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Abstract: With the tolerance of flooding and strong winds, Taxodium has been widely recognized
as an ecologically important tree in China. Red blight disease, caused by the fungal pathogen
Pestalotiopsis maculans, is known as one of the most severe leaf diseases of Taxodium. However,
limited information is available regarding the host plant defense response to this pathogen. To
uncover the mechanism of the plant–pathogen interaction, we performed an essential comparative
transcriptome analysis of the resistant species T. distichum and susceptible species T. mucronatum
after P. maculans infection. A total of 50,763 unigenes were assembled, of which 34,651 unigenes
were annotated in eight public databases. Differentially expressed gene (DEG) analysis identified
3420 and 4414 unigenes in response to infection in T. distichum and T. mucronatum, respectively. The
transcriptome analysis exhibited differential expression patterns in the two species in response to the
infection. Moreover, this study first found that, compared to susceptible T. mucronatum, T. distichum
can effectively perceive the invasion of P. maculans and make a valid response through SA signal
pathway. These data provided not only new insights into the resistance mechanisms in the highly
resistant species but also promising genetic resources for improving the fungal pathogen tolerance in
Taxodium breeding.

Keywords: Taxodium mucronatum; Taxodium distichum; Pestalotiopsis maculans; host–pathogen
interaction; RNA-seq; molecular mechanism

1. Introduction

Taxodium mucronatum Tenore and Taxodium distichum (L.) Rich are coniferous trees,
30–40 m high, belonging to the Taxodiaceae family [1]. T. mucronatum is distributed in
Mexico, while T. distichum is native to the southeastern United States [2]. T. distichum is
well known for its tolerance to flooding and strong winds; in comparison, T. mucronatum
is more tolerant to salinity and alkalinity soils but less tolerant to flooding [3,4]. They
were introduced to southeastern China for ecological and ornamental purposes in the last
century. Nowadays, both of them have been proved to be adaptable in southeastern China
and are now widely used for coastal shelter forest construction and ecological restoration
of wetlands [5]. In our previous work, controlled Taxodium hybridization (mainly between
T. distichum and T. mucronatum) was performed to select superior clones from the progeny [6],
such as T. ‘Zhongshanshan 302′ (T. distichum ♀× T. mucronatum ♂), which showed great
improvements in growth rate, salt, and flooding tolerance [7].

Red blight disease, caused by Pestalotiopsis maculans, induces severe damage in the
leaves of Taxodium species. Notably, T. mucronatum is sensitive to this pathogen, while

Forests 2021, 12, 1090. https://doi.org/10.3390/f12081090 https://www.mdpi.com/journal/forests

https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://doi.org/10.3390/f12081090
https://doi.org/10.3390/f12081090
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/f12081090
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f12081090?type=check_update&version=2


Forests 2021, 12, 1090 2 of 18

T. distichum is more resistant to red blight disease. The diseased leaves of Taxodium plants
exhibit chlorosis, wilting, and premature falling off, especially under high-temperature and
high-humidity conditions, which affect plant growth and development seriously. However,
techniques for chemically controlling red blight disease are limited and uneconomical.
Therefore, the most economical, environmentally safe, and effective strategies are gener-
ating disease-resistant hybrid Taxodium plants by understanding the molecular defense
mechanisms.

Through evolution, plants have developed a multilayered defense system of innate
immunity conferring resistance against pathogens. The first layer is the recognition of
pathogen-associated molecular patterns (PAMPs) through pattern recognition receptors
(PRRs) in plants, which then triggers a series of defense responses that are collectively
known as pattern-triggered immunity (PTI). PTI is considered to be usually triggered
by extracellular receptor proteins and induces ion fluxes across the plasma membrane,
oxidative bursts, and activation of the mitogen-activated protein kinase (MAPK) cascade
that results in defense responses [8]. In the second layer, to bypass PTI, pathogens secrete a
series of small unique protein molecules (effectors) that prevent recognition by the host
cells. In response, plants develop a resistance (R) gene that can interact with these effectors
to initiate the second layer of defense response, or effector-triggered immunity (ETI).
ETI always activates the plant’s hypersensitivity response (HR), causing tissue necrotic
lesions and programmed cell death to restrict further penetration of infected pathogens to
adjacent tissue and further inducing plant systemic acquired resistance. Unfortunately, the
mechanisms involved in the pathogen resistance in Taxodium have barely been explored [9].

In this study, to obtain detailed genetic information and to understand the resistance
mechanism in Taxodium, the transcriptome profiles of the leaves of resistant and susceptible
species infected with P. maculans were obtained. The genome-wide data were analyzed
to identify candidate genes and critical pathways involved in pathogen resistance, sig-
naling perception, transduction, and metabolism in T. distichum and T. mucronatum. The
comparison of expression profiles after fungal infection in the two closely related Taxodium
species will facilitate further investigation of the molecular mechanism of fungal pathogen
tolerance in other ecologically important trees.

