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Introduction
The genome of eukaryotes is organized in three dimensions ac-
cording to principles that remain poorly understood even in the 
yeast Saccharomyces cerevisiae, which is among the simplest 
models to study the organization of the eukaryotic nucleus. The 
16 chromosomes of a haploid yeast exhibit a nonrandom spatial 
distribution, and three structural elements, namely centromeres 
(CEN), telomeres (TEL), and the nucleolus (NUC), have been 
identified as key players of their organization (Taddei and Gasser, 
2012). The CEN are clustered near the spindle-pole body (SPB) 
(Guacci et al., 1994, 1997; Jin et al., 1998, 2000). TEL are also 
clustered in foci at the nuclear envelope (NE; Klein et al., 1992; 
Gotta et al., 1996), so that chromosome arms extend outwards 

from CEN to the periphery, defining a Rabl-like conformation 
(Jin et al., 2000). Diametrically opposed to the SPB, the NUC 
physically separates from the rest of the genome the repetitive 
ribosomal DNA (rDNA) genes carried on chromosome XII in a 
crescent-shaped structure of about one third of the nuclear vol-
ume (Yang et al., 1989; Léger-Silvestre et al., 1999).

The conformation of yeast chromosomes was analyzed  
using chromosome capture conformation (3C) techniques 
(Dekker et al., 2002; Duan et al., 2010; Tanizawa et al., 2010), 
but without elucidating the mechanisms driving their folding 
(Langowski, 2010). Transcription may be involved in genome 
large-scale architecture, given that the spatial position of some 
genes is correlated with their expression level (for review see 
Taddei and Gasser, 2012). Actively transcribed genes could 
contact the NE through nuclear pore complex interactions  

Chromosomes architecture is viewed as a key com-
ponent of gene regulation, but principles of chro-
mosomal folding remain elusive. Here we used 

high-throughput live cell microscopy to characterize the 
conformation and dynamics of the longest chromosome of 
Saccharomyces cerevisiae (XII). Chromosome XII carries 
the ribosomal DNA (rDNA) that defines the nucleolus, 
a major hallmark of nuclear organization. We deter-
mined intranuclear positions of 15 loci distributed every  
100 kb along the chromosome, and investigated their 
motion over broad time scales (0.2–400 s). Loci positions 

and motions, except for the rDNA, were consistent with 
a computational model of chromosomes based on teth-
ered polymers and with the Rouse model from polymer 
physics, respectively. Furthermore, rapamycin-dependent 
transcriptional reprogramming of the genome only mar-
ginally affected the chromosome XII internal large-scale 
organization. Our comprehensive investigation of chro-
mosome XII is thus in agreement with recent studies and 
models in which long-range architecture is largely deter-
mined by the physical principles of tethered polymers and 
volume exclusion.
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(see Fig. S1). We also selected FROS strains with comparable 
nuclear (3.4 ± 0.09 µm3) and nucleolar volumes (1.37 ± 0.08 µm3) 
so as to overlay the positions of loci in the same map (see Mate-
rials and methods and Video 1).

The visual inspection of statistical maps shows that the  
position of loci along chromosome XII is consistent with a path 
dictated by the genomic coordinates of each locus and the seg-
mentation of the chromosomes between three structuring ele-
ments CEN, TEL, and NUC (Fig. 1 B and Video 1). We then 
wished to assess whether chromosome XII folding could be pre-
dicted by nuclear models based on polymer physics (Wong et al., 
2012). The median distance to the nuclear and nucleolar centers 
was plotted as a function of the genomic coordinates of each 
locus (box plots in Fig. 2, A and B; see Materials and methods), 
and these data compared well with the model predictions (Wong 
et al., 2012; Fig. 2, A and B, black line). We noted that the fit to the 
model prediction was poorer for genomic positions 450–1,050 kb, 
i.e., from NUC to the right TEL (see, e.g., the anomalous dynam-
ics of the rDNA in Fig. 4).

