1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

éPL "VS)))\

NIH Public Access

Y (A
] a2 & Author Manuscript

o
R s

Published in final edited form as:
Curr Biol. 2010 May 25; 20(10): 895-903. doi:10.1016/j.cub.2010.04.027.

Rapid Expansion and Functional Divergence of Subtelomeric
Gene Families in Yeasts

Chris A. Brownl, Andrew W. Murrayl, and Kevin J. Verstrepen112’3’4
1FAS Center for Systems Biology, Harvard University, 52 Oxford St., Cambridge, MA 02138, USA

2VIB Laboratory for Systems Biology, Gaston Geenslaan 1, B-3001 Leuven (Heverlee), Belgium

3Centre of Microbial and Plant Genetics, CMPG-G&G, K.U.Leuven, Gaston Geenslaan 1, B-3001
Leuven (Heverlee), Belgium

Summary

Background—Subtelomeres, regions proximal to telomeres, exhibit characteristics unique to
eukaryotic genomes. Genes residing in these loci are subject to epigenetic regulation and elevated
rates of both meiotic and mitotic recombination. However, most genome sequences do not contain
assembled subtelomeric sequences, and, as a result, subtelomeres are often overlooked in
comparative genomics.

Results—We study the evolution and functional divergence of subtelomeric gene families in the
yeast lineage. Our computational results show that subtelomeric families are evolving and expanding
much faster than families that do not contain subtelomeric genes. Focusing on three related
subtelomeric MAL gene families involved in disaccharide metabolism that show typical patterns of
rapid expansion and evolution, we show experimentally how frequent duplication events followed
by functional divergence yields novel alleles that allow metabolism of different carbohydrates.

Conclusions—Taken together, our computational and experimental analyses show that the
extraordinary instability of eukaryotic subtelomeres supports rapid adaptation to novel niches by
promoting gene recombination and duplication followed by functional divergence of the alleles.

Introduction

Subtelomeres are repeat-rich and gene-poor regions proximal to the telomeres [1]. A precise
definition of a subtelomere is difficult because the length of the subtelomeric region varies
from 20 kb in some yeasts to several hundred kb in higher eukaryotes [2,3]. Apart from the
low gene density, subtelomeres are characterized by epigenetic silencing [4,5] and increased
rates of recombination and mutation [3,6,7,8,9], with exception to flies [10,11]. These regions
are often lacking from so-called “whole genome” sequences because their high repeat content
and extensive sequence similarity [12] make it difficult to assemble these regions and to
distinguish orthologs and paralogs [2,13,14]. As a result, subtelomeres remain relatively
understudied. For example, several landmark studies that reconstruct the evolution of gene
families could not comprehensively analyze subtelomeric gene families [14,15,16,17]. From
the few examples we have, subtelomeres seem to contain specific gene families that reflect the
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organism’s lifestyle. In yeasts, genes involved in biofilm formation and carbohydrate utilization
have been mapped to subtelomeres [18,19,20,21,22,23]. In parasitic eukaryotes such as
Plasmodium spp., trypanosomes and pathogenic fungi, many virulence genes reside at
subtelomeres. Variegated expression of these cell surface genes allows these pathogens to
continuously change their outer surface and evade the host immune response [24,25]. In
primates, multiple genes encoding olfactory receptors [26] and members of the WASP family
[27] have been mapped to subtelomeres. Moreover, promiscuous rearrangements of these
regions have been implicated in human genetic disorders [28,29]. These anecdotal examples
support the hypothesis that subtelomeres are variable loci harboring specific and fast-evolving
gene families. Indeed, other authors have noted the rapid turnover of genes at subtelomeres
[30,31,32], but a comprehensive analysis is lacking. Here, we use the genome sequences of
eight ascomycete fungi to study the evolution of subtelomeric genes. We use comparative
genomics to show that subtelomeric gene families evolve faster than their non-subtelomeric
counterparts and then focus on three related gene families to analyze how they have evolved
and functionally diverged. Together, our results underpin the unique role of subtelomeres as
hotbeds for genomic evolution and innovation.

In silico analysis of subtelomeric gene families

Using the definition of subtelomeres as gene-depleted regions [33], we investigated the gene
density across the chromosomes of various yeast species and found that the average gene
density is significantly lower up to 33kb away from the telomeres (Figure S1). This 33kb region
agrees with previous studies on the telomere position effect [5] and sequence similarity between
nonhomologous chromosome ends [2,3]. For our analyses, we classified each gene as
subtelomeric or non-subtelomeric based on its distance from the chromosome end. While we
only show results for a telomere length of 33kb as defined above, all our results are robust for
subtelomere lengths between 10 and 50kb (see below).

To investigate which genes are enriched and depleted at subtelomeres, we used the gene
ontology (GO) classification [34] (Table S1). Subtelomeres show significant enrichment for
genes involved in response to stress and toxins, metabolism of a broad spectrum of compounds,
and transporters involved in metal, amino acid, and carbohydrate uptake. By contrast, genes
responsible for typical “housekeeping” functions such as ribosomal function, RNA processing,
cell cycle control, mitosis, DNA repair and DNA replication are depleted at subtelomeres.

