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Selenium (Se) is a  beneficial element for  higher 
plants, while the  intake of  fruits and vegetables 
enriched in  Se is beneficial for  people to  prevent 
diseases (Schiavon et  al. 2020; Mehraban et  al. 
2023). However, Se deficiency in the diet is a global 

problem, and researchers have reported that a low 
dietary Se intake in  many countries (even below 
0.2  mg/kg) led to  a  lower content in  the human 
body (Delesalle et  al. 2017). For example, 39–61% 
of  Chinese residents had lower daily Se intakes 
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Abstract: Selenium (Se) is a beneficial element for plant growth and development. In this study, three-year-old potted 
‘Qingcui’ plums were treated with Na2SeO4

 (Se6+) or selenomethionine (SeMet Se2-) to explore the effect of Se on 
the plant growth, fruit quality, and 5-hydroxytryptophan (5-HTP) metabolism. Flower and fruit numbers, fruit qual-
ity and yield, Se content, and 5-HTP metabolites and enzymes were detected. The results showed that the flower and 
fruit numbers, and yield were significantly increased by the Se application. There were no significant differences in the 
fruit diameters, fruit mass, edible part ratio, titratable acids, water content, and solid acid ratio among the treatments. 
The total soluble solids, soluble protein, and malondialdehyde contents under the Se6+ treatment showed no significant 
difference compared to the Se2- treatment, but they were significantly higher than these under control by 16.71%, 39.13%, 
and 36.27%, respectively. The Se application markedly increased plant the Se content, and Se contents in the roots and 
leaves, or the fruits were significantly larger by the Se6+ treatments than the Se2- treatment. The leaves’ pigment contents 
under the Se2- treatments were significantly larger than those under the control or Se6+ treatment. Tryptophan was not 
significantly influenced, the 5-HTP and 5-methoxytryptophan contents were reduced in the roots, and increased in the 
leaves, and the serotonin content was only significantly increased in the roots by the Se treatments. The tryptophan 
hydroxylase and hydroxyindole-O-methyltransferase levels were slightly influenced, and the tryptophan decarboxylase 
level in the roots or fruits was significantly increased by the Se treatments. The Se application had beneficial effects on 
the plant growth, fruit quality, and Se content, especially in the Se6+ treatment, and influenced the 5-HTP metabolism.
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tified in  the medicinal herb cowhage (Mucuna pru-
riens) in  1954 (Bell, Fellows 1996). Similarly, there 
are large amounts of  5-HTP in  the harvested seeds 
of  Griffonia  simplcifolia, which has  attracted com-
mercialisation. This plant has  beneficial effects on 
young subjects with high levels of acute stress (Ema-
nuele et al. 2010; Carnevale et al. 2011), as well various 
diseases, such as depression, insomnia, chronic head-
aches, and obesity and binge eating (Xu et al. 2020). 
More importantly, 5-HTP has overwhelming advan-
tages over synthetic anti-depressants and tryptophan 
in  alleviating the  numerous impacts of  serotonin 
deficiency syndrome (Carnevale et al. 2011). In con-
trast to its effects on humans, 5-HTP inhibited plant 
growth (Hagin 1989). 5-HTP converts to  serotonin 
by  aromatic acid decarboxylase (AADC) in  animals 
(Bajwa et al. 2015) or TDC in plants (Park et al. 2008).

There are few reports on the interactions between 
Se and 5-HTP. The  Se treatment significantly in-
creased the 5-HTP content, but showed no significant 
effects on the  serotonin levels in  plums (Sun et  al. 
2020b). Additionally, hydroxyindole-O-methyltrans-
ferase (HIOMT) can convert 5-HTP into 5-meth-
oxytryptophan (5-MTP) (Harumi, Matsushina 2000), 
which was found to have anticancer activity and pro-
tect against vascular injury as well as oxidative injury 
in cardiomyocytes (Chou, Chan 2014; Wu et al. 2014; 
Ho et al. 2016). In this study, we measured the con-
tent of  the intermediates and the  enzymes levels 
in  the 5-HTP synthesis pathway to assess the effect 
of  different Se forms on the  metabolism of  5-HTP 
in ‘Qingcui’ plums. 

MATERIAL AND METHODS 

Plant material and growth conditions. The ex-
periments were conducted in a greenhouse in Ful-
ing, Chongqing, China (29°45'N, 107°15'E). The cli-
mate belongs to the humid monsoon climate of the 
middle subtropic zone. The  annual average tem-
perature is 18.1 oC, the annual average precipitation 
is 1  072  mm, there is 1  248 hours of  sunlight per 
year, and the  altitude is about 230 m. Three-year-
old ‘Qingcui’ plums were planted in  growth boxes 
(39 × 39 × 35 cm) with garden soil (loam, pH 6.3; 
content of  organic matter, 10.0 g/kg; total N, P, 
and K, 0.84, 0.23, 16.2 g/kg, respectively) on Janu-
ary 7, 2019. The plum trees were maintained under 
normal management until July 13, 2019. Then 12 
trees were selected, where 0.337 mmol Na2SeO4 or 

than the  World Health Organization/ Food and 
Agriculture Organization of  the United Nations 
(WHO/FAO) recommended value (26–34 μg/day) 
(FAO/WHO 2001; Dinh et al. 2018). The bio-forti-
fication of edible plants with Se is an excellent way 
to  increase the dietary Se intake of humans (Puc-
cineli et al. 2020). The standard Se content of fruits 
in China is 10–50 μg/kg (fresh mass (f.m.)). Thus, 
the movement of Se across the soil, crop, and en-
vironmental interfaces is crucial for  improving 
the Se status of humans. Se in the agro-ecosystem 
in  both inorganic and organic forms, and the  ca-
pacity of wild peaches for Se enrichment was found 
to  be more assertive with Se6+ (Na2SeO4) or Se2- 

(Selenomethionine (SeMet)) than with Se0 or Se4+ 

(Sun et  al. 2020a). As  higher woody plants, fruit 
trees show higher selectivity for different Se forms 
than herbaceous crops. At  the same time, an  ap-
propriate application of  Se can increase the  fruit 
yield and quality (Wang et al. 2013; Jing et al. 2017; 
Puccineli et  al.  2020), and ameliorate oxidative 
damage under abiotic stress (Kaur, Nayyar  2015; 
Zahedi et al. 2019a).

