Z
> sustainability @)\Py

Article

The Effect of Mechanical Actions Occurring during
Transport on Physicochemical Changes in
Agaricus bisporus Mushrooms

Dorota Walkowiak-Tomczak 1, Natalia Idaszewska >*, Krzysztof Bienczak 2
and Wiktoria Komoch !

I Institute of Food Technology of Plant Origin, Poznan University of Life Sciences, ul. Wojska Polskiego 28,
60-637 Poznan, Poland; dorota.walkowiak@up.poznan.pl (D.W.-T.); idaszewska@op.pl (W.K.)

2 Institute of Machines and Motor Vehicles Poznan University of Technology, ul. Piotrowo 3, 60-965 Poznan,
Poland; krzysztof.bienczak@put.poznan.pl

* Correspondence: natalia.idaszewska@put.poznan.pl

Received: 3 May 2020; Accepted: 14 June 2020; Published: 18 June 2020

Abstract: In this study, physicochemical changes occurring in the fruiting bodies of Agaricus bisporus
champignons, subjected to mechanical vibrations under model conditions and a 4-day storage
(shelf-life), were analysed. The experiment was conducted in two versions (applying vibrations for
3 and 6 h, at the frequencies of 46 Hz and 28 Hz). As part of physicochemical analyses, such
parameters as pH, extract, dry mass, colour parameters and colour difference AE, polyphenol
content and antioxidant activity were determined. The values of the examined physicochemical
parameters changed depending on the applied frequencies and vibration time during transport
under model conditions, as well as a result of short-term storage (shelf-life). The greatest total colour
difference AE occurred in the sample subjected to vibrations for 6 h, followed by a 4-day storage.
The changes in pH value, dry matter content and refractometric extract were relatively more
significant in the samples subjected to 46 Hz vibrations than to those subjected to 28 Hz. The content
of polyphenols and the antioxidative activity of mushrooms subjected to vibrations was higher than
in the sample stored but not subjected to vibrations.
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1. Introduction

In raw foodstuffs, which are living tissues, life processes that affect changes in their physical and
biochemical properties are constantly taking place. These changes can have a positive impact, which
may include, for example, reaching an appropriate degree of ripeness and developing the desired
taste and smell characteristics of fruit and vegetables. Inappropriate storage and transport conditions,
however, can have a negative impact on their quality, and thus reduce their consumer value. The
quality of the foodstuffs after harvesting is affected by temperature, air humidity and the composition
of the gas atmosphere at the place of storage. Moreover, vibrations that occur during transport may
cause mechanical damage to tissues, and thus contribute to the deterioration of food quality through
microbiological and physico-chemical changes [1-5].

The business of mushroom cultivation is marked by a high growth rate; in 1990, world
production of edible mushrooms amounted to 2 million tons, and within a dozen or so years it has
increased fivefold. In 2014, world production of edible mushrooms amounted to over 10 million tons,
of which 75% came from China, 610,000 tons from Italy, 432,100 tons from the USA and about 320,000
tons from Poland. According to the data of the Institute of Agricultural and Food Economics, over
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the last 10 years the domestic production of mushrooms has increased by about 60%, and amounted
to 330 thousand tons in 2018. Despite the growing production, the Poles still consume much fewer
farmed mushrooms, 2.5 kg/year/person, compared to other EU countries (e.g., 4 kg/year/person in
Germany). Therefore, in view of the increasing production of mushrooms in Poland, an important
factor in the further development of this industry is exporting them. Poland is the leader in the export
of mushrooms in the EU, mainly to Germany and Great Britain [6]. The produce is delivered by means
of road transport.

Only five species account for 85% of the mushrooms produced. These include: Agaricus bisporus,
pearl oyster mushroom, Pleurotus ostreatus, shiitake-Lentinula edodes, Auricularia auricula-judae, and
the enoke-Flammulina velutipes. As much as 90% of the cultivated mushrooms are consumed in Asia,
especially the shiitake mushrooms. Consumers from other continents mainly choose champignons
and pearl oyster mushrooms [7]. Agaricus bisporus mushroom is one of the most frequently grown
and consumed edible mushrooms [8,9].

