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Preface 

Interactions between trees and phytophagous organisms represent an important 

fundamental process in the evolution of forest ecosystems. Through evolutionary time, the 

special traits of trees have lead the herbivore populations to differentiate and evolve in order 

to cope with the variability in natural resistance mechanisms of their hosts. Conversely, 

damage by herbivores has inevitably influenced the evolution of many aspects of tree structure 

(including biochemistry) and life history. The size of the trees, the diversity of structures in an 

individual, as well as the variation in physiological status during the year and through 

ontogeny have created a large number of ecological niches for herbivores. Reciprocally, the 

high diversity of herbivores and their behaviours have favoured a wide variety of tree 

structures to evolve in many directions to thwart attacks. Consequently, a high diversity of 

tree-herbivore relationships has evolved suggesting reciprocal adaptations, 

Environmental factors have also played an important role in the evolution and 

diversification of these interactions, acting both directly on the organisms and indirectly 

through modifications of tree susceptibility and herbivore aggressiveness. Because tree- 

herbivore interactions are at the root of forest food chains and also because they strongly 

influence the other plant-animal relationships, the tree-herbivore interactions are among the 

key processes operating in forest ecosystems. 

The main objective of the biologist is to understand how Nature operates and what are 

the place and role of humans in the biosphere. The forest biologist, for that purpose, aims at 

discovering general patterns of organisation in the forest ecosystem arid explaining their 

dynamic structure. Understanding the interactions between trees and herbivores is thus a 

basic requirement. To reach the above objective, the dynamics of plant-herbivore interactions 

must be studied at both the proximate (mainly physiological) and the ultimate (genetic) levels, 

while taking into account the environmental and human impacts on the forest ecosystems. 

The knowledge of this dynamics should thus contribute to defining how to protect forests 

againsi severe herbivore damage, but also to defining the rules that must be followed in order 

to make the human requirements of forests compatible with forest preservation and 

sustainability . 



As part of the above approach, the scope of the book is mainly devoted to tree 

~esistance to biotic aggressions and to other tree-phytophage interactions conditioning tree 

~esistance. Understanding the mechanisms involved will help in better managing pests and 

forest ecosystems. 

Because the genetic variability of the living organisms is the basic material on which 

the natural selection operates, the first part of the book is focused on tree resistance and its 

variability and tree selection for resistance. The second part of the book deals with variability 

and biology of herbivore populations. The third part presents the effects of tree resistance on 

aggressors, and the forth one gives examples of the reciprocal effect of aggressors on the tree. 

Because the expression of all biological phenomena, as well as their persistence through 

evolutionary time are modulated and controlled by environmental factors, the fifth part 

examines how external factors affect tree-aggressors interactions and resistance expression. A 

variety of aggressors is considered in each part, ranging from fungi to various insect groups 

and to mammals, thus giving a wide view on tree-phytophage interactions. The final section 

proposes synthetic theories and mechanisms for tree resistance to biotic aggressions. 

This book results from a symposium held in Gujan (Landes, France) from August 31 

to September 5, 1997, organized by 4 working parties of the International Union of Forestry 

Research Organizations (IUFRO) corresponding to the whole subject group S7.01 

"Physiology and genetics of tree-phytophage interactions". These working parties are S7.01- 

01 "'Tree resistance to pathogens", S7.01-02 "Tree resistance to insects", S7.0 1-03 "Tree 

resistance to mammals" and S7.01-05 "Effect of environmental factors on resistance 

expression". The Organizing Committee was composed of Franqois Lieutier (France), 

William J. Mattson (USA) and Herd  Jactel (France). 

Before their acceptance for publication, all papers presented in this book were 

submitted to at least two reviewers belonging to the Scientific Committee, and one of the 

senior editors of the Symposium. 
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Ed. INRA, Paris, 1999 (Les Colloques, n090) 

Introductory lecture: 

Improvement of tree resistance to biotic 
aggressions: the geneticist point of view 

INRA, Station d;4me/ioration des ar6res forestiers 
45 160 Ardon, France 

RESUME 

As in crop and animal breeding, the original goal of forest tree breeding was to 

increase yield or more specifically the economic value of large scale intensive timber 

production. Faced to diseases and insect attacks, the tree breeder has to identify or 

create varieties not necessary totally immune but with reasonable tolerance to biotic 

factors. 

In contrast with agricultural crops, most tree populations used for breeding are 

essentially managed but unselected populations which have often developed 

different disease resistance mechanisms through coevolution. One essential step of 

the geneticist's approach is therefore to describe as precisely as possible the 

available genetic variation. Difficulties in evaluating tree resistance at individual or 

population levels are discussed. The needs for research on both genetic variability of 

the pest and environmental effects on the host-pest interaction are outlined. Today, 

optimal estimation of genetic values can take advantage of complementary 

approaches such as classical quantitative genetics and DNA information. From a 

more basic point of vue, knowledge on the inheritance of resistance mechanisms 

and on resistance overcoming will be improved. 



All advanced tree breeding programs recognize the need for durable disease 

and insect resistance. The short term development of resistant varieties is then 

limited to predictable risks and captures the high genetic gains promised by a 

narrowing of the genetic basis. Biological risk of pest attack resulting from genetic 

uniformity is reduced by packaging a maximum of major and minor genes involved in 

resistance components. Because within-host genetic diversity through time and 

space is only one of the numerous factors controlling durability, appropriate 

complementary deployment strategies must be developed. For a given species, long 

term durability must be considered at the population level in which individuals share 

the different genes involved in resistance mechanisms. Management of breeding 

populations rely on recurrent but moderate selection to increase frequencies of 

interesting alleles for predictable and unpredictable risks. Maintenance of genetic 

diversity involving introduction of variability from new genetic pools is also a major 

concern of this scheme. To achieve these goals, late assessment of several 

resistance traits, complexity of resistance mechanisms, and multiple selection criteria 

of tree breeding programs justify the use of marked-assisted selection. 

INTRODUCTION 

If local adaptation and volume production are still the main selection 

objectives of most tree breeding programs in the world, more attention is paid to 

resistance to biotic aggressors as indirect criterion to improve stem form or even as 

major selection objective in response to increasing declined plantation forestry. In 
/ 

some advanced breeding programs such as those of radiata pine in New-Zealand or 

slash pine in Southeastern USA, disease or insect attacks become a major obstacle 

to fully realize the gain expected from intensive silviculture and tree improvement 

(Carson and Carson, 1989, Doudrick et al., 1996, Dieters et al., 1996). 

Expression of genetic gain for tree resistance againkt biotic aggressors 

Depending on the economical impact of the species, genetic gains have first 

been achieved through selection of the best natural populations or provenances or 

by a larger narrowing of the genetic basis through family or clonal selection. 

Genetic gain for resistance to biotic aggressions is evaluated in the selected 

tree population and not in the pest population. Genetic gain is positive when 

substantial damage reduction is observed. It is considered optimal when these 

damages decrease to an economically tolerable level. Total immunity or absence of 

damages is not looked for anymore. The term "resistance" will express hereafter the 

relative amount of pest attacks regardless of any underlying mechanisms. Genetic 

improvement is one potential means to reduce damages in forests but its potential 

success is limited both by the economical compromise between production traits, 

and resistance and by biological limits offered by genetic variability. Now it has 

become widely recognized that forests are not only specific plant production areas 

for human needs but also important and sometimes endangered ecosystems in the 

biosphere. During the last decade, biodiversity has become the subject of much 

public dialogue and more attention is paid to a reasoned management of genetic 

variability not only at the species level but mainly at the ecosystem or landscape 

scale. Reduction of genetic diversity due to tree improvement is often translated in 

terms of risks with forest health. In fact, clear evidence of widespread devastation by 

pests of plantations with genetically improved material is lacking. Moreover, 

communications outside the genetic community are required to explain that gene 

conservation efforts are in effect where tree improvement programs exist. 

Development of rigorous testing and selection strategies for resistance to biotic 

aggressions addresses at the moment one major question to discuss not only among 

geneticists : how much genetic diversity is necessary for forest health ? 

What does genetic resistance mean ? 

When improvement of tree resistance to biotic aggressions is trusted to 

geneticists and tree breeders, that means that within the tree species or genus 

considered, genetic resistance mechanisms are suspected. In fact the response of 

the host can be considered as genetic resistance only if genetic variability exists for 

this response and if this response is genetically inherited. Describing the genetic 

variability and the inheritance of resistance mechanisms are then two basic activities 

of breeding programs for resistance. 

Since most tree breeders are still at the early stage of domesticating relatively 

wild species, they are interested in describing insect and disease-host interaction at 

different scales : 



1- For many tree species, resistance variation among populations has been 2- for a better management of genetic diversity, research emphasis should be 

revealed in different provenance tests including populations sampled over the entire placed on a better understanding of physiological, biochemical, and molecular 

range of the species (Ruby and Wright, 1976, Wu et a/., 1996). If in some cases as factors of qualitative and quantitative resistance. 

for lodgepole pine, geographical patterns have been identified, their causes are not 3- recent improvement in using molecular markers coupled with gene cloning 

so obvious to define (Wu et a/., 1996). They can correspond to true differences in should permit a better understanding of resistance overcoming. Thanks to them, new 

allelic frequencies for resistance loci but also simply to phenological mechanisms of methods for construction of durable resistance must be developed. 

escape (Desprez-Loustau and Dupuis, 1994). These three points will be now discussed. 

2- Frequently higher intrapopulational variation has been demonstrated and EVALUATION OF TREE RESISTANCE TO BIOTIC AGGRESSORS 
exploited in breeding programs for many pest-tree interaction systems (Pichot and 

Teissier du Cros, 1993, Bastien et a/., 1995, Meagher and Hunt, 1996). Population Limits of genetic field tests 

resistance probably reflects the joint involvement of different resistance mechanisms Most knowledge on the structure of host genetic variability for their response 

distributed over different individuals, This individual level must be considered as the to biotic aggressors comes from classical genetic tests such as provenance, progeny 

basic level of host variation for a better understanding of resistance mechanisms at or clonal forest or nursery tests (Wu et al., 1996, Sluder, 1993, Pichot and Teissier 

physiological, histological, chemical or genetic levels. For long-lived organisms such 

as forest trees, development of improved varieties for durable resistance requires to 

go back to a population or sub-population level in which frequencies of resistance 

alleles are increased through selection and genetic recombination. 

3- Potential interest of interspecific hybridization has been demonstrated for 

resistance traits as for other traits and is intensively exploited in poplar breeding 

(Florence and Hicks, 1980). Natural hybridization zones provide interesting 

nformation on how the genetics of tree resistance is affected and how this 

odification affects in turn the evolution and ecology of the biotic aggressors (Floate 

and Whitham, 1993). 
, 

Multidisciplinary research needs to improve selection for durable resistance 

In order to achieve durable resistance through a recurrent scheme consisting 

n describing and manipulating genetic variability, tree breeders are faced to some 

limiting scientific obstacles : 

1- one major step in breeding for tree resistance is the development of 

repeatable and reliable screening techniques, which can be applied at low cost on 

large amount of individuals (600 to 1000 genotypes). Improvement of evaluation 

methodology is also important to increase knowledge on host-parasite interactions. 

du Cros, 1993). In these experiments, the genotypes each replicated 10 to 100 

times, are spatially distributed according to an experimental design chosen for an 

optimal control of local fertility effects. Tree resistance is generally evaluated after 

natural attacks by a damage severity score. 

From the breeder's point of view, such evaluation offers many advantages : 
- the assessment of the host-aggressor interaction is close to the 

economical impact and the expected genetic gain calculated on this scale will be 

close to the actual economical gain. 

- selection process hopefully involves most of the underlying resistance 

mechanisms and thus durability over time might be better guaranteed. 

From the geneticist's point of view, such an evaluation method is often 

inadequate for the understanding of tree-pest interaction patterns. There is no 

control of the variability of the aggressor, neither of the level and homogeneity of 

attacks (Doudrick et al., 1996a). In Europe, first generation of poplar clonal selection 

for rust resistance was based on evaluation in natural conditions without any control 

of the aggressor variability. Unfortunatly, the development of specific and unstable 

resistance to a given race of the pathogene could not be suspected and great 

disappointment invaded the scientific community ten years later when the selection 

was revealed ineffective. 



Limits of artificial or laboratory tests 

Thanks to the experience of pathologists, entomologists and ecologists, 

artificial resistance tests improve the control of the aggressor variability, the level and 

homogeneity of attack or infection, and the environmental conditions such as 

temperature or humidity level. 

In routine selection, artificial screening techniques may show limits: 

- the experimental size and correlatively the number of genotypes 

tested may be limited by technical facilities (Desprez-Loustau, 1990); 

- artificial conditions may not always mimic the complexity of natural 

conditions favoring the tree-pest interaction. Poor correlations between results of 

artificial screening and field evaluation might exist. For instance, . . . 

Screening techniques based on leaves or cut-shoots or more generally on tree 

parts are appreciated because they are non destructive and repeatable (Desprez- 

Loustau, 1990, Lefevre et at., 1994). Early evaluation on seedlings also considerably 

increase selection efficiency per unit time (Martinsson, 1987). 

In controlled conditions, host-pest interaction can be described simultaneously 

Table 1. Various types of biochemical indicators linked to tree response to different 
biotic aggressors. 

Picea sitchensis - fungi Woodward and Pearce, 1988 
Picea abies - C.polonica Brignolas et at., 1 995 
Pinus taeda - C. minor Hemingway et at., 1977 

Pinus sylvestris - 0. brunneo Lieutier et at., 1996 
Pinus sylvestris - L. wingfietdii 

Pinus lambertiana - Cronartium Ekramoddoullah and Hunt, 
rubicola 1993 

with traits referring to the host tree and with traits referring to the aggressor biology 

(Lefevre et a/., 1997, Auger et at., 1991). This breakdown of tree-aggressor 
Table 2. Minimum absolute values of genetic correlation between an indirect 

interaction is a first step to the identification of the underlying resistance indicator and a resistance target trait for a relative selection efficiency (RE) superior 

mechanisms. or equal to 1 and for different combinations of heritabilities. 

Limits of biochemical markers 

Indirect selection based on biochemical indicators of various families of 
6 

compounds has looked promising but has seldom been 'translated into successful 

screening techniques. 

General theories of plant defenses share the basic assumption that secondary 

compounds are responsible for plant resistance (Schopf, 1986). Variations of specific 

groups of chemicals such as terpenes or phenolics ,have been linked to host 

response to different biotic aggressors without any proof40f their causal relationships 

(table 1). First approaches to come closer to the genetic basis of resistance 

mechanisms have used 2D protein electrophoresis to trap variations of the primary 

metabolites and corresponding enzyme activities (Ekramoddoullah et a/., 1993) . 



To interest indirect selection for tree resistance, biochemical markers do not 

need to be causally related to resistance. Selection efficiency is only determined by 

relative values of heritability for the indicator and target trait (h2,,,,,,, h2,,,,,,.) and by the 

absolute value of their genetic correlation (r,) (Falconer, 1981). 

ER = lrclpz mast 

Because resistance to biotic aggressors is often related to fitness, heritability 

estimates of tree resistance traits are often comprised between 0.4 and 0.8 in 

optimal experimental design (Dieters et al., 1996, Doudrick et al., 1996b, Pichot and 

Teissier du Cros, 1993). Simulations of indirect selection relative efficiency for 

varying values of heritabilities and genetic correlation show that for such values, 

potential biochemical markers must have a high heritability and must be highly 

correlated to the target trait (table 2). Unfortunately, large environmental and 

physiological within-tree variation often reduces heritability of biochemical variables 

even in precise experimental conditions. 

One danger of biochemical indirect selection is to restrict selection on only 

one underlying mechanism except if biochemical selection is defined as multitrait 

selection with one or several biochemical indicators per target resistance component. 

Nevertheless, biochemical markers keep their interest in selection for 

resistance which can be evaluated only at late stage of tree development or which 

need heavy, costly and destructive methods (Auger et a/., 1991, Lieutier et al., 1994, 

Jactel et a/., 1997). In that case maximum selection efficiency will not be achieved 

but a minimum genetic gain will be expected. 
r 

Advantages of tree-aggressor interaction decomposition 

Although monogenic resistance mechanisms have been identified in forest 

trees (Kinloch and Byler, 1981), most of tree-aggressor interactions are complex 

responses involving several mechanisms controlled by many loci with probably 

epistatic effects. A first step used by tree geneticists to identify the different genes 

involved, is to breakdown tree response into components with supposed simple 

inheritance pattern. This approach is illustrated by the decomposition of poplar 

resistance to Melampsora larici-populina rust in the INRA breeding program (Lefhvre 

et a/., 1997) which is described hereafter. 

Operational clonal selection is based on assessment of symptom intensity 

after natural inoculation. The observations are made at the end of summer after 

several natural cycles of infection. A 0-9 score is assigned to each ramet of the 

experiment. The natural inoculum in Orleans nursery is a mixture of different races 

which varies in its qualitative and quantitative composition every year (Pichot and 

Teissier du Cros, 1993, Pinon et a/., 1995). 

For a better understanding of genetic basis of the qualitative and quantitative 

resistance observed at intra and interspecific levels, breakdown of resistance into 

epidemiological components is done independently for 4 known pathogen races in 

laboratory tests. Leaf-disks are sprayed with controlled inoculum suspension and 

maintained in growth chamber under controlled temperature (1 9°C) and photoperiod 

(16h light). Development of symptoms is observed during a 15 days-period. The 

latent period, the number of uredia, the average size of uredia are assessed on each 

leaf-disk and are used to calculate a susceptibility index (Lefevre et al., 1997) : 

susceptibility index = (number of uredia)x(average size of uredia)/(latent period) 

Since susceptibility index evaluated for the different pathogen races are 

closely linked to field resistance, genotype ranking based on laboratory tests can be 

considered confident for selection (Lefevre et a/., 1997). Moreover, the susceptibility 

index for the most common two races are also highly correlated. The two 

epidemiological components linked respectively to infection intensity and sporulation 

are nearly independent within Populus trichocarpa species, Tree breeders would 

have the choice to select either Populus trichocarpa genotypes with few uredia of 

medium size, either genotypes with many uredia of small size. 

Needs for a complete analysis of tree-aggressor-environment interaction 

The phenotypic response of a tree to biotic aggressors is determined by an 

interactive function involving three major terms : 

- the genetic information carried by the tree 

- the genetic information carried by the aggressor which may induce 

specific response from the host 

- the environmental conditions such as temperature, humidity, ... 



In selection experiments, tree breeders ooftn concentrate on the host genetic 

variability for a given aggressor in given environmental conditions. Only few 

experiments analyze jointly host and insect or pest genetic variability (Quencez, 

1995, Lefevre et a/., 1997). Joint analysis of host and pest genetic variability should 

have high research priority in order to better understand site effect, specific 

resistance, overcoming events and coevolution process. 

If varying environment changes the genotype resistance performances, GxE 

interaction could seriously limit durability of tree resistance over time and space. 

Estimations of GxE interaction are often limited to comparison of genotype rankings 

over field or laboratory tests. However, the range of environments prospected rarely 

reports limiting factors such as severe drought. Rigorous factorial experiments must 

be established in order to measure GxE interaction in very contrasted environments 

which may simulate the varying climate conditions over a 30-40 years period. 

IDENTIFICATION OF PHYSIOLOGICAL AND MOLECULAR BASIS OF TREE 
RESISTANCE 

Genetic variability for durabie resistance will be fully exploited if all the 

underlying mechanisms are identified through complementary histological and 

biochemical studies. if quantitative genetics has proved to be an efficient method to 

estimate genetic value and to predict genetic gain, it is unsuited for dissecting 

cornplex resistance characters into discrete loci or for defining the roles of individual 

genes. 

Molecular markers offer tree geneticists a possibifity to answer basic genetic 

questions such as : 

- the number of genes involved in tree resistance 

- the distribution of genes over linkage groups 

- the mode of gene action (additivity or dominance) 

- the existence of interaction between genes ? (ebistasis) 

There are two molecular genetic approaches to understand and manipulate 

resistance traits with continuous phenotypical distribution (RTL = Resistance Trait 

Loci). 

One is to complete a saturated linkage map with a suitable pedigree and to 

tag characters of interest with multiple genetic markers. Use of DNA codominant 

markers such as restricted fragment length polymorphism (RFLP) enables detection 

of heterozygotes and can be used to tag even recessive traits. The detection of RTL- 

marker associations is based on cosegregation analysis. A significant phenotypic 

difference between classes at a particular locus indicates that a RTL is probably 

nearby (Young, 1996, Nance et a/., 1992). Firstly developed for annual crops, 

specific theory is now available for forest trees for which inbred lines are not 

available. 

Several host-disease interactions are under analysis on sugar pine, slash pine 

or poplar (Devey et a/., 1995, Newcombe and Bradshaw, 1996, Villar et a/., 1996). 

Interesting results will soon be obtained on the genetic architecture of complete or 

partial resistance at both intra and interspecific levels. But practical limits of RTL 

mapping can easily explain why no complex tree-insect interaction is under break 

down with the same tools. 

1- Creating advanced pedigree selected for divergence for the resistance 

response needs time (Strauss et a/. , 1 992). 

2- High number of individual trees must be evaluated jointly for their 

genotypical value for the markers and for their phenotypical resistance performance 

(Strauss et a/., 1992, Young, 1996). Efficiency of RTL detection is also tightly linked 

to the phenotypical scoring method of resistance. We go back here to the problem of 

improvement of tree resistance evaluation in genetic experiments. 

3- The lack of linkage desequilibrium in forest tree populations requires 

evaluation of RTL-marker associations for different genetic backgrounds before 

using gene mapping for marker-assisted selection (Strauss et a/., 1992). 

Theoretical considerations limit the use of RTL mapping for gene cloning and 

gene transformation in trees. QTL mapping is mainly based on random genomic 

DNA probes which give no information on gene function (Nance et a/., 1992, Strauss 

et a/., 1992). Resulting maps are linkage maps and not physical maps; precise 

location of loci is not known (Strauss et a/. , 1 992). 

The alternative approach to begin RTL identification is to use genes with 

known metabolic function, cloned from other model species (Davis and Lawrence, 

1994, Nance et al., 1992). If co-segregation of such candidate genes and RTL is 



confirmed, the effective involvement of the candidate gene must be checked through 

genetic transformation. 

DEVELOPMENT OF BREEDING STRATEGIES FOR DURABLE TREE 
RESISTANCE 

AH advanced tree breeding programs over the world recognize the need of 

durability of disease and insect resistance. Low durability or biological risks are often 

associated to increasing genetic uniformity resulting from selection. 

Balance between development of improved genetic stocks and need for 

genetic variability conservation is provided by separate short-term and long-term 

breeding activities (Namkoong, 1991 ). 

1- Short-term activities (corresponding to the present generation) are then 

limited to predictable biological risks and capture high genetic gains due to the 

narrowing of the genetic basis. 

2- Long-term activities rely on recurrent but moderate selection to increase 

frequencies of resistant alleles in breeding populations of large size. Gene resource 

conservation provides genetic stocks for both predictable and unpredictable risks. 

Short-term breeding activities 

As underlined by Carson and Carson (1989), "durability is a property of host 

populations which has no real meaning at the level of individual genotypes ". 

In theory, breeding for durable resistance could only be achieved partially for 

clonal forestry. The most effective strategy is to pyramide major genes for both 

qualitative and quantitative resistance in one genotype. If :classical breeding is today 

the most common tool, marker-assisted selection will enable breeders to select 

directly on the basis of genotype rather than phenotype which can be especially 

helpful for time-consuming evaluation of resistance performance (Bernatzky and 

Mulcahy , 1992, Young, 1996). In order to accelerate recombination which is 

particularly long for forest tree, gene transformation could be used when available. 

Most forest tree improved varieties are produced in seed orchards which 

include 20 to 50 selected parents. Provided that the subset of selected genotypes 

combines different resistance mechanisms or alleles, such artificial populations 

decrease the risk of resistance overcoming. D6composition of resistance 

mechanisms is here the prerequisite step of both classical index selection or marker- 

assisted selection. 

Because within-host genetic diversity is only one of the numerous factors 

controlling durability, appropriate complementary deployment strategies must be 

developed (Carson and Carson ,1989). Simulations of optimal patterns of planting in 

time and space are required. 

Long-term breeding activities 

In long-term breeding programs, durability is also considered at the population 

level in which individuals share the different genes involved in resistance 

mechanisms. To ensure that optimal genetic variability is included in the breeding 

populations, the effective population size should range between 600 to 1000 

genotypes (Namkoong, 1 991 ). 

Management of genetic variability for various resistance components is 

facilitated by the creation of separate sub-populations for each resistance 

component. After resistance evaluation with adapted screening techniques , 

recombination of elite trees is done separately within each subpopulation in order to 

increase allele frequencies of the corresponding resistance component. Only 

recurrent selection based on moderate selection intensity can ensure a simultaneous 

pyrimiding of major and minor resistance genes in one or few genotypes (Cox, 

1995). Once more, marker-assisted selection can play an efficient role in the 

selection process. At any given time, tree breeders can select elite genotypes from 

the different breeding sub-populations and create a varietal mixture which will 

combine different sets of resistance mechanisms, If new biotic aggressions appear 

or if the impact of a known aggressor increases, introduction of genetic variability for 

resistance patterns in improved material can be envisaged from the genetic 

resources conservation network. 

CONCLUSION 

To develop durable multiple resistance mechanisms, tree breeding requires 

deeper understanding of inheritance of resistance mechanisms in different 

environmental conditions and at different scales from the single gene to the entire 

tree. The achievement of these objectives will be accomplished by joint work of 



entomologists, pathologists, tree physiologists, molecular geneticists, ecologists. If 

tree breeders are able to answer about the control of biotic aggressions when 

sufficient genetic variability exists, their response is generally limited to the species 

level. In some cases, durability of pest resistance must be foreseen at the ecosystem 

level and management of genetic variability must not be only supported by tree 

breeders but also concerns policy approaches. 
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RESUME 

The white pine weevil, Pissodes strobi Peck, is a serious pest of spruce (Picea 

spp.) and pine (Pinus spp.) regeneration in North America. Damage from this insect 

has forced forest managers to eliminate the planting of Sitka spruce (Picea 

sitchensis (Bong.) Carr), in much of coastal British Columbia. Genetic resistance to 

weevil damage has been demonstrated for both spruce and pine in Canada. To 

deploy host resistance in an Integrated Pest Management System it is critical to 

understand the processes which underlie this phenomenon. This paper reviews 

what we know of genetic resistance in the weevillspruce system and considers if 

there are arguments that could be made to favor a hypothesis of coevolution of the 

weevil and its hosts. 

INTRODUCTION 

The white pine weevil, Pissodes strobi Peck (Coleoptera: Curculionidae) is the 

most serious native pest of regenerating Sitka (Picea sitchensis (Bong.) Carr), white 

(P. glauca (Moench) Voss), and Engelmann spruce (P. engelmanni Parry) and their 

hybrids, in western North America. In eastern North America its hosts include 

eastern white pine, Pinus strobus L., Jack pine, Pinus banksiana Lamb., Norway 

spruce, Picea abies (L.) Karst, Scots pine, Pinus sylvestris L., white spruce, and red 

spruce, Picea rubens Sarg (Humble et al., 1994). 



Genetic trials in British Columbia have revealed resistance to this weevil as 

determined by reduced number of attacks per tree (Alfaro and Ying 1990; Alfaro et 

a/., 1996a; Kiss and Yanchuk 1991 ; Ying 1991), and much research has focused on 

determining the mechanisms of resistance. Resistant genotypes are now available 

for commercial use. However, we must carefully consider how these genotypes are 

to be deployed to minimize the coevolutionary interactions between the weevil and 

its host that could render these trees susceptible. 

Ehrlich and Raven (1964), proposed that the evolution of plant secondary 

substances, and the stepwise evolutionary responses to these by phytophagous 

organisms, have been the dominant factors in the evolution of butterflies and other 

phytophagous insects. While it has been generally accepted that coevolution 

influences plant-insect interactions, the importance of plant chemistry, the 

mechanisms by which coevoiution proceeds, and the importance of coevolution 

relative to other influences has been vigorously debated (Slatkin and Smith 1979; 

Thompson 1982; Futuyma 1983; Gould 1988; Berenbaum and Zangerl 1988; 

Thompson 1994). Coevolution may be reciprocal or diffuse (Janzen 1980; Fox 1981 ; 

Strong et a/., 1984; Fox 1988), and may only occur in the case of intimate 

associations between a herbivore and its host (Fox 1988). 

For coevolution to occur, herbivores must impose selection on their host plant. 

To demonstrate this, the defensive trait must be genetically variable and subject to 

some form of selection (Rausher 1996). Determining the selection pressure affecting 

host range requires: examination of the ecological factors affecting host selection, 

genetic analyses of host preference and larval performance, and physiological and 

biochemical studies on how insects cope with plant *defenses, such as noxious 

compounds (Thompson 1988). 

This paper reviews what we know of genetic resistance and ecological 

determinants of host selection in the weevil-spruce system; it considers if there are 

arguments that could be made to favor a hypothesis of coevolution of the white pine 

weevil and its hosts. 

Intimate association between weevil and host 
i 

The eggs are laid from late April to June in punctures made by females in the 
I 

bark just below the buds of the terminal (year-old) shoot. The larvae mine downward 

beneath the bark of the terminal shoot (leader), feeding in the phloem, girdling and 

killing the terminal. By midsummer, they construct oval pupal cells in the wood and 

pith, and pupate within a "cocoon" of wood fibers. Most adults emerge from the 

leaders in late August and September, feed on the stem and branches, and then 

overwinter primarily in the duff (Alfaro 1994). Occasionally, and especially in the 

interior of British Columbia, adults will re-attack below the previously attacked leader. 

Because P. strobi kills the apical shoot, the ability of the host tree to compete for 

apical dominance is reduced. Repeatedly attacked trees may become suppressed 

and may eventually die. 

Geographic sources of resistance 

Genetic studies in British Columbia have demonstrated significant family 

variation in the attack index, with high heritability of resistance (h?=0.39, h2f=0.7, King 

et al., 1997). Capitalizing on this variation, a coevolution model would predict that 

populations subjected to high herbivory would tend to develop high resistance levels. 

Ying (1991) postulated that extreme selection pressure in high weevil hazard zones 

in British Columbia increased the proportion of resistant trees in these areas. This 

statement seems to be holding true in British Columbia. Variation in the resistance 

of white spruce to P. strobi was related to ecoclimatic conditions of the place of origin 

of the trees (Alfaro et a/., 1996a). Parents from locations with high weevil hazard or 

high weevil populations yielded the highest proportions of resistant trees. These 

sites are primarily of low elevation and latitude, especially in Moist-Warm habitats of 

the Sub-Boreal-Spruce (SBS) biogeoclimatic zone. For Sitka spruce, known 

geographic sources of resistant genotypes are mainly at the edge of its range where 

warm, dry summers favour the weevil. These sources are the Haney area of the 

Fraser Valley, the eastern border of Vancouver Island and the inland Skeena River 

area, where Sitka and white spruce hybridize. However, resistance has not 

developed in all such areas, e.g., the north east corner of the Olympic Peninsula and 

adjacent areas in Washington State. 



Defenses of spruce against weevils 

(i) Defenses at the site of weevil oviposition 

Resin canals play an important role in tree defenses and have evolved 

numerous times in the plant kingdom (Farrell et a/., 1991). Weevil resistant trees in 

Sitka and white spruce families had significantly denser resin canal systems in the 

cortex of the apical shoot (the weevil's oviposition site and larval habitat) than those 

in susceptible families(A1faro et a/., 1997; Tomlin and Borden 1994, 1997a). Similar 

differences occur in the resin canal density of Pinus strobus (Stroh and Gerhold 

1965). These studies demonstrated significant family variation and potential for 

selection. However, Tomlin and Borden (1997b) indicated that some resistant 

genotypes may rely on resistance mechanisms other than resin canal density. 

Alfaro (1996) and Jou (1971) found that resin canal density in the bark of 

Sitka spruce is higher in the apical shoot than in the lower internodes (Fig. 1). Resin 

canal density decreases as the leader ages through the season, due to increasing 

leader diameter, addition of phloem layers to the cortex, and occlusion of existing 

canals. 
Jordan River, BC, N.155; ANOVA< F=116, P60 W l  

Fig. 1. Resin canals have a higher 
density in the leader (site of 
oviposition and larval 
development) than in the one- 
year old internode. This 
decrease in resin canal density 
with age happens in resistant 
and susceptible trees. Based 
on 155 trees from Jordan 
$liver, British Columbia. 

1994 intmode 1995 leader 

(11) Reduced apparency 

Tomlin and Borden (1997a) found that most resistant clones of Sitka spruce 

have lower amounts of volatile foliar terpenes than susceptible clones. It was 

hypothesized that these trees were avoiding attack by weevils through reduced 

apparency (Feeney 1 975). 

(111) Resin composition 

Tomlin and Borden (1996) observed higher amounts of resin acids in the 

cortex of resistant Sitka spruce genotypes when compared to susceptible genotypes. 

Resin acids could be involved in determining adult host selection by acting as 

repellents or they may reduce growth and survival of larvae. 

(IV) Induced resinosis. 

Dissection of white and Sitka spruce leaders in which weevil attack had failed 

(eggs had been laid but no adult emergence occurred), demonstrated the existence 

of an induced defense reaction (Alfaro 1995; Alfaro et a1.,1996b). The response was 

initiated shortly after feeding and oviposition in the attacked shoot and consisted of 

the cambium switching from producing normal tracheids and parenchyma ray cells to 

the production of traumatic resin canals, arranged in a ring fashion in the developing 

xylem. Artificial wounding experiments demonstrated that resistant trees are capable 

of a faster and repeated response whereas susceptible trees respond more slowly 

and generally produce a single ring of traumatic resin canals (Tomlin and Borden 

1997b). Moreover, increased production of monoterpenes near the site of wounding 

raises the terpene to resin acid ratio, apparently resulting in highly fluid resin which 

could readily "drown" eggs and first instar larvae (unpublished results). 

Weevil adaptations to  avoid defenses 

(i) Adaptations to sabotage or circumvent bark resin canal defenses 

Microscopic observations of weevil feeding and oviposition cavities in the 

leader indicate that P. strobi avoids puncturing resin canals while feeding (Stroh and 

Gerhold 1965; Overhulser and Gara 1975; Alfaro 1995). Consuming the tissue 

around the resin canals effectively cuts the epithelial cell (which produce the resin) 

from their food supply in the vascular bundles, leading to deactivation and death of 

the resin canal structure (Fig. 2). In addition, Overhulser and Gara (1981) observed 

that resin canals adjacent to oviposition punctures became occluded, and 

presumably deactivated. 

When confined to high-resin-canal resistant trees, gravid females oviposited 

low in the stem, below the leader, where resin canal density was reduced by the 

increase in stem diameter (a dilution effect) (Alfaro 1996). 



Fig. 2. Cross section of a spruce leader 
after feeding by Pinus strobi The 
weevil has consumed the tissues 
around resin canals while avoiding 
puncturing them. This isolates the 
resin canals from their nutrient 
supply in the vascular bundles. 

(ii) Mass egg laying and larval aggregation: adaptations to quickly overcome induced 
defenses, 

Mass oviposition (numerous eggs deposited in a short time) and larval 

aggregation seem to be adaptations enabling P. strobi to deal with induced defenses. 

These behaviours ensure quick colonization of the cortex and secure that at least 

some individuals will survive the tree defenses. Mass attack that severs resin ducts 

is common in bark beetles (Scolytidae) (Rudinsky 1962, Raffa 1991). Resin flows for 

a short time until the resources of the host are depleted, and the tissue becomes 

suitable for colonization. 

(iii) Host selection behaviour. 

Tomlin and Borden (1996) showed that weevils are able to avoid at least some 

resistant genotypes of Sitka spruce by detecting the presence of feeding and 

oviposition deterrents. In addition, Hamel et al., (1994) observed that eastern P. 

strobi prefer Norway spruce, an introduced host, over twd native hosts, eastern white 

pine and white spruce. 

(iv) Adaptations to reduce genome waste. 

Gara and Wood (1989), Sahota et al., (1994) and Leal et al., (1997) indicate 

that female weevils confined to the leaders of resistant trees do not mature or regress 

their ovaries. Thus, a female weevil may detect hn unsuitable host and, via 

endocrine feed-back, shut off oviposition. We interpret this as an adaptation of 

female P. strobi to conserve its genome in the likelihood that a more suitable host 

would be found. 

Synchrony of weevil and tree phenology 

The work of Hulme (1995) and the authors (unpublished) indicates that 
I 

resistant and susceptible spruce families have different phenologies, a trait that is 

under strong genetic control (Cannell et al., 1985). Resistant families start 

development earlier in the season than susceptible families, apparently leaving 

susceptible trees vulnerable during a critical oviposition window. Weevils lay eggs 

only if the leader is in a susceptible stage, i.e., its phenology has progressed to the 

point at which resin canal density is low, and offspring survival is likely. Resistant 

trees seem to go through this susceptible window early in the season when few 

weevils may be available for attack. Later, when more weevils are active, trees are 

capable of resisting attacks via induced resinosis. It appears that the weevil has 

countered these seasonally variable resistance levels (Hulme 1995) by development 

of a life cycle with significant variation, particularly with respect to the amount of heat 

required to complete the various life stages (emergence from overwintering, timing of 

colonization of the leader). A variable life cycle ensures that some weevils within a 

population will be in synchrony with the host. 

Using DNA markers, mean expected heterozygosity and percent polymorphic 

loci were shown to average 0.24 and 71.8 respectively within populations of P. strobi 

in British Columbia (Lewis 1995). Thus, populations of the weevil appear to be quite 

rich in genetic variation and this could be reflected in highly variable behavioral 

attributes within and between populations. 

Should coevolution be considered? 

Pissodes strobi has an intimate association with its host. Resistant 

populations of spruce are correlated with high weevil densities, and defensive traits 

are correlated with resistance to attack by weevils in the field, Weevils show 

evidence of several types of adaptation to host defenses, and there is phenotypic, 

and almost certainly genotypic variation in the life cycles of both the weevil and its 

hosts. Assuming that P. strobi and its hosts have coevolved, and that the capacity 

for coevolution persists, resistant genotypes must be used in a manner which avoids 

selection for weevil biotypes that will overcome resistance. 
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RESUME 

This study reflects the initial steps in the development of Norway spruce trees resistant 

to white pine weevil and suitable for Quebec conditions. Weevils were caged on the terminal 

leaders of 67 clones over two years. Adults of the new generation were counted and weighed 

alive and the number of oviposition and feeding punctures, the length of the leaders and the 

length of damage under the bark were measured. Also, another group of 8 clones was used to 

test the influence of insect feeding on the fornlation of trau111atic resin canals. Results 

demonstrated that the number of feeding and oviposition punctures was not affected by clones. 

The adult mean weight, the nurnber of nymphal chambers, and the darnage length were 

significantly affected by clone and per year. The use of a relative performance index to reduce 

the clone*year interaction is discussed. Also, observations under the microscope denlonstrated 

that insect punctures induced the formation of traumatic resin canals into the xylem as well as 

into the live bark. 

INTRODUCTION 

Norway spntce (ZJicea ahies (L.) Karst.) was introduced as a reforestation species in 

Quebec in the 1920s. The majority of the current plantations come from older plantations 

managed as seed stancis. Since 1964, more than 200 million seedlings have been planted in 

Quebec. This species was very popular between 1984 and 1994, with a peak of 18 million 

seedlings planted in 1988. At present, fewer than 2 million seedlings are planted annually. This 



decline is largely caused by the white pine weevil (Pissodes strobi (Peck)), which produces 

damage similar to that observed on white pine (Pinus strohus L.) (Lavall6e et al., 1990). In 

1996, the weevil was present in 77% of the Norway spruce plantations in Quebec (G. Gagnon, 

Pers. Comm.) and more generally in 26% of the Quebec spruce plantations (Ministere des 

Ressources naturelles du Quebec, 1997). 

Few methods are available to control weevil populations. Among them, tests are 

conducted to demonstrate if  i t  is possible to enhance natural biological control by modifying the 

procedure for removing infested leaders (LavallCe et al., 1997). In addition, as previous studies 

demoristrateci that site characteristics can play a key role in population dynamics (Archambault 

et ~ 1 1 . ,  1993; Lavallke pt al., 196), better site selection and a survey into specific stands could 

reduce the irrlpact of the weevil, Likewise, other strategies such as using resistant trees in 

reforestation programs could help in the development of an integrated pest management system 

for Norway spruce. In western Canada, tree resistance to white pine weevil has been 

documented on Sitka and white spruce (Alfaro et al., 1997, Tomlin and Borden, 1997). In 

eastern North America, tree resistance to white pine weevil has been reported for Norway spruce 

(Hoist, 1955; 1963; Coleman et nl., 1987) but resistant Norway spruces are still not available for 

reforestation. 

Caged insects can be used to test insect-plant resistance screening (Smith et al., 1994). 

The objectives are to study the variability in the biological performance of the white pine weevil 

placed on Norway spntce clones and to identify resistant genotypes for a breeding program. The 

aptitude of Norway spruce to resist white pine weevil attack by producing defense mechanisms 

is also evaluated. 

MATERIALS AND METHODS 

Insect collection and rearing in spring 

Weevils were collected in an 8-year-old Norway spruce plantation located near Saint- 

GCdCon (46"02'50"; 70°40'20") at the beginning of the oviposition period in 1994 (17-22 May) 

and 1996 (27-3 1 May). Insects were kept on fresh branch sections at 2OC, which allows feeding 

but not oviposition, and they were sexed before use according to LavallCe et al. (1993). 

Resistance screening 

Field work was conducted in 1994 and 1996 in a 10-year-old (1994) clonal bank located 

near Valcartier, 50 km north of Quebec City. This clonal bank contained 260 Norway spruce 

clones from which 67 were selected for their rusticity and good growth capacity. Each clone 

was represented by 10 rarnets (5 ramets 1 block). There was no randomization of the clones 

inside each block. In 1994, fewer than 1% of the ramets were attacked by a natural weevil 

population. 

On the terminal leader of two ramets per block, three males and three females were 

caged in a fine-mesh cloth sleeve before tree growth resumed. Adults were introduced at the 

beginning of June (9 June 1994; 7 June 1996) and left in cages until August. In 1996, the same 

experimental design was used except that two other ramets were selected to avoid any possible 

induction effect of a previous host. 

The leaders were collected in August (16 August 1994; 14 August 1996) to document 

the insect biological performance. At that time of the year, larval development is completed but 

adults of the new generation are still inside the leaders (Lavall6e et al., 1990). Insects previously 

introduced were removed from the cages and leader length was measured. Leaders were kept 

individually in cardboard cylinders under greenhouse conditions to allow the emergence of the 

new adult generation from tnid-July to mid-September. Leaders were observed daily and each 

collected adult was individually weighed alive. At the end of emergence, some external 

characteristics related to insect behavior (number of oviposition and feeding punctures; damage 

length under bark) were noted and thereafter leaders were dissected to determine the number of 

nymphal chambers. A new variable expressing the insect performance was calculated with the 

ratio of number of oviposition punctures over the number of nymphal chambers. 

After the appropriate transformation to achieve variance homogeneity and normality of 

the residuals, partial correlation coefficients were calculated with the MANOVA instruction 

(GLM procedure, SAS Institute Inc., 1990). 

Induction effect 

In 1996, in the same clonal bank, eight clones were selected to study the influence of 

weevil feeding and oviposition on bark growth. Two ramets per clone per block were selected 



for insect treatment and control. Two adults of each sex were introduced into a similar sleeve 

cage on 10 June and were allowed to feed and oviposit over 15 days, Then, intact and attacked 

leaders were cut and sample sections of the shoot taken as soon as possible while the other 

leaders were stored at 2°C i t r i t i l  being used. 

For routine light r~iicroscopy, the samples were fixed with 2.5% glutaraldehyde in 0.1 M 

sodium cacodylate buffer (SCB) (pH 7.2) for 2-3 h, rinsed three times with SCB before 

postfixation with 1 %  QsO, in SGB for 1 h. They were gradually dehydrated with ethanol and 

embedded in Epon 812. Sections ( I  pm) were stained with toluidine blue 0 and safranin 0 and 

observed with a Reichert Polyvar microscope. 

For fluorescence microscopy, some samples were embedded in Tissue-Tek O.C.T. 

cornpound at - 1 5 T .  Section\ (20 vrn) were obtained with a Reichert Histostat cryomicrotome. 

The sections were stained with phloroglucinol-HCI to quench the autofluorescence of lignin and 

the autofluorescence of the resin and suberin was revealed using the BP 330-380 exciter filter 

with a DS 420 separator niirror and a LP 4 18 barrier filter (violet illumination). 

RESULTS AND DISCUSSION 

Resistance screening 

The number of oviposition and feeding punctures made by caged adults was not 

significatitly af'fected by clones (Table 1). This could indicate that under no-choice conditions, 

in which the insect has to feed to survive, these criteria might not be infornative. According to 

Raffa and Berryrnan (1982b), feeding stitnulant and incitant are present in the bark of resistant 
i 

and susceptible lodgepole pilic 

Other variables like (he adult mean weight, the number of nymphal chambers, the length 

of damage under the bark a1rt1 leader length were statistically affected by the clone (Tab. I) .  

From all the criteria. studied, the number of nymphal chambers seems to be the most useful in 

relation to population dyrrarnics. The significant variation between clones in the number of 

nymphal chambers indicateti that survival is affected by the clones. In cages, under these no- 

choice conditions where rhc insects cannot leave the plant, we measured antibiosis (sensu 

Painter, 195 1 )  where egg ttatcftirtg, insect growth and survival were affected (Smith et al., 1994). 

Table 1. Analysis of variance on insect performance and leader length for both years of treatments. 

Oviposition punctures Feeding punctures 

F Pr F Pr 

Clone (C) 1.2 0.1927 1.2 0.2495 

Year (Y) 5.6 0.0208 130.0 0.000 1 

Y *C 1.3 0.1396 I .O 0.527 1 

Adult mean weight Nymphal chambers 

F Pr F Pr 

Clone (C) 3.0 0.000 1 3.5 0.000 1 

Year (Y) 

Y *C 

Length of damage under bark Leader length 

Clone (C) 3.3 0.000 1 3.1 0.0001 

Year (Y) 38.4 0.000 1 537.4 0.000 1 
ii 

Table 2. Partial correlation between variables in 1994 and 1996. 

Adult mean weight -0.05 0.7339 

Leader length 0.36 0.0023 

Feeding punctures 0.03 0.7908 

Oviposition punctures 0.039 0.7523 

Nymphal chambers -0.126 0.3097 

Damage under bark 0.1 18 0.3402 

Performance index -0.209 0.0899 



However, using the ratio of number of oviposition punctures over the number of 

nymphal chambers, an index that is more related to tree resistance could be developed. This 

performance index integrates the insect pressure exerted on the tree by oviposition intensity and 

also the insect development success by the number of nymphal chambers. This index was 

calculated and shown to be significantly affected by clone (P<0.01) but not by year ( P d . 6 2 )  and 

the year*clone interactiorl (P=0.21) was not significant. Therefore, this value could reflect more 

precisely the host-insect interaction. 

With some of the variables under study, the year*clone effect is particularly important to 

consider since it indicates that the response expressed one year may be different the year after. It 

also means that a clone con\idered as resistant one year may not be resistant the year after. This 

aspect is also expressed by the partial correlation coefficients between the data of a single 

variable obtained during two years when only the leader length and the performance index were 

significant at 10% (Tab. 2). The clonal variation between years is difficult to explain but 

important to consider. As ttientioned by Smith et al. (1994), resistance is dependent on several 

interacting factors involving the insect, the plant and the environment. Working with the pine 

reproduction weevil (Cylitt~lrc~copturus eatoni), Miller (1950) observed a year to year variability 

in the resistance of his hybrid pines. In the present study, weather conditions may have played 

an important tole in modulating plant and insect response. If we consider only rain 

precipitation, June 1994 wii\ a rainy month (month=213 mm; mean=llO mm) compared with 

July (month=168 rnnr; mean= l 19 mm). In 1996, it was the opposite trend between June 

(month= 143; mean= I 10) 2nd Jitly (rnonth=23 1 mrn; mean= 1 18). Miller (1950) observed that 

irrigation improved tree vigor and helped vigorously growing trees to better survive 

reproduction weevil attack 'free physiology and insect develophnt may have been differently 

affected by the availability of water at different growth periods. Hulme (1995) reported that 

resistance status nlay be affected by tree phenology and tree phenoiogy can be affected by water 

availability (Kozlowski c.t ill . ,  199 1). 

Induction 

Exarninations under- thc microscope showed the regular Fornation of a band of traumatic 

resin canals in the xyleni (firg I ) ,  as reported by Alfaro (1995). It was also possible to confirm 

the observation\ of Over-Iii~liei atid Gara (1981) that some of the extant resin canals located 

Figure 1. Overview of bark tissues adjacent to a cavity (*) caused by the insect that is partially filled 
with remains of necrotic cells. Constitutive resin canals are shown in the cortex as are some traumatic 
resin canals formed in the xylem (arrowheads). The arrow points to an area containing a traumatic resin 
canal that is presented at higher magnificatiori in Figure 2. Bar = 200 pm. 

Figure 2. High rnapnificntion of the area pointed to by the arrow in Figure 1.  A traumatic resin canal 
(arrow) bordered by cells with dense cytoplasm is in formation next to a cavity made by the insect. It 
was common to observc separations within the band of suberized cells (curved mow) forming the 
necrophylactic periderm that likely indicated that these cells were not well penetrated by the embedding 
medium. Bar = 30 pm. 



either in the vicinity of the egg chambers or the feeding holes became occluded with time as a 

result of the proliteration cti epithelial cells. The occurrence of a necrophylactic periderm was 

also noted around the puncturts made by the insect, as regularly described following wounding 

Biggs, 1992) or irifection. The formation of new resin canals adjacent to the weevil punctures 

(Figs. 1 and 2) wa\ also obmved. As revealed under violet illumination, these cavities were 

often filled with resin but i t  was frequently difficult to link the presence of this resin with extant 

resin canals, so i t  is postulated that these new resin canals, mainly located in the cortex, and even 

otne of the cells lir~irlg the insect wounds might react and produce a part of the resin found in 

these insect cavities. 

As dernonstrated for white spruce (Alfaro et al., 1997) and for Sitka spruce (Tomlin and 

Borden, 1997), constitutive resin canals were associated with resistance to white pine weevil. 

This anatomical feature could help identify Norway spruce clones resistant to the weevil. 

Likewise, traumatic resin canal formation might be another important factor to consider. Like 

with bark beetles, the induced response to the invasion might be more important than the 

constitutive defense mechanisms (Raffa and Berryman, 1982a). As with other types of defense 

reactions, to be efficient this response should occur rapidly to drown eggs and young larvae. 

These screening tests demonstrated that insect weight and the number of nymphal 

hambers are significantly different between clones. The development of an index that could 

onsider the amount of food available (leader length, volume of bark, etc.), the oviposition 

ntensity, the length of damage, the number of nymphal chambers and that could also remove 
/ 

the clone*year interaction could be a useful selection tool. Our observations also showed that 

sect feeding induced the formation of traumatic resin canals in the xylem as well as in the live 

bark. Finally, i t  is important to doc~iment the time and site variability in a resistance expression 

that may be relevant to different factors such as the physiological status of the insect and of the 

tree that can both be affected by weather conditions and site quality. 
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RESUME 

Cooley gall adelgids, Adelges cooleyi, and round gall adelgids, Adelges abietis, 

differentially infested 1 10 half-sib families of Engelmann spruce, Picea engelmannii at 

9 study sites in British Columbia. There was a negative genetic correlation (-0.53) 

between the infestations of the two gall-forming species. Cooley gall abundance 

exhibited a negative genetic correlation (-0,66) with tree growth, whereas round gall 

abundance exhibited a positive genetic correlation (0.79) with growth. Heritability (h2) 

of resistance against the adelgids averaged about 0.60 for Cooley galls and 0.20 for 

round galls 

INTRODUCTION 

World-wide, there are 30 species of spruce (Picea spp: Pinaceae) which serve 

as the primary host for the majority of the 49 or so species of primitive aphids in the 

family Adelgidae (Carter 1971, Ghosh 1983). Each adelgid species typically causes 

a uniquely shaped gall to form on the developing shoots of susceptible spruces. Such 



galls can persist on the affected trees for many years depending on the species of gall- 

maker and the species and environment of the host spruce, thereby leaving a useful 

index to a tree's general resistance. For example, in undisturbed plantations in northern 

Minnesota, we have found galls that were formed as long as 30 years earlier (Mattson 

et al. 1994). 

Usually, the impact of adelgids on tree growth and survival appears 

inconsequential. But, to be sure, no one has ever measured their long-term impacts on 

bud demography. Cooley galls, caused by Adelges cooleyi, for example, typically kill 

their subjugated shoots. Round galls caused by A. abiefis and A. lariciafus, on the other 

hand, do not kill the shoot but allow it to grow in an apparently substandard manner. 

Ragged spruce galls caused by Pineus sirnilis can cause hormonal imbalances in 

young seedling stems, triggering a cork-screw growth-habit that predisposes them to 

snow damage. In rare cases, some highly susceptible individual trees have nearly all 

of their shoots attacked by adelgids and consequently are rendered uncompetitive and 

eventually die (Mattson, pers. obs). In western North America where there are 15 

species of adelgids, it is not uncommon to find galls from as many as 4 species on the 

same host plant, as is the case for Engelmann spruce, P. engelmannii, Sitka spruce, 

P. sitchensis, white spruce, P. glauca, and the vast hybrid swarm called interior spruce 

(mostly P. engelmannii x glauca) in interior British Columbia. 

Numerous field studies in Europe and North America have reported substantive, 

consistent differences among individual trees in their resistance to the galling adelgids 

(e.g. see Mattson et al. 1994, Mattson et al. 1998), thereby ihplying that resistance has 

an important genetic component to it. For example, Mattson et al. (1 998) estimated that 

broad sense heritability (Hz) of resistance against Adelges abietis was about 0.86 (the 

theoretical maximum being 1.0), using one clonal orchard of Picea abies in the southern 

Paris basin. Of course, such limited studies (i.e. one <<population,, of trees, one 

environment, one population of aphids) give but only a glimpse of the possible genetic 
I 

bases of spruce resistance to adelgids. 

This study was undertaken to further basic understanding about the genetics of 

spruce resistance to insects. Specifically, we investigate3 the hypothesis that there is 

substantive family level variation in Engelmann spruce resistance to two common, 

shoot-galling adelgids: the native, Cooley spruce gall aphid, A. cooleyi, and the 

introduced (from Eurasia), round spruce gall aphid, A. abietis, both of which produce 

very distinctive galls (Rose and Lindquist 1977). We also investigated the heritability 

(h2) of such resistance and tested for genetic correlations between plant resistance to 

the two species of adelgids and between tree growth and resistance. We predicted that 

(a) tree resistance to one adelgid species would be positively correlated with resistance 

to the second adelgid owing to trees employing the same or very similar resistance 

mechanisms against both species, and (b) tree resistance and growth would be 

positively correlated because the most likely mechanisms of resistance would be rapid 

inducible defenses, such as strong and swift hypersensitive reactions, that are 

dependent on vigorous growth (Herms and Mattson 1992, 1997). 

METHODS 

This study was overlaid on a genetic trial utilizing 1 10 half-sib Engelmann spruce 

families originating from the east Kootenay region in S.E. British Columbia. Families 

were planted in linear, 10 tree plots, replicated in 2-3 blocks at each of 9 different, widely 

separated geographic sites. Trees were about 15 years of age, and ranged in height 

from 2-5 m in September 1994 when measurements were made. The first 5 living trees 

of all families in each replicate were scored for numbers of Cooley and round galls by 

a pair of forestry technicians. Each tree was examined (one person on each side) for 

two, 30-second intervals (using a timer) during which Cooley galls were counted, and 

then round galls counted. Such a brief inspection period was sufficient to provide a 

reliable difference among differently infested trees. For example, there was a strong 

linear regression relationship (p < 0.01, = 50-75%) between such 30 second counts 

by forestry technicians and one minute counts (virtually 100°/o censuses) done on the 

same trees by two highly experienced gall workers (wjm & bab). Usually, the 30 second 

counts allowed the measurement of nearly all of the galls on lightly infested trees, and 

at least one-third to one half of them on the heavily infested trees. Tree heights (cm) 

and tree diameters (mm) were likewise measured at the same time. The round galls 

were initiated primarily by A. abietis, but there may also have been a small fraction of 



superficially similar round galls caused by A. lariciatus, though its distribution in S.E.. 

British Columbia is not well substantiated. Because over 11,000 trees were to be 

examined, it was not economically feasible to attempt to definitively segregate these two 

species of round gall makers, if indeed they occurred together. Therefore, the round 

gall counts may represent cumulative infestations of two species of adelgids. Due to 

misunderstandings, the whole tree gall counts were converted to a numerical index, and 

recorded as infestation classes: 0=0, 1 =1-10, 2~11-20, 3=21-30, 4=31-40, 5=41-99 

galls. 

For statistical analyses and tests, we used the numerical indices directly, but 

furthermore we converted them back into a semblance of the original data by using a 

random number generator to pick a gall number within the appropriate numerical range 

covered by the index assigned to a tree. All such generated numbers (x) were then 

converted to their log, (x-t-1) equivalent for meeting the assumptions of ANOVA. We 

used two ANOVA models. One was for analyzing separately each geographic locale 

or site: XI,,,= p + F, + R, + FIR, + e , ,  where F is family, R is replicate, and FR are family 

by replicate interaction effects, e is residual error among individuals. The second was 

for analyzing the pooled data set across all sites: X,&,, = p + S, + R, (S,) + F, + F,S, + F, 

R, (S,) + e,),,,, where S is site. Because of computational overload problems with an 

unbalanced design arising from missing observations, the pooled data set was 

manipulated to create a perfectly balanced data set consisting of 82 families and three 

individual trees per replicate (2) at all study sites. Hence, those statistics for the pooled 

study refer to this reduced data set, and consist of the class counts for galls. Statistics 

shown for the individual sites are based on the full set of 110 families, all replicates, and 

all individual trees, but using the random counts. In every ANOVA, all effects were 

considered random effects. To estimate the magnitudes of genetic correlations (r,), and 

narrow-sense, individual heritabilities (h'), we computed the variance components for 

the main effects, and their interactions, and then followed standard estimation protocols 

(Becker 1984, Falconer 1989, Kiss and Yanchuck 1991, Stonecypher 1992). 

RESULTS and DISCUSSION 

Variation among sites and families 

Cooley galls were common at all 9 sites, but as expected, their abundance 

differed substantially and significantly among sites (Tables 1,2). For example, they 

averaged about 7 gallsftree at the least infested site, and 31 gallsftree at the most 

infested site. Analyses of variance confirmed that there were also substantive, 

significant (p<.001) differences among half-sib families (F) in their resistance to A. 

coole~i at all 9 sites. According to a variance components analysis on the overall model 

testing all of the sites together, family effects accounted for 8.6 % of the total variation 

(Table 2). At the most heavily infested sites, the majority (>75 percent) of families were 

in middle to high range infestation classes, i.e. medium to light-heavy infestation 

classes. Only very few families were in the extremes, i.e. in very light and very heavy 

infestation categories. This implies that nearly all families are moderately to highly 

susceptible to A. coolevi. 

Round galls were much less common than Cooley galls at 6 of the 9 sites, but 

at 3 sites they were equally abundant (Tables 1,2). At the least infested location, round 

galls averaged about Ztree, whereas at the most infested location they averaged about 

34ftree. Analyses of variance revealed that there were highly significant family effects 

(p < .001) on round gall numbersftree at all 9 sites. According to a variance components 

analysis on the overall model, family effects accounted for 2.4% of the total variation 

(Table 2). At the most heavily infested sites, the majority of spruce half-sib families fell 

into the medium and heavy infestation classes. As was the case for Cooley gall 

susceptibility, only few families fell into the very light and very heavy infestation classes. 

Thus, almost all families are moderately to highly susceptible to the round gall adelgids. 

Tree size effects on galling 

Because larger trees have larger canopies and offer more potential growing 

points for adelgid infestations, and families varied significantly in growth rates, we 

plotted mean gallsftreeffamily against family diameter (d.b.h.) and height to search for 



Table 1. Mean number of galls (log. (x + 1)) per tree at nine different research sites, and the 

probability of a larger F value in randomized, complete block design testing the null hypotheses 

that there are no family, replicate, and family x replicate effects on gall counts per tree. Study 

sites are ranked in ascending order according to the mean abundance of Cooley galls per tree. 

