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Abstract

CRISPR-Cas9 technology has been shown to be a very powerful tool to generate
targeted mutations in a wide range of species. To evaluate its applicability for standard
gene functional analysis in Petunia, we performed a case study aimed at obtaining loss-
of-function alleles for six different Petunia genes. Using single guide RNAs (sgRNA), we
obtained between 1 to 3 putative null alleles for 5 out of the six genes. Here we describe
in detail the obtained results and the protocol used in this study, and discuss some of
the technical problems encountered. Although the efficiency of the protocol should be
further increased, these results demonstrate that CRISPR-Cas9 technology represents

a very useful addition to the available molecular toolkit in petunia.

Keywords: reverse genetics, targeted mutation, flower development, petunia, genome

editing, CRISPR-Cas9.
INTRODUCTION

Petunia is a major ornamental crop species but at the same time also has a long history
as a model species in plant research (Gerats and Vandenbussche, 2005). Indeed, its short life
cycle, easy culture conditions, easy propagation both sexual and asexual, easy transformation
procedure, the availability of its genome sequence (Bombarely et al., 2016) and large dTph1l
transposon mutant collections (Koes et al., 1995; Vandenbussche et al., 2008) make petunia
a powerful genetic model to study a variety of biological processes (Vandenbussche et al.,

2016).

Several tools have been established for gene functional analysis in petunia:



Together with tobacco, petunia was one of the first plant species that were successfully
used to create stable transgenic plants (Horsch et al., 1985). Since then, the function of many
genes have been determined using overexpression and RNAi/cosuppression approaches. As
in tobacco, VIGS (virus induced gene silencing) works also very efficiently in petunia ( Chen
et al., 2004; Broderick et al., 2014). However, both RNAi/cosuppression and VIGS silencing
approaches are notorious for downregulating other genes exhibiting partially homologous
regions, and moreover, silencing of such other genes may occur at the post-transcriptional
(Stam et al., 1997). Therefore, it might become very difficult to assess the specificity of the
silencing constructs, since measuring of only the mRNA levels of homologous genes may not

be sufficient to demonstrate specificity.

In contrast, insertion mutagenesis and associated selection of multiple independent
insertion alleles allows to determine gene function much more accurately. In petunia, cloning
of the endogenous dTph1 transposable element (Gerats et al., 1990, 2013) allowed to develop
highly efficient transposon insertion mutagenesis approaches, both for forward and reverse
genetics screens (Koes et al., 1995; Van den Broeck et al.,, 1998; Vandenbussche et al., 2003,
2008). However, although large populations for reverse genetics in have been developed, a
proportion of the genes in the petunia genome remains untagged, demonstrating the main

limitation of the system.

More recently, a new revolutionary mutagenesis method called CRISPR-Cas9
technology has started to prove its efficiency, leading to its immensely growing success within
the plant community (reviewed in Liu et al., 2017). In short, the CRISPR-Cas9 mechanism is
based on the use of a Cas9 nuclease coupled with a guide RNA (gRNA), and when introduced
together, they will lead to DNA double-strand breaks at the targeted site (Puchta and Fauser,
2014). Reparation mechanisms occur rapidly, and in plants the most frequent event of repair
is the Non-Homologous End Joining (NHE]) inducing insertions or deletions. In a less frequent
manner, Homology Direct Repair (HDR) can also occur. The application of CRISPR-Cas9
technology in petunia has already been demonstrated in three recent works (Zhang et al.,
2016; Morel et al., 2018; Xu et al.,, 2019). Zhang and colleagues have targeted the phytoene
desaturase (PDS) gene coding for a key enzyme in carotenoid biosynthesis, the visual screen
was easy because the pds mutation leads to an albino phenotype. Later Morel and co-workers
used CRISPR-Cas9 technology for the purpose of analyzing flower development. In this work
they have targeted a C-class gene called pMADS3 (PM3) to precisely define its role in nectary

development. Finally, in order to enhance Petunia flower longevity, Xu and colleagues have



targeted a gene involved in the ethylene biosynthesis (ACO1: 1-Aminocyclopropane-1-
Carboxylate Oxidase).

To further evaluate the use of CRISPR-Cas9 technology for standard gene functional
analysis in petunia, we have performed a case study aimed at obtaining loss-of-function
alleles for six different petunia genes. Here we describe in detail the obtained results and the
protocol used in this study, which may be helpful for other research groups wanting to

establish petunia CRISPR-Cas9 mutagenesis in the lab.



