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SUMMARY: 38 
Here we present an efficient and stable transformation system for the functional analysis of the 39 
CcCIPK14 gene as an example, providing a technical basis for studying the metabolism of non-40 
model plants. 41 
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ABSTRACT: 43 
An efficient and stable transformation system is fundamental for gene function study and 44 
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molecular breeding of plants. Here, we describe the use of an Agrobacterium rhizogenes 45 
mediated transformation system on pigeon pea. The stem is infected with A. rhizogenes carrying 46 
a binary vector, which induced callus after 7 days and adventitious roots 14 days later. The 47 
generated transgenic hairy root was identified by morphological analysis and a GFP reporter 48 
gene. To further illustrate the application range of this system, CcCIPK14 (Calcineurin B-like 49 
protein-interacting protein kinases) was transformed into pigeon pea using this transformation 50 
method. The transgenic plants were treated with jasmonic acid (JA) and abscisic acid (ABA), 51 
respectively, for the purpose of testing whether CcCIPK14 responds to those hormones. The 52 
results demonstrated that (1) exogenous hormones could significantly upregulate the expression 53 
level of CcCIPK14, especially in CcCIPK14 over-expression (OE) plants; (2) the content of Genistein 54 
in CcCIPK14-OE lines was significantly higher than the control; (3) the expression level of two 55 
downstream key flavonoid synthase genes, CcHIDH1 and CcHIDH2, were up-regulated in the 56 
CcCIPK14-OE lines; and (4) the hairy root transgenic system can be used to study metabolically 57 
functional genes in non-model plants. 58 
 59 
INTRODUCTION: 60 
Transformation is a basic tool to evaluate the expression of exogenous genes1,2. Many biological 61 
aspects of resource plants are common to all plants; therefore, functional studies of certain genes 62 
can be carried out in model plants (such as Arabidopsis)3. Yet, many genes in plants are unique 63 
in their function and expression patterns, requiring studies in their own or closely related species, 64 
especially for resource plants3,4. Plant cells can sense various signals that enable plants to show 65 
specific changes in gene expression, metabolism, and physiology in response to different 66 
environmental stress conditions5–7. Flavonoids are crucial players in the signaling process of 67 
plants that is responsive to environmental stresses5,8,9. In addition, the flavonoid content in 68 
horticultural and medicinal plants is also an important indicator for quality evaluation10. 69 
Identification of genes involved in the regulation of flavonoid synthesis in response to external 70 
signals is crucial for understanding the mechanism of flavonoid synthesis in plants. Several 71 
studies have revealed that the application of exogenous hormones can promote the 72 
accumulation of flavonoids6,11. A stable transformation system and gene function validation 73 
method are essential to demonstrate the function of genes and to understand secondary 74 
metabolism in plants. 75 
 76 
Agrobacterium-mediated transformation is widely used in DNA insertion5,8,9. Agrobacterium 77 
tumefacient can transfer ring genes into the chromosomes of plant cells, and exogenous 78 
phytohormones induce single or a few host cells that can regenerate plants to obtain stable 79 
transformants12–14. Agrobacterium tumefacient-mediated transformation methods are more 80 
applicable to plant species suitable for in vitro manipulation, while most perennial woody plants 81 
limit the application of this method because of their regeneration difficulty4,15. A. rhizogenes is 82 
also able to modify the genome of host cells16. In the present study, we have developed an 83 
efficient and stable A. rhizogenes-mediated transformation procedure. A. rhizogenes contains a 84 
second binary plasmid carrying non-natural gene T-DNA in addition to the Ri plasmid. The host 85 
plant is infected, and a composite plant can be obtained with transgenic hairy roots emerging 86 
from the wild-type shoot16,17. The A. rhizogenes-mediated transformation systems are suitable 87 
for application in woody plant research due to their fast, low cost and non-required plant 88 



