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2.4. Functional Prediction of DEcircRNAs by Gene Ontology (GO) Enrichment Analysis

The potential function of a circRNA may depend on the function of its host gene; thus, we analyzed
the functions of DEcircRNA host genes [48]. The results of GO enrichment analysis showed that the
host genes were involved in three categories: biological process (BP), cellular component (CC), and
molecular function (MF) (Figure 7A and Table S6). In the BP category, most circRNAs were enriched in
cellular process (GO:0009987), metabolic process (GO:0008152), response to stimulus (GO:0050896),
biological regulation (GO:0065007), and developmental process (GO:0032502). In addition, the top 20
significant GO terms, including response to temperature stimulus (GO:0009266), response to abiotic
stimulus (GO:0009628), response to stress (GO:0006950), and response to wounding (GO:0009611), are
displayed in Figure 7B. These findings indicated that the host genes of the DEcircRNAs were associated
with plant responses to stimuli. Thus, these DEcircRNAs might also be involved in the plant responses
to stimulation.

Figure 7. GO enrichment analysis of the host genes of DEcircRNAs. (A) The most enriched GO terms of
the host genes of DEcircRNAs. (B) Top 20 GO enrichment categories of the host genes of DEcircRNAs.
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2.5. Functional Prediction of DEcircRNAs Based on the circRNA-miRNA-mRNA Network

Increasing evidence indicates that circRNAs might competitively bind to miRNAs and
subsequently regulate their target genes by acting as miRNA decoys or sponges [49–52]. To further
explore the functions of DEcircRNAs, we first predicted DEcircRNAs acting as miRNA decoys
and mRNAs acting as miRNA targets. Then, a regulatory network of circRNA-miRNA-mRNA
was constructed based on potential relationships between these RNAs (Figure 8A). This network
was composed of 1698 nodes and 1780 edges, and the nodes included 32 miRNAs, 36 circRNAs
(circRNAs acting as miRNA decoys), and 1630 mRNAs (mRNAs acting as miRNA targets)
(Figure 8A and Table S3). CircRNAs had one to nine miRNA decoy sites (Figure 8A). For instance,
circRNA Chr5:16093397|16096079 might act as a miRNA ath-miR864-5p decoy (Figure 8D). CircRNA
Chr3:523385|524409 might act as a decoy for two miRNAs (ath-miRf10261-akr and miRNA
ath-miRf10509-akr) (Figure 8C). In addition, multiple circRNAs might act as a decoy for one
miRNA, such as circRNA Chr1:24701221|24707801, circRNA Chr1:24702386|24708882, and circRNA
Chr1:24701457|24707994, all of which had miRNA ath-miR864-5p decoy sites (Figure 8B).

Figure 8. The circRNA-miRNA-mRNA interaction network. Yellow nodes: miRNAs. Red nodes:
circRNAs that may be miRNA decoys. Green nodes: mRNAs that may be miRNA targets. (B–D) were
extracted from (A).

To further explore the functions of DEcircRNAs, 1630 mRNAs in the regulatory network of
circRNA-miRNA-mRNA were subjected to GO analysis. We found that these mRNAs were mainly
involved in plant growth and development process, response to various stimuli, response to JA,
regulation of the JA-mediated signaling pathway, and JA metabolic process (Figure S1 and Table S4).
These results indicated that these circRNAs in the circRNA-miRNA-mRNA network may play roles in
JA-mediated signaling.
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3. Discussion

CircRNAs are a special class of noncoding RNAs produced by non-linear backsplicing events
between downstream splice donors and upstream splice acceptors. Recently, with the development
of high-throughput sequencing technology, increasing numbers of circRNAs have been detected in
plants and animals. In plants, circRNAs are closely related to plant development and stress responses,
including biotic and abiotic stresses [20,22–28,30,53]. However, whether circRNAs participate in the
pathways of plant responses to hormones is unclear. In this study, for the first time, circRNAs from
A. thaliana seedlings at 24, 48, and 96 h after MeJA treatment were profiled. A total of 8588 circRNAs
were detected in A. thaliana seedlings, of which 1526 circRNAs were predicted by CIRI2, 3410 by
CIRCexplorer, and 4564 by find_circ. There was little overlap among the results of the different software
programs (Figure S2). Software for the prediction of circRNAs is continually appearing, but different
software programs have different advantages and shortcomings regarding sensitivity, precision, and
computational cost. Such differences are largely due to the different strategies adopted [54–56].
CircRNAs predicted by all three methods accounted for a small proportion of the total predicted
circRNAs, which indicated extensive differences among the prediction algorithms when they were
applied to A. thaliana circRNA libraries. Thus, several tools should be used in combination to achieve
reliable and comprehensive results. Consistent with previous studies, the circRNAs identified in this
study were derived from exons, introns, and intergenic regions [13,15]. A large proportion of the
circRNAs are derived from individual exons and may be related to the current mechanism of circRNA
formation in plants: exon skipping events [34]. We found that although some genes produce more
than one circRNA, most produce only one, which is consistent with previous reports in plants [56–58].
In addition, our results showed that many circRNAs were expressed at extremely low levels in
A. thaliana. This characteristic may be a common basic feature of circRNAs in plants.

Phytohormones are important small signaling molecules in plants and play critical roles in
various basic processes in plants [59]. MeJA is a key plant hormone and regulates pivotal processes,
including seedling emergence, response to wounding, fertility, and growth-defense balance [60,61].
The biosynthesis, perception, transport, and signal transduction of MeJA have been extensively
studied [59]. However, the roles of circRNAs in MeJA-mediated signaling pathways in A. thaliana have
not been reported. Similar to other stresses in various plants, such as drought stress in maize and
A. thaliana [20], dehydration stress in wheat [25], and cold stress in grapevine [28], MeJA treatment
in A. thaliana altered the expression profiles of circRNAs. In this study, among the 8588 identified
circRNAs, 385 circRNAs were identified as DEcircRNAs between MeJA-treated and untreated seedlings.
The fluctuation of circRNA abundance after MeJA treatment in A. thaliana may be related to the possible
roles of circRNAs in response to MeJA, such as some putative biomarkers of the JA response, or even
some of them as potentials protein coding circRNAs that may be involved in JA signaling. In addition,
nine circRNAs that were differentially expressed at three different time points between MeJA treated
and controls plants may act as pivotal regulators in MeJA signaling, and the regulatory mechanisms
warrant further study.

The circRNAs identified in many plants and animals, including human, have been reported to
participate in the regulation of the expression of their host genes [11–13,15,32,34]. For example, some
circRNAs regulate the expression of host genes by competing with canonical splicing [12]. In rice,
overexpression of the circRNA “Os08circ16564” reduced the expression level of its host gene AK064900
in both leaf and panicle tissues [21]. Recently, a circRNA from SEPALLATA3 was shown to regulate
splicing of its cognate mRNA through R-loop formation, resulting in transcriptional pausing [34].
In addition, some circRNAs in animals enhance transcription of their host genes by interacting with
polymerase II or the U1 small nuclear ribonucleoprotein [11,62]. Therefore, in the present study,
GO enrichment analysis of the host genes of DEcircRNAs was performed to investigate the functions of
circRNAs in MeJA-mediated signaling. GO analysis showed that these host genes were mainly enriched
in the categories cellular process, metabolic process, response to stimulus, and biological regulation.
In addition, these host genes were associated with the GO terms developmental process, immune
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system process, reproduction, polysaccharide biosynthetic process, and response to reactive oxygen
species; these findings are consistent with the reported functions of mRNAs that are differentially
expressed after MeJA treatment [63], suggesting that the corresponding circRNAs may play important
roles in regulating the expression of their host genes. In this study, we also performed expression
pattern analyses of eight DEcircRNAs and their host genes and found that the expression patterns
of two circRNAs were correlated with the expression patterns of their corresponding host genes,
whereas those of the remaining six circRNAs exhibited no such correlations. The overexpression of the
circRNA circR5g05160 in rice did not change the linear transcript accumulation of LOC_Os05g05160 [63].
These data suggest that the regulatory effects of circRNAs on their host genes are diverse.

Previous studies have shown that circRNAs in animals and human can act as miRNA decoys or
sponges to reduce the inhibition of miRNAs on their targets via circRNA-miRNA-mRNA networks [8].
For example, the circRNA hsa_circ_0005105 upregulates NAMPT expression via sponging miR-26a,
thereby promoting extracellular matrix degradation of chondrocytes [10]. In addition, the circRNA
circ_001350 regulates glioma cell proliferation, apoptosis, and metastatic properties by acting as a
miRNA sponge [64]. In plants, circRNA-miRNA-mRNA networks have been identified, but they
have not been confirmed by experiments [31,65]. To reveal whether DEcircRNAs can target miRNAs
and participate in the transcriptional regulation of genes, we identified 385 DEcircRNAs predicted
to contain miRNA decoy sites. As expected, 36 of the 385 DEcircRNAs were predicted to have one
to nine miRNA decoy sites, which is consistent with other studies in plants [26,27,57]. For instance,
circRNA Chr4:12480688|12481259 has nine miRNA decoy sites, indicating that it might regulate
various processes through different miRNAs. In addition, three circRNAs (Chr1:24701221|24707801,
Chr1:24702386|24708882, and Chr1:24701457|24707994) from the same host gene target the same miRNA,
suggesting that plants regulate specific physiological processes through different forms of backsplicing.
Moreover, by interacting with miRNAs, circRNAs can regulate the expression of miRNA target genes.
In this study, GO enrichment analysis of the corresponding miRNA target genes was performed to
identify genes that are regulated by circRNAs as miRNA decoys. These genes were enriched in the
terms metabolic process, developmental process, RNA processing, protein phosphorylation, and DNA
methylation or demethylation and may play important roles in MeJA-mediated signaling. In addition,
we compared mRNAs in our network with transcriptomic data on the response to MeJA in A. thaliana
from a previous study [63]; the network of mRNAs present in both our network and the previous
study is displayed in Figure S4. These results suggest that some circRNAs may act as miRNA decoys
to affect the expression of many genes involved in MeJA signaling. However, how these DEcircRNAs
perform their functions by acting on their host genes or acting as miRNA sponges in the JA pathway is
unclear and awaits further studies.

4. Materials and Methods

4.1. Plant Materials and Treatments

The A. thaliana ecotype Col-0 reserved in School of Life Sciences, Shaanxi Normal University was
used in this study. Sterilized Col-0 seeds were cultured in 1/2 MS medium and placed in an incubator
for two days at 4 ◦C in the dark for vernalization. Then, the seeds were germinated on 1/2 MS culture
medium in an incubator for 6 days with a day/night (16 h/8 h) temperature of 23/16 ◦C. The seedlings
were transferred to mock medium (comprising 9.17 μL of absolute ethanol added to 100 mL of 1/2
MS medium) and 10 μM of MeJA medium (created by diluting 2.5 μL of pure MeJA to 100 μL with
absolute ethanol and adding 9.17 μL of diluted MeJA solution to 100 mL of 1/2 MS medium). Seedlings
were transplanted into an incubator with a day/night (16/8 h) temperature of 23/16◦C. Plant samples
were collected at 24, 48, and 96h after transplantation.
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4.2. RNA Extraction, cDNA Library Construction, and RNA Sequencing

After treating the seedlings with the control or MeJA medium, plant samples weighing at least
100 mg were collected, and total RNA was extracted using the RNAprep Pure Plant Kit (Tiangen,
Beijing, China). The purity, concentration, and integrity of total RNA were detected by the Nanodrop,
Qubit 2.0 and Agilent 2100 bioanalyzer respectively. A cDNA library was constructed using 1.5 μg total
RNA according to the following steps: (a) rRNA was removed by rRNA probes (Ribo-ZeroTM rRNA
Removal Kit, (Plant Leaf); Epicentre, Madison, WI, USA) and (b)linear RNA was removed by RNase R
(Epicentre). Then, the rRNA in the remaining RNA was detected by PCR and gel electrophoresis. Next,
the remaining RNAs were used to generate circRNA-seq libraries according to Zuo et al. [22]. The cDNA
libraries were sequenced on an IlluminaHiSeq™ X-ten platform at Biomarker Technologies Co., Ltd.
(Beijing, China), and 2 × 150 bp paired-end reads were obtained according to the standard Illumina
protocol. The raw sequencing data were deposited in the US National Center for Biotechnology
Information (NCBI) Sequence Read Archive under a Bioproject ID PRJNA597249.

