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Abstract

Gene stacking, the process of introducing multiple genes into a single plant to enhance desired traits, is essential
for plant genetic improvement through both conventional breeding and genetic transformation. In general,
transformation-based gene stacking can be achieved through either co-transformation to simultaneously
introduce multiple genes or sequential multi-round transformation. While co-transformation is generally faster
and more efficient than sequential multi-round transformation, it often requires two selectable marker genes,
which confer resistance to antibiotics, for selecting transgenic events. However, in most cases, there is only one
best selectable marker gene for a specific plant species or genotype. Also, it is harder to optimize the
concentrations of two antibiotics for co-transformation than using one antibiotic for selecting transgenic events.
To overcome this challenge, we recently developed an innovative split selectable marker system for plant co-
transformation, allowing the use of one selectable marker gene to select transgenic events. This method involves
constructing two binary vectors, each carrying a subset of genes of interest and a partial fragment of the
selectable marker gene, which is connected to a partial intein fragment. Following Agrobacterium-mediated co-
transformation, plants harboring both binary vectors are selected using a single antibiotic, such as kanamycin.
This split-marker system can be used to co-transform multiple genes into both herbaceous and woody plants,
accelerating genetic improvement of polygenic traits or integrative improvement of multiple traits to

simultaneously increase crop yield and quality.

Key features
e Developed an intein-mediated split selectable marker system for efficient gene stacking in plants.
e Utilizes a single antibiotic for identifying transgenic events, simplifying the selection process of co-

transformation compared to traditional methods.
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e Applicable to both herbaceous and woody plant species for co-transforming multiple genes.
e Enhances scalability and feasibility of gene stacking in plant genetic engineering and crop improvement
initiatives.
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Background

Gene stacking is a pivotal strategy in modern agriculture, involving the integration of multiple beneficial genes
into a single organism to simultaneously enhance traits such as yield, disease resistance, stress tolerance, and
nutritional content [1]. This approach is particularly valuable in the metabolic engineering of plants due to the
intricate nature of metabolic processes and biochemical pathways, which typically involve complex interactions
among multiple genes [2]. Gene stacking in plants can be achieved through several methods. First, hybrid
stacking involves cross-hybridizing a plant containing one or more transgenes with another plant carrying
different transgenes, resulting in the development of a multi-stack hybrid through iterative hybridization.
Second, co-transformation entails transforming a plant with two or more independent transgenes, each in
separate DNA constructs delivered simultaneously to the plant. Third, sequential multi-round transformation
involves re-transformation of a plant already harboring a transgene with additional transgenes [3].

Co-transformation has proven to be a highly promising approach for introducing multiple genes into plants [4].
Typically, co-transformation involves using two different selectable marker genes simultaneously, which must
be compatible with both the plant species and the transformation method employed. Challenges arise in ensuring

these markers are effective and efficient, requiring careful optimization of transformation protocols and selection
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conditions to maintain high transformation efficiency. Only a limited number of marker genes, such as
hygromycin phosphotransferase (hpt), neomycin phosphotransferase II (nptIl), and bar, are commonly used in
plant research and crop development, and no single selectable marker gene has been found to be universally
effective in all situations [5,6]. To address this challenge, we recently used a split selectable marker system to
facilitate gene stacking in plants [7]. This system contains two independent binary vectors, each carrying distinct
genes of interest. Unlike the traditional co-transformation system, in which each vector typically contains a
different selectable marker, each vector in our split selectable marker system contains a partial fragment of the
selectable marker gene, which is connected to a partial intein fragment. The partial intein fragment refers to a
segment of an intein that facilitates protein splicing in engineered systems. After the two vectors are co-
transformed into the same plant cell, intein-mediated protein splicing occurs post-translationally, resulting in
the reassembly of two marker protein fragments into a full-length selectable marker protein. In this natural
process, an intein, a protein segment within a precursor protein, self-excises and ligates the remaining protein
fragments (exteins) to form a functional protein [8]. This innovative system simplifies the identification of
transgenic events generated by co-transformation using a single selection agent (e.g., antibiotic). This approach
avoids the inefficiencies and incompatibilities associated with using two different selectable markers in the
traditional co-transformation. Designing and constructing intein-mediated selectable markers is highly relevant
to molecular cloning. Here, we describe in great detail the methodology—used in the original publication by
Yuan et al. [7]—for creating split-marker constructs, co-transforming two vectors in two plant species
(Arabidopsis thaliana and Populus tremula X P. alba clone INRA 717-1B4), and confirming transgenic events.
Also, we created ready-to-use binary vectors to simplify the cloning procedure for creating DNA constructs for

co-transformation.

