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Abstract

:

Phytophthora alni complex (P. × alni, P. × multiformis, P. uniformis) are pathogens attacking alder seedlings and trees, causing significant losses in nurseries and natural tree stands. Decay of alder trees has been observed in Poland for over a dozen years. Overall, 25 Polish isolates of P. × alni obtained from symptomatic alder trunks, rhizosphere soil surrounding infected trees, and nearby natural streams were compared with isolates from symptomatic trunks obtained in France, Belgium and Hungary. Morphologic characterization of mycelium, vegetative and generative organs, temperature effect on mycelium growth, and their pathogenicity were studied. The mycelium growth rate of isolates from symptomatic plants was fastest on Carrot Agar (CA) medium, and from soil and water on Vegetable Agar (V8A) medium. The sizes of zoosporangia varied depending on their origin. The isolates that originated from the soil had the largest zoosporangia. The diameter of the oogonia and antheridia did not differ regardless of their origin. The results of pathogenicity tests of P. × alni isolates obtained from different sources showed that the soil isolates were the most aggressive in each test, followed by the isolates from the trunks and water. A simple test of leaf colonization can give an idea of the aggressiveness of the isolate towards the shoots and roots. No morphological or physiological markers of aggressiveness have been found.






Keywords:


colonization of leaves; stems and seedlings; medium effect on growth rate and morphology; origin of Phytophthora × alni isolates affects pathogenicity












1. Introduction


The dieback of alder trees has been recorded in Europe since 1991, first in south-eastern France, but the causative agent of the disease was not identified at that time. The isolation of the pathogen initially referred to as alder Phytophthora was successful only in 1998 [1]. In the following years, alder Phytophthora was found on dying alder trees, mainly along rivers in southern England, and then in Wales [2,3,4,5] as well as in forest nurseries and on the areas of rivers and streams periodically flooded by water [6]. This alder disease has been found in several regions of the European continent [7,8,9,10,11,12,13,14,15,16]. The pathogens belonging to the P. alni complex attack primarily black alder (A. glutinosa) and to a lesser extent grey (A. incana) and heart-shaped (A. cordata) alders [4,6]. Since 2007, P. uniformis has also been isolated in Alaska and Oregon (USA) [17,18,19].



Initially, three subspecies of P. alni were distinguished on the basis of morphological, cytological, and genetic features: P. alni subsp. alni, P. alni subsp. uniformis and P. alni subsp. multiformis [20]. As a result of the analysis of nuclear and mitochondrial DNA and isozymes as well as the size of the genome, it was proved that P. alni subsp. alni is an allotriploid species, containing half the genomes of each parent taxa, i.e., P. alni subsp. uniformis and P. alni subsp. multiformis, which are diploid and allotetraploid, respectively [21]. Therefore, the names P. × alni, P. uniformis, and P. × multiformis have been adopted since 2015. Since that period, the term P. alni complex species, which includes the three above-mentioned taxa, is currently used in the literature.



In Poland, the dieback of black alder trees aged 5 to 90 years, growing along rivers, streams, lakes, and ponds, as well as in periodically flooded forest areas, has been observed since 1997 [22]. The first P. × alni isolate was obtained in 2002 from the base of a 15-year-old tree trunk [22]. Since P. × alni has been isolated many times, both from infected plants and the soil around the infected trees, as well as several riversides and forest sites, especially in the south-eastern part of the country [23,24,25,26]. The area affected by the alder disease was estimated at 6000 ha in 2006 [27].



The spread of alder Phytophthora disease is related to, inter alia, the use of river, stream, and canal water for irrigation of nurseries, which means that the pathogen can be transferred to forests or other permanent plantings on infected seedlings [7]. Symptoms of the disease on young alder seedlings are difficult to observe as poorly visible brightening on the youngest leaves, rarely slight necrosis of the collar, and slight browning of the root tips.



Due to the threats documented in the literature that the species of the P. alni complex, especially P. × alni, pose to nurseries, forest stands, and riverside sites of alder, research was undertaken on the pathogenicity of P. × alni isolated in Poland from infected plants, rhizosphere and water near sick trees and confronting it with morphological and physiological characteristics of isolates.




