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v

 As sessile organisms, plants have evolved elaborate mechanisms to perceive and respond to 
a myriad of environmental cues, thereby increasing their chances of reproduction and sur-
vival. Their extraordinary phenotypic plasticity allows them to grow towards or away from 
stimuli, orchestrate their metabolism according to 24-h light–dark cycles, endure extremely 
harsh climatic and soil conditions, or defend themselves against pathogenic agents. 
Elucidating the mechanisms by which plant systems sense and respond to external signals is 
not only an interesting fundamental biological question in itself, but may also have attrac-
tive practical implications for agriculture by opening new avenues in the development of 
effi cient strategies to improve the performance of crop plants. 

 Divided into four distinct parts— Tropisms ,  Photoperiodism and Circadian Rhythms , 
 Abiotic Stress Responses , and  Plant - Pathogen Interactions —this  Methods in Molecular Biology  
volume describes different up-to-date methodological approaches, ranging from physio-
logical assays to imaging and molecular techniques, to study a wide variety of plant responses 
to environmental cues. Aimed at plant physiologists, biochemists, or cell and molecular 
biologists, the book includes detailed protocols to investigate some of the many key bio-
logical processes underlying plant environmental responses, mostly in the model organism 
 Arabidopsis thaliana  but also in  Physcomitrella patens  and in different crop species such as 
rice, potato, barley, or tomato. It will hopefully be of great use to the numerous plant biolo-
gists worldwide interested in this exciting and fast-growing research topic.  

  Oeiras, Portugal     Paula     Duque     
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Paula Duque (ed.), Environmental Responses in Plants: Methods and Protocols, Methods in Molecular Biology, vol. 1398,
DOI 10.1007/978-1-4939-3356-3_1, © Springer Science+Business Media New York 2016

    Chapter 1   

 Hydrotropism: Analysis of the Root Response to a Moisture 
Gradient                     

     Regina     Antoni    ,     Daniela     Dietrich    ,     Malcolm     J.     Bennett    , 
and     Pedro     L.     Rodriguez      

  Abstract 

   Hydrotropism is a genuine response of roots to a moisture gradient to avoid drought. An experimental 
system for the induction of hydrotropic root response in petri dishes was designed by pioneering groups 
in the fi eld. This system uses split agar plates containing an osmolyte only in a region of the plate in order 
to generate a water potential gradient.  Arabidopsis  seedlings are placed on the MS agar plate so that their 
root tips are near the junction between plain MS medium and the region supplemented with the osmolyte. 
This elicits a hydrotropic response in  Arabidopsis  roots that can be measured as the root curvature angle.  

  Key words     Hydrotropism  ,   Water potential gradient  ,   Root curvature angle  ,   Moisture gradient  ,   Root 
growth  ,   Sorbitol  ,   ABA  ,    Arabidopsis   

1      Introduction 

    Drought   is  a   major  environmental   stress   that affects plant growth 
and has a serious impact on agriculture. Plants have developed a 
range of mechanisms to overcome  drought stress   including stomatal 
closure, regulation of  gene expression  , accumulation of osmopro-
tectants or compatible solutes, and modulation of growth [ 1 ]. 
Hydrotropism forms part of the drought-avoidance plant response 
and is a mechanism by which roots change growth direction 
according to differences in the water potential of the soil. 
Elucidating the molecular mechanism of hydrotropism in roots is 
important both for understanding plant adaptation to soil mois-
ture gradients and improving crop productivity. Root growth is 
strongly directed by gravity and also by other tropisms like photot-
ropism, thigmotropism, or hydrotropism [ 2 ]. The study of the 
latter process is complicated by the fact that  gravitropism   and 
hydrotropism infl uence each other and make it diffi cult to observe 
hydrotropism in isolation. However, since roots of the pea mutant 
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 ageotropum  are agravitropic but hydrotropic both sensing pathways 
must operate through independent mechanisms [ 3 ]. Additionally, 
the non-hydrotropic   Arabidopsis    mutants  no hydrotropic response  
( nhr1 ) and  mizu-kussei  (miz1) show a normal root gravitropic 
response [ 4 ,  5 ]. Unlike  gravitropism  , where the central role of 
 auxin   in its regulation has been well described, the molecular 
mechanisms that regulate hydrotropism are still largely unknown. 
Screening procedures in model plant species are needed for genetic 
dissection of complex biological processes. Therefore, a protocol 
that allows the analysis of the hydrotropic response in  Arabidopsis  
seedlings can help to isolate key genes involved in this response. 
Takahashi et al. [ 6 ] and Eapen et al. [ 4 ] described two methods to 
measure the hydrotropic response in  Arabidopsis  seedlings. Both 
methods are based on the same principle of challenging roots with 
a water potential gradient that will ultimately trigger root bending. 
Here we describe one of them based on the use of split agar plates 
that contain two media with different water potential. The use of 
these strategies has allowed the isolation of mutants that lack a 
normal hydrotropic response such as  miz1, miz2/gnom, ahr1 , and 
 nhr1  [ 6 – 8 ,  4 ], or the identifi cation of mutants that show an 
enhanced hydrotropic response, such as the  pp2c  quadruple mutant 
impaired in the protein phosphatases type 2C that negative regu-
late  ABA   signaling [ 9 ]. As a result, a gene that plays an essential 
role in hydrotropism and is expressed in the columella cells of the 
root cap, MIZ1, has been identifi ed [ 6 ]. It has been also found 
that GNOM-mediated vesicular traffi cking and  ABA   signaling 
through PYR/PYL/RCAR receptors is required for hydrotropism 
in  Arabidopsis  [ 7 ,  9 ]. Finally, in addition  to   ABA [ 5 ,  9 ], cytokinins 
also play a role in root hydrotropism [ 8 ].  

2    Materials 

     1.    D-Sorbitol.   
   2.    Half-strength (0.5×) Murashige and Skoog (MS) plates: 2.4 

g/L MS medium (Duchefa Biochemie, Haarlem, NL) con-
taining macroelements, microelements, and vitamins [ 10 ], 
0.1 % MES and 1 % agar. The pH was adjusted to 5.7 with 
KOH before autoclaving.   

   3.    120 × 120 × 17 mm square polystyrene petri dishes.   
   4.    3 M Micropore surgical tape.   
   5.    Growth chamber in  darkness  .   
   6.    Imaging system (optional, if time course analysis is intended): 

IR camera system [ 11 ].   
   7.    NIH image software ImageJ v1.37.      

Regina Antoni et al.
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3    Methods 

       1.    Sterilize   Arabidopsis    seeds by treatment with 50 % sodium 
hypochlorite for 5 min followed by four washes with sterile 
distilled water and stratify them in the dark at 4 °C for 3 days.   

   2.    Sow the seeds on plates containing 0.5× MS medium, pH 5.7 
and solidifi ed with 1 % agar (0.5× MS plates).   

   3.    Seal the plates with 3 M Micropore surgical tape and put them 
vertically in a growth chamber with 24 h light at 22 °C for 5–6 
days.      

       1.    The osmotic pressure ( π ) of an ideal solution can be approxi-
mated using the Morse equation:  π  = iMRT, where M is the 
molarity of the solute. Sorbitol is a common solute in the 
laboratory that lacks secondary effects and we use it to gener-
ate a water potential gradient in split agar plates. For instance, 
adding 0.4 M sorbitol as solute lowers the water potential by 
−1 MPa. Split agar plates are generated by fi lling the upper 
region of the square petri dish with medium containing 
0.5× MS salts and the lower region with 0.5× MS salts + 
0.4 M sorbitol (Fig.  1 ). Thus, a water potential gradient will 
be generated between the two different media. Root tips will 
be located at the border between both media and the root 
curvature will be measured within 12 h (Fig.  1 ). The water 
potential gradient between both media becomes smaller over 
time, but exists for a substantial portion of the experimental 
period ( see   Note 1 ).

       2.    The split agar plates must be prepared just before the experi-
ment. We use a template placed below the plate in order to 
guide the diagonal cutting of the medium with a scalpel (Fig.  1 ). 
Next, we remove the 0.5× MS medium from the lower part of 
the dish and we replenish the empty part of the plate with 0.5× 
MS medium supplemented with 0.4 M sorbitol.   

   3.    Use the same template to guide the transfer of   Arabidopsis    
seedlings grown on vertical plates to the plates with a water 
potential gradient so that their root tips are 2–3 mm above the 
border between the two media (blue line in Fig.  1 ). Seedlings 
should be transferred only to the three central rectangles. 
According to the size of the square petri dishes, 5–6 seedlings 
of each genotype can be transferred to one of the rectangles in 
such a way that each plate contains up to three different geno-
types ( see   Notes 2  and  3 ).   

   4.    At least three plates per experiment are needed. In order to 
avoid a positional effect, the order of the genotypes on the 
plates should be varied. The two rectangles close to the edges 

3.1  Growth 
of   Arabidopsis    
Seedlings

3.2  Preparation 
of Plates that 
Establish a Water 
Potential Gradient

Hydrotropic Root Response to a Moisture Gradient
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of the plate should be left empty as diffusion of water and 
sorbitol could be affected by boundary effects.   

   5.    Seal the plates with 3 M Micropore surgical tape to allow gas 
exchange.      

       1.    Place the plates vertically in a growth chamber at 22 °C in 
 darkness   and take images of the plants after 8–13 h. Performing 
the experiment in  darkness   eliminates the effect of phototro-
pism on root angle, although it has been described that the 
hydrotropic curvature of light-grown seedlings is notably 
higher than in dark-grown seedlings [ 12 ]. In wild type plants, 
the root curvature generated in response to the moisture gra-
dient can be observed from the fi rst hour onwards; however, 
after 8–13 h the angle values of root curvature will be higher, 
which will make it easier to distinguish between altered and 
normal hydrotropic response (Fig.  2a, b ). If detailed analysis of 
the development of the hydrotropic root curvature over time 

3.3  Root Curvature 
Measurement

54 ºC

0.5xMS

Cut and remove medium.
Add  new  0.5x MS medium
supplemented with sorbitol

Root tips
should be

located along
this line

3 mm

0.5xMS
+

400mM
sorbitol

n
alo
nnhiss linhii

  Fig. 1    Schematic representation of the split agar plate used for the analysis of 
the root hydrotropic response. The  upper part  of the plate contains 0.5× MS 
medium while the  lower part  contains 0.5× MS medium supplemented with 
0.4 M sorbitol, which generates a water potential gradient. The plate is vertically 
divided in fi ve  rectangles . Seedlings should be located in the three  central 
rectangles        
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is intended, images should be taken with an automated IR 
camera system ( see   Note 4 ).

       2.    Use Image J to measure the curvature angle of the primary 
root (Fig.  2a ).       
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  Fig. 2    Root hydrotropic response of 6-day-old   Arabidopsis    seedlings in plates where a water potential gradient 
has been established. ( a ) Measurement of the root curvature angle (α) after 10 h of transferring the seedlings 
to split agar plates to estimate the hydrotropic response. ( b ) Time course of the hydrotropic response in Col-0 
 Arabidopsis  seedlings. ( c ) Root bending only occurs in Col-0 seedlings after transferring them to plates with a 
water potential gradient. Otherwise, they follow the gravity (g) vector. ( d ) Root hydrotropic response of the 
ABA- hypersensitive mutant impaired in four clade A PP2Cs ( abi1-2 hab1-1 pp2ca-1 abi2-2,  abbreviated as 
 Qpp2c ) and the ABA-insensitive mutant impaired in six PYR/PYL ABA receptors ( pyr1 pyl1 pyl2 pyl4 pyl5 pyl8 , 
abbreviated as 112458 ). 6-day-old seedlings were transferred to plates with a moisture gradient and photo-
graphs were taken after 3 days. An enhanced hydrotropic response was observed in  Qpp2c , whereas a lack of 
response was found in  112458  compared to Col-0 wt seedlings       
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4    Notes 

     1.    After the preparation of the plates, the water potential gradient 
will decrease over time [ 6 ]. For this reason, plates must be 
prepared just before the start of the experiment and angle mea-
surements should be taken after 8–13 h. As temperature affects 
osmolyte diffusion and in order to keep the water potential 
gradient as steep as possible, cool down the 0.5× MS medium 
supplemented with sorbitol as much as possible before 
pouring.   

   2.    While setting up the experiment, maintain plants in vertical 
orientation as much as possible. As roots tend to grow in the 
direction of gravity, keeping them in the same initial position 
will avoid unnecessary perturbations in root growth. Select 
seedlings of the same developmental stage, which should have 
similar root growth rates.   

   3.    When preparing the plates take special care of working on a 
level surface to ensure that the level between the two media is 
similar. We use a spirit level to ensure the fl ow laminar hood 
where media are poured is really on the same level. Additionally 
take care to obtain a horizontal surface in the border between 
the two media that generate the water potential gradient. The 
transition between both media should be as fl at as possible 
since irregular surfaces between both media could alter the root 
hydrotropic response.   

   4.    It is necessary to include in the experiment control 0.5× MS 
plates lacking the water potential gradient. As shown in Fig.  2c , 
seedlings growing on control plates follow the gravity vector 
while those growing on plates that contain a water potential 
gradient bend and avoid the low water potential area. Once the 
measurement of root curvature is done, seedlings can be left 
growing for 2–3 days to observe if the response persists in time 
(Fig.  2d ). Under our growth conditions (22 °C in  darkness  ) 
Col-0 plants show a root curvature of 30–40° after 12 h. 
In addition to the wild type control, the use of mutants that 
lack or show enhanced hydrotropic response is strongly advis-
able (Fig.  2d ).         
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    Chapter 2   

 Assessing Gravitropic Responses in  Arabidopsis                      

     Richard     Barker     ,     Benjamin     Cox    ,     Logan     Silber    ,     Arash     Sangari    ,     Amir     Assadi    , 
and     Patrick     Masson     

  Abstract 

    Arabidopsis thaliana  was the fi rst higher organism to have its genome sequenced and is now widely 
regarded as the model dicot. Like all plants,  Arabidopsis  develops distinct growth patterns in response to 
different environmental stimuli. This can be seen in the gravitropic response of roots. Methods to investi-
gate this particular tropism are presented here. First, we describe a high-throughput time-lapse photo-
graphic analysis of root growth and curvature response to gravistimulation allowing the quantifi cation 
of gravitropic kinetics and growth rate at high temporal resolution. Second, we present a protocol that 
allows a quantitative evaluation of gravitropic sensitivity using a homemade 2D clinostat. Together, these 
approaches allow an initial comparative analysis of the key phenomena associated with root gravitropism 
between different genotypes and/or accessions.  

  Key words      Arabidopsis thaliana   ,   Gravitropism  ,   Gravity perception  ,   Time-lapse photography  ,   Clinostat  

1      Introduction 

 Gravity has been a constant factor in the  evolution   of life forms on 
earth, and organisms have evolved strategies to utilize this direc-
tional cue to their advantage. For instance, land plants have 
acquired the ability to utilize the gravity vector as a guide for organ 
growth ( gravitropism  ), typically directing the roots downward into 
the soil for plant anchorage and water and nutrients uptake, and 
also guiding the shoots upward to access light for  photosynthesis  , 
exchange gases, and contribute to reproduction. This implies that 
each organ possess gravity-sensing machinery that allow them to 
identify changes in their orientation within the gravity fi eld and 
respond by redirecting growth. In roots,  gravitropism   prevails 
amongst directional growth responses to the environment; com-
peting tropic pathways triggered by light, touch, water gradients, 
salt, and/or oxygen, modulate the effectiveness of  gravitropism   
when their contribution is needed most [ 1 – 3 ]. 



12

 Many years of experimentation have contributed to elucidating 
some of the mechanisms that mediate gravity sensing and signal 
transduction, including investigations on the role of amyloplast 
sedimentation within specialized gravity sensing cells (the stato-
cytes) in the gravitropic responses of roots and shoots, studies of 
the molecular mechanisms that allow organs to redistribute the 
plant hormone  auxin   upon gravistimulation, identifi cation and 
characterization of molecules that contribute to auxin transport 
and response (reviewed in Refs. [ 4 – 6 ]). 

 In this manuscript, we describe methods that are often used in 
the laboratory to evaluate: (1) the sensitivity of plant organs to 
gravistimulation; and (2) the kinetics of curvature response to gravi-
stimulation. Indeed, these two procedures allow a careful evalua-
tion of two critical components of  gravitropism  : (1) Gravisensing 
and (2) Properties of curvature response. 

 For many years, investigators have attempted to evaluate the 
ability of plant organs to respond to different doses of gravistimu-
lation with distinct levels of curvature. One method has relied on 
rotating the plants to a defi ned angle from the gravity vector, and 
maintaining this orientation for distinct, short periods of time. 
At the end of each time period, the plants are transferred to a  clino-
stat  , which is a slowly rotating device that randomizes the orienta-
tion of the plant within the gravity fi eld. Plants are allowed to grow 
on the rotating  clinostat   for a few hours, permitting the develop-
ment of a tip curvature whose angle is a direct function of the 
gravistimulation dose (time × g) provided before clinorotation. 

 Using this experimental setup, Larsen [ 7 ] demonstrated that a 
logarithmic (L) model provides an adequate fi t to the data, linking 
angle of curvature to the logarithm of the dose of gravistimulation 
(defi ned as time of gravistimulation at 1 g under this experimental 
setup). He then proposed that the extrapolation of this model to 
the  X  axis (curvature angle = 0) is a good estimate of the gravisen-
sitivity of the investigated organ, and called it the Presentation Time 
(minimal gravistimulation time needed to trigger a productive 
gravity signal transduction pathway). This parameter has often been 
used as estimate of organ gravisensitivity [reviewed in  8  and  9 ]. 

 It should however be cautioned that a hyperbolic (H) model 
can be fi tted equally well or better to the same experimental data 
linking the curvature response to the time of gravistimulation 
before clinorotation, as previously discussed in Perbal et al. [ 8 ]. 
In fact, in most cases, the H model will be more strongly corre-
lated to the data than the L model [ 8 ]. Therefore, Dr. Perbal and 
his collaborators proposed to use this H model to fi t the data, and 
suggested that the slope of the H curve at the origin is, in fact, a 
better estimate of gravisensitivity than the presentation time. 
Hence, in this case, one assumes that even infi nitesimal times of 
gravistimulation are suffi cient to trigger a minute response. Because 
recent investigations have shown that these models fi t quite nicely 

Richard Barker et al.
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the data with similar, though not identical correlation values, 
most researchers use both the H and L models to estimate gravi-
sensitivity. In the fi rst section of this paper, we detail the method 
we use to estimate root gravisensitivity of different genotypes or 
accessions, using either   Arabidopsis      thaliana    or  Brachypodium 
distachyon  as models. 

 Different genotypes (mutants or accessions) will develop dis-
tinct kinetics of gravitropic curvature upon gravistimulation, and a 
careful evaluation of the characteristics of these curvature-response 
curves provides important information on their distinct properties, 
such as: the latency period, the speed of curvature during the log 
phase; the ability to, or time needed by the organ to, resume 
growth at the gravity set point angle; the fi nal angle of growth 
from the gravity vector after reorientation; the existence of discon-
tinuities in the shape of the curve suggesting the involvement of 
distinct mechanisms over time [reviewed in Refs.  4  and  10 ]. In the 
second section of this paper, we describe a high-throughput 
method that allows us to investigate the kinetics of root  gravitrop-
ism   at high temporal resolution for many genotypes in parallel, 
using a robotic assembly with a mounted camera similar to that 
described in Brooks et al. and Wells et al. [ 11 ] and [ 12 ]. 

 Together, these two protocols are being used quite effectively 
to implement genome-wide association studies (GWAS) of  gravit-
ropism   using  Brachypodium distachyon  as a model.  

2    Materials 

       1.    Square, non-gridded 100 mm petri dishes.   
   2.    Agar Type E (Sigma-Aldrich, St Louis, MO).   
   3.    ½ Strength Murashige and Skoog nutrient salts (Sigma-Aldrich).   
   4.    20 % Bleach (10 ml bleach, 40 ml H 2 O, and 50 μl SDS) or 

90 % (v/v) ethanol.   
   5.    A standard controlled growth environment with the follow-

ing abiotic conditions: Fluorescent light—225 μmol/m 2 ; 
Temperature—21–22 °C; Humidity—65–90 %; Long-day 
cycles: 16 h light and 8 h of  darkness  .      

       1.    Flatbed scanner (Epson Perfection V33).   
   2.     Clinostat   petri-dish holder: details available for download 

http://masson.genetics.wisc.edu/wp-content/uploads/
sites/32/2014/07/Clinostat-Description1.pdf (Fig.  1 ).

       3.    Wheaton Roller Culture Apparatus.   
   4.    Timer.      

2.1  General 
Materials

2.2  2D Clinostat 
Materials

Assessing Gravitropic Responses in Arabidopsis
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       1.    Camera (we use a Canon EOS rebel XSi with a Canon macro 
lens EF-s 60 mm 1:2:8 USM).   

   2.    Two STAC6 applied motion stepper drivers and two NEMA 
34 stepper motors that move the camera along an 80/20 ®  Inc. 
aluminum stock track.   

   3.    Custom robot and camera control software to determine the 
speed, timing, and distance at which the camera moves [ 13 ].   

   4.    Four 120 V 2 ft lamps each containing T5 high emission 
growth light fi xtures and 4 fl uorescent bulbs illuminate the 
seedlings.   

   5.    ROSCO E-colour+ #90 dark yellow green fi lter.   
   6.    64-bit Microsoft Windows 7 operating system running on a 

Dell PC with a 2.5 GHz Phenom TM  II X4 905e Processor with 
4GB of RAM to perform image analysis.   

   7.    Adobe Bridge Camera Raw digital darkroom and Adobe 
Photoshop Creative Cloud.   

   8.    ARRT software to measure images [ 14 ].       

2.3  Time-Lapse 
Photography Robotic 
Assembly Materials

  Fig. 1    ( a ) The AutoCAD design of the 2D clinostat petri dish holder. ( b ) This design allows 18 petri dishes to be 
rotated simultaneously. ( c ) Wires were used to ensure  clinostat   stayed on the center of the rotator in order to 
reduce friction with the roller. ( d – e ) Example image scanned before and after clino-rotation. ( f ) Schematic 
diagram highlighting the curvature induce by the gravitational observed 4 h after a clino-rotation       
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3    Methods 

       1.    Pour molten 1 % agar containing ½ LS salts into petri plates in 
a laminar fl ow cabinet and allow it to harden.   

   2.    Submerge   Arabidopsis    seeds for 15 min in 20 % bleach to 
surface sterilize them and then wash four times with distilled 
water to remove bleach solution ( see   Note 1 ).   

   3.    Sow seeds horizontally on the agarose gel and seal plates ( see  
 Note 2 ).   

   4.    Store the plates at 4 °C for 3 days in  darkness   provided by 
wrapping the plates in aluminum foil.   

   5.    Place plates vertically in the controlled environment (CE) for 
4 days.   

   6.    Remove plates from the CE and scan the plates to create 600 
dpi JPEG images ( see   Note 3 ).   

   7.    Leave the plates vertical for 1 h in  darkness  .   
   8.    Gravitationally stimulate the seedlings by rotating the plates 

90°, and incubate in  darkness   for 10, 20, or 30 min ( see   Note 4 ).   
   9.    Rotate the plates in the  clinostat   at 1 revolution per minute 

(RPM) for 4 h.   
   10.    Remove from the  clinostat   then scan again.   
   11.    Align the pre- and post-rotation scans next to each other using 

Adobe Photoshop or similar software.   
   12.    Measure the angle of initial root tip curvature developed after 

transfer to  the   clinostat ( see   Note 5  and Fig.  1 ).   
   13.    For each gravistimulation time, quantify and plot the average 

angle of curvature with associated variance, fi t the correspond-
ing data with L and H model curves as defi ned in Perbal et al. 
[ 8 ], and use these models to calculate the presentation time 
(L model) and the sensitivity score (H model) ( see   Note 6 ).      

       1.    Submerge   Arabidopsis    seeds for 15 min in 20 % bleach to steril-
ize them and then wash four times with distilled water to 
remove bleach solution ( see   Note 1 ).   

   2.    Sow seeds horizontally on 1 % agar containing ½ LS salts by 
placing the seeds on the surface of the agarose gel using a 
pipette or an autoclaved toothpick ( see   Note 2 ).   

   3.    Store the plates at 4 °C for 3 days in darkness obtained by 
wrapping the plates in aluminum foil.   

   4.    Place plates vertically in the controlled environment (CE) for 
4 days.   

   5.    Remove plates from CE and insert them into a petri dish 
holder that is 1 ft away from the lights, providing approximately 

3.1  Measure 
Sensitivity to Gravity 
Using a 2D Clinostat 
Protocol

3.2  Automated 
Time-Lapse 
Photography of Root 
Growth and Curvature 
Response 
to Gravistimulation
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70 μmol m −2  s −1  of light. The room was kept between 22 and 
24 °C and had a humidity between 50 and 60 % in front of the 
camera ( see   Note 7 ).   

   6.    Rotate plates 90° and set the camera to photograph every 
30 min for 12 h ( see   Note 8  and Fig.  2 ).

       7.    Optimize root contrast against agar using image enhancement 
software ( see   Note 9  and Fig.  2 ).   

   8.    Measure images using a semi-automated image analysis soft-
ware package such as ARTT by Russino et al. [ 14 ] ( see   Notes 
10  and  11 ).   

   9.    Plot data using MS Excel or alternative software package ( see  
 Note 12 ).       

4    Notes 

     1.    Seed can also be sterilized by rinsing with 90 % ethanol three 
times, then allowed to air-dry onto sterile fi lter paper.   

   2.    When sealing the plates use medical micro-pore tape before 
removing the plates from the laminar-fl ow cabinet to prevent 
microbial contamination. When working with   Arabidopsis   , it is 
important to carefully choose the taping material to prevent 
problems associated with ethylene accumulation [ 15 ]. If 
 working with  Brachypodium  or  rice   submerge the end of the 
kernel where the radical emerges within the agar.   

   3.    When scanning plates ensure they are parallel to the edge of 
the scanner. Set up three groups of plates: one for a 10 min 
stimulus, one for a 20 min stimulus, and another for a 30 min 
stimulus.   

  Fig. 2    ( a ) Semi-automated robotic photography system automates the time lapse photography of up to 40 petri 
dishes. ( b ) The plant growth parameters can be measured in the original photos by hand using ImageJ, Adobe 
Photoshop or other standard image analysis software. ( c ) Custom image enhancement scripts can digitize the 
images making it easier to analyze the whole time-lapse series using specifi c root tip tracking software       
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   4.    When providing the gravitational stimuli the plates should be 
inside the  clinostat   chamber as this will provide a dark environ-
ment reducing phototropic morphological changes, and it will 
also minimize the mechanical stimulation. The chamber should 
not be rotating during this period, of course.   

   5.    Align the two images taken either before or after the clino- 
rotation next to each other. First measure the root tip angle 
before the plants were gravistimulated. Then fi nd the same 
location on post clinorotation and measure the new orienta-
tion that the root takes.   

   6.    In the L-model ( α  = λ + μ.log10(d)) where α corresponds to the 
gravitropic response and d is the dose of the stimulus, we plot 
the curvature at each time point on a log scale using Microsoft 
Excel. We then perform a linear regression to calculate the 
value where the logarithmic line of best fi t intercepts the  X  
axis. In the Hyperbolic model ( α  = a*d/(b + d)), d is the time 
(min), α is the gravitropic response (angle of curvature), while 
a and b are parameters that we want to estimate. Therefore we 
are estimating two parameters; S = a/b and R^2 = 1- SSres/
SStot. We use Wolframs Mathematica to analyze the  clinostat   
results using the H-model running this code: 

 In Wolframs Mathematica this will deliver the key parame-
ters of the hyperbolic model 

 a, b, S and R^2wherer = sqrt(R^2) 
 d = {10, 20, 30}; 
 alpha = {9.73, 13.933, 24.10}; 
 SStot = Total[(Mean[alpha] - alpha)^2]; 
 abOpt = NMinimize[Total[((a d)/(b + d) - alpha)^2], {a, b}]; 
 d1 = 0; 
 d2 = 40; 
 alphamin = 0; 
 alphamax = 40; 
 Show[Plot[(a d)/(b + d) /. abOpt[[2]], {d, d1, d2}, 
 PlotRange -> {{d1, d2}, {alphamin, alphamax}}], 
 ListPlot[Table[{d[[i]], alpha[[i]]}, {i, 1, 3}], 
 PlotMarkers -> {Automatic, 10}, PlotStyle -> Red, 
 PlotRange -> {{d1, d2}, {alphamin, alphamax}}]] 
 SSres = abOpt[[1]]; 
 Print["SSres: ", SSres] 
 Print["SStot: ", SStot] 
 Slopes = Table[D[(a d[[i]])/(b + d[[i]]) /. abOpt[[2]]], 
{i, 1, 3}] 
 Print["Slope of Fitted Curve at given times: ", Slopes] 
 Print["a: ", a /. abOpt[[2]]] 
 Print["b: ", b /. abOpt[[2]]] 
 Print["S: ", a/b /. abOpt[[2]]] 
 Print["R^2: ", 1 - SSres/SStot]   
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   7.    It is important to ensure the plates are fi lmed in an environ-
ment with appropriate temperature and humidity. These can 
be monitored using a Hobo ®  data logger inserted into the 
petri dish holder. In order to remove the negative phototropic 
effect of the backlight on root growth we use a ROSCO 
E-colour+ #90 dark yellow green fi lter to remove blue and red 
light. Alternatively an infrared camera and far red LED illumi-
nation can be used [ 12 ].   

   8.    To ensure each plant is the same age when it is photographed 
each plate should be rotated 90° no more than 1 min before 
the fi rst photo in the time series is taken.   

   9.    Enhancing images using Adobe Photoshop: A custom image 
enhancement script was recorded using Adobe Photoshop to 
prepare the time series for quantifi cation by ARTT [ 14 ]. The 
precise parameters will depend on the image acquisition param-
eters; these can be easily adjusted using either Adobe Bridge 
Camera Raw tool or automated batch processing scripts within 
Adobe Photoshop. Use a naming system that allows you to 
track the original image source so you can check the times 
between and add a 3-digit serial number so that the images 
stay in sequence. Select a new folder location to save them; this 
may take a long time depending on the number of images you 
are working with. Below is an example of a script designed to 
make roots slighty larger and bolder to aid with subsequnt 
analysis. The parameters to adjust using Adobe Photoshop or 
other digital darkrooms are adjusted in the following order: 
auto-tone, desaturate, median fi lter (2 pixels), brightness/con-
trast (brightness −50, contrast +100), gradient map (tailoring 
is system specifi c), shadow/highlight (tailoring is system spe-
cifi c), glowing edges (edge width 3, edge brightness 20, 
smoothness 1), and then median fi lter (Radius 3 pixels). This 
system will increase the contrast of the roots against the agar 
media, while the glowing edges and fi nal median fi lter make 
the root easier to track as it is larger.   

   10.    ARTT software pre-tracking: Open the software from the 
shortcut on the desktop or start menu. Select the directory 
where your time-lapse series has been saved. You can choose 
which photos from the time series you measure using the drop-
down menu. Go to the parameters tab, this has another sub-
tab called settings that allows you to tell the software size of 
the root (preset to 50), the max orientation displacement (pre-
set to 30) and maximum forward prediction (preset to 20). 
These values should be tailored to the distance your root tip 
was displaced which depends on its speed of growth and the 
length of time between each photo. We have never seen any 
effect associated with the Gaussian fi lter size so ignore that 
setting. Above this there is a tick box called “Apply inclusion 
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fi lter”. If measuring the root tip we recommend this option as 
it stops the software measuring the movement of seeds or 
leaves. If measuring the Coleoptile tip, do not add the inclu-
sion fi lter, this will cause the software to track all moving tips 
within the image series. There will be multiple moving parts 
tracked that will require discarding after the tracking has been 
completed, but this will allow you to select just the coleoptile 
for measuring. The measuring process in ARTT can take some 
time depending on the number of images in the time series but 
is usually really reliable and not prone to crashing.   

   11.    ARTT software post-tracking analyses validation: After track-
ing has been completed, you should notice a drop-down menu 
labeled view in the top left hand corner; click on this and select 
analysis view. This will open a new window that will allow you 
to view the tracings made by the software. Reject any tracings 
the software made that are incorrect using the trace list in the 
bottom left hand corner, right click on the root and select 
delete. If two root paths cross each other the software can lose 
its tracking, but it may also regain it after the paths have 
crossed. If this occurs you can merge these two tracings into 
one by right clicking on the root name in the Trace list and 
selecting the merge option. If the software has lost the root tip 
you can move the tracking point by changing the X and Y values. 
If you are happy with your selection of roots then go to the top 
left corner and click on the single fi le option, this will ensure all 
the measurements are saved in one fi le instead of one fi le per 
root. Choose a destination directory and then click on the save 
data button.   

   12.    Data processing in spreadsheet: Open the CSV data fi le, select 
all, copy and then paste it into Excel. This fi le contains the X 
and Y coordinates of the root tip, the time (which is the 
number of the image), how much it was displaced with its 
velocity, direction and orientation. The time column is actually 
the image number so should be converted to minutes, hours 
and/or days depending on the time scale of the experiment. 
This can be done by calculating the length of time between the 
fi rst 2 photos and then extrapolating the rest of the time points. 
Displacement in ARTT is measured in pixel so should be 
 converted to mm or cm. The accumulative displacement can 
be used to give you the root growth kinetics; this is achieved 
by adding together all the measurements from previous images. 
When the software fails to measure the root tip orientation it 
delivers either a “0” or “nan”, these should be removed to 
prevent them skewing the fi nal results. The root tip orientation 
can have the mean and standard error calculated averages and 
standard errors of each mutant/ecotype/treatment can be 
calculated and plotted on a graph.         
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    Chapter 3   

 Physiological Analysis of Phototropic Responses 
in  Arabidopsis                      

     Mathias     Zeidler      

  Abstract 

   Plants utilize light as sole energy source. To maximize light capture they are able to detect the light 
direction and orient themselves towards the light source. This phototropic response is mediated by the 
plant blue light photoreceptors phototropin1 and 2 (phot1 and phot2). Although fully differentiated 
plants also exhibit this response it can be best observed in etiolated seedlings. Differences in light between 
the illuminated and shaded site of a seedling stem lead to changes in the auxin-distribution, resulting 
in cell elongation on the shaded site. Since phototropism connects light perception, signaling, and auxin 
transport, it is of great interest to analyze this response with a fast and simple method. 

 Here we describe a method to analyze the phototropic response of  Arabidopsis  seedlings. With numer-
ous mutants available, its fast germination and its small size  Arabidopsis  is well suited for this analysis. 
Different genotypes can be simultaneously probed in less than a week.  

  Key words     Phototropism  ,    Arabidopsis   ,   Phototropin  

1      Introduction 

 The fi rst scientifi c observations of phototropic plant responses date 
back to the sixteenth century (reviewed in Ref. [ 1 ]). Darwin dis-
covered that the perception of the stimulus and the site of action 
could be separated [ 2 ] which later led to the discovery of Auxin 
[ 3 – 5 ]. The responsible photoreceptors were identifi ed with the 
help of molecular-genetics in the model plant   Arabidopsis      thaliana    
and later named after their major response:  PHOTOTROPINS   
(phot) [ 6 ,  7 ].  Arabidopsis  has two phots (phot1 and phot2) which 
are also involved in the regulation of  chloroplast movement   and 
stomatal opening. They are light-activated kinases. A sensory part 
with two LOV (light, oxygen, voltage) domains inactivates the 
kinase domain in the dark. After activation the sensory domain 
releases the kinase domain and phots can phosphorylate target pro-
teins [ 8 ]. Phot1 regulates the phototropic response to a wide range 
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of blue light intensities while phot2 mainly mediates the response 
to high-intensity blue light [ 9 ]. 

 Other photoreceptors modulate phot mediated phototropism, 
mainly the blue light sensing CRYPTOCHROMEs (cry1 and 
cry2; [ 10 ]) as well as the red light sensing phytochromes, especially 
PHYTOCHROME A (phyA) [ 11 – 14 ]. While crys and phyA 
appear to enhance the phototropic response to blue light, crypto-
chromes also seem to be responsible for residual phototropism in 
the  phot1phot2  double mutant [ 15 ]. Additionally phyA has been 
shown to mediate the enhancement of phototropism by a red 
light pretreatment [ 11 ,  16 ,  17 ]. Consequently a  cry1cry2phyA  
triple mutant has a severely disturbed phototropic response [ 18 ]. 
Signaling factors for phototropism downstream of the phots 
have also been identifi ed, among them NONPHOTOTROPIC 
HYPOCOTYL 3 (NPH3), ROOT PHOTOTROPISM 2 (RPT2) 
[ 19 ,  20 ], and the PHYTOCHROME KINASE SUBSTRATE 
(PKS) family with four members (PKS1–4). PKS1, PKS2, and 
PKS4 are associated with the plasma membrane and interact with 
phot1, phot2, and NPH3 [ 21 – 23 ]. PKS1, 2, and 4 as well as 
NPH3 have been shown to infl uence  auxin   distribution and auxin- 
dependent   gene expression [ 24 ,  25 ]. Further downstream auxin 
transport facilitators are involved in phototropism. Among them 
are the PIN-FORMEDs (PINs),  ATP-binding-cassette B-type 
transporter (ABCB)  , and the AUXIN RESISTANT (AUX) 1—
LIKE-AUX (LAX) family proteins [ 26 – 31 ]. 

 Many different techniques have been described to analyze 
phototropism in   Arabidopsis    seedlings from which the growth on 
vertical oriented agar plates is the most common and easiest, and 
therefore this technique is described here. Others, like continuous 
video documentation of the seedlings [ 32 ] or microbeam irradia-
tion on single seedlings [ 33 ] have also been used successfully to 
measure hypocotyl bending in unilateral illumination conditions. 
They require a more sophisticated setup and data management but 
deliver time resolved information. Nevertheless, for the routine 
test of few lines the technique described here is easy and requires 
no specifi c instruments or software. Results can be obtained in less 
than a week.  

2    Materials 

     1.    20–40  Arabidopsis   seeds per line you want to investigate.   
   2.    ½ MS solid medium: 2.15 g/l MS (Murashige–Skoog salts, 

without vitamins;  see   Note 1 ) in H 2 O (Milli-Q). Adjust pH to 
5.7 with KOH, add 0.7 % agar, and autoclave. Pour in sterile 
square petri dishes (12.5 × 12.5 × 1.5 cm).   
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   3.    Sterilization solution: 2.5 % (v/v) sodium hypochlorite in H 2 O 
(Milli-Q) with 0.1 % (v/v) Triton X-100. Prepare fresh and be 
careful because the solution is quite corrosive.   

   4.    Plating Solution: 0.1 % agarose ( see   Note 2 ) in H 2 O (Milli-Q), 
autoclaved.   

   5.    A narrow band width light source (full width at half height; 
FWHH < 30 nm) with the option to adjust different fl uence 
rates is necessary. Usually a slide projector with an interference 
fi lter can be used. Much better are high power LEDs that 
are easily available. For unilateral blue light we use 450 nm 
Luxeon high power LEDs (Roithner Lasertechnik, Austria), 
which are mounted on a 2-mm thick aluminum plate for cool-
ing and connected to a power supply. Fluence rates between 1 
and 100 μmol m −2  s −1  can be easily obtained by changing the 
current, and for lower fl uence rates semitransparent paper is 
brought into the light path.   

   6.    Black paper.   
   7.    Book stands or black wooden boxes in which up to 6 square 

petri dishes will fi t (inner dimensions 10 × 13 × 13 cm one side 
open).   

   8.    Computer with the ImageJ software (National Institutes of 
Health) installed.      

3    Methods 

       1.    You will need 1–2 petri dishes per genetic line to investigate. 
Take the plates with the solidifi ed media, turn them bottom-
up and draw a line on the bottom of the petri dishes. The start 
point should be 5 mm before the top-midpoint of the plate 
and the end point 5 mm after the bottom midpoint of the plate 
if it lies on a table in front of you (Fig.  1a ;  see   Note 3 ). Turn 
the plates back to the normal position (bottom-down).

       2.    Sterilize the seeds by mixing them with 500 μl of sterilization 
solution in 1.5-ml reaction tubes and let the suspension incu-
bate for 10 min at room temperature ( see   Note 4 ). Centrifuge 
briefl y. From this point onwards work on a sterile bench. 
Discard the sterilization solution quickly and wash the seeds 
three times with 1 ml of sterile water. After the last wash, dis-
card the water, add 100 μl of 0.1 % agarose, and mix.   

   3.    Pipette some of the seeds in 0.1 % agarose on the drawn line 
on the MS medium (Fig.  1a ). Move the single seeds with a 
sterile inoculation loop. Make sure that the distance between 
each seed is approximately 3–5 mm ( see   Note 5 ). Let the sur-
face of the medium dry briefl y on the clean bench so that the 
seeds do not shift when the plates are placed in the vertical 

3.1  Seed Preparation
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position. Close the petri dishes and label them on the bottom 
with the genotype of the seeds they contain.   

   4.    Stratify your seeds for 3–4 days wrapped in aluminum foil at 
4 °C, already in the vertical position. Mark the top side of the 
plates.      

       1.    Unwrap the plates and expose 2 h to white light to synchro-
nize germination.   

   2.    Place the plates back in standing position and insert a black 
paper between each separate plate to minimize refl ection. Also 
put a black paper at the back of the plate stack.   

   3.    The plates should now be in a stack in which all the plates are 
standing, with black paper on both sides of the plates and on 
the back of the cube-like stack (Fig.  1b ;  see   Note 6 ).   

   4.    Let seeds germinate and the emerging seedlings grow nega-
tively gravitropically for 2–3 days in darkness at 20–25 
°C. Ideally, the plates should already be in front of the irradia-
tion setup. The irradiation setup and position of the plate stack 
should be prepared in a dark room or in a completely dark 
cabinet.   

   5.    After the germination and negative gravitropic growth, switch 
the light on to irradiate the seedlings from one side with blue 
light of the desired fl uence rate for 12 h ( see   Note 7 ). The 
plates should be slightly moved out of the direct straight line 

3.2  Germination 
and Illumination

  Fig. 1    Schematic drawings of plate layout and light path to the plate stack. ( a ) View of open plate with the line 
on the bottom slightly rotated in relation to the center of the plate. Seeds are separately arranged on this 
line with a distance of 3–5 mm each. ( b ) Plate is closed and placed vertically so that the TOP (see also  a ) is on 
the upper side. Plates are stacked with black paper in between them as well as on the outside and on the back 
of the stack. The stack is slightly turned so that the light falls with a 0.5–1° angle on the agar surface       
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of the light path so that the light falls obliquely onto the agar 
surface (Fig.  1b ). Depending on the light source, different 
fl uence rates can be adjusted in the light fi eld by shading the 
front side of the petri dish cubes with semitransparent paper.   

   6.    Document the phototropic bending angle by digital photogra-
phy. Place a piece of millimeter paper next to the seedlings to 
obtain a scale.      

       1.    Install ImageJ from http://rsb.info.nih.gov/ij/ and start the 
program.   

   2.    Open your image: File>Open.   
   3.    Make sure the plate is aligned with the border of the window: 

Image>Transform>Rotate.   
   4.    Change the image to 8-bit greyscale: Image>Type> 8-bit.   
   5.    Click on the angle-measuring button in the tools menu.   
   6.    Click once on the base of the hypocotyl, once on the midpoint 

of the bend and last on the upper part of the hypocotyl.   
   7.    Press M on the keyboard to save the measurement in the results 

windows.   
   8.    Go back to  step 6 .   
   9.    When fi nished with one biological sample, copy the data to 

Excel or a similar program to plot the angles ( see   Note 8 ).       

4    Notes 

     1.    Adjust the amount of MS salts according to the recommenda-
tions of the supplier. The number here refers to MS-salts from 
Genaxxon (Germany).   

   2.    Agarose is used here and not agar. The low concentration aga-
rose has a similar density as the seeds and allows them to fl oat. 
This makes pipetting and manipulating the seeds much easier.   

   3.    A slightly slanted line is intended so that the seedlings do not 
disturb each other when growing negatively gravitropically.   

   4.    It is important not to exceed these 10 min because then the 
seeds suffer damage and germination rates drop. On the other 
hand, a much shorter time does not sterilize the surface suffi -
ciently. Therefore 10 min should be observed closely (+/− 1 min).   

   5.    This may be diffi cult at the beginning because the seeds tend 
to stick to each other in the drops of liquid. Therefore, less 
liquid is better. Try fi rst to position a few seeds and when you 
are done, take more out of the tube onto the agar surface.   

   6.    Care should be taken that the plates are exactly upright. This 
can be achieved by constructing wooden boxes or by using 
bookstands on both sides of the upright stack.   

3.3  Measuring 
the Bending Angle 
with ImageJ
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   7.    For standard tests a fl uence rate of 1 μmol m −2  s −1  should result 
in a good response of the wild type. Fluence rates should be 
determined with a PAR meter or similar device at the point 
where the seedlings will be positioned.   

   8.    Usually it is not conclusive to take a mean value of the angles, 
especially if plants are not behaving normally (for instance 
showing a positive or negative reaction towards the light 
source). It therefore is better to take classes of angles (0–10°, 
11–20° etc.) and sort all the measured values into these classes, 
so that a table is generated which comprises numbers of seed-
lings per class. This table needs to be normalized to the 
number of seedlings by translating the numbers per class to 
percentage of all seedlings per class. This dataset contains more 
information than the mean (Fig.  2 ).

  Fig. 2    Different presentations of the same bending angle data. Three artifi cial data sets, representing a normal 
distribution, a wide distribution, and an avoidance component in the bending response were plotted with three 
different methods. ( a ) An average does not differentiate between  mutant1  and  mutant2  (positive and negative 
phototropism) nor does it refl ect the avoidance reaction.  Error bars  represent standard errors of the mean. 
( b ) All seedlings were sorted into classes and normalized to the total amount of seedlings from each genotype. 
This is a much better representation of the response and the differences between the different genotypes. 
In ( c ) the same data were converted into circular histograms ( wuschel -diagrams). Here the length of a line 
represents the percentage of seedlings in this specifi c angle class. This diagram, also based on the same data 
set as in  b , is more informative. The light was coming from the right hand side as indicated by the  arrow  and 
the scale bar is 10 % of the seedlings represented       
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    Chapter 4   

 Automatic Chloroplast Movement Analysis                     

     Henrik     Johansson      and     Mathias     Zeidler     

  Abstract 

   In response to low or high intensities of light, the chloroplasts in the mesophyll cells of the leaf are able to 
increase or decrease their exposure to light by accumulating at the upper and lower sides or along the side 
walls of the cell respectively. This movement, regulated by the phototropin blue light photoreceptors 
phot1 and phot2, results in a decreased or increased transmission of light through the leaf. This way the 
plant is able to optimize harvesting of the incoming light or avoid damage caused by excess light. Here we 
describe a method that indirectly measures the movement of chloroplasts by taking advantage of the result-
ing change in leaf transmittance. By using a microplate reader, quantitative measurements of chloroplast 
accumulation or avoidance can be monitored over time, for multiple samples with relatively little hands-on 
time.  

  Key words     Phototropin  ,    Arabidopsis   ,   Chloroplast movements  ,   Microplate reader  

1       Introduction 

  Plants  growing   in the natural environment need to monitor and 
respond to environmental changes constantly to optimize growth 
and development. The intensity of the incoming light is important 
because if too high, the light can cause damage to the chloroplasts 
[ 1 ], and when too low it does not provide suffi cient energy for the 
plant to grow [ 2 ]. However, plants are able to react to these changes 
by relocating their chloroplasts within the cell to increase (chloro-
plast accumulation) or decrease (chloroplast avoidance) their expo-
sure to the incoming light [ 3 ]. This movement, towards low light 
and away from high light intensities, has been shown to be regu-
lated by the  phototropin   blue light photoreceptors (phot1 and 
phot2 in   Arabidopsis   ). While phot2 is required for avoidance [ 4 ], 
both phot1 and phot2 regulate the accumulation response [ 5 ]. 

 An array of techniques can be used to measure the movement of 
chloroplasts [ 6 ], including the simple “band assay” which was suc-
cessfully used in a mutant screen to identify  phot2  [ 4 ], and microbeam 
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experiments tracking the movement of single chloroplasts within the 
cell [ 7 ]. However, as the chloroplast movement ultimately alters the 
light absorbance of the leaf, accumulation and avoidance responses 
can also be measured indirectly by probing the change in light absor-
bance/transmittance of the leaf. Since the  phototropin   photorecep-
tors are in general solely responsible for the response, blue light is 
used to stimulate the movement while a red light beam (that will not 
trigger movement) is used to probe the leaf transmittance. Methods 
utilizing these properties were fi rst developed four decades ago [ 8 ] 
and have since then been used by others with modifi cations [ 9 – 11 ]. 
With the use of commonly available programmable  microplate read-
ers  , quantitative and automatic time course data of chloroplast move-
ments can be obtained with ease. In this chapter, we describe this 
method, including the setup of the measuring equipment, prepara-
tion of samples and data analysis.  

2     Material 

     1.    Plate reader: Should be able to be programmed to eject and 
insert a 96-well plate at any given time to measure absorbance 
of 660 nm and 800 nm. We use the Synergy 2 plate reader 
(BioTek, USA).   

   2.    Blue light source: Any narrow peak light source with an equal 
light intensity over the area of the plate will be suffi cient. We 
prefer high power luxeon LEDs, mounted on a cooling panel 
with peak emission at 470 nm (30 nm FWHH; Roithner 
Lasertechnik, Austria).   

   3.    Liquid ½ MS media: Dissolve ½ of the recommended weight 
of MS salts in 100 ml of dH 2 O. Set the pH to 5.7 using KOH 
and autoclave for 20 min at 120 °C. Let cool to room 
temperature.   

   4.    ½ MS media with 0.6 % Phytagel: Prepare as the liquid ½ MS 
media, but add 0.6 g of Phytagel (Sigma-Aldrich) prior to 
autoclaving.   

   5.    Clear 96-well microplate with fl at bottom.   
   6.    Adhesive seal for 96-well plate.   
   7.    Cork borer: 6 mm in diameter with “push rod”.   
   8.    2–4-week-old   Arabidopsis    plants grown on soil ( see   Note 1 ).      

3     Methods 

       1.    Place the  microplate reader   in a dark and temperature con-
trolled room or cabinet. Connect the computer, preferably in 
a different room/outside the cabinet to avoid possible light 
contamination from the screen (Fig.  1 ).

3.1  Setup of Plate 
Reader 
and Light Source

Henrik Johansson and Mathias Zeidler
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       2.    Place the blue LED array above the 96-well plate ejected from 
the  microplate reader   (Fig.  1 ;  see   Note 2 ).   

   3.    Program the plate reader to take a measurement every 10 min 
at both 660 nm ( see   Note 3 ) and 800 nm ( see   Note 4 ). For the 
fi rst 30 min (four measurements) the plate stays in the machine. 
After the fourth absorbance reading, the program should con-
tinue to measure every 10 min ( see   Note 5 ). However, now 
the plate should be ejected directly after the measurement and 
stay ejected for the light treatment until the next measurement 
(Table  1 ).

              1.    Prepare the ½ MS-media containing 0.6 % Phytagel and auto-
clave ( see   Note 6 ).   

   2.    While still warm, pipette 100 μl of media into each well and 
leave the plate on a fl at surface to settle.   

3.2  Preparation 
of 96-Well Plate 
and Leaf Disks

  Fig. 1    Schematic representation of the general setup of  microplate reader  , com-
puter, and LED array       

   Table 1  
  A general example of the different actions that need to be programmed in  the   microplate reader   

 Step #  Action  Step #  Action  Step #  Action 

 1  Measure 660 nm  8  Measure 800 nm  15  Measure 660 nm 

 2  Measure 800 nm  9  Delay 10 min  16  Measure 800 nm 

 3  Delay 10 min  10  Measure 660 nm  17  Plate Out 

 4  Measure 660 nm  11  Measure 800 nm  18  Delay 10 min 

 5  Measure 800 nm  12  Plate Out  19  Plate In 

 6  Delay 10 min  13  Delay 10 min  20  Measure 660 nm 

 7  Measure 660 nm  14  Plate In  21  Measure 800 nm 

  Here, four measurements are taken in  darkness   (in the machine), followed by two measurements after exposure to the 
blue light  

 

Chloroplast Movement
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   3.    Detach a rosette leaf from a 2–4-week-old   Arabidopsis    plant 
using a scalpel. Stamp out a leaf disk of 6 mm in diameter using 
the cork borer against a normal sheet of (ca. 20 × 30 cm) paper 
folded twice in the middle ( see   Note 7 ). Place the leaf disk 
adaxial side up in a Petri dish fi lled with liquid ½ MS medium. 
Continue this procedure until you have all disks needed for the 
experiment.   

   4.    Gently transfer the leaf disks to the 96-well plate using a pair of 
tweezers and taking care not to damage the disks ( see   Note 8 ).   

   5.    Add 20 μl of liquid ½ MS media to each well to avoid dehydra-
tion of the leaf during measurements.   

   6.    By holding the plate against a light source, you might now 
notice air bubbles trapped under some leaves. Carefully remove 
these by gently pressing the leaf disk with the back side of the 
tweezers or another blunt object ( see   Note 9 ).   

   7.    Close the plate with the adhesive seal. Wrap the plate in aluminum 
foil and place in a dark room/cabinet overnight ( see   Note 10 ).      

       1.    Working in darkness, or using green safe light, remove the alu-
minum foil and the adhesive seal and place the 96-well plate in 
the  microplate reader  .   

   2.    Start the absorbance measurements using the predefi ned 
program.   

   3.    Turn on the blue LED source and leave the program to run for 
as long as required ( see   Note 11 ).   

   4.    When done, export the absorbance data (660 and 800 nm) to 
Excel or an equivalent program.   

   5.    To account for light scattering in the 660 nm absorbance data, 
subtract the 800 nm value for each well and time point from 
the 660 nm value ( see   Note 4 ).   

   6.    Transform absorbance (Abs) to % transmittance (%T) by 
%T = 10 (2-Abs) .   

   7.     Steps 5  and  6  can be performed simultaneously using the 
equation: %T = 10 ((2−(Abs  660  −Abs  800  )) .   

   8.    To normalize the data, subtract the transmittance data of time 
point 0 (the fourth measurement) from all other time points to 
generate Δ Transmittance (%).   

   9.    Calculate the mean value and standard deviation of the samples 
at each time point. The mean value and standard deviation of 
time point 0 (fourth measurement) should read 0.   

   10.    Finally, create a graph plotting Δ Transmittance (%) over time 
(min) (Fig.  2 ).

3.3  Starting 
of Measurements 
and Data Analysis

Henrik Johansson and Mathias Zeidler
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4             Notes 

     1.    We generally grow our plants in short day conditions (8 h 
light, 16 h dark). Although we have no indication that chloro-
plast movement is circadian regulated, the possibility should be 
kept in mind when designing an experiment.   

   2.    It is very important that the light source produces a homog-
enous light fi eld over the area of the 96-well plate as the 
chloroplast accumulation/avoidance is strictly dependent 
on the fl uence rate of blue light. The light intensity should 
be tested using a PAR-meter or equivalent. However, we 
have found that a good way of determining the homogene-
ity of the light fi eld is to conduct a test experiment using a 
full 96-well plate of WT leaf disks and search for any trends 
in the data that correlates with the positioning of the sample 
well.   

   3.    Although leaf absorbance generally can be measured using red 
light without affecting the results in higher plants, it should be 
kept in mind that chloroplast relocation of some ferns and 
mosses are dependent on both blue and red light [ 12 ,  13 ]. In 
these cases, it would be important to set up a control experi-
ment to in order to determine any effects of the red  light pulses   
given during measurements.   

   4.    Looking at the published literature, the 800 nm measurement is 
not an absolute requirement. However, we believe the addition 
of this measurement is benefi cial to correct for light scattering 
effects.   

  Fig. 2    Example of  chloroplast movements   in response to low and high fl uence 
rates of blue light as measured by  a   microplate reader       
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   5.    Depending on the type and speed of the  microplate reader   
and the number of samples used, the intervals between the 
measurements could be reduced. We aim at keeping the 
samples exposed to blue light for at least 90 % of the total 
time.   

   6.    If the ½ MS, 0.6 % Phytagel media are allowed to settle after 
the autoclaving, reheating in the microwave is greatly aided by 
breaking up the gel, using a spatula prior to reheating. 
Although contamination is a concern, the leaf disks later put 
on top of the media in the wells are not sterile and generally 
not a problem.   

   7.    It is important to use leaves of similar size and age. Furthermore, 
the disks should be stamped out from the same area of each 
leaf. We use the middle of the leaf, with the midvein crossing 
each leaf disk.   

   8.    To counter act any potential problems related to the homoge-
neity of the light fi eld, it is recommended to “mix up” the 
different genotypes on the microplate. Thus, do not put for 
example the WT samples in well A1-H8 and the mutant in 
A9-H12. In addition, it is important to remember that this 
method does not measure the movement of chloroplasts, but 
the increase or decrease of leaf transmittance. Thus, it is 
important to consider that an unrelated phenotype of a 
mutant (different shape/size of palisade cells) might also have 
an effect.   

   9.    Although it is preferable to not have any air bubbles trapped 
under the leaf disks, we have no indication that this actually 
constitutes a problem. Therefore, this potential problem needs 
to be weighed against possible damage to the leaf disks during 
the removal of the trapped air.   

   10.    In order to avoid any sudden changes in temperature, it is rec-
ommended to store the 96-well plate overnight in the room/
cabinet where the measurements will take place. Shorter incu-
bation times can also be used. However, if too short (<3 h), 
the initial four measurements in  darkness   are likely to show 
some minor increase or decrease of transmittance.   

   11.    To observe a strong chloroplast accumulation response in WT 
leaf disks, we generally use a blue light fl uence rate of 1 μmol 
m −2  s −1 . In order to observe a strong chloroplast avoidance 
response, a fl uence rate of >50 μmol m −2  s −1  is recommended. 
In our experience, the measured avoidance/accumulation 
generally reaches a plateau after being exposed to light for 1 h 
(Fig.  2 ), but this might depend on the leaf tissue and fl uence 
rate of blue light used.          

Henrik Johansson and Mathias Zeidler
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    Chapter 5   

 Microscopic and Biochemical Visualization of Auxins 
in Plant Tissues                     

     Joshua     J.     Blakeslee      and     Angus     S.     Murphy     

  Abstract 

   Auxins are a particularly notable class of phytohormones in that they regulate plant growth and develop-
ment at sites of synthesis, and via a regulated polar transport system comprising PIN, ABCB, and AUX/
LAX transport proteins. In order to fully understand auxin-regulated physiological processes, it is therefore 
essential to be able to determine where indole-3-acetic acid and related compounds are being synthesized, 
where they are transported to, and how much IAA is accumulating in any given tissue. Auxin may be visu-
alized either indirectly, through the use of auxin responsive promoters; directly, through the use of radio-
labelled auxin or fl uorescent auxin analogs; or biochemically through extraction and mass-spectrometric 
quantifi cation of auxin and auxin metabolites from target cells or tissues. Here we focus on the use of the 
DR5::GUS synthetic auxin promoter reporter construct, fl uorescent auxin analogs, and confi rmatory bio-
chemical (high-pressure liquid chromatography tandem mass-spectrometry) visualization of auxin and 
auxin metabolites.  

  Key words     Auxin  ,   DR5::GUS  ,   Fluorescent auxin analogs  ,   LC-MS/MS  

1      Introduction 

 The phytohormone  auxin   is essential for normal plant growth. 
Auxin regulates programmed developmental processes, such as 
meristem organization, and plastic growth responses, including 
tropisms and differential lateral root growth. While the primary 
auxin found in most plants is indole-3-acetic acid (IAA), the terms 
“auxin” or “auxinic compound” are also applied to a range of 
structurally related molecules either synthesized by plants or algae, 
including indole-3-butyric acid and indole-3-propionic acid, or 
through industrial processes, such as 2,4-dichlorophenoxyacetic 
acid [ 1 ,  2 ]. Auxins are particularly interesting as hormones because 
they regulate plant development not only at the site of synthesis, 
but are also transported to more distal sites of action. Transport of 
auxins occurs through both the phloem (“bulk fl ow”), as well as 
through cell-to-cell movement. Auxin transport streams are 
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 organ- specifi c and, at the tissue and cell levels, are carefully defi ned 
and controlled through the action of both infl ux permeases (i.e., 
AUX/LAX proteins) and effl ux transporters, primarily members of 
the pin-formed (PIN) major effl ux facilitator or ATP-binding cas-
sette B family ( ABCB  ) (reviewed in Blakeslee et al.; Peer et al.) [ 3 , 
 4 ]. Mis-regulation or inhibition of either auxin synthesis or trans-
port (through either chemical or genetic means) results in moder-
ate to severe disruptions in normal organ growth and development, 
leading to loss of root or shoot apical meristem identity, abnormal 
stem or shoot growth (e.g.,  Arabidopsis    pin1  and  maize    br2  
mutants), altered lateral root or root hair growth, or decreased 
seed production [ 5 – 8 ]. 

 Given the importance of synthesis and transport in  auxin   phys-
iology, it is crucial to determine sites of auxin accumulation and to 
be able to trace auxin movement in intact plants and tissues. As a 
result, considerable energy has been devoted to developing 
microscale techniques to visualize and quantify auxin movement in 
plant tissues. These techniques fall into two broad categories: indi-
rect methods, in which the presence of auxin is inferred through 
either the location of transport proteins or the response of auxin- 
response elements; and direct methods, in which auxin is visualized 
either through the use of radioisotopes, fl uorescently labeled ana-
logs, or direct biochemical detection (primarily mass- spectrometry). 
This chapter provides a review of three of the methods most com-
monly used to visualize auxin and auxinic compounds in plant tis-
sues: the DR5:: GUS   synthetic auxin reporter construct (an indirect 
method of visualization);  fl uorescent auxin analogs  , which allow 
direct visualization of auxin accumulation and limited visualization 
of auxin transport, both at the cellular level; and the use of high- 
pressure  liquid chromatography tandem mass spectrometry (LC- 
MS/MS)   to visualize and quantify auxin and auxin analogs in plant 
tissues. 

  
  To date, the  majority   of published work investigating  auxin   physi-
ology and biochemistry has relied on the use of indirect methodol-
ogy to visualize auxin transport and accumulation. In these studies, 
accumulations of auxin in target tissues have been inferred by dem-
onstrating that proteins involved in transport of auxins exhibit a 
subcellular localization, which would result in auxin being fun-
neled into the target tissue [ 6 ,  9 – 11 ]. While these methods pro-
vide a very good indication of the directionality of the vector of 
auxin transport, they do not allow a quantitative measurement of 
the amount of auxin being moved through the transport stream 
and into target cells or tissues. Auxin responsive promoters address 
this question by linking the presence of auxin in a cell to a quantifi -
able response. 

 Indirect visualization of  auxin   based on the use of auxin 
responsive elements/promoters presents several advantages over 

1.1  Visualization 
of Auxin Using 
the DR5::GUS 
Synthetic Reporter 
System

Joshua J. Blakeslee and  Angus S. Murphy
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the inference of auxin levels through localization of transport pro-
teins. The largest of these advantages is that the promoter-based 
indirect auxin visualization systems respond specifi cally to the pres-
ence of IAA, and as a result give a relatively direct measurement of 
the amount of auxin present in cells or tissues [ 12 ,  13 ]. Additionally, 
the promoter-based systems provide the opportunity to not only 
indirectly visualize auxin accumulations, but also to quantify them, 
since the intensity of the observed response (commonly increases 
in glucuronidase (GUS) [ 12 ] activity or VENUS [ 13 ] yellow fl uo-
rescent protein expression) is proportional (directly proportional 
in the case of GUS and inversely proportional in the case of 
VENUS) to the amount of auxin present in the cell/tissue. 
Quantifi cations can be performed either visually, spectrophoto-
metrically (i.e., through the use of enzymatic activity assays for 
GUS reporter constructs), or fl uorimetrically (i.e., by comparing 
extractable fl uorescence to a VENUS protein standard using a fl u-
orimeter, for VENUS constructs). DR5::GUS is currently the 
most widely used auxin responsive element, and consists of fi ve 
tandem repeats of an auxin-responsive element (TGTCTC) fused 
to the glucuronidase enzyme [ 12 ]. This construct has been suc-
cessfully used to visualize auxin in both herbaceous ( Arabidopsis   
[ 14 ], tomato [ 15 ],  rice   [ 16 ]) and woody (poplar [ 17 ]) species. In 
plants containing the DR5::GUS reporter construct, accumulation 
of auxin in cells will result in the expression of glucuronidase 
(GUS) in these cells. When stained with X-gluc (5-bromo-4- 
chloro-3-indolyl-beta-D-glucuronic acid), the GUS enzyme 
cleaves this molecule to release glucuronic acid (colorless), and 
4-chloro-bromo-indigo, a blue precipitate [ 18 ]. The end result of 
this process is that cells and tissues where auxin levels were suffi -
cient to trigger expression of the DR5:GUS reporter construct are 
stained a blue color following X-gluc treatment [ 12 ,  18 ]. Here we 
present a protocol detailing the use of the DR5::GUS reporter 
construct to visualize auxin in  Arabidopsis  [ 14 ]. Protocols for visu-
alizing DII::VENUS are similar to those presented above for visu-
alizing DR5::GUS, with the exception of the fi nal visualization 
step. Imaging of DII::VENUS will require the use of confocal, 
rather than light, microscopy, in a manner similar to that described 
for the immune-localization of  ABCB   and PIN proteins, presented 
in chapter 6 of this volume.   

  
  While use of the DR5:: GUS   syntheti  c  auxin   reporter construct pro-
vides several advantages (specifi cally fast turn-around time and the 
use of simple light microscopy to visualize stained tissues), the 
method does have a few drawbacks. As noted in the DR5:: GUS   
protocol provided, it is very easy to over-stain tissues, resulting in 
an overestimation of auxin distribution in the cells or tissues under 
examination. Additionally, cell-to-cell movement of GUS stain 
over time can, if not carefully controlled for, provide a false picture 
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of auxin distribution in the target tissues. Finally, this method only 
indirectly detects auxin, meaning that it visualizes the effect of 
auxin on a given cell, i.e., the effect of the auxin present but not 
the auxin itself. In other words, the amount of GUS staining pres-
ent in the cells of a DR5:: GUS   plant is indicative of the total 
amount of auxin present in the cell, as a result of both transport 
and synthesis, and is not a direct visualization of auxin itself. Initial 
attempts to visualize auxin directly focused on the use of antibod-
ies generated to auxin molecules conjugated to bovine serum albu-
min through the indolic nitrogen [ 19 ], the carboxylic acid group 
[ 20 ], or one of the carbons of the benzyl ring [ 21 ]. While these 
antibodies have shown usefulness in radioimmunoassay [ 19 ] and 
enzyme-linked immunosorbent assay [ 22 ,  23 ] designed to quan-
tify auxin levels in cellular or tissue extracts, these antibodies do 
not allow visualization of auxin or auxin metabolites in intact tis-
sues. Recently, however, the development of  fl uorescent auxin ana-
logs   has progressed to the point where use of these molecules, in 
conjunction with current state-of-the-art auxin microdeposition 
methodologies, allows direct visualization of auxin, and limited 
visualization of auxin transport, at the cellular level [ 24 ]. The 
development of  fl uorescent auxin analogs   has been complicated by 
the fact that endogenous auxins “auto-regulate” IAA transport 
and metabolism by altering the localization of PIN auxin effl ux 
transporters and GH3, an auxin–amino acid conjugating enzyme 
[ 24 ]. Application of  fl uorescent auxin analogs   with auxinic activity 
would therefore result in an almost immediate shift in both auxin 
transport profi les and auxin metabolism, and the profi le of auxin 
transport gained by imaging these analogs would not be indicative 
of the native auxin gradient present in the cell, tissue, or organ 
being studied. 

 Recently developed 7-nitro-2,1,3-benzoxadiazole (NBD) 
conjugated indole-3-acetic acid (NBD-IAA) and naphthalene- 1- 
acetic acid (NBD-NAA) provide a new and highly precise way to 
view  auxin   accumulations directly at the cellular and subcellular 
levels. NBD-IAA and NBD-NAA fl uorescent auxins are recog-
nized and transported (at least to some degree) by several auxin 
transport proteins, including both the uptake AUX/LAX perme-
ase AUX1 and the PIN1 major effl ux facilitator protein auxin 
transporter [ 24 ]. The kinetics and rate of this transport, however, 
are currently unclear, and it appears as though NBD-IAA and 
NBD-NAA are not transported (or transported only minimally) by 
PIN3 and the ATP-binding cassette transporter/p-glycoprotein 
auxin transporters ABCB1 and ABCB19 [ 24 ]. While NBD-auxin 
analogs may not be transported by all auxin transporters, the cel-
lular and subcellular accumulation patterns of these molecules 
appear to mimic those of endogenous auxins, and the NBD- 
analogs have an additional advantage in that they do not interact 
with the TIR1-Aux/IAA auxin receptor complex or GH3 and 
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therefore are signifi cantly less active in triggering auxin responses 
than other auxin analogs (for example, 1- N- naphthylphthalamic 
acid), making them ideal substrates with which to directly and 
non-disruptively visualize auxin gradients at the cellular and sub-
cellular levels as well as, to a lesser extent, auxin transport at the 
cellular level [ 24 ]. Additionally, since NBD-auxins are themselves 
fl uorescent, these small molecules can be used to visualize auxin 
distribution in any plant line chosen, without the need to trans-
form plants with a reporter construct and select for homozygosity. 
Finally, the rapid uptake of these compounds (15–20 min, on aver-
age) into tissues allows for real-time visualization of auxin trans-
port in plant responses such as gravitropic bending of roots [ 24 ]. 
Here we detail protocols to utilize NBD-IAA or NBD-NAA to 
visualize auxin accumulations at the cellular and subcellular level in 
intact  Arabidopsis   seedlings and excised  Arabidopsis  hypocotyls.   

  
 Although the methods above allow the detection of  auxin   through 
microscopy-based imaging, they do not allow precise determina-
tion of the amount of auxin present in a given tissue or organ. In 
order to generate a map which will allow visualization of the levels 
of auxin (or auxin analogs) present in a given plant tissue or organ, 
it is necessary to extract IAA from the target tissues, concentrate it, 
and quantify it. Initial methods used to detect auxins relied on 
thin-layer chromatography [ 25 – 27 ] or high-pressure liquid chro-
matography (HPLC) [ 28 ,  29 ]. While these methods are still used 
to quantify auxins in some high-throughput scenarios (e.g., when 
screening auxin levels in soil samples or microbial extracts [ 30 ]), in 
most cases they have been replaced by either enzyme-linked immu-
nosorbent assays employing antibodies generated against auxins 
[ 23 ] or gas chromatography-mass spectroscopy (GC-MS). To 
date, most GC-MS methods used to detect auxin and auxin metab-
olites have required the derivatization of auxin (often with diazo-
methane [ 31 ]) prior to analysis, a process that results in sample loss 
and a consequent decrease in the sensitivity of this technique [ 32 ]. 
Modern GC-MS techniques, however, have begun to address 
issues of sample loss, and have considerably enhanced the limit of 
detection achievable via GC-MS [ 33 ]. More recently, the advent of 
highly sensitive  liquid chromatography tandem mass spectrometry 
(LC-MS/MS)   methods have allowed the detection of  underivatized 
auxins from plant tissues [ 34 ]. In addition to eliminating sample 
loss during the derivatization process,  LC-MS/MS   methodologies 
have the ability to utilize capacity of the tandem mass spectrome-
ters to detect mass transitions (i.e., discrete pairs of precursor and 
product ions) specifi c to auxins, auxin metabolites, and auxin ana-
logs, while fi ltering out molecular species generated by “non-
auxin” molecules. Because of this,  LC-MS/MS   techniques 
signifi cantly reduce the background commonly associated with 
GC-MS-based quantitation, resulting in increased sensitivity to 
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auxins, and decreased limits of detection. Performed carefully,  LC- 
MS/MS  -based methods allow detections of auxin in the femto-
gram range (loaded onto the high-pressure liquid chromatography 
column), and from as little as 10–20 mg of tissue.   

2    Materials 

   Plant material of almost any age or developmental type, as well as 
protoplasts or suspension cells can be employed in the following 
protocols, with the exception of visualization of IAA using NDB- 
auxins ( see   Note 1 ). For example, we have successfully performed 
DR5:: GUS   staining on  Arabidopsis   mature leaves, roots, and 
shoots;  seedling   roots, hypocotyls, and cotyledons; fl owers; and 
siliques. Additionally, we have employed  LC-MS/MS   to quantify 
 auxin   and auxin metabolites from  Arabidopsis  shoots, roots, and 
hypocotyls;  rice   shoots and roots; tomato fl owers and ovules; soy-
bean roots; pine wood, and both poplar and rhododendron roots.  

  

     1.    Forceps (Dumont #4 or Dumont #5).   
   2.    Incubator set from 21 to 37 °C.   
   3.    50 mL conical tubes or 6-well cell culture plates.   
   4.    Vacuum chamber.   
   5.    Orbital shaker.   
   6.    Staining solution ( see   Note 2 ): 100 mM Sodium phosphate, 

pH 7.0; 10 mM EDTA, free acid; 0.5 mM Potassium ferricya-
nide; 0.5 mM Potassium ferrocyanide; 0.1 % (m/m) Triton 
X-100; 1 mM X-glucuronide.   

   7.    Clearing solution: 90 % (v/v) ethanol in deionized water.      
  

     1.    Forceps (Dumont #4 or Dumont #5).   
   2.    Petri plates.   
   3.    5 μL Hamilton syringe.   
   4.    Dark box/chamber at 21–22 °C.   
   5.    Microscope slides.   
   6.    Coverslips.   
   7.    Clear nail polish.   
   8.    Ultrathin double-edged razor blades.   
   9.    Germination medium, pH 5.8 (GM): 0.5× Murashige-Skoog 

salts, 1 % (m/m) sucrose, 1× B5-Vitamins, 0.5 g/L 
2-( N- morpholino )ethanesulfonic acid,  for soft plates:  0.8 g/L 
gellan gum, f or vertical plates:  12 g/L agarose.   

2.1  Plant Material
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   10.    NBD-IAA or NBD-NAA for intact  seedling   assays ( see   Note 3 ): 
80 μM NBD-IAA or NBD-IAA, 0.1 % (m/v) ultrapure aga-
rose,  optional:  20–250 μM  auxin   transport inhibitors (i.e., tri-
iodobenzoic acid, 1- N- naphthylthalamic acid).   

   11.    NBD-IAA or NBD-NAA for excised/decapitated hypocotyl 
assays ( see   Note 4 ): 100 μM NBD-IAA or NBD-NAA, 0.1 % 
(m/v) ultrapure agarose,  optional:  20–250 μM  auxin   transport 
inhibitors (i.e., tri-iodobenzoic acid, 1-N- naphthylphthalamic 
acid).      

  

     1.    Plastic pestles.   
   2.    Liquid nitrogen.   
   3.    Analytical balance.   
   4.    Benchtop centrifuge, refrigerated.   
   5.    Nutator shaker.   
   6.    10 mL and 25 mL volumetric fl asks.   
   7.    Oasis HLB columns (Waters Corp, Milford, MA,   www.waters.

com    ) 30 mg 1 cc.   
   8.    Nitrogen evaporation system.   
   9.    Target vial and caps.   
   10.    Small spatula.   
   11.    Isotopically labeled standards ( see   Note 5 ).   
   12.    Nylon syringe fi lters, 0.2 μm, 13 mm diameter.   
   13.    Extraction solution: 50 mM Sodium phosphate, pH 7.0; 1 % 

diethyldithiocarbamate, sodium salt (DETC).   
   14.    1 N HCl solution (deionized, 18.0 MΩ water).   
   15.    Oasis HLB solid-phase extraction buffers ( see   Note 6 ): water; 

methanol; 5 % methanol in water; 80 % methanol in water; 50 
mM sodium phosphate, pH 2.7.   

   16.    LC-MS/MS buffers ( see   Note 6 ): Buffer A: 0.1 % Acetic acid 
in water; Buffer B: 99.9 % Methanol, 0.1 % Acetic acid; 100 % 
Methanol.       

3    Methods 

      Growth conditions will vary according to the species being stained 
and tissues being examined. For  Arabidopsis  , seedlings can be 
grown on 0.25× Murashige–Skoog media with Gamborg’s vita-
mins, pH 5.8, with 0.5 % sucrose, 0.5 g/L 2-( N -morpholino)eth-
anesulfonic acid, and 12 g/L agarose. Seedlings should generally 
be grown at a constant temperature of 21–22 °C, with a light 
intensity of 100 μM m −2  s −1 ; but the precise temperature and light 
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requirements and settings for each individual experiment will vary 
depending upon the experimental hypothesis being investigated.  

  

     1.    Grow plants containing the DR5::GUS  auxin   reporter con-
struct under the appropriate conditions until the desired 
developmental stage is reached.   

   2.    Prepare staining solution and clearing solution ( see   Note 2 ).   
   3.    Fill either a 50 mL conical tube or one well of a six-well cell 

culture plate with enough staining solution to submerge all 
seedlings for the experimental replicate being stained.   

   4.     Gently  transfer seedlings from the Petri plate or vertical mesh 
transfer system into the conical tube or six-well cell culture 
plate, allowing seedlings to initially fl oat on top of the staining 
solution.   

   5.    Repeat  steps 1 – 4  for all experimental replicates and treat-
ments. Gently submerge all seedlings in the staining solution 
by slowly swirling the plate or conical tube.   

   6.    Place the un-capped conical tube or un-lidded six-well cell cul-
ture plate in the vacuum chamber.   

   7.    Slowly vacuum infi ltrate to allow the staining solution to pen-
etrate the tissue. A vacuum treatment of about 30–40 s is usu-
ally suffi cient. Cease vacuum treatment when bubbles appear 
on the plant material and/or the sides of the tube or well.   

   8.     Slowly  re-pressurize the system by opening the air intake on 
the vacuum chamber.   

   9.    Repeat  steps 7  and  8  twice, for a total of three vacuum 
treatments.   

   10.    Remove conical tubes or six-well  cell   culture plates from the 
vacuum chamber. If conical tubes are being used, cap the 
tubes and seal them with Parafi lm. For six-well culture plates, 
place the lid on the plate and seal with Parafi lm.   

   11.    Place conical tubes or six-well cell culture plates in the incuba-
tor for 3–12 h. The duration and temperature of the incuba-
tion will depend on the tissue being stained. Slightly higher 
temperatures (i.e., 32–37 °C) will accelerate the reaction. 
More lignifi ed or thicker tissues, as well as organs with more 
waxy cuticles will require longer staining periods.  Arabidopsis   
tissues are usually adequately stained when incubated between 
22 and 32 °C for a period of between 6 and 12 h ( see   Note 7 ). 
 Arabidopsis roots   are generally stained to a degree suffi cient to 
distinguish altered  auxin   accumulations in root tips after about 
12 h (Fig.  1 ).

       12.    Remove conical tubes or six-well cell culture plates from the 
incubator and visually examine the plant materials to determine 

3.1.2  DR5:: GUS   Staining
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  Fig. 1    DR5:: GUS   visualization of  auxin   maxima in  Arabidopsis    roots  . Roots of 
 Arabidopsis   DR5::   GUS    wild-type (Ws;  a ,  c ) and  roots curl in naphthylphthalamic 
acid1-1 DR5::   GUS    (rcn1-1 DR5::GUS ;  b ,  d ) seedlings were stained for 12 h as 
described previously [ 14 ] and in Subheading  3.1  above.  rcn1 DR5::GUS  lines were 
backcrossed twice into the Ws genetic background as described in [ 14 ].  rcn1-1  
mutants have been demonstrated to exhibit a decreased auxin accumulations at 
the root apical meristem resulting from the loss of the A1 scaffolding/regulatory 
subunit of the protein phosphatase 2A (PP2A) heterotrimeric enzyme complex and 
a concomitant 60 % decrease in PP2A activity [ 14 ]. The loss of the auxin maxi-
mum at the root apical meristem (shown here by decreased DR5:: GUS   staining of 
the root tip compared to Ws wild-type) leads to a gradual loss of root tip organiza-
tion which can be moderate ( b ) or more severe ( d ) [ 14 ]. Size bar = 50 μm       
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the degree of staining. Staining will result in the accumulation 
of blue 4-chloro-bromo-indigo precipitates in cells and tissues 
where  auxin   has accumulated. This staining is diffi cult to visu-
alize against the background of chlorophyll or fl avonoids in 
many plant tissues, however, necessitating destaining of the 
tissues prior to microscopic examination.   

   13.    Unseal and open the conical tubes or six-well cell culture 
plates. With a Pasteur pipette, gently remove the staining solu-
tion from the tubes or  wells  .   

   14.    Replace the staining solution with clearing solution. Re-cap 
conical tubes or six-well culture plates. Allow the tissues to 
destain for 6–24 h (until almost all chlorophyll has been 
removed from the tissues) at room temperature on an orbital 
shaker set to approximately 5–10 rpm. Replace the clearing 
solution as needed ( see   Notes 8  and  9 ).   

   15.    Proceed to imaging using a light microscope equipped with an 
appropriate camera.         

  
  Growth conditions will  vary   according to the species being stained 
and tissues being examined. For  Arabidopsis  , seedlings should be 
grown on germination media gellan gum (for soft plates) or aga-
rose (for vertical plates) plates (0.8 g/L gellan gum or 12 g/L 
agarose). Seedlings should generally be grown at a constant tem-
perature of 21–22 °C with a light intensity of 100 μM m −2  s −1 , but 
the precise temperature and light requirements and settings for 
each individual experiment will vary depending upon the experi-
mental hypothesis being investigated.  

  
     1.    Grow seedlings on GM-agarose or GM-gellan gum under the 

appropriate conditions until the desired developmental stage 
is reached.   

   2.    Prepare the 80 μM NBD-IAA/NBD-NAA 0.1 % agarose solu-
tion and store it on ice. Keep this solution chilled for the dura-
tion of the assay.   

   3.    Carefully remove the lid from the plate containing the 
seedlings.   

   4.    Using a Hamilton 5 μL syringe, deposit a 0.7 μL droplet of 
NBD-IAA/NBD-NAA solution on the apical meristem of 
each  seedling   to be imaged ( see   Note 10 ).   

   5.    Replace the lid on the plate containing the seedlings, being 
careful not to dislodge the microdroplets of  auxin   or shift the 
position of the seedlings.   

   6.    Transfer the plates to the dark box/chamber and incubate for 
4 h at 21–22 °C.   

   7.    Repeat  steps 2 – 5  for all seedlings to be imaged.   
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   8.    After 4 h of incubation in the dark, remove the seedlings from 
the dark chamber.   

   9.    Using Dumont #4 or #5 forceps, place seedlings on a micro-
scope slides with water (wet mount). Place a coverslip on top 
of the seedlings, and seal the edges with the clear nail polish.   

   10.    Proceed to imaging using a confocal microscope.      
  

     1.    Grow seedlings on GM-agarose or GM-gellan gum under the 
appropriate conditions until the desired developmental stage 
is reached.   

   2.    Prepare the 100 μM NBD-IAA/NBD-NAA 0.1 % agarose 
solution and store it on ice. Keep this solution chilled for the 
duration of the assay.   

   3.    Label one 1.5 mL centrifuge tube for each hypocotyl to be 
assayed.   

   4.    To each 1.5 mL tube, add 5 μL of NBD-IAA/NBD-NAA 
solution. Ensure that the solution is deposited directly into the 
bottom of the tube and that the droplet of solution is posi-
tioned at the very base of the tube ( see   Note 11 ).   

   5.    Remove the top from the plate containing the  Arabidopsis   
seedlings.   

   6.    Using an ultra-thin double-edged razor blade, excise the top 
(apical) 1 mm of the hypocotyl, including the shoot apical 
meristem, from the fi rst  seedling  . During this process, use the 
Dumont #4/#5 forceps to very gently (avoid bruising or dam-
aging the hypocotyl tissues) hold the seedling steady to ensure 
a clean, straight cut.   

   7.    Using the ultrathin double-edged razor blade, immediately 
complete the hypocotyl excision by cutting through the base 
of the hypocotyl, immediately above the shoot–root transition 
zone. During this process, allow the hypocotyl to rest on the 
needle-tip forceps above the surface of the plate so that the 
hypocotyl  does not touch  the GM media as it is harvested.   

   8.    Immediately invert the excised hypocotyl into the appropriate 
labeled tube containing 5 μL of NBD-IAA/NBD-NAA 0.1 % 
agarose solution. Ensure that the “top” of the hypocotyl (i.e., 
where the apical meristem was formerly attached) is placed in 
the center of the NBD-IAA/NBD-NAA solution, the base of 
the excised hypocotyl rests on the lip or wall of the tube, and 
that the side of the excised hypocotyl does not rest against the 
wall of the tube ( see   Note 12 ).   

3.2.3  NBD-IAA/NBD-NAA 
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   9.    Carefully place the tube containing the inverted hypocotyl in 
the dark box/chamber and incubate at 21–22 °C for 3 h.   

   10.    Repeat  steps 6 – 9  for each hypocotyl to be imaged.   
   11.    After 3 h of incubation in the dark, remove the hypocotyls 

from the dark chamber.   
   12.    Using forceps, place hypocotyls on a microscope slides with 

water (wet mount). Place a coverslip on top of the hypocotyls, 
and seal the edges with the clear nail polish.   

   13.    Proceed to imaging using a confocal microscope.        
   
  

  Growth conditions  will   vary depending on the species being inves-
tigated and the tissue from which auxins are being extracted. For 
 Arabidopsis  , seedlings can be grown on 0.25× Murashige-Skoog 
media with Gamborg’s vitamins, pH 5.8, with 0.5 % sucrose, 0.5 
g/L 2-( N -morpholino)ethanesulfonic acid, and 12 g/L agarose. 
Seedlings should generally be grown at a constant temperature of 
21–22 °C with a light intensity of 100 μM m −2  s −1 , but the precise 
temperature and light requirements and settings for each individ-
ual experiment will vary depending upon the experimental hypoth-
esis being investigated.  

  

     1.    Grow plant material under appropriate conditions until the 
desired developmental stage is reached. Harvest the target tis-
sue into a pre-weighed plastic, sealable tube. Seal the tube and 
weigh tube and tissue together. Immediately freeze tissue in 
liquid nitrogen and store at −80 °C until extraction. Calculate 
the weight of the sample. For most samples, ideal sample masses 
are between 10 and 50 mg (larger sample amounts may be 
needed for lignifi ed tissues).   

   2.    Prepare extraction buffer immediately prior to extraction of 
auxins from tissue. Prechill the buffer on ice, and keep it at 4 °C 
throughout all extractions.   

   3.    Remove the sample to be extracted from −80 °C storage. Grind 
the sample to a fi ne powder in the tube in liquid nitrogen, using 
the plastic pestle.   

   4.    Add 1 mL of extraction buffer per 20 mg of tissue to the tube 
containing the ground sample ( see   Note 13 ).   

   5.    Add isotopically labeled internal standards (i.e., auxins and 
 auxin   metabolites). The concentration of the internal standards 
will vary, but should be close to the levels of endogenous auxins 
present in the tissue.   

   6.    Extract samples for 20 min at 4 °C on the nutator/shaker. Spin 
down samples at 12,000 ×  g  for 15 min at 4 °C.   
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   7.    Collect supernatants and adjust the pH to 2.7 using the 1 N 
HCl solution.   

   8.    Repeat  steps 1 – 7  for each sample being extracted.      
  

     1.    Store the supernatants generated in the previous section on ice. 
Each sample will be run through an Oasis HLB solid phase 
extraction column (1 cc, 30 mg of resin).   

   2.    Condition the HLB columns by running 1 mL of 100 % metha-
nol through each column, followed by 1 mL of water.   

   3.    Complete the column conditioning by running 0.5 mL of 50 
mM sodium phosphate buffer (pH 2.7) through each column.   

   4.    Load the supernatants generated in the previous section onto 
the Oasis HLB columns (one sample per column). Allow the 
supernatants to fl ow through the column.   

   5.    Wash columns with 2 mL 5 % methanol per column. Collect 
washes for any necessary future analyses.   

   6.    Elute auxins by adding 2 mL 80 % methanol to each column. 
Collect each eluate in a new 1.7 mL tube.   

   7.    Dry eluates under nitrogen at 21–22 °C.   
   8.    Redissolve samples in 100 % methanol. The total volume used 

in reconstituting samples will be dependent upon the amount 
of  auxin   present. For  Arabidopsis  , between 20 μL and 1 mL 
should be suffi cient. Samples should be fi ltered, transferred to 
target vials, sealed, and stored at 4 °C prior to LC-MS/MS 
analysis.      

