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 7 
Abstract 8 

Sunflower (Helianthus annuus L.) is important oilseed crop in the world and the sunflower oil is prized 9 
for its’ exceptional quality and flavor. The recent availability of the sunflower genome can allow genome-10 
wide characterization of genes and gene families. With plant transformation usually being the rate limiting 11 
step for gene functional studies of sunflower, composite plants can alleviate this bottleneck. Composite 12 
plants, produced using Agrobacterium rhizogenes, are plants with transgenic roots and wild type shoots. 13 
Composite plants offer benefits over creating fully transgenic plants, namely time and cost. Here we outlined 14 
the critical steps and parameters for a protocol for the sunflower composite plants production. We use more 15 
than a dozen genotypes and three constitutive promoters to validates the utility and efficiency of this protocol. 16 
Moreover, functional gene characterization by overexpression and RNAi silencing of a root related 17 
transcription factor HaLBD16 further emphasize the value of the system in the sunflower studies. With the 18 
protocol developed here an experiment can be carried out with efficiency and in only two months. This 19 
procedure adds to arsenal of approaches for the functional genetics/genomics in sunflower for 20 
characterization candidate genes involved in root development and stress adaptation. 21 

 22 
Key message 23 
Composite plants technique described here is fast and efficient approach for roots functional studies 24 

in sunflower.  25 
 26 
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MATERIALS AND METHODS 31 
 32 
Consumables and chemicals 33 
Chemicals used were purchased through Sigma-Aldrich (St. Louis, MO) or Fisher Scientific 34 

(Pittsburgh, PA). Reagents for GUS staining and antibiotics were purchased from GoldBio (Olivette, MO). 35 
Caisson boxes were ordered directly from Caisson Labs (Smithfield, UT). Rockwool was purchased from 36 
PowerGrow Systems (Vineyard, UT). All water used in experiments was purified with the Milli-Q Reagent 37 
System (Millipore, Billerica, MA).  38 

 39 
Plant Material 40 
Sunflower seeds were ordered mostly from the USDA National Plant Germplasm System and planted 41 

in garden beds in the greenhouse courtyard at Eastern Illinois University in May. Variety used: Peredovik 42 
(NPGS accession numbers- PI 650338), HA115 (PI 650577), HA236 (PI 650592), HA89 (PI 599773), 43 
RHA801 (PI 599768), HIR34 (PI 650613), RHA311 (PI 599789), RHA271 (PI 599786), RHA298 (PI 44 
599766), HA412 (PI 603993), HA412-HO (PI 642777), RHA280 (PI 552943), Mammoth (Garden store). 45 
The inflorescences were isolate during pollination to maintain pure lines in self-pollinated varieties. In open-46 
pollinated variety Peredovik four inflorescence of the same variety were uncovered and cross-pollinated by 47 
hand to obtain seeds. Seeds were harvested in mid-September 2016, cleaned, and stored at 4°C.  48 

 49 
Agrobacterium strain and plasmid constructs 50 
Agrobacterium rhizogenes strain K599 (Mankin et al. 2007) was used to infect the hypocotyls of 51 

sunflowers. Plasmids with the desired insert were transformed into electrocompetent A. rhizogenes strain 52 
K599 using the Bio-Rad Gene Pulser electroporation unit (Bio-Rad Laboratories, USA) following the 53 
manufacturer’s instructions. Stock of K599 cells were refreshed for two days at 28°C and 225 rpm with 54 
appropriate antibiotics. About 24 hours before plant transformations a portion of the refreshed stock was 55 
transferred to a final culture volume (10x dilution) containing the same antibiotics and was left to shake at 56 
28°C and 225 rpm.  57 

The binary vector used to deliver GUSPlus  (Jefferson Richard and Mayer Jorge 2003) into sunflower 58 
was pORE-E4 (Coutu et al. 2007). The GUSPlus coding sequence was extracted by restriction digestion of 59 
pANIC8E with SacI and PstI and was then ligated into pORE-E4 using T4 DNA ligase (Thermo Scientific) 60 
following manufacturer’s instructions. For Gateway Cloning the GUSPlus sequence was amplified with 61 
primers containing attB Gateway sites (GUSPlus-B1 5’ caagtttgtacaaaaaagcaggctatggctactactaagcatt 3’, 62 
GUSPlus-B2 5’ ccactttgtacaagaaagctggttcacacgtgatggtgatggt 3’). GUSPlus was amplified by PCR using 63 
Gateway specific primers and cloned in pDONR™/Zeo via BP clonase (Thermo Fisher Scientific). The PCR 64 
was performed following manufacturer’s instructions for Invitrogen™ Platinum™ SuperFi™ Green PCR 65 
Master Mix (Thermo Fisher Scientific). The product of the BP reaction was then transformed into SIG10-5 66 
alpha chemically competent E. coli cells (Sigma-Aldrich, St. Louis). Plasmids were then extracted following 67 
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manufacturer’s instructions from Thermo Scientific GeneJET Plasmid Miniprep Kit. Purified plasmids were 68 
sent for sequencing to the DNA Core Sequencing Facility, 1201 W. Gregory Drive, 334 ERML, Urbana, IL 69 
61801. One plasmid entry clone with the desired insert confirmed by restriction digestion and sequencing 70 
was then used in an LR reaction. The LR reaction was done with two separate binary plasmids pMDC32 71 
(Curtis and Grossniklaus 2003) and pUBQ10 (Michniewicz et al. 2015). Both vectors are Gateway® 72 
compatible and instructions outlined by Gateway® Technology were followed to complete the LR reaction 73 
and transformed in SIG10-5 alpha chemically competent cells (Sigma-Aldrich) following the manufacturer’s 74 
instructions. All binary plasmids were verified by double restriction and transformed into electrocompetent 75 
Agrobacterium rhizogenes strain K599. The insert was then verified once more by double restriction 76 
digestion using the same enzymes listed above.  77 

