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Abstract

The Dalmatian Daisy Tanacetum cinerariifolium is an Asteraceae plant species that produces the natural insecticide “pyrethrum”,
which is effective against mosquito disease vectors and household pests. To enhance the content of pyrethrum in flowers, a more
detailed understanding of the mechanisms underlying pyrethrum biosynthesis is needed. Even though gene transformation and
genome editing techniques are vital for investigating pyrethrin biosynthesis, limited information is available on the transformation
of T. cinerariifolium. Furthermore, each seedling possesses a distinct genotype with large variations by self-incompatibility. We
herein employed 7. cinerariifolium line #14 with weak self-incompatibility to establish a protocol of efficient regeneration from
leaf segments and transformation. Leaf segments formed calli on 1/2 Murashige and Skoog’s basal medium (MS) with naphtha-
lene acetic acid 1 mg L™! and 6-benzylaminopurine (BAP) 2 mg L™!, regenerated shoots from calli on 1/2 MS with BAP 0.5 mg
L~"and GA, 0.2 mg L™!, and elongated shoot stems on 1/2 MS with indole-3-butyric acid 0.5 mg L' and BAP 0.5 mg L™". To
establish genetic transformation, Rhizobium radiobacter strain EHA105 with the highest infectivity and the mas'-2' bidirectional
promoter with the highest expression of the nptll resistance gene were used, and the antibiotic G418 was added to medium at a
concentration of 10 to 20 mg L™! to select transformed cells. Using established regeneration techniques, we successfully obtained
transformants that highly expressed the transgene gusA. This technique will be useful for creating genetically modified 7. cin-
erariifolium, particularly for elucidating the mechanism of pyrethrin biosynthesis toward the creation of pyrethrin-rich traits.

Key messages
A reproducible genetic transformation system is not yet available for Tanacetum cinerariifolium. We created a transformation
technique using a Rhizobium radiobacter strain and a vector for high gene expression.

Keywords Tanacetum cinerariifolium - Rhizobium-mediated transformation - Regeneration - gusA expression

Introduction

The Dalmatian Daisy Tanacetum cinerariifolium is an Aster-
aceae plant species that produces pyrethrins, which are
natural insecticides. Its dried flower extract, “Pyrethrum”,
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exhibits high knockdown activity against various pest insect
species by modulating neural transmission (Matsuda et al.
2005; Lybrand et al. 2020; Varga et al. 2022). Pyrethrum is
effective against mosquito disease vectors and household
pests. The active components pyrethrins modulate voltage-
sensitive sodium channels, thereby inducing repetitive firing
and the subsequent blockade of neural conduction (Nara-
hashi 1992). Recent studies reported that pyrethrins inter-
acted with odorant receptors in antennae and induced repel-
lency in flying insects (Liu et al. 2021; Wang et al. 2021).
While the sale of pyrethrins is increasing, supply is limited,
as is the case with natural products of plant origin that are
subject to changes in temperature and rain fall as well as
disease infection and herbivory. A more detailed understand-
ing of the mechanisms underlying pyrethrin biosynthesis is
needed to increase pyrethrin contents in flowers.
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The genome of Tanacetum cinerariifolium is principally
diploid but may become triploid and tetraploid by repeated
crossing. The genome size is~7 Gb and its sequence has
been partially elucidated (Yamashiro et al. 2019). Several
biosynthetic enzymes have been identified. However, the
roles of most gene products and their regulation remain largely
unknown. Self-incompatibility and the difficulties associated
with genetically modifying this species are obstacles to
elucidating the mechanisms underlying pyrethrin biosynthesis.

Previous studies reported methods for tissue cultivation
(Roest and Bokeimann 1973; Aoki et al. 1976; Cashyap
et al. 1978; Hitmi et al. 1999; Hedayat et al. 2009) and
genetic transformation (Li et al. 2022a, b; Mao et al. 2013).
However, each study used different culture methods and
transgenic techniques; these methods have not been used in
the development of new transgenic lines of T. cinerariifolium,
which may be attributed to its self-incompatibility and each
seedling possessing a distinct genotype with large variations
(Bhat and Menary 1986; Parlevliet 1974). Furthermore, shoot
regeneration competence varies among genotypes in tissue
cultures (Teixeira da Silva 2003). Therefore, the development
of an easy, reproducible and efficient genetic transformation
technique is needed. Here we report a protocol for efficiently
transforming 7. cinerariifolium material #14 via Rhizobium
radiobacter (Agrobacterium tumefaciens).

Materials and Methods
Plant materials and preculture conditions

Pyrethrum (Tanacetum cinenariifolium) #14 with weak self-
compatibility, found at Innoshima Island in Hiroshima, Japan,
was used in experiments. Seeds were surface-sterilized by
briefly dipping in 70% ethanol for thirty seconds and then in a
1% sodium hypochlorite solution (including 1% Tween 20) for
15 min, followed by rinsing 3 times for 10 min in sterile distilled
water. Sterilized seeds were sown in plastic Petri dishes (10 cm
in diameter) on Murashige and Skoog’s (1962) basal medium
(Murashige and Skoog 1962) (MS; containing 3% sucrose).
One week later, germinated seeds were replanted in plant
culture boxes (Bio Medical Science, Co., Japan) containing four
different media: MS (containing 3% sucrose), 1/2 MS medium
containing half-strength inorganic nutrients (1/2 MS; containing
1.5% sucrose), White medium containing 2% sucrose (White
1963), and Gamborg’s BS medium containing 2% sucrose
(Gamborg et al. 1968). Each medium was adjusted to pH 5.8
and 0.3% Gellan Gum (Gel.) (Wako Pure Chemical Industries,
Ltd., Japan) or 0.8% Agar (Wako Pure Chemical Industries, Ltd.,
Japan) was added prior to autoclaving at 120 °C for 15 min.
Cultures were kept at 25 °C under a 16-h photoperiod using
cool white fluorescent lamps or at 25 °C in darkness. The lamps
provided a photosynthetic photon flux [PPF (400-700 nm)] of
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60 pmol m~2 s~!. After two months, rooting frequency, plant
height, and root length were measured. Ten germinated seeds
were replanted in plant culture boxes containing the respective

media and data were collected on 10 replicates.
Callus induction and regeneration

