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relative growth rate according to the FAW strain, 
using potted maize plants treated with 10 and 20  g 
of Si. The results showed that plants treated with Si 
disturbed the larval growth of FAW larvae only from 
the corn strain but not from the rice strain. Overall, the 
corn strain performed better on maize as compared to 
the rice strain regardless of Si treatment, explaining 
why it has become the most abundant strain in Africa.

Keywords  Silicon · Fall armyworm · Rice strain · 
Corn strain · Maize · Sub-saharan Africa

Introduction

The fall armyworm (FAW), Spodoptera frugiperda 
(J.E. Smith) (Lepidoptera: Noctuidae), native to the 
Americas, was first reported in early 2016 in West and 
Central Africa (Georgen et  al., 2016), before being 
detected and reported in most sub-Saharan African 
countries in 2017 (Day et al., 2017; FAO, 2018). FAW 
is highly polyphagous, attacking 353 host plant species 
belonging to 76 families, including 106 plant species 
in the Poaceae family (Montezano et  al., 2018). In 
Africa, FAW represents a major threat to food security 
(Devi, 2018), and since 2018, the pest has infested tens 
of millions of hectares of maize (FAO, 2018) which 
is, on the continent, the second main food crop behind 
cassava in terms of annual production (FAOSTAT, 
2020) and the most important cereal crop (FAOSTAT, 
2020; IITA, 2020). In the African context, where most 

Abstract  The fall armyworm (FAW), Spodoptera 
frugiperda (Lepidoptera: Noctuidae), native to the 
Americas, was confirmed in West and Central Africa 
in 2016 and reported in almost all countries of sub-
Saharan Africa in 2017, becoming thereafter one of 
the major constraints on the production of maize, the 
main staple food crop in the region. Cereals depend 
on silicon (Si)-based defences to fight off herbivores. 
Both FAW strains, namely rice and corn strains, 
have been found to be present in Kenya. The present 
study tested the influence of Si on larval survival and 
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maize producers are small farmers with limited access 
to knowledge and adequate inputs for conventional 
controls of FAW (FAO, 2018), the control of this pest 
by use of resistant varieties of the host, obtained either 
by conventional plant breeding or by induction, is 
therefore one of the most effective means of control in 
Africa, compatible with other integrated management 
strategies for the pest.

Compared to dicotyledonous plants, monocots 
have low levels of secondary metabolites, which 
are generally involved in plant defence against her-
bivorous insects (Elger et  al., 2009). They therefore 
use silicon (Si) to protect themselves against attack 
by pests (Massey & Hartley, 2009). Silicon (Si) is 
the second most abundant chemical element in the 
earth’s crust after oxygen (Richmond & Sussman, 
2003). Plants take Si in the form of monosilicic acid 
through their roots in the soil by transpiration and 
deposit it in the tissues of other plant organs in the 
form of phytoliths (Jones & Handreck, 1967). Si is 
one of the most abundant mineral elements in plant 
tissues, generally representing a content of 0.1–10% 
of the dry weight (Hodson et al., 2005), and this con-
centration of 0.1% is equivalent to that of other, more 
important elements, such as phosphorus, sulphur, cal-
cium, or magnesium in plant tissues (Epstein, 1994). 
Several authors have reported the beneficial effects of 
Si on plant growth and its induction effect on plant 
resistance against crop pests, particularly chewing 
insects, by increasing plant tissue toughness and thus 
disrupting the insects’ feeding patterns (Calatayud 
et  al., 2016a, b; Epstein, 1999,  1994; Juma et  al., 
2015; Ma & Yamaji, 2006; Mir et al., 2019; Reynolds 
et  al., 2009; Sasamoto, 1955). The beneficial effects 
of Si against FAW larvae have been proven on rice 
crops, where significant reduction of food prefer-
ence and foliar feeding plus a sharp fall in the weight 
and survival of larvae were reported (Nascimento 
et  al., 2014, 2017). In maize, where FAW causes 
more damage than other crops (Cruz et  al., 1999; 
Sarmento et  al., 2002), these beneficial effects of Si 
against FAW are less evident. For example, Goussain 
et al. (2002) found that leaves from Si-treated maize 
plants increased FAW larval mortality, cannibal-
ism and wear on the larval mandibles, but Alvarenga 
et al. (2017) and Mondego et al. (2018) observed no 
significant effect on the larval survival and weight. 
Nevertheless, Mondego et  al. (2018) found that 
Si negatively affected food preference and foliar 

consumption of 1st and 3rd instar FAW larvae under 
choice conditions.

