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Abstract

Species in the genus Plantago have several unique traits that have led to them

being adapted as model plants in various fields of study. However, the lack of

a genetic manipulation system prevents in-depth investigation of gene function,

limiting the versatility of this genus as a model. Here, a transformation protocol is

presented for Plantago lanceolata, the most commonly studied Plantago species.

Using Agrobacterium tumefaciens-mediated transformation, 3 week-old roots of

aseptically grown P. lanceolata plants were infected with bacteria, incubated for 2-3

days, and then transferred to a shoot induction medium with appropriate antibiotic

selection. Shoots typically emerged from the medium after 1 month, and roots

developed 1-4 weeks after the shoots were transferred to the root induction medium.

The plants were then acclimated to a soil environment and tested for the presence

of a transgene using the β-glucuronidase (GUS) reporter assay. The transformation

efficiency of the current method is ~20%, with two transgenic plants emerging per 10

root tissues transformed. Establishing a transformation protocol for narrowleaf plantain

will facilitate the adoption of this plant as a new model species in various areas.

Introduction

The concept of using model species to investigate multiple

aspects of plant biology emerged with the widespread use

of Arabidopsis thaliana1. Arabidopsis was initially chosen

because it shares features with many other flowering plants

and has multiple traits that make it convenient to study in

a laboratory environment, such as being small and having

a short generation cycle. The large volume of research

papers published with it as a subject, along with its small

genome size and ease of genetic transformation2, enable it

to persist as a widely-used experimental organism. However,

Arabidopsis can be limited as a model for species with

different characteristics or unique traits3. This has prompted

the development of new model systems, such as maize

(Zea mays), an important plant for developmental genetics in

monocots4, and tomato (Solanum lycopersicum), which is an

important model for evolutionary studies, fruit development,
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and production, and is a good representation for vegetable

crops5. A method for genetic transformation is a prerequisite

for a plant species to serve as a model organism2.

An Agrobacterium tumefaciens-mediated transformation is

a reliable tool in plant biology; it has been used to

transform a few model species and major crops, including

tobacco (Nicotiana tabacum)6, rice (Oryza sativa)7, cotton

(Gossypium hirsutum)8, soybean (Glycine max)9, potato

(Solanum tuberosum)10, and canola (Brassica napus)11 .

Plant species are highly variable in how successfully they

respond to A. tumefaciens infection, and transformation

protocols often need to be individually tailored to each

the subject of only 414 articles when searched using the same

criteria on the same date.

Despite the research interest in P. lanceolata, studies,

especially on gene function characterization, are often

limited by the lack of a genetic manipulation toolkit for

the species. Pommerrienig et al. made efforts to develop

a transformation protocol for P. major using a floral dip

technique17. However, this method cannot be applied to P.

lanceolata because of the male sterility characteristic of this

species18,19. To our knowledge, there is no existing protocol

for the transformation of P. lanceolata.

species6,12. This study presents a simple protocol for A.

The genus Plantago includes a total of 256 plant species,

widely distributed worldwide13. The species in this genus

often have unique characteristics that make them desirable

as model species for studying genetics, ecology, stress

physiology, secondary metabolites, medicinal chemistry,

plant-microbe interactions, plant development, and evolution.

Plantago lanceolata, also called the narrowleaf or ribwort

plantain, has been a popular plant of interest since the 19th

century, when it was first used to describe the phenomenon of

male sterility14. Like other plants of its genus, it has been used

tumefaciens-mediated transformation of P. lanceolata. By

targeting root tissues, fully grown transgenic plants can be

generated within 3 months of transformation.

Protocol

NOTE: Steps 1.4-1.8, 2.3-2.5, 3.3-3.6, 4.1-4.6, 5.1-5.7, and

6.1-6.3 must be performed in aseptic conditions, using a clean

hood to prevent contamination.

