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Abstract
The Colorado potato beetle (CPB), Leptinotarsa decemlineata (Say), is widely consid-
ered as the most serious insect defoliator of potato plants (Solanum tuberosum L.). The
CPB can completely destroy potato crops and cause tremendous yield losses if left
uncontrolled. For decades, CPB populations have been suppressed mainly by chemical
insecticides. However, this insect’s diverse and flexible life history, combined with its
remarkable adaptability to a variety of stressors, makes the CPB a very challenging pest
to control. Potato foliage, which contains high amounts of volatile and non-volatile
chemicals, is the CPB’s main food source. Researchers indicated that variations in the
feeding performance and abundance of this beetle are attributable to the quality and
quantity of chemical components in the host plant foliage. This review investigated the
effects of volatile chemicals, carbohydrates, amino acids, glycoalkaloids, and mineral
elements in potato foliage on the feeding behaviour and performance of the CPB. In
general, the chemical components in potato foliage could enhance or reduce the feeding
of the CPB. Altering the chemical composition of potato foliage could be an interesting
alternative to reduce the use of insecticides to manage CPB populations in potato crops.
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Introduction

The Colorado potato beetle (CPB), Leptinotarsa decemlineata (Say), is one of the most
destructive insect pests of potato crops (Solanum tuberosum L.) (de Ladurantaye et al.
2010). Approximately 40 cm2 of potato leaves can be consumed by a single beetle
during the larval stage, and close to 10 cm2 of foliage is consumed per day during the
adult stage (Ferro et al. 1985). In North America, potential potato yield losses have
been estimated at 30 to 50% due to uncontrolled CPB populations (Boiteau 2010).
Although the scientific community and commercial producers have paid a great deal of
attention to the CPB, it remains a real threat to the potato industry in already colonized
potato growing areas and continues to expand its geographic range into new regions of
the world.

Colorado potato beetle populations are usually suppressed by means of chem-
ical insecticides, which are likely to remain the predominant approach for the
foreseeable future (Alyokhin 2009). Over the years, the CPB has rapidly devel-
oped resistance to most registered chemical insecticides. Many other control
approaches have also been attempted in the past decades. For example, crop
rotation is an effective and easily implemented cultural practice for controlling
this pest (Wright 1984). However, the lack of annual rotation in North America
has been the primary limiting factor for managing this beetle (Alyokhin et al.
2015). Moreover, Khelifi et al. (2007) have reviewed many physical control
methods , including physica l barr iers and thermal , pneumat ic , and
electromagnetic control. However, none of these approaches can be applied
alone to successfully manage the CPB on a large scale. In recent years, genetic
technology was applied as an alternative to chemical pesticides. Zhang et al.
(2015) used long double-stranded RNAs to trigger a lethal RNA interference
and disorder the essential gene expression in the body of the CPB. The drawback
of this technology is that it is difficult to implement under real-field conditions
because the targeted RNAs are hampered by the presence of the endogenous plant
RNAi pathway. Another frequently used method is to make host plants express
toxic proteins in their leaves in order to reduce CPB population. Cingel et al.
(2017) transformed three potato cultivars (Desiree, Dragacevka, and Jelica)
through adding rice cystatin oryzacystatin I and II genes and observed that the
co-expression of the proteinase inhibitors oryzacystatin I and II could decrease
plant damage caused by CPB. So far, transgenic crops are not yet popular with
customers because it is unknown how safe they are.

During its life cycle and development process, the CPB requires a huge quantity of
nutrients for its growth from larva to adult. All the required nutrients come from host
plants via the CPB’s feeding behaviours. Previous studies have determined that the
feeding behaviour of the CPB is attributed to the nutrients’ quality and quantity
although other factors, such as air temperature, are also important. Hsiao and
Fraenkel (1968) carried out a lab test using agar media to evaluate the effects of
different nutrients on the CPB’s feeding behaviour and observed that sucrose and
several amino acids (alanine, γ-aminobutyric acid, and serine) elicited marked feeding
behaviour in CPB larvae. Furthermore, the lack of specific food materials in the tissues
of some resistant plants may explain why those plants have a detrimental effect on the
CPB growth (Cibula et al. 1967). Except for foliar nutrients, there are also some toxic

158 Potato Research (2019) 62:157–173



chemicals, such as glycoalkaloids and non-protein amino acids, that can inhibit CPB
feeding. Therefore, the chemical composition (nutrients and toxic chemicals) of host
plants can affect the CPB’s growth and feeding behaviour. The objective of this review
was therefore to provide an in-depth look at the impact of foliar chemicals (volatiles
and non-volatiles) on CPB growth and development.

