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e Background and Aims MicroRNAs (miRNAs) play an important role in the responses and adaptation of plants to
many stresses including low nitrogen (LN). Characterizing relevant miRNAs will improve our understanding of ni-
trogen (N) use efficiency and LN tolerance and thus contribute to sustainable maize production. The objective of this
study was to identify novel and known miRNAs and their targets involved in the response and adaptation of maize
(Zea mays) to LN stress.

e Methods MiRNAs and their targets were identified by combined analysis of deep sequencing of small RNA and
degradome libraries. The identity of target genes was confirmed by gene-specific RNA ligase-mediated rapid amp-
lification of 5’ cDNA ends (RLM-RACE) and by quantitative expression analysis.

e Key Results Over 150 million raw reads of small RNA and degradome sequence data were generated. A total of 46
unique mature miRNA sequences belonging to 23 maize miRNA families were sequenced. Eighty-five potentially
new miRNAs were identified, with corresponding miRNA* also identified for 65 of them. Twenty-five new miRNAs
showed >2-fold relative change in response to LN. In addition to known miR 169 species, two novel putative miR 169
species were identified. Deep sequencing of miRNAs and the degradome, and RLM-RACE and quantitative poly-
merase chain reaction (PCR) analyses of their targets showed that miRC10- and miRC68-mediated target cleavage
may play a major role among miR169 families in the adaptation to LN by maize seedlings.

e Conclusions Small RNA and degradome sequencing combined with quantitative reverse transcription—PCR and
RLM-RACE verification enabled the efficient identification of miRNAs and their target genes. The generated data
sets and the two novel miR 169 species that were identified will contribute to our understanding of the physiological
basis of adaptation to LN stress in maize plants.
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INTRODUCTION of inorganic N taken up by cereal crop roots. For identification

of the miRNAs and their targets in response to LN stress in

Agricultural practices determine world food supply and, to a
great extent, the state of the global environment because of
their influence on the ecosystem and dependence on the inputs
of many nutrients including nitrogen (N) and phosphorus (P)
(Tilman et al., 2002). Intensive crop production has resulted in
environmental pollution (Ju et al., 2009) and soil acidification
(Guo et al., 2010) due to excessive application of N fertilizers.
An increased understanding of the physiological and genetic
regulation of the plant’s response to low-nitrogen (LN) stress
may provide insights into the development of crop varieties
with increased nutrient-use efficiency or LN tolerance.
MicroRNAs (miRNAs) are small [approx. 21 nucleotides (nt)]
endogenous RNAs that can play key regulatory roles in plants
and animals by targeting mRNAs for cleavage or translational re-
pression (Bartel, 2004; Mallory and Vaucheret, 2006; Voinnet,
2009). Previous studies have indicated that miRNAs help sense
and reduce nutrient stresses such as phosphate, sulfate and
copper in higher plants (Fujii et al., 2005; Bari et al., 2006;
Chiou et al., 2006; Sunkar et al., 2006, 2007; Chiou, 2007;
Gifford et al., 2008; Hsieh et al., 2009). Nitrate is a major form

maize leaves and roots, the known miRNAs were screened by
using miRNA microarrays (Xu ef al., 2011). Microarray hybrid-
ization is a sensitive methods for identification of known
miRNAs (Franco-Zorrilla e al., 2009). However, miRNA profil-
ing via next-generation sequencing technologies can be used to
identify both novel and known miRNAs (Hsieh et al., 2009; Ju
et al., 2009; Pant et al., 2009; Jiao et al., 2011; Wang et al.,
2011; Pritchard et al., 2012; Tang et al., 2012). A transcriptome-
wide experimental method called ‘degradome sequencing’ or “par-
allel analysis of RNA ends (PARE)’ has been developed to identify
directly and globally the remnants of small RNA-directed target
cleavage (Addo-Quaye e al., 2008; German et al., 2008; Zhou
et al., 2010). High-throughput miRNA profiling combined with
degradome sequencing analysis is of great interest because inte-
grated miRNA and mRNA cleavage profiles may provide genome-
wide evidence for miRNA-directed mRNA cleavage at a large
scale (Addo-Quaye et al., 2008). Using a combined sequencing
strategy, a total of 99 new loci belonging to 47 miRNA families
were identified by small RNA and degradome sequencing from
four small RNA libraries and one degradome of maize seedling

© The Author 2013. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.

For Permissions, please email: journals.permissions @oup.com


mailto:xiechuanxiao@caas.cn
mailto:y.xu@cgiar.org

634

exposed to extreme N deficiency, which was actually an N starva-
tion treatment without any N in solution (Zhao et al., 2012).
Comparative analysis of identified known miRNAs at LN by
microarray (Xu et al, 2011) with identified miRNAs under
N-free conditions by sequencing (Zhao et al., 2012) indicates
that around two-thirds of them matched each other. In
Arabidopsis, different physiological responses were found in the
root system under N limitation and N-free conditions (Remans
et al., 2006), among different N regimes (Brun et al., 2010) and
also in the photosynthesis system (Sun ez al., 2002). However,
there is limited information available for identification of novel
zma-miRNAs associated with LN stress through sequencing. LN
stress is more straightforwardly associated with agricultural prac-
tices since the primary goal for crop production and breeding is
to breed and develop crop plants that adapt to LN stress rather
than N-free stress. So far, only a very few studies have reported
using the degradome for identification of miRNA targets in
maize (Zhao et al., 2012; Zhai et al., 2013). In order to provide
more meaningful experimental evidence for small RNAs and
their mRNA targets, it is necessary to design new experiments
on LN stress with combined small RNA and full degradome se-
quencing with an established full data set.

