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Abstract: Fusarium bulb rot, caused by Fusarium proliferatum, is a worldwide disease of garlic, both
in the open field and during storage. Early diagnosis of the disease during storage is difficult due
to the morphology of the bulbs and cloves. Volatile organic compounds (VOCs) are secondary
metabolites produced by several microorganisms, including phytopathogenic fungi and bacteria. In
recent years, the development of several techniques for the detection and characterization of VOCs
has prompted their use, among others, as a diagnostic tool for the early and non-destructive analysis
of many diseases of species of agricultural interest. In this paper, proton-transfer-reaction time-of-
flight mass spectrometry (PTR-ToF-MS) and solid-phase microextraction gas chromatography/mass
spectrometry (SPME-GC/MS) were successfully utilized to characterize the volatolome of commercial
garlic cloves, artificially and naturally infected with F. proliferatum, for the early discrimination
between diseased and healthy ones. A partial least squares discriminant analysis (PLSDA) and a
principal component analysis (PCA) allowed for the separation of infected and healthy cloves and
the identification of specific VOCs produced by the fungus during the infection. The results obtained
in this work could be utilized for the development of simpler, more economical, and more portable
devices for the early detection of infected garlic bulbs during storage.

Keywords: chemical volatile composition; diagnosis; fungi; volatome

1. Introduction

Garlic (Allium sativum L.) is an important monocotyledon crop used worldwide for
its organoleptic, nutritional, and therapeutic properties [1,2]. During the last few years,
Fusarium proliferatum has been identified as the main causal agent of clove rot during
garlic storage and of stem and bulb rot in the field [3–11]. The botanic structure of garlic
bulbs (the presence of outer tunics, i.e., the dry sheaths of older foliage leaves) covering
the edible cloves, in turn presenting dry, protective leaves of different colors, favors the
development of the fungus and hampers the early diagnosis of the disease. The first
evidence of the infection process showed that the fungus penetrates garlic cloves at the
outline/contour of their basal plates when the roots emerge [12]. Fungi produce a vast
number (>300) of organic carbon compounds, named volatile organic compounds (VOCs),
that have high enough vapor pressures that, under normal conditions, vaporize and enter
the atmosphere significantly [13]. They represent the basis of the good smell of many
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human edible products (wine, truffles, cheese) or the bad smell of rotten vegetables, water-
damaged indoors, waste, etc. The study of their composition and functions constitutes
a new “omics”, the volatome (or sometimes the volatilome), that spans several research
fields, from human diseases to agriculture and ecology, among many others [14]. VOCs are
also involved in the crosstalk of many fungi with plants or other microorganisms [13,15].

The analysis of VOC profiles can be influenced by several factors, among which the
choice of the analytical method used is essential for their accurate and reliable charac-
terization. Proton-transfer-reaction time-of-flight mass spectrometry (PTR-ToF-MS) and
solid-phase microextraction gas chromatography/mass spectrometry (SPME-GC/MS) are
two analytical techniques particularly suited for the study of VOCs from different origins
and matrices. PTR-ToF-MS was proposed as a fast technique able to provide a comprehen-
sive mass spectrum with high-time resolution for VOC detection and quantification. It is a
powerful tool that enables the detection of trace compounds (down to a few pptv) and low-
molecular-weight compounds (such as hydrocarbons, aldehydes, and alcohols) that may
escape detection by GC-MS; however, isomeric compounds are ambiguously identified.
On the other side, SPME is a sample technique to extract volatile analytes from various
types of matrices in the food, environmental, biological, and pharmaceutical sectors. An
advantage of SPME is that small amounts of sample are sufficient, as this technique ensures
both sampling and concentration of analytes simultaneously. Furthermore, no solvent is
required, and no pre-treatment of the sample under examination is necessary, thus avoiding
any type of alteration and without inducing artifacts. As reported in previous works, this
sampling technique was more than suitable for the analysis of the volatile fraction of fresh
garlic samples [16,17].

In this work, we combined these two instrumental approaches thanks to the comple-
mentarity of their analytical potential, i.e., efficient separation and identification of analytes
(SPME/GC-MS) and quantitative and rapid analysis (PTR-ToF-MS). The correlation be-
tween the obtained data allowed for a complete fingerprint of the volatolomic profiles of
healthy garlic cloves and garlic cloves that were artificially and naturally infected with F.
proliferatum to develop a fast and reliable diagnostic tool for the diseases. Pure cultures of F.
proliferatum grown on potato dextrose agar medium were also analyzed to characterize the
possible presence of specific VOCs produced by the fungus in vitro.

2. Materials and Methods
2.1. Plant and Fungal Materials

Commercial garlic bulbs (provenience: Spain) were purchased at the supermarket.
Prior to use, garlic cloves were manually and carefully peeled to avoid injuries to the
surface and to remove naturally infected ones. A virulent isolate of Fusarium proliferatum
(CREA-DC_ER 2169; “Voghiera 1”) was used for the in vitro VOC production study and
for the artificial inoculations. The isolate was obtained from naturally infected cloves and
identified based on morphology (presence and shape of microconidia, macroconidia, and
polyphialides). The identification was further confirmed molecularly by extracting DNA
and sequencing the translation elongation factor-1α (TEF-1α) [18].