Life Cycle of the Colorado Potato Beetle

The complete life cycle of the CPB consists of four stages (Fig. 1). At the end of
summer, a considerable number of adults move outside potato fields and prepare for
overwintering diapause (De Kort 1990). They burrow themselves into the soil to an
average depth of 20 to 25 cm (Casagrande 2014), even reaching as far as 120 cm in
severe climates in Canada (Khelifi et al. 2007). In the spring, the overwintered adults
emerge from the ground when the air temperature exceeds 10 °C and begin searching
for host plants in order to obtain the essential nutrients for their development (Jansson
and Smilowitz 1985). After colonizing host vegetation, the overwintered adults begin
feeding. Once well fed, the females lay orange eggs on the underside of potato leaves.
The eggs are generally laid in clusters of 20 to 30 eggs each (Khelifi et al. 2007). The
CPB is very prolific, and a single female could lay approximately 300 to 800 eggs over
its lifespan (Harcourt 1971). The eggs normally hatch within 1 week, and red-coloured
larvae with some blackish spots emerge. These larvae go through four stages during a
3-week period, reaching their full development at a length of 0.5 to 1.25 cm. When the
fourth instar larva ceases feeding, it drops on the ground and burrows into the soil to
pupate. Adult beetles emerge from below ground 1 to 2 weeks later to complete their
life cycle. Depending on the climate conditions and food availability, one to four
generations of CPB can occur during a single year.

Fig. 1 Life cycle of the Colorado potato beetle: (1) eggs, (2) larvae, which go through four stages, (3) pupae,
and (4) adults (Maharijaya and Vosman 2015)
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Chemical Composition of Potato Foliage

After emerging from the ground in spring, CPBs begin searching for host plants in
order to find the nutrients essential for their development. In this context, volatile
chemicals from the host plants play an important role in host plant recognition and
acceptance. Once they inhabit the plants, the CPBs begin feeding and require a
huge quantity of nutrients for their growth and development. The feeding behav-
iours of the CPB are attributed to the quality and quantity of the chemical
composition of the host plants (Hsiao and Fraenkel 1968). Therefore, it would
be worthwhile to review the chemical composition of host plant foliage, including
volatile and non-volatile chemicals. Characterizing and quantifying these
chemicals is the starting point for the eventual repression of the CPB. Altering
the chemical composition of potato leaves without affecting the quality and yield
of tubers could therefore represent an interesting alternative to reduce the use of
chemical insecticides to manage the CPB populations.

Some volatile chemicals of potato leaves have been identified as the main
components of potato odour to attract the CPB by stimulating its olfactory
receptors, namely (E)-2-hexen-1-ol, (Z)-3-hexen-1-ol, 1-hexano, (E)-2-hexenal,
hexanal, and (Z)-3-hexenyl-acetate (Visser 1979; Dickens 2002). The concentra-
tions of these volatile chemicals in potato leaves are closely related to many
factors. Agelopoulos et al. (1999) observed that the variation in volatile chemicals
was dependent on the mechanical damage of potato leaves. The volatiles of (Z)-3-
hexenal, (E)-2-hexenal, and (Z)-3-hexen-1-ol were released in high amounts after
potato leaf damage when compared to intact leaves. The emission of volatile
compounds was also affected by the potato cultivar. Vancanneyt et al. (2001)
reported that 187.4 nmol (E)-2-hexenal was released from 24 plants in 30 min for
cultivar Desiree but no (E)-2-hexenal emission was detected from potato cultivar
Granola (Schuetz et al. 1997). However, very little information related to the
variation of these components in potato leaves during the entire growing season
between different cultivars was found in the literature.

