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Abstract
Main conclusion  An improved CRISPR/Cas9 system with the Arabidopsis UBQ10 promoter-driven Cas9 exhibits 
consistently high mutation efficiency in Arabidopsis and M. truncatula.

Abstract  CRISPR/Cas9 is a powerful genome editing technology that has been applied in several crop species for trait 
improvement due to its simplicity, versatility, and specificity. However, the mutation efficiency of CRISPR/Cas9 in Arabi-
dopsis and M. truncatula (Mt) is still challenging and inconsistent. To analyze the functionality of the CRISPR/Cas9 system 
in two model dicot species, four different promoter-driven Cas9 systems to target phytoene desaturase (PDS) genes were 
designed. Agrobacterium-mediated transformation was used for the delivery of constructed vectors to host plants. Phenotypic 
and genotypic analyses revealed that the Arabidopsis UBQ10 promoter-driven Cas9 significantly improves the mutation 
efficiency to 95% in Arabidopsis and 70% in M. truncatula. Moreover, the UBQ10-Cas9 system yielded 11% homozygous 
mutants in the T1 generation in Arabidopsis. Sequencing analyses of mutation events indicated that single-nucleotide inser-
tions are the most frequent events in Arabidopsis, whereas multi-nucleotide deletions are dominant in bi-allelic and mono-
allelic homozygous mutants in M. truncatula. Taken together, the UBQ10 promoter facilitates the best improvement in the 
CRISPR/Cas9 efficiency in PDS gene editing, followed by the EC1.2 promoter. Consistently, the improved UBQ10-Cas9 
vector highly enhanced the mutation efficiency by four-fold over the commonly used 35S promoter in both dicot species.
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Introduction

Among the three devised sequence-specific nucleases 
(SSNs) genome editing tools––zinc finger nucleases (Kim 
et al. 1996), transcription activator-like effector nucleases 
(TALENs) (Christian et al. 2010), and Clustered Regularly 
Interspaced Short Palindromic Repeat/CRISPR-associated 
protein 9 (CRISPR/Cas9)––CRISPR/Cas9 constitutes the 
best innovative technology that offers a great breakthrough 
in plant genetics and functional genomics research today. 
CRISPR/Cas9 has several merits, including target specific-
ity, effectiveness, ease of use, versatility, precision, inex-
pensiveness, and the feasibility to allow multiple options 
for genome manipulation (Voytas and Gao 2014; Ma et al. 
2015). Normally, CRISPR/Cas9 is made up of two crucial 
components: the programmed Cas9 and the customized 
small guide RNA (sgRNA) with 20-nucleotide homology 
to a DNA target site (Jinek et al. 2012; Cong et al. 2013; 
Mali et al. 2013). Cas9 is responsible for generating the 
double-strand breakages (DSBs) in the targeted DNA, 
while sgRNA is responsible for guiding Cas9 to the target 
site and forming hybridization of the RNA–DNA duplex 
between the sgRNA and a target sequence followed by 
a protospacer adjacent motif (PAM) of the genome (Li 
et al. 2011, 2013; Jinek et al. 2012; Wang et al. 2013). The 
subsequent DSBs caused by Cas9 trigger an endogenous 
repairing process of DNA sealing by the error-prone non-
homologous end-joining (NHEJ) or homology-directed 
repair (HDR) pathway. The progression of repairing 
activity leads to deletion, insertion, or substitution at the 
breakage sites of coding regions, which disrupts the genes 
or causes frameshift (altering the reading frame), known 
as a gene mutation or knockout (Jinek et al. 2012; Cong 
et al. 2013; Mali et al. 2013). As a result of NHEJ-induced 
mutations, insertions/deletions (indels) of a few bases are 
commonly observed in CRISPR/Cas9-based plant genome 
editing.

The CRISPR/Cas9 genome editing system has been 
extensively implemented from model plants to economi-
cally important agricultural crops for trait improvement 
(Brooks et al. 2014; Gao et al. 2015, 2018; Michno et al. 
2015; Svitashev et al. 2015; Wang et al. 2015a; Liu et al. 
2017; Meng et al. 2017; Zhang et al. 2017, 2018, 2020; 
Hashimoto et al. 2018; Pauwels et al. 2018; Castel et al. 
2019). The advancement of the CRISPR/Cas9 genome 
editing system through vector optimization provides 
opportunities for the technology to be applied toward 
generating desirable traits to maximize the biomass yield 
and/or quality for the betterment of mankind and sustain-
able agriculture through tackling the prevailing production 
constraints (Xing et al. 2014; Gao et al. 2015; Ma et al. 
2015; Svitashev et al. 2015; Wang et al. 2015a; Zhang 

et al. 2017). Despite the effective and successful appli-
cation of the CRISPR/Cas9 technology in general, there 
are still persisting challenges related to the low mutation 
efficiency in Arabidopsis and M. truncatula as compared 
to the improvement attained in monocot species, like rice 
and maize (Gao et al. 2015; Wang et al. 2015b; Yan et al. 
2015; Eid et al. 2016; Mao et al. 2016; Zhang et al. 2017, 
2018; Le Blanc et al. 2017; Feng et al. 2018; Pauwels 
et al. 2018; Castel et al. 2019). In addition, the non-repro-
ducibility and/or inconsistency of mutation efficiency are 
also prevailing limitations in Arabidopsis and Medicago 
truncatula (Wang et al. 2015b; Eid et al. 2016; Mao et al. 
2016; Meng et al. 2017; Curtin et al. 2018; Feng et al. 
2018). The mutation efficiency of the CRISPR/Cas9 sys-
tem is affected by multiple factors, including the expres-
sion level of Cas9-gRNA, the gRNA sequence, promoters 
driving Cas9 and small guide RNA (sgRNA), termina-
tors, the composition of target sequence (spacer), T-DNA 
architecture, chromatin state, and the time frame of culture 
incubation (Mikami et al. 2016; Gao et al. 2018; Castel 
et al. 2019). In genome editing systems of dicot plants, 
the CaMV 35S promoter (35S) is extensively used in driv-
ing the Cas9 expression. However, studies suggested the 
drawback of the 35S promoter due to its high activity in 
somatic cells and low activity in early embryo cell divi-
sion, which causes high somatic cell mutation and delayed 
recovery of homozygous mutation up to T2–T3 genera-
tions in Arabidopsis (Ma et al. 2015; Yan et al. 2015). 
Therefore, the timely high expression of Cas9 has been 
targeted as a key improvement for the CRISPR/Cas9 sys-
tem efficiency. By replacing the 35S promoter with various 
tissue- or cell-specific promoters to drive Cas9, the muta-
tion efficiency was enhanced and homozygous mutants 
were generated at early generations in Arabidopsis (Hyun 
et al. 2014; Fauser et al. 2014; Gao et al. 2015; Wang et al. 
2015a; Yan et al. 2015; Mao et al. 2016; Osakabe et al. 
2016; Meng et al. 2017; Tsutsui and Higashiyama 2017; 
Pauwels et al. 2018; Wolter et al. 2018; Zhang et al. 2018; 
Castel et al. 2019; Wang and Chen 2019). However, the 
efforts to improve the CRISPR/Cas9 efficiency so far lack 
consistency (non-reproducibility) and further endeavors 
are required to reduce somatic mutations and to increase 
true homozygous mutations in early generations in Arabi-
dopsis as well as M. truncatula for effective edition of 
genes for yield and quality improvements in important 
legume crops.

