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Small RNA and degradome profiling reveals @
miRNA regulation in the seed germination
of ancient eudicot Nelumbo nucifera

Jihong Hu'*", Jing Jin'", Qian Qian', Keke Huang' and Yi Ding'"

Abstract

Background: MicroRNAs (miRNAs) play important roles in plant growth and development. MiRNAs and their
targets have been widely studied in model plants, but limited knowledge is available concerning this small RNA
population and their targets in sacred lotus (Nelumbo nucifera Gaertn.).

Results: In this study, a total of 145 known miRNAs belonging to 47 families and 78 novel miRNAs were identified
during seed germination using high-throughput small RNA sequencing. Furthermore, some miRNA families which
have not yet been reported in monocot or eudicot species were detected in N. nucifera, indicating that these
miRNAs was divergence from monocots and core eudicots during evolution. Using degradome sequencing, 2580
targets were detected for all the miRNAs. GO (Gene Ontology) and KEGG pathway analyses showed that many

nou

target genes enriched in “regulation of transcription” and involved in “carbohydrate”, “amino acid and energy
metabolism”. Nine miRNAs and three corresponding targets of them were further validated by quantitative RT-PCR.

Conclusions: The results present here suggested that many miRNAs were involved in the regulation of seed
germination of sacred lotus, providing a foundation for future studies of sacred lotus seed longevity. Comparative
analysis of miRNAs from different plants also provided insight into the evolutionary gains and losses of miRNAs

in plants.
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Abbreviations: ABA, Abscisic acid; ARF, Auxin response factor; DE, Differentially expressed; FBX, F-Box;

GA, Gibberellins; GO, Gene Ontology; HSP, Heat shock protein; KEGG, Kyoto Encyclopedia of Genes and Genomes;
KOG, Eukaryotic Orthologous Groups; MFE, Minimum free energy; miRNA, MicroRNA; NAC, NAM, ATAF, and CUG;
NF-Y, Nuclear factor Y; PAGE, Polyacrylamide gel electrophoresis; PCD, Programmed cell death;

PPR, Pentatricopeptide repeat; qRT-PCR, Quantitative reverse transcription polymerase chain reaction; ROS, Reactive
oxygen species; RPM, Reads per million; SOAP, Short oligonucleotide alignment program; SPL, SQUAMOSA
promoter-binding protein; TCP, TEOSINTE BRANCHED/CYCLOIDEA/PCF

Background

MicroRNAs (miRNAs) are approximately 21 nucleotides
endogenous non-coding RNAs that play important roles in
the regulation of gene expression at the post-transcriptional
level, resulting in the cleavage or translation repression of
target mRNAs [1, 2]. In plants, miRNA-guided gene regula-
tion is involved in multiple developmental processes, such
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as floral development [3], male and female sterility [4, 5],
leaf growth [6], and RNA metabolism [7]. Most plant miR-
NAs have perfect or near-perfect sequences complementary
with their target mRNA to regulate gene expression at the
post-transcriptional level [8]. Thus, identifying miRNAs
and their targets, and elucidating their regulatory mecha-
nisms are critical to understand the development processes.

Recently, degradome sequencing has been successfully
used to analyse the miRNA targets. Combined with
small RNA sequencing, the pace of miRNA and their
targets identification have been greatly improved in
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plants [9]. Other studies have also suggested that whole-
scale miRNA identification and targets analysis might
reveal regulatory networks in plant growth and develop-
ment [10]. Lately, degradome sequencing has been used
to find target genes on Arabidopsis, rice, cotton and so
on [11-13]. However, the miRNA targets in sacred lotus
(Nelumbo nucifera Gaertn.) have only been predicted by
bioinformatics method, and little information has been
experimentally validated [14, 15].

Sacred lotus is a perennial aquatic plant with orna-
mental, edible, medicinal value and phylogenetic import-
ance [16]. In Asia, sacred lotus has been cultivated for
more than 7000 years due to its beautiful flowers, edible
rhizomes and seeds [17, 18]. Recently, the genome se-
quences of the sacred lotus variety ‘China Antique’ have
been sequenced, which is available for further identifying
miRNAs in N. nucifera [19, 20].

As an ancient basal eudicots, sacred lotus seed is one
of the oldest directly dated seeds for ~1300 year-old.
Previous studies reported that 16 old fruit of ‘China An-
tique” were collected from the same lakebed and 84 % of
them can be germinated in ~3 days [21, 22]. The pro-
teins which were heat stable and ROS removal were re-
ported to be important for seed longevity [21-23]. ROS
adversely affects cellular proteins and enzymes and ren-
ders them inactive. Some thermal proteins, including
superoxidae dismutase (SOD) and HSP were demon-
strated to reduce deleterious ROS accumulation for im-
proving the seed longevity [22, 23]. Because of the
sacred lotus seeds remain viable after hundreds of years,
resistance and damage repair in seeds must be extraor-
dinarily effective [24]. Therefore, sacred lotus seeds
could be an excellent model for studying the adaptive
mechanisms of seeds [25].

