQJ�RI�WKH�

IUXLW��$IWHU�EUHDNLQJ�WKH�VKHOO��WKH�VHHGV�DUH�FRQWDPLQDWHG�ZLWK�D�ZLGH�YDULHW\�RI�PLFURRUJDQLVPV�

IURP�WKH�HQYLURQPHQW�DQG�IURP�WKH�VNLQ��6RPH�RI�WKHVH�PLFURRUJDQLVPV�DUH�UHVSRQVLEOH�IRU�WKH�

QDWXUDO�IHUPHQWDWLRQ�RI�FRFRD��$UGKDQD�DQG�)OHHW��������*DUFLD�$UPLVHQ�HW�DO���������-HVSHUVHQ�

HW�DO���������3DSDOH[DQGUDWRX�HW�DO���������6FKZDQ�DQG�:KHDOV���������)HUPHQWDWLRQ�WDNHV�SODFH�

RQ�IDUPV�DIWHU�KDUYHVW�ULJKW�DIWHU�WKH�IUXLW�LV�EURNHQ��7KH�IUXLWV�DUH�EURNHQ�ZLWK�WKH�DLG�RI�NQLYHV��

LQ�ZKLFK� WKH�VHHGV�DUH�UHPRYHG�E\�KDQG�DQG�SODFHG�LQ�ZRRGHQ�ER[HV�RU�EDVNHWV� WR�IHUPHQW�

GXULQJ�������GD\V��,Q�WKH�ILUVW�VWHS�RI�IHUPHQWDWLRQ��DV�WKH�FRFRD�SXOS�LV�ULFK�LQ�VXJDUV��WKH�\HDVWV�

SUHGRPLQDWH�DQG�SURGXFH�HWKDQRO�DQG�SHFWLQRO\WLF�HQ]\PHV��7KH�JURZWK�RI�ODFWLF�DFLG�EDFWHULD�

LV�IDYRUHG�DQG�ODFWLF�DFLG�LV�SURGXFHG��$FHWLF�EDFWHULD�DOVR�JURZ�LQ�WKH�VXEVWUDWH��UHVXOWLQJ�LQ�

WKH� LQFUHDVH� RI� WHPSHUDWXUH� LQ� WKH� ZRRGHQ� ER[HV�� 6XEVHTXHQWO\�� VSRUH� IRUPLQJ� EDFWHULD�

SUHGRPLQDWH�UDLVLQJ�WKH�S+��DQG�ILQDOO\�ILODPHQWRXV�IXQJL�GHYHORS�RQ�WKH�VXUIDFH��6FKZDQ�DQG�

:KHDOV�� ������� $W� WKLV� ODWH� VWDJH� RI� IHUPHQWDWLRQ�� WKH� SXOS� LV� OLTXHILHG�� VHHGV� ORVH� WKHLU�

JHUPLQDWLRQ�SRZHU�DQG�ELRFKHPLFDO�UHDFWLRQV�UHVSRQVLEOH�IRU�WKH�GHYHORSPHQW�RI�FKDUDFWHULVWLF�

IODYRU�SUHFXUVRUV�RI�FRFRD�SURGXFWV�RFFXU��$IRDNZD�HW�DO���������3DSDOH[DQGUDWRX�HW�DO���������



6FKZDQ� DQG� :KHDOV�� ������� $IWHUZDUGV�� WKH� VHHGV� DUH� GULHG� DQG� SUHSDUHG� IRU� � LQGXVWULDO�

SURFHVVLQJ�� ZKLFK� ZLOO� IDYRU� EHFDXVH� RI� KDUVK� FRQGLWLRQV� WKH� VXUYLYDO� RI� PRUH� UHVLVWDQW�

PLFURRUJDQLVPV��VXFK�DV�VSRUH�IRUPLQJ�EDFWHULD��%DUULOH�HW�DO���������/LPD�HW�DO����������*LYHQ�

WKHLU�UHVLVWDQFH��VHYHUDO�VWXGLHV�UHSRUW�WKDW�WKH�FRFRD�SRZGHU�LV�D�PDMRU�VRXUFH�RI�VSRUH�IRUPLQJ�

EDFWHULD��VXFK�DV�Bacillus�VSS��DQG�Geobacillus�VSS���*DELV�HW�DO���������/LPD�HW�DO���������������

/�FNLQJ�HW�DO���������:LWWKXKQ�HW�DO����������

7KH�FRQFHUQ�RYHU�WKH�SUHVHQFH�RI�VSRUH�IRUPLQJ�EDFWHULD�LQ�FRFRD�SURGXFWV�XVHG�DV�UDZ�

PDWHULDOV�LQ�IRRG�LQGXVWULHV�UHOLHV�RQ�WKH�IDFW�WKDW�WKHVH�PLFURRUJDQLVPV�PLJKW�QHJDWLYHO\�DIIHFW�

WKH�TXDOLW\�DQG�VDIHW\�RI�SURFHVVHG�IRRGV��3HUHLUD�DQG�6DQW¶$QD���������$PRQJ�VSRUH�IRUPLQJ�

EDFWHULD�� Bacillus cereus� DQG� Geobacillus stearothermophilus� GHVHUYH� VSHFLDO� DWWHQWLRQ� DV�

UHSRUWV�LQGLFDWH�WKHLU�LVRODWLRQ�GXULQJ�IHUPHQWDWLRQ�RI�FRFRD�EHDQV��$UGKDQD�DQG�)OHHW��������

1LHOVHQ�HW�DO���������2VWRYDU�DQG�.HHQH\��������2XDWWDUD�HW�DO���������6FKZDQ�DQG�:KHDOV��

������DQG�IURP�FRFRD�SRZGHU�VDPSOHV��*DELV�HW�DO���������/LPD�HW�DO����������������:KHUHDV�

B. cereus�LV�DQ�DHURELF�VSRUH�IRUPLQJ�EDFWHULXP�NQRZQ�WR�FDXVH�HPHWLF�DQG�GLDUUKHDO�V\QGURPHV�

�%HHFKHU�DQG�:RQJ��������*UDQXP��������/XQG�DQG�*UDQXP���������G. stearothermophilus�LV�

KLJKO\� WKHUPDO� UHVLVWDQW� EDFWHULXP� NQRZQ� WR� FDXVH� IODW� VRXU� VSRLODJH� RI� ORZ�DFLG� SURGXFWV�

�)HHKHUU\�HW�DO���������0D]DV�HW�DO���������3HULDJR�HW�DO����������&RQVHTXHQWO\��WKH�VLJQLILFDQFH�

RI�B. cereus�DQG�G. stearothermophilus�IRU�WKH�VDIHW\�DQG�PLFURELRORJLFDO�VWDELOLW\�RI�SURGXFWV�

IRUPXODWHG� ZLWK� FRFRD� SRZGHU�� SDUWLFXODUO\� WKRVH� VXEMHFWHG� WR� KHDW� WUHDWPHQWV�� VXFK� DV�

FKRFRODWH�PLON�LV�QRWLFHDEOH���

,W�LV�NQRZQ�WKDW�GXULQJ�WKH�IHUPHQWDWLRQ�RI�FRFRD�EHDQV��WKHUH�DUH�VKLIWV�LQ�WHPSHUDWXUH��

ZDWHU�DFWLYLW\�DQG�S+��DFLGLW\���ZKLFK�FHUWDLQO\�DIIHFW�WKH�PLFURELDO�HFRORJ\�RI�WKH�IHUPHQWHG�

FRFRD�EHDQV��)XUWKHUPRUH��PLFURELRORJLFDO�FRQWDPLQDWLRQ�FDQ�WDNH�SODFH�DW�GLIIHUHQW�SHULRGV�

GXULQJ�WKH�IHUPHQWDWLRQ�VWHS��'HSHQGLQJ�RQ�WKH�PRPHQW�DW�ZKLFK�FRQWDPLQDWLRQ�RFFXUV��LW�PD\�

EH� PRUH� FULWLFDO� WR� WKH� PLFURELRORJLFDO� VDIHW\� DQG�RU� WR� WKH� TXDOLW\� RI� WKH� ILQDO� SURGXFW�



�1DVFLPHQWR�HW�DO����������'HVSLWH�WKLV��WR�WKH�EHVW�RI�DXWKRU
V�NQRZOHGJH��WKHUH�LV�QR�UHSRUW�RQ�

WKH�IDWH�RI�B. cereus�DQG�G. stearothermophilus�VSRUHV�DV�LQIOXHQFHG�E\�IHUPHQWDWLRQ�VWHS�RI�

FRFRD�EHDQV�DQG�GHSHQGHQW�XSRQ� WKH�PRPHQW� WKH�FRQWDPLQDWLRQ� WDNHV�SODFH��7KHUHIRUH�� WKH�

FXUUHQW�VWXG\�ZDV�XQGHUWDNHQ�WR�DVVHVV�WKH�IDWH�RI�B. cereus�DQG�G. stearothermophilus�VSRUHV�

GXULQJ�FRFRD�IHUPHQWDWLRQ�DV�LQIOXHQFHG�E\�WKH�PRPHQW�WKH�FRQWDPLQDWLRQ�RFFXUV��

�

2) Material and Methods 

2.1) Strains of B. cereus and G. stearothermophilus 

B. cereus �Q ���DQG�RI�G. stearothermophilus��Q ���ZHUH�XVHG�LQ�WKLV�VWXG\.�7KH�VWUDLQV�

RI�B. cereus ZHUH�LVRODWHG�IURP�FRFRD�EDVHG�SURGXFWV��&&*%�),2&58=��³&XOWXUH�FROOHFWLRQ�

RI� %DFLOOXV� DQG� FRUUHODWHG� JHQHUD´� �� 2VZDOGR� &UX]� )RXQGDWLRQ�� %UD]LO�� ���� DQG� &&*%�

),2&58=�����IURP�ZKLWH�FKRFRODWH��&&*%�),2&58=�����DQG�&&*%�),2&58=�����IURP�

FKRFRODWH�IRUWLILHG�ZLWK�YLWDPLQV��&&*%�),2&58=�����IURP�PL[WXUH�IRU�FKRFRODWH�GULQN��7KH�

VWUDLQV�RI�G. stearothermophilus�EHORQJHG�WR�GLIIHUHQW�FXOWXUH�FROOHFWLRQV��&&*%�),2&58=�

�����&&*%�),2&58=������&&*%�),2&58=������,$/��$GROIR�/XW]�,QVWLWXWH�������������

DQG�$7&&���$PHULFDQ�7\SH�&XOWXUH�&ROOHFWLRQ�������

�

2.2) Preparation of B. cereus and G. stearothermophilus spore suspensions  

(DFK�VWUDLQ�RI�B. cereus DQG�G. stearothermophilus�ZDV�JURZQ�RYHUQLJKW�VHSDUDWHO\�LQ�

1XWULHQW�%URWK��.DVYL��&XULWLED��%UD]LO��VXSSOHPHQWHG�ZLWK���PJ�/�RI�PDQJDQHVH�VXOIDWH��1%�

0Q���LQFXEDWHG�DW����&�DQG����&�IRU�B. cereus�DQG�G. stearothermophilus��UHVSHFWLYHO\����P/�

RI� EURWK� ZDV� LQRFXODWHG� LQ� 5RX[� ERWWOHV� ���� SHU� VWUDLQ�� FRQWDLQLQJ� 1XWULHQW� $JDU� �.DVYL��

&XULWLED��%UD]LO��DGGHG�RI���PJ�/�RI�PDQJDQHVH�VXOIDWH� �1$�0Q���3HxD�HW�DO���������3IOXJ��

�������7KHQ��WKH�5RX[�ERWWOHV�LQRFXODWHG�ZLWK�B. cereus DQG�G. stearothermophilus�ZHUH�IXUWKHU�

