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Kom revealed by
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Hypocotyl elongation is an important process in plant growth and development,
and is under hormonal regulatory signaling pathways. In our study, exogenous 6-
BA significantly inhibited Picea crassifolia hypocotyl elongation more than
ethylene in the dark, indicating the existence of different regulatory strategies
in conifers, therefore, the P. crassifolia transcriptome was studied to explore the
responsive genes and their regulatory pathways for exogenous N©-
benzyladenine (6-BA) inhibition of hypocotyl elongation using RNA-
Sequencing approach. We present the first transcriptome assembly of P.
crassifolia obtained from 24.38 Gb clean data. With lowly-expressed and short
contigs excluded, the assembly contains roughly 130,612 unigenes with an N50
length of 1,278 bp. Differential expression analysis found 3,629 differentially
expressed genes (DEGs) and found that the differential expression fold of
genes was mainly concentrated between 2 and 8 (1 < log2FoldChange < 3).
Functional annotation showed that the GO term with the highest number of
enriched genes (83 unigenes) was the shoot system development (GO: 0048367)
and the KEGG category, plant hormone signal transduction (ko04075), was
enriched 30 unigenes. Further analysis revealed that several cytokinin
dehydrogenase genes (PcCTD1, PcCTD3 and PcCTD6) catabolized cytokinins,
while xyloglucan endotransglucosylase hydrolase gene (PcXTH31), WALLS ARE
THIN 1-like gene (PcWAT1-1) and Small auxin-induced gene (PcSAUR15) were
strongly repressed thus synergistically completing the inhibition of hypocotyl
elongation in P. crassifolia. Besides, PcbHLH149, PcMYB44 and PcERF14 were
predicted to be potential core TFs that may form a multi-layered regulatory
network with the above proteins for the regulation of hypocotyl growth.
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Introduction

As a normal phenomenon, hypocotyl elongation is the result of
long-term natural selection and a necessary prerequisite for
photosynthesis and autotrophy of plants (Sliwinska et al., 2009).
However, excessive hypocotyl elongation can easily cause seedlings
to prematurely grow, making plants weak and susceptible to stress.
Conifers are slow-growing, long-lived, and need to adapt to local
environmental changes and weather extremes during their long-
term lifespan (Farjon, 2018; Niu et al., 2022). Hypocotyl growth
after seed germination and emergence has a large impact on conifer
seedlings, which in turn affects recruitment and population
distribution. Picea crassifolia is an important timber and
ecological species in China (Wang et al., 2021). The natural range
of this species is located in the dry zones of central and north-
western China, and hypocotyl growth after germination will affect
its survival, productivity and distribution range (Meng et al., 2007;
Fan et al, 2016; Liu et al, 2016). Therefore, it is necessary to
investigate the molecular mechanisms of P. crassifolia
hypocotyl growth.

Seedlings hypocotyl growth is extremely plastic, with
coordination between cell division and cell expansion to control
hypocotyl length (Reed et al., 2018). This process is strongly
influenced by external environmental conditions, such as light,
temperature, humidity, gravity and touch, and these environmental
signals eventually converge on phytohormones that regulate
expansion of cells involved to achieve precise control of hypocotyl
growth (Boron and Vissenberg, 2014; Song et al., 2019; Jiang et al.,
2020). Therefore, hormonal signals are essential for hypocotyl
growth. Among the various plant hormones, gibberellin,
brassinolide and ethylene can significantly promote hypocotyl
elongation, while external application of growth hormone such as
cytokinin, jasmonic acid and abscisic acid can inhibit normal
hypocotyl elongation to different degrees (Cary et al., 1995; Smalle
et al., 1997; Collett et al., 2000; Lucas et al., 2008; Stamm and Kumar,
2013; Binder, 2020). In angiosperms, the molecular mechanisms of
hormone signaling in hypocotyl elongation have been extensively
studied (Cary et al.,, 1995; Smalle et al., 1997; Reed et al., 2018). For
example, the transport inhibitor response 1 (TIR1) protein transmits
TAA signaling to ARF transcription factors, which affect hypocotyl
elongation by activating or repressing the target genes expression
(Gray et al., 1998; Lucas et al., 2008; Oh et al., 2014; Nieto et al., 2015).
GA affects the binding of DELLA protein to PIFs transcription factors
by regulating its content, and PIFs transcription factors can
contribute to the upregulation of the YUC8/9 expression, a key
enzyme gene for auxin synthesis, to affect hypocotyl elongation
(Feng et al., 2008; Lucas et al., 2008; Franklin et al, 2011;
Mashiguchi et al, 2011; Lucas and Prat, 2014). Under light
conditions, ethylene could promote hypocotyl elongation by
activating phytochrome-interacting factor 3 (PIF3) through
ethylene-insensitive 3 (EIN3), and under dark conditions ethylene
could enhance the stability of ERFI to inhibit hypocotyl elongation
(Collett et al., 2000; Dan et al., 2003; Zhong et al., 2012). However, the
mechanism of hormone regulation in hypocotyl growth varies
between gymnosperms and angiosperms. The regulatory
mechanism of hypocotyl elongation in conifers remains unclear.
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Under light conditions, the regulation of hypocotyl growth by
various hormones is dependent on the PIFs action, while under
dark conditions hormones have different molecular mechanisms,
and they can act independently or interact to promote or inhibit
hypocotyl growth (Lucas et al., 2008; Franklin et al., 2011; Zhong
et al., 2012). In addition, the significant promotion of hypocotyl
elongation by hormones such as ethylene, auxin, BR and GA in
angiosperms has been widely reported (Collett et al., 2000).
However, in the present study, spraying exogenous 6-BA under
darkness inhibited hypocotyl elongation in P. crassifolia showing
similar effects as in angiosperms, the effect of 6-BA was significantly
greater than that of ethylene, indicating that there may be a different
6-BA regulatory mechanism in gymnosperms from that of
angiosperms. The present study was designed to explore the
differences in hormone-regulated hypocotyl elongation between
angiosperms and gymnosperms. We used transcriptomic data to
identify the gene expression profiles and underlying the molecular
mechanisms of the singling pathway under 6-BA-dark treatment in
P. crassifolia by the RNA-sequencing.

