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Abstract

Sweetpotato weevil (SPW) pest management is challenging because the pest target is sub-terranean, so the
application of pesticides is impractical and usually ineffective. Host plant resistance and the genetic
transformation of sweetpotatoes to produce entomotoxic Bt proteins offer potential for environmentally
benign pest control. Resistance can be conferred by naturally occurring hydroxycinnamic acids which
protect against oviposition by adults, but these compounds are restricted to the root surface so do not protect
against the cortex bound larvae where the greatest damage occurs. Resistance could be enhanced if
combined with expression of Bt proteins in transformed plants but interactions between hydroxycinnamic
acids and Bt proteins remain unknown. Here the bioactivity of Cry7Aal protein and hydroxycinnamic acid
esters was evaluated individually and in combination against SPW larvae and mortality determined. Low
and high concentrations of hydroxycinnamic acid esters alone caused significantly higher mortality of both
weevil species in all experiments compared to the control. SPW larval mortality was greater when tested as
a combination of hydroxycinnamic acid esters and Bt protein but this effect was additive not synergistic.
Although we report no evidence of antagonistic interactions the antifeedant effects of the plant compounds
conferring host plant resistance could have reduced consumption of the Bt protein in our assays leading to
a lower efficacy when combined. Further work is required to determine if the toxic effects of Bt proteins

function alongside host plant resistance in sweetpotato under field conditions.

Keywords

Bt-proteins; chlorogenic acid, Cylas puncticollis; C. brunneus, hydroxycinnamic acid esters; sweetpotato

weevil, host-plant resistance, nature-based solutions.
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Key messages (limit 80 words)

Host plant resistance and GM crops provide alternatives to synthetic pesticides for controlling pests

of sweetpotato but their interactions in combination are unstudied.

e Hydroxycinnamic acid esters were shown to mediate resistance but cortex concentrations were too

low to protect against damage by larvae.

e Bt protein was bioactive against sweetpotato weevil larvae so could compliment the effects of

hydroxycinnamic acids.

e Bt protein and hydroxycinnamic acids combined in an additive rather than synergistic way and no

significant antagonistic interaction was recorded.
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Introduction

Sweetpotato (Ipomoea batatas) (L.), is one of the world’s most important food crops,
ranked seventh globally (Loebenstein 2009). Sweetpotato is high yielding with wide adaptation to
marginal soils and is highly resistant to drought (Lu et al. 2006). It is also an important staple in
many countries underpinning food and nutritional security and is a notable source of vitamins C,
B2 (riboflavin), B6, beta-carotene (the vitamin A precursor abundant in orange fleshed varieties),
as well as dietary fiber, potassium, copper, manganese and iron (Loebenstein 2009; Thottapilly

2009).
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While production of sweetpotato is limited by a range of pests and diseases, the major
constraints are sweetpotato weevils (SPW), Cylas spp. (Fite et al. 2014; Kiiza et al. 2009;
Nottingham and Kays 2002). This insect damages vines, storage roots and occasionally the foliage,
reducing both yield and quality of the crop and causing potentially total yield losses in East Africa
(Stathers et al. 2003a, 2003b; Rees et al. 2003 and Smit 1997). The primary damage is reportedly
caused by SPW larvae tunnelling inside the root cortex which triggers the production of distasteful
sesquiterpenes by the sweetpotato root (Sato and Uritani 1981; Uritani et al. 1975). This is the
source of the bitter taste that makes the infested root unfit for both human and livestock
consumption (Pandey 2009; Woolfe 1992) but there is no evidence that these compounds affect

infestation by SPW.

SPW control using conventional pesticides is complicated because sweetpotato roots are
subterranean and the target insect spends the majority of its lifecycle inside roots protected by the
soil. Hydroxycinnamic acids esters (hexadecyl, octadecyl-cinnamic acid esters, hexadecylcaffeic
acid esters and 5-O-caffeoylquinic acid) are produced naturally by the roots and are biologically
active against SPW larvae at ecologically relevant concentrations (Stevenson et al. 2009) and have
been identified as a breeding trait for improved varieties (Otema et al. 2017; Yada et al. 2017).
These compounds are particularly effective at protecting against oviposition by adults because
they occur at the highest concentrations at the root surface where eggs are laid and induce
behavioural avoidance after feeding and creating feeding holes in which eggs are laid (Anyanga et
al. 2013) but are less effective against the larval stage which causes the most damage in the cortex.
Host plant resistance could in this case be complimented by the use of biologically active Bacillus
thuringiensis (Bt) proteins expressed in the cortical tissue through transformation of resistant

varieties giving the roots protection against both adults at the surface and tunnelling larvae in the

