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Abstract: In Bazhong City, Sichuan Province, China, top dieback symptoms were found on many pine trees (Pinus thunbergii Parl). The tips of old needles first turned grayish-green and then developed into brown bands in the field. Phylogenetic analysis of concatenated ITS and EF1-α indicated the pathogen of this dieback disease as Diplodia neojuniperi. Additionally, effects of temperature, pH and medium on the mycelial growth were also characterized. The most favorable temperature and pH level for mycelial growth are 25°C and 8, respectively. The optimal medium for mycelial growth is PDA medium. To our knowledge, this is the first report of D. neojuniperi causes Diplodia top dieback on Pinus thunbergii. Our results provide fundamental information for monitoring and preventing such disease in the future.
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1  Introduction

Pine needle, known as pine leaves and fur, is one of the most important by-products of pine trees. It is also the main medical component of Pinaceae plants, such as Pinus thunbergii Parl., P. massoniana Lamb. and P. koraiensis [1–3]. Besides, pine needles also contain indispensable inorganic elements for the human body, such as flavonoids, volatile oil, shikimic acid, fatty acid, phosphorus, calcium, and multiple amino acids, etc. The extraction from pine needles is a natural high-quality compound which show no negative effects on mammals [1]. Such compounds are not only avirulent but also possess immunity enhancing and many other benefits on humans like hypolipidemic, hypoglycemic, antioxidant, antiviral, antibiosis according to previous studies [4,5].

Pinus thunbergii Parl. (Japanese black pine) is a widely distributed pine species in China due to its graceful leaf shape, fast growth, and salinity tolerance, which originated from Japan and North Korea [6]. It plays essential roles in ecological restoration such as sand fixation, and environment afforestation [7]. However, in June 2020, a large area of P. thunbergii were observed to show discolored and withered needles in forests from Bazhong City, Sichuan Province, China. This unknown disease has affected the potential value of pine needles, decreased the growth of pine trees and caused serious economic and ecological losses.

Many pathogens which would cause pine wilt and death on P. thunbergii have been reported in China. The pine wood nematode could infect P. thunbergii and causing severe pine wilt disease within a very short time [8]. Matsucoccus matsumurae could destroy the inner bark tissue of P. thunbergii, and eventually make the branches soft and droop. This insect did not kill pine trees but made them more vulnerable to other pathogens and insects in order to bring significant damage to P. thunbergii [9]. Needle-shedding disease [10] of P. thunbergii was mainly caused by Lophodermium spp. which severely damaged pine needles. At the beginning of the infection, small yellow spots with brownish markings would appear, the yellowing leaves could not recover in the late stage and eventually fell off. Needle-shedding disease is extremely contagious and possesses high morbidity. However, there is hardly any infections can be found after the needles have fully grown [11]. Also, brown-spot needle blight on P. thunbergii could cause spots and chlorosis on its needles [12]. It is common to find pine needles exhibiting discoloration and wilt symptoms in the field, however, the symptoms of white P. thunbergii needles found on the forest farms from Sichuan Province are inconsistent with aforementioned descriptions.

Diplodia spp. have been found more than 1,500 species in the earth by far. They usually infect woody plants and are acknowledged as endophytes, saprophytic fungi, and pathogenic fungi [13]. Some of the Diplodia spp. are associated with leaf, stem [14] and root [15] diseases in a variety of plant hosts to cause severe forest disease. It has been affirmed that this genus can lead to leaf rotten disease on Italian cypress, dieback on Corylus heterophylla Fisch, Australia grapevines, and oak wilt disease [16]. Diplodia spp. belongs to Botryosphaeriaceae which used to be considered as a synonym of Lasiodiplodia spp. [17]. However, many subsequent studies demonstrate that there are distinct differences between Lasiodiplodia and Diplodia on both morphological and phylogenetic levels [18,19]. Thus, they should be classified into different genera.

Top dieback resulting from pine canker is a serious pine needle disease with a worldwide distribution and has more than 80 pine hosts according to reports [20]. As one of the most important limiting factors for tree production in nursery and forest environments, pine canker can induce premature needle loss and reduced photosynthetic capacity, weakening the pine tree and can even lead to its death [21]. At present, the pathogen of tree needle disease in Bazhong City remains unclear, which makes it difficult to assess the level of this disease in the area. The main goal of this study is to investigate the incidence and symptoms of top dieback disease in Bazhong, detect the causative pathogen based on classical Koch’s Law principle, determine the taxonomy of pathogen by morphological and molecular methods to fully understand the disease.

