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A Major Facilitator Superfamily
Peptide Transporter From Fusarium
oxysporum Influences Bioethanol
Production From Lignocellulosic
Material

Brian Nugent', Shahin S. Ali"**, Ewen Mullins? and Fiona M. Doohan’

" Molecular Plant-Microbe Interactions Laboratory, School of Biology and Environmental Science, University College Dublin,
Dublin, Ireland, 2 Department of Crop Science, Teagasc Research Centre, Carlow, Ireland

Fusarium oxysporum is a leading microbial agent in the emerging consolidated
bioprocessing (CBP) industry owing to its capability to infiltrate the plant’s lignin barrier
and degrade complex carbohydrates to value-added chemicals such as bioethanol in
a single step. Membrane transport of nutrients is a key factor in successful microbial
colonization of host tissue. This study assessed the impact of a peptide transporter on
F. oxysporum’s ability to convert lignocellulosic straw to ethanol. We characterized a
novel F. oxysporum peptide transporter (FOPTRZ2) of the dipeptide/tripeptide transporter
(PTR) class. FOPTR2 represents a novel transporter with high homology to the
Trichoderma sp. peptide transporters ThPTR2 and TrEST-AO793. Its expression level
was highly activated in nitrogen-poor environments, which is a characteristic of PTR
class peptide transporters. Overexpression and post-translational gene silencing of the
FoPTR2 in £ oxysporum affected the peptide transport capacity and ethanol yielded
from a both a wheat straw/bran mix and glucose. Thus, we conclude that it FOPTR2
plays a role in the nutrient acquisition system of £ oxysporum which serves to not only
enhance fungal fithess but also CBP efficacy.

Keywords: bioethanol, Fusarium, peptide transporter, consolidated bioprocessing, lignocellulose

INTRODUCTION

Industry and academics alike continually seek to increase the efficacy and reduce the processing
costs of bioethanol production from lignocellulosic materials. Most research efforts are focused
on improving inadequacies in the pretreatment process or the costly enzymatic hydrolysis step.
Over the last decade, a lot of scientific attention has focused on consolidated bioprocessing (CBP),
a process whereby substrate saccharification is conducted by one or more microbes within a
single step process (Xu et al., 2009; Ali et al., 2016; Lynd et al., 2017). Fusarium oxysporum is a
plant pathogen which has the ability to infiltrate the plant’s lignin barrier and degrade complex
carbohydrates to value-added chemicals, and these traits have made it a leading microbial agent
in the emerging CBP industry (Panagiotou et al., 2005, 2011; Xiros and Christakopoulos, 2009;
Alietal., 2014, 2016).
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Previous work by Ali et al. (2014) identified a large number of
F. oxysporum genes up-regulated during bioethanol production
from lignocellulosic material. One such gene encoded a putative
peptide transporter (FoPTR2) protein. Peptide transporters
transport small molecular-weight peptides (2-6 amino acids)
across cellular membranes, against a concentration gradient,
into the cell (Steiner et al., 1995). The ability of organisms
to execute carrier-mediated transport of small peptides is
ubiquitous (Hauser et al., 2001). Transported peptides are then
promptly hydrolyzed to amino acids by intracellular peptidases
and used for protein synthesis or as alternative nitrogen and
carbon sources (Vieira et al., 2013). Membrane transport of
nutrients is a key factor in successful colonization during host-
pathogen interactions (Divon et al,, 2006; Divon and Fluhr,
2007). In addition, peptide transport has also been shown
to assist pathogens in evading the host immune response
system (Parra-Lopez et al., 1993).

Peptide transporters can be categorized into three super-
families: (i) the ATP-binding cassette (ABC family); (ii) the
oligopeptide (OPT) transporter family; (iii) and the peptide
transporter (PTR/POT) family (Steiner et al., 1995; Pao et al,,
1998; Reddy et al, 2012). Fungi possess mainly OPT and
PTR/POT that allow them to utilize peptides as nutrients (Dunkel
etal., 2013). Owing to a proposed adaptable coupling mechanism
(Parker et al., 2014), many eukaryotic and prokaryotic members
of the PTR/POT family have the versatility to symport a
wide spectrum of nitrogen-containing substrates that include
peptides, amino acids and nitrate (Williams and Miller, 2001;
Chiang et al., 2004). It is believed that the PTR/POT system in
cells is governed by the nitrogen catabolite repression (NCR)
system (Perry et al, 1993). Coupled with this, conflicting
evidence on the regulation of PTR genes by carbon catabolite
repression (CCR) has also been reported (Vizcaino et al., 20065
Vieira et al., 2013).

The purpose of this study was to characterize the FOPTR2 gene
up-regulated in F. oxysporum during bioethanol production from
lignocellulosic material and to determine if the encoded protein
impacts upon the ability of F. oxysporum to convert this substrate
to bioethanol. The FoPTR2 gene was overexpressed and post-
translationally silenced in F. oxysporum strain 11C. The impact
of gene overexpression and post-translational silencing on the
fungal CBP capacity was determined. Gene expression studies
investigated the impact of nitrogen and carbon sources on the
regulation of FoPTR2 transcription. On the basis of these studies,
we discuss the potential contribution of peptide transporters to
the CBP capacity of F. oxysporum.

MATERIALS AND METHODS

Origin and Maintenance of Fungi

Fusarium oxysporum strains 11C (IMI501118) and 7E
(IMI501116) wused in this research were collected from
diverse locations throughout Ireland (Ali et al.,, 2012). Fungal
isolates were added to 30% glycerol (vv~1!), flash-frozen using
liquid nitrogen and a stock culture was stored at -70°C.
Fungi were sub-cultured onto potato dextrose agar (PDA;

Difco, United Kingdom) plates and were grown at 25°C for
5 days (Ali et al., 2012).

Solid-State Cultivation (SSC) on

Straw/Bran

Bioethanol production and gene expression studies were
examined via independent solid-state cultivation experiments,
as previously optimized by Ali et al. (2012). In brief, the solid
state medium comprised minimal media (pH 5) containing 20%
(wv™1) of a 10:1 wheat straw:bran mix as the carbon source.
F. oxysporum conidia were generated in mung bean broth, as
previously described (Brennan et al., 2005) and re-suspended
into minimal medium (pH 5) (Mishra et al., 1984) to a final
concentration of 10 conidia mI~!. Medium was inoculated with
4 ml of fungal conidial suspension (minimal medium was added
to negative controls) and the flasks were then sealed with either
non-absorbent cotton (aerobic conditions) or cork and parafilm
(oxygen-limited conditions) and incubated at 25°C in the dark.
For the bioethanol production experiment, fungal mycelium was
cultured under aerobic conditions for 96 h, which facilitated
biomass and saccharolytic enzyme production, followed by an
oxygen-limiting period of 96 h to facilitate fermentation. For the
gene expression experiment, fungal mycelium was cultured under
aerobic conditions for 24-94 h prior to RNA extraction. Each
experiment comprised two biological replicates, each of which
included three flasks per fungal strain/mutant.

