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Editorial on the Research Topic

Adaptation mechanisms of grass and forage plants to
stressful environments

Environments determine plant distribution and productivity in the world (Bailey-Serres
et al, 2019). In nature, plants are constantly challenged by stressful environments, such as
drought, heat, cold, nutrient deficiency, flooding, salinity and toxic heavy metals in the soil,
insufficient or excessive light, and pathogens and pests, etc. (Zhang et al., 2022). These abiotic
stresses limit the world-wide utilization of arable lands and negatively affect crop productivity
(Bailey-Serres et al., 2019). There are growing concerns about continued global warming and
increasing extreme weather events, which subsequently lead to frequent natural disasters and
environmental problems for agricultural practice worldwide (Zandalinas et al., 2021; Verslues
et al., 2023). Global population rose from 5 billion inhabitants in 1990 to more than 7.5
billion presently and will rise to 9.7 billion to 10 billion by 2050 (Gupta et al., 2020). The
current pace of crop yield increase cannot meet the demand for future population (Hickey
et al,, 2019). Therefore, understanding the mechanisms on how plants adapt to stressful
environments is critical for global ecological protection and food security.

Grasslands dominate terrestrial ecosystem on the earth, producing food, feed, fiber and
fuel, and serving as weather amelioration, carbon sequestration, biodiversity enhancement,
soil conservation, recreation, and the maintenance of the atmospheric composition (Bai and
Cotrufo, 2022; Stromberg and Staver, 2022). Grass and forage plants serve multiple functions
and benefits to humans and animals, such as beautifying landscapes, protecting the
environments, improving human recreational activities, and providing feed for livestock
and wild animals (Kopecky and Studer, 2014; Simedo et al., 2021) More importantly, grass
and forage plants with rich biodiversity, especially including many wild species, have evolved
multiple mechanisms to adapt to various stressful environments as described above at
physiological, biochemical, molecular, cellular, and subcellular levels, compared to crop
plants (Pardo and VanBuren, 2021; McSteen and Kellogg, 2022). Hence, it is urgently
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necessary to explore these mechanisms and the underlying strategies
that will facilitate grass and forage plant breeding and crop plant
breeding for improved stress tolerance. In this topic, recent research
advances in adaptation mechanisms of grass and forage plants to
stressful environments are presented in 40 research articles and one
review article, contributed by 273 authors. The 40 research articles
covered 23 plant genera and 30 species, 10 of which is about
Medicago, including five in Medicago sativa, three in Medicago
truncatula, one in Medicago falcate and another one in Medicago
ruthenica, indicating that alfalfa as “the king of forage plants” still
arouses the greatest concern of scientists in the field (Figure 1).
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FIGURE 1

Genus distribution of 41 articles published in this topic.

Functional characterization of genes
relevant to stress tolerance

The processes of plant adaptation to stressful environments are
controlled and regulated by multiple genes (Pardo and VanBuren,
2021; Zhang et al,, 2022). Functional characterization of these genes is
helpful to understand how grass and forage plants adapt to stressful
environments and selected genes can be used for breeding grass, forage
and crop plant cultivars with improved stress tolerance. Jiang et al.
characterized a novel transcriptional regulator HDERF6 that regulates
the HbCIPK2-coordinated pathway conferring salt tolerance in a
halophytic grass Hordeum brevisubulatum. Zhou et al. constructed a
high-density genetic map and localized grazing-tolerant QTLs in
Medicago falcata L. Wang et al. identified LjHDZ7 encoding a 40
HD-Zip transcription factor from Lotus japonicas and the
overexpression of LjHDZ7 increased plant salt tolerance. The
overexpression of abscisic acid-insensitive gene (ABI4) from
Medicago truncatula by Li et al. enhanced the content of endogenous
ABA in plants and improved plant cold tolerance. Guan et al. found
that Zoysia japonica ZjNOL promotes chlorophyll degradation and
senescence and negatively affects the integrity and function of
the photosystem.

Frontiers in Plant Science

10.3389/fpls.2023.1132198

Regulations of stress tolerance
by natural metabolites or
synthetic chemicals

Numerous structurally different metabolites are produced in plants
in response to various stressful environments (Kim et al., 2007; Kim
et al,, 2017). Li et al. found that caffeic acid O-methyltransferase gene
CrCOMT from Carex rigescens conferred melatonin-mediated drought
tolerance in plants. Differential responses of four white clover genotypes
to salt stress associated with root growth, endogenous polyamines
metabolism, and sodium/potassium accumulation and transport were
identified by Li et al. Yu et al. identified 90 uridine diphosphate
glycosyltransferase (UGT) members in ten evolutionary groups that
are likely related to secondary metabolites in alfalfa (Medicago sativa
L.). Li et al. found that the flexible response of a large number of genes
and metabolites endows Poa crymophila with robust cold and drought
tolerance. Yang et al. demonstrated that genotypic-specific
reprogramming and crosstalk of various plant hormones are crucial
for root growth and salt tolerance of bermudagrass (Cynodon dactylon).
Lin et al. found that Leymus chinensis adapts to degraded soil
environments by changing its metabolic pathways and root exudate
components. Overexpression of Pennisetum purpureurn CCoAOMT
encoding caffeoyl-CoA O-methyltransferase by Song et al. contributes
to lignin deposition and drought tolerance by promoting the
accumulation of flavonoids in transgenic plants.

Roles of host-microbe interactions in
stress responses

Root-associated microbes can improve plant growth, and offer
the potential to increase plant tolerance to stressful environments
(Saijo and Loo, 2020; Vries et al., 2020). Mei et al. found that the
planting of alfalfa can promote the proliferation of specific beneficial
microbiota groups in the soil. Wang et al. demonstrated that Bacillus
amyloliquefaciens GB03 augmented tall fescue growth by regulating
phytohormone and nutrient homeostasis under nitrogen deficiency
condition. Hou et al. found that Bacillus atrophaeus WZYHO1
and Planococcus soli WZYHO02 improved salt tolerance of maize
(Zea mays L.). Zhang et al. demonstrated that inoculation of
Elymus nutans with arbuscular mycorrhizal fungi Funneliformis
mosseae improved the uptake of nutrients and induced the
resistance to grasshopper attack. Pan et al. found that root exudates
and rhizosphere soil bacterial relationships of Nitraria tangutorum
are linked to k-strategist bacterial community under salt stress. Wei
et al. demonstrated that salt-tolerant endophytic bacterium
Enterobacter ludwigii B30 enhance bermudagrass growth under salt
stress by modulating plant physiology and changing rhizosphere and
root bacterial community.
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Omics-related studies in stress
tolerance of grass and forage plants

Recent significant progress in omics techniques (transcriptomics,
genomics, proteomics, and metabolomics) have helped to deeply
understand the molecular insights into multiple stress tolerance of
plants (Singhal et al,, 2021). Salt tolerance in alfalfa is associated with
regulation of ionic homeostasis, antioxidative enzymes and fatty acid
metabolism at both transcriptional and physiological level (Li et al.).
Transcriptomic profiling by Chen et al. showed the role of 24-
epibrassinolide in alleviating salt stress damage in tall fescue (Festuca
arundinacea). A transcriptome analysis by Dong et al. revealed the
molecular regulatory mechanisms of leaf senescence in Medicago
truncatula under alkaline stress. Another transcriptome analysis by
Li et al. revealed the molecular response mechanism of high-resistant
and low-resistant alfalfa varieties to Verticillium alfalfa. A combined
analysis of the transcriptome and proteome by Ming et al. revealed the
mechanisms underlying the enhanced salt tolerance by the protein
disulfide isomerase gene (ZmPDI) in Zoysia matrella [L.] Merr. An
integrated analysis of small RNAs, transcriptome and degradome
sequencing by Fan et al. revealed the drought stress network in
Agropyron mongolicum. A series integrated analyses in Medicago
truncatula in response to salt stress by An et al. revealed multiple
differentially expressed coding and non-coding RNAs, including
mRNAs, IncRNAs, circRNAs, and miRNAs, and they identified
multiple DEmRNA and ceRNA interaction pairs that function in
many pathways of salt stress responses.

Opverall, the articles collected on this Research Topic represent a
substantial contribution to fill gaps in knowledge of the roles of
complex signaling transduction pathways in grass and forage plants in
response to various stressful environments. Moreover, the stress
tolerance-related genes, beneficial natural metabolites, and root-
associated microbes identified are valuable resources not only for
grass and forage plants, but also for other crops. Jiuxin and Liebao
reviewed the research progress of turfgrass resistance breeding,
analyzed the bottlenecks of turfgrass resistance breeding, and put
forward the strategies to cope with the bottlenecks, which will be
useful to guide turfgrass breeding for stress tolerance.
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Salt stress is among the most severe abiotic stresses in plants worldwide. Medicago
truncatula is a model plant for legumes and analysis of its response to salt stress is
helpful for providing valuable insights into breeding. However, few studies have focused
on illustrating the whole-transcriptome molecular mechanism underlying salt stress
response in Medicago truncatula. Herein, we sampled the leaves of Medlicago truncatula
treated with water or NaCl and analyzed the characteristics of its coding and non-
coding RNAs. We identified a total of 4,693 differentially expressed mRNAs (DEmRNAS),
505 DEIncRNAs, 21 DEcircRNAs, and 55 DEmiRNAs. Gene ontology and Kyoto
Encyclopedia of Genes and Genomes pathway enrichment analyses revealed that their
functions were mostly associated with metabolic processes. We classified the INcRNAs
and circRNAs into different types and analyzed their genomic distributions. Furthermore,
we predicted the interactions between different RNAs based on the competing
endogenous RNA (ceRNA) theory and identified multiple correlation networks, including
27 DEmIiRNAs, 43 DEmRNAs, 19 IncRNAs, and 5 DEcircRNAs. In addition, we
comprehensively analyzed the candidate DEmMRNAs and ceRNAs and found that they
were involved in Ca™ signaling, starch and sucrose biosynthesis, phenylpropanoid and
lignin metabolism, auxin and jasmonate biosynthesis, and transduction pathways. Our
integrated analyses in salt stress response in Medicago truncatula revealed multiple
differentially expressed coding and non-coding RNAs, including mRNAs, IncRNAs,
circRNAs, and miRNAs, and identified multiple DEMRNA and ceRNA interaction
pairs that function in many pathways, providing insights into salt stress response in
leguminous plants.

Keywords: Medicago truncatula, legume, whole-transcriptome RNA sequencing, salt stress, non-coding RNAs
(ncRNAs)

Abbreviations: DEmRNA, differentially expressed mRNA; IncRNA, long non-coding RNA; circRNA, circular RNA; miRNA,
microRNA; FPKM, fragments per kilobase per million reads; RPM, back-spliced reads per million mapped reads; FDR, false
discovery rate; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; qRT-PCR, quantitative real-time
reverse transcription-polymerase chain reaction.
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Salt Stress Response in Medicago truncatula

INTRODUCTION

Soil salinity is an increasingly severe global problem that
threatens more than 100 countries and approximately 831 million
hectares of land (Rengasamy, 2006; Butcher et al., 2016). It is
projected that salinization will impact 50% of all arable land by
2050 (Wang et al., 2003; Butcher et al., 2016). The increase in
soil salinity will cause ionic, osmotic, secondary, and oxidative
stresses in plants and severely limit their growth and productivity
(Yang and Guo, 2018a).

To effectively improve the salt tolerance of plants, we
need to identify genes and signaling pathways that are
important in salt resistance. Over the past two decades, multiple
elements of salt tolerance and their regulatory mechanisms
have been explored through genetic and biochemical analyses
(Yang and Guo, 2018b; Zelm et al, 2020). The salt overly
sensitive (SOS) pathway, which comprises SOS1 (Nat/H™
antiporter), SOS2/CIPK24 (CBL-interacting protein kinase 24),
and SOS3/CBL4 (calcineurin B-like protein), represents the
best-characterized CBL-CIPK pathway for regulating sodium
concentration in the cytosol under salt stress condition (Ji
et al., 2013; Manishankar et al., 2018). Different members in
mitogen-activated protein kinase (MAPK) cascades function in
regulating ionic and reactive oxygen species (ROS) homeostasis
by phosphorylating and activating SOS1 and controlling the
scavenging of ROS, respectively (Pitzschke et al, 2009; Yu
et al, 2010; Pérez-Salam¢6 et al., 2014). In response to
osmotic stress induced by salinization, abscisic acid (ABA)-
independent sucrose non-fermentingl-related protein kinase 2
(SnRK2s) and ABA-dependent SnRK2s play important roles
in transcriptional and post-transcriptional regulation (Kulik
et al., 2011; Zelm et al, 2020). In addition, the biosynthesis
and transport of auxin and ABA are responsible for salt
tolerance (Duan et al., 2013; He et al., 2018; Korver et al.,
2018).

With the advancement of next-generation sequencing
technologies, whole-transcriptome RNA sequencing has revealed
that protein-coding RNAs, as well as non-coding RNAs
(ncRNAs), play essential regulatory roles in plants’ response to
salt stress (Wang et al., 2017). MicroRNAs (miRNAs) form an
extensive class of ncRNA molecules with 20-24 nucleotides; they
negatively regulate target mRNA expressions (Zhang, 2015).
Previous studies have demonstrated that miRNAs are involved
in plants’ response to salt stress. For instance, overexpressing
osa-miR171c decreased salt stress tolerance in rice (Yang
et al, 2017). Also, overexpressing osa-miR396¢ reduced salt
stress tolerance in Arabidopsis thaliana and rice (Gao et al.,
2010). Transgenic Arabidopsis overexpressing miR399f showed
tolerance to salt stress (Back et al., 2016) and overexpression
of miR156 conferred salt tolerance in alfalfa (Arshad et al.,
2017). Long non-coding RNAs (IncRNAs) are defined as a group
of ncRNAs with more than 200 nucleotides, which provide
an important perspective on the centrality of RNA in gene
regulation (Rinn and Chang, 2012). LncRNAs are often grouped
into sense, antisense, intronic, bidirectional, and intergenic
IncRNAs depending on their location relative to nearby protein-
coding genes. They can regulate gene expression via cis-acting or

trans-acting (Ponting et al., 2009). Using whole-transcriptome
RNA sequencing, Wang et al. (2015) and Deng et al. (2018)
identified and characterized the IncRNAs involved in salt stress
in Medicago truncatula and Gossypium hirsutum. Circular RNAs
(circRNAs) are endogenous covalently closed RNAs generated
by alternative circularization (Li et al, 2017; Fu et al, 2019).
Emerging evidence has demonstrated that plant circRNAs are
differentially expressed (DE) under various stress conditions
(Li et al,, 2017).

Recently, a competing endogenous RNA (ceRNA) theory has
been widely accepted as a novel type of gene regulatory model
(Salmena et al., 2011). LncRNAs and circRNAs act as ceRNAs to
interact with common miRNA response elements and ultimately
de-repress the transcriptional or/and translational limitations on
miRNA target genes (Ala etal., 2013; Liet al., 2019). Based on this
theory, a number of studies have analyzed the ceRNA-miRNA-
target gene regulatory networks based on IncRNA/miRNA,
circRNA/miRNA, and miRNA/mRNA interactions in plants (Xu
et al., 2016; Li et al, 2019; He et al., 2020). However, to the
best of our knowledge, the comprehensive studies of the mRNA,
miRNA, IncRNA, circRNA, and ceRNA networks in salt stress
response in Medicago truncatula are lacking. In addition, the
functions of these networks have not been extensively clarified.

Medicago truncatula, a close relative of alfalfa, is a model plant
widely used in the study of legumes due to its simple genomic
ploidy, small genome size, and short growth cycle (Tang et al,,
2014). Considering the severe trend of soil salinization, there
is a need to unravel the molecular mechanisms underlying salt
stress responses in Medicago truncatula to provide important
instructions in breeding practice for legumes. Therefore, in this
study, we used whole-transcriptome RNA sequencing to identify
and characterize coding and non-coding RNAs, and the ceRNA
networks in Medicago truncatula treated with NaCl or water.
Our results extend the current view on non-coding RNAs as
ubiquitous regulators under salt stress and further deepen our
understanding of the molecular mechanisms underlying salt
stress response in Medicago truncatula.

MATERIALS AND METHODS

Plant Growth Conditions and Salt

Treatment

Sterilized seeds of Jemalong Al7, an ecotype of Medicago
truncatula, were kept at 4°C for 2 days. After vernalization,
the seeds were placed in the Murashige and Skoog medium
to germinate at 25°C. Afterward, the sprouted seedlings were
transplanted into plastic pots filled with vermiculite and nutrient
soil in a ratio of 1:1. The seedlings were cultured at 25°C with a
16 h light/8 h dark cycle and a relative humidity of 75%. After
3 weeks, the control group (CK) was continuously watered with
neutral water, whereas the experimental group (Salt) was watered
with a solution of 300 mmol/L NaCl. After 1 week, leaves of
the CK and Salt groups were collected for whole-transcriptome
RNA sequencing (with 3 biological repetitions) in Gene Denovo
Biotechnology Co., Ltd (Guangzhou, China).
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RNA Extraction and Sequencing

Leaves of the CK and Salt groups were collected (with three
biological repetitions) and frozen in liquid nitrogen. Total RNA
extraction was performed from 6 samples using TRIzol reagent
(Invitrogen). RNA quality was estimated using a NanoDrop 2,000
spectrophotometer (Thermo Fisher Scientific). After ribosomal
RNA (rRNA) removal, template RNA fragmentation (200-500
nucleotides), cDNA synthesis, and PCR amplification, we used
Ilumina HiSeq™ 4000 for total RNA sequencing. The raw reads
were first quality-controlled with FASTQ by filtering low-quality
reads (Chen et al., 2018). Afterward, clean reads were aligned
to the Medicago truncatula genome (MedtrAl17_4.0) using the
HISAT?2 software (Kim et al., 2015).

mRNA Identification and Analysis

Based on the genomic mapping results, we reconstructed
transcripts using Stringtie to identify protein-coding genes
(Pertea et al., 2015). The fragments per kilobase per million
reads (FPKM) values were obtained to estimate the expression
level of mRNAs after correction for sequencing depth and
transcript length. Differentially expressed mRNAs (DEmRNAs)
were defined with a cutoff of log,FC > 1 and FDR < 0.05. The
heat map based on Z-score was drawn for the DEmRNAs. Gene
ontology (GO) annotation and functional enrichment analyses of
DEmRNASs were performed using an online database.'

