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Abstract

:

Serpula himantioides is a wood-decaying fungal pathogen which is widespread and causes potentially serious butt rot in living trees of numerous coniferous plantation species. This study aimed to quantify S. himantioides in the wood of Sawara cypress (Chamaecyparis pisifera) with butt rot using real-time polymerase chain reaction (real-time PCR). Species–specific primers were designed for the internal transcribed spacer 2 (ITS2) regions of ribosomal DNA (rDNA) of S. himantioides. The specificity of the designed primer set was tested by end-point PCR and amplicon sequencing. End-point PCR assays were positive for S. himantioides and negative for S. lacrymans, which belongs to the same genus as S. himantioides, Coniophora puteana of the same family as S. himantioides, and other wood decay fungi. Taxonomy assignment based on amplicon sequencing detected only Serpula spp., and most of them were identified as S. himantioides. The linearity of the calibration curve for absolute quantification by real-time PCR assays was confirmed in the range from 101 to 108 copies. This molecular assay method using real-time PCR could detect trace amounts of S. himantioides in decayed wood, showing the applicability for early diagnostics of butt rot emergence in forests.
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1. Introduction


Rot disease is one of the most common diseases that degrades timber quality, including timber discoloration and structural weakness, leading to significant economic losses [1]. For instance, root and butt rot caused by Heterobasidion annosum is one of the most destructive diseases affecting conifers in the northern temperate regions of the world, particularly in Europe. The annual economic loss attributable to H. annosum infection in Europe is estimated at 800 million euros [2]. However, detecting this disease is difficult, until the pathogen is widespread and wood decay reaches an advanced stage [3]. Instrumental analyses, such as tomographic technologies [4,5,6], magnetic resonance imaging [7], and ultrasonic measurements [8], have helped in the detection of internal wood decay. The identification of causal agents for such decay is not always feasible without detecting the presence of fungal fruiting bodies, which are only sporadically visible, especially in advanced stages of infection [9]. Traditional methods for the identification of wood decay fungi primarily rely on the visual inspection of fruiting bodies [1]. Pure fungal cultures isolated from mycelia or decayed wood when no fruiting bodies are available may help identify causal agents. However, diagnostic methods based on pure culture tests are time-consuming and sometimes cannot accurately distinguish between closely related species [10]. Furthermore, isolation of wood decay fungi from environmental samples is often difficult despite the use of selective media, due to contamination from other fast-growing fungus [1]. Hence, rapid and accurate detection of fungal pathogens is essential for taking preventive measures to reduce the damage caused by butt rot.



Serpula himantioides is a wood-decay fungus that causes butt rot in living trees and has been found in all continents, except Antarctica. A recent phylogenetic study of S. himantioides reported five major clades as phylogenetic species (PS1–PS5) of which, PS1 is found in South America, PS2 and PS3 include isolates from North America only, PS4 is dominant in North America and Europe, and PS5 is found in most continents [11]. S. himantioides infects a wide range of woody plant species, including Japanese larch (Larix kaempferi); Douglas fir (Pseudotsuga menziesii) in Germany [12]; P. menziesii in Denmark [13]; white spruce (Picea glauca), black spruce (Picea mariana), and balsam fir (Abies balsamea) in Canada [14]; and A. balsamea and red spruce (Picea rubens) in the USA [15]. Recently, butt rot caused by S. himantioides was found in the living trees of Sawara cypress (Chamaecyparis pisifera), a major plantation species in Japan (Figure 1) [16,17]. Therefore, it is important to monitor the status of S. himantioides infection in forests to prevent heart rot damage in Japanese cedar (Cryptomeria japonica) [17], the most dominant plantation species in Japan.



