
EESTI MAAÜLIKOOL
ESTONIAN UNIVERSITY OF LIFE SCIENCES





LEAF RUST (Melampsora) ON WILLOWS: 
ECOLOGICAL AND PLANT RESPONSE STUDIES

PIGIROOSTE PAJUDEL: ÖKOLOOGIA JA TAIME 
REAKTSIOON NAKKUSELE

MERJE TOOME

A Thesis
for applying for the degree of Doctor of Philosophy  

in Plant Pathology

Väitekiri 
filosoofiadoktori kraadi taotlemiseks fütopatoloogia erialal

Tartu 2010



Institute of Agricultural and Environmental Sciences
Estonian University of Life Sciences

According to the verdict No 59 of March 31, 2010 the Doctoral Committee of 
Agricultural and Natural Sciences of the Estonian University of Life Sciences 
has accepted the thesis for the defence of the degree of Doctor of Philosophy 
in Plant Pathology.

Opponent: Dr Alistair R. McCracken
  Applied Plant Science and Biometrics Division
  Agri-Food and Biosciences Institute

Supervisors:  Prof. Anne Luik
  Institute of Agricultural and Environmental Sciences
  Estonian University of Life Sciences

  Dr Katrin Heinsoo
  Institute of Agricultural and Environmental Sciences
  Estonian University of Life Sciences

Defence of the thesis: 
Estonian University of Life Sciences, room 1A5, Kreutzwaldi 5, Tartu  
on May 6, 2010, at 11.00.

The English language was edited by Ingrid Williams, and the Estonian by Tiina
Halling.

Publication of this thesis is supported by the Estonian University of Life Sciences 
and by the Doctoral School of Earth Sciences and Ecology created under the 
auspices of European Social Fund.

© Merje Toome, 2010
ISBN 978-9949-426-80-5



CONTENTS

 LIST OF ORIGINAL PUBLICATIONS ..................................    7
 ABBREVIATIONS ...................................................................    8

1.  INTRODUCTION ..................................................................    9
2.  REVIEW OF THE LITERATURE ...........................................  10
 2.1.  Willow short rotation coppice and its diseases ...................  10
 2.2.  Factors influencing rust disease severity .............................  11
 2.3.  Willow leaf rust Melampsora epitea ....................................  15
 2.4.  Impact of the rust infection on plants ...............................  18
3.  AIMS OF THE STUDY ...........................................................  20
4.  MATERIAL AND METHODS ................................................  21
 4.1.  Willow plantations and studied clones ..............................  21
 4.2.  Rust assessment methods ...................................................  23
 4.3.  Density experiment ...........................................................  25
 4.4.  Leaf sampling ....................................................................  25
 4.5.  Volatile organic compounds emission study (Paper V)  ......  25
 4.6.  Data analysis .....................................................................  26
5.  RESULTS ..................................................................................  27
 5.1.  Comparison of rust assessment methods ...........................  27
 5.2.  Differences in rust susceptibility between willow  

genotypes ..........................................................................  28
 5.3.  Rust severity during the growing season and  

in different years ................................................................  28
 5.4.  Impact of fertilisation and wastewater irrigation  

on rust abundance .............................................................  30
 5.5.  Impact of canopy density ..................................................  30
 5.6.  Relationship between rust severity and specific   

leaf area .............................................................................  30
 5.7.  Impact of rust infection on the volatile organic  

compounds emission of willow ..........................................  31
6.  DISCUSSION ..........................................................................  33
 6.1.  Comparison of rust assessment methods ...........................  33
 6.2.  Change in rust severity over time (Papers I, II and III) ......  34
 6.3.  The effect of fertilisation and wastewater irrigation  

on rust severity (Papers I, II and III) ..................................  34



 6.4.  The influence of canopy density on rust abundance  
(Paper III) .........................................................................  36

 6.5.  Relationship between rust severity and specific leaf area
(Paper IV) .........................................................................  36

 6.6.  Response of willow to rust infection on volatile  
organic compounds emission level (Paper V) .....................  37

 6.7.  Future prospects ................................................................  38
7.  CONCLUSIONS .....................................................................  40
 REFERENCES .........................................................................  42
 SUMMARY IN ESTONIAN ....................................................  53
 ACKNOWLEDGEMENTS .....................................................  60

 PUBLICATIONS .....................................................................  63
 CURRICULUM VITAE .........................................................  118
 ELULOOKIRJELDUS ...........................................................  120
 LIST OF PUBLICATIONS ....................................................  122



7

LIST OF ORIGINAL PUBLICATIONS

The present thesis is based on the following research papers, which are
referred to by their Roman numerals:

I Toome, M., Heinsoo, K., Luik, A. 2006. Abundance of willow rust 
(Melampsora sp.) on different willow clones in Estonian energy for-
est plantations. Proceedings of the Estonian Academy of Sciences. 
Biology. Ecology 55(4): 308–317. 

II Toome, M., Heinsoo, K., Ramstedt, M., Luik, A. 2009. Rust sever-
ity in bioenergy willow plantations treated with additional nutri-
ents. Forest Pathology 39: 28–34.

III Toome, M., Heinsoo, K., Holm, B., Luik, A. 2010. The influence
of canopy density on willow leaf rust (Melampsora epitea) severity 
in willow short rotation coppice. Biomass and Bioenergy DOI: 
10.1016/j.biombioe.2010.03.012.

IV Toome, M., Heinsoo, K., Luik, A. 2010. Relation between leaf rust 
(Melampsora epitea) severity and the specific leaf area in short rota-
tion coppice willows. European Journal of Plant Pathology 126: 
583–588.

V Toome, M., Randjärv, P., Copolovici, L., Niinemets, Ü., Heinsoo, K., 
Luik, A., Noe, S. M. 2010. Leaf rust induced volatile organic com-
pounds signalling in willow during the infection. Planta DOI: 
10.1007/s00425-010-1169-y.

Papers are reproduced by kind permission of the journal concerned.

The contributions of the authors to the papers:

Paper Idea and study 
design

Data collec-
tion

Data analysis Manuscript 
preparation

I KH, MT MT MT, KH All
II MT, KH, AL MT MT, KH All
III MT, KH MT, BH MT, KH All
IV MT, KH MT MT, KH All
V SN, MT, LC MT, PR MT, SN, LC, PR All

LC – Lucian Copolovici; KH – Katrin Heinsoo; BH – Bert Holm; AL – Anne Luik; 
SN – Steffen Noe; PR – Pille Randjärv; MT – Merje Toome; All – all authors of the
paper.



8

ABBREVIATIONS

SLA Specific leaf area
SRC Short rotation coppice
VOC Volatile organic compounds



9

1. INTRODUCTION

The first willow plantations were established in many European countries
in the 1800s with the aim of providing material for basketry (Stott 1992). 
The energy crisis in the 1970s stimulated new interest towards willows
(Salix) to replace a part of fossil fuels with renewable woody biomass 
(Mirck et al. 2005). The woodchips obtained from harvesting willow
plantations are used to produce heat and electricity through burning. In 
addition, willows can serve as vegetation filters for purifying municipal or
industrial wastes (e.g. Rosenqvist et al. 1997; Guidi et al. 2008; Sugiura 
et al. 2008), take up heavy metals or metabolize other toxic compounds 
from the soil (French et al. 2006; Migeon et al. 2009), restore the soils of 
marginal lands (Paulson et al. 2003) and protect river banks from erosion. 
As fast-growing plants with a high shoot number, they are also planted as 
visual and noise barriers, for instance next to motorways (Stott 1992). 

In Estonia, the first willow plantations were established in 1993 for exper-
imental purposes (Koppel et al. 1996). These plantations have shown
willow to have high potential for biomass production in local condi-
tions (Heinsoo et al. 2002). In 2003, a short rotation coppice (SRC) as 
a vegetation filter was established at Kambja, to have the dual function
of biomass production and municipal wastewater purification. This dual
use of willow plantations has proven to be a successful combination and 
has great potential in Estonia (Heinsoo and Holm 2010). 

One of the most serious problems in willow plantations is leaf rust infec-
tion (e.g. Verwijst 1990; McCracken and Dawson 1998). Since the 
main purpose of willow plantations is to increase the sustainability of 
the activities of mankind, it is important that their establishment and 
management is also as environmental friendly as possible. Therefore it is
important to find ways to avoid this disease and decrease the damage it
causes without using any chemical fungicides. This thesis presents stud-
ies on leaf rust abundance in different willow plantations with different
management regimes. These studies were conducted to detect rust occur-
rence in Estonian willow plantations and to determine which ecological 
factors affect its abundance. Additionally, to improve knowledge about
the interactions between willow and rust fungi, I studied the plant’s 
emission of volatile organic compounds (VOC) to detect any possible 
impacts of the rust on willow physiology. 
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2. REVIEW OF THE LITERATURE

2.1. Willow short rotation coppice and its diseases

Willows (Salix) are fast-growing pioneer trees on abandoned arable and 
grass lands. Due to their wide range of growth habitats from rather dry 
areas to flooded areas, willows are widely distributed in the northern
hemisphere. Moreover, willows are rather easily propagated with shoot 
cuttings and once the stool has established, the plants do not need much 
care (Sennerby-Forsse 1986; Stott 1992; Mitchell et al. 1999). Due to 
all these characteristics, willows have been chosen for establishing short 
rotation coppices (SRC) for bioenergy purposes in several northern and 
western European countries (e.g. Perttu 1983; Makeschin 1999; Vande 
Walle et al. 2007; Karp and Shield 2008) as well as in northern America 
(Kopp et al. 1993; Walsh 1998; Labrecque and Teodorescu 2005) and 
Japan (Mitsui et al. 2010). The species of willow preferred for planta-
tion establishment depends on the region since high biomass produc-
tion is related to favourable growth conditions (Rönneberg-Wästljung 
and Thorsen 1988). In northern Europe, basket willow S. viminalis L. 
has been shown to be the most suitable species because of its adapta-
tion to local growth conditions and good biomass yield (Sennerby-Forsse 
1986; Pohjonen, 1991; Heinsoo et al. 2002). In addition to different
genotypes of wild species, several hybrids of different willow species have
been widely used, since they have demonstrated higher biomass yields 
at optimal growth conditions (Ramstedt 1999; Weih 2000; Weih and 
Nordh 2002).

The SRCs are mainly established as monocultures of a single species and
even a single clone, like the majority of modern agricultural ecosystems. 
Monocultures are often preferred because fields with plants of the same
size and with a similar growth rate are easier to establish, maintain and 
harvest. However, monocultures are often demonstrated to be more 
susceptible to different pests or plant diseases. Studies with wheat, rice,
potato and other agricultural crops have recorded that large fields planted
with only one variety are often more severely damaged compared with 
fields consisting of several varieties or even with different crops (Zhu et 
al. 2000; Cox et al. 2004; Garrett 2009; Malezieux et al. 2009). A large 
number of genetically similar plants could be all potential hosts for the 
same plant pathogen, which in the case of successful infection could lead 
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to a build-up of high inoculum levels and cause severe disease damage 
and yield loss (Mundt 2002).

Several plant diseases have been detected on the leaves and stems of wil-
lows in SRC. Phytopathogenic bacteria are mostly isolated from diseased 
willow stems. It has been shown that bacteria like Pseudomonas syringae 
van Hall, P. fluorescens Migula, Erwinia spp. and Xanthomonas spp. may 
cause ice nucleation in combination with frost and therefore the infection 
with these bacteria may result in extensive willow shoot dieback (Nejad 
et al. 2004; Cambours et al. 2005; 2006). In regions with a milder cli-
mate, also a bacterium causing the watermark disease (Brenneria salicis 
Hauben) has been found in willows (Maes et al. 2002; 2009).

Among fungal diseases, willow scab (Fusicladium saliciperdum Allesch. 
& Tubeuf.) resulting in leaf and twig blight and Marssonia leaf spot 
(Marssonia salicicola Bres.) causing leaf damage and shoot cankers are 
common in many countries, especially in older plantations (Royle and 
Hubbes 1992). Åström and Ramstedt (1994) also found that fungus 
Cryptodiaporthe salicella (Fr.) Petr. is often the cause of stem cankers on 
dormant twigs. Although these fungi can often be in willow SRC, wil-
low leaf rust caused by Melampsora epitea Thüm. is considered to be the
most severe disease (Verwijst 1990; Royle and Hubbes 1992; Hunter et 
al. 1996; McCracken and Dawson 1998). It almost exclusively infects 
leaves, causing premature leaf loss, but some less common forms of it 
can also attack stems or young shoots and cause cankers (Pei et al. 1995). 
Rust disease weakens the plant and thus can often be a trigger for sev-
eral attacks by secondary pathogens, which can lead to shoot dieback or 
plant mortality. Such secondary pathogens (e.g. Fusarium sambucinum 
Fuckel, Glomerella miyabeana (Fukushi) Arx) may cause different can-
kers and dieback of shoots (Royle and Hubbes 1992; McCracken et al. 
2005). Due to interference with leaf metabolism, rust infected plants 
may also have difficulties with preparation for winter dormancy, which
results in enhanced frost damage and uneven structure of the stands 
(Verwijst 1990). 

2.2. Factors influencing rust disease severity

As leaf rust is one of the most important diseases in willow and poplar 
SRC, it is of most importance to know which parameters influence its
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distribution pattern and abundance. Host genotype is often the most 
important factor since it determines the basic level of rust resistance 
or susceptibility (e.g. McCracken and Dawson 1992; Fritz et al. 1996; 
Åhman 1998). Therefore, rust resistance has been one of the main goals
to achieve in willow breeding for many years (Åhman and Larsson 1994; 
Larsson 1998; Pei et al. 2004). Breeders have been constantly looking for 
resistant willow genotypes in nature. For example, Swedish breeders have 
used S. schwerinii Wolf genotypes from Russia, which have been resistant 
to rust genotypes present in Europe, for cross-fertilisation with S. vimi-
nalis (Ramstedt 1999). The outcomes of these crosses include genotypes
that are suitable for local growth conditions and also contain rust resist-
ance genes (Larsson 1998; Rönnberg-Wästljung et al. 2008). However, 
there are several obstacles for the achievement of permanent rust resist-
ance in willow. The annual genetic recombination during sexual repro-
duction of the rust fungus increases the risk for the appearance of a new 
more virulent rust genotype. There is also a risk of long distance dispersal
of rust spores from other rust populations. Therefore there is a high prob-
ability that during the years that are needed for breeding a new willow 
clone, new rust forms may develop or immigrate, that are pathogenic 
towards the new willow genotype as well (Åhman and Larsson 1994; 
Ramstedt 1999). This hypothesis is affirmed by serious breakdowns of 
rust resistance of both willow and poplar clones in Europe (Royle and 
Ostry 1995; Frey et al. 2005; McCracken et al. 2005). Although there 
are already some relatively rust resistant or tolerant clones available in 
the market, continuous breeding of new genotypes and planting of new 
clones is necessary to avoid leaf rust epidemics in the future. Obtaining 
continuous disease tolerance in SRCs is very important considering that 
each plantation is established for 20 years or more.

Besides the host genotype, rust severity depends greatly on growth con-
ditions, mainly weather (Åhman 1998; Ramstedt 1999; Johansson and 
Alström 2000). During dry and hot seasons less rust damage occur, 
whereas in humid summers, especially if the beginning of the summer 
has been rainy, the damage can be devastating (Alexopoulos et al. 1996; 
Agrios 2005). Previous study has affirmed that additional irrigation of
the plants and therefore probably also wastewater distribution to SRC 
can increase yield loss due to leaf rust (Coyle et al. 2006). Additional 
water supply may increase evapotranspiration and humidity in the can-
opy, which results in higher moisture around the willow leaves. Moreo-
ver, leaf wetness is considered to be an important factor promoting rust 
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infection (Pinon et al. 2006). At the same time, sufficient water avail-
ability is one of the key factors promoting willow biomass production 
(e.g. Fillion et al. 2009).

Another important presumption for sufficient willow growth is nutrient
availability, often achieved by mineral fertilisation of SRC (e.g. Sennerby-
Forsse 1986; Kopp et al. 1993; Mitchell et al. 1999). The impact of addi-
tional nutrients to rust abundance has been studied, but the results have 
been inconsistent. Some studies with Melampsora demonstrated that fer-
tilisation increases rust abundance (Orians and Floyd 1997; El-Ghany 
et al. 2009) whereas others did not find any clear relationships between
nutrient availability and rust disease severity (Hakulinen 1998; Åhman 
2008). On the other hand, the studies of Heiska et al. (2007) revealed 
that the effect of fertilization can also vary between experimental areas,
either increasing or decreasing rust severity. Many studies with cereal 
rusts have revealed that additional nitrogen to the soil results in increased 
rust damage (e.g. Marschner 1995; Walters and Bingham 2007).

The plantation setup could also affect leaf rust abundance. Since, in
plantations established with only one willow clone, the rusts can spread 
very fast all over the plantation and cause severe biomass yield loss, a 
mixture of different willow genotypes is recommended for SRC estab-
lishment (Verwijst 1993; McCracken and Dawson 1997; 1998; Peacock 
et al. 2001; Hunter et al. 2002). However, recent studies have specified
that the use of clone mixtures is favourable for diminishing rust damage 
only if there is sufficient genetic diversity between the willow genotypes
and at least seven different clones are used in the mixture (Mundt 2005;
Begley et al. 2009). In addition to genotype diversity, planting density 
has also been reported to affect disease severity in several agricultural
crops (Burdon and Chilvers 1982). It has been suggested that a higher 
number of shoots could be a cause of higher rust levels (Heiska et al. 
2007). However, there are no reports available about the influence of tree
density on willow leaf rust.

Rust susceptibility may also depend on the age of the shoots. It has been 
reported that willows have less rust infection in the first year after harvest
than on two or three year old shoots (Heiska et al. 2007; McCracken et 
al. 2005). This pattern may be caused by lack of previous frost damage,
which enables the plant to be more resistant to rust attacks (Larsson 1998). 
Another reason for less rust on one-year-old shoots could be the larger 
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allocation of resources to the production of new shoots and leaves ena-
bling greater investment into defence compounds in the first year (Karp
and Shield 2008). In the following years, the main shoots and branches 
are already available and more energy can be invested in the leaves. 

In addition to shoot age, leaf age also affects rust susceptibility. Several
studies have demonstrated that rust disease appears first on older leaves
and then spreads to the younger leaves (e.g. McCracken and Dawson 
1992). This may be caused by a higher concentration of defence com-
pounds in younger leaves (Jon and Yong 2005; El-Ghany et al. 2009), 
but also by the fact, that the cells of young leaves are much smaller 
and the concentration of lignin in the cell walls is higher (Scott 2008), 
which may protect the leaf tissues from fungal penetration. However, 
the impact of leaf age on rust severity is also dependent on the willow 
species since in the case of S. dasyclados Wimm. infection starts on the 
young leaves followed by the older ones (Åhman 1998). The hypoth-
esis that leaves with higher levels of phenolic compounds are protected 
against rust attack has been tested for several times (Hakulinen 1998; 
Hakulinen and Julkunen-Tiitto 2000; Witzell and Martin 2008), but 
only one study has affirmed this hypothesis (Hjälten et al. 2007). 

Beside the characteristics of host plant and ecological factors, interac-
tions between leaf rust and other fungi or insects have been observed. 
For instance, leaves of plants with willow leaf beetle (Plagiodera versi-
colora Laicharting or Phratora vulgatissima L.) damage were more sus-
ceptible to rust, whereas rust infected leaves are not so attractive to the 
larvae of the beetle as healthy leaves (Peacock et al. 2001; 2003; Simon 
and Hilker 2003). The number of rust spores produced can be consider-
ably decreased by hyperparasites, fungi parasitizing on rusts. The suit-
ability of such parasites for M. epitea biocontrol has been tested with 
several promising results. The most effective rust parasites detected are
Sphaerellopsis filum Biv.-Bern. ex Fr. (Yuan et al. 1999; Pei et al. 2003; 
2010; Liesebach and Zaspel 2005) and Trichoderma harzianum Rifai. 
(El-Ghany et al. 2009), whereas Cladosporium tenuissimum Cooke has 
been noticed to have antagonistic features (Moricca et al. 2005). In addi-
tion, Vujanovic and Labrecque (2008) detected some ascomycete fungi 
from willow leaves (e.g. Cladobotryum sp. and Alternaria sp.) that could 
also function as rust antagonists. However, the field application methods
for these microorganisms still need improvement before they may be 
used in plantations as biocontrol agents.



