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Abstract
The damage induced by the uptake of cadmium (Cd) into the rice plant is of growing concern. Although many micro-RNAs 
(miRNAs) and their target genes have been identified in experiments designed to elucidate the molecular impact of expo-
sure to Cd, as yet there has been no attempt to integrate data from sequencing the microRNAome, the degradome and the 
transcriptome of rice plants exposed to Cd. Here, the abundance of 40 miRNAs was shown to be substantially altered as 
response to Cd exposure. Of those, 38 (belonging to 22 known miRNA families) were already documented in rice and two 
(PC-3p-38247_129 and PC-3p-102187_26) are novel. The abundance of 18 genes differentially transcribed as a result of Cd 
exposure was found to be inversely correlated to that of 18 of the Cd-responsive miRNAs. The majority of the target genes 
encoded transcription factors, including ARF13, SCL6, various SPLs, NFYA6, GAMYB, and various NACs which encode 
proteins that participate in signal transduction and abiotic stress resistance. In all, the present study established a fundamental 
basis for evaluating the regulatory role of miRNA and their targets in plant exposure to Cd stress.
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Introduction

Contamination of soils by cadmium (Cd) as a result of indus-
trial activity is a growing problem (Gallego et al. 2012; Du 
et al. 2013). The rice plant readily takes up the Cd2+ ion 
from the soil (Das et al. 1997; Hernandez et al. 1996) and 

translocates much of it into the grain.As a result, the con-
sumption of rice, a staple across large parts of the world 
(Kosolsaksakul et al. 2014; Meharg et al. 2013), represents 
a major source of Cd in the human diet (Yu et al. 2006; 
Uraguchi et al. 2009). Therefore, reducing Cd accumula-
tion in crops has become an important task. Although the 
mechanisms whereby Cd is up-taken, translocated and dis-
tributed by rice plants are well understood, little study has 
been performed to understand regulatory networks and tar-
gets involved in response to Cd in plants.

Micro-RNAs (miRNAs), a class of endogenous and non-
coding small RNA with the length of 20–24 nt, are known to 
be involved in regulating the expression of a wide range of 
genes, a process achieved by their binding to a target mRNA, 
resulting in either the mRNA’s degradation or blocking of 
its translation (Bartel 2004; Carrington and Ambros 2003). 
It is well known that miRNA take an important role in 
regulation of plant growth, development, and adaptation 
to various adverse environment including Cd stress (Chuck 
et al. 2009; Jones-Rhoades et al. 2006; Reinhart et al. 2002; 
Zhang et al. 2013; Ding et al. 2013; Zhou et al. 2007). In 
rice, miR390, miR167, miR164, miR160, miR156, miR268 
and miRNA166 were responsive to Cd stress in rice based 
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on microarray analysis (Ding et al. 2011, 2018) and high-
throughput sequencing (Yu et al. 2019; Kang et al. 2017; 
Wang et al. 2019; Ding et al. 2017). The Arabidopsis thali-
ana plant responds to an excessive presence of Cd by alter-
ing the abundance of 13 miRNAs (Gielen et al. 2016), while 
a comparison drawn between two cultivars of Brassica para-
chinensis (one of which accumulates Cd inefficiently and 
the other efficiently) detailed 166 miRNAs as being pre-
sent in significantly different abundance (Zhou et al. 2017). 
Understanding the biological significance of an individual 
miRNA requires the recognition of its target gene(s). Degra-
dome sequencing is a high-throughput approach to validate 
target transcripts spliced by miRNA (Addo-Quaye et al. 
2008). The degradome sequencing has been applied with 
some success in rice (Li et al. 2010), A. thaliana (Addo-
Quaye et al. 2008) and canola (B. napus) (Xu et al. 2012). 
miRNA164 targeted-transcript factor NAC was responsive to 
Cd stress in Solanum torvum (Kang et al. 2017) and maize 
(Wang et al. 2019) based on high-throughput degradome 
sequencing. The expression level of copper/zinc superoxide 
dismutase (CSD) was down-regulated by miR398 under Cd 
stress in wheat (Qiu et al. 2016) and Medicago truncatula 
(Zhou et al. 2008).

