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Abstract 
 
Agrobacterium rhizogenes–mediated hairy root transformation provides a rapid platform for gene function analysis prior to 
stable whole-plant transformation. However, most existing hairy root transformation methods rely on tissue culture and 
require chemical or fluorescence-based selection, which increases experimental complexity. Here, we describe a tissue 
culture–free soybean hairy root transformation protocol incorporating the RUBY visual reporter system. While this work 
does not introduce a new transformation concept, it presents a streamlined implementation of established soybean hairy root 
methodologies that emphasizes procedural simplicity, reduced handling, and faster access to functional root material. 
Transgenic roots expressing RUBY can be directly identified by red pigmentation with the naked eye. In RUBY-positive 
roots, candidate genes driven by the CaMV 35S promoter showed higher expression levels than those in empty-vector 
controls, indicating that the system supports effective gene expression. Using this procedure, clearly identifiable transgenic 
hairy roots can be obtained within 20 days. Overall, this protocol simplifies induction and screening while reducing 
operational complexity and equipment requirements.  
 

Key features 
• Induces soybean hairy roots without tissue culture, simplifying the transformation workflow.  
• Incorporates RUBY reporter for direct naked-eye identification of transgenic roots. 
• Generates identifiable transgenic hairy roots within 20 days, enabling rapid functional analysis. 
• Applicable to gene and protein function studies, metabolite profiling, and root–microbe interaction assays. 
 
Keywords: Agrobacterium rhizogenes, Hairy root transformation, RUBY visual reporter, Soybean, Tissue culture‐
independent 
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Graphical overview 
 

 
 
Schematic diagram illustrating the workflow of soybean hairy root transformation using the RUBY reporter 
 
 

Background 
 
Agrobacterium rhizogenes is a gram-negative soil bacterium belonging to the family Rhizobiaceae that infects plants through 
wound sites. During infection, transfer DNA (T-DNA) carried on the Ri plasmid is delivered into plant cells and randomly 
integrated into the host genome, where the introduced genes are expressed and induce the formation of roots with sustained 
growth capacity [1,2]. Because this process bypasses the requirement for whole-plant regeneration, A. rhizogenes–mediated 
hairy root transformation enables rapid generation of root tissues with stable transgene expression. 
Hairy root transformation has therefore become a widely used experimental system in plant functional genomics. The 
approach is applicable to diverse molecular and physiological studies, including protein expression, subcellular localization, 
and protein–protein interaction analyses [3,4], secondary metabolism pathway investigation [5,6], and root–microbe 
interaction studies [7,8]. In addition, hairy root systems have been increasingly applied in genome editing research as a 
convenient platform for evaluating CRISPR/Cas9 single-guide RNA (sgRNA) efficiency, with editing outcomes that show 
good consistency with stable transformation results [8,9]. 
In soybean [Glycine max (L.) Merr.], conventional whole-plant stable transformation is time-consuming, labor-intensive, 
genotype-dependent, and often exhibits low efficiency, which limits its application in rapid gene function analysis and high-
throughput studies [10,11]. A. rhizogenes–mediated hairy root transformation overcomes many of these limitations, 
providing an efficient alternative for root-focused studies, including analyses of metabolism, abiotic stress responses, and 
plant–microbe interactions [12–16]. Nevertheless, many existing soybean hairy root protocols still involve tissue culture 
steps and require antibiotic selection or fluorescence microscopy to identify positive transformants, with overall 
experimental durations typically ranging from 30 to 45 days [17,18]. 
To address these limitations, we built upon a tissue culture–free soybean hairy root induction system previously reported by 
Chen et al. [19] and incorporated the RUBY visual reporter gene for direct identification of transgenic roots. RUBY is a 
synthetic reporter comprising three betalain biosynthetic enzymes, CYP76AD1, DODA, and glucosyltransferase, which 
together drive the accumulation of a vivid red pigment in transformed cells [20,21]. Because RUBY expression can be 
readily detected by the naked eye, it provides an effective indicator for transformation events and transgene expression levels. 
Incorporation of the RUBY reporter eliminates the need for antibiotic or fluorescence-based selection, simplifies 
experimental procedures, and reduces equipment requirements, thereby offering a streamlined and reproducible method for 
generating transgenic soybean hairy roots suitable for downstream functional analyses. 
 
