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ABSTRACT: Boron (B) is an important micronutrient for plant root growth and development. However, its benefits for cassava crops remain
unknown. We evaluated the effects of B topdressing fertilization on the root yield, biomass, and B accumulation and distribution in five
sweet cassava cultivars grown in sandy soil. A randomized block design in a 5 x 3 factorial scheme with four replicates was used. The
treatments included five sweet cassava cultivars (IAC 576-70, BRS 396, BRS 399, Palito, and Precoce) and three B rates (0, 1, and 2 kg-ha™).
BRS 399 and Precoce maintained stable biomass regardless of B application. IAC 576-70 increased whole plant and storage root biomass
with 2 kg-ha* B, while the biomass of Palito decreased at this rate. Application of 1 kg-ha* B improved storage root biomass of the BRS 396
cultivar. BRS 399 cultivar responded positively to topdressing B fertilization; Precoce was unaffected; and 2 kg-ha™ B was excessive in the
Palito cultivar. B fertilization increased B uptake only in the Palito and IAC 576-70 cultivars, and B removal was the highest in the BRS 399
and Palito cultivars. Therefore, for soils with limited B availability, it is recommended to fertilize Palito and BRS 396 cultivars with a maximum
of 1kg-ha' B, and IAC 576-70 and BRS 399 cultivars with 2 kg-ha B. These findings emphasize the need for cultivar-specific B fertilization
to optimize cassava root production.
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INTRODUCTION

Cassava (Manihot esculenta Cranz) is the sixth most important crop worldwide, ranking only behind wheat, maize, rice,
potatoes, and barley (Lebot 2009). This root crop is the main source of carbohydrates for millions of people in developing
countries (Pushpalatha and Gangadharan 2020). In percentage terms, the growth of global cassava production from 1980
to 2015 is comparable to that of maize (Pushpalatha and Gangadharan 2020). However, the cassava yield in Brazil is still
low, around 15 Mg-ha'! (IBGE 2024). Brazil’s low cassava root yield is due to several factors, including the use of low-
quality planting material and landrace cultivars, the incidence of weeds, pests, and diseases, and a lack of investment in
fertilization (Albuquerque et al. 2008, Rocha et al. 2021, Bonatti et al. 2022, Oliveira and Diamantino 2022, Saldanha et
al. 2020). Therefore, a balanced nutrient supply is one of the ways that can contribute to improving the development and
root yield of cassava crops.

Cassava crops take up large amounts of nutrients from the soil, the most important of which are nitrogen (N) and
potassium (K) (Lorenzi et al. 1981). Despite being taken up in small amounts, micronutrients are essential for crops’ proper
growth and yield. Information on the response of cassava to boron (B) fertilization is scarce. B is a fundamental element
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for root growth and elongation because it plays a structural role in cell division (Gupta and Solanki 2013). The synthesis
of carbohydrates in plants and the production of tubers are also affected by B supply (Lenka and Das 2019), with a direct
relationship between B and sugar content and their transport in the plant (Gupta 2007). For example, in sweet potatoes
and potato crops, B helps prevent tuber cracking and improves shape, color, and tuber yield (Byju et al. 2007, Gupta 2007,
Lenka and Das 2019).

B deficiency in cassava crops is most visible in growth zones such as roots, which may not develop and cause apical root
death (Hadi et al. 2023). Although cassava is tolerant to low B availability in the soil, its supply in deficient soils, even at
low rates, increases root yield and starch content (Hadi et al. 2023, Howeler 2002, Lebot 2009, Sruthi et al. 2019). Cassava
is usually grown in sandy soils (Aguiar et al. 2021), which may favor the appearance of B deficiency symptoms in plants.
Acidic soils with low organic matter concentrations, leached soils, and highly sandy soils may be deficient in this nutrient
(Fuentes-Lara et al. 2019, Gupta and Solanki 2013). Since cassava is typically grown in sandy soils, low B availability may
limit the storage root yield.

Therefore, we hypothesized that B fertilization could enhance cassava crops’ growth and root yield in B-deficient sandy
soils. Therefore, this study aimed to evaluate the effects of B topdressing fertilization on storage root yield, biomass, and B

accumulation and distribution in five sweet cassava cultivars grown in sandy soil.

MATERIAL AND METHODS
Site, soil, and climate

The trial was conducted in Ubirajara, Sdo Paulo state, Southeastern Brazil (22°30°31”S, 49°39°45”W; 484 m above sea
level) in a cassava farm of the Cooperativa Agroindustrial de Ubirajara from July 2020 to June 2021. According to the
Koppen classification system, the region’s climate is Cwa (tropical with dry winters and hot, rainy summers). The soil is
predominantly red-yellow Ultisol with a sandy-loamy texture (Rossi 2017). The maximum and minimum temperatures

and rainfall during the experiment are shown in Fig. 1.
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Figure 1. Daily rainfall (mm-day?), maximum (thick line), and minimum (thin line) temperatures in the experimental area during the period
of cassava growing in Ubirajara, SP, Brazil. The moments of planting, emergence, topdressing, diagnostic leaves sampling, and harvest are
indicated in the figure.
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Experimental design, treatments, and cultivars

The experimental design was a randomized complete block in a 5 x 3 factorial scheme with four replicates. The treatments
were represented by five sweet cassava cultivars (IAC 576-70, BRS 396, BRS 399, Palito, and Precoce) and three B rates
(0, 1, and 2 kg-ha™). Each plot consisted of four 5-m-long rows spaced 1.10 m between rows and 0.75 m between plants.
Eight plants per plot were evaluated from the two central plant rows.

The IAC 576-70 cultivar exhibits outstanding culinary qualities, including roots with yellow pulp, short cooking time,
high yield, and harvesting after nine months of the cycle (Oliveira and Moraes 2009). Similarly, the BRS 396 and BRS 399
cultivars offer high root yield, roots with yellow pulp, fast cooking, and a shorter growing cycle, with harvest from seven to
14 months (FUNDAPAM 2025). Meanwhile, the traditional landraces Precoce and Palito, cultivated by farmers of Ubirajara,
produce storage roots with yellow pulp and are harvested from nine to 14 months of cycle.

