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Growing resistance to current anti-fungal drugs is spurring investigation of new targets, including those
in fungal wall metabolism. Galactofuranose (Galf) is found in the cell walls of many fungi including Asper-
gillus fumigatus, which is currently the most prevalent opportunistic fungal pathogen in developed coun-
tries, and A. nidulans, a closely-related, tractable model system. UDP-galactopyranose mutase (UGM)
converts UDP-galactopyranose into UDP-Galf prior to incorporation into the fungal wall. We deleted
the single-copy UGM sequence (AN3112.4, which we call ugmA) from an A. nidulans nkuAD strain, creat-
ing ugmAD. Haploid ugmAD strains were able to complete their asexual life cycle, showing that ugmA is
not essential. However, ugmAD strains had compact colonial growth, which was associated with substan-
tially delayed and abnormal conidiation. Compared to a wildtype morphology strain, ugmAD strains had
aberrant hyphal morphology, producing wide, uneven, highly-branched hyphae, with thick, relatively
electron-dense walls as visualized by transmission electron microscopy. These effects were partially
remediated by growth on high osmolarity medium, or on medium containing 10 lg/mL Calcofluor, con-
sistent with Galf being important in cell wall structure and/or function.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

In the last decades there has been an increase in the incidence
of fungal infections due to immunocompromising conditions such
as AIDS and organ transplantation, and perhaps also to overuse of
broad-spectrum antibiotics (Loffler and Stevens, 2003; García-Ruiz
et al., 2004). Mortality in patients with systemic fungal infections is
high even with aggressive therapy (Randhawa and Sharma, 2004).
Aspergillus fumigatus is the most common opportunistic fungal
pathogen in industrialized countries, due to their relatively large
populations at risk (Arathoon, 2001). A. fumigatus is common in
the environment (where it contributes to recycling), has air-dis-
persed spores that are readily inhaled, and has a growth optimum
near 37 �C.

Treatment of fungal infections is limited by problems of drug
safety, effectiveness and fungal resistance (Cowen, 2008). Polyene
antifungals lack target specificity and have a high toxicity to hu-
mans; azoles are fungistatic, not fungicidal; echinocandins have a
narrow spectrum of activity; and apart from polyenes, there is
ll rights reserved.
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emerging antifungal drug resistance (Carrillo-Munoz et al., 2006;
Chamilos and Kontoyiannis, 2005). An anti-fungal drug target
should be found in a broad spectrum of fungal pathogens, be
important for infectivity, and not be found in humans. Fungal cell
wall components, including chitin, b1–3 glucans, and galactofura-
nose (Notermans et al., 1998; Leitao et al., 2003) are obvious drug
targets (Tawara et al., 2000; Pederson and Turco, 2003; Schmal-
horst et al., 2008).

Genetic and biochemical studies of Galf biosynthesis in prokary-
otes show that UDP-Galf (the five-membered ring form, Fig. 1) is
formed from UDP-Galp (the six-membered ring form) by UDP-
galactopyranose mutase (UGM) (Nassau et al., 1996; Weston
et al., 1998). UDP-Galf is the precursor to Galf residues found in
the cell walls of many microorganisms. The gene encoding UGM
has been identified in prokaryotes (Stevenson et al., 1996; Nassau
et al., 1996; Koplin et al., 1997; Pan et al., 2001) and its crystal
structure has been solved (Sanders et al., 2001).

Galactofuranose (Galf) is an essential component of the bacte-
rial cell wall (Whitfield et al., 1991; Nassau et al., 1996; Pan
et al., 2001), and is important or essential for pathogencity of Leish-
mania major (Spath et al., 2000; Kleczka et al., 2007), which causes
leishmaniasis. Beta-linked Galf chains are the immunodominant
epitope in Aspergillus spp. (Bennett et al., 1984; Latgé et al.,
1994; Leitao et al., 2003). In A. niger, ugmA contributes to cell wall
integrity (Damveld et al., 2008). In Aspergillus fumigatus, the ugmA
lans UDP-galactopyranose mutase, encoded by ugmA plays key ...,
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Table 1
Biological materials used in this study

Aspergillus nidulans
A1149a pyrG89; pyroA4; nkuA::argB
AAE1b pyrG89:N. crassa pyr4+; pyroA4; nkuA::argB
AAE2 (ugmAD)b AN3112::AfpyrG; pyrG89; pyroA4; nkuA::argB
AAE3 (ugmAD::AfglfA)b AN3112::AfpyrG; pyrG89; pyroA4; nkuA::argB; AfglfA
AOZ1b swoA1; wA3, GFP-tubA

Plasmids
ARp1c AMA1, Neurospora crassa pyr4+, ampR

pAO81a S-TAG, A. fumigatus pyrG, kanR

pET22d A. fumigatus glfA, ampR

Primers 50 ? 30b

P1 GACTCTTGAGATTTGCTTGGGTCTC

P2 CCTGGAGCATTCCTTGTCTG

P3 AATTGCGACTTGGACGACATAGAAGAGAGCGAAGCTGCAG

P4 GAGTATGCGGCAAGTCATGAAATAAAACTCTTCTGCGTGG

P5 CTGTTTGGCCGCCTAATAGC

P6 GTGTTTACCAAGAATATGTTCATCGA

P8 CACATCCGACTGCACTTCC

P21 ATGCTTAGTCTAGCTCGCAAGAC

P23 CTGCGCCTTATTCTTAGCAAA

AfpyrGF ATGTCGTCCAAGTCGCAATT

AfpyrGR TCATGACTTGCCGCATACTC

AfugmAF CCCTCCAGCTCCGTCGAC

AfugmAR CTGGGCCTTGCTCTTGGC

nkuAF CCCCGTCCGTCTGCAG

nkuAR AACTTCGTCTCAAGTAACTCCTCCAC

a http://www.fgsc.net.
b This study.
c Shi et al. (2004).
d Bakker et al. (2005).

