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Introduction: Despite its rapid worldwide adoption as an efficient mutagenesis
tool, plant genome editing remains a labor-intensive process requiring often
several months of in vitro culture to obtain mutant plantlets. To avoid a waste in
time and money and to test, in only a few days, the efficiency of molecular
constructs or novel Cas9 variants (clustered regularly interspaced short
palindromic repeats (CRISPR)-associated protein 9) prior to stable
transformation, rapid analysis tools are helpful.

Methods: To this end, a streamlined maize protoplast system for transient
expression of CRISPR/Cas9 tools coupled to NGS (next generation sequencing)
analysis and a novel bioinformatics pipeline was established.

Results and discussion: Mutation types found with high frequency in maize leaf
protoplasts had a trend to be the ones observed after stable transformation of
immature maize embryos. The protoplast system also allowed to conclude that
modifications of the sgRNA (single guide RNA) scaffold leave little room for
improvement, that relaxed PAM (protospacer adjacent motif) sites increase the
choice of target sites for genome editing, albeit with decreased frequency, and that
efficient base editing in maize could be achieved for certain but not all target sites.
Phenotypic analysis of base edited mutant maize plants demonstrated that the
introduction of a stop codon but not the mutation of a serine predicted to be
phosphorylated in the bHLH (basic helix loop helix) transcription factor ZmICEa
(INDUCER OF CBF EXPRESSIONa) caused abnormal stomata, pale leaves and
eventual plant death two months after sowing.

KEYWORDS
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Introduction

Genome editing using clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein 9
(Cas9) technology has rapidly become the preferred tool to
generate mutants for functional genomics in microbes, animals
and plants (Adli, 2018; Chen et al., 2019; Schindele et al., 2020).
The success of CRISPR/Cas9 technology over earlier
meganuclease, zinc finger or transcription activator-like
effector nuclease (TALEN) techniques is mainly due to the fact
that the recognition of the target sequence in the genome is
mediated by fully foreseeable DNA/RNA base pairing rather
than less predictable DNA/protein interactions. In its original
context of bacterial defense the Cas9 nuclease forms a complex
with two RNA molecules, the CRISPR RNA (crRNA) and the
trans-activating crRNA (tracrRNA) (Jinek et al.,, 2012), which
for biotechnological applications were linked together into a
single-guide RNA (sgRNA) (Mali et al., 2013). Cas9 expression is
driven either by constitutive or tissue-specific promoters
transcribed by RNA polymerase II, whereas the sgRNA is
generally under the control of U3 or U6 promoters transcribed
by RNA polymerase III.

In plants, the most widely use of the technology is targeted
mutagenesis, which is achieved by a CRISPR/Cas9-mediated
double strand break of the DNA. Due to the random nature of
error-prone cellular DNA repair, only the site but not the nature
of the mutation is predetermined. In 2019, 97% of the
publications were based on this approach and only 3% used
true genome editing, which copies the modified, predetermined
sequence of a repair matrix into the genome (Modrzejewski
et al., 2019). This preference is due to the fact that the molecular
nature of the mutation is not crucial for the generation of loss-
of-function mutants and that the repair of nuclease-mediated
double strand breaks by non-homologous end joining (NHE]) or
microhomology-mediated end joining (MME]) leading to
targeted mutagenesis is approximately two orders of
magnitude more frequent than repair by homologous
recombination (HR) using a repair matrix (Huang and Puchta,
2019). More recently, new variants of the CRISPR/Cas9
technology such as base editing or prime editing have emerged
that allow to predetermine the precise nature of the mutation,
albeit with certain limitations. These variants are based on a
nickase version of the Cas9 that cuts only one and not both DNA
strands, and which is fused to a protein domain with enzymatic
action, for example to a cytidine and/or adenine deaminase
domain for C and/or A base editing (Shimatani et al,, 2017; Zong
et al,, 2017; Yan et al,, 2018; Li et al., 2020), or to a reverse
transcriptase domain for prime editing (Hua et al., 2020; Lin
et al., 2020; Xu et al., 2022).

Another limitation of the initial CRISPR/Cas9 technology
was the protospacer adjacent motif (PAM), i.e. the need for the
triplet NGG downstream of the targeted site in the genome. Both
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the use of other RNA-guided nuclease such as Cas12a/CPF1 with
its PAM sequence TTTN located upstream of the target (Zetsche
et al, 2015), and the molecular engineering of Cas9 leading to
the xCas9 (Hu et al., 2018) and Cas9-NG variants (Nishimasu
et al,, 2018) markedly enlarged the number of sites amenable to
genome editing in a given genome. After initial exemplification
in human cell lines, all of these improvements have been
successfully transferred to plants and are now available for
plant genome editing (Chen et al., 2019), including the latest
development referred to as PAM-less genome editing (Ren
et al., 2021).

The production of edited plants is a time consuming and
labor-intensive process, which generally involves the in vitro
culture of hundreds of calli over several months. This created a
need for rapid, reliable and cost-efficient evaluation methods
both for the implementation of novel genome editing tools and
the day to day test of sgRNA designs. In fact, in maize, for
example, CRISPR/Cas9-mediated mutation rates show
important variations between genes and between guides in a
given gene (Doll et al, 2019), despite ever improving
bioinformatics tools for the design of sgRNAs. With a size of
2.3 Gb and over 32,000 predicted genes the B73 maize reference
genome is of intermediate size for angiosperms and behaves as a
diploid despite important remnants of its allotetraploid origin
(Schnable et al., 2009). Protoplasts are an attractive test system,
since a large number of cells can be transformed in parallel to
provide in depth insight in the efficiency of a molecular construct
within one or two days (Lin et al, 2018). In maize, protoplast
systems have been used for the initial setup of the technology
with a marker gene (Feng et al., 2016), the codon-optimization of
the Cas9 protein and the validation of an endogenous maize U6
snRNA promoter (Zhu et al., 2016), the test of new vector sets
(Xing et al., 2014; Gentzel et al,, 2020), the establishment of a
DNA-free protocol based on pre-assembled ribonucleoprotein
complexes (RNPs) composed of purified recombinant Cas9
enzyme and in vitro transcribed guide RNA (gRNA) molecules
(Sant'Ana et al,, 2020) and the evaluation of targeted base editing
(Zong et al., 2017).

Here we used a streamlined maize protoplast system coupled
to a novel NGS analysis pipeline to evaluate the efficiency of
different sgRNA scaffolds, novel Cas9 variants with relaxed PAM
sequences and cytidine base editing. Selected constructs were

also used in stable maize transformation.

Materials and methods
Plant material and growth conditions

The maize (Zea mays) inbred line A188 (Gerdes and Tracy,
1993) and derived transgenic or edited plants were grown in

15 m” growth chambers that fulfil the French S2 safety standards
for the culture of transgenic plants (Gilles et al., 2021). The
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photoperiod consisted of 16 h light and 8 h darkness in a 24 h
diurnal cycle. Temperature was set to 26°C/17°C (day/night)
during the first 3 months after sowing and then to 28°C/19°C for
the remaining month of the life cycle. The relative humidity was
controlled at 55% (day) and 65% (night). Seeds were germinated
in 0.2 1 of Favorit MP Godets substrate (Eriterre, Saint-André-
de-Corcy) and transferred after 2 weeks to 8 1 of Favorit Argile
TM + 20% perlite substrate (Eriterre, Saint-André-de-Corcy)
and watered with a nutritional solution composed of 1.2 g/l
Peters® Excel Hard Water Grow Special 18-10-1+2 MgO+TE
(ICL Limas, France) and 0.04 g/l Micromax (ICL Limas, France).
The insertional mutant Zmicea::Mu (UFmu-02855) of the
UniformMU collection (Settles et al., 2007) was obtained from
the stock center of the maize genetics cooperation. All plants
were propagated by hand pollination.

Protoplast extraction and transformation

Maize protoplast extraction and transformation were
performed with a protocol adapted from (Wolter et al., 2017)
with line A188 (Figure 1A). Briefly, 12-15 days old seedlings
were grown in soil with a 16 h photoperiod and the youngest
fully expanded leaves (Figure 1B) of 4 healthy plants were
transferred into a 94 mm Petri dish with 15 ml of enzyme mix
(0.6 mannitol, 10mM MES pH 5.7, 1.5% w/v Cellulase R-10,
0.75% w/v Macerozyme R-10, 0.1% w/v Pectolyase Y-23, 10mM
CaCl,, 0.1% v/v BSA) and cut in 1 mm stripes parallel to the
midrib (Figure 1C). The stripes were arranged in a monolayer
and vacuum infiltrated at -500 mbar for 30 min in the dark at
room temperature followed by incubation at 26°C with shaking
(20 rpm) for 4 h.

The protoplasts were filtered through a 70 pm cell strainer,
collected by centrifugation at 100 g and resuspended in 2 ml W5
bufter (154 mM NaCl, 125 mM CaCl,, 5 mM KCI, 2 mM MES
pH 5.7, Figure 1D). The protoplasts were layered on a sucrose
cushion (Banks and Evans, 1976) and centrifuged for 10 min at
200 g to eliminate cell debris (Figure 1E). The protoplasts were
washed in four times their volume of W5, centrifuged for 5 min
at 100 g, resuspended in W5 and put on ice for 30 min. In the
meantime, the protoplasts were counted, usually yielding 3-4 x
10° cells. The protoplasts were centrifuged at 100 g for 5 min and
resuspended in MMG buffer (0.4 M mannitol, 15 mM MgCl,, 4
mM MES pH5.7) to a 2.5 x 10° cells ml™ density.

Each transformation was performed in a 2 ml Eppendorf tube
adding the three following solutions in that order, mixing gently
but thoroughly: 500 000 protoplasts (200 pl), 1.62 x 10** copies of
plasmid DNA (NucleoBond® Xtra Maxi, Machery-Nagel Heerdt,
France) and 250 pl polyethylene glycol (PEG) solution (40% w/v
PEG 4000, 0.2 M mannitol, 0.1 M CaCl,). After 15 min of
incubation in the dark at room temperature, 800 ul of W5 was
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added and the tubes were centrifuged for 3 min at 100 g. The
pellet was resuspended in 2 ml W5 and the protoplasts were
transferred in 24 well cell culture plates and incubated for 48 h at
26°C in the dark.

The protoplast transformation efficiency was calculated by
dividing the number of cells expressing green fluorescent protein
(GFP; parallel transformation with plasmid L1036 promoting
GFP expression under the control of the constitutive cassava
vein mosaic virus (CsVMV) promoter, Figure 1F) by the total
number of viable cells using an Axio Imager M2 fluorescence
microscope (Zeiss, Figure 1G). Protoplasts were pelleted for
3 min at 100 g and the pellets stored at -80°C.