 78 
Seed germination and A. rhizogenes inoculation 79 
Seeds were rinsed for 10-15 minutes in de-ionized water then placed in a 1.6% sodium hypochlorite 80 

solution for 20 minutes and agitated continuously. Three separate changes of autoclaved de-ionized water for 81 
10 minutes each were used to remove all residual bleach. Clean seeds were evenly spaced in small plastic 82 
pots containing vermiculite or Pro-Mix (Premier Horticulture, Canada) potting soil and watered regularly 83 
with deionized water. Seedlings were grown under grow lights with 16 h light and 8 h dark. Just after reaching 84 
the VE stage, defined as emergence of the seedling with the first true leaves smaller than 4 cm (Schneiter and 85 
Miller 1981), seedlings were cut below the cotyledons and placed in Rockwool plugs, 2.5 cm x 2.5 cm x 4 86 
cm tall, and soaked with 9 mL A. rhizogenes solution containing 1/4 MS salts (Murashige and Skoog 1962) 87 
and Gamborg’s vitamins (Gamborg et al. 1968). Explants were grown under the same conditions for two 88 
weeks and watered every other day. 89 

 90 
Plant cultivation after hairy root emergence 91 
After two weeks explants were removed from Rockwool. Explants with well-formed teratomas were 92 

placed in vermiculite for an additional 10 days to allow transgenic root development. Plants were fertilized 93 
once with 5mL of full-strength MS media at the fifth day. After 10 days in vermiculite, plants were removed 94 
and stained with GUS staining solution to determine the proportion of transgenic roots present. In one trial, 95 
plants were placed in soil after removal of non-transgenic roots. These plants were grown to maturity and 96 
seeds were collected to determine the viability of the composite plants.  97 

 98 
β- Glucuronidase detection 99 
To verify transgenic roots, plants’ teratomas and roots were removed from the shoots of explants and 100 

placed into GUS assay solution overnight at room temperature according to the requirements outlined in 101 
Vitha et al., (1995). The enzymatic reaction was stopped the following morning by replacing GUS solution 102 
with 70% ethanol. Ethanol was replaced as needed until all soluble pigments had been removed from plant 103 
material. Transgenic roots were then quantified by visual selection.  104 
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β-Glucuronidase Quantification 105 
GUS quantification was performed as previously described (Chen et al. 2013) on Fluoroselect 106 

flurometer (Sigma-Aldrich) according to manufacturer’s instructions. Samples were collected by cutting the 107 
teratomas with roots from 3-5 transformed plants, flash frozen in liquid nitrogen and processed with a 108 
MiniBeadBeater (Biospec Products, Bartlesville, OK). Total protein content of the samples was determined 109 
using the BIO-RAD Quick Start™ Protein Assay Kit (Hercules, CA). Protein concentration was determined 110 
based on manufacturer’s instructions. Enzyme activity was then calculated as  111 
pmole 4-MU/min/μg protein. 112 

 113 
Cloning of HaLBD16  114 
RNA was extracted from leaves and roots of sunflowers from the genotype HA412-HO using the 115 

Spectrum™ Plant Total RNA Kit (Sigma-Aldrich). Single strand copy DNA (ss-cDNA) was produced from 116 
RNA using the RevertAid First Strand cDNA Synthesis (Thermo Scientific) following manufacturer 117 
instructions. The HaLBD16 was amplified by PCR using Invitrogen™ Platinum™ SuperFi™ Green PCR 118 
Master Mix (Thermo Fisher Scientific) with Gateway primers (HA LBD16-B1 5’ 119 
ggggacaagtttgtacaaaaaagcaggctatggcaactgttgctgctgg 3’, HA LBD16-B2 5’ 120 
ggggaccactttgtacaagaaagctgggtttagttcctcatcattctaac 3’). The PCR reaction was performed following 121 
manufacturer’s instructions for Invitrogen™ Platinum™ SuperFi™ Green PCR Master Mix (Thermo Fisher 122 
Scientific). The attB-flanked PCR product of LBD16 was cloned in pDONR™/Zeo, verified by sequencing, 123 
and finally cloned in binary vectors. The Gateway binary vectors for RNAi (pGMDC-RNAi, with RNAi 124 
cassette from pANIC8E) and overexpression (pGMDC32) were based on pMDC32 with GUSPlus under the 125 
tCUP promoter (from pORE-E4-GusPlus, see above). Binary plasmids clone with the desired insert 126 
confirmed by restriction digestion transformed into electrocompetent Agrobacterium rhizogenes strain K599. 127 
The insert was then verified once more by restriction. Composite plant production was done as described 128 
above. Five composite plant was grown in hydroponics in ¼ MS media (changed weekly) with constant 129 
aeration and 16h day photoperiod. After three weeks plant roots were stained and one main root per plant 130 
(with strong GUS staining) were scanned on Epson Pefection V850. Images were analyzed with Rhizo-II 131 
Root Biometrics Suite is a software package (Shahzad et al. 2018).  132 

