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ABSTRACT

Herbs are processed by drying to decrease the moisture content and therefore to inhibit the
growth of microorganisms, reducing the alterations during the storage and creating shelf-stable
products. The drying of aromatic herbs has been carried out over the years as convective drying
with hot air but information on the impact of this process at cellular level is still limited. In this
work, conventional hot-air drying technique was compared to a cold drying method emerging
in recent years to evaluate the cellular damages in four economically important aromatic herbs
such as lemon balm, mint, mallow and savory. Results suggest that the two applied drying
technologies differently affect the cellular structure in the diverse species, representing a basis

ARTICLE HISTORY
Received 1 January 2021
Accepted 23 April 2021

KEYWORDS

Medicinal and aromatic plants;
cold drying;

hot drying;

leaf anatomy;

cell ultrastructure

for future researches in the optimization of the whole process and in decision making.

Introduction

A growing consumers’ interest in organic and herbal-based
products has led to an increased demand in the industry
of medicinal and aromatic plants (MAPs) in the past ten
years (Aftab and Hakeem 2020). MAPs are primarily used for
therapeutic, aromatic and/or culinary purposes as compo-
nents of cosmetics, medicines, health foods and other nat-
ural health products. They are also the starting materials for
value-added processed natural ingredients such as essential
oils (Giannenas et al. 2020). Depending on the final use,
MAPs may be traded as raw or processed materials. To
address the modern consumer’s demands for natural, safe,
and high-quality products and to meet legislative regula-
tions, industry must improve and monitor all the production
steps. To produce high-quality herbal products, attention
must be paid to many factors, among them the transforma-
tion processes and in particular the storage (Tanko et al.
2005). Drying is the most common way to preserve MAPs.
The decrease of plant moisture content is the first step in
many postharvest operations and is aimed at preventing
enzymatic and microbial activity and therefore preserving
the product and extending shelf life (Pandey and Savita
2017; Thamkaew et al. 2020). Several drying methods have
been developed in the past 20years with the aim of improv-
ing both quality and efficiency of the drying process.
Notably, the energy demand of drying represents a

significant cost factor in MAPs production, being 30%-50%
of the total costs. Therefore, fine-tuning of operational meth-
ods and energy use is crucial for an optimal drying process
(Muller 2007; Motevali et al. 2011; Taner 2015; Jin et al.
2018). The most popular and common method is oven-drying
(also called convective drying or hot-air drying) in which
the drying temperature usually ranges between 40°C and
60°C (Thamkaew et al. 2020). However, high drying tem-
perature may have undesirable effects on the quality of
dried product. Low drying temperatures are generally rec-
ommended to preserve the aromatic/functional compounds
of MAPS, but, as a result, the drying time is longer and
energy efficiency is lower. To increased dryer capacity, drying
temperature should be as high as possible without reducing
the quality of the product (Miller 2007). Maximum allowable
temperatures depend on the different plant species and on
the characteristic to be preserved, which may depend on
the dried herb usage (Jin et al. 2018). For instance, the
preservation of bioactive compounds is central for plants
used for medical purposes, while the colour and fresh-like
characteristic aroma are key factors for culinary dried herbs
(Thamkaew et al. 2020). The impact of drying air tempera-
ture has been investigated mainly on active ingredients,
sometimes considering the total amount of essential oil,
sometimes specific components, showing increasing
essential-oil losses with increasing temperature, but with
different temperature sensitivity between species (Miller
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2007). Few studies have taken into consideration the ana-
tomical changes caused by different temperatures during the
drying process (van't Hag et al. 2020). In this work, performed
in the frame of the project «Linnovazione di processo nella
filiera delle erbe aromatiche essiccate - ESSICA» (Interreg V
France-Italy, ALCOTRA 2014-2020), we present the analysis of
the impact of two drying methods (conventional at 40°C
and with dehydrated cold air at 20°C) on the leaf structure
at cellular and subcellular level of four aromatic plants.

Materials and methods
Plant species and growth conditions

Work was done on four aromatic plant species: mallow
(Malva sylvestris L., Malvaceae), lemon balm (Melissa officinalis
L., Lamiaceae), mint (Mentha piperita L./Mentha spicata L.,
Lamiaceae), savory (Satureja hortensis L., Lamiaceae). Plants
were grown in open field by farmers of Cooperativa Pancalieri
(Torino, Italy) in 2019, under the management used for com-
mercial purpose. Harvest was done during summer for lemon
balm, mint and savory, and in September for mallow.

