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extensive transcriptome changes 
during seasonal leaf senescence 
in field-grown black cottonwood 
(Populus trichocarpa Nisqually-1)
Haiwei Lu, Michael i. Gordon, Vindhya Amarasinghe & Steven H. Strauss*

To better understand the molecular control of leaf senescence, we examined transcriptome changes 
during seasonal leaf senescence in Populus trichocarpa Nisqually-1, the Populus reference genome, 
growing in its natural habitat. Using monthly (from May to October) transcriptomes for three years 
(2009, 2015, and 2016), we identified 17,974 differentially expressed genes (DEGs; false discovery rate 
<0.05; log-fold change cutoff = 0) from 36,007 expressed Populus gene models. A total of 14,415 DEGs 
were directly related to transitions between four major developmental phases – growth, senescence 
initiation, reorganization, and senescence termination. These DEGs were significantly (p < 0.05) 
enriched in 279 gene ontology (GO) terms, including those related to photosynthesis, metabolic 
process, catalytic activity, protein phosphorylation, kinase activity, pollination, and transport. Also, 
there were 881 differentially expressed transcription factor (TF) genes from 54 TF families, notably 
bHLH, MYB, ERF, MYB-related, NAC, and WRKY. We also examined 28 DEGs known as alternative 
splicing (AS) factors that regulate AS process, and found evidence for a reduced level of AS activity 
during leaf senescence. Furthermore, we were able to identify a number of promoter sequence motifs 
associated with leaf senescence. This work provides a comprehensive resource for identification of 
genes involved in seasonal leaf senescence in trees, and informs efforts to explore the conservation and 
divergence of molecular mechanisms underlying leaf senescence between annual and perennial species.

Leaf senescence is the programmed death of foliage that enables nutrient mobilization from leaf into seeds in 
annual plants, or into buds, trunk and roots in perennial plants. It is an essential mechanism of plant adaptation 
and survival1,2. The onset of leaf senescence can be triggered by endogenous factors, such as plant age, reproduc-
tion, and the level of phytohormones, and exogenous stimuli, such as prolonged-darkness, extreme temperature, 
and other abiotic stresses3–5. During leaf senescence highly coordinated, sequential changes occur in gene expres-
sion, cell structure, and metabolism, which have been subdivided into three stages: initiation, reorganization, 
and termination3. The initiation phase is hallmarked by large shifts in gene expression. Such alteration leads to 
chloroplast breakdown and the replacement of carbon assimilation, including photosynthesis, by catabolism of 
chlorophyll and other macromolecules that culminate during the reorganization phase. The profound metabolic 
changes ensure nutrient remobilization before the disruption of mitochondria and nucleus in the terminal phase.

In the past decade, transcriptome analysis has enabled the identification of a large repertoire of 
senescence-associated genes (SAGs) and facilitated understanding of the molecular control of leaf senescence, 
particularly response to endogenous stimuli, aging and seed-filling. For example, in the model plant species 
Arabidopsis thaliana (Arabidopsis), Breeze et al.6 produced a set of time-course microarray data that examined  
changes in protein-coding messenger RNA (mRNA) expression during leaf development and senescence.  
Woo et al.7 generated a set of multidimensional leaf transcriptome data using RNA sequencing (RNA-Seq). They 
examined changes in not only mRNAs but also non-coding RNAs (ncRNAs) transcribed from nuclear, chloro-
plast, and mitochondrial genomes. In addition to Arabidopsis, transcriptome data has been produced from a 
number of annual species, including cotton (Gossypium hirsutum), soybean (Glycine max), wheat (Triticum aes-
tivum), maize (Zea mays), and rice (Oryza sativa)8. In agreement with the apparent physiological changes, these 
temporal transcriptome profiling studies found downregulation of genes involving in anabolic processes, such as 
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chlorophyll biosynthesis and photosynthesis, and upregulation of genes participating in catabolic processes, such 
as cell wall degradation and lipid catabolism. Transcription factors (TFs), such as NAC, WRKY, bHLH, and bZIP, 
were found to have key roles in regulating leaf senescence6,9–11. Environmental signal-induced senescence has 
much in common with age/reproduction-dependent senescence, yet it requires the coordination of different sets 
of genes, especially during the onset and initiation stages. For example, Buchanan-Wollaston et al.12, and Guo and 
Gan13 revealed 1,233 differentially expressed and 474 upregulated genes, respectively, that are uniquely involved 
in dark-induced senescence in Arabidopsis.

Despite the large volume of data generated from annual plants, perennials, which exhibit seasonal leaf senes-
cence upon shortened day length14, remain largely unvisited. An initial effort to investigate transcriptome changes 
during seasonal leaf senescence was made by Andersson et al.15 using a 13,500 transcript microarray derived 
from a single aspen (Populus tremula) tree in a natural stand. Another study was performed by Wen et al.16 using 
microarray and RNA sequencing (RNA-Seq). The authors profiled transcriptome changes during leaf develop-
ment in Formosan gum (Liquidambar formosana). Both studies suggested that seasonal leaf senescence in trees 
share common regulatory mechanisms with leaf senescence in annual plants, in terms of the major changes in 
gene expression and the key TF regulators that were identified.

To extend the knowledge of gene expression changes during leaf senescence in perennial plants in a natu-
ral environment, we examined transcriptome changes during leaf growth and senescence in three field-grown 
P. trichocarpa trees for three years using RNA-Seq (Fig. 1). Specifically, the hypotheses that we aimed to test 
include: (1) due to the in-depth sampling and sequencing, our dataset will enable the identification of a large 
number of SAGs that were not previously reported in perennials. (2) Because seasonal senescence in Populus and 
age-dependent senescence in Arabidopsis are triggered by different factors, a unique set of differentially expressed 
genes (DEGs) is associated with the onset of senescence in each case. (3) Previous studies have revealed common 
regulatory networks controlling the progression of senescence across plant species, therefore the DEGs, gene 
ontologies (GOs), and TFs identified in this study will strongly overlap with those associated with leaf senes-
cence in other plant species. (4) Because alternative splicing (AS) has been known to regulate plant defense and 
environmental fitness, a number of AS factor encoding genes will be recognized from the DEGs identified in 
this study. (5) In field grown trees, three simultaneously occurring processes, seasonal leaf senescence, bud dor-
mancy, and cold acclimation, are induced by common environmental stimuli, shortened day length and low 
temperature, therefore there will be overlaps between DEGs identified in this study and dormancy-associated 
genes (DAGs) and cold-acclimation-associated genes (CAGs) previously reported in Populus. Directed by these 
hypotheses, we report extensive transcriptome remodeling that both support and extend expectations from pre-
vious publications.

