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ABSTRACT

Platycladus orientalis in China has a lifespan of one to several thousands of years. The long
lifespans of trees have attracted interest in aging at the molecular level. There is little
information on how the global process is controlled. In this study, the MDA content, SOD and
POD activities were higher in ancient trees than in 20-year-old P. orientalis, and the content
of soluble protein showed the inverse trend. We obtained 48,044 unigenes having an average
length of 896 bp from pooled samples of P. orientalis by transcriptome sequencing.
Microarray analysis produced a high-resolution age-course profile of gene expression levels
in different age of P. orientalis. In total, 418 differentially expressed genes were identified.
The use of highly informative clustering revealed distinct time points at which oxidation
reduction and photosynthesis pathways changed. Eight clusters with distinctive expression
patterns were identified, the expression of metabolism, photosynthesis, oxidation reduction
and transporters related genes were downregulated and protein synthesis, transcription, signal
transduction and senescence related genes were upregulated with increasing age. Total
chlorophyll, chlorophyll a, and chlorophyll b levels were decreased steadily with increasing
age. This study discovery of potential candidate genes affecting photosynthesis in different P.
orientalis ages and at senescence, and for identification of the functions of genes involved in
regulation of photosynthesis. This work also suggests that improving photosynthetic

efficiency under field conditions will require the consideration of multiple factors.

Subjects Evolutionary studies, Genomics, Plant science

Keywords Longevity; Platycladus orientalis; Senescence; Transcriptome; Photosynthesis
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INTRODUCTION

Several woody perennials involved in Sequoia sempervirens, Sequoiadendron giganteum and
Pinus longaeva, can live several hundred years or even millennia ).
These trees can have extremely long life span with several thounsands of years, whose
mechnisms about how to regulate or resist aging at physiological and molecular levels has
become one of the hot focuses in plant resisting senesences ( ;

). Some physiological and metabolic changes during aged have been reported in conifer
( ; ). Increases in telomere length and telomerase
activity may directly/indirectly contribute to the increased life-span and longevity of P.

longaeva ( ). However, no significant age-related differences

were found between bristlecone pines of 4,713 and 23 years of age ( ;

). Untangling the mechanisms of perennial aging has attracted significant

attention in the past, but remains a matter of debate ( ; ;

).

Studies on physiology and genetics show that the senescence process is tightly controlled and
requires massive changes at the mRNA level ( ). Genes encoding
senescence-associated receptor-like kinases (SARK and SIRK) have also been identified in
bean and Arabidopsis ( ). Changes in gene expression are usually mediated by
changes in the activity of transcription factors including members of the NAC, WRKY, MYB,
C2-H2 zinc-finger, bZIP, and AP2/EREBP families ( ;

), act as regulatory nodes between signaling branches, contributing to the
fine-tuning of developmental or defense reactions ( ). Many genes involved
in 1-Cys peroxiredoxin and Heat-shock proteins play an important role in the plant defense
process ( ; ; ; ;

), Calmodulin-binding protein is a positive regulator of both disease
resistance and drought tolerance in Arabidopsis. But the causes of defense mechanism

responses in P. orientalis require further study.
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Senescence may be considered an adaptive strategy of plants to the prevailing environmental
conditions that begins with catabolism of macromolecules such as chlorophyll, proteins, and
ucleic acids ( ; ; ). The decrease in
photosynthetic rates is an inevitable consequence of increased size and age in Arabidopsis and
Populus( ; ; ). The photosynthetic
rate and the balance of forces was broken, and the transcription of related regulatory genes
(rbeL, rbeS, petB and psbA) decreased sharply ( ). Photosynthesis converts
light energy into chemical energy, and the electron transfer in the energy conversion process is
regulated by the oxidation reduction (redox) system. Cytochrome c is an important part of the
mitochondrial electron transport chain, as well as a major protein that regulates the redox
status ( ). There is a strong relationship between oxidation
reduction and lifespan ( ). However, little is known about the relative

contributions of organelles to the oxidation reduction associated with senescence in trees.

