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Abstract
Cell-to-cell gene expression noise is thought to be an important mechanism for generating phenotypic diversity.
Furthermore, telomeric regions are major sites for gene amplification, which is thought to drive genetic diversity. Here we
found that individual subtelomeric TLO genes exhibit increased variation in transcript and protein levels at both the cell-tocell level as well as at the population-level. The cell-to-cell variation, termed Telomere-Adjacent Gene Expression Noise
(TAGEN) was largely intrinsic noise and was dependent upon genome position: noise was reduced when a TLO gene was
expressed at an ectopic internal locus and noise was elevated when a non-telomeric gene was expressed at a telomereadjacent locus. This position-dependent TAGEN also was dependent on Sir2p, an NAD+-dependent histone deacetylase.
Finally, we found that telomere silencing and TAGEN are tightly linked and regulated in cis: selection for either silencing or
activation of a TLO-adjacent URA3 gene resulted in reduced noise at the neighboring TLO but not at other TLO genes. This
provides experimental support to computational predictions that the ability to shift between silent and active chromatin
states has a major effect on cell-to-cell noise. Furthermore, it demonstrates that these shifts affect the degree of expression
variation at each telomere individually.
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differently to environmental challenges. Noise can be extrinsic,
generally assumed to be due to differences in an environment or to
natural variations in cell components such as transcription or
translation factors that affect multiple alleles similarly [2,3,10]. By
contrast, intrinsic noise is allele-specific and is often due to changes
in the frequency with which transcription initiates from a given
promoter [11,12]. Intrinsic noise can provide a larger range of
responses to environmental conditions, because the relative
amounts of one gene product to another can shift more
dramatically [13]. The quantitative contributions of extrinsic
and intrinsic noise can be distinguished using different fluorescent
protein fusions driven from otherwise identical alleles; extrinsic
noise will result in correlated relative expression of both alleles,
while intrinsic noise will result in independent relative expression
of each allele [13]. The degree to which these types of noise
contribute to different aspects of organismal survival by producing
phenotypic diversity remains to be determined.
C. albicans is an organism that survives and flourishes in a wide
range of niches within its human host. It engages in a benign
commensal lifestyle, residing in the oral cavity and colonizing the
GI tract [14]. In some hosts, especially following antibiotic
treatment or immune suppression, it switches to a pathogenic state
and becomes blood-borne, colonizing internal organs including
the kidney, heart, or brain. C. albicans is generally found in the

Introduction
Responsiveness to minor changes in the environment requires
exquisitely sensitive phenotypic plasticity. This can be executed via
many different mechanisms, operating on different time scales,
with different types of condition-specific responses, but usually
includes changes in transcriptional and translational profiles.
Variation between independent populations of cells that are
presumed to be isogenic can be due to altered epigenetic
properties, such as chromatin status of specific genes or
chromosomal regions [1,2], to cell-to-cell variations in gene
expression [3,4]. Such population and cellular variations are likely
to operate continuously in natural environments. Microbes living
within a mammalian host encounter a variety of host niches. For
example, organisms that reside throughout the GI tract must be
able to survive conditions in the oral cavity (pH 6.5–6.9, 33–
35uC), the stomach (pH 2, 37uC), the small intestine (pH 7.4, 37–
40uC), and anaerobic niches in the colon. Accordingly, the ability
to acclimate rapidly to changing environments is thought to
provide a selective advantage and is supported by studies in yeast
and bacteria [5–9].
Gene expression noise, defined as cell-to-cell variation in levels
of transcription and/or translation, provides phenotypic diversity
within an isogenic population, enabling sister cells to respond
PLOS Genetics | www.plosgenetics.org
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dependent histone deacetylase (HDAC), is highly conserved in
prokaryotes as well as eukaryotes [37] and contributes to silencing at
the telomeres of organisms ranging from S. pombe to mice [38].
In S. cerevisiae, gene expression noise has been reported to be
position-dependent. In one study, noise of two unrelated genes was
shown to be influenced by their positions at internal loci on two
different chromosome arms [12]. Bioinformatic meta-analysis of
gene expression along all chromosome arms showed increased
gene noise correlated with increased:1) proximity to the telomere;
2) prevalence of genes with promoters containing TATA box
motifs; 3) intermediate levels of expression and 4) transitions
between silencing-specific histone modifications [39]. The latter is
not surprising, given that a number of histone modifiers affect gene
expression noise through effects on transcription burst size as well
as burst frequency [40]. This likely occurs through the regulation
of nucleosome occupancy, which is different between promoters
with TATA motifs and those without TATA motifs [41] and likely
involves interactions with transcription factors as well [42].
Many of the chromatin modifier genes that affect noise encode
HDACs. These include RPD3 and HDA1 [40]. In C. albicans,
HDACs have been characterized to some degree, with Sir2 being
reported to affect phenotypic switching under at least some
conditions [43] and Hst3, Hda1, and seven other chromatin
modifiers have been shown to alter white-opaque switching
[44,45]. Additionally, the Set3C complex, Set3 and Hos2, inhibit
the yeast-to-filamentous transition by modulating transcriptional
kinetics of key morphogenic regulators [46].
The association of noise with telomere proximity has only been
explored experimentally in one study using C. glabrata, a
pathogenic yeast most closely related to S. cerevisiae. EPA1, a
subtelomeric gene that encodes a virulence-related adhesin [47], is
subject to TPE and silencing contributed to high levels of EPA1
gene expression noise [48]. This study detected effects at one
telomeric locus but did not address the question of whether the
effect was due to the telomere-adjacent position of the gene.
Nonetheless, this work suggests that telomeric silencing by Sir2p
may be associated with the highly variable expression of telomereadjacent genes.
Here we investigated the expression of telomere-adjacent genes in
C. albicans, with a focus on the TLO gene family. We detected high
levels of variability between isogenic isolates at the population level,
and, on average, genes that are most telomere-proximal on each
chromosome have higher than average expression plasticity.
Furthermore, telomere-adjacent genes exhibited high levels of noise
(cell-to-cell variation in expression levels) that was largely due to
intrinsic noise. Importantly, this telomere-adjacent gene expression
noise (TAGEN) was dependent on genome position; TLO genes had
lower noise levels when moved to an internal locus and a nontelomeric gene had higher noise when moved to a sub-telomeric
locus. Similar to telomeric silencing, TAGEN was dependent upon
NAD-dependent HDAC activity and, to a large degree, upon Sir2p.
Finally, selection for either constitutive expression or constitutive
silencing of a TLO-adjacent URA3 gene specifically reduced the
expression plasticity of the neighboring TLO, in cis, but had no
effect on expression plasticity at other TLO genes in trans. Thus,
TAGEN generates expression variability as a consequence of
dynamic, local chromatin-mediated position-dependent silencing.

