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ABSTRACT

Sago starch is an important source of dietary carbohydrate in lowland and coastal
areas of Papua New Guinea (PNG). There have been sporadic reports of severe
haemolytic illness resulting from sago starch consumption, termed sago haemolytic
disease (SHD), with most reports coming from the Western Province. Despite the
occurrence of SHD, and a high likelihood of less severe foodborne illness resulting
from consumption of indigenous foods in general in PNG, there have been no
detailed studies of the microbiology of sago starch. The aim of this study was to
establish a broad basal knowledge of the microbiology of traditionally prepared sago

starch in PNG.

Sago starch samples and sociological information were collected in two of the main
sago eating regions of PNG, the East Sepik Province and the Western Province.
Sago starch samples were collected predominantly from the houses of sago starch
producers in rural areas of the two provinces, and to a lesser degree from markets in
some villages in the East Sepik Province. In addition to these samples considered ‘fit
for consumption’, two samples of sago starch that had been associated with

outbreaks of SHD were also analysed.

Analysis of the sago starch for common bacterial pathogens was done using accepted
methods, and where possible was based on the relevant Australian Standards. The
findings suggest that faecal contamination of sago starch is widespread, with over
three-quarters of all samples tested for faecal coliforms at the upper limit of
detection. The human pathogen Salmonella spp. was isolated from approximately 7%
of samples tested. The presence of emerging human pathogens such as Citrobacter
freundii and Enterobacter sakazakii was tested, with the former being present in a
low percentage of samples tested. Other important bacterial food pathogens such as
Staphylococcus aureus and Bacillus cereus were also detected in sago starch, but

none of the 57 samples tested for Listeria monocytogenes was positive.

Mycological analysis of sago starch revealed a variety of fungal contaminants.
Commonly occurring genera of filamentous fungi included Penicillium, Scytalidium,

Aspergillus, and Acremonium. Mycotoxin analysis of sago starch revealed that the

vil



common mycotoxins such as aflatoxins, ochratoxin A, cyclopiazonic acid,
sterigmatocystin, zearalenone and citrinin were not present. Selected fungal isolates
were tested for the presence of mycotoxin production in pure culture, with two-thirds
found to be capable of citrinin production and one isolate capable of sterigmatocystin

synthesis.

In an attempt to determine the aetiological agent of SHD, bacterial and fungal
isolates were screened for haemolytic activity on blood agar. A suitable semi-
quantitative assay was developed, and extracts from bacterial and fungal cultures
were tested. Particular attention was paid to the haemolytic activity of fungal
extracts, given the long speculated role of mycotoxins in the aetiology of SHD. The
haemolytic activity of numerous fungal species has been demonstrated for the first
time, and steps in the optimised extraction and purification of the haemolytic
component of some isolates has been completed. Further work was conducted on
extracts from Penicillium steckii, a common contaminant of sago starch. The
chemical properties of the extract suggest that a novel fungal metabolite is

responsible for haemolytic activity.

Detailed studies on the microbial ecology of stored sago starch have been conducted,
primarily to garner a greater understanding of factors that contribute to the microbial
safety of the food. The study has established that sago starch is a naturally fermented
product, and this fermentation process contributes greatly to the food safety of the
product. Bacterial pathogens such as B. cereus, L. monocytogenes, S. aureus and
Salmonella sp. do not survive well in actively fermenting sago starch, primarily due
to the production of weak acids. Furthermore, numbers of filamentous fungi are low
in actively fermenting sago starch, presumably due to the reduced oxygen

availability.

On the basis of the sociological data and microbial studies, a hazard analysis and
critical control point (HACCP) plan was devised that was considered appropriate for
application in village based production of sago starch in rural PNG. Through a
greater understanding of the microbiology of sago starch, together with the
development of an appropriate HACCP plan, this research will lead to increased food

safety and food security for sago consumers in rural and remote lowland areas of
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PNG. Moreover, studies of the haemolytic metabolites of fungi isolated from sago

starch pave the way for further research to determine the aetiology of SHD.

