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Abstract 

Melampsora larici-populina the causal agent of poplar leaf rust was first found in Iceland in the 

year 1999 causing substantial damage on poplars. Rust infection may lead to decreased 

photosynthesis, early defoliation, increased susceptibility to other pests and diseases, reduced 

growth, affect the wood quality and increase the susceptibility of frost damage. To determine the 

effects of poplar leaf rust on frost resistance in poplars in the autumn, plants were infected with rust 

at two different times during the growing season and the frost resistance was examined by freezing 

tests at several times during the autumn. Based on the results from this study it may be concluded 

that leaf rust has an impact on the frost resistance in poplars in the autumn. However, no correlation 

was observed between the rust severity and level of frost damage which may indicate that the 

amount of rust does not give any implications for the level of frost damage, rather that only the 

presence of the rust is enough for interfering with the frost resistance development of plants. The 

different infection times did not seem to have impacts on the level of frost damage. No clear 

connection was observed between the origins of the clones i.e. inland or coastal clones, or between 

different susceptibility towards the rust. The results implied that some plants were increasing its 

frost resistance in spite of rust infection. Nevertheless, in order to conclude that the frost resistance 

development is only delayed further research would be needed.  

 

Key words: Poplar leaf rust Melampsora larici-populina, black cottonwood Populus balsamifera 

ssp. trichocarpa T. & G., frost resistance, frost damage.  
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1. Introduction 
Melampsora rust fungi are one of the most important pathogens causing epidemics in poplar 

plantations worldwide, especially in North America and Europe (Major et al. 2010). Melampsora 

larici-populina Kleb. is one of the poplar leaf rust species causing the most economic losses in 

poplar cultivation in Europe (Frey et al. 2005). Infection by poplar leaf rust on poplars can lead to 

decreased photosynthesis, early defoliation, increased susceptibility to other pest and diseases, delay 

of flushing time of the tree in next growing season, reduced growth of the tree and possible 

influence on wood quality of the tree (Gérard et al. 2006, Steenackers et al. 1996). Also, 

Melampsora species may increase the susceptibility of early frost damage (Thielges & Adams 

1975; after Schreiner 1959). Melampsora medusae, causing leaf rust on eastern cottonwood 

(Populus deltoides), is thought to increase the risk of winter injuries as a result when damaged 

leaves fail to respond to decreasing day light and do not induce hardiness in the stems (Tabor et al. 

2000). Verwijst 1990 studied Salix viminalis and response to Melampsora epitea Thüm. and frost. 

Certain susceptible clones showed larger proportion of frost damage following infection by 

Melampsora epitea than the uninfected clones (Verwijst 1990). 

M. larici-populina was first found in south Iceland in the year 1999 causing substantial damage on 

poplars (Halldórsson et al. 2001) and is now the main pathogen causing damage on poplars. 

Another problem in forestry in Iceland is frost damage (Halldórsson & Sverrisson 2006). Most of 

the poplar clones used in forestry in Iceland are susceptible to leaf rust and many of them are also 

susceptible to frost damage, either spring or autumn frost (Sverrisson et al. 2006). In the year 2010 

rust severity was unusually severe and in spring and summer 2011 many poplars had top dieback 

which was considered to be due the combination of rust and frost damage (Halldór Sverrisson, 

personal communications). Breeding program of poplars has been established in order to ensure 

plant material for Icelandic forestry, where one of the objectives are to find poplar material that 

grows without incident, e.g. frost tolerant material and with tolerance against diseases such as 

poplar leaf rust (Sverrisson et al. 2006). However, it is important to know if, and how much leaf 

rust is affecting frost resistance when seeking for new material in forestry and in breeding programs 

for regions where both rust and frost damage can be a significant problem.  

The aims of this study were to a) examine the effects of poplar leaf rust Melampsora larici-populina 

on frost resistance of black cottonwood (Populus balsamifera ssp. trichocarpa T. & G.) in the 

autumn, b) examine if there is a correlation between the rust severity and frost damage c) to test 

whether different infection times of the rust affects frost resistance in poplars, and d) to test whether 
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different freezing dates in the autumn are affecting frost resistance development of infected poplars. 

The questions that will be addressed are: Is poplar leaf rust influencing frost resistance of poplars 

and leading to increased frost damage in the autumn? Is the level of frost damage related to the 

amount of rust on plants? Can different infection time of poplar leaf rust lead to different levels of 

frost damage? How do different freezing dates affect frost damage in infected poplars? Is the cold 

hardiness developing in the plants in spite of infection by leaf rust and the hardiness process 

therefore only delayed? 

 

1.1 Poplars in Icelandic forestry 

Black cottonwood has become the most important introduced deciduous tree species in forestry in 

Iceland. The origin of black cottonwood is in western North-America, from California to Alaska 

(Snorrason & Sigurgeirsson 2006). It was first introduced to Iceland in the year 1944 from Alaska 

and since then several collections have been established, from both inland and coastal areas in 

Alaska. A great variability can be seen between different clones of poplars originating from inland 

or coastal areas e.g. in leaf flushing, defoliation, frost resistance and tolerance against pest and 

diseases. Thus, the clone selection is important for successful poplar cultivation (Ottesen et al. 

2006). The use of black cottonwood increased in 1990 with more use in experimental plantations 

and since then have the regional afforestation projects increased the use as well (Blöndal & 

Gunnarsson 1999). In the year 2009, black cottonwood counted for 5.7% of planted trees in Iceland 

(Gunnarsson 2011). Black cottonwood is the fastest growing cultivated tree species in Iceland with 

annual wood production of 6-20 m3/ha (Snorrason & Sigurgeirsson 2006).  

 

1.2 Leaf rust Melampsora larici-populina 

Melampsora species causing leaf rust are one of the most important leaf diseases of poplars (Pei & 

Shang 2005). Poplar leaf rust Melampsora larici-populina is one of the several Melampsora species 

that is the most frequent and widespread, occurring on poplars that belong to three different sections 

of the Populus genus; Tacamahaca, Aegiros and Leucoides (Pei et al. 2005a), as well as on hybrids 

with Aegiros and/or Tacamahaca as their parents (Feau et al. 2007).  

 

The rust fungi are biotrophic parasites, depending on the living tissues of plants for their 

development, proliferation and reproduction (Feau et al. 2007). Most of the rust fungi can produce 

up to five spore stages during their life cycle; basidiospores, spermatia, aeciospores, urediniospores 
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and teliospores, therefore considered as macrocyclic (Pei et al. 2005, Pei & Shang 2005). M. larici-

populina is a heterocecious macrocyclic basidiomycete, producing the five spore stages during its 

life cycle (Fig. 1) (Barrés et al. 2008). In late summer and autumn, the rust forms teliospores and 

overwinters on fallen poplar leaves. Teliospores germinate in the spring to produce haploid 

basidiospores that infect larch. Dikaryotic aeciospores are generated by fertilization between 

spermagonia on larch needles and the aeciospores are capable of infecting poplars (Pei et al. 2007). 

When aeciospores land on poplar leaves, dikaryotic urediniospores are produced repeatedly (Yu et 

al. 2009). It is the repeatable production of asexual urediniospores or the vegetative cycle, which 

under favourable condition can lead to rust epidemics (Duplessis et al. 2009, Gérard et al. 2006, 

Hacquard et al. 2011, Pei et al. 2007). The urediniospores germinate and in order to colonize the 

plant tissue they produce germ tubes and penetrate the stomata, forming various infecting structures 

in the intercellular space, penetrating the host cell wall and differentiating into haustoria (Laurans & 

Pilate 1999). The haustoria is essential for nutrient uptake, furthermore it is thought to be involved 

in the suppression of host defence responses and in redirection or reprogramming the host´s 

metabolic flow (Voegele et al. 2009). 

 

The outcome of rust infection is determined with an early recognition step. During an incompatible 

interaction, a local defence is activated and fungal growth is restricted by necrosis of the cells 

containing haustorium as well as the surrounding cells and by lignin accumulation. In compatible 

interactions, the host does not recognise the pathogen and the late expression of defense-releated 

genes is not sufficient to restrict host colonization and the rust proliferates in the leaf (Duplessis et 

al. 2009). Lignin deposition is thought to be one of the major defence reactions and a massive 

production of monolignols is induced upon rust infection (Major et al. 2010, Rinaldi et al. 2007). 

Also strong production of secondary metabolites has been detected in colonized leaves which likely 

lead to the synthesis of phytoalexins (Rinaldi et al. 2007). With transcriptome analysis the Populus-

Melampsora interactions has been studied and revealed that several genes encoding for different 

types of PR proteins are up-regulated after Melampsora infection, suggesting their important roles 

in pathogen defence. The genes encode for PR-1, PR-2, PR-3, PR-5 and PR-9. The function of PR-1 

is unknown, PR-2 and PR-3 likely hydrolyses fungal cell walls, PR-5 includes osmotins and 

osmotin-like proteins (antifungal cytotoxin) and PR-9 are peroxidases associated with lignin 

formation that increase lignin deposition at infection sites (Rinaldi et al. 2007, Duplessis et al. 

2009).  



 
 

7

 
                       Fig. 1. Life cycle of Melampsora larici-populina (A) and vegetative  cycle on poplars  (B)  
                      (Hacquard et al. 2011). 

A 

B 
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M. larici-populina is native to Eurasia and its distribution is thought to cover the distribution of its 

natural host Populus nigra e.g. in Western Europe where Populus nigra is native. During the past 

century, distribution of the rust has expanded and its distribution range is now covering the most 

poplar-growing region (Barrés et al. 2008).  

The poplar leaf rust was found for first time in Hveragerði in South Iceland in August 1999. It was 

obvious that in all spots with severe rust larch trees stood close to the poplars. A sample of rust 

affected leaves were sent to Jean Pinon in INRA in Nancy in France and it was confirmed that the 

rust fungus was Melampsora larici-populina. Soon after the rust was also found in a nearby town, 

Selfoss. Because of the distribution and the severity of the rust attack, it seems likely that the rust 

had arrived in the summer 1998, but there is no way to confirm that. In an attempt to eradicate the 

rust all larch trees in Hveragerði and most trees in Selfoss were sprayed with fungicide in the spring 

2000. This may have slowed down the disease, but did not stop it. The spread of the rust was slow 

in the next two years, but reached the Reykjavík area in southwest 2001 although it was 

insignificant there. In 2003 the rust had reached inland areas in South-Iceland and also southeastern 

parts of the country (Halldór Sverrisson, personal communication). In 2004 the rust was found in 

the east and in NW-Iceland. The same year a little rust was found in the inland areas of the western 

part. The total distribution and severity of the disease is shown on fig. 2 (Sverrisson et al. 2005). 

