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“ A new genome editing tool called 
CRISPR/Cas9 was discovered in 2012.  It 
will likely  become a powerful tool to 
create new apple varieties. In the future 
we can expect that apples of exceptional 
high quality and high resistance to 
apple scab and fire blight diseases will 
be made using the CRISPR/Cas9 system. 
Since these CRISPR/Cas9 improved apples 
will be as clean as varieties developed 
by conventional breeding from the point 
view of genetics, we expect they will be 
regarded as non-GMO. ”

In an article of the fall 2012 issue of the New York Fruit 
Quarterly, I described the basic function and characteristics 
of TALENs (transcription activator-like effector nucleases) 

that represented 
one of the most 
important  ad-
vances in bio-
technology at the 
time (Xu 2012). 
TALENs was not 
only regarded the 
method of year 
2011 by journal 
Nature Methods 
(Baker 2012), but 
also considered 
one of the ten 
breakthroughs by 
journal Science 
(Alberts 2012). 
The most signifi-
cant advantage 

of TALENs-based biotechnology over the classic one is that it 
enables genome editing in a site specific manner that is analo-
gous to a Doctor’s surgery and does not leave any foreign DNA 
behind. This makes plants improved by TALENs comparable to 
those developed by conventional breading, such as hybridization 
and mutation by chemical treatment or physical irradiation. For 
example, a rice variety susceptible to bacterial blight disease, 
one of the most destructive diseases in rice production, has 
been successfully converted into a resistant rice line without 
introducing any foreign gene or DNA into it (Li et al. 2012). This 
was accomplished using TALENs designed to knockout a disease 
susceptibility (S) gene called Os11N3 at its native location in 
the genome. However, TALENs-based biotechnology is techni-
cally demanding, requiring sophisticated design, assembly and 
delivery, which have hampered the adaptation of the technology 
for site specific genome editing in apple and many other plants.
 A new type of site specific genome editing system was re-
cently discovered by Jinek et al., in 2012.  It is called the CRISPR/
Cas9 system. The acronym CRISPR stands for clustered regularly 
interspaced short palindromic repeats and the acronym Cas9 
stands for CRISPR associated.  The system is a bacterial type 
II nucleic acid based adaptive immune system fighting against 
the invading of foreign DNA from a phage (a virus that can kill 
bacteria) or a plasmid (a form of circular DNA from other bac-
teria) (Sorek et al. 2013). In their groundbreaking study of the 
molecular machinery of the CRISPR/Cas9 system published in 

Science in August 2012, Jinek and coworkers demonstrated that 
the CRISPR/Cas9 system could be reprogramed for site specific 
genome editing in bacterial cells with remarkable technical sim-
plicity (Jinek et al. 2012). This study has sent a strong shockwave 
to the field of genome engineering. The CRISPR/Cas9 system is 
becoming the method of choice and replacing the core role of 
TALENs established not long ago. Below is a brief description of 
the CRISPR/Cas9 system, how it works, what studies have been 
done in plants and what this latest development implies in apple 
genetic improvement. 