Materials and reagents

Reagents

. Agar (PhytoTech LABS, catalog number: HWW1000003C)

. Agarose (GenBiotech, catalog number: RU1010)

. Acetosyringone (Sigma-Aldrich, catalog number: D134406)

. Cefotaxime (PhytoTech LABS, catalog number: C380)

. NEBridge® Golden Gate Assembly kit (Bsal-HF® v2) (NEB, catalog number: E1601L)
. NEB® 5-alpha competent E. coli (NEB, catalog number: C2987H)

. PCR Purification kit (Inbio Highway, catalog number: K1206)

. EHA105 Agrobacterium ElectroCompetent cells

. Plasmid DNA Purification kit (Qiagen, catalog number: 12123)
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. Restriction enzymes: Depending on the restriction sites on the inserts that the user cloned

—_
—

. Sterilizing agents: ethanol

. Silwet L-77

. GoTaq® G2 Master Mixes (Promega, catalog number: 0000434787)

. Murashige & Skoog basal medium with vitamins (MS) (PhytoTech LABS, catalog number: M5531)
. MES (Sigma, catalog number: SLCF3242)

. NAA (Sigma, catalog number: RNBJ597610)

. IBA (PhytoTech LABS, catalog number: I1538)
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BAP (PhytoTech LABS, catalog number: B130)

2iP; 6-(y,y-Dimethylallylamino)purine Solution (PhytoTech LABS, catalog number: D217)
0.5 M EDTA (Millipore, catalog number: 3740903)

5 M NacCl (Sigma, catalog number: SLBR7232V)

1 M Tris-HCI (Invitrogen, catalog number:15567-027)

Chloroform, EMSURE® ACS, ISO, Reag. Ph. (VWR, catalog number: 1.02445.1000)
Isopropanol (2-Propanol) (VWR, catalog number: 1.09634.5000)

L-Glutamine (PhytoTech LABS, catalog number: HWY0229022A)

Phyto agar (Sigma, catalog number: P8169)

Kanamycin (PhytoTech LABS, catalog number: HHW47510054)

LB broth with agar (Sigma, catalog number: L3147)

LB broth (Sigma, catalog number: L.3022)

Sucrose (Cicarelli, catalog number: 841214)

Sterile water

Timentin (GoloBio, catalog number: T-104-25)

Liquid nitrogen

Gel Extraction kit (Zymoclean Gel DNA Recovery kit, catalog number: D4008)
Q5® High-Fidelity 2 x master mix (NEB, catalog number: M0492S)

TE buffer (Thermo Fisher Scientific, catalog number: 12090015)

Thidiazuron (TDZ) solution, 1 mg/mL (PhytoTech Labs, catalog number: T7999)
Cetyltrimethylammonium bromide (CTAB) (Sigma-Aldrich, catalog number: 219374)

Primers (for genotyping)

eY
eY

GFPuv_F: 5'-CACGGCAACCTCAACG-3’
GFPuv_R: 5-CTCGACACGTCTGTGGG-3’

Solutions
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. Dip solution (see Recipes)

. Callus induction media (CIM) (see Recipes)
. Shoot induction media (SIM) (see Recipes)

. Shoot elongation media (SEM) (see Recipes)
. Root induction media (RM) (see Recipes)

. LB agar medium (see Recipes)

. LB medium (see Recipes)

. MS induction medium (see Recipes)

. 3% CTAB extraction buffer (see Recipes)

Recipes

1.