The carbohydrates in potato foliage vary significantly according to the leaf age. As a
major carbohydrate, sucrose concentrations reach their highest point in the oldest potato
foliage (Fig. 2). However, glucose and fructose concentrations peak at about 60 days
after potato plant emergence in the fruit development stage (Kolbe and Stephan-
Beckmann 1997). For each growing day, the sugar content reaches its peak value in
the afternoon and drops to its lowest point before sunrise (Kolbe and Stephan-
Beckmann 1997). This variation is mainly due to the sugar metabolism process, which
depends on photosynthesis and respiration in higher plants. Additionally, the carbohy-
drates concentrations in potato leaves were affected by cultivation practice, such as
nitrogen (N) fertilization and cultivar. Braun et al. (2016) reported that more sugars
accumulated in potato leaves when N rate increased from 0 to 300 kg N ha−1. Potato
cultivar is also an important factor to affect the carbohydrates concentrations in leaves.
Lafta and Lorenzen (1995) found that potato cultivars Norchip and Up-to Date have
different carbohydrates accumulation capacity because they have different sensitivity to
climatic conditions, such as air temperature.

The quantity of amino acids in potato foliage varies seasonally. According to
Cibula et al. (1967), the content of amino acids is one to five times higher in
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young potato plant foliage than in senescent foliage. A similar result was obtained
by Domek et al. (1995), who indicated that concentrations of amino acids are
higher in young than in older foliage. However, Kolbe and Stephan-Beckmann
(1997) showed that the contents of amino acids increase at the end of the growing
season owing to the catabolism of protein in the leaves. To explore the variation in
amino acid content, Karley et al. (2002) compared young and old potato leaves
and indicated that young plants are mainly composed of non-essential amino acids
(glutamine, asparagine, serine, and threonine), while old foliage is dominated by
the essential amino acids (arginine, histidine, isoleucine, leucine, lysine, methio-
nine, phenylalanine, threonine, tryptophan, and valine). In practical terms, the
metabolism of amino acids in potato foliage is a complex process that depends
on various elements, such as weather conditions and mineral fertilizers (Miflin and
Lea 1977; Foyer et al. 2003; Muttucumaru et al. 2013).

The major glycoalkaloids found in potato plants are a mixture of α-chaconine and
α-solanine (Friedman 2004) and their concentration ratios range from 2:1 to 7:1
(Speijers 1998; Bejarano et al. 2000). In potato leaves, the glycoalkaloids reach their
maximum concentration early in the growing season, and decrease markedly thereafter
in older leaves (Peferoen et al. 1981). The highest levels of glycoalkaloids are found in
the tissues of new leaves, fruits, flowers, and sprouts because they have the highest
metabolic activity (Friedman et al. 1997). The concentration of glycoalkaloids in plants
is partially sensitive to stress, such as mechanical wounding and light exposure
(Petersson et al. 2013).

Inorganic salts are a crucial part of plant nutrition and their presence plays an
important role in the healthy growth of plants. An excess or deficiency of inorganic
salts in potato tissues may disturb the metabolism or favour plant pathogens. Taking
potassium as an example, Subhani et al. (2015) investigated three potato cultivars (FD
8-1, N-22, and SH788) and found a decreasing tendency over time in all potato
cultivars. Although other mineral salts are also important in potato plant resistance,
there is not much related information from previous research.

Fig. 2 Variations in sucrose, glucose, and fructose in potato foliage as a function of days after emergence
(Kolbe and Stephan-Beckmann 1997). DM, dry matter
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Roles of Chemical Composition in the Management of the Colorado
Potato Beetle

Leaf Surface Chemicals

Many kinds of volatile chemicals can be biosynthesized in plant leaves, releasing
different odours. These odours play an important role for herbivorous pests searching
for food sources. Regarding the CPB, this insect pest begins searching for food
immediately after emergence from the ground in spring. It identifies the different
odours through its olfactory system and then locates the preferred plants. It is well
established that these odours come from volatile chemicals in the plants (Wilde et al.
1969).

