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Potassium Fertigation With Deficit
Irrigation Improves the Nutritive
Quality of Cassava

Daniel O. Wasonga*, Jouko Kleemola, Laura Alakukku and Pirjo S. A. Mékeléd

Department of Agricultural Sciences, University of Helsinki, Helsinki, Finland

Water deficit limits cassava (Manihot esculenta Crantz) productivity in drought-prone
areas and alters the nutritive quality of the crop. Potassium (K) may mitigate the effects
of water deficit and improve the nutritional content of cassava, which would alleviate
malnutrition among the human population in the tropics who depend on cassava as a
staple food. Pot experiments were conducted under controlled glasshouse conditions
to investigate the influence of deficit irrigation and K fertigation on the nutritive and
anti-nutritive quality of biofortified cassava during the early growth phase. Treatments
initiated at 30 days after planting were three irrigation doses (30, 60, 100% pot capacity)
that were split to five K(0.01, 1, 4, 16, and 32 mM) concentrations. Plants were harvested
at 90 days after planting, and the starch, energy, carotenoid, crude protein, fiber, minerals,
and cyanide concentration of the leaves and roots were determined. Irrigation and K
treatments showed significant (P < 0.05) interactions for starch, carotenoid, energy, and
cyanide concentration. An irrigation dose of 30% together with 0.01 mM K resulted in the
lowest starch, carotenoid, energy, and fiber content, but highest cyanide concentration,
relative to full-irrigated (100%) plants together with 16 MM K. When the K application
rate was 16 mM the best nutritional quality was obtained, with the lowest cyanide
concentration, regardless of irrigation dose. Moreover, nutritional traits showed strong
positive associations, whereas cyanide concentration correlated negatively with all the
nutritional traits. Notably, an irrigation dose of 60% together with 16 mM K reduced the
nutritional content the least and showed minimal increase in cyanide concentration. The
results indicate that K fertigation with adjusted irrigation may improve the dietary quality of
young cassava and reduce antinutrients, which could enhance the nutrient bioavailability
of cassava grown in drought-prone areas.
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INTRODUCTION

The main challenge of crop production in the tropics is water deficit, which not only
limits yield but also alters the nutritive quality of crops (Cakmak, 2010). Consequently, this
affects the nutritional status of the human population in the tropics, where malnutrition
remains a major health challenge (FAO, 2019). Productivity of tropical soils is also
declining, mainly due to intensive use and depletion of nutrients through harvested
crop components without adequate nutrient additions to the soil (Gruhn et al, 2000).
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In tropical soils, depletion of potassium (K) is more rapid
compared with other plant nutrients (Cakmak, 2010), even
though the role of K in mitigating the effects of water deficit is
known (Oosterhuis et al., 2014). Therefore, irrigation strategies
not based on full crop water requirements, such as deficit
irrigation, would be more effective in the arid tropics when
combined with K nutrition to ensure a sustainable quantity and
quality production for staple crops such as cassava (Manihot
esculenta Crantz).

Cassava is mainly grown in the tropical and sub-tropical
regions, where its leaves and roots constitute a major portion of
the diet of humans and animals (Lancaster and Brooks, 1983;
Ravindra, 1993). The total human calory intake from cassava
exceeds 200 billion kcal day~!, making cassava the fourth most
important source of dietary energy in the world (El-Sharkawy,
2003). Leaves are rich in minerals, proteins, vitamins, and fiber,
comparing favorably with most green vegetables. The roots
are valued for their high starch content (Montagnac et al,
2009). In addition, the leaves and roots of biofortified (yellow-
rooted) cassava cultivars are an excellent source of provitamin A
carotenoid, which humans absorb and convert to retinol, vitamin
A (Talsma et al., 2016). Despite the nutritional value of cassava,
the human population in the arid tropics still experience mineral
and vitamin A deficiencies, even in areas where cassava is grown
(Gegios et al., 2010; Talsma et al., 2013). Previous studies on
carotenoids in cassava have focused on roots as opposed to leaves,
yet leaves have higher carotenoid content (Chavez et al., 2005;
Oliveira et al., 2010). Low bioavailability of minerals and proteins
from consumption of cassava leaves and roots also remains a
challenge in the tropics (Gegios et al., 2010); yet, the nutritional
value of cassava is comparable to most cereals, legumes and
vegetables. Furthermore, various anti-nutrients, such as tannins,
polyphenols, phytic acid, and cyanogenic glucosides, in cassava
leaves and roots restrict its use as food and feed in the tropics
(Oresegun et al.,, 2016). Cyanogenic glucosides are considered
the principal anti-nutrient factor in cassava due to their toxic
effects when they break down to release toxic hydrogen cyanide
(HCN) (Rosling, 1994). Chronic cyanide intake from cassava can
cause hyperthyroidism, tropical ataxic neuropathy (Osuntokun,
1994), and may cause paralytic disease konzo—characterized
by irreversible paralysis of the legs particularly in children and
young women (Howlett, 1994). Acute cyanide intoxication can
lead to mental confusion, muscular paralysis, respiratory distress,
and death (Rosling, 1994). Rural households use processing
techniques, such as drying, pounding, boiling, and fermentation,
which can reduce cyanide concentration by half (Essers, 1995),
but are ineflicient in eliminating all the cyanide, which can
remain at lethal levels (Ngudi et al., 2003). Additionally, these
processing methods degrade total carotenoid content (Oliveira
etal., 2010), reduce starch content (Cuvaca et al., 2015), and result
in loss of minerals (Achidi et al., 2008; Latif and Miiller, 2015)
leading to dietary deficiencies.