 

 
Fig. 2. Distribution of poplar rust in Iceland 2004 (Sverrisson et al. 2005),  
white = rust not checked, light green = low rust severity, yellow = medium rust  
severity, red = high rust severity, dark green = rust found 2003 but not 2004.  
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In 2005 the distribution was more or less unchanged, but the rust was more severe in some localities 

in the south. In the period 2006-2011 the distribution is mainly unchanged. The rust seem to have 

disappeared at one of the places in the east and in some localities in the west. In 2009 rust was 

found on some nursery plants in Akureyri, N-Iceland. Those plants were brought to Akureyri from a 

nursery in the south. No rust has been found there since. In NW-Iceland the rust has been found in 

one additional locality. The severity of the rust has been similar most of the years except in the 

summer 2010, when it was unusually bad in inland areas in the south. This is probably the result of 

an unusually long and warm summer. Surprisingly the rust has never been serious in the capital area 

in the southwest. This is difficult to explain, but some differences in climatic conditions must be the 

reason. Firstly it is possible that the basidiospores are produced too early in the spring when the 

larch needles have not appeared. The mild coastal winter climate could trigger the teliospores to 

germinate too early. The second reason could also be connected to the coastal climate in the 

summer. The daily temperature difference between day and night is little. This means that the 

conditions for dew formation in the night are unfavourable (Halldór Sverrisson, personal 

communication). In dry periods dew is very important for germination of urediniospores (Jean 

Pinon, personal communication). Dew is very common in inland areas where difference between 

day and night temperatures is great. 

For the absence or sparse distribution of rust in West-, North- and East-Iceland we do not have good 

explanations. Probably the overall cooler and shorter summers do have some effect. For example in 

the long and warm summer in 2010 there was very severe attack of rust in the northwestern part of 

the country. The rust had been there since 2004, but never doing much damage until 2010. In this 

year the result is severe dieback of shoots and branches. Another reason for unsuccessful 

performance of the life cycle of the rust is spring frost damage on infected larch needles. In Iceland 

it is common to have warm periods in late winter, which can lead to both basidiospore production 

and bud break of the larch. The spores will infect the needles normally but a sudden frost period can 

kill off the infected needles (Halldór Sverrisson, personal communication). 

The genetic variation of the rust in Iceland is being studied, and the first results suggest that there 

are three populations of rust present in Iceland. One population is in the east, one covering the south 

and south-west, and one population in the north. No gene-flow seems to be present between the 

eastern population and the other two, as small gene-flow was present between the north and south 

populations. The results do give indications for that the rust may have arrived to Iceland probably at 

different times, and that the genetic material may be dispersed between areas (Elefsen et al. 2011). 
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1.3 Frost resistance in trees 

Plants in the temperate and boreal regions are forced to cope with large seasonal variation in 

temperature (Howe et al. 1999). Many plants sense the changes in the environment when winter 

approaches and exhibit an increase in freezing tolerance (Thomashow 1999). In order to withstand 

cold temperatures, trees undergo annual periods of dormancy (Howe et al. 2003, Frewen et al. 

2000). Dormancy is in general, defined as the temporary suspension of visible growth of any plant 

structure containing a meristem. Endodormancy, which develops in fall, is characterized by a 

requirement for sustained exposure to low, near-freezing temperatures before active shoot growth 

can resume in the spring (Howe et al. 1999; after Lang 1987). Cold acclimation is a term used for 

describing the change from frost susceptible stage to a frost tolerant stage (Weiser 1970). The 

annual growth cycle of trees consists of many traits that are correlated with cold hardiness, such as: 

growth cessation and bud set, initiation of cold acclimation, development of endodormancy, 

development of maximum cold hardiness, endormancy release via chilling, and initiation of primary 

growth and vegetative bud flush (Howe et al. 2003). The timing of bud set is critical, as if the buds 

do not set soon enough and an adequate level of frost hardiness does not develop before the first 

frost of autumn, the tree may get damaged (Frewen et al. 2000). Several factors are assumed to be 

involved in endodormancy related process as important regulators of the endodormancy such as, 

light, temperature, abscisic acid (ABA) and gibberellins (GAs) (Rohde et al. 2000).  

 

According to Weiser 1970, woody species acclimate in two distinct stages. In the first stage, the 

acclimation is induced by short days and low temperatures. Decreased photoperiods cause growth 

cessation which is a prerequisite to cold acclimation in woody plants. The short-day induced leaves 

are a source of a translocatable factor that promotes acclimation and moves from the leaves to the 

overwintering stems through the bark (Weiser 1970). Exposure to frost temperature is triggering the 

second acclimation and there is no translocatable factor involved (Weiser 1970).  

 

Frost damage may occur as result of intracellular freezing. In the first stage of freezing, water in the 

extracellular spaces becomes frozen and ice formation begins. The extracellular ice may result in 

mechanical damage which can heal rapidly when favourable conditions return. In the second stage 

of freezing, ice is forming intracellularly (Levitt 1980). When all readily available extracellular 

water is frozen, protoplasmic water moves out from the cell to the extracellular ice nuclei (Weiser 

1970). The rate of the water movement is limited by the permeability of the lipid plasma membrane 
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that surrounds the cells. Even though the membrane is highly permeable, it slows down the water 

movement (Levitt 1980). After continued slow movement of cellular water out to the extracellular 

ice, the water movement may become restricted if the temperature decreases rapidly enough so that 

the water movement does not occur with sufficient speed and eventually stops. The water is trapped 

and intracellular ice formation occurs spontaneously which results in the disruption of the 

protoplasm, thus death (Weiser 1970, Levitt 1980). Also, it has been studied that freezing induced 

damage may result indirectly as severe dehydration associated with freezing (Thomashow 1999; 

after Steponkus 1984, Steponkus et al. 1993). During freezing when all readily available 

extracellular water has frozen, vital water is moved from the protoplasm to the extracellular ice i.e. 

movement of unfrozen water from the inside of the cell to the extracellular spaces, resulting in 

dehydration and death (Weiser 1970, Thomashow 1999). Additionally, extracellular ice can also 

adhere to cell walls and membranes and cause cell rupture (Olien & Smith 1977), and protein 

denaturation may also occur at low temperature resulting in cellular damage in some plants (Guy et 

al. 1998).  

 

Frost resistance that allows plants to survive freezing temperature has been categorized into two 

classes: frost tolerance and freezing avoidance (Levitt 1980). Frost tolerance is accomplished if the 

water movement from the inside of the cell to the extracellular space is kept at an equilibrium i.e. 

movement of water is rapid enough for the ice formation outside the cell. Even so, plants also need 

to be tolerant to dehydration if frost tolerance should be ensured. Dehydration stress tolerance may 

therefore act as a secondary factor in frost tolerance (Levitt 1980). Freezing avoidance involves 

prevention of freezing of sensitive tissues in plants e.g. with supercooling of the water or with 

accumulation of cryoprotectant substances (Janská et al. 2010).  

 

When plants acclimate in the autumn, their metabolic activities undergo changes and the synthesis 

of cryoprotectant substances is established, such as soluble sugars, sugar alcohols and nitrogenous 

compounds. Those substances together with dehydrin proteins and cold-regulated proteins stabilise 

the plasma membrane phospholipids and proteins, cytoplasmic proteins and maintain hydrophobic 

interactions while other substances protect the plasma membrane from ice adhesion and cell 

disruption (Janská et al. 2010). Antifreeze proteins may also be synthesized during cold acclimation 

which inhibit the activity of ice formation (Janská et al. 2010, Mofatt 2006). Plants may get less 

hardened or develop less frost resistance if plants are diseased, deficient in mineral nutrients or if 



 
 

12

they have not been able to accumulate enough carbohydrate reserves because of loss of foliage or 

shortened growing period (reviewed in Sakai & Larcher 1987).  

 

Exposure to short-days prior to low temperature induces the cold acclimation for both eastern and 

black cottonwood. The timing of growth cessation and bud set that is induced by short-days varies 

between latitudinal ecotypes of poplars (Howe et al. 1999). Northern ecotypes have longer critical 

photoperiod i.e. longest photoperiod that elicited a short-day response, and a greater photoperiodic 

sensitivity, i.e. the change in response per unit in photoperiod, compared to the southern ecotypes. 

Thus, the southern ecotypes display a delay in the timing of bud set compared with the northern 

ecotypes (Howe et al. 1995).  Photoperiod is very important for the induction of bud set in poplars 

and it has been demonstrated that the short-day induced bud set is controlled by phytochromes 

(Frewen et al. 2000, Howe et al. 1996). Phytochromes are photoreceptors that are involved in many 

light-mediated responses, including photoperiodic responses in poplars (Howe et al. 1999, Howe et 

al. 1996). As a result, the phytochrome genes are considered as candidate genes for playing 

important roles in endodormancy related traits (Howe et al. 1999) and three phytochrome genes 

have been detected in black cottonwood, PHYA, PHYB1 and PHYB2 (Howe et al. 1998). Abscisic 

acid (ABA) is known as a water stress inducible plant hormone and a growth inhibitor and is 

thought to be involved in short-day induced growth cessation and dormancy induction in buds 

(Arora et al. 2003). ABA is thought to act as a key regulator in enhancing cold hardening, e.g. ABA 

deficient mutants of Arabidopsis are not able to achieve normal cold hardiness, and ABA is also 

thought to be involved in the cold hardening of woody plants (Junttila et al 2002). Genes involved 

in ABA signalling have been detected in poplars, as the expression of ABI3 and ABI1 have been 

detected in autumn buds at the time when growth ends (Rohde et al. 2000). Also, the level of ABA 

has been shown to increase when exposed to low temperature, irrespective of photoperiod as the 

genetic manipulation of phytochromes in hybrid aspen did not prevent the effect of low temperature 

on ABA levels (Junttila et al. 2002). Gibberellins (GAs) are plant hormones that regulate many 

aspects of plant growth, such as photoperiodic control of growth cessation in woody plants (Howe 

et al. 1999; Olsen et al. 1995, Olsen et al. 1997). Certain steps in the biosynthesis of GAs seem to 

be inhibited by short photoperiods in hybrid aspens and this inhibition can be mediated through the 

phytochrome (PHYA) (Junttila et al. 2002, Olsen et al. 1997). This inhibition step of GA synthesis 

is important for the induction of growth cessation, frost hardening and dormancy development 

