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Abstract

Background and aim Ranked among the world’s top
ten crops, cassava (Manihot esculenta Crantz) is the
main staple food in sub-Saharan Africa. Its produc-
tion is strongly limited by biotic and abiotic stresses,
which proved to be mitigated in other plants by sil-
icon (Si) uptake. The role of Si is unknown in cas-
sava. Yet it has genes encoding specific aquaporins
involved in plant water and Si influxes in numbers
similar to those of some Si accumulating monocots.
Methods Cassava Si and nutrient status were stud-
ied in four sites in South-Kivu, Democratic Repub-
lic of Congo, differing in altitude, climate and soil
desilication stage. Out of 720 farms, 360 plots were
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selected for agronomic monitoring, of which 40 for
foliar/topsoil analysis using germanium to trace Si.
Results Regardless of soil type, Si concentration
in cassava leaves ranged from 2 to 14 g kg™! while
root yield varied from 0.5 to 18 t ha™!' yr~!. Silicon
accumulation formed fine-sized phytoliths of dif-
ferent morphotypes. Structural equation modelling
showed that leaf Si mineralomass was an important
predictor of yield, with a direct contribution of 45%.
Silicon accumulation mitigated the altitude-mediated
incidence of cassava mosaic disease (25%), notably
through enhancing micronutrient uptake, while it
could contribute to the plant tolerance to soil acidity.
Conclusion Silicon accumulates substantially in
cassava leaves. Our data highlight the potential role of
Si in cassava production through direct and indirect
effects by alleviating biotic and abiotic stresses. The
function of Si in cassava thus deserves more attention
than given until now.
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Introduction

Cassava (Manihot esculenta Crantz) ranks in the
10 most economically important crops on Earth in
terms of global production (https://ourworldindata.
org). It is a major food crop in Africa and a source of
calories for millions of Africans (Achidi et al. 2005;
Munyahali et al. 2017) due to the high starch content
(>90% of dry matter) of its tuberous roots (Moor-
thy and Padmaja 2002). In the Democratic Republic
of Congo (DRC), cassava is the main staple food for
the population and its production generates income
for many farmers (Lema et al. 2004; Munyahali et al.
2017). Because of its tolerance to various stresses,
cassava is generally grown on poor soils, with little or
no human-applied inputs, e.g., fertilizers, pesticides,
irrigation water (Howeler 2002), hence yields have
stagnated at a low national level of ~8 t ha™! yr~! for
decades (https://ourworldindata.org). Soil infertility is
a common trait of most cassava growing areas (How-
eler 2002), particularly in DRC (Pypers et al. 2011).
As cassava is responsive to fertilizers (Howeler 2002;
Fermont et al. 2010), integrated soil fertility manage-
ment (Vanlauwe et al. 2010) increases root yield and
net income (Pypers et al. 2011). In South-Kivu, DRC,
cassava is generally grown continuously on small
plots due to high population density and land scarcity
(Munyahali et al. 2017). Mineral deficiencies, water
stress and plant diseases are common constraints in
this region (Ouma et al. 2011). Cassava mosaic dis-
ease (CMD) is one of the most severe obstacles to
crop production (Bisimwa et al. 2019; Obonyo et al.
2007; Shukuru et al. 2022), while cassava brown
streak disease (CBSD), also caused by viruses, is a
rising threat (Kwibuka et al. 2022). Climate change
observed since 1992 has led to variations in cassava
yields of 17 to 40% due to delayed and/or reduced
rainfall, which has aggravated pest damage and
required a reorganization of the agricultural calendar
(Cirimwani et al. 2019).

Silicon (Si), although not essential, has a number
of beneficial effects on a variety of plant species,
acting as an extracellular prophylactic agent against
biotic and abiotic stresses including pests, diseases
and water stress (Coskun et al. 2019). These benefi-
cial effects were particularly highlighted in monocots,
but less frequently reported in dicots (Rodrigues et al.
2015; Kovacs et al. 2022). Silicon status and role in
cassava are virtually unknown. Once absorbed as
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monosilicic acid (H,Si0,), Si is translocated to plant
shoots where it precipitates as amorphous, hydrated
silica (SiO,»nH20) forming relatively stable phyto-
liths (Jones and Handreck 1965) or fragile siliceous
structures (Puppe et al. 2017). Phytogenic silica bod-
ies in cassava were scarcely reported (Adebisi et al.
2019; Ezell et al. 2006; Watling et al. 2018). While
silicified hair cells were recognized early in cassava
(Piperno 1981), phytoliths long remained unidenti-
fied in this plant (Carey and Fulweiler 2016; Piperno
1991). Detectable silica bodies were reported in the
tuber periderm (Adebisi et al. 2019) while cassava
phytoliths were tentatively described in leaf tis-
sues (Ezell et al. 2006) and sediments (Watling et al.
2018). Njenga et al. (2017) provided the first evi-
dence of the potential role of Si in inducing resistance
in cassava to bacterial blight under controlled condi-
tions. On the other hand, the ability of some cassava
varieties to tolerate water stress and regulate water
efflux is due to specific aquaporins (AQPs) control-
ling stomatal closure (Putpeerawit et al. 2017; Yu
et al. 2016), hence promoting drought resilience of
cassava (Pushpalatha and Gangadharan 2020). Cer-
tain AQPs, named Lsi (Ma et al. 2006; Saitoh and
Suga 2022), are Nodulin 26-like intrinsic proteins
(NIPs) involved in the cellular influx of Si and its
movement in the plant (Coskun et al. 2019). The phy-
logenetic distribution of these Si influx transporters
in plants includes monocots and dicots (Coskun et al.
2019). Interestingly, their number in cassava genome
(Putpeerawit et al. 2017) is similar to that in maize
and rice (Deshmukh and Bélanger 2016), well-known
Si accumulators.

Here we take advantage of a regional study aimed
at identifying and prioritizing factors limiting cassava
yield in 720 small farms to focus on the Si status in
soil-cassava systems in South-Kivu. We analyze top-
soils and cassava leaves in 40 cultivated plots. We
determine germanium (Ge) concentrations in top-
soils, leaves and phytoliths using the Ge/Si ratio as
a proxy to decipher the soil-to-plant transfer of Si
(Wiche et al. 2018). Our objective is threefold: (i) to
evaluate the range of leaf Si concentrations in cassava
grown on soils differing in desilication stage, detect
the source of plant available Si in soil, and quantify
Si uptake by cassava, (ii) to infer the impact of plant
Si status on root yield and viral disease incidence
in smallholders’ plots farmed with very low to no
inputs, (iii) to isolate and analyze cassava phytoliths.
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Materials and methods
Environmental framework

The environmental context of South-Kivu is marked
by significant geological, soil and climatic diversity
(Ngongo et al. 2009). The study area comprises three
territories of the province: Walungu, Kalehe and
Uvira with respective areas of 800, 5707 and 3146
km?. Koppen climates Aw and Cw are recognized
(Beck et al. 2018). Four sites were selected: Mushinga
(Walungu), Bunyakiri (Kalehe), Runingu and Kiliba
(Uvira), abbreviated as Mu, Bu, Ru and Ki, respec-
tively. The sites differed in altitude (780-1980 m
asl) and climate (Table 1). Highest sites Mu and Bu
were wetter and cooler than Ru and Ki. Mu and Bu
soils derived from ancient basalt and basement rock,
respectively, and key out as Ferralsol and Acrisol
(IUSS 2015) in which kaolinite is the predomi-
nant clay mineral. They have undergone prolonged
desilication due to advanced weathering with TRB
below the upper limit (40 cmol ,, kg™!) of the ferral-
litic domain (Herbillon 1986) and low Si/(Al, +Fe)
ratio, particularly in the strongly desilicated Mu soil
containing gibbsite (Table 1). In contrast, Ru and Ki
soils (Cambisol, Fluvisol), developed from holocene
lacustrine deposits, were moderately weathered with

TRB around 200 cmol ,, kg~! and relatively high Si/
(Al +Fe,) ratio, indicating much less desilication.
Topsoil samples were analyzed for basic physico-
chemical properties (Table S1). Highest organic car-
bon (OC) contents were found in Mu and Bu topsoils,
at the highest altitudes. Topsoils were clearly sandier
in Uvira (Ki, Ru) and more clayey in the most weath-
ered soils (Mu, Bu) with much lower levels of avail-
able phosphorus (P) and pH. Only Bu topsoils may
have acidity-related constraints.

Five-level experimental design

The sampling strategy is illustrated in Fig. 1. In
the three territories (Table 1), we chose villages
with high cassava production based on the avail-
ability of cultivated fields, accessibility and secu-
rity. The sampling frame was multi-level, with the
farm household as sampling unit. (1) Working with
each village chief, we identified 720 smallholders
(240/territory) to conduct a socio-economic sur-
vey, which is presently analyzed elsewhere. (2)
Within these 720 farms, 360 plots (120/territory)
with 3-month-old cassava fields were selected ran-
domly for agronomic monitoring, the data from
which are presently analyzed elsewhere. Random-
ness was achieved using an arithmetic progression

Table 1 Altitude, climate, geology and soil characteristics in the four studied sites in South Kivu, DR Congo

Territory Site Coordinatess MAR' ~ MAT?  Soil parent rock Soil type? Soil weathering index in A and
(altitude, m asl) Mm °C B horizons
TRB* Si/(Al +
cmol kg™! Fe,)>mel mol-!
Walungu Mushinga — Mu 02°75’S 1620 18.4 Cenozoic, Miocene  Ferralsol A: 27 0.98
(1570-1980) 28°68’E tholeiitic basalt B: 28 0.85
Kalehe = Bunyakiri — Bu 02°09°S 1637 21.1 Precambrian, Acrisol A:27 242
(1000-1220) 28°59’E Mesoproterozoic B: 19 1.49
granito-gneiss
Uvira Runingu — Ru 03°20°S 986 25.0  Holocene lacustrine  Cambisol A: 180 4.92
(780-920) 29°15’E sediments Fluvisol B: 196 3.68
Kiliba — Ki 03°25°S 980 25.1 Holocene lacustrine  Cambisol A:210 4.01
(780-930) 29°18’E sediments Fluvisol B: 219 3.64

! Mean Annual Rainfall
2 Mean Annual Temperature
3 WRB Reference Soil Groups (IUSS 2015)

4 Total Reserve in Bases: sum of elemental contents (Herbillon 1986)

> Molar ratio of total elemental content of Si vs the sum of total elemental contents of aluminum (Al) and iron (Fe)
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Five level experimental design

© 3 Province Territories (T): Walungu, Kalehe, Uvira

® 4 sites (S): Mushinga - Mu (Walungu)
Bunyakiri - Bu (Kalehe)

Runingu - Ru  (Uvira)
Kiliba - Ki (Uvira)
Level  Area Plots Survey
1 T 720 socio-economic
(240°T)
2 T 360 agronomic monitoring
(120'T)
S 120 in Mu
120 in Bu
47 in Ru
73 in Ki
3 S 120 topsoil analysis
(40/S) (standard properties)
4 S 40 specific topsoil-leaf analysis
(10/S) CaCl,-Si, -Al, -Ge in soil
leaf nutrient concentrations
leaf Si, Al, Ge concentrations
5 S 12 phytolith extraction from leaves
(3/S) phytolith analyses (Si, Al, Ge)

microscopic investigations
(SEM-EDX)

Fig. 1 General scheme illustrating the sampling strategy with
decreasing number of cultivated plots from level 1 to 5. At
each given level, the plots were systematically selected from
the plot’s population of the previous level, by randomization
from level 1 to 2 and 2 to 3, by sorting on the basis of root

starting from plot N°2 (2/4/6/...) or N°3 in case of
inadequate planting time or safety (3/6/9...). The
360 plots were distributed across the sites as fol-
lows: 120 (Mu), 120 (Bu), 47 (Ru) and 73 (Ki). In
each plot, 3 quadrats were delimited, each being a
5 m x 5 m square study area of 25 m?. Monitoring
was carried out in each quadrat. It focused on cas-
sava physiological parameters, weed cover, disease
incidence, management practices, measurement
of leaf biomass and root yield at harvest. (3) Soil
characterization was carried out in 120 of the 360
plots (40/site), selected randomly. (4) Forty plots
(10/site) reflecting the range of cassava root yields
were selected for specific soil and leaf analyses. (5)
From these, 12 leaf samples (3/site) were selected
based on leaf Si concentrations, Si/Al and Ge/Si
ratios, in order to detect and analyze cassava phyto-
liths. As a matter of fact, our present study involves
levels 4 (40 plots) and 5 (12 plots). However, it
considers field data obtained from level 2 for CMD
incidence, leaf biomass, root yield, and the use of
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yield from level 3 to 4, and of the Si leaf concentration from
level 4 to 5.Cartographic data were obtained from a free, open,
collaborative platform (Common geographical reference of
DRC; https://www.rge.cd)

local or improved variety, as registered in the 40
plots of level 4, out of the 360 plots of level 2.