Previously, it has been shown that water deficit reduces
starch content in cassava (Santisopasri et al, 2000) as well
as mineral content (Helal et al, 2013), but increases the
cyanide concentration (El-Sharkawy, 1993). K fertilization has
been found to increase cassava starch content (Howeler, 1998),

increase the uptake of other minerals (Howeler, 2014), and
reduce cyanide concentration (El-Sharkawy and Cadavid, 2000).
However, previous studies have not simultaneously assessed
the effect of water deficit and K nutrition on the nutritive
quality of cassava, and most studies have concentrated on
cassava roots rather than leaves. In addition, there has been
little focus on changes in total carotenoid content and crude
protein content in cassava in relation to water deficit and K
nutrition. Agronomic management practices that improve the
nutritive quality of cassava and maximize its yield using less
irrigation water with balanced K nutrition are desirable and
would alleviate malnutrition, vitamin A deficiency, and cyanide
toxicity experienced in the tropical areas where cassava is grown.
The objective of this investigation is to assess the influence of
the interaction between deficit irrigation and K fertigation on the
nutritive and anti-nutritive quality of biofortified cassava during
the early growth phase.

MATERIALS AND METHODS

Four pot experiments were conducted with single-stem cuttings
(25 cm) of yellow cassava “Mutura” cultivar [Kenya Agricultural
and Livestock Research Organization (KALRO), Nairobi, Kenya]
under controlled conditions in a greenhouse at the University
of Helsinki, Finland, as described previously by Wasonga et al.
(2020). In short, cuttings were planted in 5-L pots containing
1.7 kg of pre-fertilized potting mix and the plants were watered
every second day on the soil surface until drainage for 30
days. Irrigation (30, 60, 100% pot capacity) and K fertigation
[0.01, 1, 4, 16, 32 mM; potassium chloride (KCI), Sigma-Aldrich
Chemie GmbH, Munich, Germany] treatments were initiated at
30 days after planting (DAP) and lasted 60 days. Plants were
watered every second day with full-strength Hoagland solution
(Hoagland and Arnon, 1950) in which the K concentration
was modified. The experiments were arranged in a completely
randomized design with four (EXP. I, in total 36 pots) to eight
(EXP. II, III, IV, in total 72 pots each) replicates. During the
experiment, plants were grown at day/night temperatures of
28/20°C, relative humidity of 55 & 5%, photoperiod of 12-h
light/dark with a photosynthetic photon flux density of 600 pmol
m~2 s~! of photosynthetically active radiation (PAR) at the top of
the canopy. Detailed descriptions of the treatments, experimental
design, growing media, and plant management are provided in
Wasonga et al. (2020).

Measurement and Analyses

The plants were harvested at 90 DAP by cutting the stems at
the soil surface. Leaves were detached from the plants, and the
roots were carefully washed with water to remove soil. The fresh
weight (FW) of leaves (leaf blade and petioles) and roots (fine
and thickened-starchy roots) was recorded. Leaves were split into
green and senescent. The green leaves and roots were divided
into two subsamples. One subsample of each was snap-frozen in
liquid N and stored at —20°C until further analysis. The other
subsample was dried in a forced-air chamber at 70°C for 72h,
weighed, and ground into fine powder using a centrifugal mill
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(0.5mm sieve; ZM200, Retsch, Haan, Germany) and stored at
room temperature for further analysis.

The mineral content of the leaves and roots was determined
for calcium (Ca), magnesium (Mg), phosphorus (P), sulfur (S),
sodium (Na), copper (Cu), manganese (Mn), iron (Fe), and
zinc (Zn). A ground sample of 250 mg was digested in 6 mL of
15.2 M nitric acid (68% w/v; VWR International BVBA, Leuven,
Belgium) and 1 mL of 9.8 M hydrogen peroxide (30% w/v; Merck
KGaA, Darmstadt, Germany) with a microwave (MARS 240/50;
MARSXpress, CEM). The digested samples were filtered, and
mineral analysis was conducted with an Inductively Coupled
Plasma-Optical Emission Spectrometer (iCAP 6200, Thermo
Fisher Scientific, Cambridge, UK) with every 20th sample a
standard as described previously by Seleiman et al. (2012).
Chloride (Cl) content was analyzed by mixing 500 mg of ground
leaf sample with 10 mL of water and shaking for 3h in a water
bath at 60°C, then measuring the extract with a chloridometer
(Sherwood M926 chloride analyser, Sherwood Scientific Ltd.,
Cambridge, UK) according to Mikeld et al. (2003). Total carbon
(C) and nitrogen (N) content was analyzed from 250 mg of
ground leaf and root samples by the Dumas combustion method
(VarioMAX CN, Elementar Analysensysteme GmbH, Hanau,
Germany). Crude protein content was obtained by multiplying
the percentage of N by the conversion factor 6.25 (Horwitz, 1980;
Ndung'u et al., 2012).

Starch content was analyzed using the K-TSTA Kkit
(Megazyme, Bray, Ireland) according to the manufacturer’s
protocol based on AOAC method 996.11 and AACC method
76-13.01. In short, ground leaf and root samples (100 mg) were
incubated with ethanol (80% v/v) for 10 min, centrifuged, and the
pellets formed were suspended in 2 M potassium hydroxide for
20 min. Approximately 8 mL of 1.2 M sodium acetate buffer was
added to each tube followed by addition of 0.1 mL thermostable
a-amylase, and 0.1 mL amyloglucosidase, and incubated for
30 min. Duplicate aliquots of the solution were taken and 3.0 mL
GOPOD reagent was added. The absorbance was measured at
510 nm using a UV-spectrophotometer (Model UV-1800 240V
IVDD, Shimadzu Inc., Kyoto, Japan). Total carotenoid content
was determined from 10 g frozen leaf and root samples according
to Oliveira et al. (2010). The samples were extracted with acetone
(80% v/v), followed by partitioning in petroleum ether (HPLC
grade, J.T. Baker, Gliwice, Poland), and the absorbance was
measured at 450 nm using a UV spectrophotometer (Model
UV-1800 240V IVDD, Shimadzu Inc., Kyoto, Japan).