M. truncatula is known as a key model legume with a 
small genome, diploidy, autogamy, and a short life cycle. 
Studies have been extensively carried out in M. truncatula 
from fundamental molecular, physiological, and develop-
mental mechanisms to translate and applied trait improve-
ment in related economically important legume crops 
(Michno et al. 2015; Čermák et al. 2017; Curtin et al. 
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2017, 2018; Meng et al. 2017; Gao et al. 2018). To further 
promote the advancement of functional genomics stud-
ies in line with the emerging cutting-edge genome editing 
technology, a CRISPR/Cas9 system with high precision 
and efficacy in such an important model legume is highly 
desired. A few CRISPR/Cas9 genome editing activities 
have been performed in M. truncatula. For instance, the 
optimized soybean codon-Cas9 driven by the 35S promoter 
in M. truncatula using hairy root transformation by target-
ing GUS transgenic lines successfully abolished the GUS 
expression (Michno et al. 2015). Likewise, by targeting 
MtPDS, 10% mutation efficiency was reported using the 
35S promoter-driven Cas9 in M. truncatula (Meng et al. 
2017). Additionally, using the soybean GmUbi promoter 
to drive Cas9, a 50–70% mutation efficiency was reported 
by targeting multiple genes (PHO2-like and PEN3-like) 
in M. truncatula (Curtin et al. 2018). However, using the 
same construct (GmUbi promoter-driven Cas9) to target a 
small RNA processing gene (MtHen1) generated mutants 
with reduced mutation efficiencies as well as low muta-
tion recovery (Curtin et al. 2018). During the preparation 
of this manuscript, Zhang et al. (2020) reported the effi-
cient generation of homozygous/bi-allelic mutants in M. 
truncatula using a hairy root system in the second genera-
tion but with low mutation efficiency (recovery rate) in 
the first generation. Therefore, the mutation efficiency of 
the CRISPR/Cas9 system so far achieved in Arabidopsis 
and M. truncatula still shows remarkable inconsistency, 
suggesting that more efforts in advancing genome editing 
tools with high precision and efficacy in these species are 
necessary.

In search for optimal promoters to drive the expres-
sion of Cas9 as an important factor for high-efficiency 
genome editing, four CRISPR/Cas9 modules for muta-
tion efficiency improvement by targeting the Cas9 expres-
sion using different promoters were constructed. Four 
promoter-driven Cas9 cassettes––namely, UBQ10-Cas9, 
EC1.2-Cas9, AMGE3-Cas9, and 35S-Cas9––were tested 
in Arabidopsis thaliana and M. truncatula by targeting 
phytoene desaturase genes (AtPDS3 and MtPDS). Typi-
cally, mutants of the PDS gene exhibit a visible pheno-
type (albino and/or mosaic) that allows screening and 
characterization of null mutants at seedling or callus 
stages. Multiple mutants for both species were generated 
and subjected to phenotypic and genotypic analyses. The 
overall results revealed that the UBQ10 promoter-driven 
Cas9 significantly improves the mutation efficiency in 
Arabidopsis (95%) and M. truncatula (70%) at T1 and 
T0 generations, respectively. Moreover, the UBQ10-Cas9 
vector yielded 11% homozygous mutants in the T1 genera-
tion in Arabidopsis. Consistently, the UBQ10-Cas9 vector 
highly enhanced the mutation efficiency by four-fold over 
the commonly used 35S promoter in both species.

Materials and methods

Plant growth conditions

Arabidopsis thaliana ecotype Columbia (Col-0; seeds from 
ABRC, Ohio State University) and Medicago truncatula 
(R108; Noble Research Institute) were used for transfor-
mation. All generated transgenic lines and wild-type plants 
were grown under growth chamber or greenhouse con-
ditions with 22/19 °C day/night temperature, 16/8 h day/
night photoperiod, 150 µmol m−2 s−1 light intensity, and 
70–80% relative humidity.

Construction of new CRISPR/Cas9 vectors 
and generation of transgenic plants

The pCAMBIA backbone  was used to construct new 
CRISPR/Cas9 vector modules with specific promoters, 
such as Bar-Hyg-35S-Cas9-AtU6-gRNA, Bar-Hyg-EC1.2-
Cas9-AtU6-gRNA, Bar-Hyg-AMGE3-Cas9-AtU6-gRNA, 
and Bar-Hyg-UBQ10-Cas9-AtU6-gRNA, with such short 
names as vector versions I, II, III, and IV, respectively 
(Fig. 1a–d). The vector backbone was digested by Hind 
III and EcoR I and ligated with MAS promoter-Bar-MAS 
terminator-Nco I site. As a result, the Bar-vector was 
digested by Nco I, and then the linear vector was ligated 
with the SpyCas9 gene. The ligated product, Bar-Spy-
Cas9 construct, was added by the AtU6-small guide RNA 
(sgRNA) complex at the EcoR I site. The enzyme site, Nco 
I, between the Bar and SpyCa9 genes was used for clon-
ing all promoters: 35S, EC1.2, AMGE3, and UBQ10. The 
promoters of the three Arabidopsis genes (EC1.2, AMGE3 
and UBQ10) were amplified by PCR from the Arabidopsis 
genomic DNA with specific primers (Table S1). Then each 
promoter was assembled into the CRISPR/Cas9 backbone 
using Golden Gate cloning, restriction enzyme digestion 
and the PCR parallel overlapping extension system in a 
stepwise approach. The subsequent new binary vectors 
with AtPDS3- or MtPDS-gRNA-CRISPR/Cas9 modules 
were transformed into Agrobacterium tumefaciens strains 
GV3101 for Arabidopsis and EHA105 for M. truncatula. 
Plant transformation was achieved by Agrobacterium-
mediated transformation delivery systems. Briefly, for 
M. truncatula transformation, fully developed trifoliate 
leaves were collected from 4-week-old plants and steri-
lized. Trifoliate leaf disc explants were infected with 
respective Agrobacterium tumefaciens strain, incubated 
for 24–36 h in the dark at 24 °C and then transferred onto 
selection media containing phosphinothricin for callus 
induction. Resistant calli were produced and proliferated 
in 5–6 weeks. The resistant calli were then transferred onto 
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a regeneration medium and cultured under light conditions 
of 150 µmol m−2 s−1 at 24 °C with a 16/8 h photoperiod. 
PCR verification of the regenerated transgenic plants with 
good roots was conducted with genomic DNA extracted 
from leaf tissues using BAR gene primers. Arabidopsis 
was transformed using the floral dipping method (Clough 
and Bent 1998).

Phenotypic screening of atpds3 and mtpds mutants 
generated by different CRISPR/Cas9 systems

atpds3 and mtpds mutants were easily identified by their 
albino or mosaic phenotypes at the seedling (atpds3 and 
mtpds) or regeneration stage (mtpds). Furthermore, the 
Arabidopsis mosaic mutants were classified based on the 
proportion of albino to greenness in the leaves. Thus, the 
phenotypic analysis of each vector was determined based 
on the proportion of albino/mosaic phenotype to normal 
(wild-type) phenotype. This analysis provides preliminary 
mutation efficiency for different vector modules.

Genotyping mutants generated by CRISPR/Cas9 
systems in Arabidopsis and M. truncatula

To screen putative CRISPR/Cas9-generated mutants of 
AtPDS3 and MtPDS, genomic DNA (gDNA) was extracted 
from young leaves of transgenic lines using a CTAB method 
(Rogers and Bendich 1994). Then the target region of the 
gene was amplified by PCR with specific primers designed 
from the borders of the target site (Table S1). The PCR 
products were treated by 1 µl of Antarctic Phosphatase and 
0.25 µl Exonuclease I and incubated in a thermal cycler at 
37 °C for 1 h, 80 °C for 20–30 min, and 10 °C hold to clean 
up PCR products by eliminating dNTP residues. Then 5 µl 
of PCR products was used for Sanger sequencing analysis to 
verify CRISPR/Cas9-induced mutations in transgenic lines. 
The transgenic lines with double peaks of chromatographs 
were considered as putative candidate mutants with respect 
to the targeted genes of each species. The ratio of mutagen-
ized lines versus non-mutant lines across the examined pop-
ulations was used as the mutation efficiency. Furthermore, 
to identify and characterize the nature of mutation types 

Fig. 1   Illustration of schematic diagrams of new CRISPR/Cas9 vec-
tors based on the pCAMBIA backbone for AtPDS3 and MtPDS gene 
editing in Arabidopsis and M. truncatula. a CRISPR vector with 
Cas9 driven by the 35S promoter (version I). b CRISPR vector with 

Cas9 driven by the EC1-2 promoter (version II). c CRISPR vector 
with Cas9 driven by the AMGE3 promoter (version III). d CRISPR 
vector with Cas9 driven by the UBQ10 promoter (version IV)
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induced by different CRISPR/Cas9 systems at the target 
sites, the amplified fragments of mutated regions were sub-
cloned into the pGEM-T Easy vector (Promega, Madison, 
WI, USA). To precisely identify the mutation events (indels 
and/or substitution) at the target site, 15–20 colonies were 
randomly selected for plasmid DNA isolation. The isolated 
single-colony plasmids were subjected to Sanger sequencing 
for mutation-type determination as well as for homozygous, 
heterozygous, and/or chimeric mutant assessment. Reads 
were analyzed by aligning with the reference sequence using 
the SeqMan Pro 16.0 (DNASTAR software, https​://www.
dnast​ar.com/quote​-reque​st/).