 133 
Statistical Analysis 134 
For statistical analysis, using IBM SPSS Statistics (IBM Corporation, Inc) or Daniel’s XL Toolbox 135 

(Kraus 2014), ANOVA was run using a Levene’s test to check for homogeneity of variance. Significance 136 
value was determined as p<0.05. Microsoft Excel 2016 was used to produce graphs.  137 
  138 
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Introduction 139 
The common sunflower (Helianthus annuus L.), is one of a small suite of crops native to North 140 

America (Putnam et al. 1990). With a decrease in export demand sunflowers have been pushed onto more 141 
marginal land where they are more likely to encounter abiotic stresses (Putnam et al. 1990) and where their 142 
production is limited  (Škorić 2014). Being grown in mostly semi-arid areas, the sunflower is relatively 143 
resistant to a wide range of conditions. Sunflowers are more readily adapted to cold with seedlings often 144 
surviving freezing temperatures. Semi-arid conditions also often subject sunflowers to drought (Putnam et 145 
al. 1990). Drought and soil salinity are two major factors that influence the emergence and establishment of 146 
sunflower seedlings (Kaya et al. 2006). Different abiotic stresses such as nitrogen starvation, drought, cold, 147 
heat, and salinity reduce crop yields and the genetic potential to increase the production is not reached, 148 
indicating that the development of cultivars with an increased adaptation to environmental changing 149 
conditions should be undertaken (Miyazawa et al. 2011). Sunflower is described as normally susceptible to 150 
low temperatures and salinity, but with a relative tolerance to drought stress due to its highly explorative root 151 
system. However, available information on gene expression in response to abiotic stresses in sunflower is 152 
still limited to few works (Pradhan Mitra et al. 2014; Vitha et al. 1995) 153 

Stable genetic transformation protocols using Agrobacterium tumefaciens to transform Helianthus 154 
annuus exist but they often present low efficiencies (Sujatha et al. 2012) and therefore are not well suited to 155 
medium-high throughput functional characterization studies (Davey and Jan 2010). For these reasons there 156 
have been very few functional studies involving transgenic Helianthus to date (Hewezi et al. 2006; Rousselin 157 
et al. 2002). When genes involved in root biology are under investigation, like those associated with water 158 
and nutrient uptake, A. rhizogenes can be used to bypass traditional labor-intensive and costly stable genetic 159 
transformation methods (Kereszt et al. 2007) by using composite plants. Composite plants are chimeric in 160 
nature, having transgenic roots and wild-type shoots, and offer a time-saving alternative to the often laborious 161 
and inefficient stable genetic transformations produced in tissue culture. (Collier et al. 2005; Taylor et al. 162 
2006). Given efficient root transformation, composite plants are an alternative to stable transgenic lines 163 
(Estrada-Navarrete et al. 2006). Eliminating the tissue culture step, coined the ex vitro method, allows for a 164 
decrease in time for the production of transgenic plant material and an alternative to producing stable 165 
transgenic lines (Collier et al. 2005; Estrada-Navarrete et al. 2006). A significant reduction in plant 166 
production cost means that large scale gene characterization studies can be implemented efficiently (Collier 167 
et al. 2005; Michalec-Warzecha et al. 2016).  168 

Functional studies have been used to characterize genes that lead to helpful discoveries for crop plants.  169 
In rice, PSTOL1 (phosphorous starvation tolerance) when over-expressed improves yield and biomass 170 
production on soil poor in phosphorous (Kochian, 2012). Genes for the increase in root depth have also been 171 
identified. The DRO1, deeper rooting 1, is a gene that when expressed in cultivars previously known for 172 
shallow root architecture increases deep rooting and overall yield by approximately ten percent (Arai-Sanoh 173 
et al., 2014). With the sunflower genome recently published (Badouin et al. 2017) there is great opportunity 174 
to perform functional studies to identify genes that may have similar impacts on productivity in the future. 175 
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RESULTS AND DISCUSSION 176 
 177 
Protocol optimization 178 
The main aim of this work was to establish an efficient system to produce composite sunflowers (Fig. 179 

1, Supplemental Text, Supplemental Fig. 1). For development of this protocol we used Taylor et al. (2006) 180 
as a template and sunflower variety Peredovik. This is an older, open-pollinated variety originally developed 181 
in USSR (Arias and Rieseberg 1995). Peredovik was chosen because it has been the variety of choice across 182 
multiple fields of study (Albourie et al. 1998; Lin et al. 1975; Macı́as et al. 2002). The binary vector used to 183 
optimize the procedure was based on pORE-E4 (Coutu et al. 2007). This plasmid contains a plant dicot 184 
promoter tCUP with high expression at a relatively constant level thought all tissues. For the monitoring the 185 
transformation process, we introduced reporter protein GUSPlus (Broothaerts et al. 2005) to produce pORE-186 
E4 GUSPlus binary vector. A. rhizogenes K599 (Mankin et al. 2007) with pORE-E4 GUSPlus binary vector 187 
was used. Clean sunflower seeds were evenly spaced in small plastic pots containing vermiculite or potting 188 
soil and watered regularly with deionized water. Seedlings were grown under 16h day. Just after reaching the 189 
VE stage, defined as emergence of the seedling with the first true leaves smaller than 4 cm (Schneiter and 190 
Miller, 1981 (Schneiter and Miller 1981), seedlings were cut below the cotyledons and placed in Rockwool 191 
plugs A. rhizogenes solution containing. After two weeks explants were removed from Rockwool. Plantlets 192 
with well-formed teratomas were placed in vermiculite for an additional 10 days to allow transgenic root 193 
development and GUS was used to determine the proportion of transgenic roots present. 194 