Fig. 1. Interconversion of UDP-galactopyranose (UDP-Galp) and UDP-galactofura-
nose (UDP-Galf) by UDP galactopyranose mutase. The equilibrium of this reaction is
heavily in favour of UDP-Galp.
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homologue glfA contributes to wildtype wall structure (Schmal-
horst et al., 2008). Galf has been shown to be attached to linear
mannan chains in the A. fumigatus cell wall, which are GPI-an-
chored to the cell membrane (Costachel et al., 2005; Schmalhorst
et al., 2008). A. fumigatus and A. nidulans hyphal walls have similar
galactose content (Guest and Momany, 2000). The Galf monoclonal
antibody EBA2 has been used for diagnosis of aspergillosis and to
monitor therapy effectiveness (Stynen et al., 1992; Wallis et al.,
2001; Maertens et al., 2007).

Beverly et al. (2005) identified eukaryotic UGM genes in proto-
zoa (L. major and Trypanosoma cruzi) and the fungus (Cryptococcus
neoformans). Beverly et al. (2005) found that eukaryote UGM ami-
no acid sequences are closely related to each other but distantly re-
lated to prokaryote UGMs. A. fumigatus and L. major UGM shared
51% sequence identity, but were less than 20% identical to their
prokaryotic orthologues, with the region of identity/similarity con-
fined to the catalytic site (Bakker et al., 2005). Eukaryote UGMs
have four major insertions, which are thought to form loops that
are important for protein regulation and interaction.

BLAST analysis with default parameters using A. fumigatus UGM
(Afu3g12690, named AfglfA by Schmalhorst et al. (2008)) at http://
www.broad.mit.edu/annotation/fungi/aspergillus/ showed a
strong sequence alignment (98% identity) to one locus in A. nidu-
lans, AN3112.4, which we named ugmA. We are using A. nidulans
as a safe and experimentally tractable system for studying UGM
function in vivo, in parallel with crystallization studies of A. fumig-
atus glfA. This study focuses on the effects of UgmA deletion in A.
nidulans. We found that ugmA was not essential, but its deletion re-
sulted in compact colonial growth, reduced sporulation, and hy-
phal morphological abnormalities, all of which can be attributed
to wall defects.

2. Materials and methods

Biological materials and primers are given in Table 1. Chemicals
were reagent grade and were purchased from VWR (http://
www.vwrcanlab.ca) or Sigma (http://www.sigmaaldrich.com) un-
less stated otherwise. Vinoflow was purchased from Gusmer Enter-
prises (http://www.thewinelab.com). Water was 18 MX deionized,
and sterilized as appropriate. Aspergillus nidulans strains were
grown in complete media CM with nutritional supplements as re-
quired (Kaminskyj, 2001).

Statistical analysis used Statview SE+Graphics v1.02. Values are
presented as means ± standard error of the mean. Images were pre-
pared with Adobe Photoshop 7.0.

2.1. Gene knockout

Aspergillus nidulans strain A1149 was used for AN3112 (ugmA)
gene deletion, following the procedures described in Nayak et al.
(2006) and Szewczyk et al. (2007), with A. fumigatus pyrG as the
selectable marker (Fig. 2A–F). Experiments using A. fumigatus pyro-
A selection (not shown) gave comparable results. A1149 was also
transformed to pyrimidine prototrophy as described in Yang
et al. (2008), creating AAE1, a wildtype phenotype pyrG+, nkuAD
Please cite this article in press as: El-Ganiny, A.M. et al., Aspergillus nidu
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strain used for phenotype comparison. Following transformation,
putative ugmAD colonies were able to conidiate on selective media.
These conidia were inoculated onto selective and non-selective
media to assess whether ugmA was essential (Osmani et al.,
2006). Spores were also grown on selective media to examine hy-
phal and colony morphology under different growth conditions,
and to generate mycelium for genomic DNA extraction, as de-
scribed in Yang et al. (2008). PCR comparing A1149 genomic
DNA with that from three ugmAD deletion strains used the primers
described in Fig. 2 and Table 1.

2.2. Microscopical methods

2.2.1. Confocal microscopy
Aspergillus nidulans wildtype and ugmAD strains were grown at

28 �C, then samples were fixed and stained with Calcofluor to visu-
alize walls and Hoechst 33258 to visualize nuclei, as described in
Kaminskyj and Hamer (1998). Confocal imaging used a Zeiss
META510 confocal microscope with a 63�, 1.2 N.A. multi-immer-
sion objective, a 405 nm diode at 20% power, and a 420–480 nm
emission filter. Fluorescence and transmitted light images were
collected simultaneously.

