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Abstract

The effects of thermal and non-thermal pretreatments combined with different drying methods on
the drying kinetics, physicochemical properties, and bioactive compounds of the Chilean wild
mushroom Morchella conica were investigated. Fresh samples were subjected to hot-air drying (HAD,
60 °C), freeze-drying (FD), and a hybrid process (FD-HAD), applied directly or after pretreatments
including thermal pre-drying (55 and 75 °C), ultrasound (US, 10 and 20 min), and high hydrostatic
pressure (HPP, 600 MPa). Drying curves were successfully fitted using the Weibull model (R2>0.987).
The highest drying rates were observed in HAD combined with thermal and ultrasound
pretreatments, whereas the FD-HAD process significantly reduced the total drying time. Freeze-
drying preserved color (AE < 2) and minimized shrinkage (< 8%), while HAD resulted in darker
samples and greater structural deformation. Water activity decreased below 0.30 in most treatments,
ensuring microbiological stability, with the lowest values observed for HPP-FD and US 20 min-FD
(0.10-0.11). Thermal pretreatments enhanced total phenolic content, whereas FD preserved
antioxidant capacity. Principal component analysis explained 68.9% of the total variance and
revealed distinct quality profiles among drying methods. These findings indicate that combining
moderate pretreatments with freeze-drying or hybrid drying processes improves the technological
efficiency and functional quality of Morchella conica.

Keywords: Morchella conica; drying kinetics modeling; freeze-drying; ultrasound-assisted drying;
high hydrostatic pressure; phenolic compounds; antioxidant capacity

1. Introduction

Wild edible mushrooms of the genus Morchella, commonly known as morels, are highly valued
for their sensory characteristics and their high content of bioactive compounds such as
polysaccharides, phenolic acids, free amino acids, and volatile compounds [1,2]. Due to these
properties, their use has expanded in the food, pharmaceutical, and cosmetic industries due to their
functional and nutraceutical potential [3,4].

In Chile, Morchella conica stands out for its high nutritional and gastronomic value. However, its
availability is limited by its marked seasonality and high perishability [5]. Currently, this mushroom
is commercialized fresh, frozen, or dehydrated, with the latter providing greater stability and added
value [6]. Despite having reached high prices in the international market, a significant decrease in
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exports was reported in 2024, highlighting the need to develop new technological strategies for its
processing and valorization [7].

Drying is one of the most widely used techniques to extend the shelf life of mushrooms.
However, the drying method and the pretreatments applied significantly influence the sensory,
structural, and functional quality of the final product [8,9]. Each technique presents advantages and
limitations: hot-air drying is economical and widely used but may cause degradation of thermolabile
compounds, whereas freeze-drying better preserves cellular structure and bioactive compounds,
although it involves higher costs and longer processing times [10,11]. In this context, hybrid strategies
such as the combination of freeze-drying with convective drying have been proposed as effective
alternatives to balance product quality and energy efficiency [12,13], while also contributing to
extending the shelf life of dehydrated mushrooms [14,15].

In addition to drying methods, pretreatments can play a key role in improving mass transfer
and preserving functional attributes. Among the most commonly applied thermal pretreatments are
blanching and pre-drying at moderate temperatures (55-75 °C), which can inactivate oxidative
enzymes and reduce microbial load [16,17]. In recent years, emerging technologies such as ultrasound
(US), pulsed electric fields, and high hydrostatic pressure (HPP) have been extensively explored as
non-thermal pretreatments capable of improving drying efficiency, reducing environmental impact,
and preserving bioactive compounds [18,19]. In fresh mushrooms, these technologies can also reduce
microbial contamination and inactivate enzymes responsible for browning reactions [8,20]. However,
inappropriate application of these treatments may negatively affect product quality, leading to
nutrient losses, sensory changes, or reduced rehydration capacity [21,22].

Ultrasound primarily acts through mechanical effects associated with acoustic cavitation,
generating microchannels that facilitate water removal and enhance mass transfer during drying. In
mushrooms such as Oudemansiella raphanipes, Cantharellus cibarius, and Lentinula edodes, the
combination of ultrasound with different drying methods has significantly reduced drying time and
improved the retention of phenolic compounds [9,18,20].

High hydrostatic pressure (HPP) technology involves subjecting food products to pressures
ranging from 100 to 800 MPa for a specific period of time. This process induces structural
modifications in cellular tissues, reducing turgor pressure and increasing cell permeability, thereby
facilitating moisture transfer during drying [21,23]. Recently, HPP has been applied as a pretreatment
in drying processes of various plant matrices, including fruits, legumes, and nuts, improving
parameters such as drying rate, texture, color, and antioxidant content [22,24,25]. In edible
mushrooms, this technology has been mainly used for the extraction of bioactive compounds,
enzymatic inactivation, and microbial control, showing promising results for refrigerated storage
stability [26,27].

Despite the growing interest in wild edible mushrooms in Chile, research on Morchella conica has
mainly focused on ecological aspects, distribution, and sustainable harvesting practices. However,
limited information is available regarding the impact of combined pretreatments and drying methods
on the nutritional, physicochemical, and functional quality of this species.

Therefore, the aim of this study was to evaluate the effect of five pretreatments (thermal pre-
drying at 55 °C and 75 °C for 30 min, ultrasound for 10 and 20 min, and high hydrostatic pressure at
600 MPa for 5 min) combined with three drying methods (hot-air drying at 60 °C, freeze-drying, and
a hybrid process combining freeze-drying followed by convective drying) on the drying kinetics,
physicochemical properties, and bioactive compound content of Chilean Morchella conica. This
research aims to contribute to the sustainable utilization of native fungal biodiversity and to provide
new technological strategies for its commercial valorization.
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2. Materials and Methods

2.1. Raw Materials

Fresh fruiting bodies of the wild mushroom Morchella conica were supplied by an agro-industrial
processing and export company located in Chillan, Nuble Region, Chile. The samples were stored at
4 °C and processed within 24 h after harvest.

The mushrooms were manually sorted and homogenized according to their size and then
randomly divided into eight experimental groups (300 + 1 g each) corresponding to the following
pretreatments: thermal pre-drying at 55 °C and 75 °C (HT), ultrasound treatment for 10 and 20 min
(US), and high hydrostatic pressure (HPP). Three additional groups without pretreatment were used
as controls. After pretreatment, all samples were subjected to different drying methods: hot-air
drying (HAD) at 60 °C, freeze-drying (FD), and a combined freeze-drying and hot-air drying process
(FD-HAD).

2.2. Thermal and Non-Thermal Pretreatments

High-Temperature Pre-Drying (HT)

Samples were subjected to hot-air pre-drying at 55 °C and 75 °C for 30 min using a drying cabinet
(Memmert FD 115, Germany), following a previously described methodology [28].

Ultrasound Pretreatment (US)

Approximately 100 + 3 g of mushrooms were placed in beakers containing distilled water at a
solid-liquid ratio of 1:10 (w/v) and treated in an ultrasonic bath (Branson Ultrasonic MTCPX1800H-
E, Danbury, CT, USA) operating at 40 kHz. The temperature was maintained at 25 + 1 °C using the
temperature control system integrated in the ultrasonic equipment [30]. Two treatment times were
applied: 10 and 20 min.

High Hydrostatic Pressure (HPP)

Approximately 300 + 3 g of mushrooms were subjected to a high hydrostatic pressure (HPP)
pretreatment according to the procedure described in [25]. Samples were packaged in low-density
polyethylene bags and processed in a 5 L high-pressure industrial unit (Hiperbaric S.A., Burgos,
Spain) at 600 MPa for 5 min at 25 + 1 °C.

2.3. Drying Methods

After applying the pretreatments, the samples were subjected to different dehydration methods.
Samples without pretreatment were used as control groups for each drying method.