Drying

Two different drying procedures were tested: (1) traditional
drying, i.e., 40°C for 24h using a Memmert UF110 oven
(Schwabach, Germany) and (2) cold drying, i.e., 20°C, 48 h or
72h for mallow (according to the time necessary for the herb
to reach a humidity lower than 12%), using a Northwest
Technologies NWT100 dryer (Boves, Italy) where a continuous
flow of cold dehydrated air is obtained thanks to the action
of cooling coils that freeze the water extracted from the
herbs. The reached humidity was always less than 12%. Plants
have been dried soon after harvesting, to avoid storage
effects. During the drying process a sampled branches has
been kept on a flat surface, avoiding as much as possible
leaf crumpling for a more accurate sampling. Samples have
been then carefully placed in plastic bags to avoid leaves
breakages. Dried samples have been also compared with
fresh samples directly collected from a plant grown in the
same field.

Color determination

The four aromatic herbs were submitted to color determi-
nation to evaluate any differences due to the different dry-
ing method used. Three biological replicates were analysed
for each herb and for both drying techniques. The color
analysis was conducted in transmittance mode on a CM-5
spectrophotometer (Konica Minolta, Tokyo, Japan). L*, a*,
and b* CIELab parameters were used to measure the color,
where L* is a coefficient of lightness ranging from 0 (black)
to 100 (white), a* indicates the colors red-purple (when
positive a*) and bluish-green (when negative a*), and b*
denotes the colors yellow (when positive b*) and blue (neg-
ative b*). The AE parameter, which represents the difference

between two colors (Hill et al. 1997) and its perceptibility
by the human eye when AE > 2.5, was calculated according
to the equation

Microscopical analysis

Leaf pieces were collected from both fresh and dried plants,
trying to choose, whenever possible, comparable leaf areas.
Samples were fixed in 2.5% glutaraldehyde in 10mM phos-
phate buffer pH 7.2, dehydrated with an increasing series of
ethanol (30%, 50%, 70%, 90% and 100%), followed by 100%
acetone and embedded in Epon/Araldite resin, following a
standard protocol. The resin was polymerized for 24h at
60°C. Embedded samples were processed for ultramicrotomy.
For each thesis, twelve leaf pieces were embedded. For opti-
cal microscopical observations, 1 um thick sections were cut
and stained with 1% Toluidine Blue and slides were observed
by a Leica microscope equipped with a camera. Picture were
taken by mean of the Leica Lab software.

For transmission electron microscopy, 50 nm ultrathin sec-
tions were obtained and subjected to double contrast with
lead citrate and uranyl acetate. Observations were performed
on a CM10 transmission electron microscope (Philips
Electronics, Eindhoven, The Netherlands).

Results and discussion

In this work, the two main drying techniques (traditional and
cold) were compared to evaluate the cellular damages in
four economically important aromatic herbs such as lemon
balm, mint, mallow and savory. The impact on morphological
features might also mirror differences in derivate compounds
related to their medical, flavoring and aromatic qualities. It
is worth noting that the drying temperature plays an import-
ant role on the preservation of volatile compounds of dried
herbs after the drying process (Thamkaew et al. 2020).
Several studies on herb-drying methods were performed with
the aim to improve the quality of commercial dried herbs
that generally is lower than fresh herbs (Thamkaew et al.
2020). Stereomicroscopic observations of the leaf lamina of
the four considered plant species showed a different grade
of green color, suggesting also a different impact of the two
drying protocols mainly for mint and balm lemon (unshown).
As aromatic and medicinal plant species are used as tea,
color is an essential quality criterion since it appears to con-
sumers (Muller and Heindl 2006). The color degradation in
dried herbs is due to the degradation of pigments (i.e., chlo-
rophyll and anthocyanin), and the degradation of chlorophylls
in green herbs is the most common change that was reported
to occur during the drying process (Thamkaew et al. 2020).
Here, a different color of dried leaves was evident (Figure 1),
depending on the applied drying method and the considered
species. The colorimetric analysis was based on AE parameter
calculation which determines whether two colors can be
distinguished by the human eye (AE > 2.5). The results
showed that for all herbs the color of the product obtained
with cold drying was different from that obtained with the
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Aromatic herb AE
Melissa officinalis 1. 4.18
Mentha spp. 2.68
Malva sylvestris L. 2.83
B | Satureja hortensis L. 3.98

