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Abstract

Chrysanthemum morifolium ranks among the four highest-selling cut flowers worldwide. Gene editing is an important tool to research gene
function, but efficient and precise genome-editing tools are not available for chrysanthemum. Here, we established a CRISPR/Cas9-mediated
gene-editing system to explore gene functions and enhance the breeding of chrysanthemum. We used the Golden Gate Assembly system to
construct CRISPR/Cas9 vectors for dual targeting of the Phytoene Dehydro (PDS) gene. To test the accuracy of sgRNA design, we initially used the
transient CRISPR/Cas9 editing in plants (TCEP) method. Target gene expression in nine plants subjected to transient transfection was 19.1%-52%
of the normal level, confirming the feasibility of target gene knockout. We carried out stable transformation; PCR and sequencing of the target
sites showed that four of eight albino plants obtained had been stably edited at the target sites. We further assessed the editing efficiency of the
system by targeting another gene, CmTGA1, chosen because of its potential importance in Chrysanthemum White Rust (CWR) disease
progression. Our data indicates that combining transient and stable transformation improves the efficiency and success rate of genome fixed-
point editing. The effective, heritable CRISPR/Cas9-mediated genome-editing system we have established here lays the foundation for functional
gene studies and genetic improvement of C. morifolium.
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Introduction

Clustered regularly interspaced palindromic repeats/CRISPR-
associated protein (CRISPR/Cas)-mediated genomic editing is a
low-cost, convenient, highly efficient technique that can pro-
duce mutants in which target gene functions are completely
knocked out. CRISPR/Cas systems, which are widely used in
model organisms, comprise three major types based on the
nuclease involved. Among these, type |l CRISPR/Cas with the
Cas9 enzyme derived from Streptococcus pyogenes is the best-
developed systeml'l. CRISPR/Cas9 has important advantages
over other gene-editing technologies: the user only needs to
design an RNA sequence corresponding to the target nucleic
acid, and the technique is simple, highly efficient, and inexpen-
sive, providing an excellent platform for genome-editing!?.
CRISPR/Cas9 has been successfully applied to Arabidopsis
thalianal®, rice (Oryza sativa)*?l, wheat (Triticum aestivum)©l,
tomato (Solanum lycopersicum)t’}, Brassica napu and poplar (Po-
pulus L)®9. However, the efficiency of CRISPR/Cas9-mediated
gene-editing systems varies greatly in different experiments('%,
and there is often a high miss rate.

Golden Gate Assembly is an efficient method for inserting
plasmids into vectors, allowing the assembly of up to nine frag-
ments at a time in a recipient plasmid('"l, This cloning strategy
not only makes it easy to construct a single gRNA expression
plasmid, but is also suitable for expressing multiple gRNAs. The
use of the Golden Gate method makes it easy and efficient to
construct multi-target CRISPR/Cas9 vectors!'2, The TCEP
method, in which the editing system is tested using transient
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Cas9/single guide RNA (sgRNA) expression prior to stable
transformation, can be used to optimize CRISPR/Cas systems
because it allows CRISPR/Cas-mediated gene editing in the
absence of a stable transformation system and can be com-
pleted within 3-4 d. In theory, this technique can be applied in
any plant species that can be transformed by Agrobacterium.

Phytoene Dehydrogenase (PDS), which encodes a key catalytic
enzyme in the carotenoid biosynthesis pathway, is often used
as a reference gene during CRISPR/Cas9 gene editing in
plantsl'3l. Silencing or deletion of PDS in plants blocks
carotenoid biosynthesis and results in the loss of protection of
chlorophyll against degradation, causing an easily detectable
albino phenotype in tissues and organs that are normally
green. For instance, CRISPR/Cas9 gene editing has been used to
produce pure white mutants in Arabidopsis thalianal'¥, ricel'],
poplar!®, tomatol'®, bananal'’], and applel'®l.

Chrysanthemum morifolium is one of the top ten traditional
flowers in China and ranks among the top four cut flowers
worldwide. Chrysanthemum White Rust (CWR), a worldwide
epidemic disease caused by Puccinia horiana. Henn (P. horiana)
has been called the 'cancer' of chrysanthemum('920, CWR
damages flower quality and results in up to 100% yield loss[2'1,
Utilizing resistance genes to cultivate resistant varieties is likely
the most efficient way to control CWR. P. horiana is an obligate
biotrophic fungus, and we previously demonstrated that the
application of salicylic acid (SA) increases resistance to CWR[22,
Pthogenesis-related (PR) genes involved in the SA pathway are
often regulated by TGA transcription factors (TFs) that enhance
plant resistance to biological stress!?3]; previous studies have
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shown that overexpression of MdTGA2.1 GvTGA2 GmTGAS8 and
GMTGAT9 can promote the expression of downstream PRs in
different plants and enhance resistance to diseasel242°],
Notably, the transcript levels of CmTGAT in chrysanthemum
leaves are significantly up-regulated upon P. horiana
infection(20],

To date, the main methods used for research on gene func-
tion in C. morifolium are virus-mediated gene silencing (VIGS)
and RNA interference (RNAi). Although these two technologies
have many advantages, they cannot achieve complete knock-
out of a target genel?’l. Therefore, access to CRISPR/Cas9 tech-
nology would be a very important asset in efforts to breed
disease-resistant chrysanthemum. Here, starting with the C.
morifolium resistant cultivar 'C029' as the experimental mate-
rial, we tested Golden Gate Assembly, as an improved CRISPR/
Cas9 multi-target vector system, combined with TCEP to verify
the reliability of the gene targeting. We further performed
stable genetic transformation and achieved efficient targeted
knockout of the endogenous CmPDS gene in C. morifolium,
thereby successfully establishing a CRISPR/Cas9 gene-editing
system for chrysanthemum. Finally, we tested CmTGAT as a
target to validate the efficiency of our newly designed gene-
editing system. Our findings lay the foundation for the use of
gene editing in genetic improvement of C. morifolium.

Materials and methods

Plant materials and vectors

C. morifolium resistant cultivar 'C029' was used as the experi-
mental material. The plant materials were provided by the
Forestry College of Shenyang Agricultural University,
Shenyang, China. Seedlings at the 6- to 8-leaf stage were trans-
ferred to a potting soil mixture, placed in a greenhouse, and
grown under 16-h light/8-h dark photoperiod for 2 weeks at 25
+ 3 °C. The plant expression vectors pCBC-DT1T2 and pHSE401
were purchased from the MiaoLing Plasmid Sharing Platform
(www.miaolingbio.com) (Supplemental Fig. S1a & b).

Design of the Cas9 target sites and construction of
the pHSECRISPR/Cas9-gRNA plant expression
vector

The online tool CRISPR v2.0 was used to determine the
appropriate sequences of the CRISPR/Cas9 target sites based
on the C. morifolium gene sequence of CmPDS (Supplemental
Table S1): T1, TGCCTGCACCATTGAATGG; T2, ACCTGAGAGAC
TTTGCAAGCCAA, schematic representation of the target sites is
shown in Supplemental Fig. S2a. Primers were designed
according to basic design principles for target sites and sgRNA
construction (Table 1). Using pCBC-DT1T2 as a template, the
sgRNA expression cassette was constructed by overlapping
PCR, and the sgRNA expression cassette was connected to
pHSE401 by Golden Gate Assembly. The newly constructed
CRISPR/Cas9-gRNA recombinant plasmid targeting CmPDS was
transferred into Agrobacterium strain GV3101. To verify the
editing efficiency of the system, primers were designed based
on the target CmTGAT gene sequence (Supplemental Table S1):
T1, AAGCTAACCCTAA-TAGAAG; T2, ATTCGAACAAGCTTTATTC.
The CRISPR-CmTGAT knockout vector was constructed using
the same method for verification of gene editing, schematic
representation of the target sites of CmTGAT is shown in
Supplemental Fig. S2b.
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Table 1. Primers used for mutant identification.
Primer .
name Primer sequence
PDST1-BsF ATATATGGTCTCGATTGTGCCTGCACCATTGAATGGGTT
PDST1-FO TGTGCCTGCACCATTGAATGGG AGAGCTAGAAATAGC
PDST2-R0  AACTTGGCTTGCAAAGTCTCTCCAATCTCTTAGTCGACTCT