Materials and methods

Plant material, treatments and
sample collection

Picea crassifolia seeds used in this experiment were collected
from trees growing in Zhangye City, Gansu Province. The seeds
were randomly germinated in four plastic germination boxes under
long-day conditions (16 h light/8 h dark) until germination.
Seedlings were grown in controlled greenhouses with the daily
average temperature of 25°C. The germination boxes were divided
to two groups according to the provided light treatment. One group
(one germination box) continued to grow under long-day, while the
remaining three germination boxes were transferred to dark
conditions. Under dark condition, one group (one germination
box) received 100 ml water as control, and the other two
germination boxes each received 100 ml water containing 80
mol L of cytokinin (6-BA) and 450 p mol L' of ethylene (ACC),
respectively. After nine days of hormonal application hypocotyls
were harvested and their length were measured using vernier
calipers. Meanwhile, samples were quickly placed in liquid
nitrogen and stored at -80°C for total RNA extraction and RNA-
seq analysis. At same time, the same concentration (100 yw mol L")
of ACC and 6-BA were used to treat the seedlings in the same way.

Anatomical structure analysis

The hypocotyls with three replicates of each treatment were cut
and fixed in FAA fixative solution. The fixed samples were dehydrated
by ethanol with different concentration gradients from low to high.
Then which were transferred to the mixture of 50% ethanol and 50%
xylene for treatment for one hour, and then transferred to xylene for
treatment for 40 minutes, and repeated twice. Removed xylene, add 2/3
xylene and 1/3 wax solution, and placed them in an oven at 42°C for
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two days. Two days later, replaced with a new pure wax solution and
stewed overnight in an oven at 60°C. Replace the pure wax solution
twice a day for 3 consecutive days. Then put the samples into plastic
square boxs containing pure wax solution to embed the samples, and
keep them still for one night. Properly trim the embedded samples, cut
them into independent cubes, and store them at 4°C. Fix the samples
on the paraffin microtome for sectioning, and set the slice thickness to
11nm. Take a rough look under the optical microscope, select the
appropriate tissue and put it into the spreading machine for film
development, and then place the glass slide on the 42°C drying
machine for film drying. Took photos with fluorescence microscope.

RNA isolation, library construction, and
RNA sequencing

Total RNA from frozen hypocotyls with three replicates of each
treatment were extracted by the Trizol method (Invitrogen, CA,
USA). The final complementary DNA (cDNA) libraries were
created using mRNA-Seq sample preparation kit. The cDNA
libraries were sequenced on the BGISEQ platform by using the
paired-end module (2 x 150 bp). The clean data analyzed during the
present study are available in the NCBI-SRA Database (https://
www.ncbi.nlm.nih.gov/sra/PRJNA895003).

De-novo transcriptome assembly and
transcript abundance estimation

De-novo assembly of clean data from all samples using Trinity
(version 2.8.5, http://trinityrnaseq.sourceforge.net/). The first
assembly results were clustered and de-redundant by cd-hit
software (Li and Godzik, 2006) (version 4.8.1). The longest
transcript of each gene was extracted from all transcripts using
get_longest_isoform_seq_per_trinity_gene.pl script provided by
Trinity as the Unigenes. Based on these Unigenes, we used
align_and_estimate_abundance.pl script provided by Trinity to
invoke the combination of RSEM (Li and Dewey, 2011) (version
1.3.3) and Bowtie2 (Langmead and Salzberg, 2012) (version 2.3.5)
estimate the transcript abundance of all Unigene in each sample.
The transcript abundance of all samples was used for the next step
of differential analysis.

