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Table 4.3.8 shows the effect of backslopping the natural fermentation of cassava with
starter cultures of LAB and softening strains, and of using glucose supplemented medium
on pH and softening. The results indicated that the factors of adding glucose to the
medium and backslopping failed to induce softening, but produced white cassava with low
pH (3.74 - 3.84).

In this study the effect of backslopping, use of various inoculation volumes (0 - 500ul) of
LAB cultures and medium with or without added glucose (2%) induced low pH 3.74 -
3.84 and a white cassava was usually observed in unmanipulated natural fermentation, as
well as in controlled fermentation (Table 4.3.4). These variations had not influenced or
initiated the natural fermentation to produce the softening; however, the outcome was
inconclusive as softening was observéd in backslopped fermentations (Okafor et al., 1984;
Oyewole, 1992; Amoa-Awua et al., 1996; Holzapfel, 2002; Coulin et al., 2006).
Backslopping a natural fermentation is an old tradition still practiced at household level
and by small scale food processing industries to produce cassava products, sauerkraut and
sourdough (Holzapfel and Schillinger, 1995; Holzaphel, 1997; Harris, 1998; De Vuyst,
1999). This traditional technique is still in use with the intention of shortening the
fermentation process, to encourage the expected changes and to minimise fermentation
failures such as microbiological instability, which can lead to spoilage and survival of
pathogens (Holzapfel and Schillinger, 1995; Wood, 1997; Harris, 1998; Sanni and
Oguntoyinbo, 1998; Holzapfel, 2002; Kostinek ef al., 2008).

The hypothesis of initiating in advanée the softening of cassava using mono-strain and
multi-species cultures of softening strains for 24 h before adding the LAB cultures was not
effective. The principle of the concept was that omitting LAB at this stage would allow
softening bacteria, after an initial lag phase, to grow fast, dominate and cause softening
before adding the LAB to initiate fermentation. Thus the softening bacteria would be well-
established before the LAB were added (Holzapfel, 2002).. The results of this investigation
(not shown) revealed that this approach had induced low pH values but had not caused or

enhanced softening of cassava.
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Table 4.3.8: Starter culture combination 7: Effect of backslopping and glucose

supplementation on pH and softening

Lactic acid  Soft. Additive pH Softening Visual Inoculation
co cultures mono values occurrence attribute volume

culture final % cassava medium LAB  soft

strain

Natural fermentation of non sterile cassava with and without glucose supplementation

None none glucose 3.80 0% white clear 0pul 4 ml

None 7A14 glucose 3.84 0% white clear 0 pul 4 ml

None none none 3.74 0% white clear 0 pul 4 ml

None 7A14 no 3.82 0% white clear 0pul 4 ml
glucose

K+R2 7A14 glucose 3.74 0% white clear 100 1 4 ml

K+R2 7A14 no 3.79 0% white clear 50pul  4ml
glucose

K+R2 7A14 no 3.74 0% white clear 100 pl 4 ml
glucose

K+R2 7A14 no 3.76 0% white clear 500 pl 4 ml
glucose

Average results of three fermentations replicates

4.4 Conclusion

Using solely mono-strain, multi-strain and multi-species cultures of softening bacteria
induced near neutral pH values between 6.0 & 6.96 in the fermented cassava and high pH
values in the range of 8.47 to 11.55) in the fermenting medium, with a high degree of
softening. The colour of cassava seemed to be strain dependent as white and slightly
brownish cassava were produced by slimy strains, and brown by non-slimy strains.
Starter cultures of mono-strain and multi-species LAB cultures and softening bacteria at
equal inoculum concentrations tended to induce low pH between 2.87 & 4.31 white
cassava but no softening, or a partial softening and brownish cassava. The colour was
affected by the degree of cassava softening. There were no significant differences
between the production of biochemical and organoleptic characteristics using mono-strain
and multi-species cultures of LAB using various inoculation concentrations and volumes.

The LAB displayed good stability traits compared with softening bacteria. The latter had a
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tendency to lose their softening ability in mixed cultures. The characteristic odour was
evident whenever strain 43 (Clostridi'um beijerinckii) was incorporated in the starter
cultures.

The culture concentrations and volume sizes used for inoculation appeared to have
significant impact on bacterial development during the early stage of fermentation.
Therefore, high concentrations of softening bacteria and low viable counts of LAB were
requirements to produce the desirable attribute of softening. A substantial degree of
softening and an undesirably high pH of cassava were induced by mono-strain cultures of
softening bacteria and small inoculation volumes of LAB co-cultures containing

particularly one of the two selected Lactobacillus plantarum strains.

Medium supplementation with glucose or nitrogen including amino acids (Lab-Lemco),
and pH adjustment of the fermenting‘ medium to alkaline conditions led to neutral pH,
softening and brown and pink cassava. These parameters affected the colour of the
fermented cassava, but had no clear effect on softening. Initiating fermentation with
softening cultures for 24 h before introducing LAB cultures had an effect on pH, but not on
softening of cassava. The action of backslopping a natural fermentation of cassava with
multi-strains cultures of LAB and a mono-strain of softening bacterial cultures produced
desirable characteristics of low pH, white cassava but had not caused softening.