Figure 1. Difference between colors in the herbs dried following the two
drying methods. A, Melissa officinalis L. chopped leaves treated with cold
(left) and traditional (right) drying; B, AE parameter, that represents the dif-
ference between two colors (Hill et al. 1997), calculated for each herb treated
with traditional and cold drying.

traditional method. In particular, the cold dried samples
tended to show higher brightness values and a greater ten-
dency to green and yellow (data not shown). Despite bio-
chemical data are not available, a different impact on pigment
contents may be suggested, as confirmed by the alteration
in chloroplast structure observed by the electron microscopy
(see below). It has been already reported that the release of
chlorophyll molecules from the protein complex, which could
promote the transformation of chlorophylls into pheophytins
due to heat exposure, could also lead to the releasing of
substrates for enzymatic browning reactions to the surround-
ing areas (Thamkaew et al. 2020). This could justify the higher
brightness observed in the cold dried leaves with respect to
that obtained with the traditional method.

Optical microscopy observations

To verify the impact of the two technologies at cellular level,
optical and transmission electron microscopy observations
were performed. Microscopic observation of semithin sections
showed a change in leaf anatomy due to the drying process
in all the plant considered, however to different extent.
Anatomical variations mainly concerned a loss in the regular
arrangement of the leaf tissues, loss of the cell shape and
chloroplast displacement (Figure 2). Fresh leaves showed the
typical tissue layers (Figure 1, panel A), that is to say: upper
epidermis, palisade mesophyll, spongy mesophyll, lower epi-
dermis for mallow (Romitelli and Martins 2013), lemon balm
(Yen et al. 2017), mint (Oliveira et al. 2017) and upper
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Figure 2. Semithin cross sections (stained with Toluidine blue) of leaves
from the different plant species used in this study: panels A, fresh leaves;
panels B, conventionally dried leaves; panels C, cold dried leaves. In Malva
sylvestris L. (mallow), Melissa officinalis L. (lemon balm) and Mentha spp.
(mint) tissue organization is the same, with an upper epidermis (uE), a palisade
mesophyll (P), a spongy mesophyll (S) and a lower epidermis (IE). In Satureja
hortensis L. (savory), under each epidermis there is a layer of palisade cells
(P) separated in the middle by a layer of spongy tissue (S). For further descrip-
tion see text. All bars = 70 um.

epidermis, palisade mesophyll, spongy mesophyll, palisade
mesophyll, lower epidermis for savory (Satil et al. 2002). In
mallow leaves, after drying, tissues appeared disorganized
with irregular cell shape and chloroplasts misplaced (Figure 2,
panels B, C). The traditional drying method apparently had
a milder effect, since all leaf tissues were easily recognizable
and the cell shape quite regular (Figure 2, panel B). Instead,
in cold dried samples, tissues were severely disorganized and
almost unrecognizable, except for the epidermis (Figure 2,
panel C). In the case of lemon balm, tissue organization was
not dramatically affected by drying at both temperatures.
Only parenchyma mesophyll cells appeared particularly
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shrunken and, as a consequence, with a dense protoplasm
(Figure 2, panels B, C).

As regards mint leaves, again no striking differences were
observed after both drying methods. Although chloroplasts
were misplaced, cell shape and tissue arrangement were only
slightly affected (Figure 2, panels B, C). Finally, savory leaves,
probably due to their small size and narrow shape, were the
most sensitive to dryings: both temperatures dramatically
changed cellular shape, chloroplast localization and tissue
organization (Figure 2, panels B, C).