The effects of the material leaf growth stage and the
combinations of phytohormones on regeneration efficiency
were examined. Leaves in the following growth stages
were used in this experiment: Age#l, leaves just expanding
(leaf length of 3 to 5 mm); Age#2, leaves in the first week
after expanding (leaf length of approximately 8 mm
to 1 cm); and Age#3, leaves in the second week after
expanding (leaf length of 1 to 1.5 cm) (See Fig. 1). The
phytohormone 6-benzylaminopurine (BAP) as a cytokinin
and I-naphthylacetic acid (NAA) as an auxin were used to
regulate regeneration from leaf segments. Leaf segments
were inoculated on 1/2 MS solid medium supplemented with
9 combinations of BAP (0.5, 1.0, and 2.0 mg L_l) and NAA
(0.1, 0.5, and 1.0 mg L'l). After three weeks, the number of
leaf segments that formed calli or shoots was counted. The
green callus (Iength < 1 mm) was inoculated on seven different
regeneration medium [1/2 MS solid medium +2.0 mg L™!
BAP+1.0 mg L™' NAA; 1/2 MS solid medium +0.5, 1.0,
and 2.0 mg L™' BAP; and 0.1 and 0.2 mg L™! gibberellic
acid (GA,)] and each shoot length was measured three weeks
after replacement. Twelve leaf fragments or green calli were
placed in Petri dishes containing the respective media and
data were collected on 10 replicates.

Elongated shoots (length>3 mm) were placed in four
different stem elongation media: 1/2 MS solid medium+BAP
(0.0 and 0.5 mg L") and indole-3-butyric acid (IBA; 0.5 and
1.0 mg L™1). Shoots that formed elongated stems were placed
in phytohormone-free 1/2 MS solid medium for rooting. Each
medium contained 1.5% sucrose, except for stem elongation
and rooting media, which contained 1%. pH was adjusted to
5.8 and 0.3% Gel. was added prior to autoclaving at 120 °C for
15 min. Cultures were placed at 25 °C under a 16-h photoperiod
using cool white fluorescent lamps or at 25 °C in darkness.
The lamps provided PPF (400~700 nm) of 60 pmol m~2 s,
Four shoots were replanted in plant culture boxes containing
the respective media and data were collected on 10 replicates.

Effects of Rhizobium strains and promoters
on efficient gene insertion, selection, and stable
expression of foreign genes

R. radiobacter viz. EHA105 (provided by Dr. L. S. Melchers,
Zeneca Mogen) and LBA4404 (Ooms et al. 1982) were
used in experiments. Four different binary vectors were
used: pBIK201G (provided by Dr. H. Ichikawa, Institute of
Agrobiological Sciences, National Agriculture and Food



Plant Cell, Tissue and Organ Culture (PCTOC) (2024) 156:97

Page3of 14 97

Fig. 1 Leaf ages and cut-
ting sites for leaf segments of

Aget#l

Age#2 Age#3

Tanacetum cinerariifolium.
Age#]: leaves just expanding,
with a leaf length of 3 to 5 mm;
Age#2: leaves in the first week
after expanding, with a leaf
length of approximately 8 mm
to 1 cm; Age#3: leaves in the
second week after expand-
ing, with a leaf length of 1 to
1.5 cm. The scale bar indicates
10 mm. Red bars indicate cut-
ting sites for leaf segments

Research Organization: NARO), pBI121 (Jefferson 1987), and
pBE2133 and pBE7133 (provided by Dr. I. Mitsuhara, NARO)
(Mitsuhara et al. 1996) (see Fig. 2). In each vector, the gusA
gene was controlled by a different promoter. In binary vector
pBIK201G, the gusA gene and selectable marker gene nptl
were driven by the novel bi-directional promoter fragment
(465 bp) for the mannopine synthase-1'and -2' (masli'-2') genes
from R. radiobacter strain AtC1 (MAFF301276) provided
by the NIAS Genebank (Tsukuba, Japan). In binary vector
pBI121, the gusA gene was driven by the promoter region of
the Cauliflower mosaic virus 35S RNA (CaMV 35S) promoter,
which has been widely used as a constitutive strong promoter in
plant transformation. In binary vector pBE2113 (Mitsuhara et al.
1996), the gusA gene was driven by the E12Q promoter with two
tandem repeats of the 5’-upstream sequence of the CaMV 35§
promoter (-419 to -90), the G-free sequence (€2 sequence) in the
57-untranslated region of Tobacco mosaic virus. In binary vector
pBE7133 (Mitsuhara et al. 1996), the gusA gene was driven by
the E7Q promoter with seven tandemly repeated enhancer-like
elements (-90 to -290, relative to the site of the initiation of
transcription as+ 1) of the CaMV 35S promoter (E7) and the
Q sequence. In pBE2113 and pBE7133, GUS activity levels
were 20- to 70-fold higher than those with the 35S promoter
in pBI121 in Tobacco (Nicotiana tabacum cv. Samsun NN)
and rice (Oryza sativa cv. Nipponbare) protoplasts (Mitsuhara
et al. 1996). In pBI121, pBE2133-GUS, and pBE7133-GUS,
the selectable marker gene nptll was driven by the nopaline
synthase (nos) promoter from Rhizobium Ti plasmids (Bevan
etal. 1983).