4.3. CircRNA Identification and Differential Expression Analysis

Low-quality reads, including reads with greater than 50% unknown (N) bases or greater than
50% low-quality bases (Q ≤ 20), and adapters were removed from the sequencing data before circRNA
identification by Trim galore (https://github.com/FelixKrueger/TrimGalore). The remaining clean reads
were mapped to the A. thaliana reference genome TAIR10 using BWA (v0.7.17, mem-T 19) and Bowtie2
(v2.2.9) with default parameters [66,67]. The output of BWA was used to identify the circRNAs by
CIRI (v2.0.6) with default parameters and CIRCexplorer with default parameters (v2.3.3), and the
output of Bowtie2 was used to identify circRNAs by find_circ with default parameters(v1.0). One or
more base differences may be present between the results of different prediction software programs.
CD-HIT-EST (v4.6) was used to remove the repeated circRNAs in the prediction results based on the
following inclusion criteria: (1) a length difference between the two sequences less than 10 bp and (2)
an alignment sequence exceeding 99.7% of the shorter sequence. The other CD-HIT-EST parameters
were the default parameters.

DEcircRNAs between the control- and MeJA-treated plants at the three time points were analyzed
using the circMeta R package [68]. The results of Poisson-based test (z-test) were used to identify
DEcircRNAs meeting the following criterion: false discovery rate (FDR) < 0.05. CircRNA expression
levels were normalized to the RPKM value [number of circular reads/number of mapped reads (millions)
× circRNA length (KB)]. Venn diagrams were generated using online tools (https://bioinfogp.cnb.csic.
es/tools/venny/). A volcano plot and boxplot were constructed using the corresponding R packages.

4.4. Validation of circRNAs

Total RNA was extracted from A. thaliana seedlings at three time points using Plant RNA kit
(Omega, Germany) according to the manufacturer’s protocol, and first-strand cDNA was synthesized
from total RNA with random hexamer primers using the HiScript®II 1st Strand cDNA Synthesis
Kit (+gDNA wiper) (Vazyme, Nanjing, China). To validate the existence of circRNAs, we designed
convergent and divergent primers using GeneRunner software. PCR was performed using cDNA
and gDNA as templates with two sets of primers. In addition, the PCR products were visualized
by agarose gel electrophoresis and confirmed by Sanger sequencing. qRT-PCR was carried out with
SYBR Green Master Mix (Vazyme, Nanjing, China) on a CFX 96 Real-Time PCR system (Bio-Rad,
Hercules, CA, USA). The qRT-PCR procedure was as follows: 95 ◦C for 3 min, followed by 45 cycles of
95 ◦C for 30 s and 60 ◦C for 30 s. The 22−ΔΔCt method was used to calculate the relative expression of
circRNAs [24,69], with GAPDH as the reference gene. The primers are listed in Table S5.
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4.5. Functional Prediction of DEcircRNAs

The functions of some DEcircRNAs may depend on their host genes; thus, GO enrichment
analysis of the host genes of the DEcircRNAs was performed using the online resource OmicShare
(http://www.omicshare.com/).

In addition, the functions of some circRNAs may be independent of their host genes; they may
act as miRNA decoys to achieve their effects [8]. To construct the networks among DEcircRNAs,
miRNAs, and mRNAs, we obtained miRNA sequences from miRBase (http://mirbase.org/) and the plant
microRNA database (PMRD: http://bioinformatics.cau.edu.cn/PMRD/) [70,71], and mRNA sequences
were downloaded from Phytozome12 (https://phytozome.jgi.doe.gov/pz/portal.html). The DEcircRNAs
sequences were extracted with an in-house Perl script. Next, GSTAr.pl (https://github.com/MikeAxtell/
GSTAr) was used to establish the networks between circRNAs and miRNAs and between miRNAs and
mRNAs, and the minimum free energy (MFE) of miRNA-circRNA or miRNA-mRNA duplexes was
calculated with the RNAhybrid program. Then, the miRNA-targeted mRNA and miRNA-decoyed
circRNA were predicted following a method proposed in a previous report [18,51,72]. The general
criteria used to define a miRNA decoy were as follows: no more than six mismatched or inserted bases
present between the ninth to 20th nucleotides of the miRNA 5’ end, perfect matching of the second
to eighth bases of the miRNA 5’ end sequence, and no more than four mismatches or indels in other
regions. Finally, the circRNA-miRNA-mRNA network was generated by Cytoscape (v3.7.2) [73].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/3/792/s1.
Table S1: Quality of the sequence data; Table S2: DEcircRNAs at the three time points; Table S3: DEcircRNAs
acting as miRNA decoys; Table S4: GO enrichment analysis of mRNA in the circRNA-miRNA-mRNA network;
Table S5: The primers used in this study; Table S6: GO enrichment analysis of the host genes of DEcircRNAs;
Figure S1: GO enrichment analysis of mRNA involved in circRNA-miRNA-mRNA networks. (A) The most
enriched GO terms of mRNA in circRNA-miRNA-mRNA networks. (B) Top 20 GO enrichment categories of
mRNA in circRNA-miRNA-mRNA networks; Figure S2: The Venn diagram of the circRNAs were identified by
three algorithms (CIRI2, CIRCexplorer, and find_circ); Figure S3: Un-modified gel photographs of five validated
circRNAs. Note: The Sanger sequencing result for the third circRNAis incorrect. For each circRNA, the first
column is a 2000bp marker, the second and third columns are gel results that using gDNA as a template, and the
primers are divergent and convergent respectively; the fourth and fifth columns are gel results that using cDNA
as a template, and the primers are divergent and convergent respectively; Figure S4: Network of mRNAs in both
our network and a previous study. Yellow nodes: miRNAs. Red nodes: circRNAs that may be miRNA decoys.
Green nodes: mRNAs that may be miRNA targets.
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Abstract: Centromeres contain specialized nucleosomes at which histone H3 is partially replaced
by the centromeric histone H3 variant cenH3 that is required for the assembly, maintenance, and
proper function of kinetochores during mitotic and meiotic divisions. Previously, we identified a
KINETOCHORE NULL 2 (KNL2) of Arabidopsis thaliana that is involved in the licensing of centromeres
for the cenH3 recruitment. We also demonstrated that a knockout mutant for KNL2 shows mitotic and
meiotic defects, slower development, reduced growth rate, and fertility. To analyze an effect of KNL2
mutation on global gene transcription of Arabidopsis, we performed RNA-sequencing experiments
using seedling and flower bud tissues of knl2 and wild-type plants. The transcriptome data analysis
revealed a high number of differentially expressed genes (DEGs) in knl2 plants. The set was enriched
in genes involved in the regulation of the cell cycle, transcription, development, and DNA damage
repair. In addition to comprehensive information regarding the effects of KNL2 mutation on the global
gene expression, physiological changes in plants are also presented, which provides an integrated
understanding of the critical role played by KNL2 in plant growth and development.

Keywords: Arabidopsis; KNL2; kinetochores; RNA-seq; centromere

1. Introduction

The centromeres are specialized chromosomal domains that are required for proper separation of
chromosomes during mitosis and meiosis. The centromere is composed of centromeric DNA, often
enriched in satellite repeats, and the large protein complex “kinetochore”. In centromeric nucleosomes
of most eukaryotes, histone H3 is partially replaced by the centromeric histone H3 variant cenH3
(also known as CENP-A in mammals, CID in Drosophila, Cse4 in Saccharomyces cerevisiae, and Cnp1
in Schizosaccharomyces pombe [1]). Deposition of cenH3 at the centromeric region is a prerequisite
of the correct assembly and function of the kinetochore complex. It depends on different cenH3
assembly factors and chaperones [2], the transcription of the centromeric repeats [3–5], and the
epigenetic status of centromeric chromatin [6,7]. In mammals, the Mis18 complex composed of Mis18α,
Mis18β, and Mis18-binding protein 1 (also known as KNL2) plays an important role in the licensing of
centromeres for cenH3 recruitment [8,9]. The human Mis18 protein complex localizes to centromeres
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during late telophase and remains associated with the centromere during early G1 phase when new
CENP-A is deposited [2,9,10]. It mediates the recruitment of the cenH3 chaperone Holliday junction
recognition protein (HJURP) to endogenous centromeres [11,12]. Knockout of murine Mis18a is embryo
lethal [7]. Cultured homozygous mutant embryos showed misaligned chromosomes, anaphase bridges,
and lagging chromosomes [7].

Up to now, only the cenH3 assembly factor KNL2 has been identified and characterized in
plants [13,14]. In contrast to the mammalian cenH3 assembly factor Mis18BP1, the Arabidopsis KNL2
protein is present at centromeres during all stages of the mitotic cell cycle, except from metaphase
to mid-anaphase [13]. Knockout of KNL2 in Arabidopsis resulted in a reduced amount of cenH3 at
centromeres, mitotic and meiotic defects, decreased DNA methylation degree, and lowered growth
rate and fertility [13].

All homologs of Mis18BP1 (KNL2) identified up to now contain the conserved SANTA domain [15]
at the N-terminus. However, the functional role of this domain still remains obscure. It was suggested
that it might be involved in protein–protein interactions due to the presence of many conserved
hydrophobic residues. It was shown that an absence of the SANTA domain in Arabidopsis KNL2 does
not disturb its centromeric localization. Recently, the conserved C-terminal CENPC-k motif [14,16]
required for the targeting of Mis18BP1 (KNL2) to centromeres was identified [14,17,18]. It presents
in the Mis18BP1 (KNL2) proteins of most eukaryotes excluding therian mammals and Caenorhabditis
elegans [14,16]. Arabidopsis KNL2 binds centromeric repeat pAL1 and non-centromeric DNA sequences
in vitro, whereas in vivo it associates preferentially with the centromeric repeat pAL1. The level and
function of the Mis18BP1 protein in human cell culture is regulated by SUMOylation [19], and its
centromeric localization is controlled by the phosphorylation in a cell cycle-dependent manner [20].
Whether the KNL2 of plants is regulated in the similar way remains to be elucidated.

Although the Mis18 protein complex is important for the deposition of cenH3 to centromeres
in different organisms, its mechanism of function remains to be elucidated in detail. For mammals,
it was shown that an interaction of the Mis18 complex with the de novo DNA methyltransferases
DNMT3A and DNMT3B is required for the regulation of the epigenetic status of centromeric DNA and
subsequently the transcription of centromeric repeats [7]. A knockout of mammalian Mis18α resulted
in reduced DNA methylation, altered histone modifications, and increased centromeric transcripts in
cultured embryos [7]. However, it was not tested whether a knockout of Mis18 complex components
has an effect on the methylation status of non-centromeric chromatin and on the expression of other
repetitive or gene-coding chromosomal regions. For instance, knockout of KNL2 resulted in decreased
DNA methylation of the marker regions MEA-ISR and the At-SN1 in Arabidopsis [13].

In the current study, we used an RNA-sequencing (RNA-seq) approach to address the question
of whether the inactivation of KNL2 influences the genome-wide gene expression during seedling
and flower bud stages in Arabidopsis. This analysis allowed the identification of highly differentially
expressed genes (DEGs) in flower buds (n = 1861) and seedlings (n = 459) of the knl2 mutant.
Gene Ontology (GO) term enrichment analysis links the activity of KNL2 to centromere function,
DNA repair, DNA methylation as well as regulation of transcription. The specific pattern of gene
expression in response to the inactivation of the KNL2 gene provides a resource for future functional
studies to unravel the role of KNL2 in kinetochore assembly and function.

2. Results and Discussion

2.1. Loss of KNL2 Function Leads to Massive Transcriptional Changes

To understand the role of KNL2 for the kinetochore function, mitotic and meiotic divisions, and
subsequently for plant growth and development, we compared the transcriptomes from two tissue
types, namely seedlings and flower buds, of wild-type and the knl2 plants. The experiments in the
current study were designed in a way to weaken factors that could introduce experimental noise and
would diminish the biological relevance of the data. For the RNA-seq study, we compared control and
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mutant plants with the same genetic background (Columbia ecotype) and physical age by performing
experiments under the same plant growth conditions. This allowed the identification of DEGs and
enriched biological processes. At the same time, the information obtained is limited to a single snapshot
of gene expression reflecting the physical age of plants. Further comparative experiments including
more time points to study temporal gene expression profiles in the knl2 mutant line would be desirable,
such as the comparison of the transcriptomes of knl2 and wild-type plants not of the same “physical”
but “biological age”, since the knl2 mutant plants showed a delay in growth and development [13].