How does the CRISPR/Cas9 system work in site specific 
genome editing?
 In the cells of some bacteria (e.g. Streptococcus pyogenes) 
or archaea, the CRISPR/Cas9 system (Figure 1) comprises three 
components: Cas9, crRNA (CRISPR RNA) and tracrRNA (trans-
activating crRNA). Cas9 is an endonuclease, acting like a DNA 
sensor to make a cut or double strand break (DSB). crRNA (20-50 
nucleotides) and tracrRNA (75-171 nucleotides) are two small 
RNA molecules working together to guide Cas9 to specific tar-
gets, i.e. the invading DNA of phages and plasmids to destroy the 
perpetrator. To recognize the invading foreign DNA, the bacteria 
or archaea acquire their memory by processing the invading DNA 
into small segments (about 20 nucleotides) called protospacers 
and then integrate the small segments into the CRISPR locus in 
the host genome. As the name of CRISPR indicated, the CRISPR 
locus consists of many short palindromic DNA repeats. The 
processed foreign DNA short segments or protospacers were 
inserted between the short palindromic repeats at the CRISPR 
locus to become unique spacers, forming a repeat-spacer-repeat 
structure that encompasses tens or hundreds of spacer-repeat 
units. Expression or transcription of the CRISPR will generate 
many units of crRNA consisting of a spacer and a repeat. Since 
the spacer sequences are derived from invading DNA, this 
information of unique spacer sequences in turn allows crRNA 
tracking down the invading DNA by sequence paring (between 
the spacer in crRNA and the target DNA site). With the presence 
of tracrRNA that complements to crRNA in the palindromic 
repeat region, crRNA guides Cas9 to the DNA of invaders and 
then chop it into pieces for destruction to achieve the immune 
effect. Further study showed that the system’s ability to target 
the invader DNA also requires the presence of a short motif of 
three nucleotides (usually NGG where N stands for any of the 
four nucleotides A, T, G and C), called protospacer adjacent motif 
(PAM), immediately next to the targeted sequence (Figure 1).
 In order to attain site specific genome editing, the key initial 
step is to make a double strand break (DSB) at a desired genomic 
site as DSB will trigger the non-homologous end joining (NHEJ) 
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repair in genomic DNA, an innate error-prone 
DNA repair mechanism that is ideal for muta-
genesis. Learning from the amazing nucleic acid 
based adaptive immune system from bacteria or 
archaea, scientists have reprogramed the CRIS-
PR/Cas9 system into a molecular machinery for 
making DSB at specific genomic sites to enable 
site specific genome editing. The most innovative 
modification was to create a single-guide RNA 
(sgRNA) that is of the combined functions of 
crRNA and tracrRNA and is capable of accurately 
guiding Cas9 to a predetermined site in the host 
genome (Jinek et al. 2012). This modification not 
only effectively brought down the component 
number of the CRISPR/Cas system from three 
to two, but also enabled the creation of a DNA 
expression modular or vector for potentially 
easy and high throughput targeting of DNA sites 
throughout the genome in all organisms, includ-
ing human, animal and plant (Figure 2). With the 
creation of such DNA expression modular, what 
was needed for a new targeting is to simply syn-
thesize nucleotide oligos from the targeting sites 
and then assemble them into the modular in place 
originally for a spacer in crRNA. This technical 
simplicity represents a significant reduction in 
required resource from what is needed to create 
TALENs to target a new site as TALENs work 
in pairs and each creation of a TALEN would 
need to synthesize or assemble a DNA fragment 
of 2000bp or more. Testing of such expression 

Figure	2.		 A	 schematic	 drawing	 of	 the	 DNA	 expression	 modular	 or	
vector	 for	 site	 specific	 genome	 editing	 using	 the	 CRISPR/Cas9	
system	 in	 plants.	The	 35S	 promoter	 controls	 the	 expression	 of	
endonuclease	 Cas9	 while	 the	 	 AtU6-26	 promoter	 regulates	 the	
expression	 of	 the	 sgRNA.	 To	 target	 a	 different	 genomic	 site,	
one	could	simply	replace	the	spacer	sequence	in	the	sgRNA		as	
shown	in	Figure	1.	NLS:	nucleic	localization	signal.	Nos	ter:	Nos	
terminator	of	expression	(Adapted	from	Feng	et	al	(2013)).

modular system was initially conducted in bacteria and proven 
to be a success (Jinek et al. 2012). Soon after that, this modular 
system was also proven to work well in mammalian cell lines (Cho 
et al. 2013; Cong et al. 2013; Mali et al. 2013; Wang et al. 2013). 
Currently, the system has been successfully adapted in species of 
many animals (zebrafish, C. elegans, Drosophila, mice and rats) 
and plants (see below).

What studies have been done using the CRISPR/Cas9 
system in plants?
 In past few months, there were at least eight independent 
studies reporting the applications of the CRISPR/Cas9 system 

Figure	1.		 A	diagram	for	the	RNA-guide	endonuclease	system	CRISPR/Cas9.	
The	 double	 stranded	 DNA	 stands	 for	 a	 specific	 genomic	 locus.	
The	irregular	shape	in	orange	refers	to	the	Cas9	endonuclease,	
which	 opens	 up	 the	 DNA	 double	 stands	 for	 cleavage	 in	 the	
diagram.	The	single	stand	sequence	is	single	guide	RNA	(sgRNA),	
but	 only	 the	 RNA	 sequence	 in	 red	 (called	 spacer,	 part	 of	 the	
crRNA)	specifies	where	the	Cas9	endonuclease	to	make	a	cut	or	a	
double	strand	break	(DSB)	in	the	genome.	This	specific	genomic	
site	is	shown	by	the	DNA	sequence	in	black,	which	pairs	with	the	
spacer	(in	red).		The	required	protospacer	adjacent	motif	(PAM)	
NGG	(N	refers	to	one	of	the	four	nucleotides	A,	T,	G	and	C)	next	to	
the	targeted	genomic	site	is	shown	in	green	(adapted	from	site	
http://www.systembio.com/cas9).

Table	1.	 	Mutagenesis	rates	of	various	plant	genes	targeted	by	the	CRISPR/Cas9	system.