Functional annotation and differential gene
expression analysis

Homologous sequence of all unigenes was performed using
BLASTx software (E-values < 1.0 x 107°) and their function
annotations were searched against the GO, Nr, COG and KEGG
databases. For other unannotated unigenes, we used the
TransDecoder program (https://github.com/TransDecoder/
TransDecoder) to predict their coding sequence (CDS)
and orientation.

The transcript abundance of all unigenes from different samples
was analyzed for differential expression using the R package DESeq2
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(Version 1.24.0). Differences between treatment and control were
evaluated by the form of fold changes, and this study took
Log,foldchange > 2 (p < 0.01) and Log,foldchange < -2 (p < 0.01)
as a criterion for screening upregulated and downregulated DEGs.
Gene expression patterns were calculated and standardized using Z-
scores transformation (Cheadle et al,, 2003). Heatmap of DEGs
expression patterns was conducted using the R package pheatmap
(version 1.0.12).

Gene regulatory network analysis

The Cytoscape CytoNCA tool (Tang et al., 2015) was used to
analyze analyzed all of the top 10 differentially expressed hub genes.
We performed the co-expression network using R package igraph
(Juetal, 2016) based on the Pearson correlation coefficient between
hub genes and related genes.

The gPCR validation

To validate the RNA-Seq data, core transcription factors and
downstream proteins with up- or down-regulation during the 6-
BA-Dark treatment were selected to perform qRT-PCR validation.
The hypocotyls with six replicates of dark treatment and 6-BA-Dark
treatment were collected and immediately placed in liquid nitrogen
and stored at —80°C. Primers designed for qRT-PCR are given
in Table 1.

Results

6-BA inhibit hypocotyl elongation
than ACC under darkness in
P. crassifolia seedlings

We examined the effects of light, dark, 1-aminocy-clopropane-
1-carboxylic acid (ACC), and 6-BA on the regulation of hypocotyl
elongation in P. crassifolia germinants. ACC and 6-BA irrigation
caused an inhibit effect on hypocotyl elongation, while conversely
the dark condition caused a promotion effect (Figure 1A). 6-BA
significantly inhibited seedlings hypocotyl elongation under control
conditions after 2 weeks, and the average length of hypocotyl was
1.988 cm (Figure 1B). ACC has only a slight inhibit effect on
hypocotyl growth.

To investigate how 6-BA treatment inhibited hypocotyl
elongation in spruce, we observed the cross sections of hypocotyls
of the four treatments by histological sections and found that the
number of hypocotyl cells under 6-BA-dark treatment was
significantly less than the other three treatments (Figure 2),
indicating that the application of exogenous 6-BA inhibited the
cell division of hypocotyl. Although the optimal treatment
concentration of different phytohormones is different, for the sake
of experimental rigor, we still explored the effects of 6-BA and ACC
on the hypocotyl at the same concentration (100 w mol L™). The
results showed that 6-BA-Dark treatment also produced a more
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TABLE 1 Differentially expressed genes selected for gene expression analysis by qRT-PCR.

No Gene ID
1 PcbHLHI49
2 PcMYB44
3 PcERF14
4 PcCTDI

5 PcCTD3
6 PcCTD6
7 PcXTH31
8 PcWATI-1
9 PcSAURI5

pronounced inhibitory effect than ACC-Dark treatment at the same
concentration (Figure S1).

Sequencing analysis and de novo assembly
of dark and dark-6-BA treatments

To study the molecular mechanisms of hypocotyl inhibit effect
under 6-BA-dark treatment, we sequenced the six samples from 6-
BA-dark and dark treatments. After filtering out adapter sequences
and reads < 50 bp, 117,221,270, and 126,553,322 clean data were
obtained from samples in the dark and 6-BA-dark treatments,
respectively (Table 2). A total of 130,612 unigenes (mean length
897 bp, N50 length 1287 bp) were identified from the above clean

ACC+Dark 6-BA+Dark

Light

FIGURE 1

Gene function

bHLH family transcription factor

MYB family transcription factor

AP2/ERF family transcription factor

Cytokinin dehydrogenase 1-like

Cytokinin dehydrogenase 3-like

Cytokinin dehydrogenase 6-like

Xyloglucan endotransglucosylase hydrolase 31-like

WAT1-related 1-like

Small auxin-induced 15A-like

Primer Sequence
F: AAAGGAATACAAGGCCGCCA
R: CGTCCACAAGACCTGTCGAA
F: CCCTTGACTGCCTTCCTCTG
R: TCGTTAATGCAGGCGTCACT
F: CGTTCGGATGAGGAGATGGG
R: CGGAGAGCGGAGTCAAATCA
F: CCGCTGTTGGTTTGGTAACG
R: CCTTTCCCTGTGACGACCTC
F: ACGTCCTGCAACTCGACATT
R: CATGTTCAGCCATGGATGCG
F: TGGATTTTGGATGCTCGCCT
R: TACGTCCCCTTTCCCTGTCA
F: GGGGATTGTGACGACGTTCT
R: TCGGTGGAGAGTGTAGGAGG
: GCTGATGACGTTATACAAAGGTCC

R: GATGTCCCATCCTAAAGCCCA
F: AGGAGCAAGTTTCAGAGGCT

R: TGTGAATACCGTCCGTGCTT

data. The GC content of all unigenes was 42.03%. Analysis of length
distribution demonstrated that 23.43% of the unigenes were >1 kb.

