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Abstract

RNA polymerase II (RNAPII) is responsible for the transcription of most eukaryotic protein-coding genes. Analysing 
the topological distribution and quantification of RNAPII can contribute to understanding its function in interphase 
nuclei. Previously it was shown that RNAPII molecules in plant nuclei form reticulate structures within euchromatin of 
differentiated Arabidopsis thaliana nuclei rather than being organized in distinct ‘transcription factories’ as observed 
in mammalian nuclei. Immunosignal intensity measurements based on specific antibody labelling in maximum inten-
sity projections of image stacks acquired by structured illumination microscopy (SIM) suggested a relative propor-
tional increase of RNAPII in endopolyploid plant nuclei. Here, photoactivated localization microscopy (PALM) was 
applied to determine the absolute number and distribution of active and inactive RNAPII molecules in differentiated 
A. thaliana nuclei. The proportional increase of RNAPII during endopolyploidization is confirmed, but it is also shown 
that PALM measurements are more reliable than those based on SIM in terms of quantification. The single molecule 
localization results show that, although RNAPII molecules are globally dispersed within plant euchromatin, they also 
aggregate within smaller distances as described for mammalian transcription factories.

Key words: Arabidopsis thaliana, endopolyploidy, photoactivated localization microscopy, RNA polymerase II, structured 
illumination microscopy, transcription factory.

Introduction

Most eukaryotic genes are transcribed by RNA polymerase II 
(RNAPII) (Kornberg, 1999; Sims et al., 2004). Post-translational 
modifications of the C-terminal domain (CTD) of the largest 
subunit of RNAPII are important for controlling transcription, 
mRNA processing, chromatin remodelling, and RNA export 
(Hajheidari et  al., 2013). The quantity of active RNAPII in 
nuclei reflects the degree of transcription. The co-localization 
of transcripts and RNAPII has been proven by electron (Iborra 
et al., 1996) and light microscopy (Grande et al., 1997; Osborne 
et al., 2004). Depending on its position on a gene and the stage of 
transcription, RNAPII is differentially phosphorylated. Inactive 
RNAPII is mainly unphosphorylated. Its activation requires the 

phosphorylation at Ser2 and Ser5 of the heptapeptide YSPTSPS 
present as tandem repeats in the RNAPII CTD (Hirose and 
Ohkuma, 2007; Hajheidari et al., 2013). Antibodies specific for 
the phosphorylation state of the peptide allow the discrimina-
tion between active and inactive RNAPII (Bourdon et al., 2012). 
To initiate transcription and for the binding onto promoters of 
genes, phosphorylation at Ser5 is necessary (Hengartner et al., 
1998; Komarnitsky et al., 2000). For the elongation step of tran-
scription, phosphorylation at Ser2 is required (Ni et al., 2004). At 
the end of transcription, the Ser5 phosphorylation is removed, 
whereas RNAPIISer2ph accumulates at the 3ʹ end of the genes 
(Egloff and Murphy, 2008).
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In mammals, RNAPII is thought to be organized in distinct 
so-called ‘transcription factories’ (Jackson et al., 1993, 1998; 
Chakalova and Fraser, 2010; Ferrai et al., 2010; Rieder et al., 
2012; Papantonis and Cook, 2013). In human and murine 
cells, the size of transcription factories ranges between ~40 nm 
and 200 nm in diameter and increases with higher transcrip-
tional activity (Iborra et al., 1996; Eskiw et al., 2008; Eskiw 
and Fraser, 2011). The number of transcription factories in a 
nucleus seems to be cell type and species specific.

In mouse nuclei of different cell types, ~100–1500 tran-
scription factories were found, whereas those in mouse and 
human erythroblasts amounted to ~100–550 and ~1500, 
respectively (Osborne et al., 2004; Brown et al., 2008; Eskiw 
and Fraser, 2011).

These numbers may also vary depending on the imaging 
technique applied. In HeLa cells (a human tumour cell line) 
~300–500 factories were identified by widefield fluorescence 
microscopy (Jackson et al., 1993), ~2100 by combining elec-
tron and confocal microscopy (Iborra et al., 1996), ~2400 by 
electron microscopy alone (Jackson et al., 1998), and ~850–
3900 by deconvolution microscopy (Fay et al., 1997). Pombo 
et al. (1999) found ~10 000 RNAPIII foci by cryo-sectioning. 
In addition, the methodologies detecting different molecules 
related to transcription (e.g. mRNA, RNA polymerase, and 
splicing factors) could also induce the variability in the num-
ber of foci detected.

In a single transcription factory, the number of RNAPII 
molecules ranges from four to 30 (Iborra et al., 1996; Jackson 
et al., 1998; Martin and Pombo, 2003). These numbers con-
vert to a minimum of ~400 (100 × 4) and a maximum of ~117 
000 (3900 × 30) RNAPII molecules per nucleus, based on 
the estimation of 100–3900 factories per nucleus. Obviously, 
this high variability was not only caused by the different cell 
types analysed, but rather by the different imaging methods 
applied.

