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Abstract: As the reproductive organ of the endangered species Fokienia hodginsii, the size of the cones is a constraint on the reproductive renewal of the population. In this study, the molecular basis of the influence of cone size on F. hodginsii was elucidated by comparing the phenotype, biochemistry, and transcriptome of two cultivars of F. hodginsii (‘FJ431’ and ‘FJ415’). The two cultivars differed significantly in cone size, with FJ431 having a significantly larger cone size and weight than FJ415, 1.32 and 1.90 times that of FJ415, respectively. RNA-Seq analysis of both cultivars retrieved 75,940 genes whose approximate functions were classified as the pathway of response to endogenous stimulus and response to hormone and showed significant differences in the auxin-activated signaling pathway, particularly the MAPK signaling pathway-plant. Furthermore, the endogenous IAA content was significantly higher in FJ431 than in FJ415, and 1.58 and 1.29 times more IAA was present in immature and mature cones, respectively. Moreover, exogenous IAA treatment significantly induced the expression of the MAPK pathway-related gene TRINITY_DN10564_c0_g1 and significantly inhibited the expression of the MAPK pathway-related gene TRINITY _DN17056_c0_g1. Our work suggests that IAA can affect the cone size of F. hodginsii, most probably through the MAPK pathway. This has high theoretical and practical significance for the improvement of genetic breeding and the further cultivation of quality germplasm resources of F. hodginsii.
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1  Introduction

Fokienia hodginsii (Dunn) A. Henry & H. H. Thomas (Cupressaceae) is an endemic tree species in China that plays an important role in maintaining soil moisture and improving the micro-ecological environment and is considered valuable fast-growing timber with high economic development value [1,2]. Due to its outstanding advantages in timber, landscaping, and ecological restoration, many subpopulations have been destroyed by illegal and logical logging [2]. Currently, F. hodginsii is listed as a Grade II protected plant in China and a vulnerable species on the International Union for Conservation of Nature (IUCN) Red List of Threatened Species [3]. To protect and utilize F. hodginsii, Chinese researchers have established seed orchards, but the small number of seeds and low yields have led to the increasingly prominent problem of low and unstable seed orchard yields, and its germplasm resources have become a constraint to the reproduction and renewal of F. hodginsii populations [4].

The size of the cones, as reproductive structures of F. hodginsii, can influence seed dispersal and germination by affecting seed size and morphology, which is important for the species’ phylogeny, community succession, population renewal, and ecological adaptation [5–7]. In terms of exogenous environmental signals, cone size is closely linked to its geographical variation, habitat climate, and population characteristics [8–10]. For example, plant adaptation to external factors such as light, temperature, moisture, and geographical differences can influence cone yield. In addition, cone size varies considerably within individuals and even within and between populations [11]. In terms of endogenous regulatory mechanisms, some pathways that can regulate cone size have been demonstrated, mainly the phytohormone pathway, MAPK pathway, G protein signaling pathway, IKU pathway, ubiquitin-proteasome pathway, and transcriptional regulation [12,13].

Plant hormones, especially growth hormones, are important factors that influence seed quality and cone size. Hormones play an important role in plant growth, development, and reproduction processes, and major plant hormones, such as Indole-3-acetic acid (IAA), Gibberellins (GA), Abscisic Acid (ABA), Cytokinin (CTK), and Brassinosteroids (BR), are involved in regulating seed development [14,15]. High levels of phytohormones such as GA, CTK, and BR are effective in increasing cone production in mature trees, while ABA is antagonistic to GA and IAA, and low levels of ABA contribute to cone genesis and growth [16,17]. These phytohormone signaling pathways interact with each other and regulate seed size in plants.