Seed germination is the first step for plant growth and
plays a pivotal role in seedling establishment. It is a
complex physiological and biochemical process and pre-
vious studies suggested a role for miRNAs in seed ger-
mination [26-29]. Using small RNA sequencing, the
miRNA expression patterns in rice embryos at 0, 12 and
24 h after imbibition showed that osa-miR159f, osa-
miR166] and osa-319b were predominantly expressed in
rice seeds [27]. In soybean, gma-miR1530 and gma-
miR1536 have been implicated in the conversion between
photosynthesis and lipid accumulation by regulating their
target genes of transketolase and carboxylase, respcetively
[28]. In maize, 115 know miRNAs were identified in the
seeds at 24 h after imbibition, and the regulation of the
genes targeted by these miRNAs was involved in the early
stage of seed germination [29]. However, little miRNAs were
known about the seed germination of sacred lotus. There-
fore, identification of novel miRNAs and elucidation of their
functions in the seed germination will help us to understand
the long living of sacred lotus seed. Furthermore, as a basal
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eudicot, identification of the sacred lotus miRNA and com-
parison with other angiosperms will aid the study of conser-
vation and evolution of miRNAs in plants.

To comprehensively investigate small RNAs and their
targets and provide some information for further under-
standing the miRNA-mediated regulation network in the
seed germination of sacred lotus, five small RNA librar-
ies and a degradome library were constructed in this
study. The profiling of the miRNAs and their target
genes provides some insights into the regulatory path-
ways governing gene expression during the seed germin-
ation, and the data presented here will lay a foundation
for future studies of sacred lotus seed longevity.

Results

Overview of small RNA library sequencing

To elucidate the regulatory roles of miRNAs during the
seed germination of sacred lotus, five small RNA librar-
ies were constructed from germinating seeds at O h,
12 h, 24 h, 36 h and 72 h after imbibition and then se-
quenced by a Hiseq2,500 platform. After filtering the
low-quality reads, including reads <18 nt in length, 5’
adaptor contaminates, reads with polyA, and reads with-
out 3’adaptors, ranging from 10,245,283 clean reads (at
72 h) to 14,412,672 clean reads (at 0 h) were obtained.
More than 60 % of the clean reads were successfully
mapped to the sacred lotus reference genome (Table 1).
Moreover, 3,347,363, 4,084,098, 3,575,988, 4,002,600 and
3,497,201 clean reads were unique mapped to the genome.
Other unannotated unique sequences were used for novel
miRNAs prediction and further analysis (Table 1).

In all of the five libraries, the small RNA (sRNA) se-
quences were ranged from 18 to 28 nt in length, with the
majority were 19 to 24 nt. And the 24 nt sRNAs were the
most abundant within the total sRNA, which approxi-
mately accounted from 20 % to 35 % in all of the five
sRNA libraries, followed by 21 nt sRNAs, the typical
length of canonical miRNAs (Additional file 1: Figure S1).

The common and specific of total and unique small
RNA sequences were compared between the adjacent li-
braries (0 vs12h, 12 h vs 24 h, 24 h vs 36 h and 36 h vs
72 h), showing that more than 75 % of the total SRNAs
were shared (Additional file 1: Figure S2). However, only a
small fraction (approximately 12.5 % ~ 14 %) of unique
SRNA shared in adjacent libraries, suggesting that these
small RNAs were low in abundance but highly in diverse.

Identification of miRNAs and compared with other plants
Conserved miRNA families have been identified in many
plant species and have important functions in plant de-
velopment [29]. In the present study, 145 known miR-
NAs (belonging to 47 families) were identified (Table 2
and Additional file 2: Table S1). The unannotated small
RNA tags were used to predict novel miRNAs and their
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Table 1 Data set summary of sequencing of the five small RNA and one degradome libraries

0h 12h 24 h 36 h 72 h
Small RNA data Clean reads 14,412,672 14,045,040 10,736,476 12,983,765 10,245,283
Mapped reads 9,362,670(64.96 %) 8479,342(60.37 %)  6,700,319(6241 %)  8,378,691(64.53 %)  6,474,276(63.19 %)
Unique mapped 3,347,363(100) 4,084,098(100) 3,575,988(100) 4,002,600(100) 3,497,201(100)
Match miRNA 3,347(0.10 %) 5,309 (0.13 %) 4,648(0.13 %) 4,803(0.12 %) 3,847(0.11 %)

Unannotation 3,047,439(91.04 %)
Total
13,852,945(100)
13,787,820(99.53 %)
7,659,047(55.29 %)

6,193,898(44.71 %)

Degradome data  Clean Reads
Mapped reads
Transcript Mapped

Unannotation

3,725,514(91.02 %)
Unique
4,362,200(100)
4,333,854(99.35 %)
2,018,752(46.28 %)
2,343448(53.72 %)

3,248,070(90.83 %)  3,633,160(90.77 %)  3,152,027(90.13 %)

secondary structures of the precursors were further
detected by MFOLD or RNAfold to remove the false
positive (Additional file 1: Figure S3). Finally, 78
novel miRNAs were identified in sacred lotus (Add-
itional file 1: Figure S3, Additional file 2: Table S2).
The largest miRNA family size identified was Nnu-
miR396 comprising 15 members, following by Nnu-
miR169 and Nnu-miR393 possessed 12 and 8 mem-
bers, respectively. Other miRNA families such as
Nnu-miR397, Nnu-miR403, Nnu-miR529 and Nnu-
miR827 possessed only one member detected in sacred
lotus during seed germination of sacred lotus (Table 2 and
Additional file 2: Table S1).