AC

PDST2-BsR ATTATTGGTCTCGAAACTTGGCTTGCAAAGTCTCTCCAA

TGATT1-BsF  ATATATGGTCTCGATTGAAGCTAACCCTAATAGAAGGTT
TGATT1-FO  TGAAGCTAACCCTAATAGAAGG AGAGCTAGAAATAGC

TGA1T2-RO  AACGAATAAAGCTTGTTCGAATCAATCTCTTAGTCGACTCT
AC
TGA1T2-BsR  ATTATTGGTCTCGAAACGAATAAAGCTTGTTCGAATCAA

PDS-TF GTACAGAACCTGTTTGGAGAGTTA

PDS-TR CTTCCGGCAAAAGAAGCTTCAGAA
TGA1-TF ATGAGCATCCTTGAAACAACATTC

TGA1-TR TCATAGTGTTTGAGTTGCCATCAT

Transient genetic transformation of C. morifolium
with the CRISPR-CmPDS/CmTGAT1 vector

Agrobacterium  tumefaciens cells harboring  CRISPR-
CmPDS/CmTGAT1 were streak inoculated onto LB solid medium
containing kanamycin and rifampicin. The plates were inverted,
transferred to an incubator at 28 °C, and cultured in the dark for
2 d. A single colony was inoculated into 10 mL LB liquid culture
medium containing kanamycin and rifampicin and cultured in
the dark with shaking at 200 rpm-min-' and 28 °C until the
Agrobacterium liquid was turbid. One mL sample of the culture
was inoculated into 100 mL YEP liquid medium and cultured in
an incubator 28 °C with shaking at 200 rpm-min-! until the
concentration reached ODgq, = 0.8 — 1.0. Following centrifuga-
tion at 5,000 rpm-min-! for 10 min, the bacteria were resus-
pended in infection solution and activated at room tempera-
ture for 3 h. Untreated wild-type (WT) plants were used as the
control, and plants infected with Agrobacterium harboring the
CRISPR-CmPDS /CmTGAT vector were used as the experimental
group.

Whole 30-d-old, robust 'C029' in vitro-grown seedlings at the
6- to 8-leaf stage were soaked in Agrobacterium solution as the
experimental group. There were three seedlings per group, and
a total of three groups were treated. The plants were washed
with sterile water until there was no residual Agrobacterium
liquid on the surface, plated on MS culture medium, cultured in
the dark at 25 °C for 1 d, and placed in a tissue culture room at
25 °C under a 16-h light/8-h dark photoperiod for further
culture.

Total RNA was extracted from the leaves of 'C029' plants
using an RNA prep Pure Plant Kit and synthesized first-strand
c¢DNA using a Prime Script Il 1st Strand ¢cDNA Synthesis Kit
following the manufacturer's protocol. These cDNAs were used
as templates in designing specific primers based on the CmPDS
and CmTGAT sequences for RT-gPCR detection. The expression
of CmPDS and CmTGAT was measured in control and Agrobac-
terium-treated plants using C. morifolium acting as an internal
reference.

Genetic transformation of chrysanthemum 'C029'
Genetic transformation of 'C029' was performed using three

rounds of transformation, using 10 leaf discs each time. The leaf

discs were pre-cultured on medium (MS + 0.5 mg-L~" 6-BA + 0.3
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mg-L-' NAA) for 2 d. When the concentration of the Agrobac-
terium solution reached ODgy, = 0.5, the solution was diluted
100-fold, and the leaf discs were infected with the diluted
Agrobacterium culture for 7 min. The infected leaf discs were
transferred to coculture medium (MS + 0.5 mg-L-" 6-BA + 0.3
mg-L-' NAA) and incubated for 2 d, after which they were incu-
bated in delayed culture medium (MS + 0.5 mg-L~! 6-BA + 0.3
mg-L~" NAA + 400 mg-L~" Cef) for 2 d. Finally, the materials were
transferred to screening medium (MS + 0.5 mg-L-! 6-BA + 0.3
mg-L-' NAA + 400 mg-L-" Cef + 80 mg-L-'Kan), which was
replaced every 15 d. After antibiotic-resistant buds formed,
they were transferred to rooting medium (MS + 400 mg-L-" Cef)
for culture.

Detection of transgenic C. morifolium seedlings

Genomic DNA was extracted from the leaves of control and
transgenic C. morifolium seedlings with a kit (New Type Plant
DNA Kit of Aidlab). To determine whether foreign DNA was
inserted into the C. morifolium genome, specific primers were
designed based on the sequence of the pCBC-DT1T2 vector (F:
GTTTTAGAGCTA-GAAATAGCAAGT; R: GAATACTCAAGCTATG
CAAGGCCC) and used for PCR amplification of a 626-bp frag-
ment. After confirmation was obtained that the foreign DNA
fragment was inserted into the C. morifolium genome, PCR
primers including the sequences of endogenous CmPDS/
CmTGAT targets were inserted into C. morifolium to determine
whether the target genes were mutated. The PCR primers are
shown in Table 1. The PCR amplification product was ligated to
the T1 vector after gel recovery. Monoclonal colonies were
selected for sequencing, and the sequencing results were
analyzed.

Quantitative reverse transcription polymerase
chain reaction

To assess the disease resistance of wild-type plants and
transgenic lines after inoculation with P. horiana, three disease-
resistance genes (PR1, PR2, and PR5) in the SA pathway were
selected for verification by Quantitative Reverse Transcription
Polymerase Chain Reaction (RT-PCR). Primers are shown in
Table 2. Leaves of the 'C029' WT and CmTGAT-CRISPR/Cas9 lines
were harvested at 0 to 72 h after treatment with P. horiana. A
PrimeScript™ RT reagent Kit with gDNA Eraser (Perfect Real
Time), PrimeScript™ Il 1st Strand cDNA Synthesis Kit, and SYBR
Premix ExTag™ Il were purchased from Takara. RT-qPCR was
performed using an SYBR Premix ExTag™ II, following the
protocols of the manufacturer. The 2-2ACT method was used to
calculate the expression levels of these disease-resistance
genes. All experiments were performed with three biological
replicates.

Table 2. Primers used for RT-PCR.

Primer name Primer sequence

PRI1-F CCTTAAACCCAATCTCACAATG
PRI-R TGAGTGCGTTGGTGGAGTT

PR2-F TCGACTGACATAAGGCACATAACGC
PR2-R GCTTCCATAACCTCCATCTCCTTCG
PR5-F CCAATGGAGTTTAGCCCCGT

PR5-R GTCCACAACTACCACGCTCA

Actin-F TCCGTTGCCCTGAGGTTCT

Actin-R GATTTCCTTGCTCATCCTGTCA
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Results

Construction of the CRISPR-CmPDS plant
expression vector

Using the pCBC-DT1T2 plasmid as the template, a band of
approximately 626 bp was obtained by overlapping PCR, which
was the expected size (Supplemental Fig. S3a). The PCR pro-
duct was recovered, and its correct sequence verified. We used
the Golden Gate Assembly method to insert this gene into the
Bsal site of pHSE401 (Supplemental Fig. S3b). Gel electrophore-
sis confirmed that the newly constructed plasmid had the
correct sequence, indicating that the desired CRISPR-CmPDS
knockout vector had been constructed. We then successfully
transferred this plasmid, containing a Cas9 and gRNA expres-
sion cassette, into Agrobacterium strain GV3101 via the freeze-
thaw method (Supplemental Fig. S3c).

Verification of editing efficiency of the CRISPR-
CmPDS vector using TCEP

To determine the editing efficiency for the target, we
performed reverse transcription—quantitative polymerase chain
reaction (RT-gPCR) to measure the expression of CmPDS in the
leaves of 'C029' WT and experimental group. DNA was isolated
from the transgenic plants, and quantitative PCR (qPCR) was
performed. Compared to the WT, the expression of CmPDS was
significantly reduced in the leaves of the experimental group,
with an expression level of approximately 19.1%-52% that of
the WT (Fig. 1). These results indicate that the CRISPR-CmPDS
vector could be used for efficient gene editing and suggested
that the selected knockout target could successfully be used for
stable genetic transformation of C. morifolium.

Obtaining transgenic lines by Agrobacterium
mediated stable genetic transformation

After verifying the editing efficiency of the target by using
the TCEP method, we transfered the recombinant vector,
CRISPR-CmPDS, into Agrobacterium competent cells for stable
genetic transformation. We obtained 12 antibiotic-resistant
buds by using stable transformation.