2. Materials and Methods


2.1. Isolates Used in the Study


The research was carried out on 25 Polish isolates of P. × alni (Brasier & S.A. Kirk) Husson, Ioos & Marcais, nothosp. nov. isolated from infected black alder trunks (14 isolates numbered from PAA1 to PAA14), from rhizosphere soil surrounding diseased trees (4 isolates numbered from PAA15 to PAA18), and from the nearby natural streams (7 isolates numbered from PAA19 to PAA25). The isolates were collected in 2004–2006 according to the procedure described by Orlikowski et al. [22,28,29] in 14 sites in central and south-eastern Poland. Isolates from trees were collected from the bark of bleeding cankers. Briefly, inner bark pieces of approx. 10 × 4 × 5 cm were excised from the boundaries between the necrotic and healthy tissues of the trunks and transferred to the laboratory individually in plastic bags. The bark tissues were washed thoroughly in running tap water, flamed, trimmed into pieces of 3–5 mm2, placed on potato-dextrose agar (PDA, Difco, Detroit, USA) in 90 mm Petri dishes, with 8 pieces per dish, and incubated in the dark at 24 °C. The cultures were checked daily and presumptive Phytophthora colonies growing from the tissue pieces were cleaned by subsequent transfer onto PDA medium [22]. Soil samples were taken from at least 4 points around each diseased tree at 10–15 cm depth. The samples from under a sick tree (approx. 2 kg) were mixed thoroughly, and 500 g sub-samples were flooded with 1.5 l tap water. Leaves of 1-year old alder seedlings (A. glutinosa) grown in the greenhouse were placed on the water surface 10–12 per vessel as baits for Phytophthora isolation and incubated at 20 °C in the dark for 3–4 days. After that, washed and dried leaf blade parts were flamed, and 3–5 mm diam. fragments placed on PDA medium. Isolation P. × alni from water was carried out using A. glutinosa leaves as baits. The leaves in the punched bags were immersed in the streams flowing in the vicinity of diseased trees and left for 4–6 days, then placed in sterile plastic bags and transported to the laboratory. Washed and dried leaf blade parts were flamed, and 3–5 mm diam. fragments placed on PDA medium. Isolates P. × alni were identified on the basis of morphological features and PCR with primers designed by Ioos et al. [30]. Polish isolates were compared with isolates from infected alder trunks obtained in France (PAA26 and PAA27), Belgium (PAA28), and Hungary (reference isolate CBS 117375). Belgian isolate was kindly provided by Anne Chandelier, French isolates by Renaud Ioos, and Hungarian isolate was purchased from CBS-KNAW culture collection, Westerdijk Fungal Biodiversity Institute, Utrecht, Holland. The isolates were stored on PDA medium under sterile distilled water or sterile mineral oil in 1.5 mL tubes at 10 °C in the form of 0.3 mm discs cut from the sites of active growth of mycelium grown on the PDA medium. For regeneration, isolates were passaged on PDA or/and CA and incubated at 25 °C. Before the tests, isolates were activated on alder seedlings. Briefly, 8–10 cm alder seedlings were punctured with the pointed end of a sterile scalpel and laid on wet cellulose paper. The place of puncture was covered with 3.5 mm diameter agar disks with mycelium and incubated at 22 °C, and a photoperiod 12/12 h light/dark. After 5 days from the appearance of necrotic spots, P. × alni was re-isolated according to the procedure described above.




2.2. Morphologic Characterization of Mycelium, Vegetative and Generative Organs and Effect of Temperature on Mycelium Growth


The type of mycelium growth was characterized on PDA, V8A, and CA media. Observations included hyphae morphology, hyphae thickening, shape and size of zoosporangia and chlamydospores, and generative organs. Moreover, the growth rate of colonies at a temperature ranging from 5 °C to 35 °C was measured daily. Releasing of zoospores was made according to the procedure described by Trzewik and Orlikowska [31]. Morpho-metric analyses of oogonia, antheridia, and oospores were made on 21-day old cultures, grown at 20 °C, on CA medium.