A comparison of the identified known miRNA families
from sacred lotus with other three different plants (Ara-
bidopsis, rice and Amborella) showed that the number
of miRNA families widely varied (Table 2) [30, 31]. In sa-
cred lotus, most of the families were represented by
from 1 to 8 variants, except for miR396 (15) and miR169
(12). More than 10 variants of miR169 family were also
detcted in Arabidopsis and rice (Table 2). When compar-
ing 25 miRNA families of sacred lotus miRNAs to those in
10 other angiosperm species, five families (miR165,
miR403, miR828, miR837 and miR2111) were only present
in eudicot species. And other two families (miR1432 and
miR2275) were found in basal angiosperm and monocots
but not detected in core eudicot species (Fig. 1). MiR529
was identified in basal eudicots (Eschscholzia californica
and N. nucifera) and most of the monocots, but no homo-
logues were found in core eudicots (Fig. 1).

To validate the predicted novel miRNAs, stem-loop
RT-PCR was performed for six novel miRNAs (novel
miR_2, novel_ miR_13, novel miR 29, novel miR_32,
novel_miR_36 and novel_miR_66) with relatively high
abundance at all the five stages of seed germination (Fig. 2,
Additional file 1: Figure S3 and Additional file 2: Table S2).
As a result, all the selected six novel miRNAs were found
to be expressed in the seed germination (Fig. 2b).

Differentially expressed miRNA at different stages of seed
germination

To compare the different miRNA expression profiles
during the seed germination of sacred lotus, the differ-
ential expression analysis of the miRNAs was performed
between the four stages with 0 h (CK) of germination,
based on the normalized read count for each identified
miRNA (Additional file 2: Tables S3 and S4). And a total
of 107 differentially expressed (DE) miRNAs were found
at the four stages during sacred lotus seed germination.
Then cluster analysis was conducted to further elucidate
the expression patterns of all known miRNAs, based on
the criteria (at least one comparison has a fold change
value 22.0 or<-2.0 with a p-value<0.05) (Fig. 3a).
Compared with the 0 h of seed germination, many DE
miRNAs were detected in the other four stages
(Additional file 2: Table S4). Furthermore, eight DE miR-
NAs were differentially expressed in all the four RNA li-
braries, while 26 DE miRNAs were expressed in at least
two of the four small RNA libraries, and 17 miRNAs
were identified only once in the four samples (Fig. 3b).
These results indicated that a larger number of miRNAs
were differentially expressed during all five stages of seed
germination. Compared with germinating seed at 0 h, a
total of 35 DE miRNAs were up-regulated, while 16
miRNAs were down-regulated (Table 3). For instance,
Nnu-miR156c-5p and Nnu-miR159a were significantly
expressed at 36 h (Table 3). Nnu-miR165a-5p, Nnu-
miR166¢c, Nnu-miR166d and Nnu-miR2111b showed the
highest expression levels at 24 h, while Nnu-miR396b-
3p showed maximum expression level at 0 h (Table 3).
Most of the novel miRNAs showed low expression levels
and some of them were only found at one stage during
the seed germination. However, novel_mir_13, novel_-
mir_33 and novel_mir_39 were highly expressed during
all the five stages (Additional file 2: Table S4) and stem-
loop RT-PCR also confirmed the expression of novel_-
mir_13 during sacred lotus seed germination (Fig. 2b).
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Table 2 Comparion of the miRNA families identified in
Arabidopsis, rice, Amborella and sacred lotus (Nelumbo nucifera)

Family Arabidopsis Rice Amborella Sacred lotus
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Degradome sequencing analysis

In this study, a degradome library was constructed from
the germinating seed of sacred lotus, followed by degra-
dome sequencing. After discarding the low quality
sequences, a total of 13,852,945 clean reads with
4,362,200 unique clean reads was remained. And 99.53 %
(13,787,820) of the total sequences, corresponding to
representing 99.35 % (4,333,854) of the unique sequences,
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were mapped to the reference genome to identify the frag-
ments of degraded mRNAs.

Cleavage of target mRNAs of the miRNAs were identi-
fied by degradome sequencing (Fig. 4 and Additional file
1: Figure S4). Generally, the target genes of kown miR-
NAs were mostly transcription factors [32], and similar
results were also obtained for the novel miRNAs
(Additional file 2: Tables S5 and S6). For example, both
Nnu-miR159b and Nnu-miR319¢ targeted mRNA
encoding the MYB transcription factor. Furthermore,
Nnu-miR156a, Nnu-miR160a, Nnu-miR160a-5p and
Nnu-miR169a targeted mRNA encoding squamosa pro-
moter-binding-like protein 17, auxin response factor 18,
NAC transcription factor and nuclear transcription factor
Y subunit A-10, respectively (Fig. 4, Additional file 1:
Figure S4 and Additional file 2: Table S5). The targets of
novel miRNAs were also identified by degradome sequen-
cing and many of them were transcription factors, includ-
ing GAMYB (novel_mir_13), MYB (novel_mir_32), NAC
(novel_mir 36) and TCP (novel_mir 27) (Additional
file 2: Table S6).