This variation in results on the beneficial effects of 
Si against FAW among plant species can be explained 
by the fact that the rate of Si uptake in soils also var-
ies among plant species (see Calatayud et al. (2016a) 
for review).

Rice is among the plant species able to take up 
the highest level of Si via a Si accumulator (Taka-
hashi et al., 1990), whereas maize is less able to take 
up Si as compared to rice, thus rendering rice richer 
in Si as compared to maize (Ma & Takahashi, 2002; 
Tamai & Ma, 2003; Liang et al., 2006). Another fac-
tor that can influence these varying results on the 
beneficial effects of Si against FAW may be due to 
the subpopulation characteristic of the insects. In the 
Americas, two subpopulations of FAW, namely the 
rice-strain and corn-strain, co-exist (Pashley et  al., 
1987; Nagoshi & Meagher, 2004; Juárez et al., 2014). 
They are morphologically indistinguishable but differ 
in their host plant distribution. Rice-strain is associ-
ated with millet and grass species associated with 
pasture habitats, while corn-strain is associated with 
maize/sorghum (Pashley, 1986, 1988; Pashley et  al., 
1992). A study that deployed the use of the barcode 
region of the mtCOI gene established the presence of 
both strains of FAW in Kenya and in Africa (Nagoshi 
et  al., 2018;  Rwomushana et  al., 2018; Gichuhi 
et al., 2020). More recently, it has been reported that 
finally the rice strain is rare or even absent in Africa 
(Nagoshi et al., 2021).

We hypothesized that increased Si levels in leaf 
tissue would disturb the development of FAW larvae 
depending on their strain origin, the corn strain being 
potentially more sensitive than the rice strain. In this 
context, the purpose of this study was to assess the 
influence of Si on larval survival and relative growth 
rate of both corn and rice strains of FAW using potted 
maize plants amended with Si.

Materials & methods

Spodoptera frugiperda colonies

Spodoptera frugiperda colonies were initiated from 
field-collected samples in 2018. Larvae of FAW 
were either collected at Kitale (34.777E, 1.203  N) 
and Bungoma (34.557E, 0.655 N) in Western Kenya, 
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or at Makutano (37.273E, 0.727  S) and Murang’a 
(37.150E, 0.923 S) in the Central region. Both colo-
nies (i.e. Western and Central colonies) were main-
tained separately at 25 ± 2  °C, used as the standard 
reference temperature by Schoolfield et  al. (1981); 
50–70% RH and a photoperiod of 12:12 (L:D) h., at 
the Animal Rearing and Containment Unit (ARCU), 
icipe, Nairobi, for at least two generations before 
being used for the bioassays. Third instar FAW lar-
vae from each colony were randomly collected and, 
after both DNA extraction and mitochondrial COI 
gene amplification by PCR, were sent to Macrogen 
Europe BV (Meibergreef, Amsterdam, the Nether-
lands) for bi-directional sequencing. Individuals from 
the Western colony were shown to belong to the rice 
strain haplotype, whereas individuals from the central 
colony belonged to the corn strain haplotype.

For each colony, adult moths were then placed in 
cages (40 × 40 × 45 cm) made of Perspex with netting 
materials fitted at the rear and a sleeve on the front 
side. They were fed with a 1:9 honey:water solution 
soaked in cotton wool. Moths were provided with pot-
ted maize plants for oviposition, which were removed 
after one night. The leaves with eggs were then trans-
ferred into plastic boxes (15 × 7 × 5  cm) lined with a 
paper towel to absorb excess moisture until the eggs 
hatched. The hatched larvae were reared on freshly 
detached maize leaves kept in plastic boxes until pupa-
tion. The leaves were changed every two days during 
the rearing process. Pupae were incubated under simi-
lar rearing conditions until adult emergence. For all 
experiments, 1-day-old neonates were used.

