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Abstract
Winter dormancy ensures temperate zone’s trees proper response to environmental changes and
enhances their adaptability. In northern hemisphere, conifers’ dormancy is induced by short-day and cold
temperature. Previous studies have revealed that TFL2 is a key regulator involved in conifers’ bud set and
growth cessation during the dormancy-induced phase. Based on the annual expression profile analysis of
PtTFL2 in Chinese pine (Pinus tabuliformis Carr.), we identified key time nodes for dormancy initiation in
autumn. To provide insight of the diurnal transcriptome dynamic in needles and roots during dormancy
introduction, RNA-seq was performed at 12 consecutive time points in 24 hours under natural
environment in Chinese pine. Interestingly, we found that both needles and roots have rhythmic
oscillatory genes, even though the roots could not receive light signals directly. We constructed the
transcription factor (TF) co-expression networks of needles and roots and in the core TF modules, we
identified 10 hub genes in each. Revealed a network associated with the putative core clock genes
(PtCCA1, PtPRR4, PtGI, and PtTCP42), which were also isolated, suggesting that they are important in the
circadian regulation of the transcriptome. Regulatory network analysis identified key TFs associated with
dormancy and cold acclimation in two tissues. Our results provide new insights into the molecular
regulatory mechanisms involved in pine dormancy.

1. Introduction
Dormancy is an important adaptive feature for the survival and growth of tree species distributed in
temperate and sub-frigid climatic zones of the Northern Hemisphere. Conifers, as the main body of the
northern hemisphere forests, require short-day and low temperature to complete their winter dormancy
(Zhang et al. 2022). Trees survive adverse conditions by entering a dormant period during the winter
(Fadón et al. 2020), This dormancy plays an important role in adapting to climate seasonal changes and
it is not a single state but a series of states; however, valid molecular or nondestructive physiological
markers to distinguish dormancy are not fully developed. At present, most studies assess the state of
quiescence by visual observation, such as completion of bud set, percent bud burst, and time to 50% bud
burst. Plants initiate quiescence by sensing light and temperature.

Plant circadian clock systems regulate long-term developmental processes, such as transition from
vegetative to reproductive development and from growing to dormant stages, in response to long-period
circannual changes in environmental factors (Bohlenius et al. 2006; Hecht et al. 2007). Previous studies
have shown that the function of LHY (LATE ELONGATED HYPOCOTYL)/CCA1(CIRCADIAN CLOCK
ASSOCIATED 1) genes in the circadian clock system is highly conserved in angiosperms(Takata et al.
2009). The circadian system consists of three parts: input, clock (oscillator), and output. Clock genes and
their functional mechanisms have been elucidated in Arabidopsis and poplar (Singh et al. 2021). In
Arabidopsis, the circadian clock is controlled by a suite of photoreceptors. The central oscillators of the
clock senses light signals by receiving photoreceptor phytochrome and cryptochrome signals (Somers
1998 ; Millaret al. 2003). These results indicated that the expression dynamics of some transcripts were
regulated by circadian clocks. It has been reported that 2 to 11% of the Arabidopsis genes are regulated
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by circadian rhythm (Robert et al. 2001; Harmer et al. 2000). In Arabidopsis, during the day, the circadian
clock-controlled genes FLAVIN BINDING KELCH REPEAT F-box1 (FKF1) and GIGANTEA (GI) form protein
complexes, CONSTANS (CO) expression is promoted by degrading cycling DOF factor, a transcriptional
repressor (Sawa et al. 2007). Then, CO activates the expression of FLOWERING LOCUS T (FT) that
promotes flowering (Samach et al. 2000). Flowering is inhibited under short-day conditions (Roden et al.
2002; Eldar et al. 2002). Both CO and FT have been implicated in seasonal regulation of growth cessation
and bud formation. This indicates that these genes, influenced by the seasonal environment, have a
significant circadian rhythm and play an important role in growth.

Several physiological and biological processes in conifers are related to environmental circadian rhythms
(Nose et al. 2014). To date, patterns of cyclic gene expression have been examined in a limited number of
coniferous species to identify the 'core clock' genes e.g., Norway spruce (Picea abie) (Gyllenstrand et al.
2014), Japanese cedar (Cryptomeria japonica), and Douglas-fir (Pseudotsuga menziesii) (Cronn et al.
2017)). In gymnosperms, the cycling of clock genes in Norway spruce is rapidly attenuated under long
days (Roden et al. 2002). This is contrary to the results of clock gene expression in other angiosperms,
and these data suggest genetic conservation between gymnosperms and other plant groups, and that
most of the core circadian clock components present in angiosperms are already present in lycophytes
and gymnosperms, but there are fundamental differences in the circadian clock function (Gyllenstrand et
al. 2014). So far, research has revealed that the existence of core clock genes and diurnal rhythms of the
transcriptome in summer in Japanese cedar (Nose et al. 2014). Due to seasonal changes, the circadian
rhythm of related genes is weakened in winter. The data also revealed genes that showed different
expression patterns compared to angiosperms, suggesting a unique gene regulatory network in conifers.
This indicates that gymnosperms may have genes that show different expression patterns under
different climatic conditions as compared to angiosperms, suggesting the existence of unique gene
regulatory networks in conifers.