The biomass energy content (MJ kg~!) was analyzed from
ground leaves and roots by compressing 500 mg samples into
pellets using a pellet press (Parr Instrument Co., Moline, IL,
USA) followed by complete combustion with excess O, at 3.04
MPa in a sealed steel adiabatic bomb calorimeter (Parr 1241EA,
Parr Instrument Co., Moline, IL, USA). Benzoic acid pellets
(1.0g, Parr Instrument Co., Moline, IL, USA) were used as a
standard. Total dietary fiber was analyzed from ground leaf and
root samples using a K-TDFR kit (Megazyme, Bray, Ireland)
according to the manufacturer’s protocol based on AOAC
Method 991.43 and AACC Method 32-07.01. Approximately
1.0 g samples were incubated with heat-stable a-amylase followed
by incubation with protease and a further incubation with

amyloglucosidase. Thereafter, pre-heated ethanol (95% v/v) was
added to the mixture and the precipitate was filtered using a
cold extraction unit (Fibertec 1021, Foss, Hillerad, Denmark),
and the residue was dried overnight in an oven at 105°C. Total
dietary fiber was calculated as: residue weight—protein weight—
ash weight.

Total cyanide (HCN) concentration was analyzed on a wet
mass basis from leaves and roots following the alkaline titration
method according to Williams (1990). Approximately 20g of
frozen leaf and root samples were thawed and ground using
a micro-grinder hand mill (A10 basic, IKA GmbH, Staufen,
Germany). Ground samples were incubated with 250 mL of
distilled water at 37°C for 16 h. The solution was steam-distilled
until 200 mL of distillate was collected in a round-bottomed
flask containing 20 mL of 0.625 M sodium hydroxide, which was
diluted to 250 mL. Duplicate aliquots of 100 mL were taken, and
8 mL of 6 M ammonium hydroxide and 2mL of 5% potassium
iodide were added. Samples were titrated with 0.02M silver
nitrate until a yellowish turbid color appeared. Total cyanide
concentration was then calculated as: 1 ml of 0.02 M silver nitrate
= 1.08 mg HCN.

Data Analysis

Data on the nutritive content of the four experiments were
combined and analyzed as one experiment, after subjecting to
contrast analysis for experimental differences. A two-way analysis
of variance (ANOVA) was performed using the R program
(version 3.5.2; R Development Core Team, Vienna, Austria) to
show the effects of irrigation dose, K rate, and their interactions as
fixed effects on the nutritive contents measured. Differences were
considered significant when P-values were <0.05, and means
were compared using Tukey’s multiple range test. A two-tailed
Pearson correlation was performed to identify the association
patterns of nutritive contents. In addition, principal component
analysis (PCA) was conducted on the combined leaves and roots
data to identify the nutritive contents accounting for most of
the variation. Only those components with Eigenvalues >1.0
were selected.

RESULTS

Nutritional Traits
Starch content in leaves and roots was affected by irrigation, K
treatments, and their interactions (Table 1). The highest starch
content in leaves (46.1mg g=! DM) and roots (435mg g~!
DM) was obtained with full-irrigated (100%) plants together with
16 mM K. In comparison, an irrigation dose of 30% together with
0.01 mM K reduced starch content in leaves by 79% and in roots
by 82%; however, the reduction in starch content was only 37%
in both leaves and roots when the K application rate was 32 mM.
The smallest reduction in starch content in leaves, 20%, and roots,
18%, was observed with an irrigation dose of 60% together with
16 mM or 32mM K. Moreover, the starch content in roots was
9 times higher than in leaves regardless of the irrigation and
K treatments.

Irrigation and K treatments affected (P < 0.05) crude protein
content in leaves and roots of cassava (Figure 1) but showed
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TABLE 1 | Starch, total carotenoids, energy, and cyanide concentration in leaves and roots of 90-day-old cassava plants in response to deficit irrigation and potassium

fertigation.

Treatment Starch (mg g~' DM) Total carotenoids (g g~' FW)  Energy content (MJ kg~' DM) Cyanide (mg kg~! FW)
Irrigation Potassium Leaves Roots Leaves Roots Leaves Roots Leaves Roots
30% 0.01mM 9.78 76.62 37.82 1.6° 9.22 13.32 25.9" 12.8

1mM 14,180 121,18 42,92 3.1 9.42 13.52 21.79 10.0"
4mM 17.180¢ 150.520° 46.7% 4.2bcd 10.4% 13.9% 17.3 8.19
16mM 22.6% 206.2°¢ 57.85° 5.8def 12.5% 15.020° 10.5% 5.6'
32mM 29,69%f 275.9% 66.0%¢ 6.6°9 12.3%° 14,420 12.0% 5.2¢f
60% 0.01mM 15,0%0° 135,0%° 42.3% 3.5 12.800e 15,2800 14.0° 6.1f
1mM 26.4¢ 248.8¢ 64.8% 5.00de 13.1de 15.500d 9.0 4,8d%f
4mM 29.0% 275,24 68.6° 6.2°f 13, 79f 16.20de 9.3%d 4.1%
16mM 36.3°19 347.9¢ 79.0% 9.1n 14.4°9 18.5¢ 5.280 2.08b
32mM 37.0% 354,71 76.49¢ 7.99 14.6°9 18.0°f 8.2 3.7¢d
100% 0.01mM 18.0°° 161.6"° 55.85¢ 6.2¢f 13.99%f 16.90d° 8.0 3.7¢d
1mM 29.09% 264.24 74.29 7.4°19 15.019 17.80%f 8.20¢ 3.6
4mM 37.49 348.1¢f 74.89 8.3" 15.69" 20.0f 8.1b° 3.6
16mM 46.1" 434.89 112.0f 1491 17.50 25.19 4.28 2.7k
32mM 42.2f 395.81 90.9° 12.6' 18.6' 23.79 2.28 1.0%
P-value | <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
K <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
I x K <0.001 0.001 <0.001 <0.001 0.009 <0.001 <0.001 <0.001

