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Abstract

Cassava (Manihot esculenta Crantz) is an important food security crop in many parts of the

developing world. The crop’s high yield potential and multitude of uses–both for nutrition and

processing–render cassava a promising driver for the development of rural value chains. It is

traditionally propagated from stem cuttings of up to 30 cm in length, giving a multiplication

rate as low as 1:10. Propagating cassava traditionally is very inefficient, which leads to chal-

lenges in the production and distribution of quality planting material and improved cultivars,

greatly limiting the impact of investments in crop breeding. The work described in the present

study aimed to develop a seed treatment approach to facilitate the use of shorter seed

pieces, increasing the multiplication rate of cassava and thus making the crop’s seed sys-

tems more efficient. After several tests, formulation was identified, consisting of thia-

methoxam 21 g ha-1, mefenoxam 1.0 g ha-1, fludioxonil 1.3 g ha-1, thiabendazole 7.5 g ha-1

and Latex 2% as a binder. Plant growing from seed pieces treated with this formulation dis-

played increased crop establishment and early crop vigor, leading to an improved productivity

throughout a full growing cycle. This allowed to reduce the cassava seed piece size to 8 cm

with no negative effects on germination and crop establishment, leading to yields comparable

to those from untreated 16 cm pieces. This, in turn, will allow to increase the multiplication

ratio of cassava by a factor of up to 3. Notably, this was possible under regular field conditions

and independently of any specialised treatment facilities. Compared with existing seed pro-

duction protocols, the increased multiplication rates allowed for efficiency gains of between 1

to 1.9 years compared to conventional five-year cycles. We believe that the technology

described here holds considerable promise for developing more reliable and remunerative

delivery channels for quality cassava planting material and improved genetics.

Introduction

Clonally propagated root and tuber crops, such as cassava, sweet potato and yam represent an

important component of tropical agriculture. Especially for smallholder farmers, they play a
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key role as staple and cash crops because of their resilience to abiotic stress, ease of cultivation

and flexibility of harvest timing [1, 2, 3]. Additionally, vegetatively propagated crops often

allow for a comparatively high yield of readily available food sources [4].

However, low multiplication rates and the perishable nature of planting material make its

production and distribution costly and inefficient. For instance, cassava is traditionally propa-

gated through using stem cuttings (hereinafter seed pieces) with 6 to 10 nodes and of up to 30

cm in length [5]. The multiplication ratio between mother and offspring plants is correspond-

ingly low, about 1:5 to 1:10. Moreover, the bulkiness of the planting material presents logistical

challenges in the distribution of seed pieces. Consequently, cassava has not benefited from pri-

vate or public investments in the development and distribution of new cultivars. Farmers

mostly rely on informal seed systems, which have few entry points for phytosanitary quality

checks or improved genetics [6, 7].

This results in decreased yields and poor quality of the harvested tuberous roots [8, 9]. In

South America, for instance, the lack of quality control in the production and dissemination of

cassava planting material led to the build-up of disease pressure from a variety of pathogens.

These include cassava common mosaic virus, cassava frogskin disease and cassava root rot dis-

ease [10]. In East Africa, cassava mosaic disease, cassava brown streak disease and cassava bac-

terial blight are a major cause of seed degeneration and yield loss [11, 12, 13, 14]. The presence

of these pests and diseases leads to average yields of around 8.3–11.2 tons per hectare in East

Africa, which is roughly a third of what is believed to be the crop’s potential in this region [15].

Evidence from a range of crops shows that improvement is possible. For instance, the distri-

bution of tolerant varieties and planting material with phytosanitary quality attributes can sig-

nificantly improve productivity [12]. However, the low multiplication rates of clonally

propagated crops have so far limited the economic viability of such interventions [16].

A potential way to address the challenges is to treat planting material with appropriate for-

mulations of protective and/or growth-stimulating compounds. Such formulations can greatly

improve a crop’s resilience and productivity [6]. Protective compounds, such as fungicides or

insecticides, prevent damage by pests and diseases. Furthermore, certain chemical insecticides

have been shown to promote early plant vigour when applied to the seed [17]. This potentially

allows for growth and resilience benefits in addition to protecting the crop from biotic stress.

The work described here follows the above hypothesis. To improve production efficiency,

we aimed to develop a seed treatment formulation that will allow the use of shorter seed pieces

without negatively affecting crop germination and early vigour under field conditions. Multi-

pliers would, therefore, be able to increase the number of seed pieces obtained per parent plant

by a factor of up to 3.

Based on a generalised seed system with five annual multiplication cycles and a duration of

one year per cycle, we propose a mathematical model to estimate the production of cassava

planting material. This allows estimation of the production quantity per period and cutting

size. Overall, our proposed hypothesis is that this approach can lead to a much faster multipli-

cation of cassava planting material and thus significantly reduce production costs.

Materials & methods

Planting material

The selection of cassava planting material was based on the following criteria: i) vigorous and

healthy plants without any signs of insect or disease damage; ii) mature plants aged 10–12

months with fully grown tuberous roots; iii) tissue from the base, middle and top part of the

stem, providing they were mature enough to generate vigorous plants; iv) the diameter of the

pith was at least 50% of the cutting diameter. After selecting the plants, the stems were
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harvested and then cut using an adapted electric rotary saw with a sharp blade to avoid

splintering.