15

2.3. Willow leaf rust Melampsora epitea

Species of the genus Melampsora are obligate parasites, requiring a liv-
ing host plant to complete their life cycle. More than half of the species 
in this genus are specialized to infect willows or poplars (Cummins and 
Hiratsuka 2003; Pei et al. 2005). As a macrocyclic rust, it produces five
different spore types within a year on two different host plants. In the
case of willow leaf rust two spore stages, urediniospores and teliospores, 
form on willow and two, spermatia and aeciospores, form on an alter-
nate host, which is mainly larch (Larix). Basidiospores, the fifth spore
stage, form on teliospores on fallen willow leaves (Figure 1). 

Figure 1. Willow leaf rust life cycle on willow and alternate host larch. Five spore types 
form every year: aeciospores, urediniospores, teliospores, basidiospores, sprematia.

���������������� ����������

�������������
��������������
���������������

������

������������
����������
�������������

��������������

�����������������������������

�����������������������

��������

��������������
�����������
������������

�����������

� �



16

Primary rust infection on willows starts with the germination of an 
aeciospore on the lower surface of a willow leaf. A germ tube, originat-
ing from the spore, moves towards stomata and penetrates it (Figure 
2a). Thereafter, if the plant is susceptible to that rust species, the fungal
hyphae grow between the plant cells and form haustoria, special feed-
ing structures, into them (Figure 2b) (Hurtado and Ramstedt 2000; 
Agrios 2005). Through haustoria the parasite absorbs nutrients from
the host plant and provides the energy necessary for the production of 
spores (Staples 2001; Voegele and Mendgen 2003). On the mycelium 
between the plant cells, an uredinium forms out of numerous orange 
urediniospores (also called summer spores), which burst out through the 
epidermis on the underside of the leaf and form a rust pustule (Figure 
2c), visible to the naked eye. Spores from this pustule spread to other 
leaves, germinate and start a new infection process. The uredinial stage
is the most often noticed spore stage because the urediniospores mature 
throughout the summer and the pustules of brownish orange colour are 
easily distinguishable on green leaves. This is also the only spore stage in
the life cycle of the rust that occurs several times per year and therefore 
is responsible for the greatest part of the leaf rust dissemination (Alex-
opoulus et al. 1996). 

Figure 2. The infection process on willow leaf from urediniospore germination to rust
pustule formation. A – spore germination and penetration through stomata; B – hyphae 
growing between plant cells and forming haustoria into them; C – formation of rust 
pustule containing numerous urediniospores (modified after Hahn 2000).

A B C
▲ ▲ ▲
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On the same mycelium with the urediniospores, teliospores develop later 
in the autumn on the upper or lower side of the leaf forming telia. These
have a thick and pigmented cell wall due to which they appear black and 
on close observation become visible to the naked eye. These spores are
also called winter spores since in this spore stage the fungus over-winters 
on fallen willow leaves (Agrios 2005). The teliospore germinates in early
spring forming four basidiospores with two different mating types. These
basidiospores need to spread and germinate on larch needles where two 
different types of spermagonia develop (Petäistö and Kurkela 1996). If
spermatia of one mating type fertilise the receptive hyphae of another 
type of spermagonia, a new mycelium will form. This develops into an
aecium producing aeciospores (Spiers and Hopcroft 1988; Alexopoulus 
et al. 1996), which spread again on fresh willow leaves completing the 
rust life cycle (Figure 1).

It has been assumed that willow rust could over-winter at the ured-
iniospore stage in milder climates and that host alternation is not needed 
(Samils 2001). However, studies in Sweden and the United Kindgom 
have shown that rust population usually differs between years (Samils 
et al. 2001; Hurtado and Ramstedt 2002; Bayon et al. 2009). These
results suggest that sexual reproduction on alternate hosts occurs and is 
an important part of the life cycle of M. epitea.

Different rust species and forms can parasitize willows. Since it is almost
impossible to identify them based on morphological characteristics, they 
are commonly united under a complex species named M. epitea. Pei et al. 
(1996; 2000; 2003; 2005) have studied the rust populations in the UK 
over several years and determined which rust species are compatible with 
which willow species. They have discovered that SRC willows are mainly
infected by M. larici-epitea Kleb., a species alternating on larch. This spe-
cies is divided into different formae speciales based on their virulence or 
avirulence on a set of different hosts: M. larici-epitea typica (S. viminalis), 
M. larici-retusae (S. dasyclados) and M. larici-daphnoides (S. daphnoides). 
These formae speciales usually have a very specific host range and there-
fore are often able to infect only certain willow species or even clones (Pei 
et al. 1996). In addition to leaf infecting rusts, a form was also observed 
that could infect willow stems (Pei et al. 1995). Since leaf rust on willows 
has sexual reproduction by means of basidiospore production every year, 
there is a high risk for changes in rust, which may lead to pathogenicity 
towards new host plants (McDonald and Linde 2002).
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2.4. Impact of the rust infection on plants

Several studies have reported that rust disease decreases the photosynthe-
sis capacity of the plants (Shtienberg 1992; Robert et al. 2005; Berger et 
al. 2007; Major et al. 2010). A recent study detected that infected willow 
leaves contained less chlorophyll (El-Ghany et al. 2009), which is one of 
the reasons for the decrease in photosynthesis. In addition, the fungal 
structures can reduce the photosynthesising leaf area by breaking the 
leaf tissues in the course of pustule formation. Decreased photosynthesis 
inhibits plant biomass production and in addition to the smaller amount 
of produced nutrients, some are also absorbed by the pathogen. For 
instance, several synthesized carbohydrates and amino acids are obtained 
by the fungus from the plant mesophyll cells via haustoria (Staples 2001; 
Voegele and Mendgen 2003), which results in additional yield loss of 
SRC. There is some evidence that transpiration of heavily infected plants
increases (Berger et al. 2007; Major et al. 2010), which most probably is 
a consequence of cell wall damage caused by the fungus and disruption 
of the closure of several stomata due to the mechanical interruption by 
the fungal germ tubes between its cells. Moreover, premature leaf loss 
due to rust infection may result in decreased stem biomass yield (Bell 
et al. 2006). In addition to growth reduction, rust infection disturbs 
the preparation of the plant for winter dormancy, which may lead to 
decreased winter hardiness and additional frost damage (Verwijst 1990). 
However, since rusts are obligate parasites, they hardly ever take up so 
much nutrient from the plant that the plant would die (Agrios 2005). 

Although several studies have observed the plant biomass yield reduc-
tion in connection to leaf rust infections, the losses are mostly caused by 
accompanying insect damage, fungal infection or following frost damage 
(Petäistö and Kurkela, 1996; Laureysens et al. 2005; Aylott et al. 2008). 
Only Verwijst (1990; 1993) has so far estimated the impact of rust on 
biomass yield, detecting that the infections decrease biomass yields by 
up to 40%. However, experiments in controlled conditions, to evaluate 
the impact of rust damage on biomass production have not been con-
ducted.   

Research into plant response to pathogen infections on the molecu-
lar level has been initiated in recent years. To date, some interactions 
between poplar (Populus trichocarpa Torr. & A. Gray) and its leaf rust (M. 
larici-populina Kleb.) have been studied and most probably more experi-
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ments with this plant-pathogen combination will be conducted because 
the full genome of both organisms has been recently sequenced (Feau et 
al. 2007). The transcription studies have detected the up-regulation of
several stress related genes in poplar during rust infection (Miranda et al. 
2007; Rinaldi et al. 2007; Azaies et al. 2009). However, the expression of 
these stress genes is not constant but appears only during certain periods 
of the infection process. The first reaction appears immediately after the
formation of the first haustoria, which is approximately two days after
spore attachment (Rinaldi et al. 2007). If the rust and the plant are com-
patible with each other, the infection proceeds and the plant response is 
repressed, because, in the case of a compatible interaction, the pathogen 
is able to hide its presence in the plant by blocking the plant’s stress 
signal (Heath 1997). The second clear recognition of pathogen presence
takes place usually at the time of formation of the first rust pustules (Aza-
ies et al. 2009), most probably because of the bursting of the pustules 
through the leaf tissues. Transcription studies about other plant interac-
tions with fungi have confirmed that the plant response reactions to the
particular interaction type are rather conserved and similar even between 
angiosperms and gymnosperms (Heller et al. 2007; Adomas et al. 2008). 
Since willows and poplars belong to the same plant family and their rusts 
to the same fungal family, knowledge about poplar-rust interaction is 
also probably applicable to willows and their rusts (Rönnberg-Wästljung 
et al. 2008). So far a limited number of publications devoted to the 
plant response to Melampsora infection have been published and there 
are still many unclear steps in this specific interaction. The existing stud-
ies have lasted only four (Rinaldi et al. 2007), six (Azaies et al. 2009) or 
nine days after inoculation (Miranda et al. 2007) and information about 
the later stages of the infection period is lacking. Therefore more studies
on molecular or plant physiological level are needed to understand the 
mechanisms of plant response to rust infection.

The impact of rust on plant volatile compounds emission from willow is
not clarified yet. There is only one study available about bean rust (Uro-
myces fabae (Pers.)) infection describing the impact of plant volatiles on 
rust haustoria formation (Mendgen et al. 2006). Studies about infections 
with non-obligate parasites have demonstrated, that infection triggers 
the sesquiterpene and lipoxygenase (LOX) pathway products (Vuorinen 
et al. 2007; Jansen et al. 2009). However, the information about plant 
emissions in response to infection with obligate parasites is scarce. 



20

3. AIMS OF THE STUDY

The main goal of this thesis is to provide information about the impact
of plant growth conditions on leaf rust severity in willow SRC and to 
determine the response of the plant to the rust infection. Although sev-
eral work groups have conducted many studies on willow leaf rust, there 
is rather limited knowledge about the impact of different ecological fac-
tors on its abundance. However, this kind of information is urgently 
needed to improve knowledge about sustainable and economically feasi-
ble methods of biomass production for energy purposes in SRC without 
significant yield loss due to this typical pathogen. We hypothesised that
willow leaf rust severity is influenced by mineral fertilisation and waste-
water irrigation and that the effect of the wastewater irrigation is at least
partly caused by higher canopy density and by changes in the leaf mor-
phological characteristics in consequence to additional water supply. To 
date, few data are available on the interaction between leaf rust and the 
host plant, and no studies have been conducted on willow and its rust. 
Moreover, no studies are available providing information about the effect
of rust infection on the VOC emission from trees. Therefore, we tested a
hypothesis that rust infection triggers different VOC emission than the
attacks by insects or non-obligate parasites. More specifically the objec-
tives of the present thesis were: 

–  to work out a suitable method for assessing rust severity;
–  to estimate leaf rust occurrence on different willow clones during the

growing season and in different growth conditions (Papers I–IV);
–  to determine the impact of mineral fertilisation and wastewater 

irrigation on rust abundance (Paper II);
–  to reveal the role of canopy density on rust severity (Paper III);
–  to detect the role of leaf morphological characteristics on rust severity 

(Paper IV);
–  to ascertain plant response to rust infection by studying volatile 

organic compound emission from the infected plant (Paper V).
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4. MATERIAL AND METHODS

4.1. Willow plantations and studied clones

The current study was carried out in four Estonian willow SRCs (Figure 3),
the main characteristics of which are described in Table 1.

Figure 3. Map of Estonia showing the location of the four willow plantations used in 
leaf rust assessment studies.

Table 1.  The main characteristics of the Estonian willow plantations used in the study
(Koppel et al. 1996; Kuusemets and Mauring 1996; Heinsoo and Holm 2010).

Plantation Situation Year of 
establish-
ment

Soil type Plant density 
(plants per ha)

Harvest time

Saare 58°42’10’’ N 
26°53’15’’ E

1993 Gleyic pod-
zoluvisol

20 000 Autumn 1998
Winter 2003

Nõo 58°17’11’’ N 
26°32’58’’ E

1995 Stagnic luvi-
sol

20 000 Autumn 2001

Aarike 58°15’6’’ N 
26°39’31’’ E

1995 Technosol 10 000 Autumn 1997
Autumn 2001

Kambja 58°35’ N 
26°71’ E

2003 Planosol 18 000 Winter 2008

1  Saare
2  Nõo
3  Aarike
4  Kambja

1

2

3
4

0 20 40 60 80 km
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The study summarized in Paper I was carried out in Saare, Nõo and 
Aarike plantations, which were all established for experimental purposes 
by the Estonian Institute of Zoology and Botany. In the Saare planta-
tion, half of the randomised plots were fertilised annually with mineral 
fertilisers (N 200 kg/ha, P 25kg/ha, K 50 kg/ha) from 1994 to 2002; 
whereas the other half of the plots remained untreated. The part of Nõo
SRC used in this study was untreated (Koppel et al., 1996). The willows
at Aarike were used for purifying local municipal wastewater (Kuusemets 
& Mauring, 1996). Papers II, III and IV present  the results of studies 
in the Kambja plantation. This SRC was established in order to combine
wastewater purification and biomass production for energy purposes.
The plantation has three distinct parts with different wastewater dosage.
In this study, two parts of the Kambja plantation were used; the control 
part without irrigation and the wastewater irrigated part with a wastewa-
ter load of 180 mm per vegetation season with an average concentration 
of N and P of 16.5 and 2.7 mg/L, respectively. 

All these SRCs were established with clones bred in Sweden. In the stud-
ies presented here we observed rust abundance on six different willow
genotypes: clones 78021, 78183 and 78195 (S. viminalis); clone 81090 
(S. dasyclados); clone Tora (S. viminalis × S. schwerinii) and clone Gudrun 
(S. burjatica × S. dasyclados). All these clones were bred and named in 
the Swedish willow breeding programme. Clones Tora and Gudrun 

Table 2.  The plantations, clones and leaf sampling times used in the studies made for
papers I–IV. 

Planta-
tions

Clones a Sampling date Sample 
size

No. of 
studied 
shoots

Paper I Saare
Nõo
Aarike

83, 90, 21, 95
83, 90, 21, 95
83, 90

31.07, 27.08, 23.09.03
24.09.2003
24.09.2003

15
15
15

120
20
10

Paper II Saare
Kambja

83, 90, 21, 95
83, 90, 21

21.09.04; 25.09.05; 20.09.06
23.09.04; 27.09.05; 22.09.06

15
15

120
90

Paper III Kambja 83, 90, 21, 
Tora, Gudrun

17.08; 18.09.08 10 120

Paper IV Kambja 83, 90, 21 24.09.2005; 22.09.06 15 50

a Only last two decimals of clone numbers are used: 78183; 81090; 78021; 78195.
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have been rust resistant (Heinsoo et al. 2008); 78021 and 78195 fairly 
resistant to leaf rust; and clones 78183 and 81090 were rust susceptible 
(Ledin and Alriksson 1992). Information on the willow clones and sam-
pling times for different studies is given in Table 2. Description of the
plantation designs has been published in detail in the papers.

4.2. Rust assessment methods

Three different rust assessment methods were compared to determine
the most efficient method for accurate rust abundance measurements.
These results have not been published in any scientific publication. On
September 24 in 2002, the visual assessments were conducted in Saare 
plantation. For this purpose, four shoots were randomly chosen from 
every study plot and rust occurrence on the leaves was estimated according 
to the method published by McCracken and Dawson (1992) (Figure 4). 
The rust score for the whole shoot was detected on a scale basis from 0
to 6, which has been used by several authors (e.g. Åhman 1997; Pei et 
al. 2008). This scale took into account both the proportion of infected
leaves and the density of uredinia on infected leaves as follows:

0 no rust found;
1 a few uredinia found, less than 5% of leaves infected;
2 leaves often (5–25% of leaves) bear a few clearly visible or more 

barely recognisable uredinia;
3 leaves frequently bear uredinia (usually 25–50% of leaves), in aver-

age 1–2% of leaf area is covered with pustules;
4 majority of leaves bear uredinia, up to 5% of leaf area covered with 

rust pustules and plants may show slight defoliation (telia can be 
found on fallen leaves);

5 most leaves bear numerous pustules, 5–25% of leaf area covered by 
pustules and plants show obvious defoliation due to rust (telia vis-
ible on fallen leaves);

6 most leaves with high density of rust pustules, 25% or more of leaf 
area covered with pustules and plants show severe defoliation due to 
rust (abundant telia on fallen leaves).

The second method tested was measuring the diseased leaf area using
WinFOLIA 5.0a image analysis software (Regent Instruments Inc. Que-
bec City, Canada), which distinguished the infected and healthy leaf 
area by the colour of the leaf surface. For this study, leaves were picked 
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on September 23 in 2003 from Saare, Nõo and Aarike plantation. Ten 
leaves from the lower leaf horizon of four willow shoots per studied clone 
were picked, the leaves were brought to the laboratory and scanned while 
they were still fresh. The healthy leaf surface was set to be green or brown
(to avoid dead areas being counted as diseased) and the infected area was 
determined as orange or brownish orange. 

Thirdly, a pustule counting method was used to compare the results of
the other two used methods. For comparing the results of visual assess-
ment, five younger and older leaves were picked from the lower, middle
and higher canopy layer of the same shoots that were used for rust scor-
ing. These leaves were dried at 65 °C for 48 hours and the abundance of
leaf rust was found by counting uredinia on dry leaves using a stereomi-
croscope. Thereafter the leaves were scanned and their area estimated
using the Pindala 2.0 software (I. Kalamees, Tartu, Estonia) in order to 
estimate the number of pustules per unit leaf area. For comparing the 
results of WinFOLIA 5.0a, we dried the same leaves that were used for 
scanning and counted the number of pustules on them. Additionally, the 
diameter of 20 uredinia on three leaves from every shoot was measured 
to find the average diameter of an uredinium to calculate the leaf area
covered with rust pustules. This method of rust assessment by counting
the number of pustules was used in Papers I–IV.

Figure 4. Schematic illustration for assessing rust abundance on willow leaves (from 
McCracken and Dawson 1992).

5%2%1% 10% 25% 50%
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4.3. Density experiment

In July 2008, shoot pruning was conducted in wastewater treated and 
untreated part of the Kambja plantation to analyse the effect of canopy
density on rust severity (Paper III). For this purpose, three locations 
avoiding the edges of the plot were chosen randomly for each clone. In 
each of these locations a study plant and its closest neighbouring plant 
in four directions were pruned by cutting all of their shoots at ground 
level except the thickest one. In that way, we created small sparse areas 
inside each plot. In August and September, leaves from these areas were 
sampled as described in the following paragraph.

4.4. Leaf sampling

To assess rust abundance in Papers I, II and IV, five shoots from differ-
ent plants were randomly selected from the middle part of every exam-
ined plot and 15 full-size leaves were randomly picked from every shoot 
from the lower leaf horizon of the canopy. To study the impact of den-
sity (Paper III), three naturally dense and three created sparse locations 
were selected from each clone. From each location, 30 willow leaves were 
picked randomly from the lower leaf horizon of S. viminalis clones and 
from the upper leaf horizon of S. dasyclados clones. For estimating the 
specific leaf area (SLA) (Paper IV), the leaves were dried again at 70 °C 
for 48h and weighed immediately afterwards to a precision of 0.001 
g. The SLA was calculated as the ratio between leaf area and leaf dry
weight.