LQFXEDWHG� DW� ���&� DQG����&�� UHVSHFWLYHO\��7KH� VSRUXODWLRQ�SURFHVV�ZDV� IROORZHG�RQ� D�GDLO\�



EDVLV��2QFH�!�����RI�WKH�VOLGHV�ZHUH�FRYHUHG�E\�VSRUHV��FRQILUPHG�ZLWK�RSWLFDO�PLFURVFRSH�

XQGHU�D������;�PDJQLILFDWLRQ�WKURXJK�WKH�VWDLQLQJ�ZLWK�PDODFKLWH�JUHHQ��6SLQHOOL�HW�DO����������

WKH�VXUIDFH�RI�1$�0Q�ZDV�ZDVKHG�ZLWK�VWHULOH�GLVWLOOHG�ZDWHU�DQG�UXEEHG�ZLWK�D�JODVV�URG��7KH�

VXVSHQVLRQV�ZHUH�FHQWULIXJHG�>�����î�J�GXULQJ����PLQXWHV�DW���&@�DQG�ZDVKHG�WKUHH�WLPHV�ZLWK�

VWHULOH�GLVWLOOHG�ZDWHU��2WHL]D�HW�DO���������3HxD�HW�DO���������6SLQHOOL�HW�DO����������7KH�SHOOHWV�RI�

HDFK�VWUDLQ�ZHUH�UHVXVSHQGHG�LQ�VWHULOH�GLVWLOOHG�ZDWHU�DLPLQJ�WR�DGMXVW�WKH�ILQDO�FRQFHQWUDWLRQ�

RI�VSRUHV�WR������VSRUHV�P/��IROORZLQJ�VWRUDJH�DW�����&�XQWLO�XVH��

�

2.3) Preparation and inoculation of cocoa seeds 

&RFRD� IUXLWV�ZHUH� SXUFKDVHG� IURP�D� FHQWUDO� VXSSO\� ORFDWHG� LQ�&DPSLQDV�� VWDWH� RI� 6mR�

3DXOR��%UD]LO��7KH�IUXLWV�ZHUH�WUDQVSRUWHG�WR�WKH�ODE�DQG�PDQXDOO\�RSHQHG��3RUWLRQV�RI���NJ�RI�

FRFRD�VHHGV�ZHUH�REWDLQHG�DQG�SODFHG�LQVLGH�SRO\VW\UHQH�ER[HV�FRYHUHG�ZLWK�OHDYHV�RI�EDQDQD�

WUHHV�� 7KH� ER[HV� FRQWDLQHG� KROHV� DW� WKH� ERWWRP� WR� DOORZ� DHUDWLRQ� DQG� GUDLQLQJ� RI� OLTXLGV�

�1DVFLPHQWR�HW�DO�����������

�

2.4) Inoculation of cocoa seeds and simulation of cocoa fermentation process 

B. cereus DQG�G. stearothermophilus VSRUH�FRXQWV�LQ�FRFRD�VHHGV�XVHG�IRU�H[SHULPHQWV�

ZHUH�EHOORZ�RI�GHWHFWLRQ�OLPLW��7KXV�LW�ZDV�FRQVLGHUHG�WKDW�WKH�ZKROH�VSRUH�SRSXODWLRQ�SUHVHQW�

WKURXJKRXW�WKH�H[SHULPHQW�FDPH�IURP�WKH�LQRFXODWLRQ�SHUIRUPHG�DW�WKH�ODERUDWRU\��

%HIRUH�WKH�LQRFXODWLRQ��D�FRFNWDLO�ZLWK�HTXDO�FRQFHQWUDWLRQV�RI�HDFK�VWUDLQ������VSRUHV�P/��

DQG�HDFK�VSHFLH�ZDV�SUHSDUHG��7KHQ�� WKH�FRFRD�VHHGV�SODFHG�ZLWKLQ�SRO\VW\UHQH�ER[HV�ZHUH�

LQRFXODWHG�ZLWK�D�YROXPH�RI� WKH�FRFNWDLO� WR�REWDLQ�D�FRQFHQWUDWLRQ�RI�����VSRUHV�SHU�J��7KLV�

LQRFXODWLRQ�ZDV�GRQH�WKURXJK�WKH�DVVLVWDQFH�RI�D�GXO\�FOHDQ�VSUD\HU��SUHYLRXVO\�GLVLQIHFWHG�ZLWK�

����PJ�/�FKORULQH�VROXWLRQ�IRU����PLQ���WKDW�ZDV�XVHG�WR�VSUHDG�RYHU�D�WRWDO�RI���NJ�RI�FRFRD�



VHHGV� LQ� D� VWHULOH� WUD\�� ,QRFXODWHG� VHHGV� ZHUH� VWLUUHG� IRU� �� PLQ� ZLWK� D� VWHULOH� VSDWXOD� IRU�

KRPRJHQL]DWLRQ���7KH�QRQ�LQRFXODWHG�ER[HV��&��DQG�&���ZHUH�XVHG�DV�FRQWURO����

6HHGV�ZHUH� IHUPHQWHG� IRU���GD\V�DW� WHPSHUDWXUH�RI�������&�DQG�KXPLGLW\�RI���������

)URP�IHUPHQWDWLRQ�GD\V���WR���FRFRD�VHHGV�ZHUH�GDLO\�DHUDWHG�E\�WUDQVIHU�RQWR�D�VWHULOH�WUD\��

VWLUULQJ�ZLWK�D�VWHULOH�VSDWXOD�IRU�DSSUR[�����PLQ�EHIRUH�UHSODFHPHQW�LQ�WKH�IHUPHQWDWLRQ�ER[��

([SHULPHQWDO�WHFKQLTXHV�DQG�FRQGLWLRQV�RI�FRFRD�VHHG�SUHSDUDWLRQ�DQG�IHUPHQWDWLRQ��RSHQLQJ�

WHFKQLTXH��IHUPHQWDWLRQ�GXUDWLRQ��WHPSHUDWXUH��KXPLGLW\�DQG�DHUDWLRQ��ZHUH�LQ�DFFRUGDQFH�ZLWK�

SUDFWLFHV�RI�%UD]LOLDQ�FRFRD�IDUPV��%HJ�HW�DO���������6FKZDQ�DQG�:KHDOV��������6XD]R�HW�DO���

�������

B. cereus DQG�G. stearothermophilus�VSRUHV�ZHUH�GDLO\�LQRFXODWHG�LQ�RQH�GLIIHUHQW�ER[��$�

WRWDO�RI���ER[HV�ZHUH�LQRFXODWHG�IRU�HDFK�PLFURRUJDQLVP��7KH�ER[HV�ZHUH�LGHQWLILHG�DV�%����IRU�

ER[HV� LQRFXODWHG� ZLWK� B. cereus VSRUHV�� DQG� *���� IRU� ER[HV� LQRFXODWHG� ZLWK� G.

stearothermophilus VSRUHV��)URP�WKH�EHJLQQLQJ��W���WR�WKH�HQG��W���RI�WKH�IHUPHQWDWLRQ�VDPSOHV�

IURP� WKH� VXUIDFH�� PLGGOH� DQG� ERWWRP� RI� WKH� IHUPHQWDWLRQ� ER[HV� ZHUH� GDLO\� FROOHFWHG� IRU�

PLFURELRORJLFDO�DQDO\VHV��FKHPLFDO�DQDO\VHV��FRQWHQWV� LQ�RUJDQLF�DFLGV��HWKDQRO��DQG�YRODWLOH�

FRPSRXQGV��� DQG�PHDVXUHPHQW�RI�ZDWHU� DFWLYLW\�XVLQJ�DQ�$TXD/DE�PRGHO�&;���HTXLSPHQW�

�'HFDJRQ� 'HYLFHV�� :DVKLQJWRQ�� 86$�� DQG� S+� XVLQJ� .DVYL� PRGHO� .�������%� S+�PHWHU�

�&XULWLED��%UD]LO���7R�S+�GHWHUPLQDWLRQ����J�RI�VDPSOH�ZHUH�KRPRJHQL]HG�LQ����PO�RI�VWHULOH�

GLVWLOOHG�ZDWHU��$GROIR�/XW]�,QVWLWXWH���������7KH�WHPSHUDWXUH�RI�HDFK�ER[�ZDV�DVFHUWDLQHG�RQ�

D�GDLO\�EDVLV�ZLWK�WKH�DVVLVWDQFH�RI�D�'DWD/RJJHU��+\GUD�VpULH�,,��)OXNH��(YHUHWW��86$���XVLQJ�D�

IOH[LEOH� FRSSHU� »� FRQVWDQWDQ� WKHUPRFRXSOH� �7&�� 777���� W\SH�� 2PHJD�� &7�� 86$��� 7KH�

VLPXODWLRQ�RI�IHUPHQWDWLRQ�SURFHVV�ZDV�UHSOLFDWHG�WZLFH���

�

�

�



2.5) Microbiological analysis 

2.5.1) Enumeration of B. cereus and G. stearothermophilus spores in cocoa seeds during 

fermentation 

7R� HQXPHUDWH� B. cereus VSRUHV, ��� P/� RI� SHSWRQH� ZDWHU� ����� ��� J� %DFWHULRORJLFDO�

3HSWRQH�>2[RLG��%DVLQJVWRNH��8.@�SHU�OLWHU��ZHUH�DGGHG�WR����J�RI�HDFK�VDPSOH�LQ�D�VWHULOH�EDJ��

DQG�KRPRJHQL]HG�IRU���PLQ�ZLWK�D�6WRPDFKHU��6HZDUG��%$������:RUWKLQJ��8.���+RPRJHQL]HG�

VDPSOHV�ZHUH�KHDW�VKRFNHG�DW����&�IRU����PLQ�LQ�D�ZDWHU�EDWK��4XLPLV��4����0�����'LDGHPD��

%UD]LO���WKHQ�VHULDOO\�GLOXWHG�DQG�SODWHG�RQWR�0DQQLWRO�(JJ�<RON�3RO\P\[LQ�DJDU��0<3��2[RLG�

��%DVLQJVWRNH��8.����7KH�SODWHV�ZHUH�LQFXEDWHG�DW����&�IRU����WR����KRXUV��%HQQHWW�HW�DO����������

7R�HQXPHUDWH�G. stearothermophilus VSRUHV, ���P/�RI�VWHULOH�GLVWLOOHG�ZDWHU�ZDV�DGGHG�WR����J�

RI�HDFK�VDPSOH�LQ�D�VWHULOH�EDJ��IROORZHG�E\�KRPRJHQL]DWLRQ�E\�DJLWDWLRQ�GXULQJ���PLQXWH�DW�

6WRPDFKHU��6HZDUG��%$������:RUWKLQJ��8.����,W�ZDV�DSSOLHG�D�WKHUPDO�VKRFN�RI�����&�IRU����

PLQXWHV� LQ� RLO� EDWK� �3RO\VWDW�� ���������� &KLFDJR��86$��� IROORZLQJ� WKH� VHULDO� GLOXWLRQV� DQG�

SODWLQJ�LQ�'H[WURVH�7U\SWRQH�DJDU��'7$���7KH�SODWHV�ZHUH�LQFXEDWHG�DW����&�IRU����WR����KRXUV�

�2OVRQ�DQG�6RUUHOOV���������'7$�FRQWDLQV�7U\LSWRQH����J�/��$FXPHGLD��1HRJHQ�&R���/DQVLQJ��

86$��� GH[WURVH� ��J�/�� 'LQkPLFD�� 'LDGHPD�� %UD]LO��� %DFWHULRORJLFDO� $JDU� ���J�/�� 2[RLG��

%DVLQJVWRNH��8.��DQG�VROXWLRQ�RI����SXUSXUD�RI�%URPRFUHVRO�LQ�1D2+����P/�/��'LQkPLFD��

'LDGHPD��%UD]LO���5HVXOWV�RI�DQDO\VLV�ZHUH�H[SUHVVHG�DV�B. cereus�RU�G. stearothermophilus 