Cooley galls: Round galls: 

StudySites: mean Fam Rep FxR mean Fam Rep FxR 

Lodge Creek 1.918 e.OO1 e.OO1 0.07 1.554 e.001 e.001 e.001 

Roche Creek 2.162 e.001 0.07 e.01 2.547 e.OO1 0.1 e.001 

JumboCreek 2.513 e.001 e.001 e.001 0.539 e.OO1 e.O1O c.010 

Perry Creek 2.733 c.001 e.001 e.OO1 2.689 e.001 0.02 e.001 

Bloom Creek 2.825 e.001 0.09 e.010 3.309 e.001 0.225 e.001 

Lussier River 3.137 e.001 0.05 c.010 2.429 e.001 e.001 c.010 

HorseCreek 3.173 e.001 0.41 0.12 1.338 c.001 0.47 0.04 

WdvrmereCk 3.233 e.001 e.01 c.001 1.755 e.001 0.247 c.001 

Table 2. Analysis of variance of data pooled from all sites, using gall class counts, showing 

degrees of freedom (df), Mean Squares (MS) and components of variance for the main effects 

for both Cooley and round gall analyses. 

Cooley Galls Round Galls 

Source of df MS Variance MS Variance 

Variation Comp. Comp. 
C 

Sites 8 315.5'" 0.62 502.4' 0.99 

Families 8 1 12.5' 0.20 4.5' 0.05 

( 8 . 6 ~ ) ~  (2.4%)b 

FxS 648 1.6' 0.06 1.7' 0.06 

Error 2952 0.9 0.87 0.7 0.74 

" significant (pc0.001) effects, percentage of total variance 

any such potential relationships. Universally, there was a very poor to negligible 

relationship between mean Cooley gall counts/tree/family and mean family d.b.h. and 

height (Table 2.). On the other hand, quite the opposite was true for round galls. Round 

gall numbers per family clearly increased linearly with mean family height (and diameter) 

at all study areas, ranging from about 1-3 gallslm of height at the most lightly infested 

areas, to about 7-12 gallslm of height at the most severely infested areas (table 4.). 

To remove the effects of family growth rate which is potentially confounded with 

the inherent resistancelsusceptibility of families, we divided gallsltree by tree height (m) 

and then transformed the ratio (r) using a log, r +.01) transformation before running 

analyses of variance. We did not employ height as a true covariate in ANOVA because 

the regression relationship of galls on height was not perfectly collinear among all 1 10 

families. 

Converting raw gall counts to galls per unit height did not remove family effects; 

they were still very highly significant (p c 0.001) at all study sites (Table 3.). Although, 

standardizing galling by height did not eliminate family effects from the model, it did 

rearrange the individual infestation rankings of families, but largely within their original 

quartiles. For example, most of those families ranking in the highest and lowest 

infestation quartiles on the basis of gallsftree still occurred within the highest and lowest 

infestation quartiles, respectively, after standardization by tree height. However, the 

internal rankings of almost all these families changed relative to one another. For 

example, at Bloom Creek, the mean change in round gall family infestation rank (old 

rank-new rank) was +2.8 for the highest infestation quartile. In other words, the average 

family increased in mean gall loading by about 3 ranks. For the lowest infestation 

quartile, the mean change in family rank was -3.5, meaning that rank dropped by more 

than 3 (i.e. lower average gall loading). Only 5 new families moved into the highest 

infestation quartile, the other 22 just changed their rank orders. The same was true for 

the lowest infestation quartile. Therefore, we conclude that there are real and 

substantive family effects on galling that are confounded to only a small degree with the 

effects of family growth rates. 



Table 3. Statistics for linear regressions of mean Cooley and round gall countsftreeffamily 

versus mean family tree height (cm) at each of 9 study areas. If zero occurs in the slope 

columns, slopes are not significantly from different from zero. Otherwise, slopes are significantly 

(p < .05) larger than zero. Each regression is based on, 216 observations. 

Cooley galls: Round galls: 

Study Sites Slope r" Slope r" 

B100mCrk -0.0443 0.05 0.0954 0.17 

E.WhiteRvr 0.0000 0.00 0.0217 0.29 

WorseCrk 0.0378 0.05 0.0204 0.33 

JumboCrk 0.01 94 0.02 0.0129 0.31 

LodgeCrk 0.01 38 0.03 0.0483 0.46 

LussierRvr 0.0000 0.00 0.1196 0.48 

PerryCrk 0.0000 0.00 0.031 9 0.12 

RocheCrk 0.0220 0.09 0.0722 0.33 

WindvCrk 0.0000 0.00 0.0276 0.21 

Table 4. Mean number of log* (gallsfmeter of tree height + 0.01) at nine different research sites, 

and the probability of a larger F value in randomized, complete block design testlng the null 

hypotheses that there are no family, replicate, and family x replicate effects on gall per unit of 

height per tree Study sltes are ranked In ascending order according to the mean abundance 

of Cooiey galls per tree. 

Study Cooley galls Round galls 

Sites mean Fam Rep FxR mean Fam Rep FxR 

E WhiteRiver -0016 <001 009 003 -2002 < 001 004 < 001 

LodgeCreek 0199 <001 <001 0016 -0592 <001 <001 ~001 

Roche Creek 0 445 < 001 0 10 < 001 1 105 ~001 0 73 < 001 

JumboCreek 1003 c001 z 001 c 010 -3217 < 001 c 001 < 010 

Perry Creek 1006 < 001 < 001 < 001 0 954, < 001 0 03 < 001 

BloomCreek 1198 so01 033 cOOl 1789, ~001 024 coo1 

Lussier River 1 887 < 001 0 06 < 010 0 857 < 001 < 002 < 030 

HorseCreek 1839 <001 031 049 -1132 ~001 055 0010 

WdvrmereCk 2 098 .c 001 c 01 c 001 -0 057 < 001 0 325 < 001 

Genetic correlations between galling and tree growth 

To investigate possible genetic relationships between gall infestations and tree 

growth rates, we calculated the genetic correlations (r,) between Cooley and round gall 

infestations and height,, at each of the nine study sites, and on the entire, pooled data 

set (Table 5). In the case of Cooley galls, all correlations were negative, ranging in value 

from -0.02 to -.0.79. The pooled data set gave r, = -0.21. The consistent association 

implies that the tree's traits for fast growth and resistance to Cooley gall aphids are 

positively linked, as might be the case if resistance depended on rapid inducible 

Table 5. Genetic correlations (rO) between adelgid gall infestations and tree growth (height,), and 

between Cooley (C) and round (R) galls levels per tree, and estimates of the heritability (h2) of 

resistance against adelgids using two measures of infestation, gall no./tree and gall no./m at 

each of 9 study sites in British Columbia. Each estimate in the table is based upon 

measurements on approximately 1000-2000 trees, except for the pooled sites. 

Genetic correlations: Heritability (h') estimates: 

Study Sites - 
C.galls R.galls R.aalls vs C.aalls C.galls R.galls C.galls R.galls 

vs vs no. Per no. per 

height height no./tree no./m tree tree no./m no./m 

Bloom Creek -0.79 0.36 -0.51 -0.31 1.0+ 0.41 1.0+ 0.17 

E. White River -0.49 1.0+ -0.54 -0.71 0.34 0.13 0.44 0.09 
-- 

Horse Creek -0.26 1.0+ 0.03 -0.59 0.35 0.26 0.44 0.1 1 

Jumbo Creek -0.42 0.84 -0.49 -0.61 0.32 0.26 0.39 0.21 

Lodge Creek -1.0+ 0.62 -1.0+ -1.0+ 0.28 0.05 0.32 0.00 
, - - 

Lussier River -0.37 0.84 -0.48 -0.69 0.95 0.51 1 .O+ 0.26 
---- -- -- - - -- 

Perry Creek -0.61 1.0+ -0 33 -0.69 0.83 0.12 0.85 0.00 

Roche Creek -0.02 0.84 0.19 0.38 0.78 0.17 0.84 0.09 
-- -- - -* - - -- -- 

Wdvrmere -0.55 0.74 -0.93 -0.85 0.69 0.18 10+ 0.11 

Creek 

PooledSites -0.66 0.79 -0.53 n.a.' 0.61 0.20 n.a. n.a. 
-- pp -p 

1 n.a. not available, because analysis was not done for the particular variable of concern. 



defenses (such as hypersensitive reactions) which are swiftest and strongest in 

vigorously growing tissues. On the other hand, for round galls quite the opposite was 

found. All correlations were positive, ranging from 0.36 to 0.84. The pooled rg estimate 

was 0.92. Because round and Cooley gall resistance have different relationships to tree 

growth, it implies that the resistance mechanisms against them are different. 

Correlations Between Cooley and round gall adelgids 

To obtain a synoptic view of family resistance to both Cooley and round gall 

adelgids, we ranked each spruce family according to its percent departure from the 

grand mean resistance level of all 110 families at each of the 9 study sites. For 

example, at each locale, every family was rescaled for the two gall types using the 

following formula: gall, mean-local gall, grand mean)/local gall, grand mean x 100, 

where means are from log, (xl-1) data. These new variables, percent deviations, were 

then used in a randomized block ANOVA, with study areas treated as blocks, to test 

again for family differences. 

As before, there were highly significant (p ~0.001) family effects on the rescaled 

measures of resistance to galling. To demonstrate the families' resistance relationships 

to both Cooley and round gall adelgids, we plotted mean round gall rank against mean 

Cooley gall rank for all 110 families (Figure 1). The result was an obvious left to right 

sloping scattergram. Such a pattem implies a negative genetic correlation between the 

resistance traits for these two adelgids. Sixty-eight percent of the farnilies fell into the 

upper left (27 percent) and lower right (41 percent) quadrants of the graph. Only a 

meager 11 percent of the families occurred in the lower left quadrant where 

susceptibility to both species of adelgids is below the grand mean. Therefore, typically, 

when one resistance trait is high, then the other is low, and vice versa. Contrary to this 

trend, only one family, f-126, had substantially low levels of both adelgids: its 

infestations were on average 23 percent below the grand niean for Cooley galls, and 32 

percent below the grand mean for round galls. At the other contrary extreme, family f- 

80, had the highest combined level of both adelgids: its infestations were on average 

about 20, and 23 percent higher than the respective grand means for Cooley and round 

galls. 

low-high a a 

Cooley gall--deviation from grand mean (%) 

Figure 1. Plot showing the mean round and Cooley gall infestation ranks of each of 110 spruce 

families, using a family's average percent deviation from the grand mean round and Cooley gall 

infestation level of all trees, at each of 9 study sites, In other words, each point is the mean of 

9 individual deviations measurements for a single family, showing its tendency to be higher, or 

lower than others with respect to infestations by round and Cooley gall adelgids. For example, 

Family 126 is identified in the lower left (low-low) quadrant, exhibiting below average levels of 

both galling adelgids. 

Genetic correlations between Cooley and round gall infestations 

Using the log, (x+l) gall counts, we found that there were negative genetic 

correlations (-0.33 to -0.93) between Cooley and round gall infestations per tree at 7 of 

9 sites (Table 5). At 2 sites the correlations were near zero or positive (0.03 and 0.1 9). 

Using the entire data (all sites) set in the pooled model gave a substantial, negative 

genetic correlation of -0.53. 

Estimating heritabilities of resistance to adelgids 

Heritability estimates depend on the environment in which they are measured, 

the particular genetic structure of the populations, and a bevy of other factors. 

Therefore, we computed heritability estimates for each of the 9 study locales, realizing 

that insect population size and its genetic structure may vary substantially among them. 



For Cooley adelgids, hZ values ranged from 0.28-0.95 with one estimate exceeding 1 .O, 

owing to estimation errors (Table 5). The pooled estimate and its standard error over all 

sites was 0.61 5 0.1 1. 

For round gall adelgids, h2 values ranged from 0.05-0.51 (Table 5). The pooled 

estimate and its standard error over all sites was 0.20 jt 0.05. 

Because each heritability estimate was usually based on about 1000 individual 

tree measurements, derived from 110 families, the precision of the estimates are 

reasonably good. For example, the sampling variances of h2 estimates are 

approximately 32 x h211000 (Falconer 1989), and thus its standard errors are 

approximately (sqrt (32 x h2)) 1 1000. Although we only calculated standard errors for 

the overall h2 estimates (after Becker 1984), it is evident that heritabilities were 

significantly larger than zero. 

CONCLUSIONS 

Heritability estimates varied widely across individual sites, but the overall 

estimates confirmed that h7 was substantially larger ( -0.6) for Cooley galls, than for 

round galls (-0.2). This may suggest that there is more genetic variation present for 

Cooley gall resistance, but the lower level of attack by round gall adelgids may have 

caused the heritability estimates to be less than those for Cooley gall resistance. Not 

surprisingly, for both gall adelgids there was a tendency for the highest heritability 

estimates to be linked to the sites with highest insect densities, as has been observed 

elsewhere by Strong et al. (1 993) for a cecidomyiid leaf-galling fly on willow, Salix spp 

Sweden. 

Nevertheless, these values indicate there are good levels of genetic variation in 

resistance to both gall-forming insects on interior spruce; and breeding for resistance 

would be possible. However, relationships between height'growth and resistance to both 

gall forming insects were quite different. Cooley gall abundance was negatively 

correlated with height growth which suggests faster growing families are more resistant. 

Whereas, for round gall adelgids, faster growing familigs are more susceptible. This 

would make breeding for resistance against both insects more difficult as very few 

genotypes would be segregating for positive attributes for all three traits (i.e., growth and 

Cooley and round gall adelgid resistance ). 

Adjustments to the data to account for differential attack among large and small 

trees, suggested that tree size per se does not largely change the probability that a tree 

will be attacked and that family pedigree is more important. Ideally one should know the 

impact of galling aphids on tree growth which would then permit an assessment of the 

benefit of developing lines of trees resistant to gall forming adelgids. Unfortunately, 

nothing is really known about the impact of such gall formers on tree survival and 

growth. 

Understanding of the genetics of tree resistance to phytophagous insects is in its 

infancy. More research is clearly needed in order to be able to effectively employ 

natural mechanisms of plant resistance against potential tree pests. 
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RESUME 

The host range of Megastigmus wachtli Seitner (Hymenoptera: Toryrnidae), a chalcid 

species naturally attacking the seeds of Mediterranean Cypress, C~tpressus sempervirerz.~ L., was 

surveyed during 1994-97. The chalcid attacked seven cypress species over 15 native and exotic 

species introduced in Europe. Differences in attack was attributed to the variation in the 

phenology of seed development among species. Adult emergence in natural sites was shown to 

vary from late June (Greece) to October (Tunisia), whereas it did not vary in arboreta. This 

behavior is assumed to be adaptative, adjusting to the variation in phenology of seed development 

with a geographic location. The sequencing of the cytochrome b gene of mtDNA only revealed 

a low variability in populations of M. ~~uctzili but permitted the differentiation of a new species 

related to C. nt1antic.a in Morocco. Analyses of DNA rnicrosatellites showed that populations 

from Crete and the Dodecannese islands (natural range) were characteri~ed by high 

polymorphism, though clearly differing from each other. Populations from France, Italy, and 

Tunisia (introduction range) were characterized by a vely low polymorphism. It suggested that 

these populations originated from Cretan seeds introduced by Ancient Greeks or Romans. The 



origin of the Tunisian population in the stand of Makthar is controversial, but the seed chalcid 

may be a good marker, suggesting the stand's introduced origin. Finally, the phylogenetic tree 

obtained for the populations of M. wchtli  was compared to that known for the populations of C. 

setnpervirens from isozyme studies. 

INTRODUCTION 

The Mediterranean evergreen cypress, Cupressus senzpervirens L. (Cupressaceae), 

originates from the eastern part of the Mediterranean basin where its natural range extends from 

North Iran to Crete and Dodecannese islands (Vidakovi 1991). However, this species has been 

introduced on a large scale throughout southern Europe and northern Africa for at least two 

millennia, first by the Ancient Greeks, arid then by the Romans (Baumann 1982). Once 

established, the species then propagated freely along the Mediterranean coast. In addition, two 

other native cypress species, C'. atlnntieu Gaussen and C. dzlpreziana Camus, occur as relicts on 

very small areas in Morocco and Algeria, respectively. A fourth, but exotic species, C. lusitanicu 

Mill., has been naturalized in Portugal where it forms large stands (Vidakovi 1991). 

Although the insect pests damaging cones and seeds of cypresses have received little 

attention, a cypress seed chalcid, Megastigtrrus wcrr.tztli Seitner (Hymenoptera: Torymidae), 

appears to be present throughout the native range of C. setrrpenlirerzs (Canakcioglii 1959; Roques 

r j t  czl., 1997), and in the introduced range as well (Roques and Raimbault, 1986; Guido et nl., 

lc)clS; Ben Jarl~aa and Roques, 1997). Because the larvae can only develop in cypress seeds, 

chalcid survival is entirely dependant on cone abundance, and the chalcid life cycle is closely 

synchronized with the development of cypress seeds (Roques an&"Raimbault, 1986). The close 

relationships between cypress seeds and cbalcids suggest that variations in insect biology and 

genetic diversity of chalcid populations may reflect the history of cypress introductions into the 

different Mediterranean countries. 

'Thus, our objective was to survey the populations of M. wnchtli in the natural and 

inttoduced range of the Meditesrancat~ cypresses in order to: (i) confirm the host specificity of 

,eccl cllaicicis; (ii) look for variation in insect biology and inlpact according to the geographic 

location; (iii) assess the genetic diversity of chalcid populations by analyzing sequence variations 

i n  nltl3NA and DNA nlicrasatellites; and, (iv) compare insect &d tree diversity. 

MATERIAL AND METHODS 

Seed collection, survey of chalcid host range and adult emergence period 

A total of 73 sites distributed throughout the Mediterranean basin were surveyed during 

1994- 1997 (Fig. 1). Twenty stands were sampled in the natural range of C. sernpervirerzs in 

Greece and Turkey whilst 40 plantations were sampled in the area where this species was 

introduced. Collections also were made in two natural stands of C, atlarztica in Morocco, one 

plantation of C. dupreziana in Algeria, and five naturalized stands of C. lusitanicn in Portugal. 

In addition, 5 arboreta and comparative plantations (Le Rouet, Les Caunes, Le Caneiret, Ceyreste, 

and Antibes) were sampled in southern France. These arboreta included a total of 15 exotic 

species of Cupressus originating from Asia. North America, and Central America. The "Le 

Rouet" arboretum specifically included trees issued from seeds originating from 10 natural 

provenances of C. sempervirens, of which five could be compared to samples collected in the 

original stands. 

Figure 1. Geographic distribution of the surveyed sites CS: (.irprrs.ws .sr~t?i/>rrvirrrzr; CA:  C.rrtlnririto; CU: 
C.dzcpreziann; CL: C. Insitc;lnicu; CEx: exotic species of C'uprrsstls. 



In each site, 100 mature 2-year-old cones were collected on 10 cone-bearing selected at 

randonl (when the cone crop allowed it) every year in late spring (i.e., before the emergence of 

adult chalcids). In the arboreta, we randomly collected 100 cones per cypress species and per 

provenance each year. Half of the cones were dissected and the seeds extracted. Each seed lot was 

individiially irradiated with X-rays, i~sing a Frutitron-43855m apparatus (20 Kv, 3 mA, 4 min) and 

X- rays sensitive films (Kodak 0 "Industrex M"). The proportion of insect-infested seeds were 

assessed from the radiographic images. The remainder of the cones were placed into rearing 

boxes stored in an outdoor insectary at Orlkans, France. The emergence pattern of both sexes of 

seed chalcids was monitored daily in order to investigate possible differences in the emergence 

period among geographic origins of the infested seeds. At emergence, adults are frozen (-80") 

until DNA analyses were carried out. 

Genetic analysis of seed chalcid populations 

Sequencitzg ofthe cytochrome b gene 

We analyzed 10 individuals from each of nine different populations of M.wachtli, and 

individuals from seeds of Chinese cypresses (M. duc*louxianae Roques et Pan), junipers (M. 

crt?ricorum Bou ek, M. 17ipurz~tc~tus Swederus, M. pirzgii Roques et Sun), and Douglas-fir (M. 

sj~ennotroplius Wachtl). Total DNA was extracted from single individuals following standard 

phenol-chloroform extractions (Sambrook et nl., 1989). Poly~nerase chain reactions (PCR) were 

realized on the central part of the "cytochrome b" gene of mitochondria1 DNA (mtDNA), using 

the primers CP1 (5'-GATGATGAAATPTGGATC-3') and CP2 (5'- 

C'fAA'I'GCAATAAGTCGTCC-3') which were defined from the sequencing of mtDNA in 

IIro.so~~hiln yczkub~z (Douglas and Wolstenholme, 1985). Sequencing was done using the primers 

CP 1 and CB 1 (5'- TATGTACTACCATGAGGACAAATATC-,3') (Crozier et al., 1993, CB 1 

being considered as an internal primer because it is located between CPI and CP2 on the gene. 

An 800 pb- part was thus arriplified on the cytochrorne b gene, and we obtained a 63 1 pb- 

sequence using an automatic sequencing apparatus (Applied Biosystems@ 37314). Data were 

analyzed tising CLUSTAL V software (Higgins et al., 1992). Genetic distances were measured 

using the Kinlura tnettlod (Kirnura, 1980). The phylogenetic trees were built from the Neighbor- 

joining algorithm (Saitou and Nei, 1987) using the MEGA software (Kumar et al., 1993). The 

phylogenetic analyses were realired using the PAUP 3.1.1 software (Swofford, 1993), the 

dotnestic bee, Apis rrtclliJl'cn L., being used as an outgroup. A bootstrap procedure with 1000 

iler-ntions was used to test for parsinlony and distance in the phylogenetic trees. 

Analysis of DNA microsatellites 

Because of the haplodiploid sex determination in Hymenoptera, only females were used 

in the study. A total of 195 females from four natural stands of C. sernpervirens (Crete, Samos, 

Kos, Rhodos) and five plantations located in the introduced range (mainland Greece, France, 

Italy, Tunisia) were analyzed. Additional analyses were made on chalcids from Morocco (host 

C.ar1antica). The isolation and characterization of microsatellite loci followed a technique 

detailed by Carcreff et al. (1997). Polymorphism was measured as both the number of alleles per 

locus and the expected level of heterozygosity in Hardy-Weinberg equilibrium. The allelic 

frequencies and the level of heterozygosity were estimated using Nei's formulae, D= n (I-Z p,')/ 

(n- 1), Hc= 2n ( 1 -C p,2)/ (2n- I), where n is the number of individuals and p, the haplotypic (D) or 

allelic (He) frequency (Nei, 1978; Nei and Tajima, 1985). The calculations were made using the 

GENEPOP software (Raymond and Rousset, 1995). 

The phylogenetic tree was built using the same algorithm as for cytochrome b. The 

distance between shared alleles (DSA) was calculated between individuals and populations 

(Chakraborty and Jin, 1992). For each locus, the distance equals to one when two individuals 

have no allele in common, to zero when they show the same alleles, and to 0.5 in other cases. 

DSA among individuals corresponds to the mean distance observed for all of the studied loci. 

DSA among populations corresponds to the mean distance observed for the individuals of each 

population. DSA was finally used to built dendrograms of populations and individuals (J.M. 

Comuet, unpublished software). A bootstrap procedure with 2000 iterations was used for testing 

the population dendrogram. 

RESULTS AND DISCUSSION 

Host range of Megastigmus wachtli 

The host range of M. wachtli seems limited (Fig. 2). In arboreta, seed chalcids were fbund 

on the native Mediterranean cypresses but also on four Crrprcssus species introduced from 

California (C,  abran?siana C.B. Wolf, C. arizot~icn Greene, C'. b~zkeri Jepson, and C. goverzicrtzu 

Gord.). The percentage of attacked cones significantly differed with the cypress species 

(ANOVA: Flr,6i=R.018, Pc0.001), but no arboretum effect was observed (ANOVA with 

arboretum as covariate: F1,67=2.550, P=O. 1 15). C. sernpervire~z.~ was significantly more infested 

than exotic species (Tukey test; RO.O1) but chalcid damage was not significantly different among 

C. atlanticn, C. d~~prrziclnm and the four infested American species (Tukey test; P>0.05). 



Cupressus  s p e c i e s  
Figure 2. Mean cone damage caused by Megastignzus wachtli on cypress species planted in five arboreta 
of south err^ France, 1 "35.Vertical bar(; represent standard errors. 

None o f  tlie Asian cypress species was attacked wherever the arboreta. By contrast, three 

species of Megirstigt?llrs seed chalcids are recorded from the natpral range of Asian cypresses 

(Roques et (11. 1995; Xu and Hc,199S) whereas no chaicid species is known thus far in the native 

range of the 12 Crc~?reLssr4s species growing in North and Central America (Hedlin et al., 1981). 

In Siict, the attack of a cypres;s species by M. wcxchtli seems related to the timing of the seed cone 

cievelopn~ent cycle of C, scnzpervir-ens. Species with seed maturation initiated in summer are 

susceptible to be attack, zidult emergence of M. wrrclztli occurring at that time (cf. below). Species 

with an earlier seed maturation (e.g., Asian cypresses) are not cblonized in the introduced range 

in absence of introduced chalcids whose cycle fits that of tlie host. For instance, in south China 

M. chclcrituitrncte oviposits in April- May into the seeds of fa7. duclouxiana (Roques et nl., 1995). 

Variation in seed chalcid damage with geographic location 
Cone attack was highly variable with site and year in the natural stands (Fig. 3b; ANOVA 

F5,24=55.945, P<0.001), but comparatively higher than in the areas where C. sernpervirens was 

introduced (ANOVA: F1,58=17.072, P<0.001). However, natural provenances planted in the LLIR 

Rouet" arboretum did not show any difference in cone damage (Fig. 3a; ANC3VA:fi,16= 1.7 14, 

P=O. 129). 

u , J J $ O D g o E  
0)  3 T i i ' 3 a  * provenances 
z z " 2  =F 0)  

O u - . . " D I ~  " " "  o m  -. 1 -a V) 

0 

-a 
w 
Y 
0 
m 
C C 

m 0.40 
Y- 

O 
w 
cn 
m 
C 

C 
w 
2 
w 0.00 
n 

c n m C O D  L Stands 

Figure 3. Variation in cone attack by Megnstigrrzt~.~ wac.lztli wit11 stands and provenatlcel; of ( ' L I ~ I - P S S ~ ( J  

senzpervirrrzs in 1995. a) trees from natural provenances planted at the Le Rouet arboretum; b) stands of 

Greece (natural range) and Tunisia (Makthar). Vertical bars represent standard errors. 



We therefore suggested that damage difference between natural and introduction areas 

probably resulted from difference in masting patterns rather than from difference in tree 

susceptibility. In natural areas, cypress trees behave like most conifer trees, showing large annual 

variations in  cone crop. Thus, an inverse relationship exists between the proportion of insect- 

ca11c;ed damage and the annual change in cone crop size, as it  occurs in most other cone insects 

('Tirrgeon ct crl., 1994). By contrast, most cypress trees usually flower every year in the areas of 

introduction. 

Variation in emergence of adult chalcids with geographic location 

'The period of adult emergence varied with location (Fig. 4). Ghalcids emerged earlier in 

natural sites of Greece than in  France and Tunisia. Adult emergence was especially late in 

Morocco (October). However, adults issued from the Greek natural provenances planted at the 

Le Rouet xboretum emerged synchroneously to the chalcids developing in other plantations of 

southern France. 

,+, Crete (Fres) 

- @ - Samos (Kastania) *- France (Le Rouet) 

+ Tunisia (Makthar) 

./I Morocco (Amizmiz) 

Date 

Figure 4. Variation in the etllergerlce period of adult seed chalcids in different locations of the natural 
(Crete, Samos) and introduced range (France, Tunisia) of L7~iprci.ssus .s+ntpertlirens, and in the natural range 
of C. atkzafic,cz (Morocco). 

The emergence period seems thus adaptative to the local conditions of seed cone 

development, chstlcid egg-laying being necessarily synchronized with the onset of seed maturation 

to allow further larval development (Guido et nl., 1995). However, no comparative data about the 

variation in phenology of seed development with location were available to test this hypothesis. 

Results of sequencing of cytochrome b gene 

A very low variability in gene sequence was observed among popillations of M.wuchtli, 

only 15 over 63 1 nucleotides being substituted (i.e., 2.4%), except in the population developing 

on C. utlntztica in Morocco. The mean nucleotidic frequency varied from 34.8 to 36.2 for A, 4 1.3 

to 42.8 for T, 11.3 to 13.2 for C, 10.2 to 10.8 for G, and the mean rate A-T was 0.774. In the 

Moroccan population the nucleotidic frequency was the following: A= 34.9, T= 41.2, C= 13.2, 

G= 10.8. Because of the genetic distance, chalcids attacking C. atl~z~zticu probably correspond to 

a species different from M. wachtli. The rate of mtDNA substitution having been estimated to 

1.2" substitution/ silent site/ year (Brower, 1994), the divergence of the Moroccan species can 

be dated to ca. 2 million years ago. This period corresponds to the glaciation of the late Pliocene 

and early Quaternary Eras. 

Fig. 5 compares the phylogenetic trees obtained from parsimony and neighbor joining 

methods, respectively. The Asian species, M. ditclorr.ximzne, did not seem closely related to the 

Mediterranean populations attacking cypress seeds, and may originate from an evolutive lineage 

different from that of M. wa(.htli. Although minor differences were observeci, both methods 

separated Megustigmus spp. attacking Eurasian species of Juniperus from these developing in 

seeds of Gupressus se??zpervirens and C. atla~zticn. These data confirmed the isozyme results 

previously obtained by Roux and Roques (1996). However, the phylogenetic trees also revealed 

a monophyletic origin for the species related to Cupressus and Jltniperus because of maximal 

bootstrap values. This result suggests a common ancestor for the Megustigmlls spp. attacking the 

two Cupressaceae genera, and thus confirms the phylogenetic proximity of Crcprcssus and 

Juniperids (Gadek and Quinn, 1993). 

Analysis of DNA microsatellites 
A total of five loci was studied. The number of alleles per locus varied from six to 35. 

Populations from Crete showed the larger locus variability and the larger number of alleles (67) 

whilst the Italian populations were the less polymorphic (10 alleles). 
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Figure 5. Phylogenetic trees of Meg(~stignzus species attacking Cupressaceae based upon partial sequencing 
of the cytoctlrotne b gene of mtDNA. Trees built using parsirnony and neighbor-joining methods. Bootstrap 
procedure with 1000 iterations. C. gnv.: Individuals from Cupressus goveniana (Le Rouet). S. France: 
\outtiem Fr~trice; N. France: northwestern France; SeFrance: sor~theastem France. 

Hardy-Weinberg tests showed that the chalcid populatiods from Crete, Rhodos, Samos 

and Kos (i.e., from natural stands) were in equilibrium whereas these from mainland Greece, 

France, Tunisia, and Italy did not. Morocca~l populations were in eqt~ilibrium only when we 

separated then1 into two groups on the basis of difference in emergence period. Fig. G shows the 

tree built from genetic distances between populations. Three population groups clearly 

individualized: (i) Crete, Kos, Rhodos, Samos, and mainland Greece but the populations from 

Cretc also differed from the others whilst these from the thr6e Dodecannese islands seemed 

genetically close; (ii) France, Italy and Tunisia, which were very close and characterized by a high 

fiomozygosity, including many females llomozygous at the five loci; and, (iii), Morocco, which 

inrgcl y diverged from the others. l'he tree bilil t from genetic diitances between individuals gave 

similar results (Carcreff, 1996). Individuals from Tunisia, Italy and France were distinctly 

separated from these originating from the eastern Mediterranem basin but the Tunisian specimens 

were more variable than the other western chalcids. 

Two independent populations, Crete and the Dodecannese islands (which probably also 

involved Turkey) thus seemed to have originated in the Eastern Mediterranean. Chalcid 

colonization of mainland Greece also appeared to be rather ancient and to proceed from 

population of both Crete and the eastern Aegean. An important bottleneck effect characterized 

the west Mediterranean populations. The genetic proximity to the Cretan populations suggested 

that these populations originated from the introduction of Cretan seeds by Ancient Greeks or 

Romans. With regard to the controversial native origin of the Makthar cypress stand in Tunisia, 

the seed chalcid may be a good marker for assuming the introduced origin of this stand. It must 

also be noticed that the two individuals attacking C. goveniczrza we analyzed at Le Rouet largely 

differed from the other French chalcids, and were genetically closer to the chalcid populations of 

the eastern Mediterranean.The capability of shifting to exotic cypresses may thus depend on 

chalcid genotype. This remains to be tested on a larger number of individuals attacking seeds of 

exotic species. 

Tunisia 

Morocco 

Figure 6. Genetic relationships between populations of cypress seed chalcids. 'Tree based uport distance 

between shared alleles (DSA). Bootstrap procedure with 2000 iterations. 



Analysis of tree genetic variability vs. chalcid variability 

Allozyrrle studies o f  Creek  populations o f  Cupressus sempervirens showed a similar 

differentiation into three groups: Crete, the eastern Aegean islands, and mainland Greece 

(Papageourgiort ei crl. ,  1994). Thus,  the chalcid diversity clearly reflects that o f  the tree. 

Studying the genetic diversity of a specialized insect pest is  likely to  give relevant 

information about the host history and evolution. We may assume that the first cypresses planted 

in the west Mediterranean, in France as well as in Italy, originated from Crete. T h e  long-term and 

continuous introduction o f  cypresses in continental Greece results in a higher diversity o f  

chalcicis. T h e  presumed native stand o f  Nakthar  in Tunisia probably originated f rom an  

introduction o f  seeds from Crete. T h e  occurrence of a seed chalcid specific t o  the Moroccan 

cypress is a witness of the sharing of the range o f  Mediterranean Cypress into three species during 

glaci:ttion. 

Wc thank J.P. Raixnbault, INRA Orldans, France, and Pan Yong- zhi, Southwest F o r e s t ~ y  

College, Kunming Chin:t, for the radiographic analyses. This  work was funded by the European 

IJnion as part o f  the project AIR 3-C7'- 93- 1675 "Cypress", and by the "Bureau des  Ressources 

G6r1Ptiques '~F~rance)  as part of the project "Biodiversitb e t  Ressources Gbndtiques*'. 
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RESUME 

Norway spruce trees, exposed to sub-lethal attacks by the bark beetle Ips 

typographus, form distinct necrotic and resin-soaked reaction zones in the bark and 

outer sapwood within which the beetles and their associated fungi are enveloped 

and arrested. In these trees a ring of axial resin ducts regularly form in the stem 

xylem. These ducts are included in a false annual ring with narrow tracheids. A 

similar ring of resin ducts is seen in trees artificially administered a sub-lethal 

inoculation dose of the blue-stain fungus Ceratocystis polonic 1, a pathogenic 

associate of I, typographus. Here we report preliminary studies on the development 

of traumatic axial ducts in stems of Norway spruce after beetle and fungus invasion, 

and some cytochemical aspects related to the formation of phenolics and terpenes. 

We suggest that traumatic resin ducts furnish the reaction zones with materials toxic 

to both beetles and fungi, and that increased numbers of ducts may render trees 

more resistant to attack. 



INTRODUCTION 

Bark beetles may transfer a multitude of microorganisms to their host trees, 

including blue-stain fungi, some of which are important pathogens (Reid et a]., 1967) 

(Berryman, 1969; Berryman, 1972). The spruce bark beetle Ips typographus L. 

infects Norway spruce (Picea abies (L.) Karst.) with Ceratocystis polonica (Siem.) C. 

Moreau, a fungus capable of killing healthy trees when inoculated under the bark in 

adequate doses (Horntvedt et al., 1983) (Christiansen, 1985b). Here, a true 

mutualistic relationship exists; the fungus being carried to new hosts, and the beetle 

being aided in its tree-killing. 

Combined beetle-fungus attacks, as well as wounding and infection of the 

bark in general, are counteracted by the trees' defense mechanisms. Resinous 

material, pre-formed or produced by induced reactions, play an important role. 

When a resin reservoir (e.g. a resin blister or duct) is opened up by a beetle's boring 

activity an almost immediate flow of constitutive resin occurs (Berryman, 1972). A 

small number of qlpioneerl* beetles may be repelled or arrested by this flow of 

ilprimaryw resin and the attack brought to an end. Massive attacks overwhelm this 

defense paving the way for gallery excavation, during which the beetles disseminate 

fungal spores. As demonstrated for I. typographus, and C. polonica (Furniss et a/., 

1990) and other systems, the beetles carry fungal spores both externally and 

internally. Upon spore germination hyphae will penetrate phloem, cambium, and 

sapwood if not checked by other defenses of the tree. 

When pioneer beetles have gained a first foothold, but the number of attacks 

is not overly high, an induced reaction starts: necrotic areas develop in tissues 

adjacent to the site of infection and are gradually impregnated with resinous 

materials. Within these reaction zones the pathogen may be enveloped and 

rendered harmless to the tree (Reid et a/., 1967; ~erryman, 1972; Christiansen, 

1985a). The resin of the reaction zones is termed ltdecondaryN, inferring that it 

originates from sources other than reservoirs in the bark and wood. 

The induced defense reaction in Norway spruce takes several weeks to fully 

develop (Christiansen and Solheim, unpublished data), and therefore it cannot 

prevent I. typographus mass attacks, which are completed in a couple of days when 

temperatures are high enough for flight and beetles are abundant. However, under 

Scandinavian field conditions where periods of cool weather often slow down attack 

rates and gallery construction, the induced defense reaction may be a significant 

obstacle as long the  threshold of Successful Attackt1 (Thalenhorst, 1958) is not 

reached. Also, when the local beetle population is low, the reaction will contribute to 

the suppression of the beetles and the protection of the forest. 

In Norway spruce, reaction zone resin apparently holds non-volatile fungistatic 

substances that are not present in the preformed resin (Solheim, 1991). This could, 

e.g., be phenolic substances or high-molecular terpenes. Phenols and tannins from 

the phloem parenchyma cells of Norway spruce might be released into the reaction 

zones (Franceschi et a/., Submitted). Moreover, resistance to C. polonica could be 

influenced by the ability of the trees to activate a particular pathway of phenolic 

synthesis (Brignolas et a/., 1995). 

Constitutive resin in Norway spruce is stored in a system of ducts in the bark, 

axial ducts in the wood, and radial ducts in the phloem and xylem. Resistance to C. 

polonica is closely correlated to the resin concentration of the reactions zones, which 

is as high as 30-40°/0 of the fresh weight in trees that successfully defend themselves 

(Christiansen, 1985a). The origin of such considerable quantities of resin has not 

been clarified. Some of it is possibly produced by dying parenchyma and callus cells 

inside the zone, but it seems likely an import from areas outside the zone seems 

likely. Existing resin systems in the bark and wood may contribute, assuming that 

upon wounding a signal goes to the epithelial cells lining the ducts to secrete more 

material. Another possible resin source is the traumatic ducts in the sapwood. The 

formation of such ducts is reported in several cases where conifers have survived 

bark beetle attacks or artificial fungal infection (Berryman, 1969) (Christiansen and 

Solheim, 1990; Christiansen and Fjone, 1993; Kyta et a/., 1996; Solheim and 

Safranyik, 1997.) Traumatic resin ducts are known to be formed after wounding 



(Bannan, 1936; Nylinder, 1951), and are also observed in leader shoots of Picea 

glauca (Msnch) Voss that are resistant to Pissodes strobi Peck attack (Alfaro, 1995). 

To elucidate the question of resin origin we have undertaken a study of the 

resin duct system in Norway spruce, using clonal trees. Here we report some 

preliminary results of this study, which deals with both the normal ducts and 

traumatic ducts formed after wounding and fungus infection. 

MATERIAL AND METHODS 

Twenty-five year old spruce trees growing in As, Norway, were used for the 

studies of normal resin ducts and of the developmental features of traumatic resin 

duct formation after fungal inoculation or sterile wounding with a cork-borer. Bark and 

wood samples taken 0, 6, 12, and 36 days after wounding or fungal infection were 

studied using light microscopy (LM), transmission electron microscopy (TEM), and 

scanning electron microscopy (SEM). Preparation of specimens for light and 

electron microscopy was as described in Franceschi et al. (1997). 

RESULTS AND DISCUSSION 

Normal Resin Duct System in Norway spruce 

Relatively large axial resin ducts can be found in the outer part of the bark 

between the periderm and the oldest layer of secondary phloem (Figure 1). These 

are the resin ducts that were formed in a circumferential ring in the cortex of the 

primary stem, and they appear to persist for at least 25 years. These axial ducts in 

older trees typically have 2-3 layers of small tabular cells surrounding a well defined 

circular or oval lumen, as seen in cross section. The epithelial cells surrounding the 

lumen are living cells as indicated by nuclei and cytoplasmic contents. These axial 

resin ducts remain functional due to the manner in which the periderm is formed in 

young Norway spruce trees, which is from a subepidermal cell. This allows for 

periderm formation without destruction of the original cortex of the primary stem. 



FIGURE LEGENDS 

Fig. 1. Light microscopy (LM) cross-section through an axial resin duct (AD) in the original 
cortex of a 25 year old stem (C, cortical cells). x75, bar = 100pm. 

Fig. 2. LM cross-section, through a cambial zone (CZ) and about 4 years of secondary 
phloem, showing a radial resin duct (RD). x75, bar = 100pm. 

Fig. 3. LM cross-section through xylem (X), cambial zone (CZ) and mature traumatic resin 
ducts (TD), 36 days after wounding. x75, bar = 100pm. 

Fig. 4. LM cross-section of mature traumatic resin ducts (TD), with cytoplasmic-rich epithelial 
cells (E) surrounded by newly formed xylem (X). x290, bar = 50pm. 

Fig. 5. Transmission electron micrograph (TEN) of a mature traumatic duct (TD). Most of the 
dense bodies in the epithelial cells (E) are plastids. A flocculent material can be seen in the 
lumen of the duct. x2040, bar = 5pm. 

Fig. 6. LM cross-section showing an early stage of traumatic resin duct formation (6 days 
after wounding). Cells of the rays in the cambial zone (CZ) have undergone divisions to form 
cluster of cells (arrows). x463, bar = 20pm. 

Fig. 7. LM cross-section showing an intermediate stage (18 days) of traumatic resin duct 
(TD) formation. The ducts are surrounded by cells derived from the original cambial zone, 
which have accumulated phenolic bodies (arrows). Even some ray cells (R) have developed 
phenolic bodies (largm arrow). The cambial zone (CZ) has become reorganized above the 
TO region, while xylem (X) is differentiating around the ducts. x290, bar = 50pm. 

Fig. 8. Scanning electron micrograph (SEM) showing three annual rings of xylem (X) and the 
inner phloem (P). Whereas the innermost xylem rings have no axial ducts, the next has two 
ducts in the latewood (arrow), last year's xylem has a false annual ring with numerous 
traumatic ducts (TD, arrow), x36, bar = 200pm. 

Fig. 9. SEM of three traumatic ducts (TD), one of which is cut through radially to show its 
extension in axial direction. x220, bar = 50pm. 

Fig. 10. LM intersection of mature radial ray resin duct (RD) and traumatic ducts (TD) 
demonstrating an interconnection between the two systems (arrow). The interconnecting 
regions are lined by epithelial cells (E). x290, bar = 50pm. 

Fig. 11. TEM showing immunocytochemical localization of PAL (phenylalanine ammonia 
lyase, a key enzyme in phenol biosynthesis), in mature traumatic duct epithelial cells (E). 
PAL is present at high levels, as indicated by black dots (arrows), in the cytosol and along 
the plasma membrane. Unlabelled plastids (PI) and mitochondria (M) are also seen. 
XI 6.000, bar = I pm. 



The radial resin ducts are formed from the rays and occur primarily in the bark, 

but individual radial ducts may span from sapwood into the older layers of secondary 

phloem (Figure 2). The lumen of the radial ducts increases in size in the older parts 

of the bark, and can be quite extensive. The epithelial cells lining the resin ducts are 

small, compact cells with the further distinguishing characteristics of being densely 

cytoplasmic with little or no vacuole, enriched in plastids, and having numerous lipid 

bodies within the cytoplasm. 

Axial resin ducts of the xylem can be observed in the earliest stages of 

secondary xylem formation after a vascular cambium has been fully formed in the 

first year of stem development. The ducts are scattered throughout the xylem and 

are often, but not always, found in association with ray parenchyma in the stem cross 

sections examined. They are formed prior to xylem differentiation just below the 

active cambial zone and usually have a single layer of epithelial cells, most of which 

develop thick lignified walls as they age. Axial resin ducts in the xylem appear 

randomly throughout many years of growth in the trees we have sampled. 

Development of Traumatic Resin Ducts 

Mature traumatic ducts were formed by 36 days after inoculation and in cross 

sections through stem samples they could clearly be seen as a line of densely 

stained structures embedded in the newly formed sapwood (Figure 3). The dense 

staining of these structures is due to the specialized epithelial cells lining the ducts, 

which are densely cytoplasmic, and contain numerous plastids compared to other 
6 

cell types in the stem (Figures 4 and 5). Radial resin ducts are lined by the same cell 

type. Resin could be seen within the lumen of the mature traumatic ducts both on 

the LM and TEM level (Figures 4, 5). 

The first signs of traumatic duct formation were seen within 6 to 12 days of 

unoculation or wounding. The early stages of development consist of swelling and 

rapid division of ray parenchyma and undifferentiated cells of the cambial zone 

(Figure 6). Some of these cells begin to organize into a layer of cells which will 

3ecome epithelial cells, while many of the cells surrounding them begin to fill with 

nolyphenolic substances (Figure 7). The cambial zone is re-established above this 

and gives rise to more cells which will differentiate into xylem. The polyphenol- 

containing cells surrounding the developing epithelium loose their phenolic contents 

and most will eventually differentiate into tracheids (Figure 8). 

The mature traumatic ducts formed after bark beetle attack or artificial 

inoculation occur in false annual rings of the xylem where tracheidal lumens are 

temporarily reduced (Figures 9 and 10). Extensive LM and SEM examination indicate 

that they form rather complex structures with lumens of varying lengths. However, 

the ducts in a particular axial file may be made of a series of shorter ducts that are 

sealed at either end rather than continuous along a large length of stem. Often the 

continuity of the ducts in an axial file appear to be disrupted by radial rays, most of 

which do not contain resin ducts. However, a few examples of connection of the 

axial traumatic resin duct system and the radial resin duct system have been 

observed (Figure 10). Further studies will determine if most of the radial resin ducts 

are actually connected with the traumatic duct system, which would seem logical for 

enhanced resin flow in beetle-attacked regions of the bark. 

The observation that during early stages of traumatic resin duct formation 

many of the cells in the region accumulate polyphenols, is quite novel. Equally 

important is the fact that these phenolic compounds disappear as the cells 

differentiate into tracheary elements. The compounds must be released into the 

general region of the traumatic ducts and may account for the "browning" that is 

seen in wood discs where traumatic duct formation is prominent. This may enhance 

the resistance of the newly formed sapwood to fungal infection, a matter which 

deserves further study. Related to this is the observation that PAL, an important 

enzyme in the phenolic synthesis pathway, is abundant in the cells of the region 

where traumatic ducts are developing, as demonstrated by immunocytochemical 

analysis (Figure 11). PAL label was also found in developing and mature secretory 

epithelial cells of the traumatic ducts, even though these cells did not accumulate 

polyphenolic bodies nor formed a lignified cell wall during the time span of this study. 

It is interesting to speculate that perhaps the traumatic ducts are producing resin that 

also has phenolic compounds incorporated into it. As yet, we have no analytical data 

at this time to support this hypothesis but further biochemical analysis is planned. 



One interesting possibility is that the formation of traumatic resin ducts 

following an unsuccessful bark beetle attack may render spruce trees more resistant 

to later assaults since traumatic ducts have been formed and more resin hence is 

available for defense. In addition, the possibility exists that resin from traumatic ducts 

might contain substances that are more toxic or fungistatic than the resin of normal 

ducts, as indicated by our observation of phenolic substances in cells lining the 

former. 
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RESUME 

Two Scots pine clones were chosen with respect to their susceptibility to 

Leptogrnphium wingfieldii, a fungus associated with Tonticus piniperdu. In response to 

inoculation of sterile malt-agar or fungus, a callus region and a wound peritlerm took place. 

After fungal inoculation, the parenchyma cells and ray cells were deformeci and emptied of 

their contents. Moreover, after a fungal inoculation, a "substance" appeared in and between 

the sieve cells. All the modifications after inoculations were faster and more important in the 

resistant clone than in the susceptible one and there were much more fungal hyphae in the 

phloem of the suceptible clone than in the phloem of the resistant one. 

INTRODUCTION 

Phloenl induced reactions play a hasic role in conifer re5istatlce to attacks by bark beetles 

and their associated fungi (Berryman, 1972; thristiansen el ~ r l . ,  1987; Lingstriim et al . ,  1992; 

Raffa and Kleipzig, 1092; Lieutier, 1993). These reactions take place in longitudinal elliptical 

reaction zones surrounding each point of attack, and involve dramatic changes in 

concentrations of secondary metabolites such as terpenes and phenols (Shrimpton, 1973; 

Raffa and Berryman, 1982; Delorme and Lieutier, 1990; Brignolas et a/ . ,  1995 a; 1,ieutier et 

nl., 1996 a). In the case of a snlall nunlber of attacks, these reactions are generally effective 

and stop the aggressors. In case of mass attacks, however, they can heconle ineffective, the 

aggressors succeed in killing the tree and establishing their populations. Conifers' resistance 



to bxk beetles attacks is measured by the maximum density of attacks (threshold of attack 

density) that a tree is able to contain before being overcome (Mulock and Christiansen, 1986; 

Christiansen et ul., 1987). Fungi introduced by the beetles into their galleries stimulate the tree 

reaction induced by the boring insect (Lieutier, 1993; Lieutier et ul., 1995), thus lowering the 

threshold of attack density (Berryman, 1972; Christiansen et nl., 1987). Mass inoculations 

with beetle-associated fungi are commonly used to evaluate a trees' resistance level, thus 

defining a threshold of inoculum density (Horntvedt et ul., 1983; Solheim et al., 1993). 

This study is a part of a program aiming at understanding the mechanisms involved in the 

induced response of Scots pine phloem @inus sylvestris) phloem to aggression. In previous 

studies, we have observed the phenolic response of the Scots pine, and we have proposed 

some resistance markers (Lieutier et nl., 1996 a; Bois and Lieutier, 1997). In this present 

study, we wanted to observe anatomical mechanisms involved in the induced response of 

Scots pine phloem to aggression. 

Previuos histological studies, have demonstrated that after septic or aseptic inoculations, 

various conifers showed a wound response (Reid et ul., 1967; Wong and Berryman, 1977; 

Mullick, 1977; Shrimpton, 1978), and finally, the fungus was compartimentalized in the 

reaction zone (Shigo, 1984). Moreover, the death of the phloem cells in advance of the fungus 

spread, and the synthesis of secondary resin linked to phloem parenchyma and ray 

parenchyma have been also observed (Wong and Berryman, 1977; Cheniclet et nl., 1988; 

Lieutier and Berryman, 1988), after various aggressions. However, the Scots pine anatomy 

was never observed after inoculation of blue-stained fungus associated to bark beetles. 

The objectives of the present study were to describe the anatomical changes in the phloem 

of Scots pine that are susceptible or resistant to mass inoculations with L. winafieldii, a fungus 

associated with T. piniperdiz. This fungus does not seem to play an important role in the 

establishment of 7'. piniperdu populations in Scots pine, probably due to its low frequency and 

abundance on the beetles (Lieutier et al., 1995). However, it can kill healthy Scots pines after 

mass inoculixtions (Solheim and LBngstrom, 1991; Solheim et al., 1993), and is an excellent 

tool to study the response of Scots pine phloem to aggressors /LAngstrBm et ul. 1992; Lieutier 

et al., 1996 b). Moreover, we wanted to describe the phloem ?natomy, and the fungal pathway 

in the phloem. 

MATERIALS AND METHODS 

Screening the resistance level of Scots pine clones. 
In April 1994, 18 Scots pine clones were tested for their susceptibility to infection by L. 

wingfieldii. The trees originating from the natural Haguenau provenance (Bas-Rhin, France) 

had been grafted in 1985, and cultivated in the nursery of INRA (OrlCans, France). Two 

healthy ramets of each clone were mass inoculated at a density of 400 inoculation m-' on a 1 m 

section of the stem at about breast height. Inoculations were done with two-week-old 

sporulating cultures growing on malt agar using a cork-borer technique (Wright, 1933). Bark 

plugs were removed with a 5 mm cork borer and a calibrated disc (5 mm diameter) of cultures 

were introduced into the tree in cambium-deep holes, and the holes were closed with the bark 

plugs. Three months later, the trees were felled. The inoculated stem sections were brought to 

the laboratory where three thin discs were taken, two at 15 cm from each end of the inoculated 

section and one in the middle. The extension of occluded sapwood (comprising blue-stained 

sapwood, desiccated but unstained sapwood, and resin impregnated sapwood), was delineated 

on the discs, quantified with a planimeter and expressed as a percentage of the total sapwood 

area. Clones were ranked according to the percentage of occluded sapwood, corresponding to 

a ranking according to tree's resistance level, with the most resisrant clones having the lowest 

percentages of occluded sapwood (Christiansen and Berryman, 1995). 

Sampling for histological study. 
Based on the results from the screening experiment, one resistant and one susceptible 

clones were chosen. In March 1995, one healthy ramet of each clone received five 

inoculations of a malt agar culture of L. wirzdieldii and five inoculations of sterile malt agar to 

serve as wounded controls. Three, 7, 14, 30 and 60 days after inoculations, the outer bark was 

removed around one inoculation point per treatment and per tree. In the lower part of the 

reaction zone, at 2 mm of the inoculation point, pieces of the reactional phloem were sampled 

for the histological study. At day 0 (the day of inoculation) and day 30, samples of unwounded 

phloem were also taken from each tree. Immediately after cutting, the san~ples were 

transferred into a fixation solution containing 5% glutaaldehyde and embedded in 

glycolmethacrylate (Gutman and Feucht, 1991). Semithin sections (2-10 pm) were cut on a 

Leitz microtome 1400 equipped with a casbide knife. Sections, 2 pm thick were stained with 

toluidine blue 0, and with safranine o lugol, and the sections of 10 pm were stained with 

DMACA according to Gutmann and Feucht ( 1  99 1)  for the staining of flavan-3-01s. 



The fungal density was estimated by quantifying the number of fungal sections in a 

reference cell (0.25 mm x 0.375 mm). Fourty-two repetitions were made by treatment, by tree 

and by date. The data were analyzed using SAS software (SAS Institute Inc. 1985, 1986, 

1987). Treatments, dates and trees were tested by one way analysis of variance, and with 

Tukey test for multiple comparisons. All means were expressed with their confidence interval. 

Differences between means were taken into acount only when significant at the 95% level. 

RESULTS 

The percentage of occluded sapwood differed from one clone to another (fig. 1). A 

resistance gradient was thus obtained in which the extreme clone categories were chosen to 

the histological study. Clone 765 having a high percentage of occluded sapwood was chosen 

as the least resistant clones (called " susceptible " clone in the present study), while clones 

874 having a low percentage of occluded sapwood was chosen as the most resistant clones 

(called " resistant " clone in the present study). 

Clones 

Figure 1: Percentage of occluded sapwood after mass inoculations with L. winfieldii 
in different Scots pine clones. Values are means SD rt: (n=2 for each sample). Values 
with the same letter did not differ significantly (P=0.05). 

Figure 2: Cross section of general anatomy of' 
Scots pine phloem. Blocks of sieve cells (sc) are 
separated by row of phloem parenchyma (pp). 
Parenchyma rays are uniseriate. Toluiditle blue 0. 

Figure 3: Cross section of the phloem after 
inoculations. A callus region (ca) took place near 
the cambial xone. Safranine 0 Lugol. 

Figure 4: Tangential section of the phloeni after 
inoculations. A wound periderrn (w) took place 
and seemed to derive from the phloem 
parenchyma (pp). Safranine 0 I,ugol. 

Figure 5: Phloem degeneration, 14 days after 
fungal inoculation. The parenchyma phloem (pp) 
and the ray parenchyma (r) seemed to degenerate 
and empty of'their contents.. Toluidine blue 0, 

Figure 6: Accumulation of a substance pink- 
coloured (s) in and between sieve cells (sc), with 
hyphae (hy) in a sieve cell (sc). Toluidine blue 0. 

Figure 7: Cross section of fungal hyphac (hyl 
between sieve cells (sc), The substance pink- 
coloured (s) was between sieve cells. 'Tktluidint 
blue 0. 



The secondary phloem of Scots pine was made up of three major types of cells : sieve 

cells, radial ray parenchyma, and phloem parenchyma (fig 2). In ray parenchyma and in 

phloem parenchyma, phenolic compounds (flavan-3-01s) were stained in blue by DMACA. No 

differences were observed between the two trees. 

After fungal or sterile malt-agar inoculation, the young ray cells of the cambial zone 

divided and enlarged to form a callus region (fig. 3). Moreover, In the oldest phloem, the 

phloem parenchyma cells seemed to divide to form a wound periderm (fig. 4). All these 

anatomical changes occured in both trees, but sooner after sterile inoculation than after fungal 

inoculation, and sooner in the resistant tree than in the suceptible one. After fungal 

inoculation, the phloenl parenchyma cells and the ray parenchyma cells were deformed and 

progressively emptied of their contents (Fig. 5). These changes began 7 days after fungal 

inoculations and were amplified with time. They seemed quicker and sooner in the resistant 

tree than in the suceptible one. Moreover, a substance pink-coloured with toluidine blue 0 

occured in and between sieve cells, after fungal inoculations (fig. 6). 

days 

-f~-. : Suceptible tree + :'Resistant tree 

Figure 8: Number of fungal sections by cell reference, after inoculation 
of L. wingfieldii in Scots pine phloem of tree which differed in their 
susceptibility to L. wingfiea'dii. Values are means + SD (n=42 for each 
sample). Significant differences arc indicated in,_the text. 

In both tree, fungal hyphae was found in and between sieve cells (fig 6, 7), sometimes 

in ray parenchyma and in phloem parenchyma. The hyphae grew in the phloem by sieve area 

and through cell walls. Seven days after inoculation, the fungal hyphae was present in the 

phloem of the two trees (fig. 8). The maximum of fungal sections was reached 7 days after 

inoculations in the susceptible tree and 14 days after inoculation in the resistant one. 

Progressively the fungal sections decreased. Moreover, the number of fungal sections in the 

phloem after inoculation was always significantly higher in the susceptible tree than in the 

resistant one, except 60 days after fungal inoculation. 

DISCUSSION 

Response of the tree 
A callus and a wound periderm took place in the phloem after fungal or sterile 

inoculation, but they appeared belatedly after these aggressions. Such changes have already 

been observed after wound alone, or after fungus or insect attacks in various trees (Mullick, 

1977; Shigo, 1984), and their late appearance have already been observed on Abies grandis 

(Wong and Berryman, 1977) and on Pinus contorta (Reid et al., 1967; Shrimpton, 1978). The 

presence of the fungus in the wound delayed the formation of the callus and the wound 

periderm. Such a difference in timing has been observed on Prunus persicn (Biggs, 1984; 

Wisniewski et al., 1984). Biggs (1984) hypothesized that the presence of the fungus was 

associated with inhibited differentiation of living tissues. 

The phloem degeneration which emptied progressively of its contents has already been 

observed in phloem of Abies grandis after fungal inoculation (Wong and Berryman, 1977) and 

in phloem of Pinus ponderosa, P. contorta and P. rrzonticola after various inoculations 

(Lieutier and Berryman, 1988). In the present study, since this degeneration occured onlly 

after fungal inoculation, it seemed linked to the interaction between I,. winRji'eldii and the 

phloem. According to Wong and Berryman ( 1  977), Berryrnan (1988) and Lieutier ( 1993), the 

death of cells in advance of the fungal spread was not caused directly by hyphal penetration, 

but may be attributed to response of adjacent cells to stimuli orignating from damaged cells 

and fungal metabolites. Moreover, a substance which was pink-coloured by toluidine blue 

accumulated after fungal inoculation. Such an accumulation has been observed after 

inoculation of Verticicladielln sp on Pinus pinaster (Cheniclet et crl., 1988). It could result 

from the enzymatic activity when the fungus penetrated the walls, but it may also result from 

the phenolic degradation since in culture 0. nzinus secreted phenoloxydases (Rosch et al., 

19691, or to the cellular modification in response of the infection. 