Differential gene expression analysis and
functional annotation between dark and
dark-6-BA treatment

To identify essential genes and pathways involved in 6-BA
treatment, we analyzed glo6-BAl gene expression in response to 6-BA
and dark treatment. We identified 3,629 differentially expressed genes
(DEGs) and found that the differential expression fold of genes was
mainly concentrated between 2 and 8 (1 < log,FoldChange < 3;
Figure 3A), indicating that 6-BA treatment caused a substantial

Light c st

Dark . -

6-BA
+Dark

Different treatment

AcCC " -
+Dark MEREERRER

15 20 25 30 35 40 45 50 55 6.0
Hypocotyl length (cm)

Effect of light, dark, ACC+Dark, and 6-BA+Dark on hypocotyl elongation in P. crassifolia seedlings. (A) Hypocotyl phenotypes of P.crassifolia under
different treatments. (B) Cloud and rain plots of hypocotyl length statistics of P.crassifolia under different treatments
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FIGURE 2

Cross-sectional cellular anatomy of P. crassifolia hypocotyls under light, dark, ACC+Dark, and 6-BA+Dark treatments.

change in gene expression compared with dark treatment. Meanwhile,
we used a high-sensitivity threshold (log,FoldChange > 2, P < 0.01) for
screening significantly differentially expressed genes and identified 807
significantly differentially expressed genes, accounting for 22.24% of all

TABLE 2 Summary of Illumina sequencing and mapping of P. crassifolia
hypocotyls.

Dark 6-BA+Dark
Number of raw reads 123,902,720 134,036,862
Number of clean reads 117,221,270 126,553,322
Q30 (%) 93.02 92.92
GC content (%) 45.83 45.81
Mapped on reference (%) 83.61 84.32
Multi-mapped (%) 3.29 3.46
Non-splice reads (%) 54.34 54.67
Splice reads (%) 25.98 26.39

Frontiers in Plant Science

DEGs. A total of 559 unigenes (69.27% of all significant DEGs) were
down-regulated by 6-BA treatment compared to the dark treatment
(Figure 3A), indicating that the expression of a large number of genes
were significantly repressed in P. crassifolia seedlings treated with
exogenous 6-BA. Meanwhile, the expression pattern of 807 significant
DEGs also confirmed this observation (Figure 4).

To obtain the main biological function and pathway of all
significantly DEGs, gene ontology and pathway annotation were
performed using OmicsBox and Panther (Thomas et al., 2003)
respectively. A total of 807 significantly DEGs were annotated in
184 GO terms, including 114 biological processes (BP), 55 molecular
function (MF) and 15 cellular component (CC). We selected the top
10 GO terms with enrichment numbers other than DNA binding
terms for further analysis (Figure 3C) and found that the GO term
with the highest number of enriched genes (83 genes) was shoot
system development (GO: 0048367). Similarly, GO tems cell wall (GO:
005618) also contained 55 unigenes, these results indicated that a large
number of genes regulated by 6-BA treatment are involved in the
growth and elongation of cells in the shoot thus regulating the
development of seedling hypocotyl.
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FIGURE 3

Transcriptomic changes in response to 6-BA in P. crassifolia hypocotyls. (A) The expression profiles of all DEGs. (B) The top 15 pathways in KEGG.

(C) The top 10 categories in GO.

KEGG pathway enrichment analysis of all DEGs was performed
to characterize the complex biological behaviors. The enriched
pathways reflected the preferential biological functions of samples
from 6-BA and dark treatment. All significantly DEGs were
annotated in 136 KEGG categories and we selected the top 10
KEGG catagories with enrichment numbers for further analysis
(Figure 3B). Of KEGG pathways, most unigenes were assigned to
(49 unigenes, ko03010), “Plant hormone signal
transduction” (30 unigenes, ko04075), and “Starch and sucrose

“Ribosome”

metabolism” (25 unigenes, ko00500). The discovery of these genes
related to plant hormone signal transduction indicated that several
hormone signal transduction pathways were activated by 6-BA
treatment and these hormone signals further activated
downstream genes related to cells growth and elongation. These
genes involved in hormone signal transduction pathways may help
elucidating the molecular mechanisms underlying primary
regulation network of hypocotyl elongation in the 6-BA treatment.

