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Abstract CRISPR-based genome editing systems have been successfully and effectively used in many organisms.
However, only a few studies have reported the comparison between CRISPR/Cas9 and CRISPR/Cpf1 systems in the whole-
genome applications. Although many web-based toolkits are available, there is still a shortage of comprehensive, user-
friendly, and plant-specific CRISPR databases and desktop software. In this study, we identified and analyzed the similarities
and differences between CRISPR/Cas9 and CRISPR/Cpf1 systems by considering the abundance of proto-spacer adjacent
motif (PAM) sites, the effects of GC content, optimal proto-spacer length, potential universality within the plant kingdom,
PAM-rich region (PARR) inhibiting ratio, and the effects of G-quadruplex (G-Q) structures. Using this information, we built
a comprehensive CRISPR database (including 138 plant genome data sources, www.grapeworld.cn/pc/index.html), which
provides search tools for the identification of CRISPR editing sites in both CRISPR/Cas9 and CRISPR/Cpf1 systems. We
also developed a desktop software on the basis of the Perl/Tk tool, which facilitates and improves the detection and analysis
of CRISPR editing sites at the whole-genome level on Linux and/or Windows platform. Therefore, this study provides
helpful data and software for easy selection and application of CRISPR-based genome editing systems in plants.

KEYWORDS CRISPR/Cas; PAM-rich region; G-Q; Software; Database

Introduction

Clustered regularly interspaced short palindromic repeat

(CRISPR)/CRISPR-associated proteins (Cas) system is
derived from the adaptive immune system of prokaryotes,
and has been adapted as an effective tool for plant genome
editing [1−3]. It is classified into two classes: class 1 uses a
complex of multiple Cas proteins to degrade foreign nucleic
acids, and class 2 uses a single large Cas protein for the
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same purpose. Several CRISPR/Cas systems have been
developed using class 2 system, and amongst the most
popular ones are Cas9 (especially from Streptococcus
pyrogene) and Cpf1 (from Prevotella and Francisella 1)
systems. Since the first report on CRISPR/Cas9-directed
genome editing in Arabidopsis and tobacco, its use has been
widely applied in many plant species, such as rice, wheat,
maize, tomato, potato, cotton, soybean, grape, apple, and
poplar [3−8]. CRISPR/Cpf1 has been recently reported as a
new CRISPR-based genome editing system and has also
been successfully applied in many plant species [9−11].

Both CRISPR/Cas9 and CRISPR/Cpf1 are guided by
guide RNAs (gRNAs) which enable them to edit genomes
precisely and accurately. However, though the two systems
have a common origin, there are some notable differences.
For example, the CRISPR/Cas9 system recognizes GC-rich
proto-spacer adjacent motif (PAM) sequences and cuts
double-stranded DNA, thereby generating blunt-end
double-stranded breaks (DSBs). It is mainly used for gene
knockout by inducing small insertions and deletions (indels)
[12,13]. In contrast, the CRISPR/Cpf1 system is simpler
because it recognizes T-rich PAM sequences and produces
staggered cuts, thereby leaving 5-nt 5′ overhangs. These
overhangs can be used to generate larger indels than those
produced by the CRISPR/Cas9 system [2]. Cpf1 is also a
ribonuclease that only requires one CRISPR RNA (crRNA)
without a trans-acting crRNA (tracrRNA) [1].

Previous studies have reported that both PAM-rich traffic
light reporter (TLR) sites and G-quadruplex (G-Q) struc-
tures present in the PAM regions interfere with the CRISPR/
Cas9 editing efficiency [14,15]. The presence of more than
three PAMs on the target strand, more than four PAMs on
the opposite strand, and a combination of two PAMs on the
target strand and three PAMs on the opposite strand inhibits
Cas9 editing [15]. G-Q structures that refer to GC-rich DNA
sequences can also limit the transfection efficiency [15,16].

With the development of genome editing systems, a series
of CRISPR-related databases and web-based tools, including
Cas-Database [17], WGE [18], CrisprGE [19], CRISPR-P
2.0 [20], Crispr-GE [21], and Grape-Crispr [22], have been
constructed. However, to date, only a few tools can be used to
design gRNAs and test their effectiveness by using platforms,
such as Windows and Linux, in plants. In this study, we aim
to design an effective automatic desktop software interface
that allows users to identify and select specific proto-spacers
on the basis of the whole-genome sequences in plants.