Topsoil sampling and analyses (level 4 of
experimental design)

Topsoil subsamples were collected with an auger
at 0-25 cm (plough layer). In each quadrat, two
diagonals were drawn to take 1 subsample at the
intersection and 4 halfway between the edge and
the intersection, the mixed 5 subsamples forming
1 composite sample per quadrat. The 40 samples
were air-dried, sieved at 2 mm, and analyzed for
their standard properties (Table S1). The respective
concentrations of bioavailable Si (CaCl,-Si) and
amorphous Si (ASi) in topsoils were determined by
(1) 0.01 M CacCl, extraction (Haysom and Chapman
1975; Sauer et al. 2006) and (ii) 0.1 M Na,CO; dis-
solution (pH 11.2) (DeMaster 1981; Koning et al.
2002; Sauer et al. 2006), both in triplicates. (i)
For each sample, 2 g: 20 ml soil:CaCl, suspension
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was shaken for 16 h, and centrifuged (3400x g,
10 min). The supernatant (15 ml) was filtered and
separated into 2 aliquots to measure pHc,c, (5 ml)
and solute concentrations (10 ml). The latter extract
was separated into 2 aliquots of 5 ml to determine
Si and aluminum (Al) concentration by Inductively
Coupled Plasma—Atomic Emission Spectrometry
(ICP-AES, Jarrell Ash Iris Advantage) and Ge con-
centration by ICP Mass Spectrometry (ICP-MS),
respectively. Each 5 ml aliquot was diluted with
Milli-Q water by 10 times before dosing Si and Al,
but by 2.5 times for Ge. In both cases, each 5 ml
aliquot was acidified by adding 50 pl 7 M HNO;.
The CaCl, extractable Si, Al and Ge concentrations
were used to calculate the values of the Al/Si and
Ge/Si atomic ratio. (ii) From the 40 samples, 12
were selected based on their properties (Table S1)
and CaCl,-extractable Si contents for the extrac-
tion with 0.1 M Na,CO;. Each 30 mg: 40 ml
soil: Na,CO; suspension was digested for 5 h at
85 °C. One milliliter of extraction solution was
collected at 2, 3, 4 and 5 h, then neutralized and
acidified by adding 100 pl of 7 M HNO; to analyze
dissolved Si and Al using ICP-AES. The Kkinetic
evolution of extracted Si and Al were used to esti-
mate the contents of ASi and amorphous Al (AAl)
as described in Li et al. (2022).

Foliar sampling and analysis (level 4)

Cassava leaves were taken from 4 plants located
at each edge of a 1 m? square in the middle of the
quadrat. Well-developed leaves of different ages
were collected from the green canopy (Munyahali
et al. 2017) and assembled to form a composite
sample per study area. They were carefully washed
to remove any dust, air-dried and oven-dried at
60 °C for 4 days. Mineral analysis was carried out
after calcination at 450 °C for 1 day and fusion in
Li-metaborate + Li-tetraborate at 1000 °C (Chao
and Sanzolone 1992), followed by ash dissolution
with concentrated HNO;. Plant nutrients (C, N, K,
Ca, Mg, P, S, Fe, Mn, Zn, Ni, Cu), Si, Al and Ge
concentrations were measured by ICP-AES and
ICP-MS, respectively, allowing to calculate the
values of the leaf Al/Si and Ge/Si ratio. Of the 40
foliar samples, 12 were selected based on Si and Ge
concentrations for phytolith detection.

Detection and analyses of phytoliths (level 5)

Dry ashing followed by wet digestion has proved not
to affect phytolith morphological properties (Parr
et al. 2001a, b). Five grams of leaf material (3 rep-
licates) was rinsed with deionized water, 1 M HCI
and 70% ethanol (Kelly 1990), oven-dried at 45 °C
for 48 h, grinded and calcined at 450 °C for 8 h. The
ash was treated with 15 ml of 10% HCI, then in a
mixture of HNO;/H,0, (70/30%) in a water bath at
70 °C for one week until complete mineralization of
OC. Phytolith particles were washed using a deion-
ized water cycle by washing-centrifugation-filtration
(13,100 rpm, 5 min) until constant pH and electri-
cal conductivity equal to that of the deionized water
(Li et al. 2023). Phytoliths were then oven-dried at
45 °C for 48 h, weighed and separated in 3 aliquots
for further analyses: (i) Scanning Electron Micros-
copy (SEM), (ii) determination of Si, Al and Ge con-
centrations. (i) SEM images were performed using a
field emission gun SEM (FEG-SEM; Zeiss Ultras5),
equipped with an EDX system (Jeol JSM2300 with a
resolution < 129 eV) to assess the micro-scale distri-
bution of elements: carbon (C), oxygen (O), iron (Fe),
Al, and Si. (ii) Phytolith Si and Al concentrations
were measured by ICP-AES following the procedure
described above for foliar analysis, while Ge con-
centration was dosed by ICP-MS in powder samples
(100 mg) after alkaline fusion using sodium peroxide
(Na,0,) (Li et al. 2023). The Si, Al and Ge concen-
trations of extracted phytoliths were used to calculate
the values of the Al/Si and Ge/Si atomic ratio.

Cassava variety type, CMD incidence, leaf biomass
and root yield (level 2)

Agronomic monitoring reported only two types of
cassava varieties, as designated by farmers: local
and improved. Each type does not refer to a given
germplasm, but to a set of cultivars. The local vari-
eties are the ones used for years by several farmers’
generations. The improved varieties are delivered
by research centers and extension services as well
as NGOs and international organizations. In South-
Kivu, the improved varieties were introduced for
various reasons: disease tolerance or resistance, crop
performance, taste, precocity, flour quality, root dry
matter and processing convenience.

@ Springer
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Apart from CMD, CBSD also occurs in eastern
DRC (Kwibuka et al. 2022). Symptoms due to these
two viral infections can be distinguished by examina-
tion of leaves and stems 3 and 7 months after plant-
ing (MAP) and tubers (7 MAP) (Hillocks and Thresh
2000). This differential symptomatology was used in
the field, but CBSD cases were very rare. The CMD
incidence (Icymp) was defined as the proportion of dis-
eased plants (Bock et al. 2022; Moise et al. 2022):

were pre-analyzed for skewed distributions to improve
normality and linearity. Analyses were performed
in R -version 4.3.2. Structural equation models were
constructed using the lavaan package (Rosseel 2012),
considering the influence of different variables in three
steps. First, we tested the direct influence of altitude and
uptake of Si, macronutrients and micronutrients (Fe,
Mn, Zn, Cu) as key drivers for disease incidence and
crop yield. Mineral uptake, or mineralomass, was cal-

Iemp = [(number of infected plants)/(total number of plants)] x 100

In each plot, Iy Was measured at 3 and 7 MAP.
All cassava plants were observed in three quadrats
per plot. The number of plants per quadrat varied
between sites with following ranges: 55-121 (Mu),
37-67 (Bu) 2041 (Ru), 24-37 (Ki), reflecting the
high planting density in Mu. Isolated cases of CBSD
(Ru, Ki), absent at altitude (Mu, Bu), were not taken
into account in determining I-yp. Since whitefly
(Bemisia tabaci) is the vector of CMD and CBSD, its
presence in South-Kivu (Bisimwa et al. 2019; Mac-
fadyen et al. 2018) was also noted in the quadrats.
However, the ratings recorded were unreliable due to
differences in the timeslot of observation, which had
a considerable impact on the survey. Leaf biomass
and root yield were measured at harvest (12 MAP) in
the 360 plots. Cassava roots were collected from all
cassava plants in each quadrat (3/plot) and their fresh
weight was measured in the field. The total fresh leaf
biomass of 4 plants was taken at each edge of a 1 m?
square (1 m x 1 m) located in the middle of each
quadrat (3/plot). Leaf samples were air-dried, and
then oven-dried at 60 °C for 4 days to determine the
dry leaf biomass.

Data treatment

To understand how plant Si affects crop yield and dis-
ease incidence (Cooke and Leishman 2011; Ma and
Yamaji 2006), a structural equation model (SEMod)
was used to disentangle the direct and indirect role of
different drivers of crop yield and disease tolerance
in the 40 plots corresponding to level 4 of the experi-
mental design. Since SEMod separates the pathways of
influence within a complex system, it can decipher net-
work relationships that are typical in farming systems
(Radujkovi¢ et al. 2021; Ren et al. 2023). Variables
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culated as the product of nutrient concentration and leaf
biomass. The sum of the four micronutrient uptakes
was proposed to figure out the mineralomass of Fe, Mn,
Zn and Cu instead of a composite (Radujkovié et al.
2021) or single uptakes (Wendling et al. 2016). Second,
we investigated the indirect influence of Si uptake on
crop yield through the impact of plant Si on disease tol-
erance (Coskun et al. 2019; Fauteux et al. 2005; Shittu
et al. 2008). Third, we tested the indirect impact of Si
accumulation in cassava on root yield through the inter-
actions between Si and nutrients (Cooke and Leishman
2011; Coskun et al. 2019; Moise et al. 2019). The fit
was assessed using standard indices: model chi-square
(Xz) P>0.05, comparative fit index (CFI)>0.95,
Tucker-Lewis index (TLI)>0.95, root mean squared
error of approximation (RMSEA) <0.08, and standard-
ized root mean square residual (SRMR)<0.08 were
considered as indicators of significant fit (Hooper et al.
2008; Schermelleh-Engel et al. 2003). In each step, we
corrected goodness-of-fit index (GFI) for the model
evaluation, significant (direct, indirect) paths and the
highest R? was selected and reported. We further con-
structed a multiple regression model using the variables
with a significant direct path on biomass in the final
SEMod and partitioned the variance explained by nutri-
ent uptake and disease factors. Model performance was
evaluated via repeated (100 times) k-fold (k= 10) cross-
validation using the caret package.

Results
CaCl, and Na,COj; extractions from topsoils

Experimental data for CaCl, and Na,COj; extractions
are given in Tables S2, S3 and S4. The concentrations
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of ASi and CaCl,-Si ranged from 0.3 to 3 g kg
for ASi, and from 13 to 130 mg kg~! for CaCl,-Si
(Fig. 2). Both were lowest in Bu and highest in Ru
topsoils. The CaCl,-Si concentration increased with
increasing pHg,c, (Fig. 3a) while CaCl,-Al con-
centration strongly decreased (Fig. 3b). The con-
centrations of CaCl,-Al and -Ge in Bu topsoils were
significantly higher than those measured in Ru and
Ki topsoils (Table S2). The acid Bu topsoils clearly
stood out with higher Al/Si and Ge/Si ratios as well
as lower pHg,c,, values, ranging from 3.9 to 4.6
(Fig. 3c-d).

