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Functional environmental genomics has the potential to identify novel biological functions that the
systematic sequencing of microbial genomes or environmental DNA may fail to uncover. We
targeted the functions expressed by soil eukaryotes using a metatranscriptomic approach based on
the use of soil-extracted polyadenylated messenger RNA to construct environmental complemen-
tary DNA expression libraries. Functional complementation of a yeast mutant defective in
di/tripeptide uptake identified a novel family of oligopeptide transporters expressed by fungi. This
family has a patchy distribution in the Basidiomycota and Ascomycota and is present in the genome
of a Saccharomyces cerevisiae wine strain. High throughput phenotyping of yeast mutants
expressing two environmental transporters showed that they both displayed broad substrate
specificity and could transport more than 60-80 dipeptides. When expressed in Xenopus oocytes
one environmental transporter induced currents upon dipeptide addition, suggesting proton-
coupled co-transport of dipeptides. This transporter was also able to transport specifically cysteine.
Deletion of the two copies of the corresponding gene family members in the genome of the wine
yeast strain severely reduced the number of dipeptides that it could assimilate. These results
demonstrate that these genes are functional and can be used by fungi to efficiently scavenge the

numerous, low concentration, oligopeptides continuously generated in soils by proteolysis.
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Introduction

Microorganisms in their natural environments are
confronted with a huge, uncountable number and
variety of organic and inorganic molecules that need
to cross the cell plasma membrane to be used as
nutrient sources. Metabolic versatility of micro-
organisms, or their ability to use or not specific
compounds as nutrient sources, is therefore partly
determined by the existence of transporters at the
plasma membrane, which allow assimilation of
these molecules.

In eukaryotic microorganisms, transport of mono-
meric compounds (that is, monosaccharides, amino
acids) is well-documented. For example, in the yeast
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S. cerevisiae, at least 16 different plasma membrane
amino-acid transporters belonging to the yeast
amino acid transporter family have been identified
(Transporter Classification Database No. T.C.
2.A.3.10). They differ with respect to substrate
specificity, kinetic properties and regulation pat-
terns (De Hertogh et al., 2002; Saier et al., 2009). In
complex environments, these monomeric molecules
are often the end products of the degradation of large
polymers (lignocellulosic compounds, proteins or
nucleic acids) by extracellular hydrolytic enzymes.
Decomposition of these polymers also produces
numerous oligomeric molecules (for example,
oligosaccharides, oligopeptides), which can directly
enter the cells to be used as carbon and/or nitrogen
(N) sources. Nevertheless, although the chemical
diversity of these oligomers is necessarily higher
than the diversity of the monomers, the number and
diversity of the corresponding identified transpor-
ters is far lower. Indeed, concerning N sources
assimilation, only two di/tripeptide transporter
coding genes have been identified in the yeast
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S. cerevisiae, PTR2 and DAL5 (Homann et al., 2005;
Cai et al, 2007), representing two of the three
known families of eukaryotic dipeptide transporters
(Frglund et al., 2010). In S. cerevisiae, each of these
two transporters display a broad substrate specifi-
city. For example, when overexpressed in yeast
cells, Ptr2p alone could transport more than 100
distinct dipeptides. However, translational and
post-translational regulation mechanisms limit
Ptr2p levels in wild-type yeasts and as a conse-
quence also limit the actual diversity of dipeptides
that these strains can ultimately use as N sources
(Homann et al., 2005).

Because of the chemical diversity of oligopep-
tides, it seems likely that additional dipeptide
transport systems could exist in eukaryotic organ-
isms, which are in strong competition for the use of
N sources, often present in limiting amounts in
natural ecosystems as exemplified by forest soils
(Read and Perez Moreno, 2002). Therefore, in order
to identify novel transporters, we implemented an
environmental genomics approach that allows the
simultaneous screening of genes present in the
genomes of the numerous eukaryotic organisms
cohabiting in an environmental sample. This
approach, referred to as functional metatranscrip-
tomics, is based on the extraction of polyadenylated
messenger RNA from environmental samples (Grant
et al., 2006; Bailly et al., 2007) and their conversion
into complementary DNAs (cDNAs) that are cloned
in a yeast expression vector (Bailly et al., 2007;
Kellner et al., 2010). These environmental cDNA
libraries are, therefore, representative of the
diversity of the genes expressed by the different
eukaryotic organisms present in the studied ecosys-
tem. These libraries can be explored for novel genes
by expression in a model microorganism. In our
case, we performed the functional complementation
of a S. cerevisiaze mutant defective in dipeptide
assimilation as a result of the deletion of the PTR2
and DAL5 genes (Homann et al., 2005).