Evidence suggests that CO/FT regulatory modules and circadian clocks play important roles in
controlling plant growth and dormancy in angiosperms (Bohlenius et al. 2006). Populus trichocarpa FT
(PtFT1) is the poplar ortholog of Arabidopsis FT. PtFT1 is involved both in controlling the multi-year delay
in flowering time, and participating in growth cessation and bud set occurring in the fall (Bohlenius et al.
2006). It is possible that the way in which dormancy signals are perceived and integrated during
dormancy may differ between coniferous and deciduous tree species (Cronn et al. 2017). In conifers, FT
orthologs do not exist, yet only undifferentiated FT/ TFL1-like subgene families were present (Yang et al.
2018), where TFL2 may play an important role in growth rhythm regulation (Nystedt et al. 2013), bud set,
and dormancy (Asante et al. 2011; Klintenas et al. 2012). Although FT/TFL1-like in pine has been
implicated in dormancy, the underlying molecular mechanisms involved in needle dormancy remain
largely unknown. To this end, based on the annual expression profile analysis of PtTFL2 in Chinese pine,
we identified key time nodes for autumn dormancy initiation.

Leaves, shoots, and roots are vital organs responsible for sensing and integrating external stimuli. It has
been shown that in order to achieve coherent and synchronized circadian oscillations in plants, plant
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circadian clocks communicate circadian information between cells and tissues (Uemoto et al. 2023).
Most of the identified long-distance signals are from bud cells, and the existence, role, and pathways of
circadian clock signals originating from roots and needles are unknown. To better understand the
complexity of the circadian cycle of gene expression in resting conifers, we compared Chinese pine
transcriptome profiles of needles and roots on a day when PtTFL2 expression was most characteristic,
and analyzed needles and roots of a total of 36 trees from the same site. Pine trees do not defoliate even
during the resting stage, and their needles are more sensitive to light and temperature than roots.
Therefore, we investigated whether needles and roots response to photoperiod and temperature were the
same or different in the circadian rhythm related aspects of dormancy period. By comparing the
transcriptome of the two samples, we further investigated whether the circadian oscillations were shared
by both needles and roots or whether the roots did not have circadian oscillations due to their inability to
receive direct light signals.

Due to the complexity of circadian processes regulated by multiple genes, thousands of genes are
differentially expressed between needles and roots in different biological pathways. Including
transcription factors (TFS) and transcriptional regulators, naturally act as master regulators during a
variety of abiotic stresses and developmental processes by regulating a large number of downstream
genes. Here, we focused on the main mechanisms by which TFs regulate circadian rhythms in needles
and roots during the resting period. Based on the co-expression network analysis, we revealed Chinese
pine core clock genes and circadian rhythms in needles and roots. We further elucidated the expression
differences and relationships between related genes in needles and roots during dormancy. This study is
expected to provide a necessary basis information for revealing the growth mechanism of gymnosperms
during the dormancy diurnal cycle, and also to provide a new idea for studying dormancy mechanism in
gymnosperms in response to cold.

2. Materials and Methods

2.1 Plant material and sample collection
Chinese pine tissue samples for the annual transcriptome sequencing cycle were collected from the
Green Forest located on Beijing Forestry University campus. Current year needles were collected every 15
days from July 1, 2017 to July 1, 2019. Samples were collected at around 12 P.M., a total of 147 samples
(49 time points × 3 biological replicates) were analyzed to determine the expression patterns throughout
the annual cycle. The daily cycle samples were collected at 8, 12, 16, 20, 24 and 4 o’clock on March 25,
June 25, July 25, August 25, September 25 and December 25, 2020, respectively. The samples of
temperature treatment were set at 5 temperature gradients of 4℃, 10℃, 20℃, 30℃ and 40℃ under the
condition of long sunshine (14h/10h) for 1-month-old seedlings. Needles were collected 8 hours later, 3
plants were collected from each group, and 2g was collected from each plant.

The samples of daily cycle samples of needles and roots were selected from 36 15-year-old Chinese pine
in an artificial forest at the Beijing Hot Spring Nursery (116°33.91160E, 40°00.08610 N and 44 m above
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sea level)during dormancy. The sampling time is set at October 16, 2021. From 10 am on October 16 to 8
am on October 17, every two hours, three trees were randomly selected to collect 2g of needles and roots.
Sampled trees were closely planted and experienced similar light time conditions. The needles are
obtained from recently developed mature shoots. Actively growing fine roots with a diameter of 1mm
were sampled, rinsed with distilled water, and blotted dry. Each sampling time point was replicated using
the needles from five seedlings, three of which also had their roots sampled. The samples were collected
on dry ice and stored at -80°C for further processing.

2.2 RNA Extraction and Sequencing
After the tissues were frozen in liquid nitrogen and ground into powder, total RNA was extracted from the
tissues according to the standard procedure of RNAprep Pure polysaccharide polyphenol plant total RNA
extraction kit of Tiangen Biochemical Technology Co., LTD. (Beijing, China). For the total RNA obtained,
the RNA purity was determined by Nano Photometer (CA, USA), and the RNA concentration was
accurately determined by Qubit 2.0 Fluorometer (CA, USA). The integrity of RNA was detected by Agilent
2100 bioanalyzer. The total amount of each RNA sample is required to be 1µg, RIN ≥ 7.0, and qualified
RNA samples are detected and continued to build the library and sequencing experiments.