 

Materials and reagents 
 
Biological materials 
 
1. Soybean seeds (Williams 82) 
2. Agrobacterium rhizogenes K599 (Coolaber Science & Technology, catalog number: CC410) 
3. E. coli DH5α competent cell (Sangon Biotech, catalog number: B528413) 
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4. pCAMBIA1300 plasmid (CAMBIA, stored in our laboratory) 
 
Reagents 
 
1. Xho I restriction enzymes (New England Biolabs, catalog numbers: R0146); store at -20 °C 
2. Kanamycin sulfate (Sangon Biotech, catalog number: A600286); store at 4 °C 
3. Streptomycin sulfate (Sangon Biotech, catalog number: A610494); store at 4 °C 
4. Tryptone (OXOID, catalog number: LP0042B); store at room temperature (RT) 
5. Yeast extract (OXOID, catalog number: LP0021T); store at RT 
6. Sodium chloride (NaCl) (Sangon Biotech, catalog number: A501218); store at RT 
7. Calcium chloride dihydrate (CaCl2·2H2O) (Sangon Biotech, catalog number: A501330); store at RT 
8. Glycerol (Sangon Biotech, catalog number: A600232); store at RT 
9. Sodium hypochlorite (NaClO) (Sangon Biotech, catalog number: A501944); store at 4 °C 
Caution: NaClO is a strong oxidizing agent. 
10. Hydrochloric acid (HCl), 37% (Sigma-Aldrich, catalog number: 320331); store at RT 
Caution: HCl is highly corrosive. 
11. Acetosyringone (AS) (Beijing KEHBIO Technology, catalog number: K91068); store at 4 °C 
12. Agar powder (Beijing Solarbio Science & Technology, catalog number: A8190); store at RT 
13. KOD-Plus DNA polymerase (TOYOBO, catalog number: KOD-201); store at -20 °C 
14. EZ-10 Spin Column DNA Gel Extraction kit (Sangon Biotech, catalog number: B610353); store at RT 
15. Agarose (Sangon Biotech, catalog number: A620014); store at RT 
16. ClonExpress MultiS One Step Cloning Kit (Vazyme Biotech, catalog number: C113); store at -20 °C 
17. Dimethyl sulfoxide (DMSO) (Diamond, catalog number: A100231); store at RT 
Caution: DMSO can facilitate dermal absorption of chemicals and may cause skin irritation. 
18. Tris base (Sangon Biotech, catalog number: A501492); store at RT 
19. Glacial acetic acid (Sinopharm Chemical Reagent, catalog number: 10000208); store at RT 
20. EDTA disodium salt dihydrate (Sangon Biotech, catalog number: A610185); store at RT 
 
Solutions 
 
1. Liquid and solid lysogeny broth (LB) medium (see Recipes) 
2. 0.1 M NaCl solution (see Recipes) 
3. 20 mM CaCl2 solution (see Recipes) 
4. AS stock solution (see Recipes) 
5. Kanamycin stock solution (see Recipes) 
6. Streptomycin stock solution (see Recipes) 
7. 50× TAE buffer (see Recipes) 
 
Recipes 
 
1. Liquid and solid LB medium 

Reagent Final concentration Quantity or volume 
Tryptone 10 g/L 10 g 
NaCl 10 g/L 10 g 
Yeast extract 5 g/L 5 g 
Agar powder (for solid LB only) 15 g/L 15 g 
Deionized water n/a Up to 1L 

Note: Autoclave the medium at 121 °C for 15 min and store at RT for up to one month. 
 