Results

Identification of PAM sites for CRISPR/Cas9 and
CRISPR/Cpf1 systems

PAMs for both CRISPR/Cas9 and CRISPR/Cpf1 systems

were identified and analyzed in 138 plant genomes. A total
of 11,441,028,628 and 25,066,950,663 putative PAMs were
identified for CRISPR/Cas9 and CRISPR/Cpf1 respectively
throughout the genomes (Table S1), with an average of
82,376 putative PAMs per mega base (Mb) for CRISPR/
Cas9 and 175,201 putative PAMs per Mb for CRISPR/Cpf1.
Notably, the number of CRISPR/Cpf1 potential PAMs was
two folds that of CRISPR/Cas9. Among all proto-spacers of
these PAMs, the rates of potential specific proto-spacers
(with no mismatch or gap when applied against plant
genomes) were 63.64% for CRISPR/Cas9 and 74.45% for
CRISPR/Cpf1. According to this analysis, the numbers of
CRISPR/Cas9 and CRISPR/Cpf1 editing sites were linearly
correlated with genome size (Figure 1A). The correlation
coefficients (R2) were higher than 0.98 for all potential
editing sites. For potential specific editing sites for
CRISPR/Cas9 and CRISPR/Cpf1, the R2 coefficients were
0.874 and 0.952, respectively.

Next, the relationship between genome PAM composi-
tion and GC content was analyzed. For both CRISPR/Cas9
and CRIPSR/Cpf1 systems, the ratios of each PAM type
(Figure 1B) were almost equal on both DNA strands, and
the ratio of PAM sites on one strand was almost identical to
that on the other strand within the same genome. In addi-
tion, the percentage of PAM types was highly affected by
the GC content. In the CRISPR/Cas9 system, a positive
correlation between the GC content and four PAM types
(CGG, GGG, CCG, and CCC) was observed (Figure 1B).
This result was particularly true for CGG and CCG sites.
The same analysis was carried out for the CRISPR/Cpf1
system, and we found that the GC-rich PAMs (CAA, GAA,
TTC, and TTG) were also positively correlated with the
genome GC content (Figure 1B).

In the CRISPR/Cas9 system, the high GC content was
translated to a high potential to edit the target sites and a high
density as well. By contrast, the potential and specific editing
sites of the CRISPR/Cpf1 system were highly negatively
correlated with the GC content. Although GC content con-
siderably affected the abundance of PAM sites, in most si-
tuations, the number of CRISPR/Cpf1 PAMs was generally
higher than that of CRISPR/Cas9 PAMs. Plants contained a
relatively narrow range of GC content (30%–50%) (Figure
1C), suggesting that the G- and C-biased PAMs were con-
siderably less than the A- and T-biased PAMs. When the GC
rate narrowed to 50%, the abundances of the CRISPR/Cas9
and CRISPR/Cpf1 PAM sites were similar.

Determination of optimal proto-spacer length

The length of proto-spacers is an important factor in the
CRISPR/Cas system. In this study, considering some small-
sized genomes, we selected a proto-spacer length ranging
from 13 nt to 40 nt. “13 nt” was selected because if the base
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pairs were distributed randomly, the 13-nt spacer was spe-
cific in the 67-Mb genomes as 413 = 67,108,864. The results
showed that a proto-spacer of 20 nt (the one generally used)
was specific enough for both CRISPR/Cas systems (Figure
2). Most of the studied species reached their threshold value
at the length between 16 nt and 18 nt. Increasing the proto-
spacer length only offered a minute advantage on the ratio of
specific proto-spacers to all potential proto-spacers.
However, Solanum lycopersicum showed a different trend.
Although the threshold value of this species was 20 nt, it was
strongly enhanced by increasing the proto-spacer length. In
addition, species with small genomes, such as Arabidopsis
thaliana and Volvox carteri, possessed a relative higher ratio
of specific proto-spacers than species with large genomes.