1. Plant material propagation for transformation

in studies across various research fields. More recently, it has

been proposed as a model for vascular biology, as its vascular

tissue can be collected easily15. P. lanceolata is the most

commonly studied species in the genus Plantago; a 2021

article reported that there were >1,400 publications including

or relating to this species at that time16, and an additional

102 articles have been published since the beginning of 2022,

according to a PubMed search conducted on December 9th

2022. The next most studied plant in the genus, P. major, is

1. Place commercially available wild-type (WT) Plantago

lanceolata seeds (see Table of Materials) in a 50 mL

centrifuge tube up to the 5 mL line, depending on the

number of plants desired.

NOTE: Alternatively, a 2 mL microcentrifuge tube can be

used when a small number of seeds are needed, but it

should be filled to a volume no greater than 0.1 mL, as

too many seeds can reduce the efficiency of sterilization.

2. Immerse the seeds in 75% ethanol for 60 s.
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3. Discard the ethanol, then immerse the seeds in 20%

sodium hypochlorite (20% NaClO, 80% sterile water) for

40 min, gently inverting the tube so that all the seeds

come into contact with the solution.

NOTE: The sodium hypochlorite solution must be freshly

made for optimal results.

3-4 weeks, or when the main roots have grown about 2

cm in length and the lateral roots appear white.

NOTE: Medium preparation recipes and vitamin stocks

are included in Table 1 and Table 2.

2. Plasmid construction andE. Coli
transformation

4. Under a laminar flow hood, discard the sodium NOTE: The exact plasmid construction procedure varies

hypochlorite solution, then wash the seeds with distilled

water (five times). Add a small volume of water to the

seeds after the final rinse, as this can help aid the

movement of the plants onto plates.

5. Using sterilized forceps, transfer the seeds onto pre-

prepared 95 mm x 100 mm Petri dishes with solid MS

medium (Table 1). Spread the seeds evenly across the

depending on the gene of interest. In this procedure, the

restriction enzymes HindIII and SalII were used to insert the

1.5 kb AtPP2 promoter into the binary plasmid pBI101 (see

Table of Materials) with GUS, using the standard cloning

procedure20. AtPP2 (phloem protein 2) is a gene that is

specifically expressed in phloem21.

surface of the plate, with approximately 1 cm between
1. Clone the promoter using primer pairs 5'-

each seed to prevent overcrowding of the germinated              
AGTCAAGCTTCAAGTCCCTGTGGCTACTGA(FAoCr-w3a' rd)

seedlings (Figure 1A) .                                                                  
and                                                                                5'-

6. Seal the plates with two layers of paraffin film to prevent

contamination, then incubate under a cool white grow

light (see Table of Materials) at room temperature (22

°C with 50 µmol m-2s-1, 12 h days). The seeds typically

germinate within 5-6 days.

7. When the seedlings have germinated and are large

enough to transfer (Figure 1B), typically 2 or 3 days

after germination, use sterilized forceps to transfer the

seedlings into sterile boxes with the 50-100 mL of MS

medium (Table 1). Ideally, plant only five seedlings per

box to obtain the best quality roots.

8. Seal the boxes with surgical tape, then allow the plants

to grow under a cool white grow light (see Table of

Materials), in the same conditions mentioned in step 1.6.

The plants should be ready for transformation in about

AGTCGTCGACAAACCAGTATGATGTATTTA(TRTeTvTeTrsGe-)3'

from Arabidopsis. Figure 2 shows a diagram of the binary

plasmid vector with the AtPP2:GUS insert.

2. After plasmid construction, transform the plasmids into

DH5a E. coli (see Table of Materials) competent cells

using the heat shock method22, and then incubate for 1.5

h at 37 °C with shaking (150 rpm).

3. Take 150 µL of each transformation culture, plate onto

LB agar media plates (Table 1) with the appropriate

selection (50 mg/L kanamycin for the strain used in this

protocol; see Table of Materials), and then incubate the

plates for 16-24 h at 37 °C.

NOTE: The bacterial strain used in this study is A.

tumefaciens GV3101.