MATERIALS AND METHODS

Plant material

The Petunia line Mitchell (also known as W115) was used in all Agrobacterium-
mediated transformation experiments. This is a doubled haploid from a hybrid between P.
axillaris and the cultivar ‘Rose of Heaven'. It is the most popular variety used to generate
transgenic lines. WT Mitchell and derived transgenic or edited plants were grown in growth
chambers. The photoperiod consisted of 16 hours light (23-25°C) and 8 hours darkness (18-
20°C) in a 24 hours diurnal cycle.

Vector construction

Mutant alleles were generated using the protocol and vectors described by Schiml and
colleagues (Schiml et al, 2016). Protospacer sequences were designed according to the
criterions described by Schiml et al. (2016). We further verified by sequencing that they
matched with Mitchell WT sequences. Protospacer sequences used in this study and their
corresponding primers are listed in Table 1. Then the 5’-protospacer-3’ PAM sequences were
cloned by restriction into the pEN-Chimera vector (Schiml et al, 2016), giving the pEN-
Chimera-X vector (X = targeted gene). Gateway LR recombination was carried out using pEN-
Chimera-X and ProDE-Cas9, leading to the production of the plant transformation vectors

pDE-Cas9-X. All these vectors were verified by sequencing.

Petunia transformation with Agrobacterium

These final vectors were introduced in electrocompetent Agrobacterium tumefaciens
(AGLO strain). The day before plant transformation, Agrobacterium cultures were grown
overnight in 5mL LB liquid medium with 5uL of Spectinomycine (stock 100 mg/mL). Starting
from the petunia transformation day, all the following steps were realized under the hood. In
the morning, the overnight Agrobacterium cultures were centrifuged at 3500rpm 10 minutes,
the LB liquid was removed, and the pellet was resuspended with 45mL of sterile water, plus
4.5pL of acetosyringone (stock 100mM). In parallel, leaves from the “Mitchell” background
were surface sterilized in 0.5% hypochlorite solution for 10 minutes and rinsed five times
with sterile water. Sterilized leaves were cut with a scalpel blade into 0.5-1cm? small pieces
and were put in the Agrobacterium suspension for around 20 minutes. Next, leaf fragments

were placed between two layers of sterile filter papers for drying and were finally transferred



to co-culture plate medium for two days in the dark at 21°C. On day 2, explants were directly
transferred to fresh selective medium plates containing Glufosinate-ammonium (Basta) to
select for the transgene and Carbenicilline as an antibiotic to kill Agrobacteria. The plates
were sealed with parafilm and incubated at 21°C under moderate light (Osram biolux L36 W)
in long days conditions (18h day, 6h night). Once a week leaf fragments were transferred to
fresh selection medium until the apparition of shoots. Each individual shoot was excised from
the calli and transferred to a rooting hormone-less medium. After rooting, plants were
transplanted to soil and grown in a growth chamber. For a visual representation of the
petunia transformation protocol and for medium composition to carry out petunia
transformation, see Figure 1 and Table 2 respectively. Around 4 months were necessary from
the protospacer design to the first regenerated TO plants. The above described petunia
transformation procedure is based on a classical transformation protocol (Napoli et al., 1990)

with some modifications.

Mutation detection

Genomic DNA from each TO plant was extracted according to Edwards et al., 1991, and
a PCR was first performed using the primers SS42 and SS43 (Schiml et al., 2016) to screen for
the presence of the Cas9-encoding cassette. Subsequently, T-DNA-positive lines were
screened for the presence of gene editing events by PCR amplifying and sequencing of the

targeted regions. Primers used for the screen are described in Table 1.