Treatments were initiated 30 days after planting and lasted 60 days. The data from four separate experiments were combined and shown as means of 4-16 replicate plants.
Means followed by different letters in the same column are significantly different (Tukey’s test P < 0.05). |, irrigation; K, potassium; df, degrees of freedom.

no treatment interaction (I x K) in leaves (P = 0.901) and
roots (P = 0.121). Compared with full-irrigated plants, an
irrigation dose of 30% reduced crude protein content in leaves
by 24%, whereas an irrigation dose of 60% reduced the crude
protein content in leaves by 10%. There was no difference in
crude protein content in roots between irrigation dose 30% and
irrigation dose 60%, when compared to full-irrigated plants.
Notably, 16 mM K fertigation resulted in the highest crude
protein content in leaves [198 g kg_1 dry matter (DM)] and roots
(87 gkg™! DM) compared with fertigation with 32 mM K or low-
K treatments. In general, crude protein was 56% higher in leaves
than in roots.

The energy content of leaves and roots was affected by the
irrigation and K treatments and their interactions (P < 0.05)
(Table 1). The highest energy content in leaves (18.6 MJ kg_1
DM) was obtained with full-irrigated plants together with 32 mM
K. In contrast, an irrigation dose of 30% together with 0.01 mM
K reduced energy content in leaves by 50%, but the reduction
was 33% when the K application rate was 16 mM. It was noted
that an irrigation dose of 60% together with 16 mM K showed the
least (23%) reduction in energy content in leaves when compared
with full-irrigated plants together with 32mM K. The highest
energy content in roots (25.1 MJ kg~! DM) was obtained with
full-irrigated plants together with 16 mM K. In comparison, the
energy content in roots was reduced by 47% when the irrigation
dose was 30% together with 0.0l mM K, but the reduction
was 40% when the K application rate was 16 mM. Likewise, an
irrigation dose of 60% together with 16 mM showed the least

(26%) reduction in energy content in roots compared with full-
irrigated plants together with 16 mM K. In all, the energy content
in roots was 21% higher than in leaves.

Irrigation and K treatments and their interaction affected
carotenoid content in leaves and roots (Table 1). The highest
carotenoid content in leaves (112.0 g g~' FW) and roots (14.1
ng g~ ! FW) were obtained in full-irrigated plants together with
16 mM K. In contrast, an irrigation dose of 30% together with
0.01 mM K reduced leaf carotenoid content to 37.8 ug g~! FW,
but when the K application rate was 32mM leaf carotenoid
content was reduced to 66.0 ug g~! FW. Nevertheless, an
irrigation dose of 60% together with 16 mM K showed the least
reduction (79.0 ug g~ ! FW) in leaf carotenoid content. Likewise,
an irrigation dose of 30% together with 0.01 mM K reduced root
carotenoid content to 1.6 pg g~' FW, but reduced to 6.6 pug
g~! FW when the K application rate was 32 mM, compared to
full-irrigated plants together with 16 mM K. Interestingly, an
irrigation dose of 60% together with 16 mM K resulted in the
least reduction (9.1 pug g~! FW) in root carotenoid content. Total
carotenoid content was 9.7-fold higher in leaves than in roots.
Further, it seems that low K rates under full irrigation affected
carotenoid content more than starch content.

Irrigation and K treatments affected (P < 0.05) the total
dietary fiber in leaves and roots of cassava (Figure2) but
showed no treatment interaction (I x K) in leaves (P =
0.816) and roots (P = 0.382). An irrigation dose of 30%
reduced the total dietary fiber in leaves by 15% whereas an
irrigation dose of 60% reduced total dietary fiber in leaves by
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FIGURE 1 | Crude protein content of young cassava plants in response to deficit irrigation (A) and potassium fertigation (B). Crude protein content in leaves and roots
were both affected by irrigation (P < 0.001) and K (P < 0.001) but no treatment interactions (I x K) were observed in leaves (P = 0.901) and roots (P = 0.121).
Treatments were initiated 30 days after planting and lasted 60 days. The data from four separate experiments were combined and shown as means =+ standard
errors; n = 4-16 replicate plants. Means followed by different letters in the same graph are significantly different (Tukey’s test P < 0.05).
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FIGURE 2 | Total dietary fiber content of young cassava plants in response to deficit irrigation (A) and potassium fertigation (B). Total dietary fiber content in leaves
and roots were both affected by irrigation (P < 0.001) and K (P < 0.001) but no treatment interactions (I x K) were observed in leaves (P = 0.816) and roots (P =
0.382). Treatments were initiated 30 days after planting and lasted 60 days. The data from four separate experiments were combined and shown as means +
standard errors; n = 4-16 replicate plants. Means followed by different letters in the same graph are significantly different (Tukey’s test P < 0.05).

8%, when compared with full-irrigated plants. Compared with
full-irrigated plants, an irrigation dose of 30% reduced total
dietary fiber in roots by 33% whereas an irrigation dose of 60%
reduced total dietary fiber in roots by 23%. Low-K treatments
resulted in low total dietary fiber content, whereas a K rate
of 16 mM resulted in the highest total dietary fiber content

in leaves and roots, but was not significantly different from
32 mM K.

Irrigation and K treatments showed a significant (P < 0.05)
interaction effect on Ca, S, and Mg content in both leaves and
roots, as well as Fe and CI content in leaves, and P, Zn, Mn, and
Cu content in roots (Table 2). However, there was no interaction
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TABLE 2 | Mineral content of young cassava plants in response to deficit irrigation and potassium fertigation.