Hexose and Pentose Sugar Fermentation
Shake flask cultivation under oxygen-limiting conditions was
used to assess the competency of wild type and mutant
strains of F. oxysporum to ferment glucose and other pentose
sugars, as previously described by Ali et al. (2013). In brief,
minimal media (30 ml in 100 ml Erlenmeyer flasks) described
by Leung et al. (1995), supplemented with 1% wv~! carbon
(glucose/cellulose/xylose) was inoculated with 4 ml of fungal
conidia (10% ml~1); negative controls were supplemented with
4 ml of minimal medium. Flasks were plugged with sterile
cotton wool and incubated at 30°C, 150 rpm for 24 h (aerobic
growth phase). Thereafter, flasks were plugged with cork, secured
using parafilm, and incubated at 50 rpm, 30°C for 24-192 h
prior to bioethanol measurement. The experiment comprised
two biological replicates, each of which included three flasks per
fungal strain/mutant.

Estimation of Bioethanol and Fungal

Biomass

For bioethanol estimation assays, samples were harvested as
previously specified by Ali et al. (2012) and the bioethanol
content was determined using the QuantiChromTM Ethanol
Assay Kit (DIET-500; BioAssay Systems, United States). The
fungal biomass (dry weight) in the solid portion of cultures was
quantified as previously specified by Ali et al. (2012).

Nitrogen and Glucose Experiment
Gene expression studies were used to determine the influence
of the nitrogen and glucose concentration in aerobic shake
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flask cultures on the expression of FoPTR2. The minimal
medium described by Penttila et al. (1987) was used (30 ml
in 100 ml Erlenmeyer flasks) and ammonium sulfate and
glucose concentrations were manipulated to mimic the following
nitrogen starvation and glucose rich/limited conditions:(i) 2%
glucose and 0.005% NH4SOy, (ii) 2% glucose and 0.05% NH4SOy4,
(iii) 0% glucose and 0.5% NH4SOy4, (iv) 10% glucose and 0.5%
NH4SOy4, (v) 2% glucose and 0.5% NH4SO4 (control). Flasks
were inoculated with 4 ml of fungal conidia (10® mI~!); negative
controls were supplemented with 4 ml of minimal medium. The
flasks were plugged with cotton wool, covered with aluminum
foil and incubated at 150 rpm, 25°C for 4, 9 or 24h. Fungal
mycelia was harvested at each time point by centrifugation and
was washed twice with sterile distilled water. Mycelium was
then flash frozen in liquid nitrogen and freeze-dried prior to
RNA extraction. This experiment comprised three biological
replicates, each including three flasks per medium per time
point per treatment.

RNA Isolation

Freeze-dried mycelial samples were homogenized in a mixer mill
(Tissue Lyser II, Netherlands) at 30 Hz for 1 min with two 2.3 mm
steel beads. RNA was isolated and quality-checked as previously
described by Ali et al. (2012).

Real Time RT-PCR Analysis

The real time qRT-PCR of the target gene and housekeeping
gene was performed as described previously (Ali et al., 2014).
The F. oxysporum B-tubulin gene was used as housekeeping
gene for normalization of real-time RT-PCR data (Ali et al,
2013). See data sheet, Supplementary Table S1 for FoPTR2-
and p-tub-specific primers. PCR reactions and data analysis were
conducted as previously described by Ali et al. (2014). qRT-PCR
was conducted twice for each sample and the average result used
for data analysis.

Rapid Amplification of cDNA Ends

(RACE) and in silico Bioinformatic

Analysis

5’- and 3’-RACE of FoPTR2 gene from F. oxysporum strain 11C
was conducted as previously described by Ali et al. (2013). See
data sheet, Supplementary Table S1 for gene-specific primers
RACE-FoPtr2-MF/MR. RACE products were gel-purified, cloned
into the pGEM-T Easy vector (Promega, United States) and
sequenced (Macrogen, Korea). The NCBI ORF finder' was used
to determine the ORF sequence. The presence of conserved
domains in the FoPTR2 amino acid sequence was assessed using
the NCBI conserved domain database’. Transmembrane domain
analysis was conducted using the TMHMM Server version
2.0°. The putative crystal structure was generated using SWISS-
MODEL Workspace*. The peptide transporter sequences from

Thttp://www.ncbi.nlm.nih.gov/projects/gorf/
Zhttp://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
3http://www.cbs.dtu.dk/services/ TMHMM/
“http://swissmodel.expasy.org

F. oxysporum strain 4287 were obtained from the GenBank
(bioproject PRJNA18813). An additional 37 peptide transporter
proteins from fungi, mammals, plants and bacteria were obtained
from the NCBI database. Protein sequences were aligned using
the Clustal Omega tool® and their evolutionary relationship was
inferred using the maximum-likelihood algorithm with bootstrap
(1000 replicates). Evolutionary analyses were carried out in
MEGAG6 (Tamura et al., 2013).

Construction of the RNA Silencing Vector
FoPTR?2 silencing mutants of F. oxysporum strain 11C were
generated using the pSilent-1 vector (Nakayashiki et al., 2005)
(See data sheet, Supplementary Figure S1), A 415 bp fragment
of the FoPTR2 gene was inserted into each of the two multiple
cloning sites in the sense and antisense direction (see data
sheet, Supplementary Figure S1 and Supplementary Table S1
for primer information). The PCR amplification and vector
construction were carried out as described by Ali et al. (2013).
To check the correct alignment of sense and antisense segments,
partial sequencing of the plasmid was conducted using the
primers Ai-F/R (see data sheet, Supplementary Table S1).

Construction of the Overexpression

Vector

FoPTR2 overexpression mutants of F. oxysporum strain 11C
were generated using the pPBARGPE1 vector (Pall and Brunelli,
1993) The PCR amplification and ligation of the full length
FoPTR2 gene into the pBARGPEl vector was carried out
as previously described by Ali et al. (2013). See data sheet,
Supplementary Figure S2 and Supplementary Table S1 for
primer information. The correct alignment of the gene was
confirmed by partial sequencing of the plasmid using ACpBg-
F/ACpSi-/R primers (Ali et al., 2013).

Generation and Selection of Fungal

Mutants

Fusarium oxysporum strain 11C was transformed with pSilent-
1-FoPTR2 and pBARGPEI-FoPTR2 in order to respectively
silence and overexpress the FoPTR2 gene. Protoplasts were
produced from fungal spores as previously described in Ali
et al. (2013) and transformed with pSilent-1-FoPTR2 and
pBARGPE1-FoPTR2, as described by Doohan et al. (1998).
Putative silencing transformants were selected on PDA (Oxoid,
United Kingdom) containing 60 ug ml~! hygromycin (Sigma,
Germany) (Doohan et al, 1998), whereas overexpression
transformants were selected on minimal medium (Leung et al.,
1995) containing 1000 pg ml~! phosphinothricin (Sigma,
Germany). Transformant stability was assessed (following
successive subcultures) as previously described by Ali et al.
(2013). Single spore colonies from the putative transformants
were stored in 15% (vv~!) glycerol solution at -70°C.
Transformation and plasmid integration was confirmed by both
PCR and southern blot analysis. The PCR target/Southern blot
probe was a fragment of the hyg gene for silencing mutants and

