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Comprehensive physiological, transcriptomic,
and metabolomic analyses revealed the
regulation mechanism of evergreen and cold
resistance of Pinus koraiensis needles
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Xiaona Pei® and Xiyang Zhao'"

Abstract

As a significant fruit and timber tree species among conifers, Pinus koraiensis remains it evergreen status throughout
the harsh winters of the north, a testament to its intricate and prolonged evolutionary adaptation. This study
delves into the annual trends of physiological indicators, gene expression levels, and metabolite accumulation to
dissect the seasonal adaptability of P koraiensis needles. Chlorophyll content reaches its zenith primarily between
July and September, whereas carotenoids persist until spring. Additionally, notable seasonal variations are observed
in the levels of soluble sugar and protein. Transcriptome data is categorized into four distinct stages: spring (52),
summer (53-54), autumn (S5), and winter (56-51). The differential expression of transcription factor genes, including
bHLH, MYB-related, AP2/ERF, C3H, and NAC, provides insights into the needles’ seasonal adaptations. Analysis

of chlorophyll and carotenoid metabolism, sugar metabolism, and the MAPK signaling pathway identifies PSY5
(Cluster-50735.3), AMY13 (Cluster-37114.0), pgm1 (Cluster-46022.0), and MEKK1-1 (Cluster-33069.0) may as potential
key genes involved in sustaining the needle’s evergreen nature and cold resistance. Ultimately, a comprehensive
annual adaptability map for P, koraiensis is proposed, enhancing understanding of its responses to seasonal
variations.
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Introduction

Leaves play a vital role in tree growth and ecosystem
functioning, serving as the primary site for photosyn-
thesis. This process utilizes sunlight to convert carbon
dioxide and water into energy and oxygen, fueling tree
growth [1, 2]. Additionally, leaves facilitate water absorp-
tion from the soil through transpiration and help regulate
tree temperature. They also store nutrients and exchange
gases through stomata, maintaining tree vitality [3, 4].
The unique structure of leaves aids in resisting pests
and disease invasions [5]. Moreover, leaf shape, color,
and growth status reflect the trees’ growth environment,
health, and ecological adaptability, forming a crucial basis
for botanical research and ecological conservation [6, 7].

Several factors influence leaf growth and development,
including internal plant components, environmental con-
ditions, and genetic factors. Plant metabolic activities,
particularly carbon and nitrogen metabolism, provide
the materials and energy necessary for leaf growth [8, 9].
Soluble sugar (SS) and protein (SP), direct products of
carbon and nitrogen metabolism, ensure normal cellular
physiological activities and serve as building blocks for
leaf expansion and thickening [10, 11]. For instance, the
accumulation of SS and SP in Lycium ruthenicum Murr
leaves promotes development and delays senescence
[12]. Antioxidant enzymes such as superoxide dismutase
(SOD), peroxidase (POD), and catalase (CAT) play criti-
cal roles in maintaining cell membrane integrity and sta-
bility, indirectly affecting leaf health and growth [13]. In
Oryza sativa psf mutants, reduced SOD and CAT activity
increases reactive oxygen species (ROS) levels, acceler-
ating leaf senescence and mortality [14]. Leaf form, size,
and development capacity are also governed by genetic
factors. Plant genomes contain genes that control leaf
development, determining morphology and growth char-
acteristics through genetic information transmission [15,
16]. For example, overexpression of the SiER4 X1 and
SiER1_X4 genes in Arabidopsis thaliana significantly
increased the number of leaves, expanded leaf length and
width, and substantially boosted the biomass per plant
[17]. Additionally, overexpression of the PagEXPAI gene
promoted the development of leaf size and xylem vas-
cular tissue in Populus alba x Populus glandulosa and
significantly enhanced plant height, which is more con-
ducive to poplar’s resistance to abiotic stresses in extreme
environments [18].

Pinus koraiensis, an evergreen coniferous tree in the
Pinaceae family, is a pioneer species that has endured
natural selection [19, 20]. With a stable population struc-
ture and high environmental tolerance, it thrives in harsh
conditions while retaining its leaves through cold winters
[21]. The dark green needles of P koraiensis, measur-
ing 6-13 cm long, grow in bundles of five, are thick and
straight, and feature small serrations along the edges to
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reduce water evaporation and protect against external
damage [22, 23]. These needles adapt to shady, semi-
shady, or humid and fertile mid-mountain slopes in high-
altitude alpine zones, showcasing exceptional ecological
adaptability [24]. Unless affected by drought, pests, nutri-
ent deficiency, or other anomalies, P. koraiensis needles
can remain dark green for several years [25].

