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ABSTRACT: Phosphorus (P) is one of the most important nutrients for plant growth. In
cassava, P promotes plant growth and alters the synthesis and accumulation of starch
in the storage roots. This study aimed to understand the dynamics of the accumulation
and distribution of biomass, P, and starch in cassava plants fertilized with or without P
during long growth cycles. A randomized block design with a split-plot scheme and four
replicates was used. Plots were represented by the application of 0 (zero) or 70 kg ha
P, and the subplots were represented by 12 plant-harvesting times in a 21-month cycle
(1,2,3,5,7,9,11, 13,15, 17, 19, and 21 months). During the first vegetative cycle, P
uptake by plants was high; during the second vegetative cycle, P allocation to the roots
was greater than P uptake from the soil. Phosphorus supply promoted a late increase
of 19-23 % in starch accumulation in cassava plants. Storage roots were stronger sinks
for starch than stems during the first vegetative cycle; however, the contribution of
stems increased during the second vegetative cycle. Unfertilized plants consumed more
storage root starch reserves to maintain shoot regrowth at the beginning of the second
vegetative cycle. Supply of P to cassava is a fundamental management practice for
increasing starch accumulation in storage roots harvested with long vegetative cycles.
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INTRODUCTION

Cassava (Manihot esculenta Crantz.) is an important carbohydrate source and a
staple food for millions of people in tropical and subtropical regions (Pushpalatha and
Gangadharan, 2020). Cassava is a perennial crop that undergoes alternating periods
of vegetative growth, synthesis, starch accumulation in storage roots, and dormancy
(Sagrilo et al., 2008; Alves et al., 2022). In the south-central region of Brazil, cassava
cultivars grown for industrial processing are normally harvested over a long cycle
(16-24 months) after two periods of vegetative growth to obtain a better yield and
quality of roots, flour, and starch (Mota et al., 2020; Gazola et al., 2022). During plant
development, high production of dry matter and high accumulation of starch in the
storage roots is important.

Phosphorus (P) is not the most taken up nutrient by cassava crops (Lorenzi et al.,
1981; Howeler and Cadavid, 1983); however, it participates in the enzymes involved
in starch synthesis, is part of the structure of starch, and is linked to amylopectin in
the form of a phosphate ester (Nielsen et al., 1994). Therefore, P fertilizer application
is necessary to increase cassava root yield (Cavallari et al., 2021; Pefia-Venegas et
al., 2021). Thus, adequate P supply promotes plant growth (Rosa et al., 2021) and
stimulates root storage and starch production.

Cassava response to P supply depends on the initial P availability in the soil, cultivar,
and the soil native mycorrhizal population. In soils with low P availability, P supply is
extremely important for increasing storage root yield (Perin et al., 1983; Gomes, 1987;
Fidalski, 1999; Rosa et al., 2021). However, when soil P concentration is above a critical
level, the response of cassava to P application is normally absent (Nguyen et al., 2002;
Gomes and Silva, 2006). Cassava response to P supply may also be low, depending
on the population of native arbuscular mycorrhizal fungi (AMF) in the soil (Omondi
et al., 2019) and the cassava genotype (Pellet and El-Sharkawy, 1993a; Omondi et
al., 2019). Native AMFs are responsible for approximately 86 % of the P taken up by
cassava crops (Cavallari et al., 2021).

Therefore, long-cycle cassava may have a greater demand for P at a later stage of
the cycle to sustain starch production during the second vegetative cycle, because P
is involved in the synthesis of this carbohydrate (Taiz and Zeiger, 2013). Studies have
shown the benefits of phosphate fertilization on root yield (Sieverding and Howeler,
1985; Pellet and El-Sharkawy, 1993a,b; Rosa et al., 2021; Silveira et al., 2023) and
root starch content of cassava, but most studies have been limited to studying the
effects of P on starch production during the first vegetative cycle of cassava (Alves et
al., 2002; Burgos and Cendz, 2012; Cuvaca et al., 2015; Silveira et al., 2021). Cassava
genotypes with a higher density of thin and long absorbent roots have a greater P
uptake capacity from the soil (Pellet and El-Sharkawy, 1993a). However, improvements
in starch synthesis and accumulation in cassava roots in response to P supply may
vary according to the genotype used (Silveira et al., 2021). The cultivar IAC 14 has
good productive performance in field environments and is mainly recommended for
cultivation in low-fertility soils (Sagrilo et al., 2007). However, there are doubts about
whether P supply can be an efficient management alternative to increase the starch
yield of this cultivar in late harvests with two vegetative cycles, as information on
the dynamics of biomass and starch accumulation in IAC 14 plants is scarce. Thus,
we hypothesized that P supply could alter the growth and distribution of dry matter
(DM) and starch among plant parts of cassava harvested over a long cycle. This study
aimed to evaluate the effects of P supply on the accumulation and distribution of DM,
phosphorus, and starch in cassava for industrial use during long harvest periods.
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MATERIALS AND METHODS