  

     1.    Samples should be stored at 4 °C prior to LC-MS/MS 
analysis.   

   2.    Exact LC-MS/MS conditions will vary depending upon the 
confi guration of the mass spectrometer used, the ionization 
source employed, and the column used to separate auxins. 
 Auxin and auxin   metabolites can be separated effi ciently (base-
line resolution) within 15–20 min using a C-18 column, with 
0.1 % acetic acid in water used as buffer A and 99.9 % methanol, 
0.1 % acetic acid used as buffer B ( see  Fig.  2 ).

       3.    Prior to LC-MS/MS analysis, it will be necessary to generate a 
system-specifi c spectral library for both  auxin   and the isotopi-
cally labeled internal standard. This library can be used to moni-
tor auxin- and standard-specifi c mass transitions. Ideally, at least 
two mass transitions will be monitored for both the auxin or 
auxin metabolite and its respective isotopically labeled 
standard.         
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4    Notes 

     1.    Since NBD-auxins appear not to be effi ciently transported by 
 auxin   transporters located in the central cylinder of   Arabidopsis    
shoots, shoot tissues are not optimal for this assay. NBD- 
auxins were able to precisely visualize auxin gradients at the 
cellular and subcellular levels in roots, root primordia, 
embryos, leaves, and protoplasts, however, and are ideal for 
visualizing auxin levels in these cells/tissues [ 24 ].   

   2.    Staining solution for DR5:: GUS   assays should be prepared 
using deionized, 18 MΩ water. This solution should be pre-
pared the day of use, stored at 4 °C, and allowed to warm to 
room temperature immediately prior to use.   

   3.    NBD-IAA/NBD-NAA solutions for intact  seedling   assays 
made using deionized, 18 MΩ water. This solution should be 
prepared immediately prior use and maintained at 4 °C.   

   4.    NBD-IAA or NBD-NAA solutions for excised/decapitated 
hypocotyl assays should be prepared using germination 
medium (GM). These solutions should be prepared immedi-
ately prior to use and maintained at 4 °C.   

  Fig. 2     LC-MS/MS   separation of  auxin   and auxin metabolites. Authentic standards of auxin and auxin metabo-
lites were separated using high-pressure liquid chromatography tandem mass spectroscopy. Standards were 
injected into an Agilent 1260 Infi nity HPLC system and separated using an Agilent Poroshell 120 EC-C18 col-
umn and an acidifi ed water (Buffer A) : acidifi ed methanol (Buffer B) buffer system with a fl ow rate of 0.3 mL 
per min, as described previously [ 34 ] and in Subheading  3.3  above. Gradient conditions were as described 
previously [ 34 ], with the following modifi cations: 2 min 0–10 % B, 4 min 10–60 % B, 5 min 60–100 % B, hold 
at 100 % B for 3 min and then return to 0 % B in 2 min. Eluted standards were quantifi ed using an Agilent 6460 
Triple Quadrupole (QQQ) tandem mass spectrometer using electrospray ionization source. Compounds were 
quantifi ed in positive ion mode, as described previously [ 34 ]. Trp = tryptophan; TRA = tryptamine; IAM = indole- 
3- acetamide; IAAsp = IAA–aspartic acid conjugate; oxIAA = 2-oxindole-3-acetic acid; IAA = indole-3-acetic 
acid; IPA = indole-3-propionic acid; IAMe = indole-3-acetic acid methyl ester (methyl indole-3-acetate); 
IBA = indole-3-butyric acid; IALeu = IAA–leucine conjugate       
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   5.     Auxin or auxin   metabolites incorporating deuterium or  13 C 
atoms should be used as isotopically labeled standards for mass 
spectroscopy work. These molecules will behave identically to 
the target metabolite, elute from the HPLC column at the 
same time, and are easily distinguished from their target 
endogenous compound in the tandem mass spectrometer due 
to the peak shift of the parent ion. OlchemIm Ltd. (Czech 
Republic,   www.olchemim.cz    ), Santa Cruz Biotechnology, Inc. 
(Dallas, TX,   www.scbt.com    ), and Sigma-Aldrich (St. Louis, 
MO,   www.sigmaldrich.com    ) provide a range of deuterated 
and/or  13 C labeled auxins and auxin metabolites. In our 
hands, isotopically labeled auxins with the deuterium or  13 C 
atoms on the benzyl or indole rings provide the most stable 
signal and serve as ideal internal standards, as these labels are 
not easily lost during sample preparation (compared to labels 
incorporated into the carboxylic acid group of IAA).   

   6.    Oasis HLB and  LC-MS/MS   buffers should be prepared using 
 LC-MS/MS   grade water.   

   7.    In this protocol, establishing and maintaining stable staining 
times are critical. Over-staining of tissues can occur quite eas-
ily, and will result in an overestimation of the amount of  auxin   
present in specifi c cells, the distribution of auxin in a given 
tissue, or both. If this is the fi rst time a particular tissue is 
being stained, it is best to run a time-course study to deter-
mine the optimal staining time.   

   8.    In addition to the over-staining issues described in  see   Note 7  
above, it should also be noted that certain tissues, such as the 
hydathodes of cotyledons and cells in the root apical meri-
stem, will almost always exhibit GUS staining if incubated in 
staining solution for a long enough period of time. In addition 
to the use of appropriate incubation times during staining, 
care should be taken to use appropriate controls, such as non- 
DR5::GUS containing plants, to differentiate a genuine signal 
from “background staining.”   

   9.    Once tissues are destained, they should be imaged as quickly 
as possible. It is possible for GUS stain (the 4-chloro-bromo- 
indigo precipitate) to move from cell-to-cell over time, par-
ticularly if cells are poorly or improperly destained. Delaying 
imaging for a prolonged period following destaining may 
result in an overestimation of the area of  auxin   distribution.   

   10.    As the droplet of NBD-IAA/NBD-NAA being placed on each 
 seedling   is quite small, changes in ambient humidity can dra-
matically affect both drop placement and droplet integrity. For 
example, high ambient humidity can cause the droplet to lose 
integrity and run down the hypocotyl, while very low ambient 
humidity can result in the droplet wholly or partially evaporat-
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ing prior to proper placement on the apical meristem. For this 
reason, it is recommended that assays are performed at 20–40 
% ambient humidity.   

   11.    Do  not  allow the solution or pipette tip to touch the side of 
the tube, as this may result in “off-target” depositions of  auxin   
along the sides of the hypocotyls which will be placed in the 
tube.   

   12.    It is important that the hypocotyl does not touch the side of 
the tube except at the very top of the tube (i.e., where the 
hypocotyl rests against the upper inside rim of the tube lip). 
Permitting the hypocotyl to touch the side of the tube below 
this point will allow solution containing NBD-IAA/NBD- 
NAA to move up the side of the hypocotyl via capillary action, 
yielding a false positive and giving an inaccurate visualization 
of both  auxin   movement and localization.   

   13.    This amount of extraction buffer has been optimized for 
 Arabidopsis  ; the ratio of extraction buffer to tissue will vary 
depending on plant species, tissue type, and degree of lignifi -
cation of the tissue being extracted.         
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    Chapter 6   

  Immunolocalization of PIN and ABCB Transporters 
in Plants                      

     Nicola     Carraro     and     Wendy     Ann     Peer      

  Abstract 

   PIN auxin effl ux carriers and ABCB auxin transporters are important for polar auxin transport, organogen-
esis and long distance auxin transport. Along with the auxin infl ux symporter AUX1, they are essential for 
tropic responses such as gravitropism and phototropism where lateral redistribution of auxin is required for 
the tropic response to occur. Immunolocalization of plant membrane transporters is an effective technique 
to determine the transporters’ subcellular localization patterns in the tissues of interest, especially when 
fl uorescent protein fusions of the protein of interest are not available. Immunolocalization is also a valuable 
tool for validation of the localization of fl uorescent protein fusions when the fusions are available. Here we 
describe the procedures to prepare plant tissue samples and fi x them for whole mount or embedding and 
sectioning. We focus on immunolocalizations of PINs and ABCBs in  Arabidopsis  and maize tissues. In 
addition, we describe treatments of roots with inhibitors of cellular traffi cking: brefeldin A (BFA), a fungal 
compound that blocks exocytosis; wortmannin, a fungal compound that inhibits phosphatidylinositol 
3-kinase and induces fusion of pre-vacuolar compartments and multi-vascular bodies; and oryzalin, a fun-
gal compound that depolymerizes microtubules. Inhibitor treatments are performed prior to fi xation and 
affect the localization patterns of PINs and ABCBs, giving insight into cell type -specifi c traffi cking mecha-
nisms. The procedures described for  Arabidopsis  and maize can be easily adapted for other herbaceous 
plants.  

  Key words     ABCB  ,   Antibody  ,   Antisera  ,    Arabidopsis   ,   Fixation  ,   Maize  ,   Membrane proteins  ,   PIN  , 
  Traffi cking inhibitor  ,   Whole mount  

1      Introduction 

    Immunolocalization   of  proteins   is a very effective technique that 
helps visualize in vivo localization patterns of proteins in plant tis-
sues. The localization of the protein of interest can be “frozen in 
time” by  fi xation   following a treatment of interest, such as a variety 
of time points after a tropic stimulus or chemical treatment. 
Immunolocalization has been extensively used for the model spe-
cies   Arabidopsis   , and its importance is even greater in plant species 
were stable  transformation   and plant  regeneration   are long and less 
effi cient processes. This is the case of  maize  , as transgenic lines 
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carrying fl uorescently-labeled reporter proteins are still scarce. 
In addition, fl uorescently-labeled protein fusions (FPF) may 
exhibit subcellular localization patterns that differ from immuno-
localization of the native protein. For example, if FPFs are overex-
pressed through the use of a 35S promoter or under the native 
promoter but in the wild type background, aggregations of the 
protein in subcellular compartments may be observed that are not 
observed with the native protein as shown by immunolocalization. 
In addition, the insertion site of the fl uorescent tag in the FPF may 
also affect the function of the protein, and therefore its localization. 
Therefore, immunolocalization is one of the tools that can be used 
to validate FPFs localization as well as elucidate protein subcellular 
localization in species that are recalcitrant to transformation. 

 The quality of the immunolocalizations depends on two key 
factors: primary  antibody   specifi city and false positive signals dur-
ing imaging. A primary  antibody   needs to be developed against an 
epitope of the protein of interest and must be validated for specifi c-
ity before using it in plant cells or sections (for example in western 
blot analyses). Afterwards, the  antibody   can be tested on the tis-
sues of interest and adequate negative controls should be con-
ducted with pre-immune sera. This will reduce the possibility of 
false positive results due to nonspecifi c binding of the primary (or 
secondary)  antibody  . Commercial antibodies are available for 
PINs, but nevertheless we advise verifi cation of their specifi city in 
the tissue of interest, as it might vary according to the species, 
organ and embedding technique. In the case of PINs and  ABCBs  , 
immunolocalization has allowed the study of their expression pat-
terns at the tissue and subcellular levels both in   Arabidopsis    and 
 maize  . The localization of PINs and  ABCBs   at specifi c sites in the 
plasma membrane (PM) and the endoplasmic reticulum (ER) have 
helped establish the directionality of  auxin   fl uxes in plant tissues 
and, coupled with imaging of auxin response reporters such as 
DR5 and DII-VENUS, provide high-resolution spatiotemporal 
information about auxin distribution and response during plant 
development [ 1 ,  2 ]. While the methods presented here have been 
used successfully in  Arabidopsis  and  maize  , these protocols may be 
applied directly, or with modifi cations, to other plant species.  

2    Materials 

 All solutions should be prepared with ultrapure water (18 MΩ) 
and analytical grade reagents. Stock and working solutions are 
stored at room temperature unless otherwise indicated or recom-
mended by the manufacturer. Waste should be disposed in accor-
dance with your local regulations. 

Nicola Carraro and Wendy Ann Peer
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   Any plant material at the appropriate age and the tissue of interest 
that is required to test your hypothesis can be used for immunolo-
calization. For example,   Arabidopsis    embryos, seedlings, and mature 
plants or  maize   seedlings and mature plants are commonly used.  

       1.    Microtome.   
   2.    Vibratome.   
   3.    Humid chambers for slide incubation with the antibodies.   
   4.    Charged slides, such as Polysine ®  slides (Menzel-Gläser) or 

Superfrost +  ®  slides (Fisher).   
   5.    Magenta boxes.   
   6.    Hot plate.   
   7.    Whatman paper.      

       1.    10× Microtubules Stabilization Buffer (MTSB): 50 mM 
PIPES, 5 mM EGTA, 5 mM MgSO 4 . Adjust pH to 7.0 with 
KOH and bring volume to 1 L with simplicity H 2 O.   

   2.    10× Phosphate Buffered Saline (PBS) Buffer: 1.37 M NaCl, 
27 mM KCl, 65 mM Na 2 HPO 4  × 2H 2 O, 15 mM KH 2 PO 4 . 
Adjust pH to 7.3 with HCl and bring volume to 1 L with sim-
plicity water.   

   3.    Wax (PEG–1-Hexadecanol, 9:1).   
   4.    Agarose (4–6 % Electrophoresis grade agarose in 1× PBS).   
   5.    Brefeldin A (BFA) stock solution: 2.5 mg/mL in 

DMSO. Working solution is 50 μM BFA in water. Store both 
stock and working solutions at −20 °C.   

   6.    Wortmannin stock solution: 200 mM in DMSO. Working 
solution is 33 μM wortmannin in water. Store both stock and 
working solutions at −20 °C.   

   7.    Oryzalin stock solution: 100 mM in DMSO. Working solution is 
1.5–30 μM oryzalin in water or directly dissolved in solid growing 
media. Store both stock and working solutions at −20 °C.   

   8.    Mounting Media: Samples can be preserved using mounting 
media such as a 5 % aqueous solution of glycerol or commercially 
available solutions such as VECTASHIELD ®  anti-fade mounting 
medium. Once mounted and sealed with nail polish, samples can 
be safely preserved in the dark at 4 °C for several months.   

   9.    Blocking sloution: 1 % BSA in 1× PBS.      

   Primary antibodies may be monoclonal (recognizing one epitope) 
or polyclonal (recognizing multiple epitopes) and bind to the pro-
tein of interest. Secondary antibodies bind to an epitope on the 
primary  antibody   and amplify the signal, usually via a fl uorescent 
molecule (e.g., FTIC) or fl uorescent protein (e.g., GFP). 

2.1  Plant Material

2.2  Equipment

2.3  Buffers 
and Solutions

2.4  Primary 
and Secondary 
Antibodies

Immunolocalization of PINs and ABCBs
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   Primary antibodies or  antisera   may be obtained commercially, from 
researchers who developed them, or synthesized by the researcher. 
Antibodies may be synthesized against the whole protein or against 
an antigenic peptide region of the protein. Software and online 
tools exist to help predict the location of antigenic regions in the 
proteins of interest. Antigenic peptides may be obtained commer-
cially from peptide and  antibody   synthesis companies.  

   Secondary antibodies may be obtained commercially. The second-
ary  antibody   needs to be compatible with an antigen on the pri-
mary  antibody  . For instance, if the primary  antibody   was synthesized 
in a rabbit, then the secondary  antibody   could be goat anti-rabbit. 
The choice of secondary antibody, especially if a particular fl uores-
cent molecule or protein is selected, should take into account the 
type of microscope and camera available for imaging, i.e., optics, 
fi lters set, and excitation sources, such as laser lines in the case of  
confocal microscopy.   

   Counterstains may be used for contrast to highlight cell walls or 
other organelles to provide a subcellular context for the immuno-
localization of the proteins of interest. In some cases, cell wall 
autofl uorescence may be used instead of a counterstain.

    1.    Schiff reagent with propidium iodide [ 3 ,  4 ] (cell walls, nuclei/
DNA): 100 mM sodium metabisulfi te, 0.15 N HCl, propid-
ium iodide to a fi nal concentration of 100 μg/mL (freshly 
added). Stain until you see the tissue turns pink, and then 
rinse. Using mounting media of your choice, add a coverslip, 
and image immediately. Excitation 488 nm, Emission 
600–650 nm.   

   2.    Berberine-Aniline [ 5 ] (callose, lignin, suberin): 0.1 % (w/v) 
berberine hemi-sulfate, 0.5 % (w/v) aniline blue, 0.1 % (w/v) 
FeC1 3  in 50 % (v/v) glycerin. Stain with berberine ~30–60 min 
and rinse. Stain with aniline ~30 min and rinse. Stain with 
FeC1 3  in glycerin ~5 min. Using mounting media of your 
choice, add a coverslip, and image. Excitation 365 nm (or 405 
nm), Emission > 420 nm.   

   3.    DAPI (nuclei/DNA) stock solution: 10 mg/mL in water; 
Working solution is 1 μg/mL in water. Stain for 10 min, then 
rinse. Excitation 405 nm, emission 420–480 nm.       

3    Methods 

 Carry out all procedures at room temperature unless otherwise 
specifi ed. When preparing fi xatives, work under a fume hood and 
let fi xative solution cool down to room temperature before use. 

2.4.1  Primary Antibodies 
or Antisera

2.4.2  Secondary 
Antibodies

2.5  Counterstains

Nicola Carraro and Wendy Ann Peer
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   Plant material, seedlings and mature tissue, should be grown 
according to the experimental conditions appropriate to test your 
hypothesis.   Arabidopsis    seedlings are typically grown on Phytagar 
or Phytogel plates so that the plants have a reduced cuticle to aid 
histochemical studies. Similarly,  maize   seedlings grown in magenta 
jars with agar will have a reduced cuticle. In addition,  seedling   
roots may be damaged when removed from soil. Therefore, if 
seedlings are grown vertically on plates, instead of horizontally, or 
on the vertical mesh transfer system [ 6 ], then the seedlings can be 
readily harvested for  fi xation   with minimal disturbance. 

   Arabidopsis    seedlings (wild type and  abcb19 ) are grown on 1 % 
Phytagar plates, ¼ Murashige and Skoog basal salts, pH 5.5, 22 °C 
and 14 h, 100 μmol m −2  s −1  light. Five-day-old seedlings are used 
for immunolocalizations.  Maize   seedlings are grown in sterile 
magenta boxes with two layers of Whatman fi lter paper soaked in 
sterile water, for 3–6 days after radicle emergence.  

     Seedlings are treated with 50 μM brefeldin A in eppendorf tubes 
(wrapped with aluminum foil) for 30 min and then fi xed for immu-
nolocalization. For brefeldin A washout experiments, treated seed-
lings are washed prior to  fi xation   for three times in water followed 
by three washes in MTSB buffer.  

   Seedlings are treated in 33 μM wortmannin for 1 h in an 
Eppendorf tube (wrapped with aluminum foil) and then fi xed for 
immunolocalization.  

     Arabidopsis    seedlings are treated in 1.5–30 μM oryzalin in liquid 
MS media for 2–24 h ( see   Note 1 ).  Maize   pre-germinated seed-
lings are grown in magenta boxes so that the primary root inserts 
into the solid growth media containing 10–30 μM oryzalin for 48 
h ( see   Note 1 ).   

    Fixation   of plant cells is adjusted according to the tissue type (root, 
leaf, shoot, meristem) and the thickness and composition of the 
cell walls. As a general rule, 4 % paraformaldehyde in MTSB or 
PBS is used. Dissolve paraformaldehyde in hot (60 °C) MTSB 
and adjust to pH 10 with 1 N KOH. After it has completely dis-
solved, adjust pH back to ~7.0 with H 2 SO 4  ( see   Note 2 ). Fixation 
is performed in glass vials at room temperature, and a vacuum 
chamber can be used to help fi xative infi ltration into larger samples. 
Alternatively,  fi xation   may be performed at 4 °C overnight, and 
tissues can be stored in fi xative for several weeks until embedding. 

 The two protocols described below for whole mount fixa-
tion were developed over several years and adapted for PINs 
and  ABCBs   immunolocalizations in   Arabidopsis    seedlings ( see  
 Notes 3  and  4 ). 

3.1  Plants Growth 
Conditions

3.2  Inhibitor Studies

3.2.1  BFA Treatment

3.2.2  Wortmannin 
Treatment

3.2.3  Oryzalin Treatment

3.3  Tissue Fixation

Immunolocalization of PINs and ABCBs
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       1.    Fix for ~1 h with freshly prepared 4 % paraformaldehyde in 
MSTB + 5 % DMSO ( see   Note 5 ).   

   2.    Wash three times with MTSB for 10 min each time.   
   3.    Wash with MTSB + 0.1 % NP-40 for 10 min each time.   
   4.    Digest cell wall with MTSB + 0.5 % Pectolyase for 30 min to 1 

h ( see   Note 6 ).   
   5.    Wash with MTSB + 0.1 % Triton X-100 for 10 min each for 

three times.   
   6.    Wash with MTSB for 10 min each for three times.   
   7.    Add permeabilization step: MTSB + 10 % DMSO + 0.8 % 

NP-40 incubate at room temperature for 1 h.   
   8.    Wash with MTSB for 10 min each for three times.   
   9.    Block with 3 % BSA in MTSB (or PBS) for 1 h.   
   10.    Incubate immediately with the primary  antibody   ( see  

Subheading  3.6.1 ).      

       1.    Incubate whole seedlings in MSTB + 10 % DMSO for 15 min 
at room temperature in a small Petri dish.   

   2.    Remove MTSB and DMSO and fi x seedlings in fresh 4 % para-
formaldehyde in MTSB and 5 % DMSO solution for 1 h.   

   3.    Wash seedlings three times with MTSB for 10 min each.   
   4.    Wash seedlings with MSTB+ 0.1 % NP-40 for 10 min.   
   5.    Digest cell walls with 0.5 % Pectolyase (Seishin Corp, Tokyo) 

for 30 min at 37 °C, and for another 30 min at room tempera-
ture with gentle shaking.   

   6.    Wash seedlings three times with 0.1 % Triton X-100 in MSTB 
for 10 min each.   

   7.    Wash seedlings MSTB for another three times, 10 min each.   
   8.    Permeabilize seedlings with 10 % DMSO and 1 % NP-40 for 1 

h at room temperature.   
   9.    Wash seedlings six times in MSTB for 10 min each.   
   10.    Block with 3 % BSA for 1 h.   
   11.    Incubation with the primary  antibody   should proceed immedi-

ately ( see  Subheading  3.6.1 ).       

   Embedding is used to maintain the cellular structure of the tissue 
for sectioning. A cross section or longitudinal section is needed, 
when the tissue is not translucent or when the sample is thick and 
the internal cellular structure needs to be visualized. Whole seed-
lings and tissues may be embedded in wax and or agarose, as 
described below ( see   Note 7 ). 

3.3.1  Method I (Triton 
X-100 and NP-40)

3.3.2  Method II (NP-40)

3.4  Embedding
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       1.    Melt PEG 400 distearate at 60 °C in a water bath and add 
1-hexadecanol: 1 part hexadecanol + 9 parts PEG 400 (w/w). 
Stir the solution for 4 h, pour into plastic Petri dishes or Falcon 
tubes, and cool down to room temperature. Petri dishes con-
taining the wax are stored at room temperature or at 4 °C in 
the dark and can be conserved for several months. While 
embedding, maintain wax liquid by keeping the tube at 
40–45 °C in a water bath or incubator.   

   2.    Perform sample dehydration at room temperature (ethanol 
solutions are freshly prepared in PBS buffer): 30 min in 30 % 
ethanol, 30 min in 50 % ethanol, 30 min in 70 % ethanol, 
30 min in 90 % ethanol, and 30 min in 100 % ethanol.   

   3.    Replace the 100 % ethanol with 4 mL 100 % ethanol and trans-
fer the samples to 42 °C for 5 min.   

   4.    Slowly add liquid wax to the samples and leave them at 42 °C 
overnight. The wax is added multiple times with a pre-warmed 
plastic Pasteur pipette, until samples are completely submerged 
by the wax and not fl oating in the ethanol upper phase.   

   5.    The wax-infi ltrated samples will lean against the bottom of the 
vial the next morning, while the ethanol phase will sit on top. 
Pour off the upper ethanol phase and replace wax three times 
at 2-h intervals. Carefully avoid letting the samples out of the 
wax by leaving a suffi cient amount to cover them. After the 
fi nal substitution, there should be only pure wax.   

   6.    Properly orient the samples in the molds, let the wax solidify at 
room temperature, and store embedded samples at 4 °C.      

       1.    Fix ( maize   roots): 3 % paraformaldehyde in MTSB for 2 h 
under vacuum.   

   2.    Rinse twice in MTSB.   
   3.    Embed in 4–6 % agarose using a mold or plastic tube ( see   Note 8 ).       

     While sectioning wax-embedded tissues, keep the slides at room 
temperature and do not heat the slides above 35 °C.

    1.    Apply a few drops of sterile water on Polysine ®  slides (see 
 Note 9 ).   

   2.    Cut a small block from the wax embedded sample and place on 
mounting block in the desired orientation (cross or longitudi-
nal sectioning).   

   3.    Place the mounted sample at 4 °C or at −20 °C for 5–10 min, 
as cold blocks are easier to section and less prone to 
deformation.   

   4.    Cut wax sections of 10–12 μm and do not form long ribbons 
during sectioning. Collect the single sections with a paint 

3.4.1  Wax (PEG–1- 
Hexadecanol, 9:1)

3.4.2  Agarose

3.5  Sectioning 
and Dewaxing 
of Samples

3.5.1  Sectioning 
of Wax-Embedded Tissues

Immunolocalization of PINs and ABCBs
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brush, place them on the water over the slides, and let the 
slides dry at room temperature overnight.   

   5.    Store the slides in sealed boxes at room temperature or proceed 
immediately with immunolocalization ( see  Subheading  3.6.2 ).      

   In order to section agarose-embedded tissues, mount the blocks in 
the desired orientation and place on a vibratome.

    1.    Cut 80–100 μm sections. The sections are single and do not 
form ribbons. Typically, only one of every two sections will be 
recovered, so plan the number of samples to be embedded 
accordingly.   

   2.    Collect sections from the water-fi lled lower compartment of 
the vibratome and place into 96-well Elisa plates, depression 
well slides or Eppendorf tubes fi lled with PBS. Usually the aga-
rose matrix detaches easily from the sample sections, but gentle 
pipetting or shaking might help.   

   3.    Perform all subsequent washes changing the solutions with a 
fi ne point plastic Pasteur pipette.   

   4.    Incubate immediately with the primary  antibody   ( see  Sub-
heading  3.6.3 ).       

  
 It is crucial to perform appropriate negative controls in an immu-
nolocalization experiment, as tissue autofl uorescence and nonspe-
cifi c binding of the primary and secondary antibodies are not 
uncommon. A negative control consists in the incubation without 
primary  antibody   (only the secondary antibody is used) to verify 
that the secondary  antibody   does not bind to membranes and cell 
walls nonspecifi cally, thus generating a false positive signal. Positive 
controls can be generated using an  antibody   which binds to pro-
teins such as actin or tubulin (both proteins are generally abundant 
in most cell types), to verify that the immunolocalization assay 
works correctly. If available, pre-immune serum can be used on 
some sections instead of primary  antibody   to verify the presence of 
a nonspecifi c signal. 

         1.    Incubate with the primary  antibody   at 4 °C overnight.   
   2.    Wash six times in MSTB, for 10 min each time.   
   3.    Incubate with the secondary  antibody   in 3 % BSA/MTSB at 

37 °C for 4 h.   
   4.    Wash six times in MSTB, for 10 min each time.   
   5.    Place samples on slide with MTSB, place a coverslip on top of 

the samples, and seal with nail polish.   
   6.    Image the samples with a microscope (Fig.  1 ).

3.5.2  Sectioning 
of Agarose- Embedded 
Tissues

3.6  Immunolo-
calization

3.6.1  Whole Mount I
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               1.    Incubate seedlings overnight at 4 °C with the primary 
 antibody  .   

   2.    Wash six times in MSTB, for 10 min each time.   
   3.    Incubate seedlings with a secondary  antibody   in 3 % BSA/

MTSB for 3 h at 37 °C.   
   4.    Wash six times in MTSB for 10 min each.   
   5.    Place samples on a slide with MTSB, place a coverslip on top 

of the samples, and seal with nail polish.   
   6.    Image the samples with a microscope.      

        1.    Incubate slides for 1 h at room temperature in blocking 
solution.   

   2.    Add the desired amount of primary  antibody   (typical dilutions 
range from 1:200 to 1:500, v/v) and place the slides in the 
humid chamber.   

3.6.2  Whole Mount II

3.6.3  Embedded in Wax

  Fig. 1    Immunolocalization of ABCB1 in   Arabidopsis    roots and PIN1 in hypocotyl and 
hypocotyl–root junction. ABCB1 shows polar localization in the root tip. 
Immunolocalization of ABCB1-cmyc fusion with anti-cmyc antibody in shown ( a ). 
PIN1 shows polar localization in the vascular tissue of the hypocotyl using anti- 
PIN1 anti-sera from Prof. Klaus Palme ( b ). PIN1 shows polar localization in the root 
transition zone ( c ). Images were collected with a Bio-Rad 2100 confocal micro-
scope. An Alexa Fluor ®  488 secondary antibody was used. Scale bars = 100 μm       

 

Immunolocalization of PINs and ABCBs
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   3.    The incubation in the primary  antibody   solution is performed 
overnight at 4 °C or for 2–5 h at room temperature. However, 
the incubation time must be determined empirically by the 
user, as it depends on the  antibody   and tissue types.   

   7.    Wash the slides twice for 5 min in PBS.   
   8.    Incubate slides for 1 h at room temperature with blocking 

solution containing the secondary  antibody   diluted according 
to the manufacturer’s instructions ( see   Note 10 ).   

   9.    Wash the slides twice for 5 min with PBS.   
   10.    Briefl y dry the slides keeping them in a vertical position on a 

paper towel.   
   11.    Apply two drops of VECTASHIELD ®  anti-fade mounting 

medium containing DAPI, if staining of the nucleus is desired, 
or a solution of 5 % glycerol in water ( see   Note 11 ).   

   12.    Cover the slides with coverslips, seal them with nail polish, and 
store at 4 °C until imaging the samples. Mounted slides can be 
stored safely at 4 °C for several months if kept in the dark. In 
the case of PIN and  ABCB   proteins the fl uorescent signal will 
be retained for several months and can be imaged repeatedly 
(Fig.  2a, b ).

              1.    Add primary  antibody   and leave overnight at 4 °C slowly 
shaking.   

   2.    Rinse twice in PBS.   
   3.    Add secondary  antibody   solution (dilution 1:400 for Alexa Fluor ®  

antibodies 2 mg/mL) and incubate 1 h at room temperature.   
   4.    Rinse twice in PBS.   
   5.    Mount tissues on slides with a coverslip or leave into depres-

sion well slides with PBS.   
   6.    Immediately image the samples with a microscope. If using 

depression wells slides, the samples can be conserved only for a 
few days in PBS at 4 °C, as in the case of  maize   root sections of 
Fig.  2d, e .        

4    Notes 

     1.    The treatment with oryzalin is effective at a range of different 
concentrations and can be performed for a few hours up to 2 
days. When treating   Arabidopsis     roots  , lower concentrations and 
treatments of 2–4 h can be suffi cient to depolymerize microtu-
bules and effectively cause mislocalization of PIN1. In  maize  , 
longer treatments are necessary until root swelling is observed 
(Fig.  2c–e ). Longer treatments (for example 48 h) are effective 
even with lower oryzalin concentrations (1.5–10 μM) [ 7 ,  8 ].   

3.6.4  Embedded 
in Agarose
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  Fig. 2    Immunolocalization of PIN1 in   Arabidopsis    and maize infl orescence and roots. PIN1 shows polar local-
ization in the shoot, infl orescences and primary root in maize and  Arabidopsis . PIN1 is polarized at the plasma 
membrane in the shoot apical meristem and developing primordia of  Arabidopsis  ( a ). PIN1 shows a polar pat-
tern in the developing tassel in maize ( b ). ( c ,  d ). PIN1 is also present in the primary root of maize, with a ladder-
like pattern indicating acropetal  auxin   movement towards the root tip and after treatment with oryzalin, the 
root tip swells. Also PIN1 relocates to the lateral plasma membranes resulting in altered polar auxin transport 
( e ). Images were collected with a Leica TCS SP2 confocal microscope after incubation with an anti-PIN1 mono-
clonal antibody and Alexa Fluor ®  568 secondary antibody, with the exception of the picture in panel  d . 
 Arrowhead  indicates laterally relocalized maize PIN1 after treatment of the root with oryzalin. Scale bars = 100 
μm in A, B, D, 1 cm in  c  and 20 μm in  e        
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   2.    The fi xative can be stored in aliquots at −20 °C for up to 2 
months, although it is recommended to prepare it fresh.   

   3.    Triton X-100 vs. NP-40 solubility of  ABCBs   and PINs [ 9 ]: 
Although the subcellular localizations of ABCB19 and PIN1 in 
the reciprocal mutant backgrounds were like those in wild 
type, PIN1 plasma membrane localization in  abcb19  roots was 
more easily perturbed by the detergent Triton X-100, but not 
other non-ionic detergents such as NP-40. ABCB19 is stably 
associated with sterol/sphingolipid-enriched membrane frac-
tions containing BIG/TIR3 and partitions into Triton X-100 
detergent-resistant membrane (DRM) fractions. In the wild 
type, PIN1 was also present in DRMs, but was less abundant 
in  abcb19  DRMs.   

   4.    Robots, such as the Intavis Insitu Pro Vsi (Intavis Bioanalytical 
Instruments), can be used for the serial  fi xation   steps and pri-
mary and secondary  antibody   incubations for whole mounts 
(in baskets) and slides. Antibodies can be recovered from 
whole mount incubations, but not from immunolocalizations 
on slides. This is extremely useful for high throughput of a 
large number of samples and, of course, robots can work while 
we sleep.   

   5.    DMSO introduces water molecules into the membranes and 
can destabilize some transporters, such as ABCB4 in 
  Arabidopsis   , from the plasma membrane [ 10 ]. Therefore, sol-
vent controls are important to correctly interpret results.   

   6.    Dissolve 0.05 g Pectolyase in 10 mL of MTSB and incubate at 
37 °C for 30 min followed by room temperature incubation 
for another 30 min.   

   7.    Other embedding materials include LR-white and other resins 
for structural and histochemical studies. We have only per-
formed immunolocalizations on plant material embedded in 
wax or agarose and have not tried other media.   

   8.    Solutions with agarose percentage (w/v) higher than 3 % 
solidify very quickly so embedding should be performed as 
quickly as possible. One solution is to use agarose with a lower 
melting point, although the fi nal fi rmness of the embedding 
might be lower. Moreover, molds and tubes can be kept on a 
hot plate or in the water bath so that the agarose solution is 
warm while the sample position is adjusted. In addition, whole 
mounts may also be embedded in agarose.   

   9.    Poly- L -lysine slides can be prepared inexpensively by dipping 
clean, washed and dried slides into a slide mailer, Copland jar 
or 50-mL tube with 0.1 % w/v poly- L -lysine. Let the slides dry, 
and then you have charged slides for your whole mounts and 
sections.   
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   10.    The choice of the secondary  antibody   depends on the user’s 
preference and is often dictated by conditions: the available set 
of fi lters and lasers for the fl uorescence or confocal microscopes 
and the wavelength at which the specifi c tissue autofl uores-
cence is detected.   

   11.    As mounting media, we use fl uorescence anti-fade media such 
as CFM1 (Citifl uor), VECTASHIELD ®  or VECTASHIELD ®  +
 DAPI, the latter will also counterstain the nuclei. Slides may 
be stored at 4 °C in the dark and fl uorescence may be stable for 
several weeks to months, depending on the fl uorophores used.           
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    Chapter 7   

 Analysis of Circadian Leaf Movements                     

     Niels     A.     Müller     and     José     M.     Jiménez-Gómez       

  Abstract 

   The circadian clock is a molecular timekeeper that controls a wide variety of biological processes. In plants, 
clock outputs range from the molecular level, with rhythmic gene expression and metabolite content, to 
physiological processes such as stomatal conductance or leaf movements. Any of these outputs can be used 
as markers to monitor the state of the circadian clock. In the model plant  Arabidopsis thaliana , much of 
the current knowledge about the clock has been gained from time course experiments profi ling expression 
of endogenous genes or reporter constructs regulated by the circadian clock. Since these methods require 
labor-intensive sample preparation or transformation, monitoring leaf movements is an interesting alterna-
tive, especially in non-model species and for natural variation studies. Technological improvements both in 
digital photography and image analysis allow cheap and easy monitoring of circadian leaf movements. In 
this chapter we present a protocol that uses an autonomous point and shoot camera and free software to 
monitor circadian leaf movements in tomato.  

  Key words     Circadian rhythms  ,   Leaf movements  ,   Tomato  ,    Solanum lycopersicum   ,   Time-lapse 
imaging  

1      Introduction 

  The  circadian    clock   is an internal oscillator that allows organisms to 
anticipate daily changes. In plants, the clock regulates the expres-
sion of about one-third of all genes [ 1 ], which in turn control 
multiple physiological processes. A direct and accurate method for 
studying the  circadian clock   is to monitor  gene expression  , either 
with qRT-PCR or blots, or by using a reporter gene driven by a 
clock-controlled promoter [ 2 ]. The disadvantages of these meth-
ods are that they require costly setups,  transformation   or that they 
are time-consuming. Monitoring leaf movements is a fast and con-
venient alternative. 

 In fact, the existence of an endogenous timekeeper was pro-
posed for the fi rst time in the eighteenth century by de Mairan, 
based on the observation that the leaves of a heliotropic plant, 
most likely  Mimosa pudica , fold up during the night and unfold 
during the day, and that this movement continues under  constant 
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  darkness [ 3 ]. Today it is widely accepted that rhythmic leaf move-
ments are indeed controlled by the  circadian clock  , as they show all 
the hallmarks of  circadian rhythms   and are affected by mutation  of 
  circadian clock genes [ 4 ]. 

 In legumes, leaf movements are caused by expansion and con-
traction of a specialized motor organ at the base of the petiole 
called pulvinus [ 5 ]. Plants without pulvini, however, also exhibit 
circadian leaf movements. The abaxial and adaxial sides of the leaf 
blades and petioles exhibit rhythmic growth in antiphase leading to 
oscillations in the leaf position [ 5 ]. Such leaf movements have been 
used to monitor  circadian rhythms   for several plant species, e.g., 
  Arabidopsis   , tobacco, potato,  Brassica oleracea , and  Brassica rapa  
[ 6 – 10 ]. Because of its simplicity, recording leaf movements is the 
main method used to study natural variation in  circadian rhythms 
in plants  . At the beginning of the last century, Bünning reported 
that different pea genotypes exhibit circadian leaf movement 
rhythms with different periods [ 11 ]. Later, variation in circadian 
leaf movements was employed to identify genetic loci responsible 
for differences in circadian period in  Arabidopsis  [ 12 ,  13 ] and 
 Brassica  species [ 9 ,  10 ]. 

 The methods for measuring circadian leaf movements changed 
tremendously over time. In the early twentieth century a compli-
cated setup consisting of a thread fi xed to a leaf of the plant was 
used. This thread was connected to a lever equipped with a pen 
that would convey the information on the leaf position onto a 
paper roll [ 14 ]. In the 1990s, digital cameras coupled to comput-
ers made it possible to record the leaf movements of several plants 
without complicated preparations [ 6 ]. These image acquisition 
systems, however, still required specialized hardware and soft-
ware, which made them expensive. Cameras needed to be con-
nected to a camera switcher, which in turn had to be connected to 
a computer via a fl ash bus and a parallel port controller unit [ 15 ]. 
The enormous progress in digital photography over the last 
decade has made available relatively cheap point-and-shoot cam-
eras that can acquire image sequences over several days with a 
defi ned interval without the need of a computer or any additional 
software. In addition, efforts have been made to develop open 
source image analysis software that can be easily customized for 
scientifi c use. 

 Here we present a method that uses autonomous compact 
cameras and open source image analysis software to monitor circa-
dian leaf movements in virtually any growth cabinet that can be set 
to constant light and temperature conditions. Four cameras can 
monitor more than 100 tomato seedlings, making the method 
suitable for high-throughput phenotyping of  circadian rhythms   in 
basically every dicotyledonous plant species.  

Niels A. Müller and José M. Jiménez-Gómez
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2    Materials 

     1.    Two climate chambers (one with diurnal and one with con-
stant conditions).   

   2.    Clamp tripods and bar to fi x the tripods ( see   Note 1 ).   
   3.    Digital camera (Pentax Optio WG-1) ( see   Note 2 ).   
   4.    External power supply (AC Adapter Kit K-AC117E for Pentax 

Optio WG cameras) ( see   Note 3 ).   
   5.    SD card.   
   6.    Polystyrene balls (diameter approximately 2 mm).   
   7.    Petroleum jelly (Vaseline or similar).      

3    Methods 

       1.    Fix cameras in the climate chamber at the appropriate positions 
to enable a maximum number of plants to be imaged at the same 
time. We use two cameras per 120 × 60 × 50 cm shelf (Fig.  1 ).

       2.    (Optional) Build pot stands in order to fi ll the complete fi eld 
of view of the cameras. For this we use the same pots in which 
seedlings are grown (Fig.  1 ).   

   3.    Fix a black cardboard (or similar) to the back of the climate 
chamber to ensure that the background of the pictures is dark. 
This will facilitate the isolation of the white polystyrene balls 
used to follow the movements of the leaves during image 
analysis.   

   4.    Set the climate chamber to continuous light and constant tem-
perature ( see   Note 4 ).      

   Seeds have to be prepared according to the species requirements 
for growth on soil. The following steps describe the seed prepara-
tion appropriate for tomato.

    1.    Place tomato seeds in a petri dish and add saturated tri-sodium 
phosphate (Na 3 PO 4 ). Keep seeds in this solution for 15 min.   

   2.    Rinse seeds with tap water three times. Fill the petri dish with 
the rinsed seeds halfway with water and close with the lid. Keep 
petri dishes in the dark at room temperature for 3 days.   

   3.    Fill single 7 × 7 cm pots with appropriate soil ( see   Note 5 ) and 
place single seeds in the middle of each pot, approximately 
1 cm deep into the soil ( see   Note 6 ).   

   4.    Place the pots into the entrainment chamber set to diurnal 
conditions ( see   Notes 7  and  8 ).      

3.1  Imaging System

3.2  Seed Preparation 
and Growth Conditions

Analysis of Circadian Leaf Movements
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   It usually takes 3 days for the seedlings to emerge from the soil and 
to unfold their cotyledons (here defi ned as germination). Tomato 
seedlings are in an ideal state to start the time-lapse imaging on the 
third day after germination ( see   Note 9 ).

    1.    Fix a polystyrene ball to the tip of one cotyledon using a little 
bit of petroleum jelly on the day before the experiment starts 
(Fig.  2 ) ( see   Note 10 ).

       2.    Transfer the plants to the imaging chamber immediately after 
the lights of the entrainment chamber turn on (defi ned as 
Zeitgeber (ZT) = 0).   

   3.    Start the cameras ( see   Note 11 ).   
   4.    Image plants for as many days as needed. We have obtained 

good results by monitoring plants for 5 days.    

     To extract the vertical positions of the cotyledon tips over time, 
i.e., the leaf movements, we use the open source software ImageJ 
(available at   http://imagej.nih.gov/ij/    ). This software can be 
installed on every operating system.

    1.    Transfer the pictures from the camera to your computer and 
import them as an image sequence into ImageJ ( see   Note 12 ).   

3.3  Seedling 
Preparation 
and Imaging

3.4  Image Analysis

  Fig. 1    Overview of the imaging system. Pentax Optio WG-1 cameras are fi xed to shower curtain rods with 
clamp tripods. Twenty-seven 7 × 7 cm pots can be placed on the pot stands in front of each camera allowing 
imaging of 108 tomato seedlings using four cameras       
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   2.    Split the colors of the stack with the Image > Color > Split 
Channels command to get 8-bit images. Since the polystyrene 
ball is most easily isolated from the blue channel, continue the 
analysis using only this channel.   

   3.    Set the threshold with the Image > Adjust > Threshold com-
mand in such a way that only the polystyrene balls remain vis-
ible as black points (Fig.  3 ).

       4.    Check Centroid in the Analyze > Set Measurements menu to 
obtain horizontal and vertical positions of the polystyrene ball, 
i.e., leaf tip.   

   5.    Choose the rectangle selection tool, normally located in the 
fi rst position of the toolbar. Select the area in which the leaf tip 
of one  seedling   is located over the course of the experiment.   

   6.    Process all images of the stack with the Analyze > Analyze 
Particles command. Column Y of the results represents the 
horizontal position of the centroid of the polystyrene ball and 
is copied to an excel spreadsheet.   

   7.    Repeat  steps 5  and  6  for every  seedling  .   
   8.    Analyze data online using BioDare to obtain circadian vari-

ables as period, phase, amplitude and relative amplitude error. 
A detailed step by step protocol describing how to do this was 
recently published [ 16 ]. Alternatively, the Biological Rhythm 
Analysis Software Suite (BRASS), available on    http://millar.
bio.ed.ac.uk/     can be used following the instructions on the 
website. Figure  4  shows representative results from a leaf 
movement experiment using tomato.

  Fig. 2    Tomato  seedling   with a polystyrene ball fi xed to one cotyledon tip on the 
day before being transferred to the imaging chamber       
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  Fig. 3    Screenshot of ImageJ after the threshold adjustment. The fi rst picture of the stack is shown. Every  black 
speck  represents one polystyrene ball attached to the cotyledon tip of one  seedling         

  Fig. 4     Leaf movements   of the wild tomato species  Solanum pimpinellifolium. Left panel : Mean relative position 
of cotyledon tip ± standard error of the mean (SEM) from two independent experiments ( n  = 27).  Hatched areas  
indicate subjective nights.  Right panel : Circadian period and relative amplitude error (RAE) estimates obtained 
from BRASS. A histogram of period estimates is shown on above the scatterplot       
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4            Notes 

     1.    We fi nd that using clamp tripods fi xed to a bar allows risk-free 
manipulation of plants (Fig.  1 ), although freestanding tripods 
can also be used. We use extensible shower curtain rods that 
can be easily clamped into various climate chambers to provide 
support for the clamp tripods (Fig.  1 ).   

   2.    All the models from the Pentax Optio WG series (WG-1, 
WG-2, WG-10, WG-3, WG-4, WG-20 and all corresponding 
GPS models) feature an internal intervalometer, which can be 
programmed to take up to 1000 pictures at a defi ned interval. 
Another option is to use Canon cameras for which a fi rmware 
enhancement is available on the CHDK website:   http://chdk.
wikia.com/wiki/CHDK    . This enhancement makes it possible 
to install custom written scripts such as the countdown inter-
valometer available on:   http://chdk.wikia.com/wiki/
Countdown_Intervalometer    . It should be noted that the com-
bination of this script with a hacked Canon PowerShot A495 
was not 100 % stable in our hands. On average the script in one 
out of six cameras crashed during each experiment.   

   3.    The Pentax Optio WG-1 battery lasts for at least 504 pictures 
(7 days with 20 min intervals) without being charged. Longer 
experiments may require an AC adapter.   

   4.    For tomato we use constant white light provided by fl uores-
cent tubes with an intensity of approximately 100 μmol m −2  s −1  
at 24 °C. However, for other species lower light intensities may 
be benefi cial. For   Arabidopsis   , for example, standard condi-
tions provide 25 μmol m −2  s −1  of light [ 15 ].   

   5.    Bright spots in the soil such as perlite or course sand can com-
plicate image analysis. Adding a layer of fi nely sieved soil pro-
duces a dark surface and greatly facilitates image analysis.   

   6.    If seeds already sprouted in the petri dish, care has to be taken 
not to break the radicle during sowing.   

   7.    In principle, any diurnal conditions can be used to entrain the 
plants prior to monitoring leaf movements. It should be noted, 
however, that entrainment conditions do infl uence  circadian 
rhythms  . The standard method is to entrain plants in 12 h 
light/12 h dark cycles.   

   8.    We place the lines in each experiment using a completely ran-
domized design. Depending on the number of genotypes, 
plants can also be arranged according to a randomized block 
design with every camera representing one block.   

   9.    We observe that starting the imaging 2 or even 1 day after 
germination does not cause any differences in period or phase 
of the circadian leaf movements in tomato. For this reason, we 
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start imaging all plants on the same day regardless of their day 
of germination, as long as they have been entrained between 2 
and 4 days.   

   10.    We thoroughly water the plants on the day before their transfer 
to constant conditions. The soil will store enough water to 
sustain the tomato seedlings for at least 5 days in constant con-
ditions without any sign of  drought   stress  . If experiments last 
longer than 5 days, one option is to cover the soil surface with 
foil to avoid desiccation (also see Ref.  9 ).   

   11.    We use an interval of 20 min. We take the fi rst picture at 
ZT = 0.33 (20 min after the lights turn on) and a total of 361 
pictures to obtain 120 h of data. We set the camera to “pro-
gram” mode to be able to manually optimize settings such as 
white balance, exposure compensation, and sensitivity accord-
ing to the light conditions and the background.   

   12.    Make sure to set the maximum amount of memory available to 
ImageJ to an appropriate value with the Edit > Options > Memory 
& Threads command. You may need to scale the images to less 
than 100 % when importing the image sequence to not exceed 
this maximum memory.          
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    Chapter 8   

 Sample Preparation of  Arabidopsis thaliana  Shoot Apices 
for Expression Studies of Photoperiod-Induced Genes                     

     Fernando     Andrés    ,     Stefano     Torti    ,     Coral     Vincent    , and     George     Coupland      

  Abstract 

   Plants produce new organs from a population of pluripotent cells which are located in specifi c tissues called 
meristems. One of these meristems, the shoot apical meristem (SAM), gives rise to leaves during the veg-
etative phase and fl owers during the reproductive phase. The transition from vegetative SAM to an infl o-
rescence meristem (IM) is a dramatic developmental switch, which has been particularly well studied in the 
model species  Arabidopsis thaliana . This developmental switch is controlled by multiple environmental 
signals such as day length (or photoperiod), and it is accompanied by changes in expression of hundreds 
of genes. A major interest in plant biology is to identify and characterize those genes which are regulated 
in the stem cells of the SAM in response to the photoperiodic signals. In this sense, techniques such as 
RNA in situ hybridization (RNA ISH) have been very successfully employed to detect the temporal and 
spatial expression patterns of genes in the SAM. This method can be specifi cally optimized for photoperiodic- 
fl owering studies. In this chapter, we describe improved methods to generate plant material and histologi-
cal samples to be combined with RNA ISH in fl owering-related studies.  

  Key words     Flowering  ,   Photoperiod  ,   Shoot apical meristem  ,   Gene expression studies  ,   In situ hybrid-
ization  ,    Arabidopsis thaliana   

1      Introduction 

   In plants, the  transition   from  vegetative   growth to  fl owering   is 
regulated by several environmental stimuli and by the age of the 
individual. One of these environmental stimuli is the day length or 
photoperiod. The model plant species  Arabidopsis thaliana  has 
been widely used to identify genes involved in the photoperiodic 
induction of fl owering [ 1 ].  Arabidopsis  plants exposed to long days 
undergo a series of genetic and morphological changes in the shoot 
apical meristem (SAM) that culminate in the formation of fl owers 
[ 2 ]. Hundreds of genes are deregulated in the SAM during this 
developmental switch and many of them are specifi cally transcribed 
in response to photoperiod [ 3 – 6 ]. These genes might play impor-
tant roles in photoperiodic-fl owering and therefore defi ning their 
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specifi c spatial and temporal patterns of expression is a major goal 
in molecular studies on mechanisms controlling  fl owering   time. 
However, this is a challenge because this tissue is embedded within 
the shoot apex and is therefore diffi cult to access. For this reason, 
specifi c technologies have been developed to study the expression 
of genes in the SAM, such as RNA  in situ hybridization   (RNA 
ISH) [ 7 ,  8 ]. RNA ISH is a technique that allows the detection of 
a specifi c RNA within a histological section. This is possible because 
nucleic acids can be preserved adequately within a histologic speci-
men and are detected with a probe consisting in a complementary 
strand of nucleic acid attached to a reporter molecule [ 9 ]. Many 
reports have already described excellent protocols of RNA ISH to 
detect  gene expression   in the SAM [ 8 ,  10 ,  11 ]. However, this 
technique requires specifi c optimization in order to be employed 
in studying the pattern of expression of photoperiodic- fl owering   
genes. For instance, fl owering of  Arabidopsis  plants must be prop-
erly induced in order to ensure a synchronized developmental pro-
gression [ 3 ,  5 ,  6 ]. This is tremendously important as the expression 
of genes induced by photoperiod is differentially regulated at dif-
ferent developmental stages. Therefore, comparing the expression 
of a gene between plants which are not perfectly synchronized 
might lead to misinterpretations. In addition, the expression pat-
tern of a particular gene might vary among different layers of the 
SAM cells. Therefore the histological sections must represent the 
longitudinal center of the SAM to ensure a reliable comparison 
between two samples. In this chapter, we describe methods (1) to 
induce a synchronized photoperiod fl owering-response in 
 Arabidopsis  plants, permitting the developmental progression of 
the SAM to be followed during the switch to the reproductive 
phase, and (ii) a straightforward technique to collect shoot apices 
and process the tissue (i.e.,  fi xation  , embedding, and sectioning) in 
order to obtain histological samples suitable for RNA ISH experi-
ments. These methods are particularly relevant in the study of 
photoperiodic- fl owering in  Arabidopsis . A complete account of 
procedures for performing RNA ISH is beyond the scope of this 
chapter, but interested readers should refer to other important 
reports [ 7 ,  10 ,  11 ].  

2    Materials 

 Prepare all the buffers with distilled and autoclaved water. 

       1.    Plant material:  Arabidopsis thaliana  (L.) Heynh (Ecotype 
Col-0).   

   2.    Square 9 × 9 cm pots.   
   3.    Soil.   

2.1  Plant Materials 
and Growing 
Conditions
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   4.    Grow chambers: short days (SD, 8 h light–16 h dark); long 
days (LD, 16 h light–8 h dark) photoperiod. Light intensity: 
150–180 μmol m −2  s −1 . Temperature: 21 °C.        

     1.     Glass  vials   with screw caps (~20 ml).   
   2.    Microdissection forceps.   
   3.    Vacuum pump and desiccator.   
   4.    10× PBS: 1.5 M NaCl, 0.07 M Na 2 HPO 4 , 0.03 M NaH 2 PO 4  

(pH 7). Prepare at least 1 L and store it at RT.   
   5.    4 % PFA: 40 ml 10× PBS, 360 ml H 2 O, and 16 g of parafor-

maldehyde, 0.1 % Tween 20, 0.1 % Triton X-100 ( see   Notes 1  
and  2 ). To prepare 400 ml of 4 % PFA fi ll a glass bottle with 
360 ml of distilled water and 40 ml of 10× PBS to get 1× 
PBS. Warm the 1× PBS in a microwave for 1 min and 30 s. 
Weigh 16 g of PFA in the fume hood and transfer it into a glass 
bottle (500 ml), add the warm 1× PBS (~60 ° C), 500 μl of 
NaOH 4 M and stir until the PFA is dissolved. PFA vapors are 
toxic, so close the bottle with the cap while stirring. Adjust the 
pH to 7 with 550 μl of a 1:10 dilution of H 2 SO 4 . Do not use 
HCl, as it can react violently with PFA to produce a carcino-
genic compound. Check the pH at room temperature with a 
pH indicator.   

   6.    Graded ethanol series: 30, 40, 50, 60, 70 ,  85, 95, and 100 % in 
water. Store them at 4 °C ( see   Note 3 ).   

   7.    Staining buffer: 0.1 % eosin in 100 % EtOH. Store it at RT.       

       1.    Embedding cassettes of 1 mm square mesh.   
   2.    100 % Ethanol.   
   3.    Histological clearing agent.   
   4.    Paraffi n.   
   5.    An automated tissue processing machine (Optional,  see  

Subheading  3.3 ).   
   6.    Paraffi n dispenser.   
   7.    Petri dishes (Ø 9 cm).   
   8.    Bunsen burner.      

       1.    Retractile blade.   
   2.    Single edge blades.   
   3.    Artistic brushes.   
   4.    Spatula.   
   5.    Bunsen burner.   
   6.    Wooden/plastic cubes (~2 × 2 × 2 cm).   
   7.    Rotary microtome.   
   8.    Electrostatically charged slides.   
   9.    Stereomicroscope.   

2.2  Sampling 
and Fixation

2.3  Embedding

2.4  Histological 
Sectioning

Sample Preparation of Arabidopsis thaliana Shoot Apices for Expression Studies…
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   10.    Slide dryer bench.   
   11.    Pasteur pipette.   
   12.    Cloth or absorbent paper.       

3    Methods 

       1.    Sow around 30  Arabidopsis  seeds per sample group ( see   Note 
4 ) equally distributed in 9 × 9 pots ( see   Note 5 ) with soil ( see  
 Note 6 ).   

   2.    Pre-germinate the seeds at 4 °C in the dark for 3 days and then 
transfer to a short day growth chamber.   

   3.    Prepare fresh 4 % PFA (in the fume hood), distribute around 
20 ml in glass vials (one per sample group) and keep the vials on 
ice.   

   4.    Grow all the sample groups under SDs for 14 days ( see   Note 7 ). 
Collect the sample group “14SD” at 8 h after dawn (Zeitgeber 
time 8, ZT8), just before lights turn off ( see   Note 8 ). Grab 
individually each seedling from the soil with the microdissec-
tion forceps and pull it up. Hold the seedling with two fi ngers 
and remove the leaves and part of the petioles with the forceps 
(Fig.  1 ) ( see   Note 9 ). Then remove the root and put the sample 
(hypocotyls and shoot apex) into a glass vial containing 4 % PFA 
(on ice). Repeat for around 15–20 seedlings per sample group.

       5.    Transfer the remaining sample groups to a long day growth 
chamber to induce  fl owering   (s ee   Note 10 ). Samples will be 
collected as described above after 3 (sample group “3LD”), 5 
(sample group “5LD”), and 7 days (sample group “7LD”).   

3.1  Synchronized 
Induction 
of Photoperiodic-
Flowering 
and Sampling

  Fig. 1    Sampling and dissection of  Arabidopsis  shoot apex for ISH. ( a ) Grab a 
seedling with microdissection forceps from the petioles (be sure to grab all the 
petioles,  dashed line  ( 1 )) and pull it up. Holding the hypocotyl fi rmly with two 
fi ngers, press strongly the forceps and remove petioles, leaves, and cotyledons 
(a twist should be enough). Try to keep 1–1.5 mm of the fi rst true leaf petioles. 
Then, remove the root ( dashed line  ( 2 )) with the forceps and place the sample in 
the cold 4 % PFA       
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   6.    Keep the vials on ice until the next step.      

       1.     Put the vials (with the caps unscrewed) and  some   ice inside of 
the desiccator. Connect the desiccator to a vacuum pump and 
turn it on ( see   Note 11 ).   

   2.    Keep the vacuum for 10 min and release gradually the pres-
sure. Repeat ( see   Note 12 ).   

   3.    Replace the 4 % PFA with fresh 4 % PFA solution and keep at 
4 °C overnight on ice.   

   4.    Dehydrate the samples through an ethanol series (30, 40, 50, 
and 60 %). Incubate for 1 h in each solution on ice.   

   5.    Replace the 60 % ethanol with 70 % ethanol. Incubate for 2 h 
at 4 °C ( see   Note 13 ).   

   6.    Replace the 70 % ethanol with 85 % ethanol and keep at 4 °C 
overnight.   

   7.    Replace the above step with 95 and 100 % for 2–4 h each at 4 
° C ( see   Note 14 ).       

         1.    Transfer the samples from the vials to the embedding cassettes 
( see   Note 15 ).   

   2.    Immerse the cassettes in 0.1 % Eosin (staining solution) and 
keep for 1–2 h at RT ( see   Note 16 ).   

   3.    Wash the samples twice with fresh 100 % ethanol.   
   4.    Incubate the tissues with 50 % ethanol/50 % Histo-Clear for 

1 h at RT ( see   Note 17 ).   
   5.    Then, incubate three times for 1 h each with 100 % Histo- 

Clear at RT.   
   6.    50 % Histo-Clear/50 % paraffi n overnight at 60 °C.   
   7.    Replace with 100 % paraffi n (60 °C) twice daily during 3 days.   
   8.    Preheat the heating plate of the paraffi n dispenser at 60 °C 

30 min in advance.   
   9.    Place a petri dish on the hot plate for 2–3 min.   
   10.    Pour melted paraffi n into a petri dish (use one petri dish per 

sample group) to fi ll up 80 % of its capacity.   
   11.    Remove the embedding cassettes from the hot 100 % paraffi n 

(or from the tissue processor,  see   Note 18 ) with preheated 
tweezers.   

   12.    Open the cassettes’ cap and use preheated tweezers to drop off 
the samples onto the hot paraffi n ( see   Note 19 ).   

   13.    Distribute the shoot apices with the preheated tweezers until 
all the shoot apices are laying horizontally on the bottom of 
the petri dish (Fig.  2a ).

       14.    Very carefully, move the petri dish onto a cold surface (for 
example a precooled square piece of aluminum) ( see   Note 20 ).   

3.2  Fixation 
by Vacuum 
and Sample 
Dehydration

3.3  Tissue Staining 
and Embedding
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   15.    Wait until the paraffi n has solidifi ed and then place the petri 
dish on ice for a 1–2 h.   

   16.    Repeat these steps with all the sample groups and keep at 4 °C 
for at least 24 h.      

       1.    Using a preheated retractile knife make rectangular blocks 
(~10 × 5 mm) of paraffi n containing the samples in the middle 
( see   Note 21 ).   

   2.    Glue with melted paraffi n the sample blocks on the side of a 
wooden (or plastic) cube and keep them at 4–8 °C for 10 min 
( see   Note 22 ). The plant sample must be oriented as indicated 
in Fig.  2b  ( see   Note 23 ).   

   3.    Section the tissue at 7 μm ( see   Note 24 ).   
   4.    Produce a continuous ribbon of sections including all the tis-

sue ( see   Note 25 ).   
   5.    Visualize the sections in a stereomicroscope and fi nd those sec-

tions showing the center of the SAM ( see   Note 26 ).   
   6.    Separate with a blade the sections containing the center of the 

SAM.   
   7.    Add water on the surface of a microscope slide and warm it up 

on the slide dryer bench (set-up at 35–40 °C).   

3.4  Histological 
Sectioning

  Fig. 2    Preparation of shoot apices embedded in paraffi n for microtome dissec-
tion. ( a ) Transfer the shoot apices from the embedding cassettes to a petri dish 
containing melted paraffi n (Subheading  3.3 ). Distribute the samples evenly 
spaced and laying horizontally on the bottom of the petri dish. Once the paraffi n 
has completely solidifi ed (at least 24 h after at 4 ° C) cut a piece of paraffi n with 
a preheated knife including a shoot apex ( dashed line ). ( b ) Glue the paraffi n piece 
with melted paraffi n on a rectangular wooden or plastic block, put it at 4 ° C for 
a few minutes and fi t it in the microtome head. Adjust properly the position of the 
block: Orientate the block to get the two petioles perpendicular to the blade 
( x -axis). Cut the upper part of the paraffi n block ( arrow ), visualize the sample 
from above and orientate the block in order to get the hypocotyl in parallel with 
the blade ( y -axis)       
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   8.    Put the ribbon of sections on the slide (matt side upwards), 
leave it fl oating on the water and place the slide on the slide 
dryer bench.   

   9.    Wait a few minutes until the ribbon gets completely smooth.   
   10.    Remove most of the water with a Pasteur pipette and fi nish 

drying the slide by using a cloth or absorbent paper. Be sure 
that the ribbon of sections sticks in the middle of the slide.   

   11.    Put the slide on the slide dryer bench and leave it there until 
the next day ( see   Note 27 ).       

4    Notes 

     1.    Paraformaldehyde powder (PFA) and solutions containing 
PFA are very toxic and should be handled wearing gloves and 
in the fume hood. PFA residues and materials directly exposed 
to PFA should be disposed of in an appropriate waste 
container.   

   2.    Due to instability, solutions should be freshly prepared from 
PFA just before use or frozen/thawed only once.   

   3.    After preparing the ethanol series keep the bottles at 4 °C for 
24 h to cool down and remove all the bubbles.   

   4.    A sample group is a set of plants that will be exposed to a 
particular photoperiod for a number of days. By changing 
the photoperiod conditions, it is possible to synchronize the 
developmental stage of the plants and obtain a very uniform 
fl oral induction in all of the SAMs within a sample group. In 
this protocol all the plants are grown for 14 short days. The 
sample group collected at that time will represent plants 
staying at the vegetative stage (sample group “0 LD”). The 
other groups of plants are then shifted to long days and col-
lected after 3, 5 and 7 long days (samples group 3 LD, 5 LD 
and 7 LD). These three sample groups defi ne plants at the 
 reproductive phase (from the initial fl oral induction to the 
fl oral development stages (Fig.  3 )). In ISH experiments it is 
common to use marker genes to verify the developmental 
stage of the SAM. For instance,  SUPPRESSOR OF 
OVEREXPRESSION OF CONSTANS1  ( SOC1 ) should not 
be expressed in the SAM of a non-induced plant (14 short 
days, Fig.  3a ). However, after 3 long days (Fig.  3b ),  SOC1  
expression is induced in the center of the SAM, indicating 
the beginning of the fl oral induction [ 12 ]. A good marker 
gene for the end of fl oral induction and the start of fl oral 
primordium development (after 5 long days, Fig.  3c ) is 
 APETALA1  ( AP1 ), as it is expressed specifi cally in the fl oral 
primordium [ 12 ].
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       5.    Plants should be evenly spaced in order to avoid shade effects 
which might affect the  fl owering   induction. One week after 
germination, thin out the excess of seedlings and remove 
those showing a non-synchronized growth compared to the 
majority.   

   6.    Seedlings grown on soil perform better than those grown on 
medium. This is an advantage for sectioning the tissue.   

   7.    In  Arabidopsis ,  fl owering   time tremendously differs within 
ecotypes and mutants. In this protocol we describe how to 
induce a synchronized photoperiodic-fl owering response in 
 Arabidopsis  Col-0 plants. Col-0 plants grown for 14 days 
under short day conditions still persist at vegetative stage. 
However, in early  fl owering   ecotypes or mutants  fl owering   
might be already induced after 14 short days. Therefore, for 
some genotypes the growing period under short day needs to 
be reduced in order to ensure that all the plants of the 
 experiment stay at the vegetative stage before the photoperi-
odic fl oral induction.   

   8.    The fl oral induction not only depends on the genotype of the 
plant, but also on the light quality of the lamps installed in the 
growth chambers. The strongest fl oral induction is usually 
achieved by combining white fl uorescence lamps with a source 
of far red light (incandescent bulbs or LEDs [Light-emitting 
diode]).   

   9.    Leave approximately 1–1.5 mm of the fi rst true leaf petioles. 
The remaining petioles will contribute to keep the shoot apex 

  Fig. 3    Developmental progression of a SAM during  photoperiodic   induction. A good section should allow the 
visualization of all plant micro-structures shown in these representations. ( a ) A SAM of a plant grown for 14 
short days stays vegetative and produces leaves (le) at the fl anks.  Flowering   is induced by exposing the plants 
to long days ( b – d ). ( b ) After 3 long days the SAM grows and becomes domed. At this stage, hundreds of genes 
are already differentially expressed in the SAM ( c ) Five long days triggers the formation of fl oral meristems (fm) 
at the fl anks of the SAM. Specifi c meristem identity genes are expressed at this stage. ( d ) After 7 long days 
several genes involved in fl oral development are expressed and fl oral organs (fo, approximately stage 3) are 
already visible       
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horizontal inside of the paraffi n and will help to defi ne the 
sample orientation during the sectioning (Figs.  1  and  2 ).   

   10.    In order to avoid differences in  gene expression   mediated by 
the  circadian clock   rhythms, the samples should be collected at 
the same time of the day independently of the photoperiod. 
Collecting samples after ZT8 (8 h after dawn) implies that 
plants will be exposed to the dark under short days and to the 
light under long days. To avoid this situation is recommended 
to collect the samples before ZT8.   

   11.    The samples should fl oat and stay on the top level of the liquid 
because of the vacuum action.   

   12.    When the pressure is completely released the samples should 
sink and lay on the bottom of the vial. If after the fi rst vacuum 
step all the samples already lay on the bottom, it is not neces-
sary to repeat this step again.   

   13.    Samples can be stored in 70 % ethanol for several months 
at 4 °C.   

   14.    Samples in 100 % ethanol can be stored for several months at 
4 °C.   

   15.    Proceed with the next step quickly; the ethanol evaporates 
very fast, do not allow samples to dry out.   

   16.    Staining with Eosin is relevant for visualizing the tissue during 
the sectioning.   

   17.    Embedding can be performed with an automatic tissue pro-
cessor by running the following program: 100 % ethanol 
(three times of 1 h), Histo-Clear (three times of 1 h), Paraffi n 
(three times of 1 h) at 60 °C.   

   18.    Check the tank of the paraffi n dispenser the day before using 
it and refi ll it if necessary. Paraffi n might take a few hours to 
completely melt.   

   19.    Petri dishes should be always on the heater plate until all the 
samples have been transferred to avoid the premature solidifi -
cation of the paraffi n and a bad arrangement of the samples.   

   20.    After moving the petri dish onto a cool surface the shoot apex 
samples embedded in the paraffi n can still be reorientated for 
a few seconds. Use this time to place the misplaced samples at 
the right position (lying horizontally on the bottom).   

   21.    Solid paraffi n breaks very easily. Using a preheated knife helps 
a lot to cut the paraffi n without damaging the samples. Leave 
approximately 2–3 mm of paraffi n around the sample.   

   22.    Samples embedded in paraffi n can be kept for at least 6 month 
at 4 °C.   

   23.    Once the plant sample is approximately 1 mm close to the 
microtome blade, use a single edge blade to cut a horizontal 
section of the block approximately 1 mm above the plant sam-
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ple. In this way, the shoot apex should be visible from the 
upper side of the block. Looking at the plant sample from 
above orientate the block to get the plant hypocotyl parallel to 
the microtome blade. Cut the sides of the block to get a 
smaller rectangle surrounding the plant sample. Once the 
hypocotyl is completely in parallel with the blade, cut ribbons 
of sections until the plant sample is reached. Readjust again 
the block orientation if necessary and continue sectioning.   

   24.    The size of the section can be reduced to 4–5 μm, but it is 
tedious and the quality of the sections might decrease as well.   

   25.    Cut the block until the tissue is over.   
   26.    The expression pattern of genes in the SAM might vary 

depending on the layer of cells which is being observed. For 
this reason it is crucial to obtain perpendicular sections of the 
middle of the SAM for all the analyzed samples (Fig.  2 ).   

   27.    At this point, the histological samples are ready for being used 
in RNA ISH experiments. Specifi c protocols for probe design 
and synthesis, and  in situ hybridization   could be found within 
the specifi c literature [ 7 ,  10 ,  11 ].           
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    Chapter 9   

 A Luciferase-Based Assay to Test Whether Gene Expression 
Responses to Environmental Inputs Are Temporally 
Restricted by the Circadian Clock                     

     Amaury     de     Montaigu     ,     Markus     Christian     Berns    ,
and     George     Coupland     

  Abstract 

   Gating is the mechanism by which the infl uence of an environmental signal on a particular output is tem-
porally restricted by the circadian clock, so that the maximum response of the output to the signal occurs 
at a specifi c time. Gated regulation mechanisms have been described for several genes whose expression is 
strongly induced by light or temperature at certain times but repressed by the circadian clock at others. To 
reveal a gated pattern of expression in response to light, light pulses are applied in the dark at different 
times of the 24 h cycle and the transcriptional response of the gene of interest is then monitored with an 
appropriate technique. Luciferase (LUC) reporters have been the method of choice to study circadian 
rhythms in the past decades, but this methodology also provides an ideal platform for performing a gating 
assay. In this chapter, we describe a LUC imaging based protocol designed to test whether the infl uence 
of light on the expression of a gene of interest is gated by the circadian clock.  

  Key words     Circadian clock  ,   Gating  ,   Gene expression  ,   Light  ,   Luciferase  

1      Introduction 

    Plants are  sessile   organisms that  experience   and  adjust   to important 
daily fl uctuations of external environmental conditions. In order to 
adapt to their cycling environment, plants have evolved temporal 
regulation mechanisms that promote the activity of biological pro-
cesses at the most favorable time of the day or night. A wide range 
of processes cycle on a 24 h basis and, consequently, many aspects 
of plant biology ranging from development to  stress   resistance are 
temporally controlled [ 1 ,  2 ]. The molecular mechanisms that gen-
erate temporal patterns of biological activities often involve daily 
oscillations in the transcription of single genes or entire gene net-
works. Peaks and troughs of gene transcription are detectable in at 
least 30% of the   Arabidopsis      thaliana    transcriptome [ 3 ], which 
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partly explains the wealth and diversity of temporally regulated 
processes reported to date. Genes whose transcription oscillates 
during day/night cycles control traits of agricultural importance, 
and alterations of these daily expression patterns contribute to 
adaptive behaviors of certain crop varieties [ 4 – 6 ]. For these rea-
sons, appropriate tools are required to decipher the complex mech-
anisms that generate temporal expression patterns in cycling 
environmental conditions. 

 Daily changes in gene expression are mainly caused by fl uctua-
tions of external cues or by the circadian clock, an endogenous 
mechanism that generates internal rhythms of approximately 24 h. 
A fundamental property of  circadian rhythms   is that, although they 
persist in the absence of environmental transitions at dawn and 
dusk, they are strongly infl uenced by environmental inputs. 
Conversely, the circadian clock can infl uence  environmental signals   
during the day by controlling the time at which these signals regu-
late their outputs. In this regulatory process called “ gating  ,” the 
circadian clock represses environmental responses at certain times 
but leaves an open “gate” during the day for these responses to 
take place (Fig.  1 ). As a result, the intensity of an environmental 
response will vary depending on the time of day and reach a maxi-
mum during a specifi c time window. There are several known 
examples of genes whose light or cold inducible expression is gated 
by the circadian clock [ 7 – 9 ], suggesting that this regulatory mech-
anism might not be uncommon. By focusing on a gated transcrip-
tional response to light signals, the current chapter provides an 
example for how the  gating   of environmental inputs contributes to 
defi ning complex daily expression patterns.

   To reveal that light induction of a gene is gated by the circa-
dian clock, plants are transferred to constant  darkness   (DD) and 
are subjected to  light pulses   applied at regular time intervals during 
a 24 h cycle. The rapid and transient activation of gene expression 
in response to the  light pulses  , also known as the acute response to 
light, is then monitored during several hours with an appropriate 
technique. Measurements at high temporal frequency are neces-
sary to study the dynamics of the acute response and to precisely 
defi ne the peak of expression after each light  pulse  . Thus, one of 
the diffi culties of a  gating   experiment is that it requires measuring 
numerous time points at high temporal resolution, which implies 
that the number of samples to harvest rapidly becomes unattain-
able if the technique of choice is destructive. The Luciferase (LUC) 
gene reporter technology, however, provides a noninvasive and 
automated platform suitable for the study of gene expression at 
high temporal resolution. In addition to increasing the frequency 
of time points, this technology also monitors rhythms of expres-
sion in individual seedlings. LUC measurements therefore capture 
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the true variability in gene expression dynamics that exists between 
individuals [ 10 ], and also allows introducing high numbers of rep-
licates in the experiments. In summary, LUC assays are suitable for 
performing a  gating   experiment because they enhance the tempo-
ral resolution and the throughput of gene expression 
measurements. 

 Luciferases are enzymes that oxidize a substrate and produce a 
photon. The resulting luminescence is proportional to the amount 
of active enzyme present in a sample and can be monitored rela-
tively easily with different systems. Luciferases are found in many 
species, and luciferases from different species use different sub-
strates [ 11 ,  12 ]. The  LUC  gene from the fi refl y ( Photinus pyralis ) 
uses  D -luciferin as a substrate [ 11 ] and was successfully developed 
in the 1990s as a reporter for the study of rhythms of expression in 
plants [ 13 ]. Fusions of the  LUC  cDNA to promoters of interest 
were demonstrated to faithfully track the transcription patterns of 
endogenous genes [ 13 – 16 ] and have been used by an increasing 
number of laboratories in the past two decades. One of the main 
applications of the LUC system has been to study  circadian rhythms   
in constant conditions of light and temperature, but this technol-
ogy can also be applied in more complex experimental settings. 
Here, we describe the design and execution of a LUC based  gating   
experiment that aims to reveal how light induction of gene expres-
sion can be gated by the circadian clock.  

  Fig. 1    Scheme illustrating the principle of a gated response. An input signal from 
the environment infl uences an output process during the day, but the  circadian 
clock   antagonizes the response of the output to the signal at certain times. As a 
consequence, the response of the output to the signal only occurs during a spe-
cifi c time window or gate ( light blue )       
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2    Materials 

       1.    Murashige and Skoog (MS) medium supplemented with 1 % 
sucrose and adjusted to pH 5.7.   

   2.    Transgenic lines that express the  gene promoter : LUC  fusion of 
interest ( see   Note 1 ).      

       1.     D -luciferin. Prepare a 50 mM stock solution by resuspending 1 
g of  D -luciferin in 71.3 mL of 0.1 mM triphosphate buffer (pH 
8). Store at −80 °C.   

   2.    Filter for sterilizing  D -luciferin. We use a Syringe-driven Filter 
Unit 0.45 μm.   

   3.    Sterile injection needle.   
   4.    Black 96-well OptiPlate (Perkin Elmer). White plates are also 

available and used by other laboratories. The plates must be 
opaque to avoid luminescence contamination between wells.   

   5.    TopSeals for 96-well microplates (Perkin Elmer).   
   6.    Bar codes used by the TopCount as an identifi er for each plate.   
   7.    Stackers ( see   Note 2 ).   
   8.    A box to keep the TopCount plates in  darkness   when carrying 

the plates from the chambers to the TopCount.   
   9.    A TopCount Microplate Scintillation Counter (Perkin Elmer) 

to measure LUC activity. Other systems such as the CCD cam-
era are also widely used for LUC measurements, but the 
TopCount is more suitable for high throughput assays ( see  
 Note 3 ).       

3    Methods 

       1.    Seeds are surface-sterilized with ethanol. The amount of seeds 
required for the experiment is placed in a 1.5 mL vial. Add 1 
mL of ethanol 70 % and leave 5–10 min. Resuspend the seeds 
by regularly inverting the vial during this time. Decant seeds 
(avoid centrifuging and vortexing the seeds in order to mini-
mize damage). Remove the ethanol 70 % and apply 1 mL etha-
nol 100 % during 5–10 min. Resuspend the seeds by inverting 
the vial and decant. Remove as much ethanol 100 % as possible 
and wash seeds with 1 mL sterile water, resuspending the seeds 
by inverting the vial as before. Repeat the washing step twice 
and leave the seeds in water.   

   2.    Stratifi cation of the seeds can be performed at this point by 
placing the vials (containing seeds in 1 mL sterile water) at 4 
°C during 3 days. In this case, seeds are stratifi ed before plat-

2.1  Seeds and Plants

2.2  LUC 
Measurements

3.1  Growth 
of the Seedlings
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ing. Alternatively, seeds can be plated and stratifi cation per-
formed on plates. Both methods are equally effi cient in 
synchronizing germination.   

   3.    Seeds are plated on square petri dishes (12 × 12 cm) containing 
MS medium with 1 % sucrose ( see   Note 4 ). Take particular 
care in evenly and suffi ciently spacing the seeds on the medium 
to avoid seedlings growing in clumps ( see   Note 5 ). We transfer 
the seeds from the vial to the medium with a pipette and cor-
responding fi ne tips whose aperture dimension is appropriate 
for individual seeds to come out of the tip in single droplets. 
Cut the edge of the tip in order to make the aperture wider, 
otherwise seeds might be too large to pass through the aper-
ture of the tip.   

   4.    Seedlings are left to grow 7–10 days in the growth chamber set 
to the appropriate entraining condition, i.e., the external con-
dition to which the circadian clock will adjust so that biological 
activities will be adequately timed relative to dawn and dusk. 
Typical entraining conditions are day/night cycles of fi xed 
 photoperiods  , but the circadian clock can also be entrained by 
temperature cycles. The choice of the entraining condition will 
infl uence the result of a  gating   experiment ( see   Note 6 ).      

   In a  gating   experiment, the design and the number of plates essen-
tially depends on the temporal resolution of the  light pulses  . If a 
light  pulse   is applied every 2 h during a 24 h cycle, the experiment 
requires 14 plates including the control. An inexperienced experi-
menter must consider that transferring the seedlings from the petri 
dishes to the TopCount plates is time consuming ( step 1 ), and 
preparing 14 full plates might not be doable in 1 working day. As 
an indicator, preparing a full plate (96 seedlings) will take approxi-
mately 30–60 min if performing this task for the fi rst time. The 
number of plates and/or seedlings per plate must be planned 
accordingly. We recommend using 12–24 replicates per genotype 
in each plate to obtain robust results and suitable statistical power. 
Importantly, seedlings of the same genotype should preferably be 
organized in rows rather than in columns. The six TopCount 
detectors each measure luminescence in two adjacent columns, so 
organizing genotypes in rows will reduce a possible detector bias.

    1.    To prepare the TopCount plates, the 96 wells must be fi lled 
with 200 μL of solid MS medium supplemented with 1 % 
sucrose. Boil the MS medium and use a multichannel pipette 
to load the wells. We pour a volume of medium in a square a 
petri dish tilted to one side in order to facilitate the pipetting 
of the medium with the multichannel device. Once the MS 
medium has solidifi ed inside the plates, wrap the plates in a 
plastic foil and keep them at 4 °C until the following day.   

3.2  Preparing 
the TopCount Plates
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   2.    The seedlings are transferred (picked) from the petri dishes to 
the TopCount plates on the last day of the entrainment period. 
Picking the seedlings is the most time consuming step of a 
TopCount experiment, and this is particularly true for  gating   
experiments in which the number of plates is high. All plates 
must be prepared and placed back in the growth chamber 
before the lights go off at dusk ( see   Note 7 ). Work in sterile 
conditions. Grab the  seedling   with the forceps at the hypo-
cotyl–root junction and gently pull the seedling out of the 
medium. This is a delicate step, as applying too much pressure 
with the forceps will harm the seedling, and pulling the seed-
ling out of the medium too abruptly will break the root. When 
transferring the seedling in the corresponding well, place the 
base of the hypocotyl in the medium so that the seedling stands 
up right with cotyledons facing upwards, well exposed to the 
TopCount detectors. Introduce the entire root in the medium 
and make sure that parts of the root do not get stuck on the 
side of the wells. Discard any damaged seedling. Although 
picking the seedlings is a tedious procedure, do not try to 
avoid it by sowing the seeds and growing the seedlings directly 
on the TopCount plates ( see   Note 8 ).   

   3.    Add 20 μL of  D -Luciferin 2.5 mM to each well. Sterile 
 D -Luciferin 2.5 mM is prepared by diluting 20-fold the 50 mM 
stock solution in sterile water and by fi ltering the solution. To 
gain time, we use a multichannel pipette to load the  D -Lucif-
erin in the wells. The fi ltered solution is placed in a petri dish 
tilted to one side to facilitate the pipetting.   

   4.    Seal the plates with the TopSeals and puncture a hole on top of 
each well with a sterile injection needle to facilitate air exchange 
not only for the seedlings but also because the Luciferase enzy-
matic reaction requires oxygen.   

   5.    On the right side of each plate, stick a bar code that will be 
used by the TopCount machine as an identifi er.   

   6.    Put the plates in the same growth chamber that was used to 
grow the seedlings. It is important that all the seedlings experi-
ence the last environmental transition of the day/night cycle 
(dusk), meaning that the plates must be placed back into the 
growth chamber before lights off ( see   Note 7 ).   

   7.    After dusk place the seedlings in controlled environmental 
conditions of constant  darkness   (DD) by, for example, chang-
ing the settings of the growth chamber so that the lights remain 
permanently switched off. Importantly, the seedlings will no 
longer be exposed to light until the  light pulses   are applied, 
and the plates must always be manipulated in the dark.    
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      The design and principle of  the   experiment are as follows. After the 
lights turn off at dusk on the last day of the entrainment period, 
the seedlings are released into DD conditions. From this point 
onwards the seedlings will not experience environmental transi-
tions, and the beginning of the next cycle is now called “subjective 
dawn” because the lights will not come on at this time. At subjec-
tive dawn, 30 min  light pulses   are applied to the seedlings at 2 h 
intervals during 24 h ( see   Note 9 ). Each plate is subjected to one 
light  pulse  , and the response of the  promoter : LUC  reporter to each 
light  pulse   is monitored with the TopCount at high temporal reso-
lution ( see   Note 10 ). If dawn was set at 8 a.m. in the growth cham-
ber since the beginning of the experiment, then the fi rst light  pulse   
should be applied at 8 a.m. One plate that we call the “DD con-
trol” will not be exposed to any light  pulse   and will be measured 
continuously in DD. Note that, unlike circadian experiments per-
formed in constant environmental conditions, a  gating   assay is only 
semi-automated and the experimenter must be present throughout 
the whole 24 h cycle ( see   Note 11 ).

    1.    The TopCount machine must be prepared before the experi-
ment starts, ideally on the previous day. Choose the adequate 
settings ( see   Note 10 ) and run a dummy plate to make sure 
that the data are being stored in the correct fi le. Avoid any 
delay between plate measurements in the settings to maximize 
the temporal resolution of the assay. Also make sure that the 
parts of the TopCount in which the plates are stacked and 
automatically loaded in the machine (the stackers) are working 
properly, as this is a typical TopCount failure ( see   Note 2 ).   

   2.    LUC activity measurements start at 7.30 a.m., before the 
application of the fi rst  light pulse  . Two plates are carried from 
the growth chamber to the TopCount and placed in the stacker. 
Any exposure of the seedlings to light must be avoided while 
opening the growth chamber or transporting the plates ( see  
 Note 12 ). One of the two plates will be exposed to the fi rst 
 light pulse   of 30 min at 8 a.m. (Plate 1), but prior to the pulse 
it is necessary to perform at least one LUC activity measure-
ment that will be used as a reference. The other plate is the DD 
control. Make sure that an empty plate with a double bar code 
is placed on top of the pile after Plate 1 and the DD control, 
otherwise the plates will be measured only once ( see   Note 2 ).   

   3.    At 8 a.m. and once the reference measurements are fi nished, 
transport Plate 1 to a chamber with the desired light quality 
and quantity settings, expose Plate 1 to the light source for 
30 min and transport Plate 1 back to the TopCount. The plate 
must be left at least 2 min in the dark before the fi rst measure-
ment in order to reduce the background due to  seedling  -
delayed  fl uorescence. LUC activity is then measured 

3.3  The Gating 
Experiment
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continuously and automatically during 4 h every 10 min 
approximately ( see   Note 10 ).   

   4.    The second  light pulse   is applied 2 h after the fi rst, i.e., at 10 
a.m. if dawn was set at 8 a.m. since the beginning of the experi-
ment. As for Plate 1, the next plate (Plate 2) is removed from 
the growth chamber at 9.30 a.m. and transported to the 
TopCount in order to perform the reference LUC activity 
measurements before the pulse. At 10 a.m. Plate 2 is removed 
from the stacker and transported from the TopCount to the 
chamber in which the  light pulse   will be applied. After the 
pulse, Plate 2 is transported back to the TopCount and again 
placed into the stacker with Plate 1 and the DD control. LUC 
activity is then monitored every 10 min during 4 h.   

   5.    The third light pulse is applied to Plate 3 6 h after subjective 
dawn (12 a.m.). Follow the same procedure than described in 
 steps 3  and  4 . Importantly, by the time of the third light pulse 
Plate 1 will have been measured during 4 h. Therefore, substi-
tute Plate 1 by Plate 3 in the pile when starting the reference 
LUC measurements for Plate 3. At this step of the protocol, 
Plate 2, Plate 3 and the DD control are present in the stacker 
and Plate 1 is no longer required for the experiment. Do not 
keep more than three plates in the stacker as this will lower the 
temporal resolution of the measurements.   

   6.    Repeat the previous steps with Plate 4 and the fourth  light 
pulse   applied at 2 p.m. Replace Plate 2 by Plate 4 in the stacker 
when starting the measurements.   