It is well known that the CPB prefers potato crops, followed by eggplants and
tomatoes (Hitchner et al. 2008). The main reason is probably that different plants
contain different volatile chemicals and release different odours. Some odours can
enhance the interest of the beetles, and others may be repulsive to them. Mitchell and
McCashin (1994) studied the response of galeal sensilla to volatile chemicals (Fig. 3)
and found that the primary alcohols (hexanol and heptanol) and other components, such
as the monounsaturated (Z)- and (E)-isomers of hexen-1-ol and (E)-2-hexenal strongly
appeal to the CPB. However, some other volatiles, such as β-caryophyllene and β-
selinene, produced little response in the CPB (Visser 1979; Dickens 2002). On the other
hand, the quantity of volatiles in plants is also important during host plant recognition.
It is well known that the CPB shows different degrees of attraction depending on the
age and damage conditions even in the same plants. Bolter et al. (1997) found that the
CPB prefers potato plants of 5 to 6 weeks old over those of 2 to 3 weeks old, and the
damaged plants become more attractive to CPB than undamaged plants (Schuetz et al.
1997). This could be explained by the larger quantity of volatile chemicals in injured
plants, which is seven to ten times higher than in healthy plants (Bolter et al. 1997).
Overall, the relationship between volatile chemicals and the CPB’s feeding behaviour is
complex. Thiery and Visser (1995) indicated that starved beetles showed more sensi-
tivity to potato volatile chemicals compared with fed beetles, and some starved CPBs
were even attracted to undamaged potato plants (Visser 2011). This phenomenon
suggests that hunger is also an important factor in determining the final food source
selection for the CPB. Further studies should be conducted to consider all aspects of
climate, plant cultivation, and the life habits of the CPB related to the search for food.

After CPB arrives on the host plants, its feeding begins to be closely related to the
cuticular waxes on the leaf surface. Szafranek et al. (2008) stated that cuticular waxes
may be involved in host plant recognition by the CPB. Prüm et al. (2013) reported that
cuticular waxes covering the plant leaf surface have strongly reduced the ability of
insects to cling to them. The possible reasons are (1) the cuticular waxes may make the
leaf surface smooth, preventing the beetles from gripping firmly; and (2) the waxes
have anti-adhesive properties and they can interact with the insect’s adhesive fluid,
resulting in a slippery leaf surface. However, Harrison (1987) indicated that some
cuticular waxes, such as sterol of cholesterol, b-sitosterol, and stigmasterol, stimulate
CPB feeding. Szafranek et al. (2008) studied the cuticular wax composition of potato
leaves and found that alkanes, sesquiterpene hydrocarbons, wax esters, benzoic acid
esters, fatty acid methyl, ethyl, isopropyl and phenylethyl esters, aldehydes, ketones,
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methyl ketones, fatty acids, primary alcohols, b-amyrin, and sterols did not affect adult
CPB feeding. Also, alkanes, sesquiterpene hydrocarbons, wax esters, methyl ketones,
sesquiterpene alcohols, and secondary alcohols had no effect on larval CPB feeding.

Overall, foliage chemicals, including volatiles and cuticular waxes, are the critical
components in the host plant search and recognition process of the CPB. These
chemicals are also influenced by many factors, such as the cultivar (Szafranek and
Synak 2006), the circumstance conditions (temperatures, water stress, and photosyn-
thetic radiation), and plant damage (Shepherd and Griffiths 2006).

Carbohydrates

The CPB adults begin feeding on the leaves immediately after successfully damaging
the cuticular waxes on the leaf surface. During this process, the nutrients in host plant
foliage are essential for CPB growth. Hsiao and Fraenkel (1968) showed that nutrients
can elicit marked feeding responses in CPBs and that the absence of specific food
elements in plant tissues can inhibit the beetles’ growth. Sugars, a series of carbohy-
drate nutrients in potato foliage, play a significant role in CPB development and growth
(Weeda et al. 1979). This significant role was mainly referred to as (1) promoting
feeding behaviours (Mitchell 1974); (2) serving as an energy source during flight
(Arrese and Soulages 2010); (3) providing energy for CPB diapause (Lefevere et al.
1989); and (4) tolerating thermal stress, particularly in high latitudes (Storey 1997). The
importance of sugars to CPB feeding was studied decades ago. A summary of the
effects of sugars on the CPB feeding is presented in Table 1.

The quantity and quality of sugar-related compounds in potato foliage have a
significant effect on the feeding behaviour of the CPB. Hsiao and Fraenkel (1968)
conducted an agar-medium culture test to examine the response of CPB feeding
performance to various sugars and related compounds. They reported that sucrose

Fig. 3 Scanning electron micrograph showing the front view of the head of an adult Colorado potato beetle,
with mandibles and antennal flagella removed. ANT, antennal scape; LB, labrum; MD, base of mandible; MP,
maxillary palp; LP, labial palp; GA, galea; E, compound eye (Mitchell and Harrison 1984)
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can stimulate and promote feeding behaviour in the CPB, while fructose and glucose
have little effect on the development of the CPB. These results may be attributed to the
sensitivity of the sensilla, present on the galeae of the CPB (Fig. 3). There are many
sensilla and all of them are sensitive to sucrose (Mitchell and Harrison 1984). There-
fore, some sugars can enhance the feeding of the CPB and provide energy for the
beetle’s growth.