The recently developed super-resolution microscopy 
techniques such as photoactivated localization microscopy 
(PALM) and spectral position determination microscopy 
(SPDM) to localize single molecules at high precision beyond 
the diffraction limit of light allow a more reliable counting 
of molecules in cells (Lando et  al., 2012; Deschout et  al., 
2014). SPDM allowed the determination of the number of 
P-glycoprotein efflux transporter molecules present per cell at 
the blood–brain barrier and showed that they cluster (Huber 
et  al., 2012). Moreover, by two-colour PALM, quantitative 
information on the tumour necrosis factor receptor 1 cluster 
sizes and copy numbers were obtained in HeLa cells (Fricke 
et al., 2014).

Super-resolution microscopy also enables assessment 
of the third dimension in biological specimens (Hajj et  al., 
2014). 3D-PALM was used to measure the spatial distribu-
tion of H2B nucleosomes to determine the degree of chro-
matin condensation in human osteosarcoma cells (Recamier 
et al., 2014), and reflected light-sheet super-resolution micros-
copy was applied to quantify in 3D the absolute number of 
RNAPII molecules in the same cells (Zhao et al., 2014).

The combination of multicolour structured illumination 
microscopy (SIM) and localization microscopy was applied 

to map in three dimensions Bld12p/CrSAS-6 molecules in 
basal bodies of Chlamydomonas (Rossberger et  al., 2013; 
Hamel et al., 2014).

In Arabidopsis, SIM has already been used successfully to 
identify fluorescent structures in various tissues (Bell et al., 
2013; Komis et al., 2014) and sorted nuclei (Schubert et al., 
2013; Schubert, 2014).

Here for the first time the numbers of RNAPII molecules 
in differentiated endopolyploid plant nuclei were determined 
by applying 3D-PALM. It is believed that this approach is 
well suited to approximate absolute numbers better than 
other technologies. In single- and two-colour experiments, it 
is shown that RNAPII molecules are dispersed evenly within 
euchromatin, but that they may also form clusters. In addi-
tion, it is confirmed that transcription increases with a higher 
degree of endopolyploidy.

Materials and methods

Preparation of nuclei and immunolocalization
Differentiated rosette leaves from 4-week-old Arabidopsis thaliana 
(L.) Heynh. (Columbia) plants grown under short-day conditions 
(8 h light/16 h darkness) were fixed for 20 min under vacuum in 4% 
formaldehyde in TRIS buffer (pH 7.5) and homogenized in TRIS 
buffer. Suspended nuclei were stained with 4′,6-diamidino-2-phe-
nylindole (DAPI) (1  μg ml–1) and flow-sorted according to their 
ploidy level using a FACS Aria flow cytometer (BD Bioscience) 
onto 22 × 22 mm high precision coverslips (Marienfeld, Germany) 
in a drop of buffer containing 100 mM TRIS, 50 mM KCl, 2 mM 
MgCl2, 0.05% Tween, 5% sucrose, then air-dried and used for 
immunolabelling.

For co-localization and quantification of active and inactive mod-
ifications of RNAPII, immunostaining was performed according to 
Jasencakova et al. (2000).

The non-phosphorylated (inactive) enzyme was detected with 
mouse monoclonal antibody (1:300; Abcam, ab817) and goat anti-
mouse Alexa 488 (1:200; Invitrogen) or goat anti-mouse-Cy5 (1:300; 
Jackson ImmunoResearch).

RNAPIISer5ph (active; phosphorylated at Ser5) was detected 
with rabbit polyclonal antibody (1:200; Active Motif, 39233)  and 
goat anti-rabbit Alexa488 (1:200; Jackson ImmunoResearch), and 
RNAPIISer2ph (active; phosphorylated at Ser2) with rat monoclo-
nal antibody (1:200; Millipore, 04-1571) and goat anti-rat Alexa488 
(1:200; Jackson ImmunoResearch).

Structured illumination microscopy (SIM)
To analyse the substructural organization of RNAPII molecules 
beyond the classical Abbe-Rayleigh limit of ~250 nm, SIM was 
applied that yields a 2-fold improvement in all spatial directions. 
Coverslips bearing the labelled nuclei were placed into Chamlide™ 
magnetic chambers (Live Cell Instrument, South Korea) and sub-
merged in phosphate-buffered saline (PBS; pH 7.5) supplemented 
with 1% β-mercaptoethanol prior to SIM imaging on a Zeiss ELYRA 
PS.1 microscope (Carl Zeiss Microscopy, Germany) equipped with 
a Plan-Apochromat 63×1.4 oil objective. Optimal grid sizes for each 
wavelength were chosen according to the recommendations of the 
manufacturer. For 3D-SIM, stacks with a step size of 110 nm were 
acquired sequentially for each fluorophore starting with the high-
est wavelength dye. The centre of the stack was chosen to coincide 
with the main plain along the axis of the ellipsoidal nuclei to allow 
the alignment of SIM and PALM images. The correction of chro-
matic aberrations was performed with the ZEN Channel alignment 
tool using a template obtained from imaging TetraSpeck fluorescent 
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microspheres (200 nm in diameter; InVitroGen) and affine correc-
tion. Thus, the corrections achieved a precision of <100 nm.

