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Today’s outline
Ü What is CRISPR?
Ü Applications of CRISPR gene editing
Ü CRISPR and conservation biology



Ü Hybridization

Ü Introgression

Ü Mutagenesis

Ü Transgenics

Ü etc.

Genetic improvement of plants

Gene editing – the ultimate in precision is to 
replace one of a few letters in the genome



Ü Genome sequencing of mutagenized plants

Ü TILLING — targeted sequencing of mutant plants 

Ü T-DNA or transposon mutagenesis

Ü Gene knock-down using RNAi (VIGS, artificial miRNA, 
hairpin constructs)

Ü Site-specific nucleases (e.g. ZFNs and TALENs) for 
gene editing

Reverse genetics in plants circa ~2012



Sequence-specific nucleases (SSNs)

• Zinc-Finger Nucleases

• TAL-Effector Nucleases

• CRISPR/Cas9
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Figure 2
Schematic representation of three classes of programmable nucleases. (a) Illustration of zinc-finger nuclease
(ZFN) pairs bound to DNA. Each ZFN is composed of a zinc-finger protein (ZFP) DNA-binding domain at
the N terminus and the FokI nuclease domain at the C terminus. The linker between the DNA-binding and
catalytic domains is represented by a blue line. Target sequences of ZFN pairs are typically 18–36 bp in
length, excluding spacers. (b) Representation of a transcription-activator-like effector nuclease (TALEN)
pair bound to DNA. Each TALEN consists of transcription-activator-like effector (TALE) DNA-binding
domain at the N terminus and the FokI domain at the C terminus. Each TALE domain contains 33–35
amino acid repeats, with one repeat explicitly recognizing one single DNA base following a particular code.
The amino acids at positions 12 and 13 confer DNA-binding specificity through the repeat variable
di-residue (RVD). The target sequences of TALEN pairs are 30–40 bp in length, excluding spacers.
(c) Depicted is a CRISPR-Cas9 nuclease bound to a synthetic guide RNA (sgRNA) complementary to a
20-bp target DNA sequence. Base pairing between a DNA sequence and sgRNA after protospacer adjacent
motif (PAM) recognition allows DNA cleavage at the target site by Cas9 nuclease domains.

genome editing is the induction of DNA double-strand breaks (DSBs) by sequence-specific nu-
cleases (SSNs) (e.g., Cas9, TALEN), which are subsequently repaired by plant endogenous repair
mechanisms (179, 180, 228). DSBs are repaired by two major mechanisms, nonhomologous end-
joining (NHEJ) and homology-directed repair (HDR). NHEJ occurs more frequently in plants
but is error-prone, leading to small insertions or deletions (Indels) at the target locus (122, 137,
180, 208). HDR is less frequent but more precise than NHEJ and can be used for precise gene
replacement when a donor template containing homologous regions matching the target locus is
provided (179).

Several reviews have summarized the exciting development of genome-editing technologies for
plants (7, 20, 30, 139, 180, 191, 228, 242). Here, we provide an overview of the application of plant
genome modifications to improve disease resistance and provide an outlook of future applications.
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Cut

Cut

www.sciencemag.org    SCIENCE    VOL 341    23 AUGUST 2013 833

BACTERIA MAY NOT ELICIT MUCH SYMPA-

thy from us eukaryotes, but they, too, can get 
sick. That’s potentially a big problem for the 
dairy industry, which often depends on bac-
teria such as Streptococcus thermophilus to 
make yogurts and cheeses. S. thermophilus
breaks down the milk sugar lactose into tangy 
lactic acid. But certain viruses—bacterio-
phages, or simply phages—can debilitate the 
bacterium, wreaking havoc on the quality or 
quantity of the food it helps produce.

In 2007, scientists from Danisco, a 
Copenhagen-based food ingredient com-

pany now owned by DuPont, found a way to 
boost the phage defenses of this workhouse 
microbe. They exposed the bacterium to 
a phage and showed that this essentially 
vaccinated it against that virus (Science, 
23 March 2007, p. 1650). The trick has 
enabled DuPont to create heartier bacterial 
strains for food production. It also revealed 
something fundamental: Bacteria have a 
kind of adaptive immune system, which 
enables them to fi ght off repeated attacks 
by specifi c phages.

That immune system has suddenly 

become important for more than food scien-
tists and microbiologists, because of a valu-
able feature: It takes aim at specific DNA 
sequences. In January, four research teams 
reported harnessing the system, called 
CRISPR for peculiar features in the DNA of 
bacteria that deploy it, to target the destruc-
tion of specifi c genes in human cells. And in 
the following 8 months, various groups have 
used it to delete, add, activate, or suppress tar-
geted genes in human cells, mice, rats, zebra-
fi sh, bacteria, fruit fl ies, yeast, nematodes, 
and crops, demonstrating broad utility for the 

The CRISPR Craze
A bacterial immune system yields a potentially 

revolutionary genome-editing technique
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Fighting invasion. When 
viruses (green) attack 
bacteria, the bacteria 
respond with DNA-targeting 
defenses that biologists 
have learned to exploit 
for genetic engineering.

Published by AAAS
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Cas9 and sgRNA are the two 
components of the CRISPR system

35S Cas9 NosT
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Bacterial and archaeal CRISPR systems rely on crRNAs in complex 
with Cas proteins to direct degradation of complementary sequences 
present within invading viral and plasmid DNA (1–3). A recent in vitro 
reconstitution of the S. pyogenes type II CRISPR system demonstrated 
that crRNA fused to a normally trans-encoded tracrRNA is sufficient to 
direct Cas9 protein to sequence-specifically cleave target DNA sequenc-
es matching the crRNA (4). The fully defined nature of this 2-
component system suggested that it might function in the cells of eukar-
yotic organisms such as yeast, plants, and even mammals. By cleaving 
genomic sequences targeted by RNA sequences (4–6), such a system 
could greatly enhance the ease of genome engineering. 

Here we engineer the protein and RNA components of this bacterial 
type II CRISPR system in human cells. We began by synthesizing a 
human codon-optimized version of the Cas9 protein bearing a C termi-
nus SV40 nuclear localization signal and cloning it into a mammalian 
expression system (Fig. 1A and fig. S1A). To direct Cas9 to cleave se-
quences of interest, we expressed crRNA-tracrRNA fusion transcripts, 
hereafter referred to as guide RNAs (gRNAs), from the human U6 pol-
ymerase III promoter. Importantly, directly transcribing gRNAs allowed 
us to avoid reconstituting the RNA processing machinery employed by 
bacterial CRISPR systems (Fig. 1A and fig. S1B) (4, 7–9). Constrained 
only by U6 transcription initiating with G and the requirement for the 
PAM (protospacer-adjacent motif) sequence -NGG following the 20 bp 
crRNA target, our highly versatile approach can in principle target any 
genomic site of the form GN20GG (fig. S1C; see SI for a detailed discus-
sion). 

To test the functionality of our implementation for genome engineer-
ing, we developed a GFP reporter assay (Fig. 1B) in 293T cells similar 
to one previously described (10). Specifically, we established a stable 
cell line bearing a genomically integrated GFP coding sequence disrupt-
ed by the insertion of a stop codon and a 68bp genomic fragment from 
the AAVS1 locus that renders the expressed protein fragment non-

fluorescent. Homologous recombina-
tion (HR) using an appropriate repair 
donor can restore the normal GFP se-
quence, enabling us to quantify the 
resulting GFP+ cells by flow activated 
cell sorting (FACS). 

To test the efficiency of our system 
at stimulating HR, we constructed two 
gRNAs, T1 and T2, that target the 
intervening AAVS1 fragment (Fig. 1B) 
and compared their activity to that of a 
previously described TAL effector 
nuclease heterodimer (TALEN) target-
ing the same region (11). We observed 
successful HR events using all three 
targeting reagents, with gene correc-
tion rates using the T1 and T2 gRNAs 
approaching 3% and 8% respectively 
(Fig. 1C). This RNA-mediated editing 
process was notably rapid, with the 
first detectable GFP+ cells appearing 
~20 hours post transfection compared 
to ~40 hours for the AAVS1 TALENs. 
We observed HR only upon simultane-
ous introduction of the repair donor, 
Cas9 protein, and gRNA, confirming 
that all components are required for 
genome editing (fig. S2). While we 
noted no apparent toxicity associated 
with Cas9/crRNA expression, work 
with ZFNs and TALENs has shown 

that nicking only one strand further reduces toxicity. Accordingly, we 
also tested a Cas9D10A mutant that known to function as a nickase in 
vitro, which yielded similar HR but lower non-homologous end joining 
(NHEJ) rates (fig. S3) (4, 5). Consistent with (4) where a related Cas9 
protein is shown to cut both strands 6 bp upstream of the PAM, our 
1+(-�GDWD�FRQILUPHG�WKDW�PRVW�GHOHWLRQV�RU�LQVHUWLRQV�RFFXUUHG�DW�WKH��ƍ�
end of the target sequence (fig. S3B). We also confirmed that mutating 
the target genomic site prevents the gRNA from effecting HR at that 
locus, demonstrating that CRISPR-mediated genome editing is sequence 
specific (fig. S4). Finally, we showed that two gRNAs targeting sites in 
the GFP gene, and also three additional gRNAs targeting fragments from 
homologous regions of the DNA methyl transferase 3a (DNMT3a) and 
DNMT3b genes could sequence specifically induce significant HR in the 
engineered reporter cell lines (figs. S5 and S6). Together these results 
confirm that RNA-guided genome targeting in human cells is simple to 
execute and induces robust HR across multiple target sites. 

