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Abstract
Tomato (Solanum  lycopersicum)  fruits  can be found in  a  range of  colors,  including green,  yellow,  red,  pink  and purple.  The various  colors  are

determined by the accumulation of molecules such as chlorophyll, carotenoids (including lycopene) and flavonoids. Since the DR5 promoter is

induced  by  auxin,  we  can  infer  that  the  auxin  responses  differ  at  different  developmental  stages  in  tomato.  Fruit-specific  promoters  can

effectively drive gene expression in fruits, and the E8 promoter is one of the most widely used fruit-specific promoters. In this study, DR5::Ruby
transgenic tomato plants were used to further clarify the auxin content at different developmental stages in tomato. The results showed that the

nonuniformity of Ruby activity was consistent with the natural distribution characteristics of native auxin, and the results were also consistent

with the qRT‒PCR results. Furthermore, the accumulation of endogenous auxin at the immature green stage (IMG) was higher than that at the

other stages.

In  addition,  E8::Ruby was  transformed  into  different  tomato  varieties  (red,  white  and  yellow)  to  generate  new  tomato  varieties  with  fruit  of

different colors. The results showed that the E8::Ruby-transformed plants exhibited asymmetrical pink coloration in different tomato tissues of

plants from different tomato cultivars. In conclusion, all the results showed that DR5 and E8 are suitable systems for studying the application of

the Ruby reporter gene in tomato. Moreover, the study will provide insight for the improvement of tomato fruit color via biotechnology.
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 INTRODUCTION

It  is  well  recognized  that  various  reporters  can  be  used  to
monitor  gene  expression  and  protein  subcellular  localization.
For  example,  green  fluorescent  protein  (GFP),  red  fluorescent
protein  (RFP),  yellow  fluorescent  protein  (YFP)  and β-
glucuronidase  (GUS)  have  been  widely  used  as  reporters  for
gene  expression  or  fusion  proteins[1−3].  Although  traditional
GFP  and  GUS  reporters  are  commonly  used  in  plants  for
monitoring gene expression,  there  are  limitations  to  their  use.
The  fluorescent  proteins  GFP,  RFP  and  YFP  require  a  micro-
scope  for  detection,  and  it  is  not  suitable  to  observe  the
development  state  of  the  plants.  The  GUS  reporter  gene  is
invasive, since it requires killing the plants,  and is not practical
for  use  in  the  field.  Consequently,  it  is  necessary  to  develop
new  reporter  systems  that  can  be  investigated  noninvasively
for  cellular  activities.  The  RFP  identified  in Discosoma sp. coral
(DsRed2)  was  successfully  used  as  a  visual  marker  for  cotton
genetic engineering[4].

Betaine is a kind of natural plant product extracted from the
amino  acid  tyrosine.  Betalain  biosynthesis  has  been  well
studied,  and  only  three  enzymatic  reactions  are  required  to
convert  tyrosine  to  betalain.  The  benzene  ring  of  tyrosine  is
hydroxylated  to  produce  L-3,4-dihydroxyphenylalanine  (L-
DOPA)  by  the  catalysis  of  the  P450  oxygenase  CYP76AD1
(Fig.  1a),  and  L-DOPA  is  oxidized  by  CYP76AD1  to  further
generate  cyclo-DOPA  (Fig.  1a).  In  addition,  L-DOPA-4,5-