Author Summary
Genetic diversity is often high at telomeres, the chromosome ends where genes are readily amplified and
modified. Phenotypic diversity, e.g., growth properties
under a given condition, is affected by stochastic variations
in gene expression exhibited among cells in a homogenous environment. Our studies found that individual
subtelomeric genes show high variability of gene expression both between cells within a single population and
also between separate sub-populations. Cell-to-cell variation, termed Telomere-Adjacent Gene Expression Noise
(TAGEN), affected single telomeric genes. We found that
classical telomeric silencing and TAGEN are tightly linked,
with both being dependent upon proximity to telomeres
and the Sir2 chromatin modifying enzyme. In addition,
both are coordinately regulated locally—at the DNA level:
at a telomere with transcription that is continually silenced
or activated, the level of expression variability is reduced.
This work provides experimental support for computational work that predicted this relationship between
stochastic chromatin silencing and expression plasticity
at each telomere individually. Furthermore, it demonstrates that these shifts affect the degree of cell-to cell
noise of telomere-adjacent loci.

diploid state and it is known to tolerate high levels of genotypic
and protein variation including aneuploidy and codon ambiguity
[15–17]. Under stress conditions, e.g. during drug exposure,
certain aneuploidies can provide improved fitness, largely due to
increased expression of genes specifically found in extra copies on
the aneuploid chromosomes [18–21]. Furthermore, while aneuploidy in general often incurs a high fitness cost, some aneuploidies
have very little cost, even under non-selective conditions [22–24].
C. albicans also has a highly variable proteome because of the
ambiguous CUG codon, which encodes serine most of the time.
The CUG codons also encode leucine at low frequency in cells
under non-stress conditions and at higher frequencies if cells are
stressed [15].
C. albicans is the most virulent of the CUG clade organisms and
this is thought to be due, at least in part, to amplification of several
gene families thought to be important for virulence. These include
the SAP [25], LIP [26], and ALS [27] gene families that encode
proteases, lipases and cell wall adhesins, respectively. The most
amplified of all the gene families in C. albicans are the TLO genes,
present in 1 copy in most CUG family members, in 2 copies in C.
dubliniensis [28] and in 14 copies in C. albicans [29]. All but one
of the TLO genes is telomere-adjacent, usually found as the most
telomere-proximal, or the penultimate, gene on the chromosome
[30]. The TLO gene family encodes a set of related proteins with a
Med2 domain, all of which are thought to function as
exchangeable Med2 subunits for the Mediator transcription
regulation complex [31]. However, how TLO gene expression is
regulated and whether Tlo proteins contribute to the phenotypic
plasticity of C. albicans has not been explored.
In many organisms, genes at telomeres are subject to telomere
position effect (TPE), a transient transcriptional silencing due to
specific chromatin complexes that are thought to nucleate at the
telomeres and to spread inward along the chromosome arm [32,33].
Studies of TPE generally detect two expression states (‘‘ON’’ or
‘‘OFF’’) using phenotypic read outs interpreted as indicating a
biphasic open or closed chromatin state at a given telomere [34].
TPE is dependent upon the Silent Information Regulator proteins
Sir2p, Sir3p and Sir4p in S. cerevisiae [35,36]. Sir2p, an NAD+PLOS Genetics | www.plosgenetics.org

Results
Subtelomeric TLO transcript and protein levels are highly
variable between different populations
In the course of measuring TLO gene expression under a range of
growth conditions, we found that expression levels for many
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individual TLO genes was strikingly variable (up to several orders of
magnitude) between isogenic biological populations grown from
single colonies under identical conditions (Fig. 1A–C). Furthermore,
the level of TLO gene expression variation, measured as the
coefficient of variation (CV; standard deviation divided by the
mean; at least five replicates per gene-condition) [49], was far
greater than that seen for two control genes, SOD2 and HGT20,
that were expressed at similar average levels, irrespective of the
growth conditions (Table S4). Transcript abundance measurements
were reproducible for individual populations (average standard
deviation among technical replicates = 0.63 cycles vs. 4.43 cycles
between biological replicates), further supporting the idea that the
population-level expression of individual TLO genes varied
considerably.
Genes with high cell-to-cell variation in gene expression are
often differentially expressed across a large number of environments [41]. To ask if this is the case for the TLO genes, we
analyzed an RNA-Seq dataset for expression of all C. albicans
genes under eleven different environmental conditions [50].
Across growth conditions, the 13 telomeric TLO genes generally
had high CV values relative to the average for all C. albicans genes
analyzed by RNA-seq (Fig. S1A), and, as a group, their mean CV
value was significantly higher than for a set of 13 randomly chosen
genes (determined by examining 50,000 simulated gene sets, p,
0.025, Fig. S1B). Cells either mock-treated or exposed to a variety
of stresses were equally variable (Fig. S1C). Interestingly, the CV
value for TLOa34, the only non-telomeric member of the TLO
gene family, had a lower CV than the average telomere-adjacent
TLO gene (Fig. S1A, blue arrow).
We next asked if Tlo protein levels were also variable. To detect
individual Tlo protein levels, we constructed strains with a single
copy of GFP fused to a given TLO gene and detected the fusion
protein with an antibody to GFP. Tlo-GFP levels were highly
variable among biological replicates grown from single colonies
under identical conditions. For example, when different colonies
expressing Tlob2-GFP were prepared for protein extraction from
independent log-phase cultures on the same day, the levels of GFP
were much more different than a similar comparison of two
control proteins (Fig. 1D). Two other Tlo-GFP fusion proteins
(representing all three Tlo protein clades [51] showed similar
variability when examined under several growth conditions
(Fig. 1E, F). Of note, differences in the protein levels of Tlos
generally were less dramatic as those seen for transcripts.
Nonetheless, individual Tlo protein levels varied considerably
between different biological replicate populations.

liquid medium (Fig. 2A). The irregular shapes of expression
profiles for cells from individual colonies that were prepared for
flow cytometry (by propagation in liquid medium for two hours),
suggested that these cultures contained mixtures of different
subpopulations. Furthermore, these profile shapes were different
for the six colonies, suggesting different founder effects. Because
cells lifted from a colony are closely related both genetically and
epigenetically (more likely to be in the same silencing state), we
think variability in silencing states and, potentially, the local
environments within a colony produce these profile differences. In
contrast, passaging the same colony isolates in liquid medium for
two days resulted in expression profiles that were more regularly
shaped and more similar to one another (Figure 2).
Passaging in liquid for two days did not significantly alter
Tloa12-GFP mean expression (t5 = 1.38, p = 0.29) or mean robust
CV (t5 = 1.90, p = 0.12) among the five wild-type populations.
However, the variance among populations was significantly
reduced for both mean expression (F{5, 5} = 71.7, p = 0.0002)
and robust CV (F{5, 5} = 32.7, p = 0.002) (Fig. 2C). This suggests
that either the populations became more homogeneous because
distinct subpopulations were better mixed in liquid culture, and/or
because Tloa12-GFP expression was more uniform in a more
homogenous environment.
In S. cerevisiae, Sir chromatin modifiers affect telomeric silencing,
with the Sir2p NAD+-dependent histone deacetylase (HDAC) being
the most evolutionarily conserved. To ask if Sir2 regulates the
colony-to-colony variation observed, we performed flow cytometry
on different colonies expressing Tloa12-GFP in a sir2D/D strain.
Mean fluorescence of Tloa12-GFP in a sir2D/D background did not
change (t5 = 22.13, p = 0.087), while Robust CV significantly
decreased (t5 = 14.01, p,0.0001) after liquid passaging (Fig. 2B,
C). As in the wild-type background, both fluorescence intensity and
Robust CV show less population-to-population variability after
liquid passaging (mean fluorescence: F{5, 5} = 10.93, p = 0.020; CV:
F{5, 5} = 8.76, p = 0.035). Comparing the variance among populations of wild-type and sir2D/D cells, the wild-type populations were
always more variable than the sir2D/D populations, regardless of the
parameter or the timepoint (D0, mean fluorescence: F{5, 5} = 93.62,
p = 0.0001; D2, mean fluorescence: F{5, 5} = 14.27, p = 0.011; D0,
CV: F{5, 5} = 62.22, p = 0.0003; D2, CV: F{5, 5} = 16.65,
p = 0.0078). Thus, the absence of Sir2 protein reduced the founders
effect seen in WT populations isolated from different colonies,
suggesting that the function of wild-type Sir2 is to mediate the
variation in expression of Tloa12-GFP.
To further test the founder effect on Tlo expression, we
examined expression of Tloa12-GFP protein in cells originating
from opposite sides of the same colony. Interestingly, flow
cytometry profiles (after 2 hours of liquid growth) differed for
the different colony regions (Fig. 2D), suggesting that populations
of cells within a colony have different degrees of expression and
that each population can have different levels of cell-to-cell noise.
It also implies that the reduction in noise following overnight
growth in liquid is not a simple function of more uniform mixing
in the liquid media. Thus, it appears that colony regions have
different levels of expression and of cell-to-cell noise (Fig. 2A, C,
D). In contrast, flow cytometry profiles of Tloa12-GFP expression
from different parts of a single sir2D/D colony were similar
(Fig. 2E). Therefore, expression variability between and within
single colonies is Sir2p-dependent. Furthermore, although microenvironments may differ within a colony [52], expression levels do
not vary considerably within sir2D/D colonies, suggesting that the
variation seen in wild-type cells is either not due to microenvironmental differences or that Sir2 is required to sense those
microenvironmental differences. We propose that the variation at