4.5. Volatile organic compounds emission study

The experiment was conducted on rooted plants of clone Gudrun.
Young plants (grown in a greenhouse for approximately 4 weeks, with 
an average height of ca 0.25 m) were enclosed in a multiple-chamber 
system, where the whole plant was enclosed in a chamber. The leaves of
three plants were infected with leaf rust spores and two control plants 
remained untreated. Every morning VOC sampling was accomplished 
by compressing 4 L of the air from the chamber outlet into a multibed 
stainless steel cartridge filled with Carbotrap C 20/40, C 40/60 and X
20/40 mesh. Adsorbent cartridges were analyzed with a combined Shi-
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madzu TD20 automated cartridge desorber and Shimadzu 2010 plus gas 
chromatograph/mass spectrometer and the compounds were identified
by use of the NIST spectral library. The absolute concentrations of iso-
prene, terpenes and lipoxygenase pathway (LOX) products were calcu-
lated based on an external standard. Additionally, every second day, the 
photosynthesis activity was measured with the GFS 3000 Portable Pho-
tosynthesis System (WALZ, Heinz Walz GmbH, Effeltrich, Germany).
At 14 days post inoculation (dpi) the experiment was concluded.

4.6. Data analysis

The rust severity dataset did not have a normal distribution due to several
meaningful zeros representing uninfected leaves. In order to reduce het-
erogeneity in the residuals (Papers I–IV) the number of rust pustules per 
leaf unit area was logarithm transformed. Data analysis was conducted 
with SAS 8.02 or 9.1 (SAS Institute Inc., Cary, NC, USA). To assess the 
differences between the plantations, clones, sampling times, fertilisation,
irrigation or dense and sparse areas, Least Squares Means tests were used. 
The differences between the average values were detected with the Tukey
test and were considered significant at P<0.01 (Papers I and II) or at 
P<0.05 (Papers III and IV). To determine the relationships between the 
visual rust assessment method, WinFOLIA 5.0a results and the number 
of pustules on the leaves, the Spearman correlation method was used. 
The relationship between SLA and rust severity was found with regres-
sion analysis. For Paper V the means of emitted volatile concentrations 
and photosynthesis parameters of infected and control plants were sta-
tistically compared by 1-way ANOVA (with P<0.05) using ORIGIN 8 
(OriginLab corporation, MA, USA). To express the relative changes in 
the emission rates, the data from rust infected leaves was normalized 
according to the control plants datasets and analysed with MATLAB 7.5 
(MathWorks Inc., MA, USA).
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5. RESULTS

5.1. Comparison of rust assessment methods

The disease scores observed during visual rust assessment were corre-
lated with the number of pustules per leaf unit area. However, according 
to this rough model, visual rust assessment systematically overestimated 
actual rust severity at a moderate level (classes 3 and 4) (Figure 5). 

Comparing the rust infected leaf area measured using the WinFOLIA 
5.0a program with the infected area found by counting the number of 
pustules and measuring their diameters, we found, in general, a signifi-
cant correlation between these two parameters (P<0.01). Nevertheless, 
covariation with the plantation factor was obvious and when the cor-
relation was determined separately for each plantation, the relationship 
between these two methods was weak (Figure 6). 

Figure 5. Relationship 
between the disease 
score from visual rust 
severity assessment and 
the number of rust pus-
tules per leaf unit area 
(Spearman correlation, 
rs= 0.79; P<0.01). 

Figure 6. Scatter plot 
of results of the Win-
FOLIA 5.0a program 
based measurements 
and the actual leaf area 
(cm2) covered with rust 
pustules in three differ-
ent willow plantations 
(Spearman correlation, 
rs=0.24; P<0.01). 
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5.2. Differences in rust susceptibility between willow genotypes

Willow genotypes differed in their susceptibility to leaf rust. Moreover,
rust infection severity of the same genotype varied with location. In gen-
eral, among the studied clones, 78183 and 81090 were found to be the 
most infected (e.g. Figure 7). In 2008, rust infection of the latter clone 
was so severe in the Kambja plantation that almost all the plants lost 
their leaves already in August. Clone 78021 had rather little rust on its 
leaves during all the years and plants from clone 78195 were the least 
infected while included in the studies (Papers I and II) (e.g. Figure 7). 
Among the new hybrid genotypes no rust was found on clone Tora. On 
the other hand, in 2008, rust abundance on clone Gudrun was compa-
rable to that on susceptible clone 78183 (Paper III). 

5.3. Rust severity during the growing season and in different years

Results from the Saare plantation revealed that rust abundance signifi-
cantly increased from July to September (Paper I). In July, only a few 
pustules were detected on clones 78183 and 81090, but, by Septem-
ber, rust abundance had increased significantly on the leaves of rust sus-
ceptible clones (Figure 7). The same pattern was confirmed in Kambja
plantation five years later with rust severity increasing significantly from
August to September (Paper III Table 2).

Figure 7. Average number of rust pustules per leaf area recorded on four different
willow clones in Saare plantation during the growth period in 2003. Error bars show 
the standard errors and the letters indicate significant differences between the average
values detected with the Tukey test (P<0.01) (modified from Paper I).
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Differences in rust abundance were detected between the study years
and the experimental sites. For instance, in 2004, in the Saare planta-
tion the highest rust abundance was detected in 2004 and in the fol-
lowing two years the infection severity was lower (Figure 8). By con-
trast, in the Kambja plantation rust severity in 2004 was moderate, 
in the following year significantly higher, and, in 2006, almost absent
(Figure 9) (Paper II). 

Figure 8. Average number of rust pustules per leaf area in previously fertilised (annually 
until 2002) and unfertilised plots of four different willow clones in Saare plantation
from 2004 to 2006. Error bars show the standard errors and the letters indicate signifi-
cant differences within the year detected with the Tukey test (P<0.01) (Paper II).

Figure 9. Average number of rust pustules per leaf area on non-irrigated and waste-
water irrigated plants in Kambja plantation from 2004 to 2006. Error bars show the 
standard errors and the letters indicate significant differences within the year detected
with the Tukey test (P<0.01) (Paper II).
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5.4. Impact of fertilisation and wastewater irrigation  
on rust abundance

Mineral fertilisation of willows increased rust severity significantly in the
middle of the growing season one year after the last fertiliser application. 
By the end of September, rust abundance on treated and control plants 
had evened out and remained significantly different only for some clones
(Paper I). Even two years after the last fertilisation (in 2004) rust sever-
ity was larger on former fertilised plants of clone 81090. In previously 
fertilised plots of clones 78183 and 78195, however, the plants had less 
rust on their leaves. In the following two years, no difference was found
anymore between previously fertilised and unfertilised plants (Paper II) 
(Figure 8). Mineral fertilisation had a positive impact also on the size of 
rust pustules. For all studied clones in 2003, the uredinia were signifi-
cantly larger on plants that had been fertilised compared to those on 
control plants (Paper I Figure 3). 

Wastewater irrigation increased rust abundance during three study years 
(2004–2006), except for clone 78021 (Paper II) (Figure 9). However, in 
2008, the control plants were more infected in general than the waste-
water irrigated ones, only clone Gudrun having more rust on irrigated 
plants like other clones in previous studies (Paper III).

5.5. Impact of canopy density

In general, plants growing in denser areas were more infected by leaf rust 
than plants in sparse areas (P<0.01). However, this differed with willow
species; S. viminalis clones (78183 and 78021) were more infected in 
denser areas, whereas the rust abundance on clone Gudrun (S. burjatica 
× S. dasyclados) was not affected by the canopy density (Paper III) (Fig-
ure 10).

5.6. Relationship between rust severity and specific leaf area

Specific leaf area had a significant influence on rust severity on willow
leaves. We found a significant positive correlation between rust severity
and SLA when relating the averages of every clone and treatment. Also 
the ranking order of the clones was the same for the rust severity and 
SLA, and wastewater irrigated plants had always more rust pustules and 
higher SLA (Paper IV) (Figure 11). 
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Figure 10. Average number of rust pustules per leaf area in sparse and dense canopy of 
the Kambja plantation. Error bars show the standard errors and the letters indicate sig-
nificant differences detected with the Tukey test (P<0.05) (modified from Paper III).

Figure 11. The relationship between average specific leaf area (SLA) and logarithm-
transformed number of pustules on leaf unit area detected with regression analysis 
(Paper IV).

5.7. Impact of rust infection on the volatile organic compounds 
emission of willow

Rust infected willows had significantly lower photosynthesis and stomatal
conductance. When comparing the emission of volatile compounds, 
infected plants emitted more LOX products and sesquiterpenes and less 
isoprene. The total monoterpene emission was the same for healthy and
infected plants, but detailed comparison detected higher levels of (Z)-β-
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ocimene from infected leaves. As a main result, there were more stress 
compounds found (LOX products, sesquiterpenes and (Z)-β-ocimene) 
among the volatiles of infected plants at 5 and 6 days after inoculation 
(dpi), when the first rust uredinia appeared. Another increase in the
emission of these compounds was observed in the later infection stage 
at 11 and 12 dpi when the necrotic lesions started to develop (Paper V) 
(Figure 12).

Figure 12. The relative change in emission of LOX compounds, (Z)-β-ocimene and 
sesquiterpenes in the infected plants relative to the control plants up to 14 days after 
inoculation (Paper V).
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6. DISCUSSION

6.1. Comparison of rust assessment methods

Visual assessment is often used in rust studies conducted under field
conditions (e.g. McCracken and Dawson 1992; Åhman 1997) because 
it enables analysis of disease severity on several plants relatively quickly 
and non-destructively. We compared this method with the more time-
consuming direct assessment method of counting the number of rust 
pustules per leaf area unit. The latter method has mostly been used for
assessing rust in laboratory experiments, for example for estimating the 
pathogenicity of different rust types towards various plant material (Pei 
et al. 1995; 1996; 2002; Ramstedt et al. 2002; Simon and Hilker 2003). 
On some occasions, this method includes pustule diameter measure-
ment, especially for infection studies. The comparison of visual assess-
ment and rust abundance on the leaves revealed that the results of these 
two methods were not sufficiently correlated for scores 3 and 4. This
implies that visual assessment does not enable good differentiation of
moderate infection, which can consequently be easily overestimated. 

Since the aim of our studies was to get some detailed information about 
moderately infected leaves as well, a computer-based assessment method 
was tested. Similar computer-based assessments have been employed suc-
cessfully in earlier studies with leaves that had been inoculated in labora-
tory conditions (Hakulinen et al. 1999; Hakulinen and Julkunen-Tiitto 
2000). Unfortunately the computer program WinFOLIA 5.0a did not 
prove to be appropriate for our studies with leaves growing in the field.
The lack of correlation with WinFOLIA and the real area covered with
rust may be caused by other biotic and abiotic stress factors in field con-
ditions, which changed leaf colour, resembling rust infection. Based on 
the comparison of three practiced rust abundance assessment methods, 
we decided to use the most time consuming, but also the most accurate 
pustule counting method for the following studies. By using this method 
we were able to detect even small differences in rust abundance inde-
pendent of other natural stress factors.
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6.2. Change in rust severity over time (Papers I, II and III)

Our results affirmed the pattern of increased severity of rust over the
growing season of SRC. In July there was almost no rust damage, in 
August the majority of plants were already slightly infected and, by Sep-
tember, their infection had increased. Similar observations have been 
made by other researchers, although the disease often appears earlier in 
the season in Northern Ireland or Sweden, where most rust studies are 
conducted (McCracken and Dawson 1997; Larsson 1998). The changes
in rust severity during the vegetation season allowed us to conclude that 
for rust susceptibility estimations, willow leaves picked in September are 
the most relevant. By that time, the rust has had time to spread on the 
leaves and to reach maximum levels. Climate conditions in the end of 
the growing season are usually more suitable for rust infection develop-
ment as well. 

The differences between the study years could be most probably correlated
with the seasonal weather conditions. In the years with high precipita-
tion during vegetation period, there was more rust on the leaves, whereas 
during the hot and dry summers the rust abundance remained rather 
low (for weather data see Paper II). Analogous relationships between 
weather conditions and rust disease incidence have been demonstrated 
before (Ramstedt 1999; Johansson and Alström 2000). High humidity 
is very important for rust disease establishment because it is required 
for spore germination and in the case of dry and windy weather no new 
infections occur due to failed spore germination (Pinon et al. 2006).

6.3. The effect of fertilisation and wastewater irrigation on rust
severity (Papers I, II and III)

We found significantly more rust pustules on plants treated with mineral
fertilisers one year after the last application. Thereafter the differences
between fertilised and unfertilised plants became inconsistent and three 
years after fertilising there were no significant differences between treated
and untreated plants anymore. In the literature, there are only few stud-
ies about the impact of fertilisation on rust on willow. Hakulinen (1998) 
studied the effect of additional nitrogen on S. myrsinifolia Salisb., but 
did not find any changes in rust severity. On the other hand, in green-
house experiments with S. viminalis plants, fertilization increased their 
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rust susceptibility (M. Ramstedt, unpublished data). As far as we are 
aware, our study was the first one to confirm the increasing impact of
fertilisation on willow leaf rust under field conditions.

In general, wastewater irrigation increased rust abundance on willow 
leaves; the only exception was for clone 78021. In this study, we were 
not able to determine whether the rust increase was caused by additional 
water supply, by increased nutrient availability from the wastewater or by 
a combination of these two factors. For poplar rust M. medusae Thüm. it
has been demonstrated that irrigation leads to higher rust severity (Coyle 
et al. 2006). However, they did not determine if it was just promoted by 
higher humidity in the canopy and therefore on the leaves, or triggered 
by irrigation-generated changes in leaf structure, making it easier for the 
rust fungus to infect it.

A detailed analysis of this phenomenon is necessary as willow biomass 
production in Scandinavian countries is limited by the availability of 
water and nutrients. Moreover, water availability is assumed to be a criti-
cal factor affecting willow biomass yield (Lindroth and Båth 1999). On
the other hand, the high water demand of willows enables their usage 
for wastewater utilisation purposes in vegetation filters and thus addi-
tional biomass losses due to rust that could accompany this sustainable 
wastewater purification method may even exceed the gain for the envi-
ronment. The balance between these benefits should be taken into con-
sideration during SRC establishment.

In general, rust infections have not caused severe losses in willow planta-
tions in Estonia. It was only in the Tõravere plantation in the late 1990s 
that the majority of the plants of clone 81090 died after a heavy infec-
tion with rust fungus (A. Koppel, unpublished observations). Since rust 
has not been detected as a serious problem in other years, the rust sus-
ceptible clones like 78183 and 81090 have been used when establish-
ing new plantations, because these clones have proven to be among the 
clones with the highest biomass yields in our growing conditions over 
several years (Heinsoo et al. 2002). The biomass yield studies allow us
to conclude that, in our climatic conditions, losses due to rust infections 
have not been vast. However, in 2008, we observed that, in the Kambja 
SRC, clone 81090 plants became heavily infected with rust and total 
defoliation of willows occurred already in August. During the following 
growing season several shoots were dead (B. Holm, unpublished data). 



36

Further yield estimations in this SRC will provide us with more informa-
tion for the future as to what extent such a rust outbreak could reduce 
the willow biomass yields in Estonia.

6.4. The influence of canopy density on rust abundance (Paper III)

To determine the factors causing the variation in the severity of rust 
infection, we tested the hypothesis that plants growing in a dense stand 
have more rust on their leaves. In general, this hypothesis was confirmed,
but at closer observation only S. viminalis clones were more infected in 
denser areas and there was no difference in S. dasyclados infection. This
can be explained by the pattern of rust infections presented by Åhman 
and Bertholdsson in 2001. They describe that S. viminalis leaves become 
infected first in the lower canopy layer and from there the infection
spreads upwards, whereas, in the case of S. dasyclados, the pattern is the 
reverse. If the infection starts from the lower canopy layer, there is more 
damage in a dense stand because of the high humidity there, which pro-
motes rust spore germination and infection development. In the case of 
S. dasyclados clones, no significant differences in rust severity between
dense and sparse areas were detected because the infection starts from the 
upper canopy layers where the stand density is naturally lower already. 
Therefore, from our study we can conclude that differences in canopy
density are indeed one reason for various rust levels in plantations. 

6.5. Relationship between rust severity and specific leaf area  
(Paper IV)

In our studies, we found significant positive correlation between SLA
and rust abundance. Since SLA describes leaf morphology, this result 
suggests that morphological leaf traits may control their susceptibility 
to rust. There are reports available that leaves with low SLA have more
structural carbohydrates, such as lignin and cellulose in their cell walls 
(Mediavilla et al. 2008), which could be the reason for less rust damage. 
For successful infection, rust fungus needs to penetrate the plant cell 
walls in the course of haustoria formation (Voegele and Mendgen 2003). 
Thicker cell walls could hinder that process and, as a consequence, the
pathogen obtains less nutrients or even fails to establish an infection. 
Therefore, if SLA is higher, the plant cell walls are thinner and it is easier
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for M. epitea to develop haustoria. Poorter et al. (2009) described that 
leaves from several plant species growing at optimal water and nutri-
ent conditions have lower density. This provides more space for fungal
growth in-between leaf tissues and may be another explanation to our 
results. 

6.6. Response of willow to rust infection on volatile organic 
compounds emission level (Paper V)

The photosynthesis measurements revealed that net assimilation was
reduced after infection. This result confirms previous studies, which have
recorded decreased photosynthesis activity in diseased plants (e.g. Robert 
et al. 2005; Major et al. 2010). The stomatal conductance decreased as
well after infection, which is inconsistent with previous studies showing 
increased transpiration in the case of rust and also other plant diseases 
(Berger et al. 2007; Major et al. 2010). More studies are needed to deter-
mine the causes for that difference. In addition, rust infection decreased
significantly the amount of isoprene emitted from a willow leaf. Severe
infections in large willow plantations could therefore affect the atmos-
pheric VOC and aerosol balances since isoprene is a suppressor of atmos-
pheric organic aerosol formation (Kiendler-Scharr et al. 2009).

The differences in VOC emission demonstrated a very clear plant
response to rust infection via emission of stress compounds such as ses-
quiterpenes, LOX compounds and (Z)-β-ocimene. This is in contrast
to the case of herbivore or non-obligate parasite damage (Arimura et al. 
2005; Jansen et al. 2009) where almost no plant response was detected 
during the first days after rust infection. It was only at 6 dpi that there
was a clear peak in sesquiterpene, (Z)-β-ocimene and LOX compounds 
emission and it was the day we could see the first rust pustules ruptur-
ing through the epidermis of the leaf. This pattern coincides very well
with rust infection transcription studies on poplar, which demonstrate 
that several genes related to secondary metabolism and signalling were 
up-regulated during the time of pustule formation (Azaiez et al. 2009). 
The other peak in stress related compounds emission occurred at 12 dpi,
when some leaves started to have necrosis due to severe rust infection. 
There is a possibility that the second emission peak can be a result of the
pustule formation of the next uredinial cycle. Unfortunately, we have 
not found interaction studies from the literature that last more than 9 
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dpi and therefore it is difficult to determine the leaf processes causing
this emission peak. Since this was the first study reporting the VOC
emission of a tree species in response to rust infection, additional studies 
are needed to determine if this response pattern is similar also in the case 
of other willow genotypes.  

6.7. Future prospects

Although the results of the current thesis have given a lot of new infor-
mation useful for reasonable SRC establishment in Estonian conditions 
and other scientists have published plenty of new data, there are still sev-
eral hypotheses that remain to be tested. For example, we have detected a 
correlation between rust abundance and leaf SLA, but the reason behind 
it is still not clear. To improve knowledge about the influence of SLA
per se on rust severity, additional experiments with infected leaves in con-
trolled conditions without differences in light regime could reveal more
information. Moreover, microscopy studies on leaf structure could pro-
vide additional knowledge about the correlations between leaf morpho-
logical characteristics and its rust susceptibility. Data from such studies 
could contribute to willow breeding and help determine whether rust 
resistance of willow clones can be predicted by their leaf morphology.

Since the VOC emission study we conducted was to our knowledge the 
first study made with an obligate plant parasite on trees, it is necessary
to continue these studies. Since several publications have described the 
microscopical and gene expression mechanisms after rust infection on 
susceptible and unsusceptible host plants, it would be useful to supple-
ment these studies with simultaneous VOC emission measurements. In 
addition, more information is needed about the effect of different densi-
ties of rust inoculum on willow emission. Moreover, the detected vola-
tiles should also be applied on the rust fungus to detect possible impacts 
of VOCs on the infection. The results from these studies would have a
great value for better understanding of the interactions between plants 
and rust. 

