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The clustered regularly interspaced short palindromic repeat (CRISPR)/
CRISPR-associated protein 9 nuclease (Cas9) system is being harnessed
as a powerful tool for genome engineering in basic research, molec-
ular therapy, and crop improvement. This system uses a small guide
RNA (gRNA) to direct Cas9 endonuclease to a specific DNA site; thus,
its targeting capability is largely constrained by the gRNA-expressing
device. In this study, we developed a general strategy to produce
numerous gRNAs from a single polycistronic gene. The endogenous
tRNA-processing system, which precisely cleaves both ends of the
tRNA precursor, was engineered as a simple and robust platform to
boost the targeting and multiplex editing capability of the CRISPR/
Cas9 system. We demonstrated that synthetic genes with tandemly
arrayed tRNA-gRNA architecture were efficiently and precisely
processed into gRNAs with desired 5’ targeting sequences in vivo,
which directed Cas9 to edit multiple chromosomal targets. Using this
strategy, multiplex genome editing and chromosomal-fragment
deletion were readily achieved in stable transgenic rice plants
with a high efficiency (up to 100%). Because tRNA and its processing
system are virtually conserved in all living organisms, this method
could be broadly used to boost the targeting capability and editing
efficiency of CRISPR/Cas9 toolkits.

CRISPR/Cas9 | tRNA processing | genome editing | multiplex

igher organisms often use complicated genetic networks

with functionally redundant genes to fine tune cellular
processes. Therefore, molecular tools with the capability to si-
multaneously manipulate multiple genes are of great value in
both basic research and practical applications of genetic engi-
neering. Recently, the bacterial type II clustered regularly inter-
spaced short palindromic repeat (CRISPR) and CRISPR-
associated (Cas) protein system is emerging as a promising tool
for this purpose. The Cas9 endonuclease from Streptococcus
pyogenes, coupled with an artificial guide RNA (gRNA), is able
to target the DNA sequence of 5'-N20-NGG-3’ (N indicates any
base), in which N20 is the same as 20 bases of the gRNA 5’
sequence (referred to as gRNA spacer hereafter) and NGG is
the protospacer-adjacent motif (PAM) (1-3). The simple RNA-
guided programmable rule and high occurrence of PAM in
genomes allowed Cas9-gRNA to readily target almost all genetic
elements for genome editing. Owing to its simplicity and high
efficiency, Cas9-based tools have been rapidly developed for
genome/epigenome editing, transcriptional regulation, and other
applications in genetic engineering (4-6).

In principle, multiplex genome editing could be achieved by
expressing Cas9 (or Cas9-derived effectors) along with multiple
gRNAs for respective target sites. Conventional delivery meth-
ods involve either microinjection or expression of gene con-
structs containing multiple single gRNA (sgRNA)-expressing
cassettes for multiplex genome editing (2, 3, 7-11). Direct mi-
croinjection of in vitro-synthesized gRNAs and Cas9 protein (or
Cas9 mRNA) into the cell or embryo is suitable for only very few
systems. As a result, the most common strategy is to stack mul-
tiple sgRNA-expressing cassettes in one plasmid construct or to
use multiple constructs. The typical size of one sgRNA-expressing
cassette is about 400-500 bp and consists of the RNA polymerase
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III (Pol IIT) promoter, gRNA, and the Pol III terminator. Due to
the limitation of delivery method and plasmid vector capacity,
simultaneous production of numerous gRNAs would be a chal-
lenge with such a gRNA-expressing strategy for most organisms.
Moreover, eukaryotic Pol III-transcribed RNA is obligated to
start with a specific ribonucleotide, which may reduce the Cas9/
gRNA targetable sites. An advanced strategy would be to com-
pact multiple gRNAs in one synthetic gene and engineer an
RNA-processing system to excise individual gRNAs from the
primary transcript. The only proven method based on such a
strategy is the expression of Csy4 endoribonuclease (endo-RNase)
with Cas9 to process a transcript containing gRNAs fused with
Csy4-cleavable RNA (12, 13). Nevertheless, more robust and
precise methods for simultaneous production of multiple gRNAs
are needed to improve multiplex editing capability and facilitate
more sophisticated Cas9 applications.

RNA is a fundamental cellular component, and its production
is guaranteed by the conserved and precise RNA-processing
systems in different organisms. This notion inspired us to engi-
neer an endogenous RNA-processing system to produce multiple
gRNAs from a single transcript, rather than introducing any
additional RNases along with Cas9/gRNA components. In this
study, we demonstrated that multiple gRNAs could be efficiently
produced from a single synthetic gene with the tRNA-gRNA
architecture after precise excision of transcripts in vivo by the
endogenous RNases. This gRNA-expressing strategy was shown
to not only allow multiplex targeting but also improve the editing
efficiency of the CRISPR/Cas9 system in plants. Because the
tRNA-processing system exists in virtually all organisms, this
strategy could be broadly used to boost the multiplex editing
capability of CRISPR/Cas9 tools for genome engineering.

