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ABSTRACT: Enhancing the quality and extending the storage of fresh herbs is becoming more and more popular, as
their high perishability is often associated with suboptimal storage environments. This study examined the impacts
of temperature (2, 6, and 20°C) on the quality attributes of fresh Salvia officinalis (sage) after postharvest storage.
Greater weight loss, respiration rate, and ethylene production, together with reduced visual quality were observed
when sage was stored at room temperature (20°C) compared with lower storage temperatures. This was reflected in
the decrease in chlorophyll content observed at the end of the storage. In contrast, sage stored at 2°C exhibited lower
phenol content and antioxidant activity but higher flavonoid content during storage. The EO yield was 1.51% and was
significantly higher at 6 and 20°C after 5 days of storage, although no differences were detected after 10 and 15 days.
The relative abundances of the three major components (x-thujone, camphor, and 1,8-cineole) varied according to
storage temperature and duration, with «-thujone exhibiting trends opposite to those of camphor and 1,8-cineole.
Higher antibacterial activity against Escherichia coli was found with infusions prepared from plants stored for 5 days
at 2 and 6°C compared with those stored at 20°C, where Staphylococcus aureus was more susceptible to infusions
obtained from sage stored at 20°C for 5 days. These findings suggest that fresh sage should be stored at 6°C for up to
5 days, whereas a lower temperature (2°C) is recommended for longer storage periods, such as 10 days.
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1 Introduction

Sage, or Salvia officinalis L., is a perennial round shrub of the Lamiaceae family. With approximately
1000 species, Salvia represents the largest genus within this family [1]. Although Salvia is widely distributed
worldwide, the Mediterranean and Middle East are the natural habitats of S. officinalis. Both fresh and
dried forms of the plant are widely used in traditional medicine and culinary applications. Sage has long
been utilized in meal preparation due to its taste and seasoning qualities. In traditional European medicine,
S. officinalis has been employed to treat mild dyspepsia disorders, including heartburn and bloating, excessive
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sweating, age-related cognitive issues, and skin and throat irritation [2]. Additionally, various sage-derived
preparations, including tea, essential oils (EOs), hydrosols, and extracts, are well appreciated for their
potential health-promoting properties [3,4]. The primary EO components of S. officinalis include camphor,
«-thujone, 3-thujone, 1,8-cineole, borneol, and caryophyllene [2,5]. These compounds contribute to a range
of biological activities attributed to the EQ, including antimicrobial [2,3], antioxidant [6,7], insecticidal [8]
antiproliferative [7], anti-inflammatory [9], anticancer [2,10], and neuroprotective effects associated with
Alzheimer’s disease [1]. The biochemical composition and EO profile of S. officinalis are impacted by various
cultivation-related factors, such as temperature, photoperiod, and light intensity [11], which are themselves
associated with seasonal growth, altitude, and cultivation practices [10,12].

The use of medicinal and aromatic plants (MAPs) is growing in popularity as a source of nutrients,
minerals, vitamins, flavor, aroma, dietary fiber, and secondary metabolites, representing attractive alterna-
tives or complements to conventional pharmaceutical products [13,14]. The primary function of secondary
metabolites is to protect plants from herbivores, insects, and pathogens, and help plants withstand biotic
and abiotic challenges during plant growth, transportation, and postharvest phases [15]. Their use in
traditional medicine and food applications has increased considerably owing to their low production cost
and relatively low risk of negative side effects [12,16]. Various secondary metabolites identified in MAPs
are used in the fragrance and cosmetics industries, as well as in pharmaceutical, food, and commercial drug
production and natural remedies applications. These bioactive metabolites include phenolic compounds,
flavonoids, alkaloids, terpenes, anthraquinones, tannins, and saponins.

The global market demand for MAP raw materials has increased by more than 10% annually over the
past 20 years. By 2050, the World Health Organization (WHO) projects that the global market for herbal
products will be valued at USD 5 trillion [17]. Previous reports have indicated that approximately 11.5%
of MAP products are rejected due to poor quality [18]. Among the primary factors of herbal material
deterioration is improper postharvest processing. Inadequate handling of harvested plant material can
result in significant losses of bioactive compounds, many of which are highly susceptible to degradation [17].
Consequently, it is difficult to fulfill the growing market demand for herbal plant material without efficient
handling and post-harvest processing of MAPs, even if the supply is doubled. According to Bisht et al. [18],
postharvest losses can be reduced from 75% to as little as 2.9% through the application of effective postharvest
technologies. Therefore, lowering MAP postharvest losses is essential to improve market demands [17].
Various studies have been implemented to determine the best postharvest practices for MAPs [19-22];
however, most findings are species-specific and cannot be generalized across the postharvest sector without
prior adjustments.

Postharvest losses are estimated to be 40-45% of production in aromatic and spice crops [23], while
limited scientific knowledge regarding their appropriate postharvest handling is available [22]. Existing
studies have focused primarily on basil (Ocimum basilicum L.) [21,24-26] and more recently on S. fruticosa
under various temperature and moisture conditions [27]. Temperature is one of the key elements that
affects metabolism and senescence of fresh produce. Chilling temperatures can reduce physiological
deterioration and extend storage life. The suggested range of temperatures for fresh MAPs storage is
generally between 2°C and 8°C. In contrast, exposure to high temperatures breaks down lipid-containing
plant tissue and evaporates their EOs, allowing them a bitter or harsh flavor [28]. Since volatile oils can be
lost during high-temperature treatments, a spice’s flavor and scent might be diminished [27]. Fresh produce
deteriorates more quickly at room temperature (20-25°C), leading to phytonutrient degradation, color
changes (yellowing, browning, spotting), wilting, decrease in flavor, and increased microbial growth [29-31].
In household kitchens, fresh herbs such as sage, are frequently kept under such conditions for several days.
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Cold storage, characterized by low temperature and high relative humidity, is the best way to increase shelf
life, as it minimizes respiration and water loss [32,33]. Commercial fresh produce is normally kept at 2-4°C,
but in open-display freezers in the market, temperatures can occasionally increase to 6-7°C, which could
have an impact on the quality of the product [34].

Sage is typically sold in small bundles, pre-packaged trays or containers and/or modified-atmosphere
environments. Although fresh herbs have high nutritional and functional value, they are highly perishable
due to rapid deterioration during storage, which typically lasts only a few days to a few weeks. Nevertheless,
little is known about how to preserve fresh herbs after harvest, which generally undergoes minimal
processing (e.g., washing, cutting, and packaging at low temperatures) to verify safety and to maintain
freshness, scent, and green color for a long time [35]. Furthermore, flavor and aroma are important qualities
that must be maintained to meet market demands as they have an impact on consumers’ perceptions and
levels of satisfaction.