Electron microscopy observations

Although several papers describe the ultrastructural modifi-
cations during leaf senescence, few data were obtained on
the impact of drying at cellular level (van't Hag et al. 2020).
Ultrastructure analysis of herb leaves confirmed and rein-
forced the light microscopy observations. In mallow, meso-
phyll tissue from fresh leaves showed the typical cellular
organization with chloroplasts aligned at cell periphery
(Figure 3A) and retaining their normal ultrastructure, with
well- preserved thylakoid membranes and grana (Figure 3B).
In conventionally dried tissues, mesophyll cells appeared
shrunken, with undulated cell walls; the cytoplasm and cell
organelles were condensed together, mostly in cell center
(Figure 3C). However, the most striking feature of these cells
was the presence a huge number of plastoglobules in chlo-
roplasts (Figure 3C and D), which mostly retained their shape,
although swollen and with membrane interruptions but with
thylakoid structure still visible (Figure 3E). Plastoglobules in
chloroplasts were already described in senescent leaves of
different species (Ghosh et al. 2001; Rasera et al. 2019) and
a relationship between their production and response to
abiotic and biotic stresses were reported (Bréhélin et al.
2007). Instead, mallow leaf samples dried at 20°C showed a
very different ultrastructure (Figure 3F and G). Mesophyll cells
appeared less shrunken, but severely plasmolyzed; the dense
protoplasm, retracted from cell wall, suggests a rapid cell
death with organelle disintegration, though the high
electron-density indicates that most of the cell content has
been retained. Contrary to conventional desiccation, chloro-
plasts were hardly recognizable and plastoglobules possibly
coalesced in large round bodies. Overall, from these obser-
vations it seems that cold drying apparently damages the
leaf tissue structure more than conventional drying but some-
how allows to retain most of the cellular content and in
particular of chloroplast membrane lipids that seem to
coalesce together in large dense round bodies. Instead, in
conventionally dried samples at 40°C chloroplasts, though
preserving some thylakoid membranes, seems to lose most
of the stroma and membrane lipids, which initially aggregate
in numerous plastoglobules that are then released and pos-
sibly dispersed. It can be hypothesized that the 72hours it
took to cold dry the mallow samples (as opposed to the
48 hours it took for the other three herbs) affected the cel-
lular anatomy more significantly.

As regards lemon balm leaves, their ultrastructure in sam-
ples fixed and embedded as soon as harvested, showed

Figure 3. Ultrathin sections of Malva sylvestris L. mesophyll leaf tissue from
fresh (A and B), conventionally dried (C-E) and cold dried (F and G) samples.
A. Fresh leaves with typical cellular organization and chloroplasts aligned at
cell periphery and showing well-preserved thylakoid membranes and grana
(enlarged in B). C. Shrunken mesophyll cells of conventionally dried tissues
with undulated cell walls; cytoplasm and cell organelles are condensed
together, mostly in the center of cells; deranged chloroplasts contain numerous
plastoglobules, sometimes released in the cytoplasm (D), however retaining
their shape with thylakoid structure and grana still visible (enlarged in E). F.
Leaf samples dried at 20°C showing mesophyll cells severely plasmolyzed with
a dense protoplasm retracted from cell wall, indicating a rapid cell death with
organelle disintegration; chloroplasts are hardly recognizable and plastoglob-
ules possibly coalesce in large round bodies (G). Ch=chloroplast; Cw =cell
walls; Gr=grana; Pl=plastoglobules; Th =thylakoids. Bars = 4um in A; 0.4um
in B; 3.7um in G; 1.7pym in D; 1.1um in E; 22pum in F; 2um in G.

