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Cassava (Manihot esculenta) fermentation methods can reduce the eventual fufu
yield, while storage affects shelf-life and consumer acceptability. This study
investigated effects of five cassava fermentation methods on fufu yield, and five
storage methods on microbial load, sensory qualities and consumer acceptability
of fufu. Fresh cassava roots were peeled, weighed and subjected to different
fermentation methods for 5 days (e.g., tap water changed daily or every 2 days, tap
water without change, borehole water without change, and tap water + bitterleaf
(Vernonia amygdalina). The pH, temperature, total dissolved solids and turbidity of
cassava fermentation effluent were measured daily for 5 days. Cassava fufu was
stored at 0°C, 4°C, dried, in air-tight buckets and low-density polythene (LDPE)
bags, and total titratable acid, pH, bacterial and fungal loads and consumer
acceptability were evaluated weekly. A nine-point hedonic scale was used to
assess consumer acceptability of fufu based on colour, dark spots, caking and
odour. The highest fufu yield occurred in fermentation with tap water + bitterleaf
(84%) and borehole water (82%) compared to when water was changed after 2 days
(42%) and daily (38%). For storage at 4°C, 0°C, oven-dried, LDPE bags, and air-tight
buckets in LDPE bags, respectively, bacterial load increased from 4 x 10° CFUs/mL
at the start to 73, 32, 29, 145 and 85 x 10° CFUs/mL at week 4, while fungal load
increased from 6 x 10° CFUs/mL at the startto 66, 32, 26, 96 and 89 x 10° CFUs/mL
at week 4. Storage at 0°C and drying exhibited high consumer acceptability of
cassava fufu compared to LDPE and air-tight buckets.

KEYWORDS
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1 Introduction

FAO and UNICEF (2021) reported severe food insecurity in about 12% of the global
population in 2020 that represents 928 million people, with increase of 148 million
compared to 2019. In 2021, 278 million people in Africa were affected by hunger and
2.43 million people suffered severe food insecurity in Cameroon (FAO and UNICEF, 2022).
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Cassava fufu is a staple food in many African countries that faces
significant challenges in processing and storage, which leads to low
yield and shelf life (Chijioke et al., 2021). It is a drought resistant
crop which requires little care but yields higher productivity per
cultivated area than most crops (Golvalve et al, 2024). Besides
addressing low cassava production in SSA, reducing post-harvest
losses during fermentation to produce fufu is important for food
security (Obadina A. O. et al., 2009; Njukwe et al., 2012; 2014). Local
processing methods may result in qualitative and quantitative losses
of cassava fufu (Madu et al, 2021), while poor storage increases
microbial contamination and reduces shelf life (Sama et al., 2023).

Growth of pathogenic and spoilage microbes was reported on
fermented cassava products with high microbial load that can affect
human health and sustainable development (Obadina A. O. et al,
2009; Adegbehingbe et al., 2019; Sama et al., 2023). This is partly due
to inappropriate cassava fufu production by unskilled processors
without standard operational procedures, leading to low
quantitative and qualitative outputs (Njukwe et al, 2012
Ogunyinka and Oguntuase, 2020 Addo et al, 2020). Cassava
fermentation to produce fufu lasts for 4-6 days (Emmanuel,
2013), and some microbes have been identified in the process
such as Baccilus subtilis, Klebsiella spp., Candida tropicalis, lactic
acid bacteria and yeast (Odom et al., 2012; Obadina et al., 2006).

The quantitative and qualitative yield of cassava fufu depends on
the fermentation process and storage methods (Forsythe et al., 2022),
but information on these methods is scarce. However, microbial
succession on cassava fufu has been reported with the starch
degrading Bacillus subtilis giving way to lactic acid bacteria and
yeast at the latter part of fermentation (Abriba et al, 2012).
Chijioke et al. (2021) reported that ease of forming a dough and
thickness of cassava fufu during cooking are quality preferences for
consumers. Organic compounds produced during cassava
fermentation (e.g., lactic, acetic, propanoic and butanoic acids)
contribute to the characteristic flavour of the product (Abriba et al,
2012). Linamarase produced during cassava fermentation detoxifies
fufu by breaking down linamarin and lotaustralin (cyanogenic
glucosides) to release hydrogen cyanide (Abriba et al., 2012).

The objective of this study was to evaluate the impact of five cassava
fermentation methods on the quantitative output of fufu, and to assess the
effectiveness of five storage methods in maintaining fufu quality, shelf life
and consumer acceptability after 4 weeks. Fermentation focused on water
sources, replacement of eftluent, and bitterleaf (Vernonia amygdalina) as
effluent additive. Additionally, fufu quality and consumer acceptability
were assessed when stored at 0°C or 4°C, oven-dried, and preserved in
low-density polythene (LDPE) bags or air-tight buckets in LDPE bags. It
was hypothesized that the source of fermentation water and bitterleaf
additive will enhance the quantitative yield of cassava fufu, while drying
storage at 4'C and storage at 0°C will boost consumer acceptability of fufu

compared to LDPE bags or air-tight buckets.

2 Materials and methods

2.1 Experimental setup for
fermentation process

The experiment was conducted at Rhizobiology Laboratory of the
Faculty of Agriculture and Veterinary Medicine, University of Buea,
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TABLE 1 Experimental setup with five fermentation techniques to improve
quantitative yield of cassava fufu.