Therefore, prior to investigating additional postharvest preservation methods, it is crucial to ascertain
the optimal storage conditions that minimize deterioration in nutritional quality, antioxidant capacity,
and sensory qualities. The current study’s goal was to look at the impact of storage temperature on
the quality parameters and EO profile of fresh sage after 15 days of storage. Additionally, the impact of
storage environments on tannin content and the antibacterial properties of sage infusions was evaluated.
Uncontrolled storage conditions were thought to directly reflect the physiological reactions of sage, as well
as alterations in the bioactive profile and antibacterial qualities.

2 Materials and Methods
2.1 Plant Material and Sample Preparation

Sage (S. officinalis) seedlings were provided by the Department of Aromatic Plants, Ministry of Agriculture,
Cyprus, and were cultivated on a commercial organic farm Limassol, Cyprus (34°38’ N, 32°56” E, 7 m above
sea level) in soil without any chemical application. Plants were harvested during winter 2024. Following
sorting and cleaning, the fresh plant material was prepared into uniform bundles weighing approximately
100 g each.

2.2 Storage Conditions

A total of 80 bundles were used in the experiment. The tested factors consisted of three storage
temperatures and four sampling times, with four replicates per treatment. For each replicate, two bundles
were enclosed in a polypropylene plastic container with a total volume of 5 L. Inside each container, a
moisturized paper (saturated with distilled water and regularly re-moisturized as needed) was placed to
maintain high relative humidity levels (approximately 95%). The containers were stored for up to 15 days
under refrigerated conditions (2 and 6°C) or at room temperature (20°C). Sampling took place on day 0,
5, 10 and 15. To prevent the buildup of high carbon dioxide (CO;) levels, the remaining sealed containers
were quickly aerated (the lid was opened).

2.3 Measurements
2.3.1 Weight Loss and Macroscopic Evaluation

At each sampling date (day 0, 5, 10, and 15), bundle weight was recorded, and water loss was computed
as the percentage (%) of the total weight loss.
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A macroscopical evaluation based on visual observation took place (eight people at least; untrained
panelists representing consumer perception; age range 18-33 years old; getting an overview of the features
and storage conditions of the fresh produce under investigation) on each sampling day using a 5-level
scale (1-10), where 1: non-marketable, severe spoilage, 3: non-marketable, extensive browning; 5: slightly
marketable, presence of yellow or brown spots, 7: marketable, and 10:excellent marketable quality [36].

2.3.2 Respiration and Ethylene Rate Production

Respiration and ethylene rates were determined on days 0, 5, 10 and 15 (four replications/treatment)
as previously described by Xylia et al. [22]. Respiration rates were calculated as mL of CO, generated
per kilogram per hour (mL CO;/kg h), and ethylene production rates were expressed as mL of ethylene
produced per kg of fresh weight per hour (mL ethylene/kg h) [22].

2.3.3 Leaf Chlorophylls Content

Chlorophyll content (chlorophyll a-Chl a, chlorophyll b-Chl b, total chlorophyll-Total Chl) was determined
according to Arnon’s equations [37,38] at 470, 653, and 666 nm. The Chl a:Chl b ratio was computed.

2.3.4 Phytochemical Analysis

Total polyphenols and antioxidants of fresh sage were extracted according to Chrysargyris et al. [39]
using 50% methanol (v/v) (Merck, Darmstadt, Germany). The polyphenolic content was estimated with the
Folin-Ciocalteu method as described by Chrysargyris et al. [40], at 755 nm. Flavonoids were quantified by
the aluminum chloride colorimetric method at 510 nm [37].

Antioxidant capacity of sage was implemented with Ferric reducing antioxidant power (FRAP) and
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assays and the results were presented as
mg of trolox per g of fresh weight.

Ascorbic acid (AA) content of fresh sage was quantified by titration with 2,6-dichlorophenol-indophenol
(Sigma-Aldrich, Darmstadt, Germany) [41], and results were presented as mg of ascorbic acid per g of
fresh weight.

2.3.5 Microbial Load

The microbial load was assessed as part of the sage bundle microbial load, including the total viable
count (TVC), as previously mentioned [22]. The log of colony-forming units per gram of fresh weight
(log cfu/g Fw) was used to express the results.

2.3.6 Extraction and Composition of Essential Oils

Plant material was collected from each sampling day and dried at 42°C, and then hydrodistilled using
a Clevenger apparatus. The EO yield and profile determined according to Chrysargyris et al. [42]. EOs
components identified by comparing the retention indices relative to n-alkanes (C8-C20), with the respective
from the literature or with the authentic compounds (available at CUT laboratory). Complementary, the
mass spectra recorded for each compound was matched with the respective in the NIST08 mass spectra
library (GC-MS data system) and/or other published data [43]. Each identified compound was quantified by
integrating its peak area normalization without using correction factors and presented as the percentages
(%) of total peak area. A representative EOs chromatogram is presented in Supplementary Fig. S1.
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2.3.7 Infusions’ Tannins Content

For the preparation of infusions, plant material was collected on each sampling day and air-dried as
previously mentioned in Section 2.3.5. The dried material was ground into a fine powder, and 4 g was
extracted with 200 mL of boiling distilled water [44]. The infusion was allowed to stand for 5 min at room
temperature, then filtered under reduced pressure, frozen, and lyophilized to complete dryness [45].

2.3.8 Infusions’ Antibacterial Activity

The antibacterial activity of the infusions was investigated in vitro using the microdilution method
as reported by Xylia et al. [46] for Escherichia coli (ATCC 25922) and Staphylococcus aureus (ATCC 11632).
Streptomycin was used as a reference antibiotic with a starting concentration of 100 ng/mL. Calculations
were made to determine the minimum inhibitory concentration (MIC), which is the lowest concentration
that prevented bacterial growth, and the inhibitory concentration that reduced bacterial growth by 50%
(ICs0) [47].

2.4 Statistical Analysis

The current study was based on a Completely Randomized Design (CRD) with four biological replicates
for each measurement (n = 4) per temperature per sampling day (except the EO profile with three biological
replications; n = 3). One- and two-way analysis of variance (ANOVA) and Duncan’s post-hoc range test were
implemented using IBM SPSS 31.0. Principal component analysis (PCA) was utilized with MetaboAnalyst
6.0 to classify samples based on the observed parameters and assess the contributions of each variable to the
overall variance. Pearson’s correlation coefficients were utilized to conduct correlation analysis between
metabolite concentrations using the MetaboAnalyst 6.0 program.

3 Results
3.1 Impact of Temperature (T) and Days (D) of Storage for Sage and Their Interactions

The storage period and temperature affected all the tested parameters except chlorophyll a:b and
1,8-cineole for the temperature. Significant effects were also found through their interaction (T x D), except
for marketability and ABTS (Table 1).

Table 1: Impact of temperature (T) and days (D) for sage storage and their interactions (T x D).

