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Abstract

The genetic basis of organisms’ adaptation to different environments is a central issue of molecular evolution. The budding
yeast Saccharomyces cerevisiae and its relatives predominantly ferment glucose into ethanol even in the presence of
oxygen. This was suggested to be an adaptation to glucose-rich habitats, but the underlying genetic basis of the evolution
of aerobic fermentation remains unclear. In S. cerevisiae, the first step of glucose metabolism is transporting glucose across
the plasma membrane, which is carried out by hexose transporter proteins. Although several studies have recognized that
the rate of glucose uptake can affect how glucose is metabolized, the role of HXT genes in the evolution of aerobic
fermentation has not been fully explored. In this study, we identified all members of the HXT gene family in 23 fully
sequenced fungal genomes, reconstructed their evolutionary history to pinpoint gene gain and loss events, and evaluated
their adaptive significance in the evolution of aerobic fermentation. We found that the HXT genes have been extensively
amplified in the two fungal lineages that have independently evolved aerobic fermentation. In contrast, reduction of the
number of HXT genes has occurred in aerobic respiratory species. Our study reveals a strong positive correlation between
the copy number of HXT genes and the strength of aerobic fermentation, suggesting that HXT gene expansion has

facilitated the evolution of aerobic fermentation.
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Introduction

The genetic basis of organisms’ adaptation to their environ-
ments is a central issue in evolution. Aerobic fermentation is
a glucose metabolic pathway that predominantly ferments
glucose to ethanol even in the presence of oxygen. It has
been proposed that aerobic fermentation in yeasts evolved
as an adaptation to glucose-rich habitats (Thomson et al.
2005; Piskur et al. 2006; Conant and Wolfe 2007; Merico
et al. 2007). The hemiascomycete yeasts that prefer aerobic
fermentation are called Crabtree-positive yeasts (De Deken
1966); these include Saccharomyces cerevisiae and its rela-
tives. In contrast, the Crabtree-negative yeasts, such as
the dairy yeast Kluyveromyces lactis and the filamentous fun-
gus Ashbya gossypii, prefer to completely oxidize glucose to
CO, through the mitochondrial respiration pathway for
maximum energy and biomass gain (Merico et al. 2007).
The fission yeast Schizosaccharomyces pombe, which di-
verged from the hemiascomycete lineage around 330-420
Ma (Wood et al. 2002), also prefers aerobic fermentation
(Fiechter et al. 1981). Therefore, it is believed that aerobic
fermentation has evolved independently in the S. cerevisiae
lineage and in the S. pombe lineage. The aerobic fermenta-
tion lifestyle enabled the ancestral Crabtree-positive yeasts
to consume surrounding glucose rapidly by transforming it
into ethanol. Because most of them can efficiently use eth-
anol as carbon and energy sources after glucose depletion, it
was speculated that this metabolism pathway provides a se-
lective advantage for Crabtree-positive yeasts in glucose-rich
environments (Thomson et al. 2005).

Many studies have shed light on the underlying genetic
basis for the origin and evolution of aerobic fermentation,
but different explanations were proposed (Wolfe and
Shields 1997; Kellis et al. 2004; Ilhmels et al. 2005; Thomson
et al. 2005; Conant and Wolfe 2007; Field et al. 2009). Sev-
eral studies have shown that a large proportion of glucose
metabolism is controlled by glucose uptake, which is the
first and obligatory step of glucose metabolism (Gancedo
and Serrano 1989; Diderich et al. 1999; Ye et al. 1999; Elbing
et al. 2004; Otterstedt et al. 2004; Conant and Wolfe 2007).
Glucose uptake in S. cerevisiae is carried out by a group of
hexose transporters (Hxt), which belong to a superfamily of
monosaccharide facilitators with 12 transmembrane do-
mains (Boles and Hollenberg 1997; Ozcan and Johnston
1999). A total number of 20 putative HXT genes have been
identified in S. cerevisiae: HXT1-HXT17, GAL2, SNF3, and
RGT2 (fig. 1) (Boles and Hollenberg 1997). Among the
20 putative S. cerevisiae HXT genes, 17 encodes glucose
transporters (Hxt1-Hxt17), but under normal conditions,
the glucose uptake is mainly mediated by only 6 of them
(Hxt1 and Hxt3-Hxt7). Two of the HXT genes (SNF3 and
RGT2) encode glucose sensors and one (GAL2) encodes
transporters that mediate p-galactose uptake. The homo-
logues of S. cerevisiae HXT genes have been identified in
other species. For example, a gene encodes a low-affinity
glucose transporter (Ragl) has been characterized as
a HXT homologue in K. lactis (Goffrini et al. 1990), and eight
HXT homologues (GHT1-8) were described in S. pombe
(Heiland et al. 2000; Wood et al. 2002). When the
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Fic. 1 Genomic locations of the 20 Saccharomyces cerevisiae HXT genes. The six HXT genes that play a major role in glucose uptake form two 3-
gene clusters (ltalic). Eight HXT genes (underlined) are located within or near subtelomeric regions. This figure is drawn in scale.