Having successfully targeted an integrated reporter, we next turned 
to modifying a native locus. We used the gRNAs described above to 
target the AAVS1 locus located in the PPP1R12C gene on chromosome 
19, which is ubiquitously expressed across most tissues (Fig. 2A) in 
293Ts, K562s, and PGP1 human iPS cells (12) and analyzed the results 
by next-generation sequencing of the targeted locus. Consistent with our 
results for the GFP reporter assay, we observed high numbers of NHEJ 
events at the endogenous locus for all three cell types. The two gRNAs 
T1 and T2 achieved NHEJ rates of 10 and 25% in 293Ts, 13 and 38% in 
K562s, and 2 and 4% in PGP1-iPS cells, respectively (Fig. 2B). We 
observed no overt toxicity from the Cas9 and crRNA expression re-
quired to induce NHEJ in any of these cell types (fig. S7). As expected, 
NHEJ-mediated deletions for T1 and T2 were centered around the target 
site positions, further validating the sequence specificity of this targeting 
process (figs. S7 to S9). Interestingly, simultaneous introduction of both 
T1 and T2 gRNAs resulted in high efficiency deletion of the intervening 

RNA-Guided Human Genome 
Engineering via Cas9 
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Bacteria and archaea have evolved adaptive immune defenses termed clustered 
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) 
systems that use short RNA to direct degradation of foreign nucleic acids. Here, we 
engineer the type II bacterial CRISPR system to function with custom guide RNA 
(gRNA) in human cells. For the endogenous AAVS1 locus, we obtained targeting 
rates of 10 to 25% in 293T cells, 13 to 8% in K562 cells, and 2 to 4% in induced 
pluripotent stem cells. We show this process relies on CRISPR components, is 
sequence-specific, and upon simultaneous introduction of multiple gRNAs, can 
effect multiplex editing of target loci. We also compute a genome-wide resource of 
~190k unique gRNAs targeting ~40.5% of human exons. Our results establish an 
RNA-guided editing tool for facile, robust, and multiplexable human genome 
engineering. 

 o
n 

Ja
nu

ar
y 

4,
 2

01
3

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

 
Report 

 
 

/ http://www.sciencemag.org/content/early/recent / 03 January 2013; / Page 1/ 10.1126/science.1232033 
 

Bacterial and archaeal CRISPR systems rely on crRNAs in complex 
with Cas proteins to direct degradation of complementary sequences 
present within invading viral and plasmid DNA (1–3). A recent in vitro 
reconstitution of the S. pyogenes type II CRISPR system demonstrated 
that crRNA fused to a normally trans-encoded tracrRNA is sufficient to 
direct Cas9 protein to sequence-specifically cleave target DNA sequenc-
es matching the crRNA (4). The fully defined nature of this 2-
component system suggested that it might function in the cells of eukar-
yotic organisms such as yeast, plants, and even mammals. By cleaving 
genomic sequences targeted by RNA sequences (4–6), such a system 
could greatly enhance the ease of genome engineering. 

Here we engineer the protein and RNA components of this bacterial 
type II CRISPR system in human cells. We began by synthesizing a 
human codon-optimized version of the Cas9 protein bearing a C termi-
nus SV40 nuclear localization signal and cloning it into a mammalian 
expression system (Fig. 1A and fig. S1A). To direct Cas9 to cleave se-
quences of interest, we expressed crRNA-tracrRNA fusion transcripts, 
hereafter referred to as guide RNAs (gRNAs), from the human U6 pol-
ymerase III promoter. Importantly, directly transcribing gRNAs allowed 
us to avoid reconstituting the RNA processing machinery employed by 
bacterial CRISPR systems (Fig. 1A and fig. S1B) (4, 7–9). Constrained 
only by U6 transcription initiating with G and the requirement for the 
PAM (protospacer-adjacent motif) sequence -NGG following the 20 bp 
crRNA target, our highly versatile approach can in principle target any 
genomic site of the form GN20GG (fig. S1C; see SI for a detailed discus-
sion). 

To test the functionality of our implementation for genome engineer-
ing, we developed a GFP reporter assay (Fig. 1B) in 293T cells similar 
to one previously described (10). Specifically, we established a stable 
cell line bearing a genomically integrated GFP coding sequence disrupt-
ed by the insertion of a stop codon and a 68bp genomic fragment from 
the AAVS1 locus that renders the expressed protein fragment non-

fluorescent. Homologous recombina-
tion (HR) using an appropriate repair 
donor can restore the normal GFP se-
quence, enabling us to quantify the 
resulting GFP+ cells by flow activated 
cell sorting (FACS). 

To test the efficiency of our system 
at stimulating HR, we constructed two 
gRNAs, T1 and T2, that target the 
intervening AAVS1 fragment (Fig. 1B) 
and compared their activity to that of a 
previously described TAL effector 
nuclease heterodimer (TALEN) target-
ing the same region (11). We observed 
successful HR events using all three 
targeting reagents, with gene correc-
tion rates using the T1 and T2 gRNAs 
approaching 3% and 8% respectively 
(Fig. 1C). This RNA-mediated editing 
process was notably rapid, with the 
first detectable GFP+ cells appearing 
~20 hours post transfection compared 
to ~40 hours for the AAVS1 TALENs. 
We observed HR only upon simultane-
ous introduction of the repair donor, 
Cas9 protein, and gRNA, confirming 
that all components are required for 
genome editing (fig. S2). While we 
noted no apparent toxicity associated 
with Cas9/crRNA expression, work 
with ZFNs and TALENs has shown 

that nicking only one strand further reduces toxicity. Accordingly, we 
also tested a Cas9D10A mutant that known to function as a nickase in 
vitro, which yielded similar HR but lower non-homologous end joining 
(NHEJ) rates (fig. S3) (4, 5). Consistent with (4) where a related Cas9 
protein is shown to cut both strands 6 bp upstream of the PAM, our 
1+(-�GDWD�FRQILUPHG�WKDW�PRVW�GHOHWLRQV�RU�LQVHUWLRQV�RFFXUUHG�DW�WKH��ƍ�
end of the target sequence (fig. S3B). We also confirmed that mutating 
the target genomic site prevents the gRNA from effecting HR at that 
locus, demonstrating that CRISPR-mediated genome editing is sequence 
specific (fig. S4). Finally, we showed that two gRNAs targeting sites in 
the GFP gene, and also three additional gRNAs targeting fragments from 
homologous regions of the DNA methyl transferase 3a (DNMT3a) and 
DNMT3b genes could sequence specifically induce significant HR in the 
engineered reporter cell lines (figs. S5 and S6). Together these results 
confirm that RNA-guided genome targeting in human cells is simple to 
execute and induces robust HR across multiple target sites. 

Having successfully targeted an integrated reporter, we next turned 
to modifying a native locus. We used the gRNAs described above to 
target the AAVS1 locus located in the PPP1R12C gene on chromosome 
19, which is ubiquitously expressed across most tissues (Fig. 2A) in 
293Ts, K562s, and PGP1 human iPS cells (12) and analyzed the results 
by next-generation sequencing of the targeted locus. Consistent with our 
results for the GFP reporter assay, we observed high numbers of NHEJ 
events at the endogenous locus for all three cell types. The two gRNAs 
T1 and T2 achieved NHEJ rates of 10 and 25% in 293Ts, 13 and 38% in 
K562s, and 2 and 4% in PGP1-iPS cells, respectively (Fig. 2B). We 
observed no overt toxicity from the Cas9 and crRNA expression re-
quired to induce NHEJ in any of these cell types (fig. S7). As expected, 
NHEJ-mediated deletions for T1 and T2 were centered around the target 
site positions, further validating the sequence specificity of this targeting 
process (figs. S7 to S9). Interestingly, simultaneous introduction of both 
T1 and T2 gRNAs resulted in high efficiency deletion of the intervening 

RNA-Guided Human Genome 
Engineering via Cas9 
Prashant Mali,1,5 Luhan Yang,1,3,5 Kevin M. Esvelt,2 John Aach,1 Marc Guell,1 
James E. DiCarlo,4 Julie E. Norville,1 George M. Church1,2* 
1Department of Genetics, Harvard Medical School, Boston, MA 02115, USA. 2Wyss Institute for Biologically 
Inspired Engineering, Harvard University, Cambridge, MA 02138, USA. 3Biological and Biomedical 
Sciences Program, Harvard Medical School, Boston, MA 02115, USA.. 4Department of Biomedical 
Engineering, Boston University, Boston, MA 02215, USA. 
5These authors contributed equally to this work. 

*To whom correspondence should be addressed. E-mail: gchurch@genetics.med.harvard.edu 

Bacteria and archaea have evolved adaptive immune defenses termed clustered 
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) 
systems that use short RNA to direct degradation of foreign nucleic acids. Here, we 
engineer the type II bacterial CRISPR system to function with custom guide RNA 
(gRNA) in human cells. For the endogenous AAVS1 locus, we obtained targeting 
rates of 10 to 25% in 293T cells, 13 to 8% in K562 cells, and 2 to 4% in induced 
pluripotent stem cells. We show this process relies on CRISPR components, is 
sequence-specific, and upon simultaneous introduction of multiple gRNAs, can 
effect multiplex editing of target loci. We also compute a genome-wide resource of 
~190k unique gRNAs targeting ~40.5% of human exons. Our results establish an 
RNA-guided editing tool for facile, robust, and multiplexable human genome 
engineering. 

 o
n 

Ja
nu

ar
y 

4,
 2

01
3

ww
w.

sc
ie

nc
em

ag
.o

rg
Do

wn
lo

ad
ed

 fr
om

 

 
Report 

 
 

/ http://www.sciencemag.org/content/early/recent / 03 January 2013; / Page 1/ 10.1126/science.1232033 
 

Bacterial and archaeal CRISPR systems rely on crRNAs in complex 
with Cas proteins to direct degradation of complementary sequences 
present within invading viral and plasmid DNA (1–3). A recent in vitro 
reconstitution of the S. pyogenes type II CRISPR system demonstrated 
that crRNA fused to a normally trans-encoded tracrRNA is sufficient to 
direct Cas9 protein to sequence-specifically cleave target DNA sequenc-
es matching the crRNA (4). The fully defined nature of this 2-
component system suggested that it might function in the cells of eukar-
yotic organisms such as yeast, plants, and even mammals. By cleaving 
genomic sequences targeted by RNA sequences (4–6), such a system 
could greatly enhance the ease of genome engineering. 

