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Abstract: Drought is a key factor that limits plant growth and yield. Yellowhorn is an important
and vigorously promoted oil tree in China. It can survive under certain drought conditions, but a
lack of water severely restricts its growth and results in yield losses in arid and semi-arid areas.
Therefore, it is important to identify the key pathways and genes to understand the mechanisms of
its drought resistance. In this study, we evaluated drought resistance in four types of yellowhorn,
and obtained 2669 and 2451 differentially expressed genes (DEGs) via the transcriptome analysis
of the comparison of water-saving/water-consuming and fast-growing/slow-growing yellowhorn,
respectively, under long-term drought conditions. The gene ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analyses of DEGs showed the key biological processes and metabolic
pathways involved in drought resistance, which demonstrated that there are both the same and
different biological processes involved in regulating water use efficiency (WUE) and growth in
response to drought stress. Furthermore, the network analysis indicated hub genes (especially seven
protein kinases) and potential co-expressed gene clusters in a greenyellow module associated with
WUE and a blue module associated with growth. These identified hub genes and key biological
processes can significantly enhance our knowledge about the molecular mechanisms of drought
resistance in yellowhorn.

Keywords: drought; transcriptome; DEGs; weighted gene co-expression network analysis (WGCNA);
hub genes

1. Introduction

Yellowhorn (Xanthoceras sorbifolium Bunge), an oil woody plant belonging to the genus Xanthocera
(Sapindaceae), is of great medicinal, economic, and ecological value [1]. The seed kernel of yellowhorn
is rich in oil with unsaturated fatty acids and unique neuric acid, which are used for edible oil
and in nervonic acid capsules [2,3]. In addition, yellowhorn has a strong adaptability to drought,
cold, and barren environments, and is widely distributed in the hills and sandy land of Northern
China, which can contribute to sand fixation and the ecological environment [4]. However, hostile
environments, especially drought, also inhibit the growth and yield of yellowhorn [5,6]. Drought stress
is an important restricting factor that limits the expansion of a suitable growth area, the survival rate of
afforestation, and a high yield of yellowhorn.
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Drought stress is the most prevalent environmental problem that seriously affects the normal
growth and development of plants and restricts the development of forestry and agriculture in the
world [7,8]. Deciphering the underlying molecular mechanism of how plants adapt to drought is critical
in order to develop drought resistance and improve growth characteristics of various plant species [7,9].
In plants, response to drought stress involves a series of physiological, cellular, and molecular processes,
for instance, stomatal closure, root morphology formation, reactive oxygen species (ROS) release,
and osmotic and hormone regulation [7]. At a molecular level, a number of drought-responsive
genes have been identified in plants via molecular and genomic analyses, such as receptors that sense
osmotic and oxidative stresses, transcription factors that regulate stress-inducible gene expression,
and biosynthetic and degrading enzymes [9–11]. A great deal of drought responsive genes are regulated
at transcriptional and post-translational levels, and phosphorylation modification plays an important
role in response to drought stress [12]. For example, SnRK2s protein kinases, which play a critical role
in the abscisic acid (ABA) signaling pathway; mitogen activated protein kinases (MAPKs), which play
a critical role in the cascade pathway; and calcium-dependent protein kinases (CDPKs) have been
identified to be involved in the responses to drought stress [13].

Until now, the research on the drought resistance of yellowhorn has mainly been about the
breeding of drought-tolerant varieties, as well as about the physiological and growth responses.
Under drought conditions, the growth (such as dry weight, plant height, basal diameter, and leaf area)
of yellowhorn seedlings is inhibited, while their root length increases [5,6]. Moreover, the study on the
physiological characteristics of yellowhorn seedlings reveals that the contents of osmotic regulation
substances (soluble sugar, soluble protein, and proline) and the activities of antioxidative enzymes
(catalase (CAT), superoxide dismutase (SOD) and peroxidase (POD)) were increased by drought
stress [5,14]. Yellowhorn with a stronger tolerance to drought has a higher water use efficiency (WUE),
which is one of the decisive factors affecting its response to drought [5,15]. However, the molecular
mechanisms of drought resistance in yellowhorn remain largely unknown.

Transcriptomic analysis is a widely used large-scale experimental approach to investigate
genome function, and may contribute to clarifying the important pathways and genes related
to the phenotype [16]. In this study, we conducted a comparative study of the gene expressions
in four types of yellowhorn with different WUEs and growth performance under natural drought
condition. Two co-expressed gene clusters associated with the WUE and growth trait were obtained,
respectively, and several hub genes were predicted by transcriptome results, by using weighted gene
co-expression network analysis (WGCNA). These findings identified the pathways and genes involved
in drought stress responses in different types of yellowhorn, which should facilitate the elucidation
of the regulation mechanisms of drought stress, and provide a valuable genetic resource for drought
tolerance improvement in yellowhorn.