	 	 	 Mutagenesis	 Mutagenesis
	 	 No.	of	 rates	in	cells	 rates	in
	 Genes	 sites	 or	tissues	 regenerated	
Plant	species	 targeted	 targeted	 	(%)a	 plants(%)b	 References

Arabidopsis BR1	 3  33.3-84.2 Feng et al. 2013
 GA1	 1  47.1 Feng et al. 2013
 JAZ1	 1  81.7 Feng et al. 2013
 AtPDS3	 1 5.6  Li et al. 2013
 AtPDS3	 1 2.7  Li et al. 2013
 AtFLS2	 1 1.1  Li et al. 2013
 CHL1	 1  76.0 Mao et al. 2013
 CHL2	 1  89.0 Mao et al. 2013
 TT4	 2  84.0 Mao et al. 2013

Rice ROC5	 1  25.8 Feng et al. 2013
 SPP	 1  4.8 Feng et al. 2013
 YSA	 2  47.6-66.7 Feng et al. 2013
 OsSWEET14	 1 87.5  Jiang et al. 2013
 OsSWEET11	 1 90.1  Jiang et al. 2013
 OsMYB1	 1  50.0 Mao et al. 2013
 CAO1	 1  83.3 Miao et al. 2013
 LAZY1	 1  91.6 Miao et al. 2013
 OsPDS	 2 14.5-20.0 9.4 Shan et al. 2013
 OsBADH2	 1 26.5 7.1 Shan et al. 2013
 OsMPK2	 1 38.0 4.0 Shan et al. 2013
 Os02g23823	 1 26.0  Shan et al. 2013
 OsMPK5	 3 3.0-8.0  Xie and Yang 2013

Sorghum DsRED2c 1 27.8  Jiang et al. 2013

Tobacco NbPDS3	 2 37.7-38.5  Li et al. 2013
 NbPDS3	 1 4.8  Li et al. 2013
 PDS	 1 2.1 6.7 Nekrasov et al. 2013

Wheat TaMLO	 1 28.5  Shan et al. 2013

a the CRISPR/Cas9 system was expressed transiently
b the CRISPR/Cas9 system was stably expressed
c an out-of-frame red fluorescence protein gene stably transformed into the genome.
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in plant species (Table 1), including Arabidopsis, rice, sorghum, 
tobacco and wheat (Feng et al. 2013; Jiang et al. 2013; Li et al. 2013; 
Mao et al. 2013; Miao et al. 2013; Nekrasov et al. 2013; Shan et al. 
2013; Xie and Yang 2013). This is phenomenal in terms of the pace 
and scale in adapting the CRISPR/Cas9 system in plants given that 
the system was demonstrated in bacteria in August 2012 (Jinek 
et al. 2012). Overall, 35 specific genomic sites in 27 plant genes 
were targeted with the system, and the desired site specific muta-
tion rates were considerably high (Table 1). When the CRISPR/
Cas9 systems were transiently expressed in protoplasts (plant 
cells with removal of cell wall) or tissues, the mutagenesis rates 
were recorded with a range from 1.1% (Arabidopsis protoplast, 
Li et al. 2013) to 90.1% (rice immature embryo, Jiang et al 2013). 
In the cases of stable expression of the systems in regenerated 
plants, the mutation rates were even higher, which varied from 
4.0% to 91.6%. 
 The highest mutation rate of 91.6% was observed from 
regenerated rice plants in which the Lazy1 gene was targeted 
(Miao et al 2013). The rice Lazy1 gene plays an important role in 
determining rice tiller angle, and disrupting Lazy1 would lead to 
plants of wide-spreading tillers. This was exactly what had hap-
pened when the a few nucleotides in the Lazy1 gene was deleted 
by the CRISPR/Cas9 system (Figure 3). Interestingly, a recent 
report has demonstrated that the TAC1 gene that controls the 
pillar growth habit in peach is closely related to Lazy1 (Dardick et 
al. 2013). It might be possible that targeting the apple counterpart 
of the TAC1 or Lazy1 gene may lead to large angle of branches 
in apple, a preferred tree form in the current orchard system.
 Targeting of the 27 plant genes (Table 1) was mostly accom-
plished using a single spacer sequence in the DNA expression 
modular or vector (Figure 2), which targeted one specific site at 
a time. To achieve the effect of ‘one stone multiple birds’, two or 
more spacer sequences (in sgRNAs) were engineered together and 
tested in both Arabidopsis and tobacco (Li et al. 2013). The results 
showed this approach not only successfully caused mutations in 
multiple sites as expected, but also performed as efficient as the 
common approach that uses single spacer sequence. This implies 
that multiple genes could be efficiently targeted by a single DNA 
expression modular or vector, which is difficult to do with the 
TALENs based biotechnology. 
 It must be pointed out that the CRISPR/Cas9 system is not 
perfect in plant applications. There are at least two limitations: 1) 
the target sites are not completely flexible due to the requirement 
of PAM to be present immediately adjacent to the target sequence 
(Figure 1); 2) off-target would occur if there are sequences highly 
similar to the spacer sequences in the genome.