dioxygenase  (DODA)  catalyzes  the  formation  of β-carbamic
acid from L-DOPA. Subsequently, β-carbamic acid is condensed
with cyclo-DOPA to produce betanidin, the process of does not
require an enzyme (Fig. 1a)[5].  Furthermore, betalain has a very
bright red color and could serve as a reporter for tracking gene
expression  or  visualizing  transgenic  events.  We  assume  that
betalain,  which requires  no special  facility  and is  visible  to  the
naked eye, could be a more convenient reporter than previous
reporters  are.  The  possibility  of  improving  tomato  fruit  color
involves changing the regulation of carotenoids[6], flavonoids[7],
anthocyanins[8] and  the  introduction  of  other  pigment
synthesis-related  genes  via  genetic  engineering.  Components
needed  for  the  biosynthesis  of  the  betalain-related  genes
Cyp76ad1 Bvdoda1 and Cdopa5gt were transferred into tomato,
which  ultimately  resulted in  the  production of  mature  tomato
fruits that were purplish red[9]. DR5 is an artificially synthesized
and highly active auxin-response element[10]. Fortunately, Zhao
et  al.  synthesized  the  betalain-related  genes Cyp76ad1,
Bvdoda1 and Cdopa5gt,  which  were  subsequently  transferred
into Arabidopsis and driven by the DR5 promoter[11]. The results
showed that the artificial open reading frame named Ruby is a
very  effective  marker  for  noninvasively  selecting  transforma-
tion events in both rice and Arabidopsis. Moreover, Ruby can be
used  to  visualize  gene  expression  without  any  chemical
treatments,  and  it  is  more  useful  and  effective  for  analyzing
plants in naturally growing fields.
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Deikman et al.  confirmed that whether the E8 gene is speci-
fically  expressed  during  fruit  ripening  mainly  depends  on  a
409−263  region  of  the  E8  promoter[12].  The  −1088  to  −863
region of the E8 promoter is the binding region of DNA-binding
protein.  Knocking  out  this  region  significantly  reduces  the
expression of the E8 gene in mature fruits.  The results showed
that  the  effective  binding of  −1088 to  −863 to  a  DNA-binding
protein is an essential factor for high expression of the E8 gene
during tomato fruit ripening. Furthermore, the −2181 to −1088
region  contains  an  ethylene-responsive  factor  gene-binding
site.

The  availability  of  fruit-specific  promoters  greatly  promotes
the ability to improve fruit quality by genetic transformation[13].
As one of the most widely used fruit-specific promoters, the E8
promoter has been applied to transgenic tomato fruits[14−16]. In
this research, we clarified whether the E8 promoter can be used
to  regulate  the  expression  of  the Ruby gene  in  tomato.  The
original  DR5  promoter  was  replaced  by  the  E8  promoter  to
construct the E8::Ruby vector.  In addition, to identify the auxin
content  and  responses  in  different  tissues  of  various  develop-
mental  stages,  a  DR5  reporter  system  with  the  visual  marker
Ruby was constructed.

 MATERIALS AND METHODS

 Plant material and growth conditions
The  plant  materials  used  in  this  study  had  red,  white  or

yellow colored fruit and came from the following four cultivars:
the 'Moneymaker' cultivar, which is characterized by round red
fruit  of  medium  size,  and  which  served  as  the  control  cultivar
for  the  experiment;  the  white  fruit  bearing  cultivar  '06883',
leaves yellow and fruit pre whitening, and which was breeding
material obtained from our laboratory; the yellow fruit bearing
cultivar '19458', which is characterized as a cherry tomato with
round, yellow fruit, and which was also breeding material from
our laboratory;  and the cultivar  'Micro-Tom',  which is  a  limited
growth  type  with  a  production  cycle  of  4−5  weeks.  All  the
tomato cultivars were grown under a 16 h/8 h light/dark photo-
period at  25−27 °C in the greenhouse.  The positive transgenic
plants, including E8::Ruby and DR 5::Ruby, were further used for
monitoring  tomato  fruit  color  and  the  auxin  response  at
different developmental stages.

 Vector construction and plant transformation
The 2200 bp sequences of the E8 promoter was amplified by

PCR,  in  which the  E8  promoter  replaced the  DR5 promoter  by
double  enzyme  digestion  with  Sma  I  and  Pst  I  restriction  sites

Non
enzymatic
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Fig. 1    Components required for betalain biosynthesis. (a) Chemical reactions for converting tyrosine into betalain, according to Zhao et al.[11].
(b) Two promoters, DR5 and E8, were used to drive the expression of the Ruby gene.
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(Takara Bio, USA) to drive the expression of the Ruby gene. Both
the  DR5::Ruby and  E8::Ruby plasmids  were  transformed  into
cotyledons of different tomato varieties (red, white and yellow
fruit bearing) by Agrobacterium-mediated plant transformation
according to a previous protocol. The transformed plants were
subjected  to  PCR  analysis.  All  the  primers  used  are  listed  in
Supplemental  Table S1.  The DR5::Ruby plasmids were donated
by Dr. Zhao (Supplemental Fig. S1).