2.3.1. Hot-Air Drying (HAD)

Samples were dehydrated in a drying cabinet (Memmert S30H, Germany) at 60 + 1 °C, following
the methodology described in [30], with minor modifications. Approximately 30 + 1 g of sample were
used for each experiment. Weight loss during drying was monitored using an electronic balance
(Precisa XB, +0.01 g precision). Samples were weighed every 10 min during the first two hours, every
30 min during the following three hours, and every 60 min thereafter until constant weight was
reached.

2.3.2. Freeze-Drying (FD)

Samples were frozen at —80 °C using an ultra-low temperature freezer (OPERON Co., Seoul,
South Korea) for 12 h prior to freeze-drying. The frozen samples were then lyophilized using a
laboratory-scale freeze dryer (Liofilizador-3KG, Friologic, Santiago, Chile) at a pressure of 0.021 mbar
and a condenser temperature of =55 °C until constant weight was achieved. The weight loss during
the freeze-drying process was determined using 30 + 1 g of samples, with a weighing system installed
inside the vacuum chamber and monitored using an Arduino Uno microcontroller connected to a
computer, as described in [31].
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2.3.3. Hybrid Freeze-Drying and Hot-Air Drying (FD-HAD)

All pretreated samples were first subjected to a partial freeze-drying stage. The freeze-drying
time for each treatment was determined based on the reduction in drying rate obtained from the FD
drying curves of each sample [14]. Subsequently, samples were transferred to the hot-air dryer and
dried at 60 = 1 °C for 3 h, with weight measurements taken every 30 min [13].

Finally, the moisture content (MC) of all dried samples was determined to establish the final
moisture percentage for each treatment (15 treated samples) and for the untreated controls (three
samples). All experiments were conducted in triplicate.

2.4. Analytical Methods

The following parameters were evaluated to assess the effect of pretreatments and drying
methods.

2.4.1. Drying Parameters

Moisture Ratio (MR)

The moisture ratio (MR) was calculated from the variation of the moisture content (M) as a
function of drying time (t) for all samples, according to Equation (1).

Mt—-Me
MR = m (1)

where MR is the moisture ratio, Mi is the initial moisture content (kg water/kg dry matter), M: is the
moisture content at a specific drying time (kg water/kg dry matter), and M. is the equilibrium
moisture content (kg water/kg dry matter).

Drying Kinetics Model

Drying kinetics were described using the Weibull model, following the approach proposed in
[32] (Equation 2).

£ _ kt"
o= @)

where C/Co represents the fraction of change of a component relative to its initial value, k is a
parameter related to the drying rate, and n is the dimensionless shape parameter of the model.
Drying Rate (DR)
The drying rate (DR) (kg water/kg dry solids-s) was calculated based on the variation of moisture
content during the drying process according to Equation (3).

_ M= Mgyae
DR = =t @)

where Mt is the moisture content at time t (kg water/kg dry solids), Met+A: is the moisture content at
time t + At (kg water/kg dry solids), and Atis the drying time interval (s).

2.4.2. Rehydration Ratio (RR)

The weight of dried samples was considered the initial weight (mo). The rehydration test was
conducted using 5 + 0.5 g of dried mushrooms immersed in water at 60 °C at a solid-to-liquid ratio of
1:20 (w/w). Samples were removed, drained, and weighed every 30 min for 5 h using a digital
electronic balance (Precisa XB, +0.01 g precision). The rehydration ratio (RR) was calculated according
to Equation (4) [28].

RR (%)= =% 100 4)
mo
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2.4.3. Physical Parameters

Shrinkage Ratio (% SR)

The shrinkage ratio was determined by measuring the length of fresh and dried mushrooms
using a Vernier caliper. Measurements were performed for all samples after each drying treatment,
and the shrinkage ratio was calculated according to Equation (5) [13].

SR(%)=""2*100 5)

Water Activity (Aw)

Water activity was determined using a digital hygrometer (Aqualab 4TE, Decagon Devices Inc.,
USA). Prior to measurement, samples were stabilized at 20 °C for 15 min. The dried samples were
ground and placed in the sample chamber until a stable reading was obtained [33].

Color Analysis

Color parameters L* (lightness), a* (red—green coordinate), and b* (yellow-blue coordinate) were
measured using a colorimeter (Konica Minolta CM-5, Osaka, Japan). The total color difference (AE)
between fresh and dried samples was calculated according to Equation (6) [34].

AE = J(L* —L0 %) + (a* —a0 #)? + (b * —b0 *)? (6)

where L, a*, and b* represent the color parameters of dried samples, while Lo, ao’, and bo* correspond
to the values of fresh mushrooms.

Browning Index (BI)

The browning index (BI) was calculated according to the equations proposed in [35] (Equation

7))
) BEu it 7)

_ (atl.75L%)
(5.645L*+a*-3.012b%)

2.4.4. Proximate Composition Analysis

The proximate composition of fresh and dried samples, including moisture, protein, crude fiber,
lipid, ash, and total carbohydrate contents, was determined according to AOAC methods [36]. Total
carbohydrates were calculated by difference according to Equation (8):

Carbohydrates (%) = 100 — (moisture + protein + lipid + ash + crude fiber). 8)

The combined fraction of fiber and carbohydrates (F + C) was calculated as the sum of crude
fiber and total carbohydrate contents to represent the structural carbohydrate fraction of the samples.
All analyses were performed in triplicate and results were expressed on a dry weight basis (dw).

2.4.5. Total Phenolic Content and Antioxidant Activity

Total phenolic content (TPC) was determined using the Folin—Ciocalteu method described in
[37]. Results were expressed as gallic acid equivalents (GAE) g/100 g dry weight (dw). Absorbance
was measured at 760 nm using a spectrophotometer (UV-VIS SP 8001, Greenville, USA).

Antioxidant activity was evaluated using DPPH (2,2-diphenyl-1-picrylhydrazyl) and FRAP
(Ferric Reducing Antioxidant Power) assays. The DPPH assay was performed according to the
method described in [30], with modifications. Absorbance was measured at 515 nm, and results were
expressed as uM TE/100 g dw.

The FRAP assay was conducted according to the method described in [38], with minor
modifications. Absorbance was measured at 595 nm, and results were expressed as pM TE/g.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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2.5. Statistical Analysis

All treatments and analyses were performed in triplicate. Data were expressed as mean +
standard deviation (SD) and analyzed using one-way analysis of variance (ANOVA) at a 95%
confidence level. When significant differences were detected (p < 0.05), mean comparisons were
performed using the least significant difference (LSD) test.

Experimental moisture ratio (MR) data were fitted to the Weibull model. The goodness-of-fit of
the model was evaluated using the coefficient of determination (R?) and the mean square error (MSE).
Differences in the drying rate constant (k) obtained from the Weibull model were assessed using
Student’s t-test.

In addition, Principal Component Analysis (PCA) was performed to explore the relationships
between drying treatments and quality parameters, including drying time, color attributes,
rehydration ratio, shrinkage, water activity, moisture content, crude fiber + carbohydrates, bioactive
0,
variance = 1), and the first two principal components were used for interpretation and graphical

compounds, and antioxidant activity. PCA was conducted using standardized data (mean =

representation through biplots.

All statistical analyses, including ANOVA, Weibull model fitting, and PCA, were performed
using Statgraphics Centurion (version 16; Statgraphics Technologies Inc., The Plains, VA, USA) and
XLSTAT (Addinsoft, New York, NY, USA). Graphical representations of the data were generated
using Origin 2022 (OriginLab Corporation, Northampton, MA, USA).

3. Results and Discussion

3.1. Drying Kinetics and Weibull Model of Morchella conica Under Different Pretreatments and Drying
Methods

Pretreatments were applied as an additional strategy to improve the preservation of physical
and nutritional properties of the samples, as well as to achieve technological advantages such as
reduced drying time and lower processing costs [19,39]. The drying kinetics of untreated and
pretreated Morchella conica samples are presented in Figure 1, which shows the moisture ratio (MR)
as a function of drying time for the different drying methods.