2. 0.1 M NaCl solution 

Reagent Final concentration Quantity or volume 
NaCl 0.1 M 5.84 g 
Deionized water n/a Up to 1 L 

Note: Filter-sterilize the solution using a 0.22 μm syringe filter and store at 4 °C for six months. 
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3. 20 mM CaCl2 solution 
Reagent Final concentration Quantity or volume 
CaCl2·2H2O 20 mM 0.29 g 
Deionized water n/a Up to 100 mL 

Note: Filter-sterilize the solution using a 0.22 μm syringe filter and store at 4 °C for six months. 
 
4. AS stock solution 

Reagent Final concentration Quantity or volume 
AS 100 mg/mL 1 g 
DMSO n/a Up to 10 mL 

Note: Filter-sterilize the solution using a 0.22 μm syringe filter, aliquot into 500 μL portions, and store at -20 °C and 
protected from light for up to six months. 
 
5. Kanamycin stock solution 

Reagent Final concentration Quantity or volume 
Kanamycin sulfate 50 mg/mL 2.5 g 
Deionized water n/a Up to 50 mL 

Note: Filter-sterilize the solution using a 0.22 μm syringe filter, aliquot into 500 μL portions, and store at -20 °C for six 
months. 
 
6. Streptomycin stock solution 

Reagent Final concentration Quantity or volume 
Streptomycin sulfate 50 mg/mL 2.5 g 
Deionized water n/a Up to 50 mL 

Note: Filter-sterilize the solution using a 0.22 μm syringe filter, aliquot into 500 μL portions, and store at -20 °C for six 
months. 
 
7. 50× TAE buffer 

Reagent Final concentration Quantity or volume 
Tris base 2.0 M 242 g 
Glacial acetic acid 1.0 M 57.1 mL 
EDTA (disodium salt, pH 8.0) 50 mM 100 mL of 0.5 M EDTA 
Deionized water n/a Up to 1 L 

Note: Dilute 50× TAE buffer to 1× with deionized water before use. Store 50× stock at RT for six months. 
 
Laboratory supplies 
 
1. Glass dishes (12 cm dish) (WuYi) 
2. Filter paper, 11 cm (NEWSTAR) 
3. 1.5 mL microcentrifuge tubes (Axygen, catalog number: MCT-150-C) 
4. 0.2 mL microcentrifuge tubes (Axygen, catalog number: PCR-02-C) 
5. 50 mL microcentrifuge tubes (Biosharp, catalog number: CT-002-50A) 
6. 0.22 μm syringe filters (Merck Millipore, catalog number: SLGPR33RB) 
7. Plastic spreader (Biosharp, catalog number: BS-PS-A) 
8. Sterile Petri dishes (9 cm dish) (Biosharp, catalog number: BS-90-D) 
9. Surgical blades (Aladdin, catalog number: C3028-02-100EA) 
10. Disposable plastic cups (CHEMATE, catalog number: 0861-1119) 
11. Vermiculite (Santaibio, catalog number: ZS-02-04) 
12. Nutrient soil (Scotts Miracle-Gro, universal type) 
13. 250 mL Erlenmeyer flask (PYREX, catalog number: 4980-250) 
 
  



 

 

Cite as: Zhang, Z. et al. (2026). A Rapid and Visual Soybean Hairy Root Transformation Protocol Using the 
RUBY Reporter. Bio-protocol 16(6): e5635. DOI: 10.21769/BioProtoc.5635 

5 

Published: Mar 20, 2026 

Equipment 
 
1. Microvolume spectrophotometer (IMPLEN, model: NanoPhotometer® N50) 
2. Growth chamber (HilPoint, model: FH-600) 
3. Centrifuge (HERMLE Labortechnik GmbH, model: Z216MK) 
4. Temperature-controlled shaking incubator (XiangShang, model: XS-ZD3) 
5. Biochemical incubator (BLabotery, model: SPL-80) 
6. Ultra-low temperature freezer (Sonyo Refrigeration, model: MDF-682) 
7. Autoclave (Yamato, model: SQ510C) 
8. Gel imaging system (Shenhua Science Technology, model: SH-520) 
9. PCR thermal cycler (Bio-Rad Laboratories, model: T100) 
10. Nucleic acid electrophoresis system (Beijing Junyi-Dongfang Electrophoresis Equipment, model: JY600E) 
11. Chemical fume hood (WuXi Jinhongyang Technology, model: BM220) 
 