This research provided useful information indicating that starter cultures composed of
Lactobacillus plantarum strains and any Bacillus subtilis could be further studied and
technologically developed for the production of desirable characteristics in mixed cultures.
However, it was recommended that this type of starter culture of LAB co-cultures and
softening bacteria should be approaéhed with caution and investigated further to ensure
product safety. The finding also demonstrated potential opportunities to produce odourless,
fermented, softened cassava, with or without the characteristic odour, using starter cultures
of two L. plantarum strains, K and S, Bacillus subtilis strain 7A14 and Clostridium
beijerinckii particularly for production of foo-foo. There are also opportunities to produce:
fermented, moderately softened and brown cassava pieces using mono strains of any
combination of LAB and softening bacteria, and fermented unsoftened white using mono-

strain, multi-strains or multi-species cultures of LAB isolates.
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CHAPTER V: GENERAL DISCUSSION

5.1 Effect of time, temperaturé and substrate composition on pH,
microbial growth and softening

Natural fermentation of cassava is characterised by two major factors: first, development
of a complex microflora that includes LAB, Bacillus and Clostridium species,
Enterobacteriaceae, yeasts and moulds, and second, thus the process is reputed to be
unpredicable, uncontrollable and highly prone to all sorts of variations (Oyewole, 1997;
Giraud et al., 1998; Holzapfel, 2002; Miambi and Ampe, 2003). The effects of time,
temperature, substrate composition on pH, microbial growth and on softening were
investigated in attempt to study the possible causes driving these variations. It was found
that the time and temperature were the factors that influenced pH or acidification rate;
microbial composition, growth and survival; and organoleptic attributes of softening.
High acid production was metabolically linked to rapid microbial growth of reported acid
producing bacteria such as LAB (Amoa-Awua and Jakobsen, 1995; Oyewole, 1997, 2000;
Kostinek et al., 2007). Lactic acid bacteria grew optimally at 37C° over 48 h and
dominated throughout to the end of fermentation (Miambi and Ampe, 2003). In this
temperature conditions (37°C), they display very good ability to decrease the pH to low
levels compared with other fermenting conditions of temperatures below 37°C (Chapter I).
Similar findings of LAB ability to lower pH were reported by Miambi and Ampe (2003),
Holzapfel (2002), Kostinek ef al. 2008) in their studies on cassava lactic acid fermentation.
Occurrence of softening over 72 h tended to correspond with high rapid microbial growth
and metabolic activity over 24 h — 72 h at 37°C of reported softening bacteria such as
Bacillus species (Okafor et al., 1998; Oyewole, 1990; Amoa-Awua et al., 1996; Kimaryo
et al., 2000; Holzapfel, 2002). Cassava-softening organisms were characterised by a
drastic decline of their populations to undetectable levels for 72 h onwards to the end of
fermentation, due to acidic conditions and other inhibitory effects such as bacteriocin
formation (Okafor et al., 1984; Brauman et al., 1996; Kostinek et al., 2008).

The results discussed herein (Chapter I) showed the effects of time and temperature on
production of desirable characteristics during a natural fermentation process of 5 days
duration. It was found that extending fermentation to nine days led to no further increase
of pH or microbial growth and this showed that extending fermentation to allow more time
to develop or enhance the production of desirable characteristics was not effective. This

outcome was probably due to limited metabolic activity observed during microbial
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stationary phase at the end of fermenfation, and was possibly caused by nutrient limitation
or depletion, or by inhibitory effects of metabolite accumulation. A similar observation
drew the attention of LeRoy and De Vuyst (2001) who confirmed that microbial growth
may slow down or cease due to limited availability or depletion of essential molecules,
which provide energy requirements, and building blocks such as amino acids required for
cell synthesis.

Although it was found earlier that the softening was influenced by temperature, the
occurrence of softening at all temperatures investigated: 25°C, 30°C, 37°C and 40°C and at
different pH values seemed to be atypical, unregulated biochemical reaction. In this case,
the overall softening results demonstrated that softening or tissue modification was an
atypical hydrolytic reaction, and did not follow the usual regulations that modulate the
enzymatic reactions such as optimum pH and temperature ranges and substrate specificity
in natural fermentation (Stryer, 1995). Looking at the disorderly patterns of softening in
natural fermentations, it seemed that softening was a random occurrence that was pH and
temperature independent. On the contrary, however, softening was found to be
consistently influenced by pH in controlled fermentations, where softening was associated
with high pH values. Moreover, experiments reported by others involving cassava
softening at 25°C and 30°C suggested that microorganisms such as yeasts and moulds,
which require temperatures in this range for optimal growth, may also be responsible for
softening at these lower temperatures (Amoa-Awua, 1995, Amoa-Awua et al., 1997,
Obilie and Amoa Awua, 2003). With regard to the effect of substrate composition, higher
numbers of organisms were found at initially and at the end of fermentation of cassava
containing the skin, than in peeled caésava. The increased numbers were probably
attributable to a carryover of various microorganisms present on the skin. This
demonstrated that the skin was contaminated before harvesting with microorganisms
associated with the soil as reported by Adams and Moss (1995), thus increasing the overall
microbial load during fermentation.

Increased pH conditions at initial fermentation of cassava with leaves included could have
been a consequence of the fact that leaves contain a relatively high proportion of proteins,
which are known to alter and increase the pH of a medium due to their buffering power
(Stryer, 1995; Adams et al., 1995; Ouoba et al., 2004). Survival of high numbers of
Bacillus species at the end of fermentation of cassava containing leaves was probably
enhanced by increased availability of amino acids derived from leaf proteins. This was not
surprising as cassava leaves were repbrted to contain more protein (6.8 g/100 g) than
cassava tuber: 1.2 g/100 g (FAO/WHO, 1991; Bokanga, 1994b; El-Sharkawy, 2004).
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The phenomenal high growth and recovery of Bacillus species at the end of fermentation
was not unusual, as these organisms were reported to possess high proteolytic and
peptidase activities, which enhance their dominance during alkaline fermentation for the
production of Bikalga, a fermented Hibiscus sabdariffa (Ouoba et al., 2003).

