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Abstract
Background: CRISPR-Cas9 Genome-editing technology has revolutionized the plant science and hold
enormous promise in crop improvement. When performing the gene editing system for crops, it is crucial
to eliminate of the Cas9/sgRNA T-DNA cassette in the T1 generation.

Results: Here, we �rstly validated that incorporating an OsU3-tRNA promoter combination in the
CRISPR/Cas9 system contributed to the highest mutagenesis e�ciency that increased sgRNA expression
levels over the AtU6-tRNA and AtU6 promoters by editing the NtPDS gene (Ntab0595110) in tobacco.
Then we optimized the existing tobacco CRISPR/Cas9 system by using the OsU3-tRNA promoter
combination instead of AtU6, and fusing an AtUb10-Ros1 expression cassette in T-DNA for monitoring the
transgene events. The new vector was named as pOREU3TR. As expected, 52 transgene-free and
homozygous gene-edited green plants were effectively screened at T1 generation by editing the NtLHT1
gene (Ntab0818090) in tobacco, and the contents of most free amino acids in the T2 mutants ntlht1
leaves were detected signi�cantly different from those in the wild type leaves, demonstrating the highly
e�cient of the system.

Conclusions: This OsU3-tRNA-sgRNA/AtUb10-Ros1 system provides essential improvements to increase
the e�ciency of plant genome editing. 

Background
The clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated protein 9
nuclease (Cas9) system has emerged and widely applied in recent years as a robust technology for
genome editing in various organisms. It is a valuable tool in creating new materials for researches. And
the editing e�ciency of the system is closely related to the expression level of the single guide RNA
(sgRNA) [1–4]. It is generally believed that the RNA polymerase III (pol III) promoters are commonly used
in CRISPR/Cas9 vectors for driving sgRNA expression in plants, such as Arabidopsis U6 (AtU6) and AtU3
promoters often preferred in dicotyledons, whereas the rice U6 (OsU6) and OsU3 promoters in
monocotyledons. U6 snRNAs play their roles in the intron splicing of pre-mRNA in the nucleus, while U3
snRNAs participate in pre-rRNA processing [5–7]. The OsU3 exhibits high editing e�ciency in rice and can
be transcribed normally in dicot plants [8, 9], indicating that the OsU3 promoter also could be applied to
gene editing of dicotyledons. The transfer RNAs (tRNA) are involved in the protein translation. Because of
the internal transcriptional elements which can recruit pol III complexes and the endogenous tRNA-
processing system, it has been reported that the tRNA-sgRNA architecture played a technical function in
boosting the editing capability [10–13]. Based on these features, we designed two promoter
combinations AtU6-tRNA and OsU3-tRNA to drive the expression of sgRNA targeting the NtPDS gene in
tobacco respectively.

After transformation of the tobacco callus, the follow missions are to select the active transformants with
expected mutations in T0 transgenes and identify the Cas9/sgRNA T-DNA free mutants in T1 generation.
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Enzyme digestion or sequencing of the PCR amplicons which were usually performed in the isolation are
both time-consuming and laborious, therefore, Cas9/sgRNA expression levels are often monitored
indirectly. The application of �uorescent genes coupled with Cas9/sgRNA expression units have
considerably contributed to an approach for identifying plants with elevated Cas9/sgRNA concentrations
in transgenic progenies. But the method is usually limited by the special assistant instruments such as
�uorescent microscope[14, 15]. Nowadays, other creative genes coupling with Cas9/sgRNA cassettes
show visible phenotypes when they are edited, which were explored and applied more effectively, such as
the genes involved in trichome development and anthocyanins biosynthesis[16–18].

The Antirrhinum Rosea1 (Ros1) is an MYB-type transcription factor gene activating the biosynthesis of
anthocyanin pigments. The Studies reported that the tobacco transgenic plants overexpressing Ros1
displayed dark red pigmentation by the naked eye in leaves and �owers which provided a visible marker
in tobacco. Meanwhile the abiotic stress tolerance also could be enhanced by the gene[19, 20]. Here we
optimized the detection e�ciency by coupling of Ros1 under the control of the Arabidopsis Ubiqutin 10
(AtUb10) promoter leads to the accumulation of anthocyanin in leaves and �owers, providing a visible
marker for selecting the needed transgenic plants.