Four widely cultivated cassava varieties (‘BRS Formosa’, ‘Cascuda’, ‘Fécula Branca’ and

‘IAC 90’) were used in the experiments in Brazil. Two additional, widely-used, virus-tolerant

varieties (‘NASE19’ and ‘NAROCASS 1’) were used in Uganda (main traits listed in Table 1).

Assessment of seed pieces

Stem cutting sizes used in the field and growth chamber trials were 8 and 16 cm (Fig 1). Plant-

ing material was selected based on the criteria described previously for the experiments con-

ducted in Brazil. The 16 cm version was used as a control for the different treatments because

most Brazilian farmers traditionally use this size. The number of buds on the 8 cm cutting size

ranged from 2–4, 83% had two buds and 17% had more than two buds. Buds on the 16 cm

Table 1. Characteristics of cassava varieties used for the validation of the seed treatment technology under field conditions.

Variety Plant height [m] Fresh root yield [t ha-1] Starch content [t ha-1] Dry matter content [%] Other important traits

‘BRS Formosa’1 1.80 ± 0.22 29.72 ± 5.25 8.99 ± 1.6 35.00 ± 1.26 Resistant to CBB

‘Cascuda’2 1.85 ± 0.26 27.77 ± 3.32 8.23 ± 1.19 34.23 ± 1.08 Large adaptability

‘Fécula

Branca’2
1.72 ± 0.25 32.16 ± 9.56 8.48 ± 0.97 34.87 ± 4.35 High root yield

‘IAC 90’1 1.47 ± 0.30 14.32 ± 6.22 4.04 ± 1.82 33.30 ± 1.94 High root yield

‘NASE 19’ 1.60 ± 0.20 35.00 ± 10.00 N/A 31.00 ± 6.00 Resistant to CMD, Tolerant to CBSD, High root

yield

‘NAROCASS 1’ 1.60 ± 0.20 35.00 ± 10.00 N/A 31.00 ± 6.00 Resistant to CMD, Tolerant to CBSD, High root

yield

Source:
1[18]
2[19, 20, 21, 22]

CBB (cassava bacterial blight); CMD (cassava mosaic virus); CBSD (cassava brown streak disease)

https://doi.org/10.1371/journal.pone.0229943.t001

Fig 1. Depiction of cassava seed pieces (16 and 8 cm), untreated (left) and treated (right) with the seed treatment

formulation, as used in this work.

https://doi.org/10.1371/journal.pone.0229943.g001
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seed pieces ranged from 3–7, 31% had three buds, 57% had 4–5 buds, and 12% had more than

five buds. On the other hand, cutting sizes of 12 cm for short seed pieces and 24 cm for control

were used for the experiments carried on in Uganda because 24 cm length is the local recom-

mendations to farmers for selecting cassava stem cuttings. The control size was selected based

on predominant local cassava cultivation methods.

Trial locations

All trials and experiments were conducted in one or several of the locations listed in Table 2.

Seed treatment application

The dosage of the agrochemicals was calculated according to the volume of absorption of the seed

pieces before the treatment. An initial cassava sample with each of the different cutting sizes was

dipped in water for three minutes to identify the volume absorbed by seed pieces during this

period. Then, the volume of absorption in one hectare was calculated (number of seed pieces per

ha x absorption per stake) and use to estimate the total volume of product required (TVPR):

TVPR ¼
dosage of product � slurry required

absorption volume � ha� 1
:

In addition to the agrochemicals, a binding agent (latex, 2%) was used to increase treat-

ment adhesion to the seed piece surface. All agrochemicals were applied as a slurry seeking to

provide uniform coverage of the seed pieces. The slurry was prepared according to the follow-

ing sequence: i) water; ii) latex; iii) fungicides; iv) insecticide. The pH value was adjusted

between 6.5 to 7.0 using HCl to avoid hydrolysis of some chemicals. After treatment, the seed

pieces were left to dry for 8 hours at room temperature and then placed in high-density poly-

ethylene (HDPE) Raschel mesh bags (used for onions and potatoes).

Selection of treatment formulations

The experimental setup for testing and validating treatment formulations followed a

completely randomized in factorial scheme: dosage × type of agrochemicals, with three repli-

cates consisted of ten seed pieces. After the seed treatment, the pieces were planted directly in

growth chambers (sand bed that are covered with plastic blanket, forming a high humidity

chamber), containing washed sand and vermiculite (3:1 ratio, respectively) as the substrate for

growth. The seed pieces were growth at 28/20˚C day/night temperature, and 70 to 80% relative

humidity (irrigated daily by automated microaspersion). Light conditions were natural light.

Thirty days after planting (DAP), the following parameters were assessed for selection of treat-

ment: 1) Phytotoxicity: expressed as percentage of affected plants and determined by the pres-

ence of chlorosis or yellowing of leaves; 2) Plant height: expressed in cm, measured from the

soil base to the insertion of the youngest leaf; 3) Shoot dry weight: expressed in g considering

Table 2. Locations of field trials including institution names, coordinates and altitude.