For morphometry, hyphal width was measured at septa (50 per
strain), and basal cell length was measured between adjacent septa
(50 per strain) as previously described in Kaminskyj and Hamer
(1998). Total hyphal length per germling was measured using Zeiss
LSM software, by adding the lengths of all branches (30 germlings
per strain). The number of tips per germling was counted.

For immunofluorescence microscopy, samples were prepared as
described in Kaminskyj and Heath (1995). EBA2 monoclonal anti-
body originally raised against A. fumigatus galactomannan, which
contains Galf (Wallis et al., 2001), was eluted from a BioRad Platelia
ELISA kit using TBS, and concentrated with a 10 kDa Microcon cen-
trifugal concentration column (Millipore). EBA2 binding was local-
ized using FITC-conjugated goat-anti-rat IgG (Sigma) that had been
affinity purified against lyophilized ugmAD mycelium as described
lans UDP-galactopyranose mutase, encoded by ugmA plays key ...,
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Fig. 2. Strategy for and results of deleting Aspergillus nidulans UDP-galactopyranose mutase (ugmA) to create ugmAD strains. (A–F) Deletion strategy. The 50 and 30 regions
(50UTR and 30UTR, respectively) flanking AN3112 were amplified using P1 + P3 and P4 + P6, respectively, from strain A1149 (nkuAD, pyrG89) genomic DNA template. Primer
sequences are in Table 1. P3 and P4 are bridging primers between the flanking regions and the selectable marker. (B) The selectable marker, A. fumigatus pyrG, was amplified
from plasmid AO81 with pyrGF and pyrGR. (C) Fusion PCR (semi-nested, with P2 + P5) using mixed template (50UTR, AFpyrG, 30UTR), with complementary ends generated the
bridging primers P3 and P4, created (D) the linear AN3112 knockout construct with AN3112 flanking regions. (E) A1149 protoplasts were transformed with the knockout
construct. Homologous recombination between the flanking regions replaced AN3112 with AFpyrG, creating ugmAD. The flanking regions were not altered by the homologous
recombination, so primer sites remain intact. (F) Predicted ugmAD genomic DNA. (G–I) PCR comparisons of genomic template from A1149 and ugmAD strains. (G) Using
primers P1 + P6, to amplify ugmA plus flanking regions. (H) Using primers P1 + P8, to demonstrate that AFpyrG had integrated at the ugmA locus. (I) Using primers P21 + P23,
to demonstrate the presence of ugmA in A1149, and its absence from the ugmAD strains.
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in Kaminskyj and Heath (1995). Confocal imaging used 488 nm
excitation, 5–10% power from an argon multispectral laser oper-
ated at 5.9 A, with emission controlled by a BP505-530 filter.

2.2.2. Electron microscopy
For scanning electron microscopy (SEM), AAE1 and ugmAD

strains were grown on dialysis tubing overlying selective media
for 3 d at 28 �C. Isolated colonies were fixed at 100% relative
humidity over 4% aqueous OsO4 for 2 h, frozen to �80 �C, and
lyophilized overnight. Samples were mounted on SEM stubs, gold
sputter coated for 6 min, and examined with scanning electron
microscope JEOL model JSM840A. The accelerating voltage was
20 kV. The beam current for sample examination was 1.5 nA, and
for image acquisition was 50 pA.

For transmission electron microscopy (TEM), AAE1 and ugmAD
strains were grown on dialysis tubing overlying selective media
(CM, CM + 1 molar sucrose, or CM + 10 lg/mL Calcofluor) for 16 h
at 28 �C. Samples were prepared and imaged as described in
Kaminskyj (2000).

3. Results

3.1. UDP-galactopyranose mutase deletion

To test whether ugmA was essential, we deleted the AN3112.4
coding sequence in the nkuAD strain A1149 (Fig. 2A–F). The knock-
out construct was generated using fusion PCR: the selectable mar-
ker A. fumigatus pyrG was flanked by predicted 50 and 30

untranslated regions for AN3112. The deletion cassette was trans-
formed into A1149 protoplasts as described in Nayak et al. (2006)
Please cite this article in press as: El-Ganiny, A.M. et al., Aspergillus nidu
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and Szewczyk et al. (2007). Transformants were selected on CM
lacking pyrimidines, containing 1 M sucrose as osmoticum. Conidia
produced by these primary transformants were able to germinate
and formed sporulating colonies when streaked on growth med-
ium lacking exogenous pyrimidines, indicating that A. nidulans
ugmA is not essential.

Ectopic integration of the knockout construct could potentially
have contributed to the ugmAD phenotype. Morphometric charac-
terization of three randomly chosen putative ugmAD phenotype
colonies are given in Table 2. Deletion experiments using A. fumig-
atus pyroA as a selectable marker (not shown) gave comparable re-
sults regarding the phenotype of colonies produced by conidia
from primary transformants. We interpret a high level of pheno-
type consistency at the colony and cellular level between multiple
transformants from independent experiments, as being evidence of
lack interference from ectopic integrants. Additional confirmatory
studies are presented below.