7 = Control . = Control
® HT55°C i . :I?:g
t A A-HT75°C 3 B ’

: v US10min 0.84 ;x. + US 10min
084 +  US20min $ iz +  US 20min
; « HPP i < HPP

3 T
068 064 ,‘
a
['4 .
£ | 3" s
0.4 4 i 044 e,
C -,
.I L] i x
. .
02+ LAY 02+ .
i * .
L] 5,
#’ [ TaiiEs. uy
00 . e R e 00 . BN s+ 1 S 7004 1 TT TP
0 1 2 3 4 5 8 7 8 9 10 N 0 2 6 8 10 12 14 16 18 20 22
Time (h) Time (h)
1,04
= Control
i +HT 85°C
i c + HT75°C
084 1 + US 10min
3 +US 20min
L | + HPP
i1 —
0,6 i;'
'Y A
= i
i%
044 TEiv
S
b
is
i, 5,
0.2+ Ay Le
i 1
¥ l,
3 L3
0.0 R e
0 2 4 8 8 10 12 14 16 18
Time (h)

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.1525.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 March 2026 d0i:10.20944/preprints202603.1525.v1

7 of 25

Figure 1. Moisture ratio (MR) (kg water/kg dry matter + SD) curves of Morchella conica without pretreatment
(Control), pretreated with HT (55 and 75 °C), US (10 and 20 min), and HPP, and dehydrated by HAD (A), FD
(B), and FD-HAD (C). Error bars represent the standard deviation of the mean values. Abbreviations: HT, high-
temperature pretreatment; US, ultrasound; HPP, high hydrostatic pressure; HAD, hot air drying; FD, freeze
drying.

For HAD (Figure 1A), HT treatments showed curves with a lower initial slope compared to the
control, but they reached a moisture ratio (MR) value below 0.1 in a shorter time. Drying accelerated
during the final stage at 75 °C compared to 55 °C. Tianhai et al. [40] obtained similar results for M.
sextelata when drying at temperatures of 45, 55, and 65 °C, suggesting that this behavior could be due
to partial protein denaturation and the collapse of cellular membranes, which reduces the retention
of bound water and shortens the residual moisture stage.

The US treatment showed a particular effect, because immersion in distilled water during the
treatment increased the initial weight of the samples before being subjected to the three drying
methods (Figure 1), directly affecting the drying kinetics. This phenomenon was more evident in the
US 20 min treatment. This suggests that the mechanical effect and cavitation induced by ultrasound
may generate changes in the microstructure of Morchella conica, such as the formation and
enlargement of microscopic channels [41]. As a result, the capacity of the tissue to absorb water from
the pretreatment medium is enhanced under ultrasonic action. This behavior has also been reported
in shiitake mushroom slices [20], mulberry leaves [41], and apples [42]. However, the action of US
and HPP on the sample microstructure (cavitation or pressure) favored a more constant diffusion of
water during the drying process [18,23]. These results also agree with those reported by George et al.
[43] and Zhang et al. [44] for ginger and button mushroom slices, respectively, where non-thermal
pretreatments resulted in shorter drying times and improved porosity.

For FD (Figure 1B), US 20 min showed a higher initial MR than the control; however, the final
drying time for both US treatments was shorter than that of the control sample, which agrees with
the results obtained by Li et al. [29] for shiitake mushrooms. In contrast, both HT treatments showed
a lower initial MR than the other pretreatments, indicating that the thermal treatment may facilitate
the release of free moisture during the early stages of sublimation. The shortest drying time (13 h)
was observed for HT 75 °C, followed by 14 h for HPP. These results are consistent with those reported
by Xu et al. [28] when applying high-temperature pre-drying to Lentinula edodes, as well as by Yuan
et al. [22] when applying HHP to dried jujube slices.

The combined drying method (FD-HAD) (Figure 1C) achieved the shortest total drying time
compared to the other drying methods. The first FD stage drastically reduced the initial moisture
content, and the subsequent HAD stage completed the drying process. Margal et al. [45] indicated
that the combination of several technologies improves drying efficiency and the quality of edible
mushrooms. The shortest drying time was observed for HT 75 °C (11 h), with a faster decrease in MR
from the beginning and a shorter final stage. Xu et al. [28] explained that this behavior may be due to
the thermal pretreatment causing protein denaturation and membrane alteration, releasing bound
water that remains retained for longer in other treatments.

The results of the Weibull model parameters fitted to the moisture ratio (MR) data, together with
the statistical coefficients, are presented in Table 1.

Table 1. Weibull model parameters fitted to moisture ratio (MR) data of Morchella conica subjected to different

pretreatments and drying methods.

Treatment k n R2 MSE
Control HAD 1.028+0.052 0.692 0.996 0.0009
HT 55 °C HAD 0.643+0.050 0.866 0.997 0.0008
HT 75 °C HAD 0.857+0.05¢ 0.822 0.999 0.0003
US 10 min HAD 1.146+0.054 0.856 0.999 0.0001
US 20 min HAD 1.120+0.05¢ 0.823 0.999 0.0002

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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HPP HAD 1.168+0.05f 0.789 0.999 0.0002
Control FD 0.127+0.058 1.074 0.993 0.0011
HT 55 °C FD 0.103+0.05 1.383 0.997 0.0008
HT 75 °C FD 0.122+0.051 1.351 0.994 0.0014
US 10 min FD 0.096+0.05i° 1.338 0.998 0.0005
US 20 min FD 0.061+0.05% 1.400 0.998 0.0005
HPP FD 0.094+0.05h0 1.364 0.995 0.0010
Control FD-HAD 0.125+0.05¢ 1.178 0.996 0.0008
HT 55 °CFD-HAD 0.09820.05hmno 1.374 0.993 0.0013
HT 75 °C FD-HAD 0.114+0.058hi 1.333 0.991 0.0018
US 10 min FD-HAD 0.078+0.055kmo 1.418 0.987 0.0024
US 20 min FD-HAD 0.099+0.05hjne 1.262 0.991 0.0016
HPP FD-HAD 0.089+0.05hjmno 1.518 0.997 0.0007

k: Ratio parameter; n: form factor parameter; R?: coefficient of determination; MSE: mean square error. k values
are means * SD (n = 3). Different letters within the same column indicate significant differences among treatments
(p <0.05). Abbreviations: HT, high-temperature pretreatment; US, ultrasound; HPP, high hydrostatic pressure;
HAD, hot air drying; FD, freeze drying.

The results obtained from the Weibull model showed a good fit for describing the drying kinetics
of Morchella conica, with R2> 0.987 and low MSE values for all treatments (Table 1). The values of the
model rate parameter k varied depending on the combination of pretreatment and drying method.
Significant differences in k values were observed among pretreatments, and the HAD treatment
pretreated with HPP presented the highest value.

For the FD and FD-HAD drying treatments, the control samples showed the highest efficiency
in water removal, followed by the HT 75 °C pretreatment. In general, these results agree with several
studies reported for plant products, where the Weibull model has demonstrated good performance
in describing moisture loss during drying processes, such as in yam slices, maqui berries, and apple
slices [46—48].

Regarding the shape parameter (n), different drying behaviors were observed depending on the
drying method. For HAD, n values were lower than 1 (0.692-0.866), indicating a progressive decrease
in drying rate during the process, which is characteristic of convective hot-air drying. In contrast, for
FD and FD-HAD, n values were higher than 1 (1.07-1.51), suggesting an initially faster moisture
removal followed by a slower stage, which is consistent with the drying behavior observed in
processes involving sublimation of ice during freeze-drying.

