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The genetic, epigenetic, and physiological differences among cells
in clonal microbial colonies are underexplored opportunities for
discovery. A recently developed genetic assay reveals that transient
losses of heterochromatic repression, a heritable form of gene
silencing, occur throughout the growth of Saccharomyces colonies.
This assay requires analyzing two-color fluorescence patterns in
yeast colonies, which is qualitatively appealing but quantitatively
challenging. In this paper, we developed a suite of automated image
processing, visualization, and classification algorithms (MORPHE)
that facilitated the analysis of heterochromatin dynamics in the
context of colonial growth and that can be broadly adapted to
many colony-based assays in Saccharomyces and other microbes.
Using the features that were automatically extracted from fluores-
cence images, our classification method distinguished loss-of-silencing
patterns between mutants and wild type with unprecedented pre-
cision. Application of MORPHE revealed subtle but significant differ-
ences in the stability of heterochromatic repression between various
environmental conditions, revealed that haploid cells experienced
higher rates of silencing loss than diploids, and uncovered the un-
expected contribution of a sirtuin to heterochromatin dynamics.

heterochromatin dynamics | epigenetics | image segmentation |
feature extraction

Microbial colonies arising from single cells have been a
workhorse of molecular genetics for decades, yet the ge-

netic and physiological complexity of the population of cells within a
colony is often overlooked. For most microbes, the number of cells
in a colony is sufficiently large to contain, in some fraction of cells, a
loss-of-function mutation in every gene in the genome, and even the
majority of possible base-pair changes. The physiology of cells lo-
cated in different regions of the colony can also vary widely due
to limitations of oxygen and nutrient diffusion through the colony
(1, 2). Reporter-gene fusions have revealed some of the remarkable
differences between cells in the same colony (3). To date, analyzing
colony-wide patterns of reporter-gene expression and how they
change in response to mutations has been limited to qualitative
approaches. For these patterns to serve as a reliable phenotype,
however, rigorous quantitation is necessary. In this work, colonial
patterns resulting from the dynamic nature of heterochromatin
formed the basis upon which to develop a quantitatively robust
pattern classifier.
Heterochromatin is a tightly packed state of chromatin that

represses, or silences, the expression of genes within it. Furthermore,
heterochromatin is an epigenetically heritable form of chromatin
structure that helps maintain chromosome segregation fidelity and
genome stability. Repression of gene expression in heterochromatin
is an important form of gene regulation, but currently little is
understood about its dynamics or stability. In Saccharomyces
cerevisiae, heterochromatin plays an important role in stabilizing
the highly repetitive telomeres and ribosomal DNA repeats (4).
Heterochromatin also mediates silencing of the cryptic mating-
type loci (HML and HMR) so that only the mating-type allele at
the MAT locus is expressed (5). HML and HMR are epigeneti-
cally silenced by the Sir (Silent information regulator) proteins

Sir1, Sir2, Sir3, and Sir4 (6), which are the structural components
of heterochromatin at these loci.
Our recent genetic assay, based on Cre-loxP recombination,

captures transient losses of gene silencing in S. cerevisiae by
converting these transient events into a permanent and heritable
feature (Fig. 1A and ref. 7). In this assay, transient expression of
HML::cre catalyzes a recombination event that removes a red
fluorescent protein (RFP) gene and substitutes a GFP gene in
such a way that cells that were red are now green, as are all of
their descendants. The Cre-catalyzed changes in genotype and
phenotype are permanent and heritable, leading to characteristic
two-color fluorescence patterns in yeast colonies (Fig. 1B). We
hereinafter refer to this method as the Cre-Reported Altered
States of Heterochromatin (CRASH) assay.
To date, the only method available for quantifying the dynamics

of heterochromatic repression is half-sector analysis (8), whereby
the rate of RFP-to-GFP switches per cell division is determined by
measuring the frequency of half-sectored colonies. However, half-
sector analysis of rare events is laborious and, because it is based
upon events confined to the first cell division of colony growth,
potentially misses information reflected in the patterns of green
spots and sectors throughout colonies. In this paper, we developed
a suite of automated image processing, visualization, and classifi-
cation algorithms to facilitate the analysis of heritable and clonal
red-to-green transitions that occurred during the growth of a col-
ony. This suite of programs was built on the basis of mathematical
morphological operations, and we refer to it as MORphological
PHenotype Extraction (MORPHE). It is freely available at https://
sourceforge.net/projects/morphe.
Using MORPHE, we automatically extracted a set of useful

features from the observed patterns produced by GFP-expressing
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cells in a colony (also referred to below as switching patterns) and
performed classification on patterns of colonies from various yeast
strains and from wild-type strains grown under various environ-
mental conditions. MORPHE enabled multiple discoveries that
had eluded all previous methods by applying quantitative image
analysis to the classification of phenotype.