Identification of CmPDS transgenic C. morifolium
plants

Then we examined the editing efficiency of the CRISPR-
CmPDS vector in 12 antibiotic-resistant buds obtained using

0.8

0.6 4 a

0.4 1 b b

Relative Expression of CmPDS

0.2 d

0_

WT 1 2 3 4 5 6 7 8 9

Fig. 1 Relative expression of CmPDS after transient silencing, as
determined by RT-qPCR. Different lowercase letters indicate
significant differences between different treatments at the same
time (p < 0.05).
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stable transformation procedures. We conducted tissue culture
and rapid propagation of individual plants of the 12 antibiotic-
resistant lines. Among them, eight lines (i.e, 66.7%) showed
albino phenotypes, including four totally albino lines (Fig. 2d)
and four lines with an interalbino phenotype (Fig. 2e). No
albino phenotype was found among the negative control
plants (plants infected with Agrobacterium harboring empty
vector; Fig. 2f). Plants that were completely albino died shortly
after seedling formation, and the plants that survived were all
mosaic and grew more slowly than negative control plants. To
determine whether foreign genes were integrated into the
genome of these plants, we subjected four surviving plants
with albino phenotypes, one negative control plant and one
'C029' WT to PCR verification. We extracted genomic DNA from
leaves and carried out PCR amplification, using primers targe-
ting the pCBCD-T1T2 vector. We successfully amplified 626-bp
bands from the albino lines, but not from the negative control
plant and 'C029' WT (Supplemental Fig. S4). Preliminary results
showed that the genomes of the antibiotic-resistant seedlings
harbored knockout carrier sequences. Therefore, we conclude
that the CmPDS knockout vector had been successfully trans-
ferred into C. morifolium, and these albino plants were trans-
genic.

We designed specific primers upstream and downstream of
the target site CRISPR/Cas9 to detect the editing of CmPDS in
the transgenic plants. We used genomic DNA from the four
transgenic plants as templates for PCR amplification and
sequencing. All four transgenic plants contained edited genes.
We identified two types of genome editing, in target sites 1 and
2 of these four plants (see Methods for definitions of target
sites). Plant 1 contained a 3-bp substitution at target 1 and a 2-
bp deletion and 4-bp substitution at target 2; plant 2 contained
a 2-bp substitution at target 1 and a 2-bp deletion and 2-bp
substitution at target 2; plant 3 contained a 1-bp substitution
and a 3-bp deletion at target 1 and a 3-bp deletion at target 2;
and plant 4 contained a 3-bp substitution at target 1 and a 2-bp
substitution at target 2 (Fig. 3). All of these mutations cause
errors in the translation of the CmPDS protein, resulting in the
loss of CmPDS function and an albino appearance. By contrast,

Gene-editing system for Chrysanthemum morifolium

the sequences of the CmPDS target sites in the negative control
plants were consistent with those of the WT, with no mutations
detected.

Construction of a CRISPR-CmTGA1 knockout
vector and analysis of editing efficiency

To test the editing efficiency of our system for a different
target gene, we generated a CRISPR-CmTGAT knockout vector
and transferred it into Agrobacterium tumefaciens strain GV3101
for transient expression (Supplemental Fig. S5a—c). We per-
formed RT-qPCR to measure the expression level of CmTGAT in
WT and the experimental group. Compared to the WT, CmTGA1
gene expression in the experimental group was significantly
lower, approximately 21.1%-70.3% that of the WT (Fig. 4).
These results indicate that the CRISPR-CmTGAT vector success-
fully edited the target gene and that the selected target was
successfully knocked out, meaning that the CRISPR-CmMmTGAT
knockout vector could be suitable for stable genetic transfor-
mation of C. morifolium.

To examine the editing efficiency of the knockout vector in
stable transformation, we used primers specific for the pCBCD-
T1T2 vector for PCR amplification. As a result, 626-bp bands
were amplified from the transgenic plants, indicating that the
CRISPR-CmTGAT knockout vector had been successfully trans-
ferred into C. morifolium (Supplemental Fig. S6). We analyzed
the CmTGAT gene sequences of six stably transformed plants,
finding that three of them had been successfully gene edited,
for a gene-editing frequency of 50% (Fig. 5). In plant 1, target
site 1 contained a 4-bp substitution and a 2-bp deletion,
whereas target site 2 contained a 2-bp substitution and a 3-bp
deletion; in plant 2, target site 1 contained a 4-bp substitution
and a 4-bp deletion, whereas target site 2 contained a 5-bp
substitution and a 2-bp deletion; in plant 3, target site 1
contained a 3-bp substitution and a 1-bp deletion, whereas
target site 2 contained a 2-bp substitution and a 3-bp deletion.
These mutations led to the knockout and loss of function of
CmTGAT (Fig. 6). These results validate the efficiency of gene
editing in C. morifolium using the double-target genome-edit-
ing vector pHSE401.

Fig. 2
(e) Interalbino plant. (f) Negative control plant.
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Process for genetic transformation of C. morifolium. (a) Preculture. (b) Coculture. (c) Screening and cultivation. (d) Albino plant.
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HT TTGAGCTGCCCTTATGATGTCTCTTTCCGGARATGTCTCCGLCTCTTTAGTTTCARCCATCACT TCCCCCCGAGATTCTATTARTATTACCTCCTCCTCCGCCARRC TACTTTCATTTRGACGAGCCGAT
negative TIGAGCTGCCCTTATGATGICTCTTTCCGGRAARTGTCTCCGLCTCTTTAGT TTCARCCATCACTTCCCCCCGAGAT TCTATTARTATTACCTCCTCCTCCGCCARACTACTTTCAT T TGGACGAGCCGAT
4 TIGRGCTGCCCTTATGATGICTCT TTCCGGRAARTGTCTCCGCCTCTTTAGT TTCARCCATCACT TCCCCCCGAGAT TCTATTARTATTRCCTCCTCC TCCGCCARRC TACT TTCAT T TGGACGAGCCGAT

2 TTGAGCTGCCCTTATGATGTCTCTTTCCGGARATGTCTCCGCCTCTYTAGTTTCRACCATCACTTCCCCCCGAGAT TCTATTARTATTACCTCCTCCTCCGCCARAC TACT TTCATTTGRGACGAGCCGAT

1 TTGRGCTECCCTTATGATGTCTCT TTCCGEARATGTCTCCGCCTETTTAGTTTCRACCATCACT TCCCCCCHAGAT TCTATTARTATTACCTCCTCCTCCGECARRC TACTTTCAT T TGGACGRGCCGAT

3 TTGAGCTGCCCTTATGATGTCTET TTCCGGRARATGTCTCCGCCTCTTTAGT TTCRACCATCACT TCCCCCCGAGAT TCTATTARTATTACCTCCTCC TCCGCCARRC TRCT TTCAT T TGGACGAGCCGAT
Congensus  TTGAGCTGCCCTTATGATGTCTCT T TCCGGARATGTCTCCGECTCTTTAGT TTCRACCATCACT TCCCCCCGAGAT TCTAT TRATAT TRCCTCCTCCTCCGCCARAC TACTTTCAT T TRGACGAGCCEAT

131 140 150 160 170 180 130 200 210 220 230 240 250 260

WT TCTATCACTGGTCACCAGTTCCCGCTAGCTCGTTCATATTCATCARCE TRACCCCTTTARAGGTTGTTTGCGTTGACTATCCTCGACCTGACCTTGACARCACCTCCARCTTCT
negative ]ETﬂI[I‘:TﬁEI[I‘:UﬂiTIII[IITIIITIZE'IlCﬂ'ﬂTTCﬂfEﬂImﬁmﬁmﬂﬂiT“ﬁI[ET'ITMIIEETTET]IE(ETIEK ATCCTCGACCTGACCTTGACARCACCTCCARCTTCT
ACCAGTTCCCGCTAGCTCGTTCATATTCATCARCCARGAGGGGGAGGANTGTARCCCCTTTARRGGT TGTTTGCGTTGACTATCCTCGACCTGACCT TGACARCACCTCCARCTTCT
'ICTFI'(ERCTGHI:N(MTIECCGCT%CTCE'IltamlTCﬂl’Emmﬁm[ﬁ'lmtl:tﬂ"m"li“'GCG'II‘W[N'ICCTCWUW(TTWM&CUECM‘:“U
TCTATCACTGGTCACCAGT TCCCGETAGC TCGTTCATAT TCATCANCCARGAGGGGGAGGAATGTAACCCCTTTARAGGT TGTTTGCGT TGACTATCCTCRACCTGACCTTGACARCACCTCCARCTTCT
TCTATCACTGGETCACCAGT TCCCGE THGE TCGT TCATAT TCATCAACCARGAGGGEGAGGAATGTRAACCCCTT TRAAGGT TGRTTTGEGT TGAC TATCC TCGACC TGACC T TGACARCACC TCCRRCTTCT
Consensus  TCTATCACTGGTCACCAGT TCCCGCTAGCTCGTTCATAT TCATCARCCARGAGGGGGAGGARTGTARCCCCTTTARRGGTTRTTTGCGT TGACTATCCTCRACCTRACCT TGACARCACCTCCARCTTCT

