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Abstract: Long noncoding RNAs (lncRNAs) play important roles in abiotic and biotic stress responses;
however, studies on the mechanism of regulation of lncRNA expression are limited in plants. The
present study examined the relationship between lncRNA expression level and two active histone
modifications (H3K4me3 and H3K36me3) in Brassica rapa. Both histone marks were enriched in the
chromatin regions encoding lncRNAs, especially around the transcription start site. The transcription
level of long intergenic noncoding RNAs was positively associated with the level of H3K4me3 and
H3K36me3, while this association was not observed in natural antisense RNAs (NATs) and intronic
noncoding RNAs. As coordinate expression of mRNAs and paired NATs under biotic stress treatment
has been identified, the transcriptional relationship between mRNAs and their paired NATs following
Fusarium oxysporum f. sp. conglutinans (Foc) inoculation was examined. A positive association of
expression levels between mRNAs and their paired NATs following Foc inoculation was observed.
This association held for several defense-response-related genes and their NAT pairs. These results
suggest that coordinate expression of mRNAs and paired NATs plays a role in the defense response
against Foc.

Keywords: Brassica rapa; fusarium yellows; Fusarium oxysporum f. sp. conglutinans; mRNA; long
noncoding RNAs; natural antisense transcripts; transcription; inoculation; gene expression

1. Introduction

Brassica rapa L. includes leafy vegetables such as Chinese cabbage (var. pekinensis),
pak choi (var. chinensis), and komatsuna (var. perviridis), as well as root vegetables such
as turnip (var. rapa) [1]. These vegetables provide nutrition, vitamins, minerals, dietary
fiber, and health-promoting substances. Most of the modern cultivars of these vegetables
are F1 hybrids [2]. Disease resistance is an important trait in a breeding program of F1
hybrid cultivars [3], and a major disease problem is Fusarium yellows. Fusarium yellows is
caused by infection with a soil-borne fungus, Fusarium oxysporum f. sp. conglutinans (Foc) or
F. oxysporum f. sp. rapae (For), in B. rapa vegetables, and infection leads to yellowing, wilting,
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defoliation, stunting, and plant death [3–6]. A Fusarium yellows resistance gene has been
identified in B. rapa [6,7], and a system for DNA marker selection of Fusarium yellows
resistance has also been developed [5,6,8]. The transcriptional response to Foc inoculation
has also been examined [9], and SA-induced genes involved in systemic acquired resistance
(SAR) are considered to play a role in resistance against Foc [9,10].

In all eukaryotic cells, approximately 145–147 bp of DNA wraps the histone octamer
of the nucleosome in the chromatin in the nucleus. A histone octamer has two copies
of each of four core histone proteins, H2A, H2B, H3, and H4 [11–13]. The histone pro-
teins have an N-terminal tail, and modification of amino acid residues in the histone
tail can change gene expression. Histone modification includes methylation, acetyla-
tion, phosphorylation, ubiquitylation, and sumoylation [14–16]. Methylated lysine in
histone tails can be found in mono (me1)-, di (me2)-, or tri (me3)-methylated states at
lysine 4 (K4), 9 (K9), 27 (K27), and 36 (K36) of histone H3 [14,15,17]. Histone modification
has an important role in plant development and response to stresses through regulat-
ing chromatin structure and gene expression [18,19]. In plants, tri-methylation of histone
H3 lysine 4 (H3K4me3) and H3K36me3 are histone marks that are associated with tran-
scriptional activation, while H3K9me2 and H3K27me3 are associated with transcriptional
repression [18,20,21]. Bivalent chromatin states where active and repressive histone marks
co-exist have been identified [22–24], and this chromatin state may trigger plant stress-
responsive gene expression [25,26].