   7.    Continue with the same procedure until the last  light pulse   is 
applied to Plate 13 at 8 a.m. the following subjective morning. 
A scheme of the whole procedure is provided in Fig.  2 .

       8.    The data are downloaded from the TopCount and analyzed 
with the Microsoft Excel workbook TopTemp (  www.amillar.
org    ) that imports the raw data in an Excel format, organizes 
the plate measurements chronologically and by genotype, and 
produces graphs ( see   Note 13 ). LUC measurements in con-
stant  darkness   (DD control) should oscillate and confi rm that 
the gene is under circadian control (Fig.  3 ). As the baseline 
expression level of the gene is not expected to be constant in 
 darkness  , the raw data obtained after each  light pulse   will not 
be directly comparable. It is therefore necessary to normalize 
the luminescence data measured after each  light pulse   to the 
luminescence measured before the pulses so that the magni-
tude of the response can be compared at different times of the 
day. If the acute response of the gene to the  light pulses   is 
gated by the circadian clock, the data will reveal variation in the 
magnitude of the response with a maximum clearly occurring 
during a specifi c time window (Fig.  3 ).
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4             Notes 

     1.    As the number of lines that can be included in a  gating   experi-
ment is limited, we recommend the use of homozygous lines 
that have been established as reference lines beforehand. To 
generate the gene promoter: LUC  constructs, we use a vector 
in which the  LUC  cDNA was previously fused to a GATEWAY ®  
cassette. Plasmid details can be found in GeneBank (reference 

  Fig. 2    Experimental design and logic of a  gating   assay. In this example light is the 
input signal and gene expression is the output. Gene expression is monitored 
with LUC activity measurements. ( a ) TopCount plates are prepared on the last 
day of the entrainment period. The plates must be put back in the growth cham-
ber before lights off and experience the last environmental transition of the 
experiment (dusk). From this point onwards the seedlings will be released into 
constant  darkness   (DD) and will only be exposed to light at the time of the  light 
pulses  . The fi rst light pulse is applied at the beginning of the next cycle, e.g., 8 
a.m. if lights on was set at this time since the beginning of the experiment.  Light 
pulses   are applied to different batches of plants (one plate per light  pulse  ) 
throughout the whole 24 h cycle. ( b ) The acute response of gene expression to 
each light  pulse   is monitored with high resolution LUC activity measurements 
during 4 h. At least one reference measurement is required in DD before the 
30 min pulse       

 

A Luciferase Based Assay to Dissect Complex Transcription Patterns



102

number: AM295157). Promoters of interest are PCR-amplifi ed 
and inserted in the vector with the  GATEWAY ®  system follow-
ing the recommendations of the manufacturer. The constructs 
are introduced into  Arabidopsis    thaliana   via  Agrobacterium   
mediated  transformation   using the fl oral dip method [ 17 ].   

   2.    The stackers are hollow and vertical tower-like structures that 
are fi xed to the TopCount machine and that are used to stack 
the TopCount plates in a pile. The use of stackers allows the 
automatic feeding of the plates to the TopCount machine dur-
ing the experiment. Two stackers are necessary for the assay to 
be automated: the fi rst stacker feeds the plates to the TopCount, 
and the second stacker stores the plates after the measure-
ments. At the start of the experiment, all the plates must be 
placed in the fi rst stacker. The plates are read one by one and 
progressively stored in the second stacker until the measure-
ment of the last plate has been completed. A “stop plate” must 
be placed after the last “experimental plate” in the fi rst stacker, 
at the top of the original pile, so that the TopCount knows that 
all the plates of the pile have been read. The “stop plate” is 
distinguishable by the presence of a double bar code instead of 
the single bar code used for the other plates. Once the double 
bar code has been read, all the plates are moved back from the 

  Fig. 3    Outcome of a  gating   experiment. The intensity of the acute response of 
gene expression ( red lines ) to the  light pulses   varies depending on the time of 
day. The maximum response of gene transcription to the  light pulses   is observed 
16 h after the subjective morning, which also corresponds to the time when the 
gene reaches its peak of expression in constant  darkness   (DD control:  dashed 
line ). To compare the intensity of the response to each light  pulse  , LUC measure-
ments are normalized to the luminescence measured before the pulse. Therefore, 
the scale of the acute response does not apply to the  DD   control whose presence 
on the graph only aims to show when the gene reaches its peak of expression in 
the control  DD   condition       
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second stacker to the fi rst stacker and the plate reading proce-
dure starts again from the beginning. Always make sure that 
the stackers work before the beginning of an experiment as 
stacker defects are a typical TopCount failure.   

   3.    The current protocol describes how to perform a  gating   exper-
iment with a TopCount, but other alternatives such as the 
coupled charged device (CCD) camera are also suitable for 
quantifying LUC activity. Circadian biologists will normally 
use the TopCount as the system of choice if the throughput of 
an experiment needs to be high. However, there are advan-
tages in the use of the CCD camera over the TopCount. CCD 
camera images provide spatial information on where the 
 promoter : LUC  construct is expressed in the  seedling  . LUC 
activity can also be measured in groups of plants, which gener-
ally tends to increase the quality of the curves and the precision 
of rhythmic data. Note that extracting data from the CCD 
camera is more complex, as it requires the use of additional 
software (Metamorph) to process the camera images and to 
convert the information from the images to luminescence data.   

   4.    By default, we always add 1 % sucrose to the MS medium in 
our experiments. The presence of sucrose in the medium con-
tributes to maintaining robust  circadian rhythms   in DD condi-
tions which is particularly relevant for the protocol described 
in this chapter. Although studying  circadian rhythms   is not the 
goal of a  gating   assay, altered  circadian rhythms   due to lack of 
sucrose is expected to affect the outcome of the experiment. 
The sucrose concentration also affects  circadian rhythms   in 
continuous light [ 18 ].   

   5.    Seedling development is infl uenced by the presence of neigh-
boring plants, and isolated seedlings will likely respond differ-
ently to a light treatment than seedlings that have grown in 
dense clusters. Moreover, spacing the seedlings on the medium 
allows working with evenly developed individuals and will 
greatly facilitate the picking procedure.   

   6.    Endogenous  circadian rhythms   vary depending on whether 
the plants were entrained in short days versus long days or in 
different temperature regimes. Changes in  circadian rhythms   
between conditions are expected to shift the time window dur-
ing which a gene strongly responds to a  light pulse  . Thus, the 
entraining condition will infl uence the outcome of a  gating   
experiment and it is for the researcher to decide which condi-
tion is most relevant to his biological question.   

   7.    On the last day of the entrainment period, the transfer of the 
seedlings from the petri dishes to the TopCount plates must be 
completed before lights off (dusk). Dusk is the last environ-
mental transition that the seedlings will experience before the 
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 light pulses  , as the lights will not come on in the growth 
 chamber in the following 24 h DD cycle. A fundamental prop-
erty of the circadian clock is that it is reset by environmental 
transitions at dawn and dusk, meaning that endogenous  circa-
dian rhythms   of the seedlings will be synchronized by the last 
resetting signal (dusk). If all the plates do not experience lights 
off at the same time,  circadian rhythms   will not be synchro-
nized and the results of the  gating   assay will not be interpre-
table. This is usually not a problem if the plants were entrained 
in long day  photoperiods   as there will be plenty of time to 
complete the picking procedure. In short day  photoperiods  , 
less time will be available and the picking step must be planned 
accordingly.   

   8.    We do not recommend placing the seeds directly in the 
TopCount plates after sterilization to try and skip the picking 
step. Germinating and growing the seedlings in a petri dish 
beforehand allows excluding from the experiment those seed-
lings that have not germinated or developed properly. 
Moreover, if the seeds germinate in the well of a TopCount 
plate the  seedling   will develop in an unfavorable environment 
with very little space for the root and aerial part of the plant to 
grow. Reduced light availability will also lead to etiolation of 
the seedlings which could have important consequences on the 
response to an environmental input.   

   9.    The sensitivity to the  light pulse   will depend on the gene, and 
the response will also vary with light quantity, quality and with 
the duration of the pulse. We have proposed 30 min pulses in 
our protocol as an example but shorter pulses can also be 
applied, although reducing the duration of the pulse beyond a 
certain threshold will be expected to affect the magnitude of 
the response.  Light pulses   can be applied with fl uorescent 
tubes that emit white light containing the whole spectrum of 
wavelengths, and also with LEDs that emit red, blue or far red 
monochromatic light. Note that fl uorescent tubes can emit 
white light of more than 100 μmol m −2  s −1 , which is usually 
considered as high light intensity in standard growth chamber 
settings. Light intensities emitted by LEDs are usually lower 
than the ones obtained with fl uorescent tubes.   

   10.    The TopCounts used in our laboratory have six detectors, and 
when the reading time for each well is set to 2 s it takes the 
TopCount less than 2 min to a measure a full plate. To these 
2 min have to be added the time that the TopCount needs (1) 
to move the plates from the fi rst stacker to the detectors and 
from the detectors to the second stacker, (2) to move and mea-
sure the “stop plate,” and (3) to reload the fi rst stacker with all 
the plates ( see   Note 2 ). In total, the whole procedure with a 
pile of three plates takes 10–15 min. Two seconds of reading 
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time might not be suffi cient for reporter constructs that yield 
low LUC activity. The reading time can be modifi ed in the set-
tings of the TopCount before the experiment and increased to, 
for example, 5 s. Longer reading times will of course reduce 
the temporal resolution of the assay. Importantly, do not intro-
duce in the settings of the TopCount a temporal delay before 
the plate measurements as this is not useful in a  gating   experi-
ment. Finally, the temporal resolution of an assay can also be 
enhanced with TopCounts that are equipped with twelve 
detectors instead of six. Note that in TopCount assays designed 
to study  circadian rhythms   in constant conditions, 1–2 h tem-
poral resolution is usually suffi cient.   

   11.    In circadian studies, the most common application of LUC 
reporters is to measure  circadian rhythms   during several days 
in constant conditions of light and temperature where the cir-
cadian clock is not infl uenced by environmental transitions. 
Measuring  circadian rhythms   is fully automated because the 
experimental condition does not change throughout the 
experiment, and light can be constantly applied to the plants 
with a set of LED panels that are fi xed to the stackers. 
Unfortunately, the experimental design of a  gating   assay can-
not take advantage of fully automated measurements and of a 
light source fi xed to the stackers. First, the number of plates in 
the stackers must be kept low to maintain the resolution of 
measurements high after the light pulses. Second, the LED 
panels fi xed to the stackers would not allow selectively applying 
the  light pulse   to a specifi c plate. The  gating   protocol therefore 
requires a person to move the plates back and forth from the 
growth chambers to the TopCount during the entire 24 h 
cycle, including late at night and early in the morning.   

   12.    We use a box to transport the plates from the chambers to the 
TopCount. Use a source of green light when manipulating 
plates in the dark.   

   13.    Rhythmic data extracted from several days of measurements in 
constant conditions are analyzed with BRASS (  www.amillar.
org    ), an Excel workbook that has been extensively used by the 
plant circadian community. The aim of a  gating   experiment is 
not to measure rhythms, however, and BRASS is not strictly 
required to analyze the results of a gating assay. Nevertheless, 
the use of BRASS can be useful if changes in circadian rhythms 
are anticipated between two genotypes, as altered  circadian 
rhythms   will affect the outcome of the  gating   experiment. 
 Circadian rhythms   can be determined by leaving the DD con-
trol four extra days in DD conditions. Note that new tools 
have recently been developed to  analyze   circadian rhythms 
[ 19 ,  20 ].            
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Chapter 10

Identification of Arabidopsis Transcriptional Regulators 
by Yeast One-Hybrid Screens Using a Transcription Factor 
ORFeome

Ghislain Breton, Steve A. Kay, and José L. Pruneda-Paz

Abstract

Genetic and molecular approaches revealed that the circadian clock network structure is comprised of 
several interlocked positive and negative transcriptional feedback loops. The network evolved to sense and 
integrate inputs from environmental cues to adjust daily rhythms in physiological processes. Compiling 
evidence indicates that part of this regulation happens at the transcriptional level through subtle adjust-
ments in the expression of core clock genes. Thus, to better understand the network and identify the 
molecular mechanisms of clock input pathways, it is imperative to determine how core clock genes are 
regulated. For this purpose we developed reagents for an unbiased approach to identify transcription fac-
tors (TFs) interacting with the promoters of core clock genes. At the center of this approach lies the yeast 
one-hybrid (Y1H) assay in which a pool of proteins fused to the GAL4 transcriptional activation domain 
are tested for their ability to interact with a selected promoter fragment in yeast cells. Taking advantage of 
the fact that Arabidopsis TF genes are well annotated, we generated a comprehensive TF clone collection 
(TF ORFeome) and used it to replace the standard cDNA pool strategy traditionally used in Y1H screens. 
The use of this TF clone collection substantially accelerates the comprehensive discovery of promoter- 
specific DNA binding activities among all Arabidopsis TFs. Considering that this strategy can be extended 
to the study of the promoter interactome of any Arabidopsis gene, we developed a low throughput proto-
col that can be universally implemented to screen the ~2000 TF clone library.

Key words Yeast one-hybrid, Transcription factor ORFeome, Circadian clock, Cis-regulatory net-
work, Protein–DNA interaction, β-galactosidase reporter, Plant genomics

1 Introduction

Albeit developed more than 20 years ago, the yeast split GAL4 
assay remains one of the most popular techniques to investigate 
protein–protein and protein–DNA interactions in vivo [1]. Some 
important features behind its popularity are its elegant simplicity 
and reliable results. Two fusion proteins, one containing the tran-
scription activation domain of the GAL4 transcription factor 
(GAL4-AD) and the other its DNA binding domain, will be 
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 reconstituted into an active GAL4 only if their fusion partners have 
the capacity to interact with each other. Reconstitution of a func-
tional GAL4 will then lead to binding and activation of a synthetic 
promoter containing a gal4 cis-element that regulates the expres-
sion of the β-galactosidase reporter gene (lacZ). Yeast one-hybrid 
(Y1H) is a derivative of the two-hybrid approach in which only 
proteins fused to the GAL4-AD are used and the promoter con-
taining the gal4 cis-element is replaced by a promoter fragment of 
interest in the reporter construct. With this setup it is possible to 
determine if the protein in fusion with the GAL4-AD activates the 
reporter gene expression (i.e., lacZ), which is indicative of its inter-
action with the promoter region of interest.

In its original design, a cDNA library built from a tissue or cell 
extract of interest provided yeast one-hybrid preys (GAL4-AD pro-
tein fusions). The search was then limited by the presence of TFs in 
the prey library, which ultimately depends on the expression of TFs 
in the tissue and conditions used for isolation of the template RNA 
[2, 3]. Several technological advances allowed the Y1H assay to 
become an approach of choice for investigating transcriptional net-
works at a genomic scale. With the advent of genome sequencing 
and recombination-based cloning strategies, it is now possible to 
determine all TF encoding genes for a particular organism and to 
assemble genome-wide TF clone collections (TF ORFeome). For 
example, by combining several different prediction approaches, we 
recently estimated that the plant model Arabidopsis thaliana 
(Arabidopsis) contains at least 2492 TFs [4]. Taking advantage of 
the Gateway cloning technology, we assembled a collection of 
TF-GAL4-AD constructs for 1956 of these TFs [4]. Other Gateway 
compatible reagents for Y1H assays were previously developed [5]. 
By generating these reagents, it is now possible to use TF-specific 
libraries of Y1H prey clones, instead of cDNA libraries, to perform 
unbiased high-throughput Y1H screens.

Pioneer work in C. elegans laid the foundation for high 
throughput methods to perform TF-centered Y1H screens [6, 7]. 
Similar approaches were recently developed for other organisms 
such as plants (A. thaliana), flies (D. melanogaster), mice (M. mus-
culus) and humans [8–11]. While Y1H is not the only alternative 
to gather information on TF–DNA interactions, it remains one of 
the few with the potential to be performed in a high-throughput 
mode. For example, it would be significantly challenging to use 
chromatin immunoprecipitation (ChIP) to determine TF–DNA 
interactions for each of the 2492 Arabidopsis TFs in all possible 
experimental conditions and tissues. Thus, Y1H constitutes a pow-
erful alternative to start defining the cohort of TFs that interact 
with a specific gene promoter region. In fact, by using this approach 
we discovered a number of TFs that were proven to play an 
 important regulatory role in the control of their associated pro-
moters [8, 12–16].
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We recently reported the construction of a comprehensive 
Arabidopsis TF clone collection suitable for Y1H screens [4]. 
Considering the universal availability of this clone collection, the 
current protocol was developed to provide a low cost and fast pro-
cedure that could be performed in any laboratory. Our hope is that 
it will provide the community with additional tools to expand the 
exploration of Arabidopsis transcriptional networks.

2 Materials

 1. Dextrose solution: 20 % dextrose solution filter-sterilized.
 2. Adenine solution: 0.2 % adenine hemisulfate filter-sterilized.
 3. YPDA medium: Dissolve 10 g Bacto peptone and 20 g yeast 

extract in 800 mL of water and adjust the pH to 5.8 with 
hydrochloric acid. Adjust the final volume to 885 mL with 
water and autoclave for 20 min (for petri dishes add 20 g/L of 
agar before autoclaving). Let the solution cool down and add 
100 mL of 20 % dextrose and 15 mL of 0.2 % adenine 
solutions.

4 L of liquid medium will be required to generate your TF 
library glycerol stock. Subsequently, 1.5 L of liquid medium 
and six petri dishes will be required for each library screen.

 4. SD medium: Dissolve 6.7 g of yeast nitrogen base and the 
appropriate dropout (-Trp, -Ura/-Trp, or -Ura) in 800 mL of 
water, and adjust the pH to 5.8 with sodium hydroxide. Adjust 
the final volume to 900 mL with water and autoclave for 
20 min (for petri dishes add 20 g/L of agar before autoclav-
ing). Let the solution cool down and add 100 mL of 20 % 
dextrose solution.

1.5 L of liquid medium and 84 petri dishes of SD-Trp 
medium will be required to generate your TF library glycerol 
stock. Subsequently, 1.2 L of SD-Trp and 1 L of SD-Trp/Ura 
liquid media and nine petri dishes of SD-Ura medium will be 
required for each library screen.

 1. Tris stock solution (1 M Tris–HCl pH 8.0). Sterilize before 
use.

 2. EDTA stock solution (0.5 M EDTA pH 8.0). Sterilize before 
use.

 3. LiAc stock solution (1 M LiAc). Filter-sterilize before use.
 4. PEG stock solution (50 % polyethylene glycol 3350). For 500 

mL, add water to 250 g of PEG 3350 and mix slowly with a 
stir bar (add enough water to solubilize while keeping the vol-
ume below 500 mL). After full dissolution (it takes several 
hours), stop stirring and let settle until all bubbles are gone. 
Complete volume to 500 mL and filter-sterilize.

2.1 Yeast Media

2.2 Yeast 
Transformation 
Solutions

TF ORFeome &Y1H Assay 
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 5. 10× TE stock solution (100 mM Tris–HCl pH 8.0, 10 mM 
EDTA). For 1 L, mix 100 mL of 1 M Tris stock solution and 
20 mL of 0.5 M EDTA stock solution. Adjust the volume to 
1 L with water and sterilize in autoclave or by filtration.

 6. 1× TE solution. For 1 L, mix 100 mL of 10× TE stock solution 
and 900 mL of sterile water.

 7. TE–LiAc solution (1× TE and 0.1 M LiAc). For 10 mL, mix 1 
mL of 10× TE, 1 mL of 1 M LiAc stock solution, and 8 mL of 
sterile water.

 8. TE–LiAc–PEG solution (1× TE, 0.1 M LiAc, 40 % PEG). For 
50 mL, mix 5 mL of 10× TE stock solution, 5 mL of 1 M 
LiAc, and 40 mL of 50 % PEG stock solution.

 9. Salmon sperm DNA (10 mg/mL). For 100 mL, dissolve 1 g 
of salmon sperm DNA in 100 mL of water. Autoclave for 
20 min and aliquot. Store at −20 °C.

 10. PLATE solution (1× TE, 0.1 M LiAc, 40 % PEG). For 1 mL, 
mix 100 μL of 10× TE stock solution, 100 μL of 1 M LiAc 
stock solution, and 800 μL of PEG stock solution [17].

 1. Z buffer (60 mM Na2HPO4, 60 mM NaH2PO4, 10 mM KCl, 
1 mM MgSO4). Adjust pH to 7. Around 1 L will be required 
per screen.

 2. Z buffer/β-mercaptoethanol/ONPG solution. Prepare fresh. 
For 400 mL, dissolve 280 mg of ONPG (o-nitrophenyl β–d- 
galactopyranoside) in 400 mL of Z buffer (final concentration 
of 0.7 mg/mL). It may take several minutes to dissolve. When 
ready to use, add 688 μL of β-mercaptoethanol.

 1. Yeast strain for promoter integration, YM4271 promoter strain 
(Clontech).

 2. Yeast strain for TF library transformation, YU strain (Ura3-52 
mutation restored in the Y187 strain—Clontech).

 3. pEXPAD502 control plasmid (Life Technologies). To be 
transformed into the YU strain.

 4. Gateway cloning genotyping primers:
GATE-Fw: CCGCCCCCTTCACC;
GATE-Rv: GTCGGCGCGCCCACCCTT.

 5. Yeast genotyping primers:
YGENO-Fw: TCTTCCTTCTGTTCGGAGATT;
YGENO-Rv: GGACCTAATGTATAAGGAAAGAATA.

 6. 96-well deep well plates (Plate One cat 1896-1000). 21 plates 
are required to generate the TF library glycerol stock. 
Afterward, 42 plates are required per screen.

 7. 96-well PP plates (Greiner cat 781281). 84 plates are required 
to generate the TF library glycerol stock. Afterward, 21 plates 
are required per screen.

 8. 96-well reading plates (Greiner cat 655101). 42 plates are 
required per screen.

2.3  β-Galactosidase 
Assay Solutions

2.4 Strains, 
Plasmids, Primers, 
and 96-Well 
Plasticware
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3 Methods

 1. Select promoter fragment to be analyzed (see Note 1).
 2. Design PCR primers for cloning into pENTR/D-TOPO (Life 

Technologies) (see Note 2).
 3. Perform PCR reaction and purify PCR fragment from agarose 

gel.
 4. Perform TOPO cloning reaction and transform into E. coli 

(plate cells on LB-kanamycin).
 5. Perform colony PCR using GATE-Fw/-Rv primers on a few 

colonies.
 6. Select one positive clone and start overnight culture.
 7. Purify plasmid DNA and sequence using the universal M13 

forward primer.
 8. Perform LR clonase reaction to transfer the cloned promoter 

into pGLacZi [18] (Gateway-compatible version of the pLacZi 
plasmid—Clontech), and transform into E. coli (plate cells on 
LB-Ampicillin).

 9. Perform colony PCR using GATE-Fw/-Rv primers on a few 
colonies.

 10. Select one positive clone and start overnight culture.
 11. Purify plasmid DNA and linearize the plasmid using the restric-

tion enzymes ApaI, EcoRV or NcoI. Choose an enzyme that 
does not cut into your promoter fragment (see Note 3).

 1. Streak YM4271 yeast strain on YPDA medium. Incubate 2–3 
days at 30 °C. (Section adapted from Ref. 5).

 2. Using a sterile toothpick, transfer a fresh 2–3 mm size colony 
into a 1.5 mL sterile microtube.

 3. Add 10 μL carrier salmon sperm DNA (10 mg/mL).
 4. Add 1 μg of the linearized pGlacZi [17] reporter plasmid 

DNA. Vortex well.
 5. Add 500 μL of PLATE solution. Vortex briefly.
 6. Add 57 μL of DMSO. Vortex briefly.
 7. Incubate for 15 min at room temperature.
 8. Heat shock cells for 15 min at 42 °C in water bath.
 9. Pellet cells by centrifugation for a few seconds.
 10. Remove supernatant without disturbing the pellet.
 11. Resuspend pellet in 200 μL of sterile 1× TE.
 12. Plate cells on SD-Ura medium and incubate at 30 °C (growth 

may take 3–5 days).
 13. Pick four colonies and re-streak on SD-Ura medium. Incubate 

at 30 °C for 2 days.
 14. Pick single colonies and re-streak on SD-Ura medium. Incubate 

at 30 °C for 2 days.
 15. Pick single colonies and re-streak on YPDA medium. Incubate 

at 30 °C for 2 days.

3.1 Construction 
Reporter Plasmid

3.2 Construction 
of Yeast Reporter 
Strains

TF ORFeome &Y1H Assay 
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 16. Isolate genomic DNA from each reporter strain and assess 
reporter plasmid genomic integration by PCR using primers 
YGENO-Fw or promoter specific primer and YGENO-Rv 
(see Note 4).

 17. Prepare glycerol stocks and store confirmed promoter strain 
at −80 °C.

 1. Start a culture for each of the ~2000 plasmids from the 
pDEST22-TF clone collection and purify plasmid DNA (only 
~100 ng is required from each clone in order to generate the 
yeast library stock) (Section adapted from ref 7) (see Notes 5 
and 6).

 2. Start a 5 mL culture of the YU strain in YPDA medium.
 3. Inoculate 500 mL of YPDA medium with 1 mL of the over-

night yeast culture.
 4. The next morning inoculate 3 L of YPDA with 500 mL of the 

yeast culture.
 5. Grow the culture until OD600 reaches 0.4–0.8 (3–5 h).
 6. Centrifuge culture at 1000 × g for 5 min (room temperature).
 7. Discard supernatant and resuspend pellet in 500 mL of sterile 

water.
 8. Centrifuge at 1000 × g for 5 min (room temperature).
 9. Discard supernatant and resuspend in 100 mL of TE–LiAc.
 10. Centrifuge at 1000 × g for 5 min (room temperature).
 11. Discard supernatant and resuspend with 40 mL of TE–LiAc 

and 4 mL of salmon sperm DNA (10 mg/mL).
 12. Distribute 20 μL of cells per well of 21 × 96-well PP plates (see 

Note 7).
 13. Transfer 100 ng of the pDEST22-TF clone collection plasmid 

DNA into the 96-well PP plates (see Note 8).
 14. Add 100 μL of TE–LiAc–PEG solution per well (see Note 9).
 15. Incubate plates 20–30 min at 30 °C.
 16. Heat shock yeast cells for 20 min at 42 °C (see Note 10).
 17. Centrifuge the cells for 5 min at 1000 × g (room 

temperature).
 18. Discard supernatant using a multichannel pipette without dis-

turbing the cell pellet.
 19. Add 110 μL of 1× TE into each well.
 20. Centrifuge 5 min at 1000 × g (room temperature).
 21. Remove 100 μL of supernatant using a multichannel pipette. 

This should leave just enough TE for plating the cells.
 22. Resuspend the pellet by pipetting using a multichannel pipette 

or using a 48-well cell replicator (frogger) (see Note 11).

3.3 Preparation of TF 
Library in Yeast 
(Glycerol Stocks)
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 23. Using a 48-well cell replicator or a multichannel pipette, trans-
fer an array of 48 wells onto SD-Trp plates (see Note 12).

 24. Incubate at 30 °C for 2–3 days.
 25. Fill sterile 96-well PP plates with 50 μL of sterile 1× TE buffer 

(see Note 13).
 26. Using a 48-well cell replicator or multichannel pipette, trans-

fer a fraction of the transformed yeast cells into the 96-well PP 
plates.

 27. Carefully mix and using a 48-well cell replicator or multichan-
nel pipette transfer an aliquot of the resuspended cells onto a 
new SD-Trp plate.

 28. Incubate at 30 °C for 2–3 days.
 29. Fill sterile 96-deep well plates with 500 μL of SD-Trp medium 

per well.
 30. Fill sterile 96-well PP plates with 50 μL of sterile 1× TE 

buffer.
 31. Using a 48-well cell replicator or multichannel pipette transfer 

a fraction of the transformed yeast cells into the 96-well PP 
plates.

 32. Mix well and using a multichannel pipette, transfer 5 μL of the 
resuspended cells into the 96-deep well plates.

 33. Incubate at 30 °C for 36–48 h with agitation (800 rpm) using 
a microplate shaker.

 34. Using a multichannel pipette add 500 μL of 50 % glycerol into 
each well in order to obtain a final concentration of 25 % glyc-
erol in each well.

 35. Mix well and aliquot into 96-well PP plates to generate mul-
tiple glycerol stock copies of each yeast TF library plate.

 36. Seal 96-well PP yeast TF library plates with aluminum plate 
seal and store at −80 °C.

 1. Streak the YM4271 promoter strain on YPDA medium. 
Incubate 2–3 days at 30 °C.

 2. Thaw glycerol stocks for one copy of the yeast TF library.
 3. Fill sterile 96-deep well plates with 600 μL of SD-Trp medium 

per well.
 4. Using a multichannel pipette transfer 5 μL of the yeast TF 

library into the 96-deep well plates. Seal plates with breathable 
seal and incubate at 30 °C for 24–36 h with agitation (600 
rpm) using a microplate shaker.

 5. Add 50 mL of YPDA into a 250 mL flask and inoculate with 
the YM4271 promoter strain. Incubate overnight at 30 °C 
with agitation (180 rpm) (see Note 14).

3.4 Perform Yeast 
One-Hybrid Screens

TF ORFeome &Y1H Assay 
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 6. Mix 25 mL of the overnight promoter strain culture with 75 
mL of fresh YPDA medium.

 7. Fill sterile 96-well PP plates with 90 μL of YPDA medium per 
well.

 8. Using a multichannel pipette add 10 μL of the library strain 
into each well.

 9. Pour the diluted promoter strain culture into a sterile pipet-
ting reservoir. Using a multichannel pipette add 40 μL of the 
cell suspension into each well.

 10. Seal 96-well PP plates with a breathable seal and incubate for 
12–48 h at 30 °C (no shaking needed).

 11. Centrifuge 96-well PP plates for 3 min at 1000 × g (room 
temperature).

 12. Remove 140 μL of the supernatant.
 13. Add 120 μL of SD-Trp/Ura into each well and carefully vor-

tex or mix by pipetting.
 14. Centrifuge 96-well PP plates for 3 min at 1000 × g (room 

temperature).
 15. Remove 120 μL of the supernatant.
 16. Add 180 μL of SD-Trp/Ura into each well.
 17. Fill a new 96-deep well plate with 100 μL of SD-Trp/Ura 

medium per well.
 18. Using a multichannel pipette transfer 3 μL of the diploid cell 

suspension in the 96-well PP plates into the 96-deep well 
plates.

 19. Shake plates in a microplate shaker (600–800 rpm) at 30 °C 
for 24–36 h.

 1. Add 400 μL of YPDA into each well of the 96-deep well plates.
 2. Continue shaking in a microplate shaker (600–800 rpm) at 30 

°C for 5–6 h.
 3. Mix well. Using a multichannel pipette transfer a 120 μL ali-

quot of each well into a 96-well reading plate (see Note 15).
 4. Determine the optical density (OD) at 600 nm using a 96-well 

plate absorbance reader.
 5. Centrifuge 96-deep well plates for 3 min at 1000 × g (room 

temperature).
 6. Remove supernatant (~450 μL).
 7. Add 150 μL of Z buffer into each well.
 8. Centrifuge 96-deep well plates for 3 min at 1000 × g (room 

temperature).
 9. Remove supernatant (~150 μL).

3.5 Quantification 
of β-Galactosidase 
Activity

Ghislain Breton et al.
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 10. Add 25 μL of Z buffer into each well (see Note 16).
 11. Perform four freeze–thaw cycles. Each cycle consists of incu-

bations for 3 min in liquid nitrogen and 5–10 min at 30–37 °C 
(see Notes 17 and 18).

 12. Add 170 μL of Z buffer/BME/ONPG solution.
 13. Incubate until yellow color is developed (see Note 19).
 14. Add 80 μL of 1 M Na2CO3 to stop the enzymatic reaction.
 15. Centrifuge deep well plates for 8 min at 1000 × g (room 

temperature).
 16. Using a multichannel pipette, take a 120 μL aliquot from the 

supernatant without disturbing the pellet, and transfer into a 
96-well reading plate.

 17. Determine the OD at 420 nm using a 96-well plate absor-
bance reader.

 18. Calculate the β-galactosidase enzymatic activity using the fol-
lowing equation:

[ ] / [ ( ) ( )]OD OD time s volume mL420 6001000´ ´ ´  (see Note 20).
 19. Normalize the β-galactosidase activity obtained in each well to 

the β-galactosidase activity obtained in control wells (YU yeast 
strain transformed with the control plasmid).

4 Notes

 1. We typically select 250–400 bp fragments. Overlapping frag-
ments should be selected when performing promoter scan-
ning (hiking). To date, no exhaustive analysis has been 
performed to determine the optimal promoter size for Y1H 
screens. However, we found that a TCP transcription factor 
induces the expression of the β-galactosidase reporter when 
the promoter bait contains a TCP binding site located at 100 
nucleotides but not when the same site is located at 500 nucle-
otides upstream of the transcription start site [4].

 2. For small DNA fragments, such as promoter fragments in the 
250 nucleotides range, we find that TOPO cloning (Life 
Technologies) is a simple and efficient approach. pENTR/D- -
TOPO allows directional cloning if the CACC sequence is 
added to the 5′ end of the forward primer used to amplify the 
promoter fragment. As an alternative, the promoter fragment 
can be directly cloned into the pLacZi plasmid (Clontech) 
using restriction endonuclease digestion.

 3. While plasmid linearization improves the efficiency of the 
reporter plasmid genomic integration, it is also possible to 
generate the reporter strains using an intact reporter plasmid.

TF ORFeome &Y1H Assay 
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 4. The promoter fragment carried by the YM4271 reporter strain 
can be further confirmed by sequencing this PCR product

 5. We typically used the PureLink 96 plasmid purification system 
(Life Technologies); however, due to the minimal DNA 
amount required for yeast transformation other low cost 
options could also be used [19–21].

 6. We grow cultures in 96-deep well plates using microplate 
shakers (VWR) with a 3 mm orbit, housed in a bacterial 
incubator.

 7. Yeasts cells have the tendency to settle quickly. Be careful and 
agitate the suspension as often as possible.

 8. An example of the screen setup was provided in Pruneda-Paz, 
Breton et al. [4], which includes empty wells and control plas-
mid wells.

 9. This solution is very viscous. Pay great care when dispensing 
the solution. It is imperative to properly mix the plasmid and 
yeast at this point. We carefully mix the content of every well 
by pipetting up/down at least three times (this is the longest 
step of the whole procedure).

 10. When transforming the entire pDEST22-TF clone collection 
into yeast (21 × 96-well plates) we use a bacterial incubator at 
42 °C in order to have enough space to process all plates 
simultaneously.

 11. Cell replicators (froggers) are available from several companies 
(i.e., V&P scientific, Sigma-Aldrich). In our experience the 
ones that use metal screws instead of plain metal pins give the 
best performance as the cupped end of screws hold around 
5–10 μL of liquid.

 12. It is important to dry the plate surface and lid well (we usually 
leave open plates next to a flame for several minutes prior to 
cell transfer). Moisture in the plate surface or plate lid will usu-
ally lead to cross contamination of yeast cells in adjacent wells.

 13. We found that replating the cells after resuspending them in 
TE provides the best way to generate a TF library master stock 
with a homogeneous and comparable cell density in each well.

 14. The two cultures in points 4 and 5 have to be coordinated so 
that both incubations finish at the same time.

 15. Avoid dispensing the last drop when transferring into the 
reading plate in order to avoid the presence of bubbles that 
will affect the readings.

 16. At this point, plates can be sealed (aluminum foil) and stored 
at −80 °C.

 17. After the last cycle let plates warm up to room temperature 
(this step can be speed up if the last 30–37 °C incubation step 
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after the last incubation in liquid nitrogen is extended to 
10–15 min).

 18. Plates will float in liquid nitrogen or water. This step can be 
performed in sets of 2–3 plates using a small Styrofoam box 
filled with liquid nitrogen and a regular size water bath. To 
increment the throughput of this step a large steel wire grid 
basket can be used to accommodate between 9 and 12 × 96-well 
plates. The basket containing 96-well plates is transferred in/
out of a larger sized liquid nitrogen container and 30–37 °C 
water bath.

 19. We usually do it at 30 °C but this step could be faster if per-
formed at 37 °C.

 20. Volume: volume of cells used to perform the β-galactosidase 
assay; Time: incubation time until the β-galactosidase reaction 
is stopped.
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Chapter 11

Monitoring Alternative Splicing Changes in Arabidopsis 
Circadian Clock Genes

Craig G. Simpson, John Fuller, Cristiane P.G. Calixto, Jim McNicol, 
Clare Booth, John W.S. Brown, and Dorothee Staiger

Abstract

Posttranscriptional control makes an important contribution to circadian regulation of gene expression. In 
higher plants, alternative splicing is particularly prevalent upon abiotic and biotic stress and in the circadian 
system. Here we describe in detail a high-resolution reverse transcription-PCR based panel (HR RT-PCR) 
to monitor alternative splicing events. The use of the panel allows the quantification of changes in the 
proportion of splice isoforms between different samples, e.g., different time points, different tissues, geno-
types, ecotypes, or treatments.

Key words Alternative splicing, Circadian rhythm, RNA-binding proteins, Splicing factors

1 Introduction

Alternative splicing is a regulatory mechanism in the cell that can 
generate a plethora of transcript variants from one and the same 
pre-mRNA [1]. It deviates in several ways from constitutive splic-
ing, which removes all introns and joins the flanking exons. During 
alternative splicing, exons can be removed together with flanking 
introns, designated exon skipping, or introns can remain in the 
mRNA, generally designated intron retention. The intron removed 
can also vary due to the use of alternative 5′ or 3′ splice sites. The 
usage of the splice sites is dictated by cis-acting motifs located in 
the mRNAs that serve as recognition sites for RNA-binding pro-
teins and accessory factors involved in the splicing process.

Alternative splicing has major consequences for the resulting 
mRNA variants: The encoded proteins can be composed of distinct 
domains, producing more than one protein isoform from the same 
gene. These protein isoforms can thus vary in their function, the 
interaction with other proteins or their subcellular localization. 
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Furthermore, alternative splice isoforms can be recognized as 
“aberrant” and degraded, thus ultimately changing transcript 
abundance [2].

Conventional microarrays like the Affymetrix AG or ATH1 
GeneChip rely on hybridization of labeled probes to exonic 
sequences and do not discriminate between alternative splice iso-
forms [3, 4]. The use of TILING arrays monitors expression of 
both coding and noncoding regions. A study using TILING arrays 
detected introns that showed a circadian rhythm in efficiency of 
splicing [5]. In many cases, they were in phase with adjacent rhyth-
mic exons. Thus, the transcript with the retained intron likely 
would give rise to a truncated protein variant. Some genes dis-
played rhythmic introns where exon expression was arrhythmic, 
suggesting that the corresponding alternative splicing events are 
controlled by the circadian clock.

At the same time, we developed a medium-throughput alter-
native splicing panel based on Reverse Transcription-PCR and 
separation of fluorescently labeled amplicons by capillary sequenc-
ing [6]. This panel measures the proportion of alternatively spliced 
products with great precision. The procedure can detect  statistically 
significant alternative splicing changes of a few percent between 
different samples. In its initial version, the panel comprised 90 
primer pairs to detect alternative splice events in 89 genes. 
Subsequently, it has been expanded to around 350 primer combi-
nations, detecting alternative splicing events in nearly 300 genes.

The panel has been widely used in the plant community to 
demonstrate alternative splicing in different plant organs or in 
plants grown under different light regimes [6]. Moreover, the 
analysis of mutants defective in candidate splicing regulators, e.g., 
serine–arginine rich proteins or the subunits of the CAP binding 
complex, as well as transgenic plants overexpressing hnRNP (het-
erogeneous nuclear ribonucleoproteins)—like proteins has dem-
onstrated the global impact of these regulators on plant alternative 
splicing [6–8]. Furthermore, natural variation in alternative splic-
ing and changes in alternative splicing patterns upon changes in 
ambient temperature of a few degrees were found [8, 9].

More recently, Next Generation Sequencing (NGS) pointed to 
61 % of all Arabidopsis genes being alternatively spliced [10, 11]. 
NGS clearly has the advantage of allowing global de novo detection 
of transcript variants compared to strategies based on 
RT-PCR. Nevertheless, the HR RT-PCR panel proved superior in 
detecting small differences that are statistically different. In addi-
tion, NGS-based assays require significant specialized bioinformat-
ics support and are more expensive.

Plants, like most organisms, employ an endogenous timekeep-
ing device, the circadian clock, to coordinate physiological, bio-
chemical, and developmental processes with the day–night cycle 
[12, 13]. Clock proteins build an auto-regulatory feedback loop 
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and generate their own 24-h rhythm through inhibiting transcrip-
tion of their own genes.

Recently, a suite of genes encoding core components of the 
circadian clock have been shown to undergo alternative splicing 
[10, 14, 15]. Moreover, the prmt5 mutant defective in PROTEIN 
ARGININE N-METHYLTRANSFERASE 5 that posttranslation-
ally modifies splicing factors has been found to have a long period 
phenotype [16]. TILING arrays had uncovered 471 introns out of 
a total of 67,791 that were retained in the prmt5 mutant. 
Subsequently, the use of the HR RT-PCR panel detected a wide-
spread effect on alternative splicing in this mutant [16]. Another 
mutation within the putative RNA binding protein 
SPLICEOSOMAL TIMEKEEPER LOCUS1 shows a long period 
phenotype [17]. Again, the HR RT-PCR panel showed that many 
introns were spliced less efficiently in the mutant [17]. In a reverse 
genetic approach, the hnRNP-like RNA-binding protein AtGRP7 
has been shown to be part of a negative feedback loop controlled 
by the circadian clock [18, 19]. This negative autoregulation 
occurs by alternative splicing. AtGRP7 also affects alternative splic-
ing of numerous downstream targets some of which undergo cir-
cadian oscillations themselves [8].

2 Materials

 1. A list of Arabidopsis seed stock centers is available at The 
Arabidopsis Information Resource (TAIR). http://www.arabi-
dopsis.org/portals/mutants/stockcenters.jsp.

 2. Soil consists of four parts potting compost, three parts ver-
miculite, and two parts perlite mix.

 3. 0.5× MS 20 agar medium: Mix 2.2 g/l Murashige and Skoog 
medium, 20 g/l sucrose, and 8 g/l agar pH to 5.8 with 1 M 
NaOH in distilled water. Sterilize by autoclave and pour 
medium into 9 cm petri plates.

 4. Gamborg’s medium: Mix 3.2 g/l Gamborg’s B5 salts and min-
imal organics, 1 ml/l 1000× Gamborg’s vitamins, 0.5 g/l 
MES and 3 % (w/v) sucrose. Bring to pH 5.9 with 1 M KOH.

 Qiagen RNeasy Mini Kit (50) (Cat No. 74104).
 Sigma Aldrich RNAzol® RT (Cat No. R4533).

 1. Solution D: Mix 4 M guanidinium thiocyanate, 25 mM sodium 
citrate, 0.5 % (w/v) sarkosyl, and 0.1 M 2-mercaptoethanol.

 2. Water-saturated phenol: Dissolve 100 g of solid phenol at 40 
°C for 1 h. Add an equal volume of distilled water and mix. An 
aqueous layer should be present above the saturated phenol. If 
not, add more water. Store at 4 °C in a dark bottle.

2.1 Plant Growth

2.2 RNA Isolation 
and cDNA Synthesis

Monitoring Alternative Splicing Changes in Arabidopsis Circadian Clock Genes
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 3. Chloroform–isoamyl alcohol: Mix chloroform and isoamyl 
alcohol at a ratio of 24:1.

 4. TE Buffer: 10 mM Tris and 1 mM EDTA pH 8 HCl.
 5. Promega RQ1 RNase-Free DNase (Cat No. M6101).
 6. Promega RNasin (Cat No. N2611).
 7. Phenol–chloroform: Dissolve 250 g phenol with 100 ml Tris–

HCl pH 8 at 40 °C for 1 h. Add an equal volume of chloro-
form mixed and store at 4 °C in a dark bottle.

 8. Ethanol–sodium acetate pH 4.8 mix: Mix 19 vol. 100 % etha-
nol with 1 vol. 3 M sodium acetate pH 4.8.

 9. Thermo Scientific, NanoDrop 2000 UV–Vis 
spectrophotometer.

 10. Clontech RNA to cDNA EcoDry double primed premix (Cat 
No. 639549).

 1. Roche Taq DNA polymerase and 10× Buffer (Cat No. 1 146 
173).

 2. Promega dNTPs (Cat No. U1240)—Dilute 100 mM stock of 
each deoxynucleotide (dATP, dCTP, dGTP, and dTTP) to 20 
mM. Mix each nucleotide together with sterile distilled water 
to produce a 1.25 mM working dNTP stock.

 3. Primers to detect alternative splicing events (MWG—
Eurofin)—Dilute 100 μM stock to 20 μM.

 4. PCR plates (Thermo-Fast 96, Semi-skirted. Millipore Cat No. 
AB-0900).

 1. 500 or 1200 LIZ Size standard (ABI Cat No. 4322682) for 
reproducible sizing of RT-PCR fragments. The 500 marker 
contains 16 single-stranded labeled fragments of different 
lengths and the 1200 marker contains 68 single-stranded 
labeled fragments of different lengths.

 2. Hi Di Formamide (ABI Cat No. 4311320).

 1. Applied Biosystems. GeneMapper v3.7 or above.
 2. Microsoft Excel.
 3. Genstat or R statistical analysis software.

3 Methods

The plant growth protocols in this chapter describe the growth 
and use of Arabidopsis. Other plant species will have different 
growth requirements. Below are three methods of growing 
Arabidopsis plants that depend on plant testing conditions (see 
Note 1).

2.3 PCR Reagents

2.4 Product 
Separation

2.5 Software

3.1 Plant Growth
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Sow selected Arabidopsis seed in 17 × 20 cm trays containing water- 
saturated soil (see Note 2). Place trays in black bags and vernalize 
seeds in the dark at 4 °C for 3 days. Grow seed in the glasshouse or 
under controlled conditions at a standard temperature of 22 °C 
and 16 h light–8 h dark cycle (see Note 3).

Sterilize around 15 mg of selected Arabidopsis seed with 0.6 % 
sodium hypochlorite for 5 min followed by multiple washes with 
distilled sterile water. Sow seed onto 0.5 × MS agar medium plates 
and vernalize the seed in the dark at 4 °C for 3 days. Grow seedlings 
under controlled conditions at 22 °C in a 16 h light–8 h dark cycle.

Sterilize around 15 mg of selected Arabidopsis seeds with 0.6 % 
sodium hypochlorite for 5 min, followed by multiple washes with 
distilled sterile water. Grow seedlings in a 250-ml flask containing 
25 ml of Gamborg’s medium. Germinate seeds in the liquid 
medium with shaking. After germination (around 3–4 days) the 
seedlings remain on the surface of the medium and form rafts of 
plantlets where the roots are immersed but shoots are above the 
surface of the medium. Grow seedlings at 22 °C in a 16 h light–8 
h dark cycle and with vigorous shaking (around 120 rpm) for 19 
days (from seed germination). Exchange Gamborg’s medium 
every 2 days after the seeds have germinated.

Any gene that shows alternative splicing may be tested for changes 
in splicing. The alternative splicing panel continues to add more 
primer pairs covering many alternative splicing events as further 
genes are tested. For our studies, genes selected focused on RNA 
binding and processing factors, transcription factors, genes involved 
in phosphorylation/dephosphorylation and genes that have roles in 
temperature stress, pathogen response and circadian rhythm. 
Rubisco activase (At2g39730) was the first plant gene identified to 
show alternative splicing [20]. This gene is highly expressed and 
produces two transcripts through alternative splicing that are often 
found in an approximately 1:1 ratio. This alternative splicing event 
is included as an alternative splicing control. At5g25760 (Ubiquitin-
conjugating enzyme 21) and At1g13320 (Protein phosphatase 2A 
subunit A3) are commonly used in our analyses as two transcrip-
tional controls to normalize transcription to steady state levels.

Alternative splicing analysis is done in a 96-well format and 
genes are selected on the basis of multiples of this number and the 
biological question under study. For example, circadian clock genes 
and their alternative splicing events are included in a splicing analy-
sis of circadian rhythm along with other genes not directly involved 
to produce two plates of 96 alternative splicing events.

Primers are designed by selection of sequences within exon 
sequences upstream and downstream of the alternative splicing 
event(s). To study intron retention events, primers are designed 

3.1.1 Growth in Soil

3.1.2 Growth on Agar

3.1.3 Growth in Liquid

3.2 Gene Selection

3.3 Primer Design
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across a constitutively spliced intron and the alternatively retained 
intron (see Note 4). This was done to avoid false positive intron 
retention results that may occur due to contaminating DNA. Select 
primers that are 19-25 nt long, about 50 % GC and produce spliced 
PCR products that are less than either 750 or 1200 bp in length, 
depending on the 500 or 1200 bp size marker used in the sequencer 
run. Design both 5′ and 3′ primers with one or two G or C nucleo-
tides at their 5′ and 3′ ends to avoid primer dimerization. Primers 
are screened against the Arabidopsis genome to avoid primers that 
have a perfect match with the target sequence. The 5′ forward 
primer is labeled at its 5′ end with a 6-FAM (6-carboxyfluorescein) 
fluorescent dye (see Note 5).

 1. Extract up to 100 mg of any selected plant tissue but, for cir-
cadian rhythm analysis, collect samples over a time course 
between light and dark.

 2. Extract RNA using available RNA extraction kits. We use the 
RNeasy Plant Mini Kit (Qiagen Cat No. 74904) or RNAzol® 
RT following the manufacturer’s instructions (see Quiagen 
RNeasy manual; Sigma Aldrich protocol). Alternatively, extract 
high quality total RNA using the single step RNA isolation 
method using acid guanidinium thiocyanate–phenol–chloro-
form [21]. Briefly, suspend 100 mg of ground plant material in 
2 ml Solution D. Shake samples vigorously for 5 min at room 
temperature. The solution is acidified by the addition of 3 M 
sodium acetate pH 4 to 200 mM. Add an equal volume of 
water-saturated phenol along with 0.2 vol. of chloroform–iso-
amyl alcohol and mix vigorously for 1 min. Leave samples to 
stand on ice for 15 min. After centrifugation at 3,200 × g in a 
Eppendorf 5804 centrifuge for 15 min at room temperature, 
remove the aqueous phase to a fresh tub, precipitate RNA in 
an equal volume of isopropyl alcohol and leave at −20 °C for 1 
h. Pellet RNA at maximum centrifuge rotor speed for 15 min 
and the wash the pellet with 70 % ethanol at −20 °C. Air-dry 
the RNA pellet and resuspend in sterile distilled water at a con-
centration of 1 μg/μl.

 3. Determine RNA concentrations by NanoDrop (Thermo 
Scientific).

 4. RNA extraction kits leave very little contaminating DNA but 
nevertheless can be picked up by sensitive PCR. Our alternative 
splicing analysis does not usually take into consideration any 
unspliced RNA products that will produce the same PCR prod-
uct size as contaminating DNA. If the alternative splicing analy-
sis needs to consider unspliced products, RNA preparations are 
further treated with RQ1 DNase to remove remaining DNA. A 
maximum of 50 μg of RNA (50 μl) is added to TE Buffer, 10 
mM MgCl2, 100 U RNasin, and 10 U of RQ1 DNase in a final 
volume of 100 μl. Incubate the reaction at 37 °C for 20 min 

3.4 RNA Extraction
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and terminate the reaction by adding 1/50th volume of 0.5 M 
EDTA pH 8 and 1/50th volume 10 % (w/v) SDS. Extract 
RNA with an equal volume of phenol–chloroform pH 8 mix 
and precipitate with 2.5 vol. of ethanol–sodium acetate pH 4.8 
held at −20 °C. After pelleting by centrifugation the RNA pel-
lets are washed with 70 % ethanol at −20 °C, air-dried, and 
resuspended at a concentration of 1 μg/μl (see Note 6).

 1. Add 5 μg of total RNA (enough for 100 PCR reactions, i.e., 
one 96 well-plate) to sterile distilled water to a volume of 20 μl.

 2. Transfer the sample to one microfuge tube supplied which 
contains the “RNA to cDNA EcoDry double primed” first 
strand cDNA synthesis bead and leave at room temperature for 
1 min (see Note 7).

 3. Gently mix the sample with the end of a pipette, spin briefly in 
a microfuge to collect the sample, and incubate at 37 °C for 1 
h at 70 °C for 10 min. Add sterile distilled water to give a final 
volume of 100 μl.

 1. Prepare a 100× PCR reaction mix as follows:

×1 (μl) ×100 (μl)

10× buffer 2.5 250

1.25 mM dNTPs (200 μMa) 4 400

Taq DNA polymerase 0.125 12.5

SDW 16.375 1637.5

 a200 μM is the final dNTP concentration

 2. For a 96-well plate reaction, add the complete first strand reac-
tion mix to the 100× PCR reaction mix. Add 24 μl of this mix 
to each well of a 96-well plate containing 1 μl of the 96 differ-
ent forward and reverse gene-specific primers (400 nM per 
primer per reaction). This gives a total PCR reaction volume of 
25 μl in each well.

 3. Mix the samples by vortex, spin briefly to collect the samples 
on the bottom of the well, and place on a PCR machine (Perkin 
Elmer 9700) using the following cycle program:

1 cycle 94 °C—2 min

24 cycles (see Note 8) 94 °C—15 s

50 °C—30 s

70 °C—1 min

1 cycle 70 °C—10 min

 4. Store at 4 °C until ready to use.

3.5 First Strand 
cDNA Synthesis

3.6 PCR
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 1. Mix the labeled RT-PCR products from the RT–PCR reac-
tions with Hi Di Formamide (Applied Biosystems) and the 
selected LIZ labeled size marker (Applied Biosystems). For the 
96 reactions in the 96-well plate, prepare the following mix 
depending on the size marker selected:

×1 (μl) ×100 (μl)

500 LIZ Size standard 0.05   5

Hi Di formamide 8.95 895

1200 LIZ size standard 0.5  50

Hi Di formamide 8.5 850

 2. Aliquot 9 μl of the mix into each of the 96 wells of a 96 well- 
plate and add 1 μl of each purified RT-PCR reaction. Store the 
remaining sample at −20 °C for downstream cloning and 
sequencing if required.

 3. Inject samples, separate by capillary electrophoresis, and detect 
on the ABI3730 DNA Analyzer (Life Technologies). Set up the 
platform for fragment analysis using a 36-cm capillary array, 
POP7 polymer, and dye filter set G5. Run samples containing 
the LIZ 500 marker using the manufacturer’s “GeneMapper36_
POP7” Run Module (run time 1200 s, run voltage 15 KV). 
Samples containing the LIZ 1200 marker are run using the 
“3730_36cm_POP7_GS1200Lizv2_1” Run Module (run 
time 6000 s, run voltage 6.1 KV). Subsequently, the peak (RT- 
PCR product) sizes and areas are calculated and analyzed with 
Life Technologies GeneMapper v3.7 or the freely available 
PeakScanner software v1 (Life Technologies) (see Note 9).

 4. RT-PCR products are accurately identified with ±1–2 bp reso-
lution. Extract the relative fluorescent peak areas for RT-PCR 
products with expected sizes for the alternatively spliced prod-
ucts and tabulate in Microsoft Excel (Table 1) (see Note 10).

 1. Calculate the proportion of the different alternative splicing 
events by dividing the value for each alternatively spliced prod-
uct by the sum of the values for all the alternatively spliced 
products.

 2. For an accurate statistical measurement of alternative splicing 
proportions, three biological repeats are routinely performed 
for all experiments. Mean alternative splicing proportions with 
standard deviations and standard errors are calculated for the 
three separate biological repetitions (see Note 11).

 3. For each alternatively spliced transcript, analysis of variance 
(ANOVA) is used in turn to compare all the treatments after an 
angular transformation of the individual alternative splicing 

3.7 Separation 
and Analysis 
of the Spliced 
Products

3.8 Basic Statistics
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proportions (see Note 12). Specifically, means are compared 
between wild type plants and the different treatments, stresses 
or mutant plant. The ANOVA assumes a completely random-
ized experimental design. The significance of the differences 
between treatments is determined using least significant differ-
ences. Alternative splicing events with significant variation 
(p = <0.05) are routinely selected (see Note 13).

A HR RT-PCR analysis is shown for a single primer pair that covers 
the alternative splicing event found in the key circadian clock gene 
LATE ELONGATED HYPOCOTYL (LHY) (At1g01060). 
Alternative exon inclusion occurs at the long intron, which adds a 
premature termination codon (PTC) (Fig. 1a). The difference in 
length between the two transcripts is 82 nt and HR RT-PCR 

3.9 Example

Table 1 
Extracted RT-PCR product length and peak areas for a single primer pair across two temperatures

Sample file name
Length 
found

Peak 
area Proportion

Mean of 
three 
repeats SD SE p

(bp) (RFU)

20 °C

292_wt_zt0_20_Rep1 165.91 635027 0.995 0.996 0.0007 0.0004

292_wt_zt0_20_Rep1 247.42 2828 0.005 0.004 0.0007 0.0004

292_wt_zt0_20_Rep2 166.08 439095 0.997

292_wt_zt0_20_Rep2 247.42 1383 0.003

292_wt_zt0_20_Rep3 166.09 489588 0.997

292_wt_zt0_20_Rep3 247.36 1690 0.003

4 °C

292_wt_zt0_4_Rep1 165.11 681192 0.86 0.865 0.0057 0.003 0.0000007

292_wt_zt0_4_Rep1 247.4 111658 0.14 0.135 0.0057 0.003

292_wt_zt0_4_Rep2 166.01 621365 0.87

292_wt_zt0_4_Rep2 248.2 96697 0.13

292_wt_zt0_4_Rep3 165.98 621493 0.87

292_wt_zt0_4_Rep3 247.84 92383 0.13

Sample file name indicates primer number, wild type plant, Zeitgeber time (see Note 14), temperature, and the repeat 
number
SD = Standard deviation = 

i

n

ix x n
=
å - -

1

2 1( ) / ( )  where n is the number of repeats, xi is the individual value and x  is the 
mean of the repeats
SE = Standard error of mean. SE = SD/√n where n is the number of repeats
p = significance value from the analysis of variance F test

Analysis of variance compares 20 °C with 4 °C
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identified the two HR RT-PCR products as 166 and 248 bp in 
length (Fig. 1b). An experiment was done on Arabidopsis plants 
which were grown at 20 °C and subsequently transferred to 4 °C 
for 4 days in three biological replicates [13]. RNA was extracted 
from plants at ZT 0, the time of maximal LHY expression (see 
Note 14), followed by HR RT-PCR and capillary electrophoresis 
to identify the different transcripts. Collected data on RT-PCR 
product length and peak area were extracted and tabulated for the 
three repeats and the proportions determined (Table 1). Means of 
the proportions were determined over the three repeats, followed 
by standard deviations, standard errors and ANOVA (Table 1). A 
graph of the data shows the significant proportionate increase in 
alternative exon inclusion and the truncated form of the protein at 
the lower temperature (Fig 1c).

4 Notes

 1. Alternative splicing is affected at different developmental stages 
and tissues. It is also affected by environmental abiotic and 
biotic stresses and circadian times. High-resolution RT- PCR 
alternative splicing analysis is highly sensitive to these changes. 
It is therefore important that biological repeat plants including 
control plants are grown at the same time and in the same con-
ditions with the exception of the condition tested.

 2. The rate of seed sown is dependent on the mass or tissue that 
is required. Eight individual plants may be grown in the 
17 × 20 cm seed tray. The rate of seed sown may be increased 
substantially to produce high leaf mass. Individual plants may 
be grown in 10-cm diameter pots with the same soil mix as 
described or in water-saturated Jiffy-7®-peat pellets (Jiffy 
International AS, Kristiansand, Norway).

 3. Be aware of any local or country control measure requirements 
for the growth of transgenic plants.

 4. PCR is very sensitive and despite careful removal of contami-
nating DNA, enough DNA may remain to produce products 
that are indistinguishable from unspliced pre-mRNA. To over-
come this, retained intron event primers are designed across a 
constitutively spliced intron upstream or downstream of the 
retained intron. Retained intron spliced products are therefore 
easily distinguished from the unspliced products, which would 
result from retention of both introns.

 5. Different fluorescent standard dye sets are available for genotyp-
ing applications. We have successfully used 6-FAM labeled prim-
ers in association with size markers labeled with ROX 
(6-Carboxyl-X-Rhodamine) or the proprietary LIZ label. As 
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Fig. 1 High resolution RT-PCR alternative splicing analysis of a single alternative splicing event. (a) Schematic 
representation of the circadian clock gene LHY (At1g01060). Coding regions are shown as an open box, 
untranslated regions are shown as a black box and the introns are shown as a line. The alternative exon inclu-
sion event is indicated and the products of HR RT-PCR with primer pair 292 (arrowed) are shown. (b) 
Electropherograms showing the output from the sequencer. The HR RT-PCR products are identified as peaks 
AS1 and AS2 (see (a)). The X-axis indicates length of HR RT-PCR product in base pairs (bp) and the Y-axis 
indicates the relative fluorescence units. Results are shown for the splicing analysis of plants exposed to dif-
ferent temperatures (°C). (c) Graph indicates the proportion of spliced products (AS1—light grey bar and 
AS2—dark grey bar) expressed as a percentage (%) across the two temperatures (°C). Error bars represent 
SD. *** statistical significance p = <0.001
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these are used as size markers we avoid labeling primers with 
these fluorescent labels. We have further attempted to multiplex 
alternative splicing analysis using HEX (6-carboxy-1,4- dichloro- 
2′,4′,5′,7′-tetrachlorofluorescein) labeled primers. Depending 
on the amounts of transcripts made, we found overlap in the 
emission spectra between 6-FAM and HEX labeled primers, 
which led to the presence of unexpected peaks in the other 
labeled RT-PCR products and confused downstream analysis. 
We have returned to single fluorescent dye label analysis.

 6. In some cases DNA may still remain after a single DNase treat-
ment. A second DNase treatment will remove any remaining 
DNA.

 7. The RNA to cDNA EcoDry Double primed cDNA synthesis 
beads contain both oligo dT and random hexamers. We have 
found an improvement in RT-PCR peaks using this double 
primed system.

 8. 24 cycles was selected on the basis that PCR is in the logarith-
mic phase of amplification and allows us to screen both highly 
and more poorly transcribed genes. We previously tested the 
variation in alternative splicing results in technical replicates 
and the majority showed less than 1 % variability with a small 
number reaching up to 3 %. We, therefore, set 3 % variation as 
a cut off value for statistically significant changes in alternative 
splicing (see Note 13). Samples taken at >24 cycles showed 
that the more highly expressed genes were moving out of the 
exponential phase of PCR amplification [22].

 9. GeneMapper software is constantly updated. Check Life 
Technologies website for updates (https://www.lifetechnolo-
gies.com/uk/en/home.html).

 10. The nature of alternative splicing means that you may obtain 
expected peaks (RT-PCR products) that vary substantially in 
their peak areas. The GeneMapper software may be set to select 
a minimum peak size and reduce the number of small back-
ground peak areas that may be extracted and tabulated. 
However, we set the peak level low (200 relative fluorescent 
units) to capture as many of the alternatively spliced products 
as possible. This table, therefore, requires editing to remove 
background noise peaks.

 11. The HR RT-PCR alternative splicing analysis measures changes 
in the proportions of the different alternative spliced tran-
scripts found. Although, between the repeats, there may be 
apparent changes in the amounts of transcript produced, the 
proportion of the different alternatively spliced transcripts is 
maintained.

 12. An angular transformation is often used with proportions to 
bring the data closer to a normal distribution. It is performed 

Craig G. Simpson et al.
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on the raw proportions before any statistical analysis is done. If 
p is the proportion then the transformation is x = arcsin(√p).

 13. In a number of cases where there is very little variation between 
the repeats, the standard errors may be very low and even small 
changes in the proportion of splicing may be identified as sta-
tistically significant with p = <0.05. We select examples that are 
statistically significant and show >3 % splicing change (see Note 
8).

 14. Zeitgeber time (ZT) is a standardized scheme for a 24-h 
entrained circadian cycle in which ZT 0 indicates the begin-
ning of day (light phase) and ZT 12 is the beginning of night 
(dark phase).
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    Chapter 12   

 Assessing the Impact of Photosynthetic Sugars 
on the  Arabidopsis  Circadian Clock                     

     Michael     J.     Haydon      and     Alex     A.  R.     Webb     

  Abstract 

   Circadian clocks drive 24 h biological rhythms to optimize physiology and development in response to the 
rotation of the planet. In plants, photosynthesis is modulated by the circadian clock and contributes to 
daily rhythms in cellular metabolism. In addition to light and temperature, sugar produced from photo-
synthesis acts as a  zeitgeber  to contribute to setting of the plant circadian clock. Here, we describe methods 
to manipulate photosynthetic output and sugar availability in  Arabidopsis  seedlings. These protocols have 
been applied to investigate the effects on the  Arabidopsis  circadian network, but are easily adaptable to 
other processes in plants.  

  Key words      Arabidopsis   ,   Circadian clock  ,   Photosynthesis  ,   Sugars  ,   Luciferase  ,   CO 2 -free air  ,   DCMU  

1      Introduction 

   Circadian clocks   are 24 h molecular timekeeping mechanisms that 
allow organisms to anticipate daily and seasonal rhythms in the 
environment associated with the rotation of the Earth. Circadian 
clocks drive rhythmic patterns in physiology, development, and 
metabolism to confer a fi tness advantage [ 1 ,  2 ]. Circadian clocks 
comprise a molecular oscillator, consisting of multiple, interlock-
ing transcription–translation regulatory feedback loops and associ-
ated posttranslational events including protein–protein interactions, 
targeted protein degradation and regulatory signaling events. In 
order to match physiology and behavior with the environment, the 
oscillator is set to daily cues, called  zeitgebers , in the process of 
entrainment. Light is well-established as a key entraining signal in 
most organisms [ 3 ], but other cues can also act at  zeitgebers  [ 4 ]. 
Temperature cycles contribute to entrainment [ 5 ], as well as meta-
bolic cues such as feeding regimes in animals [ 6 ,  7 ] or nutrient 
assimilation in plants [ 8 ,  9 ]. 
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 As photoautotrophs, plants produce sugars in a light- dependent 
manner by photosynthesis.  Photosynthesis   is modulated by the cir-
cadian clock [ 2 ,  10 ,  11 ] and there are daily oscillations in the 
endogenous concentrations of soluble sugars in plants [ 12 ,  13 ]. 
Effects of sugars on the circadian network in the model plant 
  Arabidopsis      thaliana    had been largely overlooked until relatively 
recently because the standard media composition used in the 
 Arabidopsis  circadian research community contained 3 % (w/v; 90 
mM) sucrose [ 14 ]. When added to growth media, sugars can 
shorten circadian period in continuous light [ 9 ,  15 ] and sustain 
 circadian rhythms   in continuous dark [ 16 ]. In addition, endoge-
nous rhythms of sugars produced from  photosynthesis   have been 
shown to act as a  zeitgeber  in  Arabidopsis  to entrain the clock to a 
“metabolic dawn” [ 9 ] and a mobile photosynthate, most likely 
sucrose, was proposed to drive a slave oscillator  in    Arabidopsis  
roots [ 17 ]. Thus, rhythmic sugar metabolism has a profound 
impact on the plant circadian network. 

 Here, we describe methods that manipulate sugar availability 
in   Arabidopsis   , which we used to defi ne the effects of photosyn-
thates on the circadian network [ 9 ]. We describe two methods to 
inhibit  photosynthesis   to abolish rhythmic production of sugars: 
chemical inhibition of Photosystem II with 3-(3,4-dichlorophenyl)-
1,1-dimethylurea ( DCMU  ); and growth of plants in  CO 2 -free air  . 
In addition, we describe a method to provide pulses of exogenous 
sugars to  Arabidopsis  seedlings. The methods are described in the 
context of luminescence imaging of transgenic  luciferase   reporter 
lines because this is a technically specialized technique requiring 
specifi c considerations. However, the methods described can be 
used for other quantitative methods. These protocols have been 
successfully applied for quantitative RT-PCR and metabolite mea-
surements [ 9 ] and similar techniques have been used to describe a 
role for photosynthates in photomorphogenic root development 
[ 18 ]. We used these protocols to understand roles of photosyn-
thetically derived sugars, but inhibiting  photosynthesis   also has 
other effects, such as on reactive oxygen species production and on 
the plastoquinone pool. With appropriate controls, these aspects of 
 photosynthesis   could also be investigated using these protocols.  

2    Materials 

       1.    Transgenic  A. thaliana  seeds carrying a circadian promoter: 
 luciferase   reporter such as CCA1:LUC + , PRR9:LUC + , 
PRR7:LUC + , GI:LUC + , or TOC1:LUC +  [ 9 ]. These lines and 
others are available in various genetic backgrounds from seed 
stock centers or directly from the research community.   

   2.    100 × 100 mm square petri plates.   

2.1  Plant Growth
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   3.    25-well 100 × 100 mm square petri plates.   
   4.    Imaging rings: clear PVC tubing (<7 mm external diameter), 

cut into <10 mm length and sterilized by autoclave.   
   5.    Black PVC insulation tape, 19 mm diameter.   
   6.    0.2 mL PCR tube strips.   
   7.    1 μm nylon mesh.   
   8.    2-part epoxy resin.      

       1.    ½ MS media: 0.215 g MS salts, 0.8 g agar per 100 mL deion-
ized H 2 O. Autoclave to sterilize.   

   2.    20 mM 3-(3,4-dichlorophenyl)-1,1-dimethylurea ( DCMU  ) 
stock solution: 47 mg  DCMU   in 10 mL ethanol.   

   3.    100 mM  d -luciferin potassium salt stock solution: 100 mg in 
3.14 mL sterile deionized H 2 O. Prepare in dim light and store 
100 μL aliquots wrapped in aluminum foil at −80 °C.   

   4.    Self-indicating soda lime.      

       1.    Aquarium air pump: minimum fl ow 300 l/h, 0.19 mbar.   
   2.    PVC tubing, various diameters.   
   3.    Empty gas purifi er column ( see   Note 1 ).   
   4.    500 mL plastic screw cap bottle.   
   5.    0.45 μm sterile fi lter.      

       1.    A plant luminescence imaging system, comprising a CCD cam-
era mounted in a light-tight cabinet fi tted with programmable 
LED arrays for both blue (660 nm) and red (470 nm) light. 
The cabinet must also permit light-tight input of a gas line. 
Two possible systems are the Berthold NightSHADE LB985 
or Photek ICCD225. The imaging system should be housed in 
a temperature-controlled dark room, fi tted with green light.       

3    Methods 

       1.    Surface-sterilize and sow seeds in clusters of 5–10 seeds ( see  
 Note 2 ) on ½ MS media without added sucrose in square petri 
plates. Chill plates in the dark at 4 °C for 2 days before transfer 
to growth cabinets with light–dark cycles. Light should be sup-
plied at 50–100 μmol m −2  s −1 .   

   2.    Prepare an imaging plate by covering borders between wells of 
a 25-well square petri plate with black PVC tape and sterilize 
with 70 % (v/v) ethanol in a laminar fl ow bench. When dry, 
add 2 mL ½ MS media to each  well  , including control media, 
media containing 20 μM  DCMU  , and media containing 

2.2  Media 
and Chemicals

2.3   CO 2 -Free Air   
Apparatus

2.4  Photon- 
Counting Camera

3.1  Inhibition 
of  Photosynthesis   
with    DCMU
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DCMU  supplemented with sugars ( see   Note 3 ). When agar is 
set, place 4 imaging rings into each well using sterilized 
forceps.   

   3.    Transfer clusters of seedlings (5–10-day old) to each ring using 
sterile toothpicks at around dusk ( see   Note 4 ).   

   4.    In dim light, or in green light after dusk, add 50 μl of 1 mM 
 d -luciferin to each ring. Repeat before dawn, 12 h later.   

   5.    Commence luminescence imaging at dawn. Check light inten-
sity of LED arrays using a Quantum (PAR) sensor. Program 
LED lights according to the desired light regime ( see   Note 5 ). 
Images are captured at 1 h intervals.      

       1.      Surface-sterilize  and   sow  seeds   in clusters of 5–10 seeds ( see  
 Note 2 ) on ½ MS media without added sucrose in square petri 
plates. Chill plates at 4 °C for 2 days before transfer to growth 
cabinets with light–dark cycles. Light should be at 50–100 
μmol m −2  s −1 .   

   2.    Prepare two imaging plates by covering borders between wells 
of a 25-well square petri plate with black PVC tape and steril-
ize with 70 % (v/v) ethanol in a laminar fl ow bench. When dry, 
add 2 mL ½ MS media to each well including media supple-
mented with sugars ( see   Note 3 ). When agar is set, place 4 
imaging rings into each well using sterilized forceps. Using a 
sharp, fl ame-hot metal instrument such as scissors or forceps, 
pierce two holes in the lid of one petri plate, ~5 mm diameter, 
to accommodate a gas inlet and outlet for the CO 2 -free air 
treatment. The other plate will be used as an ambient air con-
trol plate.   

   3.    To prepare the apparatus for CO 2 -free air (Fig.  1 ), connect the 
aquarium pump to a column, fi lled with indicating soda lime, 
with PVC tubing. The CO 2 -free air from the outlet of the col-
umn of soda lime is passed via a 0.45 μm syringe fi lter into an 
air-tight bottle of autoclaved H 2 O. The humidifi ed, CO 2 -free 
air is collected from the top of the bottle by connecting an 
outlet line of suffi cient length to pass into the light-tight imag-
ing cabinet and connect to the imaging plate ( see   Note 6 ).

       4.    In dim light, or green light before dawn, add 50 μl of 1 mM 
 d -luciferin to each  seedling   cluster.   

   5.    Transfer clusters of seedlings (5–10 days old) to each ring 
using sterile toothpicks at around dusk, and repeat  d -luciferin 
treatment in dim light or in green light after dusk.   

   6.    At around dusk, turn on pump and connect humidifi ed CO2- 
free air outlet to the inlet of the prepared imaging plate using 
a cut 200 μl tip. Ensure an air-tight seal at the inlet and between 
the lid and the plate using PVC insulation tape. Run the pump 

3.2  Inhibition 
of Photosynthesis 
in CO 2 -Free Air
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overnight to ensure removal of CO 2  from the sterile water and 
the imaging plate ( see   Note 4 ).   

   7.    Commence luminescence imaging at dawn of the CO 2 -free air 
treatment plate and the ambient air control plate. Check light 
intensity of LED arrays using a Quantum (PAR) sensor. 
Program LED lights according to the desired light regime ( see  
 Note 5 ). Images are captured at 1 h intervals.        

       1.    Prepare transfer rafts: Cut the bottom half from 0.2 mL PCR 
tube strips and then cut strips into pairs of tubes. Fix the 
inverted rims onto 1 μm nylon mesh with 2-part epoxy resin to 
form 4-well rafts (Fig.  2 ). When dry, trim excess mesh with 
scissors so that the rafts fi t in wells of a 25-well square petri 
plate and sterilize with 70 % (v/v) ethanol in a laminar fl ow 
bench.

       2.    Prepare an imaging plate by covering borders between wells of 
a 25-well square petri plate with black PVC tape and sterilize 
with 70 % (v/v) ethanol in a laminar fl ow bench. When dry, 
add 2 mL of ½ MS media without added sucrose to each well.   

   3.    Surface-sterilize and sow seeds in clusters of 5–10 seeds ( see  
 Note 2 ) in wells of transfer rafts placed on ½ MS media with-
out added sucrose in imaging plates. Chill plates in the dark at 
4 °C for 2 days before transfer to growth cabinets with light–
dark cycles. Light should be at 50–100 μmol m −2  s −1 .   

3.3  Short-Term 
Addition 
of Exogenous Sugars

  Fig. 1    Apparatus for generation of  CO 2 -free air  . Ambient air is pumped through indicating soda lime to remove 
CO 2 . Filtered,  CO 2 -free air   is humidifi ed by passing through sterile H 2 O and into a sealed petri plate containing 
  Arabidopsis    seedlings on solid media       
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   4.    Within 24 h of the start of imaging, dose plants twice with 
 d -luciferin. In dim light or in green light, add 50 μl of 1 mM 
 d -luciferin to each well and repeat around 12 h later.   

   5.    Commence luminescence imaging at dawn. Check light inten-
sity of LED arrays using a Quantum (PAR) sensor. Program 
LED lights according to the desired light regime ( see   Note 5 ). 
Images are captured at 1 h intervals.   

   6.    Provide pulses of sugars at the desired concentration and dura-
tion by transferring rafts to sterilized liquid media, supple-
mented with treatments (e.g., sucrose) or osmotic controls 
(e.g., mannitol) immediately after an image capture. At the end 
of the pulse, wash briefl y in liquid media without sugars and 
return to the imaging plate.       

4    Notes 

     1.    We use an empty In-Line 100 psig Gas Purifi er column (Alltech). 
Alternatively a simple, low pressure column could be fashioned 
by cutting the base from two plastic bottles and joining with an 
air-tight seal.   

   2.    For luminescence imaging, we routinely sow seeds in clusters. 
This ensures good luminescence signal intensity and robust 
data. The number of seeds in each cluster can be altered depend-
ing on the expected signal of the reporter in the experimental 
conditions.   

   3.    The effects of  DCMU   or  CO 2 -free air   on the circadian clock 
were suppressed by addition of sucrose to the media [ 9 ]. We 
added sucrose, glucose, fructose, mannitol, or 3-O-methyl glu-
cose to media at 90 mM because this was appropriate context 

  Fig. 2    Preparation of transfer rafts for short-term treatments. Two pairs of cut 
0.2 ml PCR tubes are fi xed, inverted, onto 1 μm nylon mesh using 2-part epoxy 
resin to create a 4-well transfer raft. The rafts are designed to fi t into a compart-
ment of square 25-well petri plates       
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for the circadian research community, but sucrose media con-
centrations as low as 5 mM suppressed the effects of  DCMU   on 
 circadian rhythms   in   Arabidopsis    [ 9 ].   

   4.    For inhibition of  photosynthesis  , we transferred seedlings to 
treatment conditions at dusk, rather than at dawn, because we 
reasoned that inhibition of  photosynthesis   would have little 
effect in the night, but would ensure that there was minimal 
activation of  photosynthesis   at dawn. This is supported by 
detection of similar concentrations of soluble sugars in 
  Arabidopsis    seedlings at dawn after treatment overnight [ 9 ] and 
that  DCMU   has no effect on growth of seedlings germinated in 
the dark (unpublished data).   

   5.    The standard light regime for entrainment in the Webb and 
Haydon labs is 12 h light–12 h dark, but short days (8 h light) 
or long days (16 h) could be used. For all circadian experiments 
testing the effects of inhibition of  photosynthesis  , entrainment 
continued for 2 days after treatment before release into con-
tinuous light [ 9 ]. In continuous light, circadian period length-
ens with decreasing light quantity [ 19 ], so choice of light 
conditions is important in this context. We favored conducting 
free run experiments under low light quantity (~10 μmol m −2  
s −1 ) because the effects of exogenous sugar on circadian period 
are more pronounced than under higher light quantity (>50 
μmol m −2  s −1 ) but the effect of inhibition of  photosynthesis   on 
circadian period was similar in either condition [ 9 ]. Choice of 
light conditions is fl exible, but Photosynthetically Active 
Radiation (PAR) should always be monitored with a Quantum 
sensor.   

   6.    It is of utmost importance that the apparatus to generate  CO2- 
free air   (Fig.  2 ) is a closed, air-tight system to achieve good air 
fl ow. Ensure that all connections are secure, using PVC insula-
tion tape, if necessary. Test air fl ow by bubbling the output tube 
in a beaker of water. To ensure positive pressure, sequentially 
reduce the diameter of tubing through the system. CO 2  con-
centration of the air coming from outlet should be close to zero 
and can be confi rmed by measurement with an infra-red gas 
analyzer (e.g., ADC Gas Analysis Ltd.).          
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    Chapter 13   

 Assessing Protein Stability Under Different Light 
and Circadian Conditions                     

     Takatoshi     Kiba     and     Rossana     Henriques      

  Abstract 

   Plants use light as an indicator of time and space as well as the major energy source for photosynthesis. Due 
to the development of specifi c photoreceptors, plants can perceive a wide range of wavelengths and adjust 
their development accordingly to their surroundings. In addition to light, the circadian clock allows the 
anticipation of diurnal and seasonal changes thus providing organisms with the adequate physiological 
responses to ever changing surroundings, which are refl ected in increased fi tness and survival rate. Although 
initially described as a set of interconnected transcriptional loops, it is now accepted that posttranslational 
modifi cations are also important for proper clock function. In fact, not only the clock but also light signal-
ing rely on posttranslational modifi cations, such as phosphorylation and ubiquitination, for proper signal 
transduction. We have designed a simple and yet reproducible method to determine protein stability and 
half-life under different light and circadian conditions. Our method only requires standard laboratory 
equipment, a relatively small amount of starting material and can be applied to young seedlings and mature 
plants. Besides our application to study light and circadian clock proteins, this protocol can be adapted to 
any other conditions that regulate protein stability.  

  Key words     Protein  ,   Degradation  ,   26S proteasome  ,   Circadian clock  ,   Light signaling  

1      Introduction 

 Light is fundamental for plant life. Besides its role as an energy 
source for  photosynthesis  , plants use light quality, intensity, direc-
tion, and duration as an indicator of time and space. Therefore, 
since light perception is critical for survival, plants have developed 
several light sensors able to monitor different wavelengths from 
the UV-B range to the far-red [ 1 ]. Within those are the phyto-
chromes (phyA, phyB, phyC, phyD, and phyE) that sense Red (R) 
and Far-Red (FR) light, whereas blue/UV-A photoreceptors 
include the cryptochromes (cry1 and cry2),  phototropins   (phot1, 
phot2), and the ZEITLUPE family [FKF1 (FLAVIN-BINDING, 
KELCH REPEAT, F-BOX 1), LKP2 (LOV KELCH PROTEIN 
2), and ZTL (ZEITLUPE)] [ 2 ]. Although photoreceptors differ 
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in their structure they share similar signaling mechanisms that cul-
minate in light-dependent degradation/stabilization of transcrip-
tion factors and/or protein–protein interactions. These signaling 
cascades regulate different environmental responses such as shade 
avoidance as well as developmental processes  like   fl owering [ 1 ]. 

 In addition to this role, light is also an input signal to the  cir-
cadian clock  , an internal timekeeping mechanism that includes sev-
eral interconnected transcriptional loops able to control the 
rhythmic expression of output genes, able to regulate plant fi tness 
and biomass [ 3 ]. At the core of the clock is the central oscillator 
that relies on the transcriptional feedback between morning and 
evening genes and their coordinated regulation contributes to the 
robustness of the rhythms generated. The heart of the central oscil-
lator includes the MYB transcription factors CCA1 ( CIRCADIAN 
CLOCK   ASSOCIATED 1)/LHY (LATE ELONGATED 
HYPOCOTYL), and the Pseudo-Response Regulator TOC1/
PRR1 (TIMING OF CAB EXPRESSION 1/PSEUDO RESPONSE 
REGULATOR 1) and their reciprocal inhibition is critical for clock 
function [ 4 – 6 ]. Besides  TOC1 , other PRRs ( PRR5 ,  PRR7 , and 
 PRR9 ) accumulate throughout the day at specifi c times, where 
 PRR9  accumulates at dawn, followed by  PRR7  and  PRR5  expres-
sion, and all three of them contribute to the repression of  CCA1  
and  LHY  transcription during the day [ 7 ]. Recently, a new compo-
nent of the oscillator, the Evening Complex (EC), was identifi ed, 
including ELF3 (EARLY  FLOWERING   3), ELF4 (EARLY 
 FLOWERING   4), and LUX/ARRHYTHMO. Together these 
oscillator components function as a repressilator where LHY and 
CCA1 repress the EC that represses the  PRR s ( TOC1 ,  PRR9 ) and 
in their turn PRRs repress  CCA1 / LHY , thus closing this triangle 
of repression events [ 6 ]. 

 While initial studies focused mostly on transcriptional regula-
tion of clock proteins, other layers of regulation are important for 
proper clock function. In fact,  alternative splicing  , chromatin 
remodeling and posttranslational modifi cations have been associ-
ated with circadian function [ 8 – 11 ]. Within posttranslational regu-
lation, ubiquitination and phosphorylation have been the mostly 
studied in the regulation of  circadian clock   proteins, such as CCA1, 
LHY, PRR5, PRR7, and TOC1 [ 12 – 14 ]. These fi ndings show that 
circadian proteins are tightly controlled and their activity depends 
on different factors, being their stability one of the most impor-
tant. Interestingly, this is also the case for several light-dependent 
transcription factors (TFs). In fact, HFR1 (LONG HYPOCOTYL 
IN FAR-RED 1) and PIF1, PIF3–5 (PHYTOCHROME 
INTERACTING FACTOR) accumulate in the dark but are 
quickly degraded upon light exposure [ 15 ]. On the other hand, 
HY5 (HYPOCOTYL 5) protein is degraded under dark conditions 
but stabilized in the light to promote photomorphogenesis. 
However, not only light-dependent TFs are unstable but also pho-
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toreceptors such as phyA, phyB, and cry2 [ 16 ]. Taken together 
these fi ndings show that both  light signaling   and the clock rely on 
protein degradation mechanisms for adequate regulation. 

 Ubiquitination is the process of adding ubiquitin (Ub) mole-
cules to specifi c lysine residues (K48) of target proteins. Proteins 
tagged with Ub side chains are then recognized by the  26S protea-
some   machinery and degraded. The transfer of Ub to specifi c target 
proteins is a multistep process that requires different protein–pro-
tein complexes: (1) the Ub activation by the E1 enzyme; (2) its 
conjugation by the E2 enzyme; and (3) the E3 ligases that recruit 
specifi c substrates for ubiquitination [ 16 ]. 

   Arabidopsis    E3 ligases are encoded by more than 1000 
genes and are highly diverse in their domains. For instance, 
RING E3 ligases such as COP1 (CONSTITUTIVE 
PHOTOMORPHOGENESIS 1) and SINAT 5 (SEVEN IN 
ABSENTIA IN  Arabidopsis thaliana   5) include both the substrate 
and E2-binding motifs. On the other hand, in multi- subunit E3s 
these two motifs are present in different proteins. This is the case of 
the SCF complex that includes  S KP1 (named ASK for  Arabidopsis  
SKP1),  C ullin,  F -box, and RBX1 (RING-BOX 1). The cullin sub-
unit functions as a scaffolding protein binding both SKP1 and 
RBX1. In its turn, SKP1 binds to the F-box protein that confers the 
substrate specifi city of the SCF. Since the  Arabidopsis  genome pos-
sesses more than 700 genes encoding F-Box proteins, the possible 
combinations for SCF complexes are extremely high [ 16 ]. 

 One of the major regulators of light  signaling   pathways is 
COP1, a RING E3 ligase that acts as a major repressor of photo-
morphogenesis in the dark [ 17 ]. COP1 possesses auto- 
ubiquitination activity and directly targets for degradation LAF1 
(LONG AFTER FAR-RED LIGHT 1), HY5, HFR1, and the 
clock protein GI (GIGANTEA) [ 17 ]. In addition, COP1 also 
ubiquitinates phyA and possibly cry2 to be degraded. Due to its 
wide range of substrates, COP1 is one of the major regulators of 
light  signaling   in   Arabidopsis   . 

 Interestingly, there are three circadian F-box proteins belong-
ing to the ZEITLUPE family that control the stability of circadian 
proteins. These F-box proteins, FKF1, ZTL, and LKP2 target for 
degradation several components of the central oscillator such as 
TOC1 and PRR5 [ 13 ,  14 ,  18 ]. Their coordinated activity allied to 
the transcriptional regulation is critical for proper clock function. 

 In order to characterize the posttranslational regulation of 
PRR5 we designed a protocol to evaluate protein stability and 
half- life under different circadian and light conditions. This pro-
tocol can be used with older or younger seedlings (e.g., few days 
old) since it does not require an enormous amount of starting 
material. Although we have optimized this protocol to be used 
under circadian conditions, it can be adapted to any other type 
of treatments.  

