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Nutritional enhancement of
cassava through processing:
implications for sustainable food
systems
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!Department of Food Science and Applied Nutrition, Biotechnology and Bioprocess Center of
Excellence, Addis Ababa Science and Technology University, Addis Ababa, Ethiopia, 2Department of
Plant Breeding, Swedish University of Agricultural Sciences, Alnarp, Sweden

Cassava (Manihot esculenta Crantz) is a vital food crop in Sub-Saharan Africa,
Asia, the Pacific, and South America, serving as a staple for approximately 800
million people. While its roots are a rich energy source, its leaves contain valuable
minerals, vitamins, and protein, offering potential to enhance starchy diets if
properly processed to reduce toxic anti-nutritional factors. This study evaluated
the nutritional profiles of cassava roots and leaves and assessed the role of
processing in improving nutrient retention and safety. Two varieties, kello and
qulle, obtained from the Areka Agricultural Research Center, were analyzed. Roots
and leaves were subjected to fermentation, boiling, and fluidized bed drying,
followed by nutritional, anti-nutritional, and functional characterization using AOAC
standard methods. Results showed that roots had higher carbohydrate content
(81.0-87.1 g/100 g), while leaves exhibited superior protein (21.2-28.4 g/100 g),
fiber (16.1-22.9 g/100 g), carotenoids (234.1-987.9 ug/g), and essential minerals,
including calcium (499.8-545.4 mg/100 g), potassium (1193.4-1211.0 mg/100 g),
magnesium (274.5-340.5 mg/100 g), and iron (129.1-146.1 mg/kg). Anti-nutritional
factors, including cyanide (10.1-61.0 mg/kg in leaves vs. 1.8—47.5 mg/kg in roots),
condensed tannins, oxalates, and phytate, were higher in leaves but significantly
reduced through processing. Fermentation followed by boiling and drying decreased
cyanide levels by up to 83.4%, while tannins, oxalates, and phytate were reduced
by 59.6, 834, and 88.9%, respectively. Variety kello demonstrated a better overall
nutritional profile than qulle, except for carotenoids, which were higher in qulle.
These findings highlight the influence of genetic background and processing
techniques on cassava’s nutritional quality. To optimize cassava’'s dietary benefits,
further research should explore diverse germplasm and refine processing methods
to maximize nutrient retention while minimizing anti-Xnutritional factors.

KEYWORDS

food security, sustainable food system, anti-nutrients, detoxification, cassava varieties,
cassava processing

1 Introduction

Rapid population growth, climate change, and rising health risks are threatening global
food security. To safeguard their citizens during a crisis, many nations impose economic
restrictions, particularly on food trade. Malnutrition and hidden hunger are most prevalent
in developing countries, leading to developmental stunting in children, and weakened
immunity against diseases (Teye et al., 2020). One of the greatest challenges today is sustainably
increasing food production to meet the demands of a growing world population. Recent
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estimates suggest that by 2050, global food production will need to
double to ensure sustainable food security. According to Burns et al.
(2010), food security exists when “all people, at all times, have physical
and economic access to sufficient safe and nutritious food to meet
their dietary needs and food demands for a healthy and active life”

The United Nations (UN) has established the Sustainable
Development Goals (SDGs) to address societal, economic, and
environmental challenges, with food systems playing a central role (United
Nations Development Program, 2015). These goals aim to create healthier,
more equitable, and environmentally sustainable food systems by
promoting practices such as combating desertification, reversing land
degradation, and preserving biodiversity (Michel et al,, 2021; Adebayo,
2023). Achieving these targets is critical for reducing food insecurity,
poverty, and improving the livelihoods of smallholder farmers, particularly
in sub-Saharan Africa (SSA), where urban and peri-urban areas face a
worsening double burden of malnutrition (Mbanjo et al., 2021).

Despite SSAs rich biodiversity, including numerous underutilized,
nutrient-dense plant species, malnutrition remains pervasive due to
reliance on low-nutrient staple crops (Abass et al., 2018). The Global
Facilitation Unit for Underutilized Species (GFU) highlights these
plants as untapped resources for combating hunger, as they offer
essential micronutrients often absent in traditional diets (Uchechukwu-
Agua et al,, 2015). Shifting from import-dependent foods (e.g., wheat
flour) to locally sourced alternatives could strengthen food security,
empower smallholder farmers, and stimulate agri-food value chains
(Noortetal, 2022). For many African nations, this transition represents
a dual opportunity: reducing costly food imports while leveraging
indigenous crops to tackle malnutrition and poverty on a larger scale.

The majority of the world’s population relies on a plant-based
diet. Cassava (Manihote sculenta Crantz) is a tuberous root crop
belonging to the family Euphorbiaceae, genus Manihot. It is the third
most important source of calories in the tropics and the sixth most
important food crop after sugar cane, maize, rice, wheat, and potato,
in terms of global annual production. Due to its versatile nature, it is
frequently referred to as the “drought, war, and famine crop” in much
of the developing world. As it is a major staple crop, it has the
potential to play a crucial role in addressing food security challenges
in the face of climate change. It can grow in poor soils, is easily
propagated, requires minimal cultivation, and can tolerate both
periodic and prolonged droughts. It is simple to cultivate, produces
well in favorable conditions, and even produces edible roots in poor
soils with dry conditions. As a result, it is drought-resilient, and its
mature roots can maintain their nutritional content without water for
an extended period of time, suggesting that it could be the future
food security crop in some developing countries (Pushpalatha and
Gangadharan, 2020).

According to studies, cassava can tolerate temperatures up to
40 °C before the rate of photosynthesis begins to decline. It also
features a built-in system to address water scarcity by shedding leaves.
It can withstand salt levels of up to 150 mM, with the younger ones
able to resist up to 40 mM. It can live in locations with rainfall ranging
from 500 to 5,000 mm (Pushpalatha and Gangadharan, 2020). Cassava
is expected to supply the world’s protein requirements. In comparison
to cassava leaves, the roots have a higher carbohydrate content;
however, the leaves and by-products of root harvest have a higher
protein level (approximately 14-40%), minerals, vitamins B1, B2, and
C, and carotenes. The leaves are regarded as a vital protein source
when compared to other green vegetables (Karri and Nalluri, 2016).
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Although cassava offers economic and nutritional advantages, it
remains challenging to incorporate these promising yet underutilized
species into our regular diet. Due to its toxic substances, which restrict
its use (Ndam et al., 2019), variable toxicity levels of cassava have been
reported in literature, with total content depending on altitude,
geographical location, period of harvesting, type of varieties, and
seasonal conditions (Turyagyenda et al., 2013). The high fiber content,
tannins, and lack of amino acid availability make its leaves difficult to
digest. As a result, effective detoxification techniques that retain all
essential nutrients must be developed.

Nowadays, food security is a major problem in many developing
countries, mainly due to rapid population growth and global climate
change. To resolve this, many communities are increasingly focusing
their efforts on developing new strategies to enhance the utilization of
locally cultivated crops. Despite the fact that Ethiopia has a variety of
nutritious underutilized crops that are rich sources of micronutrients
and other health-related components are not utilized to their potential.
As a result, Malnutrition remains a significant problem in many areas
of countries where these crops can grow, due to a lack of awareness
about their nutritional profile, appropriate processing techniques, and
utilization (Bechoff, 2017).

Several crops are underutilized in the majority of areas where
they are grown due to a lack of awareness about their complete
nutritional and anti-nutritional values, as well as information on
processing. Growing drought-resistant crop varieties and employing
appropriate food processing methods and equipment may help
mitigate health risks (Neves et al., 2021). To our knowledge, there are
limited studies that quantify the impact of various processing
techniques (e.g., fermentation and drying) on nutrient retention (e.g.,
vitamins and minerals) in cassava. Therefore, the aim of this study
was nutritional enhancement of cassava through processing so as to
contribute to sustainable food systems through addressing the
following specific objectives. The objective of the study was (1) to
determine the nutritional profile of the root and leaves of the two
cassava varieties (kello and qulle) dominantly grown in Ethiopia, (2)
to determine the effect of processing techniques on nutritional,
physicochemical and functional properties of the two varieties, (3) to
analyze the effect of processing techniques on anti-nutritional
contents of the roots and leaves and (4) to provide accurate data and
basic information for policymakers, and consumers as well as
researchers and stakeholders.

2 Materials and methods
2.1 Sample collection

Cassava (Manihot esculenta Crantz) root and leaf samples were
collected from the experimental farm of Areka Agricultural Research
Center using purposive sampling. This study utilized two cassava
cultivars, qulle and kello, and all experiments were carried out at
Addis Ababa Science and Technology University.

2.2 Experimental design

The study employed a 3 x 2 factorial design incorporating three
processing techniques and two varieties. Three distinct drying
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protocols were evaluated to determine their comparative efficacy in
terms of nutrient retention and detoxification (see Table 1).

2.3 Sample preparation

To prepare the cassava roots for further processing, they were first
peeled, washed, grated, and sliced. A measured quantity of grated
cassava pulp was soaked in deionized water at room temperature for
72 h, with the water changed every 24 h. The pH of the expressed juice
was measured at 24-h intervals to monitor the progress of
fermentation. Three drying techniques, sun-drying, fluid bed-drying,
and freeze-drying, were employed. Finally, the dried cassava roots
were milled to a particle size of 250 pm and stored in plastic bags until
used for the experiment.