RNA-seq analysis based on DeSeq2 [21] identified 3261 genes in seedlings (Table S1, Supplementary
Materials) that were altered in the knl2 mutant line (adjusted p-value < 0.05). Among them, 459 genes
(Figure 1) were highly differentially expressed (fold change (FC) cutoffs of ≥ 2).

Figure 1. Differential gene expression. Venn diagram showing the number of highly differentially
expressed genes (DEGs) (2-fold cutoff, false discovery rate (FDR) corrected p-value < 0.05) obtained by
comparing knl2 versus wild-type ecotype Columbia-0 (Col-0) genes in seedlings and knl2 versus Col-0
genes in flower buds.

In flower buds, more DEGs were identified in the knl2 (4750 in total). Out of 1858 highly expressed
genes (FC cutoffs of ≥ 2) (Figure 1), 1194 were highly upregulated and 664 were highly downregulated
in the knl2 mutant (adjusted p-value < 0.05). In both tissues, more genes were significantly upregulated
than downregulated (Table S1).

In agreement with previously published data [13], which showed absence of the full-length KNL2
transcript in the knl2 plants, the mRNA level of KNL2 was greatly reduced (log2 FC of −2.63 and
−4.57) in seedling and flower bud tissues, respectively, of knl2 plants, suggesting that the observed
transcription responses are the result of KNL2 depletion.

To explore the distribution of DEGs and to identify the biological consequences of the KNL2
inactivation, we used the GO::TermFinder [22]. Gene Ontology (GO) enrichment analysis for the
“Biological process” was compared for downregulated and upregulated DEGs (adjusted p-value < 0.05)
represented in seedlings and, separately, in flower buds. Detailed information about all overrepresented
processes is given in a supporting information dataset (Dataset S1, Supplementary Materials). In this
paper, we consider in more detail the categories associated with cell division, chromatin status, and
plant growth and development. The results of the GO enrichment analysis can shed new light on how
KNL2 depletion leads to plant growth and development alterations.

2.2. Knockout of KNL2 Impairs Expression of Genes Involved in Kinetochore Function

Kinetochores are responsible for the accurate segregation of chromosomes during mitosis and
meiosis. Our RNA-seq analysis revealed GO terms related to physical events associated with both types
of cell division, such as the “chromosome segregation”, “meiosis I”, “meiotic chromosome separation”,
“mitotic metaphase plate congression”, “mitotic recombination”, and “attachment of mitotic spindle
microtubules to kinetochore” in seedlings (Table 1). All DEGs representing these categories were
downregulated in the knl2 plants (Dataset S1, Tables S2 and S3).
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Table 1. Assignment of differentially expressed downregulated genes in knl2 seedlings to different
functional categories related to cell processes. Gene Ontologies were analyzed for term enrichment
using the Generic Gene Ontology GO::TermFinder tool (cutoff of 5% false discovery rate (FDR)).

GO ID Biological Process p-Value FDR Rate, % Gene Count

GO:0051315 Attachment of mitotic spindle microtubules to
kinetochore 0.002143 2.39 2

GO:0007049 Cell cycle 0.003143 2.94 41
GO:0000075 Cell cycle checkpoint 0.004300 3.40 5
GO:0022402 Cell cycle process 0.001001 0.92 30
GO:0007059 Chromosome segregation 0.007086 4.99 11
GO:0051304 Chromosome separation 0.001526 1.15 6
GO:0051103 DNA ligation involved in DNA repair 6.37 × 10−5 0.06 4
GO:0006310 DNA recombination 4.72 × 10−6 0.00 20
GO:0006281 DNA repair 0.000745 0.79 26
GO:0006302 Double-strand break repair via 1.79 × 10−5 0.02 15

homologous recombination
GO:0006303 Double-strand break repair via 0.000127 0.15 5

nonhomologous end joining
GO:0035825 Homologous recombination 0.001124 0.93 8
GO:0007127 Meiosis I 0.001483 1.10 9
GO:0051307 Meiotic chromosome separation 0.001680 1.31 4
GO:0051310 Metaphase plate congression 0.002143 2.40 2
GO:0007080 Mitotic metaphase plate congression 0.002143 2.44 2
GO:0006312 Mitotic recombination 0.000820 0.82 5
GO:0045786 Negative regulation of cell cycle 0.005582 4.02 7
GO:0000726 Non-recombinational repair 0.000127 0.15 5
GO:0007131 Reciprocal meiotic recombination 0.001124 0.94 8
GO:0071156 Regulation of cell cycle arrest 0.006230 4.82 2

GO terms characterizing the functions of kinetochores, like microtubule binding, chromosome
movement, and checkpoint signaling were overrepresented in the downregulated gene list of knl2
flower bud samples (Table 2).

Table 2. Assignment of differentially expressed downregulated genes in knl2 flower buds to different
functional categories related to cell processes. Gene Ontologies were analyzed for term enrichment
using the Generic Gene Ontology GO::TermFinder tool (cutoff of 5% FDR).

GO ID Biological Process p-Value FDR Rate, % Gene Count

GO:0007049 Cell cycle 3.13 × 10−9 0.00 83
GO:0048468 Cell development 3.30 × 10−8 0.00 56
GO:0030154 Cell differentiation 2.36 × 10−5 0.08 95
GO:0051301 Cell division 5.97 × 10−7 0.00 54
GO:0016049 Cell growth 3.06 × 10−6 0.05 62
GO:0032989 Cellular component morphogenesis 2.59 × 10−8 0.00 72
GO:0016043 Cellular component organization 2.03 × 10−8 0.00 261
GO:0070192 Chromosome organization involved in meiotic cell cycle 0.000320 0.52 11
GO:0007059 Chromosome segregation 0.001374 1.31 17
GO:0000910 Cytokinesis 3.63 × 10−5 0.15 21
GO:0007010 Cytoskeleton organization 6.02 × 10−6 0.04 33
GO:0061640 Cytoskeleton-dependent cytokinesis 0.000676 0.81 17
GO:0000086 G2/M transition of mitotic cell cycle 0.000205 0.41 7
GO:0048229 Gametophyte development 3.69 × 10−9 0.00 70
GO:0045143 Homologous chromosome segregation 5.80 × 10−5 0.18 10
GO:0035825 Homologous recombination 2.30 × 10−5 0.09 13
GO:0007127 Meiosis I 2.23 × 10−5 0,09 15
GO:0061982 Meiosis I cell cycle process 7.78 × 10−6 0.08 16
GO:0051321 Meiotic cell cycle 4.41 × 10−5 0.15 27
GO:0045132 Meiotic chromosome segregation 1.62 × 10−5 0.10 14
GO:0051307 Meiotic chromosome separation 0.001212 1.24 5
GO:0140013 Meiotic nuclear division 1.12 × 10−5 0.07 20
GO:0000226 Microtubule cytoskeleton organization 0.000596 0.78 17
GO:0007018 Microtubule-based movement 0.000235 0.44 10
GO:0000278 Mitotic cell cycle 5.20 × 10−5 0.19 36
GO:0000281 Mitotic cytokinesis 0.001316 1.29 16
GO:0006312 Mitotic recombination 0.001079 1,20 6
GO:0098813 Nuclear chromosome segregation 0.000706 0.85 16
GO:0000280 Nuclear division 0.000107 0.20 24
GO:0007131 Reciprocal meiotic recombination 2.30 × 10−5 0.09 13
GO:0051726 Regulation of cell cycle 0.000251 0.45 32
GO:0007129 Synapsis 7.30 × 10−5 0.19 9
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For instance, reduced transcript levels were found for genes with known microtubule-associated
functions [23] such as KINESIN 5 (ATK5; AT4G05190), TITAN1 (TTN1; AT3G60740), and HINKEL
(AT1G18370). The CELL DIVISION CYCLE 20.1 (CDC20.1; AT4G33270), known for its critical role in the
spindle assembly checkpoint-dependent meiotic chromosome segregation [24], was also significantly
suppressed in the flower buds of knl2 plants. Another example is the reduced expression of BUB1
(AT2G20635), a protein kinase containing the Mad3-BUB1-I domain. Being together with CDC20.1 in
the same protein–protein interaction network, BUB1 plays an important role in the assembly of the
checkpoint proteins at the kinetochore [25]. In our RNA-seq study, it was highly downregulated in
both types of tissue. Several other kinetochore associated genes, like GAMMA-TUBULIN (TUBG1;
AT3G61650), PLEIADE (PLE; AT5G51600), and AURORA KINASE 1 (AT4G32830) were downregulated
in knl2 flower buds. The expression of the inner kinetochore CENP-C (AT1G15660) was decreased in
both seedlings and flower buds. Knockout of KNL2 results in a reduced amount of cenH3 transcripts of
Arabidopsis [13]. This result was confirmed by RT-qPCR analysis of the samples used for the current
RNA-seq study.

2.3. Reduced DNA Methylation in the knl2 Mutant Might Be Responsible for the Activation of a High Number
of Transposons

Knockout of Arabidopsis KNL2 leads to a reduced level of DNA methylation [13]. In our RNA-seq
study, a number of genes related to the DNA and histone methylation showed repressed differential
expression in the knl2 line (in both tissues). For example, histone H3 lysine 9 di-methyltransferase
SUVH4 (AT5G13960), CHROMOMETHYLASE 2 (CMT2; AT4G19020), and ARGONAUTE 6 (AGO6;
AT2G32940) were found among differentially downregulated genes in the flower buds (adjusted
p-value < 0.05), whereas DEMETER-LIKE 1 (DML1; AT2G36490) showed reduced expression in both
tissues used for analysis.

It is known that the activity of transposons is controlled epigenetically through DNA methylation
and repressive histone marks (reviewed in [26–28]). It is likely that a reduced level of DNA methylation
in the knl2 mutant results in an altered expression of transposons. Indeed, a considerable number
of transposable elements were differentially expressed in knl2 seedlings (n = 52) and flower buds
(n = 89). These elements belonged to the DNA transposons (CACTA-like, hAT-like, Mutator-like) and
LTR retrotransposons (Copia-like, Gypsy-like). In both tissues, more transposons were upregulated in
knl2 plants (Figure 2).

Figure 2. Transposable elements and their amount identified in the knl2 mutant line. Information is
given about transposons up- and downregulated in the knl2 seedlings and knl2 flower buds.
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In contrast, the non-LTR retrotransposons Sadhu 1-3 (AT3G44042), Sadhu 3-1 (AT3G44042), Sadhu
4-1 (AT5G28913), and Sadhu 5-1 (AT4G01525) had decreased expression level in the knl2 flower buds.
Depression of Sadhu 3-1 retroelement was also observed in the epigenetic mutant suvh4 [29].

2.4. Altered Expression of the Root-related Genes Explains the Slow Root Growth of knl2

Root length was compared between seven-day-old control and the knl2 mutant seedlings.
The average root length of mutant seedlings (0.66 cm) was about 3 times shorter than that of
the wild-type (1.82 cm) (Figure 3), and GO terms related to the root development such as “regulation
of root development” and “primary root development” were highly overrepresented among the genes
downregulated in the knl2 seedlings (Table 1).

Figure 3. Effect of KNL2 depletion on the root development. (A) Representative phenotypes of
wild-type (WT) and knl2 plants germinated and grown for seven days on 1

2 Murashige and Skoog
(MS) medium. Bar = 10 mm. (B) Quantitative data for plants described in (A). Data are the means ±
standard errors, n = 20. Student’s t-test, p < 0.01.