Systems biology such as whole-scale miRNA analysis can
accelerate the discovery of N-regulatory networks as well as
integrated knowledge of plant biology (Gutiérrez, 2012).
Furthermore, specific miRNA analysis may increase our under-
standing of the key signalling components that plants use to sense
N and regulate metabolism, physiology, and growth and develop-
ment (Gifford et al., 2008; Vidal et al., 2010). Interestingly,
miR 169 had been identified as being involved in the adaptation
of Arabidopsis to LN stress (Zhao et al., 2012), drought stress
(Li et al., 2008) and salinity stress (Zhao et al., 2009). However,
zma-miR169 is one of the large miRNA families, which is com-
posed of 18 identified members with formal registration in
maize in miRBase (http:/mirbase.org/). These family species tar-
geting the same or different genes are encoded by the correspond-
ing MIR genes, which are independently expressed and regulated
(Zhang et al., 2009). Thus, the abundance and differential expres-
sion level of known and novel species identified in the miR169
family in response to LN treatment may provide further experi-
mental evidence on which members among the complex families
may play a key role in adaptation to stress.

The objectives of this study were to: (1) identify and report the
known and new miRNAs along with their targets by joint ana-
lysis of small RNAs and the corresponding degradome sequen-
cing at LN; and (2) determine which unique miRNA species
within the zma-miR 169 family might play key roles in adaptation
to LN stress. These reported data and findings will provide fun-
damental information concerning miRNAs and/or given
species within a large miRNA family, and will increase our
understanding of the physiological basis for LN tolerance and
adaptation in maize.

MATERIALS AND METHODS
Materials and cultures

Maize (Zea mays) inbred line B73 seeds of similar size were
surface sterilized in 10 % H,O, for 30 min, soaked in distilled
H,O for 4 h, and then germinated on filter paper moistened
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with distilled H>O at 28 °C for 2 d in the dark. The seedlings
were transferred to coarse silica and placed in a growth chamber
at 28 °C/22 °C and a 14/10 h light/dark cycle. After 5 d, uniform
seedlings were selected, their endosperms were discarded and the
seedlings were then grown hydroponically in a half-strength nu-
trient solution for 1 d before they were supplied with full-strength
solution. The solution contained 4 mm nitrate in the optimal-
nitrate (ON) treatment and 0-04 mMm nitrate in the low-nitrate
(LN) treatment; Ca (NO3),-4H,O was the nitrate source. The
other components of the nutrient solution were described previ-
ously (Xuetral.,2011), and the solution was continuously aerated
and changed every 2 d. Shoots and roots were harvested 15 d after
germination, immediately frozen in liquid nitrogen and stored
at —80 °C.

RNA isolation and purification

RNAs were extracted from the four kinds of samples (ON
shoots, ON roots, LN shoots and LN roots) using Trizol reagent
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s
instructions. Total RNAs were treated with RNase-free DNase 1
(TaKaRa, Dalian, China) and then purified following the manufac-
turer’s instructions. The RNA concentration was measured with a
NANO Drop-2000c spectrophotometer (Thermo Scientific, USA),
and RNA quality and integrity were assessed by gel analysis.

Small RNA library construction and sequencing

Low molecular weight RNA was isolated from about 200 p.g of
total RNA by adding 50 % polyethylene glycol (PEG; mol. wt
8000 Da) to a final concentration of 5 % and 5 m NaCl to a final
concentration of 0-5 M. Small RNA libraries were constructed as
previously described (Sunkar and Zhu, 2004; Hafner et al.,
2008). In brief, small RNAs (18—30 nt long) were purified by
PAGE and ligated sequentially to 5’ and 3’ oligonucleotide
RNA adaptors. After reverse transcription and polymerase chain
reaction (PCR) amplification, PCR products were purified and
subjected to SBS sequencing with a Solaxa/Illumina genome ana-
lyser at the BGI (Beijing Genomics Institute, Shenzhen, China).

Degradome library construction and sequencing

Approximately 150 pg of total RNA was used for the purifica-
tion of polyadenylated RNA molecules with oligo(dT) cellulose
(Ambion). Degradome libraries were constructed as previously
described (German et al., 2008). Briefly, a single-stranded 5’
RNA adaptor was ligated to the cleaved products using T4
RNA ligase (Ambion). The ligated products were isolated
again using oligo(dT) cellulose, and first-strand cDNAs were
synthesized using Superscript II reverse transcriptase
(Invitrogen). Following six cycles of PCR amplification, Mmel
digestion (NEB), ligation of a double-stranded adaptor to the 3’
end, and another 21 cycles of PCR amplification, gel-purified
PCR products were subjected to SBS sequencing with a
Solaxa/Illumina genome analyser at the BGI.

