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Abstract Maize is an important crop worldwide. Its

grain yield is susceptible to decrease under conditions of

abiotic stress, such as shade in subtropical and temperate

zones. The genetic basis of shade tolerance has not been

determined in maize. MicroRNAs (miRNAs) are known

to play critical roles in plant stress responses, including

responses to environmental stress; but shade-associated

miRNAs have not previously been identified in maize. In

this study, the shade-sensitive inbred line 502 was used

to examine miRNA expression differences in maize ear,

after a 10-day treatment of either shade or exposure to

natural light. A total of 130 known miRNAs belonging

to 21 families were identified, of which 45 miRNAs

were differentially expressed between shaded and natural

light treatments. Twelve novel miRNAs were also pre-

dicted. In total, 94 miRNAs were upregulated and 48

downregulated in plants exposed to shaded conditions,

compared with those exposed to natural light. These

differentially expressed miRNAs may participate in

regulating hormone homeostasis, metabolism, develop-

ment and flower timing. These results suggest that the

decrease of maize yield under shaded conditions may

partly be determined by the differential expression of

shade-induced miRNAs.

Keywords Maize � Shading � miRNA � High-throughput

sequencing

Introduction

Maize depends on sunlight, being photosynthetic, but in

many areas of the world, maize-growing regions are cloudy

and overcast when crops are in their later growth stages, for

example on the North China Plain (Jin et al. 1996). Pres-

sure to increase grain yield leads to a greater density of

planting, leading in turn to self-shading among maize

plants. Persistent shading during flowering affects maize

development, and reduces grain yield. Reed et al. have

previously reported that photosynthesis decreases, and

kernel abortion increases, when plants are shaded during

flowering (Reed et al. 1988). Tollenaar et al. and Gerakis

et al. have also reported on the effect of shade stress on

grain yield in maize (Tollenaar and Daynard 1978; Gerakis

and Papakosta-Tasopoulou 1980), and that kernel weight

and yield decrease when plants are shaded during grain

filling (Schmidt and Colville 1967; Kiniry and Ritchie

1985). Some quantitative trait loci for shading tolerance

have previously been identified (Yuan et al. 2012). How-

ever, the genetic basis of the effect of shade on ear

development in maize, particularly the role of regulatory

miRNAs, has hitherto been unclear.

In recent years, numerous small RNAs have been dis-

covered that have roles in post-transcriptional regulation of
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gene expression during development (Kozomara and Grif-

fiths-Jones 2011), including microRNAs (miRNA). Micro-

RNAs are a class of endogenous small RNAs, 20–24 nt long,

which play an important role in plant growth, development

and stress responses (Bartel 2004). Allowing plants to adapt

to environmental pressure, miRNAs can be up- or down-

regulated to cope with stresses such as nutrient starvation

(Fujii et al. 2005), drought (Zhou et al. 2010), cold (Zhou

et al. 2008), salinity (Sunkar et al. 2008), UV-B radiation

(Zhou et al. 2007), and mechanical stress (Lu et al. 2005).

Achard et al. found that miR159 expression could regulate

gibberellin (GA) or abscisic acid (ABA) to control floral

organ development (Achard et al. 2004); and that miR160

was upregulated, and miR169 and miR167 were downreg-

ulated in response to ABA (Liu et al. 2007, 2009; Li et al.

2008). Expression of miR168, miR171 and miR396 were

found to change in Arabidopsis thaliana plants coping with

high salinity, drought and cold pressure; and miR397,

miR165/166, miR393, miR396, miR169 and miR172 were

found to have up- or downregulated expression in response to

cold and heat stress (Sunkar and Zhu 2004; Liu et al. 2008;

Lu et al. 2008). Currently, sequences of 321 maize micro-

RNAs, 713 rice microRNAs and 427 Arabidopsis miRNAs

have been deposited in miRBase21 (http://www.mirbase.

org/). Although miRNAs from several plant species have

been identified as having changes in expression related to

environmental stress, no extensive studies exist of maize

miRNAs in response to shading.

High-throughput sequencing technology has been pro-

ven to be useful and cost-effective in discovering stress-

related miRNAs. To examine the differential accumulation

of miRNAs in maize ears developing for 10 days under

either shade or and natural light, high-throughput

sequencing and qRT-PCR were performed. The differential

expression of miRNAs was analyzed in the context of

maize ear development under natural light and shading.

