













































































































































































































































































Table 2-14.

Teldor™

Inhibition of mycelium growth and synergy ratio (SR) between fungicide

(fenhexamid) and Galenia africana (Ga), Elytropappus rhinocerotis (Er),

Tulbaghia violacea (Tv) plant extract doses against the PPRI 7338 strain of Botrytis

cinerea in vitro.
Mycelium Growth Inhibition (%)?
Plant Teldor™ Dose (mL L)
Syne'r%y Plar]t Extract
Ratio Species Dose 0.0 0.1 0.2 0.4 0.8
(mg mL")

Control 0 69.6 94.6 99.2 100

Ga 62.5 48.4 67.13 55.47 88.4% 1008

SR - 0.8 0.6 0.9 1.0
Ga 125 88 89.1T 74.3" 100 100

SR - 0.9 0.7 1.0 1.0
Ga 250 84.9 74.7" 82.5 87.8 100

SR - 0.8 0.8 0.9 1.0
Ga 500 84.5 85.5 88.2 100 100

SR - 0.9 0.9 1.0 1.0
Er 50 21.6 75.18 80.5% 96.7% 95.7%

SR - 1.0 0.8 1.0 1.0
Er 100 69.4 62.3 74.7" 94.9% 95.9%

SR - 0.7 0.8 0.8 1.0
Er 200 38.2 58.3% 63.67 82.1% 87"

SR - 0.7 0.7 0.8 0.9
Er 400 49.8 61.7 75.67 85% 90.3%

SR - 0.7 0.8 0.9 0.9
Tv 62.5 -4.8 66.1% 85.5°% 71.6 1008

SR - 1.0 0.9 0.7 1.0
Tv 125 25 92.9/ 89.7 97.8% 1008

SR - 1.3+ 0.9 1.0 1.0
Tv 250 0.1 828 72.47 74.87 1008

SR - 1.2+ 0.8 0.8 1.0
Tv 500 6.8 7758 73.9 1008 100%

Sr - 1.1+ 0.8 1.0 1.0

#SR>1=Synergistic (+); SR=1=Additive; SR<1=Antagonistic;

bSynergy ratio between expected and

observed mycelium growth (SR=Exp/Obs). ﬂMyceIium growth inhibition values of the plant extract and
fungicide mixtures differ significantly (p<0.05) from the value of the fungicide dose in the column.

§Mycelium growth inhibition values of the plant extract and fungicide mixtures differ significantly (p<0.05)

from the value of the plant extract doses without fungicide in the column.

"Mycelium growth inhibition

values of the plant extract and fungicide differ significantly (p<0.05) from the value of both the fungicide and
plant extract doses in the column.
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This study shows that the variations in inhibition and synergistic interactions
between Sporekill™ and the plant extracts were influenced by the strain used. For
instance, synergism between Sporekill™ and G. africana is more likely for strains PPRI
8506 and 7338 than for strain PPRI 8507. The efficacy of the Sporekill™ and G. africana
combinations was reflected at relatively low doses of Sporekill™ to achieve inhibition
above 70%. Synergy ratios of the combinations decreased with increasing amounts of

Sporekill ™,

The results showed that combinations of Rovral™ aquaflo with G. africana, E.
rhinocerotis or T. violacea were more efficient in inhibiting strains of B. cinerea than the
components alone. Combinations of Rovral™ with E. rhinocerotis or T. violacea exerted,
in some cases, an inhibitory efficacy up to 100%. The relative increase in the efficacy of
these combinations represents significant synergistic interaction between plant extracts

and fungicides. Calculated interaction ratios ranged between 1.1 and 90.5.

The addition of Terminator™ to samples containing any dose of plant extract did
not significantly increase the level of inhibition for any of Botrytis strain tested. In this
case, according to the Abbott formula, the mixing of these components produced primarily
antagonistic responses and a few showed synergism. The combination of Teldor™ with
the plant extracts increased the efficacy to 100%. The effectiveness of combinations was
reflected in the relatively low doses of Teldor™. This finding indicated that strong

synergistic interactions occur between sublethal doses of Teldor™ and plant extracts.

Indigenous medicinal plants have played an important role in South Africa, as they
are being used in the traditional treatment of various human diseases on an empirical
basis (Hutchings et al., 1996). Our results confirm the statement made by Tegos et al.
(2002) that plant species produced secondary metabolites that still have unknown
functional assignments. “Synergy” is a popular concept in the field of herbal medicine,

suggesting plant extracts contain compounds with potentiating functions (Duke and
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Bogenschutz-Godwin, 1998). An important purpose for mixing plant extracts with
fungicides could be to (i) provide broad antifungal coverage and (ii) to delay or reduce
resistance. Stermitz et al. (2000 a, b) showed how two different components of the same
medicinal plant, Berberis fremontii, can act in synergy with one compound disabling a
resistance mechanism and potentiating the antibacterial activity of the antibiotic
substance. B. fremontii makes an ineffective antibiotic, berberine, but when combined
with 5'-methoxyhydnocarpin-D (5'-MHC), also produced by the same plant species, it
becomes an effective antimicrobial agent. 5'-MHC has no antimicrobial activity on its own,
but is a potent inhibitor of the NorA multidrug-resistant (MDR) pump (Tegos et al., 2002).
Reporting on fungicide mixtures with synergistic action in practice is rather limited

(Hayashi et al., 2003; Lorbeer, 1994).

Balancing fungicidal potency and improved performance with low environmental
impact remains a challenge for fungicide research. Fungicides that give low or non-
detectable residues in the crop are actively sought in research programs (Knight et al.,
1997). Compounds are selected that rapidly degrade on plant surfaces, metabolize
quickly in the plant, require use at very low rates, or act indirectly by promoting the plant’s
defense mechanism. The replacement of metalaxyl with its R-enantiomer, mefenoxam,
which allows a 50% reduction in use rates, is an innovative example of how the goal of

lower use rates might be achieved (Nunniger et al., 1996).

Natural plant defense compounds belonging to various chemical classes that act
as constitutive or inducible chemical barriers, such as stilbenes, isoflavonoids, coumarins,
and sesquiterpenes have been amply described (Osbourne, 1999), however, B. cinerea
has been found to be able to withstand toxic effects to these compounds. It is commonly
accepted that a significant part of phytochemical diversity serves to protect plants against
microbial pathogens (Dixon, 2001). Despite a collection of antifungal and antibacterial
compounds, plant products per se have not been used to any significant extent in the

development of antimicrobial pesticides (Duke and Bogenschutz-Godwin, 1998), and a
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few with simple structures are suitable for use as leads for chemical synthesis (Knight et
al., 1997). Since chemical defenses are rather weak when extracted from plants and
tested in vitro, the general approach is to chemically synthesize the compounds for greater

efficacy.

Morel et al. (2003) found plant compounds that do not possess antibacterial activity
themselves, but can potentiate known antibiotics by inhibiting microbial multidrug resistant
(MDR) pumps. Modulators known to reduce MDRs in tumour cells synergized the
fungitoxic activity of fungicide oxpoconazole, a sterol demethylation inhibitor against B.
cinerea (Hayashi et al., 2003). Whether the potentiation effects in this study are due to
inhibition of fungal MDR pumps require further studies at the molecular level. However,
this type of inhibitory effect is likely to be advantageous for developing new fungicide
formulations and application strategies with low toxicity effects on the environment. This
approach not only makes it possible to reduce fungicide doses while maintaining adequate
decay control, but also ensures a reduction of the chemical residue on the fruit. To the
best of our knowledge, the synergy linking between these components is reported here for
the first time. The suitable use of these products as commercial products requires having

them further evaluated through in vivo studies.
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CHAPTER 3

THE IN VIVO EFFECTS OF MIXTURES OF FUNGICIDES AND

MEDICINAL PLANT EXTRACTS AGAINST BOTRYTIS CINEREA

3.1 Abstract

Gray mold due to Botrytis cinerea is one of the major post-harvest diseases of apples in
South Africa. In an attempt to evaluate alternative control measures, the synergistic
effects of three fungicides, Sporekill™, Rovral™ and Terminator™, in combination with
plant extracts from Galenia africana, Elytropappus rhinocerotis and Tulbaghia violacea,
were assessed. Surface-disinfected Granny Smith apples were wounded and treated with
low doses of fungicides alone or in mixtures with different doses of extracts of the plant
species. More effective and prolonged control of Botrytis decay was always exerted by
plant extracts in combination with fungicides. The combination treatments provided
synergistic effects and showed markedly better efficacy, especially when inoculation was
followed by a 7d incubation period at 20°C. This study suggests that the combination of a
plant extract with a lower dose of fungicide may be a useful alternative strategy to manage
B. cinerea infections effectively and to reduce risks associated with extensive use of

synthetic fungicides.

3.2 Introduction

Gray mold due to Botrytis cinerea Pers. is one of the most important post-harvest rots of
apples as well as of several other fruits and vegetables (Sommer, 1982; Rosenberger,
1990). Pre- and post-harvest applications of synthetic fungicides are frequently used to
control post-harvest rots. However, fungicide residue toxicity in the environment and its

effect on human health is a common public concern (Spotts and Cervantes, 1986;
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Guizzardi et al., 1995; Stehmann and De Waard, 1996; Droby et al., 2003). Moreover, the
use of chemicals is also limited by the development of fungicide resistance as well as by
low or zero-residue tolerance requirements for some export and processing markets.
Since the current environment increasingly limit the use of chemicals, alternative or
integrative control measures are becoming important for disease management strategies

(Lima et al., 2006).