Mineral elements in cassava leaves

Mineral element concentrations are reported for
selected plant nutrients (C, N, K, Ca, Mg, P, S, Fe,
Mn, Zn, Ni, Cu) in Table S5 (detail) and Table 2
(summary), for Si, Al and Ge in Table S6 (detail) and
Table 3 (summary). The ranges of mean leaf con-
centration for N, P and K were 39.3-44.4, 3944
and 15.5-20.2 g kg~! respectively, while for Ca and
Mg they were 10.6-16.5 and 4.1-4.7 g kg™! respec-
tively (Table 2). Mu and Bu had higher mean leaf
concentrations of S, Fe, Mn, Zn and Ni than Ru and
Ki. The whole range of leaf Si concentrations was

0.7-14.1 g kg~!, while mean values (4.4-5.5 g kg™})
did not differ significantly between sites (Table 3).
Most Al foliar levels were below 1 g kg™! (Table S6).
The range of leaf Al concentration was wider at Mu
and Bu sites (0.2-6.5 g kg™") than at Ru and Ki sites
0.06-1.7 g kg_') (Table 3). Yet, the mean values of
the leaf Al/Si ratio did not differ significantly from
one site to another, although they were slightly lower
in the Ru and Ki sites. The range of leaf Ge concen-
trations was 0-74 pg kg~! for Bu, Ru and Ki. It was
particularly large in Mu foliar samples (8-738 pg
kg'l) (Table 3), the values measured for Mu6 and
Mu7 being particularly high (Table S6). So, the range
of Ge/Si ratio (umol mol_l) was 1.2-58.3, 0.6-5.9,
1.4-5.6 and 0.7-4.4 in Mu, Bu, Ru and Ki, respec-
tively (Table S6), with respective mean values of 9.4,
1.5,2.9 and 2.3 (Table 3).

Cassava phytoliths

Cassava phytoliths varied in size from about 2 to
50 um (Fig. 4). They were of various morpho-
types as defined in the International Code for Phy-
tolith Nomenclature (Neumann et al. 2019): tabu-
lar and cylindrical elongate (Fig. 4a, 4f), tabular
and spheroidal (Fig. 4c), spheroidal polylobate

Fig. 2 Concentration

of CaCl, extractable Si © Mushinga @ Bunyakiri M Runingu AXiliba
(CaCl,-Si) as plotted 140
against the concentration of
soil amorphous Si, as evalu- =
ated following DeMaster 120 - &7 017‘
(1981)in 12 selected plots | T e
with 3 replicates, noting | | e m
that ASi was measured —~ 100 -
in these 12 plots unlike 5o o
CaCl,-Si(40 plots). Experi- ) B=
mental data are reported in %D 80 A B .
Table S4 et

2

o 60 -

3 S o

40 A
| &
20 . ®
0 T T T
0 1 2 3 4
ASi (gkg!)
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Fig. 3 (a-b) Concentra- : . . .
tions of CaCl, extractable © Mushinga ® Bunyakiri B Runingu A Kiliba
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(Fig. 4d), polyhedral facetate (Fig. 4b), nodular reni-
form (Fig. 4e). The EDX spectra maps of elements
(Fig. 4g-j) confirmed the highly siliceous character
of phytoliths and revealed the presence of Al in Ru
(Fig. 4h). The comparison of Si, Al and Ge concen-
trations in leaves and phytoliths extracted from them
(Table 4) showed a systematic decrease in the molar
ratios Al/Si and Ge/Si. The range of phytolithic Ge/
Si ratio was 0.65-5.94 and 0.11-1.83 umol mol~!
in leaves and phytoliths, respectively. From the
leaf material to phytolith particle, the Ge/Si ratio
decreased by 2.5 to 14 times, except for Ru6 (1.3).

Cassava root yield and leaf biomass, CMD incidence

Fresh cassava root yields ranged from 0.5 to 18 t
ha~! in the 360 plots (Table 5a). In the selected 40
plots, the ranges of fresh root yield and dry leaf bio-
mass were 0.6-13 and 0.05-3 t ha™!, respectively
(Table 5b). For a given site, Iqyp did not differ
between local and improved varieties (Fig. 5) except
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in Ru. As expected, the incidence of CMD (Iqyp)
was generally higher at low altitude levels (Ru, Ki),
relative to highland sites (Mu, Bu). Whatever the
variety, the mean Iy, value (%) increased follow-
ing the sequence Bu (8)>Mu (23) > Ru (36) > Ki (57)
(Table 5b), revealing healthiest situations in high-
lands, particularly in Bunyakiri.

Disentangling the environmental and mineral
predictors of cassava root yield

Structural Equation Modelling (SEMod) highlighted
both the direct and indirect pathways influencing root
yield (data in Table S7). While no management prac-
tice emerged as a driver of root yield for the whole
data set (Fig. S1), the model inferring the responses
to mineralomasses and altitude accounted for 33%
and 26% of yield and Iy variations, respectively
(Fig. 6a), with an adequate fit (Table 6a). Altitude did
not significantly impact Si uptake. Yet, altitude had a
strong, direct and negative influence (factor loading)
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Table 2 Mean concentrations of selected nutrients (N, P, K, Ca, Mg, S, Fe, Mn, Zn, Ni, Cu) in cassava leaves collected in the 40 plots (10/site) 12 months after plantation (12

MAP) at harvest. Full data are given in Table S5

Cu

Zn

Mn

Fe

Mg

Ca

gkg™!

Site

Mu

0.01-0.02

0.01
0.00

0.01-0.15

0.03
0.04

0.04-0.17
0.08
0.04

0.08-0.66

0.28
0.04

0.22-5.21

0.51-2.53

1.03
0.21

3.08-9.07

4.11

5.85-20.59

10.61
4.97

7.24-36.58

20.19

3.04-7.08
4.41
1.78

34.8-45.7

39.3
32

range

1.03
0.21

mean
s.d

1.51

8.12

0.01-0.01

0.01
0.00

0.01-0.07

0.04
0.02

0.04-0.17
0.12
0.02

0.12-0.86

0.43
0.20

0.20-5.17
0.96

0.71-2.06

1.09
0.43

2.44-7.64
4.30
1.54

12.10-21.99

16.52
3.62

10.97-21.83
15.55
3.51

2.89-5.03

3.74
0.72

37.1-55.4
43.0
7.1

range

Bu

mean
s.d

1.96
0.14-1.21
0.48
0.28

0.01-0.01

0.01
0.00

0.01-0.02

0.01
0.01

0.03-0.10

0.05
0.02

0.08-0.17
0.10
0.03

0.18-1.15
0.45
0.28

2.87-6.17
4.67

1.31

7.18-20.02
11.97
3,58

15.55-21.59
18.77
2.06

2.98-5.00

3.88
0.68

35.9-49.2
44.4
4.6

range

Ru

mean
s.d

0.01-0.01

0.01
0.00

0.01-0.01

0.01
0.00

0.03-0.10
0.06
0.02

0.08-0.17
0.12
0.03

0.06-1.32
0.60
0.46

0.30-0.97

0.55
0.22

0.79-7.07
4.26
1.60

3.62-24.05
13.82
5.35

8.12-22.79
17.88
4.15

1.91-5.70

4.

37.2-43.2

413

range

Ki

17

mean
s.d

1.09

2.3

on yield (-0.308%) and Iy;p (-0.439%%), which in turn
was directly and negatively impacted by Si mineralo-
mass (-0.445%%). The impact of altitude on Iy at 7
MAP was not straightforward (Fig. 7a) but confirmed
that maximal Iy, decreases with increasing altitude.
The evolution of the disease as measured by the dif-
ference between the Iy values at 7 and 3 MAP indi-
cated a similar trend (Fig. 7b). However, other factors
should have impacted the expression of the CMD and
its evolution (Fig. 7a-b). The impact of plant Si on
root yield was obviously modulated by other factors,
which were not site-specific characteristics (Fig. 7c).
However, Si uptake impacted Iy, depending on
altitude (Fig. 7d). The above observations led us to
focus on the plant mineral predictors of cassava root
yield (Fig. 6b). The final structural equation model
accounted for 65% of yield variation (R2=0.65,
p<0.01) (Fig. 6b) with an adequate fit (Table 6b).
Silicon uptake had the strongest direct influence (fac-
tor loading) on root yield (0.449), followed by CMD
incidence (-0.143). In addition, Si had a direct nega-
tive link with CMD incidence (-0.249) as well as an
indirect effect on it through the respective positive
and negative influences of micronutrients (-0.249)
and N (0.167) uptakes. Lastly, Si had direct positive
links with the uptake of micronutrients (0.786) and N
(0.703). In summary, the SEMod analysis indicated
that Si mineralomass had both direct and indirect
effects on CMD incidence and root yield.

Discussion

Soil bioavailable Si content covered a wide range
revealing weak to strong soil desilication

The range of CaCl,-Si concentrations (13-130 g kg™,
Fig. 2) matched that reported for a wide variety of
soils (12-150 g kg™!) as reviewed earlier (Fig. 12
Vander Linden et al. 2021). Since the dilute CaCl,
extract mimics soil solution, this concentration range
is consistent with lowest CaCl,-Si concentrations in
Bu and highest CaCl,-Si concentrations in Ru top-
soils. In line with literature data compiled earlier
(Vander Linden et al. 2021), the ASi pool of the
studied topsoils was a major source of bioavailable
Si (Fig. 2), this pool encompassing both amorphous
mineral silicates and biogenic silica particles, phyto-
liths (Cornu et al. 2022; Li et al. 2022) or possibly
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Table 3 Mean values, Si Al Ge AUSi Ge/Si
range and standard
deviation (.s.d.) f(f)rst.heA1 Site (g kg—l) (g kg—l) (ug kg—l) (mol mol~") (umol mol ")
concentrations of 51, AL, Mu  range  2.06-14.11  023-638  8.62-73835  0.09-0.47 1.24-58.34
and Ge and the molar ratios
ASi and Ge/Si in cassava mean 4.46 1.13 146.51 0.19 9.40
Jeaves collected in the 40 s.d 3.76 1.88 274.07 0.12 18.13
plots 12 MAP at harvest (10 Bu range 2.10-13.01 0.20-6.52 0.00-74.52 0.00-0.52 0.00-5.94
plot per site) mean 5.51 1.18 19.87 0.18 1.55
s.d 4.14 1.94 23.17 0.15 1.72
Ru range 1.90-7.74 0.16-1.57 7.20-70.04 0.09-0.18 1.46-5.58
mean 4.63 0.63 34.46 0.13 2.95
s.d 2.14 0.40 18.51 0.03 1.37
Ki range 0.70-8.22 0.06-1.71 7.70-58.80 0.09-0.22 0.71-4.44
mean 5.05 0.78 29.75 0.14 2.35
s.d 2.46 0.59 20.51 0.05 1.15

EHT = 5.00kV
Mag= 784X

EHT = 500KV Signal A= SE2 15 Nov 2022

Mag= 303KX  WD= 60MM  aerceowioe 11:26:40

EHT = 5.00kV
Mag= 664X

EHT = 500KV Signal A 15Nov2022 10 um
120337

1) _R.uningu

Signal A = SE2
T R —— 12:18:10

EHT = 500KV
Mag= 872X

15Nov2022 10 pm Signal A = SE2

WD= 60mm .