Photoactivated localization microscopy (PALM)
The same set-up was subsequently used to perform 3D-PALM with 
the PRLIM (phase ramp localization imaging microscopy) imple-
mentation (Baddeley et al., 2011). In general, the EM-CCD gain was 
set to 200 V. To avoid z-drift, the Definite Focus of the instrument 
was used, which kept the z-position within 30 nm. The focal posi-
tion was chosen to coincide with the central slice of the SIM stack 
which corresponded to the main plane along the long axis of the 
nuclei. The z capture range was ~2 μm, which allowed the whole z 
distance of the nuclei to be covered for counting. All dye molecules 
were transferred into their dark state by using high laser power (~10 
kW cm–2) of the imaging laser followed by 3D-PALM to record 
the number and localization of single blinking molecules at a lat-
eral resolution of ~20 nm and an axial resolution of ~80 nm. PALM 
two-colour experiments were performed first for the long wavelength 
dye (Cy5) followed by the short wavelength dye (Alexa488). The 
PALM experiments continued for one dye until the blinking mol-
ecules observed were negligible, which needed ~30 000 frames at an 
integration time of 20 ms. Channels were colour aligned in the ZEN 
channel alignment tool using a template generated with TetraSpeck 
microspheres (200 nm in diameter). This allowed precise alignment 
with an error of <1 pixel (corresponding to 20 nm).

Processing and analysis of PALM data
To generate PALM images (vector maps), the PALM processing func-
tion of the ZEN software was applied. A multi-emitter model was 
used to account for overlapping signals. For peak finding, the peak 
mask size was set to 9 pixels, and the noise filter to 6. For localization 
of 2D-PALM data, the identified peaks were fitted to a 2D Gaussian 
function using a theoretical point spread function (PSF), and the 
localization precision was determined according to the Thompson 
formula for 2D-PALM (Thompson et  al., 2002). For 3D data, the 
identified peaks were fitted to an experimentally acquired PSF and 
the precision determined by simulations. The created vector map of 
localizations was then drift corrected using the model-based approach 
with a precision of <20 nm in the x, y, and <80 nm in the z direction. 
Next, signals were grouped. Two signals falling within the range of 1 
pixel (corresponding to 20 nm) were regarded as originating from the 
same molecule, if the ‘on time’ of the molecule was <5 frames (20 ms 
per frame) and the ‘off time’ not more than 20 frames. The latter two 
criteria reflect the blinking characteristics of organic dyes.

To visualize the distribution of localized molecules, heat maps 
(Rainbow look-up tables) were used. Albeit that the intensities 
are dependent on both localization precision and number of mol-
ecules, the latter dominated in the experiments conducted here as 
the majority of localization precisions ranged in a narrow window 
between 20 nm and 60 nm. Thus, a high intensity staining signifies 
the accumulation of molecules. To assess the extent of such accu-
mulations and their spacing, the analysis was restricted to a central 
z-slice of 110 nm which was set as a filter. Contours of the heat map 
of the central slice were used to approximate such accumulations 
as circles or ellipses. The radii and axes were used to estimate the 
dimension of the areas of accumulated molecules and their spacing 
was defined as the distances of their centres. In this way, three levels 
of clustering were identified: single molecules, and small and large 
clusters. Ten 8C nuclei were used to analyse the sizes of the clusters 
and their distances.

To count molecules, the samples were grouped as described to 
avoid counting an emitter twice. To be as quantitative as possible, 
labelling efficiencies must be as high as possible. Antibodies were 
used that proved to be the most efficient in the experiments con-
ducted herein at a concentration slightly above saturation. Since the 
nuclei were stained in the presence of excess antibodies, it is esti-
mated that at least 90% of the molecules should be labelled. Another 

issue is to evaluate how many molecules will be assessed by PALM. 
Based on PALM acquisition under similar experimental settings, it 
is possible to be confident of detecting ~95% of the labelled mol-
ecules. Such a fraction was estimated by comparing PALM with 
electron microscopic images of nuclear pore complex proteins of 
isolated nuclei (Löschberger et al., 2014). Thus it is believed that the 
maximum error is in the range of <15%.

The mean of RNAPII counts and confidence intervals (95%) of 
the endopolyploid nuclei were calculated with the SigmaPlot 2000 
software. Significance levels were estimated by one-way analysis if  
variance (ANOVA) testing using the Analysis Software of Microsoft 
Excel. Differences were considered to be significant at P-values 
<0.01.

Correlation between SIM and PALM images
Channels of the SIM and PALM images were subsequently aligned 
with the ZEN software (Carl Zeiss Microscopy, Germany) inbuilt 
Channel Alignment tool using structural features common in both 
channels. SIM and PALM images were acquired on the same micro-
scope with the same objective, hence magnifications are identical. 
Only the pixels size (lateral 80 nm for SIM, 20 nm for PALM) and 
sectioning (110 nm sectioning for SIM, 40 nm for PALM) were differ-
ent. Prior to alignment, the PALM images were rendered to a preci-
sion corresponding to the resolution of SIM; that is, 120 nm laterally 
and 360 nm axially. In addition, the pixel size and slice thickness of 
the PALM image were set to the pixel size and slice thickness of the 
SIM image. After channel alignment, manual correction with the 
ZEN channel shift tool was employed. In particuloar, the nuclear 
envelope and the nucleolus were excellent landmarks for matching 
the images as they could be easily identified since the nucleolus and 
the region beyond the nucleus were mainly devoid of staining. Such 
an alignment approach was within the precision of 1 voxel (corre-
sponding to 80 nm lateral and 350 nm axial). After alignment, the 
localization precision of PALM was changed back to Gaus render-
ing and the pixel size and slices were reduced to the initial values.