Genomic DNA was extracted from A1149 and ugmAD strains,
and used as template for PCR to test for the presence and location
of AN3112 and AfpyrG. AN3112 is predicted to be 1.9 kb, and Af-
pyrG is predicted to be 0.9 kb. The 50 and 30 flanking regions were
1 kb and 1.1 kb respectively. PCR using P1 and P6 (to span
AN3112 plus the 50 and 30 flanking regions) amplified a �4 kb band
from the A1149 parental strain, and a �3 kb band with ugmAD
strains (Fig. 2G) consistent with replacement of AN3112 with Af-
pyrG. PCR using P1 and P8 (targeted to a flanking region and the
middle of AfpyrG), produced bands of the 1.6 kb in ugmAD strains,
and did not amplify a band for A1149 (Fig. 2H). PCR using P21 and
P23 (designed to amplify ugmA) gave no band with any of the ug-
mAD strains, and 1.9 kb band with A1149 (Fig. 2I). Additional stud-
lans UDP-galactopyranose mutase, encoded by ugmA plays key ...,



Table 2
Morphometric comparison a of near-isogenic wildtype morphology (AAE1) and UDP-galactopyranose mutase deletion (ugmAD) strains b,c

A. Growth on CM AAE1 ugmAD1 ugmAD2 ugmAD3

Hyphal width (lm) 2.7 ± 0.4d 3.6 ± 0.6e 3.3 ± 0.6f 3.6 ± 0.7e

Basal cell length (lm) 26.9 ± 1.2d 14.9 ± 0.7e 19.5 ± 0.9f 15.3 ± 0.6e

Total colony length (lm) 252 ± 25.7d 317 ± 27.3d 378 ± 79.5d 348 ± 25.0d

Total tips per colony 2.4 ± 0.2c 7.6 ± 0.5d 8.3 ± 1.4d 8.2 ± 0.4d

Hyphal growth index (lm hypha/tip) 105 42 46 42
Wall thickness (nm) 54.0 ± 2.4d 204 ± 10.5f n/a n/a

B. Growth on amended CM CM + 1 M sucrose CM + 10 lg/mL Calcofluor

AAE1 AAE2 FFT1 AAE2

Hyphal width (lm) 2.4 ± 0.1d 3.1 ± 0.1f 2.6 ± 0.0d 3.1 ± 0.0f

Basal cell length (lm) 26.1 ± 1.4d 15.3 ± 0.7e 20.8 ± 1.1f 21.8 ± 1.5f

Total colony length (lm) 206 ± 13.6e 140 ± 10.4f 209 ± 31.6e 244 ± 20.9d

Total tips per colony 2.8 ± 0.2d 4.1 ± 0.2e 2.7 ± 0.2d 7.2 ± 0.5f

Hyphal growth index (lm hypha/tip) 73 32 77 34
Wall thickness (nm) n/a 66.0 ± 3.5de n/a 77.8 ± 3.8e

a Measurements are expressed as means ± standard error, for 50 hyphae (width and basal cell length), 30 colonies (total colony length and total tips per colony), and 10
transmission electron micrograph near-median sections. n/a, not assessed.

b Strains were grown for 14 h at 28 �C on dialysis tubing overlying agar-solidified medium. See Section 2 for details. AAE2 is ugmAD1.
c For each measurement type, values followed by different letters (d–f) are significantly different (P < 0.05; ANOVA). Summary statistics: hyphal width (P = 0.0001;

F = 54.314), basal cell length (P = 0.0001; F = 38.772); total colony length (P = 0.082; F = 2.299); tips per colony (P = 0.0001; F = 27.115).
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ies re genetic segregation following mating, and complementation
of the ugmAD defect with the A. fumigatus homologue are pre-
sented below. Three knockout strains, ugmAD1, ugmAD2, and ug-
mAD3, gave comparable results in all studies. We designated
ugmAD1 as AAE2.

Protoplasts were generated from A. nidulans AAE2 germlings,
transformed with pET22b containing AfglfA (which encodes func-
tional A. fumigatus UGM: Bakker et al., 2005), and incubated at
37 �C for 3 d. The following data are presented in Supplemental
Fig. 1. In addition to many ugmAD phenotype colonies that showed
compact colony growth and limited sporulation, a putative ugmA-
D::AfglfA colony was generated that had wildtype growth and
abundant conidiation (arrow in Supplemental Fig. 1a). We named
this strain AAE3. PCR of AAE3 genomic DNA using primers de-
signed to amplify AfglfA showed a band comparable in size to the
pET22b control (Supplemental Fig. 1b). Light microscopy of AAE3
revealed wildtype hyphal morphology (Supplemental Fig. 1c), mor-
phometry (Supplemental Fig. 1d), and nuclear distribution unlike
AAE2 Fig. 4A, and Table 2). Young AAE3 conidiophores had abun-
dant metulae and synchronous phialide development (Supplemen-
tal Fig. 1c) unlike AAE2 (Fig. 3H).