5.2 Selection of starter cultures of LAB and softening bacteria for
fermentation of cassava '

One of the aims of this study was to select potential starter cultures to optimise cassava
fermentation. Therefore, after examining the factors influencing the natural fermentation,
the next step was to isolate, identify and characterise the microorganisms responsible for
acidification and softening (Chapter II and III). In these experiments, the phenotypic and
genotypic characterisation of acidifying bacteria showed considerable species diversity
among LAB (Lactobacillus, Enterocbccus, Pediococcus, Leuconostoc and Weissella), and
the overall dominance of Lactobacillus plantarum at different stages of fermentation.
These identifications agreed with the results of other studies on cassava fermentation
involving isolation and identification of LAB (Amoa-Awua et al., 1996; Oyewole, 1997;
Miambi and Ampe, 2003; Kostinek et al., 2007, 2008).

The characterisation of LAB based on the ability to cause a rapid acidification, to grow at
different pH, to possess antimicrobial and probiotic properties, linamarase activity and
ability to degrade oligosaccharides, showed that all LAB isolated in these experiments
demonstrated one or more of the above desirable properties and Lactobacillus plantarum
displayed an outstanding performance. The natural fermentation is generally driven by a
complex microflora, where microorganisms such as LAB are commonly found in the early
stage, and due to their fast multiplicaﬁon, they dominate throughout and survive to the end
of fermentation due their ability to cause rapid acidification (Miambi and Ampe, 2003).
The Lactobacillus plantarum strains showed exceptional growth, dominance and superior
biochemical performance under most conditions. This was reported to be attributable to
their ability to lower the pH of fermenting substrate, to resist highly acidic conditions, their
antimicrobial and probiotic activities and ability to hydrolyse and degrade cyanogenic
glucosides and oligosaccharides (Oyewole, 1997; Holzapfel, 1997, Holzaphel et al., 2001;
Kimaryo et al., 2000; Ogunbariwo and Onilude, 2003; Kostinek et al., 2007, 2008). A
display of strongly effective antimicrobial activities against Gram positive and Gram
negative bacteria and fungi by mixed cultures of LAB were observed in the fermentation of

cassava reported herein. These activities were likely to be a consequence of a combination
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of inhibitory effects of different biological factors such as lactic and acetic acids,
hydrogen peroxide and bacteriocins produced by individual bacterial metabolic activities
(Holzapfel, 2002). It was also reported that the mechanism underlying the enhanced effects
appeared to have resulted from combined synergistic effects of differed LAB strains with
specific properties, or from enhanced biological activity such as exchange of different
metabolites caused by symbiosis of yarious strains (Drago et al., 1997; Timmerman et al.,
2004).

One of the reasons cassava is fermented is to modify and organoleptically improve its
texture through the breakdown of pectin during fermentation, and to obtain a desirable
sour, tangy flavour (Oyewole, 1990; Amoa —Awua et al., 1996; Kimaryo et al., 2000). The
results showed that 31lisolates of two Bacillus species (Bacillus subtilis, Bacillus cereus)
and one Stapylococcus species were found to cause consistent cassava softening in a
relatively short time of 48 h compared to natural fermentation (72 h). Bacillus subtilis
strains were found to be the dominant species and cause high degree of cassava softening
and moreover, the process was readily reproducible. The present results agree with the
findings of Essers (1995) and Amoa-Awua (1995) who reported that Bacillus subtilis was
the dominant species identified as being responsible for the texture modification.
Microorganisms such as Bacillus and Clostridium species, yeasts and moulds have been
commonly reported to cause cassava tissue texture modification, and their involvement in

' the softening biotransformation is facilitated by their ability to produce a wide range of
texture-modifying enzymes such as cellulase, polygalacturonase, pectinesterase and pectin
lyase (Jakobsen and Olsen, 1995; Amoa-Awua and Jakobsen, 1995; Brauman e al., 1996;
Tamaru and Doi, 2001; Kimaryo et al, 2000). Staphylococcus species and Bacillus cereus
were previously isolated from cassava fermentations (Holzaphel, 2002; Mante and Amoa-
Awua, 2003) and in this study, these species were found to be able to cause the softening
of cassava, and apart from this current finding, no previous studies have reported their
involvement in the softening of cassava.

Previous research on the mechanism of cassava softening or tissue textural modification
has been ambiguous, contradictory and lacking in uniformity. For example, some studies
implicated endogenous pectinase, others involved pectinase enzymes produced by Bacillus
and Clostridium species, yeast and moulds in the softening of cassava (Keleke et al., 1996;
Oyewole and Sobowale, 2002; Sanni et al., 2003; Ogbo, 2003). Some Clostridium strains
were reported to cause cassava softening by the above authors, but in this study, a different

