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Genetic transformation of maize is highly dependent on the development of embryonic calli from the
dedifferentiated immature embryo. To better understand the regulatory mechanism of immature embryo
dedifferentiation, we generated four small RNA and degradome libraries from samples representing the
major stages of dedifferentiation. More than 186 million raw reads of small RNA and degradome
sequence data were generated. We detected 102 known miRNAs belonging to 23 miRNA families. In total,
we identified 51, 70 and 63 differentially expressed miRNAs (DEMs) in the stage I, II, III samples, respec-
tively, compared to the control. However, only 6 miRNAs were continually up-regulated by more than
fivefold throughout the process of dedifferentiation. A total of 87 genes were identified as the targets
of 21 DEM families. This group of targets was enriched in members of four significant pathways including
plant hormone signal transduction, antigen processing and presentation, ECM-receptor interaction, and
alpha-linolenic acid metabolism. The hormone signal transduction pathway appeared to be particularly
significant, involving 21 of the targets. While the targets of the most significant DEMs have been proved
to play essential roles in cell dedifferentiation. Our results provide important information regarding the
regulatory networks that control immature embryo dedifferentiation in maize.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

As a major agricultural crop, maize provides protein and energy
for human and livestock nutrition and therefore is one of the prime
targets for genetic manipulation. Genetic transformation of maize
requires the formation of embryonic calli derived from the
dedifferentiated immature embryos. However, there are clear dif-
ferences in dedifferentiation frequency among various genotypes.
Only a few maize lines display high frequency of induction of
embryonic calli [1]. We previously investigated the transcriptional
changes that occur during immature maize embryo dedifferentia-
tion at genome-wide level and identified important genes and
pathways involved in embryonic callus formation [2]. However,
it is still unclear how the genes and pathways are regulated during
the dedifferentiation process.

miRNAs are a large group of small endogenous RNAs found in
animals, plants and some viruses [3]. Increasing evidence indicates
that plant miRNAs play important regulatory roles in many
biological and metabolic processes, including plant development,
hormone signaling, and responses to environmental stress [4–6].
However, miRNAs do not directly control plant growth and devel-
opment. In contrast, miRNAs affect plant phenotypes by repressing
functional gene expression. Bartel (2004) predicted the targets of
16 miRNAs in Arabidopsis, and 70% of these targets have since been
implicated in the control of plant development or cell differentia-
tion [7]. So far, the majority of the known plant miRNAs have been
isolated from differentiated tissues or organs such as leaves, roots,
tassels, ears and pollens [8,9]. Consequently, very few miRNAs
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associated with an undifferentiated state have been identified. It is
unknown how miRNA expression changes during the process of
tissue or organ dedifferentiation in plants.

To identify miRNAs and their targets involved in immature em-
bryo dedifferentiation, we constructed small RNA and degradome
libraries of four major developmental stages from differentiated
immature embryo to undifferentiated callus. A total of 23
conserved miRNA families were detected. We identified 87 genes
targeted by the DEMs, determined the most significantly regulated
pathway enriched with the target genes, and experimentally veri-
fied the function of the hormone pathway in dedifferentiation.
While the targets of the most significant DEMs have been
proved to play essential roles in cell dedifferentiation. Taken to-
gether, these findings provide important information regarding
regulatory networks involved in immature embryo dedifferentia-
tion in maize.
2. Materials and methods

2.1. Samples and RNA isolation

The process of immature embryo dedifferentiation in 18-599R
was divided into three major stages based on morphological
features: embryo intumescence (stage I, 1–5 d), initial callus
formation (stage II, 6–10 d), and embryonic callus generation
(stage III, 11–15 d) in our previous work [2]. In the present study,
line 18-599R was grown under the condition as reported in the
previous research. Total RNA was isolated from a pool of 30 em-
bryos or calli from each sample from 0 to 15 d, using Trizol Reagent
(Invitrogen) according to the manufacturer’s instructions. RNA
from non-cultured immature embryos (0 d) was used as a control
(CK). RNA taken from 1 to 5 d old samples was mixed in equal
proportions, as well as 6–10 d old samples and 11–15 d samples.
The three RNA samples and the control were then submitted to
the construction of small RNA and degradome libraries.