4
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cortex. Combining nature-based insect control measures can enhance their efficacy as reported
recently for pyrethrins and the entomopathogenic fungus Metarhizium anisopliae (Fernandez-
Grandon et al. 2020). Additionally, host plant resistance could reduce the likelihood of pests
developing resistance to Bt proteins that otherwise can happen relatively rapidly under certain
conditions (Bravo et al. 2007). Several crops have already been transformed to express Bt Cry
proteins, including crops that express coleopteran-active Cry proteins in roots against Diabrotica
spp. in maize, Zea mays L. (Cry3Bbl, mCry3A, and Cry34/35Ab1), and sweetpotato weevil, C.
formicarius, in sweetpotato (Cry3A) (EPA, 2020; Moran et al. 1998; Vaughn et al. 2005; Storer et
al. 2006). Sweetpotato expressing Cry3A was not developed further, partly because the Cry3A
protein expressed within the sweetpotato root results in relatively low C. formicarius control
(Moran et al. 1998). However, Ekobu et al. (2010) reported that Cry7Aal, ET33/34, and Cry3Cal
had LCso values of 1ug/g added in diet against larvae of C. puncticollis indicating potential for
these proteins in sweetpotato. Cry7Aal has been the candidate of transformation trials in
sweetpotato and so presents the most promising entomotoxic Bt protein to combine with host plant
resistance (Rukarwa et al. 2013).

Interactions between plant defence compounds and biopesticides are reported with
potentially detrimental effects (Stevenson et al. 2010). Interactions between Cry7a proteins
produced by Bt transformed sweetpotato varieties and the hydroxycinnamic acid defence
compounds could also occur with potential antagonistic or synergistic effects if used together in
roots but this remains an important knowledge gap. Therefore, the objective of this study was to
evaluate the interaction of hydroxycinnamic acids with Cry7a proteins and determine their effects
on weevil larval mortality. We also determine the effects of the plant compounds against larvae

and SPW adult feeding and oviposition which has previously not been determined.
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Materials and methods

Evaluation of effects of hydroxycinnamic acid esters on adult SPW feeding and oviposition

Roots of NASPOT1, a SPW susceptible sweetpotato variety were used for the experiment
for testing the hydroxycinnamic acid esters because they are fed upon by SPW and provide a food
medium for testing plant compounds but are naturally low in these chemicals (Stevenson et al.
2009; Anyanga et al. 2013). Root cores were obtained by cutting sweetpotato roots using a 24 mm
diameter cork-borer No.15 (Stevenson et al. 2009). The root core was used for testing effects of

hydroxycinnamic acid esters on adult SPW feeding and oviposition.

Twelve root cores of the susceptible variety NASPOTL1 placed in a 12-well tray were
treated with three different concentrations of octadecylcaffeic and coumaric acid,
heptadecylcaffeic acid and 5-O-caffeoylquinic acid synthesized at the Natural Resources Institute
(UK) as reported previously (Stevenson et al. 2009). Individual hydroxycinnamic acid esters were
weighed and 1.0 mg dissolved in 1.0 mL of acetone as a carrier solvent to obtain a concentration
of 1 mg/ml that was serially diluted following Anyanga et al. (2013). The experiment was set up
in a completely randomized design. Each experimental set up was replicated 15 times. Twenty-
four adult (2-weeks-old) gravid female SPW were introduced into a 12-well feeding trays
representing 2 SPW per root core and allowed to feed and oviposit for 24 h and 48 h for C.
puncticollis and C. brunneus, respectively owing to the pest size and thus rate at which the target

pests damage the root core (Anyanga et al. 2013; Nottingham et al. 1987).
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Evaluation of interactive effects of hydroxycinnamic acid esters and Cry7Aal Bt proteins on

SPW larval mortality or survival.

Sweetpotato flour was obtained by grinding dry chips of NASPOT1 a susceptible variety
following Ekobu et al. (2010). Three hydroxycinnamic acid esters: hexadecylcaffeic acid,
hexadecylcoumaric acid and octadecylcoumaric acid were synthesized after Stevenson et al.
(2009) while 5-O-caffeoylquinic acid was obtained from Sigma Aldrich (Dorset, UK). Diet for
this experiment was prepared following procedures reported by Ekobu et al. (2010). Agar was
heated to 100°C and cooled to 55°C before mixing in other ingredients including sweetpotato flour
(1809), casein (24q), cellulose (169), sucrose (40g), yeast (10g), salt mixture (3.0g) and ascorbic

acid (2.0g) using a magnetic stirrer.