In order to compare the evolution of subtelomeric and non-subtelomeric genes, we used the
Markov Cluster Algorithm (MCL) algorithm [15,35,36] to divide all genes across different
fungi into gene families based on their sequence similarity (see Methods). Gene families that
contain at least one gene located in the subtelomeric region were considered subtelomeric
families. On average, gene families that do not contain any subtelomeric gene show a small
number of genes per species with only few genes located within 200k from the chromosome
ends and very little difference in copy number between species. Subtelomeric gene families
(i.e. families that contain at least one subtelomeric gene), on the other hand, often show several
genes within 33 kb of the chromosome end, and even more genes within 200kb. Moreover,
subtelomeric families also show drastic copy number variation between the different yeast
species used in this analysis (Figure 1A).

Statistical analysis of the gene families shows that within a species, there are far fewer
subtelomeric gene families than would be expected if subtelomeric and non-subtelomeric genes
were distributed randomly among the families. In other words, subtelomeric genes cluster
together in a small number of families, and families that contain at least one subtelomeric
member are more likely to contain multiple subtelomeric members (p-value < 10-19) (Figure
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1B, Figure 2A and Table S2); this signal remains even after controlling for tandem or local
duplications (p-value < 10-10) (Table S2). Even more striking, subtelomeric gene families are
on average much larger than non-subtelomeric families; containing two to four times more
genes than non-subtelomeric families (p < 10-19)(Figure 1B, Figure 2B and Table S2).

Together, these analyses suggest that subtelomeric genes tend to spawn new subtelomeric
genes, possibly as a result of the elevated recombination frequencies found at subtelomeres
[3,6,7,37]. This hypothesis prompted us to ask whether subtelomeric families also show more
copy number variation than their non-subtelomeric counterparts. When comparing gene family
size across the fungal tree, subtelomeric families show significantly greater copy number
variation between species (p < 10"19)(Figure 1B and Figure 2C). Moreover, subtelomeric
families contain many genes that show greater similarity to other genes in the same species
than to genes in all other species; a signature for recent duplication events that occurred after
the different species diverged (p < 10-10)(Figure 2D). The extraordinarily rapid evolution of
subtelomeric gene families was further investigated using the CAFE birth/death model [15].
This model uses a clever algorithm to quantify the rate at which new members of a gene family
are being formed, or lost (see supplemental data for more information). The model confirms
that subtelomeric families show remarkably aberrant birth/death rates (p < 10-10) (Table S2
and Figure S2), further demonstrating the rapid evolution of these families.

After demonstrating that subtelomeric gene families show both elevated copy number variation
and gene family size, we revisited our initial GO enrichment analysis. We wondered whether
the rapid gene turnover at subtelomeres is a property of the types of genes found at subtelomeres
or rather a property of the subtelomeric region. We therefore analyzed copy number variation
and family size of non-subtelomeric gene families to subtelomeric gene families belonging to
the same functional GO category, and repeated this analysis for all GO categories that are
enriched for subtelomeric genes. We found that for almost all families of a specific category
(99% and 98% of non-subtelomeric and subtelomeric families tested, respectively),
subtelomeric gene families show both higher copy number variation and average family size.
In some cases we did not find statistically significant differences, but this seems to be due to
the low numbers of genes in these GO categories. Taken together, these results indicate that
the subtelomeric location rather than the functional enrichment is the causal driving force for
the rapid gene turnover, with frequent duplication events (Table S1).

Duplication of subtelomeric genes involved in disaccharide utilization

Gene duplication is recognized as a crucial mechanism in evolution. The extra copy resulting
from duplication events provides a dispensable copy of a gene that can acquire new function
(neofunctionalization) without being restrained by purifying selective pressure on its original
function [38]. An alternative view is that gene duplication allows asymmetric evolution of
preexisting promiscuous function in a protein, such that these prior functions can be further
optimized (subfunctionalization) [39]. Another putative advantage of subfunctionalization is
that the expression of the two copies can be independently regulated, which further increases
the evolutionary potential.

To begin investigating if members of subtelomeric gene families show signs of functional
divergence, we studied their expression divergence (a measure for how differently the genes
are regulated, see [40]) and responsiveness (a measure for how strongly a gene’s expression is
influenced by the environment [40] (see Materials and Methods). The results show that
subtelomeric genes show higher average expression divergence (0.250 vs. -0.007, p = 0.035)
and higher average responsiveness (1961 vs. 1491; p < 10"19) when compared to non-
subtelomeric genes, agreeing with the hypothesis that subtelomeric duplicates show rapid
divergence.
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To further investigate whether the frequent duplication of subtelomeric genes provides the raw
material for functional divergence, we examined three related typical subtelomeric gene
families involved in maltose metabolism [41] (see Figure 1). For each of these families, we
investigated if and how the genes have been duplicated, and if these duplication events were
followed by functional divergence. The first family, called MALT, contains transporters to
import maltose into the cell, the second family, MALS, encodes maltases, enzymes that
hydrolyze maltose into two glucose units, and the third family, MALR, encodes regulator
proteins that induce the expression of MALR, MALT, and MALS genes when maltose is present
[41].