Materials and methods

Material and treatments

An inbred line of maize with shade-sensitive characteristics,

502, was selected from the local Chinese germplasm,

Tangsipingtou (Liuzheng et al. 2008). In spring 2012, the

inbred line was evaluated under shading and natural light

treatments, at the farms of Henan Agricultural University

(Zhengzhou, 34�480N 113�420E) in northern China. The

farms have an average yearly temperature of 14.3 �C and an

average annual rainfall of 640.9 mm. Sowing took place on

30 May 2012. The inbred line was sown in a single plot,

consisting of six rows planted 60 cm apart; each row being

5 m long, with 22 plants, planted 23 cm apart. During the

seedling stage, 175 kg N ha-1 (urea), 67.5 kg P2O5 ha-1

(calcium superphosphate), and 101.3 kg K2O ha-1 (potas-

sium nitrate) were added to the soil, and an additional

175 kg N ha-1 (urea) was added before pollination. The

shading treatment was as described by Fournier and Andrieu

(2000), except that plants were planted in a 3.5 m high iso-

lation chamber, and shaded from 7 days before tasseling, for

10 days. Shading was with black polypropylene fabric with

50 % light penetration while controls developed under nat-

ural light (light intensity 1538.6 lmol m-2 s-1). The only

top of the shade shelf and the east–west sides 2 m from the

laying down were shaded and there were 2 m distance from

the top of shed to canopy in order to create the microclimate

of shed according to field (Table 1). The data in the table are

used Li-6400 Portable Photosynthesis system (LI-COR Inc.

USA) in 11:00 am every day, and lasted 10 days. Ear sam-

ples from each treatment were collected on the tenth shaded

day; ears from nine plants per treatment were pooled into two

samples, and the samples were collected from 7 to 8 a.m.

quick-frozen in liquid nitrogen, and stored at -80 �C.

RNA isolation and miRNA library construction

and sequencing

Total RNA was isolated from the pooled samples of nine

ears as three biological replicates for both shaded and

natural-light treatments, using TRIzol Reagent (Invitrogen,

Carlsbad, CA, USA) according to the manufacturer’s pro-

tocol. RNase-free DNase I was used to remove any residual

DNA for 30 min at 37 �C. sRNAs 18–30 nt in length were

purified from total RNA, on a 15 % polyacrylamide

denaturing gel. The isolated sRNAs were sequentially

ligated to RNA-DNA chimeric oligonucleotide adaptors,

reverse transcribed, and amplified with 15 cycles of PCR to

produce sequencing libraries (Lau et al. 2001). Sequencing

was performed on a Solexa Illumina Genome Analyzer at

BGI (Beijing Genomics Institute, Shenzhen, China).

Table 1 Effects of shading treatments on microclimate in experimental field

Treatment CO2 concentration

(lmol mol-1)

Light intensity

(lmol m-2 s-1)

Relative humidity (%) Air temperature (�C)

Shading 374.67 ± 2.40 a 756.7 ± 25.54 b 71.77 ± 0.28 a 35.7 ± 0.26 a

Natural light 364.33 ± 1.45 a 1538.6 ± 22.23 a 67.97 ± 0.27 a 36.6 ± 0.42 a

Values are mean ± SD values followed by a different letter within a column are significantly different at 5 % probability level
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Identification of known and novel miRNAs

Raw sequence processing was done with the PHRED and

CROSS MATCH programs, as previously reported (Sunkar

and Zhu 2004; Sunkar et al. 2005). After deletion of the

vector sequence, any sequences of 18 nt or longer were

used for further analysis. Initially, tRNA, snRNA,

snoRNA, rRNA and poly-A tails were deleted from among

the small RNA sequences. The remaining sequences were

compared with the maize ncRNA collections in NCBI

Genbank and Rfam. To identify conserved miRNAs in

maize, unique small RNA sequences were used for

searching the miRNA database using BLASTn. Only the

small RNA sequences that had precursor and mature forms

that exactly matched known maize microRNAs in miR-

Base 15.0, were regarded as being conserved microRNAs.