4. Next, use colony PCR to screen the colonies for positive

recombinants23.
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NOTE:     In     this     protocol,     the     following     primers       4.     After the cells have incubated for 2 days at 28 °C, identify

were     used     to     amplify     the     targeted     gene;     5'-              positive colonies containing the gene of interest through

ATGTTACGTCCTGTAGAAACCCCAA-3'(Forward) and

5'-TCATTGTTTGCCTCCCTGCTGC-3' (Reverse).

the use of colony PCR. In this protocol, use the primers

and conditions mentioned in step 2.4.

1. Run the reaction in a thermocycler (see Table of

Materials) with cycling conditions of 3 min at 95 °C,

followed by 35 cycles of: 30 s at 95 °C, 30 s at 55 °C,

2 min at 72 °C, and a final 10 min elongation step

at 72 °C.

2. Inoculate the positive colonies in 6 mL of LB broth

(Table 1) with the appropriate antibiotic (50 mg/L

kanamycin) and grow at 37 °C overnight, at 200-250

rpm.

5. Next, use the positive colonies to streak a stock plate with

LB agar media + selection. The plate can be stored at 4

°C for up to 1 month.

6. Alternatively, for long-term storage, inoculate a positive

colony with a small volume of LB with appropriate

selection. Shake the inoculated culture overnight at 28

°C at 200 rpm, then prepare a glycerol stock (50% w/v

glycerol in a 50:50 mix of bacteria and glycerol), which

can be stored at -80 °C for up to 10 years.

5. After overnight growth, extract the plasmids from the

bacteria using standard procedures24.
4. A. tumefaciens preparation

3. A. tumefaciens transformation with plasmid            
1.     Streak A. tumefaciens containing the desired plasmid

onto prepared 95 mm x 100 mm solid LB plates with the

1.     After plasmid extraction, use electroporation to transform              appropriate selection agent. In this protocol, the bacterial

the modified plasmid into the desired strain of              strain GV3101 with the plasmid insert AtPP2:GUS was

competent cells. In this procedure, A. tumefaciens strain

GV3101 was used. Follow standardized methods for

electroporation techniques25.

2. After electroporation, resuspend the competent cells in 1

mL of LB broth and then incubate for 2-4 h at 28 °C at

100 rpm.

3. Collect the cells through centrifugation at 6,800 x g

for 3 min in a tabletop microcentrifuge (see Table of

Materials) at room temperature (22 °C), then spread

50-100 µL onto an LB agar plate with an appropriate

selection agent (50 mg/L kanamycin for the plasmid used

in this protocol).

used, with 50 mg/L kanamycin added for the selection.

2. Seal the plates with paraffin film, then incubate at 28 °C

for up to 48 h, or until the bacteria grows large enough

to pick.

3. Use a pipette tip to pick a bacteria colony 2 days

before transformation, and inoculate it in a 15 mL round

bottom tube containing 6 mL of liquid LB with appropriate

selection. Shake at 200 rpm in a 28 °C tabletop shaker

overnight, until OD600 reaches 0.6-0.7.

NOTE: Plates and the 6 mL bacterial inoculation can be

stored at 4 °C for up to 1 month.

4. When the bacteria reach the correct OD600, use a pipette

to transfer A. tumefaciens to a sterile flask containing 100

mL of liquid LB with a selection agent. Typically, 200 µL
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of bacteria per 100 mL LB is appropriate for propagation.

Shake at 200 rpm at 28 °C overnight, until OD600 reaches

0.6-0.7.

5. Transfer the bacteria into 50 mL sterile centrifuge tubes,

and centrifuge at 2,200 xg for 10 min at room temperature

(22 °C) in a tabletop centrifuge to collect the bacteria.

6. Discard the supernatant using a pipette. Resuspend the

bacterial pellet in 5 mL of room temperature (22 °C) liquid

suspension solution (SS) (Table 1) by pipetting, then add

up to 50 mL of SS and invert several times to mix. The

bacteria is now ready for transformation.

