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 ABSTRACT 

 

Fungi can be found everywhere in natural and domestic environments and their effects on 

human activity are numerous and vary widely. Fungi have been used to produce foods, 

beverages, biofuels, household items, biocatalysts, and so on. However, uncontrolled 

fungal growth can be costly to human health, agriculture, forestry, and livestock. If they 

feed on humans, fungi can cause diseases such as ringworm, athlete’s foot, lung infections, 

etc. An example is a fungal/mold overgrowth after a hurricane or flood. The effects on 

human health may last over years and even lifetimes. In order to prevent damage from 

mold growth, and minimize the consequences of mold exposure, timely and accurate 

identification of mold species is required. Conventional methods, like characterizing 

morphological features or sequencing their genes, are time-consuming and required 

extensive training. Herein, we apply Raman spectroscopy to identify and characterize 

mold spore species and demonstrate that the Raman signals originate from melanin 

molecules within the cell wall. In further studies of 10 mold species, we discover that the 

main features of Raman spectra of spores correlate with melanin bio-synthesis pathway, 

find a clue and give a prediction of one species whose synthesis pathway was not well-

known before. Finally, we adopt a coherent Raman technique, coherent anti-Stokes Raman 

spectroscopy, to achieve rapid detection and chemical imaging of mold conidia.  
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1. INTRODUCTION  

 

1.1. Background 

Fungi (such as molds) are ubiquitous both in indoor and outdoor environments, 

and their actions upon human health and activity can be costly. Harmful molds that grow 

within homes and buildings can produce mycotoxins that poison the human body and 

exacerbate preexisting conditions [1,2]. Within the United States in recent years, mold-

related asthma alone has affected approximately 4.6 million people for a total annual cost 

of $3.5 billion [3]. The agricultural losses from mold damage are also substantial and are 

estimated to be in the millions of dollars annually for US agri-producers [4]. 

Consequently, deleterious molds and mycotoxins pose a significant threat to public and 

economic health and have a large human toll [5]. 

Minimizing the consequences of mold exposure and damage requires timely and 

accurate identification of mold species. Fungi are most commonly identified either by 

characterizing morphological features using light microscopy or by sequencing of 

housekeeping genes and comparing to genetic repositories [6,7]. Both of these techniques 

are time consuming and require considerable training for accurate identification. In 

contrast, Raman spectroscopy of collected mold spores has been proposed as a method to 

identify fungal species within several minutes. Ghosal et al. have used spontaneous Raman 

microspectroscopy to measure the spectra of seven mold species and differentiate them 

from one another [8]. Similarly, Farazkhorasani measured and differentiated between the 

spontaneous Raman spectra of several strains of Aspergillus nidulans (A. nidulans) [9]. 
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Surface-Enhanced Raman Spectroscopy (SERS) of the mold species A. nidulans has also 

been reported [9,10]. Therefore, Raman spectroscopy, a robust technique for chemical 

identification and mapping [11-13], can be implemented for characterization of fungal 

conidia [14-17]. 

1.2. Motivation 

In order to evaluate and/or prevent damage from mold growth, spore detection and 

species identification is paramount. We envision the development of a mobile Raman 

spectroscopy scheme for timely and on-site identification and/or biological 

characterization. Determination of the relevant experimental and physiological 

parameters, such as the molecular origin of the Raman signal, is therefore critical. 

However, the presence of fluorescence emission hinders Raman signals detection, 

particularly in biological specimens. In general, the cross section of fluorescence is much 

larger than that of Raman scattering. Therefore, fluorescence can be used for fast imaging 

and sensitive detection [18- 20]. Compared to fluorescence, Raman signals are always 

much weaker. Even though near infrared excitation wavelength is applied to significantly 

suppress the fluorescence emission from bio-samples, Raman peaks are still not obvious. 

Metallic nanoparticles can enhance Raman response due to localized surface plasmon 

resonance [21-24], however, they may amplify fluorescence signals as well [25-27]. 

Additionally, conventional baseline correction method, such as a polynomial function to 

mimic the fluorescence background, may not be reliable to extract Raman features [15-

17]. An easier way to overcome these challenges is Shifted Excitation Raman Difference 

Spectroscopy (SERDS) [28-33]. The technique relies on the fact that fluorescence is 
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insensitive to slight change of excitation frequency, while Raman response is and it shifts 

by the same amount. Utilizing SERDS method, one can separate Raman peaks from 

fluorescence background. Furthermore, combined SERDS technique with genetic mutants 

of mold spores, we figure out that the origin of the Raman signals is from melanin (or 

pigment) molecules within the cell wall [15]. 

Some mold species have large impact on human health and activity, and some are 

widely used in medical and industrial production. Investigation of 10 fungal species 

strongly confirm that the Raman signal results from the melanin pigments bounded within 

the cell wall. More importantly, the Raman features of spores correlate with the melanin 

bio-synthesis pathway [16]. 

Evaluation of mold damage and identification of fungal species also require 

rapid/real-time analysis and characterization. Compared with spontaneous Raman 

spectroscopy, coherent Raman spectroscopy like coherent anti-Stokes Raman 

spectroscopy (CARS) can significantly enhance the Raman scattering efficiency due to 

molecular coherence. Consequently, CARS signal is stronger by several orders of 

magnitude. Another advantage over spontaneous Raman spectroscopy is that there is no 

fluorescence contribution in CARS. Therefore, CARS can be exploited in complex 

structures such as cells and tissues for rapid detection and chemical imaging. 

1.3. Melanin 

Melanin is one of the most ancient and widespread biopigments found in almost 

every kingdom of life [34]. It is found in fossils of dinosaurs, early birds, nonavian 

theropods, and primitive cephalopods, and as such has been proposed as a biomarker for 
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the study of evolution [34–36]. As a result of its ancient origin and ubiquity, melanin 

exhibits a wide range of composition, color, size, occurrence, and function, but may 

nevertheless be widely defined as a “heterogeneous polymer derived from the oxidation 

of phenolic or indolic compounds and subsequent polymerization of intermediate phenols 

and their resulting quinones” [34,37]. 

In fungi, melanin plays a multi-functional protective role against stress [38]. 

Melanin protects the fungal organism from ultraviolet, X-ray, gamma-ray, and particulate 

radiation [39–41]. Melanin allows certain fungi to harvest energy from ionization radiation 

[42–44]. Melanin protects against desiccation [45] and both heat and cold shock [46,47]. 

It helps the organism withstand chemical stressors such as hypersaline environments [48], 

heavy metals [49], hydrolytic enzymes [50], and reactive oxygen species (ROS) [51]. The 

substantial protective powers of melanin play decisive roles in the virulence of many 

fungal pathogens [52,53]. 

1.4. Shifted Excitation Raman Difference Spectroscopy 

Shifted Excitation Raman Difference Spectroscopy (SERDS) is designed to 

separate the Raman and fluorescence contributions in the measured spectra, which occur 

simultaneously as competing processes, especially in biological specimen (see Figure 1.1). 

In contrast to fluorescence (Figure 1.1(b)), the Raman response alters significantly even 

for a small variation in excitation frequency (Figure 1.1(a)), such that different emission 

frequencies give the same vibrational transition. For fluorescence, identical emission 

features result from different excitation frequencies. Consequently, the fluorescence 

contribution can be remarkably suppressed by subtracting one measured spectrum from a 
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second measured spectrum that has been excited by a slightly shifted laser frequency. The 

resulting difference spectrum is then dominated by the Raman response. The pure Raman 

spectrum can then be reconstructed by integrating the difference spectrum. 

 

Figure 1.1. Energy diagram in Raman and fluorescence processes. |g >, |v >, and |e > 

denote ground state, vibrational state, and electronically excited state, respectively. 

The wavy lines show non-radiative transitions. Greater arrow length denotes higher 

frequency or higher photon energy, and vice versa. (a) Left panel. In Raman 

scattering, a molecule is pumped by a laser photon with frequency at ωEx to a virtual 

state and then returns to one of its vibrational states, |v >, by emitting a signal photon 

with lower frequency at ωEm. The vibrational transition matches the frequency 

difference between input and output photons. Right panel. For the same vibrational 

transition, a modified, lower pump laser frequency, ωEx’, results in a corresponding 

signal emission at lower frequency, ωEm’. Thus, the frequencies of Raman features 

vary as the laser excitation frequency changes. (b) Left panel. In the fluorescence 

process, the molecule is upconverted to its electronically excited state, |e >, and then 

decays to the lowest level of the excited state for subsequent fluorescence emission, 

ωEm. Right panel. A modified pump laser frequency, ωEx’, is relatively lower but still 

enough for the subsequent fluorescence emission. Fluorescence emission always 

starts from the lowest level of the excited state, and hence the frequency of 

fluorescence features will remain the same even if the input laser frequency varies. 

Consequently, slightly shifting the laser excitation frequency allows separation and 

detection of the pure Raman signal. 

 

Mathematically, the total signal 𝑆 recorded by a spectrometer can be expressed 

with respect to the excitation frequency 𝑣𝑖 as  

𝑆(𝑣,  𝑣𝑖) = 𝑅(𝑣,  𝑣𝑖) + 𝐿(𝑣,  𝑣𝑖) + 𝐵(𝑣) ,                                          (1) 
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where R, L, and B represent the Raman signal, fluorescence signal, and background signal, 

respectively.   

For two slightly different excitations 𝑣1 and 𝑣2 = 𝑣1 + ∆𝑣, we have  

𝑆(𝑣,  𝑣1) = 𝑅(𝑣,  𝑣1) + 𝐿(𝑣,  𝑣1) + 𝐵(𝑣) ,                                         (2)  

𝑆(𝑣,  𝑣2) = 𝑅(𝑣,  𝑣2) + 𝐿(𝑣,  𝑣2) + 𝐵(𝑣) .                                         (3)  

The difference spectrum ∆𝑆 can then be derived:  

∆𝑆 ≡ 𝑆(𝑣,  𝑣2) − 𝑆(𝑣,  𝑣1) = [𝑅(𝑣,  𝑣2) − 𝑅(𝑣,  𝑣1)] + [𝐿(𝑣,  𝑣2) − 𝐿(𝑣,  𝑣1)] .          (4)  

Here, we assume that (1) laser power does not change when frequency varies slightly; (2) 

Raman and fluorescence signals are linearly dependent on laser power; (3) the Raman 

spectrum shifts the same amount as the laser frequency, while the fluorescence spectrum 

remains stationary. Then, these assumptions imply:  

𝑅(𝑣, 𝑣2 ) = 𝑅(𝑣, 𝑣1 + ∆𝑣) = 𝑅(𝑣 + ∆𝑣, 𝑣1) ,                                          (5)  

𝐿(𝑣,  𝑣2) = 𝐿(𝑣, 𝑣1) .                                                             (6)  

 Equation (4) then takes the form:  

 ∆𝑆 = 𝑅(𝑣, 𝑣2) − 𝑅(𝑣, 𝑣1) = 𝑅(𝑣 + ∆𝑣, 𝑣1) − 𝑅(𝑣, 𝑣1) ≈ 𝑅′(𝑣, 𝑣1) ∆𝑣 ,          (7)  

where the prime denotes the derivative with respect to frequency 𝑣. In Eq. (7), higher-

order terms of ∆𝑣 are neglected, since ∆𝑣 itself is assumed to be small. The Raman signal 

can therefore be reconstructed as  

𝑅(𝑣, 𝑣1) ≈  ∫ 𝑅′(𝑣, 𝑣1)𝑑𝑣 =
1

𝛥𝑣
∫ 𝛥𝑆𝑑𝑣.                                    (8)  

We note that the above method is equivalent to “Difference-Integration-

δ_Deconvolution” [54]. 
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2. MOLECULAR ORIGIN OF THE RAMAN SIGNAL FROM ASPERGILLUS 

NIDULANS CONIDIA AND OBSERVATION OF FLUORESCENCE 

VIBRATIONAL STRUCTURE AT ROOM TEMPERATURE 

Successful approaches to identification and/or biological characterization of 

fungal specimens through Raman spectroscopy may require the determination of the 

molecular origin of the Raman response as well as its separation from the fluorescence 

background. The presence of fluorescence can interfere with Raman detection and is 

virtually impossible to avoid. Fluorescence leads to a multiplicity of problems: one is 

noise, while another is “fake” spectral structure that can easily be confused for 

spontaneous Raman peaks. One solution for these problems is Shifted Excitation Raman 

Difference Spectroscopy (SERDS), in which a tunable light source generates two spectra 

with different excitation frequencies in order to get rid of fluorescence from the measured 

signal. We combine a SERDS technique with genetic breeding of mutant populations and 

demonstrate that the Raman signal from Aspergillus nidulans conidia originates in 

pigment molecules within the cell wall. In addition, we observe unambiguous vibrational 

fine-structure in the fluorescence response at room temperature. We hypothesize that the 

vibrational fine-structure in the fluorescence results from the formation of flexible, long-

lived molecular cages in the bio-polymer matrix of the cell wall that partially shield target 

molecules from the immediate environment and also constrain their degrees of freedom. 

 

 
 Copyright © 2020 Han et al. Reprinted/adapted with permission from “Molecular origin of the Raman 

signal from Aspergillus nidulans conidia and observation of fluorescence vibrational structure at room 

temperature” by Zehua Han et al. Sci Rep 10, 5428 (2020). 
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2.1. Introduction 

Raman spectroscopy has been shown to be a robust technique for chemical 

identification and characterization [1,2]. However, Raman signals are not conspicuous 

when strong fluorescence emission is present, especially in biological specimens. 

Therefore, eliminating fluorescence is a challenge in Raman spectroscopy applications. 

Many techniques have been developed to overcome this challenge, such as time-gated 

Raman spectroscopy [3] and coherent anti-Stokes Raman spectroscopy (CARS) [4]. 