Experiments have shown that the transcriptomic response 
of the rice plant to exposure to Cd involves over 2500 genes 
encoding, among others, glutathione s-transferases, sulfate-
assimilation pathway enzymes, heat-shock proteins, tran-
scription factors, and sulfate transporters (Tang et al. 2014). 
Comparative analysis of root transcriptome profiles between 
low-Cd-accumulating cultivar and high-Cd-accumulating 
cultivar of Brassica parachinensis revealed that the path-
ways involved in photosynthesis and cell growth were acti-
vated to mitigate Cd-induced damages (Zhou et al. 2019). 
Among 24,414 differentially expressed genes (DEGs), most 
of genes encoding important transcription factors such as 
auxin/indole-3-acetic acid (AUX/IAA), basic helix-loop-
helix (bHLH) and MYBs, other involved in plant hormone 
signal transduction, and oxidative phosphorylation, were 
substantially upregulated under Cd stress in wild paper mul-
berry (Xu et al. 2019). According to the combined analysis 
based on the sequencing of microRNAome, the degradome 
and the transcriptome in the two Cd hyper-accumulating 
species of Sedum alfredii, 754 target genes of 194 miRNAs 
were identified to respond to Cd stress, such as ARF4 (auxin 
response factor 4), AAP3 (amino acid permease 3) and genes 
associated with auxin, redox-related secondary metabolism 
and metal transport pathways (Han et al. 2016). 18 and 71 
targets for 28 novel and 109 known miRNAs, respectively 
were found to respond to Cd stress in radish (Raphanus sati-
vus) based on a combined analysis of transcriptome, miR-
NAome and degradome (Xu et al. 2013). This approach 
has yet to be applied to rice. The objective of the present 
study was to characterize the miRNA-mediated regulation 

of the response of rice seedlings to Cd exposure, using 
such combined approach. The aim was to identify which 
genes were the targets of differentially abundant miRNAs, 
whereby gaining further insight on the molecular basis of 
Cd response.

Materials and methods

Plant materials and Cd exposure

The rice cultivar used in the experiments was ‘Zhong 
Jiazao-17’ from China National Rice Research Institute 
(CNRRI), an indica type cultivar known to accumulate 
rather low levels of Cd in its grain. Grains were surface-
sterilized by immersion in 5% sodium hypochlorite for 
5 min, rinsed three times in sterile distilled water, imbibed 
for 24 h, then held at 30 °C for 24 h. Germinating seedlings 
were transplanted to a hydroponics solution composed of 
Hoagland’s solution (pH 5.5), following the suggestion of 
Wang (1996). Once the third leaf had fully expanded, the 
solution was either altered to include 0.1 mM CdCl2·2.5H2O 
(Cd treatment) or was not altered (Control), and the plants 
were left to grow for 12 days. Each treatment was repre-
sented by three replicates, each of which comprised a set of 
24 seedlings of uniform sized. At the end of the treatment 
period, the chlorophyll content of the youngest expanded 
leaf was measured using a SPAD (soil and plant analyzer 
development)-5 chlorophyll meter (Konika Minolta, Tokyo, 
Japan). A portion of the seedlings was snap-frozen in liquid 
nitrogen for the purpose of transcriptomic (including micro-
RNAome and the degradome) analysis, and the remaining 
portion dried at 72 °C for 48 h in order to determine both 
shoot dry weight and Cd content which was determined as 
previously described (Gong et al. 2003).

Construction, sequencing and analysis 
of the transcriptome library

Total RNA was extracted from frozen shoot tissue using the 
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following 
the manufacturer’s protocol. The quantity and integrity of 
the resulting RNA were measured using a Bioanalyzer 2100 
and an RNA 6000 Nano LabChip kit (Agilent, Santa Clara, 
CA, USA): samples were only accepted if the RIN number 
was > 7.0. Poly(A) mRNA was isolated from ~ 10 µg of total 
RNA representing a specific adipose type by the addition of 
magnetic beads coated in poly(T) (Invitrogen). The result-
ing mRNAs were fragmented using divalent cation under 
elevated temperature, then reverse-transcribed into cDNA, 
using the protocol supplied with an mRNA-Seq sample 
preparation kit (Illumina, San Diego, CA, USA). The aver-
age insert size was 300 bp (± 50 bp). Paired-end sequencing 



Plant Growth Regulation	

1 3

was performed on an Hiseq 2500 device (Illumina) following 
the supplier’s protocol. Prior to sequence assembly, all low-
quality reads (those containing adaptor or primer sequence, 
along with those having a quality score < 20) were discarded. 
The edited set of reads was aligned and mapped onto the 
rice reference genome sequence (phytozome.jgi.doe.gov/pz/
portal.html#!info?alias=Org Osativa) using TopHat software 
(Trapnell et al. 2009). Relative abundances of each transcript 
(measured using the FPKM parameter) were derived using 
Cufflinks software (Trapnell et al. 2012). Only transcripts 
having a q value < 0.05 and a status marked as “OK” in the 
Cuff-diff output were classified as differentially expressed 
genes (DEGs).

