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Abstract: Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.) is a major timber conifer species in southern 
China. In this study, we aimed to capture the rarely advanced phenomenon for selfing in this species and 
illustrated the underlying molecular mechanism, especially the hub gene-regulated networks and path-
ways, by global transcriptome analysis assays (RNA-Seq). Self-pollination trials revealed a wide variation of 
selfing effects among parents. Parent cx569 produced a selfed family with the best growth performance at 
the seedling stage. The growth-based extremely advanced (AD) (n=3) and depressed (DE) variants (n=3; 
different types) were then subjected to comparative RNA-Seq. The transcriptome data revealed more than 
5000 differentially expressed genes (DEGs) for each comparison group (AD versus DE). Weighted gene 
co-expression network analysis (WGCNA) further identified more than 80 important DEGs that were 
significantly associated with growth traits in each comparison group. A subsequent enrichment analy-
sis showed that the identified DEGs belonged to six main types, including xylem metabolism-related, 
sugar and energy metabolism-related, plant hormone signal transduction-related, stress response-related, 
cytochrome-related, and transcription factor genes. Ten hub genes represented by the ERF071, MYB-relate 
305, WRKY6, WRKY31, PER3, LAC4, CESA8, CESA9, GID1, and PR1 genes were co-identified between AD 
and DE variants. These genes exhibited rather different expression patterns between AD and DE variants, 
especially of the transcription factor ERF071 gene that presented a low transcript level in the AD seedlings 
with only 4.45% activity compared to DE's. While, the plant hormone signal transduction GID1 gene was 
significantly upregulated in AD by about 20-fold when compared to DE's, and fold change of the lignin 
biosynthesis-related PER3, CESA9 and LAC4 gene expression parallel reached to 10–15 times in an upreg-
ulation pattern in AD seedlings. The set of hub gene-linked interaction networks and pathways revealed 
in this study may be responsible for the rarely advanced phenomenon for selfing at the seedling stage in 
Chinese fir.
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Introduction
Selfing, the reproductive mode that involves male 

and female gametes from a single individual, is an 
extreme form of inbreeding (Cornetti et al., 2021). 
Currently, about 10–15% of flowering plants are pre-
dominantly reproduced by selfing and approximately 
49% of plants maintain a mixed pollination mech-
anism of selfing and outcrossing (Vogler & Kalisz, 
2001; Wright et al., 2013). Outcrossing can produce 
heterosis, whereas selfing can provide reproductive 
assurance (Wright et al., 2013; Shimizu & Tsuchimat-
su, 2015). By selfing, plants can ensure the success 
of a single individual’s fecundity when mates or pol-
linators are not available, and increase their ability to 
adapt to changes in climate, geography, and reproduc-
tive systems (Razanajatovo et al., 2016; Hartfield et 
al., 2017; Lesaffre & Billiard, 2020). Selfing can also 
increase the genetic variance between lines, thus in-
creasing responses to phenotypic selection (McClo-
sky et al., 2013). Furthermore, it is also possible to 
advance homozygosity while selecting for the most 
suitable and fertile phenotypes through selfing (Pe-
terson et al., 2016). However, inbreeding depression 
is prevalent in plant kingdom (Del Castillo & Trujillo, 
2008). Selfing often leads to inbreeding depression 
characterized by reduced survival and sterility, stunt-
ed growth and development, poor stress resistance, 
and even death (Charlesworth & Willis, 2009; Rymer 
et al., 2015). Inbreeding may have a strong influence 
on germination, seedling survival, and growth at the 
nursery stage (Liesebach et al., 2021). However, it is 
worth noting that individuals may vary in their ge-
netic load due to different selfing histories, which can 
result in differences in inbreeding depression among 
families (Collin et al., 2009). As a result, selfing does 
not inevitably lead to inbreeding depression in some 
materials, and may even produce superior individuals 
(Cuénin et al., 2019). Some conifers, such as Pinus 
radiata and Pinus taeda, present selfing lines express-
ing excellent growth vigor in growth traits that has 
increased with the inbreeding level (Wu et al., 1998; 
Ford et al., 2015). To date, knowledge on the ad-
vanced phenomenon in plant selfing has been rela-
tively limited. Capturing the advanced phenomenon 
for selfing and illustrating the underlying molecular 
mechanisms will further increase the understanding 
of selfing behaviors in the plant kingdom.

Early studies largely depended on expressed se-
quence tag sequencing methods (e.g., Sanger se-
quencing) for functional genomics research. These 
methods are costly, time-consuming, and sensitive 
to cloning biases (Huang et al., 2012). With the de-
velopment of high-throughput features with accura-
cy and low cost, next-generation sequencing (NGS) 
is now being widely used for functional genomics 
research (Sharma & Shrivastava, 2016). The ‘omic’ 

technologies have provided an avenue for many bio-
logical research programs (Paige, 2010; Kristensen et 
al., 2010; Duangjit et al., 2013; García de la Torre et 
al., 2021; Yu et al., 2021). The NGS-based transcrip-
tomics approach permits the identification of genes 
associated with inbreeding and may help unravel af-
fected pathways (Menzel et al., 2015). To date, tran-
scriptional analysis associated with inbreeding has 
been reported in many plant species, such as Arabi-
dopsis arenosa, Brassica rapa L. ssp. Pekinensis, and Ca-
mellia sinensis (Zhang et al., 2016; Liu et al., 2018; 
Barragan et al., 2021). Furthermore, transcriptome 
analysis of grapevine self-bred progeny and crossed 
progeny has revealed that selfing involves the in-
teraction of multiple genes and pathways in plant 
growth and development (Arro et al., 2017). Strik-
ingly, several ecologically and economically impor-
tant conifer tree species, including loblolly pine (P. 
taeda L.), Douglas fir (Pseudotsuga menziesii), and Nor-
way spruce (Picea abies (L.) Karst.), have also been 
subjected to transcriptome assay to identify genes 
relevant to their growth characteristics (OuYang et 
al., 2015; Cronn et al., 2017; Mao et al., 2019).

The development of RNA sequencing (RNA-Seq) 
methodologies has enabled profiling of the transcrip-
tome in different patterns of expression levels (Wang 
et al., 2009). In addition, the RNA-Seq approach can 
be used to efficiently identify all transcribed loci in a 
sample without requiring a priori knowledge of gene 
models (Wang et al., 2021). For analyzing expression 
data, powerful tools, such as weighted gene co-ex-
pression network analysis (WGCNA), are available 
for identifying central genes (hub genes) with impor-
tant functions (Langfelder & Horvath, 2008). WG-
CNA has been widely used in plants to identify hub 
genes associated with growth and development, and 
is regarded as a powerful tool (Zou et al., 2019; Feng 
et al., 2021; Yue et al., 2021).

