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Abstract With lethal opportunistic fungal infections on the rise, it is imperative to explore new methods to examine virulence

mechanisms. The fungal cell wall is crucial for both the virulence and viability of Aspergillus nidulans. One wall component,

Galf, has been shown to contribute to important fungal processes, integrity of the cell wall and pathogenesis. Here, we

explore gene deletion strains lacking the penultimate enzyme in Galf biosynthesis (ugmAA) and the protein that transports

Galf for incorporation into the cell wall (ugtAA4). In applying gene deletion technology to the problem of cell wall integrity,

we have employed multiple micro- and nano-scale imaging tools, including confocal fluorescence microscopy, electron

microscopy, X-Ray fluorescence and atomic force microscopy. Atomic force microscopy allows quantification of

ultrastructural cell wall architecture while near-field infrared spectroscopy provides spatially resolved chemical signatures,

both at the nanoscale. Here, for the first time, we demonstrate correlative data collection with these two emerging

modalities for the multiplexed in situ study of the nanoscale architecture and chemical composition of fungal cell walls.

Introduction

Invasive opportunistic fungal infections are becoming
increasingly prevalent in hospital patients, particularly those
with cancer who receive immunosuppressive medications,
those with HIV who are treated with broad-spectrum
antibiotics, and those receiving organ and hematopoietic stem
cell transplants, catheters, or prosthetics.»® Invasive
aspergillosis, caused by Aspergillus spp., arises in a significant
portion of such patients, resulting in increased hospital
readmissions, duration of stay and mortality.*

The virulence and viability of opportunistic fungal
pathogens is directly dependent on the biosynthesis,
architecture, composition, and integrity of their fungal cell
walls, which surround, support, and protect the cell and
mediate interactions with the environment. The cell wall
integrity (CWI) signalling pathway regulates cell wall
biosynthesis as well as the cell division cycle, allowing fungal
cells to coordinate responses to a diverse set of adverse
conditions.>® Accordingly, these walls and pathways have long
been prime targets for the development of antifungal drugs.”?
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Like all fungi, Aspergillus cell walls are a complex matrix of
chitin fibrils, a- and B-glucans, galactomannans, other sugars,
proteins and glycoproteins.>® Galactofuranose (Galf), a
polysaccharide and glycoconjugate component, is a minor
component of the cell wall by weight. Nonetheless, Galf is
important for fungal growth, adhesion, morphogenesis, wall
architecture, spore development and pathogenesis. It is often
found in Aspergillus fungal-type galactomannan® and
glycoproteins (e.g. O-mannose glycans, N-glycans) which
modify extracellular enzymes and cell wall proteins.1®2 UDP-
galactopyranose mutase catalyzes the final step in UDP-Galf
biosynthesis while the UDP-galactofuranose transporter moves
Galf out of the cell for incorporation into the cell wall. Gene
deletion strains ugmAA®® and ugtAA, which lack the mutase
catalyst and transporter enzymes, respectively, were developed
to explore the possible role of Galf in CWI. Interestingly, whole
cell ELISA quantification and total immunofluorescence
intensity of ugmAAshowed higher levels of a-glucan, controlled
by CWI pathways, and lower levels of B-glucan compared to
wild type.'®> Both gene deletion strains were more susceptible
to caspofungin (which inhibits B-glucan synthesis), while the
sensitivity to Calcofluor and Congo red (which bind to chitin and
various polymeric glucans) was similar to that of wild type.1416

We have imaged fungi and their cell walls in multiple ways,
including confocal fluorescence microscopy, scanning and
transmission electron microscopy (SEM, TEM),*3-7 atomic force
microscopy (AFM), force spectroscopy (FS),Y” and X-Ray
fluorescence.’® We next sought spatially-resolved chemical
imaging of the cell wall using vibrational spectra of hyphae, in
situ. Information obtained from vibrational spectroscopy
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(Infrared and Raman) has enabled us to clarify distinctions
among species, including differing effects of pH and
temperature stress on mature hypha.'®?° Growing tips and
sporulating hyphae have been characterized,?! along with the
identification and spatial location of secondary metabolites.?%23
Our efforts to obtain vibrational spectroscopic signatures from
cell walls have proved challenging, as the wall is typically only
tens of nm thick, with a composition that changes along the
length behind the growing tip during maturation. Neither whole
cell Fourier-transform infrared (FTIR) imaging®®?! nor surface
enhanced Raman spectroscopy?*?°> were successful. To address
this problem, we chose a novel correlative approach that would
allow us to probe morphology and cell wall ultrastructure via
AFM, and explore the spectrochemical composition of the cell
wall at nano-scale spatial resolution, viz. near-field IR.

Synchrotron infrared nanospectroscopy (SINS) at the
Advanced Light Source (ALS) illuminates an AFM tip with
synchrotron infrared radiation which is used to probe a target.2®
Thus, SINS enables AFM imaging and near-field broadband
infrared spectroscopy with a tip-limited spatial resolution of <
30 nm, to simultaneously examine spatially-resolved envelope
ultrastructure and chemical composition at high resolution. This
is a proven technique; however, the majority of studies have
been on hard, mostly inorganic materials, with only a few
focussing on biological targets, and most of the latter are on
purified nano-size components.?®32? The tip-substrate coupling
required to obtain scatter is weaker for soft organic materials.33

Here we report the first near-field infrared study of chemical
differences in the cell walls of wild type A. nidulans and the two
gene deletion strains, ugmAA and ugtAA. Our results illustrate
how the combined results of AFM (and potentially AFM-FS) data
with the spectrochemical information obtained from near-field
infrared spectroscopy can open new avenues for the
exploration of cell wall function and composition, in situ, at the
nanoscale.

Methods

Strains and culture conditions. Preparation of wild type A.
nidulans (A1149) and gene deletion strains ugmAA4 and ugtAA
was similar to that previously described.'®?! Spores from each
strain were streaked onto freshly prepared potato dextrose
agar (PDA) in Petri dishes, which were sealed and incubated at
37°C for 24-48 hours to yield mature, sporulating colonies.
Several pL of ultrapure water was pipetted onto a freshly
prepared gold-coated silicon wafer (AuSi, ~1 cm?) fixed to a
glass microscope slide with double-sided tape. A cube of sterile
PDA (~3mm) was pressed into a mature colony to pick up spores
and then placed, spore side down, onto the water droplet. The
slide assembly was sealed in a humid environment and
incubated for 24 to 36 hours. Gene deletion strains grew much
more slowly and required longer incubation times. Under these
conditions, spores germinated and the emerging hyphae grew
out beyond any PDA outwash and onto the pristine gold surface.
Once there was sufficient growth, slides were snap frozen at -
80 °C, and then air-dried for at least 24 hours. The residual PDA
block was peeled off, leaving an imprint, with hyphae for
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imaging at the periphery (ESI Figure 1A). Even dried, the residual
PDA block was at least 1 mm thick, and would have impeded
SINS analyses.

Fresh samples of A1149 and ugmAA were prepared for each
of three SINS experiments at ALS; ugtAA was analysed during
the final data collection session. Multiple points on several
hyphae were analysed each time. Similar spectra were acquired
at Neaspec, Germany, using their Neaspec nano-FTIR
spectroscopy system on one sample of each strain, at points
very close to those initially examined with SINS at ALS.

AFM imaging. AFM was performed on the correlative instrument
prior to SINS. An AuSi wafer with hyphae was taped to a metal
chuck (ESI Figure 1B) and placed in the sample chamber; the
SINS AFM unit was mounted above. Hyphae were first viewed
by bright-field to identify suitable targets. AFM images were
collected in tapping mode using high resonant frequency
platinum silicide probes (PtSi-NCH, NanoSensors) with a
nominal resonant frequency of 330 kHz and nominal spring
constant of 42 N/m. The AFM image was collected across the
region of interest, providing height, width and ultrastructural
data as well as a nm-scale guide for SINS data collection.

SINS spectral collection. The SINS spectra were collected at
points of interest identified in each AFM image. SINS scans were
co-added for about 15 minutes to ensure good signal to noise
ratio (SNR). Although the ALS ring runs in continuous top-up
mode, maintaining a current of 500 mA, the background varied
over time. The metal-coated tips are very delicate: minute
alterations in the tip coating and adherence of particles change
the scattering properties. Contamination occurred more often
during lengthy AFM topographic
protein/carbohydrate hyphal surfaces. Accordingly, a fresh

scans of the soft

background spectrum was acquired at a clean gold surface after
every few spectra, to ensure that sample spectra were
consistent with reference signals. Tip quality always degraded
over time and tips had to be replaced every day or two.

Neaspec spectral collection. In this system, the AFM tip is
illuminated with a laser-based broadband mid-IR nano-FTIR
illumination unit to perform nanoscale infrared spectroscopy.
The spectra measured at Neaspec, GmbH were recorded within
less than 5 min at a spectral resolution of 8.3 cm™, normalized
to a background scan acquired on the gold substrate. All
spectral data had a zero-fill factor of 4, so that the final spectra
were saved at a nominal spectral resolution of 2.1 cm™.

Processing to obtain near-field IR spectra. Both near-field
methods employ the scattering Scanning Near-field Optical
Microscopy (sSNOM) arrangement whereby mid-IR light
illuminates an AFM tip operated in tapping mode and the
second order back-scattered light is recorded. Using
interferometric detection schemes, (nano-FTIR) amplitude,
A(v), and phase, ®(v), spectra were obtained with nanometer
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spatial resolution from the complex-valued second order
scattering coefficient, (5,),2622 given by equation 1:

o, (v) = A (W)elle®™ (1)

The SINS infrared absorbance spectrum was obtained by taking
a ratio of this term against a background signal, collected at a
near-by clean surface on the gold-coated wafer, and then
extracting the imaginary component according to equation 2:

Az (hypha, .
Im{oz(V)} = “E27sin [@(hypha, v) - ¢(gold, V)] (2)

The most recent background spectrum was used in each case.
Where two backgrounds (one before and one after) were
available, both were evaluated and the better spectrum (good
signal to noise, flat baseline) was selected.

Post-processing of Neaspec data was done with
neaPLOTTER software (Neaspec GmbH, Germany), which
effectively performs the same mathematical procedures as

above to yield near-field IR absorbance spectra.

Results and Discussion
Bright-field and TEM images

Representative images clearly show the altered growth habits
of the gene deletion strains, (Fig.1 A). Bright field images show
the long, unbranched hyphae typical of the fast-growing wild
type strain, A1149, which grew several hundred microns in 24
hours. In comparison, hyphae from gene deletion strains were,
as expected, shorter, thicker and highly branched.’3'7 Liquid
spread in a thin pool from the PDA block, appearing yellow in
the bright field images of strains. Hyphae were located mainly
within the residual PDA traces. Only a few hyphae extended
beyond the media, and of these only a few lay against the AuSi
surface; the latter were suitable for SINS data collection.

Fig. 1 Images of hyphae, right to left, A1149, ugmAA and ugtAA, respectively A) Bright-
field images of strains on AuSi wafers for AFM and SINS data collection, photographs at
50x. B) TEM of cell walls (adapted from Refs. 13 and 14). Arrows denote dark outer edge
of walls. Scale bars in B =100 nm.

TEM images (Fig. 1B) have shown that A1149 walls are ~50
nm thick, whereas those of ugmAA4 and ugtAA are three to four
times thicker.’®17 Edges of the walls (arrows in Fig. 1B) are
delineated by electron-dense material. The ugmAA and ugtAA
cytoplasm appeared to be wild type, but the lack of Galf altered
the cell wall and, presumably, its composition. >4 The ugmAA
cell wall appeared to be less well organized than wild type; the
dark outer layer that defined the wall edge was broken and
uneven. Total lack of dark layering within the wall of the ugtAA
strain indicated significantly altered internal composition. A
plausible explanation is that this strain has less protein and
stain

carbohydrate, which does not strongly;*®

alternatively, there could be some protein, albeit more thinly

more

This journal is © The Royal Society of Chemistry 20xx

dispersed in a less well ordered wall. TEM images provide high
spatial resolution information on cross sections, but minimal
morphological and chemical analyses.

Reproducibility of near-field IR Data

The goal was to obtain near field infrared spectra of the cell
wall, uncontaminated by the cellular contents within, making it
critical to acquire reproducible data. The challenge included
obtaining many spectra in a limited time frame, while samples
were relatively fresh. The spatial resolution afforded by near
field IR increased the need for many replicate spectra, which
was time consuming given the low SNR, at 8 to 18 minutes per
spectrum. A second challenge was the limitation imposed by the
spectroscopic probe itself. Here, we report steps taken to
ensure quality and reproducibility of data.

AFM and Near-field IR of wild type hyphae and exudate. The best
AFM images are typically acquired from fixed hyphae with good
turgor, so that the AFM tip probes only the topographical
surface,'’ excluding contributions from interior structures, but
hyphae for SINS were prepared by freezing unfixed hyphae,
reducing information content. Furthermore, high resolution
AFM imaging would require longer collection times, during
which the tip could be damaged before acquisition of SINS data.
For proof of principle, the most important consideration was
the reproducibility of the near field IR data itself; thus, most
AFM images were acquired as surveys for SINS targets, using the
PtSi probes.

AFM images of typical targets for near field IR recorded with
the SINS instrument showed that wild type hyphae had retained
a cylindrical, tubular form, with a maximum height of 400-500
nm along the centre (Fig. 2A). SINS spectra were acquired from
the centre of the mature hyphal wall, some 50-100 um behind
the growing tips, from multiple hyphae (Fig. 2B). Spectra in this
and other figures were displayed on common scale, and offset
for clarity. Note that total intensities of different spectra
depend in part on the strength of the tip-substrate coupling, so
that the absolute intensities cannot be quantified. However,
relative intensities within spectra depend on amounts of the
individual functional groups present in the probed volume.

Fig. 2 AFM image (Tapping amplitude) of an A1149 hypha and associated SINS spectra.
A) AFM image recorded with 512 x512 pixel resolution, shows mature cell wall and dried
droplets (30 — 150 nm height). B) SINS spectra from points along mature walls and at
putative exudate points (white circles). Spectra have been offset for clarity.

Though individual spectra were noisy, the profiles were very
similar to each other and unlike those from far field FTIR
experiments.'®21 |n far-field, the Amide | and Il bands around
1650 and 1545 cm™ were much more intense than those of the
carbohydrate region (900-1200 cm). The latter region always
presents as a group of overlapping bands, but the number and
relative intensity of bands in the SINS spectra were different,
vide infra. Since the fungal cell wall is rich in carbohydrates, the
increased carbohydrate signal was good evidence that the SINS
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method was indeed probing the surface, with an estimated
voxel edge of 30-40 nm.

Fungi interact with their surroundings bidirectionally,
exuding materials to test for nutrients, and imbibing nutrients.
AFM of this wild type hyphae showed what appeared to be
minute droplets of dried liquid, which were tentatively ascribed
to dried exudate. Spectra recorded at random spots were
similar, showing both amide and carbohydrate bands. However,
this phenomenon was only observed for one hypha out of three
different sample preparations and several hyphae observed in
each case. Detailed band assignments were not attempted; we
concluded that this was a sample preparation issue, possibly
due to cell rupture, which we will investigate in future.

Cell thickness and reproducibility. For this study, multiple
hyphae from 6 separate preparations of wild type and ugmAA
were studied over three different ALS synchrotron experiments.
The gene deletion strains were thicker than wild type, with
maximum heights of > 1 um. The hyphae of the ugmAA strain is
very slow growing; even after 36 hours of incubation, the
hyphae barely extended beyond the vestiges of dried agar (Fig.
1 A). The quick freeze and thaw step for mature hyphae on AuSi
caused some hyphae to collapse slightly, creating uneven
heights reflecting underlying organelles, as seen for a hyphal
branch of umgAA (Fig. 3A). Even at the thinnest locations, the
height was ~400 nm above the AuSi wafer. Spectra acquired at
points along hyphae in collapsed regions with little underlying
structure (Fig. 3B, C) were very similar. The example spectra
shown here were acquired from two different hyphae, on
different days, by two different operators at approximately the
same regions.

Fig. 3 AFM and SINS spectra of ugmAA hyphal branch. A) AFM topography and selected
locations for SINS data, at points ~ 400 nm in height. B) SINS spectra from four points,
recorded on different days, by 2 different operators, were found to be reliably similar,
with proper sample preparation and spectral locations selected as shown above.

Reproducibility on different instruments. To test this further,
near field infrared spectra were obtained from the same hyphae
at nearly the same locations, with SINS and with a Neaspec
instrument, for each of the three strains. Both SINS and Neaspec
instruments incorporate the sSNOM approach, the SINS
illuminated with synchrotron light and the Neaspec with the
broadband mid-infrared nano-FTIR illumination unit. The
similarity between the spectra is sufficient to give confidence in
the main features in all spectral profiles (Fig. 4).

SINS spectra reveal effects of Galf deletion in cell walls

SINS spectra were collected over multiple experiments at ALS.
Spectra representative of the three fungal strains, shown in Fig.
4, can now be used for a more detailed spectrochemical
analysis. Given that spectra from similar points had similar
profiles, individual spectra from comparable locations were
summed to improve SNR for all three strains. The only
difference introduced by gene deletions was the absence of
Galf'3Y” and, as a minor component, its absence should not
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have a noticeable impact on the wall spectra. Nonetheless,
there were significant spectral differences that could aid in our
understanding of the downstream impact of the gene deletions.

Fig. 4. Near-field infrared spectra of mature hyphal walls from wild type, ugmAA and
ugtAA strains. SINS spectra are sums of 7-10 spectra, acquired from similar regions,
different preparations and dates, and summed for improved SNR. Spectra from Neaspec
were acquired from one of each of the three strains at approximately the same locations
as probed with SINS at ALS.

In an AFM-FS study of surface architecture, the ugmAA
strain was previously found to be less rough (subunit size ~3x
greater than in wild type), and less well ordered, with an elastic
modulus one tenth that of normal wild type hyphae. *7 This fact,
and the loss of viscoelasticity, indicated that, despite being a
minor wall component, Galf likely has a role in cross-linking.

The first obvious difference between the spectra of wild
type and ugmAA and ugtAA gene deletion strains is in the
relative intensities of the amide (I & II) and carbohydrate bands
(Table 1). The amide bands are the most prominent in the wild
type spectra, and much weaker in those of the ugmAA and
ugtAA. The TEM images showed that the cell walls of the gene
deletion strains are 3 to 5 times thicker than the wild type (Fig.
1); decreased staining had been interpreted as a decrease in
protein content of the cell walls, with ugtAA having the least.
Reduction of protein content in these strains could explain the
reduction in the amide band intensities; however, the N-acetyl
groups in chitin also absorb in this region, with band maxima
reported to be ~1640 and 1540 cm™ (Table 1). In fungal cell
walls, chitin is located at the base of the wall, adjacent to the
lipid membrane of the encapsulated cells.”* The thin wall of
wild type hyphae (estimated to be 25 — 50 nm) could potentially
allow chitin acetamide bands to appear in the SINS spectra but
most likely at longer wavelengths than protein. The amide |
band maximum in A1149 is observed at 1655 cm, best
assigned as a-helical protein rather than chitin. In contrast, the
increased wall thickness would preclude detection of the
underlying chitin layer in ugmAA and ugtAA. The significant loss
of intensity at this region in spectra of the gene deletion strains
is therefore attributed to lack of protein within cell wall itself.
This spectrochemical result is consistent with the physical
structure, and further confirms that the SINS spectra are
probing the surface of the hyphae.

Overall, spectra of both gene deletion strains exhibit much
higher relative intensity than wild type in the 1150 to 900 cm™
region, variously attributed to carboxymethyl groups of
glucans.3*37 Amide and chitin bands are well known; however,
literature assignments for glucan bands are hampered by
problems with sample consistency. Literature values reported
for these compounds are often based on partially refined
extracts from various natural sources, ranging from shellfish
and insects to fungi and yeasts. Our analyses of the spectra in
the 1150-900 cm™ region are based on peak assignments from
spectra of chitin and a- and B-glucans, purified from A. niger,3*
S. cerevisiae,?® 3> 37 3 moth (Ephestia kuehniella Zeller) and
commercial shrimp chitin.3® The ugmAA and ugtAA strains have
significantly lower peaks than wild type at 1079 cm™ and
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significantly higher peaks than wild type at 1130-1155 cm™.
These absorbance bands are assigned to 3-glucan and a-glucan,
respectively (Table 1). Thus the SINS spectra provide direct
evidence that gene deletions preventing Galf from contributing
to wall structure induce a response that preferentially increases
the a-glucan content.
One of the major advantages of opportunistic fungi is their
ability to respond dynamically to threats through pathway
regulation.’ Cell wall stresses are known to activate genes
responsible for the synthesis of cell wall components such as
chitin or a-(1,3) glucan.3®42 Galf is only a minor component in
cell wall, but possible roles for Galf in cell wall synthesis have
been noted by us and others.1317: 43-46 Based on the cell wall
remodelling in in Galf, we originally
hypothesized that its absence would alter not only the
organization of cell wall components, but also their biochemical
composition through CWI and other signalling pathways.*317
The typical CWI response is to upregulate certain cell wall
components in a compensatory fashion.? AFM and TEM of these
strains had shown that an absence of Galf significantly altered
the cell wall architecture, composition, function and integrity.
Nonetheless, this CWI response failed to protect it against
certain antifungal drugs,'*'® underscoring the importance of
Galf in cell wall maturation and hyphal extension. The SINS
spectra show increases in the a-glucan wall content in the
ugmAA and ugtAA gene deletion strains, consistent with our
previous studies! and an Aspergillus CWI response.?

strains deficient

Conclusions

Next-wave single cell analyses must include the production of
highly resolved structural and compositional analyses of
biological specimens. For dried samples, AFM reports on gross
morphology, nanoscale surface architecture and roughness that
can be further articulated by near-field FTIR surface chemical
analysis. Here, we have demonstrated how SINS offers powerful
multiplexed data with nm-scale resolution that complements
and clarifies changes in fungal cell wall integrity induced by
genetic alteration. These methods, used in conjunction with
existing tools, offer an exciting new way to study previously
inaccessible regions of single cells.
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Table 1. NFIR Band positions (cm™) and assighments in NFIR of A. nidulans strains

Al1149 ugmAA ugtAA Assignment
1049 1020-1040 1020-1040 a, B-glucan®®
1079 v(CO), B-glucan?
1116-1130 1113-1125 v (CC), C-O-C chitin, B-glucan®*
1157 1153 1157 v (COC), v (CC) a-glucan®
1546 1549 1550 Amide Il, B-glucan ¢

1630 1623 v (C=0) chitin (acetamide) **¢
1655 1650 1650 Amide | P4

2 Ref. 33 P Ref. 34 © Ref. 35 ¢ Ref. 36
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Wild Type  ugmAA ugtAA

Fig. 1 Images of hyphae, right to left, A1149, ugmAA
and ugtAA, respectively A) Bright-field images of
strains on AuSi wafers for AFM and SINS data
collection, photographs at 50x. B) TEM of cell walls
(adapted from Refs. 13 & 14). Arrows denote dark
outer edge of walls. Scale bars in B =100 nm.
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Fig. 2 AFM image (Tapping amplitude) of an A1149 hypha and associated SINS spectra. A) AFM image
recorded with 512 x512 pixel resolution, shows mature cell wall and dried droplets (30 — 150 nm height).
B) SINS spectra from points along mature walls and at putative exudate points (white circles). Spectra
have been offset for clarity.
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Fig. 3 AFM and SINS spectra of ugmAA hyphal branch. A) AFM topography and selected locations for SINS
data, at points ~ 400 nm in height. B) SINS spectra from four points, recorded on different days, by 2
different operators, were found to be reliably similar, with proper sample preparation and spectral
locations selected as shown above.
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Fig. 4. Near-field infrared spectra of mature hyphal walls from wild type, ugmAA and ugtAA strains. SINS
spectra are sums of 7-10 spectra, acquired from similar regions, different preparations and dates, and
summed for improved SNR. Spectra from Neaspec were acquired from one of each of the three strains at
approximately the same locations as probed with SINS at ALS.
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Electronic Supplementary Information Figure 1.

ESI Fig. 1. Sample preparation for SINS experiment. A. Gold-coated silicon wafer (~1 cm?) with dried
fungal hyphae preparation (ugmAA) is taped to metal chuck for mounting in the AFM-SINS sample
chamber. The hyphae grew out across the pristine gold surface, from the 3 mm PDA block. The dried
PDA block was removed, but the outline remains. Hyphae at the centre are the best positioned for data
acquisition. B. Photo of the hyphae emerging from the PDA region. More detailed images are given in
the manuscript.