A previous study on the variation of sugars in potato foliage showed that the
sucrose content increases throughout the potato growing season, with a sharp
increase in the first 40 days after potato plant emergence (Kolbe and Stephan-
Beckmann 1997); that increase could be related to the rapid development of CPB
populations from the larval stage to adulthood (Hsiao and Fraenkel 1968). However,
fructose and glucose were found to have little effect on CPB development (Hsiao
and Fraenkel 1968).

For the CPB, flight is more important than walking for the colonization of new
habitats and also for escaping from hostile environments (Weber and Ferro 1994).
It is well established that flight muscles meet their energy requirements by
carbohydrate consumption. Weeda et al. (1979) reported that carbohydrates such
as glycogen and glucose are decreased in the flight muscles of the CPB, which
indicates that these carbohydrates provide energy for flight. Furthermore, the
glucose concentration in the flight muscles of the CPB was found to be reduced
during starvation as well, which supports the idea that CPB flight muscles have
the capacity to utilize carbohydrates when there is a lack of food (Weeda et al.
1979). Lack of necessary carbohydrates may incapacitate the CPB during flight
for food searches (Arrese and Soulages 2010). Moreover, insufficient energy
sources may shorten the diapause period and result in death under unfavourable
conditions (Lefevere et al. 1989). Further studies should be conducted to clarify
the impacts of potato leaf carbohydrates on CPB growth for the purpose of
reducing its population.

Amino Acids

Protein Amino Acids

Protein amino acids refer to the basic 20 standard genetic code amino acids and
are the building blocks of protein biosynthesis in organisms (Lu and Stephen

Table 1 Effects of sugars on the feeding of the Colorado potato beetle

Chemical composition CPB stage Role Activity Source

Glucose

Larvae

Stimulation of feeding
0.01 mol/L

Hsiao and Fraenkel 1968

Sucrose Hsiao and Fraenkel 1968, Mitchell 1974

Maltose

Hsiao and Fraenkel 1968

Arabinose

Raffinose 0.1 mol/L

Rhamnose

No stimulation —
Ribose

Xylose

Fructose

a

a Hsiao and Fraenkel (1968) used 9 mL of agar medium (4% bacto-agar and 4% cellulose) mixed in a 5.5-cm
petri-dish with the test substance dissolved in 1mL distilled water while Mitchell (1974) used a final
concentration of 2% agar-cellulose in 0.08 M NaCl instead of 4% agar-cellulose.
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2006). It is well known that protein amino acids are essential for the CPB as well
(Dortland and de Kort 1978). The actual concentration of amino acids reflected the
steady state among protein synthesis, proteolysis, and transport processes to and
from the organs involved. Tomlin and Sears (1992) reported that CPB populations
vary greatly when they receive different categories and concentrations of amino
acids. If amino acids are deficient, some problems could occur in terms of protein
metabolism and some protein deficiency diseases in beetles may appear subse-
quently (Lee et al. 2008). The lack of essential amino acids in the tissues of potato
leaves may have detrimental effects on CPBs growth, including lengthening the
pupation period (Cibula et al. 1967).