Each binary vector was transformed into Rhizobium
strains EHA105 and LBA4404 using the triparental mating
method (Ditta et al. 1980).

Rhizobium infection

The genetic transformation procedure reported by Shinoyama
et al. (2002) was used with minor modifications (Table 1). R.
radiobacter was cultured for 4 to 5 h in YEP liquid medium on
Bio-Shaker BR-3000L (TAITEC, Japan) at 28 °C under dark
conditions. Leaf segments were prepared by cutting with a scal-
pel, as shown in Fig. 1. They were immersed at room temperature
for 15 min in Infection medium [1/2 MS liquid medium contain-
ing 5% Tween 20 (Nacalai Tesque, Japan) and 50 pM acetosyrin-
gone] with Rhizobium (final OD¢4,=0.1). After immersion, leaf
segments were placed onto co-cultivation medium [1/2MS solid
medium+ 1.0 mg L' NAA and 2.0 mg L™! BAP (Callus forma-
tion solid medium; CS) containing 1.0 g L™! casamino acid] and
co-cultivated at 25 °C in darkness for 2 days.

Optimization of cefotaxime and G418
concentrations for Rhizobium elimination
and transformant selection

Two days after infection, leaf fragments were transferred to
Bacteria elimination liquid medium (Table 1) supplemented
with each concentration of cefotaxime sodium salt (250 and
500 mg L) to 1/2 MS liquid medium containing 1.0 mg L™!
NAA and 2.0 mg L™! BAP (Callus formation liquid medium;
CL) with shaking at 25 °C overnight under a 16-h photoperiod
(Table 1). They were then placed in Bacteria elimination solid
medium (CS + 100 mg L~! cefotaxime sodium salt). Fourteen
days after infection, leaf segments were transferred to Bacte-
ria elimination liquid medium (CL+ 100 mg L~! cefotaxime
sodium salt) with shaking at 25 °C overnight under a 16-h
photoperiod. They were then placed in Selection medium
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Fig.2 Structures of tested binary vectors. T35S, the polyadenyla-
tion signal of the Cauliffower mosaic virus (CaMV) 35S transcript;
nptll, the neomycin phosphotransferase II gene for the selection
of transgenic plants; Pmas201, the bidirectional promoter cassette
from the mannopine synthase 1’ and 2’ (masl'-2") genes; gusA, the
B-glucuronidase gene; Tnos, the polyadenylation signal of the gene
for nopaline synthase in the Ti plasmid; Pnos, the nopaline syn-
thase promoter from Rhizobium Ti plasmids; P35S, the 5’-upstream
sequence of the CaMV 35S promoter (-90 to -1); E7, the 5’-upstream

(CS+100 mg L™! cefotaxime sodium salt and 10 or 20 mg
L~! G418) for the selection of putative transformed callus.
Leaf fragments were transferred to new medium every 14 days.
The number of green calli was counted after transplanting to
the selection medium twice at an interval of 14 days.

Analysis of gusA gene expression

Leaf explants, calli, regenerated shoots, and regenerated
plants were confirmed by the GUS histochemical assay
according to Jefferson (1987) and Murakami and Ohashi
(1992). Calli and regenerated shoots were incubated
in 50 mM phosphate buffer (pH 7.2) containing 1 mM
5-bromo-4-chloro-3-indoyl glucuronide (X-Gluc), 5 mM
dithiothreitol (DTT), 0.3% Triton X-100, 5% methanol,
0.5 mM potassium ferrocyanide, and 0.5 mM potassium
ferricyanide at 37 °C overnight. After staining, calli and
regenerated shoots were decolorized with 99% ethanol for
the extraction of chlorophyll. GUS activity in transgenic cal-
lus was analyzed by the fluorometric method reported by
Kosugi et al. (1990) with 4-methyl-umbelliferyl glucuronide
as the substrate. Twelve leaf segments were used in the GUS
assay (number of blue spots) and 10 replications were per-
formed. In the GUS activity test, ten calli and shoots were
used, and data were collected on 10 replications.
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sequence of the CaMV 35S promoter (-940 to -290) and (-290 to
-90)x7; Q, the 5’-upstream sequence of Tobacco mosaic virus
(TMV); In, the 1st intron of the phageolin gene; El12, the 5’-upstream
sequence of the CaMV 35S promoter (-419 to -90) 2. Red arrows
indicate gusA-specific primers to amplify an approximately 1.8-kbp
fragment in the gusA coding region. Green arrows indicate nptll-
specific primers to amplify an approximately 800-bp fragment in the
nptll coding region. The blue bar indicates the nptll-specific probe
for the Southern blot analysis

DNA extraction and polymerase chain reaction
(PCR) analysis of the nptll gene and gusA gene

