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ABSTRACT

Melatonin is a secondary messenger in plants that is involved in the regulation of abiotic stress
responses, but it is unclear whether it enhances the adaptive capacity of blueberries to cope
with salinity stress. The effects of exogenous application of melatonin (100, 200, and 300umol-L™")
on the growth, photosynthetic characteristics, leaf anatomy, and physiological and biochemical
properties of blueberry plants under mixed salt stress (90 mmol-L™": 30 mmol-L™" Na,CO; +
60mmol-L~" NaCl) were investigated. The results showed that blueberries under 90 mmol-L™
mixed salt stress had significant salt damage symptoms, with reduced blueberry biomass, reduced
chlorophyll content, and photosynthesis inhibition. In contrast, melatonin-treated blueberries
showed significantly reduced salt damage symptoms compared with stressed blueberry plants,
with the optimum effect at 200 umol-L~", along with increased chlorophyll content, improved
photosynthetic capacity, and increased leaf thickness under stress. Melatonin treatment resulted
in reduced malondialdehyde (MDA) content and relative electrolyte leakage (EL), increased K*
content, and decreased Na* content in blueberry roots, stems and leaves, thereby reducing the
toxic effects of mixed salts on blueberries. The results indicate that melatonin can mitigate the
effects of mixed salt stress on blueberries and that foliar spraying of melatonin could alleviate
mixed salt-induced damage to blueberries, with the optimum effect at 200 umol-L~" treatment.
This study provided a valuable basis for exploring the mechanism of exogenous melatonin
action in blueberries in saline environments.

KEYWORDS

Melatonin; physiological
mechanism; leaf blade
anatomy; photosynthesis;
ionic content; blueberry
seedling

Introduction undergoes phase changes from a liquid-crystalline
state to a gel state after salt stress, resulting in its
structure changing from a lipid bilayer to a monolayer;
this can consequently disrupt the functioning of the
membrane and affect cellular metabolism [7]. ROS
scavenging systems in plants, such as superoxide dis-
mutase, catalase, and ascorbate peroxidase, can
enhance plants’ resistance to adverse conditions. These
are important stress-response defence systems in

plants that can effectively protect them from environ-

Globally, there are approximately one billion hectares
of saline land, which is expanding due to anthropo-
genic and ecological-climatic factors, and this is one
of the factors limiting agricultural development world-
wide [1-4]. The ability of plants to grow properly is
inextricably linked to their environment. Plants require
abundant minerals for growth and development, but
saline soils disrupt the dynamic balance of ions in the
soil, resulting in an unbalanced ion uptake and ion

poisoning [5]. As soil salinity increases, most plants
become pale and develop wilted leaves, making recov-
ery difficult [6].

Salinity stress produces large amounts of reactive
oxygen species (ROS) in plants, causing damage to
the plant cytoplasmic membrane. The lipid membrane

mental stress and ensure their normal physiological
activities [8]. Osmoregulation is an important physio-
logical mechanism for plants to cope with adversity,
and plants synthesize organic substances, such as pro-
line, betaine, sugars, and polyols, in response to salin-
ity stress [9-11].
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Blueberry (Ericaceae, Vaccinium) is a small berry
crop native to North America [12]. Blueberries are rich
in phytochemicals, including anthocyanin pigments,
which may have the greatest impact on health func-
tions. A regular and moderate intake of blueberries
and/or anthocyanins can reduce the risk of cardiovas-
cular diseases, death, and diabetes and improve weight
maintenance and neuroprotection [13-16]. Wright
et al. studied the effect of different concentrations of
NaCl irrigation water on blueberry and found that NaCl
above 100 mmol-L7' caused a large effect on
above-ground parts and root dry weight. [17].

The presence of melatonin (N-acetyl-5-
methoxytryptamine) in plants has been observed by
Hattori et al. [18]. Several studies subsequently demon-
strated the presence of melatonin in different plants
and plant parts [19,20]. Melatonin has been widely
reported to improve plant growth and development
[21-23]. For example, its application to the roots reduces
the accumulation of toxic substances, such as hydrogen
peroxide and malondialdehyde (MDA), in leaves as well
as electrolytic leakage [24]. Melatonin, a non-toxic bio-
molecule, is an important secondary messenger mole-
cule that plays a vital role in coping with various abiotic
and biotic stresses [25]. Melatonin has been reported
to be involved in the regulation and improvement of
abiotic stresses such as saline environments [26],
drought [27], high and low temperatures [28]. Cheng
et al's study showed that melatonin supplementation
could effectively improve the inhibition of cotton seed
germination by enhancing osmoregulatory substances
and adjusting ion homeostasis under salt stress [29].
What is more, under abiotic stress, plants usually
increased the synthesis of endogenous melatonin [30].
Melatonin pretreatment decreased ROS production and
increased glutathione and ascorbic acid contents and
superoxide dismutase, peroxidase, catalase, and ascor-
bate peroxidase activities in pea leaves under low tem-
perature, salt, and drought stress, suggesting that
melatonin protects pea plants from salt stress-induced
damage by inhibiting ROS production and regulating
antioxidant systems [31]. This has also been demon-
strated in other plants [32-34].