RESULTS

Petunia hybrida transformation results

Six genes belonging to different transcription factor families were specifically selected
for a gene targeting approach (Figure 2), since we were previously unable to identify
transposon insertion alleles for these genes. For the CRISPR-cas9 procedure, we simply used
vectors described by Schiml and colleagues (Schiml et al, 2016) implemented with our
desired protospacer sequences. The design of these protospacer sequences was based on
Mitchell variety DNA sequences (determined by Sanger sequencing for each targeted genes)
since it’s the variety used for the transformations in this study. Indeed, DNA sequences are
not always fully conserved between the Mitchell variety and the routinely used Petunia
axillaris or Petunia inflata genome sequences, as we observed in several instances. At the end
seven vectors were generated with a single guide RNA (sgRNA), called sgRNA1 to sgRNA7 to
target independently the different genes (Figure 2 and Table 1). Then stable transformations
of petunia (Mitchell) leaves were carried out as it is described in the material and method
section, and around 60 leaf discs were used for each transformation. After plant regeneration
(around 3 months) we obtained between 2 to 24 Basta-resistant plants depending on the
transformation experiment (Figure 3A). Genomic DNA from each TO plant was extracted (1)
to test for the presence of the T-DNA construct, and (2) to detect and characterize mutations
in each of the targeted genes. With one exception, we found in all experiments an important
proportion (frequently >50%) of the regenerated plants that lacked the T-DNA construct
(Figure 3A), although they survived Basta selection. This relatively high degree of false

positives likely can be diminished by applying more stringent selection media.

Identification of CRISPR-Cas9 induced mutations

The T-DNA-positive lines metioned above were subsequently screened to evaluate
type and frequency of the mutation events. To do so, we have designed primers surrounding
the sgRNA targeted site and Sanger sequencing was performed directly on the PCR products
from each transgenic plants (see primers in Table 1). To discriminate plant lines as (1)
homozygous WT, (2) homozygous mutants, (3) heterozygous, (4) bi-allelic or (5) chimeric we
simply looked at chromatogram profile, expecting the mutation positions to be before and

close to the PAM motif (Zuo and Liu, 2016). More precisely, in the case of homozygous alleles



only one peak was expected to appear at each nucleotide position, and if it was the case,
sequences were simply aligned with the WT sequence for comparison. In the case of
heterozygous or bi-allelic plants, a maximum of two overlapping peaks at each nucleotide
position starting from the mutated site(s) were expected. For those cases, we used the CRISP-
ID software (GSL Biotech LLC) (Dehairs et al., 2016) to determine the sequence of the different
alleles. In the case of complex chimeric plants, up to 4 different peaks can be expected at a
single nucleotide position in the chromatogram. In such cases, off-spring of crosses with these

plants should be analysed in order to determine the exact nature of the mutated alleles.

Of the in total 34 obtained T-DNA positive plants, (Figure 3B), we detected mutation
events in 17 plants (50%). This resulted in the identification of at least one mutant allele for
six targeted sequences among the seven, varying from 1 to 3 different alleles generated. All
edited alleles are summarized in Figure 2. By chance, all of the identified indels (ranging from
1bp to 41bp) were not a multiple of three, thereby causing a frameshift downstream of the
mutation site, and therefore possibly representing null alleles. TO plants were further selfed
to maintain the mutations. In parallel, crosses with WT plants were also realized in order to
remove the CRISPR-Cas9 cassette. After genotyping analysis of the T1 lines, all the mutations
described before were detected in the offspring with the expected Mendelian fashion.
Mutations therefore clearly occurred during the callus formation leading to stable and fixed
alleles in both somatic and germinal cells. Moreover, in case of the pm3 T1 generation, 9 plants
among 24 plants conserved the CRISPR-Cas9 cassette, and one of them present a new null-
allele generated by a deletion of 41bp (Figure 2D) and the mutation was transmitted to the
T2 generation. According to these results, we can conclude that CRISPR-Cas9 can be active all

along the life-cycle of the plant.

Discussion

Using CRISPR- Cas9 technology, we attempted to obtain loss-of-function alleles for six
different genes. Using single guide RNAs (sgRNA), we obtained between 1 to 3 putative null
alleles for 5 out of the 6 genes. These results demonstrate that CRISPR-Cas9 technology can
be routinely used for gene editing in petunia. Nevertheless, the whole procedure remains
labour intensive and may be further optimized. First of all, starting from around 60 leaf
fragments per transformation experiment, we obtained only few regenerated plants, and of
these, there was a considerable proportion of false positives (not carrying the T-DNA

construct).



Recently a paper was published in which it was described that “elimination of macro
elements from inoculation and co-cultivation media enhances the efficiency of
Agrobacterium-mediated transformation in petunia” (Nobakht Vakili et al, 2018). It is
worthwhile testing if this indeed would improve transformation rates. Otherwise, the number
of leaf discs used for one transformation should be further increased. Increasing Basta

concentration, or using other selective markers could further diminish false positives.