strain of Clostridium species (Clostridium beijerinckii) was found to cause only the
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characteristic odour of fermented cassava; it was not implicated in the softening. Previous
studies on the cause of odour production are vague and inconclusive, for examples: Okafor
et al. (1984, 1998), Kimaryo et al. (2000), Oyewole and Sobowale (2008) reported the
involvement of LAB in the development of the odour. This was also reconfirmed by
Ogbo (2003) who demonstrated that treating cassava pieces with hydrogen peroxide and
adding sodium nitrate before the fermentation starts, affects the LAB, therefore leading to
poor growth, low acid production, and eventually, the absence of odour. The above proves
that numerous efforts were continuodsly applied to find methods that improve the sensory
quality of fermented foods through manipulation of starter cultures metabolism, and the
example is the use of starter cultures of Lactobacillus plantarum strain to produce a
fermented cassava product with a fruity aroma called Kivunde, a Tanzanian product
(Kimaryo et al., 2000). In focusing on the sensory characteristics of fermented softened
cassava pieces, natural as well as controlled fermentations had tendencies to produce
cassava pieces of different colour. Cassava fermentation using sole cultures of softening
bacteria, particularly Bacillus subtilis, consistently induced a brown colouration of cassava
more frequently than in mixed cultures containing LAB. Similar noticeable colour
changes were observed in Soumbala, a fermented African locust bean produced in alkaline
fermentation using Bacillus subtilis strains (Ouoba et al., 2005). It is assumed that, due to
lack of competition for nutrients, these organisms were able to grow profusely and it is
suggested that the heavy growth caused visible accumulations of the bacterial cells on
surface of cassava, hence the brown appearance could be related to that, or to metabolitic
activities which induce pigmentation. Other influential factors on colour development,
such as the duration of fermentation have been reported, and according to Oyewole (2001),
a prolonged fermentation was found to intensify the (desirable) white colour of cassava
pieces. These results show huge differencies between the cassava colour profiles produced
by controlled fermentations using starter cultures and by natural fermentation. To
highlight the significance of organoleptic attributes of fermented cassava, a consumer’s
preference survey demonstrated that fermented softened white cassava pieces are highly
regarded in Sub-Sahara Africa (Oyewole, 2001).
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5.3 Development of a starter culture by controlled fermentation of
cassava '

Lactic acid bacteria and softening bacteria were isolated from fermented cassava, and
based on characteristics of inducing desirable changes in cassava , were characterised and
26 were selected for the starter culture development trials Chapter III. Therefore, their
ability to adapt well to the cassava substrate suggests that their utilisation as potential
starter cultures would produce a fermented cassava with defined and consistent
characteristics and help to accelerate the process (Klaenhammer and Kullen, 1999;
Kostinek et al. 2008). However, this was not always the case, as trials of starter cultures
containing equal concentrations of LAB and softening bacteria cultures produced low pH
values, white cassava, but only partial or no softening, compared to starter cultures
containing a lower concentration of LAB and high concentration of softening bacteria.
Similar high inoculation levels between 107 & 10° CFU/ml of Bacillus species were used
to cause the softening (Obilie and Amoa-Awua, 2003) in the study on microorganisms
responsible for texture modification in fermentation of cassava for the production of
akyeke.

The reason why the softening failed to occur may be because of low viability of the
softening bacteria, lack of competitiveness and failure to establish themselves as dominant
during fermentation. It appeared that softening bacteria in this research failed to reach
sufficient numbers to be able to cause the softening transformation. The lack of growth
was probably caused by nutrient limitation due to microbial competition in mixed cultures,
or by inhibitory effects as a consequence of highly acidic conditions, or other antimicrobial
agents such as bacteriocins.

The softening bacteria seemed to be 6utnumbered, overpowered and dominated by
substantial growth of LAB, with simultaneous production of acids known to be detrimental
to Bacillus species (Okafor ef al., 1984; Oyewole, 2000). Coulin et al. (2006) confirmed a
decrease of Bacillus species to below detection level to be a consequence of increased acid
production during fermentation. In mixed cultures containing low concentrations of LAB
and high concentrations of softening bacteria, the latter ones seemed to acquire stability,
competitiveness and regain their ability to grow in high numbers, hence initiating
metabolic activities that cause softening (Holzaphel, 2002). This clearly indicated that
inoculation concentrations of microorganisms in mixed cultures is of great importance, and
must be given careful consideration in order to capitalise on the characteristics of each

culture to produce the desired quality of fermentation.
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Ability to cause rapid acidification as well as softening are two of the desirable
characteristics of starter cultures for optimisation of cassava fermentation: accelerated acid
production was achieved when starter cultures with high concentrations of LAB (Kostinek
et al., 2008) and equally or less concentrated softening bacteria were used. In this
research, softening of cassava was produced after using starter cultures of low
concentrations of LAB combined with a high concentration of softening bacteria. A rapid
softening occurred following use of starter cultures of mono- or multi-strain or species of
softening bacteria at high and low concentrations.

In this study some results reveal that high concentrations of softening bacteria and low
concentrations of LAB were likely to induce softening, albeit with both low and near
neutral pH values. However, mono-sﬁain cultures are likely to improve and help the
process to be more controllable and predicable in terms of metabolic activity within the
culture, but suffer the disadvantage of being prone to bacteriophage infection and mutation.
On the other hand, multi-strains or species were reported to produce complex enhanced
sensory characteristics due to multiple synergistic effects, to be less susceptible to
deterioration and fluctuations and therefore are more suitable as starter cultures (Holzapfel,
2002; Kostinek et al., 2008).

The offensive odour associated with fermented cassava has, from a commercial point of
view, severely limited consumer acceptance of its products (Kimaryo et al., 2000). In this
study, a mixed starter culture that can produce odourless fermented softened cassava had
been achieved, without resorting to chemical treatment as mentioned by Ogbo (2003). The
characteristic odour was produced oﬁly by mono-strain cultures of odour-producing
bacteria (Clostridium beijerinckii), and also by any selected combination of starter cultures
of LAB and softening bacteria that also contained this organism. However, Okafor et al.
(1984) and Oyewole and Sobowale (2008) showed that starter cultures of Bacillus strains
and Leuconostoc or Lactobacillus plantarum strains were able to produce the characteristic

odour.
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5.4 Evaluation of use of starter cultures and their benefits

The effects of natural fermentation and the use of starter cultures for the rapid and high
acidification rate, softening, colour and odour of fermented cassava were compared in
Chapter [ and IV.