HXT1-HXT17 genes in S. cerevisiae were replaced by a chi-
mera HXT gene, decreased ability of ethanol production
due to reduced glucose consumption rates or even a switch
to fully respiratory metabolism was observed (Elbing et al.
2004; Otterstedt et al. 2004). Quantitative analyses in an-
other aerobic fermentation yeast Saccharomyces bayanus
revealed that a high proportion of glycolytic flux relies
on the level of glucose transport (Diderich et al. 1999).
In addition to experimental data, Pritchard and Kell
(2002) used a mathematical model to investigate flux con-
trol patterns of S. cerevisiae glycolysis and drew the same
conclusion that hexose transport is the major rate-limiting
step in yeast glycolysis. Moreover, after introducing S. cer-
evisiae HXT genes (GAL2 or HXT4) to K. lactis, the modified
cells can grow on galactose and raffinose through fermen-
tation (Goffrini et al. 2002). All these results suggest that
glucose uptake by Hxt proteins plays an influential role
in controlling glucose metabolism activities.

Based on a study in 7 hemiascomycete yeasts, Conant
and Wolfe (2007) have noticed that all the 4 aerobic fer-
mentation species have at least twice as many HXT genes as
the 3 aerobic respiration yeasts. However, in-depth inves-
tigation of the evolutionary history of HXT genes and their
role in the evolution of aerobic fermentation in yeasts has
not been reported so far. In view of the fact that glucose
uptake is a key step in glucose metabolism, analysis of the
evolutionary dynamics of the HXT gene family will likely
provide new insights into the evolution of yeast aerobic
fermentation. Such a study has become possible because
genome sequences are now available for many fungal spe-
cies. In this study, we identified all HXT homologues in 23
fungal species and comprehensively studied the births and
deaths of HXT genes through phylogenetic analyses and
comparative genomics. Our study provides evidence that
the evolution of aerobic fermentation in yeasts has been
facilitated by expansion in the copy number of HXT genes.
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Materials and Methods

Data Search

The amino acid sequences of the 20 S. cerevisiae HXT
genes were retrieved from the Yeast Genome Browser
(htep://www.yeastgenome.org/). We used each of the 20
S. cerevisiae Hxt protein sequences as a query in BlastP
searches against the following species with available
annotated protein data: Aspergillus fumigatus, S. pombe,
A. fumigatus, Magnaporthe grisea, Phaeosphaeria nodorum,
Gibberella zeae, Ustilago maydis, S. cerevisiae, Candida glab-
rata, K. polysporus (Vanderwaltozyma polyspora), Zygosac-
charomyces  rouxii, K. thermotolerans (Lachancea
thermotolerans), K. lactis, A. gossypii, Pichia stipitis, Debar-
yomyces hansenii, Candida albicans, Yarrowia lipolytica,
and two outgroup genomes human and Arabidopsis thali-
ana. TBlastN searches were performed against genomic se-
quences for the following species without genome-wide
proteomic data: Saccharomyces paradoxus, Saccharomyces
mikatae, S. bayanus, Saccharomyces castellii, and K. waltii.
Each of the TBlastN-hit sequences was extended in both
directions along the genome sequence, and the longest
coding sequence from the ATG to the stop codon was ex-
tracted. If an open reading frame was truncated by the end
of genomic contig, we further searched for overlapping
contigs by BlastN and assembled overlapping contigs into
a large contig using CAP3 (Huang and Madan 1999).

Identification of HXT Members

Because the HXT gene family belongs to the major facilita-
tor superfamily (MFS), many hits in our Blast searches may
belong to other MFS families instead of the HXT family. To
determine if a hit belongs to the HXT family, we used the
Blast search hits with an E value < 10~ '° from each of tar-
get species and the 20 S. cerevisiae HXT genes to construct
a Neighbor-Joining (NJ) tree using MEGA 4.0 (Tamura et al.
2007) (data not shown). Those sequences that are grouped
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with the S. cerevisiae HXT genes were taken as HXT mem-
bers and used in subsequent analyses. A complete list of the
HXT genes from the 23 fungal species is included in
supplementary table S1 (Supplementary Material online).

Phylogenetic Analyses of the HXT Gene Family and
Inference of Gene Gains and Losses

Preliminary multiple sequence alignments of all Hxt pro-
tein sequences under study were carried out using MUSCLE
version 3.52 with default parameter settings (Edgar 2004).
These alignments were manually inspected and corrected
using GeneDoc version 2.6.002 (Nicholas et al. 1997). We
constructed phylogenetic trees using both the maximum
likelihood (ML) and NJ methods to ensure the robustness
of our analysis. We used ProtTest 1.4 (Abascal et al. 2005) to
identify the most appropriate model and parameters
(WAG + | + G + F model) for the Hxt protein alignment.
These model and parameters were used in our ML tree re-
construction using Phyml 2.4 (Guindon and Gascuel 2003)
with 500 bootstrap replicates. The proportion of invariable
sites and the o-parameter of f-law distribution were opti-
mized according to the data. NJ trees were constructed us-
ing MEGA 4.0 (Tamura et al. 2007). The confidence of
internal branches of NJ trees was assessed with 1000 boot-
strap pseudoreplicates using “pairwise deletion option” of
amino acid sequences with Poisson correction and the
Jones-Taylor-Thornton model.