Institution Location Coordinates Altitude (m asl)

Bahiamido S.A. (Bahiamido) Laje, Bahia, Brazil 13˚10’56” S; 39˚25’30” W 220

Universidade Federal do Recôncavo da Bahia (UFRB) Cruz das Almas, Bahia, Brazil 12˚40’39’ S; 39˚06’23’ W 235

Embrapa Mandioca e Fruticultura Cruz das Almas, Bahia, Brazil 12˚39’11’ S; 39˚07’19’ W 226

Namulonge Namulonge, Wakiso, Uganda 00˚31’30’ N; 32˚36’54’ E 1150

Kigumba Kigumba, Kiryandongo, Uganda 01˚81’28’ N; 32˚01’27’ N 1072

https://doi.org/10.1371/journal.pone.0229943.t002
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the weight of all leaves, petioles and stems, after drying in an oven for four days at 60˚C; 4)

Root dry weight: expressed in g and obtained after drying in an oven for four days at 60˚ C.

The list of seed treatment formulations and concentrations is featured in S1 and S2 Figs and

discussed in the results section.

For statistical analysis of trials, the traits were assessed using a linear model. The linear

model is shown below (model 1):

Yijk ¼ mþ Ai þ Dj þ ADij þ Tl þ εijk

Whereas Yijk is the variable to be analysed; μ is the general mean; Ai is the main effect of the

i-th Agrochemical (fixed); Dj is the main effect of the j-th dosage (fixed); ADij is the interaction

effect of the i-th agrochemical and the j-th dosage (fixed); Tl is the contrast between the additional

treatment and double factorial; εijk is the experimental error, assumed independent ~N (0, σ2).

Additional treatment refers to controls (Unt1 = cassava seeds treated only with water; Unt2 =

cassava seeds treated only with latex, 2%). A two-way analysis of variance (ANOVA) model, was

used to assess the effects of dosage × type of agrochemicals and their interaction upon the growth

of cassava plants. The means were separated using the least significant differences (LSD) test with

significance set at p< 0.05. The statistical analyses were performed in R v.3.3.3 [27].

Phytopathology tests

Treated and untreated seed pieces were planted in plastic cups (200 mL), filled with 20g of ver-

miculite, 5 g of the inoculum and 20 mL of sterile water. The inoculum was produced in a

sand-cornmeal substrate (ratio 3:1), which was infested with different pathogen isolates

(Fusarium spp., Lasiodiplodia spp., and Phytophthora spp.). A second 200 mL plastic cup was

used to cover the seed pieces to maintain moisture. The evaluation was performed 30 days

after planting for the following parameters: i) rooting score (0 = no roots or callus formation;

1 = presence of callus and/or initial roots; 2 = presence of few developed roots; 3 = presence of

roots); ii) incidence of fungal colonization (0 = no fungal colonization; 1 = fungal colonization

of< 1/3 of cutting length; 2 = fungal colonization > 1/3 and< 2/3 of cutting length; 3 = fungal

colonization > 2/3 of cutting length).

The experiment was set in a complete randomized design with three replications of 20 seed

pieces per plot. Statistical analyses were done using the model 1 previously described. The

analysis of variance (ANOVA) assumptions were tested, and the LSD test was adopted for

means comparison of the treatment (p< 0.05). The statistical analyses were performed in R

v.3.3.3 [27].

Field experiments

The impact of treatment on early plant vigour under field conditions was analysed based on

the most suitable seed treatment formulation obtained from the preliminary experiments

(Table 3). Here, 8 and 16 cm seed pieces from the cassava varieties ‘BRS Formosa’ and ‘IAC-

90’ were treated with the selected formulation of agrochemicals or planted without treatment

as a control. These varieties were chosen based on the availability of sufficient propagation

material. Land preparation consisted of one disc-ploughing pass followed by two three-disc

harrowing passes and one-furrow opening using conventional cassava planting machines.

Two to three DAP, a pre-emergence herbicide was applied (flumioxazin 80 g ha-1); 50 to 60

DAP; weed control took the form of one manual hoeing. The seed pieces were placed horizon-

tally at an approximate depth of 0.10 m in the furrows, and then manually covered with soil,

using a hoe. The cultivation was performed according to the recommendations of Souza et al.
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[23]. The seed pieces were planted at a spacing of 0.8 m × 0.8 m. The plots consisted of four

rows with five plants in a randomised complete block design, with four replicates.

Sixty DAP, an unmanned aerial vehicle (Phantom 3 Pro, DJI Products) took pictures in

RGB colour system. Processing used an algorithm based on artificial neural networks of the

MultiLayer Perceptron type to study soil cover through pattern recognition. The algorithm

was implemented via SisCob software [24]. Vegetative coverage for each plot was expressed as

the percentage of ground surface covered by the cassava plants from the different treatments.

The agronomic performance was measured by evaluating the germination of each plot at

forty-five DAP and the following parameters at twelve months after planting:

1) Plant height, measured in m; 2) Plant stand, measured by counting the number of plants

per plot and then expressing this as a percentage of the expected number of plants per plot; 3)

Above-ground biomass i.e., stems, petioles and leaves, in t ha-1; 4) Fresh root yield, in t ha-1;

and 5) Dry yield, in t ha-1 was derived as a product of fresh root yield and dry matter content,

expressed in percentages, measured by specific gravimetric analysis according to [25].