Recent advances in sequencing technology enable us to detect various types of tran-
scripts, not only mRNAs but also noncoding RNAs (ncRNAs), which are defined as RNAs
devoid of protein-coding potential [27]. There are two types of ncRNAs, housekeeping
ncRNAs and regulatory ncRNAs. Ribosomal RNAs (rRNAs), transfer RNAs (tRNAs),
small nuclear RNAs (snRNAs), and small nucleolar RNAs (snoRNAs) are classified as
housekeeping ncRNAs [28–30]. Regulatory ncRNAs are classified into two groups based
on their size, small RNAs (sRNAs) and long ncRNAs (lncRNAs). sRNAs are usually 18
to 30 nucleotides (nt) in length such as microRNAs (miRNAs) or small interfering RNAs
(siRNAs). LncRNAs are longer than 200 nt in length. LncRNAs are classified into three
major groups: long intergenic noncoding RNAs (lincRNAs), natural antisense RNAs (NATs)
transcribed from the complementary DNA strand of their associated genes, and intronic
noncoding RNAs (incRNAs) derived from introns [29–33]. LncRNAs have been identified
at the whole genome level in many plant species and are generally expressed at lower levels
than mRNAs and have low sequence conservation between species [27,34,35]. Only 10–15%
of the lncRNAs in Chinese cabbage had relatively high sequence similarity with lncRNAs
of other Brassica species, and less than 2% had similarity with A. thaliana sequences [36].
Transcriptome analyses have shown high diversity of lncRNA expression in different tis-
sues or under abiotic and biotic stresses, suggesting that lncRNAs might play important
roles in plant development or abiotic and biotic stress responses. However, the functions of
only limited numbers of lncRNAs have been elucidated [37].

Chromatin immunoprecipitation sequencing (ChIP-seq) allows us to identify the
distribution of the histone modifications. The association between histone modifica-
tion and expression levels in genes has been analyzed in some plant species including
B. rapa [12,26,38,39]. However, only a limited number of studies have examined the rela-
tionship between lncRNA expression and histone modifications in plants [40,41]. RNA-
sequencing (RNA-seq) has shown coordinate expression of mRNAs and paired NATs
under stress treatment [36,42,43], which suggests a role for NATs in stress response. We
have identified differentially expressed genes following Foc inoculation [9] and mRNA
and NAT pairs [43]. From these datasets, we searched for lncRNAs that are paired with
genes whose expression is changed by Foc. We examined both the relationship between
lncRNA expression level and active histone modifications (H3K4me3 and H3K36me3) and
the transcriptional relationship of mRNAs and their paired NATs following Foc inoculation
in B. rapa.
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2. Materials and Methods
2.1. Plant Materials and Growth Conditions

Fusarium yellows susceptible and resistant inbred lines of Chinese cabbage—RJKB-T24
and RJKB-T23, respectively—were used as plant materials [7]. To examine the transcription
of NATs, an additional four inbred lines of Chinese cabbage (RJKB-T39, RJKB-T41, RJKB-
T42, and RJKB-T43), four komatsuna commercial cultivars (‘Inasena’ (KANEKO SEEDS Co.,
Ltd., Maebashi, Japan), ‘Nacchan’ (Nohara Seed Co., Ltd., Kuki, Japan), ‘Nanane’ (Takii
& Co., Ltd., Kyoto, Japan), and ‘Wakami’ (Sakata Seed Corporation, Yokohama, Japan)),
four commercial pak choi cultivars, (‘Kunyan’ (Sakata Seed Corporation), ‘Natsu-Mikado’
(Sakata Seed Corporation), ‘Niihao-syan’ (Watanabe Noji Co., Ltd., Noda, Japan), and
‘Raiko’ (Sakata Seed Corporation)), and four commercial turnip cultivars (‘Mifune’ (Sakata
Seed Corporation), ‘Nitou’ (Sakata Seed Corporation), ‘Shiro-Warabe’ (Takii & Co., Ltd.),
and ‘Yukibotan’ (Musashino Seed Co., Ltd., Tokyo, Japan)) were used. After surface
sterilization, the seeds were placed on Murashige and Skoog (MS) agar supplemented with
1% (w/v) sucrose and grown under long day (LD) condition (16 h light/8 h dark) at 21 ◦C.
First and second leaves were collected from 14-day-old plants.

