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Abstract: The Colorado potato beetle, Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae) is an
insect defoliator of the potato, Solanum tuberosum L. This species thrives in agricultural environments
because of its flexible and complex life history, as well as its ability to evolve insecticide resistance.
As a result, it has become a widely distributed agricultural pest. Ledprona (trade name Calantha) is a
recently developed novel double-stranded RNA (dsRNA) insecticide that controls populations of
Colorado potato beetle through RNA interference (RNAi). Previous studies have demonstrated the
efficacy of ledprona through laboratory, greenhouse, and field studies. Colorado potato beetles from
geographically distinct populations are known to vary in their response to insecticides, including
experimental compounds based on RNAi. We tested the mortality and foliage consumption of
beetles from different areas in the US treated with ledprona and found significant variation in both
parameters. The beetles originating from New York were significantly less susceptible to ledprona
in leaf disc assays compared to other populations. However, currently there is no evidence of
reduced performance of ledprona against that population under field conditions, possibly because
intoxicated beetles cannot withstand multiple stressors present in the field. The results of this study
confirmed that the ledprona efficacy differs among geographically distinct populations, which may
have implications for managing Colorado potato beetles.

Keywords: RNA interference; geographic variation; integrated pest management

1. Introduction

The cultivated potato, Solanum tuberosum L., is an important global food crop that is
preceded only by rice, wheat, and corn in terms of consumption. Reductions in the quantity
and quality of its tubers can seriously jeopardize human food security [1]. The Colorado potato
beetle, Leptinotarsa decemlineata (Say), has been a very damaging insect pest of the potato for
more than 100 years. Its range has expanded dramatically since the species’ first description,
and it has become a common agricultural pest in most potato-growing areas of the world.

The Colorado potato beetle has a complex and flexible life history that has allowed the
species to expand its geographic distribution and thrive in agricultural environments [2,3].
Furthermore, it is rather notorious for its ability to rapidly evolve resistance to a wide
variety of insecticides [4,5]. In newly colonized areas, populations of Colorado potato
beetle often experience the founder effect, resulting in reduced genetic diversity compared
to the population of their origin [5]. Gene flow and genetic dissimilarities among North
American populations of this species are not fully understood. However, previous studies
have demonstrated that Colorado potato beetle populations are often both geographically
and genetically distinct (see [5] for a review). This isolation has led to variation in insecticide
resistance [6–8] and, in some cases, in overall fitness [9,10]. Understanding geographic
variation in insecticide sensitivity can help with customizing management protocols to
achieve good crop protection and delay the evolution of insecticide resistance in each location.
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RNA interference (RNAi) is a novel pest control technology that aims to knock down
or silence the function of a target gene through the ingestion of double-stranded RNA
(dsRNA) molecules into a target organism [11]. Ledprona is a dsRNA insecticide for foliar
application that is being developed for suppressing Colorado potato beetle in potatoes. It
compromises the synthesis of proteasome proteins by targeting its subunit beta 5 messenger
RNA [12]. Reducing the synthesis of proteasome proteins likely results in the loss of the
beetle’s ability to remove damaged proteins, which, in turn, causes the increase in poly-
ubiquitinated protein in its cells. The intoxicated beetles stop feeding and eventually expire
from this toxic buildup. Previously published results have demonstrated that ledprona
provides good control against Colorado potato beetles both by increasing beetle mortality
and by decreasing feeding damage [12–14].

RNAi efficacy has been demonstrated to differ among geographically isolated insect
populations [15,16]. In particular, Mehlhorn et al. [16] have shown significant differences in
responsiveness to dsRNA among geographically isolated populations of Colorado potato
beetles in Europe. In the present study, we sought to compare the effects of ledprona on
feeding and mortality in populations of the same species originating from different areas in
the United States of America (US).

2. Materials and Methods
2.1. 2020 Experiment

During the 2020 field season, Colorado potato beetle eggs were obtained from un-
treated potato plots on research farms in New York, Oregon, Maine, Washington, and
Wisconsin and sent to the University of Maine campus at Orono. Between 150 and 200 egg
masses were collected from each location. Upon receipt, they were maintained until hatch-
ing in environmental chambers (Series 33 Controlled Environment Chamber, Percival
Scientific Inc., Perry, IA, USA) at 24 ± 1 ◦C and 16 L: 8 D photoperiod. The larvae were then
moved onto potted potato plants kept in wooden cages with mesh sides and roofs [17] and
raised to the second instar. Each colony was kept in its own cage isolated from the other
colonies. Ten second instars from each colony were collected and placed into Petri dishes
(90 by 15 mm) lined with a damp paper towel on the bottom and kept in an environmental
chamber at 24 ± 1 ◦C.