Melatonin can also improve the photosynthetic per-
formance of plants in saline environments.

Exogenous melatonin pretreatment increased the
photosynthetic rate, maximum photosystem Il photo-
chemical efficiency and chlorophyll content of wheat
leaves and partially alleviated the growth inhibition of
wheat by excessive salt concentrations [35]. The chlo-
rophyll content of melon seeds treated with 50 umol.
L' melatonin was also significantly higher than that
of untreated seeds [36].

Melatonin is a secondary messenger molecule that
plays a crucial role in responses to various abiotic
stresses [37,38]. Exogenous melatonin treatment helps
protect plants from salt stress by regulating the expres-
sion and activity of antioxidant enzymes, polyamine
metabolism and nitric oxide signalling [39]. In a pre-
vious study, melatonin was found to upregulate the
expression of genes suppressed by salt stress, thereby
reducing the inhibitory effect of salt stress on gene
expression [40,41]. In another study, the transcript lev-
els of the SICOMT1 gene associated with melatonin
biosynthesis were positively correlated with the con-
tent of melatonin in tomato leaves under stress, and
SICOMTT1 transgenic tomatoes had lower superoxide
and hydrogen peroxide levels and higher proline levels
than wild-type tomatoes, suggesting that SICOMTT is
closely associated with melatonin biosynthesis [42].

In recent years, the activity of melatonin in plants
has been comprehensively and intensively explored.
In addition, the mechanisms of action associated with
melatonin have been gradually revealed [43]. However,
it has not yet been tested in blueberries. Salts in the
soil do not consist of a single salt, but are often a
mixture of several salts. This study aimed to evaluate
the effects of different melatonin concentrations on
the growth and physiological characteristics of blue-
berry plants under mixed salt conditions and to deter-
mine its optimum concentration to alleviate mixed salt
stress-induced damage to blueberry seedlings. This
study reveals the physiological mechanism of exoge-
nous melatonin on salt-stressed blueberry, which will
lay the theoretical foundation for our work to further
explore how melatonin induces the expression of resis-
tance genes at the molecular level, as well as the syn-
ergistic or reciprocal regulation mechanism with
phytohormones and other signalling molecules such
as H,0,, Ca%*, and NO.

Materials and methods
Experimental materials and design

Test plants were selected from 2-year-old semi-highbush
blueberry ‘Northland’ cultivars, and plant materials
were provided by Jingyu County Branch of Jilin
Changchun Pulan High-Tech Co.

Melatonin, modified Hoagland nutrient solution, and
salt were purchased from Shanghai Biological Co.
(Shanghai, China).

Trials were conducted in a greenhouse of the blue-
berry industrialization innovation and research practice
base of lJilin Agricultural University in a solarium at
24-26°C and 60% humidity. Grass charcoal (pH 4.5-5.3)



was used as the cultivation substrate. Each pot had
an outer diameter of 25cm, an inner diameter of
20.5cm, a height of 18cm, a base diameter of 15.5cm
and was supplied with a tray. Approximately, 2.5L of
grass charcoal was used per pot. Two-year-old blue-
berry seedlings with almost identical growth rates
were selected for treatments. Saline treatment was
performed by adding NaCl and Na,CO; to 1/10 mod-
ified Hoagland nutrient solution (pH 4.8) as follows:
90 mmol-L~" mixed saline (30 mmol-L" Na,CO; +
60 mmol-L=" NaCl) and CK (No salt added, just an equal
amount of 1/10 modified Hoagland nutrient solution)
mixed with an equal volume of 1/10 modified Hoagland
nutrient solution.

Melatonin was applied by foliar spray. Nine pots
per treatment were sprayed with 20mL of the corre-
sponding melatonin concentration (0, 100, 200, and
300 umol-L™") per plant at a time (CK was sprayed with
an equal volume of water) once every 2 d for a total
of three sprays. Spraying was performed every 2 d
between 17:00 and 18:00 each day, with the salt stress
treatment being started the day after the last spray.
Subsequently, 500mL of saline treatment solution
(1/10 modified Hoagland nutrient solution +
90 mmol-L~! treatment solution) was applied per pot.
To avoid salt shock, the 500mL dose was distributed
into five waterings a day, each time using 100 mL of
saline. If the solution oozed from the bottom tray, the
oozing solution was poured back into the original pot.
The treatment time was calculated from the day after
the last watering, and growth parameters and photo-
synthetic and physiological indicators were measured
separately 30d after the treatment.

Determination of growth parameters

After harvesting, three plants from each treatment
were randomly selected and taken to the laboratory,
where the plants were rinsed with deionized water.
Next, the plants were quickly dried using gauze and
their aboveground and belowground fresh weight was
measured using a Mettler analytical balance (ME204E,
Switzerland). Subsequently, the blueberry seedlings
were dried to a constant weight using an electric blast
dryer (GZX-9246MBE) and weighed separately using
the Mettler analytical balance.