We additionally tested all root-related genes available in TAIR for their overlap with the
differentially expressed genes in the knl2 seedlings. As a result, 119 differentially expressed genes
were identified (Table S4, Supplementary Materials). Among them, 14 were highly suppressed
(FC cutoffs of ≥ 2). The reduced transcript level was found for SHORT AND SWOLLEN ROOT 1
(SSR1; AT5G02130). The ssr1-2 plants show reduced root growth [30]. Other downregulated genes
encoding the chloroplast/plastid localized GAPDH isoforms are GAPCp1 (AT1G16300) and GAPCp2
(AT1G79530). gapcp double mutants are characterized by arrested root development, dwarfism, and
sterility [31]. The transcription factor AGAMOUS-like 14/XAL2 (AT4G11880) preferentially expressed in
roots is highly suppressed in knl2 seedlings (log2 FC of −1.05, adjusted p-value 0.0001). Several studies
demonstrated that xal2 mutants have short roots [32,33]. In addition, we observed the reduced transcript
level of EMBRYO DEFECTIVE 2757 (EMB2757; AT4G29860) in knl2 seedlings. Genetic analysis of
EMB2757 in Arabidopsis has demonstrated that mutations in this gene cause defects in both embryo and
seedling development [34]. Upregulated differentially expressed genes in knl2 seedlings can be further
exemplified with RAPID ALKALINIZATION FACTOR 23 (RALF23; AT3G16570). Overexpression
of RALF23 leads to slower growing seedlings with roots that have reduced capacity to acidify the
rhizosphere [35].

2.5. DNA Damage Repair Genes are Downregulated in the knl2 Plants

The genome stability is maintained by DNA damage responses. The failure to repair DNA
damage leads to negative processes related to plant growth, reproduction, and even lethality. We found
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that genes representing the GO term “DNA repair” (26 genes) and related categories, such as
“double-strand break repair via homologous recombination”, “non-recombinational repair”, and “DNA
ligation involved in DNA repair” were overrepresented among knl2 DEGs (Table 1). All genes of
these categories were downregulated in the mutant. Among downregulated genes were the key
players participating in the canonical nonhomologous end joining, such as KU70 (AT1G16970), KU80
(AT1G48050), and LIGASE 4 (AT5G57160). It is known that mutations in these genes lead to increased
sensitivity to double-strand DNA breaks (DSB)-inducing factors (reviewed in [36]). AT5G20850,
encoding a DNA recombination and repair protein RAD51, is another example of a gene with a
decreased expression level in knl2 seedlings (log2 FC of −0.99, adjusted p-value 1.47 × 10−6). Loss of
RAD51 function does not affect the vegetative development of Arabidopsis, probably due to functional
redundancy with other genes of the RAD51 family, but is essential for meiotic repair of DSBs caused by
AtSPO11−1 [37]. In addition, the RAD51-like gene, DISRUPTION OF MEIOTIC CONTROL 1 (DMC1;
AT3G22880), known to promote interhomolog recombination was strongly downregulated in the knl2
flower buds (log2 FC of −1.20, adjusted p-value 1.25 × 10−8). Interestingly, the mammalian kinetochore
protein BUB1, playing an important role in chromosome segregation, is also known to participate in
the DNA damage response [38]. In human and mouse cells, cenH3/CENP-A accumulates at DSBs
together with CENP-N, CENP-T, and CENP-U [39]. Since the induction of DNA damage by radiation
resulted in an increased expression of cenH3, the authors proposed a cenH3 function in DNA repair.
Further research is needed to unravel the interrelationships between kinetochore genes and the DNA
damage response.

To test whether the altered mRNA levels are associated with changed capacity of knl2 plants
for DNA damage repair, we exposed wild-type and mutant plants to 10 μM DNA inter-strand
crosslink inducer mitomycin C (MMC), 50 nM DNA strand breaker bleomycin, and 10 nM enzymatic
DNA-protein crosslinker camptothecin (Figure S1, Supplementary Materials). This pilot experiment
indicated sensitivity of knl2 plants to MMC, but not other tested drugs (Figure 4).

To validate this result, we treated knl2 plants with a series of MMC concentrations (2.5 to 15 μM)
and found significant reduction in their root growth compared to wild-type plants (Figure 4A,B). Next,
we performed propidium iodide (PI) staining of root apices from plants treated for 24 h with 0, 10, and
20 μM MMC. Intense PI staining inside the cells indicates damaged plasma membranes, typical for
stressed and dead cells. Under mock conditions, wild-type plant root apical meristems were intact,
whereas the meristems of knl2 plants showed few intensely stained cells. MMC treatment caused
dose-dependent accumulation of intensely stained cells in the meristems of wild-type plants, but the
increase in the meristem of knl2 plants was more prominent.

Based on this, we conclude that knl2 plants fail to properly activate specific DNA damage repair
factors, have reduced capacity for repair of DNA inter-strand crosslinks, and suffer from increased
cellular damage.

2.6. Knockout of KNL2 Results in Deregulated Expression of a High Number of Transcription Factors

We hypothesized that a large number of DEGs in the knl2 mutant may be the result of deregulated
expression of transcription factors. Therefore, the knl2 mutant transcriptome was further screened for
the presence of differentially expressed transcription factors (TFs). TFs were retrieved from The Plant TF
database v.4 [40]. In knl2 seedlings, 202 TFs were expressed (43 highly differentially expressed), whereas
in knl2 flower buds 330 TFs (137 highly differentially expressed) were detected. The classification
of TFs is visualized in the heat map (Figure 5) and is given by the supporting information dataset
(Dataset S2, Supplementary Materials). While most of the TF families showed a heterogeneous profile
for the single TFs, some of the TF families behaved homogeneously (Figure 5). For example, the TF
families B3 and MIKC_MADS and M-type_MADS mostly included downregulated genes in the knl2
mutant, whereas the TF families ERF, NAC, and WRKY were enriched for upregulated genes. TF
families in which many genes were highly differentially expressed were bHLH, C2H2, ERF, HD-ZIP,
LBD, MIKC_MADS and M-type_MADS, NAC, and WRKY. The highest expression among TFs was
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observed in the NAC family. AT5G14490 encoding for NAC domain-containing protein 85 was highly
upregulated in flower buds (log2 FC of 3.45, adjusted p-value 2.69 × 10−12).

Figure 4. Sensitivity of knl2 plants to DNA damage. (A) Representative phenotypes of wild-type
(WT) and knl2 plants grown for 14 days on mitomycin C (MMC)-containing media. Bar = 10 mm.
(B) Quantitative data for plants grown as described in (A). Error bars represent the standard deviation
between the means of three biological replicates, each represented by 15 to 20 plants. Letters above
the bars indicate statistically significantly different groups in ANOVA (p-value ≤ 0.05) and post hoc
Tukey‘s test. (C) Analysis of propidium iodide (PI) uptake (dark sectors) in roots of WT and knl2 plants.
Four-day-old plants were treated with the specified concentration of MMC for 24 h prior to analysis.
Bar = 50 μm.
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Figure 5. Differentially expressed genes encoding transcription factors in the knl2 mutant line.
Expression in knl2 flower buds and knl2 seedlings is depicted as F and S, respectively. Red and blue
represent up- and downregulated differentially expressed genes, respectively. All values are log2

transformed. The gradient color illustrates the expression value.

151



Int. J. Mol. Sci. 2019, 20, 5726

TFs with an altered expression in the knl2 mutant are involved in different processes and provide
insight into Arabidopsis development changes due to the inactivation of the kinetochore gene KNL2.
There was a striking coordinated downregulation of genes representing the MADS-box family, which
are the key regulators of seed and flower development (detailed description is presented below in
3.7). The upregulated TFs can be exemplified by the genes of the WRKY family. The TFs of this family
play an important role in plant development and responses to environmental stress stimuli [41–43].
From 74 members of the WRKY TF family, 13 were differentially expressed in seedlings and 26 in the
flower buds. The differentially expressed genes WRKY33 (AT2G38470) and WRKY46 (AT2G46400),
highly upregulated in seedlings and flower buds, are known to play a role in heat stress responses.
The expression of these genes was elevated in MBF1c-overexpressing plants, which showed enhanced
tolerance to heat compared with wild-type plants [44]. WRKY46 additionally regulates responses to
other stresses in Arabidopsis [45–47].

Another TF family with overrepresented genes is ERF. The most highly activated genes in flower
buds include DREB19 (AT2G38340; log2 FC of 1.54, adjusted p-value 0.001), DREB 26 (AT1G21910;
log2 FC of 2.43, adjusted p-value 6.77 × 10−7), and RAP2.6L (AT5G13330; log2 FC of 1.75, adjusted
p-value 3.54 × 10−10). A previous study of the DREB19, DREB26, and RAP2.6L effect in Arabidopsis
demonstrated the participation of the genes in plant developmental processes as well as biotic and/or
abiotic stress signaling [48].

The heat map also revealed genes that are differentially expressed in flower buds but not in
seedlings and vice versa. We observed that 94 highly differentially expressed genes were present only
in flower buds and 18 highly regulated genes were seedling-specific (Dataset S2). The transcriptional
repressor of the RAV family TEMPRANILLO 1 (TEM1), known to postpone floral induction [49],
is another example of the highly upregulated gene present in the flower buds (log2 FC of 1.55).

2.7. Late Flowering of the knl2 Plants is Determined by the Altered Expression of Flowering Genes

We observed that flowering of the knl2 plants delays for 10–14 days compared to wild-type
(Figure 6; Figure S2, Supplementary Materials).

From this observation, we could identify a number of enriched GO terms related to the floral
development in our RNA-seq data from knl2 flower buds. These represent such GO categories as
“reproduction”, “regulation of pollen tube growth”, “pollen germination”, “pollination”, and “pollen
development” (Table 3).

Table 3. Assignment of genes differentially expressed in knl2 flower buds to development-related
functional categories based on GO::TermFinder. Genes downregulated in the knl2 flower buds were
included into the GO enrichment analysis (cutoff of 5% FDR).

GO ID Biological Process p-Value FDR Rate, % Gene Count

GO:0048653 Anther development 0.000711 0.84 13
GO:0048589 Developmental growth 0.004788 4.32 54
GO:0060560 Developmental growth involved in morphogenesis 2.06 × 10−5 0.10 51
GO:0044703 Multi-organism reproductive process 0.002391 2.32 26
GO:0009555 Pollen development 4.10 × 10−11 0.00 61
GO:0010584 Pollen exine formation 2.12 × 10−5 0.09 10
GO:0009846 Pollen germination 0.000968 1.15 13
GO:0048868 Pollen tube development 1.57 × 10−6 0.00 36
GO:0009860 Pollen tube growth 7.09 × 10−9 0.00 34
GO:0009856 Pollination 2.44 × 10−5 0.08 44
GO:0010769 Regulation of cell morphogenesis involved in differentiation 0.001673 1.84 9
GO:0080092 Regulation of pollen tube growth 0.000708 0.85 9
GO:0000003 Reproduction 3.55 × 10−4 0.50 189
GO:0048443 Stamen development 0.002527 2.46 15

Genes representing these and related categories in Table 3 were downregulated in the knl2 flower
buds. Some of the genes belong to the MYB transcription factors and regulate the plant microgamete
development. For instance, AtMYB103 (AT1G63910), important for pollen development [50], is one
of the highly suppressed flower bud genes in knl2. The expression of other prominent transcription
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factors like AGAMOUS-LIKE 66 (AGL66; AT1G77980) and AGL104 (AT1G22130) involved in pollen
maturation and tube growth was significantly reduced. Adamczyk and Fernandez [51] demonstrated
that double mutant plants agl66 agl104 could produce pollen but had severely reduced fertility and
aberrant pollen tube growth. Along with AGL66 and AGL104, AGL94 (AT1G69540) belongs to the MIKC
* factors which are highly active in pollen as major regulators of pollen maturation programs [51,52].
These three genes were significantly downregulated in the knl2 flower buds (adjusted p-value < 0.001).
This finding might explain the reduced fertility of knl2 plants in addition to the role of KNL2 in mitosis
and meiosis [13].

Figure 6. Effect of KNL2 depletion on the flowering time. (A) At early growth stages, no obvious
phenotypical differences between wild-type (WT) and the knl2 mutant were observed. (B) The flowering
time of the knl2 mutant delayed by 10–14 days compared to Arabidopsis wild-type. Seeds of the knl2
mutant and wild-type were germinated under short-day conditions, 8 h light/20◦ C and 16 h dark/18
◦C, for two weeks and then plants were transferred to the cultivation room with long-day conditions,
16 h light/20 ◦C and 8 h dark/18 ◦C.