The larvae were then provided with a cut potato leaf treated with distilled water, a low
concentration (2.40 × 10−7 g/L), or a high concentration (4.75 × 10−5 g/L) of ledprona. The
treatments followed the previously published results of a variable dose bioassay conducted
with second instars from the Presque Isle potato beetle colony [12]. The low concentration
was the lethal concentration required to kill 50% of larvae (LC50) after eight days and
the high concentration was the lethal concentration required to kill 90% of larvae (LC90)
after eight days. Petri dish arrangement followed randomized complete block design. The
experiment was replicated five times.

2.2. 2021 Experiment

During the 2021 field season, the experiment was repeated with minor modifications.
Adult beetles were collected from untreated field plots on research farms in New York,
Oregon, Maine, Virginia, and Minnesota, and sent to the University of Maine. Approxi-
mately 100 beetles were obtained from each location. The adults were then kept on caged
potato plants as described above ensuring that each colony was independent from the other
colonies. All the egg masses that they laid were collected and incubated in environmental
chambers at 24 ± 1 ◦C with a 16 L: 8 D photoperiod. The hatched larvae from each colony
were kept isolated from the other colonies, reared to second instar, and moved to Petri
dishes following the protocol used in 2020.

During 2021, the second instars were provided with a cut potato leaf treated with dis-
tilled water, a low concentration (5.56 × 10−7 g/L), or a high concentration (6.62 × 10−1 g/L)
of ledprona. The new concentrations were the LC50 and LC90 after nine days based on the
results of a variable dose bioassay performed on second instars from the Colorado potato
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beetle colony maintained at the University of Maine [13]. The Petri dishes were arranged
in a randomized complete block design. The experiment was replicated five times.

2.3. Data Collection

The leaf area eaten by the larvae in each Petri dish was measured daily by a leaf area
meter (LI-3100, LI-COR Inc, Lincoln, NE, USA). The consumed or deteriorated foliage was
replaced daily by freshly treated potato leaves. The rate of leaf consumption per surviving
beetle was calculated as the area of leaf consumed that day divided by the number of
beetles alive on the same day.

The number of dead beetles was counted daily. The beetles were recorded as dead if
they did not react after being probed with a soft brush or forceps. Raw mortality was then
corrected for background control mortality using Abbott’s formula [18].

2.4. Data Analyses

RStudio [19] was used to analyze all the collected data. The data normality was
checked by the Shapiro–Wilk test [20]. This test is highly sensitive, while ANOVA is usually
sufficiently robust to handle slight deviations from normality. Therefore, a = 0.01 was used
as a cut-off value. The data that did not follow the normal distribution were transformed
before analysis using aligned ranks [21]. ANOVA was used to analyze the data on total leaf
area consumption over nine days, with treatment as the main factor. Repeated-measures
ANOVA was used to analyze the data on daily measurements including leaf area consumed
per beetle, control mortality, and Abbott’s corrected mortality [21,22], with treatment and
time as the main effects. Post hoc comparisons of the estimated marginal means followed
all ANOVAs [23].

3. Results
3.1. 2020 Experiment

The larvae from New York and Maine experienced significantly less background
mortality on the leaves treated with distilled water than the other three populations
(Tables 1 and 2). Still, control mortality was acceptably low across all tested populations
despite the variation. When the larvae were treated with the low dose of ledprona, the
average daily Abbott’s corrected mortality ranged from 7 to 12% and did not significantly
differ among the populations (Table 1). Following exposure to the high dose of ledprona,
on the other hand, the population effect became significant (Table 2), with the lowest
(21%) number of beetles dying in the New York population and the highest (82%) in the
Wisconsin population (Table 1). Larval mortality increased as the time progressed (Figure 1;
Table 2). When treated with the high concentration of ledprona, the New York larvae were
the slowest to die, while Maine and Wisconsin had the fastest mortality (Figure 1; Table 2).

