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An alder tree disease caused by the oomycete 
fungal pathogen, Phytophthora alni, was first ob-
served on the banks of streams and rivers in Brit-
ain in 1993 (Gibbs 1995). Since then, the disease 
has been reported in many other European coun-
tries (e.g. Gibbs et al. 1999; Szabó et al. 2000; St-
reito et al. 2002; Jung, Blaschke 2004; Oszako, 
Orlikowski 2005) and has caused a devastating 
epidemic in alders. In the Czech Republic, the 
pathogen was first isolated from damaged black 
alder trees in Western Bohemia in 2001 (Černý 
et al. 2003) but was properly identified only later 
(Cerny et al. 2008). To date, the pathogen has been 
found in approximately 150 sites, although the 
disease symptoms have been detected in approxi-
mately 300  sites throughout the Czech Republic. 
At present, the pathogen most likely occurs along 

thousands of kilometres of river banks in the Czech 
Republic and causes significant tree losses; as a re-
sult, it has become a major threat to riparian and 
alder carr ecosystems. In particular, the impact of 
the pathogen can be seen in changes in the struc-
ture and stability of riparian alder stands and in lo-
cal changes in the stability of river banks (Černý, 
Strnadová 2010). The screening of native alder 
populations for naturally occurring resistance (in 
a series of artificial infection experiments), the 
preservation of more resistant genotypes and the 
subsequent breeding and broad use of these resis-
tant genotypes are possible ways of managing the 
disease.

The idea of natural resistance to P. alni occurring 
in A. glutinosa has been suggested by the fact that 
healthy mature alder trees can be found in the same 
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stand as both diseased and dead trees (Streito et 
al. 2002; Jung, Blaschke 2004). Furthermore, the 
occurrence of different levels of resistance was ob-
served by Jung and Blaschke (2006), who reported 
a high intraspecific variation in the susceptibility of 
black alder to P. alni ssp. alni during a series of infec-
tion experiments. Therefore, we initiated a screening 
programme with the aim of finding resistant alder 
trees that could be used in breeding programmes; 
the potential value and success of such breeding 
programmes were demonstrated by the work on 
Chamaecyparis lawsoniana and its pathogen, Phy-
tophthora lateralis (e.g. Sniezko, Hansen 2003). 

Before starting such a screening programme, it is 
very useful to have the good knowledge of factors 
that potentially influence the development of arti-
ficial infections, to avoid erroneous and potentially 
misleading results in the selection process. Bur-
gess et al. (1999) showed that flooding and subse-
quent hypoxia was a very important factor leading 
to higher levels of damage in the host by Phyto-
phthora infections and the strong effect of water 
stress on P. alni infections in black alder has been 
clearly demonstrated (Strnadová et al. 2010). 
Thus, the trees suffering from a high water table 
and flooding should be excluded from the screen-
ing. However, the potential effect of other factors 
has been studied to a lesser extent. The effect of the 
season on Phytophthora disease development can 
be expected on the basis of experiments carried 
out with red oak, black alder and common beech 
(Robin et al. 1994; Brasier, Kirk 2001; Holub et 
al. 2010). Furthermore, Jung and Blaschke (2006) 
suggested the potentially confusing effects of natu-
rally occurring (former and current) P. alni infec-
tions in artificial infection tests. There are also oth-
er factors that might possibly influence the results 
of infection experiments and should, therefore, be 
taken into account. The first factor is a possible 
effect of the social status of the individual trees 
(well-developed, dominant trees in sunny loca-
tions may be more resistant than poorly developed, 
suppressed trees suffering from competition). The 
second factor is the duration of the infection ex-
periment (the changes in the growth rate of necro-
sis during the infection experiment can potentially 
influence the final evaluation). The last factor is the 
size (thickness) of the branches being sampled (a 
factor potentially influencing the aging of the host 
material during the artificial inoculation test). 