(Junttila et al. 2002, Olsen et al. 1995, Olsen et al. 1997).  
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2. Materials & methods 
 

2.1 Plant material 

Four clones of black cottonwood (Populus balsamifera ssp. trichocarpa T. & G.), ‘Pinni’, ‘Súla’, 

‘Halla’, ‘Sæland’, were cultivated from cuttings in Sólskógar, a plant nursery in north Iceland, 

during the summer. In order to grow the plants under rust free conditions, a plant nursery in north 

Iceland was chosen, where poplar leaf rust has not established yet. Cuttings were collected from 

black cottonwoods in a forest in eastern part of Iceland. The cuttings were put in Hiko trays (35 

cavities per tray) filled with Finnish peat on the 9th and 10th of June and grown inside a greenhouse 

for three weeks. After the three weeks, plants were taken out from the greenhouse and placed 

outside in the plant nursery for further growth during the summer. On the 26th of August all plants 

were moved again into a greenhouse to prevent possible damage from night frost. All plants were 

kept under natural light and well watered condition. In total 648 plants were used for the experiment 

with 6 replications per clone and trays with plants of similar size were chosen. The clones ‘Sæland’ 

and ‘Halla’ are inland clones whereas ‘Pinni’ and ‘Súla’ are considered as coastal clones. All four 

clones are considered to be frost tolerant based on an Icelandic study by Ævarsson 2007 where frost 

tolerance of various clones of black cottonwood in the autumn was determined. The tolerance 

against poplar leaf rust has also been studied for many clones of black cottonwood by Halldórsson 

et al. 2001. The clones ‘Sæland’ and ‘Súla’ were considered as rust tolerant and ‘Pinni’ and ‘Halla’ 

as susceptible towards the rust.  

 

2.2 Inoculation 

Plants were transported from the plant nursery to the Iceland Forest Service in south Iceland on the 

25th of July and 11th of August for inoculation. Plants were kept in trays, 28 plants per tray. Control 

plants were kept at the plant nursery. Rust infected poplar leaves were collected from a poplar 

plantation at the forest service. Urediniospores were suspended in 400 mL distilled water and 

concentration of the spore suspension was determined by counting spores using an improved 

Neubauer hemocytometer (~14.000 urediniospores/mL). Concentration of spore suspension made 

for inoculation in August was adjusted to be the same as in July, however the spores were 

suspended in 800 mL distilled water, because the plants were bigger in August. The spore 

suspension was sprayed on the plants in the trays using a spray bottle, onto the lower surface of the 

leaves and then until runoff. 50 mL of spore suspension was sprayed on each tray in July and 80 mL 
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per tray in August. After inoculation, each tray was enclosed with clear plastic bag for 48 h to 

maintain high humidity for spore germination (Fig. 3), and the trays placed outside.  

 
            Fig. 3. Trays enclosed with plastic bag after inoculations. Pics: HÖJ. 
 

2.3 Rust assessment 

Before each freezing test, pictures were taken of three leaves from each plant with digital camera 

for rust assessment. The pictures were colour analysed with image analyse software (WinSeedle, 

Regent Inc., Canada) in order to assess the leaf rust severity as area of diseased tissue in percentage, 

see example in fig.4. The software is able to distinguish the infected leaf area from the healthy leaf 

area based on the colour of the leaf, see example in fig. 5. The healthy colour class was set to be 

green and disease colour class was set to be yellow, orange, brownish orange or brown in case of 

necrotic areas due to rust. The overall rust severity of each plant was based on the mean of three 

leaves from each plant.  

 
Fig. 4. Different levels of rust. (A) 4% rust severity, (B) 16% rust severity, (C) 40% rust severity.  Pics: HÖJ. 
 
 
 
 

A B C 
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Fig. 5. An example of a leaf analysed by the computer software based on the colour of the leaf. The leaf 
represents 40% rust severity. 
 

2.4 Freeze testing 

Frost tolerance of the plants was tested by using computer-controlled freezing chambers, the 

temperature can be controlled quite accurately by a computer with approximately 1°C accuracy. 

Freezing process was based on methods from previous frost tolerance studies (Skúlason et al. 2001, 

Ævarsson 2007). For the first hour the temperature was decreased to +4°C. For the next five hours, 

the temperature was decreased from +4°C to -4°C. Then temperature was decreased by 2°C each 

hour until the minimum temperature was reached. The minimum test temperature was kept for two 

hours. Thawing rate was 2°C per hour until temperature reached +4°C. An example of freezing 

profile can be seen in figure 6, from 27th of September where test freezing temperature was -12°C. 
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Fig. 6. Freezing profile from 27th of September where test freezing temperature was -12°C, the green line          
represents the aimed temperature and red line represents actual temperature. 

 

Infected and non-infected (control) plants were frozen at three different dates in the autumn, 1st, 14th 

and 27th of September. Plants were also kept at +4°C in one freezing chamber as unfrozen control, 

in order to see if any other damage was present on the plants beside the frost damage. Freezing 

dates, temperature and number of plants can be seen in table 1. 

 

Table  1. Freezing dates, freezing temperature and number of plants. 

 +4°C -4°C -6°C -12°C -16°C 

1.09.2011 72 72  72  

14.09.2011 72  72 72  

27.09.2011 72   72 72 

 

10 cm long shoots were cut from the top shoot of each plant containing the terminal bud, put in a 

moistened plastic bag and placed in a freezing chamber (Fig. 7). On 1st of September plants were 

frozen at -4°C and -12°C. On September 14th plants were frozen at -6°C and -12°C. The change 

from -4°C to -6°C was made because -4°C was not sufficient temperature for resulting in any frost 
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damage, i.e. all the plants did not show any damage.  On September 27th plants were also frozen at -

16°C instead of -6°C because of small visible frost damage.  

 

   
Fig. 7. The facilities of the freezing chambers (left) and samples ready in one chamber for freezing (right). 
Pics: HÖJ. 
 

2.5  Frost damage assessment 

After freezing tests, the shoots were taken out from the freezing chambers and put upstanding in 

soil filled trays and placed in a moisturizing chamber for ~2 weeks before the assessment of frost 

damage. In the moisturizing chamber the shoots were sprayed with very fine mist for 20 seconds 

every 15 minutes. For assessment, the uppermost 5 cm of each shoot was assessed, each shoot was 

cut longitudinally and the cambium layer assessed visually for any injuries, e.g. discoloration of the 

tissue or necrosis (Fig. 8). Frost damage was assessed as damaged area per stem in percentage, thus 

the average frost damage represents the average damaged area of the entire stems assessed. 
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Fig. 8. (A) Samples in moisturizing chamber, (B) and (C) equipments used for frost damage assessment, (D) 
healthy shoot and (E) totally damaged shoot. Pics: HÖJ. 
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2.6 Temperature data 

In order to see how likely freezing temperatures occurs in late summer and autumn in Iceland i.e. 

August and September, temperature data was obtained from the Icelandic Meteorological Office 

and analysed. By looking at data from three weather stations in south Iceland, where rust is known 

to be prevalent in the area in most years, data from the last ten years revealed that freezing 

temperatures in August does not occur very often, but is more frequent in September. The lowest 

temperature of the month and the date of the lowest temperature can be seen in table 2. Even though 

the data from the weather station revealed rather mild temperature, it may be pointed out that the 

weather stations are located about 2 meters above ground, thus the temperature may be much lower 

on and above the surface and a chilling factor by the wind is also not incorporated. 

 

Table 2. Lowest temperature (°C) from three weather stations in August and September 2001-2011 (date of 
freezing temperature). 

 

 

2.7 Statistical analysis 

Prior to data analysis, the normality of the data was checked with Shapiro-Wilk normality test. Both 

rust severity and frost damage failed the normality test. Due to the non-normality of the data, non-

parametric methods were used for analysis. Kruskal-Wallis one-way analysis of variance 

(ANOVA), the non-parametric alternative to one-way ANOVA (Sokal & Rohlf 1995), was used in 

order to test for difference in sample medians between non-infected and infected plants in July and 

August. Tukey´s test was used for all pairwise multiple comparison with a significance level of 

p≤0.05. When comparing frost damage between the two different infection times, Mann-Whitney 

U-test was used to test for difference in frost damage with a significance level of p≤0.05. 

Spearman´s rank correlation analysis was tested for correlation between rust severity and frost 

damage, with a significance level of p≤0.05. Average data are presented as medians. All statistical 

analysis was carried out using Sigmaplot 11.0 (Systat Software Inc., San Jose, CA, U.S.A.). 
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3. Results 
 

3.1 Effects of rust on frost resistance in autumn 

Rust inoculations were successful as rust pustules from both July and August inoculations 

established on the leaves two weeks after inoculations. Furthermore, the rust spread gradually on 

the leaves throughout the experiment (Table 3), and an example of the disease development for each 

clone can be seen in fig. 9 when rust was assessed before each freezing test at -12°C. Unfrozen 

control plants, kept at +4°C at each freezing test showed no visible damage in the cambium layer, 

thus it could be concluded that all plant material was useable for the frost damage assessment. The 

first freezing test was performed on the 1st of September at two different freezing temperatures, -

4°C and -12°C. No visible frost damage was seen on shoots frozen at -4°C, whereas shoots frozen 

at -12°C showed 100% frost damage (Table 3).  

 

Table  3. Medians of rust severity (%) and frost damage (%) on different freezing dates, at three different 
temperatures and under three treatments (control, plants infected in July and plants infected in August).  
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Fig. 9. An example of the development of rust severity when rust was assessed before each freezing date at 
 -12°C for each clone. 
 

Second freezing test was performed on the 14th of September at -6°C and -12°C. Very little frost 

damage was seen on few shoots frozen at -6°C but the overall average median for all the shoots was 

0% (Fig. 10). At -12°C, control plants did not show any visible frost damage 0%, but plants infected 

by rust in July and August had frost damage with medians 73% and 79%, respectively. Significant 

difference was observed between the control plants and infected plants (Kruskal-Wallis: H=48.4, 

n=24, p<0.001). Plants infected in July and August had significantly more frost damage compared 

with the control plants (Tukey test: p<0.05).  
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       Fig.  10. Median of frost damage (%) on September 14th at -6°C and -12°C, 

no frost damage on average at -6°C, control plants showed no frost damage 
       at -12°C but plants infected by rust in July and August had frost damage. 
       Different letters indicate significant difference (P<0.05). 