Fermentation
process

Description

Tap water changed every
2 days

Buckets were filled with tap water to submerge
peeled cassava, buckets covered and water replaced
every 2 days

Tap water changed daily Buckets were filled with tap water to submerge

peeled cassava, buckets covered and water replaced
daily

Borehole water Buckets were filled with borehole water to submerge

peeled cassava and buckets covered

Tap water + bitterleaf Buckets were filled with tap water to submerge

peeled cassava, fresh bitterleaf was added on the
surface of fermentation effluent and buckets covered

Tap water Buckets were filled with tap water to submerge

peeled cassava and buckets covered

Cameroon. A total of 200 kg fresh cassava roots was purchased from a
local farmer in Buea and transferred to the Laboratory where they were
sorted to remove rotten and smaller roots (less than 10 cm diameter and
15 cm length). For each treatment, 10 kg of fresh cassava roots were
peeled using kitchen knives, roots were properly washed and rinsed
with tap water. The washed cassava roots were cut into similar sizes and
placed in 15L fermentation buckets. For treatment 1, the buckets were
filled with tap water that was changed every 2 days. For treatment 2, the
buckets were filled with tap water and the water was changed daily
throughout the 5 days fermentation period. For treatment 3, water from
a borehole was used for the fermentation of cassava rather than tap
water. In treatment 4, tap water was used, and freshly harvested
bitterleaf (V. amygdalina) leaves were placed on the surface of the
fermentation bucket. The water was not changed throughout the
fermentation period. This setup aimed to mimic the traditional
practice of adding bitterleaf to fermentation media, as its potential
role in enhancing the fermentation process remains unclear. For
treatment 5, which also served as the control, tap water was used
without any additive and the water was not changed throughout the
fermentation period. (Table 1). All treatments were prepared in
triplicates, stored in LDPE bags and allowed to ferment for 5 days.
Effluent temperature in fermentation tank was measured daily by
dipping a 40 cm hand-held thermometer into fermentation effluent
for 90 s and temperature recorded. The effluent pH was determined
with a pH meter (Extech DO700) following the three points
calibration (4.00pH, 7.00pH, and 10.00 pH), while total dissolved
solids was measured by gravimetric analysis where water sample was
filtered and evaporated through heating and the residue was weighed.
Turbidity of the fermentation effluent was measured using a turbidity
meter (Extech Model TB400) and expressed in nepholometric
turbidity unit (NTUs). To determine the characteristic changes
(temperature, pH, turbidity, and total dissolved solid), 10 mL
fermentation effluent was collected at 0, 1, 2, 3, 4, and 5 days.

2.2 Production of cassava fufu

Decomposing soft cassava from each fermentation process was
pulped by squashing and scrubbing on plastic sieve (0.3-0.5 cm
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TABLE 2 Experimental setup with five storage methods to maintain quality
and extend shelf life of cassava fufu.

Storage methods Description

4°C 2 kg of fresh fufu was packaged in low-density
polythene bag and stored in the fridge at 4°C

0°C 2 kg of fresh fufu was packaged in low-density
polythene bag and stored in the freezer at 0°C

Oven-dried 2 kg of fresh fufu was weighed and oven-dried at 60°C
for 24 h to reduce moisture content to below 5%, and

milled into fufu flour

Low-density polythene
(LDPE) bags

2 kg of fresh fufu was weighed and placed in low-
density polythene bags and stored on shelves at room
temperature

Air-tight buckets 2 kg of fresh fufu was weighed and kept in air-tight

buckets

aperture) and screened with tap water. Discarded cassava wastes that
were not soft enough during fermentation were weighed to establish
amount of cassava lost during processing. The wet sediment after
decantation was placed in polypropylene bags, tied and pressed to
dewater, about 75 kg stone was placed on the wet mash for 24 h to
complete the dewatering process before shredding using a hand weaved
shredder (0.2-0.5 mm aperture size). Spillage during shredding and
dewatering was weighed and recorded as ratio of loss with respect to
original quantity at beginning of fermentation process. Fufu was
packaged in low-density polythene bags for storage, while samples
were collected for further investigation of microbial quality.

2.3 Storage methods of cassava fufu

Fufu samples with the best quantitative and qualitative yields
from the fermentation process were selected for storage to assess
their quality and consumer acceptability. Samples were stored at
room temperature, 0°C, or 4°C, or underwent oven drying (Table 2).
For packaging, LDPE bags and airtight buckets were used, reflecting
common market practices for fufu storage.

2.4 Physical and chemical properties of
cassava fufu and fermentation effluent

Physical and chemical properties of cassava fufu and

fermentation effluent were analysed at the Agroecology
laboratory, Faculty of Agriculture and Veterinary Medicine,
University of Buea, Cameroon. Fufu from different fermentation
processes were pulped and dewatered under aseptic conditions, and
water content of fufu was determined and compared to fufu from the
local market. The pH, total titratable acid, bacterial and fungal loads

were determined as described below.

2.4.1 Measurement of pH

The pH or hydrogen ion concentration of each sample was
measured with a standard meter (ATC, model HI-8915) according
to AOAC (1990). The pH meter was standardized with standard buffers
of pH four and pH 7. The pH was determined by making 10% w/v
suspension of sample in distilled water. The suspension was mixed
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thoroughly and a pH meter probe calibrated with pH buffer seven was
introduced into each sample, and read when values were stable.

2.4.2 Titratable acidity

Titratable acidity (expressed as lactic acid) was determined using
AOAC (1990) method. Homogenate of the sample was prepared as that
of pH determination. The slurry was filtered through Whatman No.
1 filter paper. Aliquot (10 mL) was titrated with 0.1 M NaOH using
phenolphtalene as end-point indicator. Three drops of 0.1%
phenolphtalene indicator was added to flask and mixed thoroughly
before titrating with 0.1 M NaOH. Titration continued until a
permanent pink colour was observed. Titratable acidity was expressed
as lactic acid following 1 mL of 0.1 M NaOH = 0.009 g of lactic acid.

