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MicroRNAs (miRNAs) are small non-coding RNAs that play imp@ant roles in plant
development and stress responses. Loss-of-function analis of miRNA genes has
been traditionally challenging due to lack of appropriate ockout tools. In this
study, single miRNA genes (OsMIR408 and OsMIR528) and miRNgene families
(miR815a/b/c and miR820a/b/c) in rice were targeted by CRIBR-Cas9. We showed
single strand conformation polymorphism (SSCP) is a more liable method than
restriction fragment length polymorphism (RFLP) for ideifying CRISPR-Cas9 generated
mutants. Frequencies of targeted mutagenesis among regerrated TO lines ranged from
48 to 89% at all tested miRNA target sites. In the case of miRN3R28, three independent
guide RNAs (gRNAs) all generated biallelic mutations amongpn rmed mutant lines.
When targeted by two gRNAs, miRNA genes were readily to be defed at a frequency
up to 60% in TO rice lines. Thus, we demonstrate CRISPR-Cas% ian effective tool for
knocking out plant miRNAs. Single-base pair (bp) insertiddeletion mutations (indels)
in mature miRNA regions can lead to the generation of functi@lly redundant miRNAs.
Large deletions at either the mature miRNA or the complemeaty miRNA were found to
readily abolish miRNA function. Utilizing mutants ddsMIR408 and OsMIR528 we nd
that knocking out a single miRNA can result in expression prte changes of many other
seemingly unrelated miRNAs. In a case study o®©sMIR528 we reveal it is a positive
regulator in salt stress. Our work not only provides empira guidelines on targeting
miRNAs with CRISPR-Cas9, but also brings new insights into iRNA function and
complex cross-regulation in rice.

Keywords: microRNAs, CRISPR-Cas9, genome editing, rice, OsMIR408, OsMIR528

INTRODUCTION

MicroRNAs (miRNAs) are small non-coding RNAs that function agpiontant post-transcriptional
regulators in plants and animals. Biogenesis of miRNAs stettsprocessing of RNA Polymerase
[I promoter driven primary miRNA (pri-miRNA) transcripts that fal back to form hairpin
structures Bartel, 2004; Voinnet, 200%After processing, mature miRNAs are bound to Argonaute
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Zhou et al. Rice MicroRNA Mutant Induced by CRISPR-Cas9

(Ago) proteins forming miRNA/Ago complexes which then miRNAs (Yan et al., 201)?have been used for loss-of-function
search for cognate messenger RNAs (MRNA) targeting them f@nalysis in plants. However, these methods produced variable
degradation and/or translational silencingdlia and Joshua- results in miRNA inhibition when tested in plant&gichel et al.,
Tor, 2007; Chen, 2009; Meister, 2DIMIRNA biogenesis starts 2015. Using CRISPR-Cas9, it is now feasible to directly generate
with the transcription of long pri-miRNAs by RNA polymerase miRNA knockout mutants, which are superior for carrying
II. Each pri-miRNA is characterized by a stem-loop structureout reverse genetic research strategies. Recently, tweaoyb
containing a duplex of miRNA and its complementary strandmiRNA genes, miR1514, and miR150&¢obs et al., 20)Land
(miRNA ) (zZhu et al., 2013Figure 1A). In plants, miRNAs two Arabidopsis miRNA genes, miR169a, and miR82Zaa(
recognize target MRNAs by highly speci c complementary basest al., 201)5 were targeted via the CRISPR/Cas9 system. To date
pairing mechanisms and regulate many processes, such laswever, a demonstration of CRISPR-Cas9 targeting miRNA
development and responses to biotic and abiotic stréss(, genes for obtaining mutant plants has not yet been reported in
2012; Kumar, 20)4For example, a previous study showed thatmajor crops. Using rice as a crop model, we tested this applitatio
miR528 can positively a ect plant response to salinity stresand explored the following technical and biological quessiqi)
through down regulation of its target genes, suchaasorbic What are the e ects of di erent mutations on the production
acid oxidas€éAAO) and copper ion binding protein (CBP) in  of mature miRNAs and their function? (2) What would be the
creeping bentgrassy(an et al., 2015 Recently, miR528 was most e ective way for generatingniRNA null alleles? (3) What
shown to negatively regulate viral resistance in rice bgvitey  would be a good genotyping method for identifyingiRNA
L-ascorbate oxidagA0) messenger RNA, thereby reducing AO- mutants prior to Sanger sequencing? (4) What are the phenotypic
mediated accumulation of reactive oxygen speci&si et al., and molecular consequences of knocking ounmé&RNA gene?
2017. MiR408 targets Cu2-containing plantacyanin, laccase, To answer these questions, we applied CRISPR-Cas9 to target
and P-type ATPases genes in Arabidopsiga(C. et al., 2015  multiple miRNA and miRNA family genes in rice. Our results
When copper is de cient, the transcription factor SPL7 actagat provide new technical and biological insights into reverseeajic
the expression of miR408, miR398, and miR397 to repress thestudies oimiRNAgenes using CRISPR-Cas9 in rice.
targets in ArabidopsisYamasaki et al., 20D9Overexpression of
miR408 resulted in altered abiotic stress responses in Aogisid MATERIALS AND METHODS
and chickpealflajyzadeh et al., 2015; Ma C. et al., 2015

