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Abstract: Pine wilt disease (PWD) caused by pine wood nematode (PWN), Bursaphelenchus xylophilus,
is a serious threat to global forest populations of conifers, in particular Pinus spp. Recently, the
presence of PWN was reported in dead Yunnan pine (Pinus yunnanensis) trees under natural
conditions. To further understand the potential impact caused by PWN in Yunnan pine populations,
a transcriptional profiling analysis was performed over different time points (0 hours (h), 6 h, 24 h,
48 h, and 7 days) after PWN inoculation. A total of 9961 differentially expressed genes were identified
after inoculation, which suggested a dynamic response against the pathogen, with a more intense
pattern at 48 h after inoculation. The results also highlighted a set of biological mechanisms triggered
after inoculation that provide valuable information regarding the response of Yunnan pine to PWN
infection. When compared with maritime pine (Pinus pinaster), the Yunnan pine response was less
complex and involved a smaller number of differentially expressed genes, which may be associated
with the increased degree of resistance to PWN displayed by Yunnan pine. These results revealed
different strategies to cope with PWN infection by these two pine species, which display contrasting
degrees of susceptibility, especially in the timely perception of the infection and response magnitude.

Keywords: RNA-sequencing; transcriptome analysis; gene expression; pine wilt disease;
Pinus pinaster; Bursaphelenchus xylophilus; Pinus yunnanensis

1. Introduction

Pine wilt disease (PWD) is one of the main threats to conifer forests worldwide, being responsible
for millions of losses every year. The proliferation of PWD has provoked an alarming decline in the
populations of some pine species, which negatively impacts the equilibrium of ecosystems and the
maintenance of global biodiversity [1]. Moreover, the decrease in wood and resin production also had
a tremendous economic impact.
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Pine wood nematode (PWN), Bursaphelenchus xylophilus (Steiner and Buhrer) Nickle, is the causal
agent of PWD. This parasite, native to North America, is considered a quarantine organism by the
European and Mediterranean Plant Protection Organization. The PWN transmission between pine
trees is carried out by an insect vector, belonging to the Monochamus genus [2]. Nematodes can be
transmitted in two ways: (i) through insect-feeding wounds in the bark of healthy trees, also known as
primary transmission; (ii) by oviposition sites in dead or weakened trees, representing a secondary
inoculation way [3]. Once inside the trees, they feed and migrate through resin canals, causing serious
damages in the xylem tissues [4]. In advanced stages, the pine needles turn brown, the resin flow is
suppressed and, consequently, the host tree wilts and dies within a few weeks.

Even though PWN is endemic in North America, the most severe impacts have been observed in
non-native pine trees. PWN has spread to Asian pine forests in the early twentieth century, affecting
mainly Pinus thunbergii, Pinus densiflora [5], and Pinus massoniana [6]. In 1999, PWN was reported in
Portugal, having the maritime pine (Pinus pinaster Ait.) as the main host [7]. This parasite is known to
infest a large range of pine species, but different species show distinct levels of susceptibility, which is
the reason why they are referenced as tolerant to PWN infection. Within a species, it is possible to
identify trees with a contrasting behavior to PWN infection. This is the key factor for the breeding
programs carried out in several affected zones. More recently, several studies focused on characterizing
the transcriptomic profiles in order to understand the differences in defense mechanisms against PWN
infection in species of Pinus with different susceptibilities to PWD [8,9]. In an attempt to control the
quick spread of PWN between trees, the major phytosanitary strategy adopted is to monitor the pine
sawyer beetle by the use of insecticides in biological traps [10].

Pinus yunnanensis (Franch., 1899), commonly known as Yunnan pine, is a medium-sized pine
tree, native to the mountains of southwestern China, covering between 5.5 and 6 million hectares [11].
Yunnan pine is considered a highly important species, not only for the large range of wood and resin
applications, but also due to its role in soil conservation and erosion control [12]. A recent study has
reported the presence of PWN in dead Yunnan pine trees in natural conditions for the first time [13].
This may represent an increasingly serious threat for the Yunnan pine forest area. However, further
studies are required to understand the defensive mechanisms of Yunnan pine in response to PWN
infection. In addition, it is also highly relevant to understand the differences, at the transcriptome
level, of the response to PWN infection of species with different susceptibilities, such as Yunnan
(intermediate) and maritime pine (susceptible) [14].

The aim of the present study was to advance our understanding of the molecular response of
Yunnan pine against PWN infection and compare it with the Mediterranean maritime pine response.
For this purpose, a set of trees was inoculated with PWN and three different sampling time points
after inoculation were defined. Differential expression analyses identified thousands of differentially
expressed genes (DEG), revealing potential candidate genes, regulatory networks, and pathways
involved in the response to PWN infection. The Yunnan pine response was then compared with the
one previously observed in maritime pine.

2. Material and Methods

2.1. Biological Material, Pine Wood Nematode Inoculation, and Sampling

For the present study, a set of 17 potted 3-year-old Yunnan pine trees, obtained from seeds and
maintained under natural environmental conditions in a greenhouse, was used. Bursaphelenchus
xylophilus culture was reared on Botrytis cinerea grown on PDA (potato dextrose medium). After a
significant growth, a suspension of nematodes was transferred to test tubes with 5 mL water and barley
grains previously autoclaved. Later, they were incubated for one week at 25 °C and relative humidity
of 70% (optimal conditions for nematode growth). Before inoculation, nematodes were extracted from
test tubes following the Baermann funnel technique [15]. Prior to inoculation, the culture was placed
at 4 °C to stop multiplication and passing from juvenile stage to adult stage.
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Yunnan pine tree inoculation procedures were carried out as previously described [16]. In brief,
a suspension with 2000 nematodes was pipetted into a small vertical wound (1 cm) made on the upper
part of the main pine stem with a sterile scalpel. A sterilized piece of gauze was placed around the
wound site and fixed with parafilm to protect the inoculum from drying. This procedure was done in
fifteen Yunnan pine plants, while the two remaining plants were used as control (inoculation with
sterile water).