Vectors for targeted mutagenesis and
base editing

The original vectors harboring different Cas9 derivatives
and/or scaffolds (Supplementary Table S1) were derived from
L1609, an integrative plasmid harboring the Cas9 cassette, an
empty site for sgRNA1 and a Basta resistance cassette, and
L1611, a small plasmid used for initial cloning of sgRNA2 (Doll
et al., 2019).

Stable maize transformation

Agrobacterium-mediated transformation of inbred line
A188 was performed according to a published protocol (Ishida
et al, 2007). Briefly, immature 13 DAP embryos were co-
cultivated with Agrobacterium and glufosinate-resistant type I
calli (hard and compact) selected on auxin containing media.
After suppression of auxin, shoots were initiated in the presence
of cytokinin and gibberellin inhibitors. Roots were obtained in
the absence of hormones. Finally, the plantlets were transferred
to soil (see above). The precise composition of the different in
vitro culture media and the respective incubation times are
summarized in Supplementary Table S2.

DNA extraction and amplification

DNA extractions from transformed protoplasts (500 000
protoplasts) or from leaf punches (5 punches of 25 mm?) of
stably transformed plantlets (10 DAS) were performed with a
Biosprint 96 robot (Qiagen) and a DNeasy 96 plant kit (Qiagen).
The gene-specific parts of the primers (Supplementary Figure
S1) and melting temperatures used to amplify the target regions
around the CRISPR/Cas9 binding site with Phusion' High-
Fidelity DNA Polymerase (Thermo Scientific) are indicated in
Supplementary Table S3.
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FIGURE 1

Protoplast isolation and transformation (A) Overview of the
developed workflow. (B) Germination at 4 leaf stage. The two
youngest leaves used for protoplast isolation are indicated by
black arrows. (C) Longitudinally sliced leaf pieces during
enzymatic digestion. (D, E) Protoplast preparations before (D)
and after (E) purification on a sucrose gradient. (F, G) Protoplasts
48 h after transformation with a GFP control plasmid in UV light
(F) and visible light (G). Red arrows indicate non-transformed
protoplasts

Molecular characterization of stable
maize transformants

Transfer DNA (T-DNA) integrity was checked as
previously described (Gilles et al., 2017). Molecular
characterization of the sites targeted by genome editing
involved, for each targeted gene, PCR amplification with
specific primers (Supplementary Table S3) on DNA
extracted from leaves of TO plants, followed by Sanger
sequencing. In T1 plants segregation of Cas9 bearing T-
DNA was evaluated by PCR amplification of the Bar gene,
checking the presence and quality of genomic DNA by PCR
amplification of the GRMZM2G136559 (Zm00001eb386680)
control gene (Doll et al., 2019).
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Library construction and sequencing

Protoplast PCR products spanning the CRISPR/Cas9 target
site and carrying tails with homology to NGS adapters
(Supplementary Figure S1) were gel purified, cleaned with the
NucleoSpin Gel and PCR Clean-up kit (Machery-Nagel Heerdt,
France) and quantified with the Qubit dsDNA high-sensitivity
assay (Thermo-Fischer). Libraries were constructed with
Index5/Index7 adapters, quality controlled with a High
Sensitivity D1000 ScreenTape Assay on an Agilent Tapestation
and sequenced in multiplex (12 libraries) with a NextSeq 500/
550 Mid Output v2 kit (300 cycles) on an Illumina NextSeq500
platform in paired-end mode.

NGS analysis

Software of the Illumina NextSeq500 platform was used to
assign raw read sequences to libraries based on the indexes and to
trim the NGS adapters. For subsequent analysis, a 7-step
bioinformatics pipeline mixing existing programs and custom-
made scripts was built (Figure 2, https://gitbio.ens-lyon.fr/rdp/
crispr_proto_maize). In the first step the paired-end reads were
assembled with PEAR software (Zhang et al., 2014, version 0.9.10).
The assembled reads were quality checked using fastQC (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc, version
0.11.7) and trimmed using fastq-mcf (https://github.com/
ExpressionAnalysis/ea-utils, version 1.04.676). To avoid problems
in downstream sequence alignments, sequences containing one or
several undetermined nucleotides (N) after this step (on average,
0.02% of the output sequences) were eliminated from further
analysis despite their overall acceptable quality. For the third step
of the pipeline a specifically developed Python program was used to
trim the 5-nt tags at both extremities of the sequence and to
concatenate their sequences to the sequence name. This program
then identified identical sequences, counted their number of
occurrences and adjusted this count if not only the sequences but
also the tags were identical, i.e. the sequences were PCR duplicates,
corresponding in fact to a single initial editing event. At the end of
this step the obtained file (in FASTA format) contained one
sequence for each group of identical sequences and their counts.
The next step consisted in the pairwise alignment of the
representatives of the different groups of reads with the reference
sequence using the Needleman & Wunsch algorithm, as
implemented in the 'needle’ program from EMBOSS (Needleman
and Wunsch, 1970, Rice et al., 2000; version 6.6.0.0, with scoring
matrix EDNAFULL83 and options “-gapopen 10.0 -gapextend
0.57). After the alignment, another Python program identified the
different mutations and computed their frequencies. These
quantitative data contained in this file were used in the last step
of the pipeline to create a logo (Figure 2).
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consensus of all sequences (differences to the reference sequence in blue and offset) and the most frequent nudeotide at mutated sites. The
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Results

Coupling of protoplast transformation
with NGS provides deep insight in the
CRISPR/Cas9 mutation landscape

To reliably evaluate genome editing by CRISPR/Cas9 in
maize protoplasts, a robust experimental system yielding
protoplasts with a good viability at high density was
established. Comparative tests of several parameters incited us
to use as starting material young leaves of soil born
germinations, which were easier to obtain in large quantity
and without the risk of contamination than in vitro
germinations or Black Mexican Sweet (BMS) cell cultures
(Figure 1). Other important choices to increase the overall
yield and/or viability were the tenderness of the leaves (the
two youngest leaves at the 4 to 5 leaf stage, Figure 1B), the
addition of pectolyase to the enzyme mix containing also
cellulase and macerozyme, the vacuum infiltration of the
enzyme mix, a purification step on a sucrose cushion, the use
of polyethylene glycol (PEG) rather than electroporation for
DNA uptake, ultrapure plasmid DNA without salts and simple
deep freezing rather than grinding of protoplasts prior to DNA
extraction (see Materials and Methods for details). The
transformation rate was calculated by transforming a
protoplast aliquot with a plasmid expressing a GFP reporter
gene under the control of the constitutive CsVMV
promoter (Figure 1).

After incubation for 24 to 48 h allowing transcription,
translation and action of the CRISPR/Cas9 tool, total DNA
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was extracted from protoplasts. To assess the different types of
mutations caused by a given construct in a pool of protoplasts,
the target site was amplified with a proof-reading enzyme by
site-specific PCR and the PCR product subjected to NGS
sequencing (Figure 1A). In addition to the maize-specific part,
the primers contained a 5 nt tag with a random sequence and
part of the Illumina adapter (Supplementary Figure SI). The
random nature of the tag allowed to distinguish NGS sequence
reads originating from independent amplifications of the target
site (different tags) or representing the same PCR product
(identical tag). This tag is not to be confused with the index
added during the second amplification with the full Illumina
adapter, which allowed multiplexing of libraries in a single flow
cell. The raw sequence data obtained were deposited at EBI
under the accession number PRJEB56234.

To analyze the type and frequency of CRISPR/Cas9-
mediated mutations, a 7-step bioinformatics pipeline
combining existing programs and custom-made scripts was
developed (Figure 2A) and made available (https://gitbio.ens-
lyon.fr/rdp/crispr_proto_maize). The overlapping paired-end
mode was chosen to enhance sequence quality and allow the
processing of slightly larger PCR products compared to single
read mode. After classical pairing with PEAR (Zhang et al,
2014), quality control with FASTQC (Andrews, 2010) and
trimming of remaining adapter sequences with Fastq-mcf
(Aronesty, 2013), the tags at the 5 and 3’ ends of the
sequences were removed with a Python script and added to
the sequence name. In the next step, unique sequences were
counted and extracted for alignment with the non-mutated
reference sequence. After testing several alternatives such as
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BLAST, Bowtie or Smith & Waterman, pairwise alignments with
the reference sequence were performed with the Needleman &
Wunsch algorithm using a custom score matrix and suitable gap
opening and extension penalties, since it (i) allowed systematic
alignment over the entire length of the reference sequence and
(ii) satisfactorily handled even important size differences
between the mutated and the reference sequence. The next
step allowed to quantify by a Python script the different types
of mutations (deletion, insertion, mismatch) for each position of
the reference sequence, excluding the primer regions and
distinguishing the 20 nt CRISPR/Cas9 range corresponding to
the sgRNA binding site from the rest of the amplified sequence.
Finally, the types and positions of the mutations were
summarized in a logo (Figure 2B). Together with an original
assembly of the tools, the logo was the most distinctive feature of
the pipeline (Supplementary Table S4, Guell et al., 2014; Boel
et al., 2016; Park et al., 2016; Pinello et al., 2016; Wang et al,,
2017; Liu et al., 2019).

This experimental system was used to analyze the
CRISPR/Cas9 mutation landscape at 14 different target sites
(Supplementary Table S3). On average, nearly 15 million
sequence reads were obtained for each target. An average
99.2% success rate of the PEAR step and a 99.3% success rate
of the combined FASTQC/Fastq-mcf step were indicators for
excellent sequence quality (Supplementary Table S5). The
collapse to unique sequences reduced the number of reads to
11% on average, rendering the time-consuming pairwise
alignment step easily feasible. After several tests, the
(modifiable) default minimal value of the Needleman &
Wunsch score needed for a sequence to be retained for
subsequent steps was fixed to 200, which was a compromise
between exhaustiveness to include even large deletions or
insertions and specificity to exclude PCR products not related
to the target site. When applying this default threshold, on
average 8.2% of the unique sequences were eliminated
(Supplementary Table S5). The next step was to count the
occurrences for each unique sequence in the initial read sets
either with or without consideration of the 5-nt tag.
Considering the mutation rate at every single position of
the 14 analyzed amplicons, the highest difference ever
observed with or without consideration of the tag was a 2.1-
fold decrease when considering the 5 nt-tag. This suggested
that there was no strong over-representation of particular
PCR products and that the relative values obtained with or
without tag were very similar. In the last step the table with
numerical values was exploited to create a visual
representation of the results (mutation logo, as exemplified
in Figure 2B). With regard to the canonical Cas9 cleavage site
3 nucleotides upstream of the PAM site, the positions of
mutations will be indicated with increasing negative or
positive numbers to the left (upstream) or to the right
(downstream) of the cleavage site throughout this
manuscript (Figure 2B).
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Theoretical considerations indicate that the observed final
counts are only semi-quantitative values under our experimental
setup. The transformation of 500 000 protoplasts allows at the
most 1 million (diploid genome) independent mutations. Since
each amplicon was sequenced with a depth of 15 million reads,
this indicates that on average a given mutation was independently
amplified 15 times with different 5-nt tags. Considering that only
80 ng of protoplast DNA (containing approximately 66 000
genomes) was amplified, the real effect was even much stronger.
This limitation needs to be kept in mind when analyzing the
numbers presented in the following chapters.