Amino acids in tobacco are not only the major nutrients essential for plants growth and development, but
also the important substances related to the quality and �avor of tobacco leaves[21]. The absorption and
transport of them depend on the transport function of amino acid transporters (AATs). LHT1 is a member
of the lysine/histidine transporters (LHTs) family, an important subfamily of amino acid transporters. It
was initially viewed as a lysine and histidine selective transporter which was determined in yeast, while,
subsequent studies revealed that LHT1 could transport a broad spectrum of amino acids with preference
for neutral and acidic amino acids[22]. LHT1 gene was mainly expressed in roots and leaves. The gene
could mediate not only amino acids uptake from soil, but also translocation and partitioning of amino
acids within plants[23]. However, it should be noted that the research on LHT1 was mainly performed in
Arabidopsis, while our understanding of LHT1 in tobacco is generally scant.

In the present study, we �rstly constructed AtU6-tRNA and OsU3-tRNA promoter combinations to drive the
expression of sgRNA respectively and investigated their e�cacy and e�ciency in genome editing by
targeting the tobacco phytoene desaturase (NtPDS) gene (Ntab0595110), which was used as a
phenotypic marker for causing plant bleaching when the gene was silenced [24]. The results showed that
the use of OsU3-tRNA promoter combination achieved the highest editing e�ciency in tobacco cells. We
then optimized the CRISPR/Cas9 system using the OsU3-tRNA promoter combination instead of the AtU6,
and added an AtUb10-Ros1 expression cassette next to the Cas9/sgRNA units in the plasmid. The editing
of the tobacco NtLHT1 gene (Ntab0818090) demonstrated the e�cacy of the system, and the contents of
the free amino acids in the mutant leaves were signi�cantly different from those in wild type leaves.
Additionally, the successful editing of the tobacco NtLHT1 gene suggests that the OsU3-tRNA-sgRNA and
AtUb10-Ros1 system might be applied in other monocot and dicot plants.

Results
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OsU3-tRNA promoter combination enhanced the editing
e�ciency
It has been reported that the rice OsU3 can be transcribed normally in dicot plants and the tRNA-sgRNA
architecture played a technical function in boosting the editing capability [8, 10, 11]. To determine
whether the use of AtU6-tRNA and OsU3-tRNA promoter combinations results in improved genome editing
e�ciency in tobacco, we constructed CRISPR/Cas9 vectors based on the backbone of the pORE-Cas9
vector using the OsU3-tRNA/AtU6-tRNA/AtU6 promoters to express PDS sgRNA respectively (Fig. 1a). The
CRISPR vectors were designated OsU3-tRNA-PDS, AtU6-tRNA-PDS and AtU6-PDS. The vectors were
introduced into tobacco leaf disk via Agrobacterium-mediated transformation. Neomycin-resistant callus
were obtained after antibiotic-dependent selection and albino callus were obtained as expected (Fig. 1b).
Exogenous T-DNA insertions were identi�ed by PCR using Cas9-speci�c primers (Supplementary Table
S1). The results revealed that all the neomycin-resistant calluses contained the exogenous Cas9 gene
(Fig. 1c), which suggested that the CRISPR vectors had been successfully introduced into the tobacco
cells. We then checked the target site of the PDS gene in these transgenic calluses via PCR approach. The
desired bands were puri�ed and sent for Sanger sequencing. As expected, the indel (deletions or
insertions) mutations at the target site were observed in the transgenic callus. The mutation rates of the
callus for OsU3-tRNA-PDS, AtU6-tRNA-PDS and AtU6-PDS were 80%, 65.7% and 60.7% respectively
(Fig. 1d). The expression of PDS sgRNA was detected by quantitative real-time PCR (qRT-PCR). According
to the results, the AtU6, OsU3-tRNA and AtU6-tRNA promoters successfully promoted the expression of
PDS sgRNA in tobacco leaves, and the sgRNA expression levels driven by the OsU3-tRNA and AtU6-tRNA
promoters were higher than those coordinated by the AtU6 promoter (Fig. 1e). These results
demonstrated the e�cacy of the OsU3-tRNA, AtU6-tRNA, and AtU6 promoters in CRISPR/Cas9-mediated
genome editing in tobacco.