We primarily used the reconstructed phylogenetic
trees to determine the orthologous relationships of the
HXT genes. However, due to potentially frequent gene
conversion and unequal evolutionary rates among line-
ages, an orthologous gene sometimes cannot be deter-
mined merely from phylogenetic analyses (Lynch and
Conery 2000). Under this condition, we further compared
their synteny structures for the presence of other homo-
logs using the Yeast Gene Order Browser (Byrne and
Wolfe 2005). The phylogeny and synteny methods worked
effectively to determine the orthologous groups for
almost all HXT genes. In a few cases, reciprocal best hits
were used to assign orthologs among a set of homologs if
they cannot be resolved from phylogenetic analyses and
synteny conservation.

The reconciled tree method has been commonly used to
estimate the numbers of gene gains and losses (Slowinski
et al. 1997; Nam and Nei 2005). This method estimates the
number of genes in the most recent common ancestor
(MRCA) on the basis of tree topology. If the phylogenetic
tree is not well resolved, the results become less reliable.
Because a large number of sequences were used in this
study, the phylogenetic tree is not completely resolved.
To obtain more reliable results, based on our gene classi-
fication results (subgroups I-VIll, see Results), we con-
structed a phylogenetic tree for each subgroup and
estimated the gene gain and loss events separately using
the reconciled tree method. We then combined the results
from all subgroups to obtain the overall numbers of gain
and loss events.

Results

The HXT Family Consists of Two Distinct
Subfamilies: Transporters and Sensors

To study the evolution of the HXT family, we constructed
a phylogenetic tree using the homologous sequences from
human, Arabidopsis, and 7 fungal species representing 4
major fungal lineages (see Materials and Methods). The
20 S. cerevisiae HXT genes are found in a well-supported
monophyletic clade in the tree of the MFS superfamily
(supplementary fig. S1, Supplementary Material online).
The HXT clade also includes members from other major
fungal lineages, such as A. fumigatus, U. maydis, and S.
pombe, but does not contain any human and Arabidopsis
member, suggesting that the HXT family originated after
the separation of the fungal lineage from the animal
and plant lineages or became lost in the animals and
plants. The HXT family consists of two well-supported
groups (supplementary fig. S1, Supplementary Material on-
line), and each group contains members from multiple fun-
gal lineages, suggesting that the two groups were formed
before the divergence of major fungal lineages. One group
contains 18 S. cerevisiae HXT genes (HXT1-17 and GAL2)
and their homologs in other species from all 4 examined
fungal lineages. We named this group the Transporter sub-
family because most of these gene products in S. cerevisiae
are directly involved in transporting glucose across cell
membrane (Boles and Hollenberg 1997). The other group
consists of the S. cerevisise SNF3 and RGT2 and their
homologs from 3 of the 4 fungal lineages examined. Be-
cause SNF3 and RGT2 encode sensors that recognize the
concentration of extracellular glucose in S. cerevisiae (Boles
and Hollenberg 1997; Ozcan and Johnston 1999), we called
this group the Sensor subfamily.

Low Copy Number Variation in the Sensor
Subfamily

To achieve a better understanding of the evolutionary
changes of the HXT family, we conducted a detailed phy-
logenetic analysis for each subfamily. We identified the
members of the Sensor subfamily from 23 fungal species
with complete genomes and reconstructed their evolution-
ary history (supplementary fig. S2, Supplementary Material
online). Except for S. pombe, all species have 1-4 Sensor
genes and 14 species each contain 2 copies, indicating that
these fungal species have maintained largely a constant
number of Sensor genes throughout their evolution
(supplementary fig. S2 and table S1, Supplementary Mate-
rial online). All post-whole-genome duplication (WGD)
species, except for K. polysporus, contain two Sensor genes
(SNF3 and RGT2) and they form two separate clades
(supplementary fig. S2, Supplementary Material online),
suggesting that they were produced by the WGD. This is
further supported by the fact that the two genes share sim-
ilar synteny structures in the post-WGD species (data not
shown). One of the two Sensor genes is lost in K. polysporus,
and the sequence of the remaining copy has significantly
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diverged (supplementary fig. S2, Supplementary Material
online). Many pre-WGD yeasts such as C. albicans and
P. stipitis also contain two Sensor genes, which were anno-
tated as SNF3 and RGT2. As inferred above, the S. cerevisiae
SNF3 and RGT2 were likely produced by the WGD, which
occurred after the S. cerevisiae lineage diverged from the
C. albicans lineage. However, the two C. albicans Sensor
genes were produced before the divergence of S. cerevisiae
and C. albicans (supplementary fig. S2, Supplementary Ma-
terial online). The common ancestor of S. cerevisiae SNF3
and RGT2 seems to have originated from the C. albicans
SNF3 lineage. Functional study of the C. albicans SNF3 gene
(HGT4) supports its role as a glucose sensor (Brown et al.
2006). Therefore, we named this lineage of Sensor genes the
EuSensor group. Accordingly, the other Sensor genes were
named as the ProSensor genes (supplementary fig. S2, Sup-
plementary Material online). The orthologues of ProSensor
genes are not present in any of the post-WGD yeasts, and
their proteins lack the extra C-terminal domain, which is
present in the EuSensor proteins. The C-terminal domain
has been shown to be important for sensing the availability
of extracellular glucose (Ozcan et al. 1998). The C. albicans
RGT2 (HGT12) protein is probably just a transporter
(Brown et al. 2006). Combining our phylogenetic study
and previous functional characterizations, we postulate
that the EuSensor proteins acquired the sensor function
through acquiring the extra C-terminal domain after they
diverged from ancestral transporters during the early evo-
lution of hemiascomycete yeasts.