Leaf anatomy study

The leaf anatomy was studied using the paraffin sec-
tion method. The samples were three mature fresh
functional leaves randomly selected from each
treatment.
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Samples (whole fresh leaves) were fixed in fixative
for over 24h and then removed from the fixative and
trimmed along the edge of the leaf with a scalpel in
a fume hood, preserving the main leaf veins. The
trimmed samples and corresponding labels were
placed in a dehydration box.

The cassette was placed in a dehydrator (Donatello,
DIAPATH, ltaly) and dehydrated in a graded alcohol
sequence. The protocol used included 75% alcohol for
4h, 85% alcohol for 2h, 90% alcohol for 2h, 95% alco-
hol for 1h, anhydrous ethanol | for 30 min, anhydrous
ethanol 1l for 30min, alcohol benzene for 5-10min,
xylene | for 5-10min, xylene Il for 5-10 min, 65° melted
paraffin | for 1h, 65° melted paraffin Il for 1h, 65°
melted paraffin 1ll 1h.

The wax-soaked samples were embedded in an
embedding machine (JB-P5, Wuhan Junjie Electronics
Co). The melted wax was poured into the embedding
frame and before it solidified, the samples were
removed from the dehydration cassette, placed in the
embedding frame according to the embedding surface
and labelled with the corresponding label. The embed-
ding frame was placed on a freezing platform (JB-L5,
Wuhan Junjie Electronics Co., Ltd., China) at —20°C for
cooling. When the wax solidified, each wax block was
removed from the embedding frame and was trimmed.

The modified sample chip wax blocks were cut into
transverse 4-um thick sections using a paraffin slicer
(RM2016, Shanghai Leica Instruments Co). A slice was
considered sufficiently flattened when the slice floated
on 40°C warm water in a spreading machine (KD-P,
Cody Equipment Co. Ltd., China). Next, the samples
were picked up using glass slides and baked in an
oven at 60°C. After melting the water-baked dried
wax, it was removed and the samples were stored
at 25°C.

The sections were rehydrated in two changes of
BioDewax and Clear Solution and 100%I% — 100%lI
— 75% alcohol. Each step took about 5min. Finally,
the samples were rinsed with running water. The sec-
tions were dipped into safranin O staining solution for
15-30s and three cylinders of anhydrous ethanol for
rapid dehydration. The sections were placed in a gra-
dient of 50%, 70%, and 80% alcohol for 3-8s each.
The sections were inserted into plant solid green stain-
ing solution for 6~20s, followed by anhydrous ethanol
three-cylinder dehydration. The sections were placed
in clean xylene for 5min and sealed with neutral resin.
Finally, the tissue sections were mounted with neu-
tral balsam.

Leaf thickness, upper epidermal thickness, lower
epidermal thickness, palisade parenchyma thickness,
and spongy parenchyma thickness were measured
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using the Motic Images Plus 3.0 (x64) software and
observed and photographed using a Motic Panthera
i (Fixed Koehler) microscope (MOTIC CHINA GROUP
CO., LTD., China; https://www.motic.com/Biological/
view_785.html).

Determination of physiological indicators

Chlorophyll content was determined using the method
described by Wellburn [44], in which 0.5g of fresh
leaves (veins removed) were subjected to chlorophyll
extraction with 10mL of 80% (v/v) precooled acetone
in the dark for 24 h. Chlorophyll a and b contents were
measured using the Hanon i9 UV-VIS spectrophotom-
eter at 663 and 646 nm. Total chlorophyll content was
determined as follows: Total chlorophyll = chlorophyll
a + chlorophyll b.

Soluble protein (SP) content was determined using
the Bradford method [45]. The SP content was deter-
mined spectrophotometrically at 595 nm using bovine
serum albumin as a standard and Coomassie Brilliant
Blue G-250 dye.

The content of proline was tested according to
Bates et al. [46]. Briefly, 0.3g of fresh leaves (veins
removed) were weighed and ground into a homoge-
nate in 10mL of 3% aqueous salicylic acid solution
and centrifuged with a high-speed refrigerated centri-
fuge at 4°C for 4000 r min ~' for 15min, after which
2mL of the supernatant was reacted with 2 mL of acid
ninhydrin and 2mL of glacial acetic acid at 100°C for
1h. The reaction was incubated for 15min on ice. Then,
4mL of toluene was added and was shaken for 20s.
The absorption of the upper phase was measured with
a spectrophotometer (Hanon i6, China) at 520 nm and
the proline concentration was determined according
to the standard curve of proline.