2.4.3 Moisture content

One thousand grams (1,000 g) (W;) of each sample was weighed
into a crucible and dried in the oven at 60°C for 8 h. It was cooled and
reweighed (W)). The weight was recorded and the sample was
returned to the oven for further drying at 45°C for 4 h. Drying,
cooling and weighing was repeatedly done until a constant weight (Wy)
was obtained. The moisture content (%) was calculated as follows:

Initial weight (W;)-Final weight (W)

100
Initial weight (W;) *

Moisture content (%) =

2.5 Microbial load on cassava fufu

The microbial load on cassava fufu was measured at the
Rhizobiology Laboratory of the Faculty of Agriculture and Veterinary
Medicine, University of Buea, Cameroon. Bacterial and fungal loads
were determined after serial dilution and inoculation unto nutrient agar
plates and Sabouraud dextrose agar. For serial dilution (10™"), 10 g of
each fufu sample was weighed using an electronic balance (Kern 573/
KB/DS version 7.5 2019-02) and dissolved in 90 mL distilled water using
a flame sterilized glass rod and thoroughly mixed using a vortex (Heido
Test tube shakers, Hei-Mix Reax top) to obtain a homogenous stock. A
further 10-fold serial dilution was done up to 10°*. Nutrient agar was
prepared by adding 14 g of the medium in 500 mL of distilled water,
thoroughly mixed and autoclaved at 121°C for 15 min, and allowed to
cool to 45°C. The medium was poured into petri dishes for inoculation.
Sabouraud dextrose agar was prepared by dissolving 20 g of the medium
in 500 mL of distilled water and autoclaved for 15 min at 121°C, allowed
to cool to 50°C and poured into petri dishes. One mL of the 10° dilution
of each sample was cultured by pour-plating in three petri dishes of
nutrient agar. The nutrient agar plates for bacteria isolation were
incubated aerobically at 37°C for 24-48 h in an inverted position
(DNP-902 laboratory incubator). Fungal plates were incubated at
30°C for 72 h. The bacterial and fungal loads were enumerated using
a colony counter (CC-J3A).

2.6 Sensory evaluation of fufu acceptability
and organoleptic properties

A nine-point hedonic scale was used to evaluate the rate of
spoilage and acceptability of fufu under different storage conditions
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for 4 weeks (Iwe, 2002; Laura et al., 2010). The hedonic scale
ranges between 1-9, with one corresponding to least acceptable
(extremely bad) and nine corresponding to most acceptable
(extremely good) (Iwe, 2002; Laura et al., 2010). A total of
40 randomly selected panelists comprising PhD, Master degree
students and staff of the University of Buea. The panelists were
accustomed to consuming fufu, familiar with its sensory
characteristics, and capable of detecting changes in those
characteristics. This was done at the Faculty of Agriculture and
Veterinary Medicine teaching and research farm of the university
of Buea. The panellists were between 23 and 45 years old and
generally familiar with the physical characteristics of fermented
cassava fufu. Only those who gave their consents were invited
to take part in the study and participants were free to withdraw at
any time during the evaluation process. Confidentiality and
anonymity were maintained and participants were allowed to
respond only to questions relevant to the present study. Samples
were presented to the panelists randomly, and each panelist
evaluated fufu samples stored under different conditions, rating
their perception Perceptible
characteristics of fufu such as changes in colour, appearance of
black/brown (mould), (different
characteristic smell of fufu), stickiness (gummy), and caking

using the hedonic scale.

spots odour from the
were considered for scoring acceptability.

For evaluation of organoleptic properties of fufu, samples stored
at 0°C and samples that were oven-dried which showed an
acceptability score of five and above were reconstituted and
cooked for 30 min while continuously stirring with a wooden
spatula to obtain a uniform texture. The cooked fufu was allowed
to cool and served for consumption. A panel of 10 consumers
evaluated the organoleptic properties (colour, odour, and texture)
based on a nine-point hedonic scale (Iwe, 2002). Panellists rinsed
their mouth with water and waited for 20 min before tasting
the next fufu.

2.7 Data analyses

The Statistical Package for Social Sciences (SPSS) Version 25 was
used to analyse all data. Data were subjected to Kolmogorov-
Smirnov and Shapiro-Wilk test to assess normality. Interactions
of fermentation methods and daily temperature, pH, turbidity, total
dissolved solids in fermentation effluents, and interactions of storage
methods on duration of storage, pH, total dissolved solids, bacterial
and fungal loads were tested by multivariate analysis (P < 0.05).
Where significance was observed, Analysis of Variance (ANOVA)
was performed and followed by Tukey’s HSD (P < 0.05). Data from
hedonic scores on effect of storage methods on sensory properties of
stored cassava fufu (e.g., odour, colour, mouldiness, stickiness, and
organoleptic properties) that were not normally distributed were
further analysed by Kruskal Wallis non-parametric test to determine
if there were significant differences in mean acceptability of fufu
stored under different conditions over time (Kutner et al., 2005). The
data collected for organoleptic properties was also not normally
distributed. Kruskal Wallis test was performed to determine if there
were significant differences in mean acceptability of fufu that were
oven-dry and the fufu samples stored in the freezer at 0°C based on
taste. Colour and stickiness.
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3 Results

