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Abstract

Anthracnose caused by Colletotrichum spp. remains an intractable problem in the most common bean (Phaseolus
vulgaris) production areas worldwide and can cause total yield loss. Many smallholder farmers are familiar with using
botanical extracts to control insect pests; however, there is less familiarity with their use to control fungal diseases
due to a lack of evidence. Here, we demonstrate that anthracnose could be controlled effectively by pesticidal plant
species that are used for insect control. In laboratory trials, water extracts from 11 plant species could inhibit fungal
growth (100%) and spore germination (75-100%) equally well to two commercially available fungicides, the syn-
thetic Mancolaxyl and biofungicide Bioderma. In screenhouse trials, anthracnose disease was reduced by the extracts
of three plant species. Moreover, bean crop growth in these botanical treatments did not differ significantly

from that observed in the commercial fungicide treated plants. Field trials in a smallholder community reporting
severe problems with anthracnose showed an effect similar to the screenhouse results. Field trials resulted in bean
seed yields approximately 350 kg/ha higher in bean plants treated with Azadirachta indica and Lippia javanica at 10%
w/v compared to the negative control untreated plants. In all trials, botanical extracts were as effective as commer-
cially available fungicides, suggesting that these botanical extracts could provide dual-purpose pest and disease
management for anthracnose and crop pest insects. The outcomes of this research show that prospects for using
locally available resources to control anthracnose on common bean are credible and can be combined with control-
ling insect pests.
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Background

The endophytic genus Colletotrichum is considered one
of the most economically detrimental fungal pathogens
in agriculture (Dean et al., 2012). Colletotrichum spp.
cause anthracnose disease in a wide range of woody and
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destructive necrotrophic phases (Gonzdlez et al., 2015).
The pathogen can be transmitted through contami-
nated seed, but also remains in the soil, crop residues,
and through cross-infection of other crop and non-crop
plant species (Mohammed, 2013). Improving the avail-
ability of clean seeds and practices, such as crop rotation,
can help to reduce the problem (Yesuf and Sangchote
2007). Breeding resistant bean varieties continues to be
a focus of research to improve bean production (Mar-
tiniano-Souza et al, 2021). However, for many small-
holder producers where land resources are limited and
only local susceptible bean varieties are available, the
immediate choices available to them are often between
doing nothing in the hopes of achieving some yield or
using a commercially available fungicide (Mohammed,
2013). Consequently, persistent problems with anthrac-
nose remain for smallholder producers of common bean
where the pathogen can cause total yield loss (Yesuf and
Sangchote 2007). Commercially available fungicides are
available and can be effective, but these are often expen-
sive for smallholders, and many farmers are concerned
about using such products for health and safety reasons
(Mkindi et al. 2021).

Botanical pesticides have mostly been developed to
control insect pests (Isman 2020; Stevenson et al. 2020).
Natural products also exist to control fungal pathogens,
such as the biocontrol agent Trichoderma spp. (Gutiér-
rez-Moreno et al, 2021; Khan and Javaid, 2020a) and
botanical extracts (Marak et al. 2021; Nagqvi et al., 2023;
Vasuki et al., 2020). Botanical extracts are environmen-
tally friendly and cost-effective alternatives normally
used to control insects but offer potential solutions to
mitigate anthracnose and other fungal diseases. Such
natural products could help to reduce reliance on syn-
thetic fungicides in agricultural fields (Marak et al. 2021).
Some plant species, such as Allium sativum, Azadirachta
indica, and Cymbopogon citratus, have been shown to
have antifungal activity against anthracnose disease.
Ximenia caffra has also been identified to have antifungal
properties attributed to high levels of phenolics and fla-
vonoids effective against several plant fungal pathogens
(Maroyi, 2016). Lippia javanica and Ocimum gratissi-
mum have been reported to impede conidial germination
in Colletotrichum spp., possessing inherent antifungal
properties suitable for seed treatment (Andrade Pinto
et al. 2010; Ganiyu et al. 2018; Masangwa et al. 2017).