Results
In a microbial colony of cells containing a cre gene silenced by
heterochromatin and a fluorescent reporter cassette, transient
failures of silencing produce GFP-expressing sectors or dots (Fig.
1 A and B) (7). Multiple features of a GFP sector, such as its size
and position within the colony, as well as the overall pattern of
colony sectoring, inform our understanding of heterochromatin
dynamics. To quantitatively analyze these features, we developed
an algorithm that detects the sectoring pattern (Fig. 1C). Large
regions of GFP expression, referred to as bands, typically ex-
tended to the periphery of a colony, whereas most small regions
of GFP expression, referred to as dots, did not extend to the
colony edge, most likely due to neighboring RFP-positive cells
randomly taking over the local population (Fig. 1 D and E).
Because both bands and dots arise from a loss of silencing, we
combined these two features to determine the overall number of
switching events from RFP to GFP expression, which was a direct

measure of transient loss-of-silencing (transient failures of hetero-
chromatin) events.
The frequency of switching events was computed in terms of

the distance of bands and dots from the center of the colony (see
Methods for a description of the algorithm). We first labeled the
vertex of each band and dot (Fig. 2A), because the vertex marks
the location of the cell that experienced a loss of silencing at
HML::cre and therefore marks the origin, or onset, of GFP ex-
pression. Next, we determined onset frequencies by confining the
analysis to a specific distance from the colony center and quan-
tifying the proportion of vertices within that ring, or annulus (Fig.
2B). Because the switch from RFP expression to GFP expression is
irreversible and thus GFP-expressing cells do not have the poten-
tial to undergo a second switch, GFP-expressing regions other than
vertices were excluded from measurements of the total area. This
step was repeated for a series of concentric circles with increasing
radii, resulting in plots of onset frequency as a function of distance
from the colony center (Fig. 2C). A summary statistic was obtained
by taking the average of the frequency function and was denoted as
the mean onset frequency.
In addition to onset frequency, we also extracted a feature

defined as the area of GFP fluorescence (Fig. 2C). This mea-
surement corresponded to the number of pixels containing GFP
signal within the annulus of interest. Together, the onset fre-
quency and area of GFP fluorescence at each given radius pro-
vided a set of features by which to compare colonial patterns of
GFP expression.

Feature Extraction Detected Obvious Phenotypes, in Agreement with
Previous Analyses, As Well As Less Obvious Phenotypes That Escaped
Previous Analyses. To test whether the computational method
could distinguish patterns that markedly differ by visual in-
spection, we performed image analysis on both wild-type colo-
nies and hst3Δ colonies. Deletion of the HST3 gene, which
encodes a NAD+-dependent histone deacetylase known to target
histone H3K56ac, reduced the stability of heterochromatic re-
pression and thus caused a dramatic increase in the frequency of

Fig. 1. Design of the CRASH assay and detection of switching events by
MORPHE. (A) The CRASH assay captures transient losses of silencing at HML::
cre through a permanent, red-to-green switch in fluorescence. (B) Fluores-
cence of a colony of haploid cells containing HML::cre and the fluorescent
reporter construct. (Scale bar, 2 mm.) (C) Close-up of colony shown in
B (orange box) following colony detection (Left) and segmentation (Right).
For each contour of a connected component (i.e., the boundary of the
connected component, found by edge detection and dilation), we compared
the pixel intensities of the interior versus the pixel intensities on the contour.
If the interior pixels had higher intensities, the area enclosed by the contour
was labeled as a bright region, shown in green. Once each contour was
traced, we found the connected components within the colony and com-
puted the area of each connected component. (D) Most of the detected
connected components had an area of less than 500 pixels. (E) Band and dot
features, both of which originated from loss-of-silencing events, were clas-
sified by thresholding the area of each connected component.

Fig. 2. Features extracted from the fluorescence pattern of a colony.
(A) The origin of the colony is shown as a red dot. The vertex of each de-
tected connected component is represented by a green circle. Each vertex
records a point in time when a loss-of-silencing event occurred. (B) The onset
frequency was defined as the number of switching events divided by the
area in the white ring at each given radius. The difference between the
outer radius and inner radius is denoted as Δr (pixels). Because the switch to
GFP expression is irreversible, we excluded the area of GFP-expressing re-
gions from the calculation. (C) The smoothed onset frequencies were
obtained by applying a sliding window across the onset-frequency spike
trains and taking the average within the window. The window size was fixed
to 50 pixels in this example. We also computed the area of GFP fluorescence
in the white ring at each radius.
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sectors (Fig. 3A), as previously described (7). Consistent with
qualitative analysis and half-sector analysis (7), the computa-
tional analysis distinguished wild-type colonies from hst3Δ col-
onies with regard to all extracted features (Fig. 3). MORPHE
successfully captured the early onsets and the large regions
expressing GFP in the hst3Δ colonies relative to wild type.
The colonies of cells lacking the NAD+-dependent deacetylase

