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ABSTRACT

Invasive fungal infections are increasing worldwide especially in immunecompromised patients. There are few treatment options
available for these life threatening infections which provoke the medical community to search for new antifungal drug targets.
Fungal cell wall structure is considered one of the main differences between the human and the fungal cells. Thus its components
provide excellent targets for anti-fungal drugs. Mannans are one of the important polysaccharides of the fungal cell wall, and their
biosynthesis is being investigated against new antifungal targets. GDP-Mannose transporter (GMT) is one of the important enzymes
in this pathway and other pathways of protein and lipid glycosylation. Fortunately, mammalian cells do not possess any GMT which
makes it an excellent target for antifungals. There are many techniques to explore gene function such as gene mutation, gene
tagging, promoter exchange or gene deletion. In this investigation, fusion PCR as one of the newest gene targeting procedures was
used to investigate GMT biological importance. Aspergillus nidulans nkuA deficient strains were used to create three GDP-mannose
transporter null mutants gmtA4, gmtBA and gmtAA-gmtBA double mutant. Although none of the tested genes was essential for
viability, future work on these mutants may provide valuable information about GMT function.

Keywords: Aspergillus nidulans, GDP-mannose transporter (GMT), nucleotide sugar transporter (NST), Fusion PCR, gene deletion,

homologous recombination

INTRODUCTION

ungi are considered the causative agents of many

diseases ranging from superficial infections to

systemic infections such as invasive aspergillosis.**
Aspergillus nidulans is usually investigated as a model
organism due to its relatedness to the opportunistic
human pathogen Aspergillus fumigatus, both species
have similar sugar composition in their cell walls.®

Although there are wide varieties in fungal infections,
such variety is not found in antifungal drugs. Moreover,
echinocandins are the only group of antifungals that
target fungal cell wall.*

Cell wall is considered the main difference between the
human and fungal cells, thus it provides an excellent
target for antifungal drugs.’

Polysaccharides (glucans, chitin and galactomannan) form
90% of filamentous fungi cell wall.® Galactomannans
(GMs) account for 20-25% of the cell wall
polysaccharides.

GMs are branched polymers of a linear core of a-mannan
and B-1,5-galactofuranose side chains. The a-mannan
core is formed of mannose units.” GDP-mannose
transporter (GMT) is one of the important enzymes in
mannan biosynthesis. GMT is a Golgi bound nucleotide
sugar transporter (NST).

The NSTs are highly conserved trans-membrane (TM)
proteins that provide link between the synthesis of
nucleotide sugars (in nucleus, cytosol or ER), and the

glycosylation process that occurs in the Golgi or ER
lumen. Glycosylation is a critical post-translational
modification that helps in generating functional proteins.?

GMT functions as mannose donor in the mannosylation
step that produces mannans and other mannose
containing glycoproteins and glycolipids.>™® These
Mannose containing glycoconjugates play critical roles in
virulence and immune response to many fungal and
protozoan pathogens."™> Mammalian cells do not
possess any GDP-Mannose transporters, which makes
GMT an excellent new target for antifungals." Deletion of
GDP-mannose transporter gene (gmtA) in A. fumigatus
leads to absence of GMs and severe growth defects.”
GMT has been found to be essential in Saccharomyces,
Candida and Aspergillus niger.*" In A. nidulans GMT is
encoded by two genes gmtA and gmtB.***°

Gene targeting is a useful technique that can be used to
delete genes, to insert tags or fluorescent proteins at the
ends of gene products, to replace promoters, or to
replace wild-type alleles with mutant alleles. Gene
targeting usually provide useful information about gene
essentiality and gene function.

Historically, most gene targeting in Aspergillus nidulans
involved transformation with plasmids which is a tedious
and time consuming process.

Fusion PCR is a technique that has been developed to
fuse more than two DNA sequences generating one linear
construct. Fusion PCR is a very rapid technique that used
for successful gene targeting in fungi including
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Aspergillus.®#* The A. nidulans nkuAa strains are mutants

that are deficient in DNA repair, which results in high
frequency of accurate gene targeting during
transformation.”