3.1 Quantitative yield of fufu under different
cassava fermentation methods

Total fufu output differed significantly across fermentation
methods (F = 4,701.980, df = 4, P < 0.01). For treatment one
where water was changed every 2 days during fermentation and
treatment two where water was changed daily, some cassava roots
were not sufficiently soft to be processed during pulping and
dewatering. Out of the 10 kg cassava roots initially used for
fermentation, 5.8 kg was not sufficiently soft after 5 days when
water was changed every 2 days, while 6.2 kg was not sufficiently soft
when water was changed daily (Table 3). The mean fufu yield when
water was changed every 2 days was 42% while only 38% yield was
obtained from treatment two when water was changed daily. There
was a significant difference where tap water + bitterleaf, tap water
without replacement, and borehole water were used. For
fermentation with borehole, fufu output was 82% with 18% loss.
There was 84% fufu yield where tap water + bitterleaf was used for
fermentation (Table 3). Where only tap water was used without
replacements, 79% of fufu yield was obtained (Table 3).

3.2 Effect of cassava fermentation methods
on effluent properties

3.2.1 Temperature of fermentation effluent

The effluent temperature after 5 days of fermentation differed
significantly (P < 0.05; Figure 1A) across treatments, with the highest
in tap water + bitterleaf (26.7°C), followed by bore hole water
(25.93°C) and tap water (25.7), and the lowest when tap water was
changed daily (22.1°C) or every 2 days (22.3°C). Pearson correlation
revealed strong positive (r = 0.993, P < 0.01) relationship between
temperature and marketable fufu yield (Table 4). Meanwhile,
consistent increase in temperature occurred across 5 days of
fermentation (Figure 1A). Temperature increased significantly (F =
30.667, df =5, P < 0.001) from 23°C on the first day to 26°C by the fifth
day. Temperature did not differ significantly (F = 0.331, df =5 P <
0.884) for cassava fermentation where tap water was changed every
2 days. For cassava fermented with borehole water, temperature
increased significantly (F = 1.327, df = 5, P < 0.001) from 22°C on
first day to 26°C by the fifth day. Temperature increased significantly
for cassava fermented with tap water + bitterleaf (F = 151.851, df = 5,
P < 0.001) and tap water only (F = 36.541, df = 5, P < 0.001) from
22.1°C to 22°C-26.2°C and 26.2°C, respectively.

3.2.2 PH during fermentation

Acidity of the effluent after 5 days of fermentation differed
significantly (P < 0.05; Figure 1B) across treatments, with the
highest (lowest pH) in tap water + bitterleaf (4.63), followed by
tap water (4.63) and bore hole water (4.77), which were lower
than when tap water was changed every 2 days (5.93) or daily
(6.00). Pearson correlation revealed strong negative (r = -0.977,
P < 0.01) relationship between marketable fufu yield and
pH (Table 4). Meanwhile, consistent decrease in effluent
pH occurred across 5 days of fermentation (Figure 1B). For
cassava fermented with tap water and changed every 2 days,
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TABLE 3 Quantitative yield of cassava fufu under different fermentation conditions.

Treatments Peeled Marketable fufu Marketable fufu Quantity of peeled cassava
cassava (kg) WG N(e)} yield (%) lost (kg)
Water changed every 10 4.2 +0.05 42 5.8 £ 0.05
2 days
Daily water change 10 3.8 £0.07 38 6.2 +0.07
Bore hole water 10 8.2 + 0.07 82 1.8 £ 0.05
Tap water + bitterleaf 10 8.4 +0.04 84 1.6 + 0.04
Tap water 10 7.9 + 0.06 79 2.1 £ 0.06
===Tap water changed every 2 days e Tap water changed daily
=== Bore hole water e Tap + Bitterleaf
e Tap Water
28
§ 25
K
5 e
= 22 =
@
Q.
£
2 19
16 T T T T T d
0 1 2 <] 4 5
Duration of fermentation (Days)
Tap water changed every 48 hours —Tap water changed every 24 hours
Borehole water —Tap water + Bitterleaf
=—Tap water
7 -
— 6
jan)
&
2 51
=
Q
< 4 -
3 T T T T T 1
0 1 2 3 4 5
Duration of fermentation (Days)
FIGURE 1

Variation in temperature (A) and acidity (B) of cassava fermentation effluent during 5 days of fermentation.

pH dropped significantly (F = 58.733, df = 5, P < 0.001) from 6.96 on
first day to 5.93 by fifth day. For cassava fermentation with daily
change of tap water, pH dropped significantly (F = 28.123,df =5 P <
0.001) from 6.93 on first day to 593 by fifth day. For cassava
fermented with borehole water, pH dropped significantly (F =
136.943, df = 5, P < 0.001) from 6.96 on first day to 4.76 by fifth
day. The pH decreased significantly for cassava fermented with tap
water + bitterleaf (F = 281.547, df = 5, P < 0.001) and tap water only
(F = 196.200, df = 5, P < 0.001), from 6.96 to 6.93 on first day to
4.63 and 4.66 by fifth day, respectively.
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3.2.3 Turbidity during fermentation

Turbidity after 5 days of fermentation differed significantly
(P < 0.05; Figure 2A) across treatments, with the highest in
borehole water (536 NTUs), followed by tap water (424 NTUs)
and tap water + bitterleaf (421.3 NTUs), tap water changed every
2 days (191.46 NTUs), and tap water changed daily (156.66 NTUs)
as the lowest. Pearson correlation revealed strong positive (r =
0.958, P < 0.01) relationship between turbidity during
fermentation and marketable fufu yield (Table 4). For cassava
fermented with change of tap water every 2 days, turbidity

frontiersin.org


https://www.frontiersin.org/journals/food-science-and-technology
https://www.frontiersin.org
https://doi.org/10.3389/frfst.2025.1400395

Sama et al.