Chinese fir (Cunninghamia lanceolata (Lamb.) 
Hook.) is one of the major timber conifer species 
in southern China (Shi et al., 2010; Zheng et al., 
2019). It is a monoecious species that usually exhib-
its a relatively high selfing rate, leading to inbreed-
ing depression that tends to emerge at the seedling 
stage, but there is considerable variation in selfing 
responses among parents (Wang and Chen, 1988; 
Duan et al., 2017). Advanced phenomenon in self-
ing has been discovered in Chinese fir in some cas-
es (e.g., volume growth) (Yu et al., 2008; Xu et al., 
2015; He et al., 2016). We speculate that in some 
cases, the rarely advanced phenomenon for selfing 
may be observed in some families of Chinese fir. We 
propose that in this sense, the advanced (AD; higher 
vigor) and depressed (DE; lower vigor) variants from 
seedlings of selfed family in Chinese fir may be cap-
tured at an early stage of development. More exper-
iments are required to test this hypothesis. Given a 
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strong selection against the selfing family in the early 
growth stage, herein, we conducted a self-pollination 
assay in Chinese fir and captured a potential advance 
family expressing elite growth traits at the seedling 
stage. The AD and depressed DE variants are ob-
tained from selfed progenies of the potential advance 
family. Global transcriptome assays (RNA-Seq) and 
the WGCNA approach were then used on AD and 
DE variants from selfing seedlings with the aim to il-
lustrate the underlying molecular mechanism, espe-
cially the hub gene-regulated networks and pathways 
responsible for the rarely advanced phenomenon 
(seedling growth) for selfing in Chinese fir.

Materials and methods
Plant materials

Six core parents (clone cx561, cx569, cx571, cx573, 
cx578, and cx580) were subjected to self-pollinated 
assay in a 2.5th generation seed orchard of Chinese 
fir that harbored 20 parents in the Xiaokeng State 
Forest Farm (Guangdong province, China; 24°70'N, 
113°81'E, at an altitude of 328–339 m). The unpolli-
nated female strobili of parent trees were bagged be-
fore the pollination fitness period to prevent contam-
ination by exogenous pollen. In the self-pollination 
experiment, pollen from the same tree was injected 
into the bag with a syringe while the bagged branch 
was gently shaken to ensure that the pollen was de-
posited on receptive female strobili. The self-polli-
nation assays were conducted with sufficient pure 
pollen and repeated twice, ensuring full pollination. 
The seeds (32–137.8 g) were then manually collected 
from the self-pollinated cones of each parent in No-
vember, 2016. Simultaneously, the open-pollinated 
seeds (about 80.0 g) were collected from the same 
tree for each parent. The cone-set and the cone-seed 
rate were estimated for each parent, and the thousand 
kernel weight, seed soundness, germination rate, and 
embryo abortion rate were also evaluated with a ran-
domly selected seed lot (30 g per self- or open-polli-
nated family) that harbored around 4500 fresh seeds.

The germinated seeds were then transferred to 
peat soil mixed with 20% expanded-perlite, and main-
tained in a growth chamber at 25°C under a 16/8 h 
light/dark photoperiod with a humidity of 75%. The 
vigor of seedlings was estimated based on the traits 
of height (H), length of the longest root (LLR), num-
ber of roots (secondary roots) (RN), fresh weight of 
seedlings (FWS), fresh weight of the above-ground 
part (leaves and stems) (FWSL), and fresh weight of 
the roots (FWR). Only the best conserved self-polli-
nated family was measured for the traits. The cx569 
self-pollinated family harbored advanced (AD) and 
depressed (DE) variants at seedling stage.

Transcriptional analysis (RNA-Seq)

Total RNA was extracted from the above-ground 
tissues (leaves and stems) of AD and DE variants 
with an SV Total RNA Isolation System (Promega, 
Madison, WI, USA). To ensure the use of quality 
samples for transcriptome sequencing, the purity, 
concentration, and integrity of the RNA samples 
were detected by Nanodrop, Qubit 2.0, and Agilent 
2100 instruments, respectively. The concentration 
of RNA samples was all over 46.0 ng/ul. The RNA 
integrity numbers (RINs) of isolated RNA samples 
were measured, and samples with an RIN above 6.3 
were used for RNA library construction. Each mRNA 
was isolated from total RNA using Dynabeads oli-
go (dT) (Invitrogen). Then, the enriched mRNA was 
fragmented into short fragments using fragmenta-
tion buffer and reverse transcribed into first-strand 
cDNA with random hexamers. Second-strand cDNA 
was synthesized by DNA polymerase I, RNase H, 
dNTP, and buffer. The cDNA strand was purified 
using AMPure XP beads, end repaired, poly(A) tail 
added, and ligated to Illumina sequencing adapters, 
and then the fragment size was selected by AMPure 
XP beads. The cDNA libraries were subsequently 
constructed by polymerase chain reaction and quan-
tified by quantitative real-time polymerase chain re-
action to acquire the effective libraries. Finally, the 
effective libraries were sequenced to generate paired-
end transcriptome reads (raw RNA-Seq reads) using 
the Illumina system HiSeq XTen platform provided 
by Biomarker Biotechnologies Corporation (Beijing, 
China, www.biocloud.net). The read length was 150-
bp double-ended reads.

Bioinformatic analysis

To obtain high-quality reads, the raw RNA-Seq 
reads were filtered with fastp software to remove 
low-quality reads, short reads, and adapters (Chen et 
al., 2018). The clean reads were then de novo assem-
bled in Trinity v2.5.1 (Haas et al., 2013). Sequence 
alignment was performed using bowtie (Langmead 
& Salzberg, 2012). The mapped reads were used for 
subsequent analysis.

Gene expression levels (fragments per kilobase 
of transcript per million mapped read, FPKM) were 
estimated by RSEM for each sample (Li & Colin, 
2011). Spearman’s correlation analysis and prin-
cipal component analysis (PCA) using the log10 
(FPKM+1) of all unigenes were used to reveal the 
transcription pattern between each sample. The false 
discovery rate (FDR) was controlled using the Ben-
jamini and Hochberg approach to adjust the P-values 
(Benjamini & Hochberg, 1995). Prior to differential 
gene expression analysis, for each sequenced library, 
the read counts were adjusted by EBSeq R package 
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through one scaling normalized factor. Based on ad-
justed read counts, differential expression analysis 
of two samples between AD and DE variants were 
performed to obtained differentially expressed genes 
(DEGs) using the EBSeq R package with the cut-off 
P-adjust (FDR) < 0.01 and |log2 FC (fold change, 
FC) | > 1. BLAST was used to align genes to a series 
of protein databases, including the Non-redundant 
(Nr) NCBI (Deng et al., 2006), Swiss-Prot (Apweiler 
et al., 2004), Gene Ontology (GO) (Ashburner et al., 
2000), Clusters of Orthologous Groups (COG) (Ta-
tusov et al., 2000), EuKaryotic Orthologous Groups 
(KOG) (Koonin et al., 2004), Kyoto Encyclopedia of 
Genes and Genomes (KEGG) (Kanehisa et al., 2004), 
and Pfam (Finn et al., 2014) databases.