Hst1, Hst2, or Hst4 exhibited sectoring patterns that were in-
distinguishable from that of wild type by visual inspection (Fig.
3A). However, feature extraction revealed that the mean onset
frequency in hst1Δ colonies was slightly yet significantly lower
than the mean onset frequency in wild-type colonies (Fig. 3D and
SI Appendix, Table S2), suggesting that in wild-type cells, Hst1
destabilized heterochromatic repression to a limited extent. To
provide an independent test of the results of the computational
analysis, we turned to the traditional half-sector analysis to de-
termine rates of switching events in microbial colonies (8).
Consistent with the feature extraction, half-sector measurements
showed that deletion of HST1 caused a subtle reduction (P =
0.004; Student’s t test) in the rate of silencing loss. Whereas wild-
type cells lose silencing at a rate of 1.58 × 10−3 (±7 × 10−5) per
cell division (7), hst1Δ cells lost silencing at a rate of 1.2 × 10−3

(±1 × 10−4) per cell division. Thus, MORPHE uncovered a
silencing phenotype in hst1Δ mutants that previously escaped
detection by visual inspection and that could be confirmed, rather
laboriously, by the traditional method.

Haploid Cells Exhibited a Lower Switching Rate Relative to Diploid
Cells. MORPHE provided a convenient way of visualizing the
switching pattern for multiple colonies and was therefore applied
to micrographs of diploids lacking one copy of individual SIR
genes (Fig. 4A). In concordance with measurements acquired by

traditional half-sector analysis (7), feature extraction showed
that diploids containing only one copy of either the SIR1, SIR3,
or SIR4 gene had higher onset frequencies of switching events
and larger GFP-expressing regions compared with wild type (Fig.
4 and SI Appendix, Table S3).
A direct comparison of the wild-type haploid and wild-type

diploid revealed that haploid colonies exhibited higher onset fre-
quencies of GFP-expressing regions and larger areas of overall
GFP expression than diploid colonies (Fig. 5 and SI Appendix,
Table S4). This observation was consistent with the fourfold in-
crease in the frequency of half-sectored colonies in haploids rela-
tive to diploids (7). The diploid strains used in this study were
pseudohaploids due to the deletion of one copy of the MAT locus.
Therefore, the difference between haploids and diploids in red-to-
green switching frequencies could not be attributed to any changes
in the expression of haploid-specific genes.
In principle, a change in the frequency of red-to-green

switches could arise from either a change in the stability of si-
lencing or a change in the efficiency of Cre-loxP recombination.
Given that the diploid was hemizygous for the RFP-GFP cassette
and therefore contained twice the ratio of DNA content to loxP
sites in comparison with the haploid, we considered the possi-
bility that Cre was less efficient at targeting the loxP sites in the
diploid. Indeed, increasing the number of RFP-GFP cassettes in
the diploid from one copy (JRY10639) to two copies (JRY10640)
increased the mean onset frequency, albeit not up to the level of
the haploid (Fig. 5 and SI Appendix, Table S4). Therefore, the
dosage of RFP-GFP cassettes affected the efficiency of Cre-loxP
recombination in the diploid and contributed in part to the dif-
ference in switching frequencies between haploids and diploids.

Fig. 3. Feature extraction of haploid colonies. (A) GFP fluorescence of representative colonies for haploid strains containing individual deletions of sirtuin
genes. (Scale bar, 2 mm.) (B) Smoothed onset frequencies of switching events for each genotype. The horizontal axis represents the distance from the origin in
pixels, and each row represents a colony. The color bar indicates the natural logarithm of smoothed onset frequencies. (C) The area of GFP fluorescence. The
color bar indicates the natural logarithm of the area of GFP fluorescence. (D) Boxplot of mean onset frequencies. Hereinafter, the red line represents the
median, the whiskers extend to the most extreme values that lie within 1.5 times the interquartile range (box edges), and plus signs represent outliers.
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It is unknown whether transient losses of silencing reflect a
local disturbance in heterochromatin or rather a systemic failure
in the repression of all heterochromatic loci. To distinguish be-
tween these two possibilities, we used MORPHE to compare the
frequency of silencing loss between a diploid that was hemi-
zygous for HML::cre (JRY10639) and a diploid that was homo-
zygous for HML::cre (JRY10641). If instability arose from a
locus-specific event, then the two HML::cre loci in the homozy-
gote would lose silencing independently of each other and thus
double the frequency of red-to-green switches relative to the
hemizygote. Alternatively, a cell-wide disruption to heterochro-
matin would cause a concurrent loss of silencing at both HML::
cre loci and thus trigger red-to-green switches at the same rate as
the hemizygote. MORPHE revealed that the mean frequency of
switching events was approximately twofold higher in the HML::
cre homozygote than in the HML::cre hemizygote (Fig. 5 and SI
Appendix, Table S4). This trend occurred between diploids
containing one copy of the RFP-GFP cassette, as well as between
diploids containing two copies of the RFP-GFP cassette (Fig. 5).
These results, which suggested that the majority of loss-of-silencing
events were locus-specific, were consistent with the observation
that a sir1Δ diploid containing a unique reporter gene at each
HML locus shows no correlation in expression state between the
two HML alleles (9). In principle, however, loci that lose si-
lencing in concert could increase sectoring if the level of Cre
protein produced during a typical loss-of-silencing event were
limiting for recombination efficiency. That is, concurrent losses
of silencing could produce higher levels of Cre, which could in-
crease the probability of loxP recombination. We cannot rule out
this alternative explanation, especially in light of previous studies
suggesting that silencing states are a property of the cell, rather
than a property of the locus (10, 11).