Genome editing with sequence speci ¢ nucleases (SSNs)Rlant Material and Growth Condition
a powerful genetic engineering approach in which DNA isThe rice cultivar Nipponbare@ryza sativd.. japonica) was used
deleted, inserted or replaced at endogenous loci in a givems the WT control and transformation host. Mature seeds were
genome Yoytas, 2013 SSNs function as molecular scissorggeminated for 2 days at 3C in the dark. Germinated seeds were
to induce double strand breaks (DSBs) on target DNA at dhen transferred to soil, and seedlings were grown underdsied
prede ned locus. The formation of DSBs trigger endogenougreenhouse conditions (16-h light at 3T/8-h night at 22C).
DNA repair pathways in cells. The dominant DNA repair )
pathway in higher eukaryotes is non-homologous end joiningvector Construction
(NHEJ), which is relatively error-prone and can lead to ingers ~ Cas9 expression backbone vector pZHY988n( et al., 2016
or deletions (indels) or mismatch mutations at target loci.was used in this paper. For our single-target vector, the iddiad
Alternatively, homology-directed repair (HDR) requires a BN annealed sgRNA oligonucleotide pair (Supplementary Table 1)
donor template and is less e cient compared to NHEJ. In recentwas cloned into the region between ti@sU6 promoter and
years, genome editing has emerged from the rapid developmetite sgRNA sca old. For the dual-target vector, two expression
of SSN platforms such as zinc nger nuclease (ZFRhgng cassettes oDsU6 promoter-gRNA sca olds-OsU6 terminator
et al., 2010; Sander et al., 2)1transcriptional activator-like were cloned into pZHY988 using fusion PCR and ligase. And the
e ector nuclease (TALEN)Christian et al., 2010; Cermak et al., primers were listed in Supplementary Table 1.
2011; Shan et al., 2013a; Zhang et al., p&lG@stered regularly .
interspaced short palindromic repeats and associated protein Biceé Protoplast Transformation and Stable
(CRISPR-Cas9)J{nek et al., 2012; Cong et al., 2013; Feng et allransformation
2013; Shan et al., 207)3&nd CRISPR-CpflTang et al., 2007  The japonica cultivar Nipponbare was used in this experiment.
CRISPR-Cas9 is highly facile as it targets DNA using a singleolation and transformation of rice protoplasts were cairie
guide RNA (sgRNA) through Watson-Crick base pairing. Thisout as previously describedgng et al., 2006 The rice calli
nucleotide based targeting mechanism has made CRISPR-Cagére cultured from mature embryo and Agrobacterium mediate
the preferred SSN for genome editing across organisms. Bincetransformation of T-DNA vectors into rice calli was condadt
rst demonstration in editing plant genomes in 2018i(et al., according to an established protocdldki et al., 2005
2013; Nekrasov et al., 2013; Shan et al., 2013RISPR-Cas9
has been constantly improved and widely adopted for editingsenotyping of Genome Editing Events
genomes of many plant speciés(l and Qi, 2016; Demircietal., Total genomic DNA was extracted using the cetyltrimethyl
2017. ammonium bromide (CTAB) methodStewart and Via, 1993

Post-transcriptional technologies that sequester miRNA®CR was performed to amplify the genomic regions surrounding
(Franco-Zorrilla et al., 2007; Todesco et al., J060degrade the CRISPR-Cas9 target sites using the specic primers
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A
Basal Lower miRNA Upper Terminal
segment stem duplex stem loop
o v l |
miRNA
miRNA*
3
B
sgRNAname 'I"argeted sgRNA PAM Ta_rgeted ppsition
rice locus sequence in pre-miRNA
GGATGAGGCAGA f *
OsMIR408-sgRNA02 GOATGGGA TGG miRNA
CCCCTGCACTGC ’
OsMIR408-sgRNA03 OsMIR408 CToTTCCC TGG miRNA
GGAAGAGGCA .
OsMIR408-sgRNA04 GCAGGGGA GGG miRNA
GAAGGGGCATGC .
OsMIR528-sgRNAO1 AGAGGAGG AGG miRNA
GCAGTGGAAGGG ;
OsMIR528-sgRNA02 OsMIR528 GOATGCAG AGG miRNA
GGAATGGAAGAG . .
OsMIR528-sgRNAQ3 GCAAGCAC AGG miRNA
OsMIR815a
GAGAAGGGGATT
OsMIR815-sgRNAO1 OsMIR815b GAGGAGAT TGG miRNA
OsMIR815¢c
OsMIR820a
GTCGGCCTCGTG .
OsMIR820-sgRNAO1 OsMIR820b GATGGACC AGG miRNA
OsMIR820c
FIGURE 1 | Targeting rice endogenous microRNA genes with CRISPR-Cas®A) lllustration of a primary microRNA (pri-miRNA) transcripthich forms a stem loop
structure. The mature miRNA and its complementary strand (fRNA*) are color-coded in blue and red, respectivelyB) Summary of sgRNAs and their targeting
miRNAs in rice.

(Supplementary Table 1). The PCR fragments for OsMIR528RNAs were mapped to GenBank (https://www.ncbi.nim.nih.
sgRNAO2 were digested with the restriction enzyme Sphl, igov/), Rfam database (http://rfam.xfam.org/), and rRNA, tRNA
RFLP analysis. For SSCP analysis, PCR products from tBeRNA, and snoRNA were discarded from the SRNA reads using

targeted regions were rst analyzed using PAGE as&agi{g

bowtie2 software Langmead et al., 2009The unannotated

et al., 201p and positive samples were subsequently subjecteskquences were then analyzed by miRDeep2 software package
to Sanger sequencing. Sequencing results containingel@all (Friedlander et al.,, 20)2to predict miRNAs according

mutations were decoded with an establish tobla( X. et al.,
2015.