TABLE 4 Correlation of cassava fermentation effluent properties with the marketable fufu yield.

Duration of fermentation

Correlation coefficients

10.3389/frfst.2025.1400395

Marketable fufu yield

Temperature pH Turbidity Total dissolved solids
Day 0 0418 0.065 0.428 0.256
Day 1 0313 -0.371 0.428 0.664**
Day 2 0.876* ~0.737* 0.660** 0.644**
Day 3 0.189 —0.942% 0.973** 0.996**
Day 4 0.967** ~0.985* 0.955%* 0.786"*
Day 5 0.993** ~0.977+ 0.958** 0.978**

** Correlation is significant at the P < 0.01.

~—Tap water changed every 2 days
~==Bore hole water
e Tap Water

H

(=]

(=]

(=]
)

[\ (9% B W
(=3 (=]
(=3 (=]
(=] S
1 1

—_
(= (=]
(=] (=]
(=] (=]
1 1

== Tap water changed daily
== Tap water + bitterleaf

Total dessolved solids [mg/L]

(=]

«——=Tap water changed every 2 days
=== Bore hole water
===Tap water

600 -
500 -
400 -
300 ~
200 -

Turbidity [NTUs]

2
Duration of fermentatign [Days]

=== Tap water changed daily
== Tap water + bitterleaf

100 +

Duration of fermentation (Days)

FIGURE 2

Variation in total dissolved solids (A) and turbidity (B) of cassava fermentation effluent during 5 days of fermentation.

increased significantly (F = 1857.820, df = 5, P < 0.01) from
2.7 NTUs on first day to 191.7 NTUs by fifth day. For cassava
fermentation with daily tap water change, turbidity increased
significantly (F = 794.327, df = 5, P < 0.01) from 2 NTUs on
first day to 156.7 NTUs by fifth day. For cassava fermented with
borehole, turbidity increased significantly (F = 2052.92, df =5, P <
0.01) from 39.9 NTUs on first day to 536 NTU on fifth day. For
fermentation with tap water + bitterleaf, turbidity increased
significantly (F = 4,878.189, df = 5, P < 0.001) from 2.3 NTUs

Frontiers in Food Science and Technology 06

at on first day to 424.0 NTUs by fifth day. Where only tap water
was used, turbidity increased significantly (F = 2012.545,df=5,P <
0.01) from 3.3 NTUs at on first day to 421.3 NTUs on fifth day.

3.2.4 Total dissolved solids during fermentation
Total dissolved solids after 5 days of fermentation differed
significantly (P < 0.05; Figure 2B) across treatments, with the
highest in bore hole water (4,348.6 mg/L) and tap water +
bitterleaf (4345 mg/L) compared to tap water only, and the
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lowest when water was changed daily (1,038) or every 2 days
(980.33 mg/L). Pearson correlation revealed strong positive (r =
0.978, P < 0.01) relationship between changes in total dissolved
solids during fermentation and marketable fufu yield (Table 4).
Meanwhile, consistent increase in total dissolved solids occurred
across 5 days of fermentation (Figure 2B). For cassava fermented
with change of tap water every 2 days, total dissolved solids
increased significantly (F = 16.379, df = 5, P < 0.001) from
116 mg/L on first day to 980 mg/L on fifth day. For cassava
fermentation with daily tap water change, total dissolved solids
increased significantly (F = 1,457.034, df = 5, P < 0.001) from
114 mg/L on first day to 1,038 mg/L on fifth day (Supplementary
Figure S2). For cassava fermentation with borehole water (F =
124.400, df = 5, P < 0.05), tap water (F = 123.346, df = 5, P <
0.001), and tap water + bitterleaf (F = 164.400, df = 5, P < 0.001),
total dissolved solids increased significantly from 116, 117, and
114 mg/L on first day to 4,349, 4,345 and 4,047 mg/L on fifth day,
respectively.

3.3 Effect of storage methods on cassava
fufu properties

3.3.1 Total titratable acids

There was consistent decrease in total titratable acids for
different storage conditions across 4 weeks. For fufu stored at
4°C, there was significant reduction in total titratable acids (F =
12.740, df = 3, P < 0.05) from 1.10 in first week to 0.30 by fourth
week. There was significant decrease in total titratable acids for
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samples stored at 0°C (F = 30.504, df = 3, P < 0.05) from 1.03 in first
week to 0.34 in fourth week. For fufu that was oven-dried or stored
in LDPE bags, total titratable acids decreased significantly (F =
39.502, df = 3, P < 0.001) from 1.06 in first week to 0.28 in fourth
week (Figure 3A). Similarly, fufu stored in LDPE bags (F = 14.133,
df = 3, P < 0.001) and air-tight buckets experienced significant
decrease in total titratable acid from 1.06 to 1.04 to 0.35 and 0.36 (F =
12.740, df = 3, P < 0.01), respectively (Figure 3A). There was no
significant difference in total titratable acids when compared within
weeks (Figure 2A). Multivariate analysis on total titratable acids
revealed significant effect of duration of storage (F = 361.981, df = 4,
P < 0.001; Table 5), but no significant effects of treatments (F =
0.454, df = 4, P > 0.05; Table 5) or interaction of fermentation
method and duration of fermentation (F = 0.398, df = 3, P >
0.05; Table 5).