Cassava leaf samples were prepared according to the method
described by Pitirini et al. (2021). The leaves were manually separated
from the stems and washed in deionized water, homogenized, and
then divided into portions for further processing, including boiling,
fermentation, and drying. For the boiling process, the leaves were
leached under running water by squeezing them in a sieve until the
water became colorless, followed by boiling for approximately 5 min.
A 700 g sample was then weighed, placed in a Teflon-coated pan,
mixed with 1,000 mL of deionized water, and cooked for 15 min in a
single boil on a domestic cooker. For fermentation, the leaves were
soaked in deionized water for 72 h at room temperature, with the
water replaced every 24 h, while the pH of the extracted juice was
monitored at 24-h intervals to track the fermentation process. The raw
and fermented samples were dried using three methods: sun-drying
for 7 days, fluidized bed drying at 50°C for 180 min, and

TABLE 1 Variable description.

Research objectives

List of independent
variables

10.3389/fsufs.2025.1660792

freeze-drying for 10 h. This is because a temperature range of
40-80 °C for 180 min is effective in reducing hydrogen cyanide
(HCN) levels in cassava leaves, as reported by Boakye Peprah et al.
(2020). Finally, the dried leaves were ground into a powder using a
laboratory mill and stored in plastic bags for subsequent analysis.

2.4 Proximate composition analysis

2.4.1 Moisture content

The moisture content of the cassava root and leaf flour samples
was determined following the AOAC (2016) method. Approximately
5 g of each sample was weighed into a pre-dried dish, which was then
placed in an air oven maintained at 105 °C and left to dry for 5 h. After
drying, the samples were then cooled in a desiccator and reweighed.
This process was repeated, with the dishes returned to the oven, until
successive weight measurements showed a variation of less than
0.05%, indicating that equilibrium had been reached. The moisture
contents of the samples were then calculated as the percentage loss in
weight relative to the original sample weight.

2.4.2 Ash content

The ash content was determined according to the AOAC (2016)
method. Approximately 2.5 g of cassava flour was weighed into a
pre-dried, pre-weighed crucible. The crucible containing the sample
was then placed in a muffle furnace and ignited to 550 °C £ 10 °C
until white ash was produced. After combustion, the sample was
cooled in a desiccator for 30 min and weighed. The cooling and
weighing process was repeated until consecutive measurements
showed a difference of less than 1 mg, indicating constant weight. The

List of dependent variables = Type of data collection

method

1. Effect of varieties on nutritional Variety (two levels)
profiles o Qulle
o Kello

« Proximate composition Purposive sampling techniques

« Physicochemical properties Laboratory analysis
« Mineral content

« Anti-nutrients

2. Effect of processing techniques on Processing techniques (three levels)

nutritional profiles

Chemical compositions Laboratory analysis

Boiling fermentation drying
o Sun-dried
o Fluidized bed-dried

o Freeze-dried

Proximate composition
Physicochemical properties
o Vitamin C

« Total carotenoids

o Mineral content
Functional properties

« WAC

o Water activity

« Solubility

« Swelling power

o Pasting properties

3. Effect of varieties and processing Processing techniques (three levels)

techniques on anti-nutrient content « Boiling
» Fermentation

o Drying

Ant-nutritional factors Laboratory analysis
o Cyanide
o Tannin

« Oxalate

WAC, water absorption capacity.
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ash content of the sample was then calculated and expressed as a
percentage of the original sample weight.

2.4.3 Protein content

The crude protein content was determined following the AOAC
(2016) method. A 1 g sample was weighed and transferred into a
Kjeldahl digestion flask containing 8 g of catalyst mixture (96%
anhydrous sodium sulfate, 3.5% copper sulfate, and 0.5% selenium
dioxide). Then, 20 mL of sulfuric acid was added, along with glass
beads to prevent bumping during digestion. The digestion process
began with maximum heating power to ensure the rapid breakdown
of organic matter. Heating continued until the solution became clear,
indicating that the digestion was complete. After cooling, the digestion
vessel was connected directly to the nitrogen determination apparatus
for distillation. The resulting ammonium sulfate ((NH4)2S04) was
treated with sodium hydroxide (NAOH) to liberate ammonia, which
was then distilled into a receiving flask containing 50 mL of boric acid
solution with methyl red indicator. The condenser delivery tube was
positioned below the surface of the boric acid solution to ensure
efficient absorption of ammonia. Then, the digest was diluted with
distilled water to about 30 mL, and the pH was adjusted to neutral
with sodium hydroxide. Distillation continued until about 300 mL of
distillate was collected. Finally, the crude protein content was
calculated by multiplying the determined nitrogen percentage using a
conversion factor of 6.25.

2.4.4 Fat content

The crude fat content was determined according to the AOAC
(2016) method. A 3 g of a homogenized, dried cassava sample was
accurately weighed and placed into an extraction thimble for fat
determination. The sample in the thimble was covered with fat-free
cotton wool to prevent particle loss during the extraction process. A
pre-weighed extraction flask crucible was filled with 100 mL of
hexane, and the extraction apparatus was assembled and automatically
heated for 3 h. Following extraction, the solvent was evaporated, and
the flasks containing the lipid extract were dried in an oven at 105 °C
for 1 h to remove residual solvent. The flask was then cooled to room
temperature in a desiccator and reweighed. The crude fat content was
calculated using the formula:
_ gfat*100

%Fat =
w

where w is the weight of the sample in grams.

2.4.5 Crude fiber content

The crude fiber content was determined according to the AOAC
(2016) A 2 g of the sample was accurately weighed into a 500 mL
conical flask containing 150 mL of 1.25% sulfuric acid solution. The
mixture was boiled for 30 min. The digested mixture was filtered
through a Buchner funnel lined with a pre-weighed filter paper, and
the residue was thoroughly washed with hot distilled water. The
retained residue was then transferred into a conical flask, and
150 mL of 1.25% potassium hydroxide (KOH) solution was added,
and boiled for 30 min from the onset of boiling. The mixture was
filtered again through a Biichner funnel with fresh filter paper. The
residue was quantitatively transferred to a pre-weighed crucible and
dried in an air oven set at 105 °C for 2 h. After cooling in a
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desiccator, the crucible and contents were weighed. The crucible
contents were then ignited to 550 °C for 3h and cooled in a
desiccator and reweighed. The fiber content was calculated as the
percentage loss on ignition relative to the original sample weight,
using the formula:

Fl—F2>l=100

%crude fiber =

where FO is the weight of the dry sample; F1 is the weight of crude
fiber plus ash after oven-dried; and F2 is the weight of the sample after
ignition in the furnace.

2.4.6 Carbohydrate content

The carbohydrate content was calculated by difference, following
the standard approach outlined in AOAC (2016) guidelines. This
method involves subtracting the sum of fat, moisture, crude fiber, ash,
and protein from 100% to estimate the total carbohydrate content in
100 g of the food sample.

2.4.7 Caloric value

The net energy value (in kJ/100 g) was calculated using the
standard method of Yang et al. (2021). This was done by summing the
contributions of carbohydrate, crude lipid, and crude protein, each
multiplied by its respective energy conversion factor.

2.4.8 Mineral content

The mineral content was analyzed using triple acid digestion
(wet digestion method) as per AOAC (2016), where 0.5 g of cassava
flour was weighed and digested with 0.7 mL concentrated HNO; on
a hot plate for 1 h until a nearly clear solution was obtained. Despite
the absence of visible solid particles, the digest was filtered through
Whatman filter paper, diluted with deionized water until the
solution volume reached the standard mark, and analyzed via
Microwave Plasma Atomic Emission Spectroscopy (MP-AES,
Agilent Model 4,200). Quantification was performed using aqueous
calibration standards, with signal responses measured at the
respective wavelengths for each element: Ca (393.366 nm), Fe
(371.993 nm), K (766.491 nm), Mg (285.213 nm), Na (588.995 nm),
and Zn (213.857 nm), from which mineral concentrations
were calculated.

2.5 Determination of functional properties

2.5.1 Pasting properties and mixing stability

The pasting properties of the samples were determined using a
Rapid Visco Analyzer (RVA 4500, Perten Instruments AB, Australia)
following the method described by Hasmadi et al. (2020). Each sample
(3.5 g of flour, adjusted to 14% moisture basis) was mixed with 25 mL
of deionized water to achieve a total weight of approximately 28 g. The
mixture was placed in a canister, homogenized with the paddle, and
loaded into the RVA. The temperature profile consisted of heating and
cooling at a constant rate of 11.25°C/min. Pasting parameters,
including peak viscosity, breakdown, and final viscosity, setback, and
pasting temperature (PT) were recorded using the accompanying
software. The 13-min protocol maintained an initial rotation speed of
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960 rpm for 10, followed by 160 rpm for the remainder of the
duration, with viscosity measurements recorded every 4s as the
temperature increased from 50 °C to 95 °C. All data were collected
and analyzed using Thermocline software.