However, these methods are costly, require sophisticated designs as well as layouts, and 

may induce additional problems, such as a non-resonant background in CARS. A simpler 

approach proposed by Shreve and coworkers is termed Shifted Excitation Raman 

Difference Spectroscopy (SERDS) [5–10]. This method relies on the fact that the Raman 

response is sensitive to slight changes in excitation frequency, while the fluorescence 

response is comparatively insensitive. Consequently, the difference between two 

measured spectra excited by slightly separated frequencies results in a derivative-like 

curve. The contribution from fluorescence is suppressed significantly in this difference 

spectrum, while the Raman contribution remains. Here, we use the same strategy to 

remove the fluorescence signal from conidia of Aspergillus nidulans (A. nidulans). We 

analyzed wild type A. nidulans conidia, which are naturally pigmented green, and 

compared them to two strains carrying pigment production mutations that do not fully 

form the green pigment and instead produce yellow or white spores. Additionally, conidia 

that either produced (rodA+) or lacked (ΔrodA) the RodA hydrophobin protein, a dominant 

feature of the surface of conidia, were also analyzed (see APPENDIX A). 
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One of our goals in comparing the obtained spectra was to determine the molecular 

origin of the Raman signal generated using 785 nm excitation radiation, thereby gaining 

valuable insight into how effective biosensing Raman schemes might be implemented in 

the future. Our selection of 785 nm excitation radiation in this work is motivated by several 

factors. Firstly, 785 nm radiation sources are relatively cheap and easy to implement. If 

Raman analysis of spores is ever to become a viable commercial technique, this must be 

taken into account. Secondly, 785 nm exhibits a reduced fluorescence response from 

biological samples. Thirdly, we wish to compare our results to those of previously 

published works which have also used 785 nm excitation radiation [11,12]. Taking into 

account both color and the existence/deletion of the RodA protein, we analyzed conidia 

from a total of six different strains. If the Raman signal originates from pigment molecules 

within the cell wall, the Raman spectra of different color phenotypes should exhibit 

marked differentiation. On the other hand, if the Raman signal originates from the surface 

of the cell wall, which is coated by hydrophobin proteins, the Raman spectra of ∆rodA 

mutants should significantly differ from their corresponding rodA+ counterparts. As 

outlined below, our results show that the Raman spectra varied with color phenotype rather 

than the presence or absence of RodA protein, indicating that the Raman signal originates 

not from hydrophobin proteins on the surface of the conidia, but rather from the pigments 

within the cell wall. 

In addition, implementation of the SERDS technique has allowed us to observe 

unambiguous vibrational fine-structure in the fluorescence response at room temperature. 

This is highly unusual, since cryogenic temperatures are typically required to reduce the 
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substantial inhomogeneous broadening that obscures the vibrational fine-scale 

fluorescence structure for molecules embedded in soft or condensed matter [13,14]. In 

what follows, we detail our results and hypothesize on a plausible mechanism. 

2.2. Materials and Methods 

2.2.1. Sample Preparation 

The green wide-type (WT) strain (A4) was crossed with the white ∆rodA strain 

(FGSC A849) [15] that carries mutants in both the wA3 (white) and yA2 (yellow) genes in 

order to produce both WT and ∆rodA with conidia of each of the three possible colors, as 

previously described [16]. These crosses were carried out on minimal medium (MM) with 

appropriate supplements. Each strain was evaluated based on previously published 

protocols [17] for hydrophobicity to determine if it contained ∆rodA. Progeny were 

collected that displayed all six possible phenotypes: green, rodA+; green, ∆rodA; yellow, 

rodA+; yellow, ∆rodA; white, rodA+; and white, ∆rodA. To collect spores, each of the six 

strains was grown on an individual MM plate for seven days at 30 °C, then harvested with 

1 mL sterile distilled water and a bent glass rod, for a final concentration of 1 × 106 spores. 

Spore suspensions were kept at 4 °C while not in use, and adequately vortexed prior to 

preparing for experiments. 

2.2.2. SERDS Experiments 

The preparation of spore samples for subsequent Raman interrogation was 

completed as follows. First, ~6 μL of the spore suspension was pipetted onto the surface 

of an uncoated ultraviolet fused silica window (WG41010, Thorlabs). The water in the 

suspension was then allowed to evaporate over the course of several hours, leaving the 
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spores as a deposit on the surface of the silica window. The spore sample on the silica 

window was then placed beneath a long-working-distance objective (HCX PL Fluotar, 

100×, N.A. 0.75, Leica) in a commercial confocal Raman microscope (LabRAM HR 

Evolution, Horiba). The light source was a homemade external cavity diode laser (ECDL) 

operating at ~785 nm. A bandpass filter was inserted to clean the laser spectrum. Beam 

power was optimized to avoid burning the spore samples while maximizing the optical 

signal and was therefore set at ~0.87 mW. The Raman radiation was collected in the epi-

direction (see Fig. 2.1(a)) and, after passing through an edge filter, propagated through the 

confocal slit (set to 200 μm), reflected off the spectrometer grating (150 gr/mm), and 

finally detected by an EMCCD (Synapse 354308, Horiba Jobin Yvon Inc.). Two spectra 

of a single spore excited by two different frequencies were recorded separately, the second 

immediately after the first. In order to increase the signal-to-noise ratio, each spectrum 

was taken as the average of 12 accumulations of 5-second acquisitions, for a total 

integration time of 60 seconds. Figure 2.1(b) demonstrates energy level diagrams of 

processes of Raman scattering and fluorescence in a molecular system. 

 

Figure 2.1. (a) Simplified schematic of SERDS experimental layout. ECDL: external 

cavity diode laser; BP: bandpass filter; NDF: neutral density filter; EF: edge filter; 



 

19 

 

Obj: microscope objective; S: sample. (b) Diagrams of Raman scattering and 

fluorescence in a molecular system containing both electronic ground and excited 

states with multiple vibrational modes. Here, we assume that the excited electronic 

state contains a continuum of vibrational modes. The wavy lines indicate non-

radiative decay. 

 

2.3. Results and Discussion 

For each of the three possible color phenotypes (green, yellow and white, 

respectively) of A. nidulans conidia, we analyzed 100 individual spores of rodA+ and 100 

individual spores of ΔrodA. Within a given color phenotype, the Raman spectrum of the 

rodA+ is identical to that of its corresponding ΔrodA strain. The remainder of this work 

therefore focuses only on strains that are rodA+. Raman data for each of three possible 

color phenotypes are shown in Fig. 2.2. It can be inferred that the genotype of all strains 

discussed from this point on are rodA+ strains unless otherwise specified. We point out 

that the measured raw spectra shown in Fig. 2.2 contain many fringe-like minor peaks that 

have the same spectral width as Raman peaks but which, in contrast to a genuine Raman 

response, are insensitive to slight changes in excitation frequency. We have taken care to 

establish that these minor peaks do not originate from any systematic instrumental 

response. On the contrary, they are indicative of the light-matter interaction between the 

laser excitation and the molecules within the conidia. Because these minor peaks are 

insensitive to slight changes in excitation frequency, we conclude that they originate from 

the fluorescence response. Also, because they are superimposed over a much broader 

fluorescence background, we describe them using the term “fine-scale”. We demonstrate 

that a SERDS technique can separate these fine-scale fluorescence features from the 
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Raman spectrum, while a conventional Asymmetric Least Squares (AsLS) background 

subtraction algorithm cannot [18].  

Figure 2.2(a) shows the normalized raw data of a single green spore excited by two 

slightly different frequencies. Each normalized raw spectrum was obtained by dividing 

the whole signal integrated from 250 cm−1 to 2600 cm−1 and then rescaling between 0 and 

1, unless otherwise mentioned. We note that the frequency shift ∆𝑣 is not a bounded 

parameter in the SERDS method. Many studies have shown that the optimal value of ∆𝑣 

should be comparable to the full-width-at-half-maximum (FWHM) of the major peaks 

[6,8]. Here, we set the frequency shift of the two excitation wavelengths (784.2628 nm 

and 785.8203 nm, respectively) to be ~25.2 cm−1, which is close to the bandwidth of the 

most prominent peak at ~1641 cm−1. Green spores exhibit strong fluorescence with four 

main peaks and a few minor peaks. Farazkhorasani [12] has identified the main peak at 

~1641 cm−1 as belonging to the Amide I C = C stretching mode. It should be noted that 

the molecular structure of the green pigment in A. nidulans is still unknown [19]. 

However, based upon its Raman spectrum, it should be expected that it contains an Amide 

group. The fluorescence background in the two measurements shown is almost identical, 

while several of the peaks are shifted. The reconstructed Raman spectrum shown in Fig. 

2.2(b) (red curve) is generated through integration of the difference spectrum between two 

curves in Fig. 2.2(a). Conventional background-subtracted spectra (bottom curves in Fig. 

2.2(b)) are also generated using the AsLS algorithm developed by Eilers and Boelens [18] 

for comparison. The main difference between the two techniques is located in the region 

beyond 1700 cm−1. The restored Raman spectrum generated with the SERDS method 
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shows no bands in this range. On the other hand, baseline-corrected spectra using the AsLS 

method display distinct and reproducible features in this region. However, these features 

remain unchanged as excitation frequency shifts, proving that they do not belong to Raman 

bands and are artifacts of fluorescence. Similar results are exhibited in the other 99 

examined spores. 

 

Figure 2.2. Spectra of color phenotypes and the corresponding SERDS spectra. The 

top (a, b), middle (c, d), and bottom (e, f) rows correspond to green, yellow, and white 

color phenotypes, respectively. The left column (a, c, e) corresponds to raw measured 

spectra taken with two slightly different laser excitation wavelengths. The right 

column (b, d, f) shows the corresponding reconstructed Raman spectrum (top red 

curve in each frame) retrieved using the SERDS technique compared to spectra 

generated from a conventional Asymmetric Least Squares (AsLS) algorithm (bottom 

curves in each frame). For the baseline-corrected spectra, only those features in each 
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spectrum that correspond to a Raman response are sensitive to slight changes in laser 

excitation frequency. 

 

Figure 2.2(c) shows the normalized average raw data of 100 yellow spores with 

two different excitation wavelengths at ~785 nm. Here, the averaged raw data are used in 

order to improve the signal-to-noise ratio, which is otherwise low for a single spore. We 

set the shift of the two excitation frequencies to be ~18.0 cm−1, which is close to the 

bandwidth of the peak at ~1055 cm−1. Yellow spores have a strong fluorescence 

background and a small peak at ~1055 cm−1 that most likely corresponds to a C-O 

stretching mode [12]. The fluorescence signals in the two measurements are almost 

identical, while the peak exhibits a shift. The reconstructed Raman spectrum in Fig. 2.2(d) 

(red curve) is generated by integrating the SERDS spectrum resultant from the spectra in 

Fig. 2.2(c). Also shown in Fig. 2.2(d) are conventional background-subtracted spectra 

(bottom curves) generated from the same data for comparison. As can be clearly seen, the 

two techniques manifest distinct differences. The restored Raman spectrum using the 

SERDS method shows only one noticeable band in the whole range. In contrast, the 

baseline-corrected spectra using the AsLS method present many features that remain 

unchanged as excitation frequency shifts, proving once again that they do not belong to 

Raman bands but in fact result from a fine-scale fluorescence response. 

Figure 2.2(e) shows the normalized average raw data of 100 white spores. Once 

again, the averaged raw data are used in order to improve the signal-to-noise ratio, which 

is otherwise low for a single spore. Two different excitation wavelengths at ~785 nm were 

used, with a corresponding frequency shift of ~18.0 cm−1. White spores exhibit strong 
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fluorescence along with a small peak at ~1051 cm−1. The reconstructed Raman spectrum 

shown in Fig. 2.2(f) (red curve) is generated from the integration of the SERDS spectrum 

resultant from the data in Fig. 2.2(e). Also shown in Fig. 2.2(f) are conventional 

background-subtracted spectra (bottom curves) generated from the same data for 

comparison. The restored Raman spectrum using the SERDS method shows one 

noticeable band at ~1051 cm−1 and two small bands at ~717 cm−1 and 785 cm−1, 

respectively. The peak at ~1051 cm−1 most likely corresponds to a C-O stretching mode 

[12]. The small bands at ~717 cm−1 and 785 cm−1 may tentatively be identified as 

belonging to phospholipid C-N stretching and O-P-O stretching, respectively [20]. As in 

the cases of green and yellow conidia, the baseline-corrected spectra of white conidia 

exhibit many features that remain unchanged as the excitation frequency shifts, proving 

that they are in fact fine-scale features of the fluorescence response. 

Taking into account all of the above, it can be concluded that the measured Raman 

spectrum originates not from the hydrophobin proteins on the surface of the conidia but 

rather from the pigments within the cell wall, which result in each color phenotype. Our 

results are indicative of the biosynthetic pathway that produces each of the pigments. The 

white (wA3) and yellow (yA2) color phenotypes exist as mutations of the wild green 

phenotype and correspond to various stages of the pigment-producing process. An enzyme 

(WA) converts the white pigment molecule into the yellow pigment molecule, while an 

additional enzyme (YA) converts the yellow pigment molecule into the green pigment 

molecule, whose chemical structure is still unknown [19]. The green phenotype is 

expressed if the entire biosynthetic pathway is completed, while the white and yellow 
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phenotypes are arrested at their corresponding stages. Our results show that the Raman 

spectrum of the white phenotype is noticeably different from that of the yellow phenotype, 

confirming a differing molecular composition and/or structure. Likewise, the Raman 

spectrum of the green phenotype is drastically different from both the white and the yellow 

phenotypes, again confirming a unique molecular composition and/or structure. 