This strategy identified members of a novel family
of fungal oligopeptide transporters (fungal oligopep-
tide transporter, FOT). To demonstrate, as hypothe-
sized, that these genes contribute to the metabolic
versatility of the microorganisms that carry them, we
analyzed the di/tripeptide utilization profile of a
mutant yeast strain deleted of the corresponding
genes.

Materials and methods

Soil sampling, RNA extraction and cDNA library
construction

A composite, organic matter-rich (13% total C,
pHy,o 3.9) soil sample was collected in July 2007
in a 30-year-old spruce (Picea abies) forest stand
located in central France (Breuil-Chenue forest,
47°18'10”N, 4°4’44"E, 638 m above sea level). For
details about the forest, soil characteristics and
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sampling strategy, see Ranger et al. (2004) and
Damon et al. (2010). After sieving (2 mm mesh size),
the sample was frozen and stored at —70 °C.

Total, pro- and eukaryotic, RNA was extracted
from ca 90g of soil according to Bailly et al. (2007)
and Damon et al. (2010). Polyadenylated messenger
RNAs were isolated by affinity capture on poly-dT-
coated paramagnetic beads (Dynal) and converted
into double-stranded cDNAs (SMART cDNA library
construction kit, Clontech, Saint-Germain-en-Laye,
France). cDNAs were size-fractionated by 2-dimen-
sional agarose gel electrophoresis as presented by
Wellenreuther et al. (2004). The recovered 1-3 kb
cDNAs were PCR-amplified (26 cycles, SMART
cDNA library construction kit) and cloned
downstream of the S. cerevisiae PGK1 promoter in
the pFL61 (Minet et al., 1992) yeast—E. coli shuttle
vector into which SfiIA&B cloning sites had been
introduced.

Selection of dipeptide transporters encoding cDNAs
Environmental cDNAs encoding dipeptide transpor-
ter genes were selected by the functional comple-
mentation of the W303 (MATa ura3 can1-100 ho
ptr2A dal5A) S. cerevisiae mutant strain unable to
use most dipeptides as N sources (Homann et al.,
2005). Yeast cells transformed by the cDNA library
were plated on a yeast nitrogen base minimal
medium lacking uracil and containing the three
dipeptides Tyr—Ala, Ala—Leu and Ala-Tyr as sole N
sources (0.25 mM each). Yeast manipulation, includ-
ing transformation, total and plasmid DNA extrac-
tion, and plasmid rescue followed standard
protocols (Rose et al., 1990).

Phenotypic characterization of yeast strains

The di/tripeptide utilization profile of the different
yeast strains and of their transformants was per-
formed using the Biolog (Hayward, CA, USA)
Phenotype MicroArrays (PM) system combined with
the Omnilog reader (Biolog; see Supplementary
Material). Cultures were incubated at 30°C in
duplicate over more than 48 h. We considered that
a strain utilized a di/tripeptide when its growth
value at 48h on this N source represented 20% or
more of its growth value measured on L-glutamine
taken as a positive control for growth (=100%
growth). Below 20%, the growth signal could be
confounded with spontaneous reduction of the
tetrazolium dye or reduction by the resting yeast
inoculum.

Functional expression in Xenopus oocytes and
electrophysiological analysis

Procedures used to characterize by voltage-clamp
recordings the EnvFOFp protein expressed in
Xenopus oocytes are detailed in Supplementary
Material.



Sequence analyses

Protein sequences homologous to the new oligopep-
tide (FOT) and Ptr2p transporters were identified by
BLASTp and BLASTx searches against the GenBank
EST and nr protein databases and genome databases
at the Joint Genome Institute (http://genome.jgi-psf.
org/), Broad Institute (http://www.broadinstitute.
org/scientific-community/data?) and Genolevure
(http://www.genolevures.org/). Prediction of trans-
membrane domains was performed using the
TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/
servicessTMHMMY/). Amino-acid sequences were
aligned using MUSCLE (Edgar, 2004); phylogeneti-
cally informative positions were selected using
Gblocks with relaxed parameters (Castresana, 2000)
and phylogenetic reconstructions were performed
with PhyML (Guindon and Gascuel, 2003) using the
WAG substitution model and other default para-
meters. The whole process was performed using
Seaview v. 4 (http://pbil.univ-lyon1.fr/software/
seaview.html) (Gouy et al., 2010) and Phylogeny.fr
(http://www.phylogeny.fr/; Dereeper et al., 2008).

