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    Chapter 14   

 Activation Tag Screening for Cell Expansion 
Genes in  Arabidopsis thaliana  

           Chaowen     Xiao     and     Charles     T.     Anderson    

    Abstract 

   Forward genetic screens for growth-defi cient loss-of-function mutants have uncovered a wide array of 
genes involved in cell expansion. However, the centrality of cell growth to plant survival means that null 
mutations in many genes involved in this process are likely to be lethal early in development, making 
phenotypic analysis diffi cult. Additionally, the phenotypes of loss-of-function mutations in genes that are 
members of large gene families might be masked by functional redundancy with other family members. 
Activation tagging provides a method of screening for dominant overexpression phenotypes in an arbi-
trarily large collection of transgenic individuals, allowing for functional genomic identifi cation of genes 
related to cell growth and expansion. In this chapter, we discuss the advantages and limitations of activa-
tion tag screening and describe a protocol for identifying activation tag lines with enhanced cell expansion, 
using dark-grown  Arabidopsis thaliana  seedlings as an experimental system. We also describe secondary 
screens to identify candidate genes for further cell biological and genetic characterization. These protocols 
can be adapted to any process or species of interest, as long as a suitable activation-tagged population and 
a genome sequence are available.  

  Key words     Activation tagging  ,   Forward genetics  ,   Genetic redundancy  ,   Overexpression  ,   Cell expansion  , 
  Arabidopsis  

1      Introduction 

 For most plant cells, growth and expansion involve the synthesis 
and delivery of cell wall components, establishment of internal 
turgor pressure, and controlled yielding of the plant cell wall [ 1 ]. 
The putative proteins involved in these processes include carbohy-
drate biosynthetic enzymes, cytoskeletal and membrane traffi cking 
elements, ion transporters, and wall-remodeling proteins, and 
classical forward genetic loss-of-function approaches, such as EMS 
and insertional mutagenesis, have been used to identify many 
mutants with defects in cell expansion [ 1 – 3 ]. However, the likely 
early lethality caused by genetically ablating genes required for cell 
growth, along with the potential for redundancy among closely 
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related genes, limits the capacity of loss-of-function screening to 
reveal the entire suite of growth and expansion-related genes. 

 Activation tagging, in which enhancer elements are inserted 
randomly into the genome to drive overexpression of nearby genes, 
has been recognized for over two decades as a complementary 
functional genomics approach that allows for the identifi cation of 
genes involved in a process by detection of overexpression pheno-
types [ 4 ,  5 ]. In searching for cell growth and expansion genes, 
this approach has the distinct advantage of allowing researchers 
to identify plants that are larger than average instead of plants that 
are smaller than average, allowing for easy detection in large popu-
lations of mutants. In addition, activation tagging is usually 
expected to have a dominant effect on plant phenotype, allowing 
for phenotypic screening in heterozygous T1 plants, thus reducing 
the screening population by 75 % as compared with recessive loss-
of- function screens. Activation tagging collections exist for the 
model plant species  Arabidopsis thaliana  and  Oryza sativa  [ 4 ,  6 ,  7 ], 
but have also been developed for newer model species such as 
 Brachypodium distachyon  and  Populus trichocarpa  [ 8 ,  9 ]. In addi-
tion, the identifi cation of activation tag insertion points is simple 
and effi cient for sequenced plant species, since the activation tag 
cassette provides a unique molecular “handle” with which to amplify 
and sequence the insert-genome boundary by methods such as TAIL 
PCR [ 10 ] or adapter ligation PCR [ 11 ], followed by alignment of the 
junction sequence with the plant genome. Finally, because it main-
tains the integrity of endogenous promoter binding sites, activation 
tagging has the potential to amplify endogenous developmental 
expression patterns, as opposed to ubiquitous overexpression, driven 
for example by the CaMV 35S promoter, which can lead to aberrant 
expression patterns and artifactual phenotypes. 