According to the sequencing results of the PDS gene in T1 plants, the mutation rates of OsU3-tRNA-PDS
(88.5%, 23/26) and AtU6-tRNA-PDS (80.9%, 17/21) were higher than that of AtU6-PDS (64.7%, 22/34).
The possible reason is that the tRNA could enhance the PDS sgRNA expression and play a role in sgRNA
caching and maturation. The homozygote plants were obtained with the OsU3-tRNA and AtU6-tRNA
promoter combinations at rates of 19.2% and 9.5% respectively (Table 1). Collectively, these results
suggested that the use of OsU3-tRNA promoter combination resulted in high editing e�ciency in tobacco.
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Table 1
Overview of site-speci�c editing for PDS gene using different promoters

Vectors Number of
plants

Number of
mutations

Number of
homozygotes

Mutation
rate (%)

Homozygotes
rate (%)

OsU3-
tRNA-PDS

26 23 5 88.5 19.2

AtU6-tRNA-
PDS

21 17 2 85.7 9.5

AtU6-PDS 34 22 0 64.7 0

Supplementary Table S1 Primers used in this study

Ros1 Improved The Screening E�ciency Of The Transgene-
free And Gene-edited Plants
In order to obtain stably transmissible mutations in tobacco generated by CRISPR/Cas9-mediated
genome editing technology, it is necessary to segregate out the CRISPR/Cas9 construct. However, it is
laborious and ine�cient to isolate the Cas9-free mutants in the transforming generations by the
traditional PCR method. Here, we inserted a dark red tag (Ros1) driven by the AtUb10 promoter into OsU3-
tRNA to obtain a visual screen of mutants (Fig. 2). This modi�ed vector was named pOREU3TR and
tested by editing the LHT1 gene in tobacco. When plasmids containing the pOREU3TR-LHT1 unit were
transformed into tobacco, we observed that anthocyanin accumulated in callus, leaves, stem, root and
the �owers (Fig. 3a and b), producing a visible dark red color, which can facilitate the detection of
transgenic events in callus and plants.

We found that all of the T0 plants that displayed dark red color contained the Cas9 expression cassette
revealed by our PCR analyses (Supplementary Fig. 1a) and were then detected out with different indels
mutations in the target site, including heterozygous and homozygous indels mutations through the
Sanger sequencing (Supplementary Fig. 1b). The dark red T0 lines with homozygous mutations were
screened to transplant from medium into soil in a climate-controlled growth chamber and selfed to obtain
the seeds for T1 population.

Approximately 500 T1 plants from each single homozygous LHT1 gene-edited transgenic T0 tobacco
lines were grown. In contrast to the all-purple-red phenotype of the T0 transgenic plants, the T1
segregants of them had either dark red or green phenotypes (Fig. 3b). We hypothesized the green ones
(52) were our needed plants without the T-DNA. To detect whether the transgenes were present in the
green T1 plants, DNA was extracted from each green plant and tested using Cas9 primers. As shown in
Fig. 3c, d and e, all green T1 plants did not contain the transgene elements, and sequencing results
showed that they had the same homozygous mutation types in the target site with the parent,
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demonstrating that our CRISPR/Cas9 strategy was highly effective for identifying transgene-free and
gene-edited T1 plants.

Knockout of NtLHT1 affected the contents of amino acids in leaves and plant height

The green transgene-free T1 plants containing a homozygous mutation resulting in premature stop
codons were allowed to self-fertilize for the further analysis in the T2 generation. To investigate the effect
of the knockout of NtLHT1 gene on tobacco, the T2 ntlht1 mutants and WT plants were planted in soil in
the greenhouse. The plant height and amino acids content in the leaves of each plant at different stages
were further determined by direct measuring and HPLC analysis respectively. The results showed that,
compared with the wild type, the plant height was reduced signi�cantly in the ntlht1 plants at the maturity
stage (Fig. 4d). Additionally, the amounts of most amino acids in ntlht1 leaves were signi�cantly less at
rosette stage and �ower-bud appearing stage, while signi�cantly higher at maturity stage than those in
the wild type plants, including Asp Ser Gly Arg Pro Met Leu and Total amino acids contents (Fig. 4a, b
and c). These results indicated that a lack of NtLHT1 function affected tobacco normal growth, and the
transport and distribution of amino acids in leaves.