Mushrooms are valued for their sensory qualities, taste and aroma, valuable dietary properties,
and at the same time they are low in calories, as they contain about 90% water [10]. Their high
nutritional value is related to the content of saccharides and valuable dietary fibre (including chitin,
chitosan, hemicellulose and glucans), polyunsaturated fatty acids, proteins and amino acids
(including alanine, arginine, leucine and proline), minerals (potassium, magnesium, phosphorus,
zinc) and vitamins (group B, including folic acid and cobalamin, as well as biotin, ergosterol and
ascorbic acid). In addition, mushrooms are a source of numerous other bioactive and beneficial
substances, such as lectins and tyrosinase with anticancer properties, polyphenols with antioxidant,
anticancer, anti-inflammatory properties, and others [10-14]. Due to their unique organoleptic
properties, taste, texture and nutritional value, edible mushrooms are popular all over the world [15-
19]. The breathing rate of these fungi is relatively high, which is due to their thin and porous skin
structure [18]. As a result, the mushrooms spoil quite quickly after just one day of storage [20].

The aim of the study was to evaluate the physicochemical changes of Agaricus bisporus of the
white variety, as a result of the mechanical effects of road transport under model conditions and after
storage (their shelf life).

2. Materials and Methods

2.1. Research Material

The research material consisted of white mushrooms, Agaricus bisporus, obtained from the Pawel
Walkowiak Production Plant in Wloszakowice. The mushrooms were fresh, just after harvesting.
They all had a similar size, about 3-5 cm in diameter. The mushrooms were packed in bulk in plastic
boxes of 3 kg each and subjected to mechanical actions on a test stand, and subsequently they
underwent storage (shelf life). Mushrooms were stored for 4 days at 6 +1 °C, which was to correspond
with the store conditions.

2.2. Test Stand

The test stand shown in Figure 1 consisted of a vibration simulator located in the car body. The
vibration simulator consisted of two elements: a vibration inducing installation—an inverter-
controlled engine, elements of flexible suspension, vibration isolation as well as a control system [21].
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Figure 1. Diagram of test stand for vibration simulation: 1—stationary body with adjustable
temperature, 2—container or box for the mushrooms, 3—motor 0.09 kW; 2800 rpm; 230/400 V;
0.58/0.33 A; IMB3, 4—suspension and vibration isolation elements, 5—Omron MX2-AB 002-E (SJ200-
002NFEF2), 6 —computer with software [21].

2.3. The System of Experiments

The experiment layout has been shown in Figure 2. During the experiment, a constant
temperature of 6 °C was maintained. The experiment was carried out in two variants. The first
experiment used a vibration frequency of 46 Hz, and the second experiment used 28 Hz. The choice
of frequency is related to the fact that these are extreme frequencies occurring during transport in
real conditions [22]. Impact time was 3 and 6 h, in each variant. The analysis of physicochemical
changes in mushrooms was carried out:

e  directly after harvesting (control sample)
e immediately after being subjected to the vibrations

e and after four days of refrigerated storage at 6 +1 °C, after both the control samples and the
samples that had been subjected to vibrations
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Figure 2. Diagram of the experiment.

2.4. Analytical Methods

From each experimental variant three samples of several mushrooms were taken, in which the
colour parameters were determined, and after their homogenization the pH value, refractometric
extract and dry matter content were determined. Methanol extracts were prepared (5 g of the sample
and 50 g of 80% methanol solution were shaken for 2 h, then the supernatant used for analyses was
centrifuged and poured) to determine the polyphenol content and the level of antioxidant activity.