 

Figure 2.3. The fine-scale fluorescence spectra of three species with different spore 

diameter and the first principal component of the fine-scale fluorescence of 100 

conidia against their size. The numbers close to curves in (a), (c), (e) are the size of 

corresponding measured spores. In order to increase signal-to-noise ratio, spectra in 

(c) and (e) are averaged over the number of spores with the same size. 
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The existence of fine-scale fluorescence features in the measured raw spectra that 

are otherwise indistinguishable from Raman peaks has no well-documented explanation. 

It can be seen from Fig. 2.2 that the spectral shape of the fine-scale fluorescence appears 

to be roughly periodic in nature. We have taken care to eliminate the possibility that these 

features might result from an instrumental or systematic anomaly in our equipment. One 

might suspect that the periodic structure results from spectral interference due to the 

changes in refractive index at the boundaries of the spore, but in fact the periodic spectral 

structure is almost identical in spores from the same population sample regardless of spore 

size, as shown in Fig. 2.3. 

In order to determine if the size of the spores affects the fine-scale fluorescence, 

the spectra of each color phenotype obtained with slightly shifted excitation wavelengths 

have been plotted in Fig. 2.3(a,c,e). The spectra of each spore were obtained by subtracting 

its corresponding baseline using AsLS and then plotted according to different spore 

diameters. The diameter of each spore was measured according to the largest horizontal 

dimension. In addition, in Fig. 2.3(c,e), an average was taken over the spectra obtained 

from spores with diameters within ± 0.1 µm of the listed diameter in order to increase 

signal-to-noise ratio. The curves in Fig. 2.3(a,c,e), respectively, demonstrate that there is 

no distinct difference in the fine-scale fluorescence of each color phenotype as the spore 

diameter varies. Principal component analysis (PCA) of 100 spores of each color 

phenotype was also conducted in order to quantify the relationship of the fine-scale 

fluorescence to the spore diameter. Here, the spectrum corresponding to the lower 

excitation wavelength of each spore was used to construct a data matrix for PCA analysis 
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with a MATLAB software package (pca function) [21]. For convenience, we consider the 

fine-scale fluorescence located in the range from 1730 to 2600 cm−1. Figure 2.3(b,d,f) plot 

the PC score of the first principal component versus its corresponding spore diameter for 

different color phenotypes. The dependence of the fine-scale fluorescence on spore 

diameter is very weak. For example, the variation of fine-scale fluorescence in spore 

diameter has a Pearson correlation coefficient of 𝜌 = 0.1667 with R2 = 0.0278 for green 

conidia and that of 𝜌 = 0.1694 with R2 = 0.0287 for yellow conidia. In contrast, the fine-

scale fluorescence of white conidia is even less dependent on spore diameter with 𝜌 = 

−0.0635 and R2 = 0.0050. It is obvious that there is no correlation between fine-scale 

fluorescence and spore diameter in any color phenotype. 

In addition, it is known that 785 nm radiation is efficiently scattered from the 

carbohydrates in cell walls, giving rise to the well-known red-edge effect of vegetation 

spectroscopy. Consequently, there are no surface waves to generate a corresponding 

spectral interference by propagating around the circumference of the spore. Finally, the 

spore diameter itself, 3 to 5 μm, is of the same order of magnitude as the wavelength of 

light used to interrogate it. It is simply impossible to account for the pathlength difference 

required to form the number of periodicities observed in the 1700 to 2500 cm−1 range of 

Fig. 2.2. It must be concluded, therefore, that these fine-scale spectral features do in fact 

result from a fundamental energy structure in the fluorescence response due to fluorescent 

radiative decay from the electronic excited state to various vibrational energy levels in the 

electronic ground state. 
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This conclusion, however, challenges current understandings of molecular 

dynamics in soft and condensed matter systems. It is widely acknowledged that molecules 

embedded in liquid or solid environments at room temperature do not exhibit vibrational 

fine-structure in their fluorescence spectra due to the substantial inhomogeneous 

broadening that obscures these fine-scale features [13,14]. The fact that we clearly observe 

vibrational fine-structure in the fluorescence response from molecules embedded in the 

cell wall of spores requires an unconventional explanation. 

One possible explanation for the observed vibrational fine-structure in the 

fluorescence may be the formation of long-lived molecular cages in the bio-polymer 

matrix of the cell wall, as explored by Cicogna et al. [22] and Prampolini et al. [23]. In 

these works, it was observed that chromophores embedded in polymer matrices exhibited 

vibrational fine-structure in their fluorescence spectra. Subsequently, through detailed 

discrete Fourier transform calculations, it was found that fluorescent molecules enclosed 

within a flexible cage-like structure formed by the polymer bundle were both partially 

shielded from direct interaction with the immediate environment and also slightly 

constrained in vibrational degrees of freedom, thus reducing the amount of 

inhomogeneous broadening that would otherwise obscure the vibrational structure in the 

fluorescence spectrum [22]. It is probable that these same physical conditions are 

prevalent within the cell wall of A. nidulans, which is largely composed of an extensively 

cross-linked glucan, chitin, and glycoprotein bio-polymer [24]. 

If so, our unambiguous measurements of vibrational fine-structure in the 

fluorescence spectra of molecules embedded in conidia cell walls may provide the first 
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observations of a possible mechanism for the allowance of long-lived quantum coherences 

in biological systems. Bio-polymers are ubiquitous in nature. It is not impossible that long-

lived molecular cages play an important role in avian, insect, and plant magnetoreception 

[25,26], for which coherence times as long as 10 μs may be required [27]. 

2.4. Conclusion 

We have used the SERDS technique to successfully retrieve the Raman spectra of 

conidia of three possible color phenotypes of rodA+ strains in A. nidulans, as well as their 

corresponding ∆rodA strains. Our data indicate that, with an excitation wavelength of 785 

nm, the Raman spectra of A. nidulans green rodA+ conidia originate in the pigment 

molecules within the cell wall. While the 785 nm wavelength used to generate Raman 

spectra in this work cannot distinguish rodA+ conidia from their ∆rodA counterparts, it 

may be possible to differentiate between rodA+ and ∆rodA conidia of the same color using 

a laser excitation frequency in the ultraviolet, since Raman scattering from proteins is 

resonantly enhanced in this regime. 

In our experiments the SERDS technique requires a total acquisition time of 120 s 

compared to a 1 s dwell time in CARS experiments [4], limiting its applications in fast 

imaging of biological samples such as observations of molecular dynamics. In addition, 

the quality of the spectral reconstruction depends on the amount of noise in the raw data. 

However, averaging over many samples as we have done here can increase the signal-to-

noise level. 

It should be noted that our measurements demonstrate SERDS has a distinct 

advantage over conventional baseline correction methods and that it is much more reliable 
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and accurate. Baseline correction is unable to exclude fine-scale features in the measured 

spectrum that result from the fluorescence response, thus making the technique suspect 

when analyzing biological samples of the kind described in this work. In particular, 

software packages such as those used by both Ghosal et al. [11] and Farazkhorasani [12] 

may include erroneous fluorescence features in the retrieved spectrum. SERDS, on the 

other hand, can eliminate these fluorescence features from the measured spectrum 

because, in contrast to the desired Raman response, even the fine-scale fluorescence is 

insensitive to slight changes in the excitation frequency. 

Finally, through implementation of the SERDS technique, we have unambiguously 

measured vibrational fine-structure in the fluorescence response of molecules embedded 

in conidia cell walls at room temperature. We hypothesize that this unusual result may be 

due to the formation of flexible, long-lived molecular cages within the bio-polymer of the 

cell wall, and that this effect may possibly play an important role in biological processes 

for which long-lived quantum coherence is required. 
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3. IDENTIFICATION OF TOXIC MOLD SPECIES THROUGH RAMAN 

SPECTROSCOPY OF FUNGAL CONIDIA* 

We use a 785 nm shifted excitation Raman difference (SERDS) technique to 

measure the Raman spectra of the conidia of 10 mold species of especial toxicological, 

medical, and industrial importance, including Stachybotrys chartarum, Penicillium 

chrysogenum, Aspergillus fumigatus, Aspergillus flavus, Aspergillus oryzae, Aspergillus 

niger, and others. We find that both the pure Raman and fluorescence signals support the 

hypothesis that for an excitation wavelength of 785 nm the Raman signal originates from 

the melanin pigments bound within the cell wall of the conidium. In addition, the major 

features of the pure Raman spectra group into profiles that we hypothesize may be due to 

differences in the complex melanin biosynthesis pathways. We then combine the Raman 

spectral data with neural network models to predict species classification with an accuracy 

above 99%.  

3.1. Introduction 

In a previous work, our group measured the Raman signature of Aspergillus 

nidulans (A. nidulans) using Coherent Anti-Stokes Raman Spectroscopy (CARS) an order 

of magnitude faster than spontaneous Raman techniques [1]. One disadvantage to doing 

so, however, is the comparative cost and complexity of a CARS setup in relation to a 

simpler, more robust, and initially more mobile spontaneous Raman scheme. Even so, we 

subsequently showed that even a simple spontaneous Raman scheme has its own pitfalls 

 
* Copyright © 2020 Strycker et al. Reprinted/adapted with permission from “Identification of toxic mold 

species through Raman spectroscopy of fungal conidia” by Strycker et al. PLoS ONE 15(11) : e0242361. 
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[2]. Using Shifted Excitation Raman Difference Spectroscopy (SERDS), we separated the 

genuine Raman signal from spurious “fake” fine-scale fluorescence features that also 

appear in the spectrum and that a naïve analysis would misidentify as belonging to 

particular molecular vibration modes. We also showed that for an excitation wavelength 

of 785 nm the Raman signal of A. nidulans conidia originates from pigment molecules 

within the cell wall [2]. While this suggests that the same is likely to be true for conidia of 

other species, as well, it begs the question of whether 785 nm excitation will be able to 

yield a useful Raman signal in all cases, since the pigmentation of mold species is highly 

variable. 

For the interrogation of biological samples, 785 nm excitation is often considered 

to be optimal, since it reduces the obscuring fluorescence excited by shorter wavelengths 

and yet may still be detected with conventional charge-coupled device (CCD) technology, 

which has limited sensitivity for longer infrared wavelengths [3]. Previous works 

demonstrated that a spontaneous 785 nm Raman scheme can characterize a handful of 

readily available and benign mold species [2, 4, 5]. But can a spontaneous 785 nm Raman 

scheme be used to characterize the particular mold species that are known to be of especial 

toxicological, medical, or industrial importance? And, if so, what kind of technique is 

required to accurately identify and differentiate them? These are the questions that guide 

the present work. Here, we analyze the Raman spectra of ten mold species using the 

SERDS technique and quantify the level of interspecies differentiation in order to 

determine necessary experimental practices. 
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The mold species have been chosen for their medical, industrial, and scientific 

interest. They are species which have a large impact on human life and activity. 

Stachybotrys chartarum (S. chartarum), the infamous “black mold,” has received 

increased popular attention in recent decades on account of the human health effects of 

the mycotoxins that it produces [6, 7]. It is a common contaminant of damp buildings [8]. 

Penicillium chrysogenum (P. chrysogenum) is used in the bulk industrial production of 

penicillin [9]. It is also a common contaminant of damp buildings [8]. Eight different 

species from the genus Aspergillus were selected in order to assess whether closely related 

species could be differentiated using SERDS [10]. Aspergillus fumigatus (A. fumigatus), 

whose airborne conidia are among the most prevalent worldwide, is the fungus responsible 

for 90% of aspergillosis cases, the infectious colonization of the lungs in 

immunocompromised individuals [11–13]. Aspergillus niger (A. niger) is an important 

industrial fungus used in the production of citric acid and of enzymes such as amylases 

(for example glucoamylase, which is used in producing corn syrup), pectinases (used to 

clarify cider and wine), and proteases (used in detergents) [14–16]. It may also cause 

aspergillosis [11]. Aspergillus oryzae (A. oryzae) has been used for thousands of years in 

food and beverage fermentation. Its preparation is commonly known as koji. Among other 

products, it is used to produce sake, soy sauce, and miso on industrial scales, each of which 

is worth billions of dollars annually [17, 18]. Aspergillus flavus (A. flavus) is of great 

economic importance as a pathogen in pre- and post-harvest agricultural crops such as 

corn, peanuts, cotton, and treenuts [19]. It produces Aflatoxin B1, the most potent 

naturally occurring carcinogen and one of the few mycotoxins to have been developed as 
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a biological weapon [20]. A. flavus may also cause aspergillosis [11]. Aspergillus terreus 

(A. terreus) is known to produce several anticancer bioactive compounds and is a source 

of lovastatin, which is used therapeutically to treat lipid disorders [21]. It may also cause 

aspergillosis [11]. Aspergillus clavatus (A. clavatus) is an allergenic species that causes 

hypersensitivity pneumonitis, also known as “malt workers’ lung” [21]. Aspergillus 

versicolor (A. versicolor) is another common contaminant of damp buildings [8]. Finally, 

A. nidulans has been studied extensively since the 1940’s as a scientific model organism 

[22]. It may also cause aspergillosis [11]. 

In the work described here, we investigate which species may successfully be 

identified through Raman spectroscopy using 785 nm excitation. In addition, in view of 

the medical and economic importance of these species, we make their averaged Raman 

spectra data freely available for download and use. 

3.2. Materials and Methods 

3.2.1. Sample Preparation 

Strains used include A. nidulans (FGSC A4), A. niger (CBS 513.88), A. flavus 

(NRRL 3557), A. fumigatus (Af293), A. oryzae (ATCC 14895), A. versicolor (CBS 

795.97), A. clavatus (NRRL1), A. terreus (NIH2624), P. chrysogenum (ATCC 10106), 

and S. chartarum (ATCC 201867). Strains were plated in triplicate onto minimal media 

(MM) [23] and incubated at 30 ˚C under continuous light. After 7 days, cultures were 

flooded with 2 mL sterile water and spores were dislodged by scraping with a sterile glass 

rod. The spore suspensions were then washed a minimum of three times each by 
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centrifuging for 1 min at 13000 rpm, as previously described [1]. Spore suspensions at a 

final concentration of 1 × 106 mL-1 were stored at 4 ˚C when not in use. 

