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Abstract

loss of the PAM site.

Background: Delivery of CRISPR reagents into cells as ribonucleoprotein (RNP) complexes enables transient editing,
and avoids CRISPR reagent integration in the genomes. Another technical advantage is that RNP delivery can
bypass the need of cloning and vector construction steps. In this work we compared efficacies and types of edits
for three Cas9 (WT Cas9 nuclease, HiFi Cas9 nuclease, Cas9 D10A nickase) and two Cas12a nucleases (AsCas12a and
LbCas12a), using the rice phytoene desaturase (PDS) gene as a target site.

Findings: Delivery of two Cas9 nucleases (WT Cas9, and HiFi Cas9) and one Cas12a nuclease (LbCas12a) resulted in
targeted mutagenesis of the PDS gene. LbCas12a had a higher editing efficiency than that of WT Cas9 and HiFi
Cas9. Editing by Cas9 enzymes resulted in indels (1-2 bp) or larger deletions between 20-bp to 30-bp, which included
the loss of the PAM site; whereas LbCas12a editing resulted in deletions ranging between 2 bp to 20 bp without the

Conclusions: In this work, when a single target site of the rice gene OsPDS was evaluated, the LbCas12a RNP complex
achieved a higher targeted mutagenesis frequency than the AsCas12a or Cas9 RNPs.
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Findings

Clustered regularly interspaced short palindromic repeats-
CRISPR associated (CRISPR-Cas) is an adaptive immune
system in prokaryotes that protects against invading bacterio-
phages by performing cleavage of their DNA (Horvath and
Barrangou 2010; Garneau et al. 2010; Gasiunas et al. 2012).
CRISPR systems were later adapted to precisely edit the
genomes of many species including plants (Nekrasov et al.
2013). Successful examples of editing in different plant spe-
cies include rice, corn, wheat, soybean, and tomato (Mikami
et al. 2016; Lee et al. 2019; Kelliher et al. 2019; Biswas et al.
2019; Svitashev et al. 2016; Gil-Humanes et al. 2017; Okada
et al. 2019; Cai et al. 2019).
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Three main types of CRISPR systems have been de-
scribed thus far, Types I, II and III. CRISPR-Cas9 and
CRISPR-Casl2a from the Type II CRISPR systems are
two major nucleases that have been exploited to edit
plant genomes (Nekrasov et al. 2013; Svitashev et al
2015; Kim et al. 2017). The CRISPR-Cas9 system from
Streptococcus pyogenes recognizes an NGG protospacer
adjacent motif (PAM) to create double strand breaks up-
stream of the PAM site, whereas the CRISPR-Casl2a
(formerly Cpfl) system recognizes the TTTV PAM to
create double strand breaks downstream of the PAM
recognition site (Svitashev et al. 2015; Kim et al. 2017).
Therefore, these two proteins are of use for gene editing
in different genomic contexts as Cas9 can be used for
editing GC-rich regions and Cas12a can be used for edit-
ing AT-rich regions. In addition, there is a considerable
difference between the results of Cas9 and Casl2a
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cleavage, in which Cas9 creates blunt ended DNA breaks
near the PAM site whereas Casl2a generates staggered
DNA breaks distal to the PAM site (Svitashev et al.
2015; Kim et al. 2017). Hence, comparing these proteins
is of interest for different genome editing purposes.

There are mutant variants of Cas9 proteins from
Streptococcus pyogenes available such as High Fidelity
SpCas9 (HiFi Cas9) and Cas9 nickases (SpCas9 D10A
and SpCas9 H840A) (Schiml et al. 2014; Shen et al.
2014; Vakulskas et al. 2018). In comparison to WT Cas9,
HiFi Cas9 exhibits reduced off-target cleavage (Vakulskas
et al. 2018). Cas9 nickase mutants (D10A and/or H840A)
can be used simultaneously to introduce a DSB with over-
hangs provided that multiple guides are used to position
DNA nicks in the proper PAM out orientation, where the
guides target opposite strands of DNA with their PAMs
facing away from each other. It has been demonstrated
that the use of paired D10A nickases allow for the reduc-
tion of off-target editing in comparison to WT Cas9 (Ran
et al. 2013; Cho et al. 2014). While mutant forms of Cas9
have been created to alter or improve its function, Cas12a
enzymes from different prokaryotic species, typically
Acidaminococcus sp. BV3L6 (AsCasl2a) and Lachnospira-
ceae bacterium ND2006 (LbCasl2a), have been used to
maximize genome editing in living cells (Jacobsen et al.
2019; Pu et al. 2019). Casl2a proteins from different spe-
cies exhibit markedly different cleavage properties, most
notably LbCas12a functions better at lower temperatures
which is ideal for delivery into ectothermic organisms
such as zebrafish or plants (Kim et al. 2017; Tang et al.
2017; Malzahn et al. 2019).