Methods
plant material. P. trichocarpa (clone Nisqually-1) trees planted on a field site in Corvallis, OR, USA were 
used in this study. The three trees used for 2009 collections were planted in 2003, while the three trees used for 
2015 and 2016 collections (Fig. 2A) were planted in 2009. In all three collection years, we collected leaf samples 
in afternoons (ranging from 2 pm to 4 pm, depending on collection date) at the end of each month from May to 

Collected leaf samples monthly from 
May to Oct in 2009, 2015, and 2016

Built and sequenced a total of 54 RNA-Seq libraries
(3 biological replicates per collection timepoint)

Mapped reads and assembled 
and quantified transcripts

Monitored changes in physiological 
parameters in 2015 and 2016 

Assessed sample similarity by
PCA and hierarchical clustering

Grouped 2015 and 2016 samples 
into four developmental states

Identified DEGs among
developmental states

Identified sequence motifs 
associated with distinct 

gene expression patterns

Identified GO terms

Identified AS factors

Compared with genes identified in 
2009 and those reported by others

Identified TFs

Grouped 2009 samples 
into two classes

Identified DEGs
between classes

Figure 1. Overview of experimental strategy. Abbreviations used: PCA = principal component analysis, 
DEG = differentially expressed gene, GO = gene ontology, TF = transcription factor, AS = alternative splicing.
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October, specifically, on May 29, June 28, July 28, August 27, September 27, and October 28 in 2009, May 29, June 
30, July 29, August 31, September 30, and October 29 in 2015, and May 31, June 30, July 27, August 30, September 
29, and October 28 in 2016. For each tree, two fully expanded leaves (Fig. 2B) from branches on the north side 
of the tree 5 to 6 feet off the ground were cut using sterile scalpel blades, immediately placed in liquid nitrogen, 
and stored at −80 °C until they were used for RNA isolation. Average temperatures and precipitations over the 
collection period (obtained from Hyslop Weather Station, https://agsci.oregonstate.edu/hyslop-weather-station) 
are shown in Fig. 2C.

physiological data collection and analysis. At each collection timepoint in 2015 and 2016, we moni-
tored changes in two senescence-associated physiological parameters: leaf chlorophyll content index (CCI), and 
electrolyte leakage index (ELI). The CCI was measured using a hand-held SPAD meter (Konica Minolta SPAD-
502 Plus; Minolta, Osaka, Japan). Eight fully expanded leaves (from branches on the north side of the tree 5 to 
6 feet off the ground, same as the ones collected for RNA isolation) were measured per tree, with three SPAD 
measurements per leaf. Three of these leaves were collected and placed on ice for 30 minutes before they were 
processed in lab for electrolyte leakage measurement adapted from Woo et al.17. In brief, a total of 15 leaf discs per 
leaf were cut using a clean hole punch, then immersed in 10 ml of distilled deionized water (ddH2O) in a 15 ml 
microcentrifuge tube at room temperature with gentle shaking for 24 hours, after which the initial conductivity 
was measured. Total conductivity was determined after boiling leaf discs for 10 minutes and allowing cool down 
to room temperature. Conductance, the indicator of ELI, was calculated by dividing the initial conductivity by the 
total conductivity. We performed ANOVA (R version 3.5.2) to examine differences in the physiological parame-
ters among collection timepoints from each year.

RNA-Seq library preparation and sequencing. Total RNA was isolated from leaf samples using a 
CTAB method18, followed with DNase I treatment to remove contaminating genomic DNA (Qiagen, Valencia, 
CA, USA). The quantity and integrity of RNA samples were examined using a NanoDrop 1000 (Thermo Fisher 
Scientific, Waltham, MA) and a Bioanalyzer 2000 (Agilent Technologies, Santa Clara CA) before RNA-Seq library 
construction and sequencing at Center for Genome Research and Biocomputing at Oregon State University 
(Corvallis, OR, USA). For samples from 2009, we performed mRNA enrichment using Oligotex mRNA Mini Kit 
(Qiagen, Valencia, CA, USA) and constructed libraries following the method reported by Filichkin et al.19. The 
resulting libraries were sequenced on an Illumina GAIIx instrument with paired-end 50 bp runs. Similarly, for 
each sample collected in 2015 and 2016, we performed mRNA enrichment and built strand-specific RNA library 
preparation using PrepX polyA mRNA Isolation Kit and PrepX RNA-seq for Illumina Library Kit (both from 
WaferGen Bio-Systems Inc, Fremont, CA, USA), respectively. The libraries were then sequenced on an Illumina 
HiSeq. 3000 instrument with 9 to 10 samples per lane and single-end 150 bp runs. The sequencing files have been 
deposited in the National Center for Biotechnology Information (NCBI) database (BioProject: PRJNA597006).

Assessment of RNA-Seq data and identification of DEGs. We performed transcript assembly and 
mapping to the P. trichocarpa genome v3.120 (downloaded from Phytozome v12.1) using the HISAT2-StringTie 
pipeline21,22. Using the Bioconductor R package ‘DESeq. 2’23, we first normalized the HISAT2-StringTie pipeline 
generated read counts. Next, we explored similarities among monthly collections from three years using princi-
pal component analysis (PCA) and hierarchical clustering, which directed us to examine 2009 data separately 
from 2015 and 2016 data, and grouped monthly collections into different states (see Results). We then conducted 
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Figure 2. Plant materials and collection condition. (A) Three Populus trichocarpa trees (clone Nisqually-1, 
planted in Corvallis OR), indicated by red arrows, used for 2015 and 2016 collections. Images taken on June 30, 
2015 and October 29, 2015, respectively. (B) Leaf samples collected in 2015. Images taken on May 29, June 30, 
July 29, August 31, September 30, and October 29, in 2015, respectively. (C) Weekly average temperature and 
precipitation in Corvallis OR during the sample collection period.
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negative binomial Wald tests for differential gene expression analysis with false discovery rate (FDR) less than 
0.05 and log-fold change (LFC) cutoff of 0.

Validation of transcript abundance with quantitative RT-PCR. To validate gene expression 
reflected by DESeq. 2-normalized RNA-Seq counts, we selected four genes and examined their transcript lev-
els in July, August, September, and October in 2015, using quantitative RT-PCR (qRT-PCR). The four selected 
genes were Potri.011G079500, Potri.001G348900, Potri.015G099200, and Potri.001G374800, which were 
homologs of Arabidopsis CHLOROPHYLL-PROTEIN COMPLEX II SUBUNIT B1 (LHB1B1, AT2G34430), 
CARBONIC ANHYDRASE 1 (CA1, AT3G01500), WRKY DNA-BINDING PROTEIN 75 (WRKY75, AT5G13080) 
and GLUTAMATE RECEPTOR 2.7 (GLR2, AT2G29120). The Populus ELONGATION FACTOR1-BETA gene 
(PtEF1-beta, Potri.009G01860) was used as reference genes. All gene-specific primers were designed using 
PRIMER3PLUS24, apart from those for amplifying EF1- beta, which were reported by Wang et al.25. The efficiency 
of each primer pair was evaluated with standard curve before performing qRT-PCR (Supplementary Table S1). 
Complementary DNA (cDNA) samples were synthesized from the same RNA samples used for RNA-Seq with 
SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA). PCR were performed on a StepOnePlus 
real-time PCR system (Applied Biosystems, Foster City, CA, USA). The amplification condition consisted of an 
initial denaturation at 95 °C for 10 minutes, 40 cycles of 95 °C for 15 seconds, 57 °C for 15 seconds, and 72 °C for 
20 seconds, followed by melt-curve analysis with a temperature increase of 0.3 °C per second. Three biological 
replicates were used for each examined collection timepoint; two technical replicates were used for each reaction. 
The relative gene expression was determined using the ∆Ct method. Pearson correlation coefficients between 
DESeq. 2-normalized RNA-Seq counts and qRT-PCR-measured transcript levels were calculated based on tree 
means.