MDA content was determined using the thiobarbi-
turic acid color development method [47]. Briefly, 0.1g
of fresh leaf (veins removed) was weighed and
grounded in 10mL of 10% trichloroacetic acid. The
tissue was then centrifuged at 4000 r.min~' for 10 min.
An aliquot of 2mL of supernatant was then added to
2mL of 0.5% thiobarbituric acid and heated at 100°C
for 15min, followed by rapid cooling in an ice bath.
The MDA content was calculated as follows: MDA
(umol.g™ FW) = [6.45 (Ag-Agy) —0.56A,5,] X Vt/FW,
where Vt (mL) is the volume of the extract and FW
(g) is the fresh weight of the plant sample.

Relative electrolyte leakage (EL) was determined as
described by Restrepo et al. [48]. About 0.1g of fresh
leaves was taken, cut into 5-mm segments, and placed
in a test tube with 10mL of deionized water. After

allowing the test tubes to stand for 2h at 30°C, elec-
trical conductivity (EC) (EC1) was measured using an
EC meter (Remag DDSJ-308A, China). Next, the tubes
were boiled in a water bath at 100°C for 15min and
then EC was measured again (EC2). EL was calculated
as follows: EL (%) = EC1/EC2x 100.

Measurement of photosynthetic indicators

Plant photosynthesis was measured using the CIRAS-3
portable plant photosynthesis meter (PP systems,
Amesbury, MA). Using a buffer bottle maintained at the
same concentration as atmospheric CO,, with a CO,
concentration of around 400 umol-mol~', leaf tempera-
ture of 25°C, and relative humidity of 50-70%, the
measurement was performed in natural light after sta-
bilizing the instrument. Three plants were randomly
selected from each treatment, and two mature func-
tional leaves from the upper middle part of each branch
were selected to determine the net photosynthetic rate
(P,), transpiration rate (T), intercellular carbon dioxide
concentration (C), and stomatal conductance (G,). The
experiment was repeated six times.

Determination of K* and Na* content

K* and Na* contents of plants were determined using
a kit purchased from Suzhou Kemin Biotechnology Co.
Ltd. (Suzhou, China). A standard solution of 1 mmol
L=' KCl and a standard solution of 1mmol.L=" NaCl
mother liquor were prepared separately.

About 1g of sample was taken, to which 5mL of
deionized water was added. It was homogenized and
left for extraction for 24 h. Then, it was centrifuged at
1000 r.min~' for 10 min at 25°C, and the K* and Na*
content in the supernatant was measured by a flame
photometer (FP8400, Germany).

Sample determination

See Appendix 1 for details of standard curves. The
samples were diluted appropriately if the concentration
was above 1000 umol L. The following formula was
used for calculation: Potassium ion content (mg g~
fresh weight) = CxV total x dilution factor + Wx 1073
x 39; C: sample concentration, umol L™'; V: total vol-
ume of extract added, 5mL =0.005L; W:sample mass, g.

The calculation formula was: Total sodium content
(mg g~ 'dry weight) = CxV total xdilution factor +
Wx 1073 x 22.99; C: sample concentration, umol-L~"; V:
total volume of extract added, 5mL = 0.005L; W: sam-
ple mass, g.
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Statistical analysis

Data analysis was performed using Office 2016 and
SPSS version 22.0 (SPSS Inc., Chicago, IL) [49]. Analysis
of variance (ANOVA) was used to determine significant
differences. The level of statistical significance was set
at p < 0.05. Data are presented as means with standard
deviations (+SD); different lowercase letter(s) in bar
charts indicate significant differences (a=0.05, LSD)
between treatments.

Results

Effect of exogenous melatonin application on the
growth and biomass of blueberry seedlings
under mixed salt stress

Compared with control (treatment 1 [T1]) plants, abo-
veground and belowground fresh and dry weights of
blueberry plants were significantly lower 30d after the
last mixed salt stress treatment at 90 mmol-L~" (Table 1).
The blueberry seedlings also showed evident signs of
salt damage, with leaves turning yellow (Figure 1), and
nearly 1 out of 2 leaves dropping (Figure 2). All three
melatonin concentrations reduced the biomass loss
and alleviated the salt damage symptoms, with
200 mmol-L=" melatonin (T4) being the most effective
(Table 1, Figures 1 and 2).

Effect of exogenous application of melatonin on
the anatomical structure of blueberry leaves
under mixed salt stress

Figure 3 shows the cross-section of a mature functional
leaf in the middle of the selected blueberry branches.
Under stress (T2), blueberry leaf thickness, palisade
parenchyma thickness, and spongy parenchyma thick-
ness were significantly decreased by 19.99%, 25.50%,
and 22.50%, respectively, compared with the control
(T1; Figure 3, Table 2). All three melatonin concentra-
tions increased the upper epidermal thickness, lower
epidermal thickness, palisade parenchyma thickness,
and spongy parenchyma thickness of blueberry leaves
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under stress (T2) by 34.11%, 92.48%, 35.11%, and
30.74%, respectively, with the highest increase at
200 umol-L~" melatonin (T4; Figure 3, Table 2).