Additional ingredients: B-vitamin mixture (40mg), choline chloride (400mg), inositol
(320mg), cholesterol/stigmasterol (640mg), potassium sorbate (600mg), tetracycline (200mg) and
methylhydroxybenzoate (675mg) was mixed in 20 mls of 100% ethanol by stirring on non-heat
shaking equipment at National Crops Resources Research Institute (NaCRRI) sweetpotato tissue
culture laboratory. The ethanolic mixture was added to agar mixture and blended for 10 minutes.

Ninety grams (90g) of the molten diet was poured in to petri dish and allowed to solidify.

A stock solution of test hydroxycinnamic acids was prepared by weighing 10mg of the
compound and dissolving in 10 ml of acetone to make 1 mg ml* of solution. The solution was
serially diluted to make 0.1 and 0.01 mg ml-* solution for the experiment. Bt-protein stored in the
refrigerator was prepared by diluting with water to obtain a 1ug g dilution as used by Ekobu et
al. (2010). Nineteen treatment combinations were used to test for interactions in the experiment as

follows:



152 Treatment 1. Diet only

153 Treatment 2. Diet + 1 ml of acetone

154 Treatment 3. Diet + 1 ml Bt-protein (1ug g)

155 Treatment 4. Diet + 1 ml of 0.1mg ml* C18 Coumaric acid esters

156 Treatment 5. Diet + 1 ml of 0.01 mg ml* C18 Coumaric acid esters

157 Treatment 6. Diet + 1 ml of 0.1 mg mlt C18 Coumaric acid esters + 1ug g Bt-protein
158 Treatment 7. Diet + 1 ml of 0.01 mg ml-* C18 Coumaric acid esters + 1ug g Bt-protein
159 Treatment 8. Diet + 1 ml of 0.1mg ml-* C16 Coumaric acid esters

160 Treatment 9. Diet + 1 ml of 0.01 mg mlI-* C16 Coumaric acid esters

161 Treatment 10. Diet + 1 ml of 0.1 mg ml-* C16 Coumaric acid esters + 1ug g Bt-protein
162 Treatment 11. Diet + 1 ml of 0.01 mg ml* C16 Coumaric acid esters + 1ug g™ Bt-protein
163 Treatment 12. Diet + 1 ml of 0.1mg ml* C16 Caffeic acid esters

164 Treatment 13. Diet + 1 ml of 0.01 mg ml C16 Caffeic acid esters

165 Treatment 14. Diet + 1 ml of 0.1 mg ml* C16 Caffeic acid esters + 1ug g-* Bt-protein
166 Treatment 15. Diet + 1 ml of 0.01 mg ml* C16 Caffeic acid esters + 1ug g™ Bt-protein
167 Treatment 16. Diet + 1 ml of 0.1mg ml-* Chlorogenic acid

168 Treatment 17. Diet + 1 ml of 0.01 mg ml-* Chlorogenic acid

169 Treatment 18. Diet + 1 ml of 0.1 mg ml* Chlorogenic acid + 1pug g* Bt-protein

170 Treatment 19. Diet + 1 ml of 0.01 mg ml-* Chlorogenic acid + 1ug g Bt-protein

171

172 Ten first instars of C. puncticollis (8 days) were obtained by allowing gravid female

173 weevils to oviposit on sweetpotato roots (NASPOT 1) for 24 h. The age of the weevils was

174  recorded from the first day of incubation. Ten small burrows were excavated using the spatula
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edge from the solidified agar media. One larva was placed into each diet with ten burrows per Petri
dish. The displaced diet was replaced and inverted on top of the larva to avoid damage to the larva
and minimize desiccation. The diets were then covered with a disc of filter paper to absorb excess
moisture from the diets and the lids were replaced on top. The bioassay was left to stand for 15
days and evaluated by observing larval movement following the procedure of Rukarwa et al.
(2013). The experiment was conducted at 25 + 2°C and 70 + 10% relative humidity in a completely

randomized design replicated 3 times.

Data collection and analysis.

Data was collected on the number of feeding holes and faecal droppings produced in 24 h
and 48 h feeding by adult gravid female C. puncticollis and C. brunneus, respectively. The
periderm of the root was gently removed, and the number of eggs laid was recorded using a
magnifying glass. Data obtained on the number of feeding holes, faecal droppings and eggs laid
was analysed using Analysis of variance (ANOVA) linear model in R package. The statistical

probability and the mean number of feed holes, faecal droppings and eggs laid were generated.

The number of dead larvae was counted as those that showed no motility and recorded as
the percentage larval mortality from the proportion of the dead larvae compared to the total number
of larvae and the results multiplied by 100. Means were generated, and mean separation test was

done using Least Significant Difference (LSD) at 5%.