Functional analysis of DEGs identified from 2015 and 2016 RNA-Seq data. Due to large 
within-month variance observed in 2009 collections (see Results), we primarily focused on DEGs identified 
from 2015 and 2016 RNA-Seq data for downstream analysis. To explore the composition of these DEGs, we first 
assigned them into different GO groups according to the agriGO v2.0 database26. We then identified known TF 
genes from the DEGs according to the P. trichocarpa TF database in PlantTFDB v4.027 (http://planttfdb.cbi.pku.
edu.cn/). Similarly, we identified AS factor encoding genes from the DEGs based on the annotation of P. tricho-
carpa genome v3.1. Expression profiles of genes of interest were plotted using R package ‘pheatmap’.

Identification of overrepresented sequence motifs. To identify sequence motifs associated senes-
cence, we performed fuzzy C-means clustering analysis using the R package ‘e1071’28 and clustered DEGs from 
2015 and 2016 data based on their expression patterns. In fuzzy C-means clustering, the input dataset was 
grouped into n clusters. Every datapoint was related to each of the n clusters with varying degrees of belonging 
(i.e., membership, on a scale ranging from 0.0 and 1.0). Datapoints that located far from the center of a cluster 
had a low degree of belonging to that cluster and therefore low membership values. Each datapoint was assigned 
into the cluster to which it has the highest membership29. For genes with membership scores higher 0.80, we 
used 2 kb of upstream sequences relative to their transcription start sites, and performed sequence motif enrich-
ment using two motif finding tools, HOMER and MEME, available at KBase30 (https://kbase.us/). To identify a 
high-confidence subset of motifs, we compared the lists of sequence motifs generated by HOMER and MEME 
using the Ensemble algorithm at KBase, with a threshold of 0.8 and a proportion of 1.0. We also compared the 
high-confidence motifs against known motif database ArabidopsisDAP (v1) using Tomtom Motif Comparison 
Tool31 (available at MEME Suite v5.0.5) with default settings.

Comparison of DEGs with Venn diagrams. We further explored the unions and intersections of 
DEGs identified in several different cases using Venn diagrams. First, we compared 2015/2016-based DEGs 
with 2009-based DEGs. Then, directed by our hypotheses (2) and (5) (see Introduction), we compared 
2015/2016-based results with three published studies, which reported DEGs in response to age-dependent leaf 
senescence7, the transition from para-dormancy to endo-dormancy32 and low temperature treatment at 4 °C33, 
respectively. Because the study conducted by Woo et al.7 was performed in Arabidopsis, we compared against their 
database using Arabidopsis gene models represented by the DEGs identified in this study. In all cases, results were 
visualized using four-way Venn diagrams generated with InteractiVenn34, or weighted three-way Venn diagrams 
produced with the R package ‘eulerr’35.

Results
physiological changes during collection period. We observed statistically significant (p < 0.05) changes 
among collections for CCI and ELI in 2015 and 2016. In both years, CCI remained high from May to August, 
then significantly diminished starting in September (Fig. 3; Supplementary Table S2). It continued decreasing 
from September to October in 2015, but kept at the same level in these two months in 2016. ELI was significantly 
reduced from May to June, and did not increase until September in both years. In 2016, ELI kept increasing from 
September to October. These changes indicated that our collections spanned highly differentiated physiological 
states during leaf development and death.

Overview of RNA-Seq data from three years. We built and sequenced a total of 54 RNA-Seq libraries 
with three biological replicates per collection timepoint. For each library, we obtained 12.4 million to 65.1 million 
raw reads from Illumina sequencing, and 6.0 million to 41.1 million mapped reads from HISAT2-based mapping 
(Supplementary Table S3). StringTie-based transcript assembly and quantification revealed that a total of 36,007 
gene models were expressed during the collection period (Supplementary Table S4). Principal component analy-
sis (PCA) plot of DESeq. 2-normalized read counts showed that 2009 collections had larger variations compared 
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with 2015 and 2016 collections (Supplementary Fig. S1), we therefore analyzed 2009 data separately from the 
other two years.

Grouping of the 2009 collections into two classes. Both PCA plot and heatmap of sample-to-sample 
distances revealed large within-month variance in 2009 data, particularly in June collections (Supplementary 
Fig. S2A,B). We therefore removed the three June samples from differential expression analysis. We then grouped 
the remaining collections into two groups based on hierarchical clustering, which suggested overall similarities 
among samples (Supplementary Fig. S2B). One group consisted of May, July, August, and September collections, 
and named ‘09MS’, and the other group included October collections and was named ‘09 O’.

Assignment of 2015 and 2016 collections into four developmental states. PCA plot of 2015 and 
2016 data indicated that collections from these two years formed four chronological groups: May, June, and 
July collections from both years clustered together and formed one group, meanwhile August, September, and 
October collections over both years each formed an individual month-based cluster (Fig. 4A). Comparison of 
each monthly collection in 2015 to the same month in 2016 revealed that 395 (1.1%) to 6,233 (18.0%) of the 
expressed 34,623 genes were differentially expressed (FDR < 0.05, LFC cutoff = 0) between years (Supplementary 
Fig. S3). Within each year, 224 (0.7%) to 15,798 (45.6%) of the expressed genes were differentially expressed 
(FDR < 0.05, LFC cutoff = 0) among months (Supplementary Table S5; Supplementary Table S6). Consistent with 
PCA-generated groups, clustering of samples based on the 150 most highly differentially expressed genes identi-
fied in the comparison between May 2015 and October 2015 produced four same chronological groups (Fig. 4B). 
We classified these groups as ‘active growth’, ‘senescence initiation’, ‘reorganization’, and ‘senescence termination’, 
respectively, according to the leaf senescence phases defined by Munné-Bosch (see Introduction and Discussion).

Identification of DEGs. Comparison of the two 2009 groups, ‘09MS’ and ‘09 O’, identified 10,375 DEGs 
(FDR < 0.05, LFC cutoff = 0), including 6,093 downregulated and 4,282 upregulated genes as leaves senesced 
(Supplementary Table S7).

Comparison of every two chronologically successive developmental states from 2015 and 2016 showed that 
a total of 14,415 (41.6%) of the expressed 34,623 genes were differentially expressed (FDR < 0.05, LFC cutoff = 
0) in three developmental transitions, with 7,198, 7,091, and 5,698 DEGs associated with the transitions from 
growth to senescence initiation, from reorganization to termination, and from senescence initiation to reorgani-
zation, respectively (Supplementary Table S7). In each transition, the number of downregulated genes was slightly 
larger (i.e., 172 to 943 more) than the number of upregulated genes.

Combining 2009- and 2015/2016-based results, there were a total of 17,974 DEGs associated seasonal leaf 
growth and senescence. Among these DEGs, 3,939 (21.9%, including 2,212 downregulated and 1,727 upregulated) 
genes were only identified in 2009, and 8,988 (50.0%, including 4,512 downregulated and 4,476 upregulated) 
genes were specifically identified in 2015 and 2016. Meanwhile, 6,436 (35.8%, including 3,881 downregulated 
genes and 2,555 upregulated) genes were shared among years (Supplementary Fig. S4). In addition, 1,116 (6.2%) 
of the DEGs had no Arabidopsis match, and therefore were considered as novel (Supplementary Table S7).
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Correlations between RNA-Seq and qRT-PCR expression levels. To validate RNA-Seq reflected 
transcript level, we performed qRT-PCR and determined the expression levels of four selected DEGs, PtLHB1B1, 
PtCA1, PtWRKY75, and PtGLR2, relative to the reference gene PtEF1-beta, in July, August, September, and 
October of 2015. Consistent with RNA-Seq data, qRT-PCR result showed that the expression of PtLHB1B1 and 
PtCA1 decreased, while the expression of PtWRKY75 and PtGLR2 kept increasing, during the onset and progres-
sion of senescence (Fig. 5). Pearson correlation coefficients ranged from 0.73 to 0.88 for each gene. Regression 
analysis of tree means indicated a quadratic relationship between the RNA-Seq data and qRT-PCT data (p < 0.001 
for the quadratic term) fit our data better than a linear relationship (Supplementary Fig. 5).