Treatment Ca P S Mg Na Fe Mn Zn Cl
(g kg™" DM) (mg kg~' DM)
Irrigation  Potassium Leaf Root Leaf Root Leaf Root Leaf Root Leaf Root Leaf Root Leaf Root Leaf Root Leaf Root Leaf
30% 0.01mM 7.0% 0.9 1.2 0.82 1.12 0.32 3.6% 0.42 1.0 0.8 3282  111.0 101.1 47.2% 1572 1.3 46 1.12 4.72
1mM 9.3%  35bed 2.8 1.70¢ 1.3% 0.42 3.6% 0.9% 0.8 0.7 4878 377.0 911 32.6°¢ 19.9% 35 6.9 1.5% 8.9¢
4mM 9.6 4,0%d 3.0 2.0%d 1.50° 0.7% 3.6%° 1.5 0.6 07 50.0°  361.0 117.4 24.4% 239 520 8.3 1.9 10.5¢
16mM 13.3%" 5569 3.3 2,50 1.9%d 1.9d% 4.9be 2.2¢d 0.6 0.6 62.69 9020 936 16.5% 239  6.3° 8.3 5.9 14.0%f
32mM 11,504 526 3.2 2,20de 2.1d 1.3%d 4.9¢d 2.20d 0.5 0.2 81.0' 6680 90.8 20.0%° 282°  6.3° 10.1 4.4%d 21.8
60% 0.01mM 9.4% 0.78 2.4 0.72 1.4 0.32 2.32 0.32 0.5 0.9 50.1%° 1130 1112 402% 19.9%®  4.2t° 6.2 1.42 12.2°
1mM 12.8%de  4.qcd 2.8 2,004 {150 g 4,30 0.9%° 0.5 07  59.2%d 2630 982 357 206 50 6.4 1.62 13.4°
4mM 13.0%  4.3% 3.1 2,30de  q 7be 1,50 4,400 p0bcd 07 0.7 63.19  409.0 940 34.3%d 219  gQ° 8.4 4,9cd 13.7¢
16mM 14.9¢f 7.819 3.3 3.29 1.70° 2,206 45bod 3.0° 0.7 0.6 711 4710 627 240® 27.3° 117 9.0 6.1° 15,319
32mM 13.0%  6.3%9 3.7 2.4% 2.1d 1.60% 5,0 2.2¢d 0.9 0.1 6249  753.0 685 123 27.4° 6.8%° 11.3 4.8%  16.49
100% 0.01mM 8.8% 1.7 2.7 1.6 1.320 0.5% 3.0 0.8% 0.7 0.9 42.4% 1250 89.0 28.7°° 1598  4.8% 6.7 2.4be 6.9°
1mM 10.7°¢d  5,6°19 2.8 2.4% 1.6%¢ 1.5¢d 3.7% 1.6% 0.6 0.6 59.7f¢d  380.0 959 4024 22.1%  58° 7.4 5.6 8.0°
4mM 13.3%" 7,77 3.4 2.7! 1.7 2.0 4,400 2,59 0.6 0.6 81.00 4650 428 47.5° 251 g7 8.3 6.6 11.4d
16mM 15.4f 7.99 3.8 3.29 2.1d 2.4° 5.2d 2.69 0.5 0.5 8420 5850 750  484° 27.14° 749 8.8 7.79 15.419
32mM 13.5%" 6,569 4.0 3.19 2.04 2,206 4 5bod 2.7d 0.4 0.1 823" 6840 669 497¢ 302¢ 135 12.1 7.0f 17.9"
P-value I <0.001 0.001 0996 <0.001 0278 <0.001 0.588 0.002 0418 0661  0.002 0.08 0006 <0001 059 0071 058 <0.001 <0.001
K <0.001 <0.001 <0.001 <0.001 0.002 <0.001 <0.001 <0.001 0934 <0001 0.002 <0001 0.003 <0.001 0.04 <0.001 <0.001 <0.001 <0.001
Ix K 0.001  0.001 0100 0.039 <0.001 0.002 <0001 0.012 0214 0790 <0001 0998 0.160 0.001 0.003 <0.001 0.912 <0.001 <0.001

The treatments were initiated 30 days after planting and lasted 60 days. The data from four separate experiments were combined and shown as the means of 4-16 replicate plants.
Means followed by the same letter in a column are not significantly different at P = 0.05 by Tukey'’s test. |, irrigation; K, potassium; DM, dry matter; S.E.M., standard error of the mean; df, degrees of freedom.
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effect between irrigation and K treatments on leaf P, Na, Mn, and
Cu content and on root Na and Fe content. Full irrigation (100%)
together with 16 mM K resulted in the highest content for Ca, S,
and Mg in both leaves and roots, as well as for Fe in leaves and Cu
and Mn in roots. The highest leaf Cl content, as well as root P and
Zn content, were obtained in full-irrigated plants together with
32mM K. In contrast, an irrigation dose of 30% together with
0.01 mM K reduced the mineral content in leaves and roots the
most. The mineral content in leaves and roots was the lowest with
0.01 mM K, except for Na, which was highest in leaves and roots,
regardless of the irrigation dose. The major mineral content in
leaves were highest to lowest in the order of Ca > Mg > P > §,
whereas the minor minerals content followed the order of Na >
Mn > Fe > Zn > Cl > Cu. Likewise, the major mineral content in
roots followed the order of Ca > P > Mg > S, whereas the minor
mineral content was in the order of Na > Fe > Mn > Zn > Cu.
Notably, the mineral content was in general higher in leaves than
roots except for Fe, which was higher in roots than leaves.