Location, soil, and climate

A field experiment was carried out between 2015 and 2017 at the experimental farm
of the College of Agricultural Science at Sao Paulo State University (FCA/UNESP) in the
municipality of Sdo Manuel-SP. The farm is located at 22° 77’ S; 48° 57" W, and 740 m
above sea level. The soil in the experimental area was Latossolo Vermelho Distroférrico
(Santos et al., 2018), which corresponds to Hapludox (Soil Survey Staff, 2014). According
to the Kdppen classification system, the climate in the area is classified as Cfa type.
Corn was cultivated in the area during the autumn and winter of 2015. Maximum and
minimum temperatures and precipitation during the experiment are shown in figure 1.

Experimental design and treatments

The experimental design used randomized blocks in a split-plot scheme with four replicates.
Plots were supplied with 0 or 70 kg ha! P at planting. Subplots consisted of 11 plant
sampling times: 2, 3,5, 7, 9, 11, 13, 15, 17, 19, and 21 months after planting (MAP).
Each plot consisted of eight 8 m-long rows, with a spacing of 1.20 m between rows and
0.80 m between plants. Each subplot was represented by useful plants in the center and
adjacent plants that were not sampled. Six plants per subplot were harvested during
the first two sampling periods to obtain sufficient material for analysis. After the third
sampling period, the number of sampled plants per subplot was reduced to two, following
the methodology used in other studies (Howeler and Cadavid, 1983; Alves et al., 2022;
Silveira et al., 2023). This occurred because the plants were tall and big, which made
harvesting very difficult and time-consuming, requiring a lot of labor. The borders were
not harvested in subsequent samplings.

200 B Rainfall r 45

E —— Minimum temperature FH F 40
— Maximum temperature 1

30

i

ONDJ FMAM] ) ASONDJ FMAM] |

2015 2016 ! 2017
|

I

|
1 |
1st vegetative cycle D 2nd vegetative cycle

Rainfall (mm day )
T
N
(6]

(Do) @4njesadwal

Figure 1. Daily rainfall, and maximum and minimum temperatures observed during cassava
growing over two vegetative cycles. P: planting; E: emergence; SNF: sidedressing N fertilization;
FH: final harvest.
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Soil tillage, cassava planting, and management

Initially, the soil in the experimental area was collected at a 0.00-0.20 m soil layer
and analyzed for chemical and physical properties (Table 1). Soil tillage was carried
out by plowing at a 0.15-0.20 m layer, followed by two harrowings. The furrows
were opened at a 0.10 m depth and 33.3 kg ha! K were applied together with 0 or
70 kg ha' P, according to the treatments. Triple superphosphate (41 % P,0, [18 % P] and
10 % Ca) and potassium chloride (60 % K,O [50 % K]) were used as sources of P and K,
respectively. Fertilizers were incorporated into the bottom of the furrows, and cassava
stem cuttings were manually distributed in the furrows and covered with soil. Cassava
stems (0.20 m long) were cut from the middle third of healthy plants of cultivar IAC 14,
which were approximately one year old. Planting occurred on 10/15/2015, and 14 days
after planting (DAP), the herbicides glyphosate (1,920 g ha* a.i.), trifluralin (1,080 g ha*
a.i.), and metribuzin (480 g ha' a.i.) were used for weed control. Cassava emergence
occurred on 11/09/2015 at 25 DAP.

Topdressing nitrogen fertilization was carried out 40 days after plant emergence
(12/19/2015) using 40 kg ha! N (Lorenzi et al., 1997) as ammonium sulfate (20 % N
and 22 % S). Pest, disease, and weed control in the experimental area were conducted
following the technical recommendations for crops in the region whenever necessary.