Protein Stability
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2    Materials 

       1.    Refrigerated centrifuge.   
   2.    Syringe fi lters (pore size 0.2 μm).   
   3.    Sterile 1.5 ml, 15 ml, and 50 ml plastic tubes.   
   4.    Sterile 200 μl, 1 ml tips.   
   5.    Sterile 5 ml, 10 ml pipettes.   
   6.    Sterile plastic petri dishes.   
   7.    Multi-well plate (12–24 well/plate).   
   8.    Fume-hood.   
   9.    Sterile bench.   
   10.    Small forceps.   
   11.    Table top vacuum pump.   
   12.    For circadian experiments: light and temperature controlled 

incubator, or growth chamber programmable for different 
 photoperiods   [12 h light/dark (12 L/D); 8hL/16hD (SD); 
16hL/8hD (LD); continuous light (LL); continuous dark 
(DD)].   

   13.    For  light signaling   experiments: specifi c light quality (LED) 
incubators with controlled light intensity and temperature that 
can be adjusted to Red (R), Far-Red (FR), or Blue (B) light 
conditions.   

   14.    Liquid nitrogen.   
   15.    Spectrophotometer.   
   16.    Parafi lm.   
   17.    Plastic cuvettes.      

         1.    MS basal salt mixture.   
   2.    Myo-inositol.   
   3.    MES.   
   4.    Sucrose.   
   5.    Bacto-agar.   
   6.    Bleach.   
   7.    Triton X-100.      

       1.    MG132—proteasome inhibitor XI, reversible proteasome 
inhibitor.   

   2.    Proteasome inhibitor set:

   ALLN—also known as MG101, calpain inhibitor 1, protea-
some inhibitor V, is an inhibitor of the neutral cysteine prote-
ases and the proteasome.  

2.1  Laboratory 
Equipment

2.2  Reagents

2.2.1  Plant Growth

2.2.2  MG132 and/or CHX 
Treatment
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  Epoxomicin (EPX)—also known as Proteasome inhibitor XIV 
is an irreversible inhibitor of chymotrypsin-like (CT-L), tryp-
sin-like (T-L), and the peptidyl-glutamyl peptide hydrolyzing 
activities of the proteasome.  
  clasto-Lactacystin β-Lactone (c-LβL)—also known as 
Omuralide, proteasome inhibitor IX, is a 20S proteasome 
inhibitor.      

   3.    Cycloheximide (CHX) is an inhibitor of protein synthesis in 
eukaryotes.   

   4.    Protease inhibitor cocktail.   
   5.    Ethanol.      

       1.    Lithium dodecyl sulfate (LDS) sample buffer for protein sam-
ple denaturation.   

   2.    β-mercaptoethanol (1.43 M).   
   3.    Tris–HCl.   
   4.    NaCl.   
   5.    NP-40.   
   6.    EDTA.   
   7.    DTT.   
   8.    Bradford reagent.   
   9.    BSA.   
   10.    Coomassie brilliant blue.   
   11.    Methanol.   
   12.    Glacial acetic acid.   
   13.    Anti-tubulin  antibody  .       

         1.    Dissolve the appropriate amount of MS basal salt mixture, 100 
mg/l of myo-inositol, and 1 % sucrose (w/v) (if necessary) in 
Milli-Q water.   

   2.    Add 500 mg/l of MES, mix well and adjust pH at 5.7 with 
KOH. Finally add 8 g/l of Bacto-agar.   

   3.    Autoclave at 120 °C for 15 min.   
   4.    Pour in sterile plastic petri dishes while it is hot and let it cool 

to become solid.      

        1.    Mix the MS basal salt mixture with the appropriate amount of 
Milli-Q water and fi lter-sterilize with a syringe fi lter (MS liquid 
medium) ( see   Note 1 ).   

   2.    Prepare stock solution of MG132 at 100 mM by dissolving the 
MG132 powder in DMSO. Keep the aliquots at −20 °C ( see  
 Note 2 ).   

2.2.3  Protein Extraction, 
Quantifi cation, 
and Detection

2.3  Preparation 
of Working Solutions

2.3.1  MS Solid Medium 
for  Arabidopsis  

2.3.2  MG132 and Mock 
Treatment

Protein Stability
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   3.    Add to the MS liquid medium in 50 ml sterile plastic tubes the 
necessary volume of MG132 stock solution to obtain a fi nal 
concentration of 100 μM.   

   4.    To prepare the mock solution, add the same volume of DMSO 
to another 50 ml tube with MS liquid medium.      

       1.    Prepare MS liquid medium as described in Subheading  2.3.2 .   
   2.    Prepare 100 mM of CHX in ethanol. This solution is always 

prepared fresh and for immediate use.   
   3.    Dilute the CHX for the working concentration of 100 μM in 

MS liquid medium.      

   Table  1 

          1.    For 1 l of solution add 1 g of Coomassie brilliant blue, 50 % 
(vol/vol) of methanol, and 10 % (vol/vol) of glacial acetic acid 
in Milli-Q water. Mix by stirring for several hours and fi lter 
through Whatman fi lter paper. We routinely reuse this solution 
up to 3–4 times.   

   2.    Incubate this solution with the Western membrane for at least 
1 h, although it can be left for several hours.      

       1.    Mix 40 % (vol/vol) of methanol and 10 % (vol/vol) of acetic 
acid in Milli-Q water.   

   2.    After discarding the Coomassie staining solution incubate the 
membrane with destaining solution for 30 min. Replace with 
new destaining solution and leave for at least 1 h before chang-
ing, this can be done until proper destaining is seen ( see   Note 3 ).        

2.3.3  CHX and Mock 
Treatment

2.3.4  PRR5 
Extraction Buffer

2.3.5  Coomassie 
Staining Solution

2.3.6  Coomassie 
Destaining Solution

     Table 1
Detailed formulation of PRR5 extraction buffer   

 Reagents (fi nal concentration)  Stock solutions  50 ml  10 ml 

 Tris–HCl pH 7.5 (50 mM)  1 M (20×)  2.5 ml  0.5 ml 

 NaCl (150 mM)  5 M (33.3×)  1.5 ml  300 μl 

 NP-40 (0.5 %)  20 % (40×)  1.25 ml  250 μl 

 EDTA (1 mM)  0.5 M (500×)  100 μl  20 μl 

 DTT (3 mM)  1 M (33.3×)  Add fresh  Add fresh 

 Protease inhibitor cocktail (1x)  100×  Add fresh  Add fresh 

 ALLN (100 μM)  100 mM (1000×)  Add fresh  Add fresh 

 EPX (1 μM)  1 mM (1000×)  Add fresh  Add fresh 

 clasto-LβL (4 μM)  4 mM (1000×)  Add fresh  Add fresh 

Takatoshi Kiba and Rossana Henriques



147

3    Methods 

 The protocols described below were used to determine protein 
stability under different light qualities and different circadian con-
ditions in etiolated seedlings. For this reason the seedlings were 
grown in medium without sucrose. Nevertheless they can also be 
used for older seedlings grown under circadian conditions with 
sucrose. 

 We describe in detail the conditions for MG132 treatments to 
assess protein degradation by the  26S proteasome   and CHX to 
determine protein half-life (Fig.  1 ). We also provide different 
experimental set ups combining the two types of treatments, that 
show how the proteasome regulates protein half-life (i.e., CHX 
combined with MG132 treatments).

           1.    Prepare MS solid medium without sucrose.   
   2.    ( Steps 2–4  have to be done in a sterile bench.)   
   3.    Sterilize seeds in 0.05 % Triton X-100 for 5 min with agitation, 

followed by 10 min incubation in 50 % bleach in 0.05 % Triton 
X-100.   

3.1  Plant Growth 
Conditions

3.1.1  For Etiolated 
Seedlings Used for  Light 
Signaling   and Also 
Circadian Experiments

�

�

�
�

�

  Fig. 1    Schematics of the procedure to assess stability of light-unstable proteins. 
We show in detail the more important steps of this protocol, namely ( 1 ) the plat-
ing of seeds in small circles; ( 2  ) their collection, and transfer to multi-well plates 
( 3  ); followed by incubation under different light/circadian conditions ( 4  ) with the 
different treatments (MG132 and/or CHX). Finally protein amounts are deter-
mined by Western blot ( 5  )       

 

Protein Stability
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   4.    Wash several times (normally 6) with sterile water, after the last 
wash leave some water to resuspend seeds for sowing.   

   5.    Sow seeds by pipetting them onto the MS solid medium ( see  
 Note 4 ).   

   6.    Wrap plates with a double layer of aluminum foil and incubate 
them at 4 °C for 4 days.   

   7.    Remove plates from the dark and expose to white light at 22 
°C for 3 h to induce germination.   

   8.    Put these plates in the dark by wrapping them with a double 
layer of aluminum foil and incubate at 22 °C for 4–5 days ( see  
 Note 5 ).      

       1.    Prepare MS solid medium with 1 % sucrose.   
   2.    Repeat the previous  steps 2–5 .   
   3.    Put plates under appropriate circadian conditions (12 L/D, 

SD, LD, LL, or DD).       

           1.    Label multi-well plates with time points to be analyzed (1 
well/time point).   

   2.    The seedlings are then divided into two groups by transferring 
them to the multi-well plates where they are incubated with 
MS liquid medium either supplemented with 100 μM MG132 
or with DMSO mock solution ( see   Notes 6 – 8 ).   

   3.    Infi ltrate in weak vacuum for 10 min.   
   4.    Incubate the infi ltrated seedlings overnight in the same growth 

conditions the seedlings were grown ( see   Note 9 ).      

       1.    For light regulated proteins: collect T0, transfer the plates to 
the appropriate light conditions and start collecting the time 
points.   

   2.    For circadian regulated proteins: maintain the plates under the 
appropriate circadian conditions, and detect their stability at 
the time they should accumulate.   

   3.    Freeze samples with liquid nitrogen and keep them at −80 °C 
until analysis.       

   Follow  steps 1–4  described in Subheading  3.2.1  ( see   Notes 6 – 8 ), 
and on the day of the experiment perform these steps:

    1.    Transfer seedlings to multi-well plates with MS liquid medium 
supplemented with 100 μM of CHX.   

   2.    Infi ltrate with weak vacuum for 10 min and leave the plates for 
1 h at 22 °C (for CHX to fully enter the cells).   

   3.    After 1 h collect the T0.   

3.1.2  For Older 
Seedlings Grown 
under Different Circadian 
Conditions

3.2  MG132 
Treatment 
(to Determine Protein 
Degradation by    26S 
Proteasome)

3.2.1  On the Day 
before the Experiment

3.2.2  On the Day 
of the Experiment

3.3  CHX Treatment 
(to Detect Protein 
Half-Life)
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   4.    Transfer the other plates to the appropriate light conditions 
(RL, FR, BL, or white light) and collect the time points (e.g., 
dark, 10 min, 30 min, 1 h, 3 h).   

   5.    Freeze samples with liquid nitrogen and store them at −80 °C 
until analysis.    

     Perform the  steps 1–4  described in Subheading  3.2.1  so that seed-
lings are incubated with 3 ml of MS liquid medium + MG132 or 
MS liquid medium + DMSO (mock) solution, and on the day of 
the experiment follow these instructions:

    1.    Normally we set up the following conditions: CHX treatment 
of MG132 pre-incubated or mock pretreated seedlings with or 
without MG132 [(+CHX/+MG132) and (+CHX/-MG132)] 
(Fig.  2 ). The schematics of these treatments are shown below.

 Pre-incubation (O/N) 

 +MG132  −MG132 (mock) 

 Treatments (day of experiment) 

 +CHX  +CHX 

 +MG132  −MG132  +MG132   −MG132  

       2.    To remove MG132 in the pre-incubation medium, wash the 
seedlings with new MS liquid medium (normally 3 ml/well) 
2–3 times. This is done by removing the medium with a vac-
uum pump and pipetting in fresh medium.   

   3.    Prepare MS liquid medium supplemented with MG132 and 
CHX to the appropriate fi nal concentrations, add to all the 
seedlings and do infi ltration in weak vacuum.   

   4.    Wait 1 h for CHX to penetrate the cells, and then collect the 
T0 (if necessary collect seedlings under dark conditions).   

   5.    Transfer seedlings to the appropriate light conditions and col-
lect the time points.   

   6.    Freeze samples with liquid nitrogen and store them at −80 °C 
until analysis.    

         1.    We initially tested the stability of our protein and tried differ-
ent protein extraction methods. We could extract total protein 
either in 2x LDS-sample buffer supplemented with 10 % of 
β-mercaptoethanol or in the PRR5 extraction buffer supple-
mented with protease inhibitor cocktail and several protea-
somal inhibitors (Table  1 ).   

   2.    If the extraction is done in 2× LDS-sample buffer we confi rm 
the equal loading of total protein either by staining the Western 
blot membrane with Coomassie staining solution or immune- 

3.4  MG132 and CHX 
Co-treatment

3.5  Protein 
Extraction, 
Quantifi cation, 
and Detection
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detection with the anti-tubulin  antibody  . On the other hand, 
for PRR5 extraction buffer we determine protein concentra-
tion using the Bradford protein assay method.   

   3.    In order to do so we prepare a 10 % (weight/vol) stock solu-
tion of BSA and use it to set up a dilution series (e.g., 10 μg/
μl, 5 μg/μl, 2 μg/μl, 1 μg/μl). We then determine the 
Absorbance of each BSA dilution, in a 1 ml plastic cuvette by 
mixing 200 μl of Bradford reagent with 800 μl of Milli-Q water 
and adding 1 μl of each dilution series. This is covered with 
Parafi lm and mixed well. The Absorbance at 595 nm is mea-
sured and we plot in a graph the BSA concentration ( x  axis) 
against the Absorbance value ( y  axis). We calculate the linear 
regression [Absorbance ( y ) = slope*protein concentration 
( x ) + constant value (when  x  = 0)] and determine the protein 
concentration using the following equation: Protein concen-
tration ( x ) = [Absorbance ( y ) − constant value]/slope].   

   4.    The same protein levels were then loaded and determined by 
Western blot.       

0   4   8 0   4    80   4   8 0   4   8
+ MG132

+ CHX

- MG132 + MG132

+ CHX

- MG132
MW 
(KDa)

MW 
(KDa)

75
75

50 50

(h) (h) 

a b

  Fig. 2    PRR5 stability and half-life determined with combined MG132 and CHX 
treatments. Transgenic seedlings overexpressing PRR5 tagged with the FLAG 
epitope were grown under 12 L/D conditions and subjected to different treat-
ments. The seedlings were pre-incubated with mock solution ( a ) or with MG132 
( b ), divided into two groups and incubated with CHX in the presence (+MG132) 
or absence (−MG132) of MG132. These experiments revealed that PRR5 half-life 
is extended with the inhibition of the  26S proteasome   and PRR5 is poly- 
ubiquitinated before degradation (*). Upper panels show the result of Western 
blot probed with the anti-FLAG  antibody   and lower panels are the Coomassie 
staining of the membranes to show equal loading       
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4    Notes 

     1.    Normally the treatments with MG132 and/or CHX are per-
formed in MS liquid medium, which is a simplifi ed version of 
the autoclaved MS liquid medium since the seedlings will only 
stay in this solution for a few hours. We also do not add sucrose 
to the MS liquid medium as a way to avoid contamination 
since the treatments are performed on the bench.   

   2.    We routinely used 100 μM of MG132 but lower concentra-
tions (50 μM) can also be used, accordingly to each particular 
case.   

   3.    We normally add some folded absorbent paper or a little piece 
of sponge to the destaining solution since it helps to adsorb 
Coomassie brilliant blue.   

   4.    If samples are to be collected in the dark it is better to sow 
seeds for a sampling point all together as a small circle since 
they can be easily grabbed with forceps even when the light 
conditions are dim such as when working under safety light 
conditions (Fig.  1 , step 1).   

   5.    Check under safety light in a dark room after 2 days to confi rm 
germination and that the seedlings are not contaminated.   

   6.    It is important to maintain the  darkness   in every step of the 
pretreatments in case of light-unstable proteins, if this is not 
the case, then the treatments can be done in the light. In case 
of circadian regulated proteins it is necessary to check their 
accumulation pattern before setting up this experiment, other-
wise they will not be detected.   

   7.    When dealing with many samples with very short intervals, it 
saves time to organize the samples in the multi-well plates by 
time, especially if you have to do sampling in the dark (Fig.  1 , 
steps 2 and 3).   

   8.    Determining the light/circadian regulation of your protein of 
interest (e.g., determine its peak/trough periods) in advance is 
advised in order to set up the stability conditions at a time your 
protein accumulates.   

   9.    For circadian proteins, if overnight incubation is not practical, 
then keep in mind that MG132 needs at least 9 h in order to 
work fully. Therefore it is advised to calculate the infi ltration 
time in order to have MG132 working at the time the protein 
is expressed [e.g., for PRR5 that peaks in the afternoon, the 
seedlings were grown under 12 L/D, incubated with or with-
out MG132 from early morning till afternoon, and then sam-
ples were divided and CHX added; after 1 h of pre-incubation 
different time points were collected: 0, 4, and 8].         
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    Chapter 14   

 Screening for Abiotic Stress Tolerance in Rice: Salt, 
Cold, and Drought                     

     Diego     M.     Almeida    *,     M.     Cecília     Almadanim    *,     Tiago     Lourenço    , 
    Isabel     A.     Abreu    ,     Nelson     J.  M.     Saibo    , and     M.     Margarida     Oliveira      

  Abstract 

   Rice ( Oryza sativa ) is the primary source of food for more than half of the world population. Most rice 
varieties are severely injured by abiotic stresses, with strong social and economic impact. Understanding 
rice responses to stress may help breeding for more tolerant varieties. However, papers dealing with stress 
experiments often describe very different experimental designs, thus making comparisons diffi cult. The use 
of identical setups is the only way to generate comparable data. This chapter is organized into three sec-
tions, describing the experimental conditions established at the Genomics of Plant Stress (GPlantS) unit of 
ITQB to assess the response of rice plants to three different abiotic stresses—high salinity, cold stress, and 
drought. All sections include a detailed description of the materials and methodology, as well as useful 
notes gathered from the GPlantS team’s experience. We use rice seedlings as plants at this stage show high 
sensitivity to abiotic stresses. For the salt and cold stress assays we use hydroponic cultures, while for the 
drought assay plants are grown in soil and subjected to water withholding. All setups enable visual score 
determination and are suitable for sample collection along the imposition of stress. The proposed method-
ologies are simple and affordable to implement in most labs, allowing the discrimination of several rice 
genotypes at the molecular and phenotypic level.  

  Key words      Oryza sativa   ,   Rice  ,   Abiotic stress  ,   Seedling stage  ,   Hydroponic culture  ,   Cold stress  , 
  Drought  ,   Salt stress  

1      Introduction 

   Rice is the most  important   food crop, feeding almost 2/3 of the 
human  population  . However,  rice   sensitivity to  abiotic stresses  , 
including high salinity, cold, drought, or fl ooding, poses major 
problems for cultivation in numerous countries, including the top 
rice producers such as Japan, China, Korea, Brazil, India, the USA, 
the Philippines, or Thailand. In this chapter, we cover some 

*Both authors contributed equally to this chapter.
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methodologies to screen for rice tolerance/susceptibility to high 
salinity, cold, and drought. 

 High soil salinity is one of the most serious  abiotic stresses   
affecting agriculture worldwide and one of the major obstacles to 
increase  rice   production in growing areas worldwide [ 1 ]. High 
salinity negatively impacts plant growth, development, and ulti-
mately productivity. Globally, it is estimated that 19.5 % of irri-
gated land (230 million ha) and almost 2.1 % of dry land agriculture 
(45 million ha) is affected by salt [ 2 ]. Salt-affected soils have an 
excessive accumulation of a complex combination of soluble salts. 
However, NaCl is considered the primary cause of soil salinization, 
because of its abundance in many affected soils and its high solubil-
ity [ 3 ]. Soils are classifi ed as salt affected when the electrical con-
ductivity (EC) is 4 dS/m or higher, which is equivalent to 
approximately 40 mM NaCl [ 4 ]. Rice salt  stress   sensitivity varies 
along its life cycle. The higher sensitivity is observed at the  seedling   
(2–3 leaves) and reproductive (pollen development and fertiliza-
tion) stages [ 5 ]. Although the response mechanisms may be differ-
ent depending on the developmental stages, screening seedlings 
may be more convenient, as they require less space and assays are 
more effi cient in terms of time and costs. Despite rice being con-
sidered a salt stress-sensitive crop, some degree of salt tolerance 
can be found in rice germplasm [ 6 ]. There have been attempts to 
screen for rice salt stress tolerance under fi eld conditions. However, 
this is often diffi cult due to the highly variable environmental con-
ditions [ 7 ], such as soil natural structure variation, irrigation, man-
agement practices, and meteorological conditions (temperature, 
humidity, etc.) [ 8 ]. On the other hand, hydropony is highly suit-
able for salt stress tolerance screenings. This plant culture system 
creates a simple, effi cient, and accurate system for screening for 
salinity tolerance. Moreover, salt tolerance at seedling stage under 
hydroponic conditions has been correlated with salt tolerance 
under fi eld conditions [ 5 ]. 

 Low temperature is another abiotic  stress      severely affecting 
 rice   yield [ 9 ,  10 ]. The level of  cold stress   injury in rice plants nor-
mally depends on the severity of the stress, the exposure duration, 
and the plant developmental stage [ 11 ]. Although rice is more sen-
sitive to  cold stress   injury at the booting stage [ 12 ], low tempera-
ture (in the atmosphere or in the irrigation water) can have a 
negative impact on growth and development of rice plants at any 
developmental stage: germination,  seedling  , vegetative, reproduc-
tive, or grain maturity, leading to a reduction of grain yield [ 13 , 
 14 ]. The development and selection of  cold stress  -tolerant varieties 
is the most effective way to prevent crop damage caused by low 
temperature. Several methodologies have been used to screen cold 
tolerance/susceptibility under low-temperature conditions at dif-
ferent stages of development [ 15 ,  16 ,  13 ,  17 ]. Adopting a com-
mon/uniformized strategy would be highly advantageous, as it 
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would allow an easier and more effi cient result comparison among 
different labs. Kim et al. [ 18 ] have shown that visual assessment of 
cold stress tolerance in rice seedlings and the use of physiological 
indicators, in particular electrolyte leakage (EL), are highly corre-
lated. The  cold stress   symptoms reported at seedling stage include 
leaf rolling, stunting, yellowing, and wilting. Electrolyte leakage 
measurements are used as an indirect diagnosis of membrane dam-
age, induced by cold stress. This parameter allows detecting chill-
ing injury before visible symptoms arise. 

 Drought is one of the most important  abiotic stresses   limiting 
the productivity of crop plants around the world. The occurrence 
of extreme climate events has been increasing in recent years and is 
expected to keep rising in the near future. The increase of the 
world population combined with diminishing freshwater resources 
for irrigation is posing a real threat for food security in the next 
decades. Rice is particularly susceptible to water defi cit at specifi c 
stages of development, mainly at the  seedling   and reproductive 
stages. However, the identifi cation of drought-tolerant genotypes 
(in  rice   as well as in other species) may be a complex task at the 
experimental design level and, in most cases,  stress   assays per-
formed in the lab do not correlate with data from fi eld conditions 
[ 19 ]. For instance, there are examples in the literature in which the 
same genotypes are described with opposite drought tolerance 
phenotypes due to different experimental designs [ 20 ,  21 ]. The 
establishment of a single drought assay protocol for rice may be 
diffi cult to transpose among labs, as numerous variables must be 
considered. Nevertheless, further research is needed at this level, 
and the identifi cation of genotypes better adapted to water defi cit 
is imperative to reduce the yield losses in regions of water scarcity. 

 The experiments described in this chapter are compatible with 
plant  stress   phenotyping and sample collection throughout the 
stress assays aiming at several analysis purposes. A combination of 
invasive and noninvasive methodologies may be used. As a nonin-
vasive method to determine differences in stress, the chlorophyll 
fl uorescence can be a good method to evaluate  photosynthesis   by 
assessing the effi ciency of photosystem II (PSII) [ 22 ,  23 ] using a 
pulse amplitude modulated (PAM) fl uorometer (e.g., PAM-2500, 
Walz, Germany). Using a dark adaptation step to measure the 
integrity of PSII and/or different light intensities to measure the 
effi ciency of PSII, the researcher may have an indication on how 
stress is affecting  photosynthesis  . It is advisable that these measure-
ments are performed before plants reach the permanent wilting 
point, as after that stage excessive manipulation is needed (unroll-
ing the leaf). As an invasive (destructive) method, the analysis of 
the relative water content (RWC) [ 22 ,  24 ] is an effective method 
to determine the percentage of water lost by the leaf during stress 
( see   Note 1 ). Other noninvasive (e.g.,  I nfra- R ed  G as  A nalyzer) 
and invasive techniques (e.g., shoot and root fresh and dry weight 
or pre-dawn water potential) may be used as well. 

Abiotic Stress in Rice
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 This chapter describes the experimental conditions adapted 
and optimized by the GPlantS unit team to study high salinity,  cold 
stress     , and drought responses in  rice  . For salt stress, two types of 
assays are proposed aiming distinct goals: screening for salt stress 
tolerance or collection of samples for molecular and biochemical 
analysis. For  cold stress  , two types of assays are proposed in order 
to evaluate rice chilling tolerance (cold shock assay, at 4 °C) and 
rice cold acclimation response (cold acclimation assay, with a pre-
treatment at 10 °C before subjecting the seedlings to 4 °C treat-
ment). For drought, a soil culture system is proposed and evaluation 
of drought symptoms after water withholding. Important and 
extensive details are provided in order to facilitate assay implemen-
tation and guide the researcher to tailor the experiment to suit his/
her specifi c goals.  

2    Materials 

       1.    Test and standard  rice   accessions—In order to help rating the 
visual symptoms of the imposed  stress  , in addition to the geno-
types to be tested, it is desirable to include standards (rice geno-
types with known stress tolerance) ( see   Note 2 ). At least two 
standards should be used: one stress tolerant and one stress sus-
ceptible (see Tables  1  and  2 ). In the case of hydroponics systems 
(salt and  cold stress   assays), include the standards in every  seed-
ling   fl oat to assess eventual differences between fl oats ( see   Note 
3 ). Most of these materials can be obtained free of charge from 
IRRI (International Rice Research Institute, The Philippines) 
under a Standard Material Transfer Agreement.

        2.    Scale (1000 g capacity and 0.0001 g sensitivity)—salt/cold.   
   3.    Reagents (analytical grade) for nutrient solutions (Table  3 )—

salt/cold.
       4.    Magnetic stirrer—salt/cold.   
   5.    NaOH and HCl solutions (for pH correction)—salt/cold.   
   6.    NaCl (analytical grade) ( see   Note 4 )—salt.   
   7.    Carbendazim (methyl- 1H -benzimidazol-2-ylcarbamate)—

salt/cold/drought.   
   8.    Styrofoam sheets (1.5–2 cm thick for constructing of seedlings 

fl oats)—salt/cold.   
   9.    Nylon net (insect proofi ng type)—salt/cold.   
   10.    Mixing container (big enough to prepare nutrient solution)—

salt/cold.   
   11.    Black plastic trays for hydroponics ( see   Note 5 )—salt/cold.   

2.1  Materials 
and Instruments
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   12.    Plastic pots and black plastic trays ( see   Note 6 )—drought.   
   13.    Portable electrical conductimeter (EC)—salt.   
   14.    Portable pH meter—salt/cold.   
   15.    Convection oven at 50 °C—salt/cold/drought.   
   16.    Chamber at 28–30 °C—salt/cold/drought.   
   17.    Radiometer—salt/cold/drought.   
   18.    Conductimeter (measurement range: 0.2 μS/cm-30000 

μS/cm)—cold.   
   19.    Glass vials of 40–50 ml ( see   Note 7 )—cold.   
   20.    Plant growth chambers set at 28 °C with cool-white light 

(300–500 μE/m 2 /s), relative humidity 70 %, and 12-h  photo-
period   ( see   Note 8 )—salt/cold/drought.   

   21.    Plant growth chamber set to 4 °C or 10 °C, with cool-white 
light (100 μE/m 2 /s), relative humidity 50–70 %, under 12-h 
 photoperiod  —cold.   

   22.    Scale (10 kg capacity and 0.01 g sensitivity)—drought.   
   23.    Soil mixture for  rice   (2 vols. of sieved soil, 2 vols. of peat, 1 vol. 

of vermiculite) ( see   Note 9 )—drought.   
   24.    Osmocote Fertilizer (NPK 16-9-12)—drought.      

   Table 1  
  Standard salt  stress  -tolerant/sensitive accessions available from IRRI, 
through MTA   

 Tolerance  Accession 

 Salt tolerant  Nona Bokra 

 Moderately salt tolerant  FL478 

 Bicol 

 STDV (induced mutant 
from IR 29) 

 Salt susceptible  IR 74 

 Taipei 309 

  In the protocol, we propose to use only two standard accessions. However, three stan-
dards are advisable: salt  stress   tolerant, moderately tolerant, and susceptible. The mod-
erately tolerant standard helps to rate test accessions with moderate tolerance. As 
alternative to Pokkali and IR 29, local varieties or breeding lines of known salt stress 
tolerance/sensitivity may be used as standards 
  Note : The comparison of test and standards should ideally be done within the same tray, 
as the conditions within trays do not evolve in the same way every time  
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   In order to avoid nutrient defi ciencies and mineral toxicities not 
associated to high salinity or  cold stress  , the preparation of stock 
solutions is critical. Stock solutions should not be stored for more 
than 2 months at room temperature. Details for preparing 1 L of 
stock solution are shown in Table  3 . In total, fi ve macronutrients 
and one micronutrient 1000× concentrated stock solutions will be 
prepared.

    1.    For each macronutrient stock solution 1000× concentrated, 
prepare 1 L weighing the required amount of each reagent 
(Table  3 ) and transfer it to a 2 L beaker with 750 ml distilled 
water. Stir the mixture until complete solubilization (at least 
15 min) using a magnetic stirrer, transfer to a volumetric fl ask, 
and make the volume up to 1 L. After stirring the solution for 
another 10 min, transfer it to a stock solution bottle and steril-
ize it by autoclaving (120 °C, 1 atm, 20 min for 1 L bottles with 
a maximum of 700 ml of solution).   

2.2  Preparation 
of Yoshida’s Nutrient 
Solution

   Table 2  
   Cold stress      tolerance of  rice   accessions at the seedling stage   

 Accession  Origin  Group  Cold tolerance a   Reference 

 Benjiemang  China  Japonica  TT  [ 13 ] 
 HSC 55  Hungary  Japonica  T 
 Lijiangheigu  China  Japonica  TT 
 B55  China  Japonica  T 
 YRM 64  Australia  Japonica  S 
 YRL 39  Australia  Japonica  S 

 Somewake  Japan  Japonica  T  [ 18 ] 
 M-201  USA  Japonica  T 
 Mutsukogane  Japan  Japonica  T 

 IAC 25  –  Japonica  S  [ 31 ] 
 Jambu  –  Japonica  S 
 Langrue  –  Japonica  S 
 Guan-Yin-Tsa  –  Indica  M 
 I-Geo-Tze  –  Indica  M 

 29 Lu 1  China  Indica  M  [ 18 ] 
 Byakkoku  Australia  Indica  M 
 IR64  Philippines  Indica  SS 
 IR50  Philippines  Indica  SS 
 Guichao #2  China  Indica  SS 
 Pusa 33  India  Indica  SS 

   a Cold  stress   tolerance:  SS  very susceptible,  S  susceptible,  M  moderately tolerant,  T  tolerant,  TT  very tolerant 
  Note : The comparison of test and standards should ideally be done within the same tray, as the conditions within trays 
do not evolve in the same way every time  
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   2.    For the micronutrient 1000× concentrated stock solution, each 
micronutrient is initially dissolved independently and then 
 combined as described below to form a single stock solution. 
Due to the small amount of some required reagents, precise 
weighing is critical. Use 25 ml distilled water to dissolve each 
reagent separately, except for ferric chloride that must be dis-
solved in 50 ml distilled water. For a fi nal volume of 1 L, mix all 
micronutrient solutions together in a 2 L beaker with 700 ml 
distilled water, adding one solution at a time, following the 

      Table 3  
  Composition of macro- and micronutrient 1000× stock solutions (adapted from [ 32 ])   

 Element  Reagent 
 Yoshida medium 
(g/L) 

  Macronutrient  (fi ve independent solutions) 

 N  Ammonium nitrate (NH 4 NO 3 )  91.40 

 P  Sodium phosphate monobasic 
monohydrate (NaH 2 PO 4  ⋅ H 2 O) 

 35.60 

 K  Potassium sulfate (K 2 SO 4 )  71.40 

 Ca  Calcium chloride, dihydrate 
(CaCl 2  ⋅ 2H 2 O) 

 117.35 

 Mg  Magnesium sulfate, 7-hydrate 
(MgSO 4  ⋅ 7H 2 O) 

 324.00 

  Micronutrient  (one solution) 

 Mn  Manganese chloride, 4-hydrate 
(MnCl 3  ⋅ 4H 2 O) 

 1.500 

 Mo  Ammonium molybdate, 4-hydrate 
[(NH 4 )6Mo 24  ⋅ 4H 2 O)] 

 0.074 

 Zn  Zinc sulfate, 7-hydrate (ZnSO 4  ⋅ 7H 2 O)  0.035 

 B  Boric acid (H 3 BO 3 )  0.934 

 Cu  Copper sulfate, 5-hydrate 
(CuSO 4  ⋅ 5H 2 O) 

 0.031 

 Fe  Ferric chloride, 6-hydrate 
(FeCl 3  ⋅ 6H 2 O) 

 7.700 

 Citric acid, monohydrate 
(C 6 H 8 O 7  ⋅ H 2 O) 

 11.900 

   Notes : For easy handling and storage, hydrated reagents are preferred. Five independent macronutrient stock solutions 
and a single micronutrient stock solution are prepared 1000× concentrated. If a large amount of distilled water is not 
available, demineralized water may be used to prepare the nutrient solutions. Local tap water should not be used, as it 
may lead to mineral precipitation and alteration of mineral concentration  
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order presented in Table  3 . Add ferric chloride solution to the 
mixture just before adding citric acid. Stir the mixture for 
15 min using a magnetic stirrer. Add 50 ml of concentrated 
sulfuric acid to the mixture and stir for another 15 min. Then, 
transfer the solution to a volumetric fl ask and make up volume 
to 1 L. The fi nal solution should have a yellowish brown color. 
Store in a dark glass bottle (translucid bottles must be covered 
with aluminum foil) and sterilize by autoclaving (120 °C, 1 
atm, 20 min for 1 L bottles with a maximum of 700 ml of 
solution).   

   3.    Prepare the required volume of 1× Yoshida nutrient solution 
by adding 1/1000 volume of each of the fi ve macronutrients 
and the micronutrient stock solution (1000× concentrated) to 
3/4 fi nal volume of distilled water. Adjust fi nal volume and pH 
to 5.1.    

3       Methods 

   In this section, we describe an adaptation of the protocol originally 
developed by Gregorio et al. [ 5 ] to screen  rice   accessions for differ-
ent levels of salt  stress   tolerance. The protocol is also suitable for 
analysis/collection of sample(s) along the stress period. 

 The screening method developed by the IRRI for identifi ca-
tion of salt  stress   tolerance at  seedling   stage is based on the ability 
of seedlings to grow in salinized nutrient solutions. Rice is natu-
rally adapted to waterlogged environment with minimal oxygen 
supply, making this technique suitable to screen for  rice   salt stress 
tolerance [ 5 ]. 

 High salinity tolerance is determined by visual analysis of salt 
 stress   symptoms, such as reduced leaf area, leaves becoming whit-
ish, leaf tip death, and leaf rolling. 

    Seedling fl oats are made of a rectangular piece of styrofoam with a 
nylon net on the bottom. Their size will depend on plastic tray 
size.

    1.    Cut a rectangular piece of 1.5–2.0 cm thick styrofoam. The 
fl oat must completely fi t the plastic tray (Fig.  1c ).

       2.    Drill holes with about 1–2 cm diameter (Fig.  1a ) ( see   Note 10 ).   
   3.    Glue the nylon net to one side of the styrofoam (hot glue) 

(Fig.  1b ) ( see   Note 11 ).   
   4.    Insert the fl oats in the plastic trays and add water until the 

water level is about 1–2 mm above the seedlings fl oats (Fig. 
 1c ) to defi ne the volume needed per tray.      

3.1  Evaluation 
of Salt Stress 
Tolerance in Rice 
at the Seedling Stage

3.1.1  Construction 
of the Seedlings Floats
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  Fig. 1    Steps of  seedling   fl oat construction, seed preparation, and germination. ( a ) The seedling fl oat is pre-
pared using a styrofoam sheet drilled to make holes of 1–2 cm diameter. ( b ) A nylon net is then attached to 
one side of the fl oat using hot glue. ( c ) The hydroponics system is set up by tightly fi tting the styrofoam sheet 
to the tray and adding water until a level of about 1–2 mm above the net. ( d ) For establishment in hydroponics, 
the seeds are fi rst incubated at 28 °C in the dark, on moistened paper towel for 1–2 days until radical emer-
gence. ( e ) For setting up the hydroponics solutions, the water/nutrient solution level is brought to about 
1–2 mm above the seedling fl oat, just touching the net. Two pre-germinated seeds are sown per hole on the 
styrofoam fl oat. ( f ) The tray is covered with aluminum foil for 2–3 days and placed in a growth chamber for 
complete seed germination in  darkness  . ( g ) After 4 days of germination (1–2 days in paper + 2–3 days fl oat-
ing), the roots are approximately 3–4 cm long       
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          1.    Seed batch—All seeds of one genotype should be from the 
same batch, and ideally all  rice   genotypes should have been 
amplifi ed under the same conditions and at the same time. Do 
not use seeds from different batches as these plants can behave 
differently under the same conditions.   

   2.    Breaking dormancy—Heat-treat test and standard seeds, 
stored in paper bags, for 5 days in a convection oven set to 
50 °C to break dormancy ( see   Note 12 ).      

     The establishment of  rice   seedlings in hydroponic culture, to ana-
lyze salt  stress   tolerance, must be as follows:

    1.     Surface-sterilize  the   heat-treated seeds with fungicide by soak-
ing them in 1 g/L carbendazim (methyl- 1H -benzimidazol- 2-
ylcarbamate) water solution for 30 min at 50 °C in a water 
bath, followed by four rinses in distilled water ( see   Note 13 ).   

   2.    Germinate seeds on moistened paper towels. Place seeds on a 
moistened paper towel, folding it over to cover them, and 
incubate at 28–30 °C (in the dark) for 24–48 h, until they start 
germinating (Fig.  1d ) ( see   Note 14 ).   

   3.    Fill the tray(s) with distilled water ( see   Note 15 ). Place the 
 seedling   styrofoam fl oat on the tray and sow two pre-germi-
nated seeds per hole (Fig.  1e ), using forceps. Be careful not to 
damage the embryo. Sow at least 15 seedlings per line ( see  
 Note 16 ). The water level must be 1–2 mm above the seedling 
fl oats´ net. Cover the tray with aluminum foil and transfer to 
the growth chamber for 2 days for complete seed germination 
(Fig.  1f ). The growth chamber should be set to 28 °C with 70 
% humidity and 12-h  photoperiod  .   

   4.    Two days after germination, when roots are around 2–3 cm 
long (Fig.  1g ), remove the aluminum foil to expose the seed-
lings to  photoperiod  .   

   5.    Rotate the  seedling   fl oats daily and also swap the fl oats among 
the several trays used in the assay ( see   Note 3 ).    

      To screen for salt  stress   tolerance, 3 days after germination,  rice   
seedlings are well developed and salinization can be performed by 
addition of NaCl to the nutrient solution:

    1.    Replace distilled water with salinized Yoshida nutrient solution 
( see   Note 17 ). Prepare the required volume of Yoshida nutri-
ent solution and add NaCl (analytical grade) ( see   Note 4 ) until 
it reaches the desired electric conductivity (EC), stirring to 
ensure total NaCl solubilization. Set initial salinity at EC = 6 
dS/m. After 3 days, increase salinity to EC = 12 dS/m ( see  
 Note 18 ).   

3.1.2  Preparation 
of the Plant Material

3.1.3  Seedling 
Establishment 
in Hydroponics

3.1.4  Salt Stress 
Treatment for Tolerance 
Screening
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   2.    Renew the solution every 8 days and adjust the pH daily to 5.1 
( see   Note 19 ). Nutrient solution level must be kept about 
1–2 mm above the  seedling   fl oats by adding distilled water to 
maintain the original volume and the nutrient/salt 
concentration.   

   3.    The genotypes may be scored at 10 and 16 days after initial 
salinization.    

     In order to collect samples during salt  stress   for molecular or bio-
chemical analysis, the beginning of the salt treatment may be 
delayed. If salt is applied 3 days after germination, susceptible geno-
types will be dead in about 14 days. In addition, salt stress imposed 
3 days after germination leads to severe growth arrest on susceptible 
genotypes, thus limiting the amount of sample material available. 

 Therefore, one must proceed as follows:

    1.    Three days after germination, replace distilled water by Yoshida 
nutrient solution (no NaCl added).   

   2.    Renew the solution every 8 days and adjust pH daily to 5.1 ( see  
 Note 19 ). Keep nutrient solution level at about 1–2 mm above 
the  seedling   fl oats by addition of distilled water.   

   3.    Allow the seedlings to develop for 12 days (after germination) 
until all plants are at the three-leaf stage (with third leaf still 
developing). At that stage, subject the seedlings to salt  stress   
by adding NaCl (analytical grade) ( see   Note 4 ) to nutrient 
solution, until it reaches the desired electric conductivity (EC), 
stirring to ensure total NaCl solubilization ( see   Note 17 ). Set 
salinity at EC = 12dS/m ( see   Note 20 ). Sample collection/
analysis can be performed throughout the entire assay.      

   The salt  stress   scoring method, calibrated with standards, allows 
discriminating susceptible from tolerant test genotypes. The 
method is based on visualization of salt stress symptoms: reduced 
leaf area, older leaves becoming whitish, leaf tip death, leaf rolling, 
and plant death. Scoring may start 10 days after salinization with a 
fi nal scoring 16 days after salinization. Symptoms on test geno-
types should be compared to standards (included in each test fl oat) 
to estimate the degree of salt stress tolerance.

    1.    Score test genotypes by visualization of salt  stress   symptoms, 
applying the modifi ed standard evaluating score (Table  4 ).

       2.    Ten days after salinization, standard genotypes like “Pokkali” 
(tolerant) scores 1 and “IR29” (susceptible) scores 7. At this 
point, susceptible genotypes can be distinguished from the tol-
erant ones.   

3.1.5  Salt Stress 
Treatment for Molecular 
and Biochemical Analysis

3.1.6  Phenotyping 
and Sample Collection 
for Analysis
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   3.    Sixteen days after salinization “Pokkali” scores 3 and “IR29” 
scores 9. At this point, it is possible to clearly distinguish sus-
ceptible from tolerant genotypes (Fig.  2 ).

       4.    Sample collection for analysis can be performed throughout 
the salt  stress   assay.    

       In this section, we  also   use a hydroponic system to assess cold  stress   
tolerance in  rice   seedlings. 

       1.    Seed batch and dormancy break—As previously described ( see  
Subheading  3.1.2 ,  steps 1  and  2 ) proper care should be taken 
to ensure the use of homogeneous seed batches and to break 
seed dormancy, in order to synchronize seed germination.      

       1.    Prepare styrofoam fl oats as described in Subheading  3.1.1  and 
perform seed surface-sterilization, germination, and sowing in 
the styrofoam fl oats as in Subheading  3.1.3  ( steps 1 – 3 ).   

   2.    Two days after germination, remove the aluminum foil and 
replace the water by Yoshida nutrient solution (Fig.  1g ).   

   3.    Rotate the  seedling   fl oats daily and also swap the fl oats among 
the several trays used in the assay ( see   Note 3 ).   

   4.    Renew the solution every 8 days and adjust pH daily to 5.1 ( see  
 Note 19 ). Nutrient solution level must be kept about 1–2 mm 
above the  seedling   fl oats by adding distilled water to maintain 
the original volume and the nutrient concentration.   

   5.    Allow the seedlings to develop for 12 days (after germination) 
at 28 °C with 12-h  photoperiod   until all plants are at the three- 
leaf stage (with third leaf still developing). The seedlings 
should be well synchronized, as they might be differently 

3.2  Evaluation 
of Cold Stress 
Tolerance in Rice 
at the Seedling Stage

3.2.1  Preparation 
of the Plant Material

3.2.2  Seedling 
Establishment 
in Hydroponics

   Table 4  
  Modifi ed Standard Evaluation System (SES), adapted from IRRI Screening Rice Salinity Tolerance [ 5 ]   

 Score  Observation  Tolerance 

 1  All leaves normal, no leaf symptoms  Highly tolerant 

 3  Nearly normal growth, but leaf tips or few leaves whitish and rolled  Tolerant 

 5  Growth severely retarded; most leaves rolled; only a few are 
elongating 

 Moderately tolerant 

 7  Complete growth cessation; most leaves dry, some plants dying  Susceptible 

 9  Almost all plants are dead or are dying  Highly susceptible 

  Visual salt  stress   injury is evaluated at seedlings stage, after 3 days imposition of 6 dS/m NaCl, followed by 13 days at 
12 dS/m NaCl. Scoring can be performed over time (each day) if quantitative data is required  
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affected by cold  stress   ( see   Note 21 ). Thus removal of all seed-
lings showing discrepancies in developmental stage is 
recommended.   

   6.    On the day before cold  stress   imposition, prepare fresh nutri-
ent solution and keep it at the incubation temperature required: 
4 °C for cold shock or 28 °C for cold acclimation assay.      

    For the cold shock assay, three-leaf stage seedlings are directly 
transferred from normal growth conditions (28 °C, 70 % relative 
humidity, light intensity 300–500 μE/m 2 /s) to 4 °C chilling tem-
perature (50–70 % relative humidity, light intensity 100 μE/m 2 /s), 
using a growth chamber with similar conditions.

    1.    Place new trays fi lled with precooled nutrient solution inside a 
growth chamber set to 4 °C, 12-h  photoperiod  . Reduce the 
light intensity to 100 μE/m 2 /s, in order to avoid photo- 
inhibition  stress   of the seedlings.   

   2.    When the chamber temperature stabilizes at 4 °C, start the 
cold shock assay by transferring the  seedling   fl oats kept at con-
trol conditions to the trays fi lled with solution cooled in the 
4 °C chamber ( see   Note 22 ).   

   3.    Allow seedlings to be subjected to these conditions for 5–11 
days ( see   Note 23 ). An example of cold shock-treated seed-

3.2.3  Cold Shock 
Assay (4 °C)

  Fig. 2    Evaluation of salt  stress   visual symptoms. Visual symptoms of salt stress 
injuries after 16 days of salinization.  Left side : Pokkali, a salt-tolerant variety, 
scores 3, showing little growth arrest and few leaves whitish and rolled.  Right 
side : IR 29 a salt-susceptible variety scores 9, showing severe salt injury       

 

Abiotic Stress in Rice



168

lings, at the end of the low-temperature period, is shown in 
Fig.  3a .

       4.    After cold  stress   treatment, transfer the  seedling   fl oats to the 
growth chamber, set to control conditions (28 °C, 70 % rela-
tive humidity) ( see   Note 24 ), and let the plants recover under 
these conditions for 1–2 weeks ( see   Note 25 ).    

      For the cold acclimation assay, the process is similar to that of the 
cold shock assay with an additional initial step to mimic cold accli-
mation. Before being transferred to 4 °C, the three-leaf stage seed-
lings, grown in control growth conditions (28 °C, 70 % relative 
humidity, light intensity 300–500 μE/m 2 /s), are subjected to a 
pretreatment period of 1 day at 10 °C (50–70 % relative humidity, 
light intensity 100 μE/m 2 /s).

    1.    Set the growth chamber to 10 °C, 50–70 % relative humidity, 
and 12-h  photoperiod  . Reduce the light intensity to 100 μE/
m 2 /s, in order to avoid photoinhibition  stress   of the seedlings.   

   2.    When the chamber temperature stabilizes at 10 °C, transfer the 
trays with the  seedling   fl oats to the 10 °C growth chamber (do 

3.2.4  Cold Acclimation 
Assay (10 °C → 4 °C)

Analyzed parameter a bCold shock assay Cold acclimation assay

Electrolyte leakage 92.9 % 68.9 %

Cold injury visual
symptoms at the end
of the cold treatment

Survival rate (assessed
1-2 weeks after the cold) 0 % 87 %

  Fig. 3    Screening  rice   seedlings for  cold stress      tolerance in a hydroponic system. The percentage of electrolyte 
leakage was monitored to evaluate the degree of cold stress injury and determine the length of cold period of 
the assay. ( a ) Cold shock assay. Three-leaf stage seedlings were subjected to cold stress treatment at 4 °C for 
9 days. These plants, after 9 days at low temperature, revealed 92.95 % ± 2.53 % of electrolyte leakage and 
showed 0 % survival rate after a 1–2-week recovery period.( b ) Cold acclimation assay. Three-leaf stage seed-
lings were subjected to a pretreatment at 10 °C for 1 day, before being transferred to 4 °C for 9 days. After 9 
days in cold stress conditions, these plants revealed 68.9 % ± 5.03 % of electrolyte leakage and showed 87 % 
survival rate in the subsequent recovery period       
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not precool the solution), for the acclimation step incubation 
( see   Note 22 ).   

   3.    After 1 day of incubation at 10 °C, move the trays with the 
 seedling   fl oats to a 4 °C growth chamber, 50–70 % relative 
humidity, and 12-h  photoperiod  , with light intensity of 100 
μE/m 2 /s.   

   4.    Allow the seedlings to stay in these conditions for 7–15 days 
( see   Note 23 ). An example of cold acclimation-treated seed-
lings, at the end of the low-temperature period, is shown in 
Fig.  3b . Given that in the cold acclimation assay  rice   seedlings 
will tolerate 4 °C for longer periods, this assay may have to be 
extended in order to properly screen the different genotypes.   

   5.    After cold  stress   treatment transfer the  seedling   fl oats to the 
growth chamber set to control growth conditions (28 °C, 
70 % relative humidity, 12-h  photoperiod  ) ( see   Note 24 ) and 
let the plants recover under these conditions for 1–2 weeks 
( see   Note 25 ).    

          1.    Determining Electrolyte Leakage 
   The percentage of electrolyte leakage can be used to evaluate 

the degree of cold  stress   injury in the genotypes throughout the 
assay [ 18 ]. Samples for electrolyte leakage measurements 
should be collected right before cold stress imposition and 
then every 2–3 days (or at shorter intervals in the case of indica 
 rice   genotypes) until the end of cold stress period incubation. 
Samples must always be collected at the same time point of  the 
  photoperiod.

    (a)    At each time point, cut the second fully expanded leaf of 
3–5 random plants into 1 cm segments (Fig.  4a, b ), with a 
sharp blade (total of 15–25 middle segments per pool/rep-
licate). Make at least six replicates per genotype ( see   Note 
26 ). Replicates should be collected one at a time in order 
to reduce the time taken from leaf cutting to incubation.

       (b)    Immediately wash the leaf sections thoroughly and rapidly 
with distilled water to remove the electrolytes released by 
tissue disruption ( see   Note 27 ).   

   (c)    Remove the excess water and transfer the pool of 15–25 
leaf sections into a capped vial ( see   Note 7 ) with 15 ml of 
distilled water (Fig.  4c ). Keep the vials for 20 h at room 
temperature with gentle shaking. Reserve two vials with 
15 ml of distilled water to use as blanks in the 
measurements.   

   (d)    After this incubation period, measure the initial electrical 
conductivity of each sample (S1) and blank vial (B1) using 
a conductimeter with measurement range from 0.2 μS/cm 

3.2.5  Phenotyping 
and Sample Collection 
for Analysis
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to 30,000 μS/cm (e.g.: Crison conductimeter GLP31) ( see  
 Note 28 ).   

   (e)    Incubate the vials, tightly closed, at 80 °C for 2 h ( see   Note 
29 ) in order to destroy the cells and release the remaining 
electrolytes. Allow them to cool down to room tempera-
ture and then measure again the electrical conductivity of 
each sample (S2, maximum conductivity of tissues) and 
blanks (B2) ( see   Note 28 ). The relative degree of  electrolyte 
leakage is calculated as follows: EL (%) = [(S1-B1)/
(S2-B2)] × 100.    

  Fig. 4    Preparation of samples for electrolyte leakage measurements, from three- 
leaf stage seedlings subjected to  cold stress     . The second fully expanded leaf of 
3–5 random seedlings ( a : indicated by an  arrow ) is cut into 1 cm segments ( b ). 
15–25 middle sections are incubated in capped vials with 15 ml of distilled 
water, for 20 h at room temperature, with gentle rocking       
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      2.    Visual Scoring of Cold Stress Injury 
   Seedlings should be scored for  cold stress      injury at the end of 

the cold treatment period ( see  Subheadings  3.2.3  and  3.2.4 ). 
Symptoms on test genotypes may be compared to standards, 
included in each  seedling   fl oat, to estimate the degree of toler-
ance. Use a scale of 1–9, as described in the Standard Evaluation 
Systems in  rice   [ 25 ] and adapted by Andaya and Mackill [ 14 ] 
(Table  5 ).

       3.    Assessing Survival and Viability Rate 
   After the recovery period, evaluate the survival rate of the seed-

lings or otherwise the plant viability rate ( see   Note 30 ). The 
survival rate represents the percentage of seedlings that were 
alive and resumed growth after the recovery period (non-survi-
vors correspond to dead seedlings). Plant viability rate can be 
determined by counting the number of seedlings that resumed 
growth and developed new leaves during the recovery period, 
as opposed to the ones that are wilted, failed to grow, or died.        

   Before starting a drought assay in  rice  , the researcher must take 
into account several aspects, depending on the goal of the study. 
Does it aim testing plant survival? Or detecting differences in plant 
growth after recovery? Is it a drought shock (fast water loss) or a 
progressive drought assay? If the genotype under study is thought 
to be primed to tolerate drought, it is likely that a drought shock 
could show differences. However, if the plant needs to activate a 
molecular and physiological response to drought, a progressive 
drought assay should be envisaged. Taking different purposes into 
account, the researcher may adapt the drought assay protocol that 
fi ts his/her specifi c needs. 

 To test drought tolerance, we use a strategy of plant growth in 
soil followed by water withholding to better reproduce natural 

3.3  Evaluation 
of Drought Tolerance 
in Rice 
at the Seedling Stage

   Table 5  
  Modifi ed Standard Evaluation System (SES) of visual cold  stress   injury at 
the seedlings stage, adapted from IRRI [ 25 ] and Andaya and Mackill [ 14 ]   

 Score  Observation  Tolerance 

 1  All leaves normal, no apparent visual 
injury 

 Highly tolerant 

 3  Some leaves rolled or wilted  Tolerant 

 5  About half of the leaves wilted  Moderately tolerant 

 7  Most leaves wilted  Susceptible 

 9  All leaves wilted, seedlings apparently 
dead 

 Highly susceptible 
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conditions. We monitor soil water content along the  stress   period 
and use visual observation combined with invasive and noninvasive 
phenotyping methods. 

       1.    Seed batch and dormancy break—As previously described ( see  
Subheading  3.1.2 ) proper care should be taken to ensure the 
use of homogeneous seed batches and to break seed dormancy 
to synchronize seed germination.   

   2.    Preliminary drought trial—Different  rice   accessions may 
uptake water from the soil at different rates. The different 
water uptake rate under drought may, by itself, refl ect a toler-
ance mechanism. Therefore, a preliminary drought assay must 
be considered to evaluate the water uptake rate by the different 
target genotypes.   

   3.    Developmental stage—As mentioned for the salt and  cold 
stresses  , the plant developmental stage will infl uence several 
aspects of the drought assay setup. Rice plants show higher 
drought sensitivity at the  seedling  /young plant stage (until 
approximately 25 days after germination) and then at the repro-
ductive stage. Rice seedlings have a small root system and can 
be placed in small pots. However, if the drought assay is planned 
for older plants (e.g., 1-month-old plants or older), larger pots 
must be used to accommodate the larger root system.   

   4.    Plant density—The spacing of the root system is important. A 
high density of plants or a small pot (0.5 L) for 1-month-old 
plants may cause root compression and infl uence the drought 
assay results. In addition, placing several genotypes in the same 
pot may not be the best approach to discriminate phenotypes 
as the root systems may interact, infl uencing the drought 
responses of one another.   

   5.    Plant growth rates—Genotypes with different growth rates 
(height) will also have different rates of water uptake from the 
soil, thus complicating genotype comparisons. A big and fast- 
growing genotype will reach a lower soil water content faster, 
and exhibit drought symptoms sooner than a slow-growing 
and small genotype. These symptoms, however, may not cor-
relate with the plants’ ability to cope with drought.   

   6.    Growth chambers—Different laboratories have different plant 
growth conditions (chambers, glasshouses, etc.) in which the 
drought assay may be conducted. The available conditions 
should be well known when designing the drought assay. In a 
controlled chamber, the optimal  rice   growth conditions are 
28 °C, 70 % relative humidity, 300–500 μE/m 2 /s, and 12-h 
 photoperiod  . In a drought assay, although the temperature 
and relative humidity may be maintained, the light intensity 
should not exceed 300 μE/m 2 /s. Excessive light intensity in a 

3.3.1  Designing 
the Drought 
Experimental Setup
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drought assay will generate over-production of reactive oxygen 
species (ROS), thus causing additional  stress  .      

       1.    Fill the pots with soil mixture for  rice   (soil, turf, and vermiculite; 
2:2:1). All pots must have exactly the same amount of soil mix-
ture and the soil dry weight must be determined ( see   Note 31 ).   

   2.    Water the pots and place them in a tray fi lled with water. Allow 
the pots to equilibrate with the water-fi lled tray for 2 days.   

   3.    Remove the pots from the water-fi lled tray and place them in a 
grid to allow water runoff by gravity. When no dripping is 
observed, weight the pot and consider this as the fi eld capacity 
(100 % of soil water content, SWC). Place the pots back in the 
water-fi lled tray and check the water level in the trays regularly.   

   4.    Prepare the seeds as described in Subheadings  3.1.2  and  3.1.3  
( steps 1  and  2 ).   

   5.    Transfer the germinated seedlings to the pots ( see   Note 32 ) 
and allow them to grow to the desired stage before starting the 
drought assay ( see   Note 33 ) (Fig.  5 ). After 5 days in soil, 
osmocote (NPK 16-9-12) must be added to the water in the 
tray (approx.: 0.5 g osmocote/L of soil). Set the chamber con-
ditions to 28 °C, 70 % relative humidity, and 300–500 μE/
m 2 /s light intensity, with a 12-h  photoperiod  .

       6.    Randomize the location of the pots/trays frequently, both pre-
viously and during the drought assay, to minimize the chances 
of chamber zonation ( see   Note 34 ).      

       1.    At the start of the drought assay, remove the water from the 
trays ( see   Note 35 ).   

   2.    Weigh the pots every day at the end of the light period and 
keep the record to evaluate if the different tested genotypes 
have a similar water uptake ( see   Note 36 ). To accurately deter-
mine water uptake, evaporation must be quantifi ed. Therefore, 
several pots without plants must be included in the experiment 
and, after water withholding, weighed every day to assess water 
evaporation from soil.      

       1.    Check the plant phenotypes every day. Depending on the 
objective of the drought assay, it may have a variable duration. 
When scoring for survival after recovery, pots should reach 
approximately 10 % of SWC ( see   Notes 36  and  37 ) to accentu-
ate differences in survival (Fig.  6 ). Another approach may be 
to determine SWC at which 50 % of the plants start to display 
leaf rolling (permanent wilting point) ( see   Note 38 ) and main-
tain that SWC in each pot for 10–14 days [ 26 ].

       2.    For molecular and biochemical analysis, leaf samples (root 
samples are diffi cult to collect without disturbing the experi-

3.3.2  Preparation 
of the Potted Plants

3.3.3  Drought Stress 
Imposition

3.3.4  Phenotyping 
and Sample Collection 
for Analysis
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  Fig. 6    Rice plants showing different levels of  drought   tolerance after  drought   treatment followed by recovery. 
Drought treatment performed to evaluate drought tolerance of a transgenic  rice   line, overexpressing (OX) a 
bHLH transcription factor, as compared with its wild-type (WT) Nipponbare. One-month-old rice plants grown 
under control conditions were subjected to water withholding until they reached 10 % SWC (approximately 12 
days after water withholding). Plants were then re-watered and stayed fully irrigated for 1 week. OX1-3 and 
WT1-3 correspond to three replicates for each line       

  Fig. 5    Rice seedlings grown in pots. Rice germinated seeds were sown in fully 
irrigated soil mixture and let to grow for 1 week under control conditions       
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mental setup) can be collected. Collect control samples (fully 
irrigated pots) ( see   Note 35 ) and drought samples at different 
drought time periods (e.g., at 50, 25, and 15 % SWC and 24 
and 48 h after re-watering) ( see   Note 39 ).        

4    Notes 

     1.    This technique is applied using mid-blade sections of the leaf 
(discarding the leaf tip and basal section) and measuring its 
fresh weight, turgid weight, and dry weight. RWC = (fresh 
weight—dry weight)/(turgid weight-dry weight) × 100.   

   2.    Local varieties or breeding lines, with known salt/ cold stress      
tolerance, may also be used. When screening for  cold stress   tol-
erance, have in mind that indica  rice   subspecies have typically a 
lower degree of  cold stress   tolerance as compared to japonicas 
[ 27 ] and therefore appropriate standards must be chosen accord-
ingly. Thus, in case of screening japonicas, one must not use 
indica genotypes as standards, as they will not endure the whole 
 cold stress   period required to screen japonicas.   

   3.    Ideally, all genotypes to be screened should be grown side by 
side in the same  seedling   fl oat. Sometimes, because a large 
number of seeds are required for the assay, this is not possible 
and more than one seedling fl oat is used. Growth chamber 
conditions are not totally homogeneous and the tray positions 
or even the position of the seedlings inside the same seedling 
fl oat will be different, in terms of either light intensity, ventila-
tion, or temperature. Also, the nutrient availability inside each 
tray may differ. Swapping seedling fl oat positions will random-
ize, and thus minimize, the effect of eventual differences in the 
conditions to which the seedlings are exposed.   

   4.    Commercial table salt must not be used for salinization of 
nutrient solution, as it may contain more salts than NaCl. Such 
“contaminants” may affect mineral concentration of nutrient 
solution and affect the salt  stress   screening.   

   5.    Light promotes algal growth in nutrient solution. Therefore, 
black trays are preferred and the fl oats must be tightly fi tted to 
the trays (Fig.  1c ). Algae are not toxic but they tend to increase 
pH, especially during midday and early afternoon. If consider-
able algal growth is detected, it is recommended to adjust the 
pH twice a day, at the beginning and the end of the light cycle. 
The plastic tray size may vary depending on the amount of 
genotypes to be tested. A tray with at least 13 cm depth is rec-
ommended. Shallower trays may affect plant root growth.   

   6.    Pot size is selected to suit the volume of soil mixture to the age 
and size of the plants to use in the drought assay. Pots with 
capacity for 500 mL of soil mixture may allow one plant per 
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pot, while larger pots (e.g., 7 L) may allow several plants (10–
15 plants). The combination of the number of plants, plant 
size, and pot capacity will also infl uence the rate of water loss 
and the duration of the drought assay. The pots should be 
placed in plastic trays (preferentially black, in order to avoid 
algae overgrowth) fi lled with water.   

   7.    Glass vials are preferable but Falcon tubes (50 ml) can also be 
used. Vials/tubes must be carefully washed with distilled water, 
in order to guarantee removal of all detergent contaminants. 
Distribute 15 ml of distilled water (the use of deionized water is 
not recommended, due to its extremely low osmolarity that can 
force electrolytes to leave non-damaged tissues as well) and close 
the vials. Use clean gloves while handling this material.   

   8.    Screening can be performed in an ordinary greenhouse. 
However, in those conditions, temperature, solar radiation, 
and relative humidity will vary during the day. Salt toxicity 
decreases with low temperature and high humidity (low tran-
spiration rates), and increase with high solar radiation inci-
dence (high transpiration rates). If screening is performed 
under variable environmental conditions, the EC level must be 
adjusted along the assay. EC is adjusted according to the salt 
 stress   response of the standards. Preferably, assays should be 
performed in growth chambers with controlled conditions.   

   9.    The type of soil mixture greatly affects the amount of water 
loss and, thus, the rate at which the plants will suffer from 
drought. Soil mixtures with a large volume of sand will dry 
quicker, but will also prevent the slower drought adaptation 
mechanisms.   

   10.    The styrofoam sheet can be drilled with a sharp 1–2 cm diam-
eter metal tube. Metal tube edge can be sharpened with sand-
paper. Alternatively, holes can be made by heating a 1–2 cm 
diameter metal tube and pressing it against the styrofoam 
sheet. Do not heat the tube excessively, or it will burn/melt 
the styrofoam. Melting styrofoam will release hazardous by- 
products and thus requires working in a ventilated area (prefer-
ably in a fume hood). Avoid enclosed, non-ventilated areas.   

   11.    Some hot glue guns melt the plastic glue at high temperatures, 
thus also melting styrofoam. Ensure that melted glue will not 
damage the styrofoam. Alternatively, the nylon net can be 
stitched to the styrofoam with nylon thread.   

   12.    Proper breaking of seed dormancy is essential for the visual 
scoring as it helps to synchronize seed germination. Genotypes 
with delayed germination will likely behave as  stress   sensitive.   

   13.    Carbendazim (methyl- 1H -benzimidazol-2-ylcarbamate) is a 
widely used, broad-spectrum, fungicide. It is used on several 
crops including  rice   for the control of a wide range of fungal 
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diseases. Carbendazim is classifi ed by the World Health 
Organisation (WHO) as unlikely to present hazard in normal 
use, but nevertheless care must be taken. Wear protective 
gloves; do not discard carbendazim residues on open water 
sources. One gram of carbendazim cannot be completely solu-
bilized in 1 L of water. Always mix carbendazim solution vig-
orously before use.   

   14.    Alternatively, seeds can be germinated in Petri dishes with moist-
ened fi lter paper and incubated at 28–30 °C (dark) for 24–48 h. 
Some genotypes may require a longer incubation period on 
moistened paper for germination. In this event, delay germina-
tion of faster genotypes for 1 or 2 days. All genotypes must be 
transferred to seed fl oating at the same developmental stage and 
time. If seeds are incubated for germination longer than 48 h, 
radicle should be inserted through the nylon net hole. This is a 
laborious process and may damage the radicle affecting  rice   salt 
 stress   tolerance. Thus, it is recommended to transfer seedlings 
with underdeveloped radicle to fl oats (Fig.  1d ).   

   15.    There is no need to use nutrient solution during  rice   seed ger-
mination, as the seed endosperm contains adequate nutrients 
to ensure normal  seedling   growth for 3–4 days.   

   16.    In case of simply scoring for visual symptoms we suggest 
screening (at least) 15 seedlings per genotype. Calculate care-
fully the amount of seeds required for the assay, depending on 
the type of analysis to be performed. Pre-germinate a larger 
amount of seeds, up to double the amount required, in order 
to guarantee selection of highly synchronized seeds.   

   17.    Keep trays with Yoshida nutrient solution to use as controls. 
Leaf material collected at this stage (just before salinization of 
the nutrient solution) for molecular or biochemical analysis is 
referred to as a control. Nevertheless, and depending on the 
extent of the salt  stress   assay and the age of the plants, the ideal 
control samples should be collected from unsalinized Yoshida- 
fi lled trays at the same time points that samples are collected 
from salt stress-treated plants.   

   18.    Initial  seedling   salinization should not be adjusted to EC = 12 
dS/m, otherwise salt-sensitive genotypes may be dead in a few 
days after salinization.   

   19.    The pH affects availability and absorption of several elements 
needed for plant growth. For  rice   nutrient solution (Yoshida), 
optimum absorption of these elements is found at pH values 
around 5.0–5.5. When pH varies ±1 from pH 5.0, some nutri-
ents may become toxic and others inaccessible. A reliable/cali-
brated pH meter is thus essential.   

   20.    It might be necessary to salinize with an EC higher than 12 
dS/m (up until EC = 18 dS/m), for instance when assessing 
molecular response. Take into consideration that the effects of 
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these higher salt  stress   impositions will refl ect a salt stress 
shock. Shorter incubation periods should be used.   

   21.    It is advisable to previously assess the development time of the 
different  rice   genotypes, as all plants should be in the same 
developmental stage (three-leaf). If necessary, adjustments 
should be made in the germination dates so that all seedlings 
are at the three-leaf stage at the start of the  stress  .   

   22.    Make sure that this transfer occurs always at the same time of the 
day, since  several   cold  stress  -responsive genes are regulated by 
 the   circadian clock [ 28 – 30 ]. We usually perform the transition 4 
h after light period initiation, as it has been shown that 
 OsDREB1A-C , key regulators of the cold  stress   response, show 
their highest level of cold-induced transcript accumulation at 
this time point [ 30 ]. Keep some  seedling   fl oats at control growth 
conditions (28 °C, 300–500 μE/m 2 /s, 70 % relative humidity), 
to use as controls. Leaf material collected at this stage (just 
before transferring to cold  stress   conditions) for molecular or 
biochemical analysis is referred to as a control. Nevertheless, and 
depending on the extent of the cold  stress   assay, the ideal con-
trol samples should be collected from seedlings grown in con-
trol growth conditions at the same time points that samples are 
collected from cold  stress  -treated seedlings.   

   23.    If the duration of the cold  stress   treatment exceeds 8 days, the 
nutrient solution should be replaced by a precooled fresh one. 
A pre-assay to determine optimum stress duration is strongly 
recommended. A very short period will result in the total sur-
vival of the seedlings whereas a too long incubation in cold 
stress conditions will lead to overall death. None of these situ-
ations will enable discrimination between cold stress-tolerant/
susceptible phenotypes. The ideal duration of the cold incuba-
tion will depend on many factors, such as particular growth 
chamber conditions, like ventilation, humidity, and light qual-
ity/intensity but also the genotypes studied or even the condi-
tions in which the seed batches were produced. In our 
experiments, we have observed signifi cantly different cold 
stress behaviors using different batches of seeds. During the 
cold treatment period plants’ growth will be nearly fully 
arrested and seedlings will gradually show increased wilting 
and some yellowing. The selection of the correct time to stop 
the cold stress treatment and start the recovery period is not 
easily determined by visual parameters. We suggest using elec-
trolyte leakage measurements to monitor the best timing to do 
it. Using the described methodology in Subheading  3.2.5  
( step 1 ), seedlings revealing electrolyte leakage above 80–90 % 
are not likely to recover from the cold stress injuries. On the 
other hand, seedlings showing electrolyte leakage below 70 % 
are likely to nearly fully recover, although they may exhibit dif-
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ferent rates of recovery, proportional to their electrolyte leak-
age values. Having this in mind, we recommend stopping the 
cold stress treatment when the test genotypes reveal (differen-
tial) electrolyte leakage values between 50 and 80 %, and the 
most susceptible genotypes (possibly the susceptible standard 
used) already reach 80–90 % of electrolyte leakage.   

   24.    Moving plants back to control conditions during the dark 
period is strongly advised, to avoid photoinhibition, which 
could have severe consequences to the plant and may mask the 
cold  stress   effects to be screened. If a specifi c procedure 
requires transfer during the light period, then it is recom-
mended to considerably reduce the light intensity (e.g., to 10 
% of the light intensity used for control growth conditions) 
during the fi rst light period and only returning to full light 
intensity (300–500 μE/m 2 /s) on the following day.   

   25.    In our experience, 1 week of recovery is enough to assess if 
seedlings have survived the cold  stress   treatment or not, 
although there might be the need to extend this period to 
photo-document the results.   

   26.    The number of replicates or the number of plants per pool will 
depend on the genetic heterogeneity of the genotypes under 
study.   

   27.    We fi nd it useful to transfer the leaf pieces (using forceps) into 
a strainer to be rinsed with distilled water.   

   28.    Measure electrical conductivity of each sample three times and 
calculate the mean.   

   29.    To disrupt plant tissues, it is possible to substitute the incuba-
tion at 80 °C by a freezing (at −20 °C)/thawing cycle.   

   30.    In some cases all the seedlings will survive the treatment, but 
different genotypes may show distinct recovery rates. In these 
cases, it would be important to assess the recovery  evolution   
process by registering new-leaf emergence rate in the 
seedlings.   

   31.    To determine the weight of dry soil in each pot, the soil mix-
ture from four or fi ve extra pots must be completely dried (0 % 
of soil water content) in a tray kept in an oven (e.g., 80 °C) 
until the weight does not change. This will allow calculating 
the weight of the dried soil mixture per pot.   

   32.    Make a hole in the soil, approximately 5 cm deep and 1 cm 
wide, and carefully transfer the  seedling   while avoiding damage 
of the root system. Accommodate the seedling without too 
much pressure. Transfer the same number of seedlings to each 
pot to allow an even water uptake among pots. Do not place 
different genotypes in the same pot to avoid adding an extra 
variable (interaction between root systems).   
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   33.    Take into consideration that the transferred  seedling   will need 
to adapt to the soil mixture for at least 5–7 days (Fig.  5 ).   

   34.    Some glasshouses or growth chambers may lead to different 
evaporation rates in different locations. It will therefore be 
necessary to make sure that differences in water loss are not 
due to different chamber locations. Thus, one must randomize 
the location of the pots with the different genotypes and 
change their position regularly, to minimize the effects of dif-
ferent evaporation zones.   

   35.    Keep some trays with water to use as controls. Leaf material 
collected at this stage (the beginning of water withholding) for 
molecular or biochemical analysis is referred to as a control. 
Nevertheless, and depending on the extent of the drought 
assay and the age of the plants, the ideal control material is col-
lected from water-fi lled trays at the same time points that sam-
ples are collected from drought-stressed plants.   

   36.    Calculating SWC is a good way of assessing the degree of stress 
imposed to the plants. SWC can be assessed by measuring the 
pot weight. After determining the soil dry weight and fi eld 
capacity (100 % of water) of the soil mixture, it is possible to 
determine the percentage of water lost in each day after water 
withholding. This allows evaluating how different genotypes 
are losing water along time and at which percentage of SWC 
the drought symptoms become visible. It is necessary to evalu-
ate the rice genotype water uptake profi le. Some genotypes 
may use more water than others and the reduction of SWC 
may differ. The percentage of SWC was calculated as 

   SWC % = [(PW − PW min )/(PW max  − PW min )] × 100 
   (PW: Pot Weight after water withholding; PW min : Pot weight 

with dry soil; PW max : Pot Weight with maximum soil water 
content)   

   37.    Plants at this drought stage (approximately 10 % of SWC) are 
severely stressed. The re-watering must be performed at the 
beginning of the dark period to avoid the over-production of 
reactive oxygen species (ROS).   

   38.    Leaf rolling is a characteristic response of  rice   plants under 
drought (also common to many other plants). When the SWC 
reaches values of 10–15 % (e.g., Nipponbare), rice leaves start 
rolling. Permanent wilting point (PWP) is known as the mini-
mal SWC that the plant stands without wilting. For practical 
reasons, we can defi ne PWP as the SWC when the fi rst rice leaf 
in a pot starts wilting. This allows determining the PWP for 
different genotypes even if they lose water differentially. 
Maintaining the SWC at the permanent wilting point for 50 % 
of the plants during a long term (10–14 days) will allow 

Diego M. Almeida et al.



181

discriminating between drought-tolerant and drought-sensi-
tive rice genotypes [ 26 ].   

   39.    When collecting leaf samples for analysis, collect them from 
the same number of plants per pot in order to avoid a differen-
tial water loss across pots.           
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    Chapter 15   

 Basic Techniques to Assess Seed Germination Responses 
to Abiotic Stress in  Arabidopsis thaliana                      

     Urszula     Piskurewicz     and     Luis     Lopez-Molina      

  Abstract 

   The model organism  Arabidopsis thaliana  has been extensively used to unmask the molecular genetic 
signaling pathways controlling seed germination in plants. In  Arabidopsis , the normal seed to seedling 
developmental transition involves testa rupture soon followed by endosperm rupture, radicle elongation, 
root hair formation, cotyledon expansion, and greening. Here we detail a number of basic procedures to 
assess  Arabidopsis  seed germination in response to different light (red and far-red pulses), temperature 
(seed thermoinhibition), and water potential (osmotic stress) environmental conditions. We also discuss 
the role of the endosperm and how its germination-repressive activity can be monitored genetically by 
means of a seed coat bedding assay. Finally we detail how to evaluate germination responses to changes in 
gibberellin (GA) and abscisic acid (ABA) levels by manipulating pharmacologically the germination 
medium.  

  Key words     Seed germination  ,   Testa rupture  ,   Endosperm rupture  ,   Seed coat bedding assay  ,   Osmotic 
stress  ,   Thermoinhibition  ,   Gibberellins  ,   Abscisic acid  

1      Introduction 

   The  appearance   of  seeds   represents a major chapter in the history 
of embryophytes. Seeds have notably favored the spread of gymno-
sperms and angiosperms. Indeed, the seed is a capsule where the 
plant embryo lies in a metabolic inert and highly protected state 
allowing the plant to travel in time and in space. Eventually, the 
plant must resume its life cycle and this is accomplished through 
the process of seed germination, a crucial developmental transition 
absolutely necessitating seed imbibition with water. 

 Abandoning the highly protected state of the seed is hazardous 
since the newly formed  seedling   is highly fragile. It is therefore 
unsurprising that mechanisms controlling seed germination have 
appeared  during   evolution. 
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 The model plant   Arabidopsis     thaliana  has been widely used 
to study seed germination in angiosperms and particularly the 
 molecular genetics of the signaling pathways controlling seed 
germination. 

 The mature   Arabidopsis    seed is the endpoint of embryogenesis 
and is composed of an external layer of maternal dead tissue, the 
testa, arising from ovular integuments. Underneath the testa lies a 
single cell layer of endosperm surrounding the mature embryo 
(Fig.  1 ). The  Arabidopsis  endosperm is a triploid tissue that is the 
result of double fertilization, which is typical of angiosperms, con-
taining two copies of the maternal genome and one copy of the 
paternal genome. The micropylar part of the seed is where the fi rst 
events of seed germination can be observed under standard germi-
nation conditions (SGC): testa rupture soon followed by micropy-
lar  endosperm rupture  , where endosperm cells detach from each 
other while the radicle tip protrudes out of the seed [ 1 ] (Fig.  2 ). 
The occurrence of this latter event is usually chosen as the criteria 
defi ning “seed germination” [ 2 ]. However, there are numerous 
developmental steps taking a mature seed towards a young  seed-
ling  . Each of those steps is expected to be under tight genetic and 
environmental control. This should be kept in mind when assess-
ing “seed germination” since the order of execution of these steps 
might be altered depending on the genetic background and envi-
ronmental conditions faced by the seed. For example,  endosperm 
rupture   can take place without prior visible testa rupture, as in the 
case of  abi5  mutants under low  GA   conditions (the so-called 
“explosive” germination,  see  Fig.  2 ) [ 3 ].

    In   Arabidopsis    several seed germination control mechanisms 
can be studied. They include seed dormancy, light-dependent seed 
germination,  osmotic stress     -dependent seed germination, and high 
temperature-dependent seed germination. Control of seed germi-
nation is an active process involving the biosynthesis of two terpe-
noid plant hormones:  abscisic acid (ABA)   and gibberellins ( GA  ). 
 ABA   ineffi ciently prevents testa rupture but effi ciently  prevents 

  Fig. 1    A schematic drawing of an   Arabidopsis    dry seed       

 

Urszula Piskurewicz and Luis Lopez-Molina



185

  endosperm rupture [ 2 ,  3 ] (Fig.  2 ). It was proposed that  ABA   
protects the plant by maintaining its embryonic state in a 
 growth- arrested form [ 4 ,  5 ]. In contrast,  GA   effi ciently promotes 
testa and  endosperm rupture  , cellular growth, and greening. 
Environmental conditions unfavorable for seed germination are 
associated with high  ABA   levels and low  GA   levels in seeds whereas 
the inverse situation is observed under favorable conditions [ 6 ,  7 ]. 

 Seed dormancy is a default property of freshly produced 
seeds where seed germination is prevented even under favorable 

  Fig. 2    Pictures represent Col-0 wild-type seeds (WT) plated on MS medium in the 
absence (MS) or presence of 5 μM  ABA   or 5 μM PAC. An  arrow  indicates testa 
and  endosperm rupture   under MS conditions.  ABA   in germination medium delays 
testa rupture and prevents  endosperm rupture  . PAC in germination medium 
blocks both testa and  endosperm rupture  . In the presence of  ABA   abi5  mutant 
seeds rupture testa earlier than wild type and are also able to rupture endo-
sperm. In the presence of PAC,  abi5  seeds rupture endosperm prior to testa 
rupture (the so-called explosive germination)       
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germination conditions [ 8 ,  9 ]. Seeds lose their dormancy after a 
period of after-ripening or after seed stratifi cation (a cold treatment 
under moist conditions) [ 10 ]. Different   Arabidopsis    accessions 
display variable levels of seed dormancy. This trait ensures that 
seeds do not germinate out of season. 

 When seeds become post-dormant, i.e. non-dormant, addi-
tional control mechanisms can be observed. Canopy light, unfa-
vorable for  photosynthesis  , is enriched in far-red (FR) light and the 
ratio of red (R) to FR light in the environment has a strong infl u-
ence on seed germination, a process involving the phytochromes A 
and B (phyA and phyB) [ 11 – 13 ]. Water potential is also perceived 
by the seed and high salinity conditions will block seed germina-
tion ( osmotic stress     ). Similarly, high temperatures are also per-
ceived by the plant and this blocks germination, a process called 
seed thermoinhibition. Here it is important to underline that newly 
post-dormant seeds, i.e., seeds newly able to germinate under 
normal conditions, will tend to be highly reactive upon exposure 
to even mildly unfavorable seed germination conditions. This must 
be taken into account when studying the germination responses of 
seeds in search for germination responses phenotypes. For exam-
ple, newly post-dormant seeds may poorly germinate in  darkness   
and even after an early R pulse followed by  darkness  . In certain 
cases, the high responsiveness of newly post-dormant seeds can 
prevent revealing even the most striking phenotypes. For example, 
the  PIF1  gene encodes a basic helix-loop-helix (bHLH) transcrip-
tion factor (TF) necessary to repress seed germination after an 
early FR pulse followed  by   darkness [ 14 ]. However, newly post- 
dormant  pif1  seeds may not only fail to germinate after an early FR 
pulse but also after an early R pulse, which strongly stimulates ger-
mination of wild-type (WT) seeds provided that they are suffi -
ciently after-ripened (UP and LLM, unpublished). Thus, the 
researcher must ensure that the conditions of the germination 
assay are carefully calibrated to maximize the chances of detecting 
alterations in seed germination responses of a given   Arabidopsis    
mutant seed. This can be accomplished by systematically including 
in the seed germination response assay WT and known mutant 
seeds to ensure that they behave with the expected germination 
responses ( see  below). 

 Recent work has provided strong support to the notion that 
the endosperm plays a central role to control seed germination. 
Previous studies had shown that the endosperm, rather than the 
testa, exerted a germination-repressive activity essential to prevent 
the germination of dormant seeds upon their imbibition [ 15 ,  16 ]. 
Lee et al. developed a “seed coat bedding assay” where dissected 
  Arabidopsis    embryos are cultured on a bed of dissected seed coats 
allowing the monitoring of their growth [ 16 ,  17 ]. This assay allows 
to genetically dissect in vitro the signaling pathways operating in 
the endosperm that regulate the growth of the embryo. In particular, it 
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could be shown that the endosperm of dormant seeds or that of 
non-dormant seeds irradiated with an FR pulse synthesizes and 
releases  ABA   towards the embryo to block its germination [ 11 ,  16 ]. 
In certain cases “explosive” germination can be observed where 
the embryo exits the enclosure of the seed coat without prior visi-
ble rupture of the testa [ 3 ,  11 ]. This further illustrates the notion 
that the endosperm exerts a germination-repressive activity that 
may be overcome by the embryo under particular genetic or envi-
ronmental germination conditions. 

 Here we detail a number of basic procedures to assess germi-
nation responses of   Arabidopsis     thaliana  seeds.  

2    Materials 

     1.    Murashige and Skoog basal medium (MS medium): 4.3 g/L 
MS basal salt mixture (Sigma), 0.5 g/L 2-( N -morpholino)eth-
anesulfonic acid (MES) (Sigma), 0.8 % (w/v) agar, pH 5.7.   

   2.    Seeds sterilization solution: 30 % commercial bleach (bleach: 
2.5 % sodium hypochlorite), 0.05 % Tween.      

3    Methods 

    Under standard  growth   conditions (22–24 °C, 100 μmol/m 2 /s, 
16-h/8-h day/night  photoperiod  , 70 % relative humidity (RH)), 
dry siliques are obtained ∼8 weeks after planting. Depending on 
the ecotype, freshly harvested seeds will exhibit different levels of 
dormancy. Here we describe how to assess the germination of 
wild- type (WT) seeds of the Col-0 ecotype 2 weeks after seed 
harvesting since they display weak dormancy. Seed responses to 
abiotic  stress   after stratifi cation are described in Subheading  4 . 
Seed storage at 4 °C markedly optimizes seed viability over time. 

          1.    Prepare fresh seed sterilization solution.   
   2.    Incubate ∼20–50 μL of seeds in microcentrifuge tube with 

seed sterilization solution for 10 min at room temperature 
with occasional shaking ( see   Note 1 ).   

   3.    Shortly spin down sterilized seeds or wait for a few seconds 
until they settle down at the bottom of the tube.   

   4.    Thoroughly remove supernatant.   
   5.    Rinse seeds three times with sterile water under laminar fl ow 

hood. The volume of water should exceed the volume of seeds 
at least fi vefold to ensure appropriate removal of all traces of 
sterilization solution.   

3.1  Assessing Seed 
Germination 
under Abiotic Stress

3.1.1  Surface 
Sterilization of Seeds 
with Bleach

Basic Techniques to Assess Seed Germination Responses to Abiotic Stress…
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   6.    After third rinse leave 200 μl of sterile water in microcentrifuge 
tube.   

   7.    Use a 1 ml micropipette tip to resuspend seeds and immedi-
ately transfer seeds onto the surface of the germination 
medium.      

          1.    Add 70 % ethanol to ∼20–50 μL of dry seeds, resuspend them 
well so that each seed is in direct contact with ethanol, and 
incubate them for 30 s.   

   2.    Shortly spin down sterilized seeds or wait for a few seconds 
until they settle down at the bottom of the tube.   

   3.    Remove supernatant and add 100 % ethanol.   
   4.    Use a 1 ml micropipette tip to resuspend seeds and immedi-

ately plate seeds onto the surface of a sterile fi lter paper and 
wait until ethanol evaporates.   

   5.    Transfer seeds one by one on germination medium ( see   Note 2 ) 
by touching them with the tip of a sterile toothpick. Wetting 
the tip with sterile water facilitates this procedure.   

   6.    Alternatively, after removing 70 % ethanol, add 1 ml of sterile 
water to the seeds and incubate them for 10 min. Spin down 
the seeds and remove the supernatant. Rinse seeds three times 
with sterile water. After the third rinse resuspend seeds in 200 
μl of sterile water and transfer them onto the surface of the 
germination medium using a 1 ml micropipette tip.      

         1.    Prepare MS medium plate.   
   2.    Surface-sterilize seeds ( see  Subheading  3.1.1  or  3.1.2 ).   
   3.    Plate between 100 and 300 seeds onto MS medium.   
   4.    If necessary aspirate the excess water surrounding the seeds. 

Further leave the plate containing the seeds uncovered in the 
laminar fl ow cabinet until all water surrounding the seeds is 
dried out.   

   5.    Place plates in growth chambers under standard growth con-
ditions (22–24 °C, 100 μmol/m 2 /s, 16-h/8-h day/light 
photoperiod).   

   6.    20 h after seed plating, start taking pictures every 6–8 h using 
a stereomicroscope coupled to a digital camera.   

   7.    Enlarge electronically photographs and count testa and endo-
sperm rupture events at different times after seed plating.     

 For statistical accuracy a minimum of three independently 
grown seed batches are necessary to assess differences in seed 
germination ( see   Note 3 ). 

 An example of testa and endosperm rupture frequency over 
time of Col-0 wild-type seeds is presented in Fig.  3 .