Differential expression of
transcription factors, key proteins
involved in 6-BA treatment

According to the annotation of all unigenes, we found that a total
of 110 unigenes were classified as transcription factors (TFs) in 807

Frontiers in Plant Science

significant DEGs. These TFs are comprised of 26 families including
MYB, AP2/ERF-ERF, bHLH and NAC were detected and 91 of them
were up-regulated by 6-BA treatment, indicating that the expression of
several TFs were activated to regulate the expression of downstream
genes. The regulated gene number of MYB family was highest among
all TFs families under 6-BA treatment (Figure 5A), MYB38 was the
highest up-regulated expression gene among all recorded MYB TFs
and MYB6 that showed significantly increased expression in response
to 6-BA-dark treatment. Transcriptomic data showed that 21 MYB
genes were significantly activated under 6-BA treatment out of which
67% and 33% genes were up-regulated and down-regulated,
respectively. In Arabidopsis, MYB transcription factor genes like
MYBH, is one of the molecular components that influence
hypocotyl elongation under darkness (I<won et al., 2013).

When the plant senses external environmental changes, it
activates downstream functional proteins to trigger corresponding
physiological and biochemical changes through various levels of signal
transduction. In the present study, 22 protein categories were mainly
identified by functional annotation in 697 unigenes other than 110
TFs, including cytochrome-related proteins, ABC transporter G family
proteins, cytokinin-related proteins, auxin-related proteins, WALLS
ARE THINI-related (WAT1) proteins, EXORDIUM-related proteins,
and expansin-related proteins. In contrast to the expression pattern of
transcription factors, the gene expression of downstream functional
proteins was overwhelmingly down-regulated and a few were up-
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BA

FIGURE 4

Transcriptomic changes of DEGs in response to 6-BA in P. crassifolia hypocotyls.

regulated under 6-BA treatment (Figure 5B). In our study, we found
that 8 cytokinin-related proteins included 7 cytokinin dehydrogenase
and a cytokinin hydroxylase, the 7 cytokinin dehydrogenase unigenes
were ranked in the top 30 of all DEGs with high upregulation
expression. Cytokinin dehydrogenase is the key enzyme of the
cytokinin degradation pathway.

Identification of hub genes associated with
6-BA-mediated inhibition of hypocotyl
elongation in P. crassifolia seedlings

After analysis of different key transcription factor families, we
screened for collaborative 10 hub up-regulated TFs, 8 up-regulated

A
I Up-regulated | e
I Down-regulated B WRkY
B om
Bl MADS-box
H a2 |
B
I ~Nac
. e
Il GRF
I vvs
Number 10 5 0 (I) IS

FIGURE 5

B
[ | EXORDIUM
(| WAT 1-related
B Cellulose synthase ||
| Peroxidase
I Glycan-related proteins
[ | Expansin
- Auxin I
Cytokinin -
B Cytochrome B
Bl ABC transporter G family
128 4 0 04 812

Profiles of transcription factors, key proteins in response to 6-BA treatment in P. crassifolia hypocotyls. (A) Differentially expressed transcription
factors against 6-BA treatment. (B) Differentially expressed key proteins against 6-BA treatment.
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unigenes and 10 down-regulated unigenes associated with 6-BA
treatment. We constructed two gene co-expressed network based on
gene expression data and Pearson correlation among genes
(Figures 6, 7). In total, 28 genes were recorded in all samples, and
they may have a critical role in the 6-BA-mediated hypocotyl
growth inhibition.

All key genes in the co-expressed network were differentially
expressed. Among 10 core TFs, 2 belong to MYB families (PcMYB38
and PcMYB44), and 3 belong to ERF families (PcERF4, PcERF12, and
PcERFI14), and 2 belong to GRF families (PcGRFI and PcGRF4),
and 3 belong to bHLH families (PcbHLH79, PcbHLHI48 and
PcbHLH149). The PcbHLHI149 is highly induced by 6-BA
treatment and plays a central role in two co-expressed networks.
The interaction of BHLH with other proteins is dependent on their
conserved motifs and their domain and hence the capacity to
assemble into distinct TF complexes to modulate and/or empower
their activity and/or specific function (Feller et al., 2011; Sun et al,
2018; Hao et al.,, 2021). Their functions are reported against several
abiotic and phytohormone stresses, such as cytokinin, JA, GA and
others. These hub up-regulated TFs are potential genes to activate or
inhabit the expression of downstream key genes.