mesophyll cells with a thicker layer of cytoplasm in respect
to mallow, and consequently, the volume of vacuoles slightly
reduced (Figure 4A-C). Moreover, in this species chloroplasts
were less elongated and with a typical bean shape, and
large nuclei were often visible in the cells, even in stomatal
guard cells (Figure 4A-C). In conventionally dried leaves
mesophyll cells appeared slightly distorted with chloroplast
retracted by cell wall, however maintaining in most cases
their peripheral position (Figure 4D). They appeared also
very electrondense, sometimes distorted, and no thylakoid
membranes, grana and plastoglobule were appreciable,
except for a few exception (Figure 4F). Another peculiar
feature of these dried samples was the presence of small
empty vesicles of different size and possibly originated by
degeneration of cell membranes. These vesicles were present
also in stomatal guard cell (Figure 4E), in which the proto-
plasm was not preserved. The break-up of the single original
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Figure 4. Ultrathin sections of Melissa officinalis L. mesophyll leaf tissue
from fresh (A-C), conventionally dried (C-E) and cold dried (F and G) samples.
A. Fresh leaves showing mesophyll cells with many nuclei, elliptical chloroplasts
(enlarged in C) and abundant cytoplasm surrounding vacuoles; large nuclei
were often visible in stomatal guard cells (B). D. In conventionally dried leaves
mesophyll cells appear slightly distorted with chloroplast very electrondense;
no thylakoid membranes, grana and plastoglobule are appreciable, except for
a few exceptions (F); small empty vesicles of different sizes are visible in every
cell, including the almost empty stomata cells (E). G. Leaves dried at 20°C
showing a very similar structure of those dried at 40°C (D), with distorted
and electrondense chloroplasts (I), very often retaining their peripheral local-
ization, and the presence of numerous empty vesicles also in stomatal cells
(H). Ch=chloroplast; Cw=cell wall; Cy=cytoplasm; Gr=grana; N=nuclei;
Pl=plastoglobules; Th =thylakoids; VS =vesicles. Bars = 2um in A, B, D and E;
1.5um in Cand H; 1.7um in F; 2.2um in G; Tum in I

vacuole in numerous vesicular fractions is in agreement with
previous observations of dehydrated leaf cells. This phenom-
enon was reported in several desiccation tolerant species
as one of the cellular mechanisms of adaptation to drying
(Quartacci et al. 1997). Lemon balm leaves dried at 20°C
showed a very similar structure of those dried at 40°C, with
distorted and electrondense chloroplasts, usually retaining
their peripheral localization, and the presence of empty
vesicles (Figure 4G-I). Thus, it seems that exsiccation of this
species with the two methods leads to the same ultrastruc-
tural changes. A possible explanation could reside in the
apparent compactness of lemon balm tissues, with cells rich
in protoplasm and with reduced vacuole areas, that allow

a less drastic drying and the retention of most of cell con-
tent, even though compressed in almost amorphous very
dense structures.

Fresh mint leaves were characterized by roundish dark
bodies, mostly at the cell periphery all through parenchyma
tissues (Figure 5). These dark bodies, closely resembling poly-
phenols aggregates (Stefanowska et al. 2002) disappeared
after both cold and conventional drying (Figure 4). This phe-
nomenon was also observed in winter oilseed rape leaves
subjected to low temperature, where large phenolic aggre-
gates disappeared (Stefanowska et al. 2002). Indeed, the two
drying systems gave similar results, with severe distortion of
cell walls and the retraction of chloroplasts from them,
although these organelles retained their peripheral localiza-
tion. Another striking feature of mint leaf samples dried with
both methods was the presence of amorphous large bodies,
usually at the cell center and resembling in consistency the
oil bodies typical of mint trichomes (Maffei et al. 2006). In
spite of the apparent similarity of samples processed at 20°C
and 40°C, it was possible to appreciate a slight better pres-
ervation of cell organelles at the lower temperature. In fact,
in some cells nuclei still retained chromatin structure
(Figure 5F) and mitochondria their cristae (Figure 5G). Overall,
these observations indicate that in the case of mint the cold
drying may be relatively better in maintaining some cell
structures, though both drying temperatures dramatically
affected tissue organization.

Savory fresh leaf tissue organization was significantly dif-
ferent from that of the other considered species with a pal-
isade mesophyll cell layers under the two epidermis and a
spongy mesophyll layer between them (Figure 2, panel A).
Moreover, cells showed very thin cell walls and chloroplasts
were not aligned along the whole cell wall but grouped in
restricted areas (Figure 6A), though with a typical ultrastruc-
ture (Figure 6B). After drying at both temperatures cells
appeared distorted or even collapsed with chloroplasts con-
densed in the center or between the walls of collapsed cells
(Figure 6C and D). Chloroplast structure was quite damaged
as well, even though thylakoids were partially visible (Figure
6C and D). Undoubtedly, the thin cell walls of mesophyll
parenchyma cells of this species may account for the dra-
matic alterations observed with both the drying methods
used, even though collapsed tissues were more frequent at
cold dry (Figure 3, panel C), suggesting a better preservation
of this species when dried in shorter time at higher
temperature.