Table 1. Soil chemical and physical properties of the experimental area at a 0.00-0.20 m layer
before cassava planting

Soil property® Values
pH(1:2.5 soil/CaCl, suspension 0.01 mol L) 5.7
Soil organic matter (g dm3) 13.0
P ocinextractanie (MG dM?3) 6.0
K* (mmol_dm=) 1.5
Ca?* (mmol_dm-3) 18.0
Mg?* (mmol_dm-3) 8.0
H+Al (mmol_dm?3) 11.0
Cation exchange capacity (mmol_dm?) 38.5
Base saturation (%) 71.0
B (mg dm-3) 0.16
Cu (mg dm=) 0.60
Fe (mg dm) 19.0
Mn (mg dm3) 11.5
Zn (mg dm-3) 1.3
Sand (g kg?) 854.0
Silt (g kg?) 57.0
Clay (g kg?) 89.0

W' pH(CaCl,) at a soil:solution ratio of 1:2.5. Soil organic matter was determined using a colorimetric method with
sodium dichromate solution. Available P, Ca?*, Mg?*, and K* contents were determined using an ion-exchange
resin. H+Al was extracted using calcium acetate at pH 7.0. The CEC represents the sum of the H+Al, K*, Ca?*,
and Mg?* concentrations. Base saturation was calculated by dividing the sum of the bases (K*, Ca?*, and Mg?*)
by the CEC and multiplying by 100 %. Cu, Fe, Mn, and Zn were extracted using DTPA at pH 7.3. Boron was
then extracted with hot water. Soil texture was determined using the pipette method.
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Plant sampling and analysis

At each sampling time, two plants were harvested per subplot, except at the first and
second sampling times (2 and 3 MAP, respectively). As the plants in these two samples
were small, six plants were collected per subplot for evaluation. After harvest, the plants
were separated into leaves (petioles and leaf blades), stems, planted stem cuttings, and
storage roots. Samples were weighed (fresh weight), and representative sub-samples
were removed and weighed (fresh weight). Sub-samples were dried using an oven with
air circulation at 65 °C for 96 h. The dried sub-samples were weighed (dry weight) to
determine the dry matter (DM) percentage. Using the data on fresh matter and percentage
of DM, the accumulation of DM per unit area was calculated for each plant part and the
whole plant. The harvest index was calculated by dividing the amount of DM accumulated
in the storage roots by the DM of the whole plant.

Dried sub-samples were ground in a Wiley-type mill with a 1 mm sieve and subjected
to analysis of P (Malavolta et al., 1997) and starch content. For starch analysis,
200 mg of sample was added to 42 mL of distilled water together with 100 uL of the
alpha-amylase enzyme and 1 mL of 2 mol L sodium acetate buffer solution at pH 5.35.
Then, the samples remained shaking for 2 h at 90 °C. Subsequently, the temperature was
reduced to 50 °C, 100 uL of the enzyme amyloglucosidase was added, and the samples
were kept shaking for 2 h at 55 °C. The Somogyi methodology adapted by Nelson (1944)
was adopted to quantify the sugar content, which was subsequently multiplied by 0.9
factor to convert it into starch content (Mota et al., 2020).

Amounts of P and starch accumulated in the leaves, stems, planted stem cuttings, and
storage roots were estimated by multiplying the P and starch contents in the plant parts
by the amount of DM accumulated. Total P and starch accumulated by the plants were
obtained by summing the amounts accumulated in all the plant parts.

Data analysis

Data were subjected to analysis of variance. The means of P supply were compared using
the LSD test (p<0.05) using the SISVAR statistical software (Ferreira, 2011). The effects
of plant sampling time on the analyzed variables were subjected to regression analysis
(p<0.05) using SigmaPlot 10.0. Regression equations were tested separately for each
vegetative cassava growth cycle. Significant equations with the highest coefficients
of determination that best explained the relationship between the sampling time and
dependent variables were selected. Therefore, we had two equations for each variable:
one for the first and another for the second vegetative growth cycle (except for the
variables P accumulated in the stem and P accumulated in the stem cuttings).

RESULTS

Biomass accumulation and distribution

The biomass of leaves, planted stem cuttings, and storage roots was not significantly
affected by P supply (Figures 2a, 2¢, and 2d). In the P-fertilized treatment, the stems
biomass evaluated at 11, 13, 19, and 21 MAP was higher than that in the P-unfertilized
treatment (Figure 2b). Whole-plant biomass in the P-fertilized treatment was higher than
in the P-unfertilized treatment only during the last two harvests (Figure 2e).