GO terms enriched in DEGs among leaf developmental states. To reveal functional categories asso-
ciated with leaf senescence, we performed GO enrichment using the 14,415 DEGs identified from 2015 and 2016 
data. A total of 279 GO terms were significantly (p < 0.05) enriched during the three developmental transitions 
(Supplementary Table S8). The transition from initiation to reorganization had fewest number of significant 
(p < 0.05) GO terms, with only 26 terms enriched, while each of the other two transitions had 166 terms. A total 
of 115 GO terms were specifically enriched in downregulated genes. Upon the initiation of senescence, genes 
encoding ribosome, chloroplasts, and other organelles were downregulated, indicated by the enrichment of cel-
lular component terms, such as GO:0005840 ribosome, GO:0009579 thylakoid, GO:0044436 thylakoid part, and 
GO:0034357 photosynthetic membrane (Supplementary Table S8). Biological process terms related to photosyn-
thesis (for example, GO:0009765, GO:0015979, and GO:0019684), metabolic activity (for example, GO:0008152), 
and energy generation (for example, GO:0006091), were also enriched in downregulated genes. Many of these 
cellular component and biological process terms were constantly downregulated throughout the process of senes-
cence. In addition, as senescence progressed from initiation to reorganization, the expression levels of genes 
regulating catalytic activity (GO:0003824) were declined (Supplementary Table S8; Fig. 6).

Concurrently, we found 162 GO terms enriched in upregulated genes. Several biological process terms linked 
to protein phosphorylation (for example, GO:0006468, GO:0006796, and GO:0006793) were enriched during 
senescence initiation and reorganization (Supplementary Table S8), confirming the presence of post-translational 
level regulation of leaf senescence. Several GO terms related to reproduction and pollination (GO:0009875 
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pollen-pistil interaction, GO:0048544 recognition of pollen, GO:0009856 pollination, GO:0000003 reproduc-
tion, and GO:0022414 reproductive process) were enriched in the transition from growth to initiation (Fig. 6; 
Supplementary Table S8). The 48 genes enriched in these GO categories were homologous to 11 Arabidopsis gene 
models; nearly all these genes were associated with kinase activities (Supplementary Table S9). In the transi-
tion from reorganization to termination, active relocation occurred, as multiple GO terms, such as GO:0016192 
vesicle-mediated transport, GO:0051641 cellular localization, GO:0051649 establishment of localization in cell, 
and GO:0008104 protein localization, were enriched (Fig. 6; Supplementary Table S8).

Activities of tfs and AS factors during leaf senescence. Among the 14,415 DEGs obtained from 
2015 and 2016 data, we identified a total of 881 differentially expressed TF genes from 54 TF families (Table 1). 
We found that several TF families that are widely known to regulate leaf senescence, such as NAC, WRKY, MYB, 
C2H2, and bZIP, were among the largest families that were active during our study period. Particularly, the major-
ity of TF genes in the NAC and WRKY families were upregulated in more than one of the three developmental 
transitions (Supplementary Fig. S6). We also found that bHLH, ERF, and MYB_related TF families were overrep-
resented in genes both downregulated and upregulated (Table 1; Supplementary Fig. S6).
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Figure 5. qRT-PCR validation of RNA-Seq data. Green bars represent DESeq. 2-normalized read counts, 
orange lines represent qRT-PCR determined relative transcript levels, error bars indicate standard errors (SEs) 
over three biological replicates, r values indicate Pearson correlation coefficients.

Figure 6. Categories of GO terms most significantly (P < 0.0001) enriched using upregulated and 
downregulated genes identified during leaf senescence. Detailed GO term IDs and annotations can be found in 
Supplementary Table S8.
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TF Family (Total No. in P. trichocarpa)
No. (%) of Differentially 
Expressed TF Genes

bHLH (202) 77 (38.12)

MYB (213) 67 (31.46)

ERF (175) 66 (37.71)

MYB_related (101) 55 (54.46)

NAC (170) 51 (30.00)

WRKY (102) 51 (50.00)

C2H2 (142) 46 (32.39)

bZIP (96) 42 (43.75)

G2-like (66) 33 (50.00)

FAR1 (51) 30 (58.82)

GRAS (106) 29 (27.36)

HD-ZIP (63) 27 (42.86)

C3H (62) 23 (37.10)

ARF (35) 22 (62.86)

Trihelix (59) 19 (32.20)

GATA (39) 17 (43.59)

B3 (110) 16 (14.55)

Dof (45) 16 (35.56)

SBP (30) 16 (53.33)

TALE (34) 15 (44.12)

TCP (37) 14 (37.84)

MIKC-MADS (51) 12 (23.53)

ARR-B (17) 9 (52.94)

CO-like (17) 9 (52.94)

DBB (19) 9 (47.37)

HB-other (16) 8 (50.00)

HSF (30) 8 (26.67)

Nin-like (20) 8 (40.00)

AP2 (31) 6 (19.35)

E2F/DP (9) 6 (66.67)

GRF (19) 6 (31.58)

NF-YA (13) 6 (46.15)

NF-YB (21) 6 (28.57)

BES1 (14) 5 (35.71)

LBD (58) 5 (8.62)

M-type_MADS (54) 4 (7.41)

NF-YC (18) 4 (22.22)

YABBY (12) 4 (33.33)

ZF-HD (21) 4 (19.05)

BBR-BPC (16) 3 (18.75)

CPP (12) 3 (25.00)

EIL (7) 3 (42.86)

LSD (5) 3 (60.00)

NF-X1 (3) 3 (100.00)

CAMTA (7) 2 (28.57)

GeBP (6) 2 (33.33)

HB-PHD (4) 2 (50.00)

VOZ (4) 2 (50.00)

WOX (18) 2 (11.11)

HRT-like (1) 1 (100.00)

S1Fa-like (2) 1 (50.00)

SRS (10) 1 (10.00)

STAT (2) 1 (50.00)

Whirly (3) 1 (33.33)

Total 881

Table 1. Number of differentially expressed TFs during leaf development.
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Similarly, we identified 28 AS factor encoding genes from the 2015/2016-based DEGs. The majority of these 
genes were downregulated upon senescence initiation. Only eight genes, including two SPLICING FACTOR 1 
(SF1) homologs and one SWELLMAP 1 (SMP1) homolog, were upregulated (Fig. 7).