Similarly, recent studies in edible mushrooms such as Pleurotus eryngii confirm that empirical
models, particularly Weibull and Page, allow differentiation of the efficiency of different drying
methods and their impact on the final quality of the product [49]. The application of the Weibull
model to Morchella conica not only confirms its applicability to fungal matrices but also reinforces its
use as a comparative tool through the parameter k, associated with drying rate, in relation to other
drying methods and products reported in the literature.

Figure 2 shows the drying rate (DR), calculated using Equation (3), for pretreated and untreated
Morchella conica samples. The DR values were not constant and varied significantly depending on the
drying method and the pretreatment applied.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Drying rate (DR) [(kg water/kg solids-s) + SD] curves of Morchella conica without pretreatment (Control),
pretreated with HT (55 and 75 °C), US (10 and 20 min), and HPP, and dried by HAD (A), FD (B), and FD-HAD
(C). Error bars represent the standard deviation of the mean values. Abbreviations: HT, high-temperature
pretreatment; US, ultrasound; HPP, high hydrostatic pressure; HAD, hot air drying; FD, freeze drying.

For HAD (Figure 2A), a typical decreasing drying rate profile was observed. The HPP
pretreatment showed the highest initial DR value, indicating rapid moisture removal during the early
stages of the process. This result suggests that HPP altered the cellular structure of the mushroom
tissue, facilitating water migration. In contrast, US and HT pretreatments showed moderate
improvements, although lower than those observed for HPP.

For FD (Figure 2B) and FD-HAD (Figure 2C), US 20 min and HPP showed higher surface
moisture content and an increased drying rate during the initial stage of drying. According to Llavata
et al. [23], this behavior may be attributed to the structural modifications induced by cavitation and
high pressure, which enhance water diffusion and increase the drying rate.

In general, all pretreatments showed that their combination with FD improved the drying
process, which is consistent with the findings reported by Coskun et al. [19]. However, HT 75 °C
showed the highest drying rate, followed by HT 55 °C, HPP, and US 10 min. This behavior indicates
that thermal pretreatments may optimize drying efficiency when applied before hybrid drying
processes, representing effective strategies to accelerate moisture removal and reduce the total drying
time.

These findings are consistent with several studies on mushrooms pretreated with ultrasound,
where changes in drying rate have been attributed to modifications in cellular microstructure caused
by cavitation [18,20,29,50]. Similarly, Xu et al. [28] reported that thermal pretreatments applied before
FD and HAD in Lentinula edodes accelerated moisture removal, which agrees with the higher DR
observed in the present study for HT 75 °C.

Furthermore, Hou et al. [13], Hu et al. [14], and Moutia et al. [15] demonstrated that combined
drying methods can improve process efficiency compared to individual drying techniques, a trend
that was also observed in the present results. Regarding HPP, no previous studies were found
applying this pretreatment to edible mushrooms prior to drying. However, studies conducted on
jujube slices, aloe vera cubes, and cashew slices reported higher drying rates when HPP was used as
a pretreatment compared to untreated samples. This effect has been attributed to cellular structure
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modifications caused by pressure, which reduce turgor pressure and enhance permeability and mass
transfer [22,25,51]. A similar behavior was observed in Morchella conica in the present study.

3.2. Influence of Different Pretreatments and Drying Methods on the Physical Properties of Morchella conica

Figure 3 presents the moisture content (MC), shrinkage ratio (SR), and water activity (Aw) of
untreated and pretreated Morchella conica samples. Detailed physicochemical data are available in
Supplementary Table S1.

104 40
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354 I Fo-HAD,

B
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Figure 3. Moisture content (MC) (g/100 g + SD) (A), shrinkage ratio (SR) (% + SD) (B), and water activity (Aw) (+
SD) (C) of Morchella conica without pretreatment (Control) and pretreated with HT (55 and 75 °C), US (10 and 20
min), and HPP, and dried using HAD, FD, and FD-HAD. Error bars represent the standard deviation of the
mean values. Abbreviations: HT, high-temperature pretreatment; US, ultrasound; HPP, high hydrostatic
pressure; HAD, hot air drying; FD, freeze drying.

The results (Figure 3A) show the residual moisture content (MC) of the dried mushrooms, which
ranged between 2.33 and 9.31%, significantly lower than that of the fresh samples (87.33%) (P < 0.05).
These differences reflect the influence of both the drying method and the pretreatments on the final
moisture retention of the dried product. In particular, treatments such as US 20 min and HPP
combined with FD achieved residual moisture contents below 3%, which is considered optimal for
microbiological preservation and product stability. This behavior is consistent with the results
reported by Zhang et al. [52] for Morchella esculenta dehydrated by HAD and FD. Similarly, Liao et al.
[53] studied the effects of different drying methods (HAD, microwave-assisted HAD, FD, and natural
drying) in Morchella sextelata, concluding that drying methods themselves can cause variations in the
final moisture content of the products. Additionally, several authors [21,54,55] indicated that the
selection of pretreatments should consider not only drying efficiency but also the structural effects
on food matrices, which may influence their physicochemical properties.

Figure 3B shows that the shrinkage ratio (SR%) observed in the treatments applied to Morchella
conica varied significantly depending on the pretreatment and drying strategy used. Several studies
have shown that SR during mushroom drying is a critical parameter that directly affects physical
quality and consumer sensory perception [56,57]. For HAD, the values ranged between 29.96% and
34.70%, which are comparable to the 29.63% reported by Alfiya et al. [57] for Pleurotus ostreatus
subjected to combined HAD and microwave drying, where shrinkage was attributed to free water
loss and structural collapse of cell walls. In contrast, FD produced the lowest SR values (4.46-8.10%),
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in agreement with Chen et al. [58] for Lentinula edodes, who observed that drying at moderate
temperatures or by sublimation minimizes structural contraction. The combined FD-HAD method
produced intermediate SR values (11.92-15.26%), confirming that the initial FD stage helps preserve
the cellular structure before HAD is applied. Interestingly, treatments such as HPP-HAD (31.31-
31.79%) showed a slight reduction in SR compared to the HAD control, suggesting that high pressure
may partially stabilize the cell wall structure, a phenomenon also described by Liu et al. [59] in
microwave-assisted drying of L. edodes.

On the other hand, the reduction in water activity (Aw) observed in all treatments (Figure 3C)
confirms the effectiveness of dehydration in M. conica compared with the fresh sample (=1.00), with
significant differences (P < 0.05). Most treatments reached Aw values below 0.30, a threshold
considered safe against microbial growth and enzymatic activity [22,60-62]. However, significant
differences among treatments were observed, which can be attributed to structural changes induced
by the pretreatments. In the case of HPP-HAD and US 10 min-FD, the relatively high Aw values
(0.40-0.50) could be explained by the retention of moisture within microcavities generated during the
pretreatments. Studies in fruits have reported that the rapid compression and decompression during
HPP can create internal cavities and trap water when subsequent drying is slow, as in HAD [63].
Similarly, short ultrasound treatments may produce partial cavitation, generating microchannels
insufficient to allow efficient water migration toward the surface, resulting in higher final Aw values
[41].

In contrast, the lowest Aw values were observed for HPP-FD and US 20 min-FD (0.10-0.11).
These results suggest that sublimation of the free water released by HPP during FD facilitates a more
complete moisture removal, reaching minimal Aw levels. Similar results have been reported in fruits
such as jujube and common beans [22,64]. In the case of ultrasound, a longer treatment time (20 min)
intensified cavitation effects and promoted the formation of more homogeneous microchannels,
improving mass transfer and resulting in deeper dehydration [29,65]. Overall, the differential
behavior of HPP and US on Aw indicates that the effectiveness of non-thermal pretreatments depends
not only on the technology used but also on the intensity and duration of the treatment. While for
HPP the drying method combination is decisive, for US the critical factor is treatment duration. This
finding highlights the potential of both pretreatments to modulate drying kinetics and
microbiological stability of Morchella conica, although their optimization requires balancing
pretreatment conditions and the subsequent drying method.