“http://www.ebi.ac.uk/Tools/msa/clustalo/
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of the bar gene for overexpression mutants. For genomic DNA
extraction, mutant/wild type F. oxysporum was cultured in potato
dextose broth (PDB; Oxoid, United Kingdom) and mycelium
were harvested by centrifugation at 3200 rcf for 15 min and
flash-frozen in liquid nitrogen followed by freeze-drying. Dried
mycelium was ground into fine powder in a mixer mill (Retsch
MM400, Germany) at 30 Hz for 1 min with two 2.3 mm steel
beads and total genomic DNA was isolated by adding fungal
DNA extraction buffer as described by Edel et al. (2000). DNA
was purified by phenol-chloroform treatment and subjected to
ethanol precipitation and re-suspended in Tris-EDTA buffer (pH
7.4). For putative silencing mutants, PCR was conducted using
hyg-specific primers (Hyg-F1/R1; see Supplementary Table S1),
which were used to amplify a 747 bp hyg gene fragment from
either 100 ng gDNA of putative mutants or 50 ng pSilent-1
plasmid DNA (as a positive control and to produce probe for
southern blot analysis). For the putative overexpression mutants,
PCR was conducted using bar-specific primers (Bar-F1/R1; See
Supplementary Table S1), which were used to amplify a 433 bp
bar gene fragment from 100 ng gDNA of putative mutants or
50 ng pBARGPE1 plasmid DNA (as a positive control and to
produce probe for southern blot analysis). The PCR reaction
components and the conditions were as described above. For
visualization of PCR amplicons, 10 pl of PCR product were
subjected to electrophoresis in 1% (w v~1) Tris Acetate-EDTA
(TAE) buffer agarose gels containing 0.5 g ml~! ethidium
bromide, and visualized using Imagemaster VDS and Liscap
software (Pharmacia Biotech, United States).

For Southern blot analysis of mutants, genomic DNA (10 pg)
from wild type F. oxysporum strain 11C and putative mutants
was digested overnight with restriction enzymes (New England
Biolabs, United States). Blots of putative gene-silenced mutants
were prepared using DNA digested with either SacI (single digest
of the hyg gene) or Sacl plus Kpnl (double digest of the hyg
gene). Likewise, blots of putative overexpression mutants were
prepared using DNA digested with either Smal (single digest
of the bar gene) or Smal plus Pmlil (double digest of the bar
gene. Digests were electrophoresed through 0.8% (wt vol™!)
TAE buffer agarose gels (at 30 v; overnight) and blotted onto
reinforced nitrocellulose membrane (Optitran BA-S85, Schleich
and Schuell, Germany), as described by Sambrook et al. (2001).
A 747 bp fragment of the hyg gene and a 433 bp fragment
of the bar gene (amplified by PCR as described above) were
respectively used as probes for Southern blot analysis of putative
gene silenced and overexpressing mutants. The AlkPhos Direct
Labeling and Detection System with CDP-Star (GE Healthcare,
United States) were used for labeling and detecting the hyg and
bar probes. The hybridization and detection procedures were
performed according to the manufacturer’s protocol.

Statistical Analysis

All real-time RT-PCR data and bioethanol yield data from
the hexose, pentose and wheat straw experiments featuring
mutants silenced in the FoPTR2 function were non-normally
distributed, as determined using the Ryan Joiner test (Ryan
and Joiner, 1983) within Minitab (Minitab release©16, 2000
Minitab Inc.). All except the temporal analysis of FoPTR2

transcript accumulation, bioethanol yield data from the sugar and
wheat straw experiments could be transformed to fit a normal
distribution using the Johnson transformation (Ryan and Joiner,
1983) within Minitab (Minitab release©16, 2000 Minitab Inc.).
All other data sets were normally distributed. The homogeneity
of data sets across replicate experiments was confirmed by two-
tailed correlation analysis (non-normal data: Spearman Rank;
normal data: Pearson product moment) conducted within the
Statistical Package for the Social Sciences (SPSS 11.0, SPSS Inc.;
r > 0.828; P = 0.05) (Snedecor and Cochran, 1980). Therefore,
data sets from the replicate experiments were pooled for further
statistical analysis. The Statistical Package for the Social Sciences
(SPSS 11.0, SPSS Inc.) was used to analyze the significance of
treatment effects using one-way ANOVA with post hoc pair
wise Tukey’s procedure comparisons (P = 0.05; for normally
distributed data), or the Kruskal-Wallis H test (for non-normally
distributed data) (Snedecor and Cochran, 1980). Pearson product
moment analysis was used to determine the correlation between
mean values from different normally distributed data sets.

RESULTS

Cloning and Characterization of the

F. oxysporum FoPTR2 Gene

Based on sequence analysis of the full-length FoOPTR2 mRNA, the
ORF was determined to be 1473 nucleotides (GenBank accession
no. KX922691). NCBI domain analysis indicated that the protein
contains a major facilitator superfamily (MFS) conserved domain
and a proton-dependent oligopeptide transport domain. The
crystal structure of the deduced amino acid sequence highlighted
11 helixes (Supplementary Figure S3A). Domain analysis
predicted 11 transmembrane helices with a short N-terminal
end protruding out of the cytoplasm and the C-terminal end
protruding into the cytoplasm (Supplementary Figure S3B).
The deduced amino acid sequences showed similarity (>80%)
with five peptide transporters (FOXG_15681, FOXG_01591,
FOXG_09811, FOXG_12388 and FOXG_04876) encoded within
the F. oxysporum f. sp. lycopersici (strain 4287) genome. A global
sequence similarity search of the F. oxysporum FoPTR2 protein
sequence against the NCBI protein dataset indicated that the
homologs of this protein are only present in filamentous
fungi. A phylogenetic tree placed FOPTR2 amongst a subgroup
composed of filamentous fungi and yeast PTRs (Figure 1).
Of these, FoPTR2 showed highest homology to Neonectria
ditissima PTR2 (76%).

Temporal Accumulation of FoPtr2 During
CBP

Real-time RT-PCR was used to analyze the temporal
accumulation of the FoPTR2 transcript in F. oxysporum strain
11C and 7E during the aerobic growth phase, relative to f-tubulin
(housekeeping gene) (Figure 2). In both strains, transcript levels
peaked at 48-72 h post-inoculation. As determined by real-time
RT-PCR analysis, FOPTR2 transcription was highly up-regulated
in F. oxysporum strain 11C as compared to 7E, at all times
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72 — M Trichoderma lixii CAI30793
100 I Metarhizium album KHN95023
M [Fusarium oxysporum FOPTR2]
57 — M Neonectria ditissima KPM39721
M Hebeloma cylindrosporum AAZ32401
M Blumeria graminis CAI79386

—— M Candida albicans P46030
00 | | pora crassa XP 956068.2
\W|_|:l Neurospora crassa XP 963599
100 M Aspergillus nidulans XP 682184
M Hebeloma cylindrosporum AAZ32402
M Rhizophagus irregularis EXX53004
M Saccharomyces pombe NP 596417
99 M saccharomyces cerevisiae NP 013019
100 I Lotus japonicas AAB69642
M Glycine max BAB19758
W Oryza sativa AAF07875
¥ Hordeum vulgare AAC32034
100 — ¥ Brassica napus CAC07206
[ Arabidopsis thaliana NP 563899
I Nicotiana plumbaginifolia CAC00545
[ Nicotiana plumbaginifolia CAC00544
I Cucumis sativus NP 001267552
| i i AAF79856
— | i i i NP 566896.2
69 M Glycine max BAB19757
100 - M Glycine max BAB19756
'V Caenor itis elegans NP 491767
100 - W Homo sapiens AAB34388
100 ‘W Mus musculus AAF42470
99 ‘W Homo sapiens NP 005064
100 =V Mus musculus AAF81666
99 E

100

Enter faecalis WP

Neisseria meningitides WP 061732015
Escherichia coli WP 001032708

Vibrio cholera WP 001880808

Salmonella enterica WP 000100913

100 Yersinia pestis WP 002215910

FIGURE 1 | Phylogenetic tree illustrating the sequence analogy among the
peptide transporter (PTR) proteins from Fusarium oxysporum and 37 other
PTR proteins from fungi, mammals, plants and bacteria. B Indicates
fungal/yeast peptide transporters; M indicates plant peptide transporters; v
indicates human/animal peptide transporters; = indicates peptide
transporters from bacteria. Sequences are annotated with the NCBI GenBank
Identifier numbers, except for the deduced F. oxysporum FoPTR2 protein.
Amino acid sequences were aligned via the CLUSTALW algorithm (Thompson
et al., 1994) and evolutionary relationship was inferred using the
maximum-likelihood algorithm with bootstrap (1000 replicates). Branch length
represents the number of amino acid substitutions per sequence. Branches
are labeled with bootstrap values. All positions containing gaps and missing
data were eliminated. There were a total of 83 positions in the final dataset.
Evolutionary analyses were carried out in MEGAG (Tamura et al., 2013).