Four sampling time points after inoculation were established (6 h, 24 h, 48 h, and 7 days). For each
time point, three Yunnan pine plants were collected. Briefly, a small piece of stem tree above the
inoculation point was cut and flash frozen at —80 °C for further RNA extraction.

2.2. RNA Extraction, cDNA Synthesis, Library Preparation, and Sequencing

The total RNA extraction from 2 g of ground tissues per plant was performed in accordance with
Provost et al. [17]. Then, a DNase treatment was applied following the instructions of the manufacturer
(Kit TURBO DNA-free by Thermo Fisher Scientific, Waltham, EUA). A total of four cDNA pools were
obtained for the sampling time points (Pyl—control; Py2—6 h + 24 h; Py3—48 h; Py4—7 days) using
ImProm-IT™ Reverse Transcription System protocol kit (Promega, Madison, WI, USA). From each pool,
a cDNA library was constructed with the Ion Total RNA-Seq Kit v2 (Thermo Fisher Scientific, Waltham,
MA, USA). The constructed libraries were loaded into an Ion PI chip v2, and the transcriptomes
were sequenced as single-end reads by the Ion Proton System (Thermo Fisher Scientific, Waltham,
MA, USA).

2.3. Pre-Processing RNA-Sequencing Data and Assembly

The quality of the single-end raw reads from the four sequenced libraries was evaluated with
FastQC [18] and pre-processed using Sickle [19] to trim/remove poor quality, setting a minimum
quality value of 12 and a minimum read length of 80 base pairs (bp). All the pre-processed reads
were then used to perform a de novo transcriptome assembly using Trinity [20] with default values.
An additional clustering of the assembled contigs was carried out with CAP3 [21], and the resultant
assembly was used as the reference transcriptome assembly for the next procedures.

2.4. Prediction of Candidate Coding Regions

The prediction of the candidate coding regions within the reference transcriptome assembly
contigs was performed with TransDecoder [22]. The open reading frames (ORF) within the transcripts
identified were further scanned for homology to known proteins against the SWISS-PROT [23] and
Pfam [24] databases by running BlastP [25] and HmmScan [26], respectively. A final set of candidate
coding regions was obtained, representing the basis for the annotation.

2.5. Mapping and Differential Expression Analysis

The pre-processed reads from each library were aligned to the transcriptome assembly contigs
after clustering, using RapMap [27]. From the mapping results, the unique mapped reads (UMR) were
identified from the BAM files filtering by the tag “NH:i:1”, which is used by RapMap to indicate solely
the reads that mapped only once in the reference transcriptome.

The EdgeR package [28] of Bioconductor was used to perform the differential expression analysis.
Before the integration of datasets into the statistical model, transcripts with very low expression were
filtered out. Then, a trimmed mean of M-values normalization method [29] was applied to normalize
library sizes and expression of the remaining transcripts. Given the lack of biological replicates and in
accordance with the EdgeR guidelines, a biological coefficient variation (BCV) of 0.1 was assigned [30].
This procedure has been successfully used previously in other studies, for which biological replicates
were not available [31]. From the total list of differentially expressed (DE) genes, the most significant
were filtered as up- or down-regulated using a false discovery rate (FDR) value <0.05 and a Log fold
changerange <-2 to >2.
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2.6. Quantitative Real-Time PCR Analysis

To evaluate the accuracy and reproducibility of the RNA-sequencing (RNA-Seq) expression
profiles, quantitative real-time polymerase chain reaction (QRT-PCR) analysis was performed to analyze
the expression levels of six up-regulated genes (thaumatin-like protein, antimicrobial peptide 3, stilbene
synthase, MYB-like protein, class IV chitinase, and chlorophyll a-b binding protein) at two different
time points (Py3 and Py4).

A first-strand cDNA fragment was synthetized from 1 pg of total RNA, by using ImProm-II
TM Reverse Transcription System Kit (Promega), according to manufacturer’s instructions. Relative
expression quantification was performed on a QuantStudio 3 Real-Time PCR System (Thermo Fisher
Scientific, Waltham, MA, USA), with iTaq Universal SYBR Green Supermix (Bio-Rad). Gene-specific
primers, listed in Table S1 (Supplementary Materials), were designed using Primer3 [32] and their
specificity confirmed by melting curve analysis. Three technical replicates were run for each experiment,
and the mean of cycle threshold (Ct) values for each gene were normalized to the housekeeping gene
B-tubulin. Quantitative variation describing the change in expression of the target genes was calculated
using the 2—AACt relative quantitative method [33]. To compare the RNA-Seq and qPCR results, a
linear correlation was calculated using the Log2 of the normalized expression values.

2.7. Transcriptome Annotation

InterProScan [34,35] was used to identify the protein domains, gene ontology (GO) terms [36] and
KEGG pathways [37] associated with the predicted genes, while the GO analysis was performed with
CateGOrizer [38]. In brief, the GOs identified were classified by their corresponding subcategories,
Biological Process (BP), Cellular Component (CC), and Molecular Function (MF), against the GO Slim
plant database. The predicted genes were also annotated against the non-redundant NCBI plants
database using BlastP with an e-value of 1e-5.

2.8. Biological Networks Analysis

Cytoscape [39] was used for visualization of molecular interaction networks. These procedures
began by establishing interactions between DEG associated with KEGG pathways and GO terms.
We used BiNGO [40] to identify which GOs were statistically overrepresented in our sets of DEG.
The results from BINGO were used as input for the enrichment map to visualize enrichment of specific
functions. The statistical analysis was carried out with customized default values, as recommended by
the user’s guidelines.

