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To study the importance of intercel-
lular transport for MADS domain 

transcription factor functioning dur-
ing floral development, we analyzed 
the dynamic behavior of fluorescently-
tagged MADS domain proteins in 
transgenic plants by Confocal Laser 
Scanning Microscopy. These analyses, 
described in a recent paper in The Plant 
Journal, provided proof for previous sug-
gestions that the Arabidopsis thaliana 
C-type protein AGAMOUS has a non-
cell-autonomous role in floral meristem 
integrity. Furthermore, it indicated a 
possible non-cell-autonomous role for 
the B-type proteins APETALA3 and 
PISTILLATA and the E-type protein 
SEPALLATA3, through lateral intercel-
lular movement in the floral meristem. 
In this addendum we compare some of 
the available fluorescent protein-based 
technologies for the investigation of 
transcription factor movements and 
dynamics.

Only recently it has been realized that 
intercellular transport of transcrip-
tion factors through plasmodesmata is a 
highly dynamic process that can play an 
important regulatory role in developmen-
tal processes.1 Members of the MADS 
domain transcription factor family are 
well known for their crucial functions in 
flower development.2 Previously, the only 
two known intercellularly transported 
MADS domain transcription factors were 
the Antirrhinum majus B-type proteins 
DEFICIENS (DEF) and GLOBOSA 
(GLO), which are able to move towards 
the epidermis in the floral meristem.3 
Intriguingly, their respective Arabidopsis 
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thaliana orthologues APETALA3 (AP3) 
and PISTILLATA (PI) do not seem 
to have the same transport abilities.4 
Moreover, AP3, PI and also the A-type 
protein APETALA1 (AP1) seem to lack 
the ability for inward movement in floral 
meristems.4-6 Nevertheless, it has been 
suggested that certain Arabidopsis thali-
ana MADS domain transcription factors 
do have non-cell-autonomous functions. 
To investigate this possibility further, we 
generated transgenic Arabidopsis thaliana 
plants that express AP3, PI, the C-type 
protein AGAMOUS (AG) and the E-type 
protein SEPALLATA3 (SEP3) with a 
GREEN FLUORESCENT PROTEIN 
(GFP) tag under the control of an epi-
dermis-specific promoter.7 We analyzed 
the presence of the GFP-tagged proteins 
in both epidermal and non-epidermal 
cell layers by Confocal Laser Scanning 
Microscopy (CLSM) and in this way 
demonstrated that only the C-type pro-
tein AG can actively move inwards from 
the epidermal cell layer to the subepi-
dermal cell layer in floral meristems, via 
secondary plasmodesmata. Additionally, 
a photobleaching technique demonstrated 
that all tested MADS domain proteins 
can diffuse through the epidermal cell 
layer, presumably in a passive manner 
through primary plasmodesmata. These 
observations provide proof for previous 
suggestions that AG has a non-cell-auton-
omous role in floral meristem integrity8-10 
and also indicate a possible non-cell-
autonomous role for AP3, PI and SEP3 
during floral development through their 
lateral intercellular movement. This type 
of study is possible due to the implemen-
tation of various fluorescent protein-based 
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Conclusions

Ideally, the dynamic behavior of MADS 
domain transcription factors should be 
studied under native conditions. However, 
our first attempts to do this with photocon-
vertible mEosFP-tagged MADS domain 
proteins expressed under the control of 
endogenous regulatory sequences were 
unsuccessful. Nevertheless, our recent 
paper in The Plant Journal resolved some 
of the mysteries of the dynamic behavior 
of MADS domain transcription factors 
in the floral meristem, by monitoring the 
whereabouts of GFP-tagged proteins with 
CLSM after specifically expressing them 
in the epidermal cell layer and by apply-
ing a photobleaching technique. What the 
biological relevance of the observed move-
ments is and what implications they have 
for the establishment of MADS domain 
protein expression patterns, remain to be 
studied.
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Photoconvertible and  
Photoactivatable  
Fluorescent Tags