The smooth variations of the median positions between 
consecutive loci suggested that the statistical maps could be in-
terpolated with a genomic resolution much finer than 100 kb. 
We thus computed statistical maps every kilobase along chro-
mosome XII (Video 2; see Materials and methods), and we 
challenged their relevance by comparing them to the positions 
of four RNA Pol III–transcribed genes along chromosome XII 
(tP(UGG), tA(UGC), tL(UAA), and SNR6); their genomic posi-
tions correspond to the green box plots of Fig. 2 (A and B). Ex-
perimental and interpolated statistical maps are represented in 
the top and bottom half of Fig. 2 C, respectively. If SNR6 shows a 
good agreement with interpolation, mild or strong discrepancies 
are observed, respectively, for tA(UGC), tL(UAA), or tP(UGG).  
Such data argue for a local effect of Pol III genes on chromo
some structure, and differ from colocalization assays, in which 
Pol III–transcribed genes were organized in clusters close to CEN 
or NUC (Thompson et al., 2003; Duan et al., 2010). We suggest 
that the distribution of genes is primarily influenced by their 
genomic position, and only locally by sequence-specific physi-
cal interactions (Fig. 2, A and B). Note that we checked that the 
FROS insertion did not affect chromatin structure by analyzing 
the inner structure of SNR6 using in situ indirect-end labeling 
(IEL; Fig. 2 D). Our results show that nucleosome positioning 
within the upstream and transcribed regions is similar in the con-
trol and the labeled strain (Fig. 2 D). Moreover, the transcription 
level of SNR6 was not significantly modified by FROS labeling  
(Fig. 2 D). In conclusion, experimental data and predictions 
from the computational model are largely compatible, which 
suggests that the folding of chromosome XII is mainly dictated 
by local attachments to the three main nuclear structures NUC, 
TEL, and CEN.

Major transcriptional reprogramming has 
little effect on chromosome XII structure
To investigate further whether molecular interactions driven 
by transcription played a role in global chromosome architec-
ture, we probed the structure of chromosome XII by statistical 
mapping after a major transcriptional repression (Fig. 3). Cells 

(Casolari et al., 2004; Schmid et al., 2006), and these inter
actions are driven by transcription in some cases (e.g., GAL1-10 
or INO1; Brickner and Walter, 2004; Casolari et al., 2004; Cabal  
et al., 2006). tRNA genes, which are scattered throughout the 
genome, appear to form foci at the nucleolar periphery (Thompson 
et al., 2003), as well as near the CEN (Duan et al., 2010), but 
these results still remain the subject of discussions (Cournac et al.,  
2012; Witten and Noble, 2012). In fact, it is still unclear whether 
and how the positioning of specific genes impacts the long-range 
organization of chromosomes.

In this report, we studied the conformation and the dynamics 
of yeast chromosomes using high-throughput live cell microscopy, 
and compared our results to a recent computational model. We  
focused on the largest yeast chromosome (XII) because it contains 
the three classes of genes: the rDNA locus transcribed by RNA 
Polymerase (Pol) I and Pol III (Petes, 1979), 600 protein cod-
ing genes transcribed by Pol II, and 22 noncoding RNA (ncRNA) 
genes transcribed by Pol III. The chromosome XII was fluores-
cently labeled every 100 kb to produce a comprehensive descrip-
tion of the position of one single yeast chromosome, showing a 
polymer-like conformation in agreement with the prediction of a 
computational model based on polymer physics and volume ex-
clusion (Wong et al., 2012). Some RNA Pol III–transcribed genes 
along chromosome XII deviate slightly from this model, while the 
global organization is not affected. We also investigated the con-
tribution of transcription to chromosome conformation by induc-
ing a modulation of transcription by TOR inhibition. This analysis 
showed that such major transcription reprogramming had little ef-
fect on chromosome XII conformation. Our study of chromosome 
architecture was finally extended to the analysis of the motion of 
different loci, which matches the predictions of polymer models, 
thus suggesting that the folding principles of yeast chromosomes 
are mainly dictated by polymer physics.

Results and discussion
Long-range organization of chromosome  
XII between anchoring elements  
(TEL, CEN, and NUC)
Global architecture of chromosome XII was first investigated in 
living yeast cells by monitoring the position of 15 loci distributed 
along the chromosome. Using targeted homologous recombina-
tion of fluorescent operator-repressor system (FROS), 12 indepen-
dent insertions distributed every 100 kb were generated along 
the non-rDNA region of chromosome XII (Fig. 1 A). We also 
labeled three individual loci within the rDNA region at known 
distances from the CEN (Fig. 1; see Materials and methods).