Mutagenesis tendencies in selected
ZmSWEET genes

In order to validate our quick transient protoplast
transformation to gather information on CRISPR/Cas9
efficiency, we targeted three genes from the Sugars Will
Eventually Be Exported Transporter (SWEET) family, previously
identified as expressed at an embryo/endosperm interface (Doll
et al,, 2020): ZmSWEET14a (Zm00001e011125), ZmSWEET14b
(Zm00001e021494) and ZmSWEET15a (Zm00001e022582). Each
gene was targeted with two sgRNAs, which were identical for the
paralogous genes ZmSWEETI4a and ZmSWEETI14b showing
very high sequence homology (Supplementary Table S3). For
NGS analysis, gene specific primers were designed to amplify the
two targets in ZmSWEET14a and in ZmSWEET14b with a single
amplicon of 199 bp and 194 bp, respectively. For ZmSWEET15a,
only the mutagenesis events at the sgRNA1 target were analyzed.

To assess the general sgRNA design efficiency, the occurrence
of mutations (deletions, insertions and mismatches) starting or
ending within the 20-nt target regions was compared to the
occurrence of mutations originating outside of the targets. All
five targets considered, the number of deletions and insertions per
base was at least 11 times and up to 567 times higher within the
20-nt target than in the rest of the amplicon. The number of
mismatches was also slightly higher within all targets except for
the sgRNA2 target in ZmSWEET14a (Supplementary Table S5).
Please note that sgRNA1 contained an additional A at its 5'-end,
which was not present at the genomic target site, to allow efficient
transcription from the OsU3 promoter (Supplementary Table S3).

Although the sgRNA target sequences were identical
between ZmSWEETI14a and ZmSWEETI14b the type of
deletions observed within the target range of sgRNA1 showed
contrasted results between the two genes (Figure 3A). For
example, a deletion at position -2 to -1 was 10 times more
frequent for ZmSWEETI14b as compared to ZmSWEET14a. In
contrast, the type of deletions observed at sgRNA2 target
followed the same trends for the two genes with the highest
frequency observed for a CC deletion at position -2 to -1
(Figure 3A). For ZmSWEET15a, the usual -1 position had the
highest deletion frequency (25%), followed by positions -5 to -2
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FIGURE 3

CRISPR/Cas9-induced mutations landscape in ZmSWEET genes. (A—C) Graphs indicating the deletion and insertion frequency in
Zm00001e011125 (ZmSWEET14a), Zm00001e021494 (ZmSWEET14b) and Zm00001e022582 (ZmSWEET15a). (A) Frequency of selected
deletions. (B) Frequencies of large deletions observed between the two target sites in Zm00001e011125 (ZmSWEET14a) and Zm00001e021494
(ZMmSWEET14b). Positions are relative to the Cas9 cleavage sites of each target. Values in brackets indicate the length of the deletions. (C)
Frequency of insertions at all positions of the target sequences. The Cas9 cleavage site is indicated by a black arrow. The numbers of the x-axis

indicate the position of the mutations relative to this cleavage site.

(20%) and -5 to -1 (15%) (Figure 3A). The efficiency of sgRNA2
(~85%) to generate deletions in ZmSWEETI4a and
ZmSWEET14b was far greater than the one of sgRNA1 (~9%)
(Supplementary Figure S2A).

Large deletions between the two targets sites of
ZmSWEETI14a and ZmSWEET14b represented ~5% of all
deletions observed for each gene, with the highest frequency
observed for the 86 bp deletion between position -1 of the first
target and position +2 of the second target (Figure 3B).

The vast majority of insertions concerned positions -1 and +1
for all 5 targets, the values at position -1 being higher with the
exception of ZmSWEET15a (Figure 3C). There was a good
correspondence for sgRNAI and sgRNA2 targets between
ZmSWEET14a and ZmSWEETI4b. The efficiencies of the two
sgRNAs to generate insertions in ZmSWEETI14a and
ZmSWEET14b were balanced in ZmSWEET14a with ~47% and
~53%, whereas sgRNA2 was more efficient in ZmSWEET14b
(~77%) than in ZmSWEETI4a (~23%). The imbalance for
sgRNA2 was reminiscent of the one observed for deletions
(Supplementary Figure S2B).

The two vectors used to target ZmSWEETI4a,
ZmSWEETI14b and ZmSWEET15a in protoplasts were used in
parallel to generate stable transformants (Supplementary Table
S6). All nine TO Zmsweet14a/14b mutant plants bared mutations
at the sgRNAZ2 target site for each gene and only one plant had a
mutation at the sgRNA1 target site in ZmSWEETI14b (a 1 bp
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insertion at position -1). The analysis of 8 events (for one event
Sanger sequencing could not be interpreted) at the sgRNA2
target site in ZmSWEETI4a revealed that all events were bi-
allelic. The most frequent ones with 62.5% (10/16) and 18.75%
(3/16) were a 1 bp insertion at position -1 and a 1 bp deletion at
position -1, respectively. In ZmSWEET14b, the most frequent
types of mutation were a 1 bp insertion at position -1 (20%), a 5
bp deletion at position -2 to +3 (20%) and a 90 bp deletion (20%)
not located between the two targets. In the case of ZmSWEET15a
only one plant was retrieved after stable genetic transformation,
and this plant carried a 23 bp deletion at the sgRNA1 target site
(Supplementary Table S6). These numbers obtained in stable
maize transformation of immature embryos are not statistically
significant due to small sample size but fit the overall trends
observed in the leaf protoplast system.

Similar efficiency of three different
sgRNA scaffolds

One of the major changes in adapting the naturally occurring
type IT CRISPR/Cas9 bacterial defense system to a biotechnology
tool was the fusion of the crRNA and a normally trans-encoded
tractrRNA into a single sgRNA molecule capable to form a
complex with the Cas9 protein and to sequence-specifically
cleave target DNA (Jinek et al.,, 2012; Cong et al., 2013). Several
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designs of sgRNA scaffolds have been proposed mainly differing
in the length and structure of the hairpin linking the two initial
molecules (Supplementary Figure S3). To compare the most
frequently used scaffold in plants (Shan et al., 2013) with two
alternative designs (Miao et al., 2013; Dang et al., 2015), the same
20 nucleotides complementary to the target sequence in
Zm00001e008508 was linked to the three different scaffolds
called hereafter Shan, Miao and Dang (Figure 4A and
Supplementary Table S3). All three scaffolds were transformed
in parallel into aliquots of a single batch of maize protoplasts
(data set 1: Shanl, Miaol and Dangl) and the experiment was
repeated for the Shan and Miao scaffolds several months later
(data set 2: Shan2 and Miao2).

In a first instance, the type of scaffold may influence the rate
limiting step of double stranded breaks which is the formation of
a ternary complex between Cas9/sgRNA and DNA (Raper et al.,
2018). Using the ratio of mutations within over outside the target
range as an indicator of CRISPR/Cas9 efficiency, all three
scaffolds resulted in efficient targeted mutagenesis
(Supplementary Table S5, Supplementary Figure S3). In the
first experiment (single protoplast batch for three constructs),
the Dang scaffold showed a lower deletion efficiency (31-fold
increase within the target range) than the Shan (99-fold) and
Miao scaffolds (128-fold). For insertions, the efficiency was quite
similar between the Dang (42-fold), Shan (31-fold) and Miao
scaffolds (35-fold) There were no tangible differences between
scaffolds for mismatch mutations (0.35, 0.37 and 0.37-fold
increase respectively, Supplementary Table S5).

In addition, the nature of the Cas9/sgRNA complex can have
an influence on the type of double strand break (blunt versus
staggered), which in turn influences the repair mechanisms
involved and finally the type of mutations (Molla and Yang,
2020). A closer look at the type and position of the deletions and
insertions revealed a remarkable difference of the Dang scaffold
for single base deletion at the +1 position (13%) compared to the
Shan (2%) and Miao (1%) scaffolds (Figure 4B). The frequency
remained nevertheless lower than at the usual -1 position (36%).
Despite some minor quantitative differences, the overall pattern
for other deletions as well as for insertions was quite similar
between repetitions and between scaffolds (Figures 4B, C).

Finally, the fully independent repetition of the experiment
for the Shan and Miao scaffolds showed that the mutation rates
within and outside the target range were more different between
experiments than between scaffolds (Supplementary Table S5)
suggesting that (semi)-quantitative comparisons need to be
carried out in a single experiment with parallel plasmid DNA
isolation, the same batch of protoplasts, parallel NGS library
construction and the same Illumina flow cell.
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Cas9 variants with relaxed PAM sites
work in maize

The recent development of engineered Cas9 proteins with
relaxed PAM sequences has alleviated the limitation of the strict
NGG PAM sequence of the original SpCas9 system and given
access to larger portions of genomes for genome editing. To
assess the relative efficiencies of the xCas9 (FHu et al., 2018) and
Cas9-NG (Nishimasu et al., 2018) variants, we took advantage of
the high sequence similarity between the two paralog genes
ZmGASSHOa (ZmGSOa, Zm00001e035023) and ZmGASSHOb
(ZmGSOb, Zm00001e010407) to design two sgRNAs, each of
them targeting the same string of 20 nt in both ZmGSO genes
followed by either the canonical NGG PAM in one of the
ZmGSO genes or an alternative NG PAM (CGC or CGA) in
the other ZmGSO gene (Figure 5A). Protoplast transformation
was performed with individual constructs for each Cas9
alternative and resulted in typical small insertions and
deletions around the Cas9 cleavage site for both systems
(Figure 5 and Supplementary Figure S4).

