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The Western Corn Rootworm, Diabrotica virgifera virgifera LeConte: origin, 

spread in the United States and economical impact 

 

The Western Corn Rootworm (WCR), Diabrotica virgifera virgifera LeConte 

(Coleoptera: Chrysomelidae) is known as one of the most devastating maize pests 

in North America. In 1868 LeConte first described the species reported in Kansas on 

a wild gourd.  

Several evidences suggested that WCR was originating in Central America and co-

evolved with Cucurbitaceae host plants prior to a shift onto graminaceous species. 

This theory is supported by the fact that WCR adults feed compulsively on 

Cucurbitaceae plants containing cucurbitacins B and E, implying an original co-

evolutionary association between those plants and the diabroticite insect (Metcalf, 

1979; Metcalf & Lampman, 1991; Tallamy et al., 2005). 

The Western Corn Rootworm was first recognized as a maize pest in Colorado in 

1909 (Gillette, 1912). By 1949 the WCR distribution expanded eastward across the 

western maize-growing areas reaching the Atlantic Coast already in 1980 (Metcalf, 

1983). The high WCR spread rate was aided by farming practices such as the maize 

monoculture and the massive and repeated use of cyclodiene insecticides, which 

determined the development of a widespread resistance associated to higher beetle 

mobility (Metcalf, 1983).  

Nowadays, the range of activity of the WCR in the United States covers 30 million 

acres (120,000 km²) of corn (Fig. 1) causing per year about $ 1 billion in crop losses 

and control costs (Rice 2004, Sappington et al., 2006).  
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Fig. 1 Geographical distribution of Western Corn Rootworm, Diabrotica virgifera 

virgifera LeConte in North America in 2009. The range of WCR activity is shown in 

light red and the greatest impact in dark red. Picture downloaded from the website of 

Purdue University (http://extension.entm.purdue.edu/wcr/). 

 

http://extension.entm.purdue.edu/wcr/
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Introduction of Diabrotica virgifera virgifera into Europe and present situation 

 

In 1992 the Western Corn Rootworm (WCR), Diabrotica virgifera virgifera LeConte, 

was detected for the first time in Europe near the Belgrade International Airport 

(Baca, 1993). The origin of its introduction remains unknown. However, the study of 

the genetic variability based on the microsatellite regions of both American and 

European WCR populations revealed that the homogenous population that extends 

from the Corn Belt to the East Coast of North America represents the original source 

of the WCR European population. Furthermore, genetic analysis showed that the 

several European outbreaks were caused not only by an intercontinental 

redistribution of the pest, but also by a repeated transatlantic introduction of the 

insect from North America (Kim & Sappington, 2005; Miller et al., 2005; Ciosi et al., 

2008).  

Once in Europe, the WCR had infested approximately 400.000 Km2 throughout 

former Yugoslavia and neighboring countries by the end of 2003 (Kiss et al., 2005).  

Up to 2011, WCR has been identified in 21 European countries including: Serbia, 

Hungary, Croatia, Romania, Bosnia and Herzegovina, Bulgaria, Italy, Slovakia, 

Switzerland, Ukraine, Austria, Czech Republic, France, Great Britain, the 

Netherlands, Belgium, Poland, Germany and Greece (Michaelakis et al., 2010). 

However, economic losses have been reported only in Serbia, in some bordering 

areas in Croatia, Hungary, Romania, in small areas in Bosnia-Herzegovina, in 

Bulgaria and in North Italy (Fig. 2). So far, the other European countries have 

succeeded to border the initial hotbed of infection thanks to the timely protective and 

eradication measures implemented at European level since 2003 (Decision 

2003/766/EC; Decision 2006/564/EC; EC Recommendation 2006/565/EC). In the 

other regions where WCR populations are already established and the pest has 

become a feature of the agro-ecosystem, the eradication measures are useless and 

an integrative pest management for WCR has to be developed still. 

The rapid spread rate of the WCR in Europe may be attributed to three main factors: 

(i) species traits such as the quick adaptation of the WCR to new environmental 

conditions, a high reproductive rate (one female produces 100 to 1000 eggs) and 

long-distance flight capacity (beetles can fly even over 100 km/day); (ii) insufficient 

number of natural enemies or competing species able to keep the WCR populations 

below the maize economic damage threshold; (iii) human activities responsible for 

accidental pest spreading by land, air and water transports. 
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Fig. 2 Geographical distribution of the Western Corn Rootworm, Diabrotica virgifera 

virgifera LeConte in Europe in 2009. In red is highlighted the range of WCR activity 

while in blue the eradicated areas. Picture downloaded from the website of Purdue 

University (http://extension.entm.purdue.edu/wcr/). 

http://extension.entm.purdue.edu/wcr/
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WCR life cycle and damage 

 

The Western Corn Rootworm, Diabrotica virgifera virgifera LeConte, has one 

generation per year (univoltine species). The larvae hatch in mid-May or early June 

and they reach the corn roots led by the emission of volatiles from corn seedlings as 

well as carbon dioxide released by decaying organic matter in the soil and living 

plant roots (Branson, 1982; Hibbard & Bjostad, 1988). The mobility of the larvae in 

the soil is about 12-18 inches before they starve to death. WCR larvae are present 

in the field until the end of July and they pass through three growth stages 

commonly referred to as the first, second, and third instars. Newly hatched larvae 

feed primarily on root hairs and small root tissues. Third instars tunnel through root 

tips to the plant base, and feed on the larger roots to the plant stalk. The larval 

development takes three weeks to complete. At maturity, the third instars leave the 

roots, form an earthen cell, and pupate. One week to 10 days later, the adults 

emerge from the soil and start feeding corn foliage and developing kernels in 

absence of corn silks, pollen, and ear tips. The beetles remain active in the field for 

about 75-85 days throughout August until the arrival of the first lethal frost. During 

their life, the adults feed, mate, and lay in the soil their eggs, which is the 

overwintering stage of the WCR life cycle (Fig. 3). Ovideposition starts in mid- to late 

summer (Shaw et al., 1978; Levine & Oloumi-Sadeghi, 1991), and traditionally the 

females lay the eggs (ca. 400 per each) at a depth of 5 to 10 cm near the base of 

maize plants. Since the late 1980s, in the USA a WCR variant with a new egg-laying 

behavior has been observed. The eggs of this variant are deposited in soybean 

fields and hatch the following year in maize crop (OôNeal et al., 1999; Onstad et al., 

2001; Levine et al., 2002). 