Widespread use of botanical extracts to control fungal
pathogens is not commonly reported, but if plant species
that are known to control insect pests could also control
fungal pathogens, this would increase farmer incentives
and economic cost-benefits of using a single application
to control both insects and fungal diseases. Previous
research has documented the feasibility of smallholder
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farmer use of botanicals in crop protection, where quali-
tative (Mkindi et al. 2021) and quantitative (Mkenda
et al.,, 2015) cost-benefit analyses have shown that using
botanical extracts are more economically and socially
acceptable in comparison to using synthetic pesticides.
It is expected that adoption of more agro-ecologically
sustainable crop protection practices by smallholder
bean farmers can be facilitated by promoting multifunc-
tional plant materials that are able to control both pests
and pathogens whilst facilitating other ecosystem ser-
vices such as conservation biocontrol (Belmain et al,
2022). Thus, the objectives of the study were to evalu-
ate pesticidal plants with existing information on their
insecticidal properties but where information on their
fungicidal crop protection properties was unknown.

Results

Laboratory evaluation of botanical extracts to inhibit
fungal growth

Diseased bean plants collected from farmer’s fields were
confirmed to be infected with several closely related
species or strains of the genus Colletotrichum, and cul-
tures confirmed as C. boninense were used in all trials.
Screening of extracts from 11 botanical species to inhibit
anthracnose growth on nutrient agar plates showed that
they were all able to stop fungal growth in comparison to
the untreated control (Fig. 1, Table 1). Ethanol extracts
were generally more effective than water extracts, show-
ing complete inhibition of fungal growth on the first
assessment period at day 3. Some water extracts did not
achieve 100% inhibition on day 3; however, inhibition
was still high even for the poorest performing treatments
(>90%). The least effective was X. caffra, followed by Zin-
giber officinale, Carica papaya, and O. gratissimum; how-
ever, the difference between all botanical treatments was
not significant by day 9 of the trial. Although not statis-
tically significant, the efficacy of the positive controls of
synthetic fungicide (Mancolaxyl) and biofungicide (Bio-
derma) was observed to decline slightly over time, with
inhibition at 100% on day 3, declining to 70% and 88% on
day 6 and 9, respectively.

Laboratory evaluation of botanical extracts to inhibit spore
germination

A suspension of fungal spores derived from C. bonin-
ense was exposed to each of the 11 botanical extracts and
fungicide controls, where the untreated control showed
100% spore germination, whilst spore germination was
significantly reduced by all treatments by 75% to 100%
(Fig. 2). Four species (A. indica, C. papaya, Dysphania
ambrosioides, and Tagetes minuta) were able to inhibit
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Fig. 1 Agar plates supplemented with botanical extracts were inoculated with C. boninense. Images show mycelial inhibition 9 d after inoculation. a
The ethanolic extracts of botanicals where 1, Untreated control; 2, Untreated control; 3, Control Bioderma; 4, Dysphania ambrosioides; 5, Azadirachta
indica; 6, Lippia javanica; 7, Carica papaya; 8, Zingiber officinale; 9, Tagetes minuta; 10, Control Mancolaxyl; 11, Ocimum gratissimum; 12, Ipomoea
batatas; 13, Annona muricata; 14, Ximenia caffra. b The water extracts of botanicals where 15, Untreated control; 16, Untreated control; 17, Ximenia
caffra, 18, Annona muricata; 19, Allium sativum; 20, Lippia javanica; 21, Tagetes minuta; 22, Zingiber officinale; 23, Azadirachta indica; 24, Control
Bioderma; 25, Ocimum gratissimum; 26, Dysphania ambrosioides; 27, Control Mancolaxyl; 28, Control Mancolaxyl; 29, Carica papaya. The colour

of the agar is influenced by the plant extracts

Table 1 Fungal growth inhibition rate of C. boninense on agar plates by botanical extracts

Treatment Day 3 Day 6 Day 9

Water Ethanol Water Ethanol Water Ethanol
Control —untreated 00c 00c 00d 00c 00b 00c
Allium sativum 100.0a 100.0a 950a 100.0a 100.0a 976b
Annona muricata 1000a 1000a 950a 100.0a 89.6a 100.0a
Azadirachta indica 100.0 a 100.0 a 100.0a 100.0a 100.0a 100.0a
Carica papaya 945b 1000a 100.0 a 100.0 a 100.0 a 100.0 a
Dysphania ambrosioides 1000 a 1000 a 95.0a 1000 a 955a 1000 a
Ipomoea batatas 1000a 1000a 100.0 a 100.0 a 100.0 a 100.0 a
Lippia javanica 1000a 1000a 1000a 1000a 1000a 1000a
Ocimum gratissimum 945b 1000a 1000a 1000a 1000a 1000a
Tagetes minuta 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a
Ximenia caffra 91.1b 100.0 a 429c¢ 100.0 a 77.7 a 100.0 a
Zingiber officinale 945b 100.0 a 725b 100.0 a 819a 100.0 a
Control +Mancolaxy! 100.0 a 100.0 a 87.6ab 100.0 a 70.1a 100.0 a
Control + Bioderma 1000 a 936b 95.1a 906 b 889a 100.0 a
R? (%) 0.998 1.000 0.964 0.994 0.870 0.999
F 996.355 515420616 57533 388.762 14473 1758.538
Pr(>F) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Analysis of Variance (n=3) followed by Fisher’s LSD test where treatments in the same column with different letters are significantly different at the 95% confidence