(P < 0.05) (Figure 2). Expression in strain 11C varied from 2.8
to 10 fold higher than in strain 7E (at 24 and 96 h, respectively).

Effect of Nitrogen and Glucose on
FoPTR2 Transcription

Experiments were carried out in order to ascertain if nitrogen
and/or glucose regulate the transcription of the F. oxysporum
FoPTR2 gene. Gene up-regulation by both glucose and nitrogen
starvation was observed at 4 h post-inoculation. The FoPTR2
mRNA levels were highest at 4 h when the fungus was grown
in media containing 100-fold less nitrogen (2%G, 0.005%N) as
compared to other media where nitrogen was available or glucose
was either limited or elevated (Figure 3). FOPTR2 expression
was also elevated, to a lesser extent at 4 h in medium lacking
glucose (0%G, 0.5%N) and was repressed at both 4 and 9 h in
medium containing excess glucose (10%G, 0.5%N), relative to
the control medium.

. B7e N1llc

20 A
15 4

10

o
>
]

‘%.

24h 48h 72h 96h

Relative mMRNA accumulation
[2 (CT target transcript — CTll-tubu"n)]

FIGURE 2 | Temporal analysis of peptide transporter (FOPTR2) transcript
accumulation throughout the saccharification of wheat straw/bran by

F. oxysporum strains 11C and 7E. F. oxysporum was aerobically cultured on a
wheat straw/bran mix (10:1 ratio) and RT-PCR was performed utilizing RNA
samples collected at either 24, 48, 72 or 96 h post-inoculation. FOPTR2
transcript expression levels were calculated in comparison with that of the
housekeeping gene B-tubulin (Ali et al., 2013). Results were based on two
replicated trials, each with three replicates per time point per strain. Bars
specify SEM. For any given time point, columns with different letters are
significantly different (P < 0.05).

S =
25
2 f; 0.1 ——2%G, 0.5%N [C)
g
35 —— 2%G, 0.005%N
S . 0.08
a B 24G,0.05%N
P
E;‘a 0.06 ——0%G, 0.5%N
2 2 e 10%G, 0.5%N
&< 004
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0.02
B.C
= 3 =
0 c.c
4 9 24
Time (h)

FIGURE 3 | Influence of nitrogen and glucose on the transcription of the

F. oxysporum FoPTR2 gene. Aerobic shake flask cultures of £ oxysporum
strain 11C were cultured in minimal media (Penttila et al., 1987). Ammonium
sulfate (NH4SO4 — N source) and glucose concentrations were manipulated to
mimic nitrogen starvation and glucose rich/limited conditions in separate
cultures. The control treatment was 2%G, 0.5%N, while the other treatments
were as follows: (i) 2%G, 0.005%N; (i) 2%G, 0.05%N; (i) 0%G, 0.5%N; (iv)
10%G, 0.5%N. Mycelia was harvested at either 4, 9 or 24 h post-inoculation
of flasks and RNA was used for gene expression studies. FOPTRZ2 transcript
accumulation was measured in comparison to that of the housekeeping gene
B-tubulin (Ali et al., 2013). Results are based on three replicated trials, each of
which included three flasks per medium per time point per treatment. Bars
specify SEM. For any given time point, columns with different letters are
significantly different (P < 0.05).

Gene Silenced and Overexpression
Mutants

Both overexpressing and gene silenced mutants were produced
for FoPTR2 in F. oxysporum strain 11C. Transformation with the
empty vector pSilent-1 or with pSilent-1-FoPTR2 was confirmed
by PCR analysis of the hyg gene (Supplementary Figure S4A)
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Q

and by Southern blot analysis using a PCR-amplified segment
of the hyg gene as a probe (Supplementary Figure S4B).
Southern analysis deduced that the four silencing mutants
(pSilent-1-FoPTR2-1, pSilent-1-FoPTR2-2, pSilent-1-FoPTR2-
3 and pSilent-1-FoPTR2-5) contained a single vector copy
integration. Transformation with empty overexpression vector
pBARGPELI or with pBARGPE1-FoPTR2 was confirmed by PCR
analysis of the bar gene (Supplementary Figure S5A). Southern
blot analysis using a PCR-amplified segment of the bar gene as a
probe verified that mutants pPBARGPE1-FoPTR2-5, pBARGPE1-
FoPTR2-6, pPBARGPE1-FoPTR2-10 and pPBARGPE1-FoPTR2-13
have a single copy of the vector integrated into the genomic DNA

(Supplementary Figure S5B). Real-time RT-PCR analysis of
FoPTR2 transcript levels in fungi cultured for 24 h on straw/bran
under aerobic conditions confirmed the efficacy of gene silencing
and overexpression (Figure 4). There was almost a 3-fold
decrease in the expression level of this gene in the three FoPTR2-
silenced mutants (pSilent-1-FoPTR2-1, pSilent-1-FoPTR2-3 and
pSilent-1-FoPTR2-5) as compared to the wild type strain 11C
and the mutant (pSilent-1-1) transformed with the empty vector
(Figure 4A). For the overexpression mutants, compared to the
wild type or the empty vector (pPBARGPE1-1) mutant, transcript
levels in pBARGPE1-FoPTR2-10 and pBARGPE1-FoPTR2-13
were significantly higher (more than 2-fold higher; P < 0.05)
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(Figure 4B). Silencing mutants pSilent-1-FoPTR2-3 and pSilent-
1-FoPTR2-5, and overexpression mutant pBARGPE1-FoPTR2-
13 were used for subsequent experiments (unfortunately,
pBARGPE1-FoPTR2-10 was lost due to contamination).

Role of the FOPTR2 Gene During
Lignocellulose Bioconversion by

F. oxysporum

Silencing of FoPTR2 resulted in significant reductions in the
amount of bioethanol yielded by strain 11C following CBP of
a straw/bran mix (P < 0.05) (Figure 5). The two silencing

mutants tested, pSilent-1-FoPTR2-3 and pSilent-1-FoPTR2-5,
respectively yielded 16.8 and 18.8% less ethanol from straw/bran
as compared to a mutant strain transformed with the empty
vector (P < 0.05). There was a correlation between the level
of FoPTR2 transcript accumulation and bioethanol productivity
(r = 0.942; n = 12; P < 0.05). Overexpression of the FoPTR2
gene increased the ethanol yielded from a straw/bran mix by
almost 17% in the case of the overexpression mutant pBARGPE1-
FoPTR2-13, as compared to the control transformed with the
empty vector (Figure 5B) and showed a statistically significant
increase in ethanol yield (P < 0.05). There was a significant
correlation between the level of transcript accumulation and
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ethanol production (r = 0.801; n = 9; P < 0.05). Neither
gene silencing nor overexpression affected the fungal biomass
produced (P > 0.05) (Figure 5).

