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In June, 2021, laurel willow (Salix pentandra) near Slave Lake, Alberta, was found to be infected by a Melampsora sp. that produced bright yellow urediniospores in uredia that were present on catkins, leaves, and stems. All Melampsora species previously reported in Canada are recorded as infecting leaves; therefore, further investigation was undertaken to ascertain the identity of this pathogen. To assess the relationship between this specimen and other Melampsora spp. previously collected from Canada, samples of willow leaves infected by Melampsora spp. were sourced from mycological herbariums located at the Laurentian Forestry Centre (QFB) and the Northern Forestry Centre (CFB, WINF(M)). DNA sequence data from the internal transcribed spacer (ITS) ribosomal RNA region of the fresh specimen, herbarium specimens, and DNA sequence data deposited within GenBank, were used to conduct a phylogenetic analysis. Sequencing and BLAST analysis of the material from the sample resulted in a 99.3% sequence identity match to Melampsora epitea “Mel J” collected from Larix laricina in New York State. The ITS sequence from the herbarium sample WINF(M)7356 (described as M. abieti-capraearum from Manitoba) had 100.0% identity with the Alberta sample. Additionally, specimens WINF(M)11892 (Melampsora sp. from Manitoba) and CFB8931 (Melampsora sp. from the Yukon) had 99.0% sequence identity with the Alberta sample. From these results we applied the identity of M. epitea to the rust discovered in Slave Lake, AB. With the current emphasis on willows for bioenergy production in Canada, growers must remain vigilant for this pathogen and the damages it could cause to willow plantations.
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Introduction

This study was initiated as a result of a public inquiry regarding Salix pentandra L. (laurel willow) infected by a rust pathogen in Alberta, Canada, in 2021. Laurel willow is native to Europe and Asia, although it has been introduced to Canada where its cold hardiness has facilitated its establishment (Farrar, 1995). The specimens that were received were subjected to further examination because uredinia were present in cankers found on stems, a symptom that is not listed in any of the descriptions of Melampsora spp., which infect willows in Western Canada, as outlined by Ziller (1974), leading to concerns that a new pathogen may have been introduced to Canada.

The taxonomy of rust pathogens infecting willows is complicated due to the morphological similarity of the uredinial states of Melampsora spp. on willows, resulting in Melampsora epitea Thümen becoming a catch-all for Melampsora sp. infecting willow (Ziller, 1974). Recent studies based on morphology and ribosomal DNA sequences have revealed that M. epitea is a species complex (Smith et al., 2004; Bennett et al., 2011; Kenaley et al., 2014; Zhao et al., 2017). In total, 12–14 phylotypes were recognized in North America (Smith et al., 2004), and more recently, Zhao et al. (2017) have described 13 species based on specimens collected from East Asia. These groups are differentiated based on aecial hosts, subtle morphological differences in the urediniospores, uredinia and telia, and ribosomal DNA sequences (Smith et al., 2004; Bennett et al., 2011; Kenaley et al., 2014; Zhao et al., 2017). Morphology and host associations are important characters in making an identification, but within this group, this information must be supplemented with DNA sequence data to arrive at the best possible identification.

The objective of this study was to determine the identity of the Melampsora sp. causing disease on S. pentandra in Alberta to investigate its potential as a new introduction in Canada. This was achieved by comparing the ribosomal DNA sequence data from this specimen with the ribosomal DNA extracted from herbarium specimens collected from Salix spp. in Canada and ribosomal DNA sequence data present in GenBank.



Materials and methods


Collection information

The sample, which included infected catkins, leaves, and stems, was collected fresh from Salix pentandra growing on private property in the Slave Lake region of Alberta and received at the Northern Forestry Centre on 16 June 2021.



Herbarium samples

Specimens were retrieved from the QFB herbarium at the Laurentian Forestry Centre (Quebec City, Canada) and the CFB and WIN(F) herbaria at the Northern Forestry Centre (Edmonton, Canada) based on the host and proximity to the collection site (Table 1).


