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Abstract: Zoysia japonica is an important warm-season turfgrass used worldwide. The decreased
aesthetic quality and functionality during leaf senescence hamper its further utilization. However,
information about the transcriptional mechanism and genes involved in leaf senescence in Z. japonica
needs to be more extensive. Therefore, to better understand leaf senescence in Z. japonica, we
investigated the integrated analysis of chlorophyll fluorescence test (JIP-test) and RNA sequencing
(RNA-seq) of mature and senescent leaves. First, we identified 22,049 genes, of which 4038 were
differentially expressed genes (DEGs). The results for gene expression profiles were evaluated
using quantitative real-time PCR. A total of 2515 genes have homologous genes in other plants.
The matched known-function SAGs are mainly involved in chlorophyll degradation and plant
hormone response. A total of 539 differentially expressed transcription factor genes, including
AP2/ERF-ERF, NAC, WRKY, bHLH, and MYB, were identified to be associated with leaf senescence.
Next, senescence represses chlorophyll biosynthesis while upregulating chlorophyll degradation.
Senescence harms the integrity and functionality of PSII, PSI, and the intersystem electron transport
chain. In addition, IAA biosynthesis was inhibited, whereas ABA and ET biosynthesis were activated
in leaf senescence, and senescence activates signal transduction of IAA, ABA, and ET. These findings
add to our understanding of the regulatory mechanism of leaf senescence. The senescence-associated
genes are candidate targets for providing new insight into leaf senescence modeling in Z. japonica.
They provided a theoretical foundation to reveal the functions of senescence-associated genes and
chlorophyll catabolic genes involved in leaf senescence.

Keywords: Zoysia japonica; leaf senescence; RNA sequencing; chlorophyll fluorescence; plant hormones

1. Introduction

As the final phase of plant development, leaf senescence constitutes a critical stage in
the plant life cycle; it is not an uncontrolled and passive degeneration process [1,2]. The
most observable symptom of leaf senescence is the de-greening driven by quick chlorophyll
degradation during chloroplast degeneration [2]. Moreover, the degradation of proteins,
carbohydrates, and other macromolecules and the mobilization of micronutrients occur in
conjunction with leaf senescence [3,4]. However, leaf senescence may limit the utilization
of ornamental plants and turfgrasses by causing leaf yellowing and an unaesthetic appear-
ance [5]. Hence, understanding the molecular factors and regulatory mechanisms of leaf
senescence enhances our insight into a fundamental biological process and provides the
means to delay leaf senescence for genetic modification and molecular breeding.

The process of senescence-associated genes (SAGs) regulates leaf senescence in a
highly systematic way [6]. SAGs in many plants, including Arabidopsis thaliana, Zea mays,
and Oryza sativa, were identified and characterized recently to understand leaf senescence
at the molecular level [7,8]. SAG12, SAG13, SAG14, and other SAGs are commonly accepted
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senescence markers [9–11]. During leaf senescence, the expression of chlorophyll catabolic
genes is under strict transcriptional regulation in perennial ryegrass (Lolium perenne) [12].
In addition, leaf senescence is tightly controlled and influenced by many transcription
factors (TFs) [7,13]. Overexpression of an AP2 family transcription factor gene, Rap2.4f,
promotes leaf senescence in Arabidopsis [14]. Abscisic acid (ABA) signals are integrated
into leaf senescence by the Arabidopsis NAC transcription factor VNI2 through the COR/RD
genes [15]. ORE1, an NAC transcription factor, is a positive senescence regulator and
could activate the expression of senescence-associated genes and chlorophyll catabolic
genes, such as BFN1, SAG29, SINA1, NYE1, NYC1, PAO, and NOL [16–18]. Moreover,
ORE1 could promote the transcription of a significant ethylene biosynthesis gene, ACS2,
and the forward regulation of ethylene (ET) biosynthesis and signal transduction [18].
Another NAC transcription factor, AtNAP, plays a critical role in leaf senescence [19].
AtNAP could bind with the promoter to induce the expression of the senescence-associated
gene SAG113 and mediate ABA-regulated leaf senescence [20]. A total of 23 WRKY genes
showed increased transcription levels during leaf senescence in switchgrass [21]. MYBR1
was reported to be a negative regulator of ABA, stress, and wounding responses and a
senescence inhibitor [22]. WRKY53 is a positive regulator, and WRKY54 and WRKY70 are
negative regulators of leaf senescence [23,24]. WRKY53, WRKY54, and WRKY70 modulate
leaf senescence by interacting with WRKY30 [24].

Recently, gene network analysis displayed that phytohormones are essential regulators
of plant leaf senescence; altered hormone signaling causes many altered senescence pheno-
types in Arabidopsis [25]. Hotspots for plant senescence are genes involved in plant hormone
biosynthesis and signal transduction. Auxins (IAA) and cytokinin (CTK) play essential
roles in all phases of plant development, from seed germination to senescence [26,27]. At
present, the role of auxin in leaf senescence is controversial [28]. CTK negatively regulates
leaf senescence [29,30]. Jasmonic acid (JA), salicylic acid (SA), ET, and ABA can promote
plant senescence [3,10,31–33]. EIN3, a crucial positive regulator in ET signal transduction,
could induce the expression of ORE1 to regulate senescence [18,34]. Moreover, EIN3,
miR164, and ORE1 form a regulatory network that mediates leaf senescence [35,36]. The
ABA receptor gene PYL9 is essential for promoting leaf senescence and resistance to ex-
treme drought stress in Arabidopsis [37]. In Arabidopsis, ABF2, ABF3, and ABF4 play crucial
roles in regulating ABA-triggered chlorophyll degradation and leaf senescence [2].