Sequencing data deposition and access

All small RNA and degradome sequencing data analysed
herein have been deposited in NCBI's Gene Expression Omnibus
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(Edgar et al., 2002; Barrett et al., 2011) and are accessible through
GEO Series accessions SRX222260, SRX222261, SRX222262,
SRX?222263, SRX222264, SRX222265, SRX222266 and
SRX222267 (Study name SRP018376; http:/www.ncbi.nlm.
nih.gov/sra/?term=SRP018376).

Small RNA sequencing analysis

The low quality reads were filtered from the raw data. Adaptors
were trimmed, and contamination sequences formed by adaptor—
adaptor ligation were cleaned up. Tags with <18 nt were then
removed to generate clean reads. For primary analysis, the length
distribution of clean sequences and common and specific
sequences among samples was determined. For standard analysis,
clean sequences were aligned to the maize B73 RefGen_V2
genome (www.maizesequence.org). Perfectly matching sequences
were identified for further analysis. Non-coding RNAs that were
annotated as rRNAs, tRNAs, small nuclear RNAs (snRNAs) and
small nucleolar RNAs (snoRNAs) were identified by alignment
and BLAST search against Rfam (9-1) (Gardner et al., 2009) and
GenBank databases (Benson et al., 2006). Known miRNAs were
then screened by alignment against the miRBase (Release 19) data-
base (Griffiths-Jones et al., 2008), and known miRNAs differen-
tially expressed among the different samples were identified.
Unannotated small RNAs were used for prediction of novel
miRNAs according to previously reported criteria for miRNA an-
notation (Nobuta et al., 2008).

Degradome sequencing analysis

Clean reads were generated using the same method as used for
small RNA sequencing analysis. The alignments against the
maize genome, Rfam (9-1) database and GenBank database
were performed sequentially. The filtered reads were then
aligned to exons and introns of maize mRNAs to identify the
fragments of degraded mRNAs. Target plots, indicating the
abundance of each distinct read on the genome, were generated.
Next, miRNA —target RNA pairs for both the known miRNAs
that were registered in miRBase (http:/www.mirbase.org/) and
the novel miRNAs that were identified from small RNA sequen-
cing were determined as previously described (Addo-Quaye
etal., 2008).

Prediction of small RNA targets

Targets of small RNAs that were identified by small RNA se-
quencing were predicted using the online prediction programs
psRNATarget (http:/plantgrn.noble.org/psRNATarget/) (Dai
and Zhao, 2011) and WMD?3 (http:/wmd3.weigelworld.org/cgi-
bin/webapp.cgi) (Ossowski et al., 2008) and the prediction tool in
the UEA plant sSRNA toolkit (http:/srna-tools.cmp.uea.ac.uk/plant/
cgi-bin/srna-tools.cgi) (Moxon et al., 2008). For psRNATarget, the
maize cDNA sequences file (http:/www.plantgdb.org/download/
download/xGDB/ZmGDB/) was selected as a pre-loaded transcript
library; for WMD3, Z. mays ZmB73 v5b (MGC) was selected
as a genomic library, and other parameters were set as default.
Potential targets predicted by all three programs were searched
in the degradome data. Analysing the degradome data corre-
sponding to the maize genome sequence, Target-align (http:/
www.leonxie.com/targetAlign.php?type=blast) (Xie and Zhang,
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2010) was used to verify the cleavage site in the corresponding
mRNA transcript. PsRobot, a web-based tool, has also been
used for identification of small modulating RNAs with stem—
loop-shaped precursors and their target genes/transcripts (Wu
etal.,2012).

RLM-RACE

To obtain the cleavage site within miRNA targets,
RLM-RACE (RNA ligase-mediated rapid amplification of 5’
cDNA ends) was employed using the GeneRacer Kit
(Invitrogen) according to the manufacturer’s instructions.
Briefly, total RNA was extracted from the four samples (ON
and LN for shoots and roots) and ligated with GeneRacer RNA
Oligo (5" RNA adaptor). The ligated RNAs were reverse tran-
scribed using the GeneRacer oligo(dT) primer. Two rounds of
nested PCR were then performed using GeneRacer 5 primer/
gene-specific primer and GeneRacer 5’ nested primer/nested
gene-specific primer, respectively. The final PCR product was
gel-purified and cloned into the pMD®18-T Vector (TaKaRa)
for sequencing. Each target was confirmed by at least ten
clones. All the primers for RLM-RACE as well as their para-
meters are listed in the Supplementary Data Table S6.