For statistical analysis of unbalanced trials, the traits were assessed using a linear mixed

model approach for a randomised completely block design, modelling environment (E), block

and error as random effects and cassava varieties (V), treatments of seed pieces (T) and cutting

sizes (C) as fixed effects. The linear mixed model was:

Yijkl ¼ mþ Ei þ Vj þ Tk þ Cl þ EVij þ ETik þ ECil þ VTjk þ VCjl þ TCkl þ EVTijk

þ EVCijlþETCikl þ VTCjkl þ EVTCijkl

Whereas Yijkl is the trial for 4-factorial combination of the i-th environment (i = 1,2,3), the j-th
variety; the k-th treatment and the l-th cutting size; m is the general mean; Ei is the random

main effect of the i-th environment; Vj is the the fixed main effect of the j-th variety; Tk is the

fixed main effect of the k-th treatment; Cl is the fixed main effect of the l-th cutting size; EVij is

the random interaction effect of the i-th environment and the j-th variety; ETik is the random

interaction effect of the i-th environment and the k-th treatment; ECil is the random interac-

tion effect of the i-th environment and the l-th cutting size; VTjk is the fixed interaction effect

of the j-th variety and the k-th treatment; VCjl is the fixed interaction effect of the j-th variety

and the l-th cutting size; TCkl is the fixed interaction effect of the k-th treatment and the l-th
cutting size; EVTijk is the random interaction effect of the i-th environment, j-th variety and

the k-th treatment; EVCijl is the random interaction effect of the i-th environment, j-th variety

and the l-th cutting size; ETCikl is the random interaction effect of the i-th environment, k-th
treatment and the l-th cutting size; VTCjkl is the fixed interaction effect of the j-th variety, k-th
treatment and the l-th cutting size; EVTCijkl is a random residual comprising both the interac-

tion effect of the i-th environment, the j-th variety, the k-th treatment, the l-th cutting size, and

the error term associated with a mean Yijkl, assumed independent ~N (0, σ2).

Table 3. Composition of seed treatment formulations used in Brazil and Uganda.

Active ingredient Compound class Reference (g ha-1) Brazil (g ha-1)a Uganda (g ha-1)

Thiamethoxam Insecticide 420.0 21.0 21.0

Mefenoxam (Metalaxyl-M) Fungicide 45.0 1.0 1.7

Fludioxonil Fungicide 15.0 1.3 4.2

Azoxystrobin Fungicide 90.0 - -

Thiabendazole Fungicide 62.0 7.5 -

Latex Binding Agent - 2.0% -

Vinyl Silk White Binding Agent - - 2.0%

https://doi.org/10.1371/journal.pone.0229943.t003
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For field trials in Uganda, disease-free cassava stems were obtained from cassava pre-basic

seed fields in Kigumba. Stem lengths of 8cm, 12cm, 16cm and 24cm for the varieties ‘NASE

19’ and ‘NAROCASS 1’ were cut using rotary cutter. The cut stakes were packed into polypro-

pylene bags and dipped into 10-liter plastic buckets of different plant protection products for

three minutes. The stakes were drained by hanging the bags on a draining table and seed pieces

were left to dry at ambient temperature.

The experiments were planted in split-split plot randomised design replicated four times.

The main plots treatments were the plant protection products, sub-plot treatments were varie-

ties and sub-sub plot treatments were the cutting lengths. 81 plants were planted per plot and a

spacing of 0.9 m between rows and 0.8 m between plants was used. Inter-plot, inter-treatment

and inter replication spacings between plots were 1.6m and 1.8 m, respectively.

For statistical analysis of Uganda field trials, we used a linear mixed model based on the

split-split plot designs with a factorial experiment involving two varieties, two cutting sizes and

two treatments of seed pieces tested at the two environments. The linear mixed model was:

Yijklm ¼ mþ Ei þ Tj þ ETij þ dijmþ Vk þ EVik þ TVjk þ ETVijk þ oijkmþ ClþECil þ TCjl

þ VCkl þ ETCijlþEVCikl þ TVCjkl þ ETVCijkl þ εijklm

whereas Yijklm is the variable to be analyzed; m is the general mean; Ei is the effect of the i-th
Environment (random); Tj is the effect the j-th treatment (fixed); ETij is the effect of the inter-

action of the i-th environment with j-th treatment (random); δijm is first restriction error

(pooled error a), assumed independent ~N (0, s2
T); Vk is the effect of the k-th variety (fixed);

EVik is the effect of the interaction of the i-th environment with the k-th variety (random);

TVjk is the effect of the interaction of the j-th treatment with the k-th variety (fixed); ETVijk is

the effect of the interaction of the j-th treatment in the i-th environment with the k-th variety

(random); ωijkm is the second restriction error (pooled error b), assumed independent ~N (0,

s2
V); Cl is the effect of the l-th cutting size (fixed); ECil = effect of the interaction of the i-th envi-

ronment with the l-th cutting size (random); TCjk = effect of the interaction of the j-th treat-

ment with the l-th cutting size (fixed); VCkl = effect of the interaction of the k-th variety with

the l-th cutting size (fixed); ETCijl = effect of the interaction of the j-th treatment in the i-th
environment with the l-th cutting size (random); EVCikl = effect of the interaction of the k-th
variety in the i-th environment with the l-th cutting size (random); TVCjkl = effect of the inter-

action of the j-th treatment with k-th variety with the l-th cutting size (fixed); ε(ijkl)m = within

error blocks within treatments, varieties and cuttings size in environments (error c), assumed

independent ~N (0, σ2).