 

Procedure 
 
A. Construction of pCAMBIA1300-RUBY expression vector 
 
Note: In our work, the pCAMBIA1300 vector was used as the backbone, in which the hygromycin resistance (Hyg) gene 
was replaced by the RUBY reporter cassette. RUBY expression was driven by the cauliflower mosaic virus 35S (CaMV 35S) 
promoter and terminated by the CaMV polyadenylation signal (Figure 1A). The detailed construction procedure is described 
below. 
 
1. Linearize the pCAMBIA1300 backbone: Digest the pCAMBIA1300 vector backbone by combining 20 μL of plasmid 
DNA (500 ng/μL), 10 μL of 10× CutSmart Buffer, 4 μL of Xho I enzyme, and 66 μL of nuclease-free water. Mix gently and 
then incubate at 37 °C for 30 min in a PCR thermal cycler to linearize the vector. 
 
2. PCR amplification of the RUBY fragment: Set up two 50 μL PCR reactions in 0.2 mL PCR tubes using a high-fidelity 
DNA polymerase. For each reaction, add 25 μL of 2× PCR buffer for KOD FX, 4 μL of dNTPs, 2 μL of forward primer (5′-
TATTATGGAGAAACTCGAGCTTATCTTTAATCATATTCCATAGT-3′), 0.8 μL of reverse primer (5′-
ACAAATCTATCTCTCTCGAGATGGATCATGCGACCCTCGCCATGA-3′), 0.8 μL of template DNA, 0.5 μL of KOD 
FX, and 16.9 μL of nuclease-free water. Perform PCR according to the manufacturer’s recommended cycling conditions.  
 
3. Purify the linearized vector and RUBY insert: Load the Xho I–digested pCAMBIA1300 backbone and PCR-amplified 
RUBY fragment onto a 1% (w/v) agarose gel prepared in 1× TAE buffer. Perform an agarose gel electrophoretic run at 120 
V for 20 min. Visualize DNA bands using a gel imaging system, excise the target bands with a UV gel cutter, and transfer 
each gel slice into a 1.5 mL microcentrifuge tube. Purify DNA from gel slices using a commercial gel extraction kit 
according to the manufacturer’s instructions. Measure DNA concentration using a spectrophotometer and confirm fragment 
size by agarose gel electrophoresis. 
 
4. Assemble the pCAMBIA1300-RUBY construct by seamless cloning: Assemble the linearized vector and RUBY insert 
using a ClonExpress MultiS One Step Cloning kit according to the manufacturer’s instructions. It contains 4 μL of 5× CE 
MultiS Buffer, 2 μL of Exnase MultiS, 2 μL of linearized pCAMBIA1300 backbone (200 ng), and 0.5 μL of RUBY insert 
(100 ng). Mix gently and incubate at 37 °C for 30 min, followed by cooling to 4 °C or immediate placement on ice. 
 