The Classifiers Distinguished Genotypes That Appeared Similar by
Visual Inspection. Beyond uses of the feature extraction method
as a visualization tool, we applied classification methods to the
extracted features, including the onset frequencies of switching
events and the area of GFP fluorescence, to distinguish the classes
from one another. Classification, an active area of research in
machine learning, has been fruitfully applied in biomedical re-
search (12–16). Briefly, a classifier can be trained on the distribu-
tion of labeled feature data to minimize the probability of
classification errors. The trained classifier can then be applied to a
new sample to predict its label. To prevent differences in colony
size from confounding the classification, analysis was restricted to
GFP-expressing regions located within a specified distance from
the colony center that was equal to the radius of the smallest
colony being tested. The results presented here in terms of con-
fusion matrices were obtained using random forest (Fig. 6A), an
ensemble statistical learning method for classification. We also
compared its performance with decision tree and AdaBoost (SI
Appendix, Fig. S1). (See Methods, Algorithm for an explanation of
these classification methods.) Each row of a confusion matrix
represents the true class, and each column represents the predicted
class. Hence, the (i,j) entry of the confusion matrix corresponds to
the proportion of colonies of type i that got classified by our
method as type j. The confusion matrices of all three methods
showed that the similarity values of the various genotypes resolved
into a two-block structure. One block corresponded to the haploid
colonies and the other corresponded to the diploid colonies. Thus,
the classifiers distinguished haploids from diploids, consistent with
the observation that haploid cells exhibited higher levels of sec-
toring than diploid cells.
We also applied binary classification to test whether each

mutant type could be differentiated from wild type (Fig. 6B). The
classification performance reached more than 95% accuracy

Fig. 4. Feature extraction of diploid colonies. (A) GFP fluorescence of representative colonies for diploid strains hemizygous for individual SIR genes. (Scale
bar, 2 mm.) (B) The smoothed onset frequencies of switching events for each genotype. The horizontal axis represents the distance from the origin in pixels,
and each row represents a colony. The color bar indicates the natural logarithm of smoothed onset frequencies. (C) The area of GFP fluorescence. The color
bar indicates the natural logarithm of the area of GFP fluorescence. (D) Boxplot of mean onset frequencies.
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differentiating wild type from the hst3Δ mutant, which was the
most distinct mutant. The second most distinct mutant was
hst1Δ, with accuracy over 86%. The hst2Δ and hst4Δmutants did
not show distinct patterns from wild type. Most of the diploid
mutant types could also be differentiated from the wild-type
diploid, with accuracy over 75%. This included the sir4Δ/SIR4
mutants, which exhibited relatively large variation in sectoring
patterns (Fig. 4). The only exception was the sir2Δ/SIR2 mutant,
which was indistinguishable from wild type.

The Classifiers Distinguished Subtle Differences Between Colonies
Grown Under Various Environmental Conditions. Treatment of var-
ious eukaryotic cells with either ascorbate, more commonly
known as vitamin C, or nickel causes changes in gene expression
that are thought to occur through modifications to the state of
chromatin, reviewed in (17, 18). Therefore, we tested whether
varying levels of either agent influenced the stability of hetero-
chromatic repression at HML. Whereas visual inspection did not
reliably detect a difference in the patterns of GFP expression
between colonies grown in the presence versus absence of vita-
min C (Fig. 7A), MORPHE revealed a slight reduction in onset
frequency with increasing concentrations of vitamin C (Fig. 7 and
SI Appendix, Table S5). At sublethal concentrations, nickel also
caused a decrease in onset frequency (Fig. 8 and SI Appendix,
Table S6). The classifiers distinguished each condition (0 mM,
0.05 mM, and 0.1 mM NiCl2) from the other conditions with at
least 80% accuracy. Consistent with the nickel-induced stabili-
zation of silencing at HML, NiCl2 treatment of S. cerevisiae cells
also improves Sir-mediated silencing of a subtelomeric reporter
gene (19).