Effect of FOPTR2 on Bioethanol Yield

From C5 and C6 Sugars

The influence of the FoPTR2 on the ability of F. oxysporum to
ferment hexose and pentose sugars to bioethanol was evaluated
by comparing the capacity of the overexpressing mutant
PBARGPE1-FoPTR2-13, relative to wild type fungus and control
mutants transformed with the empty vectors. FOPTR2 silenced
mutants had no significant effect on glucose fermentation
(P > 0.05; result not shown). The overexpression mutant tested
produced significantly more (45% more) bioethanol from glucose
(P < 0.05) than did either the empty vector transformant or
the wild type fungus (Figure 6A). But it did not yield more
ethanol from either cellulose (P > 0.05) (Figure 6B) or xylose
(P > 0.05) (Figure 6C).

DISCUSSION

The positive contribution of FoPTR2 toward the fungal capacity
to produce bioethanol from a straw/bran mix and from
glucose affirms its role in the CBP process and highlights
it as a target for the enhancement of fungal CBP. This
gene was activated throughout the aerobic phase of CBP, a
hallmark of most membrane proteins whose expression level
is usually quite low and can only be detected during the
log phase of growth (Schertler, 1992). The conserved domain
and transmembrane (TM) domain analysis of the deduced
amino acid sequence highlighted 11 helixes indicative of the
proton-dependent oligopeptide transporters (PTR/POT) class of
transporters belonging to the much larger MFS of secondary
active transport proteins (Pao et al., 1998; Reddy et al., 2012). The
FoPTR2 gene is 1473 bp and encodes a protein of 490 amino acids
with a predicted molecular mass of 54.65 kDa. Computer-assisted
analysis of the FOPTR2 protein sequence identified the presence
of 2/3 of the PTR-signature motifs including the consensus
sequence “GTGGIKPXV” spanning the end of the fourth domain
(Meredith and Boyd, 2000) and the “FYING” motif located in the
fifth TM domain (Steiner et al., 1995).

Phylogenetic analysis of amino acid sequences of the PTR
family from plants, bacteria, animals and yeast placed the
FoPTR2 sequence amongst a cluster of other fungal PTRs,
highlighting FoPTR2’s fungal ancestry. Given the high homology
to Trichoderma sp. peptide transporters ThPTR2 (Vizcaino
et al,, 2006) and TrEST-A0793 (Chambergo et al.,, 2002), we
hypothesized that the FoPTR2 activity may be affected by
nitrogen and possibly glucose concentrations. As with ThPTR2,
the expression profile of FOPTR2 increased exponentially in low
concentrations of ammonium sulfate after 4 h of incubation
while glucose-free conditions also appeared to partially stimulate
FoPTR2 activity in comparison to expression data from the
complete medium. As outlined earlier, the PTR/POT system
in yeasts is believed to be strictly governed by NCR, as its
di/tri-peptide transport activity is regulated by the quality

of the nitrogen source available (Perry et al, 1993; Basrai
et al, 1995). NCR is a nutrient sensing mechanism that
detects external N concentrations and dictates the appropriate
transcriptional response and has been analyzed in detail in
filamentous ascomycetes (Jarai and Buxton, 1994; Marzluf, 1997)
and specifically F. oxysporum (Divon et al., 2006). Fungi can
utilize a wide range of nitrogen sources, however, glutamine and
ammonium are favored by Fusarium sp. and both are known
to trigger NCR (Divon et al, 2006). Genes encoding peptide
transporters have previously been identified to be among a
specialized subset of genes up-regulated by F. oxysporum to
enhance fungal fitness in nitrogen-poor environments (Divon
et al, 2005). It seems clear that FoPTR2, similar to other
PTR2s is under the control of a system sensing extracellular
organic N concentrations. Gene expression data presented here
has confirmed FoPTR2 is highly activated in nitrogen-poor
environments, most likely as a means to source and mobilize
alternative nitrogen sources.

In the case of glucose repression (carbon catabolite repression
(CCR), ThPTR2 was considered not to be repressible by glucose,
in contrast to TrESt-A0793 (Chambergo et al., 2002; Vizcaino
et al., 2006). Our investigations showed a partial stimulation of
FoPTR2 expression after 4 h incubation in glucose-free medium,
indicating a possible alleviation of CCR comparable to that
reported previously for ThPTR2 (Vizcaino et al., 2006) and
TrESt-A0793 (Chambergo et al., 2002). Although CCR may have
been mitigated, the presence of a rich nitrogen source (0.5%
ammonium sulfate) in the glucose-free media may have subdued
the transcription of FoPTR2. Furthermore, NCR appears to be
dominant over CCR in its control of FoPTR2, as was the case
ThPTR2 in T. harzanium (Vizcaino et al.,, 2006). In summary,
the expression profiles recorded here for FOPTR2 are analogous
to those previously reported for other fungal PTR genes whilst
further supporting the assertion that the encoded FOPTR2 protein
is indeed a PTR class peptide transporter.

During Fusarium-mediated CBP of untreated wheat
straw/bran, the rate of decomposition of untreated straw/bran
is slow and nutritional challenges such as nitrogen limitation
are common. An inadequate supply of nitrogen inhibits fungal
fitness and is a limiting factor in fungal pathogenesis (Snoeijers
et al., 2000; Divon et al., 2006). Following fungal degradation
of organic matter, the end products of this degradation are
transported across the cellular membrane. Imported peptides
can be promptly hydrolyzed by peptidases and recycled as
sources of amino acids, N or carbon. The quality of the nitrogen
source that becomes available and its assimilability is known
to have a profound effect on microbial growth, fermentation
and subsequent ethanol productivity (Slininger et al., 2006;
Laopaiboon et al., 2009) and particularly in F. oxysporum
(Panagiotou et al., 2006). Silencing of the FOPTR2 gene reduces
the number of peptide transporters in the cell membrane, thus
reducing the symport of external nitrogenous peptides. As the
nitrogen status of the cell impacts many cellular processes,
thwarting the ability of these mutants to accumulate nitrogen
may have affected the overall functionality of F. oxysporum and
its ability to carry out CBP. Conversely, overexpression mutant
should theoretically have a greater ability to mobilize peptides,
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bioethanol. Gene overexpressed mutant pPBARGPE1-FoPTR2-13, mutant pBARGPET-1 transformed with the empty over expression vector and wild type fungus
were tested. Fungi were cultured in minimal media shake flask cultures supplemented with (A) 1% (w/v) glucose, (B) cellulose and (C) xylose for 24 h aerobic
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conferring an advantage in their infection and indirectly,
their bioconversion competency. The overexpression mutant
PBARGPE1-FoPTR2-13 showed both a significant increase in
gene expression and in ethanol yield (17% increase; P < 0.05)
as compared to the control empty vector mutant. This is
quite significant in terms of technology improvement and the
economic advantage if the same can be achieve on an industrial
scale. The negative impact on ethanol yield when FoPTR2
was silenced affirms FoPTR2’s involvement and importance in
the CBP process.