The aim of this study was to evaluate the poten-
tial effect of the factors of social status and health 
status of the sampled tree, effect of the season, 
duration of the experiment and size of the tested 

sections of branches on the outcomes of artificial 
infection experiments. 

Material and Methods

Plant material and treatments

Four adult black alder (Alnus glutinosa) trees 
from the area of Česká Sibiř (Ješetice, Central Bo-
hemia, coordinates 49°35'21.83"N, 14°35'37.26"E) 
were chosen for infection experiments. The trees 
were nearly of the same age and size and were situ-
ated in the same stand on the alluvial plain of the 
Mastník River in the Vltava River Basin. Potential 
effects of the five aforementioned factors on arti-
ficial infections were studied in two experiments 
carried out in 2009 and 2010. 

The first experiment examined possible effects of 
the social status, as determined by the trunk posi-
tion in a multi-trunk tree. Dominant well-devel-
oped trees at sunny places have a higher amount of 
foliage and thus can store a higher amount of assim-
ilates into the sink than underdeveloped trees. The 
assimilates can be used later as a source of specific 
metabolites and energy against the pathogen during 
the invasion (cf. Procházka et al. 1998). Thus the 
well-developed trunks inside the multi-trunk tree 
can be more stress-tolerant than the suppressed 
ones. Therefore, samples were collected in July 2009 
from two equally aged (approximately 25 years old) 
stems belonging to just one multi-trunked black al-
der tree without any sings of Phytophthora alni in-
fections. The stems differed in their position on the 
multi-trunk tree (the centre and southwest margin, 
respectively) and, thus, in their level of insolation 
and competition. The first, highly shaded and poor-
ly developed stem, denoted as suppressed, was lo-
cated in the centre of the multi-trunk tree. The stem 
was thin (~ 10 cm at diameter at breast height – 
DBH), with a high proportion of withered branches 
in the lower part of its crown. The crown had sparse 
foliage, with no indications of flowers or fruits, and 
had apparently suffered from competition with 
other stems in the multi-trunked tree and low light 
levels. The second stem, denoted as dominant, fully 
exposed to the sun, was located on the southwest 
margin of the multi-trunked tree. It was well de-
veloped (~ 20 cm at DBH), without dead branches, 
and had dense green foliage (without any indication 
of yellowing or damage) and well-developed fruits. 
The design of the experiment also enabled to evalu-
ate the effect of the duration of the experiment on 
lesion development; the diameters of the lesions 
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were measured in one, two and three weeks follow-
ing the inoculation. 

In the second experiment, the effect of naturally 
occurring P. alni infections and the possible influ-
ence of the year season were investigated using sec-
tions of branches obtained from three black alder 
trees (different from the multi-trunk tree in the first 
experiment) of different health state. The first tree 
(denoted as healthy) did not exhibit any signs of 
natural P. alni infection on the collar, buttresses or 
foliage (thinning, yellowing). The second sampled 
tree (denoted as diseased) was acutely infected with 
P. alni and showed actively bleeding cankers from 
which the pathogen was isolated. The foliage of this 
tree (the second) was significantly thinner, and the 
leaves were small, yellowish, and sparse. The third 
tree (denoted as healed) apparently recovered from 
an earlier P. alni infection, when it was approxi-
mately 2 or 3 year old, and a tongue-shaped ne-
crotic area, apparently caused by P. alni, was found 
at the base of this tree. The necrotic tissues were 
typically black and rotten and were separated from 
the surrounding healthy tissue by callus formation 
and an attempt to isolate the pathogen from this 
tree (the third) was unsuccessful. In addition, the 
foliage of the third tree showed marks of recovering 
from the disease: the crown was reduced, but the 
foliage was well developed, green and only partially 
reduced in size. Two or three branches from each 
of these three trees were collected at four different 
times, in August and October of 2009 and in March 
and June of 2010. 

The observations from the first (one week after 
inoculation) and the second (healthy tree; all sam-
pling dates) experiments were also used to evalu-
ate the potential effect of the diameter of the tested 
sections of branches on lesion development. 