2.5.2 Swelling power and solubility

The swelling power and solubility of the flour samples were
determined following the standard procedures. A 1 g of each flour
sample was weighed into a 15 mL centrifuge tube and thoroughly
mixed with 10 mL distilled water using a vortex mixer. The mixture
was heated in a water bath (Gerber Instrument, Model WB-12, EU
PR.C) at 85 °C for 30 min, then cooled to room temperature and
centrifuged using a bench-top centrifuge (Centurion Scientific, Model
Pro-Analytical C2004, UK) at 3,000 rpm for 15 min. The clear
supernatant was carefully decanted into a clean, pre-weighed Petri-
dish. The supernatant in the Petri dish was evaporated in a hot air
oven at 100 °C for 30 min, cooled down, and weighed using an
analytical balance. The weight of soluble substances in the supernatant
was calculated by subtracting the weight of the insoluble substances.
The remaining paste in each centrifuge was weighed to determine the
swelling power. Both swelling power and solubility were expressed as
percentage weights.

2.5.3 Water absorption capacity (WAC)

The water absorption capacity (WAC) of flour samples was
determined according to Yacoub et al. (2018). A total of 1 g of each
flour sample was weighed into 15 mL centrifuge tubes and mixed with
10 mL distilled water. After standing undisturbed at room temperature
for 30 min, the mixtures were centrifuged at 3,000 rpm for 30 min
using a bench-top centrifuge (Centurion Scientific, Model
Pro-Analytical C2004, UK). The supernatant was carefully decanted,
and the weight of the remaining sediment was measured. The analysis
was done in duplicate, with results expressed as percentage weight
gain relative to the original sample weight.

2.5.4 Titratable acidity (TTA)

The total titratable acidity was determined following the method
of Linus-Chibuezeh et al. (2017). During fermentation, 5 mL aliquots
of the sample extract were collected every 24 h. Each aliquot was
transferred to a conical flask, and five drops of phenolphthalein
indicator were added. The solution was then titrated against 0.1 N
sodium hydroxide until a persistent pink endpoint was reached.
Titratable acidity was calculated using the following relationship:

2.6 Water activity

Water activity was measured using an AquaLab water activity
meter (Decagon Instruments, Inc.) according to AOAC (2016)
guidelines and the manufacturer’s manual.

2.6.1 Vitamin C determination

Vitamin C content was determined by iodometric titration,
following the AOAC (2016) method, using 0.005 M iodine solution as
titrant and 0.5% (w/v) starch solution as the indicator. The iodine
solution was prepared by dissolving 1.3 g iodine and 2 g potassium
iodide in minimal distilled water, then transferred to a 1 L volumetric
flask and diluted. The starch indicator was prepared by dispersing 0.25 g
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soluble starch in 50 mL near-boiling water, followed by cooling to room
temperature. For analysis, 1 g of cassava flour was dissolved in 100 mL
of distilled water, and a 20 mL of aliquot was transferred to a 250 mL
conical flask containing 150 mL of distilled water and 1 mL of starch
indicator. The mixture was titrated with a 0.005 M iodine solution until
the first permanent blue-black endpoint (formation of the starch-iodine
complex). Vitamin C content was calculated based on the equation:

vl v2
0.25g vs

where v1 is the volume of iodine solution that reacts with the
standard vitamin C, v2 is the volume of iodine solution that reacts
with the sample solution, and vs is the volume of vitamin C in
the sample.

2.6.2 Total carotenoid content

The total carotenoid content was determined following the
method of Boakye Peprah et al. (2020) with modifications. One gram
of each ground sample was extracted with 25 mL of methanol under
vacuum filtration into a conical flask lined with filter paper. To ensure
complete carotenoid extraction, the residue was further treated with
25 mL of acetone. The combined filtrate volume was recorded as the
first extract. The extract was then transferred to a separator funnel,
where 20 mL of petroleum ether was added prior to sample
introduction. After adding distilled water, phase separation yielded a
yellowish organic layer (carotenoid-rich) and a colorless aqueous
layer. After draining and discarding the aqueous phase, the carotenoid
solution was repeatedly washed with distilled water until it became
clear and colorless. The purified organic phase was collected, and its
volume was recorded as the second extract. Absorbance
measurements were performed in triplicate at 450 nm using a JASCO
V-770 spectrophotometer (Japan Jasco Corporation Company) (a
1 cm glass cuvette was used). Total carotenoid content was calculated

using the formula:

A"V (mL)*104

TCC 1)=
(,ugg ) Al%l1 cm*P(g)

where TCC is the total carotenoid content; A is the absorbance; V
is the total extract volume after the second extraction; P is the sample
weight; and A1%1 cm = 2,592 (f3-carotene extinction coefficient in
petroleum ether).

2.7 Determination of anti-nutritional
factors cyanide content

2.7.1 Cyanide content

The alkaline titration method was used to quantify the cyanide
content in cassava root and leaf flours (AOAC, 2016). Briefly, 10 g of
ground samples were soaked in 200 mL distilled water containing
10 mL of orthophosphoric acid for 12 h to liberate the bound cyanides.
The mixture was distilled until 150 mL of distillate was collected. The
distillate was treated with 20 mL of 0.02 M sodium hydroxide and was
diluted to 250 mL with distilled water. For analysis, the solution was
divided into three aliquots (two 100 mL portions and one 50 mL
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portion). To each 100 mL aliquot, 8 mL of 6 M ammonium hydroxide
and 2 mL of 5% potassium iodide were added, while the 50 mL aliquot
received 4 mL of ammonium hydroxide and 1 mL of potassium
iodide. Titration was performed with 0.02 M silver nitrate, with 50 mL
portions for preliminary trials. A persistent faint turbidity served as
an indicator of the endpoint. Cyanide content (mg/100 g wet weight)
was calculated using the conversion factor: 1mL 0.02N

AgNO; = 1.08 mg HCN.

2.7.2 Tannin content

The tannin content was determined following the method of Rival
et al. (2019) with minor modifications. A 1,000 ppm stock solution
was prepared by dissolving 0.05 g of tannic acid in 50 mL of a solution
containing 2 mL of 10% sodium carbonate, 2.5 mL Folin—-Ciocalteu
reagent (Sigma-Aldrich, Germany), and 45.5mL 70% acetone.
Working standards (1.0-5.0 ppm) were prepared from the stock
solution using serial dilution (M,V; = M,V,). For sample analysis,
0.5 g of cassava flour was extracted with 50 mL of distilled water by
mechanical shaking for 1 h. The extract was filtered into a 50 mL
volumetric flask and diluted to volume. A 5 mL aliquot was mixed
with 2 mL of 0.1 M FeCl; in 0.1 N HCI and 0.008 M potassium
ferrocyanide. Absorbance was measured at 725 nm using a JASCO
V-770 spectrophotometer. Tannic acid content was quantified using a
standard curve (absorbance vs. concentration) and expressed as mg
tannic acid equivalents per 100 g sample (mg TA/100 g).

2.7.3 Phytate content

Phytic acid content was determined using the method described
by Adegbaju et al. (2019). Briefly, 4 g of cassava flour was extracted
with 100 mL of 2% HCl for 3 h and filtered. An aliquot (25 mL) of the
filtrate was mixed with 5 mL of 0.3% NH,SCN and 53 mL of distilled
water, then titrated against a 0.01 M FeCl; solution until a stable
brownish-yellow endpoint (>5 s) was observed. Phytin phosphorus
content (1 mL titrant = 1.19 mg phytin phosphorus) was determined,
and phytic acid content was calculated by multiplying the phytin
phosphorus value by 3.55.

Phytate content (mg%)
=TV (mL) x phytin phosphorus (1.19g) x3.55.

Where TV is the volume obtained after the color change.

2.7.4 Oxalate content

Oxalate content was determined using the standard method of
Buta (2020). Two grams (2 g) of the flour residue was weighed into
a 250 mL volumetric flask containing 190 mL of distilled water and
10 mL of 6 M HCI. The mixture was digested for 1 h in a boiling
water bath, cooled, brought to volume, and then filtered. A 50 mL
aliquot of the sample was measured into a beaker, and 20 mL of 6 M
HCI was added. The mixture was evaporated to approximately half
its volume and then filtered. The residue was washed several times
with warm distilled water. Subsequently, 3 drops of methyl orange
indicator were added to 25 mL of the filtrate, which was then
titrated against a 0.05 M KMnO, solution until a faint pink color
appeared and persisted for 30 s. Finally, the total oxalate content
was calculated.
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2.8 Statistical analysis

All experimental data were tabulated for analysis. Statistical
computations were performed using Statistical Package for the Social
Sciences (SPSS) version 26. The significant differences between mean
values were assessed through a two-way analysis of variance (ANOVA)
followed by Tukey’s multiple-range test (p<0.05) for mean separation.

3 Result and discussion

3.1 Proximate composition of the cassava
root and leaves

Proximate compositions of cassava root are presented in Table 2;
the following concentration ranges were obtained for cassava root
samples: moisture (5.85-7.30%), ashes (0.8-2.4%), proteins (0.25-
1.25%), fat (2.01-3.70%), fiber (0.98-2.31%), carbohydrates
(81-87.08%), and caloric value (347.25-378.33%). Also, the proximate
compositions of cassava leaf samples are presented in the table; the
following concentration ranges were obtained for cassava root
samples: moisture (6.11-7.79%), ashes (6.22-9.81%), proteins (21.25-
28.45%), fat (4.86-7.79%), fiber (16.15-22.95%), carbohydrates
(30.62-39.16%), and caloric value (269.18-311.85%).