2  Materials and Methods

2.1 Field Surveys and Fungal Isolations, Purification and Reservation

From June to July 2020, an investigation was conducted on tree farms in Bazhong, Sichuan to describe the incidence and severity of top dieback disease on P. thunbergii. Altogether 20 needles and 3 branches with typical symptoms were collected as isolation materials, disease/health junction parts were cut into 0.5 cm tissue blocks with sterile blades. Tissue blocks were then rinsed in 1.5% sodium hypochlorite solution for 90 s, and washed in sterile water for 3 times. Sterilized tissues (5 tissues per dish) were cultured on potato dextrose agar (PDA) medium and incubated in a dark incubator at 25°C.

Two days after incubation, colonies were selected based on their morphology, color, and growth rate. Mycelium was picked with a sterile toothpick and placed on a new PDA medium. This procedure was repeated until a single colony was obtained. After cultivating the purified colonies in the incubator, the fungal spores were washed off with sterile water to discard mycelium. The spore solution and 50% glycerol were added in a 1:1 ratio to 2 mL sterile centrifuge tubes and stored at −20°C. The filter paper preservation method was used for non-spore producing or difficult to produce fungi [22].

2.2 Pathogenicity Test and Pathogen Re-Isolation, Determination and Description

In order to determine the pathogen fungus on black pine, three-year-old P. thunbergii seedlings were used for pathogenicity test in the greenhouse of at Nanjing Forestry University. Mycelium cultured for 7 days were inoculated on black pine needles, and covered with cotton to maintain moisture. PDA medium were also inoculated on black pine trees and served as control sample. The inoculation experiments were repeated 3 times for every putative pathogenic fungus and symptom was recorded after approximately 15 days post-inoculation.

Photographs of inoculated plants which showed similar symptoms to those found in the field were taken and pathogens of diseased plants were re-isolated and observed. Strains with similar morphology were inoculated again as described above to determine the pathogen. After finishing the Koch’s postulate, the pathogen was cultured on PDA medium in a dark incubator at 25°C for 5 days to measure and observe its hyphae growth, colony and pigment [23]. The pathogen conidia and their characteristics (shape, color, size, and with or without diaphragm) were recorded. Sporulating colony on PNA was first cut into section by LEICA CM1900 then recorded by SteREO Discovery.V20 (ZEISS). The pictures of spores, sporulating colony and conidiogenous cells were taken by Axio Imager A2m microscope (Zeiss). The method reported by Úrbez-Torres was applied to generate spores when it cannot be observed on normal medium [24].

2.3 PCR Amplification, and Phylogenetic Analysis of Pathogenic Fungi

Cetyltrimethylammonium bromide (CTAB) was used to extract the DNA of aforementioned putative pathogens [25]. Oligonucleotide primers ITS1 and ITS4, and EF1-728F and EF1-986R were used to amplify the internal transcribed spacer (ITS) region and the translation elongation factor (EF1-α) gene, respectively. The PCR reaction conditions for ITS and EF1-α were conducted as described by Úrbez-Torres [24]. For each sequence, the amplified product was detected by 1% agarose gel. Primer synthesis and nucleic acid sequencing of PCR products were carried out by Nanjing Shenggong Biotechnology Corporation (Jiangsu, China).

The sequences were submitted to GenBank via Bankit to obtain accession numbers. The ITS, and EF1-α sequences of the pathogens were aligned with Blast (http://www.ncbi.nlm.nih.gov) to perform preliminary classification. Next, the sequences of Diplodia spp. used for phylogeny analysis were downloaded from NCBI website as reported in relevant study (Table 1) [25]. Downloaded sequences were aligned, spliced, and connected to generate new tandem sequences via BioEdit [26]. A multilocus phylogenetic tree was constructed using maximum likehood method with 1000 bootstraps by Mega8.0 based on ITS, and EF1-α sequences [27,28].
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2.4 Biological Characterization Analysis

