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Abstract
The productivity of the medicinal plant Rehmannia glutinosa is severely compromised by the so-called replanting disease, the
molecular basis of which remains unclear. Long non-coding RNAs (lncRNAs) are known to regulate various posttranscriptional modifications in a wide range of eukaryotic genes, and the possibility that they represent a target for miRNA
activity has recently been proposed. Here, two poly(A)− RNA libraries were generated, one based on RNA extracted from R.
glutinosa roots harvested from a new planting (R1) and therefore free of replanting disease, and the other from a second crop
(R2) affected by the disease. An in silico analysis of the resulting ~89,000 non-redundant transcripts detected 155 lncRNA
candidates as miRNA targets. Based on the ceRNA hypothesis, a set of potential lncRNA candidate/mRNA modules was
established, involving an interaction with the same miRNAs. Altogether, 32 of these lncRNA candidates differed in abundance
between the R1 and R2 libraries, and a quantitative PCR-based assay verified differential transcription for 28 of them. Here,
12 lncRNAs were validated using RACE PCR. The abundance of the 12 lncRNA/mRNA modules was correlated with the
presence of replanting disease. The indication was that the lncRNA candidates under continuous cultivation pressure, via their
competition for specific mRNAs, could activate the specific stress signaling pathways, repress core mechanisms, and result in
forming the disease in R. glutinosa. Our working hypothesis holds that a number of lncRNA candidates potentially as miRNA
targets contribute either directly or indirectly to the disease phenomenon. © 2018 Friends Science Publishers
Keywords: Poly(A)− RNA; Replanting disease; ceRNA hypothesis; lncRNAs; Expression profile

Introduction
Eukaryotic cells produce a large number of non-coding
RNA molecules (ncRNAs), which include transcribed
microRNAs (miRNAs) and long ncRNAs (lncRNAs) (Wu
et al., 2013; Kwenda et al., 2016). Some of these are known
to have a regulatory role (Kumar, 2014; Joshi et al., 2016).
Especially, long noncoding RNAs (lncRNAs) are being
rigorously studied for their identification and function (Tang
et al., 2016; Song and Zhang, 2017). The length of the
lncRNAs must be longer than 200 nt, equivalent to about
ten folds that of the miRNAs; however, they still lack both a
coding sequence (CDS) and an open reading frame (ORF)
(Ponjavic et al., 2007; Ponting et al., 2009). Some lncRNAs
are polyadenylated (poly(A)+), while others (at least 24%)
are not (Cui et al., 2010; Lee, 2012; Livyatan et al., 2013).
The involvement of lncRNAs in regulating various
biological processes including plant development and stress
responses has been demonstrated in a number of plant
species (Zhu et al., 2014; Liu et al., 2015; Lu et al., 2016).
Moreover, many non-polyadenylated (poly(A)−) lncRNAs
appear to be selectively activated by environmental