Small RNA library construction, sequencing 
and analysis

An aliquot of ~ 1 µg of the total RNA was used to prepare 
small RNA library, following the protocol provided with 
a TruSeq Small RNA Sample Prep kit (Illumina). Single-
end sequencing (50 bp) was achieved using an Illumina 
Hiseq 2500 device at LC-BIO (Hangzhou, China) follow-
ing a standard protocol. Raw reads were subjected to the 
Solexa 0.3 pipeline filter (Illumina) and the resulting data-
set subjected to the ACGT101-miR program (LC Sciences, 
Houston, Texas, USA) in order to remove adapter dimers, 
rRNA, tRNAs, snRNAs, snoRNAs and repeats. Unique 
sequences in the length range 21–22 nt were matched with 
precursors listed in miRBase 21.0 (http://www.mirba​se.org/) 
using a BLAST search. Those matching the hairpin region of 
a mature miRNA were considered as “known” miRNAs, and 
the remainder as “novel” miRNAs. The remaining sequences 
were mapped to precursors in miRBase 21.0 using a BLAST 
search and then their genomic location was obtained from 
the reference genome sequence. The differential abundance 
of a miRNA based on its normalized sequencing count was 
validated using the Students’ t test, andthe significance 
threshold was set at 0.05.

Degradome sequencing, target identification 
and functional analysis

An aliquot of ~ 20  µg of total RNA from experimental 
samples was used to prepare a degradome library as fol-
lows: first ~ 150 ng poly(A) RNA was annealed with bioti-
nylated random primers, and the RNAs were captured on 
streptavidin-coated beads. A 5′ adaptor was ligated to only 
those RNAs containing 5′-monophosphate, and the remain-
ing RNA was reverse transcribed and processed by PCR. 
The resulting library was sequenced using the 5′ adapter 
only, resulting in the acquisition of the first 36 nucleotides, 
representing the 5′ end of the original RNA. The sequenc-
ing was performed using an Illumina Hiseq 2500 device 

housed at LC-BIO (Hangzhou, China). The potential target 
genes identified were subjected to an NCBI search using the 
BLASTX algorithm, and thereafter to a gene ontology (GO, 
Harris et al. 2004) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG, Ogata et al. 1999) analysis. The networks 
of microRNA and their targeted genes were visualized using 
Cytoscape v3.0 software (Shannon et al. 2003). The poten-
tially cleaved transcripts were classified into five categories 
based on the signature abundance at each occupied transcript 
position (Yang and Chen 2013).

Validation of differential abundance using 
quantitative real‑time PCR (qRT‑PCR)

A qRT-PCR assay was used to verify the differential abun-
dance of a selection of the DEGs. The template was that 
used to derive the sequencing data. The RNA was reverse-
transcribed to obtain sscDNA using either a First-Strand 
cDNA Synthesis kit (Toyobo, Osaka, Japan) or a miRcut 
Plus miRNA First-Strand cDNA Synthesis kit (Tiangen, 
Beijing, China). The reverse sequences of the specific miR-
NAs were used as the forward primers of the respective 
miRNA. Primers used to amplify DEGs and target genes 
were designed using the Primer5 program (Lalitha 2000). 
The rice ubiquitin (AF184280) and 5SrRNA genes (Lang 
et al. 2011) were used as the reference sequences for measur-
ing the abundance of transcripts and miRNA, respectively. 
All primer sequences are given in Table S1. The qRT-PCRs 
were based on either a SYBR qPCR mix (Toyobo) or a miR-
cute Plus miRNA qPCR Detection kit (Tiangen). Each reac-
tion had three biological and technical replicates.

Results

The phenotypic effect of exposure to Cd stress

Exposure to 0.1 mM Cd2+ suppressed seedling growth: the 
seedlings under Cd stress were significantly shorter in stat-
ure than the seedlings of the control group (Fig. 1a). They 
also accumulated less biomass (Fig. 1b) and their leaves 
contained less chlorophyll (Fig. 1c). As expected, the Cd 
content of the shoot was higher under Cd stress than that in 
shoot tissue of control plants (Fig. 1d).

The transcriptomic response to Cd exposure

A comparison between the transcriptomes of seedlings 
under Cd treatment and control plants revealed a set of 
4223 DEGs, of which 2487 were up-regulated in the 
seedling exposed to Cd (Fig. 2a). A GO analysis showed 
that most of the DEGs encode products involved in heme 
binding, response to stress and oxidoreductase activity 

http://www.mirbase.org/
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(Fig. 2b). A KEGG analysis suggested some enrichment 
for genes encoding proteins participating in photosynthe-
sis-related pathways (such as Metabolism of xenobiot-
ics by cytochrome P450, drug metabolism—cytochrome 
P450) and in protein degradation (naphthalene and anthra-
cene degradation, limonene and pinene degradation, and 
γ—hexachlorocyclohexane degradation) (Fig. 2c).