Long Non-coding RNA Identification and

Analysis

After reconstruction, we retained the transcripts with
length >200 bp and exon number >1. To improve the reliability
in identifying true IncRNAs, we selected the transcripts with no
coding potential predicted by both coding potential calculator
2 (CPC2) and coding-non-coding index (CNCI) for further
analysis (Sun et al,, 2013; Kang et al., 2017). According to the
positions of the IncRNAs relative to the protein-coding genes in
the genome, we divided the IncRNAs into 5 types, including sense
IncRNAs, antisense IncRNAs, intronic IncRNAs, bidirectional
IncRNAs, and intergenic IncRNAs. Their genomic distributions
were shown by Circos plots using an online platform.> The
FPKM values of the IncRNAs were calculated, and DESeq2 was
used for the DE analysis (Love et al., 2014). The DEIncRNAs were
selected with the criteria of log,FC >1 and FDR < 0.05. We used
RNAplex to predict the complementary relationship between
antisense IncRNAs and mRNAs (Tafer and Hofacker, 2008).
A prediction of cis-acting interactions was made if the location of
the IncRNA was upstream or downstream of a gene within 10 kb.
On the other hand, a prediction of trans-acting interactions
was made based on Pearson’s correlation coefficients between
IncRNAs and protein-coding genes. Genes with an absolute
correlation greater than 0.95 was considered the trams-acting
target genes. Pathway enrichment analysis of these genes was
performed using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) (Kanehisa et al., 2008).

Uhttp://www.geneontology.org/
Zhttps://yimingyu.shinyapps.io/shinycircos/

Circular RNA Identification and Analysis

For circRNA identification, we extracted the unmapped reads
from the genome alignment. Afterward, the reads (about 20 bp)
at both terminals of these unmapped reads were aligned again
to the reference genome using bowtie2 and the mapped reads
were referred to as anchor reads (Langmead and Salzberg,
2012). All mapped anchor reads in 6 samples were submitted
to the find_circ module in bowtie2 to identify circRNAs
(Memczak et al., 2013). Expression levels of circRNAs were
calculated by back-spliced reads per million mapped reads
(RPM). GO annotation and functional enrichment analysis of the
identified circRNAs were performed using an online database (see
text footnote 1).

MicroRNA Identification and Analysis

The total RNA was subjected to agarose gel electrophoresis and
small RNAs with 18-30 nucleotides were extracted. Afterward,
3’ and 5 adapters were added to the small RNAs and reverse
transcription and PCR amplification were performed. We
extracted and purified the PCR products with a length of 140-
160 bp to construct the cDNA library for miRNA and Illumina
HiSeq™ 4000 was used for the sequencing. To obtain the
clean tags (sequences of miRNA), we filtered low-quality reads
(reads containing more than one base with quality value less
than 20 or reads containing N), reads with 5 adapters, reads
with long polyA tails (more than 70% of the bases in reads
were A), and reads without 3’ adapters. All the clean tags were
aligned in GenBank and Rfam databases to remove rRNAs,
scRNAs, snoRNAs, snRNAs, and tRNAs. The screened clean tags
were searched against the miRBase database to identify known
miRNAs in Medicago truncatula. Afterward, the unannotated
tags were aligned to the reference genome and predicted hairpin
structures to identify novel miRNAs. The expression of the
miRNAs was represented as TPM (tags per million). DEmiRNAs
were identified using edgeR, with dispersion set to 0.01 and other
parameters set to default (Robinson et al., 2010).

Construction and Analysis of the
Competing Endogenous RNAs
Regulatory Network

Based on the ceRNA theory, we predicted the interaction
pairs, DEmiRNAs-DEmRNAs, DEmiRNAs-DEIncRNAs, and
DEmiRNAs-DEcircRNAs, using Patmatch_v1.2> Pairwise
correlations were calculated using the Spearman correlation
coefficient (SCC) and the interaction networks were built using
gene pairs with SCC < -0.5. Cytoscape software was used to
display the visual models (Shannon et al., 2003).

Quantitative Real-Time Reverse
Transcription-Polymerase Chain

Reaction Validation

To validate the accuracy of the whole-transcriptome RNA
sequencing, we performed quantitative real-time reverse
transcription-polymerase chain reaction (qRT-PCR) for some

3https://www.arabidopsis.org/cgi- bin/patmatch/nph-patmatch.pl
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randomly selected DEmRNAs. MtActin served as the internal
reference gene. The primers were designed using the Primer 5.0
software and are listed in Supplementary Table 1. First-strand
cDNA was synthesized from 1 pg total RNA using TransScript-
Uni One-Step gDNA Removal and cDNA Synthesis SuperMix
(TransGen Biotech, Beijing, China). The SYBR Premix Ex Taq
(Takara, Japan) was used for quantitative detection on the 7,500
Real-Time PCR System (Applied Biosystems, CA, United States).
A 20-p] PCR system containing 10 pl 2 x SYBR Premix Ex Taq
(Takara, Japan), 8 pl ddH,0, 0.8 pul cDNA, 0.4 il Dye II, and 0.8
ul primers, was used. The qPCR process included the holding
stage (95°C for 30 s), cycling stage (95°C for 5 s and 60°C for
34 s), and melt curve stage (95°C for 15 s, 60°C for 1 min, 95°C
for 30 s, and 60°C for 15 s). All samples analyses were repeated
thrice and the relative expressions of DEmRNAs were calculated
using the 274 A ¢ method (Livak and Schmittgen, 2001).

RESULTS

Analysis of mMRNAs Characteristics in

Response to Salt Stress

From the whole-transcriptome RNA sequencing data, we
obtained the FPKM values of protein-coding genes. According to
the distribution of the expression abundance of the transcripts
from the 6 different samples, we found that the overall gene
expression levels could be distinctly divided into two groups:

the control group treated with water (CK-1, CK-2, and CK-
3) and the experimental group treated with salt (Salt-1, Salt-
2, and Salt-3) (Figure 1A). This result indicated that the salt
treatment used in this study was effective. We identified a
total of 4,693 (3,165 up-regulated and 1,528 down-regulated)
DEmRNAs (Figure 1B and Supplementary Table 2). A heat
map presented the expression profiles of the DEmRNAs and
showed that three repeats of each treatment clustered together,
while the Salt-treated group and the CK group were clustered
separately (Figure 1C). Cluster analysis also revealed that most
genes were up-regulated after the salt treatment, while a relatively
few genes were down-regulated (Figure 1C). To explore the
functions of the DEmRNAs, we performed a GO enrichment
analysis. Based on the GO enrichment analysis, we found that,
in terms of biological process, most of the DEmRNAs were
annotated to metabolic and cellular processes, and in terms of
molecular function, the two largest categories were annotated
to binding and catalytic activities. In addition, two major terms
(cell and cell part of cellular component) were also enriched
(Figure 1D and Supplementary Table 3). These enrichment
analyses suggested that these GO terms might be involved in
the salt stress response of Medicago truncatula. KEGG pathway
analysis showed that the metabolic pathways were the most
enriched (Supplementary Figure 1).

Subsequently, we identified 12 transcription factor families
from the DEmRNAs (Figure 2). By comparing the expression
levels of the transcription factors (TFs) among the 6 different
samples, we divided them into 4 groups. First, the core-binding
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FIGURE 2 | Identification and analysis of differentially expressed TFs under salt stress. (A) The expression level of 12 TFs in six samples. (B) Histogram of
up-regulated and down-regulated genes in 12 TF families.

factor (CBF) and ethylene-responsive factor (ERF) TF families, than 50% of the DEmRNAs belonging to the GRAS, MADS,
including 2 and 4 differentially expressed TFs, respectively, were and TCP TF families were down-regulated (Figure 2A). Third,
all down-regulated after salt stress (Figure 2A). Second, more 50% of the DEmRNAs in the bHLH, PLATA, WRKY, and AP2
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transcription factor families were down-regulated under salt
stress (Figure 2B). Fourth, most differentially expressed TFs
in the MYB, bZIP, and NAC TF families were up-regulated in
response to salt stress (Figure 2B).

Analysis of Long Non-coding RNAs
Characteristics in Response to Salt

Stress

To improve the accuracy of IncRNA identification before salt
stress, we used the CNCI and CPC2 software to predict
the coding potential of transcripts and selected the common
transcripts without coding potential as reliable IncRNAs.
Therefore, we obtained a total of 2,448 IncRNAs (Figure 3A
and Supplementary Table 4). Comparing the length between
the IncRNA and mRNA, we found that their length distributions
were similar (most transcripts were less than 1,500 nucleotides),
except that ratio of IncRNAs with 500-1,000 nucleotides was
higher than that of mRNAs with the same nucleotide length
(Figure 3B). The exon number in the mRNAs was more
widely distributed than that of the IncRNAs, mostly ranging
from 1 to 4, and the percentage of the IncRNAs with one

exon was much higher than that of the mRNAs (Figure 3C).
According to the position of the IncRNAs relative to the protein-
coding genes in the genome, we identified 806 sense IncRNAs,
495 antisense IncRNAs, 253 intronic IncRNAs, 69 bidirectional
IncRNAs, 553 intergenic IncRNAs, and 272 other IncRNAs
(Figure 3D). The genomic location and number distribution on
8 chromosomes of these different types of IncRNAs are shown in
Figures 3E,F, respectively.

Subsequently, we performed IncRNA expression analysis and,
based on the FPKM values, we found that IncRNA expression
was significantly different from that of mRNA either in the CK
group or the Salt group (Figure 4A). Compared with the CK
group, the overall expression levels of IncRNAs were more similar
within the Salt group, which was consistent with those of mRNAs
(Figures 1A, 4B). The expression levels of IncRNA in the CK
and Salt groups and their fold changes are shown in Figure 4C.
We obtained a total of 293 up-regulated IncRNAs and 212 down-
regulated IncRNAs (Figures 4C,D and Supplementary Table 5).
A heat map of these DEIncRNAs showed that three repeats of
each treatment clustered together (Figure 4D).

According to complementary base pairing, we predicted
antisense IncRNAs. The result showed that 496 IncRNAs
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and 488 mRNAs formed 541 antisense pairs, while between
DEIncRNAs and DEmRNAs, only 31 pairs were identified
(Table 1 and Supplementary Table 6). Afterward, the KEGG
pathway analysis was performed on the antisense-targeted
DEmRNAs and metabolic pathways were enriched with the most
gene numbers (Figure 5A). We used a 10-kb window upstream
or downstream of the IncRNA to identify cis-interactions
and identified 191 DEIncRNA-DEmRNA pairs (Table 1 and

TABLE 1 | Association analysis between INcRNA and mRNA.

Association List IncRNA mRNA Pair
Antisense All 496 488 541
Diff 31 30 31
Cis All 2,328 5,654 6,842
Diff 160 168 191
Trans Al 2,448 48,179 1.18 E%®
Diff 505 4,675 419,734

Supplementary Table 7). The cis-targeted DEmRNAs were
enriched in photosynthetic pathways with a minimum g-value
(Figure 5B). Correlation analysis revealed 419,734 trans-
interactions between DEIncRNAs and DEmRNAs (Table 1).
KEGG pathway analysis showed that the metabolic pathway
and biosynthesis of secondary metabolites pathway were the
most enriched (Figure 5C). The results of the GO enrichment
analysis of antisense, cis, and trans IncRNAs are shown in
Supplementary Figure 2.

Analysis of Circular RNAs

Characteristics in Response to Salt

Stress

In this study, we identified a total of 546 circRNAs that could be
classified into 6 types (Figure 6A and Supplementary Table 8).
The genomic distribution of the different types of circRNAs
is presented in Figure 6A. In terms of length, most circRNAs
were shorter than 400 bp (Figure 6B). Different chromosomes

Frontiers in Plant Science | www.frontiersin.org

April 2022 | Volume 13 | Article 891361


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

An et al.

Salt Stress Response in Medicago truncatula

Top 20 of KEGG Enrichment

Carbon fixation in photosynthetic organisms.

Amino sugar and nucleotide sugar metabolism . —

.2

Pentose and glucuronate interconversions . o
L]

Metabolic pathways- Q17T v

Onidative phosphorylation

‘Carbon metabolism-

Ribosome-

Biosynthesis of secondary metabolfes-

Top 20 of KEGG Enrichment

C Top 20 of KEGG Enrichment

. Biosynthesis of amino acids.
. Carbon metabolism
Glycolysis / Gluconeogenesis {

o

‘Tropane, piperidine and pyridine alkaloid biosynthesis {
Alanine, aspartate and glutamate metabolism{

Isoquinoline alkaloid biosynthesis |
Tyrosine metabolism |

Cysteine and methionine metabolism{

003000

063 008
RichFactor

Antisense

004 000

FIGURE 5 | The KEGG pathway analysis of the target genes of DEINcRNAs. (A) The KEGG pathway analysis of the antisense-targeted genes of DEINcRNAs. (B) The
KEGG pathway analysis of cis-targeted genes of DEINCRNAs. (C) The KEGG pathway analysis of trans-targeted genes of DEINCRNAs.

004 008 O 2-Oxocarboxyic acid metabolism
RichFactor 02

04 06
RichFactor

Cis Trans

included different numbers of circRNAs. Chromosome 1 (Chr.
1) had the most circRNAs (Figure 6C). GO annotation of the
circRNA genes showed that, in terms of biological process,
they were enriched in cellular process, metabolic process, and
biological regulation; in terms of molecular function, there were
enriched in binding, catalytic, and transport activities; whereas,
in terms of cellular component, they were enriched in cell, cell
part, and organelle (Figure 6D).

The expression levels of circRNAs in the 6 samples were
visualized in a violin plot (Figure 7A). We identified a total
of 21 DEcircRNAs (12 up-regulated and 9 down-regulated,
Figure 7B and Supplementary Table 9). Their IDs and
expressions in six samples are shown in Figure 7C and
Supplementary Table 9, respectively. Novel_circ_000001 is one
of the DEcircRNAs and MTR_1g116947 is its source gene. In
the CK group, novel_circ_000001 was not expressed. However,
after salt treatment, the second exon of MTR_1g116947 formed
a circRNA, which resulted in a significantly higher expression
of novel_circ_000001 (Figure 7D). We performed the GO
enrichment analysis on all the source genes of DEcircRNAs and
found that membranes under the cellular components, binding
activities under the molecular functions, and cellular processes
under the biological process contained the largest number of
source genes (Figure 7E).

Analysis of MicroRNAs Characteristics in
Response to Salt Stress

Through whole-transcriptome RNA sequencing and reads
alignment, we identified multiple known and novel miRNAs
(Supplementary Table 10). The top 10 known and novel
miRNAs in the CK and Salt groups are shown in Figures 8A,B,
respectively. Of note, mtr-miR166 and novel-m0001-3p were
most highly expressed. For novel miRNAs, 19 DEmiRNAs (12
up-regulated and 7 down-regulated) were identified (Figure 8C).
Their expression levels in the 6 samples (3 for both the CK and
Salt groups) are shown in Figure 8D. For the known miRNAs,
36 DEmiRNAs (10 up-regulated and 26 down-regulated) were
identified (Figure 8C). For these miRNAs, 8 miRNAs belonging
to the miR2111 family, 2 miRNAs belonging to the miR2592

family, 2 miRNAs belonging to the miR5205 family, and 2
miRNAs belonging to the miR5285 family were down-regulated;
in contrast, 2 miRNAs belonging to the miR398 family were
up-regulated (Figure 8E).

Construction of the Competing
Endogenous RNA Regulatory Network in

Response to Salt Stress

To explore the relationship between protein-coding RNAs
and ncRNAs under salt stress, we constructed the ceRNA
regulatory networks based on the ceRNA theory. Between
DEmiRNAs and mRNAs, we found a total of 524 pairs of
interactions (Supplementary Table 11). There were 10 pairs
between DEmiRNAs and DEcircRNAs and 46 pairs between
DEmiRNAs and IncRNAs (Supplementary Tables 13, 14).
A total of 42 DEmRNAs were predicted as targets of
27 DEmiRNAs (Figure 9 and Supplementary Table 12).
Moreover, 19 IncRNAs and 5 DEcircRNAs were predicted
as DEmiRNA sponges in salt stress response in leaves of
Medicago truncatula (Figure 9). In the up-regulated miRNAs,
we found 4 DEmiRNAs formed 7 DEmiRNA-DEmRNA, 8
DEmiRNA-IncRNA, and 3 DEmiRNA-DEcircRNA interactions
(Figure 9A). Most of the down-regulated miRNAs were involved
in multiple pairs with DEmRNAs and DEceRNAs (Figure 9B).
Novel-m0018-5p and novel-m0019-5p interacted with the same
DEmRNAs and IncRNAs. The mtr-miR2111 family included
8 DEmiRNAs, targeted MTR_3g085050 (Figure 9B). These
DEceRNA, DEmiRNA, and DEmRNA might act as important
regulators for salt stress response in Medicago truncatula.

Analysis of Key Pathways in Response to
Salt Stress

According to the results of whole-transcriptome RNA
sequencing, we analyzed genes and pathways that are important
in response to salt stress in Medicago truncatula. In the nucleus,
TFs act as important regulators for gene expression. In this
study, we identified TFs, including 2 CBFs (MTR_6g465430 and
MRT-6g465420) and 4 ERFs (MTR_7g096830, MTR_3g105510,
MTR_2g043050, and MTR_2g043030), were down-regulated
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after salt treatment, whereas most genes in the NAC, bZIP, and
MYB family were up-regulated (Figures 2, 10). SPL transcription
factors were negatively regulated by novel-m0037-5p and
novel-m0037-5p interaction with the IncRNA MSTRG.15691.1
(Figures 9B, 10). These results suggested that TFs themselves or
TFs in relationship with non-coding RNAs play important roles
in salt stress response in Medicago truncatula.