It is clear that the life cycle of Diabrotica virgifera virgifera LeConte may have 

destructive consequences on the maize plants. The main damage is caused by 

larval feeding on the roots. Extensive root injury may, in fact, alter the water and 

nutrient uptake reducing plant growth and grain yield (Godfrey et al., 1993; Urías-

López & Meinke, 2001). Moreover, the larval feeding may drastically compromise 

the stability of the maize plants which may results in bent stalks (goose necking) and 

lodging (Fig. 4a and 4b). The main yield losses are due to the difficulties in 

mechanical harvesting of injured maize plants. Larval feeding may also facilitate 

infection by root and stalk-rot fungi with consequential further damages.  
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Western corn rootworm adults, feeding on leaf tissues, may cause the ñwindow 

paneò symptoms reported in Fig. 5a. A substantial silk feeding (adult density higher 

than 5 beetles per plant) can significantly interfere with the maize pollination which 

may result in the reduction of the grain production (Levine & Oloumi-Sadeghi, 1991). 

However, usually the economic impact of beetles is not highly relevant because 

peak of adults in the field often does not coincide with the pollination. In addition, the 

feeding of the pollen does not compromise the large amount of pollen released 

within the field, while the feeding of the ear may create a dangerous opportunity for 

disease-causing pathogens to enter the plant (Fig. 5b). 

 

 

 

 April         May         June          July           August        September      October 
 
Eggs 

Larvae and pupae 

                                           Adults 

                                                                                Eggs 

 

 
 
 

Fig.3. Life cycle of Diabrotica virgifera virgifera LeConte.  

 

 



I: General introduction  

 

9 

 

(a)  (b)   

      
 

Fig. 4 (a) Maize root system damaged by WCR larval feeding 

(http://www.forestryimages.org/images/768x512/0725088.jpg); (b) Goose necking 

and lodging caused by larvae feeding on roots 

(http://www.lfl.bayern.de/ips/blattfruechte_mais/38310/bild_4_maislager_2klein.jpg).  

 

 
 
(a)  (b) 
 

 

 

 

 

 

 

 

 

Fig. 5 (a) WCR beetle feeding on a maize leaf leaving a window-pane appearance 

(http://passel.unl.edu/Image/siteImages/CRWWindowPaneLG.jpg); (b) WCR beetles 

feeding on maize kernels and promoting fungal infections 

(http://www.lfl.bayern.de/ips/blattfruechte_mais/30839/bild_4_k_fer_k_rnerfra_klein.j

pg).  
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Current pest management options and limitations  

 

For large-scale farming operations the main options in controlling the Western Corn 

Rootworm include the chemical control, the crop rotation and the use of transgenic 

plants.  

The chemical control can be done via soil insecticides or insecticidal seed 

treatments as a protection against larval damage (Mayo & Peters 1978). Foliar 

insecticides instead, are often used for adult beetle suppression to protect the ears 

from silk feeding and to reduce the number of eggs laid at the end of the maize-

growing season (Pruess et al., 1974). So far, the major problems the farmers have 

to deal with are the high costs of the treatments and their potential impacts on non-

target organisms. Moreover, a successful control of the pest requires the 

development of an accurate management plan according to the active ingredient 

and on a high number of variable factors such as larval population level, timing of 

application, physical and chemical composition of the soil, weather conditions and 

cropping practices (Gerber, 2003). In addition, the repeated use of pesticides can 

provide high selective pressure, which can lead to chemical resistance in the WCR 

populations, resulting in poor control of the pest and increasing insecticide 

application rate and further control costs (Meinke et al., 1998; Wright et al., 1999).  

Another strategy, widely used in the past in the United States (U.S.) for managing 

the western corn rootworms is the crop rotation. Corn rotated annually with 

soybeans was, in fact, not susceptible to rootworm larval damage as WCR adults 

laid eggs exclusively in cornfields and larvae hatched in soybeans starved to death. 

Unexpectedly, the intensive annual rotation of corn with soybeans caused in the 

U.S. the selection of an existing, but rare, WCR variant with reduced egg-laying 

fidelity to maize field (Onstad et al., 2001, Levine et al., 2002). As a consequence of 

rotation resistance, farmers have experienced, since 1995, economic losses caused 

by WCR larval injury to first-year maize. However, in Europe, where only the WCR 

wild type is present, the best management option remains, up to now, the crop 

rotation.  

Over the past decade, the development of the crop biotechnology offers new 

potential control option against WCR. In the U.S. Diabrotica-resistant transgenic 

maize expressing the cry(3Bb1) gene from the bacterium Bacillus thuringiensis 

kumamotoensis (Bt maize) has been introduced in 2003 (Vaughn et al. 2005; 

Hellmich, 2008). The advantages of the Bt technology include a broad spectrum of 
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activity against different Diabrotica species (e.g. D. virgifera virgifera, D. virgifera 

zeae, D. barberi) and the conspicuous reduction of the insecticide application 

(Fernandez-Cornejo & Caswell, 2006) which may help to conserve beneficial 

arthropods (Harland, 2003). Furthermore, the toxin expressed by these maize 

hybrids is less likely to be affected by weather conditions, planting time, soil type or 

agronomic measures (Mitchell, 2002). Balanced against these potential benefits are 

possible drawbacks. First, genetically modified crops may have an impact on non-

target species such as Orius tristicolor and Chrysoperla spp., the most common 

generalist predators in Midwestern U.S. maize fields (Harlan, 2003). Second, the 

horizontal gene transfer (or gene flow) between the transgenic crop and related 

plant species may cause an involuntary spread of engineered genes. In addition, the 

prolonged exposure to B. thuringiensis proteins might increase the selection 

pressure on the pest population and lead to the development of resistance, as has 

frequently occurred with chemical insecticides (Levine et al., 1991; Gould, 1998; 

Shelton et al. 2002; Tabashnik et al., 2003). To delay the development of resistance 

to Bt maize in the field, a certain percentage of conventional maize is usually grown 

as a "refuge" adjacent to the Bt crop. The aim is to maintain a population of WCR 

larvae susceptible to the Bt proteins. In this way, the mating between susceptible 

and resistant individuals which emerge from the refuge and the transgenic crop 

respectively, may originate a susceptible Bt-maize offspring. To be effective, this 

strategy needs a Bt-recessive resistance (rr) and a toxin concentration in plants high 

enough to kill resistance-heterozygous insects (Tabashnik et al., 2003; Ferré et al., 

2008). However, the concentration of cry(3Bb1) expressed in Bt maize is not 

considered a high dose for WCR (Al-Deeb & Wilde, 2005; Oyediran, 2007), and 

resistance was reported to build up within three generations of selection on Bt maize 

in greenhouse experiments (Meihls et al., 2008).  

The development in the WCR populations of resistances against pest control 

methods described above (chemical control, crop rotation and engineered plants) 

paved the way for the development of resistance management strategies as a key 

factor in maintaining the efficiency of the different pest control options. 
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Integrated pest management and resistance control strategies 

 

Integrated Pest Management (IPM) is an effective approach to pest management 

that relies on the combination of different pest control methods by the most 

economical means, and with the least possible hazard to people and environment.  