Among the 8 upregulated key genes, there were seven cytokinin
dehydrogenases and one cytokinin hydroxylase, which are all
cytokinin-related genes. PcCTD6 expression level was significantly
induced and up-regulated nearly 700-fold under 6-BA treatment.
The cytokinin dehydrogenase, a flavinase that irreversibly degrades
cytokinin to adenine/adenosine, is essential for maintaining cytokinin
homeostasis in plants. This likely indicates that cytokinin
dehydrogenase is used to regulate endogenous and exogenous
cytokinin levels in P. crassifolia after receiving exogenous cytokinin
signals. On the other hand, 10 down-regulated key genes are
primarily associated with cell elongation, including xyloglucan
endotransglucosylase hydrolase (XTH, including PcXTH6, PcXTH9
and PcXTH31), WALLS ARE THIN 1 (WAT1, including PEWATI-1,
PcWATI-3, and PcWATI-4), Small Auxin Up-Regulated (SAUR,
including PcSAURI5), and expansin (EXP, including PcEXP10)
genes. These genes belong to the key genes in the acidic growth
theory model and are mainly regulated by auxin, suggesting that the

PcbHLH148 P“:.R“

PcERF12

PcMYB44

PeCTD6

PeCTDI
PeCTD4

PeCTD3 ~ = PeCTD?

PcCTDS  pecTD2

3*LogFC

10.3389/fpls.2023.1086879

exogenous cytokinin treatment also couples with the auxin regulatory
pathway thereby regulating hypocotyl growth.

Validation of transcripts by qRT-PCR

The top 3 genes in terms of differential fold were selected to
validate the RNA-seq data from key transcription factors, up-
regulated genes and down-regulated genes, respectively. A total of
9 genes were used to perform qRT-PCR validation (Table 1),
including PcbHLH149, PcMYB44, PcERF14, PcCTDI, PcCTD3,
PcCTD6, PcXTH31, PcWATI-1 and PcSAURI5. Among these
genes, PcbHLHI149, PcCTD6 and PcXTH31 showed higher
expression under 6-BA treatment (Figure 8). The validation
results illustrated the reliability of the transcriptome data.

Discussion

Conifers has been around for at least 300 million years and are
able to adapt and diversify (Farjon, 2018; Niu et al., 2022). As the
first event in plant growth that influences its survival and
distribution, the regulation of hypocotyl elongation has an
important role in their long-term evolution and adaptation to the
environment (Ince and Galvio, 2021). Hypocotyl elongation is very
plastic and is strongly influenced by factors that regulate cell
elongation such as light, plant hormones, temperature, and touch
(Reed et al,, 2018). Different plant hormones are able to regulate
hypocotyl elongation not only individually but also through
interactions. In angiosperms, gibberellin, brassinosteroids and
ethylene significantly promoted hypocotyl growth, while external
application of growth hormone such as cytokinin, jasmonic acid
and abscisic acid inhibited normal hypocotyl growth to varying
degrees (Cary et al.,, 1995; Smalle et al., 1997; Collett et al., 2000;
Lucas et al,, 2008; Stamm and Kumar, 2013; Binder, 2020). The
physiological phenomena of the hypocotyls regulation by these
hormones are common in angiosperms and the molecular
mechanisms have become increasingly clear, but the physiological
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FIGURE 6

DEGs generate TFs network through Cytoscape ClueGo in P. crassifolia hypocotyls. (A) The co-expressed network between 10 core TFs and
Cytokinin-related genes. (B) The co-expressed network between 10 core TFs and other key genes.
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The gene expression profile of key TFs and proteins. ***: highly significant difference.

phenomena and molecular mechanisms in conifers remain unclear.
Additionally, the regulatory hormones and regulatory patterns of
hypocotyl growth are different throughout the day (e.g., during the
day and night), for example, ethylene promotes and inhibited
hypocotyl elongation in the light and darkness (Yu et al., 2013).
Cytokinin inhibits hypocotyl elongation in darkness but has no
obvious effect in the light (Smets et al., 2005). During the day when
nighttime temperatures are low, hypocotyl overgrowth can expose
itself to damage from cold temperatures (Seo and Yoon, 2019; Liu
et al,, 2021). Therefore, the regulation of plant hypocotyls growth
under dark conditions is more important to study. In this study, the
P. crassifolia hypocotyl growth was investigated using four different
treatment conditions: light, darkness, ACC under darkness, and 6-
BA under darkness. We found that the inhibitory effect of ethylene
on hypocotyl was not significant under dark condition, while that of
cytokinin was very significant. This suggests that, under darkness,
cytokinin has a greater regulatory effect on hypocotyl than ethylene
in gymnosperms.