Results

A novel family of fungal dipeptide transporters
Using polyadenylated messenger RNA directly
extracted from a spruce (P. abies) forest soil, we
constructed a sized cDNA expression library
(1.75 x 10° clones), which was transferred into the
W303 yeast mutant deleted of its two known
dipeptide transporter genes, PTR2 and DALS5. Trans-
formants were plated onto a selective medium,
containing three dipeptides as N sources, Tyr—Ala
was used by Ptr2p but not by Dal5p, Ala—Leu was
used by Dal5p but not by Ptr2p, and Ala-Tyr was
neither used by Ptr2p nor by Dal5p in the W303
background (Homann et al., 2005). Among 7.7 x 10°
screened transformants, 25 grew on the selective
medium. Following plasmid rescue and sequencing,
we identified six different sequences each contain-
ing long open-reading frames beginning with ATG
start codons and encoding polypeptides ranging in
size between 502 and 607 amino acids (GenBank/
EMBL/DDJB accession No. FR690804-808 and
FR714879). All these six polypeptides were homo-
logous among them, but were not homologous to
either Ptr2p or Dal5p. In line with this result, we did
not identify any DAL5 (T.C. 2.A.1.14) homologs
among ca. 9000 randomly sequenced P. abies soil
cDNAs (accession Nos. FR697056—FR706058),
whereas we could identify two members of the
PTR gene family (T.C 2.A.17) and two of the new
dipeptide transporters in this sequence dataset.
BLAST searches against the GenBank/EMBL/
DDJB database and specialized genome databases
identified homologous sequences in Ascomycota
and Basidiomycota fungal species (25—49% identi-
ties) and also those in a limited number of non-
fungal species (21-27% identities) belonging to the
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Plantae (for example, Sorghum bicolor, Vicia faba),
Metazoas (for example, Trichoplax adhaerens,
Caenorhabditis elegans), Choanoflagelates (Monosiga
brevicollis) and Alveolatas (Perkinsus marinus). A
phylogenetic analysis, using 73 homologous pro-
teins identified in the genome sequences of 24
fungal strains representing 23 different species (two
strains of S. cerevisiae, the haploid laboratory S288c
and the diploid EC1118 one were inspected,
Supplementary Table S1), showed that the 6
environmental sequences grouped with 15 others
to form a distinct and statistically well-supported,
fungal-specific, clade (clade A, Figure 1). None of
these 15 fungal proteins had been studied experi-
mentally but several of them had been automatically
annotated as ‘putative amino-acid transporters’.
Indeed, these proteins are related (ca. 23-24%
identities) to fungal members of the Amino Acid/
Auxin Permease family (TC 2.A.18.4.), represented
by two proteins from Neurospora crassa and
Penicillium chrysogenum that have been shown
experimentally to transport aromatic and/or neutral
amino acids (Koo and Stuart, 1991; Trip et al., 2004).
These two latter proteins are located in clade C of
the phylogenetic tree (Figure 1). This observation
suggested that the environmental transporters could
also potentially transport amino acids.

If we hypothesize that all the members of clade A
in the gene tree code for oligopeptide transporters,
referred to as the FOT family, members of this novel
class of peptide transporters were present in only 10
out of the 24 inspected fungal genomes and absent
from the others (Supplementary Table S1). Distribu-
tion of the genes did not show a clear phylogenetic
pattern. Species with and without these genes were
found at different taxonomic levels, suggesting
frequent and recurrent loss, and possibly also
acquisition during fungal evolution. For example,
species without FOT coding genes have been
identified both within the Basidiomycota (for ex-
ample, Laccaria bicolor or Coprinopsis cinerea) and
the Ascomycota (for example, N. crassa, Tuber
melanosporum or Magnaporthe grisea; Supplemen-
tary Table S1). In the same genus, the gene can
also be present (Aspergillus fumigatus) or absent
(Asp. nidulans). Finally, even at the species level,
this gene can show an uneven distribution as
illustrated by S. cerevisiae where the gene is absent
from the S288c laboratory strain and also from the
W303 one, but present in several other strains used
in wine making as exemplified by the EC1118 wine
strain that possesses two closely linked copies on its
chromosome XV (Novo et al., 2009).