Inoculation and incubation

At least 20 replicates of the sections were pre-
pared from the collected branches of the above-
mentioned stems and trees in each treatment of 
the two experiments (social status × weeks after 
inoculation in the first experiment and health state 
× season in the second experiment). The sections 
of branches were straight, non-branching, and ap-
proximately 10 cm long and 1.5–4.0 cm thick. All 
the sections were numbered, and their diameters 
were measured at the centre in two directions at 
90° angles to each other.

First, the middle of each section was surface ster-
ilized with 97% ethanol. Using a flamed cork borer, 

a hole 6 mm in diameter was then made in the bark 
of this sterilized area to expose the phloem. The 
bark plug was removed, and the section of branches 
was inoculated by replacing it with a V8A agar plug 
(Erwin, Ribeiro 1996) taken from the margin of a 
7-day-old actively growing colony of a fresh isolate 
of P. alni ssp. alni, with the aerial mycelium facing 
the wood. This culture, No. P271.09, is preserved in 
the culture collection of our institute (RILOG). The 
control sections were prepared in the same way 
and were inoculated with sterile V8A agar plugs. 
The wounds were covered with Parafilm®, and the 
sections placed individually, distal end down, into 
flasks containing deionized water to a depth of ap-
proximately 2 cm. The flasks were then placed in an 
incubator at 20°C and protected from light. In the 
first experiment, the sections were incubated for 
one, two, and three weeks in July 2009. In the sec-
ond experiment, the sections were incubated for 
one week, and the experiment was repeated four 
times, in August and October of 2009 and in March 
and June of 2010. The treatments in both experi-
ments were totally randomized. 

Measurement

In both experiments, we measured the length 
and width of each lesion appearing on the sections 
of branches. The necrotized phloem was exposed 
by carefully removing the periderm with a scalpel. 
The border between the healthy bright-coloured 
tissues and infected red-coloured tissues was eas-
ily visible, and the tissues were usually separated 
by a thin but well-visible black line, as described 
in Davidson et al. (2003). The maximum length 
and width of each lesion were measured in two 
directions at right angles to each other. The size 
of the hole made in the phloem (6 mm) was then 
subtracted from the measurements. In the second 
experiment, the necrotic area of the phloem was 
outlined and the outlines were then traced onto 
tracing paper and digitized. The surface area of 
each lesion was calculated using the ImageJ 1.43 
software (NIH, Bethesda, USA).

Data analysis

The data were analyzed using Statistica 8.0 
software (StatSoft Inc., Tulsa, USA). Prior to the 
analysis, the data were tested for normality and 
homogeneity; even though the data were trans-
formed using common logarithms, ANOVA was 
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then judged to be an inappropriate method.   The 
Kruskal-Wallis test was, therefore, chosen to ana-
lyze the differences in the length, width and area 
of the lesions in each of the data sets. The multiple 
comparisons of the mean ranks for all the groups 
were computed when a statistically significant dif-
ference was found. The social status (as defined by 
the position in the multi-trunked tree), health state 
(presence or absence of natural P. alni infection), 
and the year season of sampling were selected as 
the fixed factors, and the length, width and area 
of the lesions were selected as the dependent vari-
ables. The correlation between the data in the first 
experiment was tested using the Spearman rank 
correlation test. This test was also used to deter-
mine the correlation between the thickness of the 
branch section and the length, width and surface 
area of the lesions. For this purpose, we only used 
the data obtained from the “dominant” stem in the 
first experiment and from the “healthy” tree in the 
second experiment. 

Results

A potential effect of the social status of the sam-
pled stem on the artificial infection development 
was not confirmed during the experiment. No sta-
tistically significant differences were found after 
inoculation for the lengths and widths of lesions 
developed in the suppressed or dominant stems 
for any of the three incubation times (one, two, and 

three weeks after incubation), with the exception of 
the second time period when only slightly signifi-
cant differences between the lesion lengths were 
observed (Table 1). 