 

regeneration. More than 160 kinds of plants have successfully induced hairy roots, and most of 89 
which are in Solanaceae, Compositae, Cruciferae, Convolvulaceae, Umbelliferae, Leguminosae, 90 
Caryophyllaceae, and Polygonaceae18,19. Compared with A. tumefaciens, A. rhizogenes showed 91 
higher efficiency in the mediated transformation of pigeon pea17,20. 92 
 93 
In this study, pigeon pea was used as an example to introduce the transformation process 94 
mediated by A. rhizogenes. From inoculation to rooting, the experiments lasted for 5 weeks. We 95 
identified the transformation of the adventitious root through morphology and the GFP reporter 96 
gene, and the transformation efficiency was as high as 75%. Also, we treated the composite plant 97 
with JA and ABA, as well as detected transcripts and secondary metabolites by quantitative real-98 
PCR and HPLC (high performance liquid chromatography). It is confirmed that the expression 99 
level of CcCIPK14 responds not only to JA and ABA but also affects the biosynthesis of flavonoids. 100 
This system is adequate for studying function genes associated with secondary metabolism. It 101 
also provides a new approach to studying non-model plants in lack of a sufficient stable 102 
transformation system17,21,22. 103 
 104 
PROTOCOL: 105 
 106 
NOTE: Pigeon pea is a diploid legume crop that belongs to the family Fabaceae. The pigeon pea 107 
seeds used in this experiment are from the Northeast Forestry University of China and are coded 108 
87119. The primary steps of this protocol are illustrated in Figure 1A. The seedling incubation 109 
was performed in a high humidity environment at 25 °C under fluorescent lights at 50 μmol 110 
photons per m-2s-1 in a 16 h photoperiod. A. rhizogenes strains K599 (NCPPB2659) were preserved 111 
in the laboratory. They were stored in yeast mannitol medium (YEP) with 15% glycerol at -80 °C. 112 
The protocol described in this work was based on the protocol Meng et al.21. 113 
 114 
CAUTION: Deposit all the genetically modified bacteria and plants into the appropriate waste 115 
container. Use all hazardous chemicals in a fume hood and dispose of them in the hazardous 116 
waste container. 117 
 118 
1. Preparation of pea seedlings 119 
 120 
1.1. Choose plump and undamaged pigeon pea seeds (Figure 1A) that have been stored for 121 
less than 1 year. 122 
 123 
1.2. Soak the seeds in distilled water for 24 h (Figure 1B). Transfer the swollen seeds to a seed 124 
tray and place them in the greenhouse. 125 
 126 
1.3. Seeds start to germinate after 1–2 days. When the epicotyl reaches 1.5 cm, transplant the 127 
seedlings to 10 cm (diameter) x 9 cm (height) pots containing soil and sand in a volume ratio of 128 
3:1. 129 
 130 
NOTE: The soil consists of a mixture of nutritious soil, vermiculite, and perlite at a 2:1:1 ratio. 131 
 132 



 

1.4. Grow the seedling in a greenhouse. 133 
 134 
2. Activation of A. rhizogenes 135 
 136 
NOTE: The strain used for A. rhizogenes transformation was the K599 preserved at -80 °C. The 137 
binary vector pROK2 (pBIN438; http://www.biovector.net/product/428388.html) contains green 138 
fluorescent protein (GFP) as an indicator gene and a kanamycin resistance gene as a selectable 139 
marker to transform A. rhizogenes. 140 
 141 
2.1. Thaw A. rhizogenes on ice. 142 
 143 
2.2. Dip the bacteria and line them evenly onto yeast mannitol medium (YEP) supplemented 144 
with 8 g/L of agar powder, 25 mg/L of rifampicin, and 25 mg/L of kanamycin (YRK, pH 7.0). 145 
 146 
2.3. Incubate at 28 °C for 16 h. 147 
 148 
2.4. Select monoclonal colonies. Culture them in a 50 mL tube containing 10 mL of YEB 149 
medium supplemented with 25 mg/L of rifampicin and 25 mg/L of kanamycin (YRK, pH 7.0). Place 150 
the centrifuge tube on a shaking incubator with a rotational radius of 10 cm, at 28 °C and 200 151 
rpm for 16 h. 152 
 153 
3. Plant transformation using A. rhizogenes 154 
 155 
NOTE: Select healthy plants to infect A. rhizogenes using the following injection procedure. This 156 
procedure results in transformed hairy roots. To analyze the gene function of CcCIPK14, a control 157 
is needed. A. rhizogenes solutions with empty vector or CcCIPK14-pROK2 plasmids were injected 158 
into seedlings to induce hairy roots. 159 
 160 
3.1. Inoculate A. rhizogenes 161 
 162 
3.1.1. Choose pigeon pea seedlings with the same growth status. 163 
 164 
3.1.2. Empty the air from the 1 mL syringe and aspirate 0.3 mL of bacterial liquid. Slowly push 165 
the pushrod to fill the syringe needle with bacterial liquid21. 166 
 167 
3.1.3. First fix the stem of the pigeon pea seedling with tweezers, and then prick the syringe 168 
needle into the stem at 1 cm. 169 
 170 
3.1.4. When withdrawing the syringe, completely submerge the needle tip into the stem. Slowly 171 
push the pushrod to pump the bacterial liquid out of the penetrating wound. 172 
 173 
NOTE: The attachment of residual bacterial liquid to the wound in bacteria droplets can improve 174 
infection and transformation efficiency. 175 
 176 