We chose to represent the position of a locus as a proba-
bility distribution relative to nuclear and nucleolar centers in 
living cells (Berger et al., 2008; Therizols et al., 2010). The 
spatial repartition of loci positions was assayed in a large num-
ber of cells in interphase (>1,500), and the data were repre-
sented in a color-coded statistical map of loci positions in which 
the percentage in an enclosing contour represents the probabil-
ity of finding a locus inside (Fig. 1 B). The radius of the nuclei 
and their morphology, characterized by the distance between 
the nuclear and the nucleolar centers, were similar in all strains 
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Chromatin motion of chromosome XII
We investigated the dynamics of chromosome XII and com-
pared these data to predictions of polymer models. The motion 
of 10 loci (Fig. 1 A, asterisks) was studied by recording their 
trajectories in 2D rather than in 3D to increase the acquisi-
tion speed and reduce phototoxicity. Normal cell growth was 
observed during up to 2 h of acquisition (Video 3). A broad 
temporal range (from 0.2 to 400 s) was probed using five dis-
tinct inter-frame intervals of 190 ms, 360 ms for all loci, and 1, 
1.5, and 10 s for three loci. Dedicated software was developed 
to perform systematic trajectory analysis (Fig. S2, A–C; See 
Materials and methods). This software allowed us to extract 
the mean square displacement (MSD), which is the mean of 
the squared travel distances after a given time lag, for every 
locus, and to compare the dynamics in the case of central, pe-
ripheral, or nucleolar-localized loci (Fig. S2). Trajectories dur-
ing which deformations of the nucleus or detection of drifts of 
the nuclear center occurred (e.g. during mitosis, see Video 3) 
were disregarded.

Several studies suggested that chromatin motion was de-
termined by a normal diffusive behavior in a restrained volume  

Figure 1.  Color-coded statistical mapping 
of positions of 15 loci along chromosome XII. 
(A) Schematic representation of chromosome 
XII with the 15 FROS-labeled loci. Note that 
the rDNA of 1.8 Mb is depicted as a 1-Mb 
segment. Loci studied by particle tracking are 
marked with asterisks. (B) Spatial distributions 
of each locus are represented using gene 
maps, color-coded heat maps determined by 
the percentile of the distribution (Berger et 
al., 2008; Therizols et al., 2010). (top) The 
dashed yellow circle, the red circle, and the 
small red dot depict the median NE, the me-
dian NUC, and the median location of the 
nucleolar center, respectively. (bottom) The 
gene maps are represented with the genomic 
position indicated on top (N represents the 
number of nuclei analyzed). Note that the 
position along the genome of the three rDNA 
loci has been determined by I-SceI cleavage. 
The data shown are from a single representa-
tive experiment out of three repeats.

were treated with rapamycin, an inhibitor of the conserved 
protein kinase complex TORC1 (target of rapamycin; Loewith 
et al., 2002), which induces a global modification of transcrip-
tion, mimicking nutrient deprivation characterized by tran-
scriptional repression of Pol II ribosomal protein genes, rRNA 
5S genes transcribed by Pol III, and a repression of Pol I activ-
ity (Hardwick et al., 1999; Wullschleger et al., 2006). After  
20 min of rapamycin treatment, the mean nucleolar volume 
decreased by 37%, but the nucleus remained nearly constant 
in size (4% increase in volume), in agreement with previous 
studies (Therizols et al., 2010). The statistical maps of 12 loci 
positions were determined in nontreated versus rapamycin-
treated cells, and are represented, respectively, in the top half 
and bottom half of each gene map (Fig. 3). Nucleolar size re-
duction generated a global shift of all loci toward the NUC. 
However, we did not detect major modifications of internal 
chromosome folding at the population level, thus supporting 
our model in which chromosome architecture is mainly deter-
mined by the biophysical properties of chromosomes and vol-
ume exclusion rather than by molecular interactions mediated 
by transcription.
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Figure 2.  The position of loci along chromosome XII relative to the NUC and the NE are predicted by computational modeling. (A and B) The distance of 
the locus to the nuclear center (A) and to the nucleolar center (B) is plotted versus its genomic position. Yellow and red ellipsoids depict the NE and NUC, 
respectively, and the black line represents the distance (left). The median distance is shown with box plots for the 15 loci described in Fig. 1 and for four 
RNA Pol III genes (white and green datasets). The median distance of chromosome XII loci to the nuclear center and to the centroid of the rDNA segment 
from a computational model of chromosome XII (Wong et al., 2012) is shown with solid black lines. (C) The gene map of loci t(P(UGG)L, tA(UGC)L, SNR6, 
and t(L(UAA)L relative to interpolated positions 58, 65, 216, and 647 kb (which correspond to their genomic coordinates) reveals global agreement 