Here we engineer the protein and RNA components of this bacterial 
type II CRISPR system in human cells. We began by synthesizing a 
human codon-optimized version of the Cas9 protein bearing a C termi-
nus SV40 nuclear localization signal and cloning it into a mammalian 
expression system (Fig. 1A and fig. S1A). To direct Cas9 to cleave se-
quences of interest, we expressed crRNA-tracrRNA fusion transcripts, 
hereafter referred to as guide RNAs (gRNAs), from the human U6 pol-
ymerase III promoter. Importantly, directly transcribing gRNAs allowed 
us to avoid reconstituting the RNA processing machinery employed by 
bacterial CRISPR systems (Fig. 1A and fig. S1B) (4, 7–9). Constrained 
only by U6 transcription initiating with G and the requirement for the 
PAM (protospacer-adjacent motif) sequence -NGG following the 20 bp 
crRNA target, our highly versatile approach can in principle target any 
genomic site of the form GN20GG (fig. S1C; see SI for a detailed discus-
sion). 

To test the functionality of our implementation for genome engineer-
ing, we developed a GFP reporter assay (Fig. 1B) in 293T cells similar 
to one previously described (10). Specifically, we established a stable 
cell line bearing a genomically integrated GFP coding sequence disrupt-
ed by the insertion of a stop codon and a 68bp genomic fragment from 
the AAVS1 locus that renders the expressed protein fragment non-

fluorescent. Homologous recombina-
tion (HR) using an appropriate repair 
donor can restore the normal GFP se-
quence, enabling us to quantify the 
resulting GFP+ cells by flow activated 
cell sorting (FACS). 

To test the efficiency of our system 
at stimulating HR, we constructed two 
gRNAs, T1 and T2, that target the 
intervening AAVS1 fragment (Fig. 1B) 
and compared their activity to that of a 
previously described TAL effector 
nuclease heterodimer (TALEN) target-
ing the same region (11). We observed 
successful HR events using all three 
targeting reagents, with gene correc-
tion rates using the T1 and T2 gRNAs 
approaching 3% and 8% respectively 
(Fig. 1C). This RNA-mediated editing 
process was notably rapid, with the 
first detectable GFP+ cells appearing 
~20 hours post transfection compared 
to ~40 hours for the AAVS1 TALENs. 
We observed HR only upon simultane-
ous introduction of the repair donor, 
Cas9 protein, and gRNA, confirming 
that all components are required for 
genome editing (fig. S2). While we 
noted no apparent toxicity associated 
with Cas9/crRNA expression, work 
with ZFNs and TALENs has shown 

that nicking only one strand further reduces toxicity. Accordingly, we 
also tested a Cas9D10A mutant that known to function as a nickase in 
vitro, which yielded similar HR but lower non-homologous end joining 
(NHEJ) rates (fig. S3) (4, 5). Consistent with (4) where a related Cas9 
protein is shown to cut both strands 6 bp upstream of the PAM, our 
1+(-�GDWD�FRQILUPHG�WKDW�PRVW�GHOHWLRQV�RU�LQVHUWLRQV�RFFXUUHG�DW�WKH��ƍ�
end of the target sequence (fig. S3B). We also confirmed that mutating 
the target genomic site prevents the gRNA from effecting HR at that 
locus, demonstrating that CRISPR-mediated genome editing is sequence 
specific (fig. S4). Finally, we showed that two gRNAs targeting sites in 
the GFP gene, and also three additional gRNAs targeting fragments from 
homologous regions of the DNA methyl transferase 3a (DNMT3a) and 
DNMT3b genes could sequence specifically induce significant HR in the 
engineered reporter cell lines (figs. S5 and S6). Together these results 
confirm that RNA-guided genome targeting in human cells is simple to 
execute and induces robust HR across multiple target sites. 

Having successfully targeted an integrated reporter, we next turned 
to modifying a native locus. We used the gRNAs described above to 
target the AAVS1 locus located in the PPP1R12C gene on chromosome 
19, which is ubiquitously expressed across most tissues (Fig. 2A) in 
293Ts, K562s, and PGP1 human iPS cells (12) and analyzed the results 
by next-generation sequencing of the targeted locus. Consistent with our 
results for the GFP reporter assay, we observed high numbers of NHEJ 
events at the endogenous locus for all three cell types. The two gRNAs 
T1 and T2 achieved NHEJ rates of 10 and 25% in 293Ts, 13 and 38% in 
K562s, and 2 and 4% in PGP1-iPS cells, respectively (Fig. 2B). We 
observed no overt toxicity from the Cas9 and crRNA expression re-
quired to induce NHEJ in any of these cell types (fig. S7). As expected, 
NHEJ-mediated deletions for T1 and T2 were centered around the target 
site positions, further validating the sequence specificity of this targeting 
process (figs. S7 to S9). Interestingly, simultaneous introduction of both 
T1 and T2 gRNAs resulted in high efficiency deletion of the intervening 
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Bacteria and archaea have evolved adaptive immune defenses termed clustered 
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) 
systems that use short RNA to direct degradation of foreign nucleic acids. Here, we 
engineer the type II bacterial CRISPR system to function with custom guide RNA 
(gRNA) in human cells. For the endogenous AAVS1 locus, we obtained targeting 
rates of 10 to 25% in 293T cells, 13 to 8% in K562 cells, and 2 to 4% in induced 
pluripotent stem cells. We show this process relies on CRISPR components, is 
sequence-specific, and upon simultaneous introduction of multiple gRNAs, can 
effect multiplex editing of target loci. We also compute a genome-wide resource of 
~190k unique gRNAs targeting ~40.5% of human exons. Our results establish an 
RNA-guided editing tool for facile, robust, and multiplexable human genome 
engineering. 
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Fig. 1. Genome editing in human cells using an engineered type II CRISPR system. (A) RNA-guided gene targeting in human 
cells involves co-expression of the Cas9 protein bearing a C terminus SV40 nuclear localization signal with one or more guide 
RNAs (gRNAs) expressed from the human U6 polymerase III promoter. Cas9 unwinds the DNA duplex and cleaves both 
strands upon recognition of a target sequence by the gRNA, but only if the correct protospacer-adjacent motif (PAM) is 
SUHVHQW�DW�WKH��ƍ�HQG��$Q\�JHQRPLF�VHTXHQFH�RI�WKH�IRUP�*120GG can in principle be targeted. (B) A genomically integrated 
GFP coding sequence is disrupted by the insertion of a stop codon and a 68bp genomic fragment from the AAVS1 locus. 
Restoration of the GFP sequence by homologous recombination (HR) with an appropriate donor sequence results in GFP+ 
cells that can be quantitated by FACS. T1 and T2 gRNAs target sequences within the AAVS1 fragment. Binding sites for the 
two halves of the TAL effector nuclease heterodimer (TALEN) are underlined. (C) Bar graph depicting HR efficiencies induced 
by T1, T2, and TALEN-mediated nuclease activity at the target locus, as measured by FACS. Representative FACS plots and 
PLFURVFRS\�LPDJHV�RI�WKH�WDUJHWHG�FHOOV�DUH�GHSLFWHG�EHORZ��VFDOH�EDU�LV�����PLFURQV���'DWD�DUH�PHDQV���í�6(0��1 ��� 
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Precise and efficient genome targeting technologies are needed to enable 
systematic reverse engineering of causal genetic variations by allowing 
selective perturbation of individual genetic elements. Although genome-
editing technologies such as designer zinc fingers (ZFs) (1–4), transcrip-
tion activator-like effectors (TALEs) (4–10), and homing meganucleases 
(11) have begun to enable targeted genome modifications, there remains 
a need for new technologies that are scalable, affordable, and easy to 
engineer. Here, we report the development of a new class of precision 
genome engineering tools based on the RNA-guided Cas9 nuclease (12–
14) from the type II prokaryotic CRISPR adaptive immune system (15–
18). 

The Streptococcus pyogenes SF370 type II CRISPR locus consists of 
four genes, including the Cas9 nuclease, as well as two non-coding 
RNAs: tracrRNA and a pre-crRNA array containing nuclease guide se-
quences (spacers) interspaced by identical direct repeats (DRs) (Fig. S1) 
(19). We sought to harness this prokaryotic RNA-programmable nucle-
ase system to introduce targeted double stranded breaks (DSBs) in 
mammalian chromosomes through heterologous expression of the key 
components. It has been previously shown that expression of tracrRNA, 
pre-crRNA, host factor RNase III, and Cas9 nuclease are necessary and 
sufficient for cleavage of DNA in vitro (12, 13) and in prokaryotic cells 
(20, 21). We codon optimized the S. pyogenes Cas9 (SpCas9) and RNase 
III (SpRNase III) and attached nuclear localization signals (NLS) to en-
sure nuclear compartmentalization in mammalian cells. Expression of 
these constructs in human 293FT cells revealed that two NLSs are most 
efficient at targeting SpCas9 to the nucleus (Fig. 1A). To reconstitute the 

non-coding RNA components of 
CRISPR, we expressed an 89-
nucleotide (nt) tracrRNA (Fig. S2) 
under the RNA polymerase III U6 
promoter (Fig. 1B). Similarly, we used 
the U6 promoter to drive the expres-
sion of a pre-crRNA array comprising 
a single guide spacer flanked by DRs 
(Fig. 1B). We designed our initial 
spacer to target a 30-basepair (bp) site 
(protospacer) in the human EMX1 
locus that precedes an NGG, the requi-
site protospacer adjacent motif (PAM) 
(Fig. 1C and fig. S1) (22, 23). 