To find possible novel miRNA precursor sequences in our

dataset, mature miRNAs were used in a BLASTn search,

with results including only sequences that met the stan-

dards of previously-described miRNA precursors (Ambros

et al. 2003). These were mature sequences in the stem

region of the stem-loop structure, 20–22 nt long, with a

maximum free-folding energy of -20 kcal mol-1. A

minimum of 50 reads at least in one library and a maxi-

mum of six unpaired nucleotides between the miRNA and

miRNA* were allowed. If the distance between the miRNA

and miRNA* was between 5 and 240 nt, the sequence was

folded into a secondary structure using mFold 3.2. If a

perfect stem-loop structure was formed, the small RNA

sequence met the criteria and would be regarded as a

possible novel maize miRNA candidate.

Real-time quantitative PCR

The expression levels of the predicted target genes and

miRNAs were estimated by qPCR, Both RT-PCR and

Solexa sequencing were done on the same RNA samples.

Eight conserved nature miRNAs and a novel miRNA and

eight target genes were selected for further real-time PCR

analysis. Reverse transcription reactions were done with

the One Step PrimeScript� miRNA cDNA Synthesis Kit

(Takara). 20 lL RT reactions were incubated at 37 �C for

60 min, then at 85 �C for 5 s, then stored at 4 �C, fol-

lowing the manufacturer’s protocol. Real-Time PCR was

performed with SYBR Premix Ex Taq IITM (Takara) on a

Bio-Rad IQ5 Real-Time PCR Detection System (BIO-

RAD, USA). Each 25 ll PCR reaction solution included

2 ll cDNA, 1 ll PCR forward primer (10 lM), 1 ll Uni-

miR qPCR primer (10 lM), 12.5 ll SYBR premix EX

TaqII (29), and 8.5 ll dH2O. The reactions were incubated

at 95 �C for 30 s, followed by 40 cycles of 95 �C for 5 s,

60 �C for 20 s, and 72 �C for 10 s. All reactions were

replicated three times for each sample. The relative

expression level of the miRNAs was calculated using the

2-DDCT, and these data were normalized on the basis of

Actin-2 values, Actin-2 (act2) was used as the endogenous

control, the miRNA used for normalization were those

expressed during natural light. All primer sequences are

listed in (S2 Table and S6 Table).

Novel miRNA target prediction

We used the Mireap tool to predict the target genes of

newly identified miRNAs (Allen et al. 2005; Schwab et al.

2005). Briefly, the rules used were: (1) sRNA and target

genes may not have more than four mismatches (G-U

changes count as 0.5 mismatches); (2) in the miRNA/target

duplex, there may not be more than two adjacent mis-

matches; (3) sites 2–12 of the miRNA/target duplex (50 end

of miRNA) must not have adjacent mismatches; (4) the

miRNA/target duplex must not have mismatches in posi-

tions 10–11; (5) the miRNA/target duplex must not have

more than 2.5 mismatches in positions 1–12; and (6) the

minimum free energy (MFE) of the miRNA/target duplex

should not be less than 75 % of the MFE of the miRNA

bound to its exact complement. All newly-identified miR-

NAs predicted to target mRNA sequences met the above

criteria. In order to validate the predicted target, then qPCR

was carried to analysis the expression levels of the target

genes of novel miRNAs, (all primer sequences are listed in

S7 Table).

Gene ontology (GO) analysis

To further understand the function of the miRNAs that

were differentially expressed between shading and natural

light treatments, we used the GO analysis tool, AgriGO

(http://bioinfo.cau.edu.cn/agriGO/analysis.php) (Du et al.

2010) with the TIGR maize V5a genome transcript IDs as a

background/reference dataset. This assigned putative

functions to target genes.

Results

The appearance of maize ears under shading

and natural light

The inbred line 502 under Shading condition showed a

slowdown of ear and tassel growth and development rate,

delay the tasselling date, silking date, prolonged the

anthesis-silking interval (ASI). The ears of inbred line 502

were significantly affected after 10 days shading (Fig. 1).

In comparison with the natural light treatment, ears grown

in the shade were 52.3 % shorter (average length reduction

6.7 cm); and their diameters were 16.7 % less (average
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diameter reduction 0.4 cm). All data were subjected to

t test in SPSS statistical program. It’s obvious that the

difference between the shade and the natural light treat-

ment was significant as indicated by statistical test listed in

Table 2.