261 270 280 290 300 30 320 330 340 350 360 370 380 390

1 1

HT IMECEK"IICITETEIIC'mtl:lTCCECECCTEECCPEECECRIC!WEE‘IIWIIICGTCN'IIECIEEIBCMGTI:ICEI:'IEGCIfNICFlEﬂiCWG'II\TTlEliUEﬂTIiECGGTENCm
negative TGGARGCCGCTTACTTGTCTTCTACCTTCCGCGCCTCCCOACGCCCATCTARGCCGT TGRACATCGTCAT TGLTGGTGCAG GGCTTATCARCTGC TGGECTGATGCCGGTCAL)

'IGWGCEM"MlTE?tlTCTI‘CCTTC(ECEECTCECEMlitl:tﬂlﬂmﬁ“mﬁ‘l’tﬁnﬂﬂﬁﬂﬁﬂmﬂtI'CEC'IEE|TRTCMC'IEEMIRTTIGGI:'IM?EECWTERCM

GCCGCTTACTTGTCTTCT CTARGCCGTTGARCATCGTCATTGLTGGTGCAGGTCTCGCTGGETT! GLTGATGCCGGTCACAR

1 Ifmﬁl:l.‘.l.'{[Illl.‘.'lTETE'”(Tl'[l:'l'lﬂ:ﬂ:lICTEEEEMEEEEHIC}ME‘IMI"CGTl:l'l"ﬁ('[ﬂﬁ1ﬂ:mﬁ1l:ltﬁt‘ﬁﬂ:"ﬂ1ﬂw7l§(m1ﬁ'lTIEII'IMTEECHHEIICRT

3 TGGRAAGCCGCTTRACTTGTCTTCTACCTTCCRCGCCTCCCCACGCCCATCTARGCCGT TRARCATCGTCATTGCTGGETGCAGRTCTCGCTGGLTTATCARCTGCARAGTATT TGGCTGATGCCGRTCACAT

Consensus  TGGARGCCGCTTACTTGTCTTCTACCTTCCGCGCCTCCCCACGCCCATCTARGCCGTTGAACATCGTCATTGCTGETGCAGGTCTCGETGGCTTATCARCTGCARAGTATTTGECTGATGCCGGTCACAa

WA

E.t 400 410 420 430 440 450 460 470 480 430 500 510 52?
HT ECI'.TI“'ITIﬁl:ﬂlmm'lli‘lICTEGBIMTBEEBGCTTEMIWIITM1IGGTIEMEGEITTIEIIMMTTITTEGRGETIIECMTEI"CRM(ET"
negat.ive GCTAGARGCARGAGATGT TCTCGE T GGARAGGT GGCGGE T TGGARAGACARGGNT GGAGAT TGGTACGAGACGGET TTACACATATTTTTTGGAGCT TACCCARATGTACAGARCCTGTTY
'IG{‘.TII"IH&UIIEK‘.GEWM!GTICTEGGI lEGCGBCT‘JGMMMMTW'IIGGTMGMEGBIITIICMHIIITIT'ITTEMTIECMTGIMNMHGTTI
GGLTTTTTTGL TAGAAGLARGAGATET TC TCGETGLARAGGTGLLGGLTTGEARRGACARGGAT GGAGAT TGETACGAGACGGGT TTACACATATTTTTTGGAGCT TACCCARATGTACAGARCL!
GC(Tﬂ‘TITB{ﬂIImm]IinCT[Eﬁlfﬁm]WWTVWIMTWTl[iﬁﬂﬂ:mliﬁﬁ"flﬂ:mﬂﬂlrﬂITTEWTIKEEW‘IGIMM‘JETTI
GCCTATTTTGCTARG=-=-AAGAGATGTTCTCGGTGGAARGGTGECGGLTTGGARAGACARGGAT GGAGAT TGETACGAGACGGGT TTACACATATTTTTTGGAGCT TACCCARATGTACAGARCCTGTTT
Consensus  gcCTalTTTGCLARaagcARGAGATRTTCTCGE TGRGEARAGGTGECGGETTGGARAGACARGGATGGAGAT TGGTACGAGACGGGETTTACACATATTTTTTGGAGLT TACCCARATGTACAGARCCTGTTT

521 530 540 550 560 570 580 590 600 610 620 630 640 55?
MT  GGAGAGCTAGGCAT TARCGATAGAC TGCAGTGEANGGAGCATTCTATGATATTTGCAATGCCARACARGCC TGGGGART TCAGTCGETTTGACTTCCCAGATGT TCTGECTGCACCAC TCARTGGAATTT
negative GGAGAGCTAGGCATTARCGATAGAC TGCAG TGEARGGAGCATTCTATGATATT THCAATGCCARRCARGLC TRGGGARAT TCAGTCGCTTTGACTTCCCAGATGTTCTGCCTGCACCACTCAATRGAARTTT
4  GGAGAGCTAGGCATTARCGATAGAC TGCAG TGGARGGAGCATTCTATGATATT TGCAATGCCARACARGEC TGGGGART TCAGTCGLT TAGACTTCCCATATGTTCTGCCTGCACCACTCAATGGAATTT

2  GGAGAGLTAGGCAT THACGATAGAC TBCFE rmmﬁcm TCTATGATAT "BEII"EE [mm[ TGEBEII“ I[IIJIEE[TI-WII‘ECE TG—IE”("II:IHZIIEF[ TCAATRGAATTT

1  GGAGAGCTAGGCAT TARCGATAGAC AGCATTCTATGATATTTGC GAATTCAGTCGCTTRARCTTC GCACCACTCARTGGARTTT

3 GGAGAGCTAGGCAT IMCERTMTMMYWM TCTATGATAT I'TGCMTGCEWWE TGSGW'I TCIIG'ICGCT“WI’ERCMTGTTC'EECTGCEEMFEMTGGMT"
Consensus  GGAGAGCTAGGCATTARCGATAGRCTGCAGTGGARGGAGCATTCTATGATATTTGCAATGCCARACARGCC TRGGGARTTCAGTCGLTT .gACTLeecagaTGTTet GLCTGCACCACTCAATGGARTTT

551 660 670 680 690 700 710 720 730 740 750 760 770 780

WA

HT  GGGCTATCT TGAGGARCAATGARATGETGACT TGGECGGAGARAGTRARAT T TGCARC TRGGCTCT TRCCTGCAATGT TAGRLGGHEAGGCGTATGT TGAGGC TCRAGATGGGLTARGLGT TCRRGACTG
negative GGGCTATCTTGAGGARCAATGARATGLTGACT TGGECCGGAGAAAGTRAAATTTGCARCTGEGCTCT TRCCTGCARTGT TAGECGGECAGECGTATGT TGAGGC TCAAGAT GGG TARGCGTTCARGACTG
4 GGECTATCT TGAGGARCAATGRARTGCTGACT TGGECCGGAGRARGTRARATTTGCARC TGGECTCT TRCC TGCAATET TAGGREGGGCAGECGTATET TGAGGC TCRAGATGEGETARGLGT TCARGACTG
2 GGGCTATCT TGAGGRAACAATGARATGC TGACT TGGCCGGAGARAGT RARRT T TGCARC TGGGCTCT TRCC TGCARTET TAGGCGGGCAGGCGTATGT TGAGGE TCARGATGGGE TRAGCGT ICRAGACTG
1 GGECTATCTTGAGGARCARTGRRATGLTGACT TGECCGGAGRRAGTAARATTTGCARC TRGGCTCTTGCC TRCARTET TAGGLGEGCAGECETATET TGAGEC TCRAGAT GGG TARGLET TCARGACTG

