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Abstract 

Gene transcription is associated with local changes in chromatin, both in nucleosome 

positions and in chemical modifications of the histones. Chromatin dynamics has 

mostly been studied on a single-gene basis. Those genome-wide studies that have 

been made primarily investigated steady state transcription. However, three studies of 

genome-wide changes in chromatin during the transcriptional response to heat shock 

in the budding yeast Saccharomyces cerevisiae revealed nucleosome eviction in 

promoter regions but only minor effects in coding regions. Here we describe the short 

term response to nitrogen starvation in the fission yeast Schizosaccharomyces pombe. 

Nitrogen depletion leads to a fast induction of a large number of genes in S. pombe 

and is thus suitable for genome-wide studies of chromatin dynamics during gene 

regulation. After 20 minutes of nitrogen removal, 118 transcripts were upregulated. 

The distribution of regulated genes throughout the genome was not random; many 

upregulated genes were found in clusters while large parts of the genome were devoid 

of upregulated genes. Surprisingly, this upregulation was associated with nucleosome 

eviction of equal magnitudes in the promoters and in the coding regions. The 

nucleosome loss was not limited to induction by nitrogen depletion but also occurred 

during cadmium treatment. Furthermore the lower nucleosome density persisted for at 

least 60 minutes after induction. Two highly induced genes, urg1+ and urg2+, 

displayed a substantial nucleosome loss, with only 20 % of the nucleosomes being left 

in the coding region. We conclude that nucleosome loss during transcriptional 

activation is not necessarily limited to promoter regions. 

 

The microarray data presented in this work have been submitted to ArrayExpress 

database with the accession numbers E-TABM-784 and E-TABM-785. 

Supplementary material will be available online at www.genome.org 

 

 

 Cold Spring Harbor Laboratory Press on March 2, 2026 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Kristell et al                                                                                                                  2  

Introduction 

Gene transcription is usually accompanied by changes in both nucleosome positions 

and histone modifications (Lee et al. 2004; Li et al. 2007; Jiang and Pugh 2009). 

Three studies have monitored the genome-wide nucleosome occupancy before and 

after the transcriptional changes induced by heat shock or glucose in the budding 

yeast Saccharomyces cerevisiae (Lee et al. 2004; Shivaswamy et al. 2008; Zawadzki 

et al. 2009). These studies revealed nucleosome eviction in the promoter regions 

rather than broader genome-wide changes. In addition, genome-wide studies 

measuring steady state transcription have been performed in budding yeast and in the 

fission yeast Schizosaccharomyces pombe (Lee et al. 2004; Wiren et al. 2005; Sinha 

et al. 2006; Walfridsson et al. 2007). These studies reveal nucleosome depletion in 

both the promoters and in the coding regions of certain highly active genes. The 

studies in fission yeast revealed that the depletion was dependent on two nucleosome 

remodellers of the CHD (Chromodomain Helicase DNA binding) subfamily, Hrp1 

and Hrp3, and the histone chaperone Nap1 (Walfridsson et al. 2007). Steady state 

investigations have also shown that actively transcribed genes in S. pombe are highly 

acetylated on histone H3, but not on histone H4 (Sinha et al. 2006). Other studies of 

chromatin changes during transcription have been done for single genes. One example 

is the highly induced GAL1 gene in S. cerevisiae, which is upregulated at least 1000-

fold in the combined absence of glucose and presence of galactose (Johnston and 

Davis 1984; Nehlin et al. 1991). During induction of this gene massive nucleosome 

eviction occurs both in the promoters and in the coding regions (Schwabish and Struhl 

2004). Furthermore, this nucleosome eviction was shown to be dependent on histone 

H3 acetylation by the histone acetyltransferase Gcn5 (Govind et al. 2007). Another 

example is oxidative stress in S. cerevisiae, where a prominent nucleosome loss is 

detected after 10-15 minutes both in the promoter and in the coding region of the 

STL1 gene (Mas et al. 2009). The nucleosome depletion in the coding region is, 

however, transient, and already after 30 minutes the nucleosome occupancy is back to 

the level before induction.  

 

Genes are not randomly scattered throughout the eukaryotic genome; frequently 

coregulated genes are found in clusters (Lee and Sonnhammer 2003; de Wit and van 

Steensel 2009). One example is the gene cluster in S. cerevisiae that contains GAL1, 
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GAL10 and GAL7 (Johnston and Davis 1984). Another example of coregulated gene 

clusters are the genes that are induced early during the sexual program in S. pombe 

(Mata et al. 2002). The sexual cycle in fission yeast is induced by nitrogen starvation 

and is driven by a complex transcriptional program (Mata et al. 2002; Mata et al. 

2007). Thus, there are several waves of transcription during conjugation and the 

following meiosis. Some of the genes that are induced within one hour of nitrogen 

starvation colocalise within five different clusters. Four of these clusters reside next to 

the subtelomeric regions of chromosome I and II, while the fifth cluster is located in 

the middle of the left arm of chromosome I (Mata et al. 2002). Moreover, it has been 

noted that upon deletion of the cen1 centromere, neocentromeres can only be formed 

in the two subtelomeric clusters of genes that are induced during nitrogen starvation, 

but nowhere else on chromosome I (Ishii et al. 2008). These results could indicate the 

presence of a specific chromatin structure in these regions, or alternatively that these 

are the only two regions on chromosome I that are sufficiently large to accommodate 

a centromere where there are no genes that are essential for vegetative growth. The 

cluster in the middle of chromosome I, Chr1, and the gene cluster near the left 

telomere of chromosome I, Tel1L, also change location during nitrogen starvation. 

The two clusters normally reside at the nuclear periphery, in the proximity of the 

nucleolus (Alfredsson-Timmins et al. 2009). This localisation is dependent on the 

histone deacetylase (HDAC) Clr3. However, within 20 minutes after the onset of 

nitrogen starvation, there is a pronounced transcription dependent change in the 

subnuclear localisation of these two gene clusters, which move away from the nuclear 

membrane and the nucleolus, and instead are found in the centre of the nucleus.  

 

The key regulator of entry into the sexual program in S. pombe is Ste11 (Sugimoto et 

al. 1991; Mata and Bahler 2006; Xue-Franzen et al. 2006). Induction of Ste11 and 

entry into the sexual life cycle is induced by nitrogen starvation, and is dependent on 

the Mitogen Activated Protein Kinase (MAPK) Sty1 and on the transcription factors 

Atf1 and Rst2 (Takeda et al. 1995; Shiozaki and Russell 1996; Higuchi et al. 2002). 