 There are a few caveats associated with activation tag screen-
ing: multiple insertion events in a single line can complicate genetic 
analysis of hits from screens, and an activation tag can potentially 
drive the overexpression of multiple genes in the vicinity of the 
insertion, requiring careful validation of candidate genes by mea-
suring gene expression levels in activation-tagged and control lines 
and/or recapitulation of the overexpression phenotype by specifi c 
transgenic overexpression of single candidate genes [ 4 ]. Recently, 
we have performed an activation tag screen for genes involved in 
cell expansion using dark-grown  Arabidopsis  hypocotyls, which 
provide several experimental advantages in that they carry out lit-
tle cell division and display rapid, uniform, anisotropic growth 
[ 12 ,  13 ]. The protocol for this screening approach follows and 
can be readily adapted to any plant species for which there is suf-
fi cient genomic data to allow for alignment of insertion-genome 
boundaries.  
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2    Materials ( See   Note 1 ) 

      1.    Set of pools of  Arabidopsis thaliana  activation tag seeds trans-
formed with pSKI015 containing a tetramerized 35S enhancer 
[ 4 ] (Arabidopsis Biological Resource Center stock CS31100).   

   2.    15 mL conical tubes (VWR 21008-931).   
   3.    Bleach sterilization solution: 30 % (v/v) bleach + 0.1 % (w/v) 

SDS in MilliQ water; store in dark at room temperature for up 
to 1 month.   

   4.    Sterile autoclaved MilliQ water.   
   5.    Sterile autoclaved 0.15 % (w/v) agar-agar (Research Organics) 

in MilliQ water.   
   6.    Murashige and Skoog salts (Caisson Laboratories MSP01).   
   7.    MES, monohydrate (2-( N -Morpholino)ethanesulfonic acid) 

(Research Organics 0113M).   
   8.    Agar-agar (Research Organics 10020).   
   9.    1 M KOH (VWR BDH0262) in MilliQ water.   
   10.    Small transparent plastic boxes (e.g., autoclaved empty pipette 

tip boxes).   
   11.    Laminar fl ow biohood.   
   12.    14.6 cm Pasteur pipettes (VWR 14673-010).   
   13.    Pasteur pipette bulbs (VWR 56311-049).   
   14.    Light-tight box (can be made using a thick cardboard box 

sealed with lightproof foil tape).   
   15.    22 °C plant growth chamber.   
   16.    Nitrile gloves.   
   17.    70 % (v/v) ethanol in MilliQ water.   
   18.    40 % sucrose (w/v) in MilliQ water, fi lter-sterilized through an 

0.45 μm vacuum fi ltration unit (VWR 97066-204) and ali-
quoted    into sterile 50 mL conical tubes.   

   19.    Gridded square Petri plates (VWR 60872-310).   
   20.    Micropore surgical tape (3M 1530.0).   
   21.    3C forceps (VWR 37692-930).   
   22.    Fafard C2 mix soil.   
   23.    6.35 cm square pots (Hummert 1212501).   
   24.    Plastic fl ats with holes (Hummert 1130001).   
   25.    Plastic fl ats without holes (Hummert 1130501).   
   26.    Transparent plastic domes (Hummert 1270661).   
   27.    Wooden stakes (Griffi n Greenhouse 74-100150).   

2.1  Primary 
Screening Materials

Activation Tag Screening
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   28.    5 cm twist ties.   
   29.    20 cm diameter metal sieve, number 35 (500 μm) openings 

(VWR 57331-584).      

      1.    1.7 mL microcentrifuge tubes (Denville C2170).   
   2.    20 μL micropipette.   
   3.    Sterile 20–200 μL micropipette tips.   
   4.    Single edge razor blade.   
   5.    HP Scanjet 8300 scanner.   
   6.    Aluminum foil.   
   7.    ImageJ software (  http://imagej.nih.gov/ij/    ).      

      1.     L -methionine sulfoximine (Sigma M5379).      

      1.    Transmitted light microscope with brightfi eld illumination, 
10× air objective, and digital camera.   

   2.    1 × 3 in. microscope slides (VWR 48312-057).   
   3.    #1.5 thickness 24 × 40 mm coverslips (VWR 48393-230).      