T D TxD T D TxD

Weight loss o o e Total viable count x i x
Marketability i o ns Yeasts and Molds ok wox wn
Respiration rates e e e Tannins o ok e
Ethylene rates - o i Escherichia coli MIC o ek wx
Chlorophyll a * e e Escherichia ICs, Hox ok Hxx
Chlorophyll b e e o Staphylococcus aureus MIC e o wox
Total Chlorophylls * o e Staphylococcus aureus ICs o x i
Chlorophyll a:b ns i i Essential oil yield * i wan
Phenols *kk Kkk * (X-ThujOl’le *kk Kkk Kk
Flavonoids o o e Camphor * i b
FRAP e e o 1,8-Cineole ns b Hoxk
ABTS ek *kk ns

Ascorbic acid

e " significant at p < 0.001; p < 0.01; p < 0.05; ns: not significant, according to two-way ANOVA.
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3.2 Weight Loss and Macroscopical Evaluation

Fig. 1 illustrates the effects of storage temperature on weight loss and visual quality of fresh sage over
15 days of storage. Sage stored at 6 and 20°C presented increased weight loss after 10 and 15 days compared
to 2°C (up to 9.27 and 10.49% on day 15, respectively) (Fig. 1a). The visual quality of fresh sage decreased
(lower scores during the macroscopic evaluation) during storage with more decay symptoms being more
evident at 20°C (Fig. 1b). There were no apparent differences in marketability between storage at 2 and 6°C
(Fig. 1b, and Fig. 2).

14
° ° ° 2°cOoe°Ccm20°C
(a) g2°cOoe6°cm20°C 10 (b) m} a =
12 1 ) 2
a = 9 1
- 2 g 4 b
¥ 10 1 o T a a
-— -
= a 2 g 67 b a
= b c a
2 o [ 5 A
] 5 b
; g 4 4
4 b c b < 3
5 ] b 2 A
1 -
0 0
5 days 10 days 15 days 5 days 10 days 15 days

Figure 1: Influence of temperature on fresh sage’s (a) weight loss, and (b) appearance when bundles stored at
refrigerator (2 and 6°C) and room temperature (20°C) for 15 days. Values are mean (+standard error) (n = 4). Different
letterings indicate statistical differences among storage temperatures on each day (p < 0.05). The black arrow (—)
represents values for the initial day (day 0).

Day0 Day5

i
# &

Figure 2: Influence of temperature on fresh sage stored in refrigerator (2 and 6°C) and room temperature (20°C) for
15 days.

2°C
6°C

3.3 Respiration and Ethylene Rate Production

Respiration rate of sage increased during storage at 20°C on the 5th and 10th day (up to 351.31 and
337.16 mL CO,/kg h, respectively) compared to lower temperatures on the same days (Fig. 3a). On the
last day higher respiration rate was observed at 6°C as opposed to other temperatures on the same day.
Ethylene rate increased after 10 days at 20°C reaching up to 0.053 mL ethylene/kg h (Fig. 3b).
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Figure 3: Influence of temperature on (a) respiration and (b) ethylene rate in fresh sage stored at refrigerator (2 and
6°C) and room temperature (20°C) for 15 days. Values are mean (+standard error) (n = 4). Different letterings indicate
statistical differences among storage temperatures on each day (p < 0.05). ns signifies no statistical differences
(p > 0.05) between the temperatures on the same day.

3.4 Leaf Pigment Content

The chlorophyll content of fresh sage was affected by storage temperature, as presented in Fig. 4. A
decrease in Chl b was reported with storage of fresh sage at 2 and 20°C for five days compared to 6°C
(Fig. 4b), while Chl a and Chl b were decreased at 20°C on day 15 (Fig. 4a,b). Total Chl was also decreased
on day 15 at room temperature (20°C) (Fig. 4c).

1.6 = 0 S
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(c) d2°cO6°cm20°C 8 (d) gd2°cOe6°Cm20°C
16 - 7 |
a
= o 61 a ns
E 1.2 4 b b a b @ = _lI]_ b e a a
L0 =n 5 54 —— b
3 2 a — -
£ S 4
208 3
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= o
- . 2 i
o 0.4
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Figure 4: Influence of temperature on fresh sage’s chlorophylls [(a) chlorophyll a-Chl a, (b) chlorophyll b-Chl
b, (c) total chlorophyll-Total Chl], (d) Chl a: Chl b ratio, following storage at refrigerator (2 and 6°C) and room
temperature (20°C) for 15 days. Values are mean (+standard error) (n = 4). Different letterings indicate statistical
differences among storage temperatures on each day (p < 0.05). The black arrow (—) represents values for the initial

day (day 0) whereas ns signifies no statistical differences (p > 0.05) between the temperatures on the same day.
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3.5 Phenols, Flavonoids, Antioxidant Activity and Ascorbic Acid Content

The effect of 15 days of storage on phenols, flavonoids, antioxidant activity (FRAP and ABTS) and
ascorbic acid content of fresh sage kept at different temperatures (2, 6, and 20°C) is shown in Fig. 5. Storage
of sage at 6 and 20°C resulted in increased phenolic content on the fifth and 15 days compared to lower
temperatures (2°C) (Fig. 5a). In addition, higher phenols content was observed in sage stored for 10 days at
room temperature (20°C) as opposed to the ones stored at 2°C (12.46 and 8.46 mg GAE/g Fw, respectively).
Flavonoids content decreased as the storage temperature increased for 15 days (Fig. 5b).

24 12

(a) gJ2°cO6°Cm@20°C (b) d2°cO6°Ccm@m20°C
2 20 A a 3 2 10 -
= a X a
< 16 2 £ 8
[C) > a a
g’ a S om ab b
= 12 1 b £ 6 1 b
K b “ b
§ sl b b 3.
< u S 1
o -» % c
4 A o 2 c
0 0
5 days 10 days 15 days 5 days 10 days 15 days
60 o o o
(c) Odz2°cOe°Cm@20°C 40 (d) O2°CO6°C @20 °C
3 T 35 A
g 50 a 2
) o0 J
% 20 % 30 R a
3 b 5 25 - a
@ 3 a ® 50 a @ 1 b
E a £
& b 2 15 - b
g 20 b c 5
. c c 10 > b
3 F .
0 0
5 days 10 days 15 days 5 days 10 days 15 days
1.0 (e) J2°cOe6°c@20°C
H
3 0.8 A R
> 23
—= 0.6 A a ns b
- a
‘o
o c
=l
'_E 0.4 A b
2 -»
< 0.2
0.0
5 days 10 days 15 days

Figure 5: Influence of temperature on fresh sage’s (a) phenols, (b) flavonoids, antioxidant activity (c) FRAP and
(d) ABTS, and (e) ascorbic acid content stored at refrigerator (2 and 6°C) and room temperature (20°C) for 15 days.
Values are mean (+standard error) (n = 4). Different letterings indicate statistical differences among storage tem-
peratures on each day (p < 0.05). The black arrow (—) represents values for the initial day (day 0). ns signifies no
statistical differences (p > 0.05) between the temperatures on the same day.