2.3. Laboratory Tests of Pathogenicity


Laboratory tests were carried out on leaf blades and shoot fragments of one-year-old shoots collected from several-year-old black alder seedlings and 11–12 cm alder seedlings in 2007–2008. Plant fragments and seedlings, before setting up the experiment, were washed in water with the addition of detergent, then rinsed in distilled water and dried with a sterile paper towel. Leaf-blades, fragments of shoots, and black alder seedlings, placed in cuvettes lined with moist filter paper and covered with a nylon mesh, were inoculated with 3 mm diameter CA medium discs overgrown with isolates. Sterile CA medium discs were the negative control. Leaf-blades and fragments of shoots were inoculated in the middle, avoiding the leaf veins. Black alder seedlings were inoculated at the base of the shoot. One inoculation per one leaf or shoot was made. Before applying the disc, the plant material was gently punctured with a sterile preparation needle. Necrosis length was measured after 5 days of incubation at 23 °C. After the completion of the tests, the pathogens were re-isolated and their species affiliation was determined as below. The experiments were set up in 40 repetitions (40 seedlings and 40 leaves or shoots) and repeating them in two subsequent years. As the results were the same, the one-year averages are presented in the study (n = 40).




2.4. Greenhouse Tests of Pathogenicity


The experiments were carried out on 2-year-old black alder seedlings obtained from a forest nursery, planted in pots with a diameter of 8 cm, filled with TS1 peat substrate (Klasmann-Deilmann). Plants were transplanted into 13 cm pots on 12 May and inoculated on 6 June. In the first experiment, seedlings were inoculated in 3 places: at the base of the shoot (approx. 2 cm from the ground), in the middle, and approx. 30 cm from the shoot tip, with CA medium discs with a diameter of 3 mm overgrown with the above-mentioned isolates (5 plants per isolate). The negative controls were plants inoculated with sterile agar discs. In the second experiment, 2-year-old alder seedlings were planted in a substrate infected with the aforementioned isolates. To obtain the inoculum, isolates were incubated for 7 days on Oat Meal Agar (OMA) at 23 °C, homogenized, and mixed with the peat substrate in the proportion of 1 petri dish (90 mm in diameter) with 1 L of TS1 peat substrate. After 7 days, 1 L of the infected substrate was mixed with 10 L of clean peat TS1. Twelve seedlings constitute one treatment (isolate). Two weeks after planting, pots were flooded with water in plastic containers to ensure conditions similar to those in which natural infestation occurs. After 3 days, the water was poured out and the plants were watered as needed until the end of the experiment. The greenhouse tests began in 2008.



The length of shoot necroses was measured at two-week intervals from June to October. In the first experiment, the averages of the lengths of three necroses were taken to analyze. Plants overwintered in a foil tunnel, and in early spring they were moved outside, and observations were carried out until the end of the growing season. At the end of the experiments, the root system was assessed, taking into account its size and the presence of necrotized roots. After the tests were completed, the pathogen was re-isolated from the stem fragments, roots, and substrate, and its identification was made on the basis of morphological features and PCR with primers designed by Ioos et al. [30].




2.5. Re-Isolation of the Pathogen


In the case of the laboratory experiments, fragments of approximately 2–3 cm in length were cut from the border of healthy and diseased tissues and disinfected in 70% ethyl alcohol solution for 1 min. The alcohol was removed by rinsing three times with sterile distilled water and the collected fragments were dried with a sterile paper towel, and then, fragments of about 0.5 cm were placed on plates with a selective medium for Phytophthora PARP [32]. The plates were incubated at 23 °C for 2–5 days. During this time, the plates were examined daily under a microscope, and colony fragments with features resembling the genus Phytophthora spp. were laid out on PDA medium, then on CA medium for identification based on morphological features and liquid organic medium in the case of identification based on molecular markers. The pathogen was re-isolated from samples representing 10% of the experimental objects.



In greenhouse experiments, the pathogen was re-isolated both from the plant tissue (shoot, root) and from the substrate from all the objects. Before disinfection, the tissue fragments were rinsed under running tap water. Re-isolation from the substrate was carried out using the trap method, as described by Orlikowski et al. [28], using alder leaves as baits. Re-isolation of Phytophthora spp. from plants and the substrate was carried out successively as the plants died, and in the alders that were infected but not died, after the completion of the experiments.