The first change made to original the procedure was the removal of the drying step. The original 195 
protocol asserted that drying to the wilting stage was necessary for a proper transformation to occur. After 196 
trials with the drying step resulted in wilted plants that never recovered, the drying step was removed from 197 
the protocol. Instead, four Rockwool plugs were placed in Caisson boxes and sealed with vent top lids. These 198 
lids keep humidity high but allow for drying to occur at a slower pace than the wilting step. When sealed in 199 
the Caisson boxes, even with the vent-top lids, humidity reached a critical point that encouraged the growth 200 
of mold. To stop the growth of any contaminants that may have entered either on the plants themselves or by 201 
result of performing the transformation, lids were removed from the boxes after three days and watered every 202 
48 hours until they were removed from the Rockwool. This greatly reduces the ability for fungi to spread 203 
throughout the boxes; by allowing the plugs to dry for 24 hours before being watered again most cases of 204 
fungal infection were eliminated. It was observed that sterilization increased cases of bacterial stem wilt, a 205 
disease that rarely affects sunflower seedlings, but likely persisted in small, protected areas of the hulls of 206 
the seeds. When planted un-sterilized in Pro-mix potting soil, no cases of bacterial stem wilt were observed. 207 

The original protocol (Taylor et al. 2006) outlined a bacterial optical density between 0.2-0.5 OD600. 208 
At higher optical densities, 0.5 OD600, seedlings showed a hypersensitivity response (Kuta and Tripathi 209 
2005). Hypersensitivity happens when the cells directly infected with Agrobacterium die (Sujatha et al. 2012) 210 
results in a seedling that turns black from the base and moves up the hypocotyl. An OD600 0.2-0.3 provided 211 
good transformation efficiency, and no plants were lost due to hypersensitivity. Cotyledons were removed to 212 
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better facilitate the placement of seedlings into Caisson boxes for transformation. It was observed that 213 
seedlings appeared healthier when cotyledons were removed and were more vigorous and less prone to 214 
disease. The average number of adventitious roots also showed a significant drop when cotyledons were 215 
removed (Fig. 2a). This makes removal from Rockwool easier and reduces the total number of roots thereby 216 
increasing the proportion of transgenic roots. 217 

Many protocols advise using the stem tissue of mature plants (Collier et al. 2005; Taylor et al. 2006). 218 
It was found that sunflower transformations provided better efficiency using hypocotyls (Everett et al. 1987). 219 
In our protocol, when using hypocotyls at least 80% out of the plants readily formed teratomas. When using 220 
mature stem tissue, no plants formed teratomas. Hypocotyls were determined to be the most responsive tissue 221 
for transformations (Benzle et al. 2015). Sunflowers are also determinant in their flowering (Sujatha et al. 222 
2012) so it is critical to start the transformation process as quickly as possible. Auxins, like IBA (indole 3-223 
butyric acid), are often helpful in the formation of roots and can increase transgenic root formation (Li and 224 
Leung 2003). In our case, IBA had a negligible effect on the formation of transgenic roots but did increase 225 
the number of non-transgenic adventitious roots the average plant formed. IBA provided no increase in 226 
transgenic roots and increased the proportion of non-transgenic roots so the treatment with IBA was not used 227 
(Fig. 2b). Transgenic root development was slower in this initial phase than the development of adventitious 228 
roots as the development of a teratoma is required before roots will start to grow. The removal of nearly all 229 
the roots developed during the two weeks in the Rockwool allowed the transgenic roots to developed when 230 
placed in the vermiculite. Explants are then removed from vermiculite, washed and can further grow in soil 231 
or hydroponics. Several composite plants were grown to maturity in soil in 4” trade pots. These plants 232 
flowered and produced seeds (Fig. 3), and had about 12 seeds/plant, with high viability (96%).  233 

 234 
Variety testing 235 
Multiple varieties were tested for transformation efficiency (Fig. 4). Out of thirteen varieties tested 236 

three groups were apparent: those with good transformation efficiency (Peredovik, HA280, HA298, 237 
Mammoth, HA311, and RHA801), those with medium efficiency (RHA271, HA412, HA115), and those with 238 
poor efficiency (HA89, HIR34, HA412-HO, and HA236). Genotype specificity is not uncommon in 239 
transformations (Han et al. 2000; Heeres et al. 2002; Hoffmann et al. 1997; Lee et al. 2004; Zhang and Finer 240 
2016). Similarly, in another study, that used cotyledons of mature seeds, sunflowers had variable 241 
transformation frequency (Sujatha et al. 2012). For the genotypes that were shown to be recalcitrant it may 242 
be possible to improve the efficiency by using acetosyringone, which has been shown to induce the vir genes 243 
of Agrobacterium and increase the transformation rate (Guivarc'h et al. 1993).  244 

 245 
Constitutive promoters testing 246 
We tested two more constitutive promotes for efficiency in roots expression, double CaMV35S 247 

