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132 isolates of 25 different terverticillate Penicillium fungi have been successfully 

classified using MVOC data and cluster analysis (CA).188 The utilization of MVOC 

profiles obtained from Aspergillus species have allowed the identification of species-

specific patterns for Aspergillus versicolor, Aspergillus ustus and A. flavus.185  

Substantial efforts have been exerted on the development of electronic nose 

technology for fast detection or identification of fungal contamination on food141, 189-191 or 

in an indoor environment.119, 162 However, a detailed understanding of how volatile 

metabolites integrate with other metabolic processes like mycotoxin formation is still not 

known. The situation is complicated because MVOC profiles from fungi are significantly 

affected not only by the fungal genus and species, but also by growth phase,192 

temperature, humidity,193 and media.194 

Solid phase microextraction (SPME) has been successfully employed as part of a 

MVOC analysis (profiling) strategy. SPME is widely used for MVOCs sampling because 

it is a portable, non-invasive, and solvent free absorption technique. 115 When coupled 

with GCMS analysis it has been shown to provide accurate results, producing calibration 

curves with good fits over relevant concentrations.195 This strategy has been well 

established for collecting MVOCs from species of Aspergillus,153 Penicillium,97 and 

Fusarium.196 Hundreds of volatile metabolites are typically detected by this technique, 

complicating the identification of a unique pattern of specific chemicals associated with a 

specific fungal species. To overcome this problem, multivariate data analysis (MVDA) 

including principle component analysis (PCA),190, 197-199 linear discriminant analysis 

(LDA),203, 204 partial least squares projections to latent structures (PLS) analysis,200 and 

CA185, 188 have been widely utilized in classification and discrimination of fungal genus 
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4.3.8 Chemometric multivariate analysis 

Peak alignment and data pretreatment procedures are detailed in Appendix B. The 

MVOC dataset was normalized using peak area percentage ((peak ion count/TIC)×100). 

Relative standard deviations (RSD%) were calculated for each volatile metabolite using 

both the peak area and a compositional dataset (grouping by functional group). Each 

MVOC having good precision (RSD <60%) in both peak ion count and peak area % with 

a minimum signal intensity of peak ion count >106 units was used for multivariate 

analysis, while other MVOC data was discarded. Ultimately, 78 MVOCs were selected, 

and their peak area data transformed to obtain a mean of zero and a standard deviation of 

one by applying autoscaling.71 This data was then used for classifying and discriminating 

fungal isolates.  

Multivariate analysis of variance (MANOVA) was performed using software 

from International Business Machines Corp. (SPSS statistics 19). The selected 78 volatile 

metabolites were divided into chemical groupings including alcohols, aldehydes, alkanes, 

alkenes, alkynes, benzene related group (BTEX), esters, furans, ketones, terpenes, 

organic acids, pyrazines, sesquiterpenes, and sesquiterpenoids. The autoscaled MVOC 

dataset from these 14 groupings (based on functional group) was used in order to 

determine differences in the isolates, and the controls’ MVOC profiles. Fisher’s least 

significant difference (LSD) (P=0.05) was performed to analyze variance and mean 

separation among the fungal isolates.  

To classify A. flavus isolates and identify the volatile biomarkers associated with 

a specific sample class (specific isolate or control), partial least square discriminant 

analysis (PLS-DA) was used as a supervised classification method. Compared to the PCA 
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model, PLS-DA can maximize the covariance between the numerical value (X matrix) of 

targeted volatile metabolites and class assignment (Y matrix). The PLS-DA and PCA 

were performed using the software program SIMCA-P+ 11.0 (Umetrics, Umea, Sweden). 

The peak area data of MVOCs for different isolates and control were directly loaded in 

the software. The data were pretreated by log transformation and mean centering 

methods.  

The quality of the models was evaluated by a cumulative fraction of X-variation 

modeled up to a specific component, R2X (cum), and the cumulative fraction of Y-

variation modeled up to the specific model, R2Y (cum), where R2Y (cum) is defined as the 

proportion of variance explained by the models and indicates goodness of  fit. 