Total DNA was extracted from 100 mg of the fresh young
leaves of regenerated or control plantlets by the method of
Takagi et al. (1993). Leaves were homogenized in liquid nitro-
gen using a ceramic mortar and pestle and suspended in 1 ml
of HEPES buffer [0.1 M HEPES (pH 8.0), 0.1% PVP, and
4% 2-mercaptoethanol]. After centrifugation at 15,000 rpm at
4 °C for 5 min, the supernatant was discarded, and the pellet
was suspended in a new HEPES buffer. This procedure was
repeated 3 times to remove polyphenols and polysaccharides.
Total DNA was isolated from the pellet by the sodium dode-
cyl sulfate extraction method reported by Honda and Hirai
(1990). PCR was performed using 200 ng genomic DNA, 1 U
recombinant Taq DNA Polymerase (TaKaRa Taq™, Takara
Bio, Japan), 0.5 mM of specific forward and reverse primers,
0.2 mM dNTPs, and PCR buffer in a final volume of 20 pL. A
PCR analysis was performed using the forward primer 5’-ATG
TTACGTCCTGTAGAAAC-3’ and reverse primer 5°-TTC
ATTGTTTGCCTCCCTGC-3’ for the gusA gene (1,811 bp),
and the forward primer 5’-ATGATTGAACAAGATGGA
TT-3’ and reverse primer 5’-TCAGAAGAACTCGTCAAG
AA -3 for the nptll gene (795 bp). Amplification was per-
formed in Mastercycler® ep (Eppendorf SE, Japan) under the
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Table 1 Timetable for the
transformation of Tanacetum
cinerariifolium

Day Procedure

0 Culture Rhizobium in liquid YEP medium for 4 to 5 h
Immerse leaf segments in Infection medium containing Rhizobium for 15 min

Co-cultivate leaf segments with Rhizobium in Co-cultivation medium

2 (End of co-cultivation for 2 days)

Transfer to Bacteria elimination liquid medium A and shake and incubate overnight
3 Transfer to Bacteria elimination solid medium
13 Transfer to Bacteria elimination liquid medium B and shake and incubate overnight
14 Transfer to Selection medium (selection of putative transformed cells)
28 Transfer to fresh Selection medium
42 Transfer to fresh Selection medium

(Callus induction on the edge of leaf segments)

56 Transfer to Bacteria elimination solid medium
70 Transfer to fresh Bacteria elimination solid medium
84 Transfer green calli to Regeneration medium
98 Transfer to fresh Regeneration medium (shoot regeneration)
Collect elongating shoots (first collection) and transfer to Stem elongation medium
112 Transfer to Rooting medium
112-150 Transfer rooted plantlets to a greenhouse

150 onwards Plants available for testing

Medium construction

Callus formation solid medium (CS medium): 1/2 MS+ 1.0 mg L' NAA, 2.0 mg L' BAP, 1.5% sucrose,
0.3% Gellan Gum

Callus formation liquid medium (CL medium): 1/2 MS + 1.0 mg L™! NAA, 2.0 mg L~! BAP, 1.5% sucrose
Infection medium: CL medium + 5% Tween 20, 50 pM acetosyringone

Co-cultivation medium: CS medium+1 g L™ casamino acid

Bacteria elimination liquid medium A: CL medium +250 or 500 mg L~! cefotaxime

Bacteria elimination liquid medium B: CL medium + 100 mg L™" cefotaxime

Bacteria elimination solid medium: CS medium+ 100 mg L~! cefotaxime

Selection medium: CS medium 4 100 mg L™! cefotaxime, 10 or 20 mg L™! G418

Regeneration medium: 1/2 MS +0.5 mg L™! BAP, 0.2 mg L™! GA;, 1.5% sucrose, 0.3% Gellan Gum
Stem elongation medium: 1/2 MS+0.5 mg L™ BAP, 1.0 mg L™! IBA, 1.0% sucrose, 0.3% Gellan Gum
Rooting medium: 1/2 MS + 1.0% sucrose, 0.3% Gellan Gum

following conditions: pre-denaturation at 94 °C for 2 min, fol-
lowed by 30 cycles (94 °C, 30 s; 55 °C, 30 s; 72 °C, 1 min),
and finally at 72 °C for 5 min followed by an incubation at
4 °C. PCR products were separated on 1.0% (w/v) agarose
gel, stained with ethidium bromide, and visualized under UV
for documentation.

Southern blot hybridization

Total DNA was extracted from 100 mg of fresh young leaves
of the transformed lines and non-transformed control plants
according to Shinoyama et al. (2002). A 25-pg aliquot of
DNA digested with Xbal was subjected to electrophoresis
and blotted onto a Hybond N + nylon membrane (Sativa,
USA). Southern blot hybridization (Southern 1975) was
performed using a digoxigenin (DIG)-labeled nptll fragment
(approximately 800 bp) as a probe (Fig. 2) and a DIG DNA

Labeling and Detection Kit (Roche Diagnostics, Germany)
according to the supplier’s instructions.

Statistical analysis
Data obtained from all experiments were presented as the
mean + SD and separation was performed using Turkey-

Kramer’s HDS. Percentage data were transformed to arcsine
data and statistical analyses were performed.

Results
Plant materials and preculture conditions

Ten germinated seeds of T. cinerariifolium were replanted
in 4 kinds of media, which differed in solidifying agents and
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Table 2 Effect of growing media on germination and seedling growth

Medium" Sucrose concentration  Solidifier? Rooting ratio (%) Plant height (cm)¥ Root length (mm)¥
(%)
MS 3.0 Gellan Gum 28.0+0.4a 27.4+0.6a 42.6x1.2a
3.0 Agar 36.0 + 0.5a 25.8 + 1.0a 46.5 + 0.6ab
1/2 MS 1.5 Gellan Gum 80.0 + 0.0b 274 + 1.0a 49.8 +2.8b
1.5 Agar 56.0 + 1.1c 24.0 + 0.4b 439+ 1.0a
White 2.0 Gellan Gum 34.0+09a 15.1 +£0.5¢ 412 £0.5a
2.0 Agar 34.0 +0.5b 15.8 £0.2¢ 34.0 + 1.4c
Gamborg’s B5 2.0 Gellan Gum 34.0 +0.5a 147 +0.2d 524 +3.4d
2.0 Agar 62.0 + 0.4c 14.8 +0.2d 31.7+0.7c