3.1.2  Surface 
Sterilization of Seeds 
with Ethanol

3.1.3  Assessing Testa 
and  Endosperm Rupture   
under Standard 
Germination Condition
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      Assess testa and endosperm rupture on MS medium supplemented 
with NaCl at concentrations ranging from 100 to 300 mM or with 
mannitol at concentrations ranging from 300 to 600 mM. Under 
such conditions, testa rupture is delayed when compared to stan-
dard germination conditions and endosperm rupture is either dras-
tically delayed (by concentrations of NaCl and mannitol ranging 
from 100 mM to 150 mM and from 300 mM to 400 mM man-
nitol, respectively) or completely blocked (NaCl and mannitol 
concentrations greater than 200 mM and 500 mM, respectively). 

  Osmotic stress      inhibits seed germination by triggering endog-
enous synthesis of ABA. As expected, supplementing germination 
medium with ABA prevents germination in a similar manner as 
osmotic stress; that is, testa rupture is delayed while  endosperm 
rupture   is blocked. This treatment is thus considered to mimic an 
osmotic stress upon seed imbibition. To mimic osmotic stress, 
ABA concentrations in the medium should be between 2 and 5 μM 
to prevent endosperm rupture and between 20 and 200 μM to 
delay testa rupture ( see  Figs.  2  and  3 ). 

 Several   Arabidopsis    mutants display testa and  endosperm rup-
ture   responses that are insensitive to  osmotic stress      upon seed 
imbibition. We use  abi5  as a reference for weaker germination 
responses to osmotic stress [ 4 ,  18 ,  19 ] ( abi5  ruptures testa faster 
than wild type  under   osmotic stress and ruptures endosperm while 
wild type does not) ( see  Fig.  2 ).  

        1.    Prepare two MS medium plates.   
   2.    Surface sterilize seeds ( see  Subheading  3.1.1  or  3.1.2 ).   
   3.    Plate between 100 and 300 seeds onto two MS medium plates.   

3.1.4  Assessing Testa 
and  Endosperm Rupture   
under  Osmotic Stress   
Conditions

3.1.5  Assessing Testa 
and  Endosperm Rupture   
under Canopy Light
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  Fig. 3    Curves represent frequency of testa and endosperm (End.) rupture events of Col-0 wild-type (WT) seeds 
plated onto MS medium in the absence (SGC) or presence of  ABA   (ABA). For testa rupture inhibition high con-
centration of  ABA   was used (25 μM) whereas for  endosperm rupture   inhibition low (2 μM) and high (25 μM) 
concentrations of  ABA   were used       
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   4.    If necessary aspirate the excess water surrounding the seeds. 
Further leave the plate containing the seeds uncovered in the 
laminar fl ow cabinet until all water surrounding the seeds is 
dried out.   

   5.    One hour after plating seeds onto MS medium transfer the 
plates to a dark room. Illuminate one plate with far-red light 
(FR) of intensity of 3.2–5 μmol/m 2 /s for 5 min ( see   Note 4 ). 
As a control for light-induced germination, illuminate the 
second plate fi rst with FR pulse of 5 min (3.2 μmol/m 2 /s) and 
then immediately illuminate the same plate with red (R) light 
(20 μmol/m 2 /s) for 5 min.   

   6.    Wrap MS medium plates in aluminum foil ensuring that day 
light is not penetrating into the plates and incubate plates in a 
growth chamber under normal germination conditions.   

   7.    Unwrap the plates after 3–5 days to assess germination events.     

 Wild-type Col-0 seeds treated with an FR pulse do not germi-
nate even after 5 days after the treatment. In contrast, an FR pulse 
immediately followed by an R pulse leads to high germination 
rates. It is important to remind here that fresh seeds will tend to 
poorly germinate under these unfavorable germination conditions, 
even in response to an R  light pulse  .  pif1  mutant seeds can be used 
as a positive control for germination after an FR pulse [ 14 ,  20 ] 
( pif1  ruptures testa 24 h after FR illumination and ruptures endo-
sperm 3 days after FR illumination) ( see   Notes 4  and  5 ). 

 FR inhibits seed germination by inhibiting  GA   synthesis. 
Therefore, supplementing the germination media with paclobutra-
zol (PAC), an inhibitor of  GA   biosynthesis, causes a germination 
arrest similar to that observed after an FR pulse (i.e., testa and 
 endosperm rupture   blockade). PAC concentrations in the medium 
should be between 5 and 20 μM to ensure complete seed germina-
tion arrest ( see  Fig.  2 ). A more detailed discussion about the use of 
PAC can be found in the supplementary Fig. 10 of Piskurewicz 
et al. 2009 [ 20 ]. Indeed, at high concentrations, PAC may inter-
fere with  ABA   biosynthesis [ 21 ].  

   Same as Subheading  3.1.3  but MS medium plates incubated at 
temperatures ranging from 26 to 36 °C ( see   Note 6 ).    

            1.     Plate  seeds   under SGC ( see  Subheading  3.1.3 ).   
   2.    Collect ∼200 μL of imbibed seeds every 8–12 h after seed plat-

ing. Alternatively, at each time point seeds can be dissected so 
as to separate embryos and seed coats ( see  Subheading  3.3 ). 
Freeze seeds or dissected seed material in liquid nitrogen and 
store at −80 °C until use.   

   3.    Isolate RNA from collected seed material [ 22 ,  23 ].   
   4.    Synthesize cDNA using 0.5–2 μg of total RNA.   

3.1.6  Assessing Testa 
and  Endosperm Rupture   
under High Temperatures

3.2  Molecular 
Genetic Assessment 
of Seed Germination 
under Abiotic Stress

3.2.1  Molecular Markers 
to Assess Germination 
under Standard 
Germination Conditions
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   5.    Analyze  gene expression   by qPCR ( see   Note 7 ). Genes 
positively correlated with seed germination include 
 GA20ox1  (AT4G25420),  GA20ox2  (AT5G51810),  GA20ox3  
(AT5G07200),  GA3ox1  (AT1G15550),  GA3ox2  
(AT1G80340),  CYP707A1  (AT4G19230), and  CYP707A2  
(AT2G29090), while the expression of the following genes 
is negatively correlated with seed germination:  GA2ox1  
(AT1G78440),  GA2ox2  (AT1G30040),  RGL2  (AT3G03450), 
 NCED6  (AT3G24220),  NCED9  (AT1G78390),  ABI5  
(AT2G36270),  ABI3  (AT3G24650), and  ABI4  (AT2G40220).      

   Same as Subheading  3.2.1  but seeds are plated on plates that are 
supplemented with NaCl, mannitol, or  ABA  . For a precise charac-
terization of seed responses to osmotic  stress   we recommend to 
isolate RNA separately from embryo and from the seed coat. 
A minimum of 200 seeds, embryos, or seed coats are necessary to 
isolate enough RNA for expression analysis ( see   Notes 7  and  8 ).  

   Same as Subheading  3.2.1  but seeds are illuminated with FR and R 
light as described in Subheading  3.1.5 . 

 Additionally, the expression of  PIF1  (AT2G20180) and  RGL2  
(AT3G03450) in the seed coat and that of  SOM  (AT1G03790), 
 GAI  (AT1G14920), and  RGA  (AT2G01570) in the embryo posi-
tively correlate with germination arrest ( see   Note 7 ) [ 11 ].  

   Same as Subheading  3.2.1  but seeds plated onto MS medium are 
placed at high temperature. 

 Additionally, the expression of  NCED5  (AT1G30100) and 
 NCED9  (AT1G78390) in both the seed coat and embryo posi-
tively correlates with germination arrest under high temperatures 
( see   Note 7 ) [ 24 ].    

    The seed coat bedding assay (SCBA) is an in vitro procedure where 
dissected embryos are cultured on a layer of dissected seed coats 
[ 11 ,  16 ,  17 ]. The SCBA allows following the growth of the 
embryos under the infl uence of the underlying layer of endosperm. 
Seed coat and embryonic material of different ages or genetic 
background can be used to dissect the genetic pathways operating 
in the endosperm and embryo controlling seed germination. This 
procedure was used successfully in the context of seed dormancy 
and control of seed germination by R and FR pulses [ 11 ,  16 ]. We 
previously described in detail how to assemble an SCBA [ 17 ]. 
However for the sake of completeness of this chapter we provide 
here the essential steps of the protocol.

    1.    Prepare three MS medium plates. Place a sterile 0.45 μm pore 
size nylon mesh on the plate on which seeds will be plated.   

3.2.2  Molecular Markers 
to Assess Germination 
under    Osmotic Stress

3.2.3  Molecular Markers 
to Assess Germination 
under Canopy Light

3.2.4  Molecular Markers 
to Assess Germination 
under High Temperature

3.3  Seed Coat 
Bedding Assay
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   2.    Surface sterilize seeds using seed sterilization solution or using 
70 % ethanol followed by immediate water imbibition ( see  
Subheading  3.1.1  or  3.1.2 ).   

   3.    Plate between 100 and 300 sterile seeds on the surface of the 
nylon mesh prepared as described above.   

   4.    Aspirate the excess water surrounding the seeds. Leave the 
plate and seeds uncovered in the laminar fl ow cabinet until all 
water surrounding the seeds is dried out.   

   5.    Close the plate and incubate seeds for 4 h under standard ger-
mination conditions (22–24 °C, 100 μmol/m 2 /s, 16-h/8-h 
day/light  photoperiod  ). It is possible to leave the closed plates 
for 4 h in the laminar fl ow hood.   

   6.    Place a stereomicroscope inside the hood.   
   7.    Take a new MS medium plate. Place two juxtaposed, rectangu-

lar, autoclaved Whatman 3 MM papers onto the surface of the 
medium.   

   8.    Using a pair of sterile blunt tip Dumont #5 forceps transfer the 
nylon mesh with the seeds onto the Whatman 3MM papers.   

   9.    Using a 29 G insulin syringe needle tip, cut the seed coat along 
the longest semi-principal axis as close as possible to the loca-
tion where the cotyledons are joined to the radicle ( see  Fig.  4a ).

       10.    Using the forceps push the seed against the paper, applying 
gentle pressure on the side of the radicle tip to release the 
embryo from the seed coat ( see  Fig.  4a ).   

   11.    Carefully isolate at least 100–150 embryos from their seed 
coats. Make sure that embryos do not get damaged during the 
procedure.   

   12.    To assemble the SCBA place a 3.5 × 5 cm piece of sterile nylon 
mesh onto a fresh MS medium plate.   

   13.    Transfer the dissected embryos and seed coats onto the nylon 
mesh.   

   14.    Using forceps and syringe assemble a single layer of at least 
100–150 seed coats, making sure that the coats are in as close 
proximity as possible and the openings in the seed coats are 
facing up.   

   15.    Place 10–20 embryos in a single, circular layer on the center of 
the seed coat bed, ensuring that the embryos are in as close 
proximity as possible (Fig.  4b, c ).   

   16.    Incubate the seed coat bedding assays under standard germi-
nation conditions or any suitable environmental condition 
(see  Note 9 ).    

  Following this procedure, other methods such as the analysis of 
gene expression from seed coats and embryos cultured in the con-
text of the SCBA can be performed ( see   Note 7 ).   
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4     Notes 

     1.    After adding seed sterilization solution to dry seeds, the seed 
mucilage is released, which increases the volume containing 
the seeds. The sterilization solution should exceed the volume 
of dry seeds by at least tenfold to ensure good contact of seeds 
with sterilization buffer.   

   2.    Germination frequency curves presented in this chapter 
(Fig.  3 ) show germination dynamics of seeds that were surface 
sterilized using bleach solution. Seed sterilization with ethanol 
results in slight delay of germination when compared to seeds 
sterilized with bleach solution.   

   3.    All seeds whose germination is assessed and compared have to 
be harvested on the same day from plants grown side by side 
(i.e., in identical environmental conditions) and stored in the 
same conditions for the same period of time.   

   4.    Depending on the dormancy levels, seeds differ in responses to 
R and FR light. For example freshly harvested (i.e., dormant) 

  Fig. 4    ( a ) Procedure for   Arabidopsis    seed dissection.  Dashed red line  indicates 
the location where the seed coat is cut with a needle. The embryo is gently 
squeezed out of the seed coat enclosure by gently pressing with forceps as 
depicted. ( b ) A drawing showing an assembled seed coat bedding assay. Coat-
less dissected embryos are cultured on a bed of seed coats resting on a nylon 
fi lter that is lying on a germination (agar) medium. ( c ) A picture of an assembled 
seed coat bedding assay       
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seeds of a  pif1  mutant do not germinate after a 5-min pulse of 
FR light at intensity of 3.2 μmol/m 2 /s. Those seeds are able to 
germinate only when either the length or the intensity of the 
FR  light pulse   is markedly decreased (for example FR pulse of 
intensity 3.2 μmol/m 2 /s can be decreased to 30 s and still 
repress germination of fresh wild-type seeds). However, after 
few weeks of after-ripening, non-dormant  pif1  seeds germinate 
after a 5-min pulse of FR light at intensity of 3.2 μmol/m 2 /s. 
Similarly, after a stratifi cation (i.e., dormancy breaking by 
imbibing seeds in 4 °C for 3 days) wild-type seeds become 
insensitive to FR illumination and germinate after a pulse of 
5 min of FR light at intensity of 3.2 μmol/m 2 /s. Similarly, 
fresh seeds of Col-0 ecotype fail to germinate after a 5-min 
pulse of R light (20 μmol/m 2 /s) unless the intensity or the 
duration of the R pulse is increased. Similar trends in seed 
germination responses can be observed when using PAC treat-
ments (i.e., hypersensitive seed germination arrest in fresh 
seeds versus older seeds in response to PAC).   

   5.    Dormancy of seeds is affected by the environmental conditions 
faced by the mother plant at the time of seed maturation. Seeds 
that are produced by plants grown at low temperatures (10–15 
°C) are very dormant in all ecotypes tested in our laboratory, 
including Col-0 and Ler ecotypes [ 25 ].   

   6.    Dormancy levels of seeds determine the strength of their seed 
thermoinhibition responses. Prolonged after-ripening renders 
seeds less responsive to high temperature-dependent seed ger-
mination inhibition. Thus, higher temperatures are needed to 
arrest the germination of after-ripened wild-type seeds.   

   7.    When studying endosperm- or embryo-specifi c  gene expres-
sion  , it is advisable to ensure that no cross contamination has 
taken place during seed dissection. This can be done by moni-
toring the expression of  EPR1  (AT2G27380), a gene specifi -
cally expressed in the seed coat, and that of ABI4 (AT2G40220), 
a gene specifi cally expressed in the embryo [ 11 ,  26 – 28 ].   

   8.    Under  osmotic stress      wild-type seeds display high  ABI3  expres-
sion in both the embryo and the seed coat, high  ABI5  expres-
sion levels in the embryo and in the micropylar endosperm, 
and high  ABI4  expression specifi cally in the embryo [ 27 ].   

   9.     ga1  and  ga1 / rgl2  mutant seeds can be used as controls to 
assess whether the SCBA has been properly assembled [ 17 ]. 
  Arabidopsis     ga1  mutant seeds (unable to synthesize  gibberel-
lins  ) cannot germinate even 120 h after seed imbibition under 
standard germination conditions. However, when seed coats 
are removed from  ga1  seeds, the embryonic growth and green-
ing can be observed as early as 24 h after removal of the seed 
coat. When the dissected embryos of  ga1  mutant seeds are 
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cultured on a bed of  ga1  seed coats, the greening and growth 
of  ga1  embryos are prevented. However, when  ga1  embryos 
are cultured on a bed of  ga1 / rgl2  double-mutant seed coats, 
the growth and greening of  ga1  embryos are not inhibited. 
This experiment shows that the activity of endosperm to 
repress the growth of  ga1  embryo necessitates functional 
RGL2 in the seed coat.           
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    Chapter 16   

 Assessing Tolerance to Heavy-Metal Stress in  Arabidopsis 
thaliana  Seedlings                     

     Estelle     Remy     and     Paula     Duque      

  Abstract 

   Heavy-metal soil contamination is one of the major abiotic stress factors that, by negatively affecting plant 
growth and development, severely limit agricultural productivity worldwide. Plants have evolved various 
tolerance and detoxifi cation strategies in order to cope with heavy-metal toxicity while ensuring adequate 
supply of essential micronutrients at the whole-plant as well as cellular levels. Genetic studies in the model 
plant  Arabidopsis thaliana  have been instrumental in elucidating such mechanisms. The root assay consti-
tutes a very powerful and simple method to assess heavy-metal stress tolerance in  Arabidopsis  seedlings. It 
allows the simultaneous determination of all the standard growth parameters affected by heavy-metal stress 
(primary root elongation, lateral root development, shoot biomass, and chlorophyll content) in a single 
experiment. Additionally, this protocol emphasizes the tips and tricks that become particularly useful when 
quantifying subtle alterations in tolerance to a given heavy-metal stress, when simultaneously pursuing a 
large number of plant lines, or when testing sensitivity to a wide range of heavy metals for a single line.  

  Key words      Arabidopsis thaliana   ,   Chlorophyll content  ,   Heavy-metal stress tolerance  ,   Lateral root 
development  ,   Primary root elongation  ,   Root assay  ,   Seedlings  ,   Shoot biomass  

1       Introduction 

  As sessile  organisms  , terrestrial plants need to acquire their nutri-
ents from the soil solution and therefore their growth and develop-
ment largely rely on the soil mineral status. One of the most 
pervasive causes of loss of crop productivity worldwide is the con-
tamination of arable land with heavy metals. Heavy-metal soil con-
tamination as a result of anthropogenic activities occurs in many 
regions of the world and, depending on environmental as well as 
societal factors, may pose health risks to both humans and animals 
when accumulating in food crops. Given the modern agricultural 
context, the impact that this unfavorable soil condition exerts on 
crop yields will grow to paramount importance in the years to 
come. Thus, the elucidation of the physiological and molecular 
mechanisms underlying plant heavy-metal  stress    tolerance   will be 
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crucial for the use of biotechnology to reclaim farmlands lost to 
agriculture as well as in phytoremediation strategies—i.e., the use 
of plants to decontaminate polluted environments—and has been 
the subject of intense research in the plant biology fi eld [ 1 ,  2 ]. 

 Heavy metals—i.e., in a broad sense, potentially toxic metallic 
elements—such as zinc (Zn), copper (Cu), or iron (Fe) among 
others are essential for plant development as they serve as catalytic 
cofactors or structural motifs in numerous enzymes and other pro-
teins assuming a key role in many basic metabolic processes. 
Nonetheless, these micronutrients become potentially toxic when 
present in excess. Conversely, nonessential heavy metals, such as 
cadmium (Cd), arsenate (As), or cesium (Cs) constitute toxic ele-
ments that can adversely affect plant growth even when present in 
trace amounts in the soil solution. Depending on the chemical and 
physical properties of the heavy metal in question, heavy-metal 
toxicity mainly occurs as a result of a propensity to inactivate cru-
cial proteins through blocking of functional groups—the case of 
Cd and lead (Pb)—or through displacement of essential metal ions 
from their site of action—the case of Zn—as well as a result of the 
ability to disturb cellular homeostasis of other essential elements—
the case of As and Cs—or to induce oxidative  stress   through the 
generation of reactive oxygen species (ROS)—the case of Cu and 
Fe [ 3 ]. 

 To deal with these opposing effects and adjust to environmen-
tal fl uctuations in their availability, plants have developed a sophis-
ticated and tightly controlled homeostatic network aimed at 
ensuring an adequate supply of crucial oligo-elements while pre-
venting the toxic buildup of both essential and nonessential heavy 
metals at the cellular and whole-plant levels [ 4 ]. Heavy metals are 
primarily acquired from the soil solution as ions, which once 
absorbed into the root epidermis move mostly symplastically 
through the adjacent cell layers to reach the central stele. After 
secretion into the stellar apoplast followed by active loading into 
the xylem vessels, heavy metals are translocated to the shoot via 
root pressure and the transpirational stream and subsequently 
transferred to the phloem sap before allocation to aerial organs. 
Plants adapt to essential heavy-metal shortage supply prevalently 
by activating cellular heavy-metal uptake systems particularly at the 
root-soil interface [ 5 ]. At the whole-plant level, tolerance to heavy- 
metal excess is achieved mainly through reduced uptake at the root 
soil interface and through the rearrangement of its tissue partition-
ing via enhanced sequestration in leaves, whereas within the root 
both immobilization in the outer cell layers and exclusion from the 
epidermis contribute to limit heavy-metal entry into the root sym-
plasm. At the cellular level, such mechanisms are primarily intended 
to restrict the cytosolic accumulation of free heavy metal, mainly 
though extrusion in the apoplasm, chelation with specifi c ligands, 
and/or vacuolar compartmentalization [ 6 – 8 ]. 
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 Deciphering the steps in plant heavy-metal  stress    tolerance   
and identifying the genetic determinants mediating heavy-metal 
uptake, translocation, chelation, and detoxifi cation largely benefi t 
from molecular genetic studies in the plant model   Arabidopsis     
 thaliana   . In the presence of excessive amounts of a given heavy 
metal,  Arabidopsis  seedlings develop pleiotropic toxicity symp-
toms, generally including shoot growth retardation, leaf chlorosis, 
and remodeling of the root system architecture, i.e., inhibition of 
primary root elongation and altered  lateral root development  . 
The easiest and most commonly employed method to reliably 
appraise the extent of damage caused by heavy-metal stress in 
 Arabidopsis  seedlings remains the root assay [ 9 ,  10 ], which was 
initially adapted to heavy-metal susceptibility assessment by 
Howden and Cobbett in 1992 [ 11 ]. Root growth can be rapidly 
scored, and the assay requires relatively little specifi c equipment, 
providing both qualitative and quantitative data. It typically 
involves vertically oriented growth of seedlings on solid media 
imposing or not a given rhizotoxic stress and scoring followed by 
comparison of primary root elongation in exposed versus non- 
exposed seedlings. Such an experiment can at fi rst seem quite 
straightforward but often turns out to be rather challenging to 
interpret, in particular when a large number of lines of interest 
must be simultaneously compared, when a wide range of heavy 
metals has to be tested, or when subtle alterations between 
genotypes need to be reproducibly quantifi ed. In addition, most 
of the reports using this assay focus merely on primary root elon-
gation and disregard evaluation of other susceptibility indicators, 
such as shoot growth,  photosynthesis   performance, or  lateral root 
development  . This chapter does not aim solely at describing the 
root assay itself but rather to provide a precise practical application 
of the method, which is particularly helpful to accurately and fully 
evaluate  Arabidopsis   heavy-metal stress tolerance   by measuring all 
standard phenotypic parameters in a single experiment. Using this 
combined approach, we were able to assign a role in ion rhizotox-
icity tolerance to three  Arabidopsis  transporters from the Major 
Facilitator Superfamily. In particular, we reported that Pht1;9 
function confers oversensitivity to As [ 12 ], while activity of the 
ZIF2 and ZIFL2 carriers promotes tolerance to Zn and Cs toxic-
ity, respectively [ 13 ,  14 ].  

2     Materials 

       1.    Good-viability   Arabidopsis    seeds of the appropriate genotypes 
along with seeds of the corresponding wild type(s).   

   2.    Seeds of previously reported tolerant and/or sensitive heavy- 
metal  stress   lines may also be used as controls ( see   Note 1 ).      

2.1   Plant Material
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       1.    Murashige and Skoog (MS) [ 15 ] medium (or equivalent) 
freshly prepared before use: 1× MS basal salt mix, supple-
mented with 0.1 g  l  −1  myo -inositol and 0.5 g  l  −1  2-( N -morpholino)
ethanesulfonic acid (MES), pH adjusted to 5.7 with KOH 1 
M, solidifi ed with 0.8 % ultrapure agar and autoclaved ( see  
 Note 2 ).   

   2.    Sterilization solution freshly prepared before use: 50 % [v/v] 
sodium hypochlorite and 0.02 % [v/v] Triton X-100 in sterile 
distilled water.   

   3.    Appropriate antibiotics for  seedling   selection when mutant or 
transgenic seed batches are not derived from homozygous 
plants.   

   4.    Stock solutions of the heavy metals to be tested (Table  1 ).

              1.    Eppendorf tubes (1.5 and 2 ml).   
   2.    Fine forceps.   
   3.    Square Petri dishes (11.5 cm).   
   4.    Razor blades.   
   5.    Micropore tape (3 M).      

       1.    A climate-controlled growth cabinet set to long-day (16-h 
light, 22 °C/8-h dark, 18 °C) or under continuous light (20-h 
light, 22 °C/4-h dark, 18 °C) conditions with 60 % relative 
humidity and cool-white light (~100–120 μmol m −2  s −1 ).   

   2.    Space at 4 °C (room or fridge).   
   3.    Laminar fl ow chamber.   
   4.    Fume hood.       

3      Methods 

 The pipeline of the whole process is presented in Fig.  1 .

     1.    Under sterile conditions, prepare square Petri dishes contain-
ing equivalent amounts of control MS medium or selective 
MS medium in case seed selection is required. Allow the plates 
to dry before closing them in order to avoid any condensation 
on the lid.   

   2.    Surface-sterilize the seeds by incubating them for 10 min in 
sterilization solution (in Eppendorf tubes) under constant and 
vigorous shaking followed by four rinses with sterile distilled 
water.   

   3.    Under sterile conditions, immediately spread evenly the seeds 
with the help of a tip onto the appropriate control plates ( see  
 Note 3 ) in 1–4 rows starting 1.5 cm from the top of the plate 
without spacing between the seeds ( see   Note 4 ). Allow the 
plates to dry until the water containing the seeds has totally 

2.2  Reagents 
and Solutions

2.3   Consumables

2.4   Equipment
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evaporated. Seal the plates using Micropore tape and wrap 
them together in aluminum foil ( see   Note 5 ).   

   4.    Incubate the plates vertically ( see   Note 6 ) at 4 °C for 3 days to 
break seed dormancy.   

   5.    After stratifi cation, remove the aluminum foil and incubate 
the plates vertically ( see   Note 7 ) in the controlled-growth cab-
inet. Let the seeds germinate and the seedlings grow until root 
lengths reach roughly 1.0–1.2 cm (maximum 1.5 cm). In our 
hands, this corresponds to about 4–6 days depending on the 
light conditions.   

    Table 1  
  Heavy-metal stock solutions and concentrations to test for the root assay in the Columbia (Col-0) 
ecotype  of     Arabidopsis     thaliana    

 Heavy 
metal  Cation  Compound 

 Stock solution  Range 

 Concentration  Preparation 

 Aluminum  Al 3+   AlCl 3   0.1 M  0.4 g in 30 ml H 2 O  0.5, 0.75, 1, 1.5, 2 
mM 

 Arsenate  AsO 4  3-   NaH 2 AsO 4   500 mM  0.82 g in 10 ml H 2 O  100, 200, 300, 
400, 500 μM 

 Cadmium  Cd 2+   CdCl 2   30 mM  55 mg in 10 ml H 2 O  10, 25, 50, 75, 
100 μM 

 Cobalt  Co 2+   CoCl 2 .6H 2 O  100 mM  0.238 g in 10 ml H 2 O  25, 50, 75, 100, 
150 μM 

 Copper  Cu 2+   CuCl 2   30 mM  51.1 mg in 10 ml H 2 O  25, 50, 75, 100, 
150 μM 

 Iron  Fe 2+   FeSO4  0.1 M  0.278 g in 10 ml H 2 O  0.25 mM 

 Lithium  Li 2+   LiCl 2   5 M  in 10 ml H 2 O  5, 10, 12.5, 15, 20 
mM 

 Manganese  Mn 2+   MnCl 2 .4H 2 O  0.5 M  0.99 g in 10 ml H 2 O  1, 1.5, 2, 2.5, 3 
mM 

 Nickel  Ni 2+   Ni Cl 2 .6H 2 O  100 mM  0.238 g in 10 ml H 2 O  50, 75, 100, 150, 
200 μM 

 Lead  Pb 2+   N 2 O 6 Pb  0.5 M  1.66 g in 9 ml 
H 2 O + 1 ml HNO 3  

 0.1, 0.25, 0.5, 
0.75, 1 mM 

 Cesium  Cs +   CsCl  5 M  8.42 g in 10 ml H 2 O  1, 2, 3, 4, 5 mM 

 Thallium  Tl 3+   TlCl 3   0.33 M  3.1 g in 5 ml HCl 37 
% + 25 ml H 2 O 

 2.5, 5, 10, 15, 20 
μM 

 Zinc  Zn 2+   ZnSO 4 .7H 2 O  100 mM  0.288 g in 10 ml H 2 O  100, 250, 500, 
750, 1000 μM 

  All heavy-metal stock solutions are prepared with sterile distilled water  
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  Fig. 1    Overview of the protocol. Steps are referred to according to Subheading  3 .  Step 1 , preparation of the 
plates;  Step 2 , surface-sterilization of the seeds;  Step 3 , sowing of the seeds on control medium;  Step 4 , strati-
fi cation of the seeds;  Step 5 , germination and synchronized growth of the seedlings;  Step 6 , visual inspection 
of the plates;  Step 7 , preparation of the heavy-metal  stress   and control plates;  Step 8 , transfer and growth of 
the seedlings;  Step 9 , scoring of primary root growth elongation;  Step 10 , scoring of  lateral root development  ; 
 Step 11 , scoring of shoot biomass and  chlorophyll content  ;  Step 12 , analysis of the data       
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   6.    At this point, careful visual inspection of all plates is essential 
to ensure that the predefi ned experiment design is still feasi-
ble. First, it is crucial to ensure that the number of seedlings 
capable of being transferred is suffi cient: seedlings of all the 
genotypes to be concomitantly tested must be at the same 
developmental stage, in particular with roots of similar length 
(less than 0.2 cm variation), and the plates must be free of 
fungal or bacterial contaminations. We typically transfer 16 
seedlings per genotype per condition onto two different plates, 
each accommodating two genotypes in parallel, i.e., two sets 
of eight seedlings. The appropriate controls should not be for-
gotten, i.e., transfer also of (1) each genotype to a control 
plate to ensure that the phenotypic parameters to be measured 
are not altered under control conditions (and later normalize 
heavy-metal  stress   effects), and (2) seedlings from the wild- 
type background to each of the analyzed conditions. For stud-
ies where a single mutant or transgenic line is being compared 
to the corresponding wild type, the easiest way to ensure a 
valid comparison is to grow the wild-type seedlings on the 
same plate as the genotype under evaluation in order to avoid 
any effects of plate-to-plate variability. Alternatively, when a 
relatively high number of distinct genotypes in the same back-
ground need to be tested, 2–3 repetitions of wild-type  seed-
ling   transfer in between the genotypes of interest may be 
acceptable to avoid extensive measurements.   

   7.    Prepare square Petri dishes containing equivalent amounts of 
control MS medium and MS medium supplemented with the 
heavy metal(s) to be tested. Allow the plates to dry completely 
before closing them to avoid any condensation on the lid. 
Heavy-metal-containing medium can be easily prepared by 
incorporating an appropriate amount of heavy-metal stock 
solution into previously autoclaved medium ( see   Note 8 ). The 
concentrations of the different heavy metals that we routinely 
test for the   Arabidopsis    ecotype Columbia (Col-0) are described 
in Table  1 , but the appropriate concentrations should be 
empirically established depending on the accessions employed 
and the nature of the lines to be analyzed (tolerant or sensitive 
when compared to wild type). For a fi rst screen, it is recom-
mended to test a full range of heavy-metal concentrations.   

   8.    Under sterile conditions, gently transfer seedlings using regu-
larly disinfected forceps to the new plates by carefully allowing 
the root tip to touch the medium and, at an angle of approxi-
mately 30°, delicately sliding the root over the medium sur-
face until the hypocotyl-root junction reaches a line drawn at 
1.5 cm from the top of the plate. This way, the roots will be 
straight and contact with the medium surface will be maxi-
mized ( see   Note 9 ). Maintain a regular spacing between the 
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seedlings. When the transfer is fi nalized, seal the plates, mark 
the position of the root tips directly on the bottom of the 
plate, and incubate plates vertically in the controlled-growth 
cabinet with roots pointing downward ( see   Note 10 ).   

   9.    After approximately 7 days ( see   Note 11 ) of growth on new 
media, primary root elongation can be scored by marking the 
new position of the primary root tips ( see   Note 12 ).   

   10.    After a further incubation period, i.e., just before the longest 
root of one genotype reaches the bottom of the plate,  lateral 
root development   can be recorded by fi rst marking the new 
position of the primary root tips and then scanning the plates 
from their bottom side ( see   Note 13 ).   

   11.    Immediately following scanning or after a further incubation 
period in the control-growth cabinet ( see   Note 11 ), seedlings 
can be assessed concomitantly for shoot biomass and  chloro-
phyll content  . Shoot biomass is determined by measuring the 
fresh weight of two pooled plant shoots ( see   Notes 13  and  14 ). 
Immediately after weighing, place the two plant shoots together 
in the bottom of a 2 ml Eppendorf tube and add 1 ml of 80 % 
acetone. Once shoot  biomass measurements   are complete, 
incubate all the tubes overnight in the dark under gentle but 
continuous agitation. The following day, measure spectroscopi-
cally the absorbance of the acetone solution at 647 and 660 nm.   

   12.    Even before the end of the experiment, the primary root elon-
gation and  lateral root development   parameters can be quanti-
fi ed for each  seedling   on scanned images using an image 
analysis software, such as ImageJ (  http://rsb.info.nih.gov/ij/
index.html    ). Primary root elongation is evaluated by measur-
ing the exact distance between the initial and the correspond-
ing mark. Lateral root density is evaluated by counting the 
number of lateral roots (excluding adventitious roots) and 
normalizing to the total length of the corresponding primary 
root, determined by measuring the exact distance between the 
hypocotyl-root junction and the fi nal mark. Total lateral root 
length is evaluated by adding up the length of each lateral root 
of a given seedling. Total  chlorophyll content   is determined 
according to the method and equation (total chloro-
phyll = 18.71 A  647 nm  + 7.15 A  660 nm ) of MacKinney [ 16 ] and 
expressed on a fresh weight basis ( see   Note 15 ). Finally, the 
average value of each of the analyzed parameters under a given 
heavy-metal  stress   is normalized to the corresponding average 
value in the non-stress condition, typically using  n  = 16 for pri-
mary root elongation,  n  = 8 or 16 for lateral root development 
parameters, and  n  = 8 for shoot biomass and  chlorophyll con-
tent  . To ascertain that tolerance to a given heavy-metal stress 
is affected, similar results need to be obtained in at least three 
independent experiments ( see   Note 16 ).    
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4       Notes 

     1.    Best results will be produced if seed batches have been obtained 
from plants cultured simultaneously.   

   2.    Before use, it is imperative that all soap, detergent, and other 
cleaning fl uids be completely removed from glassware, as even 
slight traces of such compounds in the medium will interfere 
with the assay. Glassware should be rinsed thoroughly 3–6 
times with sterile distilled water before preparing the medium. 
Preparing the medium with sterile distilled water and avoiding 
storage of the plates before use signifi cantly help preventing 
fungal and bacterial contaminations.   

   3.    The root assay can be carried out by germinating the seeds 
directly onto heavy-metal-containing plates or by transferring 
seedlings grown beforehand on control medium plates to 
heavy-metal-containing plates. From our experience, the most 
informative is the transfer method described here, as it excludes 
a possible effect of heavy-metal  stress   on germination rate 
(which can be easily scored in an independent assay by measur-
ing the germination rates of exposed versus non-exposed seed-
lings) while being relevant when  seedling   selection on medium 
supplemented with antibiotics is required prior to transfer.   

   4.    Sowing the seeds at high density so that they touch each other 
on the plate rather than leaving space between them will 
greatly improve synchronization of  seedling   growth right after 
seed germination, in particular at the root level. In addition, 
this will favor straight growth of the roots and prevent their 
curling or curving. Another essential point when sowing the 
seeds is to avoid as much as possible scratching the medium 
surface with the tip to minimize root growth inside the 
medium rather than on its surface and thus prevent their sub-
sequent transfer.   

   5.    Spreading only one genotype per plate will prevent any cross- 
contamination between the lines to be tested. Alternatively, in 
the case of preliminary small-scale tests, two genotypes can be 
spread onto a single plate divided vertically. The number of 
seedlings amenable to transfer is often limiting, so be sure to 
plate enough seeds. The number of plates to be prepared 
depends on the germination rate of the seed batch and on the 
kind of screening to be performed (i.e., the type and range of 
heavy-metal concentrations to be tested). Nevertheless, we 
recommend preparing at least two plates per genotype in case 
fungal or bacterial contaminations appear.   

   6.    We have observed that performing the stratifi cation step with 
Petri dishes set up already in a vertical position promotes syn-
chronization of  seedling   root growth.   
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   7.    Petri dishes must be incubated vertically but with a slight incli-
nation—i.e., a forward shift of ~2 cm at the base of the dish—
so that the seeds (and later the seedlings) face the light source. 
This will greatly favor the straight growth of the roots and is 
highly facilitated by the presence of gridded shelves (specifi c 
from the growth cabinet or, alternatively, from a fridge) hold-
ing the plates approximately at half their height. All the plates 
from a single experiment must be similarly inclined and if pos-
sible positioned on the same shelf so that they are exposed to 
the same amount of light.   

   8.    Interpretation of the results can be erroneous if special care is 
not taken to ensure that the genotypes of interest are exposed 
to the exact same severity of heavy-metal  stress   as the wild- 
type control and thus uniform composition of the medium 
between plates is essential. We recommend preparing all the 
plates of a given concentration from the same heavy-metal 
stock solution.   

   9.    Transfer of the seedlings is the most critical step of the protocol. 
Its success depends largely on intact seedlings and any damage 
needs to be strictly avoided. Initially, it may take some practice 
of the transfer procedure to achieve quick transfer and correct 
positioning without wounding the seedlings, particularly 
squashing at the hypocotyl region. We strongly advise to deli-
cately lift the  seedling   shoot using the fi ne forceps as a lever 
rather than closing them. If correct positioning is not achieved 
at a fi rst attempt, make the seedling root slide again but never 
touch the root in order to preserve its integrity. To minimize 
dehydration of the seedlings, keep the lid of the initial and 
receiver plates as closed as possible during the transfer proce-
dure. Any clearly wounded or dry seedling should be discarded. 
We highly recommend checking root integrity, in particular 
root tip intactness, of each transferred seedling under a dissec-
tion microscope at the fi rst transfer attempts while routinely 
ensuring that 24 h after transfer the roots have recovered and 
resumed steady-state growth even under heavy- metal  stress   
(although at a slower rate than under control conditions).   

   10.    Some studies indicate the inversion of the plates after transfer, 
so that the roots are pointed upward, to facilitate evaluation of 
primary root growth without having to mark root tip posi-
tions. However, we believe that this method is only amenable 
to qualitative assessment of root elongation upon exposure to 
heavy-metal  stress   and largely privilege continuous growth as 
it allows the full extent of primary root elongation and lateral 
root parameters to be accurately measured while eliminating 
possible effects of agravitropic behavior of the lines under 
evaluation.   
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   11.    One advantage of this method is that, as long as each specifi c trait 
is simultaneously quantifi ed for all the genotypes under study, 
some slight variability in incubation times can be tolerated.   

   12.    Susceptibility to heavy-metal  stress   will not necessarily follow 
a linear progression, particularly regarding primary root elon-
gation. As scoring this parameter is a noninvasive method, we 
highly recommend marking the position of the root tips at 
2-day intervals, at least in a fi rst screen.   

   13.    When recording phenotypical data, particular attention should 
be paid to the water frequently accumulating inside the plates. 
Water at the bottom of the plates can disturb  seedling   root 
position and it is crucial that they remain in place for later 
measurement from scanned images, while water condensed on 
the lid can easily wet seedling shoot and lead to highly errone-
ous conclusions. Keep the plates as vertical as possible before 
carefully opening the plate under sterile conditions, removing 
excess water by gently turning them over and drying the lid 
with paper. Seal back the plates in case further incubation is 
needed.   

   14.    Still on the agar plates, cut two seedlings at the root-hypocotyl 
junction with a razor blade and immediately measure their 
combined weight using a precision weighing scale while avoid-
ing  seedling   damage as much as possible. Note that it is essen-
tial to be in a calm environment without frequent movements 
or strong ventilation to avoid quick water loss from the seed-
ling shoots. For the same reason, keep the plates closed 
between each measurement.   

   15.    Even taking particular care during plate preparation and  seed-
ling   manipulation, contaminations frequently occur. Any con-
taminated seedling should be eliminated from the data 
recording, as should those that do not recover quickly after 
transfer or that suddenly arrest growth for no apparent reason. 
It is therefore important to follow the plates daily, as fungal 
and bacterial contaminations usually appear during prolonged 
incubation times. It should also be noted that shoot biomass 
and  chlorophyll content   can be assessed earlier than initially 
planned, i.e., as soon as a fi rst plant shows signs of contamina-
tion, in order to save the experiment.   

   16.    Be aware that the root assay is instrumental to determine the 
level of susceptibility to a given heavy metal, but not when the 
observed differences are due to altered internal heavy-metal 
homeostasis or whole-plant heavy-metal accumulation. A sim-
ilar assay to the one presented here, but set up on a larger 
scale, can be performed to prepare tissue samples for heavy- 
metal content quantifi cation by methods such as atomic 
absorption spectroscopy.          
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Chapter 17

Assessing Drought Responses Using Thermal Infrared 
Imaging

Ankush Prashar and Hamlyn G. Jones

Abstract

Canopy temperature, a surrogate for stomatal conductance, is shown to be a good indicator of plant water 
status and a potential tool for phenotyping and irrigation scheduling. Measurement of stomatal conduc-
tance and leaf temperature has traditionally been done by using porometers or gas exchange analyzers and 
fine-wire thermocouples attached to the leaves, which are labor intensive and point measurements. The 
advent of remote or proximal thermal sensing technologies has provided the potential for scaling up to 
leaves, plants, and canopies. Thermal cameras with a temperature resolution of <0.1 K now allow one to 
study the temperature variation within and between plants. This chapter discusses some applications of 
infrared thermography for assessing drought and other abiotic and biotic stress and outlines some of the 
main factors that need to be considered when applying this to the study of leaf or canopy temperature 
whether in controlled environments or in the field.

Key words Thermal imaging, Stomatal conductance, Plant stress, Drought, Water use efficiency

1 Introduction

Water deficit is one of the major constraints for agriculture and 
future climatic predictions suggest an increase in the frequency of 
extreme weather conditions. Thus, breeding of crops for drought 
avoidance, escape, and tolerance is likely to be needed for sustain-
able agriculture. Under water-deficit or stress conditions, root- 
sourced abscisic acid (ABA) is conveyed through xylem resulting in 
stomatal closure, which, especially in isohydric plants, often occurs 
before plant water status declines [1, 2]. Thus, stomatal closure 
can be used as an indication for response to water stress and in 
regulating crop irrigation [3]. Most of the traditional ways of mea-
suring stomatal conductance use porometer or infrared gas analyz-
ers which give point measurements and are time consuming and 
labor intensive. With recent technological advances, infrared ther-
mography (IRT) has become viable as an alternative for the  indirect 
estimation of stomatal conductance, because the temperature of 
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leaves, plants, or canopies is an indicator of leaf transpiration rate 
(and hence of stomatal opening and closing). The fact that stomata 
tend to close with water-deficit stress means that stomatal closure, 
indicated by the use of IRT, has become increasingly used as a tool 
for irrigation scheduling and in phenotyping for drought tolerance 
[3–7]. IRT has also been used to understand the variation in leaf/
canopy temperature measurements in response to other abiotic 
and biotic stresses [8–10], for energy balance and aerodynamic 
studies, and for studies of biochemical activity (especially relating 
to thermogenic respiration) in plants [11, 12].

Temperature sensing in the thermal infrared is based on the fact 
that all objects emit thermal radiation (R; W m−2) as a function of 
surface temperature according to the Stefan–Boltzmann equation:

 R T= s 4
 (1)

where ε is the emissivity, σ is the Stefan-Boltzmann constant 
(5.6697 × 10−8 W m−2 K−4), and T is the temperature (K). The emis-
sivity is introduced to take account of the fact that not all surfaces 
are perfect emitters of radiation (i.e., black bodies) and relates the 
actual radiance for a body to the amount that would be emitted by 
a perfect emitter, and varies between 0 and 1 (for a perfect emitter 
or “black body”). In order to allow measurements to be made in 
sunlight, thermal imagers for use outdoors need to be restricted to 
the long-wave infrared radiation window (c. 9.5 μm to 14 μm) and 
to exclude shorter wavelengths. Other cameras (so-called short- 
wave thermal cameras sensitive to radiation between 3 and 5 μm) 
are available that are optimized for engineering applications where 
surface temperatures may be of the order of 500–1000 K: these are 
unsuitable for vegetation studies as they can detect reflected solar 
radiation, thus giving incorrect results when used in the daytime 
outdoors. Long-wave cameras are little affected by solar radiation 
and are therefore useful in the field.

Plants interact with environment through interface “stomata,” main-
taining carbon-water and energy exchange balance, and adapt to 
ever-changing conditions. Thus stomata play an important role in 
plant adaptation and growth by balancing the need to minimize 
water loss while maintaining photosynthetic gains [13]. Evaporative 
cooling through transpiration is a major component of the leaf energy 
balance, and the leaf temperature (Tl) at any time is given by Eq. 2:

 T T r r r R c r D c r r sr1 - = + - + +a HR aW s ni p HR p aW s HR[ ( ) ] / [ [ ( ) ]]g r r g  (2)

where Ta is the air temperature (K), Rni is the net isothermal radia-
tion absorbed by the leaf (W m−2), D is the atmospheric air humid-
ity deficit (Pa), ρ is the density of air (kg m−3), cp is the specific heat 
capacity of air (J kg−1 K−1), s is the slope of the curve relating satu-
rating water vapor pressure to temperature (Pa K−1), γ is the psy-

1.1 Thermal 
Imaging Theory

1.2 Plant 
Environment 
Interaction: Leaf 
Temperature 
Regulation
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chrometric constant (Pa K−1), rHR is the parallel resistance to heat 
and radiation transfer, raW is the boundary layer resistance to water 
vapor transfer, and rs is the stomatal resistance to water vapor trans-
fer (refer to Ref. 13 for details).

The use of IRT for remotely sensing stomatal closure and tran-
spiration offers a great potential for irrigation scheduling and as a 
high-throughput phenotyping tool. Indeed IRT can be used as an 
effective tool not only in evaluating crop water status but also for 
other abiotic and biotic stresses in several agricultural crops.

In this chapter we highlight different steps involved in experi-
mental setup, image acquisition, processing using different nor-
malization techniques, and data analysis involved typically in a field 
trial, with examples on controlled conditions also addressed.

2 Materials

Thermal cameras that are sensitive to radiation in the 8–14 μm 
band and having a thermal resolution of 100 mK or better are 
available from a range of companies. This high temperature sen-
sitivity is essential for most plant stress-sensing applications (see 
Note 1) with their absolute accuracy being less important.

In general a replicated case–control designed trial consisting of a 
control and corresponding water stress treatments either in glass-
house conditions (controlled) or field conditions (natural environ-
ment) is required. This can also include different genotypes if 
genotypic variability needs to be assessed for case–control studies 
and future breeding.

Reference markers in the form of marked banners or labels are 
placed in the field as position indicators; these can also be used as 
artificial wet or dry references [4, 14]. Environment data is also 
often needed for data normalization. In addition to environment 
data, different referencing methods can be used (see Note 2 and 
Ref. 14 for details).

Thermal cameras come with their own proprietary software for 
extracting temperatures from images; in adddition statistical or 
other image analysis software for image processing (e.g., Excel, 
Genstat, R) are often required.

3 Methods

A flow diagram indicating the various steps involved in thermal 
imaging is shown in Fig. 1. Software built into the camera trans-
forms the detected radiation into temperature, taking account as 

2.1 Equipment

2.2 Plant Trials

2.3 Reference 
Surfaces

2.4 Software

3.1 Thermal Imaging
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necessary of atmospheric humidity, object-to-camera distance, and 
surface emissivity. These temperatures are then commonly dis-
played as false color images or can be analyzed using raw digital 
numbers.

 1. Imaging can be done using either handheld or mounted (see 
Note 3) cameras at an appropriate distance depending on the 
spatial resolution required and the specific research question 
being addressed. It is useful to distinguish the use on single 
leaves or small plants like Arabidopsis from use on whole cano-
pies in the field. Experiments in controlled conditions have 
allowed identification of individual Arabidopsis thaliana 

3.1.1 Setting 
Up Thermal Camera

Fig. 1 Steps involved in using the imaging as a tool for phenotyping or crop monitoring
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mutants with altered stomatal responses [15], while field stud-
ies of breeding lines have also identified genetic differences [4, 
5, 16].

 2. Set the camera parameters. For acquisition of a default value of 
emissivity (ε), enter 0.965 into camera settings (see Note 4). 
Similarly, the distance of the camera to the subject/target 
object, air temperature, and humidity need to be measured 
and entered into the camera settings.

 3. The camera parameters such as reflected, atmospheric, and 
optics temperatures along with the environment conditions 
(see Note 5 and Subheading 3.3) affect the calculation of the 
target temperature. The radiation received, and hence the tem-
perature recorded, by the thermal camera depends on (a) the 
temperature of the object being viewed, (b) the emissivity (ε) 
of the object’s surface, (c) the incoming thermal radiation 
from the environment (background radiation) reflected by the 
object (see Note 6), and (d) any absorption or emission of 
thermal radiation by the atmosphere between the object and 
the camera. Most thermal cameras come with software that 
allows for correction of (c) and (d) given a knowledge of ε and 
the  atmospheric humidity. Luckily, for most close-range appli-
cations in plant science the error caused by (d) is small and can 
usually be neglected.

 1. Thermal images should be acquired at times when both stoma-
tal conductance and transpiration tend to be relatively constant 
and depend upon whether the experiment is under controlled 
or field conditions.

 2. Thermal images generally include both foreground (target of 
interest) and background regions. It is usually necessary to 
separate these and only perform further analysis on the pixels 
representing leaves (see step 2 of Subheading 3.2.2 for details).

 3. When imaging in the field, images taken at an oblique angle to 
the horizontal (as compared with the nadir view) help in maxi-
mizing the canopy area in any image, but this can introduce 
complexities in analysis relating to perspective and varying 
camera- object distances (see Note 7).

 4. Use of reference surfaces: The identification of a particular can-
opy or leaf in a group of canopies is easier if a set of markers 
which make the image processing easier when extracting can-
opy temperature from a group of similar canopies/areas is used. 
These markers can be reference surfaces (see Subheading 3.3) 
or labels to identify or distinguish different plants or pots. It can 
be useful to ensure overlap of neighboring images to allow bet-
ter normalization to account for changing environmental con-
ditions and provide increased replication with reduced standard 
error as discussed in normalization section [5].

3.1.2 Acquisition 
of Images
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The next step after image acquisition is the image analysis. A wide 
range of softwares are available for image handling and analysis, 
many of which are specific to the camera used, but the greatest 
flexibility is available if the original images can be exported into 
nonproprietary formats for analysis in programs such as Excel 
(Microsoft Office, 2010), Matlab (The Mathworks, Inc., UK), or 
Fiji [17]. Nevertheless much useful work, such as identification of 
object outlines and extraction of object temperature, can usually 
be achieved in the camera-specific software (e.g., ThermaCAM 
Researcher (FLIR systems), and Fluke SmartView (Fluke 
Corporation)).

An advantage of using thermal imagers as compared with simple 
infrared sensors is that the images allow the user to distinguish 
leaves from background soil. Many thermal cameras come with a 
built-in visible camera and most of the thermal cameras available in 
the market come with a data fusion option, where thermal and vis-
ible images are available on the camera’s LCD for identification 
and distinguishing foreground and background components while 
screening (Fig. 2). In subsequent image processing, there are a 
couple of ways in which the information on leaf temperature may 
be isolated from a complex thermal image including soil and other 
objects (see Note 8).

 1. Overlay with visible image: The simplest approach is to overlay 
the thermal image with a visible image of the same scene. A 
number of methods are available for this that include (1) auto-
mated image recognition and alignment algorithms (e.g., 
[18]); (2) freeware implementations of alignment programs 
such as the Fiji image analysis platform, which uses ImageJ’s 
interface and plug-ins relevant to biological research [17]; and 
(3) utilization of the high reflectance of leaves in the near IR in 
the form of some vegetation index approach (e.g., Ref. 19).

 2. Use of temperature histograms: An alternative is to make use of 
the expectation that leaves will generally be substantially cooler 
than the background soil, and use histogram thresholding to 
determine which pixels to use (e.g., Ref. 20), possibly with an 
automated histogram separation method such as the Otsu 
method [21]. A similar approach has also been used for manual 
extraction of canopy/leaf temperature eliminating background 
noise due to soil [5]. In a related approach, Giuliani and Flore 
[22] used a high temperature background screen to facilitate 
the use of thresholding to extract canopy temperature.

The surface temperature of plant canopy or leaf depends on the 
biological factors but is also influenced by the environmental factors 
including irradiance and wind speed, which are continually chang-
ing (see Note 5). Therefore, it is necessary to isolate treatment dif-

3.2 Analysis

3.2.1 Image Processing

3.2.2 Separating Leaf 
and Canopy Temperature 
from Background

3.3 Normalization
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ferences in temperature from this background variation using a 
normalization technique. Different normalization techniques can 
be used as mentioned below, depending on the experimental design 
and the conditions (whether controlled or field trials).

 1. An early normalization was the derivation of the Crop Water 
Stress Index (CWSI) [23, 24] as shown in Eq. 3:

 CWSI T T T T= - -( ) / ( )maxcanopy nwsb nwsb  (3)

where Tcanopy is the canopy temperature, Tnwsb is the temperature 
of a non-water stressed reference crop under similar conditions, 
and Tmax is an upper temperature for a non-transpiring crop.

 2. However, the use of CWSI as a normalization is limited by the 
fact that Tnwsb is site dependent and does not account for varia-
tion in net radiation and aerodynamic resistance [25]. Also, it 
is sometimes hard to have access to a non-transpiring crop ref-
erence. Therefore, it has been suggested that an analogous 
stress index (SIcwsi) could be defined where Twet and Tdry are the 
temperatures of wet and dry (non-transpiring) physical refer-
ence, respectively:

 SI T T T Tcwsi canopy wet dry wet= - -( ) / ( )  (4)

Alternatively, an index (IG) that is proportional to stomatal con-
ductance could be defined [3]:

 
I

T T

T T
g r s rG

dry canopy

canopy wet
W aW HR=

-

-
= +1 ( ( / ) )U

 
(5)

Fig. 2 Example of data fusion from FLIR camera E50 with Picture in Picture 
option available on the camera’s LCD for identification and distinguishing fore-
ground and background component elimination while screening/phenotyping
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where raw is the boundary layer resistance to water vapor, s is the 
slope of the curve relating saturation vapor pressure to tem-
perature, Υ is psychrometric constant, and rHR is parallel resis-
tance to heat and radiative transfer as defined by Jones and 
colleagues [3, 20, 25]. An advantage of this index over the 
CWSI or SICWSI is that IG is nearly linearly related to stomatal 
conductance.

 3. The physical reference surfaces used must have similar radiative 
properties to the plant leaves of interest, and ideally should 
also have similar aerodynamic properties [26, 27]. The appro-
priate choice of reference surface depends on the scale of 
observation but studies suggest that real leaves, either sprayed 
with water or covered in petroleum jelly to stop transpiration, 
provided the best references because of similar radiometric and 
aerodynamic properties for single leaf or small plot studies 
(reviewed in Ref. 14). This can be extended to large areas of 
well-irrigated reference crop for satellite-scale observations 
(e.g., Refs. 11, 13, 20, 26).

 4. The actual canopy temperature can also lag behind the current 
equilibrium canopy temperature due to thermal lag in the sys-
tem. When screening large numbers of genotypes under field 
conditions, a normalization technique based on using the tem-
perature difference from the image mean has been shown to 
give highly reproducible results [4, 5]. Figure 3 gives an over-
view of the process using overlapping images and the  calculation 
of genotype temperature. This overlap strategy and the associ-
ated normalization technique have been shown to provide 
enough power to identify quantitative trait loci (QTLs) [5].

4 Notes

 1. It is worth noting that the absolute accuracy of most readily 
available cameras is only ±1 or ±2 °C, though in most applica-
tions the accuracy is not a major limitation as one is concerned 
with the measurement of temperature differences. This 
depends on the questions being answered through the experi-
ment. If one is interested in difference between temperature 
for different genotypes and breeding scenarios, absolute value 
is not critical. But in case the experiment is designed to under-
stand the energy balance and the morphophysiological rela-
tions, absolute temperature may be required as temperatures 
need to be related to air temperature (not measured by the 
camera).

 2. Different reference surfaces or methods used previously include 
wet and dry leaf canopies (WDLC), paper references, compari-
son with air temperature, and calculations made by using 

Ankush Prashar and Hamlyn G. Jones
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 meteorological data in the form of “wet and dry tempera-
tures.” Each of these has its own advantages and disadvantages; 
for example comparison with air temperature does not take 
account of other environmental variables, while wet reference 
surfaces are difficult to maintain under hot conditions.

 3. In case the camera is mounted at a height on a tripod where 
the focus function on camera is inaccessible, firewire cable or 
USB can be used to connect the camera to computer. The 
Thermacam Researcher Professional software (FLIR systems) 
or FLIR IR camera player (FLIR systems) on the computer can 
be used to manage the live imaging and its acquisition.

 4. Choice of value for emissivity (ε): For single leaves, typical 
emissivities are between 0.93 and 0.98 [28]; in the absence of 
further precise information a value of 0.965 is recommended. 
Note that emissivities appropriate to soils tend to be only 
slightly lower (say 0.94–0.95) though sands may average as 
low as 0.89. When one views a canopy of leaves from a dis-
tance, however, the effective emissivity is higher than that of 
the component leaves, averaging approximately 0.99 [28].

 5. Rate of canopy/leaf transpiration depends on the difference in 
air-to-leaf vapor pressure. Therefore under high wind, humid, 
and low irradiance conditions, the temperature difference 

Fig. 3 Field experimental design showing the image overlap sequence for repeated measurements and table 
showing an example of normalization method used by Jones and colleagues [4, 5]. The plot number in the table 
corresponds to the row and column in the image (e.g., row 1, column 1 = plot 1, row 2, column 2 = plot 2)
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between a leaf with open stomata and one with closed stomata 
is much less as compared to low-wind, low-humidity, and 
high- irradiance conditions.

 6. Correction for the background radiation: It is difficult to esti-
mate the background (incoming to the object) thermal radia-
tion accurately, but one approach to its estimation is to measure 
the apparent temperature of some crumpled aluminum foil 
placed in the position of the object (using an emissivity of 1)—
the measured temperature is the effective background temper-
ature (Tb) for use in the camera’s software (for a leaf within a 
canopy Tb should be close to canopy temperature, while at the 
surface of a canopy Tb may be closer to the sky temperature 
which could be as low as 40 °C for clear sky).

 7. In addition to environment, the effect of solar angle and angle 
of view should be taken into account. Image timing during the 
day is an important consideration in screening for canopy tem-
perature as direction and angle between the sun and imager 
causes variation in apparent reflectance with overall reflectance 
highest when sun is behind the imager and lowest when oppo-
site to imager. Thus imaging from two different angles will 
provide different results.

 8. Field of view (FOV) is critical for image analysis and when col-
lecting temperature data from canopy and elimination of back-
ground. Higher resolution or having more number of pixels in 
the image allows better temperature prediction and back-
ground elimination of the concerned object, instead of using 
low resolution or small number of pixels for temperature pre-
diction making it harder to eliminate the background noise.
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    Chapter 18   

 Generating Targeted Gene Knockout Lines 
in  Physcomitrella patens  to Study Evolution 
of Stress-Responsive Mechanisms                     

     Monika     Maronova     and     Maria     Kalyna       

  Abstract 

   The moss  Physcomitrella patens  possesses highly effi cient homologous recombination allowing targeted 
gene manipulations and displays many features of the early land plants including high tolerance to abiotic 
stresses. It is therefore an invaluable model organism for studies of gene functions and comparative studies 
of evolution of stress responses in plants. Here, we describe a method for generating targeted gene knock-
out lines in  P. patens  using a polyethylene glycol-mediated transformation of protoplasts including basic 
in vitro growth, propagation, and maintenance techniques.  

  Key words     Homologous recombination  ,   Gene targeting  ,   Knockout  ,    Physcomitrella   ,   Plant  ,   Stress  , 
  Evolution  ,   Protoplast  

1      Introduction 

   Living  organisms   have to  cope   with various stresses, both of biotic 
and abiotic nature. Studies of  stress   response not only are essential 
for a better understanding of life and its diversity but also have 
signifi cant medical and economic implications. Different species 
respond and adapt very differently from one another. Fight-or- 
fl ight strategy used by animals as the fi rst stage of the response to a 
harmful event is not applicable for plants that are sessile organisms. 
Plants have their own panoply of stress responses that was shaped 
by migration of plant ancestors from water habitats to land. At the 
terrestrial surroundings, they had to develop strategies to respond 
to much more substantial fl uctuations in temperature, light inten-
sity, and quality, including a stronger exposure to the DNA- 
damaging ultraviolet compound of the light, and now to water 
availability ranging from  drought   to fl ooding. Bryophytes are con-
sidered to be the closest to the common ancestor of plants. Among 
them, the moss  Physcomitrella patens  provides us with powerful 
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tools to study functions of genes and together with other model 
plants allows comparative analyses of evolution of molecular mech-
anisms of stress response and adaptation [ 1 ].  Physcomitrella  dis-
plays many features characteristic to the early land plants including 
a high tolerance to  drought  , salinity, osmotic, and  other   abiotic 
stresses [ 2 – 5 ]. 

  Physcomitrella  is haploid through almost all life cycle. The dip-
loid stage, sporophyte, is short and results in haploid spores. Spores 
germinate and produce fi lamentous structures, protonemata. The 
protonemal fi laments, the juvenile stage of gametophyte, can initi-
ate buds that further develop into gametophores, the adult stage of 
gametophyte. The gametophores have more complex organiza-
tion, with leafl ike structures, rhizoids, female and male sex organs 
producing gametes, and subsequently diploid zygote that develops 
into sporophyte. 

  Physcomitrella  is a remarkable model organism. Minimalist 
anatomy and simple developmental stages of  Physcomitrella  can be 
easily monitored. This is further facilitated by effi cient methods of 
in vitro growth and propagation [ 6 ,  7 ] that also provide ample 
source of material for biochemical and molecular analyses. 
Moreover,  Physcomitrella  is highly amenable to genetic manipula-
tions [ 8 ]. Dominant haploid generation of  Physcomitrella  allows 
fast and simpler recognition of mutant phenotypes [ 9 ,  10 ]. 
Development of approaches for genetic  transformation   of 
 Physcomitrella  yielded not only routine and effi cient procedures, 
such as polyethylene glycol (PEG)-mediated DNA delivery into 
protoplasts [ 11 ], but also led to the realization that it undergoes 
high frequency of  homologous recombination  , comparable to that 
in yeast [ 12 ].  Gene targeting   through  homologous recombination   
is one of the most effi cient means to study gene functions. This 
technology is far less effi cient when applied in plants that have low 
rates of  homologous recombination  .  Gene targeting   is not limited 
to generation of knockout mutants by gene disruption. It allows 
also knock-in manipulations, such as introduction of various 
reporters and tags for visualization of expression of endogenous 
genes and isolation of molecular complexes. Moreover, endoge-
nous genes or their portions can be replaced by their modifi ed 
versions, thus providing means for site-directed mutagenesis. 
Importantly, the  Physcomitrella  genome is sequenced and fully 
assembled, therefore enabling reverse genetic approaches [ 1 ]. 

 Here, we provide a protocol for generating targeted gene knock-
out lines in  P. patens  using a PEG-mediated  transformation   of pro-
toplasts including basic techniques for in vitro growth, propagation, 
and maintenance of  P. patens . This protocol is routinely used in our 
lab and is based on the protocols developed earlier [ 6 ,  11 ,  13 ]. Rich 
information resources providing further  Physcomitrella  protocols 
and techniques are currently available online  (  http://moss.nibb.
ac.jp/     and   http://biology4.wustl.edu/moss/methods.html    ).  

Monika Maronova and Maria Kalyna
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2    Materials 

       1.     Physcomitrella patens , the “Gransden” strain, freshly grown 
protonemal tissue.   

   2.     Gene targeting   linear DNA vector (Fig.  1 ), 10–15 μg of puri-
fi ed DNA dissolved in a maximum of 30 μL dH 2 O.

       3.    Laminar airfl ow hood.   
   4.    Blender suitable for sterilization ( see   Note 1 ).   
   5.    Water bath 45 and 25 °C (room temperature).   
   6.    Hemocytometer.   
   7.    Lighttight box ( see   Note 2 ).   
   8.    Petri dishes, 9 cm in diameter with one vent.   
   9.    Glass Petri dish.   
   10.    Filter paper discs, 5–8 cm in diameter.   
   11.    Sterile cellophane discs, 8 cm in diameter ( see   Note 3 ). To 

sterilize the cellophane discs separate each other by a disc of 
fi lter paper. Assemble ca. 30 cellophane discs in this sandwich 
way into a glass Petri dish, wrap into an aluminum foil, and 
autoclave.   

   12.    Sterile wide-bored (or cut tip) blue micropipette tips.   
   13.    Sterile 70 μm nylon mesh attached to sterile 50 mL centrifuge 

tube.   

2.1  Materials 
and Equipment

PEG,
heat
shock

Protoplasts

PCR

NPT II

Homologous recombination

Linear DNA targeting vector

Intact endogenous gene

p1 p2p5 p6 Disrupted endogenous
gene

NPT II

Linear DNA targeting vector

1kb 1kb
NPT II

DNA targeting construct

p2p3 p4p1

NPT II

  Fig. 1    Strategy of targeted gene disruption by  homologous recombination   in  Physcomitrella patens  protoplasts. 
To create the DNA targeting construct, a suffi ciently long region of the target gene is amplifi ed by PCR using 
primers p1 and p2 (outer primers) and integrated into the plasmid vector. The antibiotic resistance selection 
cassette (in this case neomycin phosphotransferase gene, NPT II) is then ligated into convenient restriction 
sites within the cloned target gene to replace the coding sequence ( upper left scheme ). The DNA targeting 
construct is used as a template in a subsequent PCR with primers p3 and p4 (inner primers) to obtain a linear 
targeting vector. The selection cassette is fl anked by about 1 kb regions of homology to the target gene ( lower 
left scheme ). The linear DNA targeting vector is used for PEG-mediated  transformation   of  Physcomitrella  pro-
toplasts, where it homologously recombines with the genomic DNA ( upper right scheme ). As a result, the 
endogenous gene is disrupted by the selection cassette. Stable transformants after the selection process are 
verifi ed by two PCRs using outer primers in combination with primers to the selection cassette ( lower right 
scheme ; primer combinations: p1 and p5, p6 and p2).  White rectangles  represent the endogenous gene or the 
homology regions of the construct and the vector;  gray rectangles  represent the selection cassette       
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   14.    Centrifuge 10–15 mL tubes with round bottom and a cap.   
   15.    Surgical tape.      

       1.    Stock solution B (100×): 101 mM MgSO 4 . Add 25 g of 
MgSO 4 ·7H 2 O (or 12 g of anhydrous MgSO 4 ) to 500 mL of 
water in a beaker. Dissolve using a magnetic stirrer, transfer to 
the 1 L graded cylinder, and make up to 1 L with water. 
Autoclave or fi lter sterilize. Store at 4 °C.   

   2.    Stock solution C (100×): 184 mM KH 2 PO 4 , pH 6.5. Weigh 
25 g of KH 2 PO 4  and dissolve in 500 mL of water as in previous 
step. Adjust pH to 6.5 with 4 M KOH. Make up to 
1 L. Autoclave or fi lter sterilize. Store at 4 °C.   

   3.    Stock solution D (100×): 1 M KNO 3 , 4.5 mM FeSO 4 . Weigh 
101 g of KNO 3  and dissolve in 200 mL of water. Weigh 1.25 
g of FeSO 4 ·7H 2 O and dissolve separately in 200 mL of water. 
Adding of H 2 SO 4  may help dissolve FeSO 4 ·7H 2 O. Mix both 
solutions and make up to 1 L. Autoclave. Store at 4 °C for 2–3 
month and discard when iron precipitate forms.   

   4.    Trace element solution (TES, 1000×): 614 mg H 3 BO 3 , 
110 mg AlK(SO 4 ) 2 ·12H 2 O, 55 mg CuSO 4 ·5H 2 O, 28 mg KBr, 
28 mg LiCl, 25 mg Na 2 MoO 4 ·2H 2 O, 389 mg MnCl 2 ·4H 2 O, 
55 mg CoCl 2 ·6H 2 O, 55 mg ZnSO 4 ·7H 2 O, 28 mg of KI, 
28 mg SnCl 2 ·2H 2 O, 59 mg NiCl 2 ·6H 2 O. Weigh and separately 
dissolve all the components in ca. 50 mL of water. Combine 
the solutions and make up to 1 L. Store at 4 °C.   

   5.    Ammonium tartrate (AT) stock solution (100×): 0.5 M 
Diammonium (+) tartrate. Weigh 9.21 g of diammonium (+) 
tartrate and dissolve in 80 mL of water as in previous steps. 
Make up to 100 mL. Autoclave or fi lter sterilize. Store at 4 °C.   

   6.    CaCl 2  stock solution: 1 M CaCl 2 . Weigh 11.1 g of CaCl 2 , dis-
solve in 80 mL of water, and make up to 100 mL as in previous 
steps. Autoclave or fi lter sterilize. Store at room temperature 
( see   Note 4 ).   

   7.    Plant agar ( see   Note 5 ).   
   8.    BCD medium ( see  Table  1 ): Basal minimum medium. Pour ca. 

20–25 mL of a medium per a 9 cm Petri dish. Store plates at 
4–10 °C.

       9.    BCD-AT medium ( see  Table  1 ): BCD medium supplemented 
with NH 4  as a nitrogen source. Pour ca. 20–25 mL of a 
medium per a 9 cm Petri dish. Store plates at 4–10 °C.   

   10.    LB broth.   
   11.    Mannitol 8 % (w/v): Weigh 8 g of mannitol and dissolve in 

100 mL of water. If sterile solution is needed, autoclave or fi l-
ter sterilize and store at room temperature.   

2.2  Media 
and Solutions

Monika Maronova and Maria Kalyna
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   12.    Driselase solution: 1 % (w/v) Driselase ( see   Note 6 ) in 8 % 
(w/v) mannitol. Add 50 mg Driselase into 5 mL of 8 % (w/v) 
mannitol solution (not sterile). Dissolve the powder in the 
centrifuge tube by inverting the tube occasionally and gently 
for 15 min. Centrifuge at 2500 rpm for 5 min. Filter sterilize 
the supernatant through a 0.22 μm fi lter. Prepare Driselase 
solution in amount of 5 mL per one  Physcomitrella  protonemal 
homogenate plate.   

   13.    MaMg solution: 0.15 M MgCl 2 , 8 % (w/v) mannitol, 0.1 % 
(w/v) MES. Weigh 3.05 g of MgCl 2 ·6H 2 O, 8 g of mannitol, 
and 0.1 g of MES. Dissolve all ingredients consecutively in 90 
mL of dH 2 O. Adjust the pH to 5.6 with 1 M KOH. Make up 
to 100 mL. Autoclave. Aliquot the solution in 10 mL plastic 
tubes and store at −20 °C ( see   Note 7 ). Before use thaw by 
placing the tube in a warm water and vortex until no precipi-
tate is visible. Spin down.   

   14.    PEG-CMS: 0.1 M Ca(NO 3 ) 2 , 20 mM HEPES, 7.28 % (w/v) 
mannitol, 40 % PEG 6000. Weigh 0.236 g of Ca(NO 3 ) 2 .4H 2 O, 
0.0476 g HEPES, and 0.728 g of mannitol and consecutively 

       Table 1  
   Physcomitrella patens  media   

 BCD (1 L) 
 BCD-AT (1 
L) 

 PRM-L 
(20 mL) 

 PRM-B 
(500 mL) 

 PRM-T (100 
mL) 

 Final 
concentration 

 Stock solution B  10 mL  10 mL  200 μL  5 mL  1 mL  1 mM MgSO 4  

 Stock solution C  10 mL  10 mL  200 μL  5 mL  1 mL  1.84 mM 
KH 2 PO 4  

 Stock solution D  10 mL  10 mL  200 μL  5 mL  1 mL  10 mM KNO 3 , 
45 μM FeSO 4  

 TES  1 mL  1 mL  20 μL  0.5 mL  0.1 mL  1× TES 

 AT  –  10 mL a   200 μL  5 mL a   1 mL  5 mM 

 Mannitol  –  –  1.2 g  30 g  6 g  6 % (w/v) 

 Plant agar  5.5 g  5.5 g  –  2.75 g  0.4 g  0.55 % (0.4 % for 
PRM-T) 

 H 2 O  up to 1 L  up to 1 L  up to 20 
mL 

 up to 495 
mL 

 up to 99 mL  N/A 

 CaCl 2  1 M  1 mL b   1 mL b   200 μL  5 mL b   1 mL b   1 or 10 mM 
CaCl 2  

 Sterilization  Autoclave  Autoclave  Filter  Autoclave  Autoclave  N/A 

   a Or add appropriate amount of the diammonium (+) tartrate 
  b Add after autoclaving  
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dissolve in 5 mL of water. Make up to the volume of 6 
mL. Measure the pH. A pH between 7 and 8 is acceptable 
(ideally pH 7.5). To adjust the pH, use 1 M KOH (usually 
30–40 μL). Add PEG, dissolve the solution by incubation at 
37 °C in water bath, and shake occasionally. Make up to 10 mL 
and mix the viscous solution thoroughly ( see   Note 8 ). Leave it 
for several hours to stabilize the pH. Filter sterilize and dis-
pense in 1 mL aliquots in 1.5 mL microtubes. Store at −20 
°C. Before use thaw PEG-CMS by placing tubes in warm 
water, vortex, and pulse spin ( see   Note 9 ). Dispense 300 μL 
aliquots into 10 mL centrifuge tubes and centrifuge the tubes 
briefl y. Prepare one tube per  transformation  .   

   15.    PRM-L (liquid) ( see  Table  1  and  Note 10 ): Prepare 2 mL per 
 transformation   on the day of transformation.   

   16.    PRM-B (bottom layer) ( see  Table  1  and  Note 10 ): Plates with 
solid medium overlaid with cellophane, prepared 1–2 days 
before  transformation  , three plates per transformation. Pour 
maximum 20 mL of PRM-B into 9 cm Petri dish.   

   17.    PRM-T (top layer) ( see  Table  1  and  Note 10 ): Low agarose 
medium, prepare 10 mL per  transformation   on the day of 
embedding the protoplasts.   

   18.    Antibiotics ( see   Note 11 ).       

3    Methods 

 The tissue culture and  transformation   procedures require sterile 
conditions and are carried out in the laminar airfl ow hood. 

          1.    Prepare BCD-AT growth plates and overlay them with sterile 
cellophane discs ( see   Note 12 ).   

   2.    Take a well-grown (5–7 days old) protonemal homogenate 
BCD-AT plate (Fig.  2a ). Using a sterile spatula, scrape the 
protonemal tissue off of the cellophane and transfer it to the 
sterile glass tube of a blender assembly fi lled with 10 mL of 
sterile water.

       3.    Blend the tissue in water until it is cut completely into ca. 
0.5 mm small pieces.   

   4.    Using a sterile pipette, inoculate cut tissue suspension onto fi ve 
cellophane overlaid BCD-AT plates 2 mL each. Make quick 
circular moves with the plate to evenly distribute the 
inoculum.   

   5.    To check for a bacterial contamination, add a few drops of the 
protonemal suspension to the 10 mL tube with 2 mL LB 
broth. Let it stay at the room temperature for 1–2 days and 
shake once a day ( see   Note 13 ).   

3.1  Physcomitrella 
patens Protonemal 
Tissue Growth, 
Propagation, 
and Collection
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   6.    Cultivate the plates for 5–7 days ( see   Note 14 ) at 25 ± 2 °C, 
discontinuous white light (16-h light/8-h dark, 120 μmol/
m 2 /s).      

       1.     Collect the tissue from two 5–7 day old, well-grown BCD-AT 
cellophane overlaid plates ( see   Note 15 ) with a sterile spatula 
into a sterile container (e.g., Petri dish) containing 10 mL 
Driselase solution.   

   2.    Let the tissue digest at room temperature with occasional gen-
tle stirring until the tissue loses its fi lamentous character (45–
90 min) ( see   Note 16 ).   

   3.    Using a sterile pipette transfer the digested  protoplast   suspen-
sion onto a 70 μm fi lter placed in the corresponding container 
( see   Note 17 ). Transfer the collected fi ltered suspension into 
the centrifuge tube.   

   4.    Centrifuge at 800 rpm for 4 min, no brakes ( see   Note 18 ).   
   5.    Carefully aspirate the supernatant at once using the pipette and 

leave ca. 0.1 mL of the liquid over the pellet. Resuspend the 
protoplasts in residuum very gently by rocking, tilting, and 
turning the tube. Slowly add 10 mL of 8 % mannitol (pour 
liquid slowly over the tube wall) and gently mix by rocking the 
tube. The cells should be evenly resuspended. Repeat  steps 4  
and  5 .   

   6.    Set aside 0.2–0.3 mL of  protoplast   suspension to measure the 
protoplast density using the counting chamber 
(hemocytometer).   

   7.    Recover the remaining protoplasts by centrifugation at 
800 rpm for 4 min, no brakes ( see   Note 18 ). Meanwhile calcu-
late the  protoplast   density.   

3.2   Physcomitrella 
patens   Protoplast   
Isolation, PEG-
Mediated 
Transformation, 
and Regeneration

  Fig. 2    The moss  Physcomitrella patens  grown in vitro. ( a ) Protonemal homogenate plate, 6 days after incuba-
tion on BCD-AT plate. ( b ) Regenerating protoplasts after  transformation  , 5 days after incubation on PRM. ( c ) 
Colony with gametophores, incubated for 3 weeks on BCD-AT plate       
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   8.    To calculate the  protoplast   density pipette small amount of 
protoplast suspension to both chambers of the hemocytome-
ter. Count protoplasts in eight 1 mm 2  large squares and calcu-
late the mean value  n . This gives the density of the protoplasts 
in 0.1 μL and  n  × 10 5  corresponds to the total amount of pro-
toplasts in 10 mL of 8 % mannitol. Calculate the amount of 
MaMg solution to be added to give a fi nal protoplast density 
of 1.6 × 10 6 /mL.   

   9.    Carefully add calculated amount of MaMg solution to the pel-
let by slowly pouring it over the tube wall.   

   10.    (Optional) Transfer the resuspended protoplasts from the 10 
mL tube to a wider and shallower container (e.g., Petri dish) in 
order to make further manipulations easier and reduce the risk 
of contamination.   

   11.    Pipette 300 μL of the  protoplast   suspension using a wide- 
bored blue tip into the microtube containing 30 μL DNA 
solution.   

   12.    Using a Pasteur pipette transfer the mixture of protoplasts and 
DNA to a 10 mL tube containing 300 μL PEG-CMS. Stir the 
mixture gently but thoroughly with the pipette tip. Gently 
suck up and expel the whole mixture once.   

   13.    Heat-shock the protoplasts by placing the tubes in the water 
bath at 45 °C for 5 min.   

   14.    Take the tubes out from the water bath and cool them in water 
at room temperature for 10 min.   

   15.    Reduce the concentration of PEG by diluting the mixture with 
8 % mannitol. Diluting has to be done slowly over the next 
30–60 min in 6–7 steps. Add stepwise twice 300 μL, twice 600 
μL, and twice 1 mL aliquots of mannitol and fi nally top up to 
the volume of 8 mL. The protoplasts must be always mixed 
very gently but thoroughly by tilting and rolling the tube. Wait 
for 3 min between each addition to give the protoplasts enough 
time to recover.   

   16.    Centrifuge the protoplasts at 800 rpm for 4 min, no brakes ( see  
 Notes 18  and  19 ).   

   17.    Carefully remove the supernatant ( see   Note 20 ) and gently 
add 2 mL of PRM-L to each tube. Mix gently; do not shake.   

   18.    Incubate the tubes at 25 °C in the dark overnight ( see   Note 21 ).   
   19.    Next morning, incubate the regenerating protoplasts under 

the normal growth room light conditions until the PRM-T 
medium is ready to embed the protoplasts.   

   20.    Prepare PRM-T but do not add CaCl 2  yet. Divide it into 10 
mL aliquots into the tubes, one tube per  transformation  . Cool 
down the PRM-T to 45 °C in the preheated water bath.   
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   21.    Centrifuge the protoplasts at 800 rpm for 3 min, no brakes ( see  
 Note 18 ).   

   22.    Take one of the PRM-T aliquots from the water bath and 
transfer it to the hood. Add CaCl 2  in amount 100 μL per 10 
mL of PRM-T.   

   23.    Carefully aspirate the supernatant from the tube with proto-
plasts and resuspend the protoplasts in residuum very gently by 
rocking, tilting, and turning the tube. Add 10 mL of PRM-T 
and pour this on three PRM-B plates ( see   Note 22 ).       

   An outline of the selection process is shown in Fig.  3 .

     1.    Cultivate the embedded protoplasts 5 days under standard 
conditions in the growth chamber (Fig.  2b ) ( see   Note 23 ).   

   2.    Initiate the fi rst selection by transferring the cellophane with 
the top agar containing regenerated protoplasts on BCD-AT 
plate supplemented with appropriate antibiotics. Cultivate for 
2–3 weeks under the standard conditions in the growth cham-
ber ( see   Note 24 ).   

   3.    Release the selection. With sterile forceps transfer colonies that 
show growth on the selective medium to the BCD-AT plates 
with no antibiotics and no cellophane. Cultivate for 2 weeks 
under the standard conditions in the growth chamber ( see  
 Note 25 ).   

   4.    Repeat the selection. Using sterile forceps transfer small part of 
the protonemal tissue from the edge of each colony (spot inoc-
ulum) to BCD-AT medium supplemented with antibiotics and 
no cellophane. Cultivate for 2 weeks under the standard condi-
tions in the growth chamber.   

3.3  Selection 
of the Genomic 
Transformants

Regeneration
PRM

5 days

SelectionI.
BCD-AT + antibiotics

2-3 weeks

Selection released
BCD-AT
2 weeks

Selection II.
BCD-AT + antibiotics

2 weeks

  Fig. 3    Outline of the selection of  Physcomitrella  stable transformants. Protoplasts regenerate 5 days on PRM 
plate. To select the transformed colonies, a cellophane disc with colonies is transferred onto selective BCD-AT 
plate with antibiotics and incubated for 2–3 weeks. Surviving colonies are transferred on the BCD-AT plate and 
grown for 2 weeks without antibiotics, allowing unstable transformants (with non-integrated vector) to lose 
their antibiotic resistance. Spot inocula of all the colonies are then transferred to the selective BCD-AT plate 
with antibiotics in order to select stable transformants (with targeting DNA integrated into the genomic DNA). 
 Black dots  represent surviving colonies;  grey dots  represent dying colonies       
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   5.    Select stable transformants that survive on the selection 
medium ( see   Note 26 ).    

          1.    Transfer spot inoculum (small part of the protonemal tissue 
from the edge of the colony) of the wild type and the lines to 
be analyzed on the BCD-AT plates with cellophane. Seal the 
dish with the surgical tape to reduce evaporation. Cultivate 
under the standard conditions in the growth chamber for 3–4 
weeks or longer until the colonies provide suffi cient tissue (ca. 
0.5–1 cm in diameter) ( see   Note 27 ).   

   2.    To obtain material for molecular analyses from colonies, pick 
the colony from the cellophane with forceps, dry it briefl y with 
a fi lter paper, transfer into a 1.5 mL microcentrifuge tube, and 
freeze in liquid nitrogen.   

   3.    Grind the tissue to a very fi ne powder using a plastic pestle 
(cooled in liquid nitrogen) attached to a homogenizer. Keep the 
tissue frozen by scooping some liquid nitrogen into the tube.   

   4.    To establish a protonemal homogenate subculture from the 
confi rmed transformants transfer the colony (Fig.  2c ) on a 1/6 
sector of the BCD-AT plate with cellophane, dissect the proto-
nemal part of the colony to as small pieces as possible with 
forceps, and distribute over the sector of the plate ( see   Note 
28 ). Cultivate under standard conditions in the growth cham-
ber for about 2 weeks, until the tissue is dense and has fresh 
green color. Subculture the protonemal tissue several times ( see  
Subheading  3.1 ,  steps 2 – 4 ) ( see   Note 29 ). The aim is to 
achieve a yield 500 mg of the tissue per protonemal homoge-
nate plate ( see   Note 30 ).   

   5.    To obtain material for molecular analyses from a protonemal 
homogenate tissue (Fig.  2a ), scrape the protonemal tissue with 
a sterile spatula off of the cellophane and dry briefl y between 
two layers of fi lter paper. Repeat drying approx. three times 
until almost no water comes out of the tissue. Weigh the tissue, 
transfer a maximum of 100 mg into the 1.5 mL microcentri-
fuge tube, and freeze in liquid nitrogen. Perform  step 3  to 
grind the tissue.   

   6.    Extract DNA and RNA using a plant extraction kit ( see   Note 31 ).      

       1.    To obtain protonemal tissue suitable for observation, subcul-
ture the protonemal tissue on the BCD-AT plates with cello-
phane ( see  Subheading  3.1 ,  steps 2 – 4 ). Cultivate for a 
maximum of 7 days under standard conditions in the growth 
chamber ( see   Note 32 ).   

   2.    To induce gametophore production, take a little piece (about 
1 mm) of the protonemal tissue from freshly grown protone-
mal homogenate plate (Fig.  2a ) with the forceps ( see   Note 

3.4  Preparation 
of the Material 
for Verifi cation 
and Molecular 
Characterization 
of the Targeted Gene 
Disruption

3.5  Preparation 
of the Material 
for Phenotypic 
Analyses 
of the Protonemal 
Tissue 
and Gametophores
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32 ). Transfer the spot inoculum to the BCD-AT plate overlaid 
with cellophane. Cultivate under the standard conditions in 
the growth chamber for 1 week or until the colonies are about 
1 cm in diameter. Transfer the colonies onto the BCD plates, 
with no cellophane. Cultivate under standard conditions in the 
growth chamber until the colonies develop gametophores 
(leafy shoots) with approximately ten leafs ( see   Note 33 ).   

   3.    To compare colonies of different lines, inoculate protonemal 
spot inoculum ( see   step 2 ) of maximum six lines (including 
wild type) on one plate containing desired solid media. Arrange 
the colonies to the circle with approximately the same distance 
from the edge of the Petri dish and from each other. Cultivate 
under standard conditions in the growth chamber until the 
colonies are about 0.5–1 cm in diameter ( see   Note 34 ).      

       1.    To store  P. patens  as a protonemal homogenate tissue, seal 
well- grown (5–7 days old) protonemal homogenate plate (Fig. 
 2a ) with parafi lm. Store the plate at 4–10 °C and illuminate for 
2 h per day with a white light ( see   Note 35 ). To fully regener-
ate the tissue, subculture the tissue ( see  Subheading  3.1 ,  steps 
2 – 4 ) at least twice. Protonemal tissue plates can be stored for 
up to 3 months.   

   2.    To store  P. patens  as a colony, take a small piece of the proto-
nemal tissue with sterile forceps or a small piece of the tissue 
from the edge of the colony (spot inoculum) and transfer to 
the BCD plate, no cellophane. Cultivate under standard con-
ditions in the growth chamber for 2–3 weeks. Seal the dish 
with parafi lm, store at 4–10 °C and illuminate the plates for 2 
h per day with white light ( see   Note 35 ). Plates with colonies 
can be stored for 2–3 months. Regenerate the tissue by mak-
ing spot inoculum and transfer to the BCD-AT plates ( see  
 Note 36 ).       

4    Notes 

     1.    For example IKA Ultra Turrax. Previously we used a custom- 
made blender assembly, consisting of a glass tube and a  metallic 
part with rotating blades. The blender assembly was attached 
to a drill-like rotor.   

   2.    A cardboard box without holes that closes very tightly is 
suffi cient.   

   3.    Discs can be purchased from a packaging company.   
   4.    CaCl 2  cannot be autoclaved added to the medium. Add cor-

responding amount of the CaCl 2  solution to the cooled 
medium right before pouring it.   

3.6  Short-Term 
Storage  and   
Regeneration
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   5.    We use Plant Agar P1001, Duchefa. Use of another agar may 
require optimization of the fi nal concentration in the medium.   