We first manually mapped all MAL genes in completely assembled yeast genomes, as well as
in available contigs of other (non-assembled) high-coverage genomes. We identified seven
unannotated MAL genes (two from the MALR family and five from the MALS family) out of a
total 14 MAL genes in the S. cerevisiae S288c genome that were present as unannotated ORFs.
Second, consistent with our in silico analysis, we noted extraordinary fluctuations in the
chromosomal location and number of MAL genes between different species and even strains
(Figure 3, Figure 4, and Figure S4). These copy number variations are not a direct result of the
whole genome duplication that occurred during the evolution of the hemiascomycetes [42].
Candida glabrata, Saccharomyces castelli, and Kluyveromyces polysporus underwent the
whole genome duplication, but do not have any MAL loci. The protein phylogeny indicates
that the common ancestor of these yeasts had only few MAL genes, which were completely
lost in some lineages and expanded in other lineages (Figure S3).

Further phylogenetic analysis revealed the existence of multiple subfamilies (“clades”) of the
MALT, MALS, and MALR families that cluster tightly together based on their sequence
similarity (Figure 4 and Figure S3). Genes within one subfamily do not only represent orthologs
(i.e. copies that diverged independently after they were separated by speciation events; no gene
duplication involved), but also recent paralogs (i.e. copies generated in duplication events
within the species). Members of different subfamilies, on the other hand, show more sequence
divergence and are usually ancient orthologs. Hence, the MAL genes show a remarkable
instability in copy number and genomic location, even between evolutionary closely related
S. cerevisiae strains. These characteristics of the different MAL genes agree very well with the
results of our global in silico analysis of all subtelomeric genes (above). It is important to stress
that we only based our analyses on the available fully sequenced yeast species. However,
analysis of the MAL gene families in as many as 76 other (partly) sequenced S. cerevisiae and
S. paradoxus strains confirm the trends observed in the fully assembled genomes (Table S3).

Functional divergence in the MAL gene families

Given the rapid expansion of the MAL gene families in S. cerevisiae, we asked whether the
duplication events resulted in sub- or neofunctionalization. We screened three sequenced S.
cerevisiae strains for their ability to grow on maltose and other related carbohydrates. Our
systematic analysis extended previous work [41,43,44,45,46] and uncovered many novel
functions for the different MAL genes. The laboratory strain, S288c, failed to grow on maltose
while two feral isolates, RM11 (from a vineyard) and YJM789 (from an AIDS patient), both
grew. Further analysis showed that this difference depends on the absence of one specific
MALR subfamily (clade) from S288c (Figure 4). Expressing members of the MAL63-like
subfamily (MAL63c9, MAL63c2 from RM11 and MALXx3 from YJM789) in S288c restored
growth on maltose. Conversely, deleting all members of this subfamily in strains RM11 and
YJM789 abolished their capacity to ferment maltose (Figure 5A). Further growth assays show
that these regulators are also required for growth on turanose, maltotriose, methyl-a-glucoside,
isomaltose, palatinose and sucrose (Figure 5B and Figure S5).
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A phylogeny of the MALR proteins shows three distinct subgroups of regulators. The previous
results show that one MALR clade is vital for the consumption of many a-glucosides. Why then
are the other regulator clades maintained? Further tests revealed that other regulators
(YFLO52W, MAL13, MAL33 in MAL13-like clade) evolved specificity for palatinose, a
disaccharide naturally occurring in sugar cane and honey (Figure 4 and Figure S5C). Together,
these results indicate that the function of the different MALR paralogs have diverged to regulate
cellular metabolism in response to various distinct carbohydrates.

Next, we asked if the MALT and MALS families show similar sub-/neofunctionalization
towards different carbohydrates. Phylogenetic analysis revealed three distinct MALT clades
and five MALS clades (Figure 4). To investigate the specificity of individual transporters and
maltases, we created a yeast strain without active MALR genes (so that all MALS and MALT
genes are silent). Using this strain, we constructed yeast mutants that constitutively express
different combinations of one MALT and one MALS gene each and tested their growth on a
series of carbohydrates (Figure S6). Certain combinations of MALS/MALT pairs allowed
growth on specific sugars. For example, expressing MAL11 (MALT family member) in
combination with MAL12 or MAL32 (MALS family members) allows S288c to grow on
maltotriose, while expressing MAL11 in combination with YOL157C or YGR287C (MALS
family members) allows growth on methyl-a-glucoside (Figure 6A). Together, the tests
indicate that the different MALT and MALS subgroups allow import and hydrolysis of specific
a-glucosides. Some clades encode proteins with broad substrate specificity (e.g. MAL11
member of the MALT family), while others are more specific (e.g. YOL157C member of the
MALS family)(Figure 4, Figure 5D-F, and Figure 6).

To further confirm the substrate specificity of the MALS family members, we purified all seven
maltase proteins (Mal12p, Mal32p, Fsp2p, Yill72cp, Yol157cp, Yjl216cp, and Ygr287cp)
from S. cerevisiae S288c, and measured their ability to hydrolyze different a-glucosides. The
results confirm that MAL12-like clade genes (e.g. Mal12p and Mal32p) (Figure 4) have evolved
specificity for maltose, maltotriose, turanose and sucrose (Figure 5D, and Figure 6A), while
other clades (YOL157C, YJL216C, and YGR287C) (Figure 4) have evolved specificity for other
carbohydrates, such as palatinose, isomaltose, and methyl-a-glucoside (Figure 5E and Figure
6). These results agree perfectly with the previous assays in which genes were deleted or
overexpressed.