Soil tillage, cassava planting, and management

The cassava was cultivated in the experimental area during the previous growing season. Soil samples were collected from
the experimental area at 0-20 and 20-40 cm depths in June 2020 for chemical analysis following the methodology proposed
by Raij et al. (2001). The area did not receive liming because the base saturation was in the range indicated for cassava crops
under Brazilian conditions, which is 50% (Table 1) (Lorenzi et al. 1997). The soil B and organic matter concentrations were
low (B < 0.20 mg-dm; organic matter < 15 g-dm) at both depths (Raij et al. 1997, Sobral et al. 2015).

Table 1. Soil chemical characteristics in the experimental area at depths of 0-20 and 20-40 cm before cassava planting.

Soil characteristic RERINCEN)
0-20 20-40
pH (1:2.5 soil/CaCl, suspension 0.01 mol-L*) 49 4.6
Soil organic matter (g-dm3) 11.0 10.0
Presin-extractable (mg-dm) 5.0 3.0
S-S0, (mg-dm?) 30 6.0
K (mmol_-dm?) 10 0.64
Ca (mmol -dm?) 10.5 55
Mg (mmol _-dm=) 75 35
Cation exchange capacity (mmol -dm?) 32 24
Base saturation (%) 57 37
B (mg-dm?) 0.15 0.20
Cu (mg-dm?) 0.30 0.30
Fe (mg-dm=) 11.00 5.50
Mn (mg-dm?) 8.10 6.50
Zn (mg-dm) 110 0.30

The soil in the area was conventionally tilled by plowing with a disc plow (+ 20-cm deep) followed by light harrowing.
Planting fertilization was carried out with 264 kg-ha" of formulated N-P,O_-K,O 4-30-10 + 7% Ca + 3% S. Therefore,
11kg-ha' N, 79 kg-ha' P,O,, 26 kg-ha' KO, 18 kg-ha™ Ca, and 8 kg-ha™' S were applied.

Planting was mechanically performed on July 10, 2020, using a cassava planter-fertilizer (Bazuca II model from the
Planticenter company). The stems were collected from the middle third of healthy plants that were approximately 12 months
old. The planting depth was set at 10 cm. Crop emergence occurred on August 26, 2020, at 47 days after planting (DAP).
On October 15, 2020 (98 DAP and 50 days after emergence-DAE), topdressing B fertilization was conducted according to
the treatments by applying fertilizers to the soil surface approximately 10 cm from the base of the plant. Boric acid (17% B)
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was used as the source of B. During topdressing fertilization, all plots received 40 kg-ha' N, 44 kg-ha' S (ammonium sulfate,
20% N and 22% S), 60 kg-ha'' K,O (potassium chloride, 60% K,O), and 2 kg-ha™ Zn (zinc sulfate, 20% Zn and 16% S). The
quantity of fertilizer containing micronutrients per treatment was calculated and weighed, and a known amount of washed
and oven-dried sand was added to the measured volume. Subsequently, the mixture was homogenized and weighed, and
plastic bags containing the mixture (fertilizer + sand) with the appropriate fertilizer amount per 5-m-long row in each plot
were prepared. The mixture was homogenized in bags by agitation before being applied to each plot in the field.

Pest, disease, and weed control were performed according to the recommendations for crops in the region and the
criteria adopted by the grower (Vidigal Filho et al. 2022). The cassava was harvested on June 17, 2021 (342 DAP, 295 DAE).

Plant sampling and analysis

On November 14, 2020 (127 DAP, 80 DAE), leaf samples were collected by removing the blades of the 20 youngest,
fully expanded leaves (Lorenzi et al. 1997) from each plot to determine the B concentration according to the methodology
proposed by Malavolta et al. (1997).

At harvest, the final plant population was evaluated in two central 4-m-long rows of each plot to obtain the mean final
plant population. Eight plants in the two central 3-m-long rows from the useful area of each plot were removed. The plants
were separated into shoots, planted stem cuttings, and storage roots. Storage roots from all plants were counted and classified
as either marketable or unmarketable. The defect-free storage roots, measuring over 10 cm in length and exceeding 4 cm in
diameter, were classified as marketable. Subsequently, all storage roots were weighed, and the total and marketable storage
root yields were calculated by multiplying the weight per plant by the final plant population (9,466 plants-ha™!).

All plant parts (shoots, planted stem cuttings, and storage roots) were weighed separately (fresh weight), and representative
sub-samples of each plant part were separated and dried in a forced air circulation oven at 65°C for 96 hours. After drying,
the samples were weighed again (dry weight), and each plant part’s dry matter (DM) content was calculated. The amount
of biomass (dry biomass) in each plant part was calculated using data on fresh weight per plant, DM content, and final
plant population (9,466 plants-ha). Biomass accumulation in the whole plant was obtained by summing the biomass in
all plant parts.

The samples were ground in a steel mill with a 1-mm sieve and subjected to B analysis (Malavolta et al. 1997). The amount
of B accumulated in each part of the plant was obtained by multiplying the B concentration by the amount of accumulated
biomass. B uptake was calculated by summing the amount of B accumulated in each plant part, and B removal was defined
as the amount of B accumulated in the storage roots. The B use efficiency (BUE) of cassava plants was calculated as described
by Fernandes and Soratto (2013).