   6.    We use Driselase from  Basidiomycetes  sp., SIGMA, D8037.   
   7.    Since adjusting pH in small volume might be diffi cult, making 

100 mL of the MaMg solution and freezing is recommended.   
   8.    Proper dissolving of PEG requires repeated thorough mixing 

and may take time.   
   9.    Make sure that no precipitate is visible.   
   10.    Protoplast  regeneration   medium (PRM) is BCD-AT medium 

supplemented with 6 % (w/v) mannitol and higher concentra-
tion (10 mM) of CaCl 2 .   

   11.    According to the antibiotic resistance gene incorporated in 
the DNA targeting vector we use G418 at the concentration 
of 40 mg/L.   

   12.    It may take a while to practice this. The media must not be too 
wet (condensed water) to prevent wrinkling of the 
cellophane.   

   13.    Clear LB medium means no contamination. If the medium 
turns cloudy or opaque in 1–2 days, this is a sign of 
contamination.   

   14.    Cultivate until the plate is homogenously and densely grown 
by protonemal tissue of intense green color (Fig.  2a ).   

   15.    Two plates are optimal to obtain suffi cient amount of the tis-
sue (about 1 g) and protoplasts for one  transformation  .   

   16.    The extent of the digestion can be monitored under the 
microscope.   

   17.    Filtration can be repeated for better removal of undigested 
tissue.   

   18.    Since the protoplasts are very fragile, it is recommended to 
turn the brake off completely. If it takes too long until the 
centrifuge stops, it is possible to turn the brake on when speed 
is down to ca. 80 rpm.   

   19.    Alternatively let the protoplasts settle down by leaving the tube 
standing upright on the bench for 30–60 min.   

   20.    The pellet is very loose.   
   21.    Place the tubes in a lighttight box and incubate in the growth 

chamber.   
   22.    PRM-T solidifi es quickly at room temperature; therefore this 

step must be done fast.   
   23.    The protoplasts recovery may take 3–6 days. Check under the 

stereomicroscope if the cells proliferate and the fi laments are 
formed.   
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   24.    Colonies originated from untransformed cells turn light brown 
and die.   

   25.    This step allows non-genomic transformants to lose the non- 
integrated construct.   

   26.    Do not miss positive transformants showing reduced growth 
of the colony as an effect of the gene disruption.   

   27.    One colony gives enough tissue for PCR analysis of the  gene 
targeting   events, but not for all the subsequent analyses. It is 
also possible to establish a protonemal homogenate subculture 
( see  Subheading  3.4 ,  step 4 ) at this stage, which gives more 
tissue in shorter time, but is more laborious, especially in case 
of many positive colonies after the selection process.   

   28.    If an increased amount of the starting tissue is needed, game-
tophores (leafy shoots) can also be dissected and used as a 
source of the protonemal tissue.   

   29.    Reduce the amount of water for blending and the number of 
plates for inoculation during the fi rst round of subculture.   

   30.    Another option is to homogenize the colony in a small amount 
of water in the homogenizer and inoculate on a BCD-AT plate 
with cellophane.   

   31.    To confi rm targeted insertion event in the genome, PCR 
amplify and sequence both regions of insertion outward from 
the selection cassette. Use the outer primers in combination 
with primers to the selection cassette (Fig.  1 ). Southern blot-
ting allows detection of multiple insertions in case they occur 
to the nonhomologous sites of the moss genome. To monitor 
the transcript production of the targeted gene, conduct the 
RT-PCR and Northern blotting.   

   32.    Use well-grown tissue that was subcultured at least twice con-
secutively and grown for 5–7 days under standard conditions 
in the growth chamber.   

   33.    While growth of gametophores is enhanced by cultivation on 
BCD medium, the overall growth of the colony is slower than 
on BCD-AT plates, hence the transfer from BCD-AT to BCD.   

   34.    PEG-mediated  transformation   can generate polyploids due to 
 protoplast   fusion. Polyploid colonies have different shape, 
more caulonemal tissue, and less gametophores than the wild- 
type haploid colonies.   

   35.    The most important is regular daily illumination rather than 
the quality and intensity of the light.   

   36.    Additional options for storage of the  P. patens  lines can be 
found in the literature.           

Gene Targeting in Physcomitrella
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    Chapter 19   

 Screening Stress Tolerance Traits in  Arabidopsis  
Cell Cultures                     

      Imma     Pérez-Salamó     ,     Bogáta     Boros    , and     László     Szabados      

  Abstract 

   Screening for tolerance traits in plant cell cultures can combine the effi ciency of microbial selection and 
plant genetics. Agrobacterium-mediated transformation can effi ciently introduce cDNA library to cell 
suspension cultures generating population of randomly transformed microcolonies. Transformed cultures 
can subsequently be screened for tolerance to different stress conditions such as salinity, high osmotic, or 
oxidative stress conditions. cDNA inserts in tolerant cell lines can be easily identifi ed by PCR amplifi cation 
and homology search of the determined nucleotide sequences. The described methods have been tested 
and used to identify regulatory genes controlling salt tolerance in Arabidopsis. As cDNA libraries can be 
prepared from any plants, natural diversity can be explored by using extremophile plants as gene source.  

  Key words     In vitro selection  ,   Agrobacterium  ,   Transformation  ,   cDNA library  ,   Gene isolation  

1      Introduction 

 Tolerance to extreme environmental conditions of higher plants is 
a complex character, a typical multigenic trait, controlled by 
numerous genes. Unfortunately, most crop species are rather sensi-
tive to  drought  , soil salinity, or extreme temperatures although 
certain variability in the degree of tolerance has been identifi ed 
among the genotypes. Quantitative trait loci (QTLs) associated 
with salt or  drought   tolerance have been described in several crops, 
and are being used to improve  stress   tolerance. Alternative strate-
gies include the use of interspecifi c hybridization,  in vitro selec-
tion  , or genetic engineering of crops with regulatory genes, able to 
alter complex traits [ 1 ]. 

 Identifi cation of master regulators of  abiotic stress      tolerance is 
a challenging task with considerable economic importance. Genetic 
approaches have been explored to identify such genes and repre-
sent powerful instruments for further traditional and molecular 
breeding programs. A number of different genetic screens have 



236

been used to identify plant genes which regulate tolerance to 
 salinity, osmotic, or oxidative stresses [ 2 – 5 ]. Most of these pro-
grams were based on mutagenized plant populations generated by 
physical, chemical, or biological mutagenesis, or employed natural 
variability as source of genetic variation. As an alternative, func-
tional screening of plant cDNA expression libraries in microbial 
systems such as yeast was used to isolate regulators of stress 
responses. As an example,  Arabidopsis    cDNA library   was overex-
pressed in yeast, which was screened for resistance to diamide, 
leading to the identifi cation of several genes conferring oxidative 
stress tolerance [ 6 ]. cDNA libraries can be prepared from any plant 
with particular traits and screened in yeast to identify components 
of particular signaling pathways or novel regulators of stress toler-
ance. Such strategy was followed to isolate cDNAs from Jatropha 
curcas or the Pokkali  rice  , which could confer salt tolerance to 
yeast [ 7 ,  8 ]. Functional complementation of yeast mutants by 
Arabidopsis cDNAs was employed as screening criteria to identify 
regulators of sugar and stress signaling [ 9 ,  10 ]. These results sug-
gest that screening at cell level can be an effi cient approach to iden-
tify stress tolerance genes. 

 Use of a heterologous microbial system to identify plant regu-
latory genes has limitations, as important components of the plant 
signal transduction system or a particular metabolic pathway can 
be missing from yeast or bacteria. Use of plant cells for such screen-
ing purposes can therefore be advantageous, if appropriate selec-
tive conditions can be set up. Selection of unicellular cultures or 
suspensions composed of microcolonies is an attractive possibility 
as hundreds of thousands or millions of cells or cell clusters can be 
subjected to selective pressure.  In vitro selection   can be explored in 
such traits, which can clearly be recognized in dedifferentiated cul-
tured cells.  In vitro selection   has been used to recover cell lines 
tolerant to different type of  stress   conditions and to generate geno-
types with enhanced tolerance to salinity,  drought  , heavy metals, or 
 waterlogging   in numerous plant species including alfalfa [ 11 ], 
tobacco [ 12 ],  rice   [ 13 ,  14 ], maize [ 15 ], plum [ 16 ], or Bermuda 
grass [ 17 ]. 

 Source of variation in cell cultures can derive from spontane-
ous or induced variability or introduced by genetic  transformation  . 
Somaclonal variation, generated by genetic and  epigenetic   instabil-
ity in dedifferentiated callus cultures, was explored in a number of 
earlier studies as source of variability [ 18 – 21 ]. Extensive soma-
clonal variation however generates numerous unwanted traits 
(abnormal growth habit, dwarfi sm, sterility, etc.), which can ques-
tion the utility of this approach to recover new cultivars with 
enhanced  stress   tolerance. Identifi cation of the genes responsible 
for stress tolerance of the selected cell lines is also problematic due 
to the lack of appropriate genetic and/or molecular tool. 
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 Biological tools such as insertion mutagenesis or large-scale 
 transformation   of cDNA libraries in plant expression vectors offer 
an alternative source of variation. An important advantage of such 
approach is that identifi cation of the mutant alleles or the intro-
duced genes is feasible. T-DNA insertions usually create loss-of- 
function mutants, most of which are recessive phenotypes [ 22 – 25 ]. 
Activation tagging with specialized vectors carrying strong 
enhancer or promoter sequences at the T-DNA border repeats can 
generate gain-of-function phenotypes by enhancing the transcrip-
tion of plant genes fl anking the T-DNA insertions [ 26 – 29 ]. 
Overexpression of cDNAs after random library transformation is 
expected to generate dominant, gain-of-function phenotypes also, 
which can more easily be recognized in heterozygous cultivated 
cells [ 30 – 35 ]. Further advantage of the  cDNA library   transforma-
tion is that identifi cation of the inserted genes in selected trans-
formed cell lines is very easy which requires standard molecular 
technologies only. cDNA insert is amplifi ed from genomic DNA 
by polymerase chain reaction (PCR) and the identity of the encoded 
protein is determined by sequencing the PCR fragment and homol-
ogy search of the sequence [ 36 ]. Identifi cation of  Arabidopsis   
cDNA clones by screening for salt tolerance of Arabidopsis cell 
cultures, transformed with the COS  cDNA library  , suggested that 
plant cell cultures can be employed in proper screens and used to 
identify novel  stress   regulators ( see   Note 1 ). Thus, overexpression 
of the Arabidopsis heat-shock factor A4A could confer salt and 
oxidative stress tolerance not only to cultured cells but also to 
transgenic plants, affi rming the applicability of this approach [ 35 ].  

2    Materials and Equipment 

       1.    Liquid MSAR1 medium: Murashige and Skoog (MS) medium 
containing 2 mg/l IAA, 0.5 mg/l 2,4-D, and 0.5 mg/l IPAR 
[ 37 ,  38 ].   

   2.    Solid MSAR1 medium to select and maintain cell colonies: 
MSAR1 medium containing 0.7 % agar.   

   3.    YEB media: 1 l medium contains 5 g peptone, 5 g beef extract, 
1 g yeast extract, 5 g sucrose, and pH: 7.2. Solid media con-
tains 20 g/l agar. After autoclaving, add MgSO (fi nal concen-
tration of 2 mM) [ 39 ].   

   4.    LB medium: 1 l medium contains 10 g tryptone, 5 g yeast 
extract, 10 g NaCl, and pH: 7.2. Solid medium has 20 g/l agar.      

       5.    In plant culture medium the antibiotics can be used in the fol-
lowing concentrations: 200–400 mg/claforan, 15–20 mg/l 
hygromycin, 200 mg/l carbenicillin.   

2.1  Culture Media

2.2  Antibiotics
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   6.    For agrobacteria the following antibiotics are used (depending 
on the strains and markers employed): 100 mg/l rifampicin, 
100 mg/l kanamycin, 25 mg/gentamycin, 100 mg/l 
spectinomycin.      

   Sterile Petri dishes, Erlenmeyer fl asks (500 ml), centrifuge tubes, 
micropipette tips. 

  cDNA library   in plant expression vector. We used the COS 
library  of    Arabidopsis   thaliana [ 34 ] and a  cDNA library   prepared 
from salt-induced plants of  Eutrema salsuginea , cloned in the 
estradiol-inducible expression cassette of the pER8-GW  transfor-
mation   vector [ 36 ]. Other cDNA libraries in different expression 
vectors can be used. Genetic transformation was performed with 
the GV3101/pMP90  Agrobacterium   strain [ 39 ].  

       1.    Standard laboratory equipment for molecular biology.   
   2.    Culture chamber with adjustable temperature control.   
   3.    Gyratory shaker.   
   4.    Sterile laminar air fl ow cabinet.       

3    Methods 

 Numerous papers and handful of manuals and handbooks describe 
maintenance and culture of plant cell suspension cultures. Useful 
hints and advices can be obtained how to initiate, maintain, and 
handle cell culture of model and crop plant species in the following 
papers [ 40 – 46 ]. Readers are encouraged to consult these publica-
tions prior to initiating a large-scale cell selection experiment. 

   The  Arabidopsis   cell suspension culture was maintained in liquid 
MSAR1 medium. 50 ml cell suspension was cultured in 250 ml 
Erlenmeyer fl asks with continuous shaking (150 RPM). Cultures 
were subcultured at 7-day interval by transferring 5 ml cell suspen-
sion culture into 45 ml fresh culture medium. 

 Cultures were kept in culture chamber with temperature 
adjusted to 22 °C and under dim light illumination (10–30 μE).  

   The advantage of using cDNA libraries for large-scale  transforma-
tion   of plant cells is that the gene source is practically unlimited. 
 cDNA library   can be prepared from the same species or from any 
other related or unrelated plant or any other organism. In order to 
generate a transformed  Arabidopsis   cell cultures for  in vitro selec-
tion  , two  cDNA libraries   were used in our laboratory. The 
Arabidopsis COS library [ 34 ] was prepared from different organs 
and salt-treated seedlings of  A. thaliana  [ 36 ]. The halophyte 
 cDNA library   derived from salt-treated seedlings of  Eutrema 

2.3  Other Materials

2.4  Equipment

3.1  Maintenance 
of  Arabidopsis   Cell 
Suspension Culture

3.2  Transformation 
of Cell Suspension 
Cultures
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salsuginea  (unpublished). These libraries were cloned in the pER8-
 GW expression vector, which controls the transcription of the 
cDNA clones by the estradiol-inducible XVE promoter. Expression 
of the inserted cDNA in transformed plant cells in this system 
therefore depends on the addition of the chemical inducer ( see  
 Note 1 ).  cDNA libraries   can however be prepared from any plants 
or organism, and numerous other plant expression vectors can be 
used to introduce them into different, transformation-competent 
plant cell cultures. For preparation of  cDNA library  , please consult 
previously published protocols [ 36 ]. Strategy of the screening pro-
gram is depicted in Fig.  1 .

     1.    Inoculate 50 ml YEB medium (containing appropriate antibi-
otics) with 1 ml fresh starter  Agrobacterium   culture of the 
 cDNA library  . To propagate the COS library in pER8-GW 
vector 100 mg/l spectinomycin, 22 mg/l gentamycin, and 
100 mg/l rifampicin were used. Shake the cultures at 250 rpm, 
in 28 °C for 4 h. Spin down the Agrobacteria (4000 g/20 
min) and resuspend in 3 ml liquid MSAR1 medium. Adjust 
OD 600  to 0.8.   

   2.    Fast-growing cell suspension cultures containing single cells or 
microcolonies should be used for  transformation   (Fig.  2a ). 
Cell culture is inoculated by the  cDNA library   2 days after 
subculture by adding 2 ml  Agrobacterium   culture (resus-
pended in liquid MSAR1 medium) to 50 ml cell suspension. 
Coincubate cells for 2 h by standing the fl ask on the bench and 
subsequently shaking the cultures for 2 days.

       3.    After coincubation, Agrobacteria are removed by centrifuga-
tion of plant cells (100 g/1 min), which are resuspended in 
fresh MSAR1 medium. Repeat washing and resuspend the cells 
in fresh culture medium supplemented by 200 mg/l claforan, 
200 mg/l carbenicillin, and 15 mg/l hygromycin. Culture the 
inoculated cell culture by continuous shaking. Composition of 
antibiotics can be different depending on the bacterial strain, 
the plant, and bacterial markers used.   

   4.    Cells are subcultured at weekly intervals by adding 10× volume 
of fresh culture medium containing claforan, carbenicillin, and 
hygromycin. Transformed cell cultures can be established after 
3–5 subcultures and are able to grow in hygromycin-contain-
ing culture medium, while the wild-type cell suspension not.    

      Numerous  selection   strategies can be designed which can be used 
to identify  stress   tolerance traits in cell level. Selection can be based 
on growth, survival, color, or differentiation, depending on the 
trait and the cell culture used. In any case careful optimization of 
the system is essential to establish the appropriate conditions for 
effi cient selection. Please note that such traits can be selected for, 
which are expected to function in cultured cells ( see   Note 2 ).

3.3  In Vitro Selection
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    1.    Transformation effi ciency should fi rst be tested by plating an 
aliquot of transformed cell suspension onto solidifi ed culture 
medium containing 400 mg/l claforan and 15 mg/l hygromy-
cin. Typically fi ve Petri plates are used for such testing. Transfer 
an aliquot of 5 ml cell suspension onto selective culture 
medium in a 100 mm Petri dish, and disperse it equally on the 
surface. Incubate the plates for in standard culture conditions. 
Count the number of growing calli after 3–4 weeks. Non-
transformed cell culture should be used as control.   

  Fig. 1    Work fl ow of the gene identifi cation program which employs  cDNA library   transformation   and  in vitro 
selection   of plant cell cultures. Gene identifi cation is done by insert amplifi cation and sequencing of the 
inserted cDNA       
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   2.    To select for the desired phenotype, transfer transformed cell 
suspension to selective medium. To select for salt tolerance, 
agar-solidifi ed medium composed of MSAR1 culture medium 
supplemented by 400 mg/l claforan, 150 or 175 mg/l NaCl, 
and 5 μM estradiol was used in our laboratory. If other selec-
tion criteria are used, careful testing and optimization of the 
selection conditions are necessary. In our selection system 8 ml 
cell culture was plated onto the selective medium in a 150 mm 
diameter Petri plate. In a typical screening experiment 100 
Petri dishes were used ( see   Note 3 ).   

   3.    Even distribution of microcell on the selective medium is criti-
cal for effi cient selection. To improve plating effi ciency, liquid 
cell suspension can be mixed with warm (40 °C), agar- 
containing selective medium (containing 0.6 % agar) in a ratio 
of 3:1 and immediately plated onto the surface of solid selec-
tive medium (use 10 ml suspension for 150 mm Petri dish). 

  Fig. 2    In vitro screening for salt tolerance in plant cell cultures. ( a ) Established 
cell suspension culture suitable for large-scale  transformation   and subsequent 
screen. ( b ) Growth of transformed microcalli on high-salt medium, supplemented 
by estradiol, inducer of the chemically regulated XVE expression system. ( c – e ) 
Subcultured microcalli growing on high-salt media (150 mM NaCl) in the pres-
ence or absence of 4 μM estradiol. ( c ) Tolerance independent of estradiol. ( d ) 
Estradiol-dependent salt tolerance. ( e ) Control, non-transformed calli       
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Embedding the cells in a thin-layer, low-concentration agar 
medium will separate evenly the microcalli and improve plating 
effi ciency.   

   4.    Growing colonies are identifi ed visually after 3–4 weeks of 
incubation (Fig.  2b ). Growing calli can be split into two or 
more pieces of 1 mm diameter, and transferred onto fresh cul-
ture medium containing 200 mg/l claforan and 150–175 
mg/l NaCl, supplemented with or without 5 μM estradiol. 
Calli, which showed superior growth in the presence of estra-
diol, were used to isolate the inserted cDNA (Fig.  2c–e ).    

      Established cell cultures often lose their regeneration capacity; 
therefore genetic analysis and verifi cation of the tolerance trait are 
not possible by traditional genetic methods. Isolation of the cDNA 
inserts is usually easy from callus cultures by PCR amplifi cation, 
and the cloned fragments can be used to generate independent 
transformed cell lines or transgenic plants for verifi cation and fur-
ther physiological and molecular analysis ( see   Notes 4  and  5 ).

    1.    Isolate genomic DNA from the selected calli. Numerous meth-
ods are available for the preparation of high-quality genomic 
DNA using either commercial DNA isolation kits or traditional 
plant DNA isolation protocols [ 47 – 49 ].   

   2.    cDNA inserts are conveniently rescued from the selected calli 
by PCR amplifi cation of the fragment. Amplify the inserted 
cDNA using vector-specifi c PCR primers fl anking the cDNA 
insert. Determine the identity of the cDNA by sequencing the 
PCR fragment followed by sequence homology search.   

   3.    In order to verify the tolerance trait, clone the amplifi ed cDNA 
in a plant expression vector. If  Gateway cloning system   is used, 
cloning of the PCR fragment is straightforward, as it can be 
cloned into an entry vector and subsequently transferred to a 
plant expression destination vector(s) [ 36 ].   

   4.    Transform cell suspension cultures with the new vectors using 
the cell suspension protocol above. Small-scale  transformation   
is suffi cient, as a single construct is used. Select for appropriate 
antibiotic resistance (e.g., hygromycin) as described above.   

   5.    Plate aliquots of transformed, hygromycin-resistant cell sus-
pension onto selective medium containing the same compo-
nents, which was used for screening. Growth of transformed 
microcalli on selective medium can indicate that the identifi ed 
and cloned cDNA is indeed responsible for the tolerance trait. 
Variation in selection pressure (e.g., using several concentra-
tions of NaCl if salt selection was employed) will provide more 
reliable data on the degree of tolerance achieved.   

3.4  Verifi cation 
of the Selected Trait
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   6.    Gene constructs in plant expression vectors can be used to 
generate transgenic plants, which are amenable for subsequent 
molecular and physiological analysis. Testing  stress   tolerance in 
whole-plant level is therefore possible using either the same 
plant species where the  cDNA library   was originally obtained 
or heterologous hosts.    

4       Notes 

     1.    Transformation of cultured cells with the COS  cDNA library   
will generate cell colonies which, upon addition of the chemi-
cal inducer, can produce conditional, dominant, gain-of-func-
tion phenotypes. Use of an inducible expression system has the 
advantage that the phenotype depends on the presence of the 
inducer, rendering verifi cation of the selected traits more effi -
cient. Once microcalli are identifi ed, the tolerance character 
can be retested in the presence or absence of the inducer. 
Causal relationship between the inducer-dependent activation 
of the inserted cDNA and the observed trait can therefore be 
easily confi rmed. In contrast with this scenario, phenotypes 
caused by constitutive overexpression of the inserted cDNA or 
somaclonal variation can be diffi cult to distinguish.   

   2.    Numerous selection strategies can be designed to identify col-
onies with phenotypic alterations, which can be identifi ed in 
cultured cells. Selection can be based on superior growth, sur-
vival, or employment of marker genes whose activation is easily 
detected in cultured cells. Markers such as fi refl y  luciferase   
(LUC) or green fl uorescent protein (GFP) and derivatives 
offer nondestructive detection, which is advantageous for  in 
vitro selection  . Establishment and proper testing of selection 
criteria is a key for success. Only such traits can be selected for 
which are expressed in cultured, proliferating cell cultures. 
Optimal screening conditions should therefore be carefully 
established in each case.   

   3.    The described protocols are straightforward and technically 
easy to perform. Nevertheless a successful  transformation   and 
 in vitro selection   program are challenging tasks with numerous 
sensitive steps. Transformation, selection, and handling of cell 
suspension cultures require extreme care. Bacterial and fungal 
contamination is a great danger and can destroy sensitive 
experiments easily. Experiments usually last for several months, 
and require handling large number of cultured cells which are 
prone for contamination. Complete sterility should be main-
tained during the whole procedure. Always use safe sterile 
hoods, labcoats, sterilized pipettes separated for handling ster-
ile solutions, etc.   
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   4.    Somaclonal variation may generate calli with certain degree of 
salt tolerance. Such calli are usually able to proliferate in selec-
tive conditions in the absence of the estradiol inducer. Some 
colonies carry the hygromycin resistance; therefore confi rma-
tion of the marker trait is insuffi cient. Care should be taken to 
test the tolerance trait, as identifi cation of the inserted cDNA 
from such calli can produce misleading conclusions.   

   5.    Verifi cation of the selected traits requires careful subsequent 
testing. Although selection and gene identifi cation can be per-
formed in a short time, verifi cation of the obtained results is an 
essential part of the program. As cultured cells are not amena-
ble for genetic analysis, proper verifi cation can be done by gen-
eration of independent transformed cell lines and/or transgenic 
plants.         
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    Chapter 20   

 Using  Arabidopsis  Protoplasts to Study Cellular Responses 
to Environmental Stress                     

     Ana     Confraria     and     Elena     Baena-González      

  Abstract 

    Arabidopsis  mesophyll protoplasts can be readily isolated and transfected in order to transiently express 
proteins of interest. As freshly isolated mesophyll protoplasts maintain essentially the same physiological 
characteristics of whole leaves, this cell-based transient expression system can be used to molecularly dissect 
the responses to various stress conditions. The response of stress-responsive promoters to specifi c stimuli 
can be accessed via reporter gene assays. Additionally, reporter systems can be easily engineered to address 
other levels of regulation, such as transcript and/or protein stability. Here we present a detailed protocol 
for using the  Arabidopsis  mesophyll protoplast system to study responses to environmental stress, includ-
ing preparation of reporter and effector constructs, large scale DNA purifi cation, protoplast isolation, 
transfection, treatment, and quantifi cation of luciferase-based reporter gene activities.  

  Key words     Protoplasts  ,    Arabidopsis thaliana   ,   Mesophyll  ,   Transient expression system  ,   Stress  , 
  Luciferase-based reporters  ,   Promoter activity  

1      Introduction 

  The term  protoplast      refers to the part of a cell within the cell wall or, 
in other words, to the spherical structures, sensitive to osmotic 
shock, that are obtained when cell walls are completely digested [ 1 ]. 
The methods for protoplast isolation were fi rst developed in bacteria 
[ 2 ] and fungi [ 3 ,  4 ] and then transposed to plants, with a paper in 
Nature in 1960 describing the isolation of protoplasts from tomato 
root tips by digesting the cell walls with cellulase in a high osmolarity 
solution [ 5 ]. The method was further developed with the addition 
of pectinase (also called macerozyme) which allowed speeding up 
the procedure and increasing yield [ 6 ]. Even though modifi cations 
have been introduced to the original protocol, the principles of plant 
protoplast isolation remain mostly the same. During the 1980s, 
methods for direct  transformation   of protoplasts were developed in 
multiple labs [ 7 – 10 ], and since then protoplasts have gained ample 
popularity within the plant community. 
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 So far, protoplasts have been isolated from a wide variety of 
plant species and tissues [ 11 – 16 ]. Protoplasts can be quickly pre-
pared from fully differentiated plant material, which retain most 
leaf responses, and used immediately in cell-based transient expres-
sion assays. Mature   Arabidopsis    leaves are most often the material 
of choice, since they combine the easiness and high yield of  meso-
phyll   protoplast   preparation with the possibility of using a large col-
lection of accessions and mutants, hence offering an additional 
advantage for assessing genetic interactions and for quick transient 
molecular complementation. Due to the short incubation times, in 
most cases there is no need to work under sterile conditions. 
Alternatively, protoplasts can also be isolated from suspension cul-
tures [ 12 ,  14 ]. Although suspension cultures have been success-
fully used for transient assays [ 17 – 19 ], there are several caveats 
associated with this system. On one hand, it requires particular 
conditions depending on the source, as well as tissue culture facili-
ties. Most importantly, long-term maintenance of cells in culture 
may induce undesirable alterations in the  epigenetic   landscape [ 20 ] 
and in metabolism, since cultured cells are heterotrophic and 
require sucrose supplementation. Therefore, the overall physiolog-
ical and  gene expression   responses of these undifferentiated cells 
can be dramatically different from whole leaves. 

 Transient expression in   Arabidopsis     mesophyll   protoplasts can 
be of particular importance when protein function cannot be 
deduced from knockout mutant analysis due to redundancy, to 
pleiotropic effects or to lethality. In these cases, gain-of-function 
analyses based on the overexpression of the gene of study or of can-
didate genes may be a more straightforward approach to ascribe 
function and  protoplast   assays can provide a convenient screening 
platform that facilitates more targeted whole plant studies. A reduced 
number of stable transgenic lines can then be generated to confi rm 
the  in planta  function of the factors selected in the protoplast assays. 
Recently, the expression of  artifi cial microRNAs (amiRs)   against spe-
cifi c transcripts in protoplasts has allowed the application of this 
technology also to loss-of-function analyses [ 16 ,  21 ]. 

 Several types of transient expression assays have been devel-
oped in order to address a broad range of biological problems. 
Very commonly, such assays are used to study protein localization 
by fusing the protein of interest to a fl uorescent protein, as GFP or 
YFP. Protein–protein interactions can also be easily assessed by co- 
immunoprecipitation of differently tagged co-expressed proteins 
as well as by more specifi c techniques such as the split-luciferase 
assay [ 22 ,  23 ] or bimolecular fl uorescence complementation [ 24 ]. 

 Given that freshly isolated  mesophyll   protoplasts largely retain 
the physiological properties of whole plants [ 13 ,  25 ], they have 
been an important tool also for studying  stress   responses. Most 
frequently, reporter-based assays assess differential promoter activ-
ity in response to a stress stimulus or to a co-transfected protein 
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involved in a stress signaling pathway ( see  Subheading  3.4 ,  step 1  
and the references within [ 13 ,  26 – 29 ]), but reporters can be easily 
modifi ed in order to evaluate other processes. For example, one 
can generate promoter truncations and mutations to identify 
important regulatory regions and motifs [ 30 ], exchange the UTR 
sequence(s) to assess the effect on transcript stability [ 31 ], or 
introduce artifi cial miRNA binding sites in the UTRs to monitor 
miRNA activity [ 32 ]. Finally,  protoplast   preparations can be easily 
scaled up and adapted to yield enough material for a wide range of 
techniques, from reporter gene assays to high throughput molecu-
lar biology procedures, such as microarrays [ 26 ,  30 ,  33 ,  34 ] and 
deep sequencing [ 35 ,  36 ] or coupled to cell sorting to study cell- 
type specifi c responses [ 37 – 42 ]. 

 In our laboratory, we mostly use protoplasts to dissect the 
energy  stress   signaling pathway. We present the protocol we rou-
tinely use to build effector and reporter constructs for  protoplast   
transfection, as well as the procedure for plasmid DNA isolation 
and for protoplast isolation, transfection, stress treatment and 
reporter-gene assay quantifi cation. It can be easily adapted to pro-
duce other types of reporters and also scaled up according to need. 
Overall it is an easy protocol to follow that only requires equip-
ment usually found in most labs; it may take some optimization to 
your own conditions, but the most important to succeed in estab-
lishing the technique is to start from consistently healthy plants 
and to prepare good quality DNA for transfection.  

2    Materials 

          1.    Phusion ®  High-Fidelity DNA polymerase (New England 
Biolabs, M0530S).   

   2.    Gene and/or promoter-specifi c primers for cloning specifi c 
effectors and/or promoters.   

   3.    Restriction enzymes.   
   4.    T4 DNA ligase.   
   5.    Agarose (low-melting or regular molecular biology grade 

agarose).   
   6.    Effector DNA – Based on pHBT95 vector ([ 13 ]; GenBank 

EF090408).   
   7.    Reporter DNA – pUC18-derived vector expressing fi refl y 

 luciferase   under a promoter of choice and the  NOS  termina-
tor (e.g.,  pRD29A-LUC-NOS  for  ABA   responses; GenBank 
EF090409; [ 13 ]).   

   8.    Selective medium for bacterial growth.   
   9.     E. coli  MC1061 strain competent cells.   

2.1  Effector 
and Reporter 
Construction

2.1.1  Effector 
and Reporter Construction: 
Cloning
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   10.    Thermal cycler.   
   11.    Orbital shaker at 37 °C.      

       1.    Template plasmid DNA ( see  Subheading  2.1.1 ).   
   2.    Mutagenesis primers ( see  Subheading  3.1.2 ,  step 1 ).   
   3.     Pfu  DNA polymerase.   
   4.    dNTP set.   
   5.     DpnI  restriction enzyme.   
   6.    Thermal cycler.   
   7.    Water bath/incubator at 37 °C.       

         1.    Refrigerated centrifuge and rotor for 500 mL bottles.   
   2.    Centrifuge with swing-out rotor for 50 mL/15 mL Falcon 

tubes.   
   3.    Ultracentrifuge (Beckman Coulter Optima TL benchtop ultra-

centrifuge, TLA100.4 rotor).   
   4.    500 mL polypropylene copolymer centrifuge bottles with seal-

ing cap.   
   5.    405 nm 5 mW Mini Laser Module.   
   6.    2–3 mL syringes.   
   7.    20G needles.   
   8.    Miracloth (Merck, 475855-1R).   
   9.    OptiSeal™ polypropylene 4.7 mL tubes (Beckman Coulter, 

361621).   
   10.    Sterile disposable inoculation loops.      

       1.    Terrifi c Broth (TB) medium: 0.05 % w/v TB, 0.5 % v/v glyc-
erol, 100 μg/mL ampicillin. Prepare fresh.   

   2.    Solution I: 10 mM EDTA, pH 8. Store at 4 °C.   
   3.    Solution II: 0.1 N NaOH, 1 % SDS. Prepare fresh. Ensure that 

NaOH is either fresh or stored in a plastic container.   
   4.    RNaseA (Sigma, R4642) – OPTIONAL.   
   5.    Solution III: 2.5 M CH 3 COOK, pH 4.8. Store at 4 °C.   
   6.    Isopropanol.   
   7.    95 % v/v ethanol.   
   8.    CsCl, ultrapure.   
   9.    RedSafe™ Nucleic Acid Staining Solution (20000×) (Intron 

Biotechnology, Inc, 21141).   
   10.     n -butanol saturated with 1 M NaCl.   
   11.    70 % v/v ethanol.       

2.1.2  Effector and 
Reporter Construction: 
Site-Directed Mutagenesis

2.2  Plasmid DNA 
Purifi cation

2.2.1  Equipment 
and Materials

2.2.2  Working Solutions
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   When incubating protoplasts for up to 16 h, it is unnecessary to 
work under sterile conditions or to add antibiotics to the incuba-
tion medium [ 21 ,  43 ]. It is however important to ensure good 
constant quality of all solutions for reproducible results. 

       1.    Sterile disposable inoculation loops.   
   2.    Carbon steel single-edge razor blades.   
   3.    Bell-shaped desiccator with vacuum connection.   
   4.    Nylon mesh (70 μm opening).   
   5.    Centrifuge with swing-out rotor for 50 mL Falcon tubes.   
   6.    0.1 mm depth hemocytometer.      

   All stock solutions should be autoclaved or fi lter-sterilized; unless 
stated otherwise, keep at room temperature.

    1.    0.8 M mannitol.   
   2.    2 M KCl.   
   3.    0.2 M MES–KOH (pH 5.7) – Keep at 4 °C.   
   4.    1 M CaCl 2 .   
   5.    10 % w/v BSA – Keep at −20 °C in 2 mL aliquots to minimize 

repeated freezing and thawing.   
   6.    5 M NaCl – Do not fi lter-sterilize.   
   7.    1 M MgCl 2 .   
   8.    Cellulase (“ONOZUKA” R-10) and macerozyme (R-10), 

Yakult Pharmaceutical Industry Co., Ltd. Aliquot enzymes in 
15 mL Falcon tubes and store at −20 °C.      

   All working solutions should be prepared with sterile Milli-Q water.

    1.    Enzyme solution: 0.4 M mannitol, 20 mM KCl, 20 mM MES–
KOH (pH 5.7), 1.5 % w/v cellulase, 0.4 % w/v macerozyme, 
10 mM CaCl 2 , 0.1 % BSA. Prepare fresh. See preparation 
details in Subheading  3.3 .   

   2.    W5 solution: 154 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, 
2 mM MES–KOH (pH 5.7). Filter-sterilize. Keep at room 
temperature.   

   3.    MMg solution: 0.4 M mannitol, 15 mM MgCl 2 , 4 mM MES–
KOH (pH 5.7). Prepare fresh. Keep at 4 °C until use.       

         1.    Transfection tubes (2 mL round-bottom tubes or 50 mL 
Falcon tubes, depending on the volume of protoplasts to be 
transfected).   

   2.    Swing-out rotor for 2 mL round-bottom tubes or 50 mL 
Falcon tubes.   

2.3  Protoplast 
Isolation

2.3.1  Equipment 
and Materials

2.3.2  Stock Solutions

2.3.3  Working Solutions

2.4  PEG-Ca 2+  
Transformation

2.4.1  Equipment 
and Materials
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   3.    Cell culture plates (6- or 12-well plates) or 100 or 150 mm Petri 
dishes, depending on the volume of protoplasts transfected.   

   4.    Temperature-controlled chamber with cool white light for 
 protoplast   incubation.      

   Unless otherwise stated, all stock solutions should be autoclaved or 
fi lter-sterilized and kept at room temperature.

    1.    Newborn calf serum – Work under sterile conditions. Aliquot 
original stock and store at −20 °C.   

   2.    0.8 M mannitol.   
   3.    2 M KCl.   
   4.    0.2 M MES–KOH (pH 5.7)–Keep at 4 °C.   
   5.    1 M CaCl 2 .      

   All working solutions should be prepared with sterile Milli-Q water.

    1.    5 % v/v newborn calf serum – Filter-sterilize. Keep at 4 °C.   
   2.    WI solution: 0.5 M mannitol, 4 mM MES–KOH (pH 5.7), 20 

mM KCl. Prepare fresh.   
   3.    40 % PEG – 40 % polyethylene glycol 4000, 0.2 M mannitol, 

100 mM CaCl 2 . Prepare fresh, but allow ample time for com-
plete PEG solubilization with gentle rocking before use.       

         1.    96-Well plates (OptiPlate-96 Black, Perkin Elmer, 6005270).   
   2.    Luminometer (Berthold Technologies Microlumat Plus LB 

96 V).   
   3.    Fluorometer (Perkin Elmer multilabel plate reader Victor 3  1420).      

   Prepare stock solutions with sterile Milli-Q water and, unless stated 
otherwise, keep at room temperature.

    1.    1 M Tris-phosphate (pH 7.8) – Autoclave.   
   2.    1 M DTT – Prepare fresh.   
   3.    100 mM 1,2-diaminocyclohexane- N , N , N ′, N ′-tetraacetic 

acid – Dissolve in DMSO. The solution needs to be warmed 
and vortexed heavily to dissolve.   

   4.    50 % v/v glycerol – Autoclave.   
   5.    20 % v/v Triton X-100.   
   6.    100 mM fi refl y  D -luciferin (potassium salt) –Prepare 1 m L  ali-

quots. Keep at −80 °C.   
   7.    60.9 mM coenzyme A – Keep 1 mL aliquots at −80 °C. Use one 

whole aliquot to prepare a batch of luciferase substrate, which 
can then be in turn aliquoted and kept at −80 °C.   

   8.    0.5 M EDTA.   

2.4.2  Stock Solutions

2.4.3  Working Solutions

2.5   Luciferase   
Activity Assay

2.5.1   Equipment 
and Materials

2.5.2  Stock Solutions
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   9.    100 mM ATP.   
   10.    100 mM MgSO 4 .   
   11.    0.5 M Tricine–NaOH (pH 7.8).   
   12.    10 mM MUG (4-methylumbelliferyl b- D -glucuronic acid 

dihydrate) – Dissolve 100 mg in 5.7 mL DMSO and dilute with 
20 mL water. Store in 200–500 μL aliquots at −80 °C.   

   13.    1 M Tris–HCl (pH 8.0) – Autoclave. Keep at room temperature.   
   14.    1 M MgCl 2  – Filter-sterilize. Keep at room temperature.      

   All working solutions should be prepared with sterile Milli-Q water.

    1.    Lysis buffer: 25 mM Tris-phosphate buffer (pH 7.8), 2 mM 
DTT, 2 mM 1,2-diaminocyclohexane- N , N , N ′,  N ′-tetraacetic 
acid, 10 % v/v glycerol, 1 % v/v Triton X-100. Prepare 2 mL 
aliquots and keep at −20 °C.   

   2.    Luciferase substrate: 470 μM  D -luciferin, 270 μM coenzyme 
A, 0.1 mM EDTA, 33.3 mM DTT, 530 μM ATP, 2.67 mM 
MgSO 4 , 20 mM Tricine–NaOH (pH 7.8). Prepare 2 mL ali-
quots and keep at −80 °C.   

   3.    MUG working solution: 1 mM MUG in 10 mM Tris–HCl 
(pH 8.0), 2 mM MgCl 2 . Prepare fresh.   

   4.    0.2 M Na 2 CO 3  – Autoclave. Keep at room temperature.         

3    Methods 

 Unless otherwise specifi ed, all steps should be carried out at room 
temperature. Water refers to sterile Milli-Q water. 

      Most often, we use the small pUC18-based pHBT95 (EF090408; 
[ 13 ]) and  luciferase   reporter vectors as backbones for the con-
structs to be transfected into protoplasts ( see   Notes 1  and  2 ). We 
build our constructs by traditional cloning, using the unique sites 
indicated in Fig.  1 .

     1.    Design two primers containing the appropriate restriction sites 
for:  i)  amplifying the coding region of the desired effector 
downstream of the constitutive  35S  promoter or an inducible 
promoter [ 21 ,  44 ,  45 ];  ii)  amplifying and fusing the desired 
promoter to the fi refl y  luciferase   ( LUC ) gene ( see   Note 3 ).   

   2.    Amplify your effector and/or promoter of interest with 
Phusion ®  or another proofreading DNA polymerase, adjusting 
the PCR settings to the primers, enzyme, and product require-
ments. This PCR product is your insert.   

   3.    Digest both insert and vector with the same restriction 
enzymes, according to the manufacturer’s instructions.   

2.5.3  Working Solutions

3.1  Effector 
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   4.    Run both insert and vector in an agarose gel and cut bands of 
interest under UV illumination.   

   5.    If using normal agarose, purify insert and vector from gel. If 
using low-melting agarose, simply melt the DNA bands 
before use.   

   6.    Ligate insert to vector following T4 ligase instructions for 2 h 
to overnight. If using low-melting agarose, carry out ligation 
at room temperature.   

   7.    Transform ligation into MC1061 competent cells ( see   Note 4 ).   
   8.    Grow transformed cells at 37 °C on plates with selective 

medium.   
   9.    Purify plasmid DNA at a minipreparation scale.   
   10.    Verify that constructs are correct by restriction enzyme diges-

tion and sequencing.    

  Fig. 1    Unique restriction sites used for building reporter ( a ) and effector ( b ) constructs using the pHBT95 
vector       
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          1.    Design two fully complementary primers, containing the site 
to mutate in the middle and extending 12–18 bases to either 
side of the created mismatch/insertion/deletion.   

   2.    Prepare reaction mix: 2.5 μL 10×  Pfu  buffer, 2.5 μL 2.5 mM 
dNTPs (each), 10–25 ng primer F, 10–25 ng primer R, 
25–50 ng DNA, 0.5 μL  Pfu  DNA polymerase, sterile water up 
to 25 μL.   

   3.    Split the reaction mix into two 12.5-μL aliquots: one will go 
through PCR amplifi cation and the other will be frozen and 
used later as a control for  DpnI  digestion.   

   4.    Carry out the mutagenesis PCR under the following condi-
tions ( see   Notes 5 – 7 ): 95 °C, 3 min (1 cycle); 95 °C, 30s + 55 
°C, 60s + 68 °C, 2 min/kb of plasmid (12–18 cycles).   

   5.    Cool the tubes to room temperature and add 0.5 μL  DpnI  to 
each reaction, including the ones that were frozen.   

   6.    Incubate reactions at 37 °C overnight ( see   Note 8 ).   
   7.    Use 4 μL of each reaction to transform 50 μL of competent 

cells.   
   8.    Grow transformed cells at 37 °C on plates with selective 

medium.   
   9.    Purify plasmid DNA at a minipreparation scale.   
   10.    Sequence to confi rm mutation and rule out unintended extra 

mutations.   
   11.    Subclone the mutated product into a new backbone ( see  

Subheading  3.1.1 ).       

       1.    Transform MC1061 competent cells with plasmids containing 
reporter and/or effector constructs. Grow on plates with 
selective medium overnight at 37 °C ( see   Note 4 ).   

   2.    Pick a single colony, grow a small culture to saturation and 
inoculate 200 mL of freshly made TB with 200 μL of the mini 
culture ( see   Note 9 ).   

   3.    Grow cells in 3-L fl asks at 37 °C for 8–16 h at 180–220 rpm 
( see   Note 10 ).   

   4.    Centrifuge cells at 2980 ×  g  for at least 20 min at 4 °C.   
   5.    Drain the medium and freeze the cell pellet. We store frozen 

pellets at −20 °C for up to 1 month.   
   6.    Add 40 mL of solution I to the frozen pellet and mix by swirl-

ing until clumps are no longer visible.   
   7.    Prepare fresh solution II and (OPTIONAL) add RNAse A to 

solution III (in a plastic container, add 600 μg of RNAse A to 
30 mL of solution III) ( see   Note 11 ).   

3.1.2  Effector 
and Reporter Construction: 
Site-Directed Mutagenesis

3.2  DNA Purifi cation
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   8.    Add 80 mL of solution II and immediately mix thoroughly 
with circular movements, trying to avoid foaming. Let stand 
2 min for full lysis ( see   Note 12 ).   

   9.    Add 30 mL of solution III to the lysed cells and mix gently but 
thoroughly by inverting approximately ten times.   

   10.    (OPTIONAL, only needed if using RNase): Incubate at room 
temperature for 20 min.   

   11.    Centrifuge cells at 2980 ×  g  for 5–10 min at 4 °C.   
   12.    Filter through a layer of wet Miracloth into clean centrifuge 

bottles. The lysate should be clear and pass easily through 
the Miracloth.   

   13.    Add 120 mL isopropanol and mix gently by inverting.   
   14.    Centrifuge cells at 2980 ×  g  for 5–10 min at 4 °C. Drain 

isopropanol.   
   15.    Rinse the pellet gently but quickly with 95 % ethanol. Drain 

ethanol and let the pellet dry.   
   16.    Resuspend the pellet to a fi nal volume of 4 mL with solution I.   
   17.    Add the 4 mL to a 15 mL tube containing 4.7 g CsCl and mix 

slowly on a rocking mixer until the salt is fully dissolved.   
   18.    Add 10 μL of RedSafe™ Nucleic Acid Staining Solution 

(20,000×) and mix until homogenous ( see   Note 13 ).   
   19.    Centrifuge in a swing-out rotor at 1125 ×  g  for 5 min.   
   20.    Transfer supernatant to a 4.7 mL OptiSeal™ tube, fi lling it until 

the neck line. Prepare balanced tubes for ultracentrifugation.   
   21.    Seal tubes with appropriate cap, using the support rack tool.   
   22.    Centrifuge at ~195,500 ×  g  (60,000 rpm) for 13–15 h at 22 °C, 

with maximum acceleration and minimum deceleration ( see  
 Note 14 ).   

   23.    After the centrifugation, carefully transfer the tubes to the sup-
port rack and uncap them.   

   24.    To visualize plasmid DNA, illuminate one tube at a time from 
the top with a light that can excite RedSafe™ (405 nm 5 mW 
Mini Laser Module).   

   25.    Extract the plasmid DNA band with a 2–3 mL syringe and a 
20-gauge needle. With the needle still inside discard the rest of 
the solution and only then remove the needle and transfer the 
syringe content into a fresh 15-mL tube.   

   26.    Add water up to 3 mL.   
   27.    Add 7 mL of  n -butanol and shake vigorously. The yellow color 

from RedSafe™ should transfer to the upper phase ( see   Note 15 ).   
   28.    Add 1 mL of water carefully. This middle layer of water will 

facilitate removal of the upper organic phase.   
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   29.    Remove the upper phase.   
   30.    Repeat twice  steps 26 – 28 , but using only 4 mL of  n -butanol 

each time.   
   31.    Add 3 volumes of 95 % ethanol. Mix by inverting to precipitate 

the DNA.   
   32.    Centrifuge at 1125 ×  g  for 5 min in a swing-out rotor.   
   33.    Wash the DNA pellet twice with 10 mL of 70 % ethanol, vor-

texing to release the pellet and centrifuging briefl y after each 
wash.   

   34.    Air-dry the pellet.   
   35.    Resuspend plasmid DNA in 300 μL of water and adjust fi nal 

concentration to 2 μg/μL. Store at −20 °C ( see   Note 16 ).      

    All  protoplast   centrifugations are performed at room temperature 
in a swing-out rotor.

    1.    Prepare fresh enzyme solution – mix water, mannitol, KCl, and 
MES–KOH, and incubate at 70 °C for 2 min; add the enzymes 
and solubilize the powder with the help of a sterile disposable 
inoculation loop; heat at 55 °C for 10 min for complete 
enzyme solubilization and protease inactivation; add CaCl 2  
and BSA only after cooling the solution to room temperature 
( see   Note 17 ). Filter solution through a 0.45 μm syringe fi lter 
into a plastic Petri dish.   

   2.    Pick fully expanded leaves from the second to the fourth pairs 
of true leaves of   Arabidopsis    plants with 4–5 weeks ( see   Notes 
18 – 20 ).   

   3.    Cut 1–3 leaves at a time with a single edge, carbon steel razor 
blade into 0.5–1 mm transversal strips, after discarding both 
the apical and basal portions of the leaf. Cut on a clean paper 
sheet or Parafi lm.   

   4.    As you cut the leaves, transfer the leaf strips using a sterile dis-
posable inoculation loop into the Petri dish and submerge 
them gently into the enzyme solution.   

   5.    Cover the Petri dish and incubate the leaf strips in the dark 
under vacuum for 30 min.   

   6.    After vacuum infi ltration, incubate the leaf strips in the dark for 
another 2 h 30 min.   

   7.    Swirl the plate gently to release the protoplasts.   
   8.    Pass the enzyme solution containing the protoplasts through a 

70-μm nylon mesh into a 50mL tube on ice ( see   Note 21 ).   
   9.    Add one volume of W5 to the leaf strips remaining to recover 

additional protoplasts and then transfer it to the tube with the 
protoplasts fi ltering through the mesh.   

3.3  Protoplast 
Isolation
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   10.    Centrifuge protoplasts at 180 ×  g  for 3 min.   
   11.    Remove the supernatant with a pipette.   
   12.    Resuspend the  protoplast   in a small W5 volume (1–2 mL) by 

swirling the tube gently.   
   13.    Add W5 up to the same total volume (i.e., 2× the initial vol-

ume of enzyme solution).   
   14.    Repeat  steps 10 – 13  once.   
   15.    Repeat  steps 10 – 12 . Add W5 up to a fi nal total volume of 

0.5–0.75 of the initial enzyme solution.   
   16.    Measure  protoplast   concentration using a hemocytometer and 

adjust the concentration to 2 × 10 5  protoplasts/mL.   
   17.    Keep protoplasts on ice for 30 min.   
   18.    Centrifuge protoplasts at 180 ×  g  for 3 min, remove the super-

natant and resuspend the protoplasts in the same fi nal volume 
of chilled MMg, so as to keep the adjusted concentration.    

          1.    Pipet ~20 μg (~10 μL) of CsCl-purifi ed maxiprep plasmid 
DNAs to transfection tubes, which can be kept at 4 °C for 24 
h. Generally, we use 0.5–1.0 μg of an internal transfection con-
trol ( UBQ10::GUS ,  35S::GUS  or  NOS::GUS ), 8–10 μg of the 
luciferase- based reporter and 12–10 μg of controls/effectors. 
Whenever necessary use control DNA (e.g., empty effector 
vector) to adjust the total DNA amount per sample to 20 μg 
( see   Note 23 ).   

   2.    Coat tissue culture plates for  protoplast   incubation to mini-
mize cell adhesion to the plastic - cover all the surface with 5 % 
newborn calf serum, swirl gently, remove well the serum and 
let the plates dry.   

   3.    Add an appropriate volume of WI to each well of the plate ( see  
 Note 24 ). Keep lids on until use.   

   4.    Pipet 2 × 10 4  protoplasts (100 μL) into the previously prepared 
tubes containing the DNA to transfect. Mix gently by 
tapping.   

   5.    Add 1 volume (110 μL) of 40 % PEG and mix by tapping ( see  
 Note 25 ).   

   6.    Incubate for 5 min at RT ( see   Note 26 ).   
   7.    Stop the transfection by adding 2 volumes (440 μL) of W5. 

Mix by inverting.   
   8.    Centrifuge protoplasts at 180 ×  g  for 1–3 min.   
   9.    Remove most of the supernatant (~630 μL).   
   10.    Resuspend the pellet in the remaining solution and transfer to 

previously prepared plates containing WI. Ensure that the pro-
toplasts are evenly distributed throughout the wells/plates.   

3.4  PEG-Ca 2+  
Transformation ( See  
 Note 22 )
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   12.    Incubate the protoplasts under the desired  stress   and control 
conditions ( see  Table  1  and  Notes 27  and  28 ).

       13.    Alternatively, incubate the protoplasts fi rst under control light 
conditions for ~2–3 h in order to allow similar expression of 
reporter and effector in both control and  stress   treatments and 
only then apply stress treatment to protoplasts.   

   14.    To harvest the protoplasts, swirl gently the plates and transfer 
the cells into fresh tubes.   

   15.    Centrifuge protoplasts at 180 ×  g  for 1–3 min.   
   16.    Remove most of the supernatant (i.e., leave approximately 30 

μL in each tube) and fl ash freeze in dry ice or liquid nitrogen.      

    See  Table  1 .  

       1.    Add lysis buffer to the frozen protoplasts (100 μL per 2 × 10 4  
cells).   

   2.    Vortex briefl y and centrifuge at maximum speed on a benchtop 
centrifuge for 1 min. Keep the lysate on ice.   

   3.    Pipette 20 μL of each lysate into each well of a 96-well plate 
(or other, according to the luminometer to be used).   

   4.    Assay luciferase activity in a luminometer by automatic injec-
tion of 100 μL of luciferase substrate buffer per well ( see   Notes 
29  and  30 ).   

   5.    Pipette 10 μL of each lysate into fresh tubes.   
   6.    Add 100 μL of MUG working solution to each tube.   
   7.    Incubate at 37 °C for 2–3 h.   
   8.    Stop reaction by adding 900 μL 0.2 M Na 2 CO 3 . Mix 

thoroughly.   
   9.    Transfer 100 μL of each reaction into a well of a 96-well plate 

and read β-glucuronidase activity in a fl uorometer with excita-
tion at 365 nm and emission at 455 nm.   

   10.    Divide luciferase activity by β-glucuronidase activity for calcu-
lating normalized relative light units (nRLU).   

   11.    Data can be presented directly as nRLU or alternatively nor-
malized to a control (Fig.  2 ).

       12.    We typically have a minimum of three biological replicates 
(corresponding to three independent  protoplast   batches), each 
consisting of a minimum of two independent transfections. 
From these values, we calculate the mean and standard devia-
tion (SD) or standard error of the mean (SEM) for each 
sample.       

3.5  Stress 
Treatments 
for Protoplasts

3.6   Luciferase   
Activity Assay
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     Table 1  
  Collection of abiotic and  biotic stress      treatments employed for studying stress responses 
in protoplasts   

 Stress  Condition  Type of reporter  References 

 Cold  0 °C, 4 h + 23 °C, 12 h (maize) a   GFP-based;  HVA1  promoter 
activity 

 [ 46 ] 

 Salt  0.2 M NaCl, 3 h +13 h after washing 
( maize  ) 

 GFP-based;  HVA1  promoter 
activity 

 [ 46 ] 

 Dark  16 h ( maize  )  GFP-based;  HVA1  promoter 
activity 

 [ 46 ] 

 3–6 h (  Arabidopsis   )  LUC-based;  DIN6, MIR161, 
MIR775  promoter activity 

 [ 30 ,  47 ] 

  ABA    100 μM ABA, 16 h ( maize  )  GFP-based;  HVA1  promoter 
activity 

 [ 46 ] 

 5–100 μM ABA, 3 h–6 h (  Arabidopsis   )  LUC-based;  RD29A ,  RD29B , 
 DIN6, APX2  promoter activity 

 [ 27 , 
 48 – 50 ] 

  DCMU   b   20 μM, 3–6 h  LUC-based;  DIN6, APX2  
promoter activity 

 [ 30 ,  50 ] 

 Oxidative 
 stress   

 200 μM H 2 O 2 , 3 h  LUC-based;  GST6 ,  HSP18.2 , 
 RD29A ,  35S, APX2  promoter 
activity 

 [ 48 ,  50 ] 

 Hypoxia  Submerge protoplasts in 1 mL of 
buffer in 1.5-mL tube, 3–6 h 

 LUC-based;  DIN6  promoter 
activity 

 [ 30 ] 

  Biotic stress       10–100 nM  fl g22  , 2–4 h  LUC-based;  WRK29, FRK1, 
GST1, GST6, RD29A  promoter 
activity 

 [ 29 ,  51 , 
 52 ] 

 10 nM elf18  LUC-based;  FRK1  promoter 
activity 

 [ 29 ] 

 100 nM HrpZ1  LUC-based;  FRK1  promoter 
activity 

 [ 29 ] 

 50 μg/mL peptidoglycan  LUC-based;  FRK1  promoter 
activity 

 [ 29 ] 

 50–200 μg/mL chitin  LUC-based;  FRK1  promoter 
activity 

 [ 29 ,  53 ] 

 50 μg/mL lipopolysaccharide  LUC-based;  FRK1  promoter 
activity 

 [ 29 ] 

 Heat  stress    37 °C, 3 h  GFP-based;  HSP18.1-CI  
promoter activity 

 [ 54 ] 

   a When cold is used as a  stress   treatment, keep protoplasts at room temperature throughout the isolation procedure 
rather than incubating them on ice 
  b 3-(3,4-dichlorophenyl)-1,1-dimethylurea  
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4    Notes 

     1.    The Sheen lab has donated to the ABRC stock a set of control 
constructs [ 13 ], and we highly recommend the use of this 
resource for establishing the  protoplast   transient expression 
system. On one hand, protoplast transfection effi ciency should 
reach at least 50 % (ideally 80–90 %) and this can be evaluated 
by transfecting with a GFP marker (pHBT-sGFP(S65T)-NOS; 
[ 13 ]). On the other hand, a set of LUC reporters is available 
that can respond to specifi c signals and that can therefore be 
used [ 13 ,  55 ] as positive controls.   

   2.    We have used with success other vectors besides pHBT95 for 
protein expression in protoplasts, such as the Gateway-based 
p35S-HA-GW [ 24 ]. Transformation with binary vectors such 
as pCB302 [ 56 ] is also possible, but we consistently fi nd trans-
fection effi ciency with these plasmids to be much lower and 
only use protoplasts in this case to verify constructs before pro-
ceeding to plant  transformation  .   

  Fig. 2     DIN6  promoter activity in transiently transfected   Arabidopsis    mesophyll protoplasts. ( a ) The activity of a 
wild-type version of the  DIN6  (At3g47340) promoter using LUC activity as readout (Pro DIN6::LUC ) is compared 
to the activity of a promoter derivative, in which a G-box (G1, CACGTG) most proximal to the TATA box was 
mutated (CTCGAG; Pro DIN6::LUC   ΔG1  ). The WT version is activated by different stresses, such as hypoxia (6 h), 
dark (6 h), and 3-(3,4-dichlorophenyl)-1,1-dimethylurea ( DCMU  ; 6 h, 20 μM), whereas the mutated version is 
non-responsive, presumably due to the lack of the G1 box. On the contrary, both the WT and mutated version 
are mildly activated by methyl viologen (MV, 3 h, 100 μM) to the same extent, showing that the transcriptional 
activation is in this case independent of the G1 box. ( b ) The  DIN6  WT promoter is activated by co-transfection 
with SnRK1α1, but not by an inactive SnRK1α1 variant mutated in the conserved ATP binding pocket 
(SnRK1α1 K48M ). The graphs depict normalized  luciferase   activity values. Bars represent means ± SEM       
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   3.    When building a reporter for promoter activity, if no prior 
information on the promoter of interest is available, we gener-
ally take the entire intergenic region upstream of the start 
codon to a maximum of 4–5 kb in the cases where this region 
is extremely long. For effector proteins, we usually just clone 
the coding sequence in order to maximize protein expression.   

   4.    We generally use  E. coli  MC1061 for growing cultures for plas-
mid DNA maxipreps, as the DNA yield and quality are consis-
tently good. However, if the insert to be used harbors repetitive 
sequences (e.g., the same sequence in sense and antisense 
direction for hairpin formation), it is recommended to use 
TOP10 cells, as this strain has reduced DNA recombination 
and the plasmid DNA yield and quality are also reasonably 
good.   

   5.    For site-directed mutagenesis, we use an extension tempera-
ture of 68 °C, as  Pfu  will not strand displace at 68 °C, but will 
do so at 72 °C amplifying the original DNA that does not 
contain the mutation. Therefore, with extension at 68 °C, it is 
less likely to obtain non-mutated clones.   

   6.     Pfu  is a proofreading DNA polymerase much slower than reg-
ular  Taq . We often use extension times longer than 10 min 
without problems.   

   7.    The number of cycles in the PCR should be adjusted to the 
type of mutation being made: 12 cycles for point mutations; 
16 cycles for single amino acid changes; 18 cycles for deletions 
or insertions.   

   8.     DpnI  restricts only methylated DNA, i.e., the original plasmid 
used as a template that does not contain the mutation, but not 
the newly synthesized product containing the mutation. 
Digestion time with  DpnI  can be shortened to approximately 
8 h, but carrying out overnight digestion can be more effective 
and help reduce the background.   

   9.    There is no need to autoclave TB when growing the 200-mL 
cultures for 8 h. We grow these cultures mostly in 3-L fl asks to 
ensure proper aeration.   

   10.    It is important not to exceed these culture times. Bacterial 
overgrowth will result in decreased quality of plasmid DNA.   

   11.    The use of RNase A in the DNA purifi cation procedure is 
optional. We have found however that it can decrease the RNA 
contamination in the fi nal preparation when the CsCl purifi ca-
tion is performed in a small rotor such as the Beckman 
TLA100.4. Do not use glass containers for preparing solutions 
containing RNase A because it easily binds to glass. If you use 
RNase, the pellet obtained after isopropanol precipitation will 
be fl aky and will become completely transparent once dried. It 
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is advised to mark in the bottle where the pellet is to allow 
easier resuspension later on.   

   12.    In the DNA purifi cation procedure, the lysis of the cells is a 
critical step that can take some optimization according to the 
user; one should be neither too harsh nor too gentle. Avoid 
delays throughout that part of the protocol. If the lysis is not 
complete the neutralized lysate will be “slimy” and diffi cult to 
fi lter through Miracloth.   

   13.    The CsCl protocol is traditionally done with ethidium bro-
mide. We have adapted it to use RedSafe™ instead of ethidium 
bromide without detrimental impact on our preparations. 
When using RedSafe™, we strongly recommend visualization 
of the plasmid DNA band with the aid of a light that can excite 
the dye (please check product information with supplier for 
specifi c information). In our case, we use a 405 nm 5 mW Mini 
Laser Module.   

   14.    Larger rotors, such as the Beckman NVT90 rotor, allow better 
DNA separation; however, we use routinely the smaller 
TLA100.4 rotor with reproducible and suffi ciently good 
separation.   

   15.    As ethidium bromide, RedSafe™ can be washed off with 
 n -butanol. Even though it seems that all the dye is removed in 
the fi rst wash, we routinely do three washes to obtain a fi nal 
DNA preparation as pure as possible.   

   16.    Throughout the whole DNA purifi cation procedure, be care-
ful to avoid contamination amongst preparations done simul-
taneously. In the fi nal resuspension, the use of fi lter tips is 
advised as the DNA concentration is particularly high. When 
the DNA concentration is adjusted to 2 μg/μL, the prepara-
tion should be fl uid rather than viscous. A simple restriction 
digestion analysis should be carried out before use for con-
struct confi rmation and quality evaluation. The plasmid DNA 
yield from a 200-mL culture is typically 2–4 mg.   

   17.    β-mercaptoethanol can be added to the enzyme solution for 
 protoplast   isolation at a fi nal concentration of 5 mM to prevent 
protoplast protein oxidation. This is unnecessary in most cases 
and we do not routinely use it.   

   18.    One of the most important conditions for successful  protoplast   
isolation and transfection is to start from healthy plants. We 
grow protoplast plants under a 12:12 light–dark cycle (100 
μE; 22 °C/18 °C) for 4–5 weeks to maximize vegetative 
growth and prevent bolting. We pick healthy fully expanded 
leaves (usually true leaf numbers 5–8) preferably not shaded by 
other leaves. To ensure plant health we grow the plants in a 
dedicated walk-in chamber where no older  fl owering   plants 
(always more susceptible to pests [ 57 ]) are allowed, avoiding 
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excessive humidity in the pots and keeping a plant density of 9 
plants per pot (18.5 × 14 × 5.1 cm). We always harvest plants 
for protoplast isolation at the same time of the day (2 h after 
the onset of the light period) to avoid potential effects from 
the  circadian clock  . We recommend making an initial test of 
the response at different times of the day/night and to adhere 
to a particular time once this is established.   

   19.    In order to obtain a good yield of isolated protoplasts, it is 
important to have enough leaf strips to fi ll the plate, but not to 
saturate the enzyme solution. Insuffi cient starting material can 
result in poor yield but, from a certain point, excessive starting 
material will not increase yield and will result in dirtier 
preparations.   

   20.    An alternative way to isolate protoplasts was recently reported 
(Tape-  Arabidopsis    Sandwich method [ 58 ]), in which the leaf 
lower epidermal layer is removed to expose  mesophyll   cells to 
the enzyme solution, allowing a three-times faster cell wall 
degradation as compared to the conventional leaf strip method 
described here [ 13 ]. Nevertheless, we have not used this 
method, as we have deemed important not to introduce altera-
tions in the times of treatments and incubations.   

   21.    The nylon mesh used to fi lter the initial  protoplast   preparation 
should be kept in 95 % ethanol and thoroughly washed with 
water and briefl y rinsed with W5 before use.   

   22.    Other  transformation   methods, such as electroporation, have 
been reported [ 8 ,  9 ,  59 – 61 ]. However, we only use PEG-Ca 2+  
transformation since it is simpler, cheaper and, most impor-
tantly, allows the parallel processing of many more samples 
than electroporation.   

   23.    A ratio of ~20 μg DNA to 2 × 10 4  cells is optimal for successful 
transfections. This amount of cells is suffi cient for obtaining a 
good signal in assays with regular  luciferase-based reporters  , 
but can be easily scaled up when needed. The tubes used for 
transfections should be large enough as to allow easy mixing of 
protoplasts with PEG; we use either round-bottom 2 mL tubes 
or 50 mL Falcon tubes, depending on the volume of proto-
plasts to transfect.   

   24.    It is important that the volume of WI used to incubate the 
protoplasts after transfection is just suffi cient to cover the 
whole surface of the well/plate with a thin layer of liquid in 
order to avoid creating a hypoxic environment for the proto-
plasts. We generally use 500 μL per well in 12-well plates, 1 
mL per well in 6-well plates, 5 mL in 100-mm Petri dishes and 
12 mL in 150-mm Petri dishes.   

   25.    During transfections, protoplasts have to be consecutively 
mixed with DNA, 40 % PEG, and W5. Even though proto-
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plasts need to be handled gently, it is essential to ensure that 
cells are always homogeneously mixed with these solutions.   

   26.    When designing the experiments, one should bear in mind that 
all samples to be compared should be transfected in parallel. 
With a transfection time of 5 min, it is possible to transfect 
10–15 samples, with 30s–20s intervals in between each sam-
ple, respectively. Use cut tips for pipetting 40 % PEG during 
transfections. Additionally, in order to compare reporter activ-
ity amongst different samples it is necessary to normalize  lucif-
erase   activity with that of a co-transfected control reporter 
driven by a constitutive promoter (in our case β-glucuronidase 
activity derived from  UBQ10::GUS, NOS::GUS, or 35S::GUS  
expression).   

   27.    We describe several short  stress   treatments used both in our 
laboratory and described in the literature (3–16 h;  see  Table  1 ). 
We are mostly interested in early stress responses, and there-
fore rarely use incubation times longer than 6 h. Nevertheless, 
you should always test, and if needed optimize, the stress treat-
ments to your conditions and questions. Longer incubation 
times of up to several days have been employed, e.g., in the 
context of the  circadian clock   as well as for silencing via artifi -
cial miRNAs [ 16 ,  21 ,  43 ], and might be required for assessing 
secondary/later responses to stress. The duration of the treat-
ment will also depend on whether the output is LUC activity 
based on promoter activation or for example direct kinase acti-
vation, which might require just a few minutes of incubation 
under stress (e.g., [ 62 ,  63 ]). The output will also determine 
whether cells are directly subjected to stress conditions or 
whether they are pre-incubated under control conditions 
before being subjected to stress (to allow equal protein accu-
mulation when for example kinase activity is measured from 
control and stress conditions).   

   28.    If possible, the protoplasts should be incubated in a dedicated 
chamber with temperature control and the same light quality 
as the plant growth chamber. We incubate the protoplasts 
without agitation.   

   29.    There are commercially available fi refl y  luciferase   assay buffers 
(e.g., Promega). However, we routinely prepare our own fi re-
fl y  luciferase   assay buffer, which reduces costs without com-
promising the sensitivity of the assay.   

   30.    Even though luminescence can be easily assayed using a sensi-
tive charge-coupled device (CCD) camera, we routinely use a 
plate reader luminometer, as it allows more precise quantitative 
measurements. Moreover, plate readers are often equipped 
with an injection system that supplies the luciferin substrate 
automatically at defi ned time points, ensuring similar integra-
tion times for all measurements.          
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    Chapter 21   

 Construction of Artifi cial miRNAs to Prevent Drought 
Stress in  Solanum tuberosum                      

     Anna     Wyrzykowska     *,     Marcin     Pieczynski      *, 
and     Zofi a     Szweykowska-Kulinska       

  Abstract 

   The use of artifi cial microRNAs (amiRNAs) is still a relatively new technique in molecular biology with a 
wide range of applications in life sciences. Here, we describe the silencing of the  CBP80/ABH1  gene in 
 Solanum tuberosum  with the use of amiRNA. The CBP80/ABH1 protein is part of the Cap Binding 
Complex (CBC), which is involved in plant responses to drought stress conditions. Transformed plants 
with a decreased level of CBP80/ABH1 display increased tolerance to water shortage conditions. We 
describe how to design amiRNA with the Web MicroRNA Designer platform in detail. Additionally, we 
explain how to perform all steps of a procedure aiming to obtain transgenic potato plants with the use of 
designed amiRNA, through callus tissue regeneration and  Agrobacterium tumefaciens  strain LBA4404 as 
a transgene carrier.  

  Key words     Artifi cial microRNA (amiRNA)  ,    Solanum tuberosum   ,       Drought stress  ,    CBP80/ABH1   , 
  Transformation  ,    Agrobacterium tumefaciens   

1       Introduction 

  The  discovery   that miRNAs regulate gene expression in plants and 
animals along with subsequent functional studies has had an enor-
mous impact on our understanding of the relation between the 
function and expression of different genes. Mature microRNAs are 
usually single stranded 21-nucleotide long RNA molecules. They 
are the products of microRNA genes whose expression is driven by 
RNA polymerase II [ 1 ]. In most cases, plant microRNA genes are 
independent transcription units that contain no open reading 
frame. MicroRNA gene transcripts, also called pri-miRNAs, have a 
cap structure at their 5′ end and are polyadenylated at the 3′ end 
[ 2 ]. The transcripts are able to form hairpin structures. During 

 *Both authors contributed equally to this chapter. 
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microRNA biogenesis, the pri-miRNA is cleaved by the DCL1 
(Dicer Like-1) protein that produces a shortened precursor referred 
to as the pre-miRNA [ 3 ]. In the next stage, a duplex of  microRNA/
microRNA* is diced out wherein the RNA molecules contain 
phosphates at their 5′ ends and two unpaired nucleotides at the 3′ 
end, which terminates with a free 3′ hydroxyl group [ 3 ]. 

 Since the discovery of microRNA molecules studies have 
focused mainly on their biogenesis and function. Numerous pro-
teins which participate in this process in  Arabidopsis   have been 
discovered and described, including DNA-dependent RNA poly-
merase II [ 1 ], DCL1 (Dicer Like-1) [ 3 ], DCL3 (Dicer Like-3) 
[ 4 ], HYL1 (Hyponastic Leaves 1) [ 5 ], SE (Serrate) [ 6 ], DDL 
(Dawdle) [ 7 ], CBP20 (Cap Binding Complex 20) [ 8 ],  CBP80/
ABH1   (Cap Binding Complex 80/ ABA   Hypersensitive 1) [ 8 ], 
HASTY [ 9 ] and HEN1 (Hua Enhancer 1) [ 10 ], SDN1 (Small 
RNA Degrading Nuclease 1) [ 11 ], AGO1 (Argonaute 1) [ 12 ], 
NOT2 (Mediator and At-Negative on TATA less 2) [ 13 ], and 
DRB4 (Double-stranded RNA binding protein 4) [ 14 ,  15 ]. Recent 
studies also identifi ed several new components involved in miRNA 
biogenesis. They are EMU (Erecta mRNA Under-expressed) [ 16 ], 
FCA [ 17 ], TGH (TOUGH) [ 18 ], STA1 (STABILIZED1) [ 19 ], 
SIC (SICKLE) [ 20 ], and MOS2 [ 21 ], RACK1 (RECEPTOR 
FOR ACTIVATED C KINASE 1) [ 22 ]. However, their function 
in miRNA biogenesis is still not well understood. 

 MicroRNA molecules are involved in the regulation of  gene 
expression   at the posttranscriptional level. Mature microRNA mol-
ecules are incorporated into the RISC (RNA-induced silencing 
complex) complex and this complex then binds to the target 
mRNA according to base-pairing complementarity between the 
microRNA and the target mRNA [ 23 ]. Transcript cleavage is cata-
lyzed by the AGO1 protein, which is a principal component of the 
RISC complex [ 12 ]. Cleavage of the target mRNA leads to its 
degradation and reduces the level of protein encoded by the target 
gene. Although the primary mechanism of  gene expression   regula-
tion by microRNAs is the slicing of the target mRNA, it should be 
mentioned that there are numerous examples where the microRNA 
molecules block the translation process [ 24 ]. In this way, microR-
NAs also contribute to reduce the level of target gene protein. Up 
to now, there are 427 microRNA molecules described in  A. thali-
ana  (  www.mirbase.org    ) [ 25 ]. 

 After describing and understanding the mechanisms of gene 
expression regulation by microRNAs, the next stage of research 
involves using microRNAs to modify the expression level of a gene 
of interest [ 26 ]. For this purpose  artifi cial microRNA (amiRNA)   
genes are designed and introduced into plants, which are able to 
generate non-natural mature microRNA molecules. A very impor-
tant parameter in designing artifi cial microRNA is the energy of 
hybridization between the amiRNA and its targeted mRNA. One 
should also consider the possibility of accidentally disturbing the 
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expression of other genes that results from artifi cial  microRNA   
production. Like natural miRNAs, artifi cial miRNAs can regulate 
the expression of more than one mRNA. Therefore, when design-
ing each  amiRNA   the possibility of silencing the expression of 
other genes has to be excluded. Additionally, it should be noted 
that the process from artifi cial  microRNA   design to confi rming its 
functionality usually takes a long time and, depending on the stud-
ied plant, can take half a year or more. 

 Plant transformations are traditionally carried out using 
  Agrobacterium tumefaciens   . This bacterium has the natural ability 
to introduce its DNA fragment (the T-DNA) into the genome of 
the host plants [ 27 ,  28 ]. Transformations of  A. thaliana  are usually 
carried out by the fl oral dip method with the use of the  A. tumefa-
ciens  AGl1 strain [ 29 ]. During the  transformation   procedure only 
closed infl orescences are subjected to the bacterial suspension to 
enable transgene introduction into the plant cell genome during 
the meiotic divisions. Transformation effi ciency varies in the range 
of 1–3 %, as counted by the number of transgenic plants compared 
to the number of seeds obtained from the transformed plants. 

 Due to the very low effi ciency of self-pollination of potato, its 
genetic  transformation   via the fl oral dip method would be extremely 
diffi cult. Instead, cells within leaves and internodes from plants 
grown in vitro are usually transformed. Plant fragments, wounded 
with a scalpel in order to induce mitotic divisions, are exposed to 
the bacteria. In the case of potato, the LBA4404 strain of  A. tume-
facien  is usually used [ 30 ]. The  regeneration   of whole plants from 
many callus tissues grown from transformed plant cells then takes 
place. Depending on the potato varieties, this transformation pro-
cess has different effi ciency and duration. For example, the trans-
formation of the Desiree variety takes 3–4 months and its effi ciency 
could be over 40 % if counted by the number of independent trans-
genic plants obtained compared to the number of explants used.  

2    Materials 

       1.     Escherichia coli  strain DH5α:  supE44 Δlac169(Φ80lacZΔM15) 
hsdR17 recA endA1 gyrA96 thi-1 recA1 .   

   2.      Agrobacterium tumefaciens    strain  LBA4404: rif R  pAL4404 
with disarmed Ti pAL4404 plasmid and rifampicin resistance 
(to a concentration of 100 μg/ml).   

   3.     pGEM-T Easy  plasmid (Promega).   
   4.     pART27  plasmid [ 31 ].   
   5.     pHannibal  plasmid [ 32 ].   
   6.     pRS300  plasmid [ 33 ].      

       1.     Solanum tuberosum , variety Desiree      

2.1  Bacteria 
and Plasmids

2.2  Plant Material

Drought Tolerant Potato
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       1.    ½ MS (Murashige–Skoog) medium: 2.2 g/L MS medium 
concentrate (Duchefa Biochemie B V, Netherlands), 15 g/L 
sucrose, 8 g/L agar, supplemented or not with 0.05 mg/mL 
kanamycin. Dissolve MS medium concentrate and sucrose in 
distilled water, adjust pH to 5.5–5.6 with 0.1 M KOH, add 
agar, and autoclave at 121 °C for 20 min. For selection of 
transgenic lines, add appropriate amount of a stock solution of 
kanamycin (sterilized with the use of 0.22-μm pore diameter 
fi lters) after cooling medium to around 50 °C.   

   2.    MCI medium: 2.2 g/L MS medium concentrate (Duchefa 
Biochemie B V, Netherlands), 16 g/L glucose, 8 g/L agar, 5 
mg/L α-naphthaleneacetic acid (NAA), 0.1 mg/L 
6- benzylaminopurine (BAP), 0.05 mg/mL kanamycin, 0.5 
mg/mL biotaksym (Bioton, Poland). Dissolve MS medium 
concentrate and glucose in distilled water, adjust pH to 5.5–5.6 
with 0.1 M KOH, add agar, and autoclave at 121 °C for 20 min. 
Add appropriate amount of stock solutions of plant hormones 
and antibiotics (sterilized with the use of 0.22-μm pore diame-
ter fi lters) only after cooling medium down to around 50 °C.   

   3.    GR 2  medium containing auxins: 2.2 g/L MS medium concen-
trate (Duchefa Biochemie B V, Netherlands), 16 g/L glucose, 
20 μg/L gibberellic acid (GA 3 ), 20 μg/L α-naphthaleneacetic 
acid (NAA), 2 mg/L zeatin riboside, 0.05 mg/mL kanamycin, 
0.5 mg/mL biotaksym (Bioton, Poland). Dissolve MS medium 
concentrate and glucose in distilled water, adjust pH to 5.5–
5.6 with 0.1 M KOH, add agar, and autoclave at 121 °C for 
20 min. Add appropriate amount of stock solutions of plant 
hormones (dissolved in ethanol in the case of GA 3 ) and antibi-
otics (sterilized with the use of 0.22-μm pore diameter fi lters) 
only after cooling medium down to around 50 °C.      

       1.    Liquid LB (Luria–Bertani) medium: 10 g/L Bacto tryptone, 5 
g/L yeast extract, 10 g/L NaCl. Autoclave at 121 °C for 
20 min.   

   2.    Solid LB (Luria–Bertani) medium: Add 15 g of agar in 1000 
mL of liquid LB medium and autoclave at 121 °C for 20 min. 
After cooling down to around 50 °C, add selected antibiotics 
and pour medium into petri dishes under sterile conditions.      

    See  Table  1 

          1.     Taq  DNA Polymerase [10 U/μL] (Fermentas).   
   2.     Pfu  DNA Polymerase [2.5 U/μL] (Fermentas).   

2.3  Media for In Vitro 
S. tuberosum Culture

2.4  Bacterial 
Culture Media

2.5  Antibiotics Used 
during Culture 
of Different Bacterial 
Species

2.6  Enzymes
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   3.    SuperScript III Reverse transcriptase [200 U/μL] (Invitrogen).   
   4.    Turbo DNase [2 U/μL] (Applied Biosystems).   
   5.    T4 DNA Ligase [5 U/μL] (Fermentas).   
   6.    CIAP alkaline phosphatase [1 U/μL] (Fermentas).   
   7.     BamH I [10 U/μL] (Fermentas).   
   8.     Not I [10 U/μL] (Fermentas).   
   9.     Xho I [10 U/μL] (Fermentas).      

       1.    ContigExpress program from the Vector NTI software suite 
(Promega).      

       1.    2× HSE Loading Buffer (for DNA): 4 M urea, 50 % sucrose, 
50 mM EDTA, 0.1 % bromophenol blue, 0.1 % xylene cyanol.   

   2.    Loading Buffer for RNA: 10 mM Tris–HCl pH 7.4, 95 % for-
mamide, 5 mM EDTA, 0.1 % bromophenol blue, 0.1 % xylene 
cyanol.   

   3.    10× TBE Buffer: 10 mM Tris–HCl pH 8.0, 95 % boric acid, 
20 mM EDTA.   

   4.    1 % agarose gel: Dissolve 1 g of agarose in 100 mL of 1× TBE 
Buffer by heating in a microwave. After cooling down to about 50 
°C, add 5 μL of 10 mg/L ethidium bromide per 100 mL of gel.   

   5.    RNase-free water (H 2 O DEPC ): 0.1 % DEPC. Autoclave twice at 
121 °C for min and shake for 12–16 h at 37 °C before use.      

    See  Tables  2 ,  3 ,  4 ,  5 , and  6 .

3            Methods 

    Potato is a tetraploid plant  and   therefore carries four slightly differ-
ent nucleotide sequence alleles of the  CBP80/ABH1  gene. Thus, 
when planning to design a single  artifi cial microRNA   molecule 
capable of down-regulating the expression of all alleles of the 

2.7  Software

2.8  Buffers 
and Solutions

2.9  Oligonucleotides

3.1  Obtaining 
the cDNA Sequence 
of the CBP80/ABH1 
Gene

       Table 1
Antibiotics used during culture of different bacterial species   

 Antibiotic 
 Concentration in 
medium [mg/mL]  Bacteria 

 Ampicillin  0.05   E. coli  

 Biotaksym/Cefotaxime 
sodium 

 0.5   A. tumefaciens  

 Kanamycin  0.05   E. coli, A. tumefaciens  

 Rifampicin  0.1   A. tumefaciens  

Drought Tolerant Potato
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     Table 2  
  Primers used for preparation of expression constructs  generating   artifi cial microRNAs   

 Primer 1  5′-CTGCAAGGCGATTAAGTTGGGTAAC-3′ 

 Primer 6  5′-GCGGATAACAATTTCACACAGGAAACAG-3′ 

 Primer 2 -amiRNA80.1  5′-GATAACGGTACAGGCAGGCCGACTCTCTCTTTTGTATTCC-3′ 

 Primer 3-amiRNA80.1  5′-GAGTCGGCCTGCCTGTACCGTTATCAAAGAGAATCAATGA-3′ 

 Primer 4 -amiRNA80.1  5′-GAGCCGGCCTGCCTCTACCGTTATCACAGGTCGTGATATG-3′ 

 Primer 5 -amiRNA80.1  5′-GATAACGGTAGAGGCAGGCCGGCTCTACATATATATTCCT-3′ 

 Primer 2 -amiRNA80.2  5′-GATAACGGTACAGGCAGCCGGACTCTCTCTTTTGTATTCC-3′ 

 Primer 3 -amiRNA80.2  5′-GAGTCCGGCTGCCTGTACCGTTATCAAAGAGAATCAATGA-3′ 

 Primer 4 -amiRNA80.2  5′-GAGTACGGCTGCCTGAACCGTTTTCACAGGTCGTGATATG-3′ 

 Primer 5 -amiRNA80.2  5′-GAAAACGGTTCAGGCAGCCGTACTCTACATATATATTCCT-3′ 

     Table 3  
  Primers used for cDNA amplifi cation and sequencing of the   CBP80/ABH1    
gene   

 F80ST  5′-GGAATGAGTAGTTGGCGG-3′ 

 R80ST  5′-TAAATCATTCCTCCAGAGGTC-3′ 

 cbp80-1R  5′-CAGTGAAAGAAACAAAGCCTC-3′ 

 cbp80-1 F  5′-GTGCCTTCCTTGGGGTGGTGC-3′ 

 cbp80-2 F  5′-CTGCCTGTACCGTTCAGATATG-3′ 

 cbp80-2R  5′-GGGCAGTTTTCCTACCTTTCAC-3′ 

    Table 4  
  Primers used for preparation of probes for northern blotting analysis   

 Probe-80.1  5′-GTCGGCCTGCCTGTACCGTTA-3′ 

 Probe-80.2  5′-GTCCGGCTGCCTGTACCGTTA-3′ 

    Table 5  
  Primers used for cDNA amplifi cation of the   CBP80/ABH1    and cyclophilin 
genes by qPCR   

 Fcbp80  5′-TCCTTCAAATAAAACTGAGGATC-3′ 

 Rcbp80  5′-CCTGGCAGAGCCTTGC-3′ 

 F_cyclofi lin  5′-CTCTTCGCCGATACCACTCC-3′ 

 R_cyclofi lin  5′-TCACACGGTGGAAGGTTGAG-3′ 
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 CBP80/ABH1  gene, one must fi rst know their mRNA sequences. 
The next step is to identify regions of the cDNA with identical 
sequence, which might be a target  for   artifi cial microRNA 
molecules. 

 The  CBP80/ABH1  cDNA from the potato variety Desiree was 
amplifi ed using primers F80ST and R80ST (Fig.  1 ). PCR was per-
formed using the following thermal profi le: 5 min of 95 °C; 30 
cycles of 30 s 95 °C, 30 s 60 °C, 120 s 72 °C; 5 min 72 °C using 
 Pfu  DNA polymerase and primers listed in Table  3 . cDNA pre-
pared from total RNA using SuperScript III reverse transcriptase 
was used as a template, and the reaction products cloned into the 
pGEM T-Easy vector. In order to identify the sequence of mRNAs 
derived from four alleles of the  CBP80/ABH1  gene, at least 12 
independent cDNA clones should be sequenced ( see   Note 1  and 
Table  3 ). The sequences of the individual cDNA clones were 
assembled together using a ContigExpress program of the Vector 
NTI software suite. It should be noted that the same type of analy-
sis could be performed using commercially or freely available pro-
grams such as CAP3 [ 34 ]. The complete sequence of the  CBP80/
ABH1  cDNA clones were aligned with one another using the 
Clustal W2 program (currently available upgraded version of 
ClustalW2 is Clustal Omega—  www.ebi.ac.uk/Tools/msa/clust-
alo/)     [ 35 ].

   Based on the prepared cDNA sequence alignment, we were 
able to identify mRNA of all four alleles of the  CBP80/ABH1  
gene. In one of the alleles we found two deletions (83 bp and 200 
bp) and one insertion (4 bp). These identifi ed mutations give rise 
to the appearance of a premature stop codon. Furthermore, all 
identifi ed alleles differ only by a single nucleotide change [ 36 ]. 
Selected cDNA sequence fragments of the  CBP80/ABH1  gene, 
identical in all four alleles, were then used as a target sequence for 
 the   artifi cial microRNA designing.   