Moisture content was significantly affected (p < 0.05) across all
processing conditions and both varieties. According to the report by
Hasmadi et al. (2020), the moisture content of cassava root flour ranged
from 5.97 to 6.33%. The observed values in this study were comparable
with those reported in the literature. However, there was a slight
difference due to variations in the variety of cassava samples, the
method of drying, and the moisture content of the dried cassava roots
before milling into flour. The moisture content of the cassava leaves
flour in this study ranged from 6.11 to 7.79%. The maximum moisture
content (7.79%) was observed in the boiled fermented and freeze-dried
(BFFD) qulle variety, and the minimum value (6.11%) was observed in
the Boiled Unfermented Fluid Bed Drier (BUFFBD) in the kello
variety. There was a significant difference (p < 0.05) in moisture content
between the two varieties and among the processing methods. The
moisture content in the present study was slightly lower than that
reported by da Silva Santos et al. (2020), where the authors showed that
the moisture content for selected local varieties of cassava leaves ranged
between 21.5 and 36.4%. The small difference in moisture content of
cassava leaves may be attributed to variations in variety and processing
methods. The moisture content of the present study (6.11-7.79%) fell
within the range reported by Latif and Miller (2015), which was
between 5.05 and 11.6%. This indicates that the low moisture content
of cassava leaf flour is an important parameter for prolonging shelf life.

The ash content of cassava root flour in this study ranged from 0.8
to 2.4%. The maximum value (2.4%) was observed in fermented fluid
bed-dried (FFBD) kello variety, and the minimum value (2.01%) was
observed in qulle variety, and the lowest value (0.8%) was observed in
fermented freeze-dried (FFD) kello variety. The ash content was
significantly different (p < 0.05) for both varieties. The difference in
the ash content may be a result of the varietal differences. The values
recorded in the present study (0.8 and 2.4%) were comparable to the
results obtained by Chisenga et al. (2019a, 2019b), where the authors
showed that the ash content ranged between 2.19 and 2.43%. This
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suggests that cassava root varieties in this study contain a significant
amount of minerals. The recorded values were slightly lower than
those reported by Buta (2020) for the same cassava root varieties,
ranging from 2.43 and 3.45% in kello and qulle, respectively. This
slight difference might be a result of several intrinsic and extrinsic
factors such as the age of cassava varieties, soil type, fertilizers, and
production conditions. The ash content of cassava leaves in the present
study ranged from 6.22 and 9.81%. It was significantly (p < 0.05)
affected by both variety and processing methods. The maximum ash
value was observed in the raw kello variety, and the content was
markedly decreased during its fermentation and thermal processing.
According to Jamil and Bujang (2016), the ash contents of different
cassava leaf varieties ranged from 4.1 to 6.16%. Latif and Miiller
(2015) report that the ash content of cassava leaves ranged from 5.68
to 6.13%. The results obtained in the present study (6.22 to 9.81) were
within the range of findings reported by Okarch et al. (2021), where
the authors showed that the average ash content of cassava leaves
ranged between 7.36 and 10.5%. This indicates that cassava leaves used
in this study contain a significant amount of minerals. A decrease in
ash content during processing might be associated with the leaching
of some minerals into the water. The relatively high ash content in
cassava leaves compared to roots indicates high mineral content. A
high mineral element in food enhances growth and development and
also catalyzes metabolic processes in the human body.

The fat content in cassava root flour ranged from 2.01 to 3.7%. The
maximum value (3.7%) was observed for fermented sun-dried (FSND),
and the minimum value 2.01% for FEBD qulle variety. The fat content
was significantly different (p < 0.05) for both varieties and across all
processing parameters. According to a report by Zainol (2020), the ash
content of cassava root flour ranged between 0.55 to 0.69% Chisenga
etal. (20193, 2019b) reported that the range of crude fat contents was
0.15-0.63%. This slight difference might be a result of several intrinsic

10.3389/fsufs.2025.1660792

and extrinsic factors, such as the age of cassava varieties, soil type,
fertilizers, and production conditions. The fat content of cassava leaf
flour in this study was in the range between 4.86 and 7.79%. The values
were significantly (p >0.05) affected by processing methods and
varieties as well. The results (4.86 and 7.79%) were in the range between
the results that were reported by Jamil and Bujang (2016), where the
authors showed that the fat content of cassava leaf varieties was in the
range between 3.84 and 9.1%. The values were slightly greater than the
fat content (1.01 and 4.81%) reported by Junior et al. (2019). The slight
difference might be due to the differences in variety, processing
methods, age, and agroecological factors of cassava leaves.

The fiber content of cassava root flour in this study ranged between
0.98 and 2.31%. The maximum value (2.31%) was recorded for the FFBD
qulle variety, and the minimum amount (0.98%) was recorded for the
raw kello variety. The fiber content was significantly different (p < 0.05)
for both varieties and among all processing methods, as well as for the
interaction between variety and processing. The crude fiber content of
cassava roots was reported between 3.32 and 3.78% by Chisenga et al.
(20193, 2019b). Onyango et al. (2020) also reported that fiber content
ranged from 0.03 to 0.60%. The crude fiber content of cassava root flour
ranged from 2.09 to 2.38% according to a report by Hasmadi et al.
(2020). The current experimental value (0.98-2.31%) fell within the
range of the above-mentioned results. This indicates that cassava root
varieties in this study contain a significant amount of dietary fiber.

The crude fiber content of cassava leaves in this study ranged from
16.15 to 22.95%. For both kello and qulle varieties, the crude fiber
content was significantly (p <0.05) affected by all processing
conditions. The maximum fiber content was observed for the FFD
qulle variety. This indicates that the crude fiber content of cassava
varieties can be significantly increased through processing, especially
by fermentation. The experimental value was slightly greater than the
fiber content of some cassava leaf varieties reported by Okareh et al.

TABLE 2 Effect of variety and the processing methods on proximate composition of cassava root and leaf flour.

Cassava Root

Composition

Raw FSND FFBD

Kello Moisture (%)

Ash (%)

Fat (%)

Fiber (%)

Protein (%)

Carbohydrate (%)

Energy (Kcal/g)

Qulle Moisture (%)

Ash (%)

Fat (%)

Fiber (%)

Protein (%)

Carbohydrate (%)

Energy (Kcal)

Cassava Leaf
Processing

aw BUFBD BFFBD

6.44

BFFD

6.52

Values presented using a heat map. Red represents the highest value, green represents the lowest value, and yellow represents the middle values. FSND, fermented sun-dried; FFBD, fermented
fluid bed-dried; FFD, fermented freeze-dried; BUFBD, boiled unfermented fluid bed-dried; BFBD, boiled fermented fluid bed-dried; BFFD, boiled fermented and freeze-dried. The boiling

process in this study was used only for cassava leaves.
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(2021): 10.09-16.10%; Jamil and Bujang (2016): 9.16-15.61%;
Onyango et al. (2020): 11.60-14.28%; and Latif and Miiller (2015):
18.6-19.5%. This slight difference might be due to the difference in
variety, agroecological factors, maturity, and processing parameters.

The protein content of cassava root flour in this study ranged
from 0.25 to 1.26%. The maximum value, 1.26%, was recorded for
the raw kello variety, and the minimum (0.25%) was recorded for the
FFD qulle variety. The processing methods had a significant
(p < 0.05) effect on protein content, whereas the interaction between
variety and processing had no significant (p > 0.05) effect on protein
content of cassava root flour. According to reports by Boakye Peprah
etal. (2020), the protein content of cassava root flour ranged between
0.01 and 1.45%. This is in contrast to the range reported by Chisenga
etal. (2019a,2019b), which was between 1.21 and 1.87%. The values
in the present study (0.25-1.26%) fall within the range reported in
the literature. However, the protein content in the present study was
slightly lower than that reported by Zainol (2020), where the author
showed that the protein content of cassava root was between 2.09 and
2.69%. This slight difference may be due to intrinsic factors such as
variety and maturity. The protein contents of Cassava leaves in the
present study were varied from 21.25 to 28.45%. These values were
similar to the values observed for cassava leaves by Ospina et al.
(2021): 21.6-32.5%; da Silva Santos et al. (2020): 21.5-36%; Okareh
et al. (2021): 17.13-36.93; Junior et al. (2019): 19.73-29.47%; and
Jamil and Bujang (2016): 21.51-28.73%. The protein content of
cassava leaves was significantly (p < 0.05) affected by both varieties
and all processing parameters. The variation in protein content could
be due to the differences in the leaching of some soluble proteins and
the degree of denaturation of other groups of proteins following
different drying processes. The results in this study lie within the
results reported by Latif and Miiller (2015), where the authors
showed that the protein content of cassava leaves was (17.7-38.1%),
which indicates that cassava leaf is a good source of protein.