Another important quality attribute of edible mushrooms is color, as it represents a key
parameter for evaluating sensory properties and strongly influences consumer perception and
purchase intention [53]. Table 2 shows the effects of pretreatments and drying methods on the color
and browning degree of Morchella conica.

Table 2. Effects of different pretreatments and drying methods on color change and Browning Index (BI) of
Morchella conica subjected to HT (55 and 75 °C), US (10 and 20 min), and HPP pretreatments, followed by drying
using HAD, FD, and FD-HAD, compared with untreated samples (control).

Treatment L a b* AE BI
Fresh 23.75+0.072 1.51+0.01= 8.81+0.01= - 49.40+0.292
Control HAD 18.05+0.01b 2.23+0.02b 10.73+0.01b 6.10+0.01- 93.51+0.09°
HT 55 °C HAD 18.80+0.01¢ 2.76x0.01¢ 8.27+0.08¢ 5.18+0.01b 66.66+0.74¢
HT 75 °C HAD 18.93+0.014 2.56+0.024 9.43+0.024 5.02+0.01¢ 75.88+0.194
US 10 min HAD 18.81+0.01¢ 2.51+0.01¢ 9.01+0.14¢ 5.04+0.07¢ 72.17+1.27¢
US 20 min HAD 18.60+0.08¢ 2.82+0.01f 9.91+0.02f 5.41+0.004 83.31+0.28¢
HPP HAD 18.90+0.014 3.01+0.108 9.16+0.03s 5.08+0.04¢ 75.24+0.624
Control FD 24.16+0.01f 0.17+0.01h 7.94+0.01n 1.64+0.02¢fs  38.860.03sh
HT 55 °C FD 24.03+0.01shi  (0.19+0.01hi 7.98+0.01h  1.60+0.01efsh  39.39+0.09hi
HT 75 °C FD 24.08+0.01f  0.21+0.071hi 7.99+0.01h 1.57+0.04¢hi  39.45+0.12hi
US 10 min FD 23.98+0.01s 0.22+0.07 i 8.03+0.04n 1.54+0.02Mi 39.88+0.26!
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US 20 min FD 23.77+0.04% 0.26+0.01 7.73+0.04 1.66+0.03fs 38.64+0.31sh
HPP FD 24.01+0.028"  0.23+0.01% 7.60+0.14% 1.79+0.09 37.38+0.83

Control FD-HAD 23.95+0.078 0.39+0.01x 7.77+0.011 1.54+0.01  38.98+0.078h
HT 55 °CFD-HAD 24.25+0.07% 0.45+0.01! 7.68+0.01r1  1.63+0.05¢f  38.04+0.158
HT 75 °C FD-HAD 24.12+0.01 0.46+0.00! 7.56+0.01i 1.67+0.02s 37.65+0.05;
US 10 min FD-HAD 23.75+0.072 0.42+0.01  7.66+0.010k  1.58+0.00ehi  38.79+0.208"
US 20 min FD-HAD 23.73£0.012 0.44+0.01¢  7.65+0.010%  1.57+0.00<M  38.87+0.09sh
HPP FD-HAD 23.85+0.07 0.46+0.01! 7.73+0.04" 1.51+0.001 39.14+0.32M

d0i:10.20944/preprints202603.1525.v1

Values are means + standard deviations (n = 3) and expressed on dry weight basis. Different letters indicate
significant differences (P < 0.05) by columns among treatments within each column. Abbreviations: HT, high-
temperature pretreatment; US, ultrasound; HPP, high hydrostatic pressure; HAD, hot air drying; FD, freeze
drying.

In the evaluation of dried edible mushrooms, high L*values and low AE values are generally
considered desirable because they indicate a lighter appearance and a smaller deviation from the
original color of the fresh product [9]. The results show that the drying method had a significant effect
on the chromatic parameters of Morchella conica, with the following trend for L": FD > FD-HAD >
HAD, indicating lower surface color degradation for FD-treated samples.

This trend agrees with the findings of Liao et al. [53], who observed that freeze-drying preserved
the cellular structure of Morchella sextelata and reduced Maillard reactions responsible for browning
when compared with hot-air drying. These authors also reported that the application of two
consecutive drying methods can shorten the dehydration time, thus reducing browning caused by
prolonged heating. In addition, Zhang et al. [65] reported that non-thermal techniques such as high
hydrostatic pressure (HPP) can help preserve the sensory characteristics of Agaricus bisporus due to
their lower oxidative impact.

On the other hand, the chromatic coordinates a” and b* showed notable increases after the HPP—
HAD treatment, indicating a shift toward reddish and yellowish tones accompanied by a reduction
in lightness (L). This behavior is consistent with the results reported by Liao et al. [53] for Morchella
sextelata, where thermal treatments produced increases in a* and b* values associated with non-
enzymatic browning reactions and changes in carotenoid pigments. Similarly, Wang et al. [34]
reported that drying methods such as microwave or infrared drying also increase a* values due to
localized heating effects. Comparable changes have been widely reported in vegetables subjected to
HPP treatments [22,23]. These chromatic changes are mainly attributed to cell membrane disruption
and the exposure of pigments previously encapsulated within cellular structures, which intensifies
color perception and reduces luminosity.

Quantitatively, AE values ranged approximately between 1.5 and 6.1 depending on the
treatment, with higher values observed for HAD and lower values for FD. The lowest AE values were
observed for HPP-FD-HAD and US 10 min-FD, indicating that these combinations better preserved
the original appearance of the mushroom. Comparable results have been reported for Morchella
esculenta by Jiajia et al. [56] and for Pleurotus ostreatus by Villalobos-Pezos et al. [66]. These studies
demonstrated that freeze-drying more effectively preserves the visual appearance of mushrooms,
producing lower AE values and maintaining a color closer to that of fresh samples when compared
with conventional thermal drying methods.

Finally, the browning index (BI) was lowest for HPP-FD and HT 75 °C-FD-HAD, confirming
that drying methods involving lower thermal stress reduce the formation of brown pigments. These
findings are consistent with studies on Pleurotus ostreatus, where both vacuum drying and freeze-
drying significantly reduced enzymatic and non-enzymatic oxidation [67]. Conversely, the highest BI
values were recorded for HAD treatments, which agrees with Jiajia et al. [56] and Liao et al. [53], who
attributed this effect in Morchella spp. to prolonged exposure to high temperatures, intensifying the
formation of melanoidins.

Pretreatments also influenced these parameters. Treatments such as HPP and ultrasound (US)
showed intermediate BI values, which may be related to microstructural changes and the release of
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pigments, as reported by Li et al. [29] for Pleurotus eryngii. Therefore, the selection of both the drying
method and the pretreatment strategy is crucial for preserving the visual quality of Morchella conica,
particularly in applications where color is a determining factor for consumer acceptability and

commercial value.

3.3. Influence of Pretreatments and Drying Methods on the Rehydration Properties of Morchella conica

Rehydration data (%RR) represent the ability of dried Morchella conica mushrooms to recover
their structure and original mass after immersion in water. This parameter is particularly important
because it reflects the degree of structural damage caused during the drying process.

Figure 4 shows the rehydration kinetics of dried Morchella conica samples subjected to different
pretreatments and drying methods.
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Figure 4. Effect of drying methods HAD (A), FD (B), and FD-HAD (C) on the rehydration ratio (RR) of Morchella
conica without pretreatment (Control) and pretreated with HT (55 and 75 °C), US (10 and 20 min), and HPP.
Rehydration was carried out in water (60 °C for 5 h). Results are expressed as RR (g water/5 g dry Morchella
conica + SD). Error bars represent the standard deviation of the mean values. Abbreviations: HT, high-
temperature pretreatment; US, ultrasound; HPP, high hydrostatic pressure; HAD, hot air drying; FD, freeze
drying.

