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Abstract: Rice (Oryza sativa) is an increasingly popular food in Africa. As much as 30% of yields are
lost due to blast disease caused by Magnaporthe oryzae. Several commercial biopesticides of Bacillus
subtilis, Trichoderma asperellum, and Serratia sp. strains were evaluated under field conditions for
their effects against rice blast and yield at one site in Kenya and three sites in Tanzania in 2020 and
2021. Each biopesticide was applied as a dipping treatment at transplanting, post-transplanting
foliar spraying, or both. Using biopesticides not only achieved blast control but also increased
grain yield, particularly in low-production regions in Tanzania, with a yield increase of >100%. For
higher-production sites with low disease pressure, the yield increase through biopesticides over
the untreated control was limited, although significant disease suppression was achieved. Dipping
alone was sufficient to suppress disease and improve yield unless disease pressure was high. The
differences among the three biopesticides varied with site/year but generally were small. Improved
yield using biopesticides is unlikely to result solely from reduced blast development, but also from
improved plant development. The present study suggests that these commercial biopesticides should
be applied in rice production, particularly in subsistence farming.

Keywords: dipping; foliar spraying; biopesticides; rice blast; biocontrol

1. Introduction

Rice (Oryza sativa L.) is an increasingly popular food in Africa and is grown in
40 African countries, with substantial increased productivity in recent times [1]. However,
the overall rice demand in Africa has outstripped local production, requiring 40% imported
rice. Consumption rate is expected to increase by 130% in 2035 compared to 2010 [2]. Thus,
African rice producers need to increase their production capacity drastically to meet the
ever-increasing demand. For example, Kenya is only able to produce ca. 20% of the total
rice consumption. The current rice yield (2.8 to 3.8 t/ha) achieved in Kenya is above aver-
age in Africa but still behind Asia (average ca. 4.5 t/ha). Tanzania is the most important
rice-production zone in East Africa. Rice is the second most cultivated food and commercial
crop in Tanzania after maize. However, rice production in Tanzania is still characterized
by low productivity, with average yields of 1.5–2.8 t/ha. This low productivity is due in
large part to the fact that small-scale low-technology (but high-labor) farmers account for
ca. 70% of the total rice-production area. On these farms, fertilizers are also often not used
because of the cost, thus limiting yields.

In rice, as much as 30% of yields are lost due to blast disease caused by fungal
pathogen Magnaporthe oryzae (T.T. Hebert) M.E. Barr. [3–5]. Magnaporthe oryzae infects the
aerial parts of the rice plant—including leaves, nodes, stems, and panicles—at all stages
of development [6]. Good control of rice blast may be achieved with intensive fungicide
programs, but this is both expensive, particularly for smallholdings, and undesirable [7].
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The use of beneficial micro-organisms, including biocontrol microbes, is being promoted
for their potential in sustainable agriculture. Commercial biopesticides are available to
control specific diseases on key agricultural crops [8]. However, in contrast to pesticides,
their efficacy is often inconsistent and much affected by environmental conditions due to
their being living organisms [9].

There have been many studies reporting the potentials of candidate micro-organisms
against rice blast, with the most studies focusing on initial screening and biocontrol mech-
anisms [10–13]. Promising organisms include strains from several common sources for
biocontrol agents: Bacillus, Trichoderma, Streptomyces, and Pseudomonas. For instance, one
specific pseudomonad strain (EA105) isolated from rice soil, when applied as root priming,
effectively inhibited the growth and appressoria formation of M. oryzae [10]. This isolate
may also trigger induced systemic resistance in rice plants through a mechanism that is
dependent on JA and ET signaling. An endophytic strain of S. endus (Jensen 1931) Yüntsen
et al. 1956 (OsiSh-2) from rice is capable of reducing rice blast severity when applied as
foliar spray [11]. Several Trichoderma spp. isolates, when used as a seed treatment, reduced
blast severity [14]. An endophytic strain of B. tequilensis Gatson et al. 2006 isolated from
Angelica dahurica Fisch. ex Hoffm. has shown great potential for biocontrol of rice blast [12].
Several rhizobacteria from rice-field soil, including B. subtilis (Ehrenberg 1835) Cohn 1872,
B. cereus Frankland & Frankland 1887, and P. fluorecens (Flügge 1886) Migula 1895, re-
duced blast development on seedlings when applied as foliar spray under greenhouse
conditions [13]. Serratia is a group of enterobacteria with a notable secondary metabolism
that is able to produce a wide range of natural bioactive products, including the β-lactam
antibiotic carbapenem or the antifungal compound oocydin A [15]. A specific S. rubidaea
Bizio 1823 isolate stimulated quinoa seeds germination and seedlings growth under salt
stress conditions and survived salty and/or heavy-metal conditions [16].

The application timing of biopesticides is also important for achieving disease control,
which is primarily determined by the nature of disease epidemiology and biocontrol
organisms under consideration. For rice blast control with biopesticides, treatments are
usually applied as a seed-priming treatment, dipping treatment at transplanting, and
regular foliar spray treatment post-transplanting [10,11,17,18]. A formulated product of P.
fluorescens strain Pf1 was equally effective in suppressing rice blast irrespective of whether
it was applied as a seed treatment or foliar spray [17]. Many rhizobacteria showed a good
efficacy against rice leaf blast when applied as soil drench or foliar spray, but the efficacy
varied with application methods [19]. Soil drenching led to better disease control than
foliar spray. In Cambodia, a formulated product of T. harzianum Rifai (1969) reduced the
incidence of leaf and neck blast when applied as both seed treatment and foliar spray,
but it did not significantly affect yield [18]. To overcome the often low and inconsistent
efficacy achieved by single biopesticides, it is often recommended to combine biopesticides
to achieve better performance, exploiting synergies between biopesticides. However, such a
laudable objective of exploiting synergies has rarely been achieved [9]. Inoculation of both
B. subtilis and Trichoderma sp. led to significant inhibition of M. grisea compared to single
strains, with increased efficacies against rice blast when applied prior to transplantation
than at the seed-setting stage [20].