Results

By applying SIM, it has been proven that the relative amounts 
of RNAPII enzymes in differentiated 2C–32C leaf nuclei of 
A. thaliana proportionally increase with increasing endopoly-
ploidy (Schubert, 2014). To determine the number of RNAPII 
molecules per nucleus to a better extent and to check whether 
transcription factories may exist in plants, nuclei were labelled 
with specific antibodies against active and inactive RNAPII 
modifications and 3D-PALM was applied in combination 
with SIM.

After acquiring SIM images to determine the distribu-
tion of the RNAPII enzymes at lateral and axial resolutions 
of 120 nm and 360 nm, respectively, reticulate structures for 
the active and inactive RNAPII variants, which were not 
detectable by classical wide-field microscopy, became visible 
(Fig. 1A). Then, most of the molecules were transferred into 
their dark state by high laser power (~10 kW cm–2) followed 
by 3D-PALM to record the number and localization of sin-
gle blinking molecules at a lateral resolution of ~20 nm and 
an axial resolution of ~80 nm (Fig. 1B, C). When molecules 
were rendered to the obtained localization precision, both 
active and inactive RNAPII variants distributed uniformly 
throughout the nucleus, with the exception of the nucleolus 
that was devoid of RNAPII (Fig.  1B; Supplementary Fig. 
S1 available at JXB online). The combination of SIM with 

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv091/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv091/-/DC1
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PALM and the simultaneous labelling of different RNAPII 
variants with the fluorophores Alexa488 and Cy5 in the same 
nucleus allowed single molecules to be localized within the 

reticulate structures (Fig.  1C). No co-localization of active 
and inactive RNAPII appeared, suggesting that both vari-
ants occupy distinct areas within euchromatin. This finding 

Fig. 1. Distribution of inactive (not phosphorylated) and active (phosphorylated at Ser2) RNAPII molecules in an endopolyploid 8C A. thaliana leaf 
nucleus shown after applying background-corrected widefield (WF), SIM, and 3D-PALM. (A) In contrast to WF, SIM clearly shows that both RNAPII 
modifications form distinct intermingled reticulate structures within the nucleus which are absent from the nucleolus (n). (B) PALM reveals the number of 
RNAPII molecules (as centroids) in the same optical slice as shown in (A) (upper panel). The lower panel represents Gauss-rendered maximum intensity 
projections (MIPs) generated from all PALM slices to show the complete number of molecules evident in the nucleus. Thus the higher amount of active 
(53 000) compared with inactive (15 200) RNAPII molecules becomes obvious. (C) The overlay of the SIM (insets in A) and PALM image indicates the 
number and distribution of single RNAPII molecules within the structures resolved by SIM. The images show that both active and inactive molecules 
cluster in distinct regions of the nucleus.
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is quite interesting because theoretically it could be expected 
that partially phosphorylated RNAPII molecules would also 
be identified by both antibody variants.

Due to the presence of more molecules, the active RNAPII 
showed a higher global density than the inactive variant 
(Fig.  2A). However, both variants exhibited similar cluster 
behaviour with regularly occurring sites of higher accumu-
lation (Figs 2B, C, 3). The distance between single RNAPII 
molecules within small clusters ranged between 20 nm and 
40 nm for both active and inactive variants (Fig. 4A). In addi-
tion, there are regions in which the small clusters further accu-
mulate at distances between 50 nm and 150 nm, and 100 nm 
and 200 nm (large clusters) for active and inactive RNAPII, 
respectively (Fig. 4B). The distances between the large clus-
ters amounted to 200–300 nm for active and 200–400 nm for 
inactive RNAPII (Fig.  4C). Thus, in addition to a global 
dispersion of both RNAPII variants within euchromatin, 
RNAPII molecules may also aggregate at two different lev-
els. Despite a similar mean single molecule distance of 27 nm, 
the active RNAPII molecules aggregate more densely in 
small and large distance clusters than the inactive molecules. 
Small and large clusters correspond to the size known for ani-
mal transcription factories. The diameters of small clusters 
ranged between 60 nm and 90 nm, that of round large clusters 
between 250 nm and 400 nm, and that of large ellipsoid clus-
ters between 120–250 nm and 250–700 nm, respectively. On 
average, in the same euchromatic area (measured in a 110 nm 
slice of 10 different 8C nuclei), 50–75 large active RNAPII 
clusters (containing 2–8 small clusters) correspond to 25–40 
large inactive RNAPII clusters (containing 2–5 small clus-
ters). The mean small cluster distance was 130 nm and 170 nm 
and for large clusters it was 265 nm and 335 nm for active and 
inactive RNAPII, respectively.

3D-PALM also allowed the estimation of the copy num-
bers of active and inactive RNAPII within the whole nucleus. 
In differentiated 2C and endopolyploid 4C–16C leaf nuclei, 
the mean number of RNAPIISer2ph increased and ranged 
between ~13 000 in 2C and ~58 000 in 16C nuclei (Fig. 5A; 
Supplementary Table S1A at JXB online), thus confirming 
the data obtained by Schubert (2014) based on signal inten-
sity measurements in maximum intensity projections of 
SIM image stacks. However, the molecule numbers did not 
increase proportionally as expected theoretically in the case 
of exact enzyme duplication during endoreduplication and as 
has been found by Schubert (2014).