2.2. Inoculation Technique

The artificial inoculation technique for detached peeled cloves, previously developed
in [19,20], was used with some modifications as follows: peeled, healthy cloves were
surface-disinfected by soaking in 2% NaOCl for 5 min, washed three times with sterile
water, and dried on sterile paper. A wound of 3 mm in depth was produced by a sterile
needle on the dorsal side of each clove. A small plug (5 mm in diameter) of the fungus,
obtained with the aid of a sterile corkborer from a one-week culture grown on potato
dextrose agar (PDA), was placed upside down over each wounded clove. PDA plugs
were used as a control. Inoculated, control, and naturally infected cloves were placed in
humid chambers in sealed plastic boxes and incubated in the dark at 25 ± 2 ◦C for three
weeks. Koch’s postulates were fulfilled by reisolating F. proliferatum on PDA. A selected
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number of naturally infected cloves were incubated under the same conditions to confirm
the presence of the fungus. After incubation, three artificially infected cloves and three
uninoculated ones were put in each jar for subsequent analyses. Three replications per
treatment were used.

For the analyses of VOCs produced by the fungus in vitro, a small plug of F. proliferatum
grown on PDA was placed upside down in the center of 6 cm PDA glass Petri dishes sealed
with Parafilm or inside sterilized glass jars containing PDA that were tightly closed with a
perforated cap in which a silicon membrane (4 mm thick) allowed for the insertion of the
fiber for headspace sampling and incubated under the same conditions as the cloves. Glass
Petri dishes and jars containing only PDA were used as controls.

2.3. PTR-ToF-MS Data Acquisition

The headspace measurements were performed with a PTR-ToF-MS 8000, provided by
Ionicon Analytik GmbH (Innsbruck, Austria), in its standard configuration and using H3O+

as an ion donor. This instrument operated under controlled constant conditions, such as
drift tube pressures of 2.20 mbar, an extraction voltage at the end of the tube of 35 V, and
drift tube and inlet temperatures of 60 ◦C. The drift potential was set to 600 V, amounting
to an E/N value of 130 Td (1 Td = 10–17 V cm−1). VOC data were collected over a range of
mass-to-charge ratios (m/z) between 20 and 250 using an acquisition time of one spectrum
every 1 s and 120 average spectra to evaluate the VOCs. In particular, for all samples, an
average signal intensity recorded in the last 120 sec of a 5 min run was used, allowing for
the acquisition of 120 average spectra. Therefore, we recorded each sample for 300 s but
used the average of the last 120 s. In this way, most of the signals detected had reached
a plateau.

The analysis setup adopted here was chosen following the procedure used by Taiti et al. [21].
The analyses were conducted on pure cultures of F. proliferatum and on artificially and
naturally infected garlic bulbs. One glass Petri dish containing F. proliferatum on PDA or
one fresh garlic bulb were weighed and subsequently placed into a 1/2 L Bormioli glass jar
for the analysis. Before the analysis, each sample was flushed with cleaned air (zero air,
peak scientific) and then incubated for two minutes at 25◦ with the aim of equilibrating
the headspace of each sample. For every five samples, a blank (empty 3

4 L Bormioli jar)
was analyzed, and the values obtained were subtracted from each sample. Three replicates
for each sample were analyzed. Raw data were acquired with the TofDaq™ software
(Tofwerk AG, Thun, Switzerland). To reach good mass accuracy, data processing of PTR-
ToF-MS spectra included dead-time correction, internal calibration of mass spectral data,
and peak extraction [22]. The internal calibration was performed off-line and was based
on m/z = 21.022 (H3O+), m/z = 29.997 (NO+), and m/z = 59.049 (C3H7O+). Data were
expressed as ppbv. Subsequently, the data were filtered using a threshold of 1 ppbv to
eliminate all signals related to ions present in trace amounts and, therefore, hard to quantify
precisely. Moreover, peaks imputable to water chemistry (hydronium ions, water clusters)
or other interfering ions (e.g., oxygen, nitrogen monoxide) were eliminated.

2.4. SPME of Garlic Cloves

Sampling using the SPME-GC/MS technique was performed as follows: three cloves
of each infected and uninfected treatment were placed into the glass jar. For the extraction of
volatiles, an SPME device from Supelco (Bellefonte, PA, USA) with a 1 cm fiber coated with
50/30µm DVB/CAR/PDMS (divinylbenzene/carboxen/polydimethylsiloxane) was used.
Before use, the fiber was conditioned at 270 ◦C for 30 min. Each sample was equilibrated
for 20 min at 40 ◦C before sampling. Later, the fiber was exposed to the headspace of the
samples for 30 min at 40 ◦C to collect and concentrate the volatile compounds. Lastly,
the SPME fiber was inserted in the GC injector maintained at 250 ◦C in spitless mode for
desorption of the captured components. The chromatographic analyses of the headspace
from the garlic cloves were carried out on a Clarus 500 model Perkin Elmer (Waltham, MA,
USA) gas chromatograph coupled with a mass spectrometer equipped with an FID (flame
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detector ionization) and a Varian Factor Four VF-1 capillary column. The temperature
oven program was performed according to De Santis et al. [20], with some modifications
as follows: initially at 40 ◦C, then increased to 220 ◦C at 6◦/min, and finally held for
10 min. Helium was used as the carrier gas at a constant flow rate of 1 mL/min. The mass
spectrometer was operated at 70 eV (EI) in the scan mode in the range 35–350 m/z. The
temperature of the ion source and the connection parts was 220 ◦C. A blank (empty 3

4 L
Bormioli jar) was analyzed before each sample, and the values obtained were subtracted
from each sample. The identification of volatile compounds was performed by matching
their mass spectra with those stored in the Wiley 2.2 and NIST 02 mass spectral library
databases and by calculating the linear retention indices (LRIs) using a series of n-alkane
standards (C8–C30) analyzed under the same conditions as those of the samples [20]. The
LRIs were then compared with available retention data reported in the literature. The peak
areas of the FID signal were used to calculate the relative concentrations of the components
expressed as a percentage without the use of an internal standard or any factor correction.
All analyses were carried out in triplicate.