3. Results

3.1. Pre-Processing of RNA-Sequencing Data and Assembly

A total of 169,333,947 raw reads were produced, with an average length of 111 bp, for all
sequenced libraries. After trimming low-quality bases with Sickle, 133,270,569 high quality reads were
retained (Table 1). The de novo transcriptome assembly performed with Trinity produced a total of
436,525 contigs. To improve accuracy and robustness, an additional clustering step with CAP3 was
applied, which reduced the original number of contigs to 306,164, with a total length of 133,362,131 bp
(Table S2 shows a summary of the assembly statistics). Using this set of contigs, TransDecoder predicted
a total of 82,419 genes.
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Table 1. Quality control metrics. Number of sequenced reads and the average read length for each
library. Number and percentage of processed reads after control quality.

Number of Average Read Number of Reads
Sample Sequenced Reads Leng%h (bp) after QC % Reads after QC
Pyl—control 43,708,074 113 35,593,607 81.4
Py2—6h +24h 40,281,442 114 32,313,524 80.2
Py3—48 h 39,601,162 110 29,720,848 75.1
Py4—7 days 45,743,269 109 35,642,590 77.9
Total 169,333,947 111 133,270,569 78.7

3.2. Mapping and Differential Expression Analysis

High quality reads from the four libraries were aligned to the improved transcriptome assembly
contigs using RapMap, which yielded a total of 102,973,624 mapped reads (MR). Only the uniquely
mapped reads (UMR) were kept for the downstream analyses (a total of 65,373,230 reads). A summary
of the mapping results for each library is presented in Table 2.

Table 2. Mapping statistics for each sequenced library. Number and percentage of mapped and unique

mapped reads.
Sample Number of Number of Uniquely % of Mapped % of Uniquely
P Mapped Reads Mapped Reads Reads Mapped Reads
Py1—Control 26,850,458 16,937,906 75.4% 47.6%
Py2—6h+24h 24,124,055 15,319,554 74.7% 47 4%
Py3—48 h 23,420,583 14,894,121 78.8% 50.1%
Py4—7 days 28,578,528 18,221,649 80.2% 51.1%
Total 102,973,624 65,373,230 77.3% 49.1%

To investigate the patterns of the molecular response to PWN infection, differential expression
analysis procedures were carried out using EdgeR with a BCV value of 0.1. The final set of DEG was
filtered using a log fold change range of <-2 to >2 and an FDR-adjusted p-value < 0.05, an approach
similar to the one previously adopted in Pinus pinaster [8], where the FDR was 0.01. Since one of the
goals of this study was to compare the transcriptomic response of Yunnan and maritime pine to PWN
infection, results for the maritime pine study were again generated, using the same FDR value as the
one used for Yunnan pine (0.05). The numbers of DEG (up- and down-regulated) at different time
points and for the two pine species are summarized in Figure 1.

8000 7053

5601 5516
6000 4634
3752 3190 4194 3635 3299 1090
4000 2814
2003
* N - B
0

Py12 - control Py13 - control Py14-control Py23-6/24h Py24-6/24h Py34-48hvs7
vs 6/24h vs 48h vs 7 days vs 48h vs 7 days days

M P.pinaster W P.yunnanensis

Figure 1. Number of differentially expressed genes (DEG) up- and down-regulated uniquely for each
comparison. Pinus pinaster DEG are shown in green bars; Pinus yunnanensis DEG are shown in blue bars.

The results showed that the number of DEG was substantially higher in Pinus pinaster (12,504),
when compared to Pinus yunnanensis (9961). The largest difference was observed for the comparison
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control vs. 6/24 h, where 7053 genes were found differentially expressed in Pinus pinaster, of which
3068 were up-regulated and 3985 down-regulated, in contrast to 2003 DEG found in Pinus yunnanensis
(1201 and 802 up- and down-regulated genes, respectively). The number of DEG for the control vs.
48 h comparison revealed substantial differences between the first two stages after infection, showing
an opposite trend for both species. At this stage, while in maritime pine the number of DEG fell to 4634
(2251 up-regulated and 2383 down-regulated), in Yunnan pine the DEG increased considerably, reaching
a total of 5601 genes (2449 up-regulated and 3152 down-regulated). After one week post-infection,
the results showed a similar expression pattern between species, with the identification of 3752 (2336
up-regulated and 1416 down-regulated) and 3198 (1903 up-regulated and 1295 down-regulated) DEG
in Pinus pinaster and Pinus yunnanensis, respectively.

3.3. Quantitative Real-Time PCR Analysis

To confirm gene expression levels measured with RNA-Seq, six DEG were selected for qRT-PCR
analysis. For each gene, qRT-PCR was carried out in two different time points (Py3 and Py4). All the
selected DEG were successfully amplified, and the patterns of gene expression detected by qRT-PCR
were consistent with those from RNA-Seq data (Figure 2).
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Figure 2. Fold Change for each of the transcripts selected for validation. The values are represented as
the Log?2 of the normalized expression value of both RNA-sequencing (RNA-Seq) and quantitative
real-time polymerase chain reaction (QRT-PCR) data at time points Py3—48 h and py4—7 days.

Linear regression analysis showed significantly positive correlation (R2 = 0.7032) between RNA-Seq
and gRT-PCR in the fold change of the gene expression ratios (Figure 3), indicating that the results
obtained by qRT-PCR agreed well with the ones obtained with DGE analysis.
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Figure 3. Gene expression correlation between RNA-sequencing (RNA-Seq) and quantitative real-time

polymerase chain reaction (QRT-PCR) data. Each green dot indicates the selected genes at the Py3—48 h

and Py4—7 days time points (n = 12).

3.4. Transcriptome Annotation

Protein coding regions predicted by TransDecoder (82,419 predicted genes) were annotated with
BlastP against the NCBI NR-plants database, where 67,138 (81.5%) found at least one hit. From a total
of 614 different species with at least one blast hit, the 10 most representatives are shown in Figure 4.