 

Third freezing test was performed on 27th of September at -12°C and -16°C. At -12°C, control 

plants did not show any frost damage 0%, but plants infected in July had 18% frost damage on 

average and plants infected in August had 80% frost damage on average (Fig. 11). Significant 

difference was observed between the control plants and rust infected plants (Kruskal-Wallis: 

H=38.7, n=24, p<0.001). Plants infected by rust in July and August had significant more frost 

damage compared with control plants (Tukey test: p<0.05). At -16°C, control plants had 70% frost 

damage on average as plants infected in July and August had 100% and 90% frost damage on 

average, respectively. Significant difference was observed between control plants and rust infected 

plants (Kruskal-Wallis: H=23.0, n=24, p<0.001). Plants infected in July and August had significant 

more frost damage compared with the control plants (Tukey test: p<0.05).  
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     Fig. 11. Median of frost damage (%) on 27th September at -12°C and -16°C. 
   Control plants did not show any frost damage at -12°C but rust infected plants 

                               did have frost damage (%). At -16°C, control plants and rust infected plants 
                               had frost damage. Different letters indicate significant difference (p<0.05). 
 
 

3.2 Clone origin and frost damage 

When looking at frost damage of the four different clones used in this study, no control plants 

showed any frost damage when frozen on 14th of September at -12°C. By looking at the frost 

damage on the 14th of September at -12°C (Fig. 12, Table 4) when infected in July, the results 

indicate that the coastal rust susceptible clone ‘Pinni’ and inland rust tolerant clone ‘Sæland’ had 

less frost damage than coastal rust tolerant clone ‘Súla’, whilst there is no difference between the 

other clones (Kruskal-Wallis, H=15.14, n=6, p=0.002; Tukey test, p<0.05). When infected in 

August, the results indicate that the coastal rust susceptible clone ‘Pinni’ had less frost damage than 

the inland rust susceptible clone ‘Halla’ and coastal rust tolerant clone ‘Súla’, whilst no difference 

was found between the other clones (Kruskal-Wallis, H=16.8, n=6, p<0.001; Tukey test, p<0.05).  
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      Fig. 12. Median of frost damage (%) of different clones on 14th September at  
     -12°C. Control plants did not show any frost damage for all clones, but rust  
     infected plants of all clones did have frost damage. Different letters indicate  
     significant difference (p<0.05). 

 

The freezing test on 27th of September at -12°C (Fig. 13, Table 4) revealed that the coastal rust 

susceptible clone ‘Pinni’ had increased frost damage compared to the 14th of September at same 

temperature. The coastal rust tolerant clone ‘Súla’ had little less frost damage than earlier, but the 

decrease was not great. But interestingly, both the inland clones did not show any frost damage if 

infected in July, but when infected in August the frost damage had not decreased greatly. The 

results indicate that when infected in July, both inland clones ‘Halla’ and ‘Sæland’ had less frost 

damage than the coastal rust tolerant clone ‘Súla’ but not compared with the other clone (Kruskal-

Wallis, H=10.7, n=6, p=0.013, Tukey test, p<0.05). When infected in August, no significant 

difference in frost damage was found between the four clones (Kruskal-Wallis; H=1.5, n=6, 

p=0.67). 
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    Fig.  13. Median of frost damage (%) of different clones on 27th September at  
    -12°C. The inland clones infected in July did not show any frost damage, whereas  
    the coastal clones infected in July have frost damage. All clones infected August  
    have frost damage. Different letters indicate significant difference (p<0.05). 

 

The freezing test on 27th of September at -16°C revealed that control plants had frost damage, 

except the inland rust susceptible clone ‘Halla’ (Fig. 14, Table 4). In general all plants showed 

rather high proportion of frost damage, or over 60%. Since control plants had frost damage, it might 

be a sign of that the plants were not fully hardened on that time to tolerate the -16°C. When looking 

at the coastal rust susceptible clone ‘Pinni’, no significant difference in frost damage was found 

between control plants, and plants infected in July or August (Kruskal-Wallis, H=1.27, n=6, p=0.53, 

Tukey test, p<0.05). That might indicate that the frost damage could be due to the reason that Pinni 

did not have enough frost tolerance against -16°C, rather than due to the rust infection. The control 

plants of the coastal rust tolerant clone ‘Súla’ had significantly lower frost damage than the plants 

infected in July and August (Kruskal-Wallis, H=12.7, n=6, p=0.002, Tukey test, p<0.05). The 

control plants of inland rust susceptible clone ‘Halla’ had significantly less frost damage that plants 

infected in July and August (Kruskal-Wallis, H=9.8, n=6, p=0.007, Tukey test, p<0.05) and control 

plants of the inland rust tolerant clone ‘Sæland’ also had significantly less frost damage then plants 

infected in July (Kruskal-Wallis, H=10.5, n=6, p=0.005, Tukey test, p<0.05).  

 

By comparing frost damage of the plants infected in July, no significant difference was found 

between the different clones (Kruskal-Wallis, H=5.7, n=6, p=0.125). But when plants were infected 
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in August, the results indicate that the inland rust tolerant clone ‘Sæland’ had less frost damage than 

the coastal rust tolerant clone ‘Súla’, but not when compared with the other clones. 

 

 
Fig.  14. Median of frost damage (%) of different clones on 27th September at 

    -16°C. The inland susceptible clone ‘Halla’ is the only one not showing any frost  
    damage as for control plants. All clones infected in July and August have more  
    frost damage than control plants. Different letters indicate significant difference  
    and asterisks indicate significant difference when plants infected in August (p<0.05). 

 

Based on these results, there seems to be no obvious relation between clone origin or rust 

susceptibility and the frost damage. Except that both the inland clones do seem to increase their 

frost resistance if infected early in the growing season at least when frozen at -12°C. 

 
Table 4. Frost damage of the different inland and coastal clones, tolerant and susceptible refers to the rust.  
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3.3 Correlation between rust severity and frost damage 

The correlation between the rust severity and frost damage was tested with Spearman Rank 

correlation for the three freezing tests where frost damage was observed, 14th September at -12°C, 

27th September at -12°C and 27th September at -16°C (Fig. 15). No significant correlations were 

observed on the 14th September at -12°C (Spearman R, R=-0.13, p=0.39), 27th September at -12°C 

(Spearman R, R=-0.09, p=0.54) or on the 27th September at -16°C (Spearman R, R=0.04, p=0.78). 

The results indicate that no correlation is found between the rust severity and frost damage on 

poplars. 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

Fig . 15. The correlation between rust severity (%) and frost damage (%) on, A) 14th September at -12°C, B) 27th 
September at -12°C and C) 27th September at -16°C. No significant correlations were found on the three 
different freezing dates (Spearman R, p>0.05). o = Infected in July, � = Infected in August, ■ = Coastal rust 
susceptible clone Pinni, ■ = Coastal rust tolerant clone Súla, ■ = Inland rust susceptible clone Halla,  ■ = Inland 
rust tolerant clone Sæland. 
 

A 
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3.4 Effects of different infection time on frost resistance 

The different infection times, July and August, did not seem to lead to different frost damage on the 

14th of September at -12°C (Table 5) as no significant difference in frost damage was found 

between the two infection times (Mann-Whitney, p=0.74). On the 27th of September, significant 

difference in frost damage between the two infection times was observed at -12°C (Mann-Whitney, 

p=0.01), whereas no significant difference was observed at -16°C (Mann-Whitney, p>0.05). These 

results do not give any reason for the assumption that late infection lead to less frost damage. In 

fact, as on the 27th of September at -12°C, the infection from August results in more frost damage 

than the infection from July. 

 

Table 5. Difference in frost damage (%) between the two infection times. Different letters indicate significant 
difference (p<0.05). 

 
 

 

3.5 Effects of different freezing dates on frost resistance 

Plants infected in July seem to be developing frost resistance in spite of being infected with rust 

(Fig. 16). When comparing difference in frost damage between the three different freezing dates at 

the same temperature -12°C, a significant difference was observed between the three dates 

(Kruskal-Wallis, H=31.6, n=24, p=0.001, Tukey test, p<0.05). Thus there was significantly less 

frost damage on the 14th compared to the 1st of September as well as on the 27th compared to the 

14th of September. Plants infected in August did not show the same pattern for frost tolerance 

development. A significant difference in frost damage was observed between the 1st and the 14th of 

September (Kruskal-Wallis, H=21.4, n=24, p=<0.001, Tukey test, p<0.05), but no significant 

difference was found in frost damage between the 14th and 27th of September (Tukey test, p>0.05). 

Thus, there was less frost damage on the 14th compared to the 1st of September, but the frost 

damage was similar between the 14th and 27th of September.  

 



 
 

29

 
     Fig. 16. Frost damage (%) on the three different freezing dates at -12°C, 
     infected in July (right) and August (left). Plants infected in July seem to 
     be developing frost tolerance in spite of infection. Plants infected in August 
     do not seem to be increasing their frost tolerance up to this time point. 
     Different letters indicate significant difference (p<0.05). 

 

4. Discussion 
Not many studies regarding poplar leaf rust and frost damage can be found in the literature. It is 

often mentioned in general text books or in general context in papers, often without any proper 

citations or citations not referring to an experimental source of a study concerning the possible 

impact of leaf rust on frost damage in poplars. Still, it has been mentioned that rust may increase the 

susceptibility of early frost damage (Thielges & Adams, 1975; after Schreiner 1959) and that a 

relatively harmless attack of rust may hinder the normal development of dormancy, leading to early 

frost damage (Mitchell 1992). 

McCamant & Black 2000 studied the freezing tolerance of black cottonwood from coastal, montane 

and inland regions in the Pacific Northwest in laboratory and field freezing tests. In the field test, 

inland clones grew poorly in a coastal common garden and had twice the frost damage compared to 

the inland clones grown in an inland common garden. That was considered to be due to an infection 

by leaf rust as the inland clones seemed to be more susceptible to the rust compared with the coastal 

clones. Hence, defoliation due to diseases appeared to decrease the frost tolerance of inland clones 
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grown in a coastal common garden (McCamant & Black 2000). Verwijst 1990 did study the 

response of Salix viminalis to Melampsora epitea Thüm. and frost. His results revealed that certain 

susceptible clones showed larger proportion of frost damage following infection by Melampsora 

epitea than the uninfected clones (Verwijst 1990).  