interval

spore germination completely. The worst perform-
ing extracts were O. gratissimum (75% inhibition) and
Annona muricata (78% inhibition).

Impact of botanical extracts on potted common bean
plants inoculated with anthracnose

In the potted bean plant trial carried out in a screen-
house, all botanical and positive control treatments
induced a 70% reduction in the number of infected leaves

and stems compared to the untreated control (Fig. 3).
Bean plant growth was adversely affected by anthracnose,
where the untreated control showed a reduced average
plant height of 19 cm, whereas plant height across all
treatments was 5—13 c¢m higher (Fig. 4). Untreated con-
trol plants also had fewer total leaves and pods per plant
than all the botanical and positive control treatments
(Fig. 4). In terms of number of pods per plant, the best
performing treatments in this study were D. ambrosioides
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Fig. 2 Inhibition of spore germination of C. boninense in presence of different botanical water extracts (10% w/v). Data shown are means + SE
(n=3). Analysis of Variance followed by Fisher's LSD test where treatments with different letters are significantly different at the 95% confidence
interval, P<0.0001
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Fig. 3 Impact of botanical extracts on the anthracnose disease of common bean plants. Potted bean plants were initially infected with the fungal
pathogen C. boninense and subsequently treated with botanical extracts. Disease levels were analysed five weeks after the appearance

of anthracnose infection. Data shown are means + SE. Analysis of Variance followed by Fisher's LSD test where treatments in the same column
with different letters are significantly different at the 95% confidence interval, P<0.0001
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Fig. 4 Impact of botanical extracts on common bean growth parameters. Potted bean plants were initially infected with the anthracnose
pathogen C. boninense, and data were collected at the time of harvest. Data shown are means + SE. Analysis of Variance followed by Fisher's LSD test
where treatments in the same column with different letters are significantly different at the 95% confidence interval, P <0.0001
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Fig. 5 Impact of botanical extracts on common bean seed yield and quality. Bean seeds were initially infected with the anthracnose pathogen

C. boninense and subsequently treated with botanical extracts. Treated seeds were planted in pots and grown in a screenhouse. Data shown are
means+ SE. Analysis of Variance followed by Fisher’s LSD test where treatments in the same column with different letters are significantly different
at the 95% confidence interval, P<0.0001
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(4.4 pods/plant), Bioderma (3.7), and L. javanica (3.6). A.
indica (2.8) and Mancolaxyl (2.7) were still significantly
better than the untreated group, which had 1.5 pods/
plant. The impact of anthracnose on plant health ulti-
mately affected bean seed quality where, at harvest, the
weight of 100 randomly chosen seeds from the untreated
control was almost 50% less than that from any of the
treatments (Fig. 5). From these seeds, the proportion of
seeds assessed as clean and free of anthracnose symp-
toms was significantly higher from the treatments than
that of the untreated control (Fig. 5).

Impact of botanical extracts on common bean planted

in the field

In the field trial, common bean seeds were sown and then
spray-inoculated with C. boninense after plant emergence
and sprayed 7 d after with botanical extracts and the
positive control fungicides. Results were similar to those
observed in the screenhouse trial. Anthracnose disease
severity was significantly higher in the untreated con-
trol bean plants, with higher numbers of infected leaves,
stems, and pods, than in the botanical and positive con-
trol fungicide treatments (Table 2). The overall impact of
anthracnose on plant growth was subtler, where statisti-
cal differences in mean plant height and total number of
leaves were observed between the untreated control and
treatments. These biological effects were small, with a
difference of about 1 ¢cm in plant height between treat-
ments and control and, on average, about one leaf less
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per untreated control plant compared to the treatments
(Table 2). However, anthracnose infection still reduced
the average weight of 100 randomly selected seeds by
about 10% in the untreated control compared to the
treatments. The overall bean yield was 10-15% higher
in the botanical and fungicide treatments than in the
untreated control (Fig. 6). With respect to bean yield, the
best-performing botanicals were A. indica and L. javan-
ica, which were as good as the Mancolaxyl and Bioderma
fungicide treatments (Fig. 6).