Last, but not least, it is important to describe the population of leaf 
rust in Estonian willow plantations, to analyse its variability and com-
pare with other willow rust populations in Europe. Further population 
studies would help determine whether the resistance breakdown of clone 
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Gurdun is the result of the genesis of some new leaf rust form or a migra-
tion of spores from other rust populations that are pathogenic towards 
this willow clone. 
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7. CONCLUSIONS

This thesis provides information on rust severity in Estonian SRC and
the susceptibility of different clones during the vegetation period. Our
studies provide important information for establishing new SRCs and 
for diminishing the losses due to leaf rust by manipulating the ecologi-
cal factors determining its severity. As a major result, we found that rust 
severity is increased by wastewater irrigation and that, at least partly, the 
effect is explained by higher canopy density and the higher SLA of the
leaves. The thesis also presents new information about plant signalling
through volatile compounds as a response to rust infection. The detected
stress related volatiles could provide additional information for better 
understanding of the interactions between host plants and obligate para-
sites. From the results of the present thesis we can draw the following 
general conclusions:

–  The best method for rust abundance assessments for ecological stud-
ies is counting the number of pustules per leaf unit area. Although 
the visual assessment key enables detection of differences between
higher infection levels, the average scores do not correspond to the 
actual rust severity on the leaves. The tested computer program
WinFOLIA 5.0a is not sufficient for detailed analyses of naturally
growing leaves.

– Rust severity increases during the growing season, reaching its peak 
by September, therefore the susceptibility of different willow clones
should be assessed during that month in Estonian weather condi-
tions. Since the rust levels depend on the weather during the grow-
ing season and the age of plants, the assessment should be conducted 
over several years to determine the susceptibility of the clones. Among 
studied willow genotypes in Estonian conditions, clones 78183 and 
81090 are the most susceptible. Since 2006, clone Gudrun, which 
has been previously described as rust resistant, became rust suscepti-
ble in Estonia and, in 2008, the number of rust pustules on Gudrun 
leaves was almost comparable with susceptible clone 78183. Two 
clones, 78021 and 78195 have been much less infected over several 
years and on clone Tora no rust has been detected to date. 
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– Mineral fertilisation increases rust severity and the differences of rust
abundance between fertilised and unfertilised plants are detectable 
even two years after the last fertiliser application. Wastewater irriga-
tion, in general, increases rust abundance on willow leaves, although 
there are some differences between clones and study years.

– In the case of the willow clones, on which rust infection starts from 
the lower leaves and spreads upwards (studied S. viminalis geno-
types), more rust occurs in denser willow plantations. In the case 
of clones with the reverse infection pattern, there is no difference in
rust severity between a dense or a sparse canopy.

– There is strong evidence that plants with higher SLA are more
infected with rust. This implies that the morphological characteris-
tics of the leaves control at least partly their rust susceptibility.

– The willow plant responds to rust infection with emission of several
different stress-related volatile compounds. However, the emission is
not constant, but appears only at the time of rust pustule appearance 
and later during the necrosis occurrence. This affirms that the rust
fungus is well adapted to infect willow leaves and its presence seems 
to be recognised by the plant only during certain time points of the 
infection process.
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SUMMARY IN ESTONIAN

PIGIROOSTE PAJUDEL:  
ÖKOLOOGIA JA TAIME REAKTSIOON NAKKUSELE

Seoses 1970ndate energiakriisiga kerkis paju mitmete Põhja-Euroopa 
riikide teadlaste huviorbiiti potentsiaalse taastuvenergia toorainena. Kuigi 
pajusid kasvatatakse tänapäeval põhiliselt hakkpuidu saamiseks, millest 
toodetakse elektri- ja soojusenergiat, on neil ka teisi rakendusi. Kiirekas-
vulise taimena, mis suudab kasvada erinevates tingimustes, kasutatakse 
paju näiteks reovee ja saastunud pinnase puhastamiseks. Eestisse rajati 
esimesed pajuvõsad 1993. aastal eesmärgiga hinnata nende sobivust taas-
tuvenergia tootmiseks meie tingimustes. Aastal 2003 rajati Kambjasse 
pajuistandus, mis toimib taimkattefiltrina kohaliku vallakeskuse reovee
puhastamisel. Nende istanduste uurimine on näidanud, et pajuistandu-
sed on Eesti tingimustes arvestatava potentsiaaliga taastuvenergia allikad, 
mis sobivad ka reovee ja selle jääkmuda puhastamiseks. 

Pajud sobivad hästi kiirekasvuliste istanduste, nn. energiavõsade rajami-
seks, kuna neid on pistokstena kerge paljundada ning istandused vajavad 
vähe lisahoolt. Põhjamaades eelistatakse kultuuris kasvatamiseks ena-
masti vitspaju (Salix viminalis) kloone, kuid aretamise tulemusena on 
saadud ka erinevate pajuliikide hübriide, mis on sageli kõrgema saagi-
kusega. Kuna pajuistandused on enamasti ühe liigi monokultuurid, on 
seal sobilikud tingimused taimepatogeenide levikuks. Üks enamlevinud 
taimehaigusi pajuvõsades on paju-pigirooste (Melampsora epitea), mis 
nakatab pajude lehti. Lisaks roosteseenele nakatavad pajusid ka mitmed 
teised seened ja bakterid, kuid nende põhjustatud kahjustused on mär-
kimisväärsed vaid vanemates istandustes või nõrgestatud taimedel. Kuna 
energiavõsade majandamisel jälgitakse loodussäästlikke põhimõtteid, 
tuleb leida võimalusi taimehaiguste, eriti aga pigirooste leviku piirami-
seks keemilisi tõrjemeetmeid kasutamata.

Paju-pigirooste tekitaja arvukust mõjutab eelkõige paju genotüüp, kuna 
see määrab taime vastuvõtlikkuse roostele. Seega on vastupanuvõime 
roostele üks olulisi omadusi, mida uute pajusortide aretamisel silmas 
peetakse. Lisaks geenidele mõjutavad haiguse levikut ümbritsevad kesk-
konnatingimused, millest olulisim on ilmastik. Niisketel ja jahedatel 
suvedel on pajulehtedel rohkem pigiroostet kui kuivadel ja kuumadel 
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suvedel. Selle põhjustab asjaolu, et roosteeoste idanemiseks ja seega ka 
taime nakatamiseks on vajalik suur niiskusesisaldus õhus. Ka taime toit-
ainete kättesaadavus võib mõjutada haigestumise tõenäosust, ehkki vas-
tavad uuringud ei ole andnud üheselt tõlgendatavaid tulemusi. Mõned 
uuringud on näidanud, et harilikult on üheaastaste okste lehtedel vähem 
roostekahjustusi, samuti on nooremad lehed roostele vastupidavamad. 
Ometi sõltub seos lehtede vanuse ja roostega nakatumise vahel ka paju 
liigist. Nii nakatuvad vitspajul esimesena alumised vanemad lehed ning 
sealt levib nakkus ülemistele, noorematele lehtedele. Pikalehise paju (S. 
dasyclados) kloonidel levib nakkus aga vastupidiselt, saades alguse üle-
mistelt, noortelt lehtedelt. Rooste epifütootia ennetamiseks on oluline 
istutada erinevaid pajukloone segakultuurina, sest ühe ja sama klooni 
laiaulatuslik kasvatamine soodustab haigustekitaja levikut. 

Lisaks pajutaime geneetiliselt määratud omadustele ning istanduste 
ökoloogilistele teguritele mõjutavad rooste arvukust ka teised mikroor-
ganismid ja putukad. On kirjeldatud mitmeid seeni, mis võiksid rooste-
seene arvukust vähendada. Neist enim on uuritud hüperparasiitset seent 
Sphaerellopsis filum, mis elab ja toitub roosteeostel ning takistab seeläbi 
roosteseene paljunemist ning levikut. Putukakahjustused reeglina suu-
rendavad pajude haigustundlikkust, näiteks mardikakahjustusega lehed 
on roostele vastuvõtlikumad. 

Esmane roostenakkus pajul saab alguse vaheperemeestaimelt lehiselt 
(Larix) saabunud kevadeose idanemisega. Idanenud eos moodustab idu-
mõigu, mis liigub lehe õhulõheni, moodustab sellele appressooriumi 
ning siseneb taime. Taimerakkude vahel areneb seeneniidistik ning 
patogeen omastab taime rakkudest toitaineid spetsiaalsete toitumisorga-
nite, haustorite abil. Viie kuni kümne päeva jooksul pärast nakatumist 
tekivad lehele kollakas-oranžid suvieospustulid. Nendes valmivad eosed 
nakatavad taas sama taime lehti või levivad tuule abil teistele taimedele. 
Suvieosjärk on ainus järk, mis kordub mitu korda sama aasta jooksul 
ning seetõttu valmib suvieoseid  kõige arvukamalt. Sügise saabudes moo-
dustuvad nakatunud pajulehtedele tumedad talieoslad, mis sisaldavad 
paksukestalisi talieoseid. Nende abil elab roosteseen varisenud pajuleh-
tedel üle talve. Kevadel talieosed idanevad ning moodustuval neljara-
kulisel eoskannal valmivad sugulise paljunemise käigus kahte erinevasse 
paarumistüüpi kuuluvad kandeosed. Need levivad noortele lehiseokas-
tele, kus arenevad kandeoste idanemisel spermogoonid. Kui ühte tüüpi 
spermogoonist pärit spermaatsiumid satuvad teist tüüpi spermogooni, 
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areneb uus seeneniidistik, millest moodustub lehe vastasküljele kevad-
eosla. Sealt pärinevad kevadeosed nakatavad omakorda paju lehti, alusta-
des uut elutsüklit (vt joonis 1).

Paju energiavõsades on pigiroostetest kõige levinum erinevaid roosteliike 
ja -vorme sisaldav kollektiivliik M. larici-epitea. See liik jaotatakse oma-
korda erinevateks vormideks, mis parasiteerivad erinevatel peremeestai-
medel, nakatades vaid kindlaid pajukloone. Kuigi on oletatud, et paju-
pigirooste võib talvituda suvieostena ning seega ei vajagi vaheperemees-
taime oma elutsükli läbimiseks, ei ole meiega sarnastes kliimatingimustes 
sellist protsessi veel täheldatud. Suguline paljunemine kandeoste moo-
dustumise kaudu suurendab aga uute roostevormide arenemise võima-
lust, mis võivad olla patogeensed uutele pajukloonidele.

Roostega nakatunud taimede fotosüntees väheneb ning laiaulatusliku 
nakkusega võib kaasneda enneaegne lehtede varisemine. Selle tulemu-
sena kahaneb pajude biomassi juurdekasv ning väheneb pajude etteval-
mistumine talveks, mistõttu võivad tekkida külmakahjustused. Vaata-
mata kahjustusele rooste pajutaimi reeglina ei tapa, kuna obligatoorse 
parasiidina saab see toituda vaid elusatel taimelehtedel. Hiljuti avalda-
tud papli (Populus) ja papli-pigiroostega (M. larici-populina) läbi viidud 
molekulaarsete uuringute tulemuste kohaselt aktiveerib roostenakkus 
taime kaitsereaktsioonid vaid kindlatel ajahetkedel nakkuse käigus. 
Nimelt avalduvad taime kaitsega seotud geenid vaid haustorite ja pus-
tulite moodustumise ajal. Ülevaade taimest lenduvate ühendite kohta 
seoses roostenakkusega kirjanduses puudub. 

Mitmed teadlased on uurinud pajul elavat roostet Melampsora, kuid endi-
selt on küllaltki vähe teada, millised kasvukoha ökoloogilised tingimused 
mõjutavad rooste arvukust. Paju ja rooste vastastikuse mõju uuringud on 
seni põhinenud peamiselt mikroskoopial ning seega puuduvad laiemad 
teadmised roostenakkuse mõjust taimest lenduvate ühendite hulgale ja 
keemilisele koostisele. Käesoleva uurimuse eesmärgiks oli välja selgitada 
erinevate kasvutingimuste mõju paju-pigirooste arvukusele pajuistan-
dustes ning kirjeldada taime vastureaktsioone roostenakkusele. 

Minu doktoritöö konkreetsed eesmärgid olid järgmised: 
–  töötada välja sobiv meetod pigirooste arvukuse hindamiseks;
–  võrrelda rooste arvukust erinevatel kloonidel erinevates kasvutingi-

mustes;
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–  selgitada välja mineraalväetiste ja reoveega kastmise mõju rooste 
arvukusele;

–  hinnata taimestiku tiheduse mõju rooste arvukusele;
–  leida seoseid rooste arvukuse ning lehe morfoloogiliste tunnuste 

vahel;
–  kirjeldada paju vastust pigirooste nakkusele lenduvate ühendite 

tasandil.

Katsed viidi läbi neljas pajuistanduses: Saarel, Kambjas, Nõos ja Aari-
kesel. Kõikide istanduste rajamisel kasutati Rootsi pajude sordiaretuse 
programmi raames aretatud pajukloone, millest antud uurimuste käigus 
vaadeldi vitspaju kloone 78021, 78183 ja 78195; pikalehise paju klooni 
81090 ning erinevate pajuliikide hübriide Tora ja Gudrun. Saare istan-
duses olid pooled katseruudud eelnevalt väetatud lämmastikku, fosforit 
ja kaaliumi sisaldava mineraalväetisega ning pooled ruudud olid väeta-
mata. Kambja reoveepuhasti osana rajatud pajuistanduse katseala kasteti 
kasvuperioodi jooksul regulaarselt reoveega ning kontrollala ei kastetud. 
Ka Aarikese istandus rajati eesmärgiga puhastada reovett, sellel istandusel 
kontrollala puudus. Nõo istanduse osa, mida selles katses kasutasime, oli 
väetamata ning kastmata. 

Sobivaima roostearvukuse hindamise meetodi leidmiseks võrreldi kolme 
erinevat meetodit. Esimene meetod oli visuaalne hindamine, mille käigus 
hinnati taimede haigestumist seitsmepallilisel skaalal, kus 0 tähistas tervet 
taime ja 6 väga nakatunud taime. See skaala võttis arvesse nii nakatunud 
lehtede hulka kui ka kahjustuse ulatust lehepinna kohta. Teine meetod 
põhines arvutiprogrammil WinFOLIA 5.0a. Selle meetodi puhul istan-
dusest korjatud pajulehed esmalt skaneeriti, misjärel programmi abil 
mõõdeti nakatunud ja terve leheala pindala. Eelnevalt oli terve leheosa 
märgitud roheliseks ja haigestunud leht oranžikas-pruuniks. Kolmanda 
meetodi puhul kuivatati istandusest kaasa korjatud lehed, loeti nendel 
olevate roostepustulite arv, mõõdeti lehe pindala ning seejärel leiti pus-
tulite arvukus, jagades pustulite arvu lehe pindalaga. Viimast meetodit 
kasutati ka käesoleva doktoritöö uuringutes.

Istanduse tiheduse mõju uurimiseks loodi Kambja istanduse reoveega 
kastetavasse ja kontrollalasse hõredamaid kohti. Selleks valiti juulikuus 
iga uuritava klooni ruudust juhuslikult kolm taime, millel eemaldati kõik 
oksad peale ühe kõige jämedama. Lisaks lõigati maha ka neli kõige lähe-
mal asuvat taime. Sellel moel rajati tiheda pajuvõsa sisse hõredamaid kohti, 
kust augustis ja septembris korjati lehti rooste arvukuse hindamiseks.
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Artiklite I, II ja IV uurimuste jaoks valiti igast ruudust viis taime ja igalt 
taimelt korjati alumiste lehtede hulgast 15 vanemat lehte. Artikli III 
jaoks valiti igast hõredast ja tihedast alast 30 pajulehte, kusjuures vitspaju 
kloonide puhul korjati lehed alumisest lehestiku kihist, teiste kloonide 
puhul aga ülemisest, järgides roostenakkuse kujunemise suunda. Korja-
tud lehed toodi laborisse, kuivatati ning rooste arvukust hinnati eelpool 
kirjeldatud meetodil. Lehe eripinna mõõtmiseks (artikkel IV) kuivatati 
lehed pärast pustulite lugemist veelkord ning kaaluti 0,001g täpsusega. 
Seejärel arvutati lehe eripind lehe pindala ja kaalu suhtena. Täiendav info 
uuringutes kasutatud kloonide, istanduste, proovivõtu aegade ja korja-
tud lehtede arvu kohta on toodud tabelites 1 ja 2.  

Taimest lenduvate ühendite mõõtmise katse viidi läbi pottides kasvata-
tud nelja nädala vanuste kloon Gudrun taimedega. Viis taime paigutati 
kontrollitud õhuniiskuse ja -vooluga klaaskambritesse selliselt, et tüve 
alaosa ja pott jäid kambrist välja. Kolm taime nakatati paju-pigiroostega 
ning ülejäänud kaks olid kontrolltaimed. Igal hommikul kontsentreeriti 
nendest kambritest neli liitrit õhku süsinikku sisaldavatesse Carbotrap 
tuubidesse ja sinna kogutud lenduvad ühendid eraldati ning määrati 
gaaskromatograafi ja mass-spektromeetri abil. Igal teisel päeval mõõdeti
taime lehe fotosüntees ning aurumine. Katse kestis 14. päevani pärast 
taimede roostega nakatamist.

Andmete statistiliseks analüüsiks kasutati tarkvarapaketti SAS 8.02 ja 
9.1. Vähimruutude meetodi abil leiti rooste pindtiheduse erinevused 
istanduse, klooni, proovivõtu aja, väetamise, reoveega kastmise ja tai-
mede tiheduse erinevate tasemete vahel. Artiklites I ja II oli olulisusni-
vooks 0.01, teistes artiklites aga 0.05. Seoste leidmiseks erinevate hinda-
mismeetodite vahel kasutati Spearmani astak-korrelatsiooni meetodit. 
Roostenakkuse mõju paju lenduvate ühendite kogustele leiti ühesuuna-
lise ANOVA abil ja analüüsiks kasutati tarkvarapaketti ORIGIN 8.

Kolme erineva roostearvukuse hindamise meetodi võrdlus näitas, et 
täpsed tulemused saadi ainult pustulite arvu lugemisel lehe pinnaühiku 
kohta. Visuaalne rooste hindamise meetod seitsmepallilisel skaalal oli küll 
olulises korrelatsioonis rooste arvukusega, kuid tasemete 3 ja 4 puhul oli 
rooste tegelik hulk üle hinnatud (joonis 5). Arvutiprogrammi Winfolia 
5.0a roostearvukuse tulemused ei korreleerunud rooste tegeliku hulgaga 
lehtedel (joonis 6). Kuna programm leidis terve ja nakatunud lehe pind-
ala tuginedes määratud värvidele, võisid looduslikud värvimuutused 
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lehtedel tulemusi liigselt mõjutada. Kuna metoodikakatsete eesmärgiks 
oli saada võimalikult täpsed rooste arvukuse hinnangud optimaalse töö-
mahu juures ning leida üles ka väikesed erinevused, otsustasime saadud 
tulemustele tuginedes edaspidi kasutada aeganõudvat, kuid täpset pustu-
lite arvu lugemise meetodit. 

Uuritud pajukloonidest olid kõigil aastatel enim nakatunud kloonid 
78183 ja 81090, mis on ka teiste teadlaste poolt tunnistatud roostetund-
likeks sortideks. Kloonid 78021 ja 78195 olid roostele vähem vastuvõt-
likud. Ainus kloon, mille nakatumine erines eelnevatest kirjanduse and-
metest, oli kloon Gudrun. Seda on varem peetud rooste suhtes resistent-
seks klooniks, kuid Eestis võis selle lehtedel leida kohati peaaegu sama 
palju roostet kui klooni 78183 lehtedel. Klooni Tora lehtedelt käesoleva 
uurimistöö käigus roostet ei leitud, mis kinnitab antud klooni resistent-
sust. Hinnates roosteseene arvukust erinevatel kloonidel ja võrreldes 
neid puidu kuivmassiga leidsime, et kloon 81090 on roostetundlikkusest 
hoolimata olnud seni väga hea saagikusega. Ometi võib hinnang antud 
kloonile oluliselt muutuda. Nimelt esines 2008. aasta suvel kloonil 
81090 Kambja istanduses massiline lehtede enneaegne varisemine, mille 
põhjustas ohter leherooste nakkus. Selle nakkuspuhangu mõju pajude 
biomassi juurdekasvule peaks selguma lähiaastatel.