Ten germinated seeds were put on one plant culture box and performed 10 replications

Each value represents the mean =+ SD

The mean percentages of rooting rate were arcsine-transformed prior to Tukey—Kramer's HSD

Values followed by the same letter are not significantly different at p <0.01

' MS; Murashige and Skoog 1962, 1/2MS; 1/2 MS medium containing half strength of inorganic substances, White; White 1963, Gamborg’s

BS5; Gamborg et al. 1968
2 Gellan Gum; 0.3%, Agar; 0.8% respectively

3 Data were measured only for rooted plants, 2 months after replacing to each medium

MS medium concentrations, and the growth of seedlings was
examined. The rooting frequency ranged between 28.0+0.4
and 80.0 £0.0% and was the highest in 1/2 MS + Gel.

Table 3 Effects of the phytohormone combination to induce green
calli/adventitious shoots

Phytohormone combination BAP Green callus Shoot forma-
and concentration (mg LY formation ratio tion ratio (%)2)
(%)"
NAA 0.1 0.5 8.3 +£0.0a 0.0 £0.0a
1.0 0.0 + 0.0b 0.0 +0.0a
2.0 0.0 + 0.0b 0.0 +0.0a
0.5 0.5 7.5+0.1a 0.0 + 0.0a
1.0 18.5 £ 0.1¢c 7.8 +0.1b
2.0 6.7 +0.1a 0.0 +0.0a
1.0 0.5 16.8 £ 0.1¢c 0.0 + 0.0a
1.0 19.3 +0.1¢c 0.0 +0.0a
2.0 19.4 +0.1c 9.2+ 0.0b

Leaf segments were cut from Age #2 (see Fig. 1)

Twelve leaf segments were placed on one Petri dish and 10 replica-
tions were performed

The number of leaf segments that formed green calli/shoots was
counted after 1.5 months of plating in each medium

Each value represents the mean + SD

Mean percentage data were arcsine-transformed prior to Tukey-
Kramer’s HSD

Values followed by the same letter are not significantly different at p<0.01

DNumber of green callus-forming leaf segments/number of leaf seg-
ments tested * 100 (%)

2Number of shoots forming leaf segments/number of leaf segments
tested * 100 (%)

@ Springer

medium. Plant heights ranged between 14.7 +0.2 and
27.4+ 1.0 cm, and were significantly higher on MS + Gel.,
MS + Agar, and 1/2 MS + Gel. medium than on other media.
Root lengths ranged between 31.7 +0.7 and 52.4 +3.4 mm,
with the highest being measured on Gamborg’s B5 + Gel.
(Table 2).

Green callus induction and regeneration

Age #2 leaves were initially used as plant material for phy-
tohormone combination tests. Green calli formed on the
edge of segments after 3 weeks and some adventitious

Table 4 Effects of leaf ages on callus formation

Leaf age” Green callus formation ratio (%)
#1 27.5+7.9%
#2 22.5 +8.8%
#3 5.0+4.3°

Twelve leaf segments were placed on one Petri dish and 10 replica-
tions were performed

The number of leaf segments that formed calli was counted after 1.5
months of plating in each medium
Each value represents the mean + SD

The mean percentages were arcsine-transformed prior to Tukey-
Kramer’s HSD

Values followed by the same letter are not significantly different at p
<0.01

D#1: leaves just expanding (a leaf length of 3 to 5 mm); #2: leaves in the
first week after expanding (a leaf length of approximately 8 mm to 1 cm);
#3: leaves in the second week after expanding (a leaf length of 1 to 1.5 cm)

2Number of green callus-forming leaf segments/number of leaf seg-
ments tested * 100 (%)
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Table 5 Effect of phytohormone combination for shoot regeneration and its growth

Phytohormone combination and BAP Shoot length (A: Shoot length after 3 Expanded length of shoot
concentration (mg LY mm) weeks (B: mm) (B-A: mm)
NAA 1.0 2.0 2.1+09 51+20 3.0+ 1.5
GA3 0.1 0.5 21+0.6 44+13 2.3 + 1.4ab
1.0 2.1+£0.7 3.6+038 1.5 + 0.6ab
2.0 2.0+0.7 32+06 1.2 +0.9b
0.2 0.5 2.1+09 79 +4.0 5.8 +4.0c
1.0 21+0.6 39+0.8 1.8 +0.7ab
2.0 2.1+0.7 3.8+0.8 1.7 + 0.9ab

Twelve green callus were put on one petri dish and performed 10 replications
Each value represents the mean expanded length of shoot + SD
Values followed by the same letter are not significantly different at p < 0.01

Fig.3 Effects of the phy-
tohormone combination on
shoot regeneration. a: 1/2
MS+0.5 mg L™ BAP, 0.2 mg
L' GA;; b: 1/2MS+1.0 mg
L™, NAA, 2.0 mg L™! BAP.
Shoots three weeks after plat-
ing. Scale bars indicate 1.0 cm

Fig.4 Effects of the phytohor-
mone combination in 1/2 MS
basal medium on shoot growth
and stem elongation. (a): 0.5 mg
L7'IBA; (b): 1.0 mg L' IBA;
(c): 0.5 mg L™ IBA+0.5 mg
L~ BAP; (d): 1.0 mg L™!