The carbohydrate content of cassava root flour in this study
ranged between 81.0 and 87.08%. It was significantly (p <0.05)
affected by all processing parameters and both varieties. There was an
increase in the amount of total carbohydrates when comparing raw to
processed cassava root, and the highest carbohydrate content (87.08%)
was observed for the FFD qulle variety. The increase in carbohydrate
content after the drying and fermentation process may be due to the
fact that some high molecular weight carbohydrates, such as starch,
are broken down into less complex sugars or other byproducts
(Chisenga et al., 2019a, 2019b) reported that the range of carbohydrate
content for cassava root flour was between 84.32 and 86.57%. The

TABLE 3 Mineral contents of two different cassava cultivars.

Cassava root varieties

10.3389/fsufs.2025.1660792

present experimental value (81-87.08%) lies between the reported
values by Manano et al. (2017), where the authors showed that the
total carbohydrate content of cassava root ranged between 83.86 and
91.33%. This indicated that varieties and processing methods in this
study could retain a significant amount of carbohydrates in cassava
root. The carbohydrate content for cassava leaves in this study ranged
between 30.62 and 39.16%. It was significantly (p < 0.05) affected by
varieties and processing techniques.

The carbohydrate content was relatively greater in the kello variety
than that in the qulle variety. The content was increased during
processing, which might be due to the breakdown of higher molecular
weight carbohydrates into less complex sugars and resulting in the release
of sugars from the complex matrix. According to da Silva Santos et al.
(2020), the total carbohydrate content of cassava leaves ranged between
47.2 to 68.1%. As reported by Junior et al. (2019), the carbohydrate
content of cassava leaves varied from 66.1 to 72.1%. The results in this
study (30.62-6.16%) were close to those reported by Jamil and Bujang
(2016), where the authors showed that the carbohydrate content of
different cassava leaves was reported between 35.17 and 48.80%.

The total caloric value of cassava root ranged between 347.25 and
378.33. The values were significantly different (p < 0.05) for both
varieties and for all treatments, and the interaction effect was also
significant. The caloric values for cassava leaves in this study ranged
from 269.18 to 311.85%. In both varieties, the caloric value was
significantly (p > 0.05) affected by processing methods. The values in
the present study were slightly lower than findings reported by Junior
et al. (2019), where the authors showed that total caloric values for
selected varieties of cassava leaves were between 395 and 425 kcal/g.
The slight differences might be due to varietal differences, soil type,
and agroecological factors.

3.2 Mineral compositions of cassava roots
and leaves

Table 3 shows the mineral composition in two local varieties of
cassava. Thus, the following concentration ranges were obtained for
both root and leave samples in this study: Ca (52.49-54.90 mg/100 g),
Mg (38.25-57.74mg/100g), K (292.38-296.77 mg/100g), Na
(219.39-239.79 ppm), Fe (14.28-16.65ppm), and Zn (15.33-
18.61 ppm) for cassava roots and Ca (499.85-545.36 mg/100 g), Mg
(274.47-340.53 mg/100 g), K (1193.37-340.53 mg/100 g), Fe (89.36—
121.96 mg/100 g), Na (129.14-146.12 ppm), and Zn (119.46-
132.11 ppm) leaves with the order of:

for  cassava

Cassava leaf varieties

Contents Kello Qulle Kello Qulle
Na (ppm) 219.39 £0.84 239.79 £ 1.36 129.14 + 0.62 146.12 + 3.46 wk
Ca (mg/100 g) 54.90 +9.31 52.49 +2.80 545.36 +9.51 499.85 £ 21.500 ok
K (mg/100 g) 296.77 £ 4.33 292.38 £5.54 1211.03 +4.10 1193.37 +7.24 wk
Fe (ppm) 16.65 £9.71 14.28 £0.97 121.96 + 13.83 89.36 £ 16.48 wk
Zn (ppm) 18.61 £2.76 15.33 £7.95 132.11+2.23 119.46 £ 0.55 ok
Mg (mg/100 g) 57.74 +0.18 38.25+£0.73 340.53 £2.32 274.47 £ 2.66 ok
Values presented are means + SD. V, variety; **Significant difference.
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K> Ca>Mg>Na>Fe>Zn. The mineral composition of both
varieties of root in this investigation revealed significant differences
(p < 0.05). The variations might be due to the mineral content of the
soil from which the plants absorb their nutrients. The values in cassava
root were similar to those presented by Nadjiam et al. (2020), where
the authors showed that the mineral concentrations of cassava root
were Ca (22.4-238.6 mg/100 g), Mg (24.52-165.22 mg/100 g), Fe
(75.38-606.37 ppm), and K (22.42-22.44 mg/100 g) and were higher
than those reported by Manano et al. (2017), where the authors
showed that the mineral content of cassava root were in between Ca
(13.15-18.09 mg/100 g), Fe (0.00-0.01 mg/100g), Zn (0.56—
0.87 mg/100 g), and Mg (3.58-3.88 mg/100 g). The values in this study
were comparable with those reported by Sebiomo and Banjo (2015),
where the authors showed that the mineral contents in cassava root
were in the range between Ca (79.196-115.284 mg/100 g), Na (25.58-
28.25 ppm), K (69.28-76.41 mg/100 g), Fe (412.70-422.48 ppm), Mg
(31.76-33.34 mg/100 g), and Zn (17.52-22.46 ppm).

Nadjiam et al. (2020) showed mineral concentrations in several
cassava leaf varieties were in the range listed in the following: Ca
(31.1-1,360 mg/100 g), K (27.08-1870 mg/100g), Mg (15.77-
488.78 mg/100 g), Fe (15.77-488.78 ppm), and Zn (20.2-542.71 ppm).
According to Oresegun et al. (2016), cassava leaves contain Ca
(680 mg/100 g), Mg (20-70 mg/100 g), K (120-160 mg/100 g), Na
(32.78-33.45 ppm), Fe (321.32-458.08 ppm), and Zn (321.32-
458.08 ppm) (36.25-68.95 ppm). Latif and Miiller (2015) in their
investigation reported the mineral content of cassava leaves as follows:
K (1,380—2,260 mg/100g), Ca (430-1,140 mg/100g), Mg
(260-370 mg/100 g), Na (38-120 mg/100 g), Fe (15-27 mg/100 g),
and Zn (12-21 mg/100 g). This suggests that the cassava leaves in this
study have a comparable mineral makeup, and they could be used to
supplement other food recipes. The kello variety had relatively higher
levels of mineral content, and for both cassava root and leaf, the kello
variant was relatively superior in terms of mineral composition.

3.3 pH and titratable acidity (TTA) of
cassava root and leaves

Titratable acidity and pH are two interrelated concepts in food
analysis that relate to acidity. The capacity of microorganisms to grow
in a certain food can be determined using its pH, whereas titratable
acidity is more accurate in predicting how organic acids in the diet
affect flavor. The pH and titratable acidity of cassava root and leaves
throughout fermentation are illustrated in Table 4. In this study, the
pH of the cassava root was dropped rapidly during fermentation from
7.25 to 4.4 and from 6.65 to 4.46 for kello and qulle varieties,
respectively. The rapid drop in pH during cassava root fermentation
was comparable to that previously reported by Tetchi et al. (2012),

TABLE 4 pH and titratable acidity (TTA) as affected by fermentation,

Cassava roots

TTA (%)

10.3389/fsufs.2025.1660792

where the authors showed that the pH of cassava root dropped from
6.34 to 4.21 during 48 h of fermentation. There was a gradual increase
in total acidity during fermentation from 0.041 to 1.8% and from 0.06
to 2.31% for kello and qulle varieties, respectively. The observed
changes in pH and TTA during cassava root fermentation in this study
were probably due to the accumulation of organic acids.

The results from this study might ensure that cassava root used in
the present study has undergone fermentation to improve nutritional
value and to reduce anti-nutritional factors to a safe level of
consumption. The pH of cassava leaves did not drop as that of cassava
roots in this study because cassava leaves had a lower concentration
of carbohydrates or starch to be broken down during fermentation. In
this study, the pH of cassava leaves was increased from 5.96 to 7.41
and from 6.29 to 7.06 for kello and qulle varieties, respectively. The
TTA of the kello and qulle varieties were decreased slightly during
fermentation, from 0.17 to 0.010% and from 108 to 0.0230%,
respectively. The values in this study were close to the result previously
reported by da Silva Santos et al. (2020), where the authors showed
that the ranges were 0.16-1.17% for titratable acidity and 5.91-6.41
for PH. The pH of cassava leaves increased from 6.5-8.5 during
fermentation, according to the report by Kobawila et al. (2005), and
the value of titratable acidity dropped as alkaline compounds were
formed during fermentation. The slightly alkaline PH recorded during
cassava leaf fermentation might be attributed to amines produced by
bacillus. Bacillus strains can use cyanohydrin as a source of nutrition,
particularly Bacillus pumilus. As a result, they could be able to help
with cyanide reduction in the fermentation medium (Kobawila
etal., 2005).