For both counties, the significance of fixed effects was tested by Wald-type F-statistics, and

the variance components for random effects were estimated using the restricted maximum

likelihood (REML) method. The odds ratio test was used to evaluate the significance of ran-

dom effects. The function lsmeans was used to calculate marginal mean differences between

groups and evaluate significantly mean differences with Tukey HSD adjustment to p-values,

when a significant main effect or an interaction was observed. The functions lmer and cld
within the lmer Test package [26] in R v.3.3.3 [27] were used to assess the effect of the treat-

ments and their interactions, and a compact letter display of the lsmeans was used for plotting.

Seed system modelling and calculations

The mathematical model used for calculations to predict seed piece quantities after a certain

amount of time and to further compare the differences between systems with longer or shorter

seed pieces was established based on multiplication factors and cycles obtained from Brazil
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(Embrapa, personal communication). For the calculations, the model was implemented in R

Studio v. 1.1.456 [27]. The model is shown in equations 1–3.

• Equation 1: Q xð Þ ¼ ðAn �
ðx� ðn� 1Þ�365Þ

365
þ
Pn� 1

j¼0
AjÞ � i, whereas Q(x) is the amount of seed

pieces in the multiplication system after x days. n is given by:

• Equation 2: n ¼
P5

k¼0
Hkððx � 1Þ � k � 365Þ, H(x) describes the Heaviside function as fol-

lowing: HðxÞ : R! f0; 1g; x7!
0 : x < 0

1 : x � 0

(

• An = {A0,A1,A2,A3,A4,A5}, is based on

• Equation 3: An ¼ ð
Qn� 1

k¼1
ðAkÞÞ � ðfn � 1Þ; n 2 ½2;1½;whereas A0 ¼ 0 and A1 ¼ f1, values for

multiplication factors fn are listed below. Inputs for Q(x) are An (number of seed pieces gen-

erated per year n, based on multiplication factors), n, based on days x and i, initial amount of

tissue culture plantlets.

For 24 cm seed pieces: fn(24cm) = {0,9,10.6,10.6,5.3,5.3};therefore An = {0,9,86.4,915.8,4348.3,

230046.2}.

For 16 cm seed pieces: fn(16cm) = {0,9,16,16,8,8};therefore An = {0,9,135,2160,160128,

1290024}.

For 8 cm seed pieces: fn(8cm) = {0,9,32,32,16,16}; therefore An = {0,9,279,8928,1380240,

202110840}. Multiplication factors (fn) are based on the following assumptions: i) Current tradi-

tional approaches are based on a multiplication ratio of 1:8 per year; ii) The initial tissue cul-

ture and greenhouse multiplication steps (year one) are based on the most conservative

approach.

Results

The initial selection of formulations was based on existing treatment formulations for clonally

propagated crops, using thiamethoxam 420 g ha-1, mefenoxam 45 g ha-1, fludioxonil 15 g ha-1,

azoxystrobin 90 g ha-1, and thiabendazole 62 g ha-1. However, as planting densities for crops

treated with this formulation were up to ten times higher than the ones for cassava, we started

with a dilution factor of 5% and 10% to avoid potential phytotoxic effects. Indeed, the treat-

ment with mefenoxam + fludioxonil + azoxystrobin, exhibited high phytotoxicity rates (83.33

and 96.67%, respectively) compared to controls. Thiamethoxam at 10% also caused phytotox-

icity on 33.0% of the plants, although the phytotoxicity symptoms of the thiamethoxam were

much less prominent than those caused by the combination of different fungicides (S1 Fig).

As the combined application of mefenoxam + fludioxonil + azoxystrobin was causing phy-

totoxicity in cassava plants, regardless of application rates, other alternative fungicides were

tested to verify the effects on cassava growth. New formulations were evaluated, composed of

mefenoxam + fludioxonil + thiabendazole and mefenoxam + fludioxonil at 1.1%, 2.2% and

4.4% dilution factor (S2 Fig).

The plants treated with the different dosages of these agrochemicals did not show any

symptoms of phytotoxicity. Regarding the additional agronomic traits, the agrochemical treat-

ments displayed a positive effect on the development of the plants, with significantly higher

values for shoot and root dry weight by most of the treatments compared to control (S2 Fig).

The initial tests of cassava seed growth in substrate containing root rot pathogens showed

poor rooting of untreated pieces (S3 Fig). In contrast, both treatment mefenoxam + fludioxonil

+ thiabendazole and mefenoxam + fludioxonil resulted in a high rooting index, especially at

dosages of 2.2% and 4.4% (score> 1.89) in comparison with the control (0.50). Besides, treated
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cassava seeds with both chemical combinations exhibited a low incidence of external and

internal fungi colonization compared to untreated seeds.

Fig 2 shows plantlets at 30 days after planting, grown in growth chambers, with initial seed

piece lengths of 8 (shorter) and 16 (longer) centimeters, comparing treated and untreated seed

pieces. The controls (untreated) showed impaired development of plantlets growing from

shorter seed pieces (Fig 2A, 2B, 2C and 2D). The plants originating from the 8 cm untreated

Fig 2. Effect of the seed treatment on plantlets of varieties ‘Cascuda’ and ‘Fécula Branca’, 30 days after planting in

growth chambers. In (A) and (C), different cutting sizes are shown, 8 and 16cm, both with and without the treatment.