Figure 4. Distribution of the top ten species with more BLAST hits retrieved from the NCBI NR-plants
database. The bar plot shows the number of Pinus yunnanensis genes whose best-matching protein hits

were from the indicated species.

Despite the number of matches against the NCBI NR-plants database, we identified 24,677
(29.9%) annotated genes with “Unknown” description or no description available, mainly associated
to Picea sitchensis. Regarding the DEG subset, 7945 (52.2%) genes also had “Unknown” or no

description available.

InterPro was used to identify protein domains, providing information about the functional classes
of KEGG pathways and GO terms. A total of 52,739 (64.0%) sequences had at least one protein domain
identified; 3152 (3.8%) were associated with at least one KEGG pathway, finding a total of 113 different
KEGG pathways with 393 different enzymes; and 30,192 (36.6%) were associated with at least one GO
term (BP: 30.0%; MF: 41.9%; CC: 11.5%) in a total of 1664 different GO terms. Additionally, over the set
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of DEG, 399 genes were associated with at least one KEGG pathways in a total of 94 different KEGG
pathways, and 2893 genes were associated with at least one GO in a total of 757 different GO terms.
A summary of the ten KEGG pathways with more DEG associated is shown in Figure 5. A significant
number of DEG associated to the synthesis of plant secondary metabolites attests their relevance in
response to pathogens. In total, 26 and 19 DEG were associated to phenylpropanoid biosynthesis and
terpenoid backbone biosynthesis pathways, respectively.

N

7\

= 10 KEGG pathways with more DEG interactions ® Others KEGG pathways

Starch and sucrose metabolism = Glycolysis / Gluconeogenesis
m Methane metabolism ® Purine metabolism

Pentose and glucuronate interconversions ® Pyruvate metabolism

Phenylpropanoid biosynthesis = Carbon fixation in photosynthetic organisms
m Pyrimidine metabolism u Terpenoid backbone biosynthesis

Figure 5. Representation of the KEGG pathways with more DEG interactions. Left pie chart displays
the total differential expressed gene (DEG) interactions over the 94 different KEGG pathways, while,
the secondary pie chart ranks the 10 pathways with more DEG interactions.

GO terms analysis over the whole set of predicted genes was performed using CateGOrizer against
the GOSlim database, leading to the identification of 39 subcategories of GO terms belonging to BP,
24 to CC, and 24 to MF. The most representative BP subcategories were Cellular Process (GO: 0009987)
(27.0%), Metabolic Process (GO: 0008152) (22.1%), and Biosynthetic Process (GO: 0009058) (9.0%)
(Figure S1). The main CC subcategories were Cell (GO: 0005623) (29.3%), Intracellular (GO: 0005622)
(27.3%), and Cytoplasm (GO: 0005737) (10.2%) (Figure S2). Lastly, the principal MF subcategories were
Catalytic Activity (GO: 0003824) (44.4%), Transferase Activity (GO: 0016740) (13.5%), and Hydrolase
Activity (GO: 0016787) (12.3%) (Figure S3).

A similar analysis was done over the DEG, which identified 36 BP, 23 CC, and 24 MF subcategories.
Cellular Process (GO: 0009987) (27.3%), Metabolic Process (GO: 0008152) (22.8%), and Biosynthetic
Process (GO: 0009058) (9.2%) were the most representative BP subcategories. For the CC term, the
subcategories with more hits were Cell (GO: 0005623) (28.4%), Intracellular (GO: 0005622) (27.4%),
and Cytoplasm (GO: 0005737) (11.2%). Lastly, Catalytic Activity (GO: 0003824) (41.6%), Transferase
Activity (GO: 0016740) (12.7%), and Hydrolase Activity (GO: 0016787) (11.5%) were the major MF
subcategories (Figures S1-53).

3.5. Biological Networks Analysis

In order to unravel the protective mechanisms involved in pine response to PWN infection,
a complete analysis of KEGG pathways associated with DEG was performed. The number of gene
interactions (up- and down-regulated) over KEGG pathways is presented in Figure 6. Note that the
Py1 vs. Py3 (Py13) comparison contained the highest number of gene interactions, suggesting that the
response to PWN infection could be more intense 48 h after inoculation.
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Figure 6. Representation of differential expressed genes (DEG) interactions over KEGG pathways
between neighboring data sets. The number of DEG interactions shared by neighbor data sets were
shown in the overlapping regions.

Since the results suggested that the response to PWN infection was more intense 24 h and 48 h
after infection in Pinus pinaster and Pinus yunnanensis, respectively, the biological network analyses
focused on the first two time points. Due to their biological importance in plants” defense against
pathogens, phenylpropanoids metabolism, terpenoid backbone biosynthesis, cutin, suberin and wax
biosynthesis, and starch and sucrose metabolism were selected as biological pathways of interest.

Comparative analysis of selected biological networks reflected significant changes in the
transcriptomic response, which may help us to identify points of convergence or divergence and clarify
the specificity of the molecular response in both species. When focusing on the phenylpropanoid
biosynthesis pathway, the number of DEG within this pathway in both species differed (maritime pine,
37 in 6/24 h and 32 in 48 h; Yunnan pine, 7 in 6/24 h and 13 in 48 h). Figures 7 and 8 show this difference
between both species.
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Figure 8. Phenylpropanoid biosynthesis pathway with interactions assigned to DEG in Pinus pinaster
(A) and in Pinus yunnanensis (B) at the second time point after inoculation (48 h). The blue node
represents the pathway. The circular nodes represent DEG assigned to the pathway. Note that due to
the complexity of representing the expression values of those genes in all the stages, the expression
was colored on an RGB scale that goes from the most down-regulated in red to the most up-regulated
in green.