Functional annotation of the target genes

To further perceive the putative function of the pre-
dicted target genes, Gene Ontology (GO) analysis was
performed. And twenty-five different biological pro-
cesses, fifteen different cellular components and ten dif-
ferent molecular functions were predicted (Additional
file 1: Figure S5 and Additional file 2: Table S7). The
most significantly enriched GO terms were involved in
the three main categories, “protein phosphorylation”,
“nucleus”, and “ATP binding”, followed by “regulation of
transcription”, “membrane” and “DNA binding” (Fig. 5a
and Additional file 1: Figure S5). These results suggested
that regulation of transcription played a vital role in the
process of the seed germination of sacred lotus. More-
over, all the targets could be used for KOG classifica-
tions which were classified into 23 groups (Additional
file 1: Figure S6). The most dominative group was the
“general function prediction only”, followed by the “tran-
scription” (Additional file 1: Figure S6).

In addition, KEGG analysis was further conducted to
elucidate the biological pathways of the DE miRNA target
genes, which were classified into five groups including
“organismal system”, “metabolism”, “genetic information
processing”, “environment information processes” and
“cellular processes” (Fig. 5b and Additional file 2: Table

» o«

S8). The categories of “carbohydrate metabolism”, “amino
acid metabolism”, “energy metabolism” and “biosynthesis
of other secondary metabolism” were the most enriched
pathways, which were all in the group of “metabolism”,
suggesting that the miRNA regulating the expression
of metabolic genes played crucial roles in the seed

germination.
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Species

Arabidopsis thaliana
. Medicago truncatula
Core Eudicot edicago frumcd
Glycine max
Populus trichocarpa
Nelumbo nucifera

Eschscholzia californica
Amborella trichopoda

Basal Eudicot

Basal Angiosperm
Oryza sativa
Zea mays
Monocot Sorghum bicolor

Triticum aestivum

Fig. 1 miRNA distribution in different plant species. The miRNA data were obtained from the miRbase 20 and the present study

Quantitative RT-PCR validation of miRNAs and their target
genes
In this study, real time quantitative RT-PCR (qRT-PCR)
was performed to confirm the expression levels of nine sig-
nificantly DE miRNAs and three respective predicted tar-
get genes, obtained from the high-throughput sequencing
(Fig. 6 and Additional file 2: Table S5). Three miRNAs
(Nnu-miR393a-5p, Nnu-miR396b-5p and Nnu-miR397)
showed the similar expression pattern in terms of read
abundance during the five stages of seed germination (Fig. 6
and Additional file 2: Table S3). For instance, Nnu-
miR156a showed the highest expression levels at 0 h, and
then gradually declined from 12 h to 72 h (Fig. 6g).
Moreover, the expression levels of Nnu-miR393a-5p, Nnu-
miR394a, Nnu-miR396b-5p, Nnu-miR397 and Nnu-
miR2111a were up-regulated and maximized at 24 h and
then dramatically decreased to relatively low levels at 36 h
and 72 h (Fig. 6). Some of the miRNAs showed the minor
discrepancies between sequencing data and the qPCR re-
sults, which partially due to the differences in the sensitiv-
ity, specificity and algorithm between the two techniques.
The expression levels of some of the predicted target
genes (SPL16, TCP2 and FBX) were selected for

validation using qRT-PCR, and multiple of target genes
showed contrasting expression patterns with their corre-
sponding miRNAs (Fig. 6 and Additional file 2: Table
S5). For example, TCP2 (NNU_00026-RA) was the pre-
dicted target gene of Nnu-miR319c which expression
level was sharply declined to the lowest level at 24 h,
then gradually increased and remained at a relatively
high level at 72 h. On the contrary, the target (TCP2) of
the Nnu-miR319¢ was increased at the 24 h and then
gradually declined at 72 h (Fig. 6h and k). Moreover,
Nnu-miR156a also showed a negative relationship with
its target SPL16 (Fig. 6g and j). The results suggested
that some miRNAs might be invovled in the regulation
of seed germination of sacred lotus [33]. However, the
expression of FBX showed partially negative relationship
with Nnu-miR394a and both of them showed high
expression levels at 24 h (Fig. 6i and 1). Thus, it is likely
that the inverse relationship between miRNAs and their
targets might be limited during specific stages of ger-
mination, because miRNAs are not the only regulatory
factors affecting their targets [34]. Since miRNAs have
been shown to also act by translation inhibition in
plants, the fact that the RNA expression level of a target
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Fig. 2 Potential novel miRNAs identified in this study. a The secondary structure of novel_ miR_36 precursor was predicted by MFOLD. Mature
miRNA is highlighted in red. b Stem-loop RT-PCR analysis of the identified novel miRNAs. Six novel miRNAs (novel_miR_2, novel_miR_13, novel_-
miR_29, novel_miR_32, novel_miR_36, novel_miR_66) were confirmed via stem-loop RT-PCR. The sizes of the obtained PCR products were ap-
proximately 60 bp. Marker indicates a 50 bp DNA Ladder Marker
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Fig. 3 Small RNAs and their expression patterns at each of the five stages during the seed germination of sacred lotus. a Heatmap for the
clustering analysis of differentially expressed known miRNAs. The bar represents the scale of the expression levels of the miRNAs. b Venn diagram
of the common and specific known miRNAs at four different stages (12 h, 24 h, 36 h and 72 h) compared with 0 h
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is not negatively correlated with miRNA expression level
does not mean that the target is not real.