To develop the model to test whether there was interaction, the data was analysed by
looking at the presence or absence of Bt, and different concentrations of hydroxycinnamic acid

esters on larval mortality. The data was transformed, and a logistic regression model was used to
9
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analyse the data. Logistic regression models are Generalized Linear Models (GLM) with binomial

random component and logit link;

GIm (formula= cbind (Pct-mortality)~Rep + Acid + Acid Concentration + Bt + Acid: Acid
Concentrations +Acid: Bt + Acid Concentration: Bt + Acid: Acid Concentration: Bt, family=

quasibinomial, data = Bt x2).

Results

Effects of hydroxycinnamic acid esters on adult SPW feeding and oviposition.

The number of C. puncticollis and C. brunneus feeding holes on root cores was
significantly different (P<0.05) between treatments. Overall, the mean number of C. puncticollis
and C. brunneus feeding holes decreased with an increase in the concentration of octadecylcaffeic
acid, with the least feeding holes on root cores treated with highest concentration (0.1 mg ml?)
octadecylcaffeic acid (Figure 1). Similarly, the mean number of C. puncticollis feeding holes was
significantly higher (P<0.05) on control root surface than those treated with octadecylcoumaric
acid with the mean number of C. puncticollis feeding holes decreasing as the concentration of
octadecylcoumaric acid applied on the root surface increased and it differed significantly between
control and within the treatment levels (Figure 1). The number of C. brunneus feeding holes on
the root surface also differed significantly among treatments (P<0.001) showing a similar response
to adults of C. puncticollis, being significantly higher (P<0.05) on the control root than on the roots

treated with octadecylcoumaric acid (Figure 1).
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There was a significant difference (P<0.001) in the number of feeding holes caused by both
C. puncticollis and C. brunneus on the sweetpotato root core treated with heptadecylcaffeic acid
(Figure 1). The mean number of feeding holes caused by feeding of both weevil species decreased
significantly with increasing levels of hexadecylcaffeic acid concentrations. The highest mean
number of feeding holes was recorded on the control root plug (Figure 1). The mean number of
feeding holes caused by C. puncticollis and C. brunneus were similar at 0.1 mg ml-* concentration
of heptadecylcaffeic acid applied on the root core (Figure 1). The mean number of C. puncticollis
feeding holes differed significantly (P<0.001) between root cores treated with 5-O-caffeoylquinic
acid and control. The mean number of feeding holes was significantly (P<0.05) higher on
untreated root cores than on root cores treated with 5-O-caffeoylquinic acid (Figure 1). The mean
number of feeding holes in root exposed to C. brunneus feeding was higher compared to similarly
treated roots where C. puncticollis were placed to feed on similarly treated root core suggesting
that these octadecylcaffeic acid esters and 5-O-caffeoylquinic acid had a reduced effect on feeding
behaviour of C. brunneus (Figure 1). The mean number of feeding holes for both species were,

however, similar on the root core treated with heptadecylcaffeic acid esters (Figure 1).

Effects of hydroxycinnamic acids on production of faeces by Cylas puncticollis and C.

brunneus

The number of faecal droppings was used as an additional indirect measure of the effect of
natural plant compounds on insects feeding behaviour and development. The number of faecal
droppings produced by C. puncticollis and C. brunneus was significantly lower on sweet potato
root cores treated with octadecylcaffeic acid than on control root cores (P<0.001) (Figure 2) and

this effect was dose dependent. The mean number of C. puncticollis faecal droppings differed

11
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significantly (P<0.001,) and in a similar way between octadecylcoumaric acid treated sweetpotato
root surface and control. C. brunneus showed a similar pattern and was significantly different
(P<0.001). (Figure 2). Unlike the trend observed with other compounds, the number of C.
puncticollis and C. brunneus faecal droppings produced on the surface of sweetpotato root core
treated with heptadecylcaffeic acid was only significantly different (P<0.05) from the control
treatment for C. brunneus at the highest concentration (0.1 mg mlt). The number of C. puncticollis
faecal droppings was lowest on the root core treated with 0.1mg ml? heptadecylcaffeic acid
(Figure 2). The number of faecal droppings produced by either species decreased with increasing

concentration of heptadecylcaffeic acid treatment (Figure 2).

There was a significant difference (P<0.019) in the number of faecal droppings produced
by C. puncticollis among treatments with 5-O-caffeoylquinic acid. The number of faecal
droppings produced by C. brunneus was, however, not significantly different (P>0.05) among the
treatments. The mean number of faecal droppings was significantly (P<0.05) higher on the
untreated root core than on the root core treated with 5-O-caffeoylquinic acid (Figure 2). There
were no faecal droppings produced by C. brunneus on the root core treated with 0.1 mg ml* 5-

O-caffeoylquinic acid.