In a second experiment in 8C nuclei, the mean number 
of both active (RNAPIISer2ph and RNAPIISer5ph) vari-
ants amounted to ~53 000 and thus was clearly higher than 
the number of the inactive molecules (~22 000; Fig.  5B; 
Supplementary Table 1B at JXB online). In different experi-
ments it became obvious that active RNAPII is ~2.5 times as 
abundant as the inactive variant (Fig. 5B, C1). In contrast, the 
signal intensity measurements by Schubert (2014) indicated 
similar amounts of active and inactive RNAPII enzymes.

To test whether an increased transcriptional activity (indi-
cated by a higher number of active RNAPII molecules) 
induces the decrease of already available inactive molecules, 
8C nuclei were labelled simultaneously with antibodies 

against inactive and active (phosphorylated at Ser2) RNAPII, 
and 3D-PALM was applied (Figs 1, 5C1). Considering the 
amount of both RNAPII variants in single nuclei, it seems 
that such a correlation does not exist because in most nuclei a 
low or high number of inactive RNAPII molecules is accom-
panied by a corresponding active molecule number (Fig. 5C2; 
Supplementary Table S1C at JXB online).

In summary, it is concluded that (i) the reticulate structures 
formed by the different RNAPII modifications and identi-
fied by SIM contain, as proven by PALM, several globally 
mainly dispersed single molecules which may cluster within a 
size known from animal transcription factories; (ii) RNAPII 
quantification by 3D-PALM is more reliable than signal 
intensity measurements in maximum intensity projections 
generated from SIM image stacks; and (iii) the 3D-PALM 
measurements confirm that the number of RNAPII mol-
ecules increases with the degree of endopolyploidy.

Discussion

3D-PALM reliably counts and co-localizes single 
molecules in isolated nuclei

In this report, a version of 3D-PALM called phase ramp 
imaging localization microscopy (PRILM), a method that 
among other 3D technologies provides the largest cap-
ture range in the axial direction per measurement position 
(Baddeley et  al., 2010), was applied. Due to the outstand-
ing signal-to-noise ratio achieved by the staining procedure 
on isolated nuclei and their flattening on the coverslips, a z 
dimension of ~2 μm was obtained, namely flat enough to be 
fully covered in their z-extension by PRILM during only one 
measurement step. Thus, it was possible to avoid multiple 
measurements at different z-planes that potentially can affect 
the counting efficiency.

Regardless of the approach, the true number of molecules 
depends on different factors such as labelling efficiency, 
molecule density, and dye properties (Dempsey et al., 2011; 
Durisic et  al., 2014). To ensure that as many molecules as 
possible were labelled antibodies were chosen which provided 
the best labelling efficiencies at concentrations above satura-
tion, and dyes with high quantum yields were used. As inter-
nal controls, the secondary antibodies were swapped between 
the different colours to show that they had no influence on 
the overall counting efficiencies. To reduce the possibility of 
counting a molecule twice, the events were grouped in such 
a way that those lying within the localization precision were 
regarded as originating from the same molecule. Recordings 
were made until no significant blinking appeared. In all three 
experiments using different nuclei from different preparations 
(Fig. 5; Supplementary Table S1 at JXB online), similar mean 
numbers of RNAPII molecules per nucleus were obtained 
(compare RNAPIIinactive and RNAPIISer2ph), indicating 
the reliability of the 3D-PALM measurements.

Although a constant increase in gene copy numbers is accom-
panied by an increasing endopolyploidy level, the theoretically 
expected doubling of RNAPII molecules was not observed 
(Fig.  5A). The increases varied between 1.38- and 2.2-fold, 

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv091/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv091/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv091/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv091/-/DC1
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with an average increase of 1.68-fold. This might reflect count-
ing inaccuracies. For example, when comparing the counts of 
three different preparations of 8C nuclei, variations by a factor 
of 1.3–1.8 were observed (compare RNAPIISer2ph in Fig. 5A, 
B, and C1). On the other hand, with the doubling of the gene 
copy numbers, other cellular factors could also possibly limit a 
parallel doubling of RNAPII molecules.

Despite these considerations, the 3D-PALM counting 
allowed a more accurate estimate of the RNAPII amount 

to be obtained than in a previous intensity-based approach 
(Schubert, 2014). Intensity-based methods lack absolute 
quantitative information as higher intensities could be caused 
by more molecules less densely arranged or fewer molecules 
with a denser arrangement. PALM allows unambiguous dis-
crimination between density and amount of molecules by 
accurately localizing and counting them. Active RNAPII 
seems to be more tightly arranged probably due to its ~3-fold 
higher abundance than the inactive variant (Fig.  2A). If  

Fig. 2. Distribution of inactive and active RNAPII molecules in an 8C A. thaliana nucleus (Nucleus 1 in Supplementary Table S1C at JXB online) recorded 
by 3D-PALM. (A) Density map of inactive (not phosphorylated) and active (phosphorylated at Ser2) RNAPII in a 110 nm slice. The density colour code 
represents molecules per μm3. (B) Gauss-rendered (displayed in a heat map; 1=100% intensity) 3D-PALM images to emphasize intensity differences. 
(C) Enlarged image of the area boxed in (B) showing the intensity distribution (see the scale in B) with localized molecules (red dots) within the heat map. 
Short distance clusters are encircled in red, long distance clusters in grey.