NOTE: The liquid SS must be prepared freshly, within 1

week of transformation.

CAUTION: All material that comes into contact with

A. tumefaciens needs to be discarded in a biohazard

waste bin. Leftover liquids from bacterial cultures can

be sterilized with sodium hypochlorite (bleach) at a

concentration of 20% or higher.

4. During incubation, use a sterile scalpel with a sharp blade

to cut the roots into 1 cm fragments, separating the

primary roots from the lateral roots. Make thin, shallow

cuts on the surface of the roots to allow the bacteria to

infect the plant.

NOTE: If dealing with a large number of plants, transfer

the root pieces into the bacterial culture in batches, to

ensure that all the roots are immersed during inoculation.

5. After incubation, use the sterile forceps to transfer the

root pieces to sterile paper towels to remove excess

bacteria. Avoid drying the roots for more than 60 s, as

this can cause dehydration and damage the root tissue.

Ideally, 10-15 roots can be dried simultaneously (Figure

3C).

6. Transfer the dried roots to prepared 95 mm x 15 mm

Petri dishes with solid co-culture media (Table 1), around

10-20 roots per plate, depending on the size of the roots

(Figure 3D).

5. Transformation of Plantago roots                               7.     Seal the plates with two layers of transparent plastic

film, then cover with aluminum foil. Incubate at room

1. When the plants reach the ideal stage for transformation

(seedlings are 3 weeks old) (Figure 1C), use sterile

forceps and scissors to separate the roots from the rest of

the plant (Figure 3A). Discard the leaf and stem material.

2. Immediately after cutting, transfer the root pieces to

temperature (22 °C) for 3 days. This step provides time

for the bacteria to infect the roots without the presence of

an antibiotic selection (Figure 3E).

6. Selection and whole plant regeneration

sterile boxes containing sterile water using sterile 1. After incubation in co-culture media, transfer the root

forceps. This step allows the roots to stay hydrated while

all tissue is collected.

3. When all the roots are cut, pour the A. tumefaciens/SS

suspension into sterile 150 mm x 15 mm disposable Petri

dishes. Transfer the roots into the A. tumefaciens culture

and inoculate for at least 20 min (Figure 3B).

pieces to prepared 95 mm x 15 mm Petri dishes with solid

shoot induction media (SIM) (Table 1) with Timentin (500

mg/L; see Table of Materials) and appropriate antibiotic

selection. In this protocol, we used kanamycin (100 mg/

L).

NOTE: The bottom of the roots must come into complete

contact with the medium. Roots that do not touch the
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medium's surface are too long and must be cut to prevent

the tissue from escaping selection.

temperature (22 °C) with cool white lights at 50 µmol

m-2s-1, 12 h days.

2. Seal the plates with two layers of transparent plastic film,

then grow under a grow light for 1 month (see step 1.6

for appropriate conditions), or until the shoots begin to

emerge.

NOTE: Typically, shoot initials can be observed after 2

weeks of growth, and the shoots are typically visible after

1 month.

3. When the plantlets are 1.5-2.0 cm long (Figure 1D),

transfer them into prepared sterile boxes with solid root

induction media (Table 1).

4. Grow the plants under a grow light (see step 1.6 for

conditions) for several weeks, until roots form. Roots can

typically first be seen after 1 week.

NOTE: It is recommended to allow the roots to grow for

several weeks before moving to the soil, as plants with

larger root systems tend to have a higher survival rate

2. Cover the plants with a plastic potting cover, then cover

them with a clear plastic bag. This step allows the plants

to remain in a humid environment as they adapt to the

soil.

3. After about 3-5 days, remove the plastic bag, then

slowly remove the lid to allow acclimation to the outside

environment.

NOTE: Depending on the time of the year and the

environment to which the plants are transferred, the time

that the plants need to adapt can vary. Checking the

plants daily and adding water to the pots as needed is

recommended.