      1.    Liquid N 2 .   
   2.    GenElute TM     Plant Genomic  DNA isolation kit (Sigma G2N70-

1KT).   
   3.    Adapter ligation and PCR primers ( see  [ 11 ] and Table  1 ).
       4.    1 M    Tris-HCl pH 8.3.   
   5.    Vortexer.   
   6.    Heat block or water bath for microcentrifuge tubes.   
   7.    T4 ligase (NEB M0202).   
   8.    HindIII (NEB R0104).   
   9.    EcoRI (NEB R0101).   
   10.    AseI (NEB R0526).   
   11.    10 mM ATP (NEB P0756).   
   12.    ExTaq and buffer (Takara TAK RR001A).   
   13.    10 mM dNTPs (NEB N0446).   
   14.    Thermocycler (Applied Biosystems Veriti).   
   15.    Agarose (VWR 97062-246).   
   16.    1× TAE buffer.   
   17.    DNA gel electrophoresis equipment.   
   18.    Ethidium bromide (Sigma E7637).   

2.2  Secondary 
Screening 
for Hypocotyl Length 
Materials

2.3  Secondary 
Screening for Insertion 
Copy Number 
Materials

2.4  Cell Length 
Measurement 
Materials

2.5  Adapter Ligation 
PCR Materials
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   19.    UV trans-illuminator.   
   20.    Spectrophotometer (NanoDrop 2000C).   
   21.    Gel Extraction kit (Omega Bio-Tek D2500).   
   22.    PCR purifi cation kit (Omega Bio-Tek D6493).      

      1.    E.Z.N.A. Plant RNA isolation kit (Omega Bio-Tek R6827-02).   
   2.    RNase-free DNase I (NEB M0303L).   
   3.    qScript cDNA SuperMix (Quanta Biosciences 95048-100).   
   4.    Quanta PerfeCTa SYBR Fastmix ROX (Quanta Biosciences 

95073-012).   
   5.    Gene-specifi c primers for candidate genes and Actin2 ( AtACT2 , 

At3g18780) as a reference ( see  Table  1 ).   
   6.    37 °C incubator.   
   7.    RNase-free water (Life Technologies 10977015).   
   8.    Ice bucket.   
   9.    Microcentrifuge (Eppendorf 5424 or similar).   
   10.    StepOne Plus Real-Time PCR machine (Applied Biosystems).   
   11.    96-well optical reaction plates (Applied Biosystems 4366932).   
   12.    Optical adhesive covers (Applied Biosystems 4311971).   
   13.    StepOne software v 2.2.2 (Applied Biosystems;   http://www.

appliedbiosystems.com/absite/us/en/home/support/soft-
ware/real-time-pcr/stepone.html    ).       

2.6  qPCR Materials

    Table 1  
  Primer sequences for adapter ligation PCR and  ACT2  qPCR. Note that 5′ phosphate and 3′ C7 amino 
modifi cations are required for Short Strand Adapters   

 Short Strand Adapter Hind  5′ phosphate-AGCTGCAGCCCG-3′ C7 amino 

 Short Strand Adapter Eco  5′ phosphate-AATTGCAGCCCG-3′ C7 amino 

 Short Strand Adapter Ase  5′ phosphate-TAGCACAGCCCG-3′ C7 amino 

 Long Strand Adapter 1  GTAATACGACTCACTTAGGGCACGCGTGGTCGACGGCCCGG
GCTGC 

 Long Strand Adapter 2  GTAATACGACTCACTATAGGGCACGCGTGGTCGACGGCCCGG
GCTGTGC 

 AP1  GTAATACGACTCACTATAGGGC 

 AP2  TGGTCGACGGCCCGGGCTGC 

 pSKI015_LB_278- 304rc   GAAGTTTCTCATCTAAGCCCCCATTTG 

 pSKI015_LB_136- 159rc   TATAATAACGCTGCGGACATCTAC 

 ACT2-qF  CTTGCACCAAGCAGCATGAA 

 ACT2-qR  CCGATCCAGACACTGTACTTCCTT 

Activation Tag Screening
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3    Methods 

 Perform all sterile procedures in a laminar fl ow biohood. 

      1.    Place ~2 mL activation tag seeds in a 15 mL conical tube, add 
13 mL bleach sterilization solution, vortex; invert tube every 
5 min for 20 min total to surface sterilize seeds.   

   2.    Aspirate bleach solution, add 13 mL sterile MilliQ water, invert 
to wash seeds, allow seeds to settle, aspirate supernatant; repeat 
4 times.   