This study sampled needles over 12 months and exam-
ined physiological indicators to understand annual needle
growth management. Six periods were selected for tran-
scriptome and metabolomics sequencing using a time
gradient to investigate key regulatory factors in the sea-
sonal adaptation of P. koraiensis needles. This approach
reveals the dynamic response of needles to external envi-
ronmental changes and the molecular mechanisms of
temporal adaptation strategies.

Materials and methods

Plant material and sampling

Materials were selected from three healthy, pest-free P
koraiensis trees of the same clone at Jilin Agricultural
University (43°4846.2"N, 125°24'16.74'E). Mature nee-
dles from the current year were collected monthly from
October 2022 to September 2023, precisely at noon on
the 15th of each month (between 10:00 and 12:00). Thirty
bundles were collected from each tree as a biological
replicate, with a total of twelve times. All samples were
promptly frozen in liquid nitrogen for subsequent physio-
logical index determination and multi-omics sequencing.

Determination of physiological index

The extraction method for chlorophyll (Chl) and carot-
enoids (Car) was adapted from Chen [26] and Li [27]
with some modifications. After collection, samples were
immediately immersed in liquid nitrogen and crushed.
A 0.1 g powder sample was weighed and placed in a 10
mL centrifuge tube containing 95% anhydrous ethanol.
The test tube was wrapped in tin foil and stored in the
dark for 24 h, with oscillation every 6 h. The supernatant
was then collected, and its absorbance at 663, 646, and
470 nm was measured using a spectrophotometer. Chlo-
rophyll a (Chl a), chlorophyll b (Chl b), and Car concen-
trations were calculated using the following formulas:
Chla=(12.21 X A663-2.81 x A646) X V/1000 x W; Chl b
=(20.13 X A646-5.03 x A663) x V/1000 x W; Car = (4.4
X A470-0.01 x Chl a — 0.45 x Chl b) x V/1000 x W [28],
where A represents absorbance, V denotes volume (mL),
and W is the fresh needle weight (g). Each treatment con-
tained three technical replicates.

SS was determined using the method of Wang and
Zhao et al,, with significant parameter adjustments [29,
30]. A 0.1 g needle powder sample was placed in a test
tube with 8 mL of distilled water, sealed with plastic film,
and immersed in boiling water for 30 min. After cooling
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to room temperature, the solution was centrifuged twice,
and the supernatant was extracted and diluted in a 25 mL
volumetric flask. A 0.5 mL extraction solution was added
to a 10 mL test tube, followed by 1.5 mL of distilled water,
0.5 mL of anthrone ethyl acetate, and 5 mL of concen-
trated sulfuric acid. After thorough mixing, the sample
was immersed in boiling water for 1 min, then removed
and cooled to moderate moisture, with absorbance
measured at 630 nm. Furthermore, Coomassie brilliant
blue G-250 and bovine serum albumin were utilized as
reagents to assess SP concentration [31]. Proline (Pro),
POD, and malondialdehyde (MDA) levels in needles
were evaluated using the acidic ninhydrin colorimetric
method [32], phosphate buffer method [33], and thiobar-
bituric acid method [34], respectively.

Transcriptome sequencing and assembly

To create an RNA library, 3 pg of total RNA was
extracted. The cDNA synthesis kit was used to product
2x150 bp paired-end reads, adhering to the manufac-
turer’s instructions. Reads with unknown nucleotides
and over 20% low-quality bases were eliminated, leaving
high-quality reads for sequencing on the Illumina HiSeq
platform (Illumina, San Diego, CA) [35, 36]. All raw
RNA-seq data have been uploaded to NCBI under Bio-
Project ID PRJNA1139366.

To ensure high-quality clean reads, the raw reads were
filtered using fastp (version 0.12) software with default
settings [37]. Clean reads were then spliced and de novo
assembled using Trinity software [38]. Additionally,
DIAMOND BLASTX software matched the assembled
unigenes to the Gene nonredundant (GO), Kyoto Ency-
clopedia of Genes and Genomes (KEGG), Eukaryotic
Ortholog Groups (KOG), and NCBI nonredundant pro-
tein sequences (Nr) databases for functional annotation
[39, 40].