2. Materials and Methods

2.1. Plant Materials

Ten ten-year-old yellowhorn seedling trees selected from four types (water-saving and fast-growing
germplasm resources (WSFG), water-consuming and fast-growing germplasm resources (WCFG),
water-saving and slow-growing germplasm resources (WSSG), and water-consuming and slow-growing
germplasm resources (WCSG)), which were previously identified according to the ground diameter
and WUE (Supplemental Table S1; Supplemental Figure S1), were used. The WUE was measured by
δ13C, one of the most reliable methods for testing WUE. These yellowhorn trees were in the yellowhorn
Germplasm Resources Garden at Liaoning (122◦52′ E; 42◦42′ N), China, and had the same management
level. The fresh and mature leaves in the same location of the yellowhorn trees were collected in
June 2017, after this area had suffered severe drought for six months and had no artificial irrigation.
The samples were frozen in liquid nitrogen and stored at −80 ◦C.
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2.2. RNA Extraction, Library Construction, and Sequencing

The total RNA was extracted from the leaves of the yellowhorn using an RNAprep Pure
Plant Plus Kit (polysaccharide- and polyphenolic-rich; Tiangen, Beijing, China) according to the
manufacturer’s instructions. The RNA integrity and quality were verified by RNase-free agarose
gel, Qubit 2.0 fluorometry (Life Technologies, Carlsbad, CA, USA), and an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA).

Sequencing libraries were constructed using the NEBNext Ultra RNA Library Prep Kit for Illumina
(NEB, MA, USA), referring to the manufacturer’s recommendations. The mRNA purified by the
oligo-(dT) magnetic beads was fragmented into smaller pieces and used as a template for the first-strand
cDNA synthesis, which was followed by the second strand cDNA synthesis with DNA Polymerase I,
dNTPs, and RNase H. After end repair and A-tailing, the double-stranded cDNAs were ligated to the
NEBNext Adaptor for hybridization, and were purified with an AMPure XP system (Beckman Coulter,
Beverly, MA, USA) in order to select target fragments of 150–200 bp. Then, the cDNA segments
were enriched and screened by PCR amplification. The library was sequenced by Novogene Co., Ltd.
(Beijing, China), using an Illumina HiSeq platform (Illumina, San Diego, CA, USA), and 2 × 150 bp
paired-end reads were generated. The raw sequencing data were deposited in the National Center for
Biotechnology Information (NCBI) under accession number PRJNA483857.

2.3. Transcriptome Assembly and Functional Annotation

The raw reads were filtered by removing the adapter sequences, which were the reads containing
more than 10% ambiguous “N” bases and low-quality reads (Q ≤ 20). All of the clean reads
were assembled by the transcriptome using the Trinity program and were mapped onto the
Xanthoceras sorbifolium reference genome. To further understand the unigene functions, NCBI
non-redundant protein sequences (Nr), Swiss-Prot, Kyoto Encyclopedia of Genes and Genomes
(KEGG), clusters of orthologous groups of proteins (KOG/COG), gene ontology (GO), NCBI nucleotide
sequences (Nt), and annotated protein family (Pfam) were used to annotate the unigenes, using the
BLASTX with a cutoff E-value of ≤ 10−5.

2.4. Identification of Differentially Expressed Genes (DEGs)

The expression levels of the assembled unigenes were normalized by calculating the fragments per
kb per million mapped reads (FPKM) values. Differential expression analyses between distinct samples
were performed with the DESeq2 R package, which provides statistical routines for determining the
differential expression in digital gene expression data using a model based on the negative binomial
distribution. The resulting p-values were adjusted using the Benjamini–Hochberg approach to control
the false discovery rate (FDR). The threshold for significant DEGs in a comparison was |log2Fold
Change| ≥ 1 and FDR < 0.05.

The GO functional enrichment analysis and KEGG pathway analysis of the DEGs were
implemented using the GOseq R package and KOBAS software, respectively, and the terms with a
p-value ≤ 0.05 were defined as significantly enriched.

2.5. WGCNA and Hub Genes Analysis

The co-expression networks were built using the WGCNA (v1.69) package in R [17]. The traits of
the WUE and growth index (increment of diameter) of four types of yellowhorn (Supplemental Table
S1) and the relevant DEGs after removing the DEGs with too many missing values (>70% missing)
were used for WGCNA. The expression level of the DEGs was log transformed using log2 (FPKM
+ 1). Pearson’s correlations coefficient was used to measure the co-expression relationship between
each pair of genes. The WGCNA network was constructed with a soft thresholding power of β = 30, a
minimum module size of 30 genes, and modules with a high correlation (r > 0.80). The module–trait
relationship, gene significance (GS) of traits in the module, and the correlation coefficient between
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the module membership (MM) and GS were used to measure the association with WUE and the
growth index. After the modules were identified, the candidate hub genes in the modules were
picked by an intra-module connectivity (KME) > 0.9, then the hub genes, excluding the unannotated
genes, were used to construct and visualize the gene co-expression network of the WUE and growth
index (increment of diameter) with the Cytoscape (v3.7.1, https://cytoscape.org/) tool. GO and KEGG
enrichment analyses were performed for these hub genes.