Finally, the induced response of Scots pine phloem after wounding could be focused 

on the compat-timentalization of the decay due to the formation of barrier zones. These 

phenomenon would not depend on the fungus presence, but on the tree itself. However, when 

the fungus was present other changes occured, and the fungus was confined by the removal of 

nutrients and the phloenr degeneration. Tile fungal growth decreased, the reaction zone 

extension stopped and the compartimentalization occured (Wong and Berryman, 1977; 

Berryrnan, 1988; Lieutier, 1993). 

Differences between trees 
In the two trees, the host responses to wounding and pathogen infection were basically 

similar differing only in timing and intensity of response. The resistant tree reacted quicker 

and sooner than the susceptihie one. Moreover, the density of fungal sections was higher in 

the susceptible tree, than in the resistant one. In accordance with previous study on phenolic 

response of Scots pine phloem (Bois and Lieutier, 1997), the speed and the intensity of the 

changes after inoculations seemed to play an important role in the resistance of Scots pine 

phloem to bark beetles and their associated fungi. 
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RESUME 

The Yunnan pine, P. yunnanensis, is heavily attacked and often killed by the pine 

shoot beetle Tunzicus piniperda in certain parts in the Yunnan province of South West China. 

In Europe the insect species normally causes mild damage, mainly growth losses, in Scots 

pine P. .sylvestris. In order to identify significant components in the host-insect relationships, 

characteristic for the two pine species, the monoterpene fractions of 27 P. sylvr.stri.s and 17 P. 

y~~nnnnensis trees were analysed. Cross sections containing both xylem and phloem of one 

year old twigs and increment cores of trunk xylem were extracted in hexane and analysed by 

a two dimensional GC and a GC-MS. The relative amounts of 2 1 monoterpene hydrocarbon$, 

including enantiomers were determined. 

Large variations were found in the relative amounts, as well as in enantiorneric 

compositions of the monoterpene hydrocarbons, both within and among the trees of the two 

species. Two chemotypes, separated by the relative amounts of (--)--0-pinene, were found in 

P. yunnanensis. In the cross section of the twig (-)-P- and (+)--a-pinene were the main 



monoterpenes followed by (-)-a-pinene, (-)-P-phellandrene and myrcene. The relative 

arnoitrtts of (-)-a-pinene and (+)-a-pinene were higher in twigs of P. yunnunensis than in P. 

.sq'lvestri.s. In the trunk xylem the relative amounts of (+)-a-pinene and (+)-3-carene 

dominated. In the trunk xylem, the enantiomeric compositions of (-)-a-pinene displayed a 

much wider range (8-95%) in P. vurznanensis than in P. sylvestris (3-30%). In the twigs, the 

enantiorrteric cor~lpositions of the five chiral monoterpenes analysed showed a similar pattern 

between the two pine species. 

INTRODUCTION 

The corntnon pine shoot beetle, Totnicus piniperda (L.) (Coleoptera: Scolytidae) is a 

major pest insect in pine forests in Europe and in Asia. In Europe, it mainly attacks Scots 

pine, Pinu,\ ~yltrestris L., but seldom kill healthy trees (Lr"ingslriim & Hellqvist 1993, and 

references therein). In Scandinavia, it rnay cause substantial growth losses by its shoot 

feeding hehaviour (LSngstriim & Hellqvist 1991). In southwestern China, however, forests 

consisting of Yunnari pine, P. yurznanensis (Fr.) have been severely attacked and often killed 

by T. piniperd~z (Wang et ($1. 1987; Ye 1991, Li et al. 1993). It has been observed that the 

beetles are selectively attracted tct, and feed on, the shoots of certain trees within a forest 

stand (Ye RL IJieulier 1997). In Sweden, no such aggregation to certain trees has been 

observed, but the beetles clearly prefer the upper part of the crown (LGngstrom 1980). 

In an attempt to study the host finding mectlanisms and its possible chemical basis 

(priniary attraction, Lanne et rzl. 1987) in T. piniperdiz, we decided to sample non-attacked 

and attacked shoots from trees with different degree of attack. In this paper, we present the 

analyses of the fractions containing rnonoterpene hydrocarbons in P. yurznanensis, and 

compare them to our results on P. sj~lvestris. 

MATERIAL AND METHODS 

Biological samples 

The samples of P. sylvestris were taken from selected plus trees (i.e. phenotypically 

superior individuals) of a number of provenances originating from the northern part of 

Sweden to the rniddle of Europe. The trees of P. yrc?zrznrze?isi.s were growing in the Yunnan 

province of South West China, and were selected due to the degree of shoot attack (26-83%) 

of 7'. piizil;ler~!lc. Cross sections corltaining both the xylem and the phloem of shoots from 

current year, and increment cores of the trunk xylem were extracted in 1 ml of hexane (pa 

Merck). Samples were taken 100 mm from the base of the shoots of both healthy and infested 

shoots on the same tree. The cross sections from the infested shoots were taken in the healthy 

parts 2 cm from the entrance hole made by the insect. Extracts were made in field and 

transported to the Laboratory where they were kept at -18 OC before analyses. 

Chemical analyses 

The monoterpene fractions (constituting the 24 monoterpenes shown in Fig. 1 .) of 27 

P. sylvestris and 17 P. yunnanensis trees were analysed. P.  sylvestris samples were filtered 
through a plug (0.2g) of Si02.The hexane extracts were analysed by GC and GC-MS. 

- (+I  - )  (+, 

rnyrcene terplnene I I I I I O I I ~ I I C  ~pl .rellnnd~eric 

Figure 1 Structures of the monoterpene hydrocarbons present tn the nionoterpcne tractton analy\ed Due to the 
minute amounts ot sab~nene, 2-carene and 3-carene present in the P yunnrriretr\ls sample\, no deternllnatton ttf 
the enanttomenc comporltlons were made tor these constttuent\ (+) 3 Ctirerie w'kc the only enanttomer prejent 
In P sylvestrts 



Relative amounts of the monoterpene hydrocarbon constituents and the enantiomeric 

coinpositions of the five major chiral monoterpenes (a-pinene, camphene, P-pinene, limonene, 

p-phellandrene) were determined by the use of a two-dimensional Varian 3400 GC system 

(Borg-Karlson et al. 1993). A DB-WAX column (J&W Scientific; 30 m, 0.25 mm i.d., 

0.25prn film thickness) war used in the first GC for the nun-chiral separations of the 

rnonoterpene hyctrocarbons with the following temperature programme: 40 "C (1  min) 

followed by 3" nmin-I up to 110" followed by lUO min-I up to 200°C. Terpinolene was eluted 

after 16 min. Small amounts of a-phellandrene, possibly present in the samples, were not 

separated from myrcene under the conditions used. In the second GC, a Cyclodex-B, 

perrnethyl-P-cyclodextrinIDB 170 1, fused silica capillary column (J&W Scientific; 30 m, 0.25 

nirn i.d., 0.25 prn film thickness) was used for the analysis of the chiral monoterpene 

hydrocarbons. The temperature programme was 55 "C ( I  1 min) followed by 1" min-I up to 75 

"C. The constituents of the monoterpene fractions were identified on a Finnigan instrument 

SSt) 7000, connected with ;I Vitrian 3400 GC, using n DB-WAX column (J&W Scientific; 30 

111, 0.25 inn1 i.ti., 0.25 prn film thickness). The temperature programme was 40 "C ( I  min) 

followed by 3" inin-' up to 110" followed by 10" rnin-I up to 200 "C. Separation method for 

3-carene is referred in Borg-Karlson et nl. (1993). Monoterpene enantiomers were identified 

by means of GC retentiotl times, using naturally occurring or synthetic reference compounds 

(Borg-Karlson c3t al. 1993). Data are presented in terms of relative amounts of the 21 

rnonoterpene hydrocarbons identified in P. yunrzarzensis. The enantiomers of five chiral 

~nonoterpene hydrocarbons are included as separate as well as in terms of ennrztinrneric 

cnny,o.sitions {area of (-)-enantiomer peak divided by the sum of areas of (--)- and (+)- 

enantiorner peaks, in percent } . 

Multivariate data analyses 

GC data were evaluated by multivariate data analysis using the programme CODEXI 

vers. 2.6 (Chemometric Optimization and Design for Experimenters, a product from SumIT 

System AS, Box 1936, S- 17 1 19 Solna, Sweden) which was installed as an add-in module to 
R 

Microsoft Ex~el  . The data were subjected to PC and PLS analyses (for references see Persson 

et ctI. 1996). Raw data were normalized to 100% and treated in accordance with the procedure 

used in an earlier investigation on P. .sylvestris (Persson et al. 1996). The PCA plots visualize 

the data structures. The closer two trees are found in a plot, the more similar are their 
, 

rnonotetpene compositions. The conesponding loading plots give information about the 

importance of each constituent for making up the model. Each variable was scaled to unit 

variance (autoscaling). The number of significant components was determined by cross- 

validation (Sjiidin et ul. 1995). A component was judged to Ixk: significant, when CSV/SD was 

< 0.95. 

RESULTS 

Large variations were found, both within and among the trees of both pine species, in 

the relative amounts of the monoterpenes (Figures 2a and 2b) as well as in the enantiomeric 

composition of the chiral monoterpenes (Figures 3a and 3b). Two chemotypes, separated by 

the relative amounts of (-)-P-pinene, were found in P. yl4nncr1zen.si.s. In addition, one tree with 

large amounts of 3-carene was analysed. 

Twig 
The samples of P. yunnanensis contained either high percentage of (-)-P-pinene or (- 

)-a-pinene plus (+)-a-pinene (Fig. 2a). The relative amounts of both (-)-u-pinene and (+)- 

a-pinene were higher in some of the samples of P. yunnarzert,sis than in the samples of P. 

.sylvestri.s. (+)-3-Carene was the main component in the iniijority of P.  svlvcstris trees. 

However, certain chemotype with a low (+)-3-carene and high (--)-limonene content was 

found among P. .sylvestri.s trees originating from the northern part of Sweden. 

The enantiomeric compositions of all five chiral monoterpenes analysed showed a 

similar pattern between the two pine species (Figure 3a). 

Trunk xylem 
A striking difference between the two species, was found among the samples of xylem 

of the trunk (Fig 2b): P. yunnanensis showed a much wider range, in relative amounts, of (-)- 

a-pinene (5-90%), than in P. sylvestris (3-30%). (+)-3-Carene was almost exclusively found 

in P. sylvestris while a group of P. yunnanensis trees contained high amounts of (-)- 

f3-pinene. 

The enantiomeric compositions of a-pinene in the trunk xylem had a much wider 

range (8-95%) in P. yunnanensis than in P. sylvestris (3-30%) (Figure 3b). A similar 

distribution was found for camphene. 
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Figure 2 Varratron in relatrve amount\ for each monoterpene in the t\;o prne species. The monoterpene 
hydrocarbon fractron tn hexane extracts of two different trssues from P yannattensu and P sylvertrts were 
analysed by two-cirmensionnl GC and GC-MS The relatrve amounts of 2 1 monoterpenes including enantiomers 
of five ~ h r i ~ i l  rnonoterpenes are shown here I) tr~cyclene. 2) (-)-a-ptnene, 3) (+)-a-ptnene. 4) (-)-camphene. 5) 
(t) cnrnphene, 6 )  (-)-fi-prnene, 71 (+)-fi-ptnene, 8) \abinene, 9) 2-carene, 10) 3-carene, 11) myrcene, 12) a- 
terprr~ene, n) (-)-ltnmnene, 14) (+)-lirnonene, 15) (-)-P-phellandrene, I h) (+) P-phellandrene, 17) t rr-p- 
ocirtiene, 1%) y-tcxptnene, 19) trrrrzb-P-ocrrrtene, 20) p-cytnene, 2 I )  terptnolene 

a) Vanatton rn relatrve amounts for edch rnonoterpene orrgrnatrng from the cross sectton of one year 
uld t w ~  rontzi~nlng both xylern and phloem in the upper diagram 8 P jirtznattermr trees are presented by two - 
cro\ses per tree (one healthy shoot and one rnfe\ted, ~t present) Tile lower dragram shows 10 P sylve~rnc trees 
pre\ertted by one cros, per ttee 

b) Varratton tn relatrve arnottnfs for each ntonoterperre orrglnatlng frctrn the Increment cores ot trunk 
xvlern ot 17 1~>rrtztiarietz.~~r trees and 17 1' sylvcsrnr treec, all repre\ented by one cross per tree 
Note the P r j l t e ~ t n ~ c  trees analysed rn hgure 2a) are not the sarne trees as rn Ftgure 2b) but the 8 P 
)ttrinrrtrerzstt trees rn F.tgure 2a) are atltorrg the 17 ~nd~vtduals presented tn Frgure 2b) 

a) 

or-pinene carnphene P-pinene linlonene P-phellandrene 

a-ptnene carnphene P-ptnene I~ntonerte 6-pt~ellancfrcne 

Figure 3 Variation in enantiomeric composition. The differences between P. ytirtttarlertsis ( y )  and P. .sylve.stris 
( s )  in enantiomeric compositions of five chiral monoterpenes are shown tiere. The same trees and tissuec as 
described in Fig 2. 

a) Cross section of twig b) Trunk xylern 

Multivariate data analyses 

Figure 4 presents a PC-plot rnade from 10OZ% normalized GC-data, incluciing 21 

integrated peaks, from the cross section of P. yrrnrzanc.nsi.s and P, sylv~srr-is twigs. The group\ 

are formed mainly due to high amount of (+)-3-carene (alllong others in the left part in the p- 

plot) or high a~nounts of (-)-a-pinene and (-)-carnphene according to the corresponding 

loading plot. The PC-analysis resulted in this mociel having one significant component (a\ 

judged by cross validation) explaining 33% of the variance in the data. 



No obvious relation was found between rnonoterpene composition in the trunk xylem and 

degree of attack in the shoots on the pines from Yunnan judged by PLS analysis not shown 

here. 

corresponding p-plot 

0*5 I p-cymenc 

y-terpinene of-)-D-t)hellandrene 
.I ntvrcene (-1-camphene 

Figure 4 Prtncrpal Component (PC) plot based an relat~ve amounts of nionoterpenes tn samples of cross section 
ot twrg\ (the came amples a\ in Ftg 2a) The ciosses marks the P sylvestrrs and the ftiled rornbs P 
Junrzaneaslr A PC-analysts ~nclud~ng 21 tntegrated C;C-peaks resulted In a model having one stgnrttcant 
component explainrng 33% varrance In the data 

DISCUSSION 

'The variation of trtonotespene hydrocarbons in different tissues arnong and within 

trees has earlier been shown in Picaea ahies (Borg-Karlson et cxl. 1993, Persson et al. 1993) in 

P. .syl\)estris (Yasdani et al. 1985, 1986; Sjodin 1996) and in four pine species from Cuba 

(Valterovb et al. 1995). A similar distribution of the enantiomeric composition of (-)-a- 

pinene present in the trunk xylet~l of P. yunnanerzsis (8-95%) have also been found in the 

oleoresin of P. nznestreizsis (5-9 1 %) from Cuba (Valterovii et nl. 1995). 

The observed largc differences of the relative amounts of monoterpene hydrocarbons 

arnong 1'. ytrrznmlmsis, could explain the observed differences in attack by T, piniperdu. 

Iluwever with the limited nurnber of samples there was no obvious correlation between insect 

attack and nlonoterpene cornpusition. It still remains to be shown that beetles discriminate 

between trees with different tespene conlposition. In Pivzus caribuea growing in Cuba, 

significant differences in the ~nonoterpene pattern have been found between treec attacked and 

not attacked by the nloth Dioryc-trin horrz~a~zn (ValterovB et G I .  1995). 

When conlparing the cross sections of the twigs, the enantiomeric composition of a-  

pinene showed a similar distribution between the two species, indicating host odour 

similarity. The relative amounts of both enantiomers of a-pinene were, however, much larger 

in P. yunnanenis. If the enantiomers of a-pinene act as key compounds for T. piniperda in 

host selection, a larger amount of a-pinene may explain the higher frequence of attack in P. 

yunnanensis than in P. sylvestris. 

(-)-a-Pinene has been effectively used for monitoring of 7: piniperda in Sweden 

(Schroeder 1987, Byers et al. 1985.). The combination of (-)-a-pinene and ethanol increased 

trap catches up to a certain amount of ethanol (Byers et 611. 1985). When a too high 

concentration of ethanol was used a repellent effect was noted. Up to now, there are no 

experimental data indicating enantioselectivity in long distance attraction of T. pirziperdn. 

However, the differences found in the relative amounts of (-)-a-pinene may have an effect on 

the primary attraction. (-)-Limonene was present in high amounts in some of the P. sy1vrstri.s 

trees but was generally low in the P. yunnanensis trees analysed. Addition of (-)-limonene to 

baits has been shown to effectively reduce trap catches of the pine weevil (Nordlander 1990, 

1991) in field tests. The effects of (-)-limonene, separately and in combination with other 

host compounds, in reducing the attack by 7: piniperda would be of interest to test in future 

bioassays. 
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RESUME 

In wintertime, when population densities are high and food is scarce, small 

rodents, such as voles, consume the bark of young trees. As a result, the trees may 

die. In choice-tests with the common vole, Microtus analis , we observed significant 

differences in palatability of the bark of individual trees of Fraxinus excelsior. Also a 

bark-sucking insect, the ash scale, Pseudochermes fraxini, seems to respond to an 

antifeedant in the bark. The bark of a progeny which was infested by the insect was 

preferred in choice-tests with voles. There is some evidence that these effects are 

related to differences in the concentrations of bitter tasting coumarin derivatives in 

the bark. These findings might be of interest for genetical improvement in order to 

select resistant trees.. 

INTRODUCTION 

In recent years, severe vole damage on trees over large areas has been 

observed in The Netherlands. In 1991, some 50 ha of poplar plantations, planted 



under the set-aside scheme, were destroyed by the common vole, Microtus arvalis 

(Moraal, 1993). This is due to planting of trees on formerly agricultural land. Weeds 

grow abundantly on these rich soils, creating an ideal habitat for voles, leading to 

high population densities. In wintertime when food is scarce, the voles use the bark 

of the young trees as an alternative food source. The trees may die as a result of 

girdling the bark of the stems or gnawing the roots. Vole damage can be prevented 

by using poison, or by making their habitat unsuitable by weed control, or by protec- 

ting the trees with chemical deterrents or plastic guards (Davies and Pepper, 1989, 

1990; Moraal, 1993). These methods, however, are either too expensive for 

application on a large scale, or undesirable for the environment. 

Another possibility for protection is the use of resistant trees (Wink, 1988). 

Tree species vary greatly in their palatability to mammals such as hares and voles 

(Pigott, 1985). It is well known that bitter tasting secondary metabolites like tannins 

or phenolic glycosides in the bark, often determine these differences in palatability 

(Bryant et al., 1991; Tahvanainen et al., 1985). Browsers also select among 

genotypes within the same species such as Pinus, Picea, Salix and Betula (Gill, 

1992; Rousi et al., 1990; Tahvanainen et al., 1985). 

As far as we know, palatability differences for Fraxinus excelsior, with respect 

to bark consumption by mammals, have never been reported before. 

For years, we have observed that rabbits showed a clear preference for the 

bark of certain Fraxinus excelsior clones. We tested therefore several provenances 

and progenies of Fraxinus excelsior with voles to detect tree resistance. Vole 

resistant trees may also be resistant against bark feeding by sheep, rabbits, hares, 

and deer. 

MATERIALS AND METHODS 

Trees 

In 1986, a test site for a genetic trial was established at Windesheim in The 

Netherlands with two-year old Fraxinus excelsior treds. In the trial, 67 selections 

(progenies and provenances) were tested for growth, health, and quality. Of each 

selection, 25 trees were planted. The trial mainly contains indigenous Dutch ashes 

and some foreign provenances from Germany, Switzerland and Rumania. For the 

vole choice-tests, we selected 32 selection numbers (table 1). 

We collected one-year old twigs of three individual trees (further called a,b,c) 

for each of the 32 selection numbers. These twigs were collected in February 1994 

and immediately stored at -300 C, until used in choice-tests and for chemical 

analysis of the bark. 

Voles 

Adult and subadult common voles, Microtus arvalis, were obtained from the 

wild and caged in an unheated laboratory. They were kept individually in cages with 

hay and maintained on a diet of a standard laboratory mouse feed (RMH-B; Hope 

Farms, Woerden, The Netherlands) and carrots. One day before each experiment all 

food, except the hay for shelter, was removed. 

Choice-tests with voles 

So-called multiple choice-tests or cafeteria-tests were carried out to determine 

relative differences in palatability among the one-year old twigs of Fraxinus 

selections. In each choice-test, 10 separately caged voles were used. Each vole was 

simultaneously offered four, 10-cm long twigs, from different selections. Except the 

hay for shelter, there was no other food in the cage, so the voles were forced to eat 

from the bark of the twigs. After 42 h, the consumed bark area was measured in 

square centimeters, according to Rousi et al. (1990). The measured areas were 

transformed to ranks and Friedman's rank test was used to assess differences in 

palatability between the twigs. This test is performed by means of a randomised 

blocks analysis of variance on the ranks, in which the voles play the role of the block, 

see Conover (1980). The standard error of differences of the ANOVA can then be 

used to compare individual genotypes. In this way, relative differences of four twigs 

can be measured. However, absolute differences cannot be measured by means of 



choice-tests. A twig of medium palatability will possibly not be consumed when it is 

offered with twigs of good palatability, but it will be eaten when offered with 

unpalatable twigs. Because we were only interested in finding some arbitrary 

palatable and non-palatable twigs, this was not considered to be a major drawback 

of the method.0~ 

Experiment 1 

A first experiment was carried out to identify some palatable and non- 

palatable trees with which we could experiment further. In 8 experiments, all the 'a' 

individuals of 32 Fraxinus excelsior selection numbers (table 1) were tested in 

choice-tests. The allocation of these 32 selections over the 8 experiments was done 

at random since we had no prior knowledge. The same allocation was used to test 

the 'b' and 'c'individuals in 16 further experiments. 

Table 1 .  F ~ ~ ~ ~ I I L L S  excelsior progenies and provenances as  used 

in choice-tests with the common vole Microtus malis .  

--- 
Selection nr. Identification Selection nr. Identification 

Altena NL 468 Ede-01 NL 

Westhofs Glorie NL 475 

nnknown 477 

Reesd NI, 480 

Burlnik NI, 488 

Ophemert NL proverzances: 

Bruchem NL 269  an^ 
Utrecht NL 270 

St. Geertn~id NL 507 

349 Echteld-01 NI, 51 1 

352 516 Switzerland 

367 5 17 Rurnania 

370 518 Cknnany 
375 5 19 Echteld-0 1 NL 

389 520 Domen-3 NL 

400 52 1 Domen- 1 NL 

For genetical improvement it is important to know if palatability or non- 

palatability is a stable hereditary factor within a certain Fraxinus selection. Therefore, 

from the first experiment, four apparently palatable selections (269, 370, 51 7, 51 9) 

and four non-palatable selections (270, 468, 475, 518) were chosen with which an 

additional experiment was conducted. These selections were tested in two choice- 

tests, with 15 voles each. Instead of offering twigs from the same tree, as we did in 

the first experiment, twigs of 15 different individual trees were used. 

Experiment 2 

During several years, we observed heavy infestations by the ash scale, 

Pseudochermes fraxini, in some 15-year old ash stands in one of the new polders in 

the province of Flevoland. These insects completely cover the stem, causing cracks 

in the bark. We noticed that a certain ash progeny, SVH 71, was heavily infested, 

while another progeny, NR 123, of the same age in the same stand, was hardly 

infested. We hypothesised that the insects might respond to the same secondary 

plant metabolites as voles. Therefore, we collected one-year old twigs of infested 

and non-infested trees. In a choice-test with 18 voles we offered each vole one twig 

of an infested and one of a non-infested tree. The percentage consumed bark of the 

heavily infested progeny, in relation to the total amount of consumed bark, was 

analysed by logistic regression using quasi-likelihood (McCullagh and Nelder, 1989). 

When there is no difference between the progenies, this percentage should equal 

50. 

Chemical analysis of the bark 

We submitted palatable trees (269b, 389c and 51 la )  and non-palatable trees 

(468c, 518b and 1718a) to our laboratory for the identification of the responsible 

secondary plant metabolite. From the literature it is known that the bark of Fraxinus 

may contain high concentrations of bitter tasting coumarin derivatives (Berenbaum, 

1991 ; Gaedcke, 1993; Hegnauer, 1969; Murray et al., 1982). The chemical analysis 

was focused to find differences in concentrations of coumarin between palatable and 

non-palatable bark. For this analysis, the bark was removed, cut in small pieces and 

extracted with alcohol. This extract was analysed once with UV fluorescence 



spectro-photometrical methods and compared with scopoletin as a reference for 

measuring the sum of coumarin derivatives. Most natural coumarins show a 

fluorescence when irradiated with UV light (365 nm). Further information on methods 

for detection and isolation of coumarin derivatives can be found in Gaedcke (1993) 

and Murray et al. (1982). 

RESULTS 

Choice-tests with voles 

Experiment 1 

The results of the 24 choice-tests are given in table 2. The results of these 

single tests can be compared within each line. Sometimes a large variation for the a, 

b and c individuals was noticed; see for example test numbers 19, 20 and 21. Also 

note that the ordering of the genotypes with respect to mean consumption is not 

necessarily equivalent to the ordering with respect to mean ranks. This can be 

caused, for example, by an abnormally high consumption of a specific genotype by 

one mouse only, which can result in a large mean consumption for that genotype, 

without a corresponding high mean rank. Nevertheless we have observed 

statistically significant differences (p<0.05) in palatability for individual trees in 19 of 

the 24 choice-tests. Furthermore the a, b and c genotypes showed some consistency 

in non-palatability for the Fraxinus selection-numbers 270, 468, 518 and 475, while 

the selection-numbers 269, 517, 519 and 370 appeared to be palatable. These 8 

numbers have been used for the additional tests A and B. 

In the additional tests A and B, we found a tendency for palatable and non- 

palatable progenies but we did not find significant differences (table 2). However, our 

method of statistical testing was a classical and not a highly discriminative one. 

Correlative chemical analysis of the bark would produce more precise and reliable 

data. Within the present project, comprehensive chemical analysis could not be 

included. 

Experiment 2 

The bark of trees which was infested by the insect was more consumed by the 



Table 3. Contents of coumafln derivatives in the bark of Fraxinus excelsior, 
in relation with the palatability for voles (bark samples of size one). 

 us-genotype Pdatabillhy Coumarin (mg/kg bark) 
- 

5 18b non-palatable 0.445 
468c non- palatable 0.394 
1718a non-palatable 0.203 
389c palatable 0.075 
26913 palatable 0.017 
51 l a  palatable 0.006 

voles than the bark of non-infested trees. The mean percentage of consumed bark of 

the infested trees was found to be 71.5 % and this was significantly different from 50 

% at p=0.012. 

Chemical analysis of the bark 

From the 24 choice-tests (table 2), the 3 tests with the largest differences in 

consumed bark area were selected. The extremes in palatability and non-palatability 

within these tests were subjected to a chemical analysis of the bark (table 3). 

Table 3 shows very large differences in the concentration of coumarin in the 

bark. These differences in palatable and non-palatable twigs are significant (two 

sample t-test on log scale; ~ ~ 0 . 0 2 2 ) .  The results indicate that the observed 

differences in palatability among the individual trees are caused by a natural 

variation in the concentration of coumarin derivatives in the bark. 

DISCUSSION 

Coumarins and their derivatives, being natural secondary plant metabolites, 

are widely distributed in many plant families. On arthropods they may have allomonal 

effects: feeding deterrence, growth reduction, and tqxicity. In contrast with insect 

herbivores, the interactions between vertebrate herbivores and coumarin-containing 

plants have not been well studied (Berenbaum, 1991). It is known that the bark of 

Fraxinus excelsior trees contains several bitter tasting coumarin derivatives such as 

Isofraxidin, Aesculin, Aesculetin, Scopoletin, Fraxin, Fraxinol, Fraxetin, Fraxidin and 

lsofraxidin (Berenbaum, 1991 ; Gaedcke, 1993; Hegnauer, 1969; Murray et al., 

1 982). 

Studies in Scandinavia clearly show that susceptibility of trees to vole damage 

has a genetic basis. Consistent differences in susceptibility of provenances or 

families of Noway spruce (Hagman, 1973), lodgepole pine (Hansson, 1985), birch 

(Rousi et al., 1990) have been reported. Differences in provenance susceptibility are 

apparently unrelated to growth rate, so fast growing, vole resistant varieties can be 

found (Rousi, 1988, 1989). On the long term, it is not profitable to select trees only 

for fast and straight growth. In general, little attention is paid to tree-resistance 

against pests and diseases. However, selection for and improvement of endogenous 

pest resistance in trees is advantageous. It can reduce pest damage and the cost of 

pest control (Wink, 1988). 

Within our preliminary studies, the bark of individual Fraxinus excelsior trees 

have shown a strong and significant variation in feeding deterrence, against the vole 

Microtus arvalis and the bark-sucking insect Pseudochermes fraxini. We also found a 

corresponding variation in the concentrations of bitter tasting coumarin derivatives. 

Although we found a tendency for palatability differences between progenies of 

Fraxinus excelsior, we did not find significant differences. The lack of significance 

might be due to a large variability between individual trees within a progeny, which 

would necessitate experiments with larger numbers of voles. As an alternative, 

chemical analysis of the bark would possibly reveal significant differences in 

concentrations of coumarin between progenies. However, within this project, 

comprehensive chemical analysis could not be included. 

Further, chemical analysis of vole and insect resistant and non-resistant trees 

is necessary for the identification of the precise coumarin derivative which might be 

responsible for the antifeedant properties, These findings are of interest for future 

genetic improvement, in order to select resistant ash trees to prevent damage by 

voles and bark-sucking insects as well as sheep, rabbits and hares. 
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RESUME 

During the cyclic peak years Microtus-voles may cause considerable damage to forest tree 

plantations in boreal forests. We assessed vole damage in 39 Norway spruce provenance 

experiments established in Finland during a thirteen year period, 1958-1970. In total 280 177 

seedlings were planted, and 6.5 5% of them were damaged. Damage was serious in 1 1  

experiments : 13 % of the seedlings of local origins and 23 96 of the seedlings of southern 

origins were damaged. There was no clinal latitudinal trend in susceptibility of southern 

origins. The reasons for increased susceptibility of southern spruces and other conifers is 

discussed. 

INTRODUCTION 

Pleistocene glaciations had a drastic effect on the number of species of forest trees growing at 

northern latitudes. In Europe alone, some 58 species of tree\ became extinct (see Niemela and 

Mattson, 1996), and at present in the Fennoscandinavian countries, for example, very few 



indigenous species are import.ant for forestry. Due to the small number of species, several 

trials have been made in which exotics were planted in an attempt to increase the growth and 

productivity of forests in Europe as well as in Japan, the northernmost island of Hokkaido. 

Spruce (Piccw uhies) is an example of a relative newcomer after the Pleistocene times. 

Geological investigations show that spruce reached western Finland only 1500 - 1000 years 

B.C. and that spruce has not yet reached western Norway by natural means. The use of various 

southern spruce origins has been quite widespread in Scandinavia, one of the reasons being 

that the late-starting southern trees are less prone to spring frosts that may damage local trees. 

Transfer of tree species and origins to new growing sites may also lead to difficulties in their 

resistance to abiotic and biotic factors. In 1966, Japanese researchers reported that exotic trees 

are much 111ore susceptible to vole (Glef/zrionyrrzu.s rufocunus bedfordine) damage than local 

are species arid concluded that the reason for this was the lack of co-evolution between voles 

and exotic species (Takahashi and Nishiguchi 1966a). 

In far northern Europe, vole densities are very high during the cyclic peak years, ~isually 

occurring at 3- to 4-yr intervals. These cycles are common in Finland, but no longer occur in 

more southern regions, such as southern Sweden and Estonia (e.g. Hanski et al., 1991). In 

areas where numbers of voles are low and non-cyclic, they cause negligible damage to forest 

plantations; but in areas where the numbers of voles reach high levels, they can cause 

considerable damage to forest plantations. Another aspect is the fact that voles and other 

nlarnmals usually damage tree species used in practical forestry only during the winter. 

We evaluated the vole danlage in spruce experiments carried out in Finland during 1958 - 

19'70 to deterrnitle the level of damage in general and whether there are differences in 

susceptibility to such darnage among provenances and whether these differences can be 

attributed to the latitude of the origin of the provenances. In addition, we surveyed the 

literature on vole and other rnamnial danlage related to different origins of conifers to 
, 

ascertain whether 1atitltdin;ll patterns are involved in their resistance. 

MATERIAL AND METHODS 

Seed material and the experiments 

Experiment 90 was planted in southern Finland (60"03N) on 25-27 Nay 1959 using 4-year- 

old seedlings. The two southernmost origins were from Austria (47O45' and 48"3S7N), two 

origins were from Poland (49'35', 52"45'N), and two from Germany (50°10', 5 1°45'N). 'The 

control was one Finnish origin (60°04'N). Randomired block design (RBD) was used : 4 

replicate blocks, 625 seedlings/replicate blocMorigin on an area of 42.5 x 42.5 nl (planting 

distance 1.7 x 1.7 m). A total of 17 500 seedlings (7 origins x 4 replicate blocks x 625 

seedlings) were planted. Seedlings in one replicate block were dead due to abiotic reasons 

(excessive ground moisture) ; therefore we used only 3 replicate blocks for calculations. Vole 

damage was assessed in 1962. 

Experiment 143 was planted in southern Finland (6Oo30'N) in May 1959 using 4-year-old 

seedlings. The exotic origins were the same as in Exp. 90 (only the southernrnost origin was 

lacking), but the local controls were from 60°21' and 60" 29'N. Four replicate blocks, 400 

seedlings/replicate blocWorigin were planted on an area of 20 x 20 nl (planting distance 2 x 2 

m). A total of 11 200 seedlings were planted (7 origins, 4 blocks x 400 seedlings). Vole 

damage was assessed in 1962. 

Experiment 146 was planted in southern Finland (60°27'N) in the spring of 1959, using 4- 

year-old seedlings. A total of seven origins and provenances were planted : one origin from 

Austria (47"38'N), one from Poland (49"35'N), three origins and provenances from Germany 

(50°25' - 5 1°45'N) and two local origins from southern Finland (60°2 1' and 60°29'N). RBD 

was used : 3-5 replicate blocks, 114-340 seedlingdreplicate blocuorigin ; planting distance 

was 2 x 2 m. Vole damage was assessed on 6075 seedlings in 1963. 

Experiment 147 was planted in southern Finland (60°52'N) in the spring of 1958, using 4- 

year-old seedlings. The dead seedlings were replaced in 1959 from the same nursery stock. A 

total of 6 origins were planted, but one (local) origin had only two replicate blocks and that 

origin was rejected. Local origins were from 6 1°02', 61'05' and 61" N ; the two exotic origins 

were from Austria (47" 38'N) and from Germany (51°40'N). RBD was used: 5 replicate 



blocks, 400 - 2000 seedlingslreplicate blocklorigin; planting distance was 2 x 2 m. A total of 

8 122 seedlings were assessed for darnage in 1963. 

Experiment 148 was planted in southern Finland (6OU26'N) in 1958 using 3-year-old 

seecllings. 'Tliere were three provenances from Austria (47"45', 48"00', 48"12'N), one from 

Poland (52" 45'N), one from Germany (5Q025'N) and four local origins. 2 replicate blocks, 

400 seedlingdreplicate blocklorigin were planted on an area of 40 x 40m (planting distance 2 

x 2 in). A total of 7158 seedlings were assessed for vole damage in 1963. 

Experiment 171 was planted on 28 May 1962 in southern Finland (60°03'N). A total of 27 

origins and provenances were planted, one provenance from Switzerland (46"303N), seven 

origins from Austria (47"23' - 48"407N), five origins from Slovakia (48'40' - 49"27'N), eight 

origins and provenances froni Germany (48'57' - 50°35'N), three from Poland (49'35' - 

52"45'N), one origins fro111 Belarussia (53"30'N), one provenance from Russia (58'00'N) and 

one of local origin (60°21'N). RBD was used, 6 replicate blocks, 90 seedlingslreplicate 

blocklorigin on an area of I8 x 20 m (planting distance 2 x 2 m). A total of 14 549 seedlings 

were assessed for vole damage in 1966. 

Expet iinent 19 1 was planted on 24 May 196 1 in southern Finland (61'3 1 'N)  using 4-year-old 

seedlings. Two origins were planted: a local and an origin froni Belarussia (53'30'N). RBD 

was used : 2 replicate blocks, 540 seedlingslreplicate blocMorigin at different planting 

distitnces. A total of 55 12 seedlings were assessed for vole damage in 1966. 

Experiment 194 was planted June 9, 1962, in southern  inlaid (61°56'N) using 5-year-old 

seedlings. A total of 18 origins and provenances were planted. Three origins and provenances 

from Switzerland (46'30' - 40'N), seven origins from Austria (47'00 - 4g040'N), one origin 

from the Czech Republic (4X040'N), four origins and provenances from Germany (48'57' - 

50°36'N) two origins frorli Poland (49"35', 52"4S3N) and one of local origin (61°06'N). RBD 

was used : 5 replicate blocks, 86 seedlingslreplicate blocWorigin on an area of 20 x 20 m 
t 

(planting distance 2 x 2111). A total of 8539 seedlings were assessed for vole damage in 1970. 

Experi~nent 217 was planted in southern Finland (61" 48'N) on 2 June in 1964 using 4-year- 

old seedlings. Of the 26 origins, the southernmost was from Romania (47' 207N), four were 

from Slovakia (49'00' - 4g015'N) and 17 from Germany (50" 25'N - 50'44' N), four origins 

from southern Finland (60'21" 60°40', 61" 30 and 61°41'N). RBD was used : 6 replicate 

blockslorigin, 25 seedlings/origin/replicate at 10 x 10 m area (planting distance 2 x 2 m). A 

total of 3900 seedlings were assessed for vole damage in 1970. 

Experiment 237-4 was planted in southern Finland (6 l01 2'N) on 1 1 - 13 Sept. 1967 u\ing 4- 

year-old seedlings. Of the 17 origins, 13 were from Romania (4S035' - 48')12'N), one from 

Germany (5 1'40') and three froni Finland (60"2 1 ', 6 l"22 and 63"4 1 'N). RBD was ~ ~ s e d  : 6 

replicate blockslorigin, 49 seedlings/originlreplicate on an area of 14 x 14 m (planting 

distance 2 x 2111). A total of 4763 seedlings were assessed for vole damage in 1970. 

Origins and provenances 

Part of the seed material was obtained from the original growth site of a particular stand 

(=seed origin); in other cases seed came from a forest that was established eariier in Finland 

using exotic seeds (=provenance). In the case of provenances, then the seed produced may be 

the result of a crossing between exotic trees or a provenance hybrid between an exotic tree and 

local pollen. We calculated the results using the latitude of the original growth site of origins 

and provenances and the mean of the latitude of the original growing site of parent trees and 

their present growing site (= southern Finland). As there was also wide variation in the 

altitude of the original growing site of the trees, we paid attention to that variation. 

Damage 

The species of vole causing damage was not identified ; but on the bases of the type of 

damage, Microtus agrestis is, however, the most likely species. For calculations, we combined 

all the damage (severe and mild) and used only percentage-damaged seedlings of the total 

number of planted seedlings. 

Even after transformations, the material was not normally distributed. Therefore we used 

Kruskall Wallis H-test and for pairwise comparisons, the Mann Whitney U-test. 



RESULTS 

During 1958- 1970 a total of 95 several kind of experiments were established using 620 160 

seedlings of spruces. Vole damage was observed in a total of 39 spruce experiments, and in 

those experiments all 280 177 seedlings were assessed for vole damage. Occasional damage 

was reported on the average of 6.5 % of all planted seedlings in those 39 experiments. 

Considerable damage was found in 1 1 provenance experiments. In these experiments a total of 

18 190 seedlings , i.e. 20.2 Clb, were damaged. One experiment was a comparison between 

greenhouse and outdoor grown seedlings and was omitted from further calculations. Voles 

may also destroy practical plantations as indicated by heavy losses in two additional 

experiments which were established using local seedmaterial only (34% of 41 16 and 15% of 

4096 seedlings damaged). 

In four of those ten provenance experiments there were no differences in susceptibility to 

voles among the planted origins and provenances (Figs la  and Ib). In a comparison between 

local origins combined vs exotics combined there was no difference in two experiments (90 

and 171). In Exp. 143 the difference was almost statistically significant (p=.086), but in seven 

experiments the difference was unequivocal (pc.0370). In general, origins from Switzerland, 

Austria, Germany, Poland, Romania and Belarussia were more susceptible: 23 % of those 

seedlings were darnaged cornpared to 13 % seedlings of local origins. The only origin from 

Russia in this experimental series (S8"N in exp. 17 I )  seemed to be resistant (Fig. la). 

'rhere is no exact latitudinal pattern in the resistance of origins south of Finland (Figs la and 

Ib), and possible hybridization (exotics x southern Finnish pouen) had no clear effect on the 

rcsults. Nor did the altitude of the original growing site affect this pattern. 

DISCUSSION 

En general, vole damage in the spruce experiments was not vdry significant during the 13-year 

periocl covered by this study. L,ocal damage, however, can be substantial. This was usually due 

to the use of southern origins (Figs. la and lb), but voles can clearly cause considerable 

damage also in plantations using local seedmaterial. Earlier Christiansen (1975) and Hansson 
Figure la. Vole damage in spruce provenance experiments. 
N indicates number of provenances from each latitude, n=1 if not otherwise stated. 



Hgum lb. Vole damage in spruce provenance experiments. 
N indicates number o f  provenances from each latitude, n= l  if not otfierwise stated. 

(see Hansson, 1988) have also suggested the increased susceptibility of southern spruce 

origins, but their material was probably somewhat limited. 

In other conifer species, increased susceptibility of southern species and origins of forest tree5 

to voles has often been reported. For example, in the northern Island of IIokkaido in Japan, 

Takahashi and Nishiguchi (1966a) studied seedlings of six L~rrix-species, twelve Pinic,s-, eight 

Picea-, six Ahies- and one P.seiidots~~gu species. Their conclilsion was that i t  is impossible to 

find vole-resistant trees in a region far from the natural habitat of G1ethriorzyrnu.s-voles. 

Provenance experiments with lodgepole pine (P. contortn) have been planted in Finland and 

Sweden for a long time. Practical plantations in Sweden cover some 500 000 ha. The 

northernmost origins of lodgepole pine in Canada grow at a latitude of 63"N, while most of 

the plantations in Scandinavia occtlr at more northerly areas. In Scandinavian experin~ents i t  

has been observed that the susceptibility of lodgepole pine to vole (Microtu.5 species) damage 

is related to the geographic origin of each provenance. 'This was very obvious in northern 

Finland (Rousi, 1983a) and Sweden (Hansson, 1985). In general, voles clearly prefer 

lodgepole pine to Scots pine (10 % of 29 000 lodgepole pine saplings inspected were 

damaged, compared to 0.5 % of the 14 000 Scots pines inspected (Rousi, 1983a). 

Susceptibility of lodgepole pine twigs to moose damage also seems to be related to latitude of 

the origin; more northern origins seem to be Inore resistant (Rosvall & Friberg, 1989). Still, 

Hansson ( 1985) found that moose and vole each attacked different provenances of lodgepole 

pine. 

In Scots pine, there seenls to be a slight negative correlation between the timing of bud set and 

susceptibility to vole damage : seedlings which grow longer in the auturnrl seem to be more 

susceptible to damage (Rousi, 1989). Also the susceptibility of pine twig to browsing by 

moose is related to latitude of the pine origin: in two provenance trials, moose preferred the 

same origins ; and in general, northern origins were less preferred than southern origins 

(Niemelii et al., 1989). It has also been postulated that the increase in hare darnage in fertilized 

pines might be a due to disturbances in their winter-hardening (Rousi, 1983b). 

In larch hybrid\ (Lcrrix gnzelini x L. lrptolc.~?i.s) Takaitashi and Nishiguchi ( iCI6hb) ft)ilnd that 

autiln~n leaf colour was related to resistar~ce t o  vole\ : larch-type\ that exhibited long growth 



periods (L. Ie~~tolcrpis-type) were niore susceptible than gnzelini-types of hybrids with a short 

growth period. The same phenomenon was also found in larch experiments in Finland : L. 

sic',iric+a with a shorter growth period is more resistant than L. decidun. Resistance of hybrids 

and backcrosses of L. sihiricn and u'eciduu was related to needle colour: in late automn :the 

longer the growth period, the more susceptible are the seedlings. 

For conifers in general, the species and origins that are adapted to a long growth period, (in 

particular exotic species and origins) show increased susceptibility to voles as well as to other 

mammals such as moose and hare. Consequently, physiological changes related to successful 

winter hardening lead to an increase in resistance. Thus an increase in resistance is probably a 

by-product of successful winter-t~ardening. Other genotype- and organ-specific mechanisms 

also liavc an ;iffect on resistance differences among species, origins and genotypes of conifers. 

Southern origins of Norway spruce have generally shown good survival and adaptedness to 

more northern conditions, e.g. saplings of present origins and provenances usually survived 

well arid reached about the sanie height as local origins in southern Finland, at least as 

juvenile saplings (Hagnlan, 1980). Ilowever, in spruce as in other conifers increased 

susceptibility to rnarnmal damage may be a sign of difficulties in winter-hardening process, 

ciifficulties which may also lead to increased susceptibility to pathogens and environrnental 

hazards. 
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RESUME 

Long larval tunnels of Phyrobin betulae Kang. (Diptera: Agromyzidae) are an 

economically important and aesthetic groblern in birch wood. Phyrobici has a unique life cycle, 

in which the host tree plays a vital role. Birch trees show large variation in their susceptibility 

to Phytobicr. Fast growing trees are generally susceptible to Phytohin damage. We discuss the 

possibilities of using resistance breeding to decrease the loss in woocl qirality caused by 

Phytobin. 

INTRODUCTION 

Phytohin betlrlcre Kang. (Diptera: Agron~yzidae) is a very common insect in northern 

boreal forests. Its life-cycle is closely associated with white birches, in the Fennoscandian 

countries European white birch (Retultr pend~ila Roth) and pubescent birch (B. j,ithe.sc.r~ns 

Ehrtl.) (Kangas, 1935; Hara, 1994). The larvae of P/zjltohia mine in the differentiatirlg xylem, 

leaving empty larval tunnels in the newly-formed wood. The tilnnels are silbsequently filled 

by the tree with brown parenchyma tissue (Gregory and Wallner, 1979; Ylio-ja rt nl., 1998a). 



Birches are important tree species for the Finnish forest industries, and light-coloured 

birch wood is highly valued for fumiture, flooring and decorative purposes. Dark brown larval 

tunnels of Phytohia are considered to be an aesthetic defect in birch veneer and sawn timber. 

Brown larval tunnels reduce the quality classification of the end product and the price of the 

raw material. A survey of 925 trees sampled in 42 different stands (pure birch stands and 

mixed stands with coniferous trees), indicated that only 4% of the butt logs were free of larval 

tunnels (Ylioja ar~d Schulman, in prep.). Consequently, butt logs without stripes are a special 

quality of wood, and their price can be 2-3 times higher than the average price for birch butt 

logr;. 

Despite the econo~nic importance of the problem, the life cycle of Phytobiu is 

inadequrttely known and no methods for control of Plzytobia are available. There is large 

variation in the amount of larval tunnels among birch trees within a stand. If these differences 

are genetically based, resistance breeding could be used to reduce the damage caused by 

Phytohicr. Here we discuss our preliminary results concerning the resistance of birch to 

LONG LARVAL TUNNELS 

Plzytohicc hetulc~e is univoltine (Kangas, 1935). In June, the female lays her eggs one at 

a tirlic into yctung, rapidly-growing shoots situated in the upper part of the tree crown (Ylioja 

' t  m i . ,  in prep). Plzvtohin larvae have three instars (Hanson and Benjamin, 1967; Hara, 1990). 

'I'he larvae first mine frorn the canopy down towards the base of the stem. The tunnels are 

completed in August and can be up to 17 m long (Ylioja et al.; 199th). Before the larvae exit 

the stern, they may rnirie back and forth in the roots and at the stem base, forming very wide 

tunnels near the stern base. The last instar, which is 15 - 20 mm long, exits through the bark 

either frorn the roots or at the stern base, forms a yellowish 4-5 mm long puparium and 

overwinters in the soil (Kangas, 1935; Ylioja et ul., 199th). The tunnels are easily visible as 

so-called "pith flecks" i n  the annual rings in stem cross-sections, especially in the lower part 

of the stem. The susceptibility of a tree to Plzytohin can be istimated by counting the annual 

pit11 flecks on disks taken from the stems, 

TREE GENETICS AND ENVIRONMENT PLAY A ROLE IN RESISTANCE 

In two field trials, 41 and 44 open-pollinated European white birch families differed in 

their susceptibility to Phytobia, as did eight or nine 4- and 6-year-old clones of the same 

species in three other trials. The frequency of pith flecks in the most susceptible families arid 

clones was 2 - 4 times higher than that in the most resistant families and clones. Resistance 

and the growth rate were negatively correlated in all the field trials (Ylioja et al., in prep; see 

also Ylioja et al., 1995), and when the effect of tree growth was incorporated into the 

ANOVA models as a covariate it explained 50 - 80% of the variation in susceptibility. 

However, Phytobia numbers were not only explained by good growth, because family and 

clone still explained significant amounts (about 10%) of the variation in susceptibility. 

Two fertilisation experiments were carried out in two successive years with 2-year-old 

clonal plantlets of B. pendula grown at three different nutrient levels (poor, moderately fertile 

and very fertile). The frequency of successful Pjzytobia infection was higher in the two most 

fertile levels in both experiments (Ylioja et al., in prep.). Further experiments will reveal 

whether the effects of fertilisation on the primary and secondary metabolism of birch are 

important for Phytobia resistance, or whether the increase in susceptibility can be explained 

by increased growth (e.g. number of oviposition sites in the canopy) only. 

BREEDING BIRCHES FOR PHYTOBIA RESISTANCE 

The determination of susceptibility to PIzytobiu attack is destructive for trees. 

Oviposition does not leave any visible scars on the shoots, and therefore cannot be used to 

estimate Phytobia damage. The most accurate method for determining the resistance is to fell 

a tree and count the exact Phytobia populations that have survived in the tree within its 

lifetime (Ylioja et a/., 1998b). If one does not want to kill a tree, increment cores could be 

used to estimate the level of resistance in birch. LJsing increment cores, however, involves two 

serious problems: I) birch is very susceptible to fungal infestation via any kind of bark 

wound, and 2) the method does not give a reliable estimate of the susceptibility, since the 

probability to hit a pith fleck (larval tunnel) is lower in the outer annual rings than in the inner 

ones. The latter problem could possibly be taken into account by estimating the probabilities 



at different ages frorn empirical data. In addition, several scores per tree would probably be 

needed for a reliable estimate. 

The resistance of birch genotypes can be estimated from young trees since susceptible 

trees retain their suscep~ibility throughout their lifetime (Ylioja er nl., 199813). Estimation of 

the quality of wood in the final cutting with respect to Phytobin damage cat1 be done already 

at a relative young age, e.g. during first thinning in a progeny trial. Field trials can be used to 

estirnate the susceptibility to Phytobiu since infection is wide spread and is not localised 

within a field trial. If the progeny trials of birch were thinned in such a way that the spatial 

structure of a trial is kept uniform, the removed stems would easily provide an accurate 

estirnate of the susceptibility to Plzyrohiu. 

'I'he biology of Ph~mbiu is not completely known, nor the chemical, physical and 

physiological resistance mechanisms related to female selection of a host plant or survival of 

larvae. The negative phenotypic correlation between resistance and growth is bad news for 

forest tree breeders and birch growers, because the genetic correlation between these two traits 

may also be negative. Our studies are limited, and it may therefore be possible to find 

genotypes whose resistance and good growth are not negatively correlated. In the future 

genetic markers nlay be useful to identify resistant trees. 
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RESUME 
Fifteen-year-old Maritime pines from a full diallel mating design were studied for 

sensitivity to the stem borer Dioryctria sylve.strel1u and growth in 1994-1996. The family 

effect was significant and the genetic contribution of the parents almost entirely additive for 

both resistance and diameter. Tree susceptibility was positively and genetically correlated with 

tree diameter. Eleven-year-old Maritime pines from a clonal test consisting of full-sib families 

were studied for sensitivity to D. sylvesrrella, growth and terpene composition of the oleoresin 

in 1994-1996. Infested trees contained significantly more terpinolene and the regression 

between percentage of attacked trees and mean proportion of terpinolene per family was 

significant. The proportion of terpinolene was not correlated with tree dian~eter. The family 

effect was significant for several terpenes including terpinolene. Direct and indirect selections 

using terpinolene as biochemical marker are compared regarding expected genetic gains for 

tree resistance and correlative genetic loss for tree growth, cost and optimal time for selecting 

genotypes. 

INTRODUCTION 
In Aquitaine, where one million hectares of Maritime pine stands are intensively 

managed (Merzeau, 1995), the stem borer Dioryctria .sylse.strellu has become the major insect 

pest (Jactel and Kleinhentz, 1997). Tree infestation by D. .sylsesrrelln res~~lts  from a primary 

attraction mediated by oleoresin coniponents exuding from the stern bark. The response of the 

insect is both qualitative, depending from the terpene profile of the oleoresin, and quantitative, 

the amount of oleoresin release increasing with tree vigor and bark injuries (Jactel et at, 1996 

a). Intensive management of Maritime pine stands involves low density planting, fertilizing 



arid pruning and consequently increases tree susceptibility to the sten1 borer (Jactel et al, 1994; 

Jactel and Kleinhentz, 1997). Because chemical control is not realistic (the pest is hidden 

under the bark almost all over the year) and biological control is not efficient, selection of 

re\istant varieties represents a promising alternative method of pest management. A Maritime 

pine htecding program has been developed by INRA since the 1960s (Baradat and Pastuszka, 

1992), in which resistance to 11. s)llvestrellu could be integrated. As a first approach, direct 

\election for resistance could be promoted. But since tree vigor and tree susceptibility are 

related, genetic gain in tree resistance may result in genetic loss in wood production. An 

indirect selection, using tespenes as biochen~ical markers, could also be used to avoid this 

drawback providing that terpene rates ;ire sufficiently heritable, genetically correlated with 

tree resistance and not correlated with growth. The first objective of this paper is to cornpare 

relative efficiency of direct versus indirect selection for Maritime pine resistance to the stem 

borer. Due to tree species longevity, geneticists expect to characterize traits to be selected as 

soon as possible. Maritirne pine tree infestation by D. .sylvestrelln begins in 6 to 8-year-old 

trees and increases until trees are 15 to 20-year-old. Then the reliability of direct selection may 

increase when delaying the choice of resistant genotypes. In opposite, the terpene profile of 

Maritirne pine oleoresin is supposed to stabilize in 6 to 8-year-old trees (Baradat et al, 1972), 

allowing therefore early indirect selection. The second objective of this study is to compare 

the optirnal ti~ne for selecting genotypes in direct and indirect selection for resistance to D. 

.sylve.strc~lla. 

1. DIRECT SELECTION FOR THE RESISTANCE TO DIORYCTWA 
S YL VESTREL LA IN PINUS PINASTER 

MATERIAL AND METHODS 

Plant material and measurements 

Data were collected from a ft111 diallel cross of Maritime pine comprising twelve 

parents. Arrlong the 144 combinations, 29 were missing due to unsuccessful crosses (tabl. 1). 

The twelve parents were part of a "plus trees" collection phenotypically selected for the stem 

grow111 and straightness in the local proveniince of the L.apdes de Gascogne. The crossing 

program wris carried out in 1980 and the plants were transferred to a forest site in Cestas 

(Gironde) in 1982. This trial was laid out in 74 incomplete randomized blocks. Each family 

was repeated 4 to 15 times with line plots of 2 to 4 trees. In October 1994, all of the 3618 

trees, IS-year-old, were sarllpled for 1). s.~lvr.strella infestation (scored as 0 or 1 )  and diameter 

at breast height (1.3 m). In May 1996, one tree per plot was pruned (1006 trees) to increase the 

natural infestation and, in October 1996, all of the 3618 trees, 17-year-old, were sampled 

again for L). sylve.strella infestation. 

Table 1. Mating design (diallel) for the study of direct selection fbr resistance to I)ioryc,trizz 
sylvestrella (number of clones per family) 

1 Father code 1 0018 1 5309 1 3823 1 3820 1 1307 / 5101 / 1901 To214 1 1308 1 4701 1 0152 / 38211 

Estimation of genetic parameters 

For each plot, e.g.  each family replicate, were calculated the rnean diameter (DBH) and 

the percentage of attacked trees (respectively DS94 and US96 in 1994 and 1996). Analysis of 

variance, with random family and block effects, was carried out with the OPEP program 

(Baradat and Loustau, 1997). Self combinations were not considered. The coefficient of 

genetic prediction (CGP) was computed as a generalization of the heritability concept 

(Baradat and Labbk, 1995). Relative genetic gain estimates (96) in a trait were computed by 

multiplying the intensity of selection by the phenotypic coefficient of variation of the trait and 

the coefficient of genetic prediction (Baradat and Loustau, 1997). 

RESULTS AND DISCUSSION 

The family effect was highly significant for both resistance and diameter, which 

justifies the following genetic analyses (tahl. 2). As the block effect was highly signiticiint in 

all of the traits, data were adjusted in further calculations. General combining ability (GC'A) 

was highly significant and specific co~nbining ability (SGA) was never significant for both 

diameter and susceptibility to I). sylve.str~ll~z (tabl. 3) .  Regarding these traits, the genetic. 

contribution of the parents to their progeny is alnlost entirely additive. 



Table 2. Analysis of variance for the percentage of infested trees in 1994 and 1996 (DS94 and LlS96) 
and the diameter (DBH) in the diallel cross of Maritime pine. 

Source c1.f. DS94 DS96 DBH 
f;ami ly 1 14 Mecztz sqtture 0.058 0.08 1 185.38 

( t  andom) F rest 1 86 I .76 4.65 
t'roh (""lo) < 10 ' < 10' < 101 

Rlock 73 Neatz squurrJ 0 055 0.089 139.6 1 
( I  ;indoin) F t e ~ t  1.75 1.94 3 50 

Proh (%) 0.020 0.00 I < 10' 
Error 853 Neaiz square 0.03 I 0.046 398.9 1 

'There was no significant general reciprocal effect for the sensitivity to D. sylvestrellcr, 

indicating the absence of deviation from a mendelien process of transmission. The specific 

reciprocal effects were significant, perhaps resulting from environmental effects on several 

mottter trees. They were inci~ided in the phenotypic variance, before the calculation of 

coefficient of genetic prediction. 

Tahle 3, Analysis of the genetic effects for the percentage of infested trees in 1994 and 1996 (DS94 
and 13396) and the diameter (DBW) in the diallel cross of Maritime pine. 

Etl'ect Traits 
DS94 DS96 DBH 

mean 10.5 % 16.8 % 12.0 cm 
GC A 

Iieneral combining abilrty 
SCA 

Speeiflc con~birlirig ability 
GRE 

General reciprocal effects 
SRE 

F 5.64 7.20 16.55 
I'roh ('%) (0.00 I ) (c 10 ') (< 10 ') 

F 0.62 0.58 0.45 
i'roh (76) (93.8) (96.0) (99.5) 

F 0.89 1.1 1 2.52 
fJrob (%%?) (55.7) (38.2) (2.26) 

F 1.85 1.65 2.10 
Proh (96) (0.28) (1 30)  (0.04) 

The genetic correlations between susceptibility and tree diameter traits were positive 

(tahl. 4). 'The correlation level increases with tree age. Selection for tree resistance tn D. 

.sylvcstrcllla would then rlegatively affect wood production. The genetic correlation may be d ~ ~ e  

to a genetic linkage or rnore likely due to a plei'otropic effect, which would be consistent with 

the host selection rnodel (Jactel et al., 1994) (radial growth, hence bark cracking and tree 

attractiveness would depend on the same group of genes). 
* 

Table 4. Ttrtal (entirely additive) genetic correlations between diameter 
and susceptibility to 11. .sj1lvr~stwll(i in the diallel cross of Maritime pine. 

DS94 , US96 
11596 0.95 
DBW 0.55 0 74 

Environmental correlations between tree susceptibility and tree diameter were positive 

(tabl. 5). Because tree infestation by L). sylvestrella is favored by tree vigor, environmental 

conditions that are usually considered to largely affect the expression of tree radial growth 

might indirectly affect the expression of tree sensibility. 