Small RNA Sequencing
The biallelic T1 mutants of OsMIR408-sgRNA03-191@3/ 8
bp), OsMIR528-sgRNA01-15 64/ 4 bp), and OsMIR528-

sgRNA-02-08 ( 3/C1 bp) with no vector and WT were chosen

to rice gemome database (ftp://ftp.ensemblgenomes.org/pub/
plants/release-24/fasta/oryza_sativa/). Di erentiallxpessed
miRNAs were identi ed using the TPMRKahlgren et al., 2007

and IDEG6 Romualdi et al.,, 2003 And the small RNA
sequences have been deposited into NCBI SRA database under
accession number: SRS2475225.

for small RNA sequencing. Total RNA of 10 whole plants forRNA Extraction and qRT-PCR

each sample was isolated using TRIzol (Invitrogen, USA) aethreThe genotype of independent seedlings was identi ed through
leaves stage. Library construction, small RNA sequencimgus SSCP and sequencing before RNA extraction. Total RNA was
lllumina Hiseq 2500 planform and data processing and analysisxtracted using TRIzol, treated with DNase | and then used
were carried out at Biomarker Technologies Co., Ltd. Thartle for cDNA synthesis. For miRNA detection, miRNA cDNA
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synthesis was carried out using the miRcute miRNA cDNAfragment length polymorphism (RFLP) based mutation analysis
kit (Tiangen, China) per the manufacturer's instruction¥BlR  (Supplementary Figure 2A). Rather, direct Sanger sequein¢ing
green-based qRT-PCR was performed using a speci ¢ forwafdCR products was used, which revealed mutations at target sit
primer (Supplementary Table 1) and a universal reverse primgiSupplementary Figure 2B).

provided by the kit (Tiangen, China). Actin mRNA was We then pursued stable transgenic TO lines with the
used as an internal control. For gRT-PCR of mRNA, reverségrobacterium mediated transformation of rice calli. Toesen
transcription (RT) was carried out using RevertAid First 8tta mutants generated b@sMIR528-sgRNAQ%e compared RFLP
cDNA Synthesis Kit (Thermo Scienti ¢, USA), and qRT-PCRwith single strand conformation polymorphism (SSCP), which
was performed with SuperReal PreMix Plus (SYBR Greend a method we recently applied for genotyping CRISPR-Cas9
PCR master mix kit (Tiangen, China) per the manufacturersnduced mutations £heng et al., 2016 Although RFLP could
instructions. Actin mRNA was used as an internal control. Thedentify mutants Figure 2A, upper panel), SSCP showed higher
relative levels of gene expression were calculated usirgztie  resolution in distinguishing di erent mutations Kigure 2A,
cycle threshold (CT) method. Three biological replicatesgéh lower panel). Among 10 TO lines, 7 carried biallelic mutations
independent T1 seedlings with the same genotype and withoutt the target site Table 1LFigure 2B). Due to its e ectiveness,
Cas9 vector for each salt treated sample) were examineduwoeenswe applied SSCP for genotyping all TO lines with the remaining
reproducibility. The experiments were performed three time€CRISPR-Cas9 constructs. F@sMIR528-sgRNAOTO lines,

independently with similar results. 26 out of 34 contain mutations, all of which are biallelic
(Table 1, Supplementary Figure 3). Three independent leaves
Salt Stress Treatment and Chlorophyll from individual TO lines were analyzed by SSCP and the

results suggest each plant carried homogenous mutations
(Figures 2C,D, suggesting these mutations should be readily
trgnsmitted into the next generation. We followed 7 biadel
with water-soluble fertilizer in the growth chamber undenb- lines to the T1 gene_ratio!q and found segregation patterns all
day conditions (16 h light at 2& and 8 h dark at 2). followed Mendelian mhgrltance (Supplementary _Tablg 2). For
OsMIR528-sgRNAOBO lines, 15 out of 18 were identi ed as

After 14 days, 60 mM NaCl solution along with water-soluble . .
" . . mutants by SSCP (Supplementary Figure 4). Sanger sequencing
fertilizer was added to the containers. After 7 days' sekitment, ..
further con rmed these mutants and revealed one additional

the seedlings were harvested for further analysis. The gpaot homozygous mutant C1/C1 bp) that was missed by the
of independent seedling was identied through SSCP an.%SCP assaydble 1 Supplementary Figure 5). F@SMIRA08-
sequencing. Chlorophyll was extracted and measured .ac@rdlngNAOISTO lines, 10 out of 21 were identi ed as mutants by
to a previously described protocalang et al., 2005 Brie y, SSCP (Supplementary Figure 6A), which were later con rmed

leaf tissue under salt stress were homogenized in 80% acaton . .
. by Sanger sequencing (Supplementary Figure 6B). Among these
4 C, the homogenates centrifuged and uorescence measured . )
utants, 8 were biallelic and 2 were heterozygotable 1,

662, 645, and 440 nm with Fluorescence Spectrometer HITAC upplementary Figure 6B). Taken together, these resultestigg

U2910 (JAPAN). Leaf Chl contents were estimated according to L A
Wang et al. (2008) ttargeted mutagenesis afiRNA genes in rice by CRISPR-Cas9

is very e cient and SSCP is a reliable genotyping method for
mutant identi cation.