2.6. qRT-PCR Analysis

The reverse transcription assay of the total RNAs was performed using the PrimeScript first-strand
cDNA synthesis kit (Takara, Dalian, China). A qRT-PCR was performed with 4 ng µL−1 cDNA using the
UltraSYBR Mixture (SYBR Green I) (Takara, Dalian, China) in an ABI7500 qRT-PCR system, according
to the manufacturer’s instructions. The 2−44CT method was used to calculate the relative expression
levels of genes, XsACTIN was used as the internal reference. The qRT-PCR primers are listed in
Supplemental Table S4.

3. Results

3.1. Identification of DEGs in the Four Types of Yellowhorn under Drought Conditions

To analyze the drought-responsive transcriptome in yellowhorn, ten RNA samples from the
leaves of four types of yellowhorn (WSFG, WCFG, WSSG, and WCSG) with different WUEs and
growth indexes (increment of diameter) were sequenced. After quality control and cleaning, 42.58
to 61.51 million clean reads were generated for each sample. The genome map rates of each sample
ranged from 92.09 to 95.52% (Supplemental Table S2). In total, we identified 2669 DEGs between the
water-saving (WS) and water-consuming (WC) samples upon drought stress, with 1523 upregulated
and 1146 downregulated, and 2128 of them were matched to the reference genome. In addition,
a total of 2451 DEGs between the fast-growing (FG) and slow-growing (SG) samples were identified,
with 1216 upregulated and 1235 downregulated, and 1846 of them were matched to the reference
genome (Figure 1a). There were 2645 and 2427 DEGs specifically in the WS-WC and FG-SG comparison
in response to drought stress, respectively, and 24 overlapping DEGs between WS-WC and FG-SG
(Figure 1b). There were 1512 upregulated and 1133 downregulated DEGs expressed in WS-WC,
and 1224 downregulated and 1203 upregulated DEGs expressed in FG-SG. Eleven DEGs that were
upregulated in WS-WC and downregulated in FG-SG, and 13 DEGs that were upregulated in FG-SG
and downregulated in WS-WC, showed the opposite tendency, while no DEGs shared a common
tendency for expression changes between the comparison of WS-WC and FG-SG (Figure 1c).
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Figure 1. Number of differentially expressed genes (DEGs) identified by pairwise comparisons. (a)
Number of up-regulated and down-regulated DEGs in the comparisons of water-saving (WS) and
water-consuming (WC) yellowhorn, as well as fast-growing (FG) and slow-growing (SG) yellowhorn
under drought conditions. (b) Number of the overlapping and uniquely DEGs in the comparisons
of WS-WC and FG-SG. (c) Venn diagrams of the overlapping and uniquely up-regulated and
down-regulated DEGs in the comparisons of WS-WC and FG-SG.

https://cytoscape.org/


Forests 2020, 11, 840 5 of 15

3.2. GO Enrichment Analysis of DEGs

To obtain insight into the functional categories of the DEGs in the water-saving and fast-growing
yellowhorn, a GO enrichment analysis was performed. The WS-WC DEGs were mainly enriched in the
biological processes (BPs), including cell wall biogenesis and biosynthetic processes (cell wall biogenesis,
plant-type secondary cell wall biogenesis, cell wall polysaccharide and macromolecule biosynthetic
processes, and glucuronoxylan and xylan biosynthetic processes), metabolic processes (macromolecules,
protein, and nitrogen), and the regulation of anion transport, while FG-SG DEGs were mainly related to
microtubule regulation processes (microtubule polymerization or depolymerization and microtubule
cytoskeleton organization), inositol phosphate/hexakisphosphate biosynthetic and metabolic processes,
transmembrane transport, and sugar metabolic processes (D-xylose, pentose, and polyol) (Figure 2a,b).
These GO-BP terms in WS-WC and FG-SG suggest that there are some different biological processes
regulating the WUE and growth of yellowhorn under long-term drought conditions.
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Figure 2. Scatter plot of top 30 gene ontology (GO) terms enriched by differentially expressed genes
(DEGs). (a) Top 30 GO enrichment terms by DEGs in WS-WC. (b) Top 30 GO enrichment terms by
DEGs in FG-SG. (c) Top 30 GO enrichment terms by the overlapping DEGs between WS-WC and FG-SG.
GO category includes green cellular component, blue molecular function and red biological process.
WS-WC indicates the comparisons of water-saving and water-consuming yellowhorn; FG-SG indicates
the comparisons of fast-growing and slow-growing yellowhorn.

