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Abstract:  11 

Selectable markers help the transformed cell/tissue to survive in an otherwise lethal exposure 12 

of an antibiotic or herbicide. Unfortunately, almost all the traditional selectable markers are 13 

antibiotic and herbicide resistance genes, which are controversial on human health concerns 14 

and environmental impact. Novel plant-derived, non-antibiotic, and non-herbicide selectable 15 

markers are urgently needed in plant transformation. Our previous work showed that the 16 

seedlings of overexpression Arabidopsis lines of AtGASA6 survived on medium with a high 17 

concentration of sugar, which leads to the hypothesis that AtGASA6 could be a selectable 18 

marker on media with high or low sugar content. In this study, leaf explants of AtGASA6 19 

overexpression tobacco lines regenerated shoots on sugar-free shooting medium while those 20 

of wild type could not. Moreover, the seeds of AtGASA6 overexpression tobacco lines 21 

germinated and grew into normal seedlings on sugar-free MS medium while those of WT 22 

could not. Attractively, no developmental defects were observed in AtGASA6 transgenic 23 

progenies. Using AtGASA6 as a selectable marker, overexpression tobacco lines of GAI, 24 

which restrains plant size, were created on sugar-free media. The GAI overexpression lines 25 

had a smaller plant size than that of control. Considering its plant-derived and non-antibiotic 26 

nature, GASA6 is promising to be used as a selectable marker in plant transformation.    27 

 28 
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Introduction 31 

Genetic transformation and genome editing help us create crops with advanced 32 

characteristics, such as high yield, high abiotic stress tolerance, and high biotic stress 33 

resistance. Efficient selection of transformed cells among a large number of non-transformed 34 

cells, which is enabled by selectable markers, is the prerequisite of the production of 35 

genetically modified (GM) plants (Yoder and Goldsbrough 1994). The most widely used 36 

selectable markers are antibiotic genes that confer resistance to toxins, such as antibiotics and 37 

herbicides. These antibiotic genes include nptⅡ which encodes the neomycin 38 

phosphotransferase II conferring resistance to kanamycin (Fraley et al. 1983), hpt that 39 

encodes hygromycin phosphotransferase detoxifying hygromycin (Waldron et al. 1985), and 40 

bar endowing resistance to phosphinothricin (Deblock et al. 1989). Antibiotic genes assist the 41 

selection of transformants efficiently. However, whether they harm human health and 42 

ecological balance is still unknown. Proteins coded by these antibiotic genes are always 43 

undesirable in the final products. In the near future, it is unlikely that transgenic plants using 44 

an antibiotic selectable marker will be authorized in the European Union (European directive 45 

2001/18/EC) for both basic research and agricultural application.  46 

Two major strategies were developed in the past few years to reduce the risk of antibiotic 47 

selectable markers. One is to remove the selectable marker gene after the initial selection of 48 

transformants. This strategy contains numerous approaches, such as co-transformation, site-49 

specific recombination, intrachromosomal homologous recombination, and the transposon-50 

based method (Breyer et al. 2014; Daniell et al. 2001; Ebinuma et al. 1997; Gleave et al. 51 

1999; Goldsbrough et al. 1993; Klaus et al. 2004; Komari et al. 1996; Zubko et al. 2000; Zuo 52 

et al. 2001). In these approaches, the target gene will be separated from the selectable marker 53 

gene after the initial selection and the selectable marker gene would be removed after one or 54 

several generations of crossing. However, these approaches are time-consuming, labor-55 

intensive, and low efficiency. The second strategy is to develop less controversial non-56 

antibiotic selectable markers. Up to date, several non-antibiotic selectable marker candidates 57 

have been identified. These candidates include xylA (xylose isomerase) (Haldrup et al. 1998), 58 

PMI (phosphomannose isomerase), GALT (UDP-glucose:galactose-1-phosphate 59 

uridyltransferase) (Joersbo et al. 2003), atlD (arabitol dehydrogenase) (LaFayette et al. 60 

2005), dao1 (d-amino acid oxidase) (Erikson et al. 2004; Hattasch et al. 2009), ilvA 61 

(threonine deaminase) (Ebmeier et al. 2004), dsdA (d-serine ammonia lyase) (Erikson et al. 62 

2005; Lai et al. 2011), lyr (lysine racemase) (Chen et al. 2010), D-LDH (D-lactate 63 

dehydrogenase) (Wienstroer et al. 2012) and MSRB (Methionine sulfoxide reductase B) (Li et 64 
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al. 2013). Unfortunately, these candidates have some defects. First, most of these candidates 65 

are from bacteria, which causes food safety concerns. Second, some of these genes interfere 66 

with endogenous metabolic pathways and hence affect the normal growth of transgenic 67 

plants. Last, selection reagents for these candidates are too expensive, which hampers the 68 

large-scale application. Due to these shortcomings, these candidates have not been broadly 69 

used in plant transformation. Up to the present, more than 50% of plant species approved for 70 

commercialization contain antibiotic selectable marker genes. It is extremely urgent to 71 

develop novel non-antibiotic selectable markers, that are safe, cost-saving, and efficient, in 72 

plant transformation. 73 

   GASA (gibberellic acid stimulated transcripts in Arabidopsis) family genes are involved in 74 

the regulation of seed germination (Rubinovich and Weiss 2010), root formation (Taylor and 75 

Scheuring 1994; Zimmermann et al. 2010), establishment of seed size (Roxrud et al. 2007), 76 

stem growth and flowering time (Ben-Nissan et al. 2004; Zhang et al. 2009), fruit 77 

development and ripening (Moyano-Canete et al. 2013), fiber development (Liu et al. 2013), 78 

and leaf expansion (Sun et al. 2013). Our previous work showed that AtGASA6, one of the 79 

GASA family members from Arabidopsis, affected seed germination and responded to 80 

gibberellic acid (GA), abscisic acid (ABA), and glucose signaling (Zhong et al. 2015). 81 

Overexpression of AtGASA6 in Arabidopsis confers seed germination and seedling growing 82 

on the medium with a high concentration of sugar (Zhong et al. 2015). Therefore, we 83 

hypothesize that this plant-derived GASA6 might be used as a non-antibiotic selectable 84 

marker in plant transformation on the medium with certain sugar content. 85 

    In this work, AtGASA6 overexpression tobacco was created. The shoot and root 86 

regeneration of leaf explants of AtGASA6 overexpression tobacco on media with high 87 

concentration sucrose and without sucrose were investigated. The morphological variations 88 

of AtGASA6 overexpression tobacco were evaluated. Using AtGASA6 as a selectable marker, 89 