15 Nov 2022 EHT = 5.00kv Signal A= SE2 15 Nov 2022
122533 F————  Mag= 200KX  WD=60mm 1856

(j) Bunyakiri

Fig. 4 SEM images of cassava phytoliths extracted after leaf
dry ashing: (a—f) images illustrate the variability of phytolith
morphology in cassava plant; (g—j) the EDX spectra maps of
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elements (Si, O, C, Al) (g), (h) and (j) correspond to the SEM
images (d), (e) and (f), respectively
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Table 4 Concentrations of Si, Al and Ge in 12 selected leaf and phytolith materials, as extracted by dry ashing, with the correspond-

ing values of the molar ratios Al/Si and Ge/Si

Leaf Phytolith
Plot Si Al Ge Al/Si Ge/Si Si Al Ge Al/Si Ge/Si
gkg™! pg kg™! mol mol ™! pmol mol ™! gkg™! pg kg™! mol mol™! pmol mol ™!

Mu4 4.02 1.35  30.80 0.35 2.95 317.86  11.86  746.52 0.03 0.90

Mu8 2.72 023  8.73 0.09 1.24 152.61 2.37 83.84 0.01 0.21

Mul0  7.56 1.14  46.08 0.16 2.35 252.31 9.43 357.77 0.03 0.54

Bu3 3.55 0.32 12.08 0.09 1.31 54.60 1.91 76.68 0.03 0.54

Bu4 9.12 0.36 15.42 0.04 0.65 321.75  3.06 94.01 0.01 0.11

Bu8 4.83 1.84 7452 0.39 5.94 313.51 15.41 664.18 0.05 0.82

Rul 4.84 0.63  70.04 0.13 5.58 83.43 4.98 318.38 0.06 1.47

Ru6 5.03 0.50  32.28 0.10 247 37.48 2.17 178.27 0.06 1.83

Ru7 1.90 0.16 7.20 0.09 1.46 27.85 1.12 37.53 0.04 0.52

Ki5 7.86 .71 50.87 0.22 2.49 249.26  5.65 310.95 0.02 0.48

Ki6 4.20 034 7.70 0.09 0.71 136.91 3.34 83.75 0.02 0.23

Ki7 0.70 0.06  8.12 0.09 4.44 13448  4.80 110.83 0.03 0.31

Table 5 Me.an.values with Site Root yield (t ha ') Leaf biomass (t ha™") Icmp at 7 MAP (%)

standard deviation (s.d.)

and ranges for cassava (a) mean (s.d.) range mean (s.d.) range mean (s.d.) range

féﬁ?hbfgﬁaysfﬁeiiﬁiﬁylz Mu  302(023)  046-1848  093(0.05)  005-3.02  23.15(168)  0-78

MAP at harvest, and CMD Bu 6.50 (0.34) 0.53-17.41 0.81 (0.04) 0.11-2.26 8.85(9.54) 0-67

incidence (Iyp) measured Ru 4.48 (0.46) 0.89-13.84 0.99 (0.14) 0.25-5.02 43.15 (33.77) 0-100

7 MAP (a) in the 360 plots Ki 3.81(032)  0.58-13.57  0.69(0.06)  0.05-2.34  43.67(32.66)  0-100

and (b) in the selected 40

plots (10/site) (®)
Mu 2.85 (0.90) 0.92-10.38 1.15 (0.35) 0.05-3.02 23.05 (15.84) 0-47
Bu 5.63 (1.28) 0.64-12.98 0.75 (0.11) 0.28-1.25 7.68 (8.11) 0-25
Ru 3.09 (0.53) 0.89-5.02 0.70 (0.10) 0.26-1.32 36.24 (32.77) 0-91
Ki 3.86 (0.99) 0.72-10.94 0.86 (0.24) 0.05-2.34 57.09 (27.97) 5-100

micrometric water-soluble silica particles (Puppe
et al. 2017). Deciphering the source of aqueous Si
(CaCl,-Si) can be achieved using the Al/Si and Ge/
Si ratios of aqueous extracts (Li et al. 2022). The low
CaCl,-Al/Si and -Ge/Si ratios, below 0.5 mol mol™!
and 0.3 pmol mol™!, respectively (Fig. 3c-d and
Table S2), showed that phytoliths were the major
source of bioavailable Si in Mu, Ru and Ki topsoils.
In contrast, aqueous Si was likely released from fine-
sized disordered kaolinite in Bu topsoils as indicated
by higher CaCl,-Al/Si and -Ge/Si ratios (Li et al.
2022). These results revealed the instability of kaolin-
ite in dilute solution, hence supporting strong desili-
cation in Bu soils. Besides, they were consistent with
the preferred dissolution of kaolinite at pHc, ¢}, below

4.5 (Li et al. 2022) and that of phytoliths at pH¢,cp
above 6 (Fraysse et al. 2009; Meunier et al. 2018).
The release of bioavailable Si depends on both the
nature of the source component and pH (Cornu et al.
2022; Fraysse et al. 2009; Haynes 2019; Keller et al.
2021; Li et al. 2022; White et al. 2012). The substan-
tial release of Al in Mu topsoils (Fig. 2b) could origi-
nate from poorly crystalline gibbsite (Vander Linden
et al. 2021).

Improved varieties and CMD incidence
As shown above in Fig. 5, the “improved variety”

did not discriminate our cassava plots in terms of
CMD incidence. This may seem surprising since
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Fig. 5 Box plots illustrat-
ing the incidence of cassava
mosaic disease (ICMD), as
measured 7 MAP for local
and improved varieties in
360 plots distributed in the
four sites as follows: 120
(Mushinga), 120 (Bun-
yakiri), 47 (Runingu), 73
(Ki). Local varieties have
been used for years by
several farmers’ generations
while improved varieties
are delivered by external
organizations for various
purposes, not exclusively
for disease tolerance (see
our text in Discussion)
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Fig. 6 Structural Equation Model (SEMod) with two sce-
narios. (a) SEMod of altitude and Si uptake impacts on CMD
incidence at 7 MAP (ICMD-7MAP) and cassava root yield. (b)
SEMod of Si uptake impact on ICMD-7MAP and cassava root
yield. The asterisks indicate the statistical significance level
based on p values: *p<0.05, **p<0.01. All the paths were
significant, except in (a) for the link altitude-Si uptake. Factor
loadings are indicated for each path: the numbers adjacent to
the lines are the standardized path coefficients, indicating the
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degree of standard deviation changes in dependent variables
if each of the independent variables change by one standard
deviation. The blue and red lines represent positive and nega-
tive effects, respectively. The line width is proportional to the
strength of the standardized path coefficient. N uptake means
nitrogen uptake. Micronutrient uptake sums up the uptakes of
Fe, Mn, Zn and Cu. The model had a good fit based on each of
the goodness-of-fit criteria (Table 6)
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Table 6 Indicators of the goodness-of-fit for the final SEM in
each step of the final model construction: root mean squared
error of approximation (RMSEA); comparative fit index (CFI);

goodness-of-fit index (GFI), model chi-square (Xz), P value,
degree of freedom (df), adjusted R%. The indicators are given
for two scenarios (a) with and (b) without altitude response

Core SEMod RMSEA CFI X2 P df R?
(a) with altitude 0.000 1 0.995 0.520 0.914 3 0.33
(b) without altitude 0.000 1 0.990 2.208 0.530 3 0.65
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Fig.7 (a—b) Impact of altitude on (a) the CMD incidence as
measured 7 months after plantation (ICMD-7MAP) and (b)
the difference between the values of ICMD measured 7 and 3
MAP (ICMD-7MAP - ICMD-3MAP). The difference (ICMD-
TMAP — ICMD-3MAP) is considered as a marker of the evolu-
tion of the disease. (c—d) Impact of Si uptake by cassava plant
(product of leaf biomass with Si concentration), as measured
12 MAP in 40 selected plots (10/site) on (a) root yield and (b)
ICMD-7MAP. (c) For the whole set of data, the value of R?

improved varieties can be associated with disease
resistance, as commonly considered. Searching for
resistance to CMD in cassava has a long history as
the disease strongly depresses crop yield (Hahn
et al. 1980). However, though positive relationships
were established between the extent and severity of
the leaf symptoms and yield loss, losses can be con-
siderable, even with improved varieties designated

was 0.23. Two populations of identical weight (n=20) were
distinguished (P1, P2). For each population, R? significantly
increased (P1: 0.63; P2: 0.69), with a stronger impact of plant
Si on root yield in P1 than in P2. (d) The maximal ICMD-
TMAP value decreased significantly with increasing Si uptake.
However, ICMD was mediated by altitude since at given Si
uptake, maximal ICMD was much lower in highlands (Mu,
Bu) than in all sites

as resistant (Thresh et al. 1994). Actually, wild cas-
sava species (Manihot glaziovii) can exhibit lower
infection degrees by CMD viruses than improved
cultivars (Manihot esculenta Crantz) (Ambang et al.
2007), while cassava resistance to viral diseases
covers a large spectrum in terms of plant responses
(Sheat and Winter 2023). In addition, in South-Kivu,
the improved cassava varieties were introduced for
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several characters, not only plant resistance as men-
tioned in the section Materials and Methods.

Silica accumulation in cassava leaves is similar
to that of macronutrients and forms phytoliths of
various morphotypes

Foliar concentrations of plant nutrients varied greatly
between farm plots (Table S5). Nutrient levels did
not indicate any deficiency or excess according to
the standards available for foliar diagnosis in cassava
(Howeler 2002; Reuter et al. 1997) except for nitro-
gen (N) and sulfur (S). Indeed, leaf N concentrations
(39-44 g kg™!, Table 2) were below the 50-65 g kg™
range defined for adequate N nutrition (Reuter et al.,
1997). On the other hand, leaf S concentrations
(0.18-2.53 g kg™') were below the adequate level
evaluated at 2.7 g kg~! at 3-4 MAP by Howeler
(2002). Yet, no S deficiency was noted in the field,
while S uptake had no impact on CMD incidence and
root yield. Nutrient concentrations can vary consider-
ably among plant parts and change during the growth
cycle (Howeler 2002). Though Si is not a plant nutri-
ent (Coskun et al. 2019), Si concentration in cas-
sava leaves varied from 2.1 to 14.1 g kg™! (Table 3)
in a range similar to that of plant macronutrients
(Table 2), regardless of soil type. The uptake of Si
by cassava did not vary with variety type (Fig. S1),
soil weathering stage nor desilication degree, unlike
for banana (Henriet et al. 2008) or rice (Klotzbiicher
et al. 2015; Li et al. 2020). Banana, in its vegetation
phase, and rice have a shorter cycle than cassava.
Besides, their roots develop mainly in the topsoil
(upper 30 cm) (Delvaux 1995; Yoshida and Hasegawa
1982), while for cassava the rooting depth is much
greater (1-2.5 m) (Gregory and Wojciechowski
2020), implying that Si can be taken up from a larger
soil volume. In addition to rooting depth, manage-
ment practices impact the Si soil-plant cycle (Van-
der Linden and Delvaux 2019). This cycle might thus
have been influenced in the studied farms by soil and
soil fertility management, soil cover, weed control,
recycling or export of plant parts, and intercropping
(Table S8). As mentioned in the section Materials
and Methods, the impact of management practices
is being analyzed elsewhere. Yet, our current analy-
sis indicates a strong conditionality of the effect of
any given practices, while none of them appears as a
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driver, direct or indirect, of root yield for the whole
set of plots.