A WGCNA was performed to construct the ge-
netic co-expression networks regarding the relation-
ships between the unigenes and morphological traits 
(Langfelder & Horvath, 2008). GO enrichment and 
KEGG enrichment analyses were conducted using 
the topGO R package and Clusterprofiler R package, 
respectively (Alexa & Rahnenfuhrer, 2010; Yu et al., 
2012). TBtools was then used to generate heatmaps 

based on DEG data (Chen et al., 2020). Correlation 
analysis based on DEG data was conducted to esti-
mate the correlation coefficients between each DEG 
using the R package corrplot (Wei & Simko, 2017). 
Only the DEGs paired with an absolute value of cor-
relation coefficient > 0.8 were considered as having 
a high correlation, and these partial DEG pairs were 
used to construct a gene regulatory network using Cy-
toscape software version 3.7.1 (Shannon et al., 2003).

Results
Selfing assays revealed an elite family 
with advanced growth traits at the 
seedling stage

The results of cone development after cone rip-
ening were characterized by normal cone and cone 
abortion based on self-pollination assays (Fig. 1). The 
self-pollinated cone-set rate was higher than 64.6% in 
the tested Chinese fir parents (n=6), with the highest 
rate found in parent cx569 (86.7%). The self-pollinated 

Fig. 1. The result of cone growth and development in tested parents. (A) Selfing cone-set. (B) Self-infertility. (C) Cone-set 
rate in six Chinese fir parents (clone 561, cx569, cx571, cx573, cx578, and cx580). (D) Cone-seed rate in the tested 
samples between self- and open-pollination assays
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Fig. 2. Comparison of the quality of the self-pollinated family with that of the open-pollinated family in six Chinese fir 
parents (clone cx561, cx569, cx571, cx573, cx578, and cx580). (A)–(D) Thousand kernel weight, seed soundness, 
germination rate, and embryo abortion rate, respectively, of the self-pollinated and open-pollinated family. The data 
are shown as means ± standard deviation (SD). Student’s t-test was used to test for statistical significance (*P < 0.05; 
**P < 0.01) between the self-pollinated family and the open-pollinated family in the same parent. (E) The optimal 
seedling growth of the self- and open-pollinated families in samples (14 days after sowing)
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cone-seed rate (3.3–4.9%; mean=4.2%) was higher 
than that of the corresponding open-pollinated cones, 
which ranged from 2.5% to 3.7% (mean=3.0%). 
However, self-pollinated seeds showed a significant-
ly lower thousand kernel weight (4.26–7.69 g) and 
germination rate (4.5–17.7%) compared to open-pol-
linated seeds (4.84–8.59 g and 14.3–33.3%, respec-
tively) (Fig. 2). Self-pollinated seeds also displayed 
a significantly lower seed soundness (42–64%) com-
pared to open-pollinated seeds (49% to 78%), except 
for in parent cx569. Self-pollinated seeds presented 
a significantly higher embryo abortion rate (68.4–
91.2%) in comparison with open-pollinated seeds 
(38.4–78.7%). Intriguingly, the average germination 
rate (17.7%) of cx569 self-pollinated seeds was higher 
than those of the self-pollinated seeds from the oth-
er five parents. Moreover, the embryo abortion rate 
of cx569 self-pollinated seeds was lower than that of 
the self-pollinated seeds of the other five parents. It 
was found that the cx569 self-pollinated family con-
sistently expressed good growth vigor compared to 
open-pollinated seeds (up to 14 days old). We as-
sumed that cx569 self-pollinated family (abbreviat-
ed as S569) may existed different levels in seedling 
growth vigor at different growth stages.

cx569 selfed family harbors extremely 
AD and DE variants at the seedling 
stage

To test above hypothesis, we continuously ob-
served the growth vigor of cx569 self-pollinated fam-
ily at seedling stage. The vigor of the 3-month-old 
self-pollinated family of cx569 appeared to be equal 
to that of the open-pollinated family. Interestingly, 

when the seedlings reached 5 months old, the growth 
of the self-pollinated family of cx569 seemed to sig-
nificantly exceed the growth of the open-pollinated 
seedlings (Fig. 3). These results indicated that the 
S569 showed an absence of inbreeding depression in 
seedling growth vigor and had different levels of seed-
ling growth vigor. To verify whether there was rarely 
advanced phenomenon for selfing in S569, we quan-
tified the growth vigor of these seedling populations 
(5-month-old, n=210) based on the traits of seedling 
H (Fig. S1). The seedling H of 96 out of 210 seed-
lings was higher than the mean seedling H of pop-
ulation (6.0 cm). These seedling with highest seed-
ling H (15 cm) is one-fold higher than the seedling 
with mean seedling H (6.0 cm). However, although 
there were 111 seedlings that were lower than the 
mean seedling H, the lowest seedling height of these 
seedlings was only 3 cm lower than the mean seed-
ling H. These results implied that the rarely advanced 
phenomenon for selfing was observed in S569. Thus, 
there exist AD (higher growth vigor) and DE (lower 
growth vigor) variants in S569 at 5 months old. To 
reduce the error in the selection of AD and DE var-
iants, three AD variants (seedlings A1, A2, and A3) 
from the top 50 seedlings with the highest seedling 
height and three DE variants (seedlings D1, D2, and 
D3) from the bottom 50 seedlings with the lowest 
seedling height were selected by using the random 
function of Microsoft Excel. The three AD variants 
had a consistent phenotypic morphology. The three 
different depressed variants included: 1) dwarf, weak, 
chlorotic, and subsequently withered seedling (seed-
ling D1); 2) dwarf, stunted, no visible pests or diseas-
es, reddish, and leathery seedling (seedling D2); and 
3) Seedling D3, similar to seedling D2 in phenotypic 
characteristics but with normal root growth (Fig. 3B). 