5. Transform the assembled plasmid into Escherichia coli: Thaw 50 μL of chemically competent E. coli DH5α cells on ice. 
Add 5 μL of the assembly reaction directly to the competent cells and gently flick the tube to mix. Incubate the cells on ice 
for 30 min, heat-shock at 42 °C for 45 s, and return the cells to ice for 2 min. Add 700 μL of LB medium without antibiotics 
and incubate at 37 °C with shaking at 220 rpm for 1 h. Centrifuge the culture at 5000× g for 1 min, discard the supernatant, 
and resuspend the cell pellet in 200 μL of LB medium. Plate the suspension onto LB agar containing 50 μg/mL kanamycin 
and incubate the plates inverted at 37 °C overnight. 
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6. Verify positive clones: Pick single colonies and inoculate each into 5 mL of LB containing 50 μg/mL kanamycin in a 50 
mL culture tube. Incubate cultures at 37 °C with shaking at 220 rpm overnight. Perform colony PCR using forward primer 
5′-TCAACACATGAGCGAAACCCTAT-3′ and reverse primer 5′-
ACAAATCTATCTCTCTCGAGATGGATCATGCGACCCTCGCCATGA-3′. Send PCR-positive clones for Sanger 
sequencing to confirm the correct insertion of the RUBY cassette. Store verified clones in 10% (v/v) glycerol at -80 °C. 
Note: For soybean hairy root transformation, expression vectors carrying the RUBY reporter can be constructed following 
this protocol. Alternatively, a pre-existing RUBY vector with a functional expression cassette can be directly applied. In this 
protocol, the template used to amplify the RUBY fragment was derived from the original RUBY vector (35S:RUBY, Addgene 
plasmid #160908, https://www.addgene.org/160908/) [20].  
 
B. Preparation of A. rhizogenes competent cells 
 
1. Streak A. rhizogenes strain K599 from a -80 °C glycerol stock onto LB agar plates. Incubate the plates inverted at 28 °C 
in the dark for 48 h. 
2. Pick a single colony and inoculate it into 5 mL of LB liquid medium. Culture the cells overnight at 28 °C with shaking at 
200 rpm. 
3. Transfer 2 mL of the overnight culture into 50 mL of fresh LB liquid medium in a 250 mL Erlenmeyer flask. Grow the 
culture at 28 °C with shaking at 200 rpm until the optical density at 600 nm (OD600) reaches 0.5–0.6. 
4. Place the culture on ice for 30 min, then centrifuge at 5,000× g for 5 min at 4 °C. Discard the supernatant and gently 
resuspend the bacterial pellet in 10 mL of pre-chilled sterile 0.1 M NaCl solution. 
5. Centrifuge the suspension again under the same conditions and resuspend the pellet in 1 mL of pre-chilled 20 mM CaCl2 
solution. Resuspend 100 μL aliquots of competent cells in sterile 1.5 mL microcentrifuge tubes with glycerol to a final 
concentration of 10% (v/v). Immediately plunge the tubes into liquid nitrogen and then store them at -80 °C until use. 
Note: Prepare A. rhizogenes K599 competent cells as described above or purchase commercially available competent cells 
for direct use. 
 
C. Transformation of RUBY expression vector into A. rhizogenes 
 
1. Thaw A. rhizogenes K599 competent cells on ice. Mix 50 μL of competent cells with 2 μL of pCAMBIA1300-RUBY 
plasmid DNA (approximately 500 ng) in a 1.5 mL microcentrifuge tube.  
2. Incubate the tube on ice for 5 min, freeze the tube in liquid nitrogen for 5 min, then heat-shock it in a 37 °C water bath 
for 5 min. Immediately return the tube to ice for 5 min. Add 500 μL of antibiotic-free LB liquid medium to the tube. Incubate 
the cells at 28 °C with shaking at 200 rpm for 2–3 h to allow recovery. 
3. Spread 200 μL of the recovered culture onto LB agar plates containing 50 μg/mL kanamycin and 50 μg/mL streptomycin. 
Invert the plates and incubate in the dark at 28 °C for 2–3 days.  
4. Pick single colonies and verify the presence of the RUBY cassette or candidate gene by colony PCR. Inoculate PCR-
positive colonies into 5 mL of LB liquid medium containing 50 μg/mL kanamycin and 50 μg/mL streptomycin. Culture at 
28 °C with shaking at 220 rpm for 36 h. 
5. Streak 100 μL of the overnight culture onto LB agar plates containing 50 μg/mL kanamycin, 50 μg/mL streptomycin, and 
15 μg/mL acetosyringone. Incubate inverted at 28 °C in the dark for 24 h. Use the resulting bacterial cultures directly for 
soybean hairy root transformation. 
6. (Optional) To preserve transformed A. rhizogenes, add sterile glycerol to a final concentration of 10% (v/v), mix gently, 
aliquot into sterile microcentrifuge tubes, and store at -80 °C. 
Note: The pCAMBIA1300-RUBY vector described in this protocol can be used directly for soybean hairy root transformation 
as a visual transformation marker. Alternatively, based on experimental objectives, target genes or genome-editing cassettes 
can be inserted into the pCAMBIA1300-RUBY backbone for gene function analysis, provided that the RUBY reporter 
cassette remains intact and functional. 
 