Real-time polymerase chain reaction (PCR) has been widely used as an effective method for the rapid detection and identification of plant pathogens. It combines the sensitivity of end-point PCR with the generation of a specific fluorescent signal, providing real-time analysis of polymerase chain reaction kinetics, and allowing quantification of a specific DNA target [18]. This tool has been successfully used to detect plant pathogens in various environmental samples, such as plant tissue [19,20,21], soil [22,23], and air [24,25]. Wood decay fungi, such as Heterobasidion annosum sensu lato [26], Phaeolus schweinitzii [26], Gloeophyllum trabeum [27], Coniophora puteana [27], Serpula lacrymans [27], and Trametes versicolor [27,28] have also been detected in decaying wood by real-time PCR using species-specific primers, suggesting that this method is a simple and rapid diagnostic tool for their detection. Although there are few reports on the causative agents of butt rot, it is anticipated that real-time PCR assays using a species-specific primer set can also be used to quantitatively detect S. himantioides in environmental samples. Schmidt et al. [29] developed a species-specific primer set for detecting S. himantioides using end-point PCR; however, this was not initially designed for real-time PCR. Therefore, a real-time PCR assay that can quantitatively detect S. himantioides with high specificity and sensitivity is needed. In this study, we aimed to develop a real-time PCR assay for detecting trace amounts of S. himantioides in wood by designing a new primer set with high specificity and sensitivity and to verify its specificity using end-point PCR and amplicon sequencing.




2. Materials and Methods


2.1. Design of Species-Specific Primer Set


Sequences of the internal transcribed spacer (ITS) region of the ribosomal DNA (rDNA) of S. himantioides strains from all continents except Antarctica were collected from the National Center for Biotechnology Information (NCBI) nucleotide database (Table S1). We compared these sequences of the ITS region with those of other fungal groups and found that the ITS2 region was suitable for S. himantioides. Therefore, we designed the following species-specific primer set using OligoEvaluator™, an online oligonucleotide sequence calculator [30]. The designed forward primer was SHF (5′-CTCGCATCGATGAAGAAC-3′), and the reverse primer was SHR (5′-CAAAACATTGTCTTACGACG-3′). This primer set was designed with a GC content ranging from 40% to 50% and similar melting temperatures (Table S2). In this primer set, the reverse primer was specific to S. himantioides and the amplicon size was 286 bp. The specificity of the reverse primer was verified using the Basic Local Alignment Search Tool (BLAST) in silico [31].




2.2. Verification of Specificity by End-Point PCR


The specificity of the designed primer set was tested using isolates of S. himantioides, S. lacrymans (of the same genus), and Coniophora puteana (of the same family), and other phylogenetically distant wood decay fungi (Phaeolus schweinitzii, Postia floriformis, Lenzites betulinus, and Veluticeps berkeleyi) (Table S3). These isolates were cultured on potato dextrose agar (PDA) in an incubator at 22 °C for 10 days, and genomic DNA was extracted from mycelia collected from the agar surface using a NucleoSpin Plant II kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany) according to the manufacturer’s instructions.



PCR was performed using the genomic DNA template with a species-specific primer set (SHF/SHR) and a universal primer set for fungi, using a thermal cycler (GeneAtlas G, ASTEC, Fukuoka, Japan). ITS5 (5′-GGAAGTAAAAGTCGTAACAAGG-3′; White et al. [32]) was the forward primer, and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′; White et al. [32]) was the reverse primer in the universal primer set for fungi. PCR was performed in a 25 µL reaction mixture containing 5 ng of template DNA, 0.25 µM of each forward and reverse primers, 12.5 µL of 2 × Gflex PCR Buffer, and 0.5 µL of Tks Gflex DNA polymerase (Takara Bio Inc., Shiga, Japan). PCR conditions were as follows: 94 °C for 1 min, followed by 30 cycles of 10 s at 98 °C, 15 s at 60 °C, and 30 s at 68 °C, and a final extension step at 68 °C for 7 min. PCR conditions for the reaction with the universal primer set were 94 °C for 1 min, followed by 30 cycles of 10 s at 98 °C, 15 s at 55 °C, and 30 s at 68 °C, with a final extension at 68 °C for 7 min. Purified water without a genomic DNA template was used as the negative control.



After PCR, agarose gel electrophoresis was performed to verify the presence or absence of bands using a Benchtop 2UV transilluminator (Analytik Jena US, An Endress+Hauser Company, Upland, CA, USA). The results of the species-specific primer set and the universal primer set were compared.




2.3. Verification of Specificity by Amplicon Sequencing


Amplicon sequencing was used to ascertain whether the designed primer set could specifically detect S. himantioides in decayed wood, in which numerous species of fungi were present.