Rapid acidification rate

According to Holzapfel (2002), Kostinek et al. 2008) and Kostinek (2008) the overall
objective of applying starter cultures is to improve the fermentation process by making it
more controllable and shorter, and to improve the product quality in terms of safety and
sensory attributes. Therefore, an accelerated acidification over a 48 h target time has been
achieved by fermentation using starter cultures of LAB combined with softening bacteria
of well defined combinations and inoculation concentrations. Low acid production of
different levels were observed in natﬁral fermentation under similar conditions, while the
use of starter cultures containing equal concentrations of LAB and softening bacteria were
able to produce consistent low pH (rapid acid production) under similar conditions.
Overall results show that the use of the above starter cultures is potentially valuable and
seemed to generally improve reproducibility of rapid acidification that guarantees product
safety and organoleptic attributes. This would be an important beneficial contribution to
optimisation of cassava fermentation (Kostinek et al., 2007, 2008).

Softening of cassava

The softening trends show minor differencies between natural fermentation and controlled
fermentation using starter cultures. Natural fermentations require a longer period of 72 h
for softening, show frequent softening failures and variations in the degree of softening
production. This also occurred with certain combinations of LAB and softening bacteria in
the starter cultures, so these combinations would not be beneficial. In contrast, a quick and
consistent degree of softening of cassava was produced over 48 h by softening bacteria
alone, without LAB. Therefore, these softening cultures were able to shorten the softening
process, and would be considered a benefit only for people who are seeking a quick
softening in disregard of induced high pH and lack of flavours known to be developed by
LAB metabolic activities concomitant problems of toxicity and bacterial safety — could not
be recommended. (Okafor ef al., 1984; Oyewole, 1997, 2000; Holzapfel, 1997, 2002; Van
Kranenburg, 2002; Esayas et al., 2008).
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Colour of fermented cassava

There were significant differences between the colour of cassava produced naturally and
by using starter cultures containing LAB and softening bacteria. Fermented softened white
cassava pieces were produced only by natural fermentation and by co-cultures of low
concentrations of Lactobacillus plantarum and a mono-strain culture of a high
concentration of softening bacteria. Fermented softened and unsoftened brown cassava
pieces were produced (respectively) by mono- and multi-cultures of softening bacteria and
by natural fermentation. From an organoleptic point of view, and in consideration of other
benefits such as safety, and reproducibility (Holzapfel, 2002), use of starter cultures
containing co-cultures of Lactobacillus plantarum strains and mono-culture of softening
bacteria is judged highly beneficial for the fermentation of cassava optimisation.

Successful similar starter cultures were reported by Kostinek ef al. (2008).

5.5 General conclusion

This study reconfirmed the unpredicability and variability that characterise natural
fermentation of cassava and showed the time and temperature influence on pH; microbial
growth, development and survival; and on cassava softening. Natural fermentation of
cassava should not exceed five days, and cassava should be fermented at 37°C for at least
for 72 h to achieve safety of the end product. In order to optimise the cassava fermentation,
LAB, softening bacteria and odour producer strains were characterised. Thirteen LAB
fulfilled the selection criteria of causing rapid acidification, having antimicrobial and
probiotic properties, ability to degrade oligosaccharides and to possess linamarase. Twelve
bacteria were able to cause a consistent and high degree of softening, and one organism
had the ability to consistently produce the characteristic odour. These organisms were all
chosen for development of starter cultures.

The starter culture development trials encountered technological issues particularly with
softening bacteria in mixed cultures. Their interactions in mixed cultures with LAB at
equal inoculation concentrations demonstrated the tendency to lose their ability to soften
cassava, a previously satisfactory characteristic in single-strain controlled fermentations.
In mixed cultures containing low concentrations of LAB (10* CFU/ml), and high
concentration of softening bacteria (10’ CFU/ml), softening bacteria re-established
themselves and regained their softening capabilities. Therefore, this study highlighted the
significance of inoculation concentration ratio between microorganisms in mixed starter

cultures and their influence on desirable characteristics at the end of fermentation.
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Use of starter cultures of LAB and softening bacteria has no effect on the duration and
therefore did not shorten the fermentation process in term of softening. On the contrary, a
quick cassava softening (excluding fermentation) was produced over 48 h compared to 72
h in natural fermentations. Desirable colour attributes of the fermented softened cassava
were mostly produced in natural fermentation. The study demonstrated possibilities to
develop potential starter cultures of LAB, softening bacteria and an odour producer strain,
using various combinations to produée different desirable characteristics such as odour or
odourless and white or brown / brownish fermented softened cassava. A comparison of the
effects of natural fermentation and the use of starter cultures for the rapid acidification rate,
softening and odour of fermented cassava, reveal that use of starter cultures particularly
combinations containing Lactobacillus plantarum gave the most reproducible results.

The study was useful to indicate that potential starter cultures comprise co-cultures of one
Lactobacillus plantarum (strain K) with one of following strains: Lactobacillus plantarum
T, Weissella confusa R1, Leuconostoc mesenteroides R2, Enterococcus faecium C1,
Pediococcus acidilactici C2, Lactobacillus rhamnosus F1, Lactobacillus hilgardii F2,
Lactobacillus plantarum S and mono-strain cultures of Bacillus subtilis, showed
considerable potential for optimisation of fermentation of cassava. The research also
showed that further refinements are réquired before introduction in small-scale

fermentations.

5.6 Relevance

Currently, a substantial body of information on use of starter cultures in traditionally
African fermented cassava products is available; however little is known about whether
their technological properties are successfully expressed in mixed cultures, therefore, this
study gave an insight of the mixed culture interactions and relative influence of the
inoculum concentration ratio between the microorganisms in mixed starter cultures.