D. Soybean seed germination and seedling preparation 
 
1. Select soybean cultivar Williams 82 and choose seeds with smooth surfaces and no visible lesions for hairy root 
transformation.  
2. Surface-sterilize the seeds by chlorine gas. Prepare the sterilization setup by mixing 96 mL of NaClO with 4 mL of 37% 
HCl in a sealed desiccator. Place the seeds inside the desiccator and incubate for 12 h at room temperature. 
Caution: Chlorine gas is highly toxic. The desiccator should be placed in a chemical fume hood. 

https://www.addgene.org/160908/
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3. After sterilization, sow the seeds evenly in nutrient soil in 17 cm × 17 cm soil trays. Place the trays in a controlled growth 
chamber set to a 14/10 h light/dark photoperiod at 25 °C with 65% relative humidity. 
4. Grow seedlings for 4 days until they reach the stage shown in Figure 1B. 
 
E. Establishment of transgenic soybean hairy root composite plants 
 
1. Use a sterile surgical blade to create a wound at a 45° angle on the hypocotyl of 4-day-old soybean seedlings. Collect A. 
rhizogenes strain K599 carrying the pCAMBIA1300-RUBY vector and immediately apply the bacterial culture to the wound 
site (Figure 1C–G). 
2. Place three sterile filter papers in a glass Petri dish and moisten them with 10 mL of sterile distilled water. Place the 
inoculated seedlings onto the filter papers with the wounded hypocotyls facing upward, cover the Petri dish to maintain 
humidity, and co-cultivate in the dark at 25 °C for 24 h (Figure 1H). 
3. Transfer the seedlings to transparent plastic containers filled with moist vermiculite for hairy root induction. Place the 
containers in a tray and cover them with lids to maintain humidity. Grow the seedlings in a controlled growth chamber under 
a 14/10 h light/dark photoperiod at 25 °C with 65% relative humidity (Figure 1I). 
4. Approximately 7 days post-inoculation, observe callus formation at the wound site. During this period, remove any 
adventitious roots that emerge to ensure clear hairy root development (Figure 1J, K).  
Note: Non-transgenic adventitious roots can affect transformation efficiency. During the induction period, they are typically 
removed twice. 
5. Approximately 10 days post-inoculation, observe distinct red hairy roots emerging from the wound site (Figure 1K). One 
to two days after the hairy roots appear, remove the moisture-retaining lid and continue cultivation under the same growth 
conditions. 
Note: Ensure that the hairy roots have grown to at least 3–4 cm before removing the lid. 
6. Continue to grow the hairy roots for an additional 5 days. Gently remove the roots from the vermiculite and rinse 
thoroughly with sterile distilled water to remove any adhering particles (Figure 1L, M). Use the clean transgenic hairy roots 
for downstream analyses, such as candidate gene expression assays, protein–protein interaction studies, metabolite profiling, 
or other functional experiments. 
 

 
 