AAE2 was mated to AOZ1 to determine whether the ugmAD de-
fect segregated independently, and to create additional strains for
future studies (Supplemental Fig. 2). Independent assortment of
the ugmAD phenotype following mating is evidence that the ug-
mAD knockout construct underwent homologous rather than ecto-
pic integration. AAE2 mating efficiency is poor: matings with at
least three other A. nidulans strains were not successful. Cleistothe-
cium maturation was delayed (no outcrossed cleistothecia contain-
ing viable spores were isolated until three months), consistent
with the suggestion by Adams et al. (1998) that mutations affect-
ing conidiation also compromise sexual development. Both AOZ1
and AAE2 have reduced conidiation (Supplemental Fig. 2a). AOZ1
contains swoA1, which can be complemented by a protein O-man-
nosyl transferase (Shaw and Momany, 2002). Amongst 140 prog-
eny from this cross were 43 with wildtype colony growth and
sporulation, and equal numbers of green- and white-spored
strains, consistent with independent assortment of ugmA and
swoA. As expected, there were also [ugmAD, swoA1] progeny, with
severe growth defects at permissive conditions (e.g. arrowheads in
Supplemental Fig. 2a).

Genomic DNA was prepared from six randomly selected prog-
eny that showed the ugmAD phenotype under the growth condi-
Please cite this article in press as: El-Ganiny, A.M. et al., Aspergillus nidu
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tions shown in Supplemental Fig. 2a. PCR with primers nkuAF
and nkuAR, expected to amplify an band of 1981 bp in nkuA+
strains, amplified this band in three of these ugmAD progeny, as
well as in wildtype strain A28 (Supplemental Fig. 2b). This is evi-
dence that ugmA segregates independently of nkuA.

The phenotype consistency for multiple strains from indepen-
dent knockout experiments using pyrG and pyroA as selectable
markers; rescue of the ugmAD phenotype by AfglfA; and indepen-
dent segregation of ugmA with nkuA and swoA is strong evidence
that the AAE2 phenotype discussed below is due to the deletion
of ugmA, and that ugmA encodes A. nidulans UGM.

3.2. Colony growth and sporulation

To characterize the effect of ugmAD on colony growth, AAE1
and AAE2 strains were grown for 3 d on CM lacking exogenous
pyrimidines. AAE1 colonies had a wildtype phenotype, with a
broad fringe of submerged hyphae extending into the growth med-
ium (arrows in Fig. 3A), whereas AAE2 colonies had a compact
colonial morphology with little penetration of the medium. The
AAE2 colonies also had reduced sporulation: the centres of AAE1
colonies had strong green pigmentation (Fig. 3A) whereas AAE2
colonies were pale (Fig. 3B). After 3 d growth at 28 �C, isolated
AAE1 colonies were about 50% larger in diameter than those of
AAE2, 6.0 ± 0.8 mm vs 4.4 ± 0.6 mm, respectively, even without
considering the submerged hyphae at the AAE1 colony margins
(arrows in Fig. 3A). Viewed from above at 50�, the AAE1 colonies
were sporulating abundantly at 3 d (Fig. 3C), with closely spaced
conidiophores bearing pigmented conidia, whereas AAE2 conidio-
phores that produced pigmented spores were widely separated
(e.g., arrows in Fig. 3D).

The number of spores produced per colony was estimated for
AAE1 and AAE2 strains. After 3 d, individual AAE1 colonies had
produced an average of 1.0 ± 0.4 � 108 spores, compared to
2.2 ± 0.7 � 105 spores for AAE2 colonies. Thus, AAE2 had suffered
a 500-fold reduction in sporulation compared to AAE1.

Viability of AAE1 and AAE2 spores was determined by plating
similar numbers of conidia (� 250, 125, or 60 per plate) and count-
ing the number of colonies formed after 2 d incubation at 28 �C.
Plates inoculated with �60 spores each produced 49 AAE1 and
48 AAE2 colonies, with comparable results for the higher inocula-
tion densities, suggesting that spore viability was not compro-
mised by ugmAD.
lans UDP-galactopyranose mutase, encoded by ugmA plays key ...,



Fig. 3. Conidiation in Aspergillus nidulans wildtype AAE1 (A, C, E, and G), and UDG-galactopyranose mutase deletion strain AAE2 (B, D, F, and H), 3 d after inoculation. (A and B)
Colony morphology of AAE1 and AAE2 strains. The centres of AAE1 colonies (A) have green conidia, whereas AAE2 colonies (B) have only faint pigmentation due to sparse
conidiation. AAE1 colonies are surrounded by a fringe of hyphae extending into the medium (arrows in A) whereas these are lacking in AAE2 colonies. (C and D) A
stereomicroscope images of the centres of colonies in A and B. Bars in C and D = 100 lm. As seen from above, an AAE1 colony (C) has closely packed conidial heads, whereas
an AAE2 colony (D) has relatively few, widely separated, conidial heads that produced mature green conidia (e.g., arrows). (E–H) Scanning electron micrographs of AAE1 (E
and G) and AAE2 colonies (F and H). Bars in E–H = 10 lm. AAE1 colonies (E and G) produce conidiophores (arrowheads) with conidial heads bearing long chains of spores,
whereas AAE2 colonies had sterile aerial hyphae with sparse conidiation (arrows in F). (H) An AAE2 colony showing chains of spores (arrow) on one conidial head, whereas
others have abnormal or arrested development.
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Conidiation in AAE1 and AAE2 was examined using SEM
(Fig. 3E–H). By 3 d, AAE1 produced long chains of conidia (Fig. 3E
and G), whereas AAE2 colonies (Fig. 3F and H) had relatively few
conidiophores (arrows in Fig. 3F) with at most short chains of con-
idia (s in Fig. 3H), despite abundant sterile hyphae (Fig. 3F). Often,
formation of metulae and phialides in AAE2 was arrested or
aberrant.