Conclusions

Our results suggest that, through a different impact at cel-
lular level (degradation/disaggregation vs collapsing), it is
very difficult to determine which of the two considered
methods would be better for preserving the quality features
of the different plant species. In the cases of lemon balm
and mint, no striking differences were observed in term of
cellular damages, while in mallow and in savory, cold drying
and traditional drying, respectively, seemed to be the less
impactful treatment on cells and tissues. The fact that diverse
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Figure 5. Ultrathin sections of Mentha spp. (mint) mesophyll leaf tissue from fresh (A and B), conventionally dried (C and D) and cold dried (F and G)
samples. A. Fresh mint leaves showing a canonical ultrastructure, however with the presence of roundish dark bodies in mesophyll cells, mostly lined against
cell walls (B). C. Dark bodies are not present after conventional drying; instead in these samples amorphous large bodies, resembling in consistency the oil
bodies, are visible in the cell centre between dense and distorted chloroplasts, detached from cell wall, and showing only remnants of thylakoids and grana
(enlarged in D). E. After cold drying the ultrastructure is similar as in C, with large bodies resembling oil bodies surrounded by dense and distorted chloro-
plasts, detached from cell wall. However, this method gives sometimes a slight better preservation of cell organelles as some cell nuclei still retain chromatin
structure (G) and mitochondria their cristae (G). Ch=chloroplast; Cw=cell wall; dark bodies (dB); Gr=grana; M=mitochondria; N=nuclei; oil-like bodies (0B);
Pl=plastoglobules; Th=thylakoids. Bars = 3.5um in A; 1.9um in B; 3pm in G; Tpm in D; 2.5pm in E; 2um in F; 1.5pum in G.

species respond differently to the two drying systems was tissue compactness, water content, cell wall thickness. In any
in some way expected, as this depends on the anatomy and case, and despite the small number of species investigated
physiology of each species, with particular references to the in this work, it should be underlined that the poor
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Figure 6. Ultrathin sections of Satureja hortensis L. mesophyll leaf tissue from fresh (A and B), conventionally dried (C) and cold dried (D) samples. A. In
fresh leaf tissue, cells show very thin cell walls and chloroplasts grouped in restricted areas, however with a well preserved ultrastructure (enlarged in B). No
significant differences are observed after drying at 40°C (C) or 20°C (D): in both samples cells appear distorted or even collapsed with chloroplasts condensed
in the centre or between the walls of collapsed cells (C); some remnants of chloroplast grana are still visible in both dried samples (C and D). Ch =chloroplast;
Cw =cell wall; Gr=grana; Th=thylakoids. Bars = 2.8um in A; 0.7pm in B and C; 0.9um in D.

preservation of cellular structures was generally equal at
either temperature drying or sometimes slightly better in
drying at 20°. Therefore, considering that cold drying tech-
nology better preserved colour brightness and, more import-
ant, leads to approximately 30 to 70% higher electricity
consumption, depending on the herb, compared to tradi-
tional drying, the choice should also concern these and other
aspects. In particular, the preservation of aroma and in gen-
eral the content of essential oil and bioactive compounds
important for medical and culinary purposes should be eval-
uated for both drying technologies. This fundamental aspect
will necessarily have to be investigated to reach a definitive
conclusion.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

The presented research was supported by Interreg V France-Italy,
ALCOTRA 2014-2020 project «Linnovazione di processo nella filiera delle
erbe aromatiche essiccate - ESSICA».

ORCID

Raffaella Balestrini @ http://orcid.org/0000-0001-7958-7681

References

Aftab T, Hakeem KR. 2020. Medicinal and aromatic plants: expanding
their horizons through omics. Cambridge (MA): Academic Press Inc.

Bréhélin C, Kessler F, van Wijk KJ. 2007. Plastoglobules: versatile lipo-
protein particles in plastids. Trends Plant Sci. 12(6):260-266.

Giannenas |, Sidiropoulou E, Bonos E, Christaki E, Florou-Paneri P. 2020. The
history of herbs, medicinal and aromatic plants, and their extracts: past,
current situation and future perspectives. In: Florou-Paneri P, Christaki
E, Giannenas |, editors. Feed additives. Aromatic plants and herbs in
animal nutrition and health. Cambridge (MA): Academic Press;
p. 1-18.