2. Materials and Methods
2.1. Plant Materials and P. maculans Inoculation

Two-year-old T. mucronatum and T. distichum clones were planted, one per plant, in
plastic pots containing 3:1:1 (ν:ν:ν) clay, perlite, and vermiculite in a ventilated greenhouse
of the Nanjing Botanical Garden (35◦50′ N, 45◦70′ E). P. maculans pathogen isolated from
the leaves of T. mucronatum with red blight disease was incubated on potato-dextrose
agar plates. Conidia were harvested from the plates by rinsing with sterile distilled water
and diluted to a concentration of 1.5 × 107 spores/mL for inoculation. The suspension
of conidia was sprayed on the leaves of T. mucronatum and T. distichum. The plants were
incubated for 48 h at 28 ◦C and under 95.0% relative humidity and then were transferred
back to the previous growth conditions. Control leaves were treated with sterile water.
After 5 days, observable symptoms were found only on the leaves of T. mucronatum after
P. maculans inoculation, and the samples were cut and immediately placed in liquid nitrogen
and then stored at −80 ◦C for RNA extraction and further analysis. Each sample contained
five leaves from three different lines, as biological replicates. The plant materials were
collected in July 2018.

2.2. RNA Extraction and cDNA Library Construction and Sequencing

Total RNA was extracted using the TRIzolfi kit (Invitrogen, Carlsbad, CA, USA) in
accordance with the manufacturer’s protocol. Before library preparation and sequencing,
RNA concentration was estimated using a Qubit RNA Assay kit in a Qubit 2.0 Flurometer
(Life Technologies, Carlsbad, CA, USA), and the integrity of all extracted RNA was assessed
using the RNA Nano 6000 assay kit of the Agilent Bio-analyzer 2100 system (Agilent
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Technologies, Santa Clara, CA, USA). cDNA libraries were generated using NEBNext Ultra
RNA Library Prep Kit for Illumina (NEB, Ipswich, MA, USA) following the manufacturer’s
recommendations. The libraries were then sequenced on an Illumina HiSeq 2000 platform,
and 150 bp paired-end reads were generated.

2.3. De Novo Assembly and Functional Annotation

To acquire valid sequencing data, the raw data were evaluated using FastQC software
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/; accessed on 30 January
2019), and reads with adapters, poly-Ns, as well as low-quality reads were discarded.
All the clean reads were assembled using a de novo assembly program Trinity. For all
libraries, short reads with a certain length were first assembled into longer contiguous
sequences (contigs) based on their overlap regions. Then different contigs from another
transcript and their distance were further recognized by mapping clean reads back to the
corresponding contigs based on their paired-end information, and thus the sequence of the
transcripts was produced. Finally, the Tgicl software package was used to remove spliced
and redundant sequences to acquire non-redundant unigenes that were as long as possible.
Potential transcript sequences were clustered using the TGI Clustering tool to obtain uni-
transcripts [10]. For gene function annotation, all acquired unigenes were searched against
the following databases: NR (NCBI non-redundant protein sequences), Protein family
(Pfam), KOG/COG/eggNOG (Clusters of Orthologous Groups of proteins), Swiss-Prot
(a manually annotated and reviewed protein sequence database), Kyoto Encyclopedia of
Genes and Genomes (KEGG), and Gene Ontology (GO).

2.4. Analysis of Differential Expression Genes and Gene Annotation

All valid reads from each sample were back-aligned to the assembled transcriptome
using RSEM software [11], and the read count for each gene was then generated from
the mapping results. For differential expression analysis, the two different groups were
statistically compared by the DESeq R package (1.10.1). This package provides statistical
methods for testing the differential expression via a negative binomial distribution in the
digital gene expression data [12].

Criteria for classification as significant DEGs included false detection rates (FDRs) ≤ 0.05
and unigenes with at least a four-fold change (|log2 (fold change)| ≥ 2) were assigned as
differentially expressed [13].

2.5. Validation of RNA-Seq Data by Quantitative Real-Time PCR (qRT-PCR) Analysis

To verify the RNA-Seq analysis, 9 unigenes were randomly selected for validation
by qRT-PCR. All specific primers employed are presented in Table S1. A total of 1 µg
of extracted RNA was reverse-transcribed to cDNA using a PrimeScript RT Kit with
gDNA Eraser (TaKaRa, Dalian, China). Quantitative real-time PCR was conducted in
96-well plates and performed on the Analitik Jena qTOWER2.2 PCR System (Biometra,
Gottingen, Germany). Each reaction used the following program: 95 ◦C for 2 m, followed
by 40 cycles of 95 ◦C for 10 s, 58 ◦C for 10 s, and 72 ◦C for 15 s. Three technical replicates
were taken for each sample, and experiments were performed on three biological replicates
to ensure reproducibility and reliability. The gene expression levels were analyzed by the
comparative Ct method [14].