Data analysis

The data were subjected to an analysis of variance using the statistical software SISVAR (Ferreira 2011), and the means
of the treatments were compared using the least significant difference test (p < 0.05).
RESULTS
Boron concentration in the diagnostic leaf

Leaf B concentration was affected by the cultivar and B application rate (Table 2). The BRS 399 and BRS 396 cultivars
had the highest leaf B concentrations. In contrast, the Precoce cultivar had the lowest leaf B concentration (Fig. 2). The
Palito and IAC 576-70 cultivars showed intermediate leaf B concentrations. Topdressing B fertilization with 2 kg-ha' B

increased the leaf B concentration compared to the control, whereas treatment with 1 kg-ha! B resulted in intermediate
concentrations of this nutrient in the leaves (Fig. 2).
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Table 2. Analysis of variance (p-values) for cassava crop traits between the cultivar, boron application rate, and cultivar x boron application
rate interactions.

Source of variation

Characteristics

Cultivar (C) Boron rate (B) CxB
Leaf B concentration 0.001 0.002 NS
Shoot B concentration <0.001 <0.001 0.001
Planted stem cutting B concentration <0.001 0.001 <0.001
Storage roots B concentration <0.001 <0.001 0.020
Shoot biomass <0.001 0.013 0.021
Planted stem-cutting biomass <0.001 0.032 0.005
Storage root biomass <0.001 0.004 0.008
Whole plant biomass <0.001 NS 0.001
B uptake <0.001 0.003 <0.001
B removal <0.001 <0.001 0.046
B use efficiency <0.001 <0.001 0.006
Total storage root yield <0.001 0.043 0.002
Marketable storage root yield <0.001 NS 0.004
NS: not significant.
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Figure 2. Effects of (a) cultivar and (b) boron (B) rate on B concentration in the diagnostic leaves of five cassava cultivars. Different letters
indicate a significant difference between cultivar or B rates at p < 0.05 according to the least significant difference test.

Biomass yield and distribution, total and marketable storage root yield

The amount of biomass accumulated in different cassava plant parts was influenced by the cultivar x B application rate
interaction (Table 2). The application of 1 or 2 kg-ha' B did not alter the shoot biomass of the BRS 396 and Palito cultivars,
but it decreased the shoot biomass of the Precoce cultivar (Fig. 3a). In the IAC 576-70 and BRS 399 cultivars, shoot biomass
was the lowest at rates of 1 and 2 kg-ha! B, respectively. Overall, in the control and 1 kg-ha? B treatments, the BRS 399
cultivar showed the highest shoot biomass, whereas the BRS 396 and Palito cultivars had the lowest values. At the 2 kg-ha™!
B rate, the BRS 399 and IAC 576-70 cultivars showed the highest shoot biomass, whereas the BRS 396 cultivars showed

the lowest biomass.
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Figure 3. Cultivar x boron (B) rate interaction for biomass accumulation in the (a) shoot, (b) planted stem cutting, (c) storage roots, (d) whole
plant, (e) total fresh storage root yield, and (f) marketable fresh storage root yield of five cassava cultivars. Different lowercase letters indicate
a significant difference between cultivars in the same B rate, whereas different uppercase letters indicate a significant difference among B
rates in the same cultivar at p < 0.05 according to the least significant difference test.

Boron supply did not affect biomass accumulation in the planted stem cuttings in the Palito and IAC 576-70 cultivars,
while it increased in the BRS 399 and Precoce cultivars (Fig. 3b). In contrast, the application of 2 kg-ha' B decreased the
planted stem-cutting biomass of the BRS 396 cultivar. The planted stem-cutting biomass was lower at all B rates in the BRS
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396 cultivar. In contrast, the biomass of the other cultivars was similar, especially in the control and 1 kg-ha! B treatments.
At the highest B application rate, the Precoce cultivar accumulated more biomass in planted stem cuttings than the BRS
396, Palito, and IAC 576-70 cultivars.

B supply did not affect the storage root biomass of BRS 399 and Precoce cultivars (Fig. 3c). The application of 1 kg-ha' B
increased the storage root biomass of the BRS 396 cultivar, and the highest B application rate increased the storage root
biomass of the IAC 576-70 cultivar compared with that of the control. The BRS 396 cultivar showed the lowest storage
root biomass accumulation at all B application rates. In the control treatment, storage root biomass did not differ among the
BRS 399, Palito, Precoce, and IAC 576-70 cultivars. Palito and IAC 576-70 cultivars had the highest storage root biomass
at 1 and 2 kg-ha™' B rates, respectively.

The whole-plant biomass of the BRS 399 and Precoce cultivars was not affected by the B application rates (Fig. 3d).
The application of 2 kg-ha” B increased the plant biomass of the IAC 576-70 cultivar and decreased the plant biomass of
the BRS 396 cultivar compared with the B rate of 1 kg.ha'. Applying 1 kg-ha' B increased the whole-plant biomass of the
Palito cultivar. In general, the plant biomass of the BRS 399, Precoce, and IAC 576-70 cultivars did not differ from the
control treatment and was greater than that of the BRS 396 cultivar. The BRS 399 and Palito cultivars showed the highest
whole-plant biomass at the rate of 1 kg-ha™ B. However, the plants with the highest biomass at the rate of 2 kg-ha' B were
from the IAC 576-70 cultivar.

The total and marketable fresh storage root yields were affected by the cultivar x B rate interaction (Table 2). B application
did not change the total and marketable fresh storage root yields in the BRS 396 and Precoce cultivars (Fig. 3e and 3f). In the
Palito cultivar, a B application rate of 1 kg-ha™! significantly increased the total fresh storage root yield without significantly
altering the marketable storage root yield. Conversely, higher B application rates (2 kg-ha™) reduced this cultivar’s total
and marketable storage root yields. In general, the highest total and marketable root yields in the BRS 399 and IAC 576-70
cultivars occurred at the 2 kg-ha' B rate. In the control and 1 kg-ha B treatments, the total and marketable root yields
of the Palito and BRS 399 cultivars were higher than those of the other cultivars. However, at the highest B rate, only the
BRS 399 cultivar showed superior yields compared to the other cultivars. Overall, the lowest fresh storage root yields were
observed in the BRS 396 cultivar, especially in the control and at the highest B application rate.