CRISPR reagents can be delivered into plants by Agro-
bacterium mediated T-DNA transfer (Char et al. 2017;
Lee et al. 2019), biolistic plasmid delivery (Svitashev et al.
2016; Gil-Humanes et al. 2017; Hamada et al. 2018) or
biolistic delivery of ribonucleoprotein (RNP) complexes
(Svitashev et al. 2016; Liang et al. 2018, 2019). Using puri-
fied Cas9 or Casl2a proteins and chemically synthesized
guide RNAs eliminates the possibility of continuous ex-
pression and ensures that these reagents are present tran-
siently and thus minimizing the opportunity for off-target
editing to occur (Svitashev et al. 2016).

Phytoene desaturase (PDS) catalyzes the conversion of
phytoene into zeta carotene (Fig. 1a), a key step in the
carotenoid biosynthetic pathway (Mann et al. 1994).
PDS is encoded by a single copy gene in rice (PDS,
0s03g0184000), which has 14 exons and 13 introns. Bi-
allelic knock out of this gene results in an albino pheno-
type in callus tissue or in plant leaves, making PDS a
preferred target for the evaluation of genome editing re-
agents. In this work, the PDS gene was used as a target
to evaluate five different CRISPR-Cas nucleases. These
enzymes were WT Cas9, HiFi Cas9, Cas9 D10A nickase,
AsCas12a and LbCasl12a.
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To maximize the likelihood for effective gene knock
out, we chose to target DNA sequences that are prox-
imal to the start codon. crRNAs for all the CRISPR-Cas
nucleases target the antisense strand of the PDS first
exon (Fig. 1b, Table 1). Because the purpose of this ex-
periment was to compare the efficacies of Cas9 and
Casl2a nucleases for editing genomes, we identified
DNA sequences that could be targeted by both Cas9 and
Casl2a. A 36 nt crRNA containing 20 nt of unique tar-
geting sequence (CGGGACAACTTCCTACTCAT, Cas9
crRNA1) for Cas9 enzymes (WT Cas9, HiFi Cas9, and
Cas9 D10A), and a 41 nt crRNA that contains 21 nt of
targeting sequence (CGGGACAACTTCCTACTCATA,
Casl2a crRNA3) for Casl2a enzymes (AsCasl2a and
LbCasl2a) were chosen to target the same DNA se-
quence (Fig. 1b, Table 1). The Cas9 D10A nickase was
used with paired crRNAs, the crRNA1 used with WT
Cas9 and HiFi Cas9, and crRNA2 (AGTTGCTTCA
GCATGGATAC), which targeted the antisense strand at
the start codon 53-bp upstream of crRNAL. It should be
noted that due to the requirement of having to be in
close proximity to the site targeted by both Cas9 and
Casl12a, it was necessary to have the crRNA2 targeting
the same strand as crRNA1 rather than the preferred
targeting of the opposite strand with the crRNAs having
the ‘PAM-out’ orientation. The crRNAs have a similar
GC content, 50% for crRNA1, 45% for crRNA2, and
47.6% for crRNA3. Base repeats can in some cases influ-
ence the secondary structure of crRNA as well as
crRNA-DNA binding ability which can cause detrimen-
tal effects on total editing (Svitashev et al. 2016). To-
wards this end, crRNA1 and crRNA3 have four repeats
in total with a maximum repeat of three bases (GGG)
followed by three repeats of two bases (AA, TT and
CC), whereas crRNA2 has three repeats in total (TT, TT
and GG), with all of them being two base repeats. The
unavoidable inclusion of these dinucleotide repeats
could influence the results of our experiment and should
be considered.

The different CRISPR enzymes (WT Cas9, HiFi Cas9,
Cas9 DI10A nickase, AsCasl2a and LbCasl2a), along
with their respective guide RNAs, were delivered as RNP
complexes into 5-day-old mature seed derived rice em-
bryos (Additional file 1, Fig. 1c). To select and enrich
for transformed cells, plasmid pCAMBIA1301 (Roberts
et al. 1996; GenBank: AF234297.1) was co-delivered
along with the RNP molecules. pCAMBIA1301, widely
used for rice transformation, is a plasmid construct car-
rying the plant selectable marker gene hygromycin phos-
photransferase (ipt), which is driven by the 2X CaMV
35S promoter and terminated by the nos terminator.