Discussion
As an RNA-guided DNA endonuclease system, sgRNA activity and the expression of sgRNA greatly
in�uence the e�ciency of CRISPR/Cas9-mediated genome editing [25]. To date, the widely used
eukaryotic U3 and U6 promoters in monocot and dicot plants have been isolated from rice and
Arabidopsis, respectively [26]. The application of tRNA is an effective strategy for improving the e�ciency
of genome engineering in plants [12]. In this study, we successfully used OsU3-tRNA promoter
combination to regulate the expression of PDS sgRNA and LHT1 sgRNA in the dicot tobacco, reaching a
higher mutation rate than AtU6 and AtU6-tRNA (Fig. 1), which is unexpected. The possible reason is that
the internal promoter elements of tRNA which can recruit the Pol-III complex compensated some function
of rice OsU3 promoter in a dicot plant [10, 12]. The results suggested that the use of OsU3-tRNA promoter
combination could increase the genome editing e�ciency and be applied in both monocot and dicot
plants.

Despite the several reports describing a visible role for MYB TFs genes in optimizing the CRISPR/Cas9
system, few studies have reported the MYB TF Ros1 applied in improving the system [17, 27]. Some
previous studies have determined that Ros1 overexpression in tobacco, as well as in snapdragon �owers,
petunia and tomato enhanced anthocyanin accumulation in the whole vegetative and �oral tissues by
elevating the transcription of all key genes involved in the biosynthesis of this pigment [19]. In this study,
we constructed an effective CRISPR/Cas9 system, pOREU3TR, including the Ros1 expression module.
The results showed that all the transgene callus and plants exhibited visible dark red phenotype, making
the screening procedure easily and e�ciently, especially in the T1 generation with only 10.5% (52/495)
plants were green (Fig. 3d). These demonstrated that the Ros1 gene could be well applied in the gene
editing system.
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AtLHT1, which is the �rst member identi�ed in the LHT subfamily, was regarded as a Lys and His
selective transporter for transporting Lys and His most e�ciently among the 13 different amino acids
tested in the uptake measurements in yeast [28]. However, given the substrate speci�city of the LHTs
identi�ed so far, it could be con�rmed that the LHTs were not Lys and His unique transporters, but ones
with broad substrate speci�city and with preference for neutral and acidic amino acids [22, 29]. Here, we
�rstly suggested that the NtLHT1 gene in tobacco was able to transport a wide spectrum of amino acids,
including acidic, basic and neutral amino acids (Fig. 4), which agreed with the previous works. In addition,
the transgene-free ntlht1 mutants with higher amino acids contents in mature leaves would be well used
as the valuable materials in tobacco breeding, and the question why the most amino acids contents of
ntlht1 mutants less at rosette stage and �ower-bud appearing stage, higher at maturity stage than those
in the wild type remains to be addressed in subsequent studies.

Conclusion
In summary, we provide an improved effective CRISPR/Cas9 system, pOREU3TR, for tobacco genome
editing using an OsU3-tRNA promoter combination to drive sgRNA expression that generates improved
mutagenesis e�ciency over the existing one, and a visible marker Ros1 expression cassette to monitor
the transgenic events that making the screening procedure simple and e�cient. The e�cacy of such
system was veri�ed by the NtLHT1 gene. Thus, the improvements should result in important savings for
research groups using CRISPR/Cas9 in tobacco.

Methods

Plant Materials and Growth Conditions
Nicotiana tabacum L. variety ‘Hong Hua Da Jin Yuan’ (hereinafter referred to as HD) plants were grown at
50% − 60% relative humidity and 25°C 16 h/8 h light/dark cycle in a chamber for 3 weeks before leaves
were used for Agrobacterium transformation [30].

Vector Construction
All the primers used for in this study were provided in Supplementary Table S1. Agrobacterium
tumefaciens strain LBA4404 harboring the binary vector pORE-Cas9, which contains the CRISPR/Cas9
system, was kindly provided by Prof. Qingyou Xia (Southwestern University, Chongqing, China).