Cumulative Q2 (sum) values explain the cross-validated predictive ability of the model. 

The seven cross-validation groups were used throughout to determine the number of 

components. The metabolites with the greatest variable importance in projection (VIP) 

values in the model and P-value (less than 0.05) in ANOVA or t-test were regarded as 

potential biomarkers. 

4.4 Results and discussion 

4.4.1 VOC profile of A. flavus and control 

MVOCs can readily diffuse through biological systems into the gas phase, serving 

as signaling molecules for the identification of species or as an indicator of state of 

health. MVOC tracking has also been used in quality control.203 For example, Lebrun et 

al.204 used mango fruit volatiles as maturity markers to determine the optimal harvest 

maturity for the mango fruit. The possibility exists that fungi-specific biomarkers exist in 

their MVOCs profiles that could be used to identify the presence of the fungus.  
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MVOCs from both toxigenic and non-toxigenic A. flavus isolates were collected 

and analyzed after 7 days incubation on MEA media in order to identify candidate 

biomarkers associated with the production of aflatoxins. MVOC analysis resulted in the 

identification and quantification of a total of 202 different compounds. The selected 78 

compounds used for chemometrics belonged to 14 chemical classes including 6 alcohols, 

6 aldehydes, 6 alkanes, 7 alkenes, 1 alkyne, 5 BTEX, 2 esters, 4 furans, 9 ketones, 2 

terpenes, 2 organic acids, 2 pyrazines, 22 sesquiterpenes, and 4 sesquiterpenoids (Table 

4.2). The 78 volatile metabolites have an average relative standard deviation (n=12) of 

40.4% (Peak Area) and 37.4% (Peak Area %). Several of the Table 4.2 compounds 

including 2-methyl-1-propanol (2), 2-methyl-1-butanol (4), 1-octene (20), 2-methyl-furan 

(34) and most of the sesquiterpenes have been commonly reported as MVOCs emitted 

from different fungal cultures.205-207 It should be noted that 12 replications of each sample 

(same incubation time) were divided over two days of testing. 

MEA media (the control) produced a significant amount of 1-butanol (3, 76.8%), 

while none was detected in the fungal cultures. The elimination of this compound can be 

used as an indicator for fungal growth when this media is used. In contrast, the 

production of ethanol, 2-methyl-1-propanol, and 2-methyl-1-butanol are associated with 

fungal growth. It has been reported that production of these alcohols during the 

exponential growth phase closely correlate with fungal growth.140 Branched chain 

alcohols are associated with catabolism of the branched chain amino acids (leucine, 

isoleucine, and valine) and lipids.208 
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Figure 4.2 VOC patterns of A. flavus isolates.  

  



 

110 

 
Figure 4.2 (Continued) 

Mean (+standard deviation; n=12) peak area percentage of chemical classes from six A. 
flavus isolates and control measured over two collections. (5-h sampling time).Partial 
least squares discriminant analysis (PLS-DA) for aflatoxigenic and non-aflatoxigenic A. 
flavus and the identification of key biomarkers 
The letters over each bar present the significant differences at P<0.05 among the isolates 
and control emissions (LSD and Duncan test). Different letters (a, b, c, d) show the 
significant differences 

The goal of this discrimination study was to answer these questions: 1) Is it 

possible to discriminate aflatoxigenic and non-aflatoxigenic samples according to their 

volatile metabolites (MVOC) profiles? And 2) is it possible to identify biomarkers 

uniquely associated with these two fungal types? To answer these questions, PLS-DA 

was performed using the MVOC profiles of the six A. flavus isolates. With this method, 

the data are modeled in the way similar to PCA, but in combination with a discriminant 
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analysis. PLS-DA can be considered an extension of PCA and LDA using latent variables 

with the associated noise reduction of the PLS model. PLS can be utilized as a regression 

technique for modeling the association between X and Y in order to study complicated 

and approximate relationships. In this treatment, 82 samples (6 isolates × 12 replicates + 

the 10 controls) and the peak area of the 78 identified volatile metabolites formed an 

82×78 matrix. This matrix was set as predictor variable X, and the class of six A. flavus 

isolates and control was treated as variable Y. The data were pretreated using log 

transformation and mean centering methods. 