Identification and analysis of differentially expressed
genes (DEGs)

Gene expression levels for each sample were computed
and normalized to fragments per kilobase of transcript
per million fragments mapped reads (FPKM) using the
bowtie2 tool in the RSEM software [41]. Differential
expression levels between groups were evaluated using
the DESeq2 R package (1.20.0) [42, 43]. The Benjamini-
Hochberg method was applied to correct the P-value
through multiple hypothesis testing, and the false dis-
covery rate (FDR) was calculated. DEGs were identified
with the criteria of |log2Fold Change| > 1 and p-adjust
value<0.05. GO and KEGG enrichment pathways for
all DEGs were analyzed using the GOseq R package and
KOBAS 2.0 software [44].
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Sample extraction and metabolomic analysis

To determine the composition and content of metabo-
lites in needles at various stages, all samples were sent
to MetWare Biotechnology Co., Ltd. (Wuhan, China)
for extraction and analysis. After freezing and crushing,
50 mg of each sample was weighed and deposited in a test
tube, followed by the addition of 1200 puL of 70% metha-
nol internal standard extract precooled to -20°C. Follow-
ing centrifugation at 12,000 rpm, the supernatant was
collected for UPLC-MS/MS (Ultra Performance Liquid
Chromatography, Tandem mass spectrometry) analysis.
The UPLC mobile phase was 0.1% formic acid in deion-
ized water (solvent A) and 0.1% formic acid in acetoni-
trile (solvent B), elution gradients was 0 min, 5% B; 9 min,
95% B; followed by a reduction back to 5% B within one
minute and maintained at this level for three minutes.
The flow rate was 0.35 mL/min at a temperature of 40
‘C. Furthermore, the quantification of metabolites was
analyzed using the Multiple Reaction Monitoring mode
of triple quadrupole mass spectrometry, and the analysis
of mass spectrometry data was completed using Analyst
software (1.6.3v). The precise procedures and steps have
been detailed in previous studies [45, 46].

Quantitative real-time PCR (qRT-PCR) analysis

To ensure the accuracy of RNA-seq data, the CDS
sequences of nine candidate genes were selected, and
specialized primers for qRT-PCR analysis were designed
using the INTEGRATED DNA TECHNOLOGIES web-
site (https://sg.idtdna.com/pages) (Table S1). The inter-
nal reference gene sequence is given below: F-GAGGT
AGCTTCGGGCGCAACT, R-GCAGGTTAGCGAAA
TGCGATAC [22, 25]. Besides, total RNA from all sam-
ples was reverse transcribed using a cDNA Synthesis Kit
(Takara, Kyoto, Japan) and then detected on the CFX
Opus 96 system (Bio-Rad, USA). The qRT-PCR reaction
setup included 20 pL of a mixture, consisting of 10 pL of
TB Green® Premix Ex Taq™ (Tli RNaseH Plus), ROX Plus
(Takara, Kyoto, Japan), 1.6 puL of cDNA, 0.4 pL each of
forward and reverse primers, and 7.6 uL of ddH,O. The
qRT-PCR procedure involved an initial denaturation at
95°C for 30 s, followed by 40 cycles at 95°C for 5 s and
60°C for 30 s, and a final stage at 95°C for 10 s, 65°C for
5s, and 95 C for 5 s. In this experiment, each sample
underwent three technical replicates, and the relative
expression of each gene was calculated using the 2724¢T
method [47].

Statistical analysis

Basic data were statistically analyzed and filtered using
the Excel 2019, and one-way ANOVA was performed
with IBM SPSS Statistics v26.0 software [48]. Moreover,
TBtools was used to create Venn diagrams and heatmap.
The correlation network diagram was generated using the
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STIRING (https://cn.string-db.org/) website and then
visualized with Cytoscape (v3.9.1) [49].

Results

Physiological changes in Pine needles by seasonal
succession

During the annual growth cycle of P koraiensis needles,
fluctuation in Chl and Car concentrations over the 12
months were significant variations. The general pat-
tern revealed that Chl a and Chl b levels peaked in July,
August, and September, whereas Car was most abun-
dant in March, coinciding with the onset of spring.
Throughout the year, SP content was highest in June and
July, while SS level was higher in April and May, imply-
ing a significant role in needle formation. Furthermore,
Pro and POD content increased during the first half
of the year, while the trend of MDA also remained sig-
nificant variation throughout the period, indicating
that these physiological indicators were helpful to resist
environmental factors such as abiotic stress during the
annual growth cycle of needles (Fig. 1). Significantly,
this study selected samples from the months of Febru-
ary, April, June, August, October, and December, based
on temporal trends of physiological indicators and with
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comprehensive consideration of the temperature and
humidity conditions on the day of sampling (Fig. S1), for
subsequent transcriptome and metabolome sequencing.