AtGAI overexpression tobacco lines were generated and the phenotyping of overexpression 90 

lines was conducted.  91 
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Material and methods 92 

 93 

Plant material 94 

The Nicotiana tabacum variety K326 was used in this work. Seeds were surface-sterilized in 95 

1% sodium hypochlorite solution for 20 min. Then the seeds were rinsed in sterile water 4-5 96 

times and germinated in vitro on the MS medium containing 3% sucrose and solidified with 97 

0.8% agar (Murashige and Skoog 1962). Plants grew in a controlled-environmental growth 98 

chamber at 24°C and about 70% humidity with a 16-h-light/8-h-dark cycle. Six weeks after 99 

germination, 1 cm2 leaf discs were isolated from fully expanded leaves and used as explants 100 

for transformation.  101 

 102 

Vector construction 103 

To create AtGASA6 overexpression plants, AtGASA6 gene (Genbank accession number 104 

At1G74670) was isolated from Arabidopsis thaliana and was subsequently cloned into the 105 

vector pBIN19. The PCR primers 5’-CGCTCTAGAATGGCCAAACTCATAACTTC-3’ 106 

(forward) and 5’-ATAGGATCCGATGGACATTTTGGTCCACC-3’ (reverse) were used to 107 

amplify the coding sequence (CDS) of AtGASA6. The CDS of AtGASA6 was ligated 108 

downstream of the CaMV 35S promoter in the vector pBIN19 via the XbaⅠ and SacⅠ sites to 109 

create the expression cassette CaMV35Spro::AtGASA6. In this construct, nptII 110 

(CaMV35Spro::nptII) was used as a selectable marker.  111 

To create AtGAI overexpression plants, The CDS of AtGAI (Genbank accession number 112 

AT1G14920) was inserted downstream of the CaMV 35S promoter to generate the 113 

overexpression cassette CaMV35Spro::AtGAI. In this construct, AtGASA6 114 

(CaMV35Spro::AtGASA6) was used as a selectable marker. 115 

 116 

Plant transformation and regeneration to create AtGASA6 overexpression tobacco lines 117 

The plasmid containing CaMV35Spro::AtGASA6 and CaMV35Spro::nptII was transformed 118 

into the Agrobacterium tumefaciens strain LBA4404. 0.5×0.5 cm leaf explants were isolated 119 

from 6-week old Nicotiana tabacum aseptic seedlings and were co-cultivated with positive 120 

Agrobacterium tumefaciens colonies according to Horsch et al.1985 (Horsch et al. 1985). 121 

After co-cultivation under dark for three days, the treated explants were transferred to 122 

shooting medium with selection [1/2 MS + 2 mg/L 6-Benzylaminopurine (6-BA) + 0.1 mg/L 123 

(naphthalene-1-acetic acid) NAA + 50 mg/L kanamycin (Kan)+ 3% (W/V) sucrose + 0.8% 124 

agar]. After six weeks, well-developed shoots were transferred to the rooting medium (1/2 125 
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MS + 0.2 mg/L NAA + 30 mg/L Kan + 1.5% sucrose + 0.8% agar). Observations were 126 

conducted at different selective stages from explant inoculation to rooting. Putative 127 

transgenic T0 plants were transferred to soil and grew in a greenhouse. 128 

 129 

Regeneration of AtGASA6 overexpression tobacco leaf explants 130 

Seeds of AtGASA6 overexpression tobacco lines were surface-sterilized in 1% sodium 131 

hypochlorite solution for 20 min. Then the seeds were rinsed in sterile water 4-5 times and 132 

germinated in vitro on the MS medium containing 3% sucrose and solidified with 0.8% agar 133 

(Murashige and Skoog 1962). Plants grew in a controlled-environmental growth chamber at 134 

24°C and about 70% humidity with a 16-h-light/8-h-dark cycle. Six weeks after germination, 135 

1 cm2 leaf discs were isolated from fully expanded leaves and used as explants. Explants 136 

were put on shooting media (1/2 MS + 2 mg/L 6-BA + 0.1 mg/L NAA + 0.8% agar) 137 

containing different concentration of sucrose (3%, 6%, 9%, and 0%). After six weeks, well-138 

developed shoots were transferred to the rooting medium without sucrose (1/2 MS + 0.2 139 

mg/L NAA + 0.8% agar). Observations were conducted at different selective stages from 140 

explant inoculation to rooting. 141 

 142 

Growth response of AtGASA6 overexpression tobacco seedlings on sugar-free MS 143 

medium 144 

The seeds of AtGASA6 overexpression tobacco lines were sterilized according to the above 145 

method. Sterilized seeds were put on MS medium without sucrose. Shooting and rooting of 146 

seeds were observed. 147 

 148 

Plant transformation and regeneration to create AtGAI overexpression tobacco lines 149 

The plasmid containing CaMV35Spro::AtGAI and CaMV35Spro::AtGASA6 was transformed 150 

into tobacco according to the method of AtGASA6 transformation. After co-cultivation under 151 

dark for three days, the treated explants were transferred to sugar-free shooting medium [1/2 152 

MS + 2 mg/L 6-BA + 0.1 mg/L NAA + 0.8% agar]. After six weeks, well-developed shoots 153 

were transferred to the sugar-free rooting medium (1/2 MS + 0.2 mg/L NAA + 30 mg/L Kan 154 

+ 0.8% agar). Observations were conducted at different selective stages from explant 155 

inoculation to rooting. Putative transgenic T0 plants were transferred to soil and grew in a 156 

greenhouse. 157 

 158 

RT-PCR and qRT-PCR  159 
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Total RNA was extracted from leaves using Trizol reagent according to the users’ manual. 160 

cDNA was synthesized using the first-strand cDNA synthesis kit (Tiangen, Beijing, China). 161 

Forward primer 5’-CGCTCTAGAGATGGCCAAACTCATAACTTC-3’ and reverse primer 162 

5’-ATAGGATCCGATGGACATTTTGGTCCACC-3’ were used for AtGASA6 amplification. 163 

Froward primer 5’-ACGACCAGCAAGATCCAACCGAAG-3’ and reverse primer 5’-164 

ACGGAACAGGAATGGTTAAGGCTGG-3’ were used for Actin amplification. For qRT-165 

PCR, samples were performed in triplicate using SYBR Green Master Mix on a Light Cycler 166 