Results and discussion

CRISPR/Cas9 is a cutting-edge programmable genome edit-
ing technology using sequence-specific nucleases (SSNs) 
through site-directed recognition and precise cleavage of 
DNA. Several previous studies recommended the impor-
tance of CRISPR/Cas9 optimization using the appropriate 
promoter to drive the Cas9 expression as an important factor 
to achieve high efficiency in Arabidopsis genome editing 
(Hyun et al. 2014; Wang et al. 2015a; Yan et al. 2015; Eid 
et al. 2016; Mao et al. 2016). Therefore, improving stable 
mutagenesis efficiency of CRISPR/Cas9 vectors is still 
necessary in dicots in general, and in Arabidopsis and M. 
truncatula in particular (Brooks et al. 2014; Liu et al. 2017; 
Zhang et al. 2017, 2018, 2020; Pauwels et al. 2018; Castel 
et al. 2019).

In this study, the CRISPR/Cas9 vector cassettes (ver-
sions) were systematically modified with four different 
promoters (35S, EC1.2, AMGE3, and UBQ10) to drive the 
Cas9 expression and tested the genome editing efficiency 
in Arabidopsis and M. truncatula by targeting AtPDS3 and 
MtPDS. For convenience, these constructs were named ver-
sions I, II, III, and IV, respectively (Fig. 1a–d). The previ-
ously reported candidate gRNAs (spacers) for Arabidop-
sis (Li et al. 2013) and M. truncatula (Meng et al. 2017) 
were used, since their effectiveness and specificities were 
proven. The vectors were introduced into Arabidopsis and 

M. truncatula via Agrobacterium-mediated transformation. 
To determine the mutation efficiency in Arabidopsis AtPDS3 
gene editing, 582 transgenic lines were generated from dif-
ferent CRISPR/Cas9 vectors. From noticeable phenotypes, 
such as albino, mosaic, and wild type, the mutation effi-
ciency of each vector was determined. The results revealed 
significant differences among tested vectors, with 11% (17 
out of 157), 26% (43 out of 163), 34% (36 out of 105), and 
69% (109 out of 157) plants showing phenotypes for vector 
versions I, II, III, and IV, respectively (Table 1). The high-
est phenotype-based mutation efficiency was observed in 
vector version IV, at 69%. Interestingly, vector version IV 
also yielded 11% mutants with a complete albino phenotype 
in the T1 generation (Fig. 2a, Fig. 3a–c, Table 1). Further-
more, based on the albino/mosaic phenotypes, the mutants 
were qualitatively categorized into five groups: (1) mutants 
with complete albino phenotype (Fig. 2a, g); (2) mutants 
with albino dominant over greenness phenotype (Fig. 2b, 
h); (3) mutants with albino almost equal to greenness phe-
notype (Fig. 2c, i); (4) mutants with greenness dominant 
over albino phenotype (Fig. 2d, e); and (5) wild-type-like 
phenotype (normal) (Figs. 2f, S1, Table 1). The albino/
mosaic mutants generated by version IV was dominant over 
greenness compared to other vector versions (Table 1). It 
was worth noting that the mutation efficiency was assessed 
based on the phenotypes in the T1 generation. However, for 
the promoters EC1.2 and AMGE3, it is expected that only 
in the T2 generation, the effect of the expression in egg cells 
or during meiosis would be visible and resulting in large 
number of partly or completely mutated progeny, though 
this was not tested. These phenotypic categories were con-
sistently observed not only at the vegetative stage but also 
at the reproductive stage with albino/mosaic stems, flower 
buds, and siliques (Figs. 2g–i, S2a–d). Furthermore, putative 
atpds3 mutants were genotyped to assess the overall muta-
tion efficiency of the modified vector modules at the molecu-
lar level. Here, two genotyping approaches were employed: 
(1) amplifying the target region by PCR and analyzing by 
Sanger sequencing and (2) cloning the amplified PCR prod-
ucts into pGEM-T Easy vector (TA-cloning) followed by 
Sanger sequencing. The transgenic lines (albino, mosaic, and 

Table 1   Arabidopsis atpds3 
mutants from different 
promoter-driven Cas9 are 
classified into five phenotypic 
categories based on albino 
(whitish) versus greenness of 
leaf blade at the seedling stage 
at T1 generation

Mutant label Mutant phenotypic category No of examined transgenic lines in four 
vector versions

I II III IV

1 (A) Albino 0 0 0 17
2 (B) Mosaic (White > Green) 0 0 0 26
3 (C) Mosaic (White = Green) 2 16 13 24
4 (D and E) Mosaic (Green > White) 15 27 23 42
5 (F) Normal (WT/heterozygous) 140 120 69 50

Total Transgenic lines of T1 generation 157 163 105 159

https://www.dnastar.com/quote-request/
https://www.dnastar.com/quote-request/
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Fig. 2   Phenotypes of Arabidopsis atpds3 mutants generated by differ-
ent CRISPR/Cas9 vectors in T1 generation. a Phenotype of albino/
homozygous atpds3 mutant generated by vector version IV at the 
seedling stage. b Phenotype of mosaic/chimeric atpds3 mutant gen-
erated by vector version IV at the seedling stage with albino (white) 
dominant over greenness. c Phenotype of mosaic/chimeric atpds3 
mutant generated by vector version IV at the seedling stage with 
almost equal albino (white) versus greenness distribution on leaf 
blade. d, e Phenotype of mosaic/chimeric atpds3 mutant representing 

greenness dominant over albino, which was observed across all tested 
vector versions. f Phenotypes representing heterozygous or normal 
wild type at the seedling stage. g–i Phenotypes of atpds3 mutants at 
flowering stage. j Graph depicting the overall mutation efficiency of 
atpds3 mutants generated from CRISPR/Cas9 vector versions I, II, 
III, and IV in Arabidopsis. Note: Complete albino (homozygous) and 
the intensity of albino over greenness were only detected in new vec-
tor version IV

Fig. 3   Phenotype of atpds3 mutants generated by the CRISPR/Cas9 
vector version IV at T1 generation. a Phenotype of albino atpds3 
mutant with mono-allelic homozygous mutation of single base T 
insertion at the flowering stage. b Phenotype of albino atpds3 mutant 
with bi-allelic homozygous mutation of different-nucleotide deletion 
at the flowering stage. c Phenotype of atpds3 mosaic/chimeric mutant 