conditions, and are typically associated with a higher stress
specificity than the poly(A)+ lncRNAs (Ding et al., 2013; Di
et al., 2014). Recently, the possibility that lncRNAs and
mRNAs interact with the same miRNA has been
demonstrated (Salmena et al., 2011; Fan et al., 2014). The
proposed mechanistic basis of this interaction, so-called
“competing endogenous RNA (ceRNA) hypothesis” is
that they act as competitors for a common miRNA
(Franco-Zorrilla et al., 2007; Rubio-Somoza et al., 2011;
Salmena et al., 2011; Song et al., 2017). The nature of
particular lncRNA/miRNA/mRNA networks has been
used to predict the function of some lncRNAs (Li et al.,
2016; Su et al., 2016).
The tuberous roots of Rehmannia glutinosa
(Orobanchaceae family) are of commercial value as they
harbor a number of medicinally active compounds (Wen et
al., 2002). Attempts to cultivate the species as a crop have
been hindered by the so-called “replanting disease”, a
syndrome in which the plants develop fibrous rather than
tuberous roots; the disease appears when the crop is planted
into soil which has previously supported the same species
(Zhang et al., 2011). Some research effort has been devoted
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to identifying the causative factors for the disease, focusing
on physiological aspects and the potential toxicity of root
exudates (Li et al., 2012; Gu et al., 2013). Although
evidence has recently emerged which suggests that specific
miRNAs may make a contribution (Li et al., 2013), the
molecular basis of the species’ sensitivity to the disease
remains still exploring.
Compared with its stems, leaves and flowers, R.
glutinosa roots are the most sensitive tissue-responsive to
the replanting disease (Zhang and Lin, 2009), and so far, no
poly(A)− lncRNAs as miRNA targets and their potential
roles in the species’ roots under continuous cultivation
pressure are investigated. RNA-seq technology has been
widely used to characterize the effect of external treatments
on the transcriptome (Levin et al., 2010), and RNA-seq
experiments targeting the poly(A)− fraction of both the
Arabidopsis thaliana and rice transcriptome have
succeeded in identifying a number of new classes of
lncRNAs (Liu et al., 2013; Di et al., 2014). Here, the RNAseq platform was used to identify a set of lncRNA
candidates present in R. glutinosa roots. Importantly, to
investigate potential activities of poly(A)− lncRNAs as
miRNA targets involved in replanting disease, some of
these differed in abundance between the roots harvested
from a new planting (R1) and those harvested from a
replanted crop (R2). Some lncRNA candidates as miRNA
targets will be explored in potential molecular regulation
roles of the disease.

The poly(A)+ RNA content of each of the RNA extracts was
eliminated by three treatments with an Oligotex mRNA
Mini Kit (Qiagen, Hilden, Germany), while ribosomal RNA
was removed by processing the sample three times with a
RiboMinus™ Plant Kit (Invitrogen). After the addition of an
adenosine to the 3' ends of the remaining RNA fraction, a
SMART™ cDNA Library Construction Kit (Clontech
Laboratories, Inc., California, USA) was used to convert it
into cDNA. Illumina adaptor oligonucleotides were added
and fragments in the length range 200–500 bp were isolated
from an agarose gel, PCR-amplified and gel-purified. Raw
sequence reads were generated by the HiSeqTM 2000
System (Illumina, Inc., San Diego, California). Adaptor
sequences were trimmed and low-quality sequences
removed. The assembly of the poly(A)- transcriptome was
carried out using the Trinity tool (Grabherr et al., 2011).
Construction of a lncRNA Candidate Library
The assembled poly(A)- lncRNA sequences were aligned
via a BlastN search of the NCBI NR, SwissProt, KEGG and
COG databases, applying a threshold E-value of 10-5
(Tatusov et al., 2000; Ye et al., 2006; Kanehisa et al., 2008).
Sequences lacking any functional annotation were subjected
to ORF prediction using ESTScan software (Iseli et al.,
1999) based on default parameters. A cut-off of 100 amino
acid (aa) residues was applied to distinguish lncRNAs from
protein-encoding transcripts, as suggested elsewhere
(MacIntosh et al., 2001). High coding potential sequences
were removed with the help of the coding potential
calculator (CPC) program (Kong et al., 2007), applying
default parameters. Non-protein coding housekeeping
sequences were identified by reference to the Rfam v12.0
database (rnacentral.org/expert-database/rfam), applying
default parameters (Nawrocki et al., 2015).