A specific phylogenetic analysis of the FOT clade
using 33 reference protein sequences from Ascomy-
cota and Basidiomycota taxa showed that the
EnvFOT-A sequence was nested within a statisti-
cally well-supported basidiomycete sequence clade,
while EnvFOT-B to -F originated from potentially
phylogenetically distinct pezizomycotina species,
although a single-species origin could not be ruled
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Figure 1 Phylogenetic relationships (PhyML) between 6
environmental oligopeptide transporter protein sequences (black
diamonds) and the 73 protein sequences belonging to the
Amino Acid/Auxin Permease family identified in 14 fungal
genomes. Underlined names are from Basidiomycota, the others
from Ascomycota. All six environmental transporter sequences as
well as the two homologous sequences from the S. cerevisiae
EC1118 wine strain belong to clade A, which defines the
new FOT family. The two experimentally characterized amino-
acid transporters from N. crassa and P. chrysogenum cluster
together in clade C (arrows). Correspondence between protein
names and accession number. is given in Supplementary Table
S2. Bootstrap supports (200 replicates) above 60 are indicated.
For this analysis, 85 phylogenetic informative positions were
considered.
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out as illustrated by the three highly divergent FOT
sequences of Botryotinia fuckeliana (Supplementary
Figure S1).

Patchy distribution of the FOT family and also of
the entire Amino Acid/Auxin Permease gene family
among the Dikarya (Basidiomycota + Ascomycota)
contrasts with the systematic presence of 1-7
members of the PTR di/tripeptide transporter family
in each of the 24 inspected genomes (Supplemen-
tary Table S1). However, analysis of the two different
PTR2 alleles present in the diploid EC1118
S. cerevisiae strain showed that they were each
characterized by a specific nonsense mutation that
resulted in premature stop codons likely giving non-
functional Ptr2p proteins (Supplementary Figure
S2). Each of these two mutations were confirmed by
PCR amplification and resequencing of the corre-
sponding regions.

FOT predicted protein structure

Number and position of transmembrane helices
were predicted for all 21 protein sequences in clade
A of the FOT family (Figure 1) and 12 protein
sequences representative of clades B to G (Supple-
mentary Table S3). Eleven putative transmembrane
domains characterized all these proteins (Figure 2a)
and almost all FOT members shared some specific
features that separated them from members of clades
B to G. With the exception of EnvFOT-Ap, FOT
proteins were on average 116 amino acids longer
than their counterparts in clades B to G (Supple-
mentary Table S3). This resulted from a significantly
longer N-terminal cytosolic tail (on average of 135
amino acids in FOT proteins versus 70 for clades B
to G) and longer spacers between several predicted
transmembrane helices (illustrated for spacer
domain 10-11 in Supplementary Table S3). EnvFOT-
Ap lacked a long N-terminal tail as a result of
cloning of a truncated cDNA. Indeed, the most likely
ATG start codon of EnvFOT-A is an artifactual in-
frame ATG triplet found in the plasmid SfilA
cloning site.

The FOTs show a broad substrate specificity

The diversity of di/tripeptides transported by the
FOT proteins that were overexpressed in the W303
ptr2A dal5A mutant was evaluated using the Biolog
Phenotype MicroArrays (PM) system. This system
allowed evaluation of 190 dipeptides and 9 tripep-
tides as potential substrates for the FOT proteins
(see Supplementary Material).

Substrates transported by EnvFOT-Ap and
EnvFOT-Fp were determined, as these two trans-
porters were the only two out of the six tested to
allow the W303 ptr2A dal5A mutant to grow to a
high cell density in the PM system. These proteins
could efficiently transport 77 and 59 dipeptides,
respectively, as well as 6 tripeptides (Figures 2b and c,
Supplementary Table S4). Furthermore, these two
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Figure 2 Predicted structure of environmental oligopeptide
transporter EnvFOT-Fp (a) and spectra of dipeptides transported
and used as N sources by yeast strains expressing different
dipeptide transporters (b—d). (b, d), Venn diagrams illustrating
the fractions of dipeptides used as substrates by either one, two or
three yeast strains. (c) Total numbers of dipeptides transported by
the different strains out of the 190 tested. Strains compared in (b)
are the W303 dal5A or ptr2A mutants expressing either their
endogenous PTR2 or DAL5 genes and the W303 ptr2A dal5A
mutant expressing the cloned EnvFOT-A or EnvFOT-F genes.
Strains compared in (c) are the wt 59A and corresponding mutant
59A fot1-2A wine yeast strains, the W303 dal5A or ptr2A mutants
expressing either their endogenous PTR2 or DAL5 genes,
respectively, and the W303 ptr2A dal5A mutant expressing the
cloned EnvFOT-A. Venn diagrams were drawn to scale using the
BioVenn software (http://www.cmbi.ru.nl/cdd/biovenn/) (Hulsen
et al., 2008).
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proteins had very similar substrate spectra; only 2 of
the 59 dipeptides transported by EnvFOT-Fp did not
support growth of the W303 mutant expressing
EnvFOT-Ap and conversely 20 of the 77 dipeptides
transported by EnvFOT-Ap were not transported by
EnvFOT-Fp (Supplementary Table S4). A majority of
the dipeptides specific to EnvFOT-Ap were char-
acterized by an isoleucine or serine residue in
N-terminal position or an isoleucine or leucine in
the C-terminal position (Supplementary Table S4).