At present, gene microarray technology has been widely applied in the study of functional
genomics of Arabidopsis, rice and other plants under stress conditions ( ;

). Senescence mutants and transgenic anti-aging plants were obtained
( ; ), and can be used to explain the
nature and mechanisms of plant senescence at the molecular level. High-throughput
sequencing technology enables us to combine transcriptional sequencing and digital
expression profiling, allowing for the study of high-throughput gene expression profiles from
non-model plants ( ). The differential expression of genes in P. orientalis of
different ages has not been reported, and the longevity of P. orientalis is regulated by many
factors. Molecular biological methods will be helpful in studying the ancient trees (

). In this study, transcriptome sequencing and an expression analysis of different aged P.
orientalis (20 £ 3-, 300 = 100-, 1,000 + 300-, and 1,700 + 500-year-old) was conducted using
high-throughput sequencing technology. Combining the analysis of gene expression levels
with physiological and biochemical data, the regulatory mechanisms of the anti-aging process
of P. orientalis at the molecular level is discussed, laying the foundation for understanding of
expression differences and specific genes related to aging.
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MATERIALS AND METHODS
Plant materials

Fresh leaves were collected from the 20 + 3-, 300 + 100-, 1,000 + 300-, and 1,700 +
500-year-old (based on the records from parks) individuals of P. orientalis growing under
similar conditions in Zhongshan Park in Beijing (N 39°54"26.37", E 116°23'29.22") ( ).
Twenty-year-old trees (adult tree) were used as a control; other trees were considered ancient
trees (each age group with three trees to provide three replicates) ( ). Fresh
leaves collected from branches with the same exposure to light and with similar heights and
diameters were selected for sampling. Furthermore, the leaves were healthy current-year
leaves, and they were selected from trees without large dead branches, plant diseases, and
insect pests. The sampled sun-exposed leaves were detached from the outer portions of the
crowns (as much as possible under similar environmental conditions), and 5-7 g of fresh
leaves was collected from each tree three times a week, at 8 am on each occasion. Leaves
were flash frozen in liquid nitrogen and stored at 80°C. Samples were approved by

Zhongshan Park administrative office.

Physiological Index determination

The content of total soluble protein and Malondialdehyde (MDA) were measured according to

( ) and ( ), respectively. The presence of SOD activity

and POD activity were detected according to ( ). The total chlorophyll
content and the amount of chlorophyll a and chlorophyll b were estimated according to

( ). Differences were scored as statistically significant at the P < 0.05 or P < 0.01

levels.
Total RNA extraction

Total RNA was isolated from the leaves of P. orientalis according to the protocol of the
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Column Plant RNAout kit (TIANDZ, Beijing, China). Then, the quality and integrity of RNA
was assayed by a NanoPhotometer® spectrophotometer (Implen, CA, USA), electrophoresis
through 1.5% agarose gels and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA). The RNA for transcriptome were obtained from mixing 20 + 3-, 300 = 100-, 1,000
+ 300-, and 1,700 + 500-year-old individuals of P. orientalis, Samples were collected from
three trees to provide three replicates. The RNA for gene expression analysis were obtained
from 20 + 3-, 300 = 100-, 1,000 + 300-, and 1,700 + 500-year-old individuals of P. orientalis

with three biological replicates, respectively.
Construction of a cDNA library and transcriptome sequencing

Oligo (dT) magnetic beads was used to purify mRNA from 20 pg of total RNA. The mRNA
was broken into short segments by adding a fragmentation buffer. Short segments with
six-base random primers were used as the template for first strand cDNA synthesis. Second
strand cDNA synthesis was achieved using dNTPs, RNase H, and DNA polymerase I.
Sequencing adapters were ligated onto the short segments after purification according to the
protocol of the QiaQuick PCR extraction kit for discriminating different sequencing samples.
Segments were selected for PCR amplification and separated by agarose gel electrophoresis
as sequencing templates. The Illumina GAIlx system was used to complete sequencing. The

sequencing datasets were deposited in the NCBI database (Accession SRX1757589).
Transcriptome assembly and functional annotation

Raw reads were filtered by removing adapter sequences and low-quality reads having a Q20 <
20 bases. Meanwhile, the Q20, Q30, and GC content of the clean data were calculated.
High-quality clean sequences were used for further analysis. These clean sequences were de
novo assembled using Trinity software ( ). All of the parameters were set
at default values. The parameter of min_kmer cov was set to 2 as the default, and FPKM
values were used to measure each assembled transcript expression level. All of the fragments
were mapped onto the non-redundant set of transcripts to quantify the abundance of the
assembled transcripts. The longest and optimal assembled sequences were selected as

unigenes based on the evaluation and length. Functional annotations were performed by
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homology search against the public databases using unigenes such as Nr and Swiss-Prot using
BLASTx with a cutoff E-value of 10-5. Blast2 GO was applied to receive the relevant GO
terms based on the Nr BLAST results with E-value<l10E-6. Then, unigenes were used for
query against the COG and KEGG database to predict and classify functions and pathway

assignments ( ).
Quantification of gene expression levels and differential expression analysis