Gene deletion using Fusion PCR technique was employed
in this investigation to explore the biological importance
of GDP-mannose transporter (GMT) in A. nidulans. The
fusion PCR constructs were transformed into A. nidulans
NKUAA strains. These constructs induced deletion of the
two genes encoding for GMT (gmtA and gmtB), either
individually creating single mutants (gmtA4 and gmtBa4),
or simultaneously creating a double deletion strain
(gmtAA - gmtBA).

MATERIALS AND METHODS
Strains, Primers and Chemicals

The strains used and generated in this study are listed in
Table 1. Aspergillus nidulans strains were maintained on
RPMI 1640 media supplemented with pyrimidines when
needed as described by Kaminskyj.23 The sequences of
gmtA (AN8848.3) and gmtB (AN9298.3) were obtained
from the Aspergillus comparative database at broad
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institute (http://www.broadinstitute.org/annotation/
genome/aspergillus_group/MultiHome.html). BLAST
analysis of these gene sequences were done using
Aspergillus comparative database and the hydropathy
analysis was done using the TMHMM 2.0 software
(http://www.cbs.dtu.dk/services/TMHMMY/). The primers
used in this study are listed in Table 2.

Primers were designed using Oligo Perfect primer design
software
(https://tools.lifetechnologies.com/content.cfim?pageid=
9716&icid=fr-oligo-6?fl-oligoperfect). Primers for deletion
of gmtA, Ready Mix™ taq polymerase, RPMI1640 media,
uridine and uracil were purchased from Sigma Aldrich, St
Louis, MO, USA. Primers for deletion of gmtB and high
fidelity taq polymerase were purchased from Fermentas,
USA. Kits for DNA extraction, PCR purification Kkits,
DNAase free water, dNTPs and Gene Ruler 1 kb Plus DNA
ladder were purchased from Thermoscientific, Lithuania,
EU. Chemicals used for preparing solutions for
transformation were purchased from Alnasr chemicals
Co, Abo Zaabal, Egypt.

Table 1: Characters of Strains used in this Study

A. nidulans strain

Strain characters
pyrG89; pyroA4; riboB2; nkuB::A. fumigatusribo B; nkuA::argB

pyrG89; pyroA4; riboB2; AN8848::A. fumigatuspyr G; nkuB::A.

'A1148

'A1146 WA3; pyroA4; argB2; nkuA::argB
2

gmEAA fumigatusribo B; nkuA::argB
ngtBA

2gml‘AA, gmtBA

WA3; pyroA4; argB2; AN9298:: A. fumigatus pyroA; nkuA::argB

pyrG89; pyroA4; riboB2; AN8848::A. fumigatuspyr G; AN9298:: A.
fumigatus pyroA; nkuB::A. fumigatusribo B; nkuA::argB

'Obtained from Kaminskyj lab (University of Saskatchewan, Canada); “Generated in this study

Table 2: Primers used in this Study

Primer Tm*

Sequence

Primers used for deletion of AN8848 (ANgmtA) using AfpyrG as marker

AGTGCCCGGATATGGTTATC

AATTGCGACTTGGACGACATGATAACGGTAGCGGCGTG
GAGTATGCGGCAAGTCATGAATTGACTCGGGAGTATCCGAC

CAGAACTCTTAGGTGCTTGCTTG
ATTCTGGATGCGCGAAGTG
TCAGACAGCCAGAATCAGGG
ATGTCGTCCAAGTCGCAATT
TCATGACTTGCCGCATACTC

Primers used for deletion of AN9298 (gmtB) using pyroA as marker

gmtAup F (P1) 58.7
gmtAup R (P3) 60.2
gmtAdown F (P4) 60.3
gmtA down R (P6) 60.6
gmtA fusion F (P2) 62.3
gmtA fusion R (P5) 61.3
pyrGF (P7) 60.5
pyrGR(P8) 59.8
gmtB upF (P1) 57.5
gmtB upR (P3) 59.3
gmtB downF (P4) 62.7
gmtB down R (P6) 61.9
gmtB fusion F (P2) 61
gmtB fusion R (P5) 61.2
AfpyroAF (P7) 61.3
AfpyroAR (P8) 60.5