Potential universality of proto-spacer sequences within
the plant kingdom

Identification of universal proto-spacer sequences can help

to edit genes in multiple plant species in an efficient and
convenient way. According to our homology analysis, the
similarity of the proto-spacer sequences was linked to the
relationship between the plants studied. For CRISPR/Cas9
system, without considering editing limitations (e.g., gene
structure limitations), the proto-spacer sequences of a cer-
tain species can only be used for its closest relatives, and
homologous proto-spacer sequences only existed in small
and limited areas (Figure 3A−D). Analysis of specific
CRISPR/Cas9 proto-spacers in all 138 tested plants showed
that these specific proto-spacers displayed low homology
(Figure 3E). In monocots, two CRISPR/Cas9 proto-spacer
clusters showed high homology (Figure 3B): one contained
Oryza and its relatives, and the other contained Triticum and
its relatives. In Oryza, an average of 44.54% (45.02% and
44.06%) of the CRISPR/Cas9 proto-spacer sequences can
be used equally between two rice models O. sativa L. ssp.
japonica and O. sativa L. var. 9311. On average, 66.74%
(41.27%–97.84%) of the CRISPR/Cas9 proto-spacer
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Figure 1 Identification and analysis of CRISPR/Cas9 and CRISPR/Cpf1 PAM sites in plant genomes
A. Relationship between potential editing sites and genome size for CRISPR/Cas9 and CRISPR/Cpf1 systems. Specific editing sites indicate the sites
containing specific proto-spacers with no mismatch or gap when applied against plant genomes. B. Composition of PAM sites for CRISPR/Cas9 and
CRISPR/Cpf1 in different plant genomes. The same color stands for the same type of PAM sites on both DNA strands. The yellow line corresponds to the
GC content in each genome. The purple line shows the GC-rich PAM rate. C. Correlation analysis between GC content and PAM abundance. The four
plots show the correlation between GC content and 1) abundance of CRISPR/Cas9 PAM sites, 2) abundance of specific CRISPR/Cas9 PAM sites, 3)
abundance of CRISPR/Cpf1 PAM sites, and 4) abundance of specific CRISPR/Cpf1 PAM sites. The abundance is expressed as the number of PAM sites
per Mb. Specific PAM sites indicate the PAMs within the specific editing sites. PAM, proto-spacer adjacent motif.
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sequences were effective among the Oryza species. When
considering the specific proto-spacer sequences identified
in Oryza, the average homology decreased to 61.81%
(Figure 3F). In Triticum, the highest average homology of
effective CRISPR/Cas9 proto-spacers between two species
was 84.32% (82.15% and 86.49%), which was identified
between the two accessions of T. turgidum L. ssp. durum.
On average, 46.31% (25.01%–86.49%) of the CRISPR/
Cas9 proto-spacers can be used among the Triticum species.
Considering the specific CRISPR/Cas9 proto-spacer se-
quences in Triticum, the average homology dramatically
decreased to 12.69% (Figure 3F). In Brassicaceae and So-
lanaceae families, only 6.71% and 4.17% of the CRISPR/
Cas9 proto-spacers can be effective among their species/
varieties, respectively (Figure 3C and D). Among the seven
sequenced Nicotiana genomes, only 32.24% and 37.98% of
the CRISPR/Cas9 proto-spacer sequences can be used in the
whole Solanaceae family and in the Nicotiana genus, re-
spectively. However, the CRISPR/Cas9 proto-spacer se-
quences identified from three N. tabacum L. varieties can be
efficiently used to edit each other with an average homology
of 97.80%. The CRISPR/Cas9 proto-spacers identified
from three wild tobacco varieties that were considered to be
parents of N. tabacum were also effective in editing three
modern tobacco cultivars (N. otophora: 64.88%; N.
tomentosiformis: 87.20%; and N. sylvestris: 92.89%). In
addition, only 19.80% of the CRISPR/Cas9 proto-spacers
from the model plant N. benthamiana can be used to edit
other Nicotiana varieties. Considering the specific proto-
spacers, only 7.21% and 14.12% of the specific CRISPR/
Cas9 proto-spacers respectively identified from Brassica-
ceae and Solanaceae can target species belonging to their
own family (Figure 3G and H).

The proto-spacer homology analysis was also performed
for the CRISPR/Cpf1 system, we found similar results to
those observed for the CRISPR/Cas9 system (Figure 3I–P).

High homology also existed in some closely related species.
A similar trend was also found in Oryza, Triticum, Brassi-
caceae, and Solanaceae. In Oryza and Triticum, the average
homologies of 32-nt proto-spacers were 57.15% and
26.59%, respectively, and the average homologies of spe-
cific proto-spacers were 53.83% and 12.36%, respectively.
In Brassicaceae, the average homologies of proto-spacers
and specific proto-spacers were only 4.31% and 2.37%,
respectively. In Solanaceae, the average homologies of
proto-spacers and specific proto-spacers were 14.88% and
11.89%, respectively. In Nicotiana, on average, 42.05% of
the proto-spacers and 28.57% of the specific proto-spacers
were homologous.