RSEM software was used to estimate the gene expression levels. Clean sequences were
mapped back onto the assembled data. Readcounts for each gene were obtained from the
mapping results and normalized to FPKM. Before the DGE analysis for each sequenced
library, the readcounts were adjusted using the edge R program package by a scaling
normalized factor. The DEGseq R package was used for the analysis of the differential
expression of two samples. P-values were adjusted using the g-value. g-value < 0.05 and a
llog2 (fold change)| > 1 were used to identify significant DEGs. The sequences from the DGE
analysis were available at the NCBI database (Accession SRX1755981). To analyze the
different age expression patterns of DEGs, K-means clustering was used to cluster the

identified DEGs. Complete lists of the DEGs are shown in Supplementary Table S3.
cDNA synthesis by quantitative real-time RT-PCR

Total RNA extraction was performed as described above, and reverse transcriptase reactions
were performed using a PrimeScript™ RT reagent Kit (Takara). qRT-PCR (Real-time
quantitative PCR) was performed using SYBR® Premix Ex Taq™ II (Tli RNaseH Plus;
Takara) in a 20 uL volume containing 10 uL SYBR® primer Ex Taq (2x), 0.8 pL of each
primer (10 pM), 2.0 puL of 13-fold diluted cDNA template, and 6.4 pL distilled water. The
qRT-PCR program was as follows: 95°C for 10 s, 40 cycles of 95°C for 15 s and annealing at
60°C for 30s. The products were analyzed with a melting curve at the end of the amplification.
aTUB was selected as the reference gene for P. orientalis. Primers were designed with the
Primer Premier 3.0 software. Relative gene expression data were quantified using the 2744CT
method with at least three biological replicates. Values of expression levels are means +

standard deviation (SD). Statistical significance was reported at p < 0.05.
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RESULTS
Biochemical changes during senescence

During senescence, increased amounts of reactive oxygen species (ROS) are produced along
with an increase in proteolytic activity. As shown in , the soluble protein level was high
in 20y samples, and then gradually decreasing to a minimum in 1000y samples. The MDA
content in the 1700y samples were 1.66 fold (P < 0.05) higher than that in the 20y samples.
The activities of SOD gradually increased with increasing age, as did the activities of POD,
except the activities of POD were minimal in 1700y samples. These results suggested that the
extremely ancient P. orientalis still retained a good ability to eliminate ROS, although the

ancient P. orientalis probably had entered the senescence state.
De novo assembly of the P. orientalis transcriptome

To characterize the aging events through differentially expressed genes, the three samples of

different ages, with three biological replicates for each age were sequenced, and they
generated beyond 6.22 Gb, with an average GC content of 45.32% (

), from Illumina HiSeq/MiSeq. The number of clean reads was 62,184,973 (97.2%;

). After trimming and assembling, 79,413 transcripts and 48,044

unigenes were generated ( ). Their length

distributions are shown in The N50 value of the unigenes was

1,714 bp, with an average length of 896 bp (ranging from 201 to 21,855 bp;

), and 33.96% of the unigenes were longer than 300 bp ( ).

The relative expression level of each unigene was estimated using the FPKM approach and

ranged from 0 to 14,810.83 FPKM, with an average of 8.24 FPKM. Of the 48,044 unigenes,
38,202 (79.51%) had very low expression levels of less than 10 FPKM (

).
Functional classification of P. orientalis unigenes
To verify and annotate the assembled unigenes, all of the assembled sequences were initially
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queried against the NR and SWISS-PROT protein databases, using the BLASTX algorithm.
Among the 48,044 unigenes, 24,080 (50.12%) had significant hits in the NR database, and

18,483 (38.47%) had significant matches to proteins in the SWISS-PROT database ( ).

