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Abstract Investigations were performed to examine the
possibility of using an electronic nose to monitor development
of fungal microflora during the first eighteen days of rapeseed
storage. The Cyranose 320 device manufactured by Sensigent
was used to analyse volatile organic compounds. Each sample of
infected material was divided into three parts and the degree of
spoilage was measured in three ways: analysis of colony forming
units, determination of ergosterol content, and measurement of
volatile organic compounds with the e-nose. Principal component
analysis was performed on the generated patterns of signals and
six groups of different spoilage levels were isolated. An analysis
of sensorgrams for a few sensors with a strong signal for each
group of rapeseed spoilage was performed. The ratio of the asso-
ciation time to the steady state was calculated. This ratio was
different for the low level and the highest level of ergosterol and
colony forming units. The results have shown that the e-nose can
be a useful tool for quick estimation of the degree of rapeseed
spoilage.

Keywords: principal component analysis, e-nose, rapeseed,
ergosterol, colony forming units, volatile organic compounds

INTRODUCTION

Currently, rapeseed accounts for approximately 11% of
the global production of oil-bearing plants (Rusinek et al.,
2012). Improvement of processing and storage conditions
is very important in order to get a high quality product.
Rapeseed stored in silos is at constant risk of deterioration
of its quality. Despite application of appropriate prepara-
tory treatments, rapeseeds, unlike cereal grains, are more
susceptible to damage and deterioration due to the high fat
content, which increases the intensity of unfavourable bio-
logical and chemical processes in damaged seeds (Rusinek
et al., 2009; Rusinek and Kobyltka, 2014; Rybinski ef al.,
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2009). Microbial activity increases in damaged seeds,
which leads to reduction of the quality or even destruc-
tion of the raw material. These phenomena are particularly
dangerous in moist seeds, which are excessively loaded or
stored at too high temperatures with high local gradients
resulting from insufficient seedbed aeration. These biologi-
cal processes may be initiated very fast, sometimes within
a few days after filling the silo.

Numerous methods are in use for detection of spoil-
age of stored seeds. Jelen and Wasowicz (1998) reviewed
proposed methods of detection and enumeration of fungal
microflora in stored grains and concluded that all of them
suffer some drawbacks. All microbiological methods giving
an answer about the presence of fungi and fungal contami-
nation levels are laborious and time-consuming. On the
other hand, there are indirect methods for detection and
quantification of fungal infection in grain based on assess-
ment of chemical markers such as ergosterol, chitin, or
adenosine triphosphate (Gawrysiak-Witulska et al., 2008).
However, these methods require demanding and laborious
sample preparation (Abramson and Smith, 2003; Magan
and Evans, 2000; Olsson et al., 2000). Smelling the grain
for detection of its quality by man is another option, but
this constitutes a potential health hazard through inhalation
of mould spores and mycotoxins. Therefore, application of
an electronic nose (e-nose) for the analysis of the quality
of grain is considered as a promising and quick method
(Sung et al., 2014). The technique was developed at the
end of the last century (Olsson et al., 2000; Oshita et al.,
2006). At the current stage of evolution of sensor techno-
logy, a device like the e-nose offers new possibilities not
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only for assessment of grain quality but generally in food
(Loutfi et al., 2015), cosmetic, or pharmaceutical industries,
as well as in environment control and clinical disease diag-
nosis (Casalinuovo et al., 2006; Guz et al., 2015; Pathange
et al., 2006; Peris and Escuder, 2009).