PAM-rich regions in CRISPR/Cas9 and CRISPR/Cpf1
systems

Next, the PAM-rich regions (PARRs) that might inhibit
CRISPR/Cas9-mediated genome editing were analyzed in
five species, including A. thaliana, Vitis vinifera, S. lyco-
persicum, O. sativa, and V. carteri. As shown in Figure 4A,
the inhibiting ratio ranged from 2.97% to 23.63% (9.75% on
average), with highest inhibiting ratios observed in monocot
O. sativa and algae V. carteri. Further analysis of eight
dicots and eight monocots revealed a significant higher
PARR inhibiting ratio in monocots than in dicots (Figure
4B; Table S2).

Although the effect of the PARR inhibition in the
CRISPR/Cpf1 system has not been reported to date, we
considered it based on the similarity present in both sys-
tems. In contrast to the CRISPR/Cas9 system, the PARR
inhibiting ratios observed for the CRISPR/Cpf1 system
were considerably higher in dicot plants (A. thaliana, V.
vinifera, and S. lycopersicum) than those in monocot O.
sativa and algae V. carteri (Figure 4 C; Table S2). Further
analysis of eight monocots and eight dicots also revealed a
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Figure 2 Effect of proto-spacer length on the ratio of specific proto-spacers
Analysis was performed for CRISPR/Cas9 (A) and CRISPR/Cpf1 (B) systems. Different genomes were tested. A. thaliana, Arabidopsis thaliana; V.
vinifera, Vitis vinifera; O. sativa, Oryza sativa; S. lycopersicum, Solanum lycopersicum; V. carteri, Volvox carteri.
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significant higher PARR inhibiting ratio in dicots than in
monocots (Figure 4D; Table S2).

Influence of G-Q structures on the effectiveness of
CRISPR-mediated editing

According to the G-Q analysis, on average, 32.87% of
CRISPR/Cas9-driven editing sequences were located in the
potential G-Q structure regions, although most of these
sequences were located in two G-tetrads (Table 1). Dis-
parities existed amongst different species studied here, with
monocot O. sativa L. spp. japonica and algae V. carteri

showing highest G-Q influence rates (42.63% and 63.10%,
respectively).

In CRISPR/Cpf1 system, the average G-Q influence rate
was 15.23%, which was less than half of the estimated value
for CRISPR/Cas9-driven editing sites. The highest influence
rate was obtained in V. carteri (40.47%), and the lowest was
observed in S. lycopersicum (6.38%; Table 1).

Identification of genes that can be edited by CRISPR/
Cas systems

In this study, the proto-spacers that were located in PARRs
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Figure 3 Homology analysis of proto-spacer sequences for CRISPR/Cas systems
A.−D. Homology analysis of all proto-spacers for the CRISPR/Cas9 system. E.−H. Homology analysis of specific proto-spacers for the CRISPR/Cas9
system. I.−L. Homology analysis of all proto-spacers for the CRISPR/Cpf1 system. M.−P. Homology analysis of specific proto-spacers for the CRISPR/
Cpf1 system. All species indicate all 138 species analyzed in this study.
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Figure 4 Analysis of PARR inhibiting ratio for CRISPR-mediated editing in plants
A. PARR inhibiting ratios for CRISPR/Cas9 system in A. thaliana, V. vinifera, S. lycopersicum, O. sativa, and V. carteri. B. PARR inhibiting ratios for
CRISPR/Cas9 system in dicots and monocots. C. PARR inhibiting ratios for CRISPR/Cpf1 system in A. thaliana, V. vinifera, S. lycopersicum, O. sativa,
and V. carteri. D. PARR inhibiting ratios for CRISPR/Cpf1 system in dicots and monocots. Orange area indicates inhibition, and blue area indicates no
inhibition. PARR, PAM-rich region.

Table 1 G-Q composition and influence rate in CRISPR/Cas9 and CRISPR/Cpf1 systems

System Species
No. of editing
sites located in
two G-tetrads

No. of editing
sites located in
three G-tetrads

No. of editing
sites located in
four G-tetrads

No. of editing
sites located in
non-G-Q area

No. of editing
sites

G-Q influence
rate (%)

CRISPR/Cas9 Arabidopsis thaliana 1,412,330 17,160 1231 6,477,711 7,908,432 18.09
Vitis vinifera 8,042,562 195,263 31,920 27,498,269 35,768,014 23.12
Solanum lycopersicum 8,496,791 199,633 34,689 41,367,513 50,098,626 17.43
Oryza sativa L. spp. japonica 15,652,890 415,994 39,385 21,678,977 37,787,246 42.63
Volvox carteri 11,352,821 788,178 175,518 7,201,050 19,517,567 63.10