Plant extracts appear particularly promising in preventing fungal rots on different
fruit and vegetables (Appleton and Tansey, 1975; Damayanti et al., 1996). However,
when plant extracts are applied alone under commercial conditions they are sometimes
not sufficient to control post-harvest decay satisfactorily (Droby et al., 1998; Lima et al.,
2003). Integrating plant extracts with other means of control in order to make their activity
more reliable may be the best option for large-scale applications. Fungicide mixtures have
proven to be extremely useful (Gisi et al., 1985; Sanders et al., 1985; Samoucha and
Cohen, 1988). Yet, aside from studies proposing the combination of plant extracts with
small quantities of chemicals, very little research has studied the potential of this

integrated approach for the concomitant control of B. cinerea infections.

Therefore, the objective of this study was to evaluate the compatibility of plant
extracts with selected fungicides and to verify whether the combined application of plant
extracts with a low dose of fungicides on apples may be an effective strategy for inhibiting

B. cinerea infections in storage.

3.3  Materials and Methods

3.3.1 Pathogens

Botrytis cinerea strains, PPRI 8507 and 7338, were obtained from the Agricultural
Research Council — Plant Protection Research Institute (ARC-PPRI), Mycology Division,

Pretoria, South Africa. Strains PPRI 8507 and 7338 were isolated from infected apples.
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Inocula of B. cinerea were cultured on potato dextrose agar (PDA) at 25°C. Conidial
suspensions were prepared from 14-d old cultures by flooding the plates with sterile
solution of 0.05% Tween-80 in sterile distilled water and gently scraping the mycelium with
a spatula. Tween-80 breaks spore clumps into individual spores. The concentration of the
resulting conidial suspension was determined using a haemocytometer and adjusted to

10* conidia mL™.

3.3.2 Plant Extraction Method

Plant material of Galenia africana L. (Aizoaceae) and Elytropappus rhinocerotis (L.f) Less
(Asteraceae) were collected from Wellington and Tulbaghia violacea Harv. (Alliaceae)
were from nurseries in Stellenbosch. Powdered, air-dried leaves of G. africana (500 g)
and the whole plant of E. rhinocerotis (400 g) were used for extractions. Extractions were
performed overnight in a closed container at room temperature in methanol (MeOH: 1000
mL, analytical grade) to obtain 500 and 400 mg mL™" (50 and 40%, respectively) stock
concentrations. Fresh, whole plants of T. violaceae (500 g) were crushed in a Waring
blender and extracted overnight in a sealed container at room temperature in MeOH (1000
mL) to obtain a 500 mg mL™" (50%) stock concentration. The extracts were filtered through
a Buchner funnel (110 mm diameter) and Whatman no. 4 qualitative filter paper, and

stored at 4°C until used.

3.3.3 Fungicides

All fungicides were purchased from suppliers in South Africa. Fungicides were suspended
in water (concentration is given in milliliters active ingredient per liter) and tested alone or
in mixtures with plant extracts in the experiments. The following fungicides were used:
Sporekill™ (didecyl dimethyl ammonium chloride, Hygrotech, 120 g/L a.i.), Rovral™
Aquaflo (iprodione, Aventis CropScience, 500 g/L a.i.) and Terminator™ (dimethyl didecyl

ammonium chloride, Fairhill Crop Care cc, 250 g/L a.i.). The standard recommended
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doses for post-harvest application of these fungicides in South Africa are: Sporekill™ 1.5

mL L', Rovral™ 1mL L and Terminator™ 0.8 mL L™.

3.3.4 Fruit Material

Mature (commercial shipping maturity stage) apples (fruit cv. Granny Smith) were selected
for uniformity of size and ripeness. Fruit were purchased from a local commercial pack
house and kept at 25°C overnight prior to each experiment to adjust the fruit to room
temperature. Any fruit with apparent injuries or infections were removed. Fruit were
gently cleaned with 70 % ethanol for 2 min and then air-dried at room temperature prior to
placing them on trays in boxes to remove any potential fungicide residues on the fruit

surface from field applications.

3.3.5 Tests on Wounded Apples

The methanolic plant extracts were diluted in sterile distilled water in 10 mL doses of 1.95,
3.91, 7.81, 31.25 and 62.5 mg mL™" with fungicides at 0.01 mL L. Two wounds (3 mm
diameter and 3 mm deep) were produced around the pedicel zone on each fruit using the
tip of a sterile borer. Fruit wounds were treated with 20 pL plant extract doses alone and
fungicides dose alone as well as mixtures of these plant extracts and fungicides, and with
sterile distilled water as the control. After 2 hrs, treated wounds were inoculated with 20 pl
of B. cinerea conidial suspensions (10 conidia mL™"). Wetted paper towels were placed
on the bottom of the boxes to prevent wounds from drying out and to increase humidity for
the treatments to establish B. cinerea in the wounds. Trays were covered with plastic
bags for 24 hrs to maintain the relative humidity at 100%. Sealed apple boxes were
subsequently arranged randomly and incubated in regular atmosphere (air) storage rooms
at either 20°C for 7 d or 30 d at -0.5°C. All fruit stored at 30 d (-0.5°C) were moved to
20°C for 7 d to simulate shelf-life storage. After storage, lesion size in fruits were
measured. Means of lesion diameters were used to calculate the percentage inhibition

(%) for each treatment by comparison with the water control as follows: Inhibition (%) =
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(average of infected fruit in control — average of infected fruit in the treatment/average of
infected fruit in control) x 100%. One treatment unit consisting of twenty fruit was
replicated three times in the experiments. The experiments were conducted twice and the

data pooled. Data presented are the percentage inhibition for each treatment.

3.3.6 Drench Treatment

The methanolic plant extracts were diluted in 5000 mL distilled water in doses of 1.95,
3.91, 7.81, 31.25, 62.5 mg mL" with fungicides at a dose of 0.01 mL L. Apples were
wounded with a nail-like pointer with one wound per apple and drenched or immersed in
each of the individual treatments for 2 min with occasional agitation. Sixty apples were
drench in each treatment. The treated apples were packed in cardboard boxes with the
wounded side face up in the box to dry. Fruit were sprayed after 2 hrs with conidial
suspensions of the B. cinerea strain PPRI 7338. Boxes of fruit were stored in air at -0.5°C
for 30 d and moved to 20°C for 7d. The boxes were placed in the cold room according to
a completely randomized design. After storage, lesion size in fruits were measured.
Means of lesion diameters were used to calculate the percentage of inhibition for each
treatment as described before. The experiments were conducted twice and the data

pooled. Data presented are the percentage inhibition for each treatment.

3.3.7 Statistical Analysis

A series of two similar experiments were conducted on each of two strains of B. cinerea
(PPRI 8507 and 7338). Sixty-five treatment combinations (extracts at different
concentrations in combination with fungicides) were replicated at random in each of the
experiments. The treatment design was a complete factorial, with the different
concentrations of extracts tested in combination with each fungicide, therefore one-way
analysis of variance (ANOVA) was performed, with treatment combinations as factor, on %
Infection (% Control) for each experiment separately, using the General Linear Models

(GLM) procedure of SAS statistical software version 9.1 (SAS Institute Inc., Cary, NC,
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USA). After testing for experiment homogeneity of variance, results of experiments were
also combined and investigated in one overall analysis of variance for each sources of B.
cinerea (John & Quenouille, 1977). The Shapiro-Wilk test was performed to test for
normality (Shapiro, 1965). Student’s t-least significant difference was calculated at the 5%
level to compare treatment means. A probability level of 5% was considered significant for

all significance tests (Snedecor, 1980).

The synergy ratio (SR) for percentage inhibition was based on the Abbott formula
(Abbott, 1925) as described by Gisi (1996): Expected efficacy of the mixture, Cex, = A + B
— (AB/100) in which A and B are the control levels given by the “fungicide” and the “plant
extract”, respectively. The SR between the observed (Cqys) and expected (Ceyp) efficacies
of the mixture is calculated as SR = Cyps/Cexp. A deviation from the Cey, as calculated from
the SR between the expected and the observed response of the two compounds would
indicate synergistic, additive, or antagonistic interactions. By definition, additive
interactions are present if SR=1, synergism occurs if SR>1 and antagonism if SR<1 (Levy

et al., 1986; De Waard and Gisi, 1995).