Frequently IPM programs use natural enemies to reduce the invasive organism 

competitiveness with native species. A broad range of organisms with WCR 

antagonistic activity (e.g. microbial pathogens, nematodes, arthropod, predators, 

and parasitoids) are known to attack the WCR (Kuhlmann, 1998). One interesting 

candidate as bio-control agent against the WCR beetles is the fungus Beauveria 

bassiana (Balsamo) Vuillemin, causal agent of epizootics (Maddox & Kinney, 1989). 

Application of B. bassiana within field cages caused the decline of the WCR beetles 

by 50% at the highest rate (Mulock & Chandler, 2000).  

However, the efficacy of natural enemies against WCR is often limited by the lack of 

formulations able to ensuring the viability, the activity and the persistence of the bio-

control agent under the highly variable field conditions. For this reason biological 

control measures are usually part of IPM programs, where different control methods 

may have an additive or synergistic effect on the soil-dwelling pest. A promising 

strategy against WRC was recently suggested by Hiltpold et al. (2010). This author 

and his collaborators showed in field-cage tests that selected strain of 

Heterorhabditis bacteriophora in combination with maize variety releasing the 

volatile root signal (E)-ɓ-caryophyllene reduced significantly WCR populations. 

Besides the ecological aspect and the efficacy of combined different control 

methods, the IPM may also reduce the likelihood of pest resistance development. 

Recent literature reports that the combination of Bt crops with the entomopathogenic 

fungus Metarhizium anisopliae may delay the insect resistance development by 

reducing the number of beetles (Meissle et al., 2009). Another interesting study 

showed that engineered corn plants expressing a dsRNAs activating the RNA 

interference (RNAi) pathway in WCR can be exploited to control the insect pest by 

silencing specific WCR genes. Also in this case, the authors suggested the use of 

the RNAi strategies in a pest integrated management system with Bt crop to 

increase the efficacy and durability of the transgenic plants (Baum et al., 2007).  
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Soil microorganisms and agro-ecosystem functionality  

 

Soil microorganisms, including bacteria, archaea, viruses, protists and fungi, are 

fundamental for the fertility and the functionality of all terrestrial agro-ecosystems. 

This is largely because they exist in enormous number of species (there are 1.5 

million fungal and 4-6 x 1030 bacterial species worldwide, of which the biggest 

fraction occurs in the soil) (Hawkesworth, 1991; Whitman et al., 1998) and thereby 

they have an immense biomass and activity (Fuhrman, 2009).  

Soil microorganisms are primarily involved in the mineralization of the organic forms 

of N, C, P, and S, in the nitrogen cycling (N fixation, denitrification, nitrification), in 

the carbon cycling and in the organic matter transformations into forms suitable for 

the soil food web (Polis & Strong, 1996). In addition, several studies showed their 

implication in bioremediation processes consisting in the transformation of pollutants 

(e.g. pesticides and polycyclic aromatic hydrocarbons) into harmless compounds. In 

this respect, recent literature showed that fungal mycelia can act as dispersal 

networks of catabolically active bacteria, facilitating bacteria´s access to the 

pollutants and thereby improve bioremediation performance (Banitz et al., 2011). 

Furthermore, adhesive effects of bacterial metabolites together with fungal hyphae 

can stabilize smaller soil particles into larger aggregates enhancing soil water 

holding capacity and preventing further desertification (Melope et al., 1987).  

It is clear that the properties of different soil types including soil fertility are mainly 

determined by the soil microbial biodiversity, abundance and activity. The major 

factors influencing the soil microbial communities are the soil structure (Gelsomino 

et al.,1999), the soil particle size (Sessitsch et al., 2001), the mineral composition 

(Carson et al., 2009), environmental conditions, agricultural practices (Rooney & 

Clipson, 2009), plant and soil-dwelling insect interactions (Treonis et al., 2004; 

Dawson et al., 2004).  
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Plant-soil microbe interactions 

 

The interaction between plants and soil microbes can vary from neutral to beneficial  

on the one side, and deleterious on the other side when plant-pathogenic organisms 

are involved (Lugtenberg et al., 2002; Singh et al., 2004; Mercado-Blanco & Bakker, 

2007; Raaijmakers et al., 2009).  

These interactions between plants and soil microbes take place in the rhizosphere 

of the plants which is defined as the soil layer surrounding roots and influenced by 

the root plant metabolism. Root processes can affect rhizosphere pH, redox 

potential and chemistry (Marschener, 1998). Plant roots continuously produce and 

excrete into the rhizosphere compounds which consist in ions, free oxygen and 

water, mucilage and a broad array of primary and secondary metabolites (Uren, 

2000). The main plant metabolites at the soil-root interface are organic acids, 

sugars, amino acids, lipids, flavonoids, coumarins, proteins, enzymes, aliphatics and 

aromatics compounds.  

Several studies have shown that root exudates represent a mechanism through 

which a plant shapes the soil microbial populations inhabiting the rhizosphere. In 

particular, Bröckling et al. (2008) showed that the addition of in vitro-generated root 

exudates to soil fungal communities produced an effect qualitatively and 

quantitatively similar to that one observed when plants are grown in the 

corresponding soil type.  

But in which way the root exudates may affect the microbe communities in the soil? 

Some of these exudates are suitable substrates for a wide range of microorganisms 

which consequentially may enhance their biomass and their activity compared to the 

microbes in the bulk soil. Small organic molecules excreated from the roots (a.g. 

carbonic acids, amino acids and sugars) can display chemotactic activity or serve as 

a signal to initiate the symbiosis with rhizobia and mycorrhizal fungi (Akiyama et al., 

2005; Badri & Vivanco, 2009). In this cross-talk between microbes and plant roots 

flavonoid compounds have important roles. Flavonoids excreted from soybean roots 

were shown to attract simultaneously the beneficial bacterium Bradyrhizobium 

japonicum and the pathogenic fungus Phytophthora sojae (Morris et al., 1998). 

Other flavonoid compounds isolated from white lupin roots may mobilize inorganic 

phosphorus and decrease soil microbial respiration, citrate mineralization and soil 

phosphohydrolase (Berg & Smalla, 2009). Recently, the importance of plant 

secreted proteins in the process of signaling and recognition between compatible 
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and incompatible plant-microbe interactions has been shown (De la Pena et al., 

2008). Furthermore, some exudates can affect the microbial communities in the 

rhizosphere explicating a toxic activity. These compounds determined the 

colonization of the plant roots or of the nearby area by microbial populations 

expressing a specific detoxificant activity (Rettenmaier & Lingens, 1985).  