CRISPR/Cpf1 Arabidopsis thaliana 1,764,104 14,973 416 24,136,561 25,916,054 6.87
Vitis vinifera 9,404,919 121,661 13,517 99,504,258 109,044,355 8.75
Solanum lycopersicum 10,089,259 147,769 18,888 152,831,872 163,087,788 6.29
Oryza sativa L. spp. japonica 8,622,734 122,400 8032 54,848,502 63,601,668 13.76
Volvox carteri 4,887,459 194,355 30,586 7,521,601 12,634,001 40.47

Note: G-Q influence rate indicates the percentage of editing sites located in potential G-Q regions. G-Q, G-quadruplex.
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or in G-Q regions were considered as ‘useless’
proto-spacers, while other proto-spacers were considered as
high-quality proto-spacers. We proposed that genes lacking
high-quality proto-spacers could not be edited. Eventually,
we identified 27,678 genes in A. thaliana, 25,325 genes in
V. vinifera, 34,451 genes in S. lycopersicum, 54,276 genes
in O. sativa, and 14,059 genes in V. carteri, which could be
edited by the CRISPR/Cas9 system (Figure 5, Figure S1A–
E). Moreover, Venn analysis of the Gene Ontology (GO)
terms of genes that could not be edited by the CRISPR/Cas9
system showed an insignificant correlation between gene
function and plant genome ability to be processed by
CRISPR/Cas9 system (Figure S1F).

Given that no report exists on the barriers to the CRISPR/
Cpf1 genome-editing system, in this study, we only con-
sidered the presence of G-Q structures and the specificity of
proto-spacers. The CRISPR/Cpf1 system was tested for its
editing efficiency with respect to CRISPR/Cas9 system. As
shown in Figure 5, most genes could be edited by both
systems, with some specifically edited by either CRISPR/
Cpf1 or CRISPR/Cas9 system (Figure 5). As an example, in
A. thaliana, 27,643 genes could be edited by both CRISPR/
Cpf1 and CRISPR/Cas9 systems, with 346 genes specifi-
cally edited by CRISPR/Cpf1 system and 35 genes speci-
fically edited by CRISPR/Cas9 system. Notably, 142−1194
genes could not be edited by any of these two CRISPR/Cas
systems in the five analyzed species.

PLANT-CRISPR database

On the basis of this large amount of data, a database named
PLANT-CRISPR was established. This database contains
three main parts. The first part corresponds to the CRISPR
search. Here people can search any potential CRISPR/Cas
editing sites in the genomes of 138 plants. The result of this
search provides the GC content, the predicted PARRs and
G-Q structures, and related gene information linked to these
CRISPR/Cas editing sites. In the second part, we developed
two web tools. The first tool can design gRNAs for the
uploaded sequence. This tool contains some parameters
such as the PAM type, proto-spacer length, and GC content.
The second tool provides a web-based effective computa-
tional method to test the effectiveness of the designed
gRNAs. This tool should set the acceptable mismatches and
the optimal proto-spacer length. The third part provides
download links to all data generated in this study, and all
these data can be used freely.

CRISPR/Cas detection and its effective software

Unlike other database and web-based tools, we also pro-
vided a desktop software application. This software is based
on Perl language, and the interface is provided by the Perl-
Tk module. The first part (CRISPR_detector) detects
potential CRISPR/Cas editing sites and annotates them with

B V. vinifera C S. lycopersicum

D O. sativa E V. carteri

Genes can be edited by CRISPR/Cas9 

Genes can be edited by CRISPR/Cpf1 

All genes in the genome

Figure 5 Comparison of CRISPR/Cas9 and CRISPR/Cpf1 systems in five plant genomes
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the annotation files (GFF3). This software deals with the
genome size data in a relatively short time and uses a short
computational source (Table S3). The second part
(Elec-CRISPR) provides a local effective test for proto-
spacers on the basis of the reference genome; when neces-
sary, high-throughput sequencing data can also be used as a
reference. The speed of this software is also influenced by
the genome size (Table S3). Single chromosome or scaffold
longer than 1 Gb was unsupported by this software. The
software can be downloaded at www.grapeworld.cn/pc/in-
dex.html. The efficiencies of the two scripts were tested on
Linux and Windows platforms (Table S3), respectively.

Discussion

High density of PAM sites and influence of GC content

In this study, on average 82,376 and 175,201 putative PAM
sites per Mb are identified for CRISPR/Cas9 and CRISPR/
Cpf1 systems, respectively. Hence, in a sequence, a
CRISPR/Cas9 editing site and a CRISPR/Cpf1 editing site
can be found every 12.14 bp and 5.71 bp, respectively.
Therefore, both CRISPR/Cas systems can edit the genome
accurately and almost everywhere.