   3.    Suspend seeds in 0.15 % (w/v) sterile agar-agar solution, store 
at 4 °C in dark for 3 days to stratify.   

   4.    Prepare 0 % sucrose MS medium: add 2.2 g/L Murashige and 
Skoog salts, 0.6 g/L MES, 8 g/L agar-agar to 1 L MilliQ 
water, pH to 5.6 using 1 M KOH, autoclave.   

   5.    Pour molten 0 % sucrose MS medium to a depth of 3 mm in 
pre-autoclaved transparent plastic boxes.   

   6.    Sow sterilized, stratifi ed seeds on 0 % sucrose MS medium 
using a Pasteur pipette, dispensing seeds at high density in 
closely spaced rows across the medium (there should be 
approximately 1,000 seeds per box).   

   7.    Leave boxes open in biohood for 1 h to allow seed solution to 
dry, close boxes, leave in biohood with lights on for an additional 
3 h to stimulate germination, place boxes in a light-tight box, 
incubate in 22 °C growth chamber for 6 days ( see   Note 2 ).   

   8.    Prepare 1 % sucrose MS plates: add 2.2 g/L Murashige and 
Skoog salts, 0.6 g/L MES, 8 g/L agar-agar to 975 mL MilliQ 
water, pH to 5.6 using 1 M KOH, autoclave, transfer to bio-
hood, add 25 mL sterile 40 % sucrose solution, pour into 
square gridded Petri plates, allow plates to cool in biohood 
with lids off for 30 min, cover, wrap in sterile plastic bags, store 
at 4 °C.   

   9.    Transfer transparent boxes containing “lawns” of dark-grown 
seedlings from light-tight box to biohood.   

   10.    Wearing nitrile gloves sterilized with 70 % ethanol, hold a 
transparent box at eye level to identify seedlings that have 
grown taller than surrounding seedlings ( see   Note 3 ).   

   11.    Using thumb and forefi nger, gently pluck taller seedlings 
from “lawn” of dark-grown seedlings, transfer to a 1 % sucrose 
MS plate.   

   12.    Seal 1 % sucrose MS plate with micropore tape and place vertically 
in 22 °C growth chamber under continuous light for 10 days 
to allow seedlings to undergo photomorphogenesis.   

3.1  Primary 
Screening

Chaowen Xiao and Charles T. Anderson
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   13.    Using sterilized 3C forceps, transfer seedlings to thoroughly 
soaked soil in 6.35 cm square pots that are arranged in a plastic 
fl at with holes inside a plastic fl at without holes.   

   14.    Cover fl at with a transparent plastic dome, incubate in 22 °C 
16 h light/8 h dark growth chamber for 3 days, shift dome so 
that a 1 cm gap exists between dome and fl at, continue growth 
for 3 days, remove dome.   

   15.    Grow plants until they reach senescence, watering as needed to 
keep soil moist ( see   Note 4 ).   

   16.    Stop watering plants, transfer plants to a low-humidity room 
for 1–2 weeks to allow them to dry.   

   17.    Harvest seeds from each plant individually using a metal sieve; 
these represent initial hit lines from screen.      

       1.    Sterilize Col and activation tag line seeds (~50 μL of each line), 
resuspend in 0.15 % agar-agar solution, incubate at 4 °C for 
2–4 days.   

   2.    Sow seeds using 20 μL micropipette with cutoff 20 μL tip 
( see   Note 5 ) on 0 % sucrose MS plates ( see   Note 6 ).   

   3.    Keep plates in biohood with lids off for 30–45 min to dry.   
   4.    Place lids on plates, place under light for 2–4 h to induce seed 

germination.   
   5.    Wrap plates in two layers of aluminum foil, grow in dark in a 

22 °C growth chamber for 6 days.   
   6.    Remove foil, dry off any condensation, scan plates at 600 dpi 

on a fl atbed scanner.   
   7.    Open images in ImageJ, set scale ( see   Note 7 ).   
   8.    Choose Freehand Line tool to measure the distance between 

the apical hook and the hypocotyl–root junction.   
   9.    Use Student’s  t -test to test whether activation tag line seedlings 

are signifi cantly longer than Col controls ( see  Fig.  1a ), with 
 p  < 0.01 as a statistical cutoff.