Discussion

Our results uncover the extraordinary dynamics of subtelomeric gene families. Genes residing
near the telomeres undergo frequent recombination and duplication, which may allow
evolutionary adaptation and innovation. Detailed analysis of three gene families that were
historically linked with maltose metabolism confirms our genome-wide in silico analysis. In
some yeasts, the MAL genes have completely disappeared, while in others, they show multiple
recent duplication events. Moreover, the evolutionary rate at which these changes have taken
place is exceptional, with wide differences in copy number within closely related species of
the Saccharomyces sensu stricto group (Fig. 2) and even within one species (Fig. S4).
Moreover, the various MAL loci reveal a surprisingly broad activity, with certain previously
unidentified new family members showing no activity towards maltose, but instead degrading
several other a-glucosides. Because of the remarkable evolutionary rate of these gene families,
itis difficult to predict the specificity of the ancestral enzymes, and it remains a future direction
to determine the extent that neofunctionalization and subfunctionalization have shaped their
evolution.

It is interesting to hypothesize about the origins of variability of subtelomeric genes and gene
families. In our analysis, we noted specific functional categories of genes that are enriched in
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subtelomeres. Non-subtelomeric genes that belong to the same functional categories do not
show a similar variability, suggesting that the rapid turnover of subtelomeric genes is an
inherent property of these regions, and not of the functional categories of genes. It is difficult
to deduce whether certain rapidly evolving genes are adaptively relocated to subtelomeres, or
whether genes are relocated purely randomly to the telomeres, which results in rapid evolution.
While our results do not allow us to differentiate between these two scenarios, we hypothesize
that both scenarios may be true. Genes may be relocated to the telomeres more or less randomly,
but only those genes for which the local elevated dynamics are associated with a selective
advantage will be retained in the subtelomeres.

Since most subtelomeric gene families are involved in niche-specific processes, including
carbohydrate metabolism [18,19,21,41,47], stress response and cell surface properties [22,
23,48], it is tempting to speculate that their “evolvability” allows rapid adaptation to novel
niches and population structures [49,50]. In the case of the MAL genes, expansion of the gene
families in Saccharomyces sensu stricto may have allowed metabolism of carbohydrates found
in plants and fruits, while further selection by brewers has probably led to the other observed
expansions [51]. Table S5 shows a significant amplification in S. paradoxus of specific MAL
alleles involved in metabolism of sucrose, palatinose and other sugars found in tree sap and
honey, from which S. paradoxus is often isolated [16,52,53]. In yeasts that colonize mammals,
such as Candida spp., the MAL genes were completely lost, presumably because these yeasts
encounter enough simple, preferred sugars present in blood and the digestive tract. Similarly,
expansion of subtelomeric gene families may have supported an elegant immune evasion
system in pathogens, while the contraction of olfactory receptors in humans may explain our
inability to detect certain smells [9,26]. Interestingly, a recent study in which yeast cells were
evolved under nutrient-limited continuous cultures of Saccharomyces cerevisiae identifies
frequent duplications of SUL1, a subtelomeric gene encoding a sulfate permease located near
a MAL locus on the right arm of chromosome 11 [54].

Recent studies have noted the importance of whole-genome duplication events for evolutionary
innovation [17,42,55,56]. While these duplication events are rare, our results indicate that
small-scale duplication events in the subtelomeric regions may also serve an important
evolutionary role. Whereas the number of subtelomeric genes is much smaller than all genes
involved in whole-genome duplication events, innovation at subtelomeres is a continuous
process rather than a rare event. Furthermore, subtelomeric specific epigenetic effects,
including chromatin-dependent silencing, may further add to the evolutionary potential of these
interesting regions, for example, by allowing swift divergence of the transcriptional regulation
of the duplicated copies, a crucial but often overlooked process in evolution [57].

Experimental Procedures

Microbial strains, growth conditions, molecular techniques

All yeast strains used and all oligonucleotides (Sigma-Genosys and IDT) used are listed in
Supplemental Experimental Procedures. Yeast cultures were grown as described before
(Sherman et al., 1991). All strains were grown in rich media consisting of 2% peptone (Difco),
1% yeast extract (Difco), and 2% sugar (Sigma-Aldrich). All strains were grown overnight for
~16 hours in 3 mL YP with 2% glucose at 30°C in a rotating wheel unless otherwise noted.
Plated cultures were grown for three days at 30°C. The sugars used in this study were purchased
to their highest available purity and were filter-sterilized before adding to rich media. Plasmid
sets were obtained from EUROSCARF (http://web.uni-frankfurt.de/fb15/mikro/euroscarf/) for
reusable markers (Deletion Marker Plasmids) and overexpression/epitope tagging (A versatile
toolbox for PCR-based tagging of yeast genes: new fluorescent proteins, more markers and
promoter substitution cassettes). Plasmids were used as indicated in the references for use (PCR
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reaction mixture, primer design, etc.) found at EUROSCAREF. Standard cloning and molecular
biology procedures were used (Sambrook et. al. 1989).