Real-time PCR

Expression of miRNA target genes was quantified using an
ABI7500real-time PCR system. To estimate accurately the regu-
lation by miRNA of its target gene, forward primer and reverse
primers located in both the 5" and 3’ fragments of the predicted
cleavage site were designed with Beacon Designer 7 software.
First-strand cDNAs were synthesized using M-MLYV reverse tran-
scriptase (Invitrogen) with 5 g of total RNA per 20 pL of reac-
tion, and the cDNAs were diluted 3-fold. Quantitative reverse
transcription— PCR (qQRT-PCR) with three technical and three bio-
logical replicates was performed with the Power SYBR Green PCR
Master Mix (Applied Biosystems), and maize a-tubulin 5 (Tub5)
was selected as an endogenous control. A 5 uL volume of
cDNA was used in the 25 pL. PCR mixture that contained 1 x
SYBR Green PCR Master Mix and the primers. The mixture was
incubated at 94 °C for 10 min, followed by 40 cycles of 95 °C
for 15 s, 60 °C for 40 s and 72 °C for 40 s (Franco-Zorrilla et al.,
2009; Xu et al., 2011). PCR efficiency was determined with a
standard curve based on a dilution series (30, 31, 32, 33, 34, 3° ) of
a selected cDNA sample (Ramakers et al., 2003), and 3" dilution
of each sample was used for the calculation of the relative expres-
sion level. The AACt method was used to determine the relative ex-
pression level of targets among different samples if the difference
in amplification efficiency between targets and Tub5 was <5-3 %
(Livak and Schmittgen, 2001); otherwise, the Pfaffl method was
applied (Pfaffl, 2001). All primers for real-time RT—PCR as
well as their parameters and analyzing methods are listed in the
Supplementary Data Table S6.

RESULTS

Small RNAs and degradome sequences generated across libraries
of different nitrate treatments

Small RNA and degradome sequence data were generated, includ-
ing > 150 million raw reads. Table S1 in the Supplementary Data


http://www.ncbi.nlm.nih.gov/sra/?term=SRP018376
http://www.ncbi.nlm.nih.gov/sra/?term=SRP018376
http://www.ncbi.nlm.nih.gov/sra/?term=SRP018376
http://www.maizesequence.org
http://www.mirbase.org/
http://www.mirbase.org/
http://plantgrn.noble.org/psRNATarget/
http://plantgrn.noble.org/psRNATarget/
http://wmd3.weigelworld.org/cgi-bin/webapp.cgi
http://wmd3.weigelworld.org/cgi-bin/webapp.cgi
http://wmd3.weigelworld.org/cgi-bin/webapp.cgi
http://srna-tools.cmp.uea.ac.uk/plant/cgi-bin/srna-tools.cgi
http://srna-tools.cmp.uea.ac.uk/plant/cgi-bin/srna-tools.cgi
http://srna-tools.cmp.uea.ac.uk/plant/cgi-bin/srna-tools.cgi
http://www.plantgdb.org/download/download/xGDB/ZmGDB/
http://www.plantgdb.org/download/download/xGDB/ZmGDB/
http://www.plantgdb.org/download/download/xGDB/ZmGDB/
http://www.leonxie.com/targetAlign.php?type=blast
http://www.leonxie.com/targetAlign.php?type=blast
http://www.leonxie.com/targetAlign.php?type=blast
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct133/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct133/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct133/-/DC1

636

provides the statistics of generated data on the raw reads, unique
reads and clean reads, along with the perfectly matched maize
genome sequences of B73 across four small RNA and four degra-
dome sequencing samples. These matched unique sequences
were used in further analyses. The overall size distribution of the
unique reads from all four sequencing samples showed a quite
similar pattern, with the 24 nt class being the most abundant
(Supplementary Data Fig. S1). Our sequencing data showed that
the abundance of highly conserved miRNAs, such as miR156,
miR 159, miR164, miR166, miR167, miR168 and miR172, was
very high across the four small RNA libraries constructed from
shoot and root tissues under different nitrate levels. For example,
the lowest abundance in the four libraries for zma-miR156 and
zma-miR168 was 59534-09 reads per million (RPM) and
50226-89 RPM, respectively. Interestingly, some non-conserved
miRNAs, such as zma-miR528, a monocot-specific miRNA
(Zanca et al., 2010), were found at an abundance of as much as
>20000 RPM in shoots.

Our small RNA sequencing data showed a good coverage of
the known miRNAs. A total of 46 unique mature miRNA
sequences belonging to 23 known miRNA families in the
current miRBase (release 19-0) were sequenced within at least
two of the four libraries with an abundance of > 1 RPM. Most
of these miRNAs in the database were identified by a computa-
tional method based on sequence conservation using sequences
of known miRNAs of other species. All unique miRNA sequences
were confirmed by our sequencing effort, while 36 of 46 unique
mature miRNA sequences were detected in all four libraries.
Two wunique miRNA species (zma-miR319a and zma-
miR399a,c,h) were not detected in shoot libraries, while eight
unique miRNA species (zma-miR166j,k,n, zma-miR169I,
zma-miR1711,m, zma-miR172e, zma-miR394a,b, zma-miR397a,
zma-miR399e,i,j and zma-miR529) were not detected in root
libraries.

Identification of new miRNAs improved the maize miRNA
database. Eighty-five potentially new miRNAs, which had not
been registered on miRBase (release 19), were identified from
four small RNA sequencing libraries (Supplementary Data
Table S2). Compared with novel maize miRNAs identified in
the recent literature (Jiao et al., 2011; Wang et al., 2011; Ding
et al., 2012; Zhang et al., 2012; Zhao et al., 2012; Zhai et al.,
2013), 55 out of 85 potentially new miRNAs identified in this
study were first reported. The corresponding miRNA*s were
also identified for 65 of these potentially new miRNAs.
Sixty-five out of 85 potentially new miRNAs could be mapped
onto the maize genome to find the corresponding MIR genes en-
coding their miRNAs. Fifty-six potentially new miRNAs were
found in shoots, 15 of them were detected in roots while 14 of
them were identified in both shoots and roots (Supplementary
Data Table S2).