The set of miRNAs responding to Cd exposure

The total numbers of raw reads recovered from leaf RNA of 
seedlings under Cd treatment and the control were, respec-
tively, 15,561,015 and 18,177,924 (Table S2). Of these, 
2,872,995 and 2,826,563, respectively, were deemed to 
be miRNAs (Table S2). The range in length of the short 

Fig. 1   The morphology and Cd content of hydroponics-grown rice 
seedlings exposed to Cd. a The appearance of seedlings challenged 
for 12  days with 0.1  mM Cd2+, b the effect of Cd exposure on the 
accumulation of biomass: each value represents the mean of five 
seedlings, c the effect of the treatment on the content of chlorophyll 

in the leaf, d the effect on shoot Cd content. All data shown in the 
form mean ± SE. (n = 3). **Seedling performance means of the seed-
lings under Cd treatment and the control differ significantly (P < 0.01) 
from one another. Error bars represent SE

Fig. 2   Differentially transcribed genes (DEGs) and their ontology and pathway enrichment analysis. a The number of genes up- and down-reg-
ulated by exposure to 0.1 mM Cd. b GO enrichment classification of the set of DEGs, c KEGG pathway enrichment analysis of the set of DEGs
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RNAs did not differ significantly between the two libraries 
(Fig. S1). In all, 699 of the presumed miRNAs differed in 
abundance between the seedlings under Cd stress and the 
control group. They have been categorized into four dif-
ferent groups based on their abundance and whether they 
are known or novel miRNAs (Table S3). The known ones, 
which totaled 634, belong to 65 recognized miRNA fami-
lies (Fig. S2). Of these, only those represented by at least 
ten reads in one of the libraries and showing a fold differ-
ence in abundance between the two libraries of at least two 
were analyzed further. Applying these criteria the num-
ber of miRNAs was reduced from 699 to 40. Of these 40, 
38 were known miRNAs (belonging to 22 families); they 
included 29 conserved and nine non-conserved sequences 
(Fig. 3, Tables S4, S5). With the exception of three mem-
bers of the miRNA156 family, members belonging to the 

same family responded similarly to Cd exposure. Thus, 13 
of the miRNAs that belong to nine miRNA families were 
all significantly reduced in abundance by the Cd treatment, 
while 22 miRNAs that belong to 12 miRNA families, along 
with the two novel miRNAs (PC-3p-38247_129 and PC-3p-
102187_26), were all significantly increased in abundance.

Cd responsive genes targeted by miRNAs identified 
by degradome analysis

Degradome sequencing was performed to attempt to identify 
the genes targeted by the differentially abundant miRNAs. 
The five categories (0 through 4) harbored, respectively, 171, 
16, 216, 8 and 346 transcripts (Fig. S3, Table S6). A set 
of 101 differentially abundant transcripts, generated by 61 
genes, was concluded to represent the targets of 23 of the 

Fig. 3   A hierarchical cluster-
ing of differentially abundant 
miRNAs. Differentially abun-
dant miRNAs identified in the 
comparison between Cd-treated 
and CK-treated seedlings. 
Cells colored in red indicate an 
enhanced abundance of the rel-
evant miRNA and those colored 
in green indicate a lower 
abundance. Raw abundances 
were normalized using Z-score 
normalization. The absolute 
signal intensity ranged from − 1 
to + 1.5



	 Plant Growth Regulation

1 3

Cd-responsive miRNAs (Table S7). Of these 61, 15 genes 
were negatively regulated by 10 Cd-responsive miRNAs 
(Table 1).

GO and KEGG analyses of the Cd-responsive genes tar-
geted by miRNAs are shown in Fig. 4. The former analysis 
indicated enrichment for genes involved in transcription fac-
tor activity (GO:0016602, CCAAT-binding factor complex, 
GO:0006355, regulation of transcription, DNA-dependent 
and GO:0003700, sequence-specific DNA binding tran-
scription factor activity) and auxin-mediated signaling 
(GO:0009734) (Fig. 4a). The output of the KEGG analy-
sis implied that most of the target genes encoded products 
involved in nitrogen metabolism (ko00910), ascorbate and 
aldarate metabolism (ko00053), and protein degradation 
(ko04612: antigen processing and presentation, ko03050: 
proteasome and ko03040: spliceosome) (Fig. 4b).

Integrated analysis of the transcriptome, 
the miRNAome and the degradome

An integrated analysis of the transcriptome, the miRNAome 
and the degradome was then performed in an attempt to 
elucidate the regulatory network operating in the plant 
response to Cd exposure. This analysis suggested that 
227 target genes interacted with 250 miRNAs (Fig. S4, 
Table S8). Of this gene set, 18 were down-regulated as a 
result of an interaction with 18 miRNAs (Fig. 5a, Table S9). 
Most of the targets were regulated by just one miRNA, but 
the gene OMTN3 interacted with 13 miRNAs belonging 
to eight miRNA families, indicating that this target gene 
plays a key role in response to cadmium stress in the seed-
ling. And most of miRNAs targeted at least three genes: 
for instance, osa-miRNA156I-5p_R-1 interacted with six 
targets and osa-miRNA164a with four. A qRT-PCR assay 
of 16 of the miRNA-target pairs (Fig. 5b) and of 23 of the 
DEGs encoding products involved in either photosynthesis 
or protein degradation (Fig. S5), indicated that the sequence-
based identification of differential abundance for miRNA 
and genes were reliable (Table S8–9).