Materials and Methods
Plant Culture and RNA Extraction
R. glutinosa plants (cultivar “Wen 85-5”) were obtained
from the Wen Xian Agricultural Institute (Jiaozuo City,
Henan Province, China). Two adjacent field plots were
isolated from one another by a submerged brick partition,
and each was filled with soil taken from a field where R.
glutinosa had not been grown for at least ten years. In the
first season (2015), R. glutinosa was planted in one plot and
maize in the other; the following spring (2016), both plots
were planted to R. glutinosa; the former plot is referred to
hereafter as R2, and the latter as R1. The experimental
pipeline was shown in Fig. 1. Roots were collected at six
time points during 2016, spaced at 20 day intervals
between May 22 and Aug 31; each sample represented a
pool of roots produced by five plants. The samples used as
a source of RNA for the construction and validation of an
RNA library were harvested on July 22. The roots used to
track the temporal variation in the abundance of specific
lncRNA and mRNA molecules were those harvested at the
six time points mentioned above. RNA was extracted from
root material using the TRIzol reagent (Invitrogen
Corporation, Carlsbad, USA). The concentration of RNA in
the extract was estimated spectrophotometrically and its
integrity was verified by electrophoresis through a 1.5%
(w/v) agarose gel.

Identification of lncRNA Candidates or mRNAs as
miRNA Targets
A set of mRNA sequences were collected from the
assemblied 87,665 ploy (A)+ transcripts in our previous
reports (Li et al., 2013) and the ploy (A)- CDS in the present
research. A set of 660 R. glutinosa miRNAs identified
previously (Li et al., 2013) represented a foundation of
lncRNA candidates and mRNAs as miRNA targets. Then
we combined 367,290 from R1 plants with 769,336 from
R2 ones and finally obtained 896,341 unique reads (Li et al.,
2013), which were used to verify the lncRNA and mRNA
fragments cleaved by miRNAs targeted. The CleaveLand
v4.0 program (Addo-Quaye et al., 2009) was used in
conjunction with the degradome data to identify lncRNA
candidates and mRNAs as miRNA targets. At most one
mismatch was allowed between positions 9–12 from the 5′
end of the miRNA sequence, the total number of bulges or
mismatches in the other regions was limited to 4 nt and no
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continuous mismatches were tolerated. To avoid false
candidates, the p-values of the CleaveLand program were
less than 0.05. The abundance of each distinct
lncRNA/mRNA acting as an miRNA target was used to
build a t-plot. Conserved lncRNAs were identified by
searching the NONCODE v4.0 database (noncode.org/),
using default parameters.

final ramping of 60–95°C at 88°C per s to determine the
amplicon’s dissociation behavior. Three technical replicates
were included per sample. Relative transcript abundances
were calculated using the 2-△△CT method (Livak and
Schmittgen, 2001) and the data were normalized on the
basis of the abundance of the reference gene transcript. The
significance differences in relative expression of each
sample were assessed by the LSD-t test method (Fisher,
1925). At last, the differentially abundant lncRNA
candidates were confirmed by qRT-PCR methods.

Prediction of lncRNA Candidate Function
Based on the ceRNA concept (Salmena et al., 2011; Fan et
al., 2014), a set of the lncRNA/mRNA modules targeted by
a given miRNA was established, and the function of the
mRNA involved was taken as being also the function of the
lncRNA. A BlastN search of the NCBI NR database was
used to annotate the mRNAs (Ye et al., 2006). The agriGO
toolkit (bioinfo.cau.edu.cn/agriGO) was employed to
classify mRNA function (Du et al., 2010). The mRNA
pathways were analyzed by searching aganist KEGG
database (http://www.kegg.jp/kegg/tool/map_pathway).

Cloning and Sequence Analysis of the lncRNA Complete
Transcripts
The lncRNA sequences were extended using 5' and 3'RACE PCR. The relevant primers were designed using
Oligo v6.0 software (www.oligo.net) based on the
assembled lncRNA sequences. For 3'-RACE PCR, the
poly(A)- RNAs were first poly(A) tailed using poly(A)
polymerase (Takara Bio Inc., Tokyo, Japan), and then a 0.5
µg aliquot of the added poly(A) RNA and a 0.5 µg aliquot
of poly(A)- RNA were, respectively, transcribed by
SMARTScribeTM reverse transcriptase (Takara Bio Inc.,
Tokyo, Japan) with the 3' or the 5'-RACE CDS Primer A. A
touchdown PCR was implemented to amplify the first
cDNA with each lncRNA fragment-specific primer of 5' or
3'-RACE, using the Universal Primer A Mix supplied by the
kit. Nested PCRs were performed with the gene-specific
primer 5' or 3'-RACE, along with the short Nested Universal
Primer A provided within the kit. PCR products were
purified, cloned and sequenced. The cloned lncRNA
sequences
were
assembled
using
CAP3
(seq.cs.iastate.edu/cap3), and any ORFs harbored within the
derived lncRNAs were predicted using the ORF Finder tool
(www.ncbi.nlm.nih.gov/orffinder).