Physiological differentiation during colony development leads
to microenvironments within the same colony that differ in
metabolite levels. One such metabolite is H2O2 (20, 21), a re-
active oxygen species that accumulates in cells undergoing res-
piration. To test whether H2O2-induced oxidative stress affects
heterochromatin, we extracted features of GFP expression in
colonies grown with increasing concentrations of H2O2. At the
highest concentration tested, H2O2 caused a reduction in the
onset frequencies, suggesting that H2O2 improved the stability of
silencing (Fig. 9 and SI Appendix, Table S7).
In the laboratory, most experiments are performed with me-

dium containing glucose as a carbon source. In nature, however,
S. cerevisiae encounters and metabolizes a wide variety of sugars.
To determine whether alternative carbon sources affect the
dynamics of heterochromatin, we compared the patterns of
GFP expression between colonies grown on medium containing
2% (wt/vol) glucose and colonies grown on medium containing
either 2% (wt/vol) galactose or 2% (wt/vol) raffinose. In compari-
son with glucose-grown colonies, colonies grown on the alternative
carbon sources exhibited higher onset frequencies and therefore
a destabilization of silencing at HML (Fig. 10 and SI Appendix,
Table S8). In addition, silencing was slightly less stable in cells
grown on raffinose than in cells grown on galactose. Collectively,
these examples indicated that a variety of environmental inputs
have the capacity to modify the dynamics of heterochromatin.

Discussion
The sensitivity of the CRASH assay has enabled the identifica-
tion of genetic and environmental factors that contribute to the
stability of heterochromatic repression. However, phenotypic

Fig. 5. Feature extraction of colonies containing various copy numbers of HML::cre and the RFP-GFP cassette. (A) GFP fluorescence of representative colonies
for strains containing the specified number of chromosome sets (1n denotes haploidy and 2n denotes diploidy), HML::cre alleles, and RFP-GFP cassettes. (Scale
bar, 2 mm.) (B) The smoothed onset frequencies of switching events for each genotype. The horizontal axis represents the distance from the origin in pixels,
and each row represents a colony. The color bar indicates the natural logarithm of smoothed onset frequencies. (C) The area of GFP fluorescence. The color
bar indicates the natural logarithm of the area of GFP fluorescence. (D) Boxplot of mean onset frequencies.
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analysis has been limited by the lack of methods available to
quantify and distinguish patterns of differential GFP expression
in colonies. Here, we present a robust, automated approach to
extract the features of GFP expression that inform our un-
derstanding of when and how often losses of silencing occur
throughout the growth of a colony. The MORPHE software
suite allowed quantitative comparisons between known geno-
types or conditions and also has the capacity to identify distinct
patterns in colonies containing unknown mutations that could
arise naturally or from random mutagenesis.
The classification algorithm was reliably able to categorize dif-

ferent patterns of fluorescence that were deemed indistinguishable
by visual inspection. Notably, the classifier uncovered a previously
unidentified role for the sirtuin Hst1 in antagonizing the stability
of silencing. Hst1 is a paralog of the NAD+-dependent histone
deacetylase Sir2, an essential component of heterochromatin at
HML and HMR. Interestingly, Hst1 represses the expression of
genes involved in de novo synthesis of NAD+, and deletion of
HST1 causes a slight increase in cellular levels of NAD+ (22). One
implication of this result was that NAD+ levels may be limiting for
Sir2 activity in wild-type cells, such that deletion of HST1 would
improve the capacity of Sir2 to catalyze the deacetylation reactions
necessary for silencing.
The classification algorithm also successfully differentiated

cells grown under various environmental conditions by compar-
ing the frequencies of switching events and the area of the GFP-
expressing regions. Vitamin C, for example, was shown to slightly
increase the stability of heterochromatic repression at HML.
Interestingly, vitamin C can stimulate in vitro activity of human
and murine demethylases that target histones (23, 24), possibly
through controlling the oxidation state of Fe located in the active

site. Given that S. cerevisiae contains homologous histone
demethylases (23, 25) and that the methylation status of histones
affects silencing at HML, vitamin C may stabilize silencing
through the enhancement of histone demethylation. Less-direct
mechanisms are also possible, however, because vitamin C has
the potential to serve as a cofactor for other related enzymes
such as Jlp1 and Tpa1 of yeast (26, 27) and also functions as
a reducing agent.
Given that certain environmental factors influence silencing

and that colonies are environmentally complex, the stability of
silencing could, in principle, fluctuate throughout different
stages of colony growth or even vary between different micro-
environments within the same colony. In certain genetic back-
grounds, the rate of silencing loss during the initial stage of
colony growth does not correspond to the overall sectoring
phenotype of mature colonies (7), suggesting that processes in-
herent to later stages of colonial growth can modify the stability
of silencing. Whereas half-sector analysis is confined to mea-
suring silencing loss during the first cell division of colony
growth, the image analysis suite presented here has the potential
to quantify heterochromatin dynamics as a function of colony
development.
GFP-expressing regions within colonies vary in size and shape

due to multiple factors. For example, losses of silencing that
occur during the early stages of colony growth have the potential
to produce large sectors, whereas losses of silencing that occur
during the late stages of colony growth do not. In addition, ge-
netic drift could randomly stunt the growth of a GFP-expressing
subclone. In this study, we used MORPHE to quantify the onset
frequencies of all GFP-expressing regions, regardless of size;
however, the MORPHE software also contains the option to analyze