Zoysia japonica (2n = 4x = 40) is a warm-season turfgrass with many excellent traits,
including low maintenance and superior resistance to salinity, drought, and traffic [38–42].
However, the decreased aesthetic quality and functionality during leaf senescence hinder
its further utilization in northern China [10,43]. Consequently, it is necessary to interpret
the critical genes and regulatory mechanisms at the molecular level of leaf senescence
in Z. japonica. The genome of Z. japonica was sequenced using the HiSeq and MiSeq
platforms and published in 2016 [44]. In our previous report, we used the PacBio Sequel
II platform to analyze the full-length transcriptome of Z. japonica. The sequencing data
revealed 15,675 alternative splicing (AS) events and 5325 alternative polyadenylation (APA)
sites, improving the reference genome [45]. The publication of genome and full-length
transcriptome data provides essential information resources for the study of Z. japonica;
nevertheless, previous studies on the transcriptional mechanism of leaf senescence in
Z. japonica are limited. Moreover, how plant hormones, SAGs, and transcription factors
function in leaf senescence in Z. japonica still needs to be explored.

Aiming to reveal the mechanism of leaf senescence in Z. japonica, an integrated anal-
ysis of RNA sequencing (RNA-seq) and chlorophyll fluorescence test (JIP-test) data was
carried out. Senescence and photosynthesis-related genes, TFs, and critical regulatory
components of the senescence process in Z. japonica were identified. These findings add
to our understanding of the regulatory mechanism of leaf senescence and supply a theo-
retical foundation for the extended green period and the development of new cultivars
of Z. japonica.
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2. Materials and Methods
2.1. Plant Materials and Growth Conditions

We sowed Z. japonica seeds (cv. Zenith) purchased from Patten Seed Company (Lake-
land, GA, USA) in Klasmann TS1 peat substrate (Klasmann-Deilmann, Geeste, Germany)
and cultivated plants in a growth chamber with the temperature set at 28/25 ◦C (day/night),
photosynthetic active radiation of 400 µmol m−2 s−1 and a 14 h photoperiod per day. The
potted plants were watered weekly and fertilized for two weeks with a Hoagland nutrition
solution [46]. As described in our previous study [10], we collected mature and senescent
leaves from the same lines of Z. japonica in September 2020. We selected three independent
lines and used the RNA of each line for further experiments. The samples were frozen in
liquid nitrogen and stored at −80 ◦C.

2.2. Chlorophyll, Soluble Sugar, and Plant Hormones Measurements

The content of chlorophyll and soluble sugar was determined using the previously
published protocol [47]. Briefly, mature and senescent leaves (0.05–0.08 g) were harvested,
weighed, and immersed in 8 mL 95% ethanol in the dark for 48 h. We obtained a plant
soluble sugar content test kit (A145-2-1) from the Jiancheng Bioengineering Institute, Nan-
jing, China, to examine the content of soluble sugars in mature and senescent leaves.
We purchased ELISA (H251) and ELISA (H602-1) kits from Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China, to determine the ABA and IAA contents in mature
and senescent leaves, respectively. All experiments in this study included at least three
biological replicates.

2.3. Chlorophyll a Fluorescence Measurement and JIP-Test Parameters Analysis

We measured the prompt chlorophyll fluorescence after a 30 min dark adaptation
using a Handy PEA Plant efficiency analyzer (Hansatech, Kings Lynn, U.K.). As described
in our previous study [47], the measuring protocol included 2 s saturation light pulses
with a light intensity of 3500 µmol photons m−2 s−1. Eleven replicants of mature and
senescent leaves were used for chlorophyll fluorescence transient recording. Average
values of induction curves and standard errors in the same group were calculated from all
the investigated objects.

2.4. Illumina cDNA Library Construction and Sequencing

Total RNA was isolated from mature and senescent leaves of three different lines
using a Plant RNA kit (Omega Bio-Tech, Norcross, GA, USA). RNA degradation and
contamination were monitored on 1% agarose gels, and RNA concentration and purity
were determined using the NANODROP 8000 (Thermo Fisher Scientific, Waltham, MA,
USA). RNA integrity was evaluated using the Agilent 2100 (Agilent Technologies, Santa
Clara, CA, USA). Following RNA extraction and quality assessment, 3 µg RNA per sample
was used for Illumina library preparation. Six libraries (three biological replicates of
mature and senescent leaves, respectively) were built and sequenced using the Illumina
Novaseq6000 platform (San Diego, CA, USA) by Biomarker Technologies (Beijing, China).
The GC content, Q20, and Q30 of clean data were calculated, and all downstream analyses
relied on high-quality clean data.