4. Water the plants regularly and add fertilizer as needed.

Plants can also be transferred to larger pots for further

growth (Figure 1F).

in soil. 8. β-glucuronidase (GUS) histochemical staining

7. Soil transfer 1. Prepare β-glucuronidase (GUS) staining solution,

1. When the root systems have become large enough to

transfer (Figure 1E), typically after 1 month of growth,

transfer the plants into 3.5 in square pots containing pre-

wetted all-purpose soil (BM7). In this protocol, BM7 bark

mix was used (see Table of Materials).

according to published protocols15.

2. When the shoot initials are about 0.5-1 cm long, remove a

small tip of a young, fully expanded leaf (<5 mm in length

is usually sufficient) and immediately transfer to 0.5-1 mL

of GUS staining solution in a 1.5 or 2 mL microcentrifuge

tube. The solution should fully cover the plant tissue.

1. Remove any medium that sticks to the roots by

washing them gently in water.

NOTE: The plants can be grown to maturity in a

greenhouse at 800 to 1400 µmol photons m-2 s-2

using 600 W high sodium pressure lights (see Table

of Materials), or in a growth chamber at room

3. Place the opened tubes in a vacuum desiccator and

vacuum at 20-25 kPa for 5-10 min. Small bubbles should

be visible in the solution during the vacuum procedure.

This allows the solution to enter the cells of the plant.
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4. Allow air to filter back into the vacuum desiccator. Close

the tubes and incubate at 37 °C overnight (12 h), or until

the blue color is visible.

NOTE: In this study, GUS activity was localized to the

phloem, meaning that in positively transformed plants,

blue staining should only be visible in the phloem tissue.

Plants without the transgene do not experience staining

(Figure 4).

5. To better visualize the stain, transfer the plants to 100%

ethanol to remove chlorophyll. To increase the efficiency

of the chlorophyll removal process, incubate the tubes at

60 °C for 10 min.

NOTE: The ethanol may need to be changed several

times before all chlorophyll is removed, depending on the

size of the leaf being stained.

(Table 1) for a minimum of 20 min, then incubated at room

temperature on solid SS plates for up to 3 days in the dark

(Figure 3E). The roots were then transferred to the shoot

induction medium (SIM) and kept under a grow light, in the

conditions indicated in the protocol (step 1.6). Figure 1 and

Figure 3 show representative images of each step of the

protocol for reference.

Figure 6 shows the progression of shoot initials emerging

from transformed tissue, from the first day the roots were

placed on the SIM (Figure 6A) to when the shoots were

ready to be rooted (Figure 6D). After 1 week, the root tissue

formed callus (Figure 6B), and the beginnings of shoot initials

could be observed (Figure 6B1). Shoots continued to emerge

during weeks 2 and 3 (Figure 6C), and after 4 weeks, the

shoots were ready to be transferred to the root induction

medium (Figure 6D).

Representative Results

A simple protocol is reported here for obtaining transgenic

P. lanceolata plants using A. tumefaciens-mediated

transformation. The reporter gene GUS (encoding β-

glucuronidase) is transformed, driven by the phloem-

expressed promoter of AtPP2, into 3-week-old P. lanceolata

roots through A. tumefaciens strain GV3101 (Figure 2). A

phloem-specific promoter was chosen because our main

interest was to establish a system for the functional genomics

of plant vascular tissues, particularly phloem. The method

was tested on the root, leaf, and petiole tissue in the

preliminary experiment. Although callus could be induced in

all tissue types, only the root tissue produced shoot initials

(Figure 5A) after 1 month in SIM; the leaf and petiole turned

brown and died (Figure 5B). This led to the conclusion

that root tissue was the optimal tissue type for use in the

transformation method. The roots were incubated in the

prepared bacteria resuspended in suspension solution (SS)

Identification of the putative transgenic plants was conducted

using the β-glucuronidase (GUS) histochemical assay, using

leaf segments taken once the shoots were around 0.5 cm

long. Positive transgenic plants showed the expected staining

pattern in the phloem localized tissue, demonstrated in

Figure 4. Positive GUS-stained shoots were transferred to

the root induction medium, in which they developed robust

rooting systems after 4 weeks (Figure 1E). Rooted plants

were then transferred to the soil. Figure 4 shows the result of

staining in a narrowleaf plantain transformed with the AtPP2

promoter and the β-glucuronidase (GUS) gene, along with

a wild-type and a narrowleaf plantain transformed with the

AtPP2 promoter, for comparison. All shoots that emerged

were confirmed as transgenic. The transformation efficiency

was determined to be an average of 20%, with approximately

two shoots emerging for every 10 roots that were transformed.