Glucose is the most abundant sugar found in plant biomass
and is preferentially utilized by microorganisms. Overexpression
of the FOPTR2 protein in F. oxysporum conferred mutant with
an increased capacity to ferment ethanol from glucose. This
result may seem puzzling considering PTRs are reportedly
suppressed by glucose through CCR. Some PTR transporters
from plants (Arabidopsis - (AtNRT1); (Rentsch et al., 1995) and
fungi (Hebeloma cylindrosporum — (HcPTR2A); Benjdia et al,
2005) are activated in the presence of nitrate and exhibit a low-
affinity transport for nitrate. Similarly, the presence of nitrate
in the minimal media used in this assay may have evoked
FoPTR2 activity. Fungal nitrate metabolism is an energy yielding
process that generates intracellular NADH (Takasaki et al., 2004).

Given NADH’s key role as a cofactor to enzymes involved
in the fermentation process, a higher proportion of available
NADH may have improved the rate of glucose oxidation to
ethanol. In particular, the final step in the fermentation of glucose
requires NADH as a cofactor for alcohol dehydrogenase (ADH),
the enzyme that converts acetaldehyde to ethanol. Thus the
rate of assimilation of nitrogen in F. oxysporum would appear
to play a critical role in the microbe’s fermentative capacity.
Conversely, there was no improvement in ethanol yields from
cellulose and xylose.

In conclusion, this study confirmed that the CBP of
lignocellulose by F. oxysporum is a highly intricate system
encompassing the activity of genes that are not directly related
to saccharification or fermentation. The FoPTR2 identified in
this study is specific to filamentous fungi and clearly influenced
the CBP efficiency of F. oxysporum. Like most PTR proteins
characterized in other organisms, FoPTR2 is governed by
the concentration of nitrogen in the medium. The ability to
respond and assimilate alternate nitrogen sources in nitrogen-
poor conditions is a prerequisite for successful colonization of
plants by Fusarium and FoOPTR2 would appear to be involved in
this response. This nutritional versatility maintains fungal fitness
allowing it to hydrolyze lignocellulosic substrates with greater
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efficiency. As manipulation of the FoPTR2 gene influences CBP
activity of F. oxysporum, it becomes evident that this can be a
target gene for use in the development of any highly efficient
engineered bioprocessing agent.

AUTHOR CONTRIBUTIONS

SA, FD, and BN conceived and designed the experiments. SA and
BN performed the experiments and wrote the manuscript. SA and
FD analyzed the data. FD and EM contributed reagents, materials
and analysis tools. SA, EM, and FD provided intellectual and
editorial comments.

FUNDING

BN was supported by the Earth and Natural Sciences (ENS)
Doctoral Studies Program. SA was supported by the Irish
Department of Agriculture, Fisheries and Food Research

REFERENCES

Ali, S., Khan, M., Mullins, E., and Doohan, F. (2014). Identification of Fusarium
oxysporum genes associated with lignocellulose bioconversion competency.
Bioenergy Res. 7, 110-119. doi: 10.1007/s12155-013-9353-0

Ali, S. S., Khan, M., Mullins, E., and Doohan, F. M. (2012). Exploiting the
inter-strain divergence of Fusarium oxysporum for microbial bioprocessing
of lignocellulose to bioethanol. AMB Express 2:16. doi: 10.1186/2191-
0855-2-16

Ali, S. S., Nugent, B, Mullins, E., and Doohan, F. M. (2013). Insights from
the fungus Fusarium oxysporum point to high affinity glucose transporters
as targets for enhancing ethanol production from lignocellulose. PLoS One
8:¢54701. doi: 10.1371/journal.pone.0054701

Ali, S. S., Nugent, B., Mullins, E., and Doohan, F. M. (2016). Fungal-mediated
consolidated bioprocessing: the potential of Fusarium oxysporum for the
lignocellulosic ethanol industry. AMB Express 6:13. doi: 10.1186/s13568-016-
0185-0

Basrai, M. A., Lubkowitz, M. A, Perry, J. R., Miller, D., Krainer, E., Naider, F., et al.
(1995). Cloning of a Candida albicans peptide transport gene. Microbiology 141,
1147-1156. doi: 10.1099/13500872-141-5-1147

Benjdia, M., Rikirsch, E., Miiller, T., Morel, M., Corratgé, C., Zimmermann, S.,
et al. (2005). Peptide uptake in the ectomycorrhizal fungus Hebeloma
cylindrosporum: characterization of two di- and tripeptide transporters
(HcPTR2A and B). New Phytol. 170, 401-410. doi: 10.1111/j.1469-8137.2006.
01672.x

Brennan, J., Egan, D., Cooke, B., and Doohan, F. (2005). Effect of temperature on
head blight of wheat caused by Fusarium culmorum and F. graminearum. Plant
Pathol. 54, 156-160. doi: 10.1111/j.1365-3059.2005.01157.x

Chambergo, F. S., Bonaccorsi, E. D., Ferreira, A. J. S,, Ramos, A. S. P., Junior,
J. R. F., Abrahdo-Neto, J., et al. (2002). Elucidation of the metabolic fate of
glucose in the filamentous fungus Trichoderma reesei using expressed sequence
tag (EST) analysis and cDNA microarrays. J. Biol. Chem. 277, 13983-13988.
doi: 10.1074/jbc.M107651200

Chiang, C. S., Stacey, G., and Tsay, Y. F. (2004). Mechanisms and functional
properties of two peptide transporters, AtPTR2 and fPTR2. J. Biol. Chem. 279,
30150-30157. doi: 10.1074/jbc.M405192200

Divon, H. H., and Fluhr, R. (2007). Nutrition acquisition strategies during fungal
infection of plants. FEMS Microbiol. Lett. 266, 65-74. doi: 10.1111/j.1574-6968.
2006.00504.x

Divon, H. H., Rothan-Denoyes, B., Davydov, O., Di Pietro, A., and Fluhr, R.
(2005). Nitrogen-responsive genes are differentially regulated in planta during
Fusarium oxysporum f. sp. lycopersici infection. Mol. Plant. Pathol. 6, 459-470.
doi: 10.1111/j.1364-3703.2005.00297 x

Stimulus Fund (RSF 07 513). The ENS program was funded by
the Higher Education Authority (HEA) through the Program
for Research at Third Level Education, Cycle 5 (PRTLI-5)
and co-funded by the European Regional Development Fund
(ERDF). The authors also thank Science Foundation Ireland
project 14/1A/2508 for funding.