In addition, the GO-BP enrichment terms of the overlapping DEGs between WS-WC and FG-SG
were the NADP (nicotinamide adenine dinucleotide phosphate) metabolic process, carbohydrate
metabolic processes (such as pentose-phosphate and polyol), protein-related processes (such as protein
geranylgeranylation), and IAA (indole-3-acetic acid) biosynthetic and metabolic processes (Figure 2c).
The processes enriched by the overlapping DEGs may have important biological significance in
balancing the growth and water-saving capacity of yellowhorn under long-term drought conditions.

3.3. Pathway Enrichment Analysis of DEGs

In order to compare and summarize the pathways of WS-WC and FG-SG under drought stress,
the DEGs were mapped to a KEGG database. As a result, there were seven and six pathways significantly
enriched (p-value < 0.05) in WS-WC and FG-SG, respectively. The pathways of pantothenate and
CoA biosyntheses, and the alpha-linolenic acid metabolism were enriched by the DEGs in WS-WC,
while inositol phosphate metabolism and the phosphatidylinositol signaling system were enriched by
the DEGs in FG-SG (Table 1). However, in addition to the autophagy and spliceosome pathways, there
was no other pathway enriched by the overlapping DEGs between WS-WC and FG-SG (Table 1).
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Table 1. Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis of differentially
expressed genes (DEGs) in WS-WC and FG-SG.

Pathway Out (349) All (3754) p-Value Q value

WS-WC

Pantothenate and CoA biosynthesis 7 20 0.0015 0.1641
RNA degradation 18 110 0.0117 0.4968

mRNA surveillance pathway 19 120 0.0137 0.4968
Purine metabolism 19 125 0.0205 0.5307

Alpha-linolenic acid metabolism 8 39 0.0243 0.5307
Beta-alanine metabolism 7 34 0.0336 0.6113

Ribosome 32 256 0.0471 0.7333

FG-SG

Ribosome biogenesis in eukaryotes 19 85 3.47 × 10−5 0.0036
Spliceosome 25 162 0.0012 0.0516

Inositol phosphate metabolism 9 35 0.0015 0.0516
Phosphatidylinositol signaling system 8 35 0.0059 0.1546

Sphingolipid metabolism 7 30 0.0088 0.1835
Autophagy—other eukaryotes 6 30 0.0311 0.5400

Overlap of WS-WC
and FG-SG

Autophagy—other eukaryotes 3 30 0.0009 0.0245
Spliceosome 5 162 0.0037 0.0481

WS-WC indicates the comparisons of water-saving and water-consuming yellowhorn; FG-SG indicates the
comparisons of fast-growing and slow-growing yellowhorn.

3.4. Co-Expression Network and Hub Genes Associated with the WUE and Growth under Drought Conditions

The gene expression profiles of yellowhorn in response to drought stress were examined using
WGCNA to detect the gene regulatory network and hub genes potentially involved in the regulation of
the WUE and growth (increment of diameter). After removing the DEGs with too many missing values
(>70% missing), 2640 and 2451 DEGs were separately used to construct the co-expression networks.
The genes were partitioned into ten and twelve co-expression modules according to the expression
levels, respectively (Figure 3a,b). Then, the GS of traits in these modules, as well as the correlation
coefficient between the module eigengenes (MEs) and traits were used to examine the relationship
between each module and the traits of the WUE and increments in diameter. As a result, the GS
value of three modules (blue, greenyellow, and purple) related to WUE, and that of the blue module
related to the increments in diameter, were higher than those of any other modules (Figure 3c,d).
Meanwhile, in addition to the dummy gray module, the ME of these four modules showed a higher
correlation with the WUE or increments in diameter than the other modules, respectively (Figure 3e,f).
Taken together, these results indicated that the blue (924 genes), greenyellow (390 genes), and purple
(112 genes) modules were more relevant to WUE, and the blue module (213 genes) was more relevant
to the increments in diameter under drought conditions. In addition, the correlation between the
genes and WUE in the greenyellow module was 0.55 (Figure 4a), which was higher than that in
the blue (−0.19) and purple (0.23) modules (Figure 4b,c). Meanwhile, the correlation between the
genes and the increments of diameter in the blue module was 0.66, demonstrating that the genes in
this module were significantly associated with the increments in diameter (Figure 4d). Therefore,
the greenyellow (related to WUE) and blue (related to the increment in diameter) modules were
selected for the subsequent analysis.