Significance

The clustered regularly interspaced short palindromic repeat
(CRISPR)/CRISPR-associated protein 9 nuclease (Cas9) system has
recently emerged as an efficient and versatile tool for genome
editing in various organisms. However, its targeting capability and
multiplex editing efficiency are often limited by the guide RNA
(gRNA)-expressing device. This study demonstrates a general
strategy and platform for precise processing and efficient
production of numerous gRNAs in vivo from a synthetic poly-
cistronic gene via the endogenous tRNA-processing system.
This strategy is shown to significantly increase CRISPR/Cas9
multiplex editing capability and efficiency in plants and is
expected to have broad applications for small RNA expression
and genome engineering.
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Engineering the endogenous tRNA system for multiplex genome editing with CRISPR/Cas9. (A) The eukaryotic pre-tRNA with 5’ leader and 3’ trailer is

with RNA polymerase Ill (Pol Ill). The box A and box B elements in the tRNA

gene function as internal transcriptional elements and are bound by transcription factor IIIC (TFllI C), which recruits TFIIIB and Pol IlI to start transcription.
(C) Schematic depiction of the PTG/Cas9 method for simultaneously targeting multiple sites. The synthetic PTG consists of tandemly arrayed tRNA-gRNA units,
with each gRNA containing a target-specific spacer (labeled as a diamond with different color) and conserved gRNA scaffold (rectangle). The tRNA containing

box A and B elements is shown as round rectangles. The primary transcript of
release mature gRNAs and tRNA (red lines of cloverleaf structure). The excised

Results

Strategy to Engineer a tRNA-processing System for Producing Numerous
gRNAs. To simultaneously produce multiple gRNAs from one
primary transcript, we aimed to compact a cluster of gRNAs with
different spacers in one polycistronic gene and hijack an en-
dogenous RNA-processing system for cleavage of this transcript
into individual gRNAs in a nucleus. In search of RNA and endo-
RNases that potentially meet this requirement, tRNA attracted
our attentions for its characteristics as follows. (i) In nucleo-
plasm, the tRNA precursors (pre-tRNAs) are cleaved at specific
sites in eukaryotes by RNase P and RNase Z (or RNase E in
bacterium) to remove 5’ and 3’ extra sequences (Fig. 14), re-
spectively (14-18). (ii) RNase P and RNase Z recognize the
tRNA structure, regardless of the pre-tRNA sequence (17, 18).
Previous studies revealed that only the acceptor stem, D-loop
arm, and TyC-loop arm of tRNA are necessary for RNase P and
RNase Z cleavage of pre-tRNA (16-19). (iii) tRNA was found in
the polycistronic transcription unit in bacteria (20) and occa-
sionally in eukaryotes (19, 21), suggesting that the tRNA-pro-
cessing system is likely used as an intrinsic mechanism to produce
different small RNAs [e.g., small nucleolar RNA (snoRNA)]
with tRNA from a single polycistronic gene (19). (iv) Because
tRNA is one of the most abundant cellular components, the
endogenous tRNA-processing system should be robust to pro-
cess a large number of substrates. (v) The tRNA genes contain
internal promoter elements (box A and B) to recruit the RNA
polymerase III (Pol IIT) complex (Fig. 1B) (22, 23). Therefore,
the tRNA sequence may also work as a potential transcriptional
enhancer for Pol III. Based on these features, we hypothesized
that the endogenous tRNA system could be engineered as a
general platform for precise processing of gRNAs.

To use the endogenous tRNA system for multiplex genome
editing with Cas9/gRNA, we designed a polycistronic tRNA-
gRNA (PTG) gene for simultaneous production of numerous
gRNAs. As shown in Fig. 1C, this PTG gene consists of tandem
repeats of tRNA-gRNA and would be transcribed as a normal
snoRNA or sgRNA gene under the control of the Pol III pro-
moter. The endogenous tRNA-processing RNases (e.g., RNase
P and RNase Z in plants) would recognize the tRNA compo-
nents and excise individual gRNAs from the PTG transcript. The
resulting gRNAs would then direct Cas9 to multiple target sites
for genome editing (Fig. 1C).
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PTG is cleaved by endogenous RNase P and RNase Z (labeled as scissors) to
mature gRNAs direct Cas9 to multiple targets.