 

4.1 Evaluation of the project methods 

The inoculations with the artificial rust suspension were successful and rust pustules were visible on 

the leaves two weeks after inoculations which correspond to previous study by Bergsdóttir & 

Sverrisson 2004 where the first rust pustules were observed two weeks after inoculation when 

plants were kept outside (Bergsdóttir & Sverrisson 2004). The concentration of the rust suspension 

was ~14.000 urediniospores/mL which may not be considered as very high concentration as it is 

often seen in other studies that both whole poplar plants and leaf disks are inoculated with spore 

suspension of e.g. 100.000 spores/ml (Beare et al. 1999, Zhang et al. 2009, Rinaldi et al. 2007). 

 

Rust assessment was done by taking pictures with digital camera and then they were colour 

analysed with image analyse software. Rust was assessed as area of diseased tissue on each leaf in 

percentage. Because the assessments were done by an image analysing software, the assessment is 

considered as objective not subjective and is both reliable and accurate. Still, some drawbacks have 

been noted with the use of digital imaging and colour image analysing such as dealing with multiple 

diseases, damage or physiologic conditions on the leaves (Bock et al. 2010).  

 

Artificial freezing tests have been used for many different plants and have usually been found to be 

in agreement with plant survival in the field (Levitt 1980). However, it has been argued that if the 

freezing rate is too slow in the freezing tests intracellular ice may not occur, only extracellular ice 

(Aronsson & Eliasson 1970). Young poplar seedlings were used in this study and it has been argued 

that they may differ in frost resistance from adult trees, thus when comparing the results to older, 

perhaps more stable trees, care should be taken (Sakai & Larcher 1987). The freezing tests were 

conducted on three different dates. 1st of September in order to test if any effects could be seen this 

early in the autumn, and on the 14th and 27th of September which corresponds to freezing dates from 

other frost resistance studies (Ævarsson 2007) if need were for comparing the frost resistance to 

previous studies. Also, based on the temperature data (Table 2) it is not unlikely that frost may 

occur on those dates. Four freezing temperatures were used for the freezing tests, -4°C was chosen 
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first because from a general monthly overview from all weather stations from the last five years 

(The Icelandic Meteorological Office 2011) revealed that frost temperatures of -4°C occurred in 

south Iceland in late August in some years. -12°C was chosen as it was found to be suitable frost 

temperature for predicting the frost resistance in poplars from a previous study (Ævarsson 2007). 

As -4°C did not cause any frost damage, the frost temperature was lowered to -6°C on second 

freezing date as could occur in nature (Table 2), and to -16°C on the third freezing date to see if the 

same effects would be seen as for -12°C, but -12°C was kept at all freezing dates. However it may 

always be hard to find the exact dates and freezing temperatures that provide the best frost 

resistance predictions. 

 

Frost damage was assessed visually as percentage damaged area per stem. Since the assessments 

were visual, it may be considered as subjective (Levitt 1980) and subjective assessment may always 

be critical i.e. different between times of assessment or between observers. A schematic drawing of 

a 5 cm segment with a percentage scale (10% intervals) was used as an aid for the assessment in 

order to assess the damage more precisely.  

 

4.2 Effects of rust on poplars frost resistance in autumn 

The results from this study indicate that leaf rust may have impact on poplar frost resistance in the 

autumn and increase the frost damage. Plants infected with rust had more frost damage, thus by 

implicating lower frost resistance, than non-infected plants. Other studies may support these 

findings as the same effects of rust on frost resistance has been detected with poplars in field 

testing, grown in a common garden study (McCamant & Black 2000), with Salix and the leaf rust 

Melampsora epitea (Verwijst 1990), as well as with wheat infected with common bunt Tilletia 

foetida or Tilletia caries (Veisz et al. 2000). The rust infected poplars displayed considerable more 

frost damage in the stems than the non-infected poplars. However, it seems that the increased frost 

damage impact of rust does not apply when relatively mild frosts occur. The first freezing test from 

the 1st of September revealed that when plants were frozen at -4°C, they did not suffer from any 

frost damage (Table 3). That could be due to sufficient frost resistance of the plants at that 

temperature. It also implies that rust does not have any impact on the frost resistance, hence frost 

damage, at this relatively mild frost this early in the autumn. On the other hand, when plants were 

frozen at -12°C this early, they displayed large proportions of frost damage or 100% (Table 3), both 

non-infected plants as well as infected plants. The amount of frost damage was very similar 
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between the non-infected and infected plants, and no significant difference was found between 

them. Therefore, the frost damage at -12°C on the 1st of September is likely to be a result of general 

lack of frost resistance rather than from impacts of the rust infection.  

 

The second freezing test, performed on the 14th of September, also revealed that at rather mild frost 

temperatures, -6°C in this case, damage amount is not affected by the rust. Both non-infected and 

infected plants frozen at -6°C showed very little frost damage, with the overall average damage of 

0% (Fig. 10). Thus, the plants might have developed sufficient frost resistance to tolerate the -6°C 

at that time, and the rust did not have any impact on the frost damage at that temperature. But when 

plants were frozen at -12°C on the same date, non-infected plants did not display any frost damage 

whereas the infected plants showed significantly more frost damage (Fig. 10). Since none of the 

non-infected plants had any frost damage, it might be concluded that those plants had developed 

sufficient frost resistance. However, the plants infected in both July and August had considerable 

amount of frost damage, or 74 and 79% respectively. Those results imply that the rust does have a 

great impact on frost resistance and thus the subsequent damage caused at this freezing temperature.  

 

The same pattern could be seen on the 27th of September when plants were frozen at -12°C, that is, 

a significant difference in frost damage between the non-infected plants and the infected plants (Fig. 

11). The non-infected plants did not appear to have any frost damage as the infected plants did. 

Interestingly, the plants infected in July seemed to have less frost damage compared to the damage 

on the 14th of September while the amount of frost damage was similar for the plants infected in 

August between the two freezing dates (discussed below in 4.5). Plants were also tested at -16°C on 

the 27th of September. Then non-infected plants also displayed frost damage along with the infected 

ones. This might suggest that not all of the plants have developed enough frost resistance in the end 

of September to tolerate -16°C. But still, a significant difference was found in frost damage between 

the non-infected plants and infected plants.  

 

When plants were frozen at -4°C and -6°C, none or very little frost damage was observed. It may 

have been expected that the plants would have shown some frost damage because after the 

relatively mild winter 2010-2011, top dieback was present in poplars in Iceland where rust severity 

had been substantial in the summer before (Fig. 17 & 18). This damage was thought to be a result of 

decreased frost resistance due to the rust. Based on temperature data from a weather station in the 
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vicinity of the rusted area (Table 2, Hjarðarland), relatively mild frost temperature did occur in 

September and the average temperature of the winter months was only 1.4°C. However, by looking 

closer at the temperature data, the average temperature during the winter does not give any ideas 

about severe frosts that might occur, and occasional minimum frost temperatures observed during 

the winter ranged from -7°C to -18°C, with -11°C as most frequent freezing temperature. This 

might suggest that even though the average winter temperature is relatively high, still, occasional 

severe frost temperatures may lead to frost damage in poplars if they are not fully frost resistant. 

 

 
Fig. 17. Poplars at Laugarvatn in Iceland, infected with leaf rust and defoliated by leaf rust while some poplars 
remain green. Picture taken in early September 2010. Pic: HÖJ. 
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Fig. 18. Poplars at Laugarvatn in Iceland, picture taken in the same area as figure 17.  Poplars with top dieback 
due to frost damage. Picture taken in early June 2011. Pic: HÖJ. 
 

4.3 Clone origin and frost damage 

The level of frost damage among the four clones did not seem to follow either the origin of the 

clones i.e. inland or coastal, or whether they were susceptible or tolerant against rust (Table 4). For 

instance on the 14th of September at -12°C, a significant difference was found between the coastal 

rust susceptible clone ‘Pinni’ and coastal rust tolerant clone ‘Súla’, and the inland rust tolerant clone 

‘Sæland’ and coastal rust tolerant clone ‘Súla’ (Fig. 12). It would have been expected that the inland 

clones would have less frost damage compared to coastal clones, as it has been studied that inland 

clones are generally more frost resistant compared to coastal clones (McCamant & Black 2000). 

Also that more susceptible clones towards rust might have less frost resistance as is indicated with 

poplars (McCamant & Black 2000) and also in susceptible clones of Salix and Melampsora rust 

(Verwijst 1990). 

 

Even though no clear pattern was seen between the level of frost damage and the different clones, 

two events remained of interest. First, the coastal rust susceptible clone ‘Pinni’ is known to be 

highly susceptible to rust and one might consider that if plants are heavily infected by rust, the more 
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impact on frost damage might occur. However, on the 14th of September at -12°C, the coastal rust 

susceptible clone ‘Pinni’ did not have the most frost damage, and in fact, ‘Pinni’ had less or similar 

frost damage than the more rust tolerant inland clone (Fig. 12). But on the 27th at -12°C, the frost 

damage had increased, and the coastal rust susceptible clone ‘Pinni’ was the only clone that had 

increased frost damage on the latter freezing date (Fig. 13). The reason for why the coastal rust 

susceptible clone ‘Pinni’ has less frost damage, might be that even though being a coastal clone, 

‘Pinni’ had good frost resistance, which has been seen previously in a freezing test studies 

(Ævarsson 2007). Also, despite the fact that coastal clones are generally considered to have less 

frost resistance than the inland clones, variation in frost resistance between coastal clones can exist 

as McCarmant & Black 2000 observed. They observed that one coastal clone population did display 

more frost resistance than the other coastal clones and many of the inland clones as well, and 

discussed that this pattern of different freezing resistance supported the suggestion that clone 

populations that are separated by more than 100 km may be distinct (McCarmant & Black 2000). 

Secondly, the inland clones, ‘Halla’ and ‘Sæland’ which had frost damage on the 14th at -12°C 

when infected in July, did not show any frost damage on the 27th at same temperature (Fig. 13). 