The RNA-seq data analysis and observation of the delayed flowering prompted us to inspect
the RNA-seq data of the knl2 seedlings. We asked the questions of whether and, if so, how many
flowering-related genes based on the FLOR-ID overlap with the differentially expressed genes in the
knl2 seedlings. From 306 genes, 36 genes could be identified (Dataset S3, Supplementary Materials).
There was a striking coordinated downregulation of several prominent flowering-related genes.
For example, the floral integrator Flowering Locus T (FT; AT1G65480), known to be expressed in leaves,
was significantly downregulated in knl2 seedlings. Its reduced expression is in correspondence with
the downregulation of SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1; AT2G45660)
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in the knl2 seedlings (log2 FC of −2.24, adjusted p-value 7.72 × 10−61). It is known that flowering
activator SOC1 acts in a positive-feedback loop with AGL24, which is the important MIKCc-type
transcription factor positively regulating flowering in Arabidopsis (reviewed in [53]). In our RNA-seq
study, the AGL24 showed reduced expression in both knl2 seedlings and flower buds.

GIGANTEA (GI; AT1G22770), an important gene in regulating photoperiodic flowering, had a
reduced expression in the knl2 mutant line compared to wild-type. Another regulator of transition to
flowering FKF1 (ADO3; AT1G68050) was highly downregulated in the knl2 mutant line (log2 FC of
−1.70, adjusted p-value 2.79 × 10−17). A member of the MADS-box family XAANTAL2 (XAL2/AGL14;
AT4G11880), which is a necessary and sufficient agent to induce flowering [54], showed decreased
expression level in the knl2 seedlings (log2 FC of −1.05, adjusted p-value 0.002).

The reduced activity of flower inductive pathway genes observed in the knl2 seedlings might
explain the delay in flower initiation, at least under long-day conditions.

2.8. Knockout of KNL2 Results in Altered Expression of Genes Controlling Seed Development

The loss-of-function knl2 mutant showed reduced seed production [13]. We used the SeedGenes
Project database including 481 genes in order to examine the overlap between these genes and the 4750
genes that we found to be significantly differentially expressed in response to KNL2 inactivation. From
these genes, 42 were differentially expressed in the knl2 flower bud samples (Table S5, Supplementary
Materials). Among downregulated genes, there are those whose disruption causes embryo abortion,
such as CYL 1 (AT5G13690), EMB 1674 (AT1G58210), EMB 2184 (AT1G75350), EMB 3003 (AT1G34430),
EMB 3004 (AT3G06350), and IMPL 2 (AT4G39120). Highly upregulated genes that include HSP 17.4
(AT3G46230), RLP37 (AT3G23110), and NCED3 (AT3G14440) are known for their expression in seeds
and response to abiotic stresses or defense.

2.9. Real-time Quantitative PCR Confirms RNA-seq Analysis

To validate the quality of the RNA-seq data by qRT-PCR, we selected eight genes differentially
expressed in seedlings and 11 genes differentially expressed in flower buds (Figure 7; Figure S3,
Supplementary Materials). In the case of seedlings, four genes involved in the regulation of root
growth (AT4G11880, AT4G28720, AT3G50060, AT2G43140) and two genes involved in the regulation
of flowering time (AT2G45660, AT1G68050) were selected for the analysis. In the case of flower buds,
an expression of five genes involved in the regulation of flowering time (AT5G48560, AT2G40080,
AT5G37770, AT1G10120, AT1G02580) and four genes involved in the regulation of seed development
(AT2G01860, AT3G23110, AT5G13690, AT5G23940) was validated. KNL2 (At5g02520) and cenH3
(At1g01370) genes were included for the analysis in both types of tissues. Our qRT-PCR confirmed the
extreme downregulation of KNL2 gene expression in the mutant line. All RNA-seq-based determined
up- and downregulated genes showed the same qualitative response in both seedlings and flower
buds based on qRT-PCR (correlation coefficients between qRT-PCR and RNA-seq data of 0.996 and
0.974, respectively).

2.10. Conclusions

KNL2 of Arabidopsis is involved in regulating the centromeric loading of cenH3, and its knockout
results in mitotic and meiotic defects and reduced DNA methylation, followed by reduced growth
rate and fertility compared to wild-type [13]. Our comparative RNA-seq analysis revealed that these
abnormalities were associated with an altered expression of genes regulating corresponding processes.
For instance, the reduced growth rate of roots and late flowering of the knl2 mutant correlate with the
altered expression of genes regulating root growth and flowering, respectively. We propose that KNL2
has an essential regulatory function in plant growth and development that is much broader than the
regulation of centromeric localization of cenH3 only.

154



Int. J. Mol. Sci. 2019, 20, 5726

Figure 7. qRT–PCR validation of RNA-seq results. Eight genes were selected from the genes
differentially expressed in seedlings according to the RNA-seq data analysis. Detailed annotation of the
selected genes is presented in Table S2 (Supplementary Materials). *At5g02520 corresponds to KNL2.
Error bars indicate the standard error of three biological replicates in qRT-PCR.

3. Materials and Methods

3.1. Plant Materials and Growth Conditions

The A. thaliana knl2 mutant (SALK_039482) in Col-0 background was described previously [13].
Seeds of A. thaliana wild-type and knl2 were germinated in Petri dishes on half strength Murashige
and Skoog (MS) medium (Murashige and Skoog, 1962) for eight days. For harvesting of flower buds,
populations of wild-type and knl2 plants (30 plants per each population) were grown in soil until
flowering. In both cases, plants were cultivated with a 16 h photoperiod (21 ◦C day/18 ◦C night), 70%
relative humidity. Light irradiance at plant level was 130 μmol m−2 s−1.

3.2. DNA Damage Sensitivity Assays

For the pilot root length assay experiment, plants were germinated and grown for seven days
on 1

2 strength Murashige and Skoog medium containing 0.01% DMSO and different DNA damage
inducers—mitomycin C (MMC) (Duchefa, Haarlem, The Netherlands), bleomycin (Calbiochem,
San Diego, CA, USA), and camptothecin (Sigma-Aldrich, Saint Louis, MO, USA) with concentrations
specified in the text. For the subsequent analysis, plants were germinated and grown for 14 days on
media containing different concentrations of MMC (2.5, 5, 7.5, 10, and 15 μM from Sigma-Aldrich).
For PI staining assay, plants were grown on solid 1

2 Murashige and Skoog medium for four days,
then transferred to liquid 1

2 Murashige and Skoog medium containing 0, 10, and 20 μM MMC and
grown for 24 h. Subsequently, the plants were stained with 10 μg/mL propidium iodide solution
(Sigma-Aldrich) for 3 min, rinsed with tap water and analyzed using an AxioImager Z2 (Zeiss,
Jena, Germany) microscope equipped with the DSD2 confocal module (Andor Technology, Belfast,
Great Britain). Plants for all procedures were grown in a Percival growth chamber under long-day
(16 h light) conditions and 21 ◦C.

3.3. RNA Isolation and Illumina Sequencing

Total RNA was extracted from the eight-day-old seedlings of A. thaliana. At least 60 seedlings
(100 mg) were pooled to produce a biological replicate. For the RNA-seq analysis of flower buds,
inflorescences were harvested from three individual plants for each sample (30 mg). Flower buds
older than stage 12 and flowers [55] were removed. All tests were performed on three biological
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replicates per condition and genotype. Total RNA was isolated from seedlings and flower bud samples
using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s manual.
The RNA preparations were checked for quality using a NanoDrop spectrophotometer and a 2100
Bioanalyzer (Agilent, Santa Clara, CA, USA). In total, 12 RNA samples (1 μg each) were provided to
the IPK-Sequencing-Service (IPK, Gatersleben, Germany) for construction of cDNA libraries with the
TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA, USA). The libraries were sequenced in
a HiSeq2500 rapid 100-bp single-read run system After sequencing, the adapter sequences and the
barcodes were removed.

3.4. RNA-seq Data Processing

Sequencing quality of the reads was examined by using FastQC Read Quality reports, Galaxy
Version 0 0.72 [56]. At least 94% of the bases of each read in all samples possessed Illumina Quality
>30 and no sequence flagged as poor quality was detected.

Sequences were aligned against the Arabidopsis TAIR 10 genome assembly using HISAT2 Galaxy
tool version 2.0.3. [57] with default settings. Read counts for each gene were quantified based on the
BAM files produced with the HISAT2 by using the tool feature Counts, Galaxy Version 1.4.6.p5 [58].
The advanced setting parameters were strand specificity = “no”, GFF feature type filter = “exon”,
and GFF gene identifier = “Parent”. Differentially expressed features were determined based on
the feature Counts tables by applying the tool DESeq2, Galaxy Version 2.11.38 [21] with the setting
parameter fit type = “parametric”. DESeq2 tested for differential expression based on a model using
the negative binomial distribution. Differentially expressed genes were identified by comparison of
two groups, namely, (1) a mutant line and the wild-type control, condition seedlings and (2) a mutant
line and the wild-type control, condition flower buds.

The results of all statistical tests were adjusted for the multiple testing false discovery rate (FDR)
with the Benjamini and Hochberg procedure [59]. A cutoff value of adjusted p-values equal to 0.05 was
chosen as a threshold to identify significant differentially expressed genes.

3.5. Analysis of Differentially Expressed Genes (DEGs)

Functional characterization of the DEGs showing significant expression changes in response to
KNL2 depletion was done based on the TAIR10 annotation (https://www.arabidopsis.org/). Gene
Ontologies were analyzed for term enrichment using the Generic Gene Ontology GO::TermFinder tool
([22]. The analysis was carried out using the Benjamini–Hochberg FDR with a filter p-value of < 0.05.

Information about flowering-related genes was extracted from the Flowering Interactive
Database [60]. The appearance of the transcription factors in the analyzed gene sets was confirmed
with the Plant Transcription Factor Database v.4.0 [40]. Information about the genes essential for the
Arabidopsis development from the SeedGenes Project [61] was used to find the corresponding genes
among differentially expressed genes.

3.6. Gene Expression Validation by Reverse Transcription Quantitative PCR (RT-qPCR)

Total RNA extraction was performed as described above. The RNA was treated with DNase I
(Ambion, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol to
eliminate any residual genomic DNA. Reverse transcription was performed using a first-strand cDNA
synthesis kit, oligo dT (18-mer) primer (both Fermentas, Thermo Fisher Scientific, Waltham, MA, USA),
and 2 μg of total RNA as a starting material.

The gene-specific primers (Table S6, Supplementary Materials) were designed using the fully
automated QuantPrime tool [62]. The amplification of the UBQ10 (AT4G05320) reference gene [63]
was used as an internal control to normalize the data.

Quantitative real-time measurements were performed using POWER SYBR Green Master Mix
reagent in a QuantStudio 6 Flex system (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA,
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USA), according to the manufacturer’s instructions. The cDNA equivalent to 40 ng of total RNA was
used in a 10 μL PCR reaction.

The cycling conditions comprised 10 min polymerase activation at 95 ◦C and 40 cycles at 95 ◦C for
3 s and 60 ◦C for 30 s. Three biological replicates per genotype (wild-type and knl2 mutant line) in both
conditions (seedlings and flower buds) were tested. Each biological replicate was represented with
three technical replicates, which were analyzed during the same run. Relative gene expression was
calculated using the comparative method 2−ΔΔCT [64].