In this study, we found that 8 genes related to calmodulin
(CaM) were up-regulated, including MTR_3g085050, which was
negatively regulated by miR2111. The 8 members belonging to
the miR2111 family were down-regulated, thus resulting in the
up-regulation of MTR_3g085050, which encodes a calmodulin-
binding protein (Figures 9B, 10 and Supplementary Table 15).
We simultaneously identified 7 down-regulated CaM genes. The
significant changes in the expression levels of the CaM genes
indicated that Ca™ signal transduction was essential for salt stress
response in Medicago truncatula and that different CaM genes
functioned differently to regulate Cat concentration balance and
downstream signals.

Genes involved in carbohydrate metabolism in the chloroplast
also responded to salt stress (Figure 10). 1 gene (MTR_4g131760)

related to starch synthesis (in the first step) was down-regulated
and 2 genes (MTR_1g019440 and MTR_2g020240) related
to starch degradation were up-regulated. In addition, eight
differentially expressed genes related to sucrose metabolism were
up-regulated (Figure 10 and Supplementary Table 15).

In the plant hormones pathway, 6 genes related to auxin
transport were down-regulated, while 2 genes were up-regulated
after salt treatment. In addition, 8 auxin response factors were
up-regulated, while 10 related factors were down-regulated
(Figure 10 and Supplementary Table 15). In the jasmonate
pathway, 4 genes participating in the process from linolenic
acid to hydroperoxylinolenic acid were down-regulated, while 2
genes were up-regulated. 2 12-oxo-PDA-reductases genes were
down-regulated, while 3 genes were up-regulated (Figure 10 and
Supplementary Table 15).

In the phenylpropanoid metabolism, we found that 12 genes
related to phenylpropanoid biosynthesis were up-regulated,
while only 4 genes were down-regulated (Figure 10 and
Supplementary Table 15). In the secondary metabolism, only
2 genes (MTR_5g031300 and MTR_5g031360) related to
cinnamyl-alcohol dehydrogenase (CAD) were down-regulated,
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while other 11 genes related to lignin biosynthesis were
all up-regulated (Figure 10 and Supplementary Table 15).
Further analyses of the lignin content are necessary to explore
the relationship between lignin genes and salt tolerance in
Medicago truncatula.

In the mitochondrion, genes related to 4 electron transport
protein complexes, tricarboxylic acid cycle (TCA), and
alternative oxidase (AOX) were up-regulated (Figure 10
and Supplementary Table 15). This revealed that the salt stress
affected the reactions in the mitochondrion.

Based on the candidate genes involved in the key pathways
implicated in response to salt stress, we further analyzed their
regulatory relationship with IncRNAs. The result revealed that
6 and 81 genes may be cis- and trans-regulated by IncRNAs,
respectively (Supplementary Table 15). This suggested that
complex mechanisms, including interactions between mRNAs
and IncRNAs, might respond to salt stress and that the fine
control module worth further study.

Validation of the Expression of RNA by
Quantitative Real-Time Reverse
Transcription-Polymerase Chain

Reaction
To confirm the results of the whole-transcriptome RNA
sequencing, we used qRT-PCR to verify the expressions of

randomly selected DERNAs, DEmiRNAs and IncRNAs. As
shown in Supplementary Figure 3, the qRT-PCR results were
consistent with the RNA-seq data. MTR_8g059170 was up-
regulated, while the other 5 genes were significantly down-
regulated after the salt treatment. And, we also found the
miRNAs and its target genes had an opposite expression patterns
(mtr-miR2088-5p and MTR_4g044297, novel-m0148-5p, and
MTR_8g464450). These results demonstrate the accuracy of the
RNA-seq data in this study.

DISCUSSION

Salt stress is among the most severe abiotic stresses that threaten
plant growth (Butcher et al., 2016). With the expansion of saline
land, there is a need to broaden the current knowledge on
plant responses to salt stress. To date, an immense amount of
research has been performed to assess different plants’ responses
to salinity; however, there are still many unknown regulatory
elements and processes, including transcription and post-
transcriptional regulation. In this study, we identified multiple
key salt stress response factors through whole-transcriptome
sequencing on the leaves of Medicago truncatula, a legume model
crop, by comparing salt and water treated groups.

Based on the results of the whole-transcriptome sequencing,
we first analyzed the protein-coding mRNA characteristics in
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visualization of known DEmIRNAs in six samples.

response to salt stress in Medicago truncatula leaves. It has that other WRKY-type TFs involved in salt response were also
been recognized that many TFs have an important role in supported in rice and halotolerant grass Festuca rubra ssp.
stress-responsive transcription, such as bZIP, AP2/ERE, MYB, litoralis (Diédhiou et al., 2009a,b; Jiang and Deyholos, 2009).
NAC, and WAKY (Golldack et al, 2011). Yang et al. (2009) We identified 20 differentially expressed WRKY TFs; however,
reported that AtbZIP24 was induced by salt stress in Arabidopsis  there was no consistent expression change in them, which may
thaliana but suppressed in the salt-tolerant relative Lobularia  due to different functions in response to saline stress. Moreover,
maritima. Liu et al. (2007) reported that salt stress in Arabidopsis members in the MYB and bHLH families were also reported in
thaliana induced a signaling cascade involving the processing of response to ABA and ROS signaling related to salt adaptation
AtbZIP17. Among the differentially expressed TFs in this study, (Lippold et al, 2009; Golldack et al, 2011). Our study also
15 bZIP TFs (13 were highly induced) were induced by salt found some differentially expressed MYB and bHLH TFs. These
stress in Medicago truncatula leaves and their functions worth  results suggest that the differentially expressed TFs identified in
turther study. We also found that 4 ERFs were down-regulated =~ Medicago truncatula might be involved in the complex regulatory
after salt treatment, suggesting that ERFs may be involved in  systems in salt response as seen in other plants. Also, our results
the salt response. Cheng et al. (2013) reported that ERFI was provide potential opportunities for improving salt tolerance in
highly induced by high salinity in Arabidopsis and that ERFI-  Medicago truncatula and Medicago sativa.

overexpressing Arabidopsis lines were more tolerant to salt stress. Recently, non-coding RNAs, including IncRNAs, circRNAs,
It has been demonstrated that the overexpression of WAKY25 and miRNAs, have been shown to play crucial regulatory roles
and WAKY33 could improve salt tolerance in Arabidopsis and  in diverse biological processes involving complex mechanisms.
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Wang et al. (2015) identified the IncRNAs involved in salt
stress in Medicago truncatula and predicted the interaction
networks among the IncRNAs and protein-coding RNAs. In
this study, a total of 2,448 IncRNAs were identified, which is
quite different from the previous identification results (Wang
et al, 2015). This phenomenon may be caused by different
analysis methods in different studies. Zhang et al. (2021)
identified IncRNA354 and found that its expression was reduced
in salt-treated cotton. Silencing IncRNA354 enhanced the
resistance to salt stress in cotton. The IncRNA DRIR could be
significantly activated by drought and salt stress; moreover, its

overexpression in Arabidopsis increased tolerance to salt stress
(Qin et al, 2017). For circRNAs, Li et al. (2021) analyzed
their expression patterns and functions between salt-sensitive
and salt-tolerant poplars and concluded that circRNAs might
regulate the gene expression of woody poplars efficiently in
the salt tolerance of different poplars. Based on a previous
transcriptome-wide analysis of circRNAs in rice (Lu et al,
2015), Zhou et al. (2021) used a multiplexed CRISPR-Cas9
strategy to efliciently acquire individual null mutants for 4
circRNAs (Os02c¢irc25329, Os06circ02797, Os03circ00204, and
Os05circ02465) in rice and revealed that they all participated
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FIGURE 10 | The important pathways of Medicago truncatula’s response to salt stress and the relationship between DEmRNAs and ceRNAs. Blue boxes represent

in salt stress response during seed germination. Furthermore,
through molecular and computational analyses, a previous study
demonstrated that Os06circ02797 could bind and sequester
OsMIR408. Long et al. (2015) analyzed salt-stress-regulated
miRNAs from roots of Medicago and found that different
expression levels of some miRNAs were perhaps a consequence
of the long-term adaptive evolution. In maize, miR169q was
found to respond to stress-induced ROS signals and negatively
regulate seedling salt tolerance. MiR169q repressed the transcript
abundance of its target NUCLEAR FACTOR YA8 (ZmNF-
YA8), whose high expression improved salt tolerance in maize
(Xing et al, 2021). In poplar, He et al. (2018) found that
miR390 overexpression stimulated lateral root development and
increased salt tolerance. The miR390/ARFs (auxin response
factors) module is a key regulator subjected to salt stress
by modulating the auxin pathway. In this study, we found
that miRNA390 was significantly down-regulated in Medicago
truncatula leaves after salt stress (Figure 8E). We also identified
some ARFs, whose expression levels changed significantly
(Figure 10). These results suggest that the miR390/ARFs module
may play a role in Medicago truncatula leaves in response
to salinity stress. MiRNA482 was reported to be involved in
immune and drought response in plants (Tang and Chu, 2017;
Song et al., 2019; Waititu et al., 2020). In this study, we found
that miRNA482 was induced by salt stress (Figure 8E). This

discovery may broaden the current knowledge on the function
of miRNA482. MiR398 is directly related to the plant stress
regulation network, including those regulating plants’ responses
to salt (Tang and Chu, 2017; Song et al., 2019; Chen et al.,
2020; Waititu et al,, 2020), which was consistent with our
results (Figure 8E). The miR2111, which was reported to be
related to legume susceptibility to rhizobial infection and root
competence for nodulation (Tsikou et al., 2018), was found
to be down-regulated under salt stress in Medicago truncatula.
Compared with other plant studies, we also identified many new
RNAs. This difference might be due to the fact that different
studies used different salt concentrations at different periods to
simulate salt stress.

CONCLUSION

In summary, it is known that protein-coding and non-
coding RNAs and their interactions are essential for plant
response to salt stress. However, the molecular mechanisms
underlying the ceRNA network remain unknown. Our study
comprehensively analyzed the coding and non-coding RNAs in
Medicago truncatula after salt or water treatments and showed
the interactions between them are important for regulating the
salt stress response. Furthermore, we identified the DERNAs as
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salt response factors and displayed the intracellular pathways
implicated in response to salt stress. Our results provide helpful
information for further molecular function studies and breeding
practices in Medicago.
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In plants, the leaf is an essential photosynthetic organ, and is the primary harvest in
forage crops such as alfalfa (Medicago sativa). Premature leaf senescence caused
by environmental stress can result in significant yield loss and quality reduction.
Therefore, the stay-green trait is important for improving the economic value of
forage crops. Alkaline stress can severely damage leaf cells and, consequently, cause
leaf senescence. To understand the molecular regulatory mechanisms and identify
vital senescence-associated genes under alkaline stress, we used high-throughput
sequencing to study transcriptional changes in Medicago truncatula, a model plant
for forage crops. We identified 2,165 differentially expressed genes, 985 of which
were identical to those in the dark-induced leaf senescence group. Gene ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analyses showed that the 985 genes were mainly enriched in nutrient cycling processes
such as cellular amino acid metabolic processes and organic substance catabolic
processes, indicating nutrient redistribution. The other 1,180 differentially expressed
genes were significantly enriched in the oxidoreductase complex, aerobic respiration,
and ion transport. Our analysis showed the two gene sets guiding the coupled
physiological and biochemical alterations play different roles under alkaline stress with a
coordinated and integrated way. Many transcription factor families were identified from
these differentially expressed genes, including MYB, WRKY, bHLH, and NAC which
have particular preference involved in stress resistance and regulation of senescence.
Our results contribute to the exploration of the molecular regulatory mechanisms of leaf
senescence in M. truncatula under alkaline stress and provide new candidate genes for
future breeding to improve the biomass and quality of forage crops.

Keywords: alkaline stress, Medicago truncatula, leaf senescence, transcriptome analysis, senescence-
associated genes (SAGs)
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Alkaline-lduced Leaf Senescence in M. truncatula

INTRODUCTION

Senescence occurs when the photosynthetic efficiency in a leaf
is constantly decreasing; its stages include a color change from
green to yellow, wilting, and death. During senescence, the
nutrients in the leaf are transferred to new buds, developing
flowers, maturing seeds, or other plant development, thus directly
enhancing plant adaptability and reproductive success in the face
of stress (Uauy et al., 2006; Lim et al., 2007). Therefore, the
timing of leaf senescence is of biological significance. Premature
senescence caused by environmental stressors can result in
significant yield loss and quality reduction. Such stressors include
darkness, drought, saline, and alkaline conditions (Guo and Gan,
2012; He et al., 2018; Guo et al., 2021). Saline-alkaline stress is a
common abiotic stress that limits plant growth and development,
and has become a serious problem restricting crop production
as well as ecological environment construction (Zhu, 2016; Wei
et al, 2021). High salinity accelerates leaf senescence, thereby
reducing plant biomass (Balazadeh et al., 2010; Allu et al., 2014;
Yang and Guo, 2018b). We confirmed this phenomenon in our
previous study, and preliminarily investigated the associated
molecular mechanisms (Dong et al., 2021).

Unlike salt stress, alkaline stress is caused mainly by NaHCO3
and Na,COj. Therefore, Nat stress occurs in alkali stress, as well
as HCO3 ™ and pH stresses (Zhang et al., 2019). It can induce ion
toxicity, osmotic stress, and oxidative damage in plants leading
to accelerated leaf senescence (Fan et al., 2021). Alkaline stress
can significantly disrupt ion balance and interfere with the uptake
of mineral elements, resulting in excessive Na™ accumulation in
leaf cytoplasm, thereby producing ion toxicity and inducing leaf
senescence (Ghanem et al., 2008; Guo et al., 2009; Yang and Guo,
2018b). The decreasing K*/Na™ ratio disrupts the ultrastructure
of chloroplasts, leading to chlorophyll degradation, a reduced
photosynthetic rate, and accelerated leaf senescence (Zhao et al.,
2001; Wang et al., 2019). Excess ions produce osmotic stress and
lead to dehydration in leaves, followed by rapid leaf senescence
(Yang and Guo, 2018a; Zhang P. et al., 2021).

The effect of oxidative damage on leaf senescence requires
investigation. High pH stress results in increased permeability
of the cell membrane in leaves by inducing the accumulation
of malondialdehyde (MDA) and reactive oxygen species (ROS),
allowing penetration by small molecules of organic substances
and electrolytes into the cell. The intracellular molecular
structures and functions are in turn damaged, accelerating leaf
senescence (An et al, 2016; Zou et al, 2020). Plants have
developed a series of regulatory adaptive mechanisms to resist
senescence, such as alleviation of osmotic stress, modulation of
ion homeostasis, and antioxidant protection (Yang and Guo,
2018b; Wei et al, 2020). It has been reported that with leaf
senescence, numerous leaf senescence-associated genes (SAGs)
are expressed and associated transcription factors (TFs) are
involved in regulation (Buchanan-Wollaston, 1997; Guo and
Gan, 2005). TF families (such as NAC, MYB, WRKY, and
bZIP) have been shown to participate, often critically, in the
regulation of senescence in plants (Hao et al., 2010; Mao et al.,
2017; Woo et al,, 2019; Xu et al, 2020; Dong et al.,, 2021).
During leaf senescence, a large number of SAGs and TFs are

expressed at high levels, and these genes constitute several
complex senescence regulatory networks that are interlinked and
regulated by each other to control leaf senescence. However, there
is little understanding of the relationship between SAGs and
alkaline stress.

In recent years, significant progress has been made in
elucidating the relationship between SAGs and abiotic stresses in
Arabidopsis thaliana (Breeze et al., 2011), tobacco (Pageau et al.,
2006) and rice (Lee et al., 2001). At present, few reports have been
published on the mechanism of leaf senescence in leguminous
forage species (Chao et al., 2018; Yuan et al., 2020). However,
the key regulators of leaf senescence induced by alkaline stress
remain unclear. Alfalfa (Medicago sativa L.) is considered to be
one of the most important forages in the world because of its
high yield, high quality, and wide range of adaptations (Bouton,
2007; Wang et al., 2016). Most of nutrients in alfalfa are stored
in the leaves, and leaf senescence can greatly affect the nutritional
quality of the plant, especially when affected by environmental
factors such as saline and alkaline stress. Therefore, preventing
premature senescence or delaying senescence appropriately to
increase biomass accumulation is important for improving
alfalfa quality and increasing agricultural economic efficiency
(Zhou et al,, 2011). Medicago truncatula has been adopted as a
suitable model for studying forage crop improvements and leaf
senescence (Barker et al., 1990; Zhang et al., 2014). The highly
controlled repeatable detached leaves are widely used to evaluate
leaf senescence in different plant species (Mao et al., 2017; He
et al., 2018; Sakuraba et al., 2018).

In a previous study, we investigated salt- and dark-induced
leaf senescence in M. truncatula by collecting transcriptional data
over the course of leaf senescence. In this study, we investigated
the relationship between leaf senescence and alkaline stress by
analyzing detailed expression profiles and annotating the SAGs.
The purpose of this study was to identify the genes involved in
alkali-induced leaf senescence so as to provide new candidate
genes for breeding management strategies.

MATERIALS AND METHODS

Plant Material and Alkaline Stress

Treatments

The M. truncatula ecotype R108 was used in this study. Seeds that
had already been vernalized for 2 days were sown in dishes with
moistened filter paper and grown in a light incubator for 7 days.
They were then transferred into Hoagland’s nutrient solution
for hydroponic growth cultivation, and the culture medium was
changed every 3 days. Plants were placed in a light incubator with
a 16 h photoperiod, day/night temperatures of 25°C/22°C, and a
relative humidity of 60-70%.

After 5 weeks, the third compound leaf of each plant
was removed and immediately transferred into Petri dishes
containing 0, 10, 20, and 40 mM NaHCOs3 solution [prepared
with half Murashige-Skoog medium, 3 mM MES (2-morpholine
ethyl sulfonic acid) buffer, adjusted to pH 5.8]. The Petri dishes
were then placed under light or dark conditions, with the growth
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conditions: 16 h light (25)/8 h darkness (22°C), relative humidity
of 60-70%, and light intensity of 300 mol/m?s.

Individual samples were harvested at 0, 2, 4, and 6 days
post-alkaline salt stress treatment and briefly immersed in
liquid nitrogen before being stored at —80°C. The sampled
materials were used to measure physiological indicators
[chlorophyll, MDA, H,0O;, and abscisic acid (ABA)] and for
transcriptomic sequencing.