(2xCaMV35S) and ubiquitin (from Arabidopsis) promoters in plasmids pMDC32 (Curtis and Grossniklaus 248 
2003) and pUbi10 (Michniewicz et al. 2015), respectively (Fig. 5). The 2xCaMV35S promoter was expressed 249 
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the most highly out of three tested promoters. Promoters tCUP2 and 2xCaMV35S were expressed throughout 250 
the roots, while ubiquitin appeared to be expressed more in the vascular tissue of the root. Promoter activity 251 
of tCUP2 and CaMV35S have been reported to be expressed at similar levels in other studies (Coutu et al. 252 
2007). The ubiquitin promoter is typically reported to have more moderate expression levels in most plants 253 
(Geldner et al. 2009). These results demonstrated that all three promoters tested are useful for sunflower 254 
transformation.  255 

 256 
HaLBD16 transgenics characterization 257 
Genes in the Lateral Organ Boundaries Domain (LBD) family have been shown to influence the 258 

development of lateral root primordia (Lee et al. 2009; Okushima et al. 2007). Previous studies involving 259 
Arabidopsis thaliana mutants lacking the LBD16 showed a reduction in lateral root formation, while 260 
transformants with an overexpression cassette containing LBD16 showed a significant increase in lateral root 261 
production (Feng et al. 2012). LBD16 is important in the auxin response of lateral root formation (Fan et al. 262 
2012; Lee et al. 2009). Here we conduct a functional study to characterizing the sunflower LBD16 homolog 263 
(HaLBD16, gene ID HanXRQChr10g0281141, protein ID XP_021984895.1) with both an over-expression 264 
and down-regulation gene constructs. Plant roots transformed with LBD16 over-expression (16OE) and 265 
LBD16 RNAi (16i) were produced using the method described above. As previously reported for the effect 266 
of the LBD16 in Arabidopsis (Feng et al. 2012), the sunflower roots of the 16OE plants showed more lateral 267 
roots (branching) than 16i roots (Fig. 6). Moreover, the same gene was identified in the region involved in 268 
root biomass in sunflower (Masalia et al. 2018). This result demonstrate that the composite plants approach 269 
can be successfully used for functional gene studies in sunflower.  270 

Composite plants are a fast and efficient way to perform characterization studies in roots of many non-271 
model plants. With the availability of the sunflower genome there is a need for a system in which to perform 272 
functional studies efficiently. A cost effective and time efficient way to generate transgenic tissue for studies 273 
is with composite plants via inoculation with A. rhizogenes. With the protocol developed here functional 274 
characterizations can be carried out in sunflower with efficiency and in a short time span (~2 months). This 275 
has the potential to characterize many new candidate genes regulating root development and stress adaptation.  276 

 277 
Acknowledgements 278 
We would like to thank Prof. Gary Stacey (University of Missouri) for providing the K599 strain, and 279 

the Department of Biological Sciences for the funding: startup found (YSY), Redden grants (YSY), and 280 
Lewis Hanford Tiffany Botany Graduate Research Fund (TP). 281 

 282 
Author contributions: TP and YSY designed the experiment, collected and analyzed data, and 283 

drafted the manuscript. TP conducted the research and collected the data. 284 
Conflict of interest: The authors declare they have no conflicts of interest. 285 

  286 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted July 24, 2019. ; https://doi.org/10.1101/712760doi: bioRxiv preprint 

https://doi.org/10.1101/712760


 9 

References 287 
Albourie J-M, Tourvieille J & Labrouhe dDT (1998) Resistance to metalaxyl in isolates of the sunflower 288 

pathogen Plasmopara halstedii. European Journal of Plant Pathology 104(3):235-242 289 
doi:10.1023/A:1008691123239 290 

Arias DM & Rieseberg LH (1995) Genetic Relationships among Domesticated and Wild Sunflowers 291 
(Helianthus annuus, Asteraceae). Economic Botany 49(3):239-248  292 

Badouin H, Gouzy J, Grassa CJ, Murat F, Staton SE, Cottret L, Lelandais-Brière C, Owens GL, Carrère S, 293 
Mayjonade B, Legrand L, Gill N, Kane NC, Bowers JE, Hubner S, Bellec A, Bérard A, Bergès H, 294 
Blanchet N, Boniface M-C, Brunel D, Catrice O, Chaidir N, Claudel C, Donnadieu C, Faraut T, 295 
Fievet G, Helmstetter N, King M, Knapp SJ, Lai Z, Le Paslier M-C, Lippi Y, Lorenzon L, Mandel 296 
JR, Marage G, Marchand G, Marquand E, Bret-Mestries E, Morien E, Nambeesan S, Nguyen T, 297 
Pegot-Espagnet P, Pouilly N, Raftis F, Sallet E, Schiex T, Thomas J, Vandecasteele C, Varès D, 298 
Vear F, Vautrin S, Crespi M, Mangin B, Burke JM, Salse J, Muños S, Vincourt P, Rieseberg LH & 299 
Langlade NB (2017) The sunflower genome provides insights into oil metabolism, flowering and 300 
Asterid evolution. Nature 546(7656):148-152 doi:10.1038/nature22380 301 

Benzle KA, Finer KR, Marty D, McHale LK, Goodner BW, Taylor CG & Finer JJ (2015) Isolation and 302 
characterization of novel  Agrobacterium strains for soybean and sunflower transformation. Plant 303 
Cell Tiss Organ Cult 121(1):71-81 doi:10.1007/s11240-014-0679-x 304 

Broothaerts W, Mitchell HJ, Weir B, Kaines S, Smith LMA, Yang W, Mayer JE, Roa-Rodríguez C & 305 
Jefferson RA (2005) Gene transfer to plants by diverse species of bacteria. Nature 433(7026):629-306 
633 doi:10.1038/nature03309 307 