Boron concentration, uptake, removal, and use efficiency

The B concentration in the plant parts was affected by the cultivar x B application rate interaction (Table 2). Application
of 1 or 2 kg-ha! B increased the B concentration in the shoots only in the Palito and IAC 576-70 cultivars (Fig. 4a). In the
control, B concentrations in the shoots of the BRS 399 cultivar were higher than those in the shoots of the BRS 396 and
Precoce cultivars. However, at the 1 kg-ha' B rate, Palito showed higher B concentrations in the shoots, whereas at the
2 kg-ha! B rate both Palito and IAC 576-70 cultivars showed the highest B concentrations in the plant shoots.

The application of B increased the B concentration only in the planted stem cuttings of the Palito and Precoce cultivars
(Fig. 4b). Overall, in the control treatment, B concentrations in the planted stem cuttings were higher in the Precoce
and IAC 576-70 cultivars, but, at the rate of 1 kg-ha™', the highest B concentrations were observed in the Palito, Precoce, and
IAC 576-70 cultivars. At the highest B application rate (2 kg-ha™), the planted stem cuttings of the Palito cultivar showed
higher B concentrations than the other cultivars.

The supply of B increased its concentration in storage roots only in the BRS 399, Palito, and Precoce cultivars (Fig. 4c).
The B concentrations in the storage roots of the BRS 399, BRS 396, and Palito cultivars did not differ in the control treatment
and were higher than those in the other cultivars. In general, at the rates of 1 and 2 kg-ha B, the B concentration in the
storage roots of the BRS 399 and Palito cultivars was higher than that in the other cultivars.

The amount of B taken up and removed, as well as the B-use efficiency of cassava, was affected by the cultivar x B rate
interaction (Table 2). B fertilization did not increase B uptake in BRS 396 and Precoce cultivars (Fig. 4d). However, the
application of 2 kg-ha' B decreased B uptake by the BRS 399 cultivar compared to the application of 1 kg-ha! B, but without
differ from the control. The application of 2 kg-ha B increased the amount of B taken up by the Palito and IAC 576-70
cultivars. IAC 576-70 cultivar took up the highest amount of B in the treatment fertilized with 2 kg-ha™ B. The BRS 396
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cultivar took up the lowest amount of B regardless of B fertilization. The Palito and Precoce cultivars took up intermediate
amounts of B compared to the IAC 576-70 cultivar at the rate of 2 kg-ha™', the BRS 399 cultivar at rates of 0 and 1 kg-ha™!,
and the BRS 396 cultivar across B rates.
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Figure 4. Cultivar x boron (B) rate interaction for B concentration in the (a) shoot, (b) planted stem cutting, and (c) storage roots, (d) B uptake,
(e) Bremoval, and (f) B use efficiency for biomass yield in five cassava cultivars. Different lowercase letters indicate a significant difference
between cultivars in the same B rate, whereas different uppercase letters indicate a significant difference among B rates in the same cultivar
at p < 0.05 according to the least significant difference test.
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Only the BRS 399 and Palito cultivars exhibited increased B removal in response to B fertilization (Fig. 4e). In the control
and 2 kg-ha' B treatments, B removal by the BRS 399 and Palito cultivars was higher than that by the other cultivars. At
the rate of 1 kg-ha™! B, B removal by the Palito cultivar exceeded that of the other cultivars. The lowest B removal occurred
in the Precoce cultivar when 1 or 2 kg-ha! B was applied.

The increase in B application did not alter the BUE of BRS 399, BRS 396, and Precoce cultivars. However, in the Palito
and IAC 576-70 cultivars, there was reduction in BUE with the application of the highest B rates (Fig. 4f). The highest BUE
at all B rates occurred in the Precoce cultivar. In contrast, the BRS 399 cultivar showed the lowest BUE at 0 and 1 kg-ha™ B
rates. The lowest BUE at the highest B application rate was observed in the BRS 399, Palito, and IAC 576-70 cultivars.

DISCUSSION

Evaluating the nutrient concentration in the diagnostic leaves allowed us to determine whether the amount of
nutrients supplied through fertilization was sufficient to adequately nourish the plants. Although B concentrations in
the leaves of the Palito, Precoce, and IAC 576-70 cultivars were lower than those in the BRS 399 and BRS 396 cultivars,
only the leaf B concentration range in the Precoce cultivar was considered adequate for cassava (15-50 mg-kg™; Feltran
et al. 2022). In the other cultivars, leaf B concentrations were above the adequate range. However, no visual symptoms
of B toxicity were observed in any cultivar throughout the developmental cycle. Even with low B availability in the soil
(< 0.20 mg-dm™; Raij et al. 1997), the leaf B concentrations were considered adequate for the crop, and it was necessary
to apply 2 kg-ha' B to increase the leaf B concentrations by 14%. This may indicate that cassava is tolerant to low B
availability in the soil (Aprianti et al. 2022), as deficiencies are uncommon in the field (Howeler et al. 1982). This suggests
that the leaf B concentration range for cassava must be updated. Howeler et al. (1982) linked symptoms of B deficiency in
cassava with leaf concentrations below 30 mg-kg” B and toxicity symptoms with leaf concentrations above 100 mg-kg" B.
Furthermore, variations in leaf nutrient concentrations have been observed in the literature and the present study (Burns
et al. 2012, Imakumbili et al. 2020).

In the present study, biomass accumulation in cassava plants was affected differently by B topdressing fertilization in the
cultivars (Table 2). The BRS 399 and Precoce cultivars maintained the whole plant, and storage root biomass accumulation
unchanged regardless of B supply. The B supply did not alter the BUE of these cultivars either, indicating that biomass
production per unit of B taken up did not change with increased nutrient availability.