Novo assembly and functional annotation of unigenes
Eighteen transcriptome libraries were generated from
six stages of needle samples and sequenced using the
Ilumina HiSeq 2500 platform. This process generated
906,039,714 raw reads, and after filtering and screening,
843,071,238 clean reads remained, with memory sizes
ranging from 6.18 to 8.74 GB. The average Q20 and Q30
contents were 98.80% and 96.43%, respectively. As shown
in Table S2, the average GC content was 45.43%, with a
range from 45.12 to 45.73%. Trinity software was used to
assemble 94,799 unigenes de novo from the clean reads
(Table S3). The length of N50 was 736, and 27,634 clean
reads exceeded 2000 bp, accounting for 29.15% of the
total (Table S4).Furthermore, the average mapping rate to
the reference sequence was 67.29% (Table S5).

To elucidate the biological functions of the identified
unigenes, all unigene sequences were aligned with func-
tional databases. The analysis revealed that 69,858 out
of 94,799 unigenes were annotated to at least one com-
monly used database, such as Nr, Trembl, GO, Protein
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Fig. 1 Changes in physiological traits during the needle annual cycle. (a) Chlorophyll a content, (b) Chlorophyll b content, (c) total Chlorophyll content,
(d) Carotenoids content, (e) Soluble protein content, (f) Soluble sugar content, (g) Proline content, (h) Peroxidase activity, (i) Malondialdehyde content.
The column diagrams depict mean values, while the error bars represent the standard deviation (SD) of the means (n=9). Different lowercase letters

indicate significant differences between months (p <0.05)
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families (Pfam), KEGG, SwissProt, and KOG. The Nr
database had the most annotated unigenes (66,508,
70.16%), followed by Trembl (65,193, 68.77%), GO
(57,461, 60.61%), Pfam (51,439, 54.26%), KEGG (48,533,
51.2%), SwissProt (48,321, 50.97%), and KOG (38,720,
40.84%) (Table S6, Fig. 2a). Figure 2b illustrates the
degree of matching between unigene sequences and gene
sequences from different species. The highest matches
were with Picea sitchensis (22,135, 33.28%), Taxus chi-
nensis (17,198, 25.86%), Quercus suber (4,297, 6.46%),
Amborella trichopoda (1,335, 2.01%), Pinus taeda (1,195,
1.8%), and Pinus tabuliformis (821, 1.23%). The KOG
database divided all unigenes into 25 categories, with
the top three being General function prediction only
(R, 10,063, 23.23%), Posttranslational modification, pro-
tein turnover, chaperones (O, 4,135, 9.54%), and Signal
transduction mechanisms (T, 3,374, 7.79%) (Fig. 2c). GO
analysis classified all unigenes into 46 functional catego-
ries based on biological process (BP), cellular component
(CC), and molecular function (MF) [50]. In BP, the most
abundant functions were cellular process, metabolic
process, response to stimulus, biological regulation, and
regulation of biological process. In MF, the highest num-
bers of unigenes were associated with binding, catalytic
activity, transporter activity, ATP-dependent activity, and
transcription regulator activity. Notably, unigenes from
CC were primarily distributed within cellular anatomical
entities and protein-containing complexes (Fig. 2d).
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Identification and enrichment analysis of DEGs

The principal component analysis (PCA) results effec-
tively illustrated the degree of difference between sam-
ples, with the six-stage samples clearly separated into
four sections. Here, this study identifies S1 and S6 as win-
ter, S2 as spring, S3 and S4 as summer, and S5 as autumn,
demonstrating excellent PCA results (Fig. 3a). Then,
a total of 1,887, 11,778, 2,652, and 18,291 DEGs were
identified between S1 vs. S6 (winter), S2 vs. S3 (spring),
S3 vs. S4 (summer), and S4 vs. S5 (autumn), respectively
(Fig. 3b, Table S7). Of these, 1,010, 4,952, 1,195, and
10,003 DEGs were up-regulated, while 877, 6,826, 1,457,
and 8,288 DEGs were down-regulated (Fig. 3c-d).