Biomass accumulation dynamics differed between the plant parts during cassava
development (Figure 2 and Table 2). Leaf biomass showed two peaks of maximum
accumulation, one between 4.9 and 5.8 MAP, and another at 13.8 MAP (Figure 2a). At 3
MAP, leaves represented 46-49 % of the plant biomass (Figures 2a, 3a, and 3b). No leaf
biomass was observed at 9 or 21 MAP. In the stems, there was an increase in biomass up
to 7.7 MAP, with a subsequent reduction of up to 9 MAP (Figure 2b). After 9 MAP, stem
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biomass increased by 47.9-48.7 % until the end of the cycle (21 MAP), but the proportion
of DM allocated to stems remained between 20-27 % (Figures 2b, 3a, and 3b).

Biomass accumulated in the planted stem cuttings and whole plants increased up to 7.5
MAP, whereas the amount of biomass accumulated in the storage roots increased by
885 % up to 8.5 MAP (Figures 2¢, 2d and 2e; and Table 2). The proportion of DM allocated
to planted stem cuttings decreased from planting to 5 MAP, whereas biomass allocation
to storage roots increased significantly after the tuberization stage (Figures 3a and
3b). Between 7.5-9 MAP, there was a 16-21 % reduction in whole-plant biomass and a
10 % reduction in planted stem cuttings biomass (Figures 2c and 2e). However, the root
biomass was reduced by 23 % between 8.5 and 11 MAP, along with the proportion of
biomass allocated to storage roots (Figures 2d, 3a, 3b, 4a, and 4b). At 9 MAP, the planted
stem cuttings biomass increased by 30 % until 11 MAP and remained stable until the
end of the cycle (Figure 2c¢).
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Figure 2. Amount of biomass accumulated in the leaves (a), stems (b), planted stem cuttings (c), storage roots (d), and whole plant,
and its evolution over two vegetative growth cycle of cassava in response to application of 0 or 70 kg ha P. Asterisk (*) indicates a
significant difference between P supply treatments using the LSD test (p<0.05). NS: not significant.
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Table 2. Adjustment equations for the effects of harvest times over two cassava vegetative cycles.