Table 5. Environmental (upper half) and phenotypic (lower half) correlations 
between diameter and susceptibility to D. sylvestrella in the diallel cross of Maritime pine. 

DS94 DS96 DBH 
DS94 1 0.85 0.3 1 
DS96 0.86 1 0.35 
DBH 0.33 0 39 1 

Coefficient of genetic prediction estimates were quite low (tabl. 6). The heritability of 

diameter is consistent with current values estimated in Pinus species (Costa rt ci l . ,  1996; 

Dieters, 1996) which are below 0.1-0.3. In a previous study based on factorial crosses, 

heritability estimates of Maritime pine resistance to D. sylvestrella ranged from 0.07 to 0.09 

(Baradat and Marpeau., 1988). 

Table 6. Coefficients of genetic prediction stlnsu stricto (%), heritability in the diagonal. 

DS94 DS96 DBH 
DS94 0.08 
DS96 0.08 0.09 
DBH 0.06 0.08 0.13 

In spite of low heritabilities, important relative genetic gains could be obtained in 

Maritirne pine resistance to D. sylvcstrelln, especially in nlean family level selection (tabl. 7), 

due to the phenotypic coefficients of variation (respectively 2.32 and I .6X in DS94 and DS96). 

However the associated genetic loss in tree diameter ranged from 3 t o  11% (6 to 22% in 

volume at constant height). The expected genetic gain when selecting resistant trees in 1996 

would have been lower than when selecting in 1994 because of a lower phenotypic coefficient 

of variation of DS96 due to the effects of age and pruning on tree attractiveness. 

Table 7. Expected genetic gain (relative (%) when selecting on resistance to D. sylvestrrllcl and 
correlative genetic loss in tree diameter according to the type and date of selection. 

Mass selection Mean family level selection 
selectiotz rute 5 95 1 % 50 % S 5% 10% -505% 

gain when selecting on DS94 37.8 32.1 14.6 95.2 80.9 36 8 .. 
gain when selecting on DS96 31.5 26.8 12.2 76.6 65 2 29.7 
loss in DBH I selecting on DS94 - 3.0 - 2.6 - 1.2 - 8.2 - 7.0 - 3.1 
loss in DBH I selecting on DS96 - 4.4 - 3.7 - 1.7 - 1 1 .O - 9.3 - 4.2 





Estimation of genetic parameters 

Due to the relationships between families and to low number of clones per family, the 

ob\ervetf variances are probably underestitnated, and the estimates of genetic parameters are 

only given a\ a tirst :~pproximatio~~ in this test. The following model with random effects was 

rtird to estirnate variances of terpene proportions, tree vigor and tree su\ceptibility to D. 

~ t - l i ~ ~ ~ ~ t r ~ ~ l i ~ i :  XIjI\= p + I;) + I F l k  + ei,k, where Fi represents the effect due to family i (1  4 i 4 n, 

v:uiance n2F.r), I/Flk is the effect due to tree k within family i (I 5 k 5 p, variance o'w) and 

cijk i i  the ~csidual effect that results from the environment ( I  5 j 2 c, variance ozE). Variances 

between lan~ily ( ~ ' F S = I / ~ C [ C M ~ ~ - C M W I ) ~  within familie.; ( o 'w=l / c [ c~~-CME]) ,  and 

env~ronmental variance (O',-=CM~), were estimated only when both individual and fimily 

clfcctc were significant. Farnilies were nssurned to be independent full-sib families. Between 

and within variance were decomposed in additive and dominance variance as following; oZFs 

= V'Z C T ' ~  + $4 CT',, and o'w = V2 0 2 n  + 34 c2[)6. Then the narrow sense heritability was calculated 

ac followit~g: h' ss = (30'~s - d w ) /  (CT'F~ + G*W + 6'~) 

Pearson correlation coefficients between terpenes proportion, traits of tree vigor and 

inkstiition rate by 0. .sj~lvesfrellrc, were computed at the family mean level. These correlation 

valites yield an approximate estir~~ate of the genetic correlation coefficients (Roff, 1995). 

RESULTS AND DISCUSSION 

Susceptibility to D. sylwstrella infestation in relation to vigor and terpene 

composition of wood oleoresin 

In 1994, 16.6 (% ofthe trees were infested and 19.7 % in 1996. The diameter at breast 

height of infested trees was significantly higher (t test, P=OX)05 in 1994 and P<0.0001 in 

1996) than the ciiameter of uninfested trees (13.6 cm and 12.1 cm in 1994, 17.8 cm and 16.0 

crn in 1996). 'These results are consistent with previous studies (Jactel et al, 1994) in which 

large diarneter was shown to increase I). sylv~srrelln rate of infestation. The terpene 

cornposition of oleoresin did not differ qualitatively between infested and uninfested trees but 

inlc\ted trees in IC194 exhibited significantly more terp'it~olene (respectively 0.25%) i n  

unattackeci trees and 0.48 74) in attacked ttees, Wilcoxon test,*Prob>Z=0.035). 

Arnong the 10 terpenes pre\ent in the oleoresin, only the mean proportion of 

terpinolene was significantly correlated with the percentage of infested trees in 1994 per 

family (n= 18, r=0.54, P=0.02) (tab!. 10). The percentage of attacked tree5 per family, in 1994 

and 1996, significantly increased with the mean tree diameter (n=18, respectively r=0.47, 

Pz0.05 and r=0.56, P=0.02). There was no significant correlation between the mean 

proportion of terpinolene and the mean diameter. In a previous study, Jactel et al. (1996a) 

showed that a profile consisting of 6 terpenes - including terpinolene- could be used to 

discriminate between the two types of trees. Wright et al. (1975) have also related the 

resistance of southern Scots pine varieties to D. zirnmerrrtatzi (Grote) to low levels of 63- 

carene and terpinolene. In Douglas-fir, Rappaport et al. (1995) found positive statistical 

correlations between Douglas-fir seed chalcid damage and emissions of limonene, myscene 

and terpinolene. The lack of significant correlation between infestation rate in 1996 and mean 

proportion of terpinolene per family may be due to tree growth. It is assumed that tree 

attraction depends on the emission of a sufficient amount of attractant which depends on both 

terpinolene proportion in the resin and the amount of resin exudation which ic favored by stem 

bark cracking. When trees grow older, the diameter and the bark cracking increases but the 

terpinolene proportion remains unchanged. Then some trees, with medium proportion of 

terpinolene, may reach progressively the attraction threshold as growing larger. 

Table 10: Pearson correlation coefficients at the mean family level among traits of tree vigor, 
terpenes and tree susceptibility to D. sylvestrella. (* significant to a=0.05;**: significant to cx=O.OI) 

API CAM BPI MYR LIM TPL 1,GP LGF BCA AHU D94 D96 DS9L 

CAM 089**  

BPI -0 W** -0 X2** 

MYR -012 011 0 1 4  

LIM -0 47 -042  0 4 2  0 66** 

TPL 0 18 045  -0 17 -0 02 0005 

LGP -0 32 -0 40 0 17 -0 07 -0 0 3 -0 49* 

LGF -0 28 -0 38 0 13 -0 07 -0 005 -0 48* 0 99** 

BCA -0 30 -0 44 0 12 0 1 Y 0 26 0 16 0 OO02 0 006 

AHU -021 -024 0 12 0 14 0 2 0  0 3 1  -027 - 0 3 0  070** 

D94 -050* -027 O51* 0 2 4  043  017 004 001 0 0 2  -015 

1196 0 5 1 * -0 27 0 5 1 * 0 24 0 47 O 17 0 04 0 0'3 0 02 0 25 0 OH*" 

DS94 0 21 0 002 0 24 -0 18 0 10 0.54* 0 I 0  0 I 1 0 04 0 04 0.48' 

DS96 -0 33 -0 1 I 0 34 0 03 -0 07 0 44 0 07 0 06 0 0 5  0 0 1 0.56" 0 W4" 

API a-pinene, CAM camphene, BPI P-pinene, MYR rnyrcene, I,IM Itmc>rtene, TPI, terprnolene, I,GP 
longrp~nene, L,GF long~folene, BCA P-caryophyllene, AHU or-hurnulerte. D94 clrariieter In 1994, D96 clzdmeter 
In 1996, DS94 I )  ~jlvertrelkr tntestatlon In 1994, IX9h 1) rjliettrellrl rnte\tatron 111 1996 



Heritabilities and genetic correlations of vigor, terpenes, and resistance 

Narrow sense heritabilities and an approximation of genetic correlations were 

estimated using all of the 227 trees. Because tree si~sceptibility to D. sylvestrella has to be 

estimated using a percentage of attacked trees, the number of sampled clones was too low to 

calculate the within larrlily effect, hence preventing heritability calculation for this trait. 

Analysis of variance (GLM) indicated significant differences among families and individuals 

h r  8 out of 10 terpenes and for diameter in 1994 (tabl. 11). Estimates of heritabilities for 

terpenes varied from 0.05 (P-pinene) to 0.58 (limonene). The heritability of tree diameter in 

1094 was 0.18 which is consistent with the value obtained in the diallel. Except for 6- 

caryophyllene, the genetic expression of terpene composition was poorly affected by 

environn~ental factors. These results are similar to those obtained in the cortical tissues of P. 

pinctster (Baradat et a]., 1972, 1975; Marpeau et al., 1975, 1983; Baradat et Marpeau, 1988), 

Pinits tnedu (Squillace et al., 1980) and Pinus .sylvestris (Yazdani et al., 1985), where the 

relative amount of some terpenes has been found to show simple monogenic inheritance, 

Table 11: Prohah~lity associated with F test for family and individual effects. Estimates of additive 
genet~c v'iriance (AGV), dominance genetic variance (DGV), micro-environmental variance (EV) and 

narraw-sense family heritability (h2) of terpenes and tree diameter 

Terpene Probability associated with F t e ~ t  Estimates of genetic parameters 

Family effect5 Individual effects AGV DGV EV 
- - -- - h2! 5 

cx pirrcrte 0 0239 0 000 1 0 00 1 1 0 007 00012 0 1 2  

cotrtptterte 0 0939 0 0027 

(1 pirtene 0 033 3 0 000 I 0 0004 0 0064 0 1 0  I2 0 05 

iriy rcerte O 0879 0 IX)O 1 

Iirnonene 0 OOIS 0 000 l 4 4 1 0 h  ,, 2 10" 0 5 1 0 "  0 6 4  

terp~nolene 0 0 120 0 000 1 1 5  l o h  4 1 10"67 10' 0 24 

longipitterte 0 0157 0 000 1 0 29 10' I I 10" 0 5 4  10' 0 15 

Iongrtolene 0 0 1 14 0 000 1 0 00007 0 000 14 0 00002 0 30 

P-cnryoplryllerte 0 014 1 0 000 I 0 00009 0 0 0 9  0 00015 0 27 

n-tiur~iulerte 0 0032 0 000 I 2 4  10" 1 3  10" 1 2 1 0 "  0 4 9  

t1i;tineter 1994 0 0403 0 0064 1022 ' 5 28 5761 0 18 

diariteter 1996 0 1019 0 0044 I 

Genetic gains in direct and indirect selection for resistance to D, sylvestrella 

The genetic parameters estimations obtained in the clonal test for terpinolene 

proportion (heritability and correlation with susceptibility to D, sylvestrella) were used to 

compute expected gains in the previous diallel test, when using indirect selection and 

according to the following formula (Fins et al, 1992): AG = i.Corr(TPL, DS94).h ,,,, .h ,,,,,. V ,,,,,, 

with i = selection intensity, h = square root of heritability, CV = phenotypic coefficient of 

variation. Genetic gain estimates in indirect selection could be then compared with genetic 

gains estimated in direct selection (tabl. 12). 

Table 12. Expected genetic gain estimates (relative %) in resistance to D. .s~ylvestrella, in the diallel. 

Direct mass selection Indirect mass selection 
selectio~z rate 5 5% 10 !% 50 5% 5 %  I0 L%; 50 5% 

DS94 37.8 32.1 14.6 34.8 29.6 13.5 
DS96 3 1.5 26.8 12.2 27.3 23.2 10.6 

Using the same selection intensity, indirect selection is more efficient (AG indirect > 

AG direct) if Corr2(trait 1, trait2).h2t,ld,,, > h2,rd,,, (Gallais, 1990). Here, with a higher heritability 

for terpinolene as compared to DS94 or DS96 (respectively 0.24 in the clonal test, 0.08 and 

0.09 in the diallel test) and a positive correlation between te~pinolene and tree resistance 

(r(TPL, DS94)=0.54*; r(TPL, DS96)=0.44), expected gains are similar for the two types of 

selection. 

From a practical point of view, the benetit of indirect selection is greater if the 

associated trait can be more easily measured. In this particular case, i t  is far quicker to 

evaluate trees for D. .sylve.strellu attack than to collect oleoresin and calculate the terpinolene 

proportion. But using terpinolene as biochemical marker in indirect selection offers two 

important advantages. First, because the terpene profile of the oleoresin is stabilized in about 

6 to 8-year-old trees (Baradat et al., 1972), the terpinolene proportion could be used much 

earlier than attack rates to select resistant trees. Secondly, terpinolene is not correlated with 

diameter and thus the risk of genetic loss in tree volume associated with indirect selection ir 

highly reduced. 





Chapter 2 

Biology and Variability of Aggressor Populations 
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RESUME 

The genetics of trees and phytophagous organisms converge at their 

interactions, producing resistance or susceptibility. In insect and disease interactions, 

resistance is the product of two sets of genes, those of the host and the pest. 

Knowledge of the genetics of both is necessary to understand the interaction. 

Genetic analysis of pathogens has been hindered when morphological differences 

are limited, as with some obligate parasites, or when morphological structures are 

rarely produced, as with some fungal fruiting structures. DNA analysis provides a 

profitable addition to the analysis of pathogen genetics, mating system, and 

population and species genetic diversity. This report reviews examples of our use of 

DNA analysis in studies of the genetics of two diseases, Arminaria root rot and white 

pine blister rust. 

The study of Armillaria used variation in the ribosomal DNA region of the 

fungus to compare species genetic diversity. Genetic studies of Cronartiurn ribicola, 

causal agent of white pine blister rust, used this and other molecular markers and 

examined mating system and population structure. In both cases, the results 

provided information which was difficult or impossible to obtain on the basis of 

morphology alone, 



In the Armillaria study, the ribosomal DNA marker provided a rapid, 

convenient species diagnostic. Epidemiological analysis requires species 

differentiation since only one of the four species commonly occurring in the study 

area is pathogenic. A large number of cultures generated by studies of Armillaria 

species distribution in British Columbia were identified with the diagnostic much more 

quickly and accurately than with conventional mating tests. For Cronaifium ribicola, 

the results showed the pathogen is heterothallic, highly outcrossing and in genetic 

equilibrium. The demonstration of virtually uninhibited outcrossing has profound 

implications for the stability of tree resistance, because of the recombinational 

potential in the pathogen to generate races with multiple forms of virulence. 

Major differences in the patterns of variability of DNA markers in the two fungi 

reflect major differences in their life cycles and modes of infection. Low variation in 

the DNA of Armillaria is consistent with reproductive isolation and vegetative spread. 

In Amillaria, reproductive isolation appears to have fixed the neutral markers used to 

differentiate the pathogenic species. In contrast, relatively high within-population 

variation in DNA markers occurs in C. ribicola, which is highly out-breeding and 

infects by spores. 

INTRODUCTION 

Mechanisms of resistance in trees are intimately linked to mechanisms 

of attack by insects or diseases. A resistant phenotype in a tree is the expression of 

two genotypes, those of the host and the pest. Therefore shifts in the genetic make- 

up of pathogen populations can have devastating results on their hosts. Uniformity 

for the Texas-type mitochondrial genome in corn (Zea mays) varieties widely planted 

in the early seventies led to a catastrophic pandemic of a race of corn blight 

(Helminthosporium maydis) pathogenic to plants with this mitochondrial genome 

(Miller and Koeppe, 1984). Changes in the genetic structure of the pathogen causing 

Dutch elm disease (Ophiostoma ulm,) resulted in new,outbreaks of the disease in the 

1980s (Brasier, 1988). Monitoring changes in genetic diversity of pathogen 

populations can help to evaluate reasons for epidemiological patterns and assess 

the probable outcomes of control strategies. 

Classical genetic techniques have provided many fruitful insights into 

the varied mating systems of fungi and into their population structures. However, for 

some pathogens, classical morphological or nutritional mutants are limited. For 

example, in some root disease fungi, fruiting structures are rarely produced and 

hyphal characteristics are limited. For other pathogens, such as obligate biotrophs 

like G. ribicola, morphological characters are limited to spore types, and nutritional 

testing is difficult. DNA markers provide many more characteristics with which to 

examine the biology and population structure of tree pathogens. 

DNA markers can be used to monitor population differentiation, or changes in 

population genetic structure, by estimating the similarity in allele frequencies in 

samples taken from different areas or at different times. Measuring whether alleles 

are reassorting between generations as expected if the population is in Hardy- 

Weinberg equilibrium provides information on whether the species is out-breeding. 

Different types of markers vary to different degrees. At one extreme, variation in 

gene coding regions is limited to those mutations which do not alter gene function to 

the point of lethality. At the other extreme, non-coding "microsatellitel' regions can 

show extremely high numbers of variants within a population. In between, some 

moderately repeated polymorphic loci show intermediate numbers of alleles. 

Selection of genetically well-characterized markers with appropriate levels of 

variation for a particular problem is necessary (Hillis and Moritz 1990). 

Examples of the use of DNA markers in studies of species distribution of 

Armillarja root disease, and of the mating system and population structure of 

Cronartium ribicola, are given. DNA markers provide opportunities to investigate 

genetic mechanisms in pathogens that have been difficult to approach by classical 

techniques. 

MATERIAL AND METHODS 

Arm illaria 

Within and between species variation in the first intergenic spacer (IGS- 

1) of the ribosomal RNA coding (rDNA) region was analysed using the PCR-based 

diagnostic of Harrington and Wingfield (1995), in a group of isolates which had 

previously been identified by mating tests. This group comprised 26 isolates of A. 



Figure 1: Within and between species variability in Alu I restriction fragments in Armillaria 
species. Left to right - size standards, 2 lanes of A. ostoyae, 7 A. sinapina, 2 A. nabsnona, 2 
A. gallica, size standards. 

ostoyae 

L 80 , 400 I 245 I 190 I sinapina 1 
1 80 1 400 1 135 150::~~~ 200 

J sinapina 3 
1 80 1 400 I 190 ::40, 200 i sinapina 4 
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Figure 2 : Map of IGS-1 Alu I restriction sites. 

ostoyae, 17 of A. sinapina, 15 of A. gallica and 10 of A. nabsnona. Variation in the 

IGS-1 was analysed in a second group of 187 isolates cultured from stumps across 

B.C. as part of a study of the effects of precommercial thinning on the spread of A. 

ostoyae to adjacent trees (White et al., 1998). 

Cronartium ribicola 

Several single basidiospore cultures were obtained from individual telia 

originating from British Columbia, Canada, to the southern Sierra Nevada of 

California, USA, as well as two "outlier" origins from the eastern USA. These haploid 

mycelial cultures were analysed for variants at 28 isozyme loci, 90 random amplified 

DNA (RAPD) loci, and 94 restriction fragment length polymorphism (RFLP) loci. 

Putative alleles in sister basidiospore cultures from the same telium were analysed 

for conformance to expectation of 1:1 segregation. Reproducible markers with non- 

distorted segregation ratios were used for further analysis. Polymorphic loci were 

tested for departures from Hardy-Weinberg equilibrium expectations. Genetic 

distances among populations were estimated, and canonical variate analysis was 

used to test differences among populations (White et a/. 1996, Gitzendanner et al. 

1996, Kinloch et at. 1998). 

RESULTS 

Armillaria species 

Only one pattern of Alu I restriction fragments occurred in the IGS-1 in 

26 mating-test identified isolates of A. ostoyae, five different patterns occurred in 17 

mating-tested A. sinapina isolates, 10 isolates of A. nabsnona had two patterns, and 

15 A. gallica isolates had two patterns. With the more intensive sampling carried out 

in the study of precommercial thinning effects, two more A. sinapina fragment 

patterns were found (Fig 1). All fragment patterns were consistent with a restriction 

site map of the IGS-1 based on the sequence data of Anderson and Stasovski 

(1992), (Fig. 2). A. sinapina isolates had the 3 patterns of restriction sites given in 

Fig. 2; the seven variants resulted from small (ca. 10 bp) insertions and deletions in 

the fragments these produced. Three isolates of A, sinapina which had restriction 

fragments identical to those of A, gallica in the IGS-1 could be distinguished by 
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Figure 3.: Arm~llaria species distribution in samples across British Columbia. 

Figure 4.: Mendelian segregation of alleles at the rDNA locus. Left to right - simple (s), 
complex [c], s, s, s, c, c, c, lambda standard. 

differences in the IGS-2. These results are presented in detail in White et a/., 1998. 

Armillaria species distribution in the larger survey is represented in Fig. 3. 

Cronartium ribicola 

Details of the results of these studies have been published in White et al. 

1996, Gitzendanner et al. 1996, and Kinloch et a/. 1998. Length heterogeneity due to 

sub-repeats in the IGS-1 produces a very large number of alleles at the rDNA locus 

in C. ribicola. Mendelian segregation for two of these alleles, one with a more 

complex (c) and another with a simpler (s) repeat pattern, is illustrated in Figure 4. 

This locus had an exceptionally high number of alleles; 14 other loci which met the 

criteria of reproducibility and adherence to expectations of 1:1 Mendelian 

segregation had only two alleles. Of the polymorphic loci tested for Hardy-Weinberg 

equilibrium only one departed from expectations. While expected heterozygosity was 

only 2.5O/0, population differentiation was substantial; the proportion of genetic 

diversity attributable to differences among subpopulations was 20.5%. The 

distribution of this variation was not associated with geographic distance. Distances 

in multivariate space among the eight populations examined are given in Kinloch et 

a/., 1998. The different marker types were consistent with each other for these 

parameters. 

CONCLUSION 

Armillaria species 

Analysis of 68 mating-test identified isolates of Armillaria, comprising 4 

different species, confirmed the usefulness of the PCR based diagnostic proposed 

by Harrington and Wingfield (1995). With more intensive sampling additional 

restriction site variants in the IGS-1 were found. Only three isolates had restriction 

fragment patterns that would have resulted in species confusion, and these could be 

distinguished in the IGS-2 (White eta/., 1998). 

Large numbers of cultures can be identified with this diagnostic much more 

quickly than with conventional mating tests, opening new possibilities for 

epidemiological studies. The relative lack of variation within species, and 

differentiation between species, likely stems from reproductive isolation allowing 



fixation of differences between species. It reflects the biological species concept 

used in Armillaria taxonomy, where species are defined by interfertility determined in 

mating tests. On 11 sites across B.C., the frequency of stumps colonized by A. 

ostoyae appears higher in interior than coastal regions (Fig. 3). 

Cronartiurn ribicola 

Mendelian segregation of marker loci in basidiospore progeny of a 

single telium provides the first genetic evidence that C. ribicola basidiospores are 

meiotic products of teliospores, settling the previously unresolved issue of whether 

the fungus was heterothallic or homothallic. Conformance of heterozygosity 

estimates at polymorphic loci to expectations for Hardy-Weinberg equilibrium 

indicates it is highly outcrossing. The demonstration of virtually uninhibited 

outcrossing has profound implications for the stability of resistant selections of white 

pine, because of the recombinationai potential in the pathogen to generate races 

with multiple forms of virulence (White et al. 1996, Gitzendanner et al. 1996). 

The apparent paradox of high outcrossing coupled with relatively high 

population differentiation (with implied low gene flow), along with the lack of 

association between genetic and geographic distance, suggests a population that is 

not in equilibrium, where founder effects are important (Kinloch et a/., 1998). The 

blister rust epidemic has not yet stabilized in many areas of western North America, 

and the distribution and intensity of infection are not uniform. Areas of intense, light, 

and no infection exist in a mosaic pattern over the landscape (Kinloch and Dulitz 

1990). Gene flow is restricted by the relative immobility, of spermatia (pycniospores) 

which are vectored by insects of limited foraging range. Long range spread in the 

southern populations, which occurs primarily by aeciospores, is dependent on spring 

weather conditions, and founders are likely to arrive solitarily or in small numbers. 

The effect of genetic drift is most evident at the Happy Camp rust population (Kinloch 

and Comstock 1981). This small deme persists on .a field trial of a few hundred 

resistant sugar pines. It is thought to have arisen by selection of a race with specific 

virulence to major gene resistance. Resistance in this stand exerts absolute 

selectivity on basidiospore inoculum and maintains founder effects on marker loci. 

General 

The marker loci anaiysed in these studies are largely neutral mutations 

occurring at non-coding regions of the genome, They are unlikely to have direct 

biological significance. These neutral mutations are trapped by the biology of the 

organism they occur in, so biological mechanisms are reflected in patterns of marker 

variation. As a result, the patterns of marker variation can be used to supplement 

morphological markers to assess mating systems, genetic variability and shifts in 

genetic variability. 

The new insights into the genetics of the two tree-phytophage 

interactions discussed reflect major differences in the biology of the two organisms. 

The IGS-1 locus of Cronartiurn ribicola is highly allelic, segregation at this and other 

loci showed the fungus is heterothallic, and conformance to Hardy-Weinberg 

equilibrium expectations show it is highly outcrossing. This has important implications 

for the stability of resistance in white pine, because of the recombinational potential 

of the pathogen to produce genotypes with multiple virulence. In contrast, very few 

alleles were detected in the IGS-1 of Armillaria species, and few alleles were shared 

between species, indicating reproductive isolation has fixed these neutral markers. 

This allows the differentiation of the pathogenic species A. ostoyae from non- 

pathogenic species in epidemiological studies. 

DNA markers provide new opportunities for investigating genetic mechanisms 

in forest pathogens that until now have been difficult to approach. 

These include: 

-the nature and timing of critical life cycle stages (meiotic or non-meiotic spore 

production, homothallic or heterothallic cycle) 

-the capacity of the pathogen to evolve new virulence types through sexual 

recombination 

-better resolution of epidemiological patterns as a result of accurate 

identification of species and individuals 

-the roles of geographic isolation and intersterility in speciation. 
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RESUME 

Cryphonectrin crihe~zsis causes a serioris canker disease of Erlcal)ptms, and particularly 

E. grilnclis in tropical and sub-tropical areas of the world. Where these species are grown 

intensively, losses can be considerable. Various strategies have thur been inlplementecl to 

rninimise the impact of the pathogen. The most commorl of these has beerr to select clones of 

li;. grizndis and particularly hybrids of thir and other speciessilch as E. ~.rrophyllu, for 

deployment. Screening of these clones thmugh inoculation is also being useci in various 

countries, to gain an early perspective of the relative susceptibility of the planting stock. Other 

more rapid techniques to identify disease tolerant clones, such as the selection of genetic and 

molecular rliarkers are also being developed, atlci thew l~crld considerable promise for the 

future. 

While it is critically impclrtant to plant clone\ tolerant to infection by (7. crih~nsic in 

high risk areas, it is also extremtly costly to rclcct ruch planting rtock. An important 

consideratio11 in this regard relates to the likely durability 01 disease tolerance, and thus how 

long clones are likely to retain this trait. 'The durability of  disease tolerant clones will be 

closely linked to the diversity of the pathogen population, anci particularly, its capacity to 

change with time. Despite this fact, almost nothing is known regarding the genetic 



coiiiposition of the 6'. c.til3e1zsi.s population in any country where the pathogen is important. In 

recent years, we have begun to conduct stutiies on populations of C. c~shensis in South Africa, 

various countries of South Anierica and in Indonesia. From these investigations, we have 

learned that C. cs~.tlien.sis commonly occurs in the sexual state in South America and Indonesia 

but thttr it is asexual in South Africa. Consistent with this finding, we have also found that the 

popillation of the pathogen in South Anierica and Indonesia is highly diverse, while it is much 

le\s variable in South Africa. We thus predict that disease tolerant clones in South Africa will 

have a higher degree trf durability than those in the former two countries, where virulent 

strains of the filngus are likely to adapt to disease tolerant planting stock, more rapidly. 

A fiiscinating ;tncl potentially usefill strategy to reduce the impact of Cr.yphoncc.tricz 

c;tllkt.r of J<L(L.~II~Y/~IIIS woitlil be to irnplenient biological control of the pathogen. 'l'his could he 

itchievcd hy iritroducirtg dsRNA - as5ociated hypovirulence into the pathogen population. We 

have reccritly discovered dsRNA in isolates of C. cu1)erzsis from various parts of the world and 

have also shown that it  can be as;sociated with reduced virulence. DsRNA is typically spread 

tliroiigll cytoplasriiic fusion between isolates of similar genotype. Therefore, opportunities to 

capitalist on hypovirulence in the managetnent of Cryplznvrectria canker will depend strongly 

on a th~roiigh understantling of the diversity of the pathogen population. Thus, our findings 

ir.tciic;ttil.tg that the populations of C. c~thcnsis in South America and Indonesia are genetically 

itiver\e, 4uggests thitt hypoviri~lence woirld be difficult to irnplenient in those countries. 

C'orivercely, in coitntries \uch as South Africa where the pathogen appears to have been more 

recently introducecl, atid where it is not reproducing sexually, we believe that prospects for 

disease reduction through the spread of hypovirulence factors holds considerable promise. 

INTRODUCTION 

C'rphonrzctria canker carlsed by C ' r ~ ~ ~ ~ h o r i c  clnhensis (Bruner) Hodges is one of 

thc niost irtiportarlt diseases o f  Eldr.ii1)~~)lllltr.s in tropical and sub-tropical parts of the world 

(Rn~ner, 19 16, Boerbooni and Maas, 1 C)70, Davison arid Coatec, 199 1 ,  Davison and Tay, 

1OX1, Florence ct al., 1986, Gibson, 108 1 ,  )lodges, 1980, ilodges ef ( I ] . ,  1986, Old ct crl., 

lO)XCi, Stiarrn;t ct ul., 1985, Wingfield ot nl., IMC)). 'There is a growing interest in E~(ccrlyptus 

i'tol7agation in coirtitriec, oittsitle ttic native range of this tree, especially for pulp production 

and to provide a replacement for fibre traditionally sourced from native forests. At present it is 

estimated that approximately eight million hectares of E ~ ~ c a l y ~ ~ t u ~  plantations have been 

established, chiefly in the tropics and sub-tropics and the threat of diseases to this important 

resource is increasingly recognised (Wingfield et (r l . ,  1995 a,b). 

Cryl,?lzonectrin c,uhen.sis was first ciescribed in by Briiner (IC116) and ha\ thus been 

known for a considerable time. In contrast, recognition of the fungus as an important pathogen 

has emerged relatively recently (Hodges, 1980, Hodges et ul., 1979, Alfenas et LII., 1982). 

This change in the status of the pathogen has been coincidental with the greater intensity of 

Euccil~y)tw propagation, but also with the onset of vegetative propagation of Eltca1ypfu.s 

clones and hybrids. Thus, the first report of the disease was frotli Surinam (Boerboom and 

Maas, 1970) and since that ti~iic, it has been reportcti in ~easonnbly rapid \uccc\rion Iron1 

niany other countries (fiodges and Reis, 1074, Hedge\ c.t trl., 1979; Gib\on, 1981; Davison 

ant1 Tay, 1983; Florence et al., 1986; Old et r r l . ,  1986; Swart and Wingfielci, 1991; Wingficld 

et al., 1989). 

Avoidance of Cryphon~ctria canker in highly desirable Ertca1vj)tus clones and clonal 

hybrids is an issue of high priority, for groups growing these trees. The riski aswciated with 

the iniicivertent deployme~it of disease susceptible clones are great, and some serious losses 

have already been experienced. Selection and breeding \trategies gencr;illy include the need to 

eliminate this disease and some \ubstantial progress ha\ already been made in thi\ tegard. 

While breeding and selection of C'ry1)honectrin- tolerant planting stock is being 

actively pursued, relatively little attention has been given to the pathogen, and its role in 

disease. Thus, questions as to the origin of the pathogen have as yet not been fully resolved. 

Furthermore, the related question regarding the genetic diversity of the C. ctrher~sis population 

in areas where the associated disease is serions, has hardly been considered. Questions of this 

nature will be critically important in any progratnme to produce Cryphone( trio tolerant 

planting stock, and thus deserve urgent ;ittention In thih paper we hrietly review progre\s in 

our uniterstanding of the viri~letice and population diversity of C', c.ul?c~n.sis. 



ORIGIN OF C. CUBENSIS 

Based on morphological and isozy~ne comparisons, i t  has been suggested that the 

clove pathogen Erzdotlzicr c.ug~rzicie is conspecific with C. cubensis (Alfenas et al., 1984, 

f4ocigcs pt nl,, 1986, Micales and Stipes, 1987). This finding has furthertnore, led to the 

\itggcstion that the pathogen rnight have originated in Indonesia where clove is native. This 

tniglit further irnply that tire fungus, in areas such as South and Central America, is 

introduced. If this were so, i t  could further imply that the populations of the pathogen in these 

countries rnigt~t be of relatively limited diversity and thus subject to a limited capacity to 

changc. 

In a recent study (Myburg et al., 1998) a reasonably diverse collection of isolates of C. 

c,ltl~eiz.\i.s were compared based on ribosomal DNA sequence data. The results of this study 

confirmed that C. c~4hen.si.v and E eugenine from clove, cannot be separated based on this part 

of the genorne, which is known to be highly variable, and taxonomically valuable at the 

species level (('hamhers c.t al., 1986). Some minor differences could be found between 

iwlates of C'. c.irherz.sis frorn the Western and Eastern hemispheres. IJnfortunately, only a 

single clove isolate was available for this study and this originated from Indonesia. It will now 

hc rrrost intere\ting to inclucle additional clove isolates froin S. America, Africa and South 

East Asia, and lo see wlletlier these also reside in two separate clades. 

Very closely related species can share similar sequence data, even in the highly 

variable ITS (Ctiambers ~jt al., 1986) region of the rDNA. An interesting example has recently 

been encountered in the bark beetle associated fungi, Cercrtocy.stis poloizica and Cercztocvstis 

1crric.ic.ola. These fungi are morphologically inciistinguishable and share identical ITS 

seqirencc (Visser ct crl., 1905, Witthuhn pt a/., lC)08). They, are, carried by different but very 

similar bark beetles that infest spruce (Piceae spp.) and Larch (Lcrrix spp) respectively. They 

can also be separated frorn each other based on isoenzyme comparisons (Harrington et ctl., 

1996). These fungi are, therefore, believed to be distinct but very similar, and to have 

undergone recent speciation. , 

Mybi~rg er ill., 19998 has recently noted the very close sirnilarity between C. cuhen.sis 

ant1 the Chestnut blight pathogen Cryplzon~ctritr parczsiticn. Tlle implication here is that the 

two fungi might have had a comrnon ancestor in the relatively recent past. 'This hypothesis is 

based not only on the morphological similarity of the two fungi, but on the fact that C. 

parasitica is able to cause cankers on Eucalyptus (Old and Kobayashi, 1988) and likewise, C. 

cuhensis will kill artificially inoculated chestnut (Ccistc~nc~cr ~ientcittr) saplings (Wingfield, 

unpublished). Sequence data (Myburg et ul., 1998) comparing these fungi has confirmed that 

the fungi are very closely related, although they can also be easily distinguished from each 

other based on analysis of rRNA sequence data. 

A fascinating report by Davison and Goates (1991) llas recently suggested that C'. 

cztbensis occurs in Australia. What is most interesting, and perhaps enigmatic about this report 

is the fact that the fungus was isolated from roots of E. mrirginatn in western Austnilia. The 

climate of Western Australia is wholly atypical of that usually associated with C. ciiheirsis and 

it is also unusual for a typical stem canker pathogen to be fount] only on the roots of trees. 

Despite these ecological inconsistencies, con~parison of Australian and other isolates of C. 

cut)ertsis based on sequence data have shown that the firngi are the sailre (Myburg ct al., 

1998). 

DIVERSITY OF C. CUBENSIS POPULATIONS 

The genetic diversity of isolates of n pathogen, in  a contained geogri~pllic area, sl~ould 

provide some clues as to its origin. Although only prelirninary stildies have thus t'ar been 

completed, we have shown (Van Zyl ct nl., 199Xb) that u relritively large ct,llection of isolates 

of C, cubensis from Brazil represents a population that has a high level of genetic diversity. 

Similar results have been obtained in preliminary studies of the ctiversity of C. c,ithc~n.si.s 

isolates from Indonesia and frorn Venezuela (Van Elleerden 6.t c i l . ,  1907). In contrast, a 

preliminary study has shown that isolates of C. csberzsi.~ in South Africa represent a much 

more uniform genetic base than those fro~n other areas studied. This would imply that the 

pathogen has been introd~~ced into South Africa relatively recently. 

In South Africa, the sexual state (teleor-rtorpf-1) of ('. cxbensis is extrenlely rare (M.J. 

Wingfield, unpublished data). Where it has been seen, we suspect that i t  has arisen through 

homothalism and that it  does not represent outbreeding. 'This is in contrast to the sitintion in 



various other parts of the world (Indonesia, Brazil, Venezuela) where the sexual state of the 

fiingus has been founci on virtually every infected tree examined (M.J. Wingfield, 

~~npublislied). In the latter countries, sexual reproduction is common and must, likewise, have 

led to a great diversity in the populations of the pathogen. This makes it difficult to determine, 

hn\cd o n  populatiori itrirctilre, where the fitngi~s niigtit have originated. At the present time, 

wc can only note that the Fi~ngus is well established and cliverse in population structure in both 

South E;r\t Asia and South America. Based on population structure, we can not offer any 

resolittion to the cluestion of origin of the fungus 

A wick tange of C. cul?errsi.s isolates from diverse geographic locations has recently 

been compared using IiAPUS and r-KNA sequence data. In these studies (Myburg, 1997) it 

ha\ been cliown that there are at least two distinct clades of the fungus. One of these includes 

Soitth American and South African isolates and the other groups together isolates from S.E. 

Asia. 'The relevance of this observation is presently not clear to us, but it does suggest that C. 

r.rthrtisi.s in South Africa probably originated in South America, rather than in South East 

Asia. 

OPPORTUNITIES TO CAPITALISE ON HYPOVIRULENCE 

A recluction of virulence in isolates of fungal pathogens, also known as hypovirulence, 

and which is conferred by cytoplasmiczrlly transnlitted dsRNA hypoviruses, is a well known 

[>tienomenon (Nitss and Koltin, 1990) Indeed the bulk of research on hypovirulence has been 

cotlducteci on the chestnut blight pathogen, Cryjjlioilectriq pnrczsiticn (Anagnostakis and 

Jaynes, 1973, Choi and Nuss, 1992, Smart and Fulbright, 1996) which is very similar in both 

biology and taxonomy to ('. c*uhensis. Opportunities to capitalise on hypovirulence to reduce 

the impact of Cr"yl7honrctrirr: canker of eucalypts appear to be increasing rapidly. 

flypovirulence has recently been reported, for the first time, to occur in isolates of C. 

citherlsis from South Africa (van der Westhui~en el nl., 1994) as well as Brazil (van Zyl et nl., 

1098a). Very little is known about the dsKNA associated with this hypovirulence or how it 

might coii~pare with that known in C. parcxsiticu. These questions are currently the basis of a 

concerted research effort. The most significant problem refating to hypovirulence lies in the 

fact that the dsRNA hypoviruses are naturally transferred only between isolates representing 

similar vegetative compatibility groups also known as VCG's (Anagnostakis and Kranz, 

1987). These VCG's represent distinct genets in species of fungi and thus make lip the genetic 

diversity of a fungal population. New VCG's are generated tt-rrough sexual recombination and 

thui, in a natural ecoiystern, one would expect to find ;t wide ciivcrcity of V('G'\ preient 

Thece would then alco prevent the ready iprcad of hypovirucec within the population. Where a 

pathogen has been introduced into a new environment, and where i t  alco doec not undergo 

ready sexual recombination, i t  is assumed that excellent opportutiitiec might exi\t to rcciuce to 

reduce its impact through hypovirulence. We feel optin~istic that this scenario reflect\ the 

South African C. cubeizsis situation. 

An exciting development in the very recent past has been research leading to the 

transfer of hypovirulence factors from one fungal species to another through transfection and 

transformation (Chen et al., 1996). Thus the hypovirus CHV 1-7 13 L-dsRNA from C. 

parc~sitir.cz was, for example transferred to C'. cuherrsis. We are currently exploring 

opportunities to transfer a C. pnt-cz.ritic.n hypovirus to dominrint VCG's (11 C'. (xl?eitsi.s in South 

Africa and, potentially, to use this for biological control. 

DURABILITY OF DISEASE TOLERANCE 

Currently, the most effective means to reditce the impact of Crvl~honc~ctri~1 canker is to 

select Eucalyptus clones that display high degrees of to1er:ince to the disease. This approach is 

being used effectively in South Africa and el~ewhere in the world. I t  is also leading to an 

improved ~tnderstanding of the disease tolerance trait and to breeding programmes 

incorporating this feature (M. and R .  Wingfield, unpublished data). 

The selection and testing of I:'uc.~il\.'l~tlis clotlei tolerant to disease\ cuch ai  

Crx~honrctria canker can be extremely time consurninp. In some c;tses, forestry companiei 

reqiiire up lo  twelve years of testing before new clonec are commercially deployed. 'l'lruc, the 

durability of diseae tolerance in theie clones is a matter of crucial concern. As hac been 

mentioned previously in this paper, the C. ci1herzsi.c popr~lation in Sot~th Africa appears to 

have a relatively limited genetic base. Although the data on which we base thic conclusion are 



of a ret;itively prdiminary nature, all evidence avitilable to us suggests that C: cuhensis in 

South Africa has a relatively lirnited capacity to change. This would then suggest that newly 

developed disease tolerant clones will exhibit a high degree of durability to Crypkonuctria 

canker. 

CONCLUSION 

C'ryl)honcc.tritr canker i \  one of the most important diseaws of eucalypts where these 

trccs ;ire grown in plantations. It is likely to become more important in the future, especially 

with ;i worltl-wide increase in thc ~~tilisation of Eucc11yptu.s for pulp production. Although it 

ha\ been \uggested that C. (ul~ensis rnight have originated on clove in Indonesia, there is no 

fil-m scientific data to support this hypothesis. Populations of the fungus are diverse in both 

S.E. Asia and South and Central Arnerica and the pathogen has been found on native plants in 

both regions. Further research to resolve this question is required. 

In contrast to the situation in South East Asia and South Anierica, the genetic diversity 

of the I'. c~rt1)r~~z.si.s pop~tlation in South Afi.ic:i appears to be relatively limited. In addition, 

wxu:il rccoi~lbinatiort i n  thc filngur i f  common in the foriner areas, but vir-tually nor1 existent 

i n  So~rttl Afr it.ii. 

Outstanding opportrrnilies appear to exist to ittilise dsRNA-mediated hypovirulence to 

reduce the irnpact of Cry~~horleetrin canker in South Africa. In South Arnerica and S.E. Asia, 

where the populations of C. L . N ~ ~ C " I I S I ' . F  are diverse, this might ntzf be a practical option. 

The tiusability of trrlerance to Cr.y~~lzon'c-trici canker in E~tcal~yptus clones should be 

Iligli in ueas such :is South Africa, where the pathogen appears to have a limited capacity to 

adapt. In countries whcrc rnany VCC;'s ofthe pathogen exist, and where sexual otttcrossing is 

cornllion, a rel;xtively rzlpici breakdown i n  disease tolerance might be expected. 
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Are inbreeding and sex determination a key factor of 
Diprion pini L. population dynamics? 
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ABSTRACT 

D. pini defoliates Scots pine stands during "eruptive" outbreaks. 'These sudden and 

spectacular pullulations are controlled by food, parasitism and diapause. On the other hand, 

the pre-outbreak phase is poorly known. We propose that a genetic determination in diapause, 

and a complementary sex determination leading to the diploid males production in association 

with inbreeding limits population growth when populations are low. Karyotypic observations, 

sibmatings and crosses between ilrlsects from various population~sllpportcd this hypothesis. 

The existence of diploid males in this arrhenotokous species was denlonstrated and their 

occurrence in our lab strain and in a residual population was ascertained. Moreover, i t  was 

suggested that diapause was really dependent on genetical factors and inteiacted with 

consanguinity. Such phenomena are able to modify the population genetic structure during 

outbreaks. The level of diploid males production in natural populations and their possible 

effect on population dynamics are discussed. 

INTRODUCTION 

The population dynamics of forest insect pests are usually studied using dernographic 

and environmental variables that are easily accessible and measurable. In contract, insect 

endogenous factors of the utmost importance remain relatively unknown. Research on 

Diprion pirzi is an example of this his\ in conducting studies. 



This sawfly severely ciefoliates Scots pine, Pirzus sylve.stri.s, in Europe. Its outbreaks 

are characterized by their large amplitude and their short duration. Furthermore, they are 

followed by long periods with very low population levels (latency phases). Foliage 

availability, parasitism ant1 diapause play a significant role during these outbreaks. At first 

intact foliage, low parasitism rates and low diapause rates favour a rapid increase. Then 

foliage deterioration, parasites and very high diapause rates result in the collapse of 

popltlations (Eichhorn, 1983; Gkri, 1988; Sharov, 1993). Diapause is able to arrest the 

development of the eonymphs in cocoon and to distribute the adult emergences over several 

years. The expression of diapnuse depends on complex mechanisms. The effects of 

photoperiod ancf temperature explain its variation and the modification of the life cycle in 

relation to geographic and climatic conditions (Gkri and Goussard, 1991). However it cannot 

explain the variation of diapause rates during the outbreaks. 'These variations are only partly 

explained by trophic factors, as food limitation and food quality, or population density (Gkri 

et a/ . ,  1988; Gkri and Goussard, 1989). This phenomenon, as the reappearance of dynamic 

populations occurring befbre every new outbreak, suggests that both physiological changes 

anti modificatioas of the population genetic structi~re are involved in diapause regulation. 

We developed new hypotheses on the causes of these outbreaks based on our 

obst~rvntions of laboratory strain. This strain had been reared for more than 50 generations in 

photoperiodic arld thermal conditions favorable to non-diapause development. A male-biased 

sex ratio was developeci in this population. SiriIultaneously the diapause rates increased to 

over 90 '%. This was followed by a decrease in the percentage of diapausing individuals. We 

hypothesize that this decrease was due to selection produced by mating only non-diapausing 

inciividnals. These patterns generated the following hypotheses : 

1 )  'I'hese patterns may he caused by the inbreeding in the lab strain. 

2) Iliapause is dependent on genetic factors. 

3) 'Tile patterns proci~tced by it~breeding and genetic structure in the lab may simulate those 

observed in the fields. 

4) Diploid males may exist in this haplodiploid species, increasing the percentage of males. 

7'his ciiplaicl males production rnust be co~~sidered in %he mechanisms hypothesized in 

hypotheses 1-3 above. 

Diploid males result from a complen~entary sex determination (CSD), as was first 

dcr~ionstrated by Whiting (1943) in N~zDrol.)rczc.c~n Izehrtnr. CSD proposes that sex is 

cfeterrnined by a series of multiple and complementary alleles at one or several loci. 

Individuals that are produced from fertilized eggs are females if they have two different 

alleles, or males if they have the same allele. The occurrence of this latter event increases with 

inbreeding. Unfertilized eggs give rise to haploid individuals which are male because they are 

hemizygous. Diploid males have already been detected in a diprionici species (Smith 8L 

Wallace, 197 1). Usually, they are sterile or father inviable offspring. It is well-known that 

diploid male production (DMP) affects hymenopteran population biology (Cook c f G  Crozier, 

1995). Their occurrence in I). pirti populations was suggested by allozytne electrc~phoresis 

(Beaudoin et nl., 1994), and cytological evidence was needed to resolve the problem. 

This paper reports the results of crossing experiments and cytological investigations 

carried out in order to test whether diploid males existed, and to measure the genetic 

dependence of diapause and effects of consanguinity. Last, the significance of these 

phenomena is discussed in regards to the regulation of I). pini attacks. 

I MATERIAL AND METHODS 

Bulk matings 

Preliminary investigations on the effects of inbreeding 

Different crosses were carried out in order to compare diaparlse rate5 and \ex ratio 

between in and outbred progenies: (1) crosser between individualr from the came colony 

(brothers-sisters) collected from the field, (2) crosscs between male\ and females from 

colonies collected from different sites , and (3) crosses between feniale5 from ~t natural 

population and males from lab strain. Bulk matings were performed in 1990, 1992 and 1993 

using insects from Fontaineblealt Forest (near Paris). Offspring were reared during 2 

generations in standard lab conditions described by Goussard and GPri (1989). They were 

kept at 16'C temperature and 1% light from egg development to the third instar. Then they 

were kept at 20°C - 16h30 up to egg laying on a pine in container. Diapause rates were also 

observed in the offspring of virgin females. 

Interbreeding 

I~~terbreeding between more distant popillations (Alps, Finland, Lab Strain) was 

performed in 1994. Diapause rates of these population samples and their hybrids were 

observed under different photophases (161130, 18h30, 20h), following egg laying, and earlier 

larval development under the standard lab conditions. 



Single-pair matings 

Investigations on the genetic control of diapause 

We performed crosses between a strain native from Finland and our Lab Strain which 

\llowed different propen\ities for etltering diapause. All the progenies were reared under 

20°(', L,U Ihh30-71130 up to the \econci iristar, and thereafter at 20°C, LD 17h-7h. Diapause 

rates were observed a\ a fi~tlction of sex and palents 20 days after cocooning. Preliminary 

rc\ults arc repcxted in thi5 paper. 

Investigations on the sex determination 

Product~on of diploid males by sibmating in the lab 

Sit-trn;tting\ were carried out in 1995, 1996 and I997 in a Scots pine nursery or in the 

lab. In the first and \econd experiment\, \ister-brother matings were performed with colonies 

tlc~~certtfecl Itoln rnrited female\ collected it1 tlie 1:ontairiebleau foreit. The progenies were 

lealed in tile lab on n foliage favoilrable to a development without mortality (Clone 15, 

INKA OrlCans). In the third experiment, we used colonies descended fron~ crosses between 

our I,;ib \train and a Finni~h strain. When the progenies cocooned, we measured the 

prolxxtion of colonies with diploid males (CDM ratio) and the proportion of cliploid males to 

1emale\ within these colonic\ (DM ratio = sex ratio within the diploid offspring). 

Predictions under CSD models 

lirldcr \ingle locus C'SD model, a sister has one chance out of two to mate with one of 

tiel brothers po\\cssing onc of tier :iIleles, and consequently to produce hon~ozygous 

~nclivitl~~als (=diploid m;~ies). We expected 50% of tlie colonies to have diploid rnales: 

f'nrents: TM A,Ai x C. AL + v\ter\ + brother% ( E ' I ) :  A,Ak PM) + AiA, (TM) + A, (en) +A, (en) 

Two kirld\ of ecluiprobable brother-sister crosses (F2) occur : 

I ) The fernale and the riiale stlare the same sex allele, their progeny contains diploid males ; 

fitrthernio~e, 50%) of fertilizecl egg\ in these colonies are expected to be diploid males: 

""";tl?,A, x C. A, + A,A, (t.211) + A,A, (TM) + A, ($11) + Ak (en) 

2)  The ferilale and the ~nale have diffe~ent sex alleles, their progeny do not contain diploid 

TM AIAL x C A, + A,A, tTM) + AIA, (TM) -+ A, ( e n )  -tL A, (en) 

Clrider ttic two-locus riiodel, we expected 25% of broocis to contain 25% diploid ~nales 

( i f  we con\idered that tlle two loci rrre iridependent and that only the individuals homozygous 

at the two loci ~ X C  diploitl ni;rle\). 

Detection of diploid males by means of karyotyping 

The chrorliosome number counts were performed using the gonads of young prepupae. 

We used the technique described by Guest and Hsu (1973) with slight modifications. The 

gonial mitoses enable the observation of many metaptlase spreads. This provides a clear 

identification of chromosome numbers which prevents mi5interpretation due to \orlie possible 

artifacts. These cytological examinations are possible only during a couple of days at a precise 

stage of the insect development. Furthermore, i t  is preferable to work on individuals which 

have developed under conditions preventing diapause. 

Diploid males characterization 

Different features of the inbred progeriies were noted: date of cocooning, cocoon 

1 weight, sex ratio, and sometimes diapause rates as a function of \ex and ploidy level. 

Looking for diploid males in lab and natural populations 

IJsing the above criteria, we looked for diploid males either by karyotyping or 

weighing individuals from lab strain and natural populations. Twenty-folrr colonies ( 1  101 

1 individuals) were from Maux in Fontainebleau Forest (larvae collected in September 1995, 

1 cocoons weighed in February 1996). A sample of 49 individuals were from a small population 
I 
1 in Vendde (larvae collected in September 1996, cocoons weighed in March 1997). 

RESULTS 

Incidence of inbreeding 

The bulk matings performed in 1990 and 1992 showed that inbreeding rapidly led to 

male-biased sex ratios and high diapause rates. The inbred population\ \how& diapause rate\ 

significantly higher than outhred insects (Fig. I ;  p<0.001 X2 iest). Moreover, the males were 

tnore likely to diapause than females and the diapause rirtes increased as sex ratio of the 

colonies became more male-biased. This suggests a relation with sex deterrnination (Gkri er 

crl,  1995). The colonies without females had significantly more diapausing individuals 

(p<0.00 1 Xztest). 

Genetic control of diapause 

The bulk rnatings also confirmed that a selection proce\s occurred in our lab \train 

leading to a non-diap:~use stmin under 20"C/lbh30 (80-90% eniergence\). Inrleecl, ;ill the 

crosses between ferlialcs fswn Fontainebleau and male\ f ~ o m  the lah \train re\ulted in  
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Figure 1: The percentage of individuals without 
diapause in the progenies of two colonies from 
Forltainebleau Forest following inbred crosses 
(brothers-sisters) and autctosses 
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Figure 2: Sex-ratio and diapause rates following crosses between 
fenlales from Fontainebleau and males f ~ o m  Fnntainebleau or 
from the I,ab strain 

restoring a female-biased sex ratio and in a significant decrease of diapause rates in the 

offspring. This effect was especially evident for the females. In a haplo-diploid system, only 

the females receive the genes of the father. The subsequent crosses between these females and 

some male5 frorn Fontainebleau (from an adjoining site of collection) gave again high 

diapause rates and male biased sex ratio. This is illustrated by the figure 2 (see also Gdri t.1 czf, 

1995). Furthermore, all the virgin females from the Lab strain produced alrnost exclusively 

non-diapausing offspring under standard lab conditions. In contrast, virgin females from 

Fontainebleau produced a wide range of diapause rates (Fig. 3). 

Experiments with more distant populations supported the fact that photophase 

sensitivity is a genetically determined trait. The critical photoperiods were : 16h30 for the lab 

strain and the local population, 18h30 for the Alps population, and 20h for the Finnish 

population. 'l'l~e Finnish strain maintained this photoperiod threshold over the subseqttent 

generation. Interbreeding between females frorn Finland anci males fro111 the Alps led to a 

18h30 photoperiod in the hybrids. 

The preliminary results of single-pair matings between the Lab and Finnish strain 

ascertained the existence of a genetic component in diapause responses (Table 1).  The crosses 

between a female and a male from the lab strain gave non-diapausit~g offspring while crosses 

between a female and a male from Finland did not. The haploid males chowed diapause rates 

similar to their mother. The females resulting frorn the crosses between females fronl Finland 

and inales from lab strain showed an intermediate diapause rate. These results showed that 

genetic control of critical photoperiod is polygenic. This is consistent with the persistence of 

few diapausing individuals in our non-diapause Lab strain. 

Diploid males and sex determination 

Diploid males characferiza tion 

In the first experiment, all the individuals were weighed, dissected and karyotyped. 

One colony contained 40% diploid males (2n=28 cllromosomes). These individt~als were 

clearly heavier than haploid males (33% on average), but the weight distributions of haploid 

and diploid nlales slightly overlap each other (Fig. 4). Diploid rnales have a slower 

developnlent rate and their cocoon fornlation takes placc between the tintes of the haploid 

males and females. The occurrence of diploid males was responsible for sex ratio inversion. 

Because of horno7ygosity at the sex locus (or loci), the ptoportion of male prcpiipae wa5 569h. 

It would have been 27% if a11 the fertilized eggs developed into feniales. 



"Mare aux Couleuvreux" (Fontainebieau) Lab Strain 

Figure 3: The percentage of non-diapausing insects in the offspring 
of virgin females reared under conditions favourable to a development 
without diapause: (A) virgin females from a natural population 
(Fontainebleau) (B) virgin females from the Lab strain 
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Figure 4: Cocoon weight patterns of some colonies resulted from sibmating 

The second and third experiments confirmed that diploid males are heavier. The 

weight of haploid males cocoons was very rarely higher than 90 rng. Consequently, weight 

may be used as a criterion detecting diploid males within a colony when karyotyping is not 

practicable. In the second experiment, the individuals were graded by weight (< 90 mg and 

2 90 rng) and only a sample was dissected and karyotyped. Diapause rates were asse\secl in a 

colony with diploid rnales (Table 2). Diploid individuals, tiiale or female, showeci a similar 

diapause rate and were mostly non-diapausing. Whereas the haploid males showed an high 

diapause rate. 

In the third experiment, many colonies contained diploid males but they were not 

numerous (Table 3; Fig. 4). This was probably because they suffered an high nlortality at the 



first instar due to the bad quality of the foliage (for egg laying in the lab, we cannot use clones 

but "wild" pines in container ; we do not know whether they are favourable or not to a 

development without mortality). Diploid males may be less viable under such drastic 

condition\. 

Sex determination 

We cannot corne to definite conclusions about which of the CSD rnodels is correct 

('T;tble 3). If we assume that diploid males have the sarne viability as females then the two 

locus tr~odel would predict a 25% diploid male to 75% female ratio (DM ratio) and the one 

locus model a 50:SO ratio. The same percentages would be predicted for the proportion of 

colonies containing diploicl moles (CDM ratio). The first two experiments prodl~ced the 

CI>M ratios predicted by the two-locus model. However, a single-locus model is not ruled 

out, because of the low nurnber of progenies. On the contrary, the DM ratios are clearly more 

consistent with this latter model. The third experiment produced a CDM ratio very close to 

that prcciicted by the one locus model. Conversely, the DM ratios were very low. We assume 

that the DM ratios were reduced in this experiment by preferential mortality due to the rearing 

conditions. On the whole the single-locus model seems 111ore likely. 

Evidence for diploid males occurrence in lab and natural populations 

N o  color~y from 1;ontainebIeau showed a cocoon weight distribution that 

unamttiguously suggested the presence of diploid males. However, the saniple f ron~ Vendee 

pmbably contained a few diploid males. Indeed, the weight distribution was "trimodal" and 

sonre rrlales crnerged from cocoons heavier (han 90 rng. 

Wc detected, by weighing, the natural occurrence of diploid males in our lab 

popu1;ltiotl following a population collapse. The karyotypingrof a small sample confirmed the 

presence of diploid ~nalec. 

DISCUSSION-CONCLUSION 

On tlie one hand, 011s study showed that diapause responses vary among the 

poprrlations and are modifiable within a population by selection. Variations in diapause 
, 

responses revealed to be partly genetically determined. On the other hand, we demonstrated 

that diploid males occur in D. pini, because of a Complementary Sex Determination. 

Cotlsequently, changes in population genetic structure are able to affect sex-ratio and diapause 

rates, and conversely. 

Diploid males were produced experimentally, in laboratory population after a 

population collapse and were found in the field. Evidently our laboratory results simulate field 

conditions. They have many implications for demographic self-limitation. We can revise the 

general pattern previously presented (Gdri, 1988) as follows: 1) Populations quickly develop 

under favourable conditions (low parasitism, low predation, unda~nageci fbliage, rnocterate 

diapause rates) 2) As soon as the conditions are unfavourable, populations start to decline and 

small isolated populations become inbred. 3) Inbreeding is associated with a significant 

diploid males production and with an increase in diapausing individuals. 4) 'The combination 

of an increasingly male sex-ratio and an increase in the frequency of diapause \lows 

population growth. 5) Populations are released from this low level and the influx of new 

alleles from outside the isolated population breaks the cycle of inbreeding and the population 

grows. 

Many points still need to be demonstrated. 