2.2. Small RNA library construction and identification of conserved
maize miRNAs

Small RNA libraries were constructed using the Small RNA Sam-
ple Prep Kit (Illumina) as described by Tang et al. (2012) [10].
Briefly, 100 lg of total RNA was run on a 15% Acrylamide/8 M Urea
gel, and small RNAs (18–30 nt) were extracted and ligated to a 50

RNA adapter and a 30 RNA adapter. cDNA libraries were then
constructed by reverse transcription using SuperScript™ III (Invit-
rogen) and enriched by 15 cycles of PCR. The final PCR products
were then purified using the PureLink™ PCR Purification Kit (Invit-
rogen) and sequenced by Solexa technology. Small RNA reads were
processed using the FASTX-Toolkit to remove adapter sequences
and low quality reads. Then, we compared the remaining
sequences that were between 18 and 30 nt against the miRNA data-
base (miRBase 20 released) in maize (http://www.mirbase.org).
Only perfect matches were designated as conserved miRNAs.

2.3. Identification of differentially expressed miRNAs

The number of absolute sequence reads of miRNAs in each
library was converted to normalized abundance of miRNAs by
converting the data into ‘‘reads per million clean reads (RPM)’’.
The calculation of the p-value for comparison of the miRNA expres-
sion between the stage samples and the control sample was
performed based on previously established methods [11]. In detail,
the log2 ratio formula was: log2 ratio = log2 (miRNA reads in stage
sample/miRNA reads in control). The following formula was used
to calculate p-value:
p xjyð Þ ¼ N2

N1

� �y xþ yð Þ!

x!y! 1þ N2
N1

� � xþyþ1ð Þ

N1 and N2 denote the total number of reads in two compared li-
braries, respectively, while x and y represents the number of reads
of an miRNA in the two libraries. p-Value indicates the significance
of prospect differences of miRNA abundance. A combination of
p < 0.01 and the absolute value of log2 ratio P 1 were used as the
threshold to determine the significance of gene expression
difference.

2.4. Degradome library construction and identification of miRNA
targets

Degradome libraries were constructed as described by [12]. In
brief, polyadenylated RNA was purified from 200 lg of total RNA
using the Oligotex Kit (Qiagen). T4 RNA ligase was used to ligate
a 50 RNA adapter with a MmeI recognition site to the 50 terminus
of the poly(A) RNA. The resulting products were repurified using
Oligotex Kit, reversely transcribed with by five PCR cycles, digested
with Mme I, and ligated to a 30 double DNA adapter. Finally, the li-
gated products were amplified with 20 PCR cycles and gel-purified
for deep sequencing. The raw sequences were using the Fastx-
Toolkit, then normalized to reads per million (RPM). The remaining
sequences were unique reads that perfectly matched maize cDNA
sequences listed in WMD3 database (http://wmd3.weigel-
world.org). CleaveLand was used to identify the targets cleaved
by the maize miRNAs identified in our study [13].

2.5. Real-time PCR

Verification of the maize miRNA expression patterns was car-
ried out by RNA-tailing and primer-extension reverse transcription
RT-PCR [3]. Briefly, reverse transcription was performed using 1 lg
of poly(A)-tailed small RNA and 1 lg of RT primer [50-GCTGTCAAC-
GATACGCTACGTAACGGCATGACAGTG-d(T)(A, G, or C)-30] with
200 U of SuperScript III (Invitrogen). Next, quantitative real-time
PCR was performed using Bio-Rad CFX96 with 5s rRNA (gi:
114151623) as the endogenous control. The primers were designed
using Beacon Designer 7 software and are listed in Supplemental
Table S1. The standard Bio-Rad CFX96 amplification conditions
were used: an initial denaturation at 98 �C for 2 min, then 40 cycles
of 98 �C for 2 s and 59 �C for 10 s, followed by a thermal denatur-
ation step to generate the melting curves to verify the amplifica-
tion specificity. Three biologically independent replicates were
performed for all reactions, including non-template controls.
Statistical analysis was performed using the 2�DDCT method.

2.6. Determining the functions of the targets of differentially expressed
miRNAs

The functions of the targets of miRNAs that were up- or
down-regulated significantly between the dedifferentiation stages
and the CK samples were determined using NCBI COG (http://
www.ncbi.nlh.nih.gov/COG), the Gene Ontology Database
(http://www.geneontology.org/) and KEGG pathway (http://geno-
me.jp/keg/) [14].