In contrast, the whole plant and storage root biomass of IAC 576-70 were greater when 2 kg-ha! B was applied, indicating
that this cultivar was more responsive to B topdressing fertilization than cultivars Palito and BRS 396. B plays a role in cell
division and promotes shoot development and root elongation (Dear and Weir 2004). Therefore, if a cultivar has a high
demand for B, an adequate supply is essential to increase root development. The whole plant and storage root biomass
of the Palito cultivar was unaltered by applying 2 kg-ha B, but increased under the 1 kg-ha™ B supply. This showed that
increasing the B supply beyond 1 kg-ha' did not enhance biomass production in the Palito cultivar. Being a landrace, the
Palito cultivar may lack the genetic adaptations necessary to effectively demand by high B supply, resulting in a limited
response to fertilization. A higher B supply in the Palito cultivar reduced the BUE without increasing plant growth
(Figs. 3¢, 3d, and 4f). Forno et al. (1979) also found that high B supply reduced the growth of cassava plants, with an effect
related to lower shoot biomass production.

In the BRS 396 cultivar, only 1 kg-ha' B was sufficient to increase storage root biomass, indicating a lower B
requirement, despite being a cultivar considered to be a shorter cycle (FUNDAPAM 2025). Other studies have shown
that the B supply is crucial for increasing cassava plant biomass (Forno et al. 1979), but our results indicated that the
demand for B can vary across cultivars. For example, despite showing the highest BUEs under all three B availability
conditions, the Precoce cultivar did not accumulate the most biomass or have the highest fresh storage root yield.
The lower production of plant biomass or fresh storage roots may be because this cultivar has not been genetically

improved for these traits.
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Despite the growth being altered by the B application, there was no increase in B uptake in the BRS 396, Precoce,
and BRS 399 cultivars in response to the B application. Generally, the amounts of B taken up by cassava plants ranged
from 75.8 to 249.3 g-ha™'. B uptake values between 157.4 and 430.8 g-ha™' were observed by Parry et al. (2005) in different
planting seasons and residual fertilization treatments. Other studies have indicated that the nutrient uptake rate increases
with B fertilization (Aprianti et al. 2022), but we observed this only in some cultivars. For example, in the Palito and
IAC 576-70 cultivars, the application of B increased its uptake by plants. At the highest B application rate, the IAC 576-70
cultivar took up more B than the other cultivars. However, under a low B supply, the BRS 399 cultivar showed the highest
B uptake.

Therefore, the lack of growth response in the BRS 399 cultivar to B application may be related to its greater capacity for
B uptake under deficient soil conditions, as it did not show the highest B-use efficiencies. The mineralization of organic
matter may have contributed to the B supply for cassava cultivars because organic matter can be a significant source of B
for plants in soils with low B availability (Bell et al. 2002).

In this study, this contribution may have been high despite the low initial soil organic matter concentration (< 15 g-dm™;
Sobral et al. 2015) (Table 1). Organic matter can bind up to 8.6% of the total soil B concentration (Fontes et al. 2001). Thus,
organic matter decomposition in 40 cm of topsoil, where 63.6% of the absorbent cassava roots are concentrated (Souza
et al. 2006), could release up to 0.9 mg-dm™ B. This potential for B release may have partially supplied the demand for B in
cassava crops, reducing its response to B fertilization.

The BRS 399 cultivar showed a fresh storage root yield similar to that of the Palito cultivar at the lowest B supply
rates, but greater than that of the Precoce cultivar at all B supply rates. Furthermore, when the highest B application rate
(2 kg-ha'') was applied, the marketable storage root yield of the BRS 399 cultivar was higher than that of the other cultivars.
This response may be related to the shorter cycle of this cultivar (FUNDAPAM 2025). Each cultivar’s genetic traits lead to
different storage root yield levels (Fuhrmann et al. 2019, Mendonga et al. 2020). However, in this study the cultivars respond
differently to B supply in B-deficient soils, probably due to differences in the growth cycle and volume of soil exploration
by the absorbent root system, capable of absorbing the mineralized B from soil organic matter. For example, in the BRS 396
and Precoce cultivars, B topdressing fertilization did not increase the marketable storage root yield.

In contrast, in the Palito cultivar, a high B supply reduced the marketable storage root yield. These results indicated
that the BRS 399 cultivar was more responsive to topdressing B fertilization regarding fresh storage root yield. The Precoce
cultivar did not respond to B supply, and the rate of 2 kg-ha! B was excessive for the storage root yield of the Palito cultivar.
However, at this rate, it took up the same amount of B at the rate of 1 kg-ha, which significantly improved the storage
root yield; this indicates that, although a higher B application rate did not increase B uptake, it decreased BUE and was
excessive for the storage root yield of the Palito cultivar. Howeler et al. (1982) achieved a storage root yield of 60 Mg-ha™*
with the application of 1 kg-ha! B, but in a study carried out by Hadi et al. (2023) storage root yield of 10 cassava genotypes
increased only up to a rate of 0.79 kg-ha™ B and decreased at higher B rates, i.e., results similar in part to those obtained
for the Palito cultivar in this study.

Nutrient removal depends on storage root yield levels, dry matter content of the storage roots, and soil fertility (Howeler
1991), which are reflected in the nutrient concentrations in the plant parts. B removal increased with topdressing fertilization
only in the BRS 399 and Palito cultivars, which consistently removed more B than the BRS 396, Precoce, and IAC 576-70
cultivars across all B rates. The increased B removal in the BRS 399 cultivar resulted from increased root B concentration
and yield. In contrast, in the Palito cultivar, an increase in root B concentration had a greater effect on B removal. Forno
et al. (1979) observed an increase in B removal in response to increased B application rates in cassava crops, as it was
verified in the present study for some cultivars. Generally, B concentrations in cassava storage roots are lower than those
in the shoots under conditions of low B supply. However, under high B supply, storage root B concentrations can increase
and become higher than those in plant shoots (Forno et al. 1979). In this study, B removal ranged from 17.5 to 92 g-ha™!
depending on the cultivar and B fertilization rate applied, i.e., values lower than the mean values of 132.6 and 134.2 g-ha™!
obtained by Parry et al. (2005) for the Olho Verde cultivar.
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CONCLUSION

BRS 399 and Precoce cultivars maintained stable biomass regardless of B supply. IAC 576-70 cultivar increased storage
root and plant biomass with 2 kg-ha™! B, while the biomass of Palito cultivar decreased at this rate. Root biomass of BRS
396 cultivar improved with 1 kg-ha! B.