Discussion

Our data show that extracts from all 11 plant species
were effective, with some as effective as two commer-
cially available products, the synthetic fungicide Man-
colaxyl and the bio-fungicide Bioderma, in inhibiting
germination of C. boninense spores. Some of the plant
species were less effective; for example, X. caffra and Z.
officinale water extracts had slightly less fungal growth
inhibitory effects, and A. muricata and O. gratissimum
were slightly less effective in preventing spore germi-
nation. These less effective species were omitted from
further trials. However, there is considerable evidence
that these four species do have antifungal properties for
crop protection (Madjouko et al., 2019; Maroyi, 2016;
Radice et al., 2022; Tsala et al. 2022). Three plant spe-
cies (A. indica, L. javanica, and D. ambrosioides) were
chosen that are known to be highly abundant in the
study area as well as more cosmopolitan throughout

Table 2 Impact of botanical extracts on anthracnose disease progression and on common bean growth in farmer field trial

Treatment Number Disease Disease Plant height Number of Total Number of Numberof Total number
of plants severity severity (%) (cm) infected number of infected infected of pods per
infected score leaves leaves per  stems per pods per plant

plant plant plant

Control— 055a 1.23a 20.55a 22.09c¢ 057a 19.20 b 044 a 224a 8.59d

untreated

Azadirachta 042 bc 055b 9.22b 23.74Db 040b 2047 a 033b 1.29b 8.88 bc

indica

Dysphania 040 bc 048b 8.14b 2293 bc 033b 19.16 b 0.27 bc 1.10b 9.10ab

ambrosioides

Lippia 037c¢ 048b 8.13b 2372b 038b 2032 a 023c¢ 1.12b 879 cd

Jjavanica

Con- 043b 050b 839b 22.96 bc 035b 2027 a 032b 127b 921a

trol+Manco-

laxyl

Control+Bio-  0.39 bc 048b 805b 2488 a 031b 20.71a 0.25¢ 1.22b 9.12ab

derma

R (%) 0.08 036 036 0.06 0.05 0.03 0.08 0.23 0.05

F 9.76 61.01 61.01 724 5.96 339 9.65 32.79 6.65

Pr>(F) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.005 <0.0001 <0.0001 <0.0001

Data shown are means. Analysis of Variance (n=6) followed by Fisher’s LSD test where treatments in the same column with different letters are significantly different

at the 95% confidence interval



Kushaha et al. Phytopathology Research (2024) 6:19 Page 7 of 13
1600 - - 100
ab a
1400 A T 1 T - 90
- 80
1200 b b a
— I - 70 5
£ 1000 £
< F 60 S
3 b 4 :
= = = =
= 800 — — - 50 5
= = = o
o = = L0 32
T 600 = = °
o0 = = o
= = 30 @
400 % %
= = - 20
200 % % L 10
0 = = 0
Control - Azadirachta Dysphania  Lippia javanica  Control + Control +
untreated indica ambrosioides Mancolaxyl Bioderma
Bean yield (kg/ha) 1 100 seed weight (g) = Weight of clean seed (g) Number of clean seeds

Fig. 6 Impact of botanical treatments on common bean seed yield and the quality of the seed produced in a farmer field trial. The bean plants
were initially infected with the fungal pathogen anthracnose, C. boninense and subsequently treated with botanical extracts. Analysis of Variance
followed by Fisher's LSD test where treatments in the same column with different letters are significantly different at the 95% confidence interval,

P<0.0001

the tropics. These three species are often cultivated and
promoted for other reasons across sub-Saharan Africa,
making their use sustainable as supply can potentially
be increased relatively quickly to meet the increasing
demand. Further, the chemistry of these three species
is well-known, and where they have undergone some
safety evaluations and have uses as teas and spices
(Boeke et al. 2004; Braga et al., 2021; Brahmachari
2004; Kasali et al., 2021; Maroyi, 2017; Singh and Pan-
dey 2022; Viljoen et al. 2005). The bioactive insecticidal
properties of L. javanica have been attributed to peri-
aldehyde (Kamanula et al., 2017) which is also known
to possess antifungal properties (Chen et al. 2020) and,
therefore, may account for the activity reported here.
Further bioactive compounds in L. javanica include
limonene, terpinen-4-ol, and artemisia ketone (Endris
et al,, 2015), non-polar compounds that often associate
with essential oils and have to be extracted in ethanol
(Amaral et al. 2020). Thus, these compounds may also
account for the activity of the extract. Other antifun-
gal compounds found in A. indica include nimbidin,
gedunin, and cyclic tri- and tetra- sulphides (Gupta
et al. 2019), all of which would be extracted in etha-
nol. Antifungal properties in D. ambrosioides have
been attributed to p-cymene, ascardiole (Stappen et al.
2018), and a-terpinene (Dagni et al. 2022), monoterpe-
nes that should be extracted in ethanol. Phytochemical