2.2. RNA Extraction and Gene Expression Analysis

Total RNAs were isolated from whole plants that were mock and F. oxysporum f. sp.
conglutinans (Foc) inoculated (at 24 and 72 h after inoculation (HAI)) by using SV Total
RNA Isolation System (Promega Co., Madison, WI, USA). Differentially expressed genes
of mock- and Foc-inoculated samples were identified from RNA-seq analysis in RJKB-T24
and RJKB-T23 [9]. For quantitative real-time RT-PCR (qPCR), 500 ng total RNA was used
for cDNA synthesis using ReverTra Ace® qPCR RT Master Mix with gDNA Remover
(TOYOBO Co., Ltd., Osaka, Japan). Prior to qPCR, single PCR amplification products and
the absence of genomic contamination were confirmed by RT-PCR. Using a Light-Cycler
96 (Roche Molecular Systems, Inc., Pleasanton, CA, USA), qPCR was performed using
FastStart Essential DNA Green Master (Roche). The qPCR conditions were 95 ◦C for 10 min
followed by 45 cycles of 95 ◦C for 10 s, 60 ◦C for 10 s, and 72 ◦C for 10 s. Melt temperature
analysis (65–97 ◦C at 0.1 ◦C/s) was performed for each reaction after amplification cycles
to confirm the presence of single amplified product. The relative expression level of all
mRNAs and NATs relative to ACTIN (Bractin) was automatically calculated using automatic
CQ calling according to the manufacturer’s instructions (Roche) [44]. Data presented are the
average and standard error of three biological and experimental replicates and statistically
analyzed using Student’s t test, p value < 0.05, 0.01, or 0.001. The primer sets used in this
study are listed in Table S1.

Total RNAs from first and second leaves were extracted by SV Total RNA Isolation
System (Promega) in RJKB-T24 for RNA-sequencing (RNA-seq) for detection of lncRNAs.
A more detailed description of lncRNA identification can be found in [43]. To examine
the transcriptional conservation among four different varieties of B. rapa, total RNAs from
first and second leaves were extracted by SV Total RNA Isolation System (Promega) in
sixteen B. rapa lines. cDNA was synthesized, and RT-PCR using QuickTaq®HS DyeMix
was performed. RT-PCR amplified products were electrophoresed using 1.5% agarose gel.
PCR conditions were 94 ◦C for 2 min followed by 30, 35, or 40 cycles of 94 ◦C for 30 s, 55 ◦C
for 30 s, and 68 ◦C for 30 s. The primers used in this study are listed in Table S1.

2.3. DNA Extraction and PCR

The cetyl trimethyl ammonium bromide (CTAB) method was used to isolate genomic
DNA [45]. PCR amplification of genomic DNA as template was performed to test whether
the coding genomic sequences of NATs were conserved in the sixteen B. rapa lines. PCR
amplification of genomic regions corresponding to all six NATs was confirmed by elec-
trophoresis of PCR amplified products using QuickTaq®HS DyeMix (TOYOBO) on 1.5%
agarose gel in all sixteen B. rapa lines. PCR conditions were 94 ◦C for 2 min, 35 cycles of
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94 ◦C for 30 s, 55 ◦C for 30 s, and 68 ◦C for 30 s, and final extension at 68 ◦C for 3 min.
Primer sequences used in this study are shown in Table S1.