Within one hour after the onset of nitrogen starvation, around 250 genes are up- or 

downregulated, but it is not clear whether all these early induced genes are dependent 

on Sty1 and Atf1 or Rst2 (Mata et al. 2002). Sty1 and Atf1 are also involved in gene 

regulation during many different types of stresses such as oxidative, cadmium, heat, 

osmotic and DNA damage stress (Shiozaki and Russell 1996; Chen et al. 2003). A set 
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of 140 genes that are upregulated at least twofold in at least four of these types of 

stresses have been defined as the Core Environmental Stress Response (CESR) 

induced genes. Only 11 genes could be identified as CESR repressed using the same 

criteria (Chen et al. 2003). 

 

In order to gain a deeper understanding of chromatin alterations early during a 

transcriptional perturbation we have made a genome-wide study of the chromatin 

changes that occur in S. pombe within 20 minutes after the onset of nitrogen 

depletion, measuring both nucleosome occupancy and histone acetylation levels. We 

also made a genome-wide study of transcription before and after nitrogen removal, 

using the same time points. We found that genes that are involved in pyrimidine 

salvage and nucleotide catabolism are upregulated early during nitrogen depletion, 

whereas genes that are involved in ribosome biogenesis are downregulated. 

Surprisingly, unlike previous studies of genome-wide chromatin changes during a 

transcriptional change (Lee et al. 2004; Shivaswamy et al. 2008), we saw nucleosome 

loss of equal magnitude in the promoters and coding regions of the upregulated genes. 

The nucleosome eviction was accompanied by an increase in H3AcK9, but not in 

H4AcK5 levels. The nucleosome reduction in the coding region also occurred for 

genes induced by cadmium treatment. Two genes in the Chr1 cluster, urg1+ and 

urg2+, showed a particularly pronounced nucleosome loss in the coding regions 20 

minutes after nitrogen depletion, with only 20% of the nucleosomes remaining.  

 

Results 

Genes involved in nucleotide catabolism are upregulated early after the onset of 

nitrogen starvation 

Expression profiling was used to find out which genes were upregulated early, i.e. 

within 20 minutes after the onset of nitrogen starvation. In total, 118 genes were 

significantly upregulated (more than 2 fold, p < 0.05) and we found that they were 

enriched for genes involved in pyrimidine salvage and nucleotide catabolic processes 

(Table 1 and Table S3). The 111 genes that were significantly downregulated were 

enriched for genes involved in ribosome biogenesis. We compared our gene set with 

the one obtained by Mata and colleagues and found a significant overlap with the 

genes that were upregulated within 60 minutes after nitrogen depletion in that study (p 

 Cold Spring Harbor Laboratory Press on March 2, 2026 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Kristell et al                                                                                                                  5  

< 1.0e-20, Fisher's exact test) [(Fig. 1A) and (Mata et al. 2002)]. In addition there was 

also a significant overlap between the genes that were upregulated in our study and 

genes that were defined as transient by Mata et.al. 2002, meaning that the genes are 

upregulated when nitrogen is depleted, but then return to their lower basal level of 

transcription (p < 1.0e-20 Fisher's exact test) (Fig. 1A). When the changes in 

expression of all genes were plotted genome-wide it was evident that the three gene 

clusters on chromosome I that are upregulated after 60 minutes of nitrogen starvation 

(Mata et al. 2002) were upregulated already after 20 minutes (Fig. 1B and S1). The 

clusters were named Chr1, Tel1L and Tel1R, and the genes upregulated in these 

clusters are listed in Table S4. 

 

Chromatin changes after nitrogen depletion 

Genome-wide changes in the chromatin during nitrogen depletion were monitored by 

chromatin immunoprecipitation (ChIP) chip analysis using Affymetrix tiling 

microarrays with 20 bp resolution. The genome-wide changes in nucleosome 

occupancy were determined by performing triplicate ChIP-chip measurements with an 

antibody against the unmodified C-terminus of histone H3 (H3Cter). Changes in 

histone modifications were examined by performing triplicate ChIP-chip analyses 

with an antibody against histone H3 acetylated at lysine 9 (H3AcK9) or against 

histone H4 acetylated at lysine 5 (H4AcK5). To get a better overview of the changes 

during nitrogen removal, we aligned all genes (Fig. 2A), genes that were significantly 

upregulated (Figure 2B), and genes that were significantly downregulated (Fig. 2C), 

and plotted the average chromatin profiles (footprints) for each group of genes. There 

were no major effects on nucleosome occupancy or histone acetylation when all genes 

were considered as a group (Fig. 2A). When the chromatin footprint of the 118 genes 

that were upregulated during nitrogen depletion was plotted, it was evident that 

nucleosomes were lost to the same extent in both the promoters and in the coding 

regions (Fig. 2B). The nucleosome occupancy was lowest 500 bp before the start 

codon in the presence of nitrogen and thus the promoter region also had the lowest 

nucleosome density after induction. However, the nucleosome loss was highly 

significant not only in the promoters (-500-0 bp, p = 4.2e-17, Wilcoxon rank-sum 

test) but also in the coding regions (0-1000 bp, p = 6.2e-14, Wilcoxon rank-sum test). 

There was also a significant increase in H3AcK9 in both the promoter regions (p 
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<1.0e-20, Wilcoxon rank-sum test), with a peak around 300-400 bp upstream of the 

start codon, and in the coding regions (p = 1.4e-10, Wilcoxon rank-sum test). In 

addition, there was a small change in the H4AcK5 level in the promoters (p = 1.2e-7, 

Wilcoxon rank-sum test), which was not seen in the coding regions. The 111 genes 

that were downregulated had a decrease in the histone acetylation modifications that 

we monitored [H3AcK9 (p = 5.8e-18, Wilcoxon rank-sum test) and H4AcK5 (p = 

4.9e-7, Wilcoxon rank-sum test)] in the promoters, but in contrast, there were no 

significant changes in H3AcK9 or H4AcK5 in the coding regions (Fig. 2C). When the 

changes in nucleosome density were plotted over the whole genome it was clear that 

the regions where the gene clusters that are regulated by nitrogen are localised had a 

substantial nucleosome loss 20 minutes after the onset of nitrogen starvation (Fig. 3). 