GO and KEGG enrichment analyses were carried out to investigate the functional categories of the
DEGs in the greenyellow and blue modules. Based on the GO analysis, the greenyellow module genes
related to WUE were involved in the BPs, such as cell wall components (xylan, hemicellulose, and
glucuronoxylan), nitrogen (amide, organonitrogen, and nitrogen compounds), and peptide metabolic
and biosynthetic processes, while the blue module genes related to the increment in diameter in the BPs
were mainly related to the peroxisome and proton-transporting ATP synthase complex (Figure 5). The
KEGG pathway analysis results showed that ubiquinone and other terpenoid-quinone biosynthesis
genes were enriched in the greenyellow module related to WUE, while in the blue module, genes
related to the increment in diameter and riboflavin metabolism were enriched (Table 2).
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Figure 3. WGCNA identification of transcriptomes correlated with water use efficiency (WUE) and
growth index (increment of diameter). (a,b) Hierarchical cluster tree of differentially expressed genes
(DEGs) in WS-WC (a) and FG-SG (b) produced 10 and 12 gene co-expression modules, respectively.
(c,d) Gene significance of WUE (c) and increment of diameter (d) in modules. (e,f) Heatmap of
relationships containing the corresponding correlation and p-value between modules and drought
responsive parameters, WUE (e) and increment of diameter (f). The left panel corresponds to modules;
The right color scale corresponds to module-trait correlation. WS-WC indicates the comparisons of
water-saving and water-consuming yellowhorn; FG-SG indicates the comparisons of fast-growing and
slow-growing yellowhorn.
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Figure 4. Scatter plot of module membership and gene significance of identified modules. (a–c) The
correlation of module membership and gene significance of greenyellow (a), blue (b) and purple
(c) modules that associated with water use efficiency (WUE). (d) The correlation of module membership
and gene significance of blue module associated with increment of diameter.
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Figure 5. Scatter plot of top 30 gene ontology (GO) terms enriched by differentially expressed genes
(DEGs) in greenyellow and blue modules. (a) GO enrichment terms by DEGs in greenyellow module
associated with water use efficiency (WUE). (b) GO enrichment terms by DEGs in blue module that
associated with increment of diameter. GO category includes green cellular component, blue molecular
function and red biological process.
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Table 2. The kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis of differentially
expressed genes (DEGs) in greenyellow and blue modules.

Module Pathway Out (54) All (3754) p-Value Q value

Greenyellow Ribosome 13 256 4.50 × 10−5 0.0023
Ubiquinone

and other
terpenoid-quinone

biosynthesis

2 22 0.0390 0.6290

Blue

SNARE
interactions in

vesicular
transport

2 41 0.0159 0.1889

Base excision
repair 2 43 0.0175 0.1889

Riboflavin
metabolism 1 5 0.0238 0.1889

Ribosome 4 256 0.0302 0.1889

Hub genes within the modules, referring to the genes with a high KME, can be considered to
play critical roles in the WUE and growth index (the increment in diameter) under drought stress.
Excluding the genes not mapped to the genome, 31 and 35 genes (KME > 0.9) in the greenyellow and
blue modules were selected as candidate hub genes, respectively (Supplemental Table S3). Then, 31
genes in the greenyellow module related to WUE, consisting of 31 nodes and 159 edges (Figure 6a),
and 35 genes in the blue module related to the increment in diameter, consisting of 35 nodes and 530
edges (Figure 6b), were used to construct two co-expression networks. In the co-expression network
associated with WUE, phosphatidylinositol/phosphatidylcholine transfer protein SFH9 (EVM0002865.1),
two protein kinases (LRR receptor-like serine/threonine-protein kinase MIK2 (MSTRG.6225.1) and
serine/threonine-protein kinase D6PKL2 (MSTRG.9513.1)), S-acyltransferase 22 (MSTRG.18351.2),
and transcription factor NAC008 (MSTRG.20828.1) were highly connected within the greenyellow
module (Figure 6a and Supplemental Table S3). Meanwhile, five protein kinases (G-type lectin
S-receptor-like serine/threonine-protein kinase At4g03230-like (MSTRG.1821.9, MSTRG.1821.14 and
MSTRG.1821.12) and two LRR receptor-like serine/threonine protein kinases, FLS2 (MSTRG.12443.3)
and At1g06840-like (MSTRG.6266.3)), and phosphatase inhibitor 2 (MSTRG.5951.3) were found in the
co-expression network of the hub genes in the blue module associated with the increments in diameter
(Figure 6b and Supplemental Table S3). These findings indicate that the serine/threonine protein
kinases play important roles in regulating the WUE and growth of yellowhorn under drought stress.
In addition, auxin response factor 2 (ARF2; EVM0005533.1), inositol 1,4,5-trisphosphate 5-phosphatase
1 (MSTRG.13147.2), and cytochrome P450 CYP72A219 (MSTRG.8341.2) were also connected with the
increment in diameter, suggesting that the auxin and inositol polyphosphate signal pathways and
redox process may regulate yellowhorn growth under drought conditions.



Forests 2020, 11, 840 10 of 15
Forests 2020, 11, x FOR PEER REVIEW 10 of 15 

 

 

Figure 6. Networks of hub genes in selected greenyellow (a) and blue (b) modules. Red nodes 

indicate up-regulated genes; green nodes indicate down-regulated genes. The size of nodes is 

determined by intra-modular connectivity (KME). The width of edges is determined by weight. 