The identified pathogen was first cultured and cut into 6 mm diameter blocks with sterilized perforator. The blocks were inoculated into different medium under various pH and temperature to perform single factor tests (Table 2) with three replicates. After cultivating for 8 days, the mycelium diameters were measured. All statistical analyses were conducted by SPSS v.17.5 and the histograms were plotted by Origin 8.0 (https://www.originlab.com).
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3  Results

3.1 Field Studies on the Progression and Characteristics of the Disease

A large amount of yellowish and wilt symptoms on black pine needles were observed on a tree farm from Bazhong City, Sichuan Province in June 2020. The initial observation of black pine discoloration and wilt was around mid-May. The disease incidence is less than 30% while the severity of the disease is high. The disease incidence reached its peak in July and August when the temperature rose and the rainy season began, sometimes the peak period would last till September. The disease progress is rapid. Once the outbreak has occurred, it can infect pines at different ages, and result in wilt and death of pine needles. In the early stage of the disease, black pine needles developed sporadic brown spots. In the latter stage, infected black pine needles turned brown and died eventually (Fig. 1A).
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Figure 1: Symptoms of Diplodia neojuniperi. on Pinus thunbergii. (A) Diseased branches in the field. (B) No disease symptoms were observed on control plants. (C) Inoculation on the stem of Pinus thunbergii seedlings with myceliums

3.2 Results of Fungal Isolation Diversity and Molecular Identification

A total of 6 fungal isolates were retrieved from fruiting bodies of the symptomatic needles from above-mentioned Pinus species. The purified strains belonged to the genera Pseudocercospora, Phyllosticta, Diplodia, Alternaria, and Fusarium respectively. ITS and EF1-α regions of those 6 isolated strains were amplified for better identification. The identification results of 6 purified fungi were Pseudocercospora pini-densiflorae, Phyllosticta capitalensis, Diplodia neojuniperi, Alternaria alternata, Fusarium fujikuroi and F. proliferatum (Fig. 2 and Table 3).
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Figure 2: 6 purified fungal isolates of the symptomatic needles form Pinus species. (A) Pseudocercospora pini-densiflorae. (B) Phyllosticta capitalensis. (C) Diplodia neojuniperi. (D) Alternaria alternata. (E) Fusarium fujikuroi. (F) F. proliferatum
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3.3 Pathogenicity Test, Morphological and Phylogenetic Analysis of the Pathogenic Fungus

Ten days after inoculation with Diplodia neojuniperi strains (SC04), Pinus thunbergii needles had leaf chlorosis. One week later, the needles first turned brown, then wilting, and dead. The symptoms were consistent with those in the field, and the incidence of disease was 100% (Figs. 1B and 1C). On contrary, there is no change in the branches that were inoculated with other purified fungus. Since Diplodia neojuniperi was isolated from diseased needles and branches, the Koch’s Law test was completed after inoculation experiments and SC04 strain was selected for downstream observation and analysis. Colony was white on PDA at first, then turned dark brown after 7 days and the outer edge was beige (Fig. 3A). The colony of Diplodia neojuniperi can sporulate on PNA medium (Figs. 3B and 3C). The conidia (Figs. 3E and 3F) were transparent, and their length were 7–12.5 μm × 2.5–4.5 μm (mean = 9.5 × 3.6 μm, n = 20). The mature conidium (Fig. 3G) was brown with one septate, its central part has constriction. It has rounded ends and its length was 21–27 μm × 10–15 μm (mean = 23.6 × 12.6 μm, n = 20).
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Figure 3: Morphological characteristics of Diplodia neojuniperi. (A) Colony on potato dextrose agar in 9-cm Petri dish incubated at 25°C. Bar =1 cm. (B) Colony sporulating on PNA. Bar = 1000 μm. (C) Vertical section through conidium. Bar = 50 μm. (D) Conidiogenous cells. Bar = 10 μm. (E, F) Hyaline conidia. Bar = 10 μm. (G) Mature, 1-septate, brown conidium. Bar = 20 μm

According to the phylogenetic tree (Fig. 4) construction of SC04, the ITS and EF1-α sequences of SC04 matched Diplodia neojuniperi at a high level. The bootstrap support of strain SC04 and Diplodia neojuniperi is 96%. The ITS and EF1-α sequences (Accession Nos. ON340772 and ON364524) were deposited in GenBank.
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Figure 4: Phylogenetic analysis of SC04 using ITS and EF1-α