A detailed examination of the upregulated genes in the Tel1R cluster revealed that the 

nucleosome profiles within each gene were similar in the presence and in the absence 

of nitrogen, though shifted towards less nucleosome occupancy after nitrogen 

depletion (Fig. 4A). Thus, the nucleosome eviction was detected in a broad region 

rather then restricted to the promoter regions. The changes in acetylation levels at 

H3AcK9 and H4AcK5 were also plotted for the entire genome (Figs. S2 and S3). 

These plots showed extensive changes in H3AcK9, especially within the gene clusters 

that were upregulated after nitrogen removal, whereas the changes in H4AcK5 were 

less pronounced, which was consistent with the results in Fig. 2. In conclusion, there 

was an overall loss of nucleosomes both in the promoters and in the coding regions of 

genes that were upregulated during nitrogen depletion. The nucleosomes that were 

left had an increase in H3AcK9 and to a lesser extent in H4AcK5 modification. 

 

Pronounced nucleosome loss in the Chr1 cluster after nitrogen depletion 

The Chr1 cluster contains a group of genes that are regulated by uracil, cadmium and 

nitrogen, namely urg1+, urg2+ and urg3+ (Mata et al. 2002; Chen et al. 2003; Watt et 

al. 2008). When monitored using gene expression microarrays the urg1+ gene was 

induced 26 fold after 20 minutes of nitrogen removal and 522 fold after 60 minutes 

[This study and (Mata et al. 2002)]. The urg2+ gene was upregulated 90 fold after 20 

minutes and 396 times after 60 minutes. These two highly induced genes show a very 

pronounced nucleosome loss (80% or more) after 20 minutes of nitrogen depletion 

(Fig. 4B). Furthermore, the nucleosome loss in these two genes was even greater in 

their coding regions than in their promoters. In contrast, the urg3+gene, which was 
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less strongly upregulated (9.5 times after 20 minutes and 76 times at 60 minutes), 

only lost about 40 % of its nucleosomes (Fig. 4B).  

 

Since the RSC complex was shown to be important for both transcriptional activation 

and nucleosome remodelling in response to stress in S. cerevisiae (Mas et al. 2009) 

we tested whether induction of urg1+, urg2+ and SPAC1039.02 (a gene in the Tel1R 

cluster) was dependent of snf21+ by using a temperature-sensitive snf21-36 mutation 

(Yamada et al. 2008). A gene that is not regulated by nitrogen starvation, dis2+, was 

included as a control. We found that all three genes were still induced by nitrogen 

withdrawal at 35oC, indicating that Snf21 (and thus presumably the RSC complex) 

was dispensable for this induction. The nucleosome remodellers Hrp1 and Hrp3 have 

previously been implicated in nucleosome eviction from both the promoters and the 

coding regions of highly expressed genes (Walfridsson et al. 2007). We therefore 

investigated whether Hrp1 and Hrp3 are required for nucleosome removal after 

nitrogen depletion. To this end we made a ChIP experiment using the H3Cter 

antibody, comparing nucleosome densities before and after nitrogen withdrawal in the 

wild type and in a strain lacking Hrp1 and Hrp3. We examined the promoters and 

coding regions of several upregulated genes from the gene clusters Chr1, Tel1L and 

Tel1R. There was no difference between the nucleosome loss in the wild type strain 

and in the hrp1∆ hrp3∆ strain, and hence we conclude that the CHD nucleosome 

remodellers were not involved in nucleosome eviction during nitrogen removal (data 

not shown). We proceeded to examine the effects of several other nucleosome 

remodellers on induction of the urg1+ gene. We found that deletions of the mit1+, 

fft3+ and snf22+genes had no effects. Moreover, the urg1+ gene was still induced in a 

strain lacking the mst2+ gene and at the restrictive temperature in a strain with a ts 

mutation in the mst1+ gene (Gomez et al. 2008), indicating that the two HATs of the 

MYST subfamily that are encoded by these genes are not responsible (at least not 

alone) for the increase in histone acetylation during gene activation by nitrogen 

depletion (data not shown). In summary, there was a pronounced nucleosome loss 

throughout the strongly induced urg1+ gene in response to nitrogen depletion, but the 

lack of effects of all mutations tested so far suggests that this loss was likely 

dependent on several redundant nucleosome remodellers and/or other mechanisms 

that remain to be identified. 
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Nucleosome loss was persistent and also detected after Cd2+ induction  

To further elucidate whether the nucleosome loss during gene induction was limited 

to nitrogen starvation or a common feature during dynamic changes in gene 

expression in S. pombe we treated the cells with cadmium. Cadmium treatment in rich 

media has been shown to upregulate around 400 genes in S. pombe, including 

SPCC965.06 and pof1+ (Chen et al. 2003). We treated cells either with cadmium or 

nitrogen starvation in minimal medium (EMM) and made a subsequent ChIP using 

antibodies against histone H3 to monitor nucleosome density. At the same time we 

also did RNA preparations to monitor gene expression before and after the two 

inductions. The two genes that we examined, SPCC965.06 and pof1+, were 

moderately upregulated by cadmium, and alsos by nitrogen depletion (5-10 times) 

(Fig. 5A). Significantly, the nucleosome loss in the coding region was evident when 

SPCC965.05 and pof1+ were induced both by nitrogen starvation and with cadmium 

treatment (Fig. 5B).  

 

Nucleosome loss from the coding regions could either be a transient effect that was 

associated with the induction process or a more stable effect that would continue as 

long as the gene was transcribed. To distinguish between these two possibilities, we 

monitored both gene expression and nucleosome occupancy in the coding regions at 

different time points after treatment. We removed the nitrogen source or treated the 

cells with Cd2+ for 20, 40 and 60 minutes and investigated the nucleosome occupancy 

as well as monitored the gene expression for the urg1+, urg3+, SPCC965.06 and pof1+ 

genes (Fig. 5). It was evident that the nucleosome levels did not return to the levels 

before the gene induction, following either treatment, and hence was not a transient 

event during activation, but remained during transcription of the genes. We conclude 

that the nucleosome loss that we detected in the coding region of induced genes was 

not limited to nitrogen depletion and remained 60 minutes after induction, and thus 

appears to be a general feature of transcription in S. pombe.  