In our model, sex-ratio, diapause and inbreeding can be independtly taken into 

account, but interactions have to be more clearly clarified. We did not show that diploid males 

are responsible for increasing diapause rates. The numerous rnales and the high male diapause 

rates observed after sibmating suggested a link between diapause and sex determination. This 

hypothesis was not confirrned by the single-pair mating expcrirnents that showed no 

difference in diapause rates between cliploid mnler and females. It i \  more likely that 

inbreeding modifie.; diapause rates and sex ratio simlrlteanously and indeperldently. 

The production of diploid ~nales is not the only way to explain the male abundance in 

the lab. A variety of different causes increases the percentage of haploict rnales. These factors 

include fernale behavior, fertilization rates,mating behavior. 

However, the detection of diploid males in a natural population supports oirr model 

and calls for further investigations. The significance of diploid males in population biology of 

Hymenoptera has been reported by many airthors (El Ago7e pt d., 1986 ; Ro'ic and I:letcher, 

1986, 1993 ; Stouthamer et ril. ,  1992 ; Cook, 1993a,b ; Cook and ('ro;rier, 1995). Their 

incidence depends on their level of production and their occurrence is closely dependent on 

the number of alleles and loci involved in CSD. It  also depend\ o n  their viability, breeding 

performance, mating system and offspring viability. In 1). pitti, CSD is probably tnonogenic, 

but its expression could be distorted by lctrval rnort;ility. 'The biological features of diploid 

males are still unknown. Firrthern~ore, we need infc)rmntions about rnating \ystem, population 

structure, inbreeding avoidance, migrations, ... In the sawfly Atht~licl r-osue with a \ingle locus 



rni~ltiple allele5 systeni, i t  is easy lo get numerokls diploid males in the lab from sister-brother 

rriating without high devclopn~entttl mortality (Naito and Suzuki, 1991). I-Iowever, the authors 

cannot find any diploid males in the field population. In this species, several biological 

proces\e\ took place pteventing the sibmating5 :~nd the diploid males production (Naito, 

19%). (Our rnodel iniplie5 :,a high I3MP levcl when a population is small enough for significant 

inbreeding to take place. This could be the case throughout the latency phase. If this 

Ilypotl~c\is is colrfirmed, it will remain to explain fro111 an evolutionary point of view the 

maintenance of  such a genetic load. Nevertheless in ttie parasitic wasp L1indrornu.s pidlclzellus, 

the authors (El A g o ~ e  el n1.,1%6 ; Periquet et c11.,1993) observed a significant occurrence of 

cliploid rriales in the field. 

Finally, we do not consider only the direct incidence of diploid ~nales. We must 

rrt;rirrly regard them as cotisanguinily indicators, as5ociatecl with the variations in \ex-ratio and 

ciiapause rates 
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RESUME 

The conifer-feeding members of the genus Choristoneura in North America 

are among the most destructive forest pests and are capable of defoliating in excess 

of 100 million hectares in any one year. Although they appear to be adapted to a 

single host species, the budworms are often capable of exploiting several coniferous 

hosts. The synchrony between host bud development and spring emergence of 

these insects is critical to the success of larvae in colonizing the host. The genetic 

control of early spring development in the insect guarantees that populations retain a 

wide array of phenotypes. This trait is inherited with low heritability and is therefore 

not easily changed by selection. This strategy ensures that a segment of the insect 

population will persist in environments where bud break varies widely from year to 

year. Natural hybrids of C. occidentalis and C. retiniana suggest that reproductive 

isolation among the several conifer feeding Choristoneura species is not always 

effective. This permits the acquisition of additional variation in spring emergence 

rates in mixed populations when their host species form mixed stands either from 

natural or anthropogenic disturbance. The variation and adaptive capabilities 

encountered in these populations will frustrate attempts to select resistant host stock 

that depend on the asynchrony of bud development and insect emergence. 



INTRODUCTION 

Conifer-feeding members of the genus Choristoneura are among the most 

damaging defoliators in North America. The three species that are normally 

problems for forest managers are the spruce budworm, C. fumiferana (Clem.) 

feeding on spruces (Picea spp.) and firs (Abies spp.); the western spruce budworm, 

C. occidentalis Free., feeding principally on Douglas-fir (Pseudotsuga menziesii 

(Mirb.) Franco) but also on spruces and firs; and the jack pine budworm, C. pinus 

Free., feeding on jack pine (Pinus banksiana Lamb.). An additional species, the 

Modoc budworm , C. retiniana (Wlshm.), that feeds on white fir Abies concolor 

(Gord.. & Glend.) Lindl. ex Hildebr., seldom causes extensive damage (Furniss and 

Carolin 1977). A review of the taxonomic relationships among these, and other 

conifer feeding species may be found in Powell (1995) and their distributions are 

given by Harvey (1985, 1996). Collectively, these species may defoliate over 100 

million hectares of forest in a single year and individual outbreaks may last for 

several years (Cerezke and Volney 1995). Their impacts on forest biomass 

production are dramatic (Maclean, 1985) and the resulting failure to fix carbon in 

these northern forests during these outbreaks is thought to have a significant effect 

on the global carbon cycle (Kurtz et a/., 1995). Despite their economic importance, 

little is know about the genetic structure of Choristoneura populations, particularly 

with respect to life history traits. 

The relationship among the various named conifer-feeding Choristoneura 
#. 

entities and between the insect groups and their hosts remains enigmatic (Powell 

and De Benedictis, 1995) because interpreting phenetic relationships, pheromone 

based evidence and molecular-genetic information all suggest different evolutionary 

relationships. Not the least of these problems is the extreme degree of similarity 

among populations and variations within populations (De Benedictis, 1995). 

Furthermore, natural hybrids between putative species suggest that isolating 

mechanisms are not always effective (Volney et a/. 1984). Stehr (1967) suggested 

that the key to determining species relationships among Choristoneura was the host 

associations and the mechanisms by which these insects are adapted to their hosts. 

In addition this understanding would assist in evaluating the genetic improvement 

strategies for the host populations. The purpose of this paper is to review the post- 

diapause development of Choristoneura populations with the view to understanding 

the ecological constraints they face in colonizing their hosts. 

POST-DIAPAUSE DEVELOPMENT IN CNORISTONEURA 

The essential features of budworm life cycles are common within the group. 

McGugan (1954) described the life cycle of C, fumiferana which can be used as a 

model for the group. Egg masses are laid on host foliage in mid-summer. These 

eggs hatch within two weeks, first instars disperse, find suitable hibernation sites and 

spin a hibernaculum, often on host branches. The larvae do not feed but molt to the 

second instar within the hibernaculum where they over-winter. By spring, diapause 

development is complete and, after the accumulation of sufficient heat units, larvae 

emerge to initiate feeding. They might mine buds at this stage if buds are sufficiently 

developed. More often they mine old needles until bud development permits the 

colonizing of the current year's developing foliage. There are usually six instars with 

pupation occurring on the host tree. Moths emerge in early July, mate and lay eggs. 

Dispersal may occur in the spring as larvae before they mine buds, again as large 

larvae but most importantly as adults where passive dispersal in weather fronts may 

carry moths several hundred kilometres in a single night (Dobesberger et a/. 1983). 

There are several variations to this pattern. The jack pine budworm seems 

unable to mine needles and is dependent on microsporangiate strobili for early instar 

survival (Nealis and Lomic, 1994). C. bienis Free., which occurs at high elevation in 

the Canadian Rocky Mountains, requires two years to complete development 

(Harvey, 1967). Although these are extreme variations, some members of all 

species probably display these traits. 

The median time to complete post-diapause development in several species 

was found to vary very little within species from western North America and among 

the different rearing studies of spruce budworm (Volney, 1985). This indicates that, 

for these species groupings, temporal factors do not serve to isolate populations as 



they all complete development at the same time. The variance in total development 

time was found to be smaller than expected from a simple accumulation of variances 

in times of the different stages of post-diapause development in C. occidentalis and 

C. retiniana (Volney and Liebhold 1985). In analyzing this phenomenon, it was 

found that there was a negative correlation between successive development rates 

among individuals (ibid.). This system of controls in development almost guarantees 

that seasonal isolating mechanisms among sympatric western Choristoneura 

species populations would be ineffective because it reduces the variances in times of 

adult emergence. An analysis of post-diapuase development in C. occidentalis and 

C. retiniana revealed that there are no genetic differences among the species or their 

hybrids in the time to complete larval feeding (Volney and Liebhold 1985) as would 

be expected if adult emergence was to be synchronized. 

It was surprising, therefore, to find that field studies of C. fumiferana total post- 

diapause development in western Canada was remarkably different from that 

reported for development in eastern Canada (Volney and Cerezke, 1992). A study of 

variation in total post-diapause development conducted in controlled temperature 

environments failed to show any genetic differences in this trait over 15" latitude 

within the range of white spruce (Picea glauca (Moench) Voss) in western Canada 

(Weber 1994). This suggests that the differences between populations might be 

controlled by ecological factors affecting survival at critical junctures in the life cycle 

of the insect. 

Volney and Liebhold 1985 found marked differjences among C. occidentalis 

and C. retiniana populations in their post-diapause pre-emergence development. 

Th? "green" morphs, diagnostic of C. retiniana, emerge sooner than the "brown" 

morphs, diagnostic of C. occidentalis, and their hybrids emerge at times that are 

intermediate to those of the parental types. Although there is considerable overlap in 

the emergence times, the order of emergence is the same as that of bud-break in the 

respective host species (Douglas-fir for C, occidentalis and white fir for C. retiniana). 

The variation in emergence times permit each insect population to colonize the 

principal host of the other species. This trait is mainly responsible for synchronizing 

budworm development with that of its host and is thus thought to be the ecological 

relationship that determines success of the various populations. 

The genetic control of post-diapause pre-emergence times could only 

examined in the "green" morphs because it is impossible to distinguish larvae of 

hybrids from those of "true" C. occidentalis. In comparing this trait among C. 

retiniana populations, we found very low heritabilities where there was little evidence 

of genetic exchange with C. occidentalis (Volney et al. 1983). This is the pattern that 

would be expected in a life history trait that was closely associated with success of 

the population (Falconer, 1960). Where hybridization has occurred heritabilities are 

quite high, approaching 1 .O, which suggests that selection can be very effective in 

rapidly correcting the genetic composition of inappropriately adapted populations. It 

is this pre-emergence development that is critical to spring survival in Choristoneura 

but the insects face a dilemma: the must synchronize their development with host 

phenology but, whereas their emergence depends on air temperatures, they respond 

to cues that are not identical to those that initiate bud development for bud break 

varies with soil and air temperatures. The insects apparently have solved this 

problem with a genetic system that conserves variation in spring emergence times. 

The permeable mating system among the putative insect species, adapted to 

particular hosts, also permits them to overcome any erosion of this variation as well. 

HOST ASSOCIATIONS 

Stehr (1967), in discussing the significance of hosts in determining the range 

of the different conifer-feeding Choristoneura species, suggested that the ecotone 

between forest regions would present problems in interpreting the relationships 

between species. Although Stehr (1 967) recognized that Choristoneura species 

feeding on pine were ecologically isolated from those feeding on abietoid species, he 

cffered no description for the relationship between syrnpatric species feeding on 

different abietoid species except to conclude that the evolutionary history of the 

group might be discerned from the geological and climatological history of North 

American forest communities. Speculation on the impact of this history on the 



Holocene distribution of the various Choristoneura entities was provided by Volney 

(1 985) and a longer evolutionary history was developed by Powell and DeBenedictis 

(1995). Their phylogeography depends in large part on the history of the principal 

host of present-day species. That Volney et al. (1984) would discover natural 

hybrids of retiniana and occidenetalis suggest that the reproductive barriers between 

species that cross the abitoidlpine barrier of the hypothetical cladogram (Powell and 

DeBenedictis, 1995) have been permeable for a long time. This would suggest that 

the host has had a far stronger influence on isolating populations than the mating 

systems that have evolved to date. I speculate here that the success of each 

species is primarily related to the synchrony between its host phenology and the 

post-diapause development. 

The evidence associating C. occidentalis and C. fumiferana emergence and 

survival with synchrony of host shoot development was reviewed by Shepherd 

(1985) who indicated that insect development in the field, if properly synchronized 

with host bud flush, will result in elevated survival. This occurs in C. occidentalis 

when the insects emerge early to mine needles, then mine buds and so complete 

most of their early instar development protected in feeding tunnels adjacent to the 

shoots' rachis, If insects emerge late, the late instars will be forced to complete 

feeding exposed on fully elongated shoots. This population would incur substantially 

more mortality than a cohort that was properly synchronized with its host. 

Experimental studies by Lawrence et al. (1997) suggest that the phenological 

window for spruce budworm on white spruce may begin as much as four weeks prior 

to budbreak and is terminated at the end of shoot elongation. It appears that the 

early emergence of larvae is critical in synchronizing the population to take 

advantage of the swelling buds early in spring. 

Several Choristoneura species feeding on abiatoid hosts have evolved needle 

mining habits. The adaptive significance of this was elegantly demonstrated by Trier 

and Mattson (1997) for the spruce budworm. In mining needles the second instars 

can sustain themselves and develop to third instars by avoiding the less nutritious 

structures, such as the resin ducts and cuticle, of needles. By completing an early 

instar in needles the insects shift their development relative to that of the host so that 

development is completed on the most succulent and nutritious tissues (Lawrence et 

a/. 1997). By contrast C. pinus, which feeds on pine, is unable to mine needles. 

(Perhaps the spacing of resin ducts in pine needles are sufficiently close together so 

that larvae are unable to avoid them). Pine feeders depend, instead, on mining 

reproductive buds prior to mining vegetative buds to survive in the spring (Nealis and 

Lomic 1994.) 

CONCLUSIONS 

To successfully colonize its host in spring Choristoneura larvae face the 

problem of anticipating bud-break by emerging several weeks before the event. 

They overcome this time of adversity by either mining needles or reproductive buds. 

The precise cues that trigger emergence are little understood. Certainly temperature 

drives the process but whether there are host cues that act in concert with the 

thermal environment to regulate emergence is unknown. Nevertheless, the insect 

population seems to overcomes the uncertainty of budbreak by retaining 

phenotypes that spread their emergence over several weeks. Our current 

understanding would suggest that the host acts a phenological filter: early emerging 

individuals are unable to survive long enough to mine swelling vegetative buds 

whereas late emerging individuals must attempt to complete development on fully 

elongated shoots that are of lower nutritional value. It appears that the heritability of 

the time of emergence is low so that severe selection over several years would be 

necessary to change the median date of emergence. Further resisting this change is 

the mechanism by which the insects complete development and mate over a short 

time span. This ensures that late and early emerging individuals have the 

opportunity to contribute to the next generation. However, the adaptive association 

between insect species and its host can be rapidly eroded where sympatric host 

distributions permit the insect species to hybridize. Hybridization provides the 

opportunity for populations to rapidly acquire traits that permit them to colonize hosts 

with different phenological schedules, however. 



Lawrence et a/. (1997) reviewed the application of these results to selecting 

trees and provenances resistant to budworm attack. These include planting 

provenances in which bud-break is delayed or accelerated relative to insect 

emergence so that insect survival is reduced. The use of anti-feedants to induce 

asynchrony in the onset of feeding and suitable host phenology has also been 

suggested. Variation in the insect population and their ability to track host 

development would militate against the effectiveness of these strategies. A more 

promising approach rnay be to find and propagate host phenotypes that appear to be 

resistant to budworm attack. The variability in insect population densities and 

damage to trees within and among natural stand is substantial. The significance of 

this observation has not been exploited in attempting to develop resistant stock. 
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RESUME 

There is accumulating evidence that the origins of Sitka spruce Picea 

sitchensis (provenance or genetic family) play an important role in determining the 

population dynamics of the green spruce aphid Elatobiurn abietinurn. Genetic 

variability in P.sitchensis makes it a good candidate for tree breeding, although 

recent genetic gains in 'super-Sitka' have not accounted for pest resistance explicitly. 

This paper reviews two studies, 11 years apart, on the aphid populations of 

P.sifchensis provenances in the same experimental field demonstration. The trends 

in susceptibility of the provenances were consistent, with the exception of the 

slowest growing and most northerly provenance. There were relationships between 

the latitudinal origins of provenances and their aphid loads; in general it was the 

most vigorously growing provenances that proved to be the most resistant to aphids. 

There are recorded differences between Psitchensis provenances in the time 

of shoot growth cessation and budset in late summer and autumn. An hypothesis 

that earlier dormancy was linked with greater nutrient availability for aphids, was not 

supported by data on the levels of amino acids in needles in October. In fact total 

amino nitrogen was inversely related to the summer aphid population hosted by each 

provenance and most essential amino acids were at very low levels. Together with 

the similarity in budburst phenology among provenances, this suggested that factors 

other than nutrients are responsible for the differences in provenance susceptibility. 



The green spruce aphid is thought to avoid some species of spruce and also new 

foliage by responding to volatile compounds in epicuticular wax at the needle leaf 

surface. A resistance mechanism based on secondary metabolites would correspond 

with observations, since more-vigorous trees probably sequester more effective 

surface deterrents. 

In support of this, it was found that relative provenance susceptibility to aphids 

was correlated with feeding damage by a completely different insect, the large pine 

weevil Hylobius abietis. In a separate series of experiments, shoot material from 

P.sitchensis provenances was challenged with weevils of known age and cultural 

background, and the amount of bark removed in a feeding trial was recorded. The 

greatest levels of bark removal tended to be found on provenances which had 

hosted larger peak aphid populations. The most likely explanation for a fairly 

universal resistance mechanism probably derives from secondary plant metabolites 

rather than the nutrient levels available to both insects. 

INTRODUCTION 

Sitka spruce (Picea sitchensis (Bong.) Carr.) has become an indispensable 

component of the forest industry in maritime regions of western Europe (Henderson 

and Faulkner, 1987) where tree breeding programmes are already well-advanced 

(Lee, 1986, 1990; Roulund, 1974, 1990) and where major gains in yield are 

expected from superior full-sib families in future (Costa e Silva et al., 1994; Jensen et 

al., 1997; Nielsen and Roulund, 1996). Perhaps becausk it is an exotic species, Sitka 

spruce has so far avoided the serious pest problems associated with other spruce 

species in Europe ( Bakke, 1991) whereas it has experienced difficulties with 

aggressive pests within its natural range (Alfaro, 1996). Nevertheless, two insect 

species, the green spruce aphid (Elatobium abietinum Walker) and the large pine 

weevil (Hylobius abietis L.), are ubiquitous and costly pests of plantation forestry in 

north western Europe (Day and Leather, 1997). 

The green spruce aphid feeds on the phloem sap of Sitka spruce needles 

which develop a yellow spot, then banding at the point of stylet insertion. Needles 

may dehisce some 8-12 days later (Fisher, 1987) and the rate of premature 

defoliation is related to the overall aphid population level (Day and McClean, 1991). 

By contrast, the large pine weevil gnaws patches of bark and subcortical tissues on 

recently mature stems. The damage inflicted tends to be aggregated within and 

among stems (Tilles et al. 1986) with severe consequences for young plants. The 

likelihood that the two insect species respond in a similar way to a range of host 

plants seems as remote as their feeding biology is different, nevertheless one of the 

purposes of this paper is to examine the evidence for parallel trends in susceptibility 

among a range of Sitka spruce seed origins. Susceptibility or resistance was 

indicated by adult weevil feeding trials on spruce stem sections, and by population 

estimates of aphids in field trials of the different spruce provenances. 

Resistance of Sitka spruce to attack by Elatobium could be expected to be 

based on characteristics such as the nutritional status of the plant, morphology or 

anatomy of the needle on which the aphid feeds, and secondary metabolites of the 
I 

host (Jackson and Dixon, 1996). It is even possible that the redistribution of alate 

Elatobium is determined by tree canopy apparency (Day and Armour, 1997). If host 

sap nutrition differs between provenances, then it should be most easily recognised 

at times of the year when their bud and shoot phenology are least synchronised or 

when sap nutrients are at their highest overall levels. Among Sitka spruce 

provenances planted in the British Isles, the only known phenological differences are 

in the timing of cessation of shoot elongation and bud set in the late summer and 

autumn (Kraus and Lines, 1976; Lines and Mitchell, 1966). Needle sap nutrients 

peak in early May, just prior to bud break, and again, but at a lower amplitude, in 

early OctoberfNovember around the time of bud set (Fisher and Dixon, 1986; Parry, 

1974).Thus it is possible that provenances with early budset will exhibit a different 

needle sap nutrient profile from those with late budset, and that this presents 

differing opportunities for aphid performance and consequent population levels. This 

hypothesis would be worth considering further if there was a relationship between 

nutritional status in October of host plant provenances and their aphid populations. 

The responses of insect pests lo  trees of different genetic origin have rarely been 

considered explicitly in Sitka spruce breeding programmes, except as a component 

of the natural environment of trees undergoing field growth and survival trials. 

Profiles of Sitka spruce resistance are gradually becoming apparent (Day, 1984a; 



Carter and Nichols, 1988; Jensen et al., 1997) and this investigation is an attempt to 

clarify the position further. 

MATERIAL AND METHODS 

Provenance field trial 

The provenances of Sitka spruce were set out as a forest experiment at 

Springwell Forest, Co. Londonderry, N.lreland. The 64 m2 plots were replicated for 

each of 17 provenances and in 6 randomised complete blocks. Further details of the 

experimental layout and sampling are given in Day (1984a). The origins of the 

provenances investigated are given in Table 1. 

Table 1. Sitka spruce provenances on which aphid populations (Day, 1984a and Armour, 
1996) or weevil damage were evaluated in Northern Ireland. A (Alaska), BC (British 
Columbia), W (Washington), 0 (Oregon), C (California). 

Provenance IUFRO Origin locality Latitude Longitude 
Code Number 

Duck Creek 
Craig 
lnverness 
Tasu Creek 
Holberg 
Big Qualicum R. 
Forks 
Kalaloch 
Necanicum 
Brookings 
Big Lagoon 

Standard Irish Seed Batch from Kilsheelan forest, Tipperary, EIRE 
(Included in graphical relationships as Queen Charlotte Islands latitude) 

Assessment of aphid populations and weevil damage 

Aphids were evaluated on sample trees from 6 selected provenances in 3 of 

the blocks (Day, 1984a) when the trees were 8 years old. A second evaluation of 

aphid populations was made 19 years after planting (Armour, 1996) when 9 

provenances were selected in replicate plots from two blocks. In both cases aphid 

counts were made on 6 sample shoots per tree, and from 3 trees within a 

provenance plot. The counts were standardised by the number of needles present 

on each sample shoot and population density expressed as aphids per 100 needles. 

Samples were timed to coincide with peak population density in early summer (Day 

and Crute, 1990) and further details of the standard sampling procedure are given in 

Day (1 984b). 

To evaluate weevil feeding damage, sections of stem were removed from 

branches between 1.5 and 3 m from ground level. In the laboratory further sections 

were taken from 2 to 3-year-old growth. These were presented to weevils in 

standardised trials for a period of one day at 15oC in 400 ml containers. Each 

replicate trial gave ten weevils the opportunity to feed on a single stem representing 

one provenance. There were 20 replicate trials for each of 17 provenances, although 

only the results for 9 provenances corresponding to the aphid counts are reported 

here. The weevils used were from laboratory-reared stock and were of uniform age 

and fed ad libitum on Sitka spruce stem material prior to the experiment. The rate of 

feeding was estimated from each stem as the area of bark removed by all weevils 

during the trial period. 

Phenology, tree height and amino acid assessment 

Observations on budburst phenology, similar to those employed by Lines and 

Mitchell (1 966), were made for each of the provenances under investigation in 1983 

and again in 1994. Tree heights in plots were measured throughout the experiment 

in 1983 and reported as mean tree height for a provenance. Amino acid levels in the 

sap of trees in the field experiment were estimated in October 1984, when the trees 

were 9 years old. By October buds of the most northerly provenances had set and 

there was little or no shoot elongation continuing in the most southerly provenances. 

If differences in amino nitrogen levels emerged, they were expected to be 

attributable to continued mobilisation of nutrients in needle sap of southerly 

provenances and lower levels following bud set for the northernmost provenances. A 

similar method to Parry (1 974) was adopted for assessing nutrients. Needle samples 
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were clipped from one year old foliage from four branches on each tree around 

midday and frozen in liquid nitrogen for transportation. Needles were prepared in 2 g 

units and ground to a fine paste with 20 ml ethanol and the filtrate dried and 

rehydrated with distilled water. Chlorophyll was removed by partitioning with 

petroleum ether. Sub-samples of 2ml were sealed and hydrolysed at 100oC with an 

equal amount of 2N H CI and a dried residue taken up in 5ml pH 2.2 buffer. Runs 

were made on an L.K.B. 4101 Amino acid analyser. 

RESULTS 

Comparative aphid population densities 

Although a substantial proportion of the variation in aphid numbers could be 

attributed to the location (block) within the experiment, more than 50% of the 

variation resulted from differences between provenances (Day, 1984a). This was a 

promising result for the potential of tree breeding for resistance, since the 

provenance which appeared to be the most resistant to aphids hosted only 12% of 

the population found on the least resistant provenance (1983 and 1994). 

Unexpectedly there was a relationship between aphid population and the original 

latitude of the seed origin, i.e. for tree age 8 years the southern provenances 

supported the highest aphid numbers. In the second study at 19 years a greater 

range of provenances were evaluated (Armour, 1996) and differences between 

provenances were equally marked although there appeared to be some differences 

from the earlier results (Fig. la). Most of the data (the middle latitudinal range) are 

consistent between the two studies. The only major disparity is focused on the most 

northerly provenance (Alaska 24) for which the aphid population in the recent survey 

was the highest overall. 

The levels of amino acids in needle sap were low in all provenances 

investigated (cf. Fisher and Dixon, 1986; Parry, 1974) and of those identified, all but 

one (threonine) were non-essential amino acids (Fisher, 1987). The trend by original 

provenance latitude corresponded to expectations, in that there was a slight 

tendency for the more northern provenances, whose shoots would have ceased 
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growth early in the season, to have lower amino acid levels (Fig. 1 b).However, the 

aphid population estimates were almost inversely related to these amino nitrogen 

levels, suggesting that nutrient availability at the end of the growing season played 

little part in determining differences in aphid performance and hence host resistance. 

It was unlikely, also, that major nutrient differences between provenances were 

involved before bud break since there were no differences between the provenances 

in bud break phenology in the experiment in 1983 or 1994 (and Kraus and Lines, 

1 976). 

There was an inverse relationship between aphid population density on a 

provenance and its growth performance signified by height after 9 years (Fig. 2). 

More strongly growing Sitka spruce provenances, it seems, support fewer aphids. 

There was a positive correlation between the population density of aphids 

hosted by a provenance and the amount of bark consumed by the large pine weevil 

in laboratory culture (Fig. 3). Although the provenance results for weevil feeding in 

this "no choice" trial were not statistically significant, a parallel experiment where 

weevils were given all 17 provenance stems from which to chose, proved highly 

significant (square root transformed damage levels, F = 3.629, df 17,414, p<O.01) 

(Henry and Day, in prep.). 

CONCLUSION 

Aphid populations on a range of Sitka spruce provenances were substantially 

different. Translated into the life of a forest and if consistent, such differences could 

mean the suppression of aphid populations to a level where needle loss was 

negligible (Day and McClean, 1991) and below a threshold where any economic 

damage could be perceived. This result is promising for efforts to incorporate aphid 

resistance into tree breeding programmes. 

The connection of aphid abundance with original latitude of provenance 

suggests that provenance-related phenology could be functionally involved, and 

since the only known phenological differences between Sitka spruce provenances in 



the British Isles correspond with shoot growth cessation (Kraus and Lines, 1986), the 

levels of sap nutrients available to aphids in October were measured. These proved 

to be not high enough to have a significant differential influence on aphid 

performance although they were related to provenance origin. The broad similarity in 

the date of budbreak and the existence of more aphids on stronger growing 

provenances also suggest nutrients are unlikely to be the prime cause of 

resistance/susceptibility. 

There were some similarities, but also differences, in the field results obtained 

prior to and after canopy closure in the provenance trial. Similarities in aphid 

susceptibility were evident in a provenance range from Oregon to British Columbia, 

but a major difference in results for the most northerly Alaskan provenance was also 

noted. This might suggest an element of temporal instability in resistance at the 

provenance level. Furthermore, the response of aphids to these provenances may 

not be locally consistent either since Danish results provide no evidence for trends 

based on the latitude of provenance origins (Harding et at., 1997). Despite this, there 

was a surprisingly good correlation between aphid abundance and pine weevil 

damage; these are two species which feed on the same plant but in a completely 

different manner, so a correspondence in resistance mechanism to both would seem 

unusual. Nevertheless, more convincing evidence for similar insect responses is 

emerging from work on the white pine weevil (Pissodes strobi) and the green spruce 

aphid feeding on white spruce in British Columbia (Alfaro, in prep.). 

There is little evidence from this investigation th,at differences in sap nutrient 

levels are responsible for different aphid population levels on the spruce 

provenances. Plant morphological differences could play a role, but more likely is a 

mechanism based on plant secondary metabolites; these seem already to be 

implicated in the choice of spruce species by the aphid (Nichols, 1984, 1987). 

Recent evidence strongly suggests that volatile substances in the epicuticular wax of 

needles determine the unsuitability of new Sitka, spruce foliage to Elatobium 

(Jackson and Dixon, 1996). Such allomones could act at high concentrations, but as 

kairomones at lower concentrations (Jackson and Dixon, 1996) and monoterpenes 

are known to decrease in concentration as the needie ages (Hruitfiord et al., 1974) 

and could operate in this manner. Monoterpenes, however, are not thought to be 

implicated in resistance of Scots pine to Hylobius (Selander and Kalo, 1979). The 

most striking known chemosystematic differences between Sitka spruce 

provenances are among polyphenols such as stilbene (Forrest, 1975) although the 

responses of either Elatobiurn or Hylobius to these substances is unknown. 

Nevertheless, both insect species respond to secondary plant metabolites at some 

distance from their sources (Jackson and Dixon, 1996; Nordlander et al., 1986) 

suggesting considerable potential for Sitka spruce volatiles in determining resistance 

to quite different pests. 
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SUMMARY 

The sawfly Diprion pini causes significant damage in Europe on Pinus sylvestris. 

The biological cycle of this pine sawfly demonstrated three different interactions 

between foliage and life stage: 11 the females which choose a plant to deposit their 

eggs; 21 the eggs which are inside a needle damaged by the females with their 

ovipositor and 3/ the larvae which eat the foliage. To evaluate the effect of foliage on 

the 3 life stages, oviposition tests with or without host-choice, feeding bioassays and 

egg survival tests were simultaneously performed. 

D. pini females were able to deposit their eggs on all the tested clones but 

demonstrated significant host-choice preference among Scots pine clones. Egg 

survival differed significantly between the clones. Eggs oviposited on some clones 

resulted in poor egg hatching. These experiments enabled us to determine 

P. sylvestris clones favorable and unfavorable to sawfly egg survival. Larval feeding 

bioassays revealed the importance of foliage quality to survival and development of 

D. pini larvae and permitted grouping clones into two categories according to their 

effects on larval survival. 

Nevertheless, no correlation was found between D. pini oviposition preference, 

egg survival and larval performance. Some clones were always suitable for the 

sawfly, others were always unsuitable and most were suitable for some life stages 

and unsuitable for the others. Consequently the differential response of adults and 



offspring could be used in P. sylvestris breeding programs to prevent high levels of 

insect populations. 

INTRODUCTION 

For many insects, egg and larval development is limited to the plant where the 

female lays its eggs. Consequently the oviposition site choice of these insects is an 

important factor in population dynamics. Several studies assumed that females 

choose their host-plants according to a parameter which reflects the value for its 

offspring (Thompson and Pellmyr, 1991 ; Tisdale and Wagner, 1991 ). 

Several recent studies showed that female insects don't lay eggs at random. 

There was classification of host by females (Craig et a/., 1989). But the host 

suitability for females and for larval performances were often different. In this way, 

the knowledge of tree effects on all the life stages are necessary in order to develop 

resistance to insect in tree selection programs. 

The pine sawfly Diprionpini causes significant damage to Scots pine (Pinus 

sylvestris) during outbreaks which are rare, unpredictable and devastating (Geri, 

1988). Auger et a/, (1 990; 1992) showed the importance of foliage quality on survival 

and development of Diprion pin; larvae. The first and second instars are the most 

sensitive of any instars to foliage quality. These instars move little and scarcely 

change of tree. Consequently, the oviposition preference of females of this species 

are very important for the success of offspring. In contrast to other defoliators, the 

eggs of the pine sawfly are inserted by females in the needles and exchanges take 

place between eggs and needles during development of the embryo (Eliescu, 1932). 

Variation in tree foliage quality or variation following these injuries may modify the 

hatching rate. 

In this paper, we report results of investigations that evaluated the biological 

and behavioral aspects of the relationship between Diprionpini and different Scots 

pine clones. The objectives of this research were: 

11 to determine suitability for oviposition and preference of adults among 

clones. 

21 to determine the impact of Scots pine clones on eggs. 

31 to confirm the foliage suitability of different clones for the larvae. 

41 to compare the egg survival rates, the larval performances and the 

oviposition choice on the different tested clones. 

MATERIALS AND METHODS 

The eight Pinus sylvestris clones selected in this study were grown in National 

Institute of Agronomic Research (INRA) nursery (Orleans, France). Vegetative 

copies, ramets, were grafted in 1987 and 1989. Three clones had been collected in 

Taborz (Poland) and five in Hagueneau (France). Based on larval performance, four 

clones were presumed suitable (clones 130, 133 and 872 from France and 586 from 

Poland) and four clones unsuitable for D. pini (clones 136, 147 from France and 

clones 588 and 649 from Poland) (Auger et a/., 1990, 1992). 

Third instar 0. pini collected in Fontainebleau Forest (France) in May 1996 

were reared under lab conditions (Goussard and Geri, 1989). The cocoons were 

stored in outside conditions under a shelter. Adults emerging in April 1997 were used 

immediately for oviposition tests in choice and non-choice experiments. Some of 

these adults were mated. Egg experiments occurred in May 1997 and larval 

experiments in June 1997 with the offspring of the earlier experiment. 

Egg tests were performed in the field at the INRA nursery. Two-host 

oviposition choice tests were performed in the laboratory (20°C. 16h30 of daylight). 

Non-host oviposition choice tests were conducted simultaneously in the field and in 

the laboratory. 

Field experiments 

No choice oviposition tests 

In no choice oviposition tests, females can lay eggs on only one kind of 

foliage. One female and one male were netted one per ramet and 10 ramets were 

used per clone. We observed the oviposition frequency (the number of females that 

laid eggs per clone). By needle dissection, we counted the number of eggs laid by 

each female (N) and by female dissection, we counted the number of eggs remaining 

in the female abdomen after death (n). We calculated (N/N+n): the ratio of eggs 

oviposited per female as oviposition performance. 

Egg survival tests 

Two experiments were conducted. Firs!, five females per clone were placed in 

individual nets in the field. Then the damaged needles were removed. The slits cut 



by each female were measured and the needles were dissected to count the eggs 

inside. Second, for each clone, 10 females were placed in individual nets and the 

length of slits were observed per female without removing the needles from the 

trees. Twelve days after the hatching of the first larvae, we counted the number of 

first instars alive and the number dead to determine the egg survival rate for each 

clone. Initial number of eggs was estimated using length of slits and regression 

equation between the number of eggs and the length of slits established from the 

previous experiment. The estimate of hatching number was confirmed by dissection 

of some needles of this second experiment. 

Experiments under controlled conditions 

Larval feeding tests 

One twig per clone was placed in a transparent plastic box (10 * 25 * 25 cm). 

Fifty second instars were placed in each box. The eight selected clones were tested 

with three replications per clone. The foliage was renewed every three days. Number 

of larvae still alive after 12 days, weight of cocoons and potential female fecundity by 

dissection were observed and female percentage were calculated. 

No choice oviposition tests under lab conditions 

No choice oviposition tests were performed by placing two freshly-cut twigs of 

one clone in a box (60 * 60 * 30 cm). One female and one male were selected 

randomly and placed in each box. There was only one female per box to avoid 

competition or stimulation between females. The oviposition performance (N/N+n) 

was determined for each female. A minimum of 15 tests was conducted for each 

clone. 

Oviposition choice tests 

Two twigs of two different clones were placed as previously described in a box 

with one female and one male. Twenty tests were conducted for each of the 28 pairs 

of clones randomized in blocks. After two days, we observed the clone on which the 

female deposited its eggs and how many times each clone had been chosen. The 

preference of a clone was quantified by the number of times it was selected among 

all the combinations in percent (oviposition preference rate). 

Statistical analysis 

Statistical analysis were processed using Statistica software. Nonparametric 

X2 tests were performed to compare oviposition frequencies in field and lab 

according to the clones and to compare oviposition preferences on the different 

clones. ANOVA was performed on oviposition performance with two factors 

(experiment and clone), on larval survival rates and egg survival rates with one factor 

(clone). Clones were classified according to Newman-Keuls tests for feeding 

bioassays and egg survival test. Classification of clones according to oviposition 

preference rates were performed with X2 tests for oviposition choice tests between 

two clones for all the combinations. Regression analysis were performed to estimate 

the number of eggs and to determine the relationship between egg survival rates, 

larval performance and oviposition preference rates. 

RESULTS 

No choice oviposition tests in lab and in field 

The oviposition frequencies in no choice oviposition tests were not significantly 

different among clones (X2 = 4.7; df = 15; p > 0.98 in field tests and X2 = 2.97; 

df = 15; p > 0.99 in lab tests). But the oviposition frequencies were higher in field 

(85 %) than in lab conditions (73 '10; X2 = 23.3; df = 15; p < 0.05). Oviposition 

performances (N/N+n) were not different between clones (F,,,, = 0.42; p > 0.89) nor 

between experiment conditions (F, ,,, = 1.88; p > 0.17). No interaction between 

clones and conditions has been noticed (F,,,, ~0.39;  p > 0.91). Results showed that 

all the clones tested were suitable for females to lay eggs in field or in lab conditions. 

Oviposition choice tests 

For the oviposition choice tests, X-est shows that females do not choose 

oviposition site randomly (X2 = 22.1; df = 7; p < 0.01). The mean values for each 

clone are presented and ranked in Table 1. Comparisons two by two showed a 

classification of clones according to female choice from clone 133 to clone 586 

(Table 1). 

Egg survival tests 

The slit length (L cm) made by a female was significantly linked to the number 

of eggs oviposited (P = 0.99; p < 0.01 ; n = 40). This relation was independent of 

clone and of the number of needles damaged. The number of eggs oviposited (E) 

may be estimated by " E = -0.9 + 6.5 * L ". 



'I'able I,  Oviposition prefitrence rates and progeny performances of Dipriorz pirti on 8 Pinus sy1ve.stri.s 

clone\. I I  tnenns that the clone was collected in Hagueneau and T in Taborz. According to 

previouq st~tdy, the s~~itable clones were noticed S and unsuitable U. Results of classifications 

are indexed (Newmann-Keuls or x2 tests, p < 0.05). 

Clone Origin and Oviposition Larval survival Egg survival 
number classification preference (%I) (%) (%) 

130 W S I 3.7 d 73.3 70.2, 
133 H S 1.4, 77.3 52.1 h~cl  

136 li U 10.4 h, 13.3, 67.3, 
147 W U 8.0 h 4.0, 8.3, 
586 T S 23 O f  72.6 45.0 h, 
588 'I- U 13.0Ld 5.3, 57.8 ,d, 

649 T U 16.2, 2.6 ,I 42.3 ,, 
-- 872 W S 14.3, 76.0 61.9 ,fe 

'I'able 2. ('lassification of 8 Piitus s.ylve.stri.s clones according to D. pini oviposition preference and 

progeny performance cornpared to mean values. Clone were represented by their INRA 

clone number. 

---- - - --- 
Larval surv~val 

-- < IS% > 70 % 
Egg survival (5%) Egg survival (941) 

- < 50.6 > 50.6 < 50.6 > 50.6 
Oviposition preference Oviposition preference Oviposition preference Oviposition preference 

< 12.5 > 12.5 < 12.5 > 12.5 < 12.5 > 12.5 < 12.5 > 12.5 

There was a significant difference among clones in egg survival rates 

(F,,, = 25.1 ; p < 0.0001) (Tab. 1). But there was no significant relationship between 

egg survival rates and oviposition preferences (p > 0.79). 

Larval feeding tests 

Larval survival rates were significantly different based on the foliage eaten 

(F, ,, = 253; p < 0.0001), revealing two categories of clones for larvae in agreement 

with the anticipated categories (Tab. 1). Cocoon weight, percentage of females 

among all the cocoons and female fecundity were also decreased by unsuitable 

foliage compared to suitable foliage. 

However larval survival rates were not significantly linked to egg survival rates 

(p > 0.31) or to oviposition preferences (p > 0.88). In addition, product "egg hatched 

number x larval survival rate" considered as an estimation of the offspring survival 

rate, was not correlated to the oviposition preference (p > 0.17). 

Mean egg survival rates among clones was 50.6 O/O and mean oviposition 

preference was 12.5 O/O. Table 2 summarizing clone characterizations by comparison 

to these mean values shows the diversity of their aptitude to ensure sawfly 

development. 

DISCUSSION 

Results of biological tests clearly indicated that there were three different 

response patterns of D. pini life stages in relation to Scots pine clones. Oviposition 

choice tests revealed that females discriminate between the Scots pine clones. 

Choice of an oviposition site is not based on the value of host for its offspring. Tables 

1 and 2 clearly show that there was no correlation between the three life stage in 

terms of preference. In other words, clones that are preferred by adults may not be 

the best for larval performance. However when they are forced, females can lay eggs 

on any clone. For instance if a female finds only clone 133 in a stand or in periods of 

overpopulation, it can lay eggs and develop on this clone. Consequently care must 

used in selection trees that will be used as trap tree for example. A clone that may be 

resistant based on adult choice may be susceptible based on larval performance. 

Important factors could explain the diversity in insect-plant interactions we 

observed. These factors include competition or predation. D. pini larvae accumulate 

compounds from foliage and form oviposition repellent droplets against conspecific 



females (Hilker and Weitzel, 1991). In addition, Bjorkman et a/. (1997) found a strong 

relationship between predation by ants and oviposition preference of the sawfly 

Neodiprion sertifer. But our experiments were conducted in the absence of predation 

or competition and these factors did not affect our results. 

Others factors can be directly linked to the host-plant, such as morphology 

(Rausher, 49-78), hardness (Constant et a/., 1996), density and presence of certain 

secondary compounds (Feeny et a/., 1997). Neodiprion sertifer females seem to prefer 

to lay eggs on foliage with high resin acid concentrations (Bjijrkman et a/., 1997). 

Monoterpenes of D. pini larval droplet seem to be repellent against females. All these 

factors can be linked or may act simultaneously on the host-choice of females. For 

example, in a very high insect population, competition between insects and poor 

density of host-plant might act on the choice made by females. Foliage 

characterization will be the subject of further investigations. 

The foliage eaten had a significant effect on larval development. D. pini larvae 

survived well on four of the eight clones, as expected according to the results of 

Auger et a/. (1 990; 1992). Our results support these studies and shows the stability 

of clone value for larvae. Moreover, there were significant differences of egg survival 

rates on f3. sylvestris clones. But the effects of foliage on the eggs and larvae were 

significantly different. Sometimes when we evaluated egg survival rates, there were 

dead first instars but we counted them in eggs that hatched. In fact, D. pini first 

instars are the most sensitive to foliage quality as for Neodiprion fulviceps (Wagner 

and Zhang, 1993). A tree favorable for egg development could be unfavorable for 

larvae and we once found the opposite situation. 

Wagner and Frantz (1990) showed that, in response to a water stress 

treatment of Pinus ponderosa, egg survival of the sawfly Neodiprion fulviceps was the 

most significant affected parameter of the biology of the insect. Our study revealed 

that eggs may be the critical stage of the development of D. pini. Variations of the 

foliage quality according to an abiotic stress might act on the D. pini - P. sylvestris 

interaction. Many authors have reported insect outbreaks associated with periods of 

drought stress (Mattson and Haack, 1987). The results presented here correspond to 

the performance of D. pini on P. sylvestris in a non-drought period. Future researches 

will examine the clone suitability for D. pini in drought period. 
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RESUME 

Diterpene resin acid concentrations in ponderosa pine (Pinus ponderosa) 

were determined for trees phenotypically resistant and susceptible to the pine sawfly, 

Neodiprion fulviceps (Cresson). Nine diterpene resin acids were identified in 1 year- 

old needles including pimaric, sandaracopimaric, levopimaric, palustric, isopimaric, 

abietic, dehydroabietic, neoabietic and isocupressic acids. Levopimaric and palustric 

acids were significantly higher in trees that were phenotypically susceptible to pine 

sawflies based on paired-t test analysis. Larval survival tended to increase with 

increases in levopimaric and palustric acid but this relationship was not significant. 

Resin acids do not appear to serve as defensive compounds in ponderosa pine to 

pine sawflies, but may play other roles that improve sawfly survival. 

INTRODUCTJON 

Variation in the susceptibility af forest trees is a widely observed 

phenomenon. Environmental and genetic factors both contribute to phenotypic 

differences in susceptibility. Previously we examined host plant traits that were 



associated with ponderosa pine resistance to pine sawflies (Wagner a ~ d  Zhang, 

1993). Our previous work indicated that anatomical and nutritional factors were most 

likely responsible for observed patterns. Terpenes were not useful in distinguishing 

resistant from susceptible trees. However, previous work examined lower molecular 

weight compounds including monoterpenes, oxymonoterpenes, and sesquiterpenes 

but did not include the higher molecular weight diterpene resin acids. 

The role of diterpene resin acids in tree resistance to pine sawflies has 

recently been reviewed (Geri et. al, 1993). Resin acids cause toxicity in several 

animal taxa and have been previously shown to serve as antifeedants in young 

foliage of Pinus banksiana to Neodiprion swainei and N. rugifrons (All et al., 1975). 

For Neodiprion sertifer on Pinus sylvestris, high resin acid has a negative effect on 

young larvae but may have positive effects on older larvae (Larsson et al., 1986). 

However, Buratti et al. (1990) found no effect of increased resin acid on the sawfly 

Diprion pini. While no general pattern has emerged, there is some evidence that 

resin acids could play a role in resistance among pines to pine sawflies. 

Because our previous examination of defensive chemistry in ponderosa pine 

did not include an examination of diterpene resin acids, we decided to test these 

compounds in the same trees used in the previous study by Wagner and Zhang 

(1 993). In this paper we report that no resin acid was higher in sawfly resistant trees 

than in susceptible trees and that two resin acids (levopimaric and palustric) are 

higher in susceptible trees. 

MATERIALS AND METHODS 

General methods included the selection of ten matched tree pairs (one 

resistant and one susceptible to Neodiprion fulviceps). Trees were located during 

sawfly outbreaks in 1986. Within a pair, the resistant tree had no visible defoliation 

while the susceptible tree was heavily defoliated by 'N. fulviceps. A series of insect 

bioassays were conducted including: field natural bioassay, field caged bioassay and 

laboratory bioassay. All bioassays conclusively showed that all measures of insect 

survival (egg, larval, total) were higher on susceptibie than resistant trees (Wagner 

and Zhang, 1993). For additional experimental details see Wagner and Zhang 

(1 993). 

Fc results reported in this paper we resampled all trees used in our 

original experiments (Wagner and Zhang, 1993). Foliage was collected in May 1997 

from the ten resistant and susceptible trees during the usual period of N. fulviceps 

feeding. During 1997 no sawflies were present at this site. For purposes of 

correlation analysis between resin acids and sawfly performance we used data from 

the laboratory bioassay conducted in 1988. 

Sample Preparation 

Approximately 2 g ponderosa pine foliage was extracted in 20 mL anhydrous 

diethyl ether. Samples were spiked with 600 mg heptadecanoic acid as an internal 

standard. Extracts were separated into neutral and acidic fractions using micro 

DEAE-Sehpadex columns prepared by the method of Magee and Zinkel (1986). 

Neutral fractions were eluted with a solvent mixture of 79:20:1 (ether, methanol, 

water). The acidic fraction was eluted with the above solvent acidified by bubbling 

CO, through the mixture for more than 20 minutes. 

The acidic eluate was evaporated under nitrogen and the resin material re- 

dissolved in diethel ether. Methyl ester derivatives of the resin acids were formed by 

the micromethylation method of Schwartz and Bright (1 974). Pi-methyl-N-nitroso-p- 

toluene-sulfonamide in 2-(2-ethoxyethoxy) ethanol and diethyl ether was used as the 

methylating reagent. Additional sample preparation details are repeated in Magee 

and Zinkel (1 986) and Schwartz and Bright (1 974). 

Analytical Method 

Resin acid methyl ester derivatives were analyzed by capillary column gas- 

liquid chromatography on a Hewlett-Packard model 5890 series I1 gas 

chromatograph equipped with an on-column injector and a flame ionization detector. 

Chromatographic separation occurred on a HP-1 Hewlett-Packard 30 meter, 0.25 



mm i.d. fused silica capillary column with a 0.25 um-thick film of methyl silicone liquid 

stationary phase. Helium was used as the carrier gas and nitrogen was used as a 

makeup gas. The gas chromatograph was programmed to hold at an initial 

temperature of 170 degrees C for 16 minutes and ramped at 2 degrees C per minute 

to a final temperature of 250 degrees C. Total run time was 60 minutes. GC 

analysis was based on Hans and Zinkel (1990) and Zinkel and Hans (1986) with 

minor modifications (e-g. longer column length and slower temperature ramping). 

Peak areas were quantified with a Hewlett-Packard 3396A integrator and 

resin acid concentrations were calculated by comparison with the peak area of a 

krlown quantity of internal standard added to each sample. Resin acid compounds 

were identified by order of elution and retention time after comparison with an 

analyzed resin sample provided by Duane F. Zinkel known to contain all of the 

common resin acids. Additionally, pimaric, sandaracopimaric and levopimaric acids 

in sample extracts were confirmed by comparison with retention time of eluted single 

compound standards. Abietic acid in samples was confirmed by GUMS. 

Statistical analysis 

Paired t-test was used to compare resin acids between resistant and 

susceptible trees. Homogeneity of variance tests indicated homogeneous variance 

in all variables. Regression analysis was used to determine the relationship between 

resin acids that were significantly different based on the t-tests and larval and total 

survival. Alpha to reject the null hypothesis was set at - = 0.05. 

RESULTS 

The analytical methods used resulted in 9 diterpene resin acids that could be 

identified (pimaric, sandaracopimaric, levopimaric, palustric, isopimaric, abietic, 

dehydroabietic, neoabietic, isocupressic acids) and two unidentified resin acids. 

Neoabietic acid was the most abundant resin acid followed by isocupressic acid (Fig. 

1). Levopimaric and palustric acid were both significantly (n = 10, p = 0.012 and p = 

0.04 respectively) higher in sawfly susceptible trees than in sawfly resistant trees 

(Fig. 1). 

R~rcrression analysis failed to show a significant correlation between larval 

survival or total survival for either levopimaric or palustric acid (Fig. 2 & 3). However, 

for all of the regression analyses the trend was for sawfly survival to increase when 

concentrations of resin acid increased. 

[3 Resistant 

a Susceptible 

Figure 1. Resin acid concentration in ponderosa pine needles frorn sawfly resistant and susceptible 
trees. Different letters above the bars indicate significant differences based on paired t-test. Resin 
acid codes include: pimaric (pim), sandaracopimaric (sand), levopimaric (levo), palustric (pal), 
isopimaric (isop), abietic (abi), dehydroabietic (dehy), neoabietic (neo), isocupressic (isoc). 
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Figure 3.  Neodiprion fulviceps larval (top) and total survival (bottom) as related to concentrations 
of palustric acid in ponderosa pine foliage. Iigure 2. Neodzprion~firlviceps larval (top) and total survival (bottom) as related to concentrations 

of levop~maric acld 111 ponderosa plne foliage. 



CONCLUSIONS 

It appears that diterpene resin acids in ponderosa pine are not functioning as 

defensive chemicals against Neodiprion fulviceps. If these compounds were playing 

an antifeedant function as reported for Pinus banksiana (All et al., 1975; Schuh and 

Benjamin, 1984a, b) then we would expect to see lower survival on those trees with 

higher resin acids. This was not the case. For seven of the resin acids (pimaric, 

sandaracopimaric, isopimaric, abietic, dehydroabietic, neoabietic, isocupressic) there 

was no significant difference between susceptible and resistant trees. In total, these 

resin acids comprise the vast majority of total resin acids in ponderosa pine foliage. 

In general, sawflies obviously tolerate high concentrations of these compounds 

without difficulty. 

The higher concentration of levopimaric and palustric acid in susceptible trees 

tends to support the role of these compounds as phagostimulates or possibly as 

larval defensive compounds (Larsson et al., 1986; Buratti, 1988). However, 

commercial samples of these two compounds were determined to be effective larval 

antifeedents for Neodiprion dubiosus, N. rugifrons, and N. lecontei (Schuh and 

Benjamin, 1984a, b), Most likely, the effect of diterpene resin acids is dependent on 

the pinelpine sawfly system and concentration of these compounds. It is also quite 

possible the sawflies regulate the levels of certain resin acids in their diverticular 

pouches that store sequestered resin. Eisner et al. (1974) reported that both 

levopimaric and palustric acids were higher in diverticular pouches of Neodiprion 

sertifer than in the foliage of their host, Pinus sylvestris. Apparently the sawflies 

obtain these compounds by chewing on branches where those compounds occur in 

higher concentration than in needles. We have observed this branch-chewing 

behavior for several species of sawflies that feed on ponderosa pine. These 

observations lead us to believe that much more needs to be known about the role of 

resin acids in the interaction between pine sawflies and pines. 
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I 
RESUME 

The oak species, Quercus petraea and Q. cerris, are two of the main host 

plants of gypsy moth larvae in areas of frequent outbreaks in middle and eastern 

Europe. Although gypsy moth larvae are well known as highly polyphagous 

herbivores, we found high variability, but also significant differences in growth and 

development caused by feeding on these two oak species. 

Comparing two gypsy moth populations (one from Austria and one from 

Slovakia), which had been fed with fresh oak leaves in the lab, both gypsy moth 

populations developed faster and gained more weight on Q. cerris than on Q. 

petraea during their early instars. This changed during the fourth instar, thus female 

pupae from Q. cerris-larvae were significantly larger and the adults laid significantly 

more eggs than those from Q. petraea. 

Field studies also showed a clearly faster development with less mortality of 

the caged gypsy moth larvae feeding on Q. cerris compared to those on Q. petraea. 

Furthermore, pupae of both sexes from larvae which fed on Q. cerris had significantly 

higher weights than those from Q. petraea. 



To reduce the variability in food quality and to study the causes of the more 

favorable development at conditions for gypsy moth on Q. cerris, we fed gypsy moth 

larvae with a leaf diet which was prepared from lyophilized leaf powder of one single 

host tree of each species. Those larvae which were fed on Q. petraea-diet showed 

two different patterns of development: 40% of the male and 50% of the female larvae 

developed synchronously with Q. cerris-larvae, but had reduced growth rates and 

minor pupal weights (i'OO/O with males, 80% with females). The rest of the tested 

larvae went through a supernumerary instar and yielded a similar pupal weight as 

larvae on Q. cerris-diet, however, at the cost of a prolonged developmental period. 

Biochemical analyses of the leaf-powder revealed a markedly higher variation 

of nutrients and allelochemicals in Q. petraea during the period of leaf maturation 

compared to Q. cerris. However, to answer the question, which compounds are 

responsible for the minor suitability of Q. petraea for the development of gypsy moth 

larvae, further studies are required. 

INTRODUCTION 

The gypsy moth is a common pest of oak forests in Austria and its eastern and 

south-eastern neighbors Slovakia and Hungary. In Austria outbreaks of gypsy moth 

mainly occur in mixed oak forests, where Quercus petraea and Q. cerris are the 

dominant tree species. Hatching of the larvae coincides well with budbreak of Q. 

petraea during late April, while leaves of Q. cerris begin to develop about 2 weeks 

later. Q. petraea leaves might serve as the primary food source for the young larvae 

which probably switch to the Q. cerris diet. In Slovakia, however, oak forests are 

dominated by Q. cerris and outbreaks are more frequent and have higher intensities 

than in Austria. 

The aim of this study was to examine the influence of the food quality of the 

two oak species on larval performance and fecundity of gypsy moth. In a first step we 

wanted to investigate whether the Austrian andlor the Slovakian gypsy moth 

population differ in their demands on food quality. Thus, we tested the development 

and growth of both populations on fresh foliage of both oak species under laboratory 

and field conditions, and - to minimize the effect of food variability - we reared larvae 

on leaf powder diet made from two tree individuals of each species. Biochemical 

analyses of the oak diets should provide first information about nutrient components 

which nr~yht influence larval development. 

MATERIAL AND METHODS 

Insect material 

Gypsy moth larvae which were tested for developmental differences due to 

their origin, came from egg clusters which were collected from the field in Austria and 

Slovakia in autumn 1995. Those which were tested for differences in their 

development on both oak powder diets in the laboratory were obtained from the 

USDA - APHIS Methods Development Center in Otis, MA (U.S.A.). 

For laboratory investigations 50 larvae each from both Austrian and Slovakian 

origin were reared under standardized conditions, at 20' C, 65% r.h. and a 16-hr 

photoperiod on fresh leaves from five 40 to 60-year old Q. petraea and Q. cerris 

trees. First and second instar larvae were kept in groups of 50, later instars singly on 

Petri dishes. Fresh leaves were provided daily. 

Larvae were weighed during the premolt into the next instar. Duration of time 

of each larval stage was determined by the time of molting. Head capsules and 

exuviae were collected and weighed. Pupal mass was determined at day three after 

pupation. At the time that larvae were assigned for the feeding experiment, randomly 

selected aliquots of 10 larvae were also taken from both oak species to calculate an 

initial wet-to-dry weight ratio for the insects. Head capsule and exuvia weights were 

subtracted from the calculated dry weight of the premolting stage to determine the 

initial dry weight of the instar. For eclosion the adult moths were kept separately in 

mating boxes. After mating and oviposition egg masses were weighed and counted. 

To study the development of gypsy moth larvae under field conditions, a total 

pool of 250 newly hatched larvae were placed for rearing on each host species. 



Larvae were caged in cotton bags on twigs of 20 tree individuals from both oak 

species. Each bag held 5 first instar larvae with an adequate food supply for several 

days. The bags were transferred to another twig when food was running short. Larval 

development and mortality were controlled every two to three days, starting on May 

3Id. 

The use of a leaf powder diet should help us to find components which might 

explain the different suitability of the oak species for gypsy moth larvae. To eliminate 

the variability in the biochemical composition of leaves between trees of the same 

species we sampled only one tree individual of Q. petraea and one Q. cerris tree. 

The trees were similar in age, exposition, and tree vigor. Leaf sampling for the diet 

corresponded with the feeding period of the larvae on Q. petraea in the field in 

spring 1996: twigs were randomly cut from throughout the crown on May 8th (1'' and 

2""nstar), May 24"' (3rd instar), June loth (4'h instar), and June 21'' (5th and following 

instars), while Q. cerris leaves - due to the retarded budburst - were first harvested 

on May 14@' ( ISt and dnd instar). Dates of the other collections were identical for both 

trees. 

Based on the method reported from Sheppard and Friedman (1992), we 

replaced the total nutrient content of the high wheat germ diet, which is commonly 

used in gypsy moth mass rearing (Bell et al., 1981), by oak leaf material. After 

cutting, the leaves were immediately ground in liquid nitrogen, lyophilized and milled. 

Leaves from each collecting date were combined into single samples. 15 g agar was 

mixed with 825 ml of boiling distilled water. After cooling to 50°C 165,5 g oak leaf 

powder was added together with 2 g sorbic acid and 1 g methylparaben for 

preservation. 

Since no test moths were available from local populations in spring 1996, we 

used gypsy moth egg masses from our lab culture originating from APHIS (U.S.A.) 

for the experiments with the leaf-powder diet. During the experimental period test 

larvae were kept at 20°C and LD conditions (16h light:8h dark). For each oak species 

larvae from 6 egg masses (approximately 1800 larvae) were reared in groups on the 

leaf powder diet from the beginning of their first instar up to the premolt into the 3rd 

instar. Then 50 synchronously molting larvae were separated individually in Petri 

dishes. The leaf diet was replaced every second day. 