Chen YR, Yordanov YS, Ma C, Strauss S & Busov VB (2013) DR5 as a reporter system to study auxin 308 
response in Populus. Plant Cell Reports 32(3):453-463  309 

Collier R, Fuchs B, Walter N, Kevin Lutke W & Taylor CG (2005) Ex vitro composite plants: an inexpensive, 310 
rapid method for root biology. The Plant Journal 43(3):449-457 doi:10.1111/j.1365-311 
313X.2005.02454.x 312 

Coutu C, Brandle J, Brown D, Brown K, Miki B, Simmonds J & Hegedus DD (2007) pORE: a modular 313 
binary vector series suited for both monocot and dicot plant transformation. Transgenic Research 314 
16(6):771-781 doi:10.1007/s11248-007-9066-2 315 

Curtis MD & Grossniklaus U (2003) A gateway cloning vector set for high-throughput functional analysis 316 
of genes in planta. Plant Physiology 133(2):462-469  317 

Davey MR & Jan M (2010) Sunflower (Helianthus annuus L.): Genetic Improvement Using Conventional 318 
and In Vitro Technologies. Journal of Crop Improvement 24(4):349-391 319 
doi:10.1080/15427528.2010.500874 320 

Estrada-Navarrete G, Alvarado-Affantranger X, Olivares J-E, Díaz-Camino C, Santana O, Murillo E, Guillén 321 
G, Sánchez-Guevara N, Acosta J, Quinto C, Li D, Gresshoff PM & Sánchez F (2006) Agrobacterium 322 
rhizogenes Transformation of the Phaseolus spp.: A Tool for Functional Genomics. MPMI 323 
19(12):1385-1393 doi:10.1094/MPMI-19-1385 324 

Everett NP, Robinson KEP & Mascarenhas D (1987) Genetic Engineering of Sunflower (Helianthus Annuus 325 
L.). Nature Biotechnology 5(11):1201-1204 doi:10.1038/nbt1187-1201 326 

Fan M, Xu C, Xu K & Hu Y (2012) LATERAL ORGAN BOUNDARIES DOMAIN transcription factors 327 
direct callus formation in Arabidopsis regeneration. Cell Research 22(7):1169-1180 328 
doi:10.1038/cr.2012.63 329 

Feng Z, Zhu J, Du X & Cui X (2012) Effects of three auxin-inducible LBD members on lateral root formation 330 
in  Arabidopsis thaliana. Planta 236(4):1227-1237 doi:10.1007/s00425-012-1673-3 331 

Gamborg OL, Miller RA & Ojima K (1968) Nutrient requirements of suspension cultures of soybean root 332 
cells. Experimental Cell Research 50(1):151-158 doi:10.1016/0014-4827(68)90403-5 333 

Geldner N, Dénervaud-Tendon V, Hyman DL, Mayer U, Stierhof Y-D & Chory J (2009) Rapid, 334 
combinatorial analysis of membrane compartments in intact plants with a multicolor marker set. 335 
The Plant Journal 59(1):169-178 doi:10.1111/j.1365-313X.2009.03851.x 336 

Guivarc'h A, Caissard JC, Brown S, Marie D, Dewitte W, Onckelen HV & Chriqui D (1993) Localization of 337 
target cells and improvement of Agrobacterium-mediated transformation efficiency by direct 338 
acetosyringone pretreatment of carrot root discs. Protoplasma 174(1-2):10-18 339 
doi:10.1007/BF01404037 340 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted July 24, 2019. ; https://doi.org/10.1101/712760doi: bioRxiv preprint 

https://doi.org/10.1101/712760


 10 

Han KH, Meilan R, Ma C & Strauss SH (2000) An Agrobacterium tumefaciens transformation protocol 341 
effective on a variety of cottonwood hybrids (genus Populus ). Plant Cell Reports 19(3):315-320  342 

Heeres P, Schippers-Rozenboom M, Jacobsen E & Visser RGF (2002) Transformation of a large number of 343 
potato varieties: genotype-dependent variation in efficiency and somaclonal variability. Euphytica 344 
124(1):13-22 doi:10.1023/A:1015689112703 345 

Hewezi T, Mouzeyar S, Thion L, Rickauer M, Alibert G, Nicolas P & Kallerhoff J (2006) Antisense 346 
Expression of a NBS-LRR Sequence in Sunflower (Helianthus annuus L.) and Tobacco (Nicotiana 347 
tabacum L.): Evidence for a Dual Role in Plant Development and Fungal Resistance. Transgenic 348 
Research 15(2):165-180 doi:10.1007/s11248-005-3518-3 349 

Hoffmann B, Trinh TH, Leung J, Kondorosi A & Kondorosi E (1997) A New Medicago truncatula Line with 350 
Superior in Vitro Regeneration, Transformation, and Symbiotic Properties Isolated Through Cell 351 
Culture Selection. MPMI 10(3):307-315 doi:10.1094/MPMI.1997.10.3.307 352 

Jefferson Richard A & Mayer Jorge E (2003) Microbial Beta-glucuronidase Genes, Gene Products And Uses 353 
Thereof. US Patent US 6641996 B1, 2003/11/04 354 

Kaya MD, Okçu G, Atak M, Çıkılı Y & Kolsarıcı Ö (2006) Seed treatments to overcome salt and drought 355 
stress during germination in sunflower (Helianthus annuus L.). European Journal of Agronomy 356 
24(4):291-295 doi:10.1016/j.eja.2005.08.001 357 