 

Overlap between nitrogen regulated and core stress response (CESR) genes  

In order to identify similarities in gene expression patterns, which might indicate that 

similar signalling pathways and/or mechanisms for gene regulation could be involved, 

we used hierarchical clustering to compare our expression microarray data with 

published microarray data obtained under different conditions. As expected, we found 
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that our data clustered together with data obtained after 60 minutes of nitrogen 

starvation (Mata et al. 2002). We further note that the data from all other types of 

stresses examined, DNA damage (MMS), osmotic stress (sorbitol), oxidative stress 

(H2O2), heat stress and heavy metal (cadmium) stress after 15 and 60 minutes, 

respectively (Mata et al. 2002; Chen et al. 2003) clustered together, indicating that 

these responses are more similar to each other than to the response to nitrogen 

depletion (Fig. 6). Still, when the data was clustered in the second dimension, i. e. on 

genes, it was clear that there were also certain similarities between nitrogen depletion 

and the other stresses. Thus, the Core Stress Response (CESR) induced genes (Chen 

et al. 2003) as a group were significantly upregulated also after 20 minutes of nitrogen 

withdrawal (p = 8.0e-6, Wilcoxson rank-sum test compared to all other genes, see 

Table 2 and Fig. 6). However, the upregulation was modest for most genes, as only 

three CESR genes (SPCC338.12, SPAC97.13c and SPBC23G7.06c) were upregulated 

more than two-fold in our data. Finally, we note that the genes defined as being CESR 

repressed (Chen et al. 2003) were also significantly downregulated in our data set (p < 

1.0e-20, Wilcoxson rank-sum test) (Table 2 and Fig. 6).  

 

Overlap between nitrogen regulated genes and genes regulated by Sty1 and/or 

Atf1 

Stress response genes, like the genes that are induced after oxidative or osmotic stress, 

are regulated by the MAP kinase Sty1 and/or the transcription factor Atf1 (Shiozaki 

and Russell 1996; Chen et al. 2003). Moreover, Sty1 and Atf1 are also needed for 

conjugation and meiosis, processes that are induced by nitrogen starvation (Takeda et 

al. 1995; Shiozaki and Russell 1996). Consistent with this, we found that the 

Sty1/Atf1-dependent genes (Chen et al. 2003) as a group was upregulated after 20 

minutes of nitrogen removal (p < 1.0e-20 Wilcoxson rank-sum test, see Table 2). The 

strong correlation between the nitrogen regulated genes and genes that are regulated 

by Atf1 and/or Sty1 during other types of stresses prompted us to test for Atf1/Sty1 

dependency in the response to nitrogen depletion, using strains deleted for atf1+ or 

sty1+. Two of the genes in the Chr1 cluster, urg1+ and urg2+, are known to be 

dependent on Atf1 for their upregulation during cadmium stress (Chen et al. 2003). 

However, in a RT-PCR experiment, these two genes were upregulated after 20 

minutes of nitrogen removal also in the strains lacking Atf1 or Sty1. Moreover, two 

oxidative stress induced genes that are dependent on Sty1, SPAC1399.01c and 
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SPAC11D3.17 (Chen et al. 2003), were still upregulated during nitrogen depletion in 

a strain lacking Sty1 (data not shown).  

 

We proceeded to investigate whether Sty1 or Atf1 are physically associated with 

genes that are upregulated during nitrogen depletion by using ChIP analysis with myc 

epitope-tagged Atf1 and Sty1 proteins. There was a slight enrichment of both Sty1 

and Atf1 in the promoters of urg1+ and urg2+, however, this enrichment was not 

affected by nitrogen depletion (data not shown). A search for known binding sites 

and/or response elements of Atf1, Rst2 and Sty1 (Takeda et al. 1995; Higuchi et al. 

2002; Smith et al. 2007) revealed no enrichment of such elements in either the 

promoters or the coding regions of the nitrogen regulated genes. Furthermore, de novo 

searches for new sequence motifs (see Methods) did not reveal any significantly 

enriched motifs in these genes.  

 

In conclusion, whereas we see a statistically significant correlation between the genes 

that were upregulated early during nitrogen starvation and genes that are upregulated 

during other stress conditions, and which are dependent on Sty1 and/or Atf1, direct 

evidence for a general role for Sty1 and/or Atf1 in the response to nitrogen depletion 

remains elusive.  

  

Correlations between genome-wide chromatin changes and the transcriptional 

responses to nitrogen depletion 

Regions on the chromosomes that exhibited significant chromatin changes during 

early during nitrogen starvation were identified (Table 3). There were 68 regions with 

significant reduction of histone H3 during nitrogen depletion, and 110 genes were 

associated with these regions (Fig. 3). Significantly, these regions were enriched for 

genes involved in pyrimidine salvage and transmembrane transport (Table 3). This 

was consistent with our finding that the set of genes that were upregulated after 

nitrogen depletion also was enriched for genes involved in pyrimidine salvage (Table 

1). Thus, there was an overlap between the two groups (23 genes, p = 2.1e-16, 

Wilcoxson rank-sum test). Furthermore, we found that regions that gain nucleosomes 

early during nitrogen starvation were enriched for genes encoding ribosomal proteins, 

which was consistent with our finding that genes involved in ribosome biogenesis 

were downregulated during nitrogen depletion (Table 1 and 2). Interestingly, we 
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further found that regions with a significant increase in H3AcK9 levels also were 

enriched for genes involved in pyrimidine salvage (Fig. S2 and Table 3). Finally, we 

found that regions that loose histone acetylation were enriched for genes involved in 

translation (for H3AcK9) and genes encoding ribosomal proteins (for H4Ac5) (Figs. 

S2 and S3 and Table 3).  

 

We also explicitly checked the correlation between changes in nucleosome 

occupancy, acetylation levels and gene expression (Fig. S4). When all genes were 

considered as a group, there was a negative correlation coefficient of -0.22 (p < 1.0e-

20) between changes in gene expression and changes in nucleosome occupancy, and a 

positive correlation coefficient of 0.23 (p < e-20) between changes in gene expression 

and changes in H3AcK9 and to a smaller extent with changes in H4AcK4 (0.039, p = 

3.3e-3). Examination of only the upregulated genes made these patterns clearer; then 

the correlation between nucleosome occupancy and gene expression was -0.54 (p = 

3.6e-8) while the correlation between H3AcK9 levels and gene expression was 0.60 

(p = 2.0e-9). When we considered only the genes annotated as being involved in 

“pyrimidine metabolism” there was a correlation coefficient of -0.81 (p = 2.2e-3) 

between nucleosome occupancy and gene expression and a correlation of 0.69 (p = 

5.9e-3) between gene expression and changes in H3AcK9 levels. In conclusion, there 

was a clear correlation between the changes in the chromatin structure and changes 

expression for upregulated genes. On the other hand, for the downregulated genes we 

found no significant correlation between changes in gene expression and changes in 

nucleosome occupancy (correlation coefficient -0.043, p = 0.33). Changes in 

acetylation levels and expression levels were barely significant for H3AcK9 

(correlation -0.16, p = 0.044) and H4AcK5 (-0.18, p = 0.029). Finally, when we 

examined a large group of genes that were downregulated during nitrogen depletion, 

namely the ribosomal genes, there was no correlation between changes in gene 

expression and changes in neither nucleosome occupancy or histone acetylation levels 

(Fig. S4).  

