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Dear Editor,

Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)/Cas9-based gene editing has been used to simulta-
neously generate mutations in multiple target genes in many
plant species (Armario Najera et al, 2019; Bai et al, 2020; Luo
et al, 2021). Utilization of ribozyme, endogenous tRNA,
bacterium-derived Cpf1 endonuclease, and Csy4 ribonuclease
to produce multiple guide RNAs (gRNAs) simplifies multiplex
gene editing (Gao and Zhao, 2014; Xie et al, 2015; Wang et al,
2017; Ding et al, 2018; Xu et al, 2019; Zhang et al, 2021).
However, multiplex gene editing is still labor-intensive and
time-consuming, Editing efficiency of gRNAs depends on target
sequences that differ in different genes (Ma et al, 2015; Miao
et al, 2018). Consequently, a large number of transgenic plants
are required for screening in a couple and even several genera-
tions to obtain homozygous mutations for all target genes.
Further, due to the presence of the CRISPR/Cas9 transgenes,
new mutations may be generated along with propagations in
generations (Zhang et al, 2018). So far, several technologies
have been developed to obtain transgene-free gene-edited
plants, including examinations of a large population of plants

generated by transiently expressed gene-editing components
(Zhang et al, 2016; Chen et al, 2018), or segregations from sta-
ble gene-edited plants (Gao et al, 2016); however, screening
and genotyping a large number of TO or T1 plants are labor-in-
tensive (He and Zhao, 2020). Transgenes can also be removed
from gene-edited plants by crossing with the wild-type, but the
removal is practically difficult in multiplex gene editing, consid-
ering the segregations of multiple loci including the CRISPR/
Cas9 transgene and mutation loci in the F2 generation.
Recently, the Transgene Killer CRISPR (TKC) technology was
developed that relies on spatial-temporal expressions of suicide
cassettes of p35S: Cytoplasmic Male Sterility 2 (CMS2) and
PREG2:BARNASE to kill all transgene-containing sperms and
embryos, respectively (He et al, 2018). In this study, we devel-
oped a Customized Assembly and Simplified Editing (CASE)
toolkit in rice (Oryza sativa) that combines TKC technology
with multiplex gene editing. The toolkit provides an easy and
efficient way to obtain transgene-free gene-edited plants for
multiple genes in the T1 generation.

The CASE toolkit consists of a set of four gRNA cloning
vectors that contain either U3, U6a, U6b, or Uéc small non-
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Figure 1 The CASE toolkit for the creation of transgene-free multiplex null mutants in rice. A, The schematic diagram of cassettes of four gRNA
cloning vectors (a commercial pMV vector, BGlI Genomics, Beijing) containing rice snoRNA promoters of either U3, U6a, U6b, or Ué6c. Recognition
sites of Bsal, flanking the ccdB gene, were used for the gRNA one-step assembly. Recognition sites in magenta words can be used to generate
gRNA cassette combinations. ccdB, the ccdB lethal gene. B, The schematic diagram of the TKC-MCS-U3 backbone vector, modified from He et al.
(2018). LB and RB, the left and right borders of the T-DNA. Hyg’, hygromycin B-resistant gene. p355:CMS2, rice CMS2 expressed under CaMV 35S
promoter. pUbi:Cas9, Cas9 expressed under maize (Zea mays) Ubiquitin promoter. pREG2:BARNASE, bacterial BARNASE expressed under the Rice
Embryo Globulin 2 promoter. The red “G” in pVSi-rep cassette represents a C-to-G substitution to eliminate the Bsal site. Kan", kanamycin-
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coding RNA (snoRNA) promoters (Figure 1A), and a TKC-
MCS-U3 gene-editing backbone vector (Figure 1B). The for-
mer allowed one-step assembly of independent gRNAs to
create customized combinations of gRNA cassettes with
compatible restriction sites in flanking regions (Figure 1, A
and D; Supplemental Figure S1; Ge et al, 2017). Then, the
combinations of gRNA cassettes were transferred to the lat-
ter using restriction sites (Figure 1, B and D; Supplemental
Figure S1). Constructs generated with this method were
named TKC-snoRNA™" in which “n” represents the number
of target genes aimed. Alternatively, chemically synthesized
gRNA cassettes, spaced with self-splicing tRNA, can be one-
step assembled to the TKC-MCS-U3 backbone (Figure 1, B
and E; Supplemental Figure S2). Constructs generated with
this method were thus named TKC-tRNA®",