P supply Regression equations
kg ha*
Leaf biomass (Mg ha)
0 §=-1.34+1.3x-0.094x%-0.0033x3 R?=0.95* if x<9; y=-25.80+5.08x-0.297x2+0.0054x> R?=0.87*
70 y=-0.92+0.80x+0.029x%-0.0119x3 R2=0.98* if x<9; y=-25.28+4.881x-0.274x2+0.0047x3 R?=0.95*
Steam blomass (Mg ha?)
0 y=4.5exp(-0.5((x-7.5)/2.6)%) R2=0.99** if x<9; y=5.88/(1+exp(-(x-7.30)/2.96)) R?=0.96**
70 y=5.7exp(-0.5((x-7.55)/2.43)?) R?2=0.99** if x<9; y=7.07/(1+exp(-(x-6.84)/2.71)) R?=0.98**
Planted stem cutting blomass (Mg hal)
0 y=1.1exp(-0.5((x-7.1)/3.5)%) R2=0.96** if x<9; y=1.27/(1+exp(-(x-7.81)/0.83)) R?=0.88*
70 y=1.2exp(-0.5((x-7.13)/3.57)?) R?2=0.98** if x<9; y=1.35/(1+exp(-(x-8.42)/0.51)) R?=0.90**
Storage roots biomass (Mg ha)
0 y=12.2exp(-0.5((x-8.6)/2.8)?) R?=0.95* if x<9; y=20.92/(1+exp(-(x-11.29)/1.86)) R?=0.93*
70 §=13.2exp(-0.5((x-8.53)/2.99)?) R?=0.91* if x<9; y=25.09/(1+exp(-(x-11.56)/2.78)) R?=0.9*
Whole plant biomass (Mg ha?)
0 §=19.0exp(-0.5((x-7.4)/2.5)?) R?=0.99** if x<9; §=29.60/(1+exp(-(x-9.23)/3.05)) R?=0.89*
70 y=21.7exp(-0.5((x-7.27)/2.38)?) R?=0.99** if x<9; y=34.34/(1+exp(-(x-9.37)/3.29)) R?=0.99**
P accumulated in the leaf (kg ha?)
0 §=-4.14+4.5x-0.70x2+0.03x3 R?=0.94* if x<9; y=-56.534+11.38x-0.69x2+0.013x> R?=0.85*
70 y=-3.4+3.5x-0.41x2+0.0069x3 R?=0.94* if x<9; y=-57.11+11.37x-0.67x2+0.012x3 R2=0.93*
P accumulated in the steam (kg ha?)
0 §=3.69exp(-0.5(In(x/8.67)/0.95)?) R2=0.87**
70 §=4.97exp(-0.5(In(x/9.41)/0.97)?) R?=0.93**
P accumulated in the planted steam cutting (kg ha)
0 =0.096+0.24x-0.021x2+0.0005x3 R?2=0.92**
70 )‘/ 0.120+0.30x-0.026x2+0.0007x3 R2=0.92**
P accumulated in the storage roots (kg ha*)
0 y=6.3exp(-0.5((x-7.8)/2.8)?) R2=0.85* if x<11; y=-3.298+0.7301x R?=0.94**
70 y=8.7exp(-0.5((x-7.37)/2.58)?) R?2=0.82* if x<11; y=-4.933+0.9718x R?=0.94**
P accumulated in the whole plant (kg ha?)
0 y=14.7exp(-0.5((x-6.2)/2.5)?) R?=0.94** if x<9; y=16.02exp(-0.5((x-17.09)/7.56)?) R?=0.80*
70 ¥=19.4exp(-0.5((x-6.3)/2.38)?) R?=0.96** if x<9; y=20.88exp(-0.5((x-17.22)/7.44)?) R?2=0.95**
Starch accumulated in the leaf (Mg ha)
0 §=-0.3+0.33x-0.05x24+0.002x3 R?=0.85* if x<9; y=-3.96+0.794x-0.048x2+0.0009x3 R?=0.80*
70 §=-0.2+0.22x-0.03x?+0.0009x3 R?2=0.93* if x<9; y=-4.374+0.867x-0.052x?+0.001x3 R?=0.82*
Starch accumulated in the steam (Mg ha')
0 y 0.2-0.3x+0.12x2-0.009x3 R?2=0.99** if x<9; y 7.19-1.837x+0.157x2-0.0041x3 R?=0.99**
70 =-0.2+0.09x40.02x2-0.002x3 R?2=0.93* if x<11; y=-6.38+0.579x+0.024x2-0.0017x? R?=0.99**
Starch accumulated in the planted steam cutting (kg ha?)
0 9=O 4exp(-0.5((x-7.3)/3.2)?) R2=0.91* if x<11; 9—0 48exp(-0.5((x-17.65)/6.76)?) R2=0.89*
70 =0.4exp(-0.5((x-6.8)/3.3)?) R?2=0.85** if x<11; y=0.56exp(-0.5((x-17.43)/6.14)?) R?=0.86*
Starch accumulated in the storage roots (kg hat)
0 =8.0exp(-0.5((x-8.9)/3.0)?) R?2=0.96** if x<11; y=-1.915+0.8292x R?=0.96**
70 9—9.1exp(-0.5((x-9.0)/3.2)2) R?=0.92* if x<11; y=-1.7735+0.9680x R?=0.92*%*
Starch accumulated in the whole plant (kg ha)
0 ¥=9.2exp(-0.5((x-8.7)/3.1)?) R2=0.96** if x<11; y=16.49/(1+exp(-(x-11.26)/2.84)) R2=0.97*
70 y=10.4exp(-0.5((x-8.8)/3.2)?) R?=0.94** if x<11; y=19.30/(1+exp(-(x-11.03)/2.52)) R?=0.92*

* p=0.05; ** p=0.01.
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Figure 3. Allocation of biomass, P, and starch in the cassava plant parts at each harvest time, and its evolution over two vegetative
growth cycle of cassava in response to application of 0 or 70 kg ha* P.

Storage root biomass increased by 110-140 %, whereas whole-plant biomass increased by
71-99 % from 9-11 up to 21 MAP (Figures 2d, 2e, 4a and 4b; and Table 2). At the end of
the cycle, the plants accumulated between 29.6 and 34.5 Mg ha! biomass and allocated
between 75.4-76.3 % in the storage roots, 20.7-19.4 % in the stems, and 3.9-4.4 % in
the planted stem cuttings (Figures 3a, 3b, 4a, and 4b).