Biological activity of hydroxycinnamic acids at different concentrations on oviposition by

C. puncticollis and C. brunneus

C. puncticollis egg laying was significantly (P<0.023) different among the octadecylcaffeic
acid treatments. Similarly, there was a significant difference (P<0.05) in oviposition of C.

brunneus between treatments and the control. The mean number of C. puncticollis eggs laid on the

12
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untreated root core was significantly higher than on the root core treated with different
concentrations of octadecylcaffeic acid. C. puncticollis did not oviposit any eggs at all on the root
core treated with 0.01 and 0.1 mg ml* octadecylcaffeic acid respectively (Figure 3). The mean
number of eggs laid by C. brunneus decreased significantly with increasing concentration of
octadecylcaffeic acid (Figure 3). The root core treated with 0.1 mg ml- of octadecylcaffeic acid
prevented C. brunneus females from laying eggs completely (Figure 3).

Similarly, octadecylcoumaric acid reduced C. puncticollis and C. brunneus oviposition
compared to controls (P<0.001). The mean number of C. puncticollis eggs laid on the untreated
root core was significantly (P<0.05) higher than on roots treated with octadecylcoumaric acid
(Figure 3). The mean number of eggs laid on the root core decreased with increasing concentration
of octadecylcoumaric acid treatment on the periderm (Figure 3). The lowest mean number of eggs

was laid on the root core treated with 0.1 mg ml* octadecylcoumaric acid (Figure 3).

There were significant differences (P< 0.01) in the number of eggs laid by C. puncticollis
on the roots treated with heptadecylcaffeic acid. The oviposition of C. brunneus was also
significantly different (P<0.001) on the root cores treated with heptadecylcaffeic acid. The mean
number of C. brunneus eggs laid on control root was significantly (P<0.05) higher than that
recorded on root cores treated with heptadecylcaffeic acid (Figure 3). C. puncticollis did not lay
eggs at all on the root core treated with highest concentration 0.1 mg ml of heptadecylcaffeic acid
(Figure 3). C. brunneus did not lay eggs on any root cores treated with different concentrations

(0.001, 0.01 and 0.1 mg mlt) of heptadecylcaffeic acid respectively (Figure 3).
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There was a significant difference (P<0.005) in oviposition of C. puncticollis and C.
brunneus among treatments. The mean number of eggs laid by C. puncticollis was significantly
higher (P<0.05) on the untreated root cores than on the root cores treated with 5-O-caffeoylquinic
acid (Figure 3). The mean number of eggs laid by C. brunneus followed a similar trend and was
significantly (P<0.05) more on the untreated root cores than it was on the root cores treated with
5-O-caffeoylquinic acid (Figure 3). Egg laying in both C. puncticollis and C. brunneus was

completely inhibited at 0.01 and 0.1 mg ml* 5-O-caffeoylquinic acid respectively (Figure 3).

Interactive effects of hydroxycinnamic acid esters and Cry 7Aal Bt proteins on SPW larval

mortality.

The mortality of C. puncticollis larvae was significantly (P<0.001) higher on diet treated
with hexadecylcaffeic acid or on Bt protein only than on untreated diet treated (Figure 4). When
hexadecylcaffeic acid was applied at 0.1 mg ml-* together with Bt proteins in the diet, it caused a
significantly higher mortality (76.7% P<0.001; Tables 1) compared to when 0.1 mg ml* and Bt
proteins were applied individually indicating an additive interaction of the two components (Figure
4, Table 1 and Table 2). The mortality based on transformed data increased significantly when

treatments were combined indicating an additive effect (Table 2).

Larval mortality caused by hexadecylcoumaric acid esters and Bt proteins was higher than
on the untreated diet (Figure 5). Treating the diet with 0.1 mg ml* hexadecylcoumaric acid esters
caused 50% mortality in larvae of C. puncticollis (Figure 5). A combination of 0.1 mg ml* of
hexadecylcoumaric acid and Bt protein in the diet, increased the mortality to 76.7% for C.

puncticollis (Figure 5). The mortality of the combination with protein was significantly higher
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(P<0.05,) than when 0.1 mg ml* hexadecylcoumaric acid and Bt protein were tested separately in

the diet indicating an additive interaction (Table 2).