The mRNA was fragmented into small pieces using divalent cations under increased temperatures. The
cleaved RNA fragments were then reverse-transcribed to create the final complementary DNA (cDNA)
library according to the protocol provided in the mRNASeq sample preparation kit (Illumina, Inc., San
Diego, CA, USA). The average insert size for the paired-end libraries was 200–300 base pairs (bp). The
pooled libraries were sequenced on the Illumina HiSeq×Ten platform (2×150 bp) using the paired-end
module. The clean reads were mapped to the Chinese pine genome (Niu et al. 2022) and the transcript
abundances were estimated using the Kallisto software application (Bray et al. 2016). Differential
expression analysis was performed using Sleuth (Pimentel et al. 2017). Differences between the gene
expression patterns of the samples under each condition were calculated and normalized using Z-score
transformation(Chris Cheadle 2003).

2.3 Differential Gene Expression Analysis and Functional
Analysis
Differential analysis was performed using the DESeq2 R package(Jeong et al. 2020). The differentially
expressed genes (DEGs) were determined using the threshold of |fold change (FC)| > 2 and adjusted p-
value (Padj) < 0.01, which was adjusted using the Benjamini-Hochberg Procedure to control the false
discovery rate (FDR). Differentially expressed genes were heat mapped using TM4:MeV software (Saeed
et al. 2003). Data were homogenized by the Log Transformations module of TM4:MeV software, and
differential genes were clustered by HCL method. The candidate response genes were queried against the
RefSeq non-redundant proteins (NR) database, Swiss-Prot database, Gene Ontology (GO) database, and
Kyoto Encyclopedia of Genes and Genomes (KEGG). Information on candidate response genes was
obtained through Blast comparison in the KEG Dynamic GO enrichment analysis were performed using
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Omicshare online tool (https://www.omicshare.com/tools/)library to predict the functional annotations
and pathways associated with these candidate response genes.

2.4 Construction of co-expression network
The co-expression relationship between genes is determined based on the similarity distance of the
expression abundance (RPKM) of each unigene in all samples. The expression abundance between
biological replicates is not combined with the average value, but is calculated separately. The similarity
distance is represented by Person correlation coefficient (Pcc) (Zhao 2013; Insuk Lee 2022), and the Pcc
domain value is set to -0.8/0.8 (generally considered that the absolute value > 0.8 is a strong correlation
between samples) for loop iterative calculation. Cytoscape software (Kohl et al. 2011) was used to
visualize the correlation coefficient matrix between genes to construct a co-expressed gene network.
CytoHubba was used by degree analysis to predict the hub genes. The top 20 high-degree genes were
identified by using the CytoHubba plugin (Chin et al. 2014). Prediction genes in molecular complex
detection of the five top genes ranked in every module were considered as core hub genes.

3. Result

3.1 Expression of PtTFL2 is tightly correlated with the
dormancy establishment in Chinese pine.
Chinese pine needles cycle transcriptome indicated that the sunshine period changed from long to short
day at the end of September, and then needles entered dormancy. Over the two consecutive years, PtTFL2
was significantly activated under short day starting from the beginning of July through early January of
the following year which was also associated with temperature decreases (Fig. 1A). The expression of
PtTFL2 was relatively flat in March, June, July and December. From August, PtTFL2 was induced during
the day. Notably, at the end of September, the sunshine period changed from long to short, and Chinese
pine entered the resting period, when PtTFL2 was significantly activated. In the diurnal cycle, PtTFL2 first
increased and then decreased during the day, and its expression was low at night, indicating that PtTFL2
has a certain circadian rhythm. According to the changes of annual cycle expression, PtTFL2 expression
reached its peak on October 15 for the two consecutive years and then decreased (Fig. 1B), showing
obvious seasonal characteristics. PtTFL2 may be a key factor regulating dormancy and is activated only
in the autumn and is responding to diurnal changes. It is speculated that PtTFL2 in Chinese pine under
short day conditions responds to low temperature and light, and exhibits a certain circadian rhythm in the
dormant period and we determined that October 15th of each year is a key day for the response of
dormancy genes to the circadian rhythm.

3.2 Diurnal dynamics of transcriptomes in the Chinese pine
natural environment
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When the Chinese pine enters dormancy under short day conditions, a total of 2,579 and 2,107 genes with
rhythm were screened in needles and roots, respectively (Pmean < 0.01) (Fig. 2A). With shorter daylight
hours, Chinese pine entered a dormancy and was gradually exposed to low temperature conditions on
needles and roots, and significant transcriptional changes occurred in both tissues. The increase of DEG
expression in needles at night was increased than that in daytime, DEG expression in needles at night
increased with the decrease of temperature (Fig. 3A), possibly the expression of related cold resistance
genes increased with the decrease of temperature. Although the increase and decrease of DEG expression
in roots decreased during both day and night, the change in DEG expression was not as significant as in
needles, which may also be due to the influence of soil as a temperature buffer (Fig. 2B).