3. Results and discussion

3.1. Small RNAs involved in immature embryo dedifferentiation

The inbred maize line 18-599R is an excellent model for imma-
ture embryo dedifferentiation and the induction of embryonic cal-
lus [2]. We constructed 4 small RNA libraries from the embryos



Fig. 2. Venn-diagram for the comparison of the four small RNA populations. The
numbers of the unique reads were compared among CK and the stage samples. The
four-way Venn-diagram indicates the numbers of the unique reads in CK (green
oval), stage I (yellow oval), stage II (blue oval) and stage III (red oval). The numbers
inside the intersections of the ovals denote the numbers of the unique reads
identified in two, three, or four small RNA libraries. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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and the calli at the three typical stages of dedifferentiation. After
removing the low quality sequences, adapter sequences and se-
quences smaller than 18 nt, 17,155,464 (99.63%), 15,829,092
(99.78%), 16,750,312 (99.74%), and 15,279,493 (99.70%) clean reads
remained from the control, stage I, stage II, and stage III samples.
RNAs between 21 and 22 nt were the second or third most abun-
dant sequences in the libraries (Fig. 1), in which 1,807,025
(10.53%), 2,035,514 (12.85%), 2,427,490 (14.48%), and 2,788,805
(18.23%) sequences was 21-nt in the four samples. These RNAs
are the typical length of mature plant miRNAs. The results are con-
sistent with deep sequencing results from other plants [8,15]. We
further obtained 4,890,526, 6,102,061, 7,003,679, and 5,551,340
unique reads from the clean reads. Among them, 2,850,709
(58.29%), 3,501,509 (57.38%), 4,281,020 (61.13%), and 3,104,611
(55.935) unique reads were specifically expressed in the control,
stage I, stage II, stage III libraries, respectively, and only 727,034
(less than 14.87%) unique reads were expressed in all of the four
samples (Fig. 2). These results indicated that the expression of
small RNA changes significantly during dedifferentiation of the
immature maize embryo.

3.2. miRNA families identified in maize

A total of 172 miRNAs belonging to 29 families in maize have
been deposited in the current database miRBase 20 released (June
24, 2013). We detected 102 of these known miRNAs belonging to
23 families, but did not detect 70 of them that included all of the
members of the miR395, miR482, miR1432, miR2118 and
miR2275 families. The number of absolute sequence reads of miR-
NAs was transformed to normalized abundance of miRNAs by con-
verting the data into ‘‘reads per million clean reads (RPM)’’
(Supplemental Table S2). Based on the normalized abundance,
miR156, miR166, miR168 and miR528 were the most highly
expressed miRNA families, with more than 10,000 RPM each in at
least one sample. Whereas, miR162 was low abundance miRNA,
with less than 1 RPM in each of the samples (Supplemental Fig. S1).

3.3. Differentially expressed miRNAs over the course of immature
embryo dedifferentiation

We analyzed changes in miRNA expression levels during the
process of dedifferentiation. The miRNAs whose expression levels
changed significantly (p < 0.01, with absolute values of log2

(ratio) P 1) between the control sample and the samples from
the three different stages are shown in Supplemental Table S3.
Fig. 1. The size distribution of small RNA. Numbers on the abscissa axis and y-axis represe
Overall, the expression level of 51, 70, and 63 miRNAs significantly
up- or down-regulated compared to the control during stage I,
stage II, stage III, respectively. A total of 30, 38, 53 miRNAs were
separately up-regulated, whereas 21, 32, 10 miRNAs were down-
regulated in the stage samples compared to the control. Among
them, miR164e, miR169c,r, miR529 and miR528a,b were the most
significantly differentially expressed miRNAs, and were gradually
up-regulated by more than fivefold d throughout the process of
dedifferentiation.
3.4. Validation of immature maize embryo miRNAs

To validate the miRNA expression detected by deep sequencing
technology, 11 miRNA sequences (miR156a,b,c,d,e,f,g,h,l, miR160-
a,b,c,d,e,g, miR167a,b,c,d, miR168a,b, miR319a,b,c,d, miR393a,c,
miR396a,b, miR397a,b, miR528a,b, miR827) were randomly se-
lected for quantitative real-time PCR analysis. The expression level
in the stage I, stage II and stage III samples were compared to CK.
As shown in Fig. 3, there was a strong correlation (Pearson’s corre-
lation > 0.90) between the deep sequencing data and quantitative
real-time PCR analysis, indicating the reliability of both of the
methods.
nt the length of small RNA sequence and frequency of small RNA reads, respectively.