3.4 Effects of pH, Temperature and Medium on Mycelial Growth

We evaluate the growth rate of SC04 under different pH, temperature and culture medium to investigate its optimal growth condition. Strain SC04 can grow in the range of pH 4 to 11. The most suitable pH level for strain SC04 is 8, the growth of SC04 was significantly inhibited when pH dropped less than 4 (Fig. 5). The strain SC04 can grow in a range of 10°C to 30°C (Fig. 6). The most favorable temperature is 25°C condition and the colony diameter reached 9.0 cm within 8 days, followed by 20°C. Among the different medium we used in this study, the optimal medium for mycelial growth of strain SC04 is PDA medium followed by OA medium, MEA medium, PSA medium, and Czapek medium (Fig. 7). On PDA medium, the mycelium diameter of SC04 reached 9.0 cm after 8 days with a thick and vigor appearance. The mycelium was green on MEA medium and OA medium, and it can hardly grow on Czapek medium.
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Figure 5: Effects of different PH on mycelial growth of strain SC04 and colonies of SC04 on culture medium with different pH levels. (A) Histogram of SC04 growth condition with different pH levels. (B) Mycelial growth of strain SC04 under pH4, (C) pH5, (D) pH6, (E) pH7, (F) pH8, (G) pH9 and (H) pH10
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Figure 6: Effects of different temperatures (°C) on mycelial growth of strain SC04 and colonies of strain SC04 under different temperature conditions. (A) Histogram of SC04 growth condition with different temperature. (B) Mycelial growth of strain SC04 under 5°C, (C) 10°C, (D) 15°C, (E) 20°C, (F) 25°C, (G) 30°C and (H) 35°C
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Figure 7: Mycelial growth of strain SC04 and colonies of strain SC04 on different medium. (A) Growth rate of mycelia on different medium. (B) Mycelial growth of strain SC04 on PDA, (C) MEA, (D) OA, (E) Czapek and (F) PSA

4  Discussion

To our knowledge, this is the first report of Diplodia dieback on P. thunbergii caused by Diplodia neojuniperi in China. Needle wilt caused by this fungus greatly affected the health of the pine forest. The previous field survey of our study has found that branch injury and needle wilt caused by D. neojuniperi have a long-term influence on the vitality of pine forests and can bring death to heavily infected pine trees within two years. The mortality resulting from this disease depends entirely on the extent to which the crown is affected by the infection but has nothing to do with the growth of host trees prior to initial infection. Besides, the incidence of the disease is also not related to the growth status of the tree. The pathogenic mechanism behind the death of pine trees caused by D. neojuniperi is unclear. Further study is required to comprehend the potential reason for the death of P. thunbergii infected by D. neojuniperi.

Diplodia top dieback has a direct impact on the maturation of pine trees [29], the defoliation caused by such disease are much harder to recover compared with similar symptom caused by defoliator [30]. The mechanism of the branches necrosis and needle defoliation caused by Diplodia top dieback remains unsolved. Oliva suggested the consumption of huge nutrition to recover the vitality of pine needles may responsible for the death of pine trees [31]. The damage or defoliation of needles directly affects the carbon uptake and photosynthetic efficiency of pine tree, which will further inhibit the absorption of water and nutrient and facilitate the development of Diplodia top dieback disease [32].

Here, Diplodia neojuniperi is the first report to cause top dieback disease on pine trees, while D. sapinea [33], D. pinea [34], D. scrobiculata [35], and D. seriata [36] are other previously discovered pathogens to cause similar diseases. Diplodia spp. have various ways to accomplish overwintering, it can survive on leaves, shoots, dead branches, and seeds. Most of Diplodia spp. have latent infection phenomenon which make it hard to prevent [37,38]. The initial infection sources were mainly from the conidium of infected tree. The conidium were spread by wind and rain to directly invade shoots and tender needles, it can also penetrates needles, shoots, tips, and branches via wounds and stomata [39,40]. The incubation period of Diplodia top dieback ranges from 7 to 14 days, its propagative period lasts from 23 to 28 days. Spore dispersion starts in early May while disease begins in Mid-June, reaches its peak from late July to late August and ends in Mid-September. Effective prevention method can be made based on the infection cycle of Diplodia spp. to control the Diplodia top dieback disease in Bazhong, Sichuan [41,42].