VSRUHV�J��

2.5.2) Enumeration of yeasts, lactic acid and acetic acid bacteria during cocoa bean 

fermentation  

7R�HQXPHUDWH�IHUPHQWLQJ�PLFURRUJDQLVPV�����J�RI�HDFK�VDPSOH�ZDV�KRPRJHQL]HG�LQ����

P/�RI� SHSWRQH�ZDWHU� �����J� LQ� D� VWHULOH� EDJ�� DJLWDWHG� IRU� ��PLQXWH� DW� 6WRPDFKHU� �6HZDUG��

%$������:RUWKLQJ��8.���6XEVHTXHQWO\��VHULDO�GHFLPDO�GLOXWLRQV�ZHUH�FDUULHG�RXW��IROORZHG�E\�



SODWLQJ�LQ�DSSURSULDWH�PHDQV�DFFRUGLQJ�WR�WKH�PLFURRUJDQLVP�WR�EH�HQXPHUDWHG��3RWDWR�'H[WURVH�

$JDU��3'$��$FXPHGLD��1HRJHQ�&R���/DQVLQJ��86$��VXSSOHPHQWHG�ZLWK�J�����RI�WDUWDULF�DFLG�

ZHUH�XVHG�IRU�\HDVWV�HQXPHUDWLRQ��SODWHV�ZHUH�LQFXEDWHG�DW����&�IRU���±���GD\V��0LVOLYHF�HW�DO���

�������0DQ�5RJRVD�6KDUSH�DJDU��056��2[RLG��%DVLQJVWRNH��8.��VXSSOHPHQWHG�ZLWK����PJ�/�

RI� QDWDPLFLQH�� ZDV� XVHG� IRU� ODFWLF� DFLG� EDFWHULD� HQXPHUDWLRQ�� SODWHV� ZHUH� LQFXEDWHG� XQGHU�

DQDHURELRVLV� DW� ���&� IRU� �� GD\V� �&DPX�� 1��� :LQWHU�� 7��� 9HUEUXJJKH�� .��� &OHHQZHUFN�� ,���

9DQGDPPH�� 3��� 7DNUDPD�� -�6��� 9DQFDQQH\W�� 0��� 'H� 9X\VW�� ������� $FHWLF� EDFWHULD� ZHUH�

HQXPHUDWHG�LQ�3'$�FRQWDLQLQJ�����RI�WDUWDULF�DFLG�DQG����PJ�/�RI�QDWDPLFLQH�ZLWK�LQFXEDWLRQ�

RQ����&�IRU�������GD\V��&DPX��1���:LQWHU��7���9HUEUXJJKH��.���&OHHQZHUFN��,���9DQGDPPH��3���

7DNUDPD�� -�6��� 9DQFDQQH\W�� 0��� 'H� 9X\VW�� ������ 'RZQHV� DQG� ,WR�� ������� $FHWLF� EDFWHULD�

FRORQLHV�ZHUH�FRQILUPHG�LQ�HWKDQRO�DJDU����J�/�RI�H[WUDFW�RI�PHDW�����J�/�RI�FDOFLXP�FDUERQDWH��

��P/�/�RI�HWKDQRO�����J�/�RI�DJDU��DGMXVWHG�WR�S+�������6LHYHUV�DQG�6ZLQJV���������7KH�UHVXOWV�

RI�DQDO\VLV�ZHUH�H[SUHVVHG�LQ�ORJ�EDVH����&)8�RI�VSRUHV�SHU�JUDP�RI�FRFRD�EHDQV���

�

2.6) Consumption of carbohydrates, and ethanol, organic acids and volatile compounds 

production 

2.6.1) HPLC analyses 

7KH�FDUERK\GUDWHV��RUJDQLF�DFLG�DQG�DOFRKRO�IURP�FRFRD�SXOS�DQG�EHDQV�ZHUH�H[WUDFWHG�

DV�GHVFULEHG�E\�5RGULJXH]�&DPSRV�HW�DO��������DQG�0RUHLUD�HW�DO���������'HWHUPLQDWLRQV�ZHUH�

PDGH�LQ�FRFRD�EHDQV�DQG�FRFRD�SXOS�LQRFXODWHG�ZLWK�B. cereus�VSRUHV��G. stearothermophilus 

VSRUHV� DQG� FRQWURO� �QRW� LQRFXODWHG�� GXULQJ� IHUPHQWDWLRQ� LQWHUPHGLDWH� SKDVH� ��WK� GD\� RI�

IHUPHQWDWLRQ���7KH�DQDO\VHV�ZHUH�FDUULHG�RXW�XVLQJ�D�OLTXLG�FKURPDWRJUDSK\�V\VWHP��6KLPDG]X��

PRGHO�/&���$L��6KLPDG]X�&RUS���-DSDQ��HTXLSSHG�ZLWK�D�GXDO�GHWHFWLRQ�V\VWHP�FRQVLVWLQJ�RI�

D�89±9LV�GHWHFWRU��63'���$L��DQG�D�UHIUDFWLYH�LQGH[�GHWHFWRU��5,'���$L���$�6KLPDG]X�LRQ�

H[FOXVLRQ� FROXPQ� �6KLP�SDFN� 6&5����+�� ���� PP� î� ��� FP�� ZDV� RSHUDWHG� DW� ��� �&� IRU�



FDUERK\GUDWHV�DQG�DOFRKROV�DQG�����&�IRU�DFLGV��3HUFKORULF�DFLG��S+������ZDV�XVHG�DV�WKH�HOXHQW�

DW�D�IORZ�UDWH�RI�����P/�PLQ��7KH�RUJDQLF�DFLGV�ZHUH�GHWHFWHG�DQG�TXDQWLILHG�E\�89�DEVRUEDQFH�

����� QP���ZKLOH� WKH� DOFRKROV� DQG� FDUERK\GUDWHV�ZHUH� GHWHFWHG� DQG� TXDQWLILHG� YLD�5,'��$OO�

VDPSOHV�ZHUH�DQDO\]HG�LQ� WULSOLFDWH��DQG�LQGLYLGXDO�FRPSRXQGV�ZHUH� LGHQWLILHG�EDVHG�RQ�WKH�

UHWHQWLRQ�WLPH�RI�VWDQGDUGV�LQMHFWHG�XVLQJ�WKH�VDPH�FRQGLWLRQV��7KH�VDPSOH�FRQFHQWUDWLRQV�ZHUH�

GHWHUPLQHG�XVLQJ�DQ�H[WHUQDO�FDOLEUDWLRQ�PHWKRG��&DOLEUDWLRQ�FXUYHV�ZHUH�EXLOW�DV�GHVFULEHG�E\�

6FKZDQ�HW�DO����������

2.6.2) GC-MS analyses 

7KH� YRODWLOH� FRPSRXQGV� IURP� FRFRD� VDPSOHV� ZHUH� H[WUDFWHG XVLQJ� WKH� +6�630(�

WHFKQLTXH��DV�GHVFULEHG�LQ�5RGULJXH]�&DPSRV�HW�DO����������ZLWK�PRGLILFDWLRQV��&RFRD�VDPSOHV�

�����J��IURP�WKH�IHUPHQWDWLRQ�WLPH�RI�HDFK�YDULHW\��&RQWURO��QR�FRQWDPLQDWLRQ���B. cereus��G. 

stearothermophilus�� ZHUH� PDFHUDWHG� XVLQJ� OLTXLG� QLWURJHQ� IRU� KHDGVSDFH� DQDO\VLV�� $�

GLYLQ\OEHQ]HQH��FDUER[HQ��SRO\GLPHWK\OVLOR[DQH��'9%�&$5�3'06��������PP�630(�ILEHU�

�6XSHOFR�&R���%HOOHIRQWH��3$��8�6�$���ZDV�XVHG�WR�H[WUDFW�YRODWLOH�FRQVWLWXHQWV�IURP�WKH�FRFRD�

KHDGVSDFH��7KH�VDPSOHV�ZHUH�SODFHG�LQ�D����P/�KHUPHWLFDOO\�VHDOHG�IODVN�DQG�KHDWHG�IRU����

PLQ�DW�����&�WR�UHDFK�WKH�VDPSOH�KHDGVSDFH�HTXLOLEULXP��7KH�YRODWLOH�FRPSRXQGV�ZHUH�H[WUDFWHG�

E\�WKH�630(�ILEHU�H[SRVLWLRQ�LQWR�WKH�KHDGVSDFH�IRU����PLQ�DW�����&��

7KH�FRPSRXQGV�ZHUH�DQDO\]HG�XVLQJ�D�6KLPDG]X�*&�PRGHO�43�����HTXLSSHG�ZLWK�D�

PDVV�VSHFWURPHWU\��06��DQG�D�FDSLOODU\�FROXPQ�RI�VLOLFD�&DUER:D[���0������P������PP������

ȝP���7KH�WHPSHUDWXUH�SURJUDP�EHJDQ�ZLWK���PLQ�DW�����&��IROORZHG�E\�D�JUDGLHQW�RI�����&�WR�

�����&�DW�����&�PLQ��WKH�WHPSHUDWXUH�ZDV�WKHQ�PDLQWDLQHG�DW������&�IRU����PLQ��7KH�LQMHFWRU�

DQG�GHWHFWRU�WHPSHUDWXUHV�ZHUH�PDLQWDLQHG�DW������&��7KH�FDUULHU�JDV��+H��ZDV�XVHG�DW�D�IORZ�

UDWH� RI� ���� P/�PLQ�� ,QMHFWLRQV� ZHUH� SHUIRUPHG� E\� ILEHU� H[SRVLWLRQ� IRU� �� PLQ�� 9RODWLOH�

FRPSRXQGV�ZHUH�LGHQWLILHG�E\�FRPSDULQJ�WKH�PDVV�VSHFWUD��4XDQWLWDWLYH�GDWD�RI�WKH�LGHQWLILHG�



FRPSRXQGV�ZHUH�REWDLQHG�E\�LQWHJUDWLQJ�WKH�SHDN�DUHDV�RI�DOO�LGHQWLILHG�FRPSRXQGV��3HWLVFD�HW�

DO����������3ULQFLSDO�FRPSRQHQW�DQDO\VLV��3&$��ZDV�FRQGXFWHG�E\�6HQVR0DNHU�YHUVLRQ������

2.7) Statistical analysis 

$OO� H[SHULPHQWV� ZHUH� UHSHDWHG� WZLFH� ZLWK� HDFK� VSRUH� FRFNWDLO�� ,W� ZDV� DVVHVVHG� WKH�

H[LVWHQFH�RI�VLJQLILFDQW�GLIIHUHQFHV��S�������IURP�D�YDULDQFH�DQDO\VLV��$129$���IROORZHG�E\�

6FRWW�.QRWW�WHVW�YHUVLRQ������&DPSLQD�*UDQGH��%UD]LO���6LOYD�DQG�$]HYrGR���������

�

3) Results

3.1) pH and temperature variation during fermentation 

2Q�WKH�ILUVW�WKUHH�GD\V�RI�IHUPHQWDWLRQ��WKH�S+�RI�EHDQV�YDULHG�VOLJKWO\��ULVLQJ�IURP�����WR�

�����DYHUDJH���IROORZHG�E\�D�GHFUHDVH�RQ�WKH�IRXUWK�GD\�DQG�VXEVHTXHQW�LQFUHDVH�WR�WKH�HQG�RI�

WKH�SURFHVV��)LJ������7KH�WHPSHUDWXUH�LQFUHDVHG�IURP������&�WR�������&��DYHUDJH��RQ�WKH�ILUVW�

IRXU�GD\V�RI�IHUPHQWDWLRQ��)LJ����DQG�����7KH�KLJKHVW�UHFRUGHG�WHPSHUDWXUH�ZDV������&�RQ�WKH�

IRXUWK�GD\�RI�IHUPHQWDWLRQ��7KH�ZDWHU�DFWLYLW\�UHPDLQHG�KLJK�DQG�FRQVWDQW���������

)LJ���� S+�YDULDWLRQ�GXULQJ�FRFRD�IHUPHQWDWLRQ��&RFRD�EHDQV�LQRFXODWHG�ZLWK�B. cereus��Ÿ��

DQG�G. stearothermophilus��Ŷ��VSRUHV�DQG�FRQWURO������ �



3.2) Fate of B. cereus and G. stearothermophilus spores during cocoa fermentation 