Effect of exogenous application of melatonin on
the physiology and biochemistry of blueberry
leaves under mixed salt stress

The MDA and Pro content and EL of blueberry leaves
under stress increased by 50.91%, 388.26%, and 56.23%,
respectively, compared with the control (T1). Treatment
with all concentrations of melatonin significantly
reduced the EL and MDA content of leaves under
stress, with 200 umol.L=" melatonin being the most
effective of all three concentrations, reducing leaf EL
and MDA content by 30.17% and 33.93%, respectively,
compared with stress (T2). The SP and Pro contents of
blueberry leaves were higher under all three concen-
trations of exogenous melatonin treatment than those
under stress treatment (T2), with the 200 umol-L~" mel-
atonin treatment resulting in the highest increase of
12.21% and 19.55%, respectively (Figure 4).

Effect of exogenous application of melatonin on
the chlorophyll content and photosynthetic
properties of blueberry leaves under mixed salt
stress

P., T, and G, of blueberry leaves were reduced to
varying degrees under stress, while C; was significantly
increased (Figure 5). Exogenous application of mela-
tonin increased leaf P, T, and G, by 77.55%, 131.37%,
and 149.22%, respectively, compared with the stress
treatment (T2), with 200 umol-L=" melatonin treatment
(T4) exhibiting the most significant increase. Treatment
with 200 umol-L~! (T4) and 300 umol-L~" (T5) melatonin
significantly reduced the leaf C, of blueberry leaves
under stress and maintained it in the control (T1).
Mixed salt stress reduced the photosynthetic pig-
ment content of blueberry leaves (Figure 6). Chlorophyll
a+b, chlorophyll a, and chlorophyll b contents of blue-
berry leaves increased to varying degrees after

Table 1. Effects of exogenous application of melatonin on blueberry growth indicators under mixed salt stress.

Treatment Aboveground fresh weight (g) Aboveground dry weight (g) Belowground fresh weight (g) Belowground dry weight (g)
T 20.88+1.0022 9.93+0.336° 15.94+£0.612° 5.80+1.024°
T2 9.69+0.773¢ 6.23+0.301¢ 8.41+1.019¢ 3.00+0.041¢
T3 14.45 £1.490¢ 8.01+0.168° 12.83+0.230° 3.99+0.025°
T4 19.66 £0.755° 9.33+£0.316° 15.15+£0.271° 5.85+0.169°
T5 16.92 +1.004° 7.48£0.452¢ 13.37+0.772° 3.90+0.186°

Note: Control T1: nonstressed plants, watered with 1/10 modified Hoagland nutrient solution; Control T2: watered with saline (90 mmol-L=' mixed salt
+ 1/10 modified Hoagland nutrient solution); T3, T4, and T5: watered with sprays of 100, 200, and 300 umol-L~" melatonin solution and saline (90 mmol-L~
mixed salt + 1/10 modified Hoagland nutrient solution), respectively. Data represent the mean+SD of three trials for each treatment. Different letters

in the same column indicate significant differences (p <0.05).
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Figure 2. Effect of exogenous application of melatonin on blueberry leaves at day 30 after mixed salt stress.
Note: Control T1: nonstressed plants, watered with 1/10 modified Hoagland nutrient solution; Control T2: watered with saline (90 mmol-L™" mixed salt
+ 1/10 modified Hoagland nutrient solution); T3, T4, and T5: watered with sprays of 100, 200, and 300 umol-L~" melatonin solution and saline (90 mmol-L~!

mixed salt + 1/10 modified Hoagland nutrient solution), respectively.

Figure 1. Effect of exogenous application of melatonin on the growth of blueberry seedlings at day 30 after mixed salt stress.
Note: The figure shows the growth of blueberry at the 30th day of treatments. Control T1: nonstressed plants, watered with 1/10 modified Hoagland
nutrient solution; Control T2: watered with saline (90 mmol-L=! mixed salt + 1/10 modified Hoagland nutrient solution); T3, T4, and T5: watered with
sprays of 100, 200, and 300 pumol-L=' melatonin solution and saline (90 mmol-L=" mixed salt + 1/10 modified Hoagland nutrient solution),

respectively.

melatonin treatment, with 200 umol-L=' melatonin (T4)
being the most effective (Figure 6).

Effect of exogenous application of melatonin on
the Na* and K* contents of blueberry roots,
stems, and leaves under mixed salt stress

In normally growing (CK) blueberries (T1), the Na* and
K* contents of leaves were higher than those of roots
and stems (Table 3). Under stress (T2), blueberry root,

stem and leaf K* contents were reduced by 28.66%,
15.82%, and 52.88%, respectively, compared with the
control (T1). In contrast, the Na* content in root, stem
and leaf increased by 100.97%, 102.91%, and 786.4%,
respectively, compared with the control. The K* con-
tent of the leaves decreased more than that of the
root and stem. Na* accumulation was also higher in
the leaves than in the roots and stems. Exogenous
melatonin application increased the K* content of the
roots, stems, and leaves under mixed salt stress (T2)
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Figure 3. Effects of exogenous application of melatonin on the anatomical structure of blueberry leaves under mixed salt stress.
Note: Blueberry leaf cross-sections at 400x magnification are shown; scale bars =1:50pum. Control T1: nonstressed plants, watered with 1/10 modified
Hoagland nutrient solution. Control T2: watered with saline (90 mmol-L~" mixed salt + 1/10 modified Hoagland nutrient solution); T3, T4, and T5: watered
with sprays of 100, 200, and 300 umol-L~" melatonin solution and saline (90 mmol-L~" mixed salt + 1/10 modified Hoagland nutrient solution), respec-
tively. SO: upper epidermis; S1: palysade parenchyma; S2: spongy parenchyma; S3: lower epidermis.