3.3. Hyphal morphology and wall composition

The effect of ugmAD on hyphal morphogenesis is shown in
Fig. 4. Unlike AAE1, which had a wildtype phenotype (Fig. 4 inset),
Please cite this article in press as: El-Ganiny, A.M. et al., Aspergillus nidu
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AAE2 strains stained with Calcofluor Fig. 4A had wide, highly
branched hyphae. The AAE2 and AAE1 hyphae in Fig. 4A were
stained with the same solution of Calcofluor and Hoechst 33258,
and imaged with the same confocal settings. Lateral walls, but
few nuclei, were visible in the AAE2 hyphae, whereas the converse
was true for AAE1. We interpret this as meaning the AAE2 hyphal
walls were relatively thicker than those of AAE1.

AAE1 and three ugmAD strains including AAE2 were compared
by cell morphometry for hyphal width, basal cell length, total hy-
phal length per germling, and total tips per germling (Table 2A).
Relative branching was quantified using the hyphal growth index
described by Trinci (1974), as the total hyphal length of a germling
lans UDP-galactopyranose mutase, encoded by ugmA plays key ...,



Fig. 4. Walls of Aspergillus nidulans AAE2 (ugmAD) and AAE1 (wildtype) strains
following (A) Calcofluor staining at 16 h, or (B–F) Galf immunolocalization at 36 h.
Bars = 10 lm. (A) Germlings were stained with the same solution of Hoechst 33258
for nuclei and Calcofluor for cell walls, and visualized with confocal microscopy. The
AAE2 hyphal walls are thick, and stain unevenly: double-headed arrows indicate
hyphal walls with considerable variability in staining intensity despite being near-
median optical sections. Some AAE2 hyphal tips stained intensely (large arrows)
while other did not, even though both types were a similar optical section. Wildtype
morphology AAE1 hyphal walls (A, inset) stained lightly compared to septa and
spore (s) walls. Unlike the wildtype strain, hyphal wall staining in the AAE2 strain
often obscured visualization of nuclei (small arrows). (B–G) Paired immunofluo-
rescence and transmitted images of Galf localization using the EBA2 monoclonal
antibody (see Section 2). (B) In the AAE1 strain, Galf was present in hyphal walls
(arrows), in spores, and to a slight extent in phialides. No localization was detected
on the conidiophore or metula walls. (C) Galf in hyphal walls of AAE1. The AAE2
conidiophores (D and E), spores (F), and hyphae (G) did not stain under the same
preparation and imaging conditions as used for (B) and (C).
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divided by the number of tips for that germling. Compared to
AAE1, all three ugmAD strains had more than twofold lower hyphal
growth index (Table 2A), indicating at least double the branching
frequency.

Galf can be immunolocalized with a monoclonal antibody, EBA2
(Wallis et al., 2001). We used EBA2 to compare Galf content and
distribution in AAE1 and AAE2 strains. EBA2 binding in AAE1
Fig. 4B localized to mature conidia and phialides (Fig. 4B), and hy-
phae (Fig. 4B and C), but not to conidiophores and metulae (Fig. 4B
and data not shown). Control AAE1 samples where EBA2 was omit-
ted did not bind the FITC-conjugated secondary antibody. In con-
trast to AAE1, the spore and hyphal walls of the AAE2 strain did
not bind EBA2 (Fig. 4D–G). Thus, AAE2 is depleted for Galf in its
walls, consistent with the expected function of the ugmA gene
product.

Hyphal morphogenesis defects and branching abnormalities in
the ugmAD strains in Table 2A suggested that ugmA deletion had
impaired fungal wall formation and/or maturation. The growth
morphology of AAE2 was assessed on CM containing sucrose
and/or Calcofluor (Table 2B). Wildtype morphology strain A28,
AAE1, and the three ugmAD strains for which data are provided
in Table 2A were replica-plated on CM with or without sucrose
or Calcofluor to assess colony phenotype at 2 d (Fig. 5A–E). Unex-
pectedly, the colony morphology of A28 and AAE1 strains differed
on most media. AAE2 hyphae growing at the edges of the colonies
were examined using transmitted light microscopy, directly on the
plates to avoid damage from mounting on a microscope slide
(Fig. 5F–O). Colonies of AAE1 and the three ugmAD strains grew
differently on these media (Fig. 5A–E), consistent with Fig. 3A
and B. Their hyphal morphologies also differed, consistent with
Fig. 4A and described quantitatively in Table 2B.