Protein amino acids also affect the feeding behaviour of CPBs. Hsiao and Fraenkel
(1968) reported that protein amino acids could serve as effective feeding stimulants for
the CPB. Several aliphatic amino acids (glycine, alanine, serine, and valine), the sulfur-
containing amino acid cysteine, and the heterocyclic amino acid proline can elicit
marked feeding responses and promote CPB development (Hsiao and Fraenkel
1968). Some amino acids (leucine and isoleucine) could serve as stimulants to promote
the beetle’s growth when their content in potato foliage reaches a relatively high level
(Hsiao and Fraenkel 1968; Domek et al. 1995). In addition, protein amino acids are
beneficial for the CPB during diapause and flight. For example, proline might have a
cryoprotective function during diapause (Lefevere et al. 1989). It can also provide
energy during the CPB’s flight in search of food. Brouwers and de Kort (1979)
observed a significant decrease in the proline and glutamate content during flight with
a concomitant accumulation of alanine. This indicates that proline and glutamate stored
in the muscles may represent two energy amino acids for the CPB, and they form
alanine subsequently through the transamination pathway. However, not all amino
acids can induce such positive stimulation. The amino acids lysine, arginine, and
histidine were found to have little or no effect on the feeding behaviour of the CPB
(Hsiao and Fraenkel 1968). It was concluded that protein amino acids are essential for
CPB growth, influencing feeding and flight behaviours. Although the CPB has been
evolving and adapting to diverse climates, it also requires a considerable amount and
high quality of protein amino acids for its health. A better way to control the CPB may
be to find a cultivar that accumulates more protein amino acids in the tubers and less in
the host plant leaves.

Non-protein Amino Acids

Generally, the non-protein amino acids are analogs or derivatives of genetic code amino
acids. They are common in plants and are usually used to protect plants against insects
(McSweeney et al. 2008). The toxicity of non-protein amino acids is related to their
ability to replace a protein amino acid in a metabolic pathway or biological process
after being absorbed by insects. They are easily misincorporated into proteins, making
them nonfunctional or toxic, although the protein synthesizing machinery can discrim-
inate between the protein and non-protein amino acids. Some non-protein amino acids
can even block the synthesis or uptake of protein amino acids (Singh 2018).

Canavanine, an arginine analog, plays a pivotal role in plant chemical defence
against herbivorous insects (Rosenthal 2001). Nakajima et al. (2001) stated that
canavanine is highly toxic to a wide range of organisms including bacteria, fungi,
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algae, and insects. Incorporating canavanine instead of arginine is considered a
major mode of action and would produce structurally aberrant proteins and then bring
toxicity to insects, such as Manduca sexta and Heliothis virescens (Rosenthal and
Dahlman 1986; Berge et al. 1986). However, little information was found in the
literature about the toxicity of canavanine to the CPB. Due to its toxicity to many
other insects, more studies should be carried out to investigate the relationship between
canavanine and the CPB growth and feeding behaviours.

The GABA is another important non-protein amino acid. Huang et al. (2011)
reported that the presence of GABA in plants could reduce the growth and
survival of herbivorous insects. The deleterious effects of GABA on insects
result from the inhibition of GABA-gated chloride channels that are important
in the peripheral nervous system of insects (Hosie et al. 1997). However, this
inhibition may not be applicable to the CPB. Mitchell (1974) compared the
responses of fourth instar larva to GABA and found that it was slightly more
stimulatory than other amino acids in the same concentrations. This stimulation
was caused by the presence of amino acid-sensitive cells in the sensilla on the
galea and palpal tips (Fig. 3) (Mitchell and Harrison 1984). Over time, the CPB
had already succeeded in developing resistance to toxic proteins. Rivard et al.
(2004) studied CPB resistance to proteinase inhibitors. These inhibitors can
damage the digestive proteolytic functions, which can be recovered after several
generations. The development of such a resistance suggests that using non-
protein amino acids to control the CPB may be limited under natural condi-
tions. The effects of protein and non-protein amino acids on the feeding of
CPB are presented in Table 2.

Glycoalkaloids

The α-chaconine and α-solanine are two major components of glycoalkaloids,
which are a series of secondary metabolites and are produced in every plant organ.
Generally, glycoalkaloids serve as stress metabolites or phytoalexins for protection
against insects (Singh 2018). Sablon et al. (2013) mentioned that glycoalkaloids in
plant foliage can inhibit the feeding behaviour and performance of the CPB. A
similar result was obtained by Jonasson and Olsson (1994), who indicated that the
high levels of glycoalkaloids in host plant foliage are the key factor in preventing
larval feeding, and leaves with lower glycoalkaloid levels are more susceptible to
attack by beetles. However, Kowalski et al. (1999) reported that neither α-
chaconine nor α-solanine at concentrations commonly found in potato foliage
impaired CPB feeding performance. When they reach a high level (about 7 mg g−1

fresh weight), the glycoalkaloids can act as feeding deterrents for the CPB (Sinden
et al. 1986; Sablon et al. 2013).