Based on a functional analysis of miRNA targets and the 
DEGs, Cd responsive miRNA targets and the DEGs were 
involved in regulating transcription, signaling transduction 
or protein degradation (Tables 2, S9). For instance, tran-
scription factors, such as SCL6, various SPLs and NAC, 
were separately targeted by osa-miR171, osa-miR156I-
5p_R-1 and miRNAs (osa-miR156I-5p_R-1, osa-miR160f-
5p, osa-miR162b and osa-miR164a). According to both, 
sequencing data (Tables 2, S9) and qRT-PCR (Figs. 5B, 
S5), SPL2 and SPL16 were induced by Cd exposure and 
both were negatively regulated by osa-miR156I-5p_R-1. 
The signaling-related genes MPK8, GAMYB and ARF13 
were negatively-regulated by osa-miR160f-5p and cmes-
miR159c_L-1R + 2_1ss7GT in response to Cd exposure, 

respectively. Additionally, the stress up-regulated genes 
NFYA6 and DTGP10, which interacted with the miRNAs 
osa-miR169r-5p_R + 1 and osa-miR171a_1ss12CT, respec-
tively (Fig. 4), encoded products that participate in protein 
degradation, a pathway also featured by products of five of 
the DEGs, encoding calreticulin family proteins, DnaK fam-
ily proteins and heat shock proteins (Fig. S5; Table S9). In 
conclusion, our results show that the response of rice to Cd 
exposure involves multiple pathways, including at least tran-
scription modification, signaling transduction and protein 
degradation.

Discussion

Plants, including rice, have evolved various strategies to 
cope with excessive levels of Cd in the soil; some of these 
involve post-transcriptional regulation mediated by miRNAs 
(Lu et al. 2005; Jones-Rhoades and Bartel 2004). Analy-
sis of the response to Cd exposure shown by the Cd hyper-
accumulator species S. alfredii (Han et al. 2016) and radish 
(Xu et al. 2013) has led to the identification of a number of 
Cd-responsive miRNAs and their target genes. Both RNA 
sequencing (Li et al. 2013; Huang et al. 2009) and microar-
ray analysis (Ding et al. 2011, 2013) have revealed numerous 
rice miRNAs as responsive to Cd exposure, but the current 
study represents the first attempt to combine microRNAome, 
degradome and transcriptome sequencing for this purpose. 
As a result, 40 miRNAs, of which two have not been docu-
mented to date as being present in rice, are classified as 
being Cd-responsive (Fig. 3, Table S4), while 18 genes, 
encoding various transcription factors, signaling proteins 
and abiotic stress-related proteins are identified as targets 
(Table 2).

The Cd‑responsive population of miRNAs in the rice 
seedling

A number of miRNAs have been reported to be highly con-
served across plant species, whereas a much smaller number 
appears to be species-specific (Martinez et al. 2011; Chen 
et al. 2012). Here, consistent with findings in radish (Xu 
et al. 2013), 29 of the 40 Cd-responsive miRNAs were clas-
sified as being highly conserved, about three times the num-
ber of those considered as non-conserved (Fig. 3; Tables 
S4, S5). The participation of miRNAs in regulating the 
response to Cd exposure has been demonstrated in rice (Li 
et al. 2013; Ding et al. 2011), canola (Zhou et al. 2012) and 
radish (Xu et al. 2013). Here, members of some miRNA 
families (miRNA156, miRNA162 and miRNA171) were all 
reduced in abundance in the seedlings under Cd treatment 
compared to control plants, while for other families (miR528 
and miRNA1432) their abundance was increased, consistent 
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Table 1   Differentially abundant targets negatively regulated by Cd responsive miRNAs

Small RNA log2 (Cd/CK) P value Transcript Symbol log2 (Cd/CK) P value Transcript 
annotation