There was no significant difference (P>0.05) between the higher and lower concentrations
of hydroxycinnamic acid esters on C. puncticollis larval mortality; diet treated with
hexadecylcoumaric acid at 0.01 mg ml* caused 43.3% larval mortality (Figure 5). The interaction
between 0.01 mg ml* of hexadecylcaffeic acid ester combined with Bt protein in the diet was
highly significant (P<0.001, Tables 1) and the mortality significantly higher than from individual
treatments. Combining Bt with hexadecylcoumaric acid more than doubled the mean mortality of

C. puncticollis larvae indicating an additive effect (Table 2).

Diet treated with octadecylcoumaric acid at 0.01 mg ml-! significantly (P<0.001, Tables 1)
affected C. puncticollis larval survival as did Bt proteins incorporated in the diet alone compared
to the control (Figure 6) while diet treated with 0.1 mg ml-* of octadecylcoumaric acid caused an
even higher larval mortality of 67% in C. puncticollis (Figure 6). However, diet treated with 0.1
mg mlt of octadecylcoumaric acid and Bt proteins combined increased mortality significantly
(P<0.001, Table 1) to 80% in C. puncticollis larvae (Figure 6). The application of 0.01 mg ml!
octadecylcoumaric acid in the diet also affected larval survival resulting in 50% mortality in C.
puncticollis larvae (Figure 6).  The larval mortality on diets containing a combination of
octadecylcoumaric acid at 0.01 mg ml* and Bt proteins was 67% and significantly (P<0.001,
Tables 1) higher than mortality from diets treated separately with these components (Figure 6).
The combination of Bt-proteins and octadecylcoumaric acid esters increased the mortality
recorded by individual treatments applied in the diet singly indicating an additive interaction of

the two treatments (Table 2).
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Mortality of C. puncticollis larvae was significantly (P<0.001) higher on the diet treated
with the 5-O-caffeoylquinic acid than on untreated controls (Figure 7). There was a significant
difference (P<0.001, Tables 1) between 0.1 and 0.01 mg ml? of 5-O-caffeoylquinic acid on
mortality of C. puncticollis larvae. The mortality of larvae on diets containing Bt-proteins and 5-
O-caffeoylquinic acid was greater than the mortality caused by treatments with individual

components indicating an additive interaction (Figure 7 and Table 2).

Discussion

Cinammoy!l esters that occur naturally in the roots of resistant sweetpotato reduced feeding
and egg-laying by adults of both C. puncticollis and C. brunneus as determined by significantly
lower feeding holes, reduced faecal production and fewer eggs laid on treated root cores than on
the untreated root cores. The effect was typically dose dependent concurring with previous work
suggesting that the concentration of these compounds at the root surface was critical in their
function as resistance factors (Anyanga et al. 2013) and in their toxicity to larvae (Stevenson et al.
2009). Higher numbers of feeding holes recorded for C. brunneus compared to C. puncticollis on
the root core treated with similar concentrations of octadecylcaffeic acid, octadecylcoumaric acid
and 5-O-caffeoylquininc acid esters suggested that the sensitivity of the two pest species to these
compounds differed so this should be considered in the development and deployment of resistant
varieties. That said, overall the effects of compounds on feeding was similar in both species on
root core treated with heptadecylcaffeic acid. These naturally occurring compounds could
contribute to resistance in this crop against adults and may be useful traits to monitor in resistance

breeding programs since they also segregate with resistance (Otema et al., 2017). Since there are
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371

several components contributing to the resistance this may also have benefits in limiting the
development of resistance. In related work, Akhtar et al. (2008) reported that plants with
phytochemicals that have similar activities but occurring as several different but related structures
can reduce development of insect resistance to such defence mechanisms. This concurs with
earlier predictions where coumaroyl esters were previously associated with Cylas resistance
although these compounds were not directly tested against weevils (Snook et al. 1994). Caffeoyl
quinic acids which have previously been associated with defence in sweetpotato to Diabrotica spp.
have been reported (Jackson and Bohac, 2006), suggesting a quantitative resistance to this insect
that could be related to the effect reported in the present work with Cylas spp. since both studies
presented adults with root surfaces and showed a similar effect.

Perhaps the most significant effects of these compounds on adults was on oviposition.
There were no eggs laid by either pest species on root cores treated with 0.1 mg ml?! of
hydroxycinnamic acid esters. Thus, developing sweetpotato varieties with higher concentrations
of these compounds through breeding, would reduce feeding by adults and also hinder egg laying
with benefits of reduced cortical damage. Breeding for sweetpotato varieties with high levels of
hydroxycinnamic acid esters on the root surface may be an effective way of reducing successful
colonization at the first point of contact with the pest and reduce successful infestation but will
unlikely exclude larvae completely.

Previous work has shown that the chemistry of the cortical tissues of resistant and
susceptible clones does not differ and therefore larvae that emerge from eggs laid by adults that
avoided surface resistance mechanisms could go on to colonise the root (Anyanga et al. 2013).
Thus, to prevent successful colonization by SP weevils an additional mechanism would be required

to supplement the activity of the cinnamic acid esters at the root surface. This could be provided
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through transformation of plants to produce Bt proteins which are known to be biologically active
against SPW larvae (Ekobu et al. 2010). Recent work by Rukarwa et al. (2013) transformed
sweetpotato with Bt protein and developed ten transgenic events expressing Cry7Aal, Cry3Cal
and ET33-34 proteins for sweetpotato weevil resistance, but, none of those events provided
effective insect pest control of C. puncticollis due to poor expression in the plant. The transformed
plant was a weevil susceptible variety thus it is possible if expressed in a resistant variety that Bt
protein could interact with bioactive plant compounds that confer resistance to enhance their
activity but until now their interactions with these naturally occurring compounds remain untested.
If the expression could be enhanced, then in combination with other factors the activity could be
complementary which has been demonstrated by this study.