Figure 1. Generation of transgenic soybean hairy roots using the pCAMBIA1300-RUBY vector. (A) Schematic map 
of the pCAMBIA1300-RUBY binary vector, illustrating key elements: RUBY reporter gene for visual selection, driven by 
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the cauliflower mosaic virus 35S (CaMV 35S) promoter and terminated by the CaMV polyA signal, Kpn I and Sal I 
restriction sites for cloning, kanamycin resistance gene (Kan^R) for bacterial selection, and T-DNA borders for plant 
integration. (B) Soybean seedlings grown in soil under controlled conditions (25 °C, 14/10 h light/dark) prior to 
transformation. Scale bar = 2 cm. (C) A. rhizogenes K599 carrying the pCAMBIA1300-RUBY vector was activated for 24 
h. (D) The bacterial culture was concentrated using a sterile spreader. Scale bar = 1 cm. (E) Four-day-old soybean seedlings 
were excised at the base of the hypocotyl. Scale bar = 1 cm. (F) Hypocotyls were wounded at a 45° angle approximately 1 
cm below the cotyledon node. Scale bar = 1 cm. (G) The wound sites were inoculated with A. rhizogenes K599. Scale bar = 
1 cm. (H) Inoculated explants were placed on sterile filter paper in a glass dish with 10 mL of sterile water for co-cultivation 
in the dark for 24 h. (I) After co-cultivation, explants were transferred into vermiculite for hairy root induction and kept 
moist to prevent wilting. (J) During hairy root induction, adventitious (non-transformed) roots may form and should be 
carefully removed to select true hairy roots. Scale bar = 1 cm. (K) Callus formation at the infection site 7 days after induction. 
The enlarged inset shows the co-cultivation site with distinct white callus tissue; red arrows indicate RUBY-derived red 
pigmentation at approximately 10 days after induction and mark emerging positive hairy roots. Scale bar = 1 cm. (L) Fifteen 
days after induction, transgenic hairy roots fully developed, and RUBY expression was visible as red pigmentation. (M) 
Hairy roots are gently removed from vermiculite, washed with sterile water to remove debris, and are ready for downstream 
analyses. Scale bar = 2 cm. 
 
 

Data analysis 
 
Hairy root induction efficiency was calculated using the following formula: 
 

 

Induction efficiency (%) =
𝑁𝑁RUBY−positive plants

𝑁𝑁total plants
× 100 

 
where NRUBY-positive plants represents the number of plants producing at least one RUBY-positive hairy root, and Ntotal plants 
represents the total number of inoculated plants in each experiment. 
The average number of positive roots per plant was calculated using only RUBY-positive plants and expressed as mean ± 
standard deviation (SD).  
Each experimental repeat represents an independent biological replicate, with individual plants treated as independent 
transformation events. No data points were excluded from the analysis. 
Using this analysis, induction efficiencies of approximately 90%–92.86% were consistently obtained across four 
independent repeats when assessed 20 days after induction, with an average of 3.85–5.80 RUBY-positive roots per plant 
(Table 1). These results demonstrate the robustness and reproducibility of the protocol. 
All calculations and descriptive statistics were performed using Microsoft Excel. No specialized statistical software or 
computational expertise is required for data analysis in this protocol. 
 
Table 1. Hairy root induction efficiency and RUBY-positive hairy root numbers in soybean 

Repeat Total plants 
RUBY-positive 

plants 
Induction efficiency 

(%) 
Average number of positive roots per 

plant 
Rep 1 11 10 90.91 5.80 ± 2.35 
Rep 2 14 13 92.86 3.85 ± 1.82 
Rep 3 14 13 92.86 4.58 ± 1.56 
Rep 4 10 9 90.00 5.00 ± 2.45 

 
 

Validation of protocol 
 
To validate this protocol, four endogenous soybean genes—GmCHS7, GmC4H1, GmCHI4a, and GmChOMT—were cloned 
into the pCAMBIA1300-RUBY expression vector containing Kpn I and Sal I restriction sites within the multiple cloning 
site. The coding sequences of these genes were placed under the control of the Cauliflower Mosaic Virus 35S (CaMV 35S) 
promoter for constitutive expression in soybean hairy roots. Expression levels of the four genes were quantified by RT-qPCR 
using GmACT11 as the internal reference. Three biological replicates were included, and the empty pCAMBIA1300-RUBY 
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vector (EV) served as a negative control. Relative gene expression was calculated using the 2^−ΔΔCT method. All four 
genes exhibited significantly higher expression levels compared with the EV control (Figure 2), demonstrating that this 
system supports effective transgene expression in soybean hairy roots and provides a robust platform for downstream 
functional or protein studies. 
 