As shown in many studies, the amount and composition of the root exudates is 

highly influenced by the soil type and the plant species. These factors can dominate, 

depending on biotic and abiotic conditions (Berg & Smalla, 2009). Other parameters 

as well as the cultivar and the development stage of the plant may affect the quality 

and quantity of the root exudation and consequentially the microbial structure in the 

soil (Smalla et al., 2001). Nevertheless, pathogen-activated plant defenses may 

induce changes in the root exudation patterns, forcing the diversification of the 

microbial communities in the rhizosphere by either attracting beneficial 

microorganisms or actively repressing pathogen proliferation. For instance, 

Rudrappa et al. (2008) showed that the bacterial infection of Arabidopsis foliage with 

the pathogen Pseudomonas syringae pv. tomato DC3000 (Pst) caused the 

recruitment in the plant rhizosphere of the biocontrol strain Bacillus subtilis FB17 

and consequential formation of a biofilm on infected seedlings. The authors 

demonstrated that roots of Pst infected plants secrete large amounts of malic acid, 

which is a chemo-attractant for FB17. Pathogen-activated plant defenses can also 

result in root secretion of antimicrobial compounds. Hairy root culture of Ocimum 

basilicum inoculated with Pytium ultimum produce rosmarinic acid, a caffeic acid 

active against multiple soil-borne microorganisms (Bais et al., 2002). Another 

interesting discovery was that the root exudation of the plants may be modulated by 

the rhizosphere microflora itself. For example, the inoculation of the tomato roots 

with the pathogenic fungus Fusarium oxysporum f.sp. radicis-lycopersici leads in the 

rhizosphere to decreased amounts of citric acid and to increased amount of succinic 

acid compared to the non treated control plants (Kamilova et al., 2006). Last but not 

least, a growing body of evidences showed that herbivore insects may change the 

root exudation (carbon flux to the soil) with consequential shifts of the soil microbial 

communities (Treonis et al., 2004; Denton et al., 1998; Grayston et al., 2001; 

Dawson et al., 2004). In particular an increased utilization of some sugars, 

carboxylic and amino acids in presence of belowground insect feeders has been 

shown (Grayston et al., 2001; Dawson et al., 2004).  
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Due to the assumed impact of the soil type and of the cultivar on the microbe-plant 

interactions three different soil types and four different maize cultivars were used in 

this study.  

 

 

Insect herbivore-plant interactions 

 

Together with the soil microbes, the plants may interact with various herbivorous 

arthropods, which are the most diverse and abundant group of plant consumers 

(Zheng & Dicke, 2008). The strength and the direction of these interactions depend 

mainly on two factors: the plant defences against the phytophagus insect and the 

plant quality in term of nutritional status.  

Plant defenses may be constitutively expressed or induced by insect-mediated 

damages. Plants may employ against herbivourous insects either physical and 

chemical direct defenses (e.g. thorns, trichomes, toxins and antifidants) or indirect 

defences to promote the effectiveness of natural enemies of the insect (Pineda et 

al., 2010). For instance, several evidences showed that upon herbivore attack, the 

plant may synthesize and release volatile organic compounds (VOCs) attracting 

natural enemies of both above- and belowground herbivores (van Tol RWHM et al., 

2001; Kessler & Baldwin, 2001; DôAlessandro et al., 2006; Soler et al., 2007; Köllner 

et al., 2008). In particular, European maize (Zea mays) roots release, as a response 

to root damage caused by Diabrotica virgifera virgifera larvae, the volatile 

sesquiterpene (E)- -caryophyllene, a strong attractant for the entomopathogenic 

nematode Heterorhabditis megidis (Rasmann et al., 2005; Köllner et al., 2008).  

Plants can respond to insect attack also by the expression of the wound induced 

resistance (WIR) and of the root herbivore-induced shoot resistance (RISR). These 

resistances are activated upon above- and belowground herbivore attack, 

respectively, and they induce systemic defense responses to co-occurring insect 

attackers. While the WIR is predominantly regulated by bioactive jasmonic 

molecules (Glauser et al., 2008; Howe & Jander, 2008), the mechanisms mediating 

the RISR expression are more unclear. However, recent literature reported that 

WCR root feeding induce aboveground resistance against the generalist insect 

Spodoptera littoralis and also against the necrotrophic fungus Serosphaeria turcica 

(Erb et al., 2009). Abscisic acid biosynthesis as long distance signal and hydraulic 

changes in maize leaves seem to mediate such responses (Erb et al. 2011). The 
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importance of the cultivar on the plant defenses trigger by herbivores should be 

mentioned in this context. Several evidences showed that in response to the same 

herbivore, the plant may activate cultivar-dependent transcriptomic changes (Heidel 

& Baldwin, 2004; Reymond et al., 2004; De Vos et al., 2005; Brökgaarden et al., 

2007). For instance, two cultivars of the white cabbage, Brassica oleracea var. 

Capitata, differ considerably in the global gene expression patterns induced by the 

attack of the caterpillar Pieris rapae as well as the level of direct defences against 

the insect feeding (Brökgaarden et al., 2007). It is clear that the cultivar selection 

and the metabolic changes triggered upon insect attack (such as VOCs production, 

WIR and RISR expression) might interfere with the root exudation. Because the root 

exudates shape the microbial communities associated to the plant (see ñPlant-soil 

microbe interactionò), in Chapter III we investigate for the first time the effect of the 

WCR larval feeding on the bacterial and fungal populations associated to the roots 

of four maize cultivars. 

The second factor which may influence the plant-herbivore interactions is the 

nutritional status of the plants. The parameters which affect the quality of the host 

plant are several and include not only soil nutrient availability, air temperature, water 

balance, light, atmospheric carbon dioxide, but also plant-associated microbes such 

as rhizobia, endophytes, and mycorrhizal fungi (Barbosa et al., 1991; Carter et al., 

1997). For this reason several investigations have been done to evaluate the effect 

of microorganisms, especially AMF, on the performance of herbivores. For instance, 

Goverde et al. (2000) showed that the larval survival of the common blue butterfly, 

Polyommatus icarus (Lycaen idae), feeding on the leaves of Lotus corniculatus 

(Fabaceae) plants, was 3.8 times lower on non-mycorrhizal plants than on plants 

inoculated with single AMF species. These differences in larval performance were 

explained by differences in leaf chemistry, since mycorrhizal plants had a three 

times higher leaf P concentration and a higher C/N ratio. Moreover, this work 

showed a higher lipid concentration of the adult butterflies when the insects feed on 

mycorrhized plant material indicating a positive effect of AMF on the insect fecundity 

and longevity (Brown & Chippendale, 1974; Tuskes & Brower, 1978).  
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Arbuscular mycorrhizal fungi  

 

Arbuscular mycorrhiza fungi (AMF) are considered ancient fungi which have 

coevolved with plants in the last 400 million years, assisting plants in the conquest 

of dry lands (Parniske, 2008; Sch¿ɓler et al., 2009). Based on the SSU (18S) rRNA 

gene, AMF have been classified as a monophyletic group belong to the 

Glomeromycota phylum divided into four orders: the Glomerales, still representing 

the larges ñgenusò within the AMF; the Diversisporales; and the two ancestral 

lineages  Archeosporales and Paraglomerales (Schüßler et al., 2001).  