Fig. 6. Classification of genotypes based on the extracted features. (A) Confusion matrix by random forest on the multiclass classification of wild type and
mutants, including both the haploid and diploid strains. Each row of the confusion matrix represents a different genotype (actual class), and the values within
a row show the proportion of colonies that were predicted by the classifier to belong to the genotype specified by each column (predicted class). The color
intensity, ranging from 0 to 1, corresponds to the fraction of colonies that were assigned to a particular predicted class. Successful classification results in high
values along the diagonal, where each actual genotype intersects with its corresponding predicted genotype. (B) Confusion matrices by random forest on the
binary classification of wild type versus each mutant. The color intensity, ranging from 0 to 1, corresponds to the fraction of colonies that were assigned to a
particular predicted class.
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smaller regions (dots) separately from larger regions (bands, or sec-
tors). This option could be useful for the analysis of mutants or
conditions that skew the ratio of bands to dots, either through
changes in the general growth pattern of colonies, or through effects

on the stability of silencing that act during a specific window of
colony development.
Just as MORPHE complements the limitations of half-sector

analysis, half-sector analysis also complements the limitations of

Fig. 7. Feature extraction and classification of colonies grown under various levels of vitamin C. (A) GFP fluorescence of representative colonies for haploid
strains grown in the presence of vitamin C. (Scale bar, 2 mm.) (B) The smoothed onset frequencies of switching, derived by applying a sliding window average.
The color bar indicates the natural logarithm of smoothed onset frequencies. (C) The area of GFP fluorescence. The color bar indicates the natural logarithm
of the area of GFP fluorescence. (D) Boxplot of mean onset frequencies. (E) Confusion matrix by random forest on classification of colonies grown with
different levels of vitamin C. The lower concentrations of vitamin C tested (0.1 mM and 1 mM) were grouped together with the colonies grown without
vitamin C. The color intensity, ranging from 0 to 1, corresponds to the fraction of colonies that were assigned to a particular predicted class.

Fig. 8. Feature extraction and classification of colo-
nies grown under various levels of NiCl2. (A) GFP
fluorescence of representative colonies for haploid
strains grown in the presence of NiCl2. (Scale bar,
2 mm.) (B) The smoothed onset frequencies of
switching, derived by applying a sliding window aver-
age. The color bar indicates the natural logarithm of
smoothed onset frequencies. (C) The area of GFP
fluorescence. The color bar indicates the natural loga-
rithm of the area of GFP fluorescence. (D) Boxplot of
mean onset frequencies. (E) Confusion matrix by ran-
dom forest on classification of colonies grown with the
specified doses of NiCl2. The color intensity, ranging
from 0 to 1, corresponds to the fraction of colonies
that were assigned to a particular predicted class.
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MORPHE. In principle, high levels of sectoring would impair the
ability of MORPHE to distinguish individual GFP-expressing re-
gions. Given that MORPHE successfully analyzed the variety of
sectoring patterns presented here, we anticipate that the software
will perform well on colonies of cells that lose silencing at a rate
ranging anywhere from that of wild-type diploids (3.7 × 10−4 per
cell division) to that of hst3Δ mutants (1.1 × 10−2 per cell division)
(7). For rates of silencing loss that occur above this range, however,
half-sector analysis may be a more suitable method of quantifica-
tion. In addition, half-sector analysis provides a measurement of
the absolute number of red-to-green switches per cell division,
whereas the measurements made by MORPHE are relative.
Notably, the application of MORPHE extends beyond the

measurement of heterochromatin dynamics. Analyses of several
other phenomena leading to differential gene expression in colo-
nies, such as telomere position effect (28), will benefit from the
quantitative method described here. Moreover, this approach may
be applicable to the study of any generator of diversity within mi-
crobial colonies, from phase variation (29) and antigen switching
(30) to genome rearrangements and mutagenesis.

Methods
Yeast Strains. All strains used in this study were derived fromW303 and were
previously described (7). See SI Appendix, Table S1 for a description of
each genotype.

Colony Growth and Imaging. Strains were initially streaked onto solid medium
containing G418 (Geneticin; Life Technologies) to select for cells expressing RFP,
which were then grown to midlog phase in liquid Complete Supplement Mixture
(CSM) – Trp (Sunrise Science Products) under nonselective conditions (no G418).
Following 10-fold serial dilutions in 1× PBS, cells were spread onto CSM – Trp, 1%
agar plates at a density of ∼10 cells per plate and were grown for 6 d at 30 °C.