X



TABLE OF CONTENTS

STATEMENT ON ACCESS OF THESIS .....ooiiieiiieeeeeeee e il
STATEMENT OF SOURCES ......ccooiitiiiienteeertee ettt il
STATEMENT ON THE CONTRIBUTION OF OTHERS.......ccccceiiiiiiiiiieeee, v
DECLARATION OF ETHICS ...ttt v
ACKNOWLEDGEMENTS ...ttt st A%
ABSTRACT ...ttt sttt ettt ettt e b et vii
LIST OF TABLES ...ttt XVi
LIST OF FIGURES ...ttt Xix
COMMONLY USED ABBREVIATIONS ......ccoooiieieieeeeseee e xxiii
CHAPTER 1: GENERAL INTRODUCTION .....ccocociiiiiriiniiiienieieeieeeesieeeeeee e 1
1.1 Background ..........occooeiiiiiiiiiiieee e 1
1.2 The Purpose of the Study .......c.ccoovvieiiiiiiiecee e 2
1.3 The STUAY ..ot 3
CHAPTER 2: LITERATURE REVIEW ......coiiiiiiiiiiiiiiiieeeceee e 6
2.1 SO ettt e e et et e e e et e e e naeeennne 6
2.1.1 The SAZ0 PAM ..ccveiieeiieceeee e 6
2.1.2 Uses of the Sago palm .........cooviieiiiiiciieeeee e 9
2.13 Production of sago Starch...........cocceeviiiiieiiiiiiiee e, 14

2.2 Health and Nutrition in Papua New Guinea............ccoeecverieeiienieenieennnenne. 17
2.2.1 OVETVIEW ..ttt ettt ettt et sttt e es 17
222 INUEFTEION ..t et e 18
223 The impact of infectious disease on health ..............coccoeiiniin. 20
224 The relationship between nutrition and immunity ...........cccceeereenneene 21

2.3 Sago Haemolytic DISEaSE.......cccuvieruireiiieeiiieciiee et 23
2.3.1 N 101 0170) 14 1SR SRR 23
232 EpPidemiology .....cooueieiieiiieiieee s 23
233 Aetiological STUAIES.......ccvieiieiiieiieeieee et 24

2.4 Bacterial Food PathOgens.........ccoeviiiiiiiiiiiieiiecieeiieee et 27
24.1 INtrOAUCTION ..o 27
242 BaACIHIUS CEIBUS ...t 27
243 Clostridium spp. food poiSONING.........c.ccvvverierieeieriieie e 28
244 Escherichia COoli..........ccoiiiiniiccccccee 29



24.5 Listeria MONOCYLOQENES. ........covieieerieieeeieete ettt 29

2.4.6 SAIMONEIHA SPECIES ..ottt 30
24.7 StaphylOCOCCUS QUIEUS ........veeveeeeeeeieececeee et 30
2.5  Mycotoxins and MYCOtOXICOSIS .....eervrerurerreerrieeieeriieeireesieeereesseesseesseeenne 31
25.1 INtrOAUCTION ... 31
252 The main mycotoxins and their producers...........cccccevevevierieennennnen. 35
2.6  Biological Toxins with a Demonstrated Haemolytic Activity................... 43
2.6.1 INrOAUCHION ...t 43
2.6.2 Bacterial haemolySins ........cceevevieriieiiieiiicieeeee e 44
2.6.3 Fungal haemolySins........cccccecvieeiiieiiiieiieeiee e 50
2.6.4 Haemolytic anaemia associated with protozoan infections ............... 55
2.6.5 Haemolysins of plant and animal origin ...........cccccecveveevinieneeniennen. 56
2.6.6 Justification and SUMMATY .........cccceeviieiiieriieeiierie e 58
CHAPTER 3: SOCIOLOGICAL ASPECTS OF SAGO USE AND THE
EPIDEMIOLOGY OF SAGO HAEMOLYTIC DISEASE......ccocooieiininininenene. 60
3.1 INtrOAUCEION ...ttt 60
3.2 Materials and Methods..........cocevieiiiiiniiieeeeee e 61
3.2.1 Sociological survey of sago consumers in the Western and East Sepik
PIOVINCES ...ttt ettt ettt e et e et esaeeens 61
3.2.2.  Review of hospital records at the Balimo Health Centre................... 62

323 Outbreaks of sago haemolytic disease during course of this study.... 62

3.3 RESUILS ..o 62
3.3.1 Sociological survey of sago consumers in the Western and East Sepik
PIOVINCES ..ottt 62
332 Review of hospital records at the Balimo Health Centre................... 74

3.3.3 Outbreaks of sago haemolytic disease during the course of this study..

............................................................................................................ 80

334 Case definition and incidence of sago haemolytic disease ................ 82

3.4 DISCUSSION cuttuiiiietieieeite sttt ettt ettt ettt e st e b et esse et eneeseeesbeenneennas 82
CHAPTER 4: THE PREVALENCE OF FOODBORNE BACTERIAL