Auxin plays an important physiological role in initiating cell division, promoting cell elongation, and delivering nutrients to the fruit and seeds, and combined with other hormones regulates the ultimate form and size of the embryo [16,18,19]. According to current works on those model plants, auxin initiates central cell division during endosperm development and influences endosperm cell proliferation and development by regulating the expression of auxin synthetic genes, which influence seed size and grain weight [20,21]. The involvement of auxin in endosperm formation differs between angiosperms and gymnosperms in woody plants. It has also been shown that auxin levels increase synchronously with embryo development in angiosperms such as Malus pumila and Rosa roxburghii Tratt [22,23]. In contrast, in gymnosperms, such as Ginkgo biloba, auxin plays an important role in promoting the meiosis of female gametes and the formation of cell walls in endosperm cells, but auxin levels do not show a similar pattern of synchronous increase in the latter stages of seed development [24]. The significant association between cone enlargement in response to exogenous auxin in Cupressaceae species indicates that auxin is involved in the development of seeds and plays a vital function in the formation and growth of cones gymnosperms [24]. However, how auxin affects the endosperm development though the size of the cones in gymnosperms (including F. hodginsii) remains largely unknown.

Both positive and negative MAPK pathways are involved in auxin signaling [25]. For example, auxin induction increases MAPK activity in plant roots and regulates the phosphorylation of downstream ERF13 by activating MPK14, which in turn affects the synthesis of very long-chain fatty acids and regulates lateral root development [26,27]. NPK1 (a specific plant MAPK kinase, MAP-KKK) activates the MAPK signaling cascade and represses early auxin response gene transcription, and NPK1 overexpression can cause defects in embryo and endosperm development [28]. However, the role of the MAPK pathway in the auxin response that affects seed size is unclear.

In this study, the transcriptome and phytohormone content of two cultivars of F. hodginsii with significant differences in cone size were compared to uncover the underlying molecular basis of the size of the cones of F. hodginsii, thereby improving its breeding and further cultivation of high-quality germplasm resources.

2  Materials and Methods

2.1 Plant Material and Growth Conditions

The two cultivars of F. hodginsii involved in this study (‘FJ431’ and ‘FJ415’) were collected from the Fengtian State Plantation in Anxi, Fujian, China (118°0′5.24″–118°2′14.38″E, 25°16′25.45″–25°20′53.41″N). FJ431 and FJ415 were grafted in 2001 from seed trees originating from Longyan and Anxi, Fujian, China, respectively. Four mature cones of a single individual of each cultivar were randomly sampled (four individuals for each cultivar), and their radius and weights were measured immediately after collection. After counting the size and weight of the cones, the cones were peeled to count the number of seeds, the seed weight and these seeds were used for germination tests to calculate germination rates. Combined with the fact that FJ431 cones have a larger radius and weight than FJ415 cones, we inferred that cone size was substantially connected with the quantity of seeds or reproductive capability.

The seedlings of F. hodginsii were cultured in nutrient solution (10 g/L Huaduoduo 2# Peters®10-30-20+TE ICL Specialty Fertilizers) for a month before further treatment. Plant materials were grown at 22°C, with a light: dark cycle of 16:8 h, photon flux density of 60 µmol·m2·s−1, and relative humidity of 85%.

2.2 RNA-Seq Analysis and Bioinformatics

The samples for RNA-Seq comprised the mature cones of FJ431 and FJ415 (n = 3). RNA extractions and RNA-Seq analysis of the leaves from F. hodginsii followed previous methods [29]. The trimming of raw data resulted in only the uniquely aligned reads, and a fold-change in expression of >1.3 and a false-discovery rate (FDR) <0.01 were set as the thresholds for designating differentially expressed genes [30].

For the raw reads obtained from transcriptome sequencing, cutadapt and Perl scripts were used to remove splice sequences, low-quality sequences with a length <100 bp and <5% unknown bases, and bases with a quality value Q ≤ 10 accounting for more than 20% of the whole sequence in the raw data, followed by verification of data quality using FASTQ. Analysis without a reference transcriptome was used, as no reference genome was available or the genome annotation information was incomplete.