In addition, this protocol has been used and validated in the following research article: 
• Wang et al. [22] Spatial Flavonoid Accumulation in Soybean Pericycle Restricts Phytophthora sojae Invasion. Preprint 
available at Research Square. (Supplementary Figure S7D–G). 
 
As presented in Wang et al. [22], this protocol was applied to generate transgenic soybean hairy roots overexpressing 
disease-resistance genes. Using these roots, the invasion patterns of Phytophthora sojae were observed in relation to 
overexpressed resistance genes, and metabolomic analyses were performed to investigate the functional roles of these genes 
in soybean defense responses. 
 

 
 
Figure 2. Relative expression levels of target genes in transgenic soybean hairy roots determined by RT-qPCR. Panels 
A–D show GmCHS7, GmC4H1, GmChOMT, and GmCHI4a, respectively. Data represent mean ± SD of three biological 
replicates, each consisting of two technical replicates. Statistical significance was determined by Student’s t-test. **p ≤ 0.01; 
***p ≤ 0.001. 
 
 

General notes and troubleshooting 
 
General notes 
 
1. Genotype dependency: Transformation efficiency may vary among soybean genotypes. While this method has achieved 
efficiencies exceeding 90% in cultivars such as Williams 82, HN66, and BX10 [19], and over 80% in recalcitrant wild 
soybean accessions (with at least 8 out of 10 plants producing positive roots in our trials), genotype-dependent effects cannot 
be entirely ruled out. Therefore, when applying this protocol to other genotypes, it is recommended to perform a preliminary 
test and adjust experimental conditions if necessary. 
2. Selection of A. rhizogenes strain: A. rhizogenes strain K599 was selected for this protocol due to its documented high 
virulence and stability in soybean hairy root transformation. However, other strains may be suitable depending on the 
specific soybean genotype or experimental requirements. If alternative strains are employed, preliminary optimization of 
infection parameters is recommended to ensure maximal transformation efficiency. 
3. Contamination control: Although this protocol does not require strictly aseptic conditions throughout the entire procedure, 
basic contamination control during the co-cultivation stage is recommended. Using sterile Petri dishes, sterile filter paper, 
and sterile water during co-cultivation can effectively reduce microbial contamination and improve the reliability of hairy 
root induction. 
4. Flexibility of labware: Consumables such as plant growth trays, Petri dishes, or containers mentioned in this protocol can 
be substituted with functionally equivalent alternatives, provided they accommodate the seedling size and maintain 
appropriate humidity levels. 
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Troubleshooting 
 
Problem 1: Overgrowth of Agrobacterium during co-cultivation. 
Possible causes: Excessively high bacterial density or prolonged co-cultivation time. 
Solutions: Reduce the volume or density of the bacterial suspension applied to the wound site, and limit co-cultivation to 24 
h. If necessary, briefly rinse the seedlings with sterile water before transferring them to vermiculite to remove excess bacteria. 
 
Problem 2: Low transformation efficiency. 
Possible causes: Inefficient T-DNA delivery, reduced Agrobacterium virulence, or suboptimal physiological state of the 
explant. 
Solutions: Use a virulent A. rhizogenes strain carrying the binary vector and inoculate with cultures in the exponential phase 
(OD600 = 0.5–0.6). Target the hypocotyl region ~1 cm below the cotyledonary node of healthy 4-day-old seedlings to 
maximize transformation efficiency. Remove adventitious roots during induction (typically twice) to improve the selection 
of positive roots. If efficiency remains low, alternative soybean genotypes may be tested. 
 
Problem 3: Seedling death. 
Possible causes: Excessive mechanical damage during wounding or dehydration during co-cultivation and hairy root 
induction. 
Solutions: Minimize tissue damage during wounding. Maintain high humidity during co-cultivation by properly covering 
the plates. During hairy root induction, transfer seedlings to moist vermiculite and ensure the substrate is consistently moist 
but not waterlogged. Remove humidity covers only after hairy roots reach 3–4 cm in length. 
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