Putative microRNA editing in sacred lotus

The miRNA editing patterns showed a significant dis-
crepancy among the germinating seeds at 0 h, 12 h,
24 h, 36 h and 72 h (Fig. 7a,b). For example, the
most dominant nucleotide substitution type were at
12 h and 24 h with T to C (more than 35 % in both
libraries); while the most common nucleotide substi-
tutions were at 0 h and 36 h with A to G and C to
T (Fig. 7b). At the nucleotide positions of 4 and 11,
the miRNA editing events showed the specifically
lowest number (less than 5 number of editing) (Fig. 7a, b
and Additional file 2: Table S9). These results were con-
sistent with previous reported miRNA editing in rice grain
filling [35].

To validate the occurrence of miRNA editing events in
sacred lotus, two editing types (T to A, and U to C) were
examined in Nnu-miR160a and Nnu-miR319c, respectively
(Fig. 7c). Using PCR amplification, precursor miRNA se-
quences from genomic DNA and mature miRNA sequences
from cDNA were cloned and sequenced, respectively.
Comparison analysis of the sequences further con-
firmed that the miRNA editing events really existed
in sacred lotus (Fig. 7¢).

Discussion

As non-coding RNAs, miRNAs play key roles in plant
growth and development. Many studies of miRNAs have
been reported in model plants such as rice, Arabidopsis
and maize and so on. Sacred lotus is a basal eudicot with
ornamental, agricultural, medicinal importance. Previous
studies on miRNAs in sacred lotus were only in leaves

or flowers and for bioinformatics searching without ex-
perimentally validation [14, 15]. Phased small interfering
RNAs (phasiRNAs) which regulated by miRNAs were
also identified in Chinese scared lotus by bioinformat-
ics analysis [36]. However, the number of miRNAs
identified in sacred lotus is very few and little is
known about the miRNAs involved in the seed ger-
mination of N. nucifera. In this study, 148 known
miRNAs (belonging to 47 families) and 78 novel miR-
NAs were identified in sacred lotus via deep sequen-
cing and the results were validated by experimental
approaches.

Most of the sacred lotus miRNAs identified in the
study were present in monocots and at least one of the
core eudicot species, indicating their existence in the an-
cestor of the two large angiosperm clades. Eleven
miRNA families were conserved among monocots, basal
angiosperm, basal eudicots and core eudicots, suggesting
that these miRNAs were involved in important gene
regulation pathways in plants (Fig. 1). However, some
miRNAs might become lost or evolve within some
angiosperm lingeages [30]. MiR165 and miR828 were
found in Arbidopsis and two basal eudicot species, but
not reported in monocots, while miR529 was present in
monocots but not found in the core eudicot species
(Fig. 1). That may be because the last common ancestor
of monocots and eudicots likely had miR529, with the
gene appearing near the speciation of that last common
ancestor, but the gene was lot in the ancestor of core
eudicots [30]. In addition, most of the target mRNAs of
miR165 and miR166 as well as miR156 and miR529 were
the same, respectively [33, 34]. The loss of miR165 or
miR529 in monocot or core eudicot species indicated the
distinct evolution of these species. Moreover, miR1432
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Table 3 Differential expressed known miRNAs during the sacred lotus seed germination

Change miRNA 0 h-std 12 h-std 24 h-std 36 h-std 72 h-std Significance

Up-regulated Nnu-miR156c-5p 6.68 10.04 10.59 12.26 8.62 *
Nnu-miR157a 56.90 10044 144.83 169.62 69.79 **
Nnu-miR159a 164.04 43463 1008.33 106540 334.58 **
Nnu-miR160b 6.99 10.04 16.09 13.28 11.49 **
Nnu-miR162a-3p 7852 13240 218.52 125.68 16791 **
Nnu-miR165a-5p 8.27 2526 4531 3202 20.12 *>*
Nnu-miR165a-3p 5100.3 1074591 1834431 10534.78 10529.28 **
Nnu-miR166b-5p 0.64 152 6.78 647 6.57 **
Nnu-miR166¢ 5106.39 10766.00 18370.99 10560.33 10551.04 *>*
Nnu-miR166d 2117.83 5231.12 9055.48 5330.06 4818.39 **
Nnu-miR167a-3p 0 0.3 127 1.70 041 *
Nnu-miR2111b 2.86 883 8.89 647 739 **
Nnu-miR319b 103.63 150.05 214.29 149.52 114.13 *x
Nnu-miR319d 736.57 1670.66 2534.59 173740 1320.68 **

Down-regulated Nnu-miR1030 445 3.04 1.69 1.70 123 *
Nnu-miR170a 33.06 15.52 29.22 29.63 1273 **
Nnu-miR171g 33.38 16.44 30.07 29.97 1273 **
Nnu-miR2111a-5p 137.01 9801 99.10 12262 55.83 **
Nnu-miR393a-5p 57.86 39.87 42.77 3713 28.74 **
Nnu-miR393c 5722 3865 4235 36.78 2833 **
Nnu-miR394a 6167 19.18 2837 30.99 22.58 **
Nnu-miR394b 103.32 44.13 52.09 53.13 3243 **
Nnu-miR396b-3p 827 1.83 339 1.70 1.23 **
Nnu-miR408a 1335 6.09 8.05 12.26 534 *>*
Nnu-miR408c 29.56 17.04 20.75 2418 16.01 **
Nnu-miR530a 445 3.04 1.69 1.70 1.23 *

"std" represents normalized expression level (Normalised expression, RPM) of miRNAs
"*" and "**" represnent significant differentially expression between 0 h and other hours, *p < 0.05, **p < 0.01

and miR2275 were only present in monocots and N. nuci-
fera, suggesting that they might be ancient miRNAs in
angiosperm. Further investigation of these miRNAs and
their targets would give some insights into the functional
divergence and evolution in angiosperm.