2.5. Statistical Analysis

A preliminary principal component analysis (PCA) was conducted on different datasets
(F. proliferatum grown in vitro, healthy/artificially inoculated/naturally infected commer-
cial cloves) to explore the distribution of the data. PCA elaborates new hypothetical
variables (components) accounting for as much as possible of the variance in the multi-
variate data [23,24]. These new variables are linear combinations of the original variables,
and PCA uses the eigenvalues and eigenvectors from the correlation matrix of the origi-
nal variables. The PCA was represented graphically using biplots, where the percentage
of the explained variance (eigenvalues) for each axis, the plotted coordinates in the PC
space (scores), and the vectors representing the importance of the variables (loading) were
reported. A partial least squares discriminant analysis (PLSDA) approach was used to
characterize healthy, artificially infected, and naturally infected commercial garlic cloves
according to the VOCs identified with the PTR-ToF-MS technique. The PLSDA consists of
a classical PLS regression analysis in which the response variable is categorical (Y-block;
replaced by a set of dummy variables describing the healthy, artificially infected, and
naturally infected commercial garlic cloves), expressing the class membership of the sta-
tistical units [25–27]. The entire dataset was subdivided into 3 different sub-datasets. The
first one was composed of only healthy and artificially infected garlic cloves (32 samples),
and the second one was composed of healthy, artificially infected, and naturally infected
garlic clove groups (52 samples), considered to be 3 different groups. The third one is the
same as the second one but considers two groups: healthy and infected (bringing together
artificially and naturally infected samples). Each dataset was partitioned into 80% of the
samples used for training and cross-validation, and the remaining 20% were used as an
internal test. This partitioning was chosen based on the Euclidean distances calculated
using the algorithm of Kennard and Stone [28] by selecting parameters without a priori
knowledge of a regression model. The LV models with the highest mean performance
value were the most robust, according to Swierenga et al. [29].

Moreover, the variable importance in projection (VIP) scores were calculated [30] and
used to estimate the importance of each variable in predicting the correct identity according
to the PLSDA model. The VOCs with VIP scores significantly higher than 1.2 were of major
importance and potential candidates for discriminating between healthy and artificially
infected commercial garlic cloves. The models used were developed using a procedure
written in the MATLAB 7.1 R14 software.

3. Results
3.1. Artificial Inoculations

After two weeks of incubation, symptoms of infection, like those observed in natu-
rally infected cloves, were present on inoculated cloves (Figure 1a). Fusarium proliferatum
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was always reisolated from symptomatic cloves artificially inoculated with the fungus
(Figure 1b). On naturally infected cloves, after incubation in humid chambers, along with
F. proliferatum, other saprophytic fungi belonging to Aspergillus and Penicillium species were
sporadically observed.

Separations 2023, 10, x FOR PEER REVIEW 5 of 15 
 

 

3. Results 
3.1. Artificial Inoculations 

After two weeks of incubation, symptoms of infection, like those observed in natu-
rally infected cloves, were present on inoculated cloves (Figure 1a). Fusarium proliferatum 
was always reisolated from symptomatic cloves artificially inoculated with the fungus 
(Figure 1b). On naturally infected cloves, after incubation in humid chambers, along with 
F. proliferatum, other saprophytic fungi belonging to Aspergillus and Penicillium species 
were sporadically observed. 

 
Figure 1. Garlic cloves naturally infected with F. proliferatum (a); garlic cloves artificially inoculated 
with F. proliferatum (b). 

3.2. VOC Analyses 
3.2.1. PTR-ToF-MS in Pure Cultures and Infected Garlic Bulbs 

From the PTR analysis, applied both to pure cultures and commercial bulbs, a total 
of 36 tentatively identified compounds in the range of measured masses (20 < m/z < 149), 
derived from the protonation of various VOCs, were registered (Table 1). The average total 
emission test varied from a minimum of 212.19 ppbv by PDA to a maximum of 13,615.47 
ppbv by F. proliferatum grown on potato dextrose agar, which showed the highest total 
VOC emission among all the samples studied. Among all sample types, the signal de-
tected at m/z 45.033 (TI as acetaldehyde) (m/z 45.033) was always the most abundant VOC 
emission type (Table 1). In particular, acetaldehyde showed an average value of 94.10 and 
5211.79 ppbv, respectively, in PDA without and with the fungus, while in the garlic in 
vivo test, the values ranged between 100.32 ppbv (healthy samples), 563.74 ppbv (inocu-
lated samples), and 918.04 ppbv (naturally infected samples). 