Transported dipeptides were chemically diverse.
After exclusion of the cysteine, histidine or lysine-
containing peptides (see Supplementary Material),
15 of the remaining 17 protein-forming L-amino
acids were present in at least one of the dipeptides
transported by either EnvFOT-Ap or EnvFOT-Fp
(Table 1). The only two acidic amino acids,
glutamate and aspartate, which can otherwise be
used as N sources by S. cerevisiae, were not
represented although they were present in 43 of
the dipeptides analyzed. Dipeptides containing
either a glutamate or aspartate were also not
efficiently transported by either Ptr2p or Dal5p
(Table 1).

Parallel study of di/tripeptide assimilation by the
two single mutants, W303 ptr2A and W303 dal5A,
transformed with an empty plasmid vector showed
that more than half of the dipeptides taken up by
either Ptr2p or Dal5p were also taken up by Env
FOT-Ap and EnvFOT-Fp (Figures 2b and ¢, Supple-
mentary Table S4).

EnvFOT-Fp, member of the FOT family, functions as
proton-coupled dipeptide and amino-acid transporter
in Xenopus oocytes

EnvFOT-F was chosen for the expression in Xenopus
oocytes because of its known substrate specificity in
yeast (Figures 2b and c) and because it encodes, as
opposed to EnvFOT-A, a protein with a full-length
N-terminal cytosolic domain (Figure 2a). Oocytes
expressing EnvFOT-F showed a clear current induc-
tion at hyperpolarized potentials upon addition of
the dipeptide Tyr—Ala (500 uM, n=39 oocytes) in
the bath solution. This current induction was
reversible (n=35), perfusion without the dipeptide
added to the bath solution decreased the current.
The amplitude of the observed currents was depen-
dent on the membrane potential and was typically
in the order of around 100nA at —140mV
with current maxima of around —200nA (Figures
3a and d). This current induction was observed with
a standard physiological bath solution at pH 5.5 but
not at pH 7.5 (n=7 oocytes; Figure 3a), suggesting a
proton-coupled co-transport. Water-injected control
oocytes tested with 500puM (n=7) or 1mM (n=7)
Tyr—Ala did not show any current induction (n=7).
Testing different concentrations of Tyr—Ala revealed
a concentration-dependent effect of the current
induction saturating at concentrations between
500-1000 uM with a mean K, of 23uM (n=10,
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Table 1 Influence of amino-acid at position 1 (N-terminal) or 2 (C-terminal) within the dipeptides on the capacity of the latter to be used
as N sources by the W303 yeast strain expressing either the EnvFOT-A, EnvFOT-F, PTR2 or DAL5 genes

Total no. in PM plates Transported by EnvFOT-Ap/EnvFOT-Fp Transported by Ptr2p Transported by Dal5p

Pos. 1 Pos.2 Pos.1 Pos.2 Pos.1 Pos.2 Pos.1 Pos.2
Ala 15 14 7/4 6/6 1 3 6 3
Arg 13 10 1/1 9/9 2 4 0 0
Asn 2 1 1/0 1/1 0 0 0 1
Asp 9 13 0/0 0/0 0 0 0 0
Glu 8 15 0/0 0/0 1 1 0 0
Gln 3 11 1/1 6/6 0 0 0 3
Gly 14 15 1/1 0/1 0 0 5 0
Ile 14 9 13/8 7/3 3 2 1 1
Leu 14 13 10/10 8/2 1 0 1 3
Met 14 9 8/7 7/5 1 0 2 3
Phe 12 14 717 9/8 1 3 0 0
Pro 14 10 0/0 1/1 1 1 0 1
Ser 12 12 4/1 4/5 0 1 2 2
Thr 11 3 717 0/0 1 0 0 2
Trp 11 12 1/1 1/0 4 2 0 0
Tyr 10 13 6/4 7/5 3 3 0 0
Val 15 15 10/7 7/3 2 1 0 0