Underlying parameters for shoot and root length are listed in (B) and (D). Phytotoxicity (%), germination (%), plant

height (cm), shoot dry weight (g) and root dry weight (g) are shown in (E). Values displayed represent averages across

3 replicates with 20 samples per plot each. Error bars depict standard errors. Different letters per variety indicate

significant differences between cutting sizes, both with and without treatment, p< 0.05 by LSD test.

https://doi.org/10.1371/journal.pone.0229943.g002
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seed piece were shorter and developed fewer roots and less shoot biomass. In contrast, to the

untreated control pieces, the plantlets originating from 8 cm treated seed pieces do not show

negative effects on the reduction in roots and shoot length. In comparison to the 16cm control

(untreated), the performance of the shorter, treated pieces is equal or better for nearly all of the

parameters assessed (Fig 2E): phytotoxicity, germination, plant height, as well as root and

shoot dry weight. Moreover, the plantlets from 8 cm treated seed pieces perform similarly or

are only inferior to those from treated, longer pieces.

Based on these first, short-time growth chamber assessments, further experiments were per-

formed to examine whether these tendencies and characteristics could be confirmed over a

longer period and under field conditions. Finally, key parameters at harvest, such as shoot and

root yield were also measured. Fig 3 shows the germination rates of treated and untreated seed

pieces both in Brazil and Uganda. For both countries and independently of varieties, a treat-

ment effect could be observed, with treated seed pieces showing higher germination rates com-

pared to control seed pieces of the same length.

Fig 4 shows plant coverage of the varieties ‘BRS Formosa’ and ‘IAC 90’ 60 DAP. Results

indicate that, under field conditions, plants from untreated 8 cm seed pieces do not germinate

as well as plants from either treated or longer stems. Plant coverage of treated or longer seed

pieces is also clearly higher.

Fig 5 summarises parameters measured at harvest (12 months after planting): plant stand,

plant height, above-ground biomass, fresh root yield, and dry yield (Fig 5). The numerical

results confirm the visual impressions and resulting numbers of the trials depicted in Fig 5A)

and 5B): Untreated 8 cm seed pieces display impairment in plant stand. Their results differ sig-

nificantly from those for treated 8 cm and both treated and untreated 16 cm pieces. Overall,

the plants derived from treated stems perform better than untreated of the same size. Fig 5

shows that the differences in plant height are insignificant, regardless of initial seed piece

length or treatment. On the other hand, a tendency towards increased biomass production by

treated plants was observed, as the treated seed pieces displayed increased biomass production

in comparison to their corresponding untreated controls. By harvest time (12 months after

planting), the treated seed pieces had produced more root biomass than untreated pieces of

the corresponding lengths. In addition, treated 8 cm pieces led to yields comparable to those

from untreated 16 cm pieces.

In addition, to the field trial results, we compiled a generalised seed system model (S1

Table) showing the seed piece multiplication process with different multiplication cycles and

timescales. The resulting amount of seed pieces per year and corresponding seed piece length

is displayed in Fig 6. This allowed us to fully understand the impact of the reduction in seed

piece size on existing seed multiplication protocols. Therefore, we first wanted to compare the

different multiplication rates when using various seed piece lengths. The initial question was:

“How long does it take with 8 cm seed pieces to produce the same amount as with the ‘tradi-

tional’ seed system of 5 years and 16 cm in Brazil or 24 cm in Uganda, respectively?”

The calculation results showed that a similar number of seed pieces can be obtained one

year faster with 8 cm seed pieces (time difference = 364.95 days, equalling a time saving of

20.0%). We also compared the output for 24 cm seed pieces to the production speed of the 8

cm seed system: There, the time difference equals almost two years (= 679.33 days, Fig 6).

We assumed that the treatment technology is applied in each step where seed stems or

shoot plantlets are used (but not in the initial tissue culture cycle), in combination to a reduc-

tion in their sizes (factor 2 or 3 –Brazil and Uganda, respectively). In addition, the model was

based on data and multiplication factors obtained from Brazil (S1 Table). As this model is lin-

ear, the time savings are only dependent on the underlying multiplication factors.
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Discussion

The resilience and productivity of clonally propagated crops rely heavily on the availability of

clean planting material and the use of improved genetics to limit the spread of seed-borne dis-

eases [28]. However, apart from potato, there are relatively few established production and dis-

tribution systems for certified, disease-free planting material for clonal crops [12]. This is

particularly important for cassava, in which seed-borne diseases can cause substantial losses of

crop productivity [8]. As a response, several countries aim to install delivery channels that

would supply farmers with certified, disease-free planting material [28]. However, formal seed

systems for cassava are still rare, because of the crop’s low multiplication rate and the thus lim-

ited viability of seed multiplication. Our work aimed to develop solutions to increase the

crop’s multiplication rates to make the production of planting material more efficient.