480 (Roche, Penzberg, Upper Bavaria, Germany). Relative levels of transcript were 167 

normalized to the level of Actin in each sample. Data shown are relative transcript abundance 168 

compared with that of control.   169 

 170 

Statistical analysis 171 

For all statistical analyses, data are shown as means and standard errors (Mean±SE). 172 

Statistical significance was determined using the two-tailed Student’s t-test. For all tests, a p-173 

value of less than 0.05 was considered statistically significant. p < 0.05, p < 0.01, p < 0.001, 174 

N.S., not significant versus control groups. 175 
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Results  176 

Generation of AtGASA6 overexpression tobacco lines  177 

In our previous work, overexpression of AtGASA6 was found to help transgenic Arabidopsis 178 

seeds survive on a medium with a high concentration of sugar (Zhong et al. 2015). To verify 179 

its function on sucrose metabolism, the overexpression cassette of AtGASA6 180 

(p35S::AtGASA6) (Figure 1a) was delivered into leaf explants of Nicotiana tabacum using 181 

the Agrobacterium-mediated transformation method. In the construct, NPTII (p35S::NPTII) 182 

was used as a selectable marker. The uninfected leaf explants were used as the negative 183 

control. After transformation, the infected leaf explants were moved to the shooting medium 184 

which contained 50 mg/L Kan. The infected leaf explants were subcultured every two weeks 185 

until shoots were generated. During the shooting process, putative transgenic explants grew 186 

green and viable shoots (Figure 1b) while uninfected leaf explants turned pale, necrotic, and 187 

eventually died (Figure 1c). Generated shoots were further transferred to the rooting medium 188 

containing 30 mg/L Kan and also subcultured every two weeks (Figure 1d). Putative 189 

transgenic shoots could grow roots while negative ones could not (Figure 1d).  190 

    Four plants, AtGASA6-OE#1, AtGASA6-OE#2, AtGASA6-OE#3, and AtGASA6-OE#4, with 191 

both shoots and roots, were created and considered as putative transgenic lines. Seeds (T1 192 

generation) of each line were harvested and grown on the MS medium containing 50 mg/L 193 

Kan (Figure 1e). The ratio of normal and pale plants was 3:1 which was consistent with 194 

Mendel’s Law of Segregation (Figure 1e). Seeds (T2 generation) of the T1 generation were 195 

further grown on MS medium containing 50 mg/L Kan (Figure 1f). Young seedlings of the 196 

four AtGASA6 transgenic lines grew normally on MS medium containing Kan while the 197 

growth of WT seedlings was suppressed (Figure 1f). The T1 generation plants whose seeds 198 

had no segregation on the MS medium containing Kan were considered as homozygotes and 199 

their seeds (T2 generation) were used for all the following experiments in this work. In the 200 

RT-PCR analysis, a bright band of AtGASA6 was found in leaves of each of the four 201 

transgenic lines (Figure 1g), which indicates the successful overexpression of AtGASA6. 202 
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Leaf explants of AtGASA6 overexpression tobacco lines regenerate on sugar-free media 203 

To investigate whether AtGASA6 could act as a selectable marker that enables transformed 204 

plants to survive on media with or without sucrose, leaf explants of AtGASA6 overexpression 205 

lines were put on the shooting media with 3% (normal), 6%, 9%, and 0% sucrose. The leaf 206 

explants of WT were used as the control. After four weeks on the shooting medium with 3% 207 

and 6% sucrose, the leaf explants of both AtGASA6 overexpression lines and WT generated 208 

shoots (Figure 2a-b). On the shooting medium with 9% sucrose, the leaf explants of both 209 

AtGASA6 overexpression lines and WT generated brown shoots that were unviable (Figure 210 

2c). These data indicate that 3% and 6% sucrose cannot distinguish AtGASA6 transformed 211 

plants from WT, and the higher (9%) sucrose concentration hampers shoot regeneration.   212 

    Attractively, on the shooting medium without sucrose, approximately three shoots were 213 

observed in each leaf explant of AtGASA6 overexpression lines while no shoots were found in 214 

any WT leaf explants (Figure 3a-b). The shoots of AtGASA6 overexpression lines were 215 

further transferred to the rooting medium without sucrose and each shoot regenerated roots 216 

(Figure 3c). Collectively, leaf explants of AtGASA6 overexpression lines could regenerate 217 

shoots on the sugar-free shooting medium while leaf explants of WT had no shoot 218 

regeneration. This indicates that AtGASA6 could be used as a selectable marker on the sugar-219 

free shooting medium. 220 
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AtGASA6 enables seed selection 221 

In addition to the selection on callus stage, selection on seed is another key selection method 222 

in plant transformation. To investigate whether AtGASA6 could be used as a selectable 223 

marker in plant species that use seeds for selection (e.g. Arabidopsis), the seeds of AtGASA6 224 

overexpression lines were germinated on the MS medium without sucrose. The seeds of WT 225 

were used as the negative control. One week later, green seedlings were germinated from 226 

seeds of all AtGASA6 overexpression lines. However, only yellow seedlings were grown from 227 

WT seeds (Figure 4a). Consistently, the relative chlorophyll content in all AtGASA6 228 

overexpression lines was almost 1.5 folds higher than that in WT seedlings (Figure 4b). A 229 

large number of long roots were observed from each seedling of all the AtGASA6 230 

overexpression lines while only a few short roots were found from WT seedlings (Figure 4c). 231 

Moreover, the length and the number of leaves in AtGASA6 overexpression line seedlings 232 

were much larger than those of WT seedlings (Figure 4d). Due to the bad health condition, 233 

the WT seedlings died eventually. The fact that AtGASA6 overexpression seeds survive on the 234 

sugar-free MS medium indicates that AtGASA6 could be used as a selectable marker on seed 235 

selection. 236 
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No developmental defects are observed in AtGASA6 overexpression plants 237 

In addition to the assistance in selection, no influence on the development of transgenic 238 

plants is a key criterion of a successful selectable marker gene. The morphologic performance 239 

between AtGASA6 overexpression lines and WT was compared. During the seedling stage, 240 

the leaf, stem, and root size had no obvious variations between AtGASA6 overexpression 241 

lines and WT on MS medium with 3% (the normal concentration) sucrose (Figure 5a). 242 