Abbreviations: N, nitrogen; Pos., position; PM, phenotypic microarray.
The first two columns give the total no. of dipeptides in the PM microtiterplates containing a particular amino acid in position 1 or 2. Dipeptides

with either a Cys, His or Lys were excluded from the analysis.

Figures 3b and c). Phe—Ala, another dipeptide that
supported growth of yeast cells expressing EnvFOT-F,
induced similar currents at 500uM (n=4), than
Tyr—Ala (Figure 3d). In contrast, the dipeptide Ala—
Leu, which failed to support the growth of yeast
cells (Supplementary Table S4), did not induce
any current in Xenopus oocytes (500uM, n=S8;
Figure 3d).

The multiplicity and overlapping specificities of
amino-acid transporters in S. cerevisiae make it
difficult to test the capacity of a membrane trans-
porter to mediate permeability for a specific amino
acid in this yeast. We therefore screened all 20
protein-forming L-amino acids (1 mM) for a possible
current induction within Xenopus oocytes (see
Supplementary Material). Only cysteine (n=14
oocytes) could activate reversible currents
(Figure 3d). This current activation was also pH-
dependent, at pH 7.5 no current induction was
observed (n=3). The current amplitudes increased
when testing different concentrations (n=10), but
we could not observe saturation up to 1mM, and
higher concentrations seemed to damage the oocytes
as tested with water-injected control oocytes at 5 mMm
cysteine compared with 1 mM (n=>5).

FOT transporters are important for peptide uptake by a
veast strain

The completely sequenced S. cerevisiae EC1118
wine strain differs from the laboratory S288c strain
by the presence of long blocks of genes in its genome
that could have been acquired by lateral transfer
from different yeast species (Novo et al., 2009). In
block C on chromosome XV two linked genes are
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present, separated by 2819bp, and code for FOT
transporters (S. cerevisiae FOT1 and FOT2 in
Figure 1). We used this specific yeast strain as a
model fungus to verify that FOT transporters do
participate in the use of peptides as N sources
in vivo. These two genes were simultaneously
deleted and replaced by a kanamycin resistance
cassette (KanMX) in the 59A haploid progeny of the
diploid EC1118 strain, thus, giving a mutant strain
called 59A fot1-2A. This mutant yeast strain has also a
functional DAL5 and non-functional PTR2 genes in
its genome (see above and Supplementary Figure S2).

Comparison of peptide uptake between the wt
59A strain and the 59A fot1-2A mutant strain was
performed using the PM system. While the 59A
strain efficiently utilized 118 dipeptides and 8
tripeptides, the mutant one only used 28 dipeptides
(that is, 24%; Figure 2c¢) and 4 tripeptides, thus,
demonstrating that proteins encoded by members of
the new FOT family do participate in the use of
di/tripeptides as N sources in this yeast. Two thirds
(66%) of the 90 dipeptides that were specifically
used by the 59A strain, and not by the 59A fot1-2A
mutant one, were also transported by the EnvFOT-
Ap protein (Figure 2d). Among the remaining 31
dipeptides specifically used by the 59A strain and
not by the W303 strain expressing EnvFOT-A, 5
contained a glutamate and 2 an aspartate, which are
the two amino acids absent from the dipeptides
transported by the W303 strain expressing either
EnvFOT-Ap, EnvFOT-Fp, Ptr2p or Dal5p (Table 1).
Of the 28 dipeptides utilized by the 59A fot1-2A
mutant strain, 15 were among the 19 dipeptides
transported by Dal5p and only 6 were among the 21
dipeptides transported by Ptr2p when expressed in
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Figure 3 Functional expression and characterization of EnvFOT-Fp
in Xenopus oocytes as a transporter of dipeptides and amino
acids. (a), Current-voltage relation of EnvFOT-Fp mediated
currents in presence of 500 uM Tyr-Ala at pH 5.5 (filled circles).
The current induction is reversible (external solution without
dipeptide, empty triangles) and dependent on the external pH, as
no current is induced by the dipeptide at pH 7.5 (filled squares).
The example of Tyr—Ala induced current is representative for
n=39 oocytes at pH 5.5 and n=7 oocytes at pH 7.5. (b),
Concentration-dependence of dipeptide-induced currents in
EnvFOT-Fp expressing oocytes. The induced current increased
with increasing dipeptide concentrations until saturation. Repre-
sentative example for n=10 oocytes. (c) Dose-response curve for
the dipeptide Tyr—Ala for EnvFOT-Fp expressing oocytes (n=10,
N=2). The current values, presented as empty circles, are
normalized (% of the current value with 1mmMm Tyr—Ala for each
oocyte). Mean values are presented as filled diamonds and fitted
by a Michaelis—Menten equation (SigmaPlot), represented by the
dotted line. (d) Mean current amplitudes in EnvFOT-Fp expres-
sing oocytes induced by dipeptides Tyr—Ala at pH 5.5 (n=39,
N=6) and pH 7.5 (n=7, N=3), Phe-Ala (n=4, N=1) and Ala—
Leu (n=8, N=2) both at pH 5.5, as well as by the amino acid
cysteine at pH 5.5 (n=14, N=2) and 7.5 (n=3, N=1).