TABLE 1 Herbarium specimens examined in this study.
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Morphology

Fresh urediniospores were mounted in water and the length (μm) and width (μm) of 10 urediniospores were measured under 400× and 1,000× magnification (n = 20) using a Zeiss Axiophot compound microscope using differential interference contrast (Carl Zeiss AG, Jena, Germany). One-way analysis of variance (α = 0.05) was performed using Microsoft Excel to compare the size of urediniospores measured under 400× and 1,000× magnification. As there was no significant difference in the length or width of urediniospores observed under 400× and 1,000× magnification (length F1,18 = 0.04, p = 0.839; width F1,18 = 2.48, p = 0.133), urediniospore size was calculated based on the pooled sample (n = 20).

To compare urediniospore size between uredia present on catkins, stems, and leaves, a total of 30 urediniospores from each tissue type (n = 90) from specimen CFB 22329 were mounted in water, and the urediniospore length (μm) and width (μm) were measured under 400× magnification using a Zeiss Axiophot compound microscope (Carl Zeiss AG, Jena, Germany). One-way analysis of variance (α = 0.05) was performed using Microsoft Excel to compare the size of urediniospores from uredia present in these different tissues. As there was no significant difference in the length or width of urediniospores collected from catkins, stems, or leaves (length F2,87 = 1.24, p = 0.294; width F2,87 = 2.19, p = 0.119), the size of urediniospore was calculated based on the pooled sample (n = 90).



DNA extraction: willow stems and seed catkins, herbarium samples

Urediniospores were collected from both fresh samples of willow stem and seed catkins and also herbarium samples of willow leaves. Plant materials were examined under a dissecting microscope, and urediniospores were aseptically harvested into 2 ml tubes with two 3.2 mm diameter stainless steel beads per tube. Due to the difficulty in harvesting from herbarium leaf samples, urediniospores were collected along with minute amounts of leaf, taking every care to minimize leaf material (Table 1). Afterward, the urediniospore samples were ground to a fine powder using the MM 300 TissueLyser (Retsch®, PA, USA) at 30 Hz for 2 min. The total genomic DNA of all urediniospore samples was extracted using the Qiagen DNeasy Plant mini kit (Qiagen, CA, USA) according to the manufacturer's instructions. DNA concentration of samples was measured using the Nanodrop ND-1000 spectrophotometer (ver. 3.8; Thermo Fisher Scientific Inc., Ottawa, ON, Canada).



Polymerase chain reaction (PCR) assay

For species identification, the ITS region of the ribosomal DNA was amplified by PCR using the universal fungal primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′; Gardes and Bruns, 1993)/ITS4 (5′-TCCTCCGCTTATTGATATGC-3′; White et al., 1990) following published protocols (White et al., 1990). Each PCR reaction (25 μl total volume) contained 1X buffer (Invitrogen, Carlsbad, CA, USA), 1.5 mM MgCl2 (Invitrogen, Carlsbad, CA, USA), 0.2 mM each dNTP (Invitrogen, Carlsbad, CA, USA), 0.5 U Platinum Taq polymerase (Invitrogen, Carlsbad, CA, USA), each primer (forward and reverse) at 1 μM, and 2 μl of template DNA. The PCR protocol was performed in a Bio-Rad T100™ Thermal Cycler (Hercules, CA, USA) and included an initial denaturation step at 94°C for 3 min. This was followed by 35 cycles of denaturation (30 s at 94°C), annealing (30 s at 55°C), extension (1 min at 72°C), and final extension at 72°C for 10 min.

The PCR products were mixed with safe green dye (Applied Biological Materials, Canada) at a 1:5 ratio and were analyzed by gel electrophoresis using 1% agarose in 1X TBE (10X: Tris base 108 g, Boric acid 55 g, and EDTA 7.5 g in 1 L of distilled water). The PCR products were visualized using the Prepone Sapphire Blue LED Illuminator system (Embi Tec, CA, USA). Subsequently, the PCR products were sent for purification and Sanger sequencing to the CHUL Research Center Sequencing and Genotyping Platform (Québec City, Québec, Canada).