Three biological replicates were analyzed for each sample
group. All data were subjected to one-way analysis of
variance (ANOVA) using SPSS 26 (IBM Corp., Armonk,
NY, United States). Mean differences were analyzed using
Duncan’s multiple range test, and statistical significance was set
at P < 0.05. All charts were created using Microsoft Excel 2019
(Microsoft Corp., Redmond, WA, United States).

A dark treatment group (dark) was established as a positive
control to better screen the SAGs (Sobieszczuk-Nowicka et al.,
2018). In addition, a light control group (control-light) was
established to remove background effects, so as to acquire SAGs
involved in senescence upon alkaline stress, not just the genes
reacting to alkaline stress.

RNA Quantification and Qualification

Total RNA extraction and quality control were conducted as per
the method in an earlier study (Dong et al., 2021). Only high-
quality RNA samples (ODg0 /280 = 1.8-2.2, > 50 ng/pL, > 1 ug)
were used for sequence library constructions.

Library Preparation and Transcriptome

Sequencing

RNA libraries were prepared using the TruSeq™ RNA
sample preparation kit from Illumina (San Diego, CA,
United States) using 1 pug of RNA. Messenger RNA (mRNA)
was enriched and randomly fragmented into small fragments
of approximately 200 bp, and c¢DNA synthesized using a
SuperScript double-stranded ¢cDNA synthesis kit (Invitrogen,
CA, United States). The synthesized cDNAs were subjected to
end-repair, phosphorylation, and “A” base addition according
to Illumina’s library construction protocol. Libraries were size
selected for 200-300 bp cDNA target fragments using 2% Low
Range Ultra Agarose electrophoresis followed by enrichment of
PCR (sample preparation kit; Illumina, San Diego, CA). After
quantification using TBS380 (Turner BioSystems, Sunnyvale,
CA, United States), the paired-end RNA-seq sequencing library
was constructed on an Illumina HiSeq xten/NovaSeq 6000
platform, and 150 bp paired-end reads were generated.

Raw reads were trimmed, and their quality controlled by Fastp
(Version: 0.19.5)" to acquire clean reads. All downstream analyses
were based on clean data.

All obtained high-quality and clean reads were separately
aligned to the reference genome of M. truncatula (reference
genome version MedtrA17_4.0; reference genome source can
be accessed via http://plants.ensembl.org/Medicago_truncatula/
Info/Index with orientation mode using hisat2 (Version 2.1.0)

Uhttps://github.com/OpenGene/fastp
Zhttp://ccb.jhu.edu/software/hisat2/index.shtml

software. The mapped reads of each sample were assembled using
StringTie (version 1.3.3 b).?

Quantification of Gene and Differential
Expression Analysis

StringTie was used to count the number of reads mapped to
each gene. The transcripts per million reads (TPM) of each
gene were calculated from gene length and the read count
mapped to it. RNA-Seq by Expectation-Maximization (RSEM,
Version 1.3.1)* was applied to quantify gene abundance for each
group and time point.

Differential expression analysis was performed using R
statistical package software (EdgeR, Version 3.24.3).° The
resulting P-values were adjusted using Benjamini and Hochberg’s
approach in order to control the false discovery rate. Genes
with adjust < 0.05, |[log;FC| > 1 by EdgeR were defined as
significantly different.

Gene Ontology and Kyoto Encyclopedia
of Genes and Genomes Pathway
Enrichment Analysis of Differentially
Expressed Genes

Gene Ontology (GO)® functional enrichment was conducted
using Goatools (Version 0.6.5)” and Fisher’s precision tests. GO
terms with BH-corrected P adjustment (<0.05) were considered
significantly enriched by DEGs.

We used KOBAS (Version 2.1.1)* and Fisher’s precision test
for DEGs in the Kyoto Encyclopedia of Genes and Genomes
(KEGG)® pathways. The metabolic pathways were considered
significantly enriched by DEGs at a BH-corrected value of
P < 0.05.

Transcription Factor Analysis

TFs are a class of proteins that bind to specific DNA sequences
and are widely found in living organisms. They have an activating
or blocking effect on gene expression. TF analysis was undertaken
using PlantTFDB 4.0 (Version 4.0).!° A threshold of less than e >
was used for the Hmmscan search.

Time-Course Senescence-Associated

Gene Analysis
Time-series SAG analysis based on the microarray Significant
Profiles (maSigPro, Version 1.56.0)"" was performed to obtain
genes with different expression profiles throughout the series of
sampling time nodes.

A short time-series expression miner (STEM, Version 1.3.11)
with a P < 0.05 threshold was used for temporal pattern analysis.

*https://ccb.jhu.edu/software/stringtie/
“http://deweylab.biostat.wisc.edu/rsem/
>http://bioconductor.org/packages/stats/bioc/edgeR/
Chttp://www.geneontology.org/

"https://github.com/tanghaibao/Goatools
8http://kobas.cbi.pku.edu.cn/home.do

http://www.genome.jp/kegg/

Ohttp://planttfdb.cbi.pku.edu.cn/
"http://www.bioconductor.org/packages/release/bioc/html/maSigPro.html
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Quantitative Real-Time PCR Analysis
Quantitative real-time PCR (qRT-PCR) was used to verify the
reliability of RNA-seq data. The RNAs were reverse transcribed
using the M5 Super Plus gPCR RT kit with gRNA remover (mei5
Biotech Co., Ltd., Beijing, China) and then subjected to qRT-PCR
using ChamQ SYBR color qPCR Master Mix (Vazyme Biotech
Co., Ltd., Nanjing, China). Three replicates were performed
for each reaction. Twenty-five genes were chosen for qRT-PCR
with the following criteria: TFs (Supplementary Table 5), 15
upregulated genes and 9 downregulated genes, belonging to
profiles 21 and 4 of 985 SAGs, and differential expression in
different groups. Mt UBC Q-2 served as the reference gene.

Gene-specific primers were designed using Primer 5.0 and are
shown in Supplementary Table 1.

RESULTS

Phenotypic and Physiological Responses
of Detached Leaves to Alkaline Stress

The detached leaves showed different phenotypic changes across
different groups (Figure 1A). In the control light group, leaves
remained green throughout 6 days; in the dark group, leaves
showed progressive yellowing from days 4 to 6; in the alkaline-
stress groups, leaves treated with concentrations of 10 and 20
mM NaHCOj turned yellow on day 2 and formed eroded lesions;
over time, the leaves slowly turned transparent from necrosis.
There was a significant correlation between the concentration of
NaHCO3 and leaf phenotypic change.

The physiological response of detached leaves treated with 20
mM NaHCO3 was investigated through measuring chlorophyll,
H,0,, MDA, and ABA contents. These four physiological and
biochemical indicators are commonly used to evaluate the leaf
senescence process. The chlorophyll content in both the alkaline-
stress and dark groups decreased distinctly from days 2 to 6 in
comparison to the slight reduction in the control-light group.
Moreover, the chlorophyll content was even undetectable in the
20 mM NaHCO3 group on day 6 (Figure 1B). As expected, H,O,
levels in the alkaline-stress group increased progressively from
days 2 to 6 during leaf senescence; those in the dark-induced
group followed the same trend, steadily increasing from days 2
to 4, and decreasing at day 6, as found in an earlier study (Dong
et al,, 2021; Figure 1C). MDA content in the alkaline stress and
dark groups significantly increased to a maximum on day 4 and
then dropped slightly on day 6 compared to the mild increase
in the control-light group (Figure 1D). ABA content in both
the treatment and control groups peaked on day 4, and then
decreased, remaining above the initial value (Figure 1E).

Transcriptome Sequencing

The detached leaves were treated under the conditions of control-
light, dark, 10 mM, and 20 mM NaHCOj; for 0, 2, 4, and
6 days; a total of 13 groups with three biological replicates
in each group (in total 39 samples) were sampled for library
construction and subsequent sequencing. A total of 283.60 Gb
high-quality clean data were obtained. The clean reads from each

sample exceeded 7.27 Gb, and the matching to the reference
genomic sequence was 81.78-89.05%. The GC content was above
42.60% and the percentage of Q30 bases was at least 92.82%
(Supplementary Table 2). Principal component analysis (PCA)
showed higher similarity among biological replicates of the
same group and higher variability among different groups under
different conditions (Figure 2A). The high Pearson correlation
values of the biological replicates for the 39 samples achieved
the expectation of the experimental design (Supplementary
Figure 1). The specific gene expression profiles obtained by qRT-
PCR analysis were used for the validation of RNA-Seq data, and
the results showed similar expression profiles between RNA-Seq
and qRT-PCR analysis (Figure 2B and Supplementary Figure 2).

Identification of Differentially Expressed

Senescence-Associated Genes

Compared with day 0 levels, the upregulated and downregulated
genes in both the control-dark and 20 mM NaHCOj3 treatment
groups ranged from 8,700 to 11,910, while the number of
DEGs in the control-light group was much smaller than that
in the treatment group, ranging between 3,800 and 5,300 DEGs
(Figure 3A and Supplementary Table 3). The number of
upregulated and downregulated genes in the alkaline stress group
decreased with extended treatment time, while there was an
opposite trend in both control groups.

Venn diagrams at three time points based on all DEGs from
both the 10 and 20 mM NaHCOj3 treatments groups compared
with the DEGs from the control-light group were constructed
to obtain SAGs in order to identify genes associated with leaf
senescence (Figure 3B). We identified 2,165 unique genes in the
10 and 20 mM NaHCOj3 treatment groups compared with the
control group. These genes were then divided into two parts after
taking the intersection with the set of SAGs obtained from the
dark-induced groups: 985 SAGs and 1,180 genes (Supplementary
Table 4). STEM temporal pattern analysis showed genes with
the same expression type were grouped into the same profile
(Figure 3C). The 985 SAGs were divided into four significant
gene expression profiles (P < 0.05), including one upregulated
profile (red; profile 21; 340 genes), two downregulated profiles
(green; profiles 3 and 4; 71 and 394 genes), and one other profile
(gray; profile 6; 60 genes). The 1,180 genes were divided into
six significant gene expression profiles: three being upregulated
(profiles 21, 23, and 24; with 461, 42, and 127 genes, respectively),
two downregulated (profiles 3 and 4; with 106 and 219 genes,
respectively), and one other profile (profile 6; 30 genes).

Gene Ontology and Kyoto Encyclopedia
of Genes and Genomes Pathway

Enrichment Analysis

GO enrichment analysis characterizes the gene function and
relations in three categories: biological processes (BP), molecular
functions (MF), and cellular components (CC). As shown in
Table 1, the GO terms with the top 10 highest enrichment
degree were all went to BP category for 985 SAGs, while for
1,180 DEGs the top 10 highest enrichments were classified into
CC and BP categories. For the 985 SAGs, the top GO terms
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FIGURE 1 | Alkali stress-induced leaf senescence and physiological analysis in Medicago truncatula. (A) Leaf senescence progression and color change of
detached M. truncatula leaves under dark (Dark), normal light (Control-light), and 10, 20, 40 mM NaHCO3 (10 mM NaHCO3-light, 20 mM NaHCO3-light and 40 mM
NaHCOj3-light) conditions for O, 2, 4, and 6 days. DAT: days after treatment. Scale bar = 1 cm. (B) Chlorophyll (a + b), (C) H20>, (D) malondialdehyde (MDA), and (E)
abscisic acid (ABA) in detached M. truncatula leaves exposed to different conditions during senescence. Values are presented as mean =+ SE of three independent
biological replicates per time point. Different letters indicate significant differences among treatments according to the analysis of variance (ANOVA, P < 0.05). Error
bars correspond to standard error. FW, fresh weight.
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were mainly involved in “small molecule catabolic and metabolic
process,” “cellular amino acid metabolic processes,” “carboxylic
acid catabolic and metabolic process,” and “organic acid and
substance catabolic process” of BP category; while among the
1,180 DEGs, the top GO terms in BP category were “aerobic
respiration,” “aerobic electron transport chain,” “ion transport,”
and “cation transport”; also in CC category, “mitochondrion,”
“oxidoreductase complex,” “NADH dehydrogenase complex,”
and “Membrane-bounded organelle” were significantly enriched.
In all, the enrichment of GO terms with higher degrees from
the two gene sets (985 SAGs and 1,180 DEGs) was remarkably
significantly different, indicating that the genes of the two gene
sets play different roles under alkaline stress.

KEGG enrichment analysis showed that the most significantly
enriched pathways in 985 genes were related to “glyoxylate
and dicarboxylate metabolism,” “valine, leucine, and isoleucine
degradation,” “tyrosine metabolism,” and “arginine and proline
metabolism.” On the contrary, thermogenesis, and oxidative
phosphorylation were the enriched KEGG pathway terms for
the 1,180 genes.

It is reported that regulation of plasma membrane (PM)
HT-ATPase activity is important for plant adaptation to alkali
stress and enhancement of higher leaf photosynthesis (Fuglsang
et al., 2007; Yang et al., 2010, 2019; Zhang M. et al., 2021). Four
key genes related to PM HT - ATPase are up-regulated expression,
and phylogenetic analysis indicated that MTR_5g009720,
MTR_6g011310, MTR_7g117500, and MTR_1g064540 are
orthologs of Arabidopsis PM Ht-ATPase (Figure 4).

Transcription Factor Analysis

TFs play an important role in regulating leaf senescence; the
PlantTFDB 4.0 match analysis was used for predicting TFs.
We identified 101 and 173 TFs in 985 SAGs and 1,180 DEGs,
belonging to 16 and 26 TF families, respectively (Supplementary
Table 5). The most typical representative TF families in 985 SAGs
included bHLH (seven genes), MYB (four genes), and WRKY
(three genes), while B3 (seven genes), MYB (seven genes), and
HB-other (six genes) were the most representatives in 1,180 DEGs

(Table 2). As shown in Table 2 for the representatives from 1,180
DEGs, most B3, HB-other, and ARF TFs were downregulated,
whereas the MYB and WRKY TF families were upregulated.

The families and numbers of TFs have big differences in the
two gene sets. The NAC and bZIP TF families belong to 985 SAGs,
and these TF families are widely reported in the regulation of
senescence. The B3, HB-other, and ARF TF families in the 1,180
DEGs play an important role in abiotic stress defense responses.
The MYB, WRKY, and bHLH families are multifunctional but
essentially regulate plant senescence directly or indirectly.

Time-Course Senescence-Associated

Gene Analysis

Time-course gene expression analysis found that 985 SAGs and
1,180 DEGs (Figure 3B) were divided into eight clusters, each of
which included certain genes with the same expression patterns.
The gene expression trend differences between the control and
treated groups are illustrated in Figure 5. Among the 985 SAGs,
the 106 genes were upregulated in clusters 1, 2, 5, 6, and 8, and
the 108 downregulated genes (50.5%) were enriched in clusters
3, 4, and 7 (Figure 5A). In clusters 1, 2, 4, 6, 7, and 8 of 1,180
DEGs, 81 genes were upregulated, while in clusters 3 and 5, 34
genes (29.6%) were downregulated (Figure 5B). The expression
patterns of all genes are shown in Supplementary Figure 3.

To elucidate the expression pattern and function of genes in
different clusters of 985 SAGs and 1,180 DEGs, we performed
KEGG pathway enrichment analysis. Among the 985 SAGs, the
genes related to nutrient cycling are enriched in the clusters of
upregulated genes, including clusters 1, 2, and 8 with strikingly
expressed amino acid metabolism-related genes. The genes
related to photosynthesis are enriched in clusters 3, 4, and 7
with downregulated expression patterns. There was a strong
difference of enriched genes function between 985 SAGs and
1,180 DEGs. Among the 1,180 DEGs, the genes related to
oxidative phosphorylation and thermogenesis are enriched in
clusters of upregulated genes, especially in clusters 1 and 5. It
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TABLE 1 | Gene ontology (GO) and Kyoto Encyclopedia of genes and genomes (KEGG) pathways enrichment analysis of DEGs (Figure 3B, 985 SAGs and 1,180 genes) shared by darkness and alkaline-induced leaf

senescence at three time points.

From No. GO/KEGG pathway id GO/KEGG pathway term Category Sample gene number Background gene number  Rich factor P-adjust
Total Up Down
985 SAGs 1 GO:0010027 Thylakoid membrane organization Biological process 17 0 17 104 0.16346 0.00076
2 G0:0044282 Small molecule catabolic process Biological process 23 18 5 224 0.10268 0.00076
3 G0:0006520 Cellular amino acid metabolic process Biological process 32 15 17 569 0.05624 0.00076
4 GO:0019752 Carboxylic acid metabolic process Biological process 51 28 23 1160 0.04397 0.00076
5 GO:0016054 Organic acid catabolic process Biological process 14 12 2 150 0.09333 0.00076
6 GO:0046395 Carboxylic acid catabolic process Biological process 14 12 150 0.09333 0.00076
7 GO:1901575 Organic substance catabolic process Biological process 68 42 26 1670 0.04072 0.00076
8 G0:0044281 Small molecule metabolic process Biological process 82 39 43 2000 0.04100 0.00076
9 G0:0019252 Starch biosynthetic process Biological process 10 2 8 75 0.13333 0.00076
10 GO:0043436 Oxoacid metabolic process Biological process 54 28 26 1248 0.04327 0.00076
1 G0:0005739 Mitochondrion Cellular component 49 42 7 747 0.06560 0.00107
1180 Genes 2 G0:1990204 Oxidoreductase complex Cellular component 12 12 0 92 0.13043 0.00107
3 GO:0009060 Aerobic respiration Biological process 0 29 0.24138 0.00127
4 G0:0030964 NADH dehydrogenase complex Cellular component 0 31 0.22581 0.00160
5 G0O:0019646 Aerobic electron transport chain Biological process 5 0 13 0.38462 0.00185
6 GO:0006811 lon transport Biological process 51 37 14 1136 0.04489 0.00315
7 G0:0006812 Cation transport Biological process 35 24 1 690 0.05072 0.00616
8 G0:0043227 Membrane-bounded organelle Cellular component 236 156 80 7800 0.03026 0.00746
9 GO:0055085 Transmembrane transport Biological process 64 52 12 1608 0.03980 0.01016
10 G0:1902600 Proton transmembrane transport Biological process 15 14 1 227 0.06608 0.04282
1 Map00630 Glyoxylate and dicarboxylate metabolism Carbohydrate metabolism 10 6 112 0.08929 0.029559
985 SAGs 2 Map00280 Valine, leucine and isoleucine degradation Amino acid metabolism 8 2 68 0.11765 0.033328
3 Map00350 Tyrosine metabolism Amino acid metabolism 7 1 65 0.10769 0.033824
4 Map00330 Arginine and proline metabolism Amino acid metabolism 9 4 103 0.08738 0.043300
1180 Genes 1 Map04714 Thermogenesis Environmental adaptation 22 21 1 256 0.08594 0.00056
2 Map00190 Oxidative phosphorylation Energy metabolism 22 22 0 291 0.075601 0.00207
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FIGURE 4 | Phylogenetic analysis of PM H*-ATPase gene family members in
M. truncatula and Arabidopsis thaliana. The upward red arrows indicates that
the genes are up-regulated in the alkali stress-induced detached leaf
senescence in M. truncatula; and the asterisk shows the
alkaline-stress-regulated PM H*-ATPase gene in Arabidopsis. The scale bar
indicates the sequence divergence is 0.10 per unit bar.

is worth noting that there are arginine and proline metabolism-
related genes present in clusters 7 and 8, and these genes are
acting to relieve osmotic stress (Supplementary Table 6).