the W303 strain (Figure 2d). This observation is
consistent with the absence of a functional PTR2
gene in the 59A wine yeast strain.

Discussion

In this paper, we demonstrate for the first time that
functional environmental genomics, in combination
with high throughput phenotyping (PM system) and
cellular biology approaches (electrophysiology on
Xenopus oocytes) can be used to discover and
describe novel biological functions in the eukar-
yotes. Functional environmental genomics, in the
form of metagenomics, had thus far only led to the
characterization of novel bacterial/archaeal genes as
exemplified by the proteorhodopsins (Béja et al.,
2000; O’Malley, 2007; Fuhrman et al. 2008) and
several genes coding for enzymes of biotechnologi-
cal interest (recently reviewed by Ferrer et al., 2009;
Uchiyama and Miyazaki, 2009; Chistoserdova,
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2010). As demonstrated here by the discovery of
the FOT di/tripeptide transporters, functional meta-
transcriptomics based on the construction of
expression cDNA libraries using polyadenylated
environmental RNA bears similar promises. The
two initial uses of this metatranscriptomic approach
had thus far led to the selection of genes belonging
to known families of enzymes, including imidazo-
leglycerol-phosphate dehydratases and an excreted
phosphatase (Bailly et al., 2007; Kellner et al., 2010).

As opposed to the systematic sequencing of
environmental nucleic acids, the functional screen-
ing of environmental libraries represents a novel
way to ascribe functions to the numerous genes that
have either no functionally characterized homologs
or that are distantly related to proteins of known
functions. In this context membrane transporters
represent a special case study, as it is notoriously
difficult to predict on the basis of their sole amino-
acid sequences the nature of substrates transported.
This makes homology-based functional annotation
of these proteins hazardous as illustrated in this
study where the most similar proteins to the new
FOT transporters were all annotated as amino-acid
transporters.

The study we initiated for di/tripeptide utilization
could also be extended to other small molecules
present in the natural ecosystems, including mono-
meric compounds such as diverse monosaccharides
or amino acids. Indeed, many phylogenetic analyses
of specific eukaryotic transporter families (this
study, Figure 1 and also De Hertogh et al., 2002,
2006; Hellborg et al., 2008; Lépez et al., 2008;
Lucic et al., 2008), show that numerous transporter
families and sub-families (as exemplified by clades
B and clades D to G in Figure 1) have not been
studied experimentally with respect to the sub-
strates they transport. We therefore largely ignore
how many nutrients present in the natural environ-
ment are absorbed by most microorganisms. Knowl-
edge of the substrates transported by the different
transporters is yet of prime importance in different
fields of biology, including environmental sciences.
In this latter area, Poretsky et al. (2010) suggested
that the abundance of specific transporter gene
families within metatranscriptomes could be inter-
preted in term of availability of the corresponding
substrates in the environment and that the taxo-
nomic origin of these transporters could reflect the
taxonomic specialization within the microbial
community for the assimilation of specific classes
of molecules.