CACACCAGTTAGCAATCTTATGTT

TGGTACCGTTGGAAGCCATTACGCTCAGGGGGAGAAA
TGGCCAAGAGAGGATGGTAAGGCCGCAGCATCACAAG

CATTTCTCAGCTAGATCTATCCGTTTC
GTCGGGTAGCGCAGTTGA
GATATTTGTATACTCTGCAACATTCGG
ATGGCTTCCAACGGTACCA
TTACCATCCTCTCTTGGCCA

Tm = Melting Temperature

E=
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Construction of the Mutant Strains

Gene deletion was performed according to the procedure
described by Szewczyk et al.”® Aspergillus nidulans nkuA4
strain (A1148) was used for gmtA (AN8848.3) deletion,
using A. fumigatus pyrG as selectable marker. The A.
nidulans nkuAA strain (A1146) was used for gmtB
(AN9298.3) deletion using A. fumigatus pyroA as a
selectable marker. Both AfpyroA and AfpyrG were
amplified from genomic DNA of wild type A. fumigatus.

Genomic DNA Extraction from Aspergillus Strains

Genomic DNA was extracted using Fermentas plant DNA
extraction kit according to the manufacturer’s
instructions. Extracted gDNA was run on agarose gel to
check the quality of DNA (by band sharpness). The gDNA
was cleaned with Fermentas DNA purification kit before
using itin PCR reaction.

Amplification of Selectable Markers, Upstream and
Downstream of Target Genes

The primers P1 and P3 were used to amplify
approximately 1Kb from upstream (5’UTR) of the target
genes (gmtA and gmtB), and primers P4 and P6 were
used to amplify approximately 1 Kb downstream (3'UTR)
of the target genes. Both 5’'UTR and 3'UTR are amplified
from the A. nidulans gDNA. The primers P7 and P8 were
used to amplify the selectable markers from the A.
fumigatus gDNA (pyrG for gmtA deletion and pyroA for
gmtB deletion) as shown in Table 2 and Figure 1a.

Each PCR reaction consists of 30 ul and had the following
components: 5 ul of gDNA, 5 ul of each Primer (conc,
2umole) and 15 ul of 2X ReadyMix™™ taq polymerase. The
cycling conditions include initial denaturation cycle of
94°C for 2 min followed by 30 cycles of. denaturation at
94°C for 20 sec, annealing for 30 sec (annealing
temperature is usually 5°C below the primer Tm) and
finally extension at 68°C for 1 min. The PCR products
were run on agarose gel to check the accurate band size
(Figure 3A) then purified using PCR purification kit before
starting the fusion PCR step.

Generation of Linear Deletion Construct by Fusion PCR

The knockout construct generated for ANgmtA deletion
consists of the selectable marker A. fumigatus pyrG
flanked by predicted 5’UTR and 3' UTR for ANgmtA
(AN8848). The fused sequences usually have overlapping
ends, so primers P3 and P4 designed to be longer as they
have tails. P3 has a tail similar to reverse complement of
P7 (marker F) and P4 has a tail similar to the reverse
complement of P8 (marker R). The primers P2 and P5 are
nested primers that are used in the fusion PCR step
(Figure 1b).

For fusion PCR the following components are used: DNA
from the three purified PCR products (1ul each), primers
(10umole each), high fidelity Tagpolymerase (0.2 ul), 10X
reaction Buffer (5 ul), and nuclease free water up to 50 pl.
The cycling conditions were as follows: initial
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denaturation at 94°C for 2 min followed by 10 cycles of
denaturation at 94°C for 20 sec, annealing step for 30 sec
(annealing temp is ~5°C below the primers Tm) and
extension at 68°C for 3 min (1 min/kb of the expected
PCR product). Then 5 cycles of denaturation at 94°C, 20
sec, annealing for 30 sec, 68°C for 3 min extension time
for the first cycle, then extension time increased for each
subsequent cycle by 5 sec (as taq polymerase loses its
potency). Finally 10 cycles of: denaturation at 94°C for 20
sec, annealing for 30 sec, and extension at 68°C for 3 min
and 20 sec in the first cycle, then the extension time
increased for each subsequent cycle by 20 sec.