Cassava leaves formed fine-sized phytoliths of
various morphotypes (Fig. 4), which may contain Al
(Fig. 4h and Table 3). The low range of leaf Al/Si
(0-0.52) excluded clay dust contamination (Table 4).
Both Al/Si and Ge/Si ratios were used to trace Si in
soil-plant systems (Li et al. 2022). However, though
Al concentrations in plant phytoliths cover a sub-
stantial range (0.6-9 g kg™') (Bartoli 1985; Bujan
2013; Fraysse et al. 2009; Hodson 2016), the Al/
Si is little used to characterize phytoliths, unlike the
Ge/Si ratio. Being analog to Si, the variation in Ge
concentration follows that of Si in ecosystems (Wiche
et al. 2018). Germanium concentrations measured in
cassava leaves were within the range of values avail-
able for other field-grown plants, most being below
85 ug kg~! (Table 7). The same applies to the Ge/Si
ratio in both leaf and phytolith material. The sharp
and systematic decrease in Ge/Si (umol mol™!) from
leaf (0.65-5.94) to phytolith (0.11-1.83) (Table 4)
indicated that Ge accumulation in cassava leaves was
not solely driven by its incorporation in phytoliths as
reported in other plant species (Kaiser et al. 2020).
Actually, Ge and Si follow different pathways in
plant tissues (Delvigne et al. 2009; Kaiser et al. 2020;
Sparks et al. 2011) due to the higher reactivity of Ge
with many organic functional groups (Wiche et al.
2018).

Silicon uptake enhanced cassava root yield and
reduced CMD incidence

As previously noted in South-Kivu, cassava root
yields (Table 4) were low to extremely low (0.5-18
t ha™!), far below the yield potential of 75-90 t ha™!
(Cock et al. 1979; Fermont et al. 2009) due to major
biotic and abiotic constraints as well as poor logistic,
socioeconomic and institutional context (Cirimwami
et al. 2019; Munyahali et al. 2017; Ouma et al. 2011;
Pypers et al. 2011). Actually, Si had a pivotal role
on cassava root yield in the studied farms (Fig. 6b).
Well-known in monocots, Si accumulation also
occurs in some dicot species (Hodson et al. 2005),
with direct positive effects on plant biomass, crop
yield and stress tolerance (e.g., Belanger et al. 1995;
Pereira de Souza Junior et al. 2019, Parecido et al.
2022; Shamshiripour et al. 2022). As illustrated in
Fig. 7c, the direct influence of Si uptake on cassava
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Table 7 Some examples
of Ge concentrations

in plant tissues (shoot,
leaf) and phytoliths from
different field-grown
plants, unless otherwise
indicated, compared to
those measured in cassava
in this study

Plant functional group plant part, Ge Ge/Si Reference

and/or species phytolith ug kg™! pmol mol~!

Banana, Musa acuminata leaf 0.8-5.1 0.16 Delvigne et al. 2009

Grass, Oryza sativa shoot 2900 Wiche et al. 2018%*

various Poaceae shoot 37-450 ”

(monocots) leaf 22-55 »
leaf 67-330 10.14-38.03  Kaiser et al. 2020
phytolith 500-800 0.83-1.95 ”

hydroponic study leaf 0.02-0.05  0.04-0.12 Blecker et al. 2007
phytolith 0.03-.004  0.07-0.10 >

Forb (various dicot species) shoot 8-50 Wiche et al. 2018*
leaf 8-310 >

Equisetum sp. shoot 20 >
leaf 10-210 0.06-0.77 Delvigne et al. 2009

Tree (coniferous) needle 1-3 0.10-1.50 Cornelis et al. 2010

Tree (broadleaf) leaf 4-84 0.20-0.30 >

Cassava (Manihot esculenta)  leaf 7.2-74.5 0.71-5.94 This study (Table 4)
phytolith 37-746 0.11-1.83 >

* Wiche et al. 2018, and
references therein

root yield presumably reflected the benefits of Si for
cassava grown under multi-stress conditions, as it
occurs in many plants (Coskun et al. 2019; Rodri-
gues et al. 2015). Plotting root yield against leaf Si
concentration gives very similar relationship (not
shown). The impact of Si on root yield (Fig. 7c) has
been modulated by other factors while the emergence
of two populations indicated that the response to Si
depends on several factors, not identified here. It is
not related to the use of improved varieties. Yet, other
management practices could possibly be involved,
but this is beyond the scope and size of the present
study. The direct impact of Si on N and micronutri-
ent uptake was expected given the effectiveness of Si
in improving mineral nutrition in many plant species
(Rodrigues et al. 2015), notably N and micronutrients
(e.g., Cuong et al. 2017; Etemasi and Jeong 2018;
Hong et al. 2022). The influence of Si on root yield
was also indirect since CMD incidence negatively
affected yield while being itself negatively influenced
by Si (Fig. 6b). The direct effect of Si on CMD inci-
dence was evidently modulated by altitude (Fig. 7a-
d), as reported earlier (Bisimwa et al. 2019; Mac-
fadyen et al. 2018), but also by other factors (Fig. 7d).
The negative effect of Si on CMD incidence (Fig. 6a-
b) was consistent with known facts about the action
and role of Si in enhancing plant resistance against
insect pests and fungal diseases (Coskun et al. 2019;

Fauteux et al. 2005), and bacterial infections (Islam
et al. 2020; Sakr 2016), Si acting as an extracellu-
lar prophylactic agent against stresses (Coskun et al.
2019). However, the role of Si in relation to viral
pathogens attracted little attention (Islam et al. 2020;
Rodrigues et al. 2015; Sakr 2016). Silicon-modulated
protection against viral infection occurred through a
specific defence mechanism in tobacco (Zellner et al.
2011) and by limiting or inhibiting the virus trans-
mission by insect in rice (Jia et al. 2021). Aqueous
H,SiO, and silica nanoparticles induced systemic
acquired resistance (SAR) in Arabidopsis through
triggering salicylic acid (SA), the plant hormone
responsible for the activation of pathogenesis-related
(PR) genes (El-Shetehy et al. 2021). Interestingly, SA
played a crucial role in regulating antiviral mecha-
nisms in some cassava cultivars (Malichan et al.
2023) while PR gene families revealed responses to
whitefly infestation and SA in cassava (Garceau 2021;
Irigoyen et al. 2020). Thus, the direct negative link
between plant Si and Iy can hypothetically involve
the impact of Si uptake by cassava on both the vector
(Bemisia tabaci) and the viral pathogen. Silicon had
also indirect influences on CMD incidence through
the uptake of micronutrients and N (Fig. 6b). Micro-
nutrients play specific roles in improving plant toler-
ance to diseases (Datnoff et al. 2007; Dordas 2008).
Nitrogen is involved in plant responses via complex
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host—pathogen interactions (Dordas 2008), which
often increase disease susceptibility (Ballini et al.
2013). Generally, it has negative effects on physical
defences and production of antimicrobial phytoalex-
ins, but positive ones on defence-related enzymes and
proteins (Sun et al. 2020). The decrease in Iy at
higher Si and lower N uptake (Fig. 6b) suggested that
the N:Si balance may have affected plant tolerance to
CMD. However, our data set revealed no significant
trend in the relationship between N:Si balance and
Iemp- In rice, optimizing the N:Si balance increased
grain yield and lodging resistance (Hong et al. 2022),
and decreased N-induced susceptibility to blast dis-
ease, the expression of which was modulated under
earthworm-silicon control (Blanchart et al. 2020).
Little is known about the impact of N on viral plant
diseases. A high N supply enhanced the infection of
cotton by the leaf curl virus (Zafar et al. 2010) while
higher leaf C:N ratio delayed viral damage in tobacco
(Ye et al. 2010). Yet, Rhizobium inoculation enhanced
plant vigor and systemic resistance to the mosaic
virus in faba bean (Abdelkhalek et al. 2022). Further
investigation under controlled conditions can help
unravelling such potential effects in cassava.

Silicon uptake alleviated soil acidity stress

Most likely in our case study, other factors inter-
played to modulate the impacts of Si on cassava
performance since Si accumulation in plants also
mitigates abiotic stresses. The reputed tolerance of
cassava to soil infertility (Howeler 2002) and its sig-
nificant response to fertilization (Fermont et al. 2010)
indicates the existence of adaptive mechanisms. Cas-
sava is renown to be tolerant to soil acidity (How-
eler 2002), but large differences in this respect exist
between cultivars (Edwards and Kang 1978; Lozano
et al. 1981; Manrique 1985; Nassar 2000; Punpom
et al. 2022; Spain et al. 1975). Soil acidity enhances
the bioavailability of toxic Al In our field-sampled
cassava leaves, the range of Al concentrations was
0.06-6.52 g kg~! (Table 3), but all values except one
were below 3 g kg™! (Table S6: 0.06-1.84 g kg™!).
Foliar levels above 3 g kg~' denoted Al hyperac-
cumulation, which occurs in some Euphorbiaceae
(Jansen et al. 2002). The range observed here was
higher than 0.005-0.63 g kg~! measured in 400 cas-
sava genotypes tested in two soils (Alamu et al. 2022)
as well as 0.05-0.13 g kg~! in two cassava cultivars in
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a sand-hydroponic experiment (Punpom et al. 2022).
In this controlled experiment, high Al levels up to
2-2.5 mg 17! in the nutrient solution enhanced pro-
ton release by cassava roots, hence favoring mineral
dissolution in the rhizosphere while Al levels up to
1.35 mg 17! increased Fe acquisition by roots, thus
elaborating on the beneficial role of Al in mineral
uptake by cassava (Punpom et al. 2022). Interest-
ingly, in our data set (40 plots), Al concentration in
cassava leaves was strongly correlated with that of
Fe (r=0.99). In addition, it was also directly related
to the foliar level of Si (r=0.84), suggesting a pos-
sible role of Si in alleviating Al toxicity as reported
in maize (Wang et al. 2004) and recently reviewed
for several plant species (Hodson and Evans 2020).
However, the question of whether Si accumulation
in cassava could be an adaptive mechanism enabling
the plant to grow on poor acid soils remains open in
terms of mechanisms.

A perspective to enhance Si uptake by cassava in
farming systems

The integrated soil fertility management (ISFM)
has been successfully applied in cassava cropping
systems in the studied area (Munyahali et al. 2017;
Pypers et al. 2011). It is defined as a set of prac-
tices including the use of fertilizer, organic input and
improved germplasm, as adapted to local conditions
to maximize their agronomic efficiency and improve
crop productivity (Vanlauwe et al. 2010). Given
that mineral Si fertilizers are costly, poor in soluble
Si and not available locally, using biomass residues
would offer promising perspectives. Using organic
residues to enhance the effective supply of bioavail-
able Si could be practically done through amending
soils with biochar. The use of biochar as a Si input
indeed offers undeniable potential to mitigate desili-
cation and to enhance the effect of Si in alleviating
plant stresses (Li and Delvaux 2019), knowing that
relevant trade-offs for climate change mitigation exist
between biochar production and its application to soil
(Lehmann et al. 2021). The potential of biochar is
significant in contributing to ISFM and climate-smart
agriculture, as shown in farming systems of Uganda
(Roobroeck et al. 2019) and Kenya (Kitterer et al.
2019). Improving the bioavailability of Si in soils can
also be achieved by recycling crop residues (Marxen
et al. 2016; Puppe et al. 2021; Yang et al. 2020).
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Conclusion

Our study shows that Si accumulated substantially
in cassava leaves, where it formed phytoliths of dif-
ferent morphotypes. In addition, our work indicates
that Si mineralomass was a predictor of cassava
root yield through both direct and indirect path-
ways. Importantly, the indirect pathways involved
well-known impacts of Si and micronutrients on
disease tolerance in other plant species. Moreover,
our data also suggest a contribution of Si to cassava
tolerance to soil acidity and Al stress. Although our
observational study cannot fully disentangle causal
relationships, our results highlight the potential
unknown role of Si in cassava productivity while
opening new avenues of research. These should
ideally consider the role of Si in the interactions
between host, cassava viruses and their insect vec-
tors, as well as in the plant tolerance to soil infer-
tility and water stress, all of which are major con-
straints to cassava productivity.