3  GGECTATCT TGAGGARCARTGARATGLTGACT THGELCGGAGARAGTRARATTTGCARCTGGGLTCT TRCC TRCARTGT TAGGRLEGGCAGECGTATET TGAGGL TCAAGATGGGLTAAGLGT TCARGACTG
Consensus  GGGCTATCTTGAGGARCARTGARATGC TGACTTGLCCGGAGARAGTAARATTTGCARCTGGGLTCTTGCCTGCARTRT TAGGLGGLEAGGCGTATRT TGAGGE TCAAGATGLGL TRAGLLTTCARGACTG

781 730 800 810 820 830 840 850 60 870 880 890 900 a0
1 1

HT GATGAGACAGAGAGGCATACCGGATCGAGT TACCACCGAGGTGTTTATTGCCATGTCARRGGCAT TRARCT TCATARATCCTGATGARCTGTCAATGCARTGTATTCTCATAGCTCTTARCCGGTTTCTT
negative GATGAGACAGAGAGGCATACCGGATCGAGT TACCACCGAGGTGTTTATTGCCATGTCARRGGEAT TARACTTCATARATCCTGATGARCTGTCAATGCARTGTATTCTCATAGCTCY TRACCGRTTTCTT
4 GATGAGACAGAGAGGCATACCGGATCGAGT TACCACCGAGGTGTTTATTRCCATGRTCARAGGLAT TARACT TCATARATCC TGATGARC TGTCARTGCARTGTATTCTCATAGCTCTTARCCGGTTTCTT

2 GATGRGACRGAGAGGCATACCGGATCGAGT TRCCACCGAGGTGTTTATTGCCATGTCARAGGCAT TARAC T TCATARATCC TGATGARC TGTCARTGCARTGTATTCTCATAGCTCT TRRCCEGTTTCTT

1 GATGAGACAGAGAGGCATACCGGATCGAGT TRCCACCGAGGTGTTTATTGCCATGTCARRGGLAT TARACT TCATARATCC TGRATGARC TRTCARTGCARTGTATTCTCATAGCTCTTRACCGGTTTCTT

3 GATGAGACAGAGAGGCATACCGGATCGAGT TACCACCGAGGTGTTTATTRCCATGTCARAGGLAT TRARRCT TCATARRTCCTGATGARC TGTCARTGCARTGTATTCTCATAGCTCTTARCCGRTTTCTT
Consensus  GATGAGACAGAGAGGLATACCGGATCGAGT TRCCACCGAGGTGTTTATTRCCATRTCARRGGCAT TRARC T TCATARRTCC TGATGARC TGTCARTGCARTGTATTCTCATAGCTCT TRRCCGRTTTCTT

911 920 930 940 950 960 970 380 990 1000 1010 1020 1030 1040

1 |

HT ATGGTTCT GITTT AGCCCTCC TTTGCARGCCART TGTTGAGCATATTGAGTCGT TAGGTGGCCARGTCAGGCTTANTTCACGANT TCARRAGAT TG
negative CAGGARARGCATGGTTCT GITTT RAGCCCTCCTGAGRGACT TTGCARGCCART TGTTGAGCATATTGAGTCGT TAGE TGGCCARGTCAGGCTTART TCACGAAT TCAARAGAT TG
4 CAGGARAAGCATGGT TCTARGATGGCGTTTT TAGATGGCAGCCC TCCTGAGAGACT TTGCARGCCART TGTTGAGEATATTGAGTCGT TRGETGGCCARGTCAGGCTTARTTCACGART TCARRRGAT TG

2 CAGGARAAGCATGGY TCTAAGATGGLGTTTTTAGATGECAGCCCTCCTGAGRGACT TTGCARGCCART TGTTGAGCATATTGAGTCGT TAGETGGCCARGTCAGGCTTARTTCACGAAT TCAARRGAT TG
1 Emﬁﬂmﬂﬂiﬁ"fimlﬁﬁ[ﬁl TTTTRGATGHCAGCCCTCC THRAGAGAL T T TGCARGCCART TGT TGAGERA IHH EHETEE”MIMMIEWEIIMTT[EWYTEWHE

3 GGTTCTAAGATGGCGT TTTTRGATGGCAGCCCTCCTGAGAGACT TTGCRAGCCART TGTTGAGCATAT ARGTCAGGCTTARTTCACGAAT TCAAARGAT TG
Consensus mmmm !liﬁl"ll’.l ml&ﬁtﬁ'l TTTTRAGATGGCAGCCC TCCTGAGAGACTTTGCARGCCART TGTTGAGCA IﬁTT WTEGT !MTWCMI’W&CTTM“ CACGART TCRARRGAT TG
1041 1050 1060 1070 1080 1030 1100 1110 1120 1130 1140 1150 1160 1170

HT  AGTTARACARAGATGGARCTGTCAGRAACTTTCTAT TGAGTGATGGGANTATTATCARNGGT GATGLCTATGTATTCGCTGCTCCAGTTGACATTCTGARGCT TCTTT TGCLGGARGAT TGGARRCLGAT
negative AGTTARACAARGATGGARC TGTCAGRARCTTTCTAT TGRGTGATGGGAATATTATCARAGGTGATGLCTATGTATTCGCTRCTECAGTTGACAT TCTGARGCTTCTTT TGCCGGARGAT TGGARRCCGAT
AGTTARRCAARGATGGAAC TRTCAGARRCTTTCTAT TGAGTGATGGGARTATTATCARRGGTGATGCCTATGTATTCGCTGCTCCAGT TGACATTCTGARGCT TCTTTTGCCGGEARGAT TRERARRCCGAT
AGTTAARCAARGATGGAAC TRTCAGARRCTTTCTAT TGAGTGATGGGARTATTATCARRGETGATGCCTATGTATTCGLTGCTCCAGT TGACAT TCTGARGLT TCTTTIGCCGEARGAT TREARACCGAT
G T TRRACAARGH TGGRAC TG TCAGRARCTTTCTAT IGRGTGATGGGRARTAT TATCARAGGTGRTGCCTATGIAT TCGCTRCTECAG T TGRCAT TCTHRARGCT TCT 1T IGCCGLARGAT THGARRCCGAT
AGTTARRCARRGATGGARC TRTCAGARRCTTTCTAT TGAGTGATGGGARTATTATCARRGGTGATGCCTATGTATTCGCTGCTCCAGTTGACATTCTGARGCT TCTTTTGCCGGARGAT TGEARACCGAT
Consensus  AGTTARACAARGATGGRAC TGTCAGRARCTTTCTAT TGAGTGATGGGARTAT TATCARRGGTGRTGCCTATGIATTCGCTGCTCCAGT THACATTCTGARGCT TCTTTTGLCGEARGAT THGARRCCGAT

1171 1180 1190 1200 1210 1220 1230 1240 1250 1260 1270 1280 1230 1300

HT  TCCATACTTTAAGAAGCTGGATARATTAGTTGGTGT TCCAGT TATARACGT TCATATATGGT TTGACAGGANAC TCCGARRCACATACGATCACCTACTCTTCAGCAGGAGTCCTCTTCTCAGTGTATAT
negative TCCATACTTTAAGAAGCTGGATAARTTAGTTGGTET TCCAGT TATARACGT TCATATATGET TTGACAGGARAC TCCGARRCACATACGATCACCTACTCTTCAGCAGGAGTCCTCTTCTCRGTRTATAT
TCCATACT T TARGAAGC TGGATAAAT TRGTTGGTGT TCCAGT TRATARACGT TCATATATGGT TTGACAGGARAC TCCOARRCACATACGATCACCTACTCTTCAGCAGGAGTCCTCTTCTCAGTGTATAT
TCCATACTTTARGRAAGLTGGATRAAT TRGTTGETGT TCCAGT TATARACGT TCATATATGET TTGACAGGARAC TCCGARRCACATACGATCACCTACTCTTCAGCAGGAGTCCTCTTCTCRGTGTATAT
II:LIITII:"Imﬂiﬂﬂmﬂﬂi”ﬁﬁIISIIl:[lliIIH]IIIIIEI".I"I"H“iﬁﬂlm!ﬁmfﬂﬂmlﬂmﬁﬂlﬂfﬂ[ﬂﬁ]ﬂIIIZII]EIIIiI]TEEIE"EIEHE"ﬂHTNI