Phyton-Int J Exp Bot. 2026;95(10):13 9

As shown by both antioxidant assays (FRAP and ABTS), higher antioxidant activity was observed
at 6 and 20°C, particularly toward the end of storage (up to 44.23 and 35.01 mg Trolox/g Fw on day 15,
respectively) (Fig. 5¢,d). Overall, values were higher at 6°C compared with those at 20°C. In contrast, higher
AA content was observed in sage stored for 5 days at 2 and 20°C, whereas after 15 days, refrigerated storage
(2 and 6°C) resulted in higher AA levels (0.67 and 0.55 mg AA/g Fw, respectively) compared with storage at
20°C (Fig. 5e).

3.6 Microbial Load

Storage at 2 and 6°C yielded lower TVC levels than storage at 20°C on day 5 and 10. However, on day
15, increased TVC was noted at 6 and 20°C as opposed to 2°C (Fig. 6a). After 5 and 10 days of storage at
20°C, fewer yeasts and molds were observed; however, on the 15 days of storage, elevated temperatures
(6 and 20°C) displayed a greater population of yeasts and molds (Fig. 6b).

7 0 g S
o (a) O2°cOe6°Cc@m20°C (b) p2°cOoe6e°Ccm20°C
T % F o5 .
2 Ty s . g Pepe 2o b
] i b b <
o 6 b ]
o c - C c o0
S 5 2 47
o %)
e - BER
3 A £
T 27
2 A ©
"
1 a2 17
L]
0 Z 0
5 days 10 days 15 days 5 days 10 days 15 days

Figure 6: Microbial load (a) total viable count-TVC and (b) yeast and molds, of fresh sage stored at refrigerator (2 and
6°C) and room temperature (20°C) for 15 days. Values are mean (+standard error) (n = 4). Different letterings indicate
statistical differences among storage temperatures in each day (p < 0.05). The black arrow (—) represents values for
the initial day (day 0).

3.7 Essential Oil Composition

The EO yield was 1.51%, and it was significantly higher at 6 and 20°C than at 2°C after 5 days but
remained unaffected after 10 and 15 days of storage (Table 2 and Fig. S2). Twenty-nine components
(>0.05%) were identified, with «-thujone (22.50%) being the major compound, followed by camphor (18.42%),
1,8-cineole (18.17%), camphene (6.69%), 3-thujone (6.39%), p-cymene (4.37%), borneol (3.40%), from the
analysis of plants during day 0, prior the application of the various storage temperatures. The dominant
compound (x-thujone) after 5 and 10 days of storage, increased when plants were stored at 20°C (25.51%)
and at 6°C (23.39%), respectively, whereas no differences were observed after 15 days of storage at the
tested temperatures. The opposite trend was observed for camphor and 1,8-cineole, which decreased after
5 days of storage at 20°C compared with lower temperatures (2°C and 6°C for camphor). After 15 days
of storage at 6°C, 1,8-cineole had the higher content, and camphor had the relevant lower content. The
various storage temperatures also had an impact on other components that contribute less to the EO profile,

such as camphene, 3-thujone, p-cymene, and borneol (Table 2).
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Table 2: Impact of storage temperature on the essential oil yield and composition (%) of fresh sage stored under different temperatures (2, 6 and 20°C) for 15 days.