To inspect the e�cacy of the OsU3-tRNA, AtU6-tRNA and AtU6 promoters in driving the expression of
sgRNA, the OsU3-tRNA-sgRNA-TpolyT, and AtU6-tRNA-sgRNA-TpolyT sequences were synthesized by
Nanjing GenScript Co (GenScript, Nanjing), and cloned into the pORE-Cas9 vector instead of the AtU6-
sgRNA-TpolyT via the HindIII and SbfI sites through homologous recombination (HR) using the In-Fusion
HD cloning kit (Takara), getting the two new vectors OsU3-tRNA and AtU6-tRNA, respectively. Then the
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tobacco PDS sgRNA was inserted into the BsaI site of the 3 vectors by restriction digestion and ligation
method, obtaining the vectors of OsU3-tRNA-/AtU6-tRNA-/AtU6-PDS, respectively (Fig. 1a). The correct
clones were con�rmed by sequencing with primer RB-F. Similarly, to further optimize the vector, the
tobacco NtLHT1 was ligated at the BsaI site in the OsU3-tRNA vector and the AtUb10-Ros1-TNOS

expression cassette was synthesized (GenScript) and fused into OsU3-tRNA-LHT1 vector at NotI and KpnI
sites by HR. The improved vector was named pOREU3TR-NtLHT1 and the correct clones were identi�ed
with EXT-F primer (Fig. 2).

Plant Transformation
The CRISPR vectors were introduced into the Agrobacterium strain LBA4404, and Agrobacterium-
mediated transformation of HD leaves was performed by following the protocol of leaf disc
transformation [31, 32]. The tobacco calluses were subcultured on the MS3 medium plates (4.4 g l− 1 MS
medium including vitamins, 30 g l− 1 sucrose, 2 mg l− 1 benzylaminopurine, 0.5mg l− 1 Naphthaleneacetic
acid, 250 mg l− 1 carbenicillin, 50 mg l− 1 kanamycin and 4 g l− 1 phytagel, pH 5.8) every 2 weeks until the
development of kanamycin-resistant calluses. The resistant calluses were sampled for gDNA isolation,
and Cas9-1F/R, PDS-1F/R primers (Supplementary Table S1) were used to identify T-DNA insertions and
the editing forms of target fragments by PCR ampli�cation and Sanger sequencing. After culture for 6–8
weeks, the induced regenerated shoots were excised and transferred to the rooting medium (4.4 g l− 1 MS
medium including vitamins, 30 g l− 1 sucrose, 250 mg l− 1 carbenicillin, 100 mg l− 1 kanamycin and 4 g l− 1

phytagel, pH 5.8), and grown for 2–3 weeks to a height of 5–6 cm before transfer to soil. The regenerated
plants were sampled for gDNA extraction and molecular detection. For the pOREU3TR-NtLHT1 vector, the
T0 plants were visually screened for color phenotype at calli culture stage and at different growing
stages. Seeds from each individual T0 plants containing dark red color in stems and leaves were
harvested separately. Cas9-1F/R and LHT1-1F/R primers (Supplementary Table S1) were used for the
detection of transgenes and editing forms.

Qrt-pcr Assay
Total RNA of HD and T0 plants of OsU3-tRNA-/AtU6-tRNA-/AtU6-PDS were extracted using Eastep Super
Total RNA Isolation Kit (Promega, Shanghai, China), and cDNA was synthesized using the HiScript II Q RT
SuperMix for qPCR Kit (Vazyme) following the manufacturer’s protocols. qRT-PCR assays were performed
to determine the expression levels of the sgRNA in tobacco leaves, and tobacco NtEF1 (Ntab0421890)
was used as internal control. The Primers used for qRT-PCR were described in Supplementary Table S1.
The relative expression levels were calculated using the 2−ΔΔCTmethod.

Detection Of T Plants
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We randomly selected the T1 progenies of 3 homozygous mutant T0 plants of pOREU3TR-NtLHT1 to
determine the e�ciency of the new CRISPR/Cas9 system in editing the target genes. Cas9-1F/R was used
to detect the presence of the T-DNA, and LHT1-1F/R was used to amplify part of the NtLHT1 gene from
the normal green T1 plants. We also obtained the seeds separately from the transgene-free and gene-
edited T1 pants.

Characterization Of T Plants
The wild type HD and T2 plants of pOREU3TR-NtLHT1 were planted in soil in the greenhouse. We directly
measured the plant height of the plants at rosette stage, �ower-bud appearing stage and mature stage,
and the tobacco leaves of these stages were sampled to determine the amino acid contents by HPLC
(Agilent 1100, USA) [33].