Precise Processing of PTG to Produce Functional gRNAs with Desired
Targeting Sequences. To explore whether the synthetic PTG gene
would be transcribed, would be processed, and would function as
we predicted (Fig. 1C), we synthesized four PTG genes with
a structure of tRNA-gRNA (PTG! and PTG2) or tRNA-gRNA-
tRNA (PTGI1.1 and PTG2.1) (Fig. 24). These four PTG genes
were designed to produce gRNA1l (PTGI and PTGI.1) and
gRNA2 (PTG2 and PTG2.1), which have been tested previously
(24) with sgRNA genes (sgRNAI and sgRNA2) in Cas9-mediated
genome editing (SI Appendix, Fig. S14; and see gene sequence in
SI Appendix, Table S1). Both gRNAs targeted the rice MPKS
gene, which encodes a mitogen-activated protein kinase (MAPK)
involved in biotic and abiotic signaling pathways. These PTGs were
constructed with a 77- bp long pre-tRNAY gene, which recognizes
the GGC codon and is Wldel}’ present among various genomes
(25). The chosen pre-tRNASY sequence consists of a 5 leader
(5'-AACAAA-3', 6 bp) and mature tRNA (71 bp) (Fig. 2B). Such
tRNA—gRNA fusion in PTGs mimics the native tRNA-snoRNA43
dicistron in plants (19).

In this study, we used a plasmid vector (SI Appendix, Fig. S2)
in which sgRNA or PTG is expressed with the rice U3 snoRNA
promoter (U3p) and Cas9 is expressed with a rice ubiquitin
promoter plus the complete 5’ untranslated region (UBIp).
After transfecting rice protoplasts with plasmids containing
U3p:sgRNA or U3p:PTG, circularized reverse transcription PCR
(cRT-PCR) (26, 27) was performed to map both 5’ and 3’ ends
of mature gRNASs (see ST Appendix, Fig. S3 and Table S2 for the
principle of cRT-PCR). Mature gRNAs with the expected size
were detected from the protoplasts expressing PTGs or sgRNAs
(Fig. 2 C-F). However, the tRNA—gRNA fused transcript from
PTGs was not detectable by cRT-PCR, probably due to the
highly robust tRNA-processing system that cleaved most (if not
all) primary transcripts of PTGs. Sequence analysis of the cRT-PCR
products revealed that all four PTG transcripts were precisely
cleaved at the tRNA-gRNA junction and produced mature
gRNAs carrying the desired 5’ spacer sequences without extra
nucleotides (Fig. 2G and SI Appendix, Figs. S4 and S5). On the
other hand, the 3’ end of mature gRNAs carried a 1- to 7-nt-long
poly (U) tail if it preceded the Pol III terminator (sgRNA, PTG,
and PTG?2) (SI Appendix, Fig. S4), or 1- to 4-nt ribonucleotides
from the tRNA-leader when it preceded the tRNA (PTG!.1 and
PTG2.1) (SI Appendix, Fig. S5). The cRT-PCR data also con-
firmed that gRNAs transcribed from U3p:sgRNA were obligated
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Fig. 2. Precise excision of functional gRNAs in vivo from synthetic PTG genes. (A) The architecture of two sgRNA genes and four PTGs to produce one gRNA.
(B) Sequence and predicted secondary structure of tRNA-gRNA-tRNA fusion of PTG gene. The bases of the tRNA region are indicated with red color and the
tRNA 5’ leader is shown in lowercase. The gRNA is indicated in black, and the gRNA spacer sequence is shown as N. (C-F) Examination of mature gRNAs
produced from sgRNA or PTGs with cRT-PCR. Total RNAs from the protoplasts expressing empty vector were used as control (CK). Arrows indicate mature
gRNAs amplified by cRT-PCR, and asterisks indicate the nonspecifically amplified rRNA. (G) Summary of excision sites in PTG according to mapped gRNA ends
from cRT-PCR (S/ Appendix, Figs. $3-S5). Arrows indicate the cleavage sites in PTG to release gRNA. The mature gRNA 5’ ends were excised from PTG exactly at
the tRNA-gRNA fusion site in all cRT-PCR results whereas its 3’ ends shifted 1-4 nt within the tRNA 5’ leader (lowercase). (H) gRNA produced from U3p:sgRNA.
All detected U3p:sgRNA-produced gRNA started with ribonucleotide A and terminated with multiple Us. (/) Introduction of indels at the desired sites by
PTG1:Cas9 or PTG2:Cas9 in rice protoplasts as shown by PCR/RE. Arrows indicate mutated fragments resistant to RE digestion. The indel frequency is indicated
at the bottom. (J) Relative expression of sgRNA1/2 and PTG1/2 in rice protoplasts. Data represent mean + SD. ND, not detected. CK, empty vector control.

to start with nucleotide 4 whereas U3p:PTGs produced gRNAs
without constraint of the first nucleotide (SI Appendix, Figs. S4
and S5). In summary, the gRNAs produced from PTG are the
same as the sgRNAs but are not obligated to start with a specific
nucleotide (Fig. 2 G and H).