In addition to their biocontrol effect against specific diseases, some biocontrol organ-
isms also can improve plant growth in the absence of plant diseases. For instance, several
rhizobacteria can enhance rice-plant growth, including stimulating plant height, root length,
and total biomass, in addition to their efficacy against rice leaf blast [19]. Several Trichoderma
spp. isolates, when used as a seed treatment, led to increased plant height, number of
leaves, tillers, panicles, and panicle length, as well as reduced blast severity [14]. When
plants’ roots are colonized by certain root endophytic fungi from Trichoderma, this induces
upregulation of genes and pigments that improve the plants’ photosynthesis [21]. The
primary direct effect of colonization of Theobroma cacao L. by an endophytic T. hamatum
(Bonord.) Bainier 1906 isolate was promotion of root growth, regardless of water status,
and an increase in water content, improving the drought plant response [22]. Inoculation of
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sugarcane with T. asperellum Samuels, Lieckf. & Nirenberg 1999 can alleviate the negative
effects of drought stress [23], as for maize inoculated with a specific T. atroviride Karsten
sensu Bissett strain [24]. One S. proteamaculans (Paine and Stansfield 1919) Grimont et al.
1978 isolate promotes soybean–bradyrhizobia nodulation and growth [25].

Much of the research on biocontrol of rice blast has been using pure microbial strains
or non-commercial formulated products under controlled conditions, e.g., greenhouse
conditions. Pilot studies in Kenya have shown that dipping roots of rice seedlings in
solutions with commercial products of a formulated bacterial strain (B. subtilis) or a fungal
isolate (T. asperellum) led to reduced blast development and increased yield. The present
study aims to expand these pilot studies to assess the effects of several commercially
available biopesticides on rice blast, as well as plant development and grain yield, under
field conditions in Kenya and Tanzania. Each biopesticide was applied as dipping at
transplanting, post-transplanting foliar spray, or both.

2. Materials and Methods

Experiments were conducted at one site in Kenya and three sites in Tanzania in 2020
and 2021.

2.1. Kenya

A single cultivar (cv. Basmati 370) was used for the Kenya site (National Irrigation
Board, longitude-37◦37′2.53′ ′ E and latitude-0◦49′24.23′ ′ S). In this region, the main agricul-
tural activity is monocropping of rice grown in paddies that are irrigated for six months.
The soil at this site is of the black cotton soil type (vertisol). There were four products: Real
IPM commercially formulated products of B. subtilis, T. asperellum, and S. nematodiphila
Zhang et al. 2009; and Mazao Flourish (a mixture of B. subtilis and T. asperellum). The three
individual products all contained 1.0 × 1010 CFUs per mL. For the Mazao Flourish, both B.
subtilis and T. asperellum were at 0.5 × 1010 CFUs per mL; thus, the total CFUs remained the
same as the individual products. Each was applied at three times, as a dipping treatment
at transplanting, post-transplanting foliar spraying, and both dipping and foliar spraying.
In addition, two control treatments were included: water or fungicide (“Absolute”, a mix-
ture of Azoxystrobin (200 g per liter), Difenoconazole (125 g per litre), and Hexaconazole
(50 g per litre)) was applied on all occasions (namely as “both” timings). In each year, a
randomized block design was used with four blocks. Within each block, there were 14 plots
(5 m × 5 m), each randomly assigned to one of the 14 treatments; planting space was
20 cm × 15 cm. There was a gap of 75 cm between neighboring plots.

For dipping treatment, seedlings were dipped in an appropriate product (5 mL of the
product in 1 L water) for 30 min before transplanting. Weekly foliar sprays began two
weeks after transplanting at the same concentration as used in dipping, with a knapsack
sprayer; each plot received approximately 7 L each time. Seven and nine sprays were
applied in 2020 and 2021, respectively. Transplanting was performed in late August 2020
and early March 2021. Fertilizers were applied via broadcasting to the trial plot on three
occasions: muriate of potash at 25 kg per acre three days after transplanting, and sulfate of
ammonia at 50 kg per acre 14 and 45 days after transplanting. Nurelle D (a.i. chlorpyrifos
ethyl + cypermethrin) and Sumithion (a.i. fenitrothion + esfenvalerate) were applied with
a knapsack for thrips control 28 and 49 days after transplanting.

Number of tillers was counted and the height of the highest tiller for each plant was
measured weekly three (2020) or two (2021) weeks after transplanting; in total, nine and
eight assessments were made in 2020 and 2021, respectively. In each plot, the same 10 plants
(randomly selected) were assessed for tiller development over all the time points. For each
plot, time to the first flowering was also recorded. Presence and severity of rice blast
were assessed weekly on 10 leaves, one leaf from each of 10 plants randomly selected
on each assessment occasion for each plot. In both years, blast assessment began five
weeks after transplanting. As the blast severity was very low, so only incidence of rice
blast is analysed and presented. For each plot, 10 panicles (heads) were selected, one from
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each of 10 randomly selected plants, to estimate number of grains per panicle and with
blast symptoms. The 1000 seed weight, as well as grain moisture content (%), was also
determined for each plot. Finally, both unshelled (raw) and shelled (net) grain yields were
obtained for each plot.

2.2. Tanzania

Experiments were conducted at three sites (Babati (3.8541◦ S, 35.5235◦ E), Kikwe
(3.3711◦ S, 36.8285◦ E) and Moshi (3.4197◦ S, 37.3676◦ E)) in Tanzania in 2020 and 2021. The
soil at all three sites is of the black cotton soil type (vertisol). There are two rice crops per
season at Moshi and Kilwe; the first crop season (from December) was used for the present
study. Only one rice crop season (from February) is possible at Babati. There were nine
treatments: three products—water (as control), and commercially formulated products of
B. subtilis and T. asperellum; applied at three times—as a dipping treatment at transplanting,
foliar spraying, and both dipping and foliar spraying. The same experimental design
as in Kenya was used, except that only three blocks were used. A single cultivar (cv.
SARO 5 (TXD 306)) was used in both years. No fungicide control treatment was included.
Urea was applied through broadcasting as a top dressing six weeks after transplanting;
lambda cyhalothrin or deltamethrin was applied to control stalk borers four weeks after
transplanting.