Table 2. Effects of exogenous application of melatonin on the anatomical structure of blueberry leaves under mixed salt stress.

Upper epidermal Lower epidermal Palisade parenchyma Spongy parenchyma

Treatment Leaf thickness (um) thickness (um) thickness (um) thickness (um) thickness (um)
Tl 224.94+4.70° 20.27 £0.96° 11.08+1.01¢ 120.7 £1.65° 80.39+£0.912
T2 179.97 £3.52¢ 20.58 +1.99° 9.57+1.26¢ 89.92+3.08° 62.30+4.65¢
T3 229.63+8.81° 27.41£1.652 14.98 +0.60° 116.98+1.520 74.64+1.69°
T4 242.61+3.67° 27.60+0.892 18.42+0.66* 121.49+1.55 81.45+1.14°
T5 229.42 +1.60° 23.08+2.28° 13.89+1.05° 118.61+0.96%® 80.66 +1.72

Note: Control T1: nonstressed plants, watered with 1/10 modified Hoagland nutrient solution; Control T2: watered with saline (90 mmol-L™' mixed salt
+ 1/10 modified Hoagland nutrient solution); T3, T4, and T5: watered with sprays of 100, 200, and 300 umol-L~" melatonin solution and saline (90 mmol-L~"
mixed salt + 1/10 modified Hoagland nutrient solution), respectively. Data represent the mean+SD of three trials for each treatment. Different letters
in the same column indicate significant differences (p < 0.05).

to varying degrees, with the greatest increase in K*
content in the roots (29.91%) and leaves (70%) under
the 200 umol-L~" treatment (T4) compared with the
stress treatment (T2). The greatest increase in K* con-
tent in stems was observed under the 300 umol-L~’

45.41%, 38.28%, and 56.86% compared to the stress
treatment (T2), respectively.

Discussion

treatment (T5), with an increase of 9.57% compared
to that in the stress treatment (T2). Exogenous mela-
tonin application reduced the Na* content of the roots,
stems, and leaves under mixed salt stress to varying
degrees, with the most significant reduction in Na*
content under the 200 umol-L~! treatment (T4), with

Highly saline soils inhibit plant growth mainly because
the high osmotic potential of the soil solution reduces
the uptake of nutrients and water by plants, which
mainly limits the crop yields in saline areas [50]. In
this experiment, blueberries under 90 umol.L=" mixed
salt stress showed significant salt damage symptoms
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Figure 4. Effect of exogenous application of melatonin on the physiological characteristics of blueberry under mixed salt stress.
Note: Control T1: nonstressed plants, watered with 1/10 modified Hoagland nutrient solution. Control T2: watered with saline (90 mmol-L—1 mixed salt
+ 1/10 modified Hoagland nutrient solution); T3, T4, and T5: watered with sprays of 100, 200, and 300 pmol-L—1 melatonin solution and saline
(90 mmol-L—1 mixed salt + 1/10 modified Hoagland nutrient solution), respectively. Data represent the mean+SD of three trials for each treatment.
Different letters within each panel indicate significant differences (p < 0.05).
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Figure 5. Effects of exogenous application of melatonin on the photosynthetic properties of blueberry leaves under mixed salt
stress.

Note: Control T1: nonstressed plants, watered with 1/10 modified Hoagland nutrient solution. Control T2: watered with saline (90 mmol-L—1 mixed salt
+ 1/10 modified Hoagland nutrient solution); T3, T4, and T5: watered with sprays of 100, 200, and 300 pmol-L—1 melatonin solution and saline
(90 mmol-L—1 mixed salt + 1/10 modified Hoagland nutrient solution), respectively. Data represent the mean=+SD of three trials for eachv treatment.
Different letters within each panel indicate significant differences (p < 0.05).
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Figure 6. Effect of exogenous application of melatonin on the chlorophyll content of blueberry leaves under mixed salt stress.
Note: Control T1: nonstressed plants, watered with 1/10 modified Hoagland nutrient solution. Control T2: watered with saline (90 mmol-L—1 mixed salt
+ 1/10 modified Hoagland nutrient solution); T3, T4, and T5: watered with sprays of 100, 200, and 300 pmol-L—1 melatonin solution and saline
(90 mmol-L—1 mixed salt + 1/10 modified Hoagland nutrient solution), respectively. Data represent the mean+SD of three trials for each treatment.
Different letters within each panel indicate significant differences (p < 0.05).