Antinutritional Trait

The cyanide concentration in leaves and roots was affected by
the irrigation and K treatments and their interaction (Table 1).
The lowest cyanide concentration in leaves (2.2mg kg~! FW)
and roots (1.0mg kg~™! FW) were obtained in full-irrigated
plants with 32mM K. An irrigation dose of 30% together
with 0.0lmM K increased cyanide concentration in leaves
(25.9mg kg~! FW) and roots (12.8 mg kg~! FW), but when
the K application rate was 16 mM the cyanide concentration
substantially decreased in leaves (10.5mg kg~! FW) and roots
(5.6mg kg~! FW). An irrigation dose of 60% together with
16 mM K resulted in the lowest cyanide concentration in leaves
(5.2mg kg~! FW) and roots (2.2 mg kg~! FW) when compared
with full-irrigated plants together with 32 mM K. In general, leaf
cyanide concentration was double the root cyanide concentration
regardless of the treatment.

Principal Component and Correlation

Analyses

The Kaiser-Meyer-Olkin (KMO) test for the PCA of the
combined leaves and roots data showed a value of 0.870,
indicating that distinct and reliable components had been
generated. The PCA showed 72.1% of the total variance in
the first five components with Eigenvalues higher than 1.0 for
each variable in the analyzed minerals. Moreover, the PCA
separated the nutritive traits into clear clusters in the first two
components (Figure 3). Most of the separation was achieved by
PC1, which accounted for 44.5% of the total variance observed,
whereas PC2 accounted for only 8.9%. Starch, total dietary fiber,
total carotenoid content, and energy content were clustered
together. Crude protein, Ca, Mg, Fe, P, S, and K consistently
formed a separate cluster. Moreover, cyanide, Na and Mn content
showed a negative relationship in the first principal component.
The correlation analyses of the combined leaves and roots
data confirmed the relationship between the nutrient contents
(Table 3). Strong (P < 0.01) positive associations (r > 0.5) were
obtained between Ca, P, K, and Fe, as well as between crude
protein, total carotenoid, starch, total dietary fiber, and energy

content. The K content associated positively with Fe (r = 0.575),
total carotenoid (r = 0.449), starch (r = 0.475), crude protein
(r = 0.488), total dietary fiber (r = 0.467), and energy content
(r = 0.417). Conversely, the K content had a strong negative
association with cyanide concentration (r = —0.557), and a weak
negative association with Cu and Mn. Cyanide concentration
associated negatively with all the analyzed nutrients except
for Mn.

DISCUSSION

Nutritional Value of Cassava During the
Early Growth Phase

The low starch content in young cassava leaves and roots
obtained with a combination of 30% irrigation dose and
0.0lmM K could be related to reduced net photosynthesis,
as demonstrated earlier by Wasonga et al. (2020). When net
photosynthesis declines due to water deficit, the activity of ADP-
glucose pyrophosphorylase—a key regulatory enzyme in starch
synthesis—also declines (Kaur et al., 2017). Hence, inhibition
of starch synthesis in leaves and storage of starch in roots
results. The observed increased starch content in leaves and
roots following the 30% irrigation dose combined with 16 mM
K is attributed to the increased K supply. K is essential in
carbohydrate translocation from photosynthesizing leaves to
storage roots (Armengaud et al, 2009), and is known to
stimulate the activity of ADP-glucose pyrophosphorylase and
starch synthase enzymes involved in starch synthesis (Oosterhuis
et al., 2014). The starch content in roots was 9 times higher than
in leaves, demonstrating that cassava roots are richer in starch
even in young plants. The higher starch content in roots than
leaves could also explain the observed higher energy content
in roots than leaves, given the strong positive correlation (r =
0.785) between energy content and starch content. Santisopasri
etal. (2000) also reported lower starch content (1.2-3.5% DM) in
cassava that was subjected to water deficit in the first 6 months
after planting compared to higher starch content (20.4-25.9%
DM) in control plants. Notably, cassava starch is an important
source of energy in the diet of humans, and its gluten-free
flour is suitable for individuals with an intolerance to gluten
(Balagopalan, 2002). Consuming gluten-free cassava would avert
celiac disease which affects ~1% of the global population (Catassi
and Yachha, 2008).

Crude protein content was lowest in both leaves and roots
with an irrigation dose of 30%. This suggests there were lower
amounts and activity of photosynthesis-related enzymes in the
leaves, resulting in reduced protein synthesis. Dhindsa and
Cleland (1975) also reported a general reduction in protein
synthesis in plants that were subjected to water deficit. The
marked increase in crude protein content of leaves and roots
with 16 mM K as opposed to low-K treatments may be due to
the increased availability of N. K is involved in N metabolism
(Marschner, 1995), and N is an essential macronutrient in
protein synthesis (Fernandes et al., 2017). Moreover, K is
known to activate the enzyme nitrate reductase which catalyzes
the formation of proteins (Khanna-Chopra et al., 1980). The
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FIGURE 3 | Biplot of the first two components of the Principal Component Analysis of combined nutrient content in leaves and roots of young cassava plants, as
affected by irrigation (A) and potassium fertigation (B).

crude protein content of leaves was twice that of roots.
According to Yeoh and Truong (1996), cassava roots are lower
in protein than leaves. The crude protein content of leaves
obtained in this investigation exceeds the FAO reference protein
minimum of 0.55 g kg™! day~! (Harper, 1981). Thus, the young
cassava leaves would serve as an ideal source of protein when
consumed in diets; more so, since the protein digestibility from
young leaves is often higher than the protein digestibility of
older leaves (Lancaster and Brooks, 1983). Irrigation and K
treatment combinations resulting in high leaf protein content
is desirable for alleviating the protein-energy undernutrition
common among humans in the tropics, even in cassava
growing areas. Employing irrigation and K treatments for high
protein productivity would allow cassava to better compete with
other protein-based vegetable crops, such as cowpea (Vigna
unguiculata L.). This would cut household expenses for protein-
based foods and strengthen markets for cassava products, leading
to sustainable nutrition.