Using a principal component analysis (PCA)(Fig. 2C). Three principal components (PC) explained 12.2%、
10.2%、9.1% of the total variance, respectively, classifying the 36 samples into 4 groups. Respectively are
group ND (Needle samples at 6 AM, 8 AM, 10 AM, 12 AM, 14 PM, and 16 PM)、group NN (Needle samples
at 18 PM, 20 PM, 22 PM, 24 PM, 2 AM, and 4 AM) 、group RD (Root samples at 6 AM, 8 AM, 10 AM, 12
AM, 2 PM, and 4 PM) and group RN (Root samples at 18 PM, 20 PM, 22 PM, 24 PM, 2 AM, and 4 AM).
The four groups were sampled in two phases, day and night, corresponding to needles and roots
respectively. Interestingly, we found roots also have rhythmic oscillatory genes, even though the roots
could not receive light signals directly. PC1 clearly distinguished the needle samples taken during the day
and night from the root samples. In both day and night samples, PC1 clearly distinguished coniferous
samples from root samples. On PC2 and PC3, all four groups are basically on the same side. The overall
group separation pattern indicated that there were significant differences in the transcriptomic profiles of
needles and roots. This suggests that Chinese pine needles and roots use different specific
transcriptional mechanisms.

It can be observed from the temperature chart that the air and soil temperatures gradually increase
throughout the day, from 6 AM to 4 PM., from 6 p.m. to 4 a.m., as the night progresses, there is a gradual
drop in both air and soil temperatures (Fig. 3A). The expression patterns of four groups of genes with
circadian rhythm and corresponding low temperature were analyzed (Fig. 3B-E). The results showed that
the expression levels of 77 genes in the needles decreased with the increase of temperature during the
day, while the expression levels of 245 genes increased with the decrease of temperature at night. With
the decrease of temperature, the expression of 131 genes in the root gradually decreased during the day,
but gradually increased at night. During the day, the expression trend of 5 genes was the same in needles
and roots. At night, however, this consistency spread across 107 genes in both tissues. This is in stark
contrast to the five DECs observed within the needles alone. At night, significant induction of rhythmical
genes occurred in both needles and roots, suggesting that the regulatory mechanisms controlling the
dormant period are influenced not only by light, but also by temperature.

3.3 Diurnal rhythms in transcription of clock-related genes
In order to explore the circadian rhythm of needles and roots during the dormancy, we found that the
transcriptional expression patterns of PtCCA1, PtPRR4, PtGI, PtTCP42 and PtLOB94 related to circadian
rhythm and photoreceptors were significantly oscillated in both needles (Fig. 4A) and roots (Fig. 4B). The
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expression pattern of PtGI in needles and roots was different. The expression level of PtGI in needles was
lower during the day, but increased abruptly with the fall of night. On the contrary, in the root, the
expression of PtGI was higher during the day, and decreased sharply with the onset of night. Although
there are genes of circadian rhythm in needles and roots, they have different regulatory mechanisms.

The daily cycle expression profiles of six time points in March, June, July, August, September and
December were monitored by RNA-seq for one year (Fig. 4C). The results showed that except December
25, the expression of PtTCP42 and PtLOB94 on March 25, June 25, July 25, August 25 and September 25
had significant circadian rhythm. PtCCA1, PtPRR4 and PtGI showed significant circadian rhythms on
March 25, June 25, July 25, August 25, September 25 and December 25. The transcriptional level of
PtCCA1 peaked at 8:00 on March 25, and then decreased. Transcription gradually increased on June 25,
July 25, August 25, and September 25, and gradually decreased towards dawn, bottoming out at 12:00.
Except December 25, the expression of PtPRR4 increased first and then decreased on March 25, June 25,
July 25, August 25 and September 25, and this trend was particularly obvious on June 25, July 25,
August 25 and September 25, and all reached the bottom at 2AM. On March 25, June 25, July 25, August
25 and September 25, the expression of PtGI first increased and then decreased, and all reached a peak at
4 PM and then decreased. On December 25, the expression of PtGI was almost the same as PtPRR4,
which reached a bottom at 20PM and then increased. PtTCP42 has been identified as a diurnal
expression pattern, showing a significant circadian rhythm (Nie et al. 2022). PtLOB94 bottomed out at
20PM on August 25 and September 25, and then rose, showing a significant circadian rhythm. However,
on December 25, the expression of PtLOB94 did not show a significant circadian rhythm, indicating that
low temperature may affect its circadian rhythm. This further verified that PtCCA1, PtPRR4, PtGI, PtTCP42
and PtLOB94 play an important role in the regulation of the biological clock of Chinese pine.