 Identification of transgenic plants
Since betalain has a very bright red color, the Ruby gene can

serve  as  a  reporter  to  track  gene  expression  or  to  visualize
transgenic events. The tomato calli,  primary transformants (T0)
and  transgenic  seeds  of  E8::Ruby and  DR5::Ruby were  easily
identified by their red color. In addition, the 2200 bp 5' flanking
sequence  of  the  E8  promoter  and  2000  bp  partial  encode
sequence  of  the Ruby gene  were  used  to  test  the  positive
transgenic plants. Transgenic plants for DR5::Ruby and E8::Ruby
were selected on Murashige and Skoog (MS) media containing
kanamycin.

 qRT‒PCR and IAA content quantification
Total  RNA  was  extracted  from  the  roots,  stems,  leaves,

flowers  and  fruits  of  transgenic  plants  according  to  the
instructions  of  TRIzol  reagent,  and  then  the  first-strand  cDNA
was  synthesized  according  to  a  cDNA  synthesis  kit.  qRT-PCR
was  performed  to  analyze  the  expression  levels  of  the  Ruby
gene  at  different  developmental  stages  of  tomato.  Three
biological  replicates  were  included  for  each  sample.  The  rela-
tive  expression levels  were  analyzed using the  2−ΔΔCᴛ method,
with the tomato Actin gene serving as an internal reference. All
the  primers  used  for  qRT‒PCR  analysis  are  listed  in Supple-
mental  Table  S1.  Endogenous  indoleacetic  acid  (IAA)  was
extracted from the roots, stems, leaves, flowers and fruits of the
transgenic  plants.  The  IAA  content  was  measured  via  high-
performance liquid chromatography (HPLC).

 RESULTS

 Construction of E8::Ruby reporter gene constructs
Three  enzymatic  reactions  are  essential  to  convert  tyrosine

into  betalain  in  the  biosynthesis  of  betalain  (Fig.  1a).  The  2A-
linked  unit  of  CYP76AD1,  DODA,  and  glucosyltransferase  was
named Ruby. It has a bright red color when the reporter system
comprises  a  promoter  and Ruby gene,  which  could  serve  as  a
marker  for  noninvasively  selecting transformation events.  Two
different  reporter  systems  with  the  fruit-specific  promoter  E8
and the auxin-responsive synthetic promoter DR5 were used to

drive the expression of  the Ruby gene (Fig.  1b).  The DR5::Ruby
plasmids were donated by Dr. Zhao[11]. The 2200 bp 5' band of
the E8 promoter was cloned by PCR, in which the E8 promoter
replaced the DR5 promoter to drive the expression of the Ruby
gene.

 RUBY is a very effective marker for noninvasively
selecting transformation events in tomato

To identify the expression of auxin at different developmen-
tal  stages,  DR5::Ruby was  transformed  into  Micro  Tom  tomato
plants.  In  addition,  to  obtain  new  colored  tomato  fruits,
E8::Ruby was  transformed  into  different  tomato  varieties  (red,
white and yellow fruit bearing). As shown in Fig. 2a, the specific
primer Hpt was used to screen the transformed plants. The PCR
results  were  consistent  with  those  of  the Ruby gene,  and  the
positively  transformed  calli  were  red  (Fig.  2b).  Furthermore,
both DR5::Ruby and E8::Ruby clearly identified the transformed
tomato calli (Fig. 2b).