AAE1 hyphae had wildtype morphology when grown on CM
(Fig. 5F), whereas AAE2 hyphae had profuse apical branching
(Fig. 5K). AAE1 hyphal morphology on CM containing 1 M sucrose
was wildtype (Fig. 5G), substantially similar to Fig. 5F, whereas
AAE2 grown on 1 M sucrose had a partially remediated hyphal
phenotype (Fig. 5L) with reduced but still apical branching. AAE1
hyphae grown on CM containing 10 lg/mL Calcofluor had a beaded
morphology (Fig. 5H), whereas AAE2 hyphae grown on this med-
ium had a partially remediated hyphal phenotype (Fig. 5M), remi-
niscent of AAE2 growth on 1 M sucrose (Fig. 5L). Like 10 lg/mL
Calcofluor, AAE1 hyphae grown on CM containing 30 lg/mL Calco-
fluor had a beaded morphology (Fig. 5I), whereas AAE2 hyphae
grown on this medium were highly branched (Fig. 5N). AAE1 hy-
phae grown on 30 lg/mL Calcofluor plus 1 M sucrose had a wild-
type phenotype (Fig. 5J). Many AAE2 hyphae had a wildtype
phenotype this medium, however, bursting was frequent (e.g., ar-
row in Fig. 5O), despite being examined directly on the Petri plate,
suggesting that their walls were fragile.

The effect of growth on CM containing 1 M sucrose or 10 lg/mL
Calcofluor on the ugmAD strains was quantified morphometrically
(Table 2B). AAE1 strains were slightly affected by growth on these
media particularly regarding hyphal extension. For the ugmAD
strains, growth on amended medium significantly reduced hyphal
width, and had comparable relative effects on growth and branch-
ing (shown as hyphal growth index).

3.4. Hyphal wall ultrastructure

Relative hyphal wall thickness was inferred for wildtype AAE1
and ugmAD strain AAE2 using Calcofluor and Hoechst 33258
dual-stained samples (Fig. 4A). The same dye concentrations and
imaging conditions were used for both strains. Lateral walls of
AAE2 hyphae (Fig. 4A) stained brightly, but not those of AAE1 (in-
set). For the AAE2 hyphae, hyphal wall staining obscured visualiza-
tion of all but a few nuclei (arrows in Fig. 4A), unlike AAE1 hyphae
lans UDP-galactopyranose mutase, encoded by ugmA plays key ...,



Fig. 5. Colony growth (A–E) and hyphal morphology for AAE1 (F–J) and ugmAD strains (K–O) after 2 d. Map to the inoculation pattern is at the bottom left. Strains were grown
on complete medium, CM (A, F, and K); on CM + 1 M sucrose (B, G, and L); on CM + 10 lg/mL Calcofluor (C, H, and M); on CM + 30 lg/mL Calcofluor (D, I, and N); on CM + 1 M
sucrose + 30 lg/mL Calcofluor (E, J, and O).
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(arrows in Fig. 4A inset). For both strains, wall staining was evident
at septa and in spore walls. We interpret this difference to mean
that the lateral walls of the AAE2 hyphae are thicker than those
of wildtype.

Transverse TEM sections of AAE1 and AAE2 hyphae (that is,
with well resolved cell membrane bi-layers) were used to compare
hyphal diameter and wall thickness. Hyphal diameters imaged
with TEM (Fig. 6) were consistent with Calcofluor-stained samples
imaged with fluorescence microscopy (Fig. 4A and Table 2). Both
AAE1 and AAE2 hyphae imaged by TEM had abundant, well-pre-
served cytoplasmic organelles, suggesting that the hyphae were
likely to have been growing at the time of fixation. The AAE2 walls
grown on CM (Fig. 6A–D) were significantly thicker than those of
AAE1 (Fig. 6E and F), or of AAE2 grown on 1 M sucrose (Fig. 6G
and H) or 10 lg/mL Calcofluor (Fig. 6I and J). Wall thicknesses in
transverse TEM sections are shown in Table 2. Walls of AAE2 hy-
phae grown on CM had distinct layering of moderately electron-
dense material, compared to walls of AAE1 hyphae grown on CM,
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or walls of AAE2 hyphae grown on 1 M sucrose or 10 lg/mL Calco-
fluor (Fig. 6 and Table 2). The AAE2 walls appeared to be similar to
wildtype when grown on CM containing 1 M sucrose or 10 lg/mL
Calcofluor.

4. Discussion

The A. nidulans genome has a single sequence, AN3112.4, with
high homology to UDP-galactopyranose mutase identified in other
systems, which we call ugmA. Replacing the ugmA coding sequence
with AfpyrG showed that A. nidulans ugmA is not essential. The ug-
mAD strains grew on medium lacking pyrimidines, and could com-
plete their asexual life cycle, producing viable conidia. However,
ugmAD strains had compact colonial growth, reduced conidiation,
and aberrant hyphal morphology and wall structure. UGM is not
essential in the protozoan L. major, but its deletion led to attenu-
ated virulence (Kleczka et al., 2007). Studies on prokaryotic UGM
showed it was essential for growth and viability in bacteria (Pan
lans UDP-galactopyranose mutase, encoded by ugmA plays key ...,



Fig. 6. Transmission electron micrographs of Aspergillus nidulans ugmAD strain AAE2 (A–D) and wildtype strain AAE1 (E–F) growing on complete medium (CM); AAE2 hyphae
growing on CM containing 1 molar sucrose (G–H) or CM containing 10 lg/mL Calcofluor (I–J). Bars in A, E, G, I = 1 lm. Images in B–C, F, H, J are transverse sections that
correspond to the boxed regions in A, E, G, I, respectively, and have been contrast-adjusted and magnified to highlight wall structure. Image D is a transverse section of
another AAE2 hypha growing on CM for which a full cross section was not available. Arrows indicate the outer edge of the two prominent wall layers for AAE2 hyphae
growing on CM (A–D), and the outer wall of hyphae in other samples (F, H, J). N, nucleus; M, mitochondrion.
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et al., 2001). Similarly, A. fumigatus glfA is not essential, but contrib-
utes to pathogenicity when tested in immunosuppressed mice
(Schmalhorst et al., 2008).