3.4 Characterizing responses in needles and roots to
dormancy
The rhythmic regulation of transcript levels is an important characteristic of the rhythm system. During
the dormancy introduction of needles and roots, genes with circadian rhythms play a unique and
complementary role in coordination. In order to compare the function of rhythm genes in the needles and
roots of Chinese pine in the four groups of ND, NN, RD and RN in more detail, we performed DEG-
enrichment analysis using GO categories (Fig. 5A). Gene ontology (GO) categorizes ‘biological process’,
‘molecular function’ and ‘cellular component’. The conservation and specificity of the transcriptional
reaction between needles and roots of Chinese pine were elucidated. The results from GO enrichment
analysis revealed that while most circadian genes were common between needles and roots, there were
significantly more enriched classes in needles (Fig. 5A). For instance, genes related to were found to be
abundant in both differentially expressed genes (DEG) as well as needle-specific genes across both
tissues that regulating solute and ion transport across membranes is an important response to cold
stress in both tissues, particularly at night when roots are exposed to colder soil temperatures. the
relatively higher temperature experienced by needles, they exhibit greater responsiveness and diversity
towards cold stress during night.
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This stronger response by needles to exposure to cold is further demonstrated by the finding that
‘membrane part’, and‘binding’ categories were only enriched in needle specific DEGs. Unsurprisingly, at
night, the needles had significantly more genes involved in responding to circadian rhythms and 'nucleic
acid-binding transcription factor activity' than the other three groups, It reflects the increased TFs
expression of bHLH, bZIP, MYB, NAC and AP2/ERF superfamily in needles exposed to freezing
temperature (Fig. 5H), which can resist low temperature.

Interestingly, the genes in the root that respond to circadian rhythms are mostly enriched during the day,
these DEGs were enriched in 'cellular process'、'developmental process '、'single-organism
process'、'metabolic process '、' multicellular organismal process'、' multi-organism process'、'response to
stimulus'、'regulation of biological process'、'transporter activity'. These results indicate that genes in root
play an important role in responding to stress and environmental stimuli. Showing that genes in roots
that respond to circadian rhythms function more strongly when exposed to light, even though the roots
could not receive light signals directly.

Finally, the KEGG was used to analyze the biological functions of genes that have circadian rhythms in
needles and roots during day and night (Fig. 5B-G). Both day and night, the transport and catabolism of
cellular equal number of genes in needles and roots. In 'environmental information processing', there is a
relatively high abundance of genes involved in 'plant hormone signal transduction' pathway, with most
being expressed during nighttime. The 'genetic information processing' pathway contains a relatively
small number of genes, primarily distributed in 'folding, sorting and degradation' as well as 'translation'.
The Metabolism module encompasses 74% of all genes, 'metabolic pathways' and 'biosynthesis of
secondary metabolites' accounting for nearly 50%. Within the environmental adaptation of 'organismal
systems', 'circadian rhythm plants' exhibit enriched gene expression across all groups. PtPRR4 is present
in both needles (ND) and roots (RD), indicating its involvement throughout the day. Despite lacking light
perception capabilities, roots may possess certain mechanisms to regulate their function.

3.5 Consistent and different diurnally oscillating genes
between needles and roots in oscillation phases
We identified and analyzed cooperative genes in needles and roots separately, and set the similarity
distance value characterized by Pearson correlation coefficient (Pcc) to 0.8 (usually absolute value > 0.8
is considered to be the strong correlation between samples). From the key genes with significant
correlations, 470 genes were screened, 143 in needles and 186 in roots, affected development and cell
activity, respectively. Co-expression networks were constructed for genes with significant circadian
rhythms in needles and roots, respectively (Fig. 6A-B). In total, 329 TFs were recorded in all samples, and
they may have a critical role in the dormancy of Chinese pine. CytoHubba was used to analyze the degree
of the co-expression network of needles and roots, and to complete the prediction of core genes
(Shannon et al. 2003). The key hub genes were chosen with a centrality degree > 8. A higher k-core score
means a more topological central location. Subnetworks in the TFs were explored by k-core scoring at k-
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core > 6 using the'CytoHubba'package in Cytoscape software. Then, further subnetworks were
constructed for the top ten core genes in needles and roots (Fig. 6C-D).

In this study, we identified connected core TFs associated with dormancy circadian rhythms in Chinese
pine. These results demonstrated that the dormancy regulatory network in Chinese pine is highly
interconnected, that most of the dormancy response circuits were common to both tissues. Among them,
the number of genes related to AP2/ERF, NAC, MYB, ZFP, bZIP, bHLH, C2C2 and WRKY families were the
largest, which have previously been associated with plant cold stress.

Among ten core genes of roots, four belong to AP2/ERF family protein homologous to (PtERF1、PtERF21
and PtERF56、PtDREB1), one MYB-related transcription factor PtCCA1, it's a clock gene that regulates the
rhythm of growth, one C2C2-CO-like zinc finger transcription factor, it participates in the circadian rhythm
and is highly expressed at dusk, one C2C2-Dof transcription factor PtDof2, one is the GRAS transcription
factor PAL11 involved in lignin biosynthesis by phenylalanine ammonolyase (PAL), one NF-YA
transcription factor PtNF_YA5, and one NAC domain transcriptional regulator superfamily protein
(PtNAC67). Among ten core genes of needles, four belong to AP2/ERF transcription factor family member
(PtERF61、PtERF62 and PtERF63、PtERF64), C2H2 zinc finger transcription family member (PtZFP1、
PtZFP17 and PtZFP15、PtZFP30), one GeBP transcription factor PtGeBP25, and PtCesA11 encodes a
xylose-specific cellulose synthetase phosphorylated on one or more serine residues and is a homologue
of AtCesA7.