Content Analysis
Mature seeds were geminated for 2 days atC3h the dark,
the germinated seeds were planted into containers supplement

RESULTS
High Ef ciency Rice miRNA Mutagenesis Simultaneous Targeting of Homologous
by CRISPR-Cas9 mMiRNAs with a Single sgRNA

We decided to target miRNA: miRNAduplex regions with We next targetedniRNA family members OsMIR815a/b/@r
CRISPR-Cas9 as mutations in these regions are likely ©sMIR820a/b/owith one sgRNA that recognizes all three family
impact miRNA biogenesis and function. We chose to workmembers. FOIOsMIR815-sgRNAQ20 TO lines were screened
on OsMIR408 OsMIR528, OsMIR815nd OsMIR820as these for mutations atOsMIR815a0sMIR815band OsMIR815doci
miRNAs have not been genetically studied in ri@sMIR408 by SSCP and followed with Sanger sequencing. SSCP was used
and OsMIR528vere each targeted by three sgRNRgy(re 1B).  to identify mutants atOsMIR815aand OsMIR815¢ but not
SinceOsMIR815and OsMIR82CG=ach contain three homologous at OsMIR815b(Supplementary Figure 7). Sanger sequencing
members, one sgRNA was designed for targeting the entieon rmed 15 lines containing mutations at the target loci
family based on sequence homolodyigure 1B). A total of 8 (Supplementary Table 3). Among them, 10, 7, and 3 lines
sgRNAs (Supplementary Figure 1) were cloned into CRISPRarried biallelic mutations atOsMIR815a OsMIR815b,and
Cas9 T-DNA vectors, in which Cas9 was expressed under @sMIR815¢ respectively Table 1, Supplementary Figure 8).
maize ubiquitin promoter and the sgRNAs were expressetinportantly, line # 01, 05 are triple biallelic mutants, which
under the OsU6 promoter. We rst tested six such T-DNA should have abolished the function of the entire miRNA family
vectors in a rice protoplast system. As we limited the sgRNAor OsMIR820-sgRNAQ1L8 TO lines were screened directly
targeting site to the miRNA or miRNAregion, it was dicult ~ with Sanger sequencing and 14 of them carried mutations
to nd acceptable restriction enzyme sites for restriction(Supplementary Table 3). Among these mutants, many lines
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A OsMIR528-sgRNAO2

OsMIR528-sgRNA01

MWTWT1 2 3 4 5 6 7 8 9 10
Sphl - + + + + + + + + + + +

WT M 1

2 3 4 5 6 7 8 9

10 WT

Reference: CAGCAGTGGAAGGGGCATG-CAGAGGAGCAGG
#0sMIR528-sgRNA02-01/02/03/04

WT 1 4 8

9 10 1

Reference: AGTGGAAGGGGCATGCAGAGG-AGCAGGAGA
#OsMIR528-sgRNA01-01

Allele 1:  CAGCAGTGGAAGGGGCAT--CAGAGGAGCAGG -lbp  Allele 1: AGTGGAAGGGGCA--------- AGCAGGAGA -8bp
Allele 2:  CAGCAGTGGAAGGGGCATGTCAGAGGAGCAGG +1bp  Allele 2: AGTGGAAGGGGCATGCAGA--TAGCAGGAGA -2/+1bp
#OsMIR528-sgRNA02-05/06/07 #0sMIR528-sgRNA01-04
Allele 1: CAGCAGTGGAAGGGGCATG-CAGAGGAGCAGG WT Allele 1: AGTGGAAGGGGCATGCAGAG--AGCAGGAGA -1lbp
Allele 2:  CAGCAGTGGAAGGGGCATG-CAGAGGAGCAGG WT Allele 2: AGTGGAAGGGGCATGCAGAG----CAGGAGA -3bp
#0sMIR528-sgRNA02-08/09 #0OsMIR528-sgRNA01-08
Allele 1:  CAGCAGTGGAAGGGGC----CAGAGGAGCAGG -3bp  Allele 1. AGTGGAAGGGGCATGCAG----AGCAGGAGA -3bp
Allele2:  CAGCAGTGGAAGGGGCATGTCAGAGGAGCAGG +1bp  Allele 2. AGTGGAAGGGGCATGCAG----=-=-===== -17bp
#0sMIR528-sgRNA02-10 #0sMIR528-sgRNA01-09
Allele 1: CAGCAGTGGAAGGGGCAT--CAGAGGAGCAGG -1bp  Allele 1: AGTGGAAGGGGCATGCAG-----GCAGGAGA -4bp
Allele2:  CAGCAGTGGAAGGGGCATGTCAGAGGAGCAGG +1bp  Allele 2. AGTGGAAGGGGCATGCAGAGGGAGCAGGAGA +1bp
#OsMIR528-sgRNA01-10
Allele 1: AGTGGAAGGGGCATGCAGAGG--GCAGGAGA -1bp
Allele 2: AGTGGAAGGGGCATGCAGAGGTAGCAGGAGA +1bp
#0sMIR528-sgRNA01-11
Allele 1: AGTGGAAGGGGCATGCAGA---AGCAGGAGA -2bp
Allele 2: AGTGGAAGGGGCATGCAGA----GCAGGAGA -3bp