The resulting colonies were imaged with a Zeiss Axio Zoom.V16 micro-
scope equipped with ZEN software (Zeiss), a Zeiss AxioCamMRm camera, and

a PlanApo Z 0.5× objective. For each experiment, the magnification and
exposure times remained constant across all genotypes or conditions. Mi-
crographs were assembled using Photoshop (Adobe Systems).

All experiments testing the effects of environment on the stability of si-
lencing at HML were performed using JRY9628. For the comparison of dif-
ferent carbon sources, cells were grown on CSM – Trp, 1% agar plates
containing either D-glucose (Fisher Scientific), D-galactose (Sigma-Aldrich), or
D-raffinose pentahydrate (Sigma-Aldrich) at a concentration of 2% (wt/vol).
To test the effects of other metabolites on the stability of silencing, aqueous
stock solutions were first made as follows: L-ascorbic acid 2-phosphate
(Sigma-Aldrich) was at 0.1 M, 30% hydrogen peroxide (BDH Chemicals) was
at 0.1 M, and nickel(II) chloride hexahydrate (Sigma-Aldrich) was at 0.01 M.
Each stock solution was filter-sterilized and then mixed in with freshly
autoclaved CSM – Trp, 1% agar to achieve the specified concentrations.

Algorithm. We developed the analysis package MORPHE to extract in-
formative features for characterizing the sectoring pattern resulting from
heterochromatin dynamics in S. cerevisiae. The method was divided into five
sections: (i) colony segmentation; (ii) switching events detection; (iii) onset
detection; (iv) onset-frequency estimation; and (v) colony classification based
on these features.
Colony segmentation. The first step was to segment the raw colony images. A
literature review of recent segmentation methods and some of their results
(SI Appendix, Fig. S2) on our images can be found in SI Appendix. Motivated
by the segmentation examples in refs. 31 and 32, we developed a pipeline
tailored to our application: A Canny edge detector (33) was first applied to
the raw image, and then the detected edges were dilated to form a closed
boundary surrounding a given colony. By restricting all subsequent analysis
to this enclosed region, we could remove background noise and detect the
switching events specific to the colony of interest. Our segmentation process
is illustrated in SI Appendix, Fig. S3 and a comparison with other segmen-
tation methods can be found in SI Appendix, Fig. S2. Our method was a
combination of feature detection and morphological filtering, both of
which are widely used for other purposes (34, 35). The underlying assump-
tion that the Petri dish background was homogeneous compared with
the object of interest (i.e., the colonies) held, and our tailored method

Fig. 9. Feature extraction and classification of colonies grown under various levels of H2O2. (A) GFP fluorescence of representative colonies for haploid
strains grown in the presence of H2O2. (Scale bar, 2 mm.) (B) The smoothed onset frequencies of switching events, derived by applying a sliding window
average. The color bar indicates the natural logarithm of smoothed onset frequencies. (C) The area of GFP fluorescence. The color bar indicates the natural
logarithm of the area of GFP fluorescence. (D) Boxplot of mean onset frequencies. (E) Confusion matrix by random forest on classification of colonies grown
with the specified doses of H2O2. The lowest concentration of H2O2 tested (0.1 mM) was grouped together with the colonies grown without H2O2. The color
intensity, ranging from 0 to 1, corresponds to the fraction of colonies that were assigned to a particular predicted class.
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outperformed classic methods based on normalized cuts (36) or energy
minimization (37).
Switching events detection. After segmenting the colonies, we detected the
bands and dots within each colony for subsequent featurization. Separating
features from the colony background by intensity thresholding was pre-
cluded by the lack of a universal intensity threshold that worked for all
images, because the pixel intensity distribution varied widely between im-
ages. To eliminate the need for manual tuning, we processed the data using
the aforementioned edge detection and dilation approach restricted to each
colony found by the segmentation procedure described earlier. Then, for
each connected component detected (Fig. 1C), that is, a region of pixels in
which any two pixels are connected to each other by the edge detection and
edge dilation, we applied the Moore-Neighbor tracing algorithm (31, 38)
modified by Jacob’s stopping criteria (31) to extract the boundary contour.
The pixel intensities in the enclosed area of a contour were compared with
those of the exterior region. If the inner pixels had intensity values larger
than the exterior, we labeled the enclosed area as a feature. This step en-
abled us to detect the boundaries of the features of interest, overcoming the
sensitivity of edge detection to the change of pixel intensities. However, the
interior pixels of the features may be homogeneous and hence could be
missed by edge detection. By comparing the inner and outer pixels, we
successfully detected the band and dot features, as illustrated in Fig. 1C.
Onset detection.Next, we determined the distance from the colony centroid at
which the band and dot features first appeared. (In what follows, we
translated each colony centroid to the origin of a Cartesian coordinate sys-
tem.) This step provided a measure of the timing of the genetic switching
event that gave rise to each feature. Fig. 2A shows the vertex, that is, the
point closest to the origin in Euclidean distance, of each connected com-
ponent found by switching-event detection.
Onset-frequency estimation. Next, we estimated the frequency of feature
formation (termed “onset frequency”) per unit area using the learned onset
features. For a fixed radius r, a naive estimate of this frequency was simply
the number of observed switching events divided by the total area (ex-
cluding GFP-expressing regions) in the annulus of width Δr (Fig. 2B), that is,
the radii of the outer ring being r +Δr and the radii of the inner ring being r.
However, because switching events are rare, this estimator had high vari-
ance, inspiring further processing of these raw onset-frequency estimates.