These key core genes not only have a certain circadian rhythm, but also most of them are related to
abiotic stress. Interestingly, although the core regulatory factors of needles and roots are different, but
most of the transcription factor families of dormancy response factors are common in both tissues. The
AP2/ERF family plays an important role in plant growth and development, which can directly or indirectly
play a role in the process of biotic and abiotic stress. The protein encoded by COL gene is a photoperiodic
transcription factor involved in the regulation of plant growth and development and response to stress.

4. Discussion
Woody plants that grow in temperate or cold regions endure stressful environmental conditions every
winter, a survival mechanism known as winter dormancy(Allona et al. 2008). Conifers are the main source
of wood in the world, and in this long-lived forest species, the length of dormancy limits the growing
season, thus affecting wood production and quality. Consequently, the time of dormancy onset is the key
ecological variable. In fact, a thorough understanding of the core regulatory factors of conifers' dormant
period is of great significance for their genetic improvement. In this study, the expression of PtTFL2, a key
regulator of germination and growth arrest in conifers during the dormancy induction stage, was
analyzed for two consecutive years, and the key time node of dormancy initiation in autumn was
determined. Systematic analysis of the diurnal dynamics of different circadian transcription modules in
Chinese pine needles and roots during dormancy introduction.
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The establishment of winter dormancy cannot be strictly considered as a photoperiodic effect, and the
relevant data suggest that low temperature controls growth arrest and dormancy induction in these
species, independent of photoperiodic conditions. (Heide et al. 2005; Cook et al. 2005)。Expression of P.
trichocarpa FT1 gene, a putative ortholog of AtFT, is a critical determinant of the timing of growth
cessation and bud set in the SD response. PtTFL2 as a homologue of ATFT (Liu et al. 2018), the sunshine
period changed from long to short at the end of September, and Chinese pine entered the dormant period,
at which time PtTFL2 was significantly activated. In addition, the expression level increased abruptly on
October 15 for two consecutive years, with obvious seasonal characteristics. PtTFL2 may be a key factor
in regulating dormancy, activating only in autumn and responding to diurnal changes. Therefore, this
study took October 15 as the key date for the response of dormant genes to the circadian rhythm.
Compared with the root, the metabolic activities of needles were more active. Therefore, on March 25,
June 25, July 25, August 25, September 25 and December 25, a total of six time points covering the whole
year, daily cycle samples of Chinese pine needles were collected to screen potential regulators with
significant circadian rhythm during the resting period. For future targeted breeding to produce high-yield
cold-stress tolerant trees, the cold-tolerance of these genes during the dormant period was also analyzed.

The path to winter dormancy is a continuous process of plants going through different physiological
states. The rate at which dormancy develops and the depth of dormancy varies according to the
environmental signals that induce the dormancy process, in particular the duration of sunlight and
temperature. This is clearly a complex process, probably the result of several core genes interacting with
some signaling pathways. Covington et al. investigated circadian microarray data, revealing that plant
hormone and multiple stress response pathways are influenced by the circadian clock (Covington et al.
2007). It has been proposed that light and ABA signal transduction pathways continuously control cold
adaptation and dormancy of poplar through a series of complex processes (Rohde et al. 2007). The plant
hormones abscisic acid (ABA) are believed to be important components in the crosstalk between stress
signaling pathways. The results suggest that ABA is more directly involved in photoperiodic control of
cold acclimation (Arora et al. 2003). This study further analyzed the expression patterns of hormone-
related genes representing hormone biosynthesis and signaling pathways through the hormone signal-
related genes listed in the KEGG database, and found that out of the 4003 circulating genes, 23 genes
that may be related to growth hormone showed significant circadian rhythms. Among them, the
expression levels of Pt5G04180, Pt1G09210, Pt1G09200 and Pt2G47630 gradually increased in needles
at night, and suddenly increased from the same time (22PM), indicating that these four genes may be
related in the resting period of Chinese pine (Fig. 7). And these four genes tended to be expressed only in
night needles, The homolog of Pt5G04180 in Arabidopsis is AT5G53160, it is a regulatory component of
ABA receptor. Interacts with protein phosphatase 2Cs ABI1 and ABI2. Stimulates ABA signaling.
Pt2G47630 homologue in Arabidopsis is AT4G01026, it is an Encodes a member of the PYR (pyrabactin
resistance) /PYL(PYR1-like)/RCAR (regulatory components of ABA receptor) family proteins with 14
members. PYR/PYL/RCAR family proteins function as abscisic acid sensors. Mediate ABA-dependent
regulation of protein phosphatase 2Cs ABI1 and ABI2. Low temperature stress induced the increase of
plant hormone ABA content(Allonaet et al. 2008). It was further indicated that ABA, as an important 'anti-
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stress hormone' in plants, can also promote plant dormancy and promote plant adaptation to stressed
environment.