  

Figure 1. Garlic cloves naturally infected with F. proliferatum (a); garlic cloves artificially inoculated
with F. proliferatum (b).

3.2. VOC Analyses
3.2.1. PTR-ToF-MS in Pure Cultures and Infected Garlic Bulbs

From the PTR analysis, applied both to pure cultures and commercial bulbs, a total
of 36 tentatively identified compounds in the range of measured masses (20 < m/z < 149),
derived from the protonation of various VOCs, were registered (Table 1). The average
total emission test varied from a minimum of 212.19 ppbv by PDA to a maximum of
13,615.47 ppbv by F. proliferatum grown on potato dextrose agar, which showed the highest
total VOC emission among all the samples studied. Among all sample types, the signal
detected at m/z 45.033 (TI as acetaldehyde) (m/z 45.033) was always the most abundant
VOC emission type (Table 1). In particular, acetaldehyde showed an average value of
94.10 and 5211.79 ppbv, respectively, in PDA without and with the fungus, while in the
garlic in vivo test, the values ranged between 100.32 ppbv (healthy samples), 563.74 ppbv
(inoculated samples), and 918.04 ppbv (naturally infected samples).
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Table 1. List of compounds identified through PTR-ToF-MS analysis with an average intensity
emission of >1 ppbv. At the bottom, the total number of signals detected, the total S compound
emission, and the total VOC emission are reported.

m/z

Chemical
Formula

Tentative
Identification

PDA
(n = 8)

PDA + F.
proliferatum

(n = 12)

Healthy Garlic
(n = 20)

Inoculated
Garlic (n = 12)

Naturally
Infected

Garlic (n = 20)

Protonated Ion (H+) Average S.D. Average S.D. Average S.D. Average S.D. Average S.D.

27.022 C2H3
+ Acetylene and other

fragments 18.13 8.27 4770.97 2740.75 18.39 8.30 272.24 146.98 387.79 279.89

30.030 C2H5
+ Ethylene (isotope) 0.00 0.00 203.05 99.28 2.29 0.82 8.44 2.98 38.78 23.88

31.018 CH3O+ Formaldehyde 6.02 2.81 160.56 50.80 4.52 2.57 54.70 37.71 86.48 43.79
33.033 CH5O+ Methanol 9.86 4.40 25.47 12.16 50.16 35.12 318.23 156.54 60.34 39.58
34.994 H3S+ S compounds 0.00 0.00 0.00 0.00 0.00 0.00 39.33 17.68 0.00 0.00

41.038 C2H5
+ Fragment

(alcohol, ester) 4.05 2.49 107.68 35.28 22.68 14.56 364.88 282.30 17.60 10.68

43.018 C2H3O+ Fragment (ester) 1.37 0.62 166.88 66.98 8.93 5.32 49.96 17.77 53.40 30.46

43.054 C3H7
+ Fragment

(alcohol, ester, acetate) 1.79 0.24 52.29 19.02 7.91 4.65 89.74 52.56 12.39 6.43

45.033 C2H5O+ Acetaldehyde 94.11 39.86 5211.79 2738.41 100.32 75.71 563.74 338.81 918.04 472.29

46.990 CH3S+ S compounds
(thioformaldehyde) 0.00 0.00 0.00 0.00 4.35 2.49 20.74 5.12 16.78 6.68

47.049 C2H7O+ Ethanol 1.66 1.08 2551.01 1034.38 4.22 2.31 83.21 58.72 337.71 206.18

49.011 CH5S+ S compounds
(metanethiol) 0.00 0.00 0.00 0.00 15.42 10.43 130.31 86.88 22.06 5.78

51.006 CH5S+

(isotope)
S compounds

(metanethiol-isotope) 0.00 0.00 0.00 0.00 2.06 0.47 9.54 6.11 3.73 0.21

53.021 CH9S+ S compounds
(metanethiol) 0.00 0.00 0.00 0.00 0.00 0.00 2.30 0.64 0.00 0.00

55.057 C4H11S+ S compounds
(butanethiol) 0.00 0.00 26.69 10.24 1.75 0.42 4.56 1.20 2.14 0.49

57.070 C4H9
+ Alcohol Fragment 1.84 1.01 92.28 31.87 2.24 0.81 3.92 1.41 3.60 1.80

59.050 C3H7O+ Acetone/propanal 60.16 23.12 84.19 51.79 7.17 2.94 15.83 5.92 6.78 3.82
61.027 C2H5O2 Acetic acid 4.02 2.93 91.11 66.54 5.88 2.23 33.74 13.84 17.71 6.36

63.027 C2H7S+ S compounds
(dimethylsulfide) 0.00 0.00 0.00 0.00 0.00 0.00 3.65 1.47 2.92 1.03

63.998 CH4OS+ S compounds
(sulphenic acid) 0.00 0.00 0.00 0.00 0.00 0.00 3.38 1.37 0.00 0.00

69.074 C2H13S+ S compounds 1.73 0.59 2.97 1.46 0.00 0.00 2.11 0.51 0.00 0.00
71.049 C5H11

+ 2,3-Dihydrofuran 0.00 0.00 10.18 6.33 0.00 0.00 3.41 1.56 2.22 0.76

73.010 C3H5S+ S compounds
(thioacrolein) 0.00 0.00 32.03 9.87 2.65 1.41 39.82 17.97 7.80 1.41

73.060 C4H9O+ Butanal 7.27 2.42 2.20 0.76 2.25 0.69 6.48 3.76 2.06 0.55

75.026 C3H7S+
S compounds

(1-Propene-1-thiol/allyl
mercaptan)