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/202/2/201/1580069/jcb_201208186.pdf by guest on 02 D

ecem
ber 2025



205Yeast chromosome organization • Albert et al.

diffusive response is consistent with the Rouse polymer model 
that describes the movements of polymer segments based on 
their elastic interactions and on viscous frictions (De Gennes, 
1979). This model is expected to apply to dense polymer solu-
tions (De Gennes, 1979), and it was recently observed that the 
bacterial genome behaves as predicted from this model (Weber 
et al., 2010a,b). It also applies to the molecular dynamics simu-
lations of the yeast genome (Rosa and Everaers, 2008), thus 
strengthening our view that chromosome properties in yeast fit 
with polymer models.

(MSD~t in the small time limit, and MSD~a in the long time 
limit, with a being the radius of constraint; Marshall et al., 
1997; Heun et al., 2001; Meister et al., 2010). To display 
MSD in the short and long time regimes, we used linear and 
logarithmic representations (Fig. 4 and Fig. S3). Loci 30, 
680, and rDNA were chosen as representative examples  
(Fig. 4). We observed that MSD curves exhibited a power-law 
scaling response expressed as MSD~ × t, with an anomalous 
parameter  of 0.5 ± 0.07 (Fig. 4 B) and an amplitude of the 
motion  of 0.01 µm2 × s0.5. Interestingly, the anomalous 

Figure 3.  Color-coded statistical mapping 
of positions of 12 loci along chromosome 
XII after rapamycin treatment. (A) Schematic 
representation of chromosome XII with the 
12 FROS-labeled loci using the centromere 
as an origin. (B) The spatial distributions of 
each locus (bottom of the gene map repre-
sentations) are compared with loci position in 
rapamycin-treated cells (top of the gene map 
representations). The dashed yellow circle, 
the curved broken red line, and the small red 
dot depict the median NE, the median NUC, 
and the median location of the nucleolar cen-
ter, respectively.

between the model and measurements (see Video 2). The experimentally determined gene map (top) is compared with the interpolated position (bottom). 
The dashed yellow circle, the curved broken red line, and the small red dot depict the median NE, the median NUC, and the median location of the 
nucleolar center, respectively. (D) The yeast U6 small nuclear RNA (snRNA) gene SNR6 is unaffected by FROS insertion. Locations of important elements 
are indicated relative to the transcriptional start site (bent arrow) as +1 (top). Indirect end-labeling analysis of the chromatin structure on SNR6 is shown on 
the bottom-right panel. Ellipses on the right mark the positioned nucleosomes in the corresponding lanes with wild-type unmodified (U) or FROS tagged (T) 
strains. Note that the apparent hyper-sensitive site (asterisk) detected upon FROS insertion corresponds to a HindIII site introduced along with tetO repeat. 
SNR6 expression is not affected by FROS insertion. Transcript levels in untagged and FROS-tagged strains were normalized against the U4 transcript used 
as an internal control. The mean and scatter of RNA levels estimated from three independent experiments are plotted (error bars; bottom left).
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Figure 4.  Loci motion is slowed down at NUC, and homogeneous elsewhere. (A) The temporal evolution of the MSD is plotted at position 680 kb, 30 kb 
(for central localization), and at rDNA (nucleolar localization) in log-log (top) or linear (bottom) scale. MSD extracted from time lapse of 0.19-, 0.36-, 1-, 
1.5-, and 10-s inter-frames are depicted in different colors. The curves are fitted with an anomalous diffusion model (solid lines), showing that the anomaly 
parameter is 0.5 ± 0.07. Note that the movements of rDNA are slow in comparison to those of the locus at 680 or 30 kb. The black line represents the 
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results suggest that chromosomes should be viewed as anchored 
polymers in a dense environment. Lamin associated domains 
(LADs) and nucleolar tethering domains (NADs), which appear 
to be distributed in large regions of the metazoan genome 
(Guelen et al., 2008; Németh et al., 2010; van Koningsbruggen 
et al., 2010), may provide anchoring regions analogous to NUC, 
CEN, and TEL. We believe that the relevance of the Rouse 
model between anchoring regions should be studied, and spatial 
references should be proposed to construct statistical maps to 
investigate chromosome folding properties.