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv091/-/DC1
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RNAPII molecules are more densely packed, the probability 
of fluorophore quenching might be higher.

RNAPII appears globally dispersed, but also 
aggregates within euchromatin

In mammals, genes with similar functions may be co-localized 
and co-expressed in postulated distinct transcription factories 
via out-looping from chromatin (Iborra et al., 1996; Edelman 
and Fraser, 2012; Rieder et al., 2012; Papantonis and Cook, 
2013), as has been proven, for example, for active immuno-
globulin genes from three different mouse chromosomes (Park 
et al., 2014). In contrast, in a recent report, it has been found 
in human osteosarcoma cells by applying reflected light-sheet 
super-resolution microscopy that >70% of the transcription 
foci originate from single RNAPII molecules with a mean dis-
tance of ~230 nm (Zhao et al., 2014). In the same report, no 
clustering between RNAPII molecules was detected within 
the range of ~40–200 nm (mean=130 nm), which was pre-
dicted for transcription factories (Iborra et al., 1996; Eskiw 
and Fraser, 2011). Thus, the majority of the RNAPII mol-
ecules may exist in a solitary fashion inside the mammalian 
nucleus, and Zhao et al. (2014) conclude that the idea of a co-
ordinated transcription of mammalian genes in prevalently 
existing transcription factories needs to be revisited. These 

findings deviate from the previous results because, in addition 
to a global RNAPII dispersion, an aggregation of RNAPII 
molecules within a size predicted for animal and human tran-
scription factories was also found. Thus it is argued that in 
plant nuclei transcription factories may exist and that they are 
homogeneously dispersed within euchromatin. The slightly 
higher distances of inactive RNAPII may be due to its lower 
abundance compared with active RNAPII.

Based on a global transcription factor localization analysis 
within a single human cell type, Yan et al. (2013) described the 
majority of these factors to be arranged in clusters also con-
taining cohesins. They may be important for the re-establish-
ment of transcription factor clusters after DNA replication 
and for chromatin condensation and thus for maintaining the 
transcriptional memory of dividing cells.

Markaki et al. (2010) desribe a network of channels and 
lacunas, called the interchromatin compartment, throughout 
mammalian nuclei which contain decondensed chromatin. In 
this region, nascent DNA, nascent RNA, RNAPII, and his-
tone modifications for transcriptionally active chromatin, are 
highly enriched.

Similarly, the distribution of RNAPII as resolved by SIM 
was identified in a network-like manner within euchromatin 
of rye and Arabidopsis. RNAPII was absent from nucleoli 
and heterochromatin (Schubert, 2014). The inactive form 

Fig. 3. Distribution and aggregation of RNAPIISer2ph (false coloured in a heat map with the intensity colour code indicated). (A) Distribution in a 110 nm 
slice of an 8C nucleus. (B) Enlarged image of the boxed area in (A). Red circle and ellipses represent large clusters. (C) Enlarged image of the boxed 
area in (B). The red ellipse and the black circles represent large and small clusters, respectively. (D) Enlarged image of the boxed area in (C). Black dots 
represent single molecules.
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(not phosphorylated) showed more distinct signals than 
the active RNAPII forms (phoshorylated at Ser2 and Ser5, 
respectively). In accordance with this, it is shown here by 
3D-PALM that within these reticulate structures single mol-
ecules are dispersed and additionally that both the inactive 
and the active RNAPII molecules may aggregate, but not 
active and inactive RNAPII together.

Interestingly, the structural maintenance of chromosome 
(SMC) cohesin and condensin complex subunits SMC3 and 
CAP-D3, respectively, show a reticulate distribution within 
euchromatin of differentiated endopolyploid Arabidopsis 
nuclei (Schubert et  al., 2013) similar to that of RNAPII. In 
these nuclei, single chromatid segments are mainly not cohesive 
within euchromatic chromosome territories, possibly making 

multiple gene copies accessible for transcription (Schubert 
et  al., 2012). Despite a stable global interphase chromatin 
organization, intra- and interchromosomal associations indic-
ative for co-ordinated transcription may appear, but more sel-
dom at interstitial euchromatin segments than at subtelomeres 
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Fig. 4. Distances between single molecules (A), small (B), and large 
clusters (C). Fig. 5. Mean (A, B, C1) and individual (C2) numbers of RNAPII molecules 