3.4 Results

The sensitivity of B. cinerea strains, PPRI 8507 and 7338, to Sporekill™ (0.012 g/mL a.i.),
Rovral™ (0.005 g/mL a.i.) and Terminator™ (0.0025 g/mL a.i.) doses of 0.01 mL L™ each
was compared in wound-inoculated trials on cv. Granny Smith apples (Figures 3-1 and 3-
2). Strain PPRI 8507 was highly resistant to the Sporekill™, Rovral™and Terminator™
dose compared to strain PPRI 7338 after the 7-d (20°C) and 30-d (-0.5°C) + 7-d (20°C)
storage periods. The inhibition levels for strain PPRI 7338 in the 7-d storage trial varied
from 50.3% for Sporekill™, 37.0% for Rovral™ and 28.3% for Terminator™ (Figure 3-1).
After the 30+7-d storage period, strain PPRI 7338 inhibitory levels were about 11.8% for
Sporekill™, 8.1% for Rovral™ and 19.3% for Terminator™ (Figure 3-2). In a drench trial,

strain PPRI 7338 showed inhibitory levels that varied from 44% for Sporekill™, 20.0% for
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Rovral™ and 24% for Terminator™ at dosages of 0.01 mL L™ (Figure 3-3). The standard
recommended doses for post-harvest application of these fungicides in South Africa are:
Sporekill™ 1.5 mL L, Rovral™ 1mL L™ and Terminator™ 0.8 mL L. Strain PPRI 8507
was not used in the drench experiment due to its high resistant levels against the fungicide

doses in the wound inoculation experiments.
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Figure 3-1. Sensitivity of Botrytis cinerea strains PPRI 8507 and 7338 to 0.01 mL L’
Sporekill™, Rovral™ and Terminator™ after a 7-d storage of Granny Smith apples at
20°C. Fruit were wounded, inoculated with fungicides and, after 2 hrs, inoculated with
conidial suspension of both strains. Values marked by the same letters are not

statistically different at p=0.05, according to Student’s t-Least Significant difference.

For the wound-inoculated fungicide and plant extract combination studies, the
percent reduction of Botrytis decay was determined after a 7-d (20°C) incubation period
with strains PPRI 8507 and 7338 (Tables 3-1, 3-2 and 3-3). A total of 54 combinations
were tested for each strain. The apple wound-inoculation experiments were conducted
twice and data were pooled and analysed according to the factorial design. Analysis of

variance (ANOVA) showed highly significant (p<0.0001) interaction among plant type and
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extract dose used in these trials (Table 3-1). In order to ascertain the type of interaction
exerted by the combined treatments, the SR was calculated according the Abbotts formula
for the B. cinerea strain PPRI 8507 (Table 3-2). Of the 18 mixtures of fungicides
(Sporekill™, Rovral™, Terminator™) and G. africana extracts tested, 2 mixtures for each
of the respective fungicide combination exhibited significantly (p=0.05) higher inhibition
levels against strain PPRI 8507, compared to the fungicides alone. Only 3 of the mixtures
tested, exhibited significantly higher inhibition levels than G. africana extracts alone. Our
results indicate that 11 mixtures were synergistic (SR>1.0), 6 were additive (SR=1.0) and
1 were antagonistic (SR<1.0). The 18 combinations of E. rhinocerotis extracts with the
fungicides resulted in 3 mixtures with significantly higher inhibition levels than Sporekill™
alone. In this case, 3 of the combinations produced synergistic interactions. For the 18
fungicide combinations with T. violacea extracts, 5 mixtures produced significantly higher
inhibition levels compared to Sporekill™ and plant extract alone, respectively, and 9

combinations produced synergistic effects (Table 3-2).
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Figure 3-2. Sensitivity of Botrytis cinerea strains PPRI 8507 and 7338 to 0.01 mL L™
Sporekill™, Rovral™ and Terminator™ after a 30-d storage of Granny Smith apples at -
0.5 °C. Fruit were then moved to 20°C for 7 d to simulate shelf-life storage. Fruit were

wounded, inoculated with fungicides and, after 2 hrs, inoculated with conidial suspension
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of both strains. Values marked by the same letters are not statistically different at p=0.05,

according to Student’s t-Least Significant difference.
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Figure 3-3. Sensitivity of Botrytis cinerea strains PPRI 7338 to 0.01 mL L™ Sporekill™,
Rovral™ and Terminator™ after a 30-d of storage of Granny Smityh apples at -0.5°C and
fruit were moved to 20°C for 7 d to simulate shelf-life storage. Fruit were wounded and
drenched for 2 min in fungicides with occasional agitation. After 2 hrs fruit were sprayed
with conidial suspensions of B. cinerea. Values marked by the same letters are not

statistically different at p=0.05, according to Student’s t-Least Significant difference.

Wounds treated with combinations of the fungicides and G. africana resulted in
considerable decay control for strain PPRI 7338 (Table 3-3). Six mixtures of G. africana
with Sporekill™, Rovral™ or Terminator™ exerted inhibition levels significantly higher than
the fungicide alone. Our results further showed that 12 mixtures exhibited significantly
higher inhibition levels than G. africana alone. The combination of G. africana and
fungicide dose showed 11 mixtures with strong synergistic interactions. High inhibitory
responses were observed with combinations of E. rhinocerotis (1.9 and 3.9 mg mL™") and
the fungicides. Interactions between E. rhinocerotis and the fungicides showed four
mixtures with synergistic effects. Similar results were also observed with combinations of

T. violacea with Sporekill™, Rovral™ or Terminator™. In this case, higher inhibitory levels
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of the components were evident at relatively low T. violacea extract dosages (1.9-7.8 mg
mL"). The results showed that T. violacea and the fungicide combinations produced four
mixtures with synergistic interactions. Synergy ratios ranged between 1.1 and 3.8 for T.

violacea and fungicide combinations (Table 3-3).

ANOVA of experiments conducted on Granny Smith apples stored at -0.5°C for 30
d and then incubated for a period of 7 d at 20°C are presented in Table 3-4. Both plant
extract and fungicide treatments were effective in controlling gray mold (p<0.0001) and
showed a significant interaction (p<0.0001). Of the 15 mixtures of G. africana with
Sporekill™, Rovral™ or Terminator™, five mixtures showed significantly higher inhibition
levels than Sporekill™ and Rovral™, respectively, while two mixtures exhibited higher
inhibition levels than Terminator™ alone (Table 3-5). Only five of the 15 mixtures tested,
showed significantly higher inhibition levels than G. africana alone. Combining G. africana
with Rovral™ or Terminator™ produced synergistic effects. Inhibition levels of the
combinations increased with increasing concentrations of G. africana. The addition of E.
rhinocerotis to Sporekill™, Rovral™ or Terminator™ produced two mixtures each for E.
rhinocerotis + Sporekill™ and E. rhinocerotis + Rovral™ and one mixture for E.
rhinocerotis + Terminator™ with higher inhibiton levels than the respective fungicide
alone. Fungicide combinations with E. rhinocerotis resulted in three mixtures with
synergistic interactions. The addition of T. violacea at 7.8 mg mL™" to Sporekill™ or
Rovral™ increased the levels of inhibition, but only antagonistic responses were recorded

(Table 3-5).

For the 30-d (-0.5°C) + 7-d (20°C) storage experiment of strain PPRI 7338, the
addition of 62.5 mg mL™" G. africana to Sporekill™, Rovral™ or Terminator™ resulted in
higher decay control levels than the fungicides alone (Table 3-6). One of the combinations
of G. africana with Sporekill™ or Rovral™ showed each a synergistic effect. One
synergistic interaction was observed between the T. violacea extract (7.8 mg mL™) and

Sporekill™ combination (Table 3-6).
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Table 3-1. Analysis of variance for percentage inhibition of wound-inoculated Granny
Smith apples with conidial suspension of Botrytis cinerea (Strains PPRI 8507 and 7338)
stored at 20°C for 7 d, showing the significant levels for main effects of the fungicides,
Sporekill™ (didecyl dimethyl ammonium chloride), Rovral™ (iprodione) and Terminator™
(dimethyl didecyl ammonium chloride), and medicinal plant extract doses as well as all

interactions involving combinations of fungicides and plant extracts.

Probability>F"

Source® df PPRI 8507 PPRI 7338
Fungicide 3 <0.0001 0.0026
Extract 2 <0.0001 <0.0001
Fungicide + Extract* 6 <0.0001 0.1493
Extract Concentrate 5 <0.0001 0.6062
Fungicide + Extract Concentrate 15 0.3777 0.3844
Extract + Extract Concentrate 10 <0.0001 0.0004
Fungicide + Extract + Extract Concentrate 30 0.0940 0.0805

Extracts form three medicinal plant species.
PSignificant values associated with the F tests.

*Extract dose per plant species tested.

Data of decay development for strain PPRI 7338 on apples drenched with the
fungicide and plant extract combinations are shown in Table 3-7. An extract dose of G.
africana at 62.5 mg mL" was effective in inhibiting gray mold when combined with
Sporekill™, Rovral™ and Terminator™ compared to the fungicides alone. Combinations
of G. africana and Rovral™ exerted an inhibitory efficacy of 91.9 % and also represented a
synergistic interaction. Synergistic interactions between E. rhinocerotis and Sporekill™ or
Terminator™ were also observed. Tulbaghia violacea at 31.3 and 62.5 mg mL™" produced

synergistic activity when combined with Rovral™ (Table 3-7).
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Table 3-2. Percentage decay on Granny Smith apples stored at 20°C for 7d after
inoculation with conidia of Botrytis cinerea strain PPRI 8507, and the synergy ratios of
mixtures containing Sporekill™ (didecyl dimethyl ammonium chloride), Rovral™
(iprodione) or Terminator™ (dimethyl didecyl ammonium chloride) and Galenia africana

(Ga), Elytropappus rhinocerotis (Er) or Tulbaghia violacea (Tv) plant extract doses.