Materials and methods
Plasmid and yeast strains construction
pUC19-URA-iSCEI was constructed by cloning a BamHI–EcoRI fragment of 
the cut PCR product generated using oligonucleotide 1,033–1,034 and 
S288c genomic DNA into pUC19 at the same sites. Genotypes of the 
strains used in this study are described in Table S1. Oligonucleotides used 
for PCR are described in Table S2. tetO insertion was performed along 
chromosome XII, every 10 kb in the noncoding region. Genomic tetO inte-
grations in non-rDNA regions were performed in two steps, first by inte-
grating the HIS3 or URA3 gene by homologous recombination at the 
indicated location along chromosome arms, and second by inserting in 
the inserted markers (HIS3 or URA3) tetO repeats. Homologous recombi-
nation of URA3 or HIS3 was performed by transforming the PCR product 
amplified with appropriate oligonucleotides on pCR4-HIS3-M13 (Berger 
et al., 2008) or pSK-URA3-M13 (Berger et al., 2008) into TMS1-1a. After 
confirmation of the insertion site by PCR on genomic DNA, auxotrophic 
markers (URA3 or HIS3) were used as targets for insertion of the EcoRI- 
linearized plasmids ptetO-NAT-his3 or ptetO-NAT-ura3, respectively. 
ptetO-NAT-his3 or ptetO-NAT-ura3 bore an array of 256 tetO, a 
Nourseothricin resistance marker, and a yeast genome fragment, allowing 
the insertion of the linearized plasmid by homologous recombination in 
HIS3 or URA3, as described previously (Berger et al., 2008; Rohner et al., 
2008). The proper targeting of the tetO site was confirmed by inactivation 
the auxotrophic markers, and by size determination of chromosome XII by 
pulse-field gel electrophoresis (CHEF-DR III; Bio-Rad Laboratories), fol-
lowed by Southern blotting to confirm tetO insertion in the chromosome XII 
(Albert et al., 2011). Large chromosomal rearrangements, observed for 
some FROS-labeled strains, were discarded by pulsed-field gel electropho-
resis (PFGE) analysis. The number of rDNA repeats can change within a 
cell population, potentially introducing heterogeneity among the FROS-la-
beled clones (Pasero and Marilley, 1993), so we used PFGE to confirm 
that chromosome XII size was not altered in our labeled strains.

Mapping FROS insertions in rDNA
Genomic tetO integrations in the rDNA regions were performed in two 
steps, first by integrating the URA3 gene, bearing an adjacent I-SceI site, 
by homologous recombination in one of the rDNA repeats, and second by 
inserting tetO repeats in the inserted URA3 marker. The PCR product ampli-
fied with oligonucleotides 1,035 and 1,036 on pUC19-URA-iSCEI was 
transformed into TMS1-1a. To map rDNA insertion, I-SceI genomic position 
was determined using pulse-field gel electrophoresis, followed by Southern 
blotting to map tetO insertion. After I-SceI cleavage, FROS-labeled chromo-
some XII is separated into a fragment containing left telomere and centro-
mere and a region containing right telomere, revealed by EtBr staining. 
Southern blotting using tetO as a probe identified the right arm of the 
cleaved chromosome XII. We estimated insertion within the rDNA at 750, 
1,060, and 1,170 kb from the centromere-proximal edge of rDNA in 
clones rDNA-1, -2, and -3, respectively. Note that migration of a repeated 
genomic region, such as rDNA, is not strictly proportional to DNA size and 
that the insertion site was extrapolated considering 1.8 Mb of rDNA 
(200 repeats).