ACKNOWLEDGMENTS

The authors thank Bredagh Moran and Brian Fagan for
technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.00295/full#supplementary- material

Divon, H. H., Ziv, C., Davydov, O., Yarden, O., and Fluhr, R. (2006). The global
nitrogen regulator, FNR1, regulates fungal nutrition-genes and fitness during
Fusarium oxysporum pathogenesis. Mol. Plant. Pathol. 7, 485-497. doi: 10.1111/
j.1364-3703.2006.00354.x

Doohan, F. M., Smith, P., Parry, D. W., and Nicholson, P. (1998). Transformation
of Fusarium culmorum with the b-D-glucuronidase (GUS) reporter gene: a
system for studying host-pathogen relationships and disease control. Physiol.
Mol. Plant. Pathol. 53, 253-268. doi: 10.1006/pmpp.1998.0178

Dunkel, N., Hertlein, T., Franz, R., Reuf$, O., Sasse, C., Schifer, T., et al. (2013).
Roles of different peptide transporters in nutrient acquisition in Candida
albicans. Eukaryot. Cell 12, 520-528. doi: 10.1128/EC.00008-13

Edel, V., Steinberg, C., Gautheron, N., and Alabouvette, C. (2000). Ribosomal
DNA-targeted oligonucleotide probe and PCR assay specific for Fusarium
oxysporum. Mycol. Res. 104, 518-526. doi: 10.1017/50953756299001896

Hauser, M., Narita, V., Donhardt, A. M., Naider, F., and Becker, ]. M.
(2001). Multiplicity and regulation of genes encoding peptide transporters
in Saccharomyces cerevisiae. Mol. Membr. Biol. 18, 105-112. doi: 10.1080/
09687680010029374

Jarai, G., and Buxton, F. (1994). Nitrogen, carbon, and pH regulation of
extracellular acidic proteases of Aspergillus niger. Curr. Gen. 26, 238-244. doi:
10.1007/BF00309554

Laopaiboon, L., Nuanpeng, S., Srinophakun, P., Klanrit, P., and Laopaiboon, P.
(2009). Ethanol production from sweet sorghum juice using very high
gravity technology: effects of carbon and nitrogen supplementations. Bioresour.
Technol. 100, 4176-4182. doi: 10.1016/j.biortech.2009.03.046

Leung, H., Loomis, P., and Pall, M. (1995). Transformation of Magnaporthe
grisea to phosphinothricin resistance using the bar gene from Streptomyces
hygroscopicus. Fungal Genet. Rep. 42, 41-43. doi: 10.4148/1941-4765.1341

Lynd, L. R, Liang, X., Biddy, M. J., Allee, A., Cai, H., Foust, T., et al. (2017).
Cellulosic ethanol: status and innovation. Curr. Opin. Biotechnol. 45, 202-211.
doi: 10.1016/j.copbio.2017.03.008

Marzluf, G. A. (1997). Genetic regulation of nitrogen metabolism in the fungi.
Microbiol. Mol. Biol. Rev. 61, 17-32.

Meredith, D., and Boyd, C. A. R. (2000). Structure and function of
eukaryotic peptide transporters. Cell Mol. Life Sci. 57, 754-778. doi: 10.1007/
5000180050040

Mishra, C., Keskar, S., and Rao, M. (1984). Production and properties of
extracellular endoxylanase from Neurospora crassa. Appl. Environ. Microbiol.
48,224-228.

Nakayashiki, H., Hanada, S., Quoc, N. B., Kadotani, N., Tosa, Y. and
Mayama, S. (2005). RNA silencing as a tool for exploring gene function in
ascomycete fungi. Fungal Genet. Biol. 42, 275-283. doi: 10.1016/j.fgb.2005.
01.002

Frontiers in Microbiology | www.frontiersin.org

February 2019 | Volume 10 | Article 295


https://www.frontiersin.org/articles/10.3389/fmicb.2019.00295/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2019.00295/full#supplementary-material
https://doi.org/10.1007/s12155-013-9353-0
https://doi.org/10.1186/2191-0855-2-16
https://doi.org/10.1186/2191-0855-2-16
https://doi.org/10.1371/journal.pone.0054701
https://doi.org/10.1186/s13568-016-0185-0
https://doi.org/10.1186/s13568-016-0185-0
https://doi.org/10.1099/13500872-141-5-1147
https://doi.org/10.1111/j.1469-8137.2006.01672.x
https://doi.org/10.1111/j.1469-8137.2006.01672.x
https://doi.org/10.1111/j.1365-3059.2005.01157.x
https://doi.org/10.1074/jbc.M107651200
https://doi.org/10.1074/jbc.M405192200
https://doi.org/10.1111/j.1574-6968.2006.00504.x
https://doi.org/10.1111/j.1574-6968.2006.00504.x
https://doi.org/10.1111/j.1364-3703.2005.00297.x
https://doi.org/10.1111/j.1364-3703.2006.00354.x
https://doi.org/10.1111/j.1364-3703.2006.00354.x
https://doi.org/10.1006/pmpp.1998.0178
https://doi.org/10.1128/EC.00008-13
https://doi.org/10.1017/S0953756299001896
https://doi.org/10.1080/09687680010029374
https://doi.org/10.1080/09687680010029374
https://doi.org/10.1007/BF00309554
https://doi.org/10.1007/BF00309554
https://doi.org/10.1016/j.biortech.2009.03.046
https://doi.org/10.4148/1941-4765.1341
https://doi.org/10.1016/j.copbio.2017.03.008
https://doi.org/10.1007/s000180050040
https://doi.org/10.1007/s000180050040
https://doi.org/10.1016/j.fgb.2005.01.002
https://doi.org/10.1016/j.fgb.2005.01.002
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Nugent et al.

Peptide Transporter Influences Bioethanol Production

Pall, M., and Brunelli, J. (1993). A series of six compact fungal transformation
vectors containing polylinkers with multiple unique restriction sites. Fungal
Genet. Rep. 40, 59-62. doi: 10.4148/1941-4765.1413

Panagiotou, G., Christakopoulos, P., Grotkjer, T., and Olsson, L. (2006).
Engineering of the redox imbalance of Fusarium oxysporum enables anaerobic
growth on xylose. Metab. Eng. 8, 474-482. doi: 10.1016/j.ymben.2006.04.004

Panagiotou, G., Christakopoulos, P., and Olsson, L. (2005). Simultaneous
saccharification and fermentation of cellulose by Fusarium oxysporum F3 —
growth characteristics and metabolite profiling. Enzyme Microb. Technol. 36,
693-699. doi: 10.1016/j.enzmictec.2004.12.029

Panagiotou, G., Topakas, E., Moukouli, M., Christakopoulos, P., and Olsson, L.
(2011). Studying the ability of Fusarium oxysporum and recombinant
Saccharomyces cerevisiae to efficiently cooperate in decomposition and
ethanolic fermentation of wheat straw. Biomass Bioenergy 35, 3727-3732. doi:
10.1016/j.biombioe.2011.05.005

Pao, S. S., Paulsen, I. T., and Saier, M. H. (1998). Major facilitator superfamily.
Microbiol. Mol. Biol. Rev. 62, 1-34.

Parker, J. L., Mindell, J. A., and Newstead, S. (2014). Thermodynamic evidence
for a dual transport mechanism in a POT peptide transporter. eLife 3:e4273.
doi: 10.7554/eLife.04273

Parra-Lopez, C., Baer, M. T., and Groisman, E. A. (1993). Molecular genetic
analysis of a locus required for resistance to antimicrobial peptides in
Salmonella typhimurium. EMBO J. 12, 4053-4062. doi: 10.1002/j.1460-2075.
1993.tb06089.x

Penttila, M., Nevalainen, H., Ratto, M., Salminen, E., and Knowles, J. (1987).
A versatile transformation system for the cellulolytic filamentous fungus
Trichoderma reesei. Gene 61, 155-164. doi: 10.1016/0378-1119(87)90110-7

Perry, J. R., Basrai, M. A., Steiner, H. Y., Naider, F., and Becker, J. M. (1993).
Isolation and characterization of a Sacchoromyces cerevisiae peptide transport
gene. Mol. Cell. Biol. 14, 104-115. doi: 10.1128/MCB.14.1.104

Reddy, V. S., Shlykov, M. A., Castillo, R., Sun, E. I, and Saeir, M. H. (2012).
The major facilitator superfamily (MFS) revisited. FEBS J. 279, 2022-2035.
doi: 10.1111/§.1742-4658.2012.08588.x

Rentsch, D., Laloi, M., Rouhara, 1., Schmelzer, E., Delrot, S., and Frommer, W. B.
(1995). NTR1 encodes a high affinity oligopeptide transporter in Arabidopsis.
FEBS Lett. 370, 264-268. doi: 10.1016/0014-5793(95)00853-2

Ryan, T., and Joiner, B. L. (1983). Normal Probability Plots and Tests for
Normality. Minitab Statistical Software. Technical Reports. State College, PA:
The Pennsylvania State University.