3.4 Functional properties of cassava root
and leaves

Water absorption capacity describes the flour-water association
ability under limited water supply. It depends on the power of
aggregation between starch molecules. Weak aggregation power
between starch molecules causes the surface of its molecules to form
a bond with water molecules, which becomes easier, thus increasing
the rate of water absorption capacity (Hasmadi et al., 2020). The water
absorbing capacity of cassava root flour was presented in Table 5, and
the values observed were in the range between 288.5 and 474% and
the values were significantly (p < 0.05) affected by all processing
methods. The differences in WAC might likely be due to the differences
in types of cassava root flour and the processes incorporated. The
water-absorbing capacity of cassava leaf flour presented in this study
was between 211 and 546%. These values were significantly (p < 0.05)
affected by processing methods and varieties. The WAC of the cassava
leaves in the present study were in line with the values reported by

Cassava leaves
TTA (%)

Values presented using a heat map. Red represents the highest value, Green represents the lowest value, and yellow represents the middle values for each parameter.
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TABLE 5 Functional properties under different processing conditions in cassava root and leaf flour.

Parameters

Variety

FSND

SWP (g/g)

Cassava root

FFBD

Cassava leaf
Processing methods

Boiled
UFBD

FFD Boiled

FFBD

REWY

Solubility (%)

Aw

Qulle WAC (%)

SWP (g/g)

Solubility (%)

Aw

Values presented using a heat map. Red represents the highest value, Green represents the lowest value, and yellow represents the middle values for each parameter. FSND, fermented sun-
dried; FFBD, fermented fluid bed-dried; FFD, fermented freeze-dried for root sample; whereas; BUFBD, boiled unfermented fluid bed-dried; BEFBD, boiled fermented fluid bed-dried; BFFD,
boiled fermented and freeze-dried for leaf sample; WAC, water holding capacity; SWP, swelling power; and Aw, water activity.

Leguizamon et al. (2021), where the authors showed that the water
absorption capacity of cassava leaves flour was in the range between
404 and 417% and slightly higher in some processing conditions. The
minimum variations might be due to differences in processing and
analyzing methods. The higher WAC values in this study indicate that
cassava leaves might be suitable for the formulation of foods.

Heating starch molecules in excess water results in the disruption
of the crystalline structure and the exposure of the hydroxyl group.
The formation of a hydrogen bond by the hydroxyl group and water
molecules results in the swelling and solubility of starch granules
(Chisenga et al., 2019a, 2019b). Swelling power provides evidence of
non-covalent bonding between starch molecules and is influenced
mainly by the ratio of amylose to amylopectin (Oyeyinka et al., 2020a,
2020b). Swelling power and water solubility decreased along with
increasing fermentation time, caused by a lack of nutrients (Rahma
et al.,, 2017). The solubility of the cassava root flour in this study was
in the range between 1.04 and 3.72%. The values were significantly
(p < 0.05) affected by processing parameters and interactions. The
results were lower than those presented by MaArufand Abdul (2020),
where the authors showed that the solubility of cassava root flour was
between 13.3 and 18.18%. The observed variations may be due to
differences in the types of processing. The solubility of the cassava
leaves flour in this study ranged between 6.36 and 11.75%. The results
were slightly lower than the results presented by MaAruf and Abdul
(2020), where the authors showed that the solubility of cassava leaf
flour was in the range between 13.3 and 18.18%. The observed
variations may be due to processing parameters.

The swelling power of the cassava root flour in this study ranged
from 4.25 to 6.53 g/g. The values recorded were significantly
(p < 0.05) affected by both variety and processing conditions. The
values in this study were lower than those reported by MaAruf and
Abdul (2020), where the authors showed that the swelling power of
cassava root flour was reported between 21.7 and 25.37 g/g. The
presence of non-starch components such as proteins and lipids in
different varieties and increased amylase activity during processing,
such as fermentation, might be responsible for the differences in
swelling power (Chisenga et al., 2019a, 2019b). The swelling power
of the cassava leaf flour in this study was between 1.5 and 4.8 g/g. The
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values recorded were significantly (p < 0.05) affected by both variety
and processing conditions. The higher solubility and lower swelling
power in cassava leaf flour could be important for different
food formulations.

Water activity is a measure of the energy status of the water in a
system and thus is a far better indicator of perishability than water
content (Byju and Suja, 2020). The content of free water used by
microorganisms for growth is referred to as water activity. It is linked
to feed moisture content high feed moisture content implies high
water activity values, and vice versa (Nurrofingah et al., 2019). Growth
of fungi and some yeasts usually requires water activity between 0.6
and 0.7. The water activity values of cassava root flour were presented
in Table 5, in the range between 0.33 and 0.67. These lower values
indicate that cassava root flour is shelf stable with respect to water
activity value. The water activity of cassava leaves presented in Table 5
is in the range between 0.33 and 0.50%. The values were significantly
(p < 0.05) affected by both varieties and processing methods. Low
water activity levels (0.33 to 0.50) were detected for all processing
parameters. The water activity of cassava leaf flour in this study (0.33
to 0.50) was close to that reported by Neves et al. (2021), who reported
that the water activity of cassava leaf flour was between 0.38 and 0.43.
This suggests that cassava leaf flour may have the best storage stability
in relation to water activity.

Peak viscosity (PV) is an important rheological property of
starchy foods and reflects the behavior of flour and starch paste
under various shears, temperatures, and times (Ayetigbo et al,,
2018). Peak viscosity is the ability of starch to swell freely before
its physical breakdown and measures the maximum viscosity
developed during or soon after heating. High peak viscosity is an
indication of high starch content and also relates to the water-
binding capacity of starch (Kayode et al., 2021). Flour with a lower
peak viscosity has a lower thickening power than flour with higher
peak viscosity (Nkoudou and Essia, 2017). PV in this study
decreased significantly (p < 0.05) from 7,832 cp in the raw qulle
variety to 4,875 cp in the FFBD kello variety. This difference could
be related to starch molecule breakdown during fermentation,
plant maturity, harvest season, paste concentration, and
compositional differences in species.
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Peak time (Pt) is the corresponding time required for viscosity
to reach its peak (maximum). The values of Pt in this investigation
ranged from 6.9 min in raw qulle to 9.15 min in raw kello, and the
mean peak time of cassava root flour from two cassava variants
was 8.59 min; however, they were not significantly different
(p > 0.05) among varieties, while they were significantly different
(p < 0.05) throughout the processes. The average peak time in this
study was slightly greater than that reported by Rachman et al.
(2021), where the authors showed that the average peak time was
4.98 min.

Trough viscosity (TV) and breakdown viscosity (BV) are
measurements of the resistance and disintegration of flour or starch,
respectively, when exposed to temperature changes during pasting. In
this study, the TV of cassava root flour increased significantly from
1,583 cp in raw kello to 2,505 cp in FFBD qulle varieties, and it was
significantly different (p < 0.05) between varieties and processing
conditions. The value of TV in the present study was slightly lower
than that reported by Oyeyinka et al. (2020a, 2020b), where the
authors showed that the average values of TV of cassava were between
2,724 and 3,369 cp. The difference in TV might be due to the difference
in varieties and age of cassava samples.

Breakdown viscosity measures the susceptibility of the starch
granule to disintegrate (degree of viscosity reduction) during heat
processing, and this may affect the stability of the flour product
(Oyeyinka et al., 2020a, 2020b). High breakdown viscosity is a
disadvantage in many food applications because it results in unevenly
distributed viscosity (Nkoudou and Essia, 2017). It can be used as an
indicator for pasting stability during heating and stirring. The qulle
variety FFBD flour had the highest breakdown viscosity (5,233 cp),
while the raw kello variety flour had the lowest one (3212.5 cp). BV in
this study was significantly (p < 0.05) affected by processing. This
indicates that a major modification occurred in starch granules of
cassava root after processing methods such as fermentation and
different drying techniques. This finding indicates that the qulle

10.3389/fsufs.2025.1660792

variety flour had the ability to withstand severe processing conditions
better than the kello variety.

The BV value was also highest in the qulle FFBD flours than in all
other flours (Table 6). This suggests that the swollen starch granules
of fermented and fluid bed-dried flours can be easily disintegrated
compared to those of raw and sun-dried starch granules. Thus,
unfermented starch granules are more stable during the heating
process than fermented starch granules.

Setback viscosity (SV) can be considered a measure of the
tendency for flour or starch to retrograde, due to realignment of
amylose molecules. The index of retrogradation during cooling is
known as setback viscosity. Retrogradation describes the process in
which a heated starch paste cools, and the exuded amylose molecules
reassociate and unite the swollen starch grains in an ordered structure
that results in viscosity increase (Oyeyinka et al., 2020a, 2020b). The
setback viscosity in this study was significantly (p < 0.05) increased
from 258.5 to 2,341 cp. The SV of cassava flour in this study was
significantly affected by both processing and varieties. The findings of
this study show that processed cassava flour has a higher tendency to
retrograde than raw cassava flour.

FV is characteristic of the final product quality of starch-based
foods (Ayetigbo et al., 2018). FV of cassava flour in this study was
significantly increased from 1,307 cp in raw qulle varieties to 3,800 cp
in FFD qulle varieties, respectively, and the results were close to those
reported by Rachman et al. (2021), where the authors showed that the
FV of cassava flour was 2,514.67 cp. The significant difference
(p < 0.05) was shown for both varieties and all processing conditions
in terms of final viscosity. Increase of FV might be associated with
activities of amylases that hydrolyse amylopectin and thus release
polymeric chains of monomer units (Fitzgerald et al., 2003).