2.5. Transcriptomic Analysis

We used HISAT2 [48] to align clean reads to the reference genome of Z. japonica [44]
to obtain positional information on the reference genome or gene. The expression level of
genes and read counts mapped to this gene were calculated using the fragments per kilobase
of transcript per million fragments mapped (FPKM) method [49]. We used DESeq2 [50] to
analyze differential expression after detecting correlations between bio-replicates using the
Pearson correlation coefficient. The DEGs were identified using the criteria of a minimum
fold change of 2 and an FDR of less than 0.01. The p-value was corrected via the Benjamini–
Hochberg correction method. The DEGs were annotated and enriched using the workflow
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of the Biomarker Cloud platform (www.biocloud.net, accessed on 3 February 2021). Data
cleaning and visualization were accomplished using in-house Python and R scripts.

2.6. qRT-PCR Verification of DEGs

We collected mature and senescent leaves and isolated total RNA from each using
a Plant RNA kit (Omega Bio-Tech, USA). We used PrimeScript™ Reverse Transcriptase
(TaKaRa, Dalian, China) to perform reverse transcription and the Cycle Pure kit (OMEGA,
Georgia, USA) to purify the product. We randomly selected ten DEGs for qRT-PCR verifi-
cation. We used Primer Premier 6 software to design the primers.

qRT-PCR analysis was conducted on a Bio-Rad CFX Connect™ Real-Time System
using SYBR® Premix Ex Taq™ II (TaKaRa, Dalian, China). The housekeeping gene was
Z. japonica β-actin (GenBank accession No. GU290546). All gene expression analyses were
performed using three biological replicates. The relative expression levels of genes were
calculated using the 2−∆∆CT method [42].

2.7. GO and Pathway Enrichment Analysis

We used GOseq R packages to implement GO enrichment analysis based on Wallenius
non-central hypergeometric distribution, which adjusts for gene length bias in DEG [51].
As previously described, we used the KOBAS software (version 2.0) to test the statistical
enrichment of DEGs in KEGG pathways [52].

3. Results
3.1. Physiological Changes and Hormone Levels Differences in Mature and Senescent Leaves

The leaves of Z. japonica began to enter senescence after growing for about four months,
whereas other leaves remained green. We collected mature and senescent leaf samples
for further experiments (Figure 1A). Chlorophyll and IAA levels decreased to 65.97% and
40.72% during leaf senescence progress, respectively, according to our measurements of
their contents (Figure 1B,C). The soluble sugar content in senescent leaves elevated to
143.08% of mature leaves, while ABA increased to 190.14% (Figure 1D,E). The ratio of
chlorophyll a (Chl a) to chlorophyll b (Chl b) is a necessary index to evaluate leaf senescence.
In this study, the proportion of mature leaves to senescent leaves dropped to 49.32%,
indicating accelerated senescent processes (Figure 1F). In conclusion, mature and senescent
leaves were distinguished, which was supported by the levels of chlorophyll, IAA, soluble
sugar, and ABA.

3.2. RNA-Seq Analysis of Z. japonica and the Identification of DEGs

The RNA of the harvested mature and senescent leaf samples was isolated, and
six cDNA libraries (three biological replicates for mature and senescent leaves) were
constructed. We processed these libraries using the Illumina NovaSeq6000 sequencing
platform (San Diego, CA, USA). Each library produced between 23 and 26 million pair-end
reads and clean data with high Q20 (>98%) and Q30 (>95%), ranging from 53.96% to 55.34%
(Table 1). In the leaves of the two developmental stages, 22,049 genes (FPKM > 0) were
identified (Table S1).

We discovered 4038 differentially expressed genes (DEGs) through DEG analysis, with
1851 upregulated genes and 2187 downregulated genes (Table S2). We randomly selected
10 genes (five upregulated and five downregulated genes) and designed primers (Table S3)
for quantitative real-time PCR (qRT-PCR) verification. The DEGs analysis and the qRT-PCR
results were comparable (Table 2), proving that RNA-seq was a reliable and accurate tool
for determining the DEGs of Z. japonica leaf senescence.

www.biocloud.net
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Figure 1. Phenotypes, physiology, and biochemical measurements. (A) Phenotypes of Z. japonica
at mature and senescent stages. Chlorophyll (B), IAA (C), soluble sugar (D), and ABA (E) contents
were measured in leaf samples at the mature and senescent stages. (F) The ratio of chlorophyll
a/chlorophyll b was calculated in leaf samples at mature and senescent stages. Error bars represent
the SD from three independent experiments. ** indicates significant differences in the means at
p < 0.01 between mature and senescent leaves for each parameter measured (n = 3).

Table 1. Statistics on clean data quality evaluation of RNA-seq.

Sample Name Read Sum Base Sum N (%) GC (%) Q20 (%) Q30 (%)

Mature sample 1 24,158,349 7,199,286,172 0.00 55.06 98.45 95.69
Mature sample 2 22,712,448 6,766,266,766 0.00 55.34 98.30 95.30
Mature sample 3 24,681,745 7,352,597,992 0.00 55.03 98.42 95.57

Senescent sample 1 24,651,354 7,368,053,620 0.00 54.66 98.34 95.36
Senescent sample 2 26,404,815 7,870,804,198 0.00 55.08 98.34 95.36
Senescent sample 3 23,812,657 7,122,890,816 0.00 53.96 98.24 95.03
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Table 2. Verification of DEGs in mature and senescent leaves by qRT-PCR analysis.