Table 1. Proportion of Colorado potato beetle larvae dying after feeding on excised potato foliage
treated with distilled water and two concentrations of ledprona in 2020 experiments (mean ± SEM).
The data were averaged over the nine-day duration of the experiment. The corresponding ANOVA
results are shown in Table 2. Means followed by the same letters were not significantly different from
each other (estimated marginal means, p < 0.05).

Population Water Ledprona @ 2.40 × 10−7 g/L Ledprona @ 4.75 × 10−5 g/L

Maine 0.06 a ± 0.04 0.12 ± 0.08 0.81 a ± 0.09
New York 0.04 a ± 0.02 0.08 ± 0.06 0.21 b ± 0.05

Oregon 0.14 b ± 0.05 0.07 ± 0.03 0.52 a ± 0.11
Washington 0.10 b ± 0.05 0.10 ± 0.08 0.56 b ± 0.06
Wisconsin 0.10 b ± 0.00 0.11 ± 0.04 0.82 c ± 0.08
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Table 2. ANOVA statistics for mortality and foliage consumption by Colorado potato beetle larvae in
2020 experiments.

Parameter Factor in ANOVA Degrees of
Freedom

Water Ledprona @
2.40 × 10−7 g/L

Ledprona @
4.75 × 10−5 g/L

F p F p F p

Mortality Population 4, 180 16.48 <0.001 2.09 0.084 43.93 <0.001
Time 8, 180 11.55 <0.001 3.38 0.001 62.799 <0.001

Population × Time 32, 180 1.26 0.173 0.43 0.997 4.7 <0.001
Total leaf

consumption Population 4, 20 6.46 0.002 2.09 0.119 16.78 <0.001

Per day per beetle Population 4, 180 15.49 <0.001 7.26 <0.001 42.34 <0.001
consumption Time 8, 180 101.27 <0.001 63.92 <0.001 19.59 <0.001

Population × Time 32, 180 1.55 0.039 1.43 0.078 5.41 <0.001
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Figure 1. Mortality of Colorado potato beetles from geographically isolated populations in 2020
experiments. (A) Mean daily mortality on control potato leaves treated with distilled water. (B) Mean
daily mortality on potato leaves treated with the low concentration (2.40 × 10−7 g/L) of ledprona
and corrected using Abbott’s formula. (C) Mean daily mortality on potato leaves treated with the
high concentration (4.75 × 10−5 g/L) of ledprona and corrected using Abbott’s formula. Error bars
denote standard error about the mean.

The total leaf area consumed during the nine-day bioassay was significantly smaller
for larvae from Wisconsin and Washington than for larvae from Maine when fed on leaves
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treated with distilled water (Tables 2 and 3A). There was no significant difference among
locations for the larvae exposed to the low dose of ledprona, with ca. 226 cm2 consumed
per dish originally containing ten larvae. The high dose of ledprona, on the other hand,
had a significant impact on the total foliage consumption, with Wisconsin larvae being
most affected and New York larvae being the least affected (Tables 2 and 3A).

Table 3. Consumption of excised potato foliage (mean cm2 eaten ± SEM) treated with distilled
water and two concentrations of ledprona by Colorado potato beetle larvae in 2020 experiments. The
corresponding ANOVA results are shown in Table 2. Means followed by the same letters were not
significantly different from each other (estimated marginal means, p < 0.05).

Population Water Ledprona @ 2.40 × 10−7 g/L Ledprona @ 4.75 × 10−5 g/L

A. Total consumption during the experiment
Maine 279.83 a ± 15.56 228.74 ± 32.74 68.98 ad ± 6.88

New York 239.96 ab ± 15.71 241.22 ± 7.76 190.98 b ± 17.95
Oregon 234.02 ab ± 17.98 249.81 ± 21.46 116.51 ac ± 17.42

Washington 186.16 b ± 9.67 191.50 ± 13.45 137.91 bc ± 11.57
Wisconsin 180.56 b ± 20.04 220.51 ± 16.47 47.25 d ± 5.26

B. Daily consumption per living beetle
Maine 2.54 a ± 0.20 2.27 a ± 0.42 0.66 c ± 0.09

New York 2.23 a ± 0.16 2.24 a ± 0.14 1.99 a ± 0.14
Oregon 2.23 a ± 0.11 2.58 a ± 0.32 1.87 ab ± 0.18

Washington 1.80 b ± 0.10 1.76 b ± 0.16 1.67 b ± 0.15
Wisconsin 1.61 b ± 0.19 2.16 a ± 0.16 0.75 c ± 0.11