To test whether heterologous ex-
pression of the CRISPR system 
(SpCas9, SpRNase III, tracrRNA, and 
pre-crRNA) can achieve targeted 
cleavage of mammalian chromosomes, 
we transfected 293FT cells with differ-
ent combinations of CRISPR compo-
nents. Since DSBs in mammalian DNA 
are partially repaired by the indel-
forming non-homologous end joining 
(NHEJ) pathway, we used the 
SURVEYOR assay (Fig. S3) to detect 
endogenous target cleavage (Fig. 1D 
and fig. S2B). Co-transfection of all 
four required CRISPR components 
resulted in efficient cleavage of the 
protospacer (Fig. 1D and fig. S2B), 
which is subsequently verified by 
Sanger sequencing (Fig. 1E). Interest-
ingly, SpRNase III was not necessary 
for cleavage of the protospacer (Fig. 
1D), and the 89-nt tracrRNA is pro-
cessed in its absence (Fig. S2C). Simi-

larly, maturation of pre-crRNA does not require RNase III (Fig. 1D and 
fig. S4), suggesting that there may be endogenous mammalian RNases 
that assist in pre-crRNA maturation (24–26). Removing any of the re-
maining RNA or Cas9 components abolished the genome cleavage activ-
ity of the CRISPR system (Fig. 1D). These results define a minimal 
three-component system for efficient CRISPR-mediated genome modifi-
cation in mammalian cells. 
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Functional elucidation of causal genetic variants and elements requires precise 
genome editing technologies. The type II prokaryotic CRISPR (clustered regularly 
interspaced short palindromic repeats) adaptive immune system has been shown to 
facilitate RNA-guided site-specific DNA cleavage. We engineered two different type 
II CRISPR systems and demonstrate that Cas9 nucleases can be directed by short 
RNAs to induce precise cleavage at endogenous genomic loci in human and mouse 
cells. Cas9 can also be converted into a nicking enzyme to facilitate homology-
directed repair with minimal mutagenic activity. Finally, multiple guide sequences 
can be encoded into a single CRISPR array to enable simultaneous editing of 
several sites within the mammalian genome, demonstrating easy programmability 
and wide applicability of the CRISPR technology. 

Next, we explored the generalizability of CRISPR-mediated cleav-
age in eukaryotic cells by targeting additional protospacers within the 
EMX1 locus (Fig. 2A). To improve co-delivery, we designed an expres-
sion vector to drive both pre-crRNA and SpCas9 (Fig. S5). In parallel, 
we adapted a chimeric crRNA-tracrRNA hybrid (Fig. 2B, top) design 
recently validated in vitro (12), where a mature crRNA is fused to a 
partial tracrRNA via a synthetic stem-loop to mimic the natural 
crRNA:tracrRNA duplex (Fig. 2B, bottom). We observed cleavage of all 
protospacer targets when SpCas9 is co-expressed with pre-crRNA (DR-
spacer-DR) and tracrRNA. However, not all chimeric RNA designs 
could facilitate cleavage of their genomic targets (Fig. 2C, Table S1). 
We then tested targeting of additional genomic loci in both human and 
mouse cells by designing pre-crRNAs and chimeric RNAs targeting the 
human PVALB and the mouse Th loci (Fig. S6). We achieved efficient 
modification at all three mouse Th and one PVALB targets using the 
crRNA:tracrRNA design, thus demonstrating the broad applicability of 
the CRISPR system in modifying different loci across multiple organ-
isms (Table S1). For the same protospacer targets, cleavage efficiencies 
of chimeric RNAs were either lower than those of crRNA:tracrRNA 
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 Fig. 1. The Type II CRISPR locus from Streptococcus pyogenes SF370 can be reconstituted in mammalian cells to 

facilitate targeted DSBs of DNA. (A) Engineering of SpCas9 and SpRNase III with NLSs enables import into the 

mammalian nucleus. (B) Mammalian expression of SpCas9 and SpRNase III are driven by the EF1a promoter, 

whereas tracrRNA and pre-crRNA array (DR-Spacer-DR) are driven by the U6 promoter. A protospacer (blue 

highlight) from the human EMX1 locus with PAM is used as template for the spacer in the pre-crRNA array. (C) 

Schematic representation of base pairing between target locus and EMX1-targeting crRNA. Red arrow indicates 

putative cleavage site. (D) SURVEYOR assay for SpCas9-mediated indels. (E) An example chromatogram showing a 

micro-deletion, as well as representative sequences of mutated alleles identified from 187 clonal amplicons. Red 

dashes, deleted bases; red bases, insertions or mutations. Scale bar = 10ȝm. 
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BACTERIA MAY NOT ELICIT MUCH SYMPA-

thy from us eukaryotes, but they, too, can get 
sick. That’s potentially a big problem for the 
dairy industry, which often depends on bac-
teria such as Streptococcus thermophilus to 
make yogurts and cheeses. S. thermophilus
breaks down the milk sugar lactose into tangy 
lactic acid. But certain viruses—bacterio-
phages, or simply phages—can debilitate the 
bacterium, wreaking havoc on the quality or 
quantity of the food it helps produce.

In 2007, scientists from Danisco, a 
Copenhagen-based food ingredient com-

pany now owned by DuPont, found a way to 
boost the phage defenses of this workhouse 
microbe. They exposed the bacterium to 
a phage and showed that this essentially 
vaccinated it against that virus (Science, 
23 March 2007, p. 1650). The trick has 
enabled DuPont to create heartier bacterial 
strains for food production. It also revealed 
something fundamental: Bacteria have a 
kind of adaptive immune system, which 
enables them to fi ght off repeated attacks 
by specifi c phages.

That immune system has suddenly 

become important for more than food scien-
tists and microbiologists, because of a valu-
able feature: It takes aim at specific DNA 
sequences. In January, four research teams 
reported harnessing the system, called 
CRISPR for peculiar features in the DNA of 
bacteria that deploy it, to target the destruc-
tion of specifi c genes in human cells. And in 
the following 8 months, various groups have 
used it to delete, add, activate, or suppress tar-
geted genes in human cells, mice, rats, zebra-
fi sh, bacteria, fruit fl ies, yeast, nematodes, 
and crops, demonstrating broad utility for the 

The CRISPR Craze
A bacterial immune system yields a potentially 

revolutionary genome-editing technique
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What can be done with CRISPR?
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Gene targeting:
precise gene
replacement and
knock-in via
homology-directed
repair

Protoplasts: plant
cells lacking cell walls

Cross breeding (8–10 years) Mutation breeding (8–10 years)

Transgene breeding (8–12 years) Genome editing (4–6 years)

5–7  cycles of backcross

Calli

Chemicals/
radiation

Foreign gene integration Endogenous gene modification

Elite variety
(disease susceptible)

Selection and backcross
Mutants

Elite variety 
with disease resistance

Regenerated plants

Elite variety
(disease susceptible)

Elite variety
(disease susceptible)

Elite variety
(disease susceptible)

Plasmid

Genome CRISPR

3%
6%

50%

12%
25%×

Donor variety
(disease resistant)

Calli

Figure 1
Comparison of breeding methods used in modern agriculture. Cross breeding: improving a trait (e.g., disease resistance) through
crossing an elite recipient line with a donor line and selecting outstanding progeny with the desired trait. To introduce the desired trait
from the donor line into the elite recipient line, the selected progeny must be backcrossed with the recipient line for several generations
to eliminate unexpected linked traits. Mutation breeding: improving a trait using chemical or physical mutagens to treat plant materials
(such as seeds) and generate mutants via random mutagenesis. Transgenic breeding: improving a trait by purposefully transferring
exogenous genes into elite varieties. Genome editing: improving a trait by precisely modifying the target genes or regulatory elements
or rearranging chromosomes in elite varieties.

procedures are restricted by their stochastic nature, and generating and screening large numbers
of mutants are challenging. Such time-consuming, laborious, untargeted breeding programs can-
not keep pace with the demands for increased crop production, even if marker-assisted breeding
approaches are adopted to enhance selection efficiency (138). Transgenic breeding, which gen-
erates desired traits through the transfer of exogenous genes into elite background varieties, can
break the bottleneck of reproductive isolation. However, commercialization of genetically modi-
fied crops is limited by long and costly regulatory evaluation processes as well as by public concerns
(129).

Since the first gene-targeting experiment in tobacco (Nicotiana tabacum) protoplasts in 1988
(126) and the discovery that DNA double-strand breaks (DSBs) enhance gene-targeting ef-
ficiency in 1993 (131), scientists have sought to develop tools for targeted editing of plant
genomes. In 2005, zinc finger nucleases were adapted in tobacco (172) and used in trait im-
provement in a few plants. In 2010, transcription activator-like effector nucleases (TALENs) were
added to the plant genome-editing toolbox (19) (see the sidebar titled Zinc Finger Nucleases
and Transcription Activator-Like Effector Nucleases). Although the use of these two platforms
has led to important advances, each has unique limitations, and their use in plants is far from
routine.
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Abstract
Enhanced agricultural production through innovative breeding technology
is urgently needed to increase access to nutritious foods worldwide. Recent
advances in CRISPR/Cas genome editing enable efficient targeted modifi-
cation in most crops, thus promising to accelerate crop improvement. Here,
we review advances in CRISPR/Cas9 and its variants and examine their
applications in plant genome editing and related manipulations. We high-
light base-editing tools that enable targeted nucleotide substitutions and
describe the various delivery systems, particularly DNA-free methods, that
have linked genome editing with crop breeding.We summarize the applica-
tions of genome editing for trait improvement, development of fine-tuning
gene regulation, strategies for breeding virus resistance, and the use of high-
throughput mutant libraries. We outline future perspectives for genome
editing in plant synthetic biology and domestication, advances in delivery
systems, editing specificity, homology-directed repair, and gene drives. Fi-
nally, we discuss the challenges and opportunities for precision plant breed-
ing and its bright future in agriculture.
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Ü A regulatory not scientific question