Based on the GO catalogues, the annotated unigenes could be categorized into three main
classes. As shown in , 20,029 unigenes were annotated in the GO database. For
biological process, the top three abundant unigenes were included in the cellular process
(11,580 unigenes), metabolic process (11,322 unigenes), and single-organism process (5,710
unigenes). Only a few unigenes were involved in growth (52 unigenes), cell killing (22
unigenes), and the rhythmic process (8 unigenes). For cellular component, 6,734, 6,717, and
4,910 unigenes belonged to the cell, cell part, and organelle, respectively, while only 1, 1 and
6 unigenes belonged to the synapse, synapse part, and nucleoid, respectively. For molecular
function, 11,929 and 10,181 unigenes had binding and catalytic activity, respectively, 1,333
unigenes had transporter activity, and only 4 and 8 unigenes had metallochaperone and

receptor regulator activities, respectively ( ).

In addition, all the unigenes were classified based on the COG database. The COG database
classified the putative proteins into at least 25 functional classes ( ). A total of 1902
unigenes were categorized into general function prediction (R, 1902 unigenes),
posttranslational modification (O, 1245 unigenes), signal transduction mechanisms (T, 770
unigenes), and translation (J, 651 unigenes), among which the general function prediction was

the largest class.

To further explore the identified unigenes involved in metabolic pathways, we analyzed all
unigenes according to the KEGG database. According to the functional annotation, the KEGG
pathways could be categorized into five main classes. Among these five classes, the
metabolism pathway included the greatest abundance of unigenes. A total of 835 unigenes
belonged to carbohydrate metabolism, 610 unigenes belonged to amino acid metabolism, 498

unigenes belonged to energy metabolism, and 482 unigenes belonged to lipid metabolism (

).
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Identification of DEGs during senescence

To investigate molecular differences between the four ages, the DEGs between samples were
compared. Expression levels were compared between ages to identify significant DEGs by
applying a cut off P-value < 0.05 (FDR corrected) ( ). The most DEGs were in the
comparison 1700y/20y (214 DEGs), followed by 1700y/300y (148 DEGs), 300y/20y (81
DEGs), and 1000y/20y (62 DEGs). Noticeably, only 14 DEGs were identified in the
1000y/300y comparison ( ). Thus, the gene expression was most divergent between
leaves from the youngest (20y) and oldest (1700y) tree in this study, while the gene
expression profiles in the leaves from the two middle ages (300y and 1000y) were the most
similar, having the least DEGs.

As shown in , the distribution of DEGs was compared among the three comparisons
(300y/20y, 1000y/20y, and 1700y/20y). In total, 17 unigenes were differentially expressed in
all three comparisons, while most DEGs (165 of 214) were specifically identified in the
comparison 1700y/20y. The results suggested that aging affects gene expression at the
transcriptome level. Furthermore, the KEGG pathway enrichment analysis showed that both
the photosynthesis (ko00190) and oxidative phosphorylation (ko00195) pathways were
significantly enriched in the three comparisons (300y/20y, 1000y/20y, and 1700y/20y), but
they were more highly enriched in the 1700y/20y comparison (0.286 for photosynthesis
pathway and 0.060 for oxidative phosphorylation pathway) than in the other two comparisons.

In addition, metabolic pathways were specifically enriched in the 1700y/20y comparison (
).

Functional classification of the DEGs

To further investigate the functional classification of DEGs, we performed a K-means cluster
analysis. In total, eight clusters with distinctive expression patterns were identified (

). Cluster 4 is the largest subset (136 genes), and its gene expression
levels were dramatically decreased in the 1700y samples. The genes in Cluster 3 (32 genes)
have expression patterns consistent with those in Cluster 4. The functional classification
analysis showed that most of the genes in Clusters 3 and 4 were involved in oxidation
reduction, photosynthesis and stress ( ). Noticeably, the genes in Cluster 1 (26 genes)
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gradually decreased from 20y to 1700y samples, and their functions were mainly in
photosynthesis. The 79 genes classified into Cluster 5 were down-regulated in both 300y and
1000y samples, and their function was mainly in transport. Genes in Cluster 2 (55 genes)
gradually increased from 20y to 1700y and mainly functioned in transcription or senescence.
The increase in signal transduction and protein process occurred mainly in Clusters 2, 6, 7 and

8. Thus, the genes with different expression patterns were involved in various functions.
Expression profiling of differentially regulated genes by gqRT-PCR