During the rehydration evaluation, the results show that FD was the most effective drying
method, reaching maximum water absorption values of approximately 1350 g water/5 g dry sample,
which were significantly higher than those obtained for FD-HAD (~700 g/5 g dry sample) and
especially for HAD (~200 g/5 g dry sample).

Within the HAD treatment (Figure 4A), thermal pretreatments significantly improved the
rehydration ratio, particularly HT 75 °C, which reached 175.6% at 1.5 h, indicating lower structural
collapse. Xu et al. [28] reported that this pretreatment accelerated the drying process and reduced
texture loss in shiitake mushrooms, resulting in improved rehydration capacity compared with the
HAD control. However, even with this improvement, the rehydration values remained significantly
lower than those reported for FD in other studies, confirming that thermal stress limits water
absorption due to structural collapse of the cellular matrix.
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For pretreatments combined with FD (Figure 4B), US 20 min and HPP showed the highest RR
values (>230%), confirming the beneficial effect of additional microchannels generated within the
structure. In contrast, FD-HAD (Figure 4C) showed intermediate values following the trend FD >
FD-HAD > HAD, since the initial FD stage preserves the structure better than HAD alone, while the
subsequent hot-air stage may cause partial structural collapse compared with FD alone.

In FD-HAD, US 20 min and HPP were the most effective pretreatments, reaching RR values
greater than 210% at 1.5 h. These findings agree with previous studies on shiitake mushrooms [34]
and Pleurotus ostreatus [66], where FD preserved the porous structure more effectively and allowed
faster water absorption. Similarly, Jiajia et al. [56] reported in Morchella esculenta that FD ensures the
highest water absorption capacity compared with HAD or solar drying, while Rorato et al. [67]
observed in Agaricus bisporus that FD combined with vacuum techniques enhances rehydration
quality.

3.4. Influence of Pretreatments and Drying Methods on the Proximate Composition of Morchella conica

The main macronutrients of Morchella conica varied significantly (p < 0.05) depending on the
drying method and the pretreatments applied, as shown in Table 3. These variations are mainly
associated with concentration effects caused by water removal during dehydration, as well as
structural modifications induced by thermal and non-thermal treatments that can alter the stability
and extractability of nutritional components. Similar trends have been reported in edible mushrooms
and other plant matrices subjected to drying processes, where dehydration not only concentrates
macronutrients but may also promote structural changes in cellular tissues that affect their final
composition [15,34,68]. The fresh sample, used as the reference (letter a), presented protein, lipid, and
ash contents of 30.83, 2.99, and 12.20 g/100 g dw, respectively, while the combined fraction of fiber
and carbohydrates (F + C) reached 53.99 g/100 g dw, representing the main structural component of
the mushroom.

Table 3. Proximate composition (g/100 g dry weight) of Morchella conica fresh and dried samples subjected to
different pretreatments (HT, US, HPP) and drying methods (HAD, FD and FD-HAD).

Treatment Protein Lipids Ash Fiber Carbohydrate F+C
(g/100g)  (g/100g)  (g/100 g) (g/100 g) s (g/100 g) (g/100 g)

Fresh 30.83 £0.292 2.99 +0.20* 12.20+0.822 15.18 +1.47> 38.81+0.16* 53.99 +1.312
Control HAD  32.71+0.71> 3.81+0.29® 15.67 +0.08> 21.63 +0.11c 13.96 + 0.40" 35.59 + 0.50"
HT 55 °CHAD 33.27+0.25> 2.17+£0.20¢ 12.16 + 0.45* 21.85+0.10¢ 20.46 +0.10¢ 42.32 +0.00¢
HT 75°CHAD 32.63+0.12> 3.79+0.06> 12.48 +0.08* 20.14 +0.05¢ 21.97 +0.18¢ 42.12+0.14¢
US 10 min HAD 28.77 +£1.15¢ 3.06 + 0.042> 7.35+0.494 25.48 +(0.28> 25.46 +1.96¢ 50.95 +1.67°
US 20 min HAD 29.87 £0.57¢ 3.65+0.11> 6.70 £0.16¢ 26.89 £0.11> 21.61+0.73¢ 48.51 +0.84¢
HPP HAD 31.19 £0.112> 3.58 + 0.07> 11.09 +0.112 31.69 +0.272 9.48+0.138 41.16 £+ 0.15¢
Control FD  31.84 +0.452 2.52 +0.512 11.60 +0.60* 18.04 £ 0.51¢ 27.57 +1.04¢ 45.60 + 1.564
HT55°CFD  31.93+0.43% 3.16 £ 0.392> 11.06 + 0.18> 17.84 £0.01¢ 25.36 +0.21¢ 43.20 +0.22¢
HT75°CFD  31.45+0.082> 3.05 + 0.122> 14.55 + 0.34> 16.56 + 0.25¢ 24.84 +0.799 41.40 + 0.54¢
US10 min FD  31.30 + 0.0820 3.27 + 0.092> 7.67 £ 0.449 26.63 £0.19®* 17.35+0.80" 43.99 +0.61¢
US20min FD  30.54 +0.34* 4.72+0.14¢ 6.63 +£0.49¢ 21.39+0.53¢ 31.53 +0.24> 52.92 +(0.29°
HPP FD 31.25+0.20%» 5.39+0.49¢ 8.60+0.16¢ 22.38 +0.41c 27.22+0.12° 49.59 +0.53¢
Control FD-HAD 35.87 +0.52> 1.48 +0.30¢ 14.70 +0.41> 23.57 £0.18 22.44 +0.07¢ 46.01 +0.114
HT 55 °C FD-HAD 35.87 £0.52> 2.52 +0.512 11.60 £ 0.602 18.04 £ 0.51¢ 20.90 +0.07¢ 38.93 + 0.58"
HT 75 °C FD-HAD 33.21 £0.03> 3.74 +0.00> 15.00 + 0.22> 26.63 +0.19> 17.35+0.80" 43.99 +0.61¢
Us 110_11123 FD- 32.08+0.33> 1.73+0.06¢ 6.31+0.099 2428 +£0.10c 19.39 +0.46° 43.67 +0.36°
Us 2;){2;; Fb- 33.43 £0.34> 4.05+0.09° 6.31+0.02¢ 25.51+0.62> 13.15+0.39" 38.67 +0.23"
HPP FD-HAD  28.51 +0.06° 5.51 +0.13¢ 10.30 + 0.292 28.53 + 0.062> 13.21 +0.53/ 41.74 +0.47¢
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Values are means + standard deviations (n = 3) and expressed on dry weight basis. Different lowercase letters
within the same column indicate significant differences among treatments according to ANOVA followed by
LSD test (p < 0.05). Abbreviations: HT, high-temperature pretreatment; US, ultrasound; HPP, high hydrostatic
pressure; HAD, hot air drying; FD, freeze drying.

Regarding protein content, the fresh raw material showed 30.82 g/100 g dw, remaining relatively
stable after the drying treatments, although significant differences were observed among treatments.
The highest values were found in FD-HAD treatments, particularly in the control and HT 55 °C
samples (up to 35.86 g/100 g dw), whereas FD treatments remained within a narrow range (30.53—
31.92 g/100 g dw). In contrast, HAD showed greater variability (28.77-33.26 g/100 g dw) depending
on the pretreatment applied. These results agree with those reported by Zhang et al. [52] in Morchella
sextelata, where protein content ranged between 29 and 34 g/100 g dw under different drying
methods. Similarly, Liao et al. [53] confirmed that this macronutrient exhibits high stability during
dehydration processes. In addition, studies on Agaricus bisporus and Pleurotus ostreatus reported that
freeze drying and non-thermal technologies preserve the protein profile better than hot-air drying
[66,69,70].