Screening of Differentially Abundant lncRNAs
Firstly, the abundance of each lncRNA candidate was
calculated from the number of reads per million mapped
reads (RPKM). The frequency of each lncRNA
candidate was first normalized, and was set to 0.01 for
those which were not recovered in the library. Those
lncRNAs which were present at a relative frequency of
<10 in both the R1 and R2 libraries were excluded from
the analysis. The p-value and false discovery rate (FDR)
thresholds were set at 0.001 and 0.001, respectively, and
a |log2(fold-change)| >1 was set as the threshold for
significantly differential expression (Audic and Claverie,
1997; Benjamini et al., 2001).
Secondly, to further screening the differentially
abundant lncRNA candidates, the transcript abundance of
the preliminarily differentially abundant lncRNA candidates
were assessed by Quantitative real time PCR (qRT-PCR)
with three replicates. In briefly, the poly(A)- RNA was first
polyadenylated using poly(A) polymerase (Takara Bio Inc.,
Tokyo, Japan). A 0.5 µg aliquot of the added poly(A) RNA
was transcribed with 5U M-MLV reverse transcriptase in a
20 µL reaction, formulated according to the manufacturer’s
instructions (Takara Bio Inc., Tokyo, Japan). For the
subsequent PCR, primers recognizing the lncRNA
sequences were designed using Beacon Designer v8.0
software (www.premierbiosoft.com/molecular_beacons). A
fragment of the Actin gene (EU526396.1) was used as the
reference sequence. Each 25 µL reaction contained 0.2 μM
of each primer, 12.5 µL SYBR® Premix EX TaqTM and 100
ng cDNA, and was based on the SYBR Green method
(Takara Bio Inc., Tokyo, Japan). Negative control reactions
contained no cDNA. A five folds dilution of the cDNA
template was tested under the same conditions. The PCR
regime comprised an initial denaturing step (95°C/10s),
followed by 40 cycles of 95°C/5s, 60°C/10s, 72°C/15s and a

Expression Patterns Analysis of the lncRNAs and
mRNAs
The abundance of a selection of the lncRNAs and mRNAs
was derived by qRT-PCR (three replicates) in order to
validate the in silico-derived estimates. To assay the
lncRNAs, the poly(A)- RNA was first polyadenylated
(Takara Bio Inc., Tokyo, Japan). A 0.5 µg aliquot of the
added poly(A) RNA and a 0.5 µg aliquot of poly(A)+ RNA
were, respectively, transcribed with 5U M-MLV reverse
transcriptase in a 20 µL reaction, formulated according to
the manufacturer’s instructions (Takara Bio Inc., Tokyo,
Japan). For the subsequent PCR, primers recognizing the
lncRNA and mRNA sequences were designed using Beacon
Designer v8.0 software. QRT-PCR was performed as the
mentioned above.

Results
The R1 and R2 lncRNA Libraries
A total of 42,010,624 raw RNA-Seq reads was derived from
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the R1 root poly(A)- RNA library and 58,688,784 from the
R2 library. Adapter trimming and quality filtering reduced
these numbers to, respectively, 40,936,179 and 57,124,179.
The pooled reads resolved into 88,951 non-redundant
transcripts of length >200 nt (hereafter termed “unigenes”)
(Table 1). Subsequent analysis revealed that 25,944 (CDS)
of the unigene sequences encoded a protein, so these were
discarded. Application of the CPC led to the deletion of a
further 5,738 sequences, along with 24 identified via the
Rfam database as housekeeping npcRNAs. The remaining
56,705 unigenes constituted the final lncRNA candidate
library. The length of about 84% of the unigene sequences
layed in the range 200–500 nt (the characteristic length of
lncRNAs) (Liu et al., 2015). Their length was generally
below than that of the poly(A)- mRNAs as a whole (Table 1).