2.4.1. Determination of Colour

In fresh mushrooms and the mushrooms subjected to mechanical vibrations and storage (shelf-
life), the colour was instrumentally measured in the CIE L*a*b* system (CIE 1978) using the Konica
Minolta CR-400 colorimeter (Konica Minolta, Tokyo, Japan), with the Color Spectra Magic software,
in reflection, using a D65 light source and an observation angle of 2°. The parameters describing the
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colour in the system [23] form a three-dimensional spatial system in which L* means colour lightness
and takes values from 0 for black to 100 for white, the parameter a* indicates the proportion of red
(positive values) and green (negative values), the parameter b* indicates the proportion of yellow
(positive values) and blue (negative values). The parameter C* indicates the saturation and purity of
the colour, and its value increases from the centre of the external coordinate system outwards, and
the parameter h* indicates the tone (angle) of the colour and is expressed in degrees, whose values
correspond to the following: 0°—red-violet tone, 90°—yellow tone, 180°—blue-green tone, 270°—
blue tone; 360° coincides with 0° [24,25]. The presented values of colour parameters represent the
average of 25 measurements (5 fruiting bodies with 5 measurements each). The colour was measured
on the surface of the caps.

To compare the level of colour changes due to mechanical vibrations during transport and after
storage, the total colour difference factor AE {AE = [(AL*)2] + [(Aa*)2] + [(Ab*)2]1/2} was calculated
[24]. The colour parameters of the control sample were taken as reference values, ie. fresh
mushrooms that have not undergone vibration and storage.

2.4.2. Determination of Active Acidity

Active acidity pH was determined with the Hanna HI 221 pH-meter according to the PN-90/A-
75101/06 standard [26]. The results are presented as an average of three repetitions.

2.4.3. Determination of the Refractometric Total Extract Content

The total extract content was measured with the ATAGO PAL-1 refractometer (USA, Inc.) in
accordance with the PN-90/A-75101/02 standard [27]. The results were presented as an average of
three repetitions and expressed as a percentage value.

2.4.4. Determination of Dry Matter Content

Determination of dry matter content was performed by weight method according to the PN-
90/A-75101/03 01/02 standard [28]. The samples of about 5 g were dried to solid mass at 105 °C. The
results were presented as an average of three repetitions and expressed in %.

2.4.5. Determination of Antioxidant Activity

The antioxidant activity was determined in methanol extracts by spectrophotometric method
using cationic radical ABTS+ [2,2"-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)] [29]. In order to
achieve this, the following solutions were used: 7 mM ABTS, phosphate buffer PBS pH 7.4, 2.45 mM
K25208, 2.5 mM Trolox (6-hydroxy-2.5.7.8-tetramethylchromate-2-carboxylic acid). ABTS cationic
radical was generated by mixing with K25208 solution at a ratio of 1:0.5. The absorbance was
measured at 734 nm, for 6 min incubated samples at 30 °C, against PBS buffer as a reference. The
determination of antioxidant activity is based on the calculation of the percentage reduction of
absorbance value of the ABTS cationic radical solution by the test sample, in comparison with Trolox.
The spectrophotometer Helios Alpha (Thermo Electron Corporation USA), equipped with a kit for
sample thermostatisation, was used for the measurement. The results were presented as an average
of three repetitions and expressed in pmol Trolox/g d.m.

2.4.6. Determination of Total Polyphenols

The content of polyphenolic compounds was determined in methanol extracts by
spectrophotometric method with Folin—-Ciocalteu reagent [30]. The determination was performed in
solutions containing 0.7 mL of the sample (methanol extract), 0.3 mL of water, 5 mL of 0.2 N Folin—-
Ciocalteu reagent, 4 mL of sodium carbonate solution (75 g/L) and incubated in the dark for two
hours. The measurements were taken using the Helios Epsilon spectrophotometer (Thermo Fisher
Scientific Waltham, Massachusetts, USA) at 765 nm with reference to the reagent blank. The results
were presented as an average of three measurements in each sample and expressed in mg/100 g d.m.
as gallic acid equivalents.
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2.5. Statistical Analysis

Statistical analysis was carried out in Statistica ver.13.3 (StatSoft) based on a single-factor
analysis of variance and the Fisher NIR test.

3. Results

3.1. pH, Total Extract and Dry Matter

Table 1 shows pH values, total extract and dry matter content of mushrooms, depending on the
frequencies used, the vibration time and the storage time.

Table 1. pH values, total extract and dry matter content of mushrooms, depending on the frequencies
used, the vibration time and the storage time.