Sequences and phylogenetic analysis

ITS sequence data from the fresh specimen and herbarium specimens were aligned with ITS sequences from M. epitea and closely related Melampsora spp. retrieved from GenBank. Sequence chromatograms were trimmed, manually assessed for quality, and aligned for consensus using BioEdit ver 7.2 (Hall, 1999). Sequence identity was assigned using the BLASTn (Altschul et al., 1990) on the GenBank-NCBI nucleotide collection (nt) with homolog sequences. Maximum likelihood (ML) phylogenetic trees were constructed with RaxML (Stamatakis, 2014) using the GTR + GAMMA nucleotide evolution model. ModelTest-NG (Darriba et al., 2020) was used to identify the best-fitting nucleotide evolution model for this dataset. The maximum parsimony (MP) tree was identified by conducting a heuristic search and 100 random additions of sequences (RAS) with PAUP ver. 4.0b10 (Swofford, 2003). Statistical support for nodes on the ML and MP phylogenetic trees were obtained with 100 bootstrap replicates, saved in a Newick format, and then edited using TreeGraph 2 (Stöver and Müller, 2010), collapsing nodes for the minimum 70% consensus rule.




Results

Examination of the specimens revealed bright yellow uredinia present on leaves, catkins, and stems (Figure 1). Fresh urediniospores were yellow, echinulate, and globoid to broadly ellipsoid and measured [(length × width) (min-) x̄ ± SD (-max)]: (20-) 25.4 ± 3.17 (−35) × (17.5-) 20.6 ± 1.62 (−23) μm. Further examination of dried material revealed no significant difference in urediniospore size produced in uredia on catkins, stems, or leaves (length F2,87 = 1.24, p = 0.294; width F2,87 = 2.19, p = 0.119), suggesting that all tissues were infected by the same pathogen. Urediniospores from the dried material were no longer yellow and measured (20-) 23.8 ± 1.89 (−30) × (12.5-) 15.9 ± 1.41 (−20) μm.
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FIGURE 1
 Melampsora epitae-infected Salix pentranda: (A) Uredinia on the stem (white arrow) and seed catkins (black arrow). (B) Urediniospores under 1,000× magnification in water, scale bar 20 μm. (C) Uredinia on seed catkin. (D) Uredinia on a stem. (E) Uredinia on leaves and catkins. (F) Uredinia on branch.


When the ITS sequence data were aligned with sequence data from close relatives that were deposited in GenBank, it was found that the rust collected in this study was part of the Melampsora epitea complex. Comparison of the ITS sequence data from the fresh material with ITS sequence data generated from herbarium material resulted in a 100% identity with the specimen WINF(M)7356, identified as Melampsora abietis-caprearum, which was collected in 1967 from Devils Lake, Manitoba. The sequence was also 100% identical with the GenBank sequence GQ479229, M. epitea, collected from Edmonton, Alberta, in 2006 (Figure 2), and had a 99% identity match with the herbarium specimens CFB8931, Melampsora sp. collected from the Ross River in the Yukon in 1969 and WINF(M)11892, Melampsora sp. collected from Braintree, Manitoba, in 1969.


[image: Figure 2]
FIGURE 2
 Maximum likelihood phylogenetic tree constructed from a nucleotide alignment of 613 bp of the internal transcribed spacer regions (ITS) of the nuclear rDNA including sequence data collected from the willow rust specimen identified in Alberta (in red), various herbaria specimens (in blue), and sequence data from GenBank (in black). The numbers above the nodes are statistical support values obtained from 100 bootstrap samples in maximum likelihood/maximum parsimony; statistical support under 70% is not represented. Scale bars indicate the number of nucleotide substitutions per site.


A representative sample from the specimen has been entered into the CFB herbarium under the accession number CFB22329. The ITS sequence data from this specimen has been accessioned in GenBank under the numbers OQ076914 for urediniospores from the stem and OQ076915 for urediniospores from catkins.