    In order to design  artifi cial microRNA   molecules (Table  2 ), we 
used the platform Web MicroRNA Designer 2 (WMD2) [ 26 ,  33 ]. 
Currently, there is an available upgraded version of the site, WMD3 
(  www.wmd3.weigelworld.org    ) ( see   Note 2 ). Selected fragments of 
the cDNA sequences of the   CBP80/ABH1    gene in fasta format 
should be introduced into the “target gene” window in the 
“Designer” bookmark. Additionally, one should fi ll in the remain-

3.2  Design 
of Artifi cial microRNA 
Molecules

    Table 6  
  Primers used for amplifi cation of the potato actin gene cDNA fragment 
(accession number: ABB55389)   

 FACT1ST  5′-GGAAACATTGTGCTCAGTGGTGG-3′ 

 RACT3ST  5′-CTCTGCCTTTGCAATCCACATC-3′ 
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ing windows: “Genome”—select the genome release you are inter-
ested in (in this case  S. tuberosum ), “Minimum number of included 
targets “—defi ne the minimum number of target sequences for 
which the artifi cial microRNA will be designed, “accepted off- 
targets”—defi ne the acceptable mRNAs derived from the genome 
of interest, which may be affected by designed artifi cial microRNA, 
“Description”—defi ne a project name for the artifi cial microRNAs 
designing. Finally, enter the email address to which the results with 
the characteristics of the designed artifi cial microRNA molecules 
should be sent. This email from WMD3 will contain a list of 
designed artifi cial microRNA molecules and their characteristics. 
For each amiRNA, the hybridization energy assigned to the target 
mRNA as well as to the fully complementary sequence and a num-
ber of identifi ed off-targets will be indicated. In addition, all 
designed molecules will be listed taking into account additional 
criteria: the number and location of a mismatch between the 
amiRNA and mRNA sequence, amiRNA 5′ end complementarity 
to the target sequence, and the number of mRNAs with 5 or less 
mismatches when aligned to amiRNA. On the basis of all the previ-
ously mentioned parameters, amiRNAs will be listed and colored 
according to the most favorable parameters (green), the less favor-
able characteristics (yellow and orange) until the least favorable 
(red color) of the list. It should be noted that the red color does 
not indicate that the molecules are not functional, only that they 
may potentially be less specifi c. 

 During the fi nal selection of the molecule, one should take 
into account all the parameters ( see   Note 3 ). In addition, please 
note that the introduction of an amiRNA gene into a plant genome 

  Fig. 1    Electrophoresis in a 1 % agarose gel of PCR products derived from   CBP80/
ABH1    cDNA amplifi cation from Desire plants. As a control (K+) the part of cDNA 
of Actin gene was amplifi ed (Table  6 ). M—molecular mass marker. Reproduced 
from Pieczynski Marcin’s PhD thesis (on-line access:   www.repozytorium.amu.
edu.pl    )       
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and the subsequent verifi cation of its functionality is a time con-
suming process. It is therefore a good idea to select more than one 
amiRNA candidate for further research. 

 For further research with the potato   CBP80/ABH1    gene, two 
amiRNA molecules: amiRNA80.1—5′-TAACGGTACAGGCA
GGCCGAC-3′ and amiRNA80.2—5′- TAACGGTACAGGCAG
CCGGAC-3′, were selected. The selected molecules were charac-
terized by the following parameters: perfect match hybridization 
energy (energy of target mRNA hybridization to fully complemen-
tary sequence; kcal/mol) of −48.71 and −51.44; hybridization 
energy (energy of target mRNA hybridization to microRNA 
sequence) of −43.55 and −44.83; and identifi ed off-targets num-
bers 9 and 6, respectively.   

    In order to obtain a gene capable of generating  artifi cial microR-
NAs  , the pRS300 plasmid containing the microRNA 319a gene 
derived from   Arabidopsis      thaliana    Col-0 was used and primers 
were designed based on the selected amiRNA using the WMD2 
site, bookmark “Oligo” ( see   Note 4  and Table  2 ) [ 33 ]. Additionally, 
the pRS300 plasmid has a multitude of additional restriction sites 
that are useful when cloning an artifi cial microRNA gene. For all 
PCR reactions performed, to obtain an amiRNA gene sequence 
carrying amiRNA and amiRNA* always use a DNA-dependent 
DNA polymerase characterized by a low number of errors during 
the synthesis of the new strand with proofreading activity ( Pfu 
 DNA polymerase or  Tgo ). Introduction of the amiRNA and 
amiRNA* sequence into the microRNA 319a gene sequence was 
carried out in four consecutive PCR reactions (Fig.  2 ). Reactions 
“a,” “b,” and “c” were carried out using plasmid pRS300 as the 
template and primers 1, 2, 3, 4, 5, and 6. Primers 1 and 6 are uni-
versal for this procedure, whereas primers 2, 3, 4 and 5 are unique 
to a given amiRNA and amiRNA* molecule and were designed 
using the tab “Oligo” from WMD2 (Fig.  3 ,  see   Note 5 ).

    PCR reactions were performed according to the recommended 
profi le temperature: 2 min 95 °C; 24 cycles of 30 s 95 °C, 30 s 55 
°C, 40 s 72 °C; 7 min 72 °C. When carrying out the “b” reaction, 
the annealing temperature was lowered to 50 °C. It is very impor-
tant that the products of the “a,” “b,” and “c” reactions are puri-
fi ed individually by elution from the gel. In this way, the reaction 
products can be purifi ed from the pRS300 plasmid template, where 
the presence of contamination makes it practically impossible to 
obtain the appropriate reaction products. Reaction products of 
“a,” “b,” and “c” were used as a template in the “d” reaction, 
which also uses primers 1 and 6 (Fig.  3 ). The reaction was per-
formed according to the recommended temperature profi le: 2 min 
95 °C; 24 cycles of 30 s 95 °C, 30 s 55 °C, 90 s 72 °C; 7 min 
72 °C. A product of the “d” reaction was cloned into the pGEM 
T-Easy vector and sequenced to confi rm the accuracy of the artifi -
cial microRNA gene sequence.   

3.3  Construction 
of the Artifi cial 
microRNA Gene
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   In further experimental work, the pHannibal and pART27 vectors 
were used. pHannibal is dedicated to the preparation of an expres-
sion construct able to generate RNA hairpin structures [ 32 ], 
whereas pART27 vector is a binary vector used for plant genetic 
 transformation   [ 31 ]. The “d” reaction products, containing the 
 amiRNA   gene sequence, were digested with the  Xho I and  BamH I 
restriction enzymes for cloning into the pHannibal vector. pHan-
nibal was also prepared for cloning by digestion with the above 

3.4  Cloning 
into the Binary Vector

  Fig. 2    Schematic representation of the “step-by-step” preparation of a gene construct containing  artifi cial 
microRNA  . Primers 1–6 were used in subsequent PCR reactions. Scheme based on Schwab and Ossowski [ 26 ] 
and   www.wmd3.weigelworld.org           

  Fig. 3    Electrophoresis of PCR products from subsequent PCR reactions with different primers (“a”–“d”), during 
which the exchange of microRNA and microRNA* from the MIR319a gene to the  artifi cial microRNA   was made. 
a—reactions “a,” “b,” and “c”, b—reaction “d”, K − —negative control, M—molecular mass marker. 
Reproduced from Pieczynski Marcin’s PhD thesis (on-line access:   www.repozytorium.amu.edu.pl    )       
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restriction enzymes ( see   Note 6 ). The restriction enzymes  Xho I 
and  BamH I were chosen to maintain the correct orientation of the 
 amiRNA   gene according to the orientation of CaMV promoter 
and the OCS terminator, which are located in the vector. At the 
same time, the use of restrictase allowed the removal of the intron 
sequence from pHannibal vector. The presence of the amiRNA 
gene in the pHannibal vector was confi rmed by restriction diges-
tion using the  Not I enzyme ( see   Note 7 ). In the next stage the 
expression cassette, containing the CaMV promoter— amiRNA   
gene—OCS terminator, was recloned into the pART27 binary 
vector using the  Not I restriction enzyme. When cloning the expres-
sion cassette into the pART27 vector it is possible to confi rm its 
presence in the vector by an α-complementation assay. The cor-
rectness of the expression cassette fi nal sequence was confi rmed by 
sequencing. 

 While carrying out the described research work, we used  E. coli  
DH5α strain cells to obtain a large quantity of recombinant pHan-
nibal and pART27 plasmids at each stage. Bacteria were grown at 37 
°C in standard LB medium, liquid or solidifi ed by adding 1.5 % agar. 
To select  E. coli  cells carrying the pHannibal or pART27 vector, the 
antibiotics ampicillin (0.05 mg/mL fi nal concentration) and spec-
tinomycin (0.1 mg/mL fi nal concentration), respectively, were used. 
Transformation of  E. coli  was performed by subjecting the cells to 
heat shock. Isolation of plasmid DNA from the  E. coli  suspension 
was carried out using the standard alkaline lysis method [ 37 ].  

         1.     After 48 h of  growth   of  A. tumefaciens  in 20 mL of LB medium, 
centrifuge the culture at 2500 ×  g  at 4 °C for 8 min. Discard 
the supernatant and resuspend the bacterial pellet in 200 μL of 
20 mM CaCl 2  ( see   Note 8 ).   

   2.    Separate the cell suspension into two eppendorf tubes with 
100 μL per tube.   

   3.    Add 1 μg of plasmid DNA suspended in 40 μL of water to one 
of the tubes and add 40 μL of water to the second, which will 
be used as a negative control of  transformation  .   

   4.    Place the tubes in liquid nitrogen for 8 s until boiling stops and 
then incubate at 37 °C for 5 min ( see   Note 9 ) [ 38 ].   

   5.    To each eppendorf tube containing bacteria add 1 mL of liquid 
LB medium. Incubate for 4 h at 28 °C with shaking (200 rpm).   

   6.    After incubation, spread bacteria on petri dishes with solid LB 
medium containing the antibiotics rifampicin (0.1 mg/mL) 
and spectinomycin (0.1 mg/mL) ( see   Note 10 ). Incubate at 
28 °C for 48 h. Sealing of the plates is not necessary.   

   7.    Pick one colony and transfer to a Falcon tube with 10 mL of 
LB medium containing antibiotics, and incubate 24 h at 28 °C 
with shaking (100 rpm).   

3.5   A. tumefaciens  
and Potato 
Transformation

3.5.1   A grobacterium 
Transformation
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   8.    Split the culture in two: use 4 mL for plasmid isolation and 
restriction enzyme analysis to compare band pattern and ensure 
you are using the clone with the correct insert ( see   Note 11 ), 
and use 6 mL to prepare glycerol (50 %) stocks ( see   Note 12 ).       

       1.    For plant  transformation  ,  A. tumefaciens  from a  glycerol stock   
or a colony on plate can be used. Transfer bacteria with binary 
plasmid (in this case pART27) to 5 mL of LB medium with the 
same antibiotics (rifampicin and spectinomycin, Table  1 ) and 
grow overnight on shaker (200 rpm) at 28 °C.   

   2.    Transfer the inoculum to 50 mL of LB medium with antibiot-
ics and grow another 24 h under the same conditions.   

   3.    Centrifuge bacterial suspension at 700–1000 ×  g  for 15 min 
after transferring to Falcon tube. Discard the supernatant and 
resuspend bacterial pellet in 15 mL of MS medium.   

   4.    Spread 100 μL from the 15-mL suspension on plates with solid 
½ MS medium.      

       1.    Place plant leaves from in vitro culture on a fresh empty plate 
and perform several incisions on each leaf with a scalpel ( see  
 Note 13 ).   

   2.    Place the incised leaves upside down on plates prepared earlier 
with solid ½ MS medium and bacteria ( see   Note 13 ). Incubate 
for 2 days at RT in  darkness  . Parafi lm sealing of the plates is 
obligatory.   

   3.    Transfer the leaves to plates containing MCI medium with 
spectinomycin and Biotaksym (0.5 mg/mL) ( see   Note 10  and 
Table  1 ). Incubate plates for 10 days at 21 °C.   

   4.    Transfer explants to plates with GR 2  medium containing aux-
ins and the same antibiotics as in  step 3  (Table  1 ).   

   5.    Every 14 days transfer explants to freshly prepared plates with 
GR 2  medium ( see   Note 14 ). Formation of callus tissue occurs 
after 4–6 weeks (Fig.  4 ).

       6.    Carefully excise regenerated shoots (1.5–3 cm) and transfer to 
glass tubes ( see   Note 15 ) fi lled to a height of 4–5 cm with solid 
½ MS medium containing antibiotic (0.05 mg/mL kanamy-
cin), close with plugs of cotton wool, and seal with Parafi lm M.   

   7.    After plant transgenic line selection (Fig.  5 ), analyze transgene 
expression levels and its functionality (Figs.  6  and  7 ).

         8.    The regenerated shoot from one explant should be considered 
as an independent transgenic line ( see   Note 16 ).   

   9.    Plant transgenic lines obtained after tuberization in a green 
house and subject them to  drought stress      conditions (Fig.  8a ). 
Measurements of relative water content (RWC) should indi-
cate that the transgenic lines show improved drought tolerance 
(Fig.  8b ).

3.5.2  Agrobacteria 
Preparation

3.5.3  Plant 
Transformation
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  Fig. 4    Schematic representation of in vitro plant  transformation  . Leaves from micro-plants were transformed 
with  A. tumefaciens . Callus tissue was then regenerated and, from the callus tissue, new regenerated shoots. 
After transferring the shoots to glass tubes, transgenic micro-plants were obtained       

  Fig. 5    Electrophoresis in 1 % agarose gel of PCR products of the transgene in transformed plant lines contain-
ing the amiRNA80.2 construct (1–23). K + —positive control of PCR reaction with pART27 containing expression 
cassette used as a template. Numbers represent subsequent transgenic plant lines. K − —negative PCR control 
without template and/or with gDNA from non-transformed plants. M—molecular marker. The lines without the 
transgene are marked with a  red X . Reproduced from Pieczynski Marcin’s PhD thesis (on-line access:   www.
repozytorium.amu.edu.pl    )       
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4             Notes 

     1.    In order to identify the mRNA sequence derived from four 
different alleles of the gene of interest, a signifi cant number of 
clones need to be sequenced. Below is the probability of 
obtaining the mRNA sequence of all four alleles, depending on 
the number of sequenced clones:

 –    Number of sequenced clones (each of the four mRNA 
alleles represented by at least one clone):
   10 clones sequenced—probability 78 %  
  13 clones sequenced—probability 90 %  
  16 clones sequenced—probability 96 %     

 –   Number of sequenced clones (each of the four mRNA 
alleles represented by at least two clones):
   10 clones sequenced—probability 22 %  
  13 clones sequenced—probability 53 %  
  20 clones sequenced—probability 90 %         

   2.    In order to design  artifi cial microRNA   molecules for potato, 
Web MicroRNA Designer 2 platform was used for the   CBP80/
ABH1    gene silencing. Currently, the WMD2 platform has 
been replaced by a new version—Web MicroRNA Designer 3 

  Fig. 6    Expression level of the   CBP80/ABH1    mRNA in the obtained transgenic plant lines (1–22) transformed 
with the amiRNA80.2 construct. Wt—expression level of the   CBP80/ABH1   mRNA in a non-transformed plant 
was set at 100 %. Reproduced from Pieczynski Marcin’s PhD thesis (on-line access:   www.repozytorium.amu.
edu.pl    )       
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(  http://wmd3.weigelworld.org    ). When designing  artifi cial 
microRNA   molecules using the present protocol, please note 
that some information in the text (e.g., sequence of  amiRNA   
molecules and their hybridization to target mRNA parameters) 
refers only to the use of WMD2 platform.   

   3.    We recommend a thorough analysis of the potential effects of 
potential off-targets expression disturbances. The target 
sequence to which an  amiRNA   is designed may be either con-
served and present in a large number of genes or unique. 
Therefore, there is a possibility that the designed  amiRNA   will 
disturb the expression of genes with similar function to the 
destination target (for example genes belonging to one gene 
family or genes encoding proteins with similar functional 
domains). Unfortunately, after the fi nal  artifi cial microRNA   
molecule selection it is hard to control the level of mRNAs 
other than the target mRNA. Only after analysis using the 
obtained transgenic plant lines will the extent of expression of 
the other mRNAs be determined.   

  Fig. 7    ( a ) qPCR measurements of   CBP80 / ABH1    mRNA levels in selected transgenic lines (calculated as a per-
centage of  CBP80/   ABH    1  mRNA expression in non-transformed plants; Table  5 ). Circles indicate selected trans-
genic lines that were further analyzed. ( b ) Detection of the artifi cial miRNAs amiR80.1 and amiR80.2 in the 
Desiree plants and selected transgenic lines using Northern hybridization (Table  4 ). ( c )  CBP80/ABH1   protein 
detection in the non-transformed plants and amiR80.1-8 and amiR80.2-14 transgenic lines using Western 
blots. Reproduced from Pieczynski et al. with permission from John Wiley and Sons [ 32 ]       
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  Fig. 8    ( a ) Six-week-old, well-watered plants were subjected to water  stress  . Desiree and amiRNA80.2-14 
plants before the application of water stress ( upper-left panel ) and after 11 and 25 days without watering are 
shown. Desiree and amiRNA80.2-14 plants 9 h after rewatering ( lower-right panel ) are shown. ( b ) The RWC in 
leaves from the Desiree and transgenic amiRNA80.2-14 potato plants after  drought stress  . The RWC was 
measured at 0, 7, 11, and 25 days after the application of  drought stress   ( left panel ). The measurements taken 
at various time points during  drought stress   are presented as a percentage of the RWC of the plant at day 0. 
The  right panel  shows the RWC upon restarting irrigation after 9 h and 3 days. The leaves were detached and 
weighed to determine the initial FW (fresh weight), SW (saturated weight) and DW (dry weight) values. ( c ) 
Northern blot hybridization of the  Arabidopsis   RAB18 cDNA probes bound to potato RNAs isolated from the 
Desiree and amiR80.2-14 plants after 0, 4, 7, and 11 days without watering. Reproduced from Pieczynski et al. 
with permission from John Wiley and Sons [ 32 ]       
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   4.    The pRS300 plasmid contains the microRNA 319a gene 
sequence from  A. thaliana . Note that during the preparation 
of the  artifi cial microRNA   expression construct it is possible to 
use practically any microRNA gene. However, if a different 
microRNA gene other than the  A. thaliana  miRNA319a is 
used, the microRNA* molecule in addition to the 2, 3, 4 and 
5 primers sequences will need to be designed. When designing 
these, the example of primers that could be designed using the 
“Oligo” tab should be closely followed.   

   5.    The WMD3 platform is used to design an  artifi cial microRNA   
molecule and primer sequences used for  amiRNA   introduction 
into the microRNA 319a gene derived from  A. thaliana . The 
miRNA* sequence is designed along with the primers and its 
sequence is part of the 4 and 5 primers which are used in the 
“b” and “c” PCR reactions.   

   6.    When cloning a PCR product into the pHannibal vector, it is 
strongly recommended to dephosphorylate the 5′ ends of the 
plasmid DNA after restriction digestion and prior to the liga-
tion reaction.   

   7.    The pHannibal vector contains two  NotI  restriction sites that 
divide the vector into two fragments with lengths of 2966 bp 
and 2858 bp, respectively. These fragments differ in length 
only by 108 bp and migrate in the agarose gel electrophoresis 
practically as a single band. Cloning a DNA fragment of about 
700 bp into the pHannibal vector causes the recombinant 
pHannibal vector after digestion with  NotI  to generate two 
different length bands in gel electrophoresis analysis.   

   8.    Other methods of  transformation   such as electroporation or 
Triparental conjugation [ 39 ,  40 ] can also be performed.   

   9.    Proper protective gloves and glasses should be used when han-
dling liquid nitrogen. After freezing, immediately place sam-
ples into a 37 °C incubator.   

   10.    Use of selection antibiotic depends on the type of plasmid you 
work with. Make sure to decide on the right type. Rifampicin 
prevents other bacteria from growing in the medium, which 
might occur due to the long reproducing time of  A. tumefa-
ciens . Spectinomycin selects  Agrobacterium   cells containing 
the pART27 plasmid. Biotaksym belongs to the antibiotic 
group of cephalosporins and allows the removal of agrobac-
teria when they are no longer needed after plant 
 transformation  .   

   11.    Sometimes rearrangements can occur in the transgene sequence 
during the  transformation  . Therefore, it is important before 
plant transformation to check the sequence for which the anal-
ysis of the digestion pattern with restriction enzymes is helpful. 
Mutations in a transgene nucleotide sequence can inactivate/
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activate restriction sites in the transgene so the differences in 
length and pattern of bands on the agarose gel can be observed 
(Fig.  9 ). The sequence of the transgene may also be checked 
by classical DNA sequencing. As plasmid isolation from  A. 
tumefaciens  has a low effi ciency, it may be helpful to introduce 
a binary plasmid, isolated from  Agrobacterium  , back into  E. 
coli  for propagation in a larger amount. After overnight growth, 
plasmids can be isolated from  E. coli  for re-sequencing.

       12.     Glycerol stocks   are the best method for long-term storage of 
transformed  A. tumefaciens . Use 300 μL 50 % (v:v) glycerol 
with 700 μL of culture medium, freeze in liquid nitrogen, and 
store at −80°C.   

   13.    For plant  transformation  , leaf excision (10 × 10 mm) or stem 
internodal (without growing points) fragments (10 mm in 
length) may be used.   

   14.    It has been reported that growth regulators and antibiotics can 
degrade in the presence of light, so subculturing every 2 weeks 
will allow the appropriate level of these components to be 
maintained.   

   15.    Other vessels can be used for in vitro culture such as Vitro Vent 
Vessels (Duchefa), vented Magenta GA7 vessels or Suncaps 
(Sigma). We use customized glass tubes ~15 cm in height and 
of ~ 2.5 cm diameter.   

   16.    The random integration of the transgene into different sites of 
the plant genome can alter the expression pattern of the trans-

  Fig. 9    Electrophoresis in 1 % agarose gel of  Not I restriction enzyme digestion products. The  left panel  shows 
the pART27 plasmid with cloned expression cassette isolated from  E. coli  (1–2) and used for  transformation   of 
 Agrobacterium   cells. The  right panel  shows the products of  Not I digestion from different  A. tumefaciens  colo-
nies (1–9) containing the pART27 plasmid with the cloned expression cassette. Plasmids with sequence rear-
rangements are marked with a  red X . K − —pART27 plasmid without the expression cassette, K + —pART27 
plasmid containing the expression cassette, M—DNA molecular marker. Reproduced from Pieczynski Marcin’s 
PhD thesis (online access:   www.repozytorium.amu.edu.pl    )       
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gene [ 30 ]. As a consequence during the fi eld trials the trans-
genic potato lines can exhibit unspecifi c phenotypic changes. It 
is thus very important to maintain a careful cataloging system 
and to confi rm the initial data obtained from microplants with 
greenhouse or fi eld trials on tuber generated plants.          
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    Chapter 22   

 Virus-Induced Gene Silencing for Gene Function 
Studies in Barley                     

     Maria     Barciszewska-Pacak    ,     Artur     Jarmołowski    , and     Andrzej     Pacak      

  Abstract 

   Virus-Induced Gene Silencing (VIGS) creates a natural antiviral defense in plants. However, it has been 
also a powerful tool for endogenous gene silencing in dicot and monocot plants by exploitation of recom-
binant viruses, harboring silencing inducing sequences. The Barley Stripe Mosaic Virus (BSMV) based 
VIGS system is an effi cient and rapid RNAi approach that is routinely applied in functional genomics stud-
ies of cereals. We present here a protocol for BSMV VIGS application in barley based on mechanical inocu-
lation of the plants with in vitro transcribed recombinant BSMV RNAs as the silencing triggers.  

  Key words     Virus-induced gene silencing (VIGS)  ,   Virus  ,   Barley stripe mosaic virus (BSMV)  , 
  Posttranscriptional gene silencing (PTGS)  ,   RNA interference (RNAi)  ,   Functional genomics  ,   Barley  

1      Introduction 

  Posttranscriptional gene silencing (PTGS) was  discovered   in the 
1990s of the twentieth century through the observation of the so 
called co-suppression phenomenon described in  Petunia hybrida  
[ 1 ,  2 ]. Based on further studies, PTGS was found to occur at the 
RNA level; therefore, it was also called RNA silencing [ 3 ]. PTGS is 
triggered by double-stranded RNA molecules (dsRNAs) that are 
homologous to a DNA fragment of the gene to be silenced. In 
plants, these dsRNAs are cleaved into smaller RNA fragments by 
members of the Dicer-like endonuclease family (DCLs). Products 
of this digestion are called small interfering RNAs (siRNAs) and 
are responsible for gene silencing [ 4 – 6 ]. The single-stranded siR-
NAs are incorporated into the RNA-induced silencing complex 
(RISC) [ 7 – 9 ], which participates in silencing of specifi c RNA tar-
gets by their cleavage. Among dsRNA molecules that can induce 
gene silencing, the intermediates of plant (+) ssRNA  virus   replica-
tion [ 10 – 15 ] as well as secondary structures of viral genomes can 
serve as substrates for the cleavage catalyzed by DCLs [ 16 – 18 ,  14 ]. 
There are four plant DCLs, in  Arabidopsis  , DCL1, DCL2, DCL3, 
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DCL4, each of them producing different small RNAs in various 
silencing pathways, although plant (+) ss RNA virus siRNAs may 
be the product of action of both DCL2 and DCL4 [ 19 ]. In RISC, 
the slicer activity is actually performed by Argonaute proteins, 
AGOs [ 20 – 22 ]: in Arabidopsis AGO1 recruits viral siRNAs in 
 Cucumber mosaic virus  (CMV) infected plants [ 23 ]. 

   The size of viral-derived small RNAs, vsRNAs [ 14 ], which are siR-
NAs found in the infected plants, depends on the  virus   type. 
Usually, vsRNAs are 21 nt long but sometimes a mix of 21 and 
24-nt virus siRNAs can be found in infected plants. However, in 
some cases exclusively 22 nt siRNAs or preferably 24 nt siRNAs are 
also produced during plant infection [ 24 ]. The RISC with incor-
porated vsRNAs directs cleavage of viral RNAs, therefore leading 
to their degradation in plants [ 25 ]. Plant viruses strongly induce 
but on the other hand are also the targets of VIGS [ 17 ]. The viral 
siRNAs are produced locally as well as systemically [ 5 ,  18 ]. During 
primary infection, VIGS (Virus-Induced Gene Silencing) derived 
vsRNAs move ahead of the developing infection, and induce RNA 
silencing in non-infected parts of a plant before the virus reaches 
uninfected plant organs. In this way a plant is protected against 
viral spreading, and a recovery phenotype can be observed in non- 
infected leaves. Additionally, secondary viral infections become 
more diffi cult due to the viruses sequence similarity and in accor-
dance with a phenomenon known as cross-protection [ 26 ]. 

 In VIGS, DCLs act on dsRNA replication intermediates, which 
are (+) and (−) RNA strand hybrids also called the replicative 
forms, and/or on stem fragments of hairpins within single-stranded 
genomic RNAs [ 14 ]. The effects of primary VIGS may be ampli-
fi ed by the host RNA-dependent RNA polymerase, RdRp [ 14 ]. 
The RdRp uses vsRNAs for complementary RNA synthesis, creat-
ing new dsRNA molecules, which are additional sources of  virus   
derived siRNAs. This has been proved  in planta  by detection of 
viral small RNAs coming from viral genome regions different from 
those inducing the primary VIGS [ 27 ]. The  A. thaliana  RNA- 
dependent RNA polymerase RDR6, as well as the SDE3 RNA heli-
case are both necessary for the secondary siRNAs synthesis [ 28 ]. 
However, vsRNAs do not always trigger the secondary VIGS. In 
the presence of aberrant RNAs derived from sense transgenes or 
viral genomes, the already mentioned RDR6 and SDE3, together 
with AGO1 and the RNA binding protein SGS3 (Suppressor of 
Gene Silencing 3), produce dsRNAs which are processed into small 
RNAs and in this way the antiviral silencing signals start to be 
amplifi ed [ 14 ]. The SGS3 involvement in small RNAs generation 
is based on its binding to and protection of RNAs from degrada-
tion before their conversion into dsRNAs by RDR [ 29 ]. 

 RdRp is also very important for the amplifi cation of antiviral 
silencing response with regard to RDR6- and SDE3-dependent 

1.1  RNA-Silencing 
as a Specifi c Plant 
Immune System 
against Viruses
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RNA silencing spreading between cells and over long distances. 
This is called non-cell-autonomous silencing. The systemic silenc-
ing starts fi rst by its induction through a local infection, then the 
silencing signal spreads via the plant vascular system and fi nally 
leaves the vasculature, amplifying and moving through plasmodes-
mata from cell to cell of a leaf. It is believed that systemic silencing 
leads to systemic antiviral response, making the non-infected tis-
sues immune to the  virus  . Systemic spreading of VIGS may be 
therefore at the basis of recovery and the cross-protection phe-
nomenon [ 28 ,  14 ], as already mentioned.  

   Among the four  A. thaliana  DCL proteins, DCL1 is responsible 
for miRNA production, DCL3 products direct chromatin modifi -
cations, and DCL2 and DCL4 take part in the antiviral response of 
infected plants [ 19 ].  Arabidopsis   infected by  Tobacco rattle    virus    
(TRV) generates virus-specifi c 21- and 24-nt long siRNAs, but 
when a plant is infected with  Turnip crinkle virus  (TCV) only 
22-nt siRNAs are produced. 21-nt siRNAs from TRV are pro-
duced by DCL4, while 24-nt siRNAs from the same virus are pro-
duced by DCL3. However, only 21-nt TRV siRNAs, similarly to 
22-nt siRNAs from TCV, direct virus destruction [ 19 ]. Elimination 
of the activity of DCL4 in TRV infected plants leads to 22-nt siR-
NAs production via DCL2 action. TCV 22-nt siRNAs are also 
products of DCL2 activity due to the inactivation of DCL4 by the 
P38 TCV suppressor protein. Since endogenously encoded trans- 
acting siRNA (tasiRNA) production is DCL4-dependent, a lack of 
tasiRNAs is observed in plants expressing P38 [ 19 ]. TRV and TCV 
viruses effi ciently amplify in double  dcl2-dcl4  Arabidopsis mutants. 
Although both DCL2 and DCL4 produce antiviral siRNAs, DCL4 
seems to play a more important role than DCL2, but when absent 
is fully replaced by DCL2. The DCL proteins are therefore func-
tionally redundant, but also hierarchically organized in terms of 
antiviral activities [ 19 ,  24 ] .  It seems that DCL activity would be 
enough for viral RNA degradation, but it is worth to mention that 
the antiviral VIGS response is actually based on active RISC com-
plexes programmed by virus specifi c siRNAs [ 17 ].  

   There are plenty of mechanisms to counteract RNA silencing, 
which evolved in different viruses. Basically, they depend on viral 
suppressor proteins, which gained these activities additionally to 
their other functions. These are mainly: (a) coat proteins like TCV 
P38; (b) movement proteins like P25 of  Potato   virus    X  (PVX), 2b of 
 Cucumber mosaic virus  (CMV), P19 of  Tomato bushy stunt virus  
(TBSV), γb of   Barley Stripe mosaic virus  (BSMV)  ; (c) replication 
proteins like P130 of  Tomato mosaic virus  (ToMV); (d) replication 
enhancer proteins like P21 of  Beet yellows virus  (BYV); (e) viral 
pathogenicity factors, which help in virus systemic accumulation 
rather than replication, like HcPro (helper component proteinase) 
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of  Potato virus Y  (PVY), and the already mentioned P19 and γb 
[ 30 ,  14 ].  Citrus tristeza virus  (CTV) encodes three different 
silencing suppressors [ 31 ]. 

 Viral silencing suppressors act in several different ways. They 
may inhibit silencing components, like P21 from BYV [ 32 ] or P19 
from  Tombusvirus , which strongly bind to 21-nt long double 
stranded siRNAs, but weakly to 19–20 nt duplexes [ 33 ]. Although 
HcPro interacts with an endogenous calmodulin-related negative 
regulator of gene silencing rgsCaM (regulator of gene silencing 
CaM) [ 34 ], it acts also via interactions with ds siRNA [ 32 ]. On the 
other hand, the 2b protein of CMV inhibits slicer activity of 
AGO1 in RISC reconstitution experiments [ 23 ]. Recently, it has 
been shown that apart from antiviral siRNAs binding, TBSV P19 
exhibits also a miR168-mediated AGO1 control to cope with the 
RNA silencing based host defense [ 35 ]. AGO proteins are also 
targets of the viral suppressors TCV P38, NSs from  Tomato spotted 
wilt   virus    (TSWV) and P1 from  Sweet potato mild mottle virus  
(SPMMV). These three viral suppressors of RNA silencing (VSRs) 
often mimic host-encoded glycine/tryptophan (GW)-containing 
proteins and bind Argonaute proteins counteracting the plant anti-
viral defense [ 36 – 38 ]. The third strategy of viral suppressors of 
RNA silencing is modifi cation of the host transcriptome, e.g., 
geminivirus  African cassava mosaic virus  (ACMV) uses the tran-
scriptional activator protein TrAP to induce the expression of 
Werner exonuclease-like1 (WEL1), leading to the inhibition of 
transgene-induced RNA silencing in  Arabidopsis  . However, a posi-
tive regulator of this silencing, the Werner syndrome-like exonu-
clease (WEX) also exists, and the TrAP-induced WEL1 accumulation 
likely causes inhibition of suppression via competition for different 
factors necessary for proper functionality of WEX [ 39 ]. Finally, 
some vsRNAs come from viral genome secondary structure 
regions, that are not accessible to RISC but are simply cleaved by 
DCL proteins. The vsRNAs are loaded into RISC but are unpro-
ductive because they lost the silencing inducing sequences due to 
a viral replicase mistakes, omitting hairpin type structures. These 
defective interfering RNAs are therefore not targeted against any 
transcripts [ 14 ].  

    Although VIGS is a  natural   antiviral defense mechanism  in planta , 
it has been regarded fi rst as a tool for endogenous gene silencing 
by using of recombinant viruses that harbor silencing inducing 
sequences [ 40 ]. The VIGS approach is based on cloning of a short 
target gene sequence into the viral vector and introducing an infec-
tious viral RNA or DNA containing sequence from a gene of inter-
est into a young plant. A few weeks after VIGS induction, silencing 
of endogenous target mRNA occurs together with viral replication 
inhibition [ 40 ]. The VIGS induction can be performed in several 
different ways. These are mechanical inoculations of young leaves 
with the viral transcripts generated in vitro or the application of 
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binary vectors possessing cDNAs encoding genomic viral RNAs. 
The latter method can be used as high-throughput VIGS, where 
short fragments of gene candidates are cloned into viral genome 
cDNA under the 35S CaMV promoter in a binary vector. Having 
transformed  Agrobacterium  , the agroinoculation of a plant is 
 performed and 2–3 weeks after the loss-of-function phenotypes 
can be analyzed [ 41 ,  40 ]. 

 For testing the effi ciency of viral RNAi vectors, the silencing of 
reporter genes is usually applied. One of them is the phytoene 
desaturase gene ( PDS ) encoding an enzyme of β-carotenoids bio-
synthesis [ 42 ].  PDS  silencing leads to chlorophyll destruction 
upon intensive light and the easily visible photobleaching pheno-
type can be monitored [ 43 ,  16 ]. 

 There are many examples of successful VIGS applications in 
dicotyledonous and monocotyledonous plants. Initially, TMV 
based VIGS vectors were widely used for  PDS  silencing in  Nicotiana 
benthamiana . A hybrid vector containing a coat protein (CP) from     
ToMV was used, which helped to make the silencing insert more 
stable than in the case of the initial vector containing the doubled 
subgenomic promoter of the TMV CP gene [ 44 ,  45 ]. Later, TMV 
VIGS vectors were improved by the application of short direct 
inverted repeats targeting  PDS , and also  GFP  [ 16 ]. The second 
type of virus that has been exploited intensively in the VIGS 
approach is PVX [ 46 ]. The PVX vector happened to be more sta-
ble than the TMV based one, but PVX possessed one disadvan-
tage: a narrower range of host plants than TMV. Unfortunately, in 
both these VIGS systems the disease symptoms of the inoculated 
plants make the PTGS phenotypes diffi cult to distinguish from 
viral infection symptoms. The viruses also do not infect meristems, 
therefore in these tissues VIGS based on PVX or TMV cannot be 
used [ 12 ,  47 ]. Nevertheless, PVX VIGS vectors were widely used 
and helped in the identifi cation of tobacco genes involved in 
 N -mediated resistance against TMV [ 48 ] as well as of  HSP90  
involvement in the  N. benthamiana  resistance to  Pseudomonas 
syringae  [ 49 ]. TRV VIGS vectors were a breakthrough in viral 
RNAi vector construction [ 47 ], mainly due to the fact that TRV 
infects meristems and roots, spreads easily within a plant and causes 
mild infection symptoms [ 40 ,  50 ]. 

 In monocots, an effi cient VIGS system is based  on   BSMV [ 51 , 
 43 ,  16 ,  52 ,  53 ]. Laborious and diffi cult  transformation   of the 
monocots has been at least partially overcome by using  the   BSMV 
based VIGS in monocots.  The   BSMV  βa  coat protein gene can be 
deleted from the BSMV genome, which makes the silencing effect 
more pronounced but causes more extensive infection symptoms 
[ 51 ,  43 ,  16 ,  52 ].  BSMV   VIGS vectors each possess a single  virus   
RNA cDNA under the T7 RNA polymerase promoter to enable 
in vitro transcription of viral RNAs. The silencing inducing 
sequence is cloned into the 3′ UTR of  BSMV   RNAγ cDNA, down-
stream of the  γb  gene [ 43 ]. In 2003, application of the BSMV 

VIGS Application



298

VIGS system and use of short (40–60 nt) direct inverted repeats as 
silencing inserts enhanced VIGS leading to the stronger phenotype 
of  PDS  silencing in barley [ 16 ]. In 2006, Ding and colleagues 
 presented another VIGS system for monocots, based on  Brome 
mosaic virus  (BMV) [ 54 ]. The system was based on different BMV 
strains, F-BMV and R-BMV (Russian strain) from which the BMV 
in vitro transcribed RNAs 1, 2, 3 were derived. Later the VIGS 
system based on the only BMV Russian strain was tested in barley 
with a distinct construct and compared to the already described 
 BSMV   VIGS system. Again, the latter proved to be the most effi -
cient silencing system for monocots [ 55 ]. 

  BSMV   is a (+) ss RNA  virus   containing a tripartite RNA genome 
consisting of RNAs α, β, γ and a subgenomic RNA created on the 
RNAγ [ 12 ] (Fig.  1 ). Each of the four RNAs possesses the 5′ cap 
structure and a 3′ terminal tRNA-like structure [ 56 ]. RNA α encodes 
the αa protein with methyltransferase and helicase motifs [ 57 ]. The 
 βa  gene encodes a CP and a triple-gene  β  block  b, c, d , TGB proteins 
involved in virus spreading within an infected plant [ 58 ]. RNA γ 
possesses the  γa  gene for a protein with the RdRp motif, and the  γb  
gene encoding a protein acting as an RNA silencing suppressor [ 12 ]. 
 BSMV   replicates in proplastid and chloroplast vesicles, and virions 
are located in cytoplasmic inclusions of chloroplasts [ 59 ]. 

2        Materials 

     1.     MluI, SpeI  restriction enzymes and the corresponding buffers.   
   2.    0.5 M EDTA pH 8.0.   
   3.    3 M sodium acetate pH 5.2.   
   4.    100 % ethanol.   
   5.    DEPC-treated H 2 O (RNase-free H 2 O).   

  Fig. 1    A scheme of the three  BSMV   ND18 genomic RNAs. RNAα (GenBank acces-
sion U35767; 3787 nt) encodes the 1138 amino acid αa protein; RNAβ (GenBank 
accession U35770; 3239 nt) encodes four proteins: 198 amino acid coat pro-
tein—βa, 512 amino acid βb protein, 131 amino acid βc protein, and 155 amino 
acid βd protein; RNAγ (GenBank accession M16577; 2791 nt) encodes 648 
amino acid γa protein and 152 amino acid γb protein. The RNA components are 
drawn to scale. The 3′ ends of  BSMV   RNAs possess tRNA-like structures. A, 
internal polyA sequence       
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   6.    mMESSAGE mMACHINE ® T7, High Yield Capped RNA 
Transcription Kit, Ambion, Life Technologies.   

   7.    Optional: TURBO DNase [2 U/μl], Ambion, Life 
Technologies.   

   8.    Optional: DNase Inactivation Reagent, Ambion, Life 
Technologies.   

   9.    Carborundum (silicon carbide, SiC) used as an abrasive 
powder.   

   10.    Inoculation FES buffer (77 mM glycine, 60 mM K 2 HPO 4 , 22 
mM Na 4 P 2 O 7  × 10H 2 O, 1 % w/v bentonite) [ 60 ].      

3    Methods 

       1.     For  linearization   of viral cDNA containing plasmids, (described 
previously, [ 60 ]) prepare 10 μg of each of the plasmids con-
taining BSMV RNAs, α, β, γ cDNAs, to restriction enzyme 
digestions in 50-μl reaction volumes, as shown in Table  1 .

     2.    Incubate samples at 37 °C for 2 h.   
   3.    For precipitation of linearized plasmids, add to plasmid linear-

ization reactions 1/20 volume (2.5 μl) of 0.5 M EDTA pH 
8.0, 1/10 volume (5 μl) of 3 M sodium acetate pH 5.2, and 2 
volumes (100 μl) of 100 % ethanol.   

   4.    Mix and incubate at −20 °C for 15 min.   
   5.    Centrifuge at 4 °C for 15 min at 18,000 g .   
   6.    Discard supernatant and add 750 μl of 70 % ethanol to the 

pellet.   
   7.    Centrifuge at 4 °C for 5 min at 18,000 g .   
   8.    Discard supernatant.   
   9.    Centrifuge again at 4 °C for 2 min at 18,000 g  and remove the 

remaining ethanol.   
   10.    Air-dry the pellet for 5 min.   
   11.    Dissolve the pellet in 15 μl of DEPC-treated H 2 O.   
   12.    Measure plasmid concentration spectrophotometrically 

(NanoDrop ND-1000, NanoDrop, Wilmington, DE, U.S.A.).   
   13.    Use mMESSAGE mMACHINE ® T7, High Yield Capped RNA 

Transcription Kit (Ambion, Life Technologies) for in vitro 
transcription of the BSMV RNAs ( see   Note 1 ).   

   14.    Prepare three eppendorf tubes for the three different BSMV 
RNAs, α, β, γ, as shown in Table  2  ( see   Note 2 ).

     15.    Incubate at 37 °C for 2 h.   
   16.    Optional: The synthesized RNAs amount exceeds the amount 

of linearized plasmids in the samples, therefore plasmid DNA 
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removal can be skipped. In the case this step is needed, add 1 μl 
of TURBO DNase [2 U/μl] (Ambion, Life Technologies) to 
the in vitro transcription reaction mixes and incubate at 37 °C 
for 15 min, then add 0.1 volume of DNase Inactivation Reagent 
(Ambion, Life Technologies) to inactivate DNase and incubate 
5 min at room temperature (RT) mixing occasionally. Centrifuge 
at room temperature for 1.5 min at 10,000 g  and transfer the 
transcribed RNA (supernatant) to a new eppendorf tube.   

   17.    For the quality and quantity control of the RNAs obtained, 
carry out 1 % agarose gel electrophoresis (Fig.  2 ) ( see   Notes 3  
and  4 ). For this purpose, mix 0.5 μl of each of transcription 
reactions with 4.5 μl of RNase-free H 2 O and 5 μl of 2× RNA 
loading dye, and load on the gel. Remember to load on a gel a 
molecular mass marker (DNA marker can be also used) next to 
the RNA samples.

                       1.    Choose barley cultivar susceptible to  BSMV   infection. Apply 
for example barley Black Hulless or Clansman cultivars [ 60 , 
 16 ,  61 ].   

   2.    Mix three BSMV transcripts: RNAα, RNAβ and RNAγ (Fig.  2 ) 
containing silencing inducing sequence in a 1:1:1 ratio.   

3.2  Mechanical 
Inoculations of Plants 
with the BSMV 
Transcripts

   Table 1 
  Restriction enzyme digestions scheme for the BSMV cDNA containing plasmids   

 Plasmid α  Plasmid β  Plasmid γ 

 Plasmid DNA  10 μg (up to 30 μl)  10 μg (up to 30 μl)  10 μg (up to 30 μl) 

 10× buffer  5 μl of  MluI  10× buffer  5 μl of  SpeI  10× buffer  5 μl of  MluI  10× buffer 

 Restriction enzyme  2 μl of  MluI  [10 U/μl]  2 μl of  SpeI  [10 U/μl]  2 μl of  MluI  [10 U/μl] 

 BSA  No need to be added  To be added up to [100 
μg/ml] 

 No need to be added 

 H 2 O  13 μl  13 μl  13 μl 

   Table 2 
  In vitro transcriptions scheme for the BSMV α, β and γ RNAs   

 RNA α  RNA β  RNA γ 

 Linearized plasmid DNA  0.5 μg  0.5 μg  0.5 μg 

 10× buffer for T7 RNA Pol  1 μl  1 μl  1 μl 

 Enzyme mix (T7 RNA Pol)  1 μl  1 μl  1 μl 

 2× NTP/CAP  5 μl  5 μl  5 μl 

 RNase-free H 2 O  up to 10 μl  up to 10 μl  up to 10 μl 
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   3.    Take a 1-week-old barley  seedling   (Fig.  3a ), sprinkle the fi rst 
emerging leaf with carborundum (Fig.  3b ) and then rub it 
gently with the fi ngertips of the hands wearing gloves (Fig.  3c ) 
( see   Note 5 ).

       4.    Drop 5 μl of FES buffer and then 3 μl of BSMV RNAs mix on 
a fi ngertip of the glove-wearing hand, and rub the mixture 
gently alongside the leaf (Fig.  3d, e ) [ 60 ].   

   5.    Always perform mock inoculations of control plants by using 
FES buffer only.   

   6.    Observe the barley phenotype after inoculation ( see   Note 6 ). 
BSMV infection affects barley growth (Pacak, unpublished 
data). Analyze very carefully any phenotypical changes together 
with gene silencing effects at both the RNA and protein levels. 
Compare results not only to mock control but also to barley 
plants treated with a neutral BSMV non-silenced control, e.g., 
BSMV-GFP control ( see   Notes 7  and  8 ). Avoid any viral con-
tamination during inoculation procedure ( see   Note 9 ).       

4    Notes 

     1.    The kit contains 5′ cap structure analogs necessary to receive 
in vitro transcribed infectious  BSMV   RNA molecules.   

   2.    10 μl reaction volumes are suffi cient for inoculation of 10 
plants. The reaction volumes can be scaled up or down.   

   3.    All reagents necessary for agarose gel and 1× TBE buffer prep-
aration must be RNase-free. Use diethyl pyrocarbonate, 
DEPC- treated water (0.1 % v/v; after DEPC treatment, incu-

  Fig. 2    1 % Agarose gel electrophoresis of in vitro transcribed  BSMV   RNAs α, β 
and modifi ed RNAγ containing the 375-nt silencing inducing sequence. DNase 
treatment was not performed after the in vitro transcriptions and 0.5 μl of each 
transcription reaction was loaded on the gel. The DNA molecular mass marker 
GeneRuler 1 kb Plus DNA Ladder (Thermo Scientifi c) was used. RNAs separate 
between 1.0 and 1.5 kb bands. L.pl indicates linearized plasmids remaining in 
the reaction mixtures. The plasmids as well as any unspecifi c products visible 
(lane γmod) do not hamper plant inoculation and then viral infection       
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bate water with DEPC overnight at room temperature, then 
autoclave it twice to remove free DEPC). DEPC is a harmful, 
potentially carcinogen reagent.   

   4.    An electrophoresis tank should be rinsed with 3 % H 2 O 2  prior 
to use.   

   5.    Inoculate the fi rst leaf when the second leaf has just started to 
emerge (6, 7 days after sowing). However, note that Holzberg 
and colleagues inoculated the second barley leaf [ 43 ]. After 
inoculation leaves have wilted phenotype (Fig.  3f ).   

   6.    First symptoms of  BSMV   infection are visible 4–6 days after 
inoculation as stripes of discoloration occur on the emerging 
third leaf (Fig.  4 ).

       7.    The reporter gene silencing phenotype, e.g.,  PDS  silencing, 
should be well visible 10 days post infection (dpi). The most 
pronounced phenotypical changes are visible on leaf num-
ber 3, not on the inoculated and the second leaves of the 
infected plant (Fig.  5 ); see also [ 60 ]. However, Lacomme 
and colleagues observed that the strongest  PDS  silencing 
caused a photobleaching phenotype on the fourth barley 
leaves [ 16 ]. In the case of inoculation of the second leaf, the 

  Fig. 3    Consecutive steps during  barley   inoculation. ( a ) One-week-old  barley   seedlings. ( b ) Carborundum pow-
der application on leaf no 1. ( c ) Gentle rubbing of the carborundum with fi ngertips. ( d ,  e ) FES buffer and  BSMV   
RNAs mixing on fi ngertip. ( f ) Barley plants just after inoculation       
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strongest  PDS  silencing phenotype was observed on the 
fi fth leaf [ 43 ].

       8.    Interestingly, it is not necessary to have 100 % identity of the 
silencing-inducing sequence inserted into the BSMVγ RNA 
and the target endogenous mRNA. Using a 393 bp silencing 
inducing fragment of barley  PDS  (GenBank AY062039.1; 
BSMV PDS400  [ 60 ]) inserted in the sense orientation into the 
BSMVγ RNA it was possible to induce  PDS  silencing in both 
diploid and hexaploid wheat (377 nucleotide identities per 
393 nucleotides of the silencing  PDS  insert compared to 
 PDS  from  Triticum aestivum , GenBank DQ270236.1) 
(Fig.  6 ). Note that gene silencing triggered by the  BSMV   
VIGS system is transient due to the instability of the silencing 
inducing sequence within the viral RNA. Four weeks after 
inoculation with BSMV PDS400  there is almost no intact  PDS400  

  Fig. 4     Barley   cv. Black Hulless 6 days after inoculation of the fi rst leaf (1). 
Numbers 1, 2 and 3 indicate consecutive  barley   leaves (counting from youngest 
to the oldest). The red arrow points at visible stripes of discoloration indicating 
 BSMV   infection. The picture was taken 13 days after sowing       
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fragment in the infected plant [ 60 ]. It was recently reported 
that using modifi ed  BSMV   RNAγ and also RNAβ it is possible 
to obtain more stable gene silencing effects [ 62 ].

       9.    Owing to the work with modifi ed viruses, all glass, mortars, 
and pestles must be soaked with antiviral reagents such as 
Virkon for ~24 h and then autoclaved.          
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inoculated  barley   (buffer only). ( b ) Barley inoculated with the in vitro transcribed 
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    Chapter 23   

 Methods for Long-Term Stable Storage of  Colletotrichum  
Species                     

     Kei     Hiruma     and     Yusuke     Saijo      

  Abstract 

   In this chapter we describe methods for long-term preservation of ascomycete genus  Colletotrichum  spe-
cies.  Colletotrichum  species employ a hemibiotrophic infection strategy and cause clear anthracnose dis-
eases on various host plants including the model plant  Arabidopsis thaliana . Their infection proceeds in a 
highly synchronized manner, which is helpful for the dissection of the fungus-plant interactions at the 
molecular level. Gene engineering methods, including effi cient protocols for targeted gene disruption, and 
whole-genome sequences are available for several  Colletotrichum  species. Thus, these pathogens provide us 
with model systems to address the molecular mechanisms underlying hemibiotrophic fungal 
pathogenicity. 

 We describe how to prepare glycerol stocks or fi lter paper fungal stocks for long-term preservation of 
 Colletotrichum  species. These two methods are easily handled, and provide a stable preservation for at least 
a few years.  

  Key words      Colletotrichum  species  ,   Glycerol stocks  ,   Filter paper stocks  

1      Introduction 

  The large  ascomycete   genus  Colletotrichum  is one of the most eco-
nomically important groups of plant pathogens, causing anthrac-
nose disease on a wide range of crops [ 1 ]. After the penetration 
from a black melanized structure, termed appressoria, 
 Colletotrichum  species transiently establish a biotrophic interaction 
phase with the host, which is illustrated by invagination of the host 
plasma membranes. Then, on as-yet-undefi ned cues, the fungi 
switch to a necrotrophic phase, thereby destroying and killing the 
host cells [ 2 ].  Colletotrichum  species can be cultured axenically and 
are competent for transgenic approaches by the means of 
 Agrobacterium - or PEG-mediated  transformation   procedures. 
This greatly facilitates mutagenic approaches to critically determine 
gene function by targeted gene disruption. Furthermore, the 
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whole-genome sequences of four pathogenic  Colletotrichum  spe-
cies have been published recently [ 3 ,  4 ]. 

 Here we describe two methods to store  Colletotrichum  species 
for a long term. In our experience, long-term stable storage is cru-
cial for plant inoculation experiments with  Colletotrichum  fungi 
because their sequential subculturing (even several times) from 
one plate to another often reduces pathogenicity.  

2    Materials 

     1.    PDA medium: 39 g/L Potato dextrose agar (Difco).   
   2.    Mathur’s medium: 2.8 g/L glucose, 1.2 g/L MgSO 4/ 7H 2 O, 

2.7 g/L KH 2 PO 4 , 2.2 g/L mycological Peptone, 3 % Bacto 
Agar.   

   3.    Glycerol: 25 % glycerol diluted in distilled water (DW).   
   4.    Filter paper.   
   5.    Paper envelopes.      

3    Methods 

    This method  allows   us to preserve  Colletotrichum  fungi for about 
3 years in glycerol stocks at −80 °C. We normally receive a plate or 
tube with a nutrient medium in which fungi grow from fungal 
stock centers. We describe this method based on the assumption 
that  Colletotrichum  species grow in a plate with a nutrient medium 
(described as “master plate” below).

    1.    From the master plates for  Colletotrichum  species (Fig.  1a ), 
transfer one piece of the mycelium (grown on nutrient agar 
media) to the center of new PDA or Mathur’s medium plates.

       2.    Incubate the plates at 25 °C without light until the fungal col-
onies spread to the edge of the Petri dishes (Fig.  1a ). To avoid 
bacterial contamination, addition of 100 μg/mL rifamycin and 
125 μg/mL streptomycin to the medium may be needed.   

   3.    For spore preparation, cut out three pieces of mycelium (2 × 2 
mm) with a sterilized knife from the edge of colonies on PDA 
or Mathur’s medium.   

   4.    Place them on PDA or Mathur’s medium (100 mL) in 300 mL 
fl asks (Fig.  1b ).   

   5.    Add 2 mL of distilled water (DW) to the fl asks and briefl y 
shake them by hand so that water spreads over the medium 
surface in the fl asks.   

   6.    Incubate the fl asks for 1–2 weeks at 25 °C under continuous 
light, which often results in better spore formation. Orange 

3.1  Glycerol Stocks
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dots on the media during the incubation period indicate that 
spores are already produced (Fig.  1c ,  see   Note 1 ).   

   7.    After 1 week or so, add 4 mL distilled water (DW) to the fl asks 
and then shake them by hand. If you have spores, the suspen-
sion will look pigmented (Fig.  1d ,  see   Note 1 ).   

   8.    Transfer the spore suspension to new 1.5 or 2 mL tubes, and 
add an equal volume of autoclaved 50 % glycerol to prepare 
glycerol stocks (fi nal concentration: 25 % glycerol).   

   9.    Freeze these stocks in liquid nitrogen.   
   10.    Keep the tubes at −80 °C. These cell stocks can be kept stably 

for a few years at least.    

        Alternatively,  fi lter paper   discs   can be stored in which fungal myce-
lium has grown. In this case, the stocks are stored at −20 °C. It 
may be safer to prepare the stocks by this method in addition to the 
 glycerol stocks   in case of trouble with the −80 °C freezer for the 
 aforementioned   glycerol stocks.

    1.    Autoclave (121 °C 15 min) fi lter paper discs (3 × 3 mm).   
   2.    Place 20 sterilized paper discs on Petri dishes containing PDA 

or Mathur’s medium.   
   3.    Place some pieces of mycelium on the center of the plates.   

3.2  Filter Paper 
Fungal Stocks

  Fig. 1    Mycelial growth and conidiation of   Colletotrichum  species  . ( a ) A colony of   Colletotrichum  species   (the 
mycelium should be picked from the edge). ( b ) A fl ask with 100 mL Mathur’s media. ( c ) Growth of   Colletotrichum  
species   in Mathur’s media after 1-week incubation. ( d ) Spores of   Colletotrichum  species  . The solution is pig-
mented by the presence of spores       
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   4.    Incubate the plates until the fungus has covered/impregnated 
the discs.   

   5.    Pick up the discs with the fungi from the plates with fi re-fl amed 
forceps.   

   6.    Incubate discs in a clean bench for a few days for drying up.   
   7.    Wrap discs up in sterilized paper envelopes (5 × 5 cm), which 

should be kept at −20 °C.    

4         Notes 

     1.    White aerial hyphae may be noticed in the fl asks. In general, this 
suggests that the fungi have not produced a lot of spores. The 
aerial hyphae are formed mainly when the fl asks are not suffi -
ciently aerated (you may see a lot of water on the side of the 
fl asks). In these cases, it is worth trying to change the stopper 
to increase the aeration.          
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    Chapter 24   

 Plant Inoculation with the Fungal Leaf Pathogen 
 Colletotrichum higginsianum                      

     Kei     Hiruma     and     Yusuke     Saijo      

  Abstract 

   After  Colletotrichum  storage methods in Chapter   23    , we describe here experimental methods for the 
inoculation of  Colletotrichum higginsianum  ( C.h. ) on  Arabidopsis  leaves. We put a particular focus on the 
methods for lesion measurements after the drop-inoculation of the leaves and on  C.h.  biomass measure-
ments in the leaves by RT-qPCR analysis. As an option, we also briefl y describe methods for counting  C.h.  
entry ratio.  

  Key words      Colletotrichum higginsianum   ,    Arabidopsis   ,   Lesion measurements  ,   Biomass measurements  , 
  RT-qPCR  

1      Introduction 

  A wide range of   Colletotrichum higginsianum    ( C.h. ) isolates infect 
  Arabidopsis    [ 1 ,  2 ]. The fungi penetrate the host epidermal cells 
from black melanized appressoria in a synchronized manner, and 
then transiently form biotrophic intracellular hyphae (in the bio-
trophic phase) before switching to the destructive necrotrophic 
phase. Recently the whole-genome sequences and transcriptome 
data obtained at several time points after the inoculation have been 
published [ 3 ]. With these accumulating data sets, this patho- 
system offers a model for studying plant-fungus interactions on 
both sides. 

 We focus on methods for inoculation of  C.h.  on   Arabidopsis    
plants. Several methods have been developed to assess  C.h.  growth 
in leaves. First, a  lesion measurement   method is based on the 
assumption that lesion diameters correlate well with the degree of 
leaf colonization by  C.h. , although one needs expertise to distin-
guish lesions formed as a result of hypersensitive response (HR) 
cell death of the host [ 4 ]. 

http://dx.doi.org/10.1007/978-1-4939-3356-3_23
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 Earlier studies determined  C.h.  biomass in leaves by using 
RT-qPCR with  C.h. -specifi c  actin  primers [ 5 ,  6 ]. Because this 
method clearly distinguishes the lesions formed by successful  C.h.  
infection from those formed by strong HR cell death responses of 
the plant, it better represents the growth of  C.h.  biomass in leaves. 

 We describe  C.h.  inoculation protocols for both lesion size and 
 biomass measurements  . In addition, it would be informative to 
measure the  C.h.  entry rate to evaluate the contribution of pre- 
invasive basal defenses to  C.h.  growth [ 7 ,  8 ]. For this reason, we 
also briefl y describe a  C.h.  inoculation protocol for the entry 
counting. 

 This protocol can be applicable to other   Colletotrichum  species   
with minor modifi cations.  

2    Materials 

     1.    Glycerol or paper stocks of  C. higginsianum .   
   2.    An erythrocytometer.   
   3.    4-week-old   Arabidopsis    plants or 10-day-old seedlings grown 

at 22–25 °C with a 16-h  photoperiod   and 70 μmol/m 2  s light 
intensity.   

   4.     C.h. -specifi c  Actin  primers (sequences can be found in, e.g., 
[ 5 ] or [ 6 ]).   

   5.    An RT-qPCR machine.   
   6.    A light microscope.      

3    Methods 

   To conduct stable infection experiments, it is important to ascer-
tain the  C.h.  spore concentration in the inoculum by counting 
spores as described below.

    1.    Streak  C.h.  onto a PDA or Mathur’s plate from the  glycerol 
stocks   with a sterilized tip. In the case of starting from  C.h.  
fi lter paper discs, take one piece of the discs and place it on the 
nutrient medium (PDA or Mathur’s) in Petri dishes. Then 
incubate the plates until the fungal colonies almost reach to 
the edge (for about 1 week).   

   2.    Add a few pieces of the mycelium to 100 mL of PDA or 
Mathur’s medium. Then add 2 mL of distilled water (DW) 
and incubate for around 1 week as described in Chapter   23     
(Fig.  1a ).

       3.    Add approximately 10 mL of DW to the fl asks and shake them 
by hand, before transferring the spore suspensions to 15 mL 
Falcon tubes.   

3.1  Spore 
Preparation
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   4.    Centrifuge the Falcon tubes at 760 ×  g  for 3 min to precipitate 
the spore pellet.   

   5.    After centrifugation, remove the supernatant by decanting or 
pipetting (depending on the size of the pellet).   

   6.    Add 2 mL of DW to the tubes to resuspend the pellet.   
   7.    Determine the spore concentration with an erythrocytometer 

(Fig.  1b ). In case a high concentration is expected, make a 
dilution series (ranging from 1/10 to 1/50).   

   8.    Repeat the measurement at least twice to minimize technical 
variations.    

         1.    Drop-inoculate 4-week-old plant leaves with 5 μL (2.5 × 10 5  
spores/mL) of suspension (two spots per leaf) ( see   Note 1 ). As 
a positive control  pad3  plants, which showed much greater 
lesions on leaves upon  C.h.  infection than wild-type plants do 
[ 2 ], can be used.   

   2.    Keep the inoculated plants in a container with high humidity 
for 4–5 days. Make sure to keep high humidity during the 
incubation so as not to let the droplets dry. Spraying water on 
the wall of a container before closing should be suffi cient to 
keep high humidity.   

   3.    Take pictures of the lesions with a ruler (Fig.  2 ).

3.2  Inoculation 
for    Lesion 
Measurements

  Fig. 1    Growth of   Colletotrichum higginsianum    and spore counting with an eryth-
rocytometer. ( a ) The growth of  Colletotrichum higginsianum  ( C.h. ) in Mathur’s 
medium after a 2-week incubation.  Black  in addition to  orange  mycelium can be 
seen. ( b ) Applying a  C.h.  spore suspension to an erythrocytometer       
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       4.    Measure the lesion diameter in both X and Y directions on the 
pictures by using a software such as ImageJ [ 9 ]. At least 40 
lesions (20 leaves) per genotype are needed for proper data 
analysis.   

   5.    Calculate the average for both X and Y directions.   
   6.    Calculate the standard deviation (SD) or standard error (SE) 

from at least 40 replicates with statistics.   
   7.    Repeat at least two additional independent experiments to 

confi rm the conclusion.      

       1.    Spray-inoculate 4-week-old plants with  C.h.  suspension at 
1 × 10 5  spore/mL ( see   Note 1 ).   

   2.    Incubate plants for 3.5 days with high humidity ( see   Note 2 ).   
   3.    Collect fi ve inoculated leaves per 2 mL tube, and prepare at 

least four tubes per genotype.   
   4.    Extract RNA from the leaves according to the standard proto-

col and then subject RNA to DNase treatment (also important 
for eliminating DNA from dead hyphae).   

   5.    Perform reverse transcriptase reactions using 500–1000 ng of 
total RNA.   

3.3  Inoculation 
for Quantifi cation 
of Living  C.h.  Biomass

  Fig. 2    Lesion formation upon  C.h.  drop-inoculation.  C.h.  was drop-inoculated 
(two spots) on a Col-0   Arabidopsis    leaf and then incubated for 5 days under high 
humidity       
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   6.    Determine relative expression levels for  C.h.  actin normalized 
with a housekeeping gene (Plant ActinAB [ 6 ] or expressed 
protein [ 4 ]) by RT-qPCR. The use of several housekeeping 
genes might be preferable to confi rm the results.   

   7.    Calculate the average with SD or SE from at least four repli-
cates from different plants.   

   8.    Repeat at least two additional independent experiments to 
draw the conclusion ( see   Note 3 ).      

       1.    Drop-inoculate 10-day-old cotyledons with 2 μL of  C.h.  sus-
pension at 1 × 10 5  spore/mL ( see   Note 4 ).   

   2.    Incubate plant material for 2.5 days with high humidity.   
   3.    Measure the entry rate by normal light microscopy ( see   Note 5 ). 

The entry rate (%) is calculated using the following formula: 
Number of black melanized appressoria with formation of 
intracellular biotrophic hyphae/number of total black mela-
nized appressoria. Include at least 100 appressoria per cotyle-
don and 5 cotyledons in the measurement ( see   Note 5 ).   

   4.    Calculate the average with SD or SE from the entry rate from 
fi ve cotyledons.   

   5.    Repeat at least two different experiments to confi rm the results.       

4    Notes 

     1.    An optimum  C.h.  spore concentration can change depending 
on the laboratory conditions. It is recommended to test several 
different spore concentrations to fi nd a condition in which the 
lesion symptom becomes detected around 4 days post-infec-
tion (dpi).   

   2.    In our conditions,  C.h.  form black melanized appressoria 
around 10 h post-infection (hpi), and form intracellular bio-
trophic hyphae from the appressoria around 2 dpi. Then, thin 
necrotrophic hyphae start to emerge around 3–3.5 dpi, which 
is followed by disease symptoms that become apparent typi-
cally around 4–5 dpi.   

   3.    One of the major disadvantages of  biomass measurements   is 
that the results could be infl uenced by the degree of plant cell 
death progress upon  C.h.  infection. So it is crucial to harvest 
plant samples before the majority of the  C.h.  switch to the 
destructive necrotrophic phase, namely before discernible 
lesion formation.   

   4.    For measuring the  C.h.  entry rate, the results tend to be highly 
variable with 4-week-old plant leaves. We thus recommend the 
use of 10-day-old seedlings for this purpose.   

3.4   C.h.  Entry Rate 
Counting

Plant Inoculation with the Fungal Leaf Pathogen Colletotrichum higginsianum
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   5.    Intracellular hyphae are detected in the epidermal cells in a 
clearly different focal plane from that for the detection of the 
black melanized appressoria. It is convenient to fi rst focus on 
black melanized appressoria and then to change the focus to 
observe intracellular biotrophic hyphae clearly.          
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    Chapter 25   

 Tracing Plant Defense Responses in Roots upon MAMP/
DAMP Treatment                     

     Kei     Hiruma     and     Yusuke     Saijo      

  Abstract 

   This chapter describes how to apply microbe-associated molecular pattern (MAMP) or damage-associated 
molecular pattern (DAMP) solutions to  Arabidopsis  roots to trace defense responses in the root. Plants 
sense the presence of microbes via the perception of MAMPs or DAMPs by surface-localized pattern rec-
ognition receptors. The mechanisms governing plant root immunity are poorly characterized compared 
with those underlying plant immunity in the leaf, despite the fact that plant roots constantly interact with 
countless microbes living in soils that carry potential MAMPs and could stimulate the production of plant- 
derived DAMPs during colonization. To understand how a plant root immune system detects and reacts 
to the potential sources of a stimulus, we describe a simple method to monitor activation of root immunity 
upon MAMP/DAMP treatment by measuring relative expression of defense-related genes by RT-qPCR.  

  Key words      Arabidopsis  roots  ,   DAMPs  ,   Defense-related genes  ,   MAMPs  ,   Plant immunity  

1      Introduction 

   Roots are constantly  surrounded      by a diversity of microbes carry-
ing potential microbe-associated molecular patterns (MAMPs) 
that can activate plant  immunity   through their recognition by 
surface- localized pattern recognition receptors [ 1 ]. Recently it has 
been increasingly reported that plant endogenous elicitors gener-
ated upon perturbations of host cellular processes, termed  damage- 
associated molecular patterns (DAMPs)  , also activate defense 
responses in similar ways to MAMPs and have been postulated as 
an amplifi er for MAMP-triggered signaling [ 2 ,  3 ]. As most of the 
plant-inhabiting microbes are harmless and some of them are even 
benefi cial to plants, plant roots may develop a sophisticated 
immune system to avoid its activation against these microbes, with 
a governing principle that is still poorly understood. To address 
this it is fi rst necessary to analyze in detail MAMP/DAMP- 
triggered  immunity   in roots. 
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 In this chapter, we describe how to apply MAMPs/DAMPs to 
elicit defense responses in   Arabidopsis     roots  . Briefl y, sterilized 
Arabidopsis seeds are germinated and grown vertically in a 0.5 MS 
medium with sucrose. Seven-day-old seedlings are then transferred 
to new 0.5 MS medium (with a different nutrient content if neces-
sary) and incubated for 2 more days. Nine days after germination 
the plant roots are subjected to MAMP or DAMP solutions. 
Finally, RT-qPCR analysis detects  defense-related gene   induction 
upon MAMP/DAMP treatment. In principle, this method can 
also be applied to inoculate root-inhabiting microbes on   Arabidopsis  
roots   to examine defense responses.  

2    Materials 

     1.    0.5 MS plus Suc medium: half-strength MS, 25 mM sucrose.   
   2.    0.5 MS medium: half strength MS.   
   3.    70 % Ethanol.   
   4.    100 % Ethanol.   
   5.     Flg22  : 1 mM stock [ 4 ].   
   6.    Chitin: 10 mg/mL stock [ 5 ].   
   7.    Pep1: 1 mM stock [ 6 ].      

3    Methods 

       1.    Add 1 mL of 70 % ethanol to 1.5- or 2-mL tubes containing 
  Arabidopsis    seeds.   

   2.    Incubate for 10 min with gentle mixing.   
   3.    Remove 70 % ethanol and add 100 % ethanol to rinse the seeds 

on a clean bench.   
   4.    Remove 100 % ethanol and wash seeds at least three times with 

distilled water (DW).      

       1.    Sow seeds on 0.5 MS plus Suc agar plates.   
   2.    Grow plants vertically for 7 days at 22 °C and 12-h light/12-h 

dark.   
   3.    Transfer to a plate with new medium, such as sucrose-free 0.5 

MS, and grow the seedlings for a further 2–3 days ( see   Note 1 ).      

       1.    Apply a few droplets of MAMP/DAMP solution (e.g.,  fl g22  , 
chitin at defi ned concentrations) onto the roots (Fig.  1 ). Keep 
the plates horizontally to prevent the spread of the MAMP/
DAMP solution to the above ground parts of the seedlings 
(Fig.  2 ).

3.1  Seed 
Sterilization

3.2  Seed Sowing 
on 0.5 MS Plus Suc 
Medium

3.3  Application 
of MAMPs or DAMPs 
to Roots
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        2.    Incubate the seedlings for the time periods to be tested. Make 
sure to keep the solution on the roots for at least the fi rst few 
hours after application of the solution. It seems better to keep 
the roots wet with additional solution on roots during the 
incubation time.   

   3.    Collect and freeze roots in 2-mL tubes with metal beads until 
use (metal beads are later used for homogenizing the 
samples).      

       1.    Extract RNA in a standard reagent with RNase-free DNase. 
Frozen root samples should be completely homogenized by a 
crusher. Repeat this crushing step at least three times. Before 
adding an RNA extraction buffer, it is also important to keep 

3.4  Monitoring 
the Expression  of 
  Defense- 
Related Genes

  Fig. 1    Workfl ow for  MAMP   or  DAMP   treatment. ( a ) Seed sterilization with ethanol. ( b ) Incubation of plants on 
0.5 MS plus 25 mM sucrose (0.5 MS + Suc) for 1 week. ( c ) Transfer 7-day-old plants to new medium, such as 
0.5 MS without sucrose (0.5 MS − Suc). ( d ) Incubation of plants on sucrose-free 0.5 MS (0.5 MS − Suc) for 2–3 
days. ( e ) Application of elicitor solutions to the roots       

  Fig. 2      Arabidopsis    seedlings grown on plates for elicitor treatments on roots       
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temperature in tubes as low as possible with liquid nitrogen to 
avoid RNA degradation. Normal RNA extraction methods or 
kits with DNase treatment are all applicable for extracting RNA.   

   2.    Perform reverse transcriptase reactions using approximately 
200 ng of total RNA. In case only a small amount of RNA is 
available, this step can be conducted with a minimum of 
100 ng.   

   3.    Measure relative expression levels for defense-related genes by 
RT-qPCR. We have shown that  CYP71A12  and  PROPEP3  are 
activated upon all the MAMP/DAMP treatments. For house-
keeping genes,  ActinAB  [ 7 ] or an expressed protein [ 8 ] would 
be suitable.       

4    Notes 

     1.    Plant  defense responses   to MAMP/ DAMP   treatments could 
be infl uenced by the nutrient content. Therefore, use an appro-
priate nutrient medium that fi ts the purpose of your experi-
ments. When roots are inoculated with root-inhabiting 
microbes the presence of sucrose often causes the overgrowth 
of the microbes in the medium. It is therefore preferable to use 
a nutrient medium without sucrose.           
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    Chapter 26   

 Analysis of the lmmunity-Related Oxidative Bursts 
by a Luminol-Based Assay                     

     Marco     Trujillo      

  Abstract 

   The rapid production of reactive oxygen species (ROS) in response to biotic and abiotic cues is a conserved 
hallmark of plant responses. The detection and quantifi cation of ROS generation during immune responses 
is an excellent readout to analyze signaling triggered by the perception of pathogens. The assay described 
here is easy to employ and versatile, allowing its use in a multitude of variations. For example, ROS pro-
duction can be analyzed using different tissues including whole seedlings, roots, leaves, protoplasts, and 
cultured cells, which can originate from different ecotypes or mutants. Samples can be tested in combina-
tion with any ROS-inducing elicitors, such as the FLS2-activating peptide fl g22, but also lipids or even 
abiotic stresses. Furthermore, early (PAMP-triggered) and late (effector-triggered) ROS production 
induced by virulent and avirulent bacteria, respectively, can also be assayed.  

  Key words     Reactive oxygen species (ROS)  ,   NADPH oxidase  ,   Immunity  ,   fl g22  ,    Pseudomonas syringae  
pv.  tomato  DC3000 ( Pst )  

1      Introduction 

 The enhanced production of ROS is a hallmark response of plants 
to diverse  stress   stimuli. The production of ROS in response to 
pathogen attack, also known as the oxidative burst, was fi rst 
described by Doke [ 1 ]. Doke described the production of superox-
ide (O 2  •− ) in potato tubers triggered by the infection of the oomy-
cete  Phytophthora infestans  and also in potato tuber protoplasts in 
response to hyphal cell wall components [ 1 ,  2 ]. The generation of 
ROS has since been proposed to have various functions, such as 
antimicrobial activity, cross-linking of cell wall polymers at sites of 
attempted penetration by fungi, as a local signal to mediate stoma-
tal closure, or as systemic secondary messengers to activate immune 
responses in distal tissues [ 3 – 5 ]. 

 Early studies showed that the ROS production during an infec-
tion can be biphasic (Fig.  1 ). Virulent as well as avirulent patho-
gens trigger a general but relatively weak fi rst oxidative burst that 



324

takes place within the fi rst hour after infection. However, only 
avirulent pathogens trigger a second, massive, and prolonged oxi-
dative burst, which is restricted to specifi c host cultivars and patho-
gen race combinations (Fig.  1 ) [ 4 ]. The early oxidative burst was 
fi rst described as being a “general unspecifi c reaction.” However, it 
has become clear that this reaction is the result of the perception of 
pathogen-associated molecular patterns (PAMPs) by plasma mem-
brane located receptor-like kinases (RLKs). The best described 
example is the fl agellin-sensitive 2 (FLS2) receptor of the bacterial 
fl agellin [ 6 ,  7 ]. Activation of RLKs by the perception of PAMPs is 
the initial step in the activation of ROS production and PAMP- 
triggered  immunity   (PTI) [ 3 ,  5 ].

   The second oxidative burst, on the other hand, is dependent 
on the recognition of pathogen virulence factors, so-called effec-
tors, which are perceived directly or indirectly, by a resistance 
(R)-gene product, generally a nucleotide-binding leucine-rich 
repeat (NB-LRR) protein [ 8 ]. These intracellular sensors mediate 
the activation of effector-triggered  immunity   (ETI). The second 
stronger ROS production is a hallmark of the hypersensitive 
response (HR) which includes cell death [ 8 ]. 

 Several sources for ROS production have been proposed or 
identifi ed. However, it is important to differentiate between extra-
cellular (apoplastic) and the intracellular generation of ROS [ 3 ]. In 
  Arabidopsis thaliana        (hereafter  Arabidopsis ), the apoplastic ROS 
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  Fig. 1    ROS burst patterns during immune responses. The ROS production pattern 
differs depending on whether it is triggered by a purifi ed minimal elicitor, such as 
 fl g22  , or by pathogens. Leaf discs treated with  fl g22   react with a fast production 
of ROS which peaks at approximately 10 min after elicitation ( dark blue ). The 
response to virulent bacteria results in a weaker and delayed ROS generation, 
which peaks at approximately 30 min and is characteristic for the initiation PTI 
( light blue ). The initial ROS burst of plants inoculated with avirulent bacteria is 
similar to that of virulent bacteria. By contrast, only avirulent bacteria activate a 
second massive production of ROS ( red ), which is characteristic for ETI       
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production triggered by RLKs such as FLS2 is completely depen-
dent on the  NADPH oxidase   respiratory burst homologue 
(RBOH)D [ 9 ], but may also rely after  NADPH oxidase   activation 
on the cell wall peroxidases (PRX)33 and 34 [ 10 ].  NADPH oxi-
dases   catalyze the generation of superoxide, which can either spon-
taneously or enzymatically be converted into hydrogen peroxide 
(H 2 O 2 ) by superoxide dismutases or peroxidases. By contrast, the 
second ROS burst triggered during ETI is likely to include sources 
such as chloroplasts, peroxidases, and mitochondria [ 3 ]. 

 ROS production, or to be precise, hydrogen peroxide genera-
tion, can be quantifi ed using luminol. Luminescence from luminol 
requires its activation by an oxidant which in this case is the indi-
rect  NADPH oxidase  -dependent generation hydrogen peroxide 
and hydroxide ions. In the presence of the horseradish peroxidase, 
which acts as a catalyst, the hydrogen peroxide is decomposed to 
form oxygen and water. The reaction of luminol with the hydrox-
ide ion results in the formation of a dianion. The oxygen released 
from the hydrogen peroxide subsequently reacts with the luminol 
dianion. As a result, an unstable organic peroxide is generated, 
electrons change from the excited to the ground state, and fi nally 
energy is emitted in the form of a photon which can be quantifi ed 
by a luminescence detector.  

2    Materials 

       1.    Medium for   Arabidopsis    seedlings: Half-strength Murashige 
and Skoog (MS) salts with vitamins, sucrose 0.5 % [w/v], MES 
500 mg/l pH 5.6.   

   2.    King’s B medium for  Pseudomonas : Add to 1 L distilled water, 
10 g proteose peptone no. 2 (Difco), 1.5 g anhydrous K 2 HPO 4 , 
15 g glycerol, 5 ml MgSO 4  (1 M stock, sterile), antibiotics (as 
needed). Add water to fi rst three ingredients, adjust the pH to 
7.0 with HCl, and bring volume to 1 L. Autoclave and then 
add 5 ml of sterile 1 M MgSO 4  and antibiotics (as needed).      

       1.    Reaction solution: Prepare a 500× horseradish peroxidase 
stock solution of 10 mg/ml in water. Make 50 μl aliquots and 
store at −20 °C. Prepare a 500× stock solution of 15 mg/ml 
luminol in DMSO and store at −20 °C. Example: To prepare 
10 ml of a 20 μg/ml peroxidase and 30 μg/ml luminol reac-
tion solution mix 20 μl of each of the stock solutions with 
10 ml of water.   

   2.    Peptide elicitors, such as  fl g22  , are diluted from a 10 mM stock 
solution in water.      

       1.    Microtiter plate reader, e.g., Tecan Infi nite F200 PRO fi tted 
with a luminometer.       

2.1  Media for Plants 
and Bacteria

2.2  Solutions 
and Chemicals

2.3  Equipment
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3    Methods 

       1.    Stratify   Arabidopsis    seeds for 3 days at 4 °C and subsequently 
grow under short day conditions (8-h light/16-h dark), 65 % 
humidity, 21 °C, and 120–150 μmol/m 2  s.   

   2.    To analyze leaves use adult plant material, sow   Arabidopsis    
seeds directly onto soil and grow plants for 5–7 weeks. Use 
fully expanded leaves of the same age ( see   Note 1 ).   

   3.    To analyze seedlings, sterilize approximately 100   Arabidopsis    
seeds with chlorine gas using 100 ml of commercially available 
bleach and add carefully 5 ml of 37 % HCl. Close the desicca-
tor and sterilize for 3–4 h. Subsequently, ventilate seeds for 
30 min and submerge in half-strength MS in an appropriate 
vessel such as a petri-dish or multiwall plate. After 10 days, pass 
two to three seedlings into a well from a 96-well plate, also 
containing half-strength MS such that they stay submerged, 
and grow for another 2 days before measurement.   

   4.    To analyze roots, sterilize seeds as described above and grow 
seedlings vertically on solid half-strength MS medium for 
approximately 14 days.      

       1.    Streak out the desired strain of bacteria, e.g.,  Pseudomonas 
syringae  pv.  tomato  DC3000 ( Pst , empty vector with Kan resis-
tance) [ 11 ] from a  glycerol stocks   (stored at −80 °C) onto 
King’s B medium agar plates containing 50 μg/ml kanamycin 
and 30 μg/ml rifampicin 1 day before the assay.   

   2.    Incubate inoculated KMB plates for 24 h at 28 °C.   
   3.    For elicitation, scrape bacteria from plates and wash twice in 

sterile water by centrifugating at 5000 ×  g  for 10 min and resus-
pending the pellet.   

   4.    Measure the OD 600  employing spectrophotometer to quantify 
bacteria of a 1:10 dilution, to ensure measurement within the 
linear range.   

   5.    The fi nal bacterial solution can be adjusted to an OD 600  of 0.1 
(approx. 1 × 10 6  colony-forming units/ml). Ideal concentra-
tion of the bacterial suspension may need to be determined 
individually for different strains.      

       1.    Leaves: Prepare leaf discs from fully expanded leaves ( see   Note 
2 ) using a sharp biopsy puncher of 5 mm and swiftly place 
them with the abaxial side in contact with the water to avoid 
desiccation (critical,  see   Note 3 ). Leaf discs can additionally be 
sliced in half to increase the reaction area. Well plates of all 
sorts are suitable but 96-well plates allow more replicates.   

3.1  Plant Material

3.2  Bacteria

3.3  Sample 
Preparation

Marco Trujillo
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   2.    Seedlings: 10 days after germination, pass two to three seed-
lings into a well from a 96-well plate, also containing half- 
strength MS such that they stay submerged. Allow to grow for 
another 2 days before measurement.   

   3.    Roots: Prepare root tissue by cutting into in 0.5 cm long pieces 
using a new scalpel blade and place two to three pieces per well 
in a 96-well plate. Use the lower half of the roots and exclude 
the meristematic tissue area at the tip.      

       1.    Prepare samples as described above 1 day before assaying ROS 
production.   

   2.    Float samples overnight at room temperature in 150 μl of ster-
ilized tap water.   

   3.    Immediately before starting the assay, prepare the reaction 
solution containing 20 μg/ml peroxidase and 30 μg/ml 
luminol.   

   4.    Carefully remove the water in which the samples were incu-
bated overnight without damaging sample tissue (critical).   

   5.    Swiftly add 120 μl of the aqueous reaction solution using a 
multichannel pipet to avoid desiccation (critical) and incubate 
for 20 min at room temperature. Be careful not to  stress   the 
samples mechanically.   

   6.    Add 120 μl of reaction solution containing double concentra-
tion of elicitor (e.g., peptide or bacteria) using a multichannel 
pipet and mix carefully ( see   Note 4 ).   

   7.    Place samples in the microtiter plate reader or photon count-
ing camera and wait for 1 min before starting to allow auto-
fl uorescence to cease.   

   8.    Start monitoring luminescence ( see   Note 5 ).       

4    Notes 

     1.    The main drawback of the ROS assay is its variability. However, 
there are several steps that can be taken which will help to con-
siderably increase reproducibility. Most important are the 
growth conditions; these need to be identical, especially light 
conditions. Use seeds harvested from plants grown simultane-
ously. It is imperative that plants do not have any sort of infec-
tion or wounding. Also, infestation with dark-winged fungus 
gnats, which produce larvae that will feed on leaves and roots, 
will result in considerable variability between samples.   

   2.    We always obtained the most consistent results with plants 
older than 6 weeks and grown under short day. However, 

3.4  Measurement
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attention must be paid to that there are no senescent leaves 
present on the plants.   

   3.    The measured luminescence that is produced by the reaction 
of luminol with hydrogen peroxide in leaf discs originates from 
the edges resulting from cutting. Two points are pivotal: fi rst, 
avoid desiccation of the edges and second, always use very 
sharp biopsy punchers which will reduce wounding responses.   

   4.    Duration of the measurement is dependent on the elicitor, the 
bacteria strain, and the ROS burst type. Most elicitors which 
are perceived by RLKs, including  fl g22  , elf18, but also chitin 
and oligogalacturonides, induce the production of ROS very 
quickly. Within 5–10 min, the ROS burst peaks and ebbs off in 
the next 50 min. However, when using virulent bacteria such 
as  Pst , PAMP-dependent ROS production is triggered after 
30–60 min and ebbs off within the next 30 min (Fig.  1 ) [ 12 , 
 13 ]. By contrast, when measuring the oxidative burst which is 
triggered by the recognition of effectors by R-proteins such as 
NB-LRRs, ROS production starts 6–8 h after inoculation.   

   5.    Luminol-based measurement of ROS production can be car-
ried out with a variety of equipment that is able to detect lumi-
nescence. However, the bottleneck is always the sensitivity. 
Two settings may help to improve sensitivity: (1) increased 
binning when using a camera, although at the cost of a reduced 
resolution, and (2) increasing the integration time, which 
results in an increased dwelling time on each sample.         
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Chapter 27

Quantitative Analysis of Microbe-Associated Molecular 
Pattern (MAMP)-Induced Ca2+ Transients in Plants

Fabian Trempel, Stefanie Ranf, Dierk Scheel, and Justin Lee

Abstract

Ca2+ is a secondary messenger involved in early signaling events triggered in response to a plethora of biotic 
and abiotic stimuli. In plants, environmental cues that induce cytosolic Ca2+ elevation include touch, reac-
tive oxygen species, cold shock, and salt or osmotic stress. Furthermore, Ca2+ signaling has been implicated 
in early stages of plant–microbe interactions of both symbiotic and antagonistic nature. A long-standing 
hypothesis is that there is information encoded in the Ca2+ signals (so-called Ca2+ signatures) to enable 
plants to differentiate between these stimuli and to trigger the appropriate cellular response. Qualitative 
and quantitative measurements of Ca2+ signals are therefore needed to dissect the responses of plants to 
their environment. Luminescence produced by the Ca2+ probe aequorin upon Ca2+ binding is a widely used 
method for the detection of Ca2+ transients and other changes in Ca2+ concentrations in cells or organelles 
of plant cells. In this chapter, using microbe-associated molecular patterns (MAMPs), such as the bacterial- 
derived flg22 or elf18 peptides as stimuli, a protocol for the quantitative measurements of Ca2+ fluxes in 
apoaequorin-expressing seedlings of Arabidopsis thaliana in 96-well format is described.