Ü Two main regulatory frameworks for new crop 
varieties:
Ü process-based

Ü product-based
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Figure 1
Comparison of breeding methods used in modern agriculture. Cross breeding: improving a trait (e.g., disease resistance) through
crossing an elite recipient line with a donor line and selecting outstanding progeny with the desired trait. To introduce the desired trait
from the donor line into the elite recipient line, the selected progeny must be backcrossed with the recipient line for several generations
to eliminate unexpected linked traits. Mutation breeding: improving a trait using chemical or physical mutagens to treat plant materials
(such as seeds) and generate mutants via random mutagenesis. Transgenic breeding: improving a trait by purposefully transferring
exogenous genes into elite varieties. Genome editing: improving a trait by precisely modifying the target genes or regulatory elements
or rearranging chromosomes in elite varieties.

procedures are restricted by their stochastic nature, and generating and screening large numbers
of mutants are challenging. Such time-consuming, laborious, untargeted breeding programs can-
not keep pace with the demands for increased crop production, even if marker-assisted breeding
approaches are adopted to enhance selection efficiency (138). Transgenic breeding, which gen-
erates desired traits through the transfer of exogenous genes into elite background varieties, can
break the bottleneck of reproductive isolation. However, commercialization of genetically modi-
fied crops is limited by long and costly regulatory evaluation processes as well as by public concerns
(129).

Since the first gene-targeting experiment in tobacco (Nicotiana tabacum) protoplasts in 1988
(126) and the discovery that DNA double-strand breaks (DSBs) enhance gene-targeting ef-
ficiency in 1993 (131), scientists have sought to develop tools for targeted editing of plant
genomes. In 2005, zinc finger nucleases were adapted in tobacco (172) and used in trait im-
provement in a few plants. In 2010, transcription activator-like effector nucleases (TALENs) were
added to the plant genome-editing toolbox (19) (see the sidebar titled Zinc Finger Nucleases
and Transcription Activator-Like Effector Nucleases). Although the use of these two platforms
has led to important advances, each has unique limitations, and their use in plants is far from
routine.
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PROCERA.

Summary
The tomato PROCERA gene encodes a DELLA protein, and loss-of-function mutations derepress
growth. We used CRISPR/Cas9 and a single guide RNAs (sgRNA) to target mutations to the
PROCERA DELLA domain, and recovered several loss-of-function mutations and a dominant
dwarf mutation that carries a deletion of one amino acid in the DELLA domain. This is the first
report of a dominant dwarf PROCERA allele. This allele retains partial responsiveness to
exogenously applied gibberellin. Heterozygotes show an intermediate phenotype at the seedling
stage, but adult heterozygotes are as dwarfed as homozygotes.

Introduction

Genome editing methods have great promise for functional
genomics research and crop improvement. The CRISPR (Clustered
Regularly Interspaced Short Palindromic repeat)/Cas9 system is a
powerful tool for genome editing. When this prokaryotic system
is engineered for use in eukaryotes, a short RNA molecule, often
expressed from an RNA polymerase III-dependent promoter such
as that of the U6 splicing factor RNA, guides the associated
endonuclease Cas9 to generate double strand breaks 3 base pairs
(bp) 50 to the protospacer adjacent motif (PAM 50-NGG-30) in the
target genomic DNA (Jinek et al., 2013; Ran et al., 2013;
Sinkunas et al., 2013). Inaccurate repair of this break by non-
homologous end joining (NHEJ) within an exon often produces
insertion/deletion (Indel) mutations that cause translational frame
shifts or amino acid replacements or deletions.

The first reports of CRISPR/Cas9 editing in plants appeared in
2013. CRISPR/Cas9 editing has been reported in the model plants
Arabidopsis thaliana and Nicotiana benthamiana, in rice, sor-
ghum, wheat, tomato, grapes, maize and the opium poppy
(Alagoz et al., 2016; Liu et al., 2017). CRISPR/Cas9 has now
become the tool of choice for gene editing in plants not only to
knock out gene(s) but also to insert or delete a gene (Filler Hayut
et al., 2017; Roux et al., 2006) by using CRISPR/Cas9-mediated
DNA breaks to elevate levels of Homologous Recombination
(Cermak et al., 2017; Cerm!ak et al., 2015).

Plant growth is promoted by gibberellin, a hormone that is
involved in diverse developmental processes, including stem
elongation, leaf expansion, pollen development, flowering and
seed germination. Gibberellins are diterpenoid acids that are
synthesized by the terpenoid pathway in plastids and then
modified further in the endoplasmic reticulum and cytosol to
create the active form. The gibberellins are named GA1 through
GAn in order of discovery. GA3 was the first gibberellin to be
identified, and although not the major active GA in most
plants, was used in our experiments (Eriksson, 2006; Olszewski

et al., 2002). Altering GA signalling disrupts control of cell and
organ size (Fleet and Sun, 2005). GA promotes degradation of
DELLA proteins, which are nuclear-localized, negative growth
regulators (Itoh et al., 2002; Olszewski et al., 2002; Wen and
Chang, 2002). GA binding to the soluble Gibberellin Insensitive
Dwarf (GID) receptor triggers GID interaction with the DELLA
proteins, which then stimulates the assembly of an SCF E3
ubiquitin ligase complex that contains the GID2/SLEEPY1 F-box
proteins (Ueguchi-Tanaka et al., 2005). This SCF complex
polyubiquitinates the DELLA proteins, leading to their degrada-
tion by the 26S proteasome, thus derepressing growth (Livne
et al., 2015). The A. thaliana genome encodes five highly
homologous DELLA proteins including GA-insensitive (GAI) and
repressor of ga1-3 (RGA) (Peng et al., 1997). A 17-amino acid
deletion affecting the conserved DELLA motif results in a
dominant dwarfing allele of GAI. Other dominant dwarfing
alleles of the DELLA repressors include reduced height1 (Rht1)
from wheat (Triticum aestivum), dwarf8 (d8) from maize (Zea
mays) (Willige et al., 2007) and Sln1D from Barley (Chandler
et al., 2002; Gubler et al., 2002). These alleles encode DELLA
proteins that retain the ability to repress growth but are not
destabilized by GA due to impairment in binding to the GA–
GID1 complex. In most cases these dwarfs are non-responsive
to exogenous GA. Recessive loss-of-function DELLA (slender)
mutants in barley, tomato and rice are highly elongated and
male sterile (Asano et al., 2009; Chandler and Harding, 2013;
Chandler et al., 2002; Ikeda et al., 2001). Arabidopsis and
barley DELLA alleles have been found to uncouple the meristem
and inflorescence size from plant height (Serrano-Mislata et al.,
2017).

Tomato is an important crop with 223 million tonnes pro-
duced in 2014 (Food and Agriculture Organization of the United
Nations Database, 2014). Significant resources are invested for
breeding traits such as disease resistance, fruit shape and colour.
Tomatoes with reduced plant height and compact growth habits
could be useful in some environments. Most currently grown
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amino acids containing the DELLA motif is responsible for the
gain-of-function properties of the gai-1 allele which is severely
dwarfed (Ariizumi et al., 2008). Several DELLA domain muta-
tions have been described that result in GA-insensitive growth
in different plant species including barley, Arabidopsis, wheat
and rice. Dominant dwarf DELLA protein forms are refractory to
degradation upon GA perception. PROD/PRO tomato plants
have one copy of the WT allele, and one copy of the DELLA
mutant form that is expected to be refractory to degradation.
Failure to degrade the DELLVLG protein causes growth retar-
dation. It was also reported that there is a correlation between

the severity of the dwarf phenotype and the stabilization of the
DELLA protein caused by the mutation (Willige et al., 2007).
The dwarf8 alleles D8-1 and D8-Mp1 from maize show the
same severe phenotype despite having deletions of different
lengths within the DELLA domain.

Generation of T-DNA free plants carrying PROD/PROD

mutation

To generate T-DNA- free plants, PROD/PROD dwarf mutant T2
plants from line 40 were screened by PCR not only for the
absence of AluI digestion but also for the absence (due to genetic
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T-insertion    TGGAATGGATGcGCTTTTAGCTGTTTTTGGGTTATAAAGTGAAGTCGTCT

5nt deletion   TGGAATGGATGcGCTTTT-----TTTTGGGTTATAAAGTGAAGTCGTCT

3nt deletion   TGGAATGGATGcGCTTTTAG---TTTTGGGTTATAAAGTGAAGTCGTCT
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Figure 2 Restriction site loss assay used to test T0 plants. To detect mutations introduced by Cas9 nuclease in T0 plants, we assessed the loss of an AluI site

due to imprecise NHEJ repair (Belhaj et al., 2013; Nekrasov et al., 2013; Voytas, 2013). (a) AluI cuts three nucleotides 50 of where Cas9 is predicted to cut.