Clustering of DEGs by expression pattern and identification of sequence motifs associated 
with leaf senescence. Using fuzzy C-means clustering algorithm, the 14,415 2015/2016-based DEGs were 
grouped into five distinct clusters (Supplementary Fig. S7; Supplementary Table S10), with each cluster contain-
ing 1,770 to 3,548 genes (Supplementary Table S11; Supplementary Table S12). Genes in clusters 1 and 3 showed 
increased expression during leaf senescence, while genes in clusters 4 and 5 showed reduced expression in gen-
eral. Genes in Cluster 2 were upregulated from growth to initiation but downregulated in later developmental 
states (Fig. 8A).

To identify overrepresented sequence motifs associated with downregulated and upregulated genes dur-
ing senescence, we performed motif enrichment using genes with membership scores higher than 0.80 
in clusters 1, 3, 4, and 5, respectively. For each cluster, we identified 34 motifs using MEME and HOMER 
(Supplementary Table S13), and one to four high confidence motifs after filtering with the Ensemble algorithm 
(Fig. 8B). Comparison against Arabidopsis motif database ArabidopsisDAP (v1) showed that seven of the nine 
high-confidence motifs matched to known motifs associated with various TFs, such as bZIP, TCP, NAC, Trihelix, 
and bHLH (Supplementary Table S14).

DEGs shared with age-dependent senescence, seasonal bud dormancy, and cold acclimation.  
To relate genes identified in this study to SAGs previously discovered, we compared 2015/2016-based DEGs, rep-
resenting 8,949 Arabidopsis gene models, against the 6,661 Arabidopsis genes reported by Woo et al.7 in studying 
age-dependent senescence. A total of 3,046 Arabidopsis gene models were shared between seasonal senescence in 
Populus and age-dependent senescence in Arabidopsis; meanwhile, 3,615 and 5,903 Arabidopsis gene models were 
uniquely identified in age-dependent senescence and seasonal senescence, respectively (Fig. 9A; Supplementary 
Table S15). We did not distinguish upregulated and downregulated genes in the comparison because this infor-
mation was not reported by Woo et al.7.

To determine the level of similarity in genetic control of seasonal leaf senescence and bud dormancy, we com-
pared the DEGs identified in the transitions from senescence initiation to reorganization and from reorganization 
to termination to the 1,455 Populus DAGs (including 1,124 downregulated genes and 331 upregulated genes) 
identified by Howe et al.32 in the transition from paradormancy (August) to endodormancy (November and 
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Figure 7. Expression profile of differentially expressed alternative splicing (AS) factors among developmental 
states. G = active growth; I = senescence initiation, R = reorganization, and T = senescence termination. For 
each gene, its Populus gene ID, corresponding Arabidopsis homolog (ID and name), and changes in expression, 
are shown. D = downregulated; U = upregulated; S = same (i.e., no significant changes).
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December). We found a total of 564 genes (including 429 downregulated genes and 135 upregulated genes) that 
were in common (Fig. 9B; Supplementary Table S15). These genes, in particular, the downregulated ones, were 
enriched in 28 GO terms (Supplementary Table S16), among which six GO terms (GO:0015979, GO:0009765, 
GO:0019684, GO:0034357, GO:0009521, and GO:0009579), all related to photosynthesis, were most significantly 
(p < 0.001) enriched.

Similarly, to explore genes in common with those responding to cold acclimation, we compared our DEGs 
with the 1,198 Populus CAGs in response to low temperature treatment at 4 °C reported by Chen et al.33. In total, 
there were 447 genes (including 194 downregulated genes and 253 upregulated genes) shared by both senescence 
and cold acclimation (Fig. 9C; Supplementary Table S15). We obtained 29 GO terms, for example, those related to 
biosynthesis and metabolic process, enriched in the shared upregulated genes (Supplementary Table S16).

Discussion
Here we describe a time-course analysis of transcriptome changes during Populus leaf development and senes-
cence over three years. We used RNA-Seq, a revolutionary tool for transcriptome profiling36, and P. trichocarpa 
Nisqually 1, the reference genome20. Due to in depth library sequencing, we were able to obtain numerous low 
abundance transcripts; we detected expression of 36,007 genes during the collection period. This number nearly 
tripled the number of genes examined in the microarray-based Populus senescence transcriptome study con-
ducted by Andersson et al.15. In differential expression analysis, we set FDR to 0.05 and LFC cutoff to zero to max-
imize the chance of discovering novel SAGs. We were able to identify 17,974 DEGs, including 1,116 genes without 
known Arabidopsis matches and those represented 5,903 Arabidopsis genes that were not previously reported in 
age-dependent leaf senescence transcriptomes7.

The variation in gene expression and its connection to physiological progression of senescence that we 
observed in Populus largely concur with what have been reported in Arabidopsis and other plant species. For 
example, gene expression during active growth varied widely among samples, much more than did samples 
undergoing senescence, which is evident from our PCA plots (Fig. 4A) and differential expression analysis 
(Supplementary Fig. S3) of the RNA-Seq data. A similar observation that growth is under less tight genetic control 
compared with senescence was reported in Arabidopsis7. We observed the first set of considerable changes in gene 
expression in August (as reflected by the color change in Fig. 4B), suggesting the initiation of senescence accord-
ing to Munné-Bosch’s model3. Although GO analysis indicated that genes related to thylakoid and its structure 
started to be downregulated in the transition from growth to initiation (Supplementary Table S8), physiologically 
we did not observe significant decrease in chlorophyll content until September (Fig. 3A,C), which corresponds 
with the start of the reorganization phase3. As part of the final stages of cell death and leaf senescence, the plasma 
membrane is disrupted resulting in leaf electrolyte leakage, which can be quantified by conductance – which has 
been proposed to be a reliable indicator of the terminal phase of senescence1,17. October collections from both 
years showed high levels of conductance, indicating massive membrane deterioration and the final stage of senes-
cence. Interestingly, May collections also showed high levels of conductance. This phenomenon might be due to 
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motifs enriched using genes with membership scores higher than 0.80 in each cluster.
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the acquisition of ammonium and other nutrient during active growth37 but not loss of plasma membrane integ-
rity. Munné-Bosch’s model3 suggests that nutrient translocation occurs at the late stages of reorganization. We 
found active relocation, as suggested by GO enrichment (Fig. 6), in October but not September. Nonetheless, we 
classified October as in the termination phase, as both increased leaf electrolyte leakage and overrepresentation 
of transport-related GO terms indicated the final stage of leaf senescence were underway.

We found that the 2009 data was poorly correlated with the 2015 or 2016 data. This might be due to a number 
of factors, including a change in the trees sampled in most recent two years and the use of a different sequencing 
platform. In 2015 and 2016 single-end 100 pb reads were produced on Illumina Hiseq. 3000, which is a superior, 
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Figure 9. Number of DEGs that are in common with or distinct from age-dependent senescence in Arabidopsis 
(A) and vegetative bud dormancy (B) and cold acclimation (C) in P. trichocarpa, respectively. The Arabidopsis 
senescence data was generated by Woo et al.7, the Populus dormancy data was generated by Howe et al.32, and 
the Populus cold acclimation data was generated by Chen et al.33. G-I = active growth to senescence initiation; 
I-R = senescence imitation to reorganization; R-T = reorganization to senescence termination; M-S = mature to 
senescence; Para-Endo = paradormancy (August) to endodormancy (November and December); 4 °C-Rm = 
cold treatment at 4 °C vs. control at room temperature. The four-way Venn diagrams in panels (A) and (C) were 
created using the web-based tool InteractiVenn, and the weighted three-way Venn diagrams in panel (B) were 
created using the package ‘eulerr’ in R (version 3.5.2, 2018; see Methods for details).
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higher depth (nearly 7.5 fold more reads per lane) platform than Illumina GAIIx38,39 that was used for producing 
paired-end 50 bp reads from 2009 samples. Given this difference, we were surprised to find that 3,939 DEGs were 
identified in 2009 but not in 2015/2016. It is possible that the classification of the 2009 samples into two general 
groups enabled the identification of DEGs that had subtle changes among the four chronological groups used for 
analysis of the 2015 and 2016 samples.