Phenylpropanoids are a family of organic compounds synthetized by plants, recognized as the
main precursors of the phenolic defense compounds under stress conditions. Typically known by
their role in oxidation process, lignification, and suberization, peroxidases (POD) (EC: 1.11.1.7) have
been associated with inhibition of pathogen growth [41]. These enzymes within the phenylpropanoid
biosynthesis produce the guaiacyl lignin which is one of the units responsible for lignin biosynthesis.
Our results showed an induction of several POD immediately after pathogen infection in both species,
suggesting an active contribute against PWN infection. However, the number of genes was higher in
maritime pine at both time points. Moreover, many genes with unknown function were observed,
which hindered the ability to further understand the specificities of the molecular response.

Similarly, the number of DEG assigned to the terpenoid backbone biosynthesis pathway in
Pinus pinaster (11 and 15 genes were found 6/24 h and 48 h after infection, respectively) were also
significantly higher than in Yunnan pine, where only 1 and 8 genes were found for the same time
points (Figures 9 and 10). These results enforce the existence of a different complexity in the response
to PWN infection in both species.

The terpenoid backbone biosynthesis pathway includes two biosynthetic pathways, the mevalonate
and the non-mevalonate pathway (MEP/DOXP), and has been associated with plants’ defense against
pathogens [42]. These two sub-pathways are responsible for the catalysis of fundamental building
blocks to terpenoid biosynthesis, such as isopentenyl diphosphate (IPP), a universal precursor of
isoprenoids. Within the MEP/DOXP pathway, the first step, in which glyceraldehyde 3-phosphate
is condensed with pyruvate, is catalyzed by 1-deoxy-D-xylulose-5-phosphate (DXP) synthase (EC:
2.2.1.7). In the second step, DXP is converted to 2C-methyl-d-erythritol-4-phosphate, a reaction
mediated by the enzyme 1-deoxy-d-xylulose-5-phosphate reductoisomerase (DXR) (EC: 1.1.1.267) [43].
The importance of DXP and DXR under pathogen attack is evident in our results, considering the
number of up-regulated genes codifying these two enzymes in both species.

In plants, the structural defenses constitute the first defensive line of protection against infection,
limiting the access of phytopathogens to plant cells. These structural defenses include preformed
physical barriers such as cell walls, which are actively reinforced under pathogen attack, evidencing a
dynamic composition during host-pathogen interactions.
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Figure 9. Terpenoid backbone biosynthesis pathway with interactions assigned to DEG in Pinus pinaster
(A) and in Pinus yunnanensis (B) at the first time point after inoculation (6 + 24 h). The blue node
represents the pathway. The circular nodes represent DEG related to the pathway. Note that due to the
complexity of representing the expression values of those genes in all the stages, the expression was
colored on an RGB (red, green, blue) scale that goes from the most down-regulated in red to the most

up-regulated in green.
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Figure 10. Terpenoid backbone biosynthesis pathway with interactions assigned to DEG in Pinus
pinaster (A) and in Pinus yunnanensis (B) at the second time point after inoculation (48 h). The blue
node represents the pathway. The circular nodes represent DEG related to the pathway. Note that due
to the complexity of representing the expression values of those genes in all the stages, the expression
was colored on an RGB scale that goes from the most down-regulated in red to the most up-regulated

in green.

Several waxy polymers and complex cell wall macromolecules are produced through the cutin,
suberin, and wax biosynthesis pathway. These products are the major structural components of cell
walls and cover all aerial surfaces of higher plants, forming a protective barrier. Their role in plants’
defense under biotic stress and their contribution to the response mechanism during PWN infection is
significant, which is evidenced in our results, where a significant number of gene interactions over this
pathway at the two first time points after inoculation were identified (Figures 11 and 12). The number
of DEG detected for this pathway was higher in maritime pine (8 and 7 genes found 6/24 h and 48 h
after infection, respectively), even though the differences with Yunnan pine were less evident for this
pathway (2 and 5 genes detected for 6/24 h and 48 h after infection, respectively). Nevertheless, the
higher complexity of molecular mechanisms in Pinus pinaster, relative to Pinus yunnanensis, was once
again demonstrated.
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Figure 11. Cutin, suberin, and wax biosynthesis pathway with interactions assigned to DEG in
Pinus pinaster (A) and in Pinus yunnanensis (B) at the first time point after inoculation (6 + 24 h). The blue
node represents the pathway. The circular nodes represent DEG related to the pathway. Note that due
to the complexity of representing the expression values of those genes in all the stages, the expression
was colored on an RGB scale that goes from the most down-regulated in red to the most up-regulated
in green.
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Figure 12. Cutin, suberin, and wax biosynthesis pathway with interactions assigned to DEG in
Pinus pinaster (A) and in Pinus yunnanensis (B) at the second time point after inoculation (48 h). The blue
node represents the pathway. The circular nodes represent DEG related to the pathway. Note that due
to the complexity of representing the expression values of those genes in all the stages, the expression
was colored on an RGB scale that goes from the most down-regulated in red to the most up-regulated
in green.

Starch metabolism plays an important role in many biological functions of plants, including
participation in the response to abiotic and biotic stress factors [44]. Plant resistance to pathogens
may be increased by higher levels of sugars, considering their involvement in many key biological
functions, which include providing energy and structural materials, interaction with hormonal
networks controlling the plant immune system, and increasing oxidative burst at early stages of
infection [45]. Sucrose is a molecule that plays an essential role in plant growth and development, also
involved in the activation of the immune system as a response to pathogen attacks as well as other
signaling pathways, such as circadian clock, phytohormones, and cell wall strength [46].