We further developed the description of chromatin dy-
namics at a short time interval along chromosome XII. We 
compared the amplitude of the MSD traces by plotting  for 
every locus (Fig. 4 C and Fig. S3), showing that the chromatin 
movements are homogeneous for most of the loci with a value in  
the range 0.010–0.015 µm2 × s0.5. These results suggest a homo
geneous behavior of chromatin throughout chromosome XII, 
except for rDNA. In addition, chromatin dynamics were not 
different for a locus with a central or peripheral localization 
(Fig. S3), and the amplitude of fluctuations  was moderately 
reduced by 20% for loci with nucleolar versus central lo-
calization (Fig. S3), which suggests that nucleolar proximity 
tends to restrain chromatin motion of non-rDNA loci. The 
investigation of MSD in the long time limit, best viewed in 
linear representation, revealed a deviation from the Rouse 
regimen MSD~ × t0.5. As previously suggested (Meister  
et al., 2010), the apparent confinement in the MSD is related 
to loci diffusing in a restrained volume. Space visited after 200 s 
(0.15 µm2, 0.25 µm2, and 0.3 µm2 for the rDNA, locus 
30 kb, and locus 680 kb, respectively), can be assigned to an 
explored volume of 0.57, 1.02, and 1.34 µm3 for the three loci 
(Meister et al., 2010). These values are in excellent agreement 
with the dimensions of gene territories, as defined by the vol-
ume in which 50% of the gene positions are detected in statis-
tical maps (Fig. 4 D; rDNA, locus 30 kb, and locus 680 kb, 
respectively, at 0.8, 1.1, and 1.2 µm3). This analysis also shows 
that one locus can explore the entire statistical map within a 
few minutes.

Finally, the motility of three chromosomal loci in the rDNA 
was investigated (Fig. 4), showing an MSD with two distinct 
slopes: increasingly slowly for t < 5 s ( = 0.25) and more 
abruptly after 5 s ( = 0.7). These dynamics are not consistent 
with the Rouse model (Fig. 4 A, black lines). In these polymer 
models, several specific properties of the rDNA were disregarded, 
including among others the dynamics associated with transcrip-
tional activity, the depletion of nucleosomes from actively tran-
scribed rDNA (Conconi et al., 1989), or the possible local tethering 
of rDNA via CLIP proteins (Mekhail et al., 2008; Mekhail and 
Moazed, 2010). This problem should be considered in future 
molecular dynamics simulations.

To conclude, our systematic analysis of position and mo-
tion of loci along chromosome XII showed that its inner structure 
mainly consists of constrained chromosome arms anchored to 
nuclear elements (SPB, NUC, and NE), as expected from recent 
computational models (Tjong et al., 2012; Wong et al., 2012). 
We also demonstrated that the Rouse polymer model accurately 
describes the motion of chromatin loci except for the rDNA (Rosa 
and Everaers, 2008), the biophysical properties of which remain 
to be investigated.

We may finally speculate on whether the properties of 
chromosomes observed in yeast are relevant to metazoans. Our 

fit to the dataset with a power-law scaling of 0.55. (B) The plot represents the anomaly parameter versus the genomic position, and shows the different 
dynamics in NUC for the 10 analyzed loci. (C) Spatial fluctuations of the 10 analyzed loci are compared by measuring the amplitude of the power-law 
scaling response using a model with t0.5. (D) The gene territory, defined by the volume occupied by 50% of the gene population (the green isocontour 
in gene maps) expressed in cubic micrometers is measured as a function of the genomic position. Gene territory experimental errors were determined by 
measuring gene territories from three samplings of the full dataset.
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Image analysis for locus position
Confocal images were processed and analyzed with a MATLAB script  
nucloc, available at http://www.nucloc.org/ (MathWorks; Berger  
et al., 2008). The box plots of nuclear radius and nuclear–nucleolar cen-
ter distances were generated using the boxplot function in MATLAB (Math-
Works). The box plot of median distances from nuclear center to nucleolar 
center were computed in two steps, first MATLAB calculating the median 
distances for each 100 nuclei, and then by plotting the box plot of the 
median values obtained.