The daily leaf area consumed per larva was significantly lower for Wisconsin and
Washington populations than for Maine, Oregon, and New York populations in the distilled
water control. When treated with the low dose of ledprona, the larvae from Washington
ate less foliage than larvae from the other four populations. When treated with the high
concentration of ledprona, the larvae from Maine and Wisconsin consumed less foliage
compared to the larvae from the other three populations (Tables 2 and 3B). Daily foliage
consumption increased as time progressed, and the larvae grew, except that the populations
from Maine and Wisconsin fed very little throughout the experiment when treated with
the high dose of ledprona. The increase in feeding was also slightly higher on the last two
days of the experiment for the Maine and Oregon populations in distilled water control
(Figure 2; Table 2).

3.2. 2021 Experiment

The background mortality of beetles collected in 2021 and treated with distilled water
was the lowest (4%) in larvae from New York and the highest (16%) in larvae from Maine
and Oregon (Tables 4 and 5; Figure 3A). Despite the significant variation detected, the
control mortality was acceptably low in larvae from all five locations. Fewer New York
larvae (16%) died compared to any other populations (68–98%) when exposed to the low
dose of ledprona, as evidenced by comparing their Abbott’s corrected mortalities. There
was also significant variation among other populations, but their pairwise comparisons
revealed several overlaps (Tables 4 and 5; Figure 3B). The high dose of ledprona provided
complete mortality of all populations except New York (only 58% mortality) after nine days
(Tables 4 and 5; Figure 3C). As in 2020, mortality increased throughout the experiment. The
Maine, Minnesota, Oregon, and Virginia populations were all approaching 100% mortality
after exposure to the high dose of ledprona by five days after the start of the experiment,
while the New York larvae were the slowest to die when feeding on ledprona-treated leaves
(Figure 3; Table 5).
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Figure 2. Per beetle consumption of potato leaves by Colorado potato beetles from geographically
isolated populations in 2020 experiments. (A) Control leaves treated with distilled water. (B) Leaves
treated with the low concentration (2.40 × 10−7 g/L) of ledprona, and (C) Leaves treated with the
high concentration (4.75 × 10−5 g/L) of ledprona. Error bars denote standard error about the mean.

Table 4. Proportion of Colorado potato beetle larvae dying after feeding on excised potato foliage
treated with distilled water and two concentrations of ledprona in 2021 experiments (mean ± SEM).
The data were averaged over the nine-day duration of the experiment. The corresponding ANOVA
results are shown in Table 5. Means followed by the same letters were not significantly different from
each other (estimated marginal means, p < 0.05).

Population Water Ledprona @ 5.56 × 10−7 g/L Ledprona @ 6.62 × 10−1 g/L

Maine 0.16 a ± 0.04 0.78 b ± 0.06 1.00 ± 0.00
Minnesota 0.06 b ± 0.04 0.98 a ± 0.02 1.00 ± 0.00
New York 0.04 c ± 0.04 0.16 d ± 0.06 0.58 ± 0.14

Oregon 0.16 a ± 0.06 0.68 bc ± 0.08 1.00 ± 0.00
Virginia 0.14 ab ± 0.05 0.94 ac ± 0.04 1.00 ± 0.00
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Table 5. ANOVA statistics for mortality and foliage consumption by Colorado potato beetle larvae in
2021 experiments.

Parameter Factor in ANOVA Degrees of
Freedom

Water Ledprona
@ 5.56 × 10−7 g/L

Ledprona
@ 6.62 × 10−1 g/L

F p F p F p

Mortality Population 4, 180 14.58 <0.001 39.43 <0.001 47.22 <0.001
Time 8, 180 8.04 <0.001 68.43 <0.001 176.31 <0.001

Population × Time 32, 180 1.19 0.231 6.67 <0.001 5.38 <0.001
Total leaf

consumption Population 4, 20 19.07 <0.001 5.82 0.002 16.35 <0.001

Per day per beetle Population 4, 180 61.31 <0.001 20.94 <0.001 38.09 <0.001
consumption Time 8, 180 116.72 <0.001 4.11 <0.001 6.9 <0.001