Here we report that one of the toxic Bt proteins used by (Rukarwa et al., 2013) Cry7Aal,
was biologically active against larvae of an African Cylas species concurring with earlier work
(Ekobu et al., 2010) and importantly that mortality caused by the Bt protein in combination with
the naturally occurring hydroxycinnamic acid esters in the root caused an increased mortality
greater than the individual components at a level expected for an additive effect. The
concentration of Bt protein we used in bioassays was that which caused mortality of SPW larvae
using a protocol developed by Ekobu (et al., 2010) and by Rukarwa et al (2013). We have shown
that the effect of combining two treatments (Bt protein and HCAS) caused greater mortality than
the sum of the two individual treatments. We also found that using a higher concentration of Bt
protein here increased the mortality when both treatments were provided together than the same
treatments at the same concentration when provided alone indicating an additive interaction.
Specifically, there was higher mortality in diets where Bt proteins were incorporated in

combination with hexadecylcaffeic acid compared to the diet treated with either Bt proteins or
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hexadecylcaffeic acid. These data indicate that Bt proteins and hydroxycinnamic acid increased
the mortality and in fact doubled the effect of the individual treatments and may improve
efficacy of Bt protein in transformed roots on larval mortality in combination with
hexadecylcaffeic acid suggesting both mechanisms influence food acquisition. Our previous
data (Amoabeng et al., 2013) suggest that the effects of these plant surface compounds are to
reduce feeding. Thus, when presented in combination with a Bt protein the plant compounds
could reduce consumption of the toxic protein thereby reducing the effects of the protein but our
data indicate an additive interaction of the toxic effect of the two mechanisms in combination

(Table 1).

The activity of caffeic acid esters is likely due to the dihydroxy phenolic moiety which
binds covalently to proteins so can interfere with digestive processes or reduce availability of
proteins in food and thus reduces insect development (Stevenson et al. 1993; Duffey and Felton,
1991). Gill et al. (1992) indicated that Bt protein also acts by interfering with insect digestion by
creating holes in the insect larval gut membrane leading to leakage of gut content and eventually
the death of susceptible insects. It is now clear that these two mechanisms could complement one
another other and if the impact of one is already high enhancing that effect with a different
mechanism that also inhibits nutrient uptake could provide a more resilient mechanism reducing
the scope for resistance in pest insects.

Plant compounds may be antagonistic for Bt efficacy by reducing feeding. For example,
Navon et al. (1993) reported that leaf feeding by the larvae of Heliothis virescens and larval
survival and weights decreased with an increase in Bt concentration. Antifeedant effects of acid

exudates reduced food consumption and hence the dose and efficacy of Bt sprays on insect-
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resistance. Our previous data show that compounds that confer resistance in sweetpotato are
deterrents to adults (Anyanga et al. 2013) so may also reduce consumption of Bt protein by weevil
larvae. Surekha et al. (2011) reported that the biological activity of Bt was lower on artificial diets
with leaf or pod powder of resistant chickpea genotypes, which might also be explained because
of reduced consumption of Bt protein due to the antifeedant effects of acid exudates in the
chickpea. It may also be due to the interaction of biochemical constituents in chickpea with Bt
protein. Nevertheless, larval survival, larval and pupal weights and adult emergence were
significantly lower on diets with leaf or pod powder of the H. armigera resistant genotypes with
Bt protein than on susceptible control. Chickpea genotypes with resistance to H. armigera acted in
concert with Bt protein to cause adverse effects on the survival and development of this insect. In
this study, there was additive effect of hydroxycinnamic acid esters and Bt and that there was no
antagonistic interaction of the resistance compounds. Bt proteins and hydroxycinnamic acids both
cause mortality in SPW larvae and in combination increased mortality as is expected for an
additive effect. We suggest that Bt strains that can be expressed effectively in the root cortex of
sweetpotato could enhance resistance mediated by hydroxycinnamic acid esters, and should be
explored as a trait that breeders can exploit for biorational pest management of sweetpotato weevils
(Otema et al., 2017; Yada et al., 2017) but future development of multiple component resistance

should consider the potential for interactions of different mechanism that reduce efficacy.
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Figure and Table Legends.