Amplification of the Transporter Subfamily in Two
Aerobic Fermentation Lineages

In contrast to the Sensor subfamily, the numbers of Trans-
porter subfamily genes vary extensively among yeasts (figs. 2
and 3). Our phylogenetic analysis of nine representative
fungal species shows that the Transporter genes originated
from a single gene in their MRCA but have undergone
many amplification events in two different lineages: S.
pombe (from 1 to 8 copies) and S. cerevisiae (from 1 to
18 copies). Notably, both these two lineages prefer aerobic
fermentation over aerobic respiration. This correlation sug-
gests that the increase of Transporter gene number has fa-
cilitated the evolution of aerobic fermentation.

Many genomes in the hemiascomycete class, which in-
cludes S. cerevisiae, have been sequenced, and they can be
used to define orthologous genes based on conservation of
their syntenic structures in addition to the phylogenetic
analyses. Furthermore, these yeasts display different glu-
cose metabolism lifestyles. Therefore, it offered us a chance
to systematically study how the Transporter genes were
amplified and whether amplification was correlated with
the evolution of aerobic fermentation. As shown in figure 3,
the copy number of Transporter genes had continually in-
creased through the evolution of the S. cerevisiae lineage,
starting from a single copy in Y. lipolytica, which is most
distantly related to S. cerevisiae in hemiascomycetes, to
2-8 copies in K. lactis and Saccharomyces kluyveri, and
to 18-19 copies in the Saccharomyces sensu stricto species
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(fig. 3). Interestingly, the number increases match the levels
of aerobic fermentation of these species: Y. lipolytica is ex-
clusively respiratory; K. lactis and S. kluyveri prefer aerobic
respiration with limited aerobic fermentation; and Saccha-
romyces sensu stricto species much prefer aerobic fermen-
tation (Wieczorke et al. 1999).

The 18 S. cerevisiae Transporter genes are distributed in-
to 8 well-supported clades, denoted as Groups I-VIII (fig. 3
and supplementary fig. S3, Supplementary Material online).
Based on the species composition in each group and the
phylogenetic tree, the approximate time when these
groups arose can be inferred. The Group VIII (HXT14) gene
is present in 13 of the 17 hemiascomycete yeasts
under study; in these yeasts, the most distant relative to
S. cerevisiae is D. hansenii, so Group VIII likely arose before
the divergence of the D. hansenii and S. cerevisiae lineages.
All other groups, except for Group Il (HXT4, HXT6, and
HXT7), contain members from at least one of the following
pre-WGD species: K. thermotolerans, K. waltii, S. kluyveri,
K. lactis, and A. gossypii. A small number of Transporter
genes of these pre-WGD species, such as S. kluyveri
G07678 and K. thermotolerans E02772, are not grouped
with any of the eight groups on the phylogenetic tree,
but they are located at the orthologous locus of Group
Il genes based on syntenic structure comparison, implying
they are likely members of Group Il (fig. 4). Therefore, all
the eight groups arose before the separation of the S. cer-
evisiae lineage from the A. gossypii lineage (Wolfe and
Shields 1997; Dietrich et al. 2004; Kellis et al. 2004).

We used the reconciled tree method to estimate the
number of Transporter genes in each ancestral node or spe-
cies and then infer the numbers of gains and losses in each
branch of the tree of 17 hemiascomycete yeasts (fig. 5, see
Materials and Methods). The overall evolutionary history of
Transporter genes of hemiascomycete yeasts can be sum-
marized as follows: 1) The Transporter genes very likely
originated from a single gene in the MRCA of hemiascomy-
cete yeasts because the most basal species in this lineage
Y. lipolytica contains only one Transporter gene and the
duplication event that produced the HXT14 and the com-
mon ancestor of the other Transporter genes occurred after
divergence of Y. lipolytica from other yeasts (fig. 3 and sup-
plementary fig. S3, Supplementary Material online). How-
ever, we cannot rule out the possibility that the ancestral Y.
lipolytica contained two Transporter genes and later lost
one of them. 2) The Transporter genes have experienced
multiple duplication events during the evolution of hemi-
ascomycetes. The first duplication event might have oc-
curred before the divergence of the C. albicans lineage
from the S. cerevisiae lineage and produced Group VIII
and the common ancestor of the other seven groups.
The second major expansion occurred before the diver-
gence of the S. cerevisiae lineage from the A. gossypii lineage
and generated the other seven groups (Groups I-VII).
Therefore, the MRCA of S. cerevisiae and A. gossypii con-
tained at least eight Transporter genes. We observed dis-
tinct evolutionary fates of the eight groups of
Transporter genes between aerobic fermentation and
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Fic. 2 The Transporter genes were greatly amplified in two aerobic fermentative yeast lineages. (A) The evolutionary change of copy numbers of
Transporter genes in nine fungal species. The evolutionary relationships of the nine species were derived from the trees in Hedges (2002) and
Souciet et al. (2009). The aerobic fermentative species are underlined. The star indicates the WGD event. The number in front of each species
indicates the copy number of Transporter genes in the genome. (B) The ML tree of the Transporter subfamily genes for the nine fungal species.
This tree shows that the Transporter genes originated from a single gene in the common ancestor of the fungi under study and have
experienced gene expansions in the two lineages with aerobic fermentation. Species names are abbreviated as follows: Sce, Saccharomyces
cerevisiae; Cgl, Candida glabrata; Kpo, Kluyveromyces polysporus; Kla, Kluyveromyces lactis; Cal, Candida albicans; Yli, Yarrowia lipolytica; Afu,
Aspergillus fumigatus; Spo, Schizosaccharomyces pombe; and Uma, Ustilago maydis.
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) Sensor Transporter Group
Natural Habitats | o000 TvIIT] vir | vi % w | o[ on 1 Sum
S. cerevisiae* fruits, wines 2 1 4 2 1 1 3 3 3 18
S. paradoxus* tree exudate 2 1 4 2 1 2 3 3 3 19
S. mikatae* decayed leaf 2 1 4 2 1 2 3 3 3 19
S. bayanus* fruit juice 2 1 4 3 2 0 2 3 3 18
S. castellii various 2 1 0 2 1 0 0 10 2 16
C. glabrata human, juice 2 1 0 0 2 0 0 4 3 10
* K. polysporus soil 1 1 0 0 2 0 0 0 2 5
Z. rouxii sauce, vinegar 1 1 0 1 0 0 0 1 1 4
K. thermotolerans various 4 1 0 1 0 0 1 1 1 5
K. waltii tree 2 0 4 1 0 0 0 1 1 7
S. kluyveri soil 2 2 0 1 1 2 0 1 1 8
K. lactis dairies 1 1 0 0 0 0 0 0 1 2
A. gossypii crop 1 1 0 0 0 3 4
I D hansenii various 2 1 3 4
T C. albicans human, animals 2 0 3 3
P. stipitis inscct larva 2 0 4 4
Y. lipolytica various 2 1 1