1.17 0.40 9.19 3.42 2.92 1.15 15.08 4.85 9.31 0.81

87.044 C4H7S+ S compounds
(2,3-Dihydrothiophene) 0.00 0.00 10.77 3.48 1.93 0.21 3.22 1.49 1.64 0.25

89.040 C4H9S+ S compounds
(allyl methyl sulfide) 0.00 0.00 0.00 0.00 0.00 0.00 13.64 8.02 0.00 0.00

104.982 C3H5S2
+ S compounds

(1,2-dithiole) 0.00 0.00 0.00 0.00 1.93 0.50 12.47 7.49 3.01 0.63

113.045 C3H13S2
+ S compounds 0.00 0.00 0.00 0.00 0.00 0.00 5.97 3.79 0.00 0.00

115.060 C6H11S+ S compounds
(cyclohexanethiolate) 0.00 0.00 2.02 0.28 0.00 0.00 4.27 2.43 0.00 0.00

116.982 C4H5S2
+ S compounds 0.00 0.00 2.14 0.59 0.00 0.00 0.00 0.00 2.83 0.46

118.994 C7H3S+ S compounds
(heptahexaene-1-thione) 0.00 0.00 0.00 0.00 0.00 0.00 2.52 0.95 3.21 1.16

121.014 C4H9S2
+

S compounds
(disulfide, methyl

2-propenyl)
0.00 0.00 0.00 0.00 0.00 0.00 5.00 4.06 0.00 0.00

147.037 C6H11S2
+ S compounds

(diallyl sulfide) 0.00 0.00 0.00 0.00 1.88 0.23 11.45 5.86 3.68 0.54
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Table 1. Cont.

m/z

Chemical
Formula

Tentative
Identification

PDA
(n = 8)

PDA + F.
proliferatum

(n = 12)

Healthy Garlic
(n = 20)

Inoculated
Garlic (n = 12)

Naturally
Infected

Garlic (n = 20)

Protonated Ion (H+) Average S.D. Average S.D. Average S.D. Average S.D. Average S.D.

149.041 C6H13S2
+

S compounds
(disulfide, 1-methylethyl

2-propen-1-yl)
0.00 0.00 0.00 0.00 0.00 0.00 3.65 1.25 0.00 0.00

Total number of signals detected 14 21 22 34 27

Total VOC emission (average, ppbv) 213.19 13,615.47 271.82 2201.53 2024.02

Total S compound emission (average, ppbv) 2.90 85.81 28.87 333.01 79.13

Protonated measured m/z (mass/charge ratios); compound’s chemical formula (H+ added by protonation);
tentative identifications; average of VOC headspace intensity (ppbv) for sample types ± SD. “Total number of
signals detected”: the total number of compounds detected for each sample type; “Total VOCs emission” and
“Total S compound emissions” are expressed as an average of each sample type.

In the in vitro experiments, a total of 14 and 21 VOCs were detected, respectively, for
PDA and PDA + F. proliferatum. Seven compounds, exclusively produced by the fungus,
were detected at m/z 30.030 [TI as ethylene (isotope), m/z 71.049 (TI as 2,3-dihydrofuran)]
and other sulfur compounds (detected at m/z 49.011, 55.057, 87.044, 115.060, and 116.982
as reported in Table 1). In Figure 2, the PCAs derived from the VOCs produced by
F. proliferatum grown on PDA are reported.
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Figure 2. PCA performed on VOC emission of potato dextrose agar (PDA) and of F. proliferatum
grown on PDA.

From the PTR analysis applied to the in vivo test, a total of 21, 26, and 34 signals
were registered, respectively, for healthy, naturally infected, and artificially inoculated
samples. Eight signals (m/z 34.994, 53.021, 63.998, 69.074, 71.049, 89.040, 115.060, 121.014,
and 149.041) were exclusively produced by the artificially inoculated garlic, while three
(m/z 63.027, 71.049, and 118.994) were produced only by naturally and artificially infected
ones. The garlic samples artificially inoculated with the fungus showed the highest number
of signals emitted and the highest average emission of sulfur compounds, while the total
VOC emission did not differ compared to the naturally infested garlic bulbs (Table 1).
Moreover, the emission of S compounds was the highest in the infected samples (both
natural and inoculated garlic) compared to the healthy samples.
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The signals that showed (for each infected garlic sample) the highest emission intensity
(with an average value of >100 ppbv) were low-molecular-weight compounds that have
been detected in naturally and artificially infected garlic samples at m/z 27.022 (TI as
acetylene), m/z 33.033 (TI as methanol), m/z 41.038 (TI as fragment), m/z 45.033 (TI as
acetaldehyde), m/z 47.049 (TI as ethanol), and m/z 49.011 (TI as methanethiol). A similar
trend, albeit with lower intensities, was observed in the control samples, except for the
compound detected at m/z 47.049, which is emitted in small amounts. In Figure 3, the
average emission intensity from different samples is reported.
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infected ones.