ITTAGTTGGTGT TCCAGT TATARACGT TCATATATGGT TTGACAGGAAAC TCCTCTTCTCAGTGTATAT
Consensus l(ﬂlTltTllmlI‘MTWITRETTEEIETICIMYTﬂ'lMIISITtﬂ'lllTﬂlGGTTl“mm'fttmntmf(ﬂ'lﬂtﬂNCTCNCMEMTEETCTTE‘II’%TETMHT

1301 1310 1320 1330 1340 1350 1360 1370 1380 1330 1400 1410 1420 1430

HT  GCTGACATGICTGTARCATGTAAGGAATATTATGATCCARACCGGTCCATGTTGEAGT TGGTTTTTRCACCAGE GGATTTCACGTAGTGACTCTGATATTATTGATGCARCGATGAGTGARC
negative GCTGACATGICTGTARCATGTARGGARTATTATGATCCARACCGETCCATGTTGGAGTTGET TTTTGCACCAGCRGARGARTGEAT T TCACGTAGTGACTCTGATATTATTGATGCAACGATGAGTGAAL
GCTGACATGTCTGTAACATGTARGGARTATTATGATCCARACCGGTCCATGTTGGAGT TGGT TTTTRCACCAGCAGARGAATGEATT TCACGTAGTGACTCTGATATTATTGATGCAACGATGAGTGARL
GLTGACATGTCTGTARCATGTRAGGAATATTATGATCCARACCGETCCATGT TGEAGTTGGT TTTTRCACCAGCAGARGAATGERT T TCACGTAGTGACTCTGATATTATTGATGCAACGATGAGT GARL
IITWCHIGIETG]FWH]EIWM]HUH,GHICI'.WCEEEI[CRIBTIMHEH]TT]IIMHCCMMTW]II[Iﬂ:[i"l":"ilﬂ:]l:"iﬂ!I"IHTTENIISCWER]WTEP‘I:

GCTGACATGTCTGTARCATGTARGGARTATTATGATCCARACCGGTCCATGT TGGAGT TGET TTTTGRCACCAGCAGAAGAATGGAT GATGCARCGATGAGTGARC
Consensus KTERCRTG'E15!““157“&"‘“8”RFWTCMCC&IEE“IGTlmﬂiﬁﬁlﬂﬁcﬂtlﬁfﬁ(ﬁlmlﬁﬁmITCKETNFEM'IC'IGNINTTHTTENIWWI“(M

1431 1440 1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560

HT  TTTCARGACTCTTTCCTGATGAAATTGCAGCAGATCAGAGCAARGCARNAATATTGARATACCATGTAGT TAAARCACCARGGTCTGTTTACARAACAGTACCAGACTGTGARCCTTGCCGTCCATTGOA
negative TTTCARGACTCTTTCCTGATGARATTGCAGCAGATCAGAGCARRGCARARATATTGARATACCATGTAGTTAARRCACCARGGTCTGTTTACARRACAGTACCAGACTGTGARCCTTGCCGTCCATTGER
TTTCARGACTCTTTCCTGATGARAT TGCAGCAGATCAGAGCARAGCARRRATAT TGARRTACCATGTAGT TARRRCACCARGGTCTGTTTACARAACAGTACCAGACTGTGARCCTTGCCGTCCATTGER
TTTCARGACTCTTTCCTGATGAAAT TGCAGCAGATCAGAGCAARGCAARRATAT TGARATACCATGTAGT TRARRCACCARGG TCTGTTTACARARCAGTACCAGACTGTGAACCTTGLCGTCCATTGER
TTTCARGRCTCTTTCCTGATGARAT T GCAGCAGATCAGRGCARRGCARARATAT TGARRTACCATGTAGT TRARRCACCARGG TCTG T T TACAARACAGTACCAGACTGTGRACCT TGCCGTCCAT TGCA
TTTCARGACTCTTICCTGATGARAT TGCAGCAGATCAGAGCARRGCARRRATAT TGARATACCATGTAGT TARRRCACCARGGTCTGT TTACARAACAGTACCAGACTGTGARCCTTGCCGTCCATTGER
Consensus  TTTCARGACTCTTTCCTGATGARATTGLAGLAGATCAGRGCAAAGCARARA TATTGARRTACCATGTAGT TRARRCACCARGG TCTGTT TRCARRACAG TACCAGACTGTGAACCTTGCCGTCCATTGER

1561 1570 1580 1530 1600 1610 1620 1630 1640 1650 1660 1670 1680 1630

WA

WA

WA

[ETLEFS

HT AAGATCTCC TTCTATTTAGCTGGAGAC TRCACGARACARAAGTATTTGGCTTCAATGGARGGTGCCGTTCTATCGGGARAAT TTTGCGCCCARGC TATTGTACAGGATTATGACTTGCTT
negative AAGATCTCCAATAGARGGATTCTATTTAGCTGGAGAC TRCACGARACARRAGTATTTGECTTCAATGGARGGTGCCGTTCTATCGGGARARTTTTGCGCCCARGE TATTGTACAGGATTATGACTTGCTT
AAGATCTCCARTAGAAGGAT TCTATT TRGCTGGAGAC TRCACGARACARAAGTATTTGGCTTCRAATGGARGGTGCCGTTCTATCGEGAAART TTTGCGCCCARGCTAT TGTACAGGAT TATGACTTGCTT
AAGATCTCCARTAGARGGAT TCTATT TAGL T GGAGAC TACACGARACARRAGTATT TGGC T TCRATGGAAGGTGLCGT TCTATCGGGRARAT TTTGCGCCCAAGCTAT IGTACAGGAT TRATGACTTGCTT
ARGATCTCCARTAGARGGAT TCTATTTRGLTGGAGAC TRCACGARRCARRAGTAT T TRGLT TCRATGGARGGTGLCGT TCTATCGEGARART TTTGCRCCCARGC TATTGTACAGGAT TATGACTTGCTT
AAGATCTCCARTAGARGGAT TCTATT TAGCTGGAGAC TACACGARACARARGTATTTRGCTTCAATGGAAGGTGCCGT TCTATCGEGARAART TTTGCGCCCARGCTATTGTACAGGATTATGACTTGCTT
Consensus  ARGATCTCCARTAGARGGAT TCTATT TRGLTGGAGAC TRCACGARACRARAGTAT T TGGCTTCAATGGAAGGTGCCGT TCTATCGEGARAAT TT TGLGCCCARGC TAT TRTACAGGAT TRTGACTTGCTT

1691 1700 1708
[ e e |

WA

HT  GCGGCCAGGLGGRGANGTGR
negative GCGGCCAGGGLEGGAAGTGE
4

-
g
g
g

Fig.3 Sequence alignment of CmPDS from transgenic plants along with the WT and the negative control plants.
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Fig. 4 Relative expression of CmTGAT after transient silencing, as
determined by RT-gPCR. Different lowercase letters indicate
significant differences between different treatments at the same
time (p < 0.05).

Knockout of the CmTGAT reduced resistance to P.
horiana

We obtained three cmtgal mutants using our CRISPR/Cas9
platform, and plant 1 was used for the ensuing studies. To
explore the disease resistance of 'C029' after CmTGAT knock
out, we measured the expression of PR1, PR2, and PR5 in both
WT and cmtgal mutant by RT-qPCR after inoculation with P.
horiana. As shown in Fig. 7, the expression of PRs in cmtgal
mutant were lower than that in WT and showed a trend of
increasing first and then decreasing. Although the expression
of PRs in WT and cmtgal mutant reached their maximum value
at 48 h, the expression of PRs in cmtgal mutant were only
about 0.11, 0.12 and 0.54 times of those in WT. Overall, our
results show that knockout of the CmTGA1 reduced resistance
to P. horiana.