Despite the low rate of T-DNA-positive lines, we obtained in the end a reasonable
mutation score (50%) which is comparable to the proportion of the bleaching phenotype
occurring in petunia TO Basta-resistant plant lines (55.6% and 87.5%) obtained by Zhang and
colleagues, 2016. Finally, compared to plant transformation in Arabidopsis, the biggest
workload of the petunia transformation procedure is simply caused by the fact that it passes
by in vitro plant regeneration. We therefore should hope that transformation protocols

similar to the floral dip procedure in Arabidopsis will be developed for petunia in the future.
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Table 1. Sequence description of primers used for this work. Underlined: Protospacer

sequence and in boldface: Recombination site for cloning.

OVLO910911991VIL113D  ¥Z6LATA OVLOVLOVLIOVLIOVIDO9OLVLD  LELZATN Buidfiouss
OVL1O110VI1VOJVOOLOVIVYY  8VOCATA 19VO91991VOIOVVIVVIOOLLY  LVOZATN  Jededsojoid 8ANAd
OVILLYVOLO9IVOVVYOVOLOOY  LIBLATA OLVVLIVI999199110999 O0L8IATN  Buousnbag
JVOOLOVIOVIOVOOVVYIOIVVY  IFOCATN 99I110010910VIOVIOIO9LLY  SHOZATN g Jededsojoid LYA-INUS
OVL1OVOL09VVYIOVIOVVYLIOIVVYY  ¢8LLATA OVIIO9IO9II09VOLOVVIOOLLY  I8LLATN | Jededsojoid
OOVVYIVOVVLIOLIOLIVOOWVYLD  S6LLATA OVLVOVYOOLYVOLYOLIYIVOD  ¥6LLATW  Butousnbeg
1OVVYVYYVYOOLLOL0190DLIOVYY  E€CLLATN VYVYOVOOLOLOLVOVOVOVYVIOLLY  CZLLATIA Buidhyousg esaymwd
OLO0011101VVILOLYOLIOIVVY  08LLATA OVVOLVOVOLIVOVVVOOVOOLLY 6/LLATN  Jededsojoid
OVOLYVIOLLIDIOVIVOLLYL  6S0CATA OLOVVOOVIOVVIOOIOVYIOD  8S0ZATN  Buiousnbag
JOVVOVVYVYVYOOLLYOVOOLOLLD  SS6LATA  OVOVOVOIVYVYOVOVVOOVYVYVYOYYD  VS6LATIN Buidhyousn LS
JJOVVYVOOVLOLOLVYVVOLOIVVY  LIGLATA OVOLLLVOVIOVLOOLLLIOO991LY  9L6LATA leoedsojold
OL1VO99LVIIVOVLIVILLID  SSOCATN 9191VI9L09VIVYOOLYYD  066LATN  Buiousnbeg
OVLLIOJLLI0LVOLVOJOLOLLLD  LS6LATN OVOJILLLVLIOD1OOVLIVID  996LATN Buidhyousn a-90Tud
00910V.IO1VLIIOOVLIVYYIIVVY  L68LATI OLLIVIOOVVIVOVIOVOOOOLLY  968LATIN  Jeoedsojoid
OVOLOJL1VOLVLIOLOLYOLLIOLLD  LSOZATIN OLLVOOLLIVOLLIO9IVOOLIVIVYD  950ZATN  Buiousnbag
O109VOOLLIVOVOLOLYYYOLLLILID 6S6LATAN  OLVOVLIVOLVYOOLLIOLIOLIVYYOLD  8S6LATA Buidhyousn NMI-SAYNYd
OO0VLOL1O11111VVYOJJLIVVY  668LATIN VOOOLIVVYVYVYVYOVVOVIOOO9LLY 868LATN  Jededsojoid
(,£-,6 wouy) Jownd asionsy (,e-,6 wouy) Jownid premioy uonealddy auab jabie]




Table 2. Medium composition to carry out petunia transformation.