             1.    Sterilize Col and activation tag line seeds (~50 μL of each line), 
resuspend in 0.15 % agar-agar solution, incubate at 4 °C for 
2–4 days.   

   2.    Sow seeds using 20 μL micropipette with cutoff 20 μL tip on 
1 % sucrose MS plates containing 5 μM methionine 
sulfoximine.   

   3.    Keep plates in biohood with lids off for 30–45 min to dry.   
   4.    Incubate in a 22 °C, 24 h light growth chamber for 5 days.   
   5.    Dry off any condensation, scan plates at 600 dpi on a fl atbed 

scanner.   

3.2  Secondary 
Screening 
for Heritability 
of the Long Hypocotyl 
Phenotype

3.3  Secondary 
Screening 
for Segregation 
of the Activation Tag 
Selectable Marker

Activation Tag Screening
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   6.    Score seedlings for methionine sulfoximine resistance ( see   Note 8 ).   
   7.    Use chi-squared analysis to calculate whether the line is likely to 

contain a single heterozygous insertion (expected 3:1 segregation 
ratio of methionine sulfoximine resistance), with  p  > 0.1 as a 
statistical cutoff.      

      1.    Sterilize Col and activation tag line seeds (~50 μL of each line), 
resuspend in 0.15 % agar-agar solution, incubate at 4 °C for 
2–4 days.   

   2.    Sow seeds using 20 μL micropipette with cutoff 20 μL tip on 
0 % sucrose MS plates.   

   3.    Keep plates in biohood with lids off for 30–45 min to dry.   
   4.    Place lids on plates, place under light for 2–4 h to induce seed 

germination.   
   5.    Wrap plates in two layers of aluminum foil, grow in dark in a 

22 °C growth chamber for 6 days.   
   6.    Mount seedlings with water on slides, record images with 

clearly visible cell outlines at base of hypocotyls using a 10× air 
objective.   

   7.    Use ImageJ to measure cell length based on cell outlines in 
recorded images ( see  Fig.  1b, c ) ( see   Note 9 ).   

   8.    Calculate and compare cell lengths from activation tag lines 
and Col controls using a Student’s  t -test, with  p  < 0.01 as a 
statistical cutoff.      

3.4  Cell Length 
Measurements

  Fig. 1    Enhanced hypocotyl elongation and cell length in an activation tag line. ( a ) 6-day-old dark-grown activa-
tion tag seedlings ( PGX1   AT  ) display longer hypocotyls than Col controls. Scale bar = 500 mm. ( b ,  c ) Cell lengths 
at the base of 6-day-old dark-grown Col ( b ) and  PGX1   AT   hypocotyls ( c ). Scale bars = 50 μm. See Reference 14 
for details       

Chaowen Xiao and Charles T. Anderson
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      1.    Grind 7-day-old seedlings grown on 1 % sucrose MS plates in 
24 h light for 7 days in liquid N 2 , extract genomic DNA using 
Genelute Plant DNA isolation kit. Store at −20 °C up to 
6 months.   

   2.    Prepare 10× Hind, Eco adapters: add 20 μL 5 μM Long Strand 
Adapter 1, 20 μL 5 μM Short Strand Adapter (Hind or Eco) in 
1,210 μL 1 mM Tris-HCl pH 8.3 in a 1.7 mL microcentrifuge 
tube. Vortex tube, place on heat block set to 96 °C for 2 min. 
Turn off block, let cool to 25 °C. Store at −20 °C up to 6 months.   

   3.    Prepare 10× Ase adapter: add 10 μL 5 μM Long Strand Adapter 
2 and 20 μL 5 μM Short Strand Adapter Ase in 1,220 μL 
1 mM Tris-HCl pH 8.3 in 1.7 mL microcentrifuge tube. 
Anneal as above, store at −20 °C up to 6 months.   

   4.    Digestion/ligation of gDNA with Eco, Hind adapters (can be 
done together): for each reaction, mix 3 μL gDNA, 5.2 μL 
MilliQ water, 1 μL 10× T4 ligase buffer, 0.25 μL 10× Hind 
adapter, 0.25 μL 10× Eco adapter, 0.1 μL NEB HindIII, 
0.1 μL NEB EcoRI, 0.05 μL NEB T4 ligase, 0.05 μL 10 mM 
ATP; incubate overnight at 25 °C.   