TLO expression is less variable in more uniform
environments
Expression variability between isolates could be the result of
expression differences between whole populations or due to cell-tocell variation within a population. We hypothesized that this high
level of variability from population to population could be due to
TLO gene expression differences originating from variability
between colonies grown on solid agar plates. Based on the
assumption that colony growth on solid media subjects cells to
intense founder effects and/ot different local environments
[52,53], we asked if Tlo expression differences become less evident
after cells from single colonies were propagated in liquid medium,
assumed to be a more uniform environment that is also less
sensitive to founder effects because cells are continuously mixed.
To address this question, we compared Tloa12-GFP expression
profiles from 6 individual colonies, originating from a single parent
colony, that were grown on solid media plates and the same six
populations after two days of passaging in a constantly agitated
PLOS Genetics | www.plosgenetics.org
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Figure 1. TLO expression is highly plastic at the transcript and protein level. qRT-PCR measured transcript abundance for ten TLOs
representing all three clades in SC5314 and two control genes, SOD2 and HGT20, that are expressed at similar levels. TLO abundance was measured
for cells in logarithmic growth at (A) 30uC, (B) 39uC, and (C) under standard growth conditions supplemented with 10% serum. Transcript abundance
was generally more variable for TLOs compared to control genes for all condition tested (variability indicated by the length of each box, which
demarcates the first and third quartiles). (D) Protein abundance of Tlos and histone H4 was measured by Western blotting assay using Cdc28 as a
loading control when cells were grown at either (E) 30uC or (F) 39uC. Tlo abundance was more variable compared to H4 in either condition regardless
of clade. A Tloc clade member, Tloc5, was also similar variable but is expressed at much lower levels not on a similar scale to these proteins.
doi:10.1371/journal.pgen.1004436.g001

daughter pairs, with the 5% quantile at 0.96. Thus, the motherdaughter pairs were significantly similar to one another (p#
0.0001) than expected by chance (Figure 3C). Interestingly, two
daughter populations (Colonies 2 and 10, Figure 3C) did not
exhibit perfect overlap with their respective mother populations,
indicating that expression similarity, although heritable, can
diverge over a small number of generations.

Tlo genes is primarily a function of intrinsic noise rather than a
response to the microenvironment.
To address the degree of heritability of Tloa12-GFP expression
levels and expression noise, we analyzed the expression level of
mother-daughter cell pairs by pedigree analysis. We isolated 10
mother-daughter pairs, dissected buds from mothers, and allowed
them to grow separately on a plate for 18 hours (Fig. 3A). We
compared populations of 50 cells from individual mothers to 50
cells from their own daughters to ask if these related populations
were more similar to one another than expected by chance
(Fig. 3B). The mean difference in absolute ln(expression) was 0.58
for the mother-daughter pairs and was 1.24 for randomized
PLOS Genetics | www.plosgenetics.org

Tlo abundance varies from cell to cell
The studies above analyzed primarily variation in mean and
CV of populations of cells. Gene expression noise is studied at the
level of cell-to-cell differences, so we next measured cell-to-cell
4
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Figure 2. TLO noise and expression plasticity is greater in colonies than in liquid culture. Six Tloa12-GFP colonies in either a WT (A) or
sir2D/D background (B) were picked from plates (D0) and passaged in liquid culture each day for two days (D2). Cells from these time points were
fixed and analyzed by flow cytometry. (C) Flow cytometry profiles for Tloa12-GFP in the WT and sir2D/D background were analyzed for mean
expression and robust CV for both the D0 and D2 time points and variability in both measures. Black lines connect the same cell population from D0
to D2. Variability in both mean expression and robust CV were reduced at D2 compared to D0 for both WT and sir2D/D backgrounds. Yet, Tloa12-GFP
was always more variable in the WT than the sir2D/D background. Simultaneously, two regions of single Tloa12-GFP colonies were picked and
assayed for fluorescence by flow cytometry in either a WT (D) or sir2D/D background (E). Fluorescence profiles of the two regions differed in the WT
background but were much more similar when SIR2 was deleted.
doi:10.1371/journal.pgen.1004436.g002

PLOS Genetics | www.plosgenetics.org
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Figure 3. TLO expression state is heritable. (A) Ten Tloa12-GFP daughter cells were dissected away from their respective single mother cell. Both
mother and daughter cells were grown independently for 18 hours and assayed for Tloa12-GFP expression by fluorescence microscopy of the
resulting population. (B) Tloa12-GFP fluorescence of 50 cells for each population was collected by microscopy and the mean and standard deviation
were plotted. Mother-daughter pairs were plotted together and generally show similar levels of mean expression between each pair, although more
difference is evident in colonies 2 and 10 (C). The mean(ln) difference between cell expression data of mother-daughter pairs (red arrow) was tested
against simulated datasets constructed from randomized mother-daughter affiliations(grey bars), and the association between mother-daughter
pairs was highly significant.
doi:10.1371/journal.pgen.1004436.g003

variation using fluorescence microscopy of individual cells isolated
from multiple populations (originating from single colonies). We
analyzed the cell-cell variation (measured as CV) within each
population (founded from a single colony), and also compared the
CV between different populations. For microscopy studies we
analyzed 50 cells from each population of five Tloa and Tlob
clade fusion proteins, which localize to the nucleus and are
expressed at higher levels (and thus are more detectable by
fluorescence microscopy than Tloc-clade genes) [51].
Strikingly, the fluorescence signal for subtelomeric Tlo genes
varied dramatically from cell-to-cell, ranging from very bright cells
to cells with no obvious signal (Fig. 4A, B). The level of populationto-population variation was also higher for subtelomeric Tlo genes,
consistent with the detection of expression plasticity at the
population level (Fig. 1). Growth under stress conditions (5 mM
H2O2 or cell wall stress) also resulted in high levels of Tloa12 cellto-cell variation (Fig. S2; p,0.001; significance determined using a
bootstrap procedure that compared the measured ratio of
CVNup49-GFP/CVTloa12-GFP against the critical value obtained
from 10,000 simulated datasets that randomized the background
of measured cells). Consistent with the RNA-seq results, the nontelomeric Tloa34-GFP gene, exhibited minimal cell-to-cell and
population-to-population variation (Fig. 4A, B).
To measure gene expression levels for much larger numbers of
cells, we analyzed GFP expression levels using flow cytometry
(100,000 cells per population). Nup49, which encodes a nuclear
pore component expressed at similar average levels to the Tloa
and Tlob proteins, exhibited minimal variation between cells
PLOS Genetics | www.plosgenetics.org

within a population (evident by examining the peak width) and
between populations (Fig. 4C, S3). In contrast, both cell-cell and
population-population variability was much greater for Tlo-GFP
than for Nup49-GFP fluorescence levels (Fig. 4C).