Pl PP Pg P4 P6
R « “
2 - Selectable marker ~ Downstream
P | B

b £
- Selectable marker  Downstream

Figure 1. Generation of gene deletion construct a)
amplification of marker and 5UTR and 3UTR of target
gene by PCR, b) generation of linear construct by fusion
PCR using nested primers P2 and P5.

Preparation of Protoplast

A. nidulans protoplast was prepared according to the
procedure of Szewczyk et al.,° with some modifications.
Briefly, 1 x 10° freshly harvested spores were inoculated
into 20 ml RPMI medium plus uridine and uracil (for
A1148) in 50 ml Erlenmeyer flask and incubated with
shaking at ~150 rpm for 13-14 h at 30 °C. The hyphae
were harvested by filtration through sterile filter paper.
Collected hyphae were washed once with growth
medium. Hyphae were re-suspended in 8 ml fresh RPMI
medium in sterile 50 ml flask. Eight ml freshly prepared 2x
protoplasting solution (1.28 g Vinoflow dissolved in 10 mi
0.6 M KCI and sterilized by filtration) were added and
mixed by swirling. The mixture was incubated with gentle
shaking (100 rpm) at 30 °C. Protoplasts are monitored
microscopically and usually harvested after 2h.
Undigested hyphal residues were removed by layering
the protoplasting mixture gently on a sterile 1.2 M
sucrose in a sterile 50 ml centrifuge tube and centrifuging
at 1,800g for 10 min at 4 °C. Protoplasts were collected
from the top of the sucrose solution using a sterile
pipette. The collected protoplasts were placed in a sterile
centrifuge tubes, mixed with an equal volume of 0.6 M
KCI and centrifuged for 10 min at 1,800g. The supernatant
was carefully decanted and the pellets were re-
suspended in 2 ml 0.6 M KCI and transferred to micro-
centrifuge tubes. The protoplasts were pelleted by
centrifugation at 2,400g for 3 min, at room temperature.
The supernatant was removed carefully and the pellet
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was washed twice in 1 ml 0.6 M KCI. The pellet was re-
suspended in 0.5 ml 0.6 M KCI, 50 mM CacCl, solution. The
cells were collected by centrifuging at 2,400g for 3 min
and the pellet was re-suspended in a suitable volume of
0.6 M KCI, 50 mM CaCl2 to be ready for the subsequent
transformation or to be stored using the long term
storage protocol.**

Long-term protoplast storage was following El-Ganiny et
al® Briefly; freshly made protoplasts were re-suspended
in STC buffer (1 M sorbitol, 50 mMTris pH8, 50 mM CacCl,)
and adjusted to a concentration of at least 1.2 x 10"/ml.
The protoplast-STC suspension was mixed with a solution
of 40 % (w/v) PEG4uo, at 1:4 (v/v) PEG: protoplast-STC.
Dimethyl sulphoxide (DMSO) was added to a final
concentration of 7 %. Aliquots of 200-300 pl protoplast-
STC-DMSO suspension were frozen at -80 °C.

Transformation

The protoplast suspension was mixed with DNA
construct, and incubated for 20 min in ice bath. Then it
was mixed with 1 ml of 40 % (w/v) PEG4ug0, incubated at
room temperature for another 20 min, then spread on
selective medium containing 1 M sucrose. When the
fused constructs transformed into A. nidulans
protoplasts, it would be inserted into the genome by
homologous recombination as the upstream and
downstream sequences were amplified from gDNA so
they are identical to genomic sequences.

A1148 was transformed to pyrimidine prototrophy, while
Al1146 was transformed to pyridoxine prototrophy,
creating gmtAA-pyrG+ strain with a wild type phenotype
and gmtBA-pyroA+ strain with a wild type phenotype
also.