   5.    Digestion, ligation with Ase adapter (digestion and ligation 
done separately): for each reaction, mix 3 μL gDNA, 2.65 μL 
MilliQ water, 0.65 μL 10× T4 ligase buffer, 0.2 μL NEB AseI; 
incubate 4 h to overnight at 37 °C. To ligate, add: 1 μL 10× 
Ase adapter, 1 μL MilliQ water, 1 μL 10× T4 ligase buffer, 
0.3 μL 10 mM ATP, 0.2 μL T4 ligase; incubate 8 h to overnight 
at 20 °C.   

   6.    Transfer 1 μL of each adapter-ligated gDNA to a new well/tube.   
   7.    Perform PCR with adapter primer pairs: for each reaction, mix 

14.15 μL MilliQ water, 2 μL 10× ExTaq buffer, 0.8 μL 10 mM 
dNTPs, 1 μL pSKI015_LB_278-304rc (5 μM), 1 μL AP1 
primer (5 μM), 0.05 μL ExTaq (5 U/μL); cover, load onto 
PCR machine paused at fi rst 96 °C step: Cycle 1–10: 96 °C 
20 s, 72 °C 140 s; Cycle 11–25: 96 °C 20 s, 67 °C 140 s.   

   8.    Perform second PCR: for each reaction, mix 0.5 μL fi rst PCR 
product, 16.55 μL MilliQ water, 2 μL 10× ExTaq buffer, 
0.8 μL 10 mM dNTPs, 0.025 μL pSKI015_LB_136-159rc 
(200 μM), 0.025 μL AP2 primer (200 μM), 0.1 μL ExTaq; 
cover, load onto PCR machine paused at fi rst 96 °C step: Cycle 
1–5: 96 °C 30 s, 94 °C 20 s, 72 °C 140 s; Cycle 6–28: 96 °C 
20 s, 67 °C 20 s, 72 °C 130 s.   

   9.    Separate PCR products on 1.5 % agarose TAE gel, cut out 
bands.   

   10.    Extract DNA from bands using Gel Extraction kit into 10 μL 
water, perform amplifi cation PCR: for each reaction, mix 5 μL 
DNA, 2 μL 10× ExTaq buffer, 1.6 μL dNTPs, 0.2 μL pSKI015_
LB_136-159rc (200 μM), 0.2 μL AP2 primer (200 μM), 

3.5  Adapter Ligation 
PCR to Identify 
Activation Tag 
Insertion Points 
( See   Note 10 )

Activation Tag Screening
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0.2 μL ExTaq, 10.8 μL MilliQ water; run PCR reaction: (1) 
95 °C 3 min; (2) 95 °C 30 s; (3) 55 °C 30 s; (4) 72 °C 150 s; 
repeat  steps 2 – 4  34 times; (5) 72 °C 7 min; (6) 4 °C forever.   

   11.    Purify DNA using PCR purifi cation kit into 30 μL MilliQ water, 
measure concentration using a NanoDrop 2000C spectropho-
tometer ( see   Note 11 ).   

   12.    Sequence PCR product using pSKI015_LB_136-159rc primer.   
   13.    Perform a BLAST search of the resulting sequence in NCBI to 

identify alignment with the  Arabidopsis  genome ( see   Note 12 ).   
   14.    For sequence alignment, use Seqviewer tool (  http://tairvm09.

tacc.utexas.edu/servlets/sv    ) to align sequence to Arabidopsis 
genome.      

      1.    Grow at least 50 6-day-old dark-grown seedlings of activation 
tag lines and Col controls ( see  Subheading  3.2 ).   

   2.    Isolate RNA from activation tag line and Col plants using an 
RNA isolation kit.   

   3.    Remove any contaminating DNA by adding RNase-free DNase 
I and incubating at 37 °C for 30 min.   

   4.    Measure total RNA concentration using NanoDrop 2000C 
spectrophotometer.   

   5.    Synthesize fi rst-strand cDNA using qScript cDNA SuperMix 
from 500 ng DNase I-treated template RNA: mix components 
including template RNA, 4 μL qScript cDNA SuperMix, and 
DEPC-treated water to a total of 20 μL, incubate at 25 °C for 
5 min, 42 °C for 30 min, 80 °C for 5 min, incubate for 5 min 
on ice; store at −20 °C until use.   