Two decayed C. pisifera trees (CP1 and CP2; Table S4) were cut in the University of Tokyo Chichibu Forest (35°56′ N, 138°52′ E) in Central Japan, where the most recent butt rot damage by S. himantioides was reported [16]. S. himantioides was isolated from these trees. Taking wood discoloration as an indicator, nine samples of decayed wood with varying degrees of brown rot were obtained from the decayed parts of the trees using a flame-sterilized electric drill (9 mm in diameter). The degree of wood discoloration was classified into three types: non-discoloration, moderate discoloration, and severe discoloration. Three samples were collected from each of the above region (Table S5). Decayed wood samples were freeze-dried for 72 h and powdered using a bead-beater homogenizer. Genomic DNA was extracted from 5 mg of powdered wood samples using the NucleoSpin Plant II kit according to the manufacturer’s protocol. DNA yields were determined using a Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).



PCR was performed using the genomic DNA template with a species-specific primer set (SHF/SHR) and fungal community primer set (gITS7/ITS4ngs) for amplicon sequencing. gITS7 (5′-GTGARTCATCGARTCTTTG-3′; Ihrmark et al. [33]) was the forward primer and ITS4ngs (5′-TTCCTSCGCTTATTGATATGC-3′; Tedersoo et al. [34]) was the reverse primer in the fungal community primer set. A two-step tailed PCR method was used for library preparation using both primer sets.



The first PCR was performed in 50 µL reaction mixtures containing 1 ng of template DNA from a wood sample, 10 µM of each forward and reverse primer, 5 µL of 10× PCR Buffer for KOD -Plus- Neo, 5 µL of 2 mM dNTPs, 3 µL of 25 mM MgSO4, and 1 µL of KOD -Plus- Neo (Toyobo Co., Ltd., Osaka, Japan). The initial conditions for PCR with the species-specific primer set were 94 °C for 2 min, followed by 35 cycles of 10 s at 98 °C, 15 s at 60 °C, and 30 s at 68 °C, and a final extension at 68 °C for 7 min. The initial conditions for PCR with the fungal community primer set were 94 °C for 2 min, followed by 35 cycles of 10 s at 98 °C, 15 s at 56 °C, and 30 s at 68 °C, and a final extension at 68 °C for 7 min. AMPure XP beads (Beckman Coulter, Brea, CA, USA) were used to purify the amplicons. The first PCR product was quantified using the Qubit dsDNA HS assay.



The second PCR was performed in 25 µL reaction mixtures, including 10 ng of template DNA amplified in the first PCR, 0.25 µM each forward and reverse primers for adding index sequences, 12.5 µL of 2× Gflex PCR Buffer, and 0.5 µL of Tks Gflex DNA polymerase. The second PCR conditions were 94 °C for 5 min, eight cycles of 98 °C for 10 s, 60 °C for 30 s, and 68 °C for 30 s, with a final extension at 68 °C for 7 min. The second PCR products were purified using AMPure XP beads and measured using the Qubit dsDNA HS assay. Finally, all samples were pooled at equimolar concentrations.



Sequencing of the fungal communities based on the species-specific primer set and the fungal community primer set was carried out on a MiSeq platform (Illumina, San Diego, CA, USA) with 2 × 300 bp paired-end reads (FASMAC Co., Ltd., Kanagawa, Japan).



The amplicon sequencing data were processed using PIPITS version 2.3 pipeline (Gweon et al. [35]). The fungal ITS2 region was extracted using ITSx (Bengtsson-Palme et al. [36]). Subsequently, both short (<100 bp) and singleton sequences were removed, and the operational taxonomic units (OTUs) were defined at a 97% sequence similarity threshold using VSEARCH, a versatile open-source tool for metagenomics (Rognes et al. [37]). Taxonomy was assigned using the Ribosomal Database Project (RDP) classifier trained on the UNITE fungal ITS reference database (Abarenkov et al. [38]). The raw sequence data reported are available in the DNA Data Bank of Japan (DDBJ) Sequenced Read Archive under the accession number DRA013086. The sequences of each sample were rarefied to 18,667 sequences in the fungal community primer set and 43,669 sequences in the species-specific primer set based on the sample with the lowest number of sequencing reads. Finally, the results of amplicon sequencing analyses with the species-specific and fungal community primer sets were compared to verify whether only S. himantioides was detected among the fungal communities with the species-specific primer set.