Gene ID Annotation Regulated
Senescent/Mature (log2FC)

Digital Expression qRT-PCR

Zjn_sc03174.1.g00010.1.am.mk Protein phosphatase 2C 64 up 1.74 1.16

Zjn_sc00001.1.g03760.1.sm.mkhc Hypothetical protein
TIFY 10B-like up 2.19 2.12

Zjn_sc00003.1.g10610.1.sm.mkhc Jasmonate ZIM domain
protein, partial up 1.97 2.03

Zjn_sc00059.1.g01300.1.sm.mk Transcription factor MYC2 up 1.4 1.53

Zjn_sc00003.1.g01950.1.sm.mk Ethylene insensitive
3-like 1 protein up 1.86 1.12

Zjn_sc00138.1.g00080.1.am.mk Cytochrome b6-f complex
iron-sulfur subunit down −8.76 −2.42

Zjn_sc00184.1.g00360.1.am.mk plastocyanin, chloroplastic-like down −5.18 −7.77

Zjn_sc00152.1.g00120.1.sm.mkhc Ferredoxin–NADP reductase,
leaf isozyme 2 down −1.74 −3.39

PB.16272 photosystem II protein D2 down −1.97 −2.07
PB.4217 ATP synthase CF1 alpha subunit down −3.20 −0.87

3.3. SAG Conservation Analyses

We compared the 4038 DEGs with the Leaf Senescence Database (LSD 4.0, http://
ngdc.cncb.ac.cn/lsd/, accessed on 9 September 2022) to evaluate SAG orthologs between
Z. japonica and other plants. A total of 2515 (62.3%) DEGs have homologous genes in
other plants. Based on the function and classification of their most closely related homolog,
2515 genes were divided into several categories, mainly participating in transcriptional
regulation, plant hormone responses, chlorophyll degradation, and lipid/carbohydrate
metabolism (Table S4).

3.4. GO and KEGG Analysis

Using the GO database, we annotated 3117 differentially expressed genes (DEGs)
into three categories. Genes in biological processes mainly consist of metabolic, cellular,
and single-organism processes. For the cellular component category, genes were enriched
for membrane, cell, cell part, membrane part, and organelle. For the molecular function
category, genes were mainly involved in binding and catalytic activity. More details are
shown in Table S5.

We annotated 2474 DEGs using the KEGG database. The KEGG annotations were
analyzed and classified to identify metabolic pathways. The KEGG results demonstrated
117 KEGG pathways mapped to 1137 upregulated genes, while 120 KEGG pathways
mapped to 1337 downregulated genes (Tables S6 and S7). There were three upregu-
lated and 11 downregulated pathways with corrected q-value < 0.05 in the senescent
leaf of Z. japonica (Table 3). The results showed that “autophagy-other”, “ether lipid
metabolism”, and “phenylpropanoid biosynthesis” were activated. The pathways involved
in “photosynthesis-antenna proteins”, “carbon fixation in photosynthetic organisms”, “pho-
tosynthesis”, “ribosome”, “porphyrin and chlorophyll metabolism”, “carbon metabolism”,
“carotenoid biosynthesis”, “pentose phosphate pathway”, “glycolysis/gluconeogenesis”,
“ubiquinone and other terpenoid-quinone biosynthesis”, and “fructose and mannose
metabolism” were withheld (Table 3).

3.5. Transcription Factor Analysis

TFs are essential regulatory proteins that control leaf senescence. A total of 539 TFs
from 117 TF families were identified (Table S8), and the top 12 families are shown in
Figure 2. The top seven TF families were AP2/ERF-ERF (34), NAC (33), Others (29),
WRKY (26), bHLH (25), MYB (21), bZIP (19). A total of 293 transcript factors, includ-
ing 27 NAC, 14 MYB, 13 AP2/ERF-ERF, 13 bHLH, and 13 WRKY proteins, were sig-

http://ngdc.cncb.ac.cn/lsd/
http://ngdc.cncb.ac.cn/lsd/
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nificantly upregulated in senescent leaves. The genes Zjn_sc00033.1.g00990.1.am.mkhc
and Zjn_sc00205.1.g00380.1.sm.mkhc, encoding AP2/ERF-ERF proteins, showed more
than a 10-fold increase in the level of expression. The bHLH transcription factor gene
(Zjn_sc00022.1.g00530.1.sm.mkhc) and the MYB-related transcription factor gene
(Zjn_sc00087.1.g00290.1.am.mk) were upregulated more than 17-fold in senescent leaves.
Moreover, 246 TFs, including 21 AP2/ERF-ERF proteins, were significantly downregulated
during leaf senescence. The gene Zjn_sc00022.1.g04840.1.sm.mk, encoding bHLH protein,
was reduced to less than 1/100 times in senescent leaves. An HB-HD-ZIP transcription
factor gene, Zjn_sc00004.1.g06420.1.sm.mkhc, was decreased to less than 1/180 times in
senescent leaves.

Table 3. Significantly enriched pathways in Z. japonica during leaf senescence.