Image analysis for gene trajectory
Automatic particle tracking and spatial registration in time-lapse analy-
sis was then performed with our custom-made software run in MATLAB  
(Supplemental data). Single particle-tracking software built on the MTT plat-
form (Sergé et al., 2008) was developed to perform high-throughput 2D tra-
jectory analysis over a large temporal range. For trajectory analysis, we first 
evaluated the variations of the positioning error with the signal-to-noise ratio 
(SNR) to compensate for biases associated to the difference in brightness 
between the different strains (Fig. S2). Objects of controlled brightness and 
position were generated in silico, and tracked with our algorithm to retrieve 
the detection error, which was in the range of 5 × 104 to 5 × 105 µm2. 
Because of the very high accuracy of gene position determination, correct-
ing nuclear motion from gene trajectory added noise to observed motion. 
Rather than a systematic correction for nuclear center, we then manually 
excluded gene trajectories with detectable motion of nuclear position, lead-
ing to exclusion of <10% of trajectories for short time lapse, and 30–50% 
of trajectories for long time lapse. Gene movements were recorded at fast 
or slow acquisition rates, resulting in different SNR, hence in different track-
ing error SNR. Starting from raw data, we compensated for the difference 
in SNR by adding an error to the slow acquisition MSD dataset, which is 
determined by the difference in tracking precision. Datasets are then fused 
and filtered using a Gaussian filter (order 11; see Fig. S2). The resulting 
dataset is adjusted with an anomalous diffusion model. MSD curves were 
ultimately extracted and analyzed using Igor Pro (WaveMetrics).

Online supplemental material
Fig. S1 depicts the nuclear morphology of the 31 analyzed populations. 
Fig. S2 shows methods used for tracking genes in living cells. Fig. S3 shows 
MSD responses for loci 136 kb, 80 kb, CEN, 90 kb, and 170 kb along 
chromosome XII. Table S1 shows genotypes of the strains used in this study. 
Table S2 lists oligonucleotides used in this study. Table S3 lists the plasmids 
used in this study. Video 1 shows overlaid color-coded statistical mapping 
of loci positions. Video 2 shows interpolation between color-coded statistical 
mapping of loci positions. Video 3 shows a time-lapse series of the 90-kb 
locus labeled strain. Codes (MATLAB scripts) of custom-made software track-
ing loci are available as a ZIP file. Online supplemental material is available 
at http://www.jcb.org/cgi/content/full/jcb.201208186/DC1.
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Chromatin structure using IEL and transcript quantification
Chromatin structure analysis by the IEL method and RNA extraction and 
quantification were performed as described previously (Arimbasseri and 
Bhargava, 2008), and repeated at least three times for each experiment. In 
brief, for IEL analysis, yeast cells were spheroplasted and subjected to par-
tial digestion with micrococcal nuclease. DNA was extracted, digested with 
HindIII, resolved on 1.5% agarose gel, and Southern transferred. The probe 
for hybridization was amplified using oligonucleotides described in Table 
S2 and -[32P]ATP in a PCR reaction. A 1-kb radiolabeled DNA ladder was 
run on the same gel as the size marker. Primer extension on RNA extracted 
from FROS-tagged and untagged strains to get cDNA preparation was done 
by using radio-labeled primers. Products were resolved on 8 M urea–10% 
polyacrylamide gel, bands were visualized by phosphorimaging, and SNR6 
transcript was quantified by using Image gauge (Fuji) software as described 
previously (Shivaswamy et al., 2004; Arimbasseri and Bhargava, 2008).