The functionality of PTG and PTG2 was confirmed by ex-
amining the insertion/deletion (indel) mutations introduced by
nonhomologous end joining (NHEJ) repairing at the predicted
Cas9:gRNA cleavage site. Because gRNA1 and gRNA2 targets
contain the Kpnl and Sacl restriction enzyme (RE) sites (SI
Appendix, Fig. S14), respectively, the mutations induced by
PTG1/Cas9 and PTG2/Cas9 could be readily analyzed by the
digestion of PCR products encompassing the targeted sites with
corresponding RE (PCR/RE assay). In rice protoplasts trans-
fected with PTG1/Cas9 and PTG2/Cas9, 15% and 9% of the
target sites were found to carry indels, respectively (Fig. 2I),
which are slightly higher than the mutation rate of the sgRNA:Cas9
constructs we used previously (24). Consistent with our hypoth-
esis that tRNA may function as a transcriptional enhancer for
Pol III, the quantitative RT-PCR with gRNA-specific primers
revealed that the transcript levels of PTGI and PTG2 were about
3 and 31 times higher than those of sgRNAI and sgRNAZ2 in
protoplasts (Fig. 2J), respectively. Taken together, our results
demonstrated that the endogenous tRNA system could be used
as a precise and robust tool to produce gRNAs from PTG for
Cas9-mediated genome editing.

Efficient Multiplex Genome Editing in Rice Protoplasts via PTG/Cas9.

To test the targeting capacity and efficiency of the PTG system,
up to eight gRNAs (gRNA1-gRNAS) (SI Appendix, Table S3

Xie et al.

and Fig. S1) were tandemly arrayed to construct PTGs for
targeting four homologous rice MAPKs (MPK1/2/5/6), which
may function redundantly in diverse cellular signaling pathways.
These gRNAs were divided into four pairs and each pair tar-
geted two genomic sites within a gene locus with a distance of
350-750 bp between them (SI Appendix, Fig. S1). By combining
different gRNA pairs, we designed PTG genes encoding two
(PTG3/4/5/6), four (PTG7/8), and eight (PTG9) gRNAs to si-
multaneously target one, two, and four MPK loci, correspond-
ingly (Fig. 34 and SI Appendix, Table S1). We expected that such
a design might result in a deletion of a short chromosomal
fragment between two Cas9 cut sites and allow us to readily
examine the efficacy of PTGs.

To synthesize PTG with repetitive tRNA—gRNA architec-
ture, we designed a scalable and flexible approach to assemble
PTGs from PCR components based on the principle of Golden
Gate assembly strategy (28) (see SI Appendix, SI Methods and
Figs. S6 and S7 for details). Our gene-assembly approach allowed
fast synthesis of PTGs with different combination of gRNAs
from common oligonucleotide primers. Using a one- or two-step
assembly, we synthesized PTG3-PTG9 genes and cloned them
into the CRISPR/Cas9-expressing vectors (SI Appendix, Fig. S2
and Tables S1-S3).

We then transfected rice protoplasts with these plasmids
containing both U3p:PTG3-PTG9 and UBIp:Cas9. Chromosomal
fragment deletions at four MAPK loci, which were revealed by
amplification of truncated PCR products with target specific
primers, were detected in protoplasts expressing respective PTGs
with 4-45% efficiency (Fig. 3B). Even though eight gRNAs were
simultaneously produced from PTGY, they still guided Cas9 to

PNAS Early Edition | 3 of 6

PLANT BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420294112/-/DCSupplemental/pnas.1420294112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420294112/-/DCSupplemental/pnas.1420294112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420294112/-/DCSupplemental/pnas.1420294112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420294112/-/DCSupplemental/pnas.1420294112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420294112/-/DCSupplemental/pnas.1420294112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420294112/-/DCSupplemental/pnas.1420294112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420294112/-/DCSupplemental/pnas.1420294112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420294112/-/DCSupplemental/pnas.1420294112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420294112/-/DCSupplemental/pnas.1420294112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420294112/-/DCSupplemental/pnas.1420294112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420294112/-/DCSupplemental/pnas.1420294112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420294112/-/DCSupplemental/pnas.1420294112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420294112/-/DCSupplemental/pnas.1420294112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420294112/-/DCSupplemental/pnas.1420294112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420294112/-/DCSupplemental/pnas.1420294112.sapp.pdf