again, and found that these lncRNA candidates mainly
participated in cellular, metabolic and response to stimulus
processes, and the moleculuar of these lncRNAs were
focused on catalytic activity and binding functions. They
could be mostly involved in the formation of cell parts, cells
and organelles. Based on KEGG analysis, these lncRNA
candidates could be involved in 12 KEGG pathways and
mainly participated in Primary metabolism, Folding, sorting
and degradation, Transcription and Translation pathways
(Fig. 3B).
Differentially Abundant lncRNA Candidates
Evidence for differential abundance of particular lncRNA
candidates in the R1 and R2 roots was sought by comparing
the frequency of the 155 lncRNA candidates identified as
miRNA targets. In all, 32 of the lncRNAs initially showed
evidence of differential abundance (Fig. 4). And then the
differential abundance of 28 (17 more abundant in R2 than
in R1, and 11 less abundant) of these was confirmed using
qRT-PCR (Fig. 4).

Identification and Predicted Function of lncRNA
Candidates as miRNA Targets
The CleaveLand pipeline output suggested that 155 lncRNA
candidates were formed by lncRNA-miRNA duplexes.
When the lncRNA sequences were used to query the
ncRNA database, only three aligned with A. thaliana
lncRNAs, supporting the suggestion that this class of RNA
sequence is less well conserved than other non-coding
RNAs (Liu et al., 2015). This left a total of 152 lncRNA
candidates which appeared to be specific to R. glutinosa.
To predict the function of the 152 specific and three
conserved lncRNA candidates, based on the ceRNA
hypothesis, a set of modules was established involving
mRNAs and lncRNAs interacting with the same miRNAs.
The 25,944 discarded coding poly(A)- mRNAs were
combined with the 87,665 previously assembled poly(A)+
mRNAs, and the degradome data was used to identify
potential lncRNA-miRNA-mRNA duplexes. Thus the final
set of lncRNA candidate/mRNA modules comprised 114
lncRNA candidates and 214 poly(A)+ mRNAs as the same
miRNA targets. In one example, the abundance of
degradome reads and cleavage sites in lncR31 and
unigene9575_All, suggested that the targeting miRNA was
miR171b (Fig. 2).
Assuming that the 114 lncRNA candidates were cotranscribed with the 214 mRNAs, the function of these
lncRNAs could be inferred from the function of the latter.
NR annoation showed that, the set of mRNAs encoded a
range of products, for example, several mRNAs of the
modules encoded chaperone protein dnaJ 8 (dnaJ 8), cation
transport ATPase (CTP), MADS-box transcription factor
MSM1 (MSM1), peroxisomal membrane protein PEX14like (PEX14), a wall-associated receptor kinase-like 14
(WAKL14), etc. (Table 2). After using the agriGO toolkit to
perform GO analysis of mRNAs, we found that these
lncRNA candidates were involved in multiple biological
processes, participated in the formation of many cellular
components, and influenced the activities of molecular
functions (Fig. 3A). We performed enrichment analysis