2.4. Detection of Epigenetic States in lncRNA Coding Regions

Chromatin immunoprecipitation sequencing (ChIP-seq) data were previously produced
using the same line, tissue, and developmental stages but were harvested independently [26].
We used these data to investigate the epigenetic states (H3K4me3 and H3K36me3) of
lncRNA coding regions in B. rapa. Data covering genomic regions encoding for lncRNA
in chromosomes A01 to A10 were extracted from the ChIP-seq reads using anti-H3K4me3
(Millipore, 07-473) and H3K36me3 (Abcam, ab9050) antibodies that were mapped to the
B. rapa reference genome v.1.5 using Bowtie2 version 2.2.3.

2.5. Sequential ChIP-qPCR

For sequential ChIP analysis, one gram of first and second leaves of RJKB-T24 was
used. Anti-H3K4me3 antibodies (Millipore, 07-473) and anti-H3K27me3 antibodies (Mil-
lipore, 07-449) were used for the first and second ChIP, respectively. Experiments were
performed as described by [26,46]. The average and standard error (s.e.) of three bio-
logical and more than three technical replicates are presented. Amplification of target
mRNAs/NATs and non H3K4me3 and H3K27me3 marks (Bra011336) were compared by
qPCR using immunoprecipitated DNA as a template to calculate the enrichment of bivalent
H3K4me3-H3K27me3-marks of the targeted mRNA-NATs pairs (Bra016382-MSTRG.19710
and Bra033594-MSTRG.1355). The difference in the qPCR amplification of the input DNA
as a template was used to correct the difference between the primer pairs. The primer sets
used in this study are listed in Table S1.

3. Results
3.1. Comparison of the H3K4me3 and H3K36me3 States in the lncRNA Coding Region

We identified 1444 long intergenic noncoding RNAs (lincRNAs), 551 natural antisense
transcripts (NATs), and 93 intronic noncoding RNAs (incRNAs) in 14-day first and second
leaves in RJKB-T24 [43]. We also examined the H3K4me3 and H3K36me3 distribution
in 14-day first and second leaves in RJKB-T24 [26]. In the present study, the genomic
regions encoding lncRNAs that have H3K4me3 and H3K36me3 marks were examined.
In total, 704 of 1173 (60.0%) lincRNAs, 458 of 529 (86.6%) NATs, and 47 of 92 (51.1%)
incRNA coding genomic regions had H3K4me3 marks (Figure S1), whereas 574 of 1173
(48.9%) lincRNAs, 380 of 529 (71.8%) NATs, and 38 of 92 (41.3%) incRNA coding genomic
regions had H3K36me3 marks (Figure S1). H3K4me3 and H3K36me3 were enriched in the
transcribed region of lncRNAs, especially around the transcription start site, similar to the
genic regions (Figure 1). The expression level of lincRNAs was higher when the encoding
regions had H3K4me3 or H3K36me3 marks than without H3K4me3 or H3K36me3 marks
(Figure 2). In NATs and incRNAs, there was no difference of expression level between with
and without H3K4me3 or H3K36me3 marks on their encoding regions (Figure 2).

3.2. Characterization of Histone Modification States in Differentially Expressed Genes Following
F. oxysporum f. sp. conglutinans (Foc) Inoculation and in Their Overlapping lncRNAs

Previously, we identified differentially expressed genes following 24- or 72-h
Fusarium oxysporum f. sp. conglutinans (Foc) inoculation (HAI) in the resistant line RJKB-T23
and the susceptible line RJKB-T24 [9]. In RJKB-T23, 260 and 88 genes showed differential
expression at 24 and 72 HAI, respectively, and in RJKB-T24, 253 and 109 genes showed
differential expression at 24 and 72 HAI, respectively [9]. We identified overlapped genes
between two data sets, DEGs following Foc inoculation (24 and 72 HAI in RJKB-T23 and
RJKB-T24) and paired genes overlapping lncRNAs (in RJKB-T24); twelve mRNA and NAT
pairs were identified (Figures 3–5 and S2).
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Figure 1. Enrichment of H3K4me3 (a) and H3K36me3 (b) in the lncRNAs and genic region. The
X-axis represents the region including 1 kb upstream and 1 kb downstream. The Y-axis represents the
reads per million (RPM).