To validate RNA-seq data and investigate the dynamic gene expression profiles, we analyzed
the expression patterns of eight selected genes by qRT-PCR. The eight genes were ATP
synthase subunit alpha, protein suppressor of npri-1, metallothionein-like protein class I,
probable F-box protein, cytochrome oxidase subunit 2 (COX2), NADH dehydrogenase subunit
2, a putative truncated TIR-NBS-LRR protein, and NADH-ubiquinone oxidoreductase chain 6
(Supplementary Table S4). The expression patterns of the selected genes were consistent

between QRT-PCR and RNA-seq data, indicating that our DEG results were reliable ( ).
Downregulated gene clusters show changes in metabolism and photosynthesis

There are metabolism progress involved in UDP-glucosyltransferase (UGT) and Aspartic
proteinase nepenthesin-2 (nep2) that downregulated with the increasing of P. orientalis age
( ). The expression levels of many photosynthesis-related genes were significantly
down-regulated in Cluster 1, together with many others encoding subunits of the Photosystem
(PS) II complexes. In particular, Photosystem II reaction center protein Z (PSBZ) and
Photosystem II CP43 chlorophyll apoprotein (PSBC) expression levels in 20y were fourfold
lower than those in 1700y samples. In contrast, PSl-related genes were markedly
downregulated only from 20y to 1700y samples in Cluster 4, illustrating that PSII was

affected more than PSI at P. orientalis senescence.
Downregulated gene clusters show changes in transport and oxidation reduction

Transport-related genes such as Aquaporin PIP2-2, and Aquaporin TIP2-1 in Cluster 4, 5
showed significant decreases in expression from 20y to 1700y samples. Genes involved in
oxidation reduction, such as ycfI ( ), cytochrome c oxidase subunit 1 (COXI), COX2,
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and ribosomal protein S12 were significantly downregulated in Clusters 1 and 3, with
downregulation in ancient P. orientalis 10g> > 1.5-fold more than in 20y samples. Cluster 4 is
composed of 22 oxidation reduction-related genes that showed significant decreases, 1logz> > 1,
only from 20y to 1700y samples. Genes involved in photosynthesis and redox reaction
expression, such as cytochrome P450 9441 (ATP94Al) and dihydroflavonol-4-reductase,

were lower in 1000y samples than in 20y samples.
Upregulated gene clusters show changes in transcription, signal transduction

The expression level of transcription genes involved in ethylene-responsive transcription
factor 14 (EREBF) and DNAJ increased with increasing of the P. orientalis age in Clusters 2,
7, and 8, indicating that there may be a role for these genes even before senescence ( ).
Signal transduction-related genes involved in disease resistance protein (DRP) and
Calmodulin-like protein (CBP) in Cluster 2 and 7 were significantly upregulated, with a
log2 > 1 value in young P. orientalis. Transcription and signal transduction related genes play
particularly important roles in protecting ancient P. orientalis against senescence under biotic

and abiotic stress.
Upregulated gene clusters show changes in protein process and senescence

Protein process-related genes such as RING-H2 finger protein and Aspartic proteinase
nepenthesin-2 (nep2), and a semescence-induced receptor-like (SIRK) are increased at P.
orientalisin with increasing age (Clusters 2 and 7). The up regulation of these genes in the

ancient P. orientalis compared with the adult tree is consistent with its senescence state.

gRT-PCR analysis validates expression kinetics of photosynthesis related genes and

chlorophyll changes during senescence

To validate the reliability of photosynthesis-related gene macroarray analysis results, Ribulose
bisphosphate carboxylase small chain (RBCS) and YCF2 were selected from the library, and
their expression profiles assessed using qRT-PCR. The expression of RBCS and YCF2
decreased in P. Orientalis with increasing age ( ). These data
suggested that photosynthesis in nuclear- and chloroplast-related genes are regulated. Total

chlorophyll levels are often used as senescence markers since they are degraded during the
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process. Total chlorophyll, chlorophyll a, and chlorophyll b levels reached a maximum at 20y
and then decreased steadily with increasing age, respectively (P < 0.05; ). The results
showed felling trends in chlorophyll levels during senescence. Their expression patterns were
mostly consistent with the sequencing results ( ), which indicated that our DEG results

were reliable.
DISCUSSION

There are a limited number of ancient P orientalis in previous studies on senescence
( ). Solexa sequencing provides comprehensive and
reasonable data resources for plant gene expression analyses ( ;

). In this study, 20,029 annotated genes were found great differences in P. orientalis of
different ages, but were mainly concentrated in the 1700y/20y comparison. There were less
DEGs in the 1000y/300y comparison, where growth conditions were close. The growth of
ancient P. orientalis is greatly influenced by their age. The expressions of photosynthesis- and
redox-related genes were downregulated substantially, and stress-resistance gene transcription

was markedly upregulated with the age-related growth of P. orientalis.