PATHOGENS IN SAGO STARCH ......ooiieiiiieieeeeeee ettt 89

4.1 INErOAUCTION ... 89

4.2 Materials and MethodS..........oooerieriiiiiiieieeeeee e 90

4.2.1 Sample collection and general procedures..........ccccveeevveerieeeeveeennee. 90

x1



422 Enumeration of BaCillUS CEIEUS ......oooeeieeeeeeeeee e 92

423 Enumeration of Clostridium perfringens and detection of

$aCCharolytic ClOSEIIAIA. .....eeviieiiieiieiie et 92
4.2.4 Isolation of various species of potential pathogens from family
ENterobacCteriaCeae .........c.covvueuirieinieiiinic e 93
4.2.5 Isolation of Listeria monOCYtOQENES ..........cceeveeeveeieeeeereeieeeeereennee, 96
4.2.6 Enumeration of coagulase positive staphylococci ........ccceeeeennennnen. 97
4.2.7 Enumeration of total culturable aerobic bacteria.........c.ccceceevueriennenne 97
4.2.8 Statistical ANALYSIS .....eeevieriieeiieiieeieeie et 98
4.3 RESULILS ...t e 99
43.1 Sample INfOrmation........ccceevverieriiiiniireee e 99
4.3.2 Bacillus cereus enumeration ............cccecevereneneeieienieneseseseeeeees 99

433 Enumeration of Clostridium perfringens and detection of

saccharolytic ClOStIIdIa.......cuiieeiieeiie e e 100
434 Isolation and enumeration of various species of potential pathogens
from family Enterobacteriaceae............cccevvevieeieeeeiiieieceeeeeeee e 100
4.3.5 Isolation of Listeria monocytogenes from sago starch..................... 102
4.3.6 Enumeration of coagulase positive staphylococci .........ccccceveeneee. 102
4.3.7 Enumeration of total culturable aerobic bacteria...........ccccceveeunenee. 103
4.4 DISCUSSION vttt ettt sttt et ettt et et ettt e b eanesaeens 103
CHAPTER 5: THE PREVALENCE AND DETERMINANTS OF FUNGI AND
ACTINOMYCETES IN SAGO STARCH .....cooiiiiieeieeceeee e 111
5.1 INOAUCTION ...t s 111
5.2 Materials and Methods..........cccovieniiiiniiniiiieeee 112
5.2.1 Enumeration and identification of yeasts and moulds...................... 112
522 Enumeration of mucoraceous moulds.............cccceevieiiiiniiiniennenne. 114
523 Enumeration of GEOtriChUM SPecies.........cceeveieierierierieieceeeeeeennes 114
524 Isolation of actinomycetes from sago starch...........ccccceevveeiiennnnnne. 115

5.2.5 Additional techniques used for sago samples implicated in SHD ... 115

5.2.6 Ergosterol analysis of sago starch..........ccccoceveeviieeniiecciieeeee 116
5.2.7 Statistical ANALYSIS ...cc.evveriiriiiiiiieieeeceeee e 117
5.3 RESUIES oottt 118
53.1 Enumeration of yeasts and moulds and prevalence of fungal genera....
.......................................................................................................... 118

Xii



53.2 Enumeration of mucoraceous moulds.........coovvvemmeeeeeeeeeiiiieeeeeeeeeeee 121

533 Enumeration of GEOtriChUM SPECies.........cveveveieieriesiisieeieeceeieies 121
534 Enumeration of actinOmyCetes..........cecvveevieriienieniieeniieeieeiie e 121
535 Mycoflora of implicated sago samples ..........ccceeveveeecieenieecreennennne 122
5.3.6 Ergosterol analysis of sago starch..........ccccoccveeviiieeniieciiieceeen 122
5.4 DIASCUSSION ..ttt ettt e et e e e e e earee e tseeeabeeeaseeesseeas 123
CHAPTER 6: THE PRESENCE OF COMMON MYCOTOXINS AND
MYCOTOXIGENIC FUNGI IN SAGO STARCH......cccooceviirieieeieeeceee, 131
6.1 INErOAUCLION ...t 131
6.2 Materials and Methods.........coccoiiiiiiiiiiie 133
6.2.1 Sample ColleCtioN ......ccveviiiiiiiinieeeereceee e 133
6.2.2 Screening sago starch for myCOtOXinS.........cceeveeeviienieeiiienienieeiens 133
6.2.3 Screening pure cultures of fungi isolated from sago starch for
10000101 10):€ 1 1 SRS 136
6.3 RESUILS ..o e 137
6.3.1 Sample COLLECHION ......eeiieiiieiieeieete e 137
6.3.2 Presence of mycotoxins in sago starch...........cccccceevevieciieniieciienenne, 137
6.3.3 Production of mycotoxins by fungi in pure culture isolated from sago
] 1 (o] | KSR PP 139
0.4 DISCUSSION ..ottt ettt sttt ettt b e et e et et eae b enee 140

CHAPTER 7: HAEMOLYTIC ACTIVITY OF MICROORGANISMS ISOLATED
FROM SAGO STARCH AND METHODS FOR DETECTING SUCH ACTIVITY ..