at flowering stage with single base insertion, three bases deletion, and 
wild-type sequence events. Note: the PAM sequence is indicated by 
red underlined font. Deletions are indicated by “-” and insertions are 
shown in red font. WT, wild type; M1, M2, and M3 indicate mutant 
lines 1, 2, and 3
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wild type) generated from each vector were subjected to the 
first step of mutation efficiency determination by amplifying 
the target region (326 bp in size) followed by direct sequenc-
ing of the PCR amplicons. The results showed a mutation 
efficiencies of 25%, 58%, 50%, and 95% for vector versions 
I, II, III, and IV, respectively (Fig. 2j). As expected, vector 
version IV showed the highest overall mutation efficiency 
(95%), which was nearly four-fold of the commonly used 
vector version I (Fig. 2j). To further characterize the nature 
of mutations occurred in mutants with albino, mosaic, or 
normal phenotypes, TA cloning followed by sequencing 
analysis was performed using mutant lines from vector ver-
sion IV. Fifteen individual mutants with complete albino, 
mosaic, or wild-type phenotypes were used for this analy-
sis. Deletions, insertions, and substitutions were detected, 
among which single-nucleotide insertion is the most fre-
quent mutation (34%) across tested mutants (Fig. 3a, c, 
Table 2). Nucleotide T insertion occurred at a 20% fre-
quency, followed by nucleotide A insertion at 10% occur-
rence frequency (Table 2). Nucleotide deletions (2–28 bp) 
were detected with lower occurrence frequency. Most muta-
tion events occurred at three nucleotides upstream of the 
PAM (73%), except that the 28 bp deletion occurred in both 
sides of the PAM (Table 2). These results were consistently 
in agreement with previous studies (Pan et al. 2016; Tian 
et al. 2017; Klimek-Chodacka et al. 2018; Pauwels et al. 
2018; Zhu et al. 2018). In general, both phenotypic and gen-
otypic analyses clearly showed that the mutation efficiency 
of vector version IV prevails the other vectors. Recently, a 
CRISPR/Cas9 system for efficient generation of free multi-
plex mutants in Arabidopsis was reported (Wang and Chen 
2019). The authors compared the efficiency of Cas9 driven 
by UBQ10 and 35S promoters and found that UBQ10 is by 
far better than the 35S promoter with homozygous mutants 
at the T1 generation (Wang and Chen 2019).   

Despite the importance of M. truncatula as a key model 
legume for basic and applied research in legumes, applica-
tion of the CRISPR/Cas9 technology is less effective than 
in cereal model species (Michno et al. 2015; Čermák et al. 
2017; Curtin et al. 2017, 2018; Meng et al. 2017; Zhang 
et al. 2020). New multiplex genome editing modules showed 
a wide range of mutation efficiency in M. truncatula by 
targeting three nodule-specific cysteine-rich (NCR) pep-
tide genes and producing triple (6.5%), double (28%), and 
single mutants (59%) (Čermák et al. 2017). These studies 
suggested the advantage of multiplex approach over sin-
gle gRNA system in inducing loss-of-function mutations 
(Čermák et al. 2017; Zhang et al. 2017). It has also been 
reported that a 50–70% CRISPR/Cas9 mutation efficiency 
was achieved by the soybean GmUbi promoter-driven Cas9. 
When PHO2-like and PEN3-like genes were targeted for 
editing, homozygous mutations were successfully induced 
in multiple independent T0 plants in M. truncatula (Curtin 

et al. 2017). However, similar CRISPR/Cas9 vector modules, 
when a small RNA processing gene (MtHen1) was targeted, 
reduced mutation efficiencies with low mutation recovery 
were yielded, suggesting inconsistency of the system (Curtin 
et al. 2018). Therefore, CRISPR/Cas9 vector optimization in 
this model species is still an ongoing research goal (Curtin 
et al. 2017, 2018; Pauwels et al. 2018; Wang and Chen 2019; 
Castel et al. 2019; Zhang et al. 2020). This process is in line 
with these objectives to enhance the genome editing oppor-
tunity in dicots. To assess the functionality and efficiency 
of each vector in M. truncatula, the same set of CRISPR/
Cas9 vector modules was used (versions I, II, III, and IV) to 
target MtPDS. Since mtpds mutants were generated through 
callus induction and regeneration, the mutation efficiency 
was evaluated at two stages: The first evaluation of mutation 
efficiency was carried out at callus subculture and regenera-
tion stages, as mutated callus was easily identifiable by the 
albino/mosaic phenotypes. Three assessments were made 
throughout the stages of callus subculture and regeneration 
with 3-week intervals (Fig. 4a–f). The mutation efficiency 
showed an increasing trend from vector version I to version 
IV and from the first stage to the third stage of callus subcul-
ture and regeneration (Table 3). At the third stage, the over-
all evaluation of mutated calli showed a mutation efficiency 
of 5%, 13%, 7%, and 36% for vector versions I, II, III, and 
IV, respectively (Fig. 4g, Table 3). The albino phenotype in 
calli from the improved vector version IV showed the high-
est percentage, with 18%, 30%, and 36% at the first, second, 
and third stages of callus subculture, respectively, indicating 
high effectiveness of this vector as compared to other vectors 
(Fig. 4g, Table 3). At the subsequent plantlet development 
stages (Fig. 4d–f), a similar mutation efficiency evaluation 
process for each vector was followed. Similar as in Arabi-
dopsis, three categories of mutants were also defined as 
albino, mosaic, and wild-type lines (Figs. 5a–f, S5a–f) in M. 
truncatula. However, three mosaic/chimeric mutants were 
only observed across the regenerated lines in two vector ver-
sions (Figs. 5e, S3e–f), in contrast to high somatic muta-
tion in Arabidopsis. To further determine the overall muta-
tion efficiency of each vector, DNA from the whole mosaic 
leaves was isolated and the 389 bp fragment spanning the 
target region of MtPDS by PCR for Sanger sequencing was 
amplified. In addition to the lines with albino/mosaic phe-
notypes, a total of 15, 50, 13, and 41 independent lines with 
wild-type-like phenotypes by sequencing analysis for vec-
tor versions I, II, III and IV, respectively, were genotyped. 
The overall mutation efficiencies were 16.5%, 27%, 30%, 
and 70% for vector versions I, II, III, and IV, respectively 
(Fig. 5g). Remarkably, vector version IV showed the highest 
overall mutation efficiency, which was four-fold of vector 
version I. Similar as in Arabidopsis, vector version IV con-
sistently showed the highest mutation efficiency at both cal-
lus and plantlet stages (Fig. 5g). To further characterize the 



	 Planta (2020) 252:15

1 3

15  Page 8 of 14

Table 2   Diverse mutation events occurred at the target site of AtPDS3 gene (gRNA1) in 15 independent mutants generated using the CRISPR/
Cas9 vector version IV

No Mutation diversity evets occurred at target site/sequence Mutation events
detected

No of 
occurrence

Percent (%)