3. Results
3.1. Transcriptome Sequencing and De Novo Assembly

A total of 12 cDNA libraries were constructed from the leaves of T. mucronatum and
T. distichum with or without P. maculans infection (three biological replicates for each
treatment). Raw data were qualified and screened to generate 285,841,217 clean reads,
ranging from 20.30 to 27.83 million for each sample. GC contents ranged from 44.08%
to 45.78%. The Q30 ranged from 93.64% to 94.81%, suggesting the high quality of these
data (Table 1). The de novo assembly generated 50,763 unigenes with an average length of
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1482.48 bp and an N50 of 2315 bp. Of these unigenes, 13,977 (27.53%) were 300–500 bp in
length, 11,159 (21.98%) were 501–1000 bp in length, 12,497 (24.62%) were 1–2 kb in length,
and the remaining 13,130 (25.87%) were >2 kb in length (Table S2).

Table 1. Summary of Illumina transcriptome sequencing for different samples.

Sample Clean Reads Clean Base Q30 (%) GC Content (%)

T.m-m1 23,234,663 6,908,744,520 44.22% 94.81%
T.m-m2 27,191,454 8,117,561,816 45.78% 94.34%
T.m-m3 26,655,673 7,963,346,392 45.29% 94.50%
T.m-inf1 23,359,280 6,958,966,304 44.08% 94.59%
T.m-inf2 25,414,766 7,588,528,280 44.82% 93.92%
T.m-inf3 23,958,561 7,165,086,890 44.63% 93.99%
T.d-m1 20,405,234 6,082,914,056 44.73% 94.71%
T.d-m2 27,830,376 8,321,579,488 45.46% 93.84%
T.d-m3 20,303,095 6,062,394,898 45.53% 94.06%
T.d-inf1 20,896,970 6,219,980,106 44.79% 94.50%
T.d-inf2 24,190,792 7,222,586,666 44.97% 93.64%
T.d-inf3 22,400,353 6,685,760,184 45.50% 94.1%

T.m-m: leaves of T. mucronatum with water treatment; T.m-inf: leaves of T. mucronatum with the fungal P. maculans
infection; T.d-m: leaves of T. distichum with water treatment; T.d-inf: leaves of T. distichum with the fungal
P. maculans infection.

3.2. Gene Annotation of Assembled Transcripts

All the 50,763 assembled unigenes were annotated by BLASTing against the eight
public databases. In total, there were 34,651 unigenes annotated in at least one of the
eight databases, accounting for 68.26%. Among the annotated unigenes, 33,027 (95.31%)
had high homology with the sequences in the NR database, 32,010 (92.38%) were anno-
tated in the eggNOG database, and 22,635 (65.32%) were annotated in the Swiss-Prot
database (Figure 1A). The details of the other database proportions are shown in Figure 1A.
Moreover, the species distribution of all annotated unigenes is shown in Figure 1B, and
the top-three matches were Picea sitchensis (24.82%), Dothistroma septosporum (8.56%), and
Amborella trichopoda (7.73%) (Figure 1B).

In our study, there were 16,213 unigenes successfully annotated to 50 Gene Ontology
(GO) terms. The highest number of unigenes was associated with the molecular func-
tion category, possessing 21,983 (36.16%) GO annotations with 15 GO terms, followed by
21,780 (35.83%) unigenes defined to be involved in the biological process category with
20 GO terms, and 17,028 (28.01%) unigenes were classified into the cellular component cat-
egory with 15 GO terms. Genes in the molecular functions category were primarily sorted
into “catalytic activity, binding, transporter activity, and structural molecule activity.”
Of the biological process and cellular component categories, the most frequent assign-
ments were “metabolic processes, cellular process, single-organism process, and biological
regulation” and ”cell, cell part, membrane, and organelle,” respectively (Figure 2A).

To elucidate the functionality of the transcriptomes at the protein level, COG analysis
revealed 13,390 unigenes that were assigned to 25 COG clusters (Figure 2B). Among these
clusters, the highest representation group was “general function prediction only” (1749,
13.26%), followed by “translation, ribosomal structure, and biogenesis” (1393, 10.56%),
“carbohydrate transport and metabolism” (1310, 9.93%), “posttranslational modification,
protein turnover, and chaperones” (1208, 9.16%), and “signal transduction mechanisms”
(1159, 8.79%).
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Figure 1. Unigene annotation by searching against public databases. (A) Database matches of
all the annotated unigenes. NR (NCBI non-redundant protein sequences), Protein family (Pfam),
KOG/COG/eggNOG (Clusters of Orthologous Groups of proteins), Swiss-Prot (a manually anno-
tated and reviewed protein sequence database), Kyoto Encyclopedia of Genes and Genomes (KEGG),
and Gene Ontology (GO). (B) Species distribution of all the top BLASTx hits. Annotation of unigenes
obtained from combined transcriptomes of 12 cDNA libraries, including samples of T. mucronatum
and T. distichum leaves with and without inoculation of P. maculans.