Fig. 3. Comparison of growth traits between advanced (AD) and depressed (DE) variants from the cx569 selfed family (5 
months old). (A) Height comparison of the self- and open-pollinated family of cx569 in different stages. The data are 
shown as means ± standard deviation (SD). Student’s t-test was used to test for statistical significance (*P < 0.05; 
ns, not significant) between the self-pollinated family and the open-pollinated family in parent cx569. (B) Phenotypic 
characterization of the cx569 selfed family including three depressed variants (D1, D2, and D3) and three advanced 
variants (A1, A2, and A3). (C)–(H) Seeding height (H), length of the longest root (LLR), number of roots (RN), fresh 
weight of seedlings (FWS), fresh weight of the aboveground part (leaves and stem) (FWSL), and fresh weight of the 
root (FWR), respectively, between AD and DE variants of the cx569 selfed family
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The seedling height (H) (13–15 cm) of AD variants 
was 2-fold higher than that of the DEs. Furthermore, 
the FWSL and FWS values of ADs were consistently 
much higher than those in DE plantlets by 16-fold. 
Similarly, the FWR of ADs was significantly higher 
than that in DEs by 13-fold. Additionally, the LLR and 
the RN of ADs appeared to be extremely higher than 
in DE seedlings. These results suggest that there is 
a marked difference in morphological index between 
AD and DE variants.

Transcriptional profiling and gene 
annotation

In the next step, we conducted a transcriptional 
profiling assay by RNA-Seq aiming to capture possi-
ble genes responsible for the advance growth traits 
in “S569”. In parallel sequencing by RNA-Seq yield, 
a total of 51.01 Gb clean data and 83,743 unigenes 
were identified with a high-quality base ratio (Q30) 
(92.46–93.58%; mean=93.22%) (Table 1). The mean 

mapped reads value reached 21,764,318, while the 
mean mapped ratio value reached 76.60%. The GC 
(guanine-cytosine) content of the reads ranged from 
44.33% to 44.81% (mean=44.65%).

To obtain annotation information, the unigenes 
were annotated into the Nr, Swiss-Prot, GO, COG, 
KOG, KEGG, and Pfam databases (Table S1). In total, 
34,908 unigenes were annotated in the above data-
bases, which accounted for approximately 41.68% 
of the total unigenes (83,743). Around 39.94% (33, 
447) of unigenes were detected in the Nr database. 
About 22.80%, 7.87%, 27.95%, 23.21%, 11.29%, 
and 19.83% of the unigenes were found in the GO, 
KEGG, Pfam, Swiss-Prot, COG, and KOG databases, 
respectively.

As expected, the AD variants (A1, A2, and A3) 
had close transcriptional relationships with each oth-
er (r2 > 0.922), indicating a genetic convergence in 
germplasms (Fig. 4A). The DE variants (D1, D2, and 
D3) has moderate correlation with the AD individu-
als in the transcriptional aspect (r2 = 0.796–0.863). 
Moreover, the DE variants displayed small divergence 

Fig. 4. Correlation between different samples. (A) Cluster dendrogram of different samples based on Spearman’s correla-
tion. The red tree line indicates a group of advanced variants (A1, A2, and A3) belonging to the same cluster. The blue 
tree line refers the same cluster from depressed variants (D1, D2, and D3). The color scale (purple to blue) indicates 
correlation between samples. The closer r2 is to 1, the stronger the correlation is between the two samples. (B) Princi-
pal component analysis (PCA) of the gene expression data. The red circle indicates a group of elite variants that belong 
to the same cluster. The blue circle refers to depressed variants belonging to the same cluster

Table 1. Summary of assembly statistics for the tested samples. Abbreviations: G, guanine; C, cytosine; Q quality score

Variants Total bases Read Count GC (%) Mapped Reads Mapped Ratio (%) Q30 (%)
A1 8,724,002,472 29,121,196 44.81 22,754,108 78.14 92.46
A2 8,058,846,526 26,913,604 44.71 20,913,637 77.71 93.07
A3 9,729,319,038 32,502,309 44.74 25,444,372 78.28 93.35
D1 8,956,414,992 29,942,857 44.64 21,781,963 72.75 93.58
D2 7,345,758,404 24,575,509 44.64 18,804,417 76.52 93.48
D3 8,194,704,274 27,388,246 44.33 20,887,408 76.26 93.35

Average 8,501,507,618 28,407,287 44.65 21,764,318 76.61 93.22
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in the transcriptional profiles, presenting correlation 
coefficients ranging from 0.794 to 0.891. The results 
of Spearman’s correlation analysis indicate that the 
samples can be divided into two type variants (AD 
and DE). Principal component analysis (PCA) results 
also highly agreed with the results of Spearman’s 
correlation analysis, and divided the samples into 
two clusters (Fig. 4B). Collectively, the samples, with 
two distinct transcriptome patterns, could be used to 
identify DEGs in different comparison groups (AD 
versus DE).

Identification of the deferentially 
expressed genes between AD and DE

To identify the DEGs between the AD and DE 
variants, we divided these variants into three com-
parison groups, and each group consisted of three 
pairwise comparisons: group I (A1 vs. D1, A2 vs. D1, 
and A3 vs. D1), group II (A1 vs. D2, A2 vs. D2, and 
A3 vs. D2), and group III (A1 vs. D3, A2 vs. D3, and 
A3 vs. D3). Venn diagrams of DEG sets revealed a 
total of 5450, 5181, and 5517 DEGs in group I, group 

II, and group III, respectively. In group I, 824 upregu-
lated DEGs belonged to the overlapping set (Fig. 5), 
while 1473 and 1025 upregulated DEGs belonging 
to an overlapping set were detected in group II and 
group III, respectively. In comparison to upregulated 
DEGs, there were 945, 350, and 964 downregulated 
DEGs belonging to overlapping sets in group I, group 
II, and group III, respectively.