Integration Analysis of the Physiological

Data and Transcriptome

Physiological indicators were closely linked to the transcriptome
during plant leaf senescence (Table 3). A large number
of genes related to nutrient metabolism were differentially

expressed, such as 59 DEGs involved in amino acid metabolism,
which could be expected to rapidly loose and shift nutrients
during leaf senescence; and 76 chloroplast and thylakoid
metabolism-related genes were observed, consistent with leaf
yellowing and chlorophyll breakdown. Alkaline stress induced
ROS production and accelerated leaf senescence; 178 genes
related to oxidation activity were differentially expressed,
in alignment with the increased H,O, and MDA contents
observed. Furthermore, the accumulation of ROS increased
the permeability of the cell membrane in leaves, causing 169
genes related to ion transport to be differentially expressed
(Supplementary Table 7).

The enrichment network map for GO terms described in
Table 3 is displayed in Figure 6, and highlights the relationships
between GO terms and GO terms, and between GO terms and
genes. Functionally related GO terms were highly correlated.

Responses of Detached Leaves to Salt
Stress and Alkali Stress

The transcription profiles of salt stress have been analyzed in our
previous study (Dong et al., 2021). Combined with the previous
data, analysis showed that 1,463 DEGs were induced by both
salt and alkali stresses, and these genes were mostly associated
with nutrient cycling metabolism. The 702 DEGs were induced
by alkali stress and enriched in thermogenic and oxidative
phosphorylation pathways; 1,518 DEGs were induced by salt
stress and enriched in porphyrin and chlorophyll metabolism,
the citrate cycle (TCA cycle), and photosynthesis (Figure 7A
and Supplementary Table 8). On this basis, we focused on
the differential expression of senescence-associated genes in the
two stresses; 792 SAGs were induced under both salt and alkali
stresses (Figure 7B).

DISCUSSION

We obtained high-precision RNA-seq data from highly
controlled and detached leaves from individual M. truncatula
plants at four time points; and analyzed data through standard
procedures. In addition, we compared the data from this
study (alkali stress-induced leaf senescence) with data from a

TABLE 2 | Transcription factors (TFs) predicted from 985 SAGs and 1,180 DEGs (Figure 3B).

No. TF family 985 SAGs Gene number Up Down TF family 1180 DEGs Gene number Up Down
1 bHLH 7 3 4 B3 7 1 6
2 MYB 4 2 2 MYB 7 6 1
3 WRKY 3 1 2 HB-other 6 0 6
4 CO-like 3 0 3 ARF 5 0 5
5 Dof 3 2 1 GRAS 5 2 3
6 DBB 2 0 2 WRKY 5 4 1
7 MYB-related 2 2 0 ERF 3 3 0
8 NAC 2 2 0 MIKC 3 2 1
9 bzIP 2 2 0 M-type 3 2 1
10 ERF 2 0 2 bHLH 3 1 2
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FIGURE 5 | Data visualization according to the cluster analysis. Each map shows the average expression profiles of the gene clusters from all samples. The
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previous study (salt stress-induced leaf senescence) to construct
a complete and rigorous experimental design strategy.

Salinity and alkaline conditions are widely recognized as
abiotic stresses which restrict crop production as well as
ecological environment construction. High salinity can affect
the growth and development of plants by accelerating leaf
senescence and plant death (Guo et al,, 2021). In this process,
chlorophyll degrades, and leaf color changes from green to
yellow (Xue et al., 2021). Our physiological data confirmed this

phenomenon (Figures 1A,B). We found that alkaline stress was
more toxic than salt stress because of more rapid chlorophyll
breakdown and more severely eroded leaves. Transcriptome data
also showed that the molecular mechanisms of leaf senescence
induced by the two stresses were not the same (Figure 7
and Supplementary Table 8), and many studies have reached
similar conclusions (Guo et al., 2009; Yang et al, 2009; Li
et al., 2010). Salt stress (mainly NaCl) and alkali stress (mainly
Na,CO3 and NaHCO3) can accelerate leaf senescence through

Frontiers in Plant Science | www.frontiersin.org 37

April 2022 | Volume 13 | Article 881456


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Dong et al.

Alkaline-lduced Leaf Senescence in M. truncatula

TABLE 3 | Gene ontology (GO) enrichment analysis of DEGs (Figure 3B, 2,165 genes) that regulation of physiological activity.

P-adjust

Rich
factor

Background
gene number

Sample gene

Category

GO term

GO id

No.

Function

number

2739 0.06499 0.00069

61

178

11

Biological process

Oxidation-reduction process

GO:0055114

1

Oxidation activity

0.00382

0.18033
0.20000
0.20000
0.11264
0.10369
0.16038
0.15476
0.10039
0.10435
0.14607
0.13699
0.07810

Biological process

Energy derivation by oxidation of organic compounds

GO0:0015980

2
3
4

0.01422
0.02858

40
35

Biological process

Lipid oxidation

G0:0034440
GO:0019395

Biological process

Fatty acid oxidation

0.00069

364
569

41

Biological process

Alpha-amino acid metabolic process

GO:1901605
G0:0006520
GO:0009064
GO:1901606
G0:0008652
G0:1901607
GO0:0009063
G0:0003333
G0:0044434
G0:0009570
G0:0009507
GO0:0010027

Amino acid metabolism

0.00069

59
17
13
26
24
13

Biological process

Cellular amino acid metabolic process

2
3
4
5
6
7
8

1

0.00069

106
84

Biological process

Glutamine family amino acid metabolic process

0.00435

Biological process

Alpha-amino acid catabolic process

0.00516

259
230
89

Biological process

Cellular amino acid biosynthetic process

0.00641

Biological process

Alpha-amino acid biosynthetic process

0.00704

Biological process

Cellular amino acid catabolic process

0.04495

73
1114

399

10
87

Biological process

Amino acid transmembrane transport

0.00069

Cellular component

Chloroplast part

Chloroplast and thylakoid metabolism

0.00378

0.09023

36
76
17

Cellular component

Chloroplast stroma

2
3
4

0.06673 0.01457
0.00069

1139
104

Cellular component

Chloroplast

0.16346

Biological process

Thylakoid membrane organization

ion toxicity, osmotic stress, and oxidative stress. However, alkali
stress causes more damage to leaves in less time, and the
molecular mechanism is more complex (Guo et al., 2015). We
propose a model of the physiological activities and molecular
mechanisms of M. truncatula leaf responding to alkali stress.
As shown in Figure 8, in the early stage of leaves upon
to alkali stress, plant mainly faces to resist the stress. The
corresponding physiological activities included ion transport,
alleviation of osmotic stress, pH rebalance, hormone regulation,
ROS protection; In molecular mechanisms, more changes focus
on: (1) signal Transduction Pathways; (2) expression of alkali
resistance-associated genes; (3) Ca?* signaling system; (4)
transcription factors; (5) epigenetic Changes. In the late stage of
leaves under alkali stress, plant mainly shift to nutrient transport.
The corresponding physiological activities included chlorophyll
degradation, protein degradation and nutrient recycling. This
strategy adjustment means that plant is about to give up the leaves
that suffer from alkali stress.

Alkaline stress greatly disrupts the ionic dynamic balance in
plants and interferes with the uptake of mineral elements, leading
to excessive accumulation of Na™ in the leaf cytoplasm, causing
ion toxicity which damages cell organelles (Yang et al., 2008; Ruiz
et al., 2016). In our assay, enrichment of DEGs related to ion
transport and transmembrane transport was detected, with most
being upregulated (Table 1). It has been reported that alkali stress
can affect the distribution of ions in plant organs; for example,
a large amount of Na™ and Cl~ accumulates in old leaves, and
the content of Nat and Cl~ in new leaves is lower (Foolad, 2004;
Wang et al., 2012). The Na™ content in the leaves also increases
significantly with increasing alkali stress (Dai et al., 2014; Abdel
Latef and Tran, 2016). Plants maintain ion balance through ion
metabolism, an important mechanism for adaptation to alkali
stress (Blumwald et al., 2000).

Alkali stress can lead to massive water shortages in the leaves
and accelerate leaf senescence (Zhang P. et al, 2021). In our
study, genes related to metabolic intermediates, such as organic
acid catabolic process and proline metabolism, were found to be
significantly enriched; these metabolic intermediates act to relieve
osmotic stress and contribute to the maintenance of normal water
content in the leaves (Ali et al., 2008).

The effect of oxidative damage on leaf senescence is notable.
High salinity can induce superoxide radicals, resulting in
membrane lipid peroxidation and disruption of membrane
integrity, which is a direct and important cause of leaf
senescence. MDA is one of the main products of membrane lipid
peroxidation (Bao et al., 2009), and we found that MDA content
accumulated during leaf senescence (Figure 1D), suggesting
that leaves suffered oxidative damage under alkaline stress.
Similar results have been reported elsewhere (Zou et al., 2020;
Wei et al.,, 2021; Wu et al,, 2021). H,O, is a common ROS
involved in plant senescence. It can oxidize macromolecules
and damage cell membranes, causing senescence (Halliwell,
1984; Chen et al, 2012). The H,O, content increased during
alkaline-induced senescence (Figure 1C). Transcriptional profile
analysis also confirmed this result, with a large number of
DEGs enriched in the oxidation-reduction process, energy
derivation by oxidation of organic compounds, lipid oxidation,
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and fatty acid oxidation (Table 3). The levels of MDA and
H,0,, as markers of oxidative stress-induced cellular damage,
are widely used to assess the degree of plant senescence in
Arabidopsis (Cui et al., 2013), alfalfa (Wei et al., 2021), rice
(Chen et al., 2018), and adzuki bean (Li et al., 2020). Plants
have ROS scavenging systems, including secondary metabolites
and antioxidant enzymes, to reduce accumulated ROS and
defend against oxidative damage (Gong et al., 2013; Wu et al,,
2021). Secondary metabolites act as antioxidants to help plants
scavenge ROS, such as ASA, carotenoids, glutathione, and
certain low-molecular-weight compounds (Fan et al., 2021; Fang
et al, 2021). Our transcriptome analysis showed that DEGs
were enriched in KEGG pathways of secondary metabolites,
such as carotenoid biosynthesis and glutathione metabolism
(Supplementary Figure 4 and Supplementary Table 9). These
DEGs may be involved in ROS elimination. Antioxidant enzymes
play the most important role in the ROS scavenging system, and
mainly include superoxide dismutase, peroxidase, and catalase,
which catalyze H,O, into O, and H,O (Sun et al, 2019),
and ascorbic acid peroxidase, which reduces membrane lipid
peroxidation by scavenging MDA (Fang et al., 2021). It has been
reported that overexpression of Cu/Zn-superoxide dismutase
can increase the degree of tolerance to H,O,, thus reducing
the damage caused by alkaline stress in plants (Wu et al,

2016). Additionally, antioxidant enzymes and antioxidants work
together to effectively scavenge ROS and alleviate oxidative stress
(Fu et al, 2017). Although plants have developed a series of
regulatory adaptive mechanisms to resist alkali stress-induced
senescence, the regulatory adaptive mechanisms of plants lose
their effect if the concentration of alkali stress exceeds a threshold,
leading to senescence and death.

In our assay, 2,165 DEGs identified through
transcriptomics of alkali-induced detached leaves. For further
analysis, we divided the 2,165 DEGs into two parts: 985 SAGs
and 1,180 DEGs; 985 genes were identical to the SAGs of the
dark treatment group, which we believe are directly involved
in the leaf senescence process. The remaining 1,180 genes may
indirectly regulate leaf senescence (Figure 3B). GO and KEGG
pathway enrichment analysis confirmed our conjecture that the
genes of the two gene sets play different roles in leaf senescence:
985 SAGs were mainly enriched in nutrient cycling processes,
such as cellular amino acid metabolic processes and organic
substance catabolic processes, indicating nutrient redistribution.
The 1,180 SAGs were significantly enriched in oxidoreductase
complex, aerobic respiration, and ion transport (Table 1), most
of which were upregulated during senescence (Figure 5).

TFs are the most significant components in the regulation
of leaf senescence (Guo et al., 2004; Balazadeh et al., 2008). In

were
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our study, we identified 101 and 173 TFs among the 985 SAGs
and 1,180 DEGs, respectively. The MYB, WRKY, NAC, and bZIP
TF families belonged to the 985 SAGs, which are known to
be involved in the regulation of senescence (Guo et al., 2004;
Ay et al, 2010; Guo and Gan, 2011). The B3, HB-other, and
ARF TF families in the 1,180 DEGs play an important role
in abiotic stress defense responses. MYB, WRKY, and bHLH
are multifunctional but essentially regulate plant senescence
directly or indirectly.

The leaf is an important site for photosynthesis in plants and
is sensitive to senescence. Premature leaf senescence caused by
numerous environmental stresses (such as darkness, drought,
salt, and alkali stress) can result in significant yield loss and
quality reduction, especially in plants that focus on harvesting
leaves, such as alfalfa. Therefore, the regulation of appropriate
senescence time under abiotic stress needs investigation, with the
aim to obtain varieties with an ideal senescence time. Alfalfa is
considered a major forage crop worldwide, due to its high yield,
high nutrient quality, and wide range of adaptation; however,
premature leaf senescence caused by stress affects the quality and
yield of alfalfa.

In summary, this study described detailed expression profiles
of leaf senescence induced by alkali stress in M. truncatula, and
annotated many SAGs. New candidate genes have been identified
for further senescence resistance breeding, in order to improve
the biomass and quality of forage crops under alkaline stress.
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Moderately Reducing Nitrogen
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on Forage Bermudagrass
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Coastal Salinity Tolerant Grass Engineering and Technology Research Center, Ludong University, Yantai, China

Nitrogen (N) application is one of the most effective methods to alleviate salt-induced
damage on plants. Forage bermudagrass has higher utilization potential on saline soil,
but whether its N requirement changed under high salt stress has not been studied.
Through examining plant growth-related traits, salt-stress-responsive physiological
traits, photosynthesis, N metabolism, and forage quality supplied with different N
concentrations under high salt stress (200 mM NaCl), we noticed that the optimum
N requirement of forage bermudagrass reduced. When supplied with 10 mM N under
higher salt stress, plants had a similar biomass, turf color, and chlorophyll content
with plants supplied with 15 mM N, accompanied by a lower firing rate and Na™
content of leaves. The N content, crude protein, crude fat content, the expression of
AMTs (ammonium transporters), NR (nitrate reductase), GS (glutamine synthetase), and
GOGAT (glutamate synthetase), the chlorophyll fluorescence curve, and parameters of
leaves (e.9., Plags; Plcs; ABS/RC; TRo/RC; ETo/RC) all peaked under 10 mM N under
high salt stress instead of 15 mM N. Through exploring the proper N application under
higher salt stress and its alleviation mechanisms, our results indicated that moderate
reduction in N application under high salt level had a maximum promotion effect on
the salt tolerance of forage bermudagrass without growth or forage quality inhibition.
These response mechanisms obtained can provide a useful reference for N application
in moderation rather than in excess on forage bermudagrass, especially in higher
salinity areas.

Keywords: forage bermudagrass, salt stress, nitrogen application, physiological response, forage quality

INTRODUCTION

Bermudagrass [Cynodon dactylon (L.) Pers.] is one of the most widely used grass species as forage
and turfgrass in warm climatic regions. Bermudagrass was also considered to be a salt-tolerant grass
species (Maas and Hoffman, 1977; Chen and Liu, 2012). However, the growth, forage quality, and
turf quality of bermudagrass could be seriously inhibited by salt stress (Marcum and Pessarakli,
2006), greatly limiting its wide application in salinity areas. Salt stress generally disrupts the
osmotic and ionic equilibrium in bermudagrass cells, which would lead to ionic toxicity, osmotic
stress, and secondary stresses (Ahanger et al., 2019; Maksup et al., 2020; Amin et al., 2021),
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including nutritional imbalance, inhibition of photosynthesis,
and membrane disorganization (Munns and Tester, 2008).
Like other plants, bermudagrass has established corresponding
response mechanism in acclimation to external salt stress
to reduce their damage (Deinlein et al, 2014; Zhao et al,
2020), such as the induction of antioxidant enzymes
(Baby and Jini, 2010; Ahmad et al, 2019), ion transport
and compartmentation, compatible solutes synthesis, and
accumulation (Zhao et al., 2020).