The low carotenoid content in leaves and roots obtained
with an irrigation dose of 30% together with 0.0lmM K
could be attributed to limited carotenoid synthesis. Since
carotenoids are crucial for the assembly of photosystems and
harvesting light for photosynthesis (Nisar et al., 2015), the
reduction in net photosynthesis due to water deficit (Duque
and Setter, 2013) implies that carotenoid synthesis was limited.
The limited carotenoid synthesis in leaves in turn resulted in
minimal translocation of carotenoids to roots. Nevertheless,
a K rate of 16 mM enhanced carotenoid synthesis, resulting
in increased leaf carotenoid content. K is an essential co-
factor required by pyruvic kinase and acetic thiokinase—two
enzymes involved in the isoprenoid pathway of carotenoid
synthesis (Trudel and Ozbun, 1970). Furthermore, low K limits
the availability of geranyl-geranyl pyrophosphate, a precursor
to carotenoids (Taber et al., 2008). The higher carotenoid
content in leaves than in roots is consistent with an earlier
finding that cassava leaves are richer in carotenoids (Montagnac

et al, 2009). Thus, the leaves obtained with 16 mM or
32mM K across the irrigation doses would provide valuable
vitamin A when consumed, as the carotenoid contents were
above the average daily requirement of carotene in children
(2.4 mg), lactating women (5.0 mg), and adults (3.5 mg) (WHO.,
1995). Humans cannot synthesize provitamin A carotenoids
and their intake in the diet offers protection against night
blindness, UV skin damage, and age-related degenerative diseases
(Toti et al., 2018).

Polysaccharides make up the total dietary fiber content, and
their synthesis depends mostly on photosynthetic activity in
leaves. Photosynthetic activity is affected, in turn, by water
deficit and potassium deficiency (Wasonga et al., 2020). This
explains the low total dietary fiber content of leaves and roots
obtained with an irrigation dose of 30% with 0.0lmM K
as opposed to with 16 mM K fertigation. The total dietary
fiber content obtained in this investigation would provide
the adequate fiber intake of 25g day~! for women and 38g
day~! for men as recommended by the panel on dietary
reference intakes for macronutrients (Slavin, 2005). Diets rich
in total dietary fiber are considered healthy and can reduce
problems with constipation, obesity, and diabetes, and help
prevent cancer and heart disease (Montagnac et al., 2009).
However, consuming excess fiber can reduce protein digestibility
(Ravindra, 1993).

The mineral content of cassava leaves and roots are
important parameters for guiding its consideration for human
consumption. In the present investigation, the mineral content
of Fe and Cl in leaves, Cu, P, S, and Mg in roots, and Ca, K, Zn,
and Mn in leaves and roots, were reduced when the irrigation
dose was 30% but were highest in full-irrigated plants. This can
be ascribed to the effect of water deficit, which likely reduced
the uptake of the minerals. Water deficit reduces mineral uptake
by the roots due to decreased rate of mineral diffusion from
the soil matrix to the absorbing root surface (Hu et al., 2007).
Nutrient transport from the roots to the shoots is also limited
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0.826™
0.808**
0.676**

0.435™
0.447*
0.496**

—0.401**
—0.233"

0.182*
0.214*

0.401**

0.531*
0.347*
0.431**

0.314*

—0.286™
—0.257**
—0.216*
0.274**

0.636**
0.525™
0.475*

0.475™
0.417*

0.430*
0.384*
0.414*

0.647*
0.598*
0.522**

Starch
EC
TDF

1

0.785™*
0.637**

0.373*
0.262**

0.287*
0.215*

1

0.702**

—0.338**
0.313**

0.094

0.467*

1

-0.727**  -0.768"  -0.792*  —0.691*

—0.559**

-0.398"  —0.158

—0.416*

—0.367**

-0.637**  -0.405*  -0.557*  —0.503"*

HCN

0.05 and 0.01, respectively, by Tukey’s test. CF, crude protein; TCC, total carotenoid content; EC, energy content; TDF, total dietary fiber; HCN, cyanide.

*, **Differences between nutrient contents are significant at P

by a water deficit-induced decrease in the transpiration rate.
For example, Merhaut (2007) reported that Mg is not physically
or physiologically available to plants under conditions of water
deficit. Increasing the K application rate resulted in an increase
of Ca, P, Mg, Zn, Fe, and S content in both leaves and roots, and
of Cl in leaves, regardless of the irrigation dose. An increased
K supply to plants decreases the solute potential, which in turn
causes a decrease in total water potential, creating a solute
potential gradient which stimulates uptake of nutrients and water
(Thompson and Zwieniecki, 2005). The Ca, S, and Mg content in
leaves and roots were highest with 16 mM K but then reduced
with 32mM K. This suggests that 32mM K fertigation was
beyond optimum and possibly caused physiological antagonism.
The ions of K, Ca, Mg, and S are quite similar in size, but the
binding strength of K is usually much stronger and easily out-
competes Ca, Mg, and S at exchange sites in the soil (Agbenin
and Yakubu, 2006). Thus, the 32mM K fertigation possibly
reduced the plant’s ability to absorb Ca, S, and Mg. In agreement,
Howeler (2014) discovered reduced Ca, Mg, and S content in
cassava that were over supplied with K. The Cl content was
highest in full-irrigated plants which suggests that the abundant
water likely mediated the increased Cl uptake by the plant
compared to when the irrigation dose was 30%. Moreover, the
Cl content in leaves was highest with 32 mM K, mainly because
the Cl was supplied together with K as KCl and an increase
in the K application rate likely increased the Cl content. Most
crops are negatively affected only when plant Cl content exceeds
400mg kg~! DM (Marschner, 1995). For this reason, the Cl
content obtained in this investigation was below toxic levels for
the plant.