3.3.2 Variations of pH

The pH increased (acidity decreased) steadily for all storage
conditions throughout the investigation. The pH of fufu stored at
4°C increased significantly (F = 146.654, df = 3, P < 0.01) from 3.4 in
first week to 4.2 in fourth week (Figure 3B). The pH of fufu stored at
0°C increased significantly (F = 59.037, df = 3, P < 0.01) from 3.5 in
first week to 4.4 in week 4. There was significant increase in pH for
oven-dried fufu (F = 77.563, df = 3, P < 0.01) while pH of fufu stored
in LDPE bags (F = 31.567, df = 3, P < 0.01) and in air-tight buckets
(F = 146.654, df = 3, P < 0.01) increased significantly from 3.5 to
3.7 in first week to 4.23 and 4.4 in fourth week, respectively
(Figure 3B). In first week of storage, pH of samples stored at 4°C
was significantly lower than those stored in air-tight buckets, but
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TABLE 5 Multivariate analysis showing significant effects of storage methods on total bacterial and fungal loads, pH and total titratable acids in stored fufu

over time (P < 0.05).

Source Dependent variable lolj Mean square F —Value P-value
Treatments x Duration Bacterial counts 4 2232.66 123.442 0.001**
Fungal counts 4 365.447 58.359 0.001**
pH 4 0.083 0.901 0.471
TTA 4 0.018 1.037 0.398
Treatments Bacterial counts 4 38.556 2.132 0.091
Fungal counts 4 219.011 34.975 0.001**
pH 4 0.165 1.802 0.143
TTA 4 0.008 0.454 0.769
Duration (Days) Bacterial counts 1 27878.9 1541.41 0.001**
Fungal counts 1 12714 2030.35 0.001**
pH 1 3.871 42.265 0.001**
TTA 1 4.563 263.31 0.001**

** indicates significant effects at P < 0.01.

there was no significant difference between fufu stored at 0°C, oven-
dried, and stored LDPE bags (Figure 2B). In week 2, pH of fufu
stored in air-tight buckets was significantly lower than those stored
at 0°C while there was no significant difference in other samples. In
week 3, pH of samples stored at 0°C and LDPE bags were
significantly lower than those stored at 4°C while samples stored
in air-tight buckets and oven-dried samples had significantly lower
pH compared to other samples. In week 4, pH of fufu stored in air-
tight buckets was significantly higher than those stored at 4°C, LDPE
bags and oven-dried (Figure 3B). Multivariate analysis on pH of
stored fufu revealed significant effect of duration of storage (F =
42.265, df = 4, P < 0.001; Table 5), but no significant effect of storage
methods (P > 0.05; Table 5) or interaction of treatment and duration
of storage (P > 0.05; Table 5).

3.4 Effect of storage methods on microbial
load of cassava fufu

3.4.1 Bacteria

There was consistent growth of bacterial viable counts across
4 weeks of storage. For fufu stored at 4°C, bacterial colonies
increased significantly (F = 114.585, df = 3, P < 0.01) from
24.3 CFUs in first week to 73 CFUs in fourth week. For fufu
stored at 0°C, the bacterial load increased significantly (F =
59.657, df = 3, P < 0.01) from 6.0 CFUs in first week to
32.7 CFUs in fourth week. For oven-dried fufu, bacterial load
increased significantly (F = 62.201, df = 3, P < 0.01) from
7.0 CFUs in first week to 29.7 CFUs in fourth week. For fufu
stored LDPE bags, bacterial load increased significantly (F =
737.356, df = 3, P < 0.01) from 31.0 CFUs in first week to
145.7 CFUs in fourth week. For samples stored in air-tight
buckets, bacterial load increased significantly (F = 114.585, df =
3, P<0.01) from 18.0 CFUs to 85.7 CFUs in fourth week. There was
no significant difference between bacterial load on fufu stored at 0°C,
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oven-dried fufu and that stored in LDPE bags across storage.
However, bacterial loads were significantly higher for fufu stored
in LDPE bags, 4°C, and air-tight buckets than those stored at 0°C and
oven-dried (Figure 3C). Bacterial load on fufu stored in LDPE bags
at room temperature (average of 26°C) was significantly higher (P <
0.01) than those stored at 4°C and air-tight buckets (Figure 3C).
Multivariate analysis on bacterial loads in fufu revealed significant
effect of duration of storage (F = 1,541.405, df = 1, P < 0.01; Table 5)
and interaction of storage method and duration (F = 123.442, df = 4,
P < 0.01; Table 5), no significant effect of storage methods (P >
0.05; Table 5).

3.4.2 Fungi

There was a consistent fungal growth throughout the 4 weeks of
storage. For samples stored at 4°C, fungal colony forming units
increased significantly (F = 161.754, df = 3 P < 0.01) from 25 CFUs
in first week to 65.7 CFUs in fourth week. For fufu stored at 0°C,
fungal load increased significantly (F = 161.744, df = 3, P < 0.01)
from 6.4 CFUs in first week to 32 CFUs in fourth week. For fufu that
was oven-dried, fungal load increased significantly (F = 150.553, df =
3, P < 0.001) from 2.4 CFUs in first week to 26.4 CFUs in fourth
week. For fufu stored in LDPE bags, fungal load increased
significantly (F = 1,394, df = 3, P < 0.01) from 35 CFUs in first
week to 90.4 CFUs in fourth week (Figure 3D). For fufu stored in air-
tight buckets, fungal load also increased significantly (F = 221.134,
df = 3, P < 0.01) from 33 CFUs to 88.7 CFUs in fourth week. There
was no significant difference between fungal load on fufu stored in
LDPE bags and air-tight buckets across storage (Supplementary
Figure S3). Fungal load in oven-dried fufu stored in LDPE bag and
0°C were significantly lower than those stored at 4°C, LDPE bags,
and air-tight buckets (P < 0.01; Figure 3D). Multivariate analysis of
fungal loads in fufu during storage revealed significant effects of
storage methods (F = 34.975, df = 4, P < 0.01; Table 5), duration of
storage (F = 2030.347, df = 1, P < 0.01; Table 5), and interaction of
storage methods and duration (F = 58.359, df = 4, P < 0.01; Table 5).
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3.5 Effect of storage methods on sensory
properties of stored cassava fufu