Nitrogen (N) fertilizer plays a critical role in alleviating salt-
induced damage in plants (Mansour, 2000; Villa et al., 2003;
Esmaili et al., 2005; Jia et al., 2017). As the most important
macro-nutrient of plants, N is an important constituent of
the nucleic acids, proteins, chlorophyll, and many other N
metabolites (Kishorekumar et al., 2020). N also mediates the
utilization of potassium, phosphorus, and other elements and
serves as an important component of proteins involved in a
series of metabolic processes to coordinate plant growth and
development (Zubillaga et al., 2002). Two primary inorganic N
sources ammonium (NH41) and nitrate (NO3 ™) from soil can
be directly absorbed by roots and are transported to plants by
their respective transporters ammonium transporters (AMTs)
and nitrate transporters (NRT) (Giagnoni et al., 2016; Dechorgnat
et al,, 2019). The NH4T absorbed must be transformed into
NO3~ under the catalyst of nitrate reductase (NR). Then, NO3 ™
can be further assimilated and converted into amino acid through
glutamine synthetase (GS) and glutamate synthase (GOGAT)
metabolic pathway, which was considered to be the main pathway
for N assimilation in plants (Xu et al., 2012).

However, reduced N uptake of plants always occurs due to
the high Na™ and Cl~ content in the saline soil (Akram et al.,
2011). Salinity results in significantly decreased activities of NR,
GS, and GOGAT in many plants species, such as maize and
rice (Khan and Srivastava, 1998; Wang et al., 2012), and further
inhibits the N use efficiency in plants (Murtaza et al., 2013; Singh
et al, 2016; Teh et al.,, 2016). Moreover, several N-containing
compounds could be induced by salt stress and contributed to
salt tolerance of plants (Hoai et al., 2003; Dluzniewska et al.,
2007; Sudmalis et al.,, 2018) through participating in osmotic
adjustment, the promotion of photosynthetic capacity, and
mitigation of oxidative stress caused by excessive ROS (Homaee
et al, 2002; Song et al, 2006). Therefore, N application is
considered to be one of the most effective methods of improving
plant growth in salinity regions where N content is lower than
that in non-salinity land.

Related research also showed that, rather than N alone, plant
growth was significantly affected by the interaction between soil
salinity and N. Some reports showed that the alleviation effects
of N fertilizer supplied might associate with its concentrations
supplied. For instance, low-to-moderate N application could
mitigate the adverse effects from salt stress, while excessive N
could aggravate the negative effects of salt stress on cotton (Chen
et al.,, 2010). Moreover, excessive application or ineflicient use
of N fertilizer will lead to secondary salinization, which in turn
adversely inhibits plant growth (Soussi et al., 1998; Chen et al.,
2010; Lacerda et al., 2016). In ryegrass, moderately reducing N
application has the maximum alleviation effect, especially under

mild salt stress (Shao et al., 2020). To sum up, the N requirement
of plants might be changed (demand goes up or down) under
a certain level of salt stress (higher and lower). However, there
were no consistent regular changes in the N requirement under
different salt concentrations or among different species.

Although bermudagrass has higher utilization potential on
saline soil, excessive N application on higher levels of saline soil
that cannot be fully utilized by bermudagrass might contribute
to N leaching and lead to groundwater pollution. To this end,
we attempt to reveal the physiological response mechanism of
bermudagrass to salt stress after moderate N application by
synthetically analyzing the growth rate, physiological indicators,
quality-related traits, and the metabolism of N under control
and salt stress treatment with different N supplied levels.
The response mechanism obtained will be important for the
agricultural practice to guide rational N fertilization application
on forage bermudagrass cultures to further improve their salt
stress resistance, maintain their growth and quality, and promote
their utilization, especially under severe salt stress.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

A common tetraploid bermudagrass cultivar “Wrangle” was
used in this experiment. The experimental materials used for
treatment were generated by asexual propagation using the
cuttings at the top of each branch from the original bermudagrass
plants cultured in the greenhouse. The cuttings were planted
in a solid medium (sand applied with Hoagland solution) for
1 week, and then, the same number of uniform stolons (about
20 stolons per pot) in each pot was retained in the solid
medium. After 1 month, the plants of each pot were then
removed from the solid medium and washed clean with water.
Before the treatments were initiated, the plants were cultured
in Hoagland solution to acclimate for 1 week. Subsequently,
the plants were cut to the same height and transferred into
different treatments in a hydroponic culture using a modified
Hoagland solution. Each treatment contains four replicates. The
treatments used NH4NOj3 as an N source. The other components
included 0.2 mM KH,PO4, 1 mM MgSOy, 1.5 mM KCI, 2.5 mM
CaCly, 1 x 1073 mM H3BOs3, 5 % 107> mM (NH4)¢Mo07024,
5 x 107* mM CuSO4, 1 x 1077 mM ZnSO4, 1 x 107> mM
MnSOy, and 0.1 mM Fe(III)-EDTA. The hydroponic culture
media were processed in a growth chamber under the following
conditions: 22/18°C (day/night), 60% relative humidity, 450
pmol m~2 s~! photons, and a 16-h day/8-h night cycle. The
culture solution was refreshed every 2 days.

Experimental Design

The salt treatment condition of bermudagrass was determined
based on previous studies (Dudeck et al., 1983; Adavi et al.,
2006) through a simple and fast short-term salt treatment
experiment (Marcum and Pessarakli, 2006; Chen et al., 2008).
A pre-experiment (experiment 1) was conducted to observe the
salt-induced damage of bermudagrass supplied with different N
levels (2, 5, 10, and 15 mM) grown under different NaCl levels (a
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single step—up to 0, 50, 100, and 200 mM, respectively). After 1
month of treatment, the plant growth rate and leaf Na¥ content
were detected. According to the results of pre-experiment, 2 mM
(deficiency), 10 mM (moderate), and 15 mM (excessive) N levels
were chosen to explore the underlying alleviation mechanism of
the reduction in N demand under high salt stress (a single step—
up to 200 mM NaCl) in the subsequent experiment (experiment
2). After 1-month treatment of experiment 2, the plant growth-
related trait (plant height, biomass, turf color, and leaf firing
rate), salt-stress-responsive physiological traits (ion content and
antioxidant enzyme activities), nitrogen content, chlorophyll
content, chlorophyll a fluorescence transient, and quality-related
traits of samples were measured and the gene expression involved
in N metabolism was analyzed.

Measurements

Plant Growth-Related Trait

Before treatment of experiments 1 and 2, the plant height and
biomass of each sample were recorded. After treatment for 1
month, the plant height and the relative increment of biomass
were determined according to the method described by Hu et al.
(2013). The leaf color (based on a scale of 1-9, with 9 being
best) and leaf firing rate were valued based on visual inspection
(Fu and Huang, 2001).

lon Content

After treatment, the plant samples were dried at 130°C for half an
hour and then placed at 75°C for 3 days to further determine ion
contents. 0.1 g dried sample was finely ground and then digested
with 10 mL sulfuric acid using graphite digestion apparatus
(SH220N; Hanon, Jinan, Shandong, China) with a temperature
of 420°C for 2 h. After digestion, the supernatant was diluted 5-
10 times. Na* and K* contents of each sample were measured
by a flame spectrophotometer (F-500; Shanghai, China) based on
the method as previously described (Fu and Huang, 2001).

Antioxidant Enzyme Activity

Fully expanded fresh leaves (0.3 g) were ground into powder with
liquid nitrogen. Ice-cold phosphate buffer (4 mL; 50 mM, pH 7.8)
was added to the powder. All the samples were centrifuged at
12,000 rpm for 20 min at 4°C. The supernatant was collected to
measure the activity of antioxidant enzyme based on the method
as previously described (Fu and Huang, 2001).

Nitrogen Content and Quality-Related Traits

After the samples were dried, green leaves, old leaves, stems, and
roots were separated and ground into powder using a grinder
(DFT40; Jiuping, Wuxi, Jiangsu, China). Then, the samples
were digested with 10 mL sulfuric acid using graphite digestion
apparatus under the temperature of 420°C for 2 h. The nitrogen
content and crude protein content of samples were determined by
the Kjeldahl apparatus. The Soxhlet extraction method was used
to determine the crude fat content. The crude fiber content was
measured according to a protocol by the International Standard
Organization (2000) intermediate filtration method. The weighed
samples were boiled by adding H,SO4 followed by NaOH. The
extracted residue was dried at 130°C for 2 h (KSL-1200X; KeJing,

Hefei, Anhui, China). Then, the dried sample was weighed and
putina furnace (500°C for 3 h). Finally, the crude fiber content of
each sample was weighed. The crude ash content was determined
by the high-temperature burning method. Samples were weighed
and put into the muffle furnace. The temperature of the muffle
furnace was set to 580°C for 5 h, and then, the crude ash of each
sample was weighed. The quality-related traits were determined
according to the AOAC method.

Chlorophyll Content and Chlorophyll a Fluorescence
Transient

After treatment, leaves (fresh weight: 0.1 g) were chopped and
placed into centrifuge tubes containing 4 mL dimethyl sulfoxide
for 3 days. One milliliter of extract and 2 mL of dimethyl sulfoxide
were mixed. The UV absorbance of each mixture was measured
at 663 and 645 nm wavelengths by a UV spectrophotometer
(UV-1700; Meixi, Shanghai, China). Chlorophyll fluorescence
transient (OJIP curve) was determined using a pulse-amplitude
modulation fluorimeter (PAM 2500, Heinz Walz GmbH). Before
measurement, the plants were pre-processed in the dark for half
an hour and then exposed to 3,000 wmol photons m~2 s~ ! red
light condition. Each treatment was repeated three times. The
chlorophyll fluorescence parameters were further determined
according to the calculation method described previously (Yusuf
etal., 2010).

Gene Expression Analysis

Fresh leaves of each sample were quickly ground into powder
with liquid nitrogen. RNA was extracted using RNA pure
Plant Kit (Tiangen Biotech, Beijing, China) and then reverse-
transcribed using ReverTra Ace qPCR RT Kit (Applied
Biosystems, Foster City, CA). Quantitative real-time RT-PCR
analysis was performed using SYBR Green real-time PCR master
mix (YeSen, Shanghai, China) and ABI real-time PCR system
(Applied Biosystems, Foster City, CA) as described before (Hu
et al., 2013). The relative expression level of each gene was
determined according to the 272 method (Vandesompele
etal., 2002). The technical requirement of RT-qPCR fitted MIQE
Guidelines (Bustin et al., 2009). Specific primers of selected genes
are listed in Supplementary Table 6.

Statistical Analysis

Two-way analysis of variance (ANOVA) was used with “N” and
“Salt” as two main factors and “N*Salt” as one interaction term.
The significance level was set at P < 0.05 as a threshold to
analyze the significant affection of individual factors and their
interactions with detected variables in this study. Histogram
results were expressed as mean =+ SD of four replicates. Tukey’s
test was used to evaluate the effects of N and Salt application.

RESULTS

Plant Growth and Na* Content Under

Different Nitrogen and Salt Levels
We first made a pre-experiment to observe the salt-induced
damage of bermudagrass supplied with different N levels (2,
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FIGURE 1 | Morphological parameters of bermudagrass grown under
different treatments. The plants were cut to the same height and then
transferred into different nitrogen levels (2, 10, and 15 mM) under NaCl (0 and
200 mM) treatment in hydroponic culture. After treatment, the plant height (A),
biomass (B), leaf color (C), and firing rate (D) were measured. Different letters
above the columns indicate statistically significant differences at P < 0.05
under different N levels with the same NaCl level by Tukey’s test. * Shows
significant differences (P < 0.05) under 200 mM NaCl treatment and 0 mM
NaCl condition with the same N level by Tukey'’s test.

5, 10, and 15 mM) grown under different NaCl levels (0, 50,
100, and 200 mM) (Supplementary Figure 1). Under control
(0 mM NaCl) and low salt conditions (50 and 100 mM
NaCl), the plant height peaked at 15 mM N (Supplementary
Figure 1A). After a higher NaCl exposure (200 mM NaCl), the
plant height showed no significant difference among different
N levels (Supplementary Figures 1A,C). Moreover, plants
grown under 10 mM N had the lowest leaf Nat content
under 200 mM NaCl treatment (Figure 1B). We then chose
2 mM N (deficiency), 10 mM N (moderate), and 15 mM
N (excessive) and did a separate experiment to focus on
the alleviation mechanism of moderate N application at high
salt levels (200 mM NaCl). The results showed a similar
tendency to the pre-experiment. Without NaCl treatment, the
plant height increased with the increase in N concentration
and peaked under 15 mM N, while the biomass peaked
under 10 mM N and then declined under 15 mM N. When
exposed to 200 mM NaCl, the biomass of plants had no
significant alteration among different N levels (Figure 1B).
Besides, both N and salt significantly affected plant height
(Supplementary Table 1 and Figures 1A,B). Plant biomass was
significantly affected by salt, but not by N (Supplementary
Table 1 and Figure 1B). The interactive effect of N by salt was
significant for both plant height and biomass (Supplementary
Table 1). Moreover, the plants supplied with 10 mM N
under salt stress had a similar turf color (Figure 1C) and a
lower leaf firing rate (Figure 1D) compared with the plants
supplied with 15 mM N.

significantly declined compared with 2 mM N under salt stress.
However, the Nat/K™ of plants grown with 10 or 15 mM N
showed no significant difference (Figure 2E). Moreover, in the
stems, the value of Nat/K™ showed no significant difference
among different N levels under high salt stress (Figure 2F).
When grown under 10 mM N, the Na*/K™ of old leaves had a
significantly lower value compared with that grown under 15 mM
N (Figure 2G), while the Na™/K™ of roots had no significant
difference among N levels (Figure 2H).

Antioxidant Enzyme Activities Affected
by Nitrogen Levels Under High Salt

Stress

The antioxidant enzyme activities in the leaves of plants grown
under different treatments were also determined. The results
showed that, with the increase in N application level, the
peroxidase (POD) enzyme activity showed an upward trend and
peaked at 10 mM N level followed by a downward trend under
both control and salt conditions (Figure 3A). Under control
conditions, the catalase (CAT) enzyme activity had a higher
value when the plants were supplied with 15 mM N compared
with 10 mM N (Figure 3B). After 200 mM NaCl exposure, the
CAT and superoxide dismutase (SOD) enzyme activity of leaves
increased slightly when the plants were grown under 10 mM N
condition compared with 2 and 15 mM N conditions, but the
difference was not significant (Figures 3B,C).

Nitrogen and Protein Content Affected by
Nitrogen Levels Under High Salt Stress

We then measured the N content and crude protein of green
leaves and the residual N and crude protein content in old leaves
and stems from different treatments. The results showed that N
had a significant effect on N content or crude protein of green
leaves and stems but had no significant effect on N content or
crude protein content of old leaves. The effect of salt and the
interactive effect of N by salt were significant for these variables
measured (Supplementary Table 3). Without salt treatment, the
N content of green leaves increased with the increase in N
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FIGURE 3 | Effect of nitrogen application on the antioxidant enzyme activities
of bermudagrass under control and salt treatment. POD activity (A), CAT
activity (B), and SOD activity (C) in the leaves of plants grown with different
nitrogen concentrations (2, 10, and 15 mM N) exposed to control (0 mM NaCl)
and salt treatment (200 mM NaCl), respectively. Different letters above the
columns indicate statistically significant differences at P < 0.05 under different
N levels with the same NaCl level by Tukey’s test. * Shows significant
differences (P < 0.05) under 200 mM NaCl treatment and 0 mM NaCl
condition with the same N level by Tukey’s test.

concentration and peaked under 15 mM N. After 200 mM NaCl
exposure, the N content of green leaves peaked under 10 mM N
and then declined under 15 mM N (Figure 4A). Without NaCl

treatment, the residual N content in stems of plants grown with
2 mM N had a significantly lower value than those grown with
10 or 15 mM N. When 200 mM NaCl was added, the residual N
content in stems of plants had the lowest value under 10 mM N
(Figure 4B). Under high salt conditions, the residual N content
in old leaves significantly increased under all three N levels. In
addition, the residual N content in the stems of plants grown
with 2 mM N was lower than those grown with 10 or 15 mM
N (Figure 4C). The crude protein content of green leaves grown
under control conditions peaked under 15 mM N, while it peaked
under 10 mM N when the plants were grown under high salt
conditions. This trend was consistent with that of the N content
of green leaves (Figure 4D). The crude protein of stems and
old leaves showed a significant increase under a high level of
N application (15 or 10 mM) compared with a low level of N
application (2 mM). After 200 mM NaCl exposure, although the
crude protein of old leaves decreased when plants were grown
under higher N levels (10 or 15 mM), the residual crude protein
of stems has no significant difference among all three N levels
(Figures 4E,F).

Nitrogen Metabolism-Related Gene
Expression Affected by Nitrogen Levels
Under High Salt Stress

The N content and crude protein of green leaves and the residual
N and crude protein content in old leaves and stems from
different treatments were further determined. N had a significant
effect on NR, AMT, and GOGAT expression, while salt only
had a significant effect on NR expression. The interactive effect
of N by salt was significant for the expression of all genes
detected (Supplementary Table 4). Without NaCl treatment, the
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under different N levels with the same NaCl level by Tukey's test. * Shows significant differences (P < 0.05) under 200 mM NaCl treatment and 0 mM NaCl condition
with the same N level by Tukey'’s test.

expression of NR increased with the increase in N concentration
and peaked at 15 mM N. After 200 mM NacCl exposure, although
NR expression was inhibited by salt, there was no significant
difference among different N concentrations (Figure 5A). AMT
gene expression showed no significant difference among plants
grown with different N concentrations under control conditions.
Under high salt stress, the expression level of AMT showed
an increased trend compared with the control condition when
plants were grown with 10 mM N and the expression level
was significantly higher than the other two N concentrations.
On the contrary, the expression level of AMT decreased under
2 or 15 mM N (Figure 5B) after 200 mM NaCl exposure.
Under control conditions, the expression of GS and GOGAT
both peaked under 15 mM N. Salt stress significantly induced
the expression of GS when supplied with 10 mM N, while the
expression of GS was reduced significantly by salt when the plants
were supplied with 15 mM N (Figure 5C). Moreover, under high
salt stress conditions, the expression of GS and GOGAT both
peaked under 10 mM N and then significantly declined under
15 mM N (Figures 5C,D).