Metabolism

There is reduction of metabolism in the ancient P. orientalis trees, that consistent with the
enzymes involved in UGT and nep2 are known to be induced during senescence in annual
plants ( ). The reasons for grown reduction are complex during
the senescence process, so there is a need to study the processes associated with senescence in

perennials ( ).

Photosynthesis and oxidation-reduction

Photosynthesis degradation is an important step during the senescence process
( ; ). In this study, the total protein and
chlorophyll content decreased with increasing age of P. orientalis, which was consistent with
the process in Arabidopsis ( ). This may be owing to the decline in the
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ability of photosynthesis to change the aging-related transcription of genes including PSAA,
PSBZ, and ATPF1A4 ( ; ;
). PSAA is the reaction center protein of PSI, and the existence of PSAA4/PSAB polymers

is necessary for PSI complex assembly. The light system is an important reactive site for the

conversion of light energy into chemical energy ( ). PSBZ is the main site
of damage to the photosynthetic apparatus under stress ( ). ATPF14 is the
key enzyme of energy metabolism ( ), and its reduction in photosynthesis

suggested significant differences between ancient and young trees, as seen with Pinus

ponderosa ( ).

The expression levels of these genes involved in COXI, COX2 and CYP suggested a
significant reduction in the ability to convert chemical energy, which provides energy and
respiration for the life activities of ancient P. orientalis trees ( ). The three
largest subunits of the COX cascade, COX1, COX2 and COX3 were downregulated after low
temperature stress ( " ; " ). Cytochrome P450 is involved in plant
secondary metabolism, it is also play an important role in plant resistance to diseases and
stresses ( ; ). Mitochondria are the main
sites of redox, and genes encoding components of mitochondrial electron transport in P.

orientalis of different ages needs to be studied further.
Transporter

Transporter related genes involved in A/GI were identified that decrease in expression as
senescence proceeded in P. orientalis. AIG1 proteins are small GTPases originally identified
in Arabidopsis thaliana where they confer resistance to bacterial infections ( .
). Stress genes such as PRDX and HSP90A were down-regulated in P. orientalis trees.
PRDX reduces hydrogen peroxide, alkylhydroperoxides, and peroxynitrite, and has been
detected in a proteomic study of the copper-tolerant species Scytosiphon gracilis (
). HSP90A act as molecular chaperones, interacting with other proteins, and can
assist in protein folding. The introduction and expression of these genes makes 20y samples

resistant to diseases more than in ancient P. orientalis trees, but there has been little work on
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understanding the regulation of these genes in P. orientalis.

Transcription

The expression of TFs were upregulated during the senescence process in Arabidopsis and
Populus ( ; ; ). EREBF and
DNAJ were upregulted in ancient P. orientalis trees showed that significant consistency
between the senescence of 3000y and 20y samples ( ). EREBF responded to
low temperature, drought, pathogens and elicitors ( . ; " ).
DNAJ is a member of the HSP40 family and a molecular chaperone. Alone or in combination
with HSP70, DNAIJ participates in plant growth and development, signal transduction, and
resistance to environmental stress ( " ). The identification and characterization
of transcription factors in P. orientalis provides new insights into the molecular mechanisms
that regulate transcription factors in the field, and provides information that may be used to

improve the stress-tolerance of the trees.

Signal transduction

Leaf senescence can be induced by many external cues and internal factors, including heat
stress/cold stress, and age. The expression of disease resistance protein and calmodulin-like
protein (CML) increased with age increasing of ancient P. orientalis trees. The diverse roles of
CML regulated in cell biology: from tissue expression and signaling to disease (.

. ). TMV as a resistance gene avoid infection and protects tobacco against systemic
spread of the virus ( . ). It is not known how these signals are perceived

and subsequently transduced in P. orientalis.

Protein synthesis and senescence

Senescence may be preceded by an increase in protein synthesis, the majority of cellular
proteins such as Aspartic proteinases, are highly expressed in ancient P. orientalis trees.
Aspartic proteinases participation in processes of apoptosis and programmed cell death (PCD)
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( " ). A few SIRK have been shown to be upregulated during senescence
in Glycine max, and Arabidopsis ( ; ), consistent with
their involvement in senescence in ancient P. orientalis trees. The study of P. orientalis in
homologous senescence associated genes functional networks will lead to further
understanding of the P. orientalis anti-stress effects, and also demonstrate the function of the

related genes in the Arabidopsis genome database.