Through screening analysis of DEG, we found that both tissues produced a progressive transcriptional
response to cold, showing the most common cold adaptation response. To identify potentially key
conserved transcription factors mediating cold acclimation during the dormancy phase of Chinese pine.
Gene Ontology (GO) analysis of all deg induced in Chinese pine (Fig. 3) showed that, regardless of the
tissue, In core stress categories such as 'transporter activity', 'response to stimulus' and 'nucleic acid
binding transcription factor activity', Common genes that induce cold responses are overrepresented.
Among them, there are relatively many genes in the 'response to stimulus', and the response of the two
tissues is indeed different (GO diagram). Gene Ontology (GO) analysis shows that, Root-specific
induction genes were enriched in 'cell', 'cell part', 'binding', 'cellular process', 'cellular process' and
'metabolic process'. When compared with roots, needle-specific induced deg was enriched in the 'single-
organism process', 'organelle', 'membrane' and 'response to stimulus'. These contrast responses suggest
that during the dormant period, needles are exposed to extremely cold and dry environments, which
require membrane recombination and protection, and needles also need to maintain a more active
metabolism during the winter. Relevant studies have shown that for herbs, the accumulation of
carbohydrate and lipid metabolism plays a key role in the survival of perennial evergreen needles at
extremely low temperatures (Kjellsen et al. 2013; Angelcheva et al. 2014; Strimbeck et al. 2015), measured
by electrolyte leakage, both needles and roots increased cold adaptability when exposed to low
temperatures (Flint et al. 1967; Ferguson et al. 2011). Xyloglucosyltransferase/hydrolase (XTH) is a cell
wall modifying enzyme, which can regulate plant growth and development and stress response, and
plays an important role in cell growth. According to 'organelle', the number of differential genes in night
needles is twice that in roots. It shows that needles and roots have different functions in organelle's
function. Among them, the expression of Pt3G27160 in the roots of Chinese pine increased with the
decrease of temperature at night (histogram green), indicating that Pt3G27160 may respond to low
temperature stress during dormancy and participate in the regulation of root growth and development
(Fig. 7). According to the two-year annual cycle, the expression levels of these four genes began to rise in
October every year, all of them played an important role in inducing dormancy in response to short
daylight (Fig. 8A), and under different temperature treatment environments, the expression levels
increased significantly only at low temperatures (Fig. 8B).

In this study, we established a regulatory network in needles and roots by observing the expression of
transcription factors in needles and roots continuously for 24 hours, respectively, and found that genes in
the two co-expression networks overlaps, indicating that their expression is closely coordinated during the
resting period. For more reliable results, we extracted edges of the network that showed more than 0.8
bootstrap probability and their related targets from the network entire gene network. Although further
research is needed to resolve this network, it provides many hints for selecting genes that play an
important role in the regulation of circadian transcriptome dynamics during conifer dormancy. In the
coexpression network of needles and roots, The presence of putative core clock genes shows their
importance in the circadian regulation of the transcriptome. The presence of putative core clock genes
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shows their importance in the circadian regulation of the transcriptome. PtCCA1, PtPRR4, PtGI and
PtTCP42 four homologous genes with significant circadian rhythms, which are predicted to be the core
clock genes of Arabidopsis, are also in the coexpression network of needles and roots and are in key
regulatory positions.

The AP2/ERF gene family was the most studied gene related to cold stress in dormant period. In this
study, the gene family with the most significant circadian rhythm was also AP2/ERF gene family. ERF
corresponds to an AP2/ERF protein and are involved in many signal transduction pathways, and some
family members operate in the adversity signaling crossover pathway(Xing et al. 2019). The ERF
subfamily plays an important role in regulating plant responses to stress factors such as hormones,
pathogens, low temperature, drought and high salt, and is also an important regulatory factor in abscisic
acid (ABA) and other signal transduction pathways (Yan et al. 2013). Related studies have shown that the
product of chrysanthemum CmERF110 can act as a flower activator, mainly through the photoperiodic
pathway. The transcription of CmERF110 follows a similar circadian rhythm, indicating that CmERF110 is
a clock gene that mainly regulates flowering through the photoperiodic pathway(Xing et al. 2019).
Relevant studies have shown that the high expression levels of several Ppc AP2/ERF genes in dormant
flower buds in cherry appear in different dormancy stages, indicating that these genes are involved in the
dormancy transition of flower buds and may be involved in cold mediated dormancy transition (Zhu et al.
2021). In the dormant period, PtERF7, PtERF64, PtERF63, PtERF62, PtERF61, PtERF22, PtERF21, PtERF2
of AP2/ERF gene family in needles and PtERF56 in roots all decreased with the decrease of night
temperature. The expression level gradually increased (Fig. 7). These results suggest that AP2/ERF gene
is also involved in cold-mediated dormancy transition during the dormancy of Chinese pine.