Characterization of 12 Differentially Abundant lncRNA
Candidate Sequences
12 of the differentially abundant lncRNA candidates
were followed up by obtaining a more complete
sequence, using the RACE PCR approach. Their full
lengths were found to range from 511-3,072 nt (Table
2). According to a BlastN search, none had a match with
any sequence in the NCBI NR database. Each of the
sequences harbored an ORF smaller than 100 aa
residues. They encoded proteins typical for lncRNA
products (Rymarquis et al., 2008). Thus, the 12
sequences were considered as being specific to R.
glutinosa.
Temporal Behavior of the Potential lncRNA/mRNA
Modules
The qRT-PCR approach was used to characterize variation
over time in the abundance of the 12 potential
lncRNA/mRNA modules (Fig. 5). In the R2 roots, the seven
lncRNAs showing enhanced abundance (along with their
competitive mRNAs) were both present in high abundance
in at least three of the sampling times, while most of the five
reduced abundance ones were associated with a low
abundance mRNA. The temporal profiling of the potential
lncRNA/mRNA modules showed that their abundance was
induced by replanting disease during the development of the
R. glutinosa root system. Their abundance was particularly
divergent between R1 and R2 roots during the tuberous
roots’ late expansion phase (July 2 through Aug 12). For
example, the presence of lncR37 was higher in the R2 than
the R1 root, along with that of AP2 TF, at four of the six
sampling times; that of both lncR149 and RNase H2 was
lower at five of the six sample times.
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Table 1: Length distribution of the poly(A)- transcripts in R. glutinosa roots
Size (bp)
200-300
300-400
400-500
500-600
600-700
700-800
800-900
900-1000
1000-1500
1500-2000
2000-2500
2500-3000
>3000
Total

Unigenes (percentage)
35,595 (40.02 )
14,241 (16.01 )
8,486 (9.54)
5,590 (6.28 )
3,941 (4.43)
3,040 (3.42)
2,450 (2.75 )
1,883 (2.12)
6,578 (7.40)
3,518 (3.95 )
1,770 (1.99 )
907 (1.02)
952 (1.07)
88,951 (100.00)

CDS (percentage)
271 (1.04)
3,173 (12.23)
2,453 (9.45)
2,005 (7.73)
1,728 (6.66)
1,631 (6.29)
1,516 (5.84)
1,282 (4.94)
5,278 (20.34)
3,189 (12.29)
1,654 (6.38)
860 (3.31)
904 (3.48)
25,944 (100.00)

lncRNA candidates (percentage)
31,911 (56.28)
10,177 (17.95 )
5,518 (9.73 )
3,192 (5.63 )
1,930 (3.40)
1,210 (2.13)
805 (1.42 )
509 (0.90 )
1,049 (1.85 )
267 (0.47 )
61 (0.11 )
34 (0.06)
42 (0.07)
56,705 (100.00)

Potential coding sequences and npcRNAs (percentage)
3,413 (54.16)
891 (14.14)
515 (8.17)
393 (6.24)
283 (4.49)
199 (3.16)
129 (2.05)
92 (1.46)
251 (3.98)
62 (0.98)
55 (0.87)
13 (0.21)
6 (0.10)
6,302 (100.00)

Table 2: The 12 validated lncRNA sequence characteristics and their competitive mRNA annoation
lncRNA (ID)
lncR17
lncR25
lncR37
lncR75

Assembled length (nt)
569
239
525
348

Complete length (nt)
2010
491
798
621

ORF maximal length (nt)
225
254
225
240

ORF amount
14
3
4
5

lncR90
lncR91
lncR94
lncR103
lncR111
lncR118
lncR122
lncR149

828
904
879
1491
1311
1132
1099
619

1425
1636
1456
3068
2493
2257
1720
1561

138
198
237
198
267
231
204
177

6
9
10
9
17
18
16
13

Competetive mRNA annoation, abbreviation
transcript variant 1, TV1
MADS-box transcription factor MSM1, MSM1
AP2 transcription factor, AP2
Translocon at the outer membrane of chloroplasts
64, TOC64
cation transport ATPase, CTP
chaperone protein dnaJ 8, dnaJ 8
anaphase-promoting complex subunit 11, APC11
wall-associated receptor kinase-like 14, WAKL14
Pleiotropic drug resistance protein 2, PDR2
peroxisomal membrane protein PEX14-like, PEX14
transcript variant 2, TV2
putative ribonuclease H2, RNase H2

Fig. 1: Overview of the experimental methodology
species (Di et al., 2014; Liu et al., 2015). The R.
glutinosa poly(A)+ transcriptome has already been
assembled (Li et al., 2013; Yang et al., 2014, 2015), but
its poly(A)- transcriptome has only now been acquired in
the course of the present study.