The comparison of artificial infection develop-
ment after one, two, and three weeks after inocu-
lation showed that the lesion width and length 
developed almost linearly during the three weeks. 
The measurements at each time period were signif-
icantly correlated with each other (r = 0.443–0.670, 
P < 0.05) except for the data on the width and length 
in the first and third periods. Moreover, the infec-
tion developed rapidly from the beginning of the 
experiment, and after the first week, the average le-
sion diameter was 65.31 × 16.27 cm for the pooled 
data of the dominant and suppressed trunks. 

The investigation of the effect of the host’s health 
state on the development of artificial infection re-
vealed that natural infections of P. alni had a high 
impact on the development. The average values of 
the three characteristics of lesions (width, length 
and surface area) in the sections of branches ob-
tained from the diseased tree (i.e. acutely infected 
with P. alni) differed from those of the sections 
of branches obtained from both the healthy and 
healed trees in August 2009 (Table 2, Fig. 1). The 
average values for the lesions in the material col-
lected from the acutely infected trees were nearly 
five times lower than the others (the lesion surface 
area was 115  mm2 in comparison with 497 and 
552  mm2 of the healthy and healed trees, respec-
tively). In June 2010, statistically significant differ-

Table 1. Effect of social status of sampled stem (suppressed and dominant), and duration of experiment on extent of 
necrose caused by of P. alni in black alder

Social status

Lesion width (mm)

1st week 2nd week 3rd week

n mean (± SE) n mean (± SE) n mean (± SE) 

Suppressed 26 16.04 (± 1.32)a 24 29.42 (± 2.99)a 24 49.00 (± 3.46)a

Dominant 23 16.52 (± 1.16)a 22 23.64 (± 2.16)a 22 41.18 (± 3.72)a

Social status

Lesion length (mm)

1st week 2nd week 3rd week

n mean (± SE) n mean (± SE) n mean (± SE) 

Suppressed 26 62.54 (± 4.24)a 24 87.00 (± 6.55)a 24 156.67 (± 15.66)a

Dominant 23 68.43 (± 2.27)a 23 114.13 (± 10.27)b 23 180.65 (± 12.63)a

Social status: suppressed – poorly developed stem (due to low input of radiation and competition of other stems), domi-
nant – well developed stem in the margin of multi-trunk tree suppressing neghbouring stems, n – number of observations 
(infected segments), values – mean and standard errors (SE) – followed by the same index are not statistically different 
(P > 0.05) between treatments
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ences between the characteristics under study were 
recorded again. In this case, the lesion data from 
the healthy trees differed from the others (Table 2) 

and differences in the lesion width were found be-
tween all the treatments. The mean lesion surface 
area of the healthy material was 283 mm2, in con-

Table 2. Effect of health status (natural infection of P. alni in sampled trees) and time of year on artificial infection of 
P. alni in black alder (after one week of incubation)

Treatment
Lesion width (mm) Lesion length (mm) Surface area of lesion (mm2)

n mean (± SE) n mean (± SE) n mean (± SE) 