2.6. Statistical Analysis


The obtained data were statistically analyzed using one-way analysis of variance and compared using the Tukey test at the significance level of α = 0.05. In order to determine the relationships resulting from: (i) the origin of the isolates, (ii) morphology, the principal components analysis (PCA) was done. For the analysis, the following characters were selected: radius of mycelium growth on the V8 medium at 25 °C, size of zoosporangia, length of necrosis on alder leaves (1st laboratory experiment), length of necrosis on shoots (2nd laboratory experiment), length of necrosis on infected seedlings shoot (3rd laboratory experiment), mean length of three necrosis on shoots of 2-year old seedlings inoculated with mycelium discs (1st greenhouse test), length of necrosis on shoots planted into the infected substrate (2nd greenhouse test). All calculations were done using the STATISTICA v. 13 software package (Dell Inc., Round Rock, TX, USA).





3. Results


3.1. Morphology of Mycelium, and Vegetative and Generative Organs


All isolates growing on PDA and V8 media formed white, fluffy aerial mycelium, denser at the inoculation site, and almost uniform with no distinct patterns. Some differences were observed on CA medium, on which isolates from diseased trees formed substrate hyphae but those from rhizosphere and water also formed aerial mycelium, similar to those from PDA and V8 media.



The hyphae were uniform, regardless of source and year of isolation; they were branched almost at right angles and divided by transverse walls. On all the media and in aqueous solutions, the hyphae had a smooth surface without nodules and lumps, and their width ranged from 5 to 6 µm. Zoosporangia were only formed on frozen pea medium, when placed in a non-sterile soil extract. They arose on simple sporangiophores, were ellipsoidal to egg-shaped, and were persistent. The sizes of zoosporangia varied depending on their origin. The isolates that originated from the soil had significantly larger zoosporangia (55–67.5 × 37–50 µm), the isolates from water were intermediate in size (47.5–63 × 28–43 µm), and the isolates from the symptomatic trunks were the smallest (35–65 × 24–50 µm) (Table 1). All tested isolates formed generative structures on agar media, most profusely on CA medium. Oogonia were ornamented and antheridia were predominantly two-celled and amphigynous. The diameter of the oogonia and antheridia did not differ regardless of their origin and year of isolation (data not shown).




3.2. Growth of Mycelium Depending on Medium and Temperature


The optimal growth temperature was 25 °C for all isolates. The mycelium growth rate of isolates from symptomatic plants was fastest on the CA medium, while the growth rate of isolates from soil and water was faster on V8A than on PDA or CA. Growth was very poor on the PDA medium regardless of the origin of the isolates (Table 2).




3.3. Laboratory Tests


The isolates retrieved from the rhizosphere were the most virulent in the laboratory tests, while the isolates from water were the least virulent, regardless of the plant tissue. Isolates from infected plants Polish, French and Hungarian had the same level of ability to colonize. Only the Belgian isolate showed a lower virulence (Figure 1). The largest necroses on the 5th day were observed on seedlings, intermediate on shoot fragments, while the smallest were on leaf-blades. The differences between isolates from different sources were significant at p = 0.05, and between replicates in the same group were not significant.




3.4. Greenhouse Tests


The largest necroses on seedling shoots that were inoculated with mycelium discs were characteristic of Polish isolates from soil and French isolate from plants (Figure 2). Already after one month, the necrotic lesions were 40 cm long. Within the next three months, all seedlings inoculated with these isolates died (Figure 2 and Figure 3). Polish and Hungarian isolates from plants caused necroses of 6–7 cm, and Polish isolates from water only of 3 cm within one month. After the next three months, necrotic lesions caused by Polish isolates from trunks were 23 cm long, and by Hungarian isolates 34 cm long, while the isolates from water only 7 cm long. In the next seven months, all seedlings infected with Hungarian isolate died. Total mortality was also caused by three of Polish isolates from trunks. Within the next four months, all plants that were infected with other four Polish isolates from trunks died. The remaining plants survived through 15 months of the experiment, although all have longer or shorter necrotic lesions (Figure 2 and Supplementary Materials Table S1).



Infection via the infected substrate was less oppressive for the seedlings. The mean necroses length caused by Polish isolates from diseased trunks was 25–27 cm after 11 and 15 months, respectively, which was similar to the necroses caused by Belgic and Hungarian isolates. Necroses caused by isolates from water were about twice smaller (Figure 4 and Supplementary Materials Table S2). None of the plants infected with these above isolates died during the 15 months of the experiment. The most aggressive were Polish isolates from soil and French isolates from plants. After one month, necroses caused by these isolates were 25 and 30 cm long, and 35 and 46 cm long after four months. All plants from this group died within the next seven months (Figure 3B and Figure 4 and Table S2). The least aggressive were isolates from water; after 15 months, necroses were only about 10 cm long.