Dip solution

5% sucrose
0.03% Silwet L-77
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120 mL deionized water

2. Callus induction media (CIM)

4.3 g/L MS with vitamins

30 g/L sucrose

3 g/L Phyto agar

0.2 g/L L-glutamine

0.25 g/L MES

1 mL of 10 uM/L NAA

Sterilize and add 2ip (5 pM final) 1 mL of 5 mM 2ip stock, timentin (200 mg/mL stock) 1 mL/L, cefotaxime
(300 mg/mL stock) 1 mL/L, and kanamycin at 100 mg/L (final concentration).

3. Shoot induction media (SIM)

4.3 g/L MS with vitamins

30 g/L sucrose

3 g/L Phyto agar

0.2 g/L L-glutamine

0.25 g/L MES

50 pL of 1 mg/mL TDZ

Sterilize and add timentin (200 mg/mL stock) 1 mL/L, cefotaxime (300 mg/mL stock) 1 mL/L, and kanamycin

at 100 mg/L (final concentration).

4. Shoot elongation media (SEM)

4.3 g/L MS with vitamins

30 g/L sucrose

3 g/L Phyto agar

0.2 g/L L-glutamine

0.25 g/L MES

100 pL of 1 mg/mL BAP

Sterilize and add timentin (200 mg/mL stock) 1 mL/L, cefotaxime (300 mg/mL stock) 1 mL/L, and kanamycin

at 100 mg/L (final concentration).

5. Root induction media (RM)

2.15 g/L MS with vitamins

20 g/L sucrose

3 g/L Phyto agar

0.2 g/L L-glutamine

0.25 g/L MES

100 pL of 1 mg/mL IBA

Sterilize and add timentin (200 mg/mL stock) 1 mL/L, cefotaxime (300 mg/mL stock) 1 mL/L, and kanamycin

at 100 mg/L (final concentration).

6. LB agar medium
40 g/L LB broth with agar

Cite as: Yuan, G. et al. (2025). A Novel Gene Stacking Method in Plant Transformation Utilizing Split Selectable 5
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7. LB medium
20 g/L LB broth

8. MS induction medium
4.43 g/L MS with vitamins
20 g/L sucrose

0.5 g/L MES

20 uM (final concentration) acetosyringone

9. 3% CTAB extraction buffer (50 mL)
Dissolve 1.5 g of CTAB in 16.5 mL of distilled water on a heating plate.
Add 7.5 mL of 1 M Tris-HCI (pH 7.4), 26 mL of 5 M NaCl, and 0.2 mL of 0.5 M EDTA (pH 8).

Filter-sterilize using a 0.2 um filter.

Laboratory supplies

. 200 pL PCR tubes (Sigma, catalog number: Z316121)

. 1.5 mL microcentrifuge tubes (Sigma, catalog number: SLMTBP15-EP)
. 50 mL Falcon tubes (VWR, catalog number: 21008-940)

. 14 mL round-bottom tubes (Sigma, catalog number: Z617806)

. Plant culture vessel (PhytoCon, 16 oz, 473 mL)

. Pipette and pipette tips (Eppendorf)

. 100 mm X 15 mm Petri dishes (Sigma, catalog number: Z666246)

. Scalpel and forceps
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. Gloves

Equipment

1. E. coli and Agrobacterium pulser transformation apparatus (Bio-Rad, model: 155103)

2. High-speed centrifuges (Thermo Fisher Scientific, Sorvall™ ST8 Small Benchtop Centrifuge; catalog number:
75007200)

3. Floor model centrifuge (Thermo Fisher Scientific, Sorvall™ ST8 FR Floor-Standing Refrigerated Centrifuge;
catalog number: 75007208)

. Incubator (Sigma, catalog number: Z763330)

. Incubator shaker (Sigma, model: Innova 44 incubator shaker)

. Biosafety cabinets (LABCONCO, catalog number: 302380011)

. Plant growth chamber (NORLAKE Scientific)

. Autoclave

. Vortex (FISHER MINI VORTEXER, catalog number: 02215365)

10. Nanodrop (Denovix DS11)

11. Gel Doc (Azure Biosystems 600)

12. Cuvette (Bio-Rad, 0.2 cm electrode gap cuvette, catalog number: 1652086)

O 0 N O U »
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Software and datasets

1. SnapGene (GSL Biotech LLC, https://www.snapgene.com/)

Procedure

A. Design and construction of vectors for plant co-transformation

1. Construction of vectors 1 and 2 using Golden Gate Assembly

a. Vectors pSplit 1 and pSplit 2 were modified as destination vectors, ready for Golden Gate Assembly.

b. Combine the destination vector pSplit 1 with insert 1 and 2 and mix the destination vector pSplit 2 with insert
3 and 4 (Figure 1) (see General note 1).

c. Assemble all fragments according to the user manual provided by NEB (see General note 2).