1 TGGACTTTTGCCAGCCATGGTCGGCGGTCAGGCTTATGTTGAGG WT - -

2 TGGACTTTTGCCAGCCATTGGTCGGCGGTCAGGCTTATGTTGAGG +1 35 20.1

3 TGGACTTTTGCCAGCCATAGGTCGGCGGTCAGGCTTATGTTGAGG +1 6 10.2

4 TGGACTTTTGCCAGCCATGGGTCGGCGGTCAGGCTTATGTTGAGG +1 2 3.4

5 TGGACTTTTGCCA - - - - TGGTCGGCGGTCAGGCTTATGTTGAGG -4 2 3.4

6 TGGACTTTTGCCAG - - - - - - - - - - CGGTCAGGCTTATGTTGAGG -10 2 3.4

7 TGGACTTTTGCCAGG - - -GGTCGGCGGTCAGGCTTATGTTGAGG 1s & -3 3 5.1

8 T - - - - - - - - - - - - - - - - - GGTCGGCGGTCAGGCTTATGTTGAGG -17 2 3.4

9 TGGACTTTTGCCA - - - - - GGTCGGCGGTCAGGCTTATGTTGAGG -5 4 6.8

10 TGGACTTTTGCC - - - - - - - - - - - - - GATCAGGCTTATGTTGAGG -13 & 1s 1 1.7

11 TGGACTTTTGCCAGCCA - - - - - - - - - - - - - GGCTTATGTTGAGG -13 1 1.7

12 TGGACTTTTGCCAGCC - - GGTCGGCGGTCAGGCTTATGTTGAGG -2 1 1.7

13 TGGACTTTTGCCAG - - - TGGTCGGCGGTCAGGCTTATGTTGAGG -3 2 3.4

14 TGGACTTTTG - - - - - - - - - GTCGGCGGTCAGGCTTATGTTGAGG -9 2 3.4

15 TGGACTTTTGCCAGCCC - GGTCGGCGGTCAGGCTTATGTTGAGG 1s &-1 2 3.4

16 TGGACTTTTGG - - - - CATGGTCGGCGGTCAGGCTTATGTTGAGG 1s & -4 1 1.7

17 TGGACTTTTGCCAG- - - -TGGTCGGCGGTCAGGCTTATGTTGAGG -4 1 1.7

18 TGGACTTTTG - - - - - - - - - GTCGGCGGTCAGGCTTATGTTGAGG -9 1 1.7

19 TGGACTTTTGCCA - - - - - - GTCGGCGGTCAGGCTTATGTTGAGG -6 1 1.7

20 TGGACTTTTGCCAGC - - - GGTCGGCGGTCAGGCTTATGTTGAGG -3 1 1.7

21 TGGACTTTTGCCAG - - - - - - TCGGCGGTCAGGCTTATGTTGAGG -6 1 1.7

22 TGGACTTTTGCCA - - - - - - - - - - - - - - - - - - - CTTATGTTGAGG -19 1 1.7

23 TGGACTTTTGCCA - - - - TGGTCGGCGGTCAGGCTTATGTTGAGG -4 1 1.7

24 TGGACTTTTGCCA - - - - - - - - - - - - - - - - - - - - - - - - - - - - AGG -28 1 1.7

25 TGGACTTTTGCCT- - - - - TGGTCGGCGGTCAGGCTTATGTTGAGG 1s & -5 1 1.7

26 TGGACTTTTGCCA - - - - - - GTCGGCGGTCAGGCTTATGTTGAGG -6 2 3.4

27 TGGACTTTTGCCAG- - - - -GGTCGGCGGTCAGGCTTATGTTGAGG -5 1 1.7

28 TGGACTTTTGCCA - - - - - - - - - - - - GGTCAGGCTTATGTTGAGG -12 1 1.7

29 TGGACTTTTGCCAGCCATCGGTCGGCGGTCAGGCTTATGTTGAGG +1 1 1.7

30 TGGACTTTTGCCA - - - - - - - - - - - - - - - - - - - - - - ATGTTGAGG -21 1 1.7

31 TGGACTTTTGCCAGGCAAGA - - - - - - - - - - - - - - - - - - - - -
ATGTTGAGG

-21 & +6 1 1.7

Wild-type (WT) sequence of target site; deletions are indicated by red dashed lines, insertions or substitutions are indicated by red font with plus 
‘ + ’ and “s”s sign, respectively; PAM (CGG) is indicated by green underlined italicized font. Mutation events were analyzed using TA-cloning 
and Sanger sequencing
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nature of mutation events in regenerated lines with albino, 
mosaic, or wild-type phenotypes, TA cloning followed by 
sequencing analysis was also performed in 15 representative 
mutants (Table 4). As expected, various types of mutations 
were detected in these mutants with homozygous, heterozy-
gous, or chimeric mutations across tested vector versions 
(Table 4). The sequencing analysis also showed mono-allelic 
and bi-allelic homozygous mutants with varied nucleotide 
deletions (1–11 bp) (Fig. 6a–d, Table 4).    

The inheritance of mutation events detected in T1 (Arabi-
dopsis) or T0 (M. truncatula) generation in order to con-
firm the transmission of the mutations to the next generation 
by self-pollination in both species was also assessed. The 
results showed that mosaic mutants in both species har-
bor heterozygous mutations and segregate seedlings with 

complete albino in the next generation, which have identi-
cal mutation nature as their parents. It was further explored 
whether different mosaic phenotypes in Arabidopsis atpds3 
mutants, as shown in Fig. 2a–d, are inheritable in subsequent 
generations. Thus, mutants generated by vector version IV 
with different levels of mosaic phenotypes were selected: 
(1) mutant phenotype with albino dominant over greenness, 
(2) mutant phenotype with albino equal or close to green-
ness, and (3) mutant phenotype with albino less than green-
ness. The individual plants were self-pollinated, and seeds 
were harvested to confirm the inheritability of mutations 
in the next generation. 300 seeds were randomly selected 
from each line and planted on half-strength MS medium 
for segregation analysis. The proportion of complete albino 
mutants in categories (1) and (2) was significantly higher 
than that in category (3) (Fig. S4a–h). The proportion of 
complete albino (homozygous) progenies was directly cor-
related with the mosaic intensity in the parental lines (Fig. 
S4a–f). In contrast, the mosaic mutant with greenness domi-
nant phenotype segregated more wild-type-like plants in the 
next generation (Fig. S4g, h). In a similar manner, the inher-
itability of regenerated M. truncatula heterozygous MtPDS 
mutants from vector version IV was also examined (Fig. 
S5a–f). First, the heterozygous mutants were identified by 
sequencing analysis from the T0 generation with one allelic 
mutation event (Fig. S5a, c). Then, the selfed T1 seeds were 
grown on half-strength MS medium. Obviously, both het-
erozygous mutants produced seedlings with complete albino 

Fig. 4   Phenotype of mtpds mutated calli at different stages generated 
by new CRISPR/Cas9 vector versions at T0 generation. a, b First 
stage of mutated calli of mtpds on culture medium. c Second stage of 
mutated calli of mtpds on culture medium. d–f Mutated calli of mtpds 

at the regeneration stage on culture medium. g Graph of mutated calli 
at regeneration (third stage) stage showing the mutation efficiency of 
four new CRISPR/Cas9 vector versions I, II, III and IV

Table 3   Number of mutated albino calli of mtpds examined at differ-
ent callus developmental stages using four vector versions

Promoter Number of 
calli examined

MtPDS mutated albino calli effi-
ciency (%) at three calli develop-
mental stages

1st stage 2nd stage 3rd stage

Version I 207 2 3 5
Version II 274 3 10 13
Version III 179 4 6 7
Version IV 230 18 30 36
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segregating progenies (Fig. S5b, d). Furthermore, TA clon-
ing followed by sequencing analysis was performed to deter-
mine whether mutation events in the parent line are detected 
in the progenies. Matching mutation events were detected 
in tested progenies as identical to the parental lines (Fig. 
S5e, f).

Taken together, the improved CRISPR/Cas9 vector ver-
sion IV (UBQ10-Cas9) consistently showed effectiveness 
in improving the CRISPR/Cas9 mutation efficiency in 
both Arabidopsis and M. truncatula using a single gRNA 
approach. It has been reported that the UBQ10 promoter 
facilitates moderate expression in nearly all tissues (Norris 
et al. 1993) and provides stability to enable reliable trans-
formation in Arabidopsis (Grefen et al. 2010). It has been 
also suggested that the high mutation efficiency achieved 
by the UBQ10 promoter is due to the high expression of 
Cas9 at early embryonic development (Wang and Chen 
2019), which is in agreement with these results. This result 
is also consistently in agreement with recent mutation fre-
quency improvement made in Arabidopsis using UBI4-2/
UBI10 promoter-driven Cas9 (Fauser et al. 2014; Pauwels 
et al. 2018; Wolter et al. 2018; Castel et al. 2019; Wang and 

Chen 2019; Zhang et al. 2020). In monocot genome editing, 
like maize and rice, cereal ubiquitin promoters are the most 
preferred promoters in driving Cas9 expression due to their 
superior performance compared to the 35S promoter (Xie 
et al. 2015; Wang et al. 2016). By using a multiplex gRNA 
approach, the improved vector UBQ10-Cas9 also enhances 
the mutation efficiency in tetraploid alfalfa, with 44–75% 
mutation efficiency in editing several genes (Wolabu et al., 
unpublished data). In conclusion, this improved CRISPR/
Cas9 system consistently demonstrates the enhancement of 
mutation efficiency of genome editing in both Arabidopsis 
and M. truncatula. This improved system might be applica-
ble in other legumes, like alfalfa.

Author contributions statement  TW, ZW, and JW conceived 
the experiments and wrote the manuscript; TW, JJP, MC, 
and LC are involved in optimizing the vectors, experimental 
execution, and data analysis; YG, QJ, GL, and SD contrib-
uted to plant transformation.