To create a double mutant strain, gmtB gene was deleted
from the gmtAA strain using A. fumigatus pyroA as
selectable marker, producing gmtAAgmtBA double
deletion strain. Conidia from the mutants were
inoculated onto selective and non-selective media to
assess whether gmtA and gmtB were essential genes.25

Confirmatory PCR (C PCR)

Spores of wild type and mutants were grown on selective
media to generate mycelium for gDNA extraction. CPCR
was done to compare A1148 gDNA with that from gmtAA
and gmtAA-gmtBA deletion strains and A1146 gDNA with
that from gmtBA deletion strains using the primers P7
(marker forward) and P6 (5'UTR reverse); the primers are
described in Table 2.

RESULTS AND DISCUSSION
In silico Analysis of gmtA and gmtB Gene Sequences

The predicted amino acid sequences at the Broad
Institute website showed that GMTA is 379 amino acids
long, the gene encoding for GMTA has 1312 nucleotides,
4 exons and 3 introns. GMTB was 329 amino acids long,
and the gene encoding for it has 1306 nucleotides, 3
exons and 2 introns. BLAST comparison of GMTA and
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GMTB showed that the two proteins have ~ 61 % identity.
BLAST analysis of GMTA with Aspergillus comparative
database at broad institute showed that A. fumigatus
GMTA had 79.5 % identity with A. nidulans protein. BLAST
analysis also showed that only A. nidulans and N. fischeri
has two gmt genes, and also showed that A. niger gmt
share no identity with A. nidulans gmtA (Table 3).

Table 3: Blasting Aspergillus nidulans GMTA against
Aspergillus comparative database showing percent amino
acid sequence identity

. Sequence
MO Protein identity (%)
ACLA 20: GDP-
A. clavatus & _OOStagnngrtermannose 80.8
N. fischeri NF'A—O‘Q’J;SO;&F:'T&””OS‘* 793
A. terreus ATEG_OQi?;ﬁiégrli:;mannose 79.9
. Afu5g05740: Golgi GDP-mannose
A. fumigatus g transpgorter 79.5
AFL2G_10047.2: GDP-mannose
A. flavus transporter 79.3
A orvzae AO090009000688: GDP-mannose 805
-ory transporter '
N. fischeri NFIA_O?#;SsO,;c()BrIt)ePr-glannose 58.4
A. nidulans ANID—Othrgﬁ'st:o?th_zm annose 61.7
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Figure 2: The hydropathy analysis using TMHMM 2.0
software showing: a) GMTA has 10 predicted trans-
membrane domains and b) GMTB has 7 predicted trans-
membrane domains.

The hydropathy analysis of the GMTA, using TMHMM 2.0
software, predicted that it has 10 trans-membrane
spanning domains (Figure 2a), while the GMTB had 7
trans-membrane domains (Figure 2b). The results of
hydropathy analysis showed that both GMT gene
products are membrane associated which is compatible
with the fact that GMTs are NST. Generally, NST
membrane topology has been predicted to have between
6-10 trans-membrane (TM) domains linked by hydrophilic

&

International Journal of Pharmaceutical Sciences Review and Research
Available online at www.globalresearchonline.net

© Copyright protected. Unauthorised republication, reproduction, distribution, dissemination and copying of this document in whole or in part is strictly prohibited.

220



Int. J. Pharm. Sci. Rev. Res., 32(1), May — June 2015; Article No. 36, Pages: 217-222

loops on both sides of a membrane. NST topologies
predicted to date suggest that most NST has an even
number of TM domains.?® A distinct exception to this is
the GMTB in this study and the UDP-galactofuranose
transporter (UGTA) in A. fumigatus and A. nidulans, UGTA
has 11 predicted TM domains.”’*® Similarly the results of
Jackson-Hayes indicate that GMTs are membrane
associated (Golgi localized) after tagging those genes with
fluorescent proteins.***’

Generation and Validation of gmtAA strain, gmtBA strain
and gmtAA-gmtBA double deletion strain

To test whether gmtA is essential, we deleted the
AN8848.3 coding sequence in the nkuAA strain A1148.
Transformants were selected on RPMI 1640 agar lacking
pyrimidines and containing 1 M sucrose as osmoticum.
Conidia produced by primary transformants were able to
germinate and sporulate when streaked on the selective
medium, indicating that A. nidulans gmtA is not essential
for viability in vitro. The same technique is used to test if
gmtB is essential or not, gmtB (AN9298.3) coding
sequence was deleted in the nkuAA strain A1146 using
the A. fumigatus pyroA as a selectable marker. A. nidulans
gmtB was also non-essential for viability as transformants
were able to germinate and sporulate when streaked on
selective medium lacking exogenous pyridoxine.