Kegg_Pathway ko_id Input Number Corrected_q-Value Up- or Downregulated

Autophagy—other ko04136 14 0.000200076 Upregulated
Ether lipid metabolism ko00565 11 0.004112946 Upregulated

Phenylpropanoid biosynthesis ko00940 40 0.015142676 Upregulated
Photosynthesis-antenna proteins ko00196 22 8.09 × 10−19 Downregulated

Carbon fixation in photosynthetic organisms ko00710 46 1.27 × 10−11 Downregulated
Photosynthesis ko00195 49 8.94 × 10−11 Downregulated

Ribosome ko03010 61 8.21 × 10−6 Downregulated
Porphyrin and chlorophyll metabolism ko00860 21 1.89 × 10−5 Downregulated

Carbon metabolism ko01200 61 3.81 × 10−5 Downregulated
Carotenoid biosynthesis ko00906 16 0.007050826 Downregulated

Pentose phosphate pathway ko00030 18 0.017326576 Downregulated
Glycolysis/gluconeogenesis ko00010 34 0.019536307 Downregulated

Ubiquinone and other
terpenoid-quinone biosynthesis ko00130 13 0.16294735 Downregulated

Fructose and mannose metabolism ko00051 18 0.259466752 Downregulated
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3.6. JIP-Test Demonstrated Senescence Inhibited Leaf Photosynthetic Capacity

A standard OJIP analysis of the fluorescence induction curves and difference curve
calculations were carried out to investigate the influence of senescence on photosyn-
thesis. Induction curves revealed significantly lower fluorescence in senescent leaves
(Figure S1A). The main difference between mature and senescent leaves was that senes-
cent leaves had significantly higher levels of the relative variable fluorescence and high
values for J level than mature leaves (Figures S1B and 3A). In the ∆Vt curve of the senes-
cent leaves compared to the mature leaves, we found a significant positive L-band and
K-band (Figure 3B,C). In contrast, a negative H-band and G-band in senescent leaves were
identified (Figure 3D,E).

Agronomy 2023, 13, x FOR PEER REVIEW 9 of 19 
 

 

PITotal indicated disturbed PSII, PSI, and the intersystem electron transport chain in senes-

cent leaves. Furthermore, the reduced ABS/CSm demonstrated the retarded energy ab-

sorption by PSII antenna pigments of senescent leaves. The declined TRo/CSm revealed 

the reduced active reaction center and trapping energy fluxes. The decrease in ETo/CSm 

presented passive electron transport. Furthermore, the dropped REo/CSm suggested re-

pressed the efficiency of PSI (Figures 3F and S1C). 

 

Figure 3. Chlorophyll fluorescence induction curves analysis in mature and senescent leaves. (A) 

The standard OJIP curves. (B) L-band. (C) K-band. (D) H-band. (E) G-band. (F) Radar plot of the 

fluorescence parameters. The fluorescence parameters were displayed as the means of 11 replicates. 

Four bands and the fluorescence parameters between mature and senescent leaves were signifi-

cantly different at p ≤ 0.05 based on Student’s t-test. 

3.7. Genes Regulating Chlorophyll Biosynthesis and Metabolism Are Involved in Leaf Senescence 

Chloroplast development and degeneration play an essential role in plant leaf senes-

cence. We identified DEGs regulating chloroplast biosynthesis and metabolism based on 

KEGG pathway annotations. This study identified 12 DEGs associated with chlorophyll 

biosynthesis and eight DEGs related to chlorophyll degradation. The expression profiles 

of genes encoding enzymes involved in these pathways were identified (Figure 4). A total 

of 12 chlorophyll biosynthesis genes were significantly downregulated in the senescent 

leaves, suggesting low chlorophyll biosynthesis efficiency. Moreover, the expression of 

three chlorophyll degradation-related genes (NYC1 and two RCCR genes) was increased 

significantly in senescent leaves. The finding revealed that chlorophyll degradation genes 

were expressed substantially higher in the senescent leaves than in mature leaves. 

Figure 3. Chlorophyll fluorescence induction curves analysis in mature and senescent leaves.
(A) The standard OJIP curves. (B) L-band. (C) K-band. (D) H-band. (E) G-band. (F) Radar plot of the
fluorescence parameters. The fluorescence parameters were displayed as the means of 11 replicates.
Four bands and the fluorescence parameters between mature and senescent leaves were significantly
different at p ≤ 0.05 based on Student’s t-test.

We acquired information about the structure and function of the primary PSII from
the JIP-test parameters (Figure 3F). The definition of OJIP test parameters used in this
study is shown in Table S9. There were lower values of Fo, Fm, and Fv/Fo in senescent
leaves than in mature leaves due to a lower density of photosynthetic structures (RC/CSo).
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The lower number of PSII reaction centers (RC) was significantly low in the senescent
leaves (p < 0.05) (Figure 3F). In senescent leaves, we found higher values of ABS/RC
and TRo/RC. However, the value of the parameter DIo/RC was 3.8 times that of mature
leaves. Meanwhile, we found lower values of ETo/RC and REo/RC in senescent leaves.
Much absorption and trapping excitation energy in senescent leaves was dissipated as
heat in PSII antennae and reaction centers (Figures 3F and S1C). The density of active PSII
reaction centers per cross-section (RC/CSo) is five times lower in senescent leaves than in
mature leaves, which affected the PSII efficiency in senescent leaves. The decreased PIABS
and PITotal indicated disturbed PSII, PSI, and the intersystem electron transport chain in
senescent leaves. Furthermore, the reduced ABS/CSm demonstrated the retarded energy
absorption by PSII antenna pigments of senescent leaves. The declined TRo/CSm revealed
the reduced active reaction center and trapping energy fluxes. The decrease in ETo/CSm
presented passive electron transport. Furthermore, the dropped REo/CSm suggested
repressed the efficiency of PSI (Figures 3F and S1C).