In 2019, seeds were sowed on 3 November and transplanted on 12 December at the
Babati site, sowed on 25 November and transplanted on 20 December at the Kikwe site,
and sowed on 6 January 2020 and transplanted on 2 February 2020. In 2020, seeds were
sowed on 15 December and transplanted on 11 January 2021 at the Babati site, sowed on
16 November and transplanted on 12 December at the Kikwe site, and sowed on 3 January
2021 and transplanted on 2 February 2021. Dipping and spraying treatments were applied
as for the Kenya experiment. There were six spray applications in each year at each site.

Number of tillers and the height of the highest tiller for each of five plants (randomly
selected from each plot) was measured three times: one month after transplanting and
thereafter weekly, with the interval between two neighboring assessments ranging from
3 to 10 days, depending on year and site. Five plants were randomly assessed for tiller
development at each time point. For each plot, time to the 30% flowering was also recorded.
Presence and severity of rice blast in grain were assessed at harvest for each plot; five
panicles were selected randomly (one form each of five plant) to estimate number of grains
per panicle and with blast symptoms. Grain maturity was estimated empirically (usually
used by local farmers); biting a grain to check if the seed is sufficiently hard. Finally, both
unshelled (raw) and shelled (net) grain yields were obtained for each plot.

2.3. Data Analysis

Standard ANOVA was applied to the data over the two years, in which year was
treated as a blocking factor. In addition to unshelled (gross) and shelled (net) grain yield,
the ratio between the net and gross grain weight was also calculated and analyzed through
ANOVA. For net yield, net gross ratio, number of seeds per panicle, seed moisture, and
days to flowering or maturity, log transformation was applied to ensure that residual
errors follow (or closely) normal distributions. A logit transformation was applied to the
incidence of grain with blast symptoms before ANOVA. No transformation was needed
for the thousand seed weight, tiller number, and height. For tiller number and height,
repeated measurement ANOVA was used with individual plot as a unique subject; thus,
for each assessment date, average tiller number and height for each plot were obtained
from individual plant values. For the Kenya site, because the number of assessments
differed between the two years, repeated measurement ANOVA was applied to individual
years separately.
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For the Kenya experiment, an overall ANOVA was applied to the dataset, including
all 14 treatments. When there were significant treatment effects, the Tukey HSD (honestly
significant difference) test was applied to conduct pairwise comparisons with the p-value
adjusted for multiple comparisons [26]. Then the 12 treatments involving microbial prod-
ucts were further analyzed together via a two-factorial design ANOVA to assess the effect
of products and their application timing. Similarly, if a treatment effect was significant,
HSD was applied to compare treatments.

For Tanzania experiments, both year (two years) and site (three sites) were treated
as blocking factors. For the product and application timing factors, the main effect (two
degrees of freedom (DF)) was decomposed into two single DF orthogonal comparisons. For
the product factor, the two comparisons represented the comparisons (1) between water
(control) and two biocontrol products, and (2) between the two biocontrol products. For the
application time, they represented the comparisons between single type treatment (dipping
or spraying) and both types, and between dipping and spraying treatments.

All analyses were conducted in R [27].

3. Results
3.1. Kenya Experiments

The growing season (from transplanting to harvest) was about 2–3 weeks shorter in
2021 than 2020. Overall treatment means and their standard errors are given in Table 1.

Table 1. Treatment means and standard errors; rice plants were treated with four biopesticide
products in three different ways to manage rice blast. The experiment was carried out at one site in
Kenya in 2020 and 2021; each mean is an average of eight independent replicates (plots).

Treatment
Days to First

Flowering

Tiller on the Final Assessment Date Yield (kg)
Seeds per

Panicle
1000 Seed
Weight (g)

Seed Moisture
(%)

Seeds with
Blast (%)Number Height (cm) Gross Net Ratio (%)

Bacillus: Both 67.3 ± 1.97 34.8 ± 1.53 123.5 ± 1.97 37.1 ± 2.42 9.5 ± 0.38 26.0 ± 1.33 106.5 ± 2.31 21.5 ± 0.53 13.7 ± 0.54 3.0 ± 0.72
Bacillus: Dipping 73.3 ± 1.41 32.2 ± 1.46 120.8 ± 2.82 35.9 ± 2.25 8.7 ± 0.51 24.4 ± 0.87 95.5 ± 3.45 21.4 ± 0.32 13.7 ± 0.38 3.7 ± 0.88
Bacillus: Spraying 72.4 ± 1.89 34.3 ± 0.85 127.2 ± 2.12 35.8 ± 2.66 9.0 ± 0.47 25.7 ± 1.32 104.0 ± 1.40 21.3 ± 0.51 13.9 ± 0.43 3.1 ± 0.63
Trichoderma: Both 68.6 ± 2.18 32.0 ± 2.11 123.1 ± 2.29 36.9 ± 2.28 8.9 ± 0.51 24.1 ± 0.62 100.6 ± 2.91 21.1 ± 0.44 13.3 ± 0.36 3.9 ± 1.07

Trichoderma: Dipping 69.8 ± 2.64 33.9 ± 2.01 125.1 ± 2.43 38.0 ± 1.94 9.0 ± 0.47 23.8 ± 0.80 97.7 ± 2.90 20.9 ± 0.38 13.7 ± 0.35 3.9 ± 1.10
Trichoderma: Spraying 68.0 ± 2.34 34.7 ± 2.01 124.9 ± 2.67 36.4 ± 2.56 8.4 ± 0.32 23.7 ± 1.42 102.2 ± 2.04 21.4 ± 0.32 13.0 ± 0.30 3.7 ± 1.04