Bioch~rnical analyses of the oak leaves 

Aliquots of the frozen powder were pulverized in a sample mill (MM2, Retsch) 

and extracted with hot distilled water (4%, wlv). Organic acids were determined in the 

water extracts by ion chromatography with suppressed conductivity detection (Winter 

et al. 1997). Separation of organic acid anions was achieved by linear gradient of 

NaOH (0.5 mM to 37.5 mM within 14 min) on an anion-exchange column (lonpac 

AS1 1; 250 mm long, 4 mm I.D.; Dionex). Low molecular weight carbohydrates and - 

cyclitols were estimated as their trimethylsilyl derivatives by GLC. Derivatization was 

~erformed with BSTFA and TMCS (10 + 1) in pyridine for 45 min at 75' (Richter 

1992). Amino acids were analyzed by HPLC using the post-column derivatization 

method with ninhydrine (Kedenburg 1971). For determination of starch content, 25 

mg of the finely ground powder was extracted with 1 ml 80 % ethanol at room 

temperature, centrifuged and the pellet reextracted twice with 1 ml of 96 Oh ethanol 

at 60°C. Dried pellets were then incubated with heat-stable ol-amylase (from BaciNus 

licheniformis) at 85OC for 30 min. Aliquots of the supernatant were incubated with 

amyloglucosidase (from Aspergillus niger) in 20 mM sodium acetate (pH 4.6) at 55OC. 

The reaction was terminated after 30 min by addition of 0.5 ml chloroform. Glucose 

was quantified by HPLC on an anion-exchange column (Carbopac PA 100; 250 mm 

long, 4 mm I.D.) as described by Winter et al. (1997). Total protein content was 

estimated according to Peterson (1 977) using bovine serum albumin as a standard. 

We used a single extract preparation from each leaf sample for the three 

tannin assays. Leaf material (60 mg) was extracted twice for 8 min with 4 ml of 

boiling 50% (vlv) aqueous methanol in a centrifuge tube (capped with a marble) 

placed in a heat block at 95OC. After centrifugation the volume of the combined 

supernatants was adjusted to 10 ml, and aliquots of the stock solution were used in 

the following procedures. To measure the total phenolic content we used the Folin- 

Denis assay after the method of Swain and Hillis (1959; modified by Martin and 

Martin 1982). Results were calculated in tannin acid equivalents (TAE). We 

measured condensed tannin concentrations by the method of Govindarajan and 



Mathew (1965), which is based on the hydrolytic conversion of proanthocyanidins to 

anthocyanidins. Condensed tannin data are presented as quebracho equivalents. 

Protein-binding capacity of the tannin extracts was determined according to Martin 

and Martin (1982), and results are expressed as mg BSA (bovine serum albumin) 

precipitated per g of dry leaf tissue. 

Statistical analysis 

Mean values were compared by ANOVA and Scheffe test or with equal 

numbers of replicates by Student-Newman-Keuls (SNK) procedure. Significant 

differences were tested at Pc0.05. Biochemical analyses were performed at least in 

two replicates and the mean value of both are displayed. 

RESULTS 

Larval performance on fresh leaves 

The duration and mode of development of the Austrian moth population reared 

under laboratory conditions on both oak species are displayed in Fig. 1. Most of the 

males and females developed through 5 instars; 19% (5 of 27) of the tested females 

on Q. cerris and 9% (3 of 33) of the females on Q. petraea needed six instars before 

reaching the pupal stage. 

The main groups (without a supernumerary instar) did not significantly differ in 

their total development on both oak species, but females reared on Q. cerris had 

markedly higher mean pupal masses than those fed with Q. petraea leaves (Fig. 1) 

and 1"' and 3'"nstars as well as the pupal stage of the Austrian population and 1'' 

instar of Slovakian larvae were significantly longer on Q. cerris (Fig. 2). 

Young larvae from both origins gained more weight (up to the 3rd instar) when 

fed with Q. petraea-leaves, - indicated by different initial dry weights of 3rd instars on 

both host trees (Fig. 3). The situation changed during the 3'"nstar (resulting in 

similar initial dry weights in the 4'h instar). At the beginning of the !jth instar females 

reared on Q. cerris already had higher initial weights (Fig. 3). 

Quercus cerris (leaves) 

Quercus pelraea (leaves) 

md e 

93 3 % 

6 7 %  

female 
9 1 2 %  

88% 

Figure 1. Mode of the development of gypsy moth larvae (L3 - pupa (=P)) fed with fresh oak leaves 
of Q. petraea or Q. cerris. The width of the bars reflects the relative number of larvae of the various 
developmental groups for each sex; the number ~nside the gray bars shows the mean pupal fresh 
weight, measured at the 3'" day after pupation; at the x-axes, the days after hatching are given. 

Table 1. Mean female pupal dry weight (mg dwt) and mean number of eggslcluster laid by gypsy 
moth females from two populations (AzAustria, SK=Slovakia) developing on fresh leaves of Q~ierctis 
cerris or Q. petraea. 

origin female pupa (dwt) eggslcluster 

n x S. I). x S.D. 

Q. cerris A 27 498,8 1 1  1,0 730 108.6 

SK 33 527,s 147,6 704 158.0 
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Figure 2. Mean dutatton of development (A S.D.) of Austrian and Slovakian gypsy moth of both 
sexcs (n~=male, f-female) from the 1" ~nstar ( l l )  to the pupal stage (pupa) fed wlth oak leaves of 
Q~iel  i ~ r \  petrnecr (@?) or Q cerri.s (Qc) in days at 2O0C and LD-eondltlons; * = s~gntiicant 
dtf ict ericec bctween the values of the co~-respondtng bars (P20.05). 
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Figure 3. Mean initial dry weight (mg dwt, k S.D.) of gypsy moth larvae (3'' to 5"' instar (L3 - L5)) 
and pupae (3rd day after moulting) of both sexes (m=male. f=female) which developed on oak leaves 
of Quercus perravu (Qp) or Q. cerris (Qc) without a supernumerary 6'h instar; * = significant 
differences between the values of the corresponding bars (P<0.05). 

Table 2. Median day (x,,,) and interval between the first and last occurrence of the various instars of 
gypsy moth after caging on branches of the two oak species (rnin., m a r  in days after exposure in LI;  
n=250 per host species) in the field; mort. = sum of mortality at the median day of each instar (in 96). 

Quercils cerris Quercus petraecr 
instar x,, min max mort. x,, rnin max mort. 

L1 4 0 7 0 5 0 I0  17.2 
L2 9 3 14 3.6 13 3 24 29.6 
L3 18 5 31 11.6 27 5 49 44.2 
L4 27 17 38 12.6 37 17 56 48.0 
L5 38 19 56 16.8 51 33 68 57.6 
L6 45 26 63 17.2 59 45 72 59.6 

Table 3. Mean pupal fresh weight (mg) of gypsy moths which were caged as larvae on branches of 
the two oak species. 

Quercus cerris Quercus petraea 

Pupa x S.D. n x S.D. n 

male 369 74 45 273 56 16 
female 861 327 14 591 95 14 



The higher pupal masses of moths reared on Q. cerris corresponded well with 

the mean number of eggs laid by the eclosed females, which was nearly twice as 

rriuch as from females developed on Q. petraea-leaves (Tab. 1). 

Development of caged larvae in the field 

Under field conditions the caged gypsy moth larvae developed markedly faster 

on 0. cerris-trees than on 0. petraea, especially from the 3rd instar onwards (Tab. 2). 

Larval mortality was significantly higher (Pc0.05) on Q. petraea trees, which was in 

corrtrast to our experiments with larvae fed on fresh leaves in the lab. One reason 

might be a higher impact of predators, like pentatomids on Q. petraea than on Q. 

cerris. Despite a shorter development the caged larvae performed markedly higher 

(P~0.05) pupal masses on Q. cerris than on Q, petraea-trees (Tab. 3). 

Larval performance on leaf powder diet 

Since leaf quality often varies enormously among tree individuals of the same 

species and even between branches of the same tree, we tested larval performance 

on leaf powder diet from a single tree individual of each oak species. The leaves 

were collected at four time points during gypsy moth feeding period from the 

beginning of May until the 3& week of June. Gypsy moth larvae were fed with diet 

made from leaves of the respective collecting date that corresponded to the age of 

the larvae in the field. 

All tested male larvae on Q, cerris-diet (n=19) developed through 5 instars and 

pupated about 35 days after molting into the 3rd instar (Fig. 4). Their mean pupal 

mass (534 mg) was similar to the value of Q. cerris-leaf feeders (451 mg, n=23). 

Female larvae on Q. cerris-diet (n-24) mainly developed through 6 instars and took 

about 10 days longer than males to reach the pupal stage. Their mean pupal weight 

was 1600 mg, which was equal to the pupal mass of the main female group reared 

on fresh Q. cerris-leaves (1550 mg). Leaf feeding larvae, however, developed 

through only 5 instars, while diet feeding larvae needed 6 instars. Only 2 out of the 

30 tested females needed 5 instars, and 1 larva even needed 7 instars to pupate. 

On Q. petraea-diet only 40Qh of males developed through 5 instars, while 60% 

of male larvae needed 6 instars (in total 5 days longer than 5-instar males). While 

Quercus cerrk (diet) 

Quercus petraea (d let) 

days 

Figure 4. Mode of the development of gypsy moth larvae (L3 - pupa (=P)) fed with leaf powder diet 
of Q. petruea or Q. cerris. The width of the bars reflects the relative number of larvae of the various 
developmental groups for each sex: the number inside or bes~de the bars shows the mean pupal fresh 
weight, measured at the 3rd day after pupation; at the x-axes, the days after hatching are given. 

carbohydrates 

Q. petraea Q. cerris 

n l;mtol 1 
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Figure 5: Content of soluble carbohydrates (hexoses, starch, quercitol) in leaves of Quercuspetruea 
and Q cer-t-is (96 dry weight) at several time points during spring 1996. 



development of the 5-instar males on Q. petraea-diet lasted for the same period as 

all the tested male larvae on Q. cerris-diet, their mean pupal mass amounted to only 

70% of that of Q. cerris-larvae. On Q. petraea-diet, 6-instar males gained a similar 

pupal mass like the pupae on Q. cerris-diet. 

With females on Q. petraea-diet we observed a similar developmental pattern: 

54% developed through 6 instars, 42% through a supernumerary 7th instar, and 1 out 

of the 24 tested larvae even needed 8 instars to pupate. Again, 6-instar females 

developed synchronously with female larvae on Q. cerris-diet, but gained only 77% of 

the pupal mass of the latter ones. Females with a supernumerary 7'h instar, however, 

did not differ from Q, cerris 6-instar-females, 

Although the condition for gypsy moth development seemed to be more 

favorable on Q. cerris-diet, we observed a higher mortality rate (40%) during 

metamorphosis and eclosion than on Q. petraea-diet (1 0%). These results indicate 

nutritional imbalances in the leaf powder diet of Q. cerris. On neither one of the diets 

we found any mortality during the larval stadia from the 3rd instar onwards. 

Biochemical analyses 

To gain insight into the nutritional relationships between the oak species and 

gypsy moth's performance we analyzed the main dietary components of the leaf 

powder used. 

Carbohydrates 

The content of carbohydrates was distinguished between soluble sugars, 

starch and cyclitols. Soluble sugars were dominated by sucrose, glucose, and 

fructose, the pool of cyclitols by quercitol, which amounted 70% of all cyclitols 

detected. The total amount of hexose was calculated as Chex = GIu + Fru + Suc and 

the amount of starch as glucose (Fig. 5). 

Differences in sugars between both oak species were mainly found in samples 

of the first and the last leaf collecting dates. While the very young Q. petraea-leaves 

already contained twice as much sucrose and fructose as the Q. cerris-leaves, we 

found the nearly opposite situation in the leaves of the last collecting date. 

The concentration of starch, that gypsy moth larvae are obviously able to 

digest (unpubl. data), did not differ very much between the oak species and 

amounted 3 to 4% of the leaf dry matter during the last three collecting dates. In the 

young developing leaves, however, starch content was generally very low. These 

young leaves, however, contained high levels of cyclitols (quercitol, viburnitol, 

leucanthemitol, syllo- and myo-inositol) which are known to play an important role as 

metabolically compatible storage compounds during leaf expansion and periods of 

stress (Popp et al., 1997). Their concentration decreased markedly from the 

penultimate to the last collecting date in Q. petraea, but remained high in Q, cerris- 

leaves. 

Amino acids and protein content 

The concentration of free amino acids was highest in emerging leaves and 

levels were again higher in Q. petraea-leaves (Fig. 6). During leaf development, 

however, the soluble amino acids, specially the dominant ones, arginine and 

asparagine, dropped significantly in Q. petraea foliage from the first to the second 

collecting date at late May. This decline was less pronounced in Q. cerris leaves. 

Protein content was also highest in the youngest leaves of both Q. petraea 

and Q. cerris. While in Q. petraea-leaves leaf proteins decreased until mid-June and 

increased again at the end of June, the fluctuations were much lower in Q. cerris- 

leaves (Fig. 6). 

Organic acids 

In the leaf extracts of Q. petraea and Q. cerris quinic and shikimic acid were 

the dominating organic acids (Fig. 7). Comparing the oak species, we found that 

quinic acid was markedly higher in the emerging leaves of Q. cerris, while, on the 

other hand, young Q. petraea-leaves showed a markedly higher level of shikimic 

acid. Both acids decreased with time in Q, cerris, like it did for shikimic acid in Q. 

petraea-leaves. The quinic acid concentration, however, was higher in Q. petraea- 

leaves than in Q, cerris at the second (late May) and the last collecting date (end of 

June). 



Figure 6. N-concentrations of total protein content (bars) and in soluble amino ac~ds  (N-aa) (I~nes) in 
mglg dry weight (dwt) of leaves of Qzrercus peiraea (Q.p.) and Q. cerris (Q.c.) at several time points 
dur~ng spring 1996. 
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Figure 7: C'oncentratron of shikirnic acid (Ilnes) and qulnlc actd (bars) In pmol/g dry we~ght (dwt) In 
lcavcs of  Q~1ctt.r rr,\ prfriIitn and c) ct.rri.5 at several time polnts durlng sprlng 1996. 
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Figure 8: Content of phenolic compounds: total phenolics in tannie acid equivalents (mg TAE/g dry 
weight), condensed tannins in Quebracho-equivalents (mg QElg dry weight), and protein precipitation 
capacity (mg BSA pptd. mg/g dry weight) in leaves of Quercus petraea and Q. cerris at several time 
points during spring 1996. 

Phenolics 

Total phenolic content and the protein-binding capacity were higher in Q. 

cerris, especially in young leaves and decreased at the later dates (Fig. 8). 

The condensed tannin concentration, however, increased with time from low 

levels in young leaves to highest levels at the end of June and was clearly higher in 

Q. petraea than in Q. cerris-leaves. 

CONCLUSIONS 

Our study confirms that - during the first three instars - gypsy moth larvae 

perform better on young foliage of Q. petraea than on Q. cerris. Last instar larvae, 

however, gain more weight when fed with Q. cerris. This better performance is 

supported by the very close synchrony between the time of gypsy moth egg hatching 

and the flushing of Q. petraea leaves. Budburst of Q. cerris generally occurs about 

two weeks later. 



Regarding the results of the biochemical analyses of the host trees food 

quality of Q. petraea-leaves seems to decline faster with time than in leaves of Q. 

cerris. This is indicated by lower amino acid, protein, and carbohydrate levels as 

larval development proceeds. The lower nutritional quality of mature Q. petraea- 

leaves might also be influenced by a striking increase in allelochemicals (condensed 

tannins) during last instar feeding. Thus, larvae fed on Q. cerris developed into pupae 

with higher masses and to females with higher fecundity than on Q. petraea-leaves. 

Different suitability of host plants in the course of gypsy moth's development 

was already reported by Stoyenoff et a/. (1994a, b) under field conditions. The 

different mode of development (supplementary instars in males and females) which 

we observed with larvae fed on the less optimal leaf powder diet made from Q. 

petraea-leaves suggests the existence of various thresholds of minimum weights in a 

population that allows last instars to metamorphose. This effect might be beneficial 

for a polyphagous species like gypsy moth to spread the risks in a population even 

under suboptimal nutritional conditions: on the one hand by a short larval 

development to avoid an excessive exposure to natural enemies at the costs of a low 

number of offspring, and on the other hand by a prolonged development through a 

supernumerary instar to invest in a high fecundity at the risk of being attacked by 

predators or parasitoids. 
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RESUME 

The quantitative and qualitative composition of volatile monoterpenes emitted 

by uninjured spruce stem bark, and the corresponding internal monoterpene 

composition of the bark were determined for 15 felled trees in the field. Total 

emission rates ranged between 0.66 and 60.18 pg/dm* bark surfacelh. Total 

monoterpene content, bark temperature, and field storage time were the most 

important factors affecting the amount of volatiles released. The most abundant 

compounds released were a-pinene, 0-pinene, and limonene. The composition of 

emitted volatiles did not at all reflect the internal composition of monoterpenes. 

Colonisation of the trap trees by different bark beetle species was closely related to 

the composition of released monoterpene enantiomers. 

INTRODUCTION 

There is considerable controversy about, whether bark beetles select 

susceptible host trees by olfactory recognition of volatile compounds emitted by the 

host tree or not. Monoterpenes are volatile hydrocarbons found in large amounts in 

conifers and basically act as a solvent in the tree's resin. At high concentrations, they 



are toxic to insects and fungi and thus protect the tree against attacks. The ability of 

a tree to defend itself against boring bark beetles with resin flowing from ducts of the 

secondary phloem, and with a hypersensitive wound reaction, is dependent on the 

quantity of terpenes (Christiansen et at., 1987). Bark beetle attack can induce an 

increased release of terpenes and terpene-related compounds. Bark beetles also 

convert monoterpenes stereospecifically and even produce pheromones from them 

(Lindstrom et at., 1989). Therefore, volatile terpenes are considered to be important 

for the chemical communication system of the bark beetles and emitted terpenes 

may act as important signals for primary orientation to, and olfactory recognition of, 

susceptible hosts (Fuhrer et at., 1993). In this context the enantiomeric composition 

is of great importance (Persson et a/., 1996). 

MATERIAL AND METHODS 

Experimental arrangement, tree material and bark sample preparation 

Fifteen spruce trees were felled at different times in two different study areas 

to be used as trap trees (Tab. 1). The bark was sampled for analysis of monoterpene 

content at three different tree heights (0.3 of tree height, crown base and mid-crown) 

immediately after felling and at the end of the study period after all emission 

measurements had been made. Bark samples were removed with a knife and 

immediately frozen in liquid nitrogen in the field, transported to the laboratory in dry 

ice and stored at - 40°C. 

Bark sample extraction and GC-analysis 

Before extraction, the samples were pulverised in a rubbing vessel containing 

liquid nitrogen. Monoterpenes of the pulverised bark (250 mg) were extracted using a 

closed loop stripping apparatus (CLSA) (Lorbeer et a/., 1984). N-nonane (internal 

standard) was added to the sample just before extraction. CLSA-system parameters: 

water bath temperature, 40°C; condenser temperature, 75OC; trap temperature, 

45°C; extraction time, 90 min.; and filter, 1.5 mg activated charcoal. The charcoal 

filters were eluted with n-hexane (40~1). Analysis of the monoterpenes was done 

using gas chromatography. GC-method: on-column-injection; sample volume: 1-1.5 

PI; retention gap: apolar; methyldesactivated, length: 2.5 m; ID: 0.32 mm; column 

type: CP-Chirasil-Dex CB (Chrompack) (length: 25 m, ID: 0.25 mm, film thickness: 

0.25 pm, stationary phase: P-Cyclodextrin); operational temperature program: 50°C 

+ 4"C/min. + 70°C / 2.5 min. const. / 1 O°C/min. = 110°C / 15 min. const.; FID- 

detector temperature: 220°C; carrier gas: nitrogen 5.0. 

Table 1. Time-table of field experiments, number of examined trees, number of emission 
measurements and field storage time of the trap trees for the different study areas. 

Study area; felling date stand number tree age number of field 
Altitude (m) exposition of trees (years) emission storage 

measurements time (in 
days) 

Ofenbach; 29.5.1996 north 3 75 - 78 4 12 
630 m 1 1.6.1996 north 3 71 -75 7 42 

22.7.1996 north-west 3 73 - 74 6 3 1 
Glein; 1200 m 25.6.1996 south 6 5 59 52 - 62 

Sampling of volatile monoterpenes 

The monoterpene emission rates from uninjured bark at the crown base and 

at 0.3 tree height were measured 4 - 7 times between felling and initial bark beetle 

attack (Tab. 1). Measurements were made when warm weather favoured flight 

activity and beetle attacks. The apparatus for sampling volatile monoterpenes 

consisted of a plastic chamber (16 x 4.5 x 3.2 cm) with an open rectangular face 

shaped to the contour of the bark surface and with 3 bore-holes ($: 1.5 cm; 2 air- 

inlets and 1 outlet) on the upper side of the chamber. The sampling chamber was 

held against the bark surface with two fastening belts encircling the bole. The 

chamber was sealed to the bark surface using a solvent-free glue. Two glass 

sampling cartridges, containing activated charcoal, were used to clean the ambient 

air before it entered the chamber. The charcoal filters were fitted into the air inlets 

with silicone stoppers. Samples of volatiles were taken with an vacuum pump. One 

glass sampling cartridge with activated charcoal was connected with a hose to the 

vacuum pump and with a silicone stopper to the outlet of the sampling chamber. The 

glass sampling cartridge (type BIG, Drager AG) consisted of a control layer (300 mg 

charcoal) and an adsorption layer (750 mg charcoal). Sampled gas volume was 10 1 

and sampling time 19 min.. After sampling, the charcoal filters were sealed with 

polyethylene-stoppers and stored at 4°C. The control- and adsorption layer of the 



sampling cartridge were separately eluted with n-hexane. The eluted substances of 

the adsorption layer (sample volume: 0.5 ml) were analysed with GC. 

Bark temperature and bark anatomy 

Bark surface and phloem temperature were measured and recorded 

continuously using thermocouples and a data-logger. Anatomical characteristics of 

the bark, namely the resin duct system of the secondary phloem and periderm 

formation, were analysed using methods applied by Pollak (1 993). 

Analysis of initial bark beetle attack 

Bark beetle colonisation of the trap trees was observed continuously. Attack 

densities (by species) were recorded along the bole close to where monoterpene 

content and emission was measured (Bader, 1997). 

Statistics 

All data were analysed using SPSS 7.5.1 for WindowsTM. Linear associations 

were examined using simple correlation and multiple regression analysis. Multiple 

mean comparisons were made by analysis of variance followed by multiple range 

tests. 

RESULTS 

Monoterpene content and monoterpene composition of the bark 

The monoterpene content of the phloem increased significantly with tree 

height (p < 0.001) (Tab. 2). The enantiomeric composition of the monoterpenes also 

varied with tree height. Some compounds, like myrcene, A-3-carene, (-)-P- 

phellandrene, (-)-P-pinene, and (-)-limonene increased with tree height; all other 

compounds (especially (-)- and (+)-a-pinene) deceased with increasing tree height. 

The mast abundant monoterpene compounds of the bark tissues were (-)-P-pinene, 

cx-pinene, with varying proportions of (-)- and (+)-a-pinene, (+)- and (-)-limonene, (-)- 

0-phellandrene, and myrcene (Tab. 2). Tricylene, (-)- and (+)-camphene, and A-3- 

carene were found only in small amounts (2 2%). Bark samples taken at the end of 

the study period had significantly smaller amounts of monoterpenes in the mid-crown 

(p 0.05) than found in the initial samples. There was no difference in monoterpene 

content from the crown base and 0.3 of tree height between samples. 

Monoterpene emission 

The internal composition of monoterpenes did not at all reflect the composition 
i 

of emitted monoterpenes (Tab. 2). The most abundant compounds released were (-)- 
I 

and (+)-a-pinene, (-)-0-pinene, and (-)-/(+)-limonene. Other main compounds, like 

myrcene and (-)-P-phellandrene, could only be found in low amounts in the emission 

gas (Tab. 2). The main reasons for the compositional differences between emitted ' and internal monoterpenes are the physical properties of the monoterpenes 

themselves, such as vapour pressure and boiling point. However, (+)-a-pinene and 
i 
1 (+)-limonene were emitted in higher amounts than would be expected based on the 

1 internal monoterpene composition and its physical properties. 

Table 2. Monoterpene content (pg1.g fresh weight and relative percent) in the bark at varying tree 
I 

I heights and percent emissions (mean cl: SD). 

I 
0.3 of H crown base mid-crown grand mean 

f.w. Pg/g f.w. ~ g / g  f-w. vg/g f-w. 
myrcene 947 5841  1905 + I523  3197 +2046 201.6 + I779  

(-)-a-pinene 247 1 + 173 5 368 6 t 21 8 2 669 8 t 464 0 428.5 + 354 3 

(+)-a-pinene 1 6 4 5 + 1 1 5 2  1 8 7 8 + 8 0 4  2 8 6 0 f 2 4 0 5  212.8+1659 

(-)-camphene 5 5 + 3 4 9 2  + 6 3  144 4104  9.7 + 8 0 

(+)-camphene 2 2 + 2  6 17  r t23 5 1  + 7 2  3.1 + 4 8  

A-3-carene 9 8  + 7 5  167 + I 7 4  443 ,468 23.6 + 32 2 

(-)-P-pinene 462 6 + 286 2 810 0 1 419 8 1371 3 + 642 4 882.0 + 597 9 

(-)-limonene 203 2 h 28 1 5 3 12 9 1 524 0 7 14 4 + 963 9 4 1 0 . 2  + 676 4 

(+)-limonene 37 8 + 3 1 9 55 6 1 3 0  2 841 +61 2 59.2 + 46 7 

(-)-P-phell. 1656 f 1 2 3 5  3437 $2844 5495 +3672 352.9 k3141 emitted 
tricyclene 11.4 4 17.5 20.3 + 19.8 27.6 + 36.4 19.8 k26.2 monoterpenes 
sum 1424.9 f 893.3 2346.0 f 1310.4 4129.4 -1- 2289.0 2633.4 i 1938.1 (grand mean) 

Yo Yo 9% 96 % 

Myrcene 6.00 1 2.61 7.47 + 2.88 7.69 rt 2.49 7.06 22.71 0.81 + 2.20 
( - ) -a -p i~ne  17.69 + 4.75 16.1 1 + 4.61 16.08 + 4.71 16.63 + 4.64 22.71 15.21 

(+)-a-pinene 13.73 rt 7.20 9.93 4 6.17 7.57 k4.55 10.41 -t. 6.46 25.62 rt 6.49 

(-)-camphene 0.45 + 0.29 0.48 10.43 0.40 4 0.29 0.44 f 0.34 0.03 + 0.16 
(+)-camphene 0.17 ?J 0.16 0.10 f 0.13 0.14 20.17 0.14 kO.15 0.00 - 
A-3-carene 0.77 1 0.42 0.66 + 0.46 1.13 k 1.08 0.85 f 0.73 0.01 + 0.05 

33.30 + 7.21 34.70 + 8.59 34.92 f 7.37 34.31 f7.61 23.50 + 6.58 
(-)-limonene 1 1.42 + 1 1.47 12.41 + 12.20 14.64 + 13.36 12.82 1 12.16 12.27 + 5.63 
(+)-limonene 2.59 + 0.67 2.55 + 0.85 2.03 4 0.81 2.39 + 0.80 14.18 4 7.05 
(-)-P-phell. 11.61 54.89 13.51 k6.31 13.87 16.03 13.00 15.73 0.40 + 1.37 
Tricy clene 0.75 2 0.67 0.84 + 0.69 0.59 1 0.56 0.72 + 0.64 0.42 + 2.05 



Observed monoterpene emission rates, calculated as pg/dm2 bark 

surface/hour, showed a very high variation within- and among-trees and between 

time of investigation, ranging from a maximum of 60.18 pg/dm2/h to a minimum of 

0.66 pg/dm2/h. In most cases, the emission rates were higher at the crown base than 

at 0.3 of tree height (Fig.7). Higher emission rates at the crown base could be traced 

back to a larger monoterpene content in the upper part of the stem (Tab. 2) and to 

different periderm properties of the bark. Bark with a superficial periderm had higher 

emission rates (mean: 3.63 k 8.35 pg/dm2/h) than bark with sequent periderms 

(mean: 2.55 rt 2.03 pg/dm2/h). 

cniissiort rate (pddm21h) 

1 m c r o w n  base 

tree no. 

Figure I .  Morloterpene emission rate of individual trees at 0.3 of tree height and crown base (box - 
alld whiskers-plot: median, lower and upper fourth, largest and smallest values that are not outliers, 
outliers (o: cases with values between 1.5 and 3 box-lengths from lowertupper fourth; *: cases with 
values more than 3 box-lengths from lowerlupper fourth)); tree no. 1 - 3: felling date [f.d.] 
29.5.1996; tree no. 4 - 0: f.d. 11.6.1996; tree no. 7 - 9: f.d. 22.7.1996; tree no. 10 - 15: f.d. 25.6.1996. 

The monoterpene content of bark was significantly correlated with the number 

of primary resin canals of the cortex (r = 0.742, p = 0.003). Both number of resin 

canals of the cortex and the bark surface temperature were significant in the multiple 

regression model explaining monoterpene emission rates of trees at Ofenbach 

(Tab. 3). 

Table 3. Results of multiple regression model explaining monoterpene emission rate (dependent 
variable) in terms of bark surface temperature and the number of resin canals of the cortex 
(independent variables). 

coefficients 
Dependent independent variables B t-value sig. 
Emission rate constant -5.082 -2.959 0.005 

temperature of bark surface 0.309 3.856 <0.00 1 
R = 0.57 1 number of resin canals 0.137 3.240 0.002 

Bark surface temperature appeared to be the most important factor explaining 

monoterpene emission rate (Tab. 3). The emission rate increased significantly with 

increasing temperature, but at temperatures above 30°C, we observed an erratic 

increase of released volatiles (Tab. 4). 

Table 4. Monoterpene emission rate (mean Itr SD) at different bark surface temperature levels 
(Oneway-Anova: F = 33.97; p <: 0.001; values followed by different letters are significantly 
different (multiple range test, p 0.05)). 

temperature level emission rate (pg/dm2/h) 
< 20°C 1.730 rt 0.787" 

20 - 24.9"C 2.451 3- 1.951" 
25 - 29.9"C 3.974 rt 3.926" 

> 30°C 26.230 rt 27.600~ 

Host colonisation by bark beetles 

The trap trees were attacked by three different bark beetle species. Five trees 

were attacked by Ips typographus (L.) and Pityogenes chalcographus (L.), six were 

infested by P. chalcographus alone, and four trees were attacked by Polygraphus 

poligraphus (L.) (dominant) and P. chalcographus (Tab. 5). 

Bark beetle colonisation of the trap trees depended both on changes in 

monoterpene emission rates and in composition, Initial attack by bark beetles 

occurred only in the upper part of the stem, where monoterpene emission was 

usually the highest. Trees that showed high emission rates immediately after felling 

were attacked by I. typographus and P. chalcographus at high attack densities. 



Trees with low emission rates were attacked exclusively by either P. chalcographus 

or P. poligraphus. The composition of emitted monoterpenes was significantly 

different between trees infested by different bark beetle species (Fig. 2). 

Table 5. Mean initial attack densities (mean + SD) of the investigated trap trees. 

number initial attack densities 
of trees (number of entrance holes I dm2 bark surface) 

I. tyl"ogrczphus P. chalcographus P. poligraphus 
5 0.15740.181 0.643 It: 0.560 0 
6 0 0.347 rt 0.223 0 
4 0 0.025 + 0.050 0.1 19k0.189 

DISCUSSION 

Except for the rare situation when high populations of bark beetles, like Ips 

typographus and Pityogenes chalcographus, may kill vigorous spruce trees, a certain 

degree of weakness of the host is necessary for successful infestation (Rudinsky, 

1962). Drought stress is considered to be the main reason for this type of tree 

weakness (Christiansen et al., 1987). The release of monoterpenes may be affected 

by water stress (Mattson and Haack, 1987) and an increased release of these 

volatiles may play an important role in olfactory recognition of susceptible host trees 

by bark beetles. However, this hypothesis postulates not only monoterpene emission 

through intact, uninjured bark tissues, but also, reversible, dynamic changes in the 

permeability of the bark to volatile monoterpenes (Fuhrer et al., 1993). 

Monoterpene emission rates of felled spruce trees were highly variable and 

related to the total monoterpene content, which is correlated with the number of resin 

canals of the cortex, the bark surface temperature, storage time in the field (Baier 

and Bader, 1997) and anatomical properties of the bark tissues. The composition of 

the released monoterpenes did not at all reflect the internal monoterpene 

composition of the bark. This discrepancy can be explained by different physical 

properties of the different compounds (Hanover, 1972, Schindler and Kotzias, 1989), 

differences in monoterpene composition between superficial phloem tissues and the 

whole bark (Baier and Bader, 1997), varying anatomical properties of the bark 

surface and by seasonal changes in the permeability of the lenticels (Parameswaran 

et al., 1 976). 

relative amounts of monoterpenes (5%) 
3 0 

b 
c n 

initial attack by 

ml. typographus and 

P. chulcogruphr4s 

UP. chalcographus 

a~. poligraphus 
MAP PAP BP MI, PL 

Figure 2. Mean relative amounts of released monoterpenes of the trap trees attacked by different bark 
beetle species; (MAP: (-)-a-pinene; PAP: (+)-a-pinene; BP: (-)-P-pinene; ML: (-)-limonene; 
PL: (+)-limonene; different letters within substances indicate significant differences between 
different bark beetle attack (multiple range test; p 0.05)). 

Different periderm formation is related to properties of the resin duct system 

and to different defence mechanisms of the tree against bark beetle attack (Baier, 

1996). The within-tree variation of the monoterpene content (Bader, 1997) and 

emission rate is also related to different periderm formation. Bark tissues with a 

superficial periderm in the upper part of the stem, where initial attacks by Ips 

typographus and Pityogenes chalcographus usually occur (Fuhrer et al., 1993), have 

both a higher monoterpene content and emission rate of monoterpenes. 

The emission rate sigriificantly increased with increasing temperature, but, at 

temperatures above 30°C, we observed an erratic increase of released volatiles. 

This phenomenon may be very important for understanding host selection by bark 



beetles. The bark surface temperature of tree trunks exposed to the sun (e.g. at the 

edge of a stand) can easily reach more than 30°C, inducing a very high release of 

volatiles. Under dry weather conditions, exposed trees may be susceptible to bark 

beetle attack because of water stress, and can be recognised by bark beetles due to 

a higher release of monoterpenes. 

Bark beetle colonisation of trap trees depended on the monoterpene emission 

rate, the dynamics of emission (Baier and Bader, 1997) and the relative amounts of 

released chiral monoterpenes. The large among- and within-tree variation of the 

monoterpene content, the enantiomeric composition of released monoterpenes, and 

rnonoterpene emission rate may guide the insects to suitable hosts and to certain 

areas of the tree for aggregation and breeding (Fuhrer et al., 1993, Persson et at., 

1996). Therefore, we conclude that the release of monoterpenes by the host has to 

be considered as an important signal for primary attraction of bark beetles. 
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RESUME 

Effect of tannin and non-volatile components of lesion resin on the growth of 

blue-stain fungi - Ceratocystis laricicola , C. polonica, Ophiostoma minus, 

Leptographium sp. and Ophiostoma sp. - the primary invaders of conifers in Siberia 

(Russia) , has been studied. The fungi under study exhibited tolerance to plant's 

defensive substances in bioassays. The cultures of Leptographium sp., C. polonica, 

and Ophiostoma sp. proved to be the most tolerant to tannin. In the range between 

0.05 and 0.1 5% tannin concentration their growth tended to stabilize. Less tolerant to 

tannin were C. laricicola and 0 .  minus. With an increase in tannin concentration their 

biomass gradually decreased. The fungi more tolerant to tannin regulated the me- 

dium pH about 5.0 and higher, while the species which were less tolerant preferred 

lower pH values. Lesion resins of conifers differed in their inhibitory effect on fungal 

growth. Fir resin had the greatest inhibitory effect of all the conifer resins tested, 

causing reduction to 50-60% in fungal growth. When fungi were grown on the resin 

of any other conifer, the reduction in the linear growth rate did not exceed 20 to 30%. 

The assumption that fungi are more tolerant to the resin of a host plant than to that 

of a non-host plant has not been confirmed. 



INTRODUCTION 

Pathogenic blue-stain fungi associated with bark beetles induce defence 

responses when inoculated into healthy trees (Paine et a1.,1997). lnduced response 

of conifers against "fungi-insects" associations involves a series of chemical changes 

in host tissue, including changes in phenolic and terpenoid chemistry and 

accumulation of more toxic compounds (Shrimpton, Whitney, 1968; Shrimpton, 

1973; Wong, Berryman,l977; Raffa, Berryman, 1983; Gottstain, Gross, 1992; 

Brignolas et a/., 1995; Paine et a/., 1997). Condensed tannins possess antimicrobial 

properties (Stafford, 1988) and accumulate in wound lesion of some species of 

conifers (Hemingway et al., 1977; Wong, Berryman, 1977; Polyakova et a/. , 1995; 

Vetrova et a/., 1995), therefore these phenolics are considered to be involved in plant 

defence reactions. Other chemical groups such as terpenes also accumulate in 

conifer defence responses (Raffa, Berryman, 1982; Raffa et al., 1985; Cook, Hain, 

1987) and can inhibit fungal growth (Cobb et a/., 1968; Raffa et a/., 1985; Bridges, 

1987; Delorme, Lieutier, 1990; Solheim, 1991). The concentration of induced resins 

in the lesions is an important factor in resistance of conifers ( Raffa, Berryman, 1982; 

Cook, Wain, 1987; Christiansen, 1 985). To be successful, pathogenic fungi must 

adapt to plant defensive chemicals. 

In this experiment, we studied the effects of condensed tannins and induced 

resins on growth of blue-stain fungi - primary invaders of the conifers in Central 

Siberia . The objects of the investigation were Ceratocystis laricicola Redfern & 

Minter associated with Ips cembrae Weer., C.polonica (Siem.) C.Moreau associated 

with I. typographus L., Ophiostoma minus (Hedge.)H.&P.Syd associated with 

Tornicus piniperda L. , Ophiostoma sp. and Leptographium sp associated with the fir 

sawyer beetle Mbnochamus urussovi (Fisch.). The fungi C, laricicola, C.polonica and 

0.minus are known to be highly pathogenic for conifers in Europe and North America 

(Christiansen, Solheim, 1990; Paine et a1.,1997). Pathogenicity of the fungi 

associated with M.urussovi was proved experimentally by mass inoculation of fir 

trees (unpublished data of the authors). The purpose of the present study was to 

assess the ability of the fungi to tolerate plant defensive chemicals. 

MATERIAL AND METHOCIS 

In the work we used cultures of five fungal species isolated during 1993-96: 

C.laricicola (from the Siberian larch, Larix sibirica Ldb. ), C.polonica (from the 

Siberian spruce, Picea obovata Idb.), Ophiostoma minus (from the Scotch pine, 

Pinus sylvestris L. ), Leptographium sp. and Ophiostorna sp. (from the Siberian fir, 

Abies sibirica Ldb. ). 

Tolerance to tannin 

The fungi were cultivated on liquid beer wort (48). Tannin was dissolved in 

sterile water and added to autoclaved media so that resulting concentrations were 

0.005, 0.01, 0.05, 0.10, and 0.15%. The tannin free medium was used as the control. 

The media were poured into Petri dishes 90 mm in diameter, 20 mlldish. Each of the 

five species under study was represented by two isolates. Fungal mycelia grown on 

beer-wort agar for 7 days were used to inoculate the media. The dishes with non- 

inoculated media were used to control spontaneous changes in the media. All the 

dishes were incubated for 10 days at 22 C. Then fungal biomass was collected by 

filtering, and the dry weight was measured. The pH of the media were measured 

before and after incubation. Three replicates per isolate were used. 

Tolerance to conifer resins 

Effects on fungal growth of resin enclosed in lesions following fungal inoculation 

were studied. lnduced resins of four conifers: Larix sibirica, Picea obovata, Pinus 

sylvestris, Abies sibirica were assayed. The resin-soaked phloem was removed 3 

weeks after fungal inoculation and resin was collected as described by 

E.Christiansen (1985) and H.Solheim (1991). The resin was solved in pentane and 

applied to paper filters placed in Petri dishes (d = 50 mm), about 100 mg of resin per 

filter. The dishes were left open for 24 hours for pentane to evaporate. Sterile paper 

filters, soaked with pentane and dried, were used as the controls. The filters in the 

dishes were coated with a thin agar layer. For the inoculum we used agar-mycelium 

discs 6 mm in diameter, cut from fungal colonies prepared as described above. 

Fungal inoculum was placed in the centre of the agar-coated paper discs and 

incubated for 3 days at 24 C., after which the radial growth of isolates was 

measured. There were 3 replicates of each variant. 
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Figure 1.  Effect of tannin on biomass of the blue-stain fungi. Data are measurements of 
biomass (mg) after 10 days growth of the fungi on liquid media (3 replicates for each 
treatment) and interpolation of empirical data by polynom function. 

Two-way ANOVA was used to test for the effect of plant defensive chemicals 

on growth of the fungi. Biomass and radial growth rate of the fungi were measured 

for each treatment and estimated as percentage of fungal biomass or growth rate, 

observed on media without additions of tannin and resin. Arcsine square root 

transformation of percentage biomass and percentage growth rate was used before 

ANOVA. Means were compared using multiple t-test at the 0,05 confidence level. 

Means were back transformed for presentation. 

RESULTS AND DISCUSSION 

Tolerance to tannin 

In our experiments tannin inhibited growth of all the blue-stain fungi 

investigated. Confidence of the effect of this factor on the variation of fungal growth 

parameters was proved statistically, Table 1. At tannin concentrations of 0,005 and 

O.O1OO/o the biomass of all the isolates decreased, Fig.1. In this range of 

concentrations the influence of tannin did not result in any significant intraspecific 

differences. Only for the Ophiostoma sp. isolates growth inhibition was stronger than 

for the others, Fig.1. At higher tannin concentrations, 0.05 - 0.15%, differences 

among the species were more distinct. In this range of inhibitor concentrations the 

growth of C.laricicola and 0.minus isolates kept slowing down while the growth of 

other isolates became stable, Fig.1. Isolates of Leptographium sp., Ophiostoma sp., 

and C. laricicola exhibited considerable intraspecific variability in tolerance to tannin. 

This variability was the most pronounced in the Ophiostoma sp. isolates, Fig.1, Table 

1 .  

The results of the experiment showed that the isolates of Leptographium sp., 

C.polonica, and Ophiostoma sp. were the most tolerant to tannin, those of C. 

laricicola and 0 .  minus the least tolerant. 



Table 1. F statistics from ANOVA of effects of tannin concentration in media and 
iriterspecific variability of blue-stain fungi on change of fungal biomass 

Source SS d f MS F % Total 

Tannin concentration (TC) 
Fungal isolates (FI) 
lnteraction TCxFI 

Error 
Total 

Tannin concentration (TC) 
Fungal isolates (FI) 
lnteraction TCxFI 

Error 
Total 

Tannin concentration (TC) 
Fungal isolates (FI) 
lnteraction TCxFl 

Error 
Total 

Tannin concentration (TC) 
Fungal isolates (FI) 
lnteraction TCxFl 

Error 
Total 

Tannin concentration (TC) 
Fungal isolates (FI) 
lnteraction TCxFI 

Error 

Ceratocystis polonica 
5 1,19 28,15*** 
I 0,003 0,08 
5 0,80 0,56 
24 0,04 
35 

Ophiostoma minus 
5 1,99 36,17*** 
1 0,13 2,34 
5 0,08 1,40 
24 0,05 
35 

Ophiostoma sp. 
5 2,07 89,85*** 
1 2,47 107,23*** 
5 0,72 31,03*** 
24 0,02 
35 

Leptographium sp. 
5 1,02 37,85*** 
1 0,80 29,68*** 
5 0,04 1,31 
24 0,03 
35 

Cera tocystis laricicola 
5 2,06 97,93*** 
1 1,32 62,91*** 
5 0,07 3,44* 
24 0,02 

variability 

83,4 
0,s 
2,4 
14,2 
100 

84,4 
1 ,o 
3,3 
11,2 
1 00 

61 ,O 
14,6 
21 $1 
3 2  
100 

75,9 
11,9 
2,6 
9,6 
1 00 

82,5 
10,6 
2 3  
4,O 

Total 12,47 35 100 
*,Pi0,05; **, Pi0,Ol; "**P<0,001 

The fungal growth was accompanied by the changes in pH of the media. 

lntraspecific variability as to pH values was characteristic of Leptographium sp., 

O.minus, and Ophiostoma sp., while the isolates of C. laricicola and C. polonica 

showed insignificant differences in pH values. These data are plotted in Fig. 2. As 

the little differences appeared between two isolates, the results for each Ceratocystis 

species are combined in one graph, Fig. 2. In the control (growth on the tannin- 

the fungi regulated pH of the media in the ranges of the values close to those 

recorded in the control, Fig.2. The analysis of variance confirms that variations of the 

pH values of the media are primarily determined by the fungal species, Table 2. The 

fungi C.polonica, Leptographium sp. and Ophiostoma sp. , more tolerant to tannin, 

regulated the medium pH about 5.0 and higher, while C.laricicola and 0.minus which 

were less tolerant preferred lower pH values. 

+ss @9 ui3 wl6 -BE- rn7 

+ m23 + C.pjor\icxr - C lcridda - control 

Figure 2. Regulation of pH by blue-stain fungi after 10 days growth on liquid media with 
different tannin concentrations. Control is measurement of pH in media incubated without 
fungi. Data are means of three replicates for each treatment of the following isolates: 
Leptog'raphium sp. (g6 and g29), Ophiostoma minus (m7 and m23). Ophiostoma sp. (w16 
and w3), and means of six replicates for Ceratocystis laricicola (11+ 15) and C.polonica 
( ~ 9 +  ~ 2 3 )  

free medium) fungi reduced pH from 5.9 (the pH value prior to fungal cultivation) to 

3.9 - 4.2 (O.minus), 4.7 (C.laricicola), 5.2 (C. polonica), 5.3 - 6.3 ( Leptographium sp. 

and Ophiostoma sp. isolates), Fig. 2. For fungi growing on the media containing 

tannin variations of pH values followed different paderns, Fig.2. Generally speaking, 



Table 2. F statistics from ANOVA of effects of tannin concentration (TC) and species of 
blue-stain fungi (FS) on change of pH in media 

Source SS d f MS F % Total 
variability 

Tannin concentration (TC) 3,33 5 0,67 13,75*** 4 2  
Fungus species (FS) 62,63 4 15,66 323,02*** 79,2 
Interaction TCxFS 5,82 20 0,29 6,00*** 7,4 

Error 7,27 150 0,05 9 2  
Total 79,06 179 1 00 

",P<0,05; **, P<O,Ol; ***P<O,OOl 

The results obtained show that blue-stain fungi are tolerant to tannin. The 

isolates investigated were capable of growing even at the tannin concentrations of 

0.15%. it can be suggested that the species Leptographium sp., Ophiostoma sp., 

and C, polonica possess some mechanism of tolerance to tannin, which is effective 

at high concentrations of the inhibitor. High resistance to tannin of Leptographium sp. 

isolates suggests that this species can directly affect plant phenols. There are some 

evidences in favour of this suggestion concerning this species (Polyakova et 

a/. ,1995) and the species C. polonica ( Brignolas et al. ,1995). 

Tolerance to conifer resin 

Lesion resin of conifers inhibited growth of blue-stain fungi, but the level of 

inhibition varied for different combinations of fungal species and host species. The 

effect of both factors and their interactions was proved to be true by the analysis of 

variance, Table 3. 

Table 3. F statistics from ANOVA of effects of lesion resin of different tree species (TS) 
and different fungus species (FS ) on fungal radial growth rate 

Source SS d f MS F % Total 
variability 

Tree species (TS) 8,18 4 2,05 55,95*** 55,O 
Fungus species (FS) 2,23 3 0,74 20,35*** 15,O 
Interaction TSxFS 3,OO 12 0,25 6,83*** 20,2 

Error 1,46 40 0,04 9.2 
Total 14,87 50 1 00 

*,Pc0,05; **, P<O,Ol; ***P<O,OOl 

The strongest inhibitory effect on the growth of all the fungi studied was 

produced by fir resin, Fig.3. Pine resin did not inhibit the growth of the C. polonica 

and Leptographium sp, isolates and reduced the growth of the C. laricicola and 0 .  

minus isolates. Spruce and larch resins inhibited the linear growth of the fungi of the 

genus Ceratocystis but their effect on the growth of Leptographium sp. and O.minus 

was little, if any, Fig.3. 

Figure 3. Effect of lesion resin of different conifers on radial growth of blue-stain fungi. Date 
are means of fungal growth rate for 3 replicates of each treatment expressed as a 
percentage of radial growth in control. Columns with the same letters indicate means are not 
significantly different at P<0,05 level, t-test. 

The data given in Figure 3 show that the smallest growth decline and the 

highest tolerance to certain resins were recorded in the Leptographium sp. and 0. 

minus isolates. The linear growth rate decrease was not very significant and, as a 

rule, did not exceed 20 - 30°/o, which suggests tolerance of the fungi to this factor. 



The fungi of the genus Ceratocystis proved to be less tolerant, their growth falling to 

50 - 60% in the experiments with fir resin, Fig. 3. The date obtained did not confirm 

the assumption of specific interrelations between the fungus, the primary invader, 

and its host plant. 

The results generally agree with those of other investigations, which showed 

that inducible chemicals of conifers may inhibit growth of blue-stain fungi in 

bioassays but do not appear to be fungicidal (Shrimpton, Whitney, 1968; Wong, 

Berryman, 1977; Raffa et a/., 1985; Solheim, 1991). They also support to the view 

that blue stain fungi have ability to adapt to defensive phytochemicals. 
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RESUME 

Recently, new fungi symbiosis were detected in association with high population 

levels of P. cylindrus in portuguese cork oak stands. The toxicity of these fungi was assessed 

by a bioassay method, with a dense suspension of Cladospurium cucumerinurn ELL. et Art, 

however only Nodulisporium sp. has shown the presence of a biocidal compound. 

INTRODUCTION 

In several species of scolytids and platypodids a direct correlation between their 

presence in the host and the appearing of serious diseases on trees has been verified (Beaver, 

1989). This symbiosis between the insects and the pathogenic fungi plays an important rok, 

specially when the colonised tree is healthy (Berryman, 1972). 

P. cylindrus is an ambrosia beetle known for attacking mainly dead and dying tm 

(Baker, 1963). However, the new outbreak in population levels led to the establishment of 
new relationships such as associations with other fungi (Acrevnoniurn sp, Nodulisparim sp., 

Fusuriuln sol~zrzi (Mart.) Sacc. and Raflaelea arrzhrvsi~~ v. Arx & Henneb.). Some of these new 

symbiosis may contribute to the weakness of the host and may create the ideal conditions for 

the establishment of insects (Sousa et nl., 1997). 



In this study we intend to evaluate if some of the four fungi carried by P. cylindrus 

(with the probability of being pathogenic to the cork oak) may synthesise some toxic 

compounds to the host. 

MATERIAL AND METHODS 

Pure cultures of the four fungi (Acremonium sp., Nodulisporium sp. - IMI number 

366325, Fusarium solani and Rafiuelea ambrosia) were obtained from successive replications 

in malt from samples of the P, cylindrus galleries. In a second step these fungi were developed 

in 250 mi Erlenmeyer balloons (in each one 3 inoculation samples of 0,5 cm2 were placed) in 

two liquid mediums: one with cork oak wood fragments that had gone through a riddle 

number 6 (10g of wood / lOOml of water; one of malt (40g of malt / lOOOml of water). 

Four repetitions of each of these cultures were successively filtered (filter of a porous 

membrane with 45 pm of diameter) after 10 and 20 days of growth in an incubator at 25OC 

(dark conditions). The filtrations (around 250ml of the total) were then frozen (-4°C) for 24h. 

The filtrations were placed (10 pl) on thin layer chromatography plates and eluated with 

chloroform: methanol (99:5, vlv). The presence of antifungal compounds in extracts was 

assessed by spraying developed TLC plates with a dense spore suspension of Cladosporium 

cucumeritzum ELL et Arth. (Allen & Kdc, 1968) and incubated in the dark at 25OC in a humid 

environment. 

RESULTS 

Based on cultures developed in a liquid medium composed of water and fragments of 

cork oak wood, we verified that several spots of inhibition growth were seen at different 

stages after inoculation at 10 and 20 days (Fig I-A). The biggest inhibition spots of the fungus 

were found in 10 day cultures of Nodulisporiunz sp. The existence of these spots does not 

prove that there is a synthesis of inhibitory compounds made by the fungi. In fact, since the 

control itself shows spots of inhibition (RF 0.37, 0.50, 0.74, 0.85), the first ones may result 

frorrl derivatives of the initial substances of the wood. 

Aiming to verify if the fungi still form spots of inhibition when they develop in the 

absence of cork oak wood, some TLC plates were with fungi that had grown in a 

liquid rrlalt rnedium (Fig. I-B). In these TLC plates the control has not an inhibition role and 

therefore all the inhibition spots of the fungi cultures were provoked by the compounds they 

have synthesised. It was verified that the fungi Nodulisporum sp., once again, showed the 

biggest inhibition spots to the C. cucumerinunz growth, 

Figure 1 - TLC plates eluated with chloroform : methanol (95/5, vlv) of fungi cultures extracts (FI - 
Fusarium solani, F2 - Acremonium sp., F3 - Nodulisporium sp., F4 - Rafaelea ambrosia) sprayed 
with a spore s~ispension of Cladosporium cucumerirzum and then incubated. White stripes of the 
chromatogram correspond to inhibition spots after inoculation. A - developed in a liquid medium of 
cork oak wood fragments (F1 - 10 days RF 0.44,0.58,0.75,0.88; F1 - 20 days RF 0.54,0.75,0.88; F2 - 
10 days RF 0.55,0.71,0.82; F2 - 20 days RF 0.53,0.88; F3 - 10 and 20 days RF 0.76; F4 - 10 days RF 
0.43,0.59,0.75,0.89; F4 - 20 days RF 0.47,0.62,0.89). B - developed in a liquid medium of malt (F2 
- 10 days RF 0.70; F3 - 10 days RF 0.78; F3 - 20 days RF 0.77). 

DISCUSSION 

The Nodulisporium sp. fungus showed a compound with fungitoxic activity to C. 

cucumerinum when the fungus grew in a malt medium as well as when it developed in the 

extract of cork oak wood. Nevertheless only the tests of artificial inoculations in seedling or 

cork oak trees, will make a conclusion about the pathogenicity of this compound. 

In almost all plant diseases, it is possible to detect metabolites produced by the 

pathogenic fungus. These phytotoxins vary immensely in their structures and biosynthetic 

origins from polyketides and terpenoids to peptides and quinones (Harborne, 1993). At the 

present and in what concerns the Nodulisporium /zivznule~mnz Smith we know that it synthesizes 

two fungitoxic substances - demethoxyviridin and desmethoxyviridiol (Stoessl, 198 1). 



On the other hand, the presence of this new fungus (Nodulisporiu~n sp.) associated 

with P. cylindrt.d.s, with the possibility of it being pathogenic to the cork oak, will corroborate 

the hypothesis already established (Sousa et al., 1997) that the existence of new insect 

symbiosis may represent an important factor to a higher effectiveness in its attack strategies of 

the host. However, in some cases of fungi vection by insects, this evidence is circumstantial 

and, it could be argued that the pathogenic fungi confer no benefit to the beetle and, indeed, 

may be detrimental to the development of beetle brood (Harrington, 1993). 

CONCLUSIONS 

The presence of this new fungus (Nodulisporium sp.) associated to Platypus cylindrus 

may probably be part of a complex attack strategy. In fact, it was possible to verify that 

Nodulisporium sp. fungus shows a compound with fungitoxic activity to C. cucumerinurn. 

However its chemical structure and its effects in artificial inoculations must be evaluated. 
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RESUME 

Hypoxylon mediterraneum (de Not.) Mill. is a fungus closely associated with cork oak trees in 

the last stage of decline. This fungus has frequently been considered a strong contributory 

factor to cork oak decline. Observations and experiments conducted under field conditions, 

raise doubts about the role of the fungus even in late stages of decline. To clarify this 

situation several attempts were made to assess fungus pathogenicity. The results obtained 

confirmed that the fungus develops on previously killed tissues, leading to the hypothesis that 

H. mediterraneum probably functions as a saprophyte. 

INTRODUCTION 

Since the end of the nineteen century, several cases of cork oak mortality have been 

periodically observed in Portugal (David et al, 1992). Efforts developed to understand this 

phenomenon did not reach any specific conclusion. Multiple biotic and abiotic stress factors, 

occurring simultaneously or in succession and changing from region to region, have been 

found in close association with cork oak stand decline (Cabral & Sardinha, 1992; Yousfi, 

Among these factors, insects and fungi seem to be involved with mortality of trees previously 

weakened by other environmental stress factors, as it has been frequently pointed out 

regarding H. mediterraneuin (Azevedo, 1958; Macara, 1975; Torres-Juan, 1985). However, no 

conclusive work in the pathogenicity of this fungus has been presented (Oliveira, 1931; 

Barbosa, 1958; Azevedo & Macara, 1963). 



'I'l~c objective of this paper is to provide a better understanding of the relationships between 

this f i ~ n g ~ ~ s  artd its prefered host - the cork oak. 

MATERIAL AND METHODS 

Sixty three-year-old plants were grown in pots (volume 70 cm x 70 cm x 80 cm) containing 

sandy soil, and kept in a greenhouse. Two blocks, each with 30 plants, were established. Half 

of these plants were supplied with 8 x 10' ml of water, twice a week, and half were subjected 

to water stress by providing only 2 x 10'1nl once a week. These watering regimes started one 

month before the inoculation tests. In each group of 15 plants (stressed and unstressed), 10 

plants were inoculated, in early April, with hycelium obtained from two-week-old colonies of 

I ] .  r r ~ r d i t ' r n i n  grown on Malt Agar medium at 25 rt: 2"C, and with stroma removed from 

an infected cork oak tree. Mycelium and a small piece of stroma were inserted under the bark 

through a longitudinal cut (1 .0 cm x 0.2 cm) that was covered with wet cotton and cellophane 

paper for 10 days. The remaining 5 plants were inoculated with sterile Malt Agar medium as 

control. In the begirlning of the third year, a lower branch was detached from each plant and 

cut into 0.7 cm sections which remained in the same greenhouse conditions. One Petri dish 

per pot, containing 2 sections was put at soil level. Two months later one section was 

inoculated and the other one used as a control. The inoculations were made using the same 

method above described for plant inoculation. Fungus re-isolation was made monthly by 

retnoving aseptically 0.2 mm pieces (one per wound) from tissues at level of inoculated zones, 

at ttrc enci of the first five months after inoculation. Each piece was put in a Petri dish 

containing Malt Agar amended with 100 ml/l of Penicillin and 100 ml/l of Streptomycin and 

incubated at 25O f C. It was considered as positive results the development of a characteristic 

dark stroma (thick, compact, friable) containing fungus perithecia. 

'I'tie height of all plants was measured at the end of the three years of tests and any disease 

symptoms or signs were recorded. The relative humidity in the greenhouse was maintained 

between 70% and 8096, during the first 60 days after the inoculation.Statistica1 significance 

was determined by Student t - test and x2 using Statview Aboars Concepts, Inc. ABACUS 

software. 

RESULTS AND DISCUSSION 

'I'he results of the pathogenicity tests are sunlarised in table 1. 

After cotton removal, a darkening of the superficial tissus in contact with the inoculurn was 

observed on all inoculated stressed and unstressed plants. Tissues around inoculation zones 

were not necrotic. Two months after inoculation, it was verified the development of callus 

around inoculation zones and the healing of the wounds on all inoculated plants and controls. 

Plants subjected to water stress presented slight discoloration and growth reduction. There 

was significant height difference between stressed and unstressed plants. As there were no 

differences on discoloration and height between inoculated plants and controls, these 

symptoms were probably induced by low water supply. 

A longitudinal spread of dark lesions was observed on 15% of the inoculated branch sections 

and four months later these lesions developed characteristic stroma containing perithecia of H. 

mediterraneum.In spite of the low percentage of such material, the fungus presented a 

prevailing ability to develop on dead tissues, confirming previous field results (Santos, 1992). 

Re-isolation frequency (positive re-isolation per number of re-isolations attempts), was 90%, 

43% and 25% respectively at the end of the first, second and third months and 0% at the end 

of the fourth and fifth months after inoculation. 