For each RNP complex and pCAMBIA1301 DNA co-
delivery experiment, 30 embryos were bombarded in du-
plicate. Bombarded embryos were cultured on media
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Fig. 1 Choice of Carotenoid biosynthesis pathway to evaluate CRISPR-Cas nucleases. a Carotenoid biosynthesis pathway in rice. Phytoene desaturase (PDS) is a
single copy gene involved in the synthesis of zeta-carotene from phytoene. GGPS, geranylgeranyl pyrophosphate synthase; PSY, phytoene synthase; PDS,
phytoene desaturase; ZDS, zeta-carotene desaturase. b Schematic diagram showing OsPDS gene structure, OsPDS-ExonT and relative position of crRNAT/2 for
CRISPR-Cas9 and crRNA3 for CRISPR-Cas12a. PDS-F and PDS-R, forward and reverse primer pair for PCR and NGS analysis. ¢ Flowchart showing RNP complex
delivery and editing efficiency comparison analysis. d Regenerating green and albino rice plantlets on hygromycin containing rooting medium

containing 50 mg/L hygromycin, and hygromycin resistant
and proliferating callus pieces were identified. As shown
in Table 2, hygromycin resistant (hyg") putative transgenic
callus lines were produced with different rates. Among the
five enzymes, both WT Cas9 and HiFi Cas9 generated the
highest number of hyg® callus pieces, achieving a trans-
formation frequency of 16.7%. Transformation frequencies

Table 1 crRNA and enzymes used in the experiment

for LbCasl2a and Cas9 D10A were 11.7% and 6.7%,
respectively. AsCasl2a produced hygromycin-resistant
callus lines, but none of them were able to produce roots.
As often observed in the plant transformation process, not
all of the herbicide or antibiotic resistant callus lines have
ability to regenerate and produce roots. Therefore, it is
likely that the differences in transformation rates amongst

Nuclease crRNA ID crRNA sequence® PAM GC % Length (nt)
WT Cas9 / HiFi Cas9 / Cas9 D10A crRNA 1 CGGGACAACTTCCTACTCAT AGG 50.0% 20
Cas9 D10A crRNA 2 AGITGCITCAGCATGGATAC TGG 45.0% 20
AsCas12a / LbCas12a CrRNA 3 CGGGACAACTTCCTACTCATA TITG 47.6% 21

?Base repeats are underlined
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Table 2 Summary of transformation frequencies and editing efficiency for five CRISPR-RNP/selectable marker plasmid co-delivery

experiments

Nuclease # embryos # hygR lines on # putative lines Transformation # lines analyzed # lines edited Editing efﬁciencyb
bombarded regeration to soil frequency® by NGS

WT Cas9 60 56 10 16.7% 56 2 3.6%

HiFi Cas9 60 34 10 16.7% 34 3 8.8%

Cas9 D10A 60 30 4 6.7% 30 0 0.0%

AsCas12a 60 34 0 0.0% 34 0 0.0%

LbCas12a 60 42 7 11.7% 31 10 323%

“Transformation frequency = # putative lines to soil / # embryo bombarded x 100

PMutation frequency = # mutated lines / # lines analyzed by NGS x 100

different nuclease experiments observed here were due to
the quality of explants and the fluctuate nature of the bio-
listic transformation process.

Next generation sequencing (NGS) analysis was per-
formed on proliferating hygromycin-resistant callus ma-
terials. Surviving tissues from the rooting media plates
originating from individual embryos were treated as
clones and pooled for DNA extraction (Fig. 1c). A total
of 185 genomic DNA samples from putative transgenic
rice callus pieces generated by the five RNP co-delivery
experiments were analyzed by NGS analysis of sequence
surrounding the target site (Table 2).

Table 2 summarizes the variation in the editing effi-
ciencies observed among the enzymes tested. Editing ef-
ficiency was the highest for LbCas12a, with a total of 10
edited lines out of 31 analyzed (32.3% editing efficiency).
WT Cas9 achieved a 3.6% editing efficiency, two edited
lines out of 56 tested. HiFi Cas9 produced the second-
best editing efficiency of 8.8%, with three lines out of 34
lines tested (Table 2). None of the analyzed callus lines
from AsCasl2a and Cas9 D10A nickase were edited
(Table 2). These results show that one of two Casl2a
nucleases (LbCas12a) and two of three Cas9 enzymes
(WT Cas9 and HiFi Cas9) worked in this experiment. If
it is assumed that the almost identical target DNA se-
quences at the same site did not affect results, LbCas12a
appeared to be 8.7-fold more efficient over WT Cas9
and 3.6-fold more efficient than HiFi Cas9 at targeted
mutagenesis.

Figure 2 presents NGS analysis results of 15 edited
lines from the three enzymes that produced edits. Two
WT Cas9 lines (WT Cas9-2 and - 9) had indels. WT
Cas9-2 had 50.3% reads with no mutation and 49.7%
reads with a 1-bp insertion 3 bp upstream of the PAM
sequence. On the other hand, line WT Cas9-9 had
60.3% reads with a 2-bp deletion, 7.5% reads with a 1-bp
insertion and 32.2% reads showing no mutation (Fig. 2).
In the case of HiFi Cas9 we identified three lines with
mutations (HiFi Cas9-11, - 14 and - 19, Fig. 2). HiFi
Cas9-11 had a mixed population of mutations, with
21.4% reads with no mutations, 30.5% reads with a 2 bp
deletion, 12.3% reads with a 21-bp deletion, and 35.4%

reads with a 27-bp deletion. These extended deletions
(21-bp and 27-bp) removed the PAM site. HiFi Cas9-14
and - 19 lines had a simpler editing pattern. HiFi Cas9—
14 had a 1-bp deletion (23.6% of reads) that was 3 bp
upstream of the PAM site with the remaining reads hav-
ing no mutation. HiFi Cas9-19 had 86.6% reads showing
a 1-bp insertion at 3 bp upstream of the PAM site and
13.4% of reads with no mutation (Fig. 2).