Insert 1 Insert 2 Gene1 Gene 2

GFPuv anM @ @

: &
e Intein® *
Bsal-
RBTDNAg  PSPIit1 _ LBTDNA » pSplit 1 ’ Vector 1
repeat ‘ ’ repeat

Kan® LB T-DNA In%' N Insert 4 Gene3 Gene4
Intein® repeat
sal~ * » ’-
Bsal )
RBTDNA_. PSplit2 * pSplit 2 » Vector 2
repeat

Figure 1. Vector cloning using Golden Gate Assembly. Inserts 1 and 2 contain Gene 1 and Gene 2,
respectively, while Inserts 3 and 4 contain Gene 3 and Gene 4, respectively. pSplit 1 serves as the vector
backbone and is mixed with Inserts 1 and 2 to assemble into Vector 1 via Golden Gate Assembly. Similarly,
pSplit 2 serves as the vector backbone and is mixed with Inserts 3 and 4 to assemble into Vector 2 via Golden
Gate Assembly. Although two inserts are used as examples for each vector, additional inserts can also be

efficiently assembled using this method.

2. Gene sequence selection and primer design

a. Identify the gene sequences to be inserted into the vectors and their promoters and terminators (see General

note 3).
b. Design primers for PCR amplification of the gene sequences, including restriction sites (Bsal) for cloning
(Figure 2).
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L]
A Forward: ATGGTCTCCCTTANNNNNNN NNNNNNNNNNNNN C Forward 1: ATGGTCTCCCTTA
—_ —_
Target sequence Target sequence 1
S -
Reserve: TAGGTCTCCTGGANNNNNNNNNNNNNNNNNNNN Reserve 1: TAGGTCTCC
B Forward 1: ATGGTCTCCCTTANNNNNNNNNNNNNNNNNNNN Forward 2: ATGGTCTCC
—_— —_—
Target sequence 1 Target sequence 2
<~ <
Reserve 1: TAGGTCTCCNNNNNNNNNNNNNNNNNNNN Reserve 2: TAGGTCTCC
Forward 2: ATGGTCTCCNNNNNNNNNNNNNNNNNNNNNNNN Forward 3: ATGGTCTCC NNNNNNNNNNNNNNNNNNNN
—_ —_
Target sequence 2 Target sequence 3
S N

Reserve 2: TAGGTCTCCTGGANNNNNNNNNNNNNNNNNNNN Reserve 3: TAGGTCTCCTGGANNNNNNNNNNNNNNNNNNNN

Figure 2. Primer design for vector cloning. A. Primer design of single insert. B. Primer design of double

inserts. C. Primer design of three inserts. Red sequences indicate Bsal restriction sites. Underlined sequences

represent the 4-bp overhangs required for Golden Gate Assembly. The sequences NNN---NNN indicate the

annealing sequence with the target sequence.

3

. PCR amplification

a. Perform PCR to amplify the target gene sequences using Q5 high-fidelity DNA polymerase (see General note

4
b

).

. Verify the PCR products by running a sample on an agarose gel.

c. Purify the PCR product using a gel extraction kit.

4

. Transformation into E. coli

a. Transform the ligated products into competent E. coli cells using heat shock following the manufacturer’s
protocol for C2987H.

b.

C.

(=" e B - - ) |

)

Plate the transformed cells on LB agar plates containing kanamycin (50 pg/mL).

Incubate the plates overnight at 37 °C.

. Colony PCR screening

. Pick individual colonies for colony PCR using GoTaq® G2 Master Mixes.

. Verify the PCR products by running a sample on an agarose gel.

. Inoculate the positive colonies into liquid LB medium containing kanamycin (50 pug/mL).

. Incubate the culture tubes overnight at 37 °C.
. Plasmid Miniprep
. Isolate plasmid DNA from the overnight cultures using a miniprep kit.