A Gene ID__ # of gRNA Targeted loci Gene architecture

PTG 2 11PKT TRNA-gRNAS-IRNA-gRNAZ
PTG4 2 MPK2 {RNA-gRNAS-IRNA-gRNAG
PTG5 2 MPKE {RNA-gRNA7-IRNA-gRNAS
pTGE 2 MPKS {RNA-gRNAT-IRNA-gRNAZ
PTG7 4 MPKS and MPK1 PTGB6-PTG3
PTG8 4 MPK6 and MPK2 PTG5-PTG4
PTGY 8 MPKS, MPK1, MPK6 and MPK2 PTG7-PTGS

B ek MPKS

PTG3 PTG7 PTGS CK PTG6 PTG7TPTGY CK
=

S
—&Se veow

e . — — —

del % 45 22 17 del% 16 12 13

MPK2
PTG4 PTG8 PTG9 CK

MPK&
PTG5 PTG8 PTG9 CK

- -

— - -
del% 26 23 20 del% 6 6 4

MPK1 358 bp 4°

WT CCAACCATITATACCEOCETOOBOCHA WMWIGGCGGGAGGTTC

#1 CCAACCATTT T = m e e e e e e e e e CCATGGCGGGAGGTTC  -357 bp
#2 COAACCATTT- — o m o e o m e e CCATGGCGGGAGGTTC  -358 bp
MPK2 o, 507 bp 4°

wT TTCTCCC i SAGACTEGIC AGGAGGTGGCAATCAA

#1 TTCTCOCTCC = — == — === ————————————————————_—___ AGGAGGTGGCAATCAA -507 bp
#2 TTICTCCCTCC T - - AATCTGGACAMGTGCTGTCCGCCTACAAGAAG - — - AGGAGGTGGCAATCAA 506 bp, +330p

#3 TICTCCETCC Tem m e e e e m e cccm e e — e — e ——— e = C AGGAGGTGGCAATCAA -505 bp
MPKS5

= 727 bp 3°
WT GCGGCCGE@};@{ TACGACATCT TETACATCGEEACEEABETOAT GGACACCGACCT

#1 GCGGCCGGTAC-— - TCATGGACACCGACCT 726 bp
¥ GEGBCCAGTA Coio i oto oo ot s e s L TCATGGACACCGACCT -727 bp

#1 ATCACCCTTT G-
#2 ATCACCCTTT --
#3 ATCACCCTTT--

GCCAAGCGGACAC -761bp
————————————— TGCCAAGCGGACAC -781bp
CGATGCCAAGCGGACAC -758 bp

Fig. 3. Simultaneous editing of multiple genomic sites in rice protoplasts
expressing PTG:Cas9. (A) Architecture, gRNA components, and targets of
PTGs for multiplex genome editing. (B) PCR detection of chromosomal
fragment deletion at targeted loci in rice protoplasts expressing respective
PTGs with Cas9. Successful deletion is shown as truncated PCR product (in-
dicated with arrows). The chromosomal fragment deletion frequency (del %) is
indicated at the bottom of each lane. The protoplast samples expressing an
empty vector were used as control (CK). (C) Representative sequences of chro-
mosomal fragment deletion aligned with that of WT. The gRNA paired region is
labeled with green color, and the PAM region is shown in red color letters. The
number at the end indicates deleted (-) or inserted (+) bases between two Cas9
cuts. The total length between two Cas9 cut sites (labeled with scissor) is in-
dicated on the top. Short lines in the aligned sequences indicate deletions.

efficiently excise chromosomal fragments at all four targeted loci
with 4-20% frequency (Fig. 3B). The fragment deletion effi-
ciency at MPKS5 loci was further confirmed by quantitative PCR
using primers encompassing the gRNA2 cut site (SI Appendix,
Table S4). Sequencing of these truncated PCR products con-
firmed that fragments between two gRNA/Cas9 cut sites were
excised from targeted loci with or without additional indels (Fig.
3C). In general, the fragment deletion efficiency was negatively
correlated to the distance between two paired cut sites (corre-
lation coefficient r = —0.95) despite the fact that different
¢RNAs may have variable efficiencies. We noticed that the total
number of gRNAs in one PTG affected the deletion efficiency
with variable extent at different targets in protoplasts (Fig. 3B).
At three targeting loci (MPK2/5/6), the PTGs (PTG4/5/6) con-
taining two gRNAs exhibited only slightly higher efficiency than
the PTGs with four (PTG7/8) and eight (PTG9) gRNAs. How-
ever, at the MPKI locus, PTG3 (two gRNAs) showed ~2 times
higher deletion frequency than PTG7 (four gRNA) or PTG9
(eight gRNAs). Such a reduction of efficiency of PTGs with
a higher number of gRNAs was likely due to the competition
for Cas9 among gRNAs. Nevertheless, PTG with tandemly arrayed
tRNA—gRNA architecture is capable of simultaneously producing
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numerous gRNAs and guiding Cas9 to multiple chromosomal
targets with a high efficiency.