Numerous procedures already exist for rapid production of vegetatively propagated plant-

ing material. These include in-vitro techniques for clonal multiplication [29], micropropaga-

tion of meristem cultures [30, 31], as well as approaches based on two-node seed pieces which

are planted under controlled conditions and require transplanting upon seedling establish-

ment [32]. Thus, these methods tend to be costly both in terms of equipment and infrastruc-

ture, potentially preventing their large-scale use to provide farmers with planting material

Fig 3. Results from experiments performed in Uganda, using two local varieties (NASE 19’ and ‘NAROCASS 1’) and in Brazil, using three local varieties (‘BRS

Formosa’, ‘Cascuda’ and ‘Fécula Branca’). Seed pieces with lengths of 12 and 24 cm (Uganda) and 8 and 16 cm (Brazil) under treated and control conditions were

compared. Treatment formulations are explained in Table 3. Germination percentage was assessed 30 days after planting. Values are averages across 4 replicates of 4

plots (with 81 plants per plot) each. Error bars represent standard deviation. Statistical analysis was performed with a t-test, assuming unequal variances. Significance

levels depicted are as follows: n.s.: non-significant; �: p< 0.05; ��: p< 0.01; ���: p< 0.005.

https://doi.org/10.1371/journal.pone.0229943.g003
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[33]. These methods are mostly limited to the initial multiplication cycles, involving varietal

cleaning and basic planting material multiplication.

The approach described in the present paper enables increased multiplication efficiency not

only under controlled conditions but also directly in the field, removing the need for green-

and nethouses as well as transplanting. We were able to demonstrate the feasibility of shorten-

ing cassava seed pieces to 8 cm when using appropriate seed treatment formulations. This rep-

resents one-half to one-third of the conventionally used 16 or 24 cm pieces (Brazil and

Uganda, respectively). This reduction is possible without negative effects on crop development

or productivity. On the contrary: the proposed seed treatment solution has the potential to

boost the plants’ early establishment and resilience to both biotic and abiotic stresses (Figs 3–

5). The results thus show that the seed pieces can be reduced to one-third of conventional size

without negatively affecting germination, crop vigour or productivity. As the multiplication

rates increase, transport and storage bulk decreases, and smaller areas are needed for seed mul-

tiplication. At least one multiplication cycle (equivalent to one year) can be omitted from tradi-

tional seed multiplication protocols.

Interestingly, the initial vigour advantage lasts up to harvest, with plants derived from

treated seed pieces performing better in terms of both above (28%) and below ground biomass

(24% for fresh root yield and 26% for dry yield) than plants from untreated seed pieces. This

has a dual benefit as both root and shoot yield can lead to sellable produce as shoot yield, in

particular is also crucial for seed multiplication processes.

The treatment’s effect on increasing early plant vigour can most likely be traced to the sys-

temic insecticidal constituent. The use of such compounds on seeds has been shown to provide

advantages related to initial pest and disease control, as well as indirect effects resulting in

Fig 4. A) Plant coverage (%) of varieties ‘BRS Formosa’ and ‘IAC90’, evaluated 60 days after planting under field

conditions. Rows are grouped in plots of 8 cm and 16 cm seed piece length, respectively. Columns are depicted

correspondingly to applied treatment; treated or control (treated only with water), as marked on the top of each

column. In B), the corresponding cover crop percentages are depicted for both of the varieties which have been

trialled, as well as for the different lengths and treatments. Values are averages across 4 replicates of 10 samples per

plot. Error bars represent standard error. Different letters for each variety indicate significant differences between

cutting sizes, both with and without the treatment, p< 0.05 by LSD test.

https://doi.org/10.1371/journal.pone.0229943.g004
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enhanced plant vigour [17, 34, 35], as a result of the biosynthesis of specific functional proteins

that help the plants to overcome several adverse environmental growing factors [36]. However,

this requires careful choice of the agrochemicals because some active ingredients can cause

serious phytotoxic effects (as observed in S1 Fig), and also reported in other crops [37].

Apart from increasing multiplication rates and providing a means for pest and disease con-

trol, seed treatment approaches that lead to a reduction of seed piece length can offer a number

of additional advantages. These include easier logistics thanks to less bulky planting material

and better options for crop planting. The latter is of particular importance, as mechanised

equipment for planting normally requires small, uniform seed pieces. Furthermore, we believe

Fig 5. Parameters from the field trials for the varieties ‘BRS Formosa’ and ‘Cascuda’, harvested and evaluated 12 months after planting. Assessed parameters

include plant stand (%); plant height (m), above-ground biomass (t ha-1) and fresh root yield (t ha-1). Treated and untreated seed pieces of lengths 8 and 16 cm are

compared. Values are averages across 4 replicates of 20 samples per plot and three environments in Northeast Brazil (Embrapa, UFRB, Bahiamido). Error bars represent

standard error. Different letters for each variety indicate significant differences between different cutting sizes, both with and without the treatment, p< 0.05 by Tukey

Honest Significant Difference test.

https://doi.org/10.1371/journal.pone.0229943.g005
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that this technology can have beneficial impacts on crop management: by supporting row

planting and an earlier closure of the canopy, weed control interventions could be reduced

(Fig 4).

Lastly, apart from improving early plant vigour and resilience, systemic insecticides can

offer systemic protection against pests. These include whiteflies, which–as well as causing sig-

nificant feeding damage–are the most important vector of the two most prevalent cassava

virus diseases in Africa [38]. Therefore, assessing a potential protective effect of such treat-

ments might lead to the identification of additional benefits in areas with a high pest and vec-

tor prevalence [39]. However, further trials are needed to elucidate this potential systemic

insecticidal effectiveness.