Similarly, there was also no apparent difference in the leaf and stem size between AtGASA6 243 

overexpression lines and WT in the soil during the vegetative phase (Figure 5b). In addition 244 

to the leaves and stems, the flowers had no obvious variations between AtGASA6 245 

overexpression lines and WT during the reproductive growth stage (Figure 5c-d). Moreover, 246 

the size and number of capsules also had no apparent difference between AtGASA6 247 

overexpression lines and WT (Figure 5e-f). Taken together, the overexpression of AtGASA6 248 

has no observable influence on the development of transgenic plants. 249 
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AtGASA6 assisted gene transformation in tobacco 250 

To verify the feasibility as a selectable marker in gene transformation, AtGASA6 was co-251 

delivered with AtGAI, which controls plant size, into Nicotiana tabacum using the 252 

Agrobacterium-mediated transformation method. In this transformation, the overexpression 253 

cassettes of AtGASA6 (CaMV35Spro::AtGASA6:NOS-T) and AtGAI (CaMV35Spro::AtGAI: 254 

NOS-T) were comprised in a single construct in reverse orientations. Construct merely 255 

containing the AtGASA6 overexpression cassette (CaMV35Spro::AtGASA6:NOS-T) was used 256 

as a negative control (Figure 6a). After transformation, explants were transferred to the sugar-257 

free shooting medium, and regenerated shoots were subsequently transferred to the sugar-free 258 

rooting medium. Three putative AtGAI lines (AtGAI-OE#1, AtGAI-OE#2, and AtGAI-OE#3) 259 

and one negative control line were obtained (Figure 6b). In the qRT-PCR analyses, AtGASA6 260 

had relative transcription levels of 1.0-1.35 in the leaves of all putative AtGAI and negative 261 

control lines (Figure 6c). Moreover, AtGAI had relative transcription levels of 5-10 in leaves 262 

of all putative AtGAI lines and had no transcription in the negative control lines (Figure 6d). 263 

These data demonstrate that AtGASA6 and AtGAI have been successfully transformed and 264 

expressed. Consistent with the overexpression of AtGAI, the lengths of the third leaves of all 265 

the three AtGAI overexpression lines were 1.9 ~2.8 cm, which was significantly shorter than 266 

the 4.3 ± 0.3 cm of that of the negative control. Similarly, the lengths of the fourth, fifth, and 267 

sixth leaves, were two, three, and four times shorter than those of the negative control, 268 

respectively (Figure 6b, Table 1). These data collectively demonstrated that transgenic 269 

tobacco lines of AtGAI had been successfully generated using AtGASA6 as a selectable 270 

marker gene. 271 
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Discussion 272 

Advantages of using AtGASA6 as a selectable marker 273 

As a selectable marker, AtGASA6 has four advantages. First, AtGASA6 is a plant-derived gene 274 

and will not trigger human health issues. In contrast, most of the traditional selectable marker 275 

genes, such as nptII and bar, are from bacteria and hence raise severe human health concerns. 276 

Second, the AtGASA6 assisted selection system only needs sugar-free shooting medium 277 

during selection and does not need any antibiotics that always are expensive and toxic, which 278 

makes this system low-cost and safe. Third, transgenic plants could be distinguished 279 

unambiguously from non-transgenic plants both at the shooting (Figure 3) and young 280 

seedling stages (Figure 4). This indicates that AtGASA6 could be used as a selectable marker 281 

in both plant cell/tissue and floral dipping, which are two major plant transformation 282 

approaches. Fourth, AtGASA6 transgenic plants have no obvious developmental defects. No 283 

morphological abnormalities is the prerequisite of a successful selectable marker. The 284 

transformants produced using Kan selection always display retarded growth even after being 285 

transplanted to soil. This phenomenon is attributed to the inhibitory effect of Kan on 286 

transgenic plants (Lindsey and Gallois 1990). In this study, AtGASA6 overexpression tobacco 287 

lines were morphologically normal (Figure 5). All the above four advantages enable 288 

AtGASA6 a promising selectable marker in plant transformation.  289 

 290 

GASA6 is widely distributed in plants 291 

The application of GASA6 would be extensively broadened if every plant species could use 292 

the GASA6 gene of its own. To address this question, the distribution of GASA6 in plants was 293 

analyzed. In the BLASTP search using the protein sequence of AtGASA6 as a query, 294 

homologs were found in a broad range of plant species. These species include major cash 295 

crops, such as Raphanus sativus, Camelina sativa, Brassica napus, Manihot esculenta, and 296 

Punica granatum. All the homologs had 100% of query cover and had protein identity 297 

percentages from 68.27% to 90.10% with AtGASA6 (Figure S1). The EggNOG database and 298 

SMART were further used to analyze the functional domains among AtGASA6 homologs. In 299 

the EggNOG analysis, the GASA functional domain (from 42Q to 101P), which might exert 300 

gibberellin-regulated function, was shared by all homologs (Figure S2a). In the SMART 301 

analysis, conserved signal peptide and transmembrane domain were shared among all 302 

homologs (Figure S2b). The conserved functional domains indicate that GASA6 homologs in 303 

most plant species might exert a similar molecular function with AtGASA6. The wide 304 

distribution of homologs and the similar function opens the possibility that most plant species 305 

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=3726
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=90675
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=3708
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=3983
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=22663
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could use their native GASA6 gene as a selectable marker in transformation. 306 

 307 

Improvement of the AtGASA6-assisted selection system 308 

The constitutive CaMV 35S promoter was used to drive the overexpression of AtGASA6 in 309 

this work. Although no obvious morphological variations were observed in transgenic 310 

tobacco plants compared with WT, the constitutive overexpression of AtGASA6 might 311 

increase the risk of developmental defects in other plant species. Callus-specific or seed-312 

specific expression promoters, such as the promotor of cysteine proteinase gene (OsCSP) in 313 

rice (Ray et al. 2004) and P1830 in maize (Yu et al. 2019), could be used to drive the 314 

expression of AtGASA6. The callus or seed specifical expression of AtGASA6 might reduce 315 

the risk of developmental defects. In recent years, emerging techniques have been developed 316 

to remove selectable markers in transformants. For example, the FLP-CRE system could 317 

remove the selectable marker gene by a further cross to induce Cre expression (Huang et al. 318 