Sequencing and annotation of maize miRNAs

As given in Table 3, Solexa sequencing produced

16,794,262 unfiltered sequence reads in the natural light

library, and 17,729,648 unfiltered sequence reads in the

shade library. Of these, 12.91 % of the reads (of which

37.49 % were unique) were found to be specific to natural

light treatment; 14.32 % (of which 42.36 % were unique)

were found to be specific to the shading treatment, and the

remaining 72.77 % of the reads (of which 20.15 % were

unique) were present in both libraries. The mean frequency

of reads in the shade-specific library was 1.22, while reads

in the natural light library had a mean frequency of 1.20,

and the mean frequency of reads both in natural light

library and shade-specific library was 12.79.

After filtering, a total of 16,489,436 reads (of which

5,521,450 were unique) remained in the natural light

library; and 17,427,810 reads (of which 5,987,732 were

unique) remained in the shade library. Plotting their size

distribution (Fig. 2) shows that *97 % of the sequences in

both libraries were 18–21 nt long, with a mode length of 21

nt, which corresponds to the typical length distribution of

mature plant miRNAs (Sunkar and Zhu 2004).

Known miRNAs

Non-protein coding sequences (including rRNA, tRNA,

snRNA and snoRNA) were identified by searching the

Rfam10.1 and NCBI Genbank databases. Comparing fil-

tered sequences with known non-protein coding sequences,

0.64 % of the unique sequences in the natural light library,

and 0.55 % of the unique sequences in the shade library

had matches.

Comparing filtered reads with known miRNAs, 351,236

(of which 353 were unique) were identified in the natural

light library, and 346,544 (of which 416 were unique) in

the shade library, respectively accounting for 2.13 and

1.99 % of each library (Table 4). A BLASTN search of the

generic miRNAs resulted in the identification of 130

sequences belonging to 21 families (S1 Table). Most

miRNAs were more highly expressed under shading con-

ditions than under natural light. The most abundant

sequences expressed under shade conditions were

miR528a-5p, miR528b-5p, miR390a-5p, miR390b-5p,

miR156j-5p, miR1432-5p, miR166a-5p, miR166c-5p and

miR168a-3p; while miR529-5p, miR319a-5p, miR319c-3p,

miR319b-3p, miR319d-3p, miR156b-5p, and miR156d-5p

were abundant under natural light conditions (Fig. 3a, b).

In both libraries, miR1432-5p, miR390a-5p, miR390b-5p,

miR319a-3p, miR319c-3p, miR319b, miR319d-3p,

Fig. 1 The ear of inbred line 502 grown under natural light and shade

Table 2 Phenotypic differences under shading and natural light

Treatments Ear length Ear diameter

cm Sig. cm Sig.

Natural light 12.8 ± 0.46 0.001 2.4 ± 0.08 0.001

Shading 6.1 ± 0.38 2.0 ± 0.11

Table 3 small RNA sequences present in both natural light and shade libraries

Class Unique Percentage Total sequences Percentage Mean frequency

Total reads 9,578,992 100.00 33917246 100.00 3.54

502 natural light and 502 shading 1,930,190 20.15 24681865 72.77 12.79

502 natural light specific 3,591,260 37.49 4379602 12.91 1.22

502 shading specific 4,057,542 42.36 4855779 14.32 1.20
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miR156b-5p and miR156d-5p were moderately abundant

(S1 Table). Eleven miRNAs, including miR528a-5p,

miR156b-5p, miR166a-5p, miR156j-5p, miR166c-5p,

miR166 g-5p, miR166 m-5p, miR319a-5p, miR156c-5p,

miR172c-5p and miR529-5p, differed in expression but

were present in both libraries.

Novel miRNAs

The ability of their pre-miRNA sequences to adopt the

canonical stem-loop hairpin structure is a differentiating

feature of miRNAs, meaning that a set of precise rules can

be used to identify potential miRNAs (Jones-Rhoades et al.

2006; Meyers et al. 2008). There were 12 novel miRNAs

present in either or both libraries (Table 5). Their stem-

loop hairpin structures were determined (S3 Table). Of

these miRNAs, novel-mir-1918, novel-mir-2159, and

novel-mir-2281 were present in the shade library; novel-

mir-418, novel-mir-583, novel-mir-665 were present in the

natural light library; and novel-mir-69, novel-mir-123,

novel-mir-1274, novel-mir-720, novel-mir-762, and novel-

mir-890 were present in both libraries.