Discussion

Diseased S. pentandra with uredinia on stems, catkins, and leaves were collected from northern Alberta, Canada. As Ziller (1974) states that M. epitea is responsible for yellow leaf spots or blight, further examination of this material was undertaken. Urediniospores were larger than that reported by Ziller (1959) but otherwise matched the description. Further examination using DNA sequence data to determine the identity of this pathogen was performed. When the ITS sequence data from this specimen was compared with sequence data in GenBank, it was revealed that the specimen was part of the Melampsora epitea species complex. Phylogenetic analysis of the ITS data from this specimen and sequence data from herbarium specimens and GenBank accessions resulted in a 100% match with the specimen WINF(M)7356, which is morphologically identified as M. abieti-capraearum [which Ziller (1974) states as indistinguishable from M. epitea in the aecial, uredinial, and telial stages] collected in 1967 from Manitoba, and GenBank accession GQ479229, which is identified as M. epitea collected from Edmonton, Alberta, in 2006. Stem cankers have also been observed on Salix sp. in Minnesota (Ostry and Anderson, 2001) and on Salix arctica Pall. from Ellesmere Island (Smith et al., 2004). Stem cankers have been hypothesized to provide an overwintering mechanism in the closely related species M. paradoxa (Crowell et al., 2022). Altogether, these results suggest that the diseased material collected in northern Alberta in 2021 is not the product of a recent introduction. Instead, the pathogen responsible for this stem canker symptom on willows seems to be relatively widespread in Western Canada. Two additional public inquiries during the summer of 2022 from ornamental willows in the Edmonton region determined it to be the same pathogen, further supporting the conclusion that the pathogen is established in Canada.

This study has demonstrated the importance of preserving specimens in biological collections. The CFB, DACFP, S, and WINF(M) collections maintained at the Northern Forestry Centre in Alberta contain a combined 237 accessions of Salix spp. infected by Melampsora spp. that are identified as, M. epitea, M. paradoxa, M. abieti-capaearum, and M. bigelowii. The QFB collection maintained in the Pomerleau herbarium at the Laurentian Forestry Centre in Quebec contains 87 specimens of willow infected by Melampsora rusts. Analysis of the ITS sequence data generated from a subset of these herbaria specimens was key to determining that the pathogen collected in this study was already present in Canada. The specimens housed in these herbaria were all identified based on morphology and host associations. Identifying the causal agent of rust disease on willows based on morphology is difficult due to the similarity of key characteristics (Ziller, 1974), and recent DNA-based studies have suggested that M. epitea is far more complex than revealed by morphological examination (Smith et al., 2004; Bennett et al., 2011; Kenaley et al., 2014; Zhao et al., 2017). Having these specimens available for research will be an important resource for any future studies related to understanding the composition of the M. epitea complex in Canada.

Within Canada, short-rotation willow plantations are becoming increasingly common for phytoremediation (Jerbi et al., 2023) and bioenergy production (Buss et al., 2022). These plantations rely on genotypes that have been selected for growth and yield, and some of these genotypes have been demonstrated to become infected by M. epitea (McCracken and Dawson, 2003). Losses caused by a stem-infecting form of Melampsora that caused stem cankers on Salix viminalis L. in the United Kingdom (Pei et al., 1995) also demonstrated the risk posed to Canadian willows. Surveys of phytoremediation willow plantations in the Edmonton area that were conducted as part of a project to assess willow health have not revealed the presence of any Melampsora spp. on leaves or stems to date. As these plantations become more prominent in Canada, health surveys should include M. epitea as a pathogen of concern.

Further research is necessary to understand the exact identity of the pathogen observed in this study and to determine the aecial host as all materials that were examined were from the uredinial host. The finding that the ITS sequence data from the specimen examined in this study was a 100% match with herbarium material, collected between 1967 and 2006 in Canada, suggests that it is not a recent introduction, but rather that the pathogen has been long-established in central and northwestern parts of Canada. The formation of stem cankers, however, appears to have been rarely observed due to the lack of herbarium specimens that include stem material and the descriptions included within Ziller (1974). It is unknown why stem cankers have not been observed more frequently in the past, but the sample examined in this study was collected from an exotic ornamental by a homeowner who was closely monitoring the health of the trees on their property.
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