The unigenes were annotated and classified according to Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG). Based on this, differentially expressed genes were identified and subjected to GO term and KEGG enrichment analyses. All samples were filtered using the transcriptome assembly software Trinity (Broad Institute, USA), and the resulting clean reads were assembled from scratch to obtain long fragments (contigs) that were assembled into sequences that could not be further extended at both ends, which were then finally normalized to unigenes. The unigenes were then evaluated for assembly quality, including length, GC content (GC%), and N50 [31].

The obtained unigenes were annotated against GO and KEGG for functional annotation and classification, and differential expression analysis was performed on unigenes from different groups to identify differentially expressed genes among the samples from the different localities of F. hodginsii.

2.3 IAA Treatments and Quantification of Endogenous Auxin (IAA)

One-month-old seedlings of FJ431 and FJ415 were used for exogenous IAA treatment experiments. Thirty seedlings for each treatment were cultured in Hoagland solution containing different concentrations (0, 0.5, 1 or 2 μM) of IAA (I2886, Sigma), and DMSO (D4540, Sigma) was used as the negative control [32].

Fifteen mature cones and fifteen immature cones were collected from FJ431 and FJ415, respectively. After being placed in liquid nitrogen, all mature and immature cones from each cultivar were combined. The IAA content was measured with the Plant Auxin (IAA; Auxin) ELISA Kit (JLC11517-96T, Gelatins), with three repeats of each sample.

The reasons why seedling was chosen for the exogenous treatment of growth hormone are as follows: Firstly, performing follow-up verification (auxin response) experiments in isolated cones after ripening is difficult [33–35]. Secondly, more than 90% of genes are expressed in seedling which led to a more sensitive system for testing our hypothesis [33,36]. Also, plant responses to auxin are similar at different development stages of woody plant [33,36]. Furthermore, this strategy was widely used in different research and produced reliable outputs [12,37].

2.4 Gene Expression Analysis

A polysaccharide polyphenol FastPure Plant Total RNA Isolation Kit (Vazyme) was used to extract the total RNA of different samples, and the concentration and mass of RNA (A260/230, A260/280) were determined by DeNovix (DS-11 FX+). For qRT-PCR, 1 μg total RNA was used for cDNA synthesis using the cDNA Synthesis SuperMix for qPCR Kit (YEASEM, CAT:1123ES60). The primers used in this study are listed in Table S1. qPCR was performed with SYBR-Green PCR Mastermix (CAT:11202ES08). The expression levels of the tested genes were estimated using the relative 
2−△△CT
method [38].

3  Results

3.1 Morphological Differences of F. hodginsii Cultivars FJ431 and FJ415

Although FJ431 and FJ415 were planted in the same seed garden, their cone phenotypes were significantly different (Fig. 1A). Based on phenotypic observations and data analysis, significant differences were observed in cone weight and cone size. The average radius of the cones of FJ431 and FJ415 were 0.48 ± 0.026 cm and 0.36 ± 0.039 cm (p < 0.05), respectively, and the weight of cones was 0.16 ± 0.006 g and 0.08 ± 0.004 g (p < 0.001), respectively (Fig. 1B). FJ431 had a significantly higher radius and cone weight than FJ415. In addition, this study correlated the number, weight and germination rate of seeds collected from each cone and found that there were significant differences in the number of seeds between FJ431 and FJ415, but not in seed weight and germination rate. The average number of seeds in cones of FJ431 and FJ415 was 16.00 ± 0.57 and 16.00 ± 0.57 (p < 0.001), the mean seed weight in cones was 0.0094 ± 0.0003 g and 0.0102 ± 0.0006 g (p > 0.05), and the mean seed germination rate was 35.73 ± 1.20% and 33.73 ± 5.16% (p > 0.05), respectively (Fig. S1).