Novel maize miRNAs in response to LN

Twenty-five potentially new miRNAs were identified with the
selection criteria of >2-fold relative change between LN and ON
and the normalized sequencing reads >5 RPM (Table 1). The
miRNA*, which has been considered as one of most important
criteria for miRNA identification (Nobuta er al., 2008), was
also identified for 15 of the 25 new miRNAs. Among these
novel miRNAs, zma-miRC10 and zma-miRC68 were classified
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as new members of the miR169 family; zma-miRC40 and
zma-miRC73 were classified as belonging to the miR398 and
miR528 families, respectively (Table 1). Some novel miRNAs
that were detected in two or more small RNA libraries also
showed relatively high abundance, and their expression levels
changed significantly under LN treatment. For example,
zma-miRC69, zma-miRC70 and zma-miRC74 were significant-
ly upregulated under the LN condition (Table 1). These results
suggest that some newly identified miRNAs may play important
roles in adaptation to LN stress in maize. The results also provide
a good resource for further examination of regulatory roles of
novel miRNAS in response and adaptation to nitrate limitation.

Two novel maize miR169 family species and their targets identified
across small RNA and degradome libraries in response to nitrate
stress

Our small RNA sequencing effort detected the following unique
mature miRNA sequences: zma-miR169a,b; zma-miR169c,r;
zma-miR169f,g,h; zma-miR169i,j,k; zma-miR1691; and zma-
miR169p. In addition to known miR169 species, we also identi-
fied two novel putative miR169 species, miRC10 and miRC68,
which showed high sequence conservation with miR169
family members (Supplementary Data Fig. S2). Interestingly,
miRC68 in our effort verified the identified new zma-miR169
species reported in a previous work on N starvation in maize
(Zhao et al.,2012). MiR169c,r and miRC10 were the most abun-
dant species under ON conditions and the most downregulated
species under LN conditions (Fig. 1), suggesting that they
might have a primary role among zma-miR 169 species in regu-
lating responses to LN. In addition, miRC10 and miRC68 were
the most abundant species in the miR169 family under the
ON condition and the most downregulated species under the
LN condition in shoots (Fig. 1).

We predicted the target genes of miRC10 and miRC68 and
confirmed their identities across the four sets of degradome data
(Table 2). GRMZM2G165488 was identified as one of the
miRC10 targets across the degradome libraries. Degradome data
showed that GRMZM2G165488 mRNA degradation products
were significantly induced at a predicted miRC10 cleavage site of
3909 (mapped to the genomic DNA site of GRMZM2G165488)
in the maize roots under the ON condition. Moreover, this cleavage
mediated by miRC10 differed significantly between LN and ON
treatments. In this study, tag abundance of the targeting site of
miRC10 on the GRMZM2G165488_T02 transcript was the
highest, about 1353 tags per 10 million reads (Fig. 2, red arrows),
indicating that GRMZM?2G165488 belongs to category L according
to the three reported grouping categories based on the relative abun-
dance of signatures at the target sites (Addo-Quaye et al., 2008).
Under the LN condition, however, the target tag abundance was
much lower (only about 16 tags per 10 million reads) (Fig. 2,
blue arrows), indicating a category II classification.

Negative regulation by two novel miR169 family species, miRC10
and miRC68

Our 5'-RACE analysis of GRMZM2G165488 (Fig. 3, top),
GRMZM2G078124 and GRMZM2G091964 (Fig. 3, bottom)
provides strong evidence that they interact with miRC10. The se-
quencing result of ten independent RACE fragments of the



TaBLE 1. Identified new species from known miRNAs and some new miRNAs with a 2-fold change in the ratio between LN and ON conditions

Shoot (RPM) Root (RPM)

No. miRNA ID Sequence Length (nt) Locus (B73 V2) miRNA* LN ON LN/ON LN ON LN/ON Family

1 zma-miRC4 UUCUCCAGGAGUUGAUGGACAA 22 Unkown Yes 7-05 - o 5-98 - *E -

2 zma-miRC5 AUGCGGAGAGGCUCUCGAGAGA 22 Chr5:92369205-92369360(—) Yes 6-75 2-57 2-63 - - - -

3 zma-miRC10 UAGCCAAGCAUGAUUUGCCCG 21 Chr1:298294462-298294550(+) Yes 541 31.72 0-17 - 34.15 wE miR169

4 zma-miRC11  AAUACACAUGGGUUGAGGAGG 21 Chr9:17048238—-17048335(—) Yes - 4.61 o 1-20 - -

5 zma-miRC13  CUUAUUCCCGUCGGUUUCAGG 21 Chr2:2093367-2093462(-) Yes 156-29 - o - - - -

6 zma-miRC15 UCUAGAUCCAACGGACCAAAA 21 Chr8:94301451-94301631(-) Yes 823 - ok - - - -