The plum (Prunus salicina L.) is a critical temper-
ate deciduous fruit tree widely planted throughout 
the world (Rampackova et al. 2021; Halase et al. 2023). 
The  fruit contains high nutritional values in  terms 
of carbohydrates, minerals, and vitamins, having var-
ious medicinal values (Usenik et al. 2008; Jiang et al. 
2019; Fajardo et al. 2020; Lara et al. 2020). A previous 
study showed that the plum fruit contains serotonin 
(Gonzalez-Flores et al. 2011), and a Se application can 
increase the serotonin content of the ‘Qingcui’ plum 
(Sun et al. 2020b). The ‘Qingcui’ plum, yellow or green 
in colour, crispy and sweet, and a freestone, was orig-
inated in  China  and is widely planted in  southwest 
China including the Chongqing area (Sun et al. 2023). 

The biosynthesis pathway from tryptophan to ser-
otonin includes two possible ways: the  first one is 
the  tryptophan synthesis to  5-hydroxytryptophan 
(5-HTP) by tryptophan hydroxylase (TPH), and then 
the 5-HTP synthesis to serotonin by tryptophan de-
carboxylase (TDC); the  other is that  first, the  tryp-
tophan synthesis to  tryptamine by  TDC, and then 
the  tryptamine synthesis to  serotonin by  trypto-
phan hydroxylase (T5H). The  plum 5-HTP content 
was  significantly increased by  Se applications (Sun 
et  al. 2020b), which maybe indicate that Se induces 
5-HTP synthesis.

Although 5-HTP is a  critical signalling molecule 
in  the nervous system of  animals, it was  first iden-
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SeMet was dissolved in 2 L water before being added 
into each plant (n = 4) (the soil Se content was about 
0.5 mg/L), and the  control (n =  4) treatment used 
2 L of water only. The plant height was about 200–
270 cm, the stem diameters was about 20 mm, and 
the branch numbers was about 25.

Plant growth. In  2020, the  number of  flowers 
was  counted on March 10, 15, 20, 25, and 30, and 
the number of young fruits was counted on April 5, 
10, 15, and 20. Finally, the number of mature fruits 
was courted on July 25.

Selenium content. The edible part of the fruits, 
mature leaves, and roots were collected on 15 July 
2020, and overdyed at 60 oC and stored until further 
analysis. The Se content was determined as follows: 
0.400 g of  dry material was  added to  5 mL of  ni-
tric acid, and soaked overnight. Then, the material 
was  ground at  160 °C for  4 hours. After cooling 
to room temperature, the acid digests were diluted 
to 25 mL with 1% nitric acid. The total Se content 
was measured by inductively coupled plasma mass 
spectrometry on an X series instrument (ICP-MS, 
Thermo Fisher Scientific, USA), provided by  Sci-
Tech innovation Co, Ltd (Qingdao, China). 

Leaves’ pigment contents. The  leaves’ pigment 
contents were determined spectrophotometrically 
by the method described by Lichtenthaler and Wel-
burn (1983). The fresh round leaf disks from the same 
area were abtained from the leaves using a perfora-
tor, and soaked in 8 mL of 95% ethyl alcohol, and 
kept in  the dark at 4 °C until the  leaves fade green. 
Then, the solution was diluted 4-fold with 95% ethyl 
alcohol, and the absorbance was measured at 665 nm, 
649 nm, and 470 nm using a UV-spectrophotometer 
(Shimadzu UV-16A, Shimadzu, Corporation Kyoto, 
Japan) to detect the contents of chlorophyll a, chloro-
phyll b, chlorophyll a + b, and the carotenoids.

Levels of  tryptophan hydroxylase (TPH), tryp-
tophan decarboxylase (TDC), and hydroxyindole-
O-methyltransferase (HIOMT), and 5-methoxy-
tryptophan. The  roots, leaves, and fruit enzyme 
levels of the TPH, TDC, and HIOMT, and 5-meth-
oxytryptophan contents were measured by  double-
antibody sandwich enzyme-linked immunosorbent 
assay (ELISA) kits customised by  Sci-Tech innova-
tion Co., Ltd (Qingdao, China), according to manu-
facturer’s instructions (Jiangsu Meimian Industrial 
Co. Ltd. (Jiangsu, China) (Mohamed et  al. 2020). 
The  detection range of  TPH, TDC, HIOMT, and 
5-methoxytryptophan were 6–260 U/L, 16–650 U/L , 
2.5–85 U/L , and 5–180 ng/L, respectively. The TPH, 

TDC, and HIOMT enzyme levels was  described 
as  U/g and the  content of  5-methoxytryptophan 
was expressed as ng/g.

Tryptophan, 5-hydroxy tryptophan (5-HTP), 
and serotonin content. Frist, the sample was 
crushed and mixed, and then 1.00 g was accurately 
weighted before added 5mL of 0.4