[image: images]

Figure 1: Cone size of two Fokienia hodginsii cultivars. (A) Illumination of cones of two F. hodginsii cultivars, FJ431 and FJ415. (B) and (C) The radius (cm) and weight (g) of the cones were measured for FJ431 and FJ415. Data are shown as the mean ± SD (n = 16). ‘*’ and ‘***’ indicate significant differences (p < 0.05 and p < 0.0001, respectively) between samples based on one-way ANOVA with multiple comparisons using Tukey’s test

3.2 Transcriptional Differences of F. hodginsii Cultivars FJ431 and FJ415

Comparing the transcriptome of FJ431 with that of FJ415, 75,940 differentially expressed genes were screened (FPKM ≥ 1) by the Illumina RNA-Seq results of FJ431 and FJ415. Of these, FJ431 and FJ415 had a total of 22,800 duplicated genes, 22,226 genes unique to FJ431, and 30,914 genes unique to FJ415 (Fig. 2A). Gene ontology analysis and KEGG enrichment analysis were performed on the differential genes obtained from the analysis.
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Figure 2: Transcriptome analysis of FJ431 and FJ415. (A) Venn diagram of expression genes in FJ431 and FJ415. Numbers represent the number of transcripts. KEGG enrichment analysis and analysis of IAA and MAPK pathway-related genes. (B) The functions of differentially expressed genes between FJ431 and FJ415 were predicted by KEGG enrichment analysis. The vertical axis indicates the pathway name; the horizontal axis indicates the Rich factor; the size of the dots indicates the number of differentially expressed genes in the pathway; and the color of the dots corresponds to the different Q-value ranges. (C) and (D) The expression levels of IAA and MAPK pathway-related genes were plotted in a heatmap. Each row represents one gene, each column represents one sample, and the data results are homogenized by row. The color ranges from blue to red, indicating log10(FPKM + 1) from small to large

In the GO term analysis of FJ431 and FJ415, the pathways of plant responses to hormones were significantly different (p < 0.01). Twenty signaling pathways were identified as auxin-related pathways, with a total of 33 genes enriched, mainly for the cellular response to auxin stimulus, response to auxin stimulation, auxin-activated signaling pathway, response to auxin, auxin biosynthetic process, and other signaling pathways. Among them, the auxin-activated signaling pathway enriched the most genes. In the KEGG enrichment analysis of FJ431 and FJ415, the enrichment of auxin-related MAPK signaling pathway-plant was the highest, with a Rich factor of 0.8 (p < 0.001) (Fig. 2B). A total of 143 genes were enriched in the MAPK signaling pathway plant.

3.3 Contents of Endogenous IAA in F. hodginsii Cultivars FJ431 and FJ415

To verify the endogenous IAA content in two cultivars of F. hodginsii, which have obvious differences in cone phenotype, changes in IAA in the mature and immature cones of FJ431 and FJ415 F. hodginsii were detected. The mean IAA content of the immature cones of FJ431 and FJ415 was 167.02 ± 24.9 μg/g and 105.68 ± 15.7 μg/g, respectively. The mean IAA content of the mature cones of FJ431 and FJ415 was 105.96 ± 37.7 μg/g and 81.96 ± 3.8 μg/g, respectively. The IAA content in mature cones was significantly lower than that in immature cones (p < 0.05), and the IAA content in FJ431 cones was significantly higher than in FJ415 (p < 0.05) (Fig. 3A).
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Figure 3: IAA accumulation enlarged the cone size of Fokienia hodginsii. (A) The level of IAA in both mature and immature cones of FJ431 and FJ415 (n = 15) was measured. (B) Read count level of IAA- (TRINITY_DN17056_c0_g1) and MAPK- (TRINITY_DN10564_c0_g1) related genes in FJ431 and FJ415 were represented by the mean ± SD. (C) and (D) Relative expression dynamics of IAA- (TRINITY_DN17056_c0_g1) and MAPK- (TRINITY_DN10564_c0_g1) related genes in FJ431 and FJ415 under different concentrations of IAA. Data are shown as the mean ± SD (n = 30). Different lowercase letters indicate the significance of different treatments (p < 0.05) between samples based on one-way ANOVA with multiple comparisons using Tukey’s test