7 zma-miRC16  GGAGGAGAUUGGAGGGGCUAA 21 Chr5:190239698—-190239787(-) Yes 579 - o - - - -

8 zma-miRC17  UGGUCUUGCCACCGUGUCGUCC 22 Chr9:143163223-143163312(-) Yes 5-34 - o - - - -

9 zma-miRC38  AUUAUUGAAAAUGGUUGUUGA 21 Unkown Yes - 6-91 o - - - -

10 zma-miRC39 AAUUUCCAGAUCUUUGUGCAUA 22 Chr6:100210090—100210253(-) Yes - 523 o - - - -

11 zma-miRC49  AAGCAAGUUGGGGUAGGCUAGA 22 Chr4:116857976—-116858025(—) Yes - - - 24.46 - * -

12 zma-miRC50 CGGAGGGAAUUGGAGGGGCUA 21 Chr5:16432684—16432783(+) Yes 45-54 9-30 490 15-48 721 2-15 -

13 zma-miRC51  AUCGAAUGAGAUUGGGGGGAU 21 Chr7:120201243-120201337(-) Yes 113-64 26-58 4.27 1144 - wE -

14 zma-miRC59 UCCCUCUCUCCCUUGAAGGCUC 22 Chr2:224138892-224139000(+) Yes - - - - 1630  ** -

15 zma-miRC60 UAAAGUGGCUUAUAAUUUGGA 21 Chr5:19125908—-19126051(+) Yes 2693 10-37 2-60 - 566 F* -

16  zma-miRC68 UAGCCAAGGAUGAGCUGCCUG 21 Chr2:192700627-192700741(+) No 1513 80-54 0-19 - - - miR169

17 zma-miRC69  AUUGGAGGGGAUUGAGGAGGCU 22 Chrl:151286998—-151287087(-) No 244.93 8542 2-87 - - - miR395a%**
18 zma-miRC70 ACCGGAGGAGGUUAGAGGAGC 21 Chr4:195789318—195789440(-) No 119-05  32-08 3.71 - - - -

19 zma-miRC71  AGAAGAUGUUGUGCUGUUUCCU 22 Chrl:181210941-181211128(+) No 26-56 1081 2-46 - - - miR167e**
20 zma-miRC72  GCUUAUUUUCGGCGGCGUCUG 21 Unkown No 3256 13-56 2-40 - - - -

21 zma-miRC73  UCGAAGGGGAUUGGAGAGGUU 21 Chr2:74096511-74096608(+) No 19-73 8-86 223 - - - miR528

22 zma-miRC74  UUGAGAGGGAUUGGAGGGGUUU 22 Unkown No 12425  42.27 2:94 - - - -

23 zma-miRC77  AGUGGAUUAGAGGGGCUAAAA 21 Chr10:111704635-111704730(+) No 2225 3.99 558 2-09 0-88 239 miR2275¢c-5p
24 zma-miRC78  UGGAUUAUGGUGGAAGGGUAA 21 Chr1:60498265-60498426(-) No 18-02 3.01 5-98 2:24 0-94 2-38 -

25 zma-miRC81 CAAGAUGUGGGCAAAACGACGG 22 Unkown No 60-45  29-68 2.04 - - - -

**indicates a significant difference due to being detected only in either the LN or ON treatment.
RPM, reads per million.
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TaBLE 2. Two identified zma-miR169 species (miRC10 and miRC68), their predicted targets and degradome validation evidence

miRNA Predicted targets Degradome evidence Gene annotations Conservation across higher plants

zma-miRC10 GRMZM2G078124,GRMZM5G829103, GRMZM2G165488, Nuclear transcription Arabidopsis thaliana, Oryza sativa,
GRMZM2G165488, GRMZM5G853836, GRMZM2G078124 factor Y subunit A-10, Sorghum bicolor, Brachypodium distachyon
GRMZM5G838907 Rhodopsin-like receptor

zma-miRC68  GRMZM2G078124, GRMZM5G857944,  GRMZM2G091964 Nuclear transcription Arabidopsis thaliana, Oryza sativa,
GRMZM2G000686, GRMZM2G038303, factor Y subunit A-1 Sorghum bicolor, Brachypodium distachyon

GRMZM2G040349, GRMZM2G091964
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FiG. 2. Distribution of the 5" end of the degradome tags within the full-length target gene sequence. The solid arrows indicate the abundance peaks in the optimal-
nitrate condition, while the open arrows indicate the abundance peaks in the low-nitrate condition in maize roots or shoots.
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Fi1G. 3. Experimental validation and diagram of the cleavage site (open arrow) of GRMZM2G 165488 (top) and GRMZM2G078124_T01 (middle) with miRC10 and
of GRMZM2G091964 with miRC68 (bottom) mediated by miRNA in the gene structure using 5'-RACE assay. Alignment of miRC10 and miRC68 with a portion of
their target sequence (top) and distribution of the 5" end of the degradome tags within the full-length target gene mRNA sequence (bottom) corresponding to their
targets. The black arrows indicate the cleavage sites in the gene structure. The open arrow indicates the cleavage site validated by RLM-RACE at the target site.
For numbers and slashes, the first number is the frequency of validated events detected in the sequenced tags, and the second number is the total number of events.