FIGURE 2 | SSCP is superior to RFLP on genotyping mutations at microRNoci. (A) RFLP (upper panel) and SSCP (lower panel) analysis of 10 iqndent
OsMIR528-sgRNAO02TO lines. PCR products were digested bySphlin the RFLP analysis(B) Sanger sequencing of the target site in the@DsMIR528-sgRNA02TO
lines. (C) SSCP analysis of 6 independenDsMIR528-sgRNAOQ1TO lines. Three independent leaves of each TO plant were getyped. (D) Sanger Sequencing of the
target site in theOsMIR528-sgRNAO1TO lines.

contained biallelic mutations aDsMIR820a0sMIR820band  sgRNA and surveying these potential o -targeting sites using

OsMIR820¢c respectively Table 1 and Supplementary Figures Sanger sequencing of PCR products, we didn't nd any mutation

9, 10). Signicantly, 11 lines are triple biallelic mutantshel across all 30 potential o -target sites (Supplementary Table 4)

results suggesmiRNA gene families can be e ectively and Although we couldn't extensively look at all potentially o #tget

simultaneously mutated by CRISPR-Cas9 inrice. sites, the results suggest o -targeting e ects from these RN
are of less concern.

Off-Target Analysis of miRNA-Targeting
SgRNAs Deletion of miIRNA Genes with Two DSBs

In our design, Cas9 target sites largely overlap with théfter establishing an e ective CRISPR-Cas9 based mutagenesi
DNA regions corresponding to mature miRNA or miRNA platform for miRNAs we investigated what kind of mutations
(Figure 1A). As miRNAs recognize target mRNAs by nearcan result in loss-of-function. We focused our analysis on
perfect RNA: RNA base-pairing, it might be possible that thes®sMIR528because prior studies suggest it may be involved
sgRNAs can target genes of miRNAs along with various o4n rice stress responseClieah et al., 2015; Sharma et al.,
target homologous genomic sequences. To investigate this 02015. T1 plants from three independent TO biallelic mutants
targeting possibility, we examined 6 sgRNAs used in this studgf OsMIR528-sgRNAOAere treated with salt stress by growing
and chose 5 high probability o -target sites for each sgRNAwssathe seedlings in medium supplemented with 60 mM NacCl.
By randomly selecting ve corresponding TO plants for eachCompared to the wild type (WT), two mutants showed
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TABLE 1 | Summary of mutation frequencies at targeted miRNA loci in Tlnes.

Targeted rice gene Transgenetic CRISPR/Cas9 vector Tested TO seedling Mutated TO seedling: Biallelic mutation:
number, ratio number, ratio
OsMIR408 pZmUbil::Cas9COsU6::0sMIR408 sgRNA03 21 10, 47.6% 8, 80.0%
OsMIR528 pZmUbil::Cas9COsU6::0sMIR528 sgRNAO1 34 26, 76.5% 26, 100%
pZmUbil::Cas9COsU6::0sMIR528 sgRNA02 10 7, 70.0% 7, 100%
pZmUbil::Cas9COsU6::0sMIR528 sgRNA03 18 16, 88.9% 16, 100%
OsMIR815 (a/b/c) pZmUbil::CasCOsU6::0sMIR815 sgRNAOL 20 15, 75.0% OsMIR815a 10, 66.7%

OsMIR815h: 7, 46.7%
OsMIR815c 3, 20.0%

OsMIR820 (a/b/c) pPZmUbil::CasCOsU6::0sMIR820 sgRNAOL 18 14, 77.8.0% OsMIR820a 10, 71.4%
OsMIR820b: 13, 92.9%

OsMIR820c 10, 71.4%

delayed development (e.g., branching) and chlorosis ph@eoty genotyped many T1 individuals of this line and found all three
(Figure 3A and Supplementary Figure 11), with the latter beingmutanttypes ( 1/ 1bp; 1/C1bp;C1/C1 bp)showed WT-like
further con rmed by quanti cation of chlorophyll Figure 3B).  response under salt stredsigure 4A). To further explore 1-bp
The data provided genetic evidence ti@MIR528s positively  indel impact onOsMIR528function, we examined T1 lines of
involved in salt stress response. Interestingly, @&MIR528- OsMIR528-sgRNA02-0&hich segregated two small indels3
sgRNAO1-10nutant with a single bp indel mutation emulated andC1 bp) produced by a di erent sgRNA. The analysis showed
WT under salt stressHigures 3A,B) These ndings suggest that 3-bp deletion, not the 1-bp insertion, destroy@sMIR528
that larger deletions, not 1-bp indels, can abolish miRNAfunction in salt stress responsgigure 4B) and its regulation on
function. Consistent with this, further analysis of multiple target genes (Supplementary Figure 13B). We reasoned that a
OsMIR528-sgRNAO01-T3 lines showed that either 4-bp or 54- deletion of 3 bp could be large enough to impact formation of a
bp deletions atOsMIR528 mature miRNA region destroyed proper pri-miRNA structure and subsequently the production of
function (Figure 3Q). Presumably, knocking ouDsMIR528 correct miRNAs Figure 40). On the contrary, 1-bp indels may
should antagonize repression at some of its target genes. Wiet impact the process of miRNA maturatiorrigure 4C) and
measured transcription of ve putativ®@sMIR528target genes even miRNA function due to tolerance of mismatches between
(Yuan et al., 2015; Wu et al., 2Q1ttp://bioinformatics.cau. mMIRNA and cognate target genes. To test this hypothesis, we
edu.cn/PMRD/) by quantitative reverse transcription PCR (gRTconducted RNA sequencing (RNA-seq) of small RNAs in the
PCR) under normal and salt stress conditions. Transcripts dbfiallelic background (3/C1 bp) of OsMIR528-sgRNA02-08
four genes ©s06g056790@s08g013740@s069g015420@nd  Indeed, we could not detect the potentially new miRNA derived
0s07g057055Were signi cantly elevated under salt stress in thefrom the 3-bp deletion locus. However, we recovered a new
mutant. ForOs07g0570558xpression was signi cantly higherin miRNA (named as miRNA528 of 22 nt, which contained
the mutant than in WT with or without salt stres$-{gure 3D). an additional “U” due to the 1-bp insertion Hgure 4D).
Additionally, we analyzed a putative target geneOsMIR408 Presumably, this nemniRNA528plays an equal or similar role
0s039025910WJsing RT-PCR, we detected expression only irto that of miRNA528in regulating genes involved in salt stress
the OsMIR408-03-19nutant, but not in WT (Supplementary response inrice.