3.4 Different IAA-Related Response Genes

According to the results of RNA-Seq and IAA content, all differential genes in the auxin-activated signaling pathway were visualized using a heatmap (Fig. 2C). Fifteen upregulated genes and fourteen downregulated genes in the MAPK signaling pathway plant were visualized using a heatmap (Fig. 2D). By screening the overlapping genes of auxin-activated signaling pathway and MAPK signaling pathway plant, a related upregulated gene was identified as TRINITY_DN10564_c0_g1 (p < 0.001). In addition, the gene with the greatest difference was screened in the MAPK signaling pathway plant, which was the downregulated gene TRINITY_DN17056_c0_g1 (p < 0.001). The mean read count levels of TRINITY_DN10564_c0_g1 in FJ431 and FJ415 were 751 and 707, respectively, and the read count levels of TRINITY_DN17056_c0_g1 in FJ431 and FJ415 were 0 and 994, respectively (Fig. 3B). To determine whether the expression of TRINITY_DN10564_c0_g1 and TRINITY_DN17056_c0_g1 was affected by IAA, we treated 1-month-old seedlings with various concentrations of hormones for 2 h. qRT-PCR results showed that the relative expression level of TRINITY_DN10564_c0_g1 in both FJ431 and FJ415 increased after IAA treatment at different concentrations, and the upward trend of FJ415 was significantly higher than that of FJ431 (Fig. 3C). By contrast, the relative expression level of TRINITY_DN17056_c0_g1 decreased, and the trend was similar in FJ415 and FJ431 (Fig. 3D).

4  Discussion

As the reproductive structure of gymnosperms, the size and quality of cones are crucial to gymnosperms. Numerous studies have reported on the internal and external mechanisms regulating plant cone size. RNA-Seq is an effective method for assessing transcriptomic changes in plants with different cone sizes and can elucidate the intrinsic mechanisms regulating cone size.

In this study, significant differences in cone radius and weight were found between the two clones of F. hodginsii grown in the same seed orchard, and the cone size and weight of FJ431 were significantly higher than those of FJ415. Based on these data, we speculated that there were biochemical differences between FJ431 and FJ415 after excluding geographic differences. The GO analysis in RNA-Seq showed that FJ431 and FJ415 have significant differences in the pathway that responds to plant hormones, and 20 pathways were identified as auxin-related pathways. Among them, the cellular response to auxin stimulus, auxin-activated signaling pathway, and other pathways was significantly different. The KEGG analysis of RNA-Seq showed that the MAPK signaling pathway plant associated with the auxin pathway also showed significant differences. In addition, we screened the upregulated gene TRINITY_DN10564_c0_g1, which is a repetitive gene of the auxin-activated signaling pathway and MAPK signaling pathway plant, and the downregulated gene TRINITY_DN17056_c0_g1, which is the most differential gene in the MAPK signaling pathway-plant. Based on these results, we speculated that TRINITY_DN10564_c0_g1 and TRINITY_DN17056_c0_g1 were the key counterpart genes linking their auxin pathway and MAPK pathway, and auxin may participate in the molecular mechanism of plant regulation of cone size through the MAPK pathway.

Therefore, we measured the IAA content of two clones of F. hodginsii and found that the IAA content of FJ431 with larger cones was significantly higher than that of FJ415 with smaller cones in both mature and immature cones. Furthermore, we performed exogenous IAA treatment on two clones of F. hodginsii seedlings and found that exogenous auxin treatment also led to differences in RNA levels with similar cone sizes; that is, TRINITY_DN10564_c0_g1, which is upregulated in the auxin and MAPK pathway in FJ415, showed a significantly higher upward trend than that in FJ431 after IAA treatment, and by contrast, TRINITY_DN17056_c0_g1, which is a related downregulated gene, showed a downward trend in FJ431 and FJ415. This is consistent with previous RNA-Seq results and speculation that auxin may be involved in the molecular mechanism of plant regulation of cone size through the MAPK pathway. Auxin, one of the most important hormones in plants, can regulate the auxin-responsive elements of transcription factors and their downstream genes to regulate seed size [39,40]. In addition, auxin can interact with the MAPK pathway and other plant hormones to affect downstream genes or proteins that regulate plant growth and development [25,41,42]. TRINITY_DN10564_c0_g1 and TRINITY_DN17056_c0_g1 were highly correlated with the cone size phenotype and IAA, which further confirms the previous speculation that TRINITY_DN10564_c0_g1 and TRINITY_DN17056_c0_g1 genes are regulated by auxin and MAPK pathways, presumably downstream of the growth hormone pathway, and that some proteins that may affect the MAPK pathway are jointly involved in the regulation of cone size. However, this experiment did not continue to study the effects of auxin on plant metabolism and other hormones. Its relevance can be explored in future experimental plans by measuring the levels of other hormones, such as GA and ABA, after the application of exogenous auxin and by quantifying the key genes in these gene-related pathways.