Both xCas9 and Cas9-NG actually provoked deletions at
the non-canonical NGC and NGA PAM sites. However, the
number of deletions for 5 selected intervals (Figures 5B, C)
was on average 5 times (Cas9-NG) and 101 times (xCas9)
lower than for the canonical NGG PAM at the sgRNA1 target
site and on average 10 times (Cas9-NG) and 2980 times
(xCas9) lower at the sgRNA2 target site. Similarly, the
number of insertions at positions -3, -2, -1 and +1
(Figures 5D, E) was on average 35 times (Cas9-NG) and 87
times (xCas9) lower than for the canonical NGG PAM at the
sgRNAL target site and on average 11 times (Cas9-NG) and
2017 times (xCas9) lower at the sgRNA2 target site. Taken
together these results indicate that the capacity to induce
indels at NG PAM sites as compared to NGG PAM sites is
one order of magnitude lower for Cas9-NG and two to three
orders of magnitude lower for xCas9.

The relative frequencies of selected deletions were very similar
for the NGG/NGC context for both xCas9 (at the most 1.68-fold)
and Cas9-NG (at the most 1.91-fold, Supplementary Figure S4A),
whereas more substantial differences existed for the NGG/NGA
context for xCas9 (maximum 41-fold at positions -5 to -2) and
Cas9-NG (maximum 25-fold at positions -2 to -1) Supplementary
Figure S4B). Insertions were most frequent at the -1 position
followed by the -2 and either the -3 or +1 position for the NGG/
NGC context and by the +1 position for the NGG/NGA context.
Differences affecting only one Cas9 variant in a given NGG/NG
context may reflect differences in Cas9 positioning at the target
site due to sub-optimal engineering.
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FIGURE 4

Evaluation of sgRNA scaffolds. (A) Secondary structures of the
sgRNAs composed of the 20 nucleotides complementary to the
target sequence in Zm00001e008508 (start indicated by
arrowhead) and the three different scaffolds indicated. The light
brown rectangles highlight the differences between the
scaffolds. (B, C) Graphs indicating the deletion (B) and insertion
(C) frequency of mutations for selected deletions (B) and
insertions at all positions (C) of the 20 nt target sequence of
Zm00001e008508. The Cas9 cleavage site is indicated by an
arrow. Shanl and Shan2, as well as Miaol and Miao2, are
biological replicates, i.e. represent data from two independent
experiments carried out at several months’ interval with different
protoplast batches and independent DNA extraction,
amplification and NGS analysis.

APOBEC1 C-deaminase permits efficient
base editing in maize

Base editing has emerged as an efficient albeit more limited

alternative to gene editing by homologous recombination
(Mishra et al., 2020). For C to T editing, two main sources for
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cytidine deaminases have been successfully used in plants,
APOBECI from rat (Zong et al, 2017) and CDA1 from sea
lamprey (Shimatani et al.,, 2017). In this study the nCas9-PBE
(plant base editor) was used, in which the APOBEC1 domain is
fused to a Cas9-D10A nickase and an uracil glycosylase inhibitor
(UGI). The presence of UGI avoids an abasic site and error-
prone repair and favors mismatch repair of the nicked strand
(Komor et al., 2016). The target sites were chosen in
7Zm00001e018755 (ZmICEa) and Zm00001e008118 (ZmZOU/
O11), two transcription factors of the bHLH family (Grimault
et al,, 2015; Feng and Song, 2018). The goals were to create a
STOP codon (Q274/, target 1) and to mutate the only serine
predicted in silico to be phosphorylated (Walley et al., 2016)
(S283L, target 2) in ZmICExa, as well as to create a STOP codon
(Q355/) in ZmZOU.

Protoplast transformation with individual constructs for
each of the three targets (Supplementary Table S3) resulted
in efficient base editing for the two targets in
Zm00001e018755 (ZmICEa) and moderate base editing for
Zm00001e008118 (ZmZOU/O11, Figure 6). C to T
transitions were by far the most frequently observed
mismatches in the sgRNA binding site of 20 nt with 84%
for target 1 of ZmICEa, 94% for target 2 of ZmICEa and 47%
for ZmZOU/O11 (Supplementary Figure S5). The frequency
of other nCas9 induced mismatches was very low, since the
considerable background level of mismatches likely caused
by errors introduced during PCR and Illumina NGS
reactions (Schirmer et al., 2015) was quite similar within
and outside of the sgRNA binding range, with a ratio of 0.62,
1.04 and 1.28 for the three targets (Supplementary Figure
S5). Deletions and insertion were respectively one and two
orders of magnitude less frequent than mismatches and there
was no notable difference between their frequency in the
sgRNA binding range and neighboring regions, indicating
that the D10A mutation of the Cas9 efficiently reduced or
aborted Cas9-mediated double strand break and subsequent
NHE]. Deletions were most frequent in homopolymer
stretches, likely reflecting Illumina NGS errors.

The frequency of C to T transitions strongly varied with
distance from the nCas9 nick site. For example, in the case of
ZmO00001e018755 (ZmICEa, target 2) C to T base editing gradually
increased for positions -7, -8, -9 and -13, whereas no substantial
base editing occurred at positions -1, -2, -3 and -15 (Figure 6).
Similarly, editing was highest at position -14 for Zm00001e018755
(ZmICEa, target 1) and at positions -11 and -13 for
Zm00001e008118 (ZmZOU/O11). No substantial C to T base
editing was detected at the other side of the nick (positions +1
to +3) or outside of the sgRNA binding range. The observed
editing window from -7 to -14 is in overall agreement with
previous work (Zong et al, 2017) despite slightly different
boundaries (-9 to -15).
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FIGURE 5

Efficiency of Cas9 variants. (A) Gene models of ZmGSOa and ZmGSOb indicating the target sequences and PAM sites for sgRNAL and sgRNA2.
(B-E) Graphs indicating the number of mutations for selected deletions (B, C) and insertions at all positions of the 20 nt targets (D, E) at the
binding sites of sgRNA1L and sgRNA2 in ZmGSOa (NGC and NGG PAM) and ZmGSOb (NGG and NGA PAM) generated by xCas9 and Cas9-NG.

The Cas9 cleavage site is indicated by an arrow

Base editing of ZmICEa impacts stomata
and plant growth

Stable transformation of the construct aiming at target 2 in
ZmICEa (Zm00001e018755) demonstrated the predictive value
of protoplast work. All 5 transformation events carried the C to
T change at position -13 at target 2, which was the most
frequently observed change in protoplasts (Figure 6). One of
the 5 events contained in addition a double C to T mutation in
positions -8 and -9 at target 2, which corresponded to the next
most frequent modifications in protoplasts. More unexpectedly,
another of the 5 events also carried a C to G mutation changing

Frontiers in Plant Science

10

the triplet TCA (serine) to a TGA (stop codon), a modification
also found in protoplasts but with a much lower frequency.

To assess the phenotypic impact of the loss of the single
predicted phosphorylation site in ZmICEa, the corresponding
ZmiceaS283L mutant together with the ZmiceaS283/ mutant
carrying a stop codon in the same position, and an insertional
mutant Zmicea::Mu were propagated in parallel (Figure 7). In
the T1 generation, heterozygous plants carrying the respective
mutations but lacking the Cas9/sgRNA transgene were selected
and self-pollinated. Phenotypic characterization was carried out
on homozygous T2 plantlets. At 25 days after sowing (DAS), no
notable difference in plant growth was observed for the
ZmiceaS283L mutant, whereas the ZmiceaS283/ and Zmicea::
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FIGURE 6

Base editing. Cumulative graph indicating the number and type
of mutations for every position of the 20 nt target sequence
(red) and the 10 nt upstream and downstream for target 1 (A)
and target 2 (B) of Zm00001e018755 and for Zm00001e008118
(C). The PAM site is in green. Positions of selected bases refer to
the nCas9 nick site (arrow).

Mu mutants were smaller and had less developed root systems
than wildtype siblings (Figures 7A-C). At 38 DAS (Figures 7D-F)
and 66 DAS (Figures 7G-I and Supplementary Figure S6), the
ZmiceaS283L mutant continued to grow similarly to wildtype
siblings, while mutants ZmiceaS283/ and Zmicea::Mu stopped
growth and eventually died. Observation of leaves on a trans-
illuminator revealed that mutants ZmiceaS283/ and Zmicea::Mu
had more transparent, paler leaves compared to wildtype and
mutant ZmiceaS283L and presented dark green spots in the pale
zones (Figures 7J-L). Leaf imprints indicated more frequent
aberrations from the regularly spaced stomata pattern in
mutants ZmiceaS283/ and Zmicea:Mu than in wiltype and
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mutant ZmiceaS283L (Figures 7M-0). A more detailed
analysis of stomata of the Zmicea::Mu mutant showed that
they appeared small and abnormally shaped (Supplementary
Figure S7). In many cases, even when the stomata looked
relatively normal, the aperture of the pore which is formed by
separation of the two guard cells, was not fully formed in the
mutant (Supplementary Figure S7). To quantify this stomatal
phenotype, indexes of normally shaped stomata, abnormally
shaped stomata and meristemoids (epidermis cell number per
stomata or meristemoid) on the adaxial face of the third leaf
were calculated (Supplementary Figure S7]). Zmicea::Mu plants
had 5.5-fold more abnormally shaped stomata, 5.5-fold fewer
normally shaped stomata and 1.3-fold more meristemoids
than wildtype.

Discussion

We present here an optimized maize protoplast system and a
specifically developed bioinformatics pipeline to evaluate rapidly
the efficiency of CRISPR/Cas9 constructs or of novel Cas9
variants before engaging in time- and resource-consuming
stable transformation.

Protoplasts allow rapid evaluation of
genome editing tools

A revisited and streamlined protocol for the preparation and
transformation of maize leaf protoplasts was used to characterize
the type and frequency of the modifications triggered by the
CRISPR/Cas9 genome editing tool. The system showed a good
repeatability between samples analyzed in two independent
experiments and the comparison with the type and frequency
of the modifications observed after stable transformation with
some of the constructs suggested that the results of transient
transformation in protoplasts were a good indicator to predict
ulterior maize transformation.

As expected, the most frequently observed modifications
were small indels at the cleavage site of the Cas9 enzyme 3 bp
upstream of the PAM site (Chen et al., 2019; Doll et al., 2019). If
most of the time the frequency of the deletions decreased both
with their size and the distance of the deletion starting point
from the cleavage site, in several cases specific deletions of
several bases deviated from this overall pattern, for example,
deletions between positions -9 and -2 in the target sequence used
to compare different scaffolds (Figure 4B).