Compared with α-chaconine and α-solanine, another glycoalkaloid of leptine I is
more toxic. When the concentration reaches 0.55 mg g−1 fresh weight, leptine I can
reduce the CPB feeding to about 60%, and the fatal concentration was 1 mg g−1 fresh
weight (Kowalski et al. 1999). Another alkaloid of α-tomatine reduced adult feeding to
50% at 2.0 mg g−1 fresh weight.

Glycoalkaloid-related compounds can affect insects at all levels of biological orga-
nization by disturbing cellular and physiological processes, such as by altering the

166 Potato Research (2019) 62:157–173



redox balance, hormonal regulation, and neuronal signalization, or reproducing in
exposed individuals (Chowński et al. 2016). Glycoalkaloids can act as a cell
membrane-disrupting factor to inhibit the activity of beetles (Friedman et al. 1997).
Furthermore, these glycoalkaloid-related compounds can disorder the neurons of the
chemosensory hairs on the galeae of the CPB and result in the inhibition of the CPB’s
feeding behaviour (Hollister et al. 2001). Sinden et al. (1986) believed that the toxicity
of α-chaconine and α-solanine to CPB adults and larvae was due to the acetylation
after being absorbed by the beetles. Leptine is transformed into leptinine through the
loss of the acetyl group after entering the insects’ digestive system, reducing its feeding
activity (Kowalski et al. 1999). The approach of using glycoalkaloids for CPB man-
agement is limited because the CPB would develop resistance to glycoalkaloids.
Lyytinen et al. (2007) studied the glycoalkaloid concentrations in three potato
cultivars and observed no significant difference in beetle performance related to the
glycoalkaloid content of the potato. Moreover, Armer (2004) showed that fourth
instar CPB larvae and adults neither sequester nor metabolize glycoalkaloids (solanine
and chaconine). However, many attempts at increasing glycoalkaloid contents of potato
foliage have been made in order to reduce CPB population. Lafta and Lorenzen (2000)
found that high air temperature at 32 °C could enhance potato foliar glycoalkaloid
concentrations up to 169% of that at 27 °C. Additionally, N fertilization also increased
glycoalkaloid concentration in potato plant (Mondy and Munshi 1990). Thus, air
temperature and mineral fertilization may influence the CPB behaviour through altering
glycoalkaloid content of potato leaves. As with chemical insecticides, glycoalkaloids
have to be carefully managed, and their activities against various target and non-target
species should be further studied. Table 3 summarizes the effects of glycoalkaloids on
the feeding of the CPB.

Table 2 Effects of amino acids on the feeding of the Colorado potato beetle

Chemical composition CPB stage Role Activity Source

Protein amino acids
Essential amino acids
Valine Larvae

Stimulation of feeding

0.01 mol/L a

Hsiao and Fraenkel 1968, Mitchell 1974

Threonine

Larvae, adults

0.01 mol/L, —

Isoleucine —, 0.0008 mol/L

Histidine 0.0004 mol/L

Lysine 0.0007 mol/L

Arginine 0.0006 mol/L

Leucine —, 0.0008 mol/L

Phenylalanine
Larvae — Hsiao and Fraenkel 1968

Methionine No stimulation

Non-essential amino acids
Alanine

Larvae Stimulation of feeding

0.001, 0.0008 mol/L

Hsiao and Fraenkel 1968, Mitchell 1974Asparagine 0.0007 mol/L, —

Tyrosine 0.0004 mol/L, —

Serine

0.01 mol/L

Hsiao and Fraenkel 1968

Glycine

Proline

Aspartic acid
—

Cysteine

Glutamic acid 0.001 mol/L Mitchell 1974

Non-protein amino acids
L-Canavanine — Formation of aberrant toxic protein — Nakajima et al. 2001

GABA
— Reduction of growth and survival — Huang et al. 2011

Larvae Stimulation of feeding 0.01 mol/L Mitchell 1974

a Hsiao and Fraenkel (1968) used 9 mL of agar medium (4% bacto-agar and 4% cellulose) mixed in a 5.5-cm
petri-dish with the test substance dissolved in 1mL distilled water while Mitchell (1974) used a final
concentration of 2% agar-cellulose in 0.08 M NaCl instead of 4% agar-cellulose.
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Mineral Elements