To explore the molecular mechanism of cytokinin-inhibited
hypocotyl elongation in P. crassifolia, the present study evaluated
the RNA-seq data of P. crassifolia hypocotyls between darkness and
6-BA under darkness conditions. We identified 807 significantly
differentially expressed genes, the expression level of 69.27% of all
significant DEGs were downregulated by 6-BA treatment under
darkness, suggesting that the inhibition of hypocotyl elongation in
P. crassifolia may be caused by the suppression of a large number of
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cell growth genes. However, transcription factors (TFs) have a
pivotal role in responding to exogenous signals and regulating
downstream target genes. Transcriptomic analysis revealed a total
of 110 transcription factors among 807 significant DEGs under 6-
BA treatment. TFs are encompassed in 26 families, including MYB
(21), bHLH (17), AP2/ERF-ERF (15), and NAC (15) had the highest
number of genes. Various TFs families have been identified to be
responsible for gene regulation of cell elongation in response to
different environmental signals; for example, MYB42 and MYB85
redundantly and negatively regulate hypocotyl cell elongation by
mediating BR signaling in Arabidopsis thaliana, MYB42
transcription was suppressed by BR treatment and mutation of
both MYB42 and MYB85 enhanced the dwarf phenotype of the BR
receptor mutant bril-5 (Zhuang et al., 2022). Additionally, MYBH
is one of the molecular components that regulate hypocotyl
elongation in response to darkness (Kwon et al., 2013), indicating
that the large number of MYB TFs may regulate hypocotyl
elongation under darkness in pine leaves. bHLH family contains
the second-highest number of TFs, suggesting that bHLH possibly
played a role to transfer external signals under 6-BA treatment. Two
basic helix-loop-helix (b HLH) transcription factors (TFs), bHLH48
and bHLH60 (bHLH48/bHLH60), positively regulate hypocotyl
elongation by interacting with PIF7 and enhancing its DNA
binding affinity in Arabidopsis thaliana (Yang et al., 2021).
bHLH48/bHLH60 may ensure delicate, fine-tuned control of PIF7
activity, thus allowing plants to respond precisely to the shade
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The qRT-PCR validation of PcbHLH149, PcMYB44, PcERF14, PcCTD1, PcCTD3, PcCTD6, PcXTH31, PcWAT1-1 and PcSAUR1S.

environment. We found that AP2/ERF-ERF and NAC family also
has 15 TFs; in response to hormonal signals, AtERFII plays a dual
role in promoting internode elongation by inhibiting ethylene
biosynthesis and activating GA biosynthesis and signaling
pathways (Zhou et al, 2016). ANAC102 and ATAFI gene-
knockout mutants exhibit elevated expression of both BAS1 and
SOB7, expanded tissue-level accumulation of their protein products
and reduced hypocotyl growth in response to exogenous BR
treatments (Peng and Neff, 2021). Though the number of MYB,
bHLH, AP2/ERFs and NAC studied in the hormones regulatory
network in angiosperms, the molecular mechanisms underlying the
large number of these transcription factor families in conifers in
response to hormones stimulation and the formation of
multifaceted regulation under dark conditions are still worth
further investigation.

In cell elongation, especially hypocotyl elongation, the
expression of downstream proteins regulated by transcription
factors is critical to produce physiological and biochemical
changes (Gendreau et al, 1997). A large number of growth
hormone-related and cell wall-associated proteins, such as Small
Auxin Up-Regulated enzymes (SAURs), expansins (EXPs), cell wall
remodeling enzymes called xyloglucan endotransglucosylase/
hydrolases (XTHs), and WALLS ARE THINI-related enzymes
(WATT1s), are involved in hypocotyl growth (Collett et al., 20005
Boron and Vissenberg, 2014; Du et al,, 2020; Lin et al,, 2021). In
Arabidopsis thaliana, the SHORT-ROOT (SHR) transcription
factor controls hypocotyl cell elongation via the transcriptional
regulation of XTHI18, XTH22, and XTH24 (Dhar et al, 2022).
Other report also found that XTH proteins may play an important
role in regulating cell wall extensibility and thus cell elongation in
soybean hypocotyls (Wu et al., 2005). Furthermore, some reports in
Arabidopsis have demonstrated that auxin-induced SMALL
AUXIN UP RNA (SAUR) genes promote elongation growth and
play a key role in PM H+-ATPase activation by inhibiting PP2C.D
family protein phosphatases (Stamm and Kumar, 2013; Zhou et al.,
2016; Spartz et al., 2017). Through transcriptome analysis and
functional annotation, we found that a large number of these
genes differentially expressed and their expression level was
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strongly repressed in P. crassifolia in response to 6-BA treatment.
These types of genes are involved in the growth hormone signaling
pathway in the regulation of cell elongation, suggesting that
exogenous cytokinin signaling in P. crassifolia may interact with
some nodes in the growth hormone signaling pathway to suppress
the expression of growth hormone and cell wall-related genes,
thereby inhibiting hypocotyl elongation. Another noteworthy is
the strong upregulation of multiple cytokinin dehydrogenase genes
under 6-BA treatment. Cytokinin oxidase/dehydrogenase (CKX) is
the main enzyme for inactivating cytokinins by irreversibly cleaving
their N6 side chains to generate adenine or adenosine. Directly or
indirectly targeting CKX could influence cytokinin homeostasis
(Schmuelling et al., 2003; Zhang et al., 2021). These results
indicated that P. crassifolia used CTD to degrade cytokinin after
the application of exogenous cytokinin and at the same time
repressed the expression of growth auxin and wall-related genes,
and the two pathways collectively inhibited the hypocotyl growth.
In Arabidopsis, the inhibition of cytokinin on hypocotyl elongation
appears to be mediated largely by the production of ethylene (Cary
et al, 1995). This may imply that cytokinins are mutually coupled
with other hormonal pathways to inhibit hypocotyl growth, while
the main coupling hormones and molecular mechanisms are not
the same in angiosperms and gymnosperms.