Compound RI Day 0 Day 5 Day 10 Day 15
2°C 6°C 20°C 2°C 6°C 20°C 2°C 6°C 20°C

Tricyclene 922 0.24 £ 0.00 0.23 £ 0.00c 0.27 £ 0.00a 0.25 + 0.00b 0.24 + 0.00b 0.27 £ 0.00a 0.25 +0.01b 0.30 &+ 0.01a 0.30 + 0.01a 0.26 £ 0.01b
«-Thujene 926 0.29 + 0.00 0.23 + 0.00a 0.17 £ 0.00c 0.19 £ 0.00b 0.14 =+ 0.00b 0.15 = 0.00b 0.16 + 0.00a 0.16 + 0.00a 0.14 =+ 0.00b 0.15 £ 0.00ab
«-Pinene 933 4.37 £ 0.05 4.24 £+ 0.07¢ 5.09 £ 0.01a 4.70 + 0.00b 4.64 + 0.08b 5.10 £ 0.00a 4.59 + 0.05b 5.10 £ 0.10b 5.54 + 0.10a 4.80 + 0.08b
Camphene 948 6.69 + 0.06 6.47 + 0.10c 7.61 + 0.02a 6.91 + 0.01b 6.82 + 0.12b 7.45 + 0.03a 6.79 + 0.04b 7.46 + 0.12 7.59 + 0.15 7.17 + 0.12
3-Pinene 977 3.05 £ 0.03 2.85 £ 0.05 2.93 £ 0.01 2.87 £ 0.00 2.55 + 0.05b 2.83 £0.01a 2.79 £ 0.05a 2.88 + 0.05b 3.23 £ 0.06a 2.71 + 0.05b
3-Myrcene 989 1.53 + 0.01 1.65 + 0.03c 1.90 + 0.00a 1.78 + 0.00b 1.97 + 0.03a 1.70 + 0.01b 1.95 + 0.02a 1.73 + 0.03 1.65 + 0.03 1.75 + 0.04
oc-Terpinene 1017 0.25 £ 0.00 0.24 + 0.00ab 0.23 + 0.00b 0.24 £ 0.00a 0.20 = 0.00b 0.19 £ 0.00c 0.24 £ 0.01a 0.22 + 0.00a 0.17 £ 0.00c 0.19 + 0.00b
o-Cymene 1024 2.21 £ 0.02 1.56 + 0.03c 1.98 + 0.02a 1.78 + 0.00b 1.63 + 0.03b 1.80 + 0.01a 1.63 + 0.02b 1.92 + 0.03a 1.87 + 0.03a 1.66 + 0.03b
Limonene 1028 1.70 + 0.03 1.82 + 0.04c 2.13 £ 0.01a 1.94 + 0.03b 2.01 £ 0.04 2.06 =+ 0.02 2.01 £ 0.06 2.20 £ 0.06 2.06 + 0.04 2.12 £ 0.03
1,8-Cineole 1031 18.17 + 0.18 18.66 + 0.32a 17.67 + 0.07b 17.77 + 0.01b 18.24 + 0.31 17.95 + 0.04 17.63 + 0.03 16.64 + 0.27b 18.25 + 0.36a 17.62 + 0.27ab
y-Terpinene 1036 0.35 + 0.00 0.30 + 0.01a 0.23 £ 0.00c 0.26 + 0.00b 0.20 + 0.00b 0.17 £ 0.00c 0.27 £ 0.01a 0.20 + 0.00b 0.16 £ 0.00c 0.22 £ 0.00a
Terpinolene 1067 0.08 + 0.00 0.09 + 0.00 0.09 & 0.01 0.08 + 0.00 0.07 + 0.00b 0.06 + 0.00b 0.09 + 0.00a 0.08 + 0.00a 0.06 + 0.00b 0.08 & 0.00a
Linalool 1100 0.16 + 0.00 0.16 + 0.00a 0.14 = 0.00b 0.16 + 0.00a 0.11 £ 0.00c 0.13 =+ 0.00b 0.21 £ 0.01a 0.12 =+ 0.00b 0.10 = 0.00b 0.18 £ 0.01a
o-Thujone 1106 22.50 £ 0.21 23.22 + 0.36b 21.14 + 0.01c 25.51+0.01a 22.02 + 0.38b 23.39 + 0.03a 21.61 + 0.08b 21.85 £ 0.36 21.14 £ 0.45 21.55 + 0.39
3-Thujone 1116 6.39 + 0.06 6.36 + 0.11b 5.95 + 0.01c 6.84 + 0.01a 6.18 + 0.11b 5.91+0.01c 7.55 + 0.02a 5.87 + 0.11b 5.45 £ 0.09¢ 7.14 £ 0.13a
trans-Sabinol 1136 1.85 + 0.02 0.61 + 0.02a 0.53 + 0.00b 0.25 £ 0.00c 0.12 + 0.00b 0.17 + 0.00a 0.17 +£ 0.01a 0.20 + 0.00a 0.17 + 0.00b 0.21+0.01a
Camphor 1145 18.42 + 0.18 20.57 + 0.38a 20.43 + 0.02a 18.94 + 0.01b 19.93 + 0.86 20.97 £ 0.09 19.73 + 0.04 19.97 + 0.34a 18.33 + 0.36b 20.01 + 0.30a
Borneol 1166 3.40 + 0.04 2.96 + 0.06b 3.18 + 0.01a 3.12 + 0.01a 2.86 £ 0.05¢ 3.09 + 0.00b 3.36 £ 0.04a 3.16 £ 0.05 3.20 £ 0.05 3.34 £ 0.09
Terpinen-4-ol 1178 1.11 + 0.01 0.94 + 0.02a 0.87 + 0.00b 0.88 + 0.00b 0.75 + 0.01b 0.84 + 0.01a 0.84 + 0.01a 0.88 + 0.02a 0.83 + 0.01a 0.77 + 0.02b
p-Cymene 8 ol 1186 0.06 + 0.00 0.05 + 0.00b 0.07 + 0.00a 0.05 + 0.00b 0.07 % 0.00 0.06 + 0.00 0.06 + 0.00 0.07 + 0.00ab 0.06 + 0.00b 0.07 & 0.00a
-Terpineol 1191 0.12 £ 0.00 0.14 + 0.00b 0.16 & 0.00a 0.11 £ 0.00c 0.13 £ 0.00b 0.14 =+ 0.00b 0.16 + 0.00a 0.15 + 0.00a 0.15 + 0.00a 0.13 + 0.00b
Bornyl acetate 1287 0.56 + 0.00 0.61 +0.01b 0.66 + 0.00a 0.42 £ 0.00c 0.54 + 0.01a 0.53 + 0.00a 0.36 + 0.01b 0.66 + 0.01a 0.48 +0.01b 0.17 + 0.00c
trans-Sabinyl acetate 1292 1.18 + 0.01 0.55 + 0.01a 0.50 + 0.01b 0.20 £ 0.00¢ 0.08 =+ 0.00c 0.13 + 0.00b 0.15 + 0.00a 0.17 + 0.00a 0.14 + 0.00b 0.10 + 0.00c
3-Caryophyllene 1425 0.55 + 0.01 0.59 £ 0.01b 0.71 + 0.00a 0.60 = 0.00b 0.77 £ 0.01a 0.57 £ 0.00c 0.74 =+ 0.00b 0.59 £ 0.01b 0.74 £ 0.01a 0.49 + 0.01c
o-Caryophyllene 1462 0.69 + 0.01 0.74 + 0.01b 0.91 + 0.00a 0.71 £ 0.00c 0.96 + 0.01a 0.66 + 0.00b 0.95 + 0.00a 0.72 + 0.01b 0.96 + 0.02a 0.71 £ 0.02b
Caryophyllene oxide 1587 0.16 £ 0.00 0.12 £ 0.00c 0.21 £ 0.00a 0.17 + 0.00b 0.26 + 0.00b 0.20 £ 0.00c 0.36 & 0.00a 0.31 & 0.00a 0.25 + 0.02b 0.26 £ 0.01b
3-Humulene 1592 1.79 + 0.03 1.39 + 0.03c 2.55 £ 0.03a 2.03 + 0.02b 3.21 £ 0.05a 2.19 + 0.01b 3.30 £ 0.05a 2.84 + 0.04b 3.20 £ 0.09a 2.67 + 0.07b
Humulene epoxide II 1605 0.41 +0.01 0.31 £ 0.00c 0.61 + 0.00a 0.49 + 0.00b 0.67 + 0.01b 0.53 £ 0.01c 0.77 £ 0.01a 0.74 £ 0.01a 0.75 + 0.02a 0.63 + 0.02b
Manool 2059 0.19 £ 0.01 0.08 + 0.00c 0.58 + 0.03a 0.20 + 0.01b 0.67 & 0.03a 0.28 + 0.00b 0.71 & 0.10a 0.68 + 0.01ab 0.91 + 0.14a 0.59 + 0.05b
Total Identified 98.45 + 1.00 97.76 + 1.66 99.49 + 0.06 99.46 + 0.06 98.03 + 1.66 99.53 + 0.07 99.41 + 0.07 97.85 + 1.66 97.88 + 1.67 97.86 £ 1.65
Monoterpenes 20.67 +£0.21 19.60 + 0.33c 22.54 £ 0.01a 20.93 + 0.04b 20.40 + 0.35b 21.70 £ 0.07a 20.67 & 0.26b 22.16 + 0.40ab 22.72 £ 0.41a 21.02 £ 0.37b
Oxygenated Monoterpenes 72.24 +0.71 73.77 + 1.25a 70.22 £ 0.10b 73.72 + 0.05a 70.49 + 1.22 72.74 + 0.07 71.40 + 0.08 68.98 + 1.16 67.74 £ 1.32 71.23 £1.18
Sesquiterpenes 3.03 +0.04 2.73 £ 0.05¢ 4.17 + 0.02a 3.34 £ 0.02b 4.94 + 0.08a 3.42 £ 0.01b 5.00 £ 0.05a 4.15 £ 0.06b 4.90 + 0.12a 3.86 + 0.09b
Oxygenated Sesquiterpenes 0.57 £0.01 0.43 +0.01c 0.82 £ 0.00a 0.66 £+ 0.01b 0.92 + 0.01b 0.73 £ 0.01c 1.13 £ 0.01a 1.05 £ 0.02a 1.00 £ 0.04a 0.89 + 0.03b
Oxygenated Diterpenes 0.19 £0.01 0.08 £ 0.00c 0.58 + 0.03a 0.20 £ 0.01b 0.67 + 0.03a 0.28 =+ 0.00b 0.71 +£ 0.10a 0.68 + 0.01ab 0.91 + 0.14a 0.59 + 0.05b
Others 1.74 £ 0.02 1.16 £ 0.02a 1.16 £ 0.01a 0.62 + 0.00b 0.61 +0.01b 0.66 + 0.00a 0.51 4 0.01c 0.83 + 0.01a 0.62 + 0.01b 0.26 + 0.01c
EO Yield 1.51 + 0.03 1.47 + 0.15b 1.87 + 0.08a 2.13 £ 0.07a 1.95 +0.13 2.10 £ 0.06 1.79 + 0.07 2.17 £ 0.10 2.02 £ 0.06 2.29 £ 0.07