 

3.2. Seedling management 177 
 178 
NOTE: High temperature and humidity can improve the infection efficiency of A. rhizogenes. 179 
 180 
3.2.1. Place seedlings inoculated with A. rhizogenes in a tray (30 cm x 60 cm x 6 cm) with 1 L of 181 
water. Use a transparent plastic lid (30 cm x 60 cm x 30 cm) as a cover to maintain the 182 
temperature and humidity of the internal environment. 183 
 184 
3.2.2. Periodically remove fallen leaves and flocculent hyphae attached to leaf tips and fallen 185 
leaves. 186 
 187 
3.2.3. After a week, the callus begins to appear in the wound. Subsequently, keep the the plastic 188 
lid half-open. 189 
 190 
3.2.4. After 4 weeks, most of the callus tissue differentiated into adventitious roots. Remove 191 
the plastic lid. 192 
 193 
3.2.5. Add 1 L of water to the tray every 3 days to keep the soil moist. 194 
 195 
NOTE: Pigeon pea is a drought-tolerant plant; too much water can inhibit plant growth. 196 
 197 
4. Identification of transformed hairy roots 198 
 199 
NOTE: Transformed hairy roots can be identified based on the morphology and gene level. This 200 
procedure primarily focuses on reporter gene (GFP) identification assay. 201 
 202 
4.1. Collect the root tips of the hairy root and mark the remaining part. 203 
 204 
4.2. Evaluate whether there is green fluorescence under a confocal laser scanning microscope. 205 
 206 
4.3. Triturate 0.1 g of hairy roots with strong fluorescence signal into fine powder in liquid 207 
nitrogen. 208 
 209 
4.4. According to the plant genomic DNA kit manufacturer's instructions, prepare the genomic 210 
DNA of pigeon pea independent transgenic lines by the modified cetyltrimethylammonium 211 
bromide (CTAB) method23. 212 
 213 
4.5. Use 500 ng of genomic DNA template and primers for PCR. The primers are shown in 214 
Table 1. 215 
 216 
4.6. Perform the following amplification cycle: pre-denaturation at 94 °C for 5 min, 217 
denaturation at 94 °C for 30 s, annealing of primers at 55 °C for 30 s, and primer extension at 72 218 
°C for 30 s. After 36 cycles and a final extension of 10 min at 72 °C, analyze the amplified products 219 
on a 1% agarose gel. 220 



 