Discussion

The development of CRISPR/Cas9, a powerful gene-editing
technology, has greatly advanced for many non-model plants.
In Ipomoea, DFR-B was used as the target gene to change the
color of the stem![28l, In Lilium, the PDS gene in two species has
been knocked out, with completely albino, pale yellow and
albino-green chimeric mutants observed??l, In a previous
study, the CRISPR/Cas9 gene-editing technology was used to
alter flowering time in Chrysanthemum indicumB%. However,
gene-editing technology has not been reported in the Chrysan-
themum cultivar 'C029". In this study, we chose two optimal
target sites in CmPDS according to basic design principles for
target sites and sgRNA construction and generated an sgRNA
expression boxB'l. We connected the sgRNA expression box to

Gene-editing system for Chrysanthemum morifolium

the Cas9 vector and successfully constructed the pHSE401-PDS
recombinant vector using Golden Gate Assembly. Using a
modified CRISPR/Cas9 multi-target vector system, we success-
fully achieved site-specific knockout of the endogenous C.
morifolium CmPDS gene and obtained albino mutant lines.

Although CRISPR/Cas9 technology holds great promise for
genome editing, the editing efficiency of CRISPR/Cas9 differs
greatly among plant species and is often subject to a high miss
rate. This may be caused by the use of different sgRNAs for
different target sites, the different binding forces of sgRNAs to
target DNA, or differences in chromosome structure, chromo-
some methylation, or other genetic characteristicsi32331,
Agrobacterium-mediated gene transformation and plant tissue
culture can produce gene-edited plants, but induction and
regeneration are extremely inefficient and time-consuming,
which hinders the application of this technologyB4. We
reasoned that identification of target editing efficiency before
attempting stable genetic transformation would improve the
efficiency of the process. In this study, we developed a
CRISPR/Cas9 gene-editing approach in which we combined
transient transformation with stable transformation in the
commercially important flower C. morifolium. We first verified
the feasibility of targeting the intended sites via transient trans-
formation of C. morifolium seedlings, and then we conducted a
stable transformation. This combination method not only
improves the reliability of the experiment, but also reduces the
cost of the experiment.

Analysis of stable genetic transformants showed that the
mutations in C. morifolium induced by CRISPR/Cas9 were
mainly base deletions or substitutions at the gene target sites,
which led to errors in the translation of the target protein and
the loss of its function. The mutation rate, as revealed by an
albino phenotype, reached 66.7%. Some plants exhibited
mosaic phenotypes, similar to observations in other studies of
CRISPR/Cas9 editing in plantsB5-371, The main possible causes
for these heterozygous albino phenotypes are base deletions
or base substitutions leading to the substitution or deletion of
individual amino acid residues in CmPDS, or the introduction of
premature stop codons leading to early termination of transla-
tion. The partial CmPDS protein produced due to a premature
stop codon may still be translated properly and perform its
function as a catalytic enzyme, sometimes to a lesser degree
than the complete protein, which may be one of the main
reasons for the emergence of chimeric phenotypes. In addition,
during the callus induction stage of leaves infected by
Agrobacterium, it is difficult to completely separate mutant and
non-mutant cells due to their close aggregation, which may be
another important reason for the emergence of chimeric
plants. Thus, these chimeric plants do not offer stable inheri-
tance of targeted genes/traits.

Fig. 5 Process for genetic transformation of C. morifolium. (a) Preculture. (b) Coculture. (c) Delayed cultivation. (d) Screening and cultivation

(the red box highlights a resistant bud). (e) Transgenic plant.
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1 10 20 30 40 50 60 70 80 90 100 110 120 130

1 1

HT GGGTTGGTTTARCCGCCACCATGACCTCCARCARRAGT TGGCARCCGACARTGRARRACCAGL T TRGGARRC TAGTGGARCAAGCCTCCARACATTACCATGARTACTACCARGAGARGC TARCCCTARTA

3 GGGTTGGTTTARCCGLCACCATGACCTCCARCARAAGT TGGCARCCGACARTGARARCCAGL TTAGGARRC TAGTGGARCARGCCTCCARACATTACCATGAATACTACCARGAGARCCTTTCCCTAR-A

1 GGGTTGGTTTARCCGCCACCATGACCTCCARCARARGT TGGCAACCGACRATGRARACCAGLT TAGGARRCTAGTGGARCARGCCTCCARACATTACCATGARTACTACCARGAGARACTACCCATTATA

2 GGGTTGGTTTARCCGCCACCATGACCTCCARCARARGT TGGCARCCGACARTGARRACCAGCTTAGGARACTAGTGGAACARGCCTCCARACATTACCATGAATACTACCARGAGARCCATACCCTARGA
Consensus GGGTTGGTTTAACCGCCACCATGACCTCCARCARRAGT TGGCARCCGACARTGARRACCAGCTTAGGARRC TRGTGGARCARGCCTCCARACATTACCATGARTACTACCAAGAGAACCLLACCcTaR A

131 140 150 160 170 180 190 200 210 220 230 240 250 260

1 1

HT GAAGAGGATGTTTTCCTAGTATGLTCGCCACCTTGGTTCACTTCATTCGARCARGCTTTATTCTGGGTCACTGACT TCCCGCCATCTTTGCTCTTTCGTTTCATCARGGACGACCTARRCATGACARATG

3 GARGAGGATGTTTTCCTAGTATGCTCGCCACCTTGGTTCACTTCATTCGRRCARGCTTTATTCTGGGTCACTGACTTCCCGCCATCTTTGCTCTTTCGTTTCATCARGGACGACCTARRCATGACARATG

1 G--GAGGATGTTTTCCTAGTATGLTCGCCACCTTIGGTTCACTTCATTCGRRCARGCTTTATTCTGGETCACTGACTTCCCGCCATCTTTGCTCTTTCGTTTCATCARGGACGACCTARRCATGACARATG

2 ———-AGGATGTTTTCCTAGTATGCTCGCCACCTTGGTTCACTTCATTCGARCARGCTTTATTCTGGGTCACTGACTTCCCGCCATCTTTGCTCTTTCGTTTCATCARGGACGACCTARACATGACARATG
Consensus g, .gAGGATGTTTTCCTAGTATGCTCGCCACCTTGRTTCACTTCATTCGARCARGCTTTATTCTGGGTCACTGRCTTCECGCCATCTTTGCTCTTTCGTTTCATCARGGRCGACC TRARRCATGRCARARTG

261 270 280 290 300 310 320 330 340 350 360 370 380 330

1 1

HT ATCAGTCTTCGARGGTGGAGTCARTGAARGCAGACACTGCARGGLAGGAGACTGAGATAGGTARGGT TRTGGATTTTTGCGGCATAGTGTTARTTTTTGTARAGARRCTTRATTTTTTAGCCAGGGCCGA

3 ATCAGTCTTCGAAGGTGGAGTCARTGAARGCAGACACTGLARGGCAGGAGAL TGAGATAGGTRAGGT TATGGATTTTTGCGGCATAGTGTTARTTTTTGTARAGAARCTTRATTTTTTAGCCAGGGCCGA

1 ATCAGTCTTCGAAGGTGGAGTCARTGARAGCAGACACTGLARGGLAGGAGACTGRGATAGGTARGGT TATGGATTTTTGCGGCATAGTGTTARTTTTTGTARRGAARCTTRATTTTTTRGCCAGGGCCGA

2 ATCAGTCTTCGAAGGTGGAGTCARTGARAGCAGACACTGCARGGCAGGAGACTGAGATAGGTARGGT TRATGGATTTTTGCGGCATAGTGTTARTTTTTGTARAGARACTTAATTTTTTAGCCAGGGCCGA
Consensus ATCAGTCTTCGARGGTGGAGTCAATGARAGCAGACACTGCARGGCAGGAGACTGAGATAGGTAAGGET TRTGGATTTTTGCGGCATAGTGTTARTTTTTGTARAGARRCTTRATTTTTTAGCCAGGGCCGA

391 400 410 420 430 440 450 460 470 480 450 500 510 520

1 1

HT GCGACCACTCARGCCCCAGRATTTTTTGGCCTTARARTTTGTCCTGTTARTART TGTACGCATGTGTAGRCATATTTTTCACGARGARARARGTATTTAGATGGARRARTATCTTAARTARRTARTATGT

3 GCGACCACTCARGCCCCAGRRTTTTTTGGCCTTRARATTTGTCCTGT TARTAATTGTACGCATGTGTAGRCATAT TTT TCACGARGARARRAGTATT TRGATGGARRRATRTCTTRARTARRTARTATGT

1 GCGACCACTCARGCCCCAGRATTTTTTGGLCTTARARTTTGTCCTGTTARTAATTGTRCGCATGTGTAGRCATATTTTTCACGARGARRRARGTATT TAGATGGARRRATRTCTTARRTARRTARTRTGT