The values shown are the mean (+standard error; n = 3). Different lowercase letters indicate statistical differences (p < 0.05) among the treatments on the same day.
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3.8 Tannin Content of Infusions

11

The impact of temperature on the tannin content of sage infusions made from plant material stored at

2, 6, and 20°C is shown in Table 3. Tannin concentration increased at 20°C for the first 5 days but decreased

after 10 and 15 days of storage. On the last day of storage, the greatest tannin concentration was found in

infusions from sage stored at 2°C (Table 3).

Table 3: Influence of temperature on the tannin’s concentration and antibacterial activity of infusions obtained from

fresh sage stored at refrigerator (2 and 6°C) and room temperatures (20°C) for 15 days.

E. coli

S. aureus

Tanni
Day Temperature (°C) anm.ns
MIC (mg/mL) ICso (mg/mL) MIC (mg/mL)  ICso (mg/mL)  Concentration (g/L)
0 20 0.500 =+ 0.000 3.337 4 0.657 0.031 + 0.000 3.420 + 0.304 1.99 4+ 0.99
2 0.250 % 0.000b” 4.693 + 0.693b” 0.031 =+ 0.000a" 2.774 £ 0.071a’ 3.53 £ 0.01b
5 6 0.500 & 0.000b” 5.849 + 0.304b’ 0.031 + 0.000a’ 1.876 + 0.142b’ 3.08 + 0.02¢
20 0.500 + 0.000a” 9.400 + 0.068a’ 0.031 =+ 0.000a" 1.437 + 0.196¢ 4.37 £ 0.06a
2 0.500 =+ 0.000a’” 9.865 =+ 0.049b”/ 0.031 £ 0.000b”/ 3.065 + 0.538a"” 3.66 + 0.01b
10 6 0.250 + 0.000b”” 8.354 + 0.465¢”” 0.031 £ 0.000b”” 2.855 + 0.080a” 3.75 + 0.02a
20 0.500 =+ 0.000a’” 13.006 + 0.484a’’ 0.062 + 0.000a"” 1.426 + 0.316b"” 3.09 + 0.04c
2 0.250 + 0.000b”"” 11.300 + 1.161b""/ 0.062 + 0.000a’”””  3.803 + 0.349a""/ 3.44 + 0.03a
15 6 0.500 & 0.000a”"/ 16.213 + 0.555a"" 0.062 £ 0.000a”"  2.665 + 0.163a’’/ 2.04 + 0.01c
20 0.500 =+ 0.000a’"” 12.943 + 0.340b""/ 0.062 + 0.000a’”””  3.587 + 0.677a""/ 2.96 + 0.02b
. 0.0015 + 0.0063 + 0.0008 + 0.0002 +
Streptomycin

0.0000¢’ ¢’/ "’ 0.00023¢”,d"" ¢’"’ 0.0000b’,¢’” b’ 0.0008d’,¢’’,b""”

Values are mean (+standard error) (n = 4). Different letterings indicate statistical differences among storage temperatures on each
day (p < 0.05), where! refers to differences for day 5; ”/ refers to differences for day 10; and "’/ refers to differences for day 15.

3.9 Antibacterial Activity of Infusions

Five days of storage of sage at 2°C resulted in infusions with higher activity (followed by 6°C) against
E. coli compared to 20°C. In contrast, infusions from plant material kept at 6 and 20°C showed lower ICs,
values (higher antibacterial activity) against S. aureus compared to 2°C. Higher activity against both bacteria
(E. coli and S. aureus) was reported with infusions produced from sage stored at 2 and 6°C compared to the
ones from room temperature (20°C). At the end of storage (day 15) infusions from sage stored at 2°C revealed
lower MIC and ICs values (higher activity) against E. coli compared to higher temperatures (especially 6°C).
All sage infusions investigated in this study presented lower antibacterial activity against both bacteria
(E. coli and S. aureus) than the reference antibiotic (streptomycin) (Table 3).

3.10 PCA and Correlation Matrixes

The first eight principal components (PC1 to PC8) were associated with eigenvalues >1, explaining
97.1% of the cumulative variance, as shown in Fig. 7. PC1 to PC8 accounted for 45.2%, 22.6%, 12.8%, 5.6%,
3.6%, 3.1%, 2.7%, and 1.6%, respectively. The loading plot of PC1 and PC2 explained 67.7% of the variance
which associated the following variables: the upper left quadrant included TVC, yeasts and molds, and
S. aureus ICs¢; the upper right quadrant included EO yield, antioxidants (FRAP, ABTS) and E.coli ICs;
the lower right quadrant included ascorbic acid, phenols, weight loss, camphor, and Chl a:Chl b ratio;
the lower left quadrant included 1,8-cineole, «-thujone, flavonoids, tannins, respiration, macroscopically
appearance, and Chl b (Fig. 7). The distinct separation of data throughout the PCA biplot suggested
substantial biochemical variations. PC1 separated samples according to quality preservation and storage-
induced changes. Positive PC1 scores were associated with antioxidant activity (FRAP, ABTS, and ascorbic
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acid), EO yield, antimicrobial activity, and weight loss, whereas negative PC1 scores were associated with
flavonoids, tannins, macroscopic quality, and chlorophyll-related parameters. PC2 further discriminated
against samples according to respiration, pigment retention, and microbial characteristics. Day 5 treatments
clustered closer to chlorophylls, flavonoids, and tannins, suggesting better preservation of quality attributes,

whereas the opposite was evidenced for Day 15 treatments.

Biplot
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Figure 7: Loading plots of principal components 1 and 2 for different temperatures (T: 2°C, 6°C, and 20°C) and days
(Day: 0, 5, 10, and 15) of storage for S. officinalis.