......................................................................................................................... 146
7.1 INErOAUCLION ...ttt 146
7.2 Materials and Methods...........cccooieriiiiniiniiiee e 147

7.2.1 Initial screening using blood agar ..........cccccecvveevciieeecieeciie e 147
7.2.2 Development of a haemolytic assay for quantitative testing of
microorganisms for haemolytic aCtiVity........ccceevveeeeiieniieriienieciieceeeieeeee e 150
7.2.3 Application of assay to crude microbial extracts...........ccceevvrenennne 154
7.3 RESULILS .. 155
7.3.1 Initial screening using blood agar ..........ccceevceeiiiniiienieniieieeee 155
7.3.2 Development of haemolytic assay ........c.cccceeevieeriieniienieenieeieeieeane 160
7.3.3 ApPplication Of @SSAY .....cccvvieeriiieiiieeieece e 162
T4 DISCUSSION .euetiiuiiieiieetie ettt ettt ettt ettt e et e st e et esateesbeesbeesabeenaeeens 167



CHAPTER 8: FURTHER STUDIES ON THE HAEMOLYTIC ACTIVITY OF

SELECTED FUNGAL EXTRACTS AND SAGO STARCH SAMPLES.............. 175
8.1 INErOAUCLION ...ttt 175
8.2 Materials and Methods.........ccccovierieiiiiieniieeceeeeee e 176

8.2.1 Extraction of the haemolytic component produced by filamentous
TUNZL ettt ettt ettt e b et eaee s 176
8.2.2 Separation of haemolytic components of fungal culture extracts using
preparative layer chromatography...........ccoecverieeiiienieniiienieececee e 178
8.2.3 Further separation of haemolytic component from Penicillium steckii
WL=T130T ettt ettt et e et et e et e teenaesneenneas 179
8.2.4 Testing for the presence of haemolytic activity in sago starch using
hexane extraction and qUaNtitative asSaY ..........ceeeevuerierierriereeneenienieneeseeeaes 181
8.3 RESUIES ... 181
8.3.1 Extraction of the haemolytic component produced by filamentous
TUNZL et ettt ettt ettt st e eaee s 181
8.3.2 Separation of haemolytic components of fungal culture extracts using
preparative layer chromatography..........cceecvveeiieiiieiieniiienie e 188
8.3.3 Further separation of haemolytic component(s) of Penicillium steckii
WL=T30T ettt sttt st esse e b e enaeeseesesnaenseensens 194
8.3.4 Testing for the presence of haemolytic activity in sago starch using
hexane extraction and qUANtItatiVe ASSAY ......ccveerevreeriieeniireerieeenieeerieeeniee e 198
8.4 DISCUSSION ..uuieiiiiitieeiteeite et ettt ettt ettt et et e et e s it e e bt e ssbeebeesateenneeeas 199

CHAPTER 9: MICROBIAL ECOLOGY OF SAGO STARCH.......cccecevivvrrnnnne. 206
9.1 INErOAUCLION ...ttt 206
9.2 Materials and Methods...........ccceeiiriiiiiiiiiiiieeeeee e 207

9.2.1 NiItrogen fiXation .......cccveeeeiiieriiieeciee et sree e ee s 207
9.2.2 Determination of nitrogen levels in sago starch............cccccceeeeneenne. 210
9.23 Analysis of sago starch for vitamin By .....ccocceeviiiiiieniiniiiiieee, 211
9.2.4 Comparison of the effect of selected traditional storage techniques on

MICTObIAl COMMUNITIES .....eeieieiieiiieiie ettt e 212
9.2.5 Survival of bacterial pathogens in sago starch..........cccceceveenennenn. 213
9.2.6 The fermentation of sago starch...........cccocceveieiiiniiiniecieeee 215
9.2.7 The role of lactic acid bacteria in the preservation of sago starch...217