Figure 2. Boxplots of the expression level of each type of lncRNAs with (+) or without (−) H3K4me3
(K4) and H3K36me3 (K36) on the coding region of RJKB-T24. ***, p < 0.001 (Student’s t-test).
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Figure 3. Venn diagrams between differentially expressed genes (DEGs) following F. oxysporum f. sp.
conglutinans (Foc) and paired genes overlapping incRNAs or NATs. HAI of 24 or 72 indicates 24 or
72 h after Foc inoculation, respectively.

Figure 4. Cont.
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Figure 4. Bivalent histone modification in the genic regions and their paired NATs. (a,b) Visualization
of H3K4me3, H3K36me3, and H3K27me3 peaks by the Integrative Genomic Viewer (IGV) by ChIP-seq.
Black and gray boxes represent the exon regions of genes or NATs, respectively. Arrows represent
the direction of transcription. Arrowheads represent the position of primer sets for sequential
ChIP-qPCR. (c) Sequential ChIP-qPCR analysis in 14-day leaves in RJKB-T24. Bra011336 that does
not have H3K4me3 and H3K27me3 is used as the reference gene for qPCR. A previous study using
sequential ChIP-qPCR showed that BrWRKY48 has both H3K4me3 and H3K27me3 marks [26]. Values
are means ± standard error (s.e.; three biological and technical replicates) of relative H3K4me3,
H3K27me3, or H3K4me3/H3K27me3 levels.

Figure 5. Cont.
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Figure 5. Expression levels in mRNAs and their paired NATs following F. oxysporum f. sp. conglutinans
(Foc) inoculation. Black and gray boxes represent the exon regions of gene or NATs, respectively.
Arrows represent the direction of transcription. Arrowheads represent the position of primer sets for
qPCR to detect the NAT transcripts. Bar graph represents values that are means ± standard error (s.e.;
three biological and technical replicates) of relative Bractin expression levels. *, p < 0.05; **, p < 0.01;
***, p < 0.001 (Student’s t-test). NI, non-inoculated; I, inoculated.

The histone modification states (active marks, H3K4me3 and H3K36me3; repressive
mark, H3K27me3) of the genomic regions encoding these 12 mRNA and NAT pairs in
14-day leaves in RJKB-T24 were examined (Table 1). Three pairs did not have any his-
tone modifications (Table 1). One pair had only H3K4me3 or H3K27me3 and four pairs
had H3K4me3 and H3K36me3 (Table 1). Two pairs had H3K4me3 and H3K27me3, in-
dicating bivalent active and repressive histone modifications (Figure 4, Table 1). One
pair had all three histone modifications (Table 1). To examine the simultaneous occu-
pancy of active (H3K4me3) and repressive (H3K27me3) histone modifications, sequential
ChIP-qPCR in 14-day leaves in RJKB-T24 was performed in two mRNA and NAT pairs
(Bra016382/MSTRG.19710 and Bra033549/MSTRG.1355) that have both H3K4me3 and
H3K27me3 marks [26,39]. The genomic region encoding Bra016382/MSTRG.19710 and
Bra033549/MSTRG.1355 showed enrichment for the second modification, similar to Br-
WRKY48 which has been shown to have bivalent active and repressive histone modifications
by sequential ChIP-qPCR (Figure 4) [26].

Table 1. Histone modification states in the selected 12 mRNA and their paired NATs.

mRNA and NAT Pair H3K4me3 H3K36me3 H3K27me3

Bra009234
YES YES NOMSTRG.25721

Bra025668
YES YES NOMSTRG.13790
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Table 1. Cont.

mRNA and NAT Pair H3K4me3 H3K36me3 H3K27me3

Bra029414
NO NO NOMSTRG.4734

Bra033549
YES NO YESMSTRG.1355

Bra034404
YES YES NOMSTRG.11674

Bra035320
NO NO NOMSTRG.26084

Bra039006
NO NO NOMSTRG.15696

Bra028523
YES YES NOMSTRG.16709

Bra029946
YES YES YESMSTRG.1546

Bra020438
NO NO YESMSTRG.3318

Bra003511
YES NO NOMSTRG.17011

Bra016382
YES NO YESMSTRG.19710

YES and NO represent the presence and absence of histone marks, respectively.