Acknowledgements F. Barhebwa is supported by the Inter-
national Institute of Tropical Agriculture (IITA), as PhD fel-
low at UCLouvain. This research was supported by IITA and
UCLouvain. The authors gratefully acknowledge L. Monin, E.
Devos, C. Givron and A. Iserentant for laboratory assistance
in the analytical platform MOCA, UCLouvain, as well as L.
Ryelandt for SEM/TEM analyses at IMMC-LACaMI, UCLou-
vain. The authors warmly thank W. Munyahali, K. Kintche, D.
Chiragaga, M.P. Ntererwa, P. Imanie, J. Mirali (IITA team) for
their fruitful collaboration in the field. We are grateful to the
reviewers for their assistance in improving the quality of our
manuscript.

Author contributions FB designed the field study and was
guided by BV and BD. FB carried out the field sampling, with
the IITA support and assistance of BD. BD and ZL designed
the laboratory studies. BD, ZL and FB processed, analyzed and
treated field and laboratory data. CB analyzed the CMD data
and improved their interpretation. BD and ZL piloted the data
interpretation and BD the manuscript writing.

Data availability Our experimental data can be available on
request.

References

Abdelkhalek A, El-Gendi H, Al-Askar AA, Maresca V,
Moawad H, Elsharkawy MM, Younes HA, Behiry SI
(2022) Enhancing systemic resistance in faba bean
(Vicia faba L.) to Bean yellow mosaic virus via soil

application and foliar spray of nitrogen-fixing Rhizo-
bium leguminosarum bv. viciae strain 33504-Alexl.
Front. Plant Sci. 13: 933498 https://doi.org/10.3389/
fpls.2022.933498

Achidi UA, Ajayi OA, Bokanga M, Maziya-Dixon B (2005)
The use of cassava leaves as food in Africa. Ecol Food
Nutr 44:423-435

Adebisi JA, Agunsoye JO, Bello SA, Kolawole FO, Rama-
kokovhu MM, Daramola MO, Hassan SB (2019)
Extraction of silica from sugarcane bagasse, cassava
periderm and maize stalk: Proximate analysis and
physico-chemical properties of wastes. Waste Biomass
Valor 10:617-629

Alamu EO, Dixon A, Eyinla TE, Maziya-Dixon B (2022)
Characterization of macro and micro-minerals in cas-
sava leaves from genotypes planted in three different
agroecological locations in Nigeria. Heliyon 8:11

Ambang Z, Akoa A, Bekolo N, Nantia J, Nyobe L, Ongono
YSB (2007) Tolérance de quelques cultivars de man-
ioc (Manihot esculenta Crantz) et de 1’espece sauvage
(Manihot glaziovii) a la mosaique virale africaine et a
la cercosporiose du manioc. Tropicultura 25:140-145

Ballini E, Nguyen TT, Morel JB (2013) Diversity and genet-
ics of nitrogen-induced susceptibility to the blast fun-
gus in rice and wheat. Rice 6:1-13

Bartoli F (1985) Crystallochemistry and surface properties of
biogenic opal. J Soil Sci 36:335-350

Beck HE, Zimmermann NE, McVicar TR, Vergopolan N,
Berg A, Wood EF (2018) Present and future Koppen-
Geiger climate classification maps at 1-km resolution.
Scientific Data 5:1-12

Belanger RR, Bowen PA, Ehret DL, Menzies JG (1995) of
Greenhouse Crops. Plant Dis 79:329

Bisimwa EB, Birindwa DR, Yomeni MO, Rudahaba N, Bya-
mungu K, Bragard C (2019) Multiple cassava viruses’
co-infections and resurgence of pests are leading to
severe symptoms and yield losses on Cassava in the
South-Kivu Region, Democratic Republic of Congo.
Am J Plant Sci 10:1969-1988

Blanchart E, Ratsiatosika O, Raveloson H, Razafimbelo T,
Razafindrakoto M, Sester M, Becker T, Bernard L,
Trap J (2020) Nitrogen supply reduces the earthworm-
silicon control on rice blast disease in a Ferralsol. Appl
Soil Ecol 145:103341

Blecker SW, King SL, Derry LA, Chadwick OA, Ippolito JA,
Kelly EF (2007) The ratio of germanium to silicon in
plant phytoliths: quantification of biological discrimi-
nation under controlled experimental conditions. Bio-
geochemistry 86:189-199

Bock CH, Chiang KS, Del Ponte EM (2022) Plant disease
severity estimated visually: a century of research, best
practices, and opportunities for improving methods
and practices to maximize accuracy. Trop Plant Pathol
47:25-42

Bujan E (2013) Elemental composition of phytoliths in mod-
ern plants (Ericaceae). Quatern Int 287:114-120

Cai L, Cai L, Jia H, Liu C, Wang D, Sun X (2020) Foliar
exposure of Fe;O, nanoparticles on Nicotiana bentha-
miana: Evidence for nanoparticles uptake, plant growth
promoter and defense response elicitor against plant
virus. J Hazard Mater 393:122415

@ Springer


https://doi.org/10.3389/fpls.2022.933498
https://doi.org/10.3389/fpls.2022.933498

Plant Soil

Carey JC, Fulweiler RW (2016) Human appropriation of bio-
genic silicon — the increasing role of agriculture. Funct
Ecol 30:1331-1339

Chao TT, Sanzolone RF (1992) Decomposition techniques. J
Geochem Explor 44:65-106

Cirimwami JPK, Ramananarivo S, Mutabazi AN, Muhigwa B,
Bisimwa EB, Ramananarivo R, Razafiarijaona J (2019)
Changement climatique et production agricole dans la
région du Sud-Kivu montagneux a I’Est de la RD Congo.
1JIAS 26:526-544

Cock JH, Franklin D, Sandoval G, Juri P (1979) The Ideal Cas-
sava Plant for Maximum Yield. Crop Sci 19:271-279

Cooke J, Leishman MR (2011) Is plant ecology more siliceous
than we realise? Trends Plant Sci 16:61-68

Cornelis JT, Delvaux B, Cardinal D, André L, Ranger J,
Opfergelt S (2010) Tracing mechanisms controlling the
release of dissolved silicon in forest soil solutions using
Si isotopes and Ge/Si ratios. Geochim Cosmochim Acta
74:3913-3924

Cornu S, Meunier JD, Ratie C, Ouedraogo F, Lucas Y, Merdy
P, Barboni D, Delvigne C, Borschneck D, Grauby O,
Keller C (2022) Allophanes, a significant soil pool of
silicon for plants. Geoderma 412:115722

Coskun D, Deshmukh R, Sonah H, Menzies JG, Reynolds O,
Ma JF, Kronzucker HJ, Bélanger RR (2019) The con-
troversies of silicon’s role in plant biology. New Phytol
221:67-85

Cuong TX, Ullah H, Datta A, Hanh TC (2017) Effects of sili-
con-based fertilizer on growth, yield and nutrient uptake
of rice in tropical zone of Vietnam. Rice Sci 24:283-290

Datnoft LE, Elmer WH, Huber DM (2007) Mineral nutrition
and plant disease. American Phytopathological Society,
St Paul, Minnesota APS Press

de Melo Peixoto M, Flores RA, do Couto CA, Pacheco HDN,
de Mello Prado R, Souza-Junior JP, Castro-Netto JA,
Graciano-Ribeiro D (2022) Silicon application increases
biomass yield in sunflower by improving the photosyn-
thesizing leaf area. Silicon 14:275-280

Delvaux B (1995) Soils. In: Gowen SR (ed) Bananas and Plan-
tains. Chapman & Hall, London, UK, pp 230-257

Delvigne C, Opfergelt S, Cardinal D, Delvaux B, André L
(2009) Distinct silicon and germanium pathways in the
soil-plant system: Evidence from banana and horsetail.
J Geophys Res Biogeosci 114(G2). https://doi.org/10.
1029/2008JG000899

DeMaster DJ (1981) The supply and accumulation of silica
in the marine environment. Geochim Cosmochim Acta
45:1715-1732

Deshmukh R, Bélanger RR (2016) Molecular evolution of
aquaporins and silicon influx in plants. Funct Ecol
30:1277-1285

Dordas C (2008) Role of nutrients in controlling plant diseases
in sustainable agriculture. A Review Agron Sustain Dev
28:33-46

Edwards DG, Kang BT (1978) Tolerance of cassava (Manihot
esculenta Crantz) to high soil acidity. Field Crops Res
1:337-346

El-Shetehy M, Moradi A, Maceroni M, Reinhardt D, Petri-Fink
A, Rothen-Rutishauser B, Mauch F, Schwab F (2021)
Silica nanoparticles enhance disease resistance in Arabi-
dopsis plants. Nat Nanotechnol 16:344-353

@ Springer

Etesami H, Jeong BR (2018) Silicon (Si): Review and future
prospects on the action mechanisms in alleviating biotic
and abiotic stresses in plants. Ecotoxicol Environ Saf
147:881-896

Ezell KC, Pearsall DM, Zeidler JA (2006) Root and tuber
phytoliths and starch grains document manioc (Manihot
esculenta) arrowroot (Maranta arundinacea) and llerén
(Calathea sp.) at the real alto site Ecuador. Econ Bot
60:103-120

Fauteux F, Rémus-Borel W, Menzies JG, Bélanger RR (2005)
Silicon and plant disease resistance against pathogenic
fungi. FEMS Microbiol Lett 249:1-6

Fermont AM, van Asten PJA, Tittonell P, van Wijk MT, Giller
KE (2009) Closing the cassava yield gap: an analysis
from smallholder farms in East Africa. Field Crops Res
112:24-36

Fermont AM, Tittonell PA, Baguma Y, Ntawuruhunga P, Giller
KE (2010) Towards understanding factors that govern
fertilizer response in cassava: lessons from East Africa.
Nutr Cycl Agroecosystems 86:133-151

Fraysse F, Pokrovsky OS, Schott J, Meunier JD (2009) Surface
chemistry and reactivity of plant phytoliths in aqueous
solutions. Chem Geol 258:197-206

Garceau DC (2021) A genomic characterization of white-
fly resistance and defense hormone responses in cas-
sava. University of California, Riverside ProQuest Dis-
sertations Publishing. https://escholarship.org/uc/item/
90p9j27b

Gregory PJ, Wojciechowski T (2020) Root systems of major
tropical root and tuber crops: Root architecture, size,
and growth and initiation of storage organs. Adv Agron
161:1-25

Hahn SK, Terry ER, Leuschner K (1980) Breeding cassava
for resistance to cassava mosaic disease. Euphytica
29:673-683

Haynes RJ (2019) What effect does liming have on silicon
availability in agricultural soils? Geoderma 337:375-383

Haysom M, Chapman L (1975) Some aspects of the calcium
silicate trials at Mackay. Proceedings of the Conference
of the Queensland Society of Sugar Cane Technologists
42:117-122

Henriet C, Bodarwé L, Dorel M, Draye X, Delvaux B (2008)
Leaf silicon content in banana (Musa spp.) reveals the
weathering stage of volcanic ash soils in Guadeloupe.
Plant Soil 313:71-82