*:Saccharomyces sensu stricto species

Fic. 3 Copy number variation of HXT genes in 17 hemiascomycete yeasts. The evolutionary relationships of the 17 hemiascomycete yeasts were
modified from Souciet et al. (2009). The WGD is indicated by a star on the species tree. The names of aerobic fermentative species were
underlined. Information of yeast natural habitats is obtained from Barnett et al. (2000). The phylogenetic relationships among subgroups were
inferred using the 20 Saccharomyces cerevisiae HXT genes. The 18 S. cerevisiae Transporter genes are distributed into eight groups: | (HXTT,
HXT3, and HXT5); Il (HXT4, HXT6, and HXT17), Il (HXT9, HXT11, and HXT12), IV (HXT8), V (GAL2), VI (HXT2 and HXT10), VIl (HXT13, HXT15,
HXT16, and HXT17), and VIII (HXT14). The “Sum” column shows the total number of Transporter subfamily genes in each species.

respiratory species. Among the 13 species that in principle
contain the 8 groups of Transporter genes, 6 of them are
aerobic fermentative species and all of them have increased
the number of Transporter genes, even up to 19 copies. In
contrast, the seven aerobic respiration yeasts show a reduc-
tion in Transporter genes (fig. 3). For example, the four Sac-
charomyces sensu stricto yeasts have gained at least 10
more Transporter genes, but the dairy yeast K. lactis has
lost six Transporter genes. Note that K. polysporus, which
is the species most distantly related to S. cerevisiae
among the post-WGD yeasts (Kurtzman and Robnett
2003), retains only five Transporter genes. Unlike other
post-WGD yeasts, K. polysporus cannot carry out efficient
fermentation and is considered an intermediate yeast be-
tween respiratory and aerobic fermentation yeasts (Fekete
et al. 2007; Chen et al. 2008; Jiang et al. 2008). To evaluate
the correlation between the number of Transporter genes
and the levels of aerobic fermentation in yeasts, we calcu-
lated the Spearman’s rank correlation coefficients using the
ethanol production rate data from two independent stud-
ies (Blank et al. 2005; Merico et al. 2007). The coefficient is
p = 0.79 using data from eight species with ethanol pro-
duction data in the study of Blank et al. (2005) and p = 0.88
using data from six species in the study of Merico et al.
(2007), both suggesting a strong positive correlation (sup-
plementary table S2, Supplementary Material online). This
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and the above observations strongly suggest that gains and
losses of Transporter genes have significant effects on the
glucose metabolic style.

Amplification of the Transporter Genes by WGD
and Tandem Duplication

The six S. cerevisiae Transporter genes (HXT1 and HXT3-7)
that play a major role in glucose uptake form two 3-gene
clusters (HXT5-1-4 and HXT3-6-7) on chromosomes IV and
VI, respectively (fig. 1). By comparing the gene neighbor
contexts of the two clusters, we found that they share sim-
ilar syntenic structures (fig. 4A), indicating that the two
gene clusters were produced either by segmental duplica-
tion or by the WGD. The two duplicate segments are pres-
ent in all post-WGD yeast genomes, whereas pre-WGD
yeasts contain only a single segment, suggesting that the
two segments were produced by the WGD (fig. 4A). The
number of Transporter genes varies in each cluster among
these post-WGD yeasts. The Saccharomyces sensu stricto
yeasts (e.g, S. cerevisiae and S. bayanus) contain three
genes, S. castellii contains only two, and K. polysporus con-
tains only one Transporter gene in each locus. In the pre-
WGD yeasts, S. kluyveri, K. waltii, K. thermotolerans, and
A. gossypii contain two Transporter genes, and Z. rouxii
and K. lactis each contain only one gene in this locus.
One possibility is that there was only one gene at this locus
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FiG. 4 Expansion of Transporter genes by WGD, tandem duplication, and telomeric gene recombination. (A) A schematic illustration for the
gene syntenic structure and the evolutionary history of six major Transporter genes. The star indicates the WGD event. The names of aerobic
fermentative species were underlined. The arrows indicate gene orientations. White arrows represent Group | genes, and black arrows represent
Group Il genes. The missing orthologous genes are shown as dashed white arrows. The KHT2 gene is present only in some Kluyveromyces lactis
strains. The Saccharomyces kluyveri G07678 and K. thermotolerans E02772 were assigned as orthologous genes of HXT6/7 on the basis of
synteny structure. This figure was not drawn to scale. (B) The Saccharomyces cerevisiae subtelomeric Transporter genes are found in large newly
duplicated regions. The syntenic structures of 30-kb region are drawn in scale, and each chromosome end is labeled by a dot. The arrows
represent the gene-coding regions and their orientation. The numbers indicate percentage of identical nucleotide sequences in shaded regions.