Growth assays

Growth assays were preformed in a BioScreen C MBR system (Oy Growth Curves Ab Ltd.).
Overnight cultures were then diluted 1:50 into YP without sugar. A final dilution of 1:10 into
YP with 2% sugar was made into the BioScreen C plates. Cells were grown in duplicate for
48 hours at 30°C with continuous shaking, during which the optical density at 600nm (OD600)
was collected every 15 minutes. After 48 hours, the machine was stopped and the doubling
time and fold change (OD6005i,,/OD600jyitial) Were calculated for each strain using in house
software. Growth was then expressed as fold change normalized by doubling time.

Protein purification

Yeast strains carrying pGPD-3xHA-MalS proteins (strains KV2325 — KV2331 in
Supplemental Experimental Procedures) as well as a wildtype strain (K\VV447) were inoculated
into one liter of YP with 2% glucose from overnight cultures to a starting OD600 of 0.1. When
the cultures reached an OD600 of 0.8, the cells were pelleted and washed twice with cold water.
The pellets were then frozen at -80°C for later processing. The frozen pellets were subsequently
resuspended in cold water and split between 10 screw-top Eppendorf tubes. After spinning
down and removing the supernatant, the pellets were mixed with 300 uL of lysis buffer with
protease inhibitor (50 mM Tris-HCI, pH 7.6, 25 mM CaCl,, 5 mM MgCl,, 1 mM EDTA, 5%
glycerol, 250 mM KClI, 0.5 mL protease inhibitor cocktail (Sigma)) and 150 uL of acid-washed
glass beads. The mixture was bead-beat in a Fastprep-24 (MP Biomedicals) for 30 seconds,
and then spun-down at 10,000 rpm for 15 minutes. After removing the crude extract for
immunoprecipitation, an additional 300 uL of lysis buffer with protease inhibitors was added
to the bead mixture, bead-beat, and pooled. The crude extract was mixed with 200 pL of EZ-
view Red Anti-HA Affinity Gel (Sigma) that had been equilibrated with lysis buffer with
protease inhibitor. The extract/affinity gel mixture was incubated and gently inverted at 4°C
for 3 hours on a Roto-Shake Genie (Scientific Industries), after which the mixture was spun-
down at 10,000 rpm. The supernatant was removed and the bound affinity gel was washed
three times with 1 mL aliquots of lysis buffer without protease inhibitor. The bound 3xHA-
MalsS proteins were eluted twice with 500 uL aliquots of lysis buffer without protease inhibitors
+ 100 pg/mL HA peptide (Sigma), and the two aliquots were pooled. The elution was carried
out at 37°C for 15 minutes with simple inversion. To check the quality of the
immunoprecipitations in addition to quantifying the amount of purified protein, 10 uL of the
elutions were added to 4 uL of 4x SDS sample buffer (Novagen) and 2 uL of water, and
incubated at 95°C for 10 minutes. The samples were then loaded alongside a dilution series of
a BSA standard (Fluka) and a 6-200 kDa protein ladder (AppliChem) on a NuPage Novex Bis-
Tris Mini Gel (Invitrogen) and run 1h at 200V. The gel was washed three times with water,
stained with SimplyBlue Safe Stain (Invitrogen), and destained for 2 hours.

Enzyme assays

The relative activities of the MalS proteins were determined by measuring glucose release
using a GOD-PAP kit (Dialab). A standard curve was constructed for glucose using available
standards (Sigma). The amount of glucose measured in the assay can be used to determine the
amount of substrate hydrolyzed by normalizing for the number of glucose moieties in the
substrate. Reaction mixtures consisted of 3 uL of purified protein in 27 uL of a 100 mM
phosphate buffer at pH 6.8 with 0.5 mg/mL BSA and 500 mM of a given sugar. The reactions
were incubated anywhere from 1 — 6 hours at 30°C, heat-killed at 98°C for 2 minutes, and then
assayed at 500 nm on a plate reader. The mean and standard deviation of the relative activity
(nmols of product hydrolyzed/min/mg protein) was calculated from three independent
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reactions. Initially, we attempted to measure Ky, and Vp,x for the sugars, but found that for
the sugars with weaker activity (methyl-a-glucoside, isomaltose, and palatinose) our
measurements were very noisy, making it intractable to compute an accurate Ky, and Vmax
with our experimental setup and available sugars.