9.3

R ESUILS e e e e et e e e e e e e e e 219

X1V



9.3.1 Isolation of nitrogen fixing bacteria from sago palms ..................... 219

9.3.2 Determination of nitrogen levels in sago starch............ccccceeceenene 220
933 Analysis of sago starch for vitamin B, and isolation of B,
SYMENESISETS ...evvieiiieiieriiieiieeiteeteeseteeteessaeeteesaseesseessseesseessseenseessseenseesssaenseaans 221
9.34 Comparison of the effect of selected traditional storage techniques on
MICTODIAl COMMUNITIES ... .eeeutieiieeiieeiie ettt et e e 221
9.3.5 Survival of bacterial pathogens in sago starch..........ccccecevienennene. 224
9.3.6 The fermentation of sago starch...........cccocceeeieiiiiiiiniiiceee, 226
9.3.7 The role of lactic acid bacteria in the preservation of sago starch... 229
0.4 DISCUSSION ..ttt ettt ettt ettt e e et ee e as 230
CHAPTER 10: HACCP ANALYSIS OF SAGO STARCH AS A FOOD.............. 242
10.1  INErOAUCTION ..c.eiiiiiiiiiiieieee ettt e 242
10.2  Materials and MethodsS..........coceeierieiiniinieceeeeeeeee e 243
10.3  RESUIES ..t 244
10.3.1  Preliminary steps prior to HACCP analysis........cccceeereereevencnennne 244
10.3.2  Application Of HACCP ......cccoieiiiiiiiiiiiieeeeeeee e 246
10.4  DASCUSSION c.eeeutieiiieiieitieieeitesite e te sttt et et esteesteseeebesaeesbeeteennesaeens 249
CHAPTER 11: GENERAL DISCUSSION .....cooiiiiiiiieieeereee e 257
REFERENCES. ...ttt ettt e e aeennenneens 262
APPENDIX 1: SOCIOLOGICAL SURVEY ...ccciiiiiiiiinieniiiereeeeeesceieee e 303
APPENDIX 2: MEDIA AND REAGENTS .....ooiiiiiiiiieeeeeeeeeee e 315
APPENDIX 3: ISOLATION AND ENUMERATION OF BACTERIA OF PUBLIC
HEALTH SIGNIFICANCE FROM SAGO STARCH.......ccccccvviiiiiiiiinienceee 335
APPENDIX 4: ENUMERATION, IDENTIFICATION AND HAEMOLYTIC
ACTIVITY OF FILAMENTOUS FUNGI FROM SAGO STARCH ..................... 343
APPENDIX 5: MYCOTOXIN ANALYSIS....oooiiiieeiee e 358
APPENDIX 6: HAEMOLTYIC ACTIVITY OF BACTERIA ISOLATED FROM
SAGO STARCH AND SAGO STARCH PER SE.........cociiiiiiiiiiieeeeeeee, 360
APPENDIX 7: MICROBIAL ECOLOGY OF SAGO STARCH ......ccccocevieirnene 363

XV



LIST OF TABLES

Table 2.01:  Common mycotoxins and associated human diseases. ...................... 36
Table 3.01:  Division of labour between men (M) and women (W) for main tasks
involved in sago palm cultivation and starch production...........c..cccccevueruennnnne. 64
Table 3.02:  Transfer of sago cultivation and extraction knowledge from one
generation to the next in the East Sepik Province and the Western Province.... 64
Table 3.03:  Percentage of respondents who wash extraction equipment following
the maceration of Sag0 PAIMS. ........cooiiiiiiiiiiiiii e 65
Table 3.04:  Methods of human faecal waste disposal, and the distance of disposal
from site Of SAZ0 EXLIACION. . c..vievieiieeiieiieeie ettt 67
Table 3.05:  Preferred methods of sago starch storage in the East Sepik Province
and the Western ProVInece..........oocuieiiiiiieiiiiiiee e 68
Table 3.06:  Use of stale sago starch in the East Sepik and Western Provinces, and
characteristics used to determine suitability for consumption. .............c............ 70
Table 3.07:  Primary and secondary methods of sago preparation in the East Sepik
Province and the Western Provingce. ...........cooccoeviiiiiiniiiiienieeeeeeeee 70
Table 3.08:  The significance of sago starch as a food source and changes in
dependency N TECENLE YEATS. ..c.eeecvieriierieeiieeieetieereeteeereeaeeereeseeeseesseessseenes 71
Table 3.09:  Selected responses from survey participants pertaining to cultural
ASPECLS OF SAZO TS .vevvevieniieiiesiieie e ete et e et e teesaeeteesseesaeesaesseensesseenseenseeneennas 72
Table 3.10:  Problems associated with sago palm cultivation and starch extraction
in the East Sepik Province and the Western Province. ........c.cccceeevveiienirennennne. 73
Table 3.11:  Previously unreported illnesses with similar symptoms and
epidemiologies to SHD in the Western Province..........cccceevevveneevcnicncnncnnne. 74
Table 4.01:  Parameters that might affect microbial growth in sago starch and their
categorisation for statistical analysis.........c.cccverrieiiieniieeiienie e 98
Table 4.02:  Statistical analysis (using analysis of variance) of the influence of
storage duration, storage technique and pH on numbers of B. cereus isolated
from SaZO STATCH. ....ooeiiiiiieie e 100
Table 4.03:  Significance levels using Fisher’s exact test of the relationship
between presence/absence of total coliforms, faecal coliforms, E. coli and

Salmonella spp. with province of origin for sago starch, the age of the sample at

XVvi



time of collection, the pH of the sample, and the water activity of the sample. ....