 Tissue-specific activity of DR5 in the different tomato
organs

DR5::Ruby reporter  gene  integration  was  identified  by Ruby
assay and PCR amplification. The Ruby assay was performed to
assess  the  local  auxin-response  characteristics  of  the  DR5
system in  different  tomato organs.  The untransformed control
seeds  (Fig.  3a),  stems  (Fig.  3b),  leaves  (Fig.  2b),  axillary  buds
(Fig. 3c) and fruits (Fig. 3d) were no different in their color. How-
ever,  a pink color could be clearly observed at the apex of  the
seeds,  hooks  (Fig.  2a),  axillary  bud  (Fig.  3c)  stems,  leaves  (Fig.
2b)  and  fruits  (Fig.  3d)  of  the  transgenic  plants.  The  above
results  showed the  tissue-specific  local  accumulation of  endo-
genous  auxin  in  tomato.  Hence,  the  nonuniformity  of Ruby
activity  was  consistent  with  the  natural  distribution  characte-
ristics of native auxin, and the results were also consistent with
the qRT‒PCR results (Fig. 3f).  In addition, to verify whether the
auxin content could be visualized in the DR5::Ruby transformed
plants, IAA was quantified in some tissues, and the results were
in  accord  with  the  depth  of  color  associated  with Ruby in
different  tissues  (Fig.  3g).  Clearly,  the  accumulation  of  endo-
genous  auxin  at  the  immature  green  stage  (IMG)  was  higher
than  that  at  the  other  stages  (Fig.  3d & e).  Furthermore,  the
results also showed that it is practical to use the DR5 system for
auxin distribution and response observations in tomato.

 E8::Ruby transformation into different tomato varieties
(red, white and yellow)

qRT-PCR was performed to identify the expression pattern of
the Ruby gene in tomato. The expression pattern of Ruby in the
roots,  stems,  leaves,  flowers,  seeds,  and  fruit  was  detected.  As

a b

 
Fig. 2    Ruby was effective for noninvasively selecting transformation events in tomato. (a) The Hpt assay from seven regenerated plantlets; P3,
P5, P10, P18, P25 and P31 were positive; P2, P6, P14 and P17 were negative. M, maker; W, water; C, negative nontransgenic control; P, positive
plasmid  control;  (b)  The Ruby gene  was  expressed  in  tomato  calli.  The  red  color  was  distinguished  in  positively  transformed  calli  (red)  and
nontransgenic calli (green).

The application of Ruby reporter gene in tomato
 

Yang et al. Vegetable Research 2023, 3:12   Page 3 of 7



shown in Fig. 4, Ruby was expressed in all these organs, and the
expression  levels  were  higher  in  the  fruits  than  in  the  other
tissues.

Consistently,  the  expression pattern of Ruby was  verified by
the observation of bright red color in different tissues (Fig. 5a &
c).  The results  showed that  the  bright  red color  was  identified
by  the  Ruby  reporter  assay  in  different  organs  of  cultivars

whose  fruits  are  red,  white  and  yellow,  and  the  red  color  was
brighter in the fruits than in the other tissues. Furthermore, the
results were consistent with the qRT-PCR results.  Nevertheless,
the  bright  red  color  at  the  IMG  stage  of  the  white,  red  and
yellow fruits was higher than that in other mature stages, and it
was  difficult  to  distinguish  the  bright  red  plants  from  control
plants  because  they  also  showed  red  ripe  (RR)  fruits  at  the  RR

a

b
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Fig. 3    Characteristics of DR5::Ruby transgenic tomato plants in different tissues. (a) Seeds; (b) Stems and leaves; (c) Axillary buds; (d) Flowers
and fruits; (e) Plants; (f) qRT-PCR analysis of DR5 expression in different tomato organs. (g) The IAA content of different tissues. IMG, immature
green stage; MG, mature green stage; BR, breaker stage; YR, yellow ripe stage; RR, red ripe stage.
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stage (Fig.  5b).  Interestingly,  the bright red color  at  the yellow
ripe (YR) and RR stages was still higher than that of the WT, and
it appears to be the purplish red variety compared with the WT.
Thus,  the results  in  the yellow cultivars  were inconsistent  with
the results of red and white fruit bearing cultivars.