Using small RNA sequencing, many novel miRNAs
with low abundance are discovered from various devel-
opmental stages. In this study, 78 novel miRNAs were
identified and some of them were validated in the sacred
lotus during seed germination (Fig. 2). The expression
profiles of these novel potential miRNAs during the dif-
ferent stages might provide valuable information for
seed germination and seed longevity in sacred lotus. In
addition, a large number of miRNA editing events were
found in the seed germination of sacred lotus. Analysis
of the nucleotide positions of editing sites showed that the
4 and 11 sites had less editing frequency and positions of
6 and 7 sites had more editing frequency (Fig. 7a). The

results were in accordance with rice grains, while in rice
young panicles, the two sites had more editing events
[5, 35]. These results indicated that miRNA editing was
diversity in different tissues and species.

The computational analysis using the cleaveland pipe-
line revealed a total of 2580 targets for these known and
novel miRNAs by degradome sequencing in the present
study. Our results showed that most miRNA families
had multiple target genes, while several miRNAs from
different miRNA families shared some target genes. GO
analysis showed that these targets mainly involved in
“protein phosphorylation” and “regulation of transcrip-
tion” (Additional file 1: Figure S5). For KEGG pathway,
“carbohydrate metabolism” was enriched in the germin-
ating seeds of sacred lotus (Fig. 5b), indicating that
many carbohydrate metabolism related genes were
regulated by miRNAs during the seed germination in
sacred lotus.
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In many plant species, plant hormones including Gibber-
ellins (GAs) and ABA, can promote and inhibit seed ger-
mination. And some studies also indicated that cross talk
between auxin and GA or ethylene might affect seed ger-
mination [29, 37]. In Arabidopsis thaliana, overexpression
of MIR160 (35S:MIR160) resulted in reduced ABA sensitiv-
ity during germination. Transcriptome analysis of germinat-
ing ARF10 and the transgenic plants expressing ARF10
with silent mutations (mARF10) revealed that many ABA-
responsive genes were overexpressed in germinating
mARF10 seeds [38]. Furthermore, miR160 has been shown
to regulate the expression of ARF17 which is another auxin
response transcription factor [39]. In this study, the Nnu-

miR160 also targeted the ARF17 (NNU_16091-RA) and the
expression of the three miRNAs of the miR160 families was
up-regulated at 24 h during the seed germination (Add-
itional file 2: Tables S3 and S5). These results indicated that
overexpression of miR160 might promote seed germinating
by decreasing the ABA levels in the seed germination of
sacred lotus. Auxin signal pathways are also regulated by
miR393 which targets the auxin receptor TIR1 in Arabi-
dopsis [40]. Two TIR1 gene homologues (NNU_01291-RA
and NNU_06904-RA) were also detected for the targets of
Nnu-miR393 in our degradome dataset (Additional file 1:
Figure S4 and Additional file 2: Table S5). The expression
level of Nnu-miR393a-5p was also validated by qRT-PCR
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(Fig. 6¢). The down-regulation of some components in
auxin signal transduction by miRNAs might be a regula-
tory step to decrease ABA sensitivity in mature seeds and
to switch to the germination mode [29]. MiR159 has been
reported to target GAMYB transcription factors which
interact with GA-response elements [4]. In Arabidopsis
seeds, miR159 regulates the abundance of MYB33 and
MYB101 mRNAs during germination in response to ABA.
These two MYB transcription factors were positive regula-
tors of ABA responses and overexpressed miR159 would
render plants hyposensitive to ABA [41, 42]. In addition,
the two target genes of Nnu-miR159 also participate in
aleurone vacuolation which was in GA-induced pathways
during seed germination. In this study, Nnu-miR159 tar-
geted three GAMYB genes and their expression were

highly up-regulated at 36 h during seed germination
(Additional file 2: Table S3).

The Nnu-miR156 family members targeted 7 Squa-
mosa Promoter Binding proteins like (SPL) plant specific
transcription factors in the present study (Additional file
1: Figure S4 and Additional file 2: Table S5). The expres-
sion levels of Nnu-miR156a and its target gene SPL16
(NNU_02036-RA) were also validated (Fig. 6g and j). In
plants, SPLs were reported to be involved in diverse de-
velopmental processes including leaf development, phase
change and flowering in plants [43]. Overexpression of
miR156 in Arabidopsis and rice suppressed the expres-
sion of SPL genes and reduced apical dominance, delayed
flowering time and affected the juvenile to adult transition
[43-45]. MiR156 was also reported to be involved in seed
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germination in soybean and Lotus japonicas [46, 47].
However, unlike the maize [43], the expression level of
miR156 in sacred lotus was down-regulated after 72 h of
the seed germination (Additional file 2: Table S2). That
may be a factor for the long living of sacred lotus seed and
viable for nearly thousands years.