Phosphorus concentration, accumulation, and distribution

Phosphorus supply increased the accumulation of this nutrient in all plant parts and the
whole plant (Figure 5 and Table 2). The P content in the P-fertilized treatment increased
significantly at the beginning of the crop cycle. In the leaves of plants from the P-fertilized
treatment, P accumulation between 3 and 5 MAP was greater than that in the leaves from
the P-unfertilized treatment; however, this difference was not maintained in the later
stages of the cassava cycle (Figure 5a). In general, across all harvests, stems from the
P-fertilized treatment accumulated more P than those from the unfertilized treatment
(Figure 5b).
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Figure 4. Biomass, P, and starch accumulation and percentage of maximum accumulation (peak of demand) over two vegetative
growth cycle of cassava in response to application of 0 or 70 kg ha* P.

In the planted stem cuttings, P supply increased the accumulation of this nutrient only in
harvests carried out at 2, 5, and 11 MAP (Figure 5c and Table 2). Phosphorus accumulation
in the storage roots of the P-fertilized treatment was greater than that in the P-unfertilized
treatment at harvests performed at 5, 7, 15, 17, 19, and 21 MAP (Figure 5d). However,
P accumulation in the P-fertilized treatment was greater for the whole plant than in the
P-unfertilized treatment from 5 MAP until the end of the cycle (Figure 5e).

Amounts of P taken up by the plant increased from emergence to 6.3 MAP, when
plants uptake approximately 92-93 % of the total P demand (14.7-19.4 kg ha' P)
(Figures 4c, 4d and 5e; and Table 2). Between 6.3 and 9 MAP, the amount of P taken up
decreased, and the allocation of P to the storage roots decreased between 9 and 11 MAP
(Figures 3c, 3d, 4c, 4d, and 5e). Amounts of P taken up by plants increased only after
9 MAP, reaching the maximum uptake peak of 15.9-20.9 kg ha! P at 17 MAP (100 % of
demand) (Figures 4c, 4d, and 5e). At the end of the cycle, the highest P allocation occurred
in the following plant parts: storage roots>stems>stem cuttings (Figures 3¢ and 3d).
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Starch content, accumulation, and distribution

Phosphorus supply did not change the content or accumulation of starch in cassava
leaves (Figure 6a and Table 2). Although starch content did not differ significantly between
treatments, during the 13-17 MAP period, starch accumulation in the stems of the
P-fertilized treatment was numerically greater than that in the stems of the P-unfertilized
treatment (Figure 6b). In the planted stem cuttings, P supply increased the starch content
only at 2 and 3 MAP (Figure 6¢c). However, the amount of starch accumulated in the
stem cuttings of the P-fertilized treatment at 3 and 15 MAP was greater than that of the
P-unfertilized treatment.
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Fertilized P treatment had higher starch content in the storage roots than the P-unfertilized
treatment at only 3 and 13 MAP (Figure 6d). However, the amount of starch accumulated
in the storage roots of the P-fertilized treatment at 13, 17, and 21 MAP was greater than
that in the P-unfertilized treatment (Figure 6d and Table 2). The proportion of starch
allocated to the storage roots was greater than 80 % at 5 MAP in the P-fertilized treatment
and at 7 MAP in the P-unfertilized treatment (Figures 3e and 3f). From tuberization to
11 MAP, P supply did not affect starch accumulation in the storage roots and the whole
plant (Figures 6d and 6e). However, P application significantly increased the whole-plant
starch accumulation between 15 and 21 MAP.
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There were two peaks in starch accumulation in the cassava plants. In the leaves,
maximum starch accumulation occurred at 4.2 and 13.5 MAP, but the proportion allocated
to the leaves was greater at 3 MAP (Figures 3e, 3f and 6a; and Table 2). In the planted
stem cuttings, maximum starch accumulation occurred at 7 and 17.8 MAP, whereas in
the storage roots and whole plants, maximum starch accumulation occurred at 9 and
21 MAP (Figures 4e, 4f and 6).

In the stems, starch accumulation peaks varied depending on P supply. In the P-fertilized
treatment, the maximum starch accumulation occurred at 8.4 and 16.3 MAP (Figure 6b
and Table 2). However, in the P-unfertilized treatment, the peaks of starch accumulation
in the stems occurred at 7 and 17 MAP. In the storage roots, the maximum accumulation
of starch was 8.1-9.1 Mg ha! at 9 MAP, but in the period of 7-11 MAP, the storage
roots accumulated approximately 40 % of the total starch produced by the plants
(Figures 4e, 4f, and 6d). At 21 MAP, the plants accumulated 15.9-18.9 Mg ha' starch,
allocating approximately 95 % of this total to the storage roots (Figures 3e, 3f, 4e, 4f,
and 6e).