Therefore it might be wondered if the inland clones are developing more frost resistance even 

though they were infected with rust. However, the same pattern was not seen if the inland clones 

were infected in August (discussed below in 4.5).  

 

4.4 Correlation between rust severity and frost damage 

A significant correlation between the rust severity and frost damage was not observed in this study 

(Fig. 15). One might consider that a greater amount of rust per plant could lead to more frost 

damage, or wonder where the threshold lies i.e. how much leaf rust is needed to result in increased 

frost damage? As Verwijst 1990 mentioned in his discussion that an extensive rust infection may 

prevent the shoot of Salix from entering dormant stage in time (Verwijst 1990). However, here as 

the results suggest no correlation between the amount of rust and level of frost damage; it might be 

considered that the amount of rust per plant is not of great importance in relation to increased frost 

damage. Rather that only the presence of the rust is enough to lead to increased frost damage, since 

in this study rather low rust severity led to quite severe frost damage and vice versa. Hence, the 

amount of rust on plants might not be of a great importance in explaining the interactions of rust 

and frost damage.  
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4.5 Different timing of rust infection and consequences on frost resistance 

The different timing of infection time during the growing season did not seem to matter concerning 

the frost damage. Whether plants were infected in July or August, no significant difference in frost 

damage was found between the two infections times, except on the 27th of September at -12°C 

(Table 5) but that could be explained with increased frost resistance of the inland clones. In general, 

it might be assumed that if plants are infected in July and environmental conditions are favourable 

with subsequent disease progression that the rust could lead to more frost damage than if plants 

were infected in August later in the growing season and therefore not as long time for the rust to 

establish. Still, the results do imply that the infection times during the growing season do not matter 

in relation to the level of frost damage. In fact, that might coincide with the results about the 

correlation between the rust severity and frost damage. Since no correlation was observed between 

the amount of rust and level of frost damage, it was suggested that the amount of rust is not of a 

great importance in relation to the level of frost damage, rather that only the presence of the rust is 

enough to increase the frost damage. Therefore it might not give any difference if plants are 

infected early in the growing season or late, only the fact that they are infected with rust no matter 

what time they got infected.  

 

4.6 Effects of different freezing dates on frost resistance of rust infected poplars 

Interestingly, infected plants seemed to be developing some sort of frost resistance even though 

infected by the rust fungi. A significant difference was found between the frost damage between the 

three different freezing dates when frozen at -12°C, as the frost damage in plants decreased as with 

subsequent freezing dates (Fig. 16). At least that was the case when plants were infected in July. 

The reason behind that could be the fact that the clones with inland origin showed this remarkable 

ability to increase the frost resistance before the last day of freezing, and therefore they did not 

show any frost damage (Fig. 13). The clones with coastal origin on the other hand, did not increase 

their frost resistance as they exhibited the similar level of frost damage on the last day of freezing or 

even little more damage than earlier.  

 

This increase in frost resistance was however not seen within the inland clones when infected by 

rust in August, a significant difference was observed between the first day of freezing and the 

second one, but not between the two last freezing dates. The decrease between the first day of 

freezing and the second is probably due to a general increase in frost resistance as the both non-
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infected plants and infected plants did not seem to have fully developed the resistance on the first 

freezing date. There was no clear distinction in the frost resistance development between the inland 

and coastal clones if infected in August as was seen when plants were infected in July.  

 

The different infection time did not seem to have different impacts on the level of frost damage; 

perhaps the different infection time may instead have some effects on the development of frost 

resistance of rust infected plants. Since the inland clones exhibited an increase in frost resistance on 

the last day of freezing tests when infected in July, it could be an indication of a delayed frost 

resistance. No increase in frost resistance was seen if plants were infected in August, maybe due to 

the late infection and therefore the plants had not evolved enough frost resistance in the end of 

September. However, it is not possible to conclude that the plants were developing frost resistance 

because only two clones exhibited that response and also it was only seen on the last day of 

freezing. Further investigation with subsequent freezing test later in the autumn would have been 

needed in order to conclude the suggestion of delayed frost resistance.  

 

It would have been of great interest to see whether the plants infected in August would also have 

increased their frost resistance, at least the inland clones, if frozen even later than on the 27th of 

September. Perhaps they could also have developed increased frost resistance as the July infected 

plants, but was not possible to observe now at the last freezing date because they were infected later 

in the growing season, and the development of the frost resistance may even be more delayed than 

with the July infected plants. Also it would have been of interest to see if the coastal clones would 

have as well increased their frost resistance if frozen later in the autumn. But due to time limits and 

limitation of plant material it was not possible to proceed with the study with further freezing tests. 

 

4.7 Possible interaction mechanism between rust infection and frost resistance 

Verwijst 1990 discussed in his article that the physiological processes that lead to increased 

susceptibility to frost in Salix after infection by Melampsora were not yet fully understood but he 

mentioned a suggestion of that an extensive Melampsora infection could prevent the shoots from 

entering the dormant stage in time, thus causing subsequent frost damage (Verwijst 1990). The 

findings in present study does not give any information about the mechanism responsible for the 

interaction of how the rust is interfering with the development of frost resistance, only that the rust 
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does have some effects. Nevertheless, the reasons may be speculated. One of the consequences of 

rust infection on poplars is decreased photosynthesis and early defoliation (Gérard et al. 2006).  

 

Changes in plant primary metabolism due to pathogens can occur because the induction of plant 

defences is an energy demanding process. Also, pathogens are withdrawing nutrients from the plant 

which can lead to even more demand of assimilates from the plant. Thus, the infected area on plants 

often develops into chlorotic and necrotic areas and a decrease in photosynthetic assimilate 

production (Berger et al. 2007). Therefore it might be reasonable to consider that decreased 

photosynthesis and early defoliation may interfere with the cold hardening process as plants are 

considered to get less hardened or develop less frost resistance if they e.g. have not accumulated 

enough of carbohydrate assimilates and are depleted in photosynthetic assimilates (Sakai & Larcher 

1987, Weiser 1970). With transcriptome analysis, it has been observed that during compatible 

poplar-rust interaction, photosynthetic genes are down-regulated after infection (Major et al. 2010, 

Miranda et al. 2007). But results are contradictory between studies and between different 

pathosystems. Even though the decrease in photosynthesis is considered to be a general respond to 

pathogen infection, the effect on sugar levels can vary significantly between different pathosystems 

(Berger et al. 2007). For example, wheat infected with stem rust Puccinia graminis resulted in 

increased levels of soluble sugars whereas tomato plants infected with Botrytis cinerea resulted in 

decreased levels of sugars (Berger et al. 2007). Many studies have focused on the sugar level from a 

region of large area of and close to the infection site. However, when analyzing sugar levels in 

infected region versus uninfected region of an inoculated leaf, strong effects were only observed in 

the infected region (Berger et al. 2007, Chou et al. 2000). That could indicate that many 

measurements missed or underestimated changes and reveals the importance of spatial resolution as 

the changes could be heterogeneous across a leaf (Berger et al. 2007). Chlorophyll fluorescence 

imaging has revealed that the changes in photosynthesis after infection are local when Arabidopsis 

leaf was infected with P. syringae and B. cinerea (Berger et al. 2007).  Major et al. 2010 discussed 

that if the changes in photosynthesis are localized in poplars, they could likely be underestimated by 

a transcriptome analysis (Major et al. 2010). Furthermore, for the wheat-leaf rust Puccinia triticina 

pathosystem, it has been hypothesized that the wheat leaf rust has no effects on net photosynthesis 

of the remaining green areas of an infected leaf (Robert et al. 2005). Same results have been 

observed for bean rust Uromyces appendiculoatus, where it was concluded that the rust did cause a 
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reduction of photosynthesis, but only on a limited area close to the rust pustules (Robert et al. 2005, 

Bassanezi et al. 2001).  

 

These considerations about localized changes in photosynthesis may be an important aspect of the 

disease effects on photosynthesis in infected plants, as if a plant or leaf is not fully diseased, 

photosynthesis and production of photosynthetic assimilates may still be active. In present study, 

the overall rust severity in the end of September was found to range from 28% to 47% (Table 3), 

and also, defoliation had not yet occurred due to the rust or necrosis. Because the results here did 

not demonstrate correlation between rust severity and frost damage, and due to the relatively low 

rust severity on the plants, it might be speculated that the green remaining parts of the leaves might 

still be photosynthetically active and producing assimilates but with limitations due to the leaf rust, 

compared to fully diseased leaves that may have impaired photosynthesis and assimilate production 

and also may exhibit early defoliation. Thus, the plants may not be completely depleted in 

photosynthetic substances. These suggestions may favour the proposed explanation reviewed in 

Tabor et al. 2000 that the increased frost damage may occur if rust damaged leaves fail to respond 

to decreased daylength and do not induce cold hardiness in the stems (Tabor et al. 2000).   

 

Another aspect of conflicts between biotic and abiotic factors worth mentioning is concerning plant 

hormones, which may be important factors involved in abiotic and biotic stress processes. For 

instance, the plant hormone abscisic acid (ABA) is considered to be involved in the cold 

acclimation process as well as in plant defence mechanism against pathogens, however the of ABA 

role in plant defence is not well defined (Gusta et al. 2005, Maksimov 2009, Mauch-Mani & Mauch 

2005). Additionally, even though ABA is considered to be involved in the plant defence 

mechanism, high concentration of ABA maintained for a while may actually reduce the efficiency 

of defence that is controlled by salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) 

(Maksimov 2009). Research of the abiotic and biotic stress signalling have mostly been in separate 

fields, despite that it is well known that plants may have to cope with both situations where exposed 

to biotic and abiotic stresses simultaneously, and recent researches suggest the existence of a 

overlap between the signalling networks that control abiotic and biotic stress tolerance (Mauch-

Mani & Mauch 2005). For instance, Xiong & Lang 2003 investigated a rice protein kinase that was 

activated by ABA, but if the protein kinase was not activated by ABA and suppressed it resulted in 

constitutive expression of PR-protein, increase in fungal Magnaporthe grisea resistance but 
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impaired the drought, salt and cold resistance (Xiong & Lang 2003). Even though it has been 

suggested that the abiotic signalling network controlled by ABA and the biotic signalling network 

controlled by SA, JA and ET may be interconnected at various levels, it is a very complex network 

and the analysis of this network is a difficult task (Mauch-Mani & Mauch 2005). Whether the rust-

poplar interaction may involve interference of the plant hormone signalling network is not clear and 

will not be discussed further. 