AMF form a mutualistic association with the roots of the majority (70-80 %) of 

terrestrial plants (Smith & Read, 2008). During the symbiosis, the AMF form within 

the plant cells, tree-shaped fungal structures called arbuscules (Fig. 6). These 

structures are thought to be the interface of nutrient and signal exchange between 

the two partners (Parniske at al., 2008): the AMF provide, through an extensive 

hyphal network (up to 100 m/cm3 of soil) (Miller et al., 1995), mineral nutrients to the 

host plant (e.g. phosphate, nitrogen, zinc and copper); in return, up to 20% of plant-

fixed carbon is transferred to the fungus (Smith & Read, 1997; Fitter et al., 2006). 

Radiotracer studies showed that AMF enhanced carbon fixation activity in the 

leaves, products of which are translocated to the roots (Black et al., 2000).  

The symbiosis may improve plant survival in harsh environments by enhancing 

several plant functions (Newsham et al., 1995; Smith & Reed 2008) including 

drought resistance (Davies et al., 2002), tolerance to heavy metal contaminations 

(Gildon & Tinker, 1983), protection against pathogens through microbial antagonism 

and increased plant defensive capacity (Newsham et al., 1995). It is still unclear 

whether this may be due to an improved nutritional status of the plant and therefore 

to increased plant fitness or to induced systemic resistance (Parniske, 2008). 

Furthermore, AMF are prominent through their well-established ability to affect 

insect-herbivore-plant interactions (Gehring & Bennett, 2009). Several reports 

showed that AMF can affect the behavior, development and insect performance 

(Gange et al., 1994; Wardle 2002; Davet 2004; Bezemer and van Dam 2005; 

Hartley & Gange 2009; Koricheva et al., 2009), either changing the nutritional status 

of the plant or triggering plant defense responses (Goverde et al., 2000; Nishida et 

al., 2010). Bennett et al. (2007) showed that plant feeders tend to be negatively or 

positively influenced by the AMF species which the plant is associated with. In 

particular, the mycorrhizal fungus Glomus white do not alter the response of the 
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narrow-leaved plantain (Plantago lanceolata) to the specialist lepidopteran 

herbivore, Junonia coenia; the plant association with the AMF Archaeospora trappei 

leads to tolerance to herbivore in the form of an increased plant growth rate; the 

association with the fungus Scutellospora calospora reduces plant tolerance to the 

herbivores. It must be noticed that, due to monitoring difficulties, belowground 

herbivore insects have been seldom examined. However, Gange et al. (1994) 

showed the effect of the AMF, Glomus mosseae, on the reduction of black vine 

weevil (Otiorhynchus sulcatus Fabricius) larval growth. Another work showed the 

effect of AMF on the compensation of the damage caused by root feeders: AMF 

hyphae extending into the soil may effectively replace some of the root functions 

(e.g. water and mineral uptake) that are reduced by the root feeding (Gange, 2001). 

In contrast, Borowicz et al. (2010) addressed a negative effect of the AMF on the 

root damage: wild strawberry plants (Fragaria virginiana Duchesne) inoculated with 

AMF showed significant higher root damage compared to the non-mycorrhized 

plants.   

In addition to the effect on plant-insect interactions, AM fungi can, through the 

release of hyphal compounds, influence nutrient dynamics in the soil and 

consequentially the activity and the structure of the soil- and root associated 

microbial communities (Wamberg et al., 2003; Marschner & Baumann, 2003; 

reviewed by Jones et al., 2004; Offre et al., 2007). 

In Chapter IV of this PhD work the effect of the arbuscular mycorrhizal fungus 

Glomus intraradices on the WCR development and fitness was investigated. This 

set of data was produced by Benedikt Kurz from the Department of Crop Science, 

Agricultural Entomology, Georg-August University Göttingen. In order to understand 

if the Glomus effect on the herbivore insect was mediated by other microorganisms 

or not, shifts of the natural microbial communities inhabiting the maize endorhiza 

(plant roots) and rhizosphere were investigated as well. 

Glomus intraradices was chosen in our experiments because it is widespread and 

present in different ecosystems throughout the world, including temperate and 

tropical locations (Smith & Read, 2008), and it colonizes many plant species. 

Furthermore, it is one of the most commonly studied AMF and part of several 

commercial inocula.  

 

 

 

http://www.springerlink.com/content/?Author=Petra+Marschner
http://www.springerlink.com/content/?Author=Karen+Baumann
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(a)                                            (b) 

   

       

(c)         (d)                                        (e)              

                

Fig. 8 (a) Maize root segment showing mycorrhizal arbuscules and hyphae in 

epidermic cells. (b,c,d,e) 40X magnification of mycorrhizal arbuscules in maize root 

segments. The roots were stained with 1 % cotton blue in lactic acid (Vallino et al., 

2006).  
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Gut microbial composition of WCR larvae 

 

Microorganisms inhabiting the insect gut can play important roles in the hostôs 

nutrition, development, resistance to pathogens, reproduction and efficacy of Bt-

insecticides (Brand et al. 1975; Brune, 2003; Moran et al., 2005; Broderick et al., 

2006). Loss of microorganisms often results in abnormal development and reduced 

survival of the insect host (Eutick et al. 1978, Fukatsu & Hosokawa, 2002).  

Despite the importance of microbes in the digestive tract of the insects, little is 

known about the microbial composition and about their biological role in such 

environment. With regard to the Western Corn Rootworm several studies revealed 

the presence of Wolbachia sp., intracellular bacteria, maternally transmitted from 

parent to offspring and responsible for reproductive incompatibilities between 

infected and uninfected individuals in the gut of WCR (Clark et al., 2001; Roehrdanz 

& Levine, 2007).  

Due to the potential ability of the yeast to degrade several mycotoxins, Molnar et al. 

(2008) studied the yeast diversity in the guts of several pests of maize. They 

showed that Metchnikovia sp. and Candida sp. are the most dominant in WCR gut, 

but they could not exclude the effect of the environment (soil and plant) on the 

microbial composition of the WCR gut observed. 

In Chapter V we investigated the effect of three different soil types on the fungal and 

bacterial composition in the gut of the WCR larvae. Moreover, to distinguish the 

microbes which are either parentally transmitted to the offspring or taken up during 

the root larval feeding from the external environment, we performed a comparative 

analysis of the microbial communities present in the gut, in the rhizosphere and in 

surface-sterilized WCR eggs.  
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Methods to assess complex microbial community structures of environmental 

samples and to characterize specific members of those communities 

 

In the past, the microbial community composition in environmental samples such as 

soil or plant systems was mainly investigated by phenotypic characterization of 

isolates (Buchner, 1965; Dasch et al., 1984; Lysenko, 1985). The lack of knowledge 

of the real conditions under which most of the microorganisms are growing in their 

natural habitat, and the difficulty to assess cultivation media accurately resembling 

these conditions, led to the development of cultivation-independent DNA-based 

methods.  