Time of Vibrations [h]

Frequency [Hz] Storage Time [days] Fresh Produce 3 6

16 0 6.5+0.01° 6.42+0.022 6.43+0.012

pH 4 6.46 £ 0.04 2> 6.38+0.00¢ 6.43+0.022

28 0 6.40 £0.02° 6.39+0.03> 6.35+0.022

4 6.30+0.01 © 6.34+0.012 6.35+0.012

16 0 70+0.1°P 76+0212 8.0+0.222

Total Extract 4 8.6+0.0¢ 82+0.182 82+0.182
)8 0 7.6+0.192 75+0.192 77+0.212

4 8.8+£0.22° 8.4+022° 8.6+023°

16 0 7.8+033° 8.24+0.392> 894 10.28 2

Dry Matter 4 9.3+1.022 9.23+0512 924+0.242
)8 0 9.3+0.62 95+£0.782> 9.4+0.36°2

4 10.6 + 0.06 ® 9.8+0.712> 9.8+0.252b

Explanation: Mean values marked with the same letter do not differ statistically significantly with p
= 0.05 within a single frequency.

The pH value of mushrooms not subjected to vibration slightly decreased due to their storage
for 4 days. The pH value of mushrooms subjected to the vibration of 46 Hz slightly decreased in
comparison with mushrooms not subjected to the vibration. Vibrations, regardless of their duration
and storage time, resulted in mushrooms achieving a similar pH value (6.42-6.43), except for the
mushrooms that were exposed to vibration for 3 h and stored for 4 days. On the other hand, vibrations
of 28 Hz, regardless of their duration and storage time, resulted in mushrooms reaching a similar pH
value (6.34-6.39).

The measured pH values in the tested mushrooms are in accordance with data from the
literature [31-33]. The slight decrease in pH value observed during the experiment is probably related
to an increase in dry matter and refractometric total extract during transport and storage. Another
probable reason for the decrease in pH value is the progressive microbial spoilage of the tested
mushrooms.

The measured total extract content in fresh mushrooms is in accordance with the data from the
literature [32]. The content of the total extract of mushrooms not subjected to vibrations increased
during storage for 4 days. The total extract content in mushrooms subjected to the vibration at the
frequency of 46 Hz increased significantly in comparison with those not subjected to any vibration.
It was different for mushrooms stored for 4 days, as the total extract content decreased in comparison
with those not treated with vibration. When both frequencies were used, the vibrations did not cause
significant changes in the total extract content of mushrooms, regardless of their duration.

The dry matter content of the mushrooms not subjected to vibration increased during their
storage for 4 days. The dry matter content of mushrooms subjected to the 46 Hz frequency increased
slightly in comparison with those not subjected to any vibration. After 4 days of storage, no significant
changes in dry matter values, which ranged from 8.24% to 9.24%, were observed. Further, at the
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frequency of 28 Hz no significant changes in the dry matter content of mushrooms were observed,
regardless of the duration of vibrations.

The recorded levels of dry matter content of mushrooms are in accordance with the data from
the literature, which, according to various authors, depending on the variety and yield pattern, range
from 7.9% to 8.5% [34], 11.1% to 12.7% [35] and 6.8% to 9.1% [36].

3.2. Antioxidant Activity

Table 2 shows the antioxidant activity of mushrooms subjected to vibrations, depending on the
frequencies used, the vibration time and the storage time.

Table 2. Antioxidant activity of mushrooms subjected to vibrations, depending on the frequencies
used, the vibration time and the storage time.

Time of Vibration [h]

Frequency [Hz] Storage Time [days] Fresh Produce 3 p

46 0 1272 +27.8> 230.7+89.02 130.7+28.0°
4 196.4+31,02b 263.8+66.72 203.0+58.02b
)8 0 66.3+3.8° 81.3+15.8" 589+6.8P

4 68.8+20.1> 170.4+4892 119.8+69.4 b

Explanation: Mean values marked with the same letter do not differ statistically significantly at p =

0.05 within a single frequency.