Synergy Plant Plant % Inhibition of Decay”
Ratio® Species ES::: t Water Sporekill™ Rovral™ Terminator™
(mg mL") Control  0.04mLL" 001mLL" 0.01mLL"

Control 0 22.2 22.8 -36.2
Ga 1.9 3.2 -26.3 -33.7 -28.7

SR - 1.0 1.3+ 0.7
Ga 3.9 -18.1 -39.6 -19.8 -28.1

SR - 0.9 0.4 0.5
Ga 7.8 -29.1 -13.7 -29.1 32.8/

SR - 0.2 0.5 -0.4
Ga 15.6 -20.8 -13.1 -12.3 76.97

SR - 0.3 0.3 1.2
Ga 31.3 44.8 35.3" 33.6" 81.9
SR L 1.1+ 1.0 33+
Ga 62.5 75.5 331" 80.5 1007
SR - 0.5 1.2+ 15+
Er 1.9 -3.8 1.6 -14.8 -11.2

SR - -0.1 0.5 0.3
Er 3.9 2.9 117 -36.3 17.2!

SR - 0.4 14 + -0.4
Er 7.8 -17.2 7.7 -29.3 -21.6

SR - 0.2 0.7 0.4
Er 15.6 -18.2 9.87 -42.5 -21.4

SR - 0.2 0.9 0.4
Er 31.3 -11.2 -12.0 422 -18.1

SR - 0.3 1.2 + 0.4
Er 62.5 -6.8 -15.2 -40.9 -34.4

SR - 0.5 1.3+ 0.8
Tv 1.9 -25.8 19.9/ -25.9 -32.2

SR - 0.4 0.5 0.5
Tv 3.9 -25.6 7.6 -20.7 -19.3

SR - 0.1 0.4 0.3

Continued/...
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Table 3-2. (Continued).

Synergy Plant Plant % Inhibition of Decayb
Ratio®  Species  Extract - -
Dose Water Sporekill™ Rovral™ Terminator™
4 Control  0.01mLL"' 0.01mLL" 0.01mLL"
(mg mL")

Tv 7.8 -4.9 7.9/ -29.3 -12.3
SR - -0.3 1.0 0.3

Tv 15.6 275 12.4 -29.3 -26.3
SR - -0.2 0.5 0.4

Tv 31.3 -35.3 21.77 -34.8 -23.3
SR - -0.3 0.5 0.3

Tv 62.5 -29.5 27.47 -15.5 222
SR - -0.5 0.3 0.3

#The synergism ratio for percentage inhibition was based on the Abbott formula (Abbott, 1925) as described
by Gisi (1996): Expected efficacy of the mixture, Cexp = A + B — (AB/100) in which A and B are the control
levels given by fungicide and the plant extract, respectively. The synergy ratio, SR, between the observed,
Cobs, and expected, Cexp, efficacies of the mixture is calculated as R=Cop /Cexp. If R is greater than, equal to,
or less, than 1, then interaction between compounds is synergistic, additive, or antagonistic, respectively.
SR>1=Synergistic (+); SR=1=Additive; SR<1= Antagonistic. bDecay inhibition mean values of the plant

extract and fungicide combinations: ﬂsignificantly different (p<0.05) from the value of the fungicide dose (0.01

mL L'1) in the column; §significantly different (p<0.05) from the respective values of the plant extract doses

f

without fungicide in the same row; *significantly different (p<0.05) from the value of both the fungicide and

plant extract doses in the column.
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Table 3-3.

Percentage decay on Granny Smith apples stored at 20°C for 7d after

inoculation with conidia of Botrytis cinerea strain PPRI 7338, and the synergy ratios of

mixtures containing Sporekill™

(didecyl

dimethyl ammonium chloride),

Rovral™

(iprodione) or Terminator™ (dimethyl didecyl ammonium chloride) and Galenia africana

(Ga), Elytropappus rhinocerotis (Er) or Tulbaghia violacea (Tv) plant extract doses.

Synergy Plant Plant % Inhibition of Decay”
Ratio® Species ES::: t Water Sporekill™ Rovral™ Terminator™
(mg mL") Control  0.04mLL" 001mLL" 0.01mLL"

Control 0 50.3 37 28.3
Ga 1.9 30.3 82.17 92.9/ 55.47
SR - 1.3+ 1.7 + 1.1+
Ga 3.9 -25.7 59.4 60.77 52.77
SR - 1.6 + 2.9+ 5.3+
Ga 7.8 53.6 75.57 80.6" 87.6
SR . 1.0 1.1+ 1.3+
Ga 15.6 68.9 1007 1007 1007
SR . 1.2 + 1.2+ 13+
Ga 31.3 100 100 100" 100"

SR L 1.0 1.0 1.0
Ga 62.5 100 100" 91.8" 100"

SR - 1.0 0.9 1.0
Er 1.9 70 62" 76.67 -4.4

SR - 0.7 0.9 -0.1
Er 3.9 20.1 86.17 28.7% 18.9

SR - 14 + 0.6 0.4
Er 7.8 0.3 75 23.7% 29.17

SR - 1.5+ 0.6 1.0
Er 15.6 215 245 72.17 17.5
SR - -0.6 3.1+ 14+
Er 31.3 32.1 -18.6 12.3 7.9

SR - 0.3 0.2 -0.2
Er 62.5 15.6 -15.2 16.5° -3.1

SR - 0.3 0.4 -0.1
Tv 1.9 53 6.2 74.27 32.7"

SR - 0.1 1.1+ 0.5
Tv 3.9 47.1 15.2 52.77 54.37

SR - 0.2 0.8 0.9

Continued/...
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Table 3-3. (Continued).

Synergy Plant Plant % Inhibition of Decayb
Ratio®  Species  Extract - -
Dose Water Sporekill™ Rovral™ Terminator™
4 Control  0.01mLL"' 0.01mLL" 0.01mLL"
(mg mL")
Tv 7.8 -10.4 73.2f 83.87 79.17
SR - 16+ 2.8+ 3.8+
Tv 15.6 41.8 26.4 0.5 37.6"
SR - 0.4 0 0.6
Tv 31.3 -29.4 43.8% 36.8% 75
SR - 1.2 + 2.0+ 10.4 +
Tv 62.5 5.1 22.98 4537 35.37
SR - 0.4 1.1+ 11+

#The synergism ratio for percentage inhibition was based on the Abbott formula (Abbott, 1925) as described
by Gisi (1996): Expected efficacy of the mixture, Cexp = A + B — (AB/100) in which A and B are the control
levels given by fungicide and the plant extract, respectively. The synergy ratio, SR, between the observed,
Cobs, and expected, Cexp, efficacies of the mixture is calculated as R=Cob /Cexp. If R is greater than, equal to,
or less, than 1, then interaction between compounds is synergistic, additive, or antagonistic, respectively.
SR>1=Synergistic (+); SR=1=Additive; SR<1= Antagonistic. bDecay inhibition mean values of the plant

extract and fungicide combinations: ﬂsignificantly different (p<0.05) from the value of the fungicide dose (0.01

mL L'1) in the column; §significantly different (p<0.05) from the respective values of the plant extract doses

f

without fungicide in the same row; *significantly different (p<0.05) from the value of both the fungicide and

plant extract doses in the column.
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Table 3-4. Analysis of variance for percentage inhibition after storage at -0.5°C for 30 d
and then at 20°C for 7 d of wounded Granny Smith apples inoculated with Botrytis cinerea
(Strains PPRI 8507 and 7338), showing the significant levels for main effects of the
fungicides, Sporekill™ (didecyl dimethyl ammonium chloride), Rovral™ (iprodione) and
Terminator™ (dimethyl didecyl ammonium chloride), and medicinal plant extract doses as

well as all interactions involving combinations of the fungicides and plant extracts.

Probability>F®

Wound-Inoculated Test Drench Test
Source® df PPRI 8507 PPRI 7338 PPRI 7338
Trial 1 0.5957 <0.0001 0.0608
Treatment 64 <0.0001 <0.0001 <0.0001
Trial*Treat 64 <0.0001 <0.0001 0.5748

#Extracts form three medicinal plant species.
PSignificant values associated with the F tests.