Discussion
Current high capacity sequencing platforms have
facilitated the acquisition of a number of both poly(A) +
and poly(A)- transcriptomes from a range of plant
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Fig. 2: The targeting of miR171b to lncR37 and Unigene9597_All, as suggested by the degradome. (A) Target plots (tplots) of validated miR171b targets. The distribution of degradome reads between lncR31 and Unigene9597_All. Peaks at
validated cleavage sites of the corresponding miRNAs are shown as red dots. (B) Alignment of the miRNA/lncRNA and
miRNA/mRNA duplexes

Fig. 3: GO and KEGG annoation of potential lncRNA candidate/mRNA modules. (A) GO category and enrichment: “*”
represents significant categories; (B) KEGG category
Poly(A)- transcriptomes have been shown to be dominated
by lncRNA candidates in certain species (Djebali et al.,
2012), and this was also the case for R. glutinosa, where
about 64% of the library was represented by this class of
molecule. This facilitates the further lncRNA discovery
research in R. glutinosa. In addition, we have also gained a
set of poly(A)- mRNA transcripts, filling in R. glutinosa
mRNA transcriptome contents.

Although the genome sequence of R. glutinosa has
not been acquired, combining its poly(A) - transcriptome
with previously documented miRNA and degradome
data allowed for the identification of a set of 155
lncRNA candidates as miRNA targets. The implication
is that, along with mRNAs, lncRNA candidates too
potentially act as miRNA targets, and as a result contribute
to post-transcriptional modifications in R. glutinosa.
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Fig. 4: Differential abundance of selected lncRNAs in the roots of R1 and R2 plants. Relative abundances were inferred
from (A) qRT-PCR data, (B) RNA-Seq data. Error bars represented standard error (SE). “*” and “**” represent significant
differences of tested indexes between R2 and R2 roots at p-value <0.05 and p-value < 0.01, respectively

Fig. 5: Temporal behavior of 12 selected potential lncRNA/mRNA modules in R1 and R2 roots. Error bars represent
standard error (SE); “*” and “**” represent significant differences of tested indexes between R2 and R2 roots at p-value
<0.05 and p-value < 0.01, respectively
The ceRNA hypothesis proposes that lncRNAs compete
with mRNAs as targets for miRNA activity (Salmena et al.,
2011; Fan et al., 2014). Here, it was possible to establish
some interactive modules involving some miRNAs which
simultaneously target one (or more) members of the set of
lncRNA candidates and one (or more) members of the set of
mRNAs. At the same time, it was found that the poly(A)mRNAs were not directly cleavable by miRNAs, which
implied that none of the lncRNAs acted as a ceRNA for the
poly(A)- mRNAs in R. glutinosa roots. Based on the ceRNA
concept, the predictive functional analysis of the lncRNA
candidates revealed that some could be involved in the
response to stress biological processes and several key
metabolism pathways. Plant lncRNAs have been shown to
be a component of stress-responsive signaling (Fan et al.,
2014; Di et al., 2014). If, as has been suggested, miRNAdirected mRNA degradation is a component of the R.
glutinosa response to replanting disease (Li et al., 2013),
then the likelihood is that lncRNA candidates associated