At present, there are numerous ongoing researches on development of starter cultures of
LAB, but starter cultures combining particularly LAB, softening bacteria and odour
producer bacteria are lacking or very limited. Therefore, the study demonstrated
possibilities to develop potential starter cultures comprising LAB, softening bacteria and
odour producing strains in various combinations to produce different desirable
characteristics of the fermented product, such as odour or odourless; white or brown /
brownish fermented softened cassava that meets the diverse needs of the African

population.
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Findings from this study would be useful for further development of potential
multifuctional starter cultures in terms of technological properties. The knowledge gained
with starter cultures in controlled fermentations, may be also applied in traditional African

fermentation.

5.7 Future work

Problems arose when developing starter cultures containing cultures of softening bacteria
and LAB: the softening cultures showed deterioration in performance in that they failed to
express their softening abilities in mixed cultures. Therefore, the challenge would be to
study their stability and feasibility for use in a mixed culture. This would require a study
of their interactions in the context of whether they would be able to dominate during
controlled fermentation of cassava and cause softening of cassava.

Another possibility is to study whether they lose or gain plasmid-mediated key
physiological properties important in fermentation. As multifunctional starter cultures, it is
important to develop further work on the probiotic concept in relation to cell line adhesion
models and determine their effects on cytokines and cholesterol levels using in vitro
models of the human intestine.

Finally, it would be valuable to apply selected starter cultures to the undefined and
uncontrolled environments of natural fermentations of cassava and study the technological

properties and the feasibility of their introduction into small- scale fermentations.
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Appendix

Appendix 1:

Table 1: Operations involved in cassava submerged fermentation and solid state

fermentation
Cassava tuber

Submerged fermentation Solid state fermentation
Peeled, washed, sliced . Peeled, washed, grated
Soaked in double volume water fermentation without water
Wet sieved or
Sedimentation ' Dewatering
Dewatering / sun-drying Sun-drying / roasting

Appendix 2:
Cassava products

Gari: Roots are peeled, washed and grated. The mash is placed in bags and squeezed for a minimum of 48 h to
allow detoxification and fermentation. The dough is fried dry and stored in bags and sealed plastic packages,
rehydrated and eaten with soups, sauces, and sometimes with sugar. Harvesting = peeling = washing =

grating => load in sack = pressing => sifting => roasting = sieving => gari.

Fufu: Peeled or unpeeled tubers are soaked in water for 2 -3 days, sundried and millet into flour and cooked in
hot water to make a stiff paste.

Chikwangua: Cassava pieces are soaked for 2 -3 days, and fermented pulp is sieved, steamed, kneaded and
wrapped in leaves for boiling.

Agbéli mawé: Cassava tubers are washed, peeled and grated to pulp. The pulp is pressed to remove water to
50-55% moisture content, sieved to remove fibrous materials, and milled into fine flour. This is kneaded into
dough that is kept during one to three days at ambient temperature allowing a natural lactic fermentation to take
place to allow souring and texture modification. The ferment is cooked into a paste by mixing with hot water
before consumption (Nout ef al., 1999; Amoa-Awua, 1997).

AKyeke or Atieke: Steamed, sour granulated cassava product where cassava tubers are peeled, washed, grated
together with traditional inoculum. The mash is packed onto polythene sacks and allowed to ferment for 5-7
days. Water is added to the fermented meal and screened to decolourise the meal and also to remove some
amount of starch, and the granules are sundried and afterward steamed before consumption (Obilie er al.,
2003). The fermentation is used to obtain the desired texture modification in the product and reduces the
rubbery texture.
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Table 2: Examples of African fermented foods
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Name Country Substrate Associated Uses
microorganism
Gari West Africa cassava Streptococcus spp. Main meal
Lactobacillus spp
Yeast
Foo-foo West and Africa cassava Lactic acid bacteria Main meal
kisra Sudan sorghum, millet Lactic acid bacteria bread
ogi West Africa Maize, sorghum, Lactic acid bacteria, Beverage
millet : -
yeast (light porridge
mahewu South Africa Maize Lactic acid bacteria Beverage
(porridge)
Kenkey Ghana Maize, Lactic acid bacteria and yeast ~ Beverage
sorghum (porridge)
Kaffir South Africa Kaffir corn, Lactobacillus spp, Beverage
Maize Yeast (alcoholic)
Pito Nigeria, Ghana, Maize, Sorghum Candida spp., Beverage
Burkina Faso
Penicillium spp, Lactobacillus  (alcoholic)
spp
Kishk Egypt Wheat and milk Yeast, Bacillus spp Beverage
Lactobacillus spp
(alcoholic)
Chang’aa Kenya Cane molasses yeast Beverage
(Nubian gin)
(alcoholic
Iru* West and central Locust beans B. subtilis, Condiment
(Soumbala, RIS B. licheniformis
Dawadawa) Staphylococcus spp.
Soy- Dawadawa*  West Africa Soybeans Bacillus subtilis, B. condiment
lichenifromis, B.pumilus
Staphylococus spp,
Micrococcus spp.
Ogiri* South- eastern Melon seeds B. subtilis Condiment
Nigeria B. megaterium
B. firmus
Ugba* Sierra Leone, eastern ~ Oilbean seeds B. subtilis condiment
Riecia Staphylococcus spp.
Micrococcus spp.
Kawal* Sudan Cassia obtufalia B. subtilis Condiment

Propionibacterium spp.

Source: (Steinkraus ef al., 1986; Wang and Fung, 1996; Odunfa and Oyewole, 1998)
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Table 3: Factors affecting the development of microbial association in food

Intrinsic factors Environmental factors Implicit factors
Nutrients Relative humidity Specific growth rate
pH & buffering capacity Temperature Synergism

Redox potential Gaseous atmosphere Antagonism

Water activity Commensalism

Antimicrobial constituents
Antimicrobial structure

Source: Adams and Moss, 1995.