2020; Zhao et al. 2019). Using the FLP-CRE system, AtGASA6 could also be removed from 319 

transgenic progenies. In conclusion, AtGASA6 could be a promising plant-derived, non-320 

antibiotic and widely distributed selectable marker in plant transformation.  321 



 

14 

 

Author contributions 322 

S.Z., X.W., and Y.L. designed experiments. Y.L., J.G. performed experiments. Y.L., J.G., S.Z., 323 

and X.W. performed data analysis. Y.L. wrote the manuscript. All authors approved the 324 

submission. 325 

 326 

Conflict of interests 327 

The authors declare that they have no conflict of interest. 328 

 329 

Data Availability Statements 330 

All data generated or analysed during this study are included in this published article [and its 331 

supplementary information files]. 332 

 333 

Acknowledgments 334 

This work is supported by the National Natural Science Foundation of China (31870301, 335 

31370350 for S.Z). We thank Dr. Guangbin Luo (University of Copenhagen, Denmark) for 336 

polishing the manuscript. 337 

 338 

 339 



 

15 

 

References: 340 

Ben-Nissan G, Lee JY, Borohov A & Weiss D (2004) GIP, a Petunia hybrida GA-induced 341 

cysteine-rich protein: a possible role in shoot elongation and transition to flowering. 342 

Plant J 37(2):229-238 doi:10.1046/j.1365-313X.2003.01950.x 343 

Breyer D, Kopertekh L & Reheul D (2014) Alternatives to Antibiotic Resistance Marker 344 

Genes forIn VitroSelection of Genetically Modified Plants – Scientific Developments, 345 

Current Use, Operational Access and Biosafety Considerations. Critical Reviews in 346 

Plant Sciences 33(4):286-330 doi:10.1080/07352689.2013.870422 347 

Chen IC, Thiruvengadam V, Lin WD, Chang HH & Hsu WH (2010) Lysine racemase: a 348 

novel non-antibiotic selectable marker for plant transformation. Plant Molecular 349 

Biology 72(1-2):153-169 doi:10.1007/s11103-009-9558-y 350 

Daniell H, Muthukumar B & Lee SB (2001) Marker tree transgenic plants: engineering the 351 

chloroplast genome without the use of antibiotic selection. Curr Genet 39(2):109-116 352 

doi:DOI 10.1007/s002940100185 353 

Deblock M, Debrouwer D & Tenning P (1989) Transformation of Brassica-Napus and 354 

Brassica-Oleracea Using Agrobacterium-Tumefaciens and the Expression of the Bar 355 

and Neo Genes in the Transgenic Plants. Plant Physiology 91(2):694-701 doi:DOI 356 

10.1104/pp.91.2.694 357 

Ebinuma H, Sugita K, Matsunaga E & Yamakado M (1997) Selection of marker-free 358 

transgenic plants using the isopentenyl transferase gene. P Natl Acad Sci USA 359 

94(6):2117-2121 doi:DOI 10.1073/pnas.94.6.2117 360 

Ebmeier A, Allison L, Cerutti H & Clemente T (2004) Evaluation of the Escherichia coli 361 

threonine deaminase gene as a selectable marker for plant transformation. Planta 362 

218(5):751-758 doi:10.1007/s00425-003-1129-x 363 

Erikson O, Hertzberg M & Nasholm T (2004) A conditional marker gene allowing both 364 

positive and negative selection in plants. Nature Biotechnology 22(4):455-458 365 

doi:10.1038/nbt946 366 

Erikson O, Hertzberg M & Nasholm T (2005) The dsdA gene from Escherichia coli provides 367 

a novel selectable marker for plant transformation. Plant Molecular Biology 368 

57(3):425-433 doi:10.1007/s11103-004-7902-9 369 

Fraley RT, Rogers SG, Horsch RB, Sanders PR, Flick JS, Adams SP, Bittner ML, Brand LA, 370 

Fink CL, Fry JS, Galluppi GR, Goldberg SB, Hoffmann NL & Woo SC (1983) 371 

Expression of Bacterial Genes in Plant-Cells. P Natl Acad Sci-Biol 80(15):4803-4807 372 

doi:DOI 10.1073/pnas.80.15.4803 373 



 

16 

 

Gleave AP, Mitra DS, Mudge SR & Morris BAM (1999) Selectable marker-free transgenic 374 

plants without sexual crossing: transient expression of cre recombinase and use of a 375 

conditional lethal dominant gene. Plant Molecular Biology 40(2):223-235 doi:Doi 376 

10.1023/A:1006184221051 377 

Goldsbrough AP, Lastrella CN & Yoder JI (1993) Transposition Mediated Repositioning and 378 

Subsequent Elimination of Marker Genes from Transgenic Tomato. Bio-Technol 379 

11(11):1286-1292  380 

Haldrup A, Petersen SG & Okkels FT (1998) The xylose isomerase gene from 381 

Thermoanaerobacterium thermosulfurogenes allows effective selection of transgenic 382 

plant cells using D-xylose as the selection agent. Plant Molecular Biology 37(2):287-383 

296 doi:Doi 10.1023/A:1005910417789 384 

Hattasch C, Hanke MV & Flachowsky H (2009) Preliminary Results to Establish the DAAO 385 

System as an Alternative Selection Strategy on Apple. Acta Hortic 814:267-272  386 

Horsch RB, Fry JE, Hoffmann NL, Eichholtz D, Rogers SG & Fraley RT (1985) A Simple 387 

and General-Method for Transferring Genes into Plants. Science 227(4691):1229-388 

1231 doi:DOI 10.1126/science.227.4691.1229 389 

Huang X, Zou X, Xu Z, Tang F, Shi J, Zheng E, Liu D, Moisyadi S, Urschitz J, Wu Z & Li Z 390 

(2020) Efficient deletion of LoxP-flanked selectable marker genes from the genome 391 

of transgenic pigs by an engineered Cre recombinase. Transgenic Res 29(3):307-319 392 

doi:10.1007/s11248-020-00200-3 393 

Joersbo M, Jorgensen K & Brunstedt J (2003) A selection system for transgenic plants based 394 

on galactose as selective agent and a UDP-glucose : galactose-1-phosphate 395 

uridyltransferase gene as selective gene. Mol Breeding 11(4):315-323 doi:Doi 396 

10.1023/A:1023402424215 397 

Klaus SMJ, Huang FC, Golds TJ & Koop HU (2004) Generation of marker-free plastid 398 

transformants using a transiently cointegrated selection gene. Nature Biotechnology 399 