Rooste arvukus suurenes oluliselt kasvuperioodi jooksul, olles väga väike 
juulis ja saavutades maksimumi septembriks (joonis 7) (artikkel I). 
Lisaks leidsime erinevusi ka kasvuaastate vahel, mis oli suure tõenäosu-
sega tingitud kasvuperioodi ilmastikutingimustest. Nimelt oli niiskete 
suvede korral pajudel rohkem kahjustusi ning kuivadel suvedel väga vähe 
(artikkel II). Seega leidis ka meie uuringutes kinnitust tõsiasi, et rooste 
hulka mõjutab oluliselt ilmastik. 

Mineraalväetiste kasutamine suurendas rooste arvukust paju lehtedel 
aasta pärast viimast väetamist. Ka sellele järgneval aastal võis täheldada 
väetamise järelmõju rooste arvukusele, kuid kolmandal ja neljandal aas-
tal ei leidnud me enam seost rooste hulga ja väetamise vahel (joonis 8). 
Reoveega kastetud taimedel oli rohkem roostet võrreldes kastmata taime-
dega (joonis 9) (artikkel II). Kirjanduses väidetakse, et ka puhta veega 
kastmine suurendab rooste hulka lehtedel. Siiani ei ole kindlaks tehtud, 
kas suurenenud rooste arvukus on sellel juhul põhjustatud võrastiku õhu 
suuremast niiskusesisaldusest või toimuvad sel juhul taimelehtedes muu-
tused, mis soodustavad seennakkuse kulgu. Kuna pajude biomassi saagi-
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kust mõjutab olulisel määral vee kättesaadavus, sobivad pajuistandused 
hästi reovee puhastamiseks. Seetõttu on oluline selliste istanduste puhul 
hinnata, milline on suurenenud roostenakkusest tulenev võimalik kahju 
võrreldes istandustest saadava majandusliku ja keskkondliku kasuga.

Istanduse võrastiku tiheduse mõju uurimine näitas, et tihedamatel ala-
del olid taimed rohkem nakatunud kui hõredatel aladel. Samas oli tihe-
duse mõju rooste arvukusele oluline vaid vitspaju kloonide puhul. Kuna 
klooni Gudrun (S. dasyclados ja S. burjatica hübriid) puhul olid naka-
tunud eelkõige ülemised, noored lehed, ei täheldatud erinevusi rooste 
arvukuses tihedamate ja hõredamate alade vahel (joonis 10) (artikkel 
III). Lisaks leidsime positiivse seose paju-pigirooste arvukuse ja lehe eri-
pinna vahel (joonis 11). Kuna eripind on üks parimaid lehe morfoloogiat 
kirjeldavaid tunnuseid, võib sellest tulemusest järeldada, et lehed, millel 
on paksemate ja tugevamate seintega rakud, ei ole roostele nii vastuvõtli-
kud. Leidsime ka, et reoveega kastetud taimede lehtedel oli alati suurem 
eripind (artikkel IV). Järelikult võib rooste suurem arvukus reoveega 
kastetud taimedel tuleneda nii tihedamast lehestikust kui ka lehtede 
morfoloogilistest muutustest.

Pajude roostenakkuse reaktsiooni uuringust selgus, et nakatunud taimede 
fotosüntees vähenes ning nende õhulõhede juhtivus langes. Lenduvate 
ühendite iseloomustamisel leidsime, et eraldunud isopreeni hulk, mis 
vähendab atmosfääris orgaaniliste aerosoolide teket, oli roostega naka-
tunud lehtedest oluliselt madalam. Erinevate biootiliste ja abiootiliste 
stressidega seostatud lenduvate ainete (lipoksügenaasi raja saadused, 
monoterpeen (Z)-β-ocimene ja seskviterpeenid) eraldumine nakatatud 
taimedest oli seotud roostenakkuse erinevate etappidega. Nimelt eralda-
sid roostega nakatatud taimed eelnimetatud aineid suuremates kogustes 
vaid kuuendal ja kaheteistkümnendal päeval pärast taimede nakatamist 
(joonis 12). Need päevad langevad kokku päevadega, millal tuvastasime 
esimesi roostepustuleid ja lehtedele tekkis nakkuse tagajärjel nekroos 
(artikkel V). Lenduvate ühendite uuringuid tuleks kindlasti jätkata, et 
selgitada, kas sellised tulemused on ainuomased kloonile Gudrun või on 
see kõikide pajude reaktsioon roostenakkusele.
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Summary

A 3-year field study was carried out to determine the effect of wastewater irrigation and previous
differences in mineral fertilization on the occurrence of willow leaf rust (Melampsora epitea). The
experiment was conducted in two energy forest plantations: one designed for wastewater
purification and the other as a mineral fertilization experiment. The severity of leaf rust on
different clones and sites with different treatments was assessed by counting the number of uredinia
per leaf unit area. Generally, plants irrigated with wastewater consistently had more leaf rust,
irrespective of the study years or willow clones. Previous mineral fertilization had mixed effects on
different clones 2 years after the last application. Three years after the last fertilizer application,
however, no impact of the treatment on rust disease development was detected. In general, the rust
levels differed from year to year probably due to climate. In this study, no correlation was detected
between shoot age and rust severity, whereas climate and treatments strongly influenced leaf rust
levels on some willow clones.

1 Introduction

Willow leaf rust, caused by Melampsora epitea is a major disease problem in willow
plantations established for biomass production or wastewater purification (Royle and
Hubbes 1992; Larsson 1998; Pei and McCracken 2005). This obligate fungal parasite can
reduce biomass yield by up to 40%, mostly due to premature defoliation or affecting frost
hardiness of the plants (Spiers 1989; McCracken and Dawson 1998; Pei et al. 2003). Due
to economic and environmental constraints, fungicide application is not a favoured method
for controlling willow rust in short rotation coppice (SRC) (McCracken and Dawson
1992; Pei and McCracken 2005). Optimizing growing conditions and use of resistant
willow clones in mixed cultures are, therefore, recommended to reduce the impact of the
pathogen (McCracken and Dawson 1997, 1998).

Resistance to rust in willow is mainly provided by genetic background of the host
(McCracken and Dawson 1992; Hakulinen 1998; Roche and Fritz 1998; Pei et al.
1999). It is known, however, that rust development is also greatly influenced by weather
and host-growing conditions (Ramstedt 1999; Heiska et al. 2007). Cool and humid
weather encourages rust development and spread, whereas hot and dry conditions strongly
restrict disease development (Alexopoulos et al. 1996; Ramstedt 1999). Furthermore,
high temperatures combined with high light intensity during infection may prevent
symptom development even in susceptible host plants (Singh and Heather 1983).
Probably for these reasons, rust levels in natural conditions vary markedly from year to
year.
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Fertilization of willow plantations is important to increase biomass production. It is
not clear, however, to what extent fertilization affects rust severity or how long after
fertilization the rust levels are influenced. Although it was shown previously that
irrigation significantly increases the levels of poplar leaf rust (Melampsora medusae)
(Coyle et al. 2006), the effect of additional nutrient supply with irrigation is unknown.
In SRC for wastewater treatment, conditions include higher nutrient availability and
humidity. Such conditions may favour disease development. Fertilization studies with
different willow species have given contrasting results in relation to disease suscep-
tibility. An experiment using Salix myrsinifolia in controlled conditions, for example,
failed to demonstrate a clear relationship between additional nitrogen supply and leaf
rust severity (Hakulinen 1998). Recent field studies with the same host species,
however, showed mineral fertilization to affect leaf rust severity in certain the years and
sites (Heiska et al. 2007). It is not known how long after fertilization rust susceptibly
in willow could be affected. However, studies on a related pathogen, pine twisting rust
(Melampsora pinitorqua), showed that fertilized plants were always more susceptible to
rust, and the impact of fertilization was significant even 2 years after treatment
(Desprez-Loustau and Wagner 1997b).

The main aim of this field study was to determine how additional nutrients influence the
willow leaf rust levels in SRC willow plantations with time. For this purpose, rust
infections were compared on plants irrigated with wastewater and plants from an area
without irrigation. The impact of prior application of fertilizers was also studied. In
addition, differences between various willow clones and study years were examined. To
our knowledge, this is the first study that addresses the impact of wastewater treatment on
willow leaf rust severity.

2 Material and methods

2.1 Study sites and plant material

Rust assessments were conducted in two Estonian SRC willow plantations during the
period 2004–2006. Clones, planted in the trials were selected in the Swedish Energy Forest
Programme. Willow leaves from three clones of Salix viminalis (using the Swedish clone
numbering system clones 78021, 78183 and 78195) and one clone of Salix dasyclados
(81090) were used. Henceforth, the three last numbers of each code (in bold) are used.
Clones 021 and 195 were shown to be fairly resistant to leaf rust in field conditions,
whereas clones 183 and 090 were susceptible to rust (Ledin and Alriksson 1992).

The Saare plantation (planting density 20 000 plants ha)1) was planted in 1993 on sandy
mineral soil; half the plots were fertilized annually with nitrogen–phosphorous–potassium
fertilizer (NPK) between 1994 and 2002 (hereafter considered as site Saare F). Other plots
were untreated (site Saare C). After the second harvest in 2003, no fertilizers were applied
in Saare. More information about the plantation was presented previously (Heinsoo et al.
2002). The SRC in Kambja (planting density 14 800 plants ha)1) was established in 2003 in
order to combine wastewater purification and biomass production for energy purposes.
This plantation has three distinct parts with different wastewater dosage. In this study, two
parts of the Kambja plantation were used: a control area without irrigation (site Kambja C),
and a wastewater irrigated area with a pipe distance of 4.5 m and irrigation holes at every
9 m (site Kambja W). Wastewater load in the treated area was 180 mm per vegetation
season with average concentration of N and P of 16.5 and 2.7 mg l)1 respectively. In
Kambja clone, 195 is not planted, therefore only three clones were studied in this
plantation. During this 3-year experiment, the shoots in both plantations were of the same
age (2, 3 and 4 years old respectively), with Kambja plantation being in its first and the
older Saare plantation in its third rotation period.

29Rust severity in bioenergy willow plantations
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2.2 Rust assessments

Leaf rust assessments were carried out once a year during the last weeks of September. Five
shoots from different plants were randomly selected from the middle of each plot
examined, and 15 full-sized leaves were randomly picked from every shoot from the lower
leaf horizon of the canopy. The lower horizon was used because rust infection spreads
from lower to upper leaves, with lower older leaves being more densely covered with rust
uredinia (McCracken and Dawson 1992; Åhman 1998). Collected leaves were dried at
65�C for 2 days. For accurate estimation, the severity of leaf rust was determined by
counting the total number of uredinia on each leaf using a stereomicroscope, measuring the
leaf area with the aid of a computer and calculating the number of uredinia per leaf unit
area.

2.3 Weather conditions

The average temperature and total precipitation per month for each study year, measured
in a weather station <50 km from both study sites, are presented in Table 1. In 2004, the
weather was generally rather humid and cool. In June, temperatures were relatively low
and precipitation was considerably higher than normal. The end of summer and early
autumn were warmer and dryer. The early summer of 2005 had moderate or cool
temperatures with some rainfall. In the rest of the growing season, rainfall alternated with
dry periods and the temperatures remained warm until the mid-autumn. There was high
rainfall in August 2005 accompanied by cooler temperatures in comparison to other years.
Year 2006 was unusually hot and dry throughout the whole growing season, which did not
favour the plant growth without additional irrigation (Table 1).

2.4 Data analysis

The effect of different factors on the number of uredinia per leaf area was analysed using
General Linear Models in sas 8.02 (SAS Institute, Cary, NC, USA). Differences in
plantation, clone and sampling year were detected with the Tukey–Kramer test. To
stabilize the variance of the residuals, logarithmic transformation was used for counts of
uredinia. The collected data contained numerous meaningful zeroes, as leaves were often
uninfected with leaf rust. However, it was possible to use anova methods in cases where
the confidence levels were decreased to 0.01. The reliability of results obtained by anova
was checked with a non-parametric test.

Table 1. Weather conditions from May to September in 2004–2006 close to the Kambja and Saare
field trials

2004 2005 2006

T (�C) P (mm) T (�C) P (mm) T (�C) P (mm)

May 11.1 21.0 11.6 86.6 12.0 34.6
June 14.2 103.2 15.2 49.2 17.3 28.4
July 17.4 43.8 19.4 19.4 19.6 18.8
August 17.7 71.8 16.8 98.8 17.5 54.6
September 12.6 53.2 13.6 41.0 14.3 20.4
Average 14.4 15.32 16.14
Sum 293 295 156.8

T, average temperature per month; P, total precipitation per month. Measurements were made by
the weather station of the Institute of Environmental Physics of the University of Tartu
(http://meteo.physic.ut.ee/).

30 M. Toome, K. Heinsoo, M. Ramstedt et al.
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3 Results

In general, wastewater treated plants in the Kambja plantation had significantly more leaf
rust throughout the study period (p < 0.0001). In 2004, there was considerably more rust
on the leaves of the wastewater-treated plants of clones 183 and 090 than on control plants
without irrigation (p < 0.0001), whereas clone 021 had lower rust levels with no significant
differences between the sites. Similarly in 2005, there was significantly more leaf rust on
irrigated plants of clones 183 and 090 (p < 0.0001), although control plants had higher rust
levels than in the previous year (p < 0.0001). Clone 021 had similar rust levels at both
Kambja sites. In 2006, while very low rust levels were detected on all clones at Kambja C,
the irrigated area had considerably more disease (p < 0.0001) (Fig. 1).

In 2004 at the Saare plantation, only clone 090 had significantly more rust in the
previously fertilized site (p < 0.0001), whereas clones 183 and 195 showed lower rust levels
when fertilized (p < 0.0001). There were no significant differences found between rust
levels on fertilized and control plants of clone 021. In the following year, the rust levels
were rather low on all clones and there were no significant differences between treated and
untreated plants, except clone 195 that had more rust on control plants (p < 0.001). In
autumn 2006, all rust scorings were extremely low in both treatments and no differences
between any of the clones were detected (Fig. 2).

Comparing only the control sites in both plantations, on average there was considerably
more rust in Kambja than in Saare (p < 0.0001). In 2006, however, as the disease severity
was very low in both study sites, there were no differences either between clones or
between sites (Figs 1 and 2). No clear connections were found between shoot age and rust
occurrence.

4 Discussion

As willow is a highly suitable species for wastewater purification filters (Rosenqvist et al.
1997), it is important to study how irrigation or ⁄ and additional nutrients affect the
resistance of willow to leaf rust. Throughout the study, the wastewater-irrigated plots had
a significantly higher rust severity compared to non-irrigated plots, irrespective of the
study year or willow species. It was not determined in this work, however, whether
increase of rust disease in the treated site was due to additional humidity from the
irrigation, as suggested for M. medusae on poplar (Coyle et al. 2006), by additional
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Fig. 1. Severity of leaf rust in Kambja plantations in Estonia. Three willow clones were compared
over a 3-year period. Sv, Salix viminalis; Sd, Salix dasyclados; C, control plants (no treatment),
W, wastewater irrigated plants. Bars with different letters indicate significant differences between

clones and treatments within the year (p < 0.01)
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nutrients added with wastewater or by a combination of these factors. As greater access to
water and nutrients enhance plant growth, the increased rust susceptibility may also be
explained by increased humidity due to canopy density or by the larger amounts of
available nutrients in the leaves. For instance, increased levels of non-functional
carbohydrates in willow plant shoots have been detected previously as a result of mineral
fertilization (Heinsoo et al. 2002).

Previous studies of annual mineral fertilization of willow indicated that altered leaf
metabolism due to additional nitrogen in the soil did not affect the rust susceptibility of
S. myrsinifolia (Hakulinen 1998). Field studies in Estonia, however, showed that mineral
fertilization lead to a significant increase in rust pustule numbers on willow leaves (Toome
et al. 2006). Growth chamber studies (M. Ramstedt, unpublished data) also indicated that
higher nitrogen concentrations in the leaves led to higher rust incidence. The current study
started 2 years after the last fertilizer application in Saare, and there was no clear indication
whether the previous fertilizer application affected the level of leaf rust between the clones.
Only S. dasyclados clone 090 showed significantly higher rust incidence on previously
fertilized plots; the other three clones of S. viminalis were unaffected or presented a
dramatically lower incidence of rust. These mixed results could not be explained by the
effect of previous treatment as there was no clear trend among the clones. Therefore, the
differences in rust severity between the plots may be caused by the shoot ⁄ leaf density
inside the plot rather than by the direct impact of fertilization. It can be concluded from
these results, however, that 3 and 4 years after the last treatment, the overall incidence of
rust was rather low in the Saare plantation, without significant differences between
previously fertilized or unfertilized sites.

Based on climate data for these sites, it could be argued that precipitation had a major
role in determining rust severity. There was considerably less rain in the last year of this
study throughout the growing season, and the rust severity differences between
wastewater-irrigated and non-irrigated plants were visibly greater than those in the
previous 2 years. In contrast, there were higher amounts of precipitation in the late summer
of 2005 than in the other years of study, and the differences in rust disease between plots
with and without irrigation were much smaller. These data indicate that water availability
is a major factor influencing the development of rust. Precipitation in August was
important in this study as sampling was carried out in September. Rust spores need high
humidity for germination and the majority of uredinia visible on the leaves in September
most probably originated from spores that germinated in August.
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Fig. 2. Severity of leaf rust in Saare plantations in Estonia. Four willow clones were compared over a
3-year period. Sv, Salix viminalis; Sd, Salix dasyclados; C, control plants; F, previously fertilized plants
(annually until 2002). Bars with different letters indicate significant differences between clones and

treatments within the year (p < 0.01)
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It has been shown that pines (Pinus) become more resistant to rust fungi with
increasing age (Desprez-Loustau and Wagner 1997a), but data obtained in the present
work did not support the same hypothesis for willow. As mentioned above, 2006 was
extremely dry and hot, and rust severity was very low in both studied SRC plantations,
irrespective of age. Data from that year, therefore, must be interpreted with caution.
Based only on data from first 2 study years, however, it is impossible to evaluate the
impact of shoot age. Due to exceptional weather conditions during this period, a study
should be conducted in controlled conditions to test the influence of shoot age on the
development of willow leaf rust. An alternative would be to perform a field study over
the following rotation periods to separate the effects of shoot and plantation age from the
effect of climatic conditions.

This study also confirmed previous observations suggesting that rust severity and the
impact of treatments were strongly dependent on willow clone (Hakulinen and
Julkunen-Tiitto 2000; Toome et al. 2006). In general, clones 021 and 195 were less
infected and clones 090 and 183 more susceptible, as noted previously (Ledin and
Alriksson 1992). For clone 021, irrigation with wastewater did not increase rust
susceptibility in the first 2 years of study, which may indicate that this clone might be more
suitable for SRC used for wastewater purification. Moreover, clone 021 seemed to be less
influenced by previous mineral fertilization because in both Saare plots rust severity on this
clone was relatively low, although in the years of fertilizer application, this clone always
showed greater damage on fertilized plants (Toome et al. 2006).