Appendix 5:

Table 4: Nutritional composition of cassava tuber and leaves

Nutrient Unit Cassava tuber 100g Cassava leaves 100g
Water g 62.5 80.5
Carbohydrate g 34.7 9.6
Protein g 1.20 6.8
Fat g 0.30 1.3
Calcium mg 33 206
Iron mg 0.70 2.0

Vitamin A LU trace 10.000

Thiamine B1 mg 0.06 0.16
Riboflavin B2 mg 0.03 0.30
Niacin mg 0.06 1.80
Vitamin C mg 36 265

Source: FAO Food composition Table (Nweke, 2002)

Appendix 6:
Table 5: Principal genera of LAB

Genus Cell morphology Fermentation Lactate isomer DNA (mole
%GG)
Lactococcus cocci in chains homo L 33-37
Leuconostoc cocci hetero D 38-41
Pediococcus cocci homo DL 34-42
Lactobacillus rods Homo / hetero DL,D,L 32-53
Streptococcus cocci in chains homo L 34-46
Enterococcus cocci in chains homo L 38-40

Other LAB genera: Carnobacterium, Vagococcus, Aerococcus, Tetragenococcus, Alloiococcus,

Weissella. Source: Adams and Moss, 1995.
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Table 6: Factors contributing to microbial inhibition by LAB

Low pH

Organic acids
Bacteriocins
Hydrogen peroxide
Ethanol

Nutrient depletion
Low redox potential

Source: Adams and Moss, 1995.

Appendix 8:

Table 7: pH of potential pathogen cultures incubated with LAB cell free
supernatants.

Incubation  Escherichia coli Salmonella Bacillus Staphylococcus

time typhimurium cereus aureus

Initial 426+ 0.01 427+ 0.03 4.62+0.01 4.45+0.01

24 hours 3.89+0.03 3.83+ 0.06 4.19+0.19 4,06+ 0.13

48 hours 3.99£0.12 3.95+0.15 4.32+0.17 4.19+0.11

pH values: mean values of three experiments

Appendix 9:

Table 8: pH measurement of potential pathogen cultures incubated without LAB cell
free supernatant

Incubation  Escherichia coli Salmonella Bacillus Staphylococcus
time typhimurium cereus aureus

Initial 7.06 £ 0.15 7.05+0.14 6.68 £ 0.06 6.51+0.11

24 hours 7.05+ 0.4 7.44+ 0.65 7.11+0.54 7.16+ 0.59

48 hours 7.07 £ 0.43 7.41+ 0.82 7.04 £ 0.47 6.77 £ 0.36

pH values: mean values of three experiments
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Table 9: Organisms reported to cause cassava softening

Bacterial

Yeast and mould

Clostridium thermosulfurogenes
Clostridium species
Bacillus subtilis
Clostridium thermosaccharolyticum
Clostridium thermocellun
Clostridium butyricum
Bacillus pumilus
Bacillus licheniformis
Corynebacterium
Erwinia carotovora
Pseudomonas solanacearum

Streptomyces scabies

Aspergillus alliaccus
Aspergillus niger
Aspergillus oryzae
Fusarium coeruleum
Mucor rodemsus
Neurospora sitophila
Rhizopus oryzae

Saccharamyces cerevisiae

Appendix 11:

Table 10: Identity code of non LAB isolates

Identity code

11 1A1
12 1A2
13 1A2
14 1A3
15 1A4
16 1AS
17 1A6
18 1A7
2 1A8
3 1A9
4 2A
5 3A
6 4A
7 5A
8 S5A
9 6A

7A1
7A2
7A3
7A4
7AS
7A6
TA7
7A8
7A9
7A10
7A11
7A12
7A13
7A14
7A15
8A

411
412
413
42
421
43
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Appendix 12:
Table 11: Organoleptic attributes of colour of cassava and its pH by softening
cultures

pH White cassava  Extra white cassava White cassava Brown cassava  Softening
clear medium  extra clear medium yellowish medium  clear medium strain

Range 2.87-4.06 3.28-4.08 1AS

Average 3.38 3.68

Range 3.47-17.31 3.06 - 3.62 3.85-6.88 3.94-6.72 1A7

Average 3.00 3.40 5.02 4.95

Range 3.25-3.51 3.08 -40.2 3.69 -4.01 1A9

Average 3.37 3.45 3.84

Range 3.24-330 3.19-4.06 3.20-3.29 11

Average 3.27 3.57 3.25

Range 3.25-3.25 3.13-3.93 3.20-3.51 3.47-4.04

Average 3.25 347 3.32 3.72 13

Range 3.25-3.25 3.33-4.25 3.19-3.50 3.86-3.98 18

Average 3.25 3.66 3.36 3.92

Range 3.28-3.99 3.18-3.56 3.66 —3.66 7A1

Average 3.63 3.37 3.66

Range 3.27-3.96 3.18-3.56 3.32-4.02 TA7

Average 3.60 3.29 3.73

Range 3.35-3.90 3.44-4.19 3.24-3.58 3.24-4.04 7A14

Average 3.54 3.78 3.37

Range 3.31-3.34 3.18-4.08 3.21-3.62 3.73-3.73 42

Average 3.33 3.11 3.39 3.73

Range 3.34-3.99 3.67-3.67 3.26-3.73 3.42-7.13 421

Average 3.56 3.67 3.45 4.74

Range 3.27-4.05 3.18-4.02 3.18-3.66 43

Average 3.60 3.50 3.36

Results (range) of three experiments replicates
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Table 13: Softening isolates responsible for the fermented cassava coloration

Visual colour appearance Softening strain

Strong browning 1AS5, 1A9 7TA14 12, 13,18 411

Slight browning 1A7 7A1

White 7A7 412, 42,421,43

Results of nine controlled fermentations experiments

Table 14: pH profiles of cassava and liquid medium by softening strain mono culture