In this study, we found that Most of these TFs identified transcription factors were sensitive to
temperature and rhythm changes, which is driven by the circadian clock, and some studies of the reaction
to cold reactions have confirmed this (Bieniawska et al. 2008). The increased tolerance of plants to
abiotic stress is associated with increased nutrient uptake, altered hormonal balance, increased activity
of reactive oxygen scavenging systems, and synthesis of osmoregulatory substances. In contrast, the
circadian clock controls plant nutrient homeostasis, hormone synthesis and signaling, redox reactions,
and changes in the concentration of some major osmoregulatory substances (Covington et al. 2007;
Greenham et al. 2015; Zhou et al. 2015; Atamian et al. 2016; Loudet et al. 2017). This shows that the
circadian rhythm system of plants plays an important role in the face of abiotic adversity.

our study provides a comprehensive overview of the transcriptome associated with the dormancy of
Chinese pine. This study reveals the core clock genes and potentially key conserved transcription factors
mediating cold acclimation with significant circadian rhythm during the dormant period of Chinese pine.
In this study, we constructed co-expression networks of core TFs in needles and roots to explore the
unique gene regulatory network during the resting period of conifers, which provided basic data for
understanding the circadian regulation mechanism during the resting period of conifers. Thus, it can be
used for directional breeding, efficient production of cold-stress resistant trees, and help the forest
industry to meet the challenges brought by future climate change.
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5. Conclusion
Most studies of diurnal and diurnal mechanisms in plants focus on the model species Arabidopsis,
however, dormancy does not exist in Arabidopsis. Based on the annual expression profile of PtTFL2, this
study determined the key time node for the onset of autumn dormancy of Chinese pine. Microarray
analysis showed some differences in transcriptome dynamics between needles and roots. Interestingly,
we found that both needles and roots have rhythmic oscillatory genes, even though the roots could not
receive light signals directly. By constructing transcription factor (TF) co-expression networks of needles
and roots, Some transcriptional factors with functional similarities and synergistic effects were found to
play a role in the regulatory pathway, which provided some data support for mining gene functions and
analyzing related regulatory pathways. Regulatory network analysis also identified key TFs associated
with dormancy and cold acclimation in both tissues. Our results provide new insights into the molecular
regulatory mechanisms involved in pine dormancy.
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Figure 1

The expression of PtTFL2 during the annual and diurnal cycles of Chinese pine. (A) Annual sampling
time and temperature (orange rectangle represents day length, red circle represents sampling time of the
day, blue square represents the highest temperature of the day, blue square represents the lowest
temperature of the day and the annual expression of PtTFL2) (B) The expression of PtTFL2 at 8:00,
12:00, 16:00, 20:00, 24:00 and 4:00 in March 25, June 25, July 25, August 25, September 25, and
December 25. Error bars represented variability of three independent replicates.
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Figure 2

Transcriptome analysis of needles and roots during dormancy. (A) Venn diagram of DEG distribution for
each set of sampling times. (B) The numbers of DEGs (|Log2 fold change| > 1, FDR < 0.05) arising from
four set of sampling. (C) Principal component analysis (PCA) of transcriptomic profile of four set of
sampling.
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Figure 3

Hierarchical clustering analysis of four groups genes with circadian rhythm and corresponding low
temperature. (A) The corresponding ambient temperature of needles and root samples collected during
the dormancy. (B-E) Hierarchical clustering analysis of decreased expression of circadian rhythm genes
with increasing temperature in ND、NN、RD and RN group. Each datapoint consists of the expressions
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(FPKM) of three biological replicates. Red indicates high relative gene expression and blue indicates low
relative gene expression.

Figure 4

Diurnal rhythms in transcription of clock-related genes. (A-B) Expression trend of clock-related genes in
needles and roots of Chinese pine at dormancy stage. (C) The expression of clock-related genes at 8:00,
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12:00, 16:00, 20:00, 24:00 and 4:00 in March 25, June 25, July 25, August 25, September 25 and
December 25. Error bars represented variability of three independent replicates.

Figure 5

Enrichment analysis and KEGG analysis of four group genes with circadian rhythm. (A) Enrichment
analysis of four group genes with circadian rhythm.(B) KEGG pathways of four group genes with
circadian rhythm.(C-G) Four groups of genes with circadian rhythms are involved in cellular processes、
environmental information processing、genetic information processing、metabolism and organismal
systems. (H) Four groups of transcription factors with circadian rhythms.
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Figure 6

Transcription factor collaborative networks with significant circadian rhythms in needles and roots of
Chinese pine. (A-B) The networks were constructed based on interactions, co-expression in needles and
roots. Yellow is the clock gene and orange is the core gene. (C-D) In the respective modules of needles
and roots, the top 10 ranked genes were hub genes, analysis with cytoHubba by degree centrality with a
degree score (size and color change of the nodes denoted the level of degree score).
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Figure 7

The expression of circadian rhythm genes in different time periods. Error bars represented variability of
three independent replicates.
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Figure 8

Expression levels of Pt5G04180, Pt1G09210, Pt1G09200and Pt2G47630 in different environments. (A)
Annual cycle expression of Pt5G04180, Pt1G09210, Pt1G09200 and Pt2G47630. Monitoring lasts for two
years, from July 1, 2017 to July 1, 2019. (B)Expression levels of Pt5G04180, Pt1G09210, Pt1G09200and
Pt2G47630 at 4℃, 10℃, 20℃, 30℃ and 40℃. Error bars represented variability of three independent
replicates.