3.3. Relationship between mRNA and Their Paired NAT Transcription Following F. oxysporum
f. sp. conglutinans (Foc) Inoculation

We selected six of the twelve mRNA and NAT pairs (Bra025668/MSTRG.13790,
Bra028523/MSTRG.16709, Bra033549/MSTRG.1355, Bra035320/MSTRG.26084, Bra029414/
MSTRG.4734, and Bra009234/MSTRG.25721) and performed qPCR following Foc inocu-
lation at 24 and 72 HAI in RJKB-T23 and RJKB-T24 (Figure 5, Table S2). All six mRNAs
showed upregulation following Foc inoculation at 24 and 72 HAI in both RJKB-T23 and
RJKB-T24 (Figure 5, Table S2). In NATs, out of a total of 24 comparisons, 16 comparisons
showed upregulation following Foc inoculation (Figure 5, Table S2). In MSTRG.1355, the
expression levels increased following Foc inoculation at 24 and 72 HAI both in RJKB-T23
and RJKB-T24 (Figure 5, Table S2). Following Foc inoculation, expression was increased in
three of the four comparisons in MSTRG.13790, MSTRG.16709, and MSTRG.25721 (Figure 5,
Table S2). In MSTRG.4734, the expression levels following Foc inoculation at 24 and 72 HAI
were increased in RJKB-T23, while the expression level at 72 HAI was decreased in RJKB-
T24 (Figure 5, Table S2). In MSTRG.26084, the expression level increased following Foc
inoculation only at 72 HAI in RJKB-T24 (Figure 5, Table S2).

The correlation coefficient between the ratios of the expression change of non-inoculated
(NI) and inoculated samples (I) (I/NI ratio) in mRNA and NAT pairs was examined to
observe whether the change of NAT expression is associated with the change of expression
level of the mRNAs covering NATs. In total, there was a positive correlation in the I/NI
ratio between mRNA and paired NATs (r = 0.69, p < 0.001) (Figure 6, Table S3). In each
combination of mRNA and NAT pair, Bra033549/MSTRG.1355 (r = 0.94, p > 0.05) and
Bra029414/MSTRG.4734 (r = 0.73, p > 0.05), there was a high positive correlation in the
I/NI ratio, but not significant (Table S3). When examined in each condition, 72 HAI in
RJKB-T23 (r = 0.87, p < 0.05) and RJKB-T24 (r = 0.99, p < 0.001) showed a positive correlation
in the I/NI ratio (Table S3).

3.4. Transcriptional Conservation of NATs among B. rapa Varieties

As there is low sequence conservation of lncRNAs between closely related species,
SNP number per length in each lncRNA (mutation rate) was examined in RJKB-T23 and
RJKB-T24 using previously generated SNP data [47]. Contrary to our expectation, the
average mutation rate of the lincRNA and incRNA encoding regions of RJKB-T23 was
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lower than that of the genic region, and the average mutation rate of the NAT encoding
region was similar to that of the genic region in RJKB-T23 (Figure 7). In RJKB-T24, there
was no difference in the average of mutation rate of the region encoding lincRNA, incRNA,
or NAT compared with that of the genic region (Figure 7).

Figure 6. Scatter plot representing the ratio of the expression levels of mRNAs and their paired NATs
following F. oxysporum f. sp. conglutinans (Foc) inoculation (I) compared with non-inoculated (NI).