Confirmed transgenic plants were transferred to larger pots
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and grown for 4-8 weeks until they reached the adult stage

(Figure 1F).

Figure 1: Timeline of Plantago lanceolata transformation. Representative images of each stage of the protocol. (A)

Ungerminated seeds plated on an MS plate. (B) Seeds germinated after 1 week, ready to be transferred into magenta

boxes. (C) Plants in MS boxes after 3 weeks of growth. Roots are green and healthy, at the ideal stage for transformation.

(D) Shoots in shoot induction media after 4 weeks are ready to be transferred into the rooting medium. At this stage, β-

glucuronidase (GUS) histochemical staining can be conducted, if applicable. (E) Plants in boxes with root induction media,

where roots have formed after 4 weeks of growth. (F) Transgenic plants are grown to full length after 4 weeks of growth in

soil. Please click here to view a larger version of this figure.
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Figure 2: Diagram of the binary vector plasmid pBI101 + β-glucuronidase (GUS) with the inserted phloem-specific

promoter AtPP2. Please click here to view a larger version of this figure.
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Figure 3: Steps of transformation. Representative images of each step of transformation. (A) Separating roots from shoots

during transformation. (B) Soaking roots in bacteria/SS suspension. (C) Drying roots on paper towels to remove excess

bacteria. (D) Roots plated on co-culture medium. (E) SS plates wrapped in aluminum foil. Plants were incubated for 2-3 days

before being transferred to the shooting medium. Please click here to view a larger version of this figure.
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Figure 4: GUS-staining. β-glucuronidase (GUS) staining results of narrowleaf plantain leaf segments. (A) Wild type. (B)

Narrowleaf plantain transformed with the plasmid that harbors the AtPP2 promoter (empty vector). (C) Narrowleaf plantain

transformed with the plasmid that harbors the AtPP2 promoter and the β-glucuronidase (GUS) gene. Each leaf was stained

using the GUS histochemical staining protocol, then imaged with a microscopic camera. Images (B) and (C) show no

staining pattern due to the absence of the GUS gene. The right image shows a clear blue staining pattern in the veins,

confirming that the plants are transgenic. The bar represents 1 mm, with each leaf segment measuring approximately 1 cm in

length. Please click here to view a larger version of this figure.
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Figure 5: Comparison of transformation efficiency of different tissue types after >1 month incubation on shooting

media. (A) Root tissues after over 1 month of growth. Roots have experienced expanded callus, and shoot initials have

emerged. Non-transformed callus has begun to die in response to antibiotic selection. (B) Leaf and petiole tissues after

over 1 month of growth. Tissues experienced some callus expansion but soon died in response to the antibiotic. No shoots

emerged from either tissue. Please click here to view a larger version of this figure.

Figure 6: Emergence of callus and shoots on transformed tissue. Representative images of tissues placed on shooting

medium after different lengths of incubation. (A) Root tissues just after being plated on the shooting medium. (B) Root

tissues after 1 week on shooting medium. Callus expansion can be observed, and (B1) the first shoot initials have begun to

emerge. (C) Root tissues after 3 weeks on shooting medium. More shoot initials have emerged. (C1) The shoot that emerged

from the B1 shoot initial. (D) Root tissues after 4 weeks of incubation. Non-transformed tissue has begun to turn black/brown

and die, and emerging shoots continue to grow. At this stage, shoots are ready to be moved to the rooting medium. Please

click here to view a larger version of this figure.
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Table 1: Media preparation recipes. A description of how

to prepare mediums for transformation. The quantity of

vitamins added is calculated based on the indicated stock

solution concentration. See Table 2 for vitamin stock solution

preparation. For all mediums, add reagents to 900 mL of

double-distilled H2O, pH to the indicated level, and then add

water to a final volume of 1,000 mL. * = add after sterilization.