We applied kernel smoothing to recover the shape of the underlying
probability density function from the discrete events observed. This method is
widely used in time-series analysis that extracts an underlying continuous
function from limited discrete events (e.g., estimating the firing rate from the

train of action potentials in neuroscience) (39). We let the sequence of onset
frequencies of the ith colony be fri,j ,qf

i,jg
R

j=1
, in which ri,j is the distance from

the origin of the Cartesian coordinate system, qf
i,j is the corresponding onset

frequency of switching events, and R is the radius of the colony in terms of
number of pixels. Then, the estimated smoothed onset frequency function
of switching events was

sfi ðrÞ=
PR

j=1kλ
�
r, ri,j

�
qf
i,j

PR
j=1kλ

�
r, ri,j

� .

The kernel kλ has a window parameter λ. Fig. 2C shows the sequence of
onset frequencies, along with the smoothed functions by applying kernel
smoothing. We adopted the sliding-window averaging method as the kernel
function with a window size of λ = 50 pixels for illustration.
Colony classification. In addition to the onset of switching events, we also
introduced the area of GFP fluorescence, denoted as sai ðrÞ, as an additional
feature. These derived features provided an efficient way of visualizing
heterochromatin dynamics and could also be used as discriminative features
in classification, which could provide insights into the different switching
patterns that were not obvious by visual inspection. We let the extracted
features and labels be fxi ,yigNi=1, where xi = ½siðr1Þ, siðr2Þ,. . . , siðrRÞ� and
siðrÞ= ½sfi ðrÞ,   sai ðrÞ�. That is, x i ∈R1×2R is a vector consisting of the smoothed
onset frequencies of switching events and area of GFP fluorescence evalu-
ated at R radii and yi ∈ f1,2,. . . ,Kg represents the class label, which could be
the specific yeast strain or the environmental condition. For convenience, we
denoted X = ½x1; x2;. . . ; xN � and Y = ½y1; y2;. . . ; yN �. In this paper, we presented
the performance of decision trees and ensemble learning methods, including
AdaBoost and random forest. The decision tree is a greedy algorithm that re-
cruits splitting nodes to the tree by defining half planes P1 = fzj jzj ≤ sg and
P2 = fzj jzj > sg, in which zj is the splitting variable from one of the features and s
is the splitting point. At each candidate node, one computes an error measure
such as the misclassification rate, Gini index, or the cross-entropy (40). Then the
splitting nodes are selected and added sequentially to improve performance.
Each terminal node (or a leaf) represents a class label and provides a prediction
if one follows the path from the root to that leaf, and a decision is made by
taking the majority vote among the leaf nodes.

AdaBoost (41) and random forest (42) are common ensemble methods, in
which a committee is formed by combining the outputs of many weak
learners (40), and the committee performs a majority vote to decide the pre-
dicted class labels. The details of these algorithms are described in SI Appendix.
All of the classification results were obtained with the leave-one-out test, and

Fig. 10. Feature extraction and classification of colonies grown with different sugars. (A) GFP fluorescence of representative colonies for haploid strains grown in
the presence of the indicated carbon sources. (Scale bar, 2 mm.) (B) The smoothed onset frequencies of switching events, derived by applying a sliding window
average. The color bar indicates the natural logarithm of smoothed onset frequencies. (C) The area of GFP fluorescence. The color bar indicates the natural log-
arithm of the area of GFP fluorescence. (D) Boxplot of mean onset frequencies. (E) Confusion matrices by random forest on classification of colonies grown with the
specified sugar supply. The color intensity, ranging from 0 to 1, corresponds to the fraction of colonies that were assigned to a particular predicted class.
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we applied stratified sampling such that the number of samples for each class
was the same in the training set. The AdaBoost or AdaBoost.M2 for multiclass
was applied with 200 learning cycles; the random forest used the square root
of the total number of features at random at each split, and 200 trees were
generated. When the colonies had different sizes, we limited all of the samples
to the smallest size observed.

Software Availability. Our software MORPHE, which stands for MORpho-
logical PHenotype Extraction, is freely available at https://sourceforge.net/

projects/morphe. The implementation includes a graphical user interface (SI
Appendix, Figs. S4 and S5). The details can be found in SI Appendix.
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