To validate the accuracy of the transcriptome data, six hub genes related to the WUE and 

increment in diameter were selected for qRT-PCR analysis. The relative expression levels of XsMIK2, 

XsNAC008, and XsNRT1.4L decreased in WS type yellowhorn, and those of MSTRG.1821.9 and 

XsARF2 decreased in SG type yellowhorn, while those of XsFLS2 increased in SG type yellowhorn 

(Figure 7). These results exhibited similar expression patterns to the results of RNA-Seq. 

 

Figure 7. Relative expression levels of the six hub genes in four types yellowhorn under long term 

drought conditions. WS indicates water-saving type yellowhorn; WC indicates water-consuming type 

yellowhorn; FG indicates fast-growing type yellowhorn; SG indicates slow-growing type yellowhorn. 

XsACTIN was as internal control. The five trees in the same type yellowhorn were used as biological 

repeat. Error bars indicate SD. 

4. Discussion 

Climate change, such as global warming, which causes high temperatures and scarce rainfall, 

will create increasingly extreme and prolonged droughts [18]. Yellowhorn is one of the key woody 

oil plants in China, but it often faces serious drought stress due to its cultivation region. In this study, 

the transcriptome analysis based on the comparative transcriptome data and WGCNA is a first 

attempt to understand the key players and potential molecular mechanisms underlying the 

differences in drought resistance among different cultivars of yellowhorn.  

Figure 6. Networks of hub genes in selected greenyellow (a) and blue (b) modules. Red nodes indicate
up-regulated genes; green nodes indicate down-regulated genes. The size of nodes is determined by
intra-modular connectivity (KME). The width of edges is determined by weight.

To validate the accuracy of the transcriptome data, six hub genes related to the WUE and increment
in diameter were selected for qRT-PCR analysis. The relative expression levels of XsMIK2, XsNAC008,
and XsNRT1.4L decreased in WS type yellowhorn, and those of MSTRG.1821.9 and XsARF2 decreased
in SG type yellowhorn, while those of XsFLS2 increased in SG type yellowhorn (Figure 7). These results
exhibited similar expression patterns to the results of RNA-Seq.
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Figure 7. Relative expression levels of the six hub genes in four types yellowhorn under long term
drought conditions. WS indicates water-saving type yellowhorn; WC indicates water-consuming type
yellowhorn; FG indicates fast-growing type yellowhorn; SG indicates slow-growing type yellowhorn.
XsACTIN was as internal control. The five trees in the same type yellowhorn were used as biological
repeat. Error bars indicate SD.

4. Discussion

Climate change, such as global warming, which causes high temperatures and scarce rainfall,
will create increasingly extreme and prolonged droughts [18]. Yellowhorn is one of the key woody oil
plants in China, but it often faces serious drought stress due to its cultivation region. In this study,
the transcriptome analysis based on the comparative transcriptome data and WGCNA is a first attempt
to understand the key players and potential molecular mechanisms underlying the differences in
drought resistance among different cultivars of yellowhorn.
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We classified four types of yellowhorn (WSFG, WCFG, WSSG, and WCSG) under long-term
drought conditions as WS/WC type or FG/SG type, according to a single variable, respectively.
These two comparisons associated with the WUE and growth index (the increment in diameter)
were used to perform the comparative transcriptome analyses. A total of 2669 and 2451 DEGs were
identified in WS-WC and FG-SG, respectively, and 24 overlapping DEGs were identified between
WS-WC and FG-SG (Figure 1), suggesting that they may contribute to regulating the WUE and growth
of yellowhorn under long-term drought conditions.

4.1. Sugar and Nitrogen Metabolic and Biosynthetic Processes

When plants respond to drought, various biochemical and physiological processes are induced,
such as the induction of stress proteins and the accumulation of various metabolites for the protection
of cells from water deficit stress [19,20]. The sugar (such as sucrose and trehalose) and nitrogen
metabolic processes are widely identified as maintaining cell osmotic potential, ensuring the supply of
carbohydrates and regulating growth during drought stress [20–23]. Consistently, the organonitrogen
compound metabolism process was enriched in WS-WC, as were sugar (D-xylose, pentose, and polyol)
metabolism processes in FG-SG, which may be involved in tolerance to drought in yellowhorn (Figure 2).
On the other hand, the GO terms of pentose-phosphate and polyol metabolic processes enriched in the
overlapping DEGs between WS-WC and FG-SG imply that these processes may affect the tolerance to
drought by regulating the WUE and growth of yellowhorn (Figure 2c).