Sambrook, J., Fritsch, E. F., and Maniatis, T. (2001). Molecular Cloning. Cold Spring
Harbor, NY: Cold Spring Harbor Laboratory Press.

Schertler, G. F. X. (1992). Overproduction of membrane proteins. Curr. Opin.
Struct. Biol. 2, 534-544. doi: 10.1016/0959-440X(92)90083-]

Slininger, P. J., Dien, B. S., Gorsich, S. W., and Liu, Z. L. (2006). Nitrogen source
and mineral optimization enhance D-xylose conversion to ethanol by the yeast
Pichia stipitis NRRL Y-7124. Appl. Microbiol. Biotechnol. 72, 1285-1296. doi:
10.1007/s00253-006-0435-1

Snedecor, G., and Cochran, W. (1980). Statistical Methods, 6th Edn. Ames: Iowa
State University Press.

Snoeijers, S. S., Pérez-Garcia, A., Joosten, M. H. A. J., and De Wit, P. J. G. M.
(2000). The effect of nitrogen on disease development and gene expression
in bacterial and fungal plant pathogens. Eur. J. Plant. Pathol. 106, 493-506.
doi: 10.1111/mpp.12416

Steiner, H., Naider, F., and Becker, J. M. (1995). The PTR family: a new group
of peptide transporters. Mol. Microbiol. 16, 825-834. doi: 10.1111/j.1365-2958.
1995.tb02310.x

Takasaki, K., Shoun, H., Yamaguchi, M., Takeo, K., Nakamura, A., Hoshino, T.,
etal. (2004). Fungal ammonia fermentation, a novel metabolic mechanism that
couples the dissimilatory and assimilatory pathways of both nitrate and ethanol:
role of acetyl CoA synthetase in anaerobic ATP synthesis. J. Biol. Chem. 279,
12414-12420. doi: 10.1074/jbc.M313761200

Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGAG6:
molecular Evolutionary Genetics Analysis version 6.0. Mol. Biol. Evol. 30,
2725-2729. doi: 10.1093/molbev/mst197

Thompson, J. D., Higgins, D. G., and Gibson, T.J. (1994). CLUSTAL W: improving
the sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic
Acids Res. 22, 4673-4680. doi: 10.1093/nar/22.22.4673

Vieira, P. M, Coelho, A. S. G,, Steindorff, A. S., de Siqueira, S.J. L., Silva, R. D. N.,
and Ulhoa, C. J. (2013). Identification of differentially expressed genes from
Trichoderma harzianum during growth on cell wall of Fusarium solani as a tool
for biotechnological application. BMC Genomics 14:177. doi: 10.1186/1471-
2164-14-177

Vizcaino, J. A., Cardoza, R. E., Hauser, M., Hermosa, R., Rey, M., Llobell, A.,
et al. (2006). ThPTR2, a di/tri-peptide transporter gene from Trichoderma
harzianum. Fungal Genet. Biol. 43, 234-246. doi: 10.1016/j.fgb.2005.
12.003

Williams, L. E., and Miller, A. J. (2001). Transporters responsible for the uptake
and partitioning of nitrogenous solutes. Annu. Rev. Plant Physiol. 52, 659-688.
doi: 10.1146/annurev.arplant.52.1.659

Xiros, C., and Christakopoulos, P. (2009). Enhanced ethanol production from
brewer’s spent grain by a Fusarium oxysporum consolidated system. Biotechnol.
Biofuels 2:4. doi: 10.1186/1754-6834-2-4

Xu, Q., Singh, A., and Himmel, M. E. (2009). Perspectives and new directions
for the production of bioethanol using consolidated bioprocessing of
lignocellulose. Curr. Opin. Biotechnol. 20, 364-371. doi: 10.1016/j.copbio.2009.
05.006

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Nugent, Ali, Mullins and Doohan. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

11

February 2019 | Volume 10 | Article 295


https://doi.org/10.4148/1941-4765.1413
https://doi.org/10.1016/j.ymben.2006.04.004
https://doi.org/10.1016/j.enzmictec.2004.12.029
https://doi.org/10.1016/j.biombioe.2011.05.005
https://doi.org/10.1016/j.biombioe.2011.05.005
https://doi.org/10.7554/eLife.04273
https://doi.org/10.1002/j.1460-2075.1993.tb06089.x
https://doi.org/10.1002/j.1460-2075.1993.tb06089.x
https://doi.org/10.1016/0378-1119(87)90110-7
https://doi.org/10.1128/MCB.14.1.104
https://doi.org/10.1111/j.1742-4658.2012.08588.x
https://doi.org/10.1016/0014-5793(95)00853-2
https://doi.org/10.1016/0959-440X(92)90083-J
https://doi.org/10.1007/s00253-006-0435-1
https://doi.org/10.1007/s00253-006-0435-1
https://doi.org/10.1111/mpp.12416
https://doi.org/10.1111/j.1365-2958.1995.tb02310.x
https://doi.org/10.1111/j.1365-2958.1995.tb02310.x
https://doi.org/10.1074/jbc.M313761200
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1093/nar/22.22.4673
https://doi.org/10.1186/1471-2164-14-177
https://doi.org/10.1186/1471-2164-14-177
https://doi.org/10.1016/j.fgb.2005.12.003
https://doi.org/10.1016/j.fgb.2005.12.003
https://doi.org/10.1146/annurev.arplant.52.1.659
https://doi.org/10.1186/1754-6834-2-4
https://doi.org/10.1016/j.copbio.2009.05.006
https://doi.org/10.1016/j.copbio.2009.05.006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	A Major Facilitator Superfamily Peptide Transporter From Fusarium oxysporum Influences Bioethanol Production From Lignocellulosic Material
	Introduction
	Materials and Methods
	Origin and Maintenance of Fungi
	Solid-State Cultivation (SSC) on Straw/Bran
	Hexose and Pentose Sugar Fermentation
	Estimation of Bioethanol and Fungal Biomass
	Nitrogen and Glucose Experiment
	RNA Isolation
	Real Time RT-PCR Analysis
	Rapid Amplification of cDNA Ends (RACE) and in silico Bioinformatic Analysis
	Construction of the RNA Silencing Vector
	Construction of the Overexpression Vector
	Generation and Selection of Fungal Mutants
	Statistical Analysis

	Results
	Cloning and Characterization of the F. oxysporum FoPTR2 Gene
	Temporal Accumulation of FoPtr2 During CBP
	Effect of Nitrogen and Glucose on FoPTR2 Transcription
	Gene Silenced and Overexpression Mutants
	Role of the FoPTR2 Gene During Lignocellulose Bioconversion by F. oxysporum
	Effect of FoPTR2 on Bioethanol Yield From C5 and C6 Sugars

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