There are obvious limits to the analysis of genome editing
events by PCR followed by NGS. PCR will only amplify events
where both primer sequences remain present in the genome and
even in paired-end mode, only PCR products smaller than
300 bp can be fully analyzed on an Illumina NextSeq500
platform, restricting the analysis to the vicinity of the target
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site and excluding the detection of deletions or insertions larger
than 300 bp as well as chromosome rearrangements. Large
deletions of dozens of kb (Ordon et al., 2017) and
recombination between chromosomes (Schmidt et al., 2020)
have been reported in Arabidopsis, although they remain
considerably less frequent than small indels.

For user-friendly analysis of the NGS data, a 7-step
bioinformatics pipeline combining existing programs and
custom-made Python scripts was developed. A first key point
was the choice of the Needleman & Wunsch algorithm with a
custom scoring matrix for pairwise alignments with the
reference sequence to guarantee a systematic alignment over
the entire length of the reference sequence and satisfactorily
handle the often important size differences between the mutated
and reference sequence. The other major asset was the
development of an original graphical output that resumes in
an intuitive logo the nature, frequency and position of the
genome modifications (Figure 2).

L Wildtype Wildtype Zmicea::Mu

Wildtype

FIGURE 7

Base editing of ZmICEa impacts plant growth. (A-1) The
ZmiceaS283L (A, D, G, 3, M), ZmiceaS283/ (B, E, H, K, N) and
Zmicea::Mu (C, F, I, L, O) mutants (T2 generation without the
Cas9/sgRNA transgene, left half of the panel) and wildtype
siblings (right half of the panel) were photographed 25 days after
sowing (DAS, A-C), at 38 DAS (D-F) and at 66 DAS (G-I). At 25
DAS the plants were removed from their pots to visually evaluate
root development at the surface. (J-L) Observation of mutant
(left) and wildtype (right) leaves on a trans-illuminator. (M-O)
Light microscopy of leaf imprints of mutant (left) and wildtype
(right) leaves. Red arrows indicate positions where stomata were
expected.
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Longer stems in certain plant sgRNA
scaffolds do not improve genome editing

Cas9 is an inherently efficient nuclease leaving little room for
improvements. On the other hand, the sgRNA is a
biotechnological engineering product raising the question,
whether the initial fusion of the crRNA and a normally trans-
encoded tracrRNA into a single sgRNA molecule (Jinek et al.,
2012; Cong et al., 2013) was the optimal solution to form a
complex with the Cas9 and to be active in plants. For example,
the two initial designs of Jinek et al. (2012), (Supplementary
Figure S3) had quite different activity in vitro and underlined the
importance of a minimum length of the sgRNA. The
comparison of the most frequently used scaffold in plants
(Shan et al, 2013) with two alternative designs with longer
stems (Miao et al, 2013; Dang et al, 2015) in the maize
protoplast system did not reveal any tangible differences in the
efficiency of the three designs. Keeping in mind that more
profound changes in the sgRNA scaffold, such as the addition
of MS2 hairpins attracting transcriptional activator complexes
(Chavez et al., 2016), also do not seem to notably reduce the
efficiency of the system, one may conclude that the sgRNA-Cas9
interaction is rather robust to change, as long as minimum
length requirements are fulfilled.

To increase the overall efficiency of genome editing in maize,
other approaches may be more promising, for example the use of
the Babyboom/Wuschel system to overcome genotype
dependency (Lowe et al., 2016) and to shorten the duration of
in vitro culture steps by the use of somatic embryogenesis
(Masters et al., 2020). For genome editing of recalcitrant elite
lines, trans editing also called HI editing (Kelliher et al., 2019)
based on in planta transfer of the editing tool from easily
transformable lab varieties also holds considerable promise
(Jacquier et al., 2020). Another important consideration
frequently neglected is the vectorization of Cas9. Recent
studies underline the importance of optimized promoter-Cas9
and Cas9-terminator junctions for efficient genome editing
(Castel et al., 2019) and report a substantial improvement by
the introduction of introns in the Cas9 coding sequence
(Grutzner et al., 2021).

Relaxed PAM increases the choice of
target sites for genome editing

For the first time, the activity of two Cas9 variants, xCas9
and Cas9-NG, has been assessed in maize. The efficiency of the
two enzymes recognizing relaxed PAM sites differed in maize
protoplasts depending on the type of the PAM sequence. In the
case of the canonical NGG PAM, the lower activity of Cas9-NG
compared to xCas9 observed here, has been reported before in
rice protoplasts (Zhong et al, 2019) and mammalian cells
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(Nishimasu et al., 2018). On the other hand, other studies report
higher efficiency of Cas9-NG compared to xCas9 on NGG PAM
targets in stable Arabidopsis (Ge et al, 2019) and rice
transformants (Ren et al, 2019). Consequently, the relative
efficiency of xCas9 and Cas9-NG in an NGG PAM context
seems to vary, possibly depending on the protospacer context,
the species, the vectorization (promoter, terminator) of the Cas9,
and/or the method of transformation. Our study did not include
a wildtype Cas9 for the same target sites, but several studies have
shown that it systematically displays higher efficiencies than
xCas9 and Cas9-NG on targets with NGG PAM sequence
(Nishimasu et al., 2018; Ge et al.,, 2019; Ren et al,, 2019; Zhong
etal., 2019). Therefore, native Cas9 remains the system of choice
for a targeted mutagenesis aiming at a single 20 nt target
followed by NGG.

In the context of the non-canonical NGC PAM, the
efficiencies observed here for indel induction at the target site
were considerably higher for Cas9-NG than for xCas9. This
observation is in agreement with other studies which
consistently report higher efficiency of Cas9-NG compared to
xCas9 in rice (Ren et al,, 2019; Zhong et al., 2019), Arabidopsis
(Ge et al,, 2019) and tomato (Niu et al., 2020) with non-NGG
PAMs. The efficiency observed in maize protoplasts for xCas9, at
least at the tested alternative CGC PAM site, seems incompatible
with routine use in stable maize transformation, despite the fact
that a C in the last position of the PAM site is less favorable than
aT or A (Nishimasu et al,, 2018). In contrast, the frequency for
Cas9-NG was more encouraging and it would be interesting to
test the system to see if stable maize transformants can be
generated at a reasonable rate. In conclusion, Cas9-NG but
not xCas9 has the potential to expand the scope of putative
targets in the maize genome not only for targeted mutagenesis
but also for base or prime editing using a nickase version of the
Cas9-NG backbone.

Efficient base editing in maize

Cto T base editing with the nCas9-PBE (Zong et al., 2017) in
maize protoplasts gave rise to contrasting results for three target
sites in ZmICEa (Zm00001e018755) and ZmZOU/O11
(Zm00001e008118), two transcription factors of the bHLH
family (Grimault et al., 2015; Feng and Song, 2018). In
ZmICEa, target 1 and target 2 were edited with a high
efficiency comparable to targeted mutagenesis. The edits were
almost exclusively of the C to T type and limited to a window
from positions -7 to -14 counting from the nicking site, which is
in agreement with the -9 to -15 window reported previously
(Zong et al., 2017). Furthermore, the relative frequencies of edits
observed during transient expression in protoplasts had
predictive value for the edits actually found in stable
transformants. Stable transformation also demonstrated that
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rare events in protoplasts may occasionally be found in
transgenic maize plants, such as a C to G mutation creating a
stop codon in ZmICEa.

Unexpectedly, base editing using the same base editor and
identical criteria for sgRNA design was 25 times less efficient for
ZmZOU/O11. There is no obvious explanation for this
difference, but the situation is reminiscent of targeted
mutagenesis of ZmZOU/O11 with an active Cas9, which has
so far proven impossible to achieve in our hands, although
another study managed to obtain mutant alleles (Feng et al.,
2018). One may hypothesize differences in the accessibility of
ZmICEa and ZmZOU/O11 for the CRISPR/Cas9 tools, for
example related to different degrees of chromatin
condensation. It has been shown that chromatin de-
condensation by Trichostatin A (TSA) can increase the
efficiency of CRISPR/Cas9-mediated indel formation in lettuce
and tobacco protoplasts (Choi et al., 2021).

The results also highlighted some current limitations of
base editing, which remains limited to C and A base editors
that act in a narrow window. T and G base editors are needed to
complete the tool kit, while variations in the length of the linker
between the nCas9 and the base editor domain can give access
to other editing windows (Tan et al., 2019). Optimized prime
editing fusing nCas9 to a reverse transcriptase rather than a
base editor is another promising alternative to overcome
present limitations (Lin et al., 2021; Xu et al., 2022).

ZmICEa is necessary for stomatal
development and plant growth

In Arabidopsis, AtICEl, the founding member of the ICE
family, is a bHLH transcription factor involved in three different
pathways: cold-tolerance (Chinnusamy et al., 2003), stomatal
development (Kanaoka et al., 2008) and seed development (Xing
et al,, 2013; Denay et al., 2014). In leaves, AtICE1 and AtCRM2
form heterodimers with AtSPEECHLESS, AtMUTE and
AtFAMA, three bHLH transcription factors, to regulate
stomatal development (Kanaoka et al., 2008). This regulation
is conserved in grasses such as Brachypodium (Raissig et al,
2016) and rice (Wu et al, 2019), although the wiring is
somewhat modified (Nunes et al., 2020). These data, together
with the stomatal phenotype reported in ZmZOU/O11 ectopic
expression lines (Grimault et al., 2015), and the fact that
ZmiceaS283/ and Zmicea::Mu mutants showed reduced growth
and chlorosis, led us to test whether ZmICEa
(Zm00001e018755) plays a role in stomatal development. We
found that in Zmicea::Mu mutants, even when the stomata
looked relatively normal, the aperture of the pore was not fully
formed, a phenotype which is likely to restrict gas exchange
potentially leading to the chlorotic leaf phenotype. We also
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found abnormally shaped stomata similar to those observed in
the Osfama-1 mutant (Liu et al,, 2009). Our data suggest that,
contrary to AtICEl which, redundantly with AtSCRM2, is
necessary throughout stomatal development, ZmICEa could be
specifically and non-redundantly be required during the last
steps of stomatal differentiation. It would be interesting to test
the physical interactions of ZmFAMA with ZmICEa in order to
see whether this apparently specific late role reflects a specific
protein binding affinity.

The absence of a strong stomatal phenotype in the
ZmiceaS283L mutant, where base editing prevents the
predicted phosphorylation of the serine residue, may be
explained either by the fact that this phosphorylation is not
indispensable for ZmICEa to fulfill its role in stomatal
development, or by a stabilization of ZmICEa in the absence
of phosphorylation, leading to a gain-of-function rather than
loss-of-function phenotype similarly to what has been reported
for the semi-dominant Aticel-1/AtScrm-D allele (Chinnusamy
et al., 2003).