Furthermore, the GO analysis further revealed the nitrogen (amide, organonitrogen, and nitrogen
compound) metabolic and biosynthetic processes as the obvious enriched pathway of DEGs in the
greenyellow module that was highly associated with WUE (Figure 5a). In the greenyellow module,
nitrate transporter 1.4-like (NRT1.4L) (EVM0008747.1) was highly connected with WUE (Supplemental
Table S3) and had a higher expression level in WC type trees than that in WS type trees. In Arabidopsis, a
large portion of nitrate transporter 1s (NRT1s) are involved in plant abiotic stress tolerance. Among them,
AtNRT1.1 was demonstrated to function in drought tolerance via regulating stomatal aperture and
transpiration rates, and AtNRT1.2 functions as an ABA importer to regulate the stomatal aperture [24].
This suggests that NRT1.4L may link nitrogen and ABA signals to regulate the stomatal aperture
and WUE to affect drought resistance of yellowhorn. Meanwhile, the co-expressed network of key
genes in the greenyellow module identified three genes, S-acyltransferase 22 (MSTRG.18351.2), WD-40
repeat-containing protein MSI4 (EVM0022037.1), and NAC008 (MSTRG.20828.1), which showed
relevance to NRT1.4L and all had higher expression levels in WC type trees than those in WS type
trees (Figure 6). These genes may negatively regulate drought resistance through NRT1.4L-mediated
nitrate signaling in yellowhorn.

4.2. Cell Wall- and Microtubule-Related Processes

Some cell structures are also involved in drought responses, such as the cell wall and microtubules.
Several studies have indicated that the composition and structure of the cell wall play important roles
for plants to adapt to abiotic stresses, for example, the tightening and loosening of the cell wall, as well
as the abundance of xyloglucan and pectinain in the cell wall [25,26]. Plant microtubules have been
proven to participate in regulating the plant stomatal movement, cell wall construction, and ABA
accumulation [27,28], which are vital parts of the drought stress response. Our GO results demonstrated
that the cell wall components’ (especially xylan) biosynthetic processes were significantly enriched in
WS-WC, suggesting that the xylan content of the cell wall is closely related to WUE in yellowhorn.
Moreover, in the GO analysis for FG-SG, the microtubule polymerization or depolymerization processes
were highly enriched (Figure 2), indicating that the morphology of microtubules may regulate the
drought stress response via the stomatal movement and ABA content in long-term drought conditions
for yellowhorn.
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4.3. Antioxidant Metabolic Processes

The overproduction of ROS is induced by drought stress, which damages the cellular components
comprising cell membranes, proteins and lipids, and leads to cell death [29]. Excessive amounts
of ROS are scavenged by enzymatic (such as CAT, SOD, and dehydroascorbate reductase (NADH))
and non-enzymatic (such as flavonoids, reduced glutathione, and ascorbic acid) defense mechanisms
in plants, and a large number of genes, including MYB and bZIP transcription factors, as well as
MAPK and CDPK kinases, have been confirmed to be involved in the oxidative defense process [13,29].
Drought tolerance in plants can be influenced by modifications in antioxidant enzyme metabolism.
Based on GO-BP enrichment terms, the NADP metabolic process was enriched by the overlapping
DEGs between WS-WC and FG-SG (Figure 2c), and peroxisome relative processes were enriched by
the blue module genes associated with the increment in diameter (Figure 5b). These findings suggest
that the antioxidant defense processes play vital roles in resistance to drought stress in yellowhorn.
Meanwhile, two cytochrome P450 genes (EVM0008060.1 and MSTRG.8341.2) that participate in the
redox process of substrates in plants [30] were connected with WUE and the increment in diameter,
respectively (Supplemental Table S3).

4.4. IAA Biosynthetic and Metabolic Processes

IAA biosynthetic and metabolic processes, which play an important role in regulating root system
growth [31], were enriched in the overlapped DEGs between WS-WC and FG-SG (Figure 2c), implying
that IAA could regulate drought tolerance via root growth and WUE. Meanwhile, ARF2 in the blue
module was highly connected with the growth index (the increments in diameter), and had a higher
expression level in FG type trees than that in SG type trees (Figure 6). A previous study has shown
that ARF2 in Arabidopsis is a negative regulator in the ABA response pathway, which has crosstalk
with auxin signaling in regulating primary root growth [32]. There is a possibility that ARF2 in
yellowhorn positively regulates root growth via the ABA and auxin signaling pathway. WGCNA
revealed that it was co-expressed with G-type lectin S-receptor-like serine/threonine protein kinase
(MSTRG.1821.9) and phosphatase inhibitor 2 (MSTRG.5951.3; Supplemental Table S3 and Figure 7),
suggesting that phosphorylation modification may regulate the function of ARF2 during drought
response in yellowhorn. These three genes may positively co-regulate the growth of yellowhorn via
the ABA and IAA signal pathways in response to drought.