3.2.2. SERDS Experiments 

The SERDS experimental setup is the same used for our previous work [2] (see 

Fig 2.1(a)). Briefly, ~ 6 μL of the spore suspension was deposited on a fused silica window 

(WG 41010, Thorlabs) and allowed to evaporate over the course of several hours, leaving 

the spores as a deposit on the surface. We then placed the sample under a Raman 

microscope (LabRAM HR Evolution, Horiba) for Raman interrogation using light emitted 

from a tunable laser working at ~ 785 nm, which was focused on the sample through a 

100x objective (HCX PL Fluotar, N.A. 0.75). The backscattered signals from the sample 

were collected by the same objective. Two slightly different excitation wavelengths were 

applied to generate two spectra for each spore. Each recorded spectrum was the average 

of 12 5-second acquisitions, for a total integration time of 60 seconds. In general, each 

spectrum contains elements resulting from both Raman and fluorescence mechanisms. 

However, genuine Raman spectral features shift in unison with the excitation wavelength, 

while spectral features resulting from fluorescence mechanisms are independent of these 

shifts. The pure Raman spectrum can be retrieved by integrating the difference spectrum 

according to well-established SERDS protocols [24–30]. Here, post-processing of the raw 

data in order to retrieve the pure Raman spectra was similar to that described in our 

previous work [2]. 
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3.2.3. Neural Network 

In order to characterize the accuracy with which the raw and Raman spectra can 

be used to classify single spores as belonging to particular species, three neural network 

(NN) models were developed and tested using the TensorFlow software package [31]. 

Model 1 consisted of two sequential dense layers. The first layer was composed of 100 

neurons activated by rectified linear unit (ReLU) functions. The output layer was 

composed of 8 neurons. Model 2 consisted of three sequential dense layers. The first two 

layers were composed of 100 neurons activated by ReLU functions. The output layer was 

composed of 8 neurons. Model 3 consisted in four sequential dense layers. The first three 

layers were composed of 100 neurons activated by ReLU functions. The output layer was 

composed of 8 neurons. All models were compiled using Adam optimization. 

The data pool included the spectra from 100 spores each from A. nidulans, A. 

flavus, A. oryzae, A. versicolor, A. fumigatus, A. niger, S. chartarum, and P. chrysogenum, 

for a total of 800 spores. In order to evaluate the accuracy with which a single spore 

spectrum could be classified as belonging to one of the above eight species, the spectrum 

of each spore was in turn subtracted from the data pool while the remaining 799 spore 

spectra were used to train the NN. Evaluation of all 800 spores therefore required 800 

separate instances of NN training with a corresponding 800 separate instances of applying 

the NN to the classification of a single spore spectrum. Each instance of training consisted 

of 20 epochs for which the order of the training spectra was randomly shuffled so as to 

reduce the dependence of the model on the sequence with which the data was measured. 
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The above protocol for training and classifying each of 800 spore spectra in turn 

was repeated 10 times to accumulate average statistics. Each NN model, therefore, was 

subjected to 8000 total instances of training and evaluation. 

3.3. Results and Discussion 

We report that, using a SERDS technique with an excitation wavelength of ~785 

nm, conidia from neither A. clavatus nor A. terreus yielded a Raman signal of sufficient 

strength to be discernable above fluorescence. Fig 3.1 shows single spore Raman spectra 

of the species which yielded usable signals. The blue and purple curves correspond to 

Asymmetric Least-Squares (AsLS) [32] background-subtracted raw signals excited by 

two slightly different wavelengths. As can be seen, the genuine Raman features shift with 

excitation wavelength, while features resulting from fluorescence remain unaffected. The 

red curves correspond to the reconstructed, pure Raman spectra obtained through the 

SERDS protocol. 
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Figure 3.1. Single spore Raman spectra of species that yielded usable signals. The 

blue and purple curves correspond to Asymmetric Least-Squares (AsLS) [32] 

background-subtracted raw spectra excited by two slightly different frequencies, 

while the red curves correspond to the reconstructed, pure Raman spectra obtained 

through the SERDS protocol outlined in the S1 Appendix. 

 

The region between approximately 1750 and 2500 cm-1 contains fine-scale 

fluorescence features common to all species. This is shown more fully in Fig 3.2. The 

curves are averages of AsLS [32] background-subtracted raw spectra obtained from 

multiple spores, corresponding to many different measurements of the blue curves shown 

in Fig 3.1. For A. clavatus and A. terreus, the number of different spores used was n = 50 
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and n = 10, respectively. For all other species, the number of different spores used was n 

= 100. In our previous work, we showed that for A. nidulans the Raman signal excited by 

a 785 nm laser originates in pigment molecules located within the cell wall [2]. Since the 

pool of species investigated here exhibits widely different melanin pigments, both the 

variety of major Raman features in Fig 3.1 and the similarity of the fine-scale fluorescence 

features in Fig 3.2 support the hypothesis that at 785 nm the Raman signal originates in 

melanin pigments within the cell wall while the fine-scale fluorescence signal originates 

from constituents of the cell wall itself, regardless of species. In fungi, the cell wall is 

composed of a highly cross-linked biopolymer formed from glucans, chitin and chitosan, 

mannans and/or galactomannans, and glycoproteins [33]. Further investigation is required 

to determine which of these molecular constituents is responsible for the fine-scale 

fluorescence features shown in Fig 3.2. It should be noted that S. chartarum does not 

exhibit these fine-scale fluorescence features or, if it does, exhibits them only weakly. Of 

the species investigated, S. chartarum is the only one which produces conidial spores 

covered in a layer of slime, which may possibly serve to suppress the mechanism 

responsible for the fine-scale fluorescence exhibited in other species. We have 

hypothesized elsewhere [2] that the fine-scale fluorescence features may be facilitated by 

the formation of long-lived molecular cages within the biopolymer of the cell wall, thus 

partially shielding fluorophores from the substantial inhomogeneous broadening they 

would otherwise experience in a different environment [34, 35]. 
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Figure 3.2. Averaged AsLS background-subtracted raw spectra showing fine-scale 

fluorescence features in the range ~1750 to 2500 cm-1. 

 

The hypothesis that the Raman signal originates in melanin pigments within the 

cell wall is further supported through an investigation of the melanin biosynthesis pathway 

of each species. Fungal melanins are negatively charged, hydrophobic, and of high 

molecular weight. Melanin functions to protect the fungal microorganism from harmful 
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environmental conditions such as ultraviolet light-induced and oxidant-mediated 

damages, temperature extremes, hydrolytic enzymes, heavy metal toxicity, and anti-

microbial drugs [36]. In conidial spores, they are concentrated and bound within the cell 

wall. Because of their integration within the cross-linked network that constitutes the cell 

wall, the molecular structures of fungal melanins remain notoriously recalcitrant to 

characterization [36, 37]. Nevertheless, two main pathways for fungal melanin 

biosynthesis have been identified. One pathway begins with malonyl-CoA and leads to 

the polymerization of 1,8-dihydroxynapthalene (DHN), resulting in DHN-melanin. An 

alternative pathway begins with L-dopa or tyrosine and leads to polymerization of 

dihydroxyindoles, resulting in DOPA-melanin [36]. 

To our knowledge, the melanin biosynthesis pathways of only six of the ten species 

under investigation have been studied. A. terreus possesses a DHN-melanin pathway [38], 

as does A. fumigatus [39, 40]. The biosynthesis pathway classifications of the fungi A. 

nidulans, A. oryzae, A. flavus, and A. niger remain uncertain [37]. It has long been 

recognized that these species possess gene orthologues encoding Polyketide Synthases 

(PKSs) that in A. fumigatus are responsible for the production of DHN melanin. However, 

their role in conidial pigmentation for A. niger and A. flavus is doubtful [37]. A. nidulans, 

A. oryzae, A. flavus, and A. niger have all at one time been classified as DOPA melanin 

producers [38, 40, 41]. In A. oryzae, culturing in the presence of the DOPA precursor 

tyrosine results in the production of DOPA melanin [42]. DOPA pathway inhibitors have 

prevented pigmentation in A. nidulans [41], A. flavus [38], and A. niger [38], although 

subsequent work seemed to cast doubt on these results [43]. It has been surmised that the 
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black pigment of A. niger, known as aspergillin, is actually a polymerization of two 

different pigments, one brown and one green. Consequently, the pigmentation of A. niger 

is acknowledged to be complex and is still under investigation [37]. Regardless, what is 

abundantly clear from the literature is that A. nidulans, A. flavus, and A. niger do not 

respond to DHN pathway inhibitors [38, 41, 43]. 

 
Figure 3.3. Pure Raman spectra of various species retrieved from the SERDS 

protocol. Each spectrum is the average of the SERDS spectra retrieved from n = 100 

individual spores. The red circles indicate that a species either produces DOPA 

melanin when cultured in the presence of tyrosine (A. oryzae) or remains unaffected 

by DHN pathway inhibitors (A. nidulans and A. flavus). The green square indicates 

that conidial pigmentation is due to DHN melanin (A. fumigatus). The blue triangle 

indicates that, while A. niger is not affected by DHN pathway inhibitors, it is thought 

to polymerize two pigments [37, 38]. 
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It can be seen in Fig 3.3 that the melanin biosynthesis pathway of a species 

correlates with major features in its reconstructed, pure Raman spectrum. The top four 

spectra are remarkably similar. As stated above, three of these species have been shown 

either to produce DOPA melanin when cultured in the presence of tyrosine (A. oryzae) or 

remain unaffected by DHN pathway inhibitors (A. nidulans and A. flavus). It is therefore 

likely that A. versicolor is not affected by DHN pathway inhibitors, as well, although to 

our knowledge no study on the melanin biosynthesis pathway of this species has been 

completed. It can also be seen that, although A. niger also remains unaffected by DHN 

pathway inhibitors, the unusual complexity of its pigmentation is fully reflected in the vast 

difference of its Raman spectrum from the other Aspergillus species. We point out that A. 

fumigatus, whose conidial pigmentation is produced through the DHN pathway, exhibits 

a different Raman spectrum from the rest of the Aspergillus species. The similarity 

between the Raman spectra of A. fumigatus and P. chrysogenum leads us to suppose that 

DHN pathway inhibitors will be able to prevent pigmentation in P. chrysogenum, although 

to our knowledge the melanin biosynthesis pathway of this species has not been studied. 

Neither has the melanin biosynthesis pathway of S. chartarum been studied, but its Raman 

spectrum suggests that possibly, like A. niger, its biosynthesis pathway may be more 

complex than other species. Even the spectra of A. terreus, which did not yield a Raman 

signal of sufficient strength to be reliably measured, fits into this paradigm. A. terreus is 

unique among Aspergilli in that it does not use the commonly found Polyketide Synthases 

(PKSs) for pigment biosynthesis, as do other Aspergillus species. Instead, A. terreus 

pigment biosynthesis occurs through enzymes similar to NonRibosomal-Peptide 
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Synthetases (NRPSs), namely MelA, the only such enzymes found thus far [37, 44]. 

Unfortunately, the literature contains little information on melanin biosynthesis pathway 

for A. clavatus. 

The fact that a species’ melanin biosynthesis pathway correlates with major 

features in its Raman spectrum is perhaps not surprising, given the above evidence that 

the Raman signal originates from melanin within the cell wall. Similar melanin 

biosynthesis pathways begin and end with similar molecules, each possessing similar 

vibrational modes which, upon optical excitation, result in similar Raman spectra. The 

minor differences in the location and amplitude of various peaks in these Raman spectra 

may be reflective of differences in (1) the structure of molecular precursors, (2) the 

polymerization enzymes responsible for melanin production, (3) and/or the ratios of 

molecular components of the cell wall into which the pigments have been integrated. The 

remarkable similarity between the Raman spectra of some of the species under 

investigation begs the question of whether their Raman spectra may be used to 

successfully identify and differentiate them. It is to this question that we now turn to next. 

Neural Networks (NN) are powerful tools for the analysis of multidimensional data 

[45, 46]. Indeed, they are often able to distinguish data patterns that remain invisible to 

unaided human perception. Consequently, they are increasingly being used across many 

fields, including cancer diagnosis [47, 48], communications [49], cyber security [50], 

earthquake detection and location [51], and construction automation [52]. Here, we use a 

NN model to assess the accuracy with which a spectrum from a single spore may be used 

to classify the species to which that spore belongs. We point out that our goal is not the 
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development of an optimized model, but rather the characterization of a baseline model 

from which further improvements can be made. 

We tested three different NN models of increasing complexity as outlined in 

Materials and Methods, consisting of two, three, and four sequential layers, respectively. 

Two different types of spectra were used for single spore species characterization: (1) the 

pure Raman spectrum retrieved through the SERDS protocol and (2) the AsLS 

background-subtracted raw spectrum. These spectra types correspond to the red and blue 

curves shown in Fig 3.1, respectively. The NN classification accuracy for spores of eight 

different species is listed in Table 3.1. We point out that in all cases the classification 

accuracy never drops below 99%. If significance is attached to the approximately 1% 

error, it can be seen that A. versicolor poses the greatest challenge to classification, since 

it can exhibit a widely varying spore color. In addition, it can be seen that in all cases the 

raw spectrum exhibits greater total classification accuracy than the pure Raman spectrum. 