Kereszt A, Li D, Indrasumunar A, Nguyen CDT, Nontachaiyapoom S, Kinkema M & Gresshoff PM (2007) 358 
Agrobacterium rhizogenes-mediated transformation of soybean to study root biology. Nature 359 
Protocols 2:948 doi:10.1038/nprot.2007.141 360 

Kraus D (2014) Consolidated data analysis and presentation using an open-source add-in for the Microsoft 361 
Excel-« spreadsheet software. Medical Writing 23(1):25-28  362 

Kuta DD & Tripathi L (2005) Agrobacterium -induced hypersensitive necrotic reaction in plant cells: a 363 
resistance response against Agrobacterium -mediated DNA transfer. African Journal of 364 
Biotechnology 4(8):752-757  365 

Lee HW, Kim NY, Lee DJ & Kim J (2009) LBD18/ASL20 Regulates Lateral Root Formation in Combination 366 
with LBD16/ASL18 Downstream of ARF7 and ARF19 in Arabidopsis. Plant Physiology 367 
151(3):1377-1389  368 

Lee YH, Kim HS, Kim JY, Jung M, Park YS, Lee JS, Choi SH, Her NH, Lee JH, Hyung NI, Lee CH, Yang 369 
SG & Harn CH (2004) A new selection method for pepper transformation: callus-mediated shoot 370 
formation. Plant Cell Reports 23(1-2):50-58 doi:10.1007/s00299-004-0791-1 371 

Li M & Leung DWM (2003) Root induction in radiata pine using Agrobacterium rhizogenes. Electronic 372 
Journal of Biotechnology 6(3):254-261 doi:10.4067/S0717-34582003000300010 373 

Lin MJY, Humbert ES, Sosulski FW & Downey RK (1975) Distribution and Composition of Pectins in 374 
Sunflower Plants. Can. J. Plant Sci. 55(2):507-513 doi:10.4141/cjps75-077 375 

Macı́as FA, Torres A, Galindo JLG, Varela RM, Álvarez JA & Molinillo JMG (2002) Bioactive terpenoids 376 
from sunflower leaves cv. Peredovick®. Phytochemistry 61(6):687-692 doi:10.1016/S0031-377 
9422(02)00370-9 378 

Mankin SL, Hill DS, Olhoft PM, Toren E, Wenck AR, Nea L, Xing L, Brown JA, Fu H, Ireland L, Jia H, 379 
Hillebrand H, Jones T & Song H-S (2007) Disarming and sequencing of  Agrobacterium rhizogenes 380 
strain K599 (NCPPB2659) plasmid pRi2659. In Vitro Cellular & Developmental Biology - Plant 381 
43(6):521-535 doi:10.1007/s11627-007-9071-4 382 

Masalia RR, Temme AA, Torralba Ndl & Burke JM (2018) Multiple genomic regions influence root 383 
morphology and seedling growth in cultivated sunflower (Helianthus annuus L.) under well-watered 384 
and water-limited conditions. PLOS ONE 13(9):e0204279 doi:10.1371/journal.pone.0204279 385 

Michalec-Warzecha Ż, Pistelli L, D’Angiolillo F & Libik-Konieczny M (2016) Establishment of Highly 386 
Efficient Agrobacterium Rhizogenes-mediated Transformation for Stevia Rebaudiana Bertoni 387 
Explants. Acta Biologica Cracoviensia s. Botanica 58(1):113–118 doi:10.1515/abcsb-2016-0003 388 

Michniewicz M, Frick EM & Strader LC (2015) Gateway-compatible tissue-specific vectors for plant 389 
transformation. BMC Research Notes 8(1):63 doi:10.1186/s13104-015-1010-6 390 

Miyazawa S-I, Warren CR, Turpin DH & Livingston NJ (2011) Determination of the site of CO2 sensing in 391 
poplar: is the area-based N content and anatomy of new leaves determined by their immediate CO2 392 
environment or by the CO2 environment of mature leaves? Journal of Experimental Botany 393 
62(8):2787-2796 doi:10.1093/jxb/erq454 394 

Murashige T & Skoog F (1962) A Revised Medium for Rapid Growth and Bio Assays with Tobacco Tissue 395 
Cultures.  15(3):473-497  396 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted July 24, 2019. ; https://doi.org/10.1101/712760doi: bioRxiv preprint 

https://doi.org/10.1101/712760


 11 

Okushima Y, Fukaki H, Onoda M, Theologis A & Tasaka M (2007) ARF7 and ARF19 regulate lateral root 397 
formation via direct activation of LBD/ASL genes in Arabidopsis. Plant Cell 19(1):118-130  398 

Pradhan Mitra P, Loqu & Dominique (2014) Histochemical Staining of Arabidopsis thaliana Secondary Cell 399 
Wall Elements. (87):e51381 doi:doi:10.3791/51381 400 

Putnam DH, Oplinger ES, Hicks D, Durgan BR, Noetzel DM, Meronuck RA, Doll JD & Schulte EE (1990) 401 
Sunflower.  402 

Rousselin P, Molinier J, Himber C, Schontz D, Prieto-Dapena P, Jordano J, Martini N, Weber S, Horn R, 403 
Ganssmann M, Grison R, Pagniez M, Toppan A, Friedt W & Hahne G (2002) Modification of 404 
sunflower oil quality by seed-specific expression of a heterologous Δ9-stearoyl-(acyl carrier protein) 405 
desaturase gene. Plant Breeding 121(2):108-116 doi:10.1046/j.1439-0523.2002.00682.x 406 