To further identify the biological pathways activated in this dataset, KEGG pathway
analyses were conducted, which in total showed that 9288 unigenes were assigned to
128 KEGG pathways. Among them, the top mapped pathways included ribosome (path-
way ID Ko03010), carbon metabolism (pathway ID Ko01200), biosynthesis of amino acids
(pathway ID Ko01230), and protein processing in the endoplasmic reticulum (pathway ID
Ko04141), with 639, 500, 388, and 348 unigenes assigned, respectively (Table S3).
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3.3. Different Expressed Genes with and without P. maculans Inoculation

To find out the important pathogen response genes, differentially expressed genes
(DEGs) between inoculated and non-inoculated (mock treatment) samples were calculated
using the fragments per kilobase of transcript per million fragments mapped (FPKM)
approach. A total of 3420 genes showed significant expression changes among the com-
parisons in resistant T. distichum (T.d-m vs. T.d-inf), including 2261 upregulated and
1159 downregulated genes. In contrast, in the susceptible T. mucronatum, 4414 DEGs were
identified between T. mucronatum mock and T. mucronatum infection (T.m-m vs. T.m-inf),
including 3338 upregulated and 1076 downregulated genes (Figure 3A). In addition, among
the detected DEGs, 596 upregulated and 142 downregulated genes were present in both re-
sistant and susceptible plants (Figure 3B). Furthermore, 3044 of 3420 and 3960 of 4414 DEGs’
response to fungal inoculation had function annotation in T. distichum and T. mucronatum,
respectively (Table S4).
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Figure 3. Differential gene expression in resistant T. distichum and susceptible T. mucronatum after fungal infection.
(A) Histogram representing variation of DEGs after inoculation of P. maculans in resistant/susceptible plants. (B) Venn
diagram represent DEGs in upregulated and downregulated groups. T.m-m: leaves of T. mucronatum with water treatment;
T.m-inf: leaves of T. mucronatum with the fungal P. maculans infection; T.d-m: leaves of T. distichum with water treatment;
T.d-inf: leaves of T. distichum with the fungal P. maculans infection.
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3.4. GO Enrichment Analysis of DEGs after P. maculans Inoculation

To further explore the DESs detected in Taxodium in response to the pathogen, GO
functional enrichment analysis was performed between T. mucronatum and T. distichum
after P. maculans infection. In all, 1391 DEGs could be assigned annotations in 44 functional
groups, including 839 (60.3%) and 552 (39.7%) up- and downregulated genes in T.d-m
vs. T.d-inf (Figure 4A). As for T.m-m vs. T.m-inf groups, 2306 DEGs were classified into
48 functional groups, with 1895 (82.2%) and 411 (17.8%) up- and downregulated genes
(Figure 4B). In T.d-m vs. T.d-inf groups, significant enriched GO annotations involved
the biological process category (2689 genes), followed by cellular component (2688 genes)
and molecular function (1606 genes) categories. In contrast, in T.m-m vs. T.m-inf groups,
the genes were primarily sorted into cellular component (5083 genes), biological process
(4739 genes), and molecular function (2852 genes) categories (Figure 4, Table S5).
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Compared to T. distichum, after P. maculans infection, more than twice the DEGs
were upregulated in T. mucronatum, with less DEGs downregulated as well (Figure 4 and
Table S5). In addition, although nearly all the enriched GO terms revealed more DEGs in
T. mucronatum, a few terms were enriched in T. distichum after P. maculans infection. Strik-
ingly, the termm of the biological process category, which included phenylpropanoid
metabolic process, phenylpropanoid biosynthetic process, secondary metabolite biosyn-
thetic process, secondary metabolic process, cellular response to lipid, and response to
hormone, had more upregulated DEGs in T. distichum (Figure S1); in addition, these process
were proved to play an important role in pathogen resistance.
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3.5. KEGG Pathway Enrichment Analysis of DEGs after P. maculans Inoculation

To further identify the major pathways in response to the pathogen, DEGs were
searched against the KEGG pathway database as well. The up- and downregulated genes
in the resistant and/or susceptible Taxodium species were also categorized into the KEGG
database, with the top 50 significantly enriched genes identified into five KEGG categories,
including cellular processes, environmental information processing, genetic information
processing, metabolism, and organismal systems (Figure S2). By comparing T.d-inf with
T.d-m, the DEGs in the pathways of “phenylpropanoid biosynthesis” (ko00940, 49 DEGs,
12.47%), “plant–pathogen interaction” (ko04626, 26 DEGs, 6.62%), and “phenylalanine
metabolism” (ko00360, 23 DEGs, 5.85%) in the upregulated group were significantly en-
riched (Figure 5A and Figure S2A). However, in T.m-m vs. T.m-inf groups, the most upreg-
ulated of the enriched pathway was “ribosome” (ko03010, 129 DEGs, 15.28%), followed
by “carbon metabolism” (ko01200, 90 DEGs, 10.66%) and “oxidative phosphorylation”
(ko00190, 61 DEGs, 7.23%) (Figure 5C and Figure S2C). In addition, pathways involved in
“photosynthesis” (ko00195, 39 DEGs, 14.03%) and “porphyrin and chlorophyll metabolism”
(ko00860, 19 DEGs, 6.83%) were significantly enriched in the downregulated group in
T. distichum after fungal infection (Figure 5B and Figure S2B). It is worth noting that com-
pared with T. distichum, genes involved in “phenylpropanoid biosynthesis” (ko00940,
18 DEGs, 12.08%), “pentose and glucuronate interconversions” (ko00040, 15 DEGs, 10.07%),
and “cutin, suberine, and wax biosynthesis” (ko00073, 12 DEGs, 8.05%) pathways were
more suppressed in T. mucronatum (Figure 5D and Figure S2D). These results suggested
that the DEGs involved in pathogen resistance might be more active in T. distichum.
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3.6. Quantitative Real-Time Reverse Transcription-PCR Validation of Differential Expression