3.5. Re-Isolation of the Pathogen


After completion of the laboratory tests, the pathogenic factors were re-isolated from necroses on leaves, cut shoots, and shoots of seedlings from all isolates except for the Belgian isolate PAA28 and the negative control. In a greenhouse experiment in which inoculation was made on stems, pathogens were re-isolated from all shoots, and from roots and substrate only in the cases from French isolates and when isolates were retrieved from soil. Pathogens were isolated from the shoots, roots and substrate of all the plants, from seedlings grown in a contaminated substrate (Supplementary Materials Table S3).




3.6. PCA Analysis


Based on PCA, it was stated that the variability between isolates from different sources was high, but lower between isolates from the same source (Figure 5). Laboratory pathogenicity tests are strongly and significantly correlated with greenhouse tests on 2-year-old alder seedlings. The most severe symptoms, both in the laboratory and greenhouse tests, were observed in the case of soil-derived isolates, and the lowest water-derived isolates.





4. Discussion


Mass dieback of alder caused by Phytophthora spp. has become a serious problem in many tree stands in Europe and the USA [33]. The disease spreads epidemically mainly after flooding and with running water, and mass infection is particularly high after a period of drought in these areas [34]. A massive episodic alder decline also occurred in the distant past in Northern Europe. It was discovered that in lake sediments and boreal forest hollows, an instant decline in Alnus pollen in southern Finland was noticed [35]. These layers were dated AD 600–1000. The authors suggested possible reasons caused by long-lasting drought period and/or fungal disease compared to the ongoing Phytophthora outbreak. Jung et al. [33] described how an epidemic-type alder infection in some parts of Germany was the reason for the unintended consequence of the accidental planting of infected Alnus trees to harden slopes and riverbanks and as the afforestation of post-agricultural and wet forest areas. Chemical control of pathogens in the natural environment is practically impossible, and the only rational prevention is the use of healthy nursery plants, including those clonally propagated [36]. Jung et al. [34] indicate the necessity of planting alder genotypes of higher resistance to P. alni root rot. Štochlová et al. [37] studied the susceptibility of 90 black alder genotypes from different Czech regions against two isolates of P. × alni, observing infections on cut fragments of branches and recorded the area of necrotic lesions on phloem parts. A great variability between genotypes and isolates was observed in that experiment. An additional variability resulted from a geographical position. More resistant genotypes were more frequent in the southwestern part of the study region and at lower altitudes.



Pathogens belonging to Phytophthora alni complex are not the only Oomycetes causing phytophthorosis symptoms on alder trees. From symptomatic alder trees, 17 genera and species of Phytophthora were isolated in Poland; the most common of which was P. alni [38]. In another study, 68 Phytophthora isolates were obtained from diseased alder trunks and the surrounding rhizosphere in the east-southern part of Poland [26]. From symptomatic trees were isolated: P. × alni, P. cambivora, P. cactorum, P. plurivora, P. megasperma, P. pseudosyringae, and P. syringae. The most aggressive in the colonization of alder leaves and 1-year stems were P. alni and P. plurivora. Bregant et al. [39] reported that out of 232 isolates obtained in northern Italy from symptomatic black, grey and green alder trunks, rhizosphere, and nearby water, 12 Phytophthora species were isolated, including P. plurivora, P. pseudocryptogea, and P. hydropathica as the most common; none of the isolates was identified as belonging to the P. alni complex.