 

Changes in nucleosome occupancy and histone acetylation correlate both with 

known gene functions and with changes in gene expression  

The aligned chromatin profiles for individual genes were clustered on the basis of 

differences in nucleosome profiles before and after nitrogen removal, in order to 
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reveal if any groups of genes undergo similar changes in nucleosome occupancy. We 

used hierarchical clustering on nucleosome occupancy profiles, from 500 bp upstream 

of the start codon to 500 bp into the open reading frame. Based on the resulting 

dendrogram, all genes were divided into seven groups, which we named H3:1 to H3:7 

(Fig. S5A). Groups H3:1, H3:2 and H3:3 were characterised by nucleosome loss both 

in the promoters and in the coding regions. These three groups contained many of the 

genes that were upregulated 20 minutes after nitrogen starvation. Groups H3:1 and 

H3:2, which had a smaller reduction in nucleosome occupancy, contained many genes 

found in the telomeric clusters on chromosome I. Group H3:3, a small group of genes 

with a larger reduction in nucleosome occupancy, included genes found in the 

telomeric clusters as well as in the Chr1 cluster. This group was also enriched for 

genes involved in nucleotide metabolism (Fig. S5B and C). In addition, group H3:1 

contained genes involved in amino acid transmembrane transport (Fig. S5C). A 

second clustering was done including only the genes that were differentially 

expressed during nitrogen withdrawal (Fig. S6).  

 

A similar hierarchical clustering was also made for changes in H3AcK9 profiles in 

response to nitrogen depletion, from which six groups of genes could be identified. 

One of these groups, H3AcK9:6, had an increase in H3AcK9 both in the promoters 

and in the coding regions, and many of the genes in the Chr1 cluster and in the 

subtelomeric clusters on chromosome 1 were found within this group of genes (Fig. 

S7). Group H3AcK9:6 was also enriched for genes involved in pyrimidine base 

metabolism (Fig. S7C). Group H3AcK9:4 contained genes where the H3AcK9 level 

increased in the promoters but not in the coding regions, and this group also contained 

genes involved in the cellular response to stress (Fig. S7C). Clustering of the H5AcK5 

profiles resulted in 8 groups. Group H4AcK5:8 showed an increase in acetylation 

levels both in the promoters and in the coding regions, and included several genes 

from the telomeric clusters and the Chr1 cluster (Fig. S8). Group H4AcK5:8 was 

enriched for genes involved in nitrogen compound metabolic processes (Fig. S8B and 

C). Finally, there was a significant overlap between the groups of genes that showed 

nucleosome loss and those that showed significant changes in histone modification 

levels thus H3:1 and H3AcK9:5 were strongly correlated (p < 1.0e-20, Fisher’s exact 

test) as well as H3:3 and H3AcK9:6 (p < 1.0e-20, Fisher’s exact test) and also H3:3 

and H4AcK5:8 (p < 1.0e-20, Fisher’s exact test).  
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A de novo search for DNA sequence motifs in the different groups of genes that were 

identified by clustering on the chromatin profiles revealed several motifs that were 

significantly enriched (Fig. S9). One motif, GTGACTG, has been described 

previously as being associated with genes encoding ribosomal proteins and was 

enriched in cluster H3AcK9:2 (Figure S7), which indeed contain many genes 

encoding ribosomal proteins (Gasch et al. 2004). The other motifs shown in Figure S9 

have not been described previously. Many of the motifs are AT-rich, and may reflect 

the fact that AT-rich sequences facilitate nucleosome depletion (Segal and Widom 

2009). We conclude that hierarchical clustering of genes based on the changes in their 

chromatin profiles after nitrogen depletion resulted in several groups of genes that are 

significantly enriched for certain GO terms and furthermore, that several novel DNA 

motifs whose function(s) remain to be elucidated are associated with these groups of 

genes. 

 

Discussion 

Nucleosome eviction from genes that were induced during nitrogen depletion 

The ChIP-chip analysis using antibodies against histone H3 and two differentially 

acetylated histones provide us with snapshots of the state of the chromatin during a 

major transcriptional change that affects a large number of genes. For the genes that 

were upregulated during nitrogen depletion we could detect a decrease in nucleosome 

occupancy both in the promoter, coding and terminating regions (Fig. 2B). 

Surprisingly, the nucleosomes were lost to the same extent in promoter and coding 

regions. When the nucleosome profiles before and after nitrogen depletion in the 

affected genes were compared, for example for the genes in the Tel1R cluster, it was 

evident that the nucleosome distribution over the promoter and coding regions of a 

given gene were quite similar, but shifted downwards (towards fewer nucleosomes) 

after nitrogen depletion (Fig. 4A). This indicates that nucleosome remodellers were 

active throughout the genes, and not only in the promoters. This finding differ from 

the conclusions drawn by Shivasawamy and colleagues (Shivaswamy et al. 2008) 

who suggested that chromatin remodelling in response to a transcriptional stimulus is 

associated with the eviction or reposition of one to two nucleosomes in the promoter 

region rather than broader region-wide changes. In fact, the highly upregulated genes 
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urg1+ and urg2+ showed an even higher nucleosome loss in their coding regions than 

in their promoters (Fig. 4B).  

 

However, studies of single genes have revealed substantial nucleosome loss in the 

coding regions of some highly induced genes such as the GAL genes in S. cerevisiae. 