*Extract dose per plant species tested.
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Table 3-5. Percentage decay on Granny Smith apples stored at -0.5°C for 30 d and then
at 20°C for 7 d after inoculation with conidia of Botrytis cinerea strain PPRI 8507, and the

synergy ratios of mixtures containing Sporekill™ (didecyl dimethyl ammonium chloride),

Rovral™ (iprodione) or Terminator™ (dimethyl didecyl ammonium chloride) and Galenia

africana (Ga), Elytropappus rhinocerotis (Er) or Tulbaghia violacea (Tv) plant extract

doses.
Synergy Plant Plant % Inhibition of Decayb
Ratio® Species ES::: t Water Sporekill™ Rovral™ Terminator™
(mg mL") Control  0.01mLL' 0.01mLL" 0.01mLL"
Control 0 3.7 -1.3 5.1
Ga 1.9 -10.3 9.8 6.3 5.1
SR - -1.6 0.5 1.1
Ga 3.9 255 8.7" 5.31 NT
SR - 0.3 0.2 -
Ga 7.8 21.0 NT 9.8" -0.3
SR - . 0.5 0
Ga 15.6 50.9 50.9" 527 NT
SR L 1.0 1.0 -
Ga 31.3 55.8 56.27 72,9/ 53.1"
SR - 1.0 1.3+ 0.9
Ga 62.5 85.1 75.47 63.67 95.5"
SR - 0.9 0.7 1.1+
Er 3.9 9.5 107 0 NT
SR - 1.8 0 -
Er 7.8 2.6 8.1/ NT NT
SR - 1.3+ -
Er 15.6 -1.1 NT 4.9 147
SR - - 2.0+ 35+
Er 31.3 -4.5 NT 2.7 NT
SR - - 0.5 -
Er 62.5 2.3 NT 47 NT
SR - - -1.1 -
Tv 7.8 9.5 15.67 42! NT
SR - 2.9 0.4 -
Tv 31.3 2.9 -1.3 6.5 -5.8
SR - 0.2 -4.0 -0.7
Tv 62.5 -11.2 NT 1.9/ NT
SR - - 0.2 -
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Table 3-5. (Continued).

*The synergism ratio for percentage inhibition was based on the Abbott formula (Abbott, 1925) as described
by Gisi (1996): Expected efficacy of the mixture, Cexp = A + B — (AB/100) in which A and B are the control
levels given by fungicide and the plant extract, respectively. The synergy ratio, SR, between the observed,
Cobs, and expected, Cexp, efficacies of the mixture is calculated as R=Cob /Cexp. If R is greater than, equal to,
or less, than 1, then interaction between compounds is synergistic, additive, or antagonistic, respectively.
SR>1=Synergistic (+); SR=1=Additive; SR<1= Antagonistic. °Decay inhibition mean values of the plant
extract and fungicide combinations: ﬂsignificantly different (p<0.05) from the value of the fungicide dose (0.01

§

mL L'1) in the column; “significantly different (p<0.05) from the respective values of the plant extract doses

without fungicide in the same row; fsignificantly different (p<0.05) from the value of both the fungicide and

plant extract doses in the column. NT=Not tested.
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Table 3-6. Percentage decay on Granny Smith apples stored at 20°C for 7 d after

inoculation with conidia of Botrytis cinerea strain PPRI 7338, and the synergy ratios of

mixtures containing Sporekill™

(didecyl

dimethyl ammonium chloride), Rovral™

(iprodione) or Terminator™ (dimethyl didecyl ammonium chloride) and Galenia africana

(Ga), Elytropappus rhinocerotis (Er) or Tulbaghia violacea (Tv) plant extract doses.

Synergy Plant Plant % Inhibition of Decayb
Ratio® Species ES::: t Water SporekiIIT": Rovral™ . Terminator:""
(mg mL") Control 0.01mLL" 0.01mLL 0.01 mL L’
Control 0 11.8 8.1 19.3
Ga 1.9 21.1 247 3 7.3
SR - 0.8 0.1 0.2
Ga 3.9 12.3 413/ 2.8 NT
SR - 1.8 + -0.1 -
Ga 7.8 10.2 NT 8.3" NT
SR - - 0.5 -
Ga 15.6 39.9 NT 42 57 NT
SR - ! 0.9 -
Ga 31.3 57.7 40.47 81.37 37.7"
SR ! 0.6 1.3+ 0.6
Ga 62.5 95.1 95.6" 73.21 93"
SR 4 1.0 0.8 1.0
Er 3.9 15.9 12.8" 2.1 NT
SR - 0.5 0.1 -
Er 7.8 8.8 10.78 NT 15.5°
SR - 0.5 - 0.6
Er 15.6 8.4 NT 4.4 4.9
SR - - 0.3 0.2
Er 31.3 5.7 NT 0.4 NT
SR - - 0 -
Er 62.5 7.0 NT 8.8/ NT
SR - - 0.6 -
Tv 7.8 8.5 33.3/ 6.5 7.7
SR - 1.7 + 0.4 0.3
Tv 31.3 26.9 11.0 3.3 0.7
SR - 0.3 0.1 0
Tv 62.5 20.1 NT 13.6 NT
SR - - 0.5 -

(Continued!/...)
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Table 3-6. (Continued).

*The synergism ratio for percentage inhibition was based on the Abbott formula (Abbott, 1925) as described
by Gisi (1996): Expected efficacy of the mixture, Cexp = A + B — (AB/100) in which A and B are the control
levels given by fungicide and the plant extract, respectively. The synergy ratio, SR, between the observed,
Cobs, and expected, Cexp, efficacies of the mixture is calculated as R=Cop /Cexp. If R is greater than, equal to,
or less, than 1, then interaction between compounds is synergistic, additive, or antagonistic, respectively.
SR>1=Synergistic (+); SR=1=Additive; SR<1= Antagonistic. °Decay inhibition mean values of the plant
extract and fungicide combinations: ﬂsignificantly different (p<0.05) from the value of the fungicide dose (0.01

§

mL L'1) in the column; “significantly different (p<0.05) from the respective values of the plant extract doses

without fungicide in the same row; fsignificantly different (p<0.05) from the value of both the fungicide and

plant extract doses in the column. NT=Not tested.
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Table 3-7. Percentage decay on Granny Smith apples stored at -5°C for 30 d and then at

20°C for 7 d after drenching of fruit with mixtures containing Sporekill™ (didecyl dimethyl

ammonium chloride), Rovral™ (iprodione) or Terminator™ (dimethyl didecyl ammonium

chloride) and Galenia africana (Ga), Elytropappus rhinocerotis (Er) or Tulbaghia violacea

(Tv) plant extract doses against PPRI 7338 strain of Botrytis cinerea.

Synergy Plant Plant % Inhibition of Decayb
Ratio® Species ES::: t Water Sporekill™ Rovral™ Terminator™
(mg mL") Control  0.01mLL" 0.01mLL" 0.01mLL"
Control 0 44 20.2 24
Ga 1.9 -35.9 25.18 9 4
SR - 1.1+ 1.1 1.2
Ga 3.9 -28.9 17.6% 27.7 NT
SR - 0.6 9.7 + -
Ga 7.8 -41.9 NT -33.2 NT
SR - - 25+ -
Ga 15.6 75 NT 6.3 NT
SR - ! 0.4 -
Ga 31.3 82.9 254 63.1" 4.1
SR L 0.9 0.7 0
Ga 62.5 83.8 77" 91.9/ 66.37
SR - 0.9 1.1+ 0.8
Er 3.9 30 -1.8 -45.9 NT
SR - 0 1.0 -
Er 7.8 -37.8 25.38 NT -32.9
SR - 1.1+ - 7.0+
Er 15.6 7.4 NT -48.4 -39.3
SR - - 3.4 -2.1
Er 31.3 3.4 NT -62.4 NT
SR - - 2.7 -
Er 62.5 -16.3 NT -48.2 NT
SR - - 6.7 -
Tv 7.8 19.2 53.67 35.57 18.3
SR - 1.0 1.0 0.5
Tv 31.3 -6.6 5.6 32.8/ 20
SR - -0.1 22+ 1.1
Tv 62.5 -13.4 NT 43.17 13.8
SR - - 45+ 0

(Continued!/...).
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Table 3-7. (Continued).

#The synergism ratio for percentage inhibition was based on the Abbott formula (Abbott, 1925) as described
by Gisi (1996): Expected efficacy of the mixture, Cexp = A + B — (AB/100) in which A and B are the control
levels given by fungicide and the plant extract, respectively. The synergy ratio, SR, between the observed,
Cobs, and expected, Cexp, efficacies of the mixture is calculated as R=Cob /Cexp. If R is greater than, equal to,
or less, than 1, then interaction between compounds is synergistic, additive, or antagonistic, respectively.
SR>1=Synergistic (+); SR=1=Additive; SR<1= Antagonistic. °Decay inhibition mean values of the plant
extract and fungicide combinations: ﬂsignificantly different (p<0.05) from the value of the fungicide dose (0.01

§

mL L'1) in the column; “significantly different (p<0.05) from the respective values of the plant extract doses

without fungicide in the same row; fsignificantly different (p<0.05) from the value of both the fungicide and

plant extract doses in the column. NT=Not tested.

3.5 Discussion

In the present study, extracts of indigenous medicinal plants were tested on apples in
combination with fungicidesat low dosage rates to verify whether combination applications
could be a viable strategy to control B. cinerea infections and decay development in
storage. This hypothesis was confirmed since several combination treatments provided
more effective control of B. cinerea infections compared to plant extracts and fungicides
applied alone. Single extracts of the medicinal plant species, E. rhinoceoris and T.
violacea exhibited weak or no antifungal properties against B. cinerea strains in this study
compared to G. africana. The strongest antifungal activity observed was with a single

plant extract dose of 31.3 and 62.5 mg mL™ of G. africana.