This may be due to an amount of spectral information contained in the fluorescence 

response that is excluded from the pure Raman signal. Finally, as the NN model 

complexity increases with the number of layers, the classification accuracy of the raw 

spectrum decreases, which is indicative of overfitting. Consequently, the greatest total 

classification accuracy of 99.975% is achieved with a simple two-layer NN model using 

raw measured spectra. Regardless, it is evident that remarkable classification accuracy can 

be achieved even for species that exhibit spectra as similar as those shown in Fig 3.3. 
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Table 3.1. Percent accuracy with which single spore spectra from a given species 

may be classified using the Neural Network (NN) models described in methods and 

materials. 

Model Layers Measurement A. 

nidulans 

A. 

flavus 

A. 

oryzae 

A. 

versicolor 

A. 

fumigatus 

A. 

niger 

S. 

chartarum 

P. 

chrysogenum 

Total 

1 2 Raman 100 100 100 99.7 100 100 100 99.2 99.8625 

Raw 100 100 100 99.8 100 100 100 100 99.975 

2 3 Raman 100 100 100 99.9 100 100 100 99.6 99.9375 

Raw 100 100 100 99.6 100 100 100 100 99.95 

3 4 Raman 100 100 99.9 99.6 100 100 100 99.7 99.9 

Raw 99.9 100 100 99.7 99.9 100 100 100 99.9375 

 

3.4. Conclusion 

We have used a 785 nm SERDS technique to measure the Raman spectra of single 

conidial spores of 10 mold species of especial toxicological, medical, and industrial 

importance. In conjunction with our previous work [2], both the pure Raman and 

fluorescence signals support the hypothesis that the Raman signal originates from the 

melanin pigments bound within the highly cross-linked cell wall of the conidium. The 

major features of the Raman spectrum correlate with the melanin bio-synthesis pathway: 

species that either produce DOPA melanin when cultured in the presence of tyrosine or 

remain unaffected by DHN pathway inhibitors exhibit similar Raman spectra, which differ 

in turn from the Raman spectra of species that produce DHN melanin. Species with a 

complex melanin bio-synthesis pathway exhibit even more varying Raman spectra. These 

Raman spectral relationships lead us to predict that A. versicolor will not be affected by 

DHN pathway inhibitors, while in P. chrysogenum DHN pathway inhibitors may prevent 

conidial pigmentation. In the future we expect that Raman spectroscopy will become a 

powerful tool in the characterization of fungal melanins and their biosynthetic pathways 

when used in conjunction with genetic and chemical inhibitor approaches. Recently 
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Pacelli et al. [53] demonstrated through a multidisciplinary approach that the fungus 

Cryomyces antarcticus produces both DHN and DOPA melanin in differing amounts. It 

is possible that the same may be true of other species, as well. Our work demonstrates that 

Raman spectroscopy can be used in such a multidisciplinary approach to great effect. 

We highlight the fact that two of the investigated species, A. terreus and A. 

clavatus, did not exhibit Raman spectra that could be measured reliably over against the 

fluorescence response. As noted above, this is likely due to the characteristics of the 

melanin molecules within the cell wall. In the case of A. terreus, its unique biosynthesis 

pathway makes it an exception among mold species. The melanin biosynthesis pathway 

of A. clavatus, to our knowledge, remains unknown. Regardless, these facts must be taken 

into account in the design of a system for Raman identification of mold species. While 

spontaneous Raman techniques offer simplicity of implementation, a more complex 

coherent Raman characterization technique, such as CARS [1], may be able to 

successfully measure a Raman spectrum where a spontaneous Raman technique fails, 

since coherent Raman processes give a much larger signal. The pros and cons of each 

approach must be weighed. 

In addition, we found that for those species which exhibited measurable Raman 

spectra, a species classification accuracy above 99% was easily achieved with simple NN 

models. This is highly encouraging and bodes well for the success of Raman identification 

of mold species, even for those species whose Raman spectra exhibit a high degree of 

similarity. Moreover, the implementation of a fluorescence-suppression technique, in this 

case SERDS, is not necessary for successful and highly accurate species classification, 
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since our results indicate that the presence of fine-scale fluorescence features in the 

spectrum does not detract from the information contained in the Raman response. Raw 

measured spectra even exhibited a slightly greater classification accuracy than those 

spectra calculated through a SERDS protocol, due to minor variations in the fluorescence 

response that aid in classification. Consequently, while fluorescence suppression 

techniques are required in order to retrieve an accurate Raman spectrum, for identification 

purposes alone a simple “point and shoot” technique will still be highly accurate. 

The above results demonstrate the practicality of Raman spectroscopy for the 

identification of toxic and industrial mold species. Full implementation, however, depends 

on the development of a mobile Raman microspectrometer. Current commercial handheld 

spectrometers will not suffice, since analysis of mold conidia requires sensitive control of 

sample position, laser power, and spectral integration settings, all of which these devices 

do not offer. Commercial Raman microspectrometers, however, which do offer sufficient 

experimental finesse for the application, are bulky and cannot easily be transported. 

Portability would require miniaturization, and such a product does not currently exist on 

the market. Nevertheless, the main components of a portable Raman microspectrometer, 

namely (1) a miniaturized intensified CCD spectrometer, (2) a compact variable-power 

Raman laser source, and (3) a finely-tuned microscope stage, all exist commercially as 

independent products. What remains to be done is only a matter of assembling them into 

an integrated device, which we intend to accomplish in our future research. 

Finally, we wish to emphasize that this is the first time the Raman spectra of the 

toxic S. chartarum and infectious A. fumigatus have been published. We have also 
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measured the Raman spectra of the carcinogenic A. flavus, medicinal P. chrysogenum, and 

industrial A. oryzae and A. niger. Other important species are included, as well. Both the 

pure Raman and raw spectra of all these species are made freely available for download 

and use online [54]. 
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4. RAMAN CHARACTERIZATION OF FUNGAL DHN AND DOPA MELANIN 

BIOSYNTHESIS PATHWAYS 

Fungal melanin represents a resource for important breakthroughs in industry and 

medicine, but the characterization of their composition, synthesis, and structure is not well 

understood. Raman spectroscopy is a powerful tool for the elucidation of molecular 

composition and structure. In this work, we characterize the Raman spectra of wild-type 

Aspergillus fumigatus (A. fumigatus) and Cryptococcus neoformans (C. neoformans) and 

their melanin biosynthetic mutants and provide a rough “map” of the DHN (A. fumigatus) 

and DOPA (C. neoformans) melanin biosynthetic pathways. We compare this map to the 

Raman spectral data of Aspergillus nidulans (A. nidulans) wild-type and melanin 

biosynthetic mutants obtained from a previous study. We find that the fully polymerized 

A. nidulans melanin cannot be classified according to the DOPA pathway; nor can it be 

solely classified according to the DHN pathway, consistent with mutational analysis and 

chemical inhibition studies. Our approach points the way forward for an increased 

understanding of, and methodology for, investigating fungal melanins. 

4.1. Introduction 

The difficulty of characterizing melanin, including fungal melanin, has long been 

recognized. Fungal melanin is negatively charged, hydrophobic, of high molecular weight, 

highly heterogeneous, insoluble in organic solvents, and resistant to chemical degradation 

[1,2]. Melanin is concentrated in the cell wall and bound within the cross-linked network 

 
 Copyright © 2021 Strycker et al. Reprinted/adapted with permission from “Raman Characterization of 

Fungal DHN and DOPA Melanin Biosynthesis Pathways” by Strycker et al. J. Fungi 2021, 7(10), 841. 
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that composes it, making elucidation of the melanin molecular structure notoriously 

recalcitrant to characterization [1,3]. Nevertheless, two main pathways for fungal melanin 

biosynthesis have been identified. One pathway begins with malonyl-CoA and leads to 

the polymerization of 1,8-dihydroxynapthalene (DHN), resulting in DHN-melanin. An 

alternative pathway begins with L-dopamine or tyrosine and leads to polymerization of 

dihydroxyindoles, resulting in DOPA-melanin [1]. The model organisms for the DHN and 

DOPA melanin biosynthesis pathways are A. fumigatus (Figure 4.1(a)) and C. neoformans 

(Figure 4.1(c)), respectively. 

 

Figure 4.1. (a) The biosynthesis pathway of DHN melanin in A. fumigatus conidia. 

Acetyl- and malonyl-CoA are converted through a series of reactions catalyzed by 

six different enzymes. (b) The biosynthesis pathway of the green-colored pigment in 

A. nidulans conidia. Acetyl- and malonyl-CoA are converted through a series of 

reactions involving the WA and YA enzymes. The final product has not yet been fully 

characterized. (c) The biosynthesis pathway of DOPA melanin in C. neoformans cells. 

The initial conversion of tyrosine or dopamine to dopaminequinone is catalyzed 

primarily by the Lac1 enzyme. Subsequent reactions occur through a Raper–Mason 

scheme. 
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A. fumigatus is an opportunistic ascomycete filamentous pathogen whose airborne 

conidia are among the most prevalent worldwide. This fungus is responsible for 90% of 

aspergillosis cases, the life-threatening infection of the lungs in immunocompromised 

individuals [4–6]. Notably, the polyketide-derived DHN melanin that A. fumigatus 

synthesizes plays a key role in its virulence [7,8]. Biosynthesis of this melanin during 

conidiation involves six enzymes encoded by a gene cluster located on the second 

chromosome [9,10]. The melanin is synthesized de novo endogenously in endosomes and 

subsequently secreted for incorporation into the cell wall [11–13], anchored mostly by 

chitin [7]. 

C. neoformans is an opportunistic basidiomycete yeast responsible for the vast 

majority of fungal meningoencephalitis cases worldwide [14,15]. It enters the lungs 

through inhalation of spores or desiccated yeasts and, in immunocompromised 

individuals, often disseminates to the brain. If left untreated, the infection is lethal [14,15]. 

The virulence of C. neoformans is enhanced through both the growth of a polysaccharide 

capsule and melanization [16–18]. Unlike A. fumigatus, C. neoformans requires an 

exogeneous substrate such as L-dopamine or tyrosine to synthesize DOPA melanin [16]. 

The biosynthesis of this melanin is primarily catalyzed by a laccase enzyme encoded by 

LAC1 first [19], and subsequent reactions occur through a Raper–Mason scheme [19–24]. 

Acid hydrolysis of melanized C. neoformans cells results in spherical hollow shells, called 

“ghosts,” composed almost entirely of melanin [25]. The same may be done with A. 

fumigatus conidia [13]. 
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The melanin biosynthesis pathways of almost all fungi are thought to fall within 

the paradigms exemplified by A. fumigatus and C. neoformans. However, uncertainty 

about a given fungus’ melanin biosynthetic pathway can persist in the literature for years. 

For example, early studies in 1969 [26] and 1970 [27] indicated that the model filamentous 

fungus A. nidulans, which is closely related to the DHN-producing A. fumigatus, contained 

DOPA melanin in mycelia. Goncalves et al., concluded the same in 2012 using the 

melaninoverproducing mutants mel1 and mel2, which exhibit brown pigmentation in 

mycelia [28]. In regard to conidial pigmentation, however, studies in 1999 [29] and 2001 

[30] showed that the wA gene common to both A. nidulans and A. fumigatus encodes a 

polyketide synthase that can generate the naphthopyrone compound YWA1, the first 

precursor for conidial melanin formation in both species. Subsequent steps in conidial 

melanin formation for A. nidulans are less clear, especially when the results of chemical 

inhibition of biosynthesis are considered. Wheeler and Bell showed in 1988 that A. 

nidulans is unaffected by the chemical biosynthesis inhibitor tricyclazole, which inhibits 

conidial DHN melanin production in other species, like A. fumigatus [31]. Whole genome 

sequences show that A. nidulans does not carry the targeted reductases like Arp2 in the 

DHN melanin biosynthetic pathway [30]. It is known that the conidial melanin 

biosynthesis pathway of A. nidulans involves two genes, wA and yA, that encode the 

polyketide synthase WA and the laccase YA, respectively, which result in a green conidial 

pigment of unknown composition and structure (Figure 4.1(b)) [32]. Indeed, the 

uncertainty in regard to the conidial melanin of A. nidulans is such that, as late as 2020, it 
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has been observed that “the involvement of the DOPA-melanin pathway in the formation 

of conidial pigment of this Aspergillus model species is still an open question” [3]. 

In the present work, we find that the fully polymerized A. nidulans melanin can be 

neither classified according to the DOPA pathway nor solely classified according to the 

DHN pathway, consistent with mutational analysis and chemical inhibition. We developed 

a multi-disciplinary method that takes advantage of the accumulation of melanin precursor 

molecules in pigment mutants of a target species and preferentially selects these melanin 

precursor molecules for Raman spectral measurement in vivo, thus providing a spectral 

“fingerprint” of each melanin precursor that can be used for further analysis and 

comparison [33,34]. The preferential selection of the melanin precursor molecules occurs 

through a resonant Raman process [35] excited by approximately 785 nm, while 

fluorescence signals that would otherwise disguise the information contained in the 

Raman spectrum are excluded through use of a Shifted Excitation Raman Difference 

(SERDS) technique (see [33,34] and references therein). Our spectroscopic technique has 

several advantages over conventional infrared spectroscopy of fungal melanin [36]: (1) It 

requires no sample preparation. That is, no extraction of the melanin from the cell wall 

matrix is required, thus preserving its native composition and structure. (2) It is insensitive 

to water absorption in the cells. Additionally, unlike typical infrared techniques, (3) it can 

preferentially select the melanin precursor molecules for analysis through a resonant 

physical mechanism. 