before the WGD, and tandem duplication events have oc-
curred independently in both duplicate segments to pro-
duce up to three Transporter genes in each cluster. An
alternative hypothesis is that the two neighboring Trans-
porter genes were already present before the divergence
of the S. cerevisiae lineage from the A. gossypii lineage.
The second hypothesis is more parsimonious, as it requires
fewer duplication and deletion events than the first one.
Further tandem duplication events on the each cluster
have occurred in the MRCA of Saccharomyces sensu stricto
yeasts, leading to three genes in each cluster (fig. 4A). In the
other aerobic fermentation lineage, S. pombe contains 8
Transporter genes (GTH1-8), 4 of which are tandemly ar-

rayed on chromosome llI, suggesting that they were pro-
duced by a series of tandem duplication events (data
not shown). These results indicate that tandem duplication
has contributed to the expansion of Transporter genes in
aerobic fermentation yeasts.

Subtelomeric Transporter Genes Have Experienced
Frequent Duplication and Deletion Events

Eight S. cerevisiae Transporter genes are located within 30
kb of the ends of several chromosomes (fig. 1). The 8 genes
are distributed into 3 Transporter groups: Il (HXT9, HXT11,
and HXT12), IV (HXT8), and VIl (HXT13, HXT15, HXT16, and
HXT17) (fig. 3 and supplementary fig. S3, Supplementary

137


http://mbe.oxfordjournals.org/cgi/content/full/msq184/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msq184/DC1

Lin and Li - doi:10.1093/molbev/msq184

S. cerevisiae

S. paradoxus

S. mikatae

S. bayanus

1) Y. lipolytica

-0

Fic. 5 Evolutionary change in the copy number of Transporter genes
in 17 hemiascomycete yeasts. The numbers in rectangles represent
the numbers of Transporter genes in the extant or ancestral species.
The numbers with plus and minus signs indicate the numbers of
gene gains and losses, respectively, for a branch. The star indicates
the WGD event, and names of aerobic fermentative species were
underlined.

Material online). From our phylogenetic analysis, we found
that the three groups share very similar evolutionary pat-
terns. First, members of the three groups were lost in many
species since their appearance. According to our phyloge-
netic analysis, the three groups were produced prior to the
divergence between the S. cerevisiae and A. gossypii lineages
(fig. 3). Among the 13 species that potentially contain these
genes, 7 of them lost the Group Ill genes, 9 lost the Group
IV genes, and 8 lost the Group VII genes, indicating that
subtelomeric Transporter genes are prone to gene deletion
events. Meanwhile, these genes have been frequently du-
plicated. For example, Group VII genes are only found in
5 species, but all these 5 species contain 4 highly similar
copies. Groups Il and IV also contain duplicate genes in
several species. Furthermore, the duplicate genes in each
group are more similar to each other than to the orthol-
ogous genes from other species (supplementary fig. S3,
Supplementary Material online), indicating that they were
produced by species-specific duplication events or have
been homogenized by gene conversion events. Therefore,
the Transporter genes in subtelomeric regions have expe-
rienced frequent duplication and deletion events.

We then compared the syntenic structures for each
group of subtelomeric Transporter genes to learn more
about how these genes have evolved. We found that large
fragments of neighboring sequences of some pairs of sub-
telomeric Transporter genes are highly similar. Specifically,
HXT9 is located near the left end of chromosome IX and
HXT12 is located near the left end of chromosome X, but
strikingly, the first 21-kb sequences of the two telomeric
regions are 99% identical to each other (fig. 4B). Indeed,
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only 4 nt differences are detected in the first 19-kb nucleo-
tides between the two segments. In this pair of segments,
the sequence conservation level is similar in the coding and
intergenic regions, suggesting that the two segments were
produced by a very recent duplication event. Similar pat-
terns are also observed in other gene pairs: HXT11/HXT12,
HXT13/HXT17, and HXT15/HXT16 (fig. 4B). Considering
that gene conversion events in yeast usually homogenized
a tract of sequence <2 kb (Borts and Haber 1989), it is un-
likely that such long highly similar fragments were pro-
duced by gene conversion events. The loss of telomere
DNA may occur during cell proliferation because DNA pol-
ymerases are unable to replicate the end of a linear DNA
molecule. It is well known that an important mechanism of
telomere length maintenance is interchromosome recom-
bination: the 3’ end of one chromosome invades to a sec-
ond chromosome and uses it as a template for telomere
elongation (Kass-Eisler and Greider 2000). As a conse-
quence, this process leads to highly repetitive and identical
subtelomeric sequences. Therefore, the telomere shorten-
ing and elongation processes may have contributed to the
frequent birth and death of the highly identical Transporter
genes in the subtelomeric regions.