No significant differences on results were observed between the two blocks (P< 0.05) 

TABLE 1- Artificial inoculations of Hypo.wylon nrediterratzertrn on cork oak (Quercus suher L.) 
plants subjected to different water regimes and or1 detached branch sections 

Stressed plants Unstressed plants Branch sections 
Innoculated Control Innoculated Control Innoculated Control 

(19) (10) (20) (10) (60) (60) 
++ + +++ (9 + positive +++ (0 positive 

results) results) 
* 74.53 + 16.88 * 72.20 + 6.5 1 * 103.90 rt 14.5 1 * 107.10 f 12.47 

( ) Number of replicates 
+ Leaf discoloration and growth reduction 
++ Leaf discoloration, growth reduction and fungus re-isolation 
+++ Fungus re-isolation 
++++ Development of stroma and perithecia and fungus re-isolation 
* Mean height and standard deviation 
(a);(b) values followed by the same letter do not differ significantly; values with different letters differ 
significantly at 5% significance level. 
(c); (d) significantly different at 2% significance level 



A general review of artificial inoculation tests to assess susceptibility on cork oak (Oliveira, 

1930; Barbosa, 1958; Azevedo & Macara, 1963) and also on other species of Quercus (Luisi et 

crl, 1992; Vannini, 199 1,1996) allowed to conclude that host susceptibility level was 

determined by presence and size of the lesions produced around inoculation zones and fungus 

re-isolation but the development of other external disease symptoins and signs of H. 

rneciiferrc~neum e. g .  characteristic stroina and perithecia were, not recorded. 

It is wiclely reported that I f .  mediterranetan is closely associated with cork oak trees in late 

decline stage - level 3 of an international scale (EC, 1989). The main symptoms of declined 

cork oak trees are crown transparency and dark soaked stetn patches extruding a vi\cous 

liquid. These exudates have been often considered as the first symptom of H. rnediterr~zi~eur?~ 

establishrr~ent (Malen~on, 195 1 ; Azevedo, 1958; Barbosa, 1958). Attempts to confirm this 

hepothesis were not successful (Belisario et al, 1992). This author did not find any correlation 

between this symptom and rnicotlora isolated from exudates or active bleeding tissus of 

Quc~rcus cerris L. The same author pointed out that H. ~nediterraneinnz was rarely isolated 

from those exudates and active bleeding tissues.Similar results also were obtained on cork oak 

by Santos (1992). Other species e. g. Fagus spp (Kowalski, 1991), poplar (Naidenov, 1984; 

Cellerino, 1992), eucalyptus (Santos unpublished) also present similar symptom under 

~rnfnvour-able etivironrnental conditions hilt no correlation was found between exudates and 

isolutcd harrnfi11 rnicroorganisms. 

Two main points require emphasis; Hj~/>o.r;vlorz iiiediterraneu~?? seems to have a prevailing 

ability to develop on dead tissues since ctraractet istic stroma containing fungus perithecia only 

developed o n  detached branch section\; Leaf' cfiscoloration and growth reduction only 

occurred on trees (inoculated and controls) sitbjected to water stress. As such, these symptoms 

;ttc probably induced by water stress and not by fungus activity. 

In \pile of these results data are not suff'icient to conclude that Hypc~xylon nzediterr~rnetnn is 

\trictly saptophytc but clearly indicate that a more fhorc7ugh investigation is needed to clarify 

relationstiips between this fungus and cork oak and interaction with other site factors and 

orgatlisnrs involved. 
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RESUME 

Effect of defoliation on resistance response of Siberian fir , Abies sibirica 

Ledeb., to fungal inoculation was investigated within three even-aged fir stands 

damaged by Siberian moth, Dendrolimus superans sibiricus Tschetw., and located in 

the Krasnoyarsk Territory (Central Siberia). Histological changes in tissues, 

accompanying the resistance response were examined in 30 fir trees (90-130 years 

old) of different defoliation degree (50, 75, 100 %) six weeks after single inoculation 

with Leptographium sp. vectored by Monochamus urussovi Fisch. (Coleoptera: 

Cerarnbycidae). It was recorded that the rate and intensity of defence response of 

phloem and xylem tissues to inoculation as well as percent of trees infested by the 

insect-vector differed significantly in dependence of defoliation degree. Trees of 50 

percent defoliation significantly differed from trees of more severe defoliation in all 

parameters of defence response and percentage of colonisation by the beetle. The 

trees defoliated to 75 and 100% did not differ significantly in defence response 

activity and the number of the trees attacked by M. urussovi. Strong difference in 

resistance to inoculation and colonisation by the beetle was recorded between trees 

defoliated in the current year and in the previous year. Ail infested by M. urussovi 



trees were characterised by the epidemic level of frequency of blue-stain fungi 

associated with this insect. The tendency was recorded to a decreased frequency of 

the pathogenic Ophiostoma sp. and a more frequent occurrence of the saprophyte 

0. cun/icollis in trees defoliated in previous year which lost ability to defend against 

wounding and fungal infection. 

INTRODUCTION 

The resistance response of conifers to inoculation with blue-stain fungi 

involves necrosis of the tissue in the infested area , impregnation of a reaction zone 

with phenolics and resin, periderm and callus formation at the periphery of the lesion 

(Shrimpton, 1973; Berryman, 1972; Wong and Berryman, 1977). The hypersensitive 

response is non specific reaction induced by pathogens in resistant plants 

(Berryman, 1972; Hain et a/,, 1983). Under stresses the reaction is disturbed which 

may lead to pathogen invasion into plant tissues. The activity of hypersensitive 

reaction to inoculation with blue-stain fungi is usually used as a test of conifer tree 

vigour and resistance to attacks of insect-vectors. 

Defoliation of conifers by phytophagous insects causes widespread tree death 

resulting from a decrease in plant resistance to insectlfungal invasion . The influence 

of defoliation on resistance response in conifers to blue-stain fungi has been little 

studied. There are data only on defoliation-related biochemical alterations in the 

reaction, specifically changes in monoterpene composition and accumulation 

dynamics as well as in inner bark carbohydrate concentrations (Wright et al., 1979) . 

Anatomical alterations in the defence reaction related with defoliation have not been 

studied. 

The present histological investigation was designed to assess the effect of 

defoliation on the resistance response of Siberian fir, Abies sibit-ica Ledeb., to 

inoculation with blue-stain fungus Leptographium sp. transmitted by the fir sawyer 

beetle Monochamus urussovi Fisch. (Coleoptera: Cerambycidae). The study was 

carried out in the centre of an outbreak of the Siberian moth, Dendrolimus superans 

sibiricus Tschetw. Recurrent outbreaks of the Siberian moth and associated 

outbreaks of M. urussovi periodically spread to many hundred thousand hectares of 

boreal coniferous forests in North-Eastern Russia (Isaev et a/., 1988). Outbreaks of 

M, urussovi cause widespread mortality in stands of Siberian fir and Siberian spruce 

Picea obovata Ledeb., defoliated by D. superans sibiricus. Siberian fir is the 

preferred host of the fir sawyer beetle. M. urussovi transmits some species of fungi 

which can cause vascular mycosis and blue-staining of sapwood in conifers (Isaev et 

a/., 1988; Pashenova et a/., 1994). The blue-stain fungus Leptographium sp. is 

frequently associated with this beetle in Siberian fir (Pashenova st a/., 1994). 

We have studied the hypersensitive response of Siberian fir to inoculation with 

blue-stain fungi, associated with the fir sawyer beetle M. urussovi, on healthy trees 

and found that the necrotic lesion usually forms 3-4 weeks after inoculation 

(Polyakova et a/., 1995). Necrosis of cells in the infected area is accompanied by 

active accumulation of tannins and lignin in the reaction zone of phloem (Polyakova 

et al., 1995). Callus forms 4 weeks after inoculation sealing the necrotic infected 

area. Necrophylactic periderm formation is usually completed 6 weeks after 

inoculation. 

This investigation involved studying of anatomical changes in defence 

response to infection in trees of various defoliation degrees. The purpose of this 

study was to find indicators of plant resistance to colonisation by the fir sawyer beetle 

and the associated blue stain fungi, using histological parameters of the defence 

response to fungal inoculation. 

MATERIAL AND METHODS 

The influence of defoliation on resistance response of fir stem tissues to 

fungal infection was studied in July-August 1996 in even-aged fir stands near 

Taseevo (The Krasnoyarsk Territory). The region of study is characterised by the 

availability of large areas of defoliated stands (more than 500 hectares). The territory 

belongs to south taiga region of boreal dark coniferous and larch- pine forests. The 

three plots were chosen in the stands growing in similar conditions. The stands were 



damaged by Siberian moth in 1995 and 1996. In the plots the time and the degree of 

defoliation as well as refoliation were taken into account. Field data collected on 

each plot included percentage of trees infested by M. urussovi in relation to tree 

defoliation degree. The percent of trees colonised by the fir sawyer beetle was 

determined among 100 fir trees of different defoliation degrees taken at each plot. 

For microbiological analysis, 50 samples of phloem and sapwood with laid eggs and 

larval galleries of the fir sawyer beetle were collected from the category of trees that 

was dominating on each plot. The species of fungi were identified on the basis of 

typical morphological signs of anamorphes and teleomorphes (Olchowecki and Reid, 

1974; Solheim, 1986 ) by examining the collected samples. 

For histological analysis, at the beginning of July (swarming time for M. 

urussovr) 30 fir trees of various defoliation degree - 50, 75 and 100 % defoliated in 

the current year and completely defoliated in the previous year, each about 25 cm 

diameter at breast height, were inoculated with Leptographium sp., using the cork 

borer technique (Wong and Berryman, 1977). The age of the trees sampled ranged 

from 90 to 130 years, but most samples were taken from 100-1 20 year-old trees. The 

trees were inoculated with 2-week-old cultures of Leptographium sp, the holes were 

made using a 7-mm cork borer into the trunk to the sapwood. After 6 weeks, samples 

of bark and sapwood , consisting of the brown reaction zone and 5-mm surrounding 

tissue, were removed with a chisel. In all samples, the length of the phloem necrotic 

lesion and size of the resin cavity were measured. For sectioning, razor blades were 

used to cut transverse sections of phloem and xylem tissues. The transverse 

sections were made at the middle of the necrotic lesion. Cupric acetate was used to 

test tissue from the reactive zone for resin (Wong and Berryman, 1977). 

For each sample, the following parameters of defence response were 

estimated: the stage of wound periderm development: in grades: 1) absence of 

periderm, 2) non-coloured periderm, 3) completely formed coloured periderm ; the 

number of traumatic resin ducts (per Imm of transverse section) and percentage of 

resin ducts filled with resin; formation of callus and its size; percentage of phloem 

cells and tracheids filled with resin. 

Data within and among groups were subjected to an ANOVA statistical 

analysis. For each group of trees, the means of the histological parameters of the 

defence response were calculated. Comparison of the means of quantitative 

parameters of defence response and percentage of colonisation by the fir sawyer 

beetle between trees with different defoliation degree were made using a two-sample 

t-test. Significance of difference was tested at the 0.05 level. Statistical analysis of 

histological data included the estimation of correlation between all defence response 

parameters. 

RESULTS 

Histological analysis 

In all samples, a typical elliptical necrotic lesion was visible in the phloem. The 

length of the necrotic zone in phloem varied from 25 to 180 mm. Removal of the 

phloem usually showed a resin cavity. The size of the resin cavity was similar to or 

smaller than the necrotic zone of phloem. At transverse sections, formation of callus 

and periderm at periphery of the necrotic lesion was recorded. The phloem of the 

necrotic lesion was usually weakly soaked with resin. Resin was observed in the 

lumina of sieve cells, the resin containing sieve cells were usually found in close 

proximity to the resin cavity and along fissures of necrotic phloem. Both young and 

old phloem seemed to be equally resin impregnated. The sapwood response to 

inoculation was characterised by formation of resin ducts and a cavity , and the 

presence of resin in the tracheid lumina. In Abies genera, trees do not normally 

produce resin ducts. Inoculation of the stem causes formation of so called traumatic 

resin ducts. The number of resin ducts varied from 6 to 12 per 1 mm of transverse 

section, their filling with resin ranged from 0 to 100%. The resin cavity formed on the 

boundary of phloem and xylem on the line of resin duct gaps. Resin in tracheid 

lumina was recorded mainly in two last annual rings. Resinosis of early and late 

tracheids was similar. Resin filled tracheids were not associated with rays or resin 

ducts. 

The correlation analysis showed that the size of resin cavity was negatively 

1 related to the length of necrotic lesion (r=-0.62; p=0.01). No resin cavities were found 
I 



Fig. 1 to 3. Transverse sections through the phloem and xylem at the middle of reaction 
zone from trees of 50% defoliation . 

Fig. 1 .  Transverse section showing necrotic lesion of phloem (NL), resin cavity (RC), resin 
soaked tracheids (RT), pad of poorly differentiated callus cells (CC) and coloured 
phellem (CP) of periderm derived from pheliogen that have been developed in the 
outer layers of callus cells. x 40, 

Fig. 2 Transverse section showing well developed resin cavity (RC) filled with resin, and 
mass of undifferentiated callus cells (CC) supposedly derived from divisions of 
phloem parenchyma cells. x 40. 

Fig. 3. Showing mature traumatic resin ducts (RD) filled with resin (R). x 100. 
Fig. 4. Transverse sections through phloem and xylem tissue from a tree of 75% defoliation 

showing necrophylactic periderm with layers of uncoloured phellem cells (UPC), resin 
ducts (RD) and resin pockets (RP) Note absence of resin cavity. x 40. 

Fig. 5. Transverse section through xylem from a tree of 100% defoliation showing 
incompletely differentiated resin ducts (RD). x 100. 

under necrotic lesions longer than 80 mm. From the physiological point of view, it 

may be interpreted as the absence of defence response of the tree that doesn't 

resist infection spreading. This is supported by the strong negative correlation 

between the length of necrotic lesion and the development of wound periderm 

(r=-0.76; p=0.01), as well as with the number of traumatic resin ducts 

(r=-0.42; p=0.05). A strong positive correlation was recorded between callus 

development and periderm formation (r= 0.56; p=0.01). 

The rate and the intensity of defence response of fir stem tissues to infection 

differed for the trees of various defoliation degrees . With the defoliation up to 50% 

defence response was very active. In this case, the small necrotic lesions ( average 

length 40 mm) were completely isolated by necrophylactic periderm that had red 

colour that is characteristics of freshly formed phellem (Fig. 1). There was well 

developed callus, which suggested that the wound lesion was healing, and the 

inoculated pathogen had been completely suppressed (Fig. 1, 2). In xylem a 

tangential band of mature traumatic resin ducts formed (Fig. 3). The number of 

traumatic resin ducts reached 12/mm, they were full of resin. A well developed resin 

cavity was recorded (Fig. 1, 2). Active callus formation was observed along the 

border of the necrotic phloem zone, due to division of tangential band parenchyma 

(Fig. 2 ). This observation is similar to those noted by P.R. Larson (1994): in most 

wounds callus tissue is usually derived from the rays, vascular parenchyma and 

undifferentiated xylem and phloem derivatives, and is parenchymatous in nature. 

In the 750h defoliated trees defence response to inoculation slowed down 

leading to an increase in the number of infected phloem cells; the length of the lesion 

reached 70-80 mm. Because of delay in formation, the wound periderm was less 

pronounced and non-coloured, callus was slightly developed (Fig. 4). Resinosis 

appeared to be less active - resin pockets rather than a resin cavity were found (Fig. 

4). Complete defoliation disturbed periderm formation around infected phloem and 

decreased the activity of traumatic resinosis - resin ducts were poorly differentiated 

(Fig. 5), no resin cavity was formed in these trees. 



Even more pronounced disturbances of defence response were recorded in 

trees defoliated in the previous year. In this case, enormous phloem necroses with 

the length reached 180 mm were found in the inoculation zone. Callus and 

necrophylactic periderm were absent (Fig. 6). Traumatic resin ducts didn't form (Fig. 

7 ). The defence response disturbance resulted in infection spreading over sapwood 

tissues of these trees (Fig. 7) .  

Fig. 6. Transverse sections through Fig. 7. Transverse section through xylem 
phloem of reaction zone from a tree full of inoculation zone showing tracheids filled 
defoliated in previous year showing with fungal mycelium (FM). Note absence 
necrotic lesion (NL) and adjacent to lesion of resin ducts. x 90. 
enlarged parenchymatous cells (PC) . 
Note absence of callus and periderm at 
the periphery of necrotic lesion. x 40. 

The comparison of quantitative parameters of defence response showed a 

significant difference of trees with 50% defoliation from trees with stronger defoliation 

(Table 1). 

Trees with 75% defoliated crown and completely defoliated ones did not significantly 

differ from each other either in the size of necrotic lesions which developed in 

response to inoculation or in the activity of traumatic resinosis (Table 1). Significant 

differences in all quantitative parameters of the defence response were found 

between trees completely defoliated in the previous year and trees completely or 

75O/0 defoliated in the current year. 

Table 1. Mean of defence response parameters (st SD) for trees of different defoliation 
degree. 

I Parameters of response 

(Length of necrotic lesion (mm) 40.2rt11.6 
(a) 

Periderm formation 3.0kO. 1 
(a 

Width of callus ( mm) 0.76rtO. 13 
(a 

Number of resin ducts (per 1 mm) 11 .Ok1.2 
(a) 

Percent of resin ducts filled with resin 100.0k0.4 

Defoliation degree 

(1 995 year) 
n=lO 

(a) (b) (b) ( c ) 
Means followed by the same letter within a line are not significantly different at P=0.05, t-test 

Field observation 

It was found that there is a relation between defoliation degree and the 

resistance of fir trees to the attack of the sawyer beetle and invasion of blue-stain 

fungi transmitted by this insect. Among trees with 50% defoliation, the mean 

percentage of trees infested by the fir sawyer beetle didn't exceed 7%, for trees with 

strong and complete defoliation this value increased to 45%. The highest 

colonisation percentage (75%) was recorded for trees completely defoliated in the 

previous year. The total frequency of blue-stain fungi in the trees infested by the fir 

sawyer beetle reached 100% (Table 2). 

Table 2 . Frequency of the blue-stain fungi in M.urussovi galleries 

No of Year of Degree of Percentage of samples with blue-stain fungi * 

Plot defoliation defoliation Total Leptographium sp. Ophiostoma sp. 0.curvicollis 

of sampled 

trees (%) 

1 1996 7 5 100 (100) 88(100) 52(36) 12(5) 

2 1996 100 1 OO(100) 1 OO(100) 63(50) 2503 

3 1995 100 96(100) 68(100) 28(22) 60(11) 

*Data for phloem samples are without brackets, data for sapwood samples are enclosed in brackets 



It was shown that in defoliated stands the fir sawyer beetle transmitted the 

complex of blue-stain fungi, consisting of the species Ophiostoma curvicollis, 

Ophiostoma sp. and Leptographium sp. For the trees which were defoliated in the 

previous (1995) year and lost the ability to defend against wounding and infection we 

recorded the tendency to a decreased frequency of the pathogenic species 

Ophiostoma sp. and a more frequent occurrence of the saprophyte 0. curvicollis, in 

comparison with trees defoliated in the current year (Table 2). 

CONCLUSION 

The rate and the intensity of defence response of phloem and xylem tissues to 

fungal inoculation appear to decrease with a higher defoliation degree of Siberian fir. 

The defence response was active in medium-defoliated trees (50% of crown). These 

trees were shown to be resistant to colonisation by the fir sawyer beetle. In severely 

defoliated trees some defence activity was observed, although it was not efficient 

enough to prevent colonisation. The response of these trees to infection was 

characterised by weak traumatic resinosis, disturbance of callus and periderm 

formation, These disturbances of defence response may have resulted from sharp 

energy deficit in stem tissue of defoliated trees. This supposition could be confirmed 

by the experimental data on significant decrease of starch and soluble carbohydrate 

content in phloem and xylem tissues of conifers under full defoliation of crown 

(Wright et al., 1979; Girs, 1982; Romanova and Sudachkova, 1990). 

The recorded relation between the activity of defence response to fungal 

infection and plant resistance to colonisation by M. urussovi allows the method of 

inoculation to be used in defoliated stands for assessment of fir resistance to the 

attack of the fir sawyer beetle and to wound infection. 
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RESUME 

The susceptibility of fire-damaged Scots pine trees to attack by the common pine shoot 

beetle, Tonziciis piniperda, was followed during 3 years in seven reserves of burned forests 

that were established in south and central Sweden following extensive forest fires in the 

summer of 1992. Fire-damaged pine trees were susceptible to beetle attack, mainly during the 

first two years after the fire. Colonization attempts by 7'. pitziperda were successful in trees 

having less than 25 % intact foliage and failed in trees carrying ca 40 % of full foliage, 

whereas trees with at least half of their foliage left were not attacked at all. Altogether, ca 60 

% of the 446 study trees were attacked, and most of them died. A few trees sustained beetle 

attack in two or even three years.The attack density of T. piniperda increased from the first to 

the second year, and fell again in the third year. Many new beetles developed in the two first 

years but brood production was low in the third year. Thus, fire-damaged stands may produce 

large numbers of pine shoot beetles during a few years when susceptible trees are abundant. 



INTRODUCTION 

The pine shoot beetles Tornicus piniperdu (L.) and Tornicus minor (Hart.) are the most 

i~rtportant bark beetles on Scots pine (Pirzus s~ylvestris L.) in Scandinavia. These beetles may 

uau\e sirbstarttial growth losses by their devastating shoot-feeding in the pine crowns (Nilsson 

1976, LBngstrom & Hellqvist 1991). Healthy pine trees are generally resistant to stem-attacks 

by these beetles, which normally reproduce in fresh pine timber. Weakened trees may, 

however, be killed by Tomicus-attack, and suppressed trees in unmanaged pine stands are not 

seldom killed by pine shoot beetles (or other stem-attacking insects, like Pissodes pini L.). 

Extensive tree mortality due to Tomicus-attack has been rare in northern Europe, and is 

always preceeded by substantial needle losses (for references, see Lingstrom & Hellqvist 

199'3). In warmer climates, stem-attacks and subsequent tree mortality seem to occur more 

frequently (Triggiani 1984, Li et al. 1993, Ye & Li 1996). 

I11 Scandinavia, pine stands normally survive one year of severe defoliation, but the 

needle loss may render these trees susceptible to secondary attacks by stem-attacking insects, 

mainly pine shoot beetles. On the other hand, empirical evidence as well as experimental data 

(LSngstrGrn et. al. 1992, and references therein) indicate that Scots pine, at least at 

Scandinavian latitudes, retains a substantial defensive capacity even after severe defoliation, 

i.c. that almost total defoliation is needed before stem-attacking insects succeed in killing the 

trees. The defense systems in conifers against bark beetles have been intensively studied in the 

last decades, but the underlying physiological and chemical processes are still poorly 

understood (for overviews, see Christiansen et al. 1987 and Raffa 1995). As the availability of 

c;irbohydr-ates is thought to play an important role in the defense chemistry, all kinds of needle 

losses should hence increase the susceptibility of the trees to beetle attack. 

Fire-damaged trees often loose a substantial part of the foliage, but the stem phloem and 

the roots may also be damaged by the fire. Although Scots pine is known to be fairly resistant 

to forest fires (Kolstr8m & Kellomaki 1993), surviving trees may be substantially weakened 

and become colonized by stem-attacking insects (Wikars 1997, and references therein). 

Among these, the pine shoot beetles are likely to be among the first invaders. 

Frequent forest fires in 1992 lead to the establishment of a number of protected reserves, 

wttere fire-damaged areas were left for free development in order to promote biological 

diversity. In 1993, study plots were established in seven of these reserves in order to study the 

early colonization of fire-damaged trees by insects, and especially to evaluate the risk for bark 

beetle outbreaks developing in these reserves. The methodology and first-year-results have 

been described by Ehnstrom et al. (1995). In the present paper, we report on the susceptibility 

of the fire-damaged pine trees to pine shoot beetle attack, and relate this to the remaining 

foliage and beetle performance. 

MATERIAL AND METHODS 

The study areas and the plots as well as the general procedures of the present study have 

been described in detail by Ehnstrom et al. (1995). In summary: the seven forest fires that 

were included in this study were situated in south and central Sweden and varied in size from 

a few to more than I000 hectares. The reserved areas varied correspondingly (7-300 ha). Most 

of the reserves were fully-stocked conifer forests dominated by Scots pine, but some of them 

also contained burned peatlands with a sparse forest cover. The tree size varied from pole- 

sized to mature trees, and all levels of fire-damage occurred in all areas. The earliest fire took 

place on 10 June and the latest on 23 July 1992. 

In spring 1993, circular plots were laid out in the burned stands (except at Torsburgen 

and Gimo, where plots were established in the autumn 1993). The plot sites were selected to 

cover the range of fire damage and tree vitality of the dominating tree species in the area. The 

number of plots varied from 3 to 12 depending on the size and variability of the fire area in 

question. Plot size was 100, 200 or 300 m2 (radius: 5.64, 7.98 and 9.78 m) depending on the 

stocking, and was selected to yield 10-15 trees per plot. On each plot, each tree exceeding 5 

cm in diameter at 1.3 m stem height ("breast height") was numbered and its species and 

diameter was recorded. The vigour of each tree was also noted according to the estimated 

amount of green foliage left on the tree using the following classes: 0, I - 10, 1 1-20, 2 1-40,4 1 - 

60, 61-80, 81-100 per cent of full foliage. After classifying tree vigour, all trees were 

inspected for the presence or absence of pitch tubes or boring dust on the lower stem, 

indicating current stem-attack by T. piniperda. 

In the autumn 1993, all trees were re-inspected and re-classified with regard to the 

percentage of healthy foliage. All trees were checked for presence/absence of exit holes 

indicating successful bark beetle colonization. On every third tree, a bark sample (10 cm wide 

and 30 cm high) was inspected at knee height, breast height and three metres above the 



ground. In principle, the samples were taken on the side of the tree facing the plot centre, but 

tltc aspect was sonietimes modified for practical reasons. All exit holes of pine shoot beetles 

were counted before the bark was removed. The number of gallery systems of each occurring 

spccies was counted, and the developmental stages present in the galleries were recorded. We 

also rrlcasured the lengths of the egg galleries of the pine shoot beetles. Finally, the bark type 

was recorded as rough, intermediate or smooth, and the phloem vitality as dead (brown and 

dry), dying (dry and white - brownish) and fresh (white and moist). When appropriate, the 

tree's deviation from an erect position was recorded. 

The sample plots were visited each spring 1994-96 when all living trees were re- 

inspected for current stem attacks by ?: pirtiperdu, and were classified according to the 

amount of green foliage as described above. All sample plots were also inspected in the 

autumns of 1994 and 1995, when a new third of trees was inspected as described above for 

autumn 1993. At these later inspections, the beetle attacks had to be dated according to the 

year(s) of attack, i.e. trees inspected in 1995 could have been attacked in 1993, 1994 or 1995. 

Current attacks were easy to recognize each year, whereas one-year-old galleries in 1995 were 

scparated from two-year-old ones by the general appearance of the gallery and the 

surrounding bark structure. Since one third of the trees was inspected each autumn, attack data 

for I993 was obtained from all trees, whereas data for attacks in 1994 and 1995 were obtained 

from two thirds and one third of the trees, respectively. In addition, live sample trees from 

previous inspections were re-inspected each autumn, and a few of these displayed attacks by 

pine shoot beetles from more than one year. 

A preliminary analysis of the data indicated that if a tree was attacked by T. piiziperda 

galleries often occurred on all three sampled stem heights. Thus, data from the three bark 

samples were pooled for each tree. Results were analysed using the SAS statistical program 

(SAS 1987). Means were compared by one-way analysis of variance followed by Tukey's test 

for multiple comparisons, and considered significant at the 5% level (Zar 1984). 

RESULTS 

Tree survival and beetle attack patterns 

Of the 446 pine trees followed in this study, 204 were alive and not attacked by pine 

shoot beetles in the autumn 1993 (Figure I). Of these, 89 were still alive in 1996, and hac 

remained unattacked through the study period. On the other hand, 100 trees were recordec 

dead in 1993 without any signs of pine shoot beetle attack that spring. Of the remaining trees 

98 were successfully attacked (i. e. had exit holes indicating brood production) and killed ir 

1993, whereas one tree was classified as dead after being unsuccessfully attacked (galleries 

but no exit holes). Nine trees survived unsuccessful attacks and 34 trees were recorded a5 

living despite successful attack in 1993. 

In 1994, 27 trees in the last mentioned group of 34 trees died without further attack, 6 

were re-attacked and killed and 1 tree escaped further attack and survived to spring 1996. Two 

of the nine trees that were unsuccessfully attacked in 1993, became re-attacked in 1994 but 

survived and was not attacked later on; one tree escaped attack in 1994 but died anyway in 

1995; six were successfully re-attacked in 1994, 4 of which died in the same and two in the 

following year. 

The flow chart also shows that the 204 live trees that escaped attack in 1993 were next 

year distributed among all categories mentioned above. Half of the previously unattacked live 

trees remained unattacked and alive in 1994. Fourtyfour trees died as a result of Tomicus- 

attack, 15 trees were successfully colonized but still alive, while the attacks failed in 29 trees. 

Eleven trees died from other causes and one of these was also attacked by T. piniperdu. 

The next year (1995), Tnrnicus-attack occurred in 10 of the previously unattacked (105) 

and in 4 of the previously attacked (29+15) trees, Two of these survived, and one was re- 

attacked in 1996 for the third time. In this last year, only 2 more trees were attacked, both of 

them for the first time. Two trees were recorded dead in this spring. One of them was attacked 

in the previous year, and the other was never attacked. 

Thus, Tomicus-attack occurred in all four years, but the proportion of attacked trees 

decreased over time, and was 41,42, 1 1  and 2 % of the trees alive in spring 1993, 1994, 1995 

and 1996, respectively (i. e. 142 1346, 1031247, 161155 and 31128). As mentioned above, one 

tree was still alive in spring 1996 after 3 years of consecutive attacks. Two trees survived 



0 No attack. live trees 

NO attack. dead trees 

0 Unsuccessful attack. live trees 

0 Unsuccessful attack. dead trees 
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Accumulated mortality 

1 igure I 1-low chart sttow~ng the fate of the 446 pine trees tollowed In the study (all sttes pooled), numbers in 
symbols tndrcate the nurnher of trees In the actual category tn the autumn of a glven year Down-arrow\ ~nd~cate 
tti:tt tiend trees, regardlers of rnortaltty cause, were accumulated at the bottom of the graph 

attacks in 1993 and 1994, and 24 trees that were attacked in 1993 survived and escaped 

further attacks. 

All 99 trees that died in 1993 were attacked by T. piniperda. In addition, 27 of the trees 

that died the following year had been successfully attacked in 1993. Considering these trees to 

be beetle-killed together with the 55 successfully attacked trees, means that T. piniperda was 

involved in 89 % (27+55/92) of that year's mortality. The corresponding figure for 1995 was 

68 % (13+4/25), and in spring 1996 one more beetle-attacked tree had died. In all, 63 % of all 

dead trees (199/3 16+1+ 1) were attacked by T. piniperda in the year of, or prior to their death. 

Foliage changes 

In all years, trees that were successfully colonized by the pine shoot beetles, carried 

significantly less green needles at the time of attack than unattacked trees, or trees where the 

attacks failed (Table 1). The two latter groups did not differ significantly concerning the 

remaining foliage. The estimated needle biomass remained at the same level for each attack 

category during three years, indicating little recovery or decline in foliage during the study 

period. The means derived from the defoliation classes may, however, not reflect foliage 

changes for individual trees that rendered them susceptible or resistant from one year to 

another. 

Performance of T. piniperda 

The attack density, i. e. the number of egg galleries per m2 (averaged for the 3 bark 

samples from different stem heights) of T. piniperda increased from the first to the second 

year at all sites, except Galtabiick and Skir (Table 2). In the third year it fell again, except at 

Vaktj myr. At Galtaback+Skir and Gimo, where there were no attacks at all in 1995. Attack 

densities exceeding 100 egg galleries per m2 were not rare, and at Brattforsheden it was above 

200 in 1994. 

The mean gallery lengths varied between years and sites ranging from 30 to 120 mm in 

length (Table 2). As the means include very short galleries from failed attacks as well as 

successful ones resulting in long galleries, the figures are difficult to interpret. Obviously, 



Table 1.  T<inziclts- attack in the years 1993- 1995 as related to the average needle biomass 

(mean irt~d SI3) at the time of attack in each year (N = number of live trees each year). Means 

within columr~s followed by the same letter were not significantly different (Tukey's test) 

-- 

Status of Estimated needle biomass at the time of attack 

7 b r t z t c  11s attack 1993 ' I  1994 1995 

mean SD N mean SD N mean SD N 

No attack 47,O it 24,7 1 18 50,7 a 23,5 116 49,4 u 22,4 124 

Failed attack 36,O cz 19,6 10 47,2 u 19,O 32 36,4 a 29,l 1 1 

Successful attack 15,7 b 16,3 79 22,7 b 13,7 71 23,3 u 5,8 3 

P-value 0,000 1 O,O(K) 1 0.0364 

I\ n o t  known  for that year 

Table 2. Ikrformance of 77. pirziperdu on trees attacked in 1993-1995 at the different study sites (data for 
sample sections 1-3 pooled within trees before calculating means and stunriurd rieviatioris ) 

Site Year Egg galleries / Mean gallery Brood / Brood / Number of trees 
2 m length, mm m2 gallery attacked total ') 

Rrattfors 1993 103,s 70'5 9 7 3  46,7 881,8 883,l 8,6 6,8 44 92 

+ Skir 1994 66,7 47,l 110,s 31,5 516,7 611,9 6,l 4,5 4 

1995 0 0,O - 0 

I )  Nurnbcr of live trees (in spring) available tor attack each year 

many attacks must have failed at Gimo in 1994 and at Torsburgen, Lenhovda and Vako myr 

in 1995. 

Brood production was very low at Torsburgen and nil at the two last-mentioned sites in 

1995 (Table 2). In contrast, close to 1000 beetles emerged per m2 bark area in the previous 

year. At half of the sites brood production peaked in the first, and for the other half in the 

second year. The same pattern is also evident from the broodJgallery figures, ranging from 0 

to 1 1  exit holes per gallery. Assuming a balanced sex ratio, the figures should be divided by 2 

to express the rate of population increase (i. e. new females per old female). 

DISCUSSION 

The susceptibility of the pine trees exposed to the fire clearly varied with the level of 

fire-damage. Some of the badly burned trees had no live phloem left for the beetles to 

colonize, and were hence not attacked at all by the pine shoot beetles. These were mainly 

small trees (for data, see Ehnstrom et a]. 1995; Table 2). On the other hand, many trees 

survived the fire and were never attacked by the pine shoot beetles during the entire study 

period. These trees were characterized by having about half of full foliage left in all three 

years of inspection. These two groups of unattacked trees constituted ca 40 % of the total 

number of trees studied. It must be noted, however, that study plots were laid out to cover the 

range of fire-damage in each area, and do not necessarily reflect the proportions of different 

fire-damage levels in the stands. A true picture of how different stands were affected by the 

fire would have required a larger number of plots and a different study design. 

The main finding of the present study was the fact that successfully colonized trees in 

all years carried less foliage than did the trees where the attacks failed, which in turn had less 

foliage than the unattacked ones. On an average, trees having less than about 25 percent of full 

foliage were unable to withstand the attacking pine shoot beetles, and this pattern was true for 

all three years. This observation is consistent with the experience that severe defoliation may 

render trees susceptible to secondary beetle attacks (Butovitsch 1946, Lekander 1953, 

Mihkelson 1986, Speight & Wainhouse 1989). 

The critical level of foliage loss for successful beetle attack has not been determined, 

and it  may obviously vary from time to time depending on e. g. tree vigour prior to defoliation 



and beetle populaticn~ levels. As secondary beetle attacks seldom occur after severe defoliation 

by Nc>oliiprion s~rtifcvr (Geoffr.), and since this sawfly species nor~nally leaves the current 

needles intact, it seems as the new needles (corresponding to 20-30 % of the total foliage) give 

enough resistance to pine shoot beetle and other stem-attacking insects. Current work in pine 

\tan& severely defoliated by Ili/lrion pini (L.) indicates that 10 % remaining foliage may be 

enough to save the trees from the pine shoot beetles (Annila et al. 1993, 1998). For snow- 

broken pine trees, Schroeder and Eidmann (1993) noted that broken trees having more than 

five live branches were not attacked at all by stem-boring insects, whereas all snow-breaks 

without live branches were attacked. Pruning experiments have also demonstrated that 

removal of half of the crown did not render trees susceptible to Tomicus-attack whereas trees 

with less than 20 94) foliage left were killed (LAngstrGm & Hellqvist 1988), Thus, the fire- 

tlarnaged Scots pine trees seem to be somewhat more susceptible to beetle attack than 

defoliated or pruned ones. 

It has also been suggested that the beetles themselves could predispose trees to stem 

attack by their own shoot-feeding activity in the pine crowns (Li et al. 1993). That would, 

however, require massive shoot losses and this phenomenon hardly occurs in Scandinavia 

(1,Sngstriim (42 I-lellqvist 1993, and references therein). In the present study, we recorded 

modest shoot losses (data will be published elsewhere), and they did neither predispose trees 

to attack, nor explain the observed slow recovery of the foliage. 

In this study, tree susceptibility was not analysed by tree size, but there is some 

evidence indicating that defoliated small trees are generally more susceptible to beetle attack 

than larger ones (Butovitsch 1946, Lekander 1953, Annila et al. 1993, 1998). As no chemical 

analyses were included in this study, it is not meaningful to discuss the host defense systems 

in any detail here. It is widely accepted that conifers rely on a resin-based defense strategy 

involving a primary resin flow followed by an induced defense reaction aiming at containing 

the attacking beetles and their associated blue-stain fungi in resin-soaked lesions (for a review 

and references; see Ghristiansen et a1 1987). It is also widely accepted that the supply of 

energy (i.e. carbohydrates) is critical for these defense reactions (e.g. Lorio 1988), and that 

vigourous trees hence should be able to mobilize more resistance than less vital ones. As 

defoliated trees are deprived of most of their photosynthetic capacity, it is obvious that their 

susceptibility should increase with increasing needle loss. Actually, it is surprising that 10-20 

percent remaining needles still may be enough to prevent beetle colonization. 

The results showed that T. piniperda was strongly involved in the tree mortality. 

Altogether, about 60 % of the pine trees were attacked during the study period, and most of 

them died, probably as result of the attack. Other stem-attacking species may of course also 

have been involved, but since T. piniperda was the dominating species, and the only one 

(together with the less common Arhopalus rusticus (L.)) that showed some aggressivess in its 

occurrence (Ehnstrom et al. 1995), it is reasonable to assume that the pine shoot beetles were 

the main challenge to the host resistance mechanisms. In Siberia, pine shoot beetles are 

important colonizers of fire-damaged trees (Prosorow 1929), and in southern Europe they 

cause substantial mortality in such stands (Triggiani 1984). 

Each year, the pine shoot beetles attacked previously unattacked trees as well as trees 

that had sustained attack in one or several years before, The proportion of Tomicus-attacked 

trees decreased over time from 41 to 2 % of the trees that were alive in spring 1993 and 1996, 

respectively. This decline in beetle attack cannot primarily be attributed to increased host 

resistance, as foliage levels of attacked and unattacked trees did not differ between the years 

(cf. Table 1). It is more likely that it reflects a declining beetle population with increasing 

difficulties to find new susceptible hosts to colonize. 

The local beetle populations in the study areas are difficult to estimate, but the observed 

attack densities were generally low (means below 150 egg galleries per m2 bark area, except 

at Brattforsheden in the second year where it was close to 240, cf. Table 2). Other studies have 

showed that attack densities of 150-300 egg galleries per m2 bark area are necessary to 

overcome the host resistance, even in weakened pine trees (Schroeder & Eidmann 1987; 

Lingstrom & Hellqvist 1993). Thus, the fire-damaged trees were weak despite the fact that 

they had a considerable amount of green needles. Possibly, the fire had damaged the root 

systems and impaired the water uptake and the defensive capacity of the trees. 

At most sites, the attack density increased from the first to the second year, and then 

decreased again (being zero at some sites; cf. Table 1.) In the fourth year, only occasional 

attacks were recorded. Thus, the pine shoot beetles were mainly able to utilize the trees during 

the two first years following the fire. The beetles were, however, opporttlnistic and tried in all 

years to attack healthier trees than they could conquer. Failed attacks are not unusual at high 

population levels (Kohler 1986; Lhngstrom & Hellqvist 1993). As no attack attempts were 



sccn on the most vigourous trees (having more than 50 % foliage left), it seems likely that the 

heetlcs can discri~ninate between unsuitable and possible host material at an early stage, or 

even in Right (Byers et al, 1989) 

Attack densities between 50 and 100 egg galleries per m2 bark area are high enough to 

fiilly exploit the host material, and produce a substantial brood (see e.g. Saarenmaa 1983, 

Sauvard 1989). Average brood figures reaching 1000 exit holes per m2 bark area and 10 

callow adults per gallery indicate that fire-damaged trees may be as good host material for T. 

piniperda as storm-felled trees (Liingstrom 1984, and references therein). Thus, the pine shoot 

beetles occupied most of the available phloem, and were therefore the main colonizers of the 

lower stem (see also Ehnstrom et al. 1995). The possible interaction between these beetles and 

other stem-attacking insects will be treated elsewhere. 
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RESUME 

The beech caterpillar, Syntypistis (=Quudricalcarifera) punctatella (Motschulsky) 

(Lepidoptera: Notodontidae), often causes serious defoliation of the Siebold's beech (Fagus 

crenuta Blume) forests in Japan. We investigated the survivorship and body size of S. 

punctatella larvae raised on beech saplings grown under various levels of water availability 

over a three-year period to test the "water stress hypothesis" which proposes that the resultant 

increase in food quality due to water stress lowers mortality rates, enhances development, and 

increases body size. Beech saplings grew well under high water availability, but plant 

mortality was caused by both water stress and insect defoliation. Mortality tended to be 

highest under high water-stress conditions and with insect defoliation in the previous year. In 

water-stressed plants, foliar nitrogen was high but the rapid induced response (RIR) was 

weak: the increase of tannins was relatively small, even after the beech caterpillar consumed 

the foliage. Insect performance (i.e. survivorship and pupal weight) on water-stressed beeches 

was high. These results support the "water stress hypothesis". However, the delayed induced 

response (DIR) was completely different frotn the RIR; it tended to be strong in high-water 

stressed plants. In the year following defoliation, insect performance tended to be low because 

1 foliar nitrogen was low and tannins were high in high water- stressed plants. 
I 



INTRODUCTION 

l'tie beech caterpillar, Syntypistis (=Quadricalcarifera) punctatella (Motschulsky) is a 

Sol iage-Seeding Lepidopteran species that is associated with beech, Fag us crenata Blurne and 

I.'. jrcporzic~c Maxim., in  Japan. Outbreaks of this species are known to occur in Eiorlshu and 

tlokkaido islands of Japan (Yanbe & Igarashi, 1983) and to occur synchronously among 

different areas at intervals of 8-1 1 years (1,iebhold et rrl., 1996). The moth populations exhibit 

8- 1 1 year cycles, widely synchrorlized both in outbreak and non-outbreak areas (Kamata & 

Igarashi, 1995b3. 

Syrichroriy aniorrg geographicatly disjunct populations has heen observed in several 

Sorest insect populations (Martinat, 1987; Wallner, 1987; Myers, 1988). Although a variety of 

mechanisms have been proposed to expIain this synchrony, they can be attributed to three 

rnajor causes: I )  rriass nrigration of the pest species (Hardy et al., 1983; Wallner, 1987); 2) 

tirass migration of a natural enemy of the pest species (Royama, 1984; Shepherd et al., 1988; 

Myers, 1990); and 3) deviations in weather that are synchronous over large areas. Perhaps the 

tilost common explanation provided for simultaneous outbreaks is the concurrent occurrence 

o f  we;itlrer anorrralies over large areas (Wellington, 1957; Martinat, 1987). The theory that 

weather anomalies sirr~ultar-rec~iisly trigger outbreaks in disjunct forest pest populations has 

been advanced for Hypkcrtztrin curlea (Morris, 1964), Clzoristtmeura c?ccidentczli.s (Thomson et 

crl., 1984; Swetnarn & Lynch, 1993), C. fiml:(~rczna (Wellington, 1952), Malaco.so?na disstrin 

(Blais er ul., 1955), and several other important forest pests (Bodenheimer, 1930). 

Kamafa & Takagi (1991) analyzed a beech caterpillar outbreak time series and 

conclitded that high June temperature and low July precipitation in the preceding 3 years were 

associated with the onset of ctutbreaks. They also indicated that variation in July precipitation 

is historically synchronous throiigt-rout N. Japan (see Kamata & Igarashi, 1995b). We 

tlypottresize that this synchrony may be the cause of synchrony in S. pf~rtctntellcx populations, 

altl~ough population cycles tl~emselves appear to be the result of intrinsic ecological 

relationships with host plants andlor natural enemy populations. 

Three differenl ways in which sitcccssive years of dry summers trigger a gradual 

itrCrease of the tnoth population were hypothesized: I )  abundant rainfall directly curtails 

fccding behavior of the larvae and has several influences on larval growth and mortality 

(Kamata & Igarashi, 1994); 2) low rainfall indirectly reduces the mortality caused by fungal 

diseases in the soil because soil moisture is an important determinant of growth of fungi 

which are important mortality factors of S. punctatelln pupae (Kamata in press); 3) the 

resultant increase in food quality due to water stress lowers mortality rates, enhances 

development, and increases body size (Mattson & Haack, 1987; Rhoades, 1985; White, 1974). 

Kamata & Igarashi (1993) reared S. purzctatella larvae on beech saplings grown under 

different levels of water availability by differing the frequency of the water supply and found 

that performance of S. punctatella was high in water-stressed beeches. This simple 

preliminary experiment suggests that the foliage became more nutritious to S. punctatellcr 

under water-stressed conditions. 

Herein, we test the hypothesis that insect performance is enhanced on water-stressed 

plants by rearing larvae on beech saplings grown under a gradient of water availability. The 

saplings were irrigated daily by a drip irrigation system. Foliage nutrition (nitrogen and tannin 

levels) were compared among the treatments and so were constitutive defense, RIR, and DIR. 

LIFE HISTORY 

S. y~mctatelln is a univoltine species (Igarashi 1975), overwintering as pupae in the 

forest floor and emerging as adults from late May to late July. Fecundity typically ranges 

from 300 - 400 eggs which are laid in masses of 20-100 eggs on the backs of beech leaves. 

Larvae undergo three to four molts which requires 30-60 days under typical field conditions. 

Final development is typically completed around mid-August. 

MATERIALS AND METHODS 

Plant response to  water stress 

Experiments were conducted for 3 years, from April 1994 to October 1996, in a 

greenhouse which had a vinyl covering to exclude natural rainfall and to allow control of 

internal temperature and light. 

Tree height and diameter at 7 cm above ground level (D7) were measured before the 

experiment (20 April, 1994) and at the end of October every year. Plant growth was compared 



i r t  rcl;ition to water ;~vnilability. 

I ~ a f  toughness of 10 leaves on each of the 6 trees in each treatment group was 

rneasilred using a "penetrc)meterW as dewribed by Feeny (1970). Leaves were dried at 60°C in 

;In electric dryer, and the dry weight of 10 leaf disks (2 cm in diameter) on each of the 6 trees 

in each group was used as an index of leaf thickness. 

Ilricd leaves were ground to pass through a 100-mesh sieve, approximately 0.1 mm in 

dianieter, and this leaf powder was used for chemical analysis. Foliar nitrogen was measured 

by a CHNS/O Analyzer (Perkin-Elmer PE2400 Series 11) to the nearest 0.01 5%. 

Approximately 20 mg of the leaf powder was used for one measurement. Foliar tannins were 

clctcrniincd by the Ft)lin-Denis methotl. 

Beech caterpillar performance 

The S. piuletutella used in the experiment originated as eggs collected from a 

poptilation in Appi (141°00' E, 40'00' N, 600 m elev.), located in northern Honshu, the main 

islanct of Japan. No clefoliations have been recorded there (see Kamata and Igarashi, 199%). 

S. ~?~rulc.tatrllu egg masses were adjusted to 30 eggs and attached to the abaxial sides of beech 

leaves, one egg mass per leaf, on about 30 June each year. The larvae were reared in fine 

rnesh enclosures to exclude predators. The enclosures were checked at intervals of 

aplxoxirl~ately two days; the nurriber of larvae was counted. Larvae were occasionally shifted 

lion1 one plant to another so that food was always plentiful and starvation did not limit larval 

survivorship. Mature larvae were put individually into plastic caps with moist tissue paper and 

kept i~rlcier dark conclitions. Survivorship and pupal weight were compared among 

exper-irnental groups. 

Experimental design 

0 1 1  20 April, 1994, three-year-old beech saplings (ca. 30 cm tall) were transplanted to 

6-liter pots containing vermiculite and then the pots were moved to the greenhouse. Complete 

fertilizer (N-P-K; 14-18-16, 3g pot-1) was applied to every pot once a year before the start of 

flushing. Pots were sufficiently irrigated every day for a month after transplanting; thereafter 

wator ;ivailability varied according to treatment. Pots were irrigated daily by an automatic drip 

system that controlled the length of time of dripping. When on, water dripped at the rate of 2 

liters per hour (0.556 mllsecond). Treatments I, 2, 3, 4, 5 and 6 consisted of irrigating for 300 

seconds (167 ml), 180 seconds (100 ml), 120 seconds (67 nll), 100 seconds (56 ml), 90 

seconds (50 ml) and 80 seconds (44 ml) a day, respectively. The soil water availabilities for 

the six treatments, measured by a tension meter, were 1.47, I .S5, 2.24, 6.97, 17.06, and 24.82 

-Kpa, respectively. 

To test the constitutive and rapidly induced defense responses, S. punctatelln was 

reared on these beech saplings under all treatments for each of the years of 1994-1996. The 

number of sapling replicates was three for each experimental plot for each year. Beech foliage 

was sampled from these experimental saplings and from the control in early August when the 

final instar larvae were feeding. Foliar nitrogen and leaf texture on the control saplings were 

determined. Foliar tannins were cornpared between leaves injured by the insects and 'healthy' 

leaves on the control saplings. 

Beech foliage was also sampled in early August of 1995 and 1996 from saplings that 

had suffered insect defoliation the previous year to determine delayed induced defense 

response under water-stressed conditions. Foliar nitrogen and tannins of these saplings were 

compared with that of the control. 

RESULTS 

Plant growth under water-stressed conditions 

Figure 1 shows the declining growth of F. crenata saplings under a gradient of water 

availability. There was no significant difference in tree height among plots at the time (spring 

1994) when we started to control water availability. However, in the following two years, 

trees in the well irrigated plots tended to grow taller, though difference were not significant. 

Tree diameters behaved similarly. The mortality rate of the beech trees tended to increase 

under low water availability. The survival rates of trees in Treatments 1-6 in the fall of 1996 

were 85.9 '310, 86.6'310, 83.3 '310, 66.7 %, 70.0 %, and 57.0 %, respectively, suggesting that water 

stress was quite severe in the latter three plots. These results indicate that water stress can be 

an important factor determining the growth of beech trees. 
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Figtrre 1. Growth of Fagus crenatu saplings under a gradient of water availability. The water was 
provided daily by an automatic drip system. Treatment 1 received the most water and Treatment 6 
received the least water. The irrigation control started from the spring of 1994. Diameter was 
meav~ired at 7 cm above ground level. Mean +- SD are shown. 

The physiological response of beech trees under water strers was as follows: at the 

individual plant level, the average photosynthesis tended to be low under high water-stressed 

c-onclitions, because the investment in foliage, represented by the leaf area and leaf mass 

ratios, decreased, although the photosynthetic rate of each leaf, which was represented by 

photosynthetic rate per leaf area, per leaf mass, and per nitrogen, improved. Leaves tended to 

be thicker under high water-stressed conditions, and both nitrogen contents and nitrogen 

cor1centr;itions tencied to be higher. However, leaf texture and foliar nitrogen in relation to 

Treatment Treatment 

1 2 3 4 5 6  

Treatment 

Figure 2. 1:oliar nitrogen and leaf physical traits of Fagus rrenata under a gradient of water 
availability. (Mean +- SE) 

water stress differed greatly between the first year of the experiment and the latter years (fig. 

2). These results are probably related to the fact that the characteristics of the foliage were 

basically determined by the environment in the previous year. 

As for constitutive and rapidly induced defensive properties, S. punctatella seemed to 

prefer beech foliage under high water stress conditions. Insect performance tended to improve 

on water-stressed beech trees; the insects tended to be larger on heavily water-stressed beech 

(fig. 3) and the survival rate during the larval stage also tended to be greater (fig. 4), although 

the difference was not so clear as the difference in body size. These results seemed to relate 

both to the higher nitrogen contents and to the low rate of increase in tannins (tannins in 

injured leaf/healthy leaf) under high water-stressed conditions (fig. 5). 

Female 

3 400 

Mean 
300 

1 2 3 4 5 6  1 2 3 4 5 6  

Treatment Treatment 

Figure 3. Weight of mature larvae of Syntypistis puncratella reared on Fagus crenata saplings under 
a gradient of water availability. The results of each sex were shown for the first year of irrigation 
control (1994) and the third year (1996). 

Treatment Treatment 

Figure 4. Survival rate during the larval stage of Syiztypistis punctatella reared on Fagus creizata 
saplings under a gradient of water availability. The rate was shown for each cohort starting from 30 
eggs. The number inside an open circle indicates the number of cohorts in which no S. punctatella 
survived until maturing. The results were shown for the first year of irrigation control (1994) and 
the third year (1996). 



Treatment Treatment 

Figure 5. Foliar tannins of Fiigiw cwnczta under a gradient of water availability in the presence and 
absence of' Synryj~isti~ pwzc~tatelli~ (Mean +- SE). 

A\ for the delayed induced defense response, the results were completely opposite to 

thaw observed in the rapid induced response. Foliar nitrogen tended to be low but tannins 

tended to be high under high water-stressed conditions when trees were defoliated by S. 

purti+ratell~t in the previous year (fig. 6). It has been known that a nitrogen deficit is the main 

cause of DIR. Reech trees ~tsually recover most of the nitrogen from foliage before natural 

defoliation in the fall. Because plants under water stress concentrated a high percentage of the 

nitrogen in foliage, the nitrogen deficit must have been more severe in these plants in the year 

following the severe insect defoliation. 

CONCLUSION 

From this experinlent using beech saplings, beech foliage tended to be a better food 

1 2 3 4 5 6  1 2 3 4 5 6  

Treatment Treatment 

Figitre 6.  Foliar nitrogen and tannins of figus crenuta under a gradient of water availability in the 
year following severe defoliation by SyrzQj~istis punctatella (Mean +- SE) .  The results are shown for 
saplings defoliated the previor~s year (Infested) and those with no insect defoliation (Control). 

for S. punctatelln under water-stressed conditions; foliar nitrogen was high and the increase of 

tannins was relatively low. Insect performance tended to be high on these water-stressed 

beeches; survivorship and pupal weight improved on this foliage. Changes in leaf physical 

traits and foliar nitrogen in relation to water stress differed greatly between the first year of 

the experiment and the latter years. This is due to the fact that the characteristics of the foliage 

were basically determined by the environment in the previous year. The DIR under water 

stress was completely different from RIR; foliar nitrogen tended to be low and tannins tended 

to be high under high water-stressed conditions. 

The preceding results can explain the relationship between S. punctatellu population 

cycles and host plant properties in relation to weather. Successive years of dry summers make 

beech foliage properties more attractive to S. puncfntella: the foliage has a higher nitrogen 

concentration and a relatively low rate of increase of tannins, and these two changes trigger 

gradual increase of the moth population. However, when the population reaches the outbreak 

level and beech trees are heavily defoliated, the delayed induced defensive response appears 

prominently in the following year. The moth population is depressed greatly by this 'stronger' 

defensive response of beech trees, although other factors, notably natural enemies such as 

infectious diseases, parasitoids, and predators, are also involved (Kamata & Igarashi, 1995.1; 

Kamata et al., 1997; Kamata, in press). 
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RESUME 

Plants exposed to environmental stress (e.g. drought) are often more attacked by 

herbivorous insects than plants not exposed to this stress. Among the possible explanations 

behind these observations, the plant quality hypothesis has achieved most interest. It states 

that plants exposed to stress become a better food source for insects through increased 

nutritional value andlor reduced resistance (e.g. lowered concentrations of secondary 

compounds), leading to higher insect densities. Reviews of the literature indicate that insects 

with different modes of feeding may vary in their sensitivity to stress-induced changes in their 

host plants. The ranking of feeding guilds with respect to their sensitivity to stress-induced 

changes has been suggested to be the following: sucking>mining>chewing>gall-forming. We 

tested this prediction by comparing the performance (survival, growth, size etc.) of one 

sucking aphid (Cinara costata), one mining lepidoptera (Epinotia tedella), one chewing 

sawfly (Gilpinia hercyniae) and one gall-forming aphid (Sacclziphcxntes abietis) on drought- 

stressed Norway spruce (Picea abies) trees with the performance on control trees, Our results 

generally confirm this prediction, but there were two major exceptions: the mining 

lepidopterans achieved a lower weight on control than on experimentally drought-stressed 

trees and the occurrence of galls was higher on drought-stressed trees than on control trees. 

Our explanations for these exceptions are that insects may differ in their responsiveness to 

stress-induced changes in their host plant depending on what tissue age they feed on (old 

tissue should respond more dramatically than young tissue) and that different life-stages in 

one and the same insect species may respond as if they were from different feeding guilds. 



INTRODUCTION 

Tfle often made observation that plants or stands of plants exposed to environmental 

stress (e.g. drought, pollution) are more often and/or more severely attacked by herbivorous 

irr\ccts than unstreqsed plants (White 1974, Mattson & Haack 1987) has so far evaded general 

explanation. It is clear, however, that plants exposed to stress undergo biochemical changes 

that may affect the performance and eventually insect population dynamics (White 1974, 

1984, Rhoades 1983, Mattson & Haack 1987, Waring & Cobb 1992). A common pattern is 

that the level of soluble nitrogen increase whereas the concentration of defensive compounds 

decrease in stressed plants (Rhoades 1983, Larsson 1989). Insects belonging to different 

I'eeding guilds vary with respect to how much they are affected by different types of changes; 

e.g. sucking insects feeding on phloem sap are primarily affected by changes in soluble 

nitrogen whereas externally chewing insects are also affected by any change in the 

concentration of defensive compounds. This could explain the poor consensus among studies 

on insect responses to stress-induced changes in their host plants, and suggests insect feeding 

guilds should be treated separately in these studies (Larsson 1989). The following ranking 

among insect feeding guilds with respect to their sensitivity to stress-induced changes in the 

host plant, from most positive to most negative, has been suggested: 

\~~cEring>mining>chewing>gall-making (Larsson 1989). One difficulty when trying to 

evaluate tflis hypothesis is t b t  most studies have only covered one (or at the most two) insect 

feeding guilds in one and the same experiment (Larsson & Bjorkman 1993). 

LOW HIGH 
STRESSLEVEL 

Figure I. I-lypothetical representation of predicted insect performance in relation to host-tree stress 
?I 

level for differeqt insect feeding guilds. Reproduced from Larsson (1989). (O Oikos). 

In this paper we report how one sucking, one mining , one chewing and one gall- 

making insect species respond when their host plant experienced drought stress. We predicted 

that the sucking insect should perform clearly better on drought-stressed than on control trees, 

that the mining insect should perform less but significantly better on drought-stressed trees, 

that the chewing insect should perform equaly well on drought-stressed and control trees and 

that the gall-former should perform worse on drought-stressed than on control trees This is the 

first study in which insects from four feeding guilds have been tested on one host plant 

species under the same experimental conditions. 

MATERIALS AND METHODS 

Study site 

The studies were performed in a Norway spruce (Picea abies) stand at Skogaby, 30 km 

south of Halmstad in southwest Sweden (56"N33'N, 13'1 3'E; altitude 95-1 15 m). The stand, 

planted in 1966, was the second rotation of coniferous forest on a former heathland. In 1987- 

88, when the experiment started, the stand contained 2285 trees ha ', had a basal area of 24.4 

mZ and a mean breast-height diameter of 11.3 cm. The trees are of Polish origin. Skogaby was 

the main site of a national research effort to investigate mechanisms behind forest decline. 