Table 1: Analysis of variance with hydroxycinnamic acid and Bt Interaction

Table 2: Transformed mortality means in Bt proteins and hydroxcinnamic acid interaction

Figure 1. Mean number of feeding holes produced by C. puncticollis and C. brunneus on
sweetpotato root plugs treated with different concentrations of octadecylcaffeic acid,
octadecylcoumaric acid, heptadecylcaffeic acid and 5-O-Caffeoylquinic acid Cp: C. puncticollis,

Chb: C. brunneus, Fhole: feeding hole, N=15, +SEM.

Figure 2. Mean number of faecal droppings produced on sweetpotato root cores treated with
different concentrations of octadecylcaffeic acid, octadecylcoumaric acid, heptadecylcaffeic acid
and 5-O-caffeoylquinic acid, FaecaldropsCp and FaecaldropsCb represents faecal droppings of

Cylas puncticollis and C. brunneus respectively.

Figure 3. Mean number of eggs laid by C. puncticollis and C. brunneus on sweetpotato root
cores treated with different concentrations of octadecylcaffeic acid, octadecylcoumaric acid,
heptadecylcaffeic acid and 5-O-caffeoylquinic acid. Cp: C. puncticollis and Cb: C. brunneus.

N=15, +SEM
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Figure 4. Mean mortality (zSEM) of C. puncticollis larvae fed on diets treated with
hexadecylcaffeic acid and Bt toxins. C16Cafflow; 0.01 mg ml! of hexadecylcaffeic acid treated
diet: C16CafflowBt; 0.01 mg ml-* hexadecylcaffeic acid and Bt treated diet: C16Caffhigh; 0.1 mg
ml-t hexadecylcaffeic acid treated diet: C16CaffhighBt; 0.1 mg ml! and Bt treated diet: Bt; Bt

treated diet.

Figure 5. Mean mortality (xSEM) of C. puncticollis larvae fed on diets treated with
hexadecylcoumaric acid and Bt toxin. C16Coumlow; 0.01 mg ml* of hexadecylcoumaric acid
treated diet: C16CoumlowBt; 0.01 ng/pL hexadecylcoumaric acid and Bt treated diet:
C16Coumhigh; 0.1 mg ml* hexadecylcoumaric acid treated diet: C16CoumhighBt; 0.1 mg ml*

hexadecylcoumaric acid and Bt treated diet: Bt; Bt treated diet.

Figure 6. Mean mortality (xSEM) of C. puncticollis larvae feeding on diets treated with
octadecylcoumaric acid and Bt-toxins. C18Coumlow; 0.01 mg ml* of octadecylcoumaric acid
treated diet: C18CoumlowBt; 0.01 ng/uL octadecylcoumaric acid and Bt treated diet:
C18Coumhigh; 0.1 mg ml* octadecylcoumaric acid treated diet: C18CoumhighBt; 0.1 mg ml!

octadecylcoumaric acid and Bt treated diet: Bt; Bt treated diet.

Figure 7. Mean mortality (+SEM) of C. puncticollis larvae feeding on diets treated with 5-O-
caffeoylquinic acid and Bt toxins. Chlolow; 0.01 mg ml* of 5-O-caffeoylquinic acid treated diet:

ChlolowBt; 0.01 mg ml* 5-O-caffeoylquinic acid and Bt treated diet: Chlohigh; 0.1 mg ml- 5-O-
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595  caffeoylquinic acid treated diet: ChlohighBt; 0.1 mg ml* 5-O-caffeoylquinic acid and Bt treated

596 diet: Bt; Bt treated diet.

597
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598 Table 1.

599
Df Deviance Resid | Df Resid Dev Pr (>Chi)
NULL 71 199.346
Rep 2 0.045 69 199.301 | 0.979 NS
Acid 4 59.417 65 139.884 | 0.001**
BtLevel 1 30.251 64 109.633 | 0.001**
Acid: BtLevel 4 30.029 60 79.603 0.001**
600  Signif. Codes: 0.000 *** ; 0.001** ; 0.01* , NS, Non-significant
601
602
603
604
605
606  Table 2
607
Bt levels Acid Means + SE
No No Acid -4.780 + 0.989
Yes No Acid 0.201+ 0.181
No C16 Caffeic acid -0.134 + 0.255
Yes C16 Caffeic acid 0.406 + 0.260
No C16 Coumaric acid 0.134 + 0.255
Yes C16 Coumaric acid 0.694 + 0.270
No C18 Coumaric acid 0.694 + 0.270
Yes C18 Coumaric acid 1.012 + 0.288
No Chlorogenic acid 0.848 + 0.278
Yes Chlorogenic acid 1.190 = 0.301
608
609
610
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