 DISCUSSION

Auxin is essential for plant growth and development[17]. DR5,
an  auxin-specific  promoter,  has  been  reported  to  be  an
effective  tool  for  monitoring  the  auxin  expression  and
distribution of different organs in Arabidopsis, tomato, rice and
Populus[18−20]. In this study, to noninvasively monitor the auxin

 
Fig. 4    The expression of the Ruby gene in 'Moneymaker' plants.
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c

 
Fig. 5    Characteristics of E8::Ruby transgenic tomato plants in different tissues and different tomato varieties (red, white and yellow). (a) Seeds
and seedlings; (b) Different tomato varieties red fruit bearing 'Moneymaker', white fruit bearing '06883' and yellow fruit bearing '19458'; (c) The
section observation of the tomato fruits. IMG, immature green stage; MG, mature green stage; BR, breaker stage; YR, yellow ripe stage; RR, red
ripe stage.
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response  at  different  developmental  stages  in  tomato,  a  DR5
reporter  system  with  the  visual  marker Ruby was  constructed.
Consistently,  the  DR5::Ruby-transformed  plants  showed  a  pink
color with an asymmetrical distribution of endogenous auxin in
different  tomato  tissues.  These  results  showed  that  the  DR5
reporter  system  is  a  promising  tool  for  monitoring  the  tissue-
specific local accumulation of endogenous auxin in tomato.

The  availability  of  fruit-specific  promoters  greatly  benefits
fruit quality by genetic transformation. The E8 promoter, as one
of the most widely used fruit-specific promoters, is widely used
for  specific  expression  in  mature  tomato  fruits.  For  example,
Luo et al.  transferred E8:AtMYB12 into Money Maker tomato to
increase  the  flavonol  content  in  the  fruit  and  obtain  orange
fruit[21]. In addition, Scarano et al. introduced the grape stilbene
synthase gene vvstsy into indigo tomato plants and developed
bronze tomato plants[22]. Furthermore, Sun et al. overexpressed
the Slan2-like gene  comprising  the  E8  promoter  in  AC  culti-
vated varieties,  and purple tomato fruits were obtained with a
purple  peel  and  flesh[23].  The  −1088  to  −863  region  of  the  E8
promoter  is  the  binding  region  of  DNA-binding  protein,  and
knocking out this region significantly reduced the expression of
the  E8  gene  in  mature  fruits.  Inconsistently,  all  the  −1088
region of the E8 promoter was cloned to construct the E8::Ruby
vector  in  this  study.  The  results  showed  that  the  E8::Ruby-
transformed  plants  exhibited  asymmetrical  pink  coloration  in
different tomato tissues of different tomato cultivars (red, white
and yellow). In particular, it is brighter red at the RR stage in the
yellow  fruit  bearing  cultivars  than  in  the  red  and  white  fruit
bearing cultivars. Finally, all the results showed that DR5 and E8
are  suitable  systems  for  studying  the  application  of  the Ruby
reporter gene in tomato.

 CONCLUSIONS

In this study,  DR5::Ruby transgenic tomato plants were used
to further  clarify  the  auxin  content  at  different  developmental
stages in tomato. The results showed that the nonuniformity of
Ruby activity  was  consistent  with  the  natural  distribution
characteristics  of  native  auxin.  In  addition,  E8::Ruby was  trans-
formed  into  different  tomato  varieties  (red,  white  and  yellow)
to  obtain  tomato  plants  from  different  germplasm  back-
grounds  bearing  new  colors  of  fruit.  The  results  not  only
showed that DR5 and E8 are suitable systems for studying the
application  of  the Ruby reporter  gene  in  tomato,  but  also  will
provide  insight  for  the  improvement  of  tomato  fruit  color  via
biotechnology.

ACKNOWLEDGMENTS

We acknowledge financial support from the National Natural
Science Foundation of China (32002059), the China Agriculture
Research  System  (CARS-23-A11)  and  the  Fellowship  of  China
Postdoctoral  Science  Foundation  (2020  M681068).We  also
acknowledge  the  donation  of  the  DR5::Ruby plasmids  by  Dr.
Zhao.

Conflict of interest

The authors declare that they have no conflict of interest.