IBA +0.5 mg L™! BAP. Shoots
two weeks after plating. Scale
bars indicate 1.0 cm

@ Springer



97 Page8of 14

Plant Cell, Tissue and Organ Culture (PCTOC) (2024) 156:97

Table 6 Effect of phytohormone combination for shoot growth and
stem elongation

Phytohormone combination and BAP
concentration (mg L)

Elongated stem
formation ratio (%)

IBA 0.5 0.0 2.5+0.8a
0.5 22.5+0.8b

1.0 0.0 0.0 +£0.0c
0.5 55.0+0.1d

Four shoots were put on one plant culture box and performed 10 rep-
lications

The number of shoots with elongated stems were counted after 4
weeks of transplanting in each medium

Each value represents the mean + SD

Values followed by the same letter are not significantly different at p
< 0.01

shoots formed on calli after 4 to 5 weeks. The number
of green callus/shoot-forming leaf segments was meas-
ured and the green callus/shoot-forming leaf segment
ratio per number of leaf segments tested was calculated
(Table 3). The green callus formation ratio was significantly
higher (Tukey—Kramer test, p <0.01) on media containing
1.0 mg L' NAA+0.5, 1.0, and 2.0 mg L~! BAP and that
containing 0.5 mg L™! NAA 4+ 1.0 mg L™! BAP. Shoots
formed on media containing 0.5 mg L™! NAA 4+ 1.0 mg
L' BAP and 1.0 mg L™! NAA 4+2.0 mg L™' BAP, with no

Fig.5 Rooting from elongated
shoots. Shoots with elongated
stems on 1/2 MS medium
containing 1.0 mg L' IBA and
0.5 mg L™' BAP were replanted
in 1/2 MS phytohormone-free
medium. a: Shoots on 1/2 MS
medium containing 1.0 mg L™
IBA and 0.5 mg L™!; BAP; b:
replanting shoots with elongated
stems in 1/2 MS phytohormone-
free medium; c: rooting shoots
three or four weeks after
replanting. Scale bars indicate
2cm

significant difference in the formation ratio of both. Differ-
ences in the age of the leaves used as material (Age#1, #2,
and #3, see Fig. 1) were examined using the medium with
the highest callus formation ratio, namely, 1/2 MS 4+ 1.0 mg
L~! NAA and 2.0 mg L~! BAP medium. Formation ratios
were significantly higher for Age#1 and #2 than for Age#3.
No significant difference was observed between Age#1 and
#2 (Table 4).

Green calli (length <1 mm) were transferred to regen-
eration medium for shoot regeneration. The longest elon-
gated length of 5.8 +4.0 mm was observed at 0.5 mg L~!
BAP+0.2 mg L™' GA, (Table 5). In the combination of
BAP and GA;, the elongation length slightly decreased at
higher concentrations of BAP and increased at higher con-
centrations of GA; (see Fig. 3). Shoots of approximately
3 mm were replanted in plant culture boxes with air vent
membranes (Milliseal Membrane Seal, FWMS01800,
Merck KGaA, Germany) and containing four different
stem-elongating media (1/2 MS solid medium + BAP 0.0
and 0.5 mg L™, IBA 0.5 and 1.0 mg L', respectively). Two
weeks after plating, all shoots on 1/2 MS medium contain-
ing only 1.0 mg L™! of IBA turned brown, whereas those
placed on other media grew and formed stems (Fig. 4).
Four weeks after plating, the medium with 1.0 mg L™!
IBA 4+ 0.5 mg L™! BAP resulted in the highest green cal-
lus formation ratio (Table 6). Shoots with elongated stems
placed in phytohormone-free 1/2 MS medium showed root-
ing (Fig. 5).
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Fig.6 Effects of Rhizobium strains and promoters for the gusA gene
on insertion and expression. (a): Effects of Rhizobium strains on
efficient gene insertion. The GUS spot numbers of 12 leaf explants
were measured with 10 replications. Each value represents the mean
of GUS spots per leaf explant+SD. (b): Effects of promoters on the
efficient expression of foreign genes. The GUS activity of calli was
measured with 10 replications. Each value represents mean GUS
activity +SD. (c): Effects of promoters on the efficient expression

Effects of Rhizobium strains and promoters
for efficient insertion into the T. cineraria genome,
selection, and stable expression of foreign genes

To evaluate Rhizobium infection ability and promoter activ-
ity, a histochemical assay for the gusA gene was performed
three days after infection. Among the Rhizobium lines tested,
the number of GUS spots was significantly higher at the
1% level for EHA105 than for LBA4404 for all promoters
(Fig. 6a). GUS activity levels were analyzed using ten trans-
genic calli induced on selection medium containing 10 mg
L~! G418. On both calli and shoots, GUS activity was the
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pBI121
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of foreign genes. The GUS activity of shoots was measured with 10
replications. Each value represents mean GUS activity +SD. Values
in a, b and ¢ with the same letter were not significantly different at
p<0.01. (d): Effects of promoters on gusA gene expression in calli
and regenerated shoots. The upper and lower figures represent expres-
sion in calli and regenerated shoots, respectively. Scale bars indicate
5 mm

highest at the masl'-2' promoter carried by pBIK201, fol-
lowed by the EI2Q promoter carried by pBE2113 and the
E7Q promoter carried by pBE7133, and was the lowest
at the 35S promoter carried by pBI121 (Fig. 6b and 6c).
GUS activity at the masi'-2' promoter in pBIK201G was
approximately sixfold higher than that at the 35S promoter
in pBI121. No significant difference was observed in GUS
activity between the E12Q promoter and E7€Q promoter. Fur-
thermore, GUS activity did not significantly differ among
different Rhizobium strains with the same promoter. Accord-
ing to the histochemical GUS assay, chimeric expression
was not detected in callus or adventitious shoots (Fig. 6d).
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Table 7 Effects of antibiotic concentrations on the efficiency of transformed plant selection