Improving Multiplex Genome Editing in Stable Transgenic Plants with
PTG/Cas9. Because many plants, including important crops like
rice, could not be readily regenerated from protoplasts, we used
the conventional Agrobacterium-mediated transformation to pro-
duce stable transgenic lines and evaluated the efficacy of PTG/
Cas9 system for multiplex genome editing in intact rice plants.
Mutagenesis frequency at gRNA1 and gRNA2 targets in trans-
genic plants expressing sgRNA1:Cas9, sgRNA2:Cas9, PTG6:Cas9,
or PTG7:Cas9 was examined at T, generation. Among T, gener-
ation of sgRNA1:Cas9 (n = 32) and sgRNA2:Cas9 plants (n = 20),
44% and 60% of them carried indels whereas 13% and 20% of
them had biallelic mutations, respectively (Table 1 and SI Ap-
pendix, Fig. S8). By contrast, indels at both targets were detected
in all PTG6:Cas9 plants (100%, n = 17) including 35% (gRNAL)
and 76% (gRNAZ2) biallelic mutations (Table 1 and SI Appendix,
Fig. S9). However, the chromosomal-fragment deletion between
¢RNALI and gRNA2 target sites was not detected in PTG6:Cas9
plants with PCR, which may occur at a lower frequency in
regenerated calli/plants than in protoplasts. Nevertheless, the
results showed that PTG6 not only expressed two gRNAs si-
multaneously, but also achieved a higher mutagenesis effi-
ciency at individual targets than sgRNA did (Student’s ¢ test,
P < 0.01) (Table 1 and SI Appendix, Figs. S8 and S9).

When the total number of targets increased to four in PTG7:Cas9
plants, a comparable indel frequency to sgRNA1:Cas9 plants
was observed at the gRNAL site, but a significantly higher
frequency of indels than sgRNA2:Cas9 was found at the gRNA2
site (Table 1 and SI Appendix, Fig. S10). Interestingly, we ob-
tained one PTG7:Cas9 line (6%) carrying biallelic deletion of
~350 bp in MPK1 and monoallelic deletion of ~750 bp in MPK5
(Fig. 4 A and B). This result prompted us to further examine the
efficiency of all eight gRNAs in PTG9:Cas9 lines. At five gRNA
targets (gRNA1/2/3/5/7) whose mutation would destroy RE sites,
50% (n = 14) of PTG9:Cas9 Tj lines carried biallelic mutations
at all five targets (SI Appendix, Fig. S11). Interestingly, PCR/RE
assays suggested that these five gRNAs exhibited comparable
efficiency and that all of them showed significantly higher mu-
tagenesis activities than what we observed in sgRNA1/2:Cas9
lines (Table 1). Sanger sequencing of the fragments from four
MPK loci of PTG9:Cas9 plants confirmed that mutations were
introduced at all eight sites (SI Appendix, Fig. S12). However, the
fragment deletion was detected only at MPK2 and MPKS5 loci in
two PTG9:Cas9 lines (SI Appendix, Fig. S11). In comparison with
protoplasts, the efficiency of targeted chromosomal fragment de-
letion between paired gRNA/Cas9 cut sites is lower in transgenic

Table 1. Targeted mutation efficiency in PTG:Cas9 vs.
sgRNA:Cas9 plants
Editing at Editing at Editing at
gRNA1 gRNA2 gRNA3/5/7
target, % target, % targets, %
No. of
Gene ID Tplines Mut  Bi-Mut  Mut  Bi-Mut Mut Bi-Mut
SgQRNAT 32 44 13 n.a. n.a. n.a. n.a.
SgRNA2 20 n.a. n.a. 60 20 n.a. n.a.
PTG6 17 100** 35%* 100** 76** n.a. n.a.
PTG7 17 47 6 100* 24 n.a. n.a.
PTG9 14 86** 78** 86** 57%* 86 86

The frequency of mutation (Mut) and biallelic mutation (Bi-Mut) at the
targeting sites in transgenic lines was examined and calculated based on
PCR/RE assays (S/ Appendix, Figs. S8-5S11). The editing frequencies at gRNA1
and gRNA2 targets were compared between sgRNA and PTG plants.
**Student'’s t test P < 0.01; *Student’s t test P < 0.05. n.a., not applied.
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Fig. 4. Highly efficient targeted mutagenesis in transgenic rice expressing
PTG:Cas9. (A and B) Chromosomal fragment deletion in PTG7:Cas9 plant at
To generation. Of note, only mpk1 with 358-bp deletion (A358) was detected
in genomic DNA. Sequence analysis of the PCR products (the number in
parentheses) reveals an identical deletion pattern in the transgenic plant.
(C) Albino seedlings were regenerated from calli transformed with PTG70:Cas9.
Most T, seedlings (87%, n = 15) exhibited a similar photo-bleach phenotype,
suggesting a very high efficiency of knocking out PDS with PTG70:Cas9. Vec,
control plants transformed with empty vector. (Scale bar: 5 cm.)

plants, which might be due to a relatively lower expression of
gRNAs and Cas9 in rice calli/regenerated plants (typically only
a single copy of a transgene is integrated into the rice genome
after the Agrobacterium-mediated transformation). Our data dem-
onstrate that the PTG method not only increases the gRNA
number and targeting sites, but also likely enhances mutagenesis
efficiency at individual sites, especially when multiple gRNAs are
expressed using PTG.