Figure 7. The average number of SNPs per length (base pair) in region coding lncRNAs of RJKB-T23
and RJKB-T24. The values with the same letter are not significantly different with p < 0.001 by Tukey’s
HSD test. Values are means ± standard error (s.e.) of SNP number per base pair.

Next, to examine the transcriptional conservation of NATs, we tested whether six
NATs were expressed in 14-day leaves of sixteen B. rapa lines comprising four varieties. All
six NATs were expressed in all sixteen lines of B. rapa, though there was a small variation
of expression levels among lines (Figure 8).

Figure 8. Cont.
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Figure 8. RT-PCR of NATs in sixteen B. rapa lines. The number in parentheses (30, 35, or 40)
represents the number of PCR cycles. The number represents each line as follows: For Chinese
cabbage lines (var. pekinensis), 1 = RJKB-T39, 2 = RJKB-T41, 3 = RJKB-T42, 4 = RJKB-T43. For
komatsuna lines (var. perviridis), 5 = ‘Inasena’, 6 = ‘Nacchan’, 7 = ‘Nanane’, 8 = ‘Wakami’. For pak
choi lines (var. chinensis), 9 = ‘Kunyan’, 10 = ‘Natsu-Mikado’, 11 = ‘Niihao-syan’, 12 = ‘Raiko’. For
turnip lines (var. rapa), 13 = ‘Mifune’, 14 = ‘Nitou’, 15 = ‘Shiro-Warabe’, 16 = ‘Yukibotan’.