Data availability statement

The data for this study have been deposited in the European
Nucleotide Archive (ENA) at EMBL-EBI under accession
number PRJEB56234 (https://www.ebi.ac.uk/ena/browser/
view/PRJEB56234).

Author contributions

ND-F, AG, TW, and PR designed the research; YF, NMA]J,
EM, CR, and JL-M performed research; LG and JJ contributed
new computational tools; YF, NMAJ, LG, JJ, JL-M, TW, and PR
analyzed data; and YF and PR wrote the paper. All authors
contributed to the article and approved the submitted version.

Funding

The work was financed in part by the Investissement
d’Avenir program of the French National Agency of Research
for the project GENIUS (ANR-11-BTBR-0001_GENIUS). YF
was supported by a CIFRE fellowship of the ANRT (grant N°
2018/0480).

Frontiers in Plant Science

14

10.3389/fpls.2022.1010030

Acknowledgments

We thank Justin Berger, Alexis Lacroix and Patrice Bolland
for maize culture, Hervé Leyral and Isabelle Desbouchages for
media preparation, Claire Lionnet for assistance with
epifluorescent microscopy, Ghislaine Gendrot and Kathy
Gallay for maize transformation, and Antoine Heurtel, Marie
Martelat and Hadrien Guichard for initial developments of the
bioinformatics pipeline. Benjamin Gillet and Sandrine Hughes
(ENS de Lyon) of the IGFL sequencing platform (PSI) are
acknowledged for expert advice, library preparation and
Mumina runs, and Stefan Scholten (University Gottingen) for
tricks in maize protoplast isolation. Credits are attributed to
Bakunetsu Kaito, Yohann Berger, Julie Ko, Smalllike, N.Style
and IYIKON for their vectorial images under CC BY 3.0 license,
(https://thenounproject.com/) used and modified in Figure 1A.

Conflict of interest

YF and AG were employed by MAS Seeds, NMA]J is presently
employed by Limagrain Europe, TW has currently a collaborative
research project with Limagrain Europe, and PR is a member of
the operational directorate of the PlantAlliance consortium.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.1010030/full#supplementary-material

frontiersin.org


https://www.ebi.ac.uk/ena/browser/view/PRJEB56234
https://www.ebi.ac.uk/ena/browser/view/PRJEB56234
https://thenounproject.com/
https://www.frontiersin.org/articles/10.3389/fpls.2022.1010030/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1010030/full#supplementary-material
https://doi.org/10.3389/fpls.2022.1010030
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Fierlej et al.

References

Adli, M. (2018). The CRISPR tool kit for genome editing and beyond. Nat.
Commun. 9, 1911. doi: 10.1038/541467-018-04252-2

Andrews, S. (2010). FastQC: a quality control tool for high throughput sequence
data (Cambridge, United Kingdom: Babraham Bioinformatics, Babraham
Institute).

Aronesty, E. (2013). ). comparison of sequencing utility programs. Open Bioinf.
J. 7, 1-8. doi: 10.2174/1875036201307010001

Banks, M. S., and Evans, P. K. (1976). A comparison of the isolation and culture
of mesophyll protoplasts from several nicotiana species and their hybrids. Plant Sci.
Lett. 7, 409-416. doi: 10.1016/0304-4211(76)90162-0

Boel, A., Steyaert, W., De Rocker, N., Menten, B., Callewaert, B., De Paepe,
A, etal. (2016).). BATCH-GE: Batch analysis of next-generation sequencing
data for genome editing assessment. Sci. Rep. 6, 30330. doi: 10.1038/
srep30330

Castel, B., Tomlinson, L., Locci, F., Yang, Y., and Jones, J. D. G.
(2019). Optimization of T-DNA architecture for Cas9-mediated
mutagenesis in arabidopsis. PloS One 14, €¢0204778. doi: 10.1371/
journal.pone.0204778

Chavez, A., Tuttle, M., Pruitt, B. W., Ewen-Campen, B., Chari, R., Ter-
Ovanesyan, D., et al. (2016). Comparison of Cas9 activators in multiple species.
Nat. Methods 13, 563-567. doi: 10.1038/nmeth.3871

Chen, K., Wang, Y., Zhang, R,, Zhang, H., and Gao, C. (2019). CRISPR/Cas
genome editing and precision plant breeding in agriculture. Annu. Rev. Plant Biol.
70, 667-697. doi: 10.1146/annurev-arplant-050718-100049

Chinnusamy, V., Ohta, M., Kanrar, S., Lee, B. H,, Hong, X., Agarwal, M, et al.
(2003). ICE1: regulator cold-induced transcriptome freezing tolerance Arabidopsis.
Genes Dev. 17, 1043-1054. doi: 10.1101/gad.1077503

Choi, S. H,, Lee, M. H,, Jin, D. M,, Ju, S.J., Ahn, W. S,, Jie, E. Y., et al. (2021).
TSA promotes CRISPR/Cas9 editing efficiency and expression of cell division-
related genes from plant protoplasts. Int. J. Mol. Sci. 22. doi: 10.3390/
ijms22157817

Cong, L., Ran, F. A, Cox, D, Lin, S., Barretto, R,, Habib, N., et al. (2013).
Multiplex genome engineering using CRISPR/Cas systems. Science 339, 819-823.
doi: 10.1126/science.1231143

Dang, Y., Jia, G., Choi, J., Ma, H., Anaya, E., Ye, C, et al. (2015). Optimizing
sgRNA structure to improve CRISPR-Cas9 knockout efﬁciency. Genome Biol. 16,
280. doi: 10.1186/s13059-015-0846-3

Denay, G., Creff, A., Moussu, S., Wagnon, P., Thevenin, J., Gerentes, M. F., et al.
(2014). Endosperm breakdown in arabidopsis requires heterodimers of the basic
helix-loop-helix proteins ZHOUPI and INDUCER OF CBP EXPRESSION 1.
Development 141, 1222-1227. doi: 10.1242/dev.103531

Doll, N. M,, Gilles, L. M., Gerentes, M. F,, Richard, C,, Just, J., Fierlej, Y., et al.
(2019). Single and multiple gene knockouts by CRISPR-Cas9 in maize. Plant Cell
Rep. 38, 487-501. doi: 10.1007/s00299-019-02378-1

Doll, N. M,, Just, J., Brunaud, V., Caius, J., Grimault, A., Depege-Fargeix, N.,
et al. (2020). Transcriptomics at maize Embryo/Endosperm interfaces identifies a
transcriptionally distinct endosperm subdomain adjacent to the embryo scutellum.
Plant Cell 32, 833-852. doi: 10.1105/tpc.19.00756

Feng, F., Qi, W, Lv, Y., Yan, S, Xu, L., Yang, W, et al. (2018). OPAQUEI11 is a
central hub of the regulatory network for maize endosperm development and
nutrient metabolism. Plant Cell 30, 375-396. doi: 10.1105/tpc.17.00616

Feng, F., and Song, R. (2018). O11 is multi-functional regulator in maize
endosperm. Plant Signal Behav. 13, e1451709. doi: 10.1080/
15592324.2018.1451709

Feng, C., Yuan, J., Wang, R, Liu, Y., Birchler, J. A, and Han, F. (2016). Efficient
targeted genome modification in maize using CRISPR/Cas9 system. J. Genet.
Genomics 43, 37-43. doi: 10.1016/j.jgg.2015.10.002

Gentzel, I. N, Park, C. H,, Bellizzi, M., Xiao, G., Gadhave, K. R,, Murphree, C.,
et al. (2020). A CRISPR/dCas9 toolkit for functional analysis of maize genes. Plant
Methods 16, 133. doi: 10.1186/s13007-020-00675-5

Gerdes, J. T., and Tracy, W. F. (1993). Pedigree diversity within the Lancaster
surecrop heterotic group of maize. Crop Sci. 33, 334-337. doi: 10.2135/
cropscil993.0011183X003300020025x

Ge, Z., Zheng, L., Zhao, Y., Jiang, J., Zhang, E. ., Liu, T., et al. (2019). Engineered
xCas9 and SpCas9-NG variants broaden PAM recognition sites to generate
mutations in arabidopsis plants. Plant Biotechnol. J. 17, 1865-1867. doi: 10.1111/
pbi.13148

Gilles, L. M., Calhau, A. R. M., La Padula, V., Jacquier, N. M. A,, Lionnet, C,,
Martinant, J. P., et al. (2021). Lipid anchoring and electrostatic interactions target
NOT-LIKE-DAD to pollen endo-plasma membrane. J. Cell Biol. 220. doi: 10.1083/
jcb.202010077

Frontiers in Plant Science

15

10.3389/fpls.2022.1010030

Gilles, L. M., Khaled, A., Laffaire, J. B., Chaignon, S., Gendrot, G., Laplaige, .,
et al. (2017). Loss of pollen-specific phospholipase NOT LIKE DAD triggers
gynogenesis in maize. EMBO J. 36, 707-717. doi: 10.15252/embj.201796603

Grimault, A., Gendrot, G., Chamot, S., Widiez, T., Rabille, H., Gerentes, M. F.,
et al. (2015). ZmZHOUPI, an endosperm-specific basic helix-loop-helix
transcription factor involved in maize seed development. Plant J. 84, 574-586.
doi: 10.1111/tpj.13024

Grutzner, R., Martin, P., Horn, C., Mortensen, S., Cram, E. J., Lee-Parsons, C. W.
T., et al. (2021). High-efficiency genome editing in plants mediated by a Cas9 gene
containing multiple introns. Plant Commun. 2, 100135. doi: 10.1016/
jxplc.2020.100135

Guell, M., Yang, L., and Church, G. M. (2014). Genome editing assessment using
CRISPR genome analyzer (CRISPR-GA). Bioinformatics 30, 2968-2970.
doi: 10.1093/bioinformatics/btu427

Hua, K, Jiang, Y., Tao, X,, and Zhu, J. K. (2020). Precision genome engineering
in rice using prime editing system. Plant Biotechnol. ]. 18, 2167-2169. doi: 10.1111/
pbi.13395

Huang, T. K., and Puchta, H. (2019). CRISPR/Cas-mediated gene targeting in
plants: finally a turn for the better for homologous recombination. Plant Cell Rep.
38, 443-453. doi: 10.1007/500299-019-02379-0

Hu, J. H,, Miller, S. M., Geurts, M. H., Tang, W., Chen, L., Sun, N, et al. (2018).
Evolved Cas9 variants with broad PAM compatibility and high DNA specificity.
Nat. 556, 57-63. doi: 10.1038/nature26155

Ishida, Y., Hiei, Y., and Komari, T. (2007). Agrobacterium-mediated
transformation of maize. Nat. Protoc. 2, 1614-1621. doi: 10.1038/nprot.2007.241