constituents, such as terpenes, ketones, and phenols,
are often toxic to fungal pathogens including Colletotri-
chum spp. (Dagni et al. 2022; Endris et al., 2015). The
modes of action of specific plant compounds are often
not well studied but have been linked to breaking down
fungal cell walls and cell organelles (Jiang et al. 2023;
Prakash et al. 2022), inhibiting spore germination,
reducing mycelial growth and germ tube elongation,
delaying sporulation, and inhibiting protein synthesis
(Yoon et al. 2013).

The screenhouse trial using potted beans showed that,
if left untreated, C. boninense could severely impact
the growth and development of common bean when
infected at the seed stage. Infected seed used for plant-
ing the next crop is often how anthracnose is transmit-
ted (Shao and Teri 1985; Sharma et al. 2008), and the
untreated control plants in this trial generally had a much
lower percentage of clean seeds (76%) compared to the
botanical and fungicide treated plants (89-98%). Bean
seed yield from botanical and fungicide treatments was
50% more than the yield from untreated control plants.
This may be partly attributed to anthracnose infection
interfering with photosynthesis (Bassanezi et al. 2001;
Lopes and Berger 2001). Similar research using similar
methodologies has evaluated botanical extracts against
Colletotrichum spp. on legume crops (Ganiyu et al. 2018;
Masangwa et al., 2013; Vasuki et al., 2020). These studies
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confirm that many plant extracts with known activities
against insect pests may also be effective in controlling
fungal pathogens.

The farmer field trial showed statistically signifi-
cant differences between the untreated control and all
other treatments for all measured infection and plant
growth parameters. The differences between untreated
and treated beans in the field trial were not as great as
observed in the screenhouse trial. For example, the dif-
ference in the average number of pods per plant was
about 3 pods more per plant in treated beans compared
to untreated beans in the screenhouse trial; the aver-
age number of pods per plant was about 1 pod more per
plant in treated beans compared to untreated beans in
the field trial. Such observations are commonly reported
when comparing trials with a high degree of parameter
control, such as laboratory or screenhouse, vs. trials
where controlling parameters is more difficult, such as
field and farmer participatory trials (Bugeme et al. 2015;
Paparu et al. 2008). Although this difference in pod num-
ber may seem small, the field trials showed that bean
crop harvests were about 350 kg/ha higher when treated
with A. indica or L. javanica compared to the untreated
control. Larger scale trials at the farm level could help
validate these results for a number of different legume
crops affected by anthracnose disease (Dias et al. 2016;
Rao et al., 2020).

Although it is widely accepted that C. lindemuthianum
is the main species affecting common bean production
(Padder et al. 2017), the isolates identified in northern
Tanzania is C. boninense. Although our research suggests
this is the first report of C. boninense infecting common
bean, this is perhaps not surprising as C. boninense is
known to infect a diverse range of host plants, including
coffee, mango, pepper, tomato, and avocado, all of which
grow in the area. An analysis of the inherent genetic
diversity argues that C. boninense should be considered
a species complex (Damm et al. 2012). Cross-infection in
different crops is well-known for several species of Colle-
totrichum (Freeman et al., 2013). Further work is planned
to determine whether C. boninense is co-infecting other
major crops in the area such as coffee.