In this study, the expression pattern detected for this pathway in maritime and Yunnan pine
indicated substantial differences between the two species. In maritime pine, a high number of DEG
associated with starch and sucrose metabolism was found for all comparisons (57, 44, and 40 genes
for the 6/24 h, 48 h, and 7 days time points, respectively). Yunnan pine showed a different expression
pattern of regulation for DEG associated with this pathway. At the time point 48 h after infection,
a total of 48 DEG were found, a number similar to the one observed for maritime pine. However,
for the other two time points the number of DEG was substantially lower (10 and 18 genes for the
6/24 h and 7 days time points, respectively). These results suggest a more pronounced activation of
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this pathway in maritime pine, when compared with Yunnan pine. The former species consistently
displays a high number of DEG associated with this pathway, over all time points, while the latter
shows only a peak of DEG at 48 h post infection. The DEG for each species at the 7 days post infection
time point are indicated in Figure 13.
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Stafch and sucrosc
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Figure 13. Starch and sucrose metabolism pathway with interactions assigned to DEG in Pinus pinaster
(A) and in Pinus yunnanensis (B) at the third time point after inoculation (7 days). The blue node
represents the pathway. The circular nodes represent DEG related to the pathway. Note that due to
the complexity of representing the expression values of those genes in all the stages, the expression
was colored on an RGB scale that goes from the most down-regulated in red to the most up-regulated
in green.

A gene ontology-based overrepresentation analysis within the set of DEG was carried out with
BiNGO for three time point comparisons: I) Pyl vs. Py2 (Py12); II) Py1 vs. Py3 (Py13); III) Py1 vs. Py4
(Py14). In the context of GO hierarchy, no evidence of statistical significance was observed in the sets of
down-regulated genes. However, over the up-regulated genes, the results showed overrepresentation
in the three categories. Within the BP domain, genes involved in “Translation” (GO: 0006412) were
found significantly overrepresented over the three time points, although, in the first one, lower levels
of significance were verified. Regarding the CC ontology, the “Ribosome” (GO: 0005840) subcategory
was found overrepresented in all comparisons, with emphasis on Py13 and Py14. Together, these
results authenticate the complexity of molecular machinery in response to PWN infection, evidencing
high changes in the transcriptome profile by the significative representation of ontologies associated to
protein biosynthesis. Lastly, the MF category revealed no evidence of statistical significance in Py12;
however, in Py13 and Py14, the “catalytic activity” (GO: 0003824) and “RNA binding” (GO: 0003723)
subcategories were found overrepresented.

4. Discussion

PWD has been studied extensively during the last decades, and a large set of scientific publications
are available in public repositories [47]. However, to the best of our knowledge, no published studies
have assessed the Yunnan pine molecular mechanisms involved in the response against PWN infection,
leading to a lack of biological information in this field. To fill that gap, we characterized the Yunnan
pine transcriptome profile in three different stages after PWN inoculation, using RNA-Seq technology.
Moreover, in order to deeply understand pine defense under PWN attack, a comparative analysis with
maritime pine transcriptome was also performed.

The susceptibility of both species to infection with PWN differs, since Yunnan pine displays
intermediate susceptibility, while maritime pine is susceptible [14]. The experimental design followed
in this study confirmed Yunnan pine to be less susceptible to infection with PWN. After infection with
the PWN, the trees from both species were kept under the same conditions, and the infection was
allowed to progress. Two months after inoculation with PWN, there were clear and visible signs of
PWD in maritime pine, unlike what was observed in Yunnan pine, whose individuals showed no signs
of PWD (Figure 14) [48].
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Figure 14. Pinus yunnanensis (A) and Pinus pinaster (B) individuals two months after infection with PWN
(Trindade 2012). While Yunnan pine shows no signs of PWD, these are quite evident in maritime pine.

The results obtained with the transcriptome analyses performed in this study reveal interesting
differences between the species, which may be related with the contrasting PWD phenotype displayed
by the species after infection with PWN. In plants, the molecular machinery underlying defensive
response against pathogens is extremely extensive, entailing a major shift in metabolic activity [49].
The complexity of the response to PWN infection is patent in our study, not only due to the number of
DEG, but also by the different mechanisms and pathways activated simultaneously over the different
stages analyzed. However, several differences were found between the pine species’ responses under
infection, since in Pinus pinaster a total of 12,504 DEG were identified, while in Pinus yunnanensis only
9961 were found. Besides the higher number of DEG in Pinus pinaster, it is also relevant to further
analyze the distribution, over the different time points after inoculation, of these DEG. Maritime
pine showed an immediate and extensive response in the first 24 h after inoculation followed by a
substantial decrease over time in terms of DEG. On the other hand, the initial response of Yunnan pine
is less pronounced, and the number of DEG found 24 h after inoculation is considerably smaller. In this
species, the expression pattern reached the maximum amplitude only 48 h after inoculation, which
suggests different ways and strategies between the species to respond to infection.

In line with these results, we found a higher number of gene interactions over KEGG pathways
in Pinus pinaster (1436 DEG mapped to 86 KEGG pathways), when comparing to Pinus yunnanensis
(775 DEG mapped to 94 KEGG pathways). KEGG analysis showed that DEG were most associated
to starch and sucrose metabolism and to glycolysis and gluconeogenesis in both species. Previously,
using histology techniques, an increase in starch inclusions in the resin ducts (after inoculation) was
observed in maritime pine, when compared with Yunnan pine, which did not show any changes in
the number of starch inclusions. These results are in agreement with the different regulation pattern
detected for the starch and sucrose metabolism pathway, which revealed this pathway to be used
more extensively in maritime pine. Furthermore, a significant number of DEG also mapped against
other important pathways in which defense mechanisms are involved, such as phenylpropanoid
biosynthesis; terpenoid backbone biosynthesis; and cutin, suberin, and wax biosynthesis. As a result,
it can be deduced that the expression of these genes may have a direct effect on the plant protection
under PWN infection.