Regarding lipid content, the fresh material presented 2.99 g/100 g dw, while dried samples
ranged between 1.48 and 5.51 g/100 g dw. In general, Morchella conica maintains a low lipid content,
which is characteristic of edible mushrooms. The highest lipid values were observed in HPP-FD and
HPP-FD-HAD treatments, whereas the lowest values were recorded in FD-HAD control samples.
These variations can be attributed to concentration effects and structural modifications that may
facilitate lipid extraction or quantification after drying. Similar trends have been reported for several
edible mushroom species, where lipid contents typically remain below 6 g/100 g dw [3,71].

For ash content, which reflects the mineral fraction of the mushroom, values ranged between
6.31 and 15.67 g/100 g dw in dried samples, while the fresh sample presented 12.20 g/100 g dw. The
highest values were mainly observed in HAD treatments, which may be related to concentration
effects caused by convective drying. In contrast, some treatments involving ultrasound and FD
showed lower values, which may reflect structural modifications or mineral redistribution during
dehydration. These values fall within the typical range reported for Morchella species and other wild
edible mushrooms [3].

Concerning fiber content, the fresh sample contained 15.17 g/100 g dw, while all drying
treatments increased this fraction, reaching up to 31.68 g/100 g dw in HPP-HAD, followed by HPP-
FD-HAD (28.53 g/100 g dw). Pretreatments with ultrasound (US 10-20 min) also favored an increase
in fiber content, reaching values of up to 26.89 g/100 g dw, whereas HT 75 °C-FD (16.55 g/100 g dw)
showed relatively lower values. This behavior suggests that certain treatments may modify cell wall
permeability and favor the concentration of structural polysaccharides after drying. Similar results
were reported by Zhang et al. [52] in Morchella sextelata, where combined drying methods tended to
concentrate the fiber fraction.

Regarding carbohydrate content, the fresh material presented 38.81 g/100 g dw, while significant
reductions were observed after drying, particularly in HPP-HAD (9.47 g/100 g dw) and US 20 min—
FD-HAD (13.15 g/100 g dw). In contrast, the highest values were recorded in US 20 min-FD (31.52
g/100 g dw) and Control-FD (27.56 g/100 g dw), confirming that freeze drying is the most effective
technique for preserving carbohydrates. This behavior is consistent with findings reported by Zhang
et al. [52] and Liao et al. [53] in Morchella sextelata, where FD maintained higher levels of soluble
sugars compared with HAD.

The combined fraction of fiber and carbohydrates (F + C) represented the major component of
the proximate composition, with values ranging between 35.23 and 54.91 g/100 g dw. This fraction
mainly includes structural polysaccharides characteristic of fungal cell walls, such as chitin, -
glucans, and other non-starch polysaccharides, which are known to contribute to the nutritional and
functional properties of edible mushrooms [71]. Higher F + C values were observed in samples
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treated with ultrasound pretreatments, particularly US-HAD and US-FD, whereas lower values
were detected in HAD control samples.

Overall, the results demonstrate that the macronutrient composition of Morchella conica is
sensitive to the drying method applied. Freeze drying (FD) emerges as the most effective technique
for preserving proteins and carbohydrates, while some pretreatments such as HPP and ultrasound
favor the concentration of structural fiber. These findings are consistent with recent reviews [23,45],
which highlight the potential of combining innovative pretreatments with appropriate drying
technologies to maintain the nutritional quality of edible mushrooms.

3.5. Influence of Pretreatments and Drying Methods on Bioactive Compounds of Morchella conica

Figure 5 presents the effect of pretreatments and drying methods on the bioactive compounds
of Morchella conica, including total phenolic content (TPC), antioxidant activity determined by DPPH,
and ferric reducing antioxidant power (FRAP) in fresh and dried samples. Detailed bioactive
compound data are provided in Supplementary Table S2.
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Figure 5. Total phenolic content (TPC) (mg GAE/100 g dw + SD) (A), antioxidant activity by DPPH (uM TE/100
g dw * SD) (B), and ferric reducing antioxidant power (FRAP) (uM TE/g dw + SD) (C) of Morchella conica fresh
(RM), untreated (Control) and pretreated with HT (55 and 75 °C), US (10 and 20 min), and HPP, followed by
HAD, FD, and FD-HAD drying methods. Error bars represent standard deviation. Abbreviations: HT, high-
temperature pretreatment; US, ultrasound; HPP, high hydrostatic pressure; HAD, hot air drying; FD, freeze
drying.

3.5.1. Total Phenolic Content (TPC)

The initial TPC of the raw material (1230.29 mg GAE/100 g dw) showed a differential response
depending on the drying method and pretreatment applied. In particular, HAD at 55 °C increased
the TPC to 2675.83 mg GAE/100 g dw, whereas increasing the temperature to 75 °C reduced it to
2236.46 mg GAE/100 g dw. These results suggest that moderate heat promotes the release of bound
phenolic compounds from the cellular matrix, while excessive temperatures may induce partial
degradation of phenolic structures. Similar trends were reported by Gasecka et al. [72] in Leccinum
spp. and Hericium spp., where moderate thermal treatments enhanced phenolic extractability.

Ultrasound pretreatments exhibited a time-dependent effect. Under HAD conditions, US 10 min
moderately increased TPC (1648.77 mg GAE/100 g dw), whereas extending the treatment to 20 min
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reduced phenolic content to levels similar to the control (1252.38 mg GAE/100 g dw). This behavior
supports the dual nature of acoustic cavitation described by Llavata et al. [23], where ultrasound may
increase metabolite extractability through cell disruption but can also promote oxidative degradation
when treatment intensity or duration is excessive.

Freeze drying (FD) generally preserved or even increased phenolic content (Control: 1601.78 mg
GAE/100 g dw; US 10 min: 2261.87 mg GAE/100 g dw), confirming that low-temperature dehydration
minimizes phenolic degradation and helps maintain antioxidant compounds during drying. Similar
observations have been reported in edible mushrooms and plant matrices, where freeze drying
effectively preserves phenolic compounds due to the absence of high thermal stress and oxidation
reactions [9,30]. However, significant reductions were observed for US 20 min (902.55 mg GAE/100 g
dw), suggesting that excessive cavitation may destabilize phenolic compounds before drying. This
phenomenon has been described for ultrasound-assisted treatments, where intense or prolonged
cavitation can promote oxidation or degradation of phenolic compounds [23].

Treatments involving HPP combined with FD and FD-HAD showed intermediate values
(1197.56-1301.27 mg GAE/100 g dw). This behavior may be attributed to the ability of high
hydrostatic pressure to induce structural modifications in cellular tissues while avoiding significant
thermal degradation, thereby helping to preserve bioactive compounds during subsequent
processing. Similar effects have been reported for pressure-treated food matrices, where HPP
promotes cell permeability and facilitates the retention or release of phenolic compounds without the
thermal damage associated with conventional processing [73,75].

3.5.2. Antioxidant Activity (DPPH)

Antioxidant activity measured by DPPH also increased substantially compared with the fresh
material (6307.84 uM TE/100 g dw). HAD treatments at 55 °C and 75 °C reached values of 18562.2
and 19727.7 uM TE/100 g dw, respectively, indicating enhanced radical scavenging capacity
associated with heat-induced release of antioxidant compounds, consistent with the findings of
Izham et al. [75]. The effect of ultrasound was again dependent on treatment duration. While US 10
min under HAD produced 18017.6 uM TE/100 g dw, extending the treatment to 20 min reduced
antioxidant activity to 6887.97 uM TE/100 g dw, suggesting that prolonged ultrasonic exposure may
accelerate oxidative reactions or degradation of antioxidant molecules [9,23].