Conclusions

Bean anthracnose can be successfully controlled using
extracts of plant materials that are also being used to
control insect pests (Ratto et al. 2022). The crude extracts
of plants often contain several different bioactive chemi-
cals, thereby exploiting the natural capacity of plants to
defend themselves against a range of pests and diseases
(Khan and Javaid, 2020b). The use of such crude botani-
cal extracts also has other benefits for crop production
where their application acts as foliar fertilisers (Mkindi
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et al,, 2020), thereby increasing crop yields through con-
trolling insect pests and fungal pathogens and increas-
ing plant resilience through access to key nutrients. The
use of botanical extracts facilitates the conservation of
biological control in the ecological system as the plant
extracts have less impact on natural enemies, leaving
them to prey on pests after the use of botanical treatment
(Tembo et al., 2018). These multiple benefits of using
locally available natural resources in crop protection and
production reduce reliance on the import of synthetic
inputs, increasing the resilience of smallholder farmers to
promote local circular economies (Belmain et al., 2022).
The outcomes of our research show that prospects for
using locally available resources to control anthracnose
on common beans are credible.

Methods

Study site

Laboratory and screenhouse trials were conducted at
the Nelson Mandela African Institution of Science and
Technology (NMAIST) in Arusha, Tanzania. Fieldwork
was carried out in a smallholder farming community in
the Lyamungo-Mulama Ward, Hai District, Kilimanjaro
Region (latitude 3° 23" 16”-3° 38" 35” S longitude 37°
24" 25”-38° 35" 15” E). Ethical clearance for the work
was approved through the NMAIST ethics committee,
and permission for field work was granted by the Hai
District office and the farmers where trials were based
(COSTECH 2021-181-NA-2021-061). The area is at an
elevation of 700-1500 m above sea level, temperature
ranges from 15 to 30 °C, and mean annual rainfall ranges
from 500 mm at lower elevations to 2000 mm at higher
elevations, with the most rain occurring from March to
July. In this area, common bean and maize are the main
agricultural crops, alongside the significant production
of banana and coffee. As temperatures are relatively cool
during the growing season, common bean is prone to
anthracnose epidemics and is considered by local farmers
as one of the major crop production constraints.

Botanicals preparation

Plant materials were selected based on their local use
for pest control by farmers, their local abundance, low
toxicity to non-target organisms, and published evi-
dence pointing to their antifungal properties (Lengai
et al. 2020). Plants were collected from locally growing
sources around the district. Leaf material was collected
from A. indica, D. ambrosioides, L. javanica, A. muri-
cata, C. papaya, Ipomoea batatas, and O. gratissimum.
Leaves+fruits of X. caffra and leaves+flowers of T
minuta were collected as well as tubers of A. sativum and
Z. officinale.
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Herbarium specimens were deposited at the Depart-
ment of Sustainable Agriculture and Biodiversity Ecosys-
tem Management, Nelson Mandela African Institution of
Science and Technology. All plant materials were washed
with water and dried in the shade at ambient tempera-
ture. Dried materials were ground to powder, passed
through a sieve (10 mm mesh), and stored in plastic bags
in dark, dry conditions until use.

To create solvent extracts, plant powder (100 g) was
placed in a flask containing 500 mL of 97% ethanol and
mixed for 24 h at ambient temperature. The solution was
then filtered through cheesecloth followed by filter paper
(Whatman #2). Extracts were left to evaporate down to a
volume of 10 mL, then placed in sealed glass vials within
a refrigerator (4 °C) until required. Water extracts were
made by placing 100 g of each botanical in 1 L of ster-
ile distilled water and mixed at ambient temperature for
24 h, making a 10% w/v solution. Water solutions were
similarly filtered, with extracts then stored within a
refrigerator (4 °C) until required.

Fungal pathogen preparation

The anthracnose pathogen was collected, isolated, and
cultured in the laboratory by first collecting locally grow-
ing bean plants with symptoms of infection (e.g., black
lesions and spots, dark streaking veins). A total of 30
samples were collected where small pieces of infected
leaves and stems from each were disinfected by plac-
ing them in 70% ethanol for 1 min, then moved to a
3.5% sodium hypochlorite solution for 2 min and then
rinsed in 70% ethanol for 30 s. The infected plant tissues
were then serially rinsed using three beakers contain-
ing deionized water for 3 min in each beaker (Perfect
et al. 1999). Tissues were blotted dry and added to fresh
culture medium potato dextrose agar (PDA) contain-
ing streptomycin (Sigma) at 50 mg/L. The mixture was
plated on petri dishes sealed with parafilm and incu-
bated at room temperature (24+2 °C) in constant dark
for seven days (Masangwa et al., 2013). Culture isolates
were confirmed to be species Colletotrichum bonin-
ense using morphological and molecular methods. DNA
extractions from pure cultures were performed using
the Macherey—Nagel DNA extraction kit following the
manufacturer’s guidelines (Gadaga et al., 2018). This was
followed by conventional PCR amplification targeting the
Internal Transcribed Spacer region (ITS) using the for-
ward primer ITSIF (5 -CTTGGTCATTTAGAGGAA
GTAA-3") and reverse primer ITS4 (5'-TCCTCCGCT
TATTG ATATGC-3") (Martiniano-Souza et al,, 2021).
The amplicons were purified for Sanger Sequencing using
ZR-96 DNA Sequencing Clean-up Kit™ (Zymo, USA),
and sequenced in both forward and reverse direction
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(Nimagen, BrilliantDye " Terminator Cycle Sequencing
Kit V3.1, BRD3-100/1000) using the ABI 3730x]l Genetic
Analyzer (Applied Biosystems, Thermo Fisher Scientific).