in differentiated A. thaliana leaf nuclei (95% confidence intervals are 
indicated; for statistics, see Supplementary Table S1 at JXB online). (A) 
Mean number of RNAPIISer2ph in 2C–16C nuclei. The theoretical RNAPII 
distribution (red dots) indicates the values expected in the case of exact 
enzyme duplication during endoreduplication. (B) Mean number of inactive 
and active (RNAPIISer2ph, RNAPIISer5ph) RNAPII molecules in 8C nuclei. 
(C1) Mean number of inactive RNAPII and RNAPIISer2ph in simultaneously 
labelled 8C nuclei. (C2) Numbers of inactive and active (RNAPIISer2ph) 
RNAPII molecules in nine different nuclei simultaneously labelled with 
specific antibodies.
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and pericentromeres (Grob et al., 2013; Schubert et al., 2014; 
Feng et  al., 2014). According to data found in Hi-C experi-
ments, epigenetic marks of active chromatin did not show a 
co-localization with highly associated chromatin segments in 
A. thaliana, suggesting a lack of clustering of the most actively 
transcribed genes (Feng et al., 2014). This observation is sup-
ported by the finding that interstitial euchromatin segments 
containing highly co-expressed genes do not associate more 
often than those containing genes co-expressed at a low level 
(Schubert et al., 2014). Thus, it seems that in Arabidopsis most 
of the transcriptional activity is not only localized in potential 
transcription factories but is also homogeneously distributed 
within euchromatin, indicating that most of the Arabidopsis 
genes are not induced by co-expression as described for yeast, 
Drosophila, and mammals (Osborne et al., 2004, 2007; Brown 
et al., 2006, 2008; Tanizawa et al., 2010; Gibcus and Dekker, 
2012, 2013; Hou and Corces, 2012). Similarly, Abranches 
et al. (1998) found a uniform distribution of transcription sites 
throughout the nucleoplasm of wheat.

Based on previous findings and those presented here 
regarding the Arabidopsis interphase chromatin arrange-
ment (Schubert et al., 2012), and the distribution of cohesin 
and condensin proteins (Schubert et al., 2013) and RNAPII 
molecules (Schubert, 2014), a model of the organization of 
endopolyploid plant interphase nuclei is proposed in which 
SMC proteins are involved in maintaining a euchromatin 
structure allowing flexible dispersed transcription (Fig. 6).

How many genes are transcribed in a nucleus?

In contrast to temporally induced genes, from prokaryotes to 
mammals, due to stochastic fluctuations in transcription, the 
expression of constitutive genes encoding essential subunits 

of protein complexes can vary by at least ~50% among geneti-
cally identical cells. Nevertheless, the resulting proteins show 
a similar abundance and less variability (Golding et al., 2005; 
Sigal et al., 2006; Raj et al., 2006, 2010; Zenklusen et al., 2008; 
Cohen et al., 2009; Pare et al., 2009; Taniguchi et al., 2010; 
Reiter et al., 2011; Gandhi et al., 2011). In addition, the gene 
activation causes burst-like expression of all genes within a 
larger chromatin segment (Raj et al., 2006). This supports the 
idea that transcription is intrinsically stochastic, providing 
a flexibility important for cells to respond to changing envi-
ronments and sudden stress, and to provide a cell population 
heterogeneity needed during cellular differentiation and devel-
opment (Kaern et al., 2005; Li and Xie, 2011; Velez-Bermudez 
and Schmidt, 2014). Little et  al. (2013) found that, despite 
fluctuating transcription, the accumulation of mRNAs is 
similar across essential Drosophila embryo patterning genes 
generating precise protein distributions. Furthermore, these 
authors suggest that fluctuations in mRNA production are 
context independent and are a fundamental characteristic of 
transcription, thus resolving the apparent paradox between 
stochastic transcription and developmental precision.

Stochastic fluctuations in transcription may explain 
the high variability in the numbers of RNAPII molecules 
found between individual nuclei of the same ploidy level 
(Supplementary Table S1 at JXB online). Compared with the 
observed difference of ~50% regarding active RNAPIIs, it 
even reached as much as 70% for inactive RNAPII. However, 
the heterogeneity of the number of RNAPII molecules may 
also be caused by the different leaf cell types from where the 
sorted nuclei originate.

It has been suggested that ~75% of the human genome is 
associated with transcriptional activity (Djebali et al., 2012). 
A  lower amount was determined for A.  thaliana where the 

Fig. 6. Model of the arrangement of RNAPII and SMC protein complex subunits (SMC3 and CAP-D3) within euchromatin of interphase plant nuclei 
(exemplified for a 4C A. thaliana leaf nucleus). The proteins are absent from heterochromatin and the nucleolus. The inset shows, at higher magnification, 
the chromatin arrangement of two different adjacent chromosome arm territories (blue and white). The heterochromatin is highly condensed. The 
euchromatin of the sister chromatids is composed of ~50 kb chromatin segments which cluster further. Sister chromatid segments may be cohesive or 
separated. Chromatin fibres may emanate where RNAPII molecules cluster and become activated in potential transcription factories. Inactive RNAPII 
enzymes, mostly also aggregating, distribute within euchromatin. The SMC3 cohesin and CAP-D3 condensin subunits are homogeneously distributed 
(shown in the bottom left corner of the inset) possibly responsible for maintaining a flexible euchromatin organization.

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv091/-/DC1
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global level of expression depends on growth conditions (lab-
oratory controlled or field conditions) and the accession ana-
lysed (Schmid et al., 2005; Kliebenstein et al., 2006; Richards 
et al., 2012). In the shoot, 45–61% of genes were expressed at 
each time point under field conditions (Richards et al., 2012).

Arabidopsis thaliana has 27 379 genes (Arabidopsis Genome 
Initiative, 2000) and for rye ~26 000 genes are expected, as 
found for the closely related barley (International Barley 
Genome Sequencing Consortium, 2012). This may explain 
the similar amounts of active as well as inactive RNAPII 
found by SIM signal intensity measurements in meristematic 
nuclei of both species (Schubert, 2014).