3.7. Data Availability

Raw reads are available under the accession number PRJEB32230 at http://www.ebi.ac.uk/ena/
data/view/PRJEB32230.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/22/
5726/s1. Figure S1. knl2 sensitivity to DNA damaging agents. The plants were grown for seven days on media
containing specified drugs. Figure S2. Effect of KNL2 depletion on the flowering time.The flowering time of the knl2
mutant delayed by 10–14 days compared to Arabidopsis wild-type. Seeds of the knl2 mutant and wild-type were
germinated under short-day conditions, 8 h light/20◦ C and 16 h dark/18 ◦C, for two weeks and then plants were
transferred to the cultivation room with long-day conditions, 16 h light/20◦ C and 8 h dark/18 ◦C. To demonstrate
differences in flowering time between the knl2 mutant and wild-type, images of plant populations were taken with
different time intervals. At early growth stages (14-day-old plants), no obvious phenotypical differences between
the Col wild-type and the knl2 mutant were observed. Figure S3. qRT–PCR validation of RNA-seq results. Eleven
genes were selected from the genes differentially expressed in flower buds according to the RNA-seq data analysis.
Detailed annotation of the selected genes is presented in Table S2. *At5g02520 corresponds to KNL2. Error bars
indicate the standard error of three biological replicates in qRT-PCR. Table S1. Results of the RNA-seq study based
on the DeSeq2 in Col and the knl2 mutant line. Conditions: seedlings and flower buds. Table S2. Differentially
expressed genes in knl2 seedlings and their annotation. Table S3. Differentially expressed genes in knl2 flower
buds and their annotation. Table S4. Identification of root-related genes in knl2 seedlings. Table S5. Overlap
between seed-related genes from the SeedGenes Project DB and differentially expressed genes in knl2 flower buds.
Table S6. Selected genes and their primers used for qRT-PCR. Dataset S1. GO terms overrepresented in the knl2
mutant line. Conditions: seedlings and flower buds. Dataset S2. Overlap between TF from The Plant TF database
v.4 and differentially expressed genes in the knl2 mutant line. Dataset S3. Overlap between flowering-related
genes from the database FLOR-ID and differentially expressed genes in the knl2 mutant line.
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Abstract: Epigenetic modifications including DNA methylation, histone modifications, and chromatin
remodeling are crucial regulators of chromatin architecture and gene expression in plants. Their
dynamics are significantly influenced by oxidants, such as reactive oxygen species (ROS) and nitric
oxide (NO), and antioxidants, like pyridine nucleotides and glutathione in plants. These redox
intermediates regulate the activities and expression of many enzymes involved in DNA methylation,
histone methylation and acetylation, and chromatin remodeling, consequently controlling plant
growth and development, and responses to diverse environmental stresses. In recent years, much
progress has been made in understanding the functional mechanisms of epigenetic modifications and
the roles of redox mediators in controlling gene expression in plants. However, the integrated view of
the mechanisms for redox regulation of the epigenetic marks is limited. In this review, we summarize
recent advances on the roles and mechanisms of redox components in regulating multiple epigenetic
modifications, with a focus of the functions of ROS, NO, and multiple antioxidants in plants.

Keywords: epigenetic modifications; DNA methylation; histone modification; chromatin remodeling;
redox regulation; reactive oxygen species; nitric oxide; antioxidants

1. Introduction

Epigenetic modifications refer to the mitotically- or meiotically-inheritable changes in gene
expression that are not affected by the DNA sequence itself, mainly including DNA methylation,
histone modifications, chromatin remodeling, and histone variants in plants and other organisms [1,2].
They can change chromatin architecture, affect DNA accessibility, and gene activity, thereby regulating
many molecular processes, like the transcription of genes, and replication, repair, and recombination of
DNA [1–4]. They play vital roles in controlling growth and development, including cell differentiation,
regeneration, reproduction, flowering, and senescence, and governing plant acclimations to various
environmental stimuli, such as pathogen infection, drought, high salinity, extreme temperature,
heavy metal stresses [1,3–7]. Most epigenetic modifications are reversible, and under the control of
multiple factors including different developmental cues, diverse environmental stresses, phytohormone
signals [1,8,9]. Among these, redox components are of great importance [10–12].

Redox components consist of numerous oxidants and antioxidants. In plants, the primary
oxidants are reactive oxygen species (ROS), for example, hydrogen peroxide (H2O2), superoxide
radical (O2

•−), singlet oxygen (1O2), and hydroxyl radicals, and reactive nitrogen species, including
nitric oxide (NO), peroxynitrite, nitrogen dioxide radicals. [13]. The main antioxidants include
enzymatic antioxidants (e.g., superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), glutathione peroxidase (GPX), glutathione reductase (GR)), and nonenzymatic antioxidants
(e.g., pyridine nucleotides (NAD(P)H), glutathione (GSH), glutaredoxin (GRX), ascorbate (ASC),
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and nicotinamide) [14]. These oxidants and antioxidants are able to spatiotemporally change the
redox status and influence redox balance, controlling nearly every aspect of cellular processes such
as gene expression, biological metabolisms, growth and development, and adaptations to different
environmental stresses in plants [13,15–18].

In recent years, many review papers covering the roles and regulatory mechanisms of epigenetic
modifications have been published. The relationship between redox metabolites and some epigenetic
modifications has also been discussed [8,10–12,19–22]. However, the functions and mechanisms of
redox mediators modulating the epigenetic modifications are not comprehensively summarized. In this
review, we provide an integrated view how redox components control the epigenetic marks, with a
focus of the roles of ROS, NO, and multiple antioxidants in the regulation of DNA methylation, histone
methylation, and histone acetylation in plants.

2. Epigenetic Modifications in Plants

2.1. DNA Methylation

DNA methylation typically means the specific post-replication modification over DNA molecules,
in which some cytosine bases are methylated at 5′ position to become 5-methyl-cytosine (5mC). In plants,
methylation occurs in the C base of “CG”, “CHG”, and “CHH” (H represents A, C, or T) contexts [23].
DNA methylation favors the maintenance of genome stability, suppresses gene recombination and
mutation, and is essential for the silencing of transposable elements and the regulation of gene
expression and splicing [3,24]. DNA methylation inhibits transcriptional initiation, and may have little
effect on transcriptional elongation within the gene body [25].

In Arabidopsis thaliana, de novo DNA methylation is established through RNA-directed DNA
methylation (RdDM) pathway, which involves 21-, 22-, and 24- nt small interfering RNAs (siRNAs)
production [3,26,27]. DNA methylation is maintained through three pathways: DNA methyltransferase
1 (MET1) for CG methylation, chromomethylase 3 (CMT3) and CMT2 for CHG methylation, and
domain rearranged methyltransferase 2 (DRM2), CMT2, and CMT3 for CHH methylation. The methyl
donor is S-adenosyl-l-methionine (SAM) [3,23]. Methyl groups can be removed from DNA through
DNA demethylation. Active DNA demethylation is mediated by 5-methylcytosine DNA glycosylases
through a DNA base excision repair pathway in plants [3,28]. There exist four 5-methylcytosine DNA
glycosylases in A. thaliana: repressor of silencing 1 (ROS1), demeter (DME), and Demeter-like 2 (DML2)
and DML3 [3,28].

2.2. Histone Methylation and Acetylation

Chromatin is the organized nucleoprotein structure in nuclei where nucleosomes are arranged.
Each nucleosome is comprised of two copies of H2A, H2B, H3, and H4 histone molecules, and is wrapped
by 145~147 bp double-stranded DNA [29]. The N-terminal tails of histones are subject to various
post-translational modifications such as methylation, acetylation, phosphorylation, ubiquitinylation,
glycosylation, ADP-ribosylation, and sumoylation. These modifications can alter chromatin structure
and gene transcription either by affecting the interaction between histones and the surrounding DNA
or by modulating the binding of various regulatory proteins to DNA [1,2,7]. Histone methylation and
acetylation have been well characterized. They have wide functions in plant evolution, development,
and stress acclimations by facilitating or repressing gene expression [22,30–32].
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Histone methylation is confined to lysine and arginine residues located at different positions of
histone molecules (H3, H4). The transfer of methyls to histone is catalyzed by histone methyltransferase
(HMT) families, which include histone lysine methyltransferases (HKMTs) and protein arginine
methyltransferases (PRMTs) [22,33]. The donor of methyl groups for histone methylation is also SAM.
On the basis of the number of methyls that occurs over histone molecules, histone methylation can be
grouped into mono-, di-, and tri-methylation. Different modifications have distinct effects on gene
expression [22,33]. For instance, trimethylation of Lys 27 (H3K27me3) leads to the repression of gene
expression whereas trimethylation at Lys 4 (H3K4me3) activates gene transcription in A. thaliana [34,35].
Methyl groups can be removed by histone demethylases (HDMs). In plants, HDMs are grouped
into lysine-specific demethylase 1 (LSD1) and Jumonji C domain-containing proteins (JMJs). Both
enzymes follow different pathways to demethylate histones using different cofactors. LSD1 pertains to
flavin-dependent amine oxidase family whereas JMJs belong to 2-oxoglutarate-dependent dioxygenase
family [33,36].

Histone acetylation is the covalent modification in which acetyl groups are transferred from
acetyl CoA to the epsilon-amino group of the lysine residue in histone molecules. Such modification
causes the neutralization of the positive charge of the lysine, weakens the interaction between the
modified histone and DNA, thus, chromatin becomes relaxed [22,37]. Acetylated histones can also
recruit other proteins, which regulate chromatin structure [38,39]. Generally, hyperacetylation
of histones favors transcriptional activation whereas hypoacetylation of histones causes gene
repression [22,37,40]. The levels of histone acetylation are regulated by the antagonistic activities
of histone acetyltransferases (HATs) and histone deacetylases (HDACs) [1,41]. Plant HATs are
divided into four classes, including p300/CREB (cAMP responsive element-binding protein)-binding
proteins, TATA-binding protein-associated factors, general control nonrepressible 5-related N-terminal
acetyltransferases and MOZ, Ybf2/Sas3, Sas2, and Tip60 proteins [41]. HDACs in plants are grouped into
three types: reduced potassium dependency 3/histone deacetylase 1 (RDP3/HDA1), silent information
regulator 2 (SIR2), and plant-specific histone deacetylase 2 (HD2). SIR2 family proteins (sirtuins)
require NAD+ as cofactor, and other HDACs use Zn or Fe ion as cofactors. There exist 18 HDAC
members in A. thaliana [41,42].

2.3. Chromatin Remodeling

The regulated change of chromatin structure is termed as chromatin remodeling. It can be changed
not only by covalent modifications of histones and DNA, but also by ATP-dependent chromatin
remodelers and other chromatin-associated factors. ATP-dependent chromatin remodelers are able
to cause the alteration of nucleosome position, destabilization of nucleosomes or displacement of
canonical histones by histone variants [43]. Eukaryotic ATP-dependent chromatin remodelers are
evolutionarily conserved protein complexes that typically possess a catalytic core: ATPase/helicase
of the switching defective2/sucrose non-fermenting2 (SWI2/SNF2) family. They perform functions
using the energy provided by ATP hydrolysis [43,44]. In plants, ATP-dependent chromatin remodelers
are divided into four major subfamilies, including SWI/SNF subfamily, imitation switch subfamily,
chromodomain helicase DNA-binding (CHD) subfamily, and inositol requiring 80/SWI2-related ATPase
1 subfamily [43,44].
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3. Redox Components

3.1. ROS and NO

ROS are byproducts of the aerobic metabolism. They act as crucial signaling molecules to mediate
and integrate various growth and environmental signals to control plant development, stomatal
movement, and acclimation to diverse biotic and abiotic stresses [13,18,45,46]. ROS are generated in
distinct organelles or subcellular compartments like chloroplasts, mitochondria, peroxisomes, and
apoplasts under normal, especially stressful conditions [18]. Photosynthesis, photorespiration, and
mitochondrial electron transport are major sources of ROS. Plasma membrane NADPH oxidase, also
known as respiratory burst oxidase (RBOH), is also a key producer of ROS. RBOH-dependent ROS
have been demonstrated to be essential regulators of many cellular processes such as seed germination,
root formation, tip growth, flowering, stomatal movement, and adaptations to different environmental
stimuli in plants [47–52]. Under normal conditions, the concentrations of ROS in tissues are relatively
low, and ROS can act as signal molecules. However, under stresses, ROS accumulation in plants
increases. When the levels of ROS exceed certain thresholds, oxidative stress occurs. High levels of
ROS damage various biological molecules and cell structure, even causing cell death in plants [18,53].

Similar to that of ROS, production of NO is an inevitable process in plant metabolism. NO is
synthesized in different compartments of cells including cytosol, chloroplasts, mitochondria, and
peroxisomes [54,55]. NO reductases, nitrate reductases, and nitric oxide synthase-like enzyme have
been addressed to be important sources of NO in plants. NO is also a key secondary messenger. It
independently or synergistically acts with ROS to regulate a wide range of cellular events including
vegetative growth, reproductive development, stomatal opening and closure, and responses to diverse
biotic and abiotic stresses [16,20,56]. NO and H2O2 can easily enter the nucleus through nuclear pores,
and react with nuclear proteins, including histones and transcription factors in plants [15,57,58].