Differentially expressed miRNAs and qRT-PCR

Eight conserved miRNAs and one novel miRNA were

chosen to validate the sequencing results by qRT-PCR

analysis. These results indicated that the relative expression

levels of selected miRNAs in maize ear were consistent

with the deep sequencing data. Evidence for the differential

expression of miRNAs in the ear of the inbred line 502,

under natural light and shading treatments, was sought by

comparing the frequency of occurrence of the 130 con-

served and 12 novel miRNAs, based on a normalized value

of at least 10 in one library. The greatest degree of dif-

ferential expression was shown in 16 conserved miRNAs

and six novel miRNAs (Table 6). Of these, two showed a

significantly greater than twofold difference in expression

level, between natural light and shading treatments, which

was further verified by by qRT-PCR (Fig. 4a).

Function of different expression of miRNAs

under natural light and shading

From the set of 16 conservative mature miRNA sequences,

which showed differential expression between natural light

and shading treatments, 306 potential target genes were

predicted (S4 Table). These targets include proteins, DNA

binding domains, transcription factors (TFs), and ATP

binding domains. Most of the targets of the conservative

miRNAs have many TFs, including SBP, SPL, MYB, ARF

and NAM, which are known to regulate plant development.

All of these TFs are known to have roles controlling gene

expression involved in flower timing, metabolism and

Fig. 2 The lengths of small RNAs (nt) identified in this study

Table 4 Annotation of sRNA sequences, from natural light and shade libraries

Category Unique sRNAs Total sRNAs

502 Natural light 502 Shading 502 Natural light 502 Shading

Non-protein-coding 35372 (0.64 %) 33135 (0.55 %) 362577 (2.20 %) 290884 (1.67 %)

rRNA 28236 (0.51 %) 25709 (0.43 %) 282888 (1.72 %) 211078 (1.21 %)

tRNA 3604 (0.07 %) 3574 (0.06 %) 67434 (0.41 %) 65573 (0.38 %)

snRNA 2350 (0.04 %) 2575 (0.04 %) 8928 (0.05 %) 10528 (0.06 %)

Snorna 1182 (0.02 %) 1277 (0.02 %) 3327 (0.02 %) 3705 (0.02 %)

miRNA 353 (0.01 %) 416 (0.01 %) 351236 (2.13 %) 346544 (1.99 %)

Exon_antisense 53794 (0.97 %) 56956 (0.95 %) 164494 (1.00 %) 179555 (1.03 %)

Exon_sense 69608 (1.26 %) 74415 (1.24 %) 191314 (1.16 %) 211091 (1.21 %)

Intron_antisense 97923 (1.77 %) 110674 (1.85 %) 316591 (1.92 %) 335674 (1.93 %)

Intron_sense 137359 (2.49 %) 155482 (2.60 %) 512909 (3.11 %) 587062 (3.37 %)

Repeat 1965184 (35.59) 2138842 (35.72 %) 7040984 (42.70 %) 7617480 (43.71 %)

Unann 3161857 (57.26 %) 3417812 (57.08 %) 7549331 (45.78 %) 7859520 (45.10 %)

Total 5521450 (100 %) 5987732 (100 %) 16489436 (100 %) 17427810 (100 %)

Acta Physiol Plant (2016) 38:80 Page 5 of 12 80

123



development. Furthermore, monitoring the expression

levels of eight predicted target genes by qPCR analysis

revealed negative correlations with the levels of their

corresponding miRNAs (Fig. 4b).These results implied

that these miRNAs may be directly or indirectly involved

in maize shading stress through regulation of target gene

Fig. 3 Comparison of different

expressions of known miRNAs

between natural light and

shading treatments. a Ratio

(shading/natural light) of

normalized numbers of miRNA

sequence reads (known

miRNAs) with at least two

times higher expression in shade

than in natural light, and at least

20 reads in one of the data sets.

b Ratio (natural light/shading)

of the normalized numbers of

miRNA sequence reads of

(known miRNAs) with at least

two times higher expression in

natural light than shade ear, and

at least 20 reads in one of the

data sets
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expression. To validate the target genes of novel miRNAs,

qPCR was carried to analysis the expression levels of three

novel miRNAs and target genes, showing that the expres-

sion trends of the target genes were contrary to the novel

miRNAs (Fig. 5), it indicated that microRNAs targets are

cleaved sequences by novel microRNAs. To analyze the

functions of the novel miRNAs, 229 target mRNAs (S5

Table) were submitted to the AgriGO website (http://

bioinfo.cau.edu.cn/agriGO/analysis.php). Compared with

their respective background/reference sequences, the novel

miRNAs were categorized as having diverse functions

(Fig. 6). The most highly-represented functions with a

significant difference from the background/reference

sequences were metabolic processes (75.6 %), cellular

processes (63.3 %), biological regulation (23.3 %),

response to stimuli (18.9 %) regulation of biological pro-

cesses (18.9 %) and signal processing (5.6 %). These

functions are important to the development of maize ears

both under shading and under natural light. Further analysis

of their targets will clarify how these newly identified

miRNAs function in maize under shade stress.