Table 4.04:  Statistical analysis of the influence of pH and storage duration on
numbers of total culturable bacteria isolated from sago starch........................ 103
Table 5.01:  Prevalence of individual mould genera from sago samples collected

from the East Sepik Province (S1 and S2) and the Western Province (W1,W2

ANA W3 e e e e e tb e e eaaeas 120
Table 5.02:  Results of fungal enumeration of sago samples implicated in SHD
(CTU/Z). ettt e nne 122
Table 6.01:  The Ry and detection limits for mycotoxin screening in sago starch. ....
.......................................................................................................... 136

Table 6.02:  Citrinin and sterigmatocystin concentrations produced in pure culture
by fungi isolated from sago Starch. .........cccccoeeeieiiieiiiiiiieieceee e 139
Table 7.01:  Categories of haemolytic intensity for organisms isolated from sago
SEATCR. et st 148
Table 7.02:  Comparison of haemolytic activity of selected fungal isolates using
sheep blood agar (SBA-chlor) and human blood agar (HBA-chlor). .............. 159
Table 9.01:  Estimated number of nitrogen fixing bacteria isolated from sago
palms using the MPN technique and confirmation using GC.........c..ccccceueeneee. 219
Table 9.02:  Rate of nitrogen fixation (nM of ethylene production) in sago starch
and enumeration of presumptive nitrogen fixing bacteria from selected sago
samples. No distinction was made between aerobic and anaerobic nitrogen
D ;111021 F ST SUPRRTRUPRRR 220
Table 9.03:  Vitamin B, levels in five samples of sago starch...............c..c......... 221
Table 9.04:  Estimated bacterial counts per gram of sago for various bacterial
pathogens in sago starch over three weeks. Sago starch was seeded with
approximately 1.0 x 10* cfu/g of each pathogen on day O............ccccoveveeeeee.. 225
Table 9.05:  Enumeration of LAB, pH values and detection of various acids in
SAZO SEATCHL 1..eiivieiiieieeiee ettt ettt et e et eeaeeseaeebeenaae e 226
Table 9.06:  Faecal coliforms, E. coli and filamentous fungi isolated from triplicate
samples of fermenting sago starch over 30 days..........cccevviieiiiniiieninniiene 228
Table 9.07:  Production of various acids by selected LAB isolated from sago starch

GIOWN 1N PUIE CUITUTE. ....vviiiiiiiiieiieeiie ettt ettt ebeesaae e e eene s 230

Xvil



Table 10.01: Initial steps of HACCP application: identification of steps involved

in the process, the associated hazards, appropriate control measures and

COrreSPONAING CCPS. ....ooiiiiiiiiieciieeee et 247
Table 10.02: Critical limits, monitoring procedures and corrective actions for
practicable CCPs of the sago production and storage process...........cccceeuvenne. 248

xviii



LIST OF FIGURES

Figure 1.01: Map of PNG showing provincial borders. Areas of sample collection
are Mmarked With T€d.........c.coooviiiiiie e e 4
Figure 2.01:  Distribution of Metroxylon spp. in the Asia—Pacific region. ............... 7
Figure 2.02: A map of PNG showing areas suitable for growth of the sago palm,
M. sagu, in green. Small patches of palms also grow on many of the coastal
fringes of islands off the coast of mainland PNG. .........c..ccoeeviiiiniiiiniieee, 8

Figure 2.03:  Sago palms growing in waterlogged conditions in the Western

Provinee, PNG. ...oooiiioeiieeeeeeeeeeeeee ettt ettt e e e e e saatr e e e e e s esans 8
Figure 2.04: A young boy stands in front of thatch made from the leaves of the

SAZO0 PAIM, M. SAGU.....eiiiiiieiieee et e e 12
Figure 2.05: Macerating the pith of a sago palm using traditional tools. ............... 15
Figure 2.06:  Extraction of sago Starch...........ccceeveiieviieniieiieiieeieceeeee e 15

Figure 2.07: Two commonly used methods of sago storage: (a) wrapped in leaves;
(b) placed in @ WOVEN DAZ. .....oocviiiiiiieiie e 17

Figure 3.01: Example of a well dug in a sago swamp to access water for starch
EXETACTION. 1.ttt ettt ettt ettt b et eat e sbc et e st e sbe et e bt esbeeteeatenbeebeeanes 66

Figure 3.02:  Picture of two toilets (circled in red) that drain directly into the Sepik
River in close proximity to where sago starch was being extracted.................. 67

Figure 6.01: Thin layer chromatography plate of sample W0303-12 and CPA

standards after treatment with Ehrlich’s solution.............ccccoeeienieniiiniennnne. 138
Figure 7.01: Observations of the screening of sago starch for haemolytic activity
ON HBA. ettt reeneas 156

Figure 7.02:  Percentage of isolates showing haemolytic activity on SBA-chlor for
the most commonly occurring mould genera. Genera are listed in order of
frequency of isolation from sago Starch. ........c.ccceeevievienciienieciiceeceeee e, 157