In the first experiment, using the 46 Hz frequency, the antioxidant activity of 127.2 umol Trolox/g
d.m. was recorded in the control sample of mushrooms. As a result of mechanical vibrations, a
significant (p < 0.05) increase in this parameter was observed after 3 h, to 230.7 umol Trolox/g d.m.,
while after 6 h the increase was insignificant, to 130.7 umol Trolox/g d.m. After 4 days of storage, an
increase in antioxidant activity was observed in all samples, ranging from 33 to 73 units, but these
changes were not statistically significant.

In the second experiment, using a frequency of vibrations of 28 Hz in the initial sample of
mushrooms (post-harvest control sample), the antioxidant activity was 66.3 umol Trolox/g d.m. As a
result of the application of mechanical vibrations, an increase of this parameter, to 81.29 umol
Trolox/g d.m., was observed over 3 h, while over 6 h of vibrations there was a decrease to 58.9 umol
Trolox/g d.m., however these changes were not statistically significant (p < 0.05). After 4 days of
storage, an increase in antioxidant activity of 2-89 units was observed in all samples, which was an
increase from 3% to over 100%. The highest, statistically significant increase in antioxidant activity
after storage was found in the sample of mushrooms previously subjected to vibrations for 3 h.

Due to the origin of the raw material from two different collective batches, the levels of
antioxidant activity in the first and second experiments (vibration frequency 48 and 28 Hz,
respectively) differed significantly, but the observed changes in the values of this parameter showed
similar trends. In the mushrooms subjected to mechanical vibrations for 3 h, the highest increase in
antioxidant activity was observed both in fresh samples and after 4 days of storage. The greater
impact of mechanical vibrations lasting 6 h caused an insignificant increase or even decrease in
antioxidant activity, which may be associated with progressive mechanical damage to tissues, as a
result of which the activity of native oxidoreductive enzymes increases, which leads to the oxidation
of bioactive compounds, including polyphenols responsible for antioxidant activity. Moreover, in all
experimental variants, the mushrooms after 4 days of storage were characterised by a higher
antioxidant activity than those samples tested on the first day of the experiment.

The values of antioxidant activity determined in the mushrooms tested are comparable with
those described in the literature. In the study by Skapska and colleagues [33], the antioxidant activity
of fresh champignons was found to be about 60 pmol Trolox/g d.m., which was almost twice as high
as that of oyster mushroom. An increase in antioxidant activity in fresh and sliced champignons
during storage (shelf-life) was also observed in the study by Oms-Oliu et al. [37].
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3.3. Polyphenol Content
Table 3 shows the content of polyphenols converted into gallic acid in the mushrooms subjected

to vibrations, depending on the frequencies used, the vibration time and the storage time.

Table 3. Polyphenol content in terms of gallic acid in mushrooms subjected to vibrations, depending
on the frequency used, the vibration time and the storage time.

Time of Vibration [h]

Frequency [Hz] Storage Time [days] Fresh Produce 3 p

16 0 766 £ 28 © 817 £ 51 abc 791 + 16 bre
4 789 + 83 bre 818 £452b 864 +73 2
)8 0 441 +£4- 500+304 459+31e
4 607 £12° 555 +47¢<  640+12>

Explanation: Mean values marked with the same letter do not differ statistically significantly at p =
0.05 within a single frequency.

In the first experiment conducted with the application of 46 Hz frequency, the initial content of
polyphenolic compounds in fresh mushrooms amounted to 796 mg/100 g d.m. As a result of applying
3 h of vibrations, the level of polyphenols increased to 817 mg/100 g d.m., whereas in the variant
where the vibrations lasted 6 h, the increase of this parameter was smaller, reaching the level of 791
mg/100 g d.m. The changes of polyphenols content on the first day of the study, directly after
applying vibrations, were not significant (p < 0.05). After 4-day storage of the mushrooms, in all
samples an increase in polyphenols content by 2-71 units was observed. The highest statistically
significant increase in polyphenols content after storage was recorded in the sample previously
subjected to vibrations for 6 h, where it reached 864 mg/100 g d.m.