Here it is confirmd by single molecule localization that the 
amount of RNAPII increases with endopolyploidy in plants 
(Bourdon et al., 2012; Schubert, 2014). Thus, increasing the 
transcriptional activity of cells and tissues seems to be an 
important function of endopolyploidy.

Assuming that active RNAPII enzymes are phosphorylated 
only either at Ser2 or at Ser5 and not in parallel, the mean sum 
of RNAPII molecules can be calculated (22340inactive+54480
Ser2ph+52900Ser5ph; Fig. 5B; Supplementary Table S1B at 
JXB online) and thus amounts to ~107 000 active and in total 
to ~130 000 molecules per 8C nucleus.

By reflected light-sheet super-resolution microscopy, Zhao 
et al. (2014) determined that there were ~80 200 ± 8800 active 
RNAPII molecules within the transcription foci of human 
osteosarcoma cell nuclei, a number in agreement with that previ-
ously reported in human nuclei based on other methods (Sugden 
and Keller, 1973; Jackson et al., 1998, 2000; Pombo et al., 1999).

Assuming that these human nuclei are diploid and that half  
of them are in G1 phase (containing two unreplicated chro-
matids, i.e. two copies per gene) and the others are in G2 (con-
taining four replicated chromatids, i.e. four copies per gene) 
and regarding that the human genome contains 20 687 pro-
tein-coding genes (Pennisi 2012), the mean gene copy num-
ber per nucleus should be 62 061 (20 687 × 2+20 687 × 4=124 
122÷2). Thus ~1.3 (80 200÷62 061) active RNAPII enzymes 
are present per gene copy.

In differentiated 4C A.  thaliana nuclei containing four 
chromatids, 109 516 (27 379 × 4) gene copies are available. In 
addition, ~36 000 (~18 000 RNAPIISer2ph+~18 000 expected 
RNAPIISer5ph because the amount is similar in 8C nuclei) 
(Fig. 5B; Table 1) active RNAPII molecules should be pre-
sent per nucleus. These are fewer (36 000÷109 516=0.3) active 
RNAPII molecules per gene copy than found in cultured 

and cycling human cells, probably caused by the differenti-
ated status of these plant cells. Fewer RNAPII molecules per 
gene copy is in accordance with the observation that more 
human genes are associated with transcriptional activity than 
those of A.  thaliana (see above). Interestingly, with 0.3–0.5 
RNAPII molecules per gene copy, the ratio is similar at all 
four ploidy levels in A. thaliana.

By two-colour labelling and 3D-PALM, it was observed 
that in addition to active RNAPIISer2ph molecules respon-
sible for transcriptional elongation, inactive RNAPII mol-
ecules are present in these nuclei with a frequency of  about 
half  of  that of  active enzymes. Because the density of  active 
RNAPII on genes depends on the initiation frequency, 
elongation frequency, and processivity (RNAPII remaining 
on the template after each catalytic event) (Ehrensberger 
et al.. 2013), it is difficult to calculate the number of  tran-
scribed genes per nucleus. However, assuming that only 
one RNAPII Ser2ph molecule responsible for transcrip-
tional elongation would be associated with only one gene, 
as mostly found in Drosophila, mouse, and human nuclei 
(Laird and Chooi, 1976; McKnight and Miller, 1976; 
Fakan et al., 1986; Jackson et al., 1998), then every second 
to third gene would be active in 2C–16C A.  thaliana leaf 
nuclei (Table 1). Due to the presence of  mainly non-cohe-
sive chromatids in highly endopolyploid A. thaliana nuclei 
(Schubert et al., 2012), the resulting ‘open chromatin’ struc-
ture (Zhang et al., 2014) may allow the parallel transcrip-
tion of  multiple gene copies by RNAPII as demonstrated 
at the four well-separated chromatids in Drosophila embryo 
nuclei (Little et  al., 2013). Thus, assuming that ~50% of 
the different genes are active in A. thaliana (see above), on 
average approximately one copy of  the same gene would be 
transcriptionally active in 2C–16C nuclei. However, it could 
also be possible that less than the half  of  the genome of 
endopolyploid nuclei is transcribed, but instead in parallel 
more gene copies per gene (e.g. up to 16 in 16C nuclei) are 
transcribed in differentiated endopolyploid nuclei.

Supplementary data

Supplementary data are available at JXB online.
Figure S1. Gauss rendered PALM image of RNAPIISer2ph 

localized within reticulate structures acquired by SIM.
Table S1. RNAPII amount in differentiated A.  thaliana 

leaf nuclei.

Table 1. Number of active RNAPIISer2ph and RNAPIISer5p molecules in differentiated 2C–16C leaf nuclei determined by 3D-PALM 
(see Supplementary Table S1A at JXB online) in comparison with the available gene copy number calculated on the basis of the 27 379 
genes evident in A. thaliana (TAIR9; Arabidopsis Genome Initiative, 2000)

Ploidy No. of gene copies No. of RNAPIISer2ph No. of RNAPIISer5pha Total active RNAPII molecules Active RNAPII molecules per 
gene

2C 54 758 12 630 12 630 25 260 0.5
4C 109 516 17 960 17 960 35 920 0.3
8C 219 032 40 130 40 130 80 260 0.4
16C 438 064 57 590 57 590 115 180 0.3

a A similar amount expected as found for RNAPIIphSer2 based on the data shown in Supplementary Table S1.
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