Discussion

Gains and Losses of Transporter Genes May Reflect
the Adaptation of Yeasts to Their Habitats

Our study revealed that the Transporter and Sensor subfa-
milies differed greatly in the evolution of gene copy num-
ber. The Transporter genes have experienced significant
amplifications in both the two lineages that have evolved
predominant aerobic fermentation: the S. pombe and S. cer-
evisiae lineages. Most of the enzymes involved in glycolysis,
the tricarboxylic acid cycle, and ethanol fermentation have
been conserved between the two lineages, implying that
similar glucose metabolic pathways operate in the two
yeasts (Wood et al. 2002). Therefore, increase in copy num-
ber of Transporter genes might have been used as a com-
mon strategy by the two aerobic fermentation lineages to
adapt to their glucose-rich niches. In contrast, the copy
number of Sensor genes is much less variable in all yeast
lineages. The distinct patterns suggest that organisms
are able to adapt to their environment by changing the
dosage of specific genes.

An interesting observation is that the number of Trans-
porter genes was expanded from 2 to 8 copies before the
divergence of the aerobic fermentation lineage (S. cerevi-
siae) from the respiratory lineage (A. gossypii), which di-
verged about 100 Ma (Wolfe and Shields 1997; Dietrich
et al. 2004; Kellis et al. 2004). Coincidently, the flowering
plants (angiosperms), which produced abundance of glu-
cose, became widespread around the same time (Bremer
2000; Moore et al. 2007). Therefore, the expansion of Trans-
porter genes in the MRCA of S. cerevisiae and A. gossypii
might be a response to rapid glucose consumption. The
WGD that occurred after the divergence of the S. cerevisiae
lineage from the A. gossypii lineage led to further expansion
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of Transporter genes and many other glucose metabolism
genes, providing extra raw genetic materials for further de-
velopment of the aerobic fermentation pathway. The nat-
ural habitats of many aerobic fermentation yeasts are rich
in fruit juices, which may contain up to 1.5 M glucose, so it
is important to have low-affinity glucose transporters to
efficiently uptake glucose from environments to feed the
need of aerobic fermentation. The expansion of Trans-
porter genes allowed the evolution of low-affinity glucose
transporters, such as Hxt1p and Hxt3p, providing a selective
advantage for these aerobic fermentation yeasts. Mean-
while, aerobic respiratory yeasts had adapted to glucose-
limited habitats and subsequently lost some, if not most,
Transporter genes produced by the first major amplifica-
tion process. For example, the respiratory yeast K. lactis
is found mostly in dairy products, which are rich in lactose
but limited in glucose. Kluyveromyces lactis has evolved
a special ability to assimilate lactose, and thus, a high ca-
pacity of glucose transport became unnecessary in its nat-
ural habitats. Accordingly, K. lactis has retained only two
Transporter genes (RAGT and HXT14). Interestingly, the
RAGT locus in K. lactis is polymorphic. That is, some K. lactis
strains contain two tandemly arrayed genes (KHTT and
KHT2) at the RAGT locus. It was speculated that the
RAGT gene was produced by recombination of KHT1
and KHT2 (Weirich et al. 1997). Strains with KHT1 and
KHT2 show a higher ethanol production rate compared
with RAG7-containing strains, probably because strains
with more copies of Transporter genes have a higher sugar
uptake capacity (Weirich et al. 1997; Milkowski et al. 2001).
Because RAGT encodes a low-affinity glucose transporter
and its expression is mainly induced by high concentration
of glucose (Chen et al. 1992), uptake of glucose is mainly
carried by a high-affinity glucose transporter gene HGT1 in
K. lactis on low concentration of glucose (Billard et al.
1996). However, the K. lactis Hgt1p, sharing only a 27% se-
quence identity to Rag1p, is not a member of the HXT fam-
ily (supplementary fig. S1, Supplementary Material online).
The orthologous genes of K. lactis HGT1 are present in sev-
eral fungal lineages, and they form a well-supported clade
in the phylogenetic tree (supplementary fig. S1, Supple-
mentary Material online), suggesting that the HGT genes
have separated from the HXT family before divergence
of fungi. Interestingly, the HGT gene is only present in non-
aerobic fermentation species, suggesting that they were
lost during evolution of both aerobic fermentation lineages.
Therefore, it seems that two glucose uptake systems, high
affinity (HGT) and low affinity (HXT), have been present in
the common ancestor of fungi. The low-affinity system
has been rapidly expanded in aerobic fermentation species
to adapt to glucose-rich environments, whereas the
HGT genes have been retained in respiratory yeast to adapt
glucose-limited environments. Meanwhile, due to func-
tional divergence on HXT duplicate genes, new high-affinity
genes emerged, such as HXT6 and HXT7, have replaced the
function of HGT in S. cerevisiae on low concentration of
glucose. The copy number of S. cerevisiae HXT6 and
HXT7 can be significantly increased by tandem duplication

after incubating in a glucose-limited environment for 450
generations (Brown et al. 1998). In summary, all these
studies suggest that gains and losses of Transporter genes
in different yeasts reflect adaptation to different natural
environments.