The large number of P. ×alni isolates obtained from three different sources in Poland raises the question of the level of their aggressiveness against black alder. We studied this issue using five pathogenicity tests: inoculation of leaves, stems, 3-month-old seedlings in the laboratory, and two tests on 2-year-old seedlings in the greenhouse. The 2-year-old seedlings were tested by the inoculation of shoots or roots. In the laboratory tests, there were significant differences in lesion sizes between isolates from different sources after 5 days, while differences between isolates of the same source were not significant. However, within one and four months in the greenhouse, the differences between the isolates originating from the trunks became significant, and those causing the longest necrotic lesions were lethal to plants in the following months. In the treatment in which seedlings were planted in an infested peat substrate, differences in the length of lesions on the shoots were also observed in the first month. Still, they were smaller in the subsequent terms of observation compared to the treatment in which the shoots were inoculated. Although the plants suffered from the pathogen, they did not die until the end of the experiment, which can be explained by the ability to regenerate the roots, replace diseased roots with healthy ones, and block pathogen movement along the trunk. Mortality was caused only by soil and French isolates from diseased trees. In all tests, soil isolates were the most aggressive and water isolates were the least aggressive. From our results, it can be concluded that large differences in aggressiveness are easily manifested already on the leaves in a laboratory, and this simple and short test may reflect the degree of aggressiveness of the isolates towards seedlings.



The results of infection of alder with P. alni complex depend on several factors: type of inoculated organ [40,41], method of inoculation [40], environment condition [42], derivation of isolate—host genotype, geographic provenience [37], and, as was shown in our study, from what source the isolates were obtained—diseased trunks or soil from under these trees.



Chandelier et al. [41] evaluated various inoculation methods for screening black alder resistance to P. alni isolates obtained from symptomatic trunks. The infection was carried out on cut shoots, on shoots in situ, and on 2-year-old seedlings. The length of the lesions showed no differences in aggressiveness between the 10 isolates. Nevertheless, a 2-, 3-, or 4-fold difference in sporulation between five isolates was detected. In the above study, the most important was the inoculation period and genotype of the alder. The greatest aggressiveness was recorded on plants inoculated from July to September. In our experiments, we tested the aggressiveness of isolates of various origins on leaves, scions, and the whole seedlings derived from the same nursery, which means that the explants used for the tests came from the same place and were genetically similar. For the greenhouse tests, the plants were inoculated in June. Zamora-Ballesteros et al. [43] analyzed the pathogenicity of P. × alni, P. × multiformis, P. uniformis, and P. plurivora isolates against 1-year-old A. glutinosa seedlings inoculated with mycelium plugs on stems. All isolates caused mortality of seedlings. The most lethal (50%) isolates were P. plurivora, followed by P. × multiformis and P. uniformis. P. × alni isolates differed in lethality (20–30%) when analyzed for 37 weeks. In the above experiment, the longest lesions on shoots were made by P. × multiformis, while the lesions caused by P. ×alni and P. uniformis isolates did not differ significantly.



It would be valuable to find any morphological marker connected with the isolate aggressiveness. P. × alni mycelium is homogenous and does not form patterns. At the temperature of 25 °C, which was optimal for all isolates, no differences were found in the growth rate of mycelium on the PDA medium, but on V8 the highest daily growth was shown by soil and water isolates, and on CA medium, the greatest growth rate increase was recorded for trunk isolates (Table 2). Trunk isolates formed substrate-type mycelium, while those isolated from soil and water, air-type ones on CA medium. There were also differences between zoosporangia sizes. The largest of them were soil isolates, then water isolates and the smallest zoosporangia were trunk isolates. It might be presumed that larger zoosporangia form more zoospores, but this interpretation does not reflect the differences in lower pathogenicity of water-derived isolates.



The genus Phytophthora is very diverse. There are known such species as P. cinnamomi attacking over 5000 plant species [44] and specialized ones as P. × alni. Still, the key genes and markers of pathogenicity are not known in P. cinnamomi [45] despite intensive research [46]. According to this author, the differences in pathogenicity of P. cinnamomi isolates can be recognized to some extent based on microsatellite fingerprint groups. A study by Kasuga et al. [47] on the pathogenicity of P. ramorum revealed diversity in colony morphology, virulence, and the tendency to senescence. The morphology and senescence were associated with the host species from which the given isolate was obtained but virulence with the geographical place of origin, that pointed on climatic factors. These statements may be useful to partially explain our results. The rhizosphere environment can permanently stimulate virulence, while the aquatic environment (especially if the isolates were not from the closest vicinity of the diseased trees) can permanently block it. In a study by Haque et al. [40] on the pathogenicity of P. alni subspecies isolated from symptomatic trees it was shown that virulence to A. glutinosa depends on the temperature at which the inoculation was performed and the manner of leaf wounding, but not on the isolate source or subspecies. Linde et al. [48] studied the age of P. cinnamomi isolates in relation to their virulence. Cultures older than one or two decades formed colonies with a diameter twice smaller and caused much less damage to Eucalyptus smithii shoots under field conditions than younger isolates. The authors do not report whether the cultures were rejuvenated before the experiment. In our case, the Polish isolates were roughly the same age (collected in 2004–2006), while isolates obtained from France and Belgium were collected in 2003 and 2001, respectively. The year of isolation of the CBS isolate is unknown. Moreover, all isolates were rejuvenated and passaged on alder seedlings before the experiment. Therefore, the age-related virulence factor of the isolates may be negligible in our study.