BRS 399 cultivar responded positively to B topdressing, Precoce remained unaffected, and Palito was negatively impacted
by 2 kg-ha" B. B uptake increased significantly by B supply only in the Palito and IAC 576-70 cultivars. B removal was the
highest in the BRS 399 and Palito cultivars driven by increases in root yield or B concentration in the storage roots.

This study highlighted significant cultivar-specific variation in B uptake (75.8 to 249.3 g-ha!) and removal (17.5 to
92 g-ha'). Therefore, for soils with limited B availability, it is recommended to fertilize Palito and BRS 396 cultivars with
a maximum of 1 kg-ha' B, and IAC 576-70 and BRS 399 cultivars with 2 kg-ha! B. These findings emphasize the need for

cultivar-specific B fertilization to optimize cassava root production.

CONFLICT OF INTEREST

Nothing to declare.

AUTHORS’ CONTRIBUTION

Conceptualization: Piroli, V. L. B. and Fernandes, A. M.; Methodology: Piroli, V. L. B, Silva, R. M., Guedes, P. T. P,
Figueiredo, R. T. and Rodrigues, E. E.; Investigation: Silva, R. M., Guedes, P. T. P. and Figueiredo, R. T.; Writing — Original
Draft: Piroli, V. L. B. and Rodrigues, F. E.; Writing - Review and Editing: Fernandes, A. M. and Piroli, V. L. B.; Supervision:
Fernandes, A. M.; Final approval: Fernandes, A. M.

DATA AVAILABILITY STATEMENT

Data will be made available on request.

FUNDING

Coordenagio de Aperfeicoamento de Pessoal de Nivel Superior rr

Finance code 001

Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico ror
Grant No.: 303149/2020-5

ACKNOWLEDGMENTS

The authors would like to thank the Coordination for the Improvement of Higher Education Personnel

for providing a scholarship to the first author, and the National Council for Scientific and Technological Development for

Bragantia, Campinas, 84, 20240145, 2025 11


https://creativecommons.org/licenses/by/4.0/deed.en
https://ror.org/00x0ma614
https://ror.org/03swz6y49

V.L.B.Pirolietal.

providing an award for excellence in research to the second author. We would also like to thank the Cooperativa

Agroindustrial de Ubirajara, which provided access to its fields for this study.

REFERENCES

Aguiar, E. B.,Schleder, E. J. D., Brito, V. H. S. and Aguena, F. A. F. (2021). Plantio direto na cultura da mandioca. Uniciéncias, 25, 2-9. https://
doi.org/10.17921/1415-5141.2021v25n1p02-09

Albuquerque, J. A. A, Sediyama, T, Silva, A. A., Carneiro, J. E. S., Cecon, P.R. and Alves, J. M. A. (2008). Interferéncia de plantas daninhas
sobre a produtividade da mandioca (Manihot esculenta). Planta Daninha, 26, 279-289. https://doi.org/10.1590/S0100-83582008000200004

Aprianti, R., Azizah, |. F,, Ulinuhayani, M. and Setia Permana, N. H. (2022). The effect of boron fertilizer treatment and planting distance
on cassava plant productivity (Manihot esculenta Crantz). International Journal of Innovative Science and Research Technology, 7, 2068-
2076. https://doi.org/10.5281/zenodo.7577956

Bell, R. W,, Dell, B. and Huang, L. (2002). Boron requirements of plants. In H. E. Goldbach, P. H. Brown, B. Rerkasem, M. Thellier, M. A.
Wimmer and R. W. Bell (Eds.). Boron in plant and animal nutrition (p. 63-85). Boston: Springer. https://doi.org/10.1007/978*-4615-0607-2_7

Bonatti, A. A, Castilho, C. and Gheller, J. A. (2022). Produtividade da mandioca submetida a doses de adubacao fosfatada. Cultivando
o Saber, 15, 20-27.

Burns, A.E., Roslyn M. G., Zacarias, A. M., Constantino E. C., Miller R. E. and Cavagnaro, T. R. (2012). Variations in the chemical composition
of cassava (Manihot esculenta Crantz) leaves and roots as affected by genotypic and environmental variation. Journal of Agricultural
and Food Chemistry, 60, 4946-4956. https://doi.org/10.1021/jf2047288

Byju, G., Nedunchezhiyan, M. and Naskar, S. K. (2007). Sweet potato response to boron application on an alfisols in the subhumid
tropical climate of India. Communications in Soil Science and Plant Analysis, 38, 2347-2356. https://doi.org/10.1080/00103620701588460

Dear, B. and Weir, R. (2004). Boron deficiency in pastures and field crops. In A. T. Munroe (Ed.), AgFacts. NSW Agriculture (p. 1-8). New
South Wales: Agfacts.

Feltran, J. C., Peressin, V. A., Granja, N. P, Silva Filho, H. M., Lorenzi, J. O., Fernandes, A. M., Factor, T. L., Ros, A. B. and Aguiar, E. B. (2022).
Raizes e Tubérculo. In H. Cantarella, J. Quaggio, D. Mattos Jr., R. M. Boaretto and B. van Raij (Eds.). Recomendag¢des de adubacao e

calagem para o estado de Sao Paulo (p. 314-317). Boletim 100. Campinas: Instituto Agronémico.
Fernandes, A. M. and Soratto, R. P. (2013). Absorption and nutrients use efficiency by potato cultivars. Journal of Biosciences, 29, 91-100.