Discussion

Here, we have sequenced and analyzed the miRNAs that

are produced in the female floral organ (ear) of maize,

under shaded and natural light conditions. The targets of

some of the miRNAs identified, which are mainly TFs, are

known to regulate physiological processes and genetic

programs including metabolism, flowering, hormone sig-

naling and stress responses. For example, some of the

conserved miRNAs, miR156, miR172, miR171, miR166,

miR159, miR319, miR160 and miR164 are known to

function in flower development. The miR156 family reg-

ulates TFs of the SQUAMOSA promoter-binding like

(SPL) family, which regulates the timing of development;

and the change from vegetative to reproductive growth, in

combination with miR172 (Gandikota et al. 2007). Curaba

et al. have shown that in barley, miR171 and its targets in

the miR156 pathway, combined with miR156 and miR172,

have a role in creating a pleiotropic phenotype that

includes short vegetative phytomers and late flowering

(Curaba et al. 2013).

A number of miRNAs have been shown to participate in

regulation of responses to abiotic stress, such as salinity

(Zhou et al. 2010), cold (Sunkar et al. 2008) and dehy-

dration (Zhou et al. 2008). Banu et al. showed that Osa-

miR528 is highly-expressed under salt stress, where

superoxide radicals, hydroxyl radicals and H2O2, and

reactive oxygen species are scavenged by superoxide dis-

mutase (SOD) (Banu et al. 2009). The predicted target in

maize of miR528 is Cu/Zn SOD, and it is reported to beT
a
b
le

5
N

o
v

el
m

ai
ze

m
iR

N
A

ca
n

d
id

at
es

M
iR

-n
am

e
L

o
ca

ti
o

n
S

eq
u

en
ce

N
at

u
ra

l
li

g
h

t-
ex

p
re

ss
ed

S
h

ad
in

g
-e

x
p

re
ss

ed
N

at
u

ra
l

li
g

h
t-

st
d

S
h

ad
in

g
-s

td
M

F
E

(k
ca

l/
m

o
l)

n
o

v
el

_
m

ir
_

6
9

1
0

:1
9

2
4

4
0

7
:1

9
2

4
5

4
8

:-
A

T
C

C
G

A
C

G
C

A
A

A
C

G
A

A
C

A
A

G
G

6
1

6
5

3
.6

9
9

3
3

.7
2

9
7

-
6

7
.8

n
o

v
el

_
m

ir
_

1
2

3
1

:3
3

7
1

3
3

1
:3

3
7

1
4

1
7

:?
A

A
C

G
A

C
T

A
A

T
A

A
A

A
A

G
A

A
A

C
G

1
2

6
1

1
0

7
.6

4
1

3
6

.3
1

1
8

-
5

8
.2

n
o

v
el

_
m

ir
_

4
1

8
2

:1
9

7
2

2
8

4
7

2
:1

9
7

2
2

8
5

6
4

:?
G

C
C

G
G

A
C

A
T

G
T

T
C

A
G

G
A

T
C

G
T

7
6

0
4

.6
0

9
0

-
3

6
.1

n
o

v
el

_
m

ir
_

1
2

7
4

8
:1

5
0

1
5

5
2

1
6

:1
5

0
1

5
5

3
2

4
:-

A
G

G
C

A
A

A
T

T
G

T
G

G
T

A
A

G
T

T
A

G
1

8
2

2
8

0
1

1
.0

3
7

4
1

6
.0

6
6

3
-

4
7

.0
1

n
o

v
el

_
m

ir
_

1
9

1
8

4
:4

1
7

8
3

5
1

5
:4

1
7

8
3

6
9

6
:-

A
A

T
G

G
A

T
T

A
G

A
T

G
G

T
T

T
G

C
T

T
0

2
0

2
0

.0
1

1
1

.5
9

0
7

-
7

4
.9

n
o

v
el

_
m

ir
_

2
1

5
9

8
:3

2
7

9
6

4
9

2
:3

2
7

9
6

5
9

0
:?