To validate the transcript profiles produced in this study, nine unigenes were randomly
selected for qRT-PCR analysis. As shown in Figure S3, the expression patterns detected
by qRT-PCR were similar to the results of the RNA-seq analyses. Therefore, these results
indicated that our RNA-seq data were reliable for additional investigations of key DEGs
involved in pathogens related to Taxodium.

4. Discussion

In this study, unigene annotation exhibited that 8.56% of unigenes are matched with
D. septosporum. On the one hand, we speculate that since there is no reference genome for
Taxodium, it may contain incorrect annotation when comparing the transcriptome data with
the NR database. On the other hand, only the samples from infected T. mucronatum contain
this annotation information. Therefore, we infer that this may be an interesting biological
phenomenon, and the ability to inhibit the growth of microorganisms may be impaired in
T. mucronatum after P. maculans invasion, which leads to the growth of D. septosporum.

The DEG analysis showed a higher number of DEGs identified in the susceptible
T. mucronatum compared to the resistant T. distichum, which suggested that more genes
are recruited to resist fungal infection in T. mucronatum (Figure 4, Table S5). In addition,
although several DEGs were detected in the two species in control and infection groups
(Figure 3B), most of them revealed different expression modes between the two species,
implying that these DEGs may play an important role in response to P. maculans infection
(Figure 3B). Thereby, the screening of the resistance genes primarily focused on DEGs with
different response modes in T. mucronatum and T. distichum after P. maculans infection.

4.1. Key DEGs in Signal Perception

Plants have a series of defense mechanisms to respond to pathogen attack [15]. Orig-
inally, PRRs localized in the plasma membrane can recognize the PAMPs and trigger
multitudinous plant immunity to protect the host from pathogen infection, which is known
as PTI [16,17]. PTI is the first line of defense formed during long-term interaction be-
tween plants and pathogens [18]. PRRs, receptor-like kinases (RLKs), are divided into
various subfamilies based on their extracellular domains, such as lysine motif (LysM) and
leucine-rich repeat (LRR) domains [19]. Chitin elicitor receptor kinase 1 (CERK1) is a Lysin
motif (LysM) receptor kinase. Arabidopsis CERK1 contains one intracellular Ser/Thr kinase
domain and three tightly packed LysM domains in the ectodomain, which can perceive
the polysaccharide chitin of the fungal cell surface and cause a defense response in plant
cells [20,21]. Our study revealed that after inoculation with P. maculans, the expression of
the putative CERK1-like gene (Unigene_205888) was 9.7-fold upregulated in T. distichum,
while it did not appear in T. mucronatum (Figure 6, Table S6). Flagellin sensing 2 (FLS2) is
another significant pattern recognition receptor in plants, which recognizes a 22-amino-acid
epitope of bacterial flagellin (flg22) [22] and subsequently triggers defense responses that
contribute to plant immunity to bacterial and fungal pathogens and nematodes [23–25].
Recent research shows that activation of FLS2 induces phosphorylation on the juxtamem-
brane (JM) domain of CERK1 in a BAK1-dependent manner, which stabilizes CERK1 and
enhances chitin-triggered antifungal immunity [26]. Moreover, the JM domains of CERK1,
FLS2, and BR1-associated kinase 1 (BAK1) plays a conserved role in chitin signaling, and
by replacing the JM domain of CERK1 with that of BAK1 or FLS2, the chimeric CERK1
receptors keep their functionality to activate chitin signaling in Arabidopsis [27]. In this
study, seven putative FLS2 genes were significantly induced in the resistant T. distichum,
whereas no obvious changes were detected in the susceptible T. mucronatum inoculated
with P. maculans (Figure 6, Table S6). Our results indicated that FLS2 genes might be
implicated in protecting T. distichum from infection by the fungus. In addition, these results
likewise indicated that T. mucronatum might not correctly perceive the signal of fungal
invasion.
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4.2. Key DEGs in Signal Transduction