Ferreira, D. F. (2011). Sisvar: A Computer Statistical Analysis System. Ciéncia e Agrotecnologia, 35, 1039-1042. https://doi.org/10.1590/
$1413-70542011000600001

Fontes, R.L.F., Abreu, C. A.and Abreu, M. F. (2001). Disponibilidade e avaliagdo de elementos anionicos. In M. E. Ferreira, M. C. P. Cruz,
B.van Raijand C. A. Abreu (Eds.), Micronutrientes e elementos toxicos na agricultura (p. 187-212). Jaboticabal: CNPq/FAPESP/POTAFOS.

Forno, D. A., Asher, C. J. and Edwards, D. G. (1979). Boron nutrition of cassava, and the boron x temperature interaction. Field Crops
Research, 2, 265-279. https://doi.org/10.1016/0378-4290(79)90028-5

Fuentes-Lara, L. O., Medrano-Mac, J., Pérez-Labrada, F., Nohem, E., Garcia-Enciso, E. L., Gonzalez-Morales, S., Juarez-Maldonado,
A., Rincdn-Sanchez, F. and Benavides-Mendoza. A. (2019). From elemental sulfur to hydrogen sulfide in agricultural soils and plants.
Molecules, 24, 2282. https://doi.org/10.3390/molecules24122282

Fuhrmann, E., Vieira, E. A., Fialho, J. F,, Faleiro, F. G. and Carvalho, L. J. C. B. (2019). Agronomic performance and biochemical attributes
of yellow-pulped elite sweet cassava clones. Cientifica, 47, 77-82. https://doi.org/10.15361/1984-5529.2019v47n1p77-82

(c)_®
12 Bragantia, Campinas, 84, 20240145, 2025 @ 5y


https://creativecommons.org/licenses/by/4.0/deed.en
https://doi.org/10.17921/1415-5141.2021v25n1p02-09
https://doi.org/10.17921/1415-5141.2021v25n1p02-09
https://doi.org/10.1590/S0100-83582008000200004
https://doi.org/10.5281/zenodo.7577956
https://doi.org/10.1007/978-1-4615-0607-2_7
https://doi.org/10.1021/jf2047288
https://doi.org/10.1080/00103620701588460
https://doi.org/10.1590/S1413-70542011000600001
https://doi.org/10.1590/S1413-70542011000600001
https://doi.org/10.1016/0378-4290(79)90028-5
https://doi.org/10.3390/molecules24122282
https://doi.org/10.15361/1984-5529.2019v47n1p77-82

Boron fertilization in sweet cassava cultivars

[FUNDAPAM] Fundacao de Apoio a Pesquisa Agropecuaria e Ambiental (2025). Tecnologias relacionadas a cultura da mandioca sdo
expostas na Tecnofam. Campo Grande: FUNDAPAM. Available at: https://fundapam.com.br/noticias/tecnologias-relacionadas-a-
cultura-da-mandioca-sao-expostas-na-tecnofam/. Accessed on: March 3, 2025.

Gupta, U. C. (2007). Boron. In A. V. Barkerand D. J. Pilbeam (Eds.), Handbook of plant nutrition (p. 241-278). Boca Raton: Taylor & Francis.
Gupta, U. C. and Solanki, H. A. (2013). Impact of boron deficiency on plant growth. International Journal of Bioassays, 2, 1048-1050.

Hadi, M. S., Hidayat, R. and Setiawan, S. K. (2023). Can boron application increase the starch content in cassava roots? IOP Conference
Series: Earth and Environmental Science, 1208, 012031. https://doi.org/10.1088/1755%315/1208/1/012031

Howeler, R. H. (1991). Long-term effect of cassava cultivation on soil productivity. Field Crops Research, 26, 1-18. https://doi.
0rg/10.1016/0378-4290(91)90053-X

Howeler, R. H. (2002). Cassava mineral nutrition and fertilization. In R. J. Hollocks, J. M. Thresh and A. C. Bellotti (Eds.), Cassava: biology,
production and utilization (p. 115-148). Kent: Cabi Europe.

Howeler, R. H., Edwards, D. G. and Asher, C. J. (1982). Micronutrient deficiencies and toxicities of cassava plants growth in nutrient
solutions. | Critical tissue concentrations. Journal of Plant Nutrition, 5, 1059-1076. https://doi.org/10.1080/01904168209363038

[IBGE] Brazilian Institute of Geography and Statistics (2024). LSPA - Systematic Survey of Agricultural Production. Brasilia: IBGE. Available
at: https://www.ibge.gov.br/estatisticas/economicas/agricultura-e-pecuaria/9201-levantamento-sistematico-da-producao-agricola.
html. Accessed on: March 3, 2025.

Imakumbili, M. L. E., Semu, E., Semoka, J. M. R., Abass, A. and Mkamilo, G. (2020). Plant tissue analysis as a tool for predicting fertiliser
needs for low cyanogenic glucoside levels in cassava roots: An assessment of its possible use. PLoS One, 15, e0228641. https://doi.
org/10.1371/journal.pone.0228641

Lebot, V. (2009). Tropical root and tuber crops cassava, sweet potato, yams and aroids. London: Cabi Europe.

Lenka, B.and Das, S. K. (2019). Effect of boron and zinc application on growth and productivity of potato (Solanum tuberosum) at alluvial
soil (Entisols) of India. Indian Journal of Agronomy, 64, 129-137. https://doi.org/10.59797/ija.v64i1.56245

Lorenzi, J. O., Gallo, J. R. and Malavolta, E. (1981). Acumulagdo de matéria seca e macronutrientes por duas cultivares de mandioca.
Bragantia, 40, 145-156. https://doi.org/10.1590/S0006-87051981000100014

Lorenzi, J. O., Monteiro, P. A., Miranda Filho, H. S. and Raij, Bernardo. V. (1997). Roots and tubers. In B. Van Raij, H. Cantarella, J. A.
Quaggio and A. M. C. Furlani (Eds.), recomendac¢ao de adubagao e calagem para o estado de Sao Paulo (p. 221-229). Campinas:
Instituto Agronémico.