As far as we know, the level of pathogenicity related to the origin of the P. × alni from soil and water compared to trunk isolates has not yet been investigated, and this issue needs further study.




5. Conclusions


The results of three pathogenicity tests of Phytophthora × alni isolates were performed in the laboratory on black alder leaves, shoots, and seedlings and two tests made in the greenhouse on 2-year-old seedlings showed that the soil isolates were the most aggressive in each test, followed by the stem and water isolates. Therefore, a simple test of leaf colonization can give an idea about the aggressiveness of the isolate towards the shoots and roots.
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Figure 1. Colonization of leaves, shoots and seedlings of Alnus glutinosa by isolates Phytophthora × alni 5 days after inoculation (n = 40, means ± SD). Means in the columns, followed by the same letter, were not significantly different using Tukey HSD test at p = 0.05. 
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Figure 2. Colonization of shoots 2-year-old seedlings of Alnus glutinosa inoculated with Phytophthora × alni (n = 15). Vertical bars at means showing SD. Tukey HSD—honestly significant difference calculated according to Tukey test at p = 0.05 for comparisons of the isolates group at each term of measurements. 
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Figure 3. (A) Dead plants 8 weeks after inoculation with mycelium disc of 2-year-old alder seedlings with Polish isolate P. × alni PAA16 from soil; on the left control not inoculated; (B) Dead alder seedlings planted in infected substrate with isolate P. × alni PAA 16 from soil 8 weeks after inoculation. 
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Figure 4. Colonization of Alnus glutinosa shoots planted as 2-year-old seedlings in a substrate infected with Phytophthora × alni (n = 12). Vertical bars at means showing SD. Tukey HSD—honestly significant difference calculated according to Tukey test at p = 0.05 for comparisons of the isolates group at each term of measurements. 
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Figure 5. Principal Component analysis (PCA) biplot in the arrangement of the first two principal components PC I and PC II. Vectors and symbols representing, testing methods and isolate origin, respectively. 
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Table 1. Dimension of zoosporangia of Phytophthora × alni isolates (in µm).
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Isolates of P. × alni

(Number of Isolates Measured)

	
Dimensions of Zoosporangia (µm) ± SD




	
Length

	
Width






	
P. × alni obtained from alder trunks (18)

	
50.4 1 c ± 7.64

	
34.2 c ± 5.1




	
P. × alni obtained from soil (4)

	
62.0 a ± 6.47

	
45.0 a ± 4.1




	
P. × alni obtained from water (7)

	
54.5 b ± 6.23

	
36.6 b ± 4.1








1 means in the columns, followed by the same letter, were not significantly different using Tukey’s multiple range test at p = 0.05, ±SD (standard deviation).
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Table 2. Effect of medium on daily growth of Phytophthora × alni isolates at 25 °C.
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Isolates of P. × alni

(Number of Isolates Evaluated)

	
Daily Growth of Hyphae at 25 °C (mm/24 h)




	
PDA

	
V8

	
CA






	
P. × alni obtained from alder trunks (18)

	
3.82 1 c ± 0.19

	
6.81 b ± 0.23

	
9.48 a ± 0.14




	
P. × alni obtained from soil (4)

	
3.86 c ± 0.20

	
9.11 a ± 0.26

	
7.11 b ± 0.26




	
P. × alni obtained from water (7)

	
3.78 c ± 0.21

	
9.14 a ± 0.32

	
7.11 b ± 0.33








1 means for the types of media, followed by the same letter, were not significantly different using Tukey’s multiple range test at p = 0.05, ±SD (standard deviation).
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