It was intended to generate a double mutant strain by
mating gmtAA and gmtBA strains of different spore
colored ancestors (A1148 spores are green and A1146 are
white), but gmtAA spores lost its green color, and
selection became impossible, so a double deletion strain
was generated using the same gene targeting procedure,
When gmtB gene was deleted in gmtAA strain to
generate  gmtAA-gmtBA  double deletion  strain,
transformants were also able to grow on medium lacking
both pyrimidines and pyridoxine.

To indicate that the construct replaced the target gene by
homologous recombination and that ectopic integration
was not contributed to the mutant’s phenotype. Multiple
transformation experiments are done and gave
comparable results regarding the phenotype of colonies
produced from primary transformants. We interpret a
high level of phenotype consistency at the colony level
between multiple transformants from independent
experiments, as being evidence of lack of interference
from ectopic integration.

To confirm that the construct integrated homologusly,
CPCR was performed (Figure 3 C). For gmtA, gDNA was
extracted from parent strain (A1148) and gmtAA strains
to be used as PCR template. PCR using P7 and P6
amplified ~ 2 kb band (0.9 Kb of AfpyrG plus the 3’ UTR
region) in case of the gmtAA strains, and no amplified
band in case of A1148. Genomic DNA was extracted also
from Aspergillus nidulans strain A1146 and gmtBA strains
and used as template for confirmatory PCR. AfpyroA is
predicted to be 0.9 kb. Confirmatory PCR using P7 and P6
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gave only ~2 Kb band with mutant strain and no band
with parent strain.

A B C

1 Kb ladder

1kbladder | 3 s 1Kb ladder

Figure 3: A) parts amplified using regular PCR, lane 1 >
5'UTR, lane 3 > 3'UTR and lane 5 = nutritional marker.
B) Construct generated by fusion PCR - band of 3 Kb
size. C) CPCR using P7 (marker F) and P6 (downstream R),
lane 1 contains wild type gDNA and shows no band and
lane 2 has mutant gDNA and gives1.9 Kb band (0.9Kb of
marker + 1 Kb of downstream).

In this study we proved that both gmtA and gmtB are not
essential for viability either when deleted individually or
together.This come in accordance with the findings of
Jackson-Hayes where they created a mutant in the call1l
locusin  Aspergillus nidulans and they proved by
sequencing technique that gmtA and call are identical, in
callll strain no mutations were observed in the gmtB
location.”®*® Engel and his colleagues found that A.
fumigatus gmtA also was not essential for viability."* The
only Aspergillus gmt found essential was the A. niger,"’
and we showed by BLAST analysis that A. niger gmt share
no similarity with both ANgmtA and ANgmtB. Regarding
yeasts, Cryptococcus neoformans was also found to have
two gmt genes and the gmtl gmt2 double mutant was
also viable but exhibited severe defects in capsule
synthesis and protein glycosylation.29 Also in S. cerevisiae
defects in synthesis of mannan-containing N-glycans was
not lethal but causes impairment of cell integrity.*

CONCLUSION

In the present study null mutants were created for both
gmt orthologs, using fusion PCR technique for gene
deletion either to obtain single mutants or double mutant
strains. To our knowledge this is the first double deletion
strain created in Aspergillus for the two gmt genes.
Although we found that both gmt genes are not essential
for viability in vitro, the created mutants has defective
colonial morphology which should be further investigated
in future to characterize those strains and test their
viability and virulence in vivo.