Schneiter AA & Miller JF (1981) Description of Sunflower Growth Stages 1. Crop Science 21(6):901-903 407 
doi:10.2135/cropsci1981.0011183X002100060024x 408 

Shahzad Z, Kellermeier F, Armstrong EM, Rogers S, Lobet G, Amtmann A & Hills A (2018) EZ-Root-VIS: 409 
A Software Pipeline for the Rapid Analysis and Visual Reconstruction of Root System Architecture. 410 
Plant Physiology 177(4):1368-1381 doi:10.1104/pp.18.00217 411 

Škorić D (2014) SUNFLOWER BREEDING FOR RESISTANCE TO ABIOTIC STRESSES / 412 
MEJORAMIENTO DE GIRASOL POR RESISTENCIA A ESTRESES ABIÓTICOS / 413 
SÉLECTION DU TOURNESOL POUR LA RÉSISTANCE AUX STRESS ABIOTIQUES. HELIA 414 
32(50):1–16 doi:10.2298/hel0950001s 415 

Sujatha M, Vijay S, Vasavi S, Reddy PV & Rao SC (2012) Agrobacterium-mediated transformation of 416 
cotyledons of mature seeds of multiple genotypes of sunflower ( Helianthus annuus L.). Plant Cell 417 
Tiss Organ Cult 110(2):275-287 doi:10.1007/s11240-012-0149-2 418 

Taylor CG, Fuchs B, Collier R & Lutke WK (2006) Generation of Composite Plants Using  Agrobacterium 419 
rhizogenes Agrobacterium Protocols. Methods in Molecular Biology, p 155-168 420 

Vitha S, Benes K, Phillips JP & Gartland KM (1995) Histochemical GUS analysis. Methods in molecular 421 
biology 44:185-93 doi:10.1385/0-89603-302-3:185 422 

Zhang Z & Finer JJ (2016) Low  Agrobacterium tumefaciens inoculum levels and a long co-culture period 423 
lead to reduced plant defense responses and increase transgenic shoot production of sunflower ( 424 
Helianthus annuus L.). In Vitro Cellular & Developmental Biology - Plant 52(4):354-366 425 
doi:10.1007/s11627-016-9774-5 426 

 427 
  428 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted July 24, 2019. ; https://doi.org/10.1101/712760doi: bioRxiv preprint 

https://doi.org/10.1101/712760


 12 

LEGEND TO FIGURES 429 
 430 
Fig. 1. Main stages in the sunflower composite plants protocol. a Seeds placed just under the surface of 431 
vermiculite before being lightly covered.  b Seedlings growing, nearing the optimum maturity for 432 
transformations about 10-14 days. c Rockwool being soaked with ¼ MS media and A. rhizogenes at an OD 433 
of 0.2 at 600nm. d Plants are placed into the pre-formed holes in rockwool from the 1ml pipet tips. e 434 
Composite plant removed from Rockwool after 14 days cocultivation/transformation. f Roots of composite 435 
plant after being removed from Rockwool. g Roots of composite plant after 2 additional weeks in 436 
vermiculite. h Roots transformed with pMDC32-GUSPlus removed from hydroponics after three weeks 437 
and stained overnight for GUS.  Note, most roots are transgenic/blue. 438 
 439 
Fig. 2. Effect of cotyledons and IBA on roots development. a Effect of cotyledons presence on root 440 
formation. Average number of adventitious wild-type roots showing a significant decrease when cotyledons 441 
were removed * p<0.05.  All plants were grown under 16 h light and 8 h dark for the duration of the 442 
experiment.  Values are averages of 10-12 plants ±SE.  b Effect of IBA on root formation.  Average 443 
number of adventitious roots showing non-significant differences between a treatment that moved explants 444 
to new Rockwool plugs treated with IBA after 3 days in co-cultivation and the treatment that moved 445 
explants to plugs with only ¼ MS media after three days of co-cultivation with A. rhizogenes. Values are 446 
averages of 8 explants ± SE. 447 
 448 
Fig. 3. Complete development of composite plant grown in soil. a Fertile flower starting pollination. b Dry 449 
flower head with seeds around the periphery. c Seeds from composite plants. 450 
 451 
Fig. 4. Transformation efficiency ratio of various sunflower varieties.  Proportion of plants that formed at 452 
least one transgenic root.  Significantly different proportions denoted by * one * denotes p<0.05, two ** 453 
denotes significance level of p<0.01. 454 
 455 
Fig. 5. Activity of the three constitutive promoters.  a Promoter activity based on fluorometric GUS 456 
analysis. Values are averages of ~3 plants ± SE.  b Roots stained for GUS activity. Note, differential 457 
expression is visualized between pMDC32, pUBQ10, and pORE-E4, respectively.  458 
 459 
Fig. 6. Expression of HaLBD16 transcription factor affects roots architecture. a Typical transgenic root 460 
from plants transformed with the three constructs: HaLBD16-RNAi, Control pORE-E4-GusPlus, 461 
HaLBD16-OE, respectively. b Expression of the HaLBD16 increase total lateral roots n=5 ± SE. c Lateral 462 
roots profiles, represented as the main root was divided into four sectors and the mean lateral roots lengths 463 
within each sector is represented as a rectangle over the sector n=5.  464 
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