Separations 2023, 10, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 4. PCA performed on VOC emission of healthy and artificially inoculated garlic cloves (a) 
and healthy, artificially inoculated, and naturally infected garlic cloves (b). 

In Table 2, the results of PLSDA on three datasets (healthy vs. artificially infected 
garlic cloves; healthy vs. naturally infected garlic cloves; healthy vs. artificially infected 
vs. naturally infected garlic cloves) are reported. In particular, it is possible to observe for 
all three models high performances in classification (for both model/validation and inde-
pendent test sets), very high specificities and sensitivities, and very low mean classifica-
tion errors (always lower than 0.04%) and RMSEC. 

Table 2. Results of the PLSDA models based on VOCs used to classify healthy and artificially 
infected commercial garlic cloves. 

 Healthy vs. Artificially In-
fected Garlic Cloves 

Healthy vs. Naturally In-
fected Garlic Cloves 

Healthy vs. Artificially Infected 
vs. Naturally Infected Garlic 

Cloves 
N 32 52 52 
n° units (X-block) 32 32 32 
n° units (Y-block) 2 2 3 
Preprocessing Mean center Autoscale Median center 

Figure 4. Cont.



Separations 2023, 10, 556 9 of 14

Separations 2023, 10, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 4. PCA performed on VOC emission of healthy and artificially inoculated garlic cloves (a) 
and healthy, artificially inoculated, and naturally infected garlic cloves (b). 

In Table 2, the results of PLSDA on three datasets (healthy vs. artificially infected 
garlic cloves; healthy vs. naturally infected garlic cloves; healthy vs. artificially infected 
vs. naturally infected garlic cloves) are reported. In particular, it is possible to observe for 
all three models high performances in classification (for both model/validation and inde-
pendent test sets), very high specificities and sensitivities, and very low mean classifica-
tion errors (always lower than 0.04%) and RMSEC. 

Table 2. Results of the PLSDA models based on VOCs used to classify healthy and artificially 
infected commercial garlic cloves. 

 Healthy vs. Artificially In-
fected Garlic Cloves 

Healthy vs. Naturally In-
fected Garlic Cloves 

Healthy vs. Artificially Infected 
vs. Naturally Infected Garlic 

Cloves 
N 32 52 52 
n° units (X-block) 32 32 32 
n° units (Y-block) 2 2 3 
Preprocessing Mean center Autoscale Median center 

Figure 4. PCA performed on VOC emission of healthy and artificially inoculated garlic cloves (a) and
healthy, artificially inoculated, and naturally infected garlic cloves (b).

In Table 2, the results of PLSDA on three datasets (healthy vs. artificially infected
garlic cloves; healthy vs. naturally infected garlic cloves; healthy vs. artificially infected vs.
naturally infected garlic cloves) are reported. In particular, it is possible to observe for all
three models high performances in classification (for both model/validation and indepen-
dent test sets), very high specificities and sensitivities, and very low mean classification
errors (always lower than 0.04%) and RMSEC.

Table 2. Results of the PLSDA models based on VOCs used to classify healthy and artificially infected
commercial garlic cloves.

Healthy vs. Artificially
Infected Garlic Cloves

Healthy vs. Naturally
Infected Garlic Cloves

Healthy vs. Artificially
Infected vs. Naturally
Infected Garlic Cloves

N 32 52 52

n◦ units (X-block) 32 32 32

n◦ units (Y-block) 2 2 3

Preprocessing Mean center Autoscale Median center

n◦ LV 1 13 15

% Cumulated variance X-block 68.09 96.54 99.98

% Cumulated variance Y-block 37.46 43.05 86.39

Mean specificity 1 0.98 0.96

Mean sensitivity 1 0.98 0.96

Random probability (%) 50 50 33.3

Mean class. err. (%) 0 0.02 0.04

Mean RMSEC 0.550 0.410 0.274

% Corr. class. model 100 97.6 97.6

% Corr. class. independent test 100 100 100

N is the number of samples; n units (Y-block) is the number of VOCs; n units (Y-block) is the number of treatments
to be discriminated by the PLSDA; n LV is the number of latent vectors for each model; random probability (%) is
the probability of random assignment of an individual compound into a unit; RMSEC is the root mean square
error of calibration.
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After the PLSDA class-modeling approach, nine VOC scoring values greater than 1.2
(i.e., VOCs with a higher contribution in classification) were reported in Table 3.

Table 3. List of variable importance in projection (VIP) VOCs with scores > 1.2.

m/z Tentative
Identification

Chemical
Formula Healthy Artificially

Infected
Naturally
Infected

27.022 Acetylene C2H3
+ 0.930307 2.158485 2.181981

30.030 Ethylene (isotope) C2H5
+ 1.804159 0.814889 0.857015

33.033 Methanol CH5O+ 0.616435 1.314073 1.329796

41.038 Fragment
Alchohol, Ester C2H5+ 1.107641 2.530064 2.590729

43.054
Fragment

Alchohol, ester,
acetate

C3H7
+ 1.705502 0.645954 0.564028

45.033 Acethaldehyde C2H5O+ 1.188507 2.728673 2.046816
47.049 Ethanol C2H7O+ 1.351119 2.169554 2.971928
61.027 Acetic acid C2H5O2