Jacquier, N. M. A,, Gilles, L. M., Pyott, D. E., Martinant, J. P., Rogowsky, P. M.,
and Widiez, T. (2020). Puzzling out plant reproduction by haploid induction for
innovations in plant breeding. Nat. Plants 6, 610-619. doi: 10.1038/s41477-020-
0664-9

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., and Charpentier,
E. (2012). A programmable dual-RNA-guided DNA endonuclease in adaptive
bacterial immunity. Sci. 337, 816-821. doi: 10.1126/science.1225829

Kanaoka, M. M., Pillitteri, L. J., Fujii, H., Yoshida, Y., Bogenschutz, N. L.,
Takabayashi, J., et al. (2008). SCREAM/ICE1 and SCREAM2 specify three cell-state
transitional steps leading to arabidopsis stomatal differentiation. Plant Cell 20,
1775-1785. doi: 10.1105/tpc.108.060848

Kelliher, T, Starr, D., Su, X,, Tang, G., Chen, Z., Carter, ], et al. (2019). One-step
genome editing of elite crop germplasm during haploid induction. Nat. Biotechnol.
37, 287-292. doi: 10.1038/541587-019-0038-x

Komor, A. C., Kim, Y. B., Packer, M. S., Zuris, J. A., and Liu, D. R. (2016).
Programmable editing of a target base in genomic DNA without double-stranded
DNA cleavage. Nature 533, 420-424. doi: 10.1038/nature17946

Lin, C. S, Hsu, C. T., Yang, L. H,, Lee, L. Y., Fu, J. Y., Cheng, Q. W,, et al. (2018).
Application of protoplast technology to CRISPR/Cas9 mutagenesis: from single-
cell mutation detection to mutant plant regeneration. Plant Biotechnol. J. 16, 1295
1310. doi: 10.1111/pbi.12870

Lin, Q,, Jin, S., Zong, Y., Yu, H., Zhu, Z, Liu, G,, et al. (2021). High-efficiency
prime editing with optimized, paired pegRNAs in plants. Nat. Biotechnol. 39, 923
927. doi: 10.1038/s41587-021-00868-w

Lin, Q., Zong, Y., Xue, C., Wang, S., Jin, S., Zhu, Z,, et al. (2020). Prime genome
editing in rice and wheat. Nat. Biotechnol. 38, 582-585. doi: 10.1038/541587-020-
0455-x

Liu, T., Ohashi-Ito, K., and Bergmann, D. C. (2009). Orthologs of arabidopsis
thaliana stomatal bHLH genes and regulation of stomatal development in grasses.
Development 136, 2265-2276. doi: 10.1242/dev.032938

Liu, Q., Wang, C,, Jiao, X., Zhang, H., Song, L., Li, Y., et al. (2019). Hi-TOM: a
platform for high-throughput tracking of mutations induced by CRISPR/Cas
systems. Sci. China Life Sci. 62, 1-7. doi: 10.1007/s11427-018-9402-9

Li, C., Zhang, R., Meng, X,, Chen, S., Zong, Y., Lu, C,, et al. (2020). Targeted,
random mutagenesis of plant genes with dual cytosine and adenine base editors.
Nat. Biotechnol. 38, 875-882. doi: 10.1038/s41587-019-0393-7

Lowe, K., Wu, E., Wang, N., Hoerster, G., Hastings, C., Cho, M. ], et al. (2016).
Morphogenic regulators baby boom and wuschel improve monocot
transformation. Plant Cell 28, 1998-2015. doi: 10.1105/tpc.16.00124

Mali, P, Yang, L., Esvelt, K. M., Aach, J., Guell, M., DiCarlo, J. E,, et al. (2013).
RNA-Guided human genome engineering via Cas9. Science 339, 823-826.
doi: 10.1126/science.1232033

Masters, A., Kang, M., McCaw, M., Zobrist, J. D., Gordon-Kamm, W., Jones, T.,
et al. (2020). Agrobacterium-mediated immature embryo transformation of
recalcitrant maize inbred lines using morphogenic genes. J. Vis. Exp.
doi: 10.3791/60782

frontiersin.org


https://doi.org/10.1038/s41467-018-04252-2
https://doi.org/10.2174/1875036201307010001
https://doi.org/10.1016/0304-4211(76)90162-0
https://doi.org/10.1038/srep30330
https://doi.org/10.1038/srep30330
https://doi.org/10.1371/journal.pone.0204778
https://doi.org/10.1371/journal.pone.0204778
https://doi.org/10.1038/nmeth.3871
https://doi.org/10.1146/annurev-arplant-050718-100049
https://doi.org/10.1101/gad.1077503
https://doi.org/10.3390/ijms22157817
https://doi.org/10.3390/ijms22157817
https://doi.org/10.1126/science.1231143
https://doi.org/10.1186/s13059-015-0846-3
https://doi.org/10.1242/dev.103531
https://doi.org/10.1007/s00299-019-02378-1
https://doi.org/10.1105/tpc.19.00756
https://doi.org/10.1105/tpc.17.00616
https://doi.org/10.1080/15592324.2018.1451709
https://doi.org/10.1080/15592324.2018.1451709
https://doi.org/10.1016/j.jgg.2015.10.002
https://doi.org/10.1186/s13007-020-00675-5
https://doi.org/10.2135/cropsci1993.0011183X003300020025x
https://doi.org/10.2135/cropsci1993.0011183X003300020025x
https://doi.org/10.1111/pbi.13148
https://doi.org/10.1111/pbi.13148
https://doi.org/10.1083/jcb.202010077
https://doi.org/10.1083/jcb.202010077
https://doi.org/10.15252/embj.201796603
https://doi.org/10.1111/tpj.13024
https://doi.org/10.1016/j.xplc.2020.100135
https://doi.org/10.1016/j.xplc.2020.100135
https://doi.org/10.1093/bioinformatics/btu427
https://doi.org/10.1111/pbi.13395
https://doi.org/10.1111/pbi.13395
https://doi.org/10.1007/s00299-019-02379-0
https://doi.org/10.1038/nature26155
https://doi.org/10.1038/nprot.2007.241
https://doi.org/10.1038/s41477-020-0664-9
https://doi.org/10.1038/s41477-020-0664-9
https://doi.org/10.1126/science.1225829
https://doi.org/10.1105/tpc.108.060848
https://doi.org/10.1038/s41587-019-0038-x
https://doi.org/10.1038/nature17946
https://doi.org/10.1111/pbi.12870
https://doi.org/10.1038/s41587-021-00868-w
https://doi.org/10.1038/s41587-020-0455-x
https://doi.org/10.1038/s41587-020-0455-x
https://doi.org/10.1242/dev.032938
https://doi.org/10.1007/s11427-018-9402-9
https://doi.org/10.1038/s41587-019-0393-7
https://doi.org/10.1105/tpc.16.00124
https://doi.org/10.1126/science.1232033
https://doi.org/10.3791/60782
https://doi.org/10.3389/fpls.2022.1010030
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Fierlej et al.

Miao, J., Guo, D., Zhang, J., Huang, Q., Qin, G., Zhang, X, et al. (2013). Targeted
mutagenesis in rice using CRISPR-cas system. Cell Res. 23, 1233-1236.
doi: 10.1038/cr.2013.123

Mishra, R,, Joshi, R. K, and Zhao, K. (2020). Base editing in crops: current
advances, limitations and future implications. Plant Biotechnol. J. 18, 20-31.
doi: 10.1111/pbi.13225

Modrzejewski, D., Hartung, F., Sprink, T., Krause, D., Kohl, C., and Wilhelm, R.
(2019). What is the available evidence for the range of applications of genome-
editing as a new tool for plant trait modifcation and the potential occurrence of
associated of-target efects: a systematic map. Environ. Evid 8, 27-59. doi: 10.1186/
s13750-019-0171-5

Molla, K. A, and Yang, Y. (2020). Predicting CRISPR/Cas9-induced mutations
for precise genome editing. Trends Biotechnol. 38, 136-141. doi: 10.1016/
j.tibtech.2019.08.002

Needleman, S. B., and Wunsch, C. D. (1970). A general method applicable to the
search for similarities in the amino acid sequence of two proteins. J. Mol. Biol. 48,
443-453. doi: 10.1016/0022-2836(70)90057-4

Nishimasu, H., Shi, X., Ishiguro, S., Gao, L., Hirano, S., Okazaki, S., et al. (2018).
Engineered CRISPR-Cas9 nuclease with expanded targeting space. Science 361,
1259-1262. doi: 10.1126/science.aas9129

Niu, Q., Wu, S, Li, Y., Yang, X, Liu, P., Xu, Y., et al. (2020). Expanding the scope
of CRISPR/Cas9-mediated genome editing in plants using an xCas9 and Cas9-NG
hybrid. J. Integr. Plant Biol. 62, 398-402. doi: 10.1111/jipb.12886

Nunes, T. D. G., Zhang, D., and Raissig, M. T. (2020). Form, development and
function of grass stomata. Plant J. 101, 780-799. doi: 10.1111/tpj.14552

Ordon, J., Gantner, J., Kemna, J., Schwalgun, L., Reschke, M., Streubel, J., et al.
(2017). Generation of chromosomal deletions in dicotyledonous plants employing
a user-friendly genome editing toolkit. Plant J. 89, 155-168. doi: 10.1111/tpj.13319

Park, J., Lim, K., Kim, J.-S., and Bae, S. (2016). Cas-analyzer: an online tool for
assessing genome editing results using NGS data. Bioinformatics 33, 286-288.
doi: 10.1093/bioinformatics/btw561

Pinello, L., Canver, M. C., Hoban, M. D., Orkin, S. H., Kohn, D. B., Bauer, D. E.,
et al. (2016). Analyzing CRISPR genome-editing experiments with CRISPResso.
Nat. Biotechnol. 34, 695-697. doi: 10.1038/nbt.3583

Raissig, M. T., Abrash, E., Bettadapur, A., Vogel, J. P., and Bergmann, D. C.
(2016). Grasses use an alternatively wired bHLH transcription factor network to
establish stomatal identity. Proc. Natl. Acad. Sci. U.S.A. 113, 8326-8331.
doi: 10.1073/pnas.1606728113

Raper, A. T., Stephenson, A. A, and Suo, Z. (2018). Functional insights revealed
by the kinetic mechanism of CRISPR/Cas9. J. Am. Chem. Soc. 140, 2971-2984.
doi: 10.1021/jacs.7b13047