2.4. Real-Time PCR Experiments


The same samples used for amplicon sequencing were assayed using a QuantStudio 3 real-time PCR system (Applied Biosystems, Carlsbad, CA, USA) to detect and quantify S. himantioides in the decayed wood. The reaction was performed in 20 µL reaction mixtures containing 1 µL of template DNA, 10 µL KOD SYBR qPCR Mix, 0.2 µM of each forward and reverse primer, and 0.04 µL 50 × ROX Reference Dye (Toyobo). The real-time PCR conditions were 98 °C for 2 min, followed by 45 cycles at 98 °C for 10 s, 60 °C for 10 s, and 68 °C for 30 s. Melting curve analysis was performed at 95 °C for 15 s, 50 °C for 1 min, and 99 °C for 15 s. The calibration curve for absolute quantification was prepared in eight steps by diluting a plasmid (347 bp, 8.93 ng/uL) containing a fragment of the rDNA ITS region of S. himantioides derived from sawara1 in Table S1.



Real-time PCR was performed thrice for each sample, and the mean value was used as the quantification result. Next, the number of DNA copies per microliter was determined from quantification results.





3. Results


3.1. Specificity of the Newly Developed Primer Set


In the end-point PCR with the species-specific primer set (SHF/SHR), a single band (approximately 300 bp) was amplified for S. himantioides, whereas no amplified product was detected for the other fungi (Figure 2). In contrast, in the end-point PCR with universal primer set (ITS5/ITS4), single bands (approximately 600 bp) were amplified for all the fungi, and no amplified product was found in the negative control. This result suggests that the specific primer set developed in this study was successful in detecting S. himantioides.



Diverse basidiomycetes (including S. himantioides), ascomycetes, and other fungi were identified using a fungal community primer set (Table 1). Basidiomycetes was the most abundant group of which S. himantioides and Serpula spp. had almost the same percentage. A low percentage of S. lacrymans was detected in the samples collected from CP2 (DWS_7–DWS_9). In contrast, only S. himantioides and Serpula spp. were detected by amplicon sequencing using species-specific primer set. No S. lacrymans, Ascomycetes, or other fungi were detected (Table 2).




3.2. Sensitivity of the Real-Time PCR Assay for Environmental Samples


The calibration curve for absolute quantification showed linearity (R2 > 0.988) in the range of 101–108 copies, with a PCR efficiency of 92.2% (Figure 3). Melting curve analysis revealed a single peak at approximately 82.6 ± 0.1 °C, confirming the absence of non-specific products; along with absence of amplified products in the negative control (Figure 4). In addition, there were 1.6 × 101–1.6 × 1010 copies of S. himantioides per microliter of sample.



Concentration of DNA extracted from decayed wood samples ranged from 0.04 to 0.49 ng/µL, and S. himantioides was detected in all samples by real-time PCR (Table S6). The estimated range of rDNA copies of S. himantioides per microliter of sample was from 7.78 × 103 copies (DWS_9) to 4.53 × 106 copies (DWS_1). The melting curve analysis showed a single peak at 83.0 ± 0.2 °C in all samples (Figure S1).





4. Discussion


4.1. Specificity of the Designed Primer Set


The results of end-point PCR showed that the newly developed primer set could specifically detect S. himantioides among isolates of closely related fungi. The species-specific primer set for S. himantioides developed in a previous study was also validated for specificity among closely related species using end-point PCR [29]. This validation was performed on DNA extracted from fungal isolates; however, the specificity was not verified using environmental DNA containing DNA from a variety of fungi. In this study, the specificity was verified using both end-point PCR and amplicon sequencing. End-point PCR was performed with the addition of control fungi, which were not used in the previous study. Amplicon sequencing offers more accurate confirmation of the specificity of primer sets for environmental DNA from various fungal species. Bradley et al. [39] performed amplicon sequencing of microalgal mock communities using a primer set specific to the V4 region of the 18S rRNA gene. This set failed to reliably amplify 2 of the 12 mock community members. The findings of amplicon sequencing in the current study showed that the designed primer set could accurately and specifically detect S. himantioides in decayed wood samples among different fungal species. In addition, melting curve analysis demonstrated a single peak, and real-time PCR analysis using decayed wood samples confirmed the absence of non-specific products. These results indicate that S. himantioides can be monitored on-site using this primer set, even if it is not isolated from wood tissue.