Herbillon AJ (1986) Chemical estimation of weatherable min-
erals present in the diagnostic horizons of low activity
clay soils. In: Beinroth FH, Camargo MN, Eswaran (eds)
Proceedings of the 8th International clay classification
workshop: classification, characterization and utilization
of oxisols (Part 1), Rio de Janeiro, pp 3948

Hillocks RJ, Thresh JM (2000) Les viroses de la mosaique et
de la striure brune du manioc en Afrique: Un guide com-
paratif des symptdmes et de 1’étiologie. Roots (uganda)
1:18-27

Hodson MJ (2016) The development of phytoliths in plants and
its influence on their chemistry and isotopic composition.
Implications for palacoecology and archaeology. J Arch
Sci 68:62-69

Hodson MJ, Evans DE (2020) Aluminum-silicon interactions
in higher plants: an update. J Exp Bot 71:6719-6729


https://doi.org/10.1029/2008JG000899
https://doi.org/10.1029/2008JG000899
https://escholarship.org/uc/item/90p9j27b
https://escholarship.org/uc/item/90p9j27b

Plant Soil

Hodson MJ, White PJ, Mead A, Broadley MR (2005) Phyloge-
netic variation in the silicon composition of plants. Ann
Bot 96:1027-1046

Hong W, Chen Y, Huang S, Li Y, Wang Z, Tang X, Pan S, Tian
H, Mo Z (2022) Optimization of nitrogen—silicon (N-Si)
fertilization for grain yield and lodging resistance of
early-season indica fragrant rice under different planting
methods. Eur J Agron 136:126508

Hooper D, Coughlan J, Mullen M (2008) Evaluating model fit:
a synthesis of the structural equation modelling litera-
ture. In: 7th European Conference on research methodol-
ogy for business and management studies, ECRM2008,
Regent’s College, London 2008:195-200

Howeler RH (2002) Cassava mineral nutrition and fertilization.
In: Hillocks RJ, Thresh JM, Bellottin A (eds) Cassava:
Biology. CABI publishing, Production and Ultilization,
pp 115-147

Irigoyen ML, Garceau DC, Bohorquez-Chaux A, Lopez-Lav-
alle LAB, Perez-Fons L, Fraser PD, Walling LL (2020)
Genome-wide analyses of cassava Pathogenesis-related
(PR) gene families reveal core transcriptome responses
to whitefly infestation, salicylic acid and jasmonic acid.
BMC Genomics 21:1-18

Islam W, Tayyab M, Khalil F, Hua Z, Huang Z, Chen HY
(2020) Silicon-mediated plant defense against pathogens
and insect pests. Pestic Biochem Physiol 168:10464 1

TUSS Working Group WRB (2015) International soil classifi-
cation system for naming soils and creating legends for
soil maps. In: World Reference Base for soil resources
2014. FAO, Rome

Jansen S, Broadley MR, Robbrecht E, Smets E (2002) Alu-
minum hyperaccumulation in angiosperms: a review of
its phylogenetic significance. Bot Rev 68:235-269

Jia L, Han Y, Hou M (2021) Silicon amendment to rice plants
reduces the transmission of southern rice black-streaked
dwarf virus by Sogatella furcifera. Pest Manag Sci
77:3233-3240

Jones L, Handreck K (1965) Studies of silica in the oat plant.
Plant Soil 23:79-96

Kaiser S, Wagner S, Moschner C, Funke C, Wiche O (2020)
Accumulation of germanium (Ge) in plant tissues of
grasses is not solely driven by its incorporation in phyto-
liths. Biogeochemistry 148:49-68

Kitterer A, Roobroeck D, Andrén O, Kimutai G, Karltun E,
Kirchmann H, Nyberg G, Vanlauwe B, Roing de Now-
ina K (2019) Biochar addition persistently increased soil
fertility and yields in maize-soybean rotations over 10
years in sub-humid regions of Kenya. Field Crops Res
235:18-26

Keller C, Rizwan M, Meunier JD (2021) Are clay minerals a
significant source of Si for crops? A comparison of amor-
phous silica and the roles of the mineral type and pH.
Silicon: 1-8 https://doi.org/10.1007/s12633-020-00877-5

Kelly EF (1990) Methods for extracting opal phytoliths from
soil and plant material. In: Workshop on biotic indicators
of global change. Seattle, Washington, DC

Klotzbiicher T, Marxen A, Vetterlein D, Schneiker J, Tiirke M,
van Sinh N, Manh NH, van Chien H, Marquez L, Vil-
lareal S (2015) Plant-available silicon in paddy soils as
a key factor for sustainable rice production in Southeast
Asia. Basic Appl Ecol 16:665-673

Koning E, Epping E, Van Raaphorst W (2002) Determining
biogenic silica in marine samples by tracking silicate and
aluminium concentrations in alkaline leaching solutions.
Aquat Geochem 8:37-67

Kovécs S, Kutasy E, Csajbok J (2022) The multiple role of sili-
con nutrition in alleviating environmental stresses in sus-
tainable crop production. Plants 11:1223

Kwibuka Y, Nyirakanani C, Bizimana JP, Bisimwa E, Brostaux
Y, Lassois L, Vanderschuren H, Massart S (2022) Risk
factors associated with cassava brown streak disease dis-
semination through seed pathways in Eastern DR Congo.
Front Plant Sci 13:803980

Lehmann J, Cowie A, Masiello CA, Kammann C, Woolf D,
Amonette JE, Cayuela ML, Camps-Arbestain M, Whit-
man T (2021) Biochar in climate change mitigation. Nat
Geosci 14:883-892

Lema KM, Tata-Hangy K, Bidiaka M (2004) Management of
African root and tuber scale using improved cassava gen-
otypes and mineral fertilizers. Afr Crop SciJ 12:217-221

Li Z, Delvaux B (2019) Phytolith-rich biochar: a potential
silicon amendment in desilicated soils. Geb Bioenergy
11:1264-1282

Li Z, Cornelis JT, Vander Linden C, Van Ranst E, Delvaux B
(2020) Neoformed aluminosilicate and phytogenic silica
are competitive sinks in the silicon soil-plant cycle. Geo-
derma 368:114308

Li Z, Meunier JD, Delvaux B (2022) Aggregation reduces the
release of bioavailable silicon from allophane and phyto-
lith. Geochim Cosmochim Acta 325:87-105

Li Z, Meunier JD, Delvaux B (2023) Goethite affects phyto-
lith dissolution through clay particle aggregation and pH
regulation. Geochim Cosmochim Acta 349:11-22

Lozano JC, Bellotti AC, Reyes JA, Howeler RH, Leihner DE,
Doll J (1981) Field problems in cassava, 2nd edn. Cen-
tro Internacional de Agricultura Tropical (CIAT). Cali,
Colombia, p 192

Ma JF, Yamaji N (2006) Silicon uptake and accumulation in
higher plants. Trends Plant Sci 11:392-397

Ma JF, Tamai K, Yamaji N, Mitani N, Konishi S, Katsuhara M,
Ishiguro M, Murata Y, Yano M (2006) A silicon trans-
porter in rice. Nature 440:688—-691

Macfadyen S, Paull C, Boykin LM, De Barro P, Maruthi MN,
Otim M, Kalyebi A, Vassao DG, Sseruwagi P, Tay WT,
Delatte H, Seguni Z, Colvin J, Omongo CA (2018) Cas-
sava whitefly, Bemisia tabaci (Gennadius) (Hemiptera:
Aleyrodidae) in East African farming landscapes: a
review of the factors determining abundance. Bull Ento-
mol Res 108:565-582

Malichan S, Vannatim N, Chaowongdee S, Pongpamorn P,
Paemanee A, Siriwan W (2023) Comparative analysis of
salicylic acid levels and gene expression in resistant, tol-
erant, and susceptible cassava varieties following white-
fly-mediated SLCMYV infection. Sci Rep 13:13610

Manrique LA (1985) Effect of extreme soil acidity conditions
on plant growth and yield of cassava. Commun Soil Sci
Plant 16:959-970

Marxen A, Klotzbiicher T, Jahn R, Kaiser K, Nguyen VS,
Schmidt A, Schidler M, Vetterlein D (2016) Interac-
tion between silicon cycling and straw decomposition
in a silicon deficient rice production system. Plant Soil
398:153-163

@ Springer


https://doi.org/10.1007/s12633-020-00877-5

Plant Soil

Meunier JD, Sandhya K, Prakash NB, Borschneck D, Dus-
souillez P (2018) pH as a proxy for estimating plant-
available Si? A case study in rice fields in Karnataka
(South India). Plant Soil 432:143-155

Mitani N, Yamaji N, Ma JF (2009) Identification of maize
silicon influx transporters. Plant Cell Physiol 50:5-12

Moise ER, McNeil JN, Hartley SE, Henry HA (2019) Plant
silicon effects on insect feeding dynamics are influ-
enced by plant nitrogen availability. Entomol Exp Appl
167:91-97

Moise MK, Eloge KM, Moise KK, Alex KM, Shangilia K,
Charles KM, Richard MK (2022) Incidence et sévé-
rité de la chenille 1égionnaire d’automne (Spodoptera
frugiperda JE Smith) sur la culture du mais (Zea mays
L.) en localité de Kivira (Nord-Kivu, RD Congo). IJIS
36:449-467

Moorthy SN, Padmaja G (2002) Starch content of cassava
tubers. J Root Crops 28:30-37

Munyahali W, Pypers P, Swennen R, Walangululu J, Vanlauwe
B, Merckx R (2017) Responses of cassava growth and
yield to leaf harvesting frequency and NPK fertilizer in
South Kivu, Democratic Republic of Congo. Field Crops
Res 214:194-201

Nassar N (2000) Wild cassava, Manihot spp.: biology and
potentialities for genetic improvement. Genet Mol Biol
23:201-212

Neumann K, Stromberg CAE, Ball T, Albert RM, Vrydaghs
L, Cummings LS (2019) International code for phyto-
lith nomenclature (ICPN) 2.0 international. Ann Bot
124:189-199

Ngongo M, Van Ranst E, Baert G, Kasongo Lenge E, Ver-
voort A, Mujinya BB, Mukalay J (2009) Guide des Sols
en République Démocratique du Congo, Tome I. Etude
et Gestion et Tome II. Description et Données Physico-
chimiques de Profils Types. UGent, HoGent, UNILU,
Ecole Technique Salama des Salésiens, Don Bosco,
Lubumbashi (RD Congo)

Njenga KW, Nyaboga E, Wagacha JM, Mwaura FB (2017) Sil-
icon induces resistance to bacterial blight by altering the
physiology and antioxidant enzyme activities in cassava.
World J Agric Res 5:42-51

Obonyo R, Tata H, Koffi Tete MR, Asiimwe P, Legg JP (2007)
Monitoring and diagnosis survey of cassava mosaic
virus disease (CMD) in eastern Democratic Republic of
Congo. Rapport IITA/CRS 1-8

Ouma E, Birachi E, Pypers P, Vanlauwe B, Ekesa B, Blomme
G, Chianu J, Bouwmeester H, Van Asten P (2011)
CIALCA baseline survey. CIALCA Technical Report 17.
CIALCA, Nairobi and Kampala

Parecido RJ, Soratto RP, Guidorizzi FV, Perdona MJ, Gitari HI
(2022) Soil application of silicon enhances initial growth
and nitrogen use efficiency of Arabica coffee plants. J
Plant Nutr 45:1061-1107

Parr JF, Lentfer CJ, Boyd WE (2001a) A comparative analy-
sis of wet and dry ashing techniques for the extrac-
tion of phytoliths from plant material. J Archaeol Sci
28:875-886

Parr JF, Dolic V, Lancaster G, Boyd WE (2001b) A micro-
wave digestion method for the extraction of phytoliths
from herbarium specimens. Rev Palaeobot Palynol
116:203-212