April

Healthy 33 2.91 (± 0.21)a 33 3.30 (± 0.34)a 33 51.35 (± 3.74)a

Diseased 35 2.51 (± 0.15)a 35 2.69 (± 0.16)a 35 42.02 (± 2.10)a

Healed 37 2.49 (± 0.14)a 37 2.65 (± 0.14)a 37 42.86 (± 1.88)a

June 

Healthy 26 6.96 (± 0.78)c 26 23.27 (± 2.82)b 26 283.46 (± 44.59)b

Diseased 26 2.15 (± 0.21)a 26   4.31 (± 1.50)a 26 48.20 (± 7.38)a

Healed 26 3.23 (± 0.27)b 26   4.15 (± 1.16)a 26 52.37 (± 8.55)a

August 

Healthy 25 20.88 (± 2.20)b 25 38.20 (± 3.80)b 9   497.23 (± 118.70)b

Diseased 25  4.72 (± 0.71)a 25   7.28 (± 2.19)a 10 114.90 (± 30.06)a

Healed 22 16.64 (± 2.14)b 22 43.73 (± 7.33)b 7    552.25 (± 127.74)b

October 

Healthy 23 3.22 (± 0.39)a 23 3.43 (± 0.23)a 23 51.45 (± 4.03)a

Diseased 21 3.38 (± 0.22)a 21 3.62 (± 0.26)a 21 51.28 (± 3.82)a

Healed 22 3.41 (± 0.31)a 22 3.18 (± 0.23)a 22 52.61 (± 3.07)a

n – number of observations, values – mean and standard errors (SE) – followed by the same index are not statistically dif-
ferent (multiple comparisons, P > 0.05) between treatments
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Fig. 1. Effect of health (natural infec-
tion of P. alni) and season on extent 
of artificial infection of P. alni in black 
alder (mean surface area of lesions, 
vertical bars represent standard errors 
of means)
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trast to 48 and 52 mm2 for the diseased and healed 
material, respectively. No differences were found in 
April 2010 and October 2009, when the extent of 
the lesions was generally limited (Table 2). The val-
ues of the mean lesion surface area ranged between 
42 and 53 mm2 in all the treatments and on both 
dates.

The year season of sampling was also found to be 
critical for the enlargement of necrotic areas. Sta-
tistically significant differences were found for all 
the lesion measurements in August 2009 in com-
parison with the other screening dates in the healed 
and healthy material (with the slight exception of 
the healthy material sampled in July, when the ob-
served values of the lesion length and surface area 
were not different from those in August). Concern-
ing the diseased material, statistically lower values 
for the width, length and surface area of the lesions 
were found in April and July, and the highest value 
was found in August (Table 2, Fig. 1).

The evaluation of the potential effect of the branch 
section diameter on lesion development showed a 
very weak relationship between the diameter of the 
tested branch section and the lesion development 
after one week of inoculation. The values of Spear-
man’s correlation coefficient between the parame-
ters of lesion width, length and area and the branch 
section diameters were not generally significant 
(Table 3). Only the lesion width and area in April 
2010 and the lesion area in June 2010 positively 
correlated with the branch section diameters, but 
the observed correlations were weak.

Discussion

An artificial inoculation method was used to 
study the factors affecting the development of le-
sions of Phytophthora alni ssp. alni in Alnus gluti-

nosa. The year season when samples were collected 
and the presence of naturally occurring P. alni in-
fections were found to be important factors that 
affected the outcomes of artificial infection experi-
ments. Therefore, these factors can be considered 
as potentially confounding the results of resistance 
screening programmes based on infection experi-
ments using natural plant material.

A significant factor affecting the lesion growth 
was the initial health state of the material collected 
for these experiments, as the possible presence of 
naturally occurring infections of P. alni had to be 
taken into account. It is known that a common re-
sponse to infection with the necrogenic pathogen 
in plants is the development of systemic resistance 
to a subsequent attack of the pathogen (Ryals et 
al. 1994). This induced resistance results in a long-
lasting, broad-spectrum resistance in the remain-
ing non-infected tissues, which could explain the 
observed differences in the lesion characteristics 
on the segments of branches taken from the acutely 
infected tree. However, the observed induced resis-
tance in alder against P. alni seems to be ephemeral 
and declines once the natural infection subsides. It 
is very likely that small, hidden naturally occurred 
P. alni infections in the roots and collars of a tree 
could significantly affect the outcomes of infection 
tests performed using these affected trees. Thus, 
extreme caution is recommended in resistance 
screening programmes when using tissues of trees 
originating from affected alder stands.  