Odours and volatiles are produced by a wide range of
organisms including those causing deterioration of plant
granular materials (Presicce ef al., 2006). Volatile metabo-
lites produced by fungi during the spoilage process can be
characteristic markers of fungal presence. Fungi produce
a unique odour of many fermented products (Perkowski et
al., 2008, 2012). Magan and Evans (2000) have reviewed
volatile compounds found in cultures of fungi grown on
different grain and cereal substrates. Their work has shown
a wide range of volatiles produced by fungi e.g. aldehydes,
ketones, alcohols etc. There is potential for distinguishing
between species of fungi based on characteristic volatile
substances. The authors suggest that it may be possible
to use the e-nose to try to distinguish them. Studies using
the e-nose for quality grading of barley grain have been
reported by Olsson et al. (2000). The authors used an elec-
tronic nose and gas chromatography combined with mass
spectrometry (GC-MS) to quantify the level of ergosterol
and colony forming units (CFU) of naturally contaminated
barley samples. A conclusion was drawn that both methods
could be used to discriminate between normal and off-
odour grain volatiles and to predict ergosterol levels in
barley. Zhang and Wang (2007) efficiently used an e-nose
to evaluate insect damage and classify the storage age of
stored wheat. The results analysed by principal component
analysis and linear discriminant analysis provided a good
classification in the storage age. Regarding insect damage,
all wheat samples were distinguished properly. Zhou et al.
(2012) used an electronic nose to distinguish between three
varieties of wheat seeds. According to the authors, gas
chromatography-mass spectrometry analysis of the head-
spaces of the same samples confirmed that the e-nose was
apowerful device to identify the variety of wheat. However,
up to now there have been not many reports on success-
ful evaluation of spoilage of oil seed using the electronic
nose system (Kubiak, 2012, 2014). Therefore, the objective
of the present study was to compare e-nose responses to
volatiles produced by stored rapeseed with CFU counts and
ergosterol levels in the early stage of spoilage for up to 18
days after filling the silo.

MATERIAL AND METHODS

The examined material was winter high-oleic rape-
seed with fat content of approximately 43%, harvested
in Poland, provided by the Institute of Agrophysics PAS
(Poland). Rapeseed samples with different levels of spoil-
age were prepared by storing the rapeseed in a conditioning
chamber at constant conditions of seed moisture content
(12% w.b.) and temperature (30°C), as described earlier
by Wawrzyniak et al. (2013). The chamber had been used
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previously to study the changes in the quality of grain
and rapeseed during storage (Gawrysiak-Witulska et al.,
2011, 2012). Six spoiled samples were selected every three
days during 18 days of storage including a control sample
(Table 1). Each sample was divided into three 200 g parts
for analysis of ergosterol levels, fungal CFU, and responses
to volatiles using the e-nose.

The level of mould contamination of the rapeseed sam-
ples was determined as Colony Forming Units (CFU) of
moulds per 1 g of grain. Analysis of CFUs in the rapeseed
was performed in accordance with the procedure described
in the standard (PN-ISO 21527-2:2009).

Rapeseed samples (10 g) were placed in 90 ml sterilized
Phosphate Buffered Saline (PBS) containing a wetting
agent Tween 80 (0.003 g I'") and, after soaking for 30 min,
the samples were shaken for 2.5 min. During microbio-
logical analyses, serial dilutions were prepared following
PN-EN ISO 6887-1:2017-05. 1 ml samples were spread
onto duplicate sterilized plates and covered with YGC Agar
containing glucose, agar, yeast extract, and chlorampheni-
col (100 pgl™"). After 3 days of incubation, the CFUs of
moulds were evaluated using a colony counter. All treat-
ments were performed in triplicate.

The ergosterol extraction was carried out according to
the method described by Abramson and Smith (2003) and
Pronyk et al. (2006). Briefly, 5 g rapeseed samples were
milled, extracted in 50 ml of methanol, cooled, filtered, and
saponified for 30 min. After saponification, the obtained
samples were cooled and filtered once again. Next, the mix-
ture was extracted twice with 50 ml of n-hexane. 12.5 ml of
the n-hexane extract was taken to dryness under a nitrogen
stream at 40°C. The obtained residue was dissolved in 2 ml
of cyclohexane, added to a 3 ml SPE (solid phase extrac-
tion) cartridge containing 500 mg silica gel (Strat Silica,
Phenomenex), and rinsed with cyclohexane. To obtain ergo-
sterol acetate, acetylation by acetic anhydride was required.
After acetylation, the eluate was taken to dryness. For HPLC
analysis, the purified ergosterol acetate was dissolved in
1 ml of acetonitrile. 10 ml-aliquots were injected into an
HPLC system (Acella, Thermo Scientific, USA) witha C-18
reverse-phase column (Hypersil Gold, 50 x 2.1 mm, 1.9 mm
particles, Thermo Scientifc, USA) at temperature 35°C.
The diode-array spectrophotometric detector was set at
282 nm. Methanol at 450 ml min" was used as the mobile
phase. Ergosterol acetate was eluted at 2.15 min (Gancarz
etal., 2017).