Serratia: Both 71.0 ± 1.8 35.1 ± 1.17 123.8 ± 1.96 35.9 ± 2.55 9.8 ± 0.24 28.1 ± 1.56 107.0 ± 3.13 21.3 ± 0.47 14.1 ± 0.26 3.2 ± 0.74
Serratia: Dipping 68.6 ± 1.61 32.8 ± 1.46 123.0 ± 2.86 35.1 ± 3.02 9.7 ± 0.34 28.9 ± 2.59 101.2 ± 2.07 20.7 ± 0.52 13.0 ± 0.31 3.4 ± 0.89
Serratia: Spraying 71.5 ± 2.31 34.2 ± 1.37 125.3 ± 1.66 37.6 ± 2.66 9.3 ± 0.42 25.4 ± 1.70 104.0 ± 2.30 21.7 ± 0.27 13.5 ± 0.35 3.4 ± 0.90

Bacillus + Trichoderma: Both 68.3 ± 2.1 34.4 ± 2.35 123.4 ± 2.35 35.8 ± 2.43 8.9 ± 0.47 25.2 ± 0.80 101.7 ± 3.38 21.1 ± 0.38 13.6 ± 0.44 3.6 ± 0.88
Bacillus + Trichoderma: Dipping 68.5 ± 2.18 33.0 ± 1.81 125.4 ± 2.69 36.4 ± 2.39 8.4 ± 0.42 23.7 ± 1.69 99.9 ± 4.15 21.2 ± 0.37 13.0 ± 0.35 3.9 ± 1.09
Bacillus + Trichoderma: Spraying 69.8 ± 2.64 33.9 ± 2.22 122.8 ± 2.49 36.1 ± 2.71 9.1 ± 0.45 25.9 ± 1.71 101.6 ± 4.45 20.8 ± 0.69 13.6 ± 0.21 3.5 ± 0.86

Water 72.8 ± 0.94 30.0 ± 1.56 123.8 ± 2.25 35.8 ± 2.51 8.1 ± 0.60 22.8 ± 1.26 86.9 ± 5.45 21.7 ± 0.21 13.9 ± 0.35 6.0 ± 0.88
Fungicide 70.1 ± 2.13 33.6 ± 2.05 122.3 ± 2.97 38.4 ± 3.30 9.6 ± 0.71 25.4 ± 1.47 101.4 ± 2.98 21.2 ± 0.51 14.0 ± 0.65 2.2 ± 0.56

3.1.1. Overall Correlation among Variables

Correlation among variables: For correlation analysis, only the tiller number and
height from the last assessment date within each year were included. All the assessed
variables can be divided into two groups: (1) incidence of grain with blast symptoms,
seed moisture level, 1000 seed weight, and net/raw yield ratio; and (2) number of seeds
per panicle, tiller height, number of tillers per plant, days to first flowering, and raw and
net grain yield. Overall, there were strong positive correlations among variables within
each group and negative correlations among variables between the two groups (Figure 1).
Overall, the net gross yield ratio was least correlated with other variables (Figure 1).

3.1.2. Tiller Number and Height

As expected, the tiller height increased nearly linearly with time (Figure 2). On average,
plants in 2020 were higher than in 2021, with more tillers, probably because of the longer
growing season (from transplanting to harvest) in 2020, about 3 weeks longer. On the last
assessment date, the average plant height was 128 and 120 cm for 2020 and 2021, respectively;
the corresponding values for tiller number were 38 and 30. For both years, treatments affect
significantly neither the overall height nor the rate of height increase over time.
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Figure 1. Plot of correlation among measured rice plant and yield characters in the experiments
conducted in 2020 and 2021 at one site in Kenya and three sites in Tanzania to evaluate the effects of
applying several biopesticides as dipping at transplanting and/or post-transplanting foliar spraying
to control rice blast.

Figure 2. Increase of tiller height and number over time following transplanting summarized across
all 14 treatments in 2020 and 2021; 12 of the 14 treatments are four biopesticides applied as a dipping
treatment at transplanting, weekly post-transplanting foliar sprays, and both at one site in Kenya.
Two controls (water as negative, and fungicide as positive) were included for comparison.

The tiller number increased and then gradually reached a plateau a few weeks before
harvest (Figure 2). In 2020, treatments did not significantly affect the overall tiller number
and its temporal increase pattern. However, in 2021, treatments affected (p < 0.001) both
the overall tiller number and its temporal pattern. The difference between treatments at the
plot level accounted for nearly 62% of the observed variability; but the interaction between
treatments and time (i.e., temporal pattern) only accounted for < 0.6% of the observed
variability within the plot level. Five of the seven significant pairwise treatment differences
involve the water control: the water control had 3–5 fewer tillers. When the final tiller
number was analyzed across both years, 14 treatments differed (p < 0.01) but only accounted
for 7.6% of the total variability. Pairwise comparisons showed that four comparisons were
significant, all involving the water control (Table 2). When the application timing was
ignored, the water control had 3 or 4 tillers fewer (p < 0.05) than the four biopesticides
and the fungicide control. Neither the four biopesticides nor the three application timings
differed significantly.
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Table 2. Significant pairwise comparisons for all 14 treatments applied to rice plants at one trial
site in Kenya across 2020 and 2021, based on the Tukey HSD test, with the p-value adjusted for
multiple comparisons [26]. The 14 treatments included four biopesticides, each applied as dipping at
transplanting, post-transplanting foliar spraying, or both, and two controls (water and fungicide).

Treatment 1 Treatment 2 Differences Adjust p-Value

Tiller number on the final assessment date
Water Bacillus: Both −4.8 0.017
Water Bacillus + Trichoderma: Both −4.4 0.045
Water Trichoderma: Spraying −4.7 0.022
Water Serratia: Both −5.1 0.008

Number of seeds per panicle (on the natural logarithm scale)
Water Bacillus: Both −0.218 <0.001
Water Bacillus: Spraying −0.194 0.001
Water Trichoderma: Both −0.158 0.022
Water Trichoderma: Spraying −0.176 0.006
Water Serratia: Both −0.220 <0.001
Water Serratia: Dipping −0.166 0.013
Water Serratia: Spraying −0.193 0.001
Water Bacillus + Trichoderma: Both −0.169 0.010
Water Bacillus + Trichoderma: Dipping −0.149 0.044
Water Bacillus + Trichoderma: Spraying −0.164 0.014
Water Fungicide −0.166 0.012

