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Copper stress induces the differential expression of microRNAs
in non-heading Chinese cabbage
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Abstract

To gain a deep understanding of the regulatory mechanism of Cu-responsive microRNAs (miRNAs) in non-heading
Chinese cabbage (Brassica campestris ssp. chinensis Makino), the transcription of 10 annotated stress-inducible
miRNAs and their target genes were investigated in two cultivars Suzhouqing and Wutacai exposed to excess of copper.
Results show that these miRNAs were negatively correlated with their target genes under the Cu stress and showed
different transcriptions in different tissues and cultivars. The transcriptions of bra-miR1530a and bra-miR1533v were
highest in petioles and lowest in roots. Bra-miR1533ah, bra-miR1533m, bra-miR1533t, bra-miR414a, and bra-miR398b
had the highest and lowest transcriptions in leaves and roots, respectively. In contrast, the transcription of bra-miR172f
was highest in roots and lowest in leaves. Bra-miR1533aj and bra-miR1533d had similar transcriptions in petioles and
leaves. The promoter analysis further revealed that seven miRNAs contained the Cu-response element (CuRE). In
addition, miRNAs with more CuREs in the 5’-flanking sequences showed a lower expression following the Cu

treatment. It imply that CuREs likely played a role in increasing the response to Cu in non-heading Chinese cabbage.
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Introduction

MicroRNAs are non-coding RNAs that are approximately
19 - 25 nt in length (Yin et al. 2012). They are well
known to negatively regulate the post-transcription of
genes via an interaction with 3' untranslated regions or
coding regions of their targets (Bartel et al. 2004).
According to miRBase (http://www.mirbase.org/, V 20,
June 2013), thousands of miRNAs have been isolated
from plants, animals, and viruses (Kozomara and
Griffiths-Jones 2014). These miRNAs are crucial for
plant development (Guo ef al. 2005, Lauter et al. 2005,
Millar and Gubler 2005, Chuck et al. 2007, Alonso-Peral
et al. 2010, De Lima et al. 2012). In addition, miRNAs
have also important functions in the regulation of stress
response in plants (Zhou et al. 2007, 2008, 2010, Sunkar
et al. 2008, Zeng et al. 2010, Waters ef al. 2012).

Copper is a micronutrient essential for plant growth,
nevertheless, it can be highly toxic at supra-optimal

amounts not only to plants but also to animals and
humans (Ku et al. 2012, Min et al. 2013, Song et al.
2013b). It has been previously reported that plants
develop an important regulatory network to adapt to the
frequently changing availability of Cu (Lu et al. 2011).
Due to wastewater irrigation, over-use of fungicides and
pesticides containing Cu, and unconscionable Cu mining,
Cu stress has become a more serious issue. Thus,
researchers have turned their attention to studying the
mechanism of Cu tolerance in plants. Lu et al. (2011)
demonstrated an important involvement of a set of
miRNAs in this network. To date, studies on miRNAs
transcription in response to Cu stress have mainly
focused on model plants such as Arabidopsis thaliana
(Yamasaki et al. 2007) and Populus tremula (Lu et al.
2011) with very little attention paid to a popular vegetable,
the non-heading Chinese cabbage. Cu-tolerance varies
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widely in different cultivars of this species and a previous
study (Li et al. 2009) has shown a higher Cu-tolerance in
cv. Wutacai than in cv. Suzhouqing.

Recently, Wang et al. (2011) analyzed 168 miRNAs
in non-heading Chinese cabbage using bioinformatics. To
investigate whether miRNA-associated Cu-regulatory
networks exist in non-heading Chinese cabbage cvs.

Materials and methods

Two cultivars (Wutacai and Suzhouqing) of non-heading
Chinese cabbage (Brassica campestris ssp. chinensis
Makino) were grown in a greenhouse in the Nanjing
Agricultural University (32° 02" N, 118° 50" E) in
September 2012. For acclimation, seedlings that had 4 to
5 leaves were cultured in plastic containers (24 seedlings
in each 18 dm’ container) with a half-strength Hoagland’s
nutrient solution (Guo et al. 2003). After 3 d, the plants
were sub-divided and cultured according to one of the
following three treatments: /) control, 2) 100 uM Cu, and
3) 1 mM Cu. Roots, petioles, and leaves of the two
cultivars treated with 100 uM Cu were harvested at 0, 2,
and 4 h, and the leaves of two cultivars were also
harvested after treatment with 100 uM or 1 mM Cu for
3 d. The samples of the untreated controls were harvested
at the corresponding time points. The samples were
imme-diately frozen in liquid nitrogen for storage at
-80 °C until further analyses. Three replicates were
prepared at each variant and time point.