To examine the gene-editing efficiency of the CASE tool-
kit, constructs were generated to target five combinations of
genes in the CLAVATA3/EMBRYO SURROUNDING REGION
(CLE) family (Goad et al, 2017), including TKC-snoRNA*?,
TKC-snoRNA™, TKC-tRNA™, TKC-tRNA®®, and TKC-
tRNA* (Figure 1F; Supplemental Figure $3). A conventional
triple gene-editing construct of MH-tRNA®? was used as a
control, in which three chemically synthesized gRNAs,
spaced with tRNAs, were one-step assembled to the MH-
MCS-U3 backbone (Figure 1F; Supplemental Figures S2 and
S3; Ma et al, 2015). After Agrobacterium tumefaciens-medi-
ated transformations in rice, transgene-positive transform-
ants were identified in the TO generation through
polymerase chain reaction (PCR) detections of backbone
vectors (Supplemental Figure S4; Supplemental Table S1),
and editing of target genes in individual transgenic seedlings
was analyzed by Sanger sequencing and decoded in the
CRISPR-GE website (Xie et al, 2017). The gene-editing events
were further analyzed in the T1 generation (Supplemental
Tables S1-S4). Effective multiplex gene editing was observed

Figure 1 Continued
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in TO and T1 generations when either the TKC-MCS-U3 or
MH-MCS-U3 constructs were used (Figure 1F), suggesting
that the CASE toolkit is effective in multiplex gene editing.
To verify the autonomous transgene removal of the CASE
toolkit, we examined seed setting rates, and analyzed the
existence of transgenes in T1 plants by PCR. In MH-MCS-
U3-based triple gene editing (abbreviated as MH), the seed
setting rate in TO panicles was 78.68% + 13.21% (Figure 1G),
all T1 seeds examined were normal looking (Figure 11), and
in T1 seeds produced from eight independent lines the ratio
of transgene-free seeds was calculated as 21.43% + 4.98% (ab-
breviated as MH-N; Figure 1H; Supplemental Table S2). In
contrast, TO plants from the TKC-MCS-U3-based multiplex
gene editing (abbreviated as TKC) displayed a significantly
lower seed setting rate of 16.94% +11.91% (Figure 1G), and
T1 seeds produced consisted of three types: normal-looking
(Figure 1)), shrunken (Figure 1K), and aborted (Figure 1L).
Among 533 T1 seedlings germinated from normal-looking
seeds (abbreviated as TKC-N/N') of 44 independent TO lines
from five TKC-MCS-U3-based multiplex gene editing events,
40 showed a significantly higher transgene-free ratio of
95.37% £ 8.67% (Figure 1H; Supplemental Table S2), and the
other four lines showed an unexpected low transgene-free
ratio of 26.73% +2.02% similar to that of MH-MCS-U3-based
gene editing, which are most likely caused by defected sui-
cide cassettes of p355:CMS2 and/or pREG2:BARNASE
(Figure 1H; Supplemental Table S2). Meanwhile, 209 T1
seedlings germinated from shrunken seeds (abbreviated as
TKC-S) of 32 independent TO lines showed a substantially
lower transgene-free ratio of 20.57% +37.54% similar to that
of MH-MCS-U3-based gene editing (Figure 1H;
Supplemental Table S2). All aborted seeds from the TKC-
MCS-U3-based multiplex gene editing failed to germinate
(Figure 1L). It is plausible that those aborted and most
shrunken seeds carried the TKC-MCS-U3 transgenes

resistant gene. C, The schematic diagram of the control MH-MCS-U3 backbone vector, modified from Ma et al. (2015), in which an enhanced
Green Fluorescence Protein (eGFP) expressed under CaMV 35S promoter and a U3-driven gRNA expression cassette was added. D, A gRNA cassette
series using snoRNA promoters of U3, U6a, U6b, and U6c, which were assembled from cassettes of gRNA cloning vectors shown in (A). Xbal and
Ascl were used in the following assembly of the gRNA cassette series to TKC-MCS-U3. T1, T2, T3, and T4 represent independent gRNAs. E, A
chemically synthesized gRNA cassette containing four gRNAs spaced with tRNA. Bsal recognizes “ggtctc” (black) at both ends of the cassette, and
produces “ggca” and “caaa” (red) sticky ends that will be used to deliver the gRNA cassette to TKC-MCS-U3 in one-step cloning. Black and red
arrowheads marked the cleavage sites of RNases P and Z, respectively, at both ends of tRNAs. T1, T2, T3, and T4 represent individual gRNA. F,
Analysis of multiplex gene-editing events generated using MH-tRNA%3, TKC-snoRNA%2, TKC-snoRNA®, TKC-tRNA®, TKC-tRNA2, or TKC-
tRNA? after Sanger sequencing. For TO generation, all transgenic seedlings were analyzed, and for T1 generation, seedlings germinated from nor-
mal-looking seeds (TKC-N for TKC-MCS-U3 vectors, shown in (H)) were randomly selected. All decoding results of T1 generation are shown in
Supplemental Table S4. G, Box plot diagrams showing the seed setting rates of TO transgenic plants generated using MH-MCS-U3- and TKC-MCS-
U3-based constructs. Upper and lower limits, center line, upper and lower quartiles indicate maximum and minimum, median, first, and third val-
ues, respectively. Asterisks indicate significant differences between samples, n = 28 (two-tailed Student’s t test, **P < 0.01). H, Frequencies of trans-
gene-free in T1 seedlings generated using MH-MCS-U3- and TKC-MCS-U3-based constructs. MH-N indicates T1 seedlings germinated from
normal-looking seeds (see (1)) in MH-MCS-U3-based gene editing. TKC-N/N’ and TKC-S indicate T1 seedlings germinated from normal-looking
(see (J)) and shrunken seeds (see (K)) from TKC-MCS-U3-based gene editing, respectively. Note that four TKC-N’ lines showed an unexpected low
transgene-free ratio. Numbers (n) in brackets indicate numbers of independent TO lines. Primers used for transgene detection are listed in
Supplemental Table S1. Group data were expressed as means + Standard deviation (sd) (two-tailed Student’s t test, **P < 0.01 compared with the
MH-N (8)). I-L, T1 seeds from MH-MCS-U3-based gene editing are normal-looking (1), whereas those from TKC-MCS-U3-based consisted of three
types: normal-looking (J), shrunken (K), and aborted (L). Bar = 1cm.
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Table 1 Ratios of transgene-free multiplex null mutants detected in
the T1 generation