Fig. 5   Phenotype of mtpds mutants generated by new CRISPR/Cas9 
vectors driven by different promoters in T0 generation. a Phenotype 
of mtpds albino mutant generated by vector version IV. b Phenotype 
of mtpds albino mutant generated by vector version I. c Phenotype of 
mtpds albino mutant generated by vector version III. d Phenotype of 

mtpds albino mutant generated by vector version III. e Phenotype of 
mtpds mosaic mutant generated by vector version IV. f Phenotype of 
wild type. g Graph of overall efficiency of mtpds mutants generated 
by new CRISPR/Cas9 vector versions I, II, III, and IV
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Table 4   Diverse mutation events occurred at the target site of MtPDS gene (gRNA1)

Mutant 
ID

Diversity of mutation 
events at target site

Mutation 
detected

Nature of 
Mutation

Vector
version

WT GCTGGAGGCAAGAGACGTTCTAGG -

Bi-allelic 
homozygous
(Albino 
phenotype)

IV

MsPDS-1 GCTGGAGGCAA - AG - - - - - -TAGG
GCTGGAGGCAAGAG - - - - TCTAGG

-7
-4

MsPDS-2 GCTGGAGGCAAGAG - - - -TCTAGG
GCTGGAGGCAAGAGAC - TTCTAGG

-4
-1

MsPDS-3 GCTGGAGGCAA - - - - - - - - - - - - - AGTATT
GCTGGAGGCAAG - - - - - - - - - - - -

-13 & +6
-12

MtPDS-4 GCTGGAGGCAA - - - - - - - - CTAGG
GCTGGAGGCAAGAGACGT - CTAGG

-8
-1

MtPDS-5 GCTGGAGGCAA - - - - - GTTCTAGG
GCTGGAGGCAAGAGACG -TCTAGG

-5
-1

MtPDS-6 GCTGGAGGCAAGAGACGTTCTAGG
GCTGGAGGCAAGAGACGT -CTAGG
GCTGGAGGCAAGAGACGT - -TAGG
GCTGGAGGCAAGAGACGT - -- AGG
GCTGGAGGC- - - - - - - - - - - - - - - GACAAAGTATT

WT
-1
-2
-3

-15 & +11

Mosaic/chime
ric mutant

(Mosaic 
phenotype)

MtPDS-7 GCTGGAGGCAAGAGAC - - TCTAGG
GCTGGAGGCAAGAGA - - - - - TAGG

-2
-5

Bi-allelic 
homozygous
(Albino 
phenotype)

II
MtPDS-8 GCTGGAGGCAA - - - - - - - - CTAGG

GCTGGAGGCAA- - - - - - - - - - - - - AGTATT
-8

-13 & +6

MtPDS-9 GCTGGAGGCAAG - - - - - - - - - - - G
GCTGGAGGCAAGAGACGTTTCTAGG

-11
+1

MtPDS-10 GCTGGAGGCAAGAGACGTTCTAGG
GCTGGAGGCAAGAGAC - TTCTAGG

WT
-1

Heterozygous 
(Normal 
phenotype)

MtPDS-11 GCTGGAGGCAAGAGACGT - - - -GG
GCTGGAGGCAAGAGACGT- - - - GG

-4 Mono-allelic 
homozygous 
(Albino 
phenotype)

III

MtPDS-12 GCTGGAGGCAAGAGACGT- - - - GG
GCTGGAGGCAA- - - - - - - - - - - - - AGTATT

-4
-13 & +6

Bia-allelic 
homozygous 
(Albino 
phenotype)

MtPDS-13 GCTGGAGGCAAGAGACGTTCTAGG
GCTGGAGGCAA - - - - - - - - - - - GG

WT
-11

Heterozygous
(Normal 
phenotype)

MtPDS-14 GCTGGAGGCAAGAGACGTTCTAGG
GCTGGAGGCAAGAGAC -TTCTAGG

WT
-1

Heterozygous
(Normal 
phenotype)

MtPDS-15 GCTGGAGGCAAGAGACG -TCTAGG
GCTGGAGGCAAGAGACGT - - -AGG

-1
-3

Bi-allelic 
homozygous(
(Albino 
phenotype)

I

Wild-type (WT) sequence of target site; deletions are indicated by red dashed lines; insertions or substitutions are indicated by red font with plus 
“ + " and “s” sign, respectively; PAM is indicated by green underlined italicized font. Mutation events in each mutant line were confirmed using 
TA-cloning and Sanger sequencing analysis



	 Planta (2020) 252:15

1 3

15  Page 12 of 14

Compliance with ethical standards 

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

References

Brooks C, Nekrasov V, Lipppman ZB, Van Eck J (2014) Efficient gene 
editing in tomato in the first generation using the clustered regu-
larly interspaced short palindromic repeats/CRISPR-associated9 
system. Plant Physiol 166:1292–1297. https​://doi.org/10.1104/
pp.114.24757​7

Castel B, Tomlinson L, Federica L, Yang Y, Jones JDG (2019) Optimi-
zation of T-DNA architecture for Cas9-mediated mutagenesis in 
Arabidopsis. PLoS One 14(1):e0204778. https​://doi.org/10.1371/
journ​al.pone.02047​78

Čermák T, Curtin SJ, Gil-Humanes J et al (2017) A multipurpose 
toolkit to enable advanced genome engineering in plants. Plant 
Cell 29:1196–1217. https​://doi.org/10.1105/tpc.16.00922​

Christian M, Cermak T, Doyle EL et al (2010) Targeting DNA double-
strand breaks with TAL effector nucleases. Genetics 186:756–761. 
https​://doi.org/10.1534/genet​ics.110.12071​7

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agro-
bacterium-mediated transformation of Arabidopsis thaliana. Plant 
J 16:735–743. https​://doi.org/10.1046/j.1365-313X.1998.00343​.x

Cong L, Ran FA, Cox D et al (2013) Multiplex genome engineering 
using CRISPR/Cas systems. Science 339:819–823. https​://doi.
org/10.1126/scien​ce.12311​43

Curtin SJ, Tiffin P, Guhlin J et al (2017) Validating genome-wide asso-
ciation candidates controlling quantitative variation in nodulation. 
Plant Physiol 173:921–931. https​://doi.org/10.1104/pp.16.01923​

Curtin SJ, Xiong Y, Michno JM et al (2018) CRISPR/Cas9 and TAL-
ENs generate heritable mutations for genes involved in small RNA 
processing of Glycine max and Medicago truncatula. Plant Bio-
technol J 16:1125–1137. https​://doi.org/10.1111/pbi.12857​

Eid A, Ali Z, Mahfouz MM (2016) High efficiency of targeted 
mutagenesis in arabidopsis via meiotic promoter-driven expres-
sion of Cas9 endonuclease. Plant Cell Rep 35:1555–1558. https​
://doi.org/10.1007/s0029​9-016-2000-4

Fauser F, Schiml S, Puchta H (2014) Both CRISPR/Cas-based nucle-
ases and nickases can be used efficiently for genome engineer-
ing in Arabidopsis thaliana. Plant J 79:348–359. https​://doi.
org/10.1111/tpj.12554​

Feng Z, Zhang Z, Hua K et al (2018) A highly efficient cell division-
specific CRISPR/Cas9 system generates homozygous mutants for 
multiple genes in Arabidopsis. Int J Mol Sci 19:3925. https​://doi.
org/10.3390/ijms1​91239​25

Gao J, Wang G, Ma S et al (2015) CRISPR/Cas9-mediated targeted 
mutagenesis in Nicotiana tabacum. Plant Mol Biol 87:99–110. 
https​://doi.org/10.1007/s1110​3-014-0263-0

Gao R, Feyissa BA, Croft M, Hannoufa A (2018) Gene editing 
by CRISPR/Cas9 in the obligatory outcrossing Medicago 
sativa. Planta 247:1043–1050. https​://doi.org/10.1007/s0042​
5-018-2866-1