22(2):225-229 doi:10.1038/nbt933 400 

Komari T, Hiei Y, Saito Y, Murai N & Kumashiro T (1996) Vectors carrying two separate T-401 

DNAs for co-transformation of higher plants mediated by Agrobacterium tumefaciens 402 

and segregation of transformants free from selection markers. Plant J 10(1):165-174 403 

doi:DOI 10.1046/j.1365-313X.1996.10010165.x 404 

LaFayette PR, Kane PM, Phan BH & Parrott WA (2005) Arabitol dehydrogenase as a 405 

selectable marker for rice. Plant Cell Reports 24(10):596-602 doi:10.1007/s00299-406 

005-0015-3 407 



 

17 

 

Lai FM, Privalle L, Mei KF, Ghoshal D, Shen YW, Klucinec J, Daeschner K, Mankin LS, 408 

Chen N, Cho SH & Jones T (2011) Evaluation of the E. coli d-serine ammonia lyase 409 

gene (Ec. dsdA) for use as a selectable marker in maize transformation. In Vitro Cell 410 

Dev-Pl 47(4):467-479 doi:10.1007/s11627-011-9351-x 411 

Li CW, Lee SH & Chan MT (2013) Utilization of the plant methionine sulfoxide reductase B 412 

genes as selectable markers in Arabidopsis and tomato transformation. Plant Cell Tiss 413 

Org 113(3):555-563 doi:10.1007/s11240-013-0296-0 414 

Lindsey K & Gallois P (1990) Transformation of Sugar-Beet (Beta-Vulgaris) by 415 

Agrobacterium-Tumefaciens. Journal of Experimental Botany 41(226):529-536 416 

doi:DOI 10.1093/jxb/41.5.529 417 

Liu ZH, Zhu L, Shi HY, Chen Y, Zhang JM, Zheng Y & Li XB (2013) Cotton GASL genes 418 

encoding putative gibberellin-regulated proteins are involved in response to GA 419 

signaling in fiber development. Mol Biol Rep 40(7):4561-4570 doi:10.1007/s11033-420 

013-2543-1 421 

Moyano-Canete E, Bellido ML, Garcia-Caparros N, Medina-Puche L, Amil-Ruiz F, 422 

Gonzalez-Reyes JA, Caballero JL, Munoz-Blanco J & Blanco-Portales R (2013) 423 

FaGAST2, a Strawberry Ripening-Related Gene, Acts Together with FaGAST1 to 424 

Determine Cell Size of the Fruit Receptacle. Plant Cell Physiol 54(2):218-236 425 

doi:10.1093/pcp/pcs167 426 

Murashige T & Skoog F (1962) A Revised Medium for Rapid Growth and Bio Assays with 427 

Tobacco Tissue Cultures. Physiol Plantarum 15(3):473-497 doi:DOI 10.1111/j.1399-428 

3054.1962.tb08052.x 429 

Ray K, Jagannath A, Gangwani SA, Burma PK & Pental D (2004) Mutant acetolactate 430 

synthase gene is an efficient in vitro selectable marker for the genetic transformation 431 

of Brassica juncea (oilseed mustard). J Plant Physiol 161(9):1079-83 432 

doi:10.1016/j.jplph.2004.02.001 433 

Roxrud I, Lid SE, Fletcher JC, Schmidt EDL & Opsahl-Sorteberg HG (2007) GASA4, one of 434 

the 14-member Arahidopsis GASA family of small polypeptides, regulates flowering 435 

and seed development. Plant Cell Physiol 48(3):471-483 doi:10.1093/pcp/pcm016 436 

Rubinovich L & Weiss D (2010) The Arabidopsis cysteine-rich protein GASA4 promotes GA 437 

responses and exhibits redox activity in bacteria and in planta. Plant J 64(6):1018-438 

1027 doi:10.1111/j.1365-313X.2010.04390.x 439 

Sun SL, Wang HX, Yu HM, Zhong CM, Zhang XX, Peng JZ & Wang XJ (2013) GASA14 440 

regulates leaf expansion and abiotic stress resistance by modulating reactive oxygen 441 



 

18 

 

species accumulation. Journal of Experimental Botany 64(6):1637-1647 442 

doi:10.1093/jxb/ert021 443 

Taylor BH & Scheuring CF (1994) A Molecular Marker for Lateral Root Initiation - the Rsi-1 444 

Gene of Tomato (Lycopersicon-Esculentum Mill) Is Activated in Early Lateral Root 445 

Primordia. Mol Gen Genet 243(2):148-157 doi:Doi 10.1007/Bf00280311 446 

Waldron C, Murphy EB, Roberts JL, Gustafson GD, Armour SL & Malcolm SK (1985) 447 

Resistance to Hygromycin-B - a New Marker for Plant Transformation Studies. Plant 448 

Molecular Biology 5(2):103-108 doi:Doi 10.1007/Bf00020092 449 

Wienstroer J, Engqvist MKM, Kunz HH, Flugge UI & Maurino VG (2012) D-Lactate 450 

dehydrogenase as a marker gene allows positive selection of transgenic plants. Febs 451 

Lett 586(1):36-40 doi:10.1016/j.febslet.2011.11.020 452 

Yoder JI & Goldsbrough AP (1994) Transformation Systems for Generating Marker-Free 453 

Transgenic Plants. Bio-Technol 12(3):263-267 doi:DOI 10.1038/nbt0394-263 454 

Yu H, Khalid MHB, Lu F, Sun F, Qu J, Liu B, Li W & Fu F (2019) Isolation and 455 

identification of a vegetative organ-specific promoter from maize. Physiol Mol Biol 456 

Plants 25(1):277-287 doi:10.1007/s12298-018-0546-z 457 

Zhang SC, Yang CW, Peng JZ, Sun SL & Wang XJ (2009) GASA5, a regulator of flowering 458 

time and stem growth in Arabidopsis thaliana. Plant Molecular Biology 69(6):745-759 459 

doi:10.1007/s11103-009-9452-7 460 

Zhao Y, Kim JY, Karan R, Jung JH, Pathak B, Williamson B, Kannan B, Wang D, Fan C, Yu 461 