Co-expressed genes related to seedling 
growth traits

The WGCNA captured gene sets related to growth 
traits (H, FWS, FWLS, FWR, LLR, NR) based on all 
unigenes (83,743) and phenotypic data. Twenty ex-
pression modules of WGCNA were found herein that 
contained highly interconnected gene clusters with 
high correlation coefficients between the genes in the 
same cluster (Fig. 6). Each module harbored positive-
ly and negatively correlated genes, and the expres-
sion level changed between different morphological 
traits. Three modules (MEhoneydew1, MElavender-
blush3, and MEorangered3) were closely connected 

Fig. 5. Venn diagram showing the number of differentially expressed genes (DEGs) between advanced (AD) and de-
pressed (DE) selfing variants. The cut-off value of log2FC (fold change) > |1| and false discovery rate (FDR) < 0.01. 
(A) Venn diagrams presenting the upregulated DEGs among three different groups (group I comprises A1 vs. D1, A2 
vs. D1, and A3 vs. D1; group II comprises A1 vs. D2, A2 vs. D2, and A3 vs. D2; and group III comprises A1 vs. D3, A2 
vs. D3, and A3 vs. D3). (B) Venn diagrams presenting the downregulated DEGs among three different groups
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with the morphological traits (r2 > 0.7 and P < 0.05), 
expect for LLR growth trait. MEhoneydew1 (r2=0.91, 
P=0.01) displayed a remarkably significant positive 
correlation with H, FWS, FWLS, and FWR (r2=0.91, 
P=0.01; r2=0.94, P=0.005; r2=0.95, P=0.004; and 
r2=0.93, P=0.007, respectively). Moreover, some 
modules showed a high correlation with the growth 
traits. For instance, MElavenderblush3 (r2=0.85, 
P=0.03) presented a significant positive correlation 
with H. MEorangered3 (r2= −0.87, P=0.02) showed 
a dramatically high negative correlation with H. In 
addition, the numbers of unigenes in MEhoneydew1 
(812) were higher than in MElavenderblush3 (90) 
and MEorangered3 (300). These results demonstrat-
ed that the genes belonging to the three modules 
were significantly associated with growth traits.

Enrichment analyses

To reveal the specific functions of each co-ex-
pressed module, we performed KEGG analysis of un-
igenes from the MEhoneydew1, MElavenderblush3, 
and MEorangered3 modules separately (Fig. S2). 
The biological functions of genes in the MEhoney-
dew1 module were related to the ‘starch and sucrose 
metabolism’, ‘phenylalanine metabolism’, ‘fatty acid 

elongation’, and ‘cutin, suberine and wax biosynthe-
sis’ pathways, which might have been involved in the 
selfing seedling growth. The annotation of genes in 
the MElavenderblush3 module were involved in the 
‘purine metabolism’, ‘plant-pathogen interaction’, 
and ‘plant hormone signal transduction’ pathways. 
Pathways related to ‘phenylpropanoid biosynthesis’, 
‘phenylalanine metabolism’, and ‘plant hormone sig-
nal transduction’ were mainly identified for genes 
in the MEorangered3 module. To identify DEGs in 
these three modules, we took the overlapped DEGs 
between groups (group I, group II, and group III) 
and modules (MEhoneydew1, MElavenderblush3, 
and MEorangered3), and found that there were 152, 
81, and 168 DEGs for significant (p < 0.05) modules 
corresponding to group I, group II, and group III, re-
spectively (Fig. S3). The identified 152 DEGs com-
prised 12 and 65 annotated DEGs with upregulated 
and downregulated patterns, respectively, while the 
other 18 upregulations and 57 downregulations were 
not annotated. The second identified set (81 DEGs) 
harbored 16 upregulated and 21 downregulated an-
notated DEGs, and 27 upregulations and 17 down-
regulations were not annotated. Among the 168 
DEGs for group III, there were 7 upregulations and 77 
downregulations with annotated information, while 

Fig. 6. Weighted gene co-expression network analysis (WGCNA) of all unigenes and module-trait relationships (MTRs) 
in tested variants. (A) Hierarchical cluster tree presenting 20 modules of co-expressed mRNAs. The intermediate 
panel provides the modules in distinct colors. The bottom panel shows the correlation between the genes of each 
trait-related sample and its module. The darker the red color, the greater the positive correlation. In contrast, blue 
represents negative correlation. (B) Relationships between modules (left) and traits (bottom) in tested samples. (C) 
The number of unigenes in three significant modules (p < 0.05). Red and blue represent positive and negative corre-
lations, respectively. The darker colors suggest higher correlation coefficients. The Pearson’s correlation coefficient r2 
values and the P-value for each correlation are provided in brackets
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the other 12 and 72 unknown DEGs displayed upreg-
ulated and downregulated patterns, respectively. The 
identified 152 DEGs for group I comprised 118, 4, 
and 30 DEGs that fell within the WGCNA modules 
MEhoneydew1, MElavenderblush3, and MEorang-
ered3, respectively (Table S2). For the second set (81 
DEGs), there were 36, 2, and 43 DEGs correspond-
ing to MEhoneydew1, MElavenderblush3, and ME-
orangered3, respectively. The third set of 168 DEGs 
harbored 147, 2, and 19 DEGs for MEhoneydew1, 
MElavenderblush3, and MEorangered3, respectively.

The above overlapped DEGs were then used for 
enrichment analysis to reveal the biological process-
es of growth and development responsible for AD 
and DE variants. The GO enrichment results proved 
that the involved DEGs of different groups with same 
modules comprised highly similar GO terms (e.g., bi-
ological process, cellular component, and molecular 
function) (Fig. S4). The KEGG pathway enrichment 
analysis was also used to identify molecular features 
with biological roles related to the advanced phe-
nomenon for selfing (Fig. S5). The results of KEGG 
enrichment revealed that these overlapped DEGs of 
different groups with the same modules possessed 
the same critical pathways. In MEhoneydew1, the 
phenylalanine metabolism, phenylpropanoid biosyn-
thesis, starch and sucrose metabolism, plant-path-
ogen interaction, cutin and suberine, and wax bi-
osynthesis pathways were all shared in different 
groups. In MElavenderblush3, different groups em-
braced similar pathways (e.g., plant hormone signal 
transduction and nitrogen metabolism pathways). 
For MEorangered3, the phenylalanine metabolism 
pathway was found to be shared in both group I and 
group II. These results showed that the groups and 
modules identified here were biologically reasonable.

Expression of the hub genes related to 
growth traits

Heatmaps analyses unraveled the expression 
level of the overlapped DEGs belonging to the 
above-mentioned pathways in different groups (Fig. 
7). These enriched pathways could relate to the 
growth and development of AD and were divided 
into six categories referring to xylem metabolism, 
sugar and energy metabolism, plant hormone sig-
nal transduction, stress response and cytochrome, 
and transcription factors. Among these overlapped 
DEGs, 22, 6, and 24 transcription factors (TFs) 
were detected in groups I, II, and III, respectively. 
These TFs were mainly represented by the WRKY, 
ERF, MYB-related, and bHLH families. In addition, 
the families of the overlapped DEGs associated with 
xylem metabolism, sugar and energy metabolism, 
plant hormone signal transduction, stress response, 

and cytochrome in the three groups were also ex-
tremely similar. The expression level of xylem me-
tabolism-related, sugar and energy metabolism-re-
lated, and plant hormone signal transduction-related 
genes showed overrepresented expression in the AD 
variants, while the expression levels of the major-
ity of stress response-related genes exhibited high 
expression in the DE variants. However, these over-
lapped DEGs exhibited similar expression levels in 
different groups.