High throughput phenotyping of yeast cells
expressing FOT genes showed that the correspond-
ing transporters are rather unspecific and the wide
spectrum of di/tripeptide they transport partially
overlaps with the spectra of other di/tripeptide
transporters (PTR2, DALS5). Furthermore, hetero-
logous expression in Xenopus oocytes allowed us to
demonstrate that at least EnvFOT-F could transport
L-cysteine. The transport of additional nitrogenous
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compounds had already been documented for other
eukaryotic di/tripeptide transporters such as the
yeast dal5p known to transport allantoate and
ureidosuccinate (Cai et al., 2007), the Arabidopsis
PTR2-B and PTR1 shown to transport histidine
(Frommer et al., 1994; Komarova et al., 2008) and
the human hPAT1 that transports both amino acids
and a few dipeptides (Frglund et al., 2010). It is
therefore possible that the true range of N com-
pounds transported by FOT transporters extends
beyond di/tripeptides and cysteine.

Altogether, these results suggest that FOT genes,
when present in a fungal genome, should increase
the metabolic versatility of the corresponding fungal
strain. It is however intriguing that this gene family,
as several other transporter families (De Hertogh
et al., 2006), has a patchy distribution in the fungal
kingdom although proteins represent a widespread
source of N in the environment and specifically in
soils (Jones et al., 2009; Nidsholm et al.,, 2009).
Furthermore, presence of the FOT family does not
seem to represent a marker of a specific lifestyle in
the fungi as the species that harbor it are either
saprotrophic (Yarrowia lipolytica, Zygosaccharo-
myces rouxii, Postia placenta or S. lacrymans),
facultative animal pathogens (Ajellomyces capsula-
tus, Asp. fumigatus or C. posadasii), or plant
pathogens (B. fuckeliana, Ustilago maydis or
C. parasitica). According to the phylogenetic analy-
sis of the cloned environmental sequences (Figure 1
and Supplementary Figure S1), they most likely
come from both Basidiomycota and Pezizomycotina
known to be diverse in the studied spruce forest
stand (Buée et al.,, 2009; Damon et al., 2010).
However, the actual number of reference FOT
sequences in databases is too limited to identify,
not only the corresponding species, but also the
genera or families to which they belong. Although
the two fully sequenced symbiotic ectomycorrhizal
species, L. bicolor and T. melanosporum, do not
have any FOT genes in their genomes, because of the
patchy distribution of this gene family, we cannot
exclude that this gene family is present in the
genomes of other mycorrhizal species. In this case,
the FOT genes could represent one of the compo-
nent participating in the functioning of the ectomy-
corrhizal symbiosis known to allow forest trees to
indirectly use soil organic N sources (Read and
Perez Moreno, 2002; Nasholm et al. 2009).

Disruption of the cognate genes in the S. cerevi-
siae EC1118 wine strain established experimentally
that FOT genes can make a significant contribution
to oligopeptide assimilation in a fungus. Further-
more, the calculated K., of EnvFOT-Fp for Tyr-Ala
(23 uM) is lower than affinity constants reported for
plant peptide transporters of the peptide transport
family as estimated using Xenopus oocytes (for
example, 130-160 uM for the root-expressed AtPTR5;
Komarova et al., 2008, and references therein). As for
the concentration of di/tripeptides in the soil solution,
no quantitative data are available to our knowledge.

The ISME Journal

We can however hypothesize that it is of a similar
order of magnitude as the soil amino-acid concentra-
tion, estimated to be on average of 23 uM on a global
scale (Jones et al., 2009). Similarly, probably because
of their large number, no report exists on the chemical
nature and abundance of individual di/tripeptides in
soil. As they originate from proteolysis, the occurrence
of amino acids in soil di/tripeptides could however be
estimated from the average amino-acid composition of
soil-extracted peptides/proteins (Isnor and Warman
1990; Yu et al., 2002) and also from the one of proteins
from major forest organisms such as in our case the
tree P. abies or the symbiotic basidiomycete L. bicolor
(Supplementary Table S5). In both cases, we observe a
greater abundance of the nonpolar Ala, Gly, Leu and
Val and of the polar Ser, which are not necessarily the
most prominent amino acids among the free soil
amino acids (Yu et al., 2002; Werdin-Pfisterer et al.,
2009; Supplementary Table S5). With the notable
exception of Gly, these different amino acids are well-
represented among the dipeptides that can be trans-
ported by EnvFOT-Fp and EnvFOT-Ap (Table 1) and
by the yeast Fotl-2p (Supplementary Table S4).
Altogether, these different data and observations
strongly suggest that FOT transporters function as
high affinity transporters, which should efficiently
participate in di/tripeptide uptake in acidic soils, as it
is the case for the studied site (pH 3.9).
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