Table 3. Effect of exogenous application of melatonin on the Na* and K* contents of blueberry roots, stems, and leaves under
mixed salt stress.

Treatment Leaf K* content Root K* content Stem K* content Leaf Na* content Root Na* content Stem Na* content
T 3.82+0.026° 1.64+0.016° 3.35+0.015° 1.25+0.027¢ 1.03+£0.013¢ 1.03+£0.023¢
T2 1.80+£0.014¢ 1.17 £0.006° 2.82+0.08° 11.08+0.081° 2.07 £0.0232 2.09+0.0232
T3 2.01+0.022¢ 1.24+0.022¢ 2.86+0.08° 7.99+0.08¢ 1.79+0.061° 1.88+0.083°
T4 3.06+0.025P 1.52+0.008° 2.98+0.023¢ 4.78+0.143¢ 1.13+0.035¢ 1.29+0.048¢
T5 2.62+0.047¢ 1.37+£0.018¢ 3.09+0.017° 9.56+0.162° 1.42+0.069¢ 1.71+£0.035¢

Note: Control T1: nonstressed plants, watered with 1/10 modified Hoagland nutrient solution. Control T2: watered with saline (90 mmol-L™" mixed salt
+ 1/10 modified Hoagland nutrient solution); T3, T4, and T5: watered with sprays of 100, 200, and 300 umol-L~" melatonin solution and saline (90 mmol-L~
mixed salt + 1/10 modified Hoagland nutrient solution), respectively. Data represent the mean=SD of three trials for each treatment. Different letters

in the same column indicate significant differences (p <0.05).

and reduced biomass because of excessively high salt
concentrations, which led to a reduction in soil water
potential, resulting in higher soil osmotic pressure than
plant cell osmotic pressure. This can lead to osmotic
stress from plant water loss and can trigger physio-
logical drought [51]. Melatonin is involved in regula-
tory physiological processes in plants, such as
improving plant germination and maturation processes,
photosynthetic activity, biomass production, and root
development [52]. In melatonin-treated blueberry
plants, melatonin significantly reduced salt damage
symptoms and alleviated the damage caused by mixed
salt stress, with melatonin at 200 umol.L™" significantly
reducing the damage caused by mixed salt stress on
the growth of blueberry and effectively increasing its

biomass. This is consistent with the results of several
studies [53-56].

The leaf is the most sensitive and plastic organ of
plants in response to environmental changes, and in
different ecological environments, it develops different
adaptation patterns. The internal anatomy of the leaf
can be significantly altered in saline environments [57].
A previous study showed that melatonin-treated tomato
leaf flesh tissue was significantly thickened compared
with acid rain-stressed tomato leaf flesh tissue [30]. In
this study, blueberry leaf thickness, palysade paren-
chyma thickness, and spongy parenchyma thickness
were all significantly reduced under 90 mmol L=" mixed
salt stress. Exogenous melatonin application signifi-
cantly increased leaf thickness, upper epidermal
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thickness, lower epidermal thickness, spongy paren-
chyma thickness, and palysade parenchyma thickness
in blueberry compared with mixed salt stress treatment,
with 200 umol.L=" melatonin treatment yielding the
highest values. It could be speculated that the exog-
enous melatonin treatment also reduced the damage
to the cellular structure of leaf mesophyl by mixed salt
stress, probably due to the increase in osmoregulatory
substances, such as intracellular proline, and the detox-
ification of excess ROS from chloroplasts by the anti-
oxidant system, thus reducing the degree of damage
to the plant cell membrane system and protecting the
structural integrity of the leaf mesophyl. Leaf thickness
and internal structure are important characteristics that
reflect the plants’ tolerance to salt environments, and
salt-tolerant plants usually have thicker leaves and are
better adapted to saline environments [58], suggesting
that melatonin can improve the salt tolerance of blue-
berries while alleviating mixed salt stress.

Osmoregulation is an important physiological mech-
anism for plants to cope with adversity, and proline,
as one of the osmoregulatory substances in plants,
plays an important role in maintaining plant growth
under various abiotic stresses [9,10]. Salt stress usually
disrupts plant cell membrane permeability and integ-
rity, causing membrane lipid peroxidation and thereby
increasing membrane permeability [59]. Our results
showed that under mixed salt stress, the relative EL
from blueberry leaves increased, while large amounts
of MDA accumulated in the leaves. Park et al. [60]
suggested that increased melatonin concentrations
would reduce MDA levels in transgenic rice. Jiang et al.
[61] also found that exogenous melatonin application
reduced EL and MDA levels by 25% and 22%, respec-
tively. In this study, melatonin treatment reduced the
relative EL and MDA content of blueberry leaves and
increased the levels of osmoregulatory substances (SP
and Pro), and the increase in leaf Pro content resulted
in an increase in salt tolerance. The results showed
that melatonin treatment can effectively inhibit ROS
production in the leaves of blueberry seedlings under
mixed salt stress conditions, reduce membrane lipid
peroxidation, protect membrane integrity, reduce EL,
and mitigate saline environment-induced damage to
blueberry seedlings while increasing the levels of
osmoregulatory substances to improve the salt toler-
ance of blueberry seedlings.