GO annotation and KEGG enrichment analysis were
utilized to determine the biological roles of DEGs in the
four comparison groups. In S2 vs. S3, the most enriched
functions were plant organ senescence, flavonoid bio-
synthetic process, flavonoid metabolic process, and
response to UV. In S3 vs. S4, unfolded protein binding,
response to hydrogen peroxide, protein self-association,
and anion transmembrane transport showed the highest
enrichment. For S4 vs. S5, the most enriched functions
were flavonoid biosynthetic process, flavonoid metabolic
process, pigment biosynthetic process, and response
to light intensity. Finally, ethylene-activated signaling
pathway, cellular response to ethylene stimulus, protein
dephosphorylation, and myosin phosphatase activity
were the most enriched in S1 vs. S6 (Table S8, Fig. S2).
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distribution in the Nr database. (c) Histogram of KOG function annotation for unigenes. (d) Distribution of unigenes based on GO function annotation
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On the other hand, KEGG enrichment analysis revealed
vital metabolic pathways implicated in DEGs at vari-
ous phases. A total of 141, 128, 141, and 118 pathways
were found in S2 vs. S3, S3 vs. S4, S4 vs. S5, and S1 vs.
S6, respectively. Among the top 20 enrichment pathways,
biosynthesis of secondary metabolites, plant-pathogen
interaction, and metabolic pathways were the most prev-
alent and highly enriched across the four comparison
groups. Notably, the KEGG enrich analysis indicated that
the MAPK signaling pathway-plant pathway was present
in all four comparisons (Table S9, Fig. S3). Interestingly,
the four comparison groups shared 26 common DEGs,
which exhibited high expression levels during the S1 and
S4 periods (Fig. 3e). In addition, these DEGs were highly
enriched in metabolic pathways, plant-pathogen interac-
tion, and the MAPK signaling pathway-plant (Fig. 3f). To
verify the reliability of the RNA-seq data, nine genes were
selected from the 26 common genes for qRT-PCR. The
results showed that the relative expression levels of can-
didate genes were well correlated with the FPKM values,
which demonstrated that the expression profile results of
RNA-seq were reliable (Fig. S4).

Identification and enrichment analysis of DEMs

This study also employed LC-MS/MS widely targeted
metabolomics analysis to identify changes in the content
and abundance of metabolites during different stages of
needle development (Table S10). A total of 1,882 metab-
olites were identified, predominantly flavonoids (469,
24.92%), terpenoids (211, 11.21%), phenolic acids (182,
9.67%), lipids (146, 7.76%), alkaloids (142, 7.55%), lignans
and coumarins (139, 7.39%), and other metabolites (593,
31.5%). Besides, the results of PCA demonstrated a clear
separation of samples from the six periods, with high
repeatability within each period (Fig. 4a). Figure 4b-d
illustrated the number of differentially expressed metab-
olites (DEMs) between the four groups, including total,
up-regulated, and down-regulated DEMs. Among the
comparison groups S2 vs. S3, S3 vs. S4, S4 vs. S5, and S1
vs. S6, three common DEMs were identified, namely glu-
coacetosyringone,  Demethyl-erythro-Guaiacylglycerol
B-Coniferyl Ether, Trachelogenin-4’-O-gentiobioside.
Statistical analysis of metabolite fold changes indicated
that the top ten up-regulated and down-regulated metab-
olites in the four comparison groups had heterogeneous
compositions (Fig. 4e-h). Additionally, KEGG enrich-
ment analysis revealed that these metabolites were pri-
marily enriched in metabolic pathways, biosynthesis of
secondary metabolites, ABC transporters, and flavonoid
biosynthesis, mirroring the enrichment results of the
DEGs (Fig. S5). To summarize, the annual cycle of needle
development involves a complex regulatory network.
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Summary of transcription factors (TFs)

This study discovered 66 TF families were from the tran-
scriptome of needles, comprising a total of 1,350 TFs
(Table S11). The ten most abundant TFs were bHLH,
MYB-related, AP2/ERF, C3H, NAC, C2H2, GARP-G2-
like, WRKY, bZIP, and MYB, with counts of 99, 95, 90,
80, 76, 65, 65, 65, 61, and 54, respectively. The expression
levels of genes corresponding to the five most abundant
TFs were screened and presented as heat maps (Fig. 5).
The results demonstrated that bHLH, MYB-related, C3H,
and NAC TF genes were significantly expressed at vari-
ous stages, while AP2/ERF was predominantly expressed
during the S1 and S6 stages (Table S12).