. Verify the presence and orientation of the inserts by restriction digestion (see General note 5).

. Plasmid sequencing

. Sequence the purified plasmid DNA to confirm the correct insertion and orientation of the gene sequences.

b. Use sequencing primers that anneal to the plasmid backbone flanking the insert.

Cite as: Yuan, G. et al. (2025). A Novel Gene Stacking Method in Plant Transformation Utilizing Split Selectable
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B. Agrobacterium transformation

1. Thaw the electrocompetent Agrobacterium EHA105 on ice.

2. Add 1 pL of constructed plasmid containing pSplitl and pSplit2 into Agrobacterium separately and mix well
by gently flicking.

. Transfer the mixture immediately to the electroporation cuvette.

. Electroporate at 2.4 kV until the apparatus beeps.

. Add 1 mL of LB medium into the cuvette, resuspend, and transfer back to an Eppendorf tube.

. Incubate for 1-2 h at 30 °C with shaking at 180 rpm.

. Plate on LB agar plates with kanamycin (50 pg/mL) and rifampicin (50 pg/mL).

. Incubate the plates for 48 h at 30 °C.

. Pick individual colonies for colony PCR using GoTaq® G2 Master Mixes.

O 00 N O U~ W

10. Verify the PCR products by running a sample on an agarose gel.

C. Agrobacterium-mediated co-transformation in Arabidopsis thaliana

1. Preparation of Agrobacterium tumefaciens cultures

a. Start a preculture by inoculating each of two selected Agrobacterium tumefaciens strains containing pSplitl or
pSplit2 into 5 mL of LB medium with kanamycin (50 pg/mL) and rifampicin (50 pg/mL) in a 50 mL Falcon tube.
(see General note 6).

b. Incubate the culture overnight at 28 °C with shaking at 180 rpm and monitor growth. Alternatively, monitor
for two nights if necessary until OD reaches 0.8-1.0 (see General note 7).

c. Inoculate 10 pL of the preculture into 100 mL of LB medium with antibiotic selection in a sterile Erlenmeyer
flask.

d. Incubate overnight at 28 °C with shaking at 180 rpm.

2. Dipping of the plants

a. Verify that both cultures have grown well (see General note 7).

b. Prepare the floral dip solution (see Recipes).

c. For each cultured strain, divide the 100 mL culture into two Falcon tubes.

d. Centrifuge at 3,500 X g for 7-10 min.

e. Carefully remove the supernatant.

f. Resuspend the pellet in 30 mL (total volume) of LB medium without antibiotics.

g. Pour 120 mL of floral dip solution into a plastic-covered tray and add 30 mL of bacterial suspension from
each of the two strains (a total of 60 mL) to the center of the dip solution.

h. Submerge each plant completely in the liquid for a few seconds (see General note 8).

i. Place the dipped plants back in the original pots or transfer them to an appropriate container.

j- Dip all the plants of the same construct and then clean up the area.

k. Leave the plants on the bench for 48 h.

. Transfer the plants to the growth chamber (temperature: 22-25 °C; photoperiod: 16/8 h light/dark cycle;
humidity: 50%-55%).

m. Once plants are dry, you can collect the seeds.

Cite as: Yuan, G. et al. (2025). A Novel Gene Stacking Method in Plant Transformation Utilizing Split Selectable 9
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D. Agrobacterium-mediated co-transformation in poplar (Populus tremula X P. alba clone
INRA 717-1B4)

1. Preparation of Agrobacterium tumefaciens cultures

a. Streak Agrobacterium tumefaciens (EHA105) of two constructs on an LB agar plate containing kanamycin (50
pg/mL) and rifampicin (50 pg/mL). Then, incubate the plate at 28 °C for 2 days.

b. Inoculate a single A. tumefaciens colony into 5 mL of LB medium with kanamycin (50 pg/mL) and rifampicin
(50 pg/mL) and grow overnight at 28 °C with shaking (180 rpm).

c. Add 100 pL of culture into 50 mL of LB medium with kanamycin (50 pg/mL) and rifampicin (50 pg/mL) and
grow overnight at 28 °C with shaking (180 rpm).

d. The next day, centrifuge the cultures at 3,500 X g for 15 min at room temperature to pellet the cells.

e. Discard the supernatant and proceed to the next step.