Key words Ca2+ measurements, Aequorin, Microbe-associated molecular pattern (MAMP)

1 Introduction

Ca2+fluxes are elements in the signal transduction of many stimuli 
that are perceived by plant cells. These biotic or abiotic signals may 
be of endogenous or exogenous origin. For instance, Ca2+ fluxes 
are induced by bacterial and fungal microbe-associated molecular 
patterns (e.g., flagellin, elongation factor-Tu, peptidoglycan, chi-
tin), by plant peptide hormones and by symbiosis signals. Similarly, 
abiotic stimuli such as osmotic stress, salinity, oxidative stress, and 
mechanical cues trigger Ca2+ fluxes [1–6]. Ca2+ signals are decoded 
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by the cells in which they are produced, but may also be involved 
in the transduction of systemic signals throughout the plant as for 
example in response to changes in salinity or herbivore attacks [7, 
8]. These manifold functions and important roles place Ca2+ 
 signaling in the centre of attention when studying the responses of 
plants to their environment.

A variety of probes can be employed to examine changes in 
intracellular Ca2+ concentrations. One of the most widely employed 
is aequorin, the luciferase from Aequorea victoria, which can be 
heterologously expressed in plants [9, 4]. Aequorin contains three 
EF-hand motifs that bind Ca2+ ions with high affinity, leading to 
conformational changes, which result in the oxidation and subse-
quent decarboxylation of the prosthetic group coelenterazine 
(CTZ). The resulting coelenteramide is present in an excited state 
and will emit light at a wavelength of 468 nm when relaxing to the 
ground state. In order to reconstitute the holoprotein, CTZ needs 
to be added to plants expressing apoaequorin. Due to its hydro-
phobic nature, it will freely diffuse into cells and bind to the apo-
protein. Differently mutagenized versions of aequorin and chemical 
derivatives of coelenterazine are available, enabling researchers to 
probe Ca2+ fluxes spanning five orders of magnitude. However, not 
all CTZ-aequorin combinations are suitable and absolute changes 
in Ca2+ concentrations can only be calculated when the combina-
tion of native CTZ and native aequorin is used in experiments, due 
to the lack of standard curves for the other combinations [10]. 
Therefore, this protocol is restricted to the measurements per-
formed with the original pMAQ2 lines engineered by Knight et al. 
[9] in conjunction with native CTZ.

In the present protocol, whole seedlings are used for measure-
ments. Readers are advised that the aequorin measurements pre-
sented in this protocol do not permit spatial resolution but report 
a “global” Ca2+ response from the whole plant. Nevertheless, mea-
surements performed in this way are sensitive to detect even small 
differences, as demonstrated by reactive oxygen species feedback 
to Ca2+ signaling [11] and is amenable to high throughput mea-
surements in 96-well or even 384-well plate format [12]. Thus, 
aequorin-dependent Ca2+ transient measurement of whole seed-
lings is a powerful tool for the analysis of plants’ reactions to envi-
ronmental stimuli, such as MAMPs.

2 Materials

Seeds from A. thaliana pMAQ2 plants (Col-0 background, cyto-
plasmatic aequorin under control of CaMV 35S promoter) [9] or 
other lines expressing aequorin [13].

2.1 Plant Material

Fabian Trempel et al.
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 1. Cell culture plates for plant culture: e.g., 24-well suspension 
culture plates (Greiner Bio-One, Frickenhausen, Germany).

 2. Gas-permeable plate sealing membranes 80 × 140 mm: e.g., 
BREATHseal® (Greiner Bio-One) or breathe-EASIER® 
(Diversified Biotech, Dedham, Massachusetts, USA).

 3. Filter paper (thin).
 4. Plastic racks for cell culture plates.
 5. Vacuum desiccator with socket, approximately 18.5 L volume, 

with fitting ceramic plate (Fig. 1).
 6. Two gas-washing bottles, 1 L volume (Fig. 1).
 7. Rubber tubing.
 8. Vacuum pump.
 9. Sodium hypochlorite solution (with 12 % available chlorine).
 10. Hydrochloric acid, fuming, 37 %.

 1. Half-strength Murashige and Skoog (MS) medium, 0.25 % 
(w/v) sucrose: Weigh in 2.207 g of MS medium salt mixture 
(e.g., from Duchefa Biochemie, Haarlem, The Netherlands), 
2.5 g of sucrose, and 0.1952 g of MES and dissolve in 900 mL 
ultrapure water. Adjust to pH 5.7 with potassium hydroxide 
(KOH). Adjust volume to 1 L and sterilize medium by 
autoclaving.

 2. Gas-permeable adhesive tape: e.g., Leukopor® (BSN medical, 
catalog number 0248200).

 1. Ultrapure water.
 2. Pipetting reservoir.
 3. Cushioned forceps (see Note 1) (Fig. 2a).
 4. 200 μL pipette tips.
 5. 96-well microplates for luminescence measurements (see Note 2).
 6. Coelenterazine stock solution: CTZ stocks are prepared by 

dissolving solid coelenterazine in methanol to achieve a 10 
mM stock solution. Different CTZ variants are available from 
Biosynth, PJK, Invitrogen, or Sigma (e.g., native CTZ, PJK 
GmbH, Kleinblittersdorf, Germany; CTZ-h, Biosynth, Staad, 
Switzerland). Store CTZ stock solutions in opaque (light pro-
tection) vessels at −20 °C for short time storage or −80 °C for 
long time storage.

2.2 Seed 
Sterilization 
Components

2.3 Plant Culture 
Components

2.4 Seedling 
Transfer 
and Reconstitution 
Components

MAMP-induced Ca2+ Transients
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Fig. 1 Seed sterilization with chlorine gas. (a) Setup for gas-phase seed sterilization. (b) Air inlet/outlet for the 
desiccator can be fitted with any standard 0.2 μm filter to maintain sterility. Note this may be integrated in the 
covers of smaller desiccator (as shown here) or in the side of larger desiccators (as shown in a). (c) Placement 
of beaker in the bottom of the desiccator. Note position of outlet tubing next to beaker. (d) Pipetting of sodium 
hypochlorite solution with the ceramic plate removed. (e) Pipetting of HCl (into the beaker below) through 
central opening of ceramic plate

Fabian Trempel et al.
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 1. MAMP stock solutions: AtPep-1, flg-22, and elf-18 synthetic 
peptides can be stored as 1 mM stock solutions in ultrapure 
water. Chitin from ground shrimp shells (Sigma-Aldrich, cata-
log number C9752) can be stored as 20 mg/mL in ultrapure 
water. All elicitor stock solutions should be stored as aliquots 
at −20 °C in vessels with low protein binding characteristics 
(e.g., Protein LoBind tubes®, Eppendorf, Hamburg, 
Germany). Prepare 3× concentrated working solutions from 
these stocks in ultrapure water immediately before use.

 2. PCR 12-tube strips.
 3. Discharge solution (2 M CaCl2, 20 % (v/v) ethanol): Weigh in 

294.04 g of CaCl2 × 2H2O and dissolve in 700 mL ultrapure 
water. Make up volume to 800 mL with ultrapure water and 
add 200 mL 100 % ethanol (p.a.).

 4. Luminometer microplate reader with automatic reagent dis-
penser: e.g., Luminoskan® Ascent, Varioskan® Flash multi-
mode reader (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA), GloMax®-96 microplate Luminometer 
(Promega, Madison, Wisconsin, USA).

2.5 Ca2+ 
Measurement 
Components

Fig. 2 Plant culture and seedling transfer materials. (a) Cushioned forceps. Note plastic pipette tips fitted on 
tips of forceps to reduce damage when handling delicate seedlings. (b) 24-well cell culture plate sealed with 
gas- permeable sealing membrane. (c) 24-well culture plate with germinating seedlings. Note gas-permeable 
tape was used to seal and reduce microbial contamination. (d) 96-well microplate with transferred seedlings

MAMP-induced Ca2+ Transients
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3 Methods

 1. Under a fume hood, prepare the following setup (Fig. 1a): 
Connect the vacuum desiccator to two gas-washing bottles 
each filled with 800 mL of water and connect the whole setup 
to a vacuum pump. The outlet of the desiccator should be 
fashioned in a way so that chlorine gas with a higher density 
compared to air may be removed from the desiccator; i.e., a 
rubber tube should be fixed to the outlet that reaches to the 
bottom of the desiccator. This is to promote complete removal 
of chlorine gas with the pump. Furthermore, the influx of 
fresh air to the desiccator has to be enabled, so that there is no 
formation of vacuum while pumping out the chlorine gas (see 
Note 3 and Fig. 1a, b).

 2. Remove the lids of 24-well cell culture plates under sterile 
conditions under a laminar flow bench. The lids should be 
stored in the bench or any other sterile environment until 
ready to be reused in Subheading 3.2 below.

 3. Load 15–20 seeds per well: Place some seeds on thin filter 
paper and slightly tap paper to load the seeds into the wells. 
Take care to avoid carryover of plant debris, as this will ham-
per sterilization and allow fungal/bacterial growth during liq-
uid culture (see Note 4).

 4. Seal plates with gas-permeable sealing membranes, load plates 
to racks.

 5. Put a small beaker (at least 70 mL volume) into the bottom of 
the desiccator. Fill it with 45 mL of sodium hypochlorite (see 
Note 5 and Fig. 1c, d). Put the ceramic plate into the desicca-
tor so that cell culture plates can be positioned above the bea-
ker. Thread the outlet tube through the central opening of the 
ceramic plate (Fig. 1e). Position the tube in a way so that it is 
next to the beaker with sodium hypochlorite (Fig. 1c–e).

 6. Through the central opening of the ceramic plate, add 15 mL 
of 37 % hydrochloric acid into the beaker (Fig. 1e). Be careful, 
the reaction starts immediately! Quickly put racks with cell 
culture plates into the desiccator and close it. Close the fume 
hood and sterilize for 3–4 h.

 7. After sterilization, start the pump to remove chlorine gas (Fig. 
1a). Let it run for at least 3 h to remove most of the chlorine 
gas. Keep the fume hood closed during pumping.

 8. Stop the pump and open the desiccator. Let it stand open 
overnight under the closed fume hood to let remaining chlo-
rine gas dissipate.

3.1 Seed 
Sterilization 
with Chlorine Gas
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 9. Remove plates. Discard solution in beaker and the water from 
the gas-washing bottles according to your local waste disposal 
regulations.

 1. Under a laminar flow bench, remove sealing membranes  
(Fig. 2b) and discard.

 2. Add 2 mL of half-strength MS, 0.25 % sucrose medium to 
each well.

 3. Put lids onto plates and secure in place with gas-permeable 
adhesive tape (Fig. 2c).

 4. Incubate plates at 4 °C in the dark for at least 2 days to stratify 
seeds.

 5. Put plates into growth cabinet under long day conditions (16 
h light), 21 °C for 8–10 days.

 1. With a multichannel pipette, add 75 μL of ultrapure water to 
each well of a 96-well plate.

 2. Transfer the seedlings one by one into the 96-well plate (see 
Note 6, Fig. 2d) and make sure they are completely (includ-
ing the roots) covered with water.

 3. Prepare and load CTZ working solution (3 mL of CTZ work-
ing solution are required per 96-well plate, including spare 
volume). To prepare 3 mL of 40 μM CTZ working solution, 
add 3 mL of ultrapure water to a pipetting reservoir. While 
slightly tilting the reservoir to collect the water on one side, 
add 12 μL of 10 mM CTZ stock solution and mix immediately 
by slightly shaking the reservoir. Directly transfer 25 μL of this 
mix to each well of the microplate with a multichannel pipette 
(hence, the end concentration of CTZ we routinely use is 10 
μM, see Note 7). Cover the plate and incubate in the dark at 
ambient temperature for 4–12 h (see Note 7).

 1. Prepare elicitor working solutions: Dilute thawed stock solu-
tions to achieve 3× concentrated working solutions in ultra-
pure water. Equilibrate to room temperature to avoid “cold 
shock” reaction when adding to seedlings. Peptide elicitors are 
usually used at final working concentrations of 100 nM to 1 
μM, whereas shrimp shell chitin is used at a concentration of 
50–200 μg/mL.

 2. Switch on plate reader and computer, open the software and 
select the area to be measured (see Note 8).

 3. Fill a 50-mL vessel (e.g., a Greiner tube) with discharge solu-
tion and place in vessel carrier, put aspirate tubing into vessel. 
Place dispenser head into external waste container and prime 

3.2 Liquid Culture

3.3 Transfer 
of Seedlings 
and Holoaequorin 
Reconstitution

3.4 Ca2+ 
Measurements in 
96-Well Plates with 
Manual Elicitor 
Injection
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the dispenser with 1500 μL discharge solution. Gently wipe 
the dispenser head, remove blind plug, and inject into correct 
dispenser port (see Notes 9 and 10). Depending on your 
machine, make sure that the dispenser height is adjusted cor-
rectly to the height of the microplate you are using; otherwise 
the machine may be severely damaged (see Note 11).

 4. Pipet 60 μL of MAMP working solutions into single tubes of 
a PCR 12-tube strip. Thus, a 12-channel pipette can be used 
to conveniently load different elicitors at any desired combina-
tion while minimizing dead volume (see Note 12).

 5. Put the microplate into the plate reader. Remove the lid; oth-
erwise, some machines may be severely damaged! You may 
want to seal the remaining wells not chosen for measurements 
with tape to avoid evaporation of liquid.

 6. Start the measurement. Perform at least ten measurements per 
well at 6-s intervals with 300 ms measuring time to record 
background luminescence. Let the machine eject the plate. 
Add 50 μL of your MAMP working solution to each well of a 
row with a multichannel pipette and immediately resume the 
measurement. Perform 300 measurements per well at 6-s 
intervals with 300 ms measuring time. This covers a 30 min 
(300 × 6 s) overall measurement time per sample; other desired 
time periods can be achieved by adjusting the number of mea-
surements per well. After elicitor measurement, program the 
machine to inject 150 μL of discharge solution and measure 
the discharge well by well in “monitor” mode (continuous 
measurement) for 1–2 min. Perform the measurement of the 
whole plate in this way row by row (see Notes 9 and 13).

 7. After the run, take out the microplate. Remove the dispenser 
head from the port and place it into an external waste con-
tainer. Close the port with the blind plug. Rinse aspirate tub-
ing with distilled water and put it into a vessel with distilled 
water. Flush the pump, tubing, and dispenser with at least 50 
mL of distilled water (see Note 10). Finally, place aspirate tub-
ing in 20 % ethanol and fill tubing with ethanol. Dry the dis-
penser head carefully and place it into the dispensing head 
holder. Switch off the machine.

Analysis of data acquired in Ca2+ measurements is conveniently 
achieved with the FlagScreen script for R available on the homep-
age of the Leibniz Institute of Plant Biochemistry (http://www.
ipb-halle.de/datenbanken/flagscreen/) [12]. Basically, it offers 
two modes of analysis. The program can be used to plot the rate 
k (or L/Lmax), which is the ratio of luminescence counts per sec-
ond at a given measurement point i (Li), and the sum of the 
total remaining counts from point i + 1 including the end of the 

3.5 Data Analysis
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measurement and discharge (Lmax) (Fig. 3a). For experimental 
setups performed with measurement intervals other than 1 s, k 
needs to be corrected by multiplying Lmax with the measuring 
interval. In the case of the current protocol, Lmax has to be mul-
tiplied with the 6 s interval applied in the measurements. 
Therefore, for the protocol at hand, k is calculated in the follow-
ing way:

 
k L Li i i

n
= ´ ( )+å6

1  

Alternatively, the program can be used to calculate the Ca2+ 
concentration (Fig. 3a) directly. However, it has to be noted that 
until now, a calibration curve for the calculation of Ca2+ concentra-
tions has only been developed for native coelenterazine used with 
native aequorin [10]. Therefore, values of Ca2+ concentrations cal-
culated in the fashion described above will only be meaningful if 
the correct aequorin-CTZ combination has been used in the 
measurements.

The calculation of the Ca2+ concentration is performed as 
described by Rentel and Knight [14]:

 p kiCa = - +0 332588 5 5593. ( log ) .  

We recommend measuring multiple seedlings to obtain the 
average Ca2+ concentrations. Values calculated in this way can be 
plotted conveniently by using the FlagScreen script or in any 
spreadsheet calculation software. Thus, the method described here 
can reveal distinct cytosolic Ca2+ signatures induced by various 
microbe-derived or damage-derived elicitor signals (Fig. 3b). 
Alternatively, when the apoaequorin transgene is introduced into 
selected mutant backgrounds, it can reveal the contribution of the 
mutated genetic component in Ca2+ signaling. For instance, reac-
tive oxygen species produced through the respiratory burst oxidase 
homolog D, RBOHD, is required for the second peak of the flg22- 
induced Ca2+ signature (Fig. 3c).

4 Notes

 1. To prepare cushioned forceps, take a pair of style 5 forceps (e.g., 
from Rubis® or A. Dumont & Fils®) and put the cut points of 
1–10 μL pipette tips (preferably long tips; e.g., Gel Saver II tips 
from Kisker Biotech®) onto the tips of the tweezers. Carefully 
tap the forceps points down onto a hard surface in order to 
secure the pipette tips in place. Cushioned forceps reduce dam-
age inflicted from handling of the seedlings (Fig. 2a).

MAMP-induced Ca2+ Transients
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Fig. 3 Calcium transients recorded with pMAQ2 lines. (a) Calcium transients can 
be plotted as the rate constant k (i.e., L/Lmax) or, if calibration curves are available, 
as actual cellular calcium concentrations [Ca2+]. (b) Different elicitors generate 
distinct calcium signatures in pMAQ2 seedlings. All measurements were per-
formed with 1 μM of the indicated elicitors. (c) Feedback of ROS on Ca2+ signa-
ture can be analyzed with calcium measurements. Flg22-induced calcium 
transients were compared between wild type (pMAQ2) and rbohD (respiratory 
burst oxidase homolog D) mutant seedlings. For further information on measure-
ments performed in (b) and (c), see [11, 13]. Measurements in (a) and (c) were 
performed with 1 μM flg22, n ≥ 25. Error bars represent 2× SE
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 2. Generally, all microplates specified for luminescence measure-
ments can be used but low protein binding properties are 
desirable to reduce elicitor sequestration. We recommend 
Lumitrac® 200 medium binding F-bottom chimney well 
96-well white plates (Greiner Bio-One). While half-area 
microplates can be used, seedling transfer is easier with full- 
area plates. All volumes cited in the Ca2+ measurement proto-
col are calculated for full-area plates and will have to be 
adjusted accordingly when using half-area plates.

 3. Chlorine gas sterilization is a simple and convenient way to 
sterilize seeds directly inside the vessel in which they will be 
cultured. Cell culture plates with sterilized seeds that have 
been sealed with gas-permeable sealing membranes can also be 
stored for some time. However, due to the strongly oxidizing 
properties of chlorine gas, precautions need to be taken to 
avoid injuries. Sterilization is therefore performed in a desicca-
tor under a fume hood and the chlorine gas is removed before 
the desiccator is being opened. Proper protective clothing has 
to be worn when performing seed sterilization.

 4. Seeds should be already pre-sieved to remove most of the 
siliques and other plant debris. Using blotting paper for seed 
transfer helps reducing husk in the culture. If husk falls into a 
well of the culture plate, it can be easily removed with a pipette 
tip. Do not load too many seeds, as this will hamper steriliza-
tion success and favor fungal growth. Use well-dried seeds. 
Freshly harvested seeds can be loaded into the 24-well plates, 
sealed with gas-permeable seal and dried overnight at 37–50 
°C. If seeds are not dry, HCl will develop upon contact with 
chlorine gas on the seed surface and damage seeds.

 5. The amount of hypochlorite and HCl needed depends on the 
size of the desiccator and may have to be adjusted accordingly. 
Generally, the ratio is 3 parts hypochlorite and 1 part HCl. 
Hypochlorite needs to be in slight excess, as otherwise HCl 
vapor will damage the seeds. Be sure to let the chlorine gas 
dissipate completely overnight under a fume hood as chlorine 
traces sticking on the plastic will acidify the culture medium 
and affect seedling growth.

 6. Seedlings have to be transferred in a healthy state to the micro-
plates they will be measured in. Therefore, infliction of stress 
by handling should be minimized. In order to reduce possible 
bacterial contaminations, seedlings should be transferred 
under a laminar flow bench. When loading seedlings to micro-
plates it is advisable to handle the seedlings with cushioned 
tweezers in one hand and untangling the roots with a yellow 
pipette tip (200 μL) in the other hand. Seedlings can be 
gripped carefully at the hypocotyl. Seedlings are thus trans-

MAMP-induced Ca2+ Transients
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ferred into microplates one by one. Generally, seedlings of the 
same size should be chosen for analysis, although normaliza-
tion during data analysis will compensate signal variations, 
which are based on different seedling sizes. For best results, 
seedlings that have their first rosette leaves just emerging 
should be chosen.

 7. Holoprotein reconstitution can be performed with different 
amounts of CTZ. The final concentration for reconstitution 
should be between 2 and 20 μM. In experimental setups with 
manual elicitor injections it is usually desirable to perform the 
holoprotein reconstitution overnight before the measure-
ment. In setups with automated injection, the reconstitution 
can be performed for 4–6 h and measurement can be per-
formed overnight. Keep in mind that CTZ is not stable for 
prolonged periods of time in the presence of oxygen and 
reconstituted aequorin will be constantly consumed. 
Therefore, reconstitution should not be prolonged 
excessively.

 8. For measurements with manual injection of elicitors, it is best 
to perform measurements row by row. Thus, the time which 
elapses for each row between elicitor injection and resumption 
of measurements is the same for each seedling. Furthermore, 
the time which elapses between elicitor treatment and dis-
charge is reduced, which is favorable for accuracy. In setups 
with automatic elicitor injection, 2 rows (24 wells) can gener-
ally be measured at the same time. When more rows are mea-
sured at the same time, the measurement interval has to be 
changed accordingly at the expense of accuracy. Whereas 
background and transient measurements can be performed in 
short intervals, the discharge response is so fast that the peak 
can easily be missed by interval measurements. However, the 
peak height is essential for the normalization procedure dur-
ing data analysis. Therefore, discharge measurements should 
be performed one well at a time in one continuous 
measurement.

 9. Due to the speed of the discharge response (see Note 8), the 
dispenser injecting the discharge solution should be inserted 
into the port directly beneath the measuring position of the 
microplate reader. Thus, the measurement can start at the 
moment of injection without the necessity of an additional 
moving step. In Luminoskan® instruments, this is port M, 
whereas in Varioskan® instruments, both L1 and L2 can be 
employed, depending on which dispenser is used. Consult the 
manual of your machine to find out which port to use.

 10. Discharge solution has a low surface tension due to the high 
ethanol content. Therefore, drops of solution may spill from 
the dispenser head at times. Regrettably, CaCl2 causes metallic 

Fabian Trempel et al.



343

corrosion and can therefore cause damage in the machine. In 
order to avoid this, the instrument should therefore be checked 
and cleaned at regular intervals and possible spills removed 
immediately.

 11. All safety guidelines applying for your instrument must be fol-
lowed. Make sure that the plate layout fits the microplate you 
are using. Make sure you prime the dispensers before starting 
a measurement with the specified volume of solution. Make 
sure dispensers and tubing are certified for the solutions you 
are using.

 12. Peptide MAMPs are extremely sticky and containers for 
MAMPs should not be reused for another MAMP. Ca2+ tran-
sients in plants may be triggered at very low concentrations. 
Therefore, precautions should be taken not to contaminate 
the elicitor solutions: As an example, pipetting from (narrow) 
15-mL reaction vessels can lead to the contamination of the 
neck of the pipette, causing carryover of elicitors into other 
tubes. This may result in the misinterpretation of Ca2+ 
transients.

 13. Luminescence as a function of Ca2+ influx can easily be mea-
sured in plate readers. Generally, the measurement can be 
divided into three phases: The background measurement, the 
MAMP treatment with measurement of the Ca2+ transient, 
and the discharge step, in which all aequorin is released to 
determine its total amount for subsequent data normalization. 
The whole measurement can be automated when plate readers 
with two or more dispensers are available to inject the elicitor 
and discharge solution. For reasons of time constraints, back-
ground and discharge measurements may have to be short-
ened in automated measurement setups.
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Chapter 28

Rapid Assessment of DNA Methylation Changes 
in Response to Salicylic Acid by Chop-qPCR

Stephanie Rausch and Sascha Laubinger

Abstract

Methylation of cytosines plays an important role in epigenetic regulation of gene expression. Several meth-
ods exist to determine the methylation status of DNA. Here, we describe a rapid and cost-effective method 
called Chop-qPCR to determine dynamic changes in the DNA methylation patterns, as they occur for 
instance in response to environmental stresses.

Key words Chop-qPCR, DNA methylation, Methylation-dependent restriction enzyme, McrBC, 
Epigenetics, Biotic stress, Arabidopsis thaliana

1 Introduction

Several epigenetic mechanisms define DNA accessibility and there-
fore transcriptional activity. One of these epigenetic layers of gene 
regulation is the methylation of cytosine to 5-methylcytosine. This 
direct covalent modification of DNA is evolutionarily ancient and 
is present in prokaryotic and eukaryotic organisms, where it is 
strongly associated with gene silencing [1].

In contrast to animals, where DNA methylation is mostly 
found in a CpG context, plant genomic DNA exhibits methylation 
also in CpHpG and CpHpH contexts (where H is any base except 
G). In the model plant Arabidopsis thaliana, three main types of 
DNA methyltransferases are known to catalyze DNA methylation 
in CpG, CpHpG, and CpHpH contexts, respectively. The enzyme 
METHYLTRANSFERASE 1 (MET1) is responsible for CpG 
methylation and functions in the maintenance of cytosine methyla-
tion [2]. A plant-specific enzyme, called CHROMOMETHYLASE 
3 (CMT3), is responsible for DNA methylation in CpHpG con-
text. CpHpH methylation is performed by DOMAINS 
REARRANGED METHYLASE 2 (DRM2). DRM2 is recruited 
to the DNA via the RNA-directed DNA methylation pathway 
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(RdDM) leading to methylation of the targeted DNA sequence 
[3]. In Arabidopsis, also four DNA demethylases are known 
(DEMETER (DME), REPRESSOR OF GENE SILENCING 1 
(ROS1), DEMETER-LIKE 1 (DML1), and DML2), which 
remove methylated cytosine by a base-pair excision pathway 
[4–6].

DNA methylation ensures transcriptional repression of trans-
posable elements and repeats [7, 8], it affects gene expression [1], 
it is important for the selection of polyadenylation signals [9, 10], 
and it plays an important role in genomic imprinting during early 
plant development [2]. DNA methylation has been reported to be 
regulated dynamically. For example, it is involved in dynamic 
defense regulation against abiotic and biotic stresses [6, 11, 12].

Different methods were developed to determine the methyla-
tion status of the DNA of interest: (1) bisulfite sequencing, (2) 
affinity enrichment and (3) chop-qPCR [13]. For bisulfite sequenc-
ing, DNA is desaminated by adding sodium bisulfite to convert all 
unmethylated cytosines into uracils, which appear as thymines in 
later PCR application. Methylated cytosines are protected against 
deamination, which allows distinguishing between methylated and 
unmethylated cytosines. Bisulfite treatment can be combined with 
PCR analysis to determine the methylation status of a specific 
region of interest. Alternatively, bisulfite treated DNA can be 
sequenced by e.g., Illumina® technology, providing entire methy-
lome maps of a genome at a single-base resolution. Bisulfite 
sequencing is still time consuming and relatively expensive, espe-
cially when interested in monitoring methylation changes in a huge 
number of samples.

Another possibility to analyze DNA methylation is to concen-
trate methylated DNA fragments by using methyl-binding proteins 
or 5-methylcytosine-specific antibodies. After increasing the 
amount of methylated DNA, DNA can be analyzed by next- 
generation sequencing approaches. Data obtained by affinity 
enrichment provides rapid, genome-wide information but do not 
contain any information about the methylation status of individual 
cytosines.

In contrast to bisulfite sequencing and affinity enrichment, 
Chop-qPCR is a relatively easy to perform and an inexpensive 
method to determine the degree of methylation in a genomic 
region of interest. Briefly, for Chop-qPCR DNA is treated with 
methylation-sensitive restriction enzymes and analyzed with quan-
titative real-time PCR (qPCR). With Chop-qPCR, one is able to 
assess DNA methylation levels of a specific genomic region of 
interest, and its changes during for example exposure to stress. 
Chop-qPCR does not provide genome-wide information and can-
not report on the methylation status of individual cytosine (except 
if one uses specific restriction enzymes). All methods described 
here have advantages and disadvantages and one has to consider 
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individually which experimental setup suits best the biological 
question.

This protocol describes how to perform Chop-qPCR and is 
essentially divided into three steps: (1) extraction of genomic DNA 
(gDNA), (2) methylation-dependent restriction digest, and (3) 
quantitative PCR (qPCR) (Fig. 1).

In short, gDNA is extracted from different samples, cleaned 
and concentrated. Afterwards, the gDNA is digested with the 
methylation-dependent restriction enzyme McrBC, which leads to 
the removal of all DNA fragments containing methylated cytosines 
(see Note 1). The herein used McrBC is a methylation-dependent 
endonuclease that unspecifically cuts fully and semi-methylated 

STEP 1 - Extract genomic DNA (gDNA) from plants

STEP 2 - Digest gDNA with methylation-dependent restriction enzyme

STEP 3 - Analyze by qPCR
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Fig. 1 An overview of the different steps of DNA methylation analysis by Chop-qPCR
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doubled-stranded DNA. Mock- and McrBC-treated DNA frag-
ments are used as a template for qPCR, so one is able to determine 
the methylation level quantitatively. By comparing mock- and 
McrBC-treated samples via qPCR, the relative DNA methylation 
status can be determined. As an example for Chop-PCR, we quan-
tified the methylation level of three genes, which were reported to 
be differentially methylated after treatment with salicylic acid [11] 
(Fig. 2).

2 Material

Seeds were sterilized by washing three times in 80 % ethanol with 
0.05 % Silwet L-77. After washing, seeds were dried on a sterile 
filter paper and transferred to square plates with 50 ml of ½ 
Murashige and Skoog media with PhytoAgar. Plates were stratified 
after sowing at 4 °C in the dark for 3 days and grown in a plant 
incubator for 10 days under continuous light.

 1. Salicylic acid (Duchefa Biochemie; prepare 1 M stock solution 
in 100 % ethanol).

 2. Silwet L-77.
 3. Ethanol (100 %).
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Fig. 2 Chop-qPCR analysis reveals changes in DNA methylation in three different genes after SA treatment. 
Error bars indicate the standard error of the mean of three biological replicates
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 4. Sterile water.
 5. Spray diffusers (Roth).

 1. DNeasy® Plant Mini Kit (Qiagen, 69104).
 2. DNA Clean & Concentrator™-5-5 (Zymo research, D4014).
 3. Bench-top centrifuge.
 4. Heating block or water bath (65 °C).
 5. Ice.
 6. Mortar and pestle or mixer mill and zirkonoxid beads (Ø 3 

mm).
 7. 1.5-ml reaction tubes (Safe-Lock Tubes).
 8. Spectrophotometer to measure DNA concentration.

Oligonucleotides for the analysis have to be suitable with the qPCR 
analysis. Therefore, design your oligonucleotides so that they span 
between 70 and 200 base pairs of your region-of-interest. Primers 
for this study (listed in Table 1) were designed with CLC Main 
Workbench (CLC bio; Version 6.9). If bisulfite sequencing data 
from your region-of-interest are available, the primer should keep 
a certain distance from the McrBC cutting site; approximately 30 
base pairs from putative cutting site (see Note 2).

 1. PCR stripes or tubes.
 2. Methylation-dependent restriction enzyme McrBC (New 

England Biolabs, #M0272L).
 3. Spectrophotometer to measure DNA concentration.
 4. Incubator (e.g., PCR machine).

 1. Maxima SYBR Green qPCR Master Mix (2×), ROX solution 
provided (Thermo Scientific).

 2. Oligonucleotides.
 3. 384-well plate.
 4. Adhesive seal for PCR plates.

2.3 Genomic DNA 
Extraction

2.4 Oligonucleotides

2.5 McrBC Digest

2.6 Quantitative 
Real-Time PCR (qPCR)

Table 1 
Oligonucleotides used for qPCR analysis

Gene Forward primer sequence 5′→3′ Reverse primer sequence 5′→3′

AT4G02320 AGGAGAGCTGTTAAGAAGTG AAGTGGCCAAATTAACCATG

AT3G46970 CCTTGATGGGGCTAATGTTG GAGTGACATACCAGTCCGTC

AT4G04490 TCTCCTCAAACTCGACAAGA AACAACCACAACGCTCCATG

DNA Methylation Analysis by Chop-qPCR
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 5. DNase-free water (provided with Maxima SYBR Green qPCR 
Master Mix).

 6. Centrifuge to spin-down PCR plate.
 7. Real-time PCR machine.
 8. Agarose GTQ.
 9. System to cast/run agarose gels.

3 Methods

Plants were sprayed with 1 mM salicylic acid (SA) and 0.01 % 
Silwet L-77 or the same amount of the solvent (ethanol and 0.01 
% Silwet L-77) until the leaf surfaces are completely covered with 
drops. Treatment was repeated once a day for 4 days. Seedlings 
were harvested directly before the first treatment and 6 h or 4 days 
after treatment with SA. The harvested plant material was immedi-
ately frozen in liquid nitrogen until further usage.

 1. Genomic DNA was extracted with two kits, namely DNeasy® 
Plant Mini Kit (Qiagen, 69104) and DNA Clean & 
Concentrator™-5-5 (Zymo research, D4014) (see Note 3).

 2. Grind plant material with liquid nitrogen using a mortar and 
pestle (large sample volumes). Use a spatula to transfer the 
plant powder to a reaction tube. Small sample volumes can be 
ground with a mixer mill (2 times 30 s with a frequency of 
30/s) and two zirconoxid beads (per reaction tube). Take care 
that the sample is ground to a fine powder. To avoid thawing 
of the plant material, precool tubes, mortars, pestles, and spat-
ulas in liquid nitrogen.

 3. Fill around 50–100 mg ground plant material (that is about 
100–200 μl fine plant powder) into a 1.5-ml reaction tube and 
extract gDNA using the DNeasy® Plant Mini Kit (Qiagen).

 4. Add 400 μl of Buffer AP1 and 4 μl of RNase A to the ground 
leaf material. Vortex briefly and incubate the sample at 65 °C 
for 10 min to digest away all RNA. While incubating invert 
the sample every 2 min. Keep Buffer AP1 and RNase A sepa-
rated and mix freshly.

 5. Add 130 μl of Buffer P3, mix well by pipetting and put the 
reaction tube on ice for 5 min.

 6. Centrifuge the samples at 20,000 × g at room temperature for 
5 min to precipitate residual leaf material.

 7. Transfer the lysate into a QIAshredder spin column placed in 
a 2-ml collection tube.

 8. Centrifuge the samples at 20,000 × g at room temperature for 
2 min.

3.1 Plant Treatment 
with the 
Phytohormone 
Salicylic Acid

3.2 Extraction 
of gDNA from Plant 
Samples
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 9. Pipet the flow-through into a new 1.5-ml reaction tube. Make 
sure that you do not transfer pelleted material.

 10. Add 1.5× volume of Buffer AW1 and mix well. Make sure that 
you add ethanol to Buffer AW1 before first usage.

 11. Add 650 μl of the mixture to the DNeasy® Mini spin column 
with a 2-ml collection tube and centrifuge at 6000 × g at room 
temperature for 1 min.

 12. Discard the flow-through and repeat this step with the remain-
ing sample volume.

 13. Wash the bound gDNA by adding 500 μl of Buffer AW2. 
Make sure that you add ethanol to Buffer AW2 before first 
usage. Centrifuge at room temperature at 20,000 × g and dis-
card the flow through for 2 min.

 14. Repeat previous washing step.
 15. Transfer the spin column into a new 2-ml reaction tube and 

spin down at room temperature with 20,000 × g for 1 min to 
remove residual wash buffer.

 16. Transfer the spin column into a new 1.5-ml reaction tube.
 17. Elute bound gDNA with 100 μl water (sterile-filtered). After 

adding water directly onto the matrix, incubate the spin col-
umn at room temperature for 2–5 min and spin down at 
6000 × g for 2–5 min.

 18. Repeat the previous step in order to get a total of 200 μl 
gDNA.

The concentration of gDNA is usually relatively low when using 
the DNeasy® Plant Mini Kit. It is therefore convenient to concen-
trate the gDNA using the DNA Clean & Concentrator™-5 (Zymo 
research, D4014).

 1. To 200 μl gDNA, add 400 μl of DNA Binding Buffer (volume 
ratio of 1:2 gDNA:DNA Binding Buffer) and vortex briefly.

 2. Transfer the mixture into the Zymo-Spin™ Column placed in 
a collection tube.

 3. Centrifuge (full speed) at room temperature for 30 s and dis-
card the flow-through.

 4. Add 200 μl of Wash Buffer and spin down for 30 s (full speed, 
room temperature) and discard the flow through.

 5. Repeat washing step.
 6. Transfer Zymo-Spin™ Column into a 2-ml reaction tube and 

centrifuge for 30 s (full speed, room temperature) to remove 
residual ethanol.

 7. Place Zymo-Spin™ Column into a new 1.5-ml reaction tube 
and add 20 μl of water (sterile filtered) directly onto the col-

3.3 Concentration 
of gDNA
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umn matrix, incubate at room temperature for 2–5 min and 
centrifuge for 30 s (full speed) to elute the bound gDNA from 
the matrix.

 8. Determine DNA concentration photometrically. The concen-
tration should range between 10–30 ng/μl.

The restriction enzyme McrBC is an endonuclease that recognizes 
fully or half-methylated DNA with the recognition sequence 
RmC(N40-3000)RmC. According to the manufacturer’s instruc-
tions, McrBC (New England Biolabs, #M0272L) cuts approxi-
mately 30 base pairs from the methylated cytosine distributed over 
several base pairs. Unmethylated DNA will not be cleaved by 
McrBC.

Normally, 50 ng of gDNA is digested with 5 U McrBC using 
the recommended 10× NEB buffer 2 (New England Biolabs; 
#B7002S), 100× GTP (New England Biolabs; #N0419S; 100 
mM) and 100× BSA (New England Biolabs; #B9000S; 20 mg/
ml), all of which are provided together with enzyme. To prevent 
degradation of GTP due to repeated freeze–thaw cycles, prepare 
smaller aliquots of 10× GTP. The BSA solution comes as a 100× 
stock solution. Prepare 10× BSA aliquots, which makes pipetting 
easier and more accurate.

 1. For each gDNA sample prepare two separate reactions, a 
McrBC-treated and a mock-treated sample. Digestion of the 
gDNA can be performed in single PCR tubes or PCR stripes. 
Pipet all reactions on ice.

Digest setup:

x μl 50 ng gDNA

5 μl 10× NEB Buffer 2 (New England Biolabs; #B7002S)

5 μl 10× GTP (New England Biolabs; #N0419S; diluted to 
10 mM)

5 μl 10× BSA (New England Biolabs; #B9000S; diluted to 2 
mg/ml)

0.5 μl McrBC (10,000 U/ml; New England Biolabs; 
#M0272L)

34.5 - x μl Fill up to 50 μl with DNase-free water

 2. Mix well and incubate the reaction in a PCR cycler with a 
heated lid (110 °C) using the following settings:

37 °C 8 h Digest

65 °C 20 min Inactivate enzyme

3.4 Enzymatic 
Digestion 
of Methylated DNA
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 3. For short-term storage, keep treated gDNA at room temperature 
or 4 °C. gDNA can be frozen at −20 °C until it will be used 
for qPCR analysis. Avoid repeated freeze–thaw cycles, as this 
may cause gDNA degradation. Up to ten freeze–thaw cycles 
were tested, which in our hands did not cause any problems 
during later application.

After digestion, the amount of gDNA is quantified by real-time 
PCR. Therefore, qPCR reactions using a SYBR Green qPCR 
Master Mix are mixed together according to Table 2. The SYBR 
Green allows photometrical measurement of double stranded 
DNA at a wavelength of 530 nm.

For all samples, perform three technical replicates to minimize 
pipetting errors. For each oligonucleotide pair, a no-template con-
trol should be included (that is when template DNA in the reac-
tion mixture is replaced by the same amount of water). The 
“no-template” reports on unspecific amplification and contamina-
tions. Calculate the amplification efficiency for each oligonucle-
otide pair. To do so, prepare serial 1:5 dilution of your undigested 
gDNA template, at least four different concentrations have to be 
included (e.g., 1. undiluted, 2. 1:5 dilution, 3. 1:25 dilution, and 
4. 1:125 dilution). Each experimental setup should be repeated 
with three independent biological replicates.

 1. To minimize pipetting errors, prepare a master mix on ice con-
taining all components of the reaction except for the template 
DNA and distribute the master mix into each well of the PCR 
plate.

 2. Add the template DNA to the reaction mixture.
 3. Seal plate with adhesive seal.
 4. Briefly spin down the plate to collect all drops at the bottom 

of the wells.
 5. Transfer the plate into the qPCR thermocycler and start the 

following cycling protocol. After initial denaturation and acti-
vation of the hot-start DNA polymerase, the program cycles 
40 times and after each cycle the SYBR Green fluorescence is 

3.5 Quantitative 
Real-Time PCR

Table 2 
qPCR reaction setup

5 μl Maxima SYBR Green qPCR Master Mix (2×)

0.25 μl Forward oligonucleotide (10 μM)

0.25 μl Reverse oligonucleotide (10 μM)

1 μl gDNA template (equates 1 ng of the original DNA sample) (see 
Note 4)

3.5 μl Nuclease-free water

DNA Methylation Analysis by Chop-qPCR



354

determined photometrically at 530 nm. After the 40 cycles the 
melting temperature is determined. For each individual oligo-
nucleotide pair, the melting curve should have a peak at a 
defined temperature. A broader peak or several peaks suggest 
the amplification of unspecific PCR product or the formation 
of oligonucleotide dimers.

 6. Check the size of the resulting PCR products on a 2–3 % aga-
rose gel to further ensure that the correct genomic region was 
amplified.

Thermal cycling conditions: heat lid at 110 °C during the 
complete PCR run.

Temperature [°C] Incubation time Cycles

95 °C 5 min 1

95 °C 15 s 40

55 °C 30 s

72 °C 20 s

Measure fluorescence 
photometrically at 
530 nm

Determine melting curve:

95 °C 30 s 1

Increase temperature from 55 to 95 °C: +1 °C, 5 s

measure fluorescence photometrically at 530 nm after each +1 °C step

 7. Data analysis is performed using a relative quantification 
method. This is only possible when the standard curve of ampli-
fication revealed a PCR efficiency of 90–110 % (see Note 5).

 8. The cycle threshold values (C(t)) automatically generated by 
the Real time PCR machine are used to perform data 
analysis.

 9. Calculate the average C(t)-values for the technical replicate.
 10. Based on the pipetted dilution series, the amplification effi-

ciency can be determined. The relationship between the aver-
aged C(t) values and the logarithm of the dilution should be 
linear, because in a perfect PCR the DNA amount doubles 
every cycle. By plotting the log(dilution series) versus the C(t) 
values and by linear regression, one can calculated the slope 
(m). Depending on the slope for each oligonucleotide pair, 
the PCR amplification efficiency in percentage can be deter-
mined using the following equation:

 Efficiency %[ ] [ ]/= - ´-10 1 1001 m
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The amplification efficiency should lie between 90 and 
110 %.

The relative methylation level of the examined sequences 
are determined by the ΔΔC(t) method and followed by a con-
version in percentage of methylation.

 11. First, calculate the ΔΔC(t) values:

 DD D DC t C t undigestedsample C t digestedsample( ) ( ) ( )= -  

 12. Afterwards determine the fold-change = 2ΔΔC(t)

 13. Finally, convert the values into the percentage of methylation

 Methylation % C[ ] ( )( )= - ´1 2 100DD t

 
The complete formula to determine the percentage of 

methylation is as follows:

Methylation % C t undigestedsample C t digestedsamp[ ] ( ( ) ( )= - -1 2D D lle )´100

4 Notes

 1. It is also possible to use other methylation-dependent or 
methylation- sensitive enzymes to analyze different cytosine 
methylation contexts, e.g., HpaII. As all enzymes have differ-
ent recognition sites, make sure that your chosen enzyme is 
suitable for the sequence context of the methylated cytosine 
you are interested in.

 2. It could take some time to find the perfect primer pairs as sev-
eral moderately differentially methylated cytosines or a strongly 
affected cytosine has to lie in the amplified region. Additionally, 
all differentially methylated cytosines should be modified in 
the same direction; otherwise you will not be able to find dif-
ferences in the methylation level.

 3. gDNA can be also extracted with a traditional phenol–chloro-
form extraction followed by ethanol precipitation. To avoid 
unnecessary contact with toxic components, we decided to 
use the two described kits to extract gDNA.

 4. For this study, a gDNA template concentration of 1 ng was 
used. For more abundant genes, e.g., transposons or other 
multiple copy genes, one can further dilute the template.

 5. If your primer efficiencies are below 90 % or higher than 110 %, 
design new primers. Primers with a bad efficiency will create 
biases to your analysis.

DNA Methylation Analysis by Chop-qPCR
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Chapter 29

Determining Nucleosome Position at Individual Loci After 
Biotic Stress Using MNase-qPCR

Margaux Kaster and Sascha Laubinger

Abstract

Nucleosome occupancy in promoter and genic regions can severely influence the transcription levels. Few 
methods have been established to investigate the nucleosome occupancy along the DNA. In this chapter 
we describe a detailed protocol to analyze the nucleosome occupancy at a specific locus using 
MNase-pPCR.

Key words MNase-qPCR, Nucleosome occupancy, Nuclei isolation, Epigenetics, Biotic stress, 
Arabidopsis

1 Introduction

Plants constantly have to cope with a variety of stresses without 
being able to avoid them. But plants developed a complex signal-
ing network to perceive and properly respond to abiotic and biotic 
stresses. Most signaling pathways eventually result in reprogram-
ming plant gene expression. These changes in gene expression can 
be facilitated through various mechanisms, for instance, through 
activation or repression of transcriptional regulators, or through 
epigenetic mechanisms such as DNA methylation or posttransla-
tional modifications of histone tails [1]. All these epigenetic modi-
fications affect the chromatin structure.

DNA that is tightly packed around histone-forming nucleo-
somes (dense chromatin, heterochromatin) is less accessible to 
regulatory proteins, such as transcription factors or polymerases, 
and is considered as transcriptionally inactive. On the contrary, 
nucleosomes are more loosely associated with the DNA in euchro-
matic regions, which are transcriptionally active. This degree of 
DNA packaging around nucleosomes is not irrevocable and can 
dynamically change under certain stress situations or during devel-
opment. All eukaryotes employ ATP-dependent chromatin 
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 remodeling factors that affect nucleosome distribution to influence 
transcriptional activity of genes [2–5].

Because of its important function in gene regulation, nucleo-
some distribution and remodeling have gained attraction and a few 
methods have been established to determine nucleosome occu-
pancy. Among them are for example formaldehyde-assisted isola-
tion of regulatory element sequencing (FAIRE-seq), DNase I 
hypersensitive site sequencing (DNase-seq), and micrococcal 
nuclease sequencing (MNase-seq) [6].

FAIRE-seq is based upon the fact that cross-linking in regions of 
condensed chromatin is stronger than in nucleosome-free regions. 
Therefore, plant material is cross-linked and then purified through 
phenol-chloroform-isoamyl alcohol extraction. The nucleosome-
free DNA will then be solved in the aqueous phase, in contrast to the 
DNA associated with nucleosomes. DNA enriched in the aqueous 
phase can be analyzed using next-generation sequencing techniques, 
which provides maps of open chromatin. The advantage of this 
method is that it does not require isolation of nuclei as compared to 
other methods. The disadvantage is that it requires cross-linking, the 
DNA needs to be sonicated before purification, and it produces rela-
tively high background signals [7–9]. DNase I is a nonspecific endo-
nuclease that preferentially cleaves open chromatin, creating small 
fragments that can be used for library preparation and sequencing 
[6, 10, 11]. The regions preferentially cleaved by DNase I are called 
hypersensitive sites and often correlate with regulatory elements of 
transcriptional units [12]. MNase is an endo-exonuclease from the 
microorganism Staphylococcus aureus [13]. MNase cleaves free DNA, 
omitting the DNA that is wrapped around histone octamers (Fig. 1). 
MNase and DNase I treatments are in principle very similar, since 
both methods rely on differential enzymatic digestion of chromatin. 
However, the difference is that DNase I maps open chromatin, 
whereas MNase maps DNA tightly bound to nucleosomes [6]. In 
comparison, DNase I and MNase both have a certain bias; however 
mapping of open chromatin using the DNase I method is restricted 
to “active” regions, whereas MNase assay maps all regions of open 
chromatin. Recently, a new method has been published called assay 
for transposase-accessible chromatin using sequencing (ATAC-seq). 
For this method the hyperactive Tn5 transposase is used to fragment 
and tag nucleosome-free DNA at the same time [9]. ATAC-seq was 
developed for genome-wide analysis, but the method has not yet 
been adapted for the analysis of single loci.

Here, we describe a step-by-step protocol to determine nucleo-
some density by MNase treatment. The protocol provided here 
allows the analysis of single loci by tiled qPCR, but it can be easily 
adapted for whole-genome analyses of nucleosome density 
(MNase-seq). In a nutshell, for MNase treatment plant nuclei con-
taining intact nucleosomes are purified and treated with MNase. 
After DNA extraction, 150 bp DNA fragments protected by 
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2 MNase Treatment

3 gDNA Extraction

4 Tiled qPCR Analysis
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Tiled Primer Pairs

Fig. 1 Workflow of the MNase-qPCR experiment. For MNase experiments four steps need to be performed: (1) 
nuclei extraction, (2) MNase treatment, (3) gDNA extraction, and (4) tiled qPCR analysis

MNase-qPCR
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nucleosomes are visualized by gel electrophoresis. These fragments 
can be analyzed by tiled qPCR to look at specific loci (MNase- 
qPCR, Fig. 1) or by deep-sequencing, as described above.

We applied MNase-qPCR to analyze the nucleosome occu-
pancy in the gene body at the pathogenesis-related protein 1 (PR1) 
locus after salicylic acid (SA) treatment. PR1 is one of the early 
regulators of pathogen response and is known to be highly 
expressed upon attack by various pathogens as well as upon SA 
treatment (Fig. 2). We were able to show that the first two nucleo-
somes after the transcription start site (TSS) have a reduced occu-
pancy after SA treatment (Fig. 2). This is in concert with the 
current view that higher expression rates correlate with lower 
nucleosome occupancy [4, 14–16].

2 Materials

 1. MS medium.
 2. Phyto agar.
 3. Plates.
 4. Clean bench.
 5. Arabidopsis thaliana (Col-0).

2.1 Plant Growth
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Fig. 2 Nucleosome occupancy at the PR1 locus with (SA) and without (Mock) salicylic acid treatment. 
Seedlings were grown under continuous light and treated either with 1 mM SA or with mock solution on 3 
consecutive days. Plant material was harvested 2 h after the last treatment (14 days). Nucleosome occupancy 
was determined via MNase treatment and tiled qPCR analysis. Error bars denote the standard error of the 
mean (three independent biological experiments)
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 6. 80 % Ethanol + Silwet.
 7. 100 % Ethanol.
 8. Plant incubator.
 9. Salicylic acid (Duchefa Biochemie, prepare 1 M stock solution 

in 100 % ethanol).
 10. Spray diffusers (Roth, N145.1).
 11. Liquid nitrogen.

 1. Mortar and pestle.
 2. Liquid nitrogen.
 3. 50-ml reaction tubes.
 4. Honda buffer: 0.44 M Sucrose, 1.25 % Ficoll, 2.5 % Dextran 

T40, 20 mM HEPES-KOH pH 7.4, 10 mM MgCl2, 0.5 % 
Triton X-100, 5 mM DTT, 1 mM Pefabloc, cOmplete (EDTA- 
free, 1 tablet per 50 ml; Roche).

 5. Miracloth (Merck Millipore).
 6. Centrifuge with cooling function.
 7. 1.5-ml reaction tubes.
 8. Benchtop centrifuge with cooling function.
 9. MNase reaction buffer: 20 mM Tris–Cl pH 8, 5 mM NaCl, 

2.5 mM CaCl2.
 10. Photometer for DNA quantification.

 1. Micrococcal Nuclease (Takara, Cat. # 2910A).
 2. STOP buffer: 100 mM EDTA, 100 mM EGTA.
 3. Heating block.
 4. Proteinase K.
 5. RNase.

 1. Hood.
 2. 1.5-ml safe-lock reaction tubes.
 3. Phenol-chloroform-isoamyl alcohol (in a 25:24:1 ratio, see 

Note 1).
 4. Chloroform.
 5. 3 M Sodium acetate.
 6. Agarose.
 7. System to cast/run agarose gels.
 8. 10× TBE buffer: 890 mM Tris base; 890 mM boric acid; 

20 mM EDTA; pH 8.3.
 9. GeneJET Gel Extraction Kit.
 10. Photometer for DNA quantification.

2.2 Nuclei Extraction

2.3 MNase 
Treatment

2.4 gDNA Extraction

MNase-qPCR
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PCRTiler v1.42 (free online tool).
The tiled primer sets that were used for this experiment are shown 
in Table 1 below.

 1. SYBR Green qPCR Master Mix.
 2. PCR frame plate.
 3. Optical adhesive seal for PCR plates.
 4. Real-time PCR detection system.

3 Methods

Sterilize plants with ethanol and grow them on half-strength MS 
medium. Treat plants either with mock solution or with 1 mM sali-
cylic acid (SA) on days 12, 13, and 14 after germination. Harvest 
the plant material after 14 days and snap-freeze in liquid nitrogen.

 1. To be able to analyze nucleosome occupancy it is necessary to 
isolate nuclei before MNase treatment. For nuclei isolation 
grind 2 g of plant material (seedlings) to a fine powder using 
precooled mortar and pestle and collect the powder in a pre-
cooled 50-ml reaction tube. Avoid thawing of the plant 
material.

 2. Resuspend the powder in 20 ml of Honda buffer.
 3. Filter suspension through two layers of Miracloth (Merck 

Millipore, Catalogue No. 475855).
 4. Centrifuge the filtrate in a precooled centrifuge (4 °C) at 

2500 × g for 15 min.
 5. Carefully resuspend the pellet in 1 ml of Honda buffer.
 6. Centrifuge in a precooled centrifuge (4 °C) at 2500 × g for 

10 min.
 7. Repeat steps 5 and 6 until the pellet is white or at least not 

intense green.
 8. Resuspend the pellet in 1 ml of MNase reaction buffer  

(see Note 2).
 9. Centrifuge in a precooled centrifuge (4 °C) at 2500 × g for 5 min.
 10. Resuspend pellet in 660 μl of MNase reaction buffer and mea-

sure DNA concentration using a Nanodrop. The concentra-
tion can have a range of 50–150 ng/μl.

 11. Nuclei can now be stored at −80 °C overnight or longer.

 1. If samples were stored at −80 °C, thaw nuclei samples on ice.
 2. Of the 660 μl from the nuclei isolation, transfer 160 μl to a 

new reaction tube and add up the volume to 500 μl with 

2.5 Primer Design

2.6 qPCR Analysis

3.1 Plant Growth

3.2 Nuclei Extraction

3.3 MNase 
Treatment

Margaux Kaster and Sascha Laubinger
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MNase reaction buffer. This is your undigested control. Apart 
from the addition of the MNase enzyme treat the control 
exactly as your MNase-treated sample (see Note 3).

 3. To approximately 70–80 ng DNA, add 0.5 μl micrococcal 
nuclease (final concentration 0.01–0.02 units/μl) to your sam-
ple (see Note 4).

 4. Incubate the sample (with MNase) and the control (without 
MNase) at 37 °C for 8 min (see Note 4).

 5. Terminate the reaction by adding 50 μl of STOP buffer, 50 μl 
10 % SDS, and 40 μg proteinase K.

 6. Incubate samples at 60 °C for 1 h.
 7. Incubate samples with 1 U RNase (10 μg/μL) at 37 °C for 1 h 

and then at 4 °C overnight.
 8. A pipetting scheme for the MNase treatment is shown in 

Table 2 below.

While working with phenol or chloroform always work under the 
hood and wear gloves and goggles at all times. Avoid direct contact 
or inhalation.

 1. Use the entire reaction volume of the MNase treatment for 
DNA extraction.

 2. Transfer each sample to a 2-ml safe-lock reaction tube  
(see Note 5).

 3. Add 1 vol. of phenol-chloroform-isoamyl alcohol (approxi-
mately 610 μl). Vortex the samples for 30 s.

3.4 gDNA Extraction

Table 2 
Pipetting scheme for the MNase treatment

Sample Control

Nuclei 500 μl 160 μl

MNase reaction buffer – 340 μl

MNase enzyme 0.5 μl for 70–80 ng/μl DNA –

Incubate at 37 °C for 8 min

Stop buffer 50 μl 50 μl

10 % SDS 50 μl 50 μl

Proteinase K 40 μg 40 μg

Incubate at 65 °C for 1 h

RNase 1 U 1 U

Incubate for at 37 °C 1 h and then at 4 °C overnight

MNase-qPCR
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 4. Centrifuge at 12,000 × g for 5 min.
 5. Transfer the aqueous (upper) phase to a new reaction tube.
 6. Repeat steps 3–5 two to three times. The interphase between 

aqueous and organic phase should be clear.
 7. Transfer the aqueous phase to a new reaction tube and add 

1 vol. of chloroform.
 8. Vortex the samples for 30 s.
 9. Centrifuge at 12,000 × g for 5 min.
 10. Repeat steps 7–8 at least two times to get rid of residual 

phenol.
 11. Transfer aqueous phase to a new reaction tube.
 12. Add 1/10 vol. NaAc (3 M) and 2 vol. of 100 % ethanol to 

precipitate the DNA.
 13. Incubate samples at −20 °C for 2 h.
 14. Centrifuge for 30 min at maximum speed.
 15. Remove the supernatant without disturbing the pellet.
 16. Wash the pellet by adding 200 μl 70 % ethanol. Do not 

resuspend.
 17. Spin down samples for 5 min at maximum speed.
 18. Discard the supernatant and leave pellets at room temperature 

until they are dry (no residual ethanol left). Do not dry the 
pellet for too long; otherwise it will not go in solution.

 19. Resuspend pellets in 50 μl water. If pellets are hard to resus-
pend, incubate samples at 60 °C for 10–15 min.

 20. Cast a 2 % agarose gel and load all volume of your sample (not 
the controls).

 21. Excise the 150-bp band corresponding to the mononucleoso-
mal fraction (Fig. 3) and extract with the GeneJET Gel 
Extraction Kit.

 22. The DNA can be stored at −20 °C for several weeks.

For nucleosome occupancy analysis via qPCR, tiled oligonucle-
otides spanning the region of interest have to be designed. Each 
amplicon should have an average size of 100 bp and overlap by 
20 bp. We opted to use an online primer design tool called PCRTiler 
v1.42 (http://pcrtiler.alaingervais.org:8080/PCRTiler/), but 
amplicons can be designed also manually. For the experiment shown 
here, we used the DNA sequences 2 kb upstream and 500 bp 
downstream of the TSS of the PR1 locus (At2g14610) for oligo-
nucleotide design using the PCRTiler v1.42.

DNA protected by nucleosomes during the MNase treatment can 
easily be amplified during qPCR. In comparison, DNA regions 
devoid of nucleosomes are largely removed by MNase and hence 

3.5 Primer Design

3.6 qPCR Analysis

Margaux Kaster and Sascha Laubinger
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cannot get properly amplified. To analyze the nucleosome occu-
pancy of a gene of interest a tiled qPCR analysis can be performed 
(Fig. 2). To be able to compare treated versus mock-treated sam-
ples it is crucial to make sure that input DNA amounts are identi-
cal. Therefore an internal control should be included to which 
input DNA amounts can be normalized (in this case gypsy-like ret-
rotransposon, At4g07700). As additional controls, the undigested 
DNA and a “no-template control” should be used and for each 
reaction three technical replicates should be prepared.

 1. For standard qPCR reactions, a master mix containing the 
Maxima SYBR Green qPCR Master Mix (2×), primers, and 
water is prepared and the template is then added to the reac-
tion. However, in this case it is more practical to prepare the 
master mix containing the template DNA and then add the 
primers. Keep in mind that different master mixes for each 
template (controls, etc.) are needed. After preparing, distrib-
ute the master mix into the PCR plate.
Example of a single reaction (upscale for preparation of a master 
mix):
Example of primers added individually to the reaction or as a 
primer mix (preparation of a master mix for the primer mix is 
recommended, see Note 6):

Fig. 3 Electrophoretic analysis of genomic DNA after MNase treatment

5 μl Maxima SYBR Green qPCR 
Master Mix (2×)

1 μl Template DNA (3 ng/μl)

3 μl Nuclease-free water (is 
included in the qPCR Kit)

0.5 μl Forward oligonucleotide (10 μM)

0.5 μl Reverse oligonucleotide (10 μM)

or

1 μl Primer mix (10 μM each)

MNase-qPCR
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 2. For the “no-template control,” add nuclease-free water instead 
of template.

 3. To calculate PCR amplification efficiency it is important to 
make serial dilutions of undigested wild-type DNA. For this 
experiment four serial 1:5 dilutions were used.

 4. Seal the PCR plate with an optical adhesive seal.
 5. To make sure that all samples are collected at the bottom of the 

well perform a short spin (500 × g for 30 s).
 6. Incubate the plate in a qPCR thermocycler using the three-

step program shown below with a photometric measurement 
at 530 nm step after each amplification cycle (see Note 7). At 
the end perform a melting curve analysis with the settings 
shown below in Table 3 (see also Note 8):

For further analysis cycle threshold (Ct) values need to be deter-
mined. The Ct value determines the cycle in which the sample 
passed the threshold of detectability. Threshold and resulting Ct 
values generated by the Bio-Rad CFX384 program were used in 
this experiment. Calculations for one oligonucleotide pair are 
shown below.

 1. Calculate the average Ct value of the three technical replicates 
for each sample.

 2. To determine the PCR amplification efficiency, a standard curve 
of the dilution series needs to be plotted. For this, as exemplified 
in Table 4 below, calculate the logarithm of the dilution series 
and plot them versus the average corresponding Ct values.

3.7 Data Evaluation

Table 3 
PCR programm and melting curve settings

Cycle Temp Time

PCR program

1 95 °C 5 min

2 95 °C 10 s

3 55 °C 30 s

4 72 °C 20 s

Repeat steps 2–4 39 times and do photometric measurement at 530 nm after each cycle

Melting curve

5 95 °C 30 s

6 Ramp from 55 °C to 95 °C (+1 °C each cycle) 5 s

Photometric measurement at 530 nm after each cycle

Margaux Kaster and Sascha Laubinger
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 3. This will result in a linear regression line of which the slope m 
represents the amplification efficiency. Normal PCR efficiency 
should be around 90–110 %:

 
E = -

æ

è
ç

ö

ø
÷10

1

slope  
For our example the graph would be as follows:

y = -3,5445x + 30,108
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The resulting slope is then

 m = -3 5445.  

With the slope you can now calculate the PCR efficiency:

 
E = -

-
æ
è
ç

ö
ø
÷ =10

1

3 5445
1 926

.
.

 

Table 4 
Exemplary calculations to determine the primer efficiency

Serial 1:5 dilution Log(dilution) Ct values Average Ct values

625 2.7959 20.18 20.11

19.97

20.19

125 2.0969 23.16 23.23

23.04

23.49

25 1.3979 25.33 25.45

25.36

25.65

5 0.6990 27.41 27.56

27.34

27.93

MNase-qPCR
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To get percentage values subtract the E value from 1 and mul-
tiply this by 100.

 4. The fraction of input was then calculated as

 2 Ct sample Ct control Primer( )- ( )( ) ´ E  

normalizing each sample to the undigested genomic DNA 
(Ct(control)) and normalized over the according primer effi-
ciency. At the end all values are normalized over that of gypsy- 
like retrotransposon +101 loci for each sample and to the overall 
highest value, as shown below in Table 5.

Table 5 
Exemplary caluclation to determine the relative nucleosome occupancy

Name
Ct 
values

Average 
Ct

∆Ct = 2(average 

Ct(sample) − average 

Ct(control))
∆Ct normalized 
over primer E

Normalization 
to gypsy locus

Normalization 
to highest 
value

Mock 23.17 23.15 0.32 0.34 0.34 1.00

Mock 23.17

Mock 23.11

Mock 
(control)

21.57 21.53

Mock 
(control)

21.53

Mock 
(control)

21.48

SA 23.88 23.86 0.16 0.18 0.19 0.58

SA 23.71

SA 23.99

SA gDNA 
(control)

21.29 21.25

SA gDNA 
(control)

21.26

SA gDNA 
(control)

21.21

Margaux Kaster and Sascha Laubinger
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4 Notes

 1. Depending on the pH, phenol can be used to extract DNA 
and/or RNA. Therefore it is important to use phenol that is 
suitable for DNA extraction.

 2. If another reaction buffer is used it should be taken into con-
sideration that the MNase enzyme activity is strictly Ca2+ 
dependent.

 3. The difference in concentration is deliberate since the MNase- 
treated samples will be gel extracted in the end and therefore a 
higher concentration is needed.

 4. Too long digestion times will completely digest the DNA, and 
too short will give no mononucleosomal fraction. This is also 
influenced by the amount of input DNA/nuclei. It is possible 
that the reaction time or DNA amount need to be adjusted 
individually.

 5. Using safe-lock tubes might avoid leakage of phenol and is 
important for your own safety.

 6. Before adding the primers it is useful to prepare primer mixtures 
for each amplicon to decrease the workload and pipetting errors.

 7. If you experience problems with PCR amplification, for 
instance of AT-rich regions, try to decrease the elongation 
temperature during qPCR to 60 °C. Especially in promoter 
regions this has shown to be very effective.

 8. The melting curves should all have a peak at one temperature. 
More than one peak implies the formation of oligonucleotide 
dimers or unspecific PCR products during amplification.
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    Chapter 30   

 Phosphoprotein Enrichment Combined 
with Phosphopeptide Enrichment to Identify Putative 
Phosphoproteins During Defense Response in  Arabidopsis 
thaliana                      

     Ines     Lassowskat    ,     Wolfgang     Hoehenwarter    ,     Justin     Lee    , and     Dierk     Scheel      

  Abstract 

   Phosphoprotein/peptide enrichment is an important technique to elucidate signaling components of 
defense responses with mass spectrometry. Normally, proteins can be detected easily by shotgun experi-
ments but the low abundance of phosphoproteins hinders their detection. Here, we describe a combina-
tion of prefractionation with desalting, phosphoprotein and phosphopeptide enrichment to effectively 
accumulate phosphorylated proteins from leaf tissue of stressed  Arabidopsis  plants.  

  Key words     Phosphoproteins  ,   Phosphopeptides  ,   Enrichment  ,   PAPE  ,   MOAC  ,   Defense response  , 
   Arabidopsis thaliana   ,   MAPK  

1      Introduction 

      Phosphorylation   is an  important   posttranslational   protein   modifi -
cation (PTM) with regulatory roles in diverse cellular signaling 
pathways like cell differentiation, development, cell cycle control, 
metabolism and environmental  stress   responses [ 1 – 3 ]. It is esti-
mated that 30 % of all proteins are phosphorylated at any given 
time and state [ 4 ] and approximately 4 % of the   Arabidopsis    
genome encodes serine threonine protein kinases, indicating the 
extent of the phosphoproteome and the far-reaching impact of 
this PTM in plants [ 5 ]. Beside its different roles in the regulation 
of protein synthesis,  gene expression   and apoptosis, phosphoryla-
tion events exhibit a pivotal role in defense responses [ 6 ]. An 
example is the reversible activation of  mitogen-activated protein 
kinase (MAPK)  -mediated phosphorylation signaling cascades 
upon stress or  other   environmental signals [ 7 – 9 ] like pathogen 
attack. The corresponding downstream targets of such cascades 
are, to a great extent, unknown. For further understanding of 
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defense mechanisms in plants, more knowledge about signaling 
cascades is important. 

 Mass spectrometry based proteomics is ideally suited for the 
analysis of protein phosphorylation in the cell. The peptide mass 
shift incurred by the covalent attachment of a phosphate moiety is 
easily measured and can be precisely mapped with MS/MS peptide 
sequencing. Tens of thousands of individual peptide measurements 
in a single LC-MS analysis of a protein extract can allow the detec-
tion of a similarly high number of phosphorylation events con-
comitantly giving a detailed picture of  in vivo  phosphorylation. 
Quantifi cation of the phosphopeptide ion signal can give a quanti-
tative picture of protein phosphorylation and kinase/phosphatase 
activity and can be used to determine site specifi c phosphorylation 
stoichiometries. 

 Protein phosphorylation in the cell in particular of signaling 
components is reversible, highly transient and often fractional. This 
necessitates the enrichment of the phosphoproteins/peptides to 
exceed the limit of detection of even the most sensitive mass spec-
trometers. Immobilized  metal oxide affi nity chromatography 
(MOAC)  -based enrichment of  phosphopeptides   using TiO 2 , ZrO 2 , 
or other amphoteric ion exchangers is the most popular means of 
 phosphopeptide   enrichment and has been used to identify tens of 
thousands of  phosphopeptides   in yeast and human cell lines [ 10 – 12 ]. 
Phosphoprotein enrichment procedures have also been employed 
but without this resounding success. In plants the number of phos-
phopeptides identifi ed in proteomics studies is much more modest. 
One reason is presumably the higher dynamic range of protein abun-
dance because of super abundant proteins especially of the photosyn-
thetic apparatus. Another is that the plant cell wall and the abundance 
of secondary metabolites and phenolic compounds often require 
harsher cell disruption and protein extraction procedures which are 
detrimental to the stability of the high energy phosphate bond. 
Therefore, plant biochemists have begun to appreciate the value of a 
combined strategy for phosphoprotein/peptide enrichment for 
phosphoproteomics research in plants [ 13 ]. 

 In previous work done in our laboratory, it could be shown 
that a reduction of the RuBisCO content via ammonium sulfate 
(AS) precipitation had a positive effect on the preparation of 
2D-PAGE, as well as the enrichment of phosphoproteins [ 14 ]. As 
a further improvement for phosphoprotein analysis, we now incor-
porated the  MOAC   method [ 15 ] to the AS-based RuBisCO 
removal step, which, by itself, already acts as prefractionation/
enrichment of phosphoproteins (Fig.  1 ). This led to a facile, but 
effi cient, phosphoproteome analysis procedure, which we termed 
prefractionation-assisted phosphoprotein enrichment (   PAPE, 
[ 16 ]). In other work a two step enrichment procedure combining 
 MOAC   enrichment of phosphoproteins followed by TiO 2  MOAC   
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enrichment of  phosphopeptides   was developed [ 17 ]. Here we 
present detailed protocols that are of use to establish and perform 
two- or conceivably three-step enrichment of the  phosphoproteins/
peptides for LC-MS analysis of  in vivo  protein phosphorylation in 
plants (Fig.  2 ).

2        Materials 

 Prepare all solutions using ultrapure water (prepared by purifying 
deionized water to attain a resistivity of 18 MΩ·cm at 25 °C) and 

  Fig. 1     Prefractionation-assisted phosphoprotein enrichment (PAPE)  . SDS-PAGE of different extraction and 
phosphoprotein  enrichment   steps (10 μg each). Each step was performed three times (lanes labeled 1, 2, and 
3). Visualization of proteins was achieved with ( a ) Pro-Q Diamond  phosphoprotein   staining in false-color rep-
resentation. Pro-Q Diamond (Life Technologies, Darmstadt, Germany) staining was carried out according to a 
modifi ed protocol [ 18 ]. Fluorescent images were obtained using the Typhoon scanner (GE Healthcare, Hercules, 
USA) with the settings: 532 nm excitation, 580 nm band pass emission fi lter and the photo multiplier tube at 
550. ImageJ software (National Institute of Health, Bethesda, MD, USA) was used for false color representation. 
Total protein ( b ) was visualized with Novex ®  Colloidal Blue Staining Kit (Life Technologies, Darmstadt, Germany). 
Peppermint Stick ™  Phosphoprotein   Molecular Weight Standard (Life Technologies, Darmstadt, Germany) was 
used as the molecular weight marker. Protein molecular weights are indicated on the  left-hand margin. Black 
arrows  mark the position of the large subunit of RuBisCO       
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analytical grade reagents. Prepare and store all reagents at room 
temperature (unless indicated otherwise).  

       1.    Extraction buffer: 100 mM HEPES–KOH, pH 7.5, 5 % (v/v) 
glycerol, 5 mM EDTA. Weigh 11.9 g HEPES and transfer to 
graduated cylinder. Add 0.93 g EDTA and 25 mL glycerol. 

2.1  Protein 
Extraction

  Fig. 2    Schematic of possible combinations of  phosphoprotein  /peptide  enrich-
ment   procedures in plant phosphoproteomics. Phosphate moieties are  colored 
mauve , RuBisCO  green . The possible combinations of AS precipitation, protein, 
and peptide  MOAC   are shown. AS precipitation and protein  MOAC   is called  PAPE  , 
to which  phosphopeptide   enrichment   using TiO 2  can be added       
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Add water to a volume of 400 mL. Mix and adjust pH with 
KOH. Make up to 500 mL with water. Store at 4 °C.   

   2.    β-mercaptoethanol: Store at 4 °C.   
   3.    Protease and phosphatase inhibitors: Store according to manu-

facturer’s guideline.   
   4.    0.45 μm cellulose mixed ester (CME) fi lter.      

       1.    Ammonium sulfate: Grind crystals to fi ne powder ( see   Note 1 ).   
   2.    Wash solution 1: 20 % (v/v) 50 mM Tris–HCl, pH 7.5, 80 % 

(v/v) acetone. Weigh 0.3 g Tris and transfer to graduated cyl-
inder. Add water to a volume of 40 mL. Mix and adjust pH 
with HCl. Make up to 50 mL with water. Add 200 mL acetone 
to a total volume of 250 mL. Store at −20 °C.   

   3.    Wash solution 2: 100 % (v/v) acetone. Store at −20 °C.      

       1.    Al(OH) 3  (Sigma-Aldrich, St. Louis, USA) ( see   Note 2 ).   
   2.    Incubation buffer: 8 M urea, 200 mM aspartate, 200 mM glu-

tamate, 30 mM 2-(N-morpholino)ethanesulfonic acid (MES), 
20 mM imidazole, 0.25 % (w/v) (3-[Cholamidopropyl)-
dimethylammonio]-propan-sulfonate (CHAPS), pH 6.1 ( see  
 Note 3 ). Adjust pH with HCl. Store at 4 °C.   

   3.    Elution buffer: 8 M urea, 100 mM potassium pyrophosphate 
(TKPP), pH 9.0 ( see   Note 4 ). Store at 4 °C.   

   4.    Centrifugal fi lter devices, 3 kDa cutoff.   
   5.    2D Clean-up Kit (GE Healthcare, Hercules, USA;  see   Note 5 ). 

Store according to manufacturer’s instructions.   
   6.    Shotgun buffer: 8 M urea, 50 mM Tris–HCl, pH 8.5. Aliquot 

and store at −20 °C.   
   7.    2D-Quant Kit (GE Healthcare, Hercules, USA) for protein 

quantitation ( see   Note 6 ). Store according to manufacturer’s 
instructions.      

       1.    Tris-stock solution: 0.4 M Tris–HCl, pH 7.8. Store at 4 °C.   
   2.    Reducing solution: 30 mg Dithiothreitol (DTT), 750 μL H 2 O, 

250 μL Tris stock solution (200 mM DTT, 100 mM Tris). 
Prepare freshly before use.   

   3.    Alkylating solution: 36 mg Iodoacetamide (IAA), 750 μL 
H 2 O, 250 μL Tris stock solution (200 mM DTT, 100 mM 
Tris). Prepare freshly before use.   

   4.    Diluting solution: 50 mM ammonium dihydrogen carbonate, 
pH 8.5.   

   5.    Trypsin solution. Prepare and store according to manufactur-
er’s instructions.   

   6.    C18-columns or -Spin Tips self-made or commercially avail-
able ( see   Note 7 ).      

2.2  Prefractionation

2.3  Phosphoprotein 
Enrichment

2.4  In-solution 
Digestion

Phosphoprotein/peptide Enrichment
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       1.    Glygen™ Top Tips containing TiO 2 .   
   2.    Spin columns, 10 μm polyethylene fi lters, caps.   
   3.    Equilibration buffer: 50 % (v/v) acetonitrile (ACN), 2.5 % 

(v/v) trifl uoroacetic acid (TFA) in H 2 O, phthalic acid-satu-
rated (~500 mg of phthalic acid in 20 mL of equilibration 
buffer).   

   4.    Wash buffer 1: 50 % (v/v) ACN, 0.1 % (v/v) TFA in H 2 O.   
   5.    Wash buffer 2: 0.1 % (v/v) TFA in H 2 O.   
   6.    Elution buffer: 5 % (v/v) ammonia in H 2 O.       

3    Methods 

 Carry out all procedures at room temperature unless otherwise 
specifi ed. Plants are sprayed with a bacterial suspension containing 
5 × 10 8  c.f.u./mL bacteria (e.g.,  Pseudomonas syringae  DC3000) 
with 0.04 % Silwet L-77 to initiate the defense response. 

       1.    Grind leaf material to a fi ne powder in liquid nitrogen. Weigh 
material in proper sized reaction tube ( see   Note 8 ).   

   2.    Prepare 3 times extraction buffer working solution according 
to the amount of leaf material ( see   Note 9 ). Mix extraction 
buffer with 0.1 % (v/v) β-mercaptoethanol, Protease Inhibitor 
and Phosphatase Inhibitor according to manufacturer’s 
instructions ( see   Note 10 ). Store on ice.   

   3.    Add 3 volumes of extraction buffer working solution to ground 
leaf material. Mix vigorously. Mix every reaction tube vigor-
ously 10 times alternating for 20 s. Place on ice in between ( see  
 Note 11 ). Mix all reaction tubes horizontally for another 
10 min at 4 °C ( see   Note 12 ).   

   4.    Centrifuge at 4 °C and 3220 ×  g  for 15 min. Transfer superna-
tant to new reaction tube and repeat centrifugation step ( see  
 Note 13 ).   

   5.    Filter supernatant through 0.45 μm CME fi lter. Store fi ltered 
supernatant on ice.      

       1.    Determine volume of fi ltered supernatant to fi rst decimal 
place. Calculate appropriate mass of AS to gain 40 % end con-
centration in solution. Use following calculation: 
 m V( )[ ] ( [ ] / )AS g ml= ´1000 226      

   2.    Transfer supernatant to proper sized reaction tube and place 
with magnetic stirrer on ice on a multiple stirring device ( see  
 Note 14 ). Stir gently (400 rpm).   

2.5  Phosphopeptide 
Enrichment

3.1  Protein 
Extraction

3.2  Precipitation 
with Ammonium 
Sulfate (AS)
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   3.    Add the AS in portions within 15 min. Add within 1 min small 
amounts of AS to each reaction tube. Then leave it stirring for 
1 min. At the end leave it stirring for 2 min ( see   Note 15 ).   

   4.    Stop stirring and incubate for 30 min at 4 °C ( see   Note 16 ).   
   5.    Centrifuge at 4 °C and 3220 ×  g  for 15 min. Discard superna-

tant and repeat centrifugation step. Remove leftovers of super-
natant with pipette ( see   Note 17 ).   

   6.    Add proper volume of wash solution 1. Mix vigorously and 
centrifuge at 4 °C and 3220 ×  g  for 10 min. Discard superna-
tant ( see   Note 18 ).   

   7.    Repeat  step 6  once.   
   8.    Repeat  step 6  once with wash solution 2.   
   9.    Dry pellet for 5–10 min ( see   Note 19 ).   
   10.    Dissolve pellet in appropriate amount of incubation buffer ( see  

 Note 20 ).   
   11.    Determine protein concentration with 2D-Quant Kit accord-

ing to manufacturer’s instructions ( see   Note 21 ).      

   All centrifugation steps are done at 15 °C and 18,500 ×  g .

    1.    Weigh 40 mg of Al(OH) 3  in 2 mL reaction tube. Equilibrate 
with 1.8 mL incubation buffer and centrifuge. Discard super-
natant ( see   Note 22 ).   

   2.    Load 1.5 mL of sample with concentration of 0.5 mg/mL and 
mix vigorously. Incubate by rotating for 30 min ( see   Note 23 ). 
Centrifuge and discard supernatant ( see   Note 24 ).   

   3.    Add 1.8 mL of incubation buffer and mix vigorously for 1 min. 
Centrifuge and discard supernatant.   

   4.    Repeat 3 times.   
   5.    Centrifuge again and remove leftovers of supernatant with 

pipette ( see   Note 25 ).   
   6.    Add 800 μL of elution buffer and mix vigorously. Incubate 

rotating for 45 min. Centrifuge and collect supernatant with 
pipette in new reaction tube.   

   7.    Repeat  step 6  with 400 μL elution buffer.   
   8.    Centrifuge again and collect leftovers of supernatant with 

pipette.   
   9.    Centrifuge combined eluates and transfer supernatant to new 

reaction tube. Repeat as long as there is matrix left ( see   Note 26 ).   
   10.    Prepare fi lter device by washing with 500 μL water. Discard 

water with pipette.   

3.3  Phosphoprotein 
Enrichment

Phosphoprotein/peptide Enrichment
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   11.    Add up to 4 mL per sample on fi lter device. Centrifuge accord-
ing to manufacturer’s instructions at 15 °C. Stop centrifuga-
tion when a volume of 200 μL is achieved ( see   Note 27 ).   

   12.    Use 2D-CleanUp Kit according to manufacturer’s instructions 
for precipitation of proteins.   

   13.    Dissolve pellet in appropriate amount of shotgun buffer (Fig.  1 ).   
   14.    Determine protein concentration with 2D-Quant Kit accord-

ing to manufacturer’s instructions ( see   Note 20 ).    

         1.    Add 0.5 μL of reducing solution to 50 μg protein solution. 
Mix gently. Incubate for 60 min ( see   Note 28 ).   

   2.    Add 2 μL of alkylating solution. Mix gently. Incubate for 
60 min.   

   3.    Add 2 μL of reducing solution. Mix gently. Incubate for 
60 min ( see   Note 29 ).   

   4.    Dilute sample to 0.6 M urea or less with diluting solution.   
   5.    Add trypsin in ratio 1:50. With trypsin concentration of 200 

ng/μL, 1 μL is able to digest 10 μg of protein.   
   6.    Add TFA to adjust pH to 4. This quenches trypsin.   
   7.    Desalt samples according to manufacturer’s instructions with 

C18-columns, -tips or self-made tips. This will give you dried 
peptides to start with phosphopeptide enrichment.      

       1.    Dissolve peptides in 100 μL equilibration buffer and centrifuge 
for 10 min at 14,000 ×  g .   

   2.    500 μg of (phospho)protein digest is the minimum recom-
mended starting amount. For this amount of peptides weigh 
12.5 mg of TiO 2  into a spin column with a 10 μm pore size 
polyethylene fi lter, screw cap and press-in bottom plug ( see  
 Note 30 ).   

   3.    Equilibrate TiO 2  by adding 250 μL equilibration buffer to 
each column and incubate for 5 min.   

   4.    Spin the column at 700 ×  g  for 2 min.   
   5.    Add dissolved peptides to the column and bind  phosphopep-

tides   to the TiO 2  chromatography medium for 15 min by clos-
ing the column and incubate it head-over-head.   

   6.    Open the column and place it in a clean tube. Spin at 700 ×  g  
for 2 min, the fl ow-through fraction containing non- 
phosphorylated peptides can be desalted and stored at −20 °C 
for further analysis.   

   7.    Wash the column twice with 250 μL equilibration buffer, wash 
buffer 1 and wash buffer 2 (spin at 700 ×  g  for 2 min after each 
wash step to remove the respective solutions).   

3.4  In-solution 
Digestion

3.5  Phosphopeptide 
Enrichment
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   8.    Elute  phosphopeptides   by applying 100 μL of elution buffer 
and incubate the closed column for 5 min head-over-head.   

   9.    Collect the  phosphopeptides   in a clean 1.5 mL Eppendorf 
Protein LoBind ®  tube by centrifugation at 700 ×  g  for 2 min.   

   10.    Dry peptides completely in a concentrator.       

4    Notes 

     1.    The fi ne powder dissolves easier in solution. This shortens the 
addition time to solution and allows more time for stirring.   

   2.    Other ammonium hydroxide might be used, but comparison 
with one different product showed higher effi ciency of Sigma 
chemical.   

   3.    First dissolve 8 M urea in 90 % of the fi nal solution volume. 
This takes some time and can be expedited with mild heating 
of the solution. Let the solution cool down before adding the 
other chemicals. CHAPS should be added last. Storing at 4 °C 
can lead to crystallization. Stir in time for usage.   

   4.    Storing at 4 °C can lead to crystallization.   
   5.    Other precipitation could be used, but 2D Clean-up Kit 

showed high effi ciency. For cost reasons precipitation and co- 
precipitation solution can also be used from 2D Quant Kit.   

   6.    Other protein quantifi cation method could be used. 2D Quant 
Kit gets rid of buffer ingredients which is particular important 
for protein quantifi cation from incubation buffer.   

   7.    For instance Thermo columns can be used up to 30 μg, Protea 
tips up to 1 mg. For cost reasons make your own tips.   

   8.    100–500 mg can be done in 2 mL reaction tube, up to 2 g in 
15 mL reaction tube, everything up to 5 g should be done in 
50 mL reaction tube. If more material than 5 g is used, please 
take multiple 50 mL reaction tubes and combine supernatants. 
For a good amount of phosphoproteins usage of at least 5 g of 
leaf material is recommended. 25 g of leaf material gives around 
400 μg of phosphoproteins.   

   9.    5 g would need 15 mL of extraction buffer working solution. 
Produce an excess of ca. 2 mL solution in total to have an extra 
for pipetting errors.   

   10.    Do not reuse extraction buffer working solution. 
β-mercaptoethanol, protease inhibitor and phosphatase inhibi-
tor have to be added freshly each time.   

   11.    This step should be done in 10 min. One minute accords to 
one round of mixing for every sample. If you have more than 
three samples (3 times 20 s) mix multiple samples at once 
(three 50 mL reaction tubes per hand are possible).   

Phosphoprotein/peptide Enrichment
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   12.    Put the reaction tubes in appropriate rack and fasten with tape. 
Place horizontally on plate shaker, fasten with tape and shake 
with 300 motions/min in 4 °C room.   

   13.    Second centrifugation is necessary since a lot of leaf material 
does not centrifuge to a pellet and would interfere with 
fi ltration.   

   14.    Up to 15 mL can be stirred in a 50 mL reaction tube. For 
more volume use appropriate beaker. The solution should not 
be too high to allow for maximum stirring effi ciency with min-
imum stirring speed. Take identical reaction tubes and mag-
netic stirrer for same volumes.   

   15.    This procedure gives seven steps to add ammonium sulfate. 
Roughly estimate the amount you have to add in every step to 
have an equal distribution.   

   16.    If you use a beaker transfer the solution before incubation to 
reaction tube which can be used in centrifuge to avoid rem-
nants of precipitation process in beaker.   

   17.    Be careful, pellet is rather loose.   
   18.    Pellet might not be broken up during washing steps. For 

proper washing use pipette by pulling up and down again. 
Attention, pellet might stick to pipette tip.   

   19.    Do not dry pellet too long since solubility decreases. Pellet 
should not smell like acetone when dry.   

   20.    With starting material of 25 g 80–100 μL would be suffi cient. 
If pellet dissolves poorly use sonication intervals of 15 min or 
leave at 4 °C overnight.   

   21.    Be aware that no more than 15 samples can be handled at 
once. If necessary due to comparison reasons get helping 
hands.   

   22.    This is the basic scale. Up-scaling to 15 mL reaction tubes (6× 
scale) is recommended due to effi ciency reasons.   

   23.    Solution can solidify at 4 °C. Have a look every 10 min. Hand 
warming helps to liquefy again.   

   24.    Supernatant can be dumped simply. Al(OH) 3  pellets very well.   
   25.    Remove all of the incubation buffer since it can interfere with 

the elution.   
   26.    Matrix is visible as white remnants. Al(OH) 3  can interfere with 

fi lter device and 2D Clean-Up Kit.   
   27.    If more than 4 mL eluate were obtained repeat centrifugation 

with same fi lter device to obtain around 200 μL in total.   
   28.    For 50 μg or less take stated amount of solution. Above 50 μg 

adapt to proper volume.   
   29.    This will consume any unreacted IAA.   
   30.    The peptide-to-beads ratio is critical for achieving optimal 

phosphopeptide enrichment.  See  ref.  19  for details.             

Ines Lassowskat et al.
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