A
C

T
T

T
T

A
A

C
T

T
A

G
G

A
G

T
G

T
C

G
0

7
3

0
4

.1
8

8
7

-
4

9
.2

n
o

v
el

_
m

ir
_

2
2

8
1

9
:1

3
0

7
2

0
3

9
6

:1
3

0
7

2
0

4
7

3
:?

A
G

G
T

T
A

A
G

T
T

A
T

T
C

C
C

G
T

C
G

G
0

8
5

0
4

.8
7

7
3

-
3

8
.4

n
o

v
el

_
m

ir
_

5
8

3
3

:2
3

1
0

9
1

1
7

7
:2

3
1

0
9

1
2

6
3

:?
T

C
T

G
G

C
C

G
C

C
A

G
A

A
G

C
T

G
A

A
G

C
C

G
1

1
1

0
6

.7
3

1
6

0
-

4
7

.2

n
o

v
el

_
m

ir
_

6
6

5
4

:1
3

7
7

1
2

6
7

:1
3

7
7

1
4

0
1

:?
A

G
C

C
G

A
T

A
C

T
A

C
T

A
C

T
G

C
T

G
C

T
A

T
3

8
9

0
2

3
.5

9
0

9
0

-
2

9
.2

3

n
o

v
el

_
m

ir
_

7
2

0
4

:2
1

5
0

1
5

8
2

1
:2

1
5

0
1

5
9

3
9

:?
A

A
T

C
T

G
A

C
A

C
A

A
A

C
G

A
A

C
A

A
G

1
8

0
1

5
2

1
0

.9
1

6
1

8
.7

2
1

7
-

4
1

.2

n
o

v
el

_
m

ir
_

7
6

2
4

:1
1

4
6

9
9

0
6

3
:1

1
4

6
9

9
2

0
2

:-
A

T
T

C
G

A
A

C
G

A
C

T
A

A
C

A
T

T
A

G
G

1
0

3
7

9
6

.2
4

6
4

4
.5

3
3

-
5

1
.2

n
o

v
el

_
m

ir
_

8
9

0
5

:7
4

9
2

3
7

0
1

:7
4

9
2

3
8

2
8

:-
A

G
T

G
G

C
G

T
A

G
A

C
A

G
T

G
G

G
T

G
G

6
8

1
1

9
4

.1
2

3
9

6
.8

2
8

2
-

3
7

.2
9

Acta Physiol Plant (2016) 38:80 Page 7 of 12 80

123

http://bioinfo.cau.edu.cn/agriGO/analysis.php
http://bioinfo.cau.edu.cn/agriGO/analysis.php


upregulated in salt-stressed rice leaves (Kim et al. 2007). In

this study miR528 was upregulated in the shade treatment

compared with the natural light treatment. Thus, the

scavenging of reactive oxygen species may be occurring

under shade in the ear of inbred line 502. TCP TFs regulate

the development of leaf size and form, and flower sym-

metry (Banu et al. 2009). The miR159 and miR319 fami-

lies control the production of TFs of the MYB family,

which are known to play an important role in development,

metabolism and responses to biotic and abiotic stresses

(Palatnik et al. 2007). In this study, the expression of

miR319 and miR166, which target TCP TFs, was down-

regulated under shade; which indicates the induction of

their target TF transcripts, and thus enhanced shade toler-

ance. This regulation of miR166 and miR319, as well as

their target TF transcripts, may explain the development of

maize ears in a shaded environment.

The shade response was not only regulated by TFs.

miR167 and miR164 were found to be upregulated after

shading, suggesting that these miRNAs were involved in

the initiation of receipt of the shading stress signal. The

target of miR167 is ARF8, which is an auxin-response

factor; the transcription of AUX/IAA genes is regulated by

ARFs (Ulmasov et al. 1997). Auxin induces the targeted

ubiquitinylation and degradation of specific AUX/IAA

proteins (Gray et al. 2001). A decrease in ARF transcripts,

causing the upregulation of miR167, may weaken the auxin

response and thus also affect ear development. If miR167

does not interact with ARF8, this will affect the develop-

ment of gynoecium, stamens and immature flowers, which

in turn affects ovule development and anther indehiscence

(Wu et al. 2006); which may explain maize delay ASI

(flowering interval of male and female spike) under

shading.