Expression profile of antioxidant enzyme-related genes
The number and expression of antioxidant enzyme-
related genes exhibited monthly variation. In this study,
genes encoding Pro (128), POD (50), SOD (9), CAT (4),
GR (2), NR (1), and CDPK (3) were analyzed, revealing
significant fluctuations in gene levels over time (Fig. 6).
Most Pro genes showed higher expression levels from the
S2 to S4 periods, while other antioxidant enzyme genes
had elevated expression levels during the S3 and S4 peri-
ods. This pattern likely corresponds to the peak periods
of needle growth and development. At the same time,
the expression patterns of these genes in the S1 and S6
periods, as well as in the S3 and S4 periods, were notably
similar (Table S13).

Genes involved in chlorophyll and carotenoid metabolism
Evergreen conifers depend heavily on chlorophyll bio-
synthesis and degradation. This study found 23 genes
encoding 13 enzymes involved in chlorophyll metabo-
lism. HemA, ChlM, HemE, HemD, DVR, POR, and ChIP
genes exhibited higher expression levels during the S2-54
period of chlorophyll biosynthesis (Fig. 7a, Table S14). In
particular, the POR gene (Cluster-45487.5) demonstrated
a fivefold higher relative expression compared to other
genes. In the chlorophyll degradation pathway, RCCR and
PAO genes were overexpressed during the S3-S5 phase.
Besides, a protein interaction network for these genes
was constructed, and the CytoNCA analysis revealed
that PAO1 (Cluster-28937.2), NYC1 (Cluster-33571.0),
and POR were central genes in the network (Fig. 7b).
The CytoHubba algorithm identified the top ten poten-
tial genes, including HemA1 (Cluster-31444.3), ChlH2
(Cluster-49535.2), HemE1 (Cluster-33222.0), POR, PAO2
(Cluster-46790.0), NYC1, HemkE2 (Cluster-37778.0),
ChlM (Cluster-37145.2), DVR (Cluster-37454.0), and
HemF2 (Cluster-5208.2). These results speculated that
POR genes may be essential in the chlorophyll biosynthe-
sis and degradation pathways (Fig. 7c).

In the carotenoid biosynthesis and metabolism process,
33 genes encoding 12 enzymes were identified (Fig. 7d,
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Table S14). DWARF27, LUT5, HYB, LCYB, and ABA2
genes showed higher expression at the S3 and S4 stages,
whereas P-ISO and NCED genes had elevated expression
levels at later stages, such as S5 and S6. According to the
CytoNCA algorithm, PSY5 (Cluster-50735.3) emerged
as the central gene in the network diagram (Fig. 7e).
The Cytohubba algorithm ranked PSY5, ZEP7 (Clus-
ter-48403.3), LCYB (Cluster-37752.0), and PDS3 (Clus-
ter-37669.0) as the top genes (Fig. 7f). In conclusion,
PSY5 likely plays a significant role in carotenoid biosyn-
thesis and metabolism.

Genes and metabolites related to galactose, starch, and
sucrose metabolism

In this study, 23 DEGs were identified in galactose
metabolism, and 82 DEGs were identified in starch and
sucrose metabolism, indicating their involvement in a
complex regulatory network (Fig. 8a, Table S15). Besides,
15 DEMs were identified in these pathways, with Meli-
biose, a-D-Glucose-6P, a-D-Glucose-1P, Lactose, Malt-
ose, Trehalose, Trehalose-6P, Cellobiose, Fructose-6P,
and Galactinol being most abundant in the S2 and S5
stages, while Raffinose, Galactose, Glucose, and Fruc-
tose were more prevalent during the S1 and S6 periods
(Fig. 8c, Table S16). Furthermore, a protein interaction
network map was constructed using 105 DEGs in this
metabolic pathways, and the CytoHubba algorithm

were utilized to identify the top ten hub genes, namely
HK2 (Cluster-49013.1), AMY13 (Cluster-37114.0),
AMY15 (Cluster-38152.6), GPI (Cluster-42872.2), pgml

(Cluster-46022.0), HK1 (Cluster-30268.0), AMY19
(Cluster-42817.5), GBE1-2 (Cluster-48268.1), SUS4
(Cluster-44028.0), and GBE1-1 (Cluster-27884.0)

(Fig. 8b). Importantly, the expression levels of AMY13
and pgm1 were 2 to 10 times higher than those of other
genes, suggesting their pivotal roles as regulatory signals
in starch and sucrose metabolism, as well as fructose and
mannose metabolism.