Population × Time 32, 180 4.63 <0.001 2.28 <0.001 1.97 0.003
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Figure 3. Mortality of Colorado potato beetles from geographically isolated populations in 2021
experiments. (A) Mean daily mortality on control potato leaves treated with distilled water. (B) Mean
daily mortality on potato leaves treated with the low concentration (5.56 × 10−7 g/L) of ledprona
and corrected using Abbott’s formula. (C) Mean daily mortality on potato leaves treated with the
high concentration (6.62 × 10−1 g/L) of ledprona and corrected using Abbott’s formula. Error bars
denote standard error about the mean.
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The total leaf area consumed across the nine-day bioassay significantly differed
among locations for larvae fed leaves treated with distilled water, with larvae from Min-
nesota and New York eating more foliage than larvae from the other three populations
(Tables 5 and 6A). In the presence of the low concentration of ledprona, larvae from
New York ate more compared to the larvae from all other populations except Oregon
(Tables 5 and 6A). Similarly, the New York population remained the most voracious on the
potato leaves treated with the high concentration of ledprona (Tables 5 and 6A).

Table 6. Consumption of excised potato foliage (mean cm2 eaten ± SEM) treated with distilled
water and two concentrations of ledprona by Colorado potato beetle larvae in 2021 experiments. The
corresponding ANOVA results are shown in Table 5. Means followed by the same letters were not
significantly different from each other (estimated marginal means, p < 0.05).

Population Water Ledprona @ 5.56 × 10−7 g/L Ledprona @ 6.62 × 10−1 g/L

A. Total consumption during the experiment
Maine 204.20 b ± 11.29 45.43 b ± 7.51 25.09 cd ± 3.83

Minnesota 430.95 a ± 28.23 79.84 b ± 24.22 41.20 ab ± 4.70
New York 426.13 a ± 22.00 272.36 a ± 50.77 142.85 a ± 40.32

Oregon 195.33 b ± 16.26 73.22 ab ± 11.73 14.19 d ± 3.42
Virginia 307.55 b ± 28.06 54.03 b ± 10.83 27.91 bc ± 3.54

B. Daily consumption per living beetle
Maine 2.26 c ± 0.13 0.82 b ± 0.16 0.38 c ± 0.05

Minnesota 4.48 a ± 0.30 1.31 b ± 0.33 0.73 b ± 0.12
New York 4.28 a ± 0.21 2.97 a ± 0.49 1.87 a ± 0.30

Oregon 2.14 c ± 0.18 1.84 a ± 0.35 0.27 d ± 0.04
Virginia 3.32 b ± 0.32 0.85 b ± 0.14 0.43 bc ± 0.06

The untreated larvae from Minnesota and New York had the highest daily leaf con-
sumption per individual, followed by larvae from Virginia, and then, by larvae from Maine
and Oregon (Tables 5 and 6B). The low dose of ledprona had a stronger effect on the feeding
by surviving larvae from Minnesota, Maine, and Virginia than on the feeding by surviving
larvae from New York and Oregon (Tables 5 and 6B). While the daily leaf consumption by
the surviving larvae from the New York population was reduced by the high concentra-
tion of ledprona, it was relatively more tolerant to exposure to the high concentration of
ledprona than larvae from other locations (Tables 5 and 6B).

Similar to 2020, there was a general trend towards higher foliage consumption from
the first to the last day of the experiment in control treatments in the absence of ledprona. A
similar foliage consumption trend was observed for the larvae from New York and Oregon
populations ingesting the low dose of ledprona. Only New York larvae increased feeding
when ingesting the high dose, but the amount of consumed foliage plateaued at a steady
state of much reduced feeding compared to the water control (Figure 4; Table 5).



Agriculture 2023, 13, 2283 9 of 13Agriculture 2023, 13, x FOR PEER REVIEW 9 of 13 
 

 

A

1 2 3 4 5 6 7 8 9
0
1
2
3
4
5
6
7
8
9

10

B

1 2 3 4 5 6 7 8 9

M
ea

n 
Le

af
 A

re
a 

C
on

su
m

ed
 (c

m
2 )

0

1

2

3

4

5

6

C

Day of Experiment
1 2 3 4 5 6 7 8 9

0

1

2

3

Maine
Minnesota
New York
Oregon
Virginia

 
Figure 4. Per beetle consumption of potato leaves by Colorado potato beetles from geographically 
isolated populations in 2021 experiments. (A) Control leaves treated with distilled water. (B) Leaves 
treated with the low concentration (5.56 × 10−7 g/L) of ledprona, and (C) Leaves treated with the high 
concentration (6.62 × 10−1 g/L) of ledprona. Error bars denote standard error about the mean. 