Concentration of Concentration of ~ Number of leaf Number of regener- Regenera- Number of trans- Transforma-
cefotaxime sodium salt G418 (mg L") segments (A) ated plantlets (B) tion ratio (%: formed plantlets”  tion ratio (%:
(mg L) B/A*100) (©) C/A*¥100)
250 10 196 10 5.1 8 4.1

20 192 6 3.1 6 3.1
500 10 220 21 9.5 10 4.5

20 216 7 32 7 32

Twelve leaf segments were placed on one Petri dish

DTransformed calli were confirmed by the GUS assay, a PCR test, and Southern blot analysis

Optimization of G418 concentrations
for the efficient selection of transgenic lines

The elimination of Rhizobium performed 2 days after infec-
tion was possible at 250 or 500 mg L™! of cefotaxime sodium
salt in Bacteria elimination medium A and Rhizobium did not
subsequently appear on the medium. Leaf segments 14 days
after Rhizobium infection were replanted in selection medium
containing 10 or 20 mg L~! G418, and the number of calli
was counted after transplanting to the selection medium twice
at an interval of 14 days. The regeneration ratio was slightly
higher on 500 mg L~! than on 250 mg L~ of cefotaxime
sodium salt and higher on 10 mg L=! than on 20 mg L~! of
G418. The highest regeneration ratio was 9.5% in the medium
with 500 mg L™ of cefotaxime sodium salt and 10 mg L~!
of G418 (Table 7). No band was detected in control plants

Fig.7 Integration of the gusA
gene into genomes of trans-
genic plants. (a): Southern blot
analysis to detect transgene
integration into the genomes
of regenerated plants. A 25-pg
aliquot of DNA was digested
with Xbal and hybridized ’
with the nptll-specific probe. i -
M: A-HindlIlI digest, P: the
binary vector pBIK201G, N:
non-transformed control, 1
to 7: regenerated plants with .- -
specific bands of gusA and nptll
detected by PCR. bl to c2: gusA
gene expression in regener-

ated plants; bl and c1: young
leaves not fully expanded; b2
and c2: roots. A part of the
photo enclosed by a rectangle

is expanded to show a broad
expression of the introduced
gusA gene. Scale bars indicate

5 mm
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by the PCR analysis. An approximately 800-bp single band
of nptIl and 1,800-bp single band of gusA were detected for
some regenerated plants, but not for others (Supplementary
Figure S1). Selection with 20 mg L™! of G418 resulted in
fewer regenerated plants than that with 10 mg L™!; notably,
all the regenerated plants had transgenes (Table 7). The pres-
ence and number of T-DNA copies in individual regenerated
plants were confirmed by the Southern blot analysis of Xbal-
digested genomic DNA probed with a fragment of nptll. No
hybridization signals were detected in non-transgenic 7. cin-
erariifolium controls. Single to multiple bands hybridizing
to the nptll probe were observed in regenerated plantlets,
while no hybridization signals were detected in regenerated
plants (Fig. 7a), which was consistent with the results of the
PCR analysis (Supplementary Figure S1). The GUS assay on
young leaves not fully expanded and the elongated roots of

Control

bl b2
Transformed plant #2-1

cl c2
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individuals confirmed the expression of the gusA gene (Fig. 7
cl and c2) only in the transformants (Fig. 7b1 and b2).

Discussion

The callus and adventitious shoot formation technique is very
useful for clonal propagation and the production of geneti-
cally modified plants. In T cinerariifolium, Hitmi et al. (1999)
induced adventitious shoots from calli, while Hedayat et al.
(2009) and Mao et al. (2013) achieved regeneration via direct
organogenesis from leaves. In the present study, we used 7.
cinerariifolium line #14 with weak self-compatibility for the
callus formation, foreign gene introduction and regeneration of
shoots. Difficulties were associated with the regeneration of this
line from tissue due to browning (particularly leaf segments)
during the tissue culture and a poor rooting ability from the
shoots. Edible plants belonging to the Asteraceae family, such
as burdock (Arctium lappa L.), Japanese butterbur (Petasites
Jjaponicus), Japanese mugwort (Artemisia indica var. maxi-
mowiczii), and dandelion (Taraxacum genus), undergo sig-
nificant browning during cooking and processing (Han 2008).
Regarding browning components, Nakamura (1968) identi-
fied polyphenols as chlorogens in burdock root, butterbur, and
dandelion. Panizzi and Scarpati (1954) isolated an isomer of
chlorogenic acid, cynarin (1.4-dicaffeyl quinic acid), from
Cynarascolymus. Han (2008) demonstrated that Asteraceae
vegetables contained chlorogenic acids as the main polyphe-
nols, but at various contents, and that the enzymatic browning
of Asteraceae vegetables resulted from the oxidative reaction of
chlorogenic acids. Hence, we shook the culture and successfully
reduced the browning of leaf segments, eliminated bacteria and
performed a fast selection.

Hedayat et al. (2009) elongated shoots using BA-free
B5 medium containing NAA only; however, this method
did not work for shoot elongation from the #14 line. We
found that the #14 line was rooted by the formation of fully
elongated stems with IBA and BAP, which were then trans-
ferred to phytohormone-free 1/2 MS medium (Table 6 and
Fig. 5). This rooting ability may be influenced by genetic
backgrounds because of their self-incompatibility (Bhat and
Menary 1986; Parlevliet 1974; Teixeira da Silva 2003).