Twenty-three important overlapped DEGs consist-
ently expressed in pairwise comparisons were specif-
ically focused on in the next step (Table S3). These 23 
overlapped DEGs were mainly involved in encoding 
xylem metabolism (PER3, LAC4, CESA8, and CESA9), 
plant hormone signal transduction (GID1 and 
GAMT2), stress response (PR1, PR10, and TIR/NBS/
LRR), sugar and energy metabolism-related (GMPP 
and NRT), and cytochrome (CYP707A1, CYP716B1, 
CYP76B10, CYP77A1, CYP77A3, CYP82C4, CYP86B1, 
and CYP86B1-2), in addition to transcription factor 
aspects (WRKY6, WRKY31, ERF071, and MYB-related 
305). In terms of gene expression level (FPKM val-
ues), MYB-related 305, PER3, LAC4, CESA8, CESA9, 
GID1, CYP77A1, CYP77A3, CYP86B1, CYP86B1-2, 
GMPP, and NRT genes were all expressed at moder-
ately high levels in AD variants (11.1–46.8 FPKM) 
compared to DE variants with a extend change by 
3.6–65.9 folds. In the meantime, the FPKM values 
of CYP707A1, CYP82C4, GAMT2, and TIR/NBS/LRR 
genes reached over 5.9–fold (5.9– to 42.9–fold) in 
AD variants (4.2–6.2 FPKM) in comparsion with DE 
variants. In the field of ERF071, WRKY6, WRKY31, 
PR1, YP76B10, CYP716B1, and PR10 genes, the ex-
pression values of the AD variants (0.2–3.0 FPKM) 
were significantly lower than those of the DE variants 
(4.0–37.3 FPKM), which were only 5.7% to 18.0%.

Deduced network and pathway 
responsible for the advanced AD growth 
traits

In order to further explore the key genes in cx569 
selfed family associated with rarely advanced phe-
nomenon, the pairs of DEGs with the absolute value 
of correlation coefficient greater than 0.8 in compar-
ison group I, group II, and group III were screened. 
Then the degree (the number of connections be-
tween a gene and other genes in the regulatory net-
work) of the pairs of DEGs were calculated by Cyto-
scape software. The DEGs with the degree of top ten 
and the correlation coefficient greater than 0.9 were 
preferentially selected. Precisely these ten DEGs 
(PER3, LAC4, CESA8, CESA9, GID1, PR1, WRKY6, 
WRKY31, ERF071, and MYB-related 305) overlapped 
with the above twenty-three important DEGs were 
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regarded as hub genes. These ten hub genes may be 
played a key role in selfed family growth which had 
advanced phenomenon. The three deduced networks 
were constructed using the above hub genes and 
other genes to address the relationships between 
genes, which were based on gene pairs for an ab-
solute value of correlation coefficient >0.8 (Fig. 8). 
The reactions between the hub genes and the other 
genes in the corresponding network may be respon-
sible for AD growth and development. These genes 
were mainly divided into six types: xylem metabo-
lism-related, sugar and energy metabolism-related, 
plant hormone signal transduction-related, stress 
response-related, cytochrome-related, and transcrip-
tion factor genes. The xylem metabolism-related and 
plant hormone signal transduction-related genes ex-
hibited more relationships with other genes in dif-
ferent groups. In addition, the number of gene pairs 

in group I and group III with positive correlations 
(1224 and 1815, respectively) was higher than that 
of genes with negative correlations (657 and 449, 
respectively), while group II exhibited fewer gene 
pairs with positive correlations (209) compared to 
gene pairs with negative correlations (263). These 
results indicate that there may be similar regulation 
networks for AD variants.

The KEGG pathways analyses revealed that phe-
nylpropanoid biosynthesis, phenylalanine metabo-
lism, and plant hormone signal transduction were the 
most enriched pathways (Fig. S5). These hub genes 
may affect the growth of variants by being involved 
in several important synthetic and metabolic path-
ways. For instance, the PER3 and LAC4 genes in the 
AD variants presented upregulation in the lignin bi-
osynthetic pathway, whereas the PR1 gene in the AD 
variants showed downregulation in plant hormone 

Fig. 7. Heatmaps showing the transcriptomic profiles of the differentially expressed genes (DEGs) related to potential-
ly controlling the growth and development of selfing variants in group I (A), group II (B), and group III (C) using 
normalized log2 expression data (FPKM). The blue bands indicate low gene expression quantity, and the red bands 
indicate high expression quantity
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signal transduction (Fig. 9). Furthermore, the GID1 
and CESA8 (or CESA9 gene) genes from AD vari-
ants were upregulated in the plant hormone signal 
transduction and the cellulose biosynthetic pathway, 
respectively. The gene expression profiling of hub 
genes in the above pathways implied significant dif-
ferences in the growth and development of AD and 

DE variants. In a nutshell, these hub genes, which 
mainly encoded various proteins involved in complex 
plant hormone-mediated signaling pathways, led to 
the different expression levels in AD and DE vari-
ants and further implied that the 10 hub genes were 
largely responsible for the advanced growth traits of 
AD variants.

Fig. 8. Co-expression gene networks based on correlation coefficient > 0.8 in different groups. Overlapped differentially 
expressed genes (DEGs) selected from three significant (p < 0.05) modules (MEhoneydew1, MElavenderblush3, and 
MEorangered3) corresponding to group I, group II, and group III. Red circular nodes indicate transcription factors, 
orange circular nodes indicate sugar and energy metabolism-related genes, green circular nodes indicate plant hormone 
signal transduction-related genes, yellow circular nodes indicate xylem metabolism-related genes, blue circular nodes 
indicate stress response-related genes, and purple circular nodes indicate cytochrome-related genes. Solid lines indicate 
positive correlations and dashed lines represent negative correlations. (A) Co-expression gene network constructed by 
DEGs from group I and the three modules. (B) Co-expression gene network constructed by DEGs from group II and 
the three modules. (C) Co-expression gene network constructed by DEGs from group III and the three modules. (D) 
The number of gene pairs with an absolute value of correlation coefficient > 0.8 in three co-expression gene networks
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Discussion

Transcriptome analysis has revealed that the 
growth and development of selfed progeny involves 
the interaction of multiple genes and pathways (Arro 
et al., 2017). Network-based dependency analysis fur-
ther revealed that most of the significantly rewired 
connections among the ten most connected hub 
genes (e.g., PRX52) involved at least one transcrip-
tion factor (e.g., TCP3), and these hub genes played a 
key role in development of selfed progeny (Arro et al., 
2017). Herein, we performed a comparative RNA-Seq 
analysis to identify genes associated with seedling ad-
vance growth traits in a special selfed family termed 

as S569 in Chinese fir. Ten hub genes with high cor-
relation coefficients (greater than 0.9), including 
WRKY6, WRKY31, ERF071, MYB-related 305, PER3, 
LAC4, CESA8, CESA9, GID1, and PR1, were detected 
in each pairwise comparison of AD and DE variants. 
These hub genes were involved in pathways related 
to transcription factors, xylem metabolism, plant hor-
mone signal transduction, and stress response. Fur-
thermore, the hub gene-linked interaction networks 
and pathways uncovered herein may be responsible 
for the unusually advanced phenomenon for selfing 
at the seedling stage of Chinese fir.