Degra-
dome 
detection

Align-
ment 
score

osa-
miR171a_1ss12CT

− 0.81 0.007 LOC_
Os02g44370

SCL6 2.63 1.15E−83 Scarecrow-like 
protein 6

Y 1

osa-
miR171a_1ss12CT

− 0.81 0.007 LOC_
Os05g34460

DEGP10 inf 1.264E−56 Protease Do-
like 10, mito-
chondrial

Y 4

osa-miR171b − 0.81 0.007 LOC_
Os02g44370

SCL6 2.63 1.145E−83 Scarecrow-like 
protein 6

Y 1

osa-miR171b − 0.81 0.007 LOC_
Os05g34460

DEGP10 inf 1.264E−56 Protease Do-
like 10, mito-
chondrial

Y 4

osa-miR164a − 1.94 0.014 LOC_
Os02g36880

NAC100 1.92 5.93E−67 NAC domain-
containing 
protein 100

Y 3

osa-miR164a − 1.94 0.014 LOC_
Os06g46270

NAC021 0.49 0 NAC domain-
containing 
protein 21/22

Y 2

osa-miR164a − 1.94 0.014 LOC_
Os12g41680

NAC021 1.13 0 NAC domain-
containing 
protein 21/22

Y 2

osa-miR164a − 1.94 0.014 LOC_
Os12g05260

PSK5 0.82 1.551E−20 Phytosulfokines 
5

Y 3

osa-miR164a_L+1 − 1.57 0.029 LOC_
Os02g36880

NAC100 inf 4.709E−06 NAC domain-
containing 
protein 100

Y 3

osa-miR164a_L+1 − 1.57 0.029 LOC_
Os06g46270

NAC021 1.40 4.628E−20 NAC domain-
containing 
protein 21/22

Y 3

zma-miR164a-
5p_L+1

− 1.57 0.029 LOC_
Os02g36880

NAC100 inf 4.709E−06 NAC domain-
containing 
protein 100

Y 3

zma-miR164a-
5p_L+1

− 1.57 0.029 LOC_
Os06g46270

NAC021 1.40 4.628E−20 NAC domain-
containing 
protein 21/22

Y 3

ptc-miR164a_R+3 − 1.33 0.015 LOC_
Os12g41680

NAC021 1.13 0 NAC domain-
containing 
protein 21/22

Y 3

ptc-miR164a_R+3 − 1.33 0.015 LOC_
Os06g46270

NAC021 0.49 0 NAC domain-
containing 
protein 21/22

Y 4

ptc-miR164a_R+3 − 1.33 0.015 LOC_
Os12g05260

PSK5 0.82 1.551E−20 Phytosulfokines 
5

Y 4

mes-miR159c_L-
1R+2_1ss7GT

inf 0.019 LOC_
Os01g47530

MPK8 − inf 3.656E−24 Mitogen-acti-
vated protein 
kinase 8

Y 3.5

mes-miR159c_L-
1R+2_1ss7GT

inf 0.019 LOC_
Os01g59660

GAM1 − inf 3.477E−05 Transcrip-
tion factor 
GAMYB

Y 3.5

osa-miR156 l-5p_R-1 − 1.31 0.023 LOC_
Os02g07780

SPL4 1.40 8.83E−11 Squamosa 
promoter-
binding-like 
protein 4

Y 2.5

osa-miR156 l-5p_R-1 − 1.31 0.023 LOC_
Os02g04680

SPL3 0.04 0.033208 Squamosa 
promoter-
binding-like 
protein 3

Y 2
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with conclusions derived from both a microarray-based 
experiment (Ding et al. 2011) and a combined miRNAs and 
mRNAs analysis (Li et al. 2013). In canola, the abundance of 
miRNA167, miRNA397 and miRNA408 was reduced by expo-
sure to Cd, while that of miR172 was increased (Zhou et al. 
2012). In radish, meanwhile, the abundance of miRNA167, 

miRNA397 and miRNA408 was enhanced by the stress and 
that of miR172 was reduced (Xu et al. 2013). The spe-
cies differences described above may be a genuine species 
effect, but they may also reflect differences in the severity 
of the stress treatment imposed in the various experiments. 
Of the 40 induced miRNAs, two (PC-3p-38247_129 and 

Alignment Score: The prediction of target genes in cDNA libraries and small RNA libraries of sequenced species was analyzed by targetfinder, 
and the predicted results were scored. The scoring rules are as follows: (1) Mismatches: minus 1 penalty; (2) G: U pairing: penalty point − 0.5; 
(3) if the above two conditions occur in the 5′-terminal small RNA sequences at bits 2–13, the penalty points will be doubled. The penalty is not 
more than 4 point

Table 1   (continued)

Small RNA log2 (Cd/CK) P value Transcript Symbol log2 (Cd/CK) P value Transcript 
annotation