4. Discussion 
Ledprona was toxic to the Colorado potato beetles collected from different geo-

graphic areas and subsequently tested in this study. Although there was statistically sig-
nificant variation in the extent of that sensitivity, only the New York population distinctly 
stood out as having lower susceptibility. The New York larvae also had higher survivor-
ship and better appetite than several other populations in the absence of ledprona. Being 
overall more fit or healthier than the other populations may have at least partially contrib-
uted to their lower susceptibility to RNAi. Although rare, tolerance to environmental 
stressors through superior general fitness has been previously reported. For example, 
Groden and Casagrande [9] were able to select a Colorado potato beetle strain that laid 
1.7 times more eggs compared to the unselected strain when fed on cultivated S. tu-
berosum. The fecundity of the selected strain was significantly reduced on an unfavorable 
wild host Solanum berthaultii Hawkes. Despite that reduction, however, it was still not sig-
nificantly different from that of the unselected strain on S. tuberosum. 

A study performed with the Colorado potato beetle populations collected from sev-
eral geographically isolated locations across Europe also identified one population with 
distinctly reduced response to dsRNA targeting actin [16]. In both studies, most 

Figure 4. Per beetle consumption of potato leaves by Colorado potato beetles from geographically
isolated populations in 2021 experiments. (A) Control leaves treated with distilled water. (B) Leaves
treated with the low concentration (5.56 × 10−7 g/L) of ledprona, and (C) Leaves treated with the
high concentration (6.62 × 10−1 g/L) of ledprona. Error bars denote standard error about the mean.

4. Discussion

Ledprona was toxic to the Colorado potato beetles collected from different geographic
areas and subsequently tested in this study. Although there was statistically significant
variation in the extent of that sensitivity, only the New York population distinctly stood
out as having lower susceptibility. The New York larvae also had higher survivorship and
better appetite than several other populations in the absence of ledprona. Being overall
more fit or healthier than the other populations may have at least partially contributed to
their lower susceptibility to RNAi. Although rare, tolerance to environmental stressors
through superior general fitness has been previously reported. For example, Groden
and Casagrande [9] were able to select a Colorado potato beetle strain that laid 1.7 times
more eggs compared to the unselected strain when fed on cultivated S. tuberosum. The
fecundity of the selected strain was significantly reduced on an unfavorable wild host
Solanum berthaultii Hawkes. Despite that reduction, however, it was still not significantly
different from that of the unselected strain on S. tuberosum.

A study performed with the Colorado potato beetle populations collected from sev-
eral geographically isolated locations across Europe also identified one population with
distinctly reduced response to dsRNA targeting actin [16]. In both studies, most differences
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were relatively small while variation was often high. However, in the present study, there
was a detectable natural variation in sensitivity to ledprona in populations without prior
history of exposure to this biological pesticide.

In both years, we observed differences in mortality and foliage consumption among
the Colorado potato beetle populations, even in the absence of ledprona. Chen et al. [10]
also found geographic variation in several fitness parameters of the Colorado potato beetle
that they measured in the laboratory. Moreover, Baker et al. [10] reported different rates of
cannibalism in geographically isolated Colorado potato beetle populations. Nevertheless,
interpopulation differences remained detectable for the beetles feeding on the foliage treated
with ledprona when treatment mortality was corrected for control mortality using Abbott’s
formula and when foliage consumption was adjusted for the number of surviving beetles.
Therefore, these differences could not be entirely explained by background variation in
performance on untreated foliage.

The Colorado potato beetle population from upstate New York was consistently less
affected by ledprona in both years. The difference in ledprona susceptibility was more
pronounced during the 2021, bioassay wherein the larvae from all populations had a much
stronger response to the higher concentration of ledprona. The average mortality of New
York larvae fed on foliage treated with the high concentration of ledprona was 25% in 2020
and 50% in 2021. For all other populations, pretty much all beetles died over the nine-day
bioassay when exposed to the same concentrations as New York larvae (Figure 3B).

Insecticide susceptibility is known to differ among geographically and genetically
distinct populations of Colorado potato beetles [5,8], as well as among the populations
of other insect species. For example, Main et al. [24] reported differences in insecticide
resistance in Anopheles coluzzii Coetzee and Wilkerson due to genetic variation, in particular,
the expression of P450 genes. Similarly, Soleño et al. [25] showed significant variation in
the median lethal dose of an organophosphate among geographically distinct populations
of Cydia pomonella (L.).