Inbreeding depression is prevalent in plant 
kingdoms and may be caused by the exposure of 

Fig. 9. The pathway showing the hub genes involved the key nodes related to plant growth. The hub genes that may be 
involved in the lignin biosynthetic pathway, cellulose biosynthetic pathway, and plant hormone signal transduction 
pathway are shown in figures (A)–(C), respectively. (D) Heatmaps of hub genes using normalized log2 expression data 
(FPKM). The blue bands indicate low gene expression quantity, and the red bands indicate high expression quantity
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deleterious alleles and/or loss of overdominant al-
leles resulting from increased homozygosity, or re-
duced recombination frequency in some regions 
(Charlesworth & Willis, 2009; McMullen et al., 2009; 
Zhang et al., 2019). However, the distinct alleles that 
are present in a genotype are assumed to be known, 
but not the frequency with which they occur (Ridout 
et al., 2001). Furthermore, higher heterozygous were 
detected in genomes of selfed offsprings of a single 
parent tree (Eucalyptus grandis), and although high in-
breeding depression was observed in these offsprings 
resulting from pseudo-overdominace, heterozygote 
advantage could not be excluded (Hedrick et al., 
2016). Therefore, due to the recombination of alleles, 
the selfed progeny may show different inbreeding 
depression. Evidence has also confirmed an increase 
in within-family variance with increasing inbreeding 
in conifers (Sniezko & Zobel, 1988; Matheson et al., 
1995; Wu et al., 1998). In this study, we found differ-
ent levels of variance in the selfed families of differ-
ent parents and observed good performance in S569 
at seedling stage. This finding is consistent with our 
hypothesis on AD and DE variants are observed from 
S569 during seedling development stage. Moreover, 
inbreeding depression for juvenile height growth is 
relatively smaller in western redcedar than that re-
ported in other conifers (Wang & Russell, 2006). 
Dong et al. (2020) discovered that selfed progeny did 
not show severe inbreeding depression for survival 
or growth in Japanese larch (Larix kaempferi). These 
results indicate that an absence of inbreeding depres-
sion for growth may occur in specific individuals in 
wild plants. However, most growth traits in plants 
are quantitative traits controlled by numerous genes. 
Genes that control quantitative traits are more like-
ly to form co-expression networks than other genes 
expressed in organs (Zhang et al., 2020). Therefore, 
the interaction of multiple genes and pathways may 
be responsible for S569 showing the positive effect 
in seedling stage.

Transcription factors play an important key role 
in plant growth and development (Chen et al., 
2021). In this study, a set of TFs were identified be-
tween AD and DE variants. It should be noted that 
the four hub TFs (MYB-related 305, ERF071, WRKY6, 
and WRKY31) are shared in each pairwise compar-
ison. MYB-related proteins were found to control 
the expression of phenylpropanoid metabolism from 
phenylalanine, and the first enzyme of phenylpro-
panoid metabolism, phenylalanine ammonia lyase, 
was encoded by a gene activated by AmMYB305 
(Martin & Paz-Ares, 1997). Moreover, some MYB 
genes serve roles in controlling the branch of phe-
nylpropanoid metabolism involved in lignin produc-
tion due to their high expression in tissues such as 
differentiating xylem (Campbell et al., 1995). In this 
study, the MYB-related 305 gene was upregulated in 

elite variants. This indicates that the MYB-related 305 
gene may be a suitable candidate gene for mediating 
the expression of the gene responsible for the ad-
vanced phenomenon for selfing in Chinese fir seed-
lings. The APETALA2/ETHYLENE RESPONSIVE 
FACTOR (AP2/ERF) family TFs (AP2/ERFs) are key 
regulators of plant growth and various stress re-
sponses. They also respond to hormones and induce 
improved plant survival under various stress condi-
tions (Xie et al., 2019). Evidence has confirmed that 
photosynthesis is suppressed by the ERF071 gene 
in Oryza sativa (Ahn et al., 2017). Our comparative 
transcriptome data reveal that the ERF071 gene was 
significantly upregulated in DE variants, which fur-
ther suggested that the growth of depressed seed-
lings may have been inhibited by photosynthesis. 
Most WRKY transcription factors help to defend 
plants against phytopathogens and abiotic and biotic 
stresses in many plant species (Robatzek & Soms-
sich, 2002; Zheng et al., 2007; Birkenbihl et al., 2017; 
Jia et al., 2021; Yao et al., 2020; Zhang et al., 2021; 
Jiang et al., 2021). In particular, Skibbe et al. (2008) 
identified a crucial role of WRKY3 and WRKY6 in en-
hancing and/or sustaining active jasmonic acid (JA) 
levels during continuous insect attack. In addition, 
the overexpression of GmWRKY31 in transgenic soy-
bean potentiated resistance to Phytophthora sojae by 
regulating GmNPR1 (Fan et al., 2017). These results 
indicate that the WRKY-type genes (such as WRKY6 
and WRKY31) in many plant species are mainly in-
volved in responses to phytopathogens and abiotic 
and biotic stresses. In our report, the upregulation 
of WRKY6 and WRKY31 in DE variants may be in-
volved in plant-pathogen interactions and stress 
responses.