The Cyranose 320 is a fully integrated hand-held chemi-
cal vapour sensing instrument designed specifically to
detect and identify complex chemical mixtures that con-
stitute aromas, odours, fragrances, formulations, spills, and
leaks. It is also used to identify simple mixtures and indivi-
dual chemical compounds (Casalinuovo et al., 2006). Model
320 has 32 polymer-composite sensors. The conductivity
of the polymer changes when molecules are absorbed at
the conducting particle chain. The sensors strongly respond
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Fig. 1. Experimental setup for the e-nose for headspace volatile sampling.

to the presence of ketones, fatty acids, esters, and alcohols
that can be expected in spoilage rapeseed. Typical response
by the sensors is represented by 32 curves of conductivity
against time (sensorgram) when the volatiles from the rape-
seed reach the measurement chamber.

The measurements of volatile organic compounds
(VOC) were carried out using an experimental set pre-
sented in Fig. 1. Each sample of rapeseed was placed into
a special Gas Test Box (Figaro, Japan). A measurement
cycle according to the sample protocol consisted of 10
s baseline purge, 40 s sample draw-in, 5 s laboratory air
purge, not less than 120 s sample purge. The temperature of
the active surface of the sensors during the measurement of
volatile substances was 42°C for optimum performance of
the e-nose during data acquisition. The mean pump speed
for the baseline and sample draw-in was 150 ml min™ while
the high pump speed for sample purge was 300 ml min™.

A data matrix with 60 rows and 32 columns was built
for six samples and 20 rows and 32 columns for overcom-
ing the inability of the e-nose to distinguish between the
species of spoiled and unspoiled seed. PCA were the pat-
tern-recognition techniques used. The set of the sensor data
obtained was analysed using a ‘Canonical’ pattern recogni-
tion algorithm. This model was the most appropriate for
these applications based on manufacturer guidelines.

RESULTS AND DISCUSSION

The Cyranose was trained to differentiate between six
samples of spoiled rapeseed and the control sample. The
device showed great sensitivity to the presence of the vola-
tile chemical compounds elicited from spoiled rapeseed.
Each line in Fig. 2 represents a response of the individual
sensor. The vertical axis represents sensor response:

AR _ R, =R,
RO RO ’

were: R,—resistance at baseline, R,,,, — maximum resistance.

This response suggests that the electronic nose could
be used successfully for detection of volatile substances in
spoiled rapeseed (Henderson et al., 2010). Similar research

individual sensorgrams from
L 32 polymer-composite sensors
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Fig. 2. Example of response of Cyranose to volatiles from
a spoiled sample of rapeseed.

has been successfully conducted by Olsson et al. (2000) for
barley. The authors concluded that it was possible to quan-
tify ergosterol and CFU using the electronic nose.

The first step of the e-nose calibration was to overcome
the ability of Cyranose to distinguish between species
of spoiled and unspoiled seed. In this case, the analysis
revealed the presence or absence of spoilage signs in the
samples (the control sample — ergosterol less than 1 mg g''
vs the spoiled sample — ergosterol more than 6 mg g™). This
method gave two very distinct groups in the PCA 2D plot
with 100% correct cross-validation. This test revealed that
Cyranose distinguished spoiled from unspoiled samples of
rapeseed (Fig. 3). The data obtained from 32 sensors gave
information that the two principal components (PC1 85%
and PC2 15%) accounted for our desired 100% of total
variation.

Henderson et al. (2010) and Panigrahi ef al. (2006) sug-
gested switching off a few sensors that were sensitive to
water vapour. In our research, we performed two kinds of
tests with 32 and 28 sensors (except for 4 that were sensi-
tive to water vapour), but clearer and more stable results
were obtained with 32 sensors (Fig. 4). Additionally, all
rapeseed samples had the same moisture content during
the tests. Figure 4 shows a typical pattern of responses
(smellprint) from the sensors reacting to volatiles from
the headspace of the control and spoiled samples. These
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Fig. 3. Principal component analysis describing discrimination between control and spoiled samples.
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Table 1. Contents of ergosterol (ERG) and colony forming units (CFU)

Sample number Ergosterol Colony forming units Fungal microflora
(days of storage) (nggh (Logyo cfug™)
control 0.73+0.07 2.25+0.35 Mucor, Acremonium, Cladosporium
1(3) 7.54+0.07 2.42+0.03 Mucor, Acremonium, Cladosporium, Fusarium
2 (6) 8.72+0.06 3.50+0.01 Mucor, Acremonium, Cladosporium
309 10.17+0.08 3.88+0.17 Eurotium, Penicillium, (marginally: Mucor, Cladosporium)
4(12) 10.31+0.11 4.13+£0.04 Eurotium, Penicillium
5(15) 8.34+0.13 4.31+0.04 Eurotium, Penicillium
6 (18) 10.77+0.10 4.39+0.11 Eurotium, Penicillium
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Fig. 5. PCA plot for rapeseed degradation.

two smellprint graphs clearly show the differences in the
responses of the individual sensors. In this research, each
sample was marked by an individual smellprint.