with some of the critical mRNAs may also be involved in,
and perhaps even be causative of, the disease response.
A number of the lncRNA candidate/mRNA modules
proved to be either more or less abundant in R2 (affected by
replanting disease) than in R1 (unaffected) roots. Eight
modules fitted the former category and four the latter. In the
first category, two mRNAs – one (MSM1) encoding a
MADS-box transcription factor (TF) and the other a
member of the AP2 TF family – were identified. TFs are
known to be the master regulators of gene expression in
response to environmental stresses (Alter et al., 2016; Dossa
et al., 2016). Both lncR24 and lncR37, the alternative
targets for the critical miRNAs, were particularly abundant,
thereby favoring the transcription and expression of both TF
genes. The two TFs could be involved in lncRNA-miRNAmRNA post-transcriptional networks, which formed part of
the regulatory machinery underpinning the development of
replanting disease. The next module involved lncR103
and the mRNA encoding WAKL14, an enzyme-linked
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receptor responding to extracellular signals originating
from the binding of respective ligands or growth factors
(Meier et al., 2010). A working hypothesis to describe the
regulation of replanting disease holds that the exudation (socalled allelochemicals) of autotoxins from the root system is
inductive (Zhang and Lin, 2009). In the replanted R.
glutinosa root, these allelochemicals could act as the stress
signals to induce the transcription of both lncR103 and
WAKL14, the protein of WAKL14 would transduct the
signals to the root intracellular and be involved in the stress
signal pathways. A third lncRNA/mRNA module
implicated in the disease response included lncR32 with its
competing mRNA, which encodes a translocon formed at
the outer membrane of the chloroplasts (TOC64), the
product of this gene, may act as a docking protein for
cytosolic cofactors required for the import of protein into
the chloroplast (Sohrt and Soll, 2000). Overexpression of
the lncR75/TOC64 module could reshape the replanted R.
glutinosa root cell protein components. A further module
involved lncR118/PEX14. PEX14 is the only component of
the peroxisomal translocon required for pexophagy
(Zutphen et al., 2008; Galiani et al., 2016). Under stressful
growing conditions, the up-regulation of PEX14 in plants
may increase the volume of the peroxisome, suggesting a
possible mechanism for the plant to deal with enhanced
oxidative stress (León, 2008; Cross et al., 2016). An
increase in the abundance of PEX14 may result in a rise in
the peroxisome level, implying a means for R. glutinosa
responding to replanting disease stress. Of the other
lncRNA candidates, which were more abundant in R2 roots,
one interacted with the product of a homolog of PDR2
(encoding the pleiotropic drug resistance protein 2), and two
with the transcript variants TV1 and TV2, which are known
to be involved in the plant response to various stresses
(Stukkens et al., 2005; Dubrovina et al., 2013).
Among the group of four modules present in reduced
amount in the R2 roots, one involved lncR149, which
competes with RNase H2 mRNA. This gene makes an
important contribution to suppressing genome instability in
A. thaliana, since its absence triggers an increase in the
incidence of homologous recombination (Kalhorzadeh et
al., 2014). Thus its absence in the R2 roots could have an
impact on genome stability, with far-reaching consequences
for gene expression. A second module involved lncR90 and
CTP mRNA, which encodes a cation transport ATPase, a
key enzyme determining the uptake of nutrients from the
soil (Mills et al., 2012). The reduction in lncR90 abundance
would have been associated with a fall in the abundance of
CTP, which would be predicted to compromise the supply
of nutrients. The other two lncRNAs implicated competed
with mRNAs encoding the chaperone protein dnaJ8 and an
anaphase-promoting complex subunit 11 (APC11). Both of
these gene products are involved in crucial roles of protein
synthesis (Zhu et al., 2015; Guo et al., 2016), so that a
reduction in the modules’ abundance would likely also
inhibit inhibit much of the plant's core metabolism.

Conclusion
The interaction between lncRNA candidates and mRNAs
ensures that the abundance of certain lncRNAs in the R.
glutinosa root potentially correlates with the expression of
replanting disease. The indication was that the lncRNA
candidates under continuous cultivation pressure, via their
competition for specific mRNAs, could activate the specific
stress signaling pathways, repress core mechanisms, and
result in forming the disease in R. glutinosa. Our working
hypothesis holds that a number of lncRNA candidates
potentially as miRNA targets contribute either directly or
indirectly to the disease phenomenon. Uncovering the
mechanistic basis of this contribution still requires further
experimentation to validate the molecular functions of the
lncRNAs in response to replanting disease.
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