Supplementary  Information accompanies  this  paper  at
(https://www.maxapress.com/article/doi/10.48130/VR-2023-0012)

Dates

Received  8  September  2022;  Accepted  8  February  2023;
Published online 3 April 2023

REFERENCES

Fang XD,  Qiao JH,  Zang Y,  Gao Q,  Xu WY,  et  al. 2022.  Developing
reverse genetics systems of northern cereal mosaic virus to reveal
superinfection  exclusion  of  two  cytorhabdoviruses  in  barley
plants. Molecular Plant Pathology 23:749−56

1.

Huang L,  Yu LJ,  Zhang X,  Fan B,  Wang FZ,  et  al. 2019.  Autophagy
regulates glucose-mediated root meristem activity by modulating
ROS production in Arabidopsis. Autophagy 15:407−22

2.

Yariuchi  Y,  Okamoto  T,  Noutoshi  Y,  Takahashi  T. 2021.  Responses
of  polyamine-metabolic  genes  to  polyamines  and  plant  stress
hormones in Arabidopsis seedlings. Cells 10:3283

3.

Lin S, Alariqi M, Yi Z, et al. 2018. Red fluorescent protein (DsRed2),
an ideal reporter for cotton genetic transformation and molecular
breeding. The Crop Journal 6:366−76

4.

Polturak  G,  Aharoni  A. 2019.  Advances  and  future  directions  in
betalain metabolic engineering. New Phytologist 224:1472−78

5.

D'Ambrosio C,  Stigliani AL,  Giorio G. 2018. CRISPR/Cas9 editing of
carotenoid genes in tomato. Transgenic Research 27:367−78

6.

Zhu G, Wang S, Huang Z, Zhang S, Liao Q, et al. 2018. Rewiring of
the fruit metabolome in tomato breeding. Cell 172:249−261.E12

7.

Butelli  E,  Titta  L,  Giorgio  M,  Mock  HP,  Matros  A,  et  al. 2008.
Enrichment  of  tomato  fruit  with  health-promoting  anthocyanins
by expression of select transcription factors. Nature Biotechnology
26:1301−8

8.

Polturak  G,  Grossman  N,  Vela-Corcia  D,  Dong  Y,  Nudel  A,  et  al.
2017.  Engineered gray  mold resistance,  antioxidant  capacity,  and
pigmentation  in  betalain-producing  crops  and  ornamentals.
Proceedings of the National Academy of Sciences of the United States
of America 114:9062−67

9.

Ulmasov T, Murfett J, Hagen G, Guilfoyle TJ. 1997. Aux/IAA proteins
repress expression of reporter genes containing natural and highly
active synthetic auxin response elements. The Plant Cell 9:1963−71

10.

He  Y,  Zhang  T,  Sun  H,  Zhan  H,  Zhao  Y. 2020.  A  reporter  for
noninvasively  monitoring  gene  expression  and  plant  transforma-
tion. Horticulture Research 7:152

11.

Deikman  J,  Xu  R,  Kneissl  ML,  Ciardi  JA,  Kim  KN,  Pelah  D. 1998.
Separation  of  cis  elements  responsive  to  ethylene,  fruit  develop-
ment,  and  ripening  in  the  5'-flanking  region  of  the  ripening-
related E8 gene. Plant Molecular Biology 37:1001−11

12.

Hiwasa-Tanase  K,  Kuroda  H,  Hirai  T,  Aoki  K,  Takane  K,  et  al. 2012.
Novel promoters that induce specific transgene expression during
the  green  to  ripening  stages  of  tomato  fruit  development. Plant
Cell Reports 31(8):1415−24

13.

Akiyama  R,  Nakayasu  M,  Umemoto  N,  Kato  J,  Kobayashi  M,  et  al.
2021.  Tomato E8 encodes  a  C-27  hydroxylase  in  metabolic
detoxification  of α-tomatine  during  fruit  ripening. Plant  and Cell
Physiology 62:775−83

14.

Hirai  T,  Kim YW,  Kato K,  Hiwasa-Tanase K,  Ezura  H. 2011.  Uniform
accumulation  of  recombinant  miraculin  protein  in  transgenic
tomato fruit using a fruit-ripening-specific E8 promoter. Transgenic
Research 20:1285−92

15.