Soil conditions have been experimentally manipulated in several ways, both with respect to 

water and nutrients (Nilsson & Wiklund 1992). In this paper we will concentrate on the 

control and the drought-stress treatment. 

The drought-stressed plots were 1000 m2, whereas control plots had an area of 2000 

m2. Trees close to the edge of plots were avoided when randomly selecting the trees included 

in the studies. For the studies of sucking, chewing and mining insects we used two control and 

two drought-stressed plots. For the gall-making insect, all four available plots of both 

treatments were used, mainly because of low gall densities. 

Drought treatment 

During May I - October 1, 1988 and April 1 - October 1, 1989 the drought-stressed 

plots were covered with a plastic "roof' (70 cm above ground) which prevented about two- 

thirds or 67 % of the throughfall from reaching the soil. During the rest of the year all 



p~ecipitation was allowed to infiltrate the soil profile. In 1990, there was no treatment of these 

plots. 

Estimations of drought effects 

The sail water content for 1989 was estimated by simulations based on data on soil 

water potentials collected at regular intervals during the growing season. Tree basal area 

growth for all three years (1988, 1989, 1990) was measured as described by Nilsson & 

Wikli~nd (1992). 

Insect species and performance traits 

'1.11~ aphid CYinclr.cl t-nstrrtcr Zett. (I-fornoptera: Aphididae) was used as a representative 

of sucking it~secst because of its commonness in the area. C. tastata feeds primarily on shoots 

;rnd thin branches. On May 2, 1989 two branches on ten trees per plot were each supplied with 

one second-instar stem-mother collected in the area. The branches were enclosed in sleeve 

cages after all other insects had been removed. The aphids were left to reproduce. Branches 

were taken to the laboratory on June 20 and aphids were counted and classified into three age 

classes basetl on the number of antenna1 segments. We also noted if the aphids in the largest 

class had wing buds or not. A more detailed description can be found in Larsson & Bjorkman 

( 1993). 

The mining insect we studied was Epiizotia tedellri (CI.) (Lepidoptera: Tortricidae). 

'I'his moth species was, among other things, chosen because it is one of the few species for 

whicti there is strong indications that the population dynamics are driven by stress-induced 

changes in host plant quality (Miinster-Swendsen 1987). The primary mechanism seems to be 

that drought increases plant quality which results in larger and more fecund adults (Miinster- 

Swendsen 1987). A larva mines approximately 30 old needles before pupating in the soil, 

leaving characteristic clusters of dry hollow needles on trees. In 1988, 1989 and 1990, larvae 

pre.ient in  plots were sampled in funnel traps (n=25 on each plot) when descending from the 

canopy in late autumn. Traps were emptied every week in all the years, and larval samples 

were taken to the laboratory where larvae were counted, and degree of parasitism and body 

weight were determined. A detailed description of the methods used for this species can be 

founti  i n  Miinrter-Swendsen ( 1  987). 

The sawfly Gilpinia hercyniae Htg. (Hymenoptera: Symphyta) was chosen to represent 

chewing insects. G. Izercyniae occurs naturally in the area, but at the time of these studies 

population were at such low densities that larvae from a laboratory culture had to be used. 

Female sawflies were allowed to oviposit on spruce branches in the laboratory. Newly 

emerged larvae were transferred to experimental branches (one per each of ten trees per plot) 

enclosed in sleeve cages. Larvae were left undisturbed until cocoon spinning except for one 

point estimate of "developmental time" at August 29, 1989 when the proportion of larvae that 

had spun cocoon at that date was determined. At the end of the experiment, the cocoons, all 

females due to the parthenogenetic life style, were counted and weighed. A detailed 

description of the methods used for this species can be found in Larsson & Bjorkman (1993). 

The aphid Sacchiphantes abietis (L.) (Homoptera: Adelgidae) was used as a model 

organism for the gall-forming insects. The pineapple-shaped galls induced by this species are 

deformed buds. One randomly selected branch was sampled from the middle to upper part of 

the crown from 25 to 100 trees from each of four control and four drought-stressed plots. 

Sampling took place in late autumn 1990. Occurrence and size of galls produced in 1988, 

1989 and 1990 could be estimated from this sampling because old galls remain on the branch 

for several years. Occurrence of galls was determined in two ways: (1)  the relative change 

from 1988 to 1990 in the proportion of trees with galls (i.e. a value of I means no change in 

the proportion of trees with galls whereas a value less than I indicate a decrease and a value 

larger than 1 an increase in this proportion) and (2) the mean density of galls (i.e. galls per 

available galling site) on trees with galls in 1989. A detailed description of the methods used 

for the gall-maker can be found in Bjorkman (1997). 

Thus, the sucking aphid and the chewing sawfly were only studied in 1989. For the 

mining lepidopteran and the gall-making aphid data from 1988 to 1990 was included in the 

analyses. 

RESULTS 

Soil water content 

In the early season of 1989, which was a very dry period, the soil water content 

showed only small differences between treatments (Larsson & Bjiirkman 1993). In late 1989, 

and probably in 1988 which was a year with more precipitation, there were substantial 



rlifkrcrrces between treatments; i.e. the content was almost twice as high in  control than in 

dro~ight-stressed plots (Larsson & Bjorkman 1993). 

Tree growth 

Basal area growth was lower on drought-stressed plots in all years (mean difference 

;il~nost 30 %), but the difference was less pronounced in 1990, the year when the "roofs" had 

been removed (Nilsson & Wiklund 1992, Larsson & Bjorkman 1993). 

Insect responses 

Sucking aphid 

There was no significant difference in the build-up of aphid densities between drought- 

5tres.ied and control trees (F, ,,=2.03, p=0.16), although there was a trend towards higher 

densities on the drought-stressed trees (Table 1). The proportion of aphids with wing buds 

was significantly higher on drought-stressed trees than on control trees (Table 1 ;  F, ,,=4.29, 

p<O.05; tested with arcsine-transfc>rmed values). 

Mining lepidopteran 

Contrary to what was predicted, the weight of E. tedella larvae was lower on drought- 

itrc\scd trees than on control trees (Table I; F, ,,=18.07, p<0.001). This difference was most 

pronounced in  1989. There was no difference in the number of larvae spinning down from 

control and drought-stressed trees (F, ,,,=0.00, ~ ~ 0 . 9 7 ) .  Rates of parasitism was slightly 

higher (approx. 4 units of 96) among larvae from drought-stressed trees than among larvae 

frorn control trees (F, ,,,=4.16, pq0.05). 

Chewing sawfly 

As predicted, there was no significant differences between G. hercyniae larvae reared 

on drought-stressed trees and larvae reared on control trees in any of the studied performance 

traits: Survival (Table I ;  F,, ,,=0.35, p=0.56), proportion of larvae that had spun cocoon on 

August 29 (Table 1;  F, ,,=0.37, p=0.55) and cocoon dry weight (Table I ;  F, ,,=2.75, p=O. 11). 

Gail-forming aphid 

Two of the results from the gall-forming S. nhietis was opposite to what we expected: 

C72111 density (only measured on trees with galls) was higher on drought-stressed than on 

control trees (Table I; ~ ~ 0 . 0 5 ,  Tukey's test). The relative change in proportion of trees with 

galls from 1988 to I990 was larger on drought-stressed plots than on control plots (Table 1 ; 

p~0.05, Tukey's test). 

There was a positive relationship between gall size and tree growth was as predicted, 

but this relationship was not very strong. In fact, i t  was only significant at the level of 

individual shoots; there was a positive, but not very high, correlation between the diameter of 

the shoot fostering the gall (the mother shoot) and the diameter of the gall ( ~ 0 . 2 9 1 ,  ~ ~ 0 . 0 5 ,  

n=49). Treatments did not have any significant effect on gall size (Table 1; p>0.05, Tukey's 

test). 

Table 1. Performance of insects from four feeding guilds on drought-stressed and control 
Norway spruce (Picea abies) trees. MeanstS.E. are presented, n=20 per treatment. Significant 
differences between treatments are indicated by p-values. Data on sucking and chewing 
insects taken from Bjijrkman & Larsson (1993) and data on the gall-forming insect from 
Bjorkman ( 1997). 

FEEDING GUILD - Species 
Insect trait Control Drought p-value 

SUCKING INSECT - Cinara costa ta 
Number of progenies per stem-mother 
Prop. of individuals with wing buds 

MINING INSECT - Epinotia tedella 
Larval dry weight (mg) 

CHEWING INSECT - Gilpinin hercyniae 
Survival 
Proportion that had spun cocoon by Aug 29 
Cocoon dry weight 

GALL-FORMING INSECT - Sncchiphantes abietis 

Gall frequency - positive effect of drought-stress 
Relative change in proportion of trees with galls' 
Density of galls on galled trees 

Gab sizez - negative effect of drought stress 
Gall width 
Gall length 

' relative change from 1988 - 1990 in proportion of trees with galls, i.e. a value of 1 means 
no change in the proportion of trees with galls whereas a value less than 1 indicate a decrease 
and a value larger than 1 an increase in this proportion. 

n=24 and 20 for control and drought, respectively. 



DISCUSSION 

'Ihe general picture that emerges from this study, on the response of four insect species 

( t  r orn different feeding guilds) to experimentally drought-stressed host plants, is that even the 

nlodified Plant Stressllnsect Performance Hypothesis (Larsson 1989) may need some further 

irtociificntions. However, the basic idea that insects with different modes of feeding differ in 

their response to experimentally induced changes i n  host plant quality appear to be supported 

(Figure 2). There are no other studies in  which more than one (or at the most two) insect 

feeding guilds has been studied in the same experiment. This justifies our attempts to 

gene~alize although the data base is limited. To clarify. our arguments, we will1 also speculate 

oil the possible mechanisms behind the observed responses. 

Starting with the data supporting the modified Plant StressIInsect Performance 

[typothesis we first notice the lack of response for the chewing sawfly G. herc~niae to 

tl~oiiglit stresseci trees, in accordance with the hypothesis. 

The second insect species for which data support the hypothesis is the sucking aphid C. 

c~~statcr. The response was, however, weaker than in many other studies on aphids (see 

1,atsson & Bjiirkrnan 1993). Our experiment involved mature trees whereas most other studies 

have been conducted with saplings (e.g. Braun & Fluckiger 1984, Bolsinger & Fluckiger 

198'7, Kidd 1990, Jones & Coleman 199 1). This difference in the age of experimental trees 

lrlay have affected the results also for the chewing, mining and gall-forming insects. 

Biochemical changes in mature trees may be less dramatic, but in the same direction, than in 

sapliilgs (Figure 3). 

(3 Chewing insect 

Control Drought- 
stressed 

Figure 2. A simplified graphical presentation of the results from our study on the effect of drought- 

stress on insects from different feeding guilds. Note the dual and opposing effect on the 

gall-forming insect. 

In addition, the drought treatment may have been so strong that the trees were pushed beyond 

the point where the effect of stress on performance turns from positive to negative (Figure l), 

but still with the net result of stress being positive (Figure 2 & 4). Admittedly, both of these 

arguments are mainly speculative, with little empirical support. A circumstance that may have 

decreased the difference between treatments, was the fact that 1989 was exceptionally dry 

during the feeding period of C. costata (Figure 2) .  Thus, the control trees may also have been 

drought-stressed. 

For both the chewing and the sucking insect species we transferred specimens to 

branches choosen by us. It is difficult to know to what extent this may have affected the result. 

However, because the trees were fairly tall we had to use branches in the lower part of the 

crown. It is possible that there is intra-crown variation with respect to stress response. The 

lower part is probably less sensitive than the upper part (Larsson & Bjorkman 1993). If so, 

this could partly explain why the sucking aphids in our study did not respond as strongly as in 

most other studies. 

Completely opposite to our prediction, E. tedella achieved a lower weight on drought- 

stressed trees than on control trees. In a long-term study of this species Munster-Swendsen 

(1987) reported that there is a negative correlation between precipitation in May - September 

(in the current and previous years) and insect weight (i.e. fecundity). This, in turn, seems to be 

the driving force in the population dynamics of this species. 

LOW HIGH 
STRESSLEVEL 

Figure 3. A graphical representation of the suggested difference in stress response between saplings 

and mature trees and its effect on the performance of (sucking) insects. 



'I'llc cffect of drought stress on host plant quality in our study may simply have been stronger 

thixn any naturally occurring effects. However, because all the insect species in our study were 

feeding on trees exposed to the same level of stress, this strong effect suggests that the 

response curve of E. tedella differs from that of other mining insects (see Fig. 1). That E. 

re(1ellu preferentially feeds on old needles (2 - 4 year old) whereas most other mining insects 

on spruce occurring in Sweden feed on young needles (Bjorkman & Larsson 1991) may offer 

a mechanistic explanation to the results found here; a plant exposed to stress is probably more 

prone to sacrifice old needles (with low productivity) than young needles contributing more to 

growth, resulting in a much steeper response curve in old tissue (Figure 4). Thus, because the 

other species in this study seemed to respond more as predicted, it is possible that E. tedellu is 

more responsive to changes in the host plant than the other insect species (Figure 5). At a first 

glance, this speculative explanation seems to be contradicted by the change in larval weight 

over years; E. tellella larvae grew largest on both control and drought-stressed trees in 1989, 

the driect year during the study period.(C. Bjorkman unpublished data). However, the quality 

of the old (2 - 4 year) needles fed upon by E. tedella is probably more affected by the climatic 

conditions during the year when they were formed. This hypothesis gains support when we 

look at the precipitation some years back; e.g. 1987 was an exceptionally wet year. 

'The response of the galling aphid S. ahietis was, on one hand, as predicted. Gall size 

was tiegatively correlated with the growth potential of the attacked bud, as estimated by the 

ctianieter of the mother shoot. By using the diameter of a neigbbouring shoot (i.e. a shoot of 

the same age on the same shoot as the galled one), which may give a more direct measure of 

growth potential, a similar relationship was found but with a lower n-value. The fact that we 

used mature trees may explain why the difference in gall size between treatments was 

statistically non-significant. On the other hand, however, aphid response to drought stress was 

opposite to our prediction:: Gall occurrence, both measured as the relative change in 

proportion of trees with galls and as the density of galls on galled trees, was higher on 

drought-stressed than on control plots. We suggest that the most likely explanation for this 

sonlewhat unexpected result is reduced resistance in drought-stressed trees and/or a delayed 

crown closure (Bjorkman 1998). Both of these mechanisms would act on the aphid stage 

initiating the gall. Reduced resistance through a higher survival and delayed crown closure 

through greater influx of light, making more buds suitable for gall-induction. Thus, we may 

here have an example where different life-stages in one and the same insect species respond as 

if  they were from different feeding guilds (Figure 5). For galling insects this may actually be 

more of the rule than an exception (Bjiirkman 1997), because gall initiation probably is more 

affected by plant resistance than by plant growth rate (Figure 6). Thus, one step towards better 

predicting how an insect species will respond to environmental stress is to study all of the 

stages that could be sensitive to changes in host plant quality. 

LOW HIGH 
STRESS LEVEL 

Figure 4. Hypothetical representation of how the relationship between performance of a (mining) 

insect and stress level of the host plant could be affected by tissue age fed upon by the 

insect. 

(and gall initiation) 

LOW HIGH 
STRESSLEVEL 

Figure 5. A modified version of Figure 1,  with the modified response curve for mining insects 

feeding on old tissue and our observed results for each feeding guild, respectively, on 

control and drought-stressed trees included. 



I H o s t  p lan t  s t r e s s  1 

I I I 

o n  ga l l  initiation o n  gal l  g rowth  

Figure 6. The dual and opposing effect that host plant stress may have on gall-forming insects. This 

rneans that different life stages in one and the same insect species may respond as if they 

were from different feeding guilds. 

CONCLUSIONS 

T h e  prediction that different feeding guilds should respond differently to  the same 

stress-induced changes in the host plant is corroborated here. However,  w e  found exceptions 

lo the earlier proposed ranking of guilds with respect to  their sensitivity, suggesting that the 

modification of the Plant StresslInsect Performance Hypothesis suggested by  Larsson (1989) 

inay need some further modifications. T h e  main modifications are ( 1 )  that mining insects 

seem to he more sensitive t o  drought-stress induced changes in the host plant than earlier 

expected, probably because they feed on  old needles which, in turn, m a y  respond more 

dramatically to  stress than young, high-activity, needles and (2) that the response o f  galling 

insects need to  be divided into at least two  separate aspects: gall occurrence and size. 

Occurrence should, a s  a consequence o f  the effects that stress may  have o n  gall initiation, 

respond positively t o  drought-stress whereas growth should respond negatively. Thus,  we  

have here an example where different life-stages in one  and the s a m e  insect species may  

respond as  if they were from different feeding guilds. T h e  lack o f  effect on  the chewing 

{awfly, the smaller galls and the higher proportion o f  sucking aphids with wing buds on 

drought-stressed trees are, in accordance with the original hypothesis. 
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RESUME 

The ability to react to wounding with resin flow and rapid synthesis of defence 

chemicals is an important means of resistance in conifers. Strong resin flow and rapid 

accumulation of phenolics and stilbenes in the phloem around a wounded site can 

prevent the invasion of bark beetles and associated fungi. As growth is considered 

the primary sink for assimilates, a relationship, even a trade-off is expected to exist 

between growth and defense. 

We have tested how fertilization can affect resin flow and phloem phenolics in 

Norway spruce, Picea abies, and Scots pine, Pinus sylvestris. In Norway spruce, 

nitrogen fertilization increased the stem diameter growth and the vigour index, but did 

not affect resin flow, phloem phenolic concentrations or the lesion length caused by 

C. polonica. However, in Scots pine, with low vigour index resin flow was either weak 

or strong, whereas trees with high vigour index were never associated with high resin 

or phenolic content. The observation that high vigour and strong defense never 

occurred together is in agreement with the growth-differentiation balance hypothesis. 



INTRODUCTION 

A major part of the symbiosis between bark beetles and associated fungi is 

their joint action to overcome the resistance mechanisms of their host trees. The 

conifers defend against the attack of bark beetles and associated fungi with both 

constitutive defense, mainly based on primary resin, and with induced responses by 

producing secondary resins and phenolics. In spite of the constitutive and induced 

defenses working together to defend the tree, in some circumstances fungi can 

escape from the entrapping lesion. In the induced response, the lesion formation and 

terpene synthesis represent two independent activities; necrosis proceeding more 

rapidly than terpene synthesis (Raffa and Berryman, 1982; Cheniclet et al., 1988). 

Thus, the fungus is first confined by the removal of essential nutrients from the entry 

site, and only secondly by resinosis (Wong and Berryman, 1977; Raffa and 

Berryman, 1 982). 

Stand and climatic conditions often reduce plant assimilation and may 

consequently lower the tree's ability to resist the attack of bark beetles and 

associated fungi. The threshold density of successful bark beetle attack defines the 

resistance level of the tree and is dependent on the vigour of the host (Waring and 

Pitman, 1983; Mulock and Christiansen, 1986). Consequently, measurements of the 

tree vigour are widely used to determine risk of attack by bark beetles. Tree growth 

efficiency, as measured by stemwood production per unit of foliage area, has been 

suggested as a universal tree vigour index (Waring, 1983). 

The carbon-nutrient balance (CNB) hypothesis, a special case of the growth- 

differentiation balance (GDB) hypothesis, predicts that environmental factors can 

modify plants' phenotypical responses and allocation of resources to defense and 

growth (Bryant, et al. 1983; Lorio, 1986; Herms and Mattson, 1992; Tuomi, 1992). 

Growth is considered the primary sink for assimilates during favourable conditions 

and differentiation during growth-limiting conditions. For example, carbon-based 

secondary metabolites tend to accumulate in conditions of moderate nutrient 

limitation. On the other hand, increased nutrient availability can cause a relative 

decrease in secondary metabolites if assimilated carbon is rapidly converted to 

growth. 

Nitrogen is usually the growth limiting factor in boreal forests and hence 

fertilization has been a common silvicultural practise. In this paper we review some 

experiments on the effect of nitrogen fertilization on growth, vigour and defense 

responses of conifers. Specifically, the suitability of carbon-nutrient balance 

hypothesis and growth-differentiation balance hypothesis for conifers are considered. 

We have used stem resin flow and phloem phenolics in Norway spruce and Scots 

pine as indicators of defense responses (Kyto et a!., 1996; 1998). Tree vigour was 

measured by vigour index (stemwood production by unit of leaf area) (Waring, 1983). 

DEFENSE RESPONSES AFTER NITROGEN FERTILIZATION 

Trade-off predictions 

In our earlier experiments on spruce, fertilization treatments had no significant 

effect on resin flow or length of the lesion caused by blue-stain fungus, Ceratocystis 

polonica Siem. Moreau (Kyto et al., 1996). However, resin flow increased two-fold in 

trees wounded one year earlier, indicating an induced component of the resin 

production. The growth response of spruce to fertilization was clear but the only 

indication that increased growth might reduce the level of resistance was the modest 

positive correlation between lesion length and annual ring width (Kyto et al., 1996). 

The fact that resistance against blue-stain fungus correlated negatively with a stem 

diameter increment, might be an indication of a genetic rather than physiological 

trade-off between growth and defense. Resource allocation to defense might be 

regulated genetically rather than by the availability of resources. 

In the case of Scots pine, fertilization treatments increased the stem diameter 

growth and tree vigour index (Kyto et al., 1998). In most of the sites resin flow was 

highest in non-fertilized treatments, but individual fertilization treatments did not affect 

resin flow in any of the experimental sites. There was no significant correlation 

between the phenolic concentration and amount of resin flow in any of the 

experiments. The concentration of total phenolics was unaffected by changes in the 

growth rate (Kyto et al., 1998). 
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Figure 1. The amount of resin flow plotted against the vigour index in 291 Scots pine trees in seven 
different field experiments. Each point represents the mean of two samples from one tree. 

The relationship between resin flow and tree vigour index in seven different 

field experiments is shown in Fig. 1. The consequent relationship between 

concentrations of total phenolics in the phloem and vigour index is shown in Fig. 2. 

Interestingly, high resin content or high total phenolic content never occurred 

together with high vigour index. Trees with low vigour index resin flow was either 

weak or strong, while trees with relatively high vigour index never had strong resin 

flow. Exactly the same pattern holds for the total phenolics of phloem and vigour 

index. 

These relationships are consistent with growth-differentiation model (Herms 

and Mattson, 1992). According to the model three phenotypes are predicted 1) rapid 

growth coupled with low secondary metabolism, 2) slow growth coupled with high 

secondary metabolism, and 3) slow growth coupled with low secondary metabolism 

(with high carbohydrate storage in sink limited plants, and low carbohydrate storage 

in source limited plants). Further, the relationship between growth, photosynthesis 

and secondary metabolism is nonlinear (Tuomi, 1992). Because photosynthesis was 

not measured in this study and where on the continuum of resource availability 

fertilization treatments fell, it is not possible rigorously to determine from the data if 

there is an actual trade-off between growth and defense. 
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Figure 2. The concentration of total phenolics (mglg dry weight, tannic acid equivalents) in the 
phloem plotted against the vigour index of the same trees as in Figure 1. 

CONCLUSION 

Previously mentioned theories predict that there might be a decrease in the 

defense level due to fertilization. According to Waring and Cobb (1989) coniferous 

trees do not elicit a strong positive herbivore response when fertilized. In our 

experiments the growth response to fertilization in both Scots pine and Norway 



spruce was not clearly reflected in the resin flow or phloem phenolic concentration. 

However, a noteworthy feature in the results was that combination of simultaneous 

high resin or phenolic content and high vigour index (or high growth) seem to be 

mutually exclusive (Fig. 1, Fig. 2). Whether this combination is infeasible due to 

morphological constraints or resource based trade-offs is difficult to resolve without 

knowing the morphological and resource limitations, assimilation capacity and 

allocation patterns of the trees (Mole, 1994). 
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RESUME 

Our research goal is to understand the mechanisms by which a tree "perceives" an 

aggressor and initiates a defense response. To gain insight into these mechanisms, we 

identified a gene -- which codes for a defense enzyme, chitinase -- whose mRNA accumulates 

after treatment of pine cells with the general elicitor chitosan. This gene acts as a reporter 

gene for the induction of a defense response, since it is transcribed into mRNA after an 

aggressor is perceived by a pine cell. We asked whether the pine chitinase gene could still 

perceive chitosan after the gene was removed from pines and introduced into tobacco plants 

via genetic engineering. This experiment allowed us to distinguish whether the aggressor 

perception mechanisms in pines and in tobacco plants were similar, or dissimilar. We found 

that the pine gene was still transcribed in response to chitosan treatments in transgenic 

tobacco, supporting the hypothesis that aggressor perception mechanisms, mediated through 

signal transduction pathways, are similar in gymnosperms and angiosperms. Given that these 

pathways are similar in trees and other higher plants, we describe genetic variants within the 

species Arabidopsis thaliana that serve to illuminate the range of genetic variation that could 

be observed among tree genotypes with respect to these pathways. 



INTRODUCTION 

'Tree defenses can be subdivided into two categories, constitutive and inducible. 

Constitutive defenses are pre-formed; they are already present prior to interaction of the plant 

with an aggressor. Inducible defenses, on the other hand, are activated in response to 

interaction with an aggressor. We are interested in inducible defenses and how they are 

regulated in trees. We want to better understand how inducible defenses are activated so that 

we can explain how tree genetic variation affects the nature and timing of inducible defenses, 

and in turn how these defenses impact tree:phytophage interactions. 

As a first step toward meeting these overarching goals, we developed an experimental 

system that was amenable to molecular analysis and in which we could induce a defense 

response reliably and rapidly. We used pine cell cultures because they exhibit a dramatic 

defense response to chitosan that has been extensively characterized (Lesney, 1989; Popp et 

id., 1997). Cell cultures are advantageous in that they are genetically uniform, physiologically 

synchronized for growth, and can be treated en masse with compounds that elicit defense 

responses. When treated with the general elicitor chitosan, pine cells undergo a synchronized 

and massive defense response that mimics many aspects of a defense response in intact plant 

tissues. The cells accurnulate peroxidase and produce lignin (Lesney, 1989), evolve ethylene, 

and produce the hydrolytic defense enzymes chitinase and glucanase (Popp et al., 1997). 

Ethylene production, lignification, and hydrolytic enzyme production are all well- 

characterized inducible responses to mechanical injury andor fungal elicitors in herbaceous 

crops (Stintzi et a!., 1993). 

By analogy to herbaceous crops, gene expression was probably required for many 

aspects of the induced defense response in pines. If a gene was expressed during an induced 

response, then its messenger RNA would be elevated after treatment with chitosan. Indeed we 

identified several mRNAs that were elevated in abundance afler chitosan treatment (Mason 

and Davis, 1997). One of the mRNAs encoded chitinase, a pathogen-related (PR-) enzyme 

which was known from previous experiments to be induced in pine cell cultures (Popp et al., 

1997). The gene encoding chitinase, Pschi4, was used in the studies reported in this paper. 

One can view the ehitinase gene as a downstream target for an aggressor-induced 

signal transduction pathway. According to this view, the gene is activated by intraeellular 

signals generated by the cell's perception of an aggressor. In the experiments reported herein, 

we asked the question: Is the signal transduction pathway that activates the chitinase gene in 

pine similar to, or dissimilar to, the pathway in tobacco, an herbaceous crop plant? 

MATERIALS AND METHODS 

Cell cultures of slash pine (Pinus elliottii var. elliottii, genotype 52-56) were initiated 

from cambium tissue, maintained in continuously shaken liquid cultures, and treated with the 

general elicitor chitosan using previously described methods (Lesney, 1989). Previous work 

established that the Pschi4 gene was chitosan-induced in the 52-56 cell line (Wu et al., 1997; 

Mason and Davis, 1997). To determine if Pschi4 was inducible in transgenic tobacco, we 

introduced a 7 kb genomic fragment containing the coding sequence of Pschi4 along with 

flanking sequences into the Agrobacterium binary vector pCIB10, and then into transgenic 

tobacco plants using previously described methods (Wu et ul., 1997). Nine independent 

transgenic plants were randomly selected for testing chitosan-induced expression of Pschi4 

using RNA gel blot analysis. Briefly, young leaves were excised fiom young transgenic 

tobacco plants grown on MS agar in culture vessels. Leaf sections were removed and 

incubated in culture dishes with buffer only (50 mM KC]), buffer plus chitosan (60 mglml 

final concentration), or left on the plant and wounded with a pair of hemostats. Plants 

transformed with pCIBlO lacking Psehi4 were used as controls. RNA was extracted and 

analyzed using standard procedures (Davis et al., 1991). The probe for Pschi4 expression was 

a 668 bp SacI-BanzHI fragment that is part of the coding region of Pschi4 (Wu et a!., 1997). 

Equal loading of RNA was confirmed by ethidium bromide staining of the gels. The Pschi4 

gene was considered chitosan-induced if the autoradiograph showed higher signal intensity in 

the chitosan-treated sample, compared to the buffer-treated sample. 



Table 1. Chitosan-induced accumulation of the pine Pschi4 messenger RNA in transgenic 
tobacco plants containing the Pschi4 transgene. 

transgenic lines CIS10 4.2 4.6 4.7 4.8 4.9 4.10 4.1 1 4.12 4.14 

chitosan no* yes** ?*** yes yes ? yes yes yes yes 
induction 
-- 
" no expression of Pschi4 was detected in these plant lines 
** chitosan treated samples showed higher Pschi4 mRNA levels 
**t chitosan treated samples showed higher Pschi4 mRNA, but interpretation was ambiguous due 

to unequal loading 

state 

nucleus 

Figure 1. Model with predicted protein components of an inducible signal transduction pathway. 
Con~ponerlts of the pathway include a plasmamembrane receptor (pentagon) for chitosan 
(inverted triangle), a transcriptional activator (a), an inhibitor capable of binding the 
activator ( i ) ,  and inorganic phosphate (P). 

1 RESULTS 

, Pine Pschi4 is transcribed in tobacco 

Seven out of nine transgenic tobacco lines showed inducibility of the Pschi4 transgene 

in response to chitosan treatment (Table 1). Two of the nine lines showed higher apparent 

expression of the transgene in chitosan-treated samples, but the RNA samples were unequally 

loaded which made interpretation of the results ambiguous. Pschi4 mRNA levels also 

increased after mechanical wounding (data not shown), indicating that the regulatory region of 

Pschi4 also contains a wound-response element. As expected, samples fiom tobacco plants 

transformed with pCIBlO only (which lacks the Pschi4 gene) showed no signal on the RNA 

gel blots. This result confirmed that the mRNA transcripts we detected with our probe were in 

fact Pschi4 transcripts, and were not transcripts from related chitinase genes in tobacco. 

A model for an inducible signal transduction pathway 

Models are useful frameworks for conducting experiments, and serve to illustrate 

emerging ideas about how inducible signal transduction pathways are regulated. Based on our 

results, we developed a model for the proteins that interact in a chitosan-activated signal 

transduction pathway (Figure 1). Cells contain a chitosan receptor in the plasmamembrane, a 

complex of two proteins (an activator and an inhibitor) in the cytoplasm, and PR (pathogen- 

related, e.g., Pschi4) genes in the nucleus. In uninduced cells, no signal flux occurs to the 

nucleus because the activator protein is bound to an inhibitor protein. In the induced state, the 

chitosan:receptor complex alters the conformation of the receptor protein, allowing it to 

phosphorylate the inhibitor protein. There is no direct evidence for a specific chitosan 

receptor, but there is evidence that plant cells can specifically recognize the general elicitor 

chitin at picomolar concentrations (Felix et al., 1993). Upon phosphorylation, the inhibitor 

protein dissociates from the activator protein, exposing a nuclear localization signal on the 

activator. 

The activator diffbses into the nucleus, where it interacts with the promoter region of 

one or more PR genes and recruits the transcriptional apparatus. The components of the model 

are based on the NF-kB proteins that mediate responses to acute oxidative stress in animal 

systems (Thanos and Maniatis, 1995). 



CONCLUSION 

Pathways induced by general elicitors and wounding are conserved 

We identified a gene from pine trees that is strongly up-regulated during an induced 

defense response to chitosan. Upon transfer into transgenic tobacco plants, the gene remains 

responsive to chitosan. 'These data indicate that the signal transduction pathway that activates 

the gene in pine cells is very similar in tobacco, suggesting functional homology between the 

components of the signal transduction pathway in gymnosperms and angiosperms. Our major 

conclusion is that aggressor perception mechanisms appear to be highly conserved in higher 

plants, based on our observations that an inducible gene from a gymnosperm is properly 

regulated in an evolutionarily distant angiosperm. 

These results have important implications for aggressor perception mechanisms in 

trees. If Pschi4 was not chitosan induced in tobacco, it would seem likely that pines utilized 

signaling coniponents that were different than those in angiosperms. Our observation that 

I'schi4 properly regulated by chitosan and by wounding in tobacco suggests that 

mechanisms for general perception of aggressors are conserved in modern day pines and 

distantly related angiosperms. If our supposition is correct -- that the inducible pathways in 

angiospernis and gymnosperms are similar -- then the genes that regulate inducible defense 

responses are likely to be similar in pines and in angiosperms like tobacco (and by extension, 

A rrr hido/?sis). 

A model provides a context for genetic interpretation and hypothesis testing 

'I'l~e model helps illustrate that inducible signaling is under genetic control, and guides 

otlr expectations as to the type of genetic variation that is possible in forest trees. Because the 

pathway is cotnposed of both positively acting components (receptor and activator) and 

negatively acting components (inhibitor), the inducibility of the pathway is tightly regulated. 

Because signal transduction pathways are composed of proteins, the genes that encode those 

proteins are subject to mutation. W e n  a mutation renders a signal transduction protein 

nonftlrlrtional, that mutation can affect signal flux through the signal transduction pathway. 

We hasten to add that the model is probably too simple, with too few proteins 

involved. For example, 13schi4 mRNA increases 3 hours aRer chitosan treatment (Wu et al., 

1997), whereas this pathway would be expected to be induced within seconds or minutes. This 

suggests there are probably additional steps that occur between chitosan recognition and 

Pschi4 transcription. In addition, only protein components are included in the model; other 

molecules (e.g., salicylic acid, active oxygen and/or jasmonic acid) probably play key roles. 

These caveats notwithstanding, the model provides a framework to better understand the 

genetic basis of inducible defense responses. We cite two examples of genetic variants in 

Arabidopsis thaliana to illustrate this point. 

Genetic variation in signal transduction pathways 

Single gene mutations can have dramatic effects on inducible defenses. Two lines of 

Arabid~psis are particularly informative. One of these lines (nprl) contains a mutation in a 

gene that makes the plant a non-expressor of pathogen-related genes (Cao et al., 1994). This 

genotype is unable to induce PR genes -- part of its defense response -- when challenged by an 

aggressor. Loss of pathway inducibility implies that the mutation destroyed a protein that 

promotes signal flux through the pathway (a non-functional activator would be unable to 

stimulate PR gene transcription, even when free from the inhibitor). The defective and the 

functional copies of the nprl gene have now been cloned, and as predicted, the normal protein 

functions similarly to the activator proposed in Fig, 1 (Cao et al., 1997). 

Another line (cprl) contains a mutation in a gene that makes the plant a constitutive 

expressor of pathogen-related genes (Bowling et al., 1994). Constitutive regulation of a 

normally inducible pathway implies that the mutation destroyed a protein that normally acts to 

inhibit signal flux through the pathway (a non-functional inhibitor would create a large pool 

of unbound activator, which would constitutively stimulate PR gene transcription). The 

cloning of the cprl gene has not yet been reported. Interestingly, Arabidopsis lines that 

exhibit constitutive defenses are stunted compared to their wild-type counterparts (Bowling et 

al., 1994), which would be expected if there is a carbon cost associated with constitutive 

defense. Such lines would be useful to quantify those energetic costs. 

These Arabidopsis mutant lines illustrate that the physiological capacity of a plant to 

induce a defense response is under the control of genes. There are many unanswered questions 

regarding how much genetic variation exists in trees with respect to inducible defenses, and 

most importantly how that genetic variation impacts tree:phytophage interactions. If inducible 

defense signal transduction pathways are conserved in trees and herbs (as our data imply), 



tllen cloning the relevant genes in Arnhi~io~~sis will accelerate the pace of gene discovery in 

trees. Cloning the tree genes should help address some important fundamental questions, and 

ttltimately make these pathways subject to manipulation in transgenic trees to improve 

tolerance to aggressors. 
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RESUME 

The length of phloem necrosis induced by low-density inoculation (less than ca. 20 

inoc./tree) of blue-stain fungi is often used as a measure of fungal virulence or level of tree 

resistance, with longer lesions implying a more virulent fungus or a physiologically weaker 

host tree. Although the rationale for using necrosis length as a measure of virulence or 

resistance seems clear, low-density fungal inoculations in Norway spruce (Picen nbies) do not 

always give results that are consistent with results from studies using other inoculation 

techniques. In trees inoculated at low densities (3 inoc./fungus/tree) with four different species 

of blue-stain fungi Cerutocystis polonim, a virulent blue-stain fungus associated with the 

spruce bark beetle Ips typugrcrphus, did not induce significantly longer necroses than the 

other, less virulent blue-stain fungi, However, when the same fungi were mass-inoculated into 

trees (at about 270 inoc./tree) C. polonicu induced much longer phloem necroses than the 

other fungi, and it also induced more extensive symptoms in the cambium and sapwood. 

When the resistance of 20 different Norway spruce clones was tested using either a few (12) 

or many (about 170) C. polonica inoculations per tree, necrosis lengths induced by the two 

different treatments were only weakly correlated. These results suggest that phloem necrosis 

length following low-density inoculations is not always an accurate estimate of fungal 

virulence or tree resistance. Mass-inoculation, which overwhelms the total defensive capacity 

of susceptible trees, probably better estimates fungal virulence and tree resistance. 

Furthermore, host symptoms in the sapwood and fungal colonisation of sapwood may be 



~iiorc tclevant Ineasures of vir~tlence or rcsist;tnce, since the cause of death of trees colonised 

by blue-stain fungi seetns to be disruption of sapwood water transport. 

INTRODUCTION 

Phytopathogenic fungi associated with aggressive bark beetles are thought to assist the 

beetles in overcoming the resistance of their conifer host trees (Hemingway et al., 1977; 

Whitney, 1982; Stephen et nl., 1993). The fungi in question are mostly blue-stain fungi in the 

genera Cercrtocystis and Ill~hiostonzcl (Harrington, 1993a; 1993b; Paine et al., 1997). Most 

blue-stain Sungi are associated with bark beetles, and most conifer bark beetles vector some 

species of these fungi (Harrington, 1988; Perry, 199 1) 

Much effort has been put into determining the pathogenicity of the fungal associates of 

ccononlically important bark beetle species. The most widely used technique for studying 

fungal virulence has been to inoculate fungi into the bark of host trees, and to measure the 

length of the resulting lesions. When conifers are inoculated with a blue-stain fungus at a low 

density ( I  to about 20 inoculations per tree), the tree is always able to confine the fungal 

infection within discrete lesions produced by the induced wound response (e.g. Berryman, 

1972; Paine, 1984; Christiansen et crl., 1987; Cook and Hain, 1987; Raffa and Smalley, 1988; 

Parmeter c~t crl., 1989; Ross et LEI., 1992; Krokene and Solheim, 1997). With a low number of 

inoculations the response at each inoculation point probably represents the most efficient 

defensive response the tree can mobilise towards that particular pathogen (Raffa and 

Berrytnan, 1983; Cook and EIain, 1987). If it is assumed that the defensive response of the 

tree is designed to conserve tissue and energy, it follows that a tree that resists fungal invasion 

will produce a lesion that is only as large as necessary to confine the fungus. Thus, the 

efficient response of a resistant tree will produce a small lesion, while a longer lesion 

gener:tlly is considered to imply either a physiologically weaker host tree or a more virulent 

fungus. 

Although the rationale for using phloetn necrosis length as a measure of fungal 

virulence or tree resistance seems clear, we will in this paper show that low-density fungal 

inoculations not always give reliable estimates of these variables. The system we have studied 

is Norway spruce (Picscn cihies (I,.) Karst.) inoculated with the blue-stain fungus Cemtocystis 

1~ollnnic.ct (Siem.) C. Moreau and other fungal associates of different bark beetles colonising 

this ho\  t.  C'cnrtocystis polr>nii-a, which is associated with the aggressive spruce bark beetle Ips 

typographids L., is the most important fungus in this system. It colonises sapwood and phloem 

extensively, and may kill healthy trees when inoculated at high densities (Horntvedt et al., 

1983; Christiansen, 1985a; Solheim, 1988). 

MATERIAL AND METHODS 

Experiment 1 : Fungal virulence 

Norway spruce trees were inoculated with the following four fungi (numbers in 

parentheses refers to the Culture Collection of Norwegian Forest Research Institute): 

Ceratocystis polonica (93-20811 15), Ophiostoma piceae (Miinch) H. and P. Sydow (94- 

169156), an apparent Arnbrosiella sp. (93-208144), and a sterile fungus with dark mycelium 

(Dark sterile sp. A) (94-166139). The fungi were originally isolated from five species of bark 

beetles that colonise Norway spruce (Krokene and Solheim, 1996). Trees were inoculated by 

removing a bark plug with a 5-mm cork borer, inserting inoculum in the wound, and replacing 

the bark plug. Inoculum consisted of actively growing mycelium on malt agar (2% malt, 1.5% 

agar) and sterile malt agar as a control. 

On May 31 1995, one tree from each of 12 different clones were inoculated three 

times with each of the four fungi and three times with the control (Krokene and Solheim, 

1997). The trees, planted in 1970, were growing in As, Norway. Tree diameter at breast height 

(DBH) ranged from 12.4 to 18.2 cm. The 15 inoculations per tree were evenly distributed in 

three rings encircling the stern at 1, 1.5 and 2 m height, with each fungus and the control 

occurring once in each ring. Trees were felled 5 weeks after inoculation and three 15-cm stem 

sections containing the inoculations were removed from each tree and taken to the laboratory. 

The bark around each inoculation point was removed to the sapwood and full length of the 

necroses was measured on the phloem surface. The sapwood was split radially through the 

inoculation point to measure depth of desiccated sapwood beneath each inoculation. 

On June 5-7 1995, 40 trees of similar size (range DBH 16.4-19.4 cm) and age (range 

35-48 yr) were selected from a stand in As, Norway. The trees were mass-inoculated at 400 

inoculations/m2 over a 1.2 rn wide band from about 0.8 to 2 m above ground with the four 

fungi and the control (Krokene and Solheim, 1998). Eight trees were randomly assigned to 

each of the five treatments. On September 12-13, we removed the outer bark over six of the 

uppermost and six of the lowermost inoculation sites on each tree and measured maximum 

length of the necrosis surrounding each inoculation point. Necrosis length was measured from 



the centre of the inoculation wound and in one direction away from the inoculated band. This 

was done because necroses often coalesce in the inoculation band on trees inoculated with C. 

po1orzic.a. 'Irees were felled 15 weeks after inoculation. From the central 0.6 m of the 

ii1oculated stem sections we cut two S mm thick stem disks about 0.1 m from the upper and 

lower- crrtl. 'I'lrc area 01' Ijiue-stained sapwood was outlined on the upper surface of each disk, 

and ttie surface area was determined with a computer-connected planirlieter (Krokene and 

Sollleim, 1998). Along tile cixumference of each disk we measured the fraction of living and 

dead cii~nbiurn. On each 0.6 in section we renroved the outer bark and traced all phloem 

rrecr-nses in a 0.062 rn* area onto clear plastic foil, Total area of dead phloem was later 

deterrnirred from the foils by planimetry. 

All data were analysed ~ising ANOVA (Krokene and Solheim, 1997; 1998). Aetalyses 

were performed with the general linear models (GLM) procedure of SAS (SAS Institute, 

198'7). 

Experiment 2: Tree resistance 

It1 1995, five ranlets were selected from each of 20 Norway spruce clones growing in 

As, Norway, and inoculated with C polonicn (93-208/115). The trees, planted in 1970, had a 

DRf-I of about 14 crn and were about 13 nl high. On 31 Nay-2 June, two ramets were selected 

from each clone and mass-inoculated at 400 inoculations/m2 in the same way as described for 

experin~etit 1 .  Trees were felled I6 weeks after mass inoculation, and phloem necrosis length 

and blue-stained sapwood area were rneasi~red as for the mass-inoculated trees in experiment 

1. On 19-20 June, the retnaining three ramets from each clone were inoculated with six 

inocitlations per ring in two rings encircling the stem at 2 and 2.5 m height. Four months later 

we removed the outer bark over the inoculation sites and measured full phloem necrosis 

length. Mean lengtl~ of phloem necrosis in the low-density inoculated ramets was compared 

with rnean necrosis length or mean percent blue-stained sapwood in the mass-inoculated 

ranlets of the satxte clone using linear regression. Analyses were performed with JMP (SAS 

Institute, 1989). 

RESULTS 

Experiment 1 : Fungal virulence 

In the low-density inoculated trees there was little variation in phloem necrosis length 

between the different fungi. Five weeks after inoculation, nect'oses induced by C. polonic~t 

Figure 1. Phloem necrosis length (a) and sapwood desiccation depth (b) in Norway spruce 5 
weeks after inoculation with four different blue-stain fungi and sterile agar control. 
Treatments within (a) and (b) with the same letter are not significantly different (Duncan's 
multiple range test at p < 0.05 following ANOVA). 
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Figure 2.: Different criteria of fungal colonisation success measured 15 weeks after mass- 
inoculation of Norway spruce with four different blue-stain fungi and sterile agar control. For 
the different criteria colunlns with the same letter are not significantly different (Duncan's 
multiple range test at p < 0.05 following ANOVA). 



were not  sigr~if-icantly longer than those induced by 0. picene and the unidentified 

Ainhrosi~~llm species (Fig. la). Depth of desiccated sapwood differed more between 

treatments, with C. polonica inducing significantly deeper desiccation then all other 

trc.atrncnt\ ( r ig .  I b). 

1 1 1  ihc mn\s-inoculated trees C'. polonicn indriced rr~i~ch longer phloem necroses than 

the other fungi, and it also induced more extensive symptoms in the sapwood and cambium, It 

was ttlc only f i~ngi~s  that caused blue-stain, and it induced 21 times more dead cambium 

circirmfer-cnce, 11 times more dead phloem surface area and five times longer phloern 

necroses illan any other fungus (Fig. 2). The other fungi differed very little in pathogenicity. 

They were all significantly different from the control, except for percent dead cambium for 

the dark sterile fungus (Fig. 2). 

Experiment 2: Tree resistance 

For the low-density inoculated trees there was relatively little variation in mean 

phloem necrosis length between ramets within a clone (range SDz0.4-12.7), while the 

variation between clones was larger (SD=20.7, Fig. 3). In the mass-inoculated ramets there 

was huge variation in necrosis length both within clones (SD from 0.6 to 409.2) and between 

clone5 (SD=149.8, Fig. 3). Seven mass-inoculated ramets that belonged to four different 

clones with very long phloem necroses (170-810 mm) also had much blue-stained sapwood 

(2 =75%), indicating that they had been successfully colonised by the fungus. 

Overall, there was a weak, but statistically significant correlation between mean 

phloetn necrosis length in low-density and mass-inoculated ramets of the same clone (p=0.01, 

r2=0.30, Pig. 3). Many clones that differed much in their response to low-density inoculations 

produced relatively short and very similar necrosis lengths when they were mass-inoculated 

(Fig. 3, open syrr~bols). Ilowever, six clones produced very long necroses after mass- 

>culatinn, and for these clones there was a stronger, but not significant, correlation between 

necrosis length in low-density and mass-inoculated ramets ( ~ ~ 0 . 1 2 ,  r220.50, Fig. 3). The 

correlation between symptorns in low-density and mass-inoculated ramets did not improve if 

necrosis length in low-density inoculated rarnets was correlated with percent blue-stained 

sapwood in mass-inoculated ramets (p=0.04, r2=0.22, data not shown). Percent blue-stain and 

necrosis length in the mass-inoculated ratnets were strongly correlated (p<0.00001, r2=0.80). 

20 30 40 50 60 70 80 90 100 
Phloem necrosis length (mm) 

Low-density inoculated ramets 

Figure 3. Linear regression of mean phloem necrosis length in 20 Norway spruce clones that were 
mass-inoculated (ca. 170 inoc.ltree) or low-density inoculated (12 inoc./tree) with the blue- 
stain fungus Cerarocystis polonica (continuous line). Two ramets per clone were mass- 
inoculated and three ramets were low-density inoculated, The dashed line shows the linear 
regression for six clones (filled symbols) where at least one of the mass-inoculated ramets was 
successfully colonised by the fungus (i.e. > 40% sapwood area was blue-stained). 

DISCUSSION 

Phloem necrosis length after low-density inoculations did not give an accurate 

estimate of the virulence of the different fungi used in experiment 1. The results from the low- 

density inoculation suggest that C. pvlonica was about equally virulent as the other three blue- 

stain fungi, but mass-inoculations have shown it to be a much more virulent fungus 

(Horntvedt et al., 1983; Christiansen, 1985a; Krokene and Solheim, 1998). Previously, 

Ophiostomc~ penicilluturn (Grosm.) Siem., another fungal associate of I. typographus, has 

been shown to induce longer phloem necroses in Norway spruce than C. polonicn, although it 

is less able to colonise sapwood and cause tree mortality (Horntvedt et nl., 1983; Solheim, 

1988). Thus, phloem necrosis length after low-density inoculations is probably not always the 

best estimate of fungal virulence. Depth of desiccated sapwood after low-density inoculations 

seems to be more useful in determining the virulence of different fungi. 

Phloem necrosis length after low-density inoculations did not accurately predict the 

clones' resistance to massive fitngal infection. Similar results have been obtained for 

lodgepole pine Pinus contortcl Douglas var. lntifolin Engelmann inoculated with 0. 

clnvigerum (Robinson-Jeffrey and Davids.) Harrington (Raffa and Berryman, 1982a). Phloem 

necrosis length after low-density inoculations could not be used to distinguish between trees 





Physiology and Genetics of Tree-Phytophage Interactions 
Gujan (France), August 31 - September 5, 1997 
Ed. INRA, Paris, 1999 (Les Colloques, nU90) 

SAS IN\ r r rr J rE, 1989 JMP user 's, guide SAS Institute In< , Gary, NC, 584 p 
Soi r r r  Ibf f i  , 1088 PatEtogent~ity of \omc 11" tjllo~tnphttr as\octi~ted blue-rtatn fungt to Norway 5pruce Mecfci 

Not I n ~ t  Skoglnrsk ,40, I -  1 l 
Sol rtr I M  14 , 1991 Oxygen deftciency and spruce resin tnhrbition of growth of fungt arroctated wtth ips 

t,pographur Myool Ker ,95, 1 387- 1392 
S O I ~ ~ ~ F I M  H . 1992 The early stages of fungal tnvaslon In Norway spruce tnfested by the bark beetle Ips 

t\pogtizph~c~ Can J N o t ,  70, i 5 
Sot I ~ F I M  k t ,  1995 A compnrtqon of blue-statn fungi assoctated wtth the North-American spruce beetle 

1)endroctorzus r~i3pennls and the Eurasian s,pruce bark beetle Ips typographus Itz Aamlid D (Ed ) 
Fot est pathology research in the Nordic corcritrlrs 1994 Aktuelt fra Skogforsk 4, p 6 1-67 

So~t i r  IM fi . KROKFNE P .  1998 Growth and v~rulence of mountatn pine beetle asqortated blue-sta~n fungi, 
C?phrortoma clav~gerurlr and 0 moirtlurn Can J Bt~t , in press 

STEPI~FN F M  , BERIsFoRL) C W ,  D A H L ~ I ' F N  D 1,. FENN P ,  MOSER J C , 1993 Invertebrate and rn~crobial 
as,soctates In Schowalter 'r D , F I I I ~  C, M (Ed ) Rrarle - puthogen lttteracrlorzs in cnnrfer forests 
I,ondon, Acaderllic Press, p 129- 153 

W u r l ~ r v  H r . 1982 Relat~on$hrps between bark beetles and symbiotic organisms Itt Mltton J B , Sturgeon 
K B (Ed ) Anrk beetles itr North Amenran cnn~ferc. A s) rtem for the studj c?f evnlutronnry hlology 
Aus,ttn, Un~vet stty crf Texas Press, p 187 2 1 1 

Induced resistance against insects in European 
forest ecosystems 
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ABSTRACT 

Passive and induced resistance are presented as defence mechanisms against insect 

feeding using the examples : Fagus sylvatica - Phyllaphis fagi, Fagus sylvatica - 

Cryptococcus fagisupa, Larir decidua - Colephora laricella, Lorix decidua - Ips carnbrae, 

Picea abies - Ips typographus and Pinus sylvestris - Lyrnantria monacha. The dependence of 

the type of resistance with respect to genotype and physiological age of the host tree, intensity 

of the attack by phytopages, site stand treatment, and weather are discussed from an 

ecosystemic point of view. 

INTRODUCTION 

Mass outbreaks of phytophagous insects are an integral component of stand life of 

natural and commercial forests (Schimitscheck, 1969 ; Duncan and Hodson, 1958 ; Benz, 

1974 ; Mattson and Addy, 1975). A key position for a feedback-controlled, resource-adjusted 

plant growth is held in by many insects bound species-specifically to the natural development 

stages of forests (young growth, brushwood, high polewood, mature forest) ; (Schowalter et 

al., 199t ; Wickmann, 1980 ; McNaugl~ton, 1983). 



'I't~e regulation of the anlount of plant biomass transferred into phytophagous biomass 

is bound to different grades of resistance depending on whether the impact of the 

phytophagous is disenhancing, neutral, or enhancing for the plant. In the latter case the 

intlividual plants will exhibit on the population level a spectrum of drifting transitions from 

rc\is(;int lo insccptible stages tlepending on the genetic, time, and space structure of the stand. 

'Two groups of natural compo~lnds are involved predominantly in the resistance 

reaction : proteins as biocatalysts in the metabolic turnover and urgently required source for 

the synthesis of animal mass, and secondary compo~inds as inhibitors of enzyme activity and 

of tlie proteitl transfer from the plant to the animal. 

I t  i i  the aini of this paper to derl~onstrate different aspects of defence mechanisms after 

attack by imects of four main E~lropean forest species, i. e. larch (Lnrix decidua), beech 

(Fcrgus ,~;ylvritic.a), spruce (Picea nhies) and Scot pine (Pinus sylvestris). 

RESULTS 

The resistance reaction is dependent on the physiological age of the host 

'T'hc varying readiness for the activation of induced resistance as dependent on 

physiological age is demonstrated with Fagur sylvatica seedlings and 10-15 year old beech 

lings whicti were infected at the same time and at the same location with Phyllaphis fagi, a 

leaf phloem feeder (Gora 't a1 , 1994a). The procyanidin titre is raised nloderately in the 

leiives of seedlings and saplings. This is a general, undirected wound reaction due to the 

puncture wo~lnds at beginning of the feeding process. However, stronger changes occur at the 

cific location of tlie actual interaction, i. e. the phloem. In the phloem of seedlings, the 

defence by procyariidins is started by the fourfold raised level of their precursor, quinic acid. 

Rut, by this time, the defence reaction in saplings is already completed, the level of quinic 

d is lowered to zem, and the procyanidin titre has been elevated up to 20 fold, depending 

on the infestation intensity. 

The same principle is observed after the attack of Lurix decidua needles by 

Coleoptzora laricella, a needle miner (I-fabermann, 1995). In young trees (4 year olds) an 

immediate systemic reaction in the attacked as well as in the unattacked needles of the whole 

tree is induced, the procyanidin contents are elevated, the protein contents are lowered. In 

older trees a two-step reaction occurs. In the first step, up to 25% of the needles are dropped, 

causing a high mortality rate of the mining larvae. In the second step the procyanidin titre is 

raised to 10 fold over 3 years while the protein content is lowered continuously. The 

effectiveness of this defence becomes obvious in the tendency towards a decrease of the mines 

infestation two years later and the collapse of its population 5 years later. 

Gradation of the induced resistance reation 
t 

Gradation of induced resistance and simultaneous intensification of passive resistance 

occur after attacks of varying intensity on Lnrix decidua by Ips cernbrae, and on Picea abies 

! by I. iypogr~zplzus, both bark phloem feeders (Rohde et al., 1996). Independent of an attack the 

procyanidin titre in the phloem of larcn is markedly raised and the protein titre is lowered 

during the flight periods of the beetle (May and August). Dependent on the actual infestation 

1 density at the time of attack this reaction is markedly intensified by induced resistance, then 

persisting on a high level for at least one year. 

Comparative studies of the carbohydrate, protein and procyanidin contents in" 

uninfested tissue, and infested tissue at a decreasing distance from the site of atack by Ips 

cembrae on larch and by Ips ty,nographus on spruce demonstrate the very high energy 

requirements of the induced defense reaction (Jung et al., 1994), Rohde et ml., 1996). 

The resistance reaction on a population level 

The system Fagus sylvatica and Cryprococcus fagisuga, a bark parenchyma feeder, 

shows that induced resistance is not a static process because a temporary reinforcing defensive 

reaction develops in addition to passive resistance (Gora et al., 1996). In a sample of 419 

mature trees, the infestation status was constant or oscillated during a 5-year period in 50% of 

the trees. In the other half there was either decreasing or increasing infestations. On six pairs 

of beeches which were uninfested and infested, respectively, in 1989 an increase of the 



infi.\tation occiirrcd in the formerly  ini infested trees until 1993, accompanied by a general 

increitse of the procyanidin titre and a parallel decrease of the protein titre. Within the 

procyanidin fraction the corlcentration of glucodistylin and taxifolin increased while the 

conccnt ration of cis-coni ferin decreased (1l)iibeler et nl., 1997). 

lnduced resistance as influenced by abiotic parameters 

'I'he influence of weather conditions in different years and of specific site qualities is 

demonstrated in an eight year investigation into the physiological age class bond between the 

flushing status of beech and their infestation status by Cr.yptococcus fagisuga (Lunderstiidt, in 

press). The regression lines for both parameters under varied conditions (8 years, six sites, two 

thinning regirnes, three diameter classes) represent a measure of the stand dependence on the 

indiiced resistance and can be arranged in a continuous order showing the promotion of the 

infestation by accelerated flushing in cool, unthinned valley positions to promotion of the 

infestation by reduced flushing on warm, thinned plateau positions. 

Induced resistance as influenced by stand treatment 

The pattern of attack and resistance can be altered artificially by changing the micro 

stand and the competition status by thinning. This is shown with the example of the non moth, 

1,j~mnrztricr i?zonci<.lzu and Scots pine (Hagermann and Bester, 1997). Large numbers of trees of 

poor growth and therefore of poor resistance form attraction centres for the nun moth. These 

centres are subjected to a high probability of heavy defoliation and little or no probability of 

regeneration. 'Trees with a high social position are surrounded by trees with a low social 

positiotl the insect pressure is concentrated noticeably on the latter because induced resistance 

which will be developed in trees of all social positions is expressed much more strongly in the 

members of the higher social classes. Ideally, the aggressiveness of the nun moth population 

will bc redirced by the stronger physiological resistance of these trees and will be diverted 

ciuring the retrograclation phase onto the weaker and suppressed trees. 

The possible ecosystemic role of induced resistance 

From an ecosystemic point of view, resistance must be considered as a limited 

evolutionary barrier, susceptibility as a limited evolutionary gate. Because of this inconstancy 

of either traits within a natural population, different types of resistance and susceptibility are 
I 

coexistent. Passive resistance is directed against disturbing events which vary in their 

frequency and intensity within the statistical norm of stand life. The respective defence 

processes are integrated into the framework of the general plant metabolism, demanding a 

bearable share within the common metabolic output for growth, reproduction, and defense. 

However, if disturbing effects occur as single events (like weather abnormalities) in 

overstocked stands with high intraspecific competition, a reaction cascade is released. The 

resulting answer in the form of induced resistance ifs effective but metabolically expensive. 

Therefore, it an only last for a single individual for a relatively short period. 

1 
I 

A shown in the example of the trend analysis of the Cryptococcus infestation in a 

beech stand during 5 years (Gora et al., 1996), by the analysis of the genetical background of 

1 resistance of the respective trees (Gora et al., 1994b) and by their spatial distribution in time 

(Gora et al., 1996) the ecological mechanism of keeping up an effective level of induced 

i resistance could be as follows : induced resistance is activated to a different degree in 

changing members of the tree population by reducing the infestation of single individuals and 

spreading the infestation pressure on others within the whole host population, thus 

counteracting inter- and intraspecific competition within the plant community of the stand. In 

commercial forests the competition status can by modified by man. 
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