DISCUSSION

Cassava is a plant that can associate with native soil AMF to increase P uptake (Sieverding
and Howeler, 1985; Cavallari et al., 2021; Pefia-Venegas et al., 2021). In the present study,
P supply significantly increased stem development only during the second vegetative cycle
of cassava, resulting in plants with greater biomass. Increases in shoot biomass (leaves
and stems) in response to P supply have also been observed in other studies (Omondi
etal., 2019; Rosa et al., 2021), highlighting the importance of P supply in cassava shoot
growth. However, in the present study, P supply did not alter biomass accumulation in
the leaves, stems, or storage roots. Studies on other cassava cultivars (IAC 576-70 or
Israeli cultivars) have shown an increase in the biomass of stem cuttings (Rosa et al.,
2021) and storage roots (Omondi et al., 2019). Cultivar IAC 14 has been characterized
as adapted to low-fertility soils (IAC, 2024), probably because its response to P supply
is low. Cassava plants can adapt their growth to low P availability with highly variable
responses between genotypes (Pellet and El-Sharkawy, 1993b; Nansahwang et al., 2022;
Silveira et al., 2023). For example, under low P availability, some plants decrease in size
and maintain relatively high leaf P contents and photosynthetic rates, similar to plants
grown under high P availability (Cock and Connor, 2021). In this study, P levels in the soil
were low (Table 1) (Lorenzi et al., 1997; Feltran et al., 2022) and leaf P concentrations
of P-unfertilized plants were statistically similar to those of P-fertilized plants, indicating
that cultivar IAC 14 adapted to conditions of P limitation in the soil.

Leaf biomass showed an accumulation peak in cassava first and second vegetative
cycles, which coincided with periods of rain and high temperatures, similar to previous
studies (Sagrilo et al., 2008; Menegucci et al., 2024). Storage roots and stems are the
preferential sinks of carbohydrates in cassava plants, as found in other studies (Howeler
and Cadavid, 1983; Sagrilo et al., 2008; Menegucci et al., 2024), but we observed that
the proportion of DM allocated to the growth of storage roots in the first vegetative cycle
was greater than that in the second vegetative cycle.

Phosphorus supply resulted in a greater increase in P accumulation, especially in the
stems and storage roots. Leaf and stem cuttings of P-supplemented plants showed an
increased accumulation of this nutrient, mainly during the first vegetative cycle. However,
despite the increase in P levels in plant parts (stem, stem cuttings, and storage roots)
during the initial stage of the cycle, the increase in P uptake occurred only from 5 MAP
onwards, when the storage roots became the preferential sink of P in plants. Howeler
and Cadavid (1983) also found that cassava storage roots contain a considerable fraction
of P that the plants take up.
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Although P uptake increased during the second vegetative cycle, the results showed
that cassava plants uptake 92-93 % of the total P demand during the first cycle. Leaf
senescence between 6.3-9 MAP decreased the amount of P taken up by the cassava
plants. However, the resumption of leaf growth after the dormancy stage (9 MAP)
temporarily decreased P allocation to storage roots, as the plant invested reserves in
leaf growth. Nevertheless, the allocation of P to storage roots increased again during the
second vegetative cycle, and the redistribution of P to storage roots during the second
vegetative cycle was 50 % greater than that during the first vegetative cycle. The soil
of the area had low P availability (Table 1), and the phosphate fertilizer used was soluble
(triple superphosphate). Therefore, the greater P allocation to the storage roots in the
second vegetative cycle was not related to a later greater P availability in the soil, but
rather a greater capacity for internal P redistribution among the developing plant tissues.

Although P-unfertilized plants took up less P, the maximum amounts of P taken up
were relatively high (14.7 and 15.9 kg ha P at the first and second vegetative cycle,
respectively) for soil with low P availability (Table 1). This suggests that native soil AMF
greatly contributes to P uptake by cassava plants grown in P-deficient soils (Cavallari
et al., 2021).