Declarations
Acknowledgements

The author would like to thank Prof. Qingyou Xia for kindly providing the Agrobacterium tumefaciens
strain LBA4404 harboring the binary vector pORE-Cas9, which contains the CRISPR/Cas9 system.

Author contributions 

JZ carried out the experiments and data analysis. JZ and JX wrote the main manuscript text.  JZ, HX, QG
and XL designed and supervised the research. QM, WY, HX, LX and WZ obtained and labeled the pictures.
JW, LD, JJ and GY revised the manuscript. All the authors read and approved the �nal manuscript.

Funding

This work was �nancially supported by the Research Foundation of China Tobacco Company
(110202101034 (JY-11)) and the Research Foundation of China Tobacco Yunnan Industrial Co., Ltd.
(2021JC08).

Availability of data and materials 

All data and material generated or analyzed during this study are included in this published article. 

Ethics approval and consent to participate 

Not applicable. 

Consent for publication 

Not applicable.



Page 11/16

Competing interests 

The authors declare that they have no competing interests

References
1. Sun X, Hu Z, Chen R, Jiang Q, Song G, Zhang H, Xi Y. Targeted mutagenesis in soybean using the

CRISPR-Cas9 system. Sci Rep. 2015, 5:10342.

2. Ng H, Dean N. Dramatic Improvement of CRISPR/Cas9 Editing in Candida albicans by Increased
Single Guide RNA Expression. mSphere. 2017, 2(2).

3. Long L, Guo DD, Gao W, Yang WW, Hou LP, Ma XN, Miao YC, Botella JR, Song CP. Optimization of
CRISPR/Cas9 genome editing in cotton by improved sgRNA expression. Plant Methods. 2018, 14:85.

4. Ren C, Liu Y, Guo Y, Duan W, Fan P, Li S, Liang Z. Optimizing the CRISPR/Cas9 system for genome
editing in grape by using grape promoters. Hortic Res. 2021, 8(1):52.

5. Li X, Jiang DH, Yong K, Zhang D. Varied Transcriptional E�ciencies of Multiple Arabidopsis U6 Small
Nuclear RNA Genes. JIPB. 2007, 49(2):222–229.

�. Lowder LG, Zhang D, Baltes NJ, Paul JW, 3rd, Tang X, Zheng X, Voytas DF, Hsieh TF, Zhang Y, Qi Y. A
CRISPR/Cas9 Toolbox for Multiplexed Plant Genome Editing and Transcriptional Regulation. Plant
Physiol. 2015, 169(2):971–985.

7. Marz M, Stadler PF. Comparative analysis of eukaryotic U3 snoRNA. RNA Biol. 2009, 6(5):503–507.

�. Qu F, Zhai W Fau, Chen H, Chen H Fau, Zhu LH, Zhu Lh, Morris TJ. Cloning, characterization and
transient expression of the gene encoding a rice U3 small nuclear RNA. Gene. 1996, 172(2): 217–
237.

9. Mikami M, Toki S Fau, Endo M. Comparison of CRISPR/Cas9 expression constructs for e�cient
targeted mutagenesis in rice. Plant Mol Biol. 2015, 88(6): 561–633.

10. Schwartz CM, Hussain MS, Blenner M, Wheeldon I. Synthetic RNA Polymerase III Promoters Facilitate
High-E�ciency CRISPR-Cas9-Mediated Genome Editing in Yarrowia lipolytica. ACS Synth Biol. 2016,
5(4):356–359.

11. Hu X, Meng X, Li J, Wang K, Yu H. Improving the e�ciency of the CRISPR-Cas12a system with tRNA-
crRNA arrays. The Crop Journal. 2020, 8(3):403–407.

12. Kumar M, Ayzenshtat D, Marko A, Bocobza S. Optimization of T-DNA con�guration with UBIQUITIN10
promoters and tRNA-sgRNA complexes promotes highly e�cient genome editing in allotetraploid
tobacco. Plant Cell Rep. 2022, 41(1):175–194.

13. Xie K, Minkenberg B, Yang Y. Boosting CRISPR/Cas9 multiplex editing capability with the
endogenous tRNA-processing system. Proc Natl Acad Sci U S A. 2015, 112(11):3570–3575.