Degra-
dome 
detection

Align-
ment 
score

osa-miR156 l-5p_R-1 − 1.31 0.023 LOC_
Os08g41940

SPL16 inf 2.448E−38 Squamosa 
promoter-
binding-like 
protein 16

Y 2.5

osa-miR156 l-5p_R-1 − 1.31 0.023 LOC_
Os01g69830

SPL2 0.37 1.653E−24 Squamosa 
promoter-
binding-like 
protein 2

Y 2.5

osa-miR156 l-5p_R-1 − 1.31 0.023 LOC_
Os09g32944

SPL18 2.40 8.544E−67 Squamosa 
promoter-
binding-like 
protein 18

Y 2.5

osa-miR160f-5p − 0.82 0.033 LOC_
Os04g59430

ARF13 inf 0 Auxin response 
factor 13

Y 1

osa-miR169r-
5p_R+1

− 3.41 0.049 LOC_
Os03g07880

NFYA6 0.74 2.419E−19 Nuclear tran-
scription fac-
tor Y subunit 
A-6

Y 3

Fig. 4   Functional analysis of the set of putative target genes of the Cd 
responsive miRNAs. a GO enrichment classification, b KEGG path-
way enrichment analysis of target genes. The data besides the bar plot 

represent count of genes participating in the corresponding GO or 
KEGG terms
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PC-3p-102187_26) have not been documented to date, while 
seven appear to be rice-specific (miRNA810, miRNA818, 
miRNA1856, miRNA2122, miRNA2871, miRNA5794 and 
miRNA5808). Nevertheless, no target gene was identified 
for these Cd-responsive miRNAs. The precise regulatory 
activity of these miRNAs during the response to Cd expo-
sure remains to be experimentally determined.

miRNA‑mediated response to Cd exposure

Although numerous genes targeted by both conserved and 
non-conserved miRNAs have been proposed to partici-
pate in the response of rice to Cd exposure, only a few 
have been tested experimentally (Li et al. 2013; Huang 
et al. 2009; Ding et al. 2011). Here, 18 DEGs, associ-
ated with specific Cd-responsive miRNAs, have been 
described (Table 2). As pointed out elsewhere (Bonnet 
et al. 2004), most of the targets of Cd-responsive miRNAs 
have proven to be transcription factors, including the prod-
ucts of ARF13, SCL6, various SPLs, NFYA6, GAMYB and 
NAC. In the present study, five Cd induced SPL genes were 
identified to be up-regulated by osa-miR156I-5p_R-1, such 
as OsSPL2, OsSPL3, OsSPL4, OsSPL16 and OsSPL18, 
which was consistent with the Cd-induced SPLs down-
regulation by miRNA156 in maize (Wang et al. 2019), 
barley (Yu et al. 2019) and rice (Ding et al. 2011). In 

addition, DEGP10 gene which were up-regulated by osa-
miR171a_1ss12CT in response to Cd exposure, is involved 
in the degradation of damaged proteins (Kato et al. 2012), 
suggesting that DEGP10/osa-miR171a_1ss12CT interac-
tions may also respond to Cd stress through degradation 
of damaged proteins. This conclusion was in agreement 
with the result from transcriptomic analysis that DTGs, 
encoding calreticulin family proteins, DnaK family pro-
teins and heat shock proteins (Table S9), were induced by 
Cd exposure. It is likely that many of the miRNA-target 
gene interactions respond to Cd stress through abscisic 
acid (ABA) and/or auxin signal cascades, which is also a 
mechanism involved in the miR165/166-mediated regula-
tion of abiotic stress response exerted by ABI4 and BG1 
(Yan et al. 2016). In the present study the Cd-responsive 
gene ARF13 interacts with the miRNA osa-miR160f-5p. 
The signaling-related genes MPK8 and GAMYB, which 
were both targeted by cmes-miR159c_L-1R+2_1ss7GT, 
were down-regulated by Cd exposure, which implies that 
they were regulated by this miRNA as a result of Cd expo-
sure. We postulate that a number of miRNA/transcription 
factor interactions induce signaling pathways which are 
switched on as a result of the rice seedling’s exposure to 
Cd. In summary, miRNA-mediated response to Cd expo-
sure were involved in regulating transcription, signaling 
and protein degradation. Clearly, this hypothesis requires 
to be tested experimentally.

Fig. 5   Network of Cd-responsive miRNAs and their target genes 
and RT-PCR validation. a Network of Cd-responsive miRNAs and 
their target genes as displayed by Cytoscape software. Red lettering 
implies an increased abundance and green lettering a reduced abun-
dance. Full forms of the abbreviated ID’s are given in Table  S8; b 
Confirmation of the differential abundance of miRNAs and target 

genes obtained by qRT-PCR analysis. The rice genes Ubquitin and 
5SrRNA were used as the reference sequences. The abundance of 
each miRNA and mRNA in rice seedlings exposed to Cd were nor-
malized by comparison with their abundance in seedlings not exposed 
to Cd (CK). The black and gray bars indicate the abundance of, 
respectively, the various miRNAs and target genes
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Table 2   Cd responsive targets identified by integrated analysis of the transcriptome, miRNAome and degradome