In plant genomes analyzed, the abundance of CRISPR/
Cpf1 editing sites is considerably higher than that of
CRISPR/Cas9. CRISPR/Cpf1 can also target more areas
than CRISPR/Cas9 mainly due to the fact that the GC
content in most plant genomes ranges between 30% and
50% (less than half of the genome). By contrast, AT base
pairs are abundant, leading to a high rate of NAA/TTN
motifs that correspond to the CRISPR/Cpf1 PAM sites. In
the present study, GC content is identified as an important
factor which influences the abundance of CRISPR/Cas
editing sites and the PAM composition. High GC content
can increase GC-rich PAM abundance. Considering that the
GC content in most plant genomes observed is lower than
50%, CRISPR/Cpf1 editing tends to occur in plants. There-
fore, CRISPR/Cpf1 editing system appears to be a new ef-
fective method for genome engineering. In addition, the
combination of both CRISPR/Cas methods can improve
plant genome editing. These results also need to consider the
fact that the CRISPR/Cas systems evolve and offer addi-
tional Cas9 and Cpf1 orthologs that can improve genome
editing. Thus, although Zetsche et al. [1] has reported that
FnCpf1 recognizing a TTN PAM is inefficient for human cell
editing, other studies have identified new efficient Cas pro-
teins. For example, Kim et al. [9] showed that the Cpf1
orthologs AsCpf1 and LbCpf1 targeting either TTTN or
TTTV PAM sequences (instead of TTN) can be applied to
edit a mammalian cell genome. Hu et al. [23] developed an
expanded PAM SpCas9 variant (xCas9), which not only can
recognize a broad range of PAM sequences, including NG,

GAA, and GAT, but also has much greater DNA specificity
than SpCas9. All these results suggest that the evolved sys-
tems should increase PAM compatibility and DNA specifi-
city, thus leading to efficient and accurate genome editing.

Photo-spacers of 20 nt in length are not the best for
both CRISPR/Cas editing systems

A 14-nt read typically loses its randomness in a 200-Mb
genome (414 = 268,435,456), and in a 20-Gb genome, this
number should be 18 nt. However, considering genome-wide
duplication and other genome events, it must be more
complex than the random conditions. In this study, to provide
a guidance to the optimal proto-spacer length for CRISPR/
Cas9 and CRISPR/Cpf1 systems, we calculated the ratios of
specific proto-spacers to all potential proto-spacers at dif-
ferent proto-spacer lengths. Both CRISPR/Cas systems reach
their threshold values at 16–18 nt. Proto-spacer length longer
than 18 nt only shows a slow increase of the ratio. Thus, the
currently used 20-nt spacer is long enough to maintain the
specificity within the genome. In some species, such as to-
mato, a suitable extension of the proto-spacer length can still
improve the ratio. Therefore, when necessary, an adjustment
of the proto-spacer length is also needed. However, one
should keep in mind that the optimal proto-spacer length
depends on several factors, including experimental condi-
tions, biological material, and Cas protein types.

Homologous proto-spacers can be used in limited areas

The homology analysis of the proto-spacer sequences
among 138 plant genomes indicates that the proto-spacer
sequences selected for genome editing in one species can
also be used in some close relatives, such as in Oryza
species and in tobacco cultivars. The high homology be-
tween Nicotiana species also suggests a relationship be-
tween cultivars and three wild-type plants. The low
homology between N. benthamiana and other Nicotiana
varieties implies that N. benthamiana may have a specific
position in Nicotiana genus. These results suggest that most
proto-spacers selected for genome editing can be used di-
rectly within the same genus, with the exception of few
particular species. Thus, the proper use of proto-spacer se-
quences within species could reduce time and avoid some
unnecessary shortcomings.

PARR is an important limitation for CRISPR/Cas system

The analysis of PARRs in CRISPR/Cas9 system indicates
that PARR density influences ~ 10% of the potential editing
sites. The PARR inhibiting ratios in monocot O. sativa and
algae V. carteri. are higher than those of dicot A. thaliana,
Vitis vinifera, S. lycopersicum. Comparison of eight dicots
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and eight monocots also indicates a significantly higher
PARR inhibiting ratio in monocots than in dicots. Therefore,
when editing monocot and algae genomes using CRISPR/
Cas9 system, PARRs should be considered carefully.