Fluorescence microscopy of living yeast cells
Yeast media were used as described previously (Rose et al., 1990). YPD is 
made of 1% yeast extract, 2% peptone, and 2% dextrose. SC medium is 
made of 0.67% nitrogen base without amino acids (BD), 2% dextrose supple-
mented with amino acids mixture (AA mixture; Bio101), adenine, and uracil. 
Cells were grown overnight at 30°C in YPD. Cells were diluted at 106 cells/
ml, and were harvested when OD600 reached 4 × 106 cells/ml and rinsed 
twice with the corresponding SC media. Cells were spread on slides coated 
with an SC media patch containing 2% agarose and 2% glucose. Cover 
slides were sealed with “VaLaP” (1/3 vaseline, 1/3 lanoline, and 1/3 paraf-
fin). For long time-lapse acquisition and confocal imaging, the imaging cham-
ber was maintained at 30°C.

Microscope image acquisition
Confocal microscopy was limited to 20 min after mounting and performed 
with a disk confocal system (Revolution Nipkow; Andor Technology) in-
stalled on an inverted microscope (IX-81; Olympus) featuring a CSU22 
confocal spinning disk unit (Yokogawa Corporation of America) and an 
EM charge-coupled device (CCD) camera (DU 888; Andor Technology). 
The system was controlled using the mode “Revolution FAST” of Andor Rev-
olution IQ1 software (Andor Technology). Images were acquired using a 
100× objective lens (Plan-Apochromat, 1.4 NA, oil immersion; Olympus). 
Single laser lines used for excitation were diode pumped solid state lasers 
(DPSSL) exciting GFP fluorescence at 488 nm (50 mW; Coherent) and 
mCherry fluorescence at 561 nm (50 mW; Cobolt jive). A bi-bandpass 
emission filter (Em01-R488/568-15; Semrock) allowed collection of green 
and red fluorescence. Pixel size was 65 nm. For 3D analysis, z stacks of 
41 images with a 250-nm z step were used. Exposure time was 200 ms.

MSD analysis was performed by recording the movements of chro-
mosome loci by epifluorescence on two different microscope settings, de-
pending on the inter-frame interval. For long time intervals (1.5 s, 4 s, 
and 10 s), image acquisition was performed on an inverted microscope 
(Ti-E/B; Nikon) equipped with a Perfect Focus System (PFS), suitable for 
long-range time-lapse experiments. The system was equipped with a 100× 
oil immersion objective lens (CFI Plan-fluor 100×, ON 1.30, Dt0.2), HG In-
tensilight illumination (Nikon) with low power (NDFilter = 6.3 for GFP; 3.0 
for mCherry), filter cubes TE/ZP FITC (FITC-3540C; Semrock) for GFP signal,  
and TE/ZP Texas red (TxRed-4040C; Semrock) for mCherry imaging, as well 
as a 1.5× lens and an EM CCD camera (DU-897; EM gain 555 GFP;  
40 for mCherry; Andor Technology). Measured pixel size was 106.7 nm.  
Acquisition was set to 300 ms or 600 ms, respectively, for GFP and mCherry. 
For short time intervals (50 and 200 ms), imaging was performed using 
an upright microscope (BX-51; Olympus) equipped with a laser diode light 
source (Lumencor), a 100× oil immersion objective lens (NA 1.4), and an 
EM CCD camera (DU-897), as described in Hajjoul et al. (2009). The GFP 
excitation emission at 470 ± 10 nm was set to 7.53 W/µm2.

For short time intervals (50 and 200 ms), time-lapse sequences con-
sisted of 300 consecutive images, and we displayed MSD traces on 150 time 
intervals to ensure the statistical relevance of mean displacements. mCherry 
signal was recorded at the end of GFP acquisition. For longer time intervals 
(1.5 s, 4 s, and 10 s inter-frame), time-lapse images were acquired, respec-
tively, for 5, 15, and 120 min, and manually checked to discard drifting cells. 
For GFP exposure with an inter-frame of 10 s, mCherry and brightfield acquisi-
tion was performed every 100 s (each 10 GFP frames) to limit phototoxicity.

Image processing for time-lapse movies
Video 3 was generated by NIS image (Nikon), and was imported into 
Final Cut Pro X (Apple). Color enhancement and dust attenuation were ob-
tained by background correction. The timeline and scale bar were inserted 
into the movie file using Flash CS5 Professional (Adobe).
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