CONCLUSIONS

Our analysis of microarray data from 418 different senescence-inducing genes suggests that
gene expression profiles from P. orientalis of different ages. There were much difference of
gene expression mainly in 20y and ancient P. orientalis trees, and most of the DEGs showed
little difference between 300y and 1000y samples. The results suggested that the middle-aged
trees are in similar growing states. Our data shows that metabolism, photosynthesis, oxidation
reduction and transporter related genes were clearly reduced in the ancient P. orientalis trees,
while the upstream regulation of genes such as protein synthesis, transcription, signal
transduction and senescence related genes showed that the ancient P. orientalis trees might be
in a senescent state. Compared to ancient P. orientalis trees, the 20y samples contained more
of this protective mechanism to resist long-term environment stress. Study on photosynthesis
in ancient P. orientalis provides new insights at the molecular level that regulate
photosynthetic characteristics that may especially enhance the photosynthetic efficiency in
trees. This study can provide some theoretical reference for the decline of ancient trees and

provide a basis for the protection of ancient P. orientalis trees.
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Figure Captions

Fig. 1. The trees sampled were 20, 1300, 1,000, and 1,700 years old (y) individuals of

Platycladus orientalis in Zhongshan Park, Beijing.
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Fig. 2. SOD and POD activity, the content of MDA and total protein. Components of
stilbenes. Vertical bars represent the mean £ SD of four separate experiments. Data were

analyzed by ANOVA in the SPASS software.

Fig. 3. Gene Ontology (GO) classifications of assembled unigenes.

Main functional categories in biological process, cellular component, and molecular functions
relevant to plant physiology. Bars represent the number of Platycladus orientalis assigned
proteins with BLASTX matches to each GO term. One unigene may be matched to multiple

GO terms.

Fig. 4. Clusters of orthologous groups (COG) classification.
In total, 4,044 unigenes with Nr hits were grouped into 26 KOG terms. The y-axis represents

the percentage of all unigenes.

Fig. 5. Functional annotation of unigenes based on KEGG categorization.

Main functional categories are summarized as follows: (A) Cellular processes, (B)
Environmental information processing, (C) Genetic information processing, (D) Metabolism,
and (E) Organismal systems. Bars represent the number of Platycladus orientalis assigned
unigenes with BLASTX matches to each KEGG term. The x-axis indicates the number of

genes annotated under the pathway out of the total number of genes annotated (%).

Fig. 6. Analysis of DEGs among the four Platycladus orientalis ages.

(A) Number of DEGs in pairwise comparisons; (B) A Venn diagram of the numbers of unique
and common DEGs between different stages; (C) Significantly enriched KEGG pathway
terms (corrected P-value < 0.05) in three comparisons (300y/20y, 1000y/20y, and 1700y/20y).

Fig. 7. K-Means clustering of gene expression profiles.
(A) The centers of eight clusters with different expression patters. The number of genes in

each cluster is labeled; (B) Functional classification of each cluster.
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Fig. 8. Expression patterns of eight selected unigenes in Platycladus orientalis leaves
using qRT-PCR.

Verification of eight selected DEGs by qRT-PCR. Red lines indicate the results from
gRT-PCR, and blue lines indicate the results from RNA-seq. a7UB was used as the internal
control. Both methods show similar gene expression trends. Three biological replicates were

performed.

Fig. 9. Differential gene expression significantly over-represented by positive or negative

gene expression gradients that highlight different ages of Platycladus orientalis.

Fig. 10. Expression patterns of photosynthesis-related unigenes in Platycladus orientalis
leaves.

Verification of eight selected DEGs by qRT-PCR. The red column contains the results from
qRT-PCR and the blue column contains the results from RNA-seq. aTUB was used as the
internal control. Both methods show similar gene expression trends. Three biological

replicates were performed.

Fig. 11. Chlorophyll a, chlorophyll b, and total chlorophyll content.
Vertical bars represent the mean + SD of four separate experiments. Data were analyzed by

ANOVA in the SPASS software.

Table Captions

Table 1. Functional annotation of the Platycladus orientalis transcriptome.