During our sampling period, seasonal bud dormancy and cold acclimation seemingly occurred simultane-
ously with leaf senescence, however we found low percentage (39% or less) of DEGs shared between senescence 
and dormancy, and between senescence and cold acclimation. These results agree with previous findings in silver 
birch (Betula pendula) that seasonal leaf senescence, bud dormancy, and cold acclimation are three relatively 
independent, though commonly co-occurring, processes40.

The enrichment of GOs that have usually been found to be associated with senescence, including photosyn-
thesis, metabolic process, kinase activity, and transport, suggest that seasonal leaf senescence have a lot of in 
common with age-dependent senescence. In addition, we found that GOs related to negative regulation of pol-
lination were upregulated in the transition from growth to senescence initiation. Examination of the associated 
genes showed that it was due to the presence of 48 genes with general functions related to protein kinase activity. 
In fact, a number of protein kinases have been found to participate in leaf senescence41,42. Therefore, the overrep-
resentation of these reproductive-related GOs is unlikely to indicate a direct association of pollination-specific 
transcription and the transition from growth to initiation of senescence.

Previous studies on transcriptome profiling of seasonal leaf senescence in perennials did not specifically iden-
tify TF genes15,16. Our identification of 881 differentially expressed TF genes from 54 different TF families con-
firmed the crucial role of TFs in leaf senescence in perennials as in annual plants. We found that a number of TF 
genes in the NAC, WRKY, and MYB families were upregulated during senescence, agreeing their roles as positive 
regulators of senescence reported previously8,43. Interestingly, the bHLH family, which had the largest number of 
genes differentially expressed in our study, was not significantly enriched in DEGs involved in leaf senescence in 
several species, such as Arabidopsis6 and wheat9. In cotton, a number of bHLH TF genes were found to be upreg-
ulated during senescence11. In our study, however, about two thirds of differentially expressed bHLH genes were 
downregulated during leaf development and senescence (Supplementary Fig. S6). The functions of bHLH TFs in 
Populus largely remain uncharacterized. In Arabidopsis, there are 162 bHLH TF genes forming 21 subfamilies44,45; 
their roles have been shown to include regulation of fruit dehiscence, anther and epidermal cell development, 
hormone signaling, and stress responses46,47. One sub-group, VII (a + b), contains members, such as PIF1, PIF3, 
PIF4, and PIF5, reacting to light signaling47. Upon exposure to light, followed by phytochrome binding, these 
PIFs are degraded and photomorphogenesis is triggered48. Furthermore, the circadian clock elements PIF4 and 
PIF5 have been upregulated and work together with other genes to activate ORE1 and other downstream SAGs in 
dark-induced senescence49–51. In our study, however, we found that one PtPIF4 (Potri.005G207200) were down-
regulated in all three developmental transitions, while the other PtPIF4 (Potri.002G055400) were downregulated 
in the transition from growth to initiation, but upregulated in the transition from reorganization to termination. 
Despite the distinct changes of PIF4 in seasonal senescence in trees and dark-induced senescence in annual spe-
cies, the overrepresentation of bHLH TFs in the DEGs identified in our study suggests the role of these TFs in 
seasonal leaf senescence in response to shortening day length.

The ERF family was also among the most active TF families identified in our study, with most of the TF genes 
downregulated (Supplementary Fig. S6). This observation is consistent with previous findings that a number of 
ERF TFs are negative regulators of leaf senescence52. It also suggests potential cross-talk between seasonal leaf 
senescence and ethylene signaling pathways, as the ERF TFs bind to ethylene-responsive elements.

Despite that AS has been shown to participate in regulating plant development and defense53,54, its role in leaf 
senescence has not been well characterized8. In this study, we were able to recognize 28 AS factor encoding genes 
that were differentially expressed during leaf senescence, with most of them were downregulated (Fig. 7). There 
were two AS factor genes, homologues to Arabidopsis SF1, showing increased expression level as leaves senesced. 
In Arabidopsis, sf1 mutants have been reported to grow shorter, have smaller leaves, flower early, and have abnor-
mal phyllotaxy in the inflorescence55, suggesting a broad role for SF1 in regulating plant development, including 
reproduction-associated leaf senescence.

We were able to enrich dozens of sequence motifs. Some of these motifs have not been reported before, 
such as “GMCARGGCG” and “CKAGMYTAG” (Supplementary Table S14). Some motifs have been previously 
found in SAGs or stress-response genes. For example, the motif ‘KCRAKCWGTC,’ overrepresented in genes 
upregulated over our study period (Fig. 8), is present in the promoter regions of Arabidopsis genes bZIP69 and 
bZIP18 (Supplementary Table S14) – two genes that were found to be highly expressed at the leaf senescence 
stage56. Several motifs enriched with genes downregulated during senescence, such as ‘TAKGGMCC’ and 
‘AGTTTGAAGAAGAAAC,’ were previously identified from TCP (e.g., TCP17 and TCP24) and NAC genes (e.g., 
ANAC075 and ANAC071), respectively, which have been found to respond to senescence or abiotic stresses57–60.

The results of this study could have applications in biotechnology. For example, the identification of sequence 
motifs enriched in upregulated genes in this study could inform efforts to engineer the biosynthesis of coprod-
ucts, such as biopolymers or proteins, in leaves in association with the onset of senescence (to reduce the drain 
of production during active plant growth and photosynthesis). Polyhydroxybutyrate (PHB), a source for biode-
gradable and stainable plastics, can be synthesized in leaves but has been shown to have negative impacts on plant 
growth61,62. The promoters of genes that were only upregulated during senescence could potentially be used to 
control PHB gene expression to minimize the negative effects of biosynthesis during growing season.

Received: 26 August 2019; Accepted: 18 February 2020;
Published: xx xx xxxx

https://doi.org/10.1038/s41598-020-63372-2


13Scientific RepoRtS |         (2020) 10:6581  | https://doi.org/10.1038/s41598-020-63372-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

References
 1. Lim, P. O., Kim, H. J. & Gil Nam, H. Leaf Senescence. Annu. Rev. Plant. Biol. 58, 115–136 (2007).
 2. Woo, H. R., Kim, H. J., Lim, P. O. & Nam, H. G. Leaf Senescence: Systems and Dynamics Aspects. Annu. Rev. Plant. Biol. 70, 347–376 

(2019).
 3. Munné-Bosch, S. Do perennials really senesce? Trends Plant. Sci. 13, 216–220 (2008).
 4. Schippers, J. H. Transcriptional networks in leaf senescence. Curr. Opin. Plant. Biol. 27, 77–83 (2015).
 5. Schippers, J. H. M., Schmidt, R., Wagstaff, C. & Jing, H.-C. Living to die and dying to live: The survival strategy behind leaf 

senescence. Plant Physiol. pp. 00498.2015 (2015).
 6. Breeze, E. et al. High-Resolution Temporal Profiling of Transcripts during Arabidopsis Leaf Senescence Reveals a Distinct 

Chronology of Processes and Regulation. Plant. Cell 23, 873–894 (2011).
 7. Woo, H. R. et al. Programming of Plant Leaf Senescence with Temporal and Inter-Organellar Coordination of Transcriptome in 

Arabidopsis. Plant. Physiol. 171, 452–467 (2016).
 8. Kim, J., Woo, H. R. & Nam, H. G. Toward Systems Understanding of Leaf Senescence: An Integrated Multi-Omics Perspective on 

Leaf Senescence Research. Mol. Plant. 9, 813–825 (2016).
 9. Gregersen, P. L. & Holm, P. B. Transcriptome analysis of senescence in the flag leaf of wheat (Triticum aestivum L.). Plant. Biotechnol. 