A similar direction of changes in polyphenols content was observed in the second experiment,
with the application of vibrations of 28 Hz frequency. The initial level of polyphenols content in fresh
mushrooms was 441 mg/100 g d.m., and after the application of vibrations an increase in polyphenols
content to the level of 500 and 459 mg/100 g d.m. was observed, after 3 and 6 h of vibrations,
respectively. In all experimental variants, as a result of 4-day storage of the mushrooms, increases in
polyphenols content to the levels of 607, 555 and 640 mg/100 g d.m. were observed, in the control
sample of mushrooms as well as in those which were affected by 3 and 6 h of vibration, respectively.
All changes in the value of the analysed parameter were statistically significant (p < 0.05), which was
confirmed by ANOVA variance analysis and Fisher’s post-hoc NIR test.

The polyphenol contents determined in the mushrooms tested are consistent with the reference
literature’s data. According to various authors, the content of these compounds, expressed in gallic
acid equivalents, is on average 575 mg/100 g according to Barros et al. [38], 618 mg/100 g d.m. [39],
800-1065 mg/g d.m. [40] and 855 mg/100 g d.m. [41]. In the study by Skapska et al. [33], in commercial
mushrooms the polyphenols content was found to be 12,335 mg/kg d.m. (123.35mg/100 g d.m.), i.e.,
significantly less than in the above literature, which may result from the fact that commercially
purchased mushrooms were of lower quality than those tested in this study, coming directly from
the producer. There are also reports of an increase in the polyphenol content in mushrooms (1.6-fold,
on average) during 5-day cold storage of the fruiting bodies [42]. In the study by Eissa [32], the
changes in the polyphenols content during 15-day cold storage (4 °C) of mushrooms were described.
The highest increase in the content of these compounds after 3 days, and then a decrease to a value
close to the initial state in fresh produce, was observed. The changes in polyphenols content, and thus
in antioxidant activity, may be related to the physiological reaction of the produce to the harvest and
to the change in the activity of oxidative enzymes, under the influence of damage during picking and
exposure to oxygen [32].



Sustainability 2020, 12, 4993 9of 14

3.4. Colour Measurement

Table 4 shows the changes in colour parameters of mushrooms subjected to mechanical
vibrations of the frequency of 46 Hz, followed by storage.

Table 4. Changes in colour parameters of mushrooms subjected to mechanical vibrations (46 Hz) and

storage.
Time of Time of

Vibration Storage L *(D65) a *(D65) b *(D65) C *(D65) h(D65) AE

[h] [days]

Fresh 0 86.4+252 1.2+£094 13.3+2.84d 13.4+294d 85.3+3.1

Mushrooms 4 829 +3.1ad 21+12¢cd 17.2 +3.8 be 17.3 £3.9 be 83.4+2.7ab 5.3
3 0 83.7+3.22 21+1.0¢d 15.0+3.2¢d 152 +3.3 <4 82.3+2.3bc 3.3
4 792 +4.4cd 29+1.5b¢c 18.4+3.1 ab 18.7 +3.3 ab 81.3+3.3bc 9.0
6 0 76.7 +4.6 bc 39+29ab 209+3.02 21.3+3.22 79.6+2.6¢ 12.6
4 72.7+34% 51+14-2 18.5+25ab 19.3+3.02b 753+344 15.1

Explanation: Mean values marked with the same letter do not differ statistically significantly at p =
0.05 within a single frequency.

The lightness parameter (L) was 72.7-86.4. The lowest value was recorded on the first day for
mushrooms that had been subjected to vibration for six hours, and the highest for fresh mushrooms,
which means that they had the lightest colour. Parameter a* (change of colour in the range from green
to red) assumed values from 1.2 (fresh produce, day 1) to 5.1 (vibration time 6 h, day 1), which means
that changes occurred in the range of the red colour. Parameter b* (change in colour in the range from
blue to yellow) assumed values in the range from 13.3 (fresh material, day 1) to 20.9 (vibration time
6 h, day 4), which means that the changes occurred in the yellow range. The colour difference (AE)
calculated relative to the control sample (fresh raw material, day 1) for each of the samples was very
significant (AE > 3), which means that the colour difference would be noticeable to any observer.

Table 5 shows the changes in colour parameters of mushrooms subjected to mechanical
vibrations of 28 Hz, followed by storage.

Table 5. Changes in colour parameters of mushrooms subjected to mechanical vibrations (28 Hz) and

storage.