 

5. Conclusions 
Based on the findings in this study, it may be concluded that leaf rust has an impact on frost 

resistance in poplars in the autumn. However, the rust does not seem to have any effects on frost 

resistance when exposed to relatively mild frost. But when exposed to -12°C, a significant 

difference was observed in frost damage between the non-infected plants and infected plants, the 

infected plants displaying more frost damage. No clear connection seemed to be between the origins 

of the clones used in this study i.e. inland or coastal clone, or between different susceptibility 

towards the rust. No significant correlation was observed between the rust severity and level of frost 

damage, indicating that the amount of rust per plant does not give any implications for the level of 

frost damage, rather that only the presence of the rust is enough for interfering with the frost 

resistance development of plants. The infection times did not seem to have impacts on the level of 

frost damage, i.e. early infection did not lead to more frost damage or late infection to less frost 

damage. That could however coincide with the result that no correlation is between the rust severity 

and frost damage, thus, it may be wondered that the infection time is not important in relation to 

increased frost damage, only the fact that the plants are infected. The results did imply that some 

plants were increasing its frost resistance in spite of the rust infection, e.g. the inland clones 

exhibited an increase in frost resistance in the end of September, hence less frost damage, if infected 

in July. Nevertheless, in order to conclude that the frost resistance development is only delayed 

when plants are infected with leaf rust, further investigations would be needed. If freezing tests 

could have proceeded, it might have been possible to see whether all the plants would have 

exhibited the same pattern, i.e. if coastal clones would have increased their frost resistance as well 

as the plants infected in August. It should also be noted that young seedlings were used in this 

study, and often it is considered that seedlings and young plants may differ in frost resistance from 

adult trees, therefore care should be taken when results from artificial laboratory freezing tests with 

young plants are compared to older trees out, perhaps more stable trees, in the field (Sakai & 
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Larcher 1987). However, the present study gives supporting evidence that poplars infected with leaf 

rust may become more susceptible to frost damage in the autumn.  

 
 
 

6. Acknowledgements 
 
First and most I want to thank my supervisors, Iben M. Thomsen at Faculty of Life Sciences and 

Halldór Sverrisson at Agricultural University of Iceland, for all the great assistance, guidance, 

editing the text and all the support during the project setup and writings. I want to thank Jon K. 

Hansen and Ib Skovgaard at the Faculty of Life Sciences for the statistical advises. The project was 

supported financially by the plant nursery Sólskógar by providing the plants for the project. Katrín 

Ásgrímsdóttir the owner of Sólskógar and her staff gets great thanks for the support and for the 

cultivation of the plants in the nursery. I also want to thank the Iceland Forest Service for providing 

the freezing test facilities and for letting me use the equipments, as well as for letting me stay at the 

Forest Research at Mógilsá while I was writing the thesis. Hrefna Jóhannesdóttir at the Iceland 

Forest Service and Brynjar Skúlason at Norðurlandsskógar, get great thanks for teaching me how to 

use the freezing equipments and for all the assistance with the frost damage assessment. The staff at 

the Icelandic Meteorological Office provided the weather data from several weather stations, thank 

you for that. The final version of the thesis was improved after the defence seminar based on 

suggestions and comments from my supervisors and my external examiner Mogens Støvring 

Hovmøller, thank you for your advice and a great seminar. 

 
 
 
 
 
 
 
 

 

 

 

 



 
 

42

7. References 
 

Aronson, A. & Eliasson, L. (1970). Frost hardiness in Scots Pine (Pinus silvestris L.), I. Conditions for 
test on hardy plant tissues and for evaluation of injuries by conductivity measurements. Studia 

Forestalia suecica Nr. 77. Royal College of Forestry. pp. 1-29. 
 

Arora, R., Rowland, L.J. & Tanino, K. (2003). Induction and Release of Bud Dormancy in Woody 
Perennials: A Science Comes of Age. HortScience 38: 911-921. 

 

Barrés, B., Halkett, F., Dutech, C., Andrieux, A., Pinon, J. & Frey, P. (2008). Genetic structure of the 
poplar leaf rust fungus Melampsora larici-populina: Evidence for isolation by distance in Europe 
and recent founder effects overseas. Infection, Genetics and Evolution 8: 577-587. 

 

Bassanezi, R.B., Amorim, L., Filho, A.B., Hau, B. & Berger, R.D. (2001). Accounting for 
photosynthetic efficiency of bean leaves with rust, angular leaf spot, and anthracnose to assess crop 
damage. Plant Pathology 50: 443-452. 

 

Beare, J.A., Archer, S.A. & Bell, J.N.B. (1999). Effects of Melampsora leaf rust disease and chronic 
ozone exposure on poplar. Environmental Pollution 105: 419-426. 

 

Berger, S., Sinha, A.K. & Roitsch, T. (2007). Plant physiology meets phytopathology: plant primary 
metabolism and plant-pathogen interactions. Journal of Experimental Botany 58: 4019-4026.  

 

Bergsdóttir, E. & Sverrisson, H. (2004). Þróun asparryðs á nokkrum asparklónum við mismunandi 
hitastig. [Development of poplar leaf rust on several poplar clones at different temperatures]. 
Fræðaþing landbúnaðarins 2004, 285-286. 

 

Blöndal, S. & Gunnarsson, S.B. (1999). Íslandsskógar – Hundrað ára saga. [Icelandic Forests – A 
history of hundred years]. Reykjavík: Mál og Mynd. 

 

Bock, C.H., Poole, G.H., Parker, P.E. & Gottwald, T.R. (2010). Plant Disease Severity Estimated 
Visually, by Digital Photography and Image Analysis, and by Hyperspectral Imaging. Critical 

Reviews in Plant Science 29: 59-107.  
 

Chou, H-M., Bundock, N., Rolfe, S.A. & Scholes, J.D. (2000). Infection of Arabidopsis thaliana 
leaves with Albugo candida (white blister rust) causes a reprogramming of host metabolism. 
Molecular Plant Pathology 1: 99-113.  

 

Duplessis, S., Major, I., Martin, F. & Séguin, A. (2009). Poplar and Pathogen Interactions: Insights 
from Populus Genome-Wide Analysis of Resistance and Defence Gene Families and Gene 
Expression Profiling. Critical Reviews in Plant Science 28: 309-334.  

 

Elefsen, S.E., Sverrisson, H. & Hallson, J.H. (2011). Greining á erfðabreytileika asparryðs 
(Melampsora larici-populina) á Íslandi. [Analysis of genetic variation of poplar leaf rust 
Melampsora larici-populina in Iceland]. Fræðaþing landbúnaðarins 2011, 354-357. Poster 
presentation.  

 

Feau, N., Joly, D.L. & Hamelin, R.C. (2007). Poplar leaf rust: model pathogens for a model tree. Can. 

J. Bot. 85: 1127-1135.  
 



 
 

43

Frewen, B.E., Chen, T.H.H., Howe, G.T., Davis, J., Rohde, A., Boerjan, W. & Bradshaw, H.G. jr. 
(2000). Quantitative Trait Loci and Candidate Gene Mapping of Bud Set and Bud Flush in Populus. 
Genetics 154: 837-845. 

 

Frey, P., Gérard, P., Feau, N., Husson, C. & Pinon, J. (2005). Variability and Population Biology of 
Melampsora Rusts on Poplars. In: Pei, M.H., McCracken, A.R. (Eds), Rust Diseases of Willow and 
Poplar. CAB International, Wallingford, UK, pp. 63-72. 

 

Gérard, P.R., Husson, C., Pinon, J. & Frey, P. (2006). Comparison of Genetic and Virulence Diversity 
of Melampsora larici-populina Populations on Wild and Cultivated Poplar and Influence of the 
Alternate Host. The American Phytopathological Society 96: 1027-1036. 

 

Gunnarsson, E. (2011). Skógræktarárið 2009. [Forestry in the year 2009]. Skógræktarritið 2011 2: 90-
95. Skógræktarfélag Íslands.  
 

Gusta, L.V., Trischuk, R. & Weiser, C.J. (2005). Plant Cold Acclimation: The Role of Abscisic Acid. J 

Plant Growth Regul 24: 308-318.  
 

Guy, C., Haskell, D. & Li, Q-B. (1998). Association of Proteins with the Stress 70 Molecular 
Chaperones at Low Temperature: Evidence for the Existence of Cold Labile Proteins in Spinach. 
Cryobiology 36: 301-314.  

 

Hacquard, S., Petre, B., Frey, P., Hecker, A., Rouhier, N. & Duplessis, S. (2011). The Poplar-Poplar 
Rust Interaction: Insights from Genomics and Transcriptomics. Journal of Pathogens 2011: 1-11. 
doi:10.4061/2011/716041 

 

Halldórsson, G. & Sverrisson, H. (2006). Skógarheilsa. [Forest health]. In: Halldórsson G. (Eds), 
Skógarbók Grænni Skógar. Agricultural University of Iceland. 

 

Halldórsson, G., Eyjólfsdóttir, G.G., Oddsdóttir, E.S., Sigurgeirsson, A. & Sverrisson, H. (2001). 
Viðnámsþróttur alaskaaspar gegn apsarryði. [Resistance in poplars towards poplar leaf rust]. 
Skógræktarritið 1: 43-48. 

 

Howe, G.T., Hackett, W.P., Furnier, G.R. & Klevorn, R.E. (1995). Photoperiodic responses of a 
northern and southern ecotype of black cottonwood. Physiol. Plant. 93: 695-708. 

 

Howe, G.T., Gardner, G., Hackett, W.P. & Furnier, G.R. (1996). Phytochrome control of short-day-
induced bud set in black cottonwood. Physiol. Plant. 97: 95-103. 

 

Howe, G.T., Bucciaglia, P.A., Hackett, W.P., Furnier, G.T., Cordonnier-Pratt, M.-M., & Gardner, G. 
(1998). Evidence that the Phytochrome gene Family in Black Cottonwood Has One PHYA Locus 
and Two PHYB Loci but Lacks Members of the PHYC/F and PHYE Subfamilies. Mol. Biol. Evol. 
15: 160-175.  

 

Howe, G.T., Davis, J., Jeknic´, Z., Chen, T.H.H., Frewen, B., Bradshaw, H.D. jr. & Saruul, P. (1999). 
Physiological and Genetic Approaches to Studying Endodormancy-related Traits in Populus. 
HortScience 34: 1174-1184. 