3.7. Genes Regulating Chlorophyll Biosynthesis and Metabolism Are Involved in Leaf Senescence

Chloroplast development and degeneration play an essential role in plant leaf senes-
cence. We identified DEGs regulating chloroplast biosynthesis and metabolism based on
KEGG pathway annotations. This study identified 12 DEGs associated with chlorophyll
biosynthesis and eight DEGs related to chlorophyll degradation. The expression profiles of
genes encoding enzymes involved in these pathways were identified (Figure 4). A total
of 12 chlorophyll biosynthesis genes were significantly downregulated in the senescent
leaves, suggesting low chlorophyll biosynthesis efficiency. Moreover, the expression of
three chlorophyll degradation-related genes (NYC1 and two RCCR genes) was increased
significantly in senescent leaves. The finding revealed that chlorophyll degradation genes
were expressed substantially higher in the senescent leaves than in mature leaves.

Next, the DEGs involved in photosynthesis were analyzed. The genes encoding PsbO,
PsbP, PabQ, PabR, PsbS, Pab27, and Psb28 proteins in PSII were repressed (Figure 5A). The
suppressed expression of several PSI reaction center subunits genes in senescent leaves
revealed the disaggregation of PSII and PSI. The retarded PetC encoding cytochrome b6/f
complex subunits and the alpha, delta, and b subcomplexes of F-type ATPase indicated the
declining efficiency of ATP synthesis. In addition, the suppressed PetE, PetF, PetH, and
PetJ reflected intersystem electron transport between PSII and PSI. These results indicated
that the DEGs involved in photosynthesis pathways play essential roles in leaf senescence.
Moreover, DEGs in the light-harvesting chlorophyll protein complex (LHC), Lhca1-6, were
all suppressed (Figure 5B).

3.8. Plant Hormone Responses during Leaf Senescence in Z. japonica

The pathway of plant hormone signal transduction (111 genes) was highly enriched
and strongly linked with senescence. IAA, ET, and ABA pathways were identified, includ-
ing their biosynthesis and related signal transduction. The expression profiles of genes
encoding enzymes involved in these pathways were identified. During leaf senescence,
32 DEGs participated in IAA biosynthesis or signaling pathways (Figure 6). TDC and TAA1
showed a coordinated down-regulation in IAA biosynthesis pathways, accompanied by
changes in the expression of several IAA signaling genes. GH3 is mostly upregulated
(3/4 shown), which is involved in auxin conjugation, consistent with reduced free IAA.
However, the negative auxin signaling component (TIR1) is upregulated along with the
auxin influx transporter (AUX1). AUX/IAA and ARF are large gene families with many
functions related to auxin response, and some are upregulated while others are downregu-
lated. Auxin may control senescence in part by activating gene expression. Furthermore,
22 DEGs mapped to the ABA biosynthesis and signal transduction pathways (Figure 7). The
induction of NCEDs and ABA2 activated the ABA biosynthesis pathway. The upregulated
of PYR/PYL, PP2C, SnRK2, and ABF activated the ABA signal transduction pathway. In
addition, 14 DEGs were mapped to ET biosynthesis and signal transduction pathways
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(Figure 8). The result showed that the expression of ACO activated the ET biosynthesis
pathway. The ET signal transduction pathway was upregulated by several genes (CTR1,
SIMKK, and EIN3). In total, these results indicated that IAA biosynthesis was inhibited,
ABA and ET biosynthesis were activated, and signal transduction for IAA, ABA, and ET
were all activated.
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tween mature and senescent leaves. (A) chlorophyll biosynthesis and degradation in Z. japonica.
(B) Expression of genes involved in chlorophyll biosynthesis and degradation in Z. japonica. Plain
text denotes substrates and products; italic denotes genes encoding enzymes. In the pathway, red
represents upregulated genes; green represents downregulated genes.
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Figure 6. Expression profiles of DEGs involved in IAA biosynthesis and signal transduction genes
between mature and senescent leaves. (A) IAA biosynthesis pathway in Z. japonica. (B) IAA sig-
nal transduction in Z. japonica. (C) Expression of genes involved in IAA biosynthesis and signal
transduction. Plain text denotes substrates and products; italic denotes genes encoding enzymes. In
the pathway, red represents upregulated genes, green represents downregulated genes, and blue
represents upregulated and downregulated genes.
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Figure 7. Expression profiles of DEGs involved in ABA biosynthesis and signal transduction genes
between mature and senescent leaves. (A) ABA biosynthesis pathway in Z. japonica. (B) ABA
signal transduction in Z. japonica. (C) Expression of genes involved in ABA biosynthesis and signal
transduction. Plain text denotes substrates and products; italic denotes genes encoding enzymes. In
the pathway, red represents upregulated genes, green represents downregulated genes, and blue
represents upregulated and downregulated genes.
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Figure 8. Expression profiles of DEGs involved in ET biosynthesis and signal transduction genes
between mature and senescent leaves. (A) Expression of genes involved in ET biosynthesis and signal
transduction. Plain text denotes substrates and products; italic denotes genes encoding enzymes. In
the pathway, red represents upregulated genes, green represents downregulated genes, and blue
represents upregulated and downregulated genes. (B) ET biosynthesis pathway in Z. japonica. (C) ET
signal transduction in Z. japonica.
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4. Discussion