 221 
4.7. Stain the gels with nucleic acid staining and visualize them under UV light. 222 
 223 
5. Exogenous hormone treatment 224 
 225 
NOTE: The positive composite plants were treated with exogenous hormones to study the effect 226 
of CcCIPK14 on metabolic. The composited plants induced by A. rhizogenes were divided into 227 
three groups: JA treatment group, ABA treatment group, and control group (Figure 3A). 228 
 229 
5.1. Reduce watering 3 days before exogenous hormone treatment. 230 
 231 
5.2. Prepare both JA and ABA solutions at a concentration of 5 mg/L. 232 
 233 
NOTE: The JA and ABA powder are first dissolved in ethyl alcohol, and then filled to the target 234 
volume with distilled water. 235 
 236 
5.3. Using a spray bottle, spray JA and ABA solutions uniformly on the leaves of the plants. 237 
Treat the control group with water. 238 
 239 
NOTE: An average of 10 mL of solution was sprayed on each seedling. 240 
 241 
5.4. Cover with the plastic lid immediately after spraying treatment. Put it back in the artificial 242 
climate greenhouse. 243 
 244 
6. Sample collection and preservation 245 
 246 
NOTE: After 3 h of exogenous hormone treatment, plant materials from different treatment 247 
groups were collected. 248 
 249 
6.1. Remove tawny and contaminated hairy roots and select those with a white appearance. 250 
Collect these hairy roots and dry them out with absorbent paper. 251 
 252 
6.2. Divide the hairy roots collected from each seedling into two parts. Put one part into a 253 
numbered test tube and wrap it using marked tinfoil. 254 
 255 
6.3. Lyophilize the tinfoil in liquid nitrogen, and then store all harvested tin foil at -80 °C for 256 
further investigation. 257 
 258 
REPRESENTATIVE RESULTS: 259 
A. rhizogenes -mediated hairy root transformation on pigeon pea 260 
This study described the step-by-step protocols for the genetic transformation of hairy roots 261 
mediated by A. rhizogenes, which has significance in the field of plant molecules. It took about 5 262 
weeks to get hairy roots from the roots of pigeon pea infected by A. rhizogenes. Figure 1A showed 263 
an overview of the entire transformation process, from the injection of A. rhizogenes to obtain 264 



 

composite plants with hairy roots. Proliferating tissues were observed around 1 week after 265 
infection, and its differentiation to adventitious roots was observed around 2 weeks, and a large 266 
number of hairy roots were produced at 35 days (Figure 1B). This GFP made it possible to 267 
distinguish genetically modified hairy roots from non-transgenic hairy roots through 268 
fluorescence. In Figure 2, the transformed hairy roots with GFP-pROK2 were visualized under the 269 
confocal green fluorescent protein channel. Induction of hairy roots by A. rhizogenes with the 270 
empty vector did not show green fluorescence (Figure 2A). The generated adventitious roots 271 
were identified by morphology and GFP reporter gene; the results confirmed that K599 could 272 
successfully infect and transform pigeon pea (Figure 2). The plant genomic DNA was prepared 273 
(CTAB method) for PCR analysis. The GFP was present only in hairy roots induced by A. rhizogenes 274 
carrying the GFP-pROK2 plasmid; neither the untransformed plant tissues nor the roots induced 275 
by A. rhizogenes with empty vectors were present (Figure 2B,C). These results indicated that the 276 
binary vector had been successfully transformed into the adventitious root genome16,21. 277 
 278 
To improve the transformation efficiency of A. rhizogenes, the protocol was optimized. Infection 279 
with A. rhizogenes caused abnormal growth of normal roots and leaves of the host plant and 280 
even led to death. There are several possible explanations for this result. In the early vegetative 281 
growth stage, the spontaneous propagation and transformation of host cells consumed large 282 
amounts of nutrients, which maybe the main reason for inhibiting the development of seedling 283 
and even causing plant death24,25. Besides, the mechanical damage caused by inoculation may 284 
have also affected the seedlings24,26,27. Meanwhile, the growth status of seedlings determines the 285 
differentiation efficiency of callus. Inoculation is best done when the seedlings are 7 days old and 286 
the stems of seedlings are incompletely lignified (Figure 1A). Under this condition, the efficiency 287 
of A. rhizogenes-mediated callus production was 76%. The findings from these studies suggest 288 
that relative humidity can affect the proliferation of callus. The proliferation and differentiation 289 
of proliferating tissues and the growth of adventitious roots both need to maintain a high relative 290 
air humidity. Many roots were created within 4 to 5 weeks of inoculation and have begun to 291 
penetrate the soil. The overall transformation efficiency of this experiment can be as high as 72%. 292 
Transformation efficiency (%) = (number of positive compound plants / number of infected 293 
plants) x 100. 294 
 295 
Evaluation of the CcCIPK14 gene function in pigeon pea using the transgenic hairy root system 296 
Hairy roots of CcCIPK14-OE lines were obtained using the above-mentioned hairy root induction 297 
protocol. The hairy roots could attach to the infection points on the stems to form a composite 298 
plant. As only the hairy roots are genetically modified in composite plants, they can also be used 299 
to study signal transduction between the roots and the above-ground part. The phytohormone 300 
solutions (JA and ABA) were sprayed uniformly on the leaves of composite plants, and the hairy 301 
roots were collected after 3 h (Figure 3A). The function of CcCIPK14 in transgenic roots was 302 
verified by gene expression analysis and metabolite determination. The results showed that the 303 
expression level of CcCIPK14 was up-regulated after JA and ABA treatment. Besides, the 304 
expression levels of two key enzymes for Genistein synthesis in the CcCIPK14-OE line, CcHIDH1, 305 
and CcHIDH2 were up-regulated. Compared with the control group, the Genistein content in 306 
transgenic roots increased to 0.060 mg/g FW. We compared the phenotypes before and after the 307 
transgenic plants were treated with JA/ABA, and there was little difference in morphology 308 