In this study, therefore, we demonstrated a correlation between rust severity and
wastewater irrigation, although further studies are required to determine if increased
susceptibility of willows was caused by additional water or nutrients. So far, there is no
evidence that wastewater treatment as such would cause more rust disease problems than
simply irrigation with water. As the influence on rust resistance has been studied to date
only for nitrogen (Hakulinen 1998), it is also important to obtain better knowledge of
how both nitrogen and other nutrients present in wastewater affect willow defences against
leaf rust. These are important tasks to take into account in the further use of willow as a
vegetation filter and a renewable biomass resource.
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a b s t r a c t

Willow short rotation coppice is used as a renewable energy source and also as a vegetation

filter for purifying wastewater. Wastewater irrigation might change microclimatic condi-

tions and increase the canopy density in plantations, which might decrease production due

to leaf rust (Melampsora epitea). The aim of this study was to estimate the impact of the

canopy density on rust abundance on willows. For that, we counted rust pustules on leaves

of five different willow clones from dense and sparse areas in both the wastewater irrigated

and control part of the plantation. The results demonstrated clear differences between

clones; clone ‘81090’ was very susceptible, ‘78183’ susceptible, ‘78021’ fairly tolerant and

‘Tora’ rust resistant. Clone ‘Gudrun’, which was previously reported resistant, had severe

rust damages in Estonia. In the case of clones ‘78183’ and ‘78021’ there were significantly

more rust pustules per leaf unit area at areas with denser canopy, which confirmed that

higher plant density could result in biomass losses caused by leaf rust. No differences,

however, were detected between dense and sparse areas of hybrid clone ‘Gudrun’, most

probably because in this particular case leaves from upper canopy layer were used. There

was a tendency detected that clones with a higher number of shoots per plant had more

rust damages on their leaves, however, the correlation was not statistically confirmed.

In conclusion, the impact of canopy density on rust abundance is clone-specific and

significant in the case of clones on which infection starts from the lower part of the canopy.

ª 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The production of biomass for energy purposes in short

rotation coppice (SRC) is a sustainable alternative to fossil

fuels because the CO2 emission during biomass conversion is

assumed to be equivalent to the CO2 captured during its

growth. In Northern Europe, willow (Salix sp.) is the most

promising species for achieving both high yield and inex-

pensive establishment of SRC compared to other trees used

for bioenergy purposes [1]. Since SRC is established for several

harvest cycles for more than 20 years, it is important that the

plants remain productive and do not suffer from severe pest

damages. Commonly large plantations consist of a limited

number of genotypes; therefore the potential risk of various

plant diseases is high [2]. In wintertime, ice-nucleating

bacteria are found to be the main pathogens in these planta-

tions, causing shoot dieback in combination with frost [3,4].

During the vegetation period, a fungal pathogen, willow leaf

rust (Melampsora epitea), is the major pathogen reducing the

biomass yields [5] and, in the case of susceptible willow clones

[6], is able to destroy the whole plantation.

Leaf rust fungi decrease the photosynthesis and increase

the transpiration of willow plants, leading to lower biomass

production [7,8]. In the case of severe infection, plants may
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E-mail address: merje.toome@emu.ee (M. Toome).

Avai lab le a t www.sc iencedi rec t .com

ht tp : / /www.e lsev ier . com/ loca te /b iombioe

ARTICLE IN PRESS
b i om a s s an d b i o e n e r g y x x x ( 2 0 1 0 ) 1e6

Please cite this article in press as: Toome M, et al., The influence of canopy density on willow leaf rust (Melampsora epitea)
severity in willow short rotation coppice, Biomass and Bioenergy (2010), doi:10.1016/j.biombioe.2010.03.012

0961-9534/$ e see front matter ª 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biombioe.2010.03.012



88

loose their leaves prematurely, a couple of months before the

end of the vegetation period [7]. Since high humidity promotes

rust spore germination, rainy seasons lead to higher rust

abundance, whereas when summers are warm and dry, the

yield losses due to the disease are less important [8,9]. Studies

with poplars and willows reveal that mineral fertilisation and

irrigation promote rust fungus abundance on plants [10,11].

However, these agrotechnical activities have a great impact on

willow shoot production and are therefore favoured to obtain

high biomass yields [e.g. 12]. To minimise the leaf rust fungus

distribution, use of clone mixtures of different willow geno-

types with higher rust resistance instead of a monoculture is

suggested [2,13].

SRC can be used for combining wastewater treatment and

renewable energy production. In these systems the willows

are used in a vegetation filter and irrigated with pre-treated

wastewater, which supplies this fast-growing crop with

nutrients and water [2]. The microclimatic conditions in such

vegetation filters are different from those in traditional SRC,

because irrigation promotes higher biomass allocation to

shoots and leaves and increases the canopy density [14,15].

Therefore higher evapotranspiration rate from the leaves and

more humidity in the canopy can be expected in these

plantations. Since the high number of photosynthesising

leaves and the vitality of plants are essential for both maximal

wastewater utilisation and plant biomass production [16], rust

infections can remarkably reduce the efficiency of the

vegetation filters [17]. Previously it has been demonstrated

that willows treated with wastewater are more infected with

leaf rust than control plants [18]. Some of this can be

explained by the fact that irrigated plants have lower specific

leaf area, which is correlated to rust severity [19]. However,

the impact of canopy density on willow leaf rust severity has

not been estimated to date.

Burdon and Chilvers [20] predicted that denser canopy

would increase the probability of new infections, especially in

the case of airborne leaf diseases in monocultures, like leaf

rust in SRC. Nevertheless, studies with rust diseases on

cereals did not detect any correlation between plant density

and rust infection; some even indicated a negative correlation

between them [21,22]. However, for other leaf diseases of

agricultural crops, it has been demonstrated that higher plant

density increases the infection rate [e.g. 23]. The aim of the

present study was to determine whether the canopy density

in SRC influences the severity of willow leaf rust fungus.

2. Materials and methods

The SRC of Kambja was established in 2003 in southeast

Estonia (58�350 N, 26�710 E) as a part of a wastewater purifica-

tion system, where the willow plantation is used both as

a vegetation filter and as a source of renewable energy. The

area has mostly sandy loam soil and it was previously used as

grassland or was in the state of abandoned agricultural land

for at least five years before the SRC establishment. The major

part (9.7 ha) of the SRC was divided into two areas, which were

irrigated with different loads of mechanically pre-treated

domestic wastewater. In this case, wastewater pre-

treatment was carried out only by mechanical filtering and

passive storage in the settling ponds. During the vegetation

period the water from these ponds was spread to the planta-

tion by a network of pipes with drilled holes, which were

permanently installed into the plantation area between the

plant rows. The non-irrigated smaller part (5 ha) of the SRC

was used for biomass production only. In this study only the

control part and the area with lower irrigation load were used

as they had the same soil type and previous management

history (more detailed information about the study site had

been published earlier [24,25]). The wastewater load on the

irrigated part (KambjaW) from May until November 2008 was

175 mm and the plants were irrigated nightly for one hour,

with average concentration of N 17.5 mg dm�3 and P

3.4 mg dm�3 in the water. The control area (KambjaC) was not

treated with wastewater. In both studied areas the planting

density was 14,800 cuttings per hectare. The first harvest was

carried out in early spring 2008 obtaining the typical wood

yield for willow SRC in similar growth conditions. For the

current experiment plants from the first growing year of the

second harvest cycle were used.

Five willow genotypes were chosen for the rust assess-

ments: clones ‘78183’ and ‘78021’ (Salix viminalis); clone ‘81090’

(S. dasyclados); clone ‘Tora’ (S. viminalis� S. schwerinii) and

clone ‘Gudrun’ (S. burjatica� S. dasyclados). Clones ‘78183’ and

‘81090’ were previously known as rust-susceptible; clone

‘78021’ has been fairly tolerant and clones ‘Gudrun’ and ‘Tora’

were considered as rust-resistant [18,26].

The pruning was conducted in KambjaC and KambjaW in

mid-July 2008. In a monoclonal plot of each studied clone

(plot size ca 1500 m2), six locations avoiding the edges of the

plot were chosen randomly for pruning. In each of these

locations a selected study plant and the closest neighbouring

plant in four directions were pruned by cutting all of their

shoots except the thickest one. In that way small sparse areas

inside each plot were created (theoretically each pruned area

was ca 5.6 m2).

The first leaf sampling was performed on August 17. Three

naturally dense and three created sparse locations in

KambjaW and KambjaC were randomly selected per each

clone. Samples from S. viminalis clones were taken from the

lower leaf horizon and S. dasyclados samples from the upper

leaf horizon. This kind of sampling system was chosen

because previous observations demonstrated that in the case

of clone ‘Gudrun’, infected top leaves are commonly accom-

panied by very low or absent infections on lower leaves.

S. dasyclados rusts in general spread from upper leaves

downwards, whereas the infections of S. viminalis spread from

lower older leaves to the top. These infection patterns for

different willow clones from different species have been

reported in the literature [7,27]. Thirty (30) willow leaves were

picked randomly from each studied dense and sparse area.

On September 18, the second sampling was carried out on the

other three locations of each studied plot; leaves were picked

following the same sampling procedure as in August. Since

the plants of clone ‘81090’ were already almost bare in the

beginning of September, no further sampling for this clone

was carried out. All collected leaves were dried at 70 �C for

48 hours. Afterwards the number of rust pustules per each leaf

was counted using a stereomicroscope, the leaf area was

measured with the Pindala2.0 software (I. Kalamees, Tartu,
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Estonia) and the number of pustules per leaf unit area (cm2)

was calculated.

The shoot number per plant was detected in November

2008 after the end of the first vegetation period of the second

harvest cycle. For this purpose, we selected randomly one

30 m transect inside each studied clone plot consisting of

a double row of plants. The number of living shoots with the

diameter over 4 mm per each plant on this transect was

counted. Because of gaps in the plantation the average

number of studied plants per transect was 63.

Weather conditions during the vegetation period of year

2008 were cooler and more humid than the multi-annual

average. According to the closest weather station, the

average temperature from May to September was 13.7 �C and

the total precipitation reached 444 mm whereas the average

data for the period 1998e2007 were 14.7 �C and 326 mm,

respectively. In June and August, precipitation rates were very

high, whereas in other months the precipitation amount was

similar to the multi-annual (Table 1).

Data analysis was conducted with SAS 8.02 (SAS Institute

Inc., Cary, NC, USA). For statistical analyses the number of rust

pustules per leaf area unit was logarithmically transformed to

stabilize the residuals. The effect of month, wastewater

treatment, willow clone and canopy density on pustule

number was detected with the Multiple Linear Regression test

and the differences between various data series were identi-

fied with the Least Square Means test. The dependence of

pustules amount on shoot number was studied with the GLM

Linear Regression Model. In all cases the confidence level of

tests was set to 0.05.

3. Results and discussion

3.1. Differences between genotypes

All studied factors (willow genotype, canopy density, irriga-

tion and sampling time) had significant effect on the leaf rust

severity (for all P< 0.001). Different genotypes performed in

various ways in response to certain factors, therefore their

impact was further analysed by clones. Clone ‘Tora’ was

completely resistant to leaf rust and did not develop any

disease symptoms throughout the whole study, which verifies

the rust resistance of that clone in Estonian conditions. On the

other hand, clone ‘81090’ was very heavily infected with rust

so that in the beginning of September the plants were already

bare (Table 2). Due to drastic results in the case of these two

clones, they were not included in the analysis for the signifi-

cance of other factors. Clone ‘78021’ was the least susceptible

amongst the infected ones, as was shown in previous

assessments made in Estonia [18]; clones ‘78183’ and ‘Gudrun’

were significantly more infected (Table 2). The S. viminalis

clone ‘78183’ has been shown as rust susceptible in other

countries with similar climatic conditions [e.g. 26] as well,

whereas the hybrid clone ‘Gudrun’ was so far considered as

rust resistant (I. Åhman, personal communication). The

evidence of leaf rust on that clone in the Kambja plantation

was at first noticed in autumn 2006; ever since the infection

rate has been increasing from year to year (Toome, unpub-

lished data) ever since. At the conclusion of this study, only

clones ‘78183’ and ‘81090’ had more rust than ‘Gudrun’ among

the studied willow clones. Clone ‘Gudrun’ might have become

rust susceptible due to new rust forms in Estonia with higher

virulence towards S. dasyclados clones. Very high rust severity

on the other studied S. dasyclados genotype clone ‘81090’

supports this explanation also. A change towards more

virulent leaf rust population has been demonstrated before in

France and the United Kingdom [28,29].

3.2. Seasonal differences

Rust abundance increased significantly from August to

September in every infected clone (P< 0.001). This result

confirmed that rust estimations for assessing the suscepti-

bility of willow clones should be made during the end of the

vegetation period. In this study, for instance, clone ‘78021’ was

uninfected in August and rust pustules were detected only in

September. Therefore, earlier estimations could lead to

incorrect conclusions about its resistance. Clones ‘Gudrun’

and ‘78183’ were already infected in August, whereas Gudrun

had more rust pustules on the leaves than clone ‘78183’

(P< 0.001). In September the rust abundance in the case of

clone ‘78183’ increased almost six times and eventually that

Table 1 e Total precipitation P (mm) and average temperature T (�C) fromMay to September in 2008 and during the period
1998e2007 at Tõravere 20 km from Kambja (Estonian Meteorological and Hydrological Institute).

May June July August September

2008 1998e2007 2008 1998e2007 2008 1998e2007 2008 1998e2007 2008 1998e2007

T (�C) 10.8 11.3 14.6 15.5 16.6 18.3 16.2 16.5 10.1 12.0

P (mm) 25 49 101 92 66 71 204 76 48 38

Table 2 e Transformed average number of rust pustules
per leaf area unit (log (pustules per leaf (cm2)D 1)) ± SE on
different studied willow genotypes in August and
September. P value shows the statistical difference
between the averages.

Willow genotype August September P value

‘Tora’ 0 0 nsa

‘Gudrun’ 0.54� 0.013 0.7� 0.016 <0.001

‘78021’ 0 0.28� 0.017 <0.001

‘78183’ 0.39� 0.016 0.88� 0.025 <0.001

‘81090’ >5 nab nab

a ns¼ not significant.

b na¼ not available (due to severe leaf loss due to rust on clone

‘81090’, it was impossible to estimate the rust severity in

September).
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clone developed higher rust damages than ‘Gudrun’; damages

to ‘Gudrun’ increased less than two times (Table 2). Unequal

rust abundance increase during the vegetation period in

different genotypes has also been noticed previously for some

other willow clones [7].

3.3. Impact of canopy density

The average number of shoots per plant, which describes the

natural canopy density, was highest in the case of clone

‘78183’, followed by ‘Gudrun’ and ‘78021’. This ranking order

was similar to that of leaf rust abundance data. The number of

shoots per plant in control and wastewater irrigated areas was

also compared. There were more shoots in the control part

although the difference was statistically significant only in the

case of clone ‘78183’ (P< 0.001). Therefore, we assume that

areas with plants with a higher number of shoots tend to have

more rust infections (Fig 1). Nevertheless, the number of data

in our analysis was small and the correlation between shoot

number and rust severity was not found to be statistically

significant (P> 0.05). Willows naturally have a clone-specific

branching pattern and the shoot number is the largest in the

year after harvesting, decreasing during the next years due to

the competition between branches [33]. Therefore, under

favourable weather conditions the largest infections can also

be predicted during the first year after harvesting. Further

studies of this topic would be necessary in order to achieve

a better understanding of the relation between rust severity

and the natural branching pattern of different genotypes.

Moreover, the hypothesis of higher canopy density

favouring leaf rust abundance was also confirmed by the

current experiment of plant pruning. The plants growing in

denser canopy compared to the pruned areas had more rust

infections (P< 0.001). However, the detailed analyses revealed

that the response to pruning was clone-specific (Table 3). Both

studied S. viminalis clones had approximately four times more

rust pustules in denser areas compared to the sparse ones

(P< 0.001), demonstrating that lower planting densities could

diminish the rust disease damages in the case of S. viminalis

clones. The vertical leaf distribution of willows has the highest

value in the middle of a tree and decreases towards the top

and bottom [30]. Therefore the microclimate in the lower

horizon is more humid and the conditions for rust develop-

ment are more favourable. For instance, for poplar leaf rust

(M. larici-populina), a positive correlation between rust infec-

tion rate and dew duration on poplar leaves has been

demonstrated [31]. Based on the differences in rust infection

pattern, according to which leaf rust spreads from bottom to

top on S. viminalis and, on S. dasyclados, in the opposite

direction [7,27], it can be supposed that in the case of

S. dasyclados clones the canopy density of the plantation may

not be as important a factor as for S. viminalis clones. Indeed,

the influence of canopy density on rust infections on ‘Gudrun’

was not detected (P> 0.05) (Table 3). The reason for such

a result is most probably the naturally sparser canopy density

in the layer of upper leaves, which were collected for this

particular clone in the current study.

3.4. Impact of wastewater irrigation

The leaves of S. viminalis clones ‘78021’ and ‘78183’ were

covered with more pustules in KambjaC compared to Kamb-

jaW plots (P< 0.001) (Table 4), which is inconsistent with our

previous observations, which revealed higher rust abundance

on these genotypes when irrigated or fertilised with mineral

fertilisers [18]. One reason for this difference could be the

difference in the age of the shoots: in the present study the

shoots were one-year-old and in our previous study they were

from two to four years old. Also Heiska et al. [11] have detected

more rust on one-year-old control plants compared to fertil-

ised plants. An additional nutrient amount that has been

stored in the roots of the fertilised plants before the harvest

Fig. 1 e The correlation between average shoot number per

plant and transformed average number of uredinia per leaf

unit area on control (C) and wastewater irrigated (W) plots

of clones ‘Gudrun’, ‘78021’ and ‘78183’ in September.

Table 3 e Transformed average number of rust pustules
per leaf area unit (log (pustules per leaf (cm2)D 1)) ± SE on
different studied willow genotypes in non-irrigated
control part and wastewater irrigated part. P value shows
the statistical difference between the averages.

Willow genotype Control Wastewater
irrigated

P value

‘Gudrun’ 0.52� 0.013 0.72� 0.015 <0.001

‘78021’ 0.4� 0.027 0.17� 0.015 <0.001

‘78183’ 0.8� 0.026 0.47� 0.02 <0.001

Table 4 e Transformed average number of rust pustules
per leaf area unit (log (pustules per leaf (cm2)D 1)) ± SE on
different studied willow genotypes in areas with sparse
and dense canopy. P value shows the statistical
difference between the averages.

Willow genotype Sparse Dense P value

‘Gudrun’ 0.68� 0.015 0.72� 0.015 nsa

‘78021’ 0.16� 0.014 0.4 � 0.027 <0.001

‘78183’ 0.63� 0.02 1.17� 0.026 <0.001

a ns¼ not significant.
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most probably enables them to tolerate unfavourable condi-

tions including disease attacks during the first growing year.

Later on these extra stocks will be used to promote the leaf

and shoot biomass. Another explanation might be the impact

of weather conditions. Since the precipitation was very high in

August (Table 1), the control plants were growing in saturated

water conditions and might have developed leaves with high

specific leaf area, which has been shown to be in positive

correlation with rust severity [18]. The plants in KambjaW

were growing constantly in optimal water conditions and

therefore their growth strategy might not have been affected

by additional water.

The hybrid clone ‘Gudrun’ plants were more infected in

KambjaW (P< 0.001) (Table 4). Differences in rust suscepti-

bility of various genotypes in response to variations in envi-

ronmental conditions have been detected before [10,11]. It has

also been demonstrated that natural clones (like ‘78183’ and

‘78021’) are less sensitive to changes in nutrient and water

availability than fast-growing hybrids [12,14].

4. Conclusions

In conclusion, this study confirmed the hypothesis that

denser canopy increases the leaf rust severity in the case of

S. viminalis genotypes. It also hints that the natural branching

rate of different genotypes could be an important feature to

follow in willow breeding. Although SRC with higher plant

density may have higher biomass production [e.g. 32], the risk

of increased losses due to diseases should be considered when

establishing new plantations. However, since we studied the

canopy density impact only on three genotypes, additional

experiments are needed to draw clear connections between

willow leaf rust severity and canopy density.
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and the specific leaf area in short rotation coppice willows

Merje Toome & Katrin Heinsoo & Anne Luik

Received: 27 August 2009 /Accepted: 13 November 2009
# KNPV 2009

Abstract Willow leaf rust (Melampsora epitea) is an
important leaf pathogen in short rotation coppice
plantations. Although ecological factors influencing
rust severity are rather well known, to date, the
connections between leaf morphological traits and
rust infections are poorly studied. The aim of this
study was to examine the relation between rust
severity and specific leaf area (SLA). Willow leaves
of three different clones from waste-water-irrigated
and non-irrigated plantation areas were used. The
results revealed a significant positive correlation
between SLA and rust severity. There were clone
specific differences whereas more rust pustules were
always accompanied with higher SLA. Waste-water-
irrigated plants had higher SLA and always more rust
damages. These results suggest that leaves with low
SLA are less susceptible to leaf rust in various
conditions.