Multiple studies have demonstrated that members of WRKY transcription factors
are dominant regulators of numerous defense responses in higher plants [28–30]. For
instance, Oryza sativa WRKY6 (OsWRKY6) has been identified as a positive regulator in
pathogen defense responses [31]. The expression of OsWRKY6 is rapidly induced by SA
and Xanthomonas oryzae pv. oryzae (Xoo), and OsWRKY6 overexpression enhances the
resistance to Xoo by increasing SA accumulation and activating several PR genes [32].
PtrWRKY35 (Populus trichocarpa WRKY35), activated by PtrWRKY89, has been identified to
be involved in SA-mediated signaling, and its overexpression in transgenic poplars could
increase the resistance to the fungal pathogen Melampsora [33].

It is interesting that OsWRKY42, functioning as a transcriptional repressor, suppresses
resistance to Magnaporthe oryzae by suppressing JA signaling-related genes [34]. WRKY42-
RNA interference lines showed increased resistance to M. oryzae via increased JA content,
while WRKY42-overexpressing plants revealed susceptibility to the fungus due to reduced
JA content [34]. In addition, WRKY57 directly binds to the promoters of JASMONATE ZIM-
DOMAIN1 (JAZ1) and JAZ5, which encode two important repressors of the JA signaling
pathway, and activates their transcription [35]. For instance, wrky57 mutant lines enhanced
the resistance of Arabidopsis against Botrytis cinerea infection [35]. Furthermore, WRKY51
was reported to be induced upon the reduction in stearic-acid-to-oleic-acid (18:1) levels and
might serve as a positive regulator of SA-mediated signaling but a negative regulator of
JA-mediated signaling in Arabidopsis [36]. Chun et. al. proved that WRKY51 coupled with
JASMONATE-ASSOCIATED VQ MOTIF GENE 1(JAV1) and JAZ8 as a JAV1-JAZ8-WRKY51
(JJW) complex binds and represses JA biosynthesis genes to suppress JA content [37].

In this study, putative WRKY6-, WRKY35-, WRKY42-, WRKY57-, and WRKY51-like
genes were induced or highly upregulated in T. distichum compared with T. mucronatum dur-
ing P. maculans infection. Among them, WRKY6- and WRKY35-like genes were significantly
induced in T. distichum, which might be involved in the SA and SAR pathways to respond
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to fungal infection. Moreover, upregulation of WRKY42-, WRKY57-, and WRKY51-like
genes was also found in T. distichum, with the main functions of inhibiting JA biosynthesis
and signaling transduction (Figure 6, Table S6). In summary, we inferred that SA signaling
pathways could play a more important role in the resistance mechanism in T. distichum
against P. maculans infection.

4.3. Key DEGs in Phytohormone Metabolism

Many studies have shown that phytohormones, such as salicylic acid (SA) and jas-
monic acid (JA), play a vital role in the response to pathogen invasion [38,39]. Therefore, in
our study, the roles of SA and JA were studied in the response process of T. distichum and
T. mucronatum to P. maculans attack. In a previous study, the biosynthesis of SA was reported
through two different pathways, the cinnamic acid pathway, which requires phenylala-
nine ammonia lyase (PAL), and the isochorismate pathway, which requires isochorismate
synthase (ICS) [40,41]. In Arabidopsis, the isochorismate pathway is also regarded as the pre-
dominant biosynthetic pathway during a pathogenic threat [42,43]. Loss of ICS1 abrogates
pathogen-induced SA biosynthesis and SAR in Arabidopsis and barley [44–46]. In contrast,
in soybean, the PAL and ICS pathways are functionally equally to pathogen-induced SA
accumulation, while knock-down of either pathway shuts down SA biosynthesis and
abolishes pathogen resistance [47]. Since there is little research on this aspect, interest in
whether these two pathways vary in different plants for pathogen-induced SA synthesis is
increasing [48]. In our study, four putative PAL-like genes were significantly upregulated
in T. distichum, whereas these genes were only slightly induced or unchanged in T. mu-
cronatum after P. maculans infection. It is worth noting that there was no change in ICS-like
genes in either T. distichum or T. mucronatum after P. maculans infection (Figure 6, Table S6).
Based on these results, we speculated that the PAL pathway might play a main role in
pathogen-induced SA biosynthesis in T. distichum. Nevertheless, more evidence is required
to confirm this speculation.