Co-culture medium

Selection medium Rooting medium

1 liter 1 liter 1 liter
Ultrapure water 800 mL 800 mL 800 mL
Sucrose 30g 30g 304g
MS basal salt mixture (Sigma) 449 4449 4449
Gamborg 's B5 Basal Medium 1mL 1mL 1mL

(stock 1 mg/mL)

Phytagel

BAP (stock 1 mg/mL)

NAA (stock 1 mg/mL)
Acetosyringone (stock 100mM)
Carbenicilline (stock 50 mg/mL)
Kanamycine (stock 50 mg/mL)
BASTA (stock 10 mg/mL)

Dispense

Adjust pH between 5,7 and 5,9 with NaOH 1M
Complete with ultrapure water to the final volume

4 gfora 1L bottle 4 gfora 1L bottle 4 gfora 1L bottle

Autoclave 10 min at 110°C, cool down at 60°C
To add (sterile) depending on the medium:

2mL 2mL X
100 pL 100 pL X
200 pL X X
X 5mL 5mL
X 6 mL 1mL
X 0,75 mL 0,1 mL
Around 33 mL / Around 40 mL /

Around 50 mL / box

petridish petridish







Figure 1. Petunia transformation protocol. (A) The transformable “Mitchell” line (B)
Sterilization of leaves in 0.5% hypochlorite using a magnetic stirrer (C) Cutting
explants (D) Liquid co-culture incubation of petunia leaf fragments and
Agrobacterium during 20 minutes to attach the bacteria (E) Drying step between
two layers of sterile filter papers (F) Transfer of the sterile explants to MS plates
without antibiotics - co-culture for two days without light (G) Transfer of the
explants to selective medium plates - BASTA selective medium (H-I) Formation of
callus and then shoots (]) Transfer of the individual shoot in a rooting medium (K)

Once roots start to appear plants can be transferred in soil.



sgRNA1 Peaxil625¢f00216g00094.1 100 bp Peaxi1625¢f00384g00066.1 100 bp
—— B —
PAM
TARGET OF sgRNA1 PAM —_
__ LOB-like A GGGT
MADS-1ike AT TGGL Tob-Tike(chimera)
1 A STAGARGAAARATTGGTGATGGA
ATGGGTAGAAGARAAATTGGAGATGGA
(: Peaxi1625cf00025g00014.1 500 bp D Peaxi1625cf00339g00512.1 500 bp
— —
PAM PAM
MS-like TGGR AGGH..
;—1like-1(-5bp) -ACTGGR ---- -AGAGGA..
like-2(+1bp) TTT CAGTGGA TTGAGATCTAAGAGGA...
like-3(+1bp) TTCACTGGE pini-3 AAGAG 41 bp deletion)--.
E sgRNAG Peaxi1625cf00339g00512.1 500 bp F Peaxi1625cf00222g00521.1 100 bp
J — -
PAM
NFYAL G TGGC
nfyal-1(-2bp) GGTAACTCAGCTTACTECT--GTGEC PAM
TARGET OF sgRNA6  PAM MYB-like AT AGGA
NEYAL T TEGA--———-———————
nfyal-2(-25bp) TGTCCACTACTGCTCCT-- (25 bp deleticn)--..

Figure 2. Edited alleles obtain after CRISPR-Cas9 action on 6 genes. The genomic structure of
each gene is represented by black boxes (exons) and grey lines (introns). The sgRNA
targeted site is indicated by the triangle. Below the obtained alleles are aligned on
the WT sequence. Protospacer sequences are in grey. (A) sgRNA1 targeting MADS-
like gene Peaxil1625cf00216g00094.1 (B) sgRNA2 targeting LOB-like gene
Peaxi162S5cf003849g00066.1 Q) sgRNA3 targeting MS-like gene
Peaxi162S5cf00025g00014.1 (D) sgRNA4 targeting pMADS3 gene
Peaxi162Scf00022g00098.1 (E) sgRNAS and sgRNA6 independently targeting NFYA1
Peaxi1625cf00339g00512.1 (F) sgRNA7 targeting MYB-like gene
Peaxi1625cf00222900521.1.
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Homozygous 0 0 0 0 0 3 0
Heterozygous 0 0 1 0 1 0 0
Bi-allelic 5 0 1 1 0 0 0
Chimera 0 1 4 0 0 0 0
Figure 3. Identification of T-DNA positive lines and generation of new mutant alleles. (A)

Graph summarizing the number of regenerated plants after Petunia transformations
and the proportion of T-DNA positive lines identified after genotyping. Gene
targeting experiments were performed for Peaxil625cf00216g00094.1,
Peaxi162Scf00384g00066.1, Peaxi1625cf00025g00014.1,
Peaxi1625cf00022g00098.1, Peaxi1625cf00339900512.1 and
Peaxil1625cf00222g00521.1. (B) Table summarizing different categories of plants
generated, namely WT, homozygous, heterozygous, bi-allelicand chimera among the

T-DNA positive lines.
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