Galf has been found in A. nidulans cell walls (Bennett et al.,
1984), consistent with results of Wallis et al. (2001) who used
monoclonal antibody EBA2 to immunolocalize Galf to conidia and
conidiophores in A. niger. For strain AAE1, we had strong EBA2
localization to conidia and to a lesser extent to hyphae and phia-
lides. Even with high-sensitivity confocal imaging settings, we
had no immunofluorescent signal for AAE2 conidiophores and met-
ulae, although perhaps this could be due to masking from outer
wall layers. In contrast to AAE1, none of the AAE2 cell types bound
EBA2, suggesting that they were indeed depleted for Galf. Thus, the
presence of Galf in hyphal and conidial walls of A. nidulans appears
to be due to the action of ugmA.

Damveld et al. (2008) screened for cell wall mutants in A. niger,
using a constitutively activated stress response pathway to seek
genes involved in cell wall integrity. They identified mutants in a
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UGM homologue, A. niger ugmA, and showed by sequence compar-
ison that A. niger and A. nidulans ugmA were closely related. Like A.
niger, A. nidulans ugmA is predicted to have five introns (Damveld
et al., 2008). Related A. niger sequences designated ugmB were
present in at least two other Aspergillus spp, but not in A. nidulans.
The A. niger ugmB sequence was full length, but ugmBD in a wild-
type or in a ugmAD background did not generate an additional phe-
notype (Damveld et al., 2008). Unlike ugmA, ugmB function is
unknown.

Aspergillus niger ugmAD strains showed increased sensitivity to
Calcofluor compared to a wildtype strain (Damveld et al., 2008),
consistent with results from Kim et al. (2008). Unexpectedly, the
A. nidulans AAE2 hyphal phenotype was partially remediated on
medium containing 10 lg/mL (but not 30 lg/mL) Calcofluor; this
phenotype was reminiscent of growth on 1 M sucrose. This result
is consistent with our TEM results showing that AAE2 cell wall
thickness on CM containing 10 lg/mL Calcofluor was about a third
as thick as on CM alone. Aspergillus nidulans mutants that are
lans UDP-galactopyranose mutase, encoded by ugmA plays key ...,
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hypersensitive to growth on Calcofluor have been described previ-
ously (Hill et al., 2006), as has remediation on high osmolarity
medium, but to our knowledge Calcofluor remediation has not.
Damveld et al. (2008) assessed colony growth of A. niger ugmA mu-
tants on medium containing 10 lg/mL Calcofluor, but did not
examine them microscopically. Calcofluor treatment has been
shown to increase chitin production in Saccharomyces (García-
Rodriguez et al., 2000) but apparently that chitin is weaker, so
the mechanism by which remediation occurs is unclear.

The ugmA deletion had a dramatic effect on A. nidulans hyphal
walls imaged with TEM, and wall thicknesses measured with
TEM were consistent with relative Calcofluor staining. Damveld
et al (2008, and references therein) suggest that wall stress may in-
duce compensatory synthesis of chitin and a-glucan. A comparable
effect could account for the increased wall thickness in our AAE2
hyphal walls and changes in Calcofluor binding. Following partial
remediation by growing AAE2 on 1 M sucrose or 10 lg/mL Calco-
fluor, hyphal wall cross-sections imaged by TEM resembled those
of AAE1. Thus, at least some of the defects induced by deletion of
A. nidulans ugmA can be remediated by treatments likely to have
substantially different targets.

In contrast to our TEM results showing that AAE1 walls were
significantly thinner than those of AAE2, Schmalhorst et al.
(2008) found using freeze fracture SEM that wildtype A. fumigatus
hyphal walls were substantially thicker than those of a DglfA
strain. The A. fumigatus hyphae may have been older than ours
(which were 16 h), since they lacked substantial cytoplasm. In
addition, TEM and SEM preparation techniques differ substantially.
If the DglfA wall were as diffuse as that of AAE2 hyphae, it could
have collapsed during drying. Given that walls of the wildtype A.
fumigatus (Schmalhorst et al., 2008) and A. nidulans (this study)
strains had substantially different thickness, even though they
have similar overall composition (Guest and Momany, 2000), it will
be important in the future to compare similar aged cells with both
techniques.

In sum, we have shown that A. nidulans ugmA is important for
wildtype growth, but is not essential for survival. The ugmAD phe-
notype is consistent with defects related in cell wall deposition and
maturation. We are continuing to explore the biochemistry and
ultrastructure of A. nidulans ugmAD strains.
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