Ghosh S, Mahoney SR, Penterman JN, Peirson D, Dumbroff EB. 2001.
Ultrastructural and biochemical changes in chloroplasts during
Brassica napus senescence. Plant Physiol Biochem. 39(9):777-784.

Jin W, Mujumdar AS, Zhang M, Shi W. 2018. Novel drying techniques
for spices and herbs: a review. Food Eng Rev. 10(1):34-45.

Maffei ME, Bertea CM, Mucciarelli M. 2006. Anatomy, physiology, bio-
synthesis, molecular biology, tissue culture, and biotechnology of
mint essential oil production. In: Lawrence BM, editor. Mint. The ge-
nus Mentha. CRC Press.



854 M. VALLINO ET AL.

Motevali A, Minaei S, Khoshtagaza MH. 2011. Evaluation of energy con-
sumption in different drying methods. Energy Convers Manage.
52(2):1192-1199.

Miiller J. 2007. Convective drying of medicinal, aromatic and spice plants:
a review. Stewart Postharvest Rev. 4(2):1-6.

Muller J, Heindl A. 2006. Drying of medicinal plants. In: Bogers RJ, Craker
LE, Lange D, editors. Medicinal and aromatic plants. New York (NY):
Springer; p. 237-252.

Oliveira |, Pinto T, Faria M, Bacelar E, Ferreira H, Correia C, Gongalves B.
2017. Morphometrics and chemometrics as tools for medicinal and
aromatic plants characterization. J Appl Bot Food Qual. 90:31-42.

Quartacci MF, Forli M, Rascio N, Vecchia FD, Bochicchio A, Navari-lzzo F.
1997. Desiccation-tolerant Sporobolus stapfianus: lipid composition
and cellular ultrastructure during dehydration and rehydration. J Exp
Bot. 48 (6):1269-1279.

Pandey AK, Savita. 2017. Harvesting and post-harvest processing of me-
dicinal plants: Problems and prospects. Pharma Inn J. 6(12):229-235.

Rasera B, Amorim L, Marques JPR, Soares MKM, Appezzato-da-Gloria B.
2019. Histopathological evidences of early grapevine leaf senescence
caused by Phakopsora euvitis colonisation. Physiol Mol Plant Pathol.
108:101434.

Romitelli 1, Martins MBG. 2013. Comparison of leaf morphology and
anatomy among Malva sylvestris (“geranio-aromatico”), Pelargonium

graveolens (“falsa-malva”) and Pelargonium odoratissimum
(“geranio-de-cheiro”). Rev Brasil Plant Med. 15(1):91-97.

Satil F, Tumen G, Akgelik A, Baser KHC. 2002. Comparative morphologi-
cal, anatomical, ecological and chemical studies on endemic Satureja
parnassica subsp. sipylea from Turkey. Acta Bot Croat. 61(2):
207-220.

Stefanowska M, Kura$ M, Kacperska A. 2002. Low temperature-induced
modifications in cell ultrastructure and localization of phenolics in
winter oilseed rape (Brassica napus L. var. oleifera L.) leaves. Ann Bot.
90(5):637-645.

Taner T. 2015. Optimisation processes of energy efficiency for a drying
plant: a case of study for Turkey. Appl Therm Eng. 80:247-260.

Tanko H, Carrier DJ, Duan L, Clausen E. 2005. Pre- and post-harvest
processing of medicinal plants. Plant Genet Resour. 3(2):304-313.

Thamkaew G, Sjoholm I, Gdmez GF. 2020. A review of drying methods
for improving the quality of dried herbs. Crit Rev Food Sci Nutr.

van't Hag L, Danthe J, Handschin S, Mutuli GB, Mbuge D, Mezzenga R.
2020. Drying of African leafy vegetables for their effective preserva-
tion: the difference in moisture sorption isotherms explained by their
microstructure. Food Funct. 11:955-964.

Yen NTH, Yakovleva OV, Terninko Il. 2017. Comparative morphological
and anatomical studies of two herbal drugs: Nepeta cataria L. and
Melissa officinalis L. J Pharm Sci Res. 9(12):2463-2467.