 

 

Total community DNA extraction from environmental samples 

 

Cultivation-independent methods require an efficient DNA extraction. Yield and 

purity of the DNA extraction is determined by the method (direct or indirect) choosen 

for the extraction of the nucleic acids, cell lysis and DNA purification.  

The direct DNA extraction method, based on lysis in situ of cells, allows high DNA 

yield but results in increased DNA shearing (Roose-Amsaleg et al., 2000). The 

indirect method is based on the centrifugation recovery of the cell fraction before 

lysis. Compared to the direct lysis, this method gives 10-fold lower DNA yield, but 

shows a greater purity of the DNA extracted with a low degree of fragmented DNA 

(Tien et al., 1999). Direct methods can recover more than 60 % of the total 

theoretical bacterial DNA (More et al., 1994), while indirect methods recover 

bacterial fraction representing only 25-50 % of the total endogenous bacterial 

communities (Bakken et al., 1995). Therefore, direct lysis procedures are preferred 

when large quantities of nucleic acids are required for the detection of non-abundant 

microorganisms, and when the entire diversity of an environmental sample is 

investigated with minimum bias (Robe et al., 2003). Another critical factor 

influencing the yield and the quality of the DNA extracted is the cell lysis. Disruptive 

methods for lysing microbial cells include enzymatic digestion, physical disruption or 

the combination of both approaches. Quite popular among laboratories is the use of 

beat beating systems. These harsh-lysis methods allow the disruption of solid 

aggregate often included in the environmental sample. Furthermore, they disrupt 

Gram-positive bacterial cells and spores, which are more resistant to lysis than 
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Gram-negative cells (Frostegard et al., 1999; Kauffmann et al., 2004). On the other 

end, the beat beating can lead to damage of nucleic acids resulting in loss of probe 

or primer annealing sites (Smalla & van Esas, 2010). A balance is therefore required 

between applying beat beating for sufficient time to enable lysis of all cells and 

prevent DNA shearing (Prosser et al., 2010). In the recovering of nucleic acids from 

the environment, the DNA purification cannot be neglected. Humic acids are a major 

contaminant of soil samples and can inhibit PCR reactions (Tsai & Olson, 1992; 

Porteous et al., 1994; Zhou et al., 1996), restriction enzymes (Porteous et al., 1994), 

and reduce transformation efficiency (Tebbe & Vahjen, 1993). The separations of 

environmental DNA from humic substances and other contaminants need to be 

performed before to apply any DNA-based method. The method for purifying DNA 

should remove efficiently all impurity present in the sample and recover the highest 

amount of DNA from it. 

Several kits for DNA extraction and DNA purification are nowadays commercially 

available, and all of them recover nucleic acids useful for molecular biology 

purposes. However, it is a matter of truth that any of these DNA extraction methods 

recover sufficient DNA to assess ñallò microorganisms in the soil. Thus, the 

improvement of DNA extraction technology from soil or other environmental samples 

is still needed (Smalla & van Elsas, 2010). 

FastDNA SPIN Kit for soil (Q-Biogene, Carlsbad, CA, USA) and GENECLEAN SPIN 

Kit (Q-Biogene, Heidelberg, Germany) showed in our lab a high DNA extraction 

efficiency and minimal loss of template during purification procedure. Therefore, 

those kits were used in this PhD work to examine the microbiota in natural 

environments such as soil, rhizosphere, plant roots and gut of insects. A direct DNA 

extraction method was used for all types of samples above listed, except for the 

rhizosphere samples where an indirect DNA extraction approach was applied.  

 

 

Marker genes to study microbial communities by PCR-based methods 

 

The total community DNA recovered from environmental samples can be used to 

amplify phylogenetically informative genes. 16S rRNA gene is the most commonly 

used bacterial molecular marker in microbial ecology due to its essential function, 

ubiquity, and evolutionary properties (Ward et al., 1990; Head et al., 1998). In each 

bacterium the 16S rRNA gene copy number ranged from 1 to 15, with an average of 



I: General introduction  

 

24 

 

4.2 copies per genome (Case et al., 2007). The multiple copies of this gene can 

differ in sequence, leading to the identification of multiple ribotypes for a single 

organism. Case et al. (2007) showed that the intragenomic heterogeneity influenced 

16S rRNA gene tree topology, phylogenetic resolution and operation taxonomic unit 

(OUT) estimates at the species level or below.  

For a better resolution at the species level of bacteria, protein-encoding genes such 

as rpoB can be used. Case et al. (2007) investigated rpoB properties as a marker 

for microbial ecology studies. Advantages and disadvantages of  rpoB are here 

summarized: (i) as a protein-encoding gene, rpoB allows the phylogenetic analysis 

at the amino acid and nucleotide level; (ii) rpoB is universally present in all 

prokaryotes; (iii) it is an housekeeping gene, therefore it is less susceptible to gene 

transfer; (iv) it has a large size containing phylogenetic information; (v) it contains 

slowly and quickly evolving regions for the design of specific probes and primers. 

The main drawbacks of using rpoB for microbial ecology studies are: (i) no 

resolution between closely related organisms, e.g. species and subspecies levels; 

(ii) difficulties to design universal primer for rpoB due to the saturation of all third 

codon position over a long evolutionary timescale. 

Compared to rpoB or others single-copy genes encoding proteins, the 16S rRNA 

has the advantage to be present in higher concentration in environmental samples. 

This allows the detection of a bigger fraction of microorganisms occupying specific 

ecological niches (see paragraph above). Thus, the 16S rRNA gene is still used as 

main marker for the bacterial communities in ecological investigations. However, the 

detection of microorganisms using protein-encoding genes with improved 

phylogenetic resolution at the subspecies level, is an existing perspective. 

In order to characterize the fungal diversity in natural environments, the molecular 

markers that can be used are mainly two: the SSU (18S) rRNA gene (White et al., 

1990; Smit et al., 1999; Borneman &d Hartin, 2000; Vainio & Hantula, 2000) and the 

internal transcribed spacer (ITS) regions (White et al., 1990; Gardes & Bruns, 1993; 

Larena et al., 1999). The advantage to use the 18S rRNA gene as molecular marker 

is mainly related to the big gene size (ca. 1650 bp), carrying a lot of information. Due 

to the rather high conservation of the non-coding rRNA gene within the fungi, the 

18S rRNA gene allows taxonomic discriminations only at the genus or family level 

(Hugenholtz & Pace, 1996). However, in the context of symbiotic arbuscular 

mycorrhizal fungi (AMF) there is a sufficient variation in 18S rRNA gene sequences 

of different species to allow discrimination between isolates to species and 
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sometimes below species level (Vanderkoornhuyse & Leyval, 1998). Thus, this 

molecular marker is more commonly used to study this group of fungi. Compared 

with the non-coding rRNA gene, the ITS regions have higher intra-specific variability 

that results in a higher systematic resolution between closely related species 

(Anderson et al., 2003). The main limit of this marker is the short size of the ITS 

regions (ca. 500 bp).  