@ Springer

Pereira de Souza Junior J, de Mello PR, dos Santos M, Sarah
M, Felisberto G (2019) Silicon mitigates boron defi-
ciency and toxicity in cotton cultivated in nutrient solu-
tion. J Plant Nutr Soil Sci 182:805-814

Piperno DR (1981) First Report on the Phytolith Analysis of
the Vegas Site OGSE-80, Ecuador. In: Stothert KE (ed)
The Vegas Culture: Early Prehistory of Southwest-
ern Ecuador. Museo Antropologico del Banco Central,
Guayaquil, Ecuador

Piperno DR (1991) The status of phytolith analysis in the
American tropics. ] World Prehist 5:155-191

Punpom T, Leksungnoen P, Aramrak S, Kongsil P, Wisawa-
pipat W (2022) Triggering root proton efflux as an alu-
minum-detoxifying mechanism in cassava. Ann Agric
Sci 67:173-180

Puppe D, Hohn A, Kaczorek D, Wanner M, Wehrhan M, Som-
mer M (2017) How big is the influence of biogenic sili-
con pools on short-term changes in water-soluble silicon
in soils? Implications from a study of a 10-year-old soil—
plant system. Biogeosciences 14:5239-5252

Puppe D, Kaczorek D, Schaller J, Barkusky D, Sommer M
(2021) Crop straw recycling prevents anthropogenic
desilication of agricultural soil-plant systems in the tem-
perate zone — Results from a long-term field experiment
in NE Germany. Geoderma 403:115187

Pushpalatha R, Gangadharan B (2020) Is cassava (Manihot
esculenta Crantz) a climate “smart” crop? A review in
the context of bridging future food demand gap. Trop
Plant Biol 13:201-211

Putpeerawit P, Sojikul P, Thitamadee S, Narangajavana J
(2017) Genome-wide analysis of aquaporin gene family
and their responses to water-deficit stress conditions in
cassava. Plant Physiol Biochem 121:118-127

Pypers P, Sanginga JM, Kasereka B, Walangululu M, Van-
lauwe B (2011) Increased productivity through inte-
grated soil fertility management in cassava—legume
intercropping systems in the highlands of Sud-Kivu. DR
Congo Field Crops Res 120:76-85

Radujkovié¢ D, Verbruggen E, Seabloom EW, Bahn M, Bieder-
man LA, Borer ET, Boughton EH, Catford JA, Campioli
M, Donohue I, Ebeling A, Eskelinen A, Fay PA, Hansart
A, Knops JMH, MacDougall AS, Ohlert T, Venterink
HO, Raynaud X, Risch AC, Roscher C, Schiitz M, Sil-
veira ML, Stevens CJ, Van Sundert K, Virtanen R, War-
dle GM, Wragg PD, Vicca S (2021) Soil properties as
key predictors of global grassland production: Have we
overlooked micronutrients? Ecol Lett 24:2713-2725

Ren C, Zhou X, Wang C, Guo Y, Diao Y, Shen S, Reis S, Li
W, Xu J, Gu B (2023) Ageing threatens sustainability of
smallholder farming in China. Nature 616:96-103

Reuter DJ, Edwards DG, Wilhelm NS (1997) Temperate and
Tropical Crops (p. 83-284). In: Reuter DJ, Robinson JB
(eds) Plant analysis: an interpretation manual, 2nd edn.
CSIRO Publishing Melbourne, Australia, pp 106107

Rodrigues FA, Dallagnol LJ, Duarte HSS, Datnoff LE (2015)
Silicon Control of Foliar Diseases in Monocots and
Dicots. In: Rodrigues F, Datnoff L (eds) Silicon and
Plant Diseases. Springer, Cham, pp 67-108. https://doi.
org/10.1007/978-3-319-22930-0_4

Roobroeck D, Hood-Nowotny R, Nakubulwa D, Tumuhairwe
JB, Mwanjalolo MJG, Ndawula I, Vanlauwe B (2019)


https://doi.org/10.1007/978-3-319-22930-0_4
https://doi.org/10.1007/978-3-319-22930-0_4

Plant Soil

Biophysical potential of crop residues for biochar carbon
sequestration, and co-benefits, in Uganda Biophysical
potential of crop residues for biochar carbon sequestra-
tion, and co-benefits, in Uganda. Ecol Appl 29:e01984

Rosseel Y (2012) lavaan: An R package for structural equation
modeling. J Stat Softw 48:1-36

Saitoh Y, Suga M (2022) Structure and function of a silicic
acid channel Lsil. Front Plant Sci 3441. https://doi.org/
10.3389/pls.2022.982068

Sakr N (2016) Silicon control of bacterial and viral diseases in
plants. J Plant Prot Res 56:331-336

Sauer D, Saccone L, Conley DJ, Herrmann L, Sommer M
(2006) Review of methodologies for extracting plant-
available and amorphous Si from soils and aquatic sedi-
ments. Biogeochemistry 80:89-108

Schermelleh-Engel K, Moosbrugger H, Miiller H (2003)
Evaluating the fit of structural equation models: Tests of
significance and descriptive goodness-of-fit measures.
Metho Psycho Res 8:23-74

Shamshiripour M, Motesharezadeh B, Rahmani HA, Alikhani
HA, Etesami H (2022) Optimal concentrations of sili-
con enhance the growth of soybean (Glycine Max L.)
cultivars by improving nodulation, root system archi-
tecture, and soil biological properties. SILICON
14:5333-5345

Sheat S, Winter S (2023) Developing broad-spectrum resist-
ance in cassava against viruses causing the cassava
mosaic and the cassava brown streak diseases. Front
Plant Sci 14:1042701

Shittu TA, Dixon A, Awonorin SO, Sanni LO, Maziya-Dixon
B (2008) Bread from composite cassava—wheat flour.
II: Effect of cassava genotype and nitrogen fertilizer on
bread quality. Food Res Int 41:569-578

Shukuru BN, Archana TS, Bisimwa EB, Birindwa DR, Sharma
S, Kurian JA, Casinga CM (2022) Screening of cultivars
against cassava brown streak disease and molecular iden-
tification of the phytopathogenic infection-associated
viruses. Arch Phytopathol 55:1899-1929

Spain JM, Francis CA, Howeler RH, Calvo F (1975) Differen-
tial species and varietal tolerance to soil acidity in tropi-
cal crops and pastures. In: Bornemisza E, Alvarado A
(eds) Soil Management in Tropical America. North Car-
olina State University, Raleigh, NC, pp 308-324

Sparks JP, Chandra S, Derry LA, Parthasarathy MV, Daugh-
erty CS, Griffin R (2011) Subcellular localization of
silicon and germanium in grass root and leaf tissues by
SIMS: evidence for differential and active transport. Bio-
geochemistry 104:237-249

Sun Y, Wang M, Mur LAJ, Shen Q, Guo S (2020) Unravelling
the roles of nitrogen nutrition in plant disease defences.
Int J Mol Sci 21:572

Thresh JM, Fargette D, Otim-Nape GW (1994) Effects of Afri-
can cassava mosaic geminivirus on the yield of cassava.
Tropic Sci London 34:26-26

Vander Linden C, Delvaux B (2019) The weathering stage of
tropical soils affects the soil-plant cycle of silicon, but
depending on land use. Geoderma 351:209-220

Vander Linden C, Li Z, Iserentant A, Van Ranst E, de Tombeur
F, Delvaux B (2021) Rainfall is the major driver of plant
Si availability in perudic gibbsitic Andosols. Geoderma
404:115295

Vanlauwe B, Bationo A, Chianu J, Giller KE, Merckx R, Mok-
wunye U, Ohiokpehai O, Pypers P, Tabo R, Shepherd K,
Smaling E, Woomer PL, Sanginga N (2010) Integrated
soil fertility management: Operational definition and
consequences for implementation and dissemination.
Outlook Agric 39:17-24

Wang Y, Stass A, Horst WJ (2004) Apoplastic binding of alu-
minum is involved in silicon-induced amelioration of alu-
minum toxicity in maize. Plant Physiol 136:3762-3770

Watling J, Shock MP, Mongelé GZ, Almeida FO, Kater T,
De Oliveira PE, Neves EG (2018) Direct archaeological
evidence for Southwestern Amazonia as an early plant
domestication and food production centre. PLoS ONE
13:e0199868

Wendling M, Biichi L, Amossé C, Sinaj S, Walter A, Charles
R (2016) Influence of root and leaf traits on the uptake of
nutrients in cover crops. Plant Soil 409:419—434

White AF, Vivit DV, Schulz MS, Bullen TD, Evett RR, Aagar-
wal J (2012) Biogenic and pedogenic controls on Si dis-
tributions and cycling in grasslands of the Santa Cruz
soil chronosequence. California Geochim Cosmochim
Acta 94:7294

Wiche O, Székely B, Moschner C, Heilmeier H (2018) Ger-
manium in the soil-plant system—A review. Environ Sci
Pollut Res 25:31938-31956

Yang X, Song Z, Qin Z, Wu L, Yin L, Van Zwieten L, Song A,
Ran X, Yu C, Wang H (2020) Phytolith-rich straw appli-
cation and groundwater table management over 36 years
affect the soil-plant silicon cycle of a paddy field. Plant
Soil 454:343-358

Ye L, Fu X, Ge F (2010) Elevated CO, alleviates damage from
Potato virus Y infection in tobacco plants. Plant Sci
179:219-224

Yoshida S, Hasegawa S (1982) The rice root system: its devel-
opment and function. In Drought Resistance in Crops
with Emphasis on Rice, International Rice Research
Institute 10:97-134

Yu Y, Cui YC, Ren C, Rocha P, Peng M, Xu GY, Wang ML,
Xia XJ (2016) Transgenic rice expressing a cassava
(Manihot esculenta Crantz) plasma membrane gene
MePMP3-2 exhibits enhanced tolerance to salt and
drought stresses. Genet Mol Res 15:15017336

Zafar ZU, Habib-ur-Rehman A, Muhammad A (2010)
Responses of two cotton (Gossypium hirsutum L.) culti-
vars differing in resistance to leaf curl virus disease to
nitrogen nutrition. Pak J Bot 42:2085-2094

Zellner W, Frantz J, Leisner S (2011) Silicon delays Tobacco
ringspot virus systemic symptoms in Nicotiana tabacum.
J Plant Physiol 168:1866—1869

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.

@ Springer


https://doi.org/10.3389/fpls.2022.982068
https://doi.org/10.3389/fpls.2022.982068

	Is silicon beneficial for cassava (Manihot esculenta Crantz)?
	Abstract 
	Background and aim 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Environmental framework
	Five-level experimental design
	Topsoil sampling and analyses (level 4 of experimental design)
	Foliar sampling and analysis (level 4)
	Detection and analyses of phytoliths (level 5)
	Cassava variety type, CMD incidence, leaf biomass and root yield (level 2)
	Data treatment

	Results
	CaCl2 and Na2CO3 extractions from topsoils
	Mineral elements in cassava leaves
	Cassava phytoliths
	Cassava root yield and leaf biomass, CMD incidence
	Disentangling the environmental and mineral predictors of cassava root yield

	Discussion
	Soil bioavailable Si content covered a wide range revealing weak to strong soil desilication
	Improved varieties and CMD incidence
	Silica accumulation in cassava leaves is similar to that of macronutrients and forms phytoliths of various morphotypes
	Silicon uptake enhanced cassava root yield and reduced CMD incidence
	Silicon uptake alleviated soil acidity stress
	A perspective to enhance Si uptake by cassava in farming systems

	Conclusion
	Acknowledgements 
	References