Thus, when the GAL genes are fully induced only around 10 % of the nucleosomes 

remain bound to the promoter regions and 30% to the coding regions (Schwabish and 

Struhl 2004). In addition, nucleosome eviction from the GAL1 gene was shown to be 

preceded by acetylation of histone H3, mediated by the histone acetyltransferase 

Gcn5 (Govind et al. 2007). Moreover, when a time-course study was made of certain 

genes that are induced during osmotic stress in S. cerevisiae, a prominent, but 

transient nucleosome loss within the coding regions was detected early, within 10-15 

minutes, after induction (Mas et al. 2009). However, after 30 minutes, the nucleosome 

profiles in the coding regions were more or less back to the levels seen prior to the 

onset of osmotic stress. In the promoters of these genes, nucleosome occupancy also 

decreased initially, but unlike the coding region they remained at a lower level as 

compared to the uninduced state. In contrast, our results suggest that nucleosome loss 

in S. pombe is not a transient event during induction of genes, but a change of state 

that remains also 60 minutes after induction by either nitrogen depletion or addition of 

cadmium and presumable persists as long as the gene is being transcribed (Fig. 5). 

 

It should be emphasized that the prominent nucleosome loss that we detected in the 

coding regions of genes that were induced by nitrogen depletion was a general 

phenomenon, and not limited to a few highly expressed genes. Furthermore, our 

results with cadmium induction show that the effect is not limited to induction by 

nitrogen depletion (Fig. 5). Unlike the situation in S. cerevisiae nucleosome loss in S. 

pombe therefore seems to be a general feature of transcribed genes. Further studies on 

the dynamics of nucleosome occupancy as well as histone modifications in the coding 

regions of regulated genes are needed to understand the biological significance(s) of 

this nucleosome depletion. 

 

H3AcK9 modifications were associated with upregulated genes 

We detected a strong increase in the levels of H3AcK9 and a minor increase in the 

levels of H4AcK5 during gene activation, and this increase was seen throughout the 
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genes (Fig. 2B). This is consistent with previous studies of steady state transcription 

in fission yeast, where a strong correlation was found between strongly expressed 

genes and high H3AcK9 acetylation levels (Wiren et al. 2005; Sinha et al. 2006). We 

could also identify a number of regions throughout the genome with significantly 

different levels of nucleosome occupancy as well as H3AcK9 or H4AcK5 

modification levels in the absence and in the presence of nitrogen. These regions 

correlated well with genes that were significantly up- or downregulated during 

nitrogen depletion, as revealed by our microarray experiment. Thus, regions with 

changes usually found in active chromatin, i.e. nucleosome depletion and an increase 

in H3AcK9 acetylation, contained genes that were upregulated during nitrogen 

removal, such as the genes involved in pyrimidine salvage (Table 3). 

 

Genome-wide expression profile after nitrogen depletion 

Genes that we found to be upregulated early, after 20 minutes, of nitrogen starvation 

correlated well with the genes previously described as being upregulated after 60 

minutes of nitrogen starvation (Fig. 1A and (Mata et al. 2002)). The 118 upregulated 

genes were enriched for genes involved in pyrimidine salvage and nucleotide 

catabolism (Table 1). This is not surprising since nucleotides are rich in nitrogen, and 

their salvage therefore presumably important during nitrogen starvation. The 111 

genes that were significantly downregulated were enriched for genes involved in 

ribosome biogenesis. The latter group of genes is downregulated at an early stage 

during most stress conditions investigated so far. It is likely that it simply reflects the 

fact that the cells transiently cease to grow as they are adjusting to a new environment 

(Chen et al. 2003; Asp et al. 2008; Chen et al. 2008). 

 

The gene clusters observed by (Mata et al. 2002), which comprise genes that are 

upregulated during nitrogen starvation, and which are located in the subtelomeric 

areas and in the middle of the left arm of chromosome I, were also evident after 20 

minutes of nitrogen starvation (Fig. 1B). Moreover, there was a non-random 

distribution of nitrogen regulated genes throughout the genome, with certain areas, 

like the left arm of chromosome III, being completely devoid of upregulated genes. 

When the genome-wide transcription profile after 20 minutes of nitrogen removal was 

clustered together with the profile from 60 minutes of nitrogen starvation as well as 

with the profiles induced by other types of stresses [Fig. 5 and (Mata et al. 2002; 
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Chen et al. 2003)], it was evident that the profile seen during nitrogen removal was 

different from those seen during other types of stresses. Thus, the transcription 

profiles seen during nitrogen depletion formed a distinct outgroup, with all the other 

stress response profiles being more similar to each other than to the nitrogen depletion 

profiles. 

 

Interestingly, in spite of this, there was a statistically significant overlap between the 

genes that were upregulated during nitrogen removal and genes defined as core 

environmental stress response (CESR) induced genes by virtue of being upregulated 

at least two fold in four out of five types of stresses [(Chen et al. 2003) and Table 2]. 

Conversely, the CESR repressed genes, as a group, were significantly downregulated 

also during early nitrogen starvation. Moreover two genes in the Chr1 cluster, urg1+ 

and urg2+, which also are induced during by cadmium stress, and which are 

dependent on Atf1 in that case (Chen et al. 2003), were not Atf1 dependent in the 

nitrogen depletion context (data not shown). This suggests a differential type of 

regulation, which was independent of Atf1, for at least some of the genes that are 

upregulated early during nitrogen starvation. The correlation between nitrogen 

regulated genes and genes that are Atf1- and/or Sty1-dependent in their responses to 

other types of stresses further suggests that a common set of stress-induced genes 

exists that, however, are regulated by several distinct pathways in response to 

different types of stresses.  

 

Clustering of genes according to nitrogen-dependent changes in their chromatin 

profiles 

The changes in chromatin profiles that we observed during nitrogen depletion could 

be clustered into several groups of genes that were enriched in specific gene ontology 

terms, for example cytosolic large ribosomal subunit, transmembrane transport and 

pyrimidine salvage (Figs. S5c, S6c, S7c and S8c). Moreover, searches for DNA 

sequence motifs within these clusters resulted in the identification of several 

significantly enriched motifs. For example, a previously described motif GTGACTG 

known to be associated with ribosomal protein genes was enriched in cluster 

H3AcK9:2, a cluster of genes which show loss in H3AcK9 over both the promoters 

and the coding regions (Figs. S7 and S9) and (Gasch et al. 2004). The other enriched 

motifs that we found have not previously been described. Many of these motifs are 
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AT rich, and may reflect regions that are particularly susceptible to nucleosome 

depletion (Segal and Widom 2009). The possible importance of these motifs in 

nitrogen-dependent gene regulation remains to be elucidated.  