3.5.1 Odour

After the first week of storage, acceptability of fufu based on
odour was scored at nine for all samples under different storage
conditions. By second and third weeks of storage, acceptability based
on odour of fufu in LDPE bags dropped to 8.06 and 6.4, respectively.
Acceptability score based on odour for fufu stored in LDPE bags
dropped to 3.3 after the fourth week, indicating that it was not
acceptable. Fufu stored in air-tight buckets had similar rate of
change in acceptability based on odour as LDPE bags. In first
week, hedonic score for acceptability based on odour was nine
and was 8.4 in second week. By fourth week, acceptability of fufu
stored in air-tight buckets based on odour was 4.2, implying that it
was not acceptable based on deviation from its characteristic smell.
For fufu stored at 4°C, the acceptability score dropped from nine in
first week to eight in second week, 7.9 in third week and 4.9 in fourth
week. Change from characteristic fufu smell was very slow for 0°C
and oven-dried storage. After 4 weeks of storage, hedonic score for
odour of oven-dried fufu was 8.5 and 7.9 for 0°C storage, indicating
that fufu stored at 0°C and oven-dried were the most acceptable after
4 weeks (Figure 4A). The hedonic score for acceptability based on
development of non-characteristic smell of fufu under different
storage conditions indicates that acceptability was significantly
higher (H = 12.341, df = 3, P < 0.05) at 0°C and oven-dried
samples compared to LDPE bags, air-tight buckets, and 4°C.
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3.5.2 Colour

Fufu stored in LDPE bags had the fastest colour change from
white through cream white to yellow/brown. After first week of
storage, acceptability based on colour was 9, indicating that it was
highly liked. By second week, acceptability dropped to 7.46, and
4.75 by third week that is below the acceptable margin of 5,
implying that fufu stored in LDPE bags was no more acceptable
after 3 weeks. For fufu stored at 4°C, colour change caused decrease
in acceptability from nine in first week to 7.46 in second, 6.14 in
third week and 4.25 in fourth that is below the acceptable limit of 5.
Fufu stored in air-tight buckets had slower colour change with
acceptability score of nine in first week;, 8.05 in second, and 5.12 by
fourth week, implying that it was still slightly acceptable. Colour
change was very slow in fufu stored at 0°C and oven-dried
(Figure 3), with 7.1 score for fufu that was oven-dried or stored
in LDPE bags after 4 weeks, while fufu stored at 0°C had 7.3,
indicating the most acceptable after 4 weeks (Figure 4B). Hedonic
score for acceptability based on colour change in stored fufu under
different conditions indicates that acceptability was significantly
higher (H = 15.350, df = 3, P < 0.05) for fufu stored at 0°C and
oven-dried compared to those stored in LDPE bags, air-tight
buckets, and 4°C (Figure 4B).

3.5.3 Acceptability of fufu based on mouldiness
Acceptability of fufu based on appearance of black spots

(moulds) on decreased with time across storage period. The

highest amount of mouldy appearance was observed in fufu
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stored in LDPE bags. Hedonic score for acceptability of fufu
stored in LDPE bags dropped from 8.6 in first week to 4.2 in
fourth week, with similar trend for fufu stored in air-tight
buckets and 4°C (Figure 3C). Apart from fufu stored at 0°C,
oven-dried and fufu stored in LDPE bags, the others scored
below five by the fourth week. Kruskal Wallis test revealed
significantly higher (H = 8.716, df = 3, P < 0.05) acceptability
score for oven-dried or 0°C storage based on mouldiness as
compared to fufu stored in LDPE bags, air-tight buckets, and
4°C (Figure 3C).

3.5.4 Acceptability of fufu based on
stickiness (texture)

Fufu stored at 0°C and oven-dried had score of 8.9 and 9,
respectively, throughout storage period, implying that they were
the most acceptable storage methods (Figure 3D). Fufu stored in
air-tight buckets and at 4°C were barely acceptable after 4 weeks
and fufu stored in LDPE bags was not acceptable after 4 weeks
(Figure 3D). Fufu stored at 0°C and oven-dried showed
significantly higher acceptability based on stickiness storage in
LDPE bags, air-tight buckets, and 4°C (H 10.749, df =
3, P < 0.05).

3.6 Effect of storage methods on
organoleptic properties of fufu

The acceptability of cooked fufu after 4 weeks of storage at
0°C or oven-dried were compared on the basis of taste, colour
and stickiness (texture). Based on taste, fufu stored at 0°C had
high hedonic scores of 8.6 and 8.0 for oven-dried fufu, indicating
that both were liked and very acceptable. Based on colour,
cooked fufu after storage at 0°C maintained its original white
colour with acceptability score of 8.9 while oven-dried fufu
exhibited slight colour change from characteristic white to
cream white/brownish colour with 7.0 acceptability score
(Figure 5). Oven-dried fufu was more acceptable with a score
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of 8.5, while the fufu stored at 0°C had an acceptability score of
7.9 based on stickiness. Kruskal wallis test showed significantly
higher acceptability of fufu stored in the freezer at 0°C than fufu
that were over dried.