REFERENCES

1. Person AK, Kontoyiannis DP, Alexander BD, Fungal infections in
transplant and oncology patients, Infect. Dis. Clin. North Am.,
24,2010, 439-459.

2. Moran GP, Coleman DC, Sullivan DJ, Comparative genomics
and the evolution of pathogenicity in human pathogenic fungi,
Eukaryotic Cell, 10, 2011, 34-42.

International Journal of Pharmaceutical Sciences Review and Research
Available online at www.globalresearchonline.net

© Copyright protected. Unauthorised republication, reproduction, distribution, dissemination and copying of this document in whole or in part is strictly prohibited.

221



Int. J. Pharm. Sci. Rev. Res., 32(1), May — June 2015; Article No. 36, Pages: 217-222

3.

10.

11.

12.

13.

14.

15.

16.

17.

Guest GM, Analysis of cell wall sugars in the pathogen
Aspergillus fumigatus and the saprophyte Aspergillus nidulans,
Mycologia, 92, 2000, 1047-1050.

Morrison VA, Echinocandin antifungals: review and update,
Expert Rev. Anti Infect. Ther., 4, 2006, 325-342.

Aimanianda V, Latge JP, Problems and hopes in the
development of drugs targeting the fungal cell wall, Expert
Rev. Anti Infect. Ther., 8, 2010, 359-364.

Gastebois A, Clavaud C, Aimanianda V, Latge JP, Aspergillus
fumigatus: cell wall polysaccharides, their biosynthesis and
organization, Future Microbiol., 4, 2009, 583-595.

Latgé JP, Mouyna |, Tekaia F, Beauvais A, Debeaupuis JP,
Nierman W, Specific molecular features in the organization
and biosynthesis of the cell wall of Aspergillus fumigatus, Med.
Mycol., 43 Suppl 1, 2005, $15-22.

JinC, Protein Glycosylation in Aspergillus fumigatus is Essential
for Cell Wall Synthesis and Serves as a Promising Model of
Multicellular Eukaryotic Development, International Journal of
Microbiology, 2012, 21 pages doi:10.1155/2012/654251.

Fabre E, Hurtaux T and Fradin C, Mannosylation of fungal
glycol conjugates in the Golgi apparatus, Current Opinion in
Microbiology, 20, 2014, 103-110.

Takahashi HK, Toledo MS, Suzuki E, Tagliari L, Straus AH,
Current relevance of fungal and trypanosomatid glycolipids
and sphingolipids. Studies defining structures conspicuously
absent in mammals, An. Acad. Bras. Cienc, 81, 2009, 477-488.

Paulovicovd L, Paulovi¢ovd E, Bystricky S, Immunological basis
of anti-Candida vaccines focused on synthetically prepared cell
wall mannan-derived manno-oligomers, Microbiology and
Immunology, 58, 2014, 545-551.

Forestier C, Gao Q, Boons G, Leishmania lipophosphoglycan:
how to establish structure-activity relationships for this highly
complex and multifunctional glycoconjugates, Frontiers in
cellular and Infection Microbiology, 4, 2015, 1-7.

Maggioni A, Meier J, Routier F, Haselhorst T, Tiralongo J, Direct
investigation of the Aspergillus GDP-mannose transporter by
STD NMR spectroscopy, Chembiochem, 12, 2011, 2421-2425.

Engel J, Schmalhorst PS, Routier FH, Biosynthesis of the fungal
cell wall polysaccharide galactomannan requires intraluminal
GDP-mannose, J BiolChem, 287, 2012, 44418-44424.

Dean N, Zhang YB, Poster JB, The VRG4 gene is required for
GDP-mannose transport into the lumen of the Golgi in the
yeast, Saccharomycescerevisiae, J. Biol. Chem, 272, 1997,
31908-31914.

Nishikawa A, Poster JB, Jigami Y, Dean N, Molecular and
phenotypic analysis of CaVRG4,encoding essential Golgi
apparatus GDP-mannose transporter, J. Bacteriol., 184, 2002,
29-42.