7KH� SRSXODWLRQV� RI� B. cereus� VSRUHV� UHPDLQ� FRQVWDQW� GXULQJ� IHUPHQWDWLRQ� �)LJ�� ����

&RXQWV� RI� G. stearothermophilus VSRUHV� UHPDLQHG� DOVR� FRQVWDQW� GXULQJ� WKH� IHUPHQWDWLRQ�

SURFHVV��,Q�WKH�FRFRD�EHDQV�LQRFXODWHG�ZLWK�B. cereus�VSRUHV��DQ�LQFUHDVH�IROORZHG�E\�D�GHFUHDVH�

LQ�SRSXODWLRQ�ZDV�REVHUYHG�RQ�WKH�VHFRQG�DQG�WKLUG�GD\�RI�IHUPHQWDWLRQ��&RFRD�EHDQV�IURP�%R[�

�� �)LJ�� �F�� SUHVHQWHG� FRXQW� RI� ����� ORJ� DIWHU� LQRFXODWLRQ� DQG� ����� ORJ� DIWHU� ��� KRXUV� RI�

LQRFXODWLRQ��IROORZHG�E\�D�GHFUHDVH�������ORJ��DQG�DQ�LQFUHDVH����ORJ��LQ�WKH�VXEVHTXHQW�GD\V��

&RFRD�EHDQV�IURP�%R[����)LJ���G��VKRZHG�D�VLPLODU�IDWH��IURP������ORJ��DIWHU����KUV�LQRFXODWLRQ��

WR� ����� ORJ� �DIWHU� ��� KUV��� ����� ORJ� �DIWHU� ��� KUV�� DQG� ����� ORJ� �DIWHU� ��� KUV��� 7KH� ODUJHVW�

SRSXODWLRQ� LQFUHDVH�RFFXUUHG�RQ� WKH� ODVW�GD\�� LQFUHDVLQJ����� ORJ��7KH�G. stearothermophilus�

SRSXODWLRQ�UHPDLQHG�VWDEOH�ZLWK�OLWWOH�YDULDWLRQ�LQ�WKHLU�FRXQWV�WKURXJKRXW�WKH�IHUPHQWDWLRQ��)LJ��

����,Q�%R[HV����)LJ���D������)LJ���E������)LJ���F��DQG����)LJ��J��WKHUH�ZDV�DQ�LQFUHDVH�LQ�SRSXODWLRQ�

EHWZHHQ�VL[WK�DQG�VHYHQWK�GD\V��7KH�LQFUHDVH�ZDV�IURP������WR������ORJ�������IRU���ORJ�������

IRU� ����� ORJ� DQG� ����� IRU� ���� ORJ� LQ� %R[HV� ��� ��� �� DQG� ��� UHVSHFWLYHO\��B. cereus� DQG�G. 

stearothermophilus VSRUH� SRSXODWLRQV� GLG� QRW� VKRZ� SUHGRPLQDQFH� RYHU� WKH� RWKHU�PLFURELDO�

SRSXODWLRQV���

�



)LJ�����0LFURELDO�FRXQW�DQG�IDWH�RI�WHPSHUDWXUH�GXULQJ�IHUPHQWDWLRQ�RI�FRFRD�EHDQV�LQRFXODWHG�

ZLWK�B. cereus�VSRUHV��<HDVW������DFHWLF�DFLG�EDFWHULD��Ŷ���ODFWLF�DFLG�EDFWHULD��Ÿ���B. cereus��[��

DQG�WHPSHUDWXUH��«�����D��%R[����EHDQV�LQRFXODWHG�DW�WKH�EHJLQQLQJ�RI�IHUPHQWDWLRQ���E��%R[����

EHDQV� LQRFXODWHG� RQ� ��� GD\� RI� IHUPHQWDWLRQ�� �F�� %R[� ��� EHDQV� LQRFXODWHG� RQ� ��� GD\� RI�

IHUPHQWDWLRQ���G��%R[����EHDQV�LQRFXODWHG�RQ����GD\�RI�IHUPHQWDWLRQ���H��%R[����EHDQV�LQRFXODWHG�

RQ����GD\�RI�IHUPHQWDWLRQ���I��%R[����EHDQV�LQRFXODWHG�RQ����GD\�RI�IHUPHQWDWLRQ���J��%R[����

EHDQV�LQRFXODWHG�RQ����GD\�RI�IHUPHQWDWLRQ��

�

�



�

)LJ�����0LFURELDO�FRXQW�DQG�IDWH�RI�WHPSHUDWXUH�GXULQJ�IHUPHQWDWLRQ�RI�FRFRD�EHDQV�LQRFXODWHG�

ZLWK�G. stearothermophilus�VSRUHV��<HDVW������DFHWLF�DFLG�EDFWHULD��Ŷ���ODFWLF�DFLG�EDFWHULD��Ÿ���

G. stearothermophilus��[��DQG�WHPSHUDWXUH��«�����D��%R[����EHDQV�LQRFXODWHG�DW�WKH�EHJLQQLQJ�

RI� IHUPHQWDWLRQ�� �E�� %R[� ��� EHDQV� LQRFXODWHG� RQ� ��� GD\� RI� IHUPHQWDWLRQ�� �F�� %R[� ��� EHDQV�

LQRFXODWHG�RQ����GD\�RI�IHUPHQWDWLRQ���G��%R[����EHDQV�LQRFXODWHG�RQ����GD\�RI�IHUPHQWDWLRQ��

�H��%R[����EHDQV�LQRFXODWHG�RQ����GD\�RI�IHUPHQWDWLRQ���I��%R[����EHDQV�LQRFXODWHG�RQ����GD\�RI�

IHUPHQWDWLRQ���J��%R[����EHDQV�LQRFXODWHG�RQ����GD\�RI�IHUPHQWDWLRQ��

�



�

)LJ�����0LFURELDO�FRXQW�GXULQJ�FRFRD�EHDQV�IHUPHQWDWLRQ�ZLWKRXW�LQRFXODWLRQ�RI�VSRUHV��<HDVW�

�����DFHWLF�DFLG�EDFWHULD��Ŷ���ODFWLF�DFLG�EDFWHULD��Ÿ���

�

3.3) Populations of yeasts, lactic acid and acetic acid bacteria throughout the fermentation 

process

,W�ZDV�SRVVLEOH�WR�YHULI\�WKH�\HDVW�SUHGRPLQDQFH�LQ�DOO�WKH�VDPSOHV�DW�WKH�EHJLQQLQJ�RI�

WKH� IHUPHQWDWLRQ� �PHDQ� RI� ����� DQG� ����� ORJ� IRU� EHDQV� LQRFXODWHG� ZLWK� B. cereus� DQG�G.

stearothermophilus��UHVSHFWLYHO\��DQG����KRXUV�DIWHU�WKH�EHJLQQLQJ�RI�WKH�SURFHVV��RQ�DYHUDJH��

�����DQG�����ORJ�IRU�EHDQV�LQRFXODWHG�ZLWK�B. cereus�DQG�G. stearothermophilus��UHVSHFWLYHO\���

,Q�VRPH�VDPSOHV��WKLV�SUHGRPLQDQFH�RFFXUUHG�XS�WR���K�DIWHU�WKH�EHJLQQLQJ�RI�WKH�IHUPHQWDWLRQ�

SURFHVV��7KH�JURZWK�RI�DFHWLF�DQG�ODFWLF�DFLG�EDFWHULD�ZDV�VLPLODU�WKURXJKRXW�WKH�IHUPHQWDWLRQ��

7KHVH�EDFWHULD�VKRZHG�LQFUHDVH�LQ�WKH�SRSXODWLRQ�DIWHU����KRXUV�RI�IHUPHQWDWLRQ��,Q�WKH�EHDQV�

LQRFXODWHG�ZLWK�B. cereus�WKLV�LQFUHDVH�ZDV�RQ�DYHUDJH�IURP������WR������ORJ�DQG������WR������

ORJ� IRU� DFHWLF� DQG� ODFWLF� DFLG� EDFWHULD�� UHVSHFWLYHO\�� ,Q� WKH� EHDQV� LQRFXODWHG� ZLWK� G. 

stearothermophilus��WKLV�LQFUHDVH�ZDV�RQ�DYHUDJH�IURP������WR������ORJ�IRU�DFHWLF�DFLG�EDFWHULD�

DQG������WR������ORJ�IRU�ODFWLF�DFLG�EDFWHULD��$W�WKH�HQG�RI�IHUPHQWDWLRQ��\HDVW��ODFWLF�DFLG�EDFWHULD�

DQG� DFHWLF� DFLG� EDFWHULD� VKRZHG� VLPLODU� FRXQWV��ZLWK� D�PHDQ� RI� ���� DQG� ����� ORJ� IRU� VHHGV�

LQRFXODWHG�ZLWK�B. cereus�DQG�G. stearothermophillus��UHVSHFWLYHO\��,Q�WKH�FRQWURO�H[SHULPHQW�



�)LJ������WKH�IDWH�RI�WKH�IHUPHQWLQJ�PLFURRUJDQLVPV�ZDV�VLPLODU�WR�WKH�IDWH�LQ�WKH�H[SHULPHQWV�

ZLWK�LQRFXODWLRQ�RI�VSRUHV��7KH�LQRFXODWLRQ�RI�B. cereus�DQG�G. stearothermophilus�VSRUHV�GLG�

QRW�DIIHFW��3�!�������WKH�SRSXODWLRQ�RI�IHUPHQWLQJ�PLFURRUJDQLVPV��

�

3.4) Consumption of carbohydrates, and ethanol, organic acids and volatile compounds 

production 

7KH� FRQVXPSWLRQ� RI� FDUERK\GUDWHV�� WKH� DOFRKROV� SURGXFWLRQ� DQG� RUJDQLFV� DFLGV�

IRUPDWLRQ�GXULQJ�IHUPHQWDWLRQ�LQWHUPHGLDWH�SKDVH���WK�GD\�RI�IHUPHQWDWLRQ��RI�WZR�GLIIHUHQWV�

PLFURELDO� LQRFXODWLRQ��B. cereus VSRUHV� DQG�G. stearothermophilus VSRUHV�� DQG� FRQWURO� �QRW�

LQRFXODWHG��LQ�FRFRD��DUH�VKRZQ�LQ�7DEOH����7KH�VXFURVH�ZDV�QR�GHWHFWHG�LQ�WKH�SXOS�RI�IHUPHQWHG�

FRFRD��7KH�ORZHVW�FRQFHQWUDWLRQ�RI�JOXFRVH���������PJ�/�����������IUXFWRVH����������PJ�/���

��������JO\FHURO���������PJ�/����������DQG�HWKDQRO���������PJ�/����������ZHUH�REVHUYHG�LQ�

FRQWURO�FRFRD�SXOS��,Q�B. cereus�LQRFXODWLRQ�DQG�G. stearothermophilus�LQ�SXOS�FRFRD��WKH�VXJDU�

DQG�DOFRKRO�FRQFHQWUDWLRQ�ZHUH�JOXFRVH����������PJ�/���������DQG��������PJ�/������������

IUXFWRVH� ����������PJ�/���������DQG����������PJ�/������������JO\FHURO� ���������PJ�/���

������DQG���������PJ�/���������� DQG�HWKDQRO� ���������PJ�/���������DQG��������PJ�/���

�������� UHVSHFWLYHO\��7KH�HWKDQRO�DQG�JO\FHURO�SURGXFWLRQV�ZHUH�KLJKHU� WKDQ� LQ�FRQWURO�SXOS�

FRFRD�� 7KH� B. cereus� LQRFXODWLRQ� SXOS� FRFRD� VKRZQ� JUHDWHU� VXJDU� XWLOL]DWLRQ� DQG� HWKDQRO�

SURGXFWLRQ��ZKLOH��WKH�G. stearothermophilus�VKRZ�JUHDWHU�JO\FHURO�SURGXFWLRQ��

,Q�FRQWURO�DQG�B. cereus�LQRFXODWLRQ�FRFRDV�EHDQV��WKH�VXJDUV�FRQFHQWUDWLRQ�SURILOHV�ZHUH�

VLPLODU� DQG� VXFURVH�ZDV�QRW� GHWHFWHG� LQ� ERWK� VDPSOHV� �7DEOH� ����7KH� FRQWURO� EHDQV� VKRZHG�

JO\FHURO����������PJ�/���������DQG���������PJ�/����������DQG�HWKDQRO����������PJ�/���������

DQG���������PJ�/����������SURGXFWLRQ�KLJKHU�WKDQ�B. cereus�LQRFXODWHG�EHDQV��UHVSHFWLYHO\��,Q�

WKH�FDVH��G. stearothermophilus�LQRFXODWHG�EHDQV��WKHUH�ZDV�D�JUHDWHU�JOXFRVH����������PJ�/��

DQG� IUXFWRVH� ���������PJ�/�� XWLOL]DWLRQ� DQG� D� ORZHU� JO\FHURO� ��������PJ�/�� DQG� HWKDQRO�



��������PJ�/��SURGXFWLRQ�FRPSDUHG�WR�RWKHU�VDPSOHV�LQ�FRFRD�EHDQV��7KH�VXFURVH�ZDV�GHWHFWHG�

�������PJ�/���

�� $V�GHVFULEHG� LQ�7DEOH��� WKH� ODFWLF�DFLG�ZDV�QRW�GHWHFWHG� LQ� WKH�SXOS�RU�EHDQ�RI�ERWK�

VDPSOHV��7KH�SURSLRQLF�DFLG�ZDV�QRW�GHWHFWHG�LQ�WKH�EHDQV��EXW�LQ�SXOS�ZDV�GHWHFWHG�LQ�FRQWURO�

��������PJ�/�����������B. cereus���������PJ�/����������DQG�G. stearothermophilus�LQRFXODWHG�

��������PJ�/����������� ,Q�DOO� VDPSOHV�ZHUH� IRXQG�FRQFHQWUDWLRQV�RI�FLWULF�DFLG��PDOLF�DFLG��

VXFFLQLF�DFLG�DQG�DFHWLF�DFLG��7KH�ORZHVW�FRQFHQWUDWLRQ�RI�PDOLF�DFLG���������PJ�/����������

ZDV�REVHUYHG�LQ�B. cereus�LQRFXODWHG�FRFRD�SXOS��7KHUH�ZDV�DQ�LQFUHDVH�LQ�WKH�FLWULF�DFLG��PDOLF�

DFLG��VXFFLQLF�DFLG�DQG�DFHWLF�DFLG�FRQFHQWUDWLRQV� LQ� WKH�DVVD\V�RI�FRFRD�EHDQV�IHUPHQWDWLRQ�

�FRQWURO�DQG�LQRFXODWHG���7KH�DFLG�RI�KLJKHU�FRQFHQWUDWLRQ�REVHUYHG�LQ�DOO�VDPSOHV�ZDV�VXFFLQLF�

DFLG�



7DEOH����&DUERK\GUDWHV��DOFRKROV�DQG�RUJDQLF�DFLGV��PJ�/��GHWHFWHG�LQ�FRFRD�SXOS�DQG�FRFRD�EHDQV�GXULQJ�IHUPHQWDWLRQ�LQWHUPHGLDWH�SKDVH���WK�

GD\�RI�IHUPHQWDWLRQ���

B. cereus G. stearothermophilus B. cereus G. stearothermophilus
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3.5) Volatile compounds produced during fermentation 

$�WRWDO�RI����YRODWLOH�FRPSRXQGV��LQ�WKH�GLIIHUHQW�IHUPHQWDWLRQ�VWDJHV��ZHUH�LGHQWLILHG�

LQ�FRQWURO��QRW�LQRFXODWHG��DQG�LQRFXODWHG�VDPSOHV�ZLWK�WKH�GLIIHUHQW�PLFURELDO�LQRFXODWLRQ�E\�

FRPSDULQJ� WKHLU�PDVV� VSHFWURPHWU\� ZLWK� WKRVH� RI�PDVV� VSHFWURPHWU\� VWRUHG� LQ� WKH�*&�06�

GDWDEDVH�� 7KHVH� FRPSRXQGV� ZHUH� FODVVLILHG� DV� DOFRKROV�� SKHQROV�� EHQ]HQRLG� K\GURFDUERQV��

K\GURFDUERQV�FRPSRXQG��DOGHK\GHV�DQG�NHWRQHV��WHUSHQRLGV��KHWHURF\FOLF�FRPSRXQGV��DFLGV��

VXOIXU�FRPSRXQGV�� IDWW\�DFLG�FRPSRVLWLRQ��HVWHUV�DQG�DONDORLGV�DV�VKRZQ� LQ�7DEOH�6���:HUH�

LGHQWLILHG� DERXW� ��� YRODWLOH� FRPSRXQGV� LQ� WKH� LQLWLDO� WLPH�� ZKLOH� DERXW� ��� DQG� ��� YRODWLOH�

FRPSRXQGV�ZHUH�LGHQWLILHG�LQ�WKH�PLGGOH�DQG�DW�WKH�HQG�RI�IHUPHQWDWLRQ��UHVSHFWLYHO\��RI�ERWK�

VDPSOHV� LQRFXODWHG� DQG� QRW� LQRFXODWHG� FRFRD�� 0RVW� RI� WKH� FRPSRXQGV� REVHUYHG� LQ� DOO�

IHUPHQWDWLRQ�ZHUH�DOFRKROV�DQG�DFLGV���

7KH�FRPSRXQG�EHWD�0\UFHQH��D�K\GURFDUERQ�FRPSRXQG��ZDV�LGHQWLILHG�RQO\�LQ�WKH�HQG�

RI� IHUPHQWDWLRQ��ZKLOH� D�+HWHURF\FOLF� FRPSRXQGV� DQG�8QGHFDQRLF�DFLG� LVRSURS\O� HVWHU�� ���

K\GUR[\����PRUSKROLQ���\O���HVWHU��ZHUH�LGHQWLILHG�RQO\�LQ�WKH�LQLWLDO�WLPH�RI�IHUPHQWDWLRQ��LQ�

ERWK� VDPSOHV�� 7KH� �+���%HQ]RS\UDQ���RQH�����GLK\GUR���K\GUR[\���PHWK\O�� FRPSRXQG�� D�

SKHQRO��ZDV� LGHQWLILHG� LQ� FRFRD� VDPSOHV� LQRFXODWHG� RQO\� LQ� WKH� HQG� RI� IHUPHQWDWLRQ�� ,Q� WKH�

LQWHUPHGLDWH� SKDVH� RI� WKH� IHUPHQWDWLRQ� ZHUH� LGHQWLILHG� GHFDQRLF� DFLG�� HWK\O� HVWHU� DQG� ����

HWKDQHGLRO��GLDFHWDWH�RQO\� LQ� FRFRD� VDPSOHV�RI�B. cereus� LQRFXODWHG��ZKLOH� WKH���DFHWR[\���

EXWDQRQH�DQG���KHSWDQRQH������GLPHWK\O��FRPSRXQGV�ZHUH�LGHQWLILHG�RQO\�LQ�FRFRD�VDPSOHV�RI�

G. stearothermophilus�LQRFXODWHG� �

7KH� UHVXOWV� REWDLQHG� IRU� WKH� WRWDO� RI� YRODWLOH� FRPSRXQGV�� VKRZV� LQ� 7DEOH� 6��� ZHUH�

VXEPLWWHG� WR� 3&$� �)LJ�� ��� WR� REWDLQ� D�PRUH� VLPSOLILHG� YLHZ� RI� WKH� UHODWLRQVKLS� DPRQJ� WKH�

YRODWLOH�FRPSRXQGV�DQDO\]HG��7KH�UHVXOWV�DUH�VKRZ�LQ�)LJ�����7KH�ILUVW��3&���DQG�VHFRQG��3&���

SULQFLSDO�FRPSRQHQWV�H[SODLQ��������DQG���������UHVSHFWLYHO\��RI�WKH�WRWDO�YDULDQFH�����������

2Q� WKH� QHJDWLYH� VLGH� RI� 3&��� WKHUH� DUH� VDPSOHV� IURP� IHUPHQWDWLRQ� LQLWLDO� WLPH� RI� FRQWURO��



LQRFXODWHG�FRFRD�DQG�FRQWURO�VDPSOH�RI�LQWHUPHGLDWH�VWDJH�RI�IHUPHQWDWLRQ��2Q�WKH�SRVLWLYH�VLGH�

RI�3&���WKHUH�DUH�VDPSOHV�IURP�ILQDO�VWDJH�IHUPHQWDWLRQ�RI�FRQWURO��LQRFXODWHG�FRFRD�DQG�WKH�

VDPSOH�LQRFXODWHG�FRFRD�RI�LQWHUPHGLDWH�VWDJH�RI�IHUPHQWDWLRQ��,Q�3&���WKH�VDPSOHV�RI�WKH�ILQDO�

VWDJH�RI� IHUPHQWDWLRQ� IURP� LQRFXODWHG� FRFRD�ZHUH� ORFDWHG�RQ� WKH�SRVLWLYH� VLGH��7KH� FRQWURO�

IHUPHQWDWLRQ�FRFRD�DQG�WKH�VDPSOH�LQRFXODWHG�FRFRD�RI�LQWHUPHGLDWH�VWDJH�IHUPHQWDWLRQ�IRU�3&��

ZHUH�ORFDWHG�RQ�QHJDWLYH�VLGH��

�

)LJ�� ��� 3ULQFLSDO� FRPSRQHQW� DQDO\VLV� �3&$�� RI� YRODWLOH� FRPSRXQGV� DQG� WKH� GLIIHUHQW�

IHUPHQWDWLRQ�DVVD\V��

�

4) Discussion�

7KH�S+�GHFUHDVH�REVHUYHG�RQ�IRXUWK�GD\�RI�IHUPHQWDWLRQ�ZDV�SUREDEO\�GXH�WR�WKH�ODUJH�

SURGXFWLRQ�RI� DFHWLF� DFLG�SURGXFHG�E\� WKH�DFHWLF� DFLG�EDFWHULD� �6FKZDQ�DQG�:KHDOV���������

3RVVLEO\�� WKHUH�ZDV� DQ� LQFUHDVH� LQ� S+� DW� WKH� HQG� RI� IHUPHQWDWLRQ� GXH� WR� WKH� HYDSRUDWLRQ� RI�

YRODWLOH�DFLGV� �1LHOVHQ�HW�DO����������ZKLFK�IDYRUV�JHUPLQDWLRQ�DQG�JURZWK�RI�VSRUH�IRUPLQJ�

EDFWHULD��2VWRYDU�DQG�.HHQH\��������6FKZDQ�HW�DO����������7KH�ILQDO�S+�REVHUYHG�ZDV�VLPLODU�



WR�WKDW�IRXQG�E\�1DVFLPHQWR�HW�DO����������$ERXW�WKH�WHPSHUDWXUH�1LHOVHQ�HW�DO���������REVHUYHG�

D�PD[LPXP�WHPSHUDWXUH�RI�����&�RQ�D�WUD\�FRFRD�IHUPHQWDWLRQ��+LJKHU�WHPSHUDWXUHV��������&�

DQG�������&��ZDV�UHSRUWHG�E\�3HUHLUD�HW�DO����������&RFRD�EHDQV�DHUDWLRQ�IDYRUV�WKH�GHYHORSPHQW�

RI�DFHWLF�DFLG�EDFWHULD��ZKLFK�LQFUHDVH�WKH�WHPSHUDWXUH�GXH�WR�H[RWKHUPLF�UHDFWLRQV��6FKZDQ�

DQG�:KHDOV���������

$V�WKH�SRSXODWLRQ�RI�VSRUH�IRUPLQJ�EDFWHULD�UHPDLQHG�DOPRVW�FRQVWDQW��WKH�IHUPHQWDWLRQ�

SURFHVV�GLG�QRW�FDXVH�DQ\�LQDFWLYDWLRQ��ZKDWHYHU�WKH�GXUDWLRQ�RI�WKH�SUHVHQFH�RI�VSRUHV�LQ�WKH�

IHUPHQWDWLRQ�SURFHVV��,QFUHDVHV�IROORZHG�E\�GHFUHDVHV�LQ�SRSXODWLRQ�RI�VSRUHV�REVHUYHG�IRU�ERWK�

VSHFLHV�RFFXUUHG�SUREDEO\�GXH�WR�JHUPLQDWLRQ�DQG�VXEVHTXHQW�VSRUXODWLRQ��7KH�FRQGLWLRQV�IRXQG�

DW�WKH�HQG�RI�WKH�IHUPHQWDWLRQ�IDYRUV�WKH�GHYHORSPHQW�RI�VSRUH�IRUPLQJ�EDFWHULD��VR�WKLV�H[SODLQ�

WKH�LQFUHDVH�LQ�WKH�SRSXODWLRQ�RI�VSRUHV�RI�B. cereus DQG�G. stearothermophilus��)DFWRUV�VXFK�

DV�LQFUHDVHG�S+��DHURELF�FRQGLWLRQV�GXH�WR�DHUDWLRQ�DQG�WHPSHUDWXUH�ULVH�OHDGV�WR�WKH�LQFUHDVH�

RI�VSRUH�IRUPLQJ�EDFWHULD��2VWRYDU�DQG�.HHQH\����������

2WKHU�VWXGLHV�DOVR�REVHUYHG�WKH�SUHGRPLQDQFH�RI�\HDVWV�DW�WKH�EHJLQQLQJ�RI�IHUPHQWDWLRQ�

�$UGKDQD� DQG� )OHHW�� ������ 2VWRYDU� DQG� .HHQH\�� ������� 'XH� WR� WKH� ORZ� S+� DQG� DQDHURELF�

FRQGLWLRQV�IRXQG�DW�WKH�EHJLQQLQJ�RI�WKH�IHUPHQWDWLRQ��\HDVWV�GHYHORS�E\�SHUIRUPLQJ�DOFRKROLF�

IHUPHQWDWLRQ��EUHDNLQJ�RI�FLWULF�DFLG�DQG�SURGXFWLRQ�RI�RUJDQLF�DFLGV��YRODWLOHV�DQG�HQ]\PHV�

�)RUV\WK� DQG�4XHVQHO�� ������ 6FKZDQ� DQG�:KHDOV�� �������$IWHU� DHUDWLRQ� RI� FRFRD�PDVV�� DQ�

LQFUHDVH�LQ�WKH�SRSXODWLRQ�RI�DFHWLF�DFLG�EDFWHULD�ZDV�REVHUYHG�LQ�VRPH�ER[HV��7KLV�LQFUHDVH�LV�

GXH� WR� SHQHWUDWLRQ� RI� R[\JHQ� WKDW� DOORZV� D� ODUJH� JURZWK� DQG� WKH� GRPLQDWLRQ� RI� DFHWLF� DFLG�

EDFWHULD��6FKZDQ�DQG�:KHDOV����������

7KHVH�FRPSRXQGV�FDQ�EH�XVHG�DV�PDUNHUV�RI�LQFUHDVHG�DFWLYLW\�RI�VSRUH�IRUPLQJ�EDFWHULD�

LQ�FRFRD�IHUPHQWDWLRQ��)XUWKHU�VWXGLHV�DUH�QHHGHG�WR�YHULI\�LI�WKHVH�FRPSRXQGV�FDQ�FKDQJH�WKH�

IHUPHQWDWLYH�SURFHVV� LQ� WKH� VHQVRU\�DVSHFWV�RI�FRFRD��)HZ�VWXGLHV�KDYH� UHSRUWHG� WKH� UROH�RI�

VSRUH� IRUPLQJ� EDFWHULD� GXULQJ� IHUPHQWDWLRQ� SURFHVV�� 3RO\JDODFWXURQDVH� DQG� SHFWLQ� O\DVH�



SURGXFWLRQ�ZDV�REVHUYHG� LQ�Bacillus� VSS��VWUDLQV�GXULQJ�FRFRD�IHUPHQWDWLRQ��2XDWWDUD�HW�DO���

������� 6SHFLHV� RI� Bacillus� VSS�� PD\� DOVR� SURGXFH� ODFWLF� DFLG�� DFHWLF�� ����EXWDQHGLRO�

WHWUDPHWK\OS\UD]LQH�ZKLFK�PD\�LPSDLU�WKH�TXDOLW\�RI�FKRFRODWH��/RSH]�DQG�4XHVQHO��������=DN�

HW�DO����������

$OWKRXJK�WKH�SRSXODWLRQ�RI�VSRUH�IRUPLQJ�EDFWHULD�KDYH�QRW�DIIHFWHG�WKH�GHYHORSPHQW�RI�

IHUPHQWLQJ�PLFURRUJDQLVPV��LW�FDQ�DOWHU�WKH�SURGXFWLRQ�RI�PHWDEROLWHV�WKDW�FDQ�QHJDWLYHO\�DIIHFW�

WKH�TXDOLW\�RI�WKH�ILQDO�SURGXFW�PDGH�ZLWK�WKLV�UDZ�PDWHULDO��VXFK�DV�FKRFRODWH��$HURELF�VSRUH�

IRUPLQJ�EDFWHULD�SURGXFHV�VRPH�FRPSRXQGV�ZKLFK�PD\�FRQWULEXWH�WR�RII�IODYRUV�RI�IHUPHQWHG�

FRFRD� EHDQV� �6FKZDQ� DQG�:KHDOV�� ������ 6FKZDQ� HW� DO��� ������� ,Q� DGGLWLRQ�� WKHUH� ZDV� QR�

VLJQLILFDQW�GHFUHDVH�RU�LQDFWLYDWLRQ�RI�WKH�VSRUH�SRSXODWLRQ�GXULQJ�WKH�IHUPHQWDWLRQ�SURFHVV��6R�

EDFWHULDO�VSRUHV�SUHVHQW�DW�WKH�HQG�RI�WKH�IHUPHQWDWLRQ�PD\�VXUYLYH�WKH�SURFHVVLQJ�RI�FRFRD��DQG�

EHFDXVH�RI�WKHLU�UHVLVWDQFH��FDQ�VXUYLYH�VXEVHTXHQW�WUHDWPHQWV�VXFK�DV�URDVWLQJ�DQG�DONDOL]DWLRQ��
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A B S T R A C T

Bacillus cereus and Geobacillus stearothermophilus are spore-forming bacteria of concern for the quality and safety
of cocoa-based foods, because of their frequent occurrence in raw materials and the capability of spores to
withstand heat processing. Cocktails of spores of B. cereus and G. stearothermophilus strains were separately
inoculated on cocoa beans and nibs and roasted using a laboratory equipment at 110 °C, 125 °C and 140 °C for up
to 600min to simulate an industrial roasting process. The period of time needed for the first log-reduction δ for
the spores of the cocktail of B. cereus in cocoa nibs at 110 °C, 125 °C and 140 °C were 92.2 min, 30.5 min, and
17.2 min, respectively. In cocoa beans at 110 °C, 125 °C and 140 °C δ-values were 148.5min, 55.9 min, and
23.3 min. The δ-values for the spores of the cocktail of G. stearothermophilus in cocoa nibs at 110 °C, 125 °C, and
140 °C were 105.0min, 39.6 min and 30.4 min, respectively, and 183.6min, 76.2 min and 49.1min in cocoa
beans at the same temperatures, respectively. The aw of cocoa nibs and cocoa beans ranged between 0.687 and
0.753 before roasting, and between 0.355 and 0.528 after roasting, respectively. The roasting process on beans
or nibs applied in the cocoa industry may have a limited effect on the inactivation of naturally present spore-
forming bacteria.

1. Introduction

Spores of foodborne bacteria are resilient to heat, drying, radiation
and chemical biocides such as oxidizing agents (hydrogen peroxide,
chlorine-derived compounds) (Nicholson, Munakata, Horneck, Melosh,
& Setlow, 2000; Wells-Bennik et al., 2016). Natural and crop environ-
ments are important habitats for spore-forming bacteria and sources of
bacterial spores that contaminate raw food materials, food ingredients
and environment of food processing (McKnight, Eiroa, Sant'Ana, &
Massaguer, 2010; Carlin, 2011; Peña et al., 2014; Oteiza, Soto,
Alvarenga, Sant’Ana, & Giannuzzi, 2014; Pereira & Sant'Ana, 2018).

Considering that soil is the main habitat of spore-forming bacteria
(Carlin, 2011; Pereira & Sant'Ana, 2018), direct or indirect contact of
raw materials during farm steps is critical for raw materials con-
tamination. Because of this, several raw materials used in food industry,
such as sugar (Verruma-Bernardi, Borges, Lopes, Della-Modesta, &
Ceccato-Antonini, 2007; Wojtczak, Biernasiak, & Papiewska, 2012),
milk powder (Alvarenga et al., 2018; Ronimus, Rueckert, & Morgan,
2006; Scott, Brooks, Rakonjac, Walker, & Flint, 2007) and cocoa (te
Giffel, Beumer, Leijendekkers, & Rombouts, 1996; Lima, Kamphuis,
Nout, & Zwietering, 2011; Prevost, Andre, & Remize, 2010) have been

reported to be commonly contaminated with spore-forming bacteria
(Pereira & Sant'Ana, 2018). Amongst these raw materials, cocoa powder
has a key relevance as it is highly used in the formulation of thermally
processed foods such as chocolate milk. In addition, cocoa powder has
been reported as a source of spore-forming bacteria (Lima et al., 2011),
linked as causative ingredient of spoilage episodes (Prevost et al., 2010)
and foodborne disease outbreaks (te Giffel et al., 1996) of thermally
processed foods.

Cocoa are subjected to several steps throughout processing, which
are highly relevant for the quality of the final product (cocoa powder)
and its further applications. In addition to being important for the de-
velopment of sensory and quality characteristics of cocoa, fermentation,
drying and roasting are also known to influence on the microbiota of
cocoa beans and “nibs” (crushed cocoa beans). Cocoa beans are fer-
mented for up to seven days by a complex microbial community made
of the native cocoa microbiota and of the microorganisms present in the
environment of processing facilities (e.g., soil, equipment, workers)
(Nielsen et al., 2007; Romanens et al., 2019; Schwan & Wheals, 2004;
Serra et al., 2019; Thompson, Miller, Lopez, & Camu, 2013). Moisture
in fermented beans is lowered from 40-50% to 6–8% by solar drying or
by forced air drying (ICMSF, 2011; Thompson et al., 2013). Dried cocoa
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beans or nibs are then roasted at temperatures between 110 °C and
140 °C for 10–60min (Beckett, 2008). The duration of roasting depends
on the harvesting period of the cocoa pods, on the moisture of cocoa
beans or nibs, on the processing equipment and on the desired flavor of
the final product (Schwan & Wheals, 2004). Roasting will also de-
termine the microbiological quality of the final cocoa powder (ICMSF,
2005, pp. 467–479; Thompson et al., 2013).

The natural antimicrobial compounds of cocoa, the pH alterations
during fermentation, the low water activity of dried cocoa beans and
high temperature during roasting inactivate vegetative cells of micro-
organisms, whereas spore-forming bacteria are much less affected by
processing operations. Spore-forming bacteria present in dry cocoa
powder will then contaminate aqueous products that are thermally
processed (Lima et al., 2012, 2011), which may result in large losses for
the thermally processed beverages industries such as chocolate milk
producers. Because of this, the awareness of the prevalence levels and
concentration of spore-forming bacteria in cocoa powder is highly cri-
tical for the design of thermal processes applied to cocoa-based for-
mulated foods. The accurate determination of the initial concentration
of a target microorganism in raw material and its inactivation kinetics
are key data to design an inactivation process (Pflug, 1999; Barba,
Koubaa, do Prado-Silva, Orlien, & Sant'Ana, 2017; Smelt & Brul, 2014).