Laboratory evaluation of botanical extracts to inhibit
fungal growth

Petri dishes (9 cm diam.) were first part-filled with PDA
mixed with 4 mL of each ethanol or water extract (10%
w/v) of each of the 11 botanical species (A. sativum, A.
muricata, A. indica, C. papaya, D. ambrosioides, I. bata-
tas, L. javanica, O. gratissimum, T. minuta, X. caffra,
and Z. officinale). Then 20 mL of plain PDA medium at
40-45 °C was added to each petri dish (24 mL total PDA)
and gently shaken to distribute the botanical extract
throughout the PDA to realise an extract concentration
of 0.2 mL/mL PDA. Two positive control treatments
were made in a similar way using a synthetic fungicide
(Mancolaxyl 72 WP, comprised of metalaxyl 8%+ man-
cozeb 64% WP; Bio Agro Chemicals) and a commer-
cially available biofungicide (Bioderma WP, comprised
of the fungus Trichoderma viride; Tanzania Crop Care
Ltd.). Unamended PDA (adding 4 mL water or ethanol to
20 mL PDA) was used as the negative control.

A 5 mm diameter plug of C. boninense from 7-day-old
fungal culture was placed in the centre of each Petri dish
containing the botanical and control treatments, 14 treat-
ments in total with 3 replicates using a completely ran-
domised design. The Petri dishes were sealed with parafilm
and incubated at room temperature (24+2 °C). The evalu-
ation was performed by measuring (mm) the inhibition
zones of mycelial growth after 3, 6, and 9 days of incubation.
The formula for calculating mycelial growth diameter’s pro-
portional inhibition was used (Giamperi et al., 2020).

dc — dt
dc

Mycelial growth inhibition(%) = x 100
where (dc) is the average diameter of the fungal colony
of the negative control (unamended PDA) and (dt) is the
diameter of the fungal colony grown in the presence of
the botanical treatments or positive controls.

The percentage of mycelial growth inhibition by treat-
ment was calculated, and the average percentage of myce-
lial growth inhibition was used in rating the effectiveness
of each botanical extract. The effectiveness of treatments
was categorized as inhibiting radial mycelial growth of C.
boninense by giving them a score (Bogumit et al. 2013),
where 1=Low antagonistic activity (I<51%), 2=Moder-
ate antagonistic activity (I=51-59%), 3=High antagonis-
tic activity (I=60-75%), and 4=Very high antagonistic
activity (I>75%). Where (I) is the inhibiting radial growth
(Muthomi et al.,, 2017; Yang et al. 2012).
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Laboratory evaluation of botanical extracts to inhibit spore
germination
The impact of treatments on fungal spore germination
was performed using water extracts containing 0.05%
Tween-20 to aid dispersion. For each treatment, 10 uL of
the extract was placed in an Eppendorf tube and mixed
with 10 pL spore suspension of C. boninense spores
(1x10* spores/mL). For the negative control, the spore
suspension was mixed with an equal volume of water
only containing 0.05% Tween-20. From each Eppen-
dorf, 10 pL of the treated spore suspension was placed
in another tube and incubated in a humidified chamber
at 25 °C for 24 h, with 14 spores assessed per treatment
in a completely randomized design (CRD) with 3 repli-
cates per treatment. After incubation, each 10 uL treated
spore suspension was mixed with 10 pL of trypan blue
dye. From this, 10 puL was transferred to a haemocytom-
eter slide and observed under 40X magnification with a
phase-contrast microscope to record spore germination
(Quintana-Rodriguez et al. 2015). A spore was recorded
as having germinated when the length of the germ tube
and the length of the spore were at least the same or
when there were multiple germ tubes from the same
spore (Pasche et al. 2004). Ten different focus areas were
scored on each slide. The percentage of spore germina-
tion inhibition was calculated as:
Spore germination inhibition (%) = w x 100
NSGC
where (NSGC) number of spores germinated in the
control, (NSGT) number of spores germinated in the
treatment.