Pasting temperature represents the temperature at which the
sample will cook. The variation in pasting temperature of the flour
could be due to differences in the granular size (Oyeyinka et al., 2020a,
2020b). A lower pasting temperature and a rapid rise in peak viscosity

TABLE 6 Pasting properties of cassava roots as affected by varieties and processing methods.

Variety

Parameters

Processing methods

FSND

FFBD

Kello PV (cp) 7270.5 + 31.11° 7,158 +22.63" 4,875+ 31.11¢ 5,634 + 155.56°
TV (cp) 1583.5 + 48.79" 2,316 £7.07* 2,397 £101.8* 2129.5 £ 125.16°
FV (cp) 2,559 £ 120.2¢ 2521.5 + 74.24° 3491.5 + 45.96° 3,402 + 18.38°
BV (cp) 3212.5 + 94.05" 4,952 +60.81° 4692.5 + 221.3% 3386.5 +197.28"
SV (cp) 258.5 + 6.36¢ 1,001 + 35.35* 1,093 + 57.98° 1118.5 + 111.02°
Pt (min) 9.15+0.35* 8.7 £0.35° 8.7 £0.42¢ 9.1 £0.42¢
PT (°C) 62.88 +£0.17° 56.23 + 1.09° 63.38 £3.0° 62.525 +2.09°

Qulle PV (cp) 7,832 +29.70° 7085.5 + 36.06" 7536.5 + 17.68° 7,509 + 56.56"
TV (cp) 2,498 +33.94" 2265.5 +140.71* 2,505 + 26.87* 2495.5 + 37.48°
FV (cp) 1307.5 £ 12¢ 3,362 + 162.6° 3,493 + 60.8a 3,800 + 74.95°
BV (cp) 5017.65 + 13.22° 4,542 +216.37% 5233.5 +129.40° 4,984 + 60.81°
SV (cp) 2,341 £2.83* 1061.5 + 71.42¢ 920 + 62.22¢ 1245.5 +28.99
Pt (min) 6.95 + 1.35° 8.95+0.07° 8.9+0.14° 8.3 +0.56
PT (°C) 73.07 £2.736" 60.6 + 1.98" 59.55 + 0.64° 61.975 + 1.45"

Values are means duplicates + SD; Means not sharing a common superscripted letter across the rows were significantly different (p < 0.05). FSND, fermented sun-dried; FFBD, fermented fluid
bed-dried; FFD, fermented and freeze-dried.
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TABLE 7 Vitamin C and total carotenoid content of cassava root and leaves as affected by varieties and processing.

Cassava root

Varieties Parameter

Raw FSND

FFBD

Kello TCC (png/g)

Vitamin C (mg/100 g) 6.66
Qulle TCC (ng/g)

Vitamin C (mg/100 g)

Cassava leaf
Types of processing
FFD Raw

46.28 654.44
s

325.13

BUFBD BFFBD

715

BFFD

Values presented using a heat map. Red represents the highest value, Green represents the lowest value, and yellow represents the middle values for each parameter.
TCC, total carotenoid contents; FSND, fermented sun dried; FFBD, fermented fluid bed-dried; FFD, fermented freeze-dried; BUFBD, boiled unfermented and fluid bed-dried; BFFBD, boiled

fermented fluid bed-dried; BFFD, boiled fermented freeze-dried.

indicate a weak granular structure (Nkoudou and Essia, 2017). The
pasting temperature of cassava flour in this study (56-73 °C) was close
to the values previously reported, for cassava flour, by Oyeyinka et al.
(2020a, 2020b), where the authors showed that the pasting temperature
of cassava flour was between 60 and 80 °C. According to the findings,
we suggest that cassava root flour has better viscoelastic properties and
can be the best ingredient for bakery recipes.

3.5 Vitamin C and total carotenoid content
of cassava root and leaves

Table 7 shows vitamin C and Total carotenoid contents for the
different cassava root and leaf cultivars. The vitamin C content of
cassava root ranged between 5.6 and 19.4%. The smallest value (5.6%)
was observed for FSND, and the highest value (19.4%) was recorded
in the raw kello variety. The values in this study were in line with the
range reported by Chavez et al. (2000), where the authors showed that
the vitamin C content of cassava root was between 1 to 40%. The values
recorded were significantly (p < 0.05) affected by both varieties and
processing conditions. This indicates that vitamin C content in cassava
roots might be decreased with different processing conditions, such as
fermentation and drying, and genetic variations (Carr and Rowe,
2020). The vitamin C contents of cassava leaves were in the range
between 1.3 and 29.5%. There was a significant difference (p < 0.05) in
vitamin C contents for varieties, processing, and their interaction.
According to Latif and Miiller (2015), the vitamin C content of cassava
leaves was in the range between 28.3 and 431.5 mg/100 g. The values
in this study were greater than those reported by Achidi et al. (2008),
where the authors showed that the vitamin C contents of cassava leaves
were in the range between 55.07 and 270.23 mg/100 g. The difference
might be due to the fact that the destruction of vitamin C occurs
during processing, such as fermentation.

The total carotenoid content of cassava root flour ranged between
31.73 and 49.95 pg/g. The values were significantly (p < 0.05) greater
in FFD qulle variety as compared to raw cassava root flour. There was
a significant difference (p < 0.05) in all processing techniques, and
better carotenoid retention was observed in FFD for both varieties. The
total carotenoid losses during heat treatment could be due to
carotenoid isomerization and oxidation, which is the breakdown of
trans-carotenoid to its cis-isomers. The difference in total carotenoid
content may be a result of one or a combination of factors, such as heat,
light, oxygen, and enzymes, which can lead to major or minor losses
of carotenoids in cassava root during processing (Mongwalketse et al.,
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2021). The total carotenoid content in two local varieties of cassava
leaves was in the range between 234.10 and 987.95 pg/g. According to
the findings in this study, the total carotenoid content (234.10 and
987.95 pg/g) was slightly greater than the results reported by Ospina
et al. (2021), where the authors showed that the total carotene content
of cassava leaves ranged between 174 and 547 pg/g. For both varieties
of cassava leaves, the total carotenoid content of cassava leaves was
significantly (p < 0.05) affected by methods of processing and types of
varieties. Although cassava leaves are detoxified with a lot of water,
essential nutrients may be leached during processing; however,
fermentation enhances the average carotenoid content of the cassava
leaves. A possible reason could be that, as major compositions of
cassava (carbohydrates, moisture, and fiber) are reduced by hydrolysis
during fermentation, the proportion of other minor compositions,
such as carotenoids, will apparently increase (Ayetigho et al., 2018).
According to Latif and Miiller (2015), the f-carotene content of cassava
leaves was in the range between 41.6 and 43.6 pg/g the results were
slightly lower than the values recorded in this study. Because
[3-carotene is included in total carotenoids, this could be the case.

3.6 Anti-nutritional factors in cassava root
and leaves

The anti-nutrient content of cassava leaves is presented in Table 8.
Tannins are polyphenols with a relatively large molecular weight (up to
20,000 Da), and their presence in cassava leaves is believed to play a
significant role in the low net protein utilization. They have the potential
to create insoluble complexes with proteins, inhibiting digestion by
inactivating enzymes. When present in large quantities in food, they can
have unfavorable impacts (Natesh et al,, 2017). Thus, the tannin content
of cassava root flour in this study was in the range between 3.03 and
5.0 mg/100 g. A maximum value (5.0 mg/100 g) was observed in the raw
kello variety. The contents were significantly (p < 0.05) decreased under
different processing conditions, and also the values were significantly
different for different varieties. The levels of tannin content of cassava
root in this study were in line with the results reported by Achidi et al.
(2008), where the authors showed that the tannin contents of cassava
root were in the range between 2.04 and 4.31 mg/100 g. The slight
difference may be due to the difference in variety, geographical location,
altitude, and climatic conditions, including soil type. The tannin contents
of cassava leaves in this study ranged from 20.98 to 52.02 mg/100 g. The
contents observed were significantly different (p < 0.05) for both varieties
and all processing conditions. Fasuyi (2005) reported that the tannin
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TABLE 8 Concentrations of anti-nutritional factors after processing in two varieties of cassava root and leaves.