Tlo cell-to-cell noise is intrinsic
Two general sources of cell-to-cell variation have been explored
extensively in many different species [1,3,12,13,40]. Extrinsic
noise is due to conditions that differ between cells, such as a
general level of ribosome or a local exposure to different growth
conditions (Fig. 2). In contrast, intrinsic noise operates independently on different alleles of the same gene or promoter. The
classic method to distinguish between extrinsic and intrinsic noise
is to tag two different alleles of the same gene/promoter with two
different fluorescent proteins and to observe the relative levels of
each on a cell-by-cell basis. Accordingly, we tagged both alleles of
TLOa12 or TLOb2, using GFP for one allele and mCherry for the
other, and determined the degree to which each of the alleles was
expressed in individual cells by fluorescence microscopy (Fig. 5A).
Extrinsic noise manifests as variable yet correlated expression of
the two alleles, while intrinsic noise results in independent, allelespecific expression levels.
The relationship between mCherry and GFP expression in
Nup49 (control), Tloa12, and Tlob2 were clearly different, based
on fluorescence intensities (Figs. 5B, S4). In each individual
population (12 populations for each tagged gene, see methods) a
simple correlation test between the two fluorophores indicated that
there were considerable differences for the three tagged genes (Fig.
6
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Figure 4. Subtelomeric TLOs exhibit cell-to-cell variance. (A) Tloa34, Tloa10, and Tloa12 tagged with GFP at the C-terminus were imaged to
determine nuclear signal intensity of single cells. (B) Mean nuclear abundance of single cells GFP tagged at five Tlos was quantified using images as
collected in (A). Mean GFP abundance of Tlos was similarly variable to the chromosome internal Tlo, Tloa34. However, variation of GFP abundance
among single cells in a single replicate was greater for subtelomeric Tlos than Tloa34. At least four replicates were performed for each strain. (C) Flow
cytometry profiles of Nup49, Tloa10, and Tloa12 tagged with GFP indicate the expression noise of cell within each population. An overlay of at least
four experiments is shown.
doi:10.1371/journal.pgen.1004436.g004

S4, Table S5). We considered the 12 populations for each gene as
independent because different colonies and different locations
within colonies were different enough from one another that they
were not good predictors of the degree of either intrinsic or
extrinsic noise (Table S5). The levels of both intrinsic and extrinsic
noise (extrinsic: F2, 33 = 12.8, p,0.0001; intrinsic: F2, 33 = 26.5, p,
0.0001, Fig. 5C) were different for the different genes measured.
Post-hoc Tukey tests indicated the difference between the two
types of noise; the two TLO genes both had significantly higher
intrinsic noise than Nup49. On the other hand, extrinsic noise
levels were not specific to TLO genes. Tlob2 has significantly less
extrinsic noise than Nup49 or Tloa12 (which were not different
from each other). Furthermore, for both TLO genes, the
contribution of intrinsic noise to total noise was significantly
greater than the contribution of extrinsic noise (Tlob2: t11 =
216.8, p,0.0001; Tloa12: t11 = 26.5, p,0.0001, Nup49
t11 = 0.056, p = 0.96, Fig. 5C).

position (Fig. S5B). However, this pattern did not continue as a
general trend along the chromosome (Figure S5C), indicating that
any ‘spreading of TAGEN’ inwards from the telomere does not
propagate more than ,8 kb into the chromosome arms.
Many studies of S. cerevisiae found that differences in promoter
structure correlate with differences in the amplitude of gene noise
[54,55]. To determine the extent to which telomere position and
promoter structure affect the variability of TLO gene expression,
we constructed two TLO-NUP49 swap strains (Fig. 6A): NUP49GFP@TLO, in which the control gene NUP49-GFP, together
with its native promoter, was moved to the sub-telomeric TLOa9
locus on the left end of Chromosome 4 (YJB12963); and TLOa9GFP@NUP49, in which TLOa9-GFP, together with its native
promoter, was moved to the internal NUP49 locus on the right
arm of Chromosome 1 (YJB12966). Importantly, when either
Nup49-GFP or Tloa9-GFP were expressed at the NUP49 locus,
noise (as measured by fluorescence microscopy) was significantly
lower than when either of these proteins was expressed from the
TLOa9 locus (Fig. 6A–C, Fig. S6; p,0.05). Expression of Nup49GFP and Tloa9-GFP was also significantly lower at the TLOa9
locus compared to the NUP49 locus (Fig. 6A–C; NUP49:
t85.42 = 16.43, p,0.00001; TLOa9: t85.44 = 4.71, p,0.00001).
Flow cytometric analysis of the four strains (two with tagged
genes at their native loci and two with swapped loci) also indicated
that genes at the subtelomeric TLOa9 locus exhibit a significant
decrease in the mean fluorescence signal (position: F1 = 5.04,
p = 0.038, gene: F1 = 0.93, p = 0.35) and an increase in the level of
gene noise (Robust CV; position: F1 = 10.12, p = 0.005, gene:
F1 = 2.10, p = 0.17) relative to the internal NUP49 locus (Fig. 6D).
This suggests that the subtelomeric TLOa9 locus is sufficient to
cause increased noise because it is telomere-adjacent and affected

Subtelomeric position contributes to gene noise
To investigate whether increased expression plasticity is a
general property of telomere-proximal genes, we examined the
expression of sets of 16 genes starting with the most telomereproximal and stepping sequentially into chromosome internal
genes using the available C. albicans RNA-Seq dataset [50]. Both
sets of the 16 most telomere-proximal genes (including 9 of 13
subtelomeric TLOs) and the set of 16 penultimate telomereadjacent genes (including 4 of 13 subtelomeric TLOs) were
significantly more transcriptionally variable than sets of 16 random
genes (Fig. S5A, B; significance determined by a bootstrapping
procedure as described above; p,0.025 in both cases). A similar
trend was seen for the genes in the third-most telomere-proximal
PLOS Genetics | www.plosgenetics.org
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Figure 5. TLO noise has a large intrinsic component. (A) Schematic of the dual reporter system to identify intrinsic noise from expression of the
two alleles for a single gene. Cells with the same amount of each tagged protein appear yellow, but cells expressing more of one fluorescent protein
than the other appear green or red. (B) Relative GFP and mCherry abundance of tagged Nup49 and Tlob2 is shown separately and as a merge. Cells
are outlined to indicate similar or different levels of either fluorophore. Abundance of the GFP and mCherry-tagged alleles was similar for Nup49,
indicating extrinsic noise. Tagged alleles of Tlob2 exhibited a range of relative abundance and indicates significant intrinsic noise. (C) The intrinsic and
extrinsic components to for Nup49, Tloa12, and Tlob2 gene noise were calculated based on Elowitz et al, 2003. Both forms of noise contributed
equally to Nup49 noise. However, intrinsic noise contributed to the majority of Tlo noise.
doi:10.1371/journal.pgen.1004436.g005

not expression levels (HST1: t6 = 20.99, p = 0.36, SET1:
t6 = 1.20, p = 0.27), while HDA1, HOS2, HST2, PHO13,
NAT4, RPD31, and SET3 had no effect on expression level or
plasticity (Fig. S9 and data not shown). Consistent with the qRTPCR results, deletion of HST1, a SIR2 paralog that affects some
telomere-associated genes in S. cerevisiae [57,58], resulted in
decreased fluorescence signal for two GFP-tagged Tlo proteins,
Tloa10 (t187.2 = 7.03, p,0.0001) and Tloa12 (t139.4 = 5.30, p,
0.0001) (Fig. S10A, B), as measured by fluorescence microscopy.
Consistent with a role for Hst1 protein at internal as well as
telomeric loci, the expression noise for Nup49-GFP at its native
locus was reduced in the hst1D/D strain (p,0.05). Cell to cell
noise in the hst1D/D strains was reduced at Tloa12 (p,0.01) but
not at Tloa10 (Fig. S10A, C), relative to noise levels in the wildtype HST1 parent strains. Thus, unlike Sir2p, which has a major
position-dependent role in enhancing noise at telomere-adjacent
loci, Hst1p affects expression noise at internal as well as telomereproximal regions and it affects expression plasticity and noise of
different TLO genes differently.

by Telomere-Adjacent Gene Expression Noise (TAGEN), which
influences both population-to-population (expression plasticity)
and cell-to-cell (noise) variability. Furthermore, TAGEN appears
to be independent of the promoters tested.