Net yield (kg, on the natural logarithm scale)
Serratia: Both Trichoderma: Spraying 0.160 0.026

Bacillus + Trichoderma:
Dipping Serratia: Both −0.159 0.028

Water Bacillus: Both −0.172 0.011
Water Serratia: Both −0.212 <0.001
Water Serratia: Dipping −0.192 0.002
Water Serratia: Spraying −0.154 0.039
Water Fungicide −0.170 0.012

Flowering time (days, on the natural logarithm scale)
Bacillus: Dipping Bacillus: Both 0.087 0.023

Water Bacillus: Both 0.081 0.049
Incidence of grain with blast symptoms (on the logit scale)

Water Bacillus: Both 1.176 <0.001
Water Bacillus: Dipping 0.916 <0.001
Water Bacillus: Spraying 1.131 <0.001
Water Trichoderma: Both 0.874 <0.001
Water Trichoderma: Dipping 0.895 <0.001
Water Trichoderma: Spraying 0.932 <0.001
Water Serratia: Both 1.112 <0.001
Water Serratia: Dipping 1.051 <0.001
Water Serratia: Spraying 1.071 <0.001
Water Bacillus + Trichoderma: Both 0.951 <0.001
Water Bacillus + Trichoderma: Dipping 0.895 <0.001
Water Bacillus + Trichoderma: Spraying 0.989 <0.001
Water Fungicide 1.525 <0.001

Fungicide Bacillus: Dipping −0.608 <0.001
Fungicide Trichoderma: Both −0.651 <0.001
Fungicide Trichoderma: Dipping −0.629 <0.001
Fungicide Trichoderma: Spraying −0.593 <0.001
Fungicide Serratia: Both −0.413 0.040
Fungicide Serratia: Dipping −0.474 0.008
Fungicide Serratia: Spraying −0.454 0.013
Fungicide Bacillus + Trichoderma: Both −0.574 <0.001
Fungicide Bacillus + Trichoderma: Dipping −0.630 <0.001
Fungicide Bacillus + Trichoderma: Spraying −0.535 0.001



Agronomy 2022, 12, 592 8 of 17

3.1.3. Days to First Flowering

Overall, plants took longer to flower and flowering time was more variable in in
2020 than in 2021 (Figure 3). The 14 treatments affected (p < 0.01) flowering time; of
the 91 comparisons, two were significant (Table 2). Overall, the six products differed
(p < 0.05) in their effects on the flowering time: the flowering time was greater for the water
control (72.8 days) than for the Trichoderma-treated (68.8 days) plants. The ANOVA of the
12 treatments involving biopesticides showed that the four biopesticides differed (p < 0.05)
in flowering times: Trichoderma led to a shorter flowering time (68.8 days) than Bacillus
(71.0 days). Moreover, the effects of application time were close to significance (p = 0.086):
foliar spraying appears to result in longer flowering times than both dipping and spraying
(p = 0.09). There was also significant interaction between products and application timing
(p < 0.01): for Bacillus, both dipping and spraying led to a much reduced flowering time
than either dipping or spraying alone, whereas for the other three products, differences
between the application timings were much smaller.

Figure 3. Time (days) from transplanting to first flowering of rice plants that received one of the four
biopesticides applied at different times (dipping at transplanting, foliar spraying post-transplanting,
or at both times) at one site in 2020 and 2021 in Kenya. Two controls (water as negative, and fungicide
as positive) were included for comparison. The bar represents one standard error.

3.1.4. Yield Data

There were more seeds per panicle in 2020 (106.0) than in 2021 (98.1). There were
significant (p < 0.001) differences among the 14 treatments in the number of seeds per
panicle. The water control had fewer seeds per panicle than all the other treatments, except
Bacillus and Trichoderma applied as dipping only (Table 2). Ignoring application timings,
we see that the water control had fewer (p < 0.001) seeds than four biopesticides and the
fungicide). Analysis of the 12 biopesticide treatments indicated that dipping only led to
fewer (p < 0.05) seeds (98.6) than foliar spraying (103.0) and both dipping and spraying
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(104.0). There were no significant effects of treatments (including products and their timing)
on the 1000 seed weight and seed moisture. Overall, 1000 seed weight was greater in 2021
(21.8 g) than in 2020 (20.6 g), and this was due to the higher moisture level in 2021 (14.1%)
than in 2020 (12.9%).

The net yield was higher in 2020 than in 2021, and the plot-to-plot variability was
much less in 2020 than in 2021 (Figure 4). Treatments differed significantly (p < 0.001), but
only accounting for 13.8% of the total variability. Of the 91 pairwise comparisons, seven
were significant (p < 0.05) (Table 2). The water and fungicide treatments led to a net yield
of 8.1 and 9.6 kg, respectively. Overall, the water control led to a lower net yield than
Bacillus, Serratia, and fungicide treatments. The ANOVA of the 12 treatments involving
biopesticides showed that the biopesticides differed (p < 0.001): Serratia led to a greater
yield (9.6 kg) than Bacillus (9.1), Trichoderma (8.8 kg), and mixed Bacillus/Trichoderma (8.8 kg).
The application timing did not significantly affect net yield.

Figure 4. Net grain yield (kg) per plot (size 5 × 5 m) where one of the four biopesticides was applied
at different times (dipping at transplanting, foliar spraying post-transplanting, or at both times) at
one site in 2020 and 2021 in Kenya. Two controls (water as negative, and fungicide as positive) were
included for comparison. The bar represents one standard error.