Gene Editing Events Ratio of Transgene-Free Number of Plants Required
Multiplex Null
Mutants (%)

MH-tRNAA? 10.03 >22
TKC-snoRNAA? 80.00 >2
TKC-snoRNA2* 66.67 >3
TKC-tRNA® 68.70 >2
TKC-tRNA®S 19.14 >11
TKC-tRNAY 0.00 -

(Figure 1H), which has not been discussed previously (He
et al, 2018). Therefore, the embryo suicide cassette
PREG2:BARNASE and the microgametophyte suicide cassette
p35S::CMS2 provide a double security for the removal of the
transgene in TKC-based gene editing, and the low seed set-
ting rates together with the high ratios of shrunken and
aborted seeds can serve as indicators for the transgene self-
removal of the CASE toolkit.

After the identification of transgene-free plants in the T1
generation, 15 or more T1 individuals from progenies of those
40 high transgene-free TKC-N lines generated using TKC-
snoRNA®?,  TKC-snoRNA™, TKC-tRNA™, TKC-tRNA™, or
TKC-tRNA® were randomly chosen for Sanger sequencing, of
which 80%, 66.67%, 68.70%, 19.14%, and 0% were double, qua-
druple, quadruple, sextuple, and septuple null mutants, respec-
tively (Table 1; Supplemental Tables S3 and S4). As a control,
among 31 T1 individuals from the MH-tRNA*? transformation,
only 10.03% were transgene-free triple null mutants (Table 1;
Supplemental Table S3). In the septuple gene editing using
TKC-tRNA®, the efficiency of sextuple gene editing (22.95%)
in the T1 generation was comparable to that in the sextuple
gene editing (20.73%) (Figure 1F Supplemental Table S3).
However, we failed to identify septuple mutants (Figure 1F;
Table 1), which may be caused either by low gene-editing effi-
ciency of OsCLE508 gRNA, or embryo lethality of the septuple
mutant (Supplemental Figure S3; Supplemental Table S3).

In summary, the CASE toolkit provides an easy and effec-
tive way to obtain transgene-free multiplex gene-editing
plants in T1 generation (Figure 1F). We calculate that, when
double to sextuple gene editing are executed, after the iden-
tification of gene editing in the TO generation, only 2-11 T1
plants are needed to obtain transgene-free null mutants
with a >90% probability (Table 1). Thus, the CASE toolkit
has considerable potential for the creation of massive
transgene-free multiplex knockout null mutants in rice, and
even in other plant species as well.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. The schematic diagram of cus-
tomized combinations of multiple gRNA cassettes driven by
rice snoRNA promoters U3, U6a, U6b, and Uéc and assembly
to the TKC-MCS-U3 backbone vector.
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Supplemental Figure S2. The schematic diagram of one-
step assembly of single gRNA, or chemically synthesized
gRNA cassettes containing four successive gRNAs spaced
with tRNAs, to the TKC-MCS-U3 backbone vector.

Supplemental Figure S3. Schematic diagrams of positions
and sequences of gRNAs for multiplex gene editing in this
study.

Supplemental Figure S4. Detections of transgene in TO
and T1 generations in multiplex gene editing through PCR
analyses.

Supplemental Table S1. Primers used in this study.

Supplemental Table S2. Transgene-free ratios analyses in
T1 generation.

Supplemental Table S3. Multiplex null mutant analyses
in T1 generation.

Supplemental Table S4. Mutations identified in the T1
generation.
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