Computational datasets

The proteomes of the eight completely sequenced ascomycetes (Saccharomyces cerevisiae
$288c, Candida glabrata CBS138, Kluyveromyces lactis NRRL Y-1140, Ashbya gossypii
ATCC 10895, Pichia stipitis CBS 6054, Debaryomyces hansenii CBS767, Yarrowia
lipolytica CLIB122, and Schizosaccharomyces pombe 972h-) were downloaded from NCBI
(www.ncbi.nlm.nih.gov/). The coordinates of the genes encoding each protein along with the
respective chromosome length were used to determine relative coordinates (distance to nearest
chromosome end) for each protein product (i.e. relative coordinate = min(coordinate,
chromosome length — coordinate)). This relative coordinate was then used to determine
whether a gene is subtelomeric or not based off of a cutoff (e.g. 30 kb). A subtelomeric cutoff
based of off gene density was determined as follows (see Figure S1). A sliding window (varied
from 50 — 70 kb to control for artifacts from the sliding window size) initially placed at the
chromosome ends was moved towards the middle of the chromosomes. The density of genes
(utilizing the relative coordinate from above) within that window was compared to a uniform
density of equal sample size by calculating the Kolmogorov-Smirnov distance (KS-distance).
This was repeated 500 times to obtain a mean and standard deviation of KS-distance. A baseline
to control for finite sampling effects was constructed by comparing a uniform density to itself
and then calculating the KS-distance (500 times with same number of points as before). The
sliding window was moved incrementally (1 kb step size) from chromosome end to
chromosome middle and the real KS-distance distribution was compared to the baseline KS-
distance distribution using a two-sample Mann-Whitney test. The subtelomeric cutoff was
determined as the first coordinate at which the p-value increased above 0.05. This process was
repeated ~100 times and a subtelomeric cutoff of 33 kb was found. Although we use this cutoff
for most of our analyses in the current manuscript, we altered this cutoff (see Table S2) and
our results remain unaltered. After dividing genes into two groups (subtelomeric vs.
nonsubtelomeric based on subtelomeric cutoff) we calculated GO term enrichment and
depletion for individual GO terms by comparing the number of genes in each group using
Fisher’s exact test. The p-values were corrected using the Bonferroni correction for multiple
hypothesis testing. In order to control for individual GO categories in our enrichment
calculation, we compared the copy humber variation and size of non-subtelomeric vs.
subtelomeric families for a given GO category that was significantly enriched in subtelomeres
(p-value <0.05). The statistical significance of the increased copy number variation and family
size of subtelomeric gene families compared to non-subtelomeric gene families was determined
with a Kolmogorov-Smirnov test with Bonferroni correction. Expression divergence and
responsiveness of S. cerevisiae genes was taken from [40]. The distributions of expression
divergence and responsiveness were compared, using a Kolmogorov-Smirnov test, between
subtelomeric gene families and non-subtelomeric gene families.

Gene family statistics

Gene families were determined by using the Markov Cluster Algorithm (MCL)
(www.micans.org/mcl/). Although we use an inflation parameter of 2 for most of our analyses,
the MCL inflation parameter was varied (1.5 — 5) and our results remain unaltered (see Table
S2). These gene families were then used for all of our analyses. To determine whether
subtelomeric gene families (by definition contain at least one subtelomeric gene) contained
more subtelomeric genes than expected, for a given species, we randomly placed subtelomeric
and non-subtelomeric genes into families utilizing the empirical family size distribution. After
randomly assigning genes to families we counted the number of families that contained at least
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one subtelomeric gene. After repeating this 10000 times, we compared the randomized
distribution to the actual number of subtelomeric gene families with a z-test. To further control
for tandem/local duplications that could influence this calculation, we removed all local
duplicates that were within 10 kb of a gene, for each gene, and repeated the randomization
above; this had a negligible effect on our original signal. To determine whether subtelomeric
gene families are larger than non-subtelomeric gene families, we randomly selected gene
families (same number as the observed number of subtelomeric gene families) from the
empirical family size distribution within a species, and calculated the mean size of the family.
This was repeated 10000 times and compared to the mean size of subtelomeric gene families
within a species using a z-test. Similarly, the distribution of subtelomeric gene family size
within a species was compared to the distribution of gene family sizes within a species using
a Kolmogorov-Smirnov test. To determine whether subtelomeric gene families show more
copy number variation between species than non-subtelomeric gene families, we calculated
the coefficient of variation (standard deviation / mean) of gene family copy number in families
with at least two species. The coefficient variation controls for the fact that subtelomeric gene
families are larger than non-subtelomeric families by normalizing by the mean. If a species
didn’t have a copy of a gene, then it wasn’t considered in the calculation of the coefficient of
variation; this prevents the mean from dominating and makes it strictly greater than or equal
to one. The distribution of coefficients of variation for subtelomeric and non-subtelomeric gene
families were then compared using a Kolmogorov-Smirnov test. To compare the similarity of
protein sequences in subtelomeric families versus nonsubtelomeric families, multiple sequence
alignments of protein families were made using MUSCLE (Edgar 2004) with default
parameters for families that contained at least two different species. The protdist package of
PHYLIP by Felsenstein (http://evolution.genetics.washingtion.edu/phylip/). with JTT model
was used to calculate the protein distances. Intraspecies protein distances were then pooled for
subtelomeric gene families and non-subtelomeric gene families, respectively. The distributions
were compared using the Kolmogorov-Smirnov test. The CAFE package (Hahn 2005) was
used to compare the evolutionary rate of subtelomeric gene families to non-subtelomeric gene
families. A high confidence (bootstrap values > 96%) species tree phylogeny was constructed
by concatenating proteins from 75 different families, which were single copy in all species.
Distances were calculated assuming a molecular clock using the kitsch package of PHYLIP
by Felsenstein (http://evolution.genetics.washingtion.edu/phylip/), and the tree lengths in
millions of years (Mya) were calibrated using a divergence of 1140 Mya between S.
cerevisiae and S. pombe (Hedges 2002). For the single birth-death parameter model, the
maximum likelihood routine was used to first determine a birth-death parameter (lambda) for
each family, and p-values were then calculated using this lambda. For the two-parameter model,
the same approach was taken except that a second parameter was assigned to the branch
undergoing the largest gain or loss (i.e. largest difference from the mean observed copy
number). The statistical significance of enrichment of subtelomeric genes in the top 10% of
genes ranked by p-value was determined using Fisher’s exact test. The statistical significance
of the difference between subtelomeric and non-subtelomeric lambda distributions was
calculated using the Kolmogorov-Smirnov test. To investigate whether our single species
samples represented larger population averages, we used the recently sequenced S.
cerevisiae and S. paradoxus strains from the Sanger Institute [16]. We determined the total
MALR, MALT, and MALS alleles as well as clade specific alleles for both species. Due to low
sequence coverage, some alleles contained long stretches of undetermined bases, so they were
not included in the analysis, although this represented only a small fraction of the total MALR,
MALT, and MALS alleles (less than 5% per species per family).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overview of subtelomeric families vs. non-subtelomeric families