In the fragment we chose to amplify, a second AluI recognition site is present 13 bp away from the PAM. PCR primers that removed the AluI site in the

forward primer were designed to leave intact the second AluI site closer to the PAM, where it is likely to be altered by imperfect NHEJ. Two primers flanking

the DELLA target locus were designed to amplify a fragment of 114 bp, digested with AluI and then visualized on a 3% agarose gel (51 and 63 bp). (b) The

presence of AluI-resistant bands in these plants indicates Cas9 nuclease activity in somatic tissues. Purified PCR fragments from line 4, 24, 27 and 40 were

cloned into TA cloning vector and sequenced. (c) The analysis of the sequences reveals 3 types of mutations, either 5 or 3 nt deletions, or a T insertion.
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2013. CRISPR/Cas9 editing has been reported in the model plants
Arabidopsis thaliana and Nicotiana benthamiana, in rice, sor-
ghum, wheat, tomato, grapes, maize and the opium poppy
(Alagoz et al., 2016; Liu et al., 2017). CRISPR/Cas9 has now
become the tool of choice for gene editing in plants not only to
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et al., 2017; Roux et al., 2006) by using CRISPR/Cas9-mediated
DNA breaks to elevate levels of Homologous Recombination
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elongation, leaf expansion, pollen development, flowering and
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synthesized by the terpenoid pathway in plastids and then
modified further in the endoplasmic reticulum and cytosol to
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GAn in order of discovery. GA3 was the first gibberellin to be
identified, and although not the major active GA in most
plants, was used in our experiments (Eriksson, 2006; Olszewski

et al., 2002). Altering GA signalling disrupts control of cell and
organ size (Fleet and Sun, 2005). GA promotes degradation of
DELLA proteins, which are nuclear-localized, negative growth
regulators (Itoh et al., 2002; Olszewski et al., 2002; Wen and
Chang, 2002). GA binding to the soluble Gibberellin Insensitive
Dwarf (GID) receptor triggers GID interaction with the DELLA
proteins, which then stimulates the assembly of an SCF E3
ubiquitin ligase complex that contains the GID2/SLEEPY1 F-box
proteins (Ueguchi-Tanaka et al., 2005). This SCF complex
polyubiquitinates the DELLA proteins, leading to their degrada-
tion by the 26S proteasome, thus derepressing growth (Livne
et al., 2015). The A. thaliana genome encodes five highly
homologous DELLA proteins including GA-insensitive (GAI) and
repressor of ga1-3 (RGA) (Peng et al., 1997). A 17-amino acid
deletion affecting the conserved DELLA motif results in a
dominant dwarfing allele of GAI. Other dominant dwarfing
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from wheat (Triticum aestivum), dwarf8 (d8) from maize (Zea
mays) (Willige et al., 2007) and Sln1D from Barley (Chandler
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proteins that retain the ability to repress growth but are not
destabilized by GA due to impairment in binding to the GA–
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to exogenous GA. Recessive loss-of-function DELLA (slender)
mutants in barley, tomato and rice are highly elongated and
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barley DELLA alleles have been found to uncouple the meristem
and inflorescence size from plant height (Serrano-Mislata et al.,
2017).
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Nations Database, 2014). Significant resources are invested for
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mutant form that is expected to be refractory to degradation.
Failure to degrade the DELLVLG protein causes growth retar-
dation. It was also reported that there is a correlation between
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In the fragment we chose to amplify, a second AluI recognition site is present 13 bp away from the PAM. PCR primers that removed the AluI site in the

forward primer were designed to leave intact the second AluI site closer to the PAM, where it is likely to be altered by imperfect NHEJ. Two primers flanking

the DELLA target locus were designed to amplify a fragment of 114 bp, digested with AluI and then visualized on a 3% agarose gel (51 and 63 bp). (b) The

presence of AluI-resistant bands in these plants indicates Cas9 nuclease activity in somatic tissues. Purified PCR fragments from line 4, 24, 27 and 40 were

cloned into TA cloning vector and sequenced. (c) The analysis of the sequences reveals 3 types of mutations, either 5 or 3 nt deletions, or a T insertion.
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segregation) of the Cas9 transgene using primers that amplify
858 bp of Cas9. Of 23 plants tested, three plants carried the AluI
resistant band and no Cas9 transgene (Figure 4). PROD/PROD

plants exhibit a phenotype resembling GA-deficient mutants,
with darker green leaves, shorter stems and internodes and late
flowering, which is consistent with what has been reported in the
literature for other ‘dominant’ DELLA dwarf mutants (Figure 5).
PROD/PROD mutants are smaller than WT plants at 6, 9 and
11 weeks old (Figure 5). The diameter of PROD/PROD fruit was
slightly but not significantly smaller than WT; however, fruit
weight was slightly and significantly reduced (Data S1). The
PROD/PROD fruits contain an average of 35 fewer (~57 versus
~92) seeds per fruit compared to the WT (Figure S2). The
flowering time and fruit setting time were indistinguishable
between the two genotypes (Figure S3). The number of tomato
fruit per plant was calculated and show that PROD/PROD and WT
produce the same average number of fruits per plant.

PROD/PROD plants retain partial responsiveness upon GA
treament

We investigated the GA response of PROD/PROD tomato lines.
Mutant and WT plants were sprayed to run-off with 50 lM
gibberellic acid (GA3) (see Experimental procedures). The results
showed that PROD/PROD plants, while growing slower than
WT, retain partial responsiveness to GA treatment (Figure 6). A
similar observation was made on the barley Sln1D allele where
a single amino acid exchange mutation DELLAVLG to
DELLAVLE showed an intermediate phenotype with respect to
plant growth and mutant GAI protein stabilization (Chandler
et al., 2002; Gubler et al., 2002; Willige et al., 2007). A dwarf
maize mutant was also reported carrying a single amino acid
insertion in a domain located downstream of the DELLA
domain, called VHYNP domain of the dwarf8 gene and shows
a strongly reduced but not abolished response to GA (Cassani
et al., 2009). Further studies with the Arabidopsis GID1A GA
receptor and the GAI DELLA repressor mutant proteins indicate
that the loss (or reduction in the case of Sln1D) of GA
responsiveness can be explained by the loss (or reduction) of

Wild type Heterozygous Homozygous

* * * *

5 weeks old

14 weeks old

Line 40
(a)

(b)

(c)

Figure 3 Thirteen T1 plants from line 40 were analysed phenotypically

and by restriction enzyme site loss using AluI. (a) Phenotypic screening of

self-progeny from line 40 showed five plants that looked WT and eight

plants that were smaller. (b) Genomic DNA from these individuals was

extracted and PCR with primers flanking the target (Primer 1 and 2) was

performed. Restriction enzyme site loss of these individuals reveal that

three carried the AluI resistant band and therefore were homozygous

mutants, five carried an AluI resistant band and two wild type bands so

were heterozygous and five were wild type. The star indicates the DNA

fragment resistant to AluI digestion. The arrow shows the 2 WT bands. (c)

Early in development (5 weeks old) the heterozygous plants showed an

intermediate phenotype between WT and homozygous, but later in

development (14 weeks) heterozygous and homozygous plants for PROD

looked the same.

(a)

(b)

1     2       3      4       5      6       7      8      9      10    11    12    13    14    15    16    17     18    19   20 21     22    23    

1      2       3       4       5       6      7      8       9     10    11    12     13     14    15    16    17    18    19 20    21    22    23    * * *

Figure 4 Cas9-free plant detection. (a) Twenty-three T2 progeny from line 40 were analysed for restriction site loss and the presence of the Cas9 gene.

gDNA for each of the 23 individuals was extracted and then AluI restriction enzyme site loss after PCR amplification was tested. All the plants tested were

PROD/PROD homozygotes. (b) The same gDNA was subjected to PCR with the primers Cas9_fwd and Cas9_rev (see Experimental procedures) in order to

detect the Cas9 transgene. The plants 3, 6 and 17 carry PROD/PROD and no Cas9 transgene.
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CRISPR crops—removing genes for fungal resistance
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Breeding of crops over millennia for yield and productivity1  has 
led to reduced genetic diversity. As a result, beneficial traits of 
wild species, such as disease resistance and stress tolerance, 
have been lost2 . We devised a CRISPR–Cas9 genome 
engineering strategy to combine agronomically desirable traits 
with useful traits present in wild lines. We report that editing of 
six loci that are important for yield and productivity in present-
day tomato crop lines enabled de novo domestication of wild 
Solanum pimpinellifolium. Engineered S. pimpinellifolium 
morphology was altered, together with the size, number and 
nutritional value of the fruits. Compared with the wild parent, 
our engineered lines have a threefold increase in fruit size 
and a tenfold increase in fruit number. Notably, fruit lycopene 
accumulation is improved by 500% compared with the widely 
cultivated S. lycopersicum. Our results pave the way for 
molecular breeding programs to exploit the genetic diversity 
present in wild plants.

Tomato (S. lycopersicum) is the most important vegetable fruit world-
wide, with annual production of 100 million tons3. The domestication 
process from the putative ancestral progenitor, S. pimpinellifolium, 
which produces pea-sized fruits, to modern tomato varieties is well 
described4. However, despite the increases in yield conferred by 
domestication, the breeding focus on yield has been accompanied by 
a loss of genetic diversity and reduced nutritional value and taste5.

Many domestication traits have Mendelian inheritance patterns and 
involve loss-of-function or gain-of function mutations6 (Table 1 and 
Supplementary Table 1). This means that it should be possible to rec-
reate these traits in a suitable genetic background with CRISPR–Cas9 
genome editing technology7. Although the first CRISPR–Cas9 appli-
cations created deletions, modern variants of CRISPR-based genome 
editing technologies can produce targeted insertions, exchange amino 
acids and modulate gene expression. Therefore, genome editing could 
be used to domesticate wild plants and reunite lost but desirable traits, 
including nutritional features or stress tolerance, with yield potential 
and other agronomically valuable characteristics8.