Total RNA was extracted using an RNA kit (Tiangen,
Beijing, China) according to the manufacturer’s
instructions. Reverse transcription (RT) reactions of
miRNA and a target gene were independently analyzed
using a One Step PrimeScript® miRNA cDNA synthesis
agent kit and reverse transcriptase M (7aKaRa, Tokyo,
Japan). All real-time quantitative PCR analyses were
performed using a Q5 multicolor real-time PCR
detection system (Bio-Rad, Hercules, USA) with a SYBR
Premix Ex TagTM II agent kit (TaKaRa). The RT-qPCR
analysis was biologically repeated three times, and each

Results

To investigate whether miRNA-associated Cu-regulatory
networks exist in non-heading Chinese cabbage, the
expressions of 10 miRNAs were investigated in two
cultivars (Fig 1). Cu modified the expressions of these
miRNAs. In Suzhouqing, the amount of transcripts of
bra-miR1530a, bra-miR1533ah, bra-miR1533aj,
bra-miR414a, and bra-miR398b significantly decreased
when treated with 100 uM Cu*’. In addition, 1 mM Cu
further decreased the transcriptions of these five
miRNAs. The transcription of bra-miR1533v was
significantly decreased under 100 uM Cu*', but not under
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Wutacai and Suzhouqing, we selected 10 miRNAs
(Table 1) that are stress-responsive. The target gene of
these 10 miRNAs and the function of these target genes
had been analyzed by Wang et al. (2011). The trans-
criptions of these miRNAs and their target genes were
investigated in different tissues of both the cultivars
exposed to excess of Cu.

sample was repeated as three technical replicates. The
PCR conditions were as follows: 94 °C for 30 s, followed
by 40 cycles of 94 °C for 10 s, 60 °C for 30 s, and 72 °C
for 20 s, and then a melting curve (61 cycles at 65 °C for
10 s) was generated to confirm the specificity of the
amplification. Data were collected at 72 °C in each cycle,
and the expression of the genes (normalized Ct values),
which were calculated using the iQ5 optical system
software v. 2.0, were used to determine the gene
expression variations in the samples analyzed according
to the 2°44°T method (Livak ef al. 2001). miRNA forward
primers and target gene primer sequences are listed in
Table 1 Suppl. Actin (accession No. AF111812) was used
as internal reference gene because the expression of this
gene has been shown to be stable in non-heading Chinese
cabbage (Xiao ef al. 2012).

The 1500 bp upstream promoter regions of ten
miRNAs were analyzed to search for known stress-
responsive cis-elements using the PlantCARE database
(http://bioinformatics.psb.ugent.be/webtools/plantcare/ht
ml/) (Lescot et al. 2002). The position and number of the
GTAC core sequence of CuRE were searched within the
miRNA promoter region (600 bp) of 10 miRNAs,
including bra-miR1530a, bra-miR1533ah, bra-miR1533aj,
bra-miR1533d, bra-miR1533m, bra-miR1533t, bra-
miR1533v, bra-miR172f, bra-miR414a, and bra-miR398b,
from the Brassica database (http://brassicadb.org/brad/).

Our study includes three biological replicates of each
experiment. A variance analysis was performed using the
SAS software (o = 0.05).

I mM Cu. The transcriptions of bra-miR1533m and
bra-miR1533t were not decreased when treated with
100 uM Cu’*’, but were significantly decreased under
the | mM Cu treatment. The expressions of bra-miR1533d
and bra-miR172f remained unchanged. However, in
Wutacai, the transcriptions of bra-miR1533m, bra-
miR1533t, bra-miR1533d, and bra-miR172f were
significantly decreased under both the 100 uM and 1 mM
Cu treatments.

We further analyzed the expressions of 10 miRNA-
targeted genes in leaves of two non-heading Chinese



cabbage cultivars under the Cu stress (Fig 2). The
expressions of these 10 genes were up-regulated as the
Cu*" concentrations increased, and down-regulated as the
available Cu" concentrations decreased in the media. In
addition, except contigd123, the expressions of other nine
target genes in Wutacai were higher compared to those in
Suzhougqing.