14. Tang T, Yu X, Yang H, Gao Q, Ji H, Wang Y, Yan G, Peng Y, Luo H, Liu K, Li X, Ma C, Kang C, Dai C.
Development and Validation of an Effective CRISPR/Cas9 Vector for E�ciently Isolating Positive



Page 12/16

Transformants and Transgene-Free Mutants in a Wide Range of Plant Species. Front Plant Sci. 2018,
9:1533.

15. Ursache R, Fujita S, Denervaud Tendon V, Geldner N. Combined �uorescent seed selection and
multiplex CRISPR/Cas9 assembly for fast generation of multiple Arabidopsis mutants. Plant
Methods. 2021, 17(1):111.

1�. Wang ZP, Xing HL, Dong L, Zhang HY, Han CY, Wang XC, Chen QJ. Egg cell-speci�c promoter-
controlled CRISPR/Cas9 e�ciently generates homozygous mutants for multiple target genes in
Arabidopsis in a single generation. Genome Biol. 2015, 16(1):144.

17. He Y, Zhu M, Wu J, Ouyang L, Wang R, Sun H, Yan L, Wang L, Xu M, Zhan H, Zhao Y. Repurposing of
Anthocyanin Biosynthesis for Plant Transformation and Genome Editing. Frontiers in genome
editing. 2020, 2:607982.

1�. Liu Y, Zeng J, Yuan C, Guo Y, Yu H, Li Y, Huang C. Cas9-PF, an early �owering and visual selection
marker system, enhances the frequency of editing event occurrence and expedites the isolation of
genome-edited and transgene-free plants. Plant Biotechnol J. 2019, 17(7):1191–1193.

19. Naing AH, Ai TN, Lim KB, Lee IJ, Kim CK. Overexpression of Rosea1 From Snapdragon Enhances
Anthocyanin Accumulation and Abiotic Stress Tolerance in Transgenic Tobacco. Front Plant Sci.
2018, 9:1070.

20. Cordero T, Mohamed MA, Lopez-Moya JJ, Daros JA. A Recombinant Potato virus Y Infectious Clone
Tagged with the Rosea1 Visual Marker (PVY-Ros1) Facilitates the Analysis of Viral Infectivity and
Allows the Production of Large Amounts of Anthocyanins in Plants. Front Microbiol. 2017, 8:611.

21. Zeng Y, Cai W, Shao X. Quantitative analysis of 17 amino acids in tobacco leaves using an amino
acid analyzer and chemometric resolution. Journal of separation science. 2015, 38(12):2053–2058.

22. Wang X, Yang G, Shi M, Hao D, Wei Q, Wang Z, Fu S, Su Y, Xia J. Disruption of an amino acid
transporter LHT1 leads to growth inhibition and low yields in rice. BMC Plant Biol. 2019, 19(1):268.

23. Hirner A, Ladwig F, Stransky H, Okumoto S, Keinath M, Harms A, Frommer WB, Koch W. Arabidopsis
LHT1 is a high-a�nity transporter for cellular amino acid uptake in both root epidermis and leaf
mesophyll. Plant Cell. 2006, 18(8):1931–1946.

24. Bánfalvi Z, Csákvári E, Villányi V, Kondrák M. Generation of transgene-free PDS mutants in potato by
Agrobacterium-mediated transformation. BMC Biotechnol. 2020, 20(1):25.

25. Doench JG, Hartenian E, Graham DB, Tothova Z, Hegde M, Smith I, Sullender M, Ebert BL, Xavier RJ,
Root DE. Rational design of highly active sgRNAs for CRISPR-Cas9-mediated gene inactivation. Nat
Biotechnol. 2014, 32(12):1262–1267.

2�. Ma X, Zhang Q, Zhu Q, Liu W, Chen Y, Qiu R, Wang B, Yang Z, Li H, Lin Y, Xie Y, Shen R, Chen S, Wang
Z, Chen Y, Guo J, Chen L, Zhao X, Dong Z, Liu Y. A Robust CRISPR/Cas9 System for Convenient, High-
E�ciency Multiplex Genome Editing in Monocot and Dicot Plants. Mol Plant. 2015, 8(8):1274–1284.

27. Khusnutdinov E, Sukhareva A, Pan�lova M, Mikhaylova E. Anthocyanin Biosynthesis Genes as Model
Genes for Genome Editing in Plants. Int J Mol Sci. 2021, 22(16).