Kesanakurti  D,  Kolattukudy  PE,  Kirti  PB. 2012.  Fruit-specific
overexpression  of  wound-induced tap1 under  E8  promoter  in
tomato confers  resistance to  fungal  pathogens  at  ripening stage.
Physiologia Plantarum 146(2):136−48

16.

 
The application of Ruby reporter gene in tomato

Page 6 of 7   Yang et al. Vegetable Research 2023, 3:12

https://www.maxapress.com/article/doi/10.48130/VR-2023-0012
https://doi.org/10.1111/mpp.13188
https://doi.org/10.1111/mpp.13188
https://doi.org/10.1080/15548627.2018.1520547
https://doi.org/10.3390/cells10123283
https://doi.org/10.1016/j.cj.2018.05.002
https://doi.org/10.1111/nph.15973
https://doi.org/10.1007/s11248-018-0079-9
https://doi.org/10.1016/j.cell.2017.12.019
https://doi.org/10.1038/nbt.1506
https://doi.org/10.1073/pnas.1707176114
https://doi.org/10.1073/pnas.1707176114
https://doi.org/10.1105/tpc.9.11.1963
https://doi.org/10.1038/s41438-020-00390-1
https://doi.org/10.1023/A:1006091928367
https://doi.org/10.1007/s00299-012-1257-5
https://doi.org/10.1007/s00299-012-1257-5
https://doi.org/10.1007/s00299-012-1257-5
https://doi.org/10.1093/pcp/pcab080
https://doi.org/10.1093/pcp/pcab080
https://doi.org/10.1007/s11248-011-9495-9
https://doi.org/10.1007/s11248-011-9495-9
https://doi.org/10.1007/s11248-011-9495-9
https://doi.org/10.1111/j.1399-3054.2012.01626.x
https://www.maxapress.com/article/doi/10.48130/VR-2023-0012
https://doi.org/10.1111/mpp.13188
https://doi.org/10.1111/mpp.13188
https://doi.org/10.1080/15548627.2018.1520547
https://doi.org/10.3390/cells10123283
https://doi.org/10.1016/j.cj.2018.05.002
https://doi.org/10.1111/nph.15973
https://doi.org/10.1007/s11248-018-0079-9
https://doi.org/10.1016/j.cell.2017.12.019
https://doi.org/10.1038/nbt.1506
https://doi.org/10.1073/pnas.1707176114
https://doi.org/10.1073/pnas.1707176114
https://doi.org/10.1105/tpc.9.11.1963
https://doi.org/10.1038/s41438-020-00390-1
https://doi.org/10.1023/A:1006091928367
https://doi.org/10.1007/s00299-012-1257-5
https://doi.org/10.1007/s00299-012-1257-5
https://doi.org/10.1007/s00299-012-1257-5
https://doi.org/10.1093/pcp/pcab080
https://doi.org/10.1093/pcp/pcab080
https://doi.org/10.1007/s11248-011-9495-9
https://doi.org/10.1007/s11248-011-9495-9
https://doi.org/10.1007/s11248-011-9495-9
https://doi.org/10.1111/j.1399-3054.2012.01626.x


Kurepa J,  Smalle JA. 2022. Auxin/cytokinin antagonistic control of
the  shoot/root  growth  ratio  and  its  relevance  for  adaptation  to
drought  and  nutrient  deficiency  stresses. International  Journal  of
Molecular Sciences 23:1933

17.

Ivanchenko  MG,  Napsucialy-Mendivil  S,  Dubrovsky  JG. 2010.
Auxin-induced  inhibition  of  lateral  root  initiation  contributes  to
root  system  shaping  in Arabidopsis  thaliana. The  Plant  Journal
64:740−52

18.

Pattison RJ, Catalá C. 2012. Evaluating auxin distribution in tomato
(Solanum  lycopersicum)  through  an  analysis  of  the PIN and
AUX/LAX gene families. The Plant Journal 70(4):585−98

19.