3.2. Enzymatic and Nonenzymatic Antioxidants

Cellular redox status constantly undergoes fluctuations that are balanced by different oxidant
and antioxidant systems during plant development and in response to stress cues. Of the enzymatic
antioxidants, SOD catalyzes the dismutation of O2

•− into O2 and H2O2. CAT, APX, and GPX convert
H2O2 into O2 and H2O, whereas GR is responsible for the conversion of the oxidized glutathione
to the reduced one [59,60]. Of the non-enzymatic antioxidants, NAD(P)H, GSH, and ASC are
critical soluble redox carrier molecules. They can interchange between the oxidized and reduced
states (NAD(P)+/NAD(P)H, GSSG/GSH, and Asc/DAsc). Their capacity to gain or lose electrons
also makes them versatile carriers to alter the activities of many enzymes implicated in numerous
important metabolic pathways and cellular events. NAD(P)H is vital for the transmission of redox
signals. By supplying reducing equivalents to GSH and ASC through the Asada–Foyer–Halliwell
cycle [61], NAD(P)H can process ROS and reactive nitrogen species [60]. GSH and ASC directly
interact with H2O2, and catalyze the conversion of H2O2 to H2O and O2. Under oxidative conditions,
GSH-GSSG equilibrium shifts towards oxidized glutathione, leading to S-glutathionylation of proteins,
an important redox-modification in plants [60,62,63].
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4. Redox Regulation of Epigenetic Modifications

4.1. Redox Regulation of DNA Methylation

Accumulating evidence indicates that redox intermediates govern DNA methylation levels and
gene transcription in plants. In general, increases in ROS accumulation cause DNA hypomethylation.
In tobacco, addition of O2

•− inducer paraquat increases the oxidative stress of cells. The expression
of Glycerophosphodiesterase-Like (NtGPDL) is upregulated, and CG sites in the coding regions of
NtGPDL are selectively demethylated [64]. Similarly, treatment of tobacco suspension cells with
jugalone, a toxic plant secondary metabolite 5-hydroxy-1,4-naphthoquinone, increases the ROS levels
in nucleus, nucleolus, cytoplasm, and plasma membrane, accompanied with DNA hypomethylation
and programmed cell death (PCD) [65]. Additionally, application of 2,2’-azobis (2-amidinopropane)
dihydrochloride, a generator of free radicals, in Pisum sativum suspension culture clearly decreases the
global DNA methylation levels [66].

Similar to ROS, NO negatively modulates DNA methylation in plants. For instance, treatment
of rice seedlings with high concentrations of sodium nitroprusside (SNP, a NO donor) leads to DNA
hypomethylation predominantly at the CHG sites, and growth inhibition. In addition, the NO-evoked
alterations in DNA methylation can be inherited to the next generation [67]. In another study,
application of low concentration of SNP to heat-treated Lablab purpureus plants causes the reduction in
the levels of O2

•− and H2O2 and the alteration of DNA demethylation and methylation levels [68].
Additionally, antioxidant nicotinamide, an essential component of NAD(P)H, has shown to induce
DNA hypomethylation in P. sativum [66].

In plants, three mechanisms for redox regulation of DNA methylation may exist. One
mechanism is redox components modulate the synthesis of methyl donor SAM. In plants, SAM
synthesis is catalyzed by S-adenosylhomocysteine hydrolase (SAHH)/homologous gene silencing
1 (HOG1), methionine synthase (MS) and S-adenosyl methionine synthase (SAMS)/methionine
adenosyltransferases (MAT) [69] (Figure 1). SAHH, MS and SAMS have been demonstrated to be
S-nitrosated after treatment with NO donor S-nitrosoglutathione (GSNO) in A. thaliana. Activity
assay showed that SAMS1 is reversibly inhibited by GSNO [70]. Also, proteomic studies have
shown that many of the enzymes involved in SAM synthesis are targets of S-nitrosation and tyrosine
nitration [71–73]; and the activity of SAHH is decreased by tyrosine nitration in sunflower [72].

In the SAM cycle, the precursor of SAM is methionine (Met), which is particularly susceptible to
oxidation to methionine sulfoxide (MetSo) under stress conditions (Figure 1). Methionine sulfoxide
reductases (MSRs) A and B catalyze the reduction of MetSo back to Met [74]. Accordingly, changes in
the levels of NAD(H), NADP(H) and GRXs/thioredoxins (TRXs) may affect DNA methylation through
controlling the concentrations of Met in cells. NAD(H) and NADP(H) can prevent Met oxidation.
In A. thaliana, two MSR genes (MSRB3 and MSRB8) are activated under high levels of NAD(H) and
NADP(H), and accompanied with an increase in Met content [75]. GRXs/TRXs can donate electrons
to MSRs for the catalysis of MetSo reduction [76]. These indicate that NAD(H), NADP(H), GRXs,
and TRXs play important roles during the regeneration of Met; accordingly may modulate DNA
methylation (Figure 1).
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Figure 1. Redox components modulate SAM synthesis through folate cycle in plants. Folate cycle begins
with the conversion of DHF to THF through DHFR by utilizing the reducing equivalents from NADPH.
Methyls derived from THFs (5,10-CH2-THF, 5,10-CH=THF) are synthesized by SHMT and MTHFD,
respectively. 5,10-CH=THF is reduced to 5-CH3-THF by MTHFR. The methyl group from 5-CH3-THF is
transferred to Hcy to synthesize Met through MS. The produced Met generates SAM through SAMS. SAM
donates methyl groups to DNA or proteins through DNA methyltransferase (DNMT)/HKMT/PRMT,
and gets converted to SAH. SAH is further processed to Hcy through SAHH/HOG1. The key enzymes
influenced by the cellular redox components are: SAMS/MAT, DNMT/HKMT/PRMT, SAHH/HOG1,
MS and MSR. K: lysine; R: arginine; Me: methyl. Dashed lines mean uncharacterized regulation.

Additionally, accumulation of Met is dependent on the metabolism of folate, which provides
5-methyl-tetrahydrofolate (5-CH3-THF) for Met synthesis. In A. thaliana, impairment of folate
production by sulfamethazine treatment has shown to reduce DNA methylation levels [77]. Folate
metabolism can also contribute to the maintenance of redox balance by regulating NADPH production,
further modulating DNA methylation in plants [78,79]. As shown in the folate cycle (Figure 1),
dihydrofolate reductase-thymidylate synthase (DHFR-TS) is a bifunctional enzyme. Its subunit
DHFR is located at the N terminus, and catalyzes the conversion of dihydrofolate (DHF) into
tetrahydrofolate (THF) by consuming NADPH. THF and 5,10-CH2-THF can be interconverted by
the enzyme serine hydroxymethyl transferase (SHMT). 5,10-CH2-THF can also be converted into
DHF by TS. Methylenetetrahydrofolate dehydrogenase/methenyltetrahydrofolate cyclohydrolase1
(MTHFD1) is also a bifunctional enzyme, and can convert 5,10-CH2-THF into 5,10-CH=THF, leading
to NADPH formation. Mutation in MTHFD1 has been demonstrated to disturb folate metabolism
and cellular redox state, and lead to loss of DNA methylation in A. thaliana [79]. In the Arabidopsis
genome, three DHFR-TS genes exist. DHFR-TS3 inhibits DHFR-TS1 and DHFR-TS2. Overexpression
of DHFR-TS3 leads to decreases of DHFR and MTHFD activities, which in turn cause a drop of
NADPH/NADP+ ratio [78], and likely impact DNA methylation. Further, 5,10-CH=THF is converted
by methylenetetrahyrofolate reductase (MTHFR) to 5-CH3-THF, which enters the SAM cycle and
serves for homocysteine (Hcy) remethylation to Met by MS.

The second mechanism for redox regulation of DNA methylation is that ROS and NO affect the
expression and activities of DNA methyltransferases (DNMTs) and DNA demethylases. In A. thaliana,
ROS mediate the irradiation-triggered DNA demethylation of bystander aerial plants. Irradiation of
the roots markedly decreases the expression of DRM2, and enhances the transcriptional abundances of
MET1 and DML3 in bystander aerial plants [80]. Similarly, application of SNP to rice plants induces
DNA hypomethylation through down regulation of DNA methyltransferase genes OsCMT2 and
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OsCMT3 and upregulation of the DNA demethylase gene OsDME [67]. Yet, it is not clear whether the
observed DNA hypomethylation in the SNP-treated plants are due to the regulation of DNA methylase
activities or due to the NO-mediated post-translational modification of SAMS.

DNA glycosylases ROS1 and DME have DNA demethylase activity. They catalyze the excision
of entire methylated cytosine instead of the methyl group through the base excision repair pathway.
ROS1 and DME possess Fe-S cluster assembled structure as their cofactor, and the Fe–S binding motif
is essential for their enzymatic activity [81]. Fe-S cluster can gain or lose electrons under different
oxidation conditions [82]. Accordingly, redox components may modulate DNA demethylation through
impacting the activity of Fe-S cluster assembled DNA demethylases like ROS1 and DEM in plants.

The third mechanism for redox modulation of DNA methylation level is that redox mediators
modify the activities of dicer-like4 (DCL4) and RNAse III-like 1 (RTL1), thus affecting the production
of siRNAs likely required for DNA methylation through RdDM pathway in plants [83,84]. siRNAs
originate from inter- or intramolecular double-stranded RNA (dsRNA) precursors, which are catalyzed
by dsRNA-specific endoribonucleases, DCL proteins [85]. In A. thaliana, the products of DCL2, DCL3,
and DCL4 are 22-, 24- and 21-nt siRNAs, respectively [27,85]. Apart from DCL-mediated dicing
activities, RTL1 also influences siRNA production by cleaving the dsRNA before processing by the DCL
proteins, and thus acts as a negative regulator of siRNA production [86]. The roles of DCL4 and RTL1
proteins in siRNA production are depicted in Figure 2. In A. thaliana, the activity of DCL4 is suppressed
by sulfur deficiency. The DCL4 activity can be recovered by supplementation with GSH and TRXs.
Moreover, immunopurified DCL4 can be activated by recombinant thioredoxin-h1 with dithiothreitol
in vitro, suggesting that DCL4 is under redox regulation. Activation of DCL4 can promote 21-nt siRNA
production, and may further promote DNA methylation [83] (Figure 2a). Additionally, Arabidopsis
RTL1 has dsRNA binding domains (dsRBD), in which one conserved cysteine (Cys230 in Arabidopsis
RTL1) exists. Cys230 has been demonstrated to be crucial for RTL1 cleavage activity. In the presence of
GSSG, RTL1 can be glutathionylated at Cys230. Moreover, glutathionylation of RTL1 clearly inhibits
its cleavage activity, and the activity of glutathionylated RTL1 can be recovered by two GRX members
GRXC1 and GRXC2, indicating that RTL1 is redox regulated (Figure 2b). Moreover, RTL1 negatively
regulates siRNA production prior to DCL–mediated cleavage of the siRNA precursors (Figure 2b) [84].
Thus, redox mediators modulate siRNA generation through influencing the activities of DCL4 and
RTL1 in plants, and further affect the DNA methylation level.

 

Figure 2. Redox components regulate DCL4 and RTL1 activities. (a) Processing of siRNA precursors by
DCL4 requires dsRNA-binding protein (DRB), especially DRB4. GSH and TRXs are able to restore DCL4
activity from the inactive state. Activated DCL4 promotes 21 nt siRNA production. (b) GSSG/GRXs
influence RTL1 activity. RTL1 has RNase III domain and dsRNA binding domains (dsRBD), and acts
dimers to perform functions. GSSG treatment results in RTL1 glutathionylation at Cys230 position
and inhibits its activity. RTL1 activity is restored by glutaredoxin proteins (GRXs). RTL1 negatively
regulates siRNA production prior to DCL–mediated cleavage of the siRNA precursors. The dashed
line indicates uncharacterized regulation.