The influence of PARRs in CRISPR/Cpf1 system has not
been reported yet. Considering that CRISPR/Cpf1 also be-
longs to the CRISPR/Cas system and its editing principles
are similar to those of CRISPR/Cas9, we proposed that
PARRs should also influence the editing efficiency of
CRISPR/Cpf1. In contrast to CRISPR/Cas9 system, a sig-
nificantly higher PARR inhibiting ratio was observed in
dicot plants, suggesting that dicot plants may bear more
disturbance from PARRs in CRISPR/Cpf1 system than in
CRISPR/Cas9 system.

For CRISPR/Cas9 and CRISPR/Cpf1 systems, the sig-
nificant difference in PARR inhibiting ratios between
monocots and dicots suggests that the unbalanced distribu-
tion of PARRs in monocots and dicots may be influenced by
the genome characteristics. Similarly, a previous study
comparing simple sequence repeats in monocots and dicots
has revealed huge differences in the GC/AT ratio [24].

A previous study using PAM-rich TLR in vivo has shown
the inhibition effect of the PARRs on CRISPR/Cas9 editing
efficiency [15]. In the present study, the large-scale analysis
shows that PARR is an important limitation for CRISPR/
Cas genome editing. This influence also varies with the
plant features.

G-Q is common among the editing sites

G-Q structure influences 32.87% of the CRISPR/Cas9
editing sites and 15.23% of CRISPR/Cpf1 editing sites,
indicating that G-Q may highly inhibit the editing efficiency
due to their special structures. For both CRISPR/Cas sys-
tems, the influence of G-Q structures in dicots is not as
important as that observed in monocots and algae. In
CRISPR/Cas9 system, more than 40% editing sites of O.
sativa L. spp. Japonica and V. carteri are potentially in-
fluenced by G-Q structures, which are considerably higher
than those of dicots. This trend was also observed in the
CRISPR/Cpf1 system. Thus, like PARRs, G-Q structures
are also influenced by the genome characteristics of species.
High GC ratio may lead to increased G-Q structures in
monocot genomes. Some studies have also suggested that
the chromatin structure near the target sites plays an im-
portant role and affects the accessibility and efficiency of
the CRISPR/Cas system [25]. However, given that the
chromatin structure is dynamic and difficult to obtain, we
only focus on PARRs and G-Q structures.

CRISPR/Cas system can edit most plant genes

Considering several limitations, both CRISPR/Cas9 and

CRISPR/Cpf1 systems can edit most plant genes. However,
several hundreds of genes cannot be edited by CRISPR/
Cas9 system, indicating that this effective editing tool is not
totally efficient. The new CRISPR/Cpf1 system is also
identified as an extremely effective tool for plant genome
editing, and to some extent, it can edit some genes that are
not targeted by the CRISPR/Cas9 system. However, similar
to CRISPR/Cas9 system, it does not target all plant genes.
Hence, combining these two editing tools may improve the
plant genome editing efficiency by targeting increased
number of genes. In addition, as several hundreds of genes
are still refractory to genome editing, improving the existing
tools or producing new editing tools that can target most or
all plant genes is necessary. Currently, many studies are on
the process of developing new or improved existing Cas
proteins that can target various PAM sequences.

Highly effective database and software

PLANT-CRISPR (www.grapeworld.cn/pc/index.html) is
the largest CRISPR/Cas-related database to date, which
contains 138 plant genomes and provides accurate and de-
tailed information for CRISPR/Cas9- and CRISPR/Cpf1-
mediated genome editing. The database can 1) supply all the
proto-spacers contained in the genomes, 2) provide specific
statistics, GC content, detailed annotation, and some other
information, and 3) offer additional choices for researchers,
making plant genome editing more accurate and flexible. At
the same time, the possibility of designing gRNAs and
primers for potential editing sites can make genome editing
easier for related species. The database also provided two
web tools: one is for designing gRNAs for the uploaded
sequence, and the other aims to test the effectiveness of the
designed gRNAs. Currently, 138 plant genomes can be
processed by these tools; however, if users supply new
genome sequences, such sequences will be added to the
database.

The desktop software, consisting of CRISPR_detector
and Elec-CRISPR, can process a considerable number of
genome sequences within a short period of time, following
users’ expectations. This software is more efficient and
convenient than previous/older tools and software (Table
S3). Numerous sequences or proto-spacers can be handled
simultaneously, and people can choose their own favorite
sequences or reference genomes. The parameters of the
software provide choices in designing gRNAs and per-
forming efficiency test. This software will be updated to
some more user-friendly languages in the near future.