We previously identified a suite of loci that have shaped the mor-
phology and agronomic potential of current cultivars of tomato, maize, 
rice and other crops and proposed a reverse genetic approach for the 
de novo domestication of novel crops9 (Table 1 and Supplementary 
Table 1). In tomato, at least six loci important for key domestica-
tion traits have been identified: general plant growth habit (SELF-
PRUNING)10, fruit shape (OVATE)11 and size (FASCIATED and 
FRUIT WEIGHT 2.2)12,13, fruit number (MULTIFLORA)14, and 
nutritional quality (LYCOPENE BETA CYCLASE)15. We set out to 
create a novel crop derived from S. pimpinellifolium by targeting this 
set of genes using a multiplex CRISPR–Cas9 approach to generate 
loss-of-function alleles. We constructed a single CRISPR–Cas9 plant 
transformation vector, pTC321 (Supplementary Note 1), which har-
bored six single guide RNAs (gRNAs) targeting specific sequences in 
the coding regions of all six genes (Supplementary Fig. 1). Using this 
vector, we generated ten primary T0 lines, of which three were grown 
to maturity. T1 seeds were harvested from plant 3, which showed an 
oval fruit phenotype, indicative of successful editing of the ovate locus, 
and determinate growth habit, indicative of loss of function of the self-
pruning gene. Sequencing of all six targeted loci in 50 T1 lines revealed 
that four of the six targeted loci were successfully edited in all 50 
lines and harbored indel mutations (Supplementary Tables 2 and 3). 
The four edited genes were SELF-PRUNING (SP), OVATE (O), FRUIT 
WEIGHT 2.2 (FW2.2) and LYCOPENE BETA CYCLASE (CycB). For all 
four edited genes, we recovered only edited alleles and did not detect 
any wild-type (WT) alleles in the T1 generation (Supplementary 
Datasets 1 and 2). However, we did not recover any mutations in 
either FASCIATED (FAS) or MULTIFLORA (MULT). In the case of 
FAS we identified a G-to-A substitution in the S. pimpinellifolium  
genome at the gRNA target site (designed based on the S. lycopersicum 
genome) and the targeted S. pimpinellifolium sequence, which may 
have prevented editing (Supplementary Tables 2 and 3).

To address the specificity of our multiplex editing approach, we 
sequenced the two most closely related off-target loci (as determined 
by in silico analysis using Geneious R11 program) for each gRNA 
in two pTC321 plant 3 lines (Supplementary Fig. 2). We did not 

De novo domestication of wild tomato using  
genome editing
Agustin Zsögön1,7 , Tomáš Čermák2,6,7, Emmanuel Rezende Naves1, Marcela Morato Notini3, Kai H Edel4,  
Stefan Weinl4, Luciano Freschi5, Daniel F Voytas2, Jörg Kudla4  & Lázaro Eustáquio Pereira Peres3 

1Departamento de Biologia Vegetal, Universidade Federal de Viçosa, Viçosa, Brazil. 2Department of Genetics, Cell Biology and Development, Center for Genome 
Engineering, University of Minnesota, Minneapolis, Minnesota, USA. 3Departamento de Ciências Biológicas, Escola Superior de Agricultura “Luiz de Queiroz,” 
Universidade de São Paulo, Piracicaba, Brazil. 4Institut für Biologie und Biotechnologie der Pflanzen, Universität Münster, Münster, Germany. 5Instituto de 
Biociências, Universidade de São Paulo, São Paulo, Brazil. 6Present address: Inari Agriculture, Cambridge, Massachusetts, USA. 7These authors contributed equally to 
this work. Correspondence should be addressed to J.K. (jkudla@uni-muenster.de) or L.E.P.P. (lazaro.peres@usp.br).

Received 19 April; accepted 12 September; published online 1 October 2018; doi:10.1038/nbt.4272



Ü Crop conservation biology needs a bigger toolbox 

to meet unprecedented challenges
Ü climate change

Ü habitat loss

Ü invasive pathogens and pests

Ü etc.

CRISPR and conservation biology

Adapted from RT Corlett Trends in Biotech 2017



Ü Conservation genomics—before we conserve, we 
need to know what’s out there

Ü Facilitated adaptation—introduce adaptive traits for 
conservation of endangered crops

Ü Crop de-extinction?—CRISPR can deliver it

CRISPR and conservation biology
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T
his year celebrates the 100th anniversary of the birth of 

Norman Borlaug, the Nobel Prize–winning plant geneticist 

who, through his contribution to the “green revolution,” 

reminds us of the importance of applying scientific knowl-

edge to develop crop varieties. This is even more important 

today as we face a rapidly expanding global population, 

climate change, and the need to keep agricultural efforts 

sustainable while minimizing environmental impacts. 

Accessing the fundamental information of crop genomes 

aids in accelerating breeding pipelines and im-

proves our understanding of the molecular basis 

of agronomically important traits, such as yield 

and tolerance to abiotic and biotic stresses. 

Obtaining a reference sequence of the ge-

nome of bread wheat (Triticum aestivum), the 

staple food for 30% of the world’s population, 

is a scientific challenge.  Wheat’s hexaploid 

genome was formed from multiple hybridization 

events between three different progenitor species 

(comprising three individual subgenomes: A, B, 

and D). This resulted in a large—five times that 

of humans—and highly redundant genome with 

more than 80% of the genome consisting of re-

peated sequences. For these reasons, a reference 

sequence—a contiguous sequence ordered along 

the chromosomes—cannot be generated by using 

whole-genome shotgun sequencing approaches 

with current high-throughput short read technol-

ogies. To overcome this complexity, the Interna-

tional Wheat Genome Sequencing Consortium (IWGSC) developed 

a strategy of physical mapping and sequencing the individual chro-

mosomes and chromosome arms of the bread wheat genome. In this 

special issue of Science, four Research Articles are presented in full 

online (www.sciencemag.org/extra/wheatgenome), with abstracts in 

print on p. 286 and a News story on p. 251. These papers present ma-

jor advances toward obtaining a reference sequence and enhancing 

our understanding of the bread wheat genome.

The IWGSC produced a survey of the gene content and composi-

tion of all 21 chromosomes and identified 124,201 gene loci, with 

more than 75,000 positioned along the chromosomes. Comparing 

the bread wheat gene sequences with gene repertoires from its clos-

est extant relatives (representing the species that donated the A, B, 

and D progenitor genomes) showed limited gene loss during the 

evolution of the hexaploid wheat genome but frequent gene duplica-

tions after these genomes came together. Gene expression patterns 

revealed that none of the subgenomes dominated gene expression.

Choulet et al. describe the sequencing, assembly, annotation, and 

analysis of the reference sequence of the largest wheat chromosome, 

3B, which at nearly 1 gigabase is more than seven times larger than 

the entire sequence of the model plant Arabidopsis thaliana. Relying 

on a physical map derived from the chromosome 3B–specific bacterial 

artificial chromosome (BAC) library (1), more than 8000 BAC clones 

were sequenced and assembled into a pseudomolecule—a nearly 

complete representation of the entire chromosome. This high-quality, 

ordered sequence revealed a partitioning into distinct regions along 

the chromosome, including distal segments that 

are preferential targets for recombination, adap-

tation, and genomic plasticity. Many inter- and in-

trachromosomal duplications were also observed, 

illuminating the structural and functional redun-

dancy of the wheat genome. This sequence, which 

can be anchored to the genetic and phenotypic 

maps, will aid breeders by increasing the pace 

and simplifying the process of identifying and 

cloning genes underlying agronomic traits. 

Marcussen et al. used the IWGSC chromosome 

survey sequences to analyze the timing and phy-

logenetic origin of the diploid genomes that have 

come together to form the A, B, and D subge-

nomes of bread wheat. They unravel ancient hy-

bridization events in the wheat lineage and reveal 

that the ancestral A and B genomes diverged from 

a common ancestor ~7 million years ago. They 

also show that the D genome was formed through 

homoploid hybrid speciation—hybridization that 

does not result in a genome duplication event—between relatives of 

the A and B genomes 1 million to 2 million years later. 

Pfeifer et al. address inter- and intragenomic gene expression 

regulation within a polyploid genome by providing an in-depth 

analysis of the transcriptional landscape of the developing wheat 

grain. They show that the transcriptional network delineates a 

complex and highly orchestrated interplay of the individual wheat 

subgenomes and identify transcriptional active or inactive domains 

along the chromosomes that might indicate epigenetic control of 

grain development. 

Together, these Research Articles explore multiple dimensions of 

the 17-gigabase wheat genome and pave the way toward achieving 

a full reference sequence to underpin wheat research and breeding.
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Multiple wheat genomes reveal global 
variation in modern breeding

Sean Walkowiak1,2,41, Liangliang Gao3,41, Cecile Monat4,41, Georg Haberer5,  
Mulualem T. Kassa6, Jemima Brinton7, Ricardo H. Ramirez-Gonzalez7, Markus C. Kolodziej8, 
Emily Delorean3, Dinushika Thambugala9, Valentyna Klymiuk1, Brook Byrns1,  
Heidrun Gundlach5, Venkat Bandi10, Jorge Nunez Siri10, Kirby Nilsen1,11, Catharine Aquino12, 
Axel Himmelbach4, Dario Copetti13,14, Tomohiro Ban15, Luca Venturini16, Michael Bevan7, 
Bernardo Clavijo17, Dal-Hoe Koo3, Jennifer Ens1, Krystalee Wiebe1, Amidou N’Diaye1,  
Allen K. Fritz3, Carl Gutwin10, Anne Fiebig4, Christine Fosker17, Bin Xiao Fu2,  
Gonzalo Garcia Accinelli17, Keith A. Gardner18, Nick Fradgley18, Juan Gutierrez-Gonzalez19, 
Gwyneth Halstead-Nussloch13, Masaomi Hatakeyama12,13, Chu Shin Koh20, Jasline Deek21, 
Alejandro C. Costamagna22, Pierre Fobert6, Darren Heavens17, Hiroyuki Kanamori23,  
Kanako Kawaura15, Fuminori Kobayashi23, Ksenia Krasileva17, Tony Kuo24,25, Neil McKenzie7, 
Kazuki Murata26, Yusuke Nabeka26, Timothy Paape13, Sudharsan Padmarasu4,  
Lawrence Percival-Alwyn18, Sateesh Kagale6, Uwe Scholz4, Jun Sese25,27, Philomin Juliana28, 
Ravi Singh28, Rie Shimizu-Inatsugi13, David Swarbreck17, James Cockram18, Hikmet Budak29, 
Toshiaki Tameshige15, Tsuyoshi Tanaka23, Hiroyuki Tsuji15, Jonathan Wright17, Jianzhong Wu23, 
Burkhard Steuernagel7, Ian Small30, Sylvie Cloutier31, Gabriel Keeble-Gagnère32,  
Gary Muehlbauer19, Josquin Tibbets32, Shuhei Nasuda26, Joanna Melonek30, Pierre J. Hucl1, 
Andrew G. Sharpe20, Matthew Clark16, Erik Legg33, Arvind Bharti33, Peter Langridge34, 
Anthony Hall17, Cristobal Uauy7, Martin Mascher4,35, Simon G. Krattinger8,36,  
Hirokazu Handa23,37, Kentaro K. Shimizu13,15, Assaf Distelfeld38, Ken Chalmers34,  
Beat Keller8, Klaus F. X. Mayer5,39, Jesse Poland3, Nils Stein4,40, Curt A. McCartney9 ✉, 
Manuel Spannagl5 ✉, Thomas Wicker8 ✉ & Curtis J. Pozniak1 ✉