Figure 12). This data suppor@s03g02591Qf¥ a target gene of

OsMIR408Taken together, we demonstrated CRISPR-Cas9 agénocking Out a Single miRNA Leads to

useful reverse genetic tool for studying function of miRNAsla Expression Perturbation of Other miRNAs

validating their target genes in rice. miRNAs play critical roles in regulating expression of many
. . peripheral genes involved in dierent biological processes.
Single-bp Indels Lead to the Production of Transcription proling in a miRNA knockout background
Functionally Redundant New miRNAs should reveal regulatory functions of miRNAs. To explore this
OsMIR528-sgRNAO1-10nutant lines showed the same prospect, we extended our miRNA-seq experiments for detection
phenotype to the WT upon salt stres&iures 3A,B and and quanti cation of small RNAs in WT and biallelic T1
further gRT-PCR analysis revealed no signicant di erencemutants of OsMIR408-sgRNAO03-19 13/ 8 bp), OsMIR528-
at multiple OsMIR528 target genes across mutant lines ansgRNAO01-16 54/ 4 bp), andOsMIR528-sgRNA-02-083/C1
WT (Supplementary Figure 13A), suggesting 1-bp indels itbp) (Figure 5A). In WT plants, 197.4 transcripts per million
the maturemiRNA region didn't impact function. We further (TPM) of OsMIR52&nd 232.8 TMP 0©sMIR408vere detected,
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FIGURE 3 | Loss of OsMIR528 function results in reduced tolerance to stbktress. (A) Phenotypic analysis ofOsMIR528 T1 mutant lines under salt stress.
(B) Quanti cation of chlorophyll in OsMIR528 T1 mutant lines(C) Large deletions lead to loss of function of OsMIR528(D) Reactivation of OsMIR528's endogenous
target genes in OsMIR528 knockout lines. Asterisks indicatsigni cant differences according to Student'st-test; **P  0.01.

while their corresponding miRNA transcripts were of low expression of OsMIR528s 30 times higher in the mutantthanin
abundance: 20.8 TPM and 4.2 TMP, respectivefO&MIR408- WT, consistent with the production of new OsMIR528 at a much
sgRNAO03-1%nes, we couldn't detect anMIR408 transcripts higher titer than in this mutant background-{gures 4D5A).
because large deletions 13 or 8 bp) had destroyed the The interesting observation regarding induction@$MIR408
OsMIR408 region. The large deletion i@sMIR408 appeared in OsMIR528mutants and vice versa triggered us to further
to greatly impact the production of matu®@sMIR40&s miRNA  look at cross regulation among miRNAs at the genome level.
abundance was reduced over 10-fold in the mutants to 22.Wsing our miRNA-seq data set for small RNAs, we identi ed
TPM. Interestingly, we found expression of OsMIR528 and,280 putative miRNAs across all samples. We con rmed 551 out
OsMIR528 were drastically increased (95-fold and 63-fold,of 592 previously validated miRNAs in rice that were available
respectively) in theMIR408 knockout background. It was also at miRbase @riths-Jones et al., 2008 suggesting a high
true of reciprocal experiments where expression of OsMIR408overage in our study. We then compared the expression of all
and OsMIR408 were greatly increased (514-fold and 439-foldjdenti ed miRNAs in the WT and mutant backgrounds. Using
respectively) inOsMIR528-sgRNAO01-15 54/ 4 bp) mutants, a stringent criterion of 3-fold cuto threshold, we idented a

in which transcript of OsMIR528 and OsMIR528vere almost list of di erentially expressed miRNAs in th©sMIR408and
undetectable. In the mutantOsMIR528-sgRNA02-08 3/C1  OsMIR520mutant backgrounds (Supplementary Table 5). In
bp), in which we discovered a novel miRNAigure 4D), OsMIR408-sgRNAO03-I9utant, 9 miRNAs were upregulated
expression of OsMIR408 and OsMIR4@8Bso showed signi cant and 8 miRNAs were downregulated. l@sMIR528-sgRNAO1-
increases of 522-fold and 344-fold, respectively. As expectelb mutant, 8 miRNAs were upregulated and 26 miRNAs
OsMIR528 was almost undetectable in this mutant. Howeververe downregulated. INnOsMIR528-sgRNAO2-OBwtant, 11
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FIGURE 4 | Generation of functionally redundant new microRNAs with geome editing. (A) 1-bp indels in mature OsMIR528 don't abolish miRNA function.(B) 3-bp
deletion in matureOsMIR528 abolishes function.(C) lllustration of pri-MIR528 produced inOsMIR528-sgRNA02-08mutant lines. Mutagenized target regions are
highlighted in green shade (D) Detection of a new microRNA,0sMIR52&, in the 1-bp insertion mutant line by RNA-seq. TPM, transapis per million.