Although many efficient database and web tools have
been published, our work provides several new features.
First, our database contains information regarding 138 plant
genomes. Second, this database provides an interface soft-
ware on the basis of the Perl-Tk, thereby making related
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analyses more convenient and effective. Last, our work
allows a more flexible analysis to predict the CRISPR/Cas
editing sites, as some parameters can be modified/adapted
by each user.

PLANT-CRISPR is part of the grapeworld platform
(http://www.grapeworld.cn/) and will be updated annually.
All new published genomes will be considered. Users also
can suggest and supply the genome or other data which can
be used in this database to us, and all these suggestions will
be considered carefully.

Conclusion

In this study, we identify the CRISPR/Cas9 and CRISPR/
Cpf1 editing sites in 138 plant genome sequences. The
comparative analysis of proto-spacer sequences shows that
GC content is an important factor influencing the abun-
dance of CRISPR/Cas9 and CRISPR/Cpf1 editing sites. In
plants, a 20-nt proto-spacer is sufficient for most genomes,
and a slight adjustment should be acceptable for some
species. Homology analysis shows that proto-spacers that
are selected for gene editing for some species can be di-
rectly used in other plants from the same genus. The PARRs
and G-Q structures are common among the proto-spacers
and should be considered seriously. The existing CRISPR/
Cas systems can edit most plant genes but not all. Therefore,
developing and improving tools are necessary to make plant
genome editing more accurate and flexible. Finally, in the
frame of the ongoing development, the PLANT-CRISPR
database and software that we developed can considerably
contribute to improving and facilitating plant genome
editing studies.

Materials and methods

Genome sequences used in this study

All genome sequences used in this study were downloaded
from public databases. Detailed information is listed in
Table S1.

Analyses of PAMs, proto-spacers, and GC content

The identification and analyses of PAMs, proto-spacers, and
GC content were processed by the Perl scripts. According to
the related studies, the PAM sequences analyzed in this
study were NGG for CRISPR/Cas9 and NAA for CRISPR/
Cpf1. In each system, the PAM sequences were classified
into four types (i.e., AGG, TGG, CGG, and GGG for
CRISPR/Cas9; AAA, TAA, CAA, and GAA for CRISPR/
Cpf1) to explore the composition and correlation with the
GC content. The GC content was calculated by Perl scripts

on the basis of the genome sequences. Homology of proto-
spacers among different species was analyzed with 10,000
proto-spacers from each species, and the proto-spacers from
a certain species were searched against all other species.
Neither mismatch nor gap was allowed among the editing
sites.

Identification of PARRs and G-Q structures

The PARRs for the CRISPR/Cas9 system were identified
similarly to the study of Malina and colleagues [15]. In
brief, more than 3 PAMs on the target strand, more than four
PAMs on the opposite strand, and a combination of two
PAMs on the target strand and three PAMs on the opposite
strand were identified as inhibitory PARRs. In the CRISPR/
Cpf1 system, PARRs were identified by their PAMs (NAA
or TTN). For the 32-nt proto-spacers selected in this study,
more than five PAMs on the target strand and more than six
PAMS on the opposite strand were identified as inhibitory
PARRs for CRISPR/Cpf1 system.

According to previous studies [26−28], the G-Q model
used in this study is Gx-Ny-Gx-Nz-Gx-Nr-Gx (where N =A, T,
C, or G; x = 2–4; y = 1–10; z = 1–10; r = 1–10). The G-Q
structure was identified using a Perl script. All editing sites
were annotated with the detailed G-Q information or non-G-Q.

Venn analysis

The Venn analysis was processed using “jvenn” (http://
jvenn.toulouse.inra.fr/app/index.html) [29], and the GO
analysis was performed using the AgriGo database (http://
systemsbiology.cau.edu.cn/agriGOv2/index.php) [30].

Database architecture and web interface

The PLANT-CRISPR database (www.grapeworld.cn/pc/
index.html) was constructed by HTML, PHP, and MYSQL,
and some functions were realized using Perl scripts. The
interface was written using HTML and CSS. The user in-
quiries were uploaded to the system and processed by PHP
and MYSQL or Perl scripts. All the obtained data, including
the software used in this study, were stored in this database.

For the web tools and desktop software interface, the off-
target effect was identified by the mismatches on the target
sequences. The target sequences were classified into two
types, namely, the high-fidelity and the rest sequences. No
mismatch or gap was allowed on the high-fidelity se-
quences, while mismatches or gaps were allowed on the rest
sequences according to the user selection. Users with only
whole-genome sequencing data can convert FASTQ format
into FASTA format by using the supplied Perl scripts and
then verify the proto-spacer sequences on the basis of the
Elec-CRISPR module.
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