   6.    Prepare 20 μL PCR reaction: mix 1 μL cDNA (diluted tenfold), 
10 μL SYBR Green mix with ROX (2×), 0.3 μL Forward 
primer (20 μM) ( see   Note 13 ), 0.3 μL Reverse primer (20 μM), 
add MilliQ water up to 20 μL.   

   7.    Set up the following protocol in a qPCR machine (e.g., Applied 
Biosystems StepOne Plus): (95 °C 2 min, 95 °C 10 s, 60 °C 30 s) 
for 40 cycles.   

   8.    Use StepOne Plus software and Excel to determine relative 
expression levels with  ACT2  as the invariant gene, using the 
ΔΔCT method ( see   Note 14 ).       

4    Notes 

     1.    Materials also used in subsequent protocols are only listed for 
the fi rst protocol in which they are used.   

   2.    Occasionally a transparent box will become contaminated—
discard all seedlings from this box.   

3.6  Gene Expression 
Analysis by qPCR

Chaowen Xiao and Charles T. Anderson
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   3.    Some seedlings can be elevated above the medium by sticking 
to the sides of other seedlings; only taller seedlings that are 
growing from the level of the medium should be chosen.   

   4.    Avoid over-watering, as this can encourage the proliferation 
of pests.   

   5.    Use a razor blade sterilized with 70 % ethanol to cut ~1 mm off 
of pipette tip on a sterilized surface.   

   6.    It is preferable to sow the Col and activation tag seeds on the 
same plate.   

   7.    For square gridded plates, draw a line across three grid squares; 
this equals 4 cm.   

   8.    We use 0.67 cm as a cutoff for root length; all Col seedlings 
should be susceptible to methionine sulfoximine.   

   9.    Be sure to set the scale properly for the 10× objective magnifi ca-
tion; this can be measured directly using a stage micrometer.   

   10.    This protocol is modifi ed from [ 11 ].   
   11.    Concentration range should be 10–120 ng/μL.   
   12.    The 5′ portion of each sequence should align with pSKI015, 

and the 3′ portion should align with an  Arabidopsis  genomic 
sequence. We have obtained a 75 % success rate for adapter 
ligation PCR-based insertion point identifi cation; additional 
restriction enzymes or optimization of PCR conditions might 
be necessary for samples that do not result in a single band in 
the fi rst round of experiments.   

   13.    Use Primer 3 website (  http://primer3.ut.ee/    ) to design qPCR 
primers; ideally, at least one primer should span multiple exons.   

   14.    Using this activation tag screen strategy, we have identifi ed 
over 600 activation tag lines that display enhanced growth in 
dark-grown hypocotyls, and have performed detailed charac-
terization of one of these lines, which overexpresses a polyga-
lacturonase [ 14 ]. An increasing number of genes have been 
discovered in  Arabidopsis  by activation tag screening [ 15 – 20 ]. 
This technique is also being used in diverse plant species 
including rice [ 6 ,  7 ], tomato [ 21 ], and petunia [ 22 ]. 
Transposon-based activation tagging has also been developed 
for gene function discovery in  Arabidopsis  [ 23 ,  24 ], aspen 
[ 25 ], and tobacco [ 26 ], and a new GAL4- based activation tag-
ging system for inducible overexpression in specifi c  Arabidopsis  
tissues or developmental stages has recently been constructed 
[ 27 ]. In addition to its utility in identifying overexpression 
phenotypes, activation tagging can also identify loss-of-func-
tion mutants when the tag disrupts a gene involved in the pro-
cess of interest [ 28 ]. The potential of activation tag screening 
in the genomic age is substantial, given the ease with which 
activation tags can be mapped to the sequenced genomes of an 

Activation Tag Screening
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increasing number of plant species. As a complementary 
approach to such genomics-enabled loss-of- function genetic 
tools as TILLING and genome editing technologies involving 
TALENs and the CRISPR/Cas9 system, forward genetic-style 
overexpression strategies such as activation tag screening will 
retain their usefulness in identifying new genes involved in 
plant growth, development, and environmental responses, 
providing a richer picture of how plants accomplish these pro-
cesses by transcriptional regulation and protein function.         
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