Mixtures between G. africana and Sporekill™, Rovral™ or Terminator™ exerted, in
some cases, a control efficacy up to 100 %. The relative increase in control efficacy of
mixtures represents in certain cases a strong synergistic interaction between the individual
compounds. Gisi et al., (1985), Grabski & Gisi (1985; 1987) and Samoucha & Cohen
(1984; 1986) showed synergistic interactions between fungicides with different modes of
action. Reporting on fungicide mixtures with synergistic action in practice is rather limited

(Lorbeer, 1996; Hayashi et al., 2003). The synergistic activity between plant extracts and
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fungicides is of particular interest if we consider that the fungicides used in this study are
among the few other fungicides currently sanctioned for post-harvest protection of apples
and other fruit in several countries and that the spread of resistant strains of B. cinerea

often makes their activity inconsistent.

Botrytis cinerea strain PPRI 8507 showed high levels of resistance to the
fungicides and plant extracts. However, growth of these strains were inhibited when the
fungicides were combined with plant extracts, especially evident after the 7-d (20°C)
incubation period assessments of Botrytis decay levels on the fruits. Results of the 30-d (-
0.5°C) + 7-d (20°C) storage period showed that Botrytis decay development were inhibited
at the low temperature storage period, but a general increase in decay was observed after
the 7-d shelf-life storage period. This study recognized that the low fungicide dosage of
0.01 mL L™ was an unrealistic application for the long-term storage period of 37 d.
However, the study objective to observe synergistic interactions was still achieved in many
of the combination treatments. The standard recommended doses for post-harvest
application of these fungicides in South Africa are Sporekill™ 1.5 mL L™, Rovral™ 1mL L™
and Terminator™ 0.8 mL L. Thus, reduction of the recommended fungicide dosage to at
least 50 % or 25 % should be considered in future studies. Apples exported from South
Africa must have a storage potential of at least 4 weeks/30 d at low temperature. Storage
ability, therefore, plays an integral role in the future commercial success of the mixtures.
This study also showed a trend in that G. africana extracts showed synergistic effects at
higher concentration levels between 15.6 and 62.5 mg mL™, while E. rhinocerotis and T.

violacea showed synergistic effects between 1.9 and 7.8 mgmL™.

The study further demonstrates that secondary metabolites produced by South
African indigenous medicinal plant species still have “unknown functional assignments” a
statement made in the studies of Tegos et al. (2002). “Synergy” is a popular concept in
the field of herbal medicine, suggesting plant extracts contain compounds that potentiate

the effects of each other (Duke and Bogenschultz-Godwin, 1998). Synergistic interactions
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between components in a mixture can relate to one of the following mechanisms: (a)
simple (non-mediated) diffusion across the plasma membrane, (b) carrier-mediated
transport to the target site, (e) activation, (f) detoxification, (g) affinity for the target site, (h)
circumvention of the target site, and (i) compensation of the target site (De Waard, 1985,
1997). Stermitz et al. (2000 a, b) showed how two different components of the medicinal
plant, Berberis fremontii can act in synergy, with one compound disabling a resistance
mechanism and potentiating the antibacterial activity of the antibiotic substance. Berberis
fremontii makes an ineffective antibiotic berberine, but when combined with 5'-
methoxyhydnocarpin-D (5'-MHC, also produced by the same plant species) it becomes an
effective antimicrobial agent. 5-MHC has no antimicrobial activity on its own, but is a

potent inhibitor of the NorA multidrug resistant (MDR) pump (Tegos et al., 2002).

Minimizing losses due to Botrytis gray mold depends on the availability of effective
natural and synthetic fungicides. Reducing the concentration of fungicides in the post-
harvest drench treatment of apples could result in substantially lower fungicide residues on
apple fruit. In addition, the use of sanitizers such as Sporekill™ and Terminator™, would
also have additional advantages in food safety (Zhou et al., 2001). Natural defense
compounds belonging to various chemical classes that act as constitutive or inducible
chemical barriers, such as stilbenes, isoflavonoids, coumarins, and sesquiterpenes have
been described (Osbourne, 1999), but B. cinerea has been found to be resistant to the
toxic effects of these compounds. It is commonly accepted that a significant part of
phytochemical diversity serves to protect plants against microbial pathogens (Dixon,
2001). However, despite a collection of antifungal and antibacterial compounds, plant
products per se have not been used to any significant extent in the development of
antimicrobial pesticides (Duke, 1990), and a few with simple structures are suitable for use
as leads for chemical synthesis (Knight et al., 1997). Chemical synthesis is required since
chemical defenses are rather weak when extracted from plants and tested in vitro and in

Vivo.
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In conclusion, the combination of medicinal plant extracts with low doses of
fungicides in a post-harvest environment is an interesting control strategy from an
economic as well as technical point of view. We recommend that in studies to
commercialise such a strategy application rates of fungicides at 25% and 50% of the
commercial rates in combination with the plant extracts be considered. Such
combinations could display several positive effects, such as greater decay control and
longer storability of fruits, reduction of risks for fungicide resistance in the pathogen,
reduction of risks for accumulation of toxic residues in fruit and increase interest for large-

scale application of plant extract-fungicide products.
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CHAPTER 4

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

41 Introduction

The widely occurring plant pathogenic fungus, Botrytis cinerea is the causal agent of gray
mold and infects fruits, flowers and green tissues of at least 235 plant species (Jarvis,
1997). Gray mold is one of the major pre-and postharvest fruit decay problems in the
horticultural industry of South Africa. The control of gray mold disease and circumvention
of resistance of the pathogen requires the use of a large number of different antifungal
compounds as part of the management strategies to export quality horticultural produce to
the European Union (EU), which represents one of South Africa’s main export sectors with
a total value of approximately € 740 million. Regulatory authorities in the EU countries
have imposed rules, aimed at reducing the total volume of agrochemicals applied (Hirst,
1992). According to current EU regulations, some 400 important chemical compounds are
to be effectively withdrawn from use on export crops through either total withdrawal or
adoption of very low maximum residue limits (MRLs). Fungicides that give low or non-
detectable residues are, therefore, actively sought in research programs especially
compounds that rapidly degrade on plant surfaces, metabolize quickly in the plant, require
use at very low rates, or act indirectly by promoting the plant defense mechanisms (Knight

et al., 1997).

Plant extracts appears particularly promising in preventing fungal rots on different
fruits and vegetables (Appleton and Tansey, 1975; Damayanti et al., 1996). However,
plant extracts applied alone under commercial conditions are sometimes not sufficient to
control post-harvest decay satisfactorly (Droby et al., 1998; Lima et al., 2003). Integrating

plant extracts with other means of control in order to make their activity more reliable may
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be the best option for large-scale application of extracts. Synergistic fungicide mixtures
have proven to be extremely useful in this regard (Gisi et al., 1985; Sanders et al., 1985;
Samoucha and Cohen, 1988). Notwithstanding studies proposing the combination of plant
extracts with small quantities of chemicals, very little research has studied the potential of

this integrated approach for the concomitant control of B. cinerea strains.

Plants produce an enormous array of secondary metabolites, and it is commonly
accepted that a significant part of this chemical diversity serves to protect them against
microbial pathogens (Dixon, 2001). These antimicrobial plant substances are classified as
phytoanticipins, which are compounds that are present constitutively or phytoalexins,
whose levels increase strongly in response to microbial invasion. Plant compounds are
routinely classified as “antimicrobial” on the basis of susceptibility tests that produce
minimal inhibitory concentrations (MICs) in the range of 100 to 1000 pg mL™, orders of
magnitude weaker than those of typical antimicrobials produced by bacteria and fungi
(MIC 0.01 to 10 pyg mL™") (Tegos et al, 2002). A compound that is synthesized in
response to pathogen invasion and is required to protect the plant from a pathogen, but
that shows little activity in an in vitro susceptibility test is not necessarily an antimicrobial.
Such substances might have a regulatory function, indirectly increasing the level of
resistance of the plant. This analysis suggests that we lack a solid rationale for making a
functional assignment for the vast majority of plant compounds that have been classified

as antimicrobials.

Recent work, however, with berberine - a cationic alkaloid - offered a possible
explanation for the apparent ineffectiveness of plant antimicrobial compounds (Stermitz et
al.,, 2000 a; b). Berberine is a weak antimicrobial produced by a wide variety of plant
species. It is an amphipathic cation that resembles quaternary ammonium antiseptics in
its chemical properties and possibly in its mechanism of action as well. It was found that
the medicinal plant species Berberis produce 5'-methoxyhydnocarpin-D, which acted in

synergy with berberine (Stermitz et al., 2000 a; b; Tegos et al., 2002). Berberine,
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accumulates in the cells of microbial pathogens, and the accumulation is driven by a
membrane potential. The finding provides an important precedent for the idea that
synergistic interactions among different compounds may explain the frequent failures to

isolate single active substances from medicinal plants.