J. 5, 192–206 (2007).
 10. Zhang, W. Y. et al. Transcriptional Analyses of Natural Leaf Senescence in Maize. PLoS One 9, e115617 (2014).
 11. Lin, M. et al. Global analysis of the Gossypium hirsutum L. Transcriptome during leaf senescence by RNA-Seq. BMC Plant. Biol. 15, 

43 (2015).
 12. Buchanan‐Wollaston, V. et al. Comparative transcriptome analysis reveals significant differences in gene expression and signalling 

pathways between developmental and dark/starvation-induced senescence in Arabidopsis. Plant. J. 42, 567–585 (2005).
 13. Guo, Y. & Gan, S.-S. Convergence and divergence in gene expression profiles induced by leaf senescence and 27 senescence-

promoting hormonal, pathological and environmental stress treatments. Plant, Cell Environ. 35, 644–655 (2012).
 14. Michelson, I. H. et al. Autumn senescence in aspen is not triggered by day length. Physiologia Plant. 162, 123–134 (2018).
 15. Andersson, A. et al. A transcriptional timetable of autumn senescence. Genome Biol. 5, R24 (2004).
 16. Wen, C.-H., Lin, S.-S. & Chu, F.-H. Transcriptome Analysis of a Subtropical Deciduous Tree: Autumn Leaf Senescence Gene 

Expression Profile of Formosan Gum. Plant. Cell Physiol. 56, 163–174 (2015).
 17. Woo, H. R. et al. ORE9, an F-Box Protein That Regulates Leaf Senescence in Arabidopsis. Plant. Cell 13, 1779–1790 (2001).
 18. Chang, S., Puryear, J. & Cairney, J. A simple and efficient method for isolating RNA from pine trees | SpringerLink. https://link.

springer.com/article/10.1007/BF02670468 (1993).
 19. Filichkin, S. A. et al. Genome-wide mapping of alternative splicing in Arabidopsis thaliana. Genome Res. 20, 45–58 (2010).
 20. Tuskan, G. A. et al. The Genome of Black Cottonwood, Populus trichocarpa (Torr. &amp; Gray). Science 313, 1596–1604 (2006).
 21. Kim, D., Langmead, B. & Salzberg, S. L. HISAT: a fast spliced aligner with low memory requirements. Nat. Methods 12, 357–360 

(2015).
 22. Pertea, M. et al. StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat. Biotechnol. 33, 290–295 

(2015).
 23. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome 

Biol. 15, 550 (2014).
 24. Untergasser, A. et al. Primer3Plus, an enhanced web interface to Primer3. Nucleic Acids Res. 35, W71–W74 (2007).
 25. Wang, Y. et al. Validation of Reference Genes for Gene Expression by Quantitative Real-Time RT-PCR in Stem Segments Spanning 

Primary to Secondary Growth in Populus tomentosa. PLoS One 11, e0157370 (2016).
 26. Tian, T. et al. agriGO v2.0: a GO analysis toolkit for the agricultural community, 2017 update. Nucleic Acids Res. 45, W122–W129 

(2017).
 27. Jin, J. et al. PlantTFDB 4.0: toward a central hub for transcription factors and regulatory interactions in plants. Nucleic Acids Res. 45, 

D1040–D1045 (2017).
 28. Meyer, D. et al. Package ‘e1071’. The R Journal (2019).
 29. Ghosh, S. & Dubey, S. K. Comparative analysis of k-means and fuzzy c-means algorithms. International Journal of Advanced 

Computer Science and Applications 4 (2013).
 30. Arkin, A. P. (ORCID:0000000249992931) et al. KBase: The United States Department of Energy Systems Biology Knowledgebase. 

Nature Biotechnology 36 (2018).
 31. Gupta, S., Stamatoyannopoulos, J. A., Bailey, T. L. & Noble, W. S. Quantifying similarity between motifs. Genome Biol. 8, R24 (2007).
 32. Howe, G. T. et al. Extensive Transcriptome Changes During Natural Onset and Release of Vegetative Bud Dormancy in Populus. 

Front. Plant Sci. 6 (2015).
 33. Chen, J. et al. Deep-sequencing transcriptome analysis of low temperature perception in a desert tree, Populus euphratica. BMC 

Genomics 15, 326 (2014).
 34. Heberle, H., Meirelles, G. V., da Silva, F. R., Telles, G. P. & Minghim, R. InteractiVenn: a web-based tool for the analysis of sets 

through Venn diagrams. BMC Bioinformatics 16 (2015).
 35. Larsson, J. eulerr: area-proportional Euler and Venn diagrams with ellipses. R package version 3 (2018).
 36. Wang, Z., Gerstein, M. & Snyder, M. RNA-Seq: a revolutionary tool for transcriptomics. Nat. Rev. Genet. 10, 57–63 (2009).
 37. Rennenberg, H., Wildhagen, H. & Ehlting, B. Nitrogen nutrition of poplar trees. Plant. Biol. 12, 275–291 (2010).
 38. Liu, L. et al. A brief utilization report on the Illumina HiSeq2000 sequencer. Mycology 2, 169–191 (2011).
 39. Genohub. Choosing the Right NGS Sequencing Instrument for Your Study, https://genohub.com/ngs-instrument-guide/ (2019).
 40. Li, C. et al. Ecotype-dependent control of growth, dormancy and freezing tolerance under seasonal changes in Betula pendula Roth. 

Trees 17, 127–132 (2003).
 41. Hajouj, T., Michelis, R. & Gepstein, S. Cloning and Characterization of a Receptor-Like Protein Kinase Gene Associated with 

Senescence. Plant. Physiol. 124, 1305–1314 (2000).
 42. Lim, P. O., Woo, H. R. & Nam, H. G. Molecular genetics of leaf senescence in Arabidopsis. Trends Plant. Sci. 8, 272–278 (2003).
 43. Woo, H. R., Kim, H. J., Nam, H. G. & Lim, P. O. Plant leaf senescence and death – regulation by multiple layers of control and 

implications for aging in general. J. Cell Sci. 126, 4823–4833 (2013).
 44. Heim, M. A. et al. The basic helix-loop-helix transcription factor family in plants: a genome-wide study of protein structure and 

functional diversity. Mol. Biol. Evol. 20, 735–747 (2003).
 45. Toledo-Ortiz, G., Huq, E. & Quail, P. H. The Arabidopsis Basic/Helix-Loop-Helix Transcription Factor Family. Plant. Cell 15, 