To further substantiate the high efficiency of mutagenesis with
PTG/Cas9, we synthesized PTG10 with two gRNAs (gRNA9 and
gRNA10) to target the rice phytoene desaturase (PDS) gene (S
Appendix, Fig. S134). PDS is frequently used as a convenient
gene target to examine knock-out efficiency because plants with
null functional PDS would lead to a visible photo-bleached phe-
notype. Strikingly, all PTG10:Cas9 transgenic seedlings (T, gener-
ation, n = 15) regenerated from calli showed photo-bleaching
phenotype, and 13 of them were completely albino, indicating that
these plants carried null functional PDS (Fig. 4C). Although we
identified only one line carrying chromosomal deletions between
two gRNA-targeted sites, sequencing of the PDS targets from all
of the lines confirmed that indels were introduced at the target
sites (SI Appendix, Fig. S13). By comparing these data with the
previously reported efficiency of the sgRNA/Cas9 system (9, 11,
29-32), to our knowledge, the PTG/Cas9 approach yielded the
highest efficiency of targeted mutagenesis (up to 100%) (Fig. 4
and Table 1) in plants. Our results also demonstrate that targeting
one gene with two gRNAs using PTG will greatly increase the
efficiency of complete gene knock-out.

Discussion

We developed a general strategy and platform to produce mul-
tiple gRNAs from a single synthetic PTG gene by hijacking the
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endogenous tRNA-processing system (Fig. 1). We also provided
a framework to design, synthesize, and use PTG for multiplex
genome editing with Cas9. These PTGs were expressed with Pol
III promoters (e.g., U3p) in the same manner as sgRNA genes but
were not obligated to start with a specific nucleotide (Fig. 2). As
a result, current CRISPR/Cas9 vectors for expressing sgRNA
could be directly used to express PTG for multiplex genome
editing as we demonstrated in this study.

By producing multiple gRNAs from a single polycistronic
gene, the PTG technology could be used to improve simulta-
neous mutagenesis of multiple genomic loci or deletion of short
chromosomal fragments (Figs. 3 and 4). Such a genome engi-
neering approach may lead to simultaneous knock-out of mul-
tiple protein coding genes or deletion of noncoding RNA regions
and other genetic elements. In addition to targeted mutagenesis/
deletion, the PTG approach could facilitate other Cas9-based
applications in which multiple gRNAs are required. For exam-
ple, PTG could be used with Cas9 nickase to improve targeting
fidelity (13, 33, 34), or with deactivated Cas9 transcriptional-
activator or -repressor to manipulate multiple gene expression
(35, 36). Given the high processing accuracy and capability of
RNase P and RNase Z that we observed (Fig. 2), the tRNA-
processing system also could be used as a general platform to
produce other regulatory RNAs (e.g., short hairpin RNA or
artificial microRNA) from a single synthetic gene. These dif-
ferent classes of regulatory RNAs, like gRNA and short hairpin
RNA, also could be compacted into a single polycistronic gene to
develop more sophisticated devices for genetic engineering.

Recently, polycistronic transcripts that fused gRNA with a
28-nt RNA (referred to as gRNA-28nt) were successfully used to
guide Cas9 to target up to four targets in human cells (12, 13).
The synthetic gene with a gRNA-28nt architecture produced
mature gRNAs with a 28-nt extra 3’ sequence and also required
coexpressing the endonuclease Csy4 from Pseudomonas aeruginosa
to cleave the transcript. In comparison with the gRNA-28nt strat-
egy, our approach uses a robust endogenous tRNA-processing
system that enables precise production of gRNAs with only a 1- to
4-nt extra sequence at the gRNA 3’ end (Figs. 1 and 2) and carries
no additional risk of endonuclease Csy4 toxicity to recipients. Given
the extremely large number of tRNA genes with variable sequences
and the fact that RNase P and RNase Z precisely recognize RNA
substrates with tRNA-like structures (18, 37), there are many
choices of tRNA sequences to be embedded in PTG. Furthermore,
the tRNA-processing system is universal in all living organisms;
thus, the PTG technology could be directly adapted to other
organisms for Cas9-mediated genome engineering.