The ratio of net and gross yield was generally higher but also more variable in 2021
than in 2020. The differences among 14 treatments were close to statistical significance
(p = 0.07). The Tukey HSD test showed that only one pairwise comparison was close to
significance (p = 0.08): the ratio is lower for the water control than the Serratia dipping
treatment. Ignoring the application methods, the six products (four biopesticides, water,
and fungicide) differed (p = 0.01) in the net gross yield ratio. Both Trichoderma (23.8%) and
water (22.8%) led to a lower ratio than Serratia (27.8%). The ANOVA of the 12 treatments
involving biopesticides showed that the four biopesticides differed (p < 0.01) in the net
gross yield ratio: Serratia led to a greater ratio than Trichoderma. The application timing did
not significantly affect the net gross yield ratio.
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3.1.5. Blast Development

The incidence of grains with blast symptoms was higher in 2021 (5.8%) than in 2020
(1.3%); the water control had incidences of 3.8% and 8.2% in 2020 and 2021, respectively
(Figure 5). There were significant (p < 0.001) differences among the 14 treatments in the
incidence of grain with blast symptoms. Of the 91 pairwise comparisons, 23 were significant;
13 of these 23 comparisons involved the water control with a higher incidence than all
the others (Table 2), and nine of the 23 cases involved the fungicide control (with lower
incidence). ANOVA of 12 treatments with biopesticides showed that the four products
differed significantly (p < 0.05), but there were no differences among the three application
timings. Trichoderma-treated plants had a higher incidence of blast (3.8%) than Serratia and
Bacillus (3.3%).

Figure 5. Percent grain with blast symptoms of rice plants, receiving one of the four biopesticides
applied at different times (dipping at transplanting, foliar spraying post-transplanting, or at both
times) at one site in 2020 and 2021 in Kenya. Two controls (water as negative, and fungicide as
positive) were included for comparison. The bar represents one standard error.

3.2. Tanzania Experiments

Overall treatment means and their standard errors are given in Table 3.

3.2.1. Overall Correlation among Variables

Only the tiller number and height from the last assessment were included in correlation
analysis. The correlation pattern was similar to that observed in the Kenya experiment. All
the assessed variables can be divided into two groups: (1) incidence of grain and plants with
blast symptoms, and days to flowering and grain mature; and (2) tiller number and height,
number of grains per head, net gross yield ratio, and gross or net yield. Overall, there
were strong positive correlations among variables within groups and negative correlations
between variables from the two groups (Figure 1).
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Table 3. Treatment means and standard errors; rice plants were treated with formulated B. subtilis
and T. asperellum strains in addition to water (as a control) in three different ways to manage rice
blast. The experiment was carried out at three sites in Tanzania in 2020 and 2021; each mean is an
average of 18 independent replicates.

Application Product
Tiller Days to Grain with Blast Yield (kg)

Number Height (cm) 30% Flowering Maturity Percent Seeds/Head Gross Net

Both Bacillus 24.3 ± 0.52 46.8 ± 1.17 55.6 ± 2.00 89.4 ± 2.01 8.0 ± 0.66 126.3 ± 2.86 8.3 ± 0.41 4.1 ± 0.28
Both Trichoderma 26.7 ± 0.51 48.9 ± 1.11 52.2 ± 1.74 85.0 ± 1.75 6.4 ± 0.83 130.3 ± 3.32 8.6 ± 0.28 4.8 ± 0.38
Both Water 14.7 ± 0.37 33.3 ± 1.45 73.9 ± 2.14 101.6 ± 2.13 22.5 ± 2.16 113.0 ± 4.59 5.5 ± 0.33 1.8 ± 0.12

Dipping Bacillus 19.2 ± 0.72 42.1 ± 0.80 59.4 ± 1.88 93.0 ± 2.16 11.0 ± 1.02 118.9 ± 4.61 6.8 ± 0.35 3.0 ± 0.19
Dipping Trichoderma 24.2 ± 0.72 44.0 ± 0.96 61.1 ± 1.94 93.3 ± 2.27 10.2 ± 0.80 127.3 ± 2.77 7.6 ± 0.32 3.4 ± 0.20
Dipping Water 15.4 ± 0.66 32.4 ± 1.24 74.4 ± 1.76 100.9 ± 1.89 22.4 ± 1.99 113.4 ± 5.37 5.6 ± 0.43 1.8 ± 0.12
Spraying Bacillus 18.2 ± 0.72 39.3 ± 1.26 63.4 ± 1.40 95.5 ± 2.09 15.4 ± 1.58 118.3 ± 5.19 6.9 ± 0.42 2.9 ± 0.14
Spraying Trichoderma 20.0 ± 0.63 44.7 ± 1.34 61.9 ± 2.49 92.4 ± 1.92 13.6 ± 1.46 121.9 ± 4.21 6.9 ± 0.41 3.1 ± 0.29
Spraying Water 15.4 ± 0.52 33.8 ± 1.39 74.7 ± 1.86 101.6 ± 2.00 22.8 ± 2.25 112.6 ± 4.72 5.4 ± 0.34 1.8 ± 0.11

3.2.2. Tiller Number and Height

At the plot level over all three assessments, there were significant (p < 0.001) differences
in the number of tillers between three products and between the three application methods,
as well as their interaction (p < 0.001). For all three application methods, Trichoderma led to
more tillers than Bacillus, and this, in turn, led to more tillers than the water (Table 3 and
Figure 6). Both dipping and spraying led to more tillers than dipping or spraying alone
(Table 3 and Figure 6). All interactions with time were significant (p < 0.001). The temporal
rate of increase in tiller number is greater for plots treated at the transplanting stage, as
well as foliar spraying, than either dipping or spraying only; Trichoderma-treated plants had
the greatest rate of increases in tiller numbers, whereas the water treatment had the lowest
rate (Figure 6). The overall effect of treatments on tiller height was similar to that of tiller
number, except for one noticeable difference (Figure 6): there were virtually no differences
between Trichoderma and Bacillus for the dipping and both dipping/spraying treatments.