Figure 7.03: Haemolytic activity of selected Bacillus isolates over 4 hours using a
semi-quantitative assay. Each tube contained the equivalent of 1,050 pul of liquid
CUITUTE. ettt ettt sttt e e 162

Figure7.04:  Haemolytic activity of selected P. aeruginosa isolates over 8 hours
using a quantitative assay. Each tube contained the equivalent of 1,050 pl of

HQUIA CUILUTE. ..o e et 163

XiX



Figure 7.05: Haemolytic activity of selected yeast extracts (TDS) over eight hours.
Each tube contained the equivalent of 1,050 pl of liquid culture. ................... 164

Figure 7.06: Haemolytic activity of uninoculated wheat, S. chartarum ATCC 9182,
T. reesei ATCC 26921 (extracted in TDS), and a negative control. Each tube
contained the equivalent of 0.175 g of culture material................ccccvvreneeennee. 165

Figure 7.07: Haemolytic activity of fungi isolated from sago starch, extracted using
TDS: (a) Three strains of P. steckii; (b) P. brevicompactum, A. flavipes, and F.

semitectum. Each tube contained the equivalent of 0.175 g of culture material....

Figure 8.01: Haemolytic activity of hexane-rich and dichloromethane-rich extracts
of sterile wheat, and extraction solvents alone (negative controls). ................ 183
Figure 8.02: Haemolytic activity of hexane-rich and dichloromethane-rich extracts
of S. chartarum ATCC 9182 culture (positive control organism). .................. 183
Figure 8.03: Haemolytic activity of hexane-rich and dichloromethane-rich extracts
of T. reesei ATCC 26921 culture (positive control organism). .............c......... 184
Figure 8.04: Haemolytic activity of hexane-rich and dichloromethane-rich extracts
OF P STECKIT WT-TT0T ..ot 184
Figure 8.05: Haemolytic activity of hexane-rich and dichloromethane-rich extracts
Of P. STECKIT WI-130T it 185
Figure 8.06: Haemolytic activity of hexane-rich and dichloromethane-rich extracts
Of P. STECKIT S2-1305. ..ottt 185
Figure 8.07: Haemolytic activity of hexane-rich and dichloromethane-rich extracts
of P. brevicompactum S1-0201........ccoeeeieieieieieciecieeeeeeeee e 186
Figure 8.08: Haemolytic activity of hexane-rich and dichloromethane-rich extracts
OF A. TlaVIPES S2-0207. ..ottt 186
Figure 8.09: Haemolytic activity of hexane-rich and dichloromethane-rich extracts
Of F. SEMIteCtuM S2-0207. .....cuirieiiiiiiiricirieereeere ettt 187
Figure 8.10: Haemolytic activity of hexane-rich and dichloromethane-rich extracts
of T. virens W4-0119, from implicated Sago. ........ccceevveeierieniieiecieieeieieans 187
Figure 8.11: Haemolytic activity in the hexane extract of uninoculated wheat after
separation into two fractions on a PLC plate. .........ccccoceviiiiiiiniincninccen 189
Figure 8.12: Haemolytic activity in the hexane extract of S. chartarum ATCC 9182

after separation into two fractions on a PLC plate.........ccccecvevvieviencieenieennnen. 189

XX



Figure 8.13: Haemolytic activity in the hexane extract of T. reesei ATCC 26921
after separation into two fractions on a PLC plate..........cccccoveeviniininncnnicnene 190
Figure 8.14: Haemolytic activity in the hexane extract of P. steckii W1-1101 after
separation into two fractions on a PLC plate. .........cccceeeieriieiienciieiecieees 190
Figure 8.15: Haemolytic activity in the hexane extract of P. steckii W1-1301 after
separation into two fractions on a PLC plate. .........ccccoceviiiiiiiniincnineeen 191
Figure 8.16: Haemolytic activity in the hexane extract of P. steckii S2-1305 after
separation into two fractions on a PLC plate. .........ccccoevvieiiiiciienieiieeiee, 191
Figure 8.17: Haemolytic activity in the hexane extract of P. brevicompactum
S1-1201 after separation into two fractions on a PLC plate. ...........ccccveennnee. 192
Figure 8.18  Haemolytic activity in the hexane extract of A. flavipes S2-0207 after
separation into two fractions on a PLC plate. .........ccccoevevieiieiiiienieiieeeee, 192
Figure 8.19: Haemolytic activity in the hexane extract of F. semitectum S1-0406
after separation into two fractions on a PLC plate.........cccccccvveevvieenieeecieeenee. 193
Figure 8.20: Haemolytic activity in the hexane extract of T. virens W4-0119 after
separation into two fractions on a PLC plate. .........cccooveviiiieniienienieeie, 193