Since the Raman spectrum of a given molecule is indicative of its structure, 

melanin precursor molecules that have similar Raman spectra also have similar chemical 
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structures. Thus, by measuring the Raman spectra of the melanin precursors contained in 

the pigment mutants of A. fumigatus and C. neoformans, a rough but nevertheless accurate 

“map” of the biosynthesis pathways of each organism can be constructed, which may be 

used to compare with other species. Here, we complete this “map,” and use it to elucidate 

the nature of melanin biosynthesis in A. nidulans conidia. We show that the DOPA 

pathway has no bearing on the production of melanin in A. nidulans conidia. Furthermore, 

while the conidial pigment produced by A. nidulans begins with the polyketide synthase, 

the final product diverges from a dichotomous classification scheme (either DOPA or 

DHN). Our current data are consistent with previous genetic characterization and support 

a new classification of melanin produced by A. nidulans. We show that more exact 

terminology is needed, especially since “research on chemical structures and biosynthetic 

pathways of conidial and sclerotial pigments in aspergilli is still at its infancy” [3]. 

We anticipate that the technique outlined below will become a powerful tool in the 

characterization of fungal melanin, which are attractive as low-cost and high-yield 

alternatives to synthetic, animal, and plant melanin [37], and have great potential for 

powerful and eco-friendly breakthroughs in industry and medicine. 

4.2. Materials and Methods 

4.2.1. Phenotypic Assay 

A. fumigatus strains (wild type B5233 and melanin mutant alb1∆, ayg1∆, arp1∆, 

arp2∆, abr1∆, abr2∆ [9]) from −80 ˚C glycerol stocks were streaked onto standard 

Aspergillus solidified complete media (CM). Cells were then cultured at 30 ˚C for 3 days. 

A. fumigatus mutants and wild-type spores were collected in 1 × PBS + 0.2% Tween-20. 
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Spores were counted using a hemocytometer and diluted to a final concentration of 2 × 

106 cells/mL. A total of 10 µL of the spore suspension was spread onto CM plates and 

incubated at 30 ˚C. At day 2 and day 3, spores were collected and fixed in 3.7% 

formaldehyde. Images were acquired on day 2 and day 3 (Figure 4.2(a)). 

 

Figure 4.2. (a) Individual colony of the melanin mutant and the A. fumigatus wild-

type control (B5233). A total of 10 µL of a 2 × 106 cells/mL cell suspension for each 

strain was inoculated onto the center of an Aspergillus complete media (CM) plate. 

The plates were incubated at 30 ˚C for 3 days. (b) The laccase mutant (lac1∆) and the 

C. neoformans wild-type control (H99). In total, 3 µL of the serial dilutions were 

dropped onto YNB medium and L-Dopa media. Scale bar: 2000 µm. 

 

C. neoformans strains (wild type H99 and lac1∆ [23]) from −80 ˚C glycerol stocks 

were streaked on solidified YPD media and cultured at 30 ˚C for 24 h. The same number 

of C. neoformans cells from each strain were suspended in sterile water, counted using a 

hemocytometer, and diluted to a final cell concentration of 2 × 106 cells/mL. In total, 3 µL 

serial dilutions of these cells (10−1 to 10−5) were dropped onto YNB or L-Dopa agar media 

for phenotypical assay. In parallel, approximately 100 cells of H99 and lac1∆ were spread 

evenly onto YNB and L-Dopa plates and incubated in the dark at 25 ˚C. Images were 
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acquired on day 4 and day 10 (Figure 4.2(b)). On day 10, cells were fixed in 3.7% 

formaldehyde. To produce melanin ghosts, cells were incubated in 6N HCl for 2 h at 80 

˚C as described in detail previously [25]. 

4.2.2. Spectroscopic Collection 

Spectroscopic data for A. nidulans strains were taken from a previous work 

[33,38]. In that work, progeny from a cross between FGSC A773 (wA3) and FGSC A849 

(yA2; rodA∆) [39] were collected in order to select strains that were both WT and rodA∆ 

for the hydrophobin and produced conidia of each of the three possible colors: wild type 

green, and mutants yellow and white, as previously described [40]. In the present study, 

only the data for the rodA+ strains were used. To collect spores, each strain was grown on 

a separate MM plate for seven days at 30 ˚C and then harvested with 1 mL sterile distilled 

water using a bent glass rod, for a final concentration of 1 × 106 spores. Spore suspensions 

were stored at 4 ˚C and dispersed by vortexing prior to experiments. 

4.2.3. SERDS Experiments 

The SERDS setup consisted of a commercial confocal Raman microscope 

(LabRAM HR Evolution, Horiba, Kyoto, Japan) and a homemade tunable laser emitting 

at ~785 nm (Figure 2.1(a), for details refer to [33, 34]). Before optical measurements, a 

small amount of spore suspension (6 µL) was deposited on a fused silica substrate (WG 

41,010, Thorlabs, Newton, NJ, USA) and air-dried by evaporation for a few hours at 25 

˚C. The sample was then placed under the Raman microscope and excited by the tunable 

laser. The edge filter was used to reflect the excitation laser beam to the sample while 

transmitting lower-frequency (or longer-wavelength) emission signals to the spectrometer. 
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The pinhole blocked out-of-focus signals, thus enabling signal detection only from that 

part of the sample directly excited by the focused laser beam. 

In order to retrieve the pure Raman spectrum of each spore according to the above 

SERDS technique, two spectra with slightly different laser excitation wavelengths for each 

spore were recorded separately. Sample numbers and laser parameters for the 

spectroscopic measurements of A. fumigatus, A. nidulans, and C. neoformans strains are 

listed in Tables 4.1–4.3, respectively. All raw data for A. fumigatus and C. neoformans 

strains are deposited and available online at [41]. 

Raman and fluorescence spectra corresponding to A. nidulans strains were taken 

from previously measured raw data [33,38] and processed in an identical manner as data 

for A. fumigatus and C. neoformans strains, according to the protocol described in the 

Supporting Information of [34]. 

Principal component analysis (PCA) was performed on the pure, retrieved Raman 

spectra of selected strains using the pca function in Matlab [42]. The number of spectral 

measurements used in PCA for strains of A. fumigatus, A. nidulans, and C. neoformans 

was equal to the sample number n in Tables 4.1–4.3. 

Table 4.1. Sample and laser parameters for A. fumigatus strains. 

A. fumigatus n 𝝀𝟏
̅̅ ̅

 (nm) 𝝀𝟐
̅̅ ̅ (nm) 𝚫𝝂̅̅̅̅  (cm−1) 

WT 100 784.2 785.7 25.1 

abr2Δ 100 784.2 785.9 26.9 

abr1Δ 40 784.2 785.8 26.9 

arp2Δ 40 784.2 785.8 26.9 

arp1Δ 10 784.2 785.6 23.3 

ayg1Δ 40 784.2 785.8 26.9 

alb1Δ 100 784.2 785.6 23.3 
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Table 4.2. Sample and laser parameters for A. nidulans strains [33,78]. 

A. nidulans n 𝝀𝟏
̅̅ ̅

 (nm) 𝝀𝟐
̅̅ ̅ (nm) 𝚫𝝂̅̅̅̅  (cm−1) 

WT 100 784.3 785.8 25.2  

yA2 100 784.3 785.4 18.0 

wA3 100 784.3 785.4 18.0 

 

Table 4.3. Sample and laser parameters for C. neoformans strains. 

C. neoformans n 𝝀𝟏
̅̅ ̅

 (nm) 𝝀𝟐
̅̅ ̅ (nm) 𝚫𝝂̅̅̅̅  (cm−1) 

H99 40 784.1 786.0 30.5 

H99 ghost 10 784.2 785.7 25.1 

lac1Δ 100 784.1 785.7 27.1 

 

4.3. Results and Discussion 

The normalized, average background-subtracted raw spectra and the 

corresponding normalized average retrieved pure Raman spectra of A. fumigatus, A. 

nidulans, and C. neoformans strains are shown in Figures 4.3–4.5, respectively. In Figure 

6b, the observation that the Cryptococcus H99 melanin ghost exhibits an almost identical 

spectrum to that of an intact cell shows that the Raman spectra indeed correspond to 

melanin and that the polysaccharide capsule surrounding Cryptococcus yeast cells does 

not significantly contribute to the measured spectrum, because the polysaccharide capsule 

was completely removed in the H99 ghost sample. Additionally, see, for example, the 

microscopic and electron spin resonance (ESR) characterizations of C. neoformans 

melanin ghosts in [43], which show that they are composed primarily of melanin. The 

preferential Raman excitation of melanin results from resonance with the ~785nm laser 

light. This is confirmed in Figure 4.6, which shows the principal component scores of the 

H99 (red), H99 ghost (blue) and lac1∆ (green) strains when jointly subjected to PCA. The 

H99 and H99 ghost strains are overlapping, while the lac1∆ strain, which does not contain 
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melanin but does have a polysaccharide capsule, is clearly distinct from the other two 

strains. These results confirm that melanin is the dominant contributor to the Raman 

spectrum of wild-type H99. 

 

Figure 4.3. Spectra corresponding to A. fumigatus strains (a) B5233, (b) abr2∆, (c) 

abr1∆, (d) arp2∆, (e) arp1∆, (f) ayg1∆, and (g) alb1∆. Blue (~784.2 nm laser excitation) 

and purple (~785.8 nm laser excitation) curves are the average normalized 

background-subtracted raw spectra, while the red curves are average retrieved pure 

Raman spectra. 
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Figure 4.4. Spectra corresponding to A. nidulans strains (a) A4, (b) yA2, and (c) wA3. 

Blue (~784.3 nm laser excitation) and purple (~785.5 nm laser excitation) curves are 

the average normalized background-subtracted raw spectra, while the red curves 

are average retrieved pure Raman spectra. 
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Figure 4.5. Spectra corresponding to C. neoformans strains (a) H99, (b) H99 ghost, 

and (c) lac1∆. Blue (~784.1 nm laser excitation) and purple (~785.8 nm laser 

excitation) curves are the average normalized background-subtracted raw spectra, 

while the red curves are average retrieved pure Raman spectra. 



 

71 

 

 

Figure 4.6. Principal component (PC) scores of C. neoformans strains: H99 (red), 

H99 ghost (blue), and lac1Δ (green). 

 

Shown in Figure 4.7(a) are the average normalized retrieved pure Raman spectra 

of A. fumigatus (blue), A. nidulans (green), and C. neoformans (red) strains. The gray 

region surrounding each curve is the standard deviation uncertainty. Figure 4.7(b, c) shows 

the principal component scores of A. fumigatus (blue), A. nidulans (green), and C. 
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neoformans (red) strains at the beginning and end of each respective biosynthetic pathway. 

The datapoints in Figure 4.7(b, c) reflect two independent PC analyses using the pure, 

retrieved Raman spectral data of the strains included in each respective figure. In Figure 

4.7(b), there is no clear separation of the three species if the first step of melanin 

biosynthesis is disrupted. In Figure 4.7(c), there is clear separation of the three species 

once they are melanized. This indicates that melanin is a major contributing factor in the 

classification. 

The primary result of interest is the striking resemblance in the pure Raman spectra 

of the A. nidulans mutant strains wA3 and yA2 to the alb1∆ strain of A. fumigatus, namely 

the prominent peak at approximately 1056 cm−1 in Figures 4.3, 4.4 and 4.7(a). In biological 

tissues, this peak has been associated with lipids [44]. In the case of A. fumigatus, the 

absence in alb1∆ of a polyketide synthase that participates in the β-ketoacyl condensation 

of malonylCoA/acetyl-CoA most likely leads to a buildup of fatty acids. Since the 

regulatory action of malonyl-CoA inhibits the oxidation of fatty acids for metabolism [10], 

this leads to an increase in conversion of fatty acids to triglyceride lipids [45]. In short, a 

buildup of malonyl-CoA leads to a buildup of lipids. The same is likely to be true of A. 

nidulans strains, since in this species melanin biosynthesis also begins with malonyl-CoA 

[32]. The first enzymatic product of melanin biosynthesis in both A. fumigatus and A. 

nidulans is naphthopyrone [29,30]. It is therefore not surprising that mutant strains 

corresponding to early steps in the melanin biosynthesis process exhibit similar features 

in both species. 
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Figure 4.7. (a) Average normalized retrieved pure Raman spectra of A. fumigatus 

(blue), A. nidulans (green), and C. neoformans (red) strains. (b) Principal component 

scores of mutant strains at the beginning of each biosynthetic pathway: alb1Δ (blue), 

wA3 (green), and lac1Δ (red). (c) Principal component scores of strains at the end of 

each biosynthetic pathway: B5233 (blue), A4 (green), and H99 (red). 
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However, the spectral features of the A. fumigatus and A. nidulans strains diverge 

as the melanin biosynthesis process continues in each species. This is illustrated in Figure 

4.7(b, c). In Figure 4.7(b), PCA of the spectral data of each strain corresponding to the 

beginning of each respective biosynthetic pathway shows that A. nidulans wA3 and A. 

fumigatus alb1∆ are largely overlapped, while C. neoformans lac1∆ overlaps less. In 

Figure 4.7(c), PCA of the spectral data of each strain corresponding to the end of each 

respective biosynthetic pathway shows distinct, non-overlapping groups for A. nidulans 

A4, A. fumigatus B5233, and C. neoformans H99. Indeed, the only A. fumigatus strain to 

exhibit any similarity with the A. nidulans wA3 and yA2 strains is alb1∆, which is blocked 

in the very first step in the melanin metabolic pathway. The other five A. fumigatus mutant 

strains do not exhibit spectral similarity to A. nidulans, and in fact the fully synthesized 

melanin in each species likewise exhibit little similarity. We have shown in a previous 

work that the species Penicillium chrysogenum (P. chrysogenum) exhibits a melanin 

Raman spectrum (and hence melanin molecular composition and structure) of much 

greater similarity to A. fumigatus than A. nidulans [34]. In fact, comparison of the genes 

involved in melanin biosynthesis bears this out. As can be seen in Table 4.4, P. 

chrysogenum has the greatest genetic similarity to A. fumigatus [46]. Interestingly, a recent 

evolutionary study of melanin-related gene clusters suggested horizontal gene transfer 

between the Aspergillus and Penicillium genera [47]. 
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Table 4.4. Melanin-related genes in A. fumigatus [10], C. neoformans [19], A. 

nidulans [32], and P. chrysogenum [46]. 