PCR amplifications of all marker genes above introduces can be used directly for 

downstream molecular biological experiments such as molecular fingerprints, clone 

library,  sequencing, pyrosequencing, restriction enzyme digestion, Real-Time PCR, 

and so on. 

 

 

Molecular fingerprinting methods and DGGE 

 

PCR products can be analysed by using whole-community fingerprinting methods 

such as denaturing gradient gel electrophoresis (DGGE), single-strand 

conformational polymorphism analysis (SSCP), terminal restriction fragment-length 

polymorphism (T-RFLP) or automated ribosomal intergenic spacer analysis 

(ARISA). Principles, specificity, resolution and throughput of these methods are 

reviewed by Oros-Sichler et al. (2007).  

Denaturing gradient gel electrophoresis (DGGE) is perhaps the most commonly 

used among the culture-independent fingerprinting techniques. The DGGE method 

was pioneered by Gerard Muyzer et al. (1993) and it allows the electrophoretic 

separation of PCR amplicons whose sequences differ as little as 0.1% (e.g. 1 bp in 

1000). The principle of this technique relies on the use of a denaturing gradient 

polyacrylamide gel which confers the double stranded amplicons into single 

stranded DNA through melting domains which will decrease their mobility. Thus, 

different sequences will result in different origins of melting domains and 

consequentially in different final positions in the gel. A ñGC-clampò attached to the 

5ô- end of one of the primers to prevent complete denaturation of the PCR products 

during the electrophoresis (Fig. 7).  

DGGE technique allows a rapid, simultaneous and reproducible analysis of multiple 

environmental samples (Muyzer & Smalla, 1998; Kowalchuk et al., 2006). When 

combined with cloning and sequencing of specific bands, information on the 

phylogenetic affiliation of particular community members can be gathered (Smalla & 
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van Elsas, 2010). The main drawback of the DGGE method is that only strains of 

higher relative abundance in the total community DNA (> 1% of the target group) 

can be detected (Muyzer et al., 1993; Stephen et al., 1999). To improve the 

resolution of the DGGE analysis taxon-specific primers can be used. Several PCR 

primers have been designed and successfully employed to amplify 16S rRNA gene 

fragments of the four major bacterial phyla (Alphaproteobacteria, 

Betaproteobacteria, Pseudomonas and Actinobaceria) from total community DNA 

(Heuer et al., 1997; Gomes et al., 2005; Costa et al., 2006; Weinert et al., 2009). 

Other primers targeting the partial 18S rRNA gene of the fungal phyla Ascomycota, 

Basidiomycota, Chytridiomycota and Zygomycota are nowadays available (Smit et 

al., 1999; Borneman & Hartin, 2000). No primers providing total coverage of the 

phylum Glomeromycota containing all known AMF (Schlüsser et al., 2001) were 

developed for DGGE analysis until yet. Kowalchuk and collaborators (2002) 

described a 18S-DGGE approach to discriminate AMF species belonging 

exclusively to the Glomerales genus. They showed that Glomus species shared a 

short range of electrophoretic mobility, which might result in difficulties to 

discriminate differentiating bands. Furthermore, it has been shown that different 

species could not be distinguish from each other, while some other can produce 

more than a single DGGE band, most likely due to the heterogeneity between 

different rRNA operons within a single AMF spore (Clapp et al., 1999). In order to 

increase the reliability of the DGGE method for AMF, alternative chromosomal 

regions need to be targeted. Recently, Krueger et al. (2009) developed new primers 

suitable for specifically amplifying all AMF lineages from environmental samples. 

These primers target the SSU-ITS-LSU fragments that allows phyogenetic analyses 

of AMF with species level resolution. Thus, the refinement of these primers for 

DGGE analysis could be matter of high interest for AMF fingerprinting. 

In this PhD work 16S- and ITS-DGGE were used to investigate the shifts of the 

microbial communities due to WCR larval feeding, and to assess bacterial and 

fungal community structures in the soil, rhizosphere, endorhiza of maize, eggs and 

gut of WCR larvae. ITS-DGGE was chosen because it showed for single strains a 

higher discrimination power compared to 18S-DGGE (Fig. 8). To study the AMF 

populations the alternative but more time-consuming PCR-RFLP method was used. 
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Fig. 7. Principle of DGGE method. M: marker; A: organism 1; B: organism 2; C: 

organism 3; D: mix of organisms 1, 2 and 3; E: unknown sample. Reproduction of a 

image developed by Vanhoutte et al. and available at the web site 

http://bccm.belspo.be/newsletter/17-05/bccm02.htm. 

 

 

 (a)           (b) 

      

 

Fig. 8 (a) ITS-DGGE and (b) 18S-DGGE of single strains. The figure shows the 

higher resolution power of the ITS regions compared to the 18S fragments. M: 

marker; lane 1: Verticillium nigrescens; lane 2: Paecilomyces marquandii; lane 3: 

Trichoderma sp.; lane 4: Penicillium canescens; lane 5: Rhizoctonia solani; lane 6: 

Sclerotinia sclerotiorum; lane 7: Microdochium bolleyi;  lane 8: Fusarium redolens; 

lane 9: Verticillium dahliae; lane 10: Basidiomycete sp.; lane 11: Fusarium solani; 

lane 12: Fusarium sp.; lane 13: Sporothrix inflate; lane 14: Penicillium canescens; 

lane 15: Nectria haematococca; lane 16: Doratomyces sp.; lane 17: Fusarium 

graminearum.  
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PCR-RFLP analysis and sequencing of AMF clone library 

 

The characterization of the arbuscular mycorrhizal fungi (AMF) is extremely difficult 

due to several factors: (i) as obligate biotrophs, AMF can be cultured only in 

presence of a host plant; (ii) microscopic analysis does not allow to distinguish 

species belonging to a single genus due to the extremely limited variety of 

discernible structures that AMF forms in planta; plus several lineages do not stain 

with standard procedures (Redecker et al., 2000); (iii) spores of the same species 

contain a multiple and polymorphic genome (Hijri and Sanders, 2005).  

In the last decade, to study AMF populations in root samples, molecular approaches 

have been developed. Almost all identification systems for AMF are based on the 

ribosomal DNA, which allows to distinguish taxa at many different level (Redecker et 

al., 2003). The restriction fragment length polymorphism (RFLP) of cloned 

amplicons of the SSU (18S) gene fragments from total community DNA was shown 

to be sensitive, reproducible, and highly robust (Vallino et al., 2006). However, this 

approach amplifies most, but not all Glomeromycota. Only members of the 

Glomerales family can be detected, while members more rare of the Archeosporales 

and Paraglomerales are excluded. 