4.2 In Vitro and In Vivo Synergistic Studies

In considering the aforementioned factors, we hypothesize that South African medicinal
plants contain compounds that can act in synergism with synthetic antifungal compounds.
To test our hypothesis about the synergistic potential of South African medicinal plants in
vitro, combinations of four fungicides, Sporekill™, Rovral™, Terminator™ and Teldor™ at
dosages 0.1, 0.2, 0.4 and 0.8 mL L™ with plant extracts of G. africana, E. rhinocerotis and
T. violacea were tested for inhibitory effects on the radial growth of B. cinerea strains
(PPRI 8507, 8506, 7338) inoculated on potato dextrose agar plates. Dose ranges for G.
africana and T. violacea were 62.5, 125, 250 and 500 mg mL™; for E. rhinocerotis 50, 100,
200 and 400 mg mL™". The in vivo efficacies of the three fungicides, Sporekill™, Rovral™
and Terminator™ at doses of 0.01 mL L” alone and in combination with the different
extract concentrations (1.95 to 62.5 mg mL™") of the plant species G. africana, E.
rhinocerotis and T. violacea were assessed on cv. Granny Smith apples. After inoculation,
the apples were stored for either 7 d at 20°C before decay assessment or 30 d at -0.5°C
and moved to 15°C for 7 d. The percentage inhibition (%) for each treatment was
calculated by comparison with a water control as follows: Inhibition (%) = (average of
infected fruit in control — average of infected fruit in the treatment/ average of infected fruit
in control) x 100. The synergistic ratio for percentage inhibition was based on the Abbott
formula (Abbott, 1925) as described by Gisi (1996): expected efficacy of the mixture, Cexp
= A + B - (AB/100) in which A and B are the control levels given by the “fungicide” and the
“plant extract’, respectively. The synergy ratio (SR), between the observed (Cops) and

expected (Cey,) efficacies of the mixture is calculated as SR = Cyps/Cexp.
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The results of the in vitro studies showed that mixtures between the fungicides and
plant extracts were highly effective in reducing Botrytis radial growth compared to the
individual compounds and several synergistic interactions were observed for the
combination treatments. In contrast to the in vitro bioassays, the fungicide dose had to be
reduced from 0.1 mL L™ to 0.01 mL L™ for the apple bioassays to obtain fruit decay levels
of about 50% in order to observe improved inhibition levels and to calculate synergistic
interactions. A series of lower two-fold plant extract doses from 1.95 to 62.5 mg mL™" were
combined with the fungicides since the plant extract doses of 125 to 500 mg mL™" induced
antagonistic interactions (high decay levels). Once the appropriate dose combinations
were identified and applied, Botrytis decay was significantly reduced by mixtures of plant
extracts and fungicides with several incidences of synergistic interactions, especially after

the 7-d-20°C incubation period.

This study also showed that the B. cinerea strain PPRI 8507 expressed higher
levels of resistance to the fungicides and plant extracts compared to strain PPRI 7338.
Results of the 30-d storage period at -0.5°C showed that Botrytis decay development were
primarily inhibited by the low temperature conditions, however, a general increase in
decay was observed at the end of the 7-d (20°C) shelf-life storage period. Apples
exported from South Africa must have a storage potential of at least 4 weeks (30 d) at low
temperature. Therefore, testing storage effects plays an integral part in the success of the
mixtures. Synergistic interactions were still observed at the end of the shelf-life storage
period. This study also demonstrated a trend in that G. africana extracts showed
synergistic effects at doses of 15.6 and 62.5 mg mL™", while E. rhinocerotis and T. violacea
showed synergistic effects at lower doses of 1.9 and 7.8 mg mL". A commercial-
simulated laboratory drench trial showed that G. africana and Rovral™ combinations

significantly inhibit Botrytis decay on apples, again with several synergistic interactions.
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4.3 Preliminary Table Grape Field Trial

Field trials were conducted in the table grape vineyard at Nietvoorbij, Stellenbosch, South
Africa cv. Waltham Cross in 2005/06 season. The experiments were planned as a
complete randomised design with three random replicates. Sprays against Botrytis were
applied at flowering, bunch closure, veraison and harvest. Pre-harvest spray applications
of fungicides and plant extracts alone and in mixtures were applied with a mistblower
(nozzle size 4). Fruit bunches at optimum ripeness were harvested into plastic picking
lugs (27 X 35 X 53 cm) in the morning. Loose berries, small clusters, and damaged or
rotten berries were removed. Eight packed commercial cardboard boxes with 5-8 bunches
covered with or without SO, sheets were stored for 30 d at -0.5°C in regular atmosphere
(RA) followed by 7 d shelf life at 15°C. At the end of the 30 d storage period, four cartons
of each treatment were removed from -0.5°C for evaluation and four moved to storage at
15°C for 7 d to simulate shelf life. Bunches were evaluated for berry decay. Berry decay
was identified as B. cinerea through signs of sporulation and the surface of the discoloured
flesh that detached easily when touched. The percentage decay was calculated by the

weight of decayed berries as a proportion of the cluster weight per carton.

% Botrytis decay control was calculated by expressing the percentage infection as
a percentage of the water control such that decay control of the water control equals zero
(% Botrytis decay control = 100 - (%infection/ %infection of the water control)*100 ). One-
way analysis of variance was performed on percentage Botrytis infection (% Botrytis decay
control) for each experiment separately, using the general linear models (GLM) procedure
of SAS statistical software version 8.01. Results of experiments were also combined and
investigated in one overall analysis of variance. The Shapiro-Wilk test was performed to
test for normality (Shapiro, 1965). Botrytis infection % was transformed Ln(X+1) to obtain
normality (Snedecor, 1980). Student’s t-least significant difference was calculated at the
5% level to compare treatment means. A probability level of 5% was considered

significant for tests. Table 4-1 summarizes the effects of the different treatments on
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Botrytis decay development in table grapes. The fungicide Flint™ was applied in
combination with plant extracts at half its commercially recommended dose. Rovral™ and

Teldor™ doses of 0.01mL L™ were applied in combination with plant extracts.

Table 4-1. Results of a preliminary field trial to evaluate control of Botrytis cinerea gray
mold on table grapes cv. Waltham Cross stored in the presence or absence of sulfur
dioxide (SO,) at -0.5°C for 30 d and then 7 d at 15°C sprayed with mixtures containing
Flint™ (trifloxystrobin), Teldor™ (fenhexamid) or Rovral™ (iprodione) and Galenia
africana, Tulbaghia violacea or Elytropappus rhinocerotis plant extracts at different doses.

Botrytis Decay Control (%)

Treatment Dose 30 Days 7Days  30Days 7 Days
-0.5°C 15°C -0.5°C 15°C
+ S0, + S0, - S0, - S0,
G. africana (Ga) 20 mg mL’ 100° -258.7° 38.6%° 16.1¢
T. violaea (Tv) 150 mg mL" 100° -93.5° 55.7°° 78.3%
E. rhinocerotis (Er) 250 mg mL” 100° -1145.7°  -84.1™ 80.3%
Flint™$ 159100 L™ 100 100° 54.6%° 93.5°
Teldor™/Rovral™$ tmLL"/1mLL? 100° 100° 47.7% 96.2°
Ga + Teldor™/Rovral™ 3.9+ 0.01mLL" 100° -43.5° 100° 65.4
Tv + Teldor™/Rovral™  31.3 +0.01 mL L 100° -1435° 4552 92.2%
Er + Teldor™/Rovral™ 156+ 0.01mLL" 100° -417.4° 73.9% 49.9°
Ga + Flint™ 3.9mLL"+7.5g100L" 100° 100° -194.3° 77.9%
Tv + Flint™ 31.3mL L'+ 7.5g 100L" 100° 100° 85.2%° 67.9"

SCommercial dosages of fungicides Flint™, Teldor™ and Rovral™.

#IMean values followed by different letters within columns are significantly different (p<0.05), according to
the Student’s t Least Significant Different test.

In hindsight, it must also be recognized that the low fungicide dosage of 0.01 mL L
! for the table grape trial was an unrealistic low concentration rate for a field application.

The standard recommended doses for application of these fungicides in South Africa are 1
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mL L™ for Teldor™ and Rovral™. Reducing the recommended fungicide dose to at least
50 % or 25 % should, therefore, be considered in future studies. Botrytis decay did not
develop during the low storage temperature (-0.5°C) conditions in the presence of SO, for
all the treatments, except the control. The presence of SO, at the 7-d storage period
seems to have had a negative effect in the Teldor™/Rovral™ and plant extract
combination treatments compared to decay control effects in the absence of SO,.
Mixtures of Flint™ and plant extracts showed 100% decay control during the 7-d shelf-life
storage at 15°C in the presence of SO, compared to the results in the absence of SO,.
Future in vivo laboratory and field trials will also assist in analysing results with more

tangible conclusions in terms of storage time, temperature and SO, effects.