Fig. 3. Correlations of expression ratios of miRNAs between Q-PCR and deep
sequencing in the three stages. A, B and C denote stage I, stage II and stage III,
respectively, and the numbers on x-axis and y-axis represent the detected ratios of
expression levels of the stage sample to CK by the method of deep sequencing and
Q-PCR, respectively.
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3.5. Immature embryo dedifferentiation degradomes

Degradome sequencing technology was applied to identify the
targets of the DEMs in our study. In total, 22,376,272 (99.3%),
30,334,985 (99.1%), 35,800,265 (99.2%), and 32,067,467 (99.2%)
clean reads were obtained, including 8,681,692, 5,872,016,
12,163,352, and 11,165,771 unique reads respectively. Using
BLASTn to search against the Rfam database, we further exclude
known noncoding RNAs (rRNA, tRNA, snRNA, and snoRNA), which
represented 0.25%, 0.33%, 0.30%, 0.26% of the unique signature data
sets. The rest of the reads were then mapped to the maize genome.
Altogether, 5,887,373 (67.8%), 3,759,318 (64.0%), 7,840,829
(64.5%), and 7,370,944 (66.0%) unique reads had perfect matches
in the maize genome (Table 1). These results correlated well with
a previous study in soybeans [10,12]. Reads from the degradome
library containing polyadenylated fragments were considered to
be noise. However, less than 0.1% of unique reads ended with
poly(A), which is lower than the percentage of polyadenylated
reads present in the wheat degradome library. These results dem-
onstrate the high quality of maize degradome libraries developed
in this study.

3.6. DEM targets identified by degradome sequencing

We identified miRNA targets based on the following criteria
suggested by Allen et al., Schwab et al. and Shuai et al. [9,16,17]:
(1) the cleaved region of mRNA should be complementary to the
miRNA sequence; (2) all alignments must have scores of no more
than four, where one mismatch between the miRNA and the target
sequence counts was counted as one, and G/U bases count as 0.5
score; (3) the cleavage site should generally fall between the
10th and 11th nt in the miRNA sequence, and there can be no mis-
matches at the cleavage site; (4) no more than two adjacent mis-
matches are allowed in the miRNA/target duplex; (5) no more
than 2.5 mismatches should occur at positions 1–12 nt (from the
50 end of miRNA) of the miRNA/target duplex; (6) the minimum
free energy (MFE) of the miRNA/target duplex should be equal to
or greater than 74% of the MFE of the miRNA bound to its perfect
complement.

The target transcripts were sorted into four categories accord-
ing to the abundance of miRNA-complemented signatures com-
pared to other signatures mapped to the same mRNA, as
described by Song et al. (2011) [12]. Briefly, an miRNA-cleavaged
signature which was the only cleavage signature of the tran-
script was classified as Category 0. For Category I, the expected
cleavage signature was equal to the maximum among all cleav-
age signatures of the transcript. In Category II, the abundance of
miRNA-mediated cleavage signatures was less than the maxi-
mum but higher than the median. The signatures with an abun-
dance less than or equal to the median were grouped into
Category III. All of the identified miRNA target transcripts were
classified according to these criteria. A total of 164 transcripts
representing 87 genes were identified as the targets of 17 known
DEM families (Supplemental Table S4). Notably, dozens of tran-
scription factors as GAMYB, TCP, SBP and ARF were identified
as the targets of miR319, miR156, miR160 and miR167, respec-
tively, which have been experimentally validated by the previous
studies [18–20]. Approximate 70.0% of the target transcripts
belonged to Category 0 or I in at least one sample, and the
proportion is even higher than those observed in previous re-
searches [9,12]. Taken together, these findings provide important
evidence on the high reliability of target identification in the
present research.



Table 1
Summary of the degradome library reads.

Sample Raw reads Clean reads Unique reads Genome mapped reads cDNA mapped reads Exon mapped reads Intron mapped reads

Control 22,527,288 22,376,272 8,681,692 5,887,373 5,485,192 3,412,497 611,651
Stage I 30,603,839 30,334,985 5,872,016 3,759,318 3,518,660 2,228,365 403,414
Stage II 36,095,716 35,800,265 12,163,352 7,840,829 7,039,337 4,546,600 950,635
Stage III 32,319,190 32,067,467 11,165,771 7,370,944 6,771,178 4,527,062 848,678
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3.7. Pathways regulated by DEMs during immature embryo
dedifferentiation