Figure 6. Average tiller number and height (cm) of rice plants that received one of the three products
was applied at different times (dipping at transplanting, foliar spraying post-transplanting, or at both
times) at three sites in 2020 and 2021 in Tanzania.
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3.2.3. Time to 30% Flowering

Growing season was much shorter at the Kikwe site than the other two sites: time
(days) to 30% flowering was 59.6 ± 1.10, 65.8 ± 1.20, and 70.8 ± 1.49 at the Kikwe, Babati,
and Moshi sites, respectively. Three products differed (p < 0.001) in their effects on the times
to 30% flowering, accounted for 27.0% of the total variability, most of which resulted from
the differences between water (74.4 ± 1.09) and the two biopesticides (Bacillus: 59.5 ± 1.19;
Trichoderma: 58.4 ± 1.33). This difference was consistent over the two years (Figure 7).
Application methods differed (p < 0.01), accounting for 4.3% of the total variability. Apply-
ing biopesticides as both dipping and foliar spray treatments reduced (p < 0.001) the time to
flowering: 60.6 ± 1.72 versus 65.0 ± 1.40 (dipping) and 66.6 ± 1.36 (spraying). There were
significant (p < 0.001) interactions between application methods and products: reduction
in flowering time associated with both dipping and post-transplanting foliar sprays was
not present for water (Figure 7). The overall pattern of application and product effects
on the time to grain maturity was similar to that observed for flowering time, except that
Trichoderma treatments led to a shorter (p < 0.05) time than Bacillus treatments: 90.2 ± 1.24
versus 92.6 ± 1.23 days.

Figure 7. Time (days) to 30% flowering in each plot of rice plants that had received water or one of
the two biopesticides at different times (dipping at transplanting, foliar spraying post-transplanting,
or at both times) at three sites in 2020 and 2021 in Tanzania. The bar represents one standard error.

3.2.4. Yield

Most of variability in the total number of grains per head was due to year-to-year and
site-to-site differences, accounting for 30% and 38% of the total variability, respectively.
The differences between the three products accounted for about 10% of the total variability.
Trichoderma-treated plants had more (p < 0.01) grains (127 ± 2.03) than Bacillus-treated
(121 ± 2.51), which, in turn, was greater (p < 0.001) than the water control (113 ± 2.78).
However, the application methods differed significantly but only accounted for 1.7% of the
total variation: applying both dipping/spraying led to more grains (123 ± 2.31) than either
dipping (120 ± 2.61) or spraying (118 ± 2.73).
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Treatment differences in net yield were much greater in 2021 than in 2020 (Figure 8):
the best treatments had more than three times of net yield of the water control in 2021. Net
yield at the Kikwe site was consistently greater (3.6 ± 0.21) than at the Babati (2.8 ± 0.16)
and Moshi (2.5 ± 0.14) sites. Differences between the three products accounted for about
30.3% of the total observed variability, most (nearly 98%) of which resulted from the
differences (p < 0.001) between water (1.8 ± 0.07) and the two biopesticides (Bacillus,
3.3 ± 0.14; Trichoderma, 3.8 ± 0.20). The net yield for Trichoderma-treated plots was also
greater (p < 0.05) than that achieved in the plots treated with Bacillus.

Figure 8. Net grain yield (kg) per plot (size 5 × 5 m) of rice plants that had received water or one of
the two biopesticides at different times (dipping at transplanting, foliar spraying post-transplanting,
or at both times) at three sites in 2020 and 2021 in Tanzania. The bar represents one standard error.

Application methods also differed (p < 0.01), accounting for 4.1% of the total variability.
Applying products as dipping and foliar-spray treatment led to greater (p < 0.001) yield:
3.6 ± 0.24 versus 2.7 ± 0.14 (dipping) and 2.6 ± 0.14 (spraying). Such a difference was
particularly pronounced in 2021 (Figure 7). There were significant (p < 0.01) interactions
between application methods and products: benefits associated with both dipping and
spraying were only present for the two biopesticides (Figure 8). The overall pattern of
application and product effects on the gross yield was similar to that observed for the
net yield.

The ratio of net and gross yield differed (p < 0.001) among the three products: water
(33.6% ± 0.86) and the two biopesticides (Bacillus: 45.9% ± 1.62; Trichoderma: 48.8% ± 1.90),
accounting for about 22.2% of the total variability. Application methods also differed
(p < 0.05), but they only accounted for 2.1% of the total variability. Applying biopesticides
as dipping, as well as foliar spray treatment, led to a greater (p < 0.01) net gross yield
ratio: 46.6% ± 2.26 versus 41.3% ± 1.54 (dipping) and 40.4% ± 1.23 (spraying). The
interactions between the two single DF comparisons, (biopesticide vs. water) and (both vs.
dipping/spraying), just reached the significance level at p = 0.05: benefits associated with
both dipping and spraying were only for the two biopesticides.
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3.2.5. Blast Development

The disease level varies greatly among the three sites, as well as between years: in
both years, the Kikwe site had much less blast incidence (8.4% ± 0.65) than at the Babati
(17.9% ± 1.20) and Moshi (17.9% ± 1.16) sites. Disease incidence was higher in 2021
(16.9% ± 1.12) than in 2020 (12.5% ± 0.74). The three products differed (p < 0.001) in the
incidence of grains with blast symptoms, accounting for 23.5% of the total variability,
most of which resulted from the differences between water (22.6% ± 1.21) and the two
biopesticides (Bacillus, 11.5% ± 0.77; Trichoderma, 10.1% ± 0.73). This difference was
consistent over the two years (Figure 9). Trichoderma treatments had fewer (p < 0.01) grains
with blast symptoms than the Bacillus treatments.

Figure 9. Percent grain with blast symptom in each plot of rice plants that received water or one of
the two biopesticides at different times (dipping at transplanting, foliar spraying post-transplanting,
or at both times) at three sites in 2020 and 2021 in Tanzania. The bar represents one standard error.

Disease incidence also differed (p < 0.001) among the three application methods,
accounting for 5.2% of the total variability. Applying biopesticides as both dipping and
foliar spray treatments reduced blast: 12.3% ± 1.27 versus 14.6% ± 1.09 (dipping) and
17.3% ± 1.16 (spraying). The difference between dipping and spraying treatments was also
significant (p < 0.01). As expected, there were significant (p < 0.001) interactions between
application methods and product, because differences in application methods existed only
for the two biopesticides.

4. Discussion

Several commercial biopesticides were evaluated for their effects against rice blast and
yield in Kenya and Tanzania. Commercial biopesticides were used instead of experimental
microbial strains, since the central objective of this research was for local farmers to be able
to use the results immediately. The present study demonstrated the benefits of applying
biopesticides in rice production in terms of blast control and grain yield. Furthermore, it
also indicated that the magnitude of benefits associated with use of biopesticides critically
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depended on the rice productivity and blast disease severity in the region. The benefit is
greatest in subsistence farming and when the blast disease pressure is greater.