W, Dong S, Srivastava V & Altpeter F (2019) Generation of a selectable marker free, 462 

highly expressed single copy locus as landing pad for transgene stacking in sugarcane. 463 

Plant Mol Biol 100(3):247-263 doi:10.1007/s11103-019-00856-4 464 

Zhong C, Xu H, Ye S, Wang S, Li L, Zhang S & Wang X (2015) Gibberellic Acid-Stimulated 465 

Arabidopsis6 Serves as an Integrator of Gibberellin, Abscisic Acid, and Glucose 466 

Signaling during Seed Germination in Arabidopsis. Plant Physiol 169(3):2288-303 467 

doi:10.1104/pp.15.00858 468 

Zimmermann R, Sakai H & Hochholdinger F (2010) The Gibberellic Acid Stimulated-Like 469 

Gene Family in Maize and Its Role in Lateral Root Development. Plant Physiology 470 

152(1):356-365 doi:10.1104/pp.109.149054 471 

Zubko E, Scutt C & Meyer P (2000) Intrachromosomal recombination between attP regions 472 

as a tool to remove selectable marker genes from tobacco transgenes. Nature 473 

Biotechnology 18(4):442-445  474 

Zuo JR, Niu QW, Moller SG & Chua NH (2001) Chemical-regulated, site-specific DNA 475 



 

19 

 

excision in transgenic plants. Nature Biotechnology 19(2):157-161 doi:Doi 476 

10.1038/84428 477 



 

20 

 

Figures legends 478 

Figure 1. Generation of AtGASA6 overexpression tobacco lines. (a) Schematic diagram of 479 

the binary vector used for transformation. The binary vector pBIN19 is used as the backbone. 480 

Both AtGASA6 and NPTII genes are driven by the constitutive CaMV 35S promoter 481 

(CaMV35Spro). The two expression cassettes are in reverse orientations. NOS-T: nopaline 482 

synthase promoter/terminator; LB: left border; RB: right border. (b) Putatively transformed 483 

leaf explants are growing shoots on shooting medium. Bar=1 cm. (c) Untransformed leaf 484 

explants are turning pale on shooting medium. Bar=1 cm . (d) The putative transgenic shoot 485 

(right) grows roots while the negative shoot (left) cannot grow roots and is turning pale on 486 

rooting medium. Bar=1 cm. (e) The ratio of normal and pale plants is 3:1 when T1 generation 487 

seedlings of AtGASA6 transgenic lines are grown on MS medium containing 50 mg/L Kan. 488 

Bar=1 cm. (f) Young seedlings of T2 generation of the four AtGASA6 transgenic lines grow 489 

normally on MS medium containing 50 mg/L Kan while the growth of WT seedlings is 490 

suppressed. Bar=1 cm. (g) The transcription of AtGASA6 is detected in leaves of each of the 491 

four overexpression lines (T2 generation) in RT-PCR analysis. Actin is used as a house-492 

keeping gene. 493 

 494 

Figure 2. Testing of sucrose concentration on which explants of AtGASA6 495 

overexpression lines can regenerate while explants of WT cannot. (a-b) Calli are induced 496 

and shoots are subsequently regenerated from leaf explants of both AtGASA6 overexpression 497 

lines and WT on shooting media with 3% (a) and 6% (b) sucrose. Bar=1 cm. (c) Leaf 498 

explants of both AtGASA6 overexpression lines and WT is browning and no shoot 499 

regeneration is observed on shooting medium with 9% sucrose. Bar=1 cm. Considering the 500 

similar phenotype, only the picture of overexpression line AtGASA6-OE #1 is shown. 501 

 502 

Figure 3. Leaf explants of AtGASA6 overexpression lines regenerate shoots and roots on 503 

sugar-free shooting and rooting media, respectively, while leaf explants of WT cannot. 504 

(a) Leaf explants of AtGASA6 overexpression lines regenerate shoots on sugar-free shooting 505 

medium while leaf explants of WT cannot. Bar=1cm. (b) Almost each leaf explant of 506 

AtGASA6 overexpression lines has three regenerated shoots while each leaf explant has zero 507 

shoot on sugar-free rooting medium. (c) Shoots of AtGASA6 overexpression lines can grow 508 

roots normally on sugar-free rooting medium. Bar=1cm. Considering the similar phenotype, 509 

only the pictures of overexpression lines AtGASA6-OE #1 and/or #2 are shown.  510 

 511 
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Figure 4. Growth response of AtGASA6 overexpression tobacco seedlings on sugar-free 512 

MS medium. (a) Seedlings of AtGASA6 overexpression lines have normal shoots while 513 

seedlings of WT have pale shoots on the sugar-free MS medium. Bar=1 cm. (b) Seedlings of 514 

AtGASA6 overexpression lines have normal roots while seedlings of WT have less and short 515 

roots on the sugar-free MS medium. Considering the similar phenotype, only the picture of 516 

overexpression line AtGASA6-OE #2 is shown. Bar=1 cm. (c) Seedlings of AtGASA6 517 

overexpression lines have normal shoots and roots while seedlings of WT have abnormal 518 

shoots and roots on the sugar-free MS medium. Bar=1 cm. (d) The chlorophyll content of 519 

AtGASA6 overexpression lines is significantly higher than that of WT on the sugar-free MS 520 

medium.  521 

 522 

Figure 5. No growth defects are observed in AtGASA6 overexpression lines. (a-c) 523 

Morphologic comparison between AtGASA6 overexpression lines and WT growing on MS 524 

medium in a growth chamber (a) and in soil in a greenhouse (b-c). Bar=1 cm. (d-e) 525 

Morphologic comparison of flowers (d) and capsules (e) between AtGASA6 overexpression 526 

lines and WT. Bar=1 cm. Considering the similar phenotype, only the pictures of 527 

overexpression line AtGASA6-OE #1 are shown. (f) There is no significant difference in the 528 

number of capsules between AtGASA6 overexpression lines and WT. N.S., no significant 529 

difference. 530 

 531 

Figure 6. Generation of tobacco transgenic lines using AtGASA6 as a selectable marker. 532 