+ 3.117157 0.745749 0.95885
71.050 2,3-Dihydrofuran C5H11

+ 1.377662 0.934311 0.525653

3.2.2. SPME-GC/MS Analysis

For the in vitro analysis, no emissions were registered for PDA, while the presence
of 1-butanol 3-methyl, 1-butanol 2-methyl, and pentane 2,2,4-trimethyl produced by the
fungus was registered. As for the garlic clove experiments, diallyl disulfide was the only
relevant VOC, followed by some minor compounds detected in traces (<0.1%) produced
by the healthy commercial garlic cloves. On the other side, a total of 12 different VOCs
were registered for the artificially infected ones and are listed in Table 4. All detected and
identified compounds were sulfur compounds, with the exception of ethyl acetate. Among
them, diallyl disulfide was found in all inoculates, and it was the major compound, ranging
from 61.70% to 91.39%. The second most abundant component was thiirane, methyl-
(6.70 to 19.60%). Allyl mercaptan and diacetyl sulfide were detected only in inoculates
5 and 6, respectively. Additionally, 1-propene-1-thiol was found in inoculant 1; on the
contrary, all the other compounds were distributed quite homogeneously across almost all
the investigated samples.

Table 4. Chemical composition (percentage mean value ± standard deviation) of ten artificially
inoculated garlic samples.

Component 1 LRI 2 LRI 3 1 2 3 4 5 6 7 8 9 10

1-propene-1-thiol 590 595 0.34 ± 0.02 0.23 ± 0.01 - - - - - - - -
ethyl acetate 596 599 - 7.89 ± 0.02 10.69 ± 0.02 2.80 ± 0.02 2.57 ± 0.02 - 7.85 ± 0.02 6.67 ± 0.02 - -

thiirane, methyl- 653 650 - 17.04 ± 0.03 19.60 ± 0.03 6.70 ± 0.03 - - 16.78 ± 0.04 17.44 ± 0.04 - -
allyl methyl sulfide 685 678 - 1.96 ± 0.02 0.76 ± 0.01 - 1.82 ± 0.02 3.55 ± 0.02 5.86 ± 0.02 - - -

diallyl sulfide 876 871 - 1.51 ± 0.03 - 2.39 ± 0.02 3.10 ± 0.02 2.82 ± 0.01 1.76 ± 0.02 2.00 ± 0.02 - 6.67 ± 0.02
allyl mercaptan 896 891 - - - - 6.35 ± 0.03 - - - - -
diacetyl sulfide 900 * - - - - - 0.88 ± 0.01 - - - -

disulfide, methyl
2-propenyl 927 922 5.90 ± 0.03 1.13 ± 0.03 - 1.94 ± 0.02 5.26 ± 0.02 4.93 ± 0.02 3.78 ± 0.02 1.92 ± 0.02 - -

diallyl disulfide 1089 1085 91.39 ± 0.07 68.43 ± 0.11 66.92 ± 0.15 84.45 ± 0.11 79.78 ± 0.14 86.35 ± 0.18 61.70 ± 0.14 70.92 ± 0.17 87.93 ± 0.12 77.68 ± 0.15
disulfide, 1-methylethyl

2-propen-1-yl 1095 1099 1.26 ± 0.03 0.64 ± 0.02 - 0.55 ± 0.02 0.25 ± 0.02 1.08 ± 0.02 2.03 ± 0.02 - 8.03 ± 0.03 15.65 ± 0.02

allyl thiocyanate 1210 * 0.67 ± 0.02 0.88 ± 0.02 - - - - 0.24 ± 0.02 1.05 ± 0.02 4.04 ± 0.02 -
tetrasulfide,

di-2-propenyl 1516 1510 - - 2.03 ± 0.02 1.17 ± 0.02 0.85 ± 0.01 0.39 ± 0.02 - - - -

SUM 99.56 99.71 100.0 100.0 99.98 100.0 100.0 100.0 100.0 100.0

1 the components are reported according to their elution order on an apolar column; 2 linear retention indices
measured on an apolar column; 3 linear retention indices from the literature (NIST); * LRI not available; from 1 to
10: percentage mean values of inoculated sample components;—not detected.

Therefore, in agreement with the PTR-ToF-MS data, an increase in sulfur compounds
was recorded in the artificially infected samples. Furthermore, ethyl acetate was detected,
which, unlike the sulfur compounds that, although with qualitative and quantitative
variations, characterize garlic [31], would appear to be associated with the fungus. In this
regard, in a previous study, it was reported that this volatile metabolite was a potential
indicator of Fusarium growth on onions [32].
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4. Discussion

VOCs are assuming an increasing interest in many research fields [33], spanning
between plant–beneficial microbe interactions [34], plant pathogens–beneficial microbe
interactions [35], diagnosis of fungi [9,36,37], diagnosis of pests [38], fungal lifestyle [39],
soil ecology [40], and food technology [41]. In recent years, the analysis of volatile organic
compounds, the so-called “separation science”, has made significant progress thanks to
the development of a new generation of analytical technology, considerably enabling their
fast and real-time detection and characterization [42]. In the present work, the volatome
of garlic cloves (healthy, artificially inoculated, and naturally infected by F. proliferatum),
along with that of the fungus grown in nutrient media, has been studied by applying two
complementary techniques, PTR-ToF-MS and SPME-GC/MS, to set up a rapid and efficient
diagnostic tool for Fusarium dry rot in garlic. Their combined application allowed over-
coming some intrinsic limitations of the two techniques, i.e., the ambiguous identification
of some compounds of the former and the displacement effect of analytes with a lower
affinity toward the type of fiber used for SPME sampling.