To further understand the underlying molecular processes, an enrichment functional analysis
against the Gene Ontology classification system was performed. DEG were classified into functional
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groups in the three main categories (Cellular Component, Biological Process, and Molecular Function).
GO results showed significant differences between species in terms of DEG associated to each category.
Moreover, the cellular component of GO analysis revealed a significant number of DEG associated to
cell wall term (GO:0009505) (31 in Pinus pinaster and 14 in Pinus yunnanensis). As mentioned before,
physical barriers belong to the first defensive line, playing an important role in the protection of cells
from phytopathogens’ initial invasions. Thus, these results demonstrated that an active reinforcement
of cell wall components had occurred during PWN infection. Many DEG were also involved in
response to stress (GO:0006950) (51 in Pinus pinaster and 22 in Pinus yunnanensis), which illustrates the
complexity, as well as the different intensity, of the response in both species.

4.1. Response to PWN Infection Modulated by Time and Degree of Defense Mechanisms Following Pathogen
Recognition

Upon pathogen attack, timely perception of the infection linked to an efficient response are the
two key features of a successful plant defense [50]. In the first 24 h after PWN inoculation in Yunnan
pine, our results showed significant changes at molecular level, which indicates the activation of a
defensive strategy in response to the pathogen [51]. This included mainly regulatory mechanisms,
which act in pathogen recognition and signaling events, triggering downstream defense mechanisms.
The overexpression of MYB transcription factor genes observed in the early 24 h, may indicate the
activation of the signaling systemic defense since they are recognized as key players in the control of
diverse cellular processes such as response to biotic and abiotic stress. The MYB family is extensively
represented in plants, being involved in the regulation of the Abscisic acid (ABA)-response [52].
ABA is a phytohormone induced under various stress conditions, playing a crucial role in signaling
transduction and controlling downstream responses. The simultaneous overexpression of MYB and
GRAM-containing/ABA-responsive genes in the first 24 h reveals their importance in the regulation
and development of the Yunnan pine’s response. Moreover, two 1-aminocyclopropane-1-carboxylic
acid (ACC) synthase encoding genes were also found highly expressed after inoculation. ACC is
known as a signaling molecule under different external stimuli, that can act by itself or being a
biochemical precursor of ethylene, a phytohormone extensively studied in plant response to external
stress conditions [53].

The occurrence of these early signaling events was observed in both species. However, in maritime
pine a multifaceted network of interactions involving several phytohormones resulted in a complex
chain of biochemical reactions along signal transduction pathways. Despite equally crucial, the
signaling complexity in Yunnan pine seems to be slightly lower, which may be related to a more
efficient response.

The production of reactive oxygen species (ROS) is also associated to the first line of defensive
mechanisms, regulating various physiological responses in interaction with others signaling
components [54]. However, despite the importance of ROS in the regulation of systemic response,
their high concentration in tissues is damaging to plants, leading to an oxidative stress stage [55].
To cope with oxidative damage, plants have developed antioxidant mechanisms involving the action
of enzymes, such as Superoxide dismutases (SODs) and Glutathione S-transferases (GSTs), in the
conversion of ROS to more stable and less reactive molecules. SODs are the major antioxidant defense
system against oxidative stress and are classified into three groups based on the metal co-factor used by
the enzyme [56]. The role of GSTs, which is also highly important, has been widely described in other
species [57-59]. In Yunnan pine, a Cu-Zn-superoxide dismutase precursor and Tau class glutathione
S-transferases were overexpressed in the first stage after inoculation, the latter being even highly
expressed 48 h after inoculation. A similar profile was observed in maritime pine, where several genes
that were associated with response to oxidative stress ontology were also differentially expressed in the
first sampling point after infection. The early identification of antioxidant enzymes may indicate a way
to avoid the undesirable effects of high ROS levels in tissues following pathogen attack, ensuring cell
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viability and proliferation. Our results indicate that the susceptibility differences observed between
the two pine species are very likely not explained by transcriptomic changes in ROS-related genes.

4.2. Production of Chemical Compounds and Physical Barriers as a Tool to Reduce Pathogen Growth
and Proliferation

As mentioned before, the Yunnan pine’s molecular response against PWN seems to be more intense
48 h after inoculation. At this stage, significant levels of the vascular plant one Zinc-finger protein 1
(VOZ1) transcription factor were detected. A recent study, conducted in Arabidopsis thaliana, showed
that VOZ proteins act as both negative and positive regulators of abiotic and biotic stress-responsive
pathways, controlling the adaptation to different stress outbreaks [60].

Antimicrobial peptides (AMPs) are known as antibacterial and antiparasitic, playing important
roles in system-acquired resistance and being often involved in the flank defense as a response against
pathogens [61,62]. AMP activity was identified in both pine species, after inoculation with PWN.
In Yunnan pine, two AMPs were overrepresented 48 h after inoculation, but in maritime pine, AMPs
were induced only in the first 24 h after inoculation. A study conducted in Pinus thunbergii [5] revealed
the presence of significant AMPs levels in resistant and in susceptible pine trees after PWN inoculation.
However, susceptible trees showed more quickly and slightly higher levels of induction. Our results
seem to confirm this rapid AMP response in susceptible species, such as maritime pine.

The importance of stilbenes in response to abiotic stress has been demonstrated [63]. They belong
to the phenylpropanoid family and seem to have evolved from Chalcone synthase, a key enzyme
in flavonoid biosynthesis. Pinosylvin synthase is a typical stilbene phytoalexin, which was found
overexpressed in Yunnan (48 h) and in maritime pine (7 days) after inoculation. This stilbenoid is a
key metabolite that can kill nematodes [64]. In addition, in Yunnan pine, stilbene synthases were also
found over-expressed at all the studied time points after infection. This combination of enhanced
expression of stilbenoid and stilbene synthase genes can potentially be associated with the decrease in
susceptibility degree to PWN infection observed in Yunnan pine.