Chloroplasts are the main site for photosynthesis
in plants, and reduction in chlorophyll content in chlo-
roplasts can inhibit the uptake and use of light energy
by plants [62]. Ma et al. [63] found that salt stress
reduces chlorophyll content, leading to a decrease in

photosynthetic enzyme activity and photosynthetic
phenotypic quantum efficiency. In this study, we found
that a 90 mmol.L~" salt mixture caused a reduction in
chlorophyll content in blueberry leaves, leading to a
reduction in photosynthetic capacity. This is because
plants normally contract leaf stomata and reduce G;
under salt stress, limiting the transport of CO, to chlo-
roplasts and evaporation of leaf water, thereby inhib-
iting leaf photosynthesis and transpiration. In contrast,
the photosynthetic capacity and chlorophyll content
of blueberries were significantly improved by exoge-
nous melatonin application, with the best results
obtained under the 200 umol.L=" treatment. In a similar
study, Wang et al. [64] found that 200 mmol.L=! NaCl
damaged 27.7% of chloroplasts in cucumber, and the
number of damaged chloroplasts decreased to 20.6%
under the 100 umol.L=" melatonin treatment, suggest-
ing that melatonin is beneficial in alleviating salt
stress-induced damage to the ultrastructure of chlo-
roplasts while decreasing the degradation rate of chlo-
rophyll. This further leads to an increase in the
chlorophyll content and improves the photosynthetic
rate of plants [65].

Under salt stress, an increased salt uptake by plants
inhibits the uptake of other nutrients, leading to nutri-
ent ion deficiency or imbalance. The most common
single salt poisoning is Na* poisoning, where high Na*
concentrations can displace the structural integrity of
the cell membrane and disrupt its function, resulting
in the leakage of potassium, phosphorus, and organic
solutes from cells [6]. There is a competition between
K* and Na*, with high concentrations of Na* inhibiting
the K* uptake of plants [5]. In contrast, the more resis-
tant apple JM2 accumulated less Na ions in the leaves
under 150mM NaCl conditions and was subjected to
less osmotic stress[66]. In this study, the Na* content
of blueberry roots, stems, and leaves increased signifi-
cantly under the 90 mmol.L™" mixed salt treatment,
whereas K* content decreased significantly, similar to
the results observed in poplar [67] and aloe vera [68].
Li et al. [40] concluded that violets pretreated with
melatonin had significantly reduced Na* and CI~ con-
tent and increased K* content in the leaves under salt
stress. In another study, the K* content and K*/Na*
ratio in salt-affected maize shoots increased signifi-
cantly by 18% and 52%, respectively, and the Na*
content in leaves decreased significantly after mela-
tonin treatment [61]. In this study, we found that the
Na* content of blueberry roots, stems, and leaves was
reduced by external melatonin application, with the
highest reduction achieved with 200 umol.L" mela-
tonin treatment, while K* content in roots and leaves



was increased at different melatonin concentrations,
with the highest increase achieved with 200 umol.L™’
melatonin treatment. This indicates that exogenous
application of melatonin can reduce the Na* content
of blueberry organs while increasing their K* content
to maintain ionic balance and reduce salt stress-induced
damage to blueberry.

We intend to further investigate how exogenous
melatonin induces genetic differences in blueberry
under salt stress and explore the mechanisms of inter-
action between melatonin and other signalling mole-
cules, which will help to reveal the facilitation and
mechanisms of action of chemical regulators, and
screen new plant growth regulators to mitigate salt
stress damage, promote plant recovery, and reduce
disaster losses. Although melatonin spraying enhances
adaptation to salt stress, the effectiveness of single
application in production is still limited. Therefore,
melatonin should be used as a basis for developing
more effective combinations. In the meantime, the
dosage effects of melatonin and its formulations in
modulating plant responses to salt stress should be
further investigated to determine the optimum con-
centration for its function and to develop precise appli-
cation techniques in conjunction with its synthetic and
metabolic mechanisms.

Conclusions

Our findings revealed that blueberry ‘Northland’ under
90 mmol.L™" mixed salt stress inhibited seedling growth
and reduced their biomass, chlorophyll content, and
photosynthetic capacity while increasing MDA content
and relative EL from the leaves, which eventually dried
out and began to fall off. Melatonin application to the
leaf surface significantly improved its growth, biomass,
photosynthetic capacity, and ionic balance regulation
while decreasing lipid peroxidation-induced damage
to the cell membrane. These results suggest that mel-
atonin is effective in mitigating the damage caused
by mixed salts to blueberry seedlings. Among the
melatonin concentrations examined in this study, the
best results were obtained with 200 umol.L”" mela-
tonin, which was also consistent with the results of
morphological evaluation of blueberries.
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Appendix 1

Standard curve plotting(K+)
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