Mineral content was higher in cassava leaves than roots.
Thus, consuming the leaves would provide vital minerals,
especially Ca, Fe, Zn, S, and Mg, and improve the diets of
humans in the tropics. The Ca content obtained with the
various irrigation and K treatments would be sufficient in
the diet as it was above the human requirement range of
1,000-1,500mg day~! (Bailey et al, 2010). Ca serves an
important role in skeletal mineralization for maintaining
healthy teeth and bones (Miller et al., 2001). The Fe content of
leaves obtained with the different irrigation and K treatments
would meet the minimum adult Fe requirement of 1.8 mg
day™! (Hurrell and Egli, 2010), which is important for the
synthesis of hemoglobin and myoglobin, and for preventing
anemia. Besides being a key component of proteins, dietary
intake of S helps humans to detoxify cyanide by enzymic
conversion of rhodanese to thiocyanate using S originating from
dietary S amino acids (Cliff et al.,, 1985). The recommended
daily allowance for Mg for adults is 310-420 mg [Institute
of Medicine (US) Standing Committee on the Scientific
Evaluation of Dietary Reference Intakes, 1997], which would
be provided by the leaves in this investigation regardless of
the irrigation dose and K rate. The human body maintains
Mg content at 1,000 mmol, which is vital for normal
nerve and muscle function, heart rhythm, blood pressure,
the immune system, bone integrity, blood glucose levels,
promoting calcium absorption, and fighting hypomagnesium
(Laires et al., 2004). The leaves in this investigation would
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provide the estimated human Zn requirement of 15mg
day~! (King and Turnlund, 1989). Zn is essential for
transport and metabolism of vitamin A and curbs stunted
growth and development common in Zn deficient persons
(Christian and West, 1998). Thus, nutrition-driven agricultural
production within environmental limits could solve global
malnutrition problems.

Anti-nutrient Value of Cassava During the
Early Growth Phase

Cassava leaves contain the cyanogenic glucosides, linamarin
(95%) and lotaustralin (5%) (Conn, 1994), which on hydrolysis
by the enzyme linamarase yield cyanohydrins that release
toxic hydrogen cyanide (HCN) when hydrolyzed by the
enzyme hydroxynitrile lyase (Cardoso et al., 2005). The cyanide
concentration in the present investigation was two times higher
in leaves than in roots, which is ascribed to linamarin levels
more than 20 times higher in leaves than in roots (Siritunga and
Sayre, 2004; Jorgensen et al., 2005). The cyanide concentration
in leaves and roots was highest with an irrigation dose of 30%
together with 0.01 mM K. This suggests that water deficit could
have triggered an increase in synthesis of cyanogenic glucosides
in leaves, given that the cyanide concentration was minimal
with an irrigation dose of 60% together with 0.0l mM K and
was lowest in full-irrigated plants. The effect of reduced cassava
yields due to water deficit might also create a concentration
effect (increased cyanide per mass) to further increase cyanide
concentration (Burns et al., 2010). When the K application rate
was 16 mM the leaf and root cyanide concentration substantially
reduced, even when the irrigation dose was 30%, compared
to with lower K application rates. This observation could
be linked to the effect of K in moderating the synthesis of
the linamarase enzyme responsible for cyanogenic glucoside
production in cassava (Susan John et al., 2016). El-Sharkawy and
Cadavid (2000) also found reduced root cyanide concentration
in cassava plants that were grown with K fertilizer under
rain-fed field conditions. The increased cyanide concentration
with 32mM K fertigation, especially when the irrigation dose
was either 30 or 60%, could be associated with the reduced
content of Ca, Mg, and S—whose uptake was restricted by
32mM K. Like K, adequate uptake of Ca, Mg, Zn, and S is
beneficial for reducing cyanogenic glucosides in cassava (Susan
John et al, 2016). The harvested cassava leaves and roots
would be safe for consumption as the cyanide concentrations
were less than the FAO maximum recommended level of
50mg kg~! HCN in FW (Codex Alimentarius Commission,
2013). Cassava cultivars are classified as “sweet” when they
contain <100mg kg~! HCN in FW, or “bitter” when they
contain 100-500 mg kg’1 HCN in FW (Alves, 2002). Cyanide
concentration also varies depending on plant maturity status,
whereby young plants have lower cyanide concentration than
older plants (Wobeto et al., 2007). Consuming more than 50 to
100 mg of HCN within 24 h can cause acute toxicity, as cyanide
inhibits cytochrome oxidase in respiratory electron transport
leading to oxygen starvation at cellular level and eventual death
(Rosling, 1994).

CONCLUSIONS

Affordable technologies that improve the nutritional traits of
cassava, such as K fertigation with deficit irrigation, could
be crucial for millions of smallholder farmers in the tropics
who struggle to produce quality cassava to meet their dietary
requirements. An irrigation dose of 30% together with 0.01 mM K
lowered the nutritional quality and increased the anti-nutritional
quality of young cassava plants, whereas full irrigation with
16 mM K gave the highest nutritional quality with the least anti-
nutritional quality. However, an irrigation dose of 60% together
with 16 mM K produced a good quality yield and caused the least
reduction in nutritional quality compared to full-irrigated plants
together with 16 mM K. In addition, fertigation with 16 mM K
markedly increased the nutritional quality but reduced the anti-
nutrient quality regardless of the irrigation dose. Though these
findings were obtained under controlled conditions with pot-
grown plants, they still give a good indication that the nutritive
quality of cassava growing in drought-prone areas could be
improved by optimizing both irrigation and K application rates.
Further testing in the field with more cultivars is necessary to
develop knowledge-based K fertigation programs for cassava-
growing areas.
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