SIR2 affects TAGEN
The Sir2p HDAC was required for TLO expression variability
between colonies. Therefore, we hypothesized Sir2 may also
influence TLO noise among cells in a single population. We first
asked whether addition of nicotinamide (NAM), an inhibitor of
NAD+-dependent HDACs, or deletion of SIR2 had an effect on
TAGEN at TLO genes using qRT-PCR. Addition of NAM or the
lack of Sir2p significantly reduced expression plasticity (measured
with qPCR, Fig. 7A, S7; background: F1 = 6.44, p = 0.020; NAM:
F1 = 7.79, p = 0.011; interaction: F1 = 3.25, p = 0.086), while
neither NAM nor the absence of Sir2p significantly influenced
mean TLO gene expression (Fig. S7; Sir2 background: F1 = 0.03,
p = 0.86; NAM: F1 = 1.42, p = 0.25). Furthermore, the effect of
deleting SIR2 together with NAM exposure affected expression
and plasticity to a similar degree as either NAM or deletion of
SIR2 alone: reduced variability with little effect on expression
levels (interaction; CV: F1 = 3.25, p = 0.086). Similar results for
wild-type vs sir2D/D mutants were obtained by microscopy
(Fig. 7B, S8; p,0.05) as well as by flow cytometry of Tloa10-GFP
or Tloa12-GFP (Fig. 7C; Robust CV; gene: F1 = 1.21, p = 0.29;
Sir2 background: F1 = 5.44, p = 0.03; interaction: F1 = 0.165,
p = 0.69). Thus, Sir2p makes a significant contribution to
expression plasticity of Tloa10-GFP and Tloa12-GFP.
To ask if Sir2p contributes to the position-dependent aspect of
TLO TAGEN, we compared the level of expression noise for the
Nup49-GFP@TLOa9 locus in a sir2D/D strain relative to the
level of expression noise for the Nup49-@TLOa9 locus in a wildtype strain. Importantly, the expression noise for Nup49-GFP was
decreased in a sir2D/D strain only for Nup49-GFP@TLOa9 locus
and not for Nup49-GFP at its native locus (Fig. 7D, Robust CV;
position: F1 = 11.38, p = 0.005, background: F1 = 5.10, p = 0.042,
interaction: F1 = 6.91, p = 0.021). Thus, the position-dependent
and promoter-independent TAGEN seen at TLO genes is
dependent upon Sir2p and, most likely, dependent upon its
activity as a NAD+-dependent HDAC.

Telomeric silencing and TLO expression plasticity are
coupled in cis
We next asked if TAGEN and TPE are functionally related by
measuring TLO expression variability in cells selected for
constant expression or constant silencing of a TLO-adjacent
selectable marker, URA3. We measured levels of the adjacent
TLO (in cis) as well as an unlinked TLO (in trans), when cells
were selected for expression of URA3 (ON state selected on
medium lacking uridine) or when cells were selected for
repression of URA3 (OFF state selected on medium containing
5-FOA) vs cells being free to ‘toggle’ between the two states (ON
and OFF states, no selection on YPAD medium). We first
constructed two strains, each with URA3 inserted head-to-head
at a TLO-adjacent position (adjacent to TLOa9 or TLOa12;
Fig. 8A) in the subtelomeres. These strains enabled the selection
of cells expressing URA3 (by growth in media lacking uracil
(‘‘-ura’’)), or to select for silencing of URA3 (by growth in the
presence of 5-floroorotic acid (‘‘5-FOA’’)). Growth of TLOadjacent URA3 strains on media lacking uracil or with 5-FOA
reduced or increased transcript abundance of URA3, respectively
(data not shown). We then asked if selection in –ura or 5-FOA
influenced TLO expression plasticity (Fig. 8B). Importantly, in
both strains, selection either for or against URA3 expression
significantly reduced variability of the URA3-adjacent TLO
transcript levels, yet it did not affect the transcript variability at
an unlinked TLO (Fig. 8C; presence of selection: F1, 20 = 40.4, p,
0.0001, gene: F1, 20 = 0.28, p = 0.60, interaction: F1, 20 = 0.174,
p = 0.69). This occurred without a significant effect on expression
levels (Fig. S11; presence of selection: F1, 20 = 0.03, = 0.87, gene:
F1, 20 = 2.48, p = 0.13, interaction: F1, 20 = 0.145, p = 0.71). Thus,
TAGEN at a specific TLO locus requires that cells toggle between
the ON and OFF states and is lost if expression of an adjacent
gene is constitutively ON or OFF. Furthermore, the effect of
telomeric silencing on TAGEN occurs in cis and does not affect
silencing or TLO expression at other subtelomeres.

Other chromatin modifiers contribute to TLO TAGEN
Telomeric silencing is considered to be a process by which
telomeres toggle between ‘‘OPEN’’ and ‘‘CLOSED’’ chromatin
states. Such a biphasic switch would be expected to generate two
subpopulations of cells that would be distinguishable by flow
cytometry as having different expression peaks. Yet, expression
profiles of specific Tlo-GFP fusion proteins did not exhibit two
clear peaks. This could be due to regulation of TLO expression by
multiple factors [4] or a relatively fast rate of switching between
two expression states [56]. Thus, we explored the role of additional
chromatin modifiers in the regulation of TLO expression levels
and the degree of TLO TAGEN. Nine modifiers were analyzed by
qRT-PCR. HST1 and SET1 influenced expression plasticity
(HST1: t6 = 22.89, p = 0.028, SET1: t6 = 22.60, p = 0.041) but
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Figure 6. Gene noise and expression plasticity is elevated at the subtelomere in C. albicans. (A) A schematic identifies the ectopic location
of subtelomeric Nup49-GFP and internal Tloa9-GFP in the gene position swap. (B) Fluorescence microscopy was performed for Nup49-GFP and TloaGFP at either the NUP49 or TLOa9 locus. GFP expression was stronger and more uniform for either gene at the NUP49 locus compared to the
subtelomeric TLOa9 locus. (C) GFP expression from (B) was quantified for 100 cells from 2 biological replicates. Expression of either gene at the NUP49
locus was higher than at the TLOa9 locus. (D) Flow cytometry of Nup49-GFP and Tloa9-GFP also indicated reduced expression, increased expression
plasticity, and increased noise at the subtelomeric TLOa9 locus compared to the internal NUP49 locus. * denotes p,0.05. ** denotes p,0.01.
doi:10.1371/journal.pgen.1004436.g006
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Figure 7. Sir2 contributes to TLO TAGEN. (A) Transcript abundance measurements of six TLOs and two control genes were collected from either
SIR2 or sir2D/D cells and in the presence or absence of the Sir-type HDAC inhibitor nicotinamide (NAM). Subtelomeric TLO expression plasticity
specifically decreased when either treated with NAM or in the sir2D/D background but mean expression was not affected. Treatment of sir2D/D cells
with NAM does not further decrease expression variability. (B) Fluorescence microscopy of GFP-tagged Tlos in either a SIR2 or sir2D/D background
showed reduced cell-to-cell variation in a sir2D/D background. (C) Flow cytometry of GFP tagged Nup49, Tloa10, and Tloa12 also identified
significantly reduced noise for both Tlos in the sir2D/D background. Fluorescence signal of Tloa10 was also increased in a SIR2 deletion strain. (D)
Flow cytometry measured fluorescence signal of Nup49-GFP expressed at either the subtelomeric TLOa9 or internal NUP49 locus in both a SIR2 and
sir2D/D background. Gene noise of subtelomeric Nup49-GFP decreased significantly in the sir2D/D background. * denotes p,0.05. ** denotes p,
0.01.
doi:10.1371/journal.pgen.1004436.g007

affecting only the most telomere-proximal genes, and it is reduced
when cells are locked in a constant chromatin state or when cells
are grown for multiple passages in liquid medium. TAGEN is
subject to regulation by Sir2p in a position-dependent manner and
also to other position-independent chromatin modifiers and
transcription factors, e.g., Hst1p, which affect different TLO genes