Spicer  R,  Tisdale-Orr  T,  Talavera  C. 2013.  Auxin-responsive  DR5
promoter  coupled  with  transport  assays  suggest  separate  but
linked routes of auxin transport during woody stem development
in Populus. PLoS One 8:e72499

20.

Luo  J,  Butelli  E,  Hill  L,  Parr  A,  Niggeweg  R,  et  al. 2008.  AtMYB12
regulates  caffeoyl  quinic  acid  and  flavonol  synthesis  in  tomato:

21.

expression  in  fruit  results  in  very  high  levels  of  both  types  of
polyphenol. The Plant Journal 56(2):316−26
Scarano  A,  Butelli  E,  De  Santis  S,  Cavalcanti  E,  Hill  L,  et  al. 2017.
Combined  dietary  anthocyanins,  flavonols,  and  stilbenoids
alleviate inflammatory bowel disease symptoms in mice. Frontiers
in Nutrition 4:75

22.

Sun C, Deng L, Du M, Zhao J, Chen Q, et al. 2020. A transcriptional
network  promotes  anthocyanin  biosynthesis  in  tomato  flesh.
Molecular Plant 13:42−58

23.

Copyright:  © 2023 by the author(s).  Published by
Maximum  Academic  Press,  Fayetteville,  GA.  This

article  is  an  open  access  article  distributed  under  Creative
Commons  Attribution  License  (CC  BY  4.0),  visit https://creative-
commons.org/licenses/by/4.0/.

The application of Ruby reporter gene in tomato
 

Yang et al. Vegetable Research 2023, 3:12   Page 7 of 7

https://doi.org/10.3390/ijms23041933
https://doi.org/10.3390/ijms23041933
https://doi.org/10.1111/j.1365-313X.2010.04365.x
https://doi.org/10.1111/j.1365-313X.2011.04895.x
https://doi.org/10.1371/journal.pone.0072499
https://doi.org/10.1111/j.1365-313X.2008.03597.x
https://doi.org/10.3389/fnut.2017.00075
https://doi.org/10.3389/fnut.2017.00075
https://doi.org/10.1016/j.molp.2019.10.010
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms23041933
https://doi.org/10.3390/ijms23041933
https://doi.org/10.1111/j.1365-313X.2010.04365.x
https://doi.org/10.1111/j.1365-313X.2011.04895.x
https://doi.org/10.1371/journal.pone.0072499
https://doi.org/10.1111/j.1365-313X.2008.03597.x
https://doi.org/10.3389/fnut.2017.00075
https://doi.org/10.3389/fnut.2017.00075
https://doi.org/10.1016/j.molp.2019.10.010
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms23041933
https://doi.org/10.3390/ijms23041933
https://doi.org/10.1111/j.1365-313X.2010.04365.x
https://doi.org/10.1111/j.1365-313X.2011.04895.x
https://doi.org/10.1371/journal.pone.0072499
https://doi.org/10.3390/ijms23041933
https://doi.org/10.3390/ijms23041933
https://doi.org/10.1111/j.1365-313X.2010.04365.x
https://doi.org/10.1111/j.1365-313X.2011.04895.x
https://doi.org/10.1371/journal.pone.0072499
https://doi.org/10.1111/j.1365-313X.2008.03597.x
https://doi.org/10.3389/fnut.2017.00075
https://doi.org/10.3389/fnut.2017.00075
https://doi.org/10.1016/j.molp.2019.10.010
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1365-313X.2008.03597.x
https://doi.org/10.3389/fnut.2017.00075
https://doi.org/10.3389/fnut.2017.00075
https://doi.org/10.1016/j.molp.2019.10.010
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	MATERIALS AND METHODS
	Plant material and growth conditions
	Vector construction and plant transformation
	Identification of transgenic plants
	qRT‒PCR and IAA content quantification

	RESULTS
	Construction of E8::Ruby reporter gene constructs
	RUBY is a very effective marker for noninvasively selecting transformation events in tomato
	Tissue-specific activity of DR5 in the different tomato organs
	E8::Ruby transformation into different tomato varieties (red, white and yellow)

	DISCUSSION
	CONCLUSIONS
	References