Supplementary Material

Supplementary Fig. S1 | Overview of Platycladus orientalis tanscriptome sequencing and
assembly. (A) Classification of raw reads after filtering and trimming adapters; (B) Transcript
and Unigene length interval, the x-axis represents the length interval; (C/D)

Transcript/unigene length distribution, the y-axis represents the length frequency.
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Supplementary table S1 | Summaries of transcriptome sequencing and assembly for
Platycladus orientalis.

Supplementary table S2 | Read counts and FPKM values of Platycladus orientalis unigenes.
Supplementary table S3 K-Means clustering of gene expression profiles.

Supplementary table S4 Primers of candidate genes for qRT-PCR in Fig. 8.

Supplementary table S5 Primers of photosynthesis related unigenes for qRT-PCR in Fig. 10.
Supplementary File Zhongshan Park (Beijing, China) for providing the P. orientalis samples.
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Fig. 1. The trees sampled were 20, 1300, 1,000, and 1,700 years old (y) individuals of

Platycladus orientalis in Zhongshan Park, Beijing.
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Fig. 2. SOD and POD activity, the content of MDA and total protein. Components of
stilbenes. Vertical bars represent the mean £ SD of four separate experiments. Data were

analyzed by ANOVA in the SPASS software.
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746

Fig. 3. Gene Ontology (GO) classifications of assembled unigenes.

747

Main functional categories in biological process, cellular component, and molecular functions

748

relevant to plant physiology. Bars represent the number of Platycladus orientalis assigned

749

proteins with BLASTX matches to each GO term. One unigene may be matched to multiple

750

GO terms.
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Fig. 4. Clusters of orthologous groups (COG) classification.

In total, 4,044 unigenes with Nr hits were grouped into 26 KOG terms. The y-axis represents

the percentage of all unigenes.
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764  Fig. 5. Functional annotation of unigenes based on KEGG categorization.

765  Main functional categories are summarized as follows: (A) Cellular processes, (B)
766  Environmental information processing, (C) Genetic information processing, (D) Metabolism,
767  and (E) Organismal systems. Bars represent the number of Platycladus orientalis assigned
768  unigenes with BLASTX matches to each KEGG term. The x-axis indicates the number of

769  genes annotated under the pathway out of the total number of genes annotated (%).
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Fig. 6. Analysis of DEGs among the four Platycladus orientalis ages.
(B) Number of DEGs in pairwise comparisons; (B) A Venn diagram of the numbers of unique
and common DEGs between different stages; (C) Significantly enriched KEGG pathway

terms (corrected P-value < 0.05) in three comparisons (300y/20y, 1000y/20y, and 1700y/20y).
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783
784  Fig. 7. K-Means clustering of gene expression profiles.
785  (B) The centers of eight clusters with different expression patters. The number of genes in

786  each cluster is labeled; (B) Functional classification of each cluster.
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790

791  Fig. 8. Expression patterns of eight selected unigenes in Platycladus orientalis leaves
792 using qRT-PCR.

793 Verification of eight selected DEGs by qRT-PCR. Red lines indicate the results from
794  qRT-PCR, and blue lines indicate the results from RNA-seq. aTUB was used as the internal
795  control. Both methods show similar gene expression trends. Three biological replicates were

796  performed.
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800
801  Fig. 9. Differential gene expression significantly over-represented by positive or negative

802  gene expression gradients that highlight different ages of Platycladus orientalis.
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Fig. 10. Expression patterns of photosynthesis-related unigenes in Platycladus orientalis
leaves.

Verification of eight selected DEGs by qRT-PCR. The red column contains the results from
qRT-PCR and the blue column contains the results from RNA-seq. aTUB was used as the
internal control. Both methods show similar gene expression trends. Three biological

replicates were performed.
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Fig. 11. Chlorophyll a, chlorophyll b, and total chlorophyll content.
Vertical bars represent the mean + SD of four separate experiments. Data were analyzed by

ANOVA in the SPASS software.
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820
821  Table Captions

822  Table 1. Functional annotation of the Platycladus orientalis transcriptome.

823
Number of Percentage
Annotated databases ]
Unigenes (%)
Annotated in NR 24080 50.12
Annotated in NT 8380 17.44
Annotated in KO 7783 16.19
Annotated in SwissProt 18483 38.47
Annotated in PFAM 18546 38.6
Annotated in GO 20029 41.68
Annotated in KOG 9877 20.55
Annotated in all Databases 3105 6.46
Annotated in at least one
26226 54.58
Database
Total Unigenes 48044 100
824
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