Time of Vibration [h]  Time of Storage [days] L *(D65) a *(D65) b *(D65) C *(D65) h(D65) AE
0 874+172 05+0.6° 114+14° 114+14° 87.6+23¢2

Fresh Mushrooms
4 8444270  18+12° 15722« 158+23<« 838+38> 54

3 0 86.0+27>  15+1.0°* 127+1.8* 123+192 83.6+3.1> 22
4 827+34¢ 22+04> 168+3,0¢ 169+3.1¢ 83.0+34°> 74

p 0 85.0+282 1.3+08** 13.8+23% 139x24b 852+272> 35
4 76.7+3.9 4 4.8+0.6°¢ 204+36°  21.0+4.0c  776+45¢ 14.7

Explanation: Mean values marked with the same letter do not differ statistically significantly at p =
0.05 within a single frequency.

In experiment II, using vibrations of 28 Hz, the lightness parameter (L) assumed values 76.7—
87.4. The lowest value was recorded on the fourth day, for mushrooms that had been subjected to
vibrations for six hours, and the highest for fresh mushrooms, on the first day, which means that they
were characterised by the brightest colour. Parameter a* (change of colour in the range from green to
red) assumed values from 0.4 (fresh raw material, day 1) to 4.8 (time of vibrations of 6 h, day 1), which
means that the changes occurred in the range of red colour. Parameter b* (change of colour in the
range from blue to yellow) assumed values in the range from 11.4 (fresh raw material, day 1) to 20.4
(vibration time 6 h, day 4), which means that the changes occurred in the yellow range. The colour
difference (AE) calculated relative to the control sample (fresh raw material, day 1) was significant
for the mushrooms subjected to vibration for three hours on day 1, amounting to 2.2. For the other
samples, AE was > 3, which indicates a very significant colour difference.

The analysis of the measured values of colour parameters (Tables 4 and 5) revealed that in both
experiments colour changes occurred in an analogous way, and on the basis of the analysis of
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variance, it was found that the influence of the applied vibration, as well as storage conditions and
times, was statistically significant (p < 0.05). The values of parameters a*, b* and C* increased, while
the values of parameters L* and h* decreased with the increase in the application time of mechanical
vibrations, as well as as a result of storage. Decreasing values of L* means darkening of the sample,
decreasing the proportion of white colour. This was confirmed by the changes in parameters a* and
b*, whose increase in value means an increase in the proportion of red and yellow, which reflects the
processes of browning of the fruiting bodies during vibration and storage. The saturation of colour
C* became more intense, and the tone angle of colour h* shifted from yellowish (h* about 90°) towards
reddish brown. The brightness L* in the range of 86—87 for fresh mushrooms was consistent with the
data published in the literature. In the sample of fresh mushrooms, the L* lightness ranged from 83
to 87, and did not change after washing in an aqueous solution containing 5% H202, 4.5% sodium
isoascorbate, 0.2% cysteine hydrochloride and 0.1% EDTA, and after storage for 5 days (2 days at 1
°C and then 3 days at 13 °C) [43]. However, the application of pre-treatment, involving washing in
aqueous solution of sodium pyrosulphite (1000 mg/L) followed by blanching in water, resulted in a
decrease in the value of L* to 73-74. The application of washing in aqueous solution of sodium
pyrosulphite (1000 mg/L), vacuum soaking with water and then blanching resulted in further
darkening of the mushrooms, to L* 68-71. The pre-treatment procedures with the use of antioxidant
solutions enabled us to maintain the light colour of the mushrooms during storage in the processing.
Fresh mushrooms may be stored at 0-1 °C for up to 7-9 days. In order to maintain the good quality
of the mushrooms (shelf-life), a balanced temperature should be maintained during transport and
storage, to prevent condensation on the fruiting bodies and packaging [10].