Cassava pH Softening strain inducing high pH

High pH values: 1A7, 1A7, 1A9 7A1, 7A7, 7A14 12,13, 18 411, 42
5.98 - 6.96

Low pH values: 412, 421, 43

432-454

Liquid medium pH Softening strain inducing high pH

High pH values: 1AS, 1A7 7A14 12, 13 411, 42
10.31-11.5

3

Medium pH values: 1A9 7A1, 7A7 18

847-9.84

Lower pH values 412, 43
3.61-4.95

Results of nine controlled fermentations experiments
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Appendix 15:

Clostridium species major end products from pyruvate

AT ‘P hug
A NADH
Lactate -"— NADH Pyruvate Acetaldehydo r———- EthaN0O
4 Pyruvate
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Figure 2: Some common microbial fermentation pathways (Madigan et al., 2000)

1. Lactic acid bacteria (Streptococcus, lactobacillus species), Bacillus species
2...Yeast, Zymomomonas species
3. Propionic acid bacteria (Propionibacterium species)

4. Enterobacter, Serratia, Bacillus species

5. Enteric bacteria (Escherichia coli, Enterobacter, Salmonella species, Proteus)

6. Clostridium species
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Appendix 16:

Glucos

Fru-1.6 Glc-6P

<4—— Aldose 6P-Gluconate

Xylulose-5P+C0O2
Phosphoketolase — .
v %
Triose-3P Triose-3P+Acetyl-P
ADP ADP
ATP ATP
v v
Pyruvate Pyruvate
l l v
Lactate Lactate Acetate (Ethanol)
Glycolysis 6-PGluconate pathway
Phosphoketolase pathway
HOMOFERMENTATION HETEROFERMENTATION

Figure 1: LAB homo- and heterofermentation pathways.
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Abbreviation

- =negative

% = percentage

(NH,)’SO, = ammonium sulphate

+ = positive

<=less

> =more

< =less than

> =more than

& =and

\g = microgram

pl = microlitre

pmol = micromoler

A = initial absorbance

A, = final absorbance

Aspl = Aspergillus fumigatus

B. cereus = Bacillus cereus

B. subtilis = Bacillus subtilis

BCS = backslopped

BHT = brain heart infusion

bp = base pair

BP = Bird-Parker agar

C. beijerinckii = Clostridium beijerinckii
Ca0; = calcium carbonate

CCY = Gram negative anaerobes agar
CFU = colony forming unit

¢P = centipoise

Cy3 = cyanide dye

Cass= cassava

Clostri= Clostridium

DNA = deoxyribonucleic acid

DNS = dinitrosalicylic acid

dNTP = deoxyribonucleotide triphosphate
DRCM = double reinforced clostridial medium
E. casseliflavus = Enterococcus casseliflavus
E. faecium = Enterococcus faecium

ECC = Escherichia coli chromogenic
EDTA = ethylene diamine tetraacetic acid
EXT = extended |
FAO =Food & Agriculture Organisation

Ferm = fermentation
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FISH = fluorescent in situ hybridization
g = gram

GIT = gastrointestinal tract

GTBP =

h =hour

H,0 = water

H,0; = hydrogen peroxide

HBA = horse blood agar

HCL = hydrochloric acid

HPLC = high performance liquid chromatography
ITS-PCR = intergenic transcribed spacer-polymerase chain reaction
K;HPO, = potassium phosphate

L. higardii = Lactobacillus higardii

L. paracasei = Lactobacillus paracasei
L. plantarum = Lactobacillus plantarum
LAB = lactic acid bacteria

log = logarithm

M = molar

MEA = malt extracts agar

MEB = malt extracts broth

Mac = Macconkey agar

MgSO, = magnesium sulphate

min = minute

ml = millilitre

mM = micromoler

mm = millimetre

MPN = most probable number

MRD = maximum recovery diluent
MRS = De Man, Rogosa, Sharpe

MRU = Microbiology Research Unit
NA = nutrient agar

NaCL = sodium chloride

NaOH = sodium peroxide

NB = nutrient broth

nm = nanometre

NS = no softened

OD = optical density

P. acidilactici = Pediococcus acidilactici
PBS = phosphate buffer saline

PCR = polymerase chain reaction
PEMBA = Polymyxin B, egg yolk Bacillus cereus agar

Penl = Penicillium expansum
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PGA = polygalacturonic acid

pH = intracellural pH

PNPG = para-nitrophenyl-beta-D-glucoside
RBC = Rose-Bengal chloramphenicol agar
RCA = reinforced clostridial agar

RCM = reinforced clostridial medium

rDNA = ribose deoxyribonucleic acid

Rep-PCR = repetitive-polymerase chain reaction
RNA = ribonucleic acid

RNA = ribonucleic acid

rpm = revolution per minute

rRNA = ribose ribonucleic acid

S = softened

S. typhimurium = Salmonella typhimurium

SAB = sabouraud dextrose agar

SDS = sodium lauryl sulphate

SFP = Shahid Ferguson perfringens

Soft. = softening

Spp = species

TBE = tris borate, ethylene diaminetetraacetic acid
TE = tris-hydrochloric acid ethylene diaminétetraacetic acid
TES = tris-hydrochloric acid ethylene diaminetetraacetic acid sodium chloride
UK = United Kingdom

UV = ultra violet

V =volt

v = volume
VRBGA = violet red bile glucose agar

w = weight

W. confusa = Weissella confusa

WHO = World Health Organisation

X = time

XLD = xylose-lysine-deoxycholate

a =alpha

B =beta

p = para

pmol = picamoler
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