Furthermore, amplicon sequencing using a species-specific primer set identified OTU as Serpula spp. Intraspecific diversification leading to varieties and cryptic species within S. himantioides is estimated to have occurred during the Miocene and Pliocene [40]. Kauserud et al. [41] reported the occurrence of at least three clades within the S. himantioides species complex. Carlsen et al. [11] analyzed a wider range of specimens and detected five clades. A new clade was discovered after adding the Japanese S. himantioides strains used in this study for phylogenetic analysis [42]. With the accumulation of more sequence data on Japanese S. himantioides strains, it is possible that the OTUs identified as S. himantioides and Serpula spp. belong to the new clade of S. himantioides. However, amplicon sequencing using a species-specific primer set could not be included in the negative control because it did not yield amplified products and could not read the amplicon. Therefore, at this time, the possibility that the detected Serpula spp. was a false positive cannot be ruled out. However, the amount of Serpula spp. detected was less (less than 12.66% of the samples), and end-point PCR and real-time PCR showed no false positives. Therefore, the detection of S. himantioides in environmental samples using real-time PCR does not appear to be a practical problem. The species-specific primer set developed in this study was designed to include all five clades identified by Carlsen et al. [11], and thus could detect not only Japanese S. himantioides but also other clades of S. himantioides.




4.2. Sensitivity of the Real-Time PCR Assay for Environmental Samples


The detection limit of the calibration curve used for real-time PCR was 160 copies/µL. This limit is comparable to that for fungal communities from soil samples (3 × 102 copies [43]) and arbuscular mycorrhizal fungal isolates (100–1000 copies) [44]. The detection limit of the method developed in this study was comparable to that observed in previous studies. Therefore, this real-time PCR assay can be used to detect trace amounts of S. himantioides in environmental samples.



S. himantioides has been detected in both conifers and decayed Quercus logs and stumps [45]. The S. himantioides strains used by Carlsen et al. [11] were obtained from hardwoods, soil, and indoors. This suggests that S. himantioides has a wide range of habitats which are yet to be documented clearly, such as distribution patterns in forests and soil, and the mode of dispersal by spores.



The real-time PCR method proposed in this study will be a powerful tool for early monitoring and detection of S. himantioides in softwood, hardwood, soil, and air and will be able to reveal its habitat. In addition, it may help forest owners decide when to cut down trees and reduce the economic losses caused by butt rot.





5. Conclusions


In this study, we successfully developed a real-time PCR assay, the species-specific primer set SHF (5′-CTCGCATCGATGAAGAAC-3′) and SHR (5′-CAAAACATTGTCTTACGACG-3′), designed in the ITS2 region to detect and quantify S. himantioides causing serious butt rot in C. pisifera. This method can be applied not only for the early detection of S. himantioides-induced butt rot but also for detecting the presence of S. himantioides in decaying wood, soil, and air. Overall, this method may help to identify the infection pathway of S. himantioides and to provide timely and effective control measures.
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Figure 1. Serious butt rot caused by Serpula himantioides in living trees of Chamaecyparis pisifera in Japan: (a) Stump of a butt rot tree; (b) Transverse section of a decayed tree at 2.2 m height above ground. Brown rot was observed in most of the heartwood; (c) Longitudinal section of decayed wood from 2.2 m to 5.2 m above ground. The brownish area reached a height of 5.0 m above ground level; (d) Felling of trees caused by butt rot; (e) Fruiting body of Serpula himantioides. 
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Figure 2. Comparison of end-point PCR results between species-specific and universal primer sets by agarose gel electrophoresis. Lanes are designated with abbreviations for the species listed in Table S3. Size markers are in the first and last lanes: (a) Species-specific primer set SHF/SHR detected Serpula himantioides (SH1, SH2, SH3, and SH4), and there was no reaction with the control fungi. (b) Universal primer set ITS5/ITS4 detected all fungi. All primer sets yielded negative results for negative control (NTC). 