2. Resuspension of Agrobacterium pellets
a. Resuspend each Agrobacterium pellet in MS induction medium.
b. Ensure the MS induction medium contains 20 puM acetosyringone to enhance virulence.

c. Adjust the ODgpy,, Of the suspension to 0.5 using the MS induction medium.

3. Preparation of poplar leaf disks
a. Excise approximately 150 young leaf disks (~0.5 cm diameter) from healthy poplar 717 (Populus tremula X
alba clone INRA 717-1B4) leaves using a sterilized punch or scalpel (see General note 9).

b. Keep the leaf disks on sterile filter paper moistened with MS medium until ready for infection.

4. Agrobacterium infection
a. Mix an equal volume of MS induction medium containing two split constructs into a 50 mL conical flask.
b. Soak the excised leaf disks in the Agrobacterium suspension for 1 h.

c. Agitate gently during the infection process to ensure even exposure.

5. Co-culture
a. Transfer the soaked leaf disks onto solid co-culture medium (e.g., MS medium supplemented with the required
hormones and 20 pM acetosyringone).

b. Incubate the plates in the dark at 22-25 °C for 2-3 days to allow co-culturing.

6. Washing

a. After co-culture, wash the leaf disks thoroughly with sterile water containing antibiotics (e.g., 300 mg/L
cefotaxime and 200 mg/L timentin) for 1 h to remove excess Agrobacterium.

b. Blot the disks dry on sterile filter paper before transferring them to the callus induction medium (CIM)

containing antibiotics (e.g., 300 mg/L cefotaxime, 200 mg/L timentin, and 100 mg/L kanamycin).

7. Callus induction

a. Transfer the washed leaf disks onto solid callus induction medium (e.g., MS medium supplemented with
appropriate plant growth regulators (see CIM recipe).

b. Incubate the plates under controlled light conditions (16/8 h light/dark cycle) at 22-25 °C.

c. Monitor the disks for callus formation, which may take 2—-4 weeks.

d. Subculture immediately if Agrobacterium re-growth is observed.

Cite as: Yuan, G. et al. (2025). A Novel Gene Stacking Method in Plant Transformation Utilizing Split Selectable 10
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8. Shoot induction

a. Transfer the developing calli to shoot induction medium (SIM) (e.g., MS medium with cytokinin and
antibiotics; see Recipes).

b. Continue incubation under the same light and temperature conditions until shoots begin to emerge.

c. Subculture every 2-3 weeks. Adventitious shoots typically emerge within 4-6 weeks. Separate transformation

events as early as possible during subculturing, either at the callus or multiple shoot stages.

9. Shoot elongation
a. Transfer emerging shoots to shoot elongation medium (SEM) (e.g., MS medium with a lower concentration
of cytokinin and antibiotics; see Recipes).

b. Incubate until the shoots have elongated sufficiently, which typically takes 2-3 weeks.

10. Root induction
a. Transfer elongated shoots to root induction medium (RM) (e.g., MS medium with auxin).

b. Incubate under appropriate conditions until roots develop, confirming successful transformation.

E. Confirmation of transformation

1. Sample collection: collect leaf samples (0.5-1.0 cm) from the Arabidopsis and poplar 717 lines (see General
note 10).

2. Leaf grinding
a. Place the collected leaf samples in a pre-cooled mortar.

b. Grind the leaves into a fine powder using liquid nitrogen.