Mineral elements are a crucial part of plant nutrition and their presence plays an important
role in plant growth. An excess or deficiency in potato tissues may disturb themetabolism
or favour plant pathogens (Wang et al. 2013). Minerals also play an important role in
protecting plants from pests. For example, potassium (KCl and KH2PO4) and sodium
(NaCl) in potato leaves can act as co-factors of phagostimulants and enhance CPB
feeding (Hsiao and Fraenkel 1968). Alyokhin et al. (2005) reported that boron has a
strong negative effect on all beetle stages except for the overwintered adults, while zinc
had a consistently positive effect. Mineral elements, such as phosphorus, iron, and
manganese are also important in controlling the CPB and they can explain 40–57% of
the variation in CPB populations because they are crucial factors to maintain an optimal
nutrient balance in plants which can result in resistance to herbivory (Alyokhin et al.
2005). These minerals are inactive alone but act synergistically with other feeding
stimulants. Furthermore, Ballan-Dufrançais (2002) mentioned that the insects possess
mineral bioaccumulation structures in the cells of numerous organs. Currently, the
mineral accumulation mechanism in insects is still unclear. Further studies should focus
on the roles of mineral elements in controlling the CPB feeding behaviour.

Summary and Future Perspectives

This review investigated the responses of CPB to potato foliar chemical compositions.
It showed that these chemical compositions can stimulate or inhibit the feeding
behaviours of the CPB. Volatiles and cuticular waxes on the leaf surface affect the
recognition of the host plants by the CPB after their emergence from the ground. Sugars
and protein amino acids can stimulate feeding behaviours and increase the survival rate
of the CPB. Non-protein amino acids are used to biosynthesize toxic proteins and then
damage the digestive functions of the CPB. High concentrations of glycoalkaloids can
disorder the CPB’s neural system and then reduce its feeding capability. Finally,
mineral salts are co-factors in stimulating the feeding behaviours of the CPB while
working with other stimulants.

Today, research is still being carried out to find effective alternatives to chemicals to
control the CPB. Using nutrients in the host plants combined with naturally produced
toxic chemicals to alter feeding behaviours and eventually reduce the beetles’ population
is a promising alternative to the use of chemical insecticides to manage CPB

Table 3 Effects of glycoalkaloids on the feeding of the Colorado potato beetle

Chemical
composition

CPB
stage

Role Activity Source

Atropine – Inhibition of feeding 7.38 μg cm−2 González-Coloma et al. 2004

Leptine – Inhibition of feeding 8.2 mg g−1 dry
weight of leaf

Rangarajan et al. 2000

Leptine I – Inhibition of feeding 0.01–1 mM Hollister et al. 2001
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populations. Managing the chemical compositions of potato leaves is important to
increase the plant resistance to CPBs. When nutrients are deficient, such as amino acids
and sugar, the CPB cannot biosynthesize enough protein and also lacks energy for its
activity and diapause. Sufficient toxic chemicals (non-protein amino acids and
glycoalkaloids) can damage the digestive function, which benefits CPB control. There-
fore, CPB populations may be reduced significantly if a way to accumulate more toxic
chemicals and fewer nutrients in host leaves is found. Many measures can be taken to
alter the chemical composition of potato leaves. Using mineral fertilization, particularly
N fertilizer, is a basic attempt because of the significant role of N in plant metabolism.
Additionally, keep in mind that it is critical to balance the mineral fertilizers input which
can dramatically enhance the host plants’ resistance to pests. Another important measure
is potato cultivar selection. Differences in the chemical composition of different host
plants are basically dependent on genotype. In the literature, it is reported that some wild
Solanum species have much higher levels of resistance sources, such as glycoalkaloids,
against CPB than potato cultivars (Friedman 2006). Therefore, intercrossing two potato
cultivars may vary the levels of nutrients and toxic compounds and then improve the
host plants’ resistance. An innovative potato cultivar will probably accumulate a large
fraction of beneficial nutrients in the tubers and toxic metabolites in the leaves. Many
other factors, such as air temperatures and rainfall, also remarkably influence the
responses of CPB to host plants. In practice, the manipulation of potato foliar chemical
compositions is a complicated process because the metabolism process in plants is really
complex and is dependent on various climatic and cultivation conditions. More studies
need to be carried out to investigate how the chemical composition of potato foliage can
be varied without altering the quality and yield of tubers.
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