For gene transformation efficiency, the number of GUS
spots per leaf segment was threefold higher in EHA105
than in LBA4404. EHA105 is derived from super virulent
strain A 281 (Hood et al. 1993), while LBA4404 is derived
from the less virulent strain Ach 5 (Hoekema et al. 1983).
EHA105 was previously reported to be more efficient than
other strains for the transformation of Punica granatum
(Terakami et al. 2007), Saccharum spp. (Manickavasagam
et al. 2004), and Zea mays L. (Yu et al. 2013). On the other
hand, the elimination of strain LBA4404 from plant tis-
sues was easier using lower concentrations of antibiotics

(Maheswaran et al. 1992), while that of strain EHA105
was difficult (Terakami et al. 2007). We compared 250 and
500 mg L' cefotaxime sodium salts for regeneration but
found no significant difference between the two conditions.
In the future, other antibiotics (e.g., augmentin and timen-
tin etc.) and their concentrations should be tested for more
efficient regeneration and transformation.

Another important aspect of genetic transformation is the
expression level of foreign genes. Since promoters regulated
gene expression both quantitatively and qualitatively, we
evaluated the expression of the gusA marker gene in 7. cin-
erariifolium for four types of promoters: the 35S promoter,
the 35S promoter combined with an enhancer of EI2Q or
E7Q (Mitsuhara et al. 1996), and the bi-directional masI -
2' promoter. The 35S promoter functions in many organs
in a large number of higher plants (Benfey and Chua 1990;
Terada and Shimamoto 1990; Yang and Christou 1990).
However, in some species, specific promoters are required to
control the high expression of the transgene. In comparisons
with the 35S promoter in pBI121, the bi-directional mas1'-2’
promoter was fivefold stronger, while F12Q and E7Q (Mit-
suhara et al. 1996) were approximately fourfold stronger in
terms of enhancements in GUS activity levels. Using the
bi-directional masI'-2' promoter, we succeeded in creating
florists’ chrysanthemum (Chrysanthemum morifolium) with
high insect and disease resistance (Shinoyama et al. 2015),
and with male and female sterility (Shinoyama et al. 2020).
Therefore, the bi-directional masI'-2' promoter is expected
to increase the synthesis of foreign gene products in trans-
genic T. cinerariifolium and florists’ chrysanthemums.

A challenge associated with genetic transformation
technology is the emergence of chimaeras, which has been
reported for florists’ chrysanthemums (Pavingerova et al.
1994; Benetka and Pavingerova 1995). Shinoyama et al.
(2002) demonstrated that regeneration technology via calli
suppressed the emergence of chimaeras in florists’ chrysan-
themum. The regenerated transformed plants obtained in the
present study also showed the whole-body expression of the
gusA gene (see Fig. 6¢), which indicates the minimized for-
mation of chimeras.

The transformation efficiencies reported so far for 7. cin-
erariifolium by Mao et al. (2013) and Li et al. (2022a) were
6.7% and 0.83%, respectively, when investigated using R.
radiobacter. In our case, the transformation efficiency was
3.1 to 4.1% in leaf segments. Each T. cinerariifolium line
exhibits a distinct genotype with large variations by its self-
incompatibility (Bhat and Menary 1986; Parlevliet 1974;
Teixeira da Silva 2003), which may account for the differ-
ences in transformation efficiency among these three stud-
ies. To improve transformation efficiency, the regeneration
frequency from leaf segments should be increased, as well
as the selection substances (e.g., paromomycin) and their
concentrations should be re-examined in the future.

@ Springer



97 Page120f 14

Plant Cell, Tissue and Organ Culture (PCTOC) (2024) 156:97

In Asteraceae including 7. cinerariifolium, genetic
transformation techniques have been established in several
species. In the florists’ chrysanthemum (C. morifolium),
genetically modified traits with insect and disease resist-
ance (Takatsu et al. 1999; Toguri et al. 2003; Shinoyama
et al. 2015) and unique flower colors (Noda et al. 2017)
have already been produced. Genome editing technology
has recently been used to create new traits in florists’ chry-
santhemums (Kishi-Kaboshi et al. 2017; Shinoyama et al.
2020). Notably, Gupta et al. (2022) reported that the chry-
santhemyl diphosphate synthase gene was overexpressed
under the promoter CaM V35S to enhance the production of
pyrethrins in Tagetes erecta, and the level of pyrethrin pro-
duction in the transformants was increased to about 26-fold
of that observed in non-transformed Tagetes plants. How-
ever, modifying T. cinerariifolium for enhanced pyrethrin
biosynthesis is valuable because the pyrethrin production
capability of this species is the highest in Asteraceae.

Pyrethrins have been reported to insecticidal effect
against thrips by Yang et al. (2012). Since many cultivated
crops are damaged by thrips, increased biosynthesis of
pyrethrins leads to their commercial use as biopesticides for
crop protection. In the present study, we have established
a method for the efficient shoot regeneration and genetic
transformation of 7. cinerariifolium genotype #14 and con-
firmed the introduction and expression of the gusA gene
in the TO generation. Even though it is necessary in the
future to examine seed fertility, seed setting and any other
phenotypic anomaly in the T1 progeny, we believe that it
will be possible to create novel T. cinerariifolium traits
with increased pyrethrin production using the transforma-
tion technique established here. Also, our technique can be
deployed to induce null segregants with genome editing
technology to resolve the environmental safety issue.
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