Species Known Melanin-Related Genes 

A. fumigatus pksP/alb1, ayg1, arp1, arp2, arb1, arb2 

C. neoformans LAC1 (major role), LAC2 (minor role) 

A. nidulans wA, yA 

P. chrysogenum pks17, ayg1, arp1, arp2, arb1, arb2 

 

Even though A. fumigatus and A. nidulans share the common melanin precursor 

naphthopyrone, it is questionable how useful it may be to classify the A. nidulans melanin 

as DHN. 1,8-dihydroxynaphthalene (DHN) is the sixth and final intermediate in the chain 

of biochemical reactions that leads in A. fumigatus from malonyl-CoA/acetyl-CoA 

precursors to fully polymerized melanin [1,10]. As seen in Figure 7(a, c), the A. nidulans 

Raman spectra exhibit very little similarity to the A. fumigatus mutant strains 

corresponding to advanced stages of the melanin biosynthesis pathway, and A. nidulans is 

not known to form DHN. Indeed, the prominent peaks at ~1640 and ~1544 cm−1 in the A4 

A. nidulans strain have previously been identified as belonging to Amides I and II [44,48], 

respectively. The amide compound contains nitrogen as a key component. Melanin is 

classified into five categories: eumelanin, pheomelanin, neuromelanin, allomelanin, and 

pyomelanin. Of these, only allomelanin and pyomelanin do not contain nitrogen [49,50]. 

DHN melanin is classified as a major subtype of allomelanin [49]. Unlike DOPA melanin, 

which is classified as a eumelanin [49], DHN melanin does not contain nitrogen, and this 

fact is used to classify fungal melanin on the basis of nitrogen content [28]. Therefore, if 

the prominent ~1640 and ~1544 cm−1 peaks in the Raman spectrum of the A4 A. nidulans 

strain do indeed arise from Amides I and II, then the A. nidulans conidial melanin can be 
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classified neither as DHN nor as an allomelanin, even though it shares a common 

naphthopyrone precursor with A. fumigatus. 

Consistent with the idea that A. nidulans conidial melanin should not be classified 

as DOPA melanin, the Raman spectra of the A. nidulans strains exhibit even less similarity 

to the C. neoformans strains than they do to the A. fumigatus strains (Figure 4.7(a–c)). The 

broad peaks in the C. neoformans H99 strain at ~1370 and ~1610 cm−1 mirror those 

observed in the Raman spectrum of DOPA melanin extracted from the sepia cuttlefish 

[51]. 

Figure 4.8 contains the average normalized background-subtracted raw spectra of 

A. fumigatus (blue), A. nidulans (green), and C. neoformans (red) strains in the range 

1750–2500 cm−1, which according to Figures 4.3–4.5 are composed primarily of the 

fluorescence signal. The gray region surrounding each curve is the standard deviation 

uncertainty. 
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Figure 4.8. Average normalized background-subtracted raw spectra of A. fumigatus 

(blue), A. nidulans (green), and C. neoformans (red) strains in the range 1750–2500 

cm−1. 
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The fluorescence spectra shown in Figure 4.8 exhibit remarkable qualitative 

similarity between species, excluding the first biosynthesis pathway mutant for each, 

namely A. fumigatus alb1∆, A. nidulans wA3, and C. neoformans lac1∆. These three 

strains exhibit little or no “fine-scale fluorescence” that characterizes the spectra of the 

remaining strains. In a previous work, we hypothesized that the fine-scale fluorescence 

results from the formation of long-lived molecular cages [52,53] in the polymer matrix 

that constitute the cell wall, which protects the fluorescing molecules from greater levels 

of inhomogeneous broadening that they would otherwise experience in a liquid 

environment [54,55]. Figure 4.8 would suggest that the fine-scale fluorescence results 

from molecules associated with the onset of melanin biosynthesis. It is unknown what 

these molecules could be. Regardless, the fluorescence signal contains comparatively little 

information about molecular structure, and we have shown previously that it contains only 

a tiny fraction of the total information contained in the raw measured spectrum, which is 

dominated by the Raman contribution [34]. Nevertheless, the fine-scale fluorescence 

remains a feature of interest not only because its origin is unknown, but also because the 

mechanism that enables it might provide insight into quantum coherences in biological 

systems, such magnetoreception in birds, insects, and plants [56,57], for which coherence 

times are an active area of research [58,59]. 

4.4. Conclusions 

We used a multi-disciplinary method to characterize the Raman spectra of melanin 

biosynthetic mutant strains of A. fumigatus, C. neoformans, and A. nidulans and used these 

spectra to elucidate the nature of the biosynthetic pathway of conidial melanin in A. 
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nidulans. We find that the dissimilarity between the C. neoformans and conidial A. 

nidulans Raman spectra excludes the possibility that the A. nidulans conidial pigment may 

be associated with the DOPA biosynthesis pathway. We also find that the A. nidulans 

conidial melanin cannot straightforwardly be classified as belonging to the DHN pathway. 

While the spectral similarity of the A. nidulans wA3 and yA2 strains to the A. fumigatus 

alb1∆ strain confirms that they share common melanin precursors, namely malonyl-

CoA/acetylCoA and naphthopyrone, the spectral divergence exhibited by mutant and 

wild-type strains further along their respective melanin biosynthetic pathways suggests 

that the fully polymerized melanin differ in structure and perhaps in composition. 

Moreover, the main ~1640 and ~1544 cm−1 peaks in the wild-type A4 strain of A. nidulans 

have been identified as belonging to Amides I and II [44,48], and, if this is indeed the case, 

the A. nidulans conidial melanin cannot be classified as DHN. 

We anticipate that the multi-disciplinary approach detailed above will find 

increasing use in the characterization of fungal melanin, which have great potential for 

powerful and eco-friendly breakthroughs in industry and medicine. 
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5. CARS SPECTROSCOPY OF ASPERGILLUS NIDULANS SPORES 

 

Coherent Anti-Stokes Raman Spectroscopy (CARS) is performed on single spores 

(conidia) of the fungus Aspergillus nidulans in order to establish a baseline measurement 

for fungal spores. Chemical maps of single spores are generated and spectral 

differentiation between the cell wall and the cytoplasm is achieved. Principal Component 

Analysis of the measured spectra is then completed as a means to quantify spore 

heterogeneity. Applications range from the quick and accurate diagnosis of public health 

concerns to real-time agricultural and environmental sensing of fungal symbionts and 

pathogens.  

5.1. Induction 

A technically powerful counterpart to spontaneous Raman spectroscopy is 

Coherent Anti-Stokes Raman Spectroscopy (CARS), which possesses several advantages 

over spontaneous Raman. The spontaneous Raman signal intensity IS is proportional to 

the number of target molecules N such that IS ∝ N. The CARS process, however, induces 

a molecular coherence, resulting in a signal intensity ICARS that is proportional to the 

square of the number of target molecules, such that ICARS ∝ N2. Consequently, the 

molecular coherence of the CARS process is able to provide a comparable signal-to-noise 

ratio to a spontaneous Raman process using integration times that are faster by at least two 

orders of magnitude [1]. 

 
 Copyright © 2020 Han et al. Reprinted/adapted with permission from “Molecular origin of the Raman 

signal from Aspergillus nidulans conidia and observation of fluorescence vibrational structure at room 

temperature” by Zehua Han et al. Sci Rep 10, 5428 (2020). 
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There is a large body of literature documenting the use of CARS in characterizing 

biological tissues and cells. Sophisticated, optimized schemes such as FAST-CARS have 

received significant attention in the application of quick and accurate identification of 

bacterial endospores to combat the threat of biological terrorism, even achieving single-

pulse spectral characterization [2–4]. To date, however, no coherent Raman technique has 

been applied to the study of mold spores. In this paper we report the first such 

demonstration of CARS, a two-pulse broadband scheme applied in particular to the rapid 

spectral analysis and characterization of spores (conidia) of the fungus Aspergillus 

nidulans (A. nidulans). We envision that, in the future, the technique will be applied to 

real-time identification of fungal spores and mycotoxins in domestic, commercial, and 

agricultural settings, thus addressing the pressing public health and economic needs that 

continue to be so costly. 

5.2. Materials and Methods 

5.2.1. Sample Preparation 

The A. nidulans wild-type strain FGSC A4 [5] was grown on minimal medium, 

prepared as previously described [6], and incubated at 30 °C under continuous light. After 

7 days, cultures were flooded with 2 mL sterile water and scraped with a sterile glass rod 

to release conidia (hereafter called spores). The spore suspension was washed at least three 

times by centrifugation (1 min. at 13,000 rpm) and stored in 1 mL sterile water at 4 °C. 

For experiments designed to examine cell walls of spores, 200 mg autoclaved glass beads 

(0.5 mm, Bio-Spec, Bartlesville, OK) were added to a subset of the sample and cells were 
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disrupted for 15–20 s using a tissue homogenizer (Mini-Beadbeater, BioSpec, Bartlesville, 

OK). 

To deposit the spores upon a microscope glass slide for subsequent CARS analysis, 

8.7 μL of the spore suspension was pipetted onto the glass slide and evaporated at room 

temperature for several hours until only the spores remained. No spores that remained 

upon the glass slide for more than 24 hours were analyzed; new spore samples were 

pipetted from the suspension for each day’s experiments, so that the moisture content of 

the spores used was held constant. 

5.2.2. CARS Experiments 

The experimental layout shown in Figure 5.1 is based on that of Yujie Shen and 

coworkers [7]. A Nd:YVO4 laser (Attodyne Inc, APLX-10) produced pulses 7 ps in 

duration at 1064 nm with a repetition rate of 1 MHz. After passing through an isolator 

(Thorlabs, IO-5-1064-VHP), the output pulses were divided into two arms. Two pairs of 

half-wave plates and polarizing beam-splitters were used to control the power in the two 

arms, respectively. One arm, which contained a delay stage, served as the pump/probe 

beam. The other beam was converged by a lens (Thorlabs, LA1509-C) into a 2-m-long 

photonic crystal fiber (NKT Photonics, LMA-20) to generate broadband Stokes pulses, 

and then subsequently collimated by an off-axis parabolic mirror (Thorlabs, MPD129-

P01). The Stokes beam was then propagated through a long-pass filter (Thorlabs, 

FELH1150) to remove shorter wavelength components before re-combination with the 

pump/probe beam through a dichroic beam splitter (Semrock Inc, LPD02-1064U-25). The 

delay stage was varied to control the temporal overlap between the two beams, and a linear 
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polarizer (Thorlabs, LPNIR100-MP) was employed to maintain identical polarization. 

Subsequently, the two combined beams were focused by a 40X reflective objective 

(Thorlabs, LMM-40X-P01, 0.5 N.A.) and spatially overlapped on the sample. Both 

pump/probe and Stokes beams had a laser spot size approximately 2 μm in diameter, 

yielding a lateral spatial resolution of about 1 μm, which was also the minimum step size 

of the motorized stage (Prior Sci, ES111) upon which the sample was mounted. 

 

Figure 5.1. Schematic diagram of the experimental setup. ISO: isolator; HWP: half-

wave plate; PBS: polarizing beam-splitter; PCF: photonic crystal fiber; OAP: off-

axis parabolic mirror; LPF: long-pass filter; BD: beam dump; DBS: dichroic beam-

splitter; ND: neutral density filter; Obj: microscope objective; S: sample; SPF: 

shortpass filter. 

 

In addition to providing a much stronger signal compared to the spontaneous 

Raman setups of both Ghosal et al [8] and Farazkhorasani [9], our CARS 
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microspectroscopy apparatus was transmissive. The CARS signal was collected by a 20X 

microscope objective (YSC Technologies, Plan Fluor, 0.45 N.A.) in the forward direction, 

followed by a short-pass filter (Thorlabs, FESH1000) and then sent into a spectrometer 

(Andor Inc, Holospec) to be detected by a CCD (Andor Inc, iDus416). All CARS spectra 

were taken using a beam power of 1.65 mW for the pump/probe beam and 0.95 mW for 

the Stokes beam, as measured with a powermeter (Thorlabs, S175C). See APPENDIX A 

for a characterization of the measured CARS spectra using different beam powers as a 

function of time. 

5.2.3. Data Processing 

Multiple CARS spectra were taken from each intact spore (n = 99) and from lysed 

spores (n = 17). Because of the biological variability of the spores, the non-resonant 

background of each measured CARS spectrum varied considerably. To correct for this 

large variation and to provide a standard of comparison for the measured spectra, the non-

resonant background of each spectrum was subtracted with a 9th order polynomial 

algorithm (subback function, based upon [10], of the Biodata toolbox for MATLAB [11]) 

and then normalized by the subsequent CARS spectrum of the glass microscope slide upon 

which the fungal spores were deposited. Spectral normalization by the CARS spectrum of 

the glass substrate corrects for the varying spectral intensity of the supercontinuum probe 

pulse, under the condition that the glass substrate has no Raman resonances over the 

wavenumber range of the measurement (which is indeed the case here) [12–14]. The 

corrected CARS spectra therefore contain minimal contribution from the glass microscope 
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slides and are primarily representative of the spores only. Finally, each resulting CARS 

spectrum was normalized with respect to the area under the curve. 