When multiple double-strand breaks (DSBs) in genomic DNA
were generated by PTG/Cas9 in rice plants, indels resulting from
error-prone NHEJ repairing occurred more frequently than frag-
ment deletions generated by directly joining two DSBs (SI Appen-
dix, Figs. S10 and S11). To date, the molecular mechanism by which
two DSBs directly link together to generate chromosomal trans-
location or fragment deletion in vivo is largely unclear. We specu-
late that the process leading to such a chromosomal disorder may
require two DSBs at the same time interval and is likely determined
by the highly dynamic interaction between gRNA/Cas9 cutting and
endogenous DNA repairing and also by the distance between DSBs.
Due to the differences in the delivery, expression, and activity of
gRNAs and Cas9, it is not surprising to see some discrepancies in
fragment-deletion frequency between protoplasts (Fig. 3B) and
stable transgenic plants and among different PTG transgenic lines
(Fig. 44 and SI Appendix, Figs. S9-S11). Because the PTG tech-
nology enables the generation of many DSBs in genomic DNAs, it
may provide an efficient tool to help dissect the molecular process
of chromosomal deletion. More importantly, the PTG technology
significantly improves multiplex editing capability and efficiency
and is expected to facilitate more sophisticated Cas9 applications,
such as targeted mutagenesis and deletion of redundant genes or
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genetic elements, transcriptional modulation of multiple genes and
pathways, modification and labeling of numerous genomic sites,
site-specific integration, and gene replacement.

Materials and Methods

Plant Materials. Rice (Oryza sativa L. ssp) cultivars Kitaake and Nipponbare
were used in this study. Rice plants were grown in a green house or growth
chamber at 28 °C day/23 °C night with 12 h of light.

Plasmid Vector Construction. The plasmid vector pRGE32 was used to tran-
siently express U3p:sgRNA or U3p:PTG along with UBIp:Cas9 in rice proto-
plasts, and pRGEB32 was used for the Agrobacterium-mediated rice
transformation (S/ Appendix, Fig. S2). See SI Appendix, S| Methods for details
about plasmid vector construction.

sgRNA:Cas9 and PTG:Cas9 Expression Constructs. The U3p:sgRNAT and
U3p:sgRNA2 constructs were made as described previously (24). The specific
spacer sequences for gRNA3-gRNAS (S/ Appendix, Table S3) were selected using
the CRISPR-PLANT database (www.genome.arizona.edu/crispr/) (38). The PTG
genes and U3p:PTG constructs were generated as described in S/ Appendix, S/
Methods, Figs. S6 and S7, and Table S3. The synthesized PTGs were inserted into
the Bsal-digested pRGE32 or pRGEB32 for transient protoplast expression or
stable rice transformation, respectively. The sequences of sgRNAT, sgRNA2, and
PTG genes used in this study are listed in S/ Appendix, Table S1.

Rice Protoplast Transfection. The rice protoplast preparation and transfection
were performed as described previously (24). Briefly, 20 ug of plasmid DNA was
used to transfect 2 x 10° protoplasts with a transfection efficiency of ~40-50%.
Total rice genomic DNAs were extracted from the protoplast samples at 36 h
after transfection and then used for PCR and sequence analysis.
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Agrobacterium-Mediated Rice Transformation. Transgenic rice plants were
generated by the Agrobacterium tumefaciens-mediated transformation us-
ing rice mature seed-derived calli according to a conventional protocol (39).

Genomic DNA Extraction and PCR/RE Assay. Rice genomic DNA was extracted
as described previously with the hexadecyltrimethylammonium bromide
method (24). To detect mutagenesis at desired sites, target regions were
amplified with specific primers (see S/ Appendix, Table S2 for primer
sequences) using GoTaq DNA polymerase (Promega). The PCR product was
separated in 1% agarose gel and stained with ethidium bromide to detect
chromosomal-fragment deletion. To detect indels at specific sites with PCR/
RE, the PCR products encompassing the target sites were digested with
appropriate restriction enzymes (RE) for 5 h and then were analyzed with
1% agarose gel electrophoresis and ethidium bromide staining. The stained
gels were imaged using the Gel Doc XRS system (Bio-Rad) and quantified
with the Quantity One 4.6 program (Bio-Rad). Selected PCR products were
cloned into pGEM-T Easy Vector (Promega) for DNA sequencing.

RNA Extraction, cRT-PCR, and Quantitative PCR. See S/ Appendix, S| Methods
for details.

Gene Accession Number in GenBank. Genes and their GenBank RefSeq ac-
cession numbers are as follow: MPK1, Os06g0154500; MPK2, Os0890157000;
MPK5, 0s0390285800; MPK6, Os1090533600; UBI, Os02g0161900; and PDS,
0s03g0184000.
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