The concentrations of ergosterol and CFUs of moulds
in the samples were determined after eighteen days of sto-
rage and they are presented in Table 1. PCA was used to
investigate how well the e-nose analysis separated the le-
vels of seed spoilage for over a dozen days of storage in
unfavourable conditions. The principal component analy-
sis plot (Fig. 5) gave discrete grouping with 85% correct
and another 15% incorrect cross-validation. Despite some
minor differences in the CFU and ergosterol content, the
e-nose provided responses according to the level of spoil-
age (Table 1). The ergosterol content as well as the CFU
for sample 1 (3 days of storage), 2 (6 days of storage), and
3 (9 days of storage) clearly increased. The ergosterol con-
tent for samples 4 and 6 was at a similar level and below
that level in the case of sample 5 (Fig. 5). Balasubramanian

PC1

et al. (2007) reported similar results for three samples of
barley stored for 20 days, namely, clean barley, naturally
Fusarium-infected barley, and Fusarium-inoculated clean
barley. Based on e-nose analysis, the authors were able to
classify the samples of barley into two groups: good
(ergosterol < 3 mg g') and bad (ergosterol > 3 mg g)
with accuracy up to 91%. It should be added that an
ergosterol concentration of 3 mg g”' is the maximum con-
centration of ergosterol that can be found in cereal grains
intended for human consumption. However, the ergosterol
level in plant materials is dependent on the growth matri-
ces (Wawrzyniak and Waskiewicz, 2014) and in the case of
rapeseed, the limit of the ergosterol concentration charac-
terizing seeds with good quality is higher and should not
exceed 6 mg g'. In our experiment, the ergosterol concen-
tration increased with the increasing storage time from 7.5
to 10.77 mg g (Table 1). In all samples, the ergosterol con-
centration exceeded the level of 6 mg g, while the CFU g'!
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reached a level slightly above 4. The growth and stability
of both parameters was reflected in the results of the e-nose
research and PCA analysis.

The PCA plot presented in Fig. 5 clearlyshows three dif-
ferent groups of data for samples 1, 2, and 3. The CFU and
ergosterol concentration increased during the first nine days
of storage (Table 1). This tendency was clearly reflected by
the electronic nose measurement as three distinct groups
(samples 1, 2, and 3). During the last days of storage repre-
sented by samples 4, 5, and 6, the ergosterol concentration
did not change markedly. The electronic nose results shown
in figure 5 present this effect as three overlapping groups.

The PCA plot in Fig. 5 shows that the data for seeds
of the worst quality are more tightly clustered and located
at left side of vertical axis, while the data for good quality
seeds are located on the right side of axis. A similar trend
was observed in Fig. 3. Generally, the analysis has shown
clear groups of data corresponding to six samples as well
as a trend that is indicated in Fig. 5 by the arrow point-
ing to the direction of the increasing degradation of seeds.
Additionally, the authors suggested that the distinct group-
ing of sample 1, 2, and 3 was correlated mainly with field
microflora and the overlapping groups of sample 4, 5, and 6
were correlated primarily with storage microflora (Gancarz
etal., 2017).

Each smellprint was built from individual response of
32 polymer-composite sensors (Balasubramanian et al.,
2007). Sensor response is a curve called a sensor drift or
a sensorgram. Generally, it consists of two phases, i.e.
adsorption and desorption. In this work, the authors ana-
lysed the sensorgrams of several best-responsive sensors of
VOCs from spoiled rapeseed. Several factors can be ana-
lysed: the baseline (with drift or stable), association curve,
steady state (horizontal curve, if obtained), or the dissocia-
tion curve (Fig. 6).