Small RNA log2(Cd/CK) Target log2(Cd/CK) Symbol GO_Term

mdm-miR408a_L-1R+3 2.98 LOC_Os02g49850 − 2.70 UCL5 GO:0005507 (copper ion binding); GO:0009055 
(electron carrier activity)

mes-miR159c_L-1R+2_1ss7GT inf LOC_Os01g47530 − inf MAPK8 GO:0005524 (ATP binding); GO:0004707 (MAP 
kinase activity)

mes-miR159c_L-1R+2_1ss7GT inf LOC_Os01g59660 − inf GAMYB GO:0003677 (DNA binding); GO:0006355 (regu-
lation of transcription, DNA-dependent);

osa-miR156I-5p_R-1 − 1.31 LOC_Os02g07780 1.40 SPL4 GO:0046872 (metal ion binding); GO:0006355 
(regulation of transcription, DNA-dependent)

osa-miR156I-5p_R-1 − 1.31 LOC_Os02g04680 0.04 SPL3 GO:0046872 (metal ion binding); GO:0006355 
(regulation of transcription, DNA-dependent)

osa-miR156I-5p_R-1 − 1.31 LOC_Os08g41940 inf SPL16 GO:0046872 (metal ion binding); GO:0006355 
(regulation of transcription, DNA-dependent)

osa-miR156I-5p_R-1 − 1.31 LOC_Os01g69830 0.37 SPL2 GO:0046872 (metal ion binding); GO:0006355 
(regulation of transcription, DNA-dependent)

osa-miR156I-5p_R-1 − 1.31 LOC_Os09g32944 2.40 SPL18 GO:0046872 (metal ion binding); GO:0006355 
(regulation of transcription, DNA-dependent)

osa-miR156I-5p_R-1 − 1.31 LOC_Os12g41680 1.09 NAC60 GO:0003700 (transcription factor activity); 
GO:0009734 (auxin mediated signaling path-
way)

osa-miR160f-5p − 0.82 LOC_Os04g59430 inf ARF13 GO:0009734 (auxin mediated signaling pathway); 
GO:0006355 (regulation of transcription, DNA-
dependent)

osa-miR160f-5p − 0.82 LOC_Os12g41680 1.09 NAC60 GO:0003700 (transcription factor activity); 
GO:0009734 (auxin mediated signaling path-
way)

osa-miR162b − 1.77 LOC_Os12g41680 1.09 NAC60 GO:0003700 (transcription factor activity); 
GO:0009734 (auxin mediated signaling path-
way)

osa-miR164a − 1.94 LOC_Os02g36880 1.92 NAC100 GO:0006355 (regulation of transcription)
osa-miR164a − 1.94 LOC_Os06g46270 0.49 NAC22 GO:0003700 (transcription factor activity); 

GO:0009734 (auxin mediated signaling path-
way)

osa-miR164a − 1.94 LOC_Os12g41680 1.13 NAC60 GO:0003700 (transcription factor activity); 
GO:0009734 (auxin mediated signaling path-
way)

osa-miR164a − 1.94 LOC_Os12g05260 0.82 PSK5 GO:0008283 (cell proliferation); GO:0007275 
(multicellular organismal development)

osa-miR164a_L+1 − 1.57 LOC_Os02g36880 inf NAC100 GO:0006355 (regulation of transcription, DNA-
dependent)

osa-miR164a_L+1 − 1.57 LOC_Os06g46270 1.40 NAC22 GO:0003700 (transcription factor activity); 
GO:0009734 (auxin mediated signaling path-
way)

osa-miR164a_L+1 − 1.57 LOC_Os12g41680 1.09 NAC60 GO:0003700 (transcription factor activity); 
GO:0009734 (auxin mediated signaling path-
way)

osa-miR169r-5p_R+1 − 3.41 LOC_Os03g07880 0.74 NFYA6 GO:0016602 (CCAAT-binding factor complex)
osa-miR169r-5p_R+1 − 3.41 LOC_Os12g41680 1.09 NAC60 GO:0003700 (transcription factor activity); 

GO:0009734 (auxin mediated signaling path-
way)

osa-miR171a_1ss12CT − 0.81 LOC_Os02g44370 2.63 SCL6 GO:0006355 (regulation of transcription, DNA-
dependent)

osa-miR171a_1ss12CT − 0.81 LOC_Os05g34460 inf DEGP10 GO:0004252 (serine-type endopeptidase activity); 
GO:0006508 (proteolysis)

osa-miR171a_1ss12CT − 0.81 LOC_Os12g41680 1.09 NAC60 GO:0003700 (transcription factor activity); 
GO:0009734 (auxin mediated signaling path-
way)
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