Grefen C, Donald N, Hashimoto K et al (2010) A ubiquitin-10 pro-
moter-based vector set for fluorescent protein tagging facilitates 
temporal stability and native protein distribution in transient 
and stable expression studies. Plant J 64:355–365. https​://doi.
org/10.1111/j.1365-313X.2010.04322​.x

Hashimoto R, Ueta R, Abe C et al (2018) Efficient multiplex genome 
editing induces precise, and self-ligated type mutations in 

Fig. 6   Phenotypic and genotypic analyses of mtpds mutants gener-
ated by new CRISPR/Cas9 vector versions (I–IV). a Phenotype of 
mtpds bi-allelic homozygous mutant generated by vector version IV. 
b Phenotype of mtpds bi-allelic homozygous mutant generated by 
vector version II. c Phenotype of mtpds mono-allelic homozygous 
mutant generated by vector version III. d Phenotype of mtpds bi-

allelic homozygous mutant generated by vector version I. Note: the 
PAM sequence is indicated by red underlined font; mutation events 
deletions are indicated by “-” and substitutions are shown in red font. 
WT, wild type; M1, M2, M3, and M4 indicate mutant #1, #2, #3, and 
#4, respectively

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1104/pp.114.247577
https://doi.org/10.1104/pp.114.247577
https://doi.org/10.1371/journal.pone.0204778
https://doi.org/10.1371/journal.pone.0204778
https://doi.org/10.1105/tpc.16.00922
https://doi.org/10.1534/genetics.110.120717
https://doi.org/10.1046/j.1365-313X.1998.00343.x
https://doi.org/10.1126/science.1231143
https://doi.org/10.1126/science.1231143
https://doi.org/10.1104/pp.16.01923
https://doi.org/10.1111/pbi.12857
https://doi.org/10.1007/s00299-016-2000-4
https://doi.org/10.1007/s00299-016-2000-4
https://doi.org/10.1111/tpj.12554
https://doi.org/10.1111/tpj.12554
https://doi.org/10.3390/ijms19123925
https://doi.org/10.3390/ijms19123925
https://doi.org/10.1007/s11103-014-0263-0
https://doi.org/10.1007/s00425-018-2866-1
https://doi.org/10.1007/s00425-018-2866-1
https://doi.org/10.1111/j.1365-313X.2010.04322.x
https://doi.org/10.1111/j.1365-313X.2010.04322.x


Planta (2020) 252:15	

1 3

Page 13 of 14  15

tomato plants. Front Plant Sci 9:916. https​://doi.org/10.3389/
fpls.2018.00916​

Hyun Y, Kim J, Cho SW et al (2014) Site-directed mutagenesis in 
Arabidopsis thaliana using dividing tissue-targeted RGEN of 
the CRISPR/Cas system to generate heritable null alleles. Planta 
241:271–284. https​://doi.org/10.1007/s0042​5-014-2180-5

Jinek M, Chylinski K, Fonfara I et al (2012) A programmable dual-
RNA-guided DNA endonuclease in adaptive bacterial immunity. 
Science 337:816–821. https​://doi.org/10.1126/scien​ce.12258​29

Kim YG, Cha J, Chandrasegaran S (1996) Hybrid restriction enzymes: 
Zinc finger fusions to Fok I cleavage domain. Proc Natl Acad 
Sci USA 93:1156–1160. https​://doi.org/10.1073/pnas.93.3.1156

Klimek-Chodacka M, Oleszkiewicz T, Lowder LG et al (2018) Effi-
cient CRISPR/Cas9-based genome editing in carrot cells. Plant 
Cell Rep 37:575–586. https​://doi.org/10.1007/s0029​9-018-2252-2

Le Blanc C, Zhang F, Mendez J, Lozano Y, Chatpar K, Irish V et al 
(2017) Increased efficiency of targeted mutagenesis by CRISPR/
Cas9 in plants using heat stress. Plant J 9:377–386. https​://doi.
org/10.1111/tpj.13782​

Li T, Huang S, Zhao X et al (2011) Modularly assembled designer TAL 
effector nucleases for targeted gene knockout and gene replace-
ment in eukaryotes. Nucl Acids Res 39:6315–6325. https​://doi.
org/10.1093/nar/gkr18​8

Li W, Teng F, Li T, Zhou Q (2013) Simultaneous generation and 
germline transmission of multiple gene mutations in rat using 
CRISPR-Cas systems. Nat Biotechnol 31:684–686. https​://doi.
org/10.1038/nbt.2652

Liu TY, Iavarone AT, Doudna JA (2017) RNA and DNA targeting by 
a reconstituted Thermus thermophiles Type III-A CRISPR-Cas 
system. PLoS One 12:e0170552. https​://doi.org/10.1371/journ​
al.pone.01705​52

Ma X, Zhang Q, Zhu Q et al (2015) A robust CRISPR/Cas9 system 
for convenient, high-efficiency multiplex genome editing in 
monocot and dicot plants. Mol Plant 8:1274–1284. https​://doi.
org/10.1016/j.molp.2015.04.007

Mali P, Yang L, Esvelt KM et al (2013) RNA-guided human genome 
engineering via Cas9. Science 339:823–826. https​://doi.
org/10.1126/scien​ce.12320​33

Mao Y, Zhang Z, Feng Z et al (2016) Development of germ-line-
specific CRISPR-Cas9 systems to improve the production of 
heritable gene modifications in Arabidopsis. Plant Biotechnol J 
14:519–532. https​://doi.org/10.1111/pbi.12468​

Meng Y, Hou Y, Wang H et  al (2017) Targeted mutagenesis by 
CRISPR/Cas9 system in the model legume Medicago trunca-
tula. Plant Cell Rep 36:371–374. https​://doi.org/10.1007/s0029​
9-016-2069-9

Michno JM, Wang X, Liu J et al (2015) CRISPR/Cas mutagenesis of 
soybean and Medicago truncatula using a new web-tool and a 
modified Cas9 enzyme. GM Crops Food 6:243–252. https​://doi.
org/10.1080/21645​698.2015.11060​63

Mikami M, Toki S, Endo M (2016) Precision targeted mutagenesis via 
Cas9 paired nickases in rice. Plant Cell Physiol 57:1058–1068. 
https​://doi.org/10.1093/pcp/pcw04​9

Norris SR, Meyer SE, Callis J (1993) The intron of Arabidopsis thali-
ana polyubiquitin genes is conserved in location and is a quanti-
tative determinant of chimeric gene expression. Plant Mol Biol 
21:895–906. https​://doi.org/10.1007/BF000​27120​

Osakabe Y, Watanabe T, Sugano SS et al (2016) Optimization of 
CRISPR/Cas9 genome editing to modify abiotic stress responses 
in plants. Sci Rep 6:26685. https​://doi.org/10.1038/srep2​6685

Pan C, Ye L, Qin L et al (2016) CRISPR/Cas9-mediated efficient and 
heritable targeted mutagenesis in tomato plants in the first and 
later generations. Sci Rep 6:24765. https​://doi.org/10.1038/srep2​
4765

Pauwels L, De Clercq R, Goossens J, Iñigo S, Williams C, Ron M, Britt 
A, Goossens A (2018) A dual sgRNA approach for functional 
genomics in Arabidopsis thaliana. G3 (Bethesda) 8(8):2603–
2615. https​://doi.org/10.1534/g3.118.20004​6

Rogers SO, Bendich AJ (1994) Extraction of total cellular DNA from 
plants, algae and fungi. In: Gelvin SB, Schilperoort RA (eds) Plant 
molecular biology manual. Springer, Dordrecht, pp 183–190. https​
://doi.org/10.1007/978-94-011-0511-8_12

Svitashev S, Young JK, Schwartz C et al (2015) Targeted mutagen-
esis, precise gene editing, and site-specific gene insertion in maize 
using Cas9 and guide RNA. Plant Physiol 169:931–945. https​://
doi.org/10.1104/pp.15.00793​

Tian S, Jiang L, Gao Q et al (2017) Efficient CRISPR/Cas9-based gene 
knockout in watermelon. Plant Cell Rep 36:399–406. https​://doi.
org/10.1007/s0029​9-016-2089-5