A second important factor affecting the outcomes 
of infection tests was the season. The observed lon-
gitudinal extension rates of the necrotic tissue on 
the healthy sections of branches were the highest in 
July and August and the lowest in April. These re-
sults were similar to the report by Brasier and Kirk 
(2001), although the range of rates we observed was 
slightly different. The high seasonal variability of al-

Table 3. The correlations between parameters of lesions caused by P. alni on A. glutinosa branches (lesion width, length 
and area after one week’s incubation) and branch section diameter in particular inoculation tests, ordered by date

Date of test Branch section diameter (mm) 
(mean ± SE) Width Length Surface area 

July 2009 25.41 ± 1.06 –0.23 0.06 –

August 2009 27.93 ± 1.11 –0.05 –0.28 0.28

October 2009 21.02 ± 0.52 0.23 –0.11 0.23

April 2010 23.11 ± 0.51 0.41 0.18 0.35

June 2010 23.38 ± 1.07 0.17 0.35 0.46

values – mean and standard errors (SE), bold – Spearman’s correlation coefficient, statistically significant correlations
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der susceptibility to P. alni ssp. alni infection, as de-
scribed in this paper, is in agreement with seasonal 
changes in the lesion development reported for sev-
eral other Phytophthora diseases, such as those of 
alder, oaks, common beech and other tree species 
(Matheron, Mircetich 1985; Robin et al. 1994; 
Browne, Mircetich 1996; Brasier, Kirk 2001; 
Luque et al. 2002; Moralejo et al. 2009; Holub 
et al. 2010). The main cause of seasonal differences 
in host susceptibility is not well known. Differences 
in the lesion growth are sometimes explained by 
temperature considered as a limiting factor, which 
is positively correlated with the lesion development 
(Shearer et al. 1987; Luque et al. 2002). In our 
case, the effect of temperature on the growth of the 
pathogen can be excluded because our trials were 
performed under standardized conditions. Differ-
ences are more likely explained by the host physiol-
ogy. The greatest susceptibility occurred during the 
active growth periods when the trees were in full 
leaf; in contrast, the pathogen incidence was strong-
ly suppressed in October and April, when the trees 
were dormant or just at the beginning of the new 
growing season. There could also be a relation with 
water status changes in the course of the year, as it 
has been shown that there is a correlation between 
the tissue water content and the length of Phyto- 
phthora lesions (e.g. Tippett et al. 1987; Marçais 
et al. 1993; Robin et al. 1994). 

Potential effects of the social status of the tested 
individual stems (as determined by their position in 
the multi-trunked tree), duration of the infection 
experiments and the thickness of branch sections 
used in the tests can likely be considered as negli-
gible. Firstly, we found no difference in the devel-
opment of lesions in the sections of branches col-
lected from different parts of a multi-trunked tree; 
however, we do not exclude a possible effect of the 
social status. Woodrum et al. (2003) obtained sam-
ples only from branches exposed to the sun in an 
attempt to reduce the possible effect of microhabi-
tat on the mechanical properties of five Acer spe-
cies. Secondly, the lesion dimensions increased al-
most linearly on the alder branches during the three 
weeks following the inoculation of the pathogen. 
In contrast, Robin and Desprez-Loustau (1998) 
observed that the longitudinal lesion development 
on oak stems inoculated with Phytophthora cin-
namomi was quite rapid in the first two weeks and 
then slowed down. However, with regard to the as-
certained high growth rate of P. alni in our trials, 
the incubation period of one week is deemed to be 
sufficient for any subsequent screening programme. 
Thirdly, the thickness of the branch sections used in 

our experiments was not found to affect the results 
after one-week duration of the experiment.

Conclusions

Our results confirm the strong influence of the 
year season of sampling and also of the presence 
of naturally occurring P. alni infections on artifi-
cial infection experiments carried out using field-
collected black alder material. Although we could 
not show that the other tested factors had any im-
portant effect on the results (e.g. social status of 
the stem, duration of the experiment, diameter of 
the tested segments), it nevertheless seems appro-
priate to attempt to reduce any possible sources of 
variation to a minimum when sampling black alder 
populations for material to be used in screening for 
resistance to P. alni infection.
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