Subtelomeric families are more volatile than non-subtelomeric families. Every gene family
(orthogroup) is shown as a number of polygons (individual genes per gene family) spatially
arranged in a circular area. The polygons are colored according to their closest distance
(denoted as relative distance in the figure) to a chromosome end going from pale yellow (>
200 kb away from the nearest chromosome end) to dark red (< 33 kb from the nearest
chromosome end). The individual species are denoted by the eight differently shaped polygons
(e.g. triangle for D. hansenii). A. The average composition of non-subtelomeric gene families
and subtelomeric gene families is represented by two clusters (artificial clusters representing
the mean copy number and mean distance to the telomere for subtelomeric and non-
subtelomeric gene families). Non-subtelomeric gene families show small differences in copy
number between species such that species contain around the same number of genes, and show
few genes within 200 kb of chromosome end. Strikingly, subtelomeric gene families show high
copy number variation between species, and have more genes within 200 kb (and especially
within 33 kb) of the chromosome end. B. Some representative subtelomeric gene families are
shown along with their functional annotation. Common characteristics among subtelomeric
gene families can be seen; high copy number variation can be seen between species as well as
multiple members less than 200 kb from the nearest chromosome end. The three MAL gene
families, MALR, MALT, and MALS are shown in bold text. See Figure S1 and Table S1 for
more information.
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Figure 2. Computational Results

Subtelomeric gene families are larger and evolve faster. All S. cerevisiae genes were divided
into gene families based on their homology (see text for details). Families containing at least
one gene located within 33kb of a telomere were classified as subtelomeric gene families, all
other families are non-subtelomeric families. Although we use the same 33 kb cutoff and the
same MCL clustering parameters for our analyses, our results remain unchanged when we alter
the definition of the subtelomeric region, and also when we alter the parameters for MCL gene
clustering. A. The total number of subtelomeric gene families (114, red star) is smaller than
what would be expected if all genes (subtelomeric and non-subtelomeric) were randomly
distributed among gene families (grey curve, representing the number of gene families with
subtelomeric members after 10000 randomizations). B. Subtelomeric gene families on average
contain two to four times more genes than non-subtelomeric families. The red star represents
the average family size of subtelomeric families in Saccharomyces cerevisiae at a 33 kb cutoff.
The grey distribution shows the mean size of 10000 gene families that were chosen randomly

Curr Biol. Author manuscript; available in PMC 2011 May 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brown et al.

Page 15

amongst all gene families. A complementary analysis contrasting the cumulative distribution
functions of subtelomeric gene family size (red) and non-subtelomeric gene family size (black)
is consistent with the larger size of subtelomeric families. C. Subtelomeric gene families show
increased copy number variation. The distribution of coefficients of variation (standard
deviation normalized by mean, a metric of the extent variation) of the number of genes for all
subtelomeric and non-subtelomeric gene families shows that subtelomeric gene families
exhibit drastically higher copy number variation than non-subtelomeric gene families. D. The
distribution of intraspecies protein distances (similarities) is compared for subtelomeric gene
families (red) versus non-subtelomeric gene families (black). Subtelomeric gene families
contain more closely related intraspecies proteins (recent duplications) than non-subtelomeric
gene families, which is reflected in a shift of the distribution to the left. The inset compares
the cumulative distribution functions of the intraspecies protein distances and shows a
significant shift of the subtelomeric families towards newer duplications. See Figure S2 and
Table S2 for more information.
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Figure 3. MAL CNV in Fungal Lineage

The MAL gene family shows extreme copy number variation in yeasts, and the presence of
MAL genes correlates with the ability to grown on maltose and methyl-a-glucoside. The species
names of genomes that have been completely sequenced and assembled are indicated in bold.
The number of MAL regulator genes (red), MAL transporter genes (blue) and MAL maltase
genes (green) is denoted by the number of blocks to the right of the species name. The panel
on the right indicates whether (+) or not (-) individual strains grow on maltose (MAL) and
methyl-a-glucoside (Me-G). Strain-dependent growth is denoted as +/-. See Figure S3 and
Table S3 for more information.
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Figure 4. Phylogeny of MAL genes in S. cerevisiae