Keywords Rust infection . SLA . Salix sp.

Introduction

The use of biomass from fast-growing tree species in
a short rotation coppice (SRC) is one of the options
for renewable energy production. In temperate zone,
the most suitable trees for SRC are poplars (Populus
sp.) or willows (Salix sp.) since they can both achieve
high photosynthesis capacity and fast regeneration
after coppicing (e.g. Karp and Shield 2008). These
plantations differ in many ways from natural forest
stands since typical SRC consists of limited number
of genotypes over large areas and the density of plants
is high (13, 000–20, 000 plants per ha). These factors
influence microclimatic conditions and microbial
community in the plantation.

Since the high biomass production is essential in
SRC, it is important to determine which factors
could diminish the plant growth or change the
allocation of biomass into various parts of the
plants. In addition to nutrient and water availability,
plant pathogens and pests can affect the plant
growth. One of the most important diseases of
SRC willow is the leaf rust caused by Melampsora,
which infects both poplar and willow plants (Royle
and Hubbes 1992). It has been reported that the rust
disease can markedly reduce the willow biomass
yield (e.g. Verwijst 1993) and therefore rust resis-
tance is a critical criterion for breeding new varieties
for SRC. Better knowledge about ecological and
morphological factors that have influence on the
severity of this disease enables a focus on planting

Eur J Plant Pathol
DOI 10.1007/s10658-009-9566-4

M. Toome :K. Heinsoo :A. Luik
Institute of Agricultural and Environmental Sciences,
Estonian University of Life Sciences,
Kreutzwaldi 1,
Tartu 51014, Estonia

M. Toome (*)
Estonian University of Life Sciences,
Kreutzwaldi 1,
Tartu 51014, Estonia
e-mail: merje.toome@emu.ee



96

material with desirable characteristics to reduce
disease development in SRC.

To date, some information is available on various
ecological factors that could influence the severity of
M. epitea, the most important species of willow rusts.
It has been reported that rust susceptibility is species
and clone specific (e.g. Åhman 1998), increases
during the vegetation period (e.g. McCracken and
Dawson 1992) and depends greatly on weather
conditions (Johansson and Alström 2000). It was also
demonstrated that rust levels are lower when different
willow clones and species are grown in mixtures
compared to monocultures (McCracken and Dawson
1998; Begley et al. 2009). Some data show that
fertilization and irrigation or their combination could
increase the rust susceptibility of willow or poplar
plants (Orians and Floyd 1997; Coyle et al. 2006;
Toome et al. 2009), whereas other studies have not
found clear connections between these characteristics
(Heiska et al. 2007; Åhman and Wilson 2008). There
is strong evidence that a higher canopy density of SRC
is accompanied with more severe rust damages on
willow leaves (Toome et al. unpublished). Although
ecological factors influencing rust susceptibility are
rather well studied, there is only limited knowledge
about the effect of plant morphological characteristics
on this pathogen. Willow leaves may become more
susceptible to leaf rust with leaf aging and the infection
always starts from lower leaves (e.g. McCracken and
Dawson 1992). A study with poplar leaves also
demonstrates that leaves with higher wettability are
more infected with leaf rust (Pinon et al. 2006).

A common leaf characteristic that describes leaf
morphology is specific leaf area (SLA); the ratio
between leaf area and leaf mass. This indicator is
strongly related to leaf nitrogen content and thus
describes well the photosynthetic ability of the leaf
(Al Afas et al. 2005, 2007; Schulze et al. 2005).
Therefore, at similar growth conditions, SLA can be
used to estimate tree growth (Marron et al. 2007).
Specific leaf area varies among plant genotypes and
within each genotype it depends on the amount of
light reaching the leaf. Leaves on top of the canopy,
receiving more light, have lower SLA whereas bottom
shaded leaves have higher SLA (Ross and Ross 1996;
Al Afas et al. 2007). Moderate changes in SLA can
also be caused by nutrient and water stress whereas
the impact of other possible factors is in general rather
small (Poorter et al. 2009).

It has been demonstrated that there are less
cytoplasmic compounds and more total structural
carbohydrates and other cell wall compounds in
leaves with low SLA, whereas leaves with higher
water content have high SLA (Mediavilla et al. 2008;
Poorter et al. 2009). Specific leaf area is lower in case
of leaves with high leaf tissue density (e.g. Wilson et
al. 1999), whereas leaf thickness in general does not
affect SLA significantly (Poorter et al. 2009). In
general it can be concluded that leaves with low SLA
have smaller cells with thicker cell walls, packed
together tightly.

In SRC willows with higher SLA are favoured
because of their higher growth rate. However, plants
with high SLA may become more vulnerable by
unfavourable environmental conditions (Schulze et al.
2005) or pests. Leaves with low SLA are known to be
more resistant to mechanical damages due to thicker
cell walls and tend to be less preferred by insects due
to smaller amount of sugars and water in the cells
(Castro-Diez et al. 2000; Poorter et al. 2009).
However, very little is known about relationships
between plant pathogens and SLA. It could be
speculated that lower SLA provides the plant with
higher resistance to fungal pathogens such as rusts,
since there is more lignin and cellulose in the cell
walls. Thicker cell walls hinder the penetration by the
fungi (Voegele and Mendgen 2003) and therefore
should inhibit disease development and reduce sus-
ceptibility of the plant. On the other hand, differences
in SLA values could also be changed by rust infection
itself. In plant defence, sugars are transported to
tissues and activate cell wall lignification at the
infection site (Berger et al. 2007) at the same time
the fungal biomass will increase. This could mean
that more severely infected leaves could have smaller
SLA since the infection could increase the mass per
unit leaf area.

Previous studies have shown differences be-
tween willow clones and increasing rust levels in
waste-water irrigated areas compared to controls
(Toome et al. 2009). Since differences in rust
severity were only partially described by shoot
density inside the plantation (Toome et al. unpub-
lished), a hypothesis was made that some differences
in the leaf anatomy should be also responsible for
observed leaf rust severity patterns. Therefore the
aim of this study was to analyse the relation between
SLA and leaf rust severity on leaves of different
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SRC willow clones growing under various environ-
mental conditions.

Materials and methods

The experiment was performed in Kambja SRC,
established in 2003 in the southern part of Estonia.
This plantation has three distinct parts, of which two
were treated with pre-treated waste-water and one part
was not irrigated. A detailed site description was
given previously (Truu et al. 2009). In this study the
areas with plant densities of 14 800 plants per ha were
used. Sampling was conducted both in the control and
in the waste-water-irrigated part with pipe distance of
4.5 m and irrigation holes at every 9 m. The average
waste-water load in the treated part was 180 mm per
vegetation season and with the concentrations of 16.5
and 2.7 mg/L for N and P, respectively. Three
different willow clones were chosen for this study,
based on their susceptibility to rust. Clones ‘78183’
and ‘78021’ belong to species S. viminalis; they are
respectively susceptible and slightly susceptible to
leaf rust; clone ‘81090’ belongs to species S.
dasyclados and was also reported as susceptible in
Estonia (Toome et al. 2009).

The leaves were sampled in the second part of
September in 2005 and 2006 when the shoots were
three and four years old, respectively. For sampling,
five plants were randomly chosen from every clone/
treatment, avoiding the border areas. From one shoot
of each plant 15 full-sized leaves were randomly
picked from the lower leaf horizon of the canopy.
Leaves were dried at 65˚C for 48 h and the number of
rust pustules on each leaf was counted. Thereafter the
leaf was scanned and its area estimated using a
computer program in order to estimate the number of
pustules per unit leaf area. For estimating SLA, the
leaves were dried again at 70˚C for 48 h and weighed
immediately with a precision of 0.001 g. The SLA
was calculated as a ratio between the leaf area and
leaf dry weight. There were also uninfected leaves in
most of the clone/treatment sets, which were irrele-
vant for the current study. The number of leaves in
different data series used for the current study was
unequal due to exclusion of uninfected leaves
(Table 1).

In order to reduce heterogeneity in the residuals the
number of rust pustules per leaf unit area was

logarithmically transformed. Data analysis was con-
ducted with SAS 8.02 (SAS Institute Inc., Cary, NC,
USA). All differences were considered significant at
P<0.05. Regression analysis was used to establish
relationships between SLA and rust severity. Differ-
ences between the clones in rust severity and SLA
were assessed with General Linear Models REGWQ
test. To assess the differences between the clones and
irrigation regimes, Least Squares Means test was
used. For the latter analysis only data from year 2005
were used due to the very small sample size in the
control in 2006 (Table 1).

Results

Specific leaf area was found to influence significantly
the amount of leaf rust pustules on willow leaves (P<
0.0001). There is strong evidence that higher SLA
may be accompanied with higher rust levels on these
leaves since there was a significant relationship
between the average values of SLA and rust severity
(R2=0.335, P<0.05) (Fig. 1).

Table 1 The number of infected leaves of studied three clones
in control and waste-water-irrigated area in 2005 and 2006. The
total number of sampled leaves was 900

Control Irrigated

‘78021’ ‘78183’ ‘81090’ ‘78021’ ‘78183’ ‘81090’

2005 73 73 75 66 75 75

2006 7 0 2 62 75 75
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Fig. 1 Relation between willow leaf rust severity and specific
leaf area (SLA). For this analysis the average values per willow
clone, treatment and year obtained for both parameters were
used
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Pooled data from 2005 and 2006 showed that both
SLA and rust severity differed significantly between
willow clones (P<0.0001). SLA was the highest for
the leaves of clone ‘78183’, intermediate for ‘81090’
and the lowest for clone ‘78021’. The same order was
confirmed for the number of rust pustules (Table 2).

Waste-water irrigation increased significantly both
SLA and rust severity, whereas control plants had
significantly lower SLA and less rust damage (P<
0.0001). When analysing the data from 2005 by
clones, the waste-water irrigation increased SLA
significantly only for clones ‘78183’ and ‘81090’
(P<0.0001). In the case of clone ‘78021’, there was
no difference between irrigated and control plants.
The number of pustules increased significantly with
waste-water irrigation for all studied clones (P<
0.0001) (Fig. 2).

Discussion

The results of this study demonstrated a positive
correlation between SLA and leaf rust severity. This
correlation could be explained by leaf morphology.
Since it is shown that leaves with low SLA contain more
structural carbohydrates, such as lignin and cellulose in
their cell walls (Mediavilla et al. 2008), it is possible that
these leaves are not colonized by rust fungi as easily as
leaves with thinner cell walls. The rust fungus produces
special feeding structures, haustoria, for taking up
nutrients from the plant. Haustoria form inside the plant
cells and although the cell membrane is not penetrated,
the fungus needs to break through the outer part of the
cell wall (Voegele and Mendgen 2003), where most of
the lignin and cellulose is located. Thus, if cell walls
are thinner, M. epitea is able to form more haustoria to
obtain more nutrients from the plant and hence to
produce more rust spores. This would explain higher
rust infections on leaves with higher SLA.

Another reason for low SLA associated with
reduced rust development may be the existence of
epicuticular waxes on some leaves. They consist
mainly of long-chain fatty acids and alcohols with
the main task to reduce water losses from the leaf
epidermis and protect the tissue from chemical or
biological attacks (Goodwin and Mercer 1986). In
favourable conditions with no water stress the

Table 2 Means and REGWQ grouping test results for specific leaf area (SLA) and rust severity (number of pustules per unit leaf area)
of three willow clones

Clone Mean SLA (cm2/g) REGWQ groupinga Mean rust severity (log (pustules/cm2+1)) REGWQ groupinga

‘78183’ 93.316 A 1.506 A

‘81090’ 93.180 B 1.172 B

‘78021’ 75.191 C 0.829 C

a Letters indicate the statistical difference between clones (P<0.05).

Fig. 2 Average specific leaf area (SLA) (A) and rust severity
on leaves (B) of three different willow clones from control and
wastewater irrigated area in 2005; error bars demonstrate
standard errors. Bars with different letters indicate significant
differences between the bars (P<0.05)
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synthesis of these energetically-costly chemical com-
pounds is diminished and therefore their effect of
protecting the leaf from fungal attacks may become
reduced. Leaves with low SLA could have thicker
epicuticular wax layer and therefore be less suscep-
tible to rust infections. This hypothesis is supported
by a previous study (Pinon et al. 2006) where leaf
wettability which is directly related to the wax layer
on the leaves, was shown to be negatively correlated
with successful rust infections.

A third reason for more rust on leaves with higher
SLA could be the amount of carbohydrates, which are
very important nutrients for obligate plant pathogens
(Voegele and Mendgen 2003; Berger et al. 2007). It
can be speculated that leaves with high SLA and thin
cell walls contain more non-structural carbohydrates
in their cell sap to keep up the turgor of large cells. In
case of infection, these carbohydrates are easily
available for rust and therefore will promote rust
development. As well as carbohydrates, increased
amounts of nitrogen and amino acids may also favour
rust in leaves with high SLA (Voegele and Mendgen
2003). We could thus assume that leaves with high
SLA are more favourable for rust fungi because of the
increased availability of suitable nutrients. This agrees
with our results that showed that leaves with more
severe rust damage had higher SLA.

It has been shown previously that plant genotype
influences significantly SLA values (e.g. Poorter et al.
2009). This study also found clear differences
between willow clones. For all three clones, the
ranking of clones for SLA values and rust severity
were similar, with ‘78183’ being the most susceptible
and with the highest SLA and ‘78021’ the least
susceptible and with the lowest SLA.

The leaves of waste-water-irrigated plants were
more severely infected by rust, which confirms
previous results (Toome et al. 2009). Since it is
known that more nutrients combined with optimal
water availability change the leaf morphology, e.g.
leaves become less dense and contain more nitrogen
(Poorter et al. 2009), the result that the leaves from
waste-water irrigated plants also have higher SLA was
to be expected. Nevertheless, the response to waste-
water treatment was clone specific since in case of
clone ‘78021’ the SLA of infected leaves was not
significantly higher than for control. A similar
tendency has been shown before for this clone for
rust susceptibility (Toome et al. 2009). These results

might suggest that stable SLA of clone ‘78021’ under
various environmental conditions indicates low adapt-
ability. This may be one reason for less biomass
production of this clone in favourable growing
conditions than for other clones.

In conclusion, this study found that willow leaves
with more rust infections also have higher SLA
whether irrigated or not. Since these results are the
first of their kind but are based on only three willow
clones, additional studies are needed to determine if
SLA and rust severity are positively correlated for
other willow genotypes.
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Abstract
Plants are known to emit volatile organic compounds (VOC) in response to various 
biotic or abiotic stresses. Although the VOC emission in the case of insect attacks 
is well described, there is only little known about the impact of pathogens to plant 
emission. In the present study we used a willow-leaf rust system to describe the 
effects of a biotrophic fungal infection on the VOC emission pattern of willow 
leaves. We detected that isoprene emissions from rust infected leaves decreased 3-
fold compared to control. The total monoterpene emissions did not change, although 
a stress signalling compound (Z)-β-ocimene showed an increase in infected plants 
on several days. The infection also increased the emission of sesquiterpenes and 
lipoxygenase products (LOX) by factors of 175-fold and 10-fold respectively. The 
volatile emission signals showed two clear peaks during the experiment. At 6, 7 
and 12 days post infection (dpi) the relative volatile emissions signal increased 
to about 6-fold compared to uninfected plants. These time points are directly 
connected to rust infection since at 6 dpi the first rust pustules appeared on the
leaves and at 12 dpi necrosis had developed around several pustules. We present 
correlations between LOX and sesquiterpene emission signals, which suggest at 
least two different steps in eliciting the volatile emission.
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Introduction

Rust diseases are common on various herbal plants all over the world. Rust fungi 
are obligate parasites, which means that they absorb nutrients from their host plants 
without killing them. They are known as highly specialized pathogens (Staples 2000). 
The members of the rust family Melampsora have been studied very intensively 
during the last two decades, mainly because the majority of them occur on willows 
(Salix spp.) and poplars (Populus spp.) (Cummins and Hiratsuka 2003). These tree 
species are nowadays used as renewable bioenergy crops in temperate regions and 
leaf rust infections can significantly reduce their biomass yield (McCracken and
Dawson 1998; Åhman and Wilson 2008; Toome et al. 2009; 2010), since rusts 
absorbs the photosynthesis products of the plants (Voegele and Mendgen 2003).
It is known that plants communicate via volatile organic compounds (VOC) signals 
that are released as a response to attacks by insects or pathogens (Baldwin et al. 
2006; Heil and Silva Bueno 2007). The presence of VOC emissions from the genus 
Salix has been reported and entered into emission inventories (Isebrands et al. 1999; 
Simon et al. 2006; Smiatek and Steinbrecher 2006) but there are only few studies 
available describing the emission of specified volatiles (Hakola et al. 1998; Rinne
et al. 1999; Hakola 2001). The outcome of those works characterizes willow as 
a predominantly high isoprene emitting species that as well emits monoterpenes. 
However, detailed information on sesquiterpenes and other volatiles emitted from 
willows is scarce. 
While many studies have been focusing on the plant-insect interactions (Röse and 
Tumlinson 2005; Blande et al. 2007; Schaub et al. 2010), little is known about 
the VOC signals that are connected with fungal infections in general (Cardoza 
et al. 2002; Mendgen et al. 2006; Vuorinen et al. 2007; Jansen et al. 2009b), and 
infections by Melampsora rust in particular. Typically, volatile compounds like 
specific monoterpenes, sesquiterpenes and lipoxygenase pathway products (LOX)
are emitted in connection to both, biotic and abiotic stresses that affect plants 
(Agarwal and Grover 2006; Jansen et al. 2009b; Yuan et al. 2009). Since rusts, 
as biotrophs, need living host tissue to survive, it is important for them to avoid 
the recognition by the host plant and following resistance reactions (Heath 1997). 
We assume that the response of the plant to rust is be different as compared to 
aggressive pests such as insects or non-obligate parasites that have been studied so 
far (Singh et al. 1998; Jansen et al. 2009b) and which show temporal dynamic VOC 
emission patterns (Holopainen 2004; Arimura et al. 2005). To our knowledge, there 
is no data available about the VOC emission patterns during the infection process 
with the biotrophic fungus Melampsora spp. Therefore, the aim of this experiment 
was to study the effect of an obligate parasitic fungal infection on the emission of 
volatile organic compounds, using willow-leaf rust system.

Material and methods

Experiment setup

The experiment was conducted on rooted cuttings of the hybrid willow clone 
‘Gudrun’ (Salix burjatica Nasarow x S. dasyclados Wimm.) from SvalöfWeibull AB 
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Sweden. The plants were grown from dormant cuttings using regular soil mix with 
no additional fertilizers and watered every second day. In a growth chamber, the day 
light period was 12 h and the photosynthetic active radiation flux was in average
1300 μmol m-2 s-1 above the canopy. Four weeks old plants were approximately 
25 cm high and had 10 to 12 fully expanded leaves. They were placed in a multi-
chamber cuvette system with constant humidified airflow of 0.45 L min-1. Each glass 
chamber was of 3 L volume and allowed to place the whole shoot into the enclosure 
while pot and soil stayed outside. The system was air tightened by plastiline gaskets, 
allowing a total exchange of air in the chamber by 6.7 min and had a separate 
filtrated outlet to prevent possible contaminations by rust spores and to avoid plant-
plant signalling. To avoid water condensation on the chamber walls with subsequent 
solvation of VOC and to ensure a proper air mixing within the chambers, each of 
them had a fan installed. The light regime followed a 12 h daylight regime, with 
photosynthetic active radiation fluxes ranging from 200 – 1300 μmol m-2 s-1. After 
installation, the plants were left untreated for two days for stabilisation. 
In the end of the second day after the placement in the chambers, two plants were 
chosen to be controls and three were infected with willow leaf rust. The lower 
side of all leaves were inoculated with fresh rust spores from single spore isolate 
of Melampsora epitea collected from clone ‘Gudrun’ in Estonia in August 2008. 
Rust spores were applied on willow leaves with a brush using spores from fresh 
mature uredinia. At 14 days post inoculation (dpi), all leaves were removed from 
the plants, their area was measured and the number of rust uredinia on every leaf 
was determined. During the experiment, the total leaf area of each studied plant was 
measured every second day.