 

Nitrogen depletion in S. pombe as a model for genome-wide studies of chromatin 

dynamics 

In this study, we have established nitrogen depletion in fission yeast as a model for 

genome-wide studies of the chromatin dynamics during transcriptional activation. In a 

previous study we detected substantial changes in the positions within the cell nucleus 

of gene clusters that are induced by nitrogen depletion (Alfredsson-Timmins et al. 

2009). The clusters examined thus moved from the nuclear periphery to a more 

internal localisation upon induction. We have now shown that the same gene clusters 

undergo pronounced nucleosome loss during induction by nitrogen withdrawal. 

Further studies of the response to nitrogen depletion may help us to better understand 

the connection between changes in chromatin status and changes in sub-nuclear 

localisation of nitrogen regulated genes.  

 

Methods 

 

Strains and media 

The yeast strains used in this study are listed in Table S1. Media were prepared as 

previously described (Thon et al. 1999; Mata et al. 2002). Nitrogen starvation was 

induced as follows: log phase cells grown in Edinburgh Minimal Media (EMM) were 

washed in either EMM without NH4Cl or EMM with 0.5 mM CdSO4, pre-warmed to 

30 ºC, and then incubated for 20, 40 or 60 min in the same media at 30 ºC. A control 

with EMM media was also included. 

 

Expression profiling  

RNA was extracted from 2 x 107 yeast cells in biological triplicates. The cDNA 

synthesis, labelling and hybridizations to Affymetrix GeneChip® Yeast Genome 2.0 

Arrays were performed according to standard Affymetrix protocols at the microarray 

core facility at the Department of Biosciences, Karolinska Institutet, Novum, 

Huddinge, Sweden. For quantification of the transcripts, cDNA was made using oligo 
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d(T) and the SuperScript®III First Strand Synthesis SuperMix (Invitrogen). cDNA 

was used for Real-Time PCR using qPCR MasterMix Plus for SYBR® Green I 

(Eurogentec) on an Applied Biosystems 7900HT Fast Real-Time PCR system. 

 

Chromatin Immunoprecipitation (ChIP) chip  

Chromatin Immunoprecipitation experiments using tiling microarrays (ChIP-chip 

experiments) were performed in biological triplicates (Robyr and Grunstein 2003). 

Nucleosome ChIPs were carried out using an antiserum against the histone H3 C-

terminus (Ab1791, Abcam). To 100 µl of crude lysate, either 2 µl of histone H3 

antiserum, 1 µl of histone H3AcK9 antiserum (Upstate) or 1 µl of histone H4AcK5 

antiserum (Upstate) was added. Amplification of DNA was done according to (Robyr 

and Grunstein 2003) with the following modifications: an extra round of amplification 

was carried out in the first stage of amplification, and in the second stage of 

amplification, 12.5 mM dTTP was replaced by 12.5 mM dUTP. Shearing of DNA at 

dUTP sites, labelling of DNA and hybridisation to a GeneChip® S. pombe Tiling 

1.0FR Array were performed according to standard Affymetrix protocols at the 

microarray core facility at the Department of Biosciences, Karolinska Institutet, 

Novum, Huddinge, Sweden. Real-time PCR quantification of the ChIP:ed DNA using 

real-time PCR was made using the qPCR MasterMix Plus for SYBR® Green I kit 

(Eurogentec) on an Applied Biosystems 7900HT Fast Real-Time PCR system. 

 

Data analysis 

Gene expression microarray data was processed using the Affy package (Gautier et al. 

2004) from Bioconductor (Gentleman et al. 2004). The GCRMA normalization 

pipeline (Wu and Irizarry 2004) was used. Genes were tested for differential 

expression with a moderated t-statistic, with FDR correction to compensate for 

multiple hypothesis testing (Benjamini and Hochberg 1995; Smyth 2004). A gene was 

considered to be differentially expressed if its expression differed at least two-fold 

between high and low nitrogen conditions, and if the FDR corrected p-value was 

below 0.05. The expression data from this study were clustered together with data 

from Mata et al. 2002 and Chen et al. 2003. Hierarchical clustering on both the genes 

and the conditions using  a Euclidean distance measure (Ward 1963).  
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Tiling array data for H3, H3AcK9 and H4AcK5 were first normalised against the 

amount of input DNA using the Affymetrix TAS software with the band width set to 

250 bp, producing signals on a log2 scale. In all the analyses the maps of H3AcK9 and 

H4AcK5 were corrected for nucleosome loss by subtracting the (log2) signal for 

H3Cterm. 

To identify regions where the H3, H3AcK9 and H4AcK5 signals significantly 

differed between high and low nitrogen conditions, a procedure adapted from (Rada-

Iglesias et al. 2008) was used. First, an empirical Bayes algorithm (Smyth 2004) was 

applied to the combined data, resulting in a B-value for each array probe. Contiguous 

regions with a significant difference were then defined as windows containing at least 

ten probes where the log2-ratio for each probe differed at least 3 SD from the mean 

log2-ratio and the B-value for each probe was at least 5 SD above the mean B-value. 

The maximum allowed gap between two probes passing the above criteria was set to 

100 bp and the distance between two different peaks was required to be at least 400 

bp. Each such contiguous region was functionally annotated with all genes found 

within 2000 bp of the region. 

 

Promoter regions of all protein coding genes in the genome were clustered on the 

differences in the H3, H3AcK9 and H4AcK5 signals before and after nitrogen 

starvation. Each gene was represented by the log2-ratios in a region starting 500 bp 

upstream of and ending 500 bp downstream of the start codon. Prior to clustering, the 

signals were smoothened by applying a sliding window of 25 bp. The genes were 

clustered by hierarchical clustering (Ward 1963) using a Euclidean distance measure.  

The AMIGO program (Carbon et al. 2009) was used to test for enrichment of Gene 

Ontology annotations. Annotations were considered as significantly enriched if they 

were associated with at least three genes and had a p-value of at most 1e-3. 

De novo motif finding was carried out using Bioprospector (Liu et al. 2001). 

Bioprospector was run with 100 restarts to search for motifs of lengths 10 and 15 bp, 

using a bootstrap procedure with 50 randomisations to estimate the significance. 