 

through comparison (Figure 3B). CcCIPK14, a key functional gene in the flavonoid metabolic 309 
pathway, can respond to hormone signals and participate in genistein biosynthesis in pigeon pea. 310 
 311 
FIGURE AND TABLE LEGENDS: 312 
Figure 1: Induction of the A. rhizogenes -mediated compound plant. (A) Flow chart of the hairy 313 
roots transformation system, including activating A. rhizogenes, seedling cultivation, 314 
Agrobacterium inoculation, seedling management, and obtaining compound plants. A 315 
representative image showing the key stages. (B) The three main stages of adventitious root 316 
formation at the inoculation site: callus appears, callus proliferates, and differentiates. Scale bars 317 
are 1 cm. 318 
 319 
Figure 2: Transgenic hairy root analysis. (A) GFP signal in transgenic hairy roots, with empty 320 
vector-containing Agrobacterium solution control. Scale bars are 50 μm. (B,C) PCR amplification 321 
of genes (GFP) from genomic DNA isolated from wild-type roots and stems, leaves, and transgenic 322 
roots of compound plants. CK: Empty Vector #1–4: plasmid (binary vector pROK2 carrying GFP) 323 
as the positive control. 324 
 325 
Figure 3: CIPK14 function analysis by hairy root method and hormone treatment. (A) Process 326 
flow chart for verification and analysis of gene function through compound plants. (B) Phenotypic 327 
changes of compound plants before and after treatment with JA, ABA, and H2O. Scale bars are 1 328 
cm. 329 
 330 
Figure 4: Gene expression level and secondary metabolite content of hairy roots with empty 331 
vector and plasmid CcCIPK14-pROK2 (binary vector pROK2 with CcCIPK14). CcCIPK14 expression 332 
level (A), secondary metabolite content in transgenic hairy roots (B), and expression levels of 333 
CcHIDH1 and CcHIDH2 in hairy roots after hormone treatment (D). The relative expression level 334 
was normalized to that of the actin control. Data are presented as mean ± standard deviation (n 335 
= 3), * indicates a significant difference (P < 0.05) between CcCIPK14-OE and the controls (empty 336 
vector lines) using Student's t-test. (C) The biosynthesis pathway of Genistein. The enzyme 337 
catalyzing reaction HIDH, 2-hydroxyiso flavanone dehydratase, CIPK14 (Calcineurin B-like 338 
protein-interacting protein kinases). Treatments with the same letters were not significantly 339 
different based on the mean comparison by Duncan's test at p < 0.05. 340 
 341 
Table 1: Primers used in this study. 342 
 343 
DISCUSSION: 344 
The rapid characterization of gene function is the common goal in the study of most species, and 345 
it is particularly important for the development of resource plants. The A. rhizogenes-mediated 346 
transformation has been widely used in the hairy root culture. The hairy root culture (HRC), as a 347 
unique source of metabolite production, plays a pivotal role in metabolic engineering18,28. The 348 
application of this technology is mainly limited to the function of genes in vivo21. Here, we provide 349 
a basic method for studying gene function based on the previous A. rhizogenes -mediated 350 
transformation system. This method can be used to verify a variety of gene functions, such as 351 
response to environmental stress and exogenous hormones. The CcCIPK14-OE line showed that 352 



 