Discussion
Here, we discovered and characterized Telomere-Associated
Gene Expression Noise (TAGEN), which is detectable not only as
intrinsic variation at the cell-to-cell level but also generates
variation at the population level. TAGEN is position-dependent,
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Figure 8. TPE produces TLO expression plasticity. (A) A cartoon represents URA3 inserted into TLO-adjacent subtelomeres in a head-to-head
orientation to test the effect of regulating URA3 expression on TLO expression variability. (B). A diagram depicts the effect on URA3 expression under
growth in different conditions and the effect on TLO TAGEN. (C). qRT-PCR measured transcript abundance of TLOa9 and TLOa12 when URA3 was
either unselected, selected on media lacking uracil, or selected on 5-FOA. Selection of URA3 expression significantly reduced expression plasticity of
the adjacent TLO at either locus but not at the unlinked TLO gene. (D) Subtelomeric loci transition between active and inactive chromatin states. This
transcriptional toggling results in a population of cells expressing subtelomeric loci over a wide range. Cells locked into a repressive transcriptional
state have lower expression and reduced noise from transcriptional bursting at both the single cell and population level. Conversely, increased
transcriptional activity, potentially due to loss of SIR2, increases expression and reduces noise due to increased transcriptional bursting.
doi:10.1371/journal.pgen.1004436.g008

differently. Importantly, TAGEN is largely promoter-independent
and it is tightly associated, in cis, with telomere position effect
dynamics. Thus, TAGEN and TPE appear to reflect different
aspects of the same phenomenon—the chromatin structure and its
impact on gene expression at telomeres is dependent upon
proximity to a telomere. Furthermore, increased expression
plasticity and noise at telomere-adjacent genes (TAGEN) requires
the dynamic process by which telomere-adjacent genes toggle
between the ON and OFF states of expression presumably due to
the OPEN and CLOSED states of telomeric chromatin.
At most genomic loci, noise is a phenomenon detectable only
when cells are analyzed as individuals [13]. In contrast, TAGEN is
detectable in populations of cells isolated from different colonies
and also as a cell-to-cell variability largely due to intrinsic noise.
The inherited epigenetic expression state is dependent upon
telomere-adjacent position, SIR2, and the initial level of expression appears to exert a founder effect. Importantly, toggling or
switching between the ON and OFF epigenetic state of cells in
each population likely drives colony-to-colony variation seen at the
population level (Fig. 8). A similar effect was seen for one telomereadjacent gene, EPA1, in C. glabrata [48].
TAGEN is detected as large variations in levels of transcripts,
measured by either qRT-PCR or by RNA-Seq (Figs. 1, S1).
TAGEN is also evident at the individual cell level, when levels of
GFP fusion proteins are measured by fluorescence microscopy or
by flow cytometry (Figs. 2–7). This suggests that some of the
transcriptional plasticity that affects TLO gene expression is
buffered by post-transcriptional mechanisms, although we cannot
rule out that the long half-life of GFP fusion proteins may
contribute an additional buffering mechanism [59]. Since Tlo
proteins are produced at levels far higher than they are needed
[31], and since all TLOs encode a related subunit present in a
single copy per Mediator complex, we suggest that excess Tlo
proteins are likely subject to proteasome degradation [60–62].
Amplified gene families that promote growth within a relatively
new environment are often located at telomeres. For example, S.
cerevisiae strains used to produce wine, sherry or beer carry
amplified MEL, SUC, and MAL genes, respectively, which
promote breakdown of the predominant sugars in the respective
fermentation processes. It is thought that the cost of amplification
and diversification of gene family members is lower near telomeres
[63]. In addition, the work here suggests that noise at telomeric
loci may be exacerbated in a non-uniform environment (Fig. 2C).
The fact that this noise is Sir2p-dependent suggests that it is a
function of both TAGEN and TPE. Increased gene noise is also
associated with duplicated genes [64], a common feature of
expanded gene families at telomere ends. Based on this idea,
subtelomeric loci populated with gene families would be expected
to be transcriptionally noisy because of the reduced fitness costs
associated with noise when multiple functional homologs are
present. Bioinformatic analysis of gene expression in S. cerevisiae
found that telomere-adjacent loci were expressed with higher
levels of transcriptional noise [39].Thus, telomeres are not only
safe neighborhoods for gene amplification but they are noisy
neighborhoods for gene expression. We suggest that, because
PLOS Genetics | www.plosgenetics.org

increased noise in non-uniform conditions is Sir2p-dependent,
that it is intrinsic feature of TAGEN and, most likely, of TPE as
well.
Intrinsic noise is generally thought to be influenced by the
chromatin state at a given locus and is often ascribed to specific
promoter structures or to interactions with specific components of
the transcription regulation machinery. Consistent with this, most
chromatin modifiers affect either the transcription burst frequency (frequency with which a promoter switches into a transcriptionally active state) and/or the transcription burst size (the total
number of transcripts or proteins produced during each
transcriptionally active state) [40,56,65]. Interestingly, mutations
affecting TAGEN often reduced the noise level without causing a
substantive change in gene expression levels (Figs. 7, S7, S9). We
suggest that regulating the rate of switching between silent and
active chromatin at telomeres will reduce the noise, even if it does
not affect the net expression levels [3,56]. Thus, TAGEN levels
are dependent upon the frequency with which telomeric silencing
opens and closes the chromatin.
TAGEN is dependent upon NAD+-dependent HDACs. Sir2p
and the Sir2-like Hst1p contribute to TPE in S. cerevisiae as well
as in Schizosaccharomyces pombe, Plasmodium falciparum and
Drosophila melanogaster [66–68]. This provides further support
for the idea that both processes are likely related to one another.
TAGEN shows fairly smooth distributions of different expression
levels per cell through a population (Figs. 2, 4, 6–7), yet TPE is
considered a biphasic switch between two states [34,69]. This is
likely because TPE is often measured as a growth phenotype that
must cross a specific threshold to be detected [33,70] and has
been considered as a largely population effect. In contrast, we
measured TAGEN at the molecular level and, thus, detected a
continuous distribution of expression levels and high levels of
intrinsic noise. Importantly, the two processes appear to be
inextricably linked: when cells with a TLO-adjacent URA3 gene
were selected for URA3 expression to be either in all ‘‘OFF’’ or
all ‘‘ON’’, expression levels for the adjacent TLO gene were less
variable than when no selective pressure was applied (Fig. 8D).
This supports the idea that TAGEN is a consequence of
dynamic switching between TPE states, rather than a consequence of silencing or depression of telomere gene expression
per se.
In C. albicans, TLOs all encode the Med2 subunit of Mediator.
In S. cerevisiae, Mediator interacts with Sir2 to modulate TPE
[71,72]. If a similar relationship exists in C. albicans, then one
would expect Tlo proteins to be components of the silencing
machinery itself. Consistent with this, a strain lacking Med3p,
which interacts with Tlo proteins in the C. albicans Mediator
complex tail, exhibits lower levels of TAGEN (data not shown).
Thus, noisy TLO expression may contribute to TAGEN, and may
proscribe an interesting feedback circuit. Whether the amplification of TLO genes has been an important adaptation for the
recently evolved virulence features of C. albicans, and whether
TAGEN and Mediator feedback play a role in this process remains
to be determined.
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Western blot of Tlo abundance