3. Genomic DNA isolation

a. Add 500 pL of 3% CTAB extraction buffer to 100 mg of powdered plant material in a 2.0 mL microcentrifuge
tube. Vortex the mixture vigorously to ensure thorough mixing.

b. Incubate the tubes in a 65 °C water bath for 30 min. During the incubation, invert the tubes every 5-10 min
to keep the contents mixed.

c. After incubation, centrifuge the samples at 13,000 x g for 10 min. Carefully transfer the supernatant to a new
1.5 mL microcentrifuge tube.

d. Add 600 pL of chloroform to the supernatant and vortex thoroughly.

e. Centrifuge at 13,000 x g for 10 min. Transfer the upper aqueous phase to a clean 1.5 mL microcentrifuge
tube.

f. Add an equal volume of chloroform to the transferred aqueous phase and vortex to mix.

g. Centrifuge the mixture at 13,000 X g for 10 min. Again, transfer the upper aqueous phase to a clean 1.5 mL
tube.

h. Add an equal volume of isopropanol (2-propanol) to the aqueous phase. Mix by pipetting up and down, then
precipitate the DNA by placing the tube at -20 °C for 30 min.

i. Centrifuge the precipitated mixture at 13,000 x g for 20 min. Carefully discard the supernatant, avoiding
disturbance of the DNA pellet, and allow the pellet to air dry briefly.

j- Add approximately 500 pL of chilled 70% ethanol to the pellet and centrifuge at 13,000 X g for 5 min to wash
the DNA pellet. Discard the ethanol and allow the pellet to air dry completely.

k. Finally, dissolve the DNA pellet in 100 pL of 1 X TE buffer.
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4. PCR setup

PCR reaction mixture (25 pL volume)

GoTaq® G2 Green master mix, 2x 12.5 uL

€YGFPuv_F (10 uM) 2.5 pL

€YGFPuv_R (10 uM) 2.5 pL

DNA template 1.0 pL

Nuclease-free water to 25 pL

a. For eYGFPuv genotyping, add the eYGFPuv_F (5-CACGGCAACCTCAACG-3) and eYGFPuv R (5’-
CTCGACACGTCTGTGGG-3’) (see General note 11).

b. Mix the reagents gently.

5. PCR cycling conditions (Table 1):

Table 1. PCR cycling conditions

Step Temperature Time Cycle

Initial denaturation 95 °C 2 min 1 cycle
Denaturation 95°C 10-30s

Annealing 55-60 °C 30s 25-35 cycles
Extension 72 °C 1 min/kb

Final extension 72 °C 5 min 1 cycle

Rest 4°C Indefinite 1 cycle

6. Post-PCR analysis

Analyze the PCR products using agarose gel electrophoresis to confirm the presence of the target genes.

Validation of protocol

This protocol was used to generate the co-overexpression lines by Yuan et al. [7].

General notes and troubleshooting

General notes

1. The number of DNA fragments varies based on user needs, with successful assemblies reported ranging from
1 to 16 fragments.

2. Golden Gate Assembly protocol for using NEBridge® Golden Gate Assembly Kit (Bsal-HF®v2) (E1601) can be
found at https://www.neb.com/en-us/protocols/2018/10/02/golden-gate-assembly-protocol-for-using-neb-

golden-gate-assembly-mix-e1601. The manual does not mention that the destination plasmid requires pre-

digestion with the Bsal enzyme followed by gel purification. However, we found that performing pre-digestion
and gel purification significantly improves assembly efficiency, especially when the number of inserts exceeds
two.

3. For gene overexpression, the gene sequence can either be the coding sequence of the gene of interest (without
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introns) or its genomic sequence (containing introns), as both are effective.

4. DNA fragments to be inserted into the binary vectors can also be commercially synthesized by vendors such
as Integrated DNA Technologies (IDT, Coralville, IA) and Twist Bioscience (South San Francisco, CA). The
amount of a DNA insert varies depending on the user’s purpose. Single or multiple gene cassettes can be inserted
into destination plasmids through Golden Gate Assembly in a one-pot reaction.

5. Restriction digestion is optional here if positive colonies have been previously verified through colony PCR.
6. Only use a fresh colony. Do not close the Falcon tube completely and tape the lid with micropore tape.

7. The culture must be well-grown and clearly turbid.

8. Ensure the rosette is submerged during floral dipping for Arabidopsis transformation. You will observe air
bubbles between the leaves and stem.

9. To achieve optimal transformation efficiency, avoid using overly mature leaves. Instead, select leaves from
1-2-month-old plants grown in vitro.

10. We detected two co-transformed vectors in both the T1 and T2 generations of Arabidopsis. Kanamycin (50
pg/mL) was used during seed germination to select for successful transformation.

11. You may design specific primers tailored to your gene of interest.
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