Furthermore, to determine whether JA is involved in fungal resistance in T. distichum
and T. mucronatum, the key genes in the biosynthesis and signaling transduction of JA were
analyzed [39]. Lipoxygenases (LOXs), allene oxide synthase 2 (AOS2), allene oxide cyclase
(AOC), and 12-oxo-phytodienoic acid reductase 3 (OPR3) were proposed to participate
in JA biosynthesis [49–51]. In the JA signaling transduction pathway, COI1-JAZ-MYC is
considered a core positive regulatory module of JA signaling components [52,53]. Therein,
JA-Ile, known as the most potent endogenous form of JA [50,51], is perceived by coronatine-
insensitive 1 (COI1). COI1 mediates the 26S proteasome-dependent degradation of JAZ
(JA ZIM-domain) family proteins that act as transcriptional repressors in JA signaling [54].
MYC2 acts as a positive regulator that activates the expression of JA biosynthesis genes,
such as LOX, AOS2, AOC, and OPR3 [55]. In this study, transcripts encoding LOX-, AOS-,
AOC2-, OPR3-, JAR1-, COI1-, and MYC2-like genes were detected (Table S6). Based on our
data, no changes were found in all of these genes, either in T. distichum or in T. mucronatum
after P. maculans infection. It is worth noting that 5 and 3 of 15 putative JAZ-like genes were
obviously upregulated in T. distichum and T. mucronatum, respectively, after P. maculans
infection (Table S6). More research is needed to clarify the function of these JAZ-like genes
in the disease resistance process of Taxodium. These results showed that JA may not be the
critical factor in the disease resistance of T. distichum.

4.4. Key DEGs in SA-Dependent Pathogen Response

In plants, SA is a phenolic compound that plays an essential role in PTI, ETI, and sys-
temic acquired resistance (SAR) induction [56]. SAR is characterized by a broad-spectrum
and long-lasting immune response in plants that provides enhanced resistance against a
broad range of pathogens [57]. In Arabidopsis, nonexpressor of pathogenesis-related genes 1
(NPR1) is verified to act as an SA receptor linking SA perception, transcription, and activa-
tion and promotes cell survival during the plant immune response [58–60]. Overexpression
of NPR1 in different plants generally results in enhancing disease resistance to a wide range
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of pathogens [61]. In contrast, the NPR1 loss-of-function mutant (npr1 mutants) shows
higher disease susceptibility and a decrease in SAR-induced pathogenesis-related (PR)
gene expression, such as PR1 [62,63]. PR1 is universally known as a molecular indicator to
monitor SAR deployment [64,65]. Overexpression of PR1 in various plant species causes
enhanced disease resistance against many pathogens [66]. In this study, the NPR1-like
gene (Unigene_136298) was significantly induced in T. distichum after infection, whereas
no obvious difference was found in T. mucronatum after fungal infection. Simultaneously,
PR-like genes were strikingly upregulated in T. distichum, whereas no obvious change was
found in T. mucronatum. These results further confirmed that pathogen-induced SAR might
play a vital role in resistance to P. maculans in T. distichum.

4.5. Key DEGs in Cutin, Suberin, and Wax Modification

Cutin, suberin, and wax are important hydrophobic interfaces between plant and
environment, and they serve as physical barriers to protect plants from water loss as well
as diverse biotic and abiotic stresses [67–69]. Increasing research shows that cutin, suberin,
and wax do not merely form a passive mechanical shield but play an active role in both local
and systemic resistance against various plant pathogens [70,71]. In this study, based on
KEGG analysis (Figure 5), five genes involved in the cutin, suberin, or wax pathway were
downregulated in T. mucronatum after P. maculans infection, including CYP86A2, CYP86B1,
HHT1, FAR3, and WSD1, whereas no obvious change was observed in T. distichum (Figure 6,
Table S6).

In the suberin synthesis pathway, hydroxycinnamoyl-CoA:ω-hydroxyacid/fatty alco-
hol transferase (HHT) catalyzes the formation of aromatic esters in lipidic polymers [72,73].
The T-DNA insertion mutant of hht1 showed a substantial reduction in the ferulate con-
tent of seed and root suberins and, as a result, an elevated permeability to ionic dyes in
Arabidopsis [74]. In potato (Solanum tuberosum), suppression ofω-hydroxyacid/fatty alco-
hol hydroxycinnamoyl transferase (FHT), a homolog gene of AtHHT1/AtASFT, reduced
both ferulate ester and ω-hydroxy fatty acid contents in suberin and in the related wax
fraction, causing a thicker, russet skin of the potato tuber, with increased water loss [75].
CYP86B1 is a long-chain fatty acid hydroxylase and plays a vital role in suberin biogenesis.
In Arabidopsis, cyp86B1 mutant lines had a root and a seed coat aliphatic polyester com-
position in which C22- and C24-hydroxyacids and α,ω-dicarboxylic acids were strongly
reduced [76]. Downregulation of putative HHT1- and CYP86B1-like genes in T. mucronatum
suggested that the lipid polymers and suberin formation are directly or indirectly impaired
after fungal infection.

In wax biosynthesis, primary alcohols are generated by fatty acyl–CoA reductase
(FAR3/CER4), and the generated fatty alcohols and C16:0 acyl–CoA are condensed into
wax esters by the bi-functional wax synthase/acyl–CoA:diacylglycerol acyltransferase
(WS/DGAT) enzyme, WSD1 [77]. In Arabidopsis, cer4 mutants reveal major decreases in
primary alcohols and wax esters [78]; in addition, wsd1 mutants show severe reduction in
wax ester levels in stems [79]. In T. mucronatum, the expression of FAR3- and WSD1-like
genes was remarkably reduced, implying that wax esters synthase was seriously damaged.