Page 13/16

2�. Chen L, Bush DR. LHT1, a lysine- and histidine-speci�c amino acid transporter in arabidopsis. Plant
Physiol. 1997, 115(3):1127–1134.

29. Lee YH, Tegeder M. Selective expression of a novel high-a�nity transport system for acidic and
neutral amino acids in the tapetum cells of Arabidopsis �owers. Plant J. 2004, 40(1):60–74.

30. Yin K, Han T, Liu G, Chen T, Wang Y, Yu AY, Liu Y. A geminivirus-based guide RNA delivery system for
CRISPR/Cas9 mediated plant genome editing. Sci Rep. 2015, 5:14926.

31. Gao J, Wang G, Ma S, Xie X, Wu X, Zhang X, Wu Y, Zhao P, Xia Q. CRISPR/Cas9-mediated targeted
mutagenesis in Nicotiana tabacum. Plant Mol Biol. 2015, 87(1–2):99–110.

32. Hiei Y, Ohta S, Komari T, Kumashiro T. E�cient transformation of rice (Oryza sativa L.) mediated by
Agrobacterium and sequence analysis of the boundaries of the T-DNA. Plant J. 1994, 6(2):271–282.

33. Liu M-Y, Tang D, Shi Y, Ma L, Li Y, Zhang Q, Ruan J. Short-term inhibition of glutamine synthetase
leads to reprogramming of amino acid and lipid metabolism in roots and leaves of tea plant
(Camellia sinensis L.). BMC Plant Biology. 2019, 19(1):425.

Figures

Figure 1



Page 14/16

Targeted mutations generated using OsU3-tRNA, AtU6-tRNA and AtU6 promoters. a Schematic illustration
of pORE-Cas9 vectors. The synthesized OsU3-tRNA and AtU6-tRNA promoters were used instead of the
AtU6 promoter to drive the expression of PDS sgRNA and the 2x35S promoter drives the expression of
Streptococcus Pyogenes Cas9 (SpCas9). NPTII, neomycin phosphotransferase gene; TNOS, terminator of
nopaline synthase gene; LB, left border; RB, right border. b Resistant callus generated on selective
medium, containing OsU3-tRNA-PDS, AtU6-tRNA-PDS and AtU6 vectors respectively. c PCR identi�cation
of T-DNA insertions in the resistant callus using Cas9-speci�c primers. The CRISPR vector and wild-type
(WT) cells were used as positive (P) and negative controls, respectively. M, DNA marker. a1-a10, b1-b10
and c1-c10 represent samples from OsU3-tRNA-PDS-, AtU6-tRNA-PDS-, and AtU6-PDS-containing callus,
respectively. d Overview of the mutation rates of the callus using the three promoters in tobacco. e
Relative expression of tobacco PDS sgRNA driven by the three promoters in T0 plants leaves. HD, wild
type Hong Hua Da Jin Yuan.

Figure 2

A �ow chart of pOREU3TR -mediated isolation of transgene-free and target gene-edited tobacco plants.
The pOREU3TR-NtLHT1 plasmid was transformed into tobacco callus through Agrobacterium-mediated
transformation. At the callus stage, the Ros1 gene was expressed to generate dark red callus, and the
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target gene is presumably being edited by Cas9/sgRNA complex. Consequently, at T1 stage, the
transgene free plants with green were selected from the progeny of the dark red T0 plants.

Figure 3

Identi�cation of transgene-free and gene-edited ntlht1 mutants. a and b The pOREU3TR-NtLHT1 induced
obvious accumulation of anthocyanin (dark red) in tobacco callus, leaves, stems, roots and �owers in the
transgene T0 and T1 generations, respectively. The dark red and homozygous T0 plants were self-crossed
to obtained the seeds, and 52 green plants were screened and transplanted in the T1 generation. c and d
The mutation forms of the 52 green plants and plant color at T1 generation. The PAM site “CCA” required
for Cas9 cleavage is marked in red. het, heterozygous. hom, homozygous. e PCR identi�cation of T-DNA
in the 52 green plants using Cas9-speci�c primers. The pOREU3TR-NtLHT1 vector and wild-type (WT)
cells were used as positive (P) and negative controls, respectively. M, DNA marker. 
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Figure 4

The contents of amino acids and plant height of the T2 generation plants at rosette stage, �ower-bud
appearing stage and maturity stage.
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