miRNAs were upregulated and 23 miRNAs were downregulatedinpredictable e ect on miRNA function. We reasoned that the
Interestingly, the di erentially expressed miRNAs were alsvay best way to knock out a miRNA gene is to completely delete the
induced in the same direction, either up or down, in thelocus by creating large chromosomal deletions, which neui
mutants ofOsMIR408nd OsMIR528 Supplementary Table 5). introduction of two DNA DSBs simultaneously. We constructed
To further validate the data, we conducted qRT-PCR analyfsis &wo T-DNA vectors for generating large deletions@sMIR408
four upregulated miRNAs @sMIR408, OsMIR528, OsMIR397,and OsMIR528loci. Rice protoplasts transformed with these
and OsMIR398 along with 6 control miRNAs. The gRT- constructs were used for DNA extraction and PCR, and PCR
PCR data conrmed the results from the RNA-seq analysiproducts were then cloned into TA cloning vectors. By scregnin
(Figures 5B,0. many individual clones using PCR, smaller products represgnt

. . . . large chromosomal deletion events were readily discovered
Effective Deletion of miRNA Loci by Two (Supplementary Figures 14A,B). These deletions along with
DNA DSBs other mutations were further con rmed by Sanger sequencing
Our data onOsMIR528uggest larger deletions are an e ective(Supplementary Figures 14A,B). In both cases, around 20%
means for achieving miRNA knockout. However, small indelf tested clones carried large deletions (Supplementaryr&igu
in either the mature miRNA or miRNA region could have an 14C).
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FIGURE 5 | Targeted knocking out speci ¢ microRNAs results in global egression perturbation of microRNAs and their putative tarets. (A) Targeted knock out of
OsMIR408and OsMIR528results in global expression and perturbation of microRNAYB) OsMIR408and OsMIR528induce each other as revealed by RNA-seq

analysis.(C) Knocking out OsMIR408 or OsMIR528boosts expression ofOsMIR397 and OsMIR398as validated by qRT-PCR analysis. Asterisks indicate sigoant
differences according to Studentsst-test; *P  0.05; **P  0.01.

We next examined large deletion frequencies at both loddesigned sgRNAs, which may vary from case to case). In
in stable transgenic rice plants. Among 20 TO lines for themost cases, we could not use RFLP for detecting mutations at
OsMIR408locus, 12 lines contained large deletions and ZXarget sites because it is su ciently rare to nd a restrimti
line was homozygous. Interestingly, a single line (#OsMIR408&nzyme cleavage site that overlaps with Cas9 cleavage #ities wi
sgRNAOZ sgRNAO04-11) contained one large deletion and onghese narrowly de ned regions. Recently, we reported SSCP as
inversion (Table 2 Supplementary Figures 15A, 16). Amongan alternative genotyping method for screening CRISPR-Cas9
22 TO lines for theOsMIR528locus, 5 lines contained large induced mutations £heng et al., 20)6Here, we again further
deletions with two of them being homozygous and one linedemonstrated that SSCP is well-suited for genotyping miRNA
(#OsMIR528-sgRNAsgRNA03-07) contained an inversion mutants with small indels. Due to high e ciency of CRISPR-
(Table 2 Supplementary Figures 15B, 17). These results sugg€é&s9 based genome editing in rice, the advantage of SSCP may

miRNA loci can be e ectively deleted by introducing two DNA not be apparent as Sanger sequencing can be directly applied
DSBs with multiplexed CRISPR-Cas9. for genotyping mutant lines. However, we note that genome

editing frequency in many other plant species is not as high as

in rice (Paul and Qi, 2016 To save time and cost, SSCP could
DISCUSSION be an important method for rapid screening of many candidate

genome editing lines prior to Sanger sequencing in these plant
Unlike other protein-coding genes, mature miRNAs are onlyspecies.
about 20- to 24-nucleotide in lengthBartel, 2004; Voinnet, A series of miRNA mutants oDsMIR408and OsMIR528
2009. We have checked the PAM (NGG) of all 592 ricegenerated in this work provided a valuable resource for fiomet!
miRNAs at miRBase (http://www.mirbase.org/) and found thatstudy of these two important microRNAs. By linking genotype
556 miRNAs (93.92%) harbored suitable PAM sites. Only 3® phenotype among mutants @sMIR528we found that 1-bp
mMiRNAs (6.08%) did not contain suitable PAM sequences. In thigndels at the matureniRNA or miRNA region failed to abolish
report, we demonstrated that mature miRNA or miRN&an be  miRNA function (Figures 3 4). Interestingly, new functionally
targeted using CRISPR-Cas9 with a single sgRNA and there is fedundant miRNAs could be produced in such mutants. This is
distinct di erence of the e ciency of targeting of miRNA and consistent with the fact that miRNAs can tolerant mismatches
miRNA (Table 1) (in principle, targeted mutagenesis e ciency within target mRNA in plants (Vang et al., 2015 Conceivably,
for miRNA or miRNA DNA sequence is determined by the HDR based precise genome editing of endogenous miRNA loci
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TABLE 2 | Summary of mutation frequencies at targeted miRNA loci in Tlnes that express two sgRNAs.