Impact of botanical extracts on potted common bean
plants inoculated with C. boninense

Bean seeds were artificially inoculated with C. boninense
spores (Masangwa et al., 2013). Bean seeds of the vari-
ety ‘Lyamungo 90" were first soaked in distilled water for
30 min. A sterilised needle was used to make a small hole
into the cotyledon of each seed. The punctured seeds
were then mixed with a solubilised (using a few drops
of Tween-20) suspension of a 10-day-old culture of C.
boninense (Bigirimana and Hofte 2008). After 4 h in the
dark, the suspension was left to drain for about 2 h. The
bean seeds were then placed onto moist paper towels
in a sealed container and left overnight to permit fun-
gal growth. Infected seeds were separately drenched in
10% (w/v) water extracts of L. javanica, A. indica, and D.
ambrosioides, as well as positive controls of the synthetic
fungicide (Mancolaxyl), the biofungicide (Bioderma) and
the untreated negative control where infected seeds were
drenched in distilled water, providing six treatments in
total. Treated seeds were retained in the dark at 25°C for
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24 h. Eight seeds of each treatment were planted in pots
(28 cm diameter) filled with moist sterilized compost,
with six pots per treatment. All agronomic practices were
standardised for optimal bean plant growth (Mandiriza
et al. 2018). Measurements were recorded weekly on
plant growth parameters and infection of different plant
parts. Disease severity data were collected weekly start-
ing from the seventh day after planting (Masangwa et al.,
2013). Assessment of severity was based on a scale of 0-5
(Stavely 1985), where 0=no disease, 1 <20%, 2=21-40%,
3=41-60%, 4=61-80%, 5=81-100% leaf area infected
(Muthomi et al., 2017).

Impact of botanical extracts on common bean planted

in the field

Clean seeds of the ‘Lyamungo 90’ bean variety were
planted in a field at Mulama Ward, Hai District over the
cropping season of April-July, 2022. The field experi-
ment contained six treatments each with six replicates in
a randomized complete block design (Gaudencia et al.,
2020). Common beans were planted in 36 plots each
with six rows and 80 plants in every row. Each plot con-
sisted of 3 m in width and 8 m in length, and one plot
contained 480 bean plants. The distance between one
plot and another plot was 2 m. Four seeds were planted
in each hole and thinned to two plants, and 15 days from
planting, 15 plants were marked with tags starting in the
centre with four rows for the data collection on plant
growth and disease progression. All agronomic practices
required for common bean production were observed.
C. boninense inocula were sprayed on whole plant parts
using a knapsack sprayer at the start of the first leaves
emerging on day 7 after planting (Gillard et al. 2012).
Treatments consisted of 3 botanical species (L. javanica,
A. indica, and D. ambrosioides), two positive control
treatments (Mancolaxyl and Bioderma), and a negative
soapy water (0.1% Tween-20) only treatment. Plant spe-
cies were extracted in soapy water (0.1% Tween-20) and
applied at 10% (w/v) using an application volume of 1.44
L per 24 m? plot (600 L/ha) (Gil et al. 2019) where posi-
tive control treatments were applied as per label instruc-
tions. Each treatment was sprayed on all bean plants in
each plot replicate using a knapsack sprayer at the first
sign of anthracnose appearance, which was 14 days after
sowing. Plot sampling to discover infected plants was car-
ried out using a zigzag (Z) sampling strategy. Plants with
anthracnose symptoms were counted, and the percentage
of disease incidence per plot was calculated (Kiptoo et al.,
2020). Disease and plant growth data were collected on
15 pre-marked plants starting 14 days after disease emer-
gence, where recorded information included the number
of infected pods per plant, the height of the plant, seeds
per pod, and the number of pods per plant. At harvest,
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bean pods were left to dry in a ventilated space. Seed
yield harvested from every plot was calculated in tons per
hectare. The seed weight was recorded from one hundred
randomly selected seeds (Amin et al., 2014).

Statistical analysis

All data were subjected to an analysis of variance
(ANOVA) at P<0.05. Values were separated using the
Fisher’s Least Significant Difference test at the 95% con-
fidence interval. All statistical analyses were performed
using Xlstat version 17.01 (Addinsoft, Paris, France).
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