Photosynthesis measurements

To monitor the state of the plants during the rust infection we conducted photosynthesis 
measurements on leaf level using the GFS 3000 Portable Gas Exchange System 
(Walz, Heinz Walz GmbH, Effeltrich, Germany). The photosynthesis measurements 
were carried out about two h after the VOC sampling. For that one leaf was placed 
into the Walz cuvette and applied an ambient CO2 mixing ratio of 380 ppm and 
photosynthetic active radiation flux of 1000 μmol Quanta m-2 s-1. The Walz cuvette 
system was set to hold the leaf temperature constant during the measurements at 
25 °C, a relative air humidity of 80% with a flow through the cuvette of 750 ml
min-1. Leaves covered the Walz cuvette area totally; therefore the leaf area during 
photosynthesis measurements equals 8 cm2. To prevent contamination by rust 
spores while measuring the photosynthetic parameters, the cuvette foam rubber 
gaskets were covered with Teflon tape, which was changed after each measurement
procedure. 

VOC sampling and gas chromatography mass spectrometry (GCMS) analysis

Unlike for photosynthesis measurement, VOC sampling was made from every 
chamber containing a whole willow branch with several leaves. Isoprene, LOX 
products, mono and sesquiterpene emissions from leaves were analysed after 
concentrating 4 L of the air from the chamber outlet into a multibed stainless steel 
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cartridge (10.5 cm length, 3 cm inner diameter, Supelco, Bellefonte, PA, USA) 
filled with Carbotrap C 20/40 mesh (0.2 g), Carbopack C 40/60 mesh (0.1 g) and
Carbotrap X 20/40 mesh (0.1 g) adsorbents (Supelco). The adsorption was carried 
out every morning for each plant at a flow rate of 200 ml min−1 for 20 min using 
a constant flow air sample pump (1003-SKC, SKC Inc., Huston, TX, USA). An
additional sample was taken from the inlet air stream prior to the chambers to give 
a background value, which was subtracted from emission samples. Before the 
collection of volatiles, the traps were cleaned by the passage of a stream of ultra 
pure helium at a flow rate of 200 ml min−1 and at temperature of 250 °C for 2 h. 
Adsorbent cartridges were analyzed with a combined Shimadzu TD20 automated 
cartridge desorber and Shimadzu 2010 plus GCMS instrument (Shimadzu 
Corporation, Kyoto, Japan); the method has been described previously (Copolovici 
et al. 2009). The GC carrier gas was He (99.9999%, Elmer Messer Gaas AS, Tallinn, 
Estonia) with a total flow in the column of 1.48 ml min−1. The following TD20-
parameters were used: He purge flow 40 ml min−1, primary desorption temperature 
250 °C, primary desorption time 6 min, second stage trap temperature during 
primary desorption: −20°C, second stage trap desorption temperature 280°C, hold 
time 6 min. Adsorbent cartridges were back flushed with high purity He during
thermal desorption. A ZB-624 capillary column (0.32 mm i.d.×60 m, 1.8 μm film
Zebron, Phenomenex, Torrance, CA, USA) was employed for the volatile separation 
using the following GC oven program: 40 °C for 1 min, 9 °C min−1 to 120 °C, 2 °C 
min−1 to 190 °C, 20 °C min−1 to 250 °C, 250 °C for 5 min. The mass spectrometer 
was operated in electron-impact mode (EI) at 70 eV, in the scan range m/z 30–400, 
the transfer line temperature was set at 240 °C and ion-source temperature at 150 
°C. Compounds were identified by use of the NIST spectral library and based on
retention time identity with the authentic standard (GC purity, Sigma-Aldrich, St. 
Louis, MO, USA). The absolute concentrations of isoprene, terpenes and LOX 
products were calculated based on an external authentic standard consisting of 
known amount of VOCs.

Field measurements

In order to verify the emission patterns to be applicable in the field conditions,
additional measurements were made in a willow plantation where the same willow 
clone ‘Gudrun’ is planted as short rotation coppice. Six healthy-looking leaves 
(used as controls) and six rust infected leaves were chosen and their photosynthesis 
activity was measured with the Walz cuvette system with the measurement procedure 
described above. In difference to the VOC sampling in the laboratory, the adsorption 
was done directly using an aliquot of 200 ml min-1, split out of the cuvette air stream 
via a T-piece, thus we used the same leaf to measure photosynthesis parameters 
and to obtain the VOC sample. For background correction, several empty cuvette 
samples were adsorbed. 

Statistical analysis and data handling

All data shown in the figures and table are means derived from replicates on different
plants. The treatment means were statistically compared by 1-way and Student post-
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hoc ANOVA using ORIGIN 8 (OriginLab Corporation, MA, USA). Significantly
different means (P < 0.05), derived from two control plants or three rust infected 
plants are indicated with different letters for data series. To express the relative 
changes in the emission rates, we normalized the rust infected data according to the 
control plants datasets. This procedure enabled a comparison independent of the 
signal amplitude that varied by individual plants. These analyses were conducted in 
Matlab 7.5 (MathWorks Inc., MA, USA).

Results

Rust infection

The first rust uredinia appeared on the leaves at 5 and 6 dpi. All three infected plants
developed severe disease symptoms, which led to several necrotic lesions on the 
leaves for 11 dpi. After 14 days, there were in average 6.6 uredinia cm-2. There were 
no rust pustules or necrotic lesions detected on the leaves of control plants during 
this experiment.

Photosynthesis

The results of the photosynthesis measurements are compiled in Figure 1. Net 
assimilation rate was found to be stable at an interval between 7 – 8 μmol m-2 s-1 for 
the control plants, while in case of infected plants it showed a significant decrease
and dropped by almost to 50% (4 – 5 μmol m-2 s-1) as compared to the value before 
fungal infection (P<0.05) (Fig. 1a). During the two days stabilization period before 
the infection there was no difference between all plants (P>0.05) (data not shown). 
The stomatal conductance showed the same pattern as the net assimilation rate. The 
control plants stayed stable with conductivity of 300 mmol m-2 s-1 throughout the 
study, while the diseased plants showed a significant decline in stomatal conductance
(P<0.05), resulting with a minimum of 150 mmol m-2 s-1 at the end of the experiment. 
At the first stage of the experiment (1 – 5 dpi) the stomatal conductance of the
infected plants did not show significant differences, even though it fluctuated with
rather high amplitude between 230 – 340 mmol m-2 s-1. However, the conductivities 
measured from 11 to 14 dpi were significantly lower compared to the control plants
(P<0.05) (Fig. 1b).

VOC emission

GCMS analysis showed that the total emission of different VOCs was influenced
by rust infection. Isoprene emission was greatly reduced in case of infected plants 
compared to controls (P<0.05) and dropped to almost 40% of the emission rate 
found in the control plants. The total monoterpene emission was about a factor 
of 40 smaller than the isoprene emission and no significant difference between
the infected and control plants were detected. The average emission rates of LOX 
compounds were tenfold higher in case of the infected plants; sesquiterpenes 
emission was detected only in rust infected plants and never in control plants. The 
general emission rate of isoprene or monoterpenes was in nmol m-2 s-1, whereas 
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LOX and sesquiterpenes were emitted in 3 orders of magnitude higher levels in 
pmol m-2 s-1 (Fig. 2).
When examining the emission day by day during the infection, there were some 
days that monoterpene (Z)-β-ocimene, LOX and sesquiterpene compounds were 
detected at higher rates from infected plants. The first peak of the emission of these
stress related compounds was around 6 dpi and the second peak at 12 dpi. (Z)-
β-ocimene emission had two very clear peaks; its emission was higher compared 
to the control first at days 6 and 7 dpi and then later in the infection process at
12 dpi. Higher sesquiterpenes rates were detected since 3 dpi until the end of the 
experiment, having highest emission at 6 dpi. Higher LOX compound rates were 
detected since 5 dpi and resembled the ocimene pattern, having two peaks, one at 6 
dpi and the other at 12 dpi (Fig. 3).
A list of identified volatile compounds detected during the experiment is compiled
together in Table 1. Especially α-pinene, ∆3-carene, and limonene dominated the 
monoterpene emissions in both, infected and uninfected plants. Sesquiterpenes 
were found to be emitted only by rust diseased plants from where α-copaene, (E,E)-
α-farnesene and α-murolene were identified (Table 1).
The field measurements confirmed our findings that infected leaves emit less
isoprene. Uninfected leaves emitted isoprene with a rate of 5.8 ± 0.8 nmol m-2 s-1 
while the emission of infected leaves was about 50% lower, only 3.3 ± 0.2 nmol m-2 
s-1. Monoterpene emissions were found to be substantially higher in the plantation 
compared to the laboratory experiment. Total monoterpene emission rate was 3.5 
± 0.9 nmol m-2 s-1 for uninfected leaves and 2.5 ± 1.2 nmol m-2 s-1 for rust infected 
leaves. Under field conditions, the LOX compounds and sesquiterpenes could not
be detected. Also the photosynthesis pattern showed the same trend as the laboratory 
measurements, being lower in the case of infected leaves. Net assimilation rate was 
found to be 9.4 ± 0.65 μmol m-2 s-1 for the uninfected leaves and 8.8 ± 0.46 μmol m-2 
s-1 in case of the infected leaves and the stomatal conductance was 182 ± 10.6 mmol 
m-2 s-1 and 168 ± 15.1 mmol m-2 s-1 for uninfected and infected leaves, respectively.

Discussion

The results of our experiment demonstrated that willow responds very clearly to 
leaf rust infection by emitting several stress related volatile compounds during the 
different stages of the infection. The interaction between the leaf rust and willow 
plant seems to be very specific, since the response of the plant is not following
known patterns of other biotic stressors. The specificity of similar interaction has
been shown before by transcriptome studies where the response of the plant to the 
infection depends greatly on the species or even on the forma speciales of the rust 
(Laurans and Pilate 1999; Rinaldi et al. 2007; Azaiez et al. 2009). 

Decreased photosynthetic parameters

Photosynthesis measurement results revealed that all plants continued their 
physiological activities during the experiment. Although the infected plants showed 
a reduction in net assimilation and stomatal conductance, all the plants maintained 
green leaf tissues and turgor until the end of the experiment. Also, previous 
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studies have shown that plant pathogens, including rusts, significantly reduce the
photosynthesis and increase the evaporation of their host (Staples 2000; Robert et 
al. 2005; Major et al. 2010). It has also been detected, that infected willow leaves 
have lower chlorophyll content than healthy ones (Abd El-Ghany et al. 2009). As 
in this study an online gas exchange measurement system was used, the drop in 
net photosynthesis rate could be caused also by an increased net respiration rate 
of the leaf. The growing fungus can add non-photosynthetically active tissues that 
increase the rate of respiration. 

Changes in VOC emission signals during infection

Monitoring the VOC emissions during the infection revealed a large reduction in 
emitted isoprene from infected plants. As formed by the methylerythritol phosphate 
(MEP) chloroplastid pathway, isoprene formation relies on the input of triose 
phosphates, originated from photosynthetic carbon fixation. Therefore, isoprene
reduction is likely to be caused by the drain out of carbohydrates from the plant cells 
by the fungal feeding structures (Voegele and Mendgen 2003; Schüßler et al. 2006). 
Monoterpenes, as well synthesized via the MEP pathway, however, did not show 
a significant change in their total emission throughout the experiment. Moreover,
we found (Z)-β-ocimene, which is known as a stress signalling monoterpene in 
plant-herbivore interactions (Jansen et al. 2009b), at much higher levels in infected 
plants at 6 to 7 and 12 dpi. Such increase in the monoterpene emission would further 
reduce isoprene emission as they share the same pathway. The so called “green 
leaf volatiles” or LOX compounds, originated from the lipoxygenase pathway, as 
well as sesquiterpenes, formed via the mevalonate pathway (MVP) were clearly 
amplified during the fungal infection. According to transcript profiling studies,
terpene synthase related genes are up-regulated during the rust infection (Azaiez et 
al. 2009). This can be connected to sesquiterpene cyclase, which could mediate the 
increase in sesquiterpene emissions. 
Studies with poplars have demonstrated that rust infection induces the expression 
of several stress related genes over time (Rinaldi et al. 2007; Azaiez et al. 2009). 
These studies also provide possible explanations to the most important result of 
this study, the pattern of VOC emission of infected plants during two weeks. As 
shown on Fig. 3, there were clear emission peaks detected in case of stress signals. 
A transcriptome study with rust infected poplar leaves showed that at 6 dpi (which 
was the day the rust pustules appeared), there were several genes up-regulated that 
play a role in secondary metabolism and signalling (Azaiez et al. 2009). One of 
these highly expressed genes was connected to terpene synthase, which can explain 
the terpene emission pattern in our study. We also detected the first emission peak
of signalling compounds at 6 dpi, which was shortly after the appearance of the first
rust pustules. Unfortunately, there is no expression data available about interaction 
studies longer than 9 dpi to correlate with the second emission peak at 12 dpi in 
our study. All those expression studies were made with detached leaves (Rinaldi et 
al. 2007; Azaiez et al. 2009) and therefore the legibility of their results in vivo was 
doubtable. However, the data from the literature seem to correlate rather well with 
the data obtained from attached leaves in our study and therefore the correlation 
between the results obtained from detached and attached leaves is possible.
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VOC emissions are different under field conditions

The field measurement results were in accordance to the laboratory experiment in
terms of photosynthetic parameters and isoprene emissions. Monoterpene emissions 
were found to be substantially higher than under laboratory conditions. This could 
be due to a higher rate of other stresses under field conditions, most probably due to
water deficiency and high irradiance, which cause changes in the emission pattern
(Hakola 2001; Hakola et al. 2001; Peñuelas and Llusià 2001; Staudt et al. 2002). 
Additionally, seasonality and leaf age have an influence on the development of the
leaf tissues and alters VOC emission patterns (Fischbach et al. 2002; Niinemets 
et al. 2009). The failure to detect the LOX products and sesquiterpenes under 
field conditions was most probably caused by high background values of these
compounds. There are some willow clones with higher rust susceptibility growing 
in the vicinity of the clone ‘Gudrun’, thus high background levels of rust induced 
volatiles are likely. Under greenhouse conditions VOCs have been used to monitor 
plant health status in a model study (Jansen et al. 2009a), this is very complicated 
under field conditions because the lifetime of some VOCs might be very short and
this limits their detection. Furthermore, long-chained volatile signals have a lag 
phase between synthesis and emission that ranges from hours to days (Noe et al. 
2010) and by that, a clear detection of the time of eliciting is not possible.

Correlation between LOX and sesquiterpene emission signals

The data shown in Fig. 3 demonstrate that sesquiterpene and LOX emission signals 
are timely correlated. We found that both, relative sesquiterpene and LOX emissions 
change around 5 to 8 and 10 to 14 dpi substantially. When correlating these relative 
changes, we found a positive relationship, although the steepness of the slopes 
depended on the stage of infection. During the onset of the infection (2 – 8 dpi) the 
sesquiterpene signal was strongly coupled to the LOX signal, i.e. a change in LOX 
emission signal was reflected almost with the same amplitude in a change of the
sesquiterpene emission signal. In the later stage of the infection (11 - 14 dpi), this 
correlation was not found anymore (Fig. 4). While LOX fluctuated only with a small
interval, sesquiterpene changes span over the whole range. A possible explanation 
for that could be connected to an elicitor scheme, covering fungal elicitors and 
wounding that has been proposed earlier (Singh et al. 1998). They described that 
as a response to fungal attack. LOX compounds are activated and affect positively 
sesquiterpene cyclase activity and formation, which subsequently lead to enhanced 
sesquiterpene production and emission. Whereas wounding also causes enhanced 
sesquiterpene production, but results in a different sesquiterpene composition as 
found by the fungal eliciting. Combining these results with our finding allows us to
assume, that during the infection onset the fungal elicited LOX induced emissions 
dominate. Whereas with the infection development and rising amounts of uredinia 
breaking through the cuticula and the appearance of necrotic lesions on the leaf, the 
wounding component dominates the emission pattern, causing the uncoupling of 
the sesquiterpene from the LOX emission signal. 
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Conclusions

This study is to our knowledge the first attempt to describe the willow volatile
emission in response to rust infection. The most important results were the change 
in volatile signalling during the infection and that very few stress related compounds 
were emitted during the first days. LOX and sesquiterpene emission, which is
triggered by several elicitors, also depended on the stage of rust infection. Since the 
interaction between obligate parasites and plants is very specific, it is important to
conduct further studies to detect if the VOC emission in response to rust infection 
also depends on the willow genotype. 
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Table 1 Average emission rates ± SE throughout the experiment of major 
constituents from control and rust infected willow plants and the P value for their 
statistical difference in Student test. Values that were below the detection limit are 
denoted by n.d.

Constituents Emission rate averages – control 
leaves

Emission rate averages – infected 
leaves

P

nmol m-2 s-1 µg gDW-1 h-1 nmol m-2 s-1 µg gDW-1 h-1

isoprene 11.0±3.0 71±23 3.6±0.6 23±4 0.0013
(Z)-3-hexenol+ 
2-(E)-hexenol

2×10-4±9×10-5 2×10-3±9×10-4 0.0011±0.0009 0.011±0.009 0.0031

1-hexanol 3×10-4±5×10-5 3×10-3±5×10-4 0.0016±0.0002 0.016±0.002 0.0023
α-pinene 0.16±0.03 2.27± 0.42 0.13±0.01 1.85±0.14 0.234
camphene 0.0050±0.0009 0.071±0.013 0.0055±0.0007 0.078±0.010 0.758
β-pinene 0.024±0.003 0.34±0.04 0.015±0.004 0.21±0.06 0.185
α-phellandrene  n. d. 1.8×10-4±0.9×10-4 2.5×10-3±1.3×10-3

∆3-carene 0.097±0.014 1.38±0.20 0.095±0.007 1.35±0.10 0.683
5-hepten-2-one 0.041±0.018 0.58±0.25 0.070±0.010 0.99±0.14 0.235
limonene 0.11±0.05 1.6±0.7 0.12±0.03 1.7±0.4 0.896
(Z)-β-ocimene 1×10-4±0.3×10-41.4×10-3±0.4×10-4 1×10-3±3×10-4 0.014±0.0005 0.022
α-copaene n. d. n.d. 1.3×10-5±0.3×10-5 1.2×10-3±0.5×10-3

(E,E)-α-farnesene n. d. n.d. 1.5×10-4±0.2×10-5 3.6×10-2±6×10-4

α-murolene n. d. n.d. 1.3×10-4±0.1×10-5 5.5×10-2±5×10-4
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Fig. 1 The net assimilation rate (a) and the stomatal conductance (b) of control 
and infected plants 1-14 dpi. Letters indicate the statistically significant differences
inside the time point.

Fig. 2 Average of total volatile organic compounds emission rate for control and 
infected plants over the time of emission. Letters indicate statistically significant
difference between the bars. Error bars denote standard errors, n = 14.
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Fig. 3 The relative change in emission of LOX compounds, (Z)-β-ocimene and 
sesquiterpenes in the infected plants relative to the control plants. Pictures above 
demonstrate rust infected leaves at 0, 6 and 12 dpi.

Fig. 4 Correlation between relative LOX and sesquiterpene emissions during 2-8 
dpi (balls) and 11-14 dpi (triangles).
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