Nuclear factor Y (NF-Y) was documented to affect the
seed development and was targeted by miR169 in many
plants. In the degradome dataset in the present study,
NFYA2 (NNU_25577-RA), NFYA3 (NNU_11871-RA)
and NFYA10 (NNU_09768-RA) were the target genes of
miR169 in sacred lotus (Additional file 1: Figure S4 and
Additional file 2: Table S5). In Arabidopsis, overexpres-
sion of the target of miR169 (NF-YA5) resulted in ABA
hypersensitivity during seed germination [48]. Thus, up-
regulation of most of the miR169 genes in sacred lotus
might reduce the ABA responsiveness during seed ger-
mination (Additional file 2: Table S2).

In plants, seed germination is promoted by appropriate
environmental conditions including light, temperature, and
nutrient availability [49]. Reactive oxygen species (ROS) are
largetly generated during the seed germination and redu-
cing the ROS and minimizing cell damage might affect the
seed germination. MiR408 which targets L-ascorbate oxi-
dase (NNU_10795-RA) might scavenge the oxidative spe-
cies produced during stress. In the present study, all the
miRNAs of Nnu-miR408 family were significant differen-
tially expressed, indicating their roles in seed germination
(Table 3 and Additional file 2: Table S3). PPR proteins that
regulate gene expression in mitochondria and chloroplasts
were also regulated by some miRNAs, including Nnu-
miR168, Nun-miR2673, novel mir 7 and novel mir 40.
These miRNAs might affect the pathways of photosynthesis
and lipid accumulation during the seed germination [50].

Taken together, we proposed potential roles for miR-
NAs playing during the early stages of seed germination
in the sacred lotus (Fig. 8). These miRNA mediated the
regulation of gene expression in many processes, includ-
ing morphological changes, developmental process, me-
tabolism and responsive to stress process (Fig. 8). These
results indicated that diverse and complex miRNAs were
involved in the seed germination. Further functional re-
search and target analyses of the conserved and novel
miRNAs could provide additional clues to the different
regulation of gene expression during seed germination.
The results in this study will lay a foundation for further
investigating of long living of sacred lotus.

Conclusions

In this study, combined with small RNA sequencing and
degradome sequencing, 145 known miRNAs and 78
novel miRNAs with 2580 targets were identified during
seed germination of sacred lotus. GO and KEGG
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pathway analyses showed that many target genes
enriched in regulation and metabolism. Compared with
other angiosperm species, some miRNA families were
present or absent in monocots and core eudicots, indi-
cating the functional divergence and evolution in angio-
sperm. These results suggested that many miRNAs were
involved in the regulation of seed germination of sacred
lotus and provided insights into the evolutionary gains
and losses of miRNAs in plants.

Methods

Plant materials

Sacred lotus (N. nucifera Gaertn.) seeds used here are
maintained in our laboratory. The mature seeds of 3
years old were germinated in distilled water under 16-h
light photoperiod at 28 °C in a phytotron. The seeds at 0,
12, 24, 36 and 72 h after imbibition was collected and im-
mediately frozen in liquid nitrogen, then stored in -80 °C
until further use.

RNA isolation and small RNA library construction

Total RNA was extracted from germinating seeds at 0,
12, 24, 36 and 72 h after imbibition using TRIZOL re-
agent (TianGen, China) according to the manufacturer’s
instructions. At least five germinating seeds were mixed
for each sample. RNA-free Dnase I (Promega) was then
used to remove DNA contamination from total RNA for
30 min at 37 °C. RNA quantity was determined by a
Qubit Fluometer. The RNA purity and integrity was de-
tected by Agilent 2100 Bioanalyzer.

Small RNAs of 18 ~ 30 nt were purified from the 5 pg
of total RNA by 15 % polyacrylamide gel electrophoresis
(PAGE) as described previously [51]. A pair of Solexa
adaptors was ligated to the 5" and 3’ termini of the
small RNAs. And then reverse transcription was per-
formed by Super-Script II Reverse Transcriptase (Invi-
trogen) and amplified using 15 PCR cycles to produce
sequencing library. The final quality of the cDNA librar-
ies were examined with the Agilent 2100 Bioanalyzer.
The small RNA fragments were finally sequenced by
Hiseq2, 500 platforms.

Bioinformatics analysis of the miRNAs
The raw reads from the Illumina sequencing were first fil-
tered to remove low-quality reads which including reads
in length <18 nt, 5° adaptor contaminates, reads with
polyA, and reads without 3" adaptor. And then adaptor
sequences were trimmed to get clean reads. All unique se-
quences were aligned against the sacred lotus genome
(http://lotus-db.wbgcas.cn/) to map the sequences using
SOAP [52, 53].

Subsequently, the clean sequences were used to search
the RepeatMasker and Rfam database to annotate re-
peats, rRNA, tRNA, scRNA, snoRNA and snRNA. After
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removing the sequences belonging to rRNA, tRNA,
scRNA, snoRNA, snRNA and repeat sequence tags, the
remaining sequences were used to BLAST against miR-
base 20.0 (http://www.mirbase.org) to identify conserved
miRNA [54]. The remaining unannotated small RNA tags
were used to predict novel miRNAs using the miRNA pre-
diction algorithm MIREAP (http://sourceforge.net/pro-
jects/mireap). This program was utilized to identify novel
miRNA candidates by exploring the secondary structures,
Dicer cleavage sites and the minimum free energy (MFE)
of the unannotated small RNA tags that could be mapped
to the genome. The parameters for identifying potential
miRNAs or pre-miRNAs as described previously [5, 33].
And the secondary structures of potential precursor miR-
NAs were constructed by MFOLD 3.2 [55].