Genes involved in MAPK signaling pathway

The MAPK cascade is pivotal in regulating plant growth
and cold resistance. In this study, the MAPK signaling
pathway (ko04016) was annotated in the KEGG enrich-
ment pathway of DEGs, highlighting its role as a multi-
functional and complex signaling system. This pathway
encompassed 76 interconnected genes distributed across
various signaling pathways, including H,O,, Ethylene,
Cold/salt, and others (Fig. 9a). In the Cold/salt specifi-
cally, four genes were identified, with three (MEKK1-1,
cluster-33069.0; MEKK1-3, cluster-49368.0; and MPK4,
cluster-43241.2) showing significant expression during
the S1 and S6 periods, suggesting their key role in growth
regulation during the cold winter (Table S17). Besides,
a protein interaction network was constructed using
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these MAPK signaling pathway genes, and the Cyto-
Hubba algorithm identified 12 crucial hub genes, poten-
tially aiding P. koraiensis needles in growth and stress
response (Fig. 9b). Furthermore, GO annotation of the
four genes in the network indicated their association with
cold response, specifically MEKK1-1 (cluster-33069.0),
MYC2-8 (cluster-50288.0), CAT1-2 (cluster-49230.3),
and MAPKKK17/18—-1 (cluster-25013.4) (Table S18). In
conclusion, MEKK1-1 (cluster-33069.0) appears to be a
key structural gene that enables needles to remain green
during winter.

Weighted gene co-expression network analysis (WGCNA)

WGCNA was conducted on all genes and physiologi-
cal indexes, identifying 10 co-expressed gene modules
(Fig. 10a). The analysis revealed that the red and yellow
modules showed a strong correlation with physiologi-
cal indexes such as SS, POD, Pro, and MDA (Fig. 10b).
Further evaluation of the genes in the red and yellow
modules led to the selection of the top 20 genes based
on kWithin value, and a gene expression heat map was
created (Fig. 10c-d, Table S19-S20). The heat map indi-
cated that the expression levels of these 40 genes were
significantly higher during the S2 period, suggesting that

these genes may be one of the primary causes influencing
changes in physiological markers.

Discussion

Coniferous trees exhibit the unique natural phenom-
enon of maintaining their needles and retaining an ever-
green appearance throughout severe winter conditions.
While only Picea abies has been extensively studied for
its annual growth cycle [51], this study provides a com-
prehensive analysis of P. koraiensis needles by integrating
transcriptome data, physiological indicators, and metab-
olomic profiles to establish a high-quality database. This
methodology facilitates a deeper understanding of the
seasonal adaptation of coniferous species.

Samples were gathered over a span of an entire year,
providing a comprehensive temporal scale that holds
significant scientific value. Generally, pigment concen-
tration within chloroplasts serves as a primary determi-
nant of leaf color variation throughout a plant’s life cycle
[52, 53]. This study found that chlorophyll concentration
peaked during July, August, and September, aligning with
the most vigorous developmental period of plant. This
finding suggests that needles may increase chlorophyll
content to fulfill growth demands [54]. Besides, genes
involved in chlorophyll production and degradation, such
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as HemE, HemD, DVR, ChlM, POD, RCCR, and PAO,
were upregulated during the S4 phase, aligning with find-
ings in Fig. 1. These genes likely contribute to the efficient
accumulation of chlorophyll in needles [55]. Although
carotenoids were more abundant during summer, their
most active phase occurred in March before beginning to
decline, which possibly indicating a transition from dor-
mancy to the growth cycle [56]. POR (Cluster-45487.5)
and PSY5 (Cluster-50735.3) were identified as essential

hub genes in chlorophyll and carotenoid metabolism
pathways, as confirmed through protein interaction net-
works and gene expression data. Their functional roles
have been previously validated in A. thaliana and For-
tunella hindsii Swingle [57, 58], suggesting a potential use
in future genetic transformation research of P. koraiensis.