To shed more light on the functional role of miRNAs in imma-
ture embryo dedifferentiation, we identified biological pathways
enriched with DEM targets. We found that the targets were in-
volved in members of four significant (p < 0.01) pathways includ-
ing plant hormone signal transduction, antigen processing and
presentation, ECM-receptor interaction, and alpha-linolenic acid
metabolism (Supplemental Table S5). The plant hormone signal
transduction pathway [21,22] was the most highly relevant
pathway, with 21 genes involved. In detail, there were 13 (TIR1:
GRMZM2G137451, GRMZM2G135978; ARF: GRMZM2G078274,
GRMZM2G035405, GRMZM2G390641, GRMZM2G028980, AC207
656.3_FG002, GRMZM2G081406, GRMZM2G159399, GRMZM2G0
89640, GRMZM2G475882, GRMZM2G153233, GRMZM2G081158),
8 (DELLA: GRMZM2G418899, GRMZM2G037792, GRMZM2G0
79470, GRMZM5G825321, GRMZM2G110579, GRMZM2G098800;
TF gene: GRMZM2G028054, GRMZM2G139688) genes that partic-
ipates in the secondary pathways of auxin signal transduction and
gibberellin (GA) signal transduction, respectively (Fig. 4). Auxin is
considered to be the main hormone involved in plant dedifferenti-
ation process [23], and 2, 4-D, an auxin analogue, is widely consid-
ered to be the most important exogenous hormone for use in
immature embryo dedifferentiation [24]. In a recent study, auxin
pathway mediated by miRNAs was revealed to play an important
role during cotton somatic embryogenesis [25]. GAs can regulate
growth, including stem elongation, germination in plants [26],
and bioactive GA accumulate as maize embryogenesis proceeded
[27]. Whereas, inhibitions of embryogenesis and germination are
required for the process of immature embryo dedifferentiation.
All of the above findings are in accordance with our findings well,
which validates the significant regulation of miRNAs on plant
Fig. 4. Pathway of the plant hormone signal transduction regulated by the DEMs. These
transduction, and they were targets of the DEMs identified in the study. MiRNAs in blue p
to colour in this figure legend, the reader is referred to the web version of this article.)
dedifferentiation by promoting auxin signal pathway and repress-
ing the GA pathway.

3.8. Function of targets of the most significantly differentially
expressed miRNAs

Although 21 of 29 miRNA families were all differentially ex-
pressed during immature embryo dedifferentiation (Supplemental
Table S3), only six miRNAs (miR164e, miR169c/r, miR528a/b and
miR529) (approximate 3.5%) were continually up-regulated by
more than fivefold throughout the process, suggesting that these
miRNAs might be primarily responsible for immature embryo
dedifferentiation. A total of 16 genes were identified as the targets
of them (Supplemental Table S4), separately, including 2 NAM (No
Apical Meristem) gene, 2 SBP transcription factors, 1 HLH tran-
scription regulator, 1 Ribosomal_S12, 1 F-box protein GID2, 1
HVA22-like protein a, and 8 unknown transcription factors. NAM
genes are expressed at the boundaries between organ primordial
and meristems, and play a role in determining the positions of
meristems and primordia [28]. In addition, NAM proteins are
required for pattern formation in Petunia embryos, and Petunia
embryos carrying the nam mutation fail to develop a shoot apical
meristem [29]. In this study, we found that miR164 which targets
the NAM gene was the most significantly differentially expressed
DEM, and was continually up-regulated by more than sevenfold
throughout the process of dedifferentiation. It is suggested that
miR164 is one of the key miRNAs related to immature embryo
dedifferentiation in maize. HLH transcription factors are a family
of proteins containing helix-loop-helix structural motifs [30]. The
function of HLH transcription factors on plant cell dedifferentiation
is still unclear, but numbers of researches have proved that HLH
transcription factors acted as inhibitors of differentiation in human
and animal cells. The kinds of proteins play important roles in
genes in red panes denote maize genes that participate in the auxin and GA signal
anes indicate the miRNAs targeting these genes. (For interpretation of the references
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control of cell division [31], inhibition of cell differentiation [32],
and drive of cell dedifferentiation [33]. Here we report a HLH
transcription factor in maize regulated by miR528, which may be
a new breakthrough point in the research of plant dedifferentia-
tion. We would therefore propose the miRNAs participate in imma-
ture embryo dedifferentiation of maize by regulating some key
genes controlling the process.
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