Carvalho ND, Arentshorst M, Weenink XO, Punt PJ, Van den
Hondel CA, Ram AF, Functional YFP-tagging of the essential
GDP-mannose transporter reveals an important role for the
secretion related small GTPaseSrg C protein in maintenance of
Golgi bodies in Aspergillus niger, Fungal Biology, 115, 2011,
253-264.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

ISSN 0976 — 044X

Jackson-Hayes L, Hill TW, Loprete, DM, Fay LM, Gordon BS, N
Kashama SA, Patel RK, Sartain CV, Two GDP-mannose
transporters contribute to hyphal form and cell wall integrity
in Aspergillus nidulans, Microbiology, 154, 2008, 2037-2047.

Jackson-Hayes L, Hill TW, Loprete DM, Fay LM, Gordon BS,
Groover C, Johnson R, Martin S, GDP-mannose transporter
paralogues play distinct roles in polarized growth of Aspergillus
nidulans, Mycologia, 102, 2010, 305-310.

Szewczyk E, Nayak T, Oakley CE, Edgerton H, Xiong Y, Taheri-
Talesh N, Osmani SA, Oakley BR, Fusion PCR and gene
targeting in Aspergillus nidulans, Nat. Protocol, 1, 2007, 3111-
3120.

Arentshorst M, Lagendijk EL, Ram AFJ, A new vector for
efficient gene targeting to the pyrG locus in Aspergillus niger,
Fungal Biology and Biotechnology, Published online March
2015, 10.1186/s40694-015-0012.

Nayak T, Szewczyk E, Oakley CE, Osmani A, Ukil L, Murray SL,
Hynes MJ, Osmani SA, Oakley BR, A versatile and efficient
gene-targeting system in Aspergillus nidulans, Genetics, 172,
2006, 1557-1566.

Kaminskyj SGW, Fundamentals of growth, storage, genetics
and microscopy of Aspergillus nidulans, Fungal Genetics
Newsletter, 48, 2001, 25-31.

El-Ganiny AM, Sheoran |, Sanders DAR, Kaminskyj SGW,
Aspergillus nidulans UDP-glucose-4-epimerase UgeA has
multiple roles in wall architecture, hyphal morphogenesis, and
asexual development, Fungal Genet. Biol., 47, 2010, 629-635.

Osmani AH, Oakley BR, Osmani SA,ldentification and analysis
of essential Aspergillus nidulans genes using the heterokaryon
rescue technique, Nat. Protocols, 1, 2006, 2517-2526.

Hadley B, Maggioni A, Ashikov A, Day C J, Haselhorst T, and
Tiralongo J, Structure and function of nucleotide sugar
transporters: Current progress, Computational and Structural
Biotechnology Journal, 10, 2014, 23-32.

Engel J, Schmalhorst PS, Dork-Bousset T, Ferrieres V, Routier
FH, A single UDP-galactofuranose transporter is required for
galactofuranosylation in Aspergillus fumigatus. J BiolChem,
284, 2009, 33859-33868.

Afroz S, EI-Ganiny AM, Sanders DAR, Kaminskyj SGW, Roles of
the Aspergillus nidulans UDP-galactofuranose transporter,
UgtA in hyphal morphogenesis, cell wall architecture,
conidiation, and drug sensitivity, Fungal Genetics and Biology,
48,2011, 896-903.

Wang ZA, Griffith CL, Skowyra ML, Salinas N, Williams M,
Maier EJ, Gish SR, Liu H, Brent MR, Doeringa TL, Cryptococcus
neoformans Dual GDP-Mannose Transporters and Their Role in
Biology and Virulence, Eukaryotic Cell, 13, 2014, 832-842.

Morimoto Y, Tani M, Synthesis of mannosylinositol phosphoryl
ceramides is involved in maintenance of cell integrity of yeast
Saccharomyces cerevisiae, Molecular Microbiology, 95, 2015,
706-722.

Source of Support: Nil, Conflict of Interest: None.

&

International Journal of Pharmaceutical Sciences Review and Research
Available online at www.globalresearchonline.net

© Copyright protected. Unauthorised republication, reproduction, distribution, dissemination and copying of this document in whole or in part is strictly prohibited.

222