CcCIPK14 could promote the accumulation of flavonoid metabolites and respond to exogenous 353 
hormones JA and ABA. CcHIDH1 and CcHIDH2 are two essential flavonoid synthase genes, which 354 
were significantly up-regulated in the CcCIPK14-OE line. These results indicate that the method 355 
can be used as an effective tool for evaluating gene function and secondary metabolites. 356 
 357 
An effective genetic transformation system is a prerequisite for the verification and analysis of 358 
gene function29,30. A. rhizogenes is a bacterium with a natural evolutionary mechanism31. It 359 
contains a root-inducing (Ri) plasmid that contains root locus (rol) genes in the T-DNA region, 360 
including rolA, rolB, rolC, and rolD, which can induce hairy roots from the wound surface of the 361 
explants27,32. The A. rhizogenes -mediated transformation system has many advantages33. First, 362 
in most species, Ri-transformed cells of the host plant can spontaneously differentiate into roots 363 
with normal phenotypes33. When additional binary vectors are used to integrate exogenous DNA, 364 
Ri plasmids can provide the possibility of obtaining transformed hairy roots without using 365 
exogenously applied plant hormones for organogenesis34. Second, Ri-transformed roots are 366 
genetically stable, because it is speculated that these transformed roots are developed from a 367 
single transformed cell17,33. Moreover, these hairy roots can maintain attachment to wild-type 368 
branches, resulting in composite plants16,20. Ri-transformed roots can simulate normal roots, 369 
providing experimental materials for verification and analysis of gene functions35. This 370 
transformation system is suitable for plants that are difficult to regenerate, such as pigeon pea, 371 
which has low regeneration frequency36,37. However, since only the hairy roots are transgenic, 372 
the function of genes on the entire plant level cannot be assessed, and transgenic traits also 373 
cannot be passed on to the offspring through sexual reproduction. 374 
 375 
In this scheme, A. rhizogenes carrying binary vectors can induce transgenic hairy roots by an 376 
efficient and stable protocol. The basic steps of the transformation method have been outlined 377 
in the form of a flowchart (Figure 1A). After 1 week of inoculation with A. rhizogenes, calluses 378 
were observed on the wounds of the stem. After 3 weeks, the calluses differentiated to hairy 379 
roots (Figure 1B). This method is of significance because it does not require in vitro culture, hence 380 
hairy roots were obtained within 5 weeks (Figure 1). Meng et al. conducted a series of similar 381 
experiments with this method on different plants, and the results showed that most plants could 382 
obtain transgenic roots with the target gene within 2 months21. Pigeon pea, a protein-rich 383 
orphan, is growing in semi-arid tropics regions37. The hot and humid culture environment affects 384 
the growth of pigeon pea, and can occur deciduous phenotype21; the phenotype can be restored 385 
by removing the plastic cover. 386 
 387 
During these experiments, many factors must be carefully considered to rapidly obtain 388 
transformed roots. The health status of the seedlings after inoculation is the key to the success 389 
of this experiment21. Previous studies have shown that A. rhizogenes can induce hairy roots at 390 
the inoculation point during multiple stages of seedling growth38. However, the growth status of 391 
seedings directly affects the transformation efficiency26. Premature inoculation of A. rhizogenes 392 
can inhibit the growth of seedlings and even causes seedling death39,40. To obtain maximum 393 
transformation efficiency, A. rhizogene is usually inoculated on 7-day-old seedlings. Besides, air 394 
humidity is also a major factor affecting callus proliferation. Premature removal of plastic after 395 
inoculation with A .rhizogenes can lead to browning of the callus and dieback of adventitious 396 



 

roots. This study used two different confirmation methods to identify positive transgenic roots: 397 
PCR amplification of the inserted gene and GFP fluorescence detection. The test results 398 
confirmed the successful conversion. The conversion efficiency is as high as 75%. 399 
 400 
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Primer Sequence(5'-3')

CcCIPK14-q-F GAGACCAACATTGATGATGTGGAAGC

CcCIPK14-q-R CATTCATTGGTGTGTTGGCTGCTCTTC

CcHIDH1-q-F GAGGCTGTGCTGGAGTCAAT

CcHIDH1-q-R AGCTCAGCTAATCTGGTGGC

CcHIDH2-q-F AGCCCCTATCTCTGTTGGGT

CcHIDH2-q-R ACTGCTGCAAGTGGCTTACT

GFP-F CCACAAGTTCAGCGTGTCCG

GFP-R AAGTTCACCTTGATGCCGTTC
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