Ren, B, Liu, L, Li, S, Kuang, Y., Wang, J., Zhang, D,, et al. (2019). Cas9-NG
greatly expands the targeting scope of the genome-editing toolkit by recognizing
NG and other atypical PAMs in rice. Mol. Plant 12, 1015-1026. doi: 10.1016/
j.molp.2019.03.010

Ren, Q,, Sretenovic, S., Liu, S., Tang, X., Huang, L., He, Y., et al. (2021). PAM-less
plant genome editing using a CRISPR-SpRY toolbox. Nat. Plants 7, 25-33.
doi: 10.1038/s41477-020-00827-4

Rice, P., Longden, 1., and Bleasby, A. (2000). EMBOSS: the European molecular
biology open software suite. Trends Genet. 16, 276-277. doi: 10.1016/s0168-9525
(00)02024-2

Sant'Ana, R. R. A,, Caprestano, C. A, Nodari, R. O., and Agapito-Tenfen, S. Z.
(2020). PEG-delivered CRISPR-Cas9 ribonucleoproteins system for gene-editing
screening of maize protoplasts 158(9):1029. doi: 10.3390/genes11091029

Schindele, A., Dorn, A., and Puchta, H. (2020). CRISPR/Cas brings plant biology
and breeding into the fast lane. Curr. Opin. Biotechnol. 61, 7-14. doi: 10.1016/
j.copbio.2019.08.006

Schirmer, M., Jjaz, U. Z., D'Amore, R, Hall, N, Sloan, W. T., and Quince, C.
(2015). Insight into biases and sequencing errors for amplicon sequencing with the
illumina MiSeq platform. Nucleic Acids Res. 43, e37. doi: 10.1093/nar/gkul341

Frontiers in Plant Science

16

10.3389/fpls.2022.1010030

Schmidt, C., Fransz, P., Ronspies, M., Dreissig, S., Fuchs, J., Heckmann, S., et al.
(2020). Changing local recombination patterns in arabidopsis by CRISPR/Cas
mediated chromosome engineering. Nat. Commun. 11, 4418. doi: 10.1038/s41467-
020-18277-z

Schnable, P. S., Ware, D., Fulton, R. S., Stein, J. C., Wei, F., Pasternak, S., et al.
(2009). The B73 maize genome: complexity, diversity, and dynamics. Sci. 326,
1112-1115. doi: 10.1126/science.1178534

Settles, A. M., Holding, D. R,, Tan, B. C,, Latshaw, S. P., Liu, J., Suzuki, M., et al.
(2007). Sequence-indexed mutations in maize using the UniformMu transposon-
tagging population. BMC Genomics 8, 116. doi: 10.1186/1471-2164-8-116

Shan, Q., Wang, Y., Li, J., Zhang, Y., Chen, K, Liang, Z., et al. (2013). Targeted
genome modification of crop plants using a CRISPR-cas system. Nat. Biotechnol.
31, 686-688. doi: 10.1038/nbt.2650

Shimatani, Z., Kashojiya, S., Takayama, M., Terada, R., Arazoe, T., Ishii, H., et al.
(2017). Targeted base editing in rice and tomato using a CRISPR-Cas9 cytidine
deaminase fusion. Nat. Biotechnol. 35, 441-443. doi: 10.1038/nbt.3833

Tan, J., Zhang, F., Karcher, D., and Bock, R. (2019). Engineering of high-
precision base editors for site-specific single nucleotide replacement. Nat.
Commun. 10, 439. doi: 10.1038/s41467-018-08034-8

Walley, J. W, Sartor, R. C,, Shen, Z., Schmitz, R. J., Wu, K. J., Urich, M. A,, et al.
(2016). Integration of omic networks in a developmental atlas of maize. Sci. 353,
814-818. doi: 10.1126/science.aagl125

Wang, X, Tilford, C., Neuhaus, I, Mintier, G., Guo, Q., Feder, ]. N,, et al. (2017).
CRISPR-DAV: CRISPR NGS data analysis and visualization pipeline. Bioinf. 33,
3811-3812. doi: 10.1093/bioinformatics/btx518

Wolter, F., Edelmann, S., Kadri, A., and Scholten, S. (2017). Characterization of
paired Cas9 nickases induced mutations in maize mesophyll protoplasts. Maydica
62, 1-11. doi: not available

Wu, Z., Chen, L, Yu, Q, Zhou, W., Gou, X,, Li, J., et al. (2019). Multiple
transcriptional factors control stomata development in rice. New Phytol. 223, 220—
232. doi: 10.1111/nph.15766

Xing, Q., Creff, A., Waters, A., Tanaka, H., Goodrich, J., and Ingram,
G. C. (2013). ZHOUPI controls embryonic cuticle formation via a
signalling pathway involving the subtilisin protease ABNORMAL
LEAF-SHAPEI and the receptor kinases GASSHO1 and GASSHO2.
Dev. 140, 770-779. doi: 10.1242/dev.088898

Xing, H. L., Dong, L., Wang, Z. P., Zhang, H. Y., Han, C. Y., Liu, B,, et al. (2014).
A CRISPR/Cas9 toolkit for multiplex genome editing in plants. BMC Plant Biol. 14,
327. doi: 10.1186/s12870-014-0327-y

Xu, W, Yang, Y., Yang, B., Krueger, C. J., Xiao, Q., Zhao, S,, et al. (2022). A
design optimized prime editor with expanded scope and capability in plants. Nat.
Plants 8, 45-52. doi: 10.1038/s41477-021-01043-4

Yan, F,, Kuang, Y., Ren, B., Wang, J., Zhang, D., Lin, H,, et al. (2018). Highly
efficient A.T to G.C base editing by Cas9n-guided tRNA adenosine deaminase in
rice. Mol. Plant 11, 631-634. doi: 10.1016/j.molp.2018.02.008

Zetsche, B., Gootenberg, J. S., Abudayyeh, O. O., Slaymaker, I. M., Makarova, K.
S., Essletzbichler, P., et al. (2015). Cpfl is a single RNA-guided endonuclease of a
class 2 CRISPR-cas system. Cell 163, 759-771. doi: 10.1016/j.cell.2015.09.038

Zhang, J., Kobert, K., Flouri, T., and Stamatakis, A. (2014). PEAR: a fast and
accurate illumina paired-end reAd mergeR. Bioinformatics 30, 614-620.
doi: 10.1093/bioinformatics/btt593

Zhong, Z., Sretenovic, S., Ren, Q., Yang, L., Bao, Y., Qi, C, et al. (2019).
Improving plant genome editing with high-fidelity xCas9 and non-canonical PAM-
targeting Cas9-NG. Mol. Plant 12, 1027-1036. doi: 10.1016/j.molp.2019.03.011

Zhu, J., Song, N., Sun, S., Yang, W., Zhao, H., Song, W., et al. (2016). Efficiency
and inheritance of targeted mutagenesis in maize using CRISPR-Cas9. J. Genet.
Genomics 43, 25-36. doi: 10.1016/j.jgg.2015.10.006

Zong, Y., Wang, Y., Li, C, Zhang, R,, Chen, K., Ran, Y., et al. (2017). Precise base
editing in rice, wheat and maize with a Cas9-cytidine deaminase fusion. Nat.
Biotechnol. 35, 438-440. doi: 10.1038/nbt.3811

frontiersin.org


https://doi.org/10.1038/cr.2013.123
https://doi.org/10.1111/pbi.13225
https://doi.org/10.1186/s13750-019-0171-5
https://doi.org/10.1186/s13750-019-0171-5
https://doi.org/10.1016/j.tibtech.2019.08.002
https://doi.org/10.1016/j.tibtech.2019.08.002
https://doi.org/10.1016/0022-2836(70)90057-4
https://doi.org/10.1126/science.aas9129
https://doi.org/10.1111/jipb.12886
https://doi.org/10.1111/tpj.14552
https://doi.org/10.1111/tpj.13319
https://doi.org/10.1093/bioinformatics/btw561
https://doi.org/10.1038/nbt.3583
https://doi.org/10.1073/pnas.1606728113
https://doi.org/10.1021/jacs.7b13047
https://doi.org/10.1016/j.molp.2019.03.010
https://doi.org/10.1016/j.molp.2019.03.010
https://doi.org/10.1038/s41477-020-00827-4
https://doi.org/10.1016/s0168-9525(00)02024-2
https://doi.org/10.1016/s0168-9525(00)02024-2
https://doi.org/10.3390/genes11091029
https://doi.org/10.1016/j.copbio.2019.08.006
https://doi.org/10.1016/j.copbio.2019.08.006
https://doi.org/10.1093/nar/gku1341
https://doi.org/10.1038/s41467-020-18277-z
https://doi.org/10.1038/s41467-020-18277-z
https://doi.org/10.1126/science.1178534
https://doi.org/10.1186/1471-2164-8-116
https://doi.org/10.1038/nbt.2650
https://doi.org/10.1038/nbt.3833
https://doi.org/10.1038/s41467-018-08034-8
https://doi.org/10.1126/science.aag1125
https://doi.org/10.1093/bioinformatics/btx518
https://doi.org/10.1111/nph.15766
https://doi.org/10.1242/dev.088898
https://doi.org/10.1186/s12870-014-0327-y
https://doi.org/10.1038/s41477-021-01043-4
https://doi.org/10.1016/j.molp.2018.02.008
https://doi.org/10.1016/j.cell.2015.09.038
https://doi.org/10.1093/bioinformatics/btt593
https://doi.org/10.1016/j.molp.2019.03.011
https://doi.org/10.1016/j.jgg.2015.10.006
https://doi.org/10.1038/nbt.3811
https://doi.org/10.3389/fpls.2022.1010030
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Evaluation of genome and base editing tools in maize protoplasts
	Introduction
	Materials and methods
	Plant material and growth conditions
	Protoplast extraction and transformation
	Vectors for targeted mutagenesis and base editing
	Stable maize transformation
	DNA extraction and amplification
	Molecular characterization of stable maize transformants
	Library construction and sequencing
	NGS analysis

	Results
	Coupling of protoplast transformation with NGS provides deep insight in the CRISPR/Cas9 mutation landscape
	Mutagenesis tendencies in selected ZmSWEET genes
	Similar efficiency of three different sgRNA scaffolds
	Cas9 variants with relaxed PAM sites work in maize
	APOBEC1 C-deaminase permits efficient base editing in maize
	Base editing of ZmICEa impacts stomata and plant growth

	Discussion
	Protoplasts allow rapid evaluation of genome editing tools
	Longer stems in certain plant sgRNA scaffolds do not improve genome editing
	Relaxed PAM increases the choice of target sites for genome editing
	Efficient base editing in maize
	ZmICEa is necessary for stomatal development and plant growth

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