Advances in genomics have expedited the improvement of several agriculturally 
important crops but similar efforts in wheat (Triticum spp.) have been more 
challenging. This is largely owing to the size and complexity of the wheat genome1, 
and the lack of genome-assembly data for multiple wheat lines2,3. Here we generated 
ten chromosome pseudomolecule and five scaffold assemblies of hexaploid wheat to 
explore the genomic diversity among wheat lines from global breeding programs. 
Comparative analysis revealed extensive structural rearrangements, introgressions 
from wild relatives and differences in gene content resulting from complex breeding 
histories aimed at improving adaptation to diverse environments, grain yield and 
quality, and resistance to stresses4,5. We provide examples outlining the utility of these 
genomes, including a detailed multi-genome-derived nucleotide-binding leucine-rich 
repeat protein repertoire involved in disease resistance and the characterization of 
Sm16, a gene associated with insect resistance. These genome assemblies will provide 
a basis for functional gene discovery and breeding to deliver the next generation of 
modern wheat cultivars.

Wheat is a staple food across all parts of the world and is one of the 
most widely grown and consumed crops7. As the human population 
continues to grow, wheat production must increase by more than 50% 
over current levels by 2050 to meet demand7. Efforts to increase wheat 
production may be aided by comprehensive genomic resources from 
global breeding programs to identify within-species allelic diversity and 
determine the best allele combinations to produce superior cultivars2,8.

Two species dominate current global wheat production: allotetra-
ploid (AABB) durum wheat (Triticum turgidum ssp. durum), which 
is used to make couscous and pasta9, and allohexaploid (AABBDD) 

bread wheat (Triticum aestivum), used for making bread and noodles. 
A, B and D in these designations correspond to separate subgenomes 
derived from three ancestral diploid species with similar but distinct 
genome structure and gene content that diverged between 2.5 and 
6 million years ago10. The large genome size (16 Gb for bread wheat), 
high sequence similarity between subgenomes and abundance of 
repetitive elements (about 85% of the genome) hampered early wheat 
genome-assembly efforts3. However, chromosome-level assemblies 
have recently become available for both tetraploid11,12 and hexaploid 
wheat1,13. Although these genome assemblies are valuable resources, 
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Chinese Spring has shifted to a non-homologous position; this shifting 
of centromeres to non-homologous sites has also been reported in 
maize37. By characterizing the centromere positions for these diverse 
wheat lines, we provide strong evidence for changes in centromere 
position caused by structural rearrangements and centromere shifts.

Large-scale structural variation between genomes
Structural variants are common in wheat38, and impact genome struc-
ture and gene content. We characterized large structural variants 
using pairwise genome alignments (Extended Data Fig. 1), changes in 
three-dimensional topology of chromosomes revealed by Hi-C confor-
mation capture directionality biases along the genome39,40 (Extended 
Data Fig. 8, Supplementary Table 23), which were confirmed by Oxford 
Nanopore long-read sequencing (Extended Data Fig. 2) and cytological 
karyotyping (Extended Data Fig. 7c, Supplementary Table 24, Sup-
plementary Note 6). The most prominent event was a translocation 
between chromosomes 5B and 7B, observed in ArinaLrFor, SY Mattis 
(Fig. 2e–g) and Claire. Normally, chromosomes 5B and 7B are approxi-
mately 737 and 762 Mb long, respectively, and we estimated that the 
recombined chromosomes are 488 Mb (5BS/7BS) and 993 Mb (7BL/5BL) 
long, making 7BL/5BL the largest wheat chromosome (Extended Data 
Fig. 9a). In ArinaLrFor and SY Mattis, the 7BL/5BL breakpoint resides 
within an approximately 5-kb GAA microsatellite, which we were 
able to span using polymerase chain reaction (PCR) (Extended Data 
Fig. 9b, c). By contrast, the breakpoint on 5BS/7BS was less syntenic, 
and we detected polymorphic fluorescence in situ hybridization signals 
between ArinaLrFor and SY Mattis on the 5BS portion of the translo-
cated chromosome segment, suggesting that the regions adjacent to 
the translocation events differ on 5BS/7BS (Supplementary Note 6). 
To determine the stability of the translocation in breeding, we geno-
typed for the translocation event in a panel of 538 wheat lines that 

represent most of the UK wheat gene pool grown since the 1920s41. 
The translocation occurred in 66% of the lines and was selectively neu-
tral (Supplementary Note 7). Notably, the Ph1 locus on chromosome 
5B, which controls the pairing of homeologous chromosomes during 
meiosis42, is near the translocation breakpoint, but remained highly 
syntenic between translocation carriers and non-carriers. Genetic 
mapping and analysis of short-read sequencing data indicated that 
the 5B/7B translocated chromosomes recombine freely with 5B and 7B 
chromosomes (Extended Data Fig. 9d), suggesting that chromosome 
pairing is not affected by the translocation.

Haplotype-based gene mapping
To develop improved wheat cultivars, breeders shuffle allelic vari-
ants by making targeted crosses and exploiting the recombination 
that occurs during meiosis. These alleles, however, are not inherited 
independently, but rather as haplotype blocks that often extend 
across multiple genes that are in genetic linkage43,44. We quantified 
haplotype variation along chromosomes across the assemblies, and 
developed visualization software to support its utility (Supplemen-
tary Note 8). We used these haplotypes to characterize a locus that 
provides resistance to the orange wheat blossom midge (OWBM, Sito-
diplosis mosellana Géhin), one of the most damaging insect pests of 
wheat, which is endemic in Europe, North America, west Asia and the 
Far East. Upon hatching, the first-instar larvae feed on the developing 
grains and damage the kernels (Fig. 3a). Sm1 is the only gene in wheat 
known to provide resistance to OWBM6. CDC Landmark, Robigus and 
Paragon are all resistant to the OWBM, and all three carry the same 
7.3-Mb haplotype within the Sm1 locus on chromosome 2B (Fig. 3b). 
To identify Sm1 gene candidates, we used high-resolution genetic 
mapping and refined the locus to a 587-kb interval in the CDC Land-
mark RQA (Fig. 3c, Extended Data Fig. 10a, Supplementary Table 25). 
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Fig. 3 | Cloning of the gene Sm1. a, The orange wheat blossom midge oviposits 
eggs on wheat spikes and the larvae feed on developing wheat grains, resulting 
in moderate to severe damage to mature kernels. b, Top, sections of 
chromosome 2B of the same colour in the same position share haplotypes 
(based on 5-Mb bins), with the exception of those in grey, which indicates a 
line-specific haplotype. The position of Sm1 is indicated with respect to the 
CDC Landmark assembly. Bottom, zoomed-in view of haplotype blocks (based 
on 250-kb bins) from 5 to 25 Mb positions on chromosome 2B, surrounding 
Sm1. CDC Landmark, Robigus and Paragon all carry the same haplotype 

surrounding Sm1 (teal). c, Top, anchoring of the Sm1 fine map to the physical 
maps of Chinese Spring and CDC Landmark and graphical genotypes of three 
haplotypes critical to localizing the Sm1 candidate gene. Bottom, annotation of 
the Sm1 candidate gene, which encodes NB-ARC and LRR motifs in addition to 
the integrated serine/threonine (S/T) kinase and MSP domains. Two 
independent ethyl-methanesulfonate-induced mutations (W98* and G182R) 
result in loss of function and susceptibility to the orange wheat blossom midge 
(light blue lines). An alternative haplotype was observed in the kinase region of 
Waskada (black).
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Supplemental Figure S1. Selected information displayed in PGED for CRISPR mutants 

using gene Solyc05g013290 as an example. (A) A family tree of different generations of the 

mutant plants derived from transformation experiment CRT0038 targeting Solyc05g013290. (B) 

Alignment of the wild-type target gene sequence (yellow) and the amplicon from a plant with a 

CRISPR-generated mutation in Solyc05g013290. The gRNA (turquoise) and the mutated site 

(magenta) are highlighted. Sequence alignment between the target gene and the sequenced 

amplicon is generated using the WATER program in the EMBOSS package 

(https://www.ebi.ac.uk/Tools/emboss/). (C) An example of phenotypic data stored in PGED. 

CRISPR mutant (CRT0038-4) was inoculated with a Pseudomonas syringae DC3000 variant. 

The mutant showed an enhanced susceptibility compared to RG-PtoR and RG-pto11. 

Information about the plant lines, gRNAs, mutant plants, and target genes is stored in a 

PostgreSQL relational database. The front-end of the database has been developed using 

Bootstrap (http://getbootstrap.com), and HTML5 canvas 

(https://www.w3schools.com/Html/html5_canvas.asp). D3js (https://d3js.org) is used to display 

the family tree of different generations of a mutant and AngularPlasmid 

(http://angularplasmid.vixis.com) is employed to generate plasmid maps. 
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