Chlorophyll Fluorescence Affected by
Nitrogen Levels Under High Salt Stress

The total chlorophyll content of leaves grown with different
treatments was measured. Both N and salt significantly affected
total chlorophyll content. The interactive effect of N by salt
was not significant on total chlorophyll content (Supplementary
Table 1). NaCl exposure did not significantly affect chlorophyll
content as compared to the control condition (Figures 6A,B).
However, the chlorophyll a and total chlorophyll content of leaves
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FIGURE 5 | Relative expression level of N metabolism-related genes of
bermudagrass under different treatments. The expression level of NR (A),
AMT (B), GS (C), and GOGAT (D) in the leaves of bermudagrass grown
under different nitrogen concentrations exposed to different NaCl levels (0 and
200 mM NaCl), respectively. Different letters above the columns indicate
statistically significant differences at P < 0.05 under different N levels with the
same NaCl level by Tukey’s test. * Shows significant differences (P < 0.05)
under 200 mM NaCl treatment and O mM NaCl condition with the same N
level by Tukey'’s test.

reached the highest level when the plants were grown under
10 mM N and then decreased slightly under 15 mM N with or
without NaCl treatment (Figures 6A,B).
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FIGURE 6 | Chlorophyll fluorescence in the leaves of bermudagrass grown with different nitrogen levels under control and salt treatment. Chlorophyll a content (A)
and total chlorophyll content (B) and OJIP curve in the leaves of bermudagrass grown with different nitrogen levels (2, 10, and 15 mM) under 0 mM (C) and 200 mM
NaCl (D) concentrations, respectively (O: at 0.2 ms; J: at 2 ms; I: at 30 ms; P: at maximum fluorescence position). “Radar plots” of picked parameters characterizing
the influence of nitrogen concentration on PS Il of bermudagrass grown under 0 mM (E) and 200 mM NaCl (F), respectively. The parameters of plants grown under
2 mM N were set as control. Control = 1. * Shows significant differences (P < 0.05) under 200 mM NaCl treatment and 0 mM NaCl condition with the same N level
by Tukey’s test.

Then, the impact of N levels on the photochemistry of
photosystem II (PS II) of NaCl-treated bermudagrass was
determined through chlorophyll a fluorescence transient-JIP
test. Under control or salt condition, the fluorescence of the
I and P phases of leaves grown with 10 mM N was stronger
than those grown with 15 mM N, respectively (Figure 6). In
particular, the OJIP curve was much higher when plants were
exposed to salt under 10 mM N compared with plants grown
with 15 mM N under control conditions (Figures 6C,D). The
chlorophyll fluorescence parameters were further determined.
Under control and salt conditions, the PIpgs and Plcs values,
representing the overall activity of PSII, peaked under 10 mM
N (Figures 6E,F and Supplementary Figures 2A,B). The
absorption flux per RC (QA-reducing PSII reaction center)
(ABS/RC) (Figure 6 and Supplementary Figure 2C), trapped
energy flux per RC (TRo/RC) (Figure 6 and Supplementary
Figure 2D), and electron transport flux per RC (ETo/RC)
(Figure 6 and Supplementary Figure 2E) of plants grown
with 10 mM N had a higher level or were similar to the levels
of those grown with 2 or 15 mM N under control and salt

conditions. On the contrary, dissipated energy flux per RC
(DIo/RC) had a lower level under 10 mM N compared with other
N levels under control and salt conditions (Figures 6E,F and
Supplementary Figure 2F).

Quality-Related Traits Affected by
Nitrogen Levels Under High Salt Stress

Salt had a significant effect on crude fat, crude fiber, and crude
ash content, while N had a significant effect on crude fiber and
crude ash content, but not crude fat. The interactive effect of
N by salt was significant for all quality-related traits detected
(Supplementary Table 5). Without salt treatment, the increased
N application significantly decreased the crude fat content. The
crude fat content had the highest value when plants were grown
under 2 mM N compared with 10 or 15 mM N. After 200 mM
NaCl exposure, the crude fat content significantly declined under
2 mM N, while the crude fat content was not obviously affected
under 10 or 15 mM N (Figure 7A). Under 0 mM NaCl condition,
the crude fiber content had the lowest value under 10 mM N.
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FIGURE 7 | The quality-related traits of bermudagrass under different
treatments. Crude fat content (A), crude fiber content (B), and crude ash
content (C) in the leaves of plants grown with different nitrogen concentrations
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respectively. Different letters above the columns indicate statistically significant
differences at P < 0.05 under different N levels with the same NaCl level by
Tukey’s test. * Shows significant differences (P < 0.05) under 200 mM NaCl
treatment and 0 mM NaCl condition with the same N level by Tukey’s test.

When exposed to NaCl, the crude fiber content of plants grown
under 10 mM N was higher than those grown under 2 mM N.
However, the value showed no significant difference with plants
grown under 15 mM N (Figure 7B). Moreover, the ash content
had the lowest value when plants were grown with 10 mM N
under both control and salt treatment conditions (Figure 7C).

DISCUSSION

Salt-induced inhibition, such as ion toxicity, osmotic effects, and
nutrient imbalance, can be alleviated by the moderate use of N
fertilizer (Chen et al., 2010; Fan et al., 2013; Duan and Chang,
2017). In forage, such as pasture grass, moderate N application
has a positive effect on plant growth and yield production (Irshad
et al., 2009; Shao et al., 2020). Due to possible reduction in the
N requirement under higher salt stress in forage bermudagrass
(10 mM N under high salt stress compared with 15 mM N
under control condition) according to the plant growth rate, Na*
content, and antioxidant enzyme activity alteration, we mainly
focused on exploring the underlying mitigation mechanism after
moderate N application under high salt stress.

Salt stress can affect N uptake in plants (Murtaza et al.,
2013). The ammonium N (NH4™) transported by AMT can
be directly assimilated by plants (Giagnoni et al., 2016). In
forage bermudagrass, after a high level of NaCl exposure,
the expression of AMT had the highest value when plants
were grown with 10 mM N compared with other N levels
(Figure 5B). Previous studies reported that AMT gene expression
was downregulated by salt in Brassica juncea (Goel and Singh,

2015), while most AMTs were upregulated in the moderate salt-
treated roots of Populus simonii (Zhang et al., 2014). The different
expression alteration of AMTs in different species might be due
to the differential interaction of N and salt levels. In forage
bermudagrass, N application could promote the expression
of AMT within a certain range, suggesting that excessive
NH4 ™ application had no positive effect on N absorption by
upregulating the AMT expression under high salt conditions.
Moreover, moderate N application without excess under high
salt stress could help forage bermudagrass maintain or promote
the expression level of N assimilation-related enzymes, such as
NR, GS, and GOGAT, which can be affected by salt (Wang et al,,
2012; Parul et al., 2015; Figure 5). Moreover, the green leaves N
content also had the highest value when plants were supplied with
10 mM N, but not 15 mM N (Figures 4A,B) after NaCl exposure,
which was consistent with the trend of N metabolism-related
gene expression. Besides, the highest value of green leaves N
content and lowest value of stems N content supplied with 10 mM
N suggested that the moderate N application might promote the
N accumulation in green leaves and reduce the residual N in
stems or old leaves, which played a critical role in the rational
distribution of N under salt stress.

N is a structural element of chlorophyll, affecting the
formation of chloroplasts and the accumulation of chlorophyll
in plants (Xu et al, 2012). In this study, N application
significantly increased the chlorophyll a and total chlorophyll
content of bermudagrass (Figures 6A,B and Supplementary
Table 1). However, the chlorophyll content could not increase
in proportion when N was applied over 10 mM, which
was consistent with previous studies (Zhang et al, 2013;
Yang et al., 2015; Shao et al., 2020). N deficiencies can also
decrease leaf area and intensity of photosynthesis (Zhang
et al, 2013). Previous studies reported that N application
significantly improved physiological parameters and elevated
the photosynthetic capacity of leaves in some plant species
(Siddiqui et al, 2010; Zhang et al, 2013). However, other
studies showed that the promotion of N application on
photosynthetic characteristics might also have concentration
effects. For instance, N fertilizer can improve the photosynthetic
characteristics of soybeans and ryegrass, but their effects
were gradually inhibited or decreased with the increase in N
fertilization application level (Zhang et al., 2013; Shao et al,
2020). In our study, the chlorophyll fluorescence intensity of
bermudagrass leaves grown under moderate N (10 mM) was
highest compared with 15 or 2 mM N, especially under high
salt conditions (Figure 6). Under salt stress, excessive application
of N could not promote but weaken the fluorescent transients
of bermudagrass, especially the J (2 ms) and P (30 ms) steps,
suggesting that N over application under salt stress might lead
to the photosynthetic electron transport traffic jam, especially
beyond Qa~ (Figure 6). Moreover, the optimum amount of
N might promote primary photochemical reactions of PSII
under high salt stress. The PIxps and PICS value, which could
accurately reflect the state of plant photosynthetic apparatus,
peaked under 10 mM N (Figure 6E), indicating that N could
promote the primary photochemical reactions of PSII in the
waterside. Changes in various quantum efficiencies per reaction
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center reflected the elevated absorption and transformation of
light energy and the reduction in heat dissipation of leaves after
appropriate N application (Figures 6E,F; Yusuf et al., 2010).

For forage bermudagrass, the yield and forage quality
maintenance should be taken into consideration when evaluating
the optimal N application under salt stress. We noticed that
different N application levels had no significantly different effects
on biomass under NaCl treatment, which is consistent with the
previous study in other plants (Jia et al., 2017). However, the plant
height had a lower value when plants were grown with 10 mM
N compared with 15 mM N. The reason might be because those
effectors contributing to the biomass, such as the decrease in
firing rate (Figure 1D), might make up for the possible biomass
reduction. Nitrogen application has critical effects on forage
quality traits (e.g., crude protein, crude fat, and crude fiber)
(Collins, 1991). In this study, under salt stress, when 10 mM N
was added, the crude protein of green leaves had the highest value
compared with 15 mM N (Figure 4D). The similar tendency of
N content and crude protein content suggested that N might be
redistributed among different tissues under salt stress and more
N might be transferred into the green leaves to synthesize crude
protein after being supplied with moderate N in bermudagrass.
The constituents of crude fiber and crude cash are both the most
remarkable factors to evaluate forage quality, which can limit
forage intake and digestibility (Bruun et al., 2010; Shaer, 2010;
Wolf et al., 2012). In this study, 10 mM N application could
maintain crude fiber content at a lower level with the lowest
crude ash content under high salt conditions, suggesting better
maintenance of forage quality when supplied with moderate N.

Together with the previous studies, N requirements for plants
in a saline environment might be inconsistent with those in the
normal environment and salt stress might lead to the reduction in
nutrients absorbed from the surrounding environment (Shenker
et al., 2003; Ramos et al.,, 2012; Zhang et al,, 2012). For forage
bermudagrass, the optimal N application under salt stress should
be considered in terms of plant growth, salt-stress-responsive
physiological parameters, and nutrient value maintenance.
Moderate reduction in N application had the optimal effect on
alleviating the damage of high salt stress to forage bermudagrass
through regulating numerous interconnected physico-chemical
activities. These results obtained in this study are important
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The degradation of chlorophyll is of great significance to plant growth. The chlorophyll b
reductase NOL (NYC1-like) is in charge of catalyzing the degradation of chlorophyll b and
maintaining the stability of the photosystem. However, the molecular mechanisms of
NOL-mediated chlorophyll degradation, senescence, and photosynthesis and its functions
in other metabolic pathways remain unclear, especially in warm-season turfgrass. In this
study, ZNOL was cloned from Zoysia japonica. It is highly expressed in senescent leaves.
Subcellular localization investigation showed ZjNOL is localized in the chloroplast and the
bimolecular fluorescence complementation (BiFC) results proved ZjNOL interacts with
ZINYC1 in vivo. ZINOL promoted the accumulation of abscisic acid (ABA) and carbohydrates,
and the increase of SAG74 at the transcriptional level. ZINOL simultaneously led to the
excessive accumulation of reactive oxygen species (ROS), the activation of antioxidant
enzymes, and the generation of oxidative stress, which in turn accelerated senescence.
Chlorophyll fluorescence assay (JIP-test) analysis showed that ZNOL inhibited
photosynthetic efficiency mainly through damage to the oxygen-evolving complex. In total,
these results suggest that ZINOL promotes chlorophyll degradation and senescence and
negatively affects the integrity and functionality of the photosystem. It could be a valuable
candidate gene for genome editing to cultivate Z. japonica germplasm with prolonged
green period and improved photosynthesis efficiency.

Keywords: chlorophyll b reductase, chlorophyll degradation, photosynthesis, chlorophyll fluorescence, Zoysia
japonica

INTRODUCTION

Commonly known as a warm-season turfgrass, Zoysia japonica (2n=4x=40) has many remarkable
characteristics, including minimal maintenance, excellent tolerance to drought, salinity, and
freezing, good ability to conserve water and soil, and excellent traffic tolerance (Patton and
Reicher, 2007; Teng et al., 2017, 2018). Nevertheless, the short green period and unaesthetic
appearance during senescence hamper its further popularization and utilization (Teng et al.,
2016, 2021b). Therefore, it is critical to interpret the molecular regulation mechanism of
chlorophyll degradation and photosynthesis with the help of molecular biology.
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In the process of plant senescence and maturation, efficient
chlorophyll degradation can lead to rapid chlorosis of plants and
the emergence of carotenoids and anthocyanins to form various
leaf and flower colors (Hebbar et al., 2014). Chlorophyll degradation
is a crucial part of the aging and maturation process, facilitating
the transport of nutrients from aging tissues and organs to
reproductive and storage organs (Lim et al., 2007; Hebbar et al.,
2014; Zhang et al,, 2022). The nitrogen in chloroplasts accounts
for 75% of the total nitrogen content of the entire photosynthetic
system, and 95% of the nitrogen in seeds comes from nitrogen
degraded in leaves (Taylor et al., 2010). Chlorophyll degradation
removes toxic substances produced during photosynthesis,
maintaining cell viability and efficient nutrient redistribution.
Chlorophyll degradation is also a prerequisite for the degradation
of light-harvesting complexes (LHCs) in senescent leaves, which
is crucial for fully utilizing nitrogen in chloroplasts (Hortensteiner
and Feller, 2002). Therefore, the degradation of chlorophyll has
significance for the growth of plants and must be strictly regulated.

The chlorophyll of green plants consists of two components,
chlorophyll a and chlorophyll b. Chlorophyll degradation is a
complex process that requires the participation of multiple
enzymes (Kuai et al, 2018). The degradation of chlorophyll
first occurs through the process of converting chlorophyll b
to chlorophyll a, which is the chlorophyll cycle (Shimoda et al.,
2012). Non-Yellow Coloring 1 (NYC1) and NYC1-like (NOL)
are two key enzymes that catalyze the initial step in chlorophyll
b degradation to 7-hydroxymethyl-chlorophyll a (Shimoda et al.,
2012). In many green plants, NYC1 and NOL physically interact
and may function as an enzymatic complex to co-catalyze the
degradation of chlorophyll b (Sato et al., 2010; Sakuraba et al.,
2012; Yu et al,, 2017; Teng et al., 2021b). In addition, functional
differentiation was found between NOL and NYCI in Oryza
sativar, Arabidopsis thaliana, and Lolium perenne (Kusaba et al.,
2007; Sato et al., 2010; Yu et al., 2021).

In our previous study, we cloned ZjNYCI in Z. japonica and
found ZjNYCI accelerates chlorophyll degradation and leaf
senescence (Teng et al, 2021b). ZiNOL shows 42.78% amino
acid identity to ZjNYCI. However, despite the knowledge of
NOL:s roles in chlorophyll b degradation, the molecular mechanisms
underlying NOL-mediated  chlorophyll  degradation and
photosynthesis in Z. japonica, and whether its functions differ
with ZjNYCI are unclear. Leaf senescence induced the expression
of NYCI and NOL, and a close similarity between the phenotypes
of nol and nycl mutants suggested that NYCI and NOL have
similar functions in leaf senescence (Kusaba et al., 2007; Sato
et al, 2010). In Arabidopsis, NOL mainly plays a role in the
vegetative growth stage and does not significantly promote the
leaf senescence process (Sakuraba et al., 2012). These results
suggest that the functions of NYCI and NOL in regulating leaf
senescence may be different depending on the plant. However,
the mechanisms underlying why the same enzyme performs
different functions in mode and non-mode plants remain unknown.

The objectives of this study were to characterize the function
and determine the molecular mechanisms of ZjNOL in
photosynthesis, chlorophyll degradation, and senescence. In
addition, clarifying the functional differences in photosynthesis
between ZjNOL and ZjNYCI also was our concern. The

information will contribute to the genetic improvement and
breeding projects for Z. japonica in the future.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

We purchased Z. japonica seeds (cv. Zenith) from Patten Seed
Company (Lakeland, GA, United States). We sowed them in
Klasmann TS1 peat substrate (Klasmann-Deilmann GmbH,
Geeste, Germany). Plants were cultivated in climate chambers
at 28/25°C (day/night), with a 14-h photoperiod and an average
photosynthetic active radiation (PAR) of 400 pmolm™ s™'. The
plants were watered once a week with Hoagland nutrition solution.

ZjNOL and Its Promoter Cloning

Total RNA was extracted from Z. japonica leaves using the Plant
RNA Kit (Omega, Georgia, United States). Next, cDNA was
generated using the PrimeScriptTM RT reagent Kit (TaKaRa,
Dalian, China). We used the CTAB method to
obtain genomic DNA. Then, ZjNOL and its promoter sequence
were amplified using the Z. japonica genome database
information. The PCR products were purified by the Cycle-
Pure Kit (Omega, Georgia, United States) and connected to
the pMD-19T cloning vector (TaKaRa, Dalian, China). The
plasmids pMD-ZjNOL and pMD-ZjNOLpro were obtained after
sequencing verification and stored at —80°C.

Plasmid Construction

The primers used for gene cloning, expression analysis, and plasmid
construction in this experiment are listed in Supplementary Table 1.
To generate the ZjNOLpro:GUS constructs for GUS staining
analysis, we inserted the ZjNOL promoter sequence into the
pCambial391Z vector. To observe subcellular localization,
we constructed the plasmid 3302Y3-ZjNOL, encoding a Zj]NOL-YFP
fusion protein and driven by a CaMV 35S promoter. The vectors
35S-pSPYCE-YFP and 35S-pSPYNE-YFP were used for bimolecular
fluorescence complementation (BiFC). For yeast two-hybrid analysis,
we constructed the vectors pGBKT7 and pGADT7. Coding
sequences of ZjNOL were recombined into the pTA7002 vector
to generate ZjNOL-overexpressing Arabidopsis lines. The control
plants (CK) were using the pTA7002 empty vector.