In plants, starch is synthesized in the leaves using sucrose as a sugar source during
the day, mobilized, and subsequently degraded at night to be transported, used in the
plant metabolism, or stored (Munyikwa et al., 1997; Li et al., 2016). However, the starch
accumulation process is complex, varies with the plant species, and involves several key
enzymes (Munyikwa et al., 1997; Li et al., 2016; Tappiban et al., 2019). Furthermore, P
also participates in starch synthesis in plants and is a component of amylopectin (Nielsen
et al., 1994, Taiz and Zeiger, 2013). Despite that, in the present study, P supply only
affected starch accumulation in the later stages of the cycle, resulting in delayed increases
in starch accumulation in the stems and storage roots. P-fertilized plants accumulated
19-23 % more starch during the second vegetative cycle than P-unfertilized plants. The
increase in P accumulation in the stems and planted stem cuttings during periods of
greater DM accumulation in storage roots suggests that stems and planted stem cuttings
also have starch synthesis and accumulation. However, despite the increase in P and
starch accumulation in stems and planted stem cuttings up to 9 MAP, starch contents in
storage roots remained among 58.5-81.2 %, while in these two plant organs, they ranged
from 7.4-41.6 % (Figures 5 and 6), indicating that the main site of starch synthesis and
accumulation in cassava plants are the storage roots (Li et al., 2016; Tappiban et al., 2019).

This study showed that P supply did not interfere with starch accumulation in cultivar
IAC 14 during the first vegetative cycle. This may be related to the characteristics of this
cultivar, which performs well in low-fertility soils (Sagrilo et al., 2007) and has late starch
accumulation in its storage roots. For example, although cassava has a low response to
nitrogen fertilization (Nguyen et al., 2002), in the cultivar IAC 14, late N application, i.e.,
at the beginning of the second vegetative growth cycle, increases starch yield (Mota
et al., 2020). Therefore, P supply is important for increasing starch accumulation in the
later cycle stages of this cultivar.

The storage roots and stems are the main starch sinks in cassava plants (Chiewchankaset
et al., 2022). However, starch accumulated in the stems between 7-11 MAP and in the
storage roots between 9-11 MAP increasingly tended to be remobilized for leaf growth at
the beginning of the second vegetative cycle. Other studies on cassava have shown that
starch stored in the stems and storage roots is remobilized to form new leaves during
new growth stages (Omondi et al., 2019).

In the first vegetative cycle, the increase in starch accumulation in the stems was 0.8-fold
and in the storage roots was 9.6-fold, with the peak of starch accumulation in the storage
roots occurring in the dormancy stage, which coincided with the dry and cold seasons
(July 2016 at 9 MAP; Figure 1). In the dormancy stage, cassava falls all its foliage, and
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there is no vegetative growth; however, there is translocation of carbohydrates and
starch accumulation in the storage roots (Conceicao, 1981). Menegucci et al. (2024)
also found a high starch content in the storage roots of cultivars IAC 118-95 and IAC 90
during the dormancy stage (July 2018).

During the second vegetative cycle, the increase in starch accumulation in the stems was
2.5-3.2-fold, and in the storage roots were 2.0-2.4-fold. This suggests that cultivar IAC
14 allocates more starch to storage root growth in the first vegetative cycle than in the
second vegetative cycle. The stems receive a considerable proportion of carbohydrates
from photosynthesis during the second vegetative cycle. Low-yielding cassava varieties
accumulate more starch in the stems than in the storage roots, whereas high-yielding
varieties increasingly allocate starch to the storage roots (Chiewchankaset et al., 2022).
However, despite the cultivar IAC 14 being a high performer in low-fertility soils (Sagrilo
et al., 2007), the pattern of starch allocation in the stems and storage roots varies
depending on plant age.

After the dormancy stage, there was intense P translocation from the storage roots to
support the regrowth of cassava foliage. Although storage root biomass also decreased
during this period, the results of this study showed that storage root starch reserves are
consumed in greater proportions to maintain shoot regrowth when cassava plants are
grown without P supply. Therefore, P supply is essential for maintaining cassava plant
growth and starch accumulation in storage roots.

CONCLUSIONS

P-fertilized cassava plants take up more P from the soil and allocate it mainly to storage
roots and stems. During the first vegetative cycle, cassava takes up between 92-93 %
of its P demand, and in the second vegetative cycle, P allocation to the storage roots
was 50 % greater than in the first cycle. P-fertilized plants accumulated 19-23 % more
starch during the second vegetative cycle than P-unfertilized plants. The P supply did
not interfere with starch accumulation in the plants of cultivar IAC 14 during the first
vegetative cycle. In the first vegetative cycle, the storage roots were stronger sinks
for starch accumulation than the stems; however, in the second vegetative cycle, the
percentage increase in starch accumulation in the stems was similar to that in the storage
roots. Starch reserves in the storage roots of P-unfertilized plants were consumed in greater
proportions to maintain shoot regrowth at the beginning of the second vegetative cycle.
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