Literature shows similar analyses but mostly done
for chemical volatiles. For example, Mielle and Marquis
(2000) analysed the sensor drift for an ethanol concentra-

Table 2. Ratio of the association time curve t, to the steady
state ty

Sensor number

Sample
number (days 5 6 26 28 31
of storage)
ta/ts
control 0.31 0.41 0.28 0.40 0.70
2 (6) 0.55 * 2.47 222 222
309 1.04 * 2.47 2.22 4.80
4 (12) 0.75 * 2.47 1.23 6.25
5(15) 0.84 * 2.47 1.23 6.25
6 (18) 0.84 * 2.47 1.23 6.25
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tion. A sensory response feedback process was discussed
by Zhang et al. (2008) for a few chemical volatiles, and
Garcia-Gonzalez and Aparicio (2010) for volatile com-
pounds of virgin olive oil.

For this purpose, 32 sensorgrams of Cyranose sensors
were analysed. Only 15 of them gave a clear and responsive
signal on spoiled rapeseed VOCs. These were the following
sensors: 1,2, 3,4,5,6,8,9, 18, 20, 23, 26, 28, 29, and 31
(Figs 2, 4a and 4b). Analysis of association time the steady
state and dissociation were analysed for a few sensors with
a strong signal from this group. Sensorgrams 28 and 31
were chosen to be presented in this paper.

Cyranose was built of 32 polymer-composite sensors
with a conducting particle chain. In this type of sensors,
the conducting particle chain reacts to VOCs and produces
a change in DC resistance. These responses can be dif-
ferent for different substances (Gruber et al., 2013). The
concentration of VOCs from fungi increased with CFU and
ergosterol content (ERG) at the time of storage (Table 1).
Some polymer sensor response from this group generally
correlated with this trend (Fig. 7), especially for the first 9
days of the experiment when fungi characteristic for field
microflora dominated (Fusarium, Mucor, Acremonium,
Cladosporium). The next three groups of response of the
sensors were similar (sample 4, 5, and 6) and, based on
the analysis of microflora, can be correlated with another
type of fungi (10-18 days). In this period, storage micro-
flora dominated (Penicillium, Eurotium). A similar trend is
also observed in the PCA analysis presented in Fig. 5. The
last three points of samples 4, 5, and 6 (12, 15, and 18 days)
were located next to each other but clearly differed form
samples 1, 2, and 3.

The sensorgram showed that the dissociation time was
very short; therefore, it was not analysed. Quick refresh is
a characteristic feature of this kind of sensor. The ratio of
the association time to the steady state gave quick informa-
tion about the quality state. This ratio was different for the
low level and the highest level of ERG. Each sensor gave
low response in the control sample, and the steady state was
quickly reached. The ratio of the association time (t,) to the
steady state (t ) was less than one (Table 2).

A characteristic feature of sensor 6 was failure to reach
the steady state during taking the sample for 140 s in this
research, although this time was sufficient for the other
sensors to reach the steady state. Differences between the
responses of sensors depend on individual chemical charac-
teristic of the thin film. Each polymer sensor is chemically
unique and absorbs VOCs to a different degree, thus creat-
ing a pattern of responses differing from each other.

CONCLUSIONS

1. The electronic nose with polymer-composite sensors
under laboratory conditions distinguished between species
of spoiled and unspoiled seeds. Despite some minor differ-
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ences in the colony forming units and ergosterol content,
the electronic nose provided responses correctly corre-
sponding to the level of spoilage.

2. Only 15 from the 32 polymer-composite sensors gave
a clear and responsive signal on spoiled rapeseed volatile
organic compounds.The ratio of the association time to
the steady state was different for the control and spoiled
samples. This factor and the sensorgram analysis, besides
statistical analysis, can describe the quality of seeds quick-
ly and simply.

3. The principal component analysis has shown that
the distinct grouping of sample 1, 2, and 3 was correlated
mainly with field microflora and the overlapping groups of
sample 4, 5, and 6 were correlated primarily with storage
microflora. Therefore, the main conclusion from the study
is that the electronic nose is a promising tool for quick and
non-destructive detection of the level of oil seed spoilage.

4. The present results have indicated that the e-nose
can be used to determine rapeseed quality and distinguish
fungal species. For these reasons, gas chromatography
(GC-MYS) is planned to be used to detect particular volatile
organic compounds and assign them to the particular fungal
species. Moreover, an electronic nose with metal oxide sen-
sors will be used in these studies.

Conflict of interest: The Authors do not declare con-
flict of interest.
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