 

Howe, G.T., Aitken, S.N., Neale, D.B., Jermstad, K.D., Wheeler, N.C. & Chen, T.H.H. (2003). From 
genotype to phenotype: unraveling the complexities of cold adaptation in forest trees. Can. J. Bot. 
81: 1247-1266.  

 



 
 

44

Janská, A., Maršík, P., Zelenková, S. & Ovesná, J. (2010). Cold stress and acclimation - what is 
important for the metabolic adjustment? Plant Biology 12: 395-405. 

 

Junttila. O., Wlling, A., Li, C., Tsegay, B.A. & Palva, E.T. (2002). Physiological aspects of cold 
hardiness in northern deciduous tree species. In, Li, C., Palva, E.T. (Eds), Plant Cold Hardiness. 
Kluwer Academic/Plenum Publishers, pp. 65-76. 

 

Laurans, F. & Pilate, G. (1999). Histological Aspects of a Hypersensitive Response in Poplar to 
Melampsora larici-populina. Phytopathology 89: 233-238. 

 

Levitt, J. (1980). Responses of plants to environmental stresses, 2nd Edition. Volume I:  Chilling, 
Freezing, and High Temperature Streeses. Academic Press.  

 

Major, I.T., Nicole, M-C., Duplessis, S. & Séguin, A. (2010). Photosynthetic and respiratory changes 
in leaves of poplars elicited by rust infection. Photosynth. Res. 104: 41-48.  

 

Maksimov, I.V. (2009). Abscisic Acid in the Plants-Pathogen Interaction. Russian Journal of Plant 

Physiology 56: 742-752.  
 

Mauch-Mani, B. & Mauch, F. (2005). The role of abscisic acid in plant-pathogen interactions. Current 

Opinion in Plant Biology 8: 409-414. 
 

McCamant, T. & Black, R.A. (2000). Cold hardiness in coastal, montane and inland populations of 
Populus trichocarpa. Can. J. For. Res. 30: 91-99. 

 

Miranda, M., Ralph, S.G., Mellway, R., White, R., Heath, M.C., Bohlmann, J. & Constabel, C. (2007). 
The Transcriptional Response of Hybrid Poplar (Populus trichocarpa x P. deltoids) to Infection by 
Melampsora medusae Leaf Rust Involves Induction of Flavonoid Pathway Genes Leading to the 
Accumulation of Proanthocyanidins. Molecular Plant-Microbe Interactions 20: 816-831. 

 

Mitchell, C.P. (1992). Ecophysiology of short rotation forest crops. Biomass and Bioenergy 2:25-37.  
 

Moffatt, B., Ewart, V. & Eastman, A. (2006). Cold comfort: plant antifreeze proteins. Physiologia 

Plantarum 126: 5-16. 
 

Olien, C.R. & Smith, M.N. (1977). Ice adhesions in Relation to Freeze Stress. Plant Physiol. 60: 499-
503. 

 

Olsen, J.E., Junttila, O. & Moritz, T. (1995). A localised decrease of GA1 in shoot tips of Salix 

pentandra seedlings precedes cessation of shoot elongation under short photoperiod. Physiologia 

Plantarum 95: 627-632. 
 

Olsen, J.E., Junttila, O., Nilsen, J., Eriksson, M.E., Martinussen, I., Olsson, O., Sandberg, G. & Moritz, 
T. (1997). Ectopic expression of oat phytochrome A in hybrid aspen changes critical daylength for 
growth and prevents cold acclimatization. The Plant Journal 12: 1339-1350. 

 

Ottesen, A., Benedikz, Þ. & Marinósson, T. (2006). Lauftré á Íslandi. [Decidous trees in Iceland]. 
Reykjavík: Sumarhúsið og garðurinn. 

 

Pei, M.H. & Shang, Y.Z. (2005). A Brief Summary of Melampsora Species on Populus. In: Pei, M.H., 
McCracken, A.R. (Eds), Rust Diseases of Willow and Poplar. CAB International, Wallingford, UK, 
pp. 51-61.  

 



 
 

45

Pei, M.H., Bayon, C. & Ruiz, C. (2005). Phylogenetic Position of Melampsora in Rust Fungi Inferred 
from Ribosomal DNA Sequences. In: Pei, M.H., McCracken, A.R. (Eds), Rust Diseases of Willow 
and Poplar. CAB International, Wallingford, UK, pp. 1-9. 

 

Pei, M.H., Ruiz, C., Bayon, C., Hunter, T. & Lonsdale D. (2005a). Pathogenic variation in poplar rust 
Melampsora larici-populina from England. European Journal of Plant Pathology 111: 147-155.  

 

Pei, M.H., Bayon, C., Ruiz, C. & Tubby, I. (2007). Population structure of poplar rust Melampsora 

larici-populina in the UK inferred from AFLP. Plant Pathology 56: 472-479.  
 

Robert, C., Bancal, M-O., Ney, B. & Lannou, C. (2005). Wheat leaf photosynthesis loss due to leaf 
rust, with respect to lesion development and leaf nitrogen status. New Phytologist 165: 227-241. 

 

Rohde, A., Howe, G.T., Olsen, J.E., Moritz, T., Van Montagu, M., Junttila, O. & Boerjan, W. (2000). 
Molecular aspects of bud dormancy in trees. In: Jain, S.M., Minocha, S.C. (Eds), Molecular 
Biology of Woody Plants, 1: 89-134.  

 

Rinaldi, C., Kohler, A., Frey, P., Duchaussoy, F., Ningre, N., Couloux, A., Wincker, P., Thiec, D. Le., 
Fluch, S., Martin, F. & Duplessis, S. (2007). Transcript Profiling of Poplar Leaves upon Infection 
with Compatible and Incompatible Strains of the Foliar Rust Melampsora larici-populina. Plant 

Physiology 144: 347-366. 
 

Sakai, A. & Larcher, W. (1987). Frost Survival of Plants. Responses and Adaptation to Freezing 
Stress. Springer-Verlag. 

 

Skúlason, B., Guðleifsson, B.E. & Sigurgeirsson, A. (2001). Þróun aðferða við frostþols-prófanir á 
birki og sitkagreni. [Development of a method for frost tolerance tests on Birch and Sitka spruce]. 
Rit Mógilsár Rannsóknastöðvar Skógræktar Nr.3, pp.1-24. (In Icelandic) 

 

Snorrason, A. & Sigurgeirsson, A. (2006). Trjátegundir. [Tree species]. In: Halldórsson G. (Eds), 
Skógarbók Grænni Skógar. Agricultural University of Iceland. 

 

Sokal, R.R. & Rohlf, F.J. (1995). Biometry. W.H. Freeman, New York. 
 

Steenackers, I., Steenackers, M., Steenackers, V. & Stevens, M. (1996). Poplar diseases, consequences 
on growth and wood quality. Biomass and Bioenergy 10: 267-274. 

 

Sverrisson, H., Halldórsson, G., Kjartansson, B.,Þ. & Sigurgeirsson, A. (2005). Úttekt á skaðvöldum í 
skógum og úthaga haustið 2004. [Pests in forests and pastures in autumn 2004]. Fræðaþing 

landbúnaðarins 2005, 376. 
 

Sverrisson, H., Halldórsson, G. & Sigurgeirsson, A. (2006). Trjákynbótaberkefnið Betri tré. [The tree 
breeding program – Better trees]. Fræðaþing landbúnaðarins 2006, 207-213.  

 

Tabor, G.M., Kubisiak, T.L., Klopfenstein, R.B., Hall, R.B. & McNabb Jr, H.S. (2000). Bulked 
Segregant Analysis Identifies Molecular Markers Linked to Melampsora medusae Resistance in 
Populus detloides. Phytopathology 90: 1039-1042. 

 

The Icelandic Meteorological Office (2011). Mánaðaryfirlit. [Monthly overview]. 
(http://www.vedur.is/vedur/vedurfar/manadayfirlit/ ) [Accessed 15 May 2011] (In Icelandic) 

 

Thielges, B.A. & Adams, J.C. (1975). Genetic Variation and Heritability of Melampsora Leaf Rust 
Resistance in Eastern Cottonwood. Forest Sci. 21: 278-282. 

 



 
 

46

Thomashow, M.F. (1999). Plant cold acclimation: Freezing Tolerance Genes and Regulatory 
Mechanisms. Annu. Rev. Plant. Physiol. Plant Mol. Biol. 50: 571-599. 

 

Veisz, O., Szunics, L. & Szunics, L. (2000). Effect of common bunt on the frost resistance and winter 
hardiness of wheat (Triticum aestivum L.) lines containing Bt genes. Euphytica 114: 159-164. 

 

Verwijst, T. (1990). Clonal difference in the structure of a mixed stand of Salix viminalis in response 
to Melampsora and frost. Can. J. For. Res. 20: 602-605.  

 

Voegele, R.T., Hahn, M. & Mengden, K. (2009). The Uredinales: Cytology, Biochemistry, and 
Molecular Biology. In: Deising, H. (Eds), The Mycota V, Plant Relationship 2nd edition. Springer. 

 

Weiser, C.J. (1970). Cold Resistance and Injury in Woody Plants. Science 169: 1269-1278. 
 

Xiong, L. & Yang, Y. (2003). Disease Resistance and Abiotic Stress Tolerance in Rice Are Inversely 
Modulated by an Abscisic acid-Inducible Mitogen-Activated Protein Kinase. The Plant Cell 15: 
745-759. 

 

Yu, Z-D., Liang, J., Cao, Z., Guo, Z,. Dan, J. & Zhao, G. (2009). Nuclear behavior in the life cycle of 
Melampsora larici-populina. Journal of Food, Agriculture and Environment 7: 791-794.  

 

Zhang, S., Lu, S., Xu, X., Korpelainen, H. & Li, C. (2009). Changes in antioxidant enzyme activities 
and isozyme profiles in leaves of male and female Populus cathayana  infected with Melampsora 

larici-populina. Tree Physiology 30: 116-128. 
 

Ævarsson, F. (2007). Frostþol og skyldleiki alaskaaspar (Populus balsamifera ssp. trichocarpa) á 
Íslandi. [Frost tolerance and genetic relatedness of black cottonwood (Populus balsamifera ssp. 
trichocarpa) in Iceland]. University of Iceland. Master thesis. (In Icelandic) 

 
 