4. Discussion

LncRNAs are not just transcriptional noise, and thousands of lncRNAs have been
identified in plants [27,30,32,34,48,49]. In general, expression levels of lncRNAs are lower
than those of mRNAs and are more tissue specific [34,50–54], suggesting a difference in
transcription regulation between mRNAs and lncRNAs. However, our knowledge of the
mechanisms of the regulation of lncRNA expression is limited. Histone modification plays
a role in the regulation of mRNA expression [18,19], but it remains uncertain whether
the role of histone modifications in the expression of lncRNAs is the same as that of
mRNAs. Previously, we have examined H3K27me3 distribution in the genomic regions
encoding lncRNAs in B. rapa [41], and unlike mRNAs, there was no negative association
between the presence of H3K27me3 marks and lncRNA expression levels [39,41]. incRNAs
with encoding regions having H3K27me3 marks showed higher expression levels than
those without H3K27me3 marks; this trend is the opposite of mRNA [41]. There was
a lower proportion having H3K27me3 marks in the region encoding lncRNAs than that
in mRNAs [41]. In this study, we identified lncRNAs with active histone modification
(H3K4me3- and H3K36me3-marks) in their encoding regions and examined the relationship
of histone marks to expression level. The genomic regions encoding lincRNAs and incRNAs
had H3K4me3 or H3K36me3 marks in a similar proportion as mRNAs, whereas regions
encoding for NATs were highly enriched. Like genic regions, both active histone marks
were highly enriched around the transcription start site of lincRNAs, incRNAs, and NATs.
In lincRNAs, the enrichment of active histone marks either H3K4me3 or H3K36me3 in their
encoding regions resulted in a higher expression level like in mRNAs, while this association
was not found in incRNAs or NATs. In A. thaliana, H3K4me3 and H3K36me3 marks
were positively correlated with the expression levels of lncRNAs, while H3K9me2 and
H3K27me3 marks were less correlated [40]. These results suggest that in B. rapa, lncRNAs
do not follow the same rules as mRNAs with regard to histone modification states.
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Transcriptional coordination of mRNAs and their paired NATs has been identified in
plants [53–56], and our previous study showed co-upregulation of some mRNA and their
paired NATs following four weeks of cold treatment [43]. In particular, BrHSFB2a and its
paired NAT showed similar expression patterns following two, four, and six weeks of cold
treatment and six weeks of cold treatment followed by seven days under normal growth
conditions [43]. In A. thaliana, both HSFB2a and its paired NAT, asHSFB2a, were induced by
heat stress [57]. These examples suggest that the co-expression of mRNA-NAT pairs plays
a role in abiotic stress. Co-expression of mRNA-NAT pairs has also been identified in biotic
stress [42,58]. In A. thaliana, 15 NATs were detected that were responsive to F. oxysporum
infection, and one pair showed a co-regulation pattern following F. oxysporum infection [42].
In this study, we examined the association of transcriptional changes between six mRNAs
and their paired NATs following Foc inoculation at 24 and 72 HAI in Fusarium yellows
resistant and susceptible lines. A strong association between mRNA and their paired NATs
was found, especially in Bra033549-MSTRG.1355 and Bra029414-MSTRG.4734. Bra033549
encodes a putative beta-1,3-endoglucanase, which is known to be involved in defense by
hydrolyzing the cell walls of fungal pathogens, and the Bra033549-MSTRG.1355 pair was
upregulated following Foc inoculation in both resistant and susceptible lines, suggesting
that upregulation of this gene may be a basic defense response and may not be specific to
Fusarium yellows resistance. The Bra033549-MSTRG.1355 pair had the bivalent active and
repressive (H3K4me3- and H3K27me3-marks) histone marks, suggesting a role in rapid
response of transcription to pathogen infection. In contrast, the Bra029414-MSTRG.4734
pair was clearly upregulated following Foc inoculation in the resistant line. The A. thaliana
ortholog of Bra029414 belongs to the superfamily of 2-oxoglutarate Fe (II)-dependent
dioxygenases that is upregulated by pathogen infection or SA treatment [59] and encodes
a salicylic acid 5-hydroxylase that fine-tunes SA homeostasis [60]. In B. rapa, Bra029414 was
upregulated by salicylic acid treatment and was more induced in the Fusarium yellows
resistant line than in the susceptible line [10]. As previous studies have suggested that
systemic acquired resistance (SAR) may be important for Fusarium yellows resistance in
B. rapa [9,10], Bra029414 is an important gene for Fusarium yellows resistance and may
be involved in SA homeostasis following Foc infection in resistant lines. In A. thaliana,
knocking down expression of a NAT resulted in a decreased expression level of its paired
mRNA [55], suggesting that this NAT regulates the expression of its paired mRNA. In
tomato, overexpression of a NAT induced its paired mRNA and enhanced resistance
to Phytophthora infestans infection [58]. The effect of knockdown or overexpression of
MSTRG.4734 on the expression of Bra029414 should be examined, but MSTRG.4734 may be
involved in Fusarium yellows resistance through co-expression with Bra029414.

We showed that the association between histone modifications and lncRNA expression
can be different from that of mRNA. We also showed that the expression patterns of
mRNAs and their paired NATs were similar following Foc inoculation, suggesting that
the transcriptional responses are interdependent. Although sequences of lncRNAs are
poorly conserved between species [41], the sequences of lncRNAs were conserved within
B. rapa. Thus, transcriptional coordination of mRNAs and their paired NATs following Foc
inoculation may be widely found in B. rapa. The role of transcriptional coordination of
mRNAs and their paired NATs will be clarified by increasing the number of lines and by
studying the expression of mRNA-NAT pairs under different stress conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/horticulturae8010017/s1. Figure S1: Proportion of each type of lncRNA and mRNA with (+)
or without (−) H3K4me3 (A) and H3K36me3 (B) marks on the coding region in RJKB-T24. K4 and
K36 represent H3K4me3 and H3K36me3, respectively; Figure S2: Structure of genes and their paired
NATs. Black and gray boxes represent the exon regions of the genes and NATs, respectively. Arrows
represent the direction of transcription; Table S1: Sequence of primers used in this study; Table S2:
Expression levels of six mRNAs and their paired NATs; Table S3: Correlation coefficient of expression
levels between mRNAs and their paired NATs.
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