Plants

The maize hybrid 513 (among the most popular 
hybrids used by farmers in Kenya), provided by the 
Simlaw, Kenya Seeds Company, Nairobi, was used. 
Maize was planted in plastic pots (diameter 14  cm, 
height 15 cm) (one plant per pot) using the same type 
of soil for all potted plants in a greenhouse at icipe, 
Nairobi, Kenya. The environmental conditions were 
about 31/17°C (day/night) with a 12:12 h (L:D) pho-
toperiod. The protocol of Juma et al. (2015) and Cal-
atayud et al. (2016b), which used two dose treatments 
14 days after planting, 10 and 20 g per pot of calcium 

silicate were used as a Si source from Sigma (Ref 
742,503). For each Si-treated plant, the calcium silicate 
was well mixed into the top layers of the soil in each 
pot. Some pots were left untreated to serve as controls.

Larval development and survival

Similar to Juma et  al. (2015) and Calatayud et  al. 
(2016a, b), all treated and untreated two-week-old 
potted plants were individually infested with twenty 
neonates (i.e. freshly hatched larvae) of FAW. 
For each potted plant, the percentage of live lar-
vae remaining and relative growth rate (RGR) were 
assessed 19 days after infestation (DAI) (i.e., the min-
imum time required for Si to show a significant effect 
on larval development (Juma et  al., 2015)). RGRs 
were calculated by subtracting the average weight 
per larva on each plant at infestation from the average 
weight per larva on the same plant at 19 DAI, divided 
by the number of days in between (Ojeda-Avila et al., 
2003). This experiment was repeated using either the 
rice or corn strain of S. frugiperda.

In addition, 33 days after germination, the root col-
lar diameter, the number of leaves per plant and the 
height of each plant were measured on the Si-treated 
and control potted plants.

Determination of the Si concentration in maize leaves

For all plants (both Si-treated and untreated), leaf Si 
was analyzed at (14 + 19 days) 33 days after planting. 
All leaves of each potted plant were harvested, dried, 
and grounded to a fine, homogenous powder using a 
Bolmill Grinder (type MM40) prior to Si analyses.

Silicon in maize leaves were extracted using the 
rapid dilute hydrofluoric acid (HF) extraction method 
and their concentrations (in mg g-1) determined by the 
spectrometric molybdenum-yellow method of Saito 
et  al. (2005). Briefly, 100  mg of dried leaf powder 
were digested first in a hydrofluoric acid (HF) solu-
tion, and thereafter the same spectrophotometric pro-
tocol as adapted by Juma et al. (2015) was used.

Data analyses

Data on Si content in maize leaves, the % of live 
larvae remaining and RGR were subjected to the 
Shapiro-Wilk and Bartlett test at a p value of 0.05 
respectively to determine whether their distributions 
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were normal, and their variances homogenous. Not 
all data passed the normality test. The Si content of 
maize leaves was analyzed using the Kruskal-Wallis 
test. Using the Dunn test (Package Dunn.test) (Dinno, 
2017), the significant differences (p ≤ 0.05) between 
the treatments were statistically assessed. The gener-
alized linear model (GLM) was used to analyze the % 
of live larvae remaining with a Poisson distribution 
and the RGR with a Gaussian distribution. Significant 
differences were compared using the multiple com-
parisons test with Tukey’s contrast test in the mult-
comp package (Hothorn et al., 2021). A significance 
level of 0.05 was used for all comparison tests. All 
statistical analyses were performed with R software 
version 3.5.1 (R Core Team, 2018).

Results

Following Si treatment, the Si level of plant leaves 
increased significantly (Table  1). Consequently, 
both the root collar diameter and plant height 
increased significantly during the highest Si treat-
ment (20  g of calcium silicate per pot). In contrast, 
the number of leaves was not significantly affected 
(95%CI = 0.42–0.67, F = 2.89, p = 0.07).

Although FAW larvae survival tended generally 
to decrease with increasing Si level regardless of the 
FAW strain, FAW larvae growth was significantly 
influenced by Si treatment according to the colony 
used. For individuals belonging to the rice strain, 
their RGR remained similar, whereas for individu-
als belonging to the corn strain their RGR decreased 
when Si level increased in plants, indicating that the 
larvae performed less well on plants treated with 10 g 
of Si than on those of the control treatment (Fig. 1).