The first step is to discriminate A. flavus cultures from the control (MEA medium 

alone). The discrimination was successfully achieved with 2 principal component (R2X = 

0.394, R2Y = 0.987 and Q2 = 0.985). A quantitative measure of the goodness of fit is 

given by the parameter R2, which explains variation. The predictive ability, on the other 

hand, is given by the goodness of prediction parameter Q2. Generally, a Q2 > 0.5 is 

regarded as good and a Q2 > 0.9 as excellent. Figure 4.3A is the score plots of PLS-DA, 

where fungal isolates and control are easily separated. 
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Figure 4.4 PLS-DA score plot (A) and loading plot (B) comparing the log transformed 
peak area data of the identified MVOCs from the control and isolates of A. 
flavus.  

The number in the loading plot represents the MVOC number listed in Table 4.1 
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Specific compounds, only produced by the control or by A. flavus, can be found 

using the loading plot (Figure 4.3B). The PLS-DA loading plot complements the score 

plot and can be used to identify possible volatile markers. Each data point represents one 

volatile metabolite and shows one relationship among each isolate. Using the loading plot 

as a guide, the potential biomarkers can be assigned a Variables Importance in the 

Projection (VIP) value.  High ranking VIPs (Figure 4.4) are those MVOCs that are the 

farthest from the center of the loading plot. The VIP values summarize the importance of 

variables both to explain X (MVOCs) and to correlate to Y (isolates and control). 

MVOCs with VIP values greater than 1 are considered to be important X variables, while 

VIP values less than 0.5 are unimportant variables. The interval between 1 and 0.5 is of 

moderate importance. For example, 1-butanol (3), butanal (7), 2-methylpropanal (8), 3-

methylbutanal (9), 2-methylbutanal (10), benzaldehyde (11), undecanal (12) and furfural 

(35) were only detected from control samples. They were clearly located in the control 

region of the score plot and are the MVOCs that are farthest from the center of the 

loading plot. 
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Figure 4.5 Variables importance in the projection (VIPs) for discriminating A. flavus 
from the control (media only).  

The compound number used in the plot represents the volatile metabolites number listed 
in Table 4.1. The error bars are the standard deviations of VIP values (12 replicates).  

The next step is to discriminate the aflatoxigenic from the non-aflatoxigenic 

isolates of A. flavus using the method (PLS-DA). The separation was successfully 

achieved with 3 principal components (R2X = 0.70, R2Y = 0.99 and Q2 = 0.99). The 

distribution of 72 samples using the first and second components of this statistical 

analysis is presented in Figure 4.5A. The six isolates are grouped into 5 clearly defined 

clusters – 2 clusters the aflatoxigenic and 3 clusters for non-aflatoxigenic: the clusters can 

be grouped by aflatoxigenic isolates (black cubes) and non-aflatoxigenic isolates (red 

circles). The toxigenic isolate 5-3B is located on the positive region of t[1] and the 

negative region of t[2] because of a high sesquiterpene content. Isolate 5-3B is still easily 

differentiated from the samples of non-toxigenic isolates.  
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(A) 

 
(B) 

K32 
K73 and 3357 

5-3B 21882 
K35 

Figure 4.6 PLS-DA score plot (A) and loading plot (B) using the MVOC profiles log 
transformed data for aflatoxigenic (black cubic) and non-aflatoxigenic (red 
circle) isolates of A. flavus.  

The number in loading plot represents the volatile metabolites number listed in Table 4.1. 

The loading plot (Figure 4.5B) of the PLS-DA model enables visualization of the 

specific MVOCs that contribute the most to the discrimination (farthest from the center) 
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of the toxigenic and non-toxigenic isolates. Volatile metabolites presented in one 

category with a VIP value above 1 were selected for the student t test to examine the 

significant of difference between toxigenic and non-toxigenic isolate samples (Table 4.3).  