Targeted rice Transgenetic CRISPR/Cas9 Tested TO Deletion TO seedling Double NHEJ TO seedling Single NHEJ TO seedling
pri-microRNA vector seedling mutant: number, ratio mutant: number, ratio mutant: number, ratio
locus
OsMIR408 pZmuUbil::Cas9COsU6::0sMIR408 20 12, 60.0% 8, 40.0% 0, 0.0%
SgRNA02CsgRNA04
(pZJP025)
OsMIR528 pZmUbil::Cas9COsU6::0sMIR528 22 5,22.7% 13, 69.1% 1, 4.6%
sgRNA01CsgRNAO3
(pZIP026)

should represent a new strategy for producing arti cial miRNAsmediated by MYB33, an R2R3 MYB domain transcription factor

with new targeting speci city and function. targeted by miR1593Fuo et al., 201)7 It will be interesting to see
Knocking out miRNAs provides opportunities to validate whether cross-regulation among miRNAs in rice is based on a

their target genes. A major role of miRNAs in plants issimilar mechanism. It will be very useful to draw miRNA-miRNA

to down-regulate target mRNAs. By genetically disrupting aegulation networksAkdogan et al., 20)@oward understanding

miRNA, transcripts of cognate target genes may be upregulatethe underlining mechanisms.

Following this principle, we validated three potential target Finally, we demonstrate that a miRNA family of multiple

genes oDsMIR52&nd one potential target gene GsMIR408 members could be e ectively and simultaneously mutagenized by

While we were preparing this manuscript, it was reportedCRISPR-Cas9. By targetit@sMIR815and OsMIR820families,

that OsMIR528 negatively regulates virus defense througheach containing three members, biallelic triple mutants ever

repressing the target gene encoding an L-ascorbate oxidasadily obtained in the TO generation. Recently, miRNA

(AO) (Wu et al, 201y In a T-DNA knockout line of gene families have been targeted using multiple sgRNAs

OsMIR528reactive oxygen species (ROS) was elevated, leadisigwultaneously in zebra sh Narayanan et al., 20).6 With

to enhance resistance to virusés(( et al., 201y. Consistently, multiplexed CRISPR-Cas9 systems like the one we recently

we also validated thiAO gene (s06g05679PCas one of developed l(owder et al., 2005 it should be feasible to

OsMIR528 targets Figure 3D). Previously, it was shown that simultaneously knock out multiple miRNA families for genetic

overexpression 0ofOsMIR528in Creeping Bentgrass resulted analysis in plants.

in reduced AO expression and increased ROS detoxi cation

(Yuan et al., 2015 Taken together, these studies support tha

OsMIR528plays an important role in plant biotic and abiotic [CONCLUSK)N

stress responses by controlling ROS. In the future, it willy, ok demonstrated promising applications of CRISPR-Cas9

be interesting to study additional target genes @SMIRS28 ¢, ¢ iting miRNA genes and gene families for basic and applied
(Figure 3D) and OsMIR408(Supplementary Figure 12), which research in rice and other plants.

should help elucidate biological functions of these impotta
mMiRNASs.

Another interesting nding in this study shows that knoclgn AUTHOR CONTRIBUTIONS
out eitherOsMIR408&nd OsMIR528esults in expression pro le ) )
changes of multiple other miRNAs. Of note, these miRNAs with"Z, JZ, and YQ designed the experiments. JZ, YZ, XT, and
altered expression were either upregulated or downregulimted KD generated all Vectors. ZZ, XT, XZ, and KD performed
the same direction in mutants oBsMIR408and OsMIR528 the transient assays in protoplasts and prepared samples for
Although both miR408 and miR528 were proposed to functiorsMall RNA sequencing. YZ, JZ, TZ, and YQ analyzed the deep
in stress responses in plan@f{eah et al., 2015; Ma C. et al., 20155€quencing data. JZ, KD, YC, ZZ, and LT generated stable
Sharma et al., 20)&there has been no rm evidence supporting transgenic rice .and analyzed the plants. JZ performed the RT-
they function in the same pathway. Further, althougsMIR528- PCR and real-time PCR. AT produced the chlorophyll content
sgRNA020§ 3/C1 bp) is phenotypically similar to WT upon analysis. YQ, YZ, JZ, and KD wrote the paper with input
salt stress, expression of many miRNAs was signi cantly edter from oth_er authors. All authors read and approved the nal
in this background. It thus appears that biogenesis of many@nuscript.
miRNAs in plants is interrelated. This is a highly signi cant
nding as it may complicate our analysis of miRNAs in geneticACKNOWLEDGMENTS
knockout lines. Hence, it will be important to further invégate
the molecular basis of such cross-regulation among miRNAShis work was supported by grants including the National
in rice and possibly other plants. Interestingly, a very récenScience Foundation of China (31330017 and 31371682),
study in Arabidopsis revealed that loss of miR159 increaseBe Sichuan Youth Science and Technology Foundation
miR156 level and the repression of miR156 by miR159 is large{2017JQ0005) and the Fundamental Research Funds for the
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