Even excluding the larvae from New York, the other populations tested in this study
still varied in their responses to ledprona in both years. Feeding on potato leaves treated
with the high concentrations of ledprona in 2021 resulted in high mortality for larvae
from the four assessed populations. At the same time, feeding on leaves treated with the
lower concentration for nine days killed almost all larvae from Minnesota and Virginia but
not larvae from Maine and Oregon. The beetles from Minnesota and Virginia may have
been more susceptible to ledprona. These populations were only assessed in 2021, having
replaced the Washington and Wisconsin populations in the assay. The Oregon population
was somewhat less susceptible to low and high concentrations of ledprona in both 2020
and 2021 compared to the other tested populations, except the one from New York.

The trends in leaf consumption generally followed the trends in mortality, with a
decrease in feeding preceding an increase in mortality. However, similar proportions of
larvae from Oregon and Maine died when ingesting the low concentration of ledprona in
2021, but their per larva feeding rates were very distinct from each other. Additionally,
larvae from New York and Oregon consumed similar amounts of foliage treated with the
low concentration of ledprona per larva, even though their mortalities were significantly
different in the same treatment. Along the same lines, the Oregon and New York larvae
fed on leaves treated with the high concentration of ledprona had similar per larva feeding
rates but significantly different corrected mortality. In the field, suppressed feeding reduces
the damage to potato crops. Moreover, it is likely to further debilitate the affected beetles
and increase their susceptibility to natural enemies and other environmental influences.

For the larvae feeding on potato foliage treated with the low dose of ledprona, leaf
consumption spiked on days 7, 8, and 9 for Wisconsin beetles in 2020 (Figure 2B) and for
Oregon beetles in 2021 (Figure 4B). No such spikes were noticeable for the same populations
fed on control leaves (Figures 2A and 4A, respectively) or on leaves treated with the high
dose of ledprona (Figures 2C and 4C, respectively). It is possible that there was a hermetic
effect of a low dose of ledprona that stimulated beetle voracity. Hormesis in response
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to pesticides is fairly common in insects (e.g., [26,27]), including the Colorado potato
beetle [28]. If this is indeed the case for ledprona, it highlights the importance of using high
field rates for protecting potato crops from Colorado potto beetle damage.

The variation in responses to ledprona among populations of Colorado potato beetle
may manifest itself in physiologically distinct ways for mortality and leaf consumption.
The surviving beetles in some populations may be more likely to continue feeding on the
foliage treated with ledprona than surviving beetles in other populations. The same may
apply to other sublethal responses to RNAi. Significant differences in RNAi susceptibility
were reported for populations of the migratory locust, Locusta migratoria (L.), with distinct
phylogenetic origins. Resistance was dominant and probably polygenic. However, the
expression levels of nine genes known to be associated with RNAi in other species were
not correlated with the observed differences in susceptibility [15]. Similarly, the migratory
history and phylogenetic origin of Colorado potato beetle populations may affect their
insecticide resistance and susceptibility to RNAi. Colorado potato beetles are known to
produce dsRNAases in their gut that can rapidly degrade ingested dsRNA molecules [11].
However, the exact mechanisms underlying the differences observed in this study still need
to be determined.

The significant variation in ledprona sensitivity among beetle populations highlights
the importance of monitoring insecticide efficacy locally. Applying insecticides at a full
field use rate (high enough dose to kill the individuals that are heterozygous at the resistant
allele) is one of the key components of a successful resistance management approach for
the Colorado potato beetle. In addition, ledprona (or other RNAi based insecticides) must
be used in a rotation with other modes of action in order to ensure the sustained utility of
this technology given the genetic variability that exists amongst CPB populations [4,29].

Although the New York larvae displayed relatively lower susceptibility to ledprona at
the doses used across two years of laboratory studies, they still suffered decreased feeding
and increased mortality compared to their control. Furthermore, the New York population
was still controlled in field studies (B.M., unpublished data). Field use rate is higher than
the laboratory rates tested in this study. Furthermore, multiple stressors, such as natural
enemies, wind, rain, etc., are present in the field but not under laboratory conditions. Their
combined action may substantially increase the mortality of the intoxicated beetles. This
indicates that ledprona is a new excellent option for controlling geographically distinct
Colorado potato beetle populations.
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