(a) Schematic diagrams of the binary vectors used for transformation. The binary vector 533 

pBIN19 is used as the backbone of the vector. Both AtGASA6 and AtGAI genes are driven by 534 

the constitutive CaMV 35S promoter (CaMV35Spro). The two expression cassettes are in 535 

reverse orientations. NOS-T: nopaline synthase promoter/terminator; LB: left border; RB: 536 

right border; MCS: multiple cloning site. The negative control vector contains the AtGASA6 537 

expression cassette but not the AtGAI expression cassette. OE, overexpression. (b) The plant 538 

size of AtGAI overexpression lines generated using AtGASA6 as a selectable marker on the 539 

sugar-free shooting and rooting media is smaller than that of the negative control line. 540 

AtGAI-OE#1，AtGAI-OE#2 and AtGAI-OE#3 are three overexpression lines of AtGAI 541 

gene. Control is one of positive lines of the negative control vector. Bar= 1 cm. (c) The 542 

overexpression of AtGASA6 in the leaves of both AtGAI overexpression lines and the 543 

negative control line is detected in qRT-PCR analysis. (d) The overexpression of AtGAI is 544 

detected in leaves of AtGAI overexpression lines while not in leaves of the negative control 545 
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line in qRT-PCR analysis. 546 



Figures

Figure 1

Generation of AtGASA6 overexpression tobacco lines. (a) Schematic diagram of the binary vector used
for transformation. The binary vector pBIN19 is used as the backbone. Both AtGASA6 and NPTII genes
are driven by the constitutive CaMV 35S promoter (CaMV35Spro). The two expression cassettes are in



reverse orientations. NOS T: nopaline synthase promoter/terminator; LB: left border; RB: right border. (b)
Putatively transformed leaf explants are growing shoots on shooting medium. Bar=1 cm. (c)
Untransformed leaf explants are turning pale on shooting medium. Bar=1 cm . (d) The putative
transgenic shoot (right) grows roots while the negative shoot (left) cannot grow roots and is turning pale
on rooting medium. Bar=1 cm. (e) The ratio of normal and pale plants is 3:1 when T1 generation
seedlings of AtGASA6 transgenic lines are grown on MS medium containing 50 mg/L Kan. Bar=1 cm. (f)
Young seedlings of T2 generation of the four AtGASA6 transgenic lines grow normally on MS medium
containing 50 mg/L Kan while the growth of WT seedlings is suppressed. Bar=1 cm. (g) The transcription
of AtGASA6 is detected in leaves of each of the four overexpression lines (T2 generation) in RT PCR
analysis. Actin is used as a house keeping gene.



Figure 2

Testing of sucrose concentration on which explants of AtGASA6 overexpression lines can regenerate
while explants of WT cannot. (a b) Calli are induced and shoots are subsequently regenerated from leaf
explants of both AtGASA6 overexpression lines and WT on shooting media with 3% (a) and 6% (b)
sucrose. Bar=1 cm. (c) Leaf explants of both AtGASA6 overexpression lines and WT is browning and no



shoot regeneration is observed on shooting medium with 9% sucrose. Bar=1 cm. Considering the similar
phenotype, only the picture of overexpression line AtGASA6 OE #1 is shown.

Figure 3

Leaf explants of AtGASA6 overexpression lines regenerate shoots and roots on sugar free shooting and
rooting media, respectively, while leaf explants of WT cannot. (a) Leaf explants of AtGASA6
overexpression lines regenerate shoots on sugar free shooting medium while leaf explants of WT cannot.



Bar=1cm. (b) Almost each leaf explant of AtGASA6 overexpression lines has three regenerated shoots
while each leaf explant has zero shoot on sugar free rooting medium. (c) Shoots of AtGASA6
overexpression lines can grow roots normally on sugar free rooting medium. Bar=1cm. Considering the
similar phenotype, only the pictures of overexpression lines AtGASA6 OE #1 and/or #2 are shown.

Figure 4



Growth response of AtGASA6 overexpression tobacco seedlings on sugar free MS medium. (a) Seedlings
of AtGASA6 overexpression lines have normal shoots while seedlings of WT have pale shoots on the
sugar free MS medium. Bar=1 cm. (b) Seedlings of AtGASA6 overexpression lines have normal roots
while seedlings of WT have less and short roots on the sugar free MS medium. Considering the similar
phenotype, only the picture of overexpression line AtGASA6 OE #2 is shown. Bar=1 cm. (c) Seedlings of
AtGASA6 overexpression lines have normal shoots and roots while seedlings of WT have abnormal
shoots and roots on the sugar free MS medium. Bar=1 cm. (d) The chlorophyll content of AtGASA6
overexpression lines is signi�cantly higher than that of WT on the sugar free MS medium.



Figure 5

No growth defects are observed in AtGASA6 overexpression lines. (a c) 523 Morphologic comparison
between AtGASA6 overexpression lines and WT growing on MS medium in a growth chamber (a) and in
soil in a greenhouse (b c). Bar=1 cm. (d e) Morphologic comparison of �owers (d) and capsules (e)
between AtGASA6 overexpression lines and WT. Bar=1 cm. Considering the similar phenotype, only the



pictures of overexpression line AtGASA6 OE #1 are shown. (f) There is no signi�cant difference in the
number of capsules between AtGASA6 overexpression lines and WT. N.S., no signi�cant difference.

Figure 6

Generation of tobacco transgenic lines using AtGASA6 as a selectable marker. (a) Schematic diagrams of
the binary vectors used for transformation. The binary vector pBIN19 is used as the backbone of the
vector. Both AtGASA6 and AtGAI genes are driven by the constitutive CaMV 35S promoter (CaMV35Spro).



The two expression cassettes are in reverse orientations. NOS T: nopaline synthase promoter/terminator;
LB: left border; RB: right border; MCS: multiple cloning site. The negative control vector contains the
AtGASA6 expression cassette but not the AtGAI expression cassette. OE, overexpression. (b) The plant
size of AtGAI overexpression lines generated using AtGASA6 as a selectable marker on the sugar free
shooting and rooting media is smaller than that of the negative control line. AtGAI OE#1 AtGAI OE#2 and
AtGAI OE#3 are three overexpression lines of AtGAI gene. Control is one of positive lines of the negative
control vector. Bar= 1 cm. (c) The overexpression of AtGASA6 in the leaves of both AtGAI overexpression
lines and the negative control line is detected in qRT PCR analysis. (d) The overexpression of AtGAI is
detected in leaves of AtGAI overexpression lines while not in leaves of the negative control line in qRT--
PCR analysis.
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