To increase the spectrum of detectable AMF in root samples Lee et al. (2008) 

developed an alternative approach based on a specific AMF nested-PCR 

encompassing all known AMF families.  

Both RFLP type analysis and specific AMF nested-PCR were tested during my PhD 

work not only for root material, for which the methods were developed, but also for 

soil samples. 

AMF nested-PCR was less laborious than PCR-RFLP type analysis and has higher 

species level resolution (populations belonging to the Archeosporales and 

Paraglomerales could be detected). But unfortunately, when applied to soil samples 

mainly fungi belonging to the phylum Ascomycota were amplified, indicating that the 

primers were not specific. 

As the Glomerales represent the biggest group of AMF known, and the PCR-RFLP 

described by Vallino et al. (2006) can be applied on total community DNA from root 

and soil samples, it was used for the investigation in this thesis. 

Although the DGGE and RFLP methods are of great help for the study of the 

microbial communities in environmental samples they do not provide quantitative 

data.  
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Quantitative PCR (qRT-PCR) 

 

Quantitative real-time PCR technologies allow quantification of the copy number of a 

target DNA present in environmental samples by comparing the observed amplified 

signal intensity with a standard curve (Fig.  9a). The standard curve is usually 

constructed using serial dilutions at 10- or 5-fold of a standard DNA template. The 

signal intensity of amplified DNA products during the PCR amplification is recorded 

using a selected fluorescent-reporting system, and then normalized. Common 

fluorescence reporting chemistries include TaqMan probes, molecular beacons and 

DNA intercalating dyes such as SYBER Green (Giulietti et al., 2001). By selecting 

an arbitrary threshold, usually set at a level that is 10 times the standard deviation of 

the baseline signal observed between cycles 3 and 5, the corresponding threshold 

cycle (Ct) at each reference template concentration can be defined (Prosser et al., 

2010).  

An important parameter that needs to be considered in order to obtain accurate and 

reproducible results is the efficiency of the reaction, which should be as close as 

possible to 100% (e.g., two-fold increase of amplicon at each cycle). The qRT-PCR 

efficiency can be calculated by the following equation:  E = 10(-1/slope) ï1. This 

corresponds to a slope of -3.1 to -3.6 in the Ct vs log-template amount standard 

curve.  

For SYBR Green based amplicon detection, it is important to run a melting curve 

following the real time amplification. This is due to the fact that SYBR Green will 

detect any double stranded DNA including primer dimers, contaminating DNA, and 

PCR product from misannealed primer. Because each dsDNA has a melting point 

(Tm) at which temperature 50% of the DNA is single stranded, and the temperature 

depends on the length of the DNA, sequence order or G/C content, the dissociation 

curve of a single target should produce only one pick. Contaminating DNA or primer 

dimers would show up as an additional peak separate from the desired amplicon 

peak. A typical plot of the derivative of the dissociation curve is shown in Figure 9b. 

Real-time PCR allow the quantification of up to four different targets simultaneously 

down to a concentration theoretically close to 1-2 copies of DNA template contained 

in environmental samples (Giulietti et al., 2001).  

The qRT-PCR reaction based on SYBER Green 1 was used in this work to evaluate 

the root mycorrhization level of Glomus intraradices according to Alkan et al. (2006). 
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The primers target the ITS1 and 18S rRNA regions and produce amplicons with 101 

bp length. 

  

 

 

(a)            (b) 

   

 

Fig.9. (a) Fluorescent intensity of specific Glomus intraradices sequences (in violet) 

in maize roots and of serial dilutions of standard samples (in green) obtained by 

quantitative Real Time PCR. The inset illustrate the reaction between the Ct value 

and the standard gene copy number. (b) The derivative melting curve of standard 

and unknown samples from Fig. 9a. The melting curve shows only one pick around 

76 °C, indicating the specificity of the qRT-PCR reaction. 
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Objectives  

 

The objectives of the present study were: 

 

1. To investigate the effects of the root larval feeding of the WCR on the 

rhizospheric microbial communities;  

 

2. To study the complex interactions among WCR, Glomus intraradices (G.i.) and 

microbial communities in the rhizosphere and endorhiza of maize plants; 

 

3. To assess the effect of the soil type on the fungal and bacterial communities 

inhabiting the digestive tract of WCR larvae;  

 

4. To investigate the dominant microorganisms associated with the gut and eggs of 

the WCR, and their transovarial transmission. 

 

 

Thesis outline 

 

Chapter 1 gives an overview about the WCR and the multiple interactions among 

herbivorous insects, plants, soil and rhizospheric or endophytic microorganisms. 

Furthermore, molecular methods to assess complex microbial community structures 

of environmental samples and to characterize specific members of those 

communities are reported. 

 

Chapter 2 presents cultivation-independent methods to study plant endophytic 

fungal communities. 18S- and ITS-DGGE methods are proposed to investigate the 

total fungal communities, while PCR-RFLP analysis or specific nested PCR followed 

by cloning and sequencing were presented for the study of arbuscular mycorrhizal 

fungi. A detailed description of these methods, their potential and limitations are 

reported. 

 

Chapter 3 aims to investigate the effects of WCR larvae on the fungal and bacterial 

communities in the rhizosphere of maize. These effects were assessed in four 
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maize genotypes grown in three different soil types. Microbial communities were 

investigated by means of ITS- and 16S-DGGE analyses. Cloning and sequencing of 

specific DGGE bands were performed to identify specific microbial populations 

responding to WCR larval feeding. 

 

Chapter 4 presents the complex interactions among WCR, Glomus intraradices 

(G.i.) and microbial communities in the rhizosphere and endorhiza of maize plants.  

Plant inoculated or not with G.i. were exposed to WCR larval feeding for 20 days. 

Treatment effects were assessed with respect to the larvae and to the arbuscular 

mycorrhizal, bacterial and fungal communities in the rhizosphere and endorhiza of 

maize. In order to study the microbial communities microscopic analyses and 

molecular methods such as quantitative Real Time PCR, restriction fragment length 

polymorphism, cloning and sequencing, and DGGE analyses were used. 

 

Chapter 5 reports a study aiming to investigate the effects of the soil type on the 

fungal and bacterial communities inhabiting the digestive tract of WCR. The effects 

were assessed for one maize genotype in three soil types by ITS- and 16S-DGGE 

technique. Furthermore, this study provides data on the most dominant gut- and 

egg-associated microorganisms by DGGE fingerprints and band sequencing. Their 

transovarial transmission was investigated by comparative DGGE fingerprints, 

sequencing and phylogenetic analysis of microbial communities in gut and egg 

samples. 

 

Chapter 6 summarizes the overall studies and the main findings presented in this 

PhD thesis. 

 

 

 

 

 

 

 

 