GRMZM2G165488 3'-untranslated region (UTR) pairing with
miRC10 exactly matched the predicted site (Fig. 3, top). With
a frequency of 7/29, the RACE sequencing result confirmed
the target site of miRC10 on the GRMZM2G078124 pairing
region, which is located within the second exon (Fig. 3,
middle). The sequencing result of 14 independent RACE frag-
ments of the GRMZM2G091964 3’-UTR pairing with miRC68
also exactly matched the predicted site (Fig. 3, bottom).

We then examined the response of zma-miRC10 targets to LN
in shoots and roots by qRT—PCR with specific primers (Fig. 4A).
Under the ON condition, the relative expression levels for both
GRMZM2G165488 and GRMZM2G078124 were very low.
However, the two genes were upregulated >8-fold and
>13-fold, respectively, in shoots under the LN condition.
Interestingly, GRMZM2G165488 was also highly upregulated
in roots under the LN condition. The expression level of
GRMZM2G091964, the zma-miRC68 target, was also exam-
ined in response to LN in both shoots and roots (Fig. 4B). The

relative expression level of GRMZM?2G091964 in both tissues
was quite low under the ON condition but was upregulated
>16-fold in shoots but only 3-fold in roots under the LN condi-
tion. These results indicate that the interaction between miRC10
and GRMZM?2G165488 in maize may play a key role in the root
responses to LN stress and that the interaction between miRC10,
GRMZM2G165488 and GRMZM2G078124 may also regulate
shoot responses to LN. Moreover, miRC68 may act mainly in
shoots and by interacting with GRMZM2G091964.

DISCUSSION
Sequencing quality

Distinct N deficiency phenotypes of young seedlings were found
under LN stress before sequencing (Supplementary Data Fig.
S3), including reduced chlorophyll content, reduced biomass,
increased anthocyanin accumulation in shoots and early leaf
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Fic. 4. Quantitative RT—PCR analysis of (A) zma-miRC10 and (B) miRC68
targets in response to low nitrate in maize. miRC10 and miRC68 abundances
were calculated from the abundance of the small RNA sequences, and therefore
the standard deviations are not indicated. GRMZM2G165488 and
GRMZM?2G078124, both of which are the targets of miRC10, are shown in the
top panel. GRMZM2G091964, the target of zma-miRC68, is shown in the
bottom panel. The relative expression levels for the target genes are the means
of the fold changes and standard deviation from three biological replicates.

senescence resulting from N remobilization to younger tissues.
In addition, the seedlings in the LN treatment allocated more
biomass to roots than seedlings in the ON treatment, resulting
in a significantly higher root/shoot ratio, as in our previous
report (Xu et al., 2011), and developmental changes in primary
and lateral roots.

Our small RNA sequencing covered the known miRNA fam-
ilies and species in maize well. The fragment size distribution
was consistent with that previously reported for different maize
tissues (Jiao et al., 2011; Wang et al., 2011). For example, the
24 nt class represented 38 % of the unique reads from the ON
roots and slightly over 30 % of the unique reads from the LN
shoots (Supplementary Data Fig. S1). The distribution pattern
among tissues might also explain the slight differences in the fre-
quencies of other abundant small RNA classes such as 21 and 22
nt classes.

Validation of the known LN-responsive miRNAs and difference
between LN and N-free stresses

Table S3 in the Supplementary Data provides a list of identi-
fied differentially expressed known miRNAs with high abun-
dance, their predicted targets and degradome validation across
root and shoot libraries. Compared with the previous LN stress
microarray study (Xu et al., 2011), most known LN-responsive
miRNAs could have been confirmed in this sequencing effort.
However, the extents of differential expression for five mature
miRNAs under the LN condition were different from those
found in the previous report. For example, miR167 and
miR172 were induced by 1-95- and 2-97-fold in roots while
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miR169, miR408 and miR528 were greatly decreased in both
roots and shoots in this study. The difference might be due to
the different maize lines, as maize B73 was used in this study
but Ye478 was used in the previous microarray study (Xu
et al., 2011). Importantly, the degradome data have also been
available in this study to provide in-depth target information
on those miRNAs identified, since degradome analysis can
detect 50—80 % of previously validated targets and 15-30 %
of predicted targets (Addo-Quaye et al., 2008; German et al.,
2008).

Our experiment was designed to identify the miRNAs in re-
sponse to chronic low N treatment (15 d after low nitrate). We
also compared our results with that from an independent test of
a transient (2 d) N-free treatment (Zhao et al., 2012). Most of
the results on the known miRNAs, including miR169, miR395,
miR528, miR398, miR408 and miR164, could be verified
against each other (Supplementary Data Table S4). However,
the important differences between these two experiments are the
N stress regimes and durations of the N stress. In higher plants, dif-
ferent physiological responses were found between N limitation
and N-free treatments and among different N regimes in the root
system (Remans et al., 2006; Brun et al., 2010) and in the photo-
synthesis system (Sun et al., 2002). Our system may provide some
physiological insight into chronic LN stress, which frequently
occurs for major crop plants. The shorter duration but higher N
stress (N-free stress) used in the study of Zhao et al. (2012)
might be the most important reason for those differences com-
pared with the results in Supplementary Data Table S4.