PCA analysis performed on the in vitro test showed the ability of F. proliferatum to
produce a characteristic bouquet of VOCs mainly composed of low-molecular-weight
substances (alcohols, aldehydes, and esters). Nine VOCs with a VIP score of >1.2 were
identified that could be potentially useful for discriminating between healthy and infected
garlic cloves. Many of them were alcohols or responsible for the flavor and odor that
develop through the metabolism of different fungi in many foods [42,43]. Acetaldehyde is
a ubiquitous, very volatile carbonyl compound occurring in the metabolism of plant and
animal organisms, which has recently caused concern as an indoor environment pollutant
as a carcinogenic and suspected mutagenic compound [44]. It is commonly produced in
many foods during the alcoholic fermentation of glucose by various microorganisms. The
role of specific metabolic pathways of alcohol degradation and their role in fungal plant
pathogens are not yet well understood [45].

As shown in Figure 4a,b, PCA performed after an in vitro analysis clearly discrimi-
nated between healthy and infected (both artificially inoculated and naturally) commercial
garlic cloves through different patterns of VOC emission. In addition, a PLSDA analysis
performed on the same dataset allowed for statistically discriminating between healthy
and artificially and naturally infected garlic cloves. The three sub-databases showed very
high classification performances and low errors. Indeed, VIP scores are used to estimate the
importance of each variable in the PLS-based models. The VOCs that emerged with higher
VIP values tend to be more important than others, even if it does not mean that a variable
with a low VIP is not relevant for the model. Using SPME-GC/MS on artificially inoculated
commercial garlic, diallyl disulfide was the most represented VOC (average percentage of
77.6 ± 10.1), followed by thiirane, methyl- (15.5 ± 5.04), and ethyl acetate (6.41 ± 3.17), al-
ready known as a probable indicator metabolite of the presence of Fusarium [32]. According
to Guo et al. [39] and also in our work, a higher number of compounds, in particular short-
chain carbonyl compounds, were detected by PTR-ToF-MS than by SPME-GC/MS. Sulfur
compounds were among the most represented VOCs in our samples; these compounds
are the second largest VOC category in food after esters and play an important role in the
development of the aroma of food, including some mushrooms [46]. In Allium spp., they
contribute to the typical taste and aroma of garlic after the transformation of allicin into
volatile sulfuric compounds following physical tissue destruction [47]. In garlic, a VOC
analysis by SPME was used to highlight possible cold damage during storage [48], the
beneficial effect of ozone treatment in controlling garlic rot decay from Fusarium [20], and
the changes in the aromatic profile due to processing [16] or depending on the geographical
origin [49].

PTR-ToF-MS has been successfully used for the identification of different Fusarium
spp. [18] and truffles [50] and for the detection of durum wheat samples exceeding the legal
limits of deoxynivalenol (DON) [9]. Rapid diagnosis of Fusarium rot in garlic is hampered
by the presence of teguments that mask the presence of early symptoms of the disease. The
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VOC analyses carried out in this work could thus represent an interesting tool for the early
detection of the disease, reducing the risk of disease development during storage. Recently,
electronic nose (e-nose) devices, through the application of an array of non-specific sensors
and a suitable pattern recognition system, have gained acknowledgement for practical
applications of VOCs in agriculture, i.e., plant disease diagnosis [51,52]. They have also
been used for the botanical classification of Allium spp. [53] and lyophilized [54] and fresh
garlic cultivars [55] and for the early detection of garlic artificially inoculated with several
fungal pathogenic isolates [56]. The combinations of the analytical approaches used in
the present work with e-nose devices, along with the availability of ever more performing
algorithms, including classical gas recognition and neural network-based algorithms [57,58],
will improve the practical and useful utilization of VOCs as a high-throughput detection
tool for the early diagnosis of human diseases and of pest and plant diseases in the field
and during storage thanks to the rapid discrimination of individual chemical species within
the issued aromatic mixtures.

5. Conclusions

The aim of the present work was the development of a tool for the rapid and efficient
diagnosis of the clove rot disease of garlic through the analysis of the different VOC profiles
between healthy and diseased tissues. The diagnosis of this disease is hampered by the
presence of different layers of tissues around the cloves, which do not allow for the visual
observation of the symptoms. To this end, we analyzed VOC profiles produced by pure
cultures of the pathogen grown in vitro, by artificially inoculated garlic, and by naturally
infected samples.

With the use of two complementary analytical techniques, SPME-GC/MS and PTR-
ToF-GC/MS, combined with an exhaustive statistical analysis of the results, we were able
to discriminate between healthy and diseased garlic and gain useful information about the
most important VOCs involved in the disease expression. The obtained data are useful
to expand knowledge on the role of VOCs in host–pathogen interactions. Furthermore, it
could be important for practical applications in the food industry in order to reduce the
risk of disease development during storage.

In conclusion, the obtained results demonstrate that the analytical techniques used are
suitable for screening the volatoloma emitted by the investigated garlic samples in order to
identify an alteration due to the presence of the fungus or, more generally, to the presence
of parasites or diseases that can affect the plant.
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