Figure 2. Comparison of end-point PCR results between species-specific and universal primer sets by agarose gel electrophoresis. Lanes are designated with abbreviations for the species listed in Table S3. Size markers are in the first and last lanes: (a) Species-specific primer set SHF/SHR detected Serpula himantioides (SH1, SH2, SH3, and SH4), and there was no reaction with the control fungi. (b) Universal primer set ITS5/ITS4 detected all fungi. All primer sets yielded negative results for negative control (NTC).



[image: Forests 13 01429 g002a][image: Forests 13 01429 g002b]







[image: Forests 13 01429 g003 550] 





Figure 3. Calibration curve for the absolute quantification of Serpula himantioides based on real-time PCR with SYBR-Green as the fluorescent dye. The threshold number of PCR cycles (Ct-value) was plotted against the log of the initial quantity of template DNA (n = 3). Amplification efficiency was calculated using the Applied Biosystems™ Analysis Software (version 1.0.1). 
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Figure 4. Melting curves of recombinant plasmid DNA containing genomic sequences from Serpula himantioides amplicons as determined by real-time PCR. The derivative reporter, displayed on the y-axis, was calculated as the negative first derivative of the normalized fluorescence (Rn) generated by the reporter during PCR amplification. For visual clarity, the mean of the derivative reporter is shown (n = 3). 
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Table 1. Percentage of reads of fungi detected by amplicon sequencing using the fungal community primer set.
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Sample Name

	
Basidiomycetes

	
Ascomycetes

(%)

	
Other Fungi

(%)




	
S. himantioides

(%)

	
S. lacrymans

(%)

	
Serpula spp.

(%)

	
Besides

Serpula (%)






	
DWS_1

	
45.83

	
0.00

	
52.57

	
0.06

	
1.49

	
0.05




	
DWS_2

	
47.78

	
0.00

	
51.86

	
0.05

	
0.26

	
0.05




	
DWS_3

	
48.58

	
0.00

	
45.34

	
3.52

	
0.51

	
2.06




	
DWS_4

	
47.16

	
0.00

	
50.25

	
1.29

	
0.22

	
1.08




	
DWS_5

	
49.08

	
0.00

	
48.88

	
0.72

	
1.29

	
0.04




	
DWS_6

	
27.54

	
0.00

	
29.23

	
18.32

	
24.40

	
0.51




	
DWS_7

	
16.52

	
0.17

	
16.94

	
19.79

	
37.98

	
8.60




	
DWS_8

	
13.36

	
0.31

	
13.61

	
31.61

	
33.15

	
7.96




	
DWS_9

	
7.37

	
0.24

	
7.52

	
42.25

	
31.73

	
10.90
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Table 2. Percentage of reads of fungi detected by amplicon sequencing using the species-specific primer set for Serpula himantioides.
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Sample Name

	
Basidiomycetes

	
Ascomycetes

(%)

	
Other Fungi

(%)




	
S. himantioides (%)

	
S. lacrymans

(%)

	
Serpula spp.

(%)

	
Besides

Serpula (%)






	
DWS_1

	
91.02

	
0.00

	
8.98

	
0.00

	
0.00

	
0.00




	
DWS_2

	
90.86

	
0.00

	
9.14

	
0.00

	
0.00

	
0.00




	
DWS_3

	
92.05

	
0.00

	
7.95

	
0.00

	
0.00

	
0.00




	
DWS_4

	
90.52

	
0.00

	
9.48

	
0.00

	
0.00

	
0.00




	
DWS_5

	
91.83

	
0.00

	
8.17

	
0.00

	
0.00

	
0.00




	
DWS_6

	
92.22

	
0.00

	
7.78

	
0.00

	
0.00

	
0.00




	
DWS_7

	
91.40

	
0.00

	
8.60

	
0.00

	
0.00

	
0.00




	
DWS_8

	
92.03

	
0.00

	
7.97

	
0.00

	
0.00

	
0.00




	
DWS_9

	
87.34

	
0.00

	
12.66

	
0.00

	
0.00

	
0.00
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