Using hierarchical clustering (Fig. S3) and Pearson correlation heatmap analysis (Fig. 8), two significant
variable groups were found. The first group comprised chlorophylls, chlorophyll a/chlorophyll b ratio,
tannins, flavonoids, ascorbic acid, volatile compounds (c-thujone, camphor, and 1,8-cineole), and macro-
scopic quality, which were positively correlated and associated with quality preservation. The second group
consisted of phenols, antioxidant activity (ABTS and FRAP), EO yield, antimicrobial indicators, microbial
counts (TVC and yeasts & molds), and weight loss (Fig. S3). Strong negative correlations between these
groups indicate that storage-induced pigment degradation and visual quality loss occurred concurrently
with microbial proliferation and changes in antioxidant and antimicrobial properties. The clustering pattern
corroborates the PCA results, demonstrating that storage duration and temperature substantially affected

physiological, biochemical, and microbiological characteristics.
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Figure 8: Heat-map matrices of the correlation between growth, physiology, biocidal indices and major essential oil
components of Salvia officinalis. Each square indicates r (Pearson’s correlation coefficient of a pair of metabolites).

4 Discussion

High relative humidity combined with chilled storage temperatures reduces respiratory and enzymatic
activity and inhibits disease development, thereby creating favorable conditions for preserving highly
perishable fresh products such as herbs. Additionally, these storage conditions reduce the metabolic activity
of fresh produce while reducing water loss, respiration, and ethylene emission, thereby delaying and/or
inhibiting the growth of spoiling bacteria [32,33]. Once plant tissues are detached from their modular
structure, they deteriorate rapidly. The use of refrigerated and controlled atmosphere may help preserve
the quality of perishable produce and extend its shelf life [48]. Most vegetables lose between 3-10%
of their weight through transpiration during storage, and losses may sometimes be even greater under
unfavorable environmental conditions [49]. When leafy vegetables lose more than 3% of their weight
while being stored, this is linked to low-quality product, yellowing or browning of the leaves, and a short
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shelf life [50]. Furthermore, reduced levels of weight loss have been linked to better visual appearance
and storage capacity [36,49,50]. Higher respiration rates are linked to advanced metabolism and quicker
senescence in leafy greens and herbs, manifested by leaf wilting and yellowing [51]. In the present study,
sage stored at 20°C exhibited up to 10.5% weight loss after 15 days of storage, corresponding to an average
daily loss of 0.7%. In contrast, the average daily weight losses at 2 and 6°C were 0.23% and 0.62%, respectively.
These observations were consistent with the decreased sage appearance at higher storage temperatures.
Considering the commonly accepted threshold limitation of 3% weight loss for maintaining acceptable
quality in leafy greens [50], fresh sage could be stored up to 5 days at both 2 and 6°C; however, for longer
storage periods, a target temperature of 2°C would be preferable. It is recommended to maintain the relative
humidity (RH) in the storage room at a high level, as in the vegetable storage conditions, to avoid excessive
water loss and reduce quality losses [52].

The increased weight loss found at 20°C was likely linked to the elevated respiration and ethylene
production rates recorded during the first 10 days of storage. An increase in respiration, measured through
CO; production, and ethylene emission are directly related to the increased storage temperature. This
may be exhibited and obviously contributes to senescence, the degradation of leaf green pigments, and
an increase in plant metabolism [49,51]. Furthermore, several biological processes, including respiration,
ethylene production, and microbial growth, are temperature-dependent and may result in product spoiling,
underscoring the need for appropriate postharvest storage conditions.

Higher water loss has been linked to increased color abnormalities, particularly under increased
temperatures and reduced relative humidity, potentially due to the membrane breakdown and chlorophyll’s
green color loss [49,52]. Chlorophyll degradation may be further hastened by mechanical damage occurring
during harvesting and/or processing during storage and packing [53]. The main strategy used for avoiding
browning in leafy greens is to control storage conditions and to that sense to postpone the chlorophyll
oxidation and degradation [54]. Leaf browning has also been associated with the activities of phenylalanine
ammonia-lyase (PAL) and polyphenol oxidase (PPO) [55]. PAL participates in the production of phenolic
compounds in reaction to environmental stressors, whereas PPO catalyzes the oxidation and polymer-
ization of phenolic compounds, which results in the creation of brown or black pigments, particularly
o-quinones [56]. The current study found that storing sage at high temperatures of 20°C, reduced its
chlorophyll content, suggesting a low-quality product. According to Manolopoulou and Varzakas [57],
the lettuce chlorophyll content remained relatively constant during the initial three days of storage at
5°C, whereas at increased temperatures (10 and 20°C), it was associated with storage duration. It is widely
accepted that the last step of senescence is the breakdown of chlorophyll. The observation that chlorophyll
catabolic enzymes are activated by plant hormones that control senescence, such as ethylene, abscisic acid,
and jasmonic acid, and that chlorophyll breakdown takes place during the latter stage of plant growth,
lends credence to this hypothesis [58]. Considering that chlorophyll degradation also serves as a signal to
accelerate senescence, one cannot depended on the idea that the chlorophyll degradation is only one of the
effects of leaf senescence [59].

Sage is one of the culinary herbs known to be an excellent source of phytochemicals particularly
antioxidant compounds. According to a number of studies, a diet rich in polyphenols may help to prevent
or to protect against chronic diseases, such as neurological disorders, cancer, and heart problems, among
others [60]. A significant amount of enzymatic (catalase, ascorbate peroxidase, etc.) and non-enzymatic
(phenols, flavonoids) antioxidant molecules that are activated to reduce oxidative stress are found naturally
in sage [61]. Enhancing these natural antioxidant systems through postharvest treatments may help extend
shelf life and maintain product quality. Nevertheless, the existence of other chemicals, including vitamin C,
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which is often evaluated with the ascorbic acid level, could provide insight into the general stability of the
phenolic and flavonoid composition throughout storage [62]. In an effort to alleviate the stress, the plants
may produce more polyphenols and other antioxidants like vitamins (E, C), flavonoids, and carotenoids
when fresh produce is stored in adverse environments (such as excessively high or low temperatures and
low relative humidity) [35,63]. For example, Fratianni et al. [35] found that when sweet basil plants were
kept at 12°C for nine days instead of 4°C, they were able to maintain their polyphenol level and antioxidant
properties. In the present study, sage stored at higher temperatures (6 and 20°C) presented higher phenolic
and antioxidant activity (FRAP, ABTS) opposed to 2°C during storage. In contrast flavonoids and partially
AA, remained in high content at low temperature storage of sage. These findings provide credence to the
theory that physiological and morphological differences, such as surface area of the leaf and structure, may
cause individual herbs and leafy vegetables to perform differently throughout storage [64].

According to Sui et al. [54], storage under adverse conditions may trigger processes like enzymatic
activity that might result in polyphenols oxidation and the creation of colorless o-diphenols, which sub-
sequently form brown colored polymers. This mechanism might help to explain why fresh sage kept at
20°C showed a drop in flavonoid levels but not in total phenolic content; however, further investigation
is required to validate this hypothesis. Sui et al. [54], also documented same findings throughout the
postharvest storage of baby mustard at both low and high storage temperatures (4 and 20°C), whereas the
low temperatures delaying the product’s antioxidant capability and polyphenol loss. Even though storage-
related stress is generally associated with fresh produce deterioration, a rise in antioxidants paired with
high visual quality is acceptable as it boosts the product’s nutritional value. Because aromatic herbs contain
substantial amounts of phenolic compounds and their antioxidant capacity varies little over time, adding a
few grams or portions of these herbs to a meal might increase the daily diet’s antioxidant capacity with
possible health advantages [17]. Furthermore, several phenolic compounds have demonstrated antibacterial
properties. When aromatic plants are introduced to various food products, they may act as stabilizers,
greatly extending their shelf life [62].