Two identified novel MIR169 family species

In assigning a new miRNA species to a distinct family,
researchers should consider the newly identified paralogous
miRNA loci producing identical or nearly identical mature
miRNAs; sequence conservation of the new miRNA; and its
precise excision from the stem of a stem—loop precursor
(Nobuta et al., 2008). The two identified novel miR169 family
species showed a potential hairpin secondary structure and
could produce a small RNA duplex with a 2 nt overhang at
both 3" ends (Fig. 1), which is the primary criterion of annotation
asanmiRNA (Ambros et al.,2003; Nobuta e al.,2008). Because
read abundances of zma-miRC10-5p and zma-miRC68-5p were
both approx. 100 times higher than their -3p counterparts, we
may classify them as functional miRNAs and their -3p counter-
parts as the miRNA*. In addition, there were computationally
predicted targets of miRC10, and miRC68 was annotated as
one of the nuclear transcription factor Y subunit A proteins
(NFYA) with the same annotation of previously reported
miR 169 targets (Li et al., 2008). All these pieces of evidence
support assigning them to miR169 families. One of these two
reported miR169 species, miRC68, had also been found in the
previous sequencing effort (Zhao et al.,2012). Here we provided
in-depth evidence for both newly identified miR169 species, in-
cluding the degradome, RACE and the differential expression in
roots and shoots. Among them, RACE tests provide an unam-
biguous diagnosis of endonucleolytic cleavage at the presump-
tive target site within the duplex region between miRNA and
mRNA (Llave et al., 2002; Bartel, 2004).

In Arabidopsis, downregulation of miR169 reduces miR169
repression of the target NFYA5 mRNA through an abscisic
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acid (ABA)-dependent pathway by drought (Li ez al., 2008) and
high salinity (Zhao et al., 2009). Later, the miR169-NFYA5
interaction was verified also to be involved in the N deficiency
response (Zhao et al., 2012). All these reported pieces of evi-
dence suggest that the miR169—-NFYA5 module might be con-
served in higher plants to help cope with abiotic stresses such
as drought, LN and high salinity.

Other small RNAs (non-miRNAs) identified in this research

Although miRNAs play important roles in plant growth, de-
velopment and stress acclimatization, they are not the only
species of functional non-coding small RNAs. Plants also have
other types of endogenous small interfering RNAs (siRNAs)
that are important in development, and these include heterochro-
matic siRNAs (hc-siRNAs), frans-acting siRNAs (ta-siRNAs)
and natural antisense transcript-derived siRNAs (nat-siRNAs)
(Czech and Hannon, 2011). Ta-siRNA is a secondary siRNA
that is generated by miRNA-mediated cleavage of TASI or
TAS3 (Montgomery et al., 2008; Felippes and Weigel, 2009).
Nat-siRNAs are usually generated from convergent transcription
units present in plant genomes under biotic or abiotic stresses
(Borsani et al., 2005; Katiyar-Agarwal er al., 2006; Henz
etal.,2007). All these small RNAs, except for the miRNAs men-
tioned above, play important roles in gene expression, protein
modification, and stress response and adaptation. For example,
transcriptional silencing caused by hc-siRNA-mediated RADM
(RNA-directed DNA methylation) is an important regulatory
pathway in gene expression (Chellappan er al., 2010). Nat-
siRNAs and ta-siRNAs can be involved in stress response and
adaptation (Khraiwesh et al., 2012). Beside miRNAs, we also
identified a list of siRNAs in response to LN treatment
(Supplementary Data Table S5). Our small RNA sequencing
also detected >0-1 million reads, about 2-5 % of the total small
RNA reads, that can be annotated as siRNAs. In the miRNA data-
base, zma-miR390 has been registered but zma-miR173 has not.
However, zma-miR390a and zma-miR390b are not differentially
expressed under ON vs. LN conditions, and we also failed to detect
degraded fragments mediated by miR390 cleavage in the degra-
dome libraries, indicating that miRNA390 mediated ta-siRNA
may not be involved in the response of maize to LN. Our siRNA
data will be useful for further analysis of siRNA function in
response to LN stress.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob/oxford-
journals.org and consist of the following. Figure S1: small
RNA Iength distribution for four sequenced libraries. Figure
S2: multiple alignments of known and two new zma-miR169
species, miRC10 and miRC68, along with their hairpin second-
ary structure precursors. Figure S3: overview of the phenotype
for nitrogen deficiency and the hydroponic culture system used
in this study. Table S1: statistics of small RNA and degradome
sequences from maize leaves and roots in different nitrogen con-
ditions. Table S2: full list of identified new species of known
miRNAs and new miRNAs from four small libraries. Table S3:
list of identified differentially expressed known miRNAs with
high abundance, their predicted targets and degradome validation
across root and shoot libraries in response to LN stress. Table S4:
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comparison of LN/ON with —N/+ N small RNA sequencing
results. Table S5: identified siRNAs with 2-fold change in the
ratio between LN and ON conditions. Table S6: primers for RLM-
RACE and real-time RT quantitative PCR used in this study.
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