0.14

COPPER STRESS INDUCES MICRORNA EXPRESSION

The transcriptions of these miRNAs in different
tissues were examined in Suzhouqing (Fig. 3). Except
bra-miR1530a, the transcriptions of the other nine
miRNAs showed similar expression patterns in which the
highest and lowest expressions were observed in leaves
and roots, respectively. For bra-miR1530a, the highest
expression was observed in petioles.
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Fig. 1. The transcriptions of miRNAs in leaves of Wutacai (W) and Suzhougqing (S) cultivars of non-heading Chinese cabbage. Plants
were treated with 0 (CK), 100 uM, or 1 mM Cu®" for 3 d. The transcriptions were normalized according to those of actin (control).
Error bars represent SE from three independent replicates. Different letters indicate significant differences (P < 0.05) between the

control and Cu-treated plants.
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Discussion

Many studies have indicated that miRNAs are involved in
the stress responses (Lu et al. 2005, 2008, 2011, Sunkar
et al. 2006, 2008). Previous studies have shown that
excess of Cu may induce oxidative stress (Ku ez al. 2012,
Min et al. 2013, Song et al. 2013a). To investigate the
Cu-responsive miRNAs in non-heading Chinese cabbage,
we selected 10 miRNAs that may play important roles in
plant stress responses. The miR398 is conserved in
various plant species (Jones-Rhoades and Bartel 2004, Lu
et al. 2011). Thus, we randomly selected one miR398
(bra-miR398b) for analysis in this study. Lu ef al. (2011)
reported the miR398s cleaves transcripts encoding
cytosolic (AtCSD1) and plastidic (AtCSD2) Cu-Zn
superoxide dismutases and a zinc-binding subunit 5b of
cytochrome c¢ oxidase (AtCOXS5b-1) in Arabidopsis
thaliana and Populus trichocarpa. Thus, zinc finger
family proteins may be involved in the miRNA-
associated Cu-regulatory network. Further, we randomly
selected three miRNAs (bra-miR1530a, bra-miR1533v,
and bra-miR414a), whose target gene is a zinc finger
family protein, to investigate the miRNA-associated Cu-
regulatory network in non-heading Chinese cabbage. AP2
proteins, one of the most important families of
transcriptional regulators, play a crucial role in response
to biotic and abiotic stressors (Song et al. 2013b). The
bra-miR1533 is the largest miRNA family in non-heading
Chinese cabbage. We randomly selected two miRNAs
(bra-miR1533d and bra-miR1533t) in this family and one
in another family (bra-miR172f) in which the target genes
are AP2 proteins. Next, we randomly selected three
miRNAs (bra-miR1533ah, bra-miR1533aj, and bra-
miR1533m) that are involved in plant stress responses in
the bra-miR1533 family.

Examining the 5’'-flanking sequences of these
10 miRNAs show that cis-responsive elements were

present in these miRNAs promoters (Table 2). Each
miRNA had more than one cis-responsive element that is
involved in regulation of stress. These cis-reponsive
elements include ABRE (ABA-responsive element),
MBS (MYB binding site), TCA (salicylic acid-responsive
element), TGA (auxin-responsive element), HSE (heat
shock-responsive element), LTR (low temperature-
responsive element), GC-motif (enhancer-like element
involved in  anoxic-specific  inducibility), ARE
(anaerobic-response element), and GARE (gibberellin-
responsive element). In Arabidopsis, the ABREs in the
gene promoter region respond to many types of biotic
stresses, and the AREs respond to hypoxia, low tempe-
rature, and drought (Dieterich et al. 2005). Our in-silico
analysis revealed that the analyzed miRNAs exhibited on
average seven cis-elements, many of which respond to
different abiotic and biotic stresses including Cu stress
(Ding et al. 2009, Zeng et al. 2010).

Table 1. The position and number of GTAC in the 5-flanking
region (600 bp) of the mature miRNAs.

miRNA name GTAC positon GTAC number
bra-miR1530a -43 1
bra-miR1533ah -46 1
bra-miR1533aj -338 1
bra-miR1533d 0
bra-miR1533m -325 1
bra-miR 1533t -241 1
bra-miR1533v -250/ -331 2
bra-miR172f 0
bra-miR414a 0
bra-miR398b -115/-146/ -410/-540 4

Table 2. Stress-responsive cis-elements in miRNA promoters. The cis-responsive elements were searched using the PlantCARE
(Lescot et al. 2002) database for the promoter regions (1 500 bp) of 10 miRNAs. ABRE - ABA-responsive element, ARE -
anaerobic-responsive element, GARE - gibberellin-responsive element, GC - GC-motif (enhancer-like element involved in anoxic-
specific inducibility), HSE - heat shock element, LTR - element involved in low-temperature response, MBS - MBY binding site,
TCA - salicylic acid-responsive element, TGA - auxin-responsive element.