Bioinformatic Analysis of ZjNOL and Its
Promoter Sequence

We performed the BLAST analysis on the NCBI database to
search for homologs. The neighbor-joining method was used to
construct a phylogenetic tree using the MEGA 11 software (Tamura
et al,, 2021). To further confirm the evolutionary selection types
of these NOL genes, we calculated the Ks/Ka ratio using DnaSP6
software (Rozas et al., 2017). The PlantCARE database was used
to predict the cis-elements in the promoter sequence (Lescot et al,
2002). The compute pI/Mw tool was used to calculate the molecular
weight (MW) and theoretical isoelectric point (PI).! ProtComp 9.0

'https://web.expasy.org/computepi/
*http://www.softberry.com
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Quantitative Real-Time PCR

To analyze the expression pattern of the ZiNOL, we extracted
total RNA from various tissues (roots, stolons, stems, and leaves)
and three different development stages (young, mature, and
senescent) of leaves. In addition, we treated 3-month-old plants
after 12h induction with hormones, such as 10pmol GA, 10 pmol
methyl jasmonate (MeJA), 10pmol ABA, and dark. We collected
the tissues after induced 0, 0.5, 1, 3, 6, and 12h. We used four
different RNA templates in each study. Each set came with three
technical replicates. The qRT-PCR evaluation and data analysis
were carried out in accordance with the AACt method (Teng
et al, 2017). Zoysia japonica f-actin (GenBank accession no.
GU290546) was selected as the housekeeping gene.

Subcellular Localization and Protein
Interaction Analysis

Plasmid 3302Y3-ZjNOL was transformed into Z. japonica
protoplasts to investigate subcellular localization. The transient
gene expression system of Z. japonica protoplasts was modified
by a previously reported protocol (Yoo et al, 2007). For BiFC
analysis, we cloned ZJNOL and ZjNYCI and fused them with
split YFPN and YFPC fragments to co-transform. The yeast
two-hybrid experiment, which examined the interaction between
ZjNOL and ZjNYCI1, was repeated three times according to the
instructions of Clontech. We used an SP8 laser confocal scanning
microscope for fluorescence observation of protein subcellular
localization and BiFC analysis (Leica, Mannheim, Germany).

Development and Characterization of
Transgenic Arabidopsis thaliana Lines

Using the floral dip method, A. tumefaciens GV3101 transformed
with the pTA7002-ZjNOL plasmid was used to generate transgenic
A. thaliana lines. The harvested seeds were tested on MS medium
containing 30mg/L hygromycin. Following PCR confirmation,
only T3 lines with 100% hygromycin resistance were harvested
for further morphological analysis. The 3-week-old lines were
transferred from MS medium to filter paper soaked in ddH,O
with 30M dexamethasone (DEX; Sigma-Aldrich, Munich, Germany)
and 0.01% Tween-20. We photographed the seedlings after 4 days
of induction.

The chlorophyll content was determined using a previously
published protocol (Teng et al., 2016). ELISA kit (H251), H,0O,
assay kit (A064-1-1), and inhibition superoxide anion assay kit
(A052-1-1), obtained from Nanjing Jiancheng Bioengineering
Institute, Nanjing, China, were used to assay ABA content, H,O,
content, and inhibit superoxide anion activity, respectively. The
plant soluble sugar content test kit (A145-2-1), starch content
kit (A148-1-1), and malondialdehyde (MDA) assay kit (MDA-
2-Y), purchased from the Jiancheng Bioengineering Institute,
Nanjing, China, were used to determine the content of soluble
sugars, starch, and MDA. According to the manufacturer’s
instructions, we measured superoxide dismutase (SOD), peroxidase

*http://www.cbs.dtu.dk/services/TargetP-1.1/index.php

(POD), catalase (CAT), and ascorbate peroxidase (APX) activity
using reactive oxygen species (ROS) assay Kkits (Jiancheng
Bioengineering Institute, Nanjing, China). All experiments in
this study included at least three biological replicates.

To determine chlorophyll fluorescence parameters, we used
the Handy PEA analyzer (Hansatech, Kings Lynn, United Kingdom)
according to the instructions provided by the manufacturer. After
30min of dark adaption, leaves were exposed to 2s saturation
light pulses of 3,500mol photons m™ s™' to measure chlorophyll
fluorescence. Ten replicants were used for the CK, line-10, and
line-31. We calculated the photosynthetic parameters and the
average values of the same group, and a Student #-test was used
to differentiate the different parameters by comparison to the
control. To visualize the data, we used Origin Pro v.2019b
(OriginLab Corporation, Northampton, MA, United States).

Statistical Analysis

We used SPSS version 18.0 (IBM, Chicago, IL, United States)
to analyze variance and verify it by a Student -test at a significance
level of 0.05 to determine the effect of ZjNOL-overexpressing
on leaf physiology and transcription level. We used Fisher’s
protected least significant difference (LSD) test at the 0.05 probability
level to analyze the expression characteristics of ZiNOL. All data
were presented as means+SD (n >3).

RESULTS
Cloning and Bioinformatic Analysis of ZjNOL

Using the Z. japonica genome and the full-length transcriptome
databases as references, we designed the primers and cloned the
ZJNOL (accession number: OL581613) using RT-PCR. The
sequencing results showed that the CDS sequence of the ZiNOL
was 1,035bp in length and encoded a total of 344 amino acids.
Analysis of homologous sequences revealed that ZjNOL contains
an SDR domain (Figure 1A), with theoretical isoelectric points
and molecular weights of 9.76 and 37.39 kD, respectively.
Furthermore, the results of the phylogenetic analysis showed that
ZjNOL is more closely related to NOL of sorghum (Sorghum
bicolor; Figure 1B). We calculated the synonymous and
non-synonymous substitution rates (Ka/Ks) to further confirm
the evolutionary selection types of these NOL genes, and the
results showed that some NOL homologous genes were under
diversifying selection (Ka/Ks>1; Figure 1C).

Isolation of ZjNOL Promoter and GUS
Staining Assay

Using Z. japonica genomic DNA as a reference, we amplified a
712bp nucleotide promoter sequence. Furthermore, we predicted
and analyzed the cis-acting elements of the ZjNOL promoter
using the PlantCARE website. In addition to the basic functional
elements of the promoter, it also contains an ABRE element
that responds to ABA induction, five MYB transcription factor
binding sites, and three light-responsive elements (Table 1). To
further clarify the activity characteristics of the ZjNOL promoter,
the ZjNOLpro:GUS expression vector was constructed and
transformed into Arabidopsis. GUS histochemical staining of
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FIGURE 1 | Bioinformatic analysis of ZINOL. (A) Phylogenetic tree. The neighbor-joining tree was constructed using MEGA 11, orthologous proteins in Setaria
italica (SINOL), Setaria viridis (SYNOL), Dichanthelium oligosanthes (DoNOL), Panicum miliaceum (PmNOL), Panicum halli (PhNOL), Sorghum bicolor (SoNOL), Zea
mays (ZmNOL), Zoysia japonica (Z]NOL), Oryza sativa (OsNOL), Brachypodium distachyon (BANOL), Lolium perenne (LpNOL), and Arabidopsis thaliana (AtNOL)
were used for analysis. (B) Multiple sequences alignment and conserved domain prediction. (C) Calculation of the Ka/Ks.

TABLE 1 | cis-elements prediction in the ZINOL promoter.

cis-element Sequences Amount Function

ARE AAACCA 2 Anaerobic inducible
AAGAA-motif GAAAGAA 1 Unknown

CAAT-box C(C)AAAT 8 Promoter structure
G-Box CACGTT 1 Light response

MYC CATG/TTG 5 MYB binding site
GT1-motif GGTTAA 1 Light response

Sp1 GGGCGG 1 Light response

ABRE ACGTG 1 ABA response
TATA-box TATAA)A)A) 19 Promoter core element

transgenic seedlings showed that the promoter could drive GUS
gene expression in transgenic Arabidopsis thaliana, and a large
amount of blue was found in the leaves (Figure 2).

Expression Characters of ZjNOL

We analyzed the expression pattern of the ZjNOL gene using
qRT-PCR. The results showed that all the tissues could detect
the ZjNOL gene expression (Figure 3A). Nevertheless, its
expression in leaves was significantly higher than that in other
tissues (p <0.05), and its expression in stems was also significantly
higher than roots and stolons (p <0.05). This result indicates
that the expression of the ZjNOL is correlated with the content

CK 0.5 cm Promoter 0.5 cm

FIGURE 2 | GUS staining results of promoter. (A) CK. (B) Promoter.

of chlorophyll positively. To determine whether the ZjNOL is
involved in chlorophyll degradation during leaf senescence,
we analyzed the ZjNOL gene expression in young, mature, and
senescent leaves for QRT-PCR. The results showed that the ZjNOL
was more actively expressed in senescent leaves, indicating that
the ZjNOL was involved in the senescence process (Figure 3B).

The ZjNOL gene promoter contains cis-elements involved
in ABA, JA, and light response. Therefore, we analyzed the
expression pattern of ZjNOL under these treatments. Under
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FIGURE 3 | Transcriptional expression characters of ZINOL. (A) Different tissues; (B) leaves at different growth stages; continuous expression tendency under
different treatments: dark (C), GA (D), MeJA (E), and ABA (F). Data were expressed as mean +SD (n=4). Different letters indicate significant differences at p <0.05
based on Fisher’s protected least significant difference (LSD) test.

dark treatment, the expression of ZjNOL showed a slow downward
trend (Figure 3C). Ten-micromole GA treatment significantly
inhibited the expression of ZjNOL within 0-3h and recovered
to the initial level after 6h (Figure 3D). Ten-micromole MeJA
treatment had a significant inducing effect on ZjNOL, and the
expression level at 12h was four times higher than that at Oh
(Figure 3E). Ten-micromole ABA treatment showed a trend
of first inhibiting and then promoting the expression of ZjNOL,
and the expression level was the lowest at the 1st hour, 0.4
times that of the Oh; it reached the highest level at the 6th
hour, which was 3.6 times that of the Oh (Figure 3F).

Subcellular Localization of ZjNOL

We further used the Z. japonica protoplast transient expression
system to observe the subcellular localization of ZjNOL, and the
results showed that the YFP signal was detected in chloroplasts
(Figure 4). Theoretically, NOL can interact with NYC1 in plants
such as Arabidopsis, rice, and ryegrass. We performed BiFC analysis
on ZjNOL and ZjNYCl to clarify whether NOL and NYC1 proteins
in Z. japonica can interact. The results indicate that ZjNOL and

ZJNYCI can interact with each other in Z. japonica chloroplasts
(Figure 5). In the yeast system, however, Zj]NOL and ZjNYC1
did not interact with each other (Supplementary Figure 1).

Overexpression of ZjNOL Accelerated
Chlorophyll Degradation and Senescence
With the inflorescence infection method, we obtained transgenic
Arabidopsis lines to determine the function of the ZjNOL gene.
After 4days of induction with 30 uM DEX under normal lighting
conditions, the control plants remained green, but the transgenic
lines turned yellow (Figure 6A). The total chlorophyll content
and the chlorophyll b levels in line-10 and line-31 were lower
than that of CK significantly (p <0.05), and the ratio of
chlorophyll a/chlorophyll b of the transgenic plants was 12
times higher than that of the control plant (p <0.05). The
above results indicated that ZjNOL catalyzed the conversion of
chlorophyll b to chlorophyll a and promoted chlorophyll
degradation (Figures 6B-D). ABA content and H,O, content
in the transgenic line were significantly higher than those of
the control (Figures 6E,F; p <0.05). The inhibition of superoxide
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FIGURE 4 | Subcellular localization of ZJNOL in Zoysia japonica protoplast. The results showed that ZJNOL was localized in the chloroplast.
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FIGURE 5 | BiFC analysis of the interaction between ZNYC1 and ZjNOL.
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anion activity in transgenic lines was decreased compared to
the control plant (Figure 6G; p <0.05). In addition, the content
of soluble sugar, starch, and MDA was also markedly higher
than that of the CK (Figure 6H; p <0.05). The changes in the
antioxidant enzyme system of the transgenic lines showed that
POD, CAT, APX, and SOD in the transgenic lines were significantly
higher than those in the CK (Figure 6H; p <0.05). The above
physiological indicators show (Figure 6) that ZiNOL promotes
chlorophyll degradation and accelerates the senescence process.

Transcriptional Characteristics Analysis of
ZjNOL-Overexpressing Lines

We analyzed the effect of overexpression of ZjNOL in transgenic
lines utilizing qRT-PCR. The results showed that ZjNOL was
expressed efficiently in the transgenic lines (Figure 7A).

SAGI4 is a marker gene for senescence. This study found that
the overexpression of ZiNOL significantly increased the expression
of SAGI4, indicating that it promoted the senescence process of
transgenic lines (Figure 7B). Four photosynthetic efficiency marker
genes were selected to assess the impact of ZiNOL on photosynthesis.
The results showed that the expression of CABI, rbcL, RCA, and
PsaF significantly downregulated in transgenic lines, reflecting
that ZjNOL inhibited the photosynthetic efficiency (Figures 7C-F).

Chlorophyll Fluorescence Induction Curves
Analysis of ZjNOL-Overexpressing Lines

We carried out a standard OJIP analysis of the fluorescence
induction curves to evaluate the photosynthetic activity in ZjNOL
transgenic lines. The results showed that typical O, J, I, and P
characteristic steps appeared, as well as an obvious K-step.
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FIGURE 6 | Morphological and physiological assessment of ZINOL-overexpressing lines. (A) Photographs of transgenic plants compared with control.
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means of three replicates + SDs. Asterisks indicate significant differences at p <0.05 based on Student t-test.

The expression of ZjNOL decreased the minimal fluorescence
level (F,) and maximal fluorescence level (F,,), and the maximal
variable fluorescence (F,) changed little (Figure 8A). We compared
the double normalized curves in the O-P transient of chlorophyll
fluorescence and found that values of the L-band, K-band were
positive, whereas G-band was negative. The positive values of
the K-band and the negative values of the G-band in the transgenic
lines were significantly higher than those of the control (p <0.05;
Figure 8B; Supplementary Figure 2).

The other fluorescence parameters of the JIP-test were further
analyzed. We found that some parameters were decreased
significantly in the transgenic lines compared to the control and
constructed a radar plot to show the detailed parameters
(Figure 8C). Pl,gs in transgenic lines was significantly lower
than that of the control (p<0.05), demonstrating the distributed
energy performance index of electron acceptors from the absorption
of light energy by PSII to photosynthetic systems (Figure 8C).
We drew a phenomenological energy pipeline model to study
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the influence of ZjNOL overexpression (Supplementary Figure 3).
It showed that the specific flux membrane model parameters,
including ABS/RC, TRo/RC, of the transgenic lines increased,
while ETo/RC and DIo/RC did not change much. At the same
time, the phenomenological flux leaf model and the radar plot
all indicated that parameters of the transgenic lines, including
ABS/CSm, TRo/CSm, ETo/CSm, and DIo/CSm, were reduced
(p<0.05; Figure 8C; Supplementary Figure 3). In addition, the
inactive reaction centers of the transgenic lines increased.

DISCUSSION

In this study, the full-length ZiNOL sequence was cloned. We found
that ZiNOL was phylogenetically close to its orthologs of Sorghum
bicolor and shared conserved sequence features as well as similar
expression patterns and subcellular localization in chloroplasts.
To judge the “purifying selection” and “diversifying selection” in
the process of plant evolution, we analysis the synonymous and
non-synonymous substitution rates of homologous genes
(Gaut et al.,, 1996). Most chlorophyll catabolism genes, such as
NYC! and PPH, are under purifying selection (Ka/Ks<1;

Teng et al, 2021a,b). However, some NOL homologous genes
were under diversifying selection (Ka/Ks>1; Figure 1C). This
result is consistent with the reports of perennial ryegrass, indicating
that NOL has functional diversity in different species (Yu et al,
2021). Therefore, it inspired us to investigate the function of
ZjNOL in the typical warm-season turfgrass, Z. japonica.
Chlorophyll b reductase enzymes, NYCI and NYCl1-like (NOL),
play critical roles in the chlorophyll cycle. The BiFC and yeast
two-hybrid analysis showed that ZjNOL and ZjNYC1 could
interact in vivo but not in the Clontech yeast two-hybrid system.
This result is consistent with the previous reports in Z. japonica
(Teng et al, 2021b) but different from rice and Arabidopsis
(Sato et al, 2010; Sakuraba et al, 2012). We speculate that
there are some differences in the functions of ZjNOL and ZjNYC1
among species. At the same time, there might be some substances
in Z. japonica that regulate the interaction between ZjNOL and
ZjNYCI1. SGR is required for protein interactions with the
chlorophyll catabolic enzyme (CCE; Sakuraba et al, 2012).
Therefore, it is necessary to deeply explore the external factors
of the interaction between ZjNOL and ZjNYC1 in future research.
Consistent with the findings in rice (Kusaba et al., 2007),
Arabidopsis (Horie et al., 2009), and perennial ryegrass
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(Yu et al, 2021), the expression of ZjNOL was positively
correlated with senescence. In A. thaliana, overexpression of
AtNOL resulted in accelerated leaf senescence and chlorophyll
b degradation in A. thaliana (Jia et al., 2015). In N. benthamian,
the transient overexpression of LpNOL accelerated leaf senescence
and chlorophyll b degradation. Perennial ryegrass LpNOL RNA
interference (NOLi) delays leaf senescence (Yu et al., 2021).
In this study, the overexpression of ZjNOL accelerated total
chlorophyll and chlorophyll b degradation, demonstrating that
ZjNOL is the functional orthologous NOL in Z. japonica.
The accumulation of ABA plays a positive role in the promotion
of senescence (Schippers et al, 2015). SAGI4 is a commonly
accepted senescence marker (Wan et al., 2018). Overexpression
of ZNOL significantly increased the expression of SAG<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>