Malavolta, E., Vitti, G. C. and Oliveira, S. A. (1997). Avaliagao do estado nutricional das plantas: principios e aplicagdes. Piracicaba: Portafos.

Mendonca, R. M. de, Vieira, E. A. Fialho, J. F. de, Ribeiro, M. R., Sene, J. C. S., Paiva, W. M. and Malaquias, J. V. (2020). Agronomic
performance of sweet cassava cultivars. Horticultura Brasileira, 38, 434-438. https://doi.org/10.1590/s0102-0536202004015

Oliveira, M. A. and Moraes, P. S. B. (2009). Caracteristicas fisico-quimicas, cozimento e produtividade de mandioca cultivar IAC 576-70
em diferentes épocas de colheita. Ciéncia e Agrotecnologia, 33, 837-843. https://doi.org/10.1590/51413-70542009000300024

Oliveira, S. A. S. and Diamantino, M. S. A. S. (2020). Manejo de pragas. In P. S. Vidigal Filho, A. H. T. Ortiz, M. G. Pequeno and A. Borém
(Eds.), Mandioca: do plantio a colheita (p. 223-242). Sdo Paulo: Oficina de Textos.

Parry, M. M., Carvalho, J. G., Kato, M. S. A. and Vielhauer, K. (2005). Estado nutricional da mandioca cultivada em diferentes épocas sob
cobertura morta e duas adubacdes. Revista de Ciéncias Agrarias, 43, 91-114.

Pushpalatha, R. and Gangadharan, B. (2020). Is cassava (Manihot esculenta Crantz) a climate “smart” crop? a review in the context of
bridging future food demand gap. Tropical Plant Biology, 13, 201-211. https://doi.org/10.1007/s12042-020-09255-2

e
&Y Bragantia, Campinas, 84, 20240145, 2025 13


https://creativecommons.org/licenses/by/4.0/deed.en
https://fundapam.com.br/noticias/tecnologias-relacionadas-a-cultura-da-mandioca-sao-expostas-na-tecnofam/
https://fundapam.com.br/noticias/tecnologias-relacionadas-a-cultura-da-mandioca-sao-expostas-na-tecnofam/
https://doi.org/10.1088/1755-1315/1208/1/012031
https://doi.org/10.1016/0378-4290(91)90053-X
https://doi.org/10.1016/0378-4290(91)90053-X
https://doi.org/10.1080/01904168209363038
https://www.ibge.gov.br/estatisticas/economicas/agricultura-e-pecuaria/9201-levantamento-sistematico-da-producao-agricola.html
https://www.ibge.gov.br/estatisticas/economicas/agricultura-e-pecuaria/9201-levantamento-sistematico-da-producao-agricola.html
https://doi.org/10.1371/journal.pone.0228641
https://doi.org/10.1371/journal.pone.0228641
https://doi.org/10.59797/ija.v64i1.5245
https://doi.org/10.1590/S0006-87051981000100014
https://doi.org/10.1590/s0102-0536202004015
https://doi.org/10.1590/S1413-70542009000300024
https://doi.org/10.1007/s12042-020-09255-2

V.L.B.Pirolietal.

Raij, B. Van, Andrade, J. C., Cantarella, H. and Quaggio, J. A. (2001). Analise quimica para avaliacao da fertilidade de solos tropicais.
Campinas: Instituto Agronémico.

Raij, B. Van, Cantarella, H., Quaggio, J. A. and Furlani, A. M. C. (1997). Recomendac¢ao de adubacao e calagem para o estado de Sao
Paulo. Campinas: Instituto Agrondémico.

Rocha, H. S,, Silveira, H. F,, Souza, A. S., Oliveira, S. A. S., Oliveira, E. J., Souza, B. D. L., Gongalves, H. A., Pacheco Janior, R. G., Aimeida,
N. M. and Lima, S. A. (2021). Miniestacas de mandioca: nova alternativa de material de plantio. Cruz das Almas: Embrapa Mandioca e
Fruticultura.

Rossi, M. (2017). Mapa pedolégico do Estado de Sdo Paulo: revisado e ampliado (Com mapas). Sdo Paulo: Instituto Florestal.

Saldanha, A. V., Carvalho, R. M. R. and Gontijo, L. M. (2020). Manejo de pragas. In P. S. Vidigal Filho, A. H. T. Ortiz, M. G. Pequeno, and
A. Borém. (Eds.), Mandioca: do plantio a colheita (p. 205-222). Sdo Paulo: Oficina de Textos.

Sobral, L. F, Barretto, M. C. V., Silva, A. J, and Anjos, J. L. (2015). Guia pratico para interpretacao de resultados de analises de solo.
Aracaju: Embrapa Tabuleiros Costeiros.

Souza, L. D, Souza, L. S. and Gomes, J. C. (2006). Exigéncias edaficas da cultura da mandioca. In L. S. Souza, A. R. N. Farias, P. L. P.
Mattos, and W. M. G. Fukuda (Eds.), Aspectos socioeconémicos e agrondmicos da mandioca (p. 170-214). Cruz das Almas: Embrapa
Mandioca e Fruticultura Tropical.

Sruthi, T. R., Nooruniza, N., Susan John, K., Sreekumar, J. and Sheela, M. N. (2019). Influence of nutrients and nutrient use efficient
genotypes on tuber and leaf cyanogen and tuber starch in cassava. Journal of Root Crop, 45, 3-11.

Vidigal Filho, P. S., Ortiz, A. H. T., Pequeno, M. G. and Borém, A. (2022). Mandioca: do plantio a colheita. Sdo Paulo: Oficina de Textos.

14 Bragantia, Campinas, 84, 20240145, 2025 —@ oy


https://creativecommons.org/licenses/by/4.0/deed.en