4.4 Preliminary Mode of Action Study

Morel et al. (2003) described plant compounds that do not possess antimicrobial activity
themselves, but can potentiate known antimicrobials by inhibiting microbial multidrug
resistant (MDR) pumps. A common mechanism of MDR is the overexpression of energy-
dependent multidrug efflux pumps, also known as multidrug transporter proteins or P-
glycoproteins (Del Sorbo et al, 2000). Recent data suggest that fungicide-resistant
mutants and field strains of B. cinerea display MDR related to overproduction of specific
ATP-binding cassette (ABC) transporters (Le Roux et al., 1999; Hayashi, et al., 2001).
ABC transporters belong to a large protein family of drug transporters that reduce the
intracellular accumulation of fungitoxic compounds. The combined use of fungicides with
plant-derived non-toxic inhibitors of ABC transporters lowered the inhibitory dosage of
these fungicides (Del Sorbo et al., 1998). Modulators known to reduce MDRs in tumour
cells synergise the fungitoxic activity of the fungicide oxpoconazole, a sterol demethylation
inhibitor against B. cinerea (Hayashi et al., 2003). Inhibitors of transcription of these
genes would act as strong synergists of antimicrobials, which have lost their efficacy

because of pathogen resistance. Based on the information above, we therefore
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hypothesise that the synergistic effects observed between South African medicinal plant
extracts and the fungicides are due to the inhibition of ABC transporter genes in the B.

cinerea strains.

Harvested, germinating inocula of the B. cinerea wild-type (PPRI 7338) and
ABcartrB mutant (obtained from Dr. Maarten de Waard, Wageningen University, The
Netherlands) were exposed to plant extracts from G. africana (33 mg mL™), E. rhinocotis
(7.8 mg mL™"), and T. violacea (15.6 mg mL™), and the fungicide Rovral™ (0.01 mL L") as
well as combinations of the compounds for 60 minutes. The samples were then pelleted
by centrifugation, flash frozen in liquid nitrogen and freeze-dried overnight. RNA was
isolated from the freeze-dried B. cinerea wild-type and ABcartrB mutant samples treated
with the different fungicide-plant extract mixtures using The One Step RNA Reagent

(Biobasic Inc.) and the RNeasy Mini Kit (QIAGEN).

Total genomic DNA was isolated from B. cinerea and used as template to produce
a probe for use in Northern blotting. The gene BcatrB was selected to be the first gene of
interest since it has been implicated in pathogen sensitivity to the plant defense
compound, resveratol (Schoonbeek et al, 2001). The primers YP25 (5'-
GACTCTCCACTCACCACAAGT-3') and YP31 (5'-AGACCCAGACACTTTACTCGCGG-3')
were used to PCR amplify a 722 bp DIG-labelled BcatrB-specific DNA probe according to
the manufacturer's instructions (Roche Diagnostics, South Africa, Pty, Ltd). Five
micrograms of total RNA was electrophoresed under denaturing conditions on a 1.2%
agarose gel. The RNA was transferred to Hybond™ + nylon membrane by capillary
transfer. The DIG Northern Starter kit (Roche Diagnostics, South Africa, Pty, Ltd) was
used according to the manufacturer’s instructions. Selected RNA samples were subjected
to a two-step RT-PCR to determine whether BcatrB was being expressed. Contaminating
DNA was removed from the samples using the DNA-free kit (Ambion) according to the
manufacturer’s instructions. Two micrograms of RNA was used as template for cDNA

synthesis using the Retroscript Reverse transcriptase PCR kit (Ambion) according to the
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manufacturer’s instructions. Four microliters of the RT reaction were used as template for
specific amplification of BcatrB using primers YP25 and YP31. PCR products were

separated by electrophoresis on a 1% agarose gel.

Neither of the two RNA isolation kits used consistently produced high quality RNA
in sufficient quantities for Northern blotting. Hence, the influence of the fungicide-plant
extract formulations on RNA quality was investigated. However, RNA quality and quantity
were not appreciably improved by any of the changes made to the formulations. Further
investigations into the influence of the formulations are required and other RNA isolation
kits may have to be evaluated. Also, Inconclusive results were obtained from the Northern
blots due to the high background hybridisation obtained. Figure 4-1 shows one of these
blots, where faint positives were observed in lanes 4 and 6 which corresponded to
treatment of the wild-type fungus with plant extracts from G. africana (33 mg mL™"); and E.
rhinocerotis (7.8 mg mL™), respectively. The band for the E. rhinocerotis extract is slightly
more intense than that for the G. africana extract. However, no conclusions can be made
until the Northern blot process can produce a clear result with minimal background
hybridisation. Extensive troubleshooting was conducted to improve all aspects of RNA
handling/isolation and Northern blotting. However, the intense background could not be

eliminated.

The inconclusive Northern blot results prompted an investigation into BcatrB
expression in the wild-type fungus and ABcatrB mutant using PCR. Figure 4-2 clearly
shows that BcatrB is not expressed in the wild-type control (lanes 2, 3, 4 and 6) or the
ABcatrB mutant treated with Rovral™ (0.01 mL L") (lane 11), while it is expressed in
response to treatment with Rovral™ (0.01 mL L") (lanes 5, 7, 8 and 10). Despite the slow
progress using the Northern blot technique, a result was obtained via RT-PCR. Although,
not a quantitative result, it can be concluded that the BcatrB gene in the wild-type fungus
is functional and is induced in response to the fungicide, Rovral™. Taking into account

the in vivo study results, the Rovral™ dosage of 0.01 mL L™ was selected since it did not
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completely inhibit fungal growth. Schoonbeek et al. (2001) found that the expression of
BcatrB is upregulated by treatment of B. cinerea germlings with the grapevine phytoalexin
resveratrol and fungicide fenpiclonil. Therefore, it can be concluded that the expression of
BcatrB does indeed relate to the efflux of fungicides and thus decreases sensitivity of the
fungal cells to lower Rovral™ doses. Subsequent combination of this Rovral™ dose with
plant extracts increases the inhibitory efficacy against the fungicide. Further studies may
elucidate the importance of plant extract compounds as inhibitors of BcatrB and other ABC

transporters.

Figure 4-1. Northern analysis of BcatrB expression in wild-type Botrytis cinerea (PPRI
7338) treated with different plant extract-fungicide formulations. Lanes 1: water-treated
control; 2: methanol (0.01 mL L™); 3: Rovral™ (0.01 mL L™"); 4: Galenia africana (33 mg
mL"); 5: Tulbaghia violacea (15.6 mg mL™"); 6: Elytropappus rhinocerotis (7.8 mg mL™);
7: Rovral™ (0.01 mL L") + G. africana (33 mg mL™"); 8: Rovral™ (0.01 mL L") + T.
violaceae (15.6 mg mL™"); 9: Rovral™ (0.01 mL L ™)+ E. rhinocerotis (7.8 mg mL™).
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Figure 4-2. RT-PCR analysis of BcatrB expression in Botrytis cinerea wild-type (PPRI
7338) and ABcatrB mutant. Lanes 1: 100 bp marker; 2: wild-type treated with water, no
DNase treatment and no RT control; 3: wild type treated with water, DNase-treated and
no RT control; 4: wild-type treated with Rovral™ (0.01 mL L"), DNase-treated and no RT
control; 5: wild-type treated with water, DNase-treated RT-PCR; 6: wild-type treated with
water, no DNase treatment and no RT control; 7: wild-type treated with water, DNase
treated RT-PCR; 8: wild-type treated with Rovral™ (0.01 mL L"), DNase-treated RT-
PCR; 9: wild-type treated with Rovral™ (0.01 mL L"), DNase-treated and no RT control;
10: wild-type treated with Rovral™ (0.01 mL L"), DNase-treated RT-PCR; 11: ABcatrB
mutant treated with Rovral™ (0.01 mL L"), DNase-treated, RT-PCR. Lanes with the
same description refer to independently isolated RNA samples.

4.5 Conclusions

» This study showed that alcohol extracts from South African medicinal plant species

produce compounds that potentiate the activity of fungicides in vitro and in vivo.

» Doses of the fungicides and plant extracts in the in-vivo studies had to be lowered in

order to observe synergistic interactions.
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Storage temperatures and shelf-life incubation periods influenced Botrytis decay

levels on fruit.

Whether the potentiation effects are due to the inhibition of fungal multidrug resistant

(MDR) pumps will require further studies at the molecular level.

Knowledge of the ABC transporters open possibilities for developing novel strategies
to control plant diseases, either by modulation of transporter activity or by transgenic

expression of plant active genes in crops.

Understanding of the biochemistry and regulatory mechanism of MDR pump
inhibitors are important to alter the secondary metabolite profiles of plants by genetic

engineering in the near future.

Overall, the specific inhibitory effects of plant extracts are likely to be advantageous
for developing new fungicide formulation and application strategies with low toxicity
effects on the environment. This approach not only makes it possible to reduce
fungicide concentrations while maintaining adequate decay control, but could also

result in a reduction of the chemical residue on the fruit.

Recommendations
The fungicide resistant characteristics of B. cinerea strain PPRI 8507 discovered in

this study should make it suitable for further fungicide potentiation and MDR analyses

experiments.

The role of the fungicide mode of action when combined with plant compounds

should be considered in future studies.

Natural botanical products with fungicide potentiation effects will provide a
competitive advantage to the South African deciduous fruit industry when the

pesticide inputs and fungal resistance levels are effectively reduced through this
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technology. This initiative will have a general positive impact on overall food safety

and the environment.

» It is also evident that potential economic benefits associated with this technology
relate to the domestication and conservation of indigenous, drought-tolerant plant
species, particularly for the development of new cash crops for low-income rural

farmers by adding multiple-values to indigenous plant species.

» Local manufacturing and marketing of plant extract products can create new
opportunities for entrepreneurs to sustain businesses within the boundaries of South

Africa.
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