The FD control sample showed the highest antioxidant activity of the study (20345.6 uM TE/100
g dw), confirming previous observations by Villalobos-Pezos et al. [30] in Cyttaria espinosae, where
freeze drying effectively preserved antioxidant compounds by preventing thermal degradation. In
contrast, the combined FD-HAD process with ultrasound resulted in markedly lower antioxidant
capacity (5280.81-4967.36 uM TE/100 g dw), suggesting potential antagonistic effects between
cavitation-induced structural disruption and subsequent thermal exposure.

HPP treatments showed intermediate antioxidant activity (8392.8-9559.64 uM TE/100 g dw).
This behavior is consistent with previous studies indicating that high hydrostatic pressure generally
preserves antioxidant compounds rather than substantially enhancing their activity in food matrices.
For example, Pérez-Lamela et al. [73] reported that HPP treatments maintain the stability of phenolic
compounds due to the absence of thermal degradation, while Tepsongkroh et al. [74] observed that
high-pressure pretreatments applied to Volvariella volvacea can modify cellular structures and
facilitate the release of antioxidant compounds without causing significant degradation. These results
are particularly relevant since the application of high hydrostatic pressure as a pretreatment prior to
drying has rarely been explored in edible mushrooms and, to the best of our knowledge, has not been
previously reported for Morchella species.

Ferric reducing antioxidant power (FRAP)

Regarding reducing power (FRAP), the fresh material showed 1411.86 uM TE/g dw, which
increased significantly after HAD at 55 °C (3198.32 uM TE/g dw) but decreased at 75 °C (2264.0 uM
TE/g dw). This pattern indicates that moderate heat promotes the release of reducing compounds,
whereas excessive temperatures favor their degradation, in agreement with Gasecka et al. [72].
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Ultrasound pretreatments under HAD produced values of 2030.42 uM TE/g dw (10 min) and 1753.58
uM TE/g dw (20 min), reflecting the same time-dependent trend reported for Cantharellus cibarius by
Sun et al. [18].

Freeze drying combined with pretreatments generated substantially higher FRAP values,
particularly HT 55 °C (8553.37 uM TE/g dw) and US 20 min (8722.07 uM TE/g dw). However, the
highest values of the entire study were obtained for HPP-FD (13,138.5 uM TE/g dw) and HPP-FD-
HAD (13,186.0 uM TE/g dw), greatly exceeding the other treatments. The high antioxidant capacity
observed in FD treatments agrees with the results reported by Ucar and Karadag [69], who
demonstrated that freeze drying preserves phenolic compounds and antioxidant activity in Pleurotus
ostreatus by minimizing thermal degradation during dehydration.

Overall, the results demonstrate that Morchella conica responds differently depending on the
drying technology and pretreatment applied. Moderate HAD temperatures and FD effectively
enhance or preserve phenolic compounds and antioxidant activity, whereas HPP particularly
improves reducing power. Similar patterns have been reported for other edible mushrooms such as
Pleurotus spp., Leccinum spp., and Cyttaria espinosae, where drying technologies and pretreatments
significantly influence the retention of phenolic compounds and antioxidant capacity [34,66,72]. In
addition, the influence of emerging technologies such as ultrasound and high-pressure processing on
the stability and extractability of bioactive compounds has been widely reported in food matrices
[23,73]. These findings confirm that the interaction between drying technology and innovative
pretreatments determines the balance between the release and degradation of bioactive compounds.

3.6. Principal Component Analysis (PCA)

Principal component analysis (PCA) was performed to evaluate the relationships among drying
treatments and quality parameters of Morchella conica (Figure 6). The first two principal components
explained 68.9% of the total variance, with PC1 accounting for 53.5% and PC2 for 15.4%, indicating
that most of the variability in the dataset can be explained within this two-dimensional space.
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Figure 6. PCA biplot showing the distribution and clustering of Morchella conica samples subjected to different
pretreatments and drying methods. Samples without pretreatment (Control) and those pretreated with HT (55
and 75 °C), US (10 and 20 min), and HPP were dried using HAD, FD, and FD-HAD. Arrows indicate the

contribution of the evaluated quality parameters to the principal components. Abbreviations: HT, high-
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temperature pretreatment; US, ultrasound; HPP, high hydrostatic pressure; HAD, hot-air drying; FD, freeze-
drying.

PC1 was mainly associated with visual and compositional quality attributes, including
browning index (BI, 0.39), color change (AE, 0.39), shrinkage (SR%, 0.40), and the combined fraction
of fiber and carbohydrates (F+C, 0.39), together with total phenolic content (TPC, 0.23). In contrast,
drying time (-0.38) and rehydration ratio (RR%, —0.36) were negatively correlated with this
component. This relationship suggests that treatments resulting in longer drying times tended to
exhibit higher rehydration capacity but lower accumulation or release of certain bioactive
compounds.

The second principal component (PC2) was dominated by moisture content (0.67) and water
activity (Aw, 0.57), followed by a moderate negative contribution of TPC (-0.27). This axis mainly
differentiates treatments according to their degree of dehydration and microbiological stability, as
lower moisture and Aw values are typically associated with improved shelf stability in dried foods.

Cluster analysis applied to the PCA results (Figure 6) revealed three distinct groups of
treatments with differentiated quality profiles. Cluster 0, which included most freeze-drying
treatments (Control FD, HT 55 °C FD, HT 75 °C FD, US 20 min FD, HPP FD and Control FD-HAD),
was located in the positive region of PC1 and was characterized by high values of TPC and FRAP
combined with low moisture and Aw levels. These results highlight the strong ability of freeze drying
to preserve bioactive compounds while ensuring microbiological stability.

In contrast, Cluster 1 comprised the hot-air drying treatments (Control HAD, HT 55 °C HAD,
HT 75 °C HAD, US 10 min HAD, US 20 min HAD and HPP HAD), which were distributed in the
negative region of PC1. This cluster was mainly associated with longer drying times and higher
rehydration capacity, indicating that HAD treatments were more strongly related to technological
and structural attributes rather than antioxidant preservation.

Finally, Cluster 2 consisted primarily of hybrid drying treatments (HT 55 °C FD-HAD, HT 75
°C FD-HAD, US 10 min FD-HAD, US 20 min FD-HAD, HPP FD-HAD) together with US 10 min FD.
This group occupied an intermediate position between the previous clusters and showed balanced
characteristics in terms of visual quality parameters (BI, AE, SR), stability indicators (Aw and
moisture content), and functional compounds (TPC and FRAP). This suggests that hybrid drying
strategies may represent a compromise between antioxidant preservation and technological
performance.

The PCA results obtained in this study are consistent with previous findings reported for edible
mushrooms. Previous studies have shown that different drying methods significantly influence
structural, physicochemical, and antioxidant properties in dried mushrooms, leading to distinct
quality profiles depending on the processing technology applied. In multivariate analyses,
parameters related to antioxidant activity, color changes, and structural properties often contribute
strongly to the main principal components, allowing a clear differentiation between drying
treatments [66,69,72].

4. Conclusions

This study evaluated the influence of thermal and non-thermal pretreatments combined with
different drying methods on the drying kinetics, physicochemical properties, nutritional composition,
and bioactive compounds of the wild Chilean mushroom Morchella conica. The results demonstrated
that both pretreatments and drying technologies significantly affected drying efficiency and final
product quality.

Hot-air drying combined with thermal pretreatments accelerated the drying process but resulted
in greater structural shrinkage and color changes. In contrast, freeze-drying preserved structural
integrity, color, and rehydration capacity while maintaining higher levels of carbohydrates and
antioxidant compounds. Ultrasound pretreatments showed a time-dependent effect, whereas high
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hydrostatic pressure notably enhanced the reducing antioxidant capacity when combined with
freeze-drying.

Principal component analysis confirmed clear differences among drying technologies, with
freeze-dried samples associated with higher antioxidant activity and better physicochemical stability.
Overall, the results highlight freeze-drying and hybrid drying strategies as promising approaches for
improving the technological processing and functional quality of Morchella conica.
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