Table 4.3 Possible volatile biomarkers for discrimination of toxigenic and non-
toxigenic A. flavus isolates 

No.a Compound name VIPb 
Peak area (×106)c 

P valued 
Toxic Nontoxic 

14 hexane 2.249 0 3.43 <0.001 

60 β-cubebene  2.011 2.46 5.21 <0.001 

68 α-cadinene  1.995 225 44.9 <0.001 

16 1,2-dimethyl-3-pentyl-4-
propylcyclohexane  1.758 0 2.36 <0.001 

22 (Z)-3-hexadecene  1.736 3.97 0.942 0.298 

 56 (-)-aristolene 1.489 210 0.841 <0.001 

63 calarene 1.419 147 0 <0.001 

73 β-germacrene 1.379 83.9 0 <0.001 

71 γ-muurolene 1.349 363 10.6 <0.001 

59 β-gurjurene 1.340 358 18.0 <0.001 
a Compound numbers listed are same as numbers listed in Table 4.1 
b VIP indicates the importance of variable both to explain X and correlate Y using 
SIMCA P+ software 
c The relative quantities of biomarkers (peak area mean) are listed  
d P value is obtained by performing student’s T test. 

Among the potential biomarkers listed in Table 4.3, the sesquiterepenes class of 

chemicals (compound 60, 68, 56, 63, 73, 71, and 59) were the most highly represented.  

Thus as a group, sesquiterpenes may provide the chemical “fingerprints” required when 



 

117 

discriminating aflatoxigenic and non-aflatoxigenic isolates when grown on different 

substrates. Among these sesquiterpenes biomarkers observed in this study, β-Cubebene 

(60) has been reported to be released by edible mushroom Piptoporus betulinus.222 α-

Cadinene (68)was also emitted by Resinicium bicolor, which is a plant pathogen infecting 

trees named “Oregon pine”.223 γ-Muurolene (71) has been identified as a component of 

essential oil from Melaleuca species of Australian shrubs and trees 224 and damiana 

plants.225 It has also been reported as an important MVOC produced by the fungus 

Aspergillus ustus193 and the bacteria E. coli.226 

In summary, the discrimination of toxigenic and non-toxigenic A. flavus based on 

volatile metabolites (MVOC profiles) has been successfully achieved using the PLS-DA 

model where R2X = 0.70, R2Y = 0.99, and Q2 = 0.99. This is an indication that rapid 

identification of aflatoxigenic fungi is possible using SPME fiber collection of MVOCs 

emitted by fungi grown in a controlled environment. However, it should be emphasized 

that MVOC profiles will change with varied media and growth conditions, including 

temperature, humidity, and UV radiation.  For optimal field results the methods describe 

here must be repeated under field conditions.  With this strategy, fungal discrimination 

can be accomplished because PLS-DA provides a key projection of latent variables that 

focus on class separation (discrimination).  

4.5 Conclusion 

In conclusion, we determined that it is possible to discriminate aflatoxigenic from 

non-aflatoxigenic A. flavus using variations in volatile metabolite profiles under 

controlled growth conditions. This is the first attempt to differentiate A. flavus at the 

isolate level. The variation of volatile composition in chemical classes among the A. 
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flavus isolates is also considered significant when performing MANOVA statistical 

analysis.  

Multivariate chemometric analysis was successfully used for the analysis of the 

MVOC profiles. Supervised PLS-DA was applied to discriminate aflatoxigenic and non-

aflatoxigenic isolates. Using the loading plot and variable important analysis (VIP), 

potential biomarkers were identified for the non- and aflatoxin-producing isolates. We 

believe that the methods described here will be very helpful for further investigation of 

biomarkers related to aflatoxin biosynthesis and A. flavus isolate identification. The 

specific biomarkers presented here will not be relevant under all growth conditions. 

However similar methods can be applied to identify key markers under likely field 

conditions. 

The combination of multivariate chemometric analysis and head space SPME 

GC-MS analysis is a powerful tool for fungal volatile metabolomics research. Our results 

show that MVOC profiling by GC-MS could be complementary to traditional molecular 

techniques used in fungal contamination identification.  
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