4.5. Phosphatidylinositol-Related Processes

In addition, based on the GO and KEGG results in FG-SG, the inositol phosphate/hexakisphosphate
biosynthetic and metabolic processes, as well as the phosphatidylinositol signaling system, were also
enriched (Figure 2 and Table 1). Phosphoinositides (PIs), derived from phosphatidylinositol by
phosphorylation, are regulatory lipids that function in signal transduction and mediate numerous
physiological processes, such as the regulation of gene expression and ion channel gating, and the
responses to biotic and abiotic stresses [33,34]. In particular, myo-inositol hexakisphosphate (InsP6),
acting as a second messenger, was shown to be increased in response to ABA, and the mutants
in Arabidopsis that increase the InsP6 content decrease the tolerance to water stress [34,35]. In this
study, SFH9 in the greenyellow module and inositol 1,4,5-trisphosphate 5-phosphatase 1 in the blue
module exhibited a high connection with WUE and the increments in diameter, respectively, under
long-term drought conditions (Supplemental Table S3), suggesting that phosphatidylinositol signaling
may be implicated in the response to drought stress in yellowhorn. The higher expression level of
inositol 1,4,5-trisphosphate 5-phosphatase 1 in FG type trees than that in SG type trees may promote
InsP6 accumulation to effect ABA signaling and drought response. Three genes whose expression
levels were relative to SFH9, including U-box domain-containing protein 6-like (EVM0012147.1),
inactive leucine-rich repeat receptor-like protein kinase (EVM0014902.1), and copper amine oxidase
(MSTRG.3896.8), exhibited opposite expression changes in FG-SG, suggesting that they had antagonistic
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effects on the regulation of drought response. Moreover, two G-type lectin S-receptor-like
serine/threonine protein kinase At4g03230-likes (MSTRG.1821.9 and MSTRG.1821.14), co-expressed
with inositol 1,4,5-trisphosphate 5-phosphatase 1 (Figure 6), which had the same expression change in
FG-SG, may cooperatively function in drought response via the phosphatidylinositol signaling pathway.

4.6. Phosphorylation/Dephosphorylation Modification

Protein phosphorylation/dephosphorylation was found to be critical in response to drought stress,
and a great deal of protein kinases and phosphatases were identified [13]. For example, SnRK2s,
the vital regulator of ABA signaling, can phosphorylate the proteins involved in drought stress, such as
abscisic acid-responsive element binding factor (ABI5/ABF) transcription factors and the anion channel
SLAC1 [13,36]. Additionally, some CDPKs and MAPKs have also been reported to phosphorylate
drought-responsive proteins, including ABFs, SLAC1, WRKY59 and catalase 1 (CAT1), to regulate
stomatal movement and ABA signaling, thereby affecting the tolerance to drought [12,13]. In this
study, four protein kinases (three LRR receptor-like serine/threonine protein kinases MIK2, FLS2,
and At1g06840-like, and serine/threonine protein kinase D6PKL2), which were highly connected
within the greenyellow or blue module and were downregulated in FG or WS type yellowhorn,
were predicted to negatively regulate the drought tolerance of yellowhorn (Supplemental Table S3
and Figure 6). On the contrary, three G-type lectin S-receptor-like serine/threonine protein kinase
At4g03230-likes and one phosphatase inhibitor 2 that were highly connected with the increment in
diameter were upregulated in FG type yellowhorn, implying that they may positively regulate the
drought tolerance of yellowhorn (Supplemental Table S3 and Figure 6). Moreover, five protein kinases
and one phosphatase inhibitor 2 in the blue module were co-expressed with each other (Figure 6),
implying that they may co-regulate the growth of yellowhorn in response to drought stress. In addition,
WGCNA revealed their highly co-expressed genes in clusters (Figure 6), which may constitute a
regulatory network to regulate drought tolerance. These findings indicate that phosphorylation plays
an important role in the molecular mechanism regulating the WUE and growth of yellowhorn under
long-term drought conditions.

5. Conclusions

We found the co-expressed networks, pathways, and hub genes that were related to two
parameters (WUE and growth (the increment in diameter)) of drought resistance from the transcriptome
datasets of four types of yellowhorn under long-term drought conditions. GO and KEGG analyses
indicated nitrogen and cell wall components’ (xylan) biosynthetic and metabolic processes as
key pathways involved in the WUE regulation, while sugar (D-xylose and polyol), microtubule,
and phosphatidylinositol biological and metabolic processes were key pathways involved in the
growth regulation. The IAA biosynthetic and metabolic processes and NADP metabolic process may
regulate drought tolerance by changing the WUE and growth state. Furthermore, two co-expressed
network analyses pinpointed several hub genes, including seven protein kinases, NAC008, ARF2,
NRT1.4L, and phosphoinositide-related phosphatase, which may be key regulators of drought tolerance
in yellowhorn.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/8/840/s1,
Table S1: Selected attributes of analyzed yellowhorn samples, Figure S1: PCA analysis of transcriptomes of four
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Table S3: Annotation and reference genes of hub genes in greenyellow and blue modules.
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