Overall, the technology described in the present study may hold considerable promise in

facilitating the development of viable delivery channels for both clean planting material and

improved genetics of cassava. However, there are additional factors that need to be considered

when delivering this technology to cassava growers and further dialogue with relevant stake-

holders is required to ensure the sustainable establishment of more formal seed multiplication

and distribution systems.

We believe that there is farmer demand for planting material with disease control, germina-

tion and genetics in both Latin America and Africa. We would, therefore, suggest a paradigm

shift for investment to support both crop improvement as well as seed systems development.

The aim must be to improve farmer access to superior genetics and clean planting material, in

order to reduce yield gaps.

Fig 6. Generalised model of the cassava seed system. In A), a generalised cassava seed system is shown. The initial year in multiplication consists of tissue culture

production (Nuclear, 1) and subsequent plantlet multiplication in a greenhouse (Pre-Basic, 2). Further, the basic seed multiplication cycle (Basic, 3) and the certified

cycles (Certified, 4–6) are entered, each with the duration of one year. In the basic cycle, shoot plantlets are planted, after one year of basic seed multiplication, cassava

seed stems can be used. The resulting multiplication factor, depending on seed piece length is depicted on the right. For the basic and first certified cycles (3 and 4), the

multiplication factors can be double the factors of the two last certified cycles (5 and 6), as intensive crop systems associated with the use of irrigation allow two stem

harvests per year. A full iteration through the entire seed system equals 5 years. Multiplication factors are indicated per year, based on entering the seed system with one

single tissue culture plantlet. Asterisks depict where the treatment technology is recommended for application. From the greenhouse multiplication step onwards, a

benefit from the technology’s use is expected. In B), the seed piece production is shown over the full duration of five years. Production for the three different lengths (8,

16, and 24 cm) is depicted. The dashed line shows the equal amount of seed pieces for 8 cm after 4 years and for 16 cm after 5 years, 147’456 seed pieces.

https://doi.org/10.1371/journal.pone.0229943.g006
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The technology described in the present study has the potential to invigorate seed systems

for clonal crops by making them more efficient. This could further help develop commercially

viable and sustainable supply channels for quality planting material, making production sys-

tems for clonal crops more productive and resilient. This will be of particular importance to

smallholder farmers, who rely heavily on clonal crops as a food and income source.

Supporting information

S1 Fig. Phytotoxicity symptoms of cassava seeds treated with different agrochemicals, evalu-

ated 30 days after planting in a growth chamber. 8 cm seed pieces of the ‘Cascuda’ variety were

treated with active ingredients of seed treatment formulations for sugarcane at dosages of 5% and

10% of original application rates, with two controls (Unt1 = cassava seeds treated only with water;

Unt2 = cassava seeds were treated only with latex, 2%). ME+FL+AZ (fungicides: mefenoxam, flu-

dioxonil, and azoxystrobin), TB (fungicide: thiabendazole), TM (insecticide: thiamethoxam).

Error bars show standard errors. Different upper-case and lower-case letters indicate significant

differences between the controls and treatments at 5% and 10% dosage, respectively (p< 0.05).

(TIF)

S2 Fig. Growth performance of cassava seeds treated with different agrochemicals, evalu-

ated 30 days after planting in a growth chamber. 8 cm seed pieces of the ‘Cascuda’ variety

were treated with active ingredients of agrochemicals at 1.1%, 2.2% and 4.4% of the initial

product formulation (as ‘Reference’ in Table 3), with one control (Unt1 = cassava seeds treated

only with water). ME+FL (fungicides: mefenoxam and fludioxonil), ME+FL+TB (fungicides:

mefenoxam fludioxonil and thiabendazole). Error bars show standard errors. Different upper-

case, lower-case letters and numerals indicate significant differences between the controls and

treatments at 1.1%, 2.2% and 4.4% dosage, respectively (p< 0.05).

(TIF)

S3 Fig. Growth performance of cassava seeds in the root rot-infested substrate, evaluated

30 days after planting in a growth chamber. 8 cm seed pieces of the ‘Cascuda’ variety were

treated with active ingredients of agrochemicals at dosages of 1.1%, 2.2% and 4.4% of the initial

product formulation (as ‘Reference’ in Table 3), with one control (Unt1 = cassava seeds treated

only with water). ME+FL (fungicides: mefenoxam and fludioxonil) and ME+FL+TB (fungi-

cides: mefenoxam, fludioxonil, and thiabendazole). Error bars show standard errors. Different

upper-case, lower-case letters and numerals indicate significant differences between the con-

trols and treatments at 1.1%, 2.2% and 4.4% dosage, respectively (p< 0.05).

(TIF)

S1 Table. Underlying multiplication factors of a generalised seed system. Multiplication

factors are estimations from a Brazilian seed system model. Multiplication factors are indicated

per step and cumulative, indicating the multiplication factor per cycle and the resulting addi-

tive amount of seed pieces after completion of the current including the previous cycles. Step

duration is indicated in months. Propagation location as well as input and output material are

specified for the corresponding step. After completion of all of the multiplication cycles, the

produced seed material is assumed to be sold and used for commercial root production.
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penho de cultivares elites de mandioca industrial em áreas de cerrado do Mato Grosso do Sul. Semina:
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