Overall, the individuals belonging to the corn 
strain performed better on maize than individuals 

from the rice strain. The highest RGR were obtained 
on individuals of corn strain regardless of the plant 
treatment.

Discussion

Not surprisingly the soil amendment carried out in 
our study induced a significant increase of Si level 
in plant leaves of potted maize plants, as already 
obtained by Juma et  al. (2015) and Calatayud et  al. 
(2016a, b). These increasing Si levels in maize plants 
enhanced plant growth through a rise in both plant 
root collar diameter and plant height. This agrees 
with what is generally known in the literature, namely 
that Si enhances the growth and yield of annual and 
vegetable crops (Epstein & Bloom, 2005).

Looking at the impact of increasing Si levels in 
leaves on FAW larvae, FAW larval growth of the rice 
strain was not affected by increasing leaf Si levels. 
This could be because such population being associ-
ated to millet and grass species, namely rice strain, is 
used to feed on plants richer in Si as compared to the 
corn strain associated with maize/sorghum.

Although increasing Si levels in maize plants have 
a negative impact on the corn strain larval develop-
ment by a decrease of about 2.5 times of RGR on 
Si-treated plants as compared to the control plants, 
this decrease is however less marked than in another 
maize pest in the region, such as the maize stemborer, 
Busseola fusca (Lepidoptera: Noctuidae), for which 
Si-treated plants induced around a fourfold decrease 
of RGR (Juma et al., 2015; Calatayud et al., 2016b). 
FAW appears less sensitive to an increasing Si level 
in plants than B. fusca. This explains why FAW can 
be found in the region at both low and high altitudes 
and even more abundantly in the lowlands (Sokame 
et al., 2021), which is not the case for B. fusca, since 

Table 1   Si levels (in mg g− 1), root collar diameter (in cm), number of leaves and plant height (in cm) of control and Si-treated 
maize plants 33 days after planting (meansa ± SE, n = 12)

a  The means within column followed by different letters are significantly different at the 5% level (Pairwise comparisons using Dunn 
test for Si levels and root collar diameters, and Tukey’s contrasts test following ANOVA performed after the generalized linear model 
for the numbers of leaves and plant heights)

Treatment Si in plant leaves Root collar diameter Number of leaves Plant height

Control plants 0.682 ± 0.07a 1.5 ± 0.03a 9.2 ± 0.3 95.7 ± 2.26a
10 g of Si 1.051 ± 0.13b 1.5 ± 0.05a 9.4 ± 0.2 103.2 ± 3.07ab
20 g of Si 1.157 ± 0.08b 1.8 ± 0.10b 10.0 ± 0.0 111.6 ± 1.91b
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the latter prefers to develop in highland areas. This is 
partly explained by low Si soil levels and maize cul-
tivation in the highlands as compared to the lowlands 
(Calatayud et al., 2016a, b).

Regarding the FAW strains, corn strain per-
formed better on maize as compared to the rice 
strain, as shown by the generally highest RGRs 
obtained with maize-strain larvae in our study. It 
was already shown that the corn strain performs 
better on maize than the rice strain (e.g., Nagoshi 
& Meagher, 2004). Avecedo et al. (2018) attributed 
these different performances of the two strains on 
maize plants to the existence of specific elicitors 
in the saliva of FAW strains that trigger differen-
tial levels of plant defense responses, with the rice 
strain eliciting greater maize plant defenses than 
the corn strain, affecting larval growth. This may 
influence host plant associations in field conditions 

(Avecedo et al., 2018), with a disadvantage for the 
rice strain on maize fields, explaining why the rice 
strain is rare or even absent in African maize fields 
(Nagoshi et al., 2021).

In conclusion, Si-treated plants disturbed the lar-
val growth of FAW larvae only from the corn strain 
but not from the rice strain. Overall, the corn strain 
performed better on maize as compared to the rice 
strain, regardless of Si treatment, thus justifying the 
abundance of corn rather than the rice strain attack-
ing maize in different regions where the crop is cul-
tivated, (Nagoshi et al., 2021) and more recently in 
China (Wang et al., 2020a, b; Zhang et al., 2020).
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