Here, two signaling pathways were identified using RNA-Seq and included the auxin-activated signaling pathway and MAPK signaling pathway-plant, both of which are closely related to auxin. By screening the overlapping upregulated genes in these two signaling pathways and the most differentially downregulated genes in the related pathways, we obtained two related genes. Based on qRT-PCR validation after exogenous application of auxin, we elucidated that TRINITY_DN10564_c0_g1 and TRINITY_DN17056_c0_g1 were the key counterpart genes linking the auxin pathway and the MAPK pathway. For the first time, we demonstrated that auxin can interact with the MAPK signaling pathway to regulate the downstream genes TRINITY_DN10564_c0_g1 and TRINITY_DN17056_c0_g1 to regulate the size of cypress cones, which may also be the basis for the adaptive evolution of F. hodginsii.

5  Conclusion

In this study, the molecular basis of cone size on F. hodginsii was elucidated by comparing the phenotype, biochemistry, and transcriptome of two cultivars (FJ431 and FJ415). There were significant differences in cone size between the two clones, with FJ431 having a significantly larger cone size and weight than FJ415. After excluding extrinsic geographical differences, it was concluded that cone size differences were due to biochemical differences seen in the different clones. RNA-Seq analysis of both cultivars showed significant differences in the auxin-activated signaling pathway and MAPK signaling pathway-plant and screened out an upregulated gene TRINITY_DN10564_c0_g1 and a downregulated gene TRINITY_DN17056_c0_g1. Furthermore, the endogenous IAA content was significantly higher in FJ431 than in FJ415. TRINITY_DN10564_c0_g1 and TRINITY_DN17056_c0_g1 expressions were highly correlated with IAA treatment and cone-sized fruit size through exogenous IAA treatment. This suggests that TRINITY_DN10564_c0_g1 and TRINITY_DN17056_c0_g1 are regulated by the IAA and MAPK pathways to influence cone size in F. hodginsii and are presumably downstream genes of the growth hormone pathway, most likely by affecting some of the MAPK pathways to regulate cone size.
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Figure S1: Seeds number and weight and germination of two Fokienia hodginsii cultivars cones. The seeds were peeled from cones of two F. hodginsii cultivars and the numbers, weight, and germination rate were determined. (A) The number of seeds of two F. hodginsii cultivars cones, FJ431 and FJ415. (B) and (C) The weight (g) and germination (%) of the seeds were measured for FJ431 and FJ415. Data are shown as the mean ± SD (n = 16). ‘***’ indicate significant differences (p < 0.0001) between samples based on one-way ANOVA with multiple comparisons using Tukey’s test
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Table S1: The list of RT-qPCR primers for key differential genes

Name

Sequence (5" — 3')

TRINITY_DN10564 c0 gl-F
TRINITY_DN10564 c0 gl-R
TRINITY_DN17056_c0 gl-F
TRINITY _DN17056 c0 gl-R

GAGGCTACAACACCTGGACC
ACGCCTGCATTTCAGTACCA

CAGAGCACCTCCCCACAAAT
AAGGCGTCTGAGCTGTTGAA
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