Materials and Methods

Protein lysates were collected as previously described [76].
Briefly, cells were inoculated into liquid YPAD cultures and grown
overnight to stationary phase at 30uC with constant shaking. A
1:100 dilution was then transferred to fresh YPAD and grown for
four hours at 30uC with constant shaking prior to collecting
lysates. Proteins were separated on a 12% polyacrylamide geland
transferred to PVDF membrane (Immobilon-P, Millipore, Billerica, MA) as previously described [75]. Western blots were
performed with mouse anti-GFP (Roche, Penzberg, Germany),
rabbit anti-H4 (Santa Cruz Biotechnology, Santa Cruz, CA), and
mouse anti-PSTAIR ab10345 (abcam, Cambridge, MA) followed
by HRP-anti mouse or HRP-anti rabbit antibody (Santa Cruz
Biotech, Santa Cruz, CA). Densitometry of band intensities was
quantified using Fiji/ImageJ v1.46 (NIH, Washington D.C,
District of Columbia).

Ethics statement
N/A

Growth conditions used
Yeast cells were grown in standard conditions in rich medium
(YPAD) at 30uC [73] unless noted otherwise. Assays were
performed by diluting an overnight culture 1:100 in fresh YPAD
and grown at 30uC, 39uC, with 10% fetal bovine serum, with
5 mM H2O2, with 100 mg/ml Congo Red, or with 2 mM
nicotinamide for 4 hours, as indicated.

Strain construction
Strains are listed in Table S1. Transformations were performed
using lithium acetate as previously described [73]. Strains carrying
NUP49 and TLO tagged with GFP or mCherry at the C-terminus
were constructed by PCR amplification from plasmid p1602 [74],
p2120, or p2343 [75], which contain GFP and URA3, GFP and
NAT1, or mCherry and NAT1, respectively, using primers with at
least 70 bp of homology to the target gene (Table S2). Correct
insertion of the fluorescent protein in frame with the relevant TLO
gene was first detected as described previously [51]. Only strains in
which insertion was detected as a single unambiguous PCR
fragment from a single chromosome arm were analyzed further.
Integration of the construct at the expected locus was confirmed
by PCR, Sanger sequencing, and Southern Blot analysis as
described [51].
Locus swapping strains (Fig. 4) were constructed using a PCR
amplicon containing the full open reading frame (ORF) to be
moved, including either all sequences up to the adjacent open
reading frames or 1 kb upstream and 1 kb downstream, whichever
was shorter, the fluorescent tag, and the selectable marker from
previously constructed strains. Transformation and screening were
performed as described above.

Mother-daughter cell dissection
TLOa12-GFP cells were struck onto SDC agar plates. Ten
single cells were isolated using an Olympus BX40 dissecting
microscope and followed during growth and division. Following
the first division the mother and daughter cells were separated and
allowed to grow up for 18 hours on the SDC agar plate. Tloa12GFP expression was visualized by microscopy. We compared the
mean difference in absolute ln(expression) values from colonies of
daughter cells with 10,000 randomized affiliations.

Fluorescence microscopy
Overnight cultures in YPAD were diluted 1:100 in fresh SDC
medium and grown at 30uC for 3–4 hours. DNA was stained with
DAPI (49,6-diamidino-2-phenylindole) (Sigma, St. Louis, MO)
diluted 1:1000 for 25 minutes, washed twice in fresh SDC, and
imaged using differential interference contrast (DIC) and epifluorescence microscopy with a Nikon Eclipse E600 photomicroscope (Chroma Technology Corp., Brattleboro, VT). Digital
images were collected using a CoolSnap HQ camera (Photometrics, Tucson, AZ) and MetaMorph software, version 6.2r5
(Universal Imaging Corp., Downingtown, PA). A total of 8 fields,
were collected with 8 fluorescent images along the z axis, in 1-mm
increments, for each cell to insure that any signal present was
captured throughout the diameter of the cell. Exposure times were
500 ms for Nup49 and Tlo fluorescent fusion proteins. Projections
of the z series were constructed with the stack arithmetic/sum
function of MetaMorph for analysis and presentation.
Fluorescent-tagged protein abundance for each cell was
measured by subtracting the average pixel intensity of three 464
regions of adjacent background from each of three 464 pixel
regions within each nucleus. The signal intensity was defined as
the average of the three background-subtracted nuclear regions.
Nuclear signal intensity was determined for all cells in a minimum
of 50 cells for each strain of interest. For all experiments, an equal
number of cells were examined for expression and noise; for strains
where data from more than the minimum number cells was
collected, we used the ‘sample’ procedure in the R programming
language [77] to randomly select cells to be analyzed.
Extrinsic and intrinsic noise was calculated as in Elowitz et. al
[13]. Three strains (NUP49-GFP/NUP49-mCherry, TLOb2GFP/TLOb2-mCherry, and TLOa12-GFP/TLOa12-mCherry)
were streaked onto YPAD solid agar plates. Three colonies were
chosen for each strain and cells from four regions of each colony
were sampled (two from the edges of the colony and two from the
center). These cells were suspended in liquid and the expression of
the GFP and mCherry tagged genes was quantified by fluorescence
microscopy for 50 cells using the method described above. The cells

Quantitative reverse transcriptase-PCR (qRT-PCR) to
measure TLO transcription
Transcript abundance measurements by qRT-PCR were
performed as described [51] with primers listed in Table S3.
Absolute quantification of SYBR fluorescence using the 2nd
derivative maximum value was used to calculate DCT values using
SEC14 as a control. All qRT-PCR results represent the average
abundance of at least four independent cultures for each strain of
interest.

Analysis of Illumina Whole Transcriptome Shotgun
Sequencing (RNA-Seq) data
RNA-Seq data for C. albicans grown under 11 different
conditions in biological duplicates was obtained from Bruno et
al [50]. We determined the coefficient of variation (CV = standard
deviation divided by the mean) for each gene in each of the eleven
environments that data were available for. We then averaged
across all environments to determine the average CV for each
gene. To determine whether a group of genes was significantly
more transcriptionally variable than average, we conducted a
bootstrap procedure to obtain a distribution of mean CV values
for a group of genes of the appropriate size (i.e., 13 to examine
TLO expression plasticity, 16 to examine position effects). We
simulated 50 000 gene groups using the ‘sample’ function in the R
Programming Language on the 6006 ORFs measured in the
Bruno dataset; the 97.5% quantile of these 50,000 datasets was
used to determine the critical value.
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The average CV of TLO genes (red arrow) was compared against
the CV from 50000 simulated datasets of 13 random genes. The
95% quantile of these datasets is indicated with the vertical dashed
line. (C) The CV of each TLO (‘‘TLO’’) and all genes expressed
within two standard deviations of TLO genes by RNA-seq (‘‘nonTLO’’) was plotted for each condition tested in Bruno, et al.
(TIF)

were also then cultured in liquid YPAD media for two days with
passaging every 24 hours. Cells were taken in logarithmic growth
(OD600,0.5) after two days and 50 cells were measured again for
GFP and mCherry fluorescence signal by microscopy.