Figure 8.21: Preparatory layer chromatography plate of P. steckii W1-1301 hexane

fraction photographed under long wave UV light. ..........cccoovviviiiiiiiinnn. 195
Figure 8.22:  Graphs showing the haemolytic activity of the three segments from

the PLC plate of P. SteCKil W1-1301.......cccooieiiieiiieiieieeeeeeeeeeee e 196
Figure 8.23:  P. steckii W1-1301 TLC plate exposed to iodine. ...........ccevreurennene 197

Figure 8.24: Haemolytic activity of hexane-rich extracts of sago starch (1.0 g
CQUIVAIETIL). ¢ttt ettt ettt et e as 199

Figure 9.01: Number of total viable bacteria (cfu/g) over 6 weeks in sago stored
wrapped in sago leaves (sago bundle), smoked sago and sago stored in an
earthenware pot covered With Water. .........cccceeviiieiiiieciieee e, 222

Figure 9.02: Number of LAB (cfu/g) over 6 weeks in sago stored wrapped in sago
leaves (sago bundle), smoked sago and sago stored in an earthenware pot
COVETEd WIth WALET. ..e..eitieiiiiieieiie et 223

Figure 9.03: Number of yeasts (cfu/g) over 6 weeks in sago stored wrapped in sago
leaves (sago bundle), smoked sago and sago stored in an earthenware pot

COVETEA WL WALET . ..o e e e e e e e e e e e e e e e e e e e eeeeeeeaeeenenanas 223

XX1



Figure 9.04: Number of moulds (cfu/g) over 6 weeks in sago stored wrapped in
sago leaves (sago bundle), smoked sago and sago stored in an earthenware pot
COVETEd WIth WALET. ..c..eitiiiiiiiiiiiiecicece et 224

Figure 9.05: Colony forming units of LAB and yeasts in actively fermenting sago

SEATCHL. e 227
Figure 9.06: Levels of acetic acid, n-butyric acid and lactic acid in fermenting sago
SEATCH. e 229

Figure 10.01:  Flow diagram illustrating the major steps in the sago extraction and

storage process 1n rural PNG. ......coocoiiiiiiiiiiiiiiceeeee e 245

xxii



ANOVA
ATCC
Adw
BHC
BHIB
BPW
BSA
CAST
CCP
cfu
CPA
Da
DRBC
EHEC

g

g
HACCP

Hb

HBA
HBA-chlor
HPLC
HUS

JCU

kDa

kg

1

LD50

M

ml

min

MPN
NACMCF

nm
PBS

PLC
PMGH
PNG

ppm

ppb

Rh

rpm

RR

RTX

SBA
SBA-chlor
SBA-gluc

COMMONLY USED ABBREVIATIONS

Analysis of variance

American type culture collection

Water activity

Balimo Health Centre

Brain heart infusion broth

Buffered peptone water

Bismuth sulphite agar

Council for Agricultural Science and Technology
Critical control point

Colony forming unit

Cyclopiazonic acid

Dalton

Dichloran rose Bengal chloramphenicol agar
Enterohaemorrhagic Escherichia coli
gram

gravity

Hazard Analysis and Critical Control Point
Haemoglobin

Human blood agar

Human blood agar with chloramphenicol
High performance liquid chromatography
Haemolytic uraemic syndrome

James Cook University

kilo Dalton

kilogram

litre

50% lethal dose

molar

millilitre

minute

Most probable number

National Advisory Committee on Microbiological Criteria for

Foods

nanometre

Phosphate buffered saline
Preparatory layer chromatography
Port Moresby General Hospital
Papua New Guinea

parts per million

parts per billion (10°)

Rhesus factor

revolutions per minute

Reference range

Repeat in toxin

Sheep blood agar

Sheep blood agar with chloramphenicol
Sheep blood agar with glucose

xxiii



SHD
SMA
STEC
stx
TDS
TEF
TLC
uv
VFA
WBC
WHO

°C
pl
Hg

Sago haemolytic disease
Synthetic Mucor agar
Shiga-toxigenic Escherichia coli
Shiga toxin

Toxin diluent solution

Toluene: ethyl acetate: formic acid
Thin layer chromatography
Ultraviolet

Volatile fatty acid

White blood cell

World Health Organisation
Multiplication

degrees Celsius

microlitre

microgram

XXiv



	TITLE PAGE, STATEMENTS AND ACKNOWLEDGEMENTS
	ELECTRONIC COPY STATEMENT
	STATEMENT ON ACCESS OF THESIS
	STATEMENT OF SOURCES
	STATEMENT ON THE CONTRIBUTION OF OTHERS
	DECLARATION OF ETHICS
	ACKNOWLEDGEMENTS

	ABSTRACT
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	COMMONLY USED ABBREVIATIONS