miRNA name ABRE ARE GARE GC HSE LTR MBS TCA TGA Total
bra-miR1530a 4 1 2 1 1 9
bra-miR1533ah 1 2 3
bra-miR1533aj 1 2 3
bra-miR1533d 3 2 1 6
bra-miR1533m 1 2 1 1 5 1 11
bra-miR 1533t 2 1 1 1 1 6
bra-miR1533v 2 2 5 9
bra-miR172f 1 5 3 1 1 3 2 1 17
bra-miR414a 1 2 2 1 1 7
bra-miR398b 2 1 3 1 1 8
Total 8 21 6 1 6 5 20 6 6 79
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Fig. 2. The transcriptions of target genes in different cultivars of non-heading Chinese cabbage. The targets include bra-miR1530a-
targeted contig4515, bra-miR1533ah-targeted ex135362, bra-miR1533aj-targeted contig4123, bra-miR1533d-targeted ex106730,
bra-miR1533m-targeted ex098234, bra-miR1533t-targeted ex122692, bra-miR1533v-targeted dn191400, bra-miR172f-targeted
contig5676, bra-miR414a-targeted ex098990, and bra-miR398b-targeted contig4350. Plants were treated with 0, 100 uM, or 1 mM
Cu?* for 3 d. The transcriptions were normalized according to those of actin. Values represent means + SE of three replicates.
Different letters indicate significant differences (P < 0.05) between the control and Cu-treated plants.

To resist an environmental stress, a plant may regulate its ~ restriction of corresponding miRNA expression. For
stress-related gene expression via the induction or  example, Pant et al. (2009) performed the RT-qPCR and
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found that a low nitrogen content restricts the expression
of miR169 and miR398. Sunkar et al. (2007)
demonstrated that miRNAs that have an increased
expression under stress may target to some negative
regulatory factor. However, miRNAs with decreasing
expression levels may target to some positive regulatory
factor. In this study, 10 miRNAs were remarkably down-

regulated (Figs. 1 and 3) and the expressions of target
genes of those miRNAs were increased (Fig. 2) when the
Cu concentration increased suggesting that these
miRNAs might respond to positive regulatory factors and
that these target genes might be the positive regulatory
factors that played important roles in the Cu stress. These
results demonstrate that the Cu-associated miRNA
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Fig. 3. The transcriptions of miRNAs in leaves, petioles, and roots of cv. Suzhouqing grown at 100 pM Cu?* for 0, 2, and 4 h. Values
represent means = SE of three replicates. Different letters indicate significant differences (P < 0.05). between the control (0 h) and

Cu-treated plants.
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suppression occurred in non-heading Chinese cabbage
which is consistent with results observed in A. thaliana
and P. trichocarpa (Lu et al. 2011).

The promoters of the conserved Cu-associated
miRNAs carry the Cu response element (CuRE) (Quinn
et al. 1995, 2000, Sunkar et al. 2006, Nagae et al.
2008,Lu ef al. 2011). Nagae et al. (2008) demonstrated
the CuRE contains the GTAC core sequence. This study
found that except for the promoters of bra-miR
1533d, bra-miR 172f, and bra-miR 414a, the other seven
miRNAs exhibited the GTAC core sequence (Table 1)
and those miRNAs were conserved Cu-associated
miRNAs. Lu ef al. (2011) proposed CuRE as negative
cis-responsive element, and miRNAs with more GTAC
core sequences show a lower expression in Cu-treated
than in the untreated P. trichocarpa. The GTAC core
sequence likely plays a role in increasing the response to
Cu. In this study, bra-miR398 which has the most copies
of the GTAC core sequence among the 10 miRNAs
determined, had the most dramatic decrease of
transcription under the Cu stress. These results further
confirmed the previous findings.

Interestingly, the transcriptions of most 10 miRNAs
were higher in Wutacai than in Suzhouqing (Fig. 1).
Although the transcriptions of these miRNAs in Wutacai
demonstrated the same changing trends as in Suzhougqing,
the decrease in the former was obviously larger than in
the latter under the same Cu concentration. Ding et al.
(2009) found that miRNAs show different expression
profiles in the salt-tolerant maize inbred line NC286 and
the salt-sensitive line Huangzao4, and this miRNA
genotype-specific expression model can explain the
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