The average yield of the water control was only 0.42 t/ha at three Tanzania sites,
compared to 3.24 t/ha at the Kenya site. Several factors may account for such differences.
Firstly, the two cultivars may intrinsically differ in their crop-yield potentials. For instance,
for the water control, the tiller number at the Kenya site was about twice of that at the
Tanzania sites. Secondly, rice blast was more severe at the Tanzania sites than at the Kenya
site: 6% versus 23% for the water control. Finally, differences in the local climatic conditions,
soil fertility, and management are expected to have contributed to the observed differences
in the grain yield. In addition, possible dependencies of plant responses to microbial
treatments on these local variables may also have contributed to the observed differences
between sites.

Biopesticides achieved greater benefits for three sites in Tanzania, resulting in an
average increase of ca 100%, compared to the water control. Every biopesticide treatment,
irrespective of its application timing, led to significant increases in grain yield, particularly
for 2021, due to more severe blast development. In both countries, all biopesticide treat-
ments led to reduced blast incidence in grain, confirming previous studies on controlling
blast with other B. subtilis and Trichoderma strains [12,13,18,20]. However, at the Kenya
site where a fungicide control was included, the efficacy in blast control achieved by most
biopesticide treatments was still lower than that achieved by the fungicide. In contrast,
only several biopesticide treatments at the Kenya site led to increased yield over the water
control, and all biopesticide treatments did not differ significantly in grain yield from the
fungicide control. Thus, the disease control achieved was not necessarily translated to
yield gains for the Kenya site, due probably to the fact that the absolute blast level was
much lower.

The effects of application timing on blast development and grain yield are dependent
on rice blast severity. Applying both dipping at transplanting and post-transplanting foliar
spray led to a much better yield only in 2021 at the three Tanzania sites where the disease
pressure was greatest. Thus, dipping at the transplanting stage may be sufficient to control
rice blast when disease pressure is low to moderate. Efficacy of seed priming or dipping
seedlings with beneficial microbes has been demonstrated in controlled conditions to sup-
press rice blast development, including B. subtilis and Trichoderma strains [12,13,18,20]. The
control achieved by dipping at transplanting may primarily be from induced resistance
and direct effect on the pathogen. Strains from B. subtilis, Trichoderma spp., and Serratia
spp. have been demonstrated to induce systemic defense response, which may be longer
lasting and contribute to disease suppression. These microbes may also improve plant
development and tolerance to other stress factors, as demonstrated by the increased number
tillers and height associated with biopesticides, particularly in Tanzania. This may also
partially explain the reduced benefit associated with their use for the high productive site in
Kenya: these beneficial microbes usually benefit their plant hosts the most under stressful
conditions. Furthermore, biopesticides also led to an increased net-and-gross-yield ratio,
as is consistent with a previous finding that colonization of plant roots by specific Tricho-
derma strains can lead to the upregulation of genes and pigments that improve the plants’
photosynthesis [21]. The blast fungus can behave as a typical root-infecting pathogen: root
colonization can lead to systemic invasion and the development of classical disease symp-
toms on the aerial parts of the plant [28]. Thus, root dipping may also have a direct effect
against the fungus. However, such host response and/or direct effects on the pathogen may
be insufficient or long-lasting to control disease under high disease pressure; under such
conditions, infection and subsequent development may have happened late in the growing
season, further away from the dipping treatment. This also suggests the importance of
being able to forecast blast development in short (days) and medium (weeks/months)
terms. Further research is needed to evaluate blast forecasting models [4,29,30] for their
effectiveness in assisting farmers timing biopesticide application during the growing season
to manage rice blast.
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For the first time, we demonstrated that a formulated Serratia product is very effective
against rice blast, along with B. subtilis and Trichoderma. Although disease control with
Serratia was not as good as the fungicide treatment, the grain yield was comparable to
the fungicide. This may thus suggest that this specific isolate may have general beneficial
effects in improving plant development in addition to its biocontrol ability, agreeing with
previous studies of Serratia spp. on other plant hosts and pathogens [15,16,25]. The
relative performance of individual biopesticides is likely to be context dependent. Thus,
in comparison with B. subtilis, Trichoderma appears to perform better in low productive
regions with high disease pressure (Tanzania) than in Kenya. This raises further questions
about whether it is feasible and, indeed, advisable to produce general recommendations on
using biopesticides without context-specific information. This is not surprising, since, in
contrast to pesticides, biocontrol organisms are living organisms and can be affected by
other biotic and abiotic factors.

The combined use of multiple biopesticides has been proposed to improve biocontrol
efficacies and performance consistencies to exploit possible synergies among biopesti-
cides. However, such a promise in synergistic interactions among biopesticides has rarely
been achieved; indeed, the opposite is often observed, as agonistic interactions between
component microbes are observed [9]. In this study, the mixed product of B. subtilis and
Trichoderma did not improve either disease control or grain yield over the single component
biopesticides. In contrast, a previous study [20] showed inoculation of both B. subtilis and
Trichoderma sp. led to increased inhibition of blast than single biocontrol agent treatment;
however, this does not necessarily mean the lack of competitive interactions among the
two strains. These synergies need to be formally statistically tested to fully understand
their unique interactions [9].

5. Conclusions

The present research suggested that the use of formulated B. subtilis and T. asperellum
biopesticides for blast management is beneficial in terms of not only blast control but also
in increased grain yield, particularly in low-production regions with high disease pressure.
In highly productive regions, a formulated S. nematodiphila biopesticide appears to perform
better than both B. subtilis and T. asperellum. Using a product with both B. subtilis and T.
asperellum, however, did not improve its performance over either B. subtilis or T. asperellum
used alone. Moreover, a single treatment applied as dipping at the transplanting stage is
sufficient; further post-transplanting foliar spray is only necessary when the blast pressure
is high.
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