Gains and losses of genes that are involved in metab-
olism of other sugars have been observed in previous
studies (Naumov et al. 1996). The S. cerevisiae SUC genes
encode f-fructosidase that controls sucrose fermenta-
tion. Copy number variation of SUC genes was found
in different S. cerevisiae strains that were isolated from
different environments. A single SUC2 gene was found
in those S. cerevisiae strains isolated from wine fermen-
tation. Grape juice used in wine fermentation contains
glucose and fructose, but no sucrose. Two or three
SUC genes were found in some other strains that were
isolated from distillers and champagne fermentation
where sucrose is added (Naumov et al. 1996). The
a-galactosidase encoding MEL genes have also been am-
plified in some specific S. cerevisiae populations (Naumov
et al. 1995). Frequent gains and losses of olfactory
receptor genes, which are responsible for the detection
of odor molecules, are observed in different vertebrate an-
imals, and it is speculated that the copy number changes of
this gene family reflect the adaptation of these animals to
different environments (Nei and Rooney 2005).

Functional and Regulatory Divergence of
Transporter Genes after Gene Duplication

We showed that the six major HXT genes in S. cerevisiae
originated from a single gene in ancestral respiratory yeast
(fig. 4A). These duplicate genes have subsequently experi-
enced functional divergences and encode different types of
glucose transporters (Boles and Hollenberg 1997; Ozcan
and Johnston 1999). The HXT1 and HXT3 genes encode
low-affinity transporters and play critical roles during aer-
obic fermentation (Ozcan and Johnston 1995). In contrast,
HXT6 and HXT7 encode high-affinity transporters, which
are more efficient to uptake glucose under low concentra-
tion (Reifenberger et al. 1995). From these observations, it
seems that the duplication and functional divergence of
HXT genes in aerobic fermentation yeasts have provided
the flexibility to adapt to environments where availability
of glucose varies enormously in time.

HXT1 and HXT3 are induced by high concentration
of glucose and repressed by low concentration of glucose
(DeRisi et al. 1997). Their expression levels increase up to
300-folds during active fermentation (Ozcan and Johnston
1995). HXT6 and HXT7 are induced by limited extracellular
glucose but repressed by excess amount of environmental
glucose (DeRisi et al. 1997). Similarly, high glucose concen-
tration induces the expression of S. pombe HXT members
GHT2, GHT5, and GHT6, whereas GHT3 and GHT4 are
highly expressed at low glucose concentration (Flores
et al. 2000; Leandro et al. 2009). It will be interesting to
study the changes in the promoter regions that have
contributed to their expression divergence after gene
duplication.
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The Dynamic Gene Number Change in
Subtelomeric Transporter Genes: Adaptation or
Drift?

We observed frequent duplication and deletion events on
subtelomeric Transporter genes due to high frequency of
recombination. Many other sugar metabolism genes, such
as MEL, SUC, and MAL, are also located in subtelomeric re-
gions and have similar evolutionary patterns (Carlson et al.
1985; Michels et al. 1992; Turakainen et al. 1993). The ma-
laria parasite Plasmodium falciparum contains genes en-
coding surface antigen that are used to evade host
immune attack, and many of these genes, such as VAR
genes, are present in subtelomeric regions and have expe-
rienced frequent recombination (Freitas-Junior et al. 2000).
These examples imply that expansion of gene families in
subtelomeric regions may facilitate the adaptation of spe-
cies to new environments. However, it is possible that the
dynamic nature of subtelomeric Transporter genes might
be a by-product of the maintenance of telomere length
(Louis 1995; Kass-Eisler and Greider 2000). The olfactory
receptor genes, which show frequent gains and losses
during evolution, are located in subtelomeric regions in
humans (Rougquier et al. 1998; Niimura and Nei 2003). Ran-
dom variation was suggested to have substantially contrib-
uted to the extensive copy number variation of olfactory
receptor genes (Nozawa et al. 2007). Therefore, genomic
drift, a process of random gene duplication and deletion,
has been considered as a common phenomenon in many
multigene families (Nei et al. 2008). Considering the high
plasticity of yeast subtelomeric regions, the number varia-
tion of subtelomeric Transporter genes might be in part
due to genomic drift.

Conclusion

The switch from aerobic respiration to aerobic fermenta-
tion during the evolution of two yeast lineages was a com-
plicated process, which should require modifications in
many steps in this pathway. Amplification of HXT genes
was unlikely the sole factor responsible for this metabo-
lism switch. However, the observed strong positive corre-
lation between the copy number of HXT genes and the
strength of aerobic fermentation in different yeasts sug-
gests that amplification of HXT genes has facilitated the
evolution of aerobic fermentation. Moreover, the variation
in HXT gene number might reflect different adaptation
strategies of yeasts to their enormously diverse environ-
ments. Future studies to investigate what evolutionary
changes were involved in the modification of gene regu-
lation of the HXT genes as well as genes involved in res-
piration process will provide further insights into the
origin of aerobic fermentation.

Supplementary Material

Supplementary figures S1-S3 and tables S1and S2 are avail-
able at Molecular Biology and Evolution online (http://www
.mbe.oxfordjournals.org/).
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