What does the CRISPR/Cas9 system imply in apple 
genetic improvement?
 Considering the rapid adaptation of the CRISPR/Cas9 system 
in plant applications, the method for site specific genome editing 
appears to be robust. In apple, techniques for tissue culture and 
genetic transformation have long been established. Therefore, 
technical difficulties for adapting the CRISPR/Cas9 system 
would not be a limitation. If there are no other methods more 
creative in site specific genome editing to be developed in next 
few years, the CRISPR/Cas9 system will have enormous impact 
on the future of apple industry. For example, Arctic Apples are 
genetically modified (GM) from varieties grown widely, such as 
Golden Delicious and Granny Smith (Xu 2013). The principle 

Figure	3.		 Targeted	mutagenesis	of	the	rice	LAZY1	gene.	(a	and	b).	Partial	
DNA	sequence	of	the	LAZY1	gene	in	wild	type	(a)	and	a	mutant	
generated	 by	 the	 CRISPR/Cas9	 system	 (b).	The	 sequence	 in	 red	
is	the	targeted	spacer	sequence	and	the	PAM	is	underlined.	The	
mutation	 was	 due	 to	 a	 short	 deletion	 of	 two	 nucleotides	 (nt)	
in	 the	 targeted	 sequence	 shown	 by	 dashes	 (b).	 (c)	 Tiller	 angle	
comparison	 between	 the	 wild	 type	 and	 the	 mutant.	 Note	 how	
much	wider	the	tiller	angles	are	in	the	mutant	when	compared	
with	the	wild	type	(Adapted	from	Miao	et	al.	(2013))

improvement over their non-GM controls is that Arctic Apples 
do not turn brown when sliced and then stored. Arctic Apples 
will very likely be deregulated and allowed to enter marketplace 
in both Canada and US. Although the transgene was derived from 
apple genomic sequences to suppress the expression of the genes 
encoding browning causal enzymes polyphenol oxidases (PPOs), 
some organizations and individuals are still concerned about 
Arctic Apples for food safety and environmental impact reasons. 
This is because Arctic Apples were developed by transforming 
a T-DNA into an unknown genomic location and the T-DNA 
also contains a selectable marker gene NTPII that is resistant 
to antibiotic kanamycin (Xu 2013). If the CRISPR/Cas9 system 
were used for developing non-browning apples, the fruit would 
not contain any T-DNA (i.e. free of any selectable marker genes) 
and the PPO encoding genes would be disrupted at their natural 
genomic sites. In other words, the CRISPR/Cas9 improved non-
browning Golden Delicious or Granny Smith would be just like 
one of their sports. 
 As discussed previously (Xu 2012), many pressing issues such 
as fruit quality and disease resistance in apple production could 
be attributed to one or more genetic causes. Given its technical 
versatility and robustness in site specific genome editing, the 
CRISPR/Cas9 system will become a powerful tool to simultane-
ously uncover and address the genetic causes underlying these 
pressing issues. There is no doubt that apples of exceptional high 
quality and high resistance to apple scab and fire blight diseases 
will be made available using the CRISPR/Cas9 system. Since 
these CRISPR/Cas9 improved apples will be as clean as variet-
ies developed by conventional breeding from the point view of 
genetics, they would be urged to be regarded as non-GMO. 

Conclusion
 By reprograming the bacterial type II nucleic acids based 
immune system, a novel site specific genome editing tool, the 
CRISPR/Cas9 system, has been recently developed. Given its 
remarkable technical simplicity, the CRISPR/Cas9 system is be-
coming the primary method of choice replacing the central role of 
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the TALENs based biotechnology in site specific genome editing. 
The CRISPR/Cas9 system has been rapidly adapted in both model 
and crop plants and demonstrated with a desirable efficacy in 
site specific gene targeting. This system will likely become more 
streamlined, allowing high throughput applications that will 
target the entire genome in plants, including apple. Eventually 
the shockwave sent to the genome engineering community today 
by Jinek and colleagues (Jinek et al. 2012) will be felt by the apple 
industry in a positive way tomorrow. The off-target issue and 
limitations on target site selection due to PAM will need to be 
addressed for improving the CRISPR/Cas9 system in the future.
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