Variety Composition Cassava root

Cassava leaf

Processing methods

FSND FFBD FFD Raw BUFBD

Kello Tannins (mg/100g) ~ 4.63 £0.14° | 3.94+0.23" 3.03 +0.04° 359+ 0.01° | 50.24+0.44° | 2475+ 0.4° 20.98 £0.11¢ 30.11 +0.09°
Oxalates (mg/100 @) 35.56 £2.55* | 28.59 £ 1.00" = 19.254 +1.04° | 22.15+1.04°  132.83+6.27° 37.98+0.01> | 25.46+ 3.08 15.93 + 0.75¢
Phytate (mg/100g) = 16.68 £4.09° = 15.12+1.09°  3.43 +0.06° 2.55 + 0.59° 18.83 £0.34° | 18.01 £ 0.30° 4.02 +0.30 3.94+0.031°
Cyanide (mg/kg) 37.05+3.6" | 2.16+4.24° 1.80 + 1.19¢ 2.70 £ 1.34° 44.5 £ 6.36 11.69 + 0.48" 10.10 + 0.56" 14.25 +0.72°

Qulle Tannins (mg/100g) = 5.0+ 0.017° | 4.05+0.09° 3.05 +0.04¢ 3.54+0.05 | 52.02+0.08 | 26.67+048 | 23.8355+0.26° 3577+0.22°
Oxalates (mg/100g) = 92.78 £7.24* | 4898 +8.11° | 3513 £4.53¢ 23.69 +2.3¢ 156.5 £ 3.54" | 52.54 +3.09° 41.99 + 2.50° 21.112 + 1.10¢
Phytate (mg/100g) = 40.50 + 1.39* | 35.17 £2.53* = 527+ 0.60° 2.55+0.12° | 3599+4.97° | 31.68 +0.33° 5.96 + 0.00° 4.01 £0.30°
Cyanide (mg/kg) 47.48 £4.07° | 5.65+3.98" 4.04+1.19¢ 6.54 +291° 61 +9.90° 11.15+0.38" | 10.15+0.76" 13.45 + 0.63

Values are means triplicates + SD; Means not sharing a common superscript letter across the row were significantly different (p < 0.05).
FSND, fermented sun-dried; FFBD, fermented fluid bed-dried; FFD, fermented freeze-dried for root sample; BUFFD, boiled unfermented fluid bed-dried; BFFBD, boiled fermented fluid

bed-dried; BFFD, boiled fermented freeze-dried for leaf sample.

concentration in different varieties of cassava leaves ranged between 6.9
and 15.0 mg/100 g. According to Jamil and Bujang (2016), the tannin
content of different cassava leaf varieties was in the range between 5.74
and 10.16 mg/100 g. Compared to the above literature, the values were
slightly greater. The genetic differences among cultivars, plant ages, leaf
maturity, soil fertility, experimental setup, calibration, and procedures
might account for a minor increase in the final reported values.
According to the findings, the tannin content of cassava roots and leaf
varieties was significantly decreased for different processing conditions.

Oxalates are anti-nutrients that negatively affect calcium and
magnesium bioavailability. It has the ability to bind calcium and expel
it in the urine or form crystals. Because calcium oxalate crystals are a
primary component of kidney stones, it is reccommended that persons
who are prone to them increase their calcium consumption while
decreasing their oxalate intake (Amos et al., 2019). Oxalate content of
cassava root flour in the present study was recorded in the range
between 22.15 and 92.78 mg/100 g, and the maximum value observed
for the raw kello variety (92.78 mg/100 g).

The oxalate content was significantly (p < 0.05) different due to the
effects of processing methods and varieties, as well as the combined
effect. According to the findings by Buta (2020), the oxalate contents of
the same varieties were reported in the range 24.93-86.18 mg/100 g for
qulle and kello varieties, respectively. This indicates that the present
result, 22.15-92.78 mg/100 g, falls within this range of oxalate content
of cassava roots. The slight difference in the oxalate level between the
experimental value and the reported value may be a result of
agroecological differences, such as temperature, climate, soil type,
variations in the performance of the analysts (chemicals) used during
testing, and even the differences in the analyst who performed the tests.
The oxalate content of cassava leaves in this study ranged from 25.46 to
156.5 mg/100 g. The values were significantly (p < 0.05) decreased by
processing parameters, and the values varied for different varieties. The
results obtained were much lower than the results reported by
Montagnac et al. (2009), where the authors showed that the oxalate
concentrations of cassava leaves were in the range between 1,350 and
2,880 mg/100 g. This indicates that the varieties and processing methods
used in the present study were better at lowering the amount of oxalate.

Phytate is also an anti-nutritional factor that binds proteins and
minerals in the gastrointestinal tract, preventing absorption and
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utilization by the body. Specifically, phytate interferes with the
absorption of divalent metals, such as iron and zinc, which are essential
nutrients (Siriwan, 2015). It has a negative impact on the activity of
digestive enzymes and acts through chelation of mineral cofactors or
interaction with proteins. For instance, it interferes with zinc
homeostasis. Heat processing, such as boiling and cooking, has no
effect in reducing the level of phytic acid, as the phytate is relatively
heat stable, but fermentation does (Natesh et al., 2017). The phytate
contents of the two local varieties of cassava root flour in this study
ranged between 2.55 and 40.5 mg/100 g. The contents were significantly
(p < 0.05) affected by both processing and varieties. The difference
might be due to fermentation and intrinsic parameters of cassava root
varieties. The phytate contents of cassava leaves presented in this study
were between 4.02 and 36.0 mg/100 g. The values were significantly
(p < 0.05) affected by both varieties and all processing techniques. The
minimum value (3.94 mg/100 g) was observed in the BFFD kello
variety, and the phytate content was varied in different processing
methods. This is due to the fact that during cassava leaves fermentation,
there might be dephosphorylation and release of the minerals, making
them available for absorption. Therefore, cassava leaves fermentation
minimizes the anti-nutritional effect of phytate content.
Consumption of 50-100 mg of cyanide is acute, poisonous, and
lethal to adults. Lower consumption of cyanide is not lethal, but long-
term intake can cause severe health problems, such as tropical
neuropathy (Bayata, 2019). The total cyanide content of the cassava
root flour decreases with processing such as fermentation (Nkoudou
and Essia, 2017) and thermal treatment (Latif et al., 2019). According
to results achieved in this study, the cyanide content of the cassava
root flour ranged between 1.8 and 47.48 ppm, with the maximum
value observed in the raw qulle variety (47.48 ppm). The content was
significantly (p < 0.05) affected by both processing and variety. This
indicates that an acceptable level of cyanide in cassava root can
be achieved by using appropriate processing and breeding with
improved varieties. In addition to the above-mentioned processing
methods, literature has shown that pre-processing steps such as
peeling, grating, and washing significantly reduce the cyanide level of
cassava root. According to the reports Chisenga et al. (2019a, 2019b)
and Ospina et al. (2021), the cyanide contents of fresh cassava root
ranged between 86.2-154.8 and 346-748.4 mg/100 g, respectively.
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According to the current codex and international standards, the
level of “total hydrocyanic acid" in the fresh cassava root flour must not
exceed 10 mg kg (FAO/WHO, 2019). The cyanide levels of cassava root
flour (1.8-47.48 ppm) in the current study were lower than previously
reported levels and were within acceptable international standards. The
cyanide content of cassava leaves in this study ranged from 10.10 to
61.0 ppm, with a maximum value (61 ppm) observed in the raw qulle
variety, and the contents were significantly (p < 0.05) decreased for
various processing techniques and differed in varieties. According to
the findings, overall cyanide concentrations decreased to an
acceptable level on processing, with the exception of freeze-dried
samples. HCN levels were higher in freeze-dried cassava leaves than
in other processing methods. This might be due to the moisture and
nutrient retention capacity of freeze-dried food. HCN contents of
cassava leaves in this study were in line with the results presented by
Jamil and Bujang (2016), where the authors showed that HCN
content of different cassava leaf varieties was in the range between
11.29 and 19.29 mg/100 g. The values in this study were lower than
the results presented by Oni et al. (2017), where the authors showed
that the HCN content of cassava leaves ranged from 58.5 to
86.7 mg/100 g, and those reported by Junior et al. (2019), where the
authors showed that the HCN content of cassava leaves varied from
90.6 to 560.9 ppm. According to Bayata (2019), the cyanide level in
cassava leaves ranges from 53 to 1,300 ppm. The current investigation’s
cyanide levels (10.10-14.25 ppm) in different processing methods
were found to be below the acute hazardous limit. A little deviation
from the World Health Organization’s (WHO’s) recommended level
of cyanide, which is 10 ppm (FAO/WHO, 2019), could be minimized
using accurate processing machinery, operational procedures, and
personnel. While traditional methods such as drying and boiling can
reduce HCN to an acceptable level for ingestion, this research reveals
that combining these and other processing methods could be more
effective at lowering HCN and preserving essential minerals
contained in cassava leaves.

4 Conclusion

Cassava is a climate-smart, nutrient-dense crop that could be a
promising food for the future. In terms of nutritional,
physicochemical, and functional qualities, cassava root and leaf flour
performed well. Cassava flour’s nutritional and anti-nutritional
properties are influenced by the variety and processing method.
Despite the fact that cassava is an important food source in
developing countries, HCN poisoning is still a problem. Finding an
appropriate processing method that can significantly reduce HCN
will be critical in encouraging utilization. The eficiency of these
methods is dependent on the method’s nutrition retention and
detoxifying capabilities. The concentration of cyanide was found to
have decreased in all processing methods, with a minor increase in
freeze-dried samples, according to the data. This suggests that,
despite its superior nutrient retention, freeze-drying is ineffective in
terms of detoxification. This study confirms that different varieties
and a combination of processing methods, such as fermentation,
boiling, and drying, modify quality parameters and reduce toxic
components significantly (p < 0.05). Data from this finding could
provide accurate information for policymakers, consumers, and
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researchers for product development. More research is needed to
develop innovative technologies for product development and recipe
optimization so that cassava leaves can be used as a supplemental
food. It is also recommended that more research needs to
be conducted on public awareness regarding cassava’s nutritional
potential and harmful and safe toxicity levels. Due to time and
financial constraints, these parameters were not included in the
current investigation.
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