In Arabidopsis, a cytochrome P450 CYP86A2, encoded by ATT1, functions in the
biosynthesis of extracellular lipids and plays a major role in cutin formation. Moreover,
CYP86A2 is also identified to enhance the resistance to Pseudomonas syringae by repressing
bacterial type III gene expression in the intercellular spaces [80]. In this study, the expression
of the CYP86A2-like gene was significantly suppressed in T. mucronatum, whereas no change
in T. distichum was observed, indicating that not only cutin biosynthesis but also resistance
to the pathogen were inhibited.

Overall, these genes play an important role in forming the first line of defense, and
inhibiting their expression might cause disease symptoms. Moreover, we suggest that the
fungus P. maculans may accelerate the invasion by suppressing the expression of these key
genes in T. mucronatum.
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4.6. Key DEGs Involved in Cell Wall Modification

The plant cell wall is a dynamic and complex structure that is essential for plant
growth, development, and response to pathogen-induced stresses [81]. Polygalacturonase
has been identified as being produced by fungi to degrade the plant cell wall [82], as well as
polygalacturonase inhibitor proteins (PGIPs), which protect plants by avoiding fungi that
break the plant cell wall [83]. In Arabidopsis, overexpression of AtPGIP1 and AtPGIP2 genes
enhanced the resistance to Botrytis cinerea and reduced disease symptoms [84]. However,
inhibiting the activity of AtPGIP1 by antisense expression led to increasing susceptibility to
B. cinerea [85]. In addition, overexpression of the apple PGIP and/or the grapevine PGIP
gene in transgenic tobacco plants was also reported to enhance the resistance to fungal
pathogens [86]. In this study, one PGIP-like gene (Unigene_122428) was identified, and it
was significantly induced in T. distichum, whereas no change was found in T. mucronatum
(Figure 6, Table S6). This indicated that the cell walls in T. distichum might get better
protection compared to T. mucronatum after fungal infection.

Laccases are polyphenol oxidases involved in the process of reinforcing the cell wall of
many different cell types, which provide mechanical support, nutrient transportation, and
defense against pathogens by catalyzing the oxidation of monolignols in lignification in
plants [87,88]. In Arabidopsis, double mutants of laccase-4 (AtLac4) and laccase-17 (AtLac17)
caused severe defects in the lignification of interfascicular fibers and vessels of stems [89].
In wheat, transient silencing of TaLAC4 resulted in increased susceptibility, leading to
the spread of Fusarium graminearum within the entire spike in 15 dpi [90]. In this study,
four putative LAC4-like and six putative LAC17-like genes were annotated, 3/4 LAC4-like
and 2/6 LAC17-like genes were remarkably suppressed in T. mucronatum, and 1 LAC4-like
gene was downregulated in T. distichum (Figure 6, Table S6). These results indicated that
compared with T. distichum, the integrity of cell walls in T. mucronatum is more severely
injured after fungal infection.

To sum up, these results demonstrated that after P. maculans infection, T. distichum can
correctly perceive the fungal invasion and then respond to the infection though SA-induced
SAR. In contrast, the T. mucronatum plants might not perceive the invasion of the fungus, so
they are unable to make a valid response. Therefore, it is necessary to analyze the reasons
why T. mucronatum cannot effectively respond to the fungus P. maculans.

5. Conclusions

Taxodium is a genus of trees with economic and ecological importance in southeastern
China. However, red blight disease (caused by P. maculans) seriously restricts the develop-
ment and application of this genus. This study provided the first large-scale transcriptome
data sets of the resistant T. distichum and the susceptible T. mucronatum with/without
P. maculans infection. Based on our analysis, we inferred that SA signaling pathways could
play a more important role in the resistance mechanism of T. distichum against P. maculans
infection. In addition, we speculated that since T. mucronatum fail to recognize the fungus
P. maculans, the response to fungal invasion is inhibited, leading to accelerated invasion
and broken cell walls, further triggering more disease symptoms in the plants. These data
provide valuable information for further studies on the resistance mechanisms of Taxodium,
as well as the key DEGs to control red blight disease via genetic engineering, which may
be promising for the genetic breeding of T.‘zhongshanshan’.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f12081090/s1, Table S1. Primer sequences of the genes for qRT-PCR. Table S2. Summary of
transcript and unigene assembly data. Table S3. All unigenes were assigned to different KEGG terms.
Table S4. Summary statistics of DEGs annotation against public databases. Table S5. Assignment
to Gene Ontology (GO) categories of differentially expressed genes (DEGs) in T. distichum and
T. mucronatum after fungal infection. Table S6: List of DEGs in the T. mucronatum and T. distichum
response to P. maculans infection.
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