Flow cytometry of GFP-tagged strains
Cells for flow cytometry were prepared using a modified
protocol from Sudbery [78]. An overnight culture in YPAD was
diluted 1:100 in fresh SDC media and grown at 30uC for 3–
4 hours. Cultures in mid-logarithmic growth (OD600,0.5) were
collected at 15006g, resuspended in 4% methanol-free formaldehyde (Thermo Scientific, Rockford, IL), and incubated on a tube
rotator for 30 minutes. Cells were then spun down and
resuspended in ice cold methanol for 3 minutes, washed three
times in 55 mM HCl, resuspended in 500 ml of 5 mg/ml pepsin in
55 mM HCl, and incubated for 30 minutes at 37uC with gentle
shaking. Cells were collected by centrifugation, washed three times
with 1 ml of 10 mM Tris (pH 7.5), and resuspended in 460 ml
Buffer A [78]. Cells were incubated in 40 ml of 1 mg/ml
Zymolyase-20T (ICN Biomedicals, New York, New York) in 0.1
M phosphate buffer (pH 7.5) and 1 ml b-mercaptoethanol for
30 minutes at 37uC with gentle shaking and washed 5 times with
1% bovine serum albumin (BSA) in phosphate-buffered saline
(PBS). Cells were resuspended in 500 ml of primary antibody
polyclonal anti-GFP, ab290 (abcam, Cambridge, UK) diluted
1:1000 in 1% BSA in PBS, and incubated overnight on a rotisserie
at 4uC, washed 5 times in PBS. Secondary antibody (500 ml Alexa
Fluor 488 donkey anti-rabbit (Invitrogen, Carlsbad, CA) diluted
1:2000 in 1% BSA in PBS) was added, samples were incubated
45 minutes in the dark, cells were washed 5 times with PBS,
resuspended in 1 ml PBS, and sonicated at 20% duty cycle three
times.
Flow cytometry was performed using a FACSCalibur (BD
Biosciences, San Jose, CA). Measurements were collected for
100,000 events and analyzed using FlowJo (Ashland, OR). Events
were initially examined on a plot of SSC by FSC and gated to
include all events (cells) that had measurable FSC and SSC. Mean
expression and the Robust CV (100*0.5*(Intensity [at 84.13
percentile] – Intensity [at 15.87 percentile])/Median) of the gated
population were collected using cell fluorescence measurements
from the FL1 (fluorescein/GFP) channel. These measurements
were the basis for further analysis.

Figure S2 TLOs exhibit cell-to-cell variance under stress
conditions. (A) GFP expression was quantified by microscopy for
150 cells from 3 biological replicates each of Nup49-GFP and
Tloa12-GFP strains. The mean expression and CV were plotted for
each replicate. (B) GFP expression of individual cells from (A) was
quantified. (C) The ratio of Tloa12-GFP to Nup49-GFP CV was
tested against simulated datasets constructed from all expression
data for a single condition. GFP abundance was significantly more
variable for Tloa12-GFP compared to Nup49-GFP.
(TIF)
Figure S3 Variability in Nup49-GFP populations is low. Protein
abundance of Nup49 and histone H4 was assessed by Western blot
assay using Cdc28 as a loading control. Nup49 expression was
similar among all three biological replicates.
(TIF)
Figure S4 Subtelomeric TLOs have elevated intrinsic noise.
Abundance of GFP and mCherry signal for single cells in Nup49,
Tlob2, and Tloa12-tagged cells was plotted for at least 50 cells
from twelve biological replicates, four regions of three separate
colonies. A best fit line and the intrinsic and extrinsic components
of noise were calculated for each sample. Intrinsic noise was
significantly greater for Tloa12 and TLOb2 than for Nup49.
(TIF)
Figure S5 Expression plasticity is associated with telomere

proximity. (A) The CV between replicates for the five most
telomeric genes from each chromosome arm was averaged across
all eleven condition tested in Bruno, et al. The CV of each
telomere adjacent gene was compiled based on position and
plotted from the most telomeric gene ‘‘T’’ to the most centromeric
gene ‘‘T-5’’. The red diamond indicates the mean CV for that
position. (B) The average CV of the 16 most telomeric genes (‘‘T’’,
blue arrow), 16 telomeric-1 genes (‘‘T-1’’, purple arrow), and 16
telomeric+2 genes (‘‘T-2’’, green arrow) was compared against the
CV from 50000 simulated datasets of 16 random genes. (C) The
average CV for all genes was plotted against their genomic
position. A small but significant decrease in noise was identified
with increased distance from the centromere.
(TIF)

Silencing of TLO-adjacent URA3
Subtelomeric URA3 was inserted in a head-to-head orientation
immediately upstream of the TLO promoter (,600 bp upstream
of the TLO start codon) to produce a subtelomeric, TLO-adjacent
URA3. Insertion sites were identified by PCR and sequencing as
well as separation of chromosomes on contour-clamped homogenous electric field (CHEF) karyotype gens and Southern blotting.
Strains containing a TLO-adjacent URA3 were grown in liquid
YPAD and plated for single colonies onto YPAD for no selection
of URA3 expression, synthetic complete media (SDC) lacking
uracil to select for URA3 expression, and 5-floroorotic acid (5FOA) to select for URA3 silencing [70]. Five colonies from each
condition for three different experiments were assayed for gene
expression by qRT-PCR as described above.

Figure S6 Gene noise increases at the subtelomere. Significance
of the coefficient of variation ratio between expression of either
gene at the TLOa9 and NUP49 locus was tested compared to
randomized assignment of gene expression at the two loci. The
noise ratio of the collected expression data was beyond the critical
value (dashed line) indicating significantly elevated noise at the
subtelomeric TLOa9 locus.
(TIF)
Figure S7 Gene expression plasticity of individual TLOs is
affected by Sir-type HDAC function. The transcript abundance
and CV of two control genes, SOD2 and HGT20, and six
subtelomeric TLOs was plotted from either SIR2 or sir2D/D cells
and in the presence or absence of nicotinamide.
(TIF)

Supporting Information
Figure S1 Elevated TLO transcriptional variation identified by

RNA-seq. (A) The CV of all genes assayed by RNA-seq in Bruno,
et al, was calculated averaging across all eleven conditions. The
CV of the thirteen expressed TLOs is indicated by red arrows. (B)
PLOS Genetics | www.plosgenetics.org

Figure S8 SIR2 contributes to Tlo noise. GFP expression was
quantified by microscopy as shown in Figure 6B for 78 cells from 2
15
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expression did not significantly alter expression of either the
adjacent or unlinked TLO gene.
(TIF)

biological replicates (A) and the ratio of the CV in the WT to the
sir2D/D background was tested against simulated datasets (B)
constructed from all expression data for a single gene in either
background. Analysis of the expression data identified significantly
reduced noise for Tloa10 and Tloa12 associated with deletion of
SIR2 but not for Nup49.
(TIF)

Table S1 C. albicans strains used in this study.

(TIF)
Table S2 Primers used for strain construction.

(TIF)

Figure S9 Expression plasticity of individual TLOs is affected by
additional chromatin modifiers. The (A) transcript abundance and
CV of two control genes and six subtelomeric TLOs was plotted
from either WT, rpd3D/D, hda1D/D, hst1D/D, or set1D/D cells.
(B)Expression variability of TLOs was significantly reduced by
deletion of HST1 and SET1.
(TIF)

Table S3 Primers used for TLO quantitative PCR.

(TIF)
Table S4 Gene expression coefficient of variation (CV) from

qRT-PCR.
(TIF)
Table S5 Correlation of GFP and mCherry fluorescence in
tagged strains.
(TIF)

Hst1 and Set1 influence gene noise. (A–C)
Fluorescence microscopy (A) analysis of GFP-tagged Tlos and
Nup49 was performed in either a HST1 or hst1D/D background.
GFP expression was quantified (B) for 100 cells from 2 biological
replicates and the ratio of the CV in the WT to the hst1D/D
background was tested against simulated datasets (C) constructed
from all expression data for a single gene in either background.
Analysis of the expression data identified significantly reduced
fluorescence signal for both Tlos and reduced noise for Tloa12 but
not Tloa10 in the hst1D/D background. Noise was also reduced
for Nup49 in the hst1D/D background.
(TIF)
Figure S10
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