2 GCGACCACTCARGCCCCAGRATTTTTTGGCCTTARRRTTTGTCCTGTTARTARTTGTRCGCATGTGTAGRCATATTTTTCACGARGARARAAGTATTTAGATGGARRARTATCTTARRTARRTARTATGT
Consensus GCGACCACTCARGLCCCAGRATTTTTTGGLCTTARARTTTGTCCTGT TARTARTTGTACGCATGTGTAGRCATATTTTTCACGAAGARARARGTATTTAGATGGARRRATATCTTRAARTARRTARTATGT

521 530 540 550 560 570 580 530 600 610 620 630 640 650

I 1

HT TAGARCGTTTAGATARCTARTTGTATTACATCTTRTARRCGGTGACACTTTATATATARTATTGCTTARCGARAGGCCT TGTATARTTTCGTACARGACCT TARACRATTTCGCCGATRCATGGGACGGE

3 TAGAACGTTTAGATRRCTARTTGTATTACATCTTATAARCGGTGACACTTTATATATARTATTGCTTARCGARAGGCCTTGTATARTTTCGTACARGACCT TARRCARTTTCGCCGATACATGGGACGGL

1 TAGAACGTTTAGATARCTARTTGTATTACATCTTATARRCGGTGACACTTTATATATRRTATTGCTTAACGARAGGCCTTGTATARTTTCGTACARGACCT TRRACRATTTCGCCGATRCATGGGRCGGL

2 TAGARCGTTTAGATARCTARTTGTATTACATCTTATARRCGGTGACACTTTATATATARTATTGCTTARCGARAGGCCTTGTATART TTCGTACARGACCT TRRACAATTTCGCCGATACATGGGACGGL
Consensus TAGARCGTTTAGATARCTARTTGTATTACATCTTATAARCGGTGRCACTTTATATATRRTATTGC TTARCGARAGGCCTTGTATARTTTCGTACARGACCTTRRRCARTTTCGCCGATARCATGGGACGGL

651 660 670 680 6940 F00 Falll 720 730 740 750 760 Fril 780

I I

HT CTTGTTTTTAGCCTAGCTAGTTTGATATTICTTICTGTITTRATTTIGTGTTCTGATTCTGTCCCTRAGATGAGECCATGGCGATGETGCARGAGAGC T TRAGCAGATGCGCCTTTGTATGGGT TGGTGAACCG

3 CTTGTTTTTAGCCTAGCTAGTTTGATATTTICTTCTGTTTIRATTTGTGTTCTGATTCTGTCCCTAGATGRGACCATGECGATGGTGCARGAGAGLT TAGCAGATGCGCCTTTGTATGGGT TGGTGAACCG

1 CTTGTTTTTAGCCTAGCTAGTTTGATATTTICTTICTGTTTTARTTTGTGTTICTGATTCTGTCCCTRGATGAGECCATGLGCGATEGTGCARGAGAGLT TRGCAGATGLGCCTTTGTATGEGT TGGTGAACCG

2 CTITGTTTTTAGCCTAGCTAGTTTGATATTICTTCTGTITIRATTTGTGTTCTGATTCTGTCCCTAGATGRGECCATGECGATGGTGCARGRGAGLT TRAGCAGATGCGCCTTTGTATGGGT TGGTGARCCG
Consensus CTTGTTTTTAGCCTAGCTAGTTTGATATTICTICTGTTTTRATTTGTGT TCTGATTCTGTCCCTAGATGAGECCATGECGATGETGCARGRGAGC T TAGCAGATGCGCCTTTGTATGGGTTGGTGAACCG

781 790 800 810 g20 230 840 850 860 az0 880 290 900 10

I I

HT AGCTGAGAGGCTGGTGGATGLCGARGTGTCARAGCTGEATRAARTGCARTGEAGGATGT TARGGAGGCCATGAGAGAGGTGAT TGCAGARGC TGATGGT T TAAGGATGAGTGTGGTGARAGGAGTGCTTGAG

3 AGCTGAGAGGCTGGTGGATGGLGAAGTGTCARAGC TGGATAATGCAATGGAGEATGT TRAAGGAGGCCATGAGAGAGETGAT TGCAGARGC TRATGGTTTARGEATGAGTGTGGTGARAGGAGTGCTTGAG

1 AGCTGAGAGGLTGGTGGATGGCGARGTGTCARAGL TGGATARTGLARTGGAGGATGT TARGGAGGLCATGAGAGAGGTGAT TGCAGARGC TGATGGT TTARGGATGAGTGTGETGARRGGAGTGCTTGAG

2 RAGLTGAGAGGCTGGTGGATGGLCGAAGTGTCARAGC TGGATAATGCARTGGAGGATGT TAAGGAGGCCATGAGAGAGGTGAT TGCAGARGC TEATGGTTTARGGATGAGTGTGGTGARAGGAGTGLTTGAG
Consensus AGCTGAGAGGCTGGTGGATGGCGARGTGTCARAGCTGGATARTGCARTGGAGGATGT TARGEAGGCCATGAGAGAGGTGAT TGCAGRRGC TGATGGT TTARGEATGAGTGTGETGARAGGAGTGCTTGAG

11 920 930 940 950 360 370 380

I 1

HT GTGTTGGATGAGGT TCARRGGGTTARGTTTTATGCTGCAGTTGGTCAGT TTCGART TCGAGT TRGGCARG

3 GIGTTGGTAGA--TTCAR-GGGTTARGTTTTATGCTGCAGTTGGTCAGTTTCGRAATTCGAGT TAGGCARG

1 GTGARGGATGA---TCARAGGGTTAAGTTTTATGCTGCAGTTGGTCAGT T TCGARATTCGAGT TAGGCARG

2 GIGTTGTTCAG--TTCARRGGGTTARGT TTTATGCTGCAGTTGETCAGT TTCGARTTCGAGT TAGGCARG
Consensus GTGLEGgt.ga, LTCARAGGGTTARGT TTTATGCTGCAGTTGGTCAGT TTCGART TCGRGT TRGGCARG

Fig.6 Sequence alignment of CmTGAT from transgenic plants compared to the WT.
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CRISPR/Cas9 technology can be used to enhance the tole-
rance of ornamental plants to certain diseases, pests, and
stresses, thereby creating new plant germplasm resources with
strong resistance. In Arabidopsis, introducing functional muta-
tions in the WRKY3 and WRKY3 genes using this technology
reduced plant tolerance of salt and Me-JA stress. In addition,
expression Cas9/sgRNA in Arabidopsis could cause deletion or
mutation of nucleotide sequences in key functional regions of
plant virusesB”l. Chrysanthemum White Rust (CWR) caused by
Puccinia horiana Henn. is a major disease affecting the produc-
tion of chrysanthemum. In a previous study, the transcript level
of CmTGAT was found to be up-regulated upon P. horiana
infection. We chose this gene to test the editing efficiency of
our system.

When we used CmTGAT, our date verified the high editing
efficiency using the pHSE401 vector. We observed genome
editing in three of the six CmTGAT transgenic plants, for a
genome-editing efficiency of 50%, confirming that the
pHSE401 vector has extremely high gene-editing efficiency in
C. morifolium. At the same time, we confirmed that knockout of
the CmTGAT reduced resistance to P. horiana.

In previous studies, the CRISPR/Cas9 system in chrysanthe-
mum was used to obtain a CRISPR-CpYGFP-chrysanthemum
shoot containing a mutation in the CpYGFP sequencel38l, In our
study, we first targeted knockout of the CmPDS gene in C. mori-
folium and verified editing efficiency by knocking out CmTGAT.
Knockout of CmPDS gene provides a clear visible marker of
transformation. The successful knockout of CmTGAT further
supports the reliability of our system and provides important
information for battling CWR disease.

In conclusion, the combination of transient and stable trans-
formation in this study provided efficient and successful
genomic site-directed editing, saving both time and money.
The CRISPR/Cas9 gene-editing system in C. morifolium deve-
loped in this study will facilitate basic research on C. morifolium
gene function and the genetic improvement and breeding of
this plant.

Conclusions

In this study, we firstly established the CRISPR/Cas9 system
by targeting CmPDS gene in chrysanthemum and combined
the TCEP method with stable transformation to ensure the
reliability. We further validated editing efficiency by knocking
out CmTGAT and verified the disease resistance function of
CmTGAT.
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