Bacillus cereus and Geobacillus stearothermophillus stand out as the
most relevant spore-forming bacteria posing food safety and micro-
biological stability issues, respectively, for cocoa powder formulated
products subjected to thermal processing (Gabis, Langlois, & Rudnick,
1970; Lima et al., 2012, 2011). While B. cereus is the causative agent of
emetic and diarrheal foodborne illness (Carlin & Nguyen The, 2013;
Carrol et al., 2019; Lentz et al., 2018), G. stearothermophilus is a ther-
mophilic bacterium the produces spores that are extremely heat re-
sistant and is known to cause flat sour spoilage in low acid foods
(Feeherry, Munsey, & Rowley, 1987; Kakagianni & Koutsoumanis,
2018; Kalogridou-Vassiliadou, 1992; Mazas, López, González,
Bernardo, & Martín, 1997; Periago, Fernández, Ocio, & Martínez, 1998;
Rigaux, André, Albert, & Carlin, 2014; Wells-Bennik et al., 2019).

Previous studies (Gabis et al., 1970; Lima et al., 2011, 2012) have
reported on the presence of B. cereus and G. stearothermophilus in cocoa
powder samples, however, the inactivation kinetics of these two mi-
croorganisms during roasting of cocoa beans and nibs has not been
reported yet. Therefore, the current study aims at quantifying the im-
pact of roasting of cocoa beans and nibs on the fate of B. cereus and G.

stearothermophillus spores.

2. Material and methods

2.1. Strains and preparation of B. cereus and G. stearothermophilus spores

suspensions

The study was conducted with separate five-strain cocktails of B.

cereus and G. stearothermophilus. The sources, culture collection codes
procedures for preparation of suspensions of spores of B. cereus and G.

stearothermophilus are detailed in Pia et al. (2019). Briefly, the sus-
pensions of spores of B. cereus and G. stearothermophilus were prepared
after incubation of each separate strain on Nutrient agar (Kasvi, Cur-
itiba, Brazil) containing manganese sulfate (5 mg/L), respectively, at
30 °C and 55 (Peña et al., 2014; Pflug, 1999). Then, harvesting took
place after about 30 days (Spinelli, Sant’Ana, Pacheco-Sanchez, &
Massaguer, 2010), following centrifugation and suspension washing for
three times (Oteiza et al., 2014)and further resuspension in sterile
distilled water of the obtained pellets (Oteiza et al., 2014; Peña et al.,
2014). Heat shocks (B. cereus: 15min at 70 °C; G. stearothermophilus:

10min at 110 °C) were employed to determine the concentration of
spores using Nutrient agar (Bennett, Tallent, & Hait, 2001, pp.
311–325; Olson & Sorrells, 2001). The suspensions of spores were
stored separately under freezing and mixed using adequate volumes to
reach the desired concentrations of the two bacteria in cocoa nibs and

beans.

2.2. B. cereus and G. stearothermophilus spores inoculation in cocoa beans

and nibs

Raw cocoa beans and nibs (fermented and dried) were donated by a
Brazilian manufacturer of cocoa powder. B. cereus and G. stear-

othermophilus spore counts in the products used for experiments were
103 spores/g and 10 spores/g, respectively. This natural contamination
is at least 1000-fold lower than the inoculated population and was
therefore neglected. A total of 150 g of cocoa beans or nibs were placed
in sterile stainless-steel trays (30 cm×20 cm×4 cm), two for cocoa
beans and two for cocoa nibs. Then each tray containing cocoa beans or
nibs was separately inoculated with the cocktails of B. cereus and G.

stearothermophilus spores aiming at a final concentration of 106 spores
per g. After homogenization with a sterile spatula, the trays containing
inoculated cocoa beans and nibs were dried for 15min in the laminar
flow cabinet. Variations in spore counts of different samples of in-
oculated beans or nibs were lower than 0.2 log10 spores per g, this
shows homogeneous distribution of spore inocula (data not shown).
Preliminary experiments showed that water activity (aw) of cocoa beans
and nibs was not affected by this inoculation procedure (data not
shown). After drying, 12 g portions were placed in open glass Petri
dishes (65mm diameter). The layer of beans and nibs on the glass Petri
dishes was 7mm and 5mm, respectively. The procedure of preparation
and inoculation of trays with spores of B. cereus and G. stear-

othermophilus was conducted twice on different days.

2.3. Simulation of cocoa beans and nibs roasting processes

The roasting process was simulated in a hot air sterilizer (Fanem,
315 SE, Brazil). The process was conducted at three temperatures
(110 °C, 125 °C and 140 °C) with time varying from 70 to 600min. This
range of temperatures is applied by cocoa processing industries to ob-
tain products with different sensory characteristics. During processing,
the temperature was monitored with a DataLogger (Hydra série II,
Fluke, Everett, USA), using a flexible copper ⁄ constantan thermocouple
(TC; TTT-36 type; Omega, CT, USA) coupled to the top of the hot air
sterilizer; the standard deviation of temperature measurement was
lower than 2 °C. Time at the target temperature was taken as the process
time.

Samples of 10 g of beans or nibs were collected at regular time in-
tervals during roasting and were quickly placed into sterile bags and
cooled on ice to approximately 30 °C. Samples were then homogenized
with 90ml sterile distilled water for enumeration of spores and for pH
measurement using a pH-meter (Kasvi, K39–2014B, Curitiba, Brazil)
(Adolfo Lutz Institute, 2008, p. 104). The aw of roasted beans or nibs
was measured with an AquaLab CX-2 aw meter, (Decagon Devices,
Washington, USA). The simulation of the roasting process of cocoa
beans and nibs was repeated twice.

2.4. Enumeration of B. cereus and G. stearothermophilus spores after cocoa

beans and nibs roasting

Ten g of each sample of cocoa beans and nibs were placed in a
sterile bag, mixed with 90mL of 0.1% peptone water (1 g
Bacteriological Peptone [Oxoid, Basingstoke, UK] per liter) and
homogenized for 1min with a Stomacher® (Seward, BA7021, Worthing,
UK) to enumerate surviving B. cereus and G. stearothermophilus spores.
Homogenized samples inoculated with B. cereus were heat shocked at
70 °C for 15min and 110 °C for 10min for the ones inoculated with G.

stearothermophilus using a water bath (Quimis, Q-334M-28, Diadema,
Brazil) and an oil bath (Polystat, 12105-20, Chicago, USA), respec-
tively. Subsequently, decimal dilutions were prepared in peptone water
0.1% and spread on duplicate plates of Mannitol Egg Yolk Polymyxin
agar (MYP, Oxoid, Basingstoke, UK) to enumerate B. cereus surviving
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spores. Surviving spores of G. stearothermophilus were enumerated using
duplicate pour plates of Dextrose Tryptone agar (DTA) inoculated with
1ml volumes of appropriate serial dilutions. DTA contains tryptone
(10 g/L, Acumedia, Neogen Co., Lansing, USA), dextrose (5 g/L,
Dinâmica, Diadema, Brazil), Bacteriological Agar (15 g/L, Oxoid,
Basingstoke, UK) and 1% solution of Bromocresol purple in NaOH
(4mL/L, Dinâmica, Diadema, Brazil). The MYP plates were incubated
at 30 °C for 24–48 h. After incubation, typical colonies (pink, round,
flat, dry, surrounded by an opaque pink halo) were counted (Bennett
et al., 2001, pp. 311–325). DTA plates were incubated at 55 °C for
48–72 h, and then typical colonies of G. stearothermophilus (round, dark
and opaque center, usually surrounded by a yellow halo) were counted
(Olson & Sorrells, 2001). The counts were expressed as log10 of spores
per gram of cocoa beans or nibs.

2.5. Determination of B. cereus and G. stearothermophilus spores’

inactivation kinetic parameters during roasting of cocoa beans and nibs

The numbers of spores of B. cereus and G. stearothermophilus that
survived cocoa beans and nibs roasting processes at 110, 125 and
140 °C were plotted against time. Changes in spore counts with time
were fitted with the non-linear cumulative function of the Weibull
frequency distribution model (Equation (1)) (Mafart, Couvert, Gaillard,
& Leguerinel, 2002):

= − ⎛
⎝

⎞
⎠

N t Nlog ( ) log
t

δ10 10 0

p

(1)

Where log10N(t) is the concentration of spores/g at time t (min);
log10N0 is the initial concentration of B. cereus or G. stearothermophilus

as spores/g; t is the time of the process (min); δ is the time to the first
decimal reduction (min), and p is a shape parameter (dimensionless).
The values of δ and p were adjusted using the Microsoft® Excel® solver
add-in. The time to 4-decimal reductions (t4) of B. cereus and G. stear-

othermophilus spores was determined as follows (Equation (2)):

= ×t δ 4 p
4

1/ (2)

2.6. Statistical analysis

All experiments were repeated twice with each spore cocktail.
Results were subjected to ANOVA to test the effect of temperature and
type of cocoa product (bean or nibs) on δ and t4. Multiple comparisons
of means were performed with the Scott-Knott test at a P-value<0.05
using the Assistat software (Campina Grande, Brazil).

3. Results

The pH of cocoa products decreased during roasting from 5.66 to
5.72 to 5.24–5.31 for beans, and from 5.60 to 5.72 to 5.22–5.35 for nibs
(Table 1). The aw value also decreased during roasting, from 0.687 to
0.753 to 0.429–0.528 for beans, from 0.710 to 0.731 to 0.355–0.442 for

nibs.
The inactivation curves of B. cereus and G. stearothermophilus on nibs

and beans during roasting are shown in Fig. 1. All curves showed a
slight deflection from linearity, and p-values varied between 0.92 and
1.36 (Table 2). The inactivation model satisfactorily fitted the observed
data. RMSE values were lower than 0.5 in most instances. In cocoa
beans, the initial B. cereus spore population of 6.3 log10 spore/g de-
creased to 1.7 log10 spore/g after 420min at 110 °C, to 2.7 log10 spore/g
after 140min at 125 °C and to 2.0 log10 spore/g after 70min at 140 °C.
In nibs, the initial B. cereus spore population decreased to 2.2 log10
spore/g after 315min at 110 °C, 2.1 log10 spore/g after 115min at
125 °C and 2.3 log10 spore/g after 70min at 140 °C. In cocoa beans, the
initial G. stearothermophilus spore population of 6.5 log10 spore/g de-
creased to 1.7 log10 spore/g after 600min at 110 °C, to 1.4 log10 spore/g
after 280min at 125 °C and to 1.2 log10 spore/g after 180min at 140 °C.
In nibs, the initial G. stearothermophilus spore population decreased to
2.0 log10 spore/g after 495min at 110 °C, 1.5 log10 spore/g after
240min at 125 °C and 1.7 log10 spore/g after 140min at 140 °C. The
inactivation at 140 °C was significantly (P < 0.05) more rapid than at
125 °C, and at 125 °C more rapid than at 110 °C, irrespective of the
matrix (beans or nibs) or the species (B. cereus and G. stear-

othermophilus).
The δ-values (time to the first decimal reduction) and t4-values were

slightly higher in cocoa beans than in nibs at the three tested tem-
peratures for both microorganisms (Table 1). The δ-values for B. cereus
in cocoa beans at 110, 125 and 140 °C were (mean ± sd) 148.5 ± 1. 7
min, 55.9 ± 6.5min, and 23.3 ± 1.4min and t4-values at 110, 125
and 140 °C were 412.5 ± 4.6min, 155.3 ± 18.1min, and
64.6 ± 3.9min, respectively. The δ-values for B. cereus in cocoa nibs at
110, 125 and 140 °C were (mean ± sd) 92.2 ± 0.9min,
30.5 ± 0.6min, and 17.2 ± 1.9min and t4-values at 110, 125 and
140 °C were 331.2 ± 4.8min, 109.6 ± 2.0min, and 61.7 ± 6.7min,
respectively.