** = pH with 1 M KOH. *** = pH with 1 M NaOH. Please click

here to download this Table.

fungal contamination often resulted in contaminated shooting

cultures, and older roots that appeared brown did not result in

successful transformation. Root tissue was the most efficient

tissue type for transformation using the current method,

as leaf and petiole tissue were unsuccessful at developing

shoots.

Another important observation was that the optimal method

for collecting root tissue for transformation was to place

freshly cut root material in sterile water. This step effectively

Table 2: Vitamin stocks for Plantago mediums. All allowed root material to remain hydrated while the remainder

vitamins must be filter sterilized and labeled accurately before

storage. Where indicated, dissolve the powders first in 1 N

NaOH, then make up the desired volume with double distilled

H2O. Please click here to download this Table.

Discussion

The lack of a transformation protocol for plants in the genus

Plantago limits the use of these plants as models, particularly

when researchers are interested in exploring gene functions.

P. lanceolata was chosen to develop a genetic transformation

protocol because it is the most commonly studied plant of its

genus16. The protocol that has been developed will likely be

used as a tool to further advance studies related to vascular

biology, ecology, plant-insect interactions, and abiotic stress

physiology.

The protocol presented clearly outlines steps that allow a

user to obtain transgenic plants. Besides the ability of P.

of the tissue was collected, as roots tend to dry out quickly

when being removed from their growth containers. This step

also helped to increase the success rate of the transformation,

because it allowed more roots to be incubated in the bacteria

at one time.

This protocol could be modified by decreasing the time that

the root tissue incubates in the co-culture media to 2 days. It

was observed that a 2 or 3 day incubation period is sufficient

to allow infection that results in shoot initials. However, longer

incubation times are not recommended, since it was observed

that the absence of an antibiotic inhibitor in the media often

results in A. tumefaciens overgrowth, which can kill the

emerging tissue.

A limitation of this study is the lack of available data

on the performance of other methods or species of A.

tumefaciens in P. lanceolata transformation for comparison.

lanceolata to thrive in a tissue culture environment, multiple To our knowledge, this protocol is novel. During the

factors contributed to the success of our transformation

method. First, the importance of using high-quality, sterile

plant root tissue for transformation was observed. Roots

had the highest transformation rates when they were taken

from 3-4-week-old plants, and appeared green or pale white.

Roots taken from boxes with any amount of bacterial or

initial trials, a high transformation efficiency was noted

with A. tumefaciens GV3101, and we focused on refining

the technique using this strain instead of experimenting

with other strains. Our transformation efficiency of 20% is

relatively high for plant transformation-many conventional

methods consider anything >1% to be successful26 ,27 ,28.
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However, using another strain of A. tumefaciens, such as 5. Ding, X. et al. Different fruit-specific promoters drive

A. rhizogenes, known for its use in root transformation AtMYB12 expression to improve phenylpropanoid

in multiple species29,30 ,31, may result in an even higher

success rate. Further experimentation would be needed to

assess the impact of using other strains to promote increased

transformation efficiency in P. lanceolata.

The successful transformation of P. lanceolata will likely

accumulation in tomato. Molecules. 27 (1), 317 (2022).

6. Niedbała, G., Niazian, M., Sabbatini, P. Modeling

agrobacterium-mediated gene transformation of tobacco

(Nicotiana tabacum)-a model plant for gene

transformation studies. Frontiers in Plant Science. 12,

benefit many fields of study. The high transformation 695110 (2021).

efficiency, and the rapid growth of the plant in tissue culture

media, make P. lanceolata a feasible candidate for gene

function studies15.
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