Enrichment of pre-defined motifs within a given set of sequences was assessed using 

Fisher’s exact test. Differential expression of groups of genes was tested for 

significance using Wilcoxons rank-sum test. Differences between groups of genes 

(e.g. between upregulated genes and other genes) in histone occupancy or histone 
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acetylation levels (i.e. in Figure 2) were tested for significance by comparing the 

corresponding log ratios using Wilcoxons rank-sum test.  
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Figure legends 

Figure 1 

Overview of gene expression changes after nitrogen starvation. A) Overlap 

between genes that were upregulated 20 minutes after the onset of nitrogen starvation 

(this study) and genes that were upregulated after 60 minutes or defined as transiently 

induced genes (Mata et al. 2002). P-values were calculated using Fisher's exact test. 

B) Genomic distribution of upregulated and downregulated genes. The x axis shows 

the position of the gene in base pairs from the left end of each chromosome and the y 

axis shows the change in gene expression log2 ratio after 20 minutes of nitrogen 

starvation. Significantly upregulated genes are shown as triangles pointing upwards 

and significantly donwregulated genes as triangles pointing downwards. The red lines 

show a loess curves fitted to the gene expression log2 ratios. 

 

Figure 2 

Averages over different groups of genes of H3, H3AcK9 and H4AcK5 profiles 

before after nitrogen starvation. A) All genes in the genome. B) Upregulated genes. 

C) Downregulated genes. The positions relative to the coding regions are shown on 

the x-axis. The genes in each group were aligned so that the starts and stops of the 

open reading frames would coincide. Since the open reading frames have different 

lengths, relative positions were used inside the coding regions. In addition, flanking 

regions of 1000 bp were included on each side. The y-axis shows the average signal 

(on a log2 scale) for each combination of antibody and condition (plus or minus 

nitrogen). 

 

Figure 3 

Differences in the histone H3 occupancy over the entire genome, before and after 

nitrogen starvation. The genomic position in base pairs from the left end of each 

chromosome is shown on the x-axis and the H3 occupancy log2 ratio on the y-axis. 

Regions with a significant histone H3 depletion 20 minutes after nitrogen starvation 

are shown in blue at the bottom. Upregulated genes are shown in red.  
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Figure 4 

Chromatin profiles over selected regions. The histone H3 binding to the DNA 

before and after nitrogen depletion is shown. A) The cluster in the Tel1R region. B) 

The region including the urg1+, urg2+ and urg3+ genes. Individual genes are shown 

in red below the profiles, and regions with significant H3 depletion or significant 

H3AcK9 enrichment in blue. 

 

Figure 5 

Gene expression and nucleosome occupancy at different time points after 

nitrogen depletion and treatment with Cd2+. Cells were grown in EMM and starved 

for nitrogen or treated with 0.5 mM CdSO4 and samples were taken out for RNA 

preparation or ChIP at time points indicated. A) Gene expression monitored by Real-

Time PCR and normalized to expression of dis2+ and to the signal obtained for EMM 

media. Data is represented as mean + SD. B) ChIP analysis of H3 association with the 

open reading frame of indicated genes measured by Real-Time PCR. Data were 

normalized to the input (non-immunoprecipitated) material and the signal obtained for 

EMM media. Data is represented as mean + SD. 

Figure 6 

Hierarchical clustering of stress response gene expression data. The cluster 

includes 4145 genes (rows) under 12 different stress conditions (columns). Colours 

indicate gene expression log ratios compared to relevant controls, upregulation in 

yellow and downregulation in blue. The 20 min nitrogen starvation data is from the 

present investigation and the other data from (Mata et al. 2002; Chen et al. 2003). 

CESR induced genes are labelled in blue and CESR repressed genes in orange. 
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Table 1. Gene ontologies significantly associated with genes that are up- or 

downregulated during nitrogen depletion. 

 
 

Upregulated  
Genes 

GO Term 
 

p-value 
 

Sample 
frequency 
 

Background 
frequency 
 

Examples of genes 
 

GO:0008655 
pyrimidine salvage 
 

3.50e-04  
 

3/117 
(2.6%)  
 

7/5268 
(0.1%)  
 

SPAC1399.04c SPBC1683.06c 
urg2+  
 

GO:0034656 
nucleobase, 
nucleoside and 
nucleotide 
catabolic process  
 

3.50e-04  
 

3/117 
(2.6%)  
 

7/5268 
(0.1%)  
 

cdd1+ SPAC19G12.04 
SPBC1683.06c 
 

Downregulated  
Genes 

GO:0042254 
ribosome 
biogenesis 

<1.0e-20 49/111 
(44.1%) 

219/5268 
(4.2%) 
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Table 2. Significant changes in expression during early nitrogen starvation of 
groups of genes regulated by different stresses and/or Sty1/Atf1. 
 

 

 

 

 

 

 

 
 
 
 
 
                                     
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Groups of genes 
 

p-value 

CESR induced genes 
 

8.0e-6 
 

CESR repressed genes 
 

<1.0e-20 
 

Sty1- or Atf1-dependent induction 
 

<1.0e-20 

Sty1- but not Atf1-dependent induction 
 

7.2e-9 
 

Atf1- but not Sty1-dependent induction 
 

1.2e-3 
 

Atf1- and Sty1-dependent induction 1.3e-9 
 

Sty- and Atf1-independent induction 
 

3.5e-1 
 

Genes induced by H2O2 stress 
 

2.7e-2 
 

Genes induced by cadmium stress 
 

4.4e-2 
 

Genes induced by heat stress 
 

6.8e-1 
 

Genes induced by osmotic stress 
 

3.0e-1 
 

 Cold Spring Harbor Laboratory Press on March 2, 2026 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Kristell et al                                                                                                                  27  

Table 3. Genomic regions with significant changes in chromatin structure during 
nitrogen depletion.  
 

 
  

Type of change 
 

Number 
of 
regions 
 

Number of 
genes 
 

Enriched GO terms, p values 
 

H3 loss 
 

68 
 

110 
 

GO:0008655  pyrimidine salvage p=6.00e-6 
GO:0022857  transmembrane transporter 
activity p=8.13e-06  
 

H3 gain 
 

35 
 

67 
 

GO:0022625  cytosolic large ribosomal 
subunit  p=8.82e-05 
 

H3AcK9 loss 61 
 

160 
 

GO:0006412  translation  p=1.66e-11 
 

H3AcK9 gain  90 
 

159 
 

GO:0008655  pyrimidine salvage  p=4.70e-
09 
GO:0019239  deaminase activity  p=5.25e-
06    
 

H4AcK5 loss 
 

29 
 

55 
 

GO:0022626  cytosolic ribosome   p=2.19e-
05 
 

H4AcK5 gain 27 
 

48 
 

- 
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Figure 5
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