4 Discussion

4.1 Effects of cassava fermentation methods
on fufu yield

The results obtained strongly support the hypothesis that
source of fermentation water and bitterleaf additive will enhance
the quantitative yield of cassava fufu. The consistent decrease in
pH (increase acidity) throughout cassava fermentation period
indicates that fufu fermentation reduces pH of the effluent and
final fufu product. The increase in acidity (decreased pH),
temperature, turbidity and total dissolved solid of the
fermentation effluent could be due to the effects of inherent
microbes (Onwurafor et al., 2014). As fermentation progresses,
production of lactic and acetic acids increases, resulting in direct
acidification of the effluent and fufu product (Halake and
Chinthapalli, 2020; Onwurafor et al, 2014). This is in line
with Izah et al. (2016) where fermentation for ogi production
and pH of the product reduced from 6.7 to 4. Oyewole and
Ogundele (2001) also reported reduced pH from 6.8 to 3.8 in
fufu production in Nigeria. Oyewole and Ogundele (2001)
reported that fermentation was characterized by increased
production of acids. The activity of lactic acid bacteria on
attributed to acid
(Shittu
Adedokun, 2010). This may be due to several microbes and

carbohydrates of cassava roots was

production during cassava fermentation and
enzymes such as polygalacturonase, pectinase and cellulase with
tissue degrading activities and softening of products (Shittu and
Adedokun, 2010).

The consistent increase in turbidity and total dissolved solids

during fermentation could be due to cassava tissues breakdown and
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changes in physical and chemical characteristics of fermentation
effluent (Okowa et al, 2016). This progressive increase in
turbidity and total dissolved solids have been reported. Kigigha
and Kombo (2016) reported that total dissolve solids and turbidity
increased and pH decreased during fermentation as guinea corn,
with increased total dissolved solids from 107.53 mg/L at the start
of fermentation to 1,320.22 mg/L after 72 h. Okowa et al. (2016)
also reported a similar trend during maize fermentation. The
increased pH, temperature turbidity and total dissolved solids
with corresponding increase in quantitative output of fufu in
some of the effluents could be attributed to build-up of tissue-
degrading enzymes and lactic acid bacterial (Shittu and Adedokun,
2010). Although the exact role played by bitterleaf in cassava
fermentation is unknown, Udensi et al. (2019) reported that
scented leaf (Occimum viridis) enhanced break down of tissue
in cassava fermentation process.

The significantly high cassava waste after fermentation due
to insufficient softness where fermentation effluent was
changed every 2 days or daily could be attributed to the fact
that effluent change stops or slows down microbial and enzyme
activities involved in tissue breakdown. Changing water reduces
effluent temperature and breaks the microbial build up process.
Shittu and Adedokun (2010) reported that cassava softening
during fermentation is due to enzymes and microbes that
breakdown pectin and cellulose, and interrupting these
activities slows the breakdown process. Meanwhile, tap water
is usually treated with chemicals to reduce microbial growth
and activities, which affects microbial build up during
fermentation as compared to untreated borehole water with
potentially more microbial communities and functions that
may boost cassava fermentation. Also, bitterleaf additive may
play a similar role played by scented leaf in cassava breakdown
as reported by Udensi et al. (2019) who reported that scented
leaf (Occimum viridis) enhanced break down of tissue in cassava
fermentation process.

4.2 Effects of storage methods on
acceptability of cassava fufu

The observed increase in microbial load on samples stores in
LDPE bags, 4°C and air-tight buckets could be attributed to the fact
that fungi and bacteria significantly reduce in storage at
temperature below 4°C compared to 25°C (Abdul et al., 2018).
Wang et al. (2023) reported that chilling food at 0°C and below
could significantly reduce microbial load and render it safe for
consumption. This higher microbial load associated with high
temperature reported in this study is in line with Sama et al. (2023)
who reported consistent bacterial and fungal growth on fufu stored
in LDPE bags in Buea.

Significantly low microbial load on oven-dried fufu can be
attributed to unfavourable environmental conditions (absence
of moisture) that limited microbial growth (Coradi et al,
2020). Similarly, low microbial growth on samples stored at
0°C could be attributed to extremely low temperature that
hinders microbial growth because few bacterial and fungal
species can survive (Abdul et al., 2018). Coradi et al. (2020)
reported that high temperature reduced microbial growth and
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spoilage in stored maize while Abdul et al. (2018) reported
refrigeration as the best way to control microbes in stored
products. Reduced moisture reportedly retard microbial
growth (Padonou et al., 2009). The absence of moisture in
dried fufu samples offered an unconducive environment for
bacteria and fungi to thrive, which is consistent with Pellisssery
et al. (2020) who recommended chilling temperatures for
storage to reduce microbial growth. These results support
our hypotheses that storing fufu at 0°C or oven-dried will
improve consumer acceptability as compared to LDPE bags
or air-tight buckets.

5 Conclusion

Low quantitative fufu yield when water was changed daily
or every 2 days during fermentation resulted from insufficient
softness of cassava for pulping that led to high wastes, which
strongly discourages water change during fermentation. The
use of borehole water or tap water + bitterleaf resulted in
outputs that should be
encouraged in cassava fermentation to produce fufu. The

relatively higher quantitative
significantly low bacterial and fungal load on fufu stored at
0°C or oven-dried highlights their ability to maintain fufu
quality and boost storability. Fufu stored at 0°C or oven-
dried had significantly higher consumer acceptability in
terms of colour change, odour, mouldiness and texture when
compared to the others. These results demonstrate the
potential for long-term storage of cassava fufu through
drying, especially where refrigeration is not available or
too costly.
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