In order to assess the level of colour change during the experiments, the coefficient AE, i.e., the
total colour difference, was calculated in relation to the reference sample for which the original
material was taken, i.e., fresh mushrooms not subjected to vibration or storage. The calculated values
of AE were between 3.3 and 15.1, and 2.2 and 14.7, in the first and second experiments, respectively
(Tables 4 and 5). This means that all the experimental samples differed significantly from the initial
sample, because values AE > 2 corresponded to the colour differences perceived by the average
observer, and at values AE > 5 the observer has the impression of two different colours. The smallest
colour differences from the control sample were found in mushrooms subjected to vibrations for 3 h
(AE from 2.2 to 3.3), while prolonged vibration and storage resulted in noticeable browning of the
fruit. The highest coefficient, AE = 15.13, was determined for mushrooms after 6 h of shaking at 46
Hz vibration frequency and 4 days of storage.

Table 6 shows the percentage differences in parameter values between initial sample and
vibrated mushroom:s.

Table 6. Summary of the results of pH values, total extract, dry matter content, antioxidant activity
and polyphenol content of mushrooms, depending on the frequencies used, the vibration time and
the storage time—percentage differences between initial sample and vibrated mushrooms.

Time of Vibrations [h]

Frequency [Hz] Storage Time [days] 3 6

[%]
16 0 -1 -1
4 -1 0

pH

28 0 e
4 1 1
14
46 Z -5 -5
Total Extract 0 1 1
28 4 -5 -2
16 0 6 15
Dry Matter 4 -1 -1
28 0 2 1
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4 -8 -8

16 0 82 3

N . 4 35 4
Antioxidant Activity 0 23 -11
28 4 146 74

7
46 2 4 130
Polyphenol Content 0 13 4
28
4 -9 5

The largest percentage differences in the values of tested parameters between initial samples
and vibrated mushrooms occurred in the case of total extract and dry matter content, for mushrooms
subjected to vibrations at a frequency of 46 Hz for 6 h, not stored. In the case of antioxidant activity,
the largest diffference was in mushrooms vibrated at 28 Hz for 3 h, not stored, and in the case of
polyphenol content, the largest difference was in mushrooms vibrated at 28 Hz for 3 h, stored for 4
days.

4. Conclusions

On the basis of the presented results, it was found that the values of the examined parameters
changed depending on the frequency and time of mechanical vibrations during transport under
model conditions, and as a result of short storage (shelf-life). As a result of mechanical vibrations, the
colour of mushrooms deteriorated, and these changes deepened during storage. The greatest total
colour difference AE reached 15.1, in the sample subjected to vibrations for 6 h and then 4 days of
storage. The vibrations resulted in a decrease in pH value, regardless of their frequency and duration.
The total extract content was affected only by 46 Hz vibrations, whereas the dry matter content of
mushrooms was not affected by the vibrations. The changes of pH value and refractometric total
extract were minor, and probably related mainly to water loss as a result of water transpiration from
the mushrooms subjected to vibrations and storage. The content of polyphenols and the antioxidative
activity of mushrooms subjected to model transport increased within 3 h, while after 6 h of vibrations
the values of these parameters were close to the initial state in fresh mushrooms. After 4 days of
storage, both in non-vibrated and vibrated control samples of mushrooms, an increase in polyphenols
and antioxidant activity was observed in comparison with fresh mushrooms. Analysing the changes
in the examined parameters during the application of mechanical vibrations and storage, in order to
reflect the actual transport of the mushrooms in Europe and their subsequent storage in a shop or at
home (shelf life), it was found that, despite the deterioration of the visual quality of the mushrooms
(darkening and browning of the fruiting bodies), the chemical parameters were relatively stable, and
an increase in the content of polyphenols and antioxidant activity was observed. However, from the
point of view of the consumer making a purchasing decision in the store, the most important is the
attractive appearance of the products; in this case, the white colour of the mushrooms of this most
popular variety. The change in colour of these fruiting bodies causes the consumer to associate a lack
of freshness with the raw material, and discourages purchase. In conclusion, it is beyond doubt that
the changing colour of the mushrooms during transport and short-term storage, the darkening of the
fruiting bodies caused by enzyme activity, and oxidative processes, do not cause deterioration of
their nutritional value or bioactive properties. However, the most important thing is to make every
effort to transport mushrooms in the most favourable conditions, in packaging that reduce the effects
of mechanical vibrations.
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