After we obtained a series of key transcription factors and
downstream proteins, we predicted the interrelationships and co-
expression networks among these genes based on gene expression
trends, relative expression level validation and gene correlations.
PcbHLH149, PcMYB44, PcERF14, PcCTD1, PcCTD3, PcCTD6,
PcXTH31, PcWATI-1 and PcSAURI5 were potential core genes
involved in the inhibition of hypocotyl elongation under exogenous
6-BA treatment in P. crassifolia. (Wilson, 1964; Eklof and Brumer,
2010) XTH proteins are widely found in various plants tissues and cells
and can modify the cellulose-xyloglucan complex structure of plant cell
walls by catalyzing the breakage and reconnection of xyloglucan
molecules to achieve cell wall remodeling (Wilson, 1964; Eklof and
Brumer, 2010). XTHs are important for cell elongation in plants,
however, their regulatory network remains unclear. Previous reports
have demonstrated that the expression level change of XTH genes can
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influence hypocotyls elongation, for example, overexpression of
AtXTHIS8, AtXTHI9, and AtXTH20 stimulated growth of hypocotyls
in Arabidopsis (Miedes et al,, 2013). Several XTH genes were strongly
inhibited in their expression level by exogenous 6-BA treatment in P.
crassifolia, indicating that XTH proteins are able to respond to
cytokinin signals in P. crassifolia. PcXTH31 was a potential core
XTH genes to regulate the P. crassifolia cell wall structure hypocotyls
in response to exogenous 6-BA. WAT1 was expressed in Arabidopsis
all tissues and organs, with the highest expression in stems and
hypocotyls, and may play an important regulatory role in plant fiber
secondary wall formation through the regulation of genes encoding the
secondary wall-associated NAC structural domain protein SNDI and
the NAC secondary wall thickening promoter NST1 (Mitsuda et al,
2007; Ranocha et al,, 2010). Besides, the BR-SIBZR1/2-WAT1
signalling network contributes to the high level of auxin signalling in
the vascular cambium for secondary growth in Solanum lycopersicum
(Lee et al,, 2021). These suggesting that WAT1 is able to respond to
hormonal signals involved in regulating the formation and
development of secondary walls and plays an important role in
hypocotyl growth. PcXTH31, PcCWATI-1 and PcSAURI5 play an
important role in regulating hypocotyl growth in response to
upstream hormone signals to regulate the cell wall structure and can
be used as core proteins for subsequent studies.

In the regulatory network, not only downstream proteins are
required to function, but also transcription factors are required to
signal and regulate the expression of downstream genes. We found
10 closely associated core TFs connected with the 6-BA treatment.
PcbHLHI49 was a hub gene in all the different co-expression
network analysis (Figure 6). bHLH transcription factor family has
been widely reported to regulate cell elongation in angiosperms, and
different transcription factors in this family play different roles in
cell elongation. Such as two bHLH transcription factors, LP1 and
LP2 proteins, could directly bind to the promoters of Longifolial
(LNG1) and LNG2 to activate the expression of these cell elongation
related genes in Arabidopsis (Lu et al., 2021). Three bHLH proteins,
PACLOBTRAZOL RESISTANCE1 (PRE1), Cryptochrome
Interacting Basic Helix-loop-helix 5 (CIB5), and Arabidopsis ILI1
binding bHLH1 (IBH1) form a triantagonistic system that
antagonistically regulates cell elongation in a competitive manner
(Hou et al., 2022). Therefore, PcbHLH149 is likely to be a candidate
transcription factor for the regulation of downstream core proteins
(PcXTH31, PcWATI-1 and PcSAURI5). There may be a multi-
layered regulatory network between these screened transcription
factors and downstream proteins to regulate hypocotyl elongation.
The inhibitory effect on hypocotyl growth was achieved by
responding to and transmitting exogenous cytokinin signals,
increasing the expression of CTD to catabolize cytokinin, and
inhibiting the expression of XTH, WATI1, SAUR and other
proteins to prevent the relaxation of cell wall structures and
cell elongation.
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SUPPLEMENTARY FIGURE 1

Effect of 100 u mol L™ ACC and 6-BA on hypocotyl elongation in P. crassifolia
hypocotyls. (A) Phenotypes of P. crassifolia hypocotylstreated with the same
concentration of ACC and 6-BA under dark. (B) Cloud and rain plots of
hypocotyl length statistics of P. crassifolia treated with the same
concentration of ACC and 6-BA under dark
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