Tsutsui H, Higashiyama T (2017) PKAMA-ITACHI vectors for highly 
efficient CRISPR/Cas9-mediated gene knockout in Arabidopsis 
thaliana. Plant Cell Physiol 58:46–56. https​://doi.org/10.1093/
pcp/pcw19​1

Voytas DF, Gao C (2014) Precision genome engineering and agri-
culture: opportunities and regulatory challenges. PLoS Biol 
12(6):e1001877. https​://doi.org/10.1371/journ​al.pbio.10018​77

Wang J, Chen H (2019) A novel CRISPR/Cas9 system for efficiently 
generating Cas9-free multiplex mutants in Arabidopsis. BIO-
TECH. https​://doi.org/10.1007/s4299​4-019-00011​-z

Wang H, Hu YC, Markoulaki S et al (2013) TALEN-mediated editing 
of the mouse y chromosome. Nat Biotechnol 31:530–532. https​
://doi.org/10.1038/nbt.2595

Wang S, Zhang S, Wang W et al (2015a) Efficient targeted mutagenesis 
in potato by the CRISPR/Cas9 system. Plant Cell Rep 34:1473–
1476. https​://doi.org/10.1007/s0029​9-015-1816-7

Wang ZP, Xing HL, Dong L et al (2015b) Egg cell-specific promoter-
controlled CRISPR/Cas9 efficiently generates homozygous 
mutants for multiple target genes in Arabidopsis in a single 
generation. Genome Biol 16:144. https​://doi.org/10.1186/s1305​
9-015-0715-0

Wang W, Akhunova A, Chao S, Akhunov E (2016) Optimizing multi-
plex CRISPR/CAS9Cas9 system for wheat genome editing. Cold 
Spring Harb Lab. https​://doi.org/10.1101/05134​2

Wolter F, Klemm J, Puchta H (2018) Efficient in planta gene target-
ing in Arabidopsis using egg cell-specific expression of the Cas9 
nuclease of Staphylococcus aureus. Plant J 94:735–746. https​://
doi.org/10.1111/tpj.13893​

Xie K, Minkenberg B, Yang Y (2015) Boosting CRISPR/Cas9 mul-
tiplex editing capability with the endogenous tRNA-processing 
system. Proc Natl Acad Sci USA 112:3570–3575. https​://doi.
org/10.1073/pnas.14202​94112​

Xing HL, Dong L, Wang ZP et al (2014) A CRISPR/Cas9 toolkit for 
multiplex genome editing in plants. BMC Plant Biol 14:327. https​
://doi.org/10.1186/s1287​0-014-0327-y

Yan L, Wei S, Wu Y et  al (2015) High-efficiency genome edit-
ing in Arabidopsis using YAO promoter-driven CRISPR/Cas9 
system. Mol Plant 8:1820–1823. https​://doi.org/10.1016/j.
molp.2015.10.004

Yan W, Chen D, Kaufmann K (2016) Efficient multiplex mutagenesis 
by RNA-guided Cas9 and its use in the characterization of regula-
tory elements in the AGAMOUS gene. Plant Methods 12:23. https​
://doi.org/10.1186/s1300​7-016-0125-7

Zhang Y, Ma X, Xie X, Liu YG (2017) CRISPR/Cas9-based genome 
editing in plants. In: Weeks D, Yang B (eds) Gene editing in 
plants, 1st edn. Elsevier Inc.

Zhang Q, Xing HL, Wang ZP, Zhang HY, Yang F, Wang XC, Chen QJ 
(2018) Potential high-frequency off-target mutagenesis induced by 

https://doi.org/10.3389/fpls.2018.00916
https://doi.org/10.3389/fpls.2018.00916
https://doi.org/10.1007/s00425-014-2180-5
https://doi.org/10.1126/science.1225829
https://doi.org/10.1073/pnas.93.3.1156
https://doi.org/10.1007/s00299-018-2252-2
https://doi.org/10.1111/tpj.13782
https://doi.org/10.1111/tpj.13782
https://doi.org/10.1093/nar/gkr188
https://doi.org/10.1093/nar/gkr188
https://doi.org/10.1038/nbt.2652
https://doi.org/10.1038/nbt.2652
https://doi.org/10.1371/journal.pone.0170552
https://doi.org/10.1371/journal.pone.0170552
https://doi.org/10.1016/j.molp.2015.04.007
https://doi.org/10.1016/j.molp.2015.04.007
https://doi.org/10.1126/science.1232033
https://doi.org/10.1126/science.1232033
https://doi.org/10.1111/pbi.12468
https://doi.org/10.1007/s00299-016-2069-9
https://doi.org/10.1007/s00299-016-2069-9
https://doi.org/10.1080/21645698.2015.1106063
https://doi.org/10.1080/21645698.2015.1106063
https://doi.org/10.1093/pcp/pcw049
https://doi.org/10.1007/BF00027120
https://doi.org/10.1038/srep26685
https://doi.org/10.1038/srep24765
https://doi.org/10.1038/srep24765
https://doi.org/10.1534/g3.118.200046
https://doi.org/10.1007/978-94-011-0511-8_12
https://doi.org/10.1007/978-94-011-0511-8_12
https://doi.org/10.1104/pp.15.00793
https://doi.org/10.1104/pp.15.00793
https://doi.org/10.1007/s00299-016-2089-5
https://doi.org/10.1007/s00299-016-2089-5
https://doi.org/10.1093/pcp/pcw191
https://doi.org/10.1093/pcp/pcw191
https://doi.org/10.1371/journal.pbio.1001877
https://doi.org/10.1007/s42994-019-00011-z
https://doi.org/10.1038/nbt.2595
https://doi.org/10.1038/nbt.2595
https://doi.org/10.1007/s00299-015-1816-7
https://doi.org/10.1186/s13059-015-0715-0
https://doi.org/10.1186/s13059-015-0715-0
https://doi.org/10.1101/051342
https://doi.org/10.1111/tpj.13893
https://doi.org/10.1111/tpj.13893
https://doi.org/10.1073/pnas.1420294112
https://doi.org/10.1073/pnas.1420294112
https://doi.org/10.1186/s12870-014-0327-y
https://doi.org/10.1186/s12870-014-0327-y
https://doi.org/10.1016/j.molp.2015.10.004
https://doi.org/10.1016/j.molp.2015.10.004
https://doi.org/10.1186/s13007-016-0125-7
https://doi.org/10.1186/s13007-016-0125-7


	 Planta (2020) 252:15

1 3

15  Page 14 of 14

CRISPR/Cas9 in Arabidopsis and its prevention. Plant Mol Biol 
96(4–5):445–456. https​://doi.org/10.1007/s1110​3-018-0709-x

Zhang H, CaoY ZH, Xu Y et al (2020) Efficient generation of CRISPR/
Cas9-mediated homozygous/biallelic Medicago truncatula 
mutants using a hairy root system. Front Plant Sci 11:294. https​
://doi.org/10.3389/fpls.2020.00294​

Zhu Y, Zhang F, Huang Z (2018) Structural insights into the inactiva-
tion of CRISPR-Cas systems by diverse anti-CRISPR proteins. 
BMC Biol 16:32. https​://doi.org/10.1186/s1291​5-018-0504-9

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

https://doi.org/10.1007/s11103-018-0709-x
https://doi.org/10.3389/fpls.2020.00294
https://doi.org/10.3389/fpls.2020.00294
https://doi.org/10.1186/s12915-018-0504-9

	Improving the genome editing efficiency of CRISPRCas9 in Arabidopsis and Medicago truncatula
	Abstract
	Main conclusion 
	Abstract 

	Introduction
	Materials and methods
	Plant growth conditions
	Construction of new CRISPRCas9 vectors and generation of transgenic plants
	Phenotypic screening of atpds3 and mtpds mutants generated by different CRISPRCas9 systems
	Genotyping mutants generated by CRISPRCas9 systems in Arabidopsis and M. truncatula

	Results and discussion
	References