168



Int. J. Mol. Sci. 2020, 21, 1419

4.2. Redox Adjustment of Histone Methylation

Similar to those of DNA methylation, the methyl groups of histone methylation are also derived
from SAM. Thus, redox factors modulating SAM availability also modify histone methylation,
as described in the DNA methylation section (Figure 1). In addition to influencing SAM synthesis,
redox intermediates also regulate the expression and activity of HMTs and HDMs. For instance,
application of S-nitrosocysteine, a NO donor, to Arabidopsis leaves upregulates the expression of Set
Domain Group 20, a gene encoding lysine methyl transferase, and PcG Histone Methyltransferase Curly
Leaf gene [87], pointing to the important function of NO in modulating the two HMTs. PRMT5 can
catalyzes Arg symmetric dimethylation of histones and non-histone proteins in higher eukaryotes [88].
It has been reported that NO positively regulates PRMT5 activity by S-nitrosylation at Cys-125 under
NaCl stress in A. thaliana [20]. Treatment with NO donor S-nitrosocysteine also prominently promotes
JMJs expression in A. thaliana [87], implying that JMJs are possibly regulated by NO.

4.3. Redox Regulation of Histone Acetylation

Increasing evidence suggests that redox components regulate histone acetylation through affecting
acetyl CoA accumulation. It has been addressed that pyruvate conversion to acetyl CoA is catalyzed
by pyruvate dehydrogenase (PDH) complex, which uses NAD+ as a cofactor for its catalytic activity
(Figure 3). Increases in the ratio of NADH to NAD+ in Escherchia coli inhibit PDH activity, and block
the acetyl CoA formation [89]. An in vitro study also revealed that elevation in ratio of NADH/NAD+

is associated with the inhibition of PDH activity in pea [90]. Yet, whether the inhibited PDH activity
causes the decreases in levels of acetyl CoA in plants remains to be determined.

Changes in redox reagents also modulate the activities of HATs and HADCs in plants (Figure 3). It
has been documented that heat stress promotes the accumulation of O2

•− and induces PCD, followed
by histone hyperacetylation due to the elevated expression of genes HAT-B and General Control
Nondepressible 5 (GCN5) in maize seedlings [91]. Dietzel et al. [92] detected the early nuclear target
genes of plastidial redox signals in responding to a reduced light-induced signal of the photosynthetic
electron transport chain in A. thaliana, and found that many nuclear genes are not expressed in the
redox compromised state transition 7 (stn7) mutants but expressed in WT. Among these, several are
epigenetically regulated. Further studies revealed that the redox signal from chloroplasts of WT rather
than stn7 activates the nuclear HAT and HDAC, which promote histone acetylation and deacetylation,
respectively [92]. Similarly, Arabidopsis mutants accumulated high levels of H2O2 (cat2) and were
defective in GSSG to GSH conversion (gr1), showing the differential expression of GCN5-related acetyl
transferase gene [93].

In A. thaliana, the expression of many pathogensis-related (PR) genes is suppressed by HDA19,
which deacetylates the histones on PR protein promoters under nonpathogenic condition. Pathogen
attack abolishes HDA19 activity, further resulting in the acetylation of PR protein promoters and
increased expression of PR-related genes [94]. Pathogen infection induces oxidative burst at a very
early time [95]. Thus, the HDA19 activity affected by pathogen attack is most likely regulated by ROS.
Indeed, Liu et al. [96] found that salicylic acid (SA) and flagellin 22 (a bacterial protein) trigger ROS
production, leading to the oxidation of HDA9 and HDA19 in A. thaliana. The oxidation of the HDACs
reduces their activity and further increases the histone acetylation of stress-responsive genes.
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Figure 3. Redox components influence histone acetylations. In the cytoplasm, glucose is broken down
to pyruvate, which enters into mitochondria, and is converted to acetyl CoA through mitochondrial
pyruvate dehydrogenase (mPDH) by reducing NAD+. Acetyl CoA combines with oxaloacetate (OAA)
produced in the TCA cycle to form citrate, which enters cytoplasm. In cytoplasm, citrate is converted
back to OAA and acetyl CoA through ATP-citrate lyase (ACL). Acetyl CoA synthesized in the cytoplasm
enters into the nucleus as the source supplier of acetyl group for the histone acetylation process. HAT
utilizes the acetyl group from acetyl CoA to introduce acetylation marks (Ac) over the lysine residues of
the histone tail, thus weakening the contact between DNA and histone and facilitating gene expression.
HDAC removes histone acetyl group, leading to chromatin compaction. Different HAT and HDAC
enzymes are affected by ROS, NO, and NAD+.

In plants, the activities of sirtuin HDACs are dependent on the NAD+ level and NAD+/NADH
ratio [21]. Thus, oxidative stress alters the redox status of NAD+, and may further imprint on HDAC
activity. In rice, NAD+-dependent sirtuin OsSRT1 has been reported to play critical roles in suppressing
glycolysis by deacetylating histones and glyceraldehyde-3-phosphatedehydrogenase [97]. Redox
mediators likely modulate the catalytic activity of OsSRT1 by affecting NAD+ level.

Mengel et al. [98] found that NO donors GSNO and S-nitroso-N- acetyl-DL-penicillamine and
glutathionylating reagent GSSG reversibly suppress HDAC activity in A. thaliana. S-nitrosylation
has stronger effects than S-glutathionylation on the HDAC activity. In addition, SA has been
shown to induce endogenous NO generation, which represses HDAC activity and stimulates
histone acetylation [98]. Moreover, GSNO or GSH clearly increases whereas NO scavenger
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide decreases acetylation levels of many
H3K9/14ac sites, indicating that NO contributes to the GSNO-triggered hyperacetylation. HD2 proteins
are plant-specific HDACs. The expression of HD2-like gene DlHD2 and two ethylene-responsive
factor-like genes DlERF1 and DlERF2 enhances during longan fruit senescence. Treatment with NO
delays the fruit senescence, elevates the transcription of DlHD2, but diminishes the expression of
DlERF1 and DlERF2. These data imply that NO modulates fruit senescence possibly through affecting
the expression of HD gene in longan [99]. Additionally, in A. thaliana, the HD2 type member HDT2
(histone deacetylase 2) and HDT3 have been identified to be S-nitrosylated [100].
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4.4. Redox Affecting Chromatin Remodelers and Other Chromatin-Associated Factors

DNA methylation 1 (DDM1) is an important SWI/SNF2 chromatin remodeler, and can shift
nucleosome composition and mediate DNA methylation by allowing MET1, CMT2, and CMT3
to access DNA, especially in heterochromatin regions in plants [101]. Mutation of DDM1 leads
to a dramatic decrease in DNA methylation in A. thaliana [102]. In rice, exogenous application
of SNP results in the downregulation of the expression of OsDDM1a and OsDDM1b, as well as
DNA hypomethylation [67], indicating that NO possibly modulates DNA methylation via impacting
chromatin remodeling. PICKLE, a CHD3 remodeler, promotes H3K27me3 in A. thaliana [103]. It
is identified as a target for tyrosine nitration [73], suggesting that its activity is redox regulated.
In A. thaliana, topoisomerase VI (Topo VI) A subunit (AtTOP6A), a chromatin-associated factor, has
been demonstrated to mediate singlet oxygen signals from the plastid to the nucleus. Under 1O2

accumulation condition, AtTOP6A binds to the promoters of 1O2-responsive AAA-ATPase gene and a
set of other 1O2-responsive genes, and directly activates the expression of these genes. Topo VI also
regulates the transcription of H2O2-responsive genes under high light stress. However, changes in the
expression of 1O2- and H2O2-responsive genes modulated by AtTOP6A are different, suggesting that
Topo VI is capable of integrating multiple signals produced by ROS in plants under stress [104].

5. Conclusions

Redox mediators, particularly ROS and NO have been emerging key regulators of chromatin
remodeling in plants. They greatly influence not only the transcription and activities of multiple
enzymes, catalyzing the addition or removal of methyl and acetyl groups in DNA and histones, but
also the biosynthesis and supply of methyl and acetyl donors to DNA and histones. Redox-regulated
changes in the epigenetic marks shape chromatin organization, further controlling the expression of
many genes and other molecular processes, thereby profoundly affecting plant growth and stress
responses. In recent years, much progress has been made on the roles of redox mediators in regulating
DNA methylation, and histone modifications in plants. However, many reported actions of redox
components on epigenetic marks are indirect effects, and the precise molecular mechanisms underlying
the processes are largely unknown. Whether epigenetic modification changes are caused by one
oxidant without triggering other antioxidants is also poorly described. Moreover, the research works
on redox regulation of other epigenetic marks like phosphorylation, ubiquitinylation, glycosylation,
ADP-ribosylation, and sumoylation of histone, chromatin remodeling, and siRNA are quite limited
to date.

It has been documented that pathogen attack and diverse abiotic stresses significantly modify
epigenetic marks [6,8,9]. ROS, NO and other redox components are also central mediators of these
environmental stresses [16,18]. Yet whether the stress triggered chromatin modifications are dominantly
mediated by the redox intermediates remains to be determined. Additionally, NADPH oxidase, and
multiple antioxidant enzymes contribute to ROS generation and scavenging, respectively, and nitrate
reductase and NO synthase-like enzymes are responsible for NO biosynthesis in plants [18,47,54,55].
However, whether these enzymes play important roles in epigenetic modifications is unclear. We
believe that these problems will be solved in near future with the rapid development of various
biotechnologies, including omics, bioinformatics, and gene editing technologies. We also believe
that uncovering the molecular mechanisms for redox control of epigenetic changes will greatly help
to understand the strategies of plants adapting to ever-changing environmental conditions, and to
facilitate cultivating of elite crop varieties with desired characteristics in the coming days.
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Abbreviations

ACL ATP-citrate lyase
APX Ascorbate peroxidase
ASC Ascorbate
CAT Catalase
CHD Chromodomain helicase DNA-binding
CMT Chromomethylase
DCL Dicer-like
DDM1 DNA methylation 1
DHF Dihydrofolate
DHFR Dihydrofolate reductase
DME Demeter
DML Demeter-like
DNMT DNA methyltransferase
DRB dsRNA-binding protein
DRM Domain rearranged methyltransferase
dsRBD dsRNA binding domains
GCN5 General Control Nondepressible 5
GPX Glutathione peroxidase
GR Glutathione reductase
GRX Glutaredoxin
GSH Glutathione
GSNO S-Nitrosoglutathione
GSSG Oxidized glutathione
H2O2 Hydrogen peroxide
HAT Histone acetyltransferase
Hcy Homocysteine
HD2 Histone deacetylase 2
HDAC Histone deacetylase
HDM Histone demethylase
HKMT Histone lysine methyltransferase
HMT Histone methyltransferase
HDT2 Histone deacetylase 2
JMJ Jumonji C domain-containing protein
LSD1 Lysine-specific demethylase 1
Met Methionine
MET1 DNA methyltransferase 1
MetSo Methionine sulfoxide
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MS Methionine synthase
MSR Methionine sulfoxide reductase
MTHFD1 Methylenetetrahydrofolate dehydrogenase/methenyltetrahydrofolate cyclohydrolase1
MTHFR Methylenetetrahyrofolate reductase
NAD(P)H Pyridine nucleotides
NO Nitric oxide
OAA Oxaloacetate
1O2 Singlet oxygen
O2
•− Superoxide radical

PCD Programmed cell death
PDH Pyruvate dehydrogenase
PR Pathogensis-related
PRMT Protein arginine methyltransferase
RBOH Respiratory burst oxidase
RdDM RNA directed DNA methylation
RDP3/HDA1 Reduced potassium dependency 3/histone deacetylase 1
ROS Reactive oxygen species
ROS1 Repressor of silencing 1
RTL RNAse III-like
SA Salicylic acid
SAM S-Adenosyl-L-methionine
SAMS/MAT S-Adenosyl methionine synthase/methionine adenosyl transferases
SAHH/HOG1 S-Adenosylhomocysteine hydrolase/homologous gene gilencing 1
SHMT Serine hydroxylmethyl transferase
siRNA Small interfering RNA
SIR2 Silent information regulator 2
SNP Sodium nitroprusside
SOD Superoxide dismutase
stn7 State transition 7
SWI/SNF Switching defective/sucrose non-fermenting
THF Tetrahydrofolate
Topo VI Topoisomerase VI
TRX Thioredoxin
TS Thymidylate synthase
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