Lignin is a complex phenolic polymer that ex-
ists in the secondary cell walls of all vascular plants 
(Zhao, 2016). Lignin provides structural rigidity that 
allows tracheophytes to stand upright, and potenti-
ates the cell wall to withstand the negative pressure 
generated during transpiration (Weng & Chapple, 
2010). The currently accepted lignin biosynthetic 
partial pathway in plants is shown in Fig. 9A (Zhao, 
2016). Peroxidase (PER) and laccase (LAC) genes 
are the two key candidates for lignin polymerization. 
Schuetz et al. (2014) reported that the precise trans-
port and deposition of monolignols were guided by 
lignin laccases. Studies showed that the loss of func-
tion of LACCASE4 (LAC4), LAC11, and LAC17 genes 
in Arabidopsis had a significant effect on the lignifi-
cation of metaxylem and fiber cells in inflorescence 
stems (Berthet et al., 2011; Zhao et al., 2013). It has 
also been argued that lignin polymerization activity 
originated from peroxidase genes because the per-
oxidase genes expanded significantly in association 
with the rise of vascular plants (Weng & Chapple, 
2010). Herein, the expression of the LAC4 and PER3 
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genes was higher in elite variants compared to DE 
variants, which may have been the reason that AD 
variants harbored elite traits (e.g., seedling height) 
(Fig. 3C and Fig. 9D). Additionally, cellulose is the 
main chemical component of the plant cell second-
ary wall, and is dramatically related to wood quality 
(Huang et al., 2012). Based on previous studies, a hy-
pothetical partial pathway of cellulose biosynthesis is 
presented in Fig. 9B (Kimura & Kondo, 2002; Huang 
et al., 2012; Lyu et al., 2020). Recently, analysis in 
A. thaliana revealed that AtCesA6-null mutants pre-
sented a reduced cell elongation of young seedlings 
with little effect on cell division, thus affecting the 
cellular integrity and biomass yield in mature plants 
(Hu et al., 2018). However, the co-overexpression of 
AtCesA2 and AtCesA5 in AtCesA6-null mutants could 
significantly promote cell division and completely 
restore cell wall integrity, resulting in a remarkable 
increase in secondary wall thickness and biomass 
production in mature plants (Hu et al., 2018). In-
terestingly, the average expression of the LusCesA4 
and LusCesA7 genes is relatively high in flax seedlings 
and further increases in stems at the rapid growth 
stage, whereas the average expression of the LusCe-
sA1 and LusCesA6 genes decreases (Galinousky et al., 
2019). Furthermore, functional cellulose synthesis 
complexes (CSCs) are composed of at least three dif-
ferent cellulose synthase catalytic subunits (CESAs) 
in A. thaliana, and the results of analysis show that 
CESA1, CESA3, and CESA6 are present in a 1:1:1 
molecular ratio based on spectral counting (Gon-
neau et al., 2014). Herein, we identified eight differ-
ent CESA genes in three groups, among which two 
genes (CESE8 and CESA9) were shared in each pair-
wise comparison. These two genes were highly ex-
pressed in AD variants, which further indicated that 
the vigorous growth of elite seedlings may have been 
related to the combined effects of these two genes 
and other CESAs.

It has been shown that genes involved in plant hor-
mone biosynthesis and signaling are associated with 
plant growth and development (Livne & Weiss, 2014; 
Verma et al., 2016; Willoughby & Nimchuk, 2021). 
GIBBERELLIN-INSENSITIVE DWARF1 (GID1), as 
a gibberellin (GA) receptor, is an important compo-
nent of the GA signaling pathway (Ueguchi-Tanaka et 
al., 2007). One study showed that over-expression of 
each TaGID1 gene in the Arabidopsis double mutant 
gid1a/1c partially rescued the dwarf phenotype (Li 
et al., 2013). Liang et al. (2014) demonstrated that 
the silencing of the GID1 genes (GA receptor genes) 
led to stunted growth and dark-green leaves with late 
flowering in Petunia. In addition, the Arabidopsis mu-
tant (gid1a gid1c) displayed a dwarf phenotype due 
to the lack of the GID1 gene, and the triple mutant 
presented a dwarf phenotype more severe than that 
of the extreme GA-deficient mutant ga1-3 (Griffiths 

et al., 2006). We identified two unigene sequences 
annotated as encoding GID1 genes, among which one 
GID1 gene was shared in each pairwise comparison. 
The expression of the GID1 gene in AD variants was 
higher than in DE variants (Fig. 9D). Pathogene-
sis-related protein 1 (PR1) is one of the most abun-
dantly produced proteins in plant defense responses, 
and is indirectly regulated by salicylic acid to impact 
plant growth (Breen et al., 2017; Venegas-Molina et 
al., 2020). Moreover, Lincoln et al. (2018) demon-
strated that PR1 could inhibit cell death in plants, 
which was consistent with the mode in animals in 
suppressing cell death-dependent disease symptoms. 
PR1 proteins are not completely related to host de-
fense. Numerous reports have shown that PR1 genes 
are responsive to abiotic stimuli, indicating that they 
play important roles in abiotic stress responses (Dix-
on et al., 1991; Liu et al., 2013; Kothari et al., 2016; 
Venegas-Molina et al., 2020; Chmielowska-Bąk & 
Deckert, 2021). In this study, the expression of PR1 
showed a higher expression level in DE than the AD 
variants’, indicating a pre-stress activity in these 
seedlings (DE variants).

Conclusion

In this study, self-pollination experiments re-
vealed a wide variation in selfing effects among 
parents. We captured a potentially advanced fami-
ly (S569) for selfing of Chinese fir expressing elite 
traits at the seedling stage. The growth-based AD 
and DE variants were subjected to comparative 
RNA-Seq analysis with the aim to illustrate the un-
derlying molecular mechanism, especially the hub 
gene-regulated networks and pathways responsible 
for the rarely advanced phenomenon for selfing in 
Chinese fir. In total, the transcriptome data revealed 
more than 5000 DEGs for each comparison group 
(AD versus DE). Through WGCNA, 152, 81, and 
168 overlapped DEGs were found for significant 
(p<0.05) modules (MEhoneydew1, MElavender-
blush3, and MEorangered3) corresponding to three 
groups (group I, group II, and group III, respective-
ly). These overlapped DEGs harbored similar gene 
expression patterns in different groups. A subse-
quent enrichment analysis showed that the iden-
tified DEGs belonged to six main types, including 
xylem metabolism-related, sugar and energy me-
tabolism-related, plant hormone signal transduc-
tion-related, stress response-related, cytochrome-re-
lated, and transcription factor genes. Ten hub genes 
represented by the ERF071, MYB-relate 305, WRKY6, 
WRKY31, PER3, LAC4, CESA8, CESA9, GID1, and 
PR1 genes were co-identified between AD and DE 
variants. This set of hub-gene-linked interaction 
networks and pathways may be responsible for the 
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rarely advanced phenomenon for selfing at the seed-
ling stage in Chinese fir. In future research, we will 
study the influence of these gene interactions on the 
growth and development of selfed offsprings.
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