SS, SP, and Pro are considered essential indications of
plant osmotic regulation [59]. This study observed that
SS, SP, and Pro accumulated throughout the year, with
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peak levels occurring from April to July, indicating that
needles may maintain cellular osmotic balance and pro-
mote development by augmenting these compounds
during the spring [60]. POD and MDA play pivotal roles
in regulating the accumulation of ROS within cells [61].
Notably, POD and MDA levels remained high through-
out the year, except during summer, implying that

needles respond to adverse conditions by elevating POD
and MDA activity to balance ROS production and scav-
enging [62]. Transcriptome analysis identified 197 genes
encoding antioxidant enzymes, a significantly higher
number than previously reported by Yu et al. [63], dem-
onstrating that these genes may regulate enzyme content
and needle growth throughout the annual cycle.
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Carbohydrates, encompassing glucose, sucrose, starch
and cellulose, play pivotal roles not only as energy
sources and carbon skeletons in the plant life cycle but
also as significant signal molecules [64, 65]. It is well doc-
umented that metabolism and transport of sugars within
the annual needle cycle involve complex process such
as amino and nucleoside sugar metabolism, starch and
sucrose metabolism, galactose metabolism, fructose and
mannose metabolism [66]. Previous research has shown
that SUS and INV genes exhibit elevated expression lev-
els during the early stages of Juglans mandshurica inflo-
rescence development, potentially augmenting flower
bud differentiation [67]. In this study, 19 INV and 6 SUS
genes were identified, which exhibited differential expres-
sion across the S1-S6 phases. These genes may facilitate
conversions in amino and nucleoside sugar metabo-
lism, thereby contributing to stability of needle growth.
Furthermore, protein interaction network analysis pin-
pointed 10 critical hub genes, with pgml exhibiting a
10-fold higher expression level across the six periods in
comparison to the other genes. The pgm gene, which was
essential for the metabolic process involving the trans-
formation from starch to starch and sucrose metabolism,
as well as for fructose and mannose, exhibited significant
expression during S5 and S6 in this study, potentially

enhancing the adaptability of needles during overwinter-
ing [68].

During the periods of S4 vs. S5 and S1 vs. S6, the num-
ber of upregulated genes was significantly greater than
that of downregulated genes, a phenomenon that was
also observed in studies on P. abies [51]. This provides
grounds for the speculation that a complex gene regula-
tory process occurred internally in the plant at this stage
to cope with the subsequent dormancy phase. In addi-
tion, the MAPK cascade serves a pivotal signaling path-
way in regulating plant stress tolerance [69, 70]. In this
study, KEGG enrichment analysis was utilized to iden-
tify DEGs and assigned to the MAPK signaling path-
way, marking a milestone in cold resistance research for
needles. Besides, the cold/salt signaling pathway include
three MEKK1 and one MPK4 gene, with MEKKI-1,
MEKK1-3, and MPK4 genes showing significant expres-
sion during the S1 and S6 periods, which suggested that
these genes may aid needle survival during winter. Pro-
tein interaction network analysis revealed 10 major hub
genes and identified four cold-related genes based on
GO annotation: CAT1-2, MEKK1-1, MYC2-8, and MAP-
KKK17/18-1. In conclusion, MEKK1-1 appears to be a
crucial factor in needle adaptation to low-temperature
stress during winter.
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Conclusions

This study investigated the variations in physiological
markers, gene expression levels, and metabolite con-
tent within needles across different months/seasons
(Fig. 11). The results indicated that chlorophyll content
increased during summer, whereas carotenoids accumu-
lated prior to spring. Notably, significant seasonal fluc-
tuations were observed in soluble sugar, soluble protein,
Pro, POD, and MDA levels. Moreover, the genes PSY5
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(Cluster-50735.3), AMY13 (Cluster-37114.0), pgml
(Cluster-46022.0), and MEKK1-1 (Cluster-33069.0) were
identified as crucial regulators in chlorophyll and carot-
enoid metabolism, sugar metabolism and the MAPK
signaling pathway. These genes are deemed essential for
maintaining the evergreen nature and needle retention of
coniferous trees throughout the year, providing a founda-
tion for subsequent research endeavors. In conclusion,
this work has created an extensive and comprehensive
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Schematic diagram of the regulatory mechanism for needle seasonal adaptability in P koraiensis
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dataset pertaining to the physiology, gene expression, and
metabolite profiles of P. koraiensis. This database serves
as a valuable resource for future genetic improvement
and molecular biology research on conifers.
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