Chitinases and endochitinases are part of an effective plant chemical defense, and several genes
encoding these molecules were found overexpressed in both species. These glycosyl hydrolases have
the ability to cleave chitin chain, one of the main structural components of insect skeleton and nematode
microfilarial sheath [65].

Several studies revealed the crucial role of physical barriers in protection and defense, limiting
access of pathogens to plant cells [66,67]. Cell walls represent one of the plant structural defenses,
through which pathogens must penetrate. Our results indicate a high expression of several genes
related to cell wall components at different stages after inoculation. A Cinnamoyl-CoA reductase (CCR)
encoding gene was found highly induced during all time points after infection in Yunnan pine. CCR is
a key enzyme in the lignin biosynthesis pathway in plants, an important constituent of plant secondary
cell walls, which provides rigidity and mechanical support to plant cells [68]. In contrast, in maritime
pine, this gene was down-regulated at the first time point and did not show any differential expression
in the other two time points after infection. This suggests a more efficient reinforcing of cell wall
strength in Yunnan pine, which may make pathogen migration through the plant difficult, establishing
a first line of defense against PWN. The higher susceptibility to PWN displayed by maritime pine can
also be related to lower expression levels of CCR genes.

4.3. Overexpression of Defense-Related Genes Suggests a Continuum Reinforcement of the Immune System

The analysis of the Yunnan pine transcriptomic profile following pathogen inoculation identified
several defense genes induced continuously over time, of which many genes were highly overexpressed
in all stages after inoculation. Some of these DEG encoded heat-shock proteins (HSPs) and small
heat-shock proteins (smHSPs), thaumatin-like proteins (TPLs), a translationally controlled tumor
protein (TCTP), and a leucine-rich repeat receptor kinases 1 (LRK1), genes that have been commonly
associated to stress responses. In maritime pine, the similar pattern of overexpression in all stages after
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inoculation found for HSPs, TPLs, and TCTP genes highlighted similarities in the expression profile of
these genes in both species, when they are under PWN attack.

Heat-shock proteins (HSPs) family can be widely found in higher plants, where they play an
important role in the protection of cells under different stress conditions. HSPs are classified according to
their molecular weight, with small heat-shock proteins ranging from 17 to 30 KDa. Despite the molecular
weight differences, smHSPs seem to have similar functions to HSPs in defense mechanisms [69]. They are
highly induced in response to a wide range of abiotic stresses, being important in the reestablishment of
cellular homeostasis [70]. Recent studies carried out in Pinus thunbergii and Pinus massoniana reported
the relevance of these proteins in response to PWN infection [5,6]. Hence, our results confirm those
findings, since in two different Pinus species (pinaster and yunnanensis) the involvement of HSPs in the
plant’s response to PWN attack was observed.

Due to their importance in a plant’s defensive system against pathogen attack, thaumatin-like
proteins are classified as one of the pathogenesis-related protein families. TPLs are universal in
plants, where they appear to have not only abiotic stress tolerance but also antibiotic activity [71].
High expression of TLPs was also reported in an experiment with Pinus densiflora after PWN
inoculation [72], suggesting a similar key role in different pine species under PWN infection.

The results obtained also showed a large induction of a TCTP gene in both species. TCTPs are
known by their roles in different cellular processes, such as protection against stress and apoptosis,
being regulated in response to a wide range of extracellular stimuli [73]. TCTPs also seems to be
involved in water loss prevention by the induction of a rapid stomatal closure [74]. Considering that
regulation of stomatal activity enhances plants’ ability to deal with disturbances in water flow, this
could be important to survival under PWN attack, since one of the typical physiological changes
caused by PWD is the reduction of water potential and the subsequent decrease in transpiration rate.

Lastly, several LRK1-encoding genes were overexpressed in all stages after inoculation. LRKs play
major roles in diverse plant mechanisms, including defense against a large range of pathogens [75].
However, despite the importance of LRKs in different stress responses, further studies are needed to
clarify their role in PWN infection response.

5. Conclusions

This study provides new insights for the understanding of the molecular response of Yunnan pine
to PWN infection, pointing out the defense mechanisms triggered after inoculation. The total number
of differentially expressed genes revealed the complexity of the response, suggesting high temporal
changes in transcriptome profile. However, it is clear that the key stage of response occurs 48 h after
PWN inoculation, where several defense-related genes were found highly expressed. A comparison
of these results with the maritime pine’s response to PWN, showed significant differences in the
transcriptomic response regarding the time perception of the infection and response magnitude. As it
would be expected, several activated mechanisms were shared by both species, and likely represent
strategies shared by Pinus species to respond to PWN infection. However, clear differences were also
observed in the transcriptomic response of both species, with maritime pine showing a more complex
pattern of gene expression, which can possibly be related to this species” higher susceptibility to PWN.
These results contain novel and valuable information that represent an important advancement in
the knowledge of Yunnan pine mechanisms under PWN infection, along with the comparison with
maritime pine, which certainly can be useful in future studies focusing on elucidating the role played
by the transcriptomic response of Pinus species in the susceptibility to PWN.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/2/204/s1,
Table S1: gRT-PCR oligonucleotide sequences, Table S2: Summary of the De novo assembly statistics, Figure S1:
Gene Ontology analysis of RNA-Seq data. Distribution of the most representative biological process subcategories.
The results for predicted genes are shown in green and for DEG in orange, Figure S2: Gene Ontology analysis
of RNA-Seq data. Distribution of the most representative cellular component subcategories. The results for
predicted genes are shown in green and for DEG in orange, Figure S3: Gene Ontology analysis of RNA-Seq data.
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Distribution of the most representative biological process subcategories. The results for predicted genes are shown
in green and for DEG in orange.
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