Microbial load has a significant impact on the shelf life of fresh foods, as products stored under high
relative humidity conditions and with low to moderate microbial loads may deteriorate more rapidly [53].
In the present study, storage at 2 and 6°C resulted in lower total viable counts on days 5 and 10, while
yeast and mold counts were higher at 20°C. Because of their antibacterial activity, higher concentrations
of phenols, flavonoids, and ascorbic acid may lower microbial populations and improve preservation [60].
Herbs like rosemary and sage have inherent antibacterial qualities that can reduce microbial loads and
prolong shelf life [22]. Increased microbial loads in fresh produce enhance the risk of quality loss, including
browning of the leaves due to spoiling microbes such Pseudomonas spp. [65,66]. Thus, by reducing microbial
activity, low-temperature storage (2-5°C), either alone or in conjunction with other preservation techniques
(also known as “hurdle technology”), aids in maintaining quality.

After five days of storage, the EO yield was higher at 6 and 20°C than at 2°C. This difference may be
related to the substantial weight loss (up to 6.01%), which may artificially concentrate (dehydration) the EO
content on a dry-weight basis without actual de novo biosynthesis. However, this was not reflected in the
similar EO yield observed after 15 days of sage storage, despite the substantial weight loss (up to 10.5% by
Day 15) and may include different physiological responses, and warrant further investigation. The scent of
fresh herbs, which is mostly due to their EO content, is one of their primary qualities. EOs are blends of
substances that are kept in different parts of plants, such as trichomes on leaves. It is known that younger
leaves contain more glandular trichomes than older leaves, which might explain why the composition of
EOs varies [67]. In addition to their sensory importance, EOs include components with strong biological
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activities, such as antioxidants and antimicrobials. The presence of secondary metabolites produced by
plants is necessary for the antibacterial activity of EOs [68]. The primary constituents of sage EO are the
monoterpenes 1,8-cineole, - and 3-thujone, and camphor, which are produced by 1,8-cineole synthase,
(+)-sabinene synthase and (+)-bornyl diphosphate synthase, respectively [11]. In line with other research,
the primary EO components in this investigation were «-thujone, camphor, and 1,8-cineole [69]. The main
component, x-thujone, seems to have decreased at 20°C during the storage period. Increased camphor and
1,8-cineole levels were found at refrigerator temperatures, and this is of great importance because of their
well-established antimicrobial, antioxidant [70,71], anti-inflammatory [72], and anticancer properties [10].

In addition to EOs, the antibacterial properties of various plant preparations such infusions and
decoctions have been investigated [73]. In the present study, higher activity against both bacteria (E. coli
and S. aureus) was reported with infusions prepared from sage stored at refrigerator temperatures (2 and
6°C) compared to the ones from room temperature (20°C). It became apparent that S. aureus was more
vulnerable to the infusions’ effects than E. coli. In S. aureus, the higher antibacterial activity (lower ICs,
values) was found at lower temperatures (2 and 6°C) during the first five days, which persisted for the 2°C
after ten days, and effects eliminated after 15 days. Several hypotheses on the antibacterial activity of plant
extracts have been proposed, but they are all predicated on the assumption that particular chemical groups
(such as phenols and flavonoids) may target particular cell structures and/or cellular parts including proteins
and DNA [74]. S. aureus was more susceptible to the infusions obtained during the first five days of storage
than E. coli. This difference may be attributed to variations in their cell wall structure: Gram-negative
bacteria such as E. coli possess an additional outer membrane composed of a double lipid layer, which can
serve as a supplementary defense towards EOs and other plant-derived extracts [75]. This double lipid layer
is absent in Gram positive bacteria such as S. aureus. Similar findings regarding the antibacterial properties
of S. officinalis infusion against these bacteria species have been reported previously [3]. The major EO
compounds found in the current research, namely «-thujone, camphor, and 1,8-cineole, have been widely
proven to have antibacterial activity [76,77]. The presence of these compounds may therefore explain, at
least in part, the antibacterial activity observed in the present study. The examined infusions exhibit promise
as antimicrobial agents while having less antibacterial properties than the common antibiotic streptomycin.
In particular, these infusions may be useful in combination with antibiotics to reduce required doses and
help limit the development of antibiotic resistance. For example, the blend of hydroethanolic (70%) extracts
and infusions of clove, cinnamon, and thyme with tetracycline, ciprofloxacin, and erythromycin shown
promising effects towards E. coli, S. aureus and Pseudomonas aeruginosa [74].

A broad spectrum of plant-based foods and drinks include tannins, a diversified family of polyphenolic
substances that greatly enhance taste, astringency, and a number of health advantages [78]. Tannins
concentrations were increased at the 20°C for the first 5 days, and then progressively decreased as the
temperature and storage duration were progressed. The stability of tannins is known to be influenced by
storage temperature in different fresh produce, whereas the tannin compounds may interact with other
components in the sage infusion, such as metal ions [79], which may affect the color and quality changes.
However, the specific reasons need to be further investigated.

5 Conclusions

It is crucial to maintain the freshness of herbs and increase their shelf life. Storage under unfavorable
conditions may result in quality deterioration and reduced marketability. In an effort to determine the best
preservation conditions for sage, this study evaluated the effect of temperature on the postharvest quality of
fresh sage. The findings demonstrated that, in comparison to reduced temperatures (2 and 6°C), storing sage
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at ambient temperature (20°C) resulted in increased weight loss, greater respiration and ethylene emission
rates, and poorer visual quality. Sage stored at 2°C exhibited higher content of phenols and antioxidant
capacity but lower flavonoids during storage, while bundles stored at 2°C had the lowest weight loss. After
five days of storage, fresh sage stored at 6 and 20°C had considerably higher EO yield than the ones stored
at 2°C. However, after 10 and 15 days of storage, the yield stayed the same. Three primary components:
«-thujone, camphor, and 1,8-cineole were subjected to temperature and storage duration fluctuations, with
a-thujone exhibiting opposite effects compared to camphor and 1,8-cineole. Furthermore, infusions from
sage stored at low temperature obtained higher antibacterial activity, compared to the sage stored at higher
temperatures. Overall, the findings of this study suggested that storage of fresh sage at 6°C for 5 days,
with increased relative humidity, could be considered as favourable conditions for sage preservation. For a
longer storage period, i.e., 10 days, a lower temperature of 2°C is recommended.
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