The transcripts of NAC-domain proteins are the pre-

dicted targets of zma-miR164. In Arabidopsis thaliana,

NAC1-overexpressing lines are bigger, with larger leaves

and thicker stems than wild type (Xie et al. 2005). Here,

with upregulation of miR164 a decrease in NAC-domain

proteins could explain why maize ears were smaller under

the shade treatment (Fig. 1). In Arabidopsis, the miR396

family regulates several transcription factors that are

expressed in inflorescences and pollen grains, and are

involved in maturation (Chambers and Shuai 2009); it also

regulates cell proliferation in leaves (Rodriguez et al.

2010).

It has been reported that miR172, miR159 and miR166

have essential roles in flowering time and floral organ

identity (Aukerman and Sakai 2003; Chen 2004). The

target gene of miR172 is AP2, which is an important

Table 6 Differentially expressed miRNAs in natural light and shade libraries

MiR-name Natural

light-expressed

Shading-expressed Natural

light-std

Shading-std Fold-change

(log2 shading/natural light)

P value Sig-label

zma-miR1432-5p 234 543 14.1909 31.1571 1.134595 1.18E-25 **

zma-miR156b-5p 1242 439 75.321 25.1896 -1.58022 8.26E-99 **

zma-miR156d-5p 1254 455 76.0487 26.1077 -1.54245 2.46E-96 **

zma-miR156j-5p 42 354 2.5471 20.3124 2.995433 3.72E-59 **

zma-miR160b-3p 73 213 4.4271 12.2218 1.465023 1.43E-15 **

zma-miR160 g-3p 73 213 4.4271 12.2218 1.465023 1.43E-15 **

zma-miR164e-5p 278 96 16.8593 5.5084 -1.61384 4.32E-24 **

zma-miR319a-3p 1228 319 74.4719 18.3041 -2.02453 4.27E-137 **

zma-miR319b-3p 1314 451 79.6874 25.8782 -1.62261 1.89E-108 **

zma-miR319c-3p 1228 319 74.4719 18.3041 -2.02453 4.27E-137 **

zma-miR319d-3p 1314 451 79.6874 25.8782 -1.62261 1.89E-108 **

zma-miR390a-5p 742 1592 44.9985 91.3483 1.021501 5.73E-61 **

zma-miR390b-5p 742 1592 44.9985 91.3483 1.021501 5.73E-61 **

zma-miR528a-5p 112 3288 6.7922 188.664 4.795796 0 **

zma-miR528b-5p 112 3288 6.7922 188.664 4.795796 0 **

zma-miR529-5p 971 127 58.8862 7.2872 -3.01449 4.22E-172 **

novel_mir_1918 0 202 0.01 11.5907 10.17875198 3.96E-59 **

novel_mir_2159 0 73 0.01 4.1887 8.71035875 7.98E-22 **

novel_mir_2281 0 85 0.01 4.8773 8.9299389 2.70E-25 **

novel_mir_418 76 0 4.609 0.01 -8.84830998 1.53E-24 **

novel_mir_583 111 0 6.7316 0.01 -9.39480567 1.66E-35 **

novel_mir_665 389 0 23.5909 0.01 -11.20401462 1.40E-122 **
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Fig. 4 a qRT-PCR analysis of

differentially expressed

miRNAs under natural light and

shade. b qRT-PCR analysis of

differentially expressed targets

under natural light and shade
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Fig. 5 qRT-PCR validation of

microRNAs targets are cleaved

sequences by your novel

microRNAs

Fig. 6 Distribution of differentially expressed novel miRNA target

genes and their functional categories as determined by GO analysis.

The x-axis shows categories of biological functions; the y-axis

represents the proportion of gene function. Blue bars show the

percentage of input genes that were expressed under natural light and

shade; green bars show the percentage of background/reference target

genes. Where input genes show a different percentage from

background genes, the function may be regulated by novel miRNAs
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transcription factor for regulating plant flowering and

photoperiod. MiR164, miR167, miR159, miR528 and

miR396 were increased under shade treatment (Fig. 7),

therefore their target genes expression were decreased,

which are important for auxin-responsive gene function,

develop metabolism, superoxide dismutase and photosyn-

thesis, their expression were increase or decreased maybe

influenced the morphological physiological and metabolic

of the maize. Here, its expression was decreased in the

shade treatment, correlating with a decrease in maize yield

under shade stress and prolonged maize ASI (flowering

interval of male and female spike) under shaded conditions.
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