As an alternative for the above described 
photobleaching techniques, it is nowadays 
also possible to visualize behavior of a 
subset of tagged proteins by changing the 
color of the fluorescent tag.17 For instance, 
the photoconvertible monomeric EosFP 
(mEosFP) tag can be switched from green 
to red fluorescence by irreversibly chang-
ing the structure of the fluorophore with 
laser light of around 400 nm.18 We created 
transgenic Arabidopsis thaliana plants that 
express selected MADS box genes with 
this photoconvertible tag under the con-
trol of their own promoter, to study the 
intercellular movement of MADS domain 
proteins in their native environment. 
Unfortunately, there seemed to be exten-
sive scattering of the photoconverting 
405 nm laser light far away from the 
selected photoconversion area, as we 
observed unwanted photoconversion 
of mEosFP-tagged proteins in remote 
areas (Fig. 1). Changing the embedding 
medium for the samples from 0.8% agar 
to water did not change this scattering 
phenomenon. Thus, the system for pho-
toconversion of a targeted area lacked 
the necessary precision to properly study 
intercellular protein transport over short 
and medium distances in inflorescences. 
Although the mEosFP tag and other 
photoconvertible tags have been used 
successfully in studies on the dynamics 
of subcellular components,17,19,20 in our 
set-up the curved and cell-dense inflo-
rescence tissue might easily diffract the 
short wavelength photoconverting laser 
light.21 Whether this scattering of laser 
light occurs less with 488 nm laser light 
or whether it is just less noticeable in the 
photobleaching experiments is unclear at 
this moment. Similar problems with scat-
tering may occur with photoactivatable 
fluorescent proteins, such as photoactivat-
able-GFP and DRONPA,17,22,23 which are 
frequently used to track the subcellular 
distribution of proteins and could also be 
used to track intercellular movements of 
proteins. These photoactivatable fluoro-
phores do not change the color of their flu-
orescence when irradiated with 400–405 
nm laser light, but are switched on by it.

technologies and provides insight into the 
dynamical behavior of transcription fac-
tor molecules during plant development. 
There is a strong need for this type of 
study, because our knowledge about the 
role of protein transport in developmental 
processes is limited. Below, possibilities 
and pitfalls of a few commonly used tech-
nologies are discussed.

FRAP and FLIP on a Larger Scale

In our study, we made use of the phe-
nomenon that the GFP fluorophore can 
irreversibly lose its fluorescent ability 
when it is photochemically altered by 
high intensity 488 nm laser light. This 
photobleaching allows the tracking of 
fluorescently-tagged protein movement 
by monitoring the recovery of fluores-
cence in a photobleached area, com-
monly called Fluorescence Recovery 
After Photobleaching (FRAP).11,12 
Alternatively, photobleaching can be used 
to track the movement of photobleached  
fluorescently-tagged proteins by monitor-
ing the decrease in fluorescence in non-
bleached areas, known as Fluorescence 
Loss In Photobleaching (FLIP). These 
FRAP and FLIP methods are generally 
used to investigate intracellular move-
ment of molecules and to show conti-
nuity or transport between subcellular 
compartments in the cell. However, we 
applied photobleaching on a larger scale 
to investigate the movement of proteins 
between epidermal cells that specifically 
express GFP-tagged MADS domain pro-
teins. In contrast to the usage of endog-
enous regulatory sequences, which in 
general results in expression of the pro-
teins in all three clonal cell layers,13 the 
two-dimensional aspect of the fluorescent 
epidermal cell layer greatly simplified 
monitoring of the fluorescent recovery 
in bleached areas. Furthermore, it would 
also be feasible to demonstrate possible 
compartmentalization of developing tis-
sues into symplasmic subdomains, by 
following the spread of photobleached 
fluorescently-tagged proteins while 
repeatedly photobleaching a few cells. 
Symplasmic subdomains are clusters of 
interconnected cells that are fully or par-
tially isolated from intercellular transport 
from surrounding tissues.14-16
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Figure 1. Photoconversion of AP1:mEosFP with 405 nm laser light. Confocal microscopy of mEosFP-
tagged MADS domain transcription factor APETALA1 (AP1:mEosFP) in a wild-type Arabidopsis 
thaliana inflorescence before and after photoconversion of the mEosFP tag with 405 nm laser light 
at 100% power (A–D) and 25% power (E–H). The nuclei filled with unchanged, green AP1:mEosFP 
are visible as bright green dots, while the green autofluorescence is visible as small green speckles. 
Nuclei filled with the photoconverted red version of AP1:mEosFP are visible as bright white dots, 
while the preconversion scans show the presence of red autofluorescence in white. AP1:mEosFP is 
not present in the inflorescence meristem (im) and starts to appear from floral bud stage 1 onwards. 
In a stage 5 floral bud especially the tips of the sepals (s) show high levels of AP1:mEosFP. (A–D) 
Photoconversion was performed in a target area (indicated by the square) in a stage 2 floral bud 
by scanning one z-section 30 times with 405 nm laser light at 100% power. Localisations of green 
AP1:mEosFP before (A) and after photoconversion (C); showing overall reduced green fluorescence 
in the targeted floral bud after photoconversion. Localizations of red AP1:mEosFP before (B) and 
after photoconversion (D); demonstrating that not only the targeted floral bud was photoconverted, 
but also the adjacent floral buds. (E–H) Photoconversion was performed in a target area (indicated) 
in a stage 3 floral bud by scanning one z-section 30 times with 405 nm laser light at 25% power. 
Localizations of green AP1:mEosFP before (E) and after photoconversion (G); showing reduced green 
fluorescence in the middle of the targeted floral bud. Localizations of red AP1:mEosFP before (F) 
and after photoconversion (H); demonstrating that almost the whole targeted floral bud contains 
photoconverted AP1:mEosFP. Scale bars are 25 μm.