To identify the expression patterns of miRNAs among
the five different stages, the read count of each identified
miRNA was normalized to reads per million (RPM)
using the following formula: normalized expression =
count of miRNA/total count of clean reads x 10°°. If one
miRNA have no reads in a sample, the expression was
arbitrarily set to 0.01 for further calculation [56]. Fold
change of log2 scale value and P value were calculated
using the formula as described [57]. The expression of
|fold change| >2 and P value <0.01 was as significant dif-
ferential expression. All the significantly differential ex-
pression profiles were clustered into different groups by
Cluster 3.0 with default parameters.

Degradome library construction and data analysis

The degradome library was constructed as described
previously [13]. Poly (A) RNA was extracted from total
RNA of mixture of the five samples (1 pg of total RNA
for each) using the Oligotex kit (Qiagen). With 5'-
monophosphates, polyadenylated transcripts were ligated
to RNA adapters which consisted of a Mme I recogni-
tion site at its 3 end. Then, first-strand cDNA was
reverse-transcribed using oligo d (T) and amplified for
five PCR cycles. The PCR product was purified and
digested with Mme I and was then ligated to a 3" double
DNA adapter. After amplifying 18 PCR cycles, the PCR
product was gel-purified for deep sequencing. The sliced
miRNA targets were identified according to the Cleave-
Land pipeline [13]. The potential targets were as
followed: alignments with scores less than four (G: U
pairs scored 0.5), and no mismatches were found at the
site between the 10th and 11th nucleotides of the
miRNAs.

The target genes were annotated using the information
from Lotus-DB (http://lotus-db.wbgcas.cn/) [47]. The
functional classification and pathways based on the three
database: KOG (Clusters of Orthologous Groups of pro-
teins), KO (KEGG Ortholog database) and GO (Gene
Ontology), using BLAST with a cutoff E-value of 107°.
GO enrichment analysis was implemented by the TopGO
R package and GO terms with corrected FDR < 0.05 were
considered significantly enrichment [58].
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Identification of potential miRNA editing sites

The miRNA editing sites located on the known miRNA
sequences were identified according the method as de-
scribed previously [35]. The RNA editing level was cal-
culated by the ratio of the reads support the mismatch
in the site to the total reads detected on this site. The
common and specific miRNAs with RNA editing
during the different time points were also analyzed.
Genomic DNA and total RNA were isolated from ger-
minating seeds of sacred lotus to validate miRNA
editing. Precursor miRNA sequences were amplified
from DNA, and the corresponding mature miRNA
sequences were also amplified from ¢cDNA which was
reverse-transcribed using stem-loop RT-PCR. Then
the PCR products were purified, cloned and se-
quenced with a minimum of six clones for DNA
products as well as at least twelve clones for miRNA
PCR products. All primers used in this study are
listed in Additional file 2: Table S10.

Detection of potential miRNA using stem-loop RT-PCR
and gRT-PCR

Total RNA was extracted from sacred lotus germinating
seeds at different stages. Then, RNase-free DNase I (Pro-
mega) was used to remove the DNA contamination by
incubating at 37 °C for 30 min. For each miRNA, ap-
proximately 2 pg of total RNA was reverse-transcribed
using miRNA-specific stem-loop primers in a 20 pl of
reaction volume using a Fermentas RevertAid First
Strand cDNA Synthesis Kit (Fermentas, USA) [59]. The
reactions were incubated for 30 min at 16 °C, followed
by pulsed RT of 60 cycles at 30 °C for 30s, 42 °C for 30s
and 50 °C for 1 s and finally the reactions were termi-
nated at 70 °C for 5 min [59]. The ¢cDNA for the miRNA
target was generated using 2 pg of total RNA and Oli-
godT18 primer with the RevertAid First Strand cDNA
Synthesis Kit (Fermentas, USA). The novel miRNAs
were cloned using specific primers and the PCR prod-
ucts were detected by gel electrophoresis. All the
primers were listed in Additional file 2: Table S10.

Real time qRT-PCR analysis of the miRNA and
their targets was performed using the FastStart Uni-
versal SYBR Green Master Mix (Roche) on the Ste-
pOne plus PCR platform (Applied Biosystems). The
qRT-PCR reactions were conducted with the following
protocol: 95 °C for 10 min, followed by 40 cycles of
95 °C for 15 s and 56 °C for 30s and 72 °C for 15 s.
Scared lotus NnEFla (GI: 226897264) was used as an
endogenous control. To avoid non-specific amplifica-
tion, melting curve was carried out for each PCR
product. The expression level of the miRNAs and
their targets in different samples were calculated by
comparative 27" °CT method [60].
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All the sequencing data were deposited in the NCBI
Short Read Archive (SRA) database under the accession
number SRP070743.
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matches). Figure S4. Target plats (T-plots) of identified known and novel
miRNA targets using degradome sequencing. The red lines indicate
signatures consistent with miRNA-directed cleavage. Figure S5. GO
classification of target transcripts for all identified miRNAs in sacred lotus.
Figure S6. KOG function classification of the miRNA targets in sacred
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