1749–1770 (2003).
 46. Riechmann, J. L. & Ratcliffe, O. J. A genomic perspective on plant transcription factors. Curr. Opin. Plant. Biol. 3, 423–434 (2000).
 47. Feller, A., Machemer, K., Braun, E. L. & Grotewold, E. Evolutionary and comparative analysis of MYB and bHLH plant transcription 

factors. Plant. J. 66, 94–116 (2011).
 48. Leivar, P. et al. Multiple Phytochrome-Interacting bHLH Transcription Factors Repress Premature Seedling Photomorphogenesis in 

Darkness. Curr. Biol. 18, 1815–1823 (2008).
 49. Nusinow, D. A. et al. The ELF4–ELF3–LUX complex links the circadian clock to diurnal control of hypocotyl growth. Nature 475, 

398–402 (2011).

https://doi.org/10.1038/s41598-020-63372-2
https://link.springer.com/article/10.1007/BF02670468
https://link.springer.com/article/10.1007/BF02670468
https://genohub.com/ngs-instrument-guide/


1 4Scientific RepoRtS |         (2020) 10:6581  | https://doi.org/10.1038/s41598-020-63372-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

 50. Sakuraba, Y. et al. Phytochrome-interacting transcription factors PIF4 and PIF5 induce leaf senescence in Arabidopsis. Nat. 
Commun. 5, 4636 (2014).

 51. Liebsch, D. & Keech, O. Dark-induced leaf senescence: new insights into a complex light-dependent regulatory pathway. N. 
Phytologist 212, 563–570 (2016).

 52. Koyama, T. The roles of ethylene and transcription factors in the regulation of onset of leaf senescence. Front. Plant Sci. 5, (2014).
 53. Gassmann, W. Alternative splicing in plant defense. Curr. Top. Microbiol. Immunol. 326, 219–233 (2008).
 54. Shang, X., Cao, Y. & Ma, L. Alternative Splicing in Plant Genes: A Means of Regulating the Environmental Fitness of Plants. Int J Mol 

Sci 18 (2017).
 55. Jang, Y. H. et al. A homolog of splicing factor SF1 is essential for development and is involved in the alternative splicing of pre-

mRNA in Arabidopsis thaliana. Plant. J. 78, 591–603 (2014).
 56. Schmid, M. et al. A gene expression map of Arabidopsis thaliana development. Nat. Genet. 37, 501–506 (2005).
 57. Schommer, C. et al. Control of Jasmonate Biosynthesis and Senescence by miR319 Targets. PLOS Biol. 6, e230 (2008).
 58. Alexandre, C., Möller-Steinbach, Y., Schönrock, N., Gruissem, W. & Hennig, L. Arabidopsis MSI1 Is Required for Negative 

Regulation of the Response to Drought Stress. Mol. Plant. 2, 675–687 (2009).
 59. de Oliveira, T. M. et al. Analysis of the NAC transcription factor gene family in citrus reveals a novel member involved in multiple 

abiotic stress responses. Tree Genet. Genomes 7, 1123–1134 (2011).
 60. Chou, M.-L. et al. The Direct Involvement of Dark-Induced Tic55 Protein in Chlorophyll Catabolism and Its Indirect Role in the 

MYB108-NAC Signaling Pathway during Leaf Senescence in Arabidopsis thaliana. Int. J. Mol. Sci. 19, 1854 (2018).
 61. Dalton, D. A., Ma, C., Shrestha, S., Kitin, P. & Strauss, S. H. Trade-offs between biomass growth and inducible biosynthesis of 

polyhydroxybutyrate in transgenic poplar. Plant. Biotechnol. J. 9, 759–767 (2011).
 62. McQualter, R. B. et al. Systems biology and metabolic modelling unveils limitations to polyhydroxybutyrate accumulation in 

sugarcane leaves; lessons for C4 engineering. Plant. Biotechnol. J. 14, 567–580 (2015).

Acknowledgements
We thank Mark Dasenko, Matthew Peterson, Ed Davis, Chris Sullivan, and Brent Kronmiller, at the Center for 
Genome Research and Biocomputing (CGRB) at Oregon State University (OSU) for assistance with RNA-Seq 
library preparation and sequencing and advice on RNA-Seq data analysis. We thank Priya Ranjan and Ryan 
Routsong at Oak Ridge National Laboratory for help in incorporating KBase tools into our analysis pipeline. 
We thank Anna C. Magnuson, Amy L. Klocko, and Cathleen Ma for help coordinating leaf sample collection 
and physiological data measurements. We thank Oregon Built Environment & Sustainable Technologies Center, 
Inc. (Oregon BEST), Sungrant (award no. DTOS59-7-G-0055), and Tree Biosafety and Genomics Research 
Cooperative (TBGRC) at OSU, for financial support.

Author contributions
S.H.S. supervised the work and led the grants that funded this research. H.L. generated 2015 and 2016 data, 
including both physiological and RNA-Seq data. V.A. generated 2009 RNA-Seq data. H.L. analyzed and 
interpreted data from all three years. M.I.G. performed qRT-PCR assay. H.L. and S.H.S. edited the manuscript. 
All authors read and approved the manuscript.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-63372-2.
Correspondence and requests for materials should be addressed to S.H.S.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-63372-2
https://doi.org/10.1038/s41598-020-63372-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Extensive transcriptome changes during seasonal leaf senescence in field-grown black cottonwood (Populus trichocarpa Nisqua ...
	Methods
	Plant material. 
	Physiological data collection and analysis. 
	RNA-Seq library preparation and sequencing. 
	Assessment of RNA-Seq data and identification of DEGs. 
	Validation of transcript abundance with quantitative RT-PCR. 
	Functional analysis of DEGs identified from 2015 and 2016 RNA-Seq data. 
	Identification of overrepresented sequence motifs. 
	Comparison of DEGs with Venn diagrams. 

	Results
	Physiological changes during collection period. 
	Overview of RNA-Seq data from three years. 
	Grouping of the 2009 collections into two classes. 
	Assignment of 2015 and 2016 collections into four developmental states. 
	Identification of DEGs. 
	Correlations between RNA-Seq and qRT-PCR expression levels. 
	GO terms enriched in DEGs among leaf developmental states. 
	Activities of TFs and AS factors during leaf senescence. 
	Clustering of DEGs by expression pattern and identification of sequence motifs associated with leaf senescence. 
	DEGs shared with age-dependent senescence, seasonal bud dormancy, and cold acclimation. 

	Discussion
	Acknowledgements
	Figure 1 Overview of experimental strategy.
	Figure 2 Plant materials and collection condition.
	Figure 3 Changes in leaf chlorophyll content index (CCI) and electrolyte leakage index (ELI) from May to October in 2015 (A,B) and 2016 (C,D).
	Figure 4 Clustering of 2015 and 2016 samples into four developmental states based on PCA and hierarchical clustering.
	Figure 5 qRT-PCR validation of RNA-Seq data.
	Figure 6 Categories of GO terms most significantly (P < 0.
	Figure 7 Expression profile of differentially expressed alternative splicing (AS) factors among developmental states.
	Figure 8 Identification of gene expression patterns and enrichment of motif analysis.
	Figure 9 Number of DEGs that are in common with or distinct from age-dependent senescence in Arabidopsis (A) and vegetative bud dormancy (B) and cold acclimation (C) in P.
	Table 1 Number of differentially expressed TFs during leaf development.