Changes in weather and climate may have significant influence on the occurrence and development of Diplodia top dieback caused by D. neojuniperi. The spring temperature has gradually increased for decades in Bazhong City, Sichuan Province [43–45]. Such climate changes may have important effects on seasonal precipitation and imbalanced the environmental conditions of pine forests in Bazhong City. Consequently, it will be possible to find new diseases on pine trees in those areas. These conclusions emphasize that change s of environmental factors like increasement of temperature [35] and aridity [27] could affect the growth and dispersal of various fungi in forests. Consequently, the early detection of novel pathogen D. neojuniperi on pine trees in this study provides fundamental information to better control and prevent such top dieback disease.
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Table 1: The sequence information used in phylogenetic analysis

Species Strain No. GenBank accession No.
ITS EF1-a
Aplosporella artocarpi CPC 22791 KM006450 KM006481
A.yalgorensis MUCC 511 EF591926 EF591977
Boteyosphaeria sp. CPC 22789 KMO006448 KMO006479
Bo.ramosa CBS 122069 EU144055 EU144070
Barriopsis fusca CBS 174.26 EU673330 EU673296
Ba.iraniana CBS 124698 FJ919663 FJ919652
Botryosphaeria dothidea CBS 115476 AY236949 AY236869
Bo. fabicerciana CBS 127193 HQ332197 HQ332213
Diplodia africana CBS 120835 EF445343 EF445382
Di. mutila CBS 112553 AY259093 AY573219
Di. seriate CBS 112555 AY259094 AY573220
Di. corticola CBS 112549 AY259100 AY573227
Di. tsugae CBS 418.64 DQ458888 DQ458873
Di. cupressi CBS 168.87 DQ458893 DQ458878
Di. sapinea CBS 393.84 DQ458895 DQ458880
CBS 109726 DQ458896 DQ458881
Di. pseudo seriate CBS 124906 EU080927 EU863181
Di. olivarum CBS 121887 EU392302 EU392279
Di. rosulata CBS 116470 EU430265 EU430267
Di. bulgarica CBS 124254 GQ923853 GQ923821
Di. malorum CBS 124130 GQ923865 GQ923833
Di. agrifolia CBS 132777 IN693507 JQ517317
Di. quercivora CBS 133852 JX894205 JX894229
Di. neojuniperi CPC 22753 KMO006431 KMO006462
CPC 22754 KMO006432 KMO006463
CPC 22802 KMO006457 KMO006488
CBS 138652 MZ781463 MZ852536
Lasiodiplodia citricola CBS 124707 GU945354 GU945340
L. gonubiensis CBS 115812 DQ458892 DQ458877
L. gilanensis CBS 124704 GU945351 GU945342
L. egyptiaacae CBS 130992 IN814397 IN814424
L. euphorbicola CMM 3609 KF234543 KF226689
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Table 3: BLAST results of ITS and EF1-a regions on GeneBank

Species Gene Query cover E value  Per. Ident  Accession
(GeneBank)
Pseudocercospora pini-densiflorae 1TSS 97% 0.0 99.81% MW810285.1
EFl-a 65% 0.0 100% JX901686.1
Phyllosticta capitalensis ITS 97% 0.0 99.63 KP743018.1
EFl-a 97% 0.0 99.57% KM&16635.1
Alternaria alternata ITS 98% 0.0 99.82% MK174979.1
EFl-a 97% 0.0 99.10% CP061877.1
Diplodia neojuniperi ITS 97% 0.0 99.13% KMO006432.1
EFl-a  80% 0.0 100% KMO006462.1
Fusarium fujikuroi ITS 98% 0.0 99.27% KJ000431.1
EFl-a 97% 0.0 98.55% MH&28026.1
Fusarium proliferatum ITS 98% 0.0 99.63% MHO010882.1

EFl-a  96% 0.0 99.63% KP964907.1
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Table 2: Factors and levels of biological characteristics test

Level pH Temperature (°C) Medium
1 4 5 PDA

2 5 10 MEA

3 6 15 OA

4 7 20 Czapek
5 8 25 PSA

6 9 30 NA

7 10 35 NA
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