The δ-values for G. stearothermophilus in cocoa beans at 110, 125
and 140 °C were 183.6 ± 2.1min, 76.2 ± 1.10min, and
49.1 ± 0.25min. The t4-values were 572.1 ± 6.5min,
237.5 ± 3.4min, and 153.0 ± 0.8min. The δ-values for G. stear-

othermophilus in cocoa nibs at 110, 125 and 140 °C were
105.0 ± 0.05min, 39.6 ± 0.75min, and 30.4 ± 2.04min. The t4-
values were 477.2 ± 0.24min, 180.0 ± 3.4min, and
138.1 ± 9.3min δ or t4 values of both B. cereus and G. stear-

othermophilus increased by 3–5 times with a 30 °C decrease in tem-
perature (from 140 °C to 110 °C).

4. Discussion

The control of microbiological contaminants of foods is shifting
towards a risk-based approach (Kakagianni & Koutsoumanis, 2018;
Membré & Boué, 2018). Risk-based approaches have been employed
aiming to protect public health (Messens et al., 2018), but they can also
be applied aiming to reduce or prevent losses caused by spoilage

Table 1

Changes in pH and aw of cocoa beans and nibs during roastinga at a range of temperature.

Cocoa product Temperature (°C) pH aw

Before roasting After roasting Before roasting After roasting

Beans 110 5.72 ± 0.08b 5.29 ± 0.06 0.692 ± 0.01 0.429 ± 0.01
125 5.69 ± 0.11 5.31 ± 0.13 0.687 ± 0.01 0.528 ± 0.01
140 5.66 ± 0.15 5.24 (± 0.10) 0.753 (± 0.10) 0.458 (±0.04)

Nibs 110 5.72 ± 0.04 5.22 (± 0.10) 0.710 ± 0.01 0.422 ± 0.01
125 5.60 ± 0.02 5.35 ± 0.04 0.731 ± 0.01 0.442 ± 0.01
140 5.67 ± 0.08 5.24 ± 0.12 0.717 ± 0.02 0.355 ± 0.10

a Cocoa beans and nibs were inoculated with B. cereus or G. stearothermophilus spores.
b Mean ± standard deviation (n=4).
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microorganisms (Kakagianni & Koutsoumanis, 2018).). As a result, the
interest and use of tools that allow the quantification of the effects of
processing practices and unit operations towards microorganisms has
grown (Alvarenga et al., 2018b; Cadavez et al., 2019; Kakagianni,
Gougouli, & Koutsoumanis, 2016; Makariti et al., 2019; Pia et al.,
2019). In this study, the cocoa roasting step was simulated and its
impact on spores of both B. cereus and G. stearothermophilus were
quantified. Several studies have been conducted to estimate the in-
activation kinetics of B. cereus and G. stearothermophilus in a variety of
substrates (Byrne, Dunne, & Bolton, 2006; Daryaei, Balasubramaniam,
& Legan, 2013; Guérin, Dargaignaratz, Clavel, Broussolle, & Nguyen-
the, 2017; Rajkovic et al., 2008; Ramaswamy, Xu, & Vatankhah, 2019;
Wells-Bennik et al., 2019), however, their inactivation at low aw

conditions has been barely reported (Alvarenga et al., 2018). De-
termining the inactivation kinetics of these sporeforming bacteria
during roasting of cocoa beans and nibs, which involves the employ-
ment of high temperatures and aw reduction is key for proper proces-
sing design and assessment in terms of microbial destruction.

As shown in Table 1, the decrease in aw from approx. 0.7 to approx.
0.4 during roasting is due to an additional reduction of water content
and will ensure a greater stability of roasted cocoa beans or nibs over a
long storage period in preventing bacterial spore germination and fur-
ther growth. On the other hand, this aw reduction during roasting will
negatively affect heat transfer and further lead to a higher heat toler-
ance of bacterial spores (Syamaladevi et al., 2016). Roasting comprises
a key step during processing for cocoa flavour development. A series of

Fig. 1. Inactivation of a five-strain cocktail of B. cereus spores in cocoa beans (A), and in cocoa nibs (B), and of a five-strain cocktail of G. stearothermophilus spores in
cocoa beans (C) and in cocoa nibs (D) during roasting at 110 °C (■), 125 °C (●) and 140 °C (♦). Symbols correspond to independent experimental data. The full lines
correspond to the fitting of the data to the model of Mafart et al. (2002). The dotted line shows the limit of detection. See Materials and Methods for details.
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precursor compounds are formed during cocoa beans fermentation and
further interact during roasting (Andruszkiewicz, D'Souza, Altun,
Corno, & Kuhnert, 2019; Hamdouche et al., 2019). During roasting, aw
and acidity of cocoa beans is reduced (Agus, Mohamad, & Hussain,
2018; Oracz et al., 2019), which also impacts on cocoa sensory features
(Andruszkiewicz et al., 2019; Hamdouche et al., 2019; Oracz et al.,
2019). As the degree of changes that take place during roasting is
mainly dependent on temperature and time (Hinneh et al., 2019), all
the desirable properties of cocoa beans such as colour, texture, acidity,
amount of flavour compounds and fat, may be obtained by adjusting
roasting conditions. However, the higher the temperature the higher
the thermal-induced hydrolysis of triglycerides, which may lead to pH
reduction (Tenyang et al., 2017). Other changes occurring during this
step comprise the inactivation of enzymes that can lead to cocoa butter
lypolysis, the development of typical chocolate aroma and colour, and
dehydration which may favour stability (Pezoa, 1989; Rocha, Santana,
Soares, & Bispo, 2017; Suazo, Davidov‐Pardo, & Arozarena, 2014;
Żyżelewicz et al., 2016). Despite the fact that Salmonella inactivation is
should be achieved during cocoa roasting (ICMSF, 2002), the concerns
with other microorganisms, such as spore-forming bacteria seem to be
of minor relevance, and therefore they are not frequently considered
when selecting roasting conditions. Cocoa beans are commonly roasted
(Rocha et al., 2017), but in some cases, cocoa nibs are used instead, due
to demand for energetic efficiency and better standardization of the
obtained product (Hii, Menon, Chiang, & Sharif, 2017; Żyżelewicz
et al., 2016).

As shown in Table 2, the inactivation in beans of spores of both B.

cereus and G. stearothermophilus required a longer time than in nibs.
This may be due to a greater contact surface of nibs than in beans
providing a more efficient heat transfer. Roasting processes in industry
operates between 110 °C and 140 °C and last 10 min–60min (Beckett,
2008), which is much shorter than tested in the current study. Reduc-
tion of spores of G. stearothermophilus after 60min roasting was less
than 2 log10 and commonly close to 1 log10 at 110 °C and 125 °C. Re-
duction of spores of B. cereus after 60min roasting was approximately 3
log10 at 140 °C and 1 log10 at 110 °C and 125 °C. This suggests that
roasting in the industrial process at temperatures of 110 °C and 125 °C
contributes to limited spore inactivation. The natural contamination of
unroasted cocoa beans or nibs has been estimated at 6.3 log cfu/g for
spores of B. cereus, at 3.0 log cfu/g for thermophilic aerobic spores
(Pereira et al., unpublished data), and at 4.3–5.5 log spores per g for
total spores (Lima et al., 2012). This mean that spore-forming bacteria
will persist after roasting and enter at low levels further processing
steps.

Extending the duration of the roasting process is difficult to achieve,
as this may alter sensory characteristics, flavour and texture of cocoa
(Barrile, Ostovar, & Keeney, 1971; Żyżelewicz et al., 2016; Suazo et al.,

2014, Rocha et al., 2017). The partial reduction in spore counts during
the roasting process was previously observed (Lima et al., 2012). These
authors reported from 1 to 2 log reductions of spore-forming bacteria
naturally present in alkalized cocoa nibs during roasting, even though
the roasting conditions were not clearly indicated (105 °C and 140 °C). .
Barrile et al. (1971) reported a 2 to 4 log10 reduction in total counts
during roasting at 150 °C for 40min; only spore-forming bacteria were
isolated from roasted bean samples, and G. stearothermophilus and B.

coagulans were the predominant species.
The particular pattern of inactivation of spores of B. cereus and G.

stearothermophilus observed in the present work is certainly due to the
low aw of cocoa beans and nibs all along the roasting process. The low
aw of cocoa beans and nibs has a profound effect on the thermostability
of the spores. Firstly, heat-resistance parameters were relatively poorly
affected by the increase in temperature. The δ and t4 values decreased
by 3–5 times with a 30 °C increase in temperature. In an aqueous en-
vironment, the decrease would have been by 20–40 times considering z-
values (the increase of temperature, in °C, needed, so a tenfold reduc-
tion in decimal reduction times is achieved) in the range 7 °C–13 °C
(den Besten, Wells-Bennik, & Zwietering, 2018; Nicholson et al., 2000).
A relatively low influence of temperature changes on heat-resistance
parameters of spore-forming bacteria has previously been reported
(Ababouch & Busta, 1987; Alderton & Snell, 1969). Secondly, heat-re-
sistance parameters in cocoa beans and nibs observed for both species
tremendously exceed the values reported in an aqueous environment
(ICMSF, 1996; Luu-Thi, Khadka, & Michiels, 2014; Rigaux, Denis,
Albert, & Carlin, 2013). den Besten et al. (2018) also reported that the
survival of spores of B. cereus was higher in oily products than in wet
foods. For instance, decimal reduction time of G. stearothermophilus at
125 °C does not exceed a few minutes and a few seconds at 140 °C
(Rigaux et al., 2013; den Besten et al., 2018). Thirdly, differences in
resistance between B. cereus and G. stearothermophilus during a roasting
process are only marginal, while their difference in resistance to wet
heat is huge (Lücking, Stoeckel, Atamer, Hinrichs, & Ehling-Schulz,
2013; Sadiq et al., 2016). More generally, differences in resistance to
dry heat between species of spore-forming bacteria, in particular be-
tween thermophilic, mesophilic and psychrotrophic species are greatly
reduced, when compared to the differences in resistance to wet heat
(Murrell & Scott, 1966).

In conclusion, the roasting process may not promote a relevant re-
duction in populations of spore-forming bacteria despite relatively long
process times at high temperatures. The use of high temperatures
(140 °C) during roasting and of cocoa beans and nibs with low popu-
lation of spore-forming bacteria can improve the efficiency of the
roasting process in terms of microbial inactivation, which should also
be a concern for cocoa processors. Populations of spore-forming bac-
teria not inactivated by roasting may remain at further processing steps

Table 2

Time for the first decimal reduction δ, time for 4-decimal reductions (t4) of B. cereus and G. stearothermophilus spores during roasting of cocoa beans and nibs a,b.

SpSpecies Temperature (°C) Cocoa nibs Cocoa beans

δ (min)c Shape parameter (p)e t4 (min)c RMSEd δ (min)c Shape parameter (p)e t4 (min)c RMSEd

B. cereus 110 92.2 ± 0.9 aA 1.08 331 ± 4.8 aC 0.375 149 ± 1.7 aB 1.36 413 ± 4.6 aD 0.370
125 30.5 ± 0.6 bA 1.08 111 ± 2.0 bB 0.155 56 ± 6.5 bA 1.36 155 ± 18 bB 0.227
140 17.2 ± 1.9 cA 1.08 62 ± 6.7 cB 0.297 23 ± 1.4 cA 1.36 64.6 ± 3.9 cB 0.342

G. stearothermophilus 110 105 ± 0.1 dA 0.92 477 ± 0.2 dC 0.241 184 ± 2.1 dB 1.22 572 ± 6.5 dD 0.194
125 39.6 ± 0.75 eA 0.92 180 ± 3.4 eC 0.527 76 ± 1.1 eB 1.22 238 ± 3.4 eD 0.329
140 30 ± 2.0 fA 0.92 138 ± 9.3 fC 0.358 49 ± 0.3 fB 1.22 153 ± 0.8 fC 0.366

a For each species, different lowercase letters in the same column indicate significant difference at P < 0.05 of δ and t4 as affected by temperature (Scott-Knott
test).

b For each species, different capital letters in the same column indicate significant difference at P < 0.05 of δ and t4 obtained in cocoa nibs and beans (Scott-Knott
test).

c Mean ± mean absolute deviation, n= 2.
d Root mean square error.
e Unique shape parameter p for each species and each matrix.
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and potentially affect microbiological quality and safety of thermally
processed cocoa-based products.
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