Z. japonica is an important warm-season turfgrass with many excellent traits [45]. The
genome sequence was published in 2016 [44]. The genome and full-length transcriptome
data publications provide essential information resources for studying Z. japonica [45].
Previous Illumina RNA-seq studies on Z. japonica have mainly focused on mining the DEGs
between different varieties [53] and exploring the molecular mechanism of salt adapta-
tion [54,55]. Delayed leaf senescence is a crucial trait for the further utilization of Z. japonica
in northern China. Nonetheless, the molecular mechanism involved in leaf senescence still
needs to be well addressed. We present here the transcriptome and chlorophyll fluorescence
test analysis of Z. japonica leaves during developmental senescence.

SAGs regulate the highly ordered leaf senescence process, and many SAGs were iden-
tified in various plants [6]. Recently, there were 3624 SAGs in cotton (Gossypium hirsutum),
3396 SAGs in sorghum (Sorghum bicolor), and 678 SAGs in poplar (Populus trichocarpa)
identified [6,8,56]. The Leaf Senescence Database (LSD 4.0, May 2022; https://ngdc.cncb.
ac.cn/lsd, accessed on 9 September 2022) documented 31,214 SAGs from 86 plant species.
We compared all 4038 DEGs using the Leaf Senescence Database to analyze the sequence
conservation between Z. japonica and other species. The result showed that 2515 DEGs have
homologous genes. These matched known-function SAGs are mainly involved in chloro-
phyll degradation, plant hormone response, and lipid metabolism. This result is consistent
with the reports of cotton, sorghum, and red clover (Trifolium pratense) [4,8,56]. Notably,
37.7% of the DEGs were not highly homologous to known SAGs, which indicated they
might be unique to Z. japonica during leaf senescence. These results revealed a divergence
in leaf senescence mechanisms between Z. japonica and other plants. The transcriptome
information on Z. japonica could be beneficial for us to conduct a comparative analysis
between herbaceous and woody plants.

A total of 539 differentially expressed TFs from 117 TF families were predicted, and
397 were also displayed in the SAGs analysis. TFs in the AP2/ERF-ERF, NAC, WRKY,
bHLH, MYB, and bZIP families significantly overlap with senescence-associated TFs in
Arabidopsis [7], suggesting that TF regulation of plant leaf senescence may be relatively
conserved. AP2/ERF-ERF, the top TF family in leaf senescence of Z. japonica, includes
21 downregulated and 13 upregulated members. AP2/ERF-ERF genes were reported to
participate in the transcriptional regulation of senescence processes [57]. Expression of
an AP2/ERF-ERF transcription factor gene, AtCBF2, delays leaf senescence and extends
plant longevity [58]. The NAC family plays a crucial role in modulating plant senescence.
Expression of a NAC transcription factor gene, BeNAC1, resulted in various senescence
phenotypes in Arabidopsis [59]. The NAC factor LpNAL delays leaf senescence by repress-
ing two chlorophyll catabolic genes (LpSGR and LpNYC1) in perennial ryegrass [12]. There
were 33 NAC genes, including 27 upregulated and six downregulated, in leaf senescence
in Z. japonica. WRKY transcription factors, which play a central role in leaf senescence in
Arabidopsis [23], are essential in Z. japonica equally.

Leaf color is an essential commercial trait for ornamental plants and turfgrasses [5].
The visible symptom of leaf senescence is yellowing, which results from preferential degra-
dation of the green pigment chlorophyll [60]. With the breakdown of chloroplast and the
loss of chlorophylls, the photosynthetic capacity of a leaf decreases sharply during senes-
cence [60]. In this study, the chlorophyll content was decreased in senescent leaves. The
findings were consistent with previous reports on Z. japonica and other plants [1,10,61]. In
this study, all DEGs in the chlorophyll biosynthesis pathway were downregulated. ZjNYC1,
a chlorophyll degradation-related gene, was significantly upregulated in senescent leaves,
consistent with a previous report [10]. During the leaf senescence of Z. japonica, the contents
of Chl, Chl a, and Chl b were all significantly reduced (p < 0.01). The above results showed
that senescence represses chlorophyll biosynthesis, upregulating chlorophyll degradation.
Moreover, the ratio of Chl a/Chl b is an effective indicator of leaf senescence [62,63]. In this
study, the Chl a/Chl b levels in senescent leaves were decreased, consistent with previous
reports in Arabidopsis and Trifolium pratense [4,63].

https://ngdc.cncb.ac.cn/lsd
https://ngdc.cncb.ac.cn/lsd
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The course of Chl a fluorescence transitions during its characteristic phases O–K, O–J, J–
I, and I–P help us understand the physiological state of the photosynthesizing object [64–67].
High values for the J level in the senescent leaves indicated lower (or even blocked) electron
flow in the acceptor side of PSII [68]. The positive L-band is a sign of the ungrouping of
the antenna pigment complex, and the positive K-band is a sign of the inactivation of the
oxygen-evolving complex (OEC) [11,47]. It was in line with the downregulated expression
of the genes, including PsbO, PsbP, PabQ, PabR, PsbS, Pab27, and Psb28 in PSII [10]. The
negative H-band represents the inhibited electron flow between PSII and PSI [10,68]. The
suppression of genes encoding Cyt b6/f, which functions in the electron flow between PSII
and PSI reaction centers, aided it [69]. The negative G-band revealed that the acceptor pool
of PSI terminal elector is relatively large, whereas the transcriptional level of genes in PSI
was downregulated. The results indicated the inhibition of PSI activity. The significantly
lower REo/CSm levels were consistent with the results. JIP-test parameters better visualize
the differences between mature and senescent leaves in Z. japonica [65]. The lower Fo,
Fm, and Fv/Fo mean less photosynthetic material in senescent leaves [68]. We compared
the parameters per PSII reaction center, and the energy transfer in mature leaves is much
more effective than in senescent leaves. The JIP-test analysis showed that senescence
negatively affects the integrity and functionality of PSII, PSI, and the intersystem electron
transport chain. It corresponded to the reduced transcriptional level of genes encoding
photosynthetic electron transport, F-type ATPase, and LHC protein complexes.

Various phytohormones can induce or suppress leaf senescence [25]. Previous studies
showed that changes in IAA signaling and transport could be significant in modulating
the senescence of Gossypium hirsutum [8]. However, although a suppressing effect of IAA
on senescence was previously reported [70], the function of IAA in senescence is poorly
understood. In Z. japonica, IAA content decreased, the IAA biosynthesis pathway was
inhibited, and the IAA signal transduction pathway was activated. Therefore, we predicted
that endogenous IAA levels and signal transduction play crucial roles in modulating leaf
senescence in Z. japonica.

ABA is considered an enhancer rather than a triggering factor of leaf senescence [3,70].
During leaf senescence in Z. japonica, changes in the expression of several ABA biosynthesis
components occur. The ABA receptor PYR/PYL family proteins were significantly upregu-
lated, demonstrating that the ABA signaling pathway is active during leaf senescence in
Z. japonica. Moreover, ABA content increased with the progression of leaf senescence. It
corresponded to the previous report on Arabidopsis [8,70]. ET has been considered a critical
hormone in regulating leaf senescence [3,70]. The ET biosynthesis and signal transduction
were activated with the induction of ACO, CTR1, SIMKK, and EIN3. It corresponded to the
previous report [10,70].

5. Conclusions

In conclusion, an integrated analysis of RNA-seq and JIP-test was used to analyze
the senescence processes in Z. japonica. A total of 4038 DEGs, 2515 candidate SAGs,
and 539 TFs were identified in leaf senescence. Furthermore, the IAA biosynthesis was
inhibited, ET and ABA biosynthesis were activated, and signal transduction of IAA, ET, and
ABA were all activated in leaf senescence. In addition, senescence represses chlorophyll
biosynthesis, upregulates chlorophyll degradation, and negatively affects the integrity and
functionality of PSII, PSI, and the intersystem electron transport chain. These results add
to our understanding of the regulatory mechanism of leaf senescence. The senescence-
associated genes are candidate targets to provide new insight for leaf senescence modeling
in Z. japonica. They provided a theoretical foundation to reveal the functions of senescence-
associated genes and chlorophyll catabolic genes involved in leaf senescence.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/agronomy13030623/s1, Figure S1: Chlorophyll fluores-
cence induction curves analysis in mature and senescent leaves. (A) The OJIP curves. (B) The relative
variable fluorescence Vt of the transient chlorophyll a fluorescence. (C) The proportion of phenomeno-
logical energy flux parameters in mature and senescent leaves displayed by the leaf pipeline model.
The fluorescence parameters were displayed as means of 11 replicates. The width of the arrow
represents the relative values of the associated parameters; dark circle represents non-active reaction
centers; Table S1: All genes identified by RNA-seq at mature and senescent stages in Z. japonica;
Table S2: List of genes that are differentially expressed during leaf senescence processes in Z. japonica;
Table S3: List of primers used for q RT-PCR; Table S4: List of leaf senescence orthologs between
Z. japonica and other species; Table S5: Enriched GO terms in biological process, cellular component,
and molecular function; Table S6: Enriched upregulated pathways identified by KOBAS during leaf
senescence in Z. japonica; Table S7:Enriched downregulated pathways identified by KOBAS during
leaf senescence in Z. japonica; Table S8: List of transcription factor DEGs during leaf senescence in
Z. japonica; Table S9: Summary of the OJIP test parameters used in this study.
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