For a subset (n = 48) of the intact spores mentioned above, the minimum diameter 

was able to be measured using image analysis software (ImageJ), calibrated with a 

resolution test target (R1DS1N, Thorlabs). In order to determine the relationship of spore 

diameter to measured CARS spectral variation, Principal Component Analysis (PCA) of 

the corrected and averaged CARS spectra of the edge and center of the spores was 

conducted. The average spectrum of the edge and center of each spore was calculated 

using the spectra corresponding to a radius of 1.2 and 0 μm, respectively. From the average 

spectrum (edge or center, respectively) of each of the n = 48 spores, a spectral correlation 

matrix was constructed using the Pearson correlation coefficient. The eigenvector 

corresponding to the largest eigenvalue of the matrix was then used to calculate the 

Principal Component (PC) score of each corrected spectrum. 

Additionally, several CARS spectra of intact spores were taken using a sapphire 

substrate and, besides normalizing by the peak amplitude, were not processed in any way. 

5.3. Results and Discussion 

9 μm × 9 μm CARS maps were generated for each of 99 single, intact A. nidulans 

spores, each with a pixel resolution of 1 μm × 1 μm and an integration time of 1 s per 

CARS spectrum per pixel. The corrected spectra of each pixel were then averaged over 

the 99 spores in order to construct a single CARS map of an “average spore.” The result 

of this procedure is graphed in Figure 5.2 (bottom), which shows the spectral similarity 

(calculated by the Pearson correlation coefficient) of each pixel’s averaged spectrum as 
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referenced to the averaged spectrum of a point on the edge of the spore with coordinates 

(0,2). The reference spectrum on the edge of the spore is graphed in blue in Figure 5.3, 

while the spectrum of the conspicuous pixel with coordinates (0,0) in the middle of the 

spore is graphed in red in Figure 5.3. Both the red and the blue spectra in Figure 5.3 are 

used as reference spectra in subsequent calculations. 

 

Figure 5.2. Top: optical image of an intact spore (conidium) of the fungus A. nidulans. 

The inset shows a lysed spore. Bottom: spectral similarity (calculated by the Pearson 

correlation coefficient) constructed from the average of 99 CARS maps of single, 

intact A. nidulans spores. The reference spectrum has coordinates (0,2) and is 

graphed in blue in Figure 5.3. The spectrum of the middle of the spore with 

coordinates (0,0) is graphed in red in Figure 5.3. Pixels surrounding the spore 

correspond to the glass substrate. 
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Figure 5.3. Corrected and averaged CARS spectra. Red and blue spectra belong to 

Fig. 2 (bottom) coordinates (0,0) and (0,2), respectively, and have been averaged over 

99 intact spores. The green spectrum is the corrected and averaged CARS spectrum 

of 56 individual pixels from a total of 17 lysed spores and is the average CARS 

spectrum from the spore cell wall alone. 

 

The relationship between the CARS spectra in the middle and edge of the spore 

becomes more apparent if the azimuthal symmetry of the spores is used to average the 

data in the radial direction, as well. The result of averaging in the radial direction is shown 

in Figure 5.4, where the (0,0) coordinate in Figure 5.2 (bottom) is taken as the zero radius. 

The red curve shows the average similarity of the CARS spectra measured at a given radius 

(for all 99 sampled spores) referenced to the red CARS spectrum in Figure 5.3, which 

corresponds to the middle of the spore. The blue curve in Figure 5.4 shows the average 

similarity at a given radius (again, for all 99 sampled spores) referenced to the blue 

spectrum in Figure 5.3, which corresponds to the edge of the spore. The error bars show 

the standard deviation of the mean. 
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Figure 5.4. Spectral similarity of CARS spectra (calculated by the Pearson 

correlation coefficient) as a function of radius averaged over 99 intact spores. Red, 

blue, and green curves correspond to the reference CARS spectra shown in red, blue, 

and green in Figure 5.3, respectively, which are the middle, edge, and cell wall of A. 

nidulans spores. Error bars show the standard deviation of the mean. 

 

The similarity curves in Figure 5.4, along with previously published transmission 

electron micrographs of A. nidulans spores [15], suggest that CARS measurements taken 

in the middle of the spore correspond primarily to the cytoplasm, while CARS 

measurements taken at the edge of the spore correspond to the cell wall. In order to test 

this hypothesis, a sample of the spores was lysed with glass beads in order to fracture and 

separate the cell wall from the cytoplasm. The CARS spectra of the cell walls of 17 lysed 

spores were then measured, for a total of 56 CARS spectra. The average CARS spectrum 

of these 56 measurements of the cell wall of lysed spores is shown in green in Figure 5.3. 

It is similar in shape to the spontaneous Raman spectrum of A. nidulans spores published 

by Farazkhorasani [9], although there are minor differences because of the expected 

contribution from the non-resonant background of the CARS process [12-14]. This 
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average CARS spectrum of the cell wall of the spores is used as a reference spectrum for 

the green similarity curve in Figure 5.4, which shows the average similarity of the 

measured CARS spectra of the 99 intact spores as a function of radius. It is important to 

note that the similarity of the 99 spores calculated in reference to a CARS spectrum 

consisting only of the cell wall peaks at the edge of the spore and is zero at zero radius, 

indicating that CARS measurements taken in the middle of intact spores correspond 

primarily to the cytoplasm, while those taken at the edge of the spore correspond primarily 

to the cell wall. 

The differences in the CARS spectra for the edge and center of the intact spores 

arise from the differing geometry and chemical compositions of these structures. When 

dry and dormant, the cell wall has three layers. The outermost layer is approximately 7–

14 nm thick and is composed of hydrophobin protein rodlet structures [16,17]. The inner 

two layers are 126–252 nm and 140–224 nm thick, respectively, and are composed 

primarily of glucan and chitin [16,18,19]. Separating the layered cell wall from the inner 

cytoplasm is the cell membrane composed of a bilayer of lipids [20]. The cytoplasm 

contains the organelles of the cell as well as deposits of energy-rich molecules. Molecules 

found in the cytoplasm include nucleotides, proteins, polysaccharides, and lipids, among 

many others [16,21]. 
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Figure 5.5. The primary PC scores of the average spectra of the edge of single spores 

of A. nidulans versus their minimum diameter. Data points are graphed in blue, while 

a linear fit is shown in red. 

 

Since the cell wall has a finite thickness ranging from 273–490 nm and surrounds 

the entirety of the cytoplasm, CARS spectra corresponding to the edge of the spore contain 

Raman contributions primarily from the cell wall. CARS spectra corresponding to the 

middle of the spore contain Raman contributions primarily from the cytoplasm, as 

mentioned above and shown in Figure 5.4. The different ensembles of molecules 

contained in these two sampling regions of the spore result in the collection of Raman 

peaks shown in Figure 5.3. The spectra are indicative of the total contribution from each 

of the many molecules contained in each sampling region. While the spectra therefore 

contain information about the compositions of the cell wall and the cytoplasm, 

respectively, in this context they function primarily as spectral fingerprints. 

In order to investigate the ability of CARS spectroscopy to characterize spore 

heterogeneity, PCA was used to quantify the variation in the corrected CARS spectra of a 
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subset (n = 48) of the above A. nidulans intact spores. Spores included in the subset had 

minimum diameters that were able to be measured using image analysis software (see 

Materials and Methods). The first PC score of the spectrum of the edge of each spore is 

graphed against its minimum diameter in Figure 5.5. There is a weak but measurable 

CARS spectral variation with spore diameter, corresponding to a Pearson correlation 

coefficient of ρ = −0.302 with R2 = 0.091. In contrast, the calculated spectral variation of 

the center of each spore versus its diameter, which is not graphed, has a Pearson correlation 

coefficient of ρ = 0.044 with R2 = 0.002, which is about an order of magnitude less. From 

these calculations it is evident that there is a correlation between the spectrum of the cell 

wall and spore diameter, but not between the spectrum of the cytoplasm and the spore 

diameter. It can be concluded, then, that CARS spectroscopy can indeed provide a measure 

of spore heterogeneity, even when the spores under analysis are genetic clones of each 

other and are grown under the exact same conditions, as is the case here. It is to be expected 

then, that CARS may quantify even greater degrees of heterogeneity, such as those arising 

from disparate growth media and environments (see [22], for example). 
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Figure 5.6. CARS spectrum of the cell wall of a single Aspergillus nidulans spore, 

taken on a sapphire substrate with an integration time of 0.1 s. 

 

We have demonstrated that a transmissive CARS setup can rapidly measure and 

map fungal spores. While each measured CARS spectrum used in the above study was 

integrated for 1 s, we found that an integration time of 0.1 s was sufficient to obtain a 

recognizable A. nidulans CARS spectrum, as shown in Figure 5.6. Here, the measured raw 

spectrum was not processed in any way, so that the background non-resonant signal 

remains. Nevertheless, the characteristic peaks that identify the spectrum as belonging to 

the cell wall are clearly evident. In comparison, additional attempts to measure the 

spontaneous Raman spectrum using a continuous wave laser with 1064 nm wavelength 

necessitated an integration time of at least 100 s or more to obtain a recognizable spectral 

shape. The advantage of CARS over spontaneous Raman for the development of a rapid 

spore identification technique is therefore obvious. Moreover, we have conclusively 

shown that the transmissive CARS scheme detailed here differentiates even between the 
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cytoplasm and the cell wall of the spore itself. Not only does a CARS system have 

dramatic potential as a valuable tool for real-time identification of mold species, but it 

may also prove to be a powerful tool for mycologists to investigate biological processes 

which manifest differently within the cytoplasm and the cell wall of a fungal spore. We 

therefore predict that coherent Raman processes will find increased usage in the 

identification and study of fungi. 
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6. CONCLUSIONS 

In this dissertation, we apply Raman spectroscopy in identification and 

characterization of mold spores. The work in the chapter 2, 3, and 4, illustrate Shifted 

Excitation Raman Difference Spectroscopy (SERDS) has a distinct advantage over 

conventional background subtraction methods and that thus it is much more reliable and 

accurate.  

In Chapter 2, we have used the SERDS technique to successfully retrieve the 

Raman spectra of conidia of three possible color phenotypes in Aspergillus nidulans (A. 

nidulans) and demonstrate the Raman spectra of A. nidulans conidia originate in the 

pigment molecules within the cell wall. In addition, vibrational fine-structure in the 

fluorescence at room temperature is observed. This unusual result may be due to the 

formation of flexible, long-lived molecular cages within the bio-polymer of the cell wall. 

And this effect may possibly play an important role in biological processes for which long-

lived quantum coherence is required. 

In Chapter 3, we have used   SERDS technique to measure the Raman spectra of 

single conidial spores of 10 mold species. Consistent with the work in Chapter 2, the 

Raman signal originates from the melanin pigments bound within the highly cross-linked 

cell wall of the conidium. Moreover, the main features of the Raman spectrum correlate 

with the melanin bio-synthesis pathway. 

In Chapter 4, we characterize the Raman spectra of melanin biosynthetic mutant 

strains of A. fumigatus, C. neoformans, and A. nidulans and used these spectra to elucidate 

the nature of the biosynthetic pathway of conidial melanin in A. nidulans. I find that the 
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dissimilarity between the C. neoformans and conidial A. nidulans Raman spectra excludes 

the possibility that the A. nidulans conidial pigment may be associated with the DOPA 

biosynthesis pathway. we also find that the A. nidulans conidial melanin cannot 

straightforwardly be classified as belonging to the DHN pathway. 

Finally, we adopt coherent anti-Stokes Raman spectroscopy (CARS) to achieve 

rapid detection and chemical imaging of mold conidia and demonstrate that CARS could 

be a powerful tool and find increased usage in the identification and study of fungi.  
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APPENDIX A 

RODA HYDROPHOBIN 

 

The gene rodA of A. nidulans encodes a small, moderately hydrophobic polypeptide [1]. 

Classified as a hydrophobin protein, the polypeptide is involved in the formation of 

filamentous rodlets on the surface of the A. nidulans conidia [1-4]. The rodlet 

nanostructure is significantly hydrophobic and allows for more efficient dispersal of the 

conidium throughout the local environment [1, 2]. The deletion of the rodA gene abolishes 

the production of the corresponding polypeptide, which in turn inhibits the formation of 

the hydrophobic protein nanostructure on the surface of each conidium, and results in a 

comparatively smooth surface that is much less hydrophobic [1-4]. A. nidulans strains 

containing this deletion are termed ΔrodA, while their unmodified counterparts (which are 

otherwise considered isogenic with the mutants) are termed rodA+. 
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APPENDIX B 

CARS SIGNAL STRENGTH AS A FUNCTION OF TIME 

 

In order to find a suitable beam power at which to take CARS measurements of A. nidulans 

spores, the integrated CARS spectrum (as calculated using the scheme in Materials and 

Methods above) was measured over a period of approximately 300 seconds for three 

different beam powers. The results are shown in Figure S2. The top, middle, and bottom 

curves correspond to beam powers of: 2.25 mW for the pump/probe and 1.2 mW for the 

Stokes; 1.65 mW for the pump/probe and 0.95 mW for the Stokes; and 1.07 mW for the 

pump/probe and 0.70 mW for the Stokes, respectively. Each curve is the averaged 

response of five individual spores. For each beam power level, the signal power remains 

relatively constant for about 10 s, after which the sample begins to experience thermal 

degradation, and the signal decreases. All of the CARS measurements used in this study 

were integrated for 1 s using a beam power of 1.65 mW for the pump/probe and 0.95 mW 

for the Stokes beam (corresponding to the middle curve). Consequently, our 

measurements do not suffer from thermal degradation of the sample. We note that the 

CARS signal strengths at t = 0 for each beam power level are consistent with a saturation 

model in the presence of strong absorption in the sample [1]. 
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Figure A-1. Integrated CARS signal power as a function of time. The top, middle, 

and bottom curves correspond to beam powers of: 2.25 mW for the pump/probe and 

1.2 mW for the Stokes; 1.65 mW for the pump/probe and 0.95 mW for the Stokes; 

and 1.07 mW for the pump/probe and 0.70 mW for the Stokes, respectively. 
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