The LbCasl2a co-delivery experiment produced ten
mutated callus lines. These clones are named LbCas12a-
1, -2, -3, -9, -13, -18, -22, -23, -30 and -34 (Fig. 2). All
mutations appeared to be deletions of different sizes
downstream of the PAM sequence. Of the ten edited
lines, five lines (LbCasl2a-1, -2, — 13, —22 and - 23)
showed mutation reads only, namely, genomic DNAs
from these lines did not contain non-mutated DNA se-
quence at the targeted location. These five lines dis-
played distinct colorless callus appearance as opposed to
typical pale yellow morphology for hygromycin resistant
callus lines. One event, LbCas12a-2, gave rise to albino
seedlings. The other four mutant events did not regener-
ate to plantlets. One of the five lines (LbCas12a-2) had
100% reads showing a 1-bp deletion. Another line
(LbCasl2a-1) showed a mixed mutation population of
three deletion sizes, 46.9% had a 10-bp deletion, 46.3%
had an 8-bp deletion, and 6.7% had a 7-bp deletion.
Three of the five complete mutation lines (LbCas12a-13,
- 22 and - 23) carried two distinct mutation populations.
LbCasl2a-13 had a majority with a 7-bp deletion
(89.9%) and a small population with a 2-bp deletion
(10%). LbCas12a-22 had similar frequencies of a 7-bp
deletion (48.6%) and the same 7-bp deletion plus a single
nucleotide polymorphism at the deletion site (49.9%).
LbCasl2a-23 had 50.9% reads of 8-bp deletion and
48.8% reads of 2-bp deletion.

The other five LbCas12a lines appeared to have partial
mutations. Two lines (LbCasl2a-3 and - 18) had two
types of mutations plus a non-mutated population.
LbCasl2a-3 had the majority reads of either 7-bp
(45.5%) and 8-bp (43.1%) deletions and a small portion
(11.4%) of non-mutant reads. LbCas12a-18, on the other
hand, had majority reads of non-mutant (60%), but 21%
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p
Event Sequence Mutation Reads (%)
WT GCAAGATCTTTTGCGGGACAACTTCCTACT-CATAGGTGCTTCGCAAGTA
WT Cas9-2 GCAAGATCTTTTGCGGGACAACTTCCTACT-CATAGGTGCTTCGCAAGTA O 50.3
GCAAGATCTTTTGCGGGACAACTTCCTACTACATAGGTGCTTCGCAAGTA +1 49.7
WT Cas9-9 GCAAGATCTTTTGCGGGACAACTTCCTA---CATAGGTGCTTCGCAAGTA -2 60.3
GCAAGATCTTTTGCGGGACAACTTCCTACT-CATAGGTGCTTCGCAAGTA O 32.2
GCAAGATCTTTTGCGGGACAACTTCCTACTTCATAGGTGCTTCGCAAGTA  +1 7.5
HiFi Cas9-11 GCAAGATCTTTTGCGGG---————————————————————————— AAGTA -27 35.4
GCAAGATCTTTTGCGGGACAACTTCCTA---CATAGGTGCTTCGCAAGTA -2 30.5
GCAAGATCTTTTGCGGGACAACTTCCTACT-CATAGGTGCTTCGCAAGTA O 21.4
GCAAGATCTTTTGCGGGACAACTT-————————————————————— AGTA -21 12.3
HiFi Cas9-14 GCAAGATCTTTTGCGGGACAACTTCCTACT-CATAGGTGCTTCGCAAGTA 0 76.4
GCAAGATCTTTTGCGGGACAACTTCCTAC--CATAGGTGCTTCGCAAGTA -1 23.6
HiFi Cas9-19 GCAAGATCTTTTGCGGGACAACTTCCTACTACATAGGTGCTTCGCAAGTA +1 86.6
GCAAGATCTTTTGCGGGACAACTTCCTACT-CATAGGTGCTTCGCAAGTA O 13.4
WT GCAAGATCTTTTGCGGGACAACTTCCTACT-CATAGGTGCTTCGCAAGTA
LbCasl2a-1 GCAAGATCTTTTGCGGGACAACTTCC---—-—-----— TGCTTCGCAAGTA -10 46.9
GCAAGATCTTTTGCGGGACAACTTCCTA-—---—-—— TGCTTCGCAAGTA -8 46.3
GCAAGATCTTTTGCGGGACAACTTCCTA-——-———— GTGCTTCGCAAGTA -7 6.7
LbCasl2a-2 GCAAGATCTTTTGCGGGACAACTTCCTA-T-CATAGGTGCTTCGCAAGTA -1 100
LbCasl2a-3 GCAAGATCTTTTGCGGGACAACTTCCTAC----—-—— TGCTTCGCAAGTA -7 45.5
GCAAGATCTTTTGCGGGACAACTTCCTAC-—-----—--- GCTTCGCAAGTA -8 43.1
GCAAGATCTTTTGCGGGACAACTTCCTACT-CATAGGTGCTTCGCAAGTA O 11.4
LbCasl2a-9 GCAAGATCTTTTGCGGGACAACTTCCTACT-CATAGGTGCTTCGCAAGTA O 50.2
GCAAGATCTTTTGCGGGACAACTTCCTA-----———-————-——~— GCAAGTA -14 49.7
LbCasl2a-13 GCAAGATCTTTTGCGGGACAACTTCCTAC-------— TGCTTCGCAAGTA -7 89.9
GCAAGATCTTTTGCGGGACAACTTCCTA---CATAGGTGCTTCGCAAGTA -2 10.1
LbCasl2a-18 GCAAGATCTTTTGCGGGACAACTTCCTACT-CATAGGTGCTTCGCAAGTA 0 60.0
GCAAGATCTTTTGCGGGACAACTTCCTA-----——-—-— TGCTTCGCAAGTA -8 21.0
GCAAGATCTTTTGCGGGACAACTT-------~—, ATAGGTGCTTCGCAAGTA -7 19.0
LbCasl2a-22 GCAAGATCTTTTGCGGGACAACTTCCTA-——-———-| ETGCTTCGCAAGTA -7,SNP 49.9
GCAAGATCTTTTGCGGGACAACTTCCTA-—-————— GTGCTTCGCAAGTA -7 48.6
LbCasl2a-23 GCAAGATCTTTTGCGGGACAACTTCCTA-—--——-—~ TGCTTCGCAAGTA -8 50.9
GCAAGATCTTTTGCGGGACAACTTCCTA---CATAGGTGCTTCGCAAGTA -2 48.8
LbCasl2a-30 GCAAGATCTTTTGCGGGACAACTTCCTACT-CATAGGTGCTTCGCAAGTA 0 72.2
GCAAGATCTTTTGC---—————————————————~— GGTGCTTCGCAAGTA -20 25.3
LbCasl2a-34 GCAAGATCTTTTGCGGGACAACTTCCTACT-CATAGGTGCTTCGCAAGTA O 66.5
GCAAGATCTTTTGCGGGACA-——————————————~— GTGCTTCGCAAGTA -15 33.5

Fig. 2 NGS analysis of rice lines generated from two Cas9 (WT Cas9 and HiFi Cas9) and one Cas12a (LbCas12a) RNP complex/selectable marker
plasmid co-delivery. Total reads do not always add to 100% because small percentages of low frequency reads were excluded. These low
frequency events are likely due to sequencing or alignment errors. Blue letters, target sequences in PDS exon 1; Red letters, PAM sequences;
White letter in black box, substitution; Green letter with underscore, insertions; WT, wild type; SNP, single nucleotide polymorphism

reads of 8-bp deletion and 19% of 7-bp deletion. Three
partial mutation lines (LbCasl12a-9, —30 and - 34) all
seemed to have relatively large deletions, ranging from
14-bp to 20-bp. LbCas12a-9 showed equal rates of a 14-
bp deletion (49.7%) and non-mutation (50.2%). In
LbCas12a-30 line, around % of reads were a 20-bp dele-
tion (25.3%), while the majority (72.2%) were wild type
sequences. Similarly, LbCas12a-34 had 1/3 reads of a 15-
bp deletion (33.5%) and 2/3 were wild type (66.5%).
Unlike the Cas9 edited lines in which both insertions
and deletions were present, nine out of ten edited
LbCas12a lines had deletion mutations, with the other line
(LbCas12a-22) having a SNP in nearly half of the reads
and a 7-bp deletion predominating in the other reads.
More importantly, none of the LbCas12a edited lines had
lost a PAM site. It is known that the cutting sites of Cas9

are usually proximal to PAM site while that of Cas12a are
distal from PAM site (Swarts and Jinek 2018). Except for
lines LbCas12a-30 and — 34 in which deletions happened
1-bp and 7-bp, respectively, downstream of the PAM site,
the majority of the edited lines had deletions starting from
11 to 15bp downstream of PAM site. While sample size
was limited, the majority of the Cas9 lines analyzed had ei-
ther a 1-bp insertion or a 1-2 bp deletion, except for one
line (HiFi Cas9-11) that had larger deletions. On the other
hand, most of LbCas12a lines showed mutations with over
7-bp deletions.

Typically, hygromycin resistant callus after two rounds
of selection is derived from a single cell of the infected
rice embryo and is considered a putative transgenic
callus line. This multi-cellular transgenic line is often
called a clone, meaning that these cells are clonal for the
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introduced transgenes. However, callus tissue can be a
mosaic for CRISPR generated mutations (Lee et al.
2019), thus sequencing results need to be interpreted
with caution. Ideally, this type of analysis should be per-
formed in callus-derived plantlets in which mono- or bi-
allelic mutation types can be more readily assigned. We
performed callus analysis instead of plant analysis in this
work partially due to low regeneration rates of the
experiments. However, we do recognize that line
LbCas12a-2 appeared to have a uniform mutation popu-
lation as it had 100% reads containing 1-bp indel. Sev-
eral other lines appearing to have two populations of
mutation with two sequencing reads occurring in an ap-
proximately 1:1 ratio. These lines are likely to produce
homozygous and heterozygous mutant plants.

Though the sample size used in this work was too small to
make a definitive comparison, our results suggest that
LbCas12a is more efficient than the other nucleases tested.
One caveat is that only one crRNA was tested for each Cas9
or Cas12a group, except for Cas9 D10 which required a sec-
ond gRNA, and it is known that different crRNAs can affect
nuclease efficiency. We tried to minimize this by having the
Cas9 and Casl2a target sites almost completely overlap. The
much higher editing efficiency of LbCasl2a compared to
AsCasl2a is notable. It has been shown previously in soy-
bean and tobacco protoplasts that LbCas12a has higher edit-
ing efficiency than AsCasl2a when delivered as RNP
molecules (Kim et al. 2017). Similarly, when tested in rice,
Arabidopsis and corn LbCas12a does out-perform AsCas12a
when these nucleases are delivered as plasmid molecules into
protoplasts (Kim et al. 2017; Malzahn et al. 2019). More im-
portantly, it must be noted that editing efficiency of Cas12a
proteins is temperature dependent (Malzahn et al. 2019).
These enzymes have been shown to have higher activity at
the 37° temperature used for human cells, but the
temperature used in our transformation experiments is
28 °C. It has been shown that the activity of LbCas12a is re-
duced by the lower temperatures used for plant transform-
ation (Moreno-Mateos et al. 2017; Malzahn et al. 2019) and
this is the likely reason. Hence, it is likely that lower
temperature plus the lower overall activity of AsCasl2a re-
sulted in the absence of edits in this experiment.

Overall, we have shown the biolistic delivery of three
different Cas9 and two different Cas12a RNPs in rice. Our
results show that LbCas12a has a higher editing efficiency
compared to the other enzymes at the one target sequence
of one gene tested. Although the sample size is small, we
did notice that the mutations generated by LbCasl2a
tended to have the PAM site preserved at the target site.
This can be an additional feature of LbCas12a, which may
be preferred to Cas9 for enabling subsequent re-editing at
the target site. This work further illustrates need for care-
ful consideration when selecting reagents for genome edit-
ing in rice and other plants.
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NGS: next generation sequencing; SNP: single nucleotide polymorphism

Acknowledgments
The authors wish to thank Juan Carlos Martinez, and Minjeong Kang for
assistance in the lab.

Authors’ Contributions

RB, KW and MS conceived the idea, RB, KW and MS designed the
experiments, CV and MC purified the proteins used in this study, RB
performed RNP delivery and transformation, RB and ALE extracted rice callus
genomic DNAs, MS performed NGS, RB and MS analyzed data, RB drafted
manuscript, RB and KW revised manuscript with inputs from all the co-
authors. All authors read and approved the final manuscript.

Funding

This project was partially supported by the Agriculture and Food Research
Initiative Competitive Grant # 2016-06247 from the USDA National Institute
of Food and Agriculture (NIFA) to KW, by the National Science Foundation
Plant Genome Research Program Grant # 10S 1725122 to KW, by the USDA
NIFA Hatch project # IOW04341, by State of lowa funds, and by the Crop
Bioengineering Center of lowa State University.

Availability of Data and Materials
All information is provided in this article.

Ethics Approval and Consent to Participate
Not applicable.

Consent for Publication
Not applicable.

Competing Interests

The authors Mollie Schubert, Michael Collingwood, Christopher Vakulskas are
employees of Integrated DNA Technology that supplied the five CRISPR-Cas
enzymes and crRNAs used in this article. They also performed NGS analysis
on the rice callus samples described in this work. Christopher Vakulskas owns
equity in DHR, the parent company of IDT. The authors Raviraj Banakar, Alan
Eggenberger and Kan Wang declare no competing interests.

Author details

1Depar‘[mem of Agronomy, lowa State University, Ames, IA, USA. 2Crop
Bioengineering Center, lowa State University, Ames, IA, USA. Present
Address: Department of Plant and Microbial Genomics, University of
Minnesota, St Paul, MN 55108, USA. 4Irwtegrated DNA Technologies, Coralville,
IA, USA.

Received: 18 October 2019 Accepted: 29 December 2019
Published online: 21 January 2020

References

Biswas S, Li R, Zhang D, Zhao X, Shi J (2019) Development of methods for
effective identification of CRISPR/Cas9-induced indels in rice. Plant Cell Rep.
https://doi.org/10.1007/500299-019-02392-3

Cai 'Y, Chen L, Liu X, Guo C, Sun S, Wu C, Jiang B, Han T, Hou W (2019) CRISPR/
Cas9-mediated targeted mutagenesis of GmFT2a delays flowering time in
soya bean. Plant Biotechnol J 16:176-185

Char S-N, Neelakandan AK, Nahampun H, Frame B, Main M, Spalding MH, Becraft
PW, Meyers BC, Walbot V, Wang K, Yang B (2017) An Agrobacterium-delivered
CRISPR/Cas9 system for high-frequency targeted mutagenesis in maize. Plant
Biotechnol J 15:257-268


https://doi.org/10.1186/s12284-019-0365-z
https://doi.org/10.1186/s12284-019-0365-z
https://doi.org/10.1007/s00299-019-02392-3

Banakar et al. Rice (2020) 13:4

Cho SW, Kim S, Kim' Y, Kweon J, Kim HS, Bae S, Kim JS (2014) Analysis of off-
target effects of CRISPR/Cas-derived RNA-guided endonucleases and
nickases. Genome Res 24:132-141

Garneau JE, Dupius ME, Villion M, Romero DA, Barrangou R, Boyaval P, Fremaux
C, Horvath P, Magadén AH, Moineau S (2010) The CRISPR/Cas bacterial
immune system cleaves bacteriophage and plasmid DNA. Nature 468:67-71

Gasiunas G, Barrangou R, Horvath P, Siksnys V (2012) Cas9-crRNA ribonucleo-
protein complex mediates specific DNA cleavage for adaptive immunity in
bacteria. Proc Natl Acad Sci U S A 109:2579-2586

Gil-Humanes J, Wang Y, Liang Z, Shan Q, Ozuna CV, Sanchez-Leon S, Baltes NJ,
Starker C, Barro F, Gao C, Voytas DF (2017) High efficiency gene targeting in
hexaploid wheat using DNA replicons and CRISPR/Cas9. Plant J 89:1251-1262

Hamada H, Liu Y, Nagira Y, Miki R, Taoka N, Imai R (2018) Biolistic-delivery-based
transient CRISPR/Cas9 expression enables in planta genome editing in wheat.
Sci Rep 8:14422

Horvath P, Barrangou R (2010) CRISPR/Cas, the immune system of bacteria and
archaea. Science 327:167-170

Jacobsen T, Liao C, Beisel CL (2019) The Acidaminococcus sp. Cas12a nuclease
recognizes GTTV and GCTV as non-canonical PAMs. FEMS Microbiol Lett 366:
fnz085

Kelliher T, Starr D, Su X, Tang G, Chen Z, Carter J, Wittich PE, Dong S, Green J,
Burch E, McCuiston J, Gu W, Sun Y, Strebe T, Roberts J, Bate NJ, Que Q (2019)
One-step genome editing of elite crop germplasm during haploid induction.
Nat Biotechnol 37:287-292

Kim H, Kim ST, Ryu J, Kang BC, Kim JS, Kim SG (2017) CRISPR/Cpf1-mediated
DNA-free plant genome editing. Nat Commun 8:14406

Lee K, Zhang Y, Kleinstiver BP, Guo JA, Aryee MJ, Miller J, Malzahn A, Zarecor S,
Lawrence-Dill C, Joung K, Qi Y, Wang K (2019) Activities and specificities of
CRISPR-Cas9 and Cas12a nucleases for targeted mutagenesis in maize. Plant
Biotechnol J 17:362-372

Liang Z, Chen K, Gao C (2019) Biolistic delivery of CRISPR/Cas9 with
Ribonucleoprotein complex in wheat. In: Qi Y (ed) Plant genome editing
with CRISPR systems. Methods in molecular biology, vol 1917. Humana press,
New York, NY, pp 327-335

Liang Z, Chen K, Zhang Y, Liu J, Yin K, Qiu JL, Gao C (2018) Genome editing of
bread wheat using biolistic delivery of CRISPR/Cas9 in vitro transcripts or
ribonucleoproteins. Nat Protoc 13:413-430

Malzahn AA, Tang X, Lee K, Ren Q, Sretenovic S, Zhang Y, Chen H, Kang M, Bao
Y, Zheng X, Deng K, Zhang T, Salcedo V, Wang K, Zhang Y, Qi Y (2019)
Application of CRISPR-Cas12a temperature sensitivity for improved genome
editing in rice, maize, and Arabidopsis. BMC Biol 17:9

Mann V, Pecker |, Hirschberg J (1994) Cloning and characterization of the gene
for phytoene desaturase (Pds) from tomato (Lycopersicon esculentum). Plant
Mol Biol 24:429-434

Mikami M, Toki S, Endo M (2016) Precision targeted mutagenesis via Cas9 paired
Nickases in Rice. Plant Cell Physiol 57:1058-1068

Moreno-Mateos MA, Fernandez JP, Rouet R, Vejnar CE, Lane MA, Mis E, Khokha MK,
Doudna JA, Giraldez AJ (2017) CRISPR-Cpf1 mediates efficient homology-directed
repair and temperature-controlled genome editing. Nat Commun 82024

Nekrasov V, Staskawicz B, Weigel D, Jones JD, Kamoun S (2013) Targeted
mutagenesis in the model plant Nicotiana benthamaian using Cas9 RNA
guided nucleases. Nat Biotechnol 31:691-693

Okada A, Arndell T, Borisjuk N, Sharma N, Watson-Haigh NS, Tucker EJ, Baumann
U, Langridge P, Whitford R (2019) CRISPR/Cas9-mediated knockout of Ms1
enables the rapid generation of male-sterile hexaploid wheat lines for use in
hybrid seed production. Plant Biotechnol J. https://doi.org/10.1111/pbi.13106

Pu X, Liu L, Li P, Huo H, Dong X, Xie K, Yang H, Liu L (2019) A CRISPR/LbCas12a-
based method for highly efficient multiplex gene editing in Physcomitrella
patens. Plant J. https;//doi.org/10.1111/tpj.14478

Ran FA, Hsu PD, Lin CY, Gootenberg JS, Konermann S, Trevino AE, Scott DA,
Inoue A, Matoba S, Zhang Y, Zhang F (2013) Double nicking by RNA-guided
CRISPR Cas9 for enhanced genome editing specificity. Cell 154:1380-1389

Roberts C, Rajagopal S, Smith LM, Nguyen TA, Yang W, Nugrohu S, Ravi KS,
Vijayachandra K, Harcourt RL, Dranfield L, Desamero N, Slamet |, Hadjukiewicz
P, Svab Z, Maliga P, Mayer JE, Kesse PK, Kilian A, Jefferson RA (1996) A
comprehensive set of modular vectors for advanced manipulations and
efficient transformation of plants by both agrobacterium and direct DNA
uptake methods. In: 5th annual meeting National Rice Biotechnology
Network Proceedings. IARI, New Delhi November 13-16, 1996

Schiml S, Fauser F, Puchta H (2014) The CRISPR/Cas system can be used as
nuclease for in planta gene targeting and as paired nickases for directed

Page 7 of 7

mutagenesis in Arabidopsis resulting in heritable progeny. The Plant J 80:
1139-1150

Shen B, Zhang W, Zhang J, Zhou J, Wang J, Chen L, Wang L, Hodgkins A, lyer V,
Huang X, Skarnes WC (2014) Efficient genome modification by CRISPR-Cas9
nickase with minimal off-target effects. Nat Methods 11:399-402

Svitashev S, Schwartz C, Lenderts B, Young JK, Mark Cigan A (2016) Genome
editing in maize directed by CRISPR-Cas9 ribonucleoprotein complexes. Nat
Commun 7:13274-13279. https.//doi.org/10.1111/tpj.14478

Svitashev S, Young JK, Schwartz C, Gao H, Falco SC, Cigan AM (2015) Targeted
mutagenesis, precise gene editing, and site-specific gene insertion in maize
using Cas9 and guide RNA. Plant Physiol 169:931-945

Swarts DC, Jinek M (2018) Cas9 versus Cas12a/Cpf1: structure-function
comparisons and implications for genome editing. WIREs RNA 9:21481.
https://doi.org/10.1002/wma.1481

Tang X, Lowder LG, Zhang T, Malzahn AA, Zheng X, Voytas DF, Zhong Z, Chen Y,
Ren Q, Li Q, Kirkland ER, Zhang Y, Qi Y (2017) A CRISPR-Cpf1 system for
efficient genome editing and transcriptional repression in plants. Nat Plants
3:17018

Vakulskas CA, Dever DP, Rettig GR, Turk R, Jacobi AM, Collingwood MA, Bode NM,
McNeill MS, Yan S, Camarena J, Lee CM, Park SH, Wiebking V, Bak RO,
Gomez-Ospina N, Pavel-Dinu M, Sun W, Bao G, Porteus MH, Behlke MA
(2018) A high-fidelity Cas9 mutant delivered as a ribonucleoprotein complex
enables efficient gene editing in human hematopoietic stem and progenitor
cells. Nat Med 24:1216-1224

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1111/pbi.13106
https://doi.org/10.1111/tpj.14478
https://doi.org/10.1111/tpj.14478
https://doi.org/10.1002/wma.1481

	Abstract
	Background
	Findings
	Conclusions

	Findings
	Supplementary information
	Abbreviations
	Acknowledgments
	Authors’ Contributions
	Funding
	Availability of Data and Materials
	Ethics Approval and Consent to Participate
	Consent for Publication
	Competing Interests
	Author details
	References
	Publisher’s Note