The MAL gene families sub-divide into tight subfamilies (clades) that correlate with specificity
towards specific substrates. The phylogeny of the MAL regulators, transporters, and maltases,
determined from multiple protein sequence alignments, is shown for alleles from
Saccharomyces cerevisiae strains S288c, YIJM789, and RM11, as well as alleles deposited in
GenBank from Saccharomyces cerevisiae and Saccharomyces pastorianus. Individual
subfamilies are outlined with grey boxes, in which specificity is denoted by a colored barcode.
A red asterisk to the left of the allele name denotes that the function of this allele was
experimentally investigated. The function of alleles that are not marked by an asterisk was not
experimentally verified (in these cases, the function was only inferred from the sequence
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similarity with other alleles in the same clade). The specificity of the individual families was
determined as follows. Combinatorial knockouts of MALR alleles in S288c (Figure 5C),
knockins of MALR alleles from RM11 and YJM789 into S288c (Figure 5A & 5B), and
combinatorial knockouts of MALR alleles in RM11 and YJM789 (Figure 5A), were used to
determine MALR allele specificity. Overexpression of MALT alleles in S288c (Figure 6A &
6B) and knockouts of MALT alleles in S288c (Figure 5F) were used to determine MALT allele
specificity. Combinatorial knockouts of MALS alleles in S288c (Figure 5D & 5E),
overexpression of MALS alleles in S288c (Figure 6A & 6B), and purified enzyme assays of
MalS proteins (Figure 6A & 6B), were used to determine MALS allele specificity. For more
detailed information about assays, see Materials and Methods. Activity of a subfamily is
summarized for maltose (red), maltotriose (orange), turanose (yellow), methyl-a-glucoside
(lime green), isomaltose (green), trehalose (light blue), sucrose (purple), and palatinose
(magenta). Activity towards a specific substrate is indicated by a solid colored square, while
lack of activity for a specific substrate is depicted by white boxes with colored outlines. See
Figure S4 for more information.
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Figure 5. Growth Data for MAL mutants

MAL deletion mutants confirm phenotypes and functional divergence. Growth of various
MAL mutants is portrayed in a heatmap going from no growth (dark blue, 0.0) to strong growth
(dark red, 6.0). A. S288c wild-type strain fails to grow on maltose while RM11 and YJM789
both grow on maltose. Transforming either a functional regulator from RM11 or YIJM789
confers growth in S288c. Conversely, removing the functional regulator from YJM789, or both
functional regulators from RM11 renders both strains unable to grow on maltose. B. The
functional regulator from RM11, MAL63c9 (MAL63 found on supercontig 9 in RM11 (see
Figure S5)), is not only required for growth on maltose, but is also required for growth on
turanose, maltotriose, methy-a-glucoside, sucrose (suc2 mutant), palatinose, and isomaltose.
C. All possible combinatorial knockouts of MAL regulators in S288c reveal that MAL13 and
YFLO52W are required for growth on palatinose, while the absence of MAL33 reduces growth
on this carbon source. D. Two maltases, MALS genes, MAL12 and MAL32, are required for
growth on maltose, turanose, maltotriose, and sucrose (the latter tested in a suc2 mutant), while
the other MALS family members don’t affect the phenotype. E.YGR287C, a MALS gene, is the
only MALS family member required for growth on palatinose, isomaltose, and methyl-a-
glucoside. F. Removal of MAL11 permease renders strains unable to grow on most a-
glucosides. See Figure S5 for more information.
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Figure 6. Growth & Enzyme Assays
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Growth and enzyme assays of MAL overexpression mutants show the functional divergence
in the MAL families. Growth in various a-glucosides of S. cerevisiae S288c diploids resulting
from a cross of a MALT (rows) overexpression strain and a MALS (columns) overexpression
strain is shown as a heatmap. It is important to note that the upper left entry in the heatmap is
a WT S288c diploid that is a control for growth. For all of the sugars except palatinose and
sucrose, the genotype of the diploids is S288c, with exception of the MALS and MALT
modifications. For palatinose, S288c mal13/mal13 diploids were used, while for sucrose S288c
suc2/suc2 diploids were used. Relative activity in units of nmols/min/mg of purified MALS
proteins is shown as grey bar graphs above the respective MALS column in the heatmap.
Individual family members are denoted beside their row or column in the heatmap. A. Growth
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of the diploids in maltose, maltotriose, methyl-a-glucoside, palatinose, trehalose, and turanose
correlates well with the relative activity of the purified enzymes, and implicates specific
combinations of MALT and MALS alleles. B. Growth of the diploids in sucrose and isomaltose
is dependent on the MAL11 family member of MALT and no specific MALS family members,
while the enzyme assays indicate specific MALS proteins. This is most likely due to MALR
alleles responding to the imported sugars and upregulating the pertinent MALS alleles once the
native regulation of the MAL11 allele of MALT has been bypassed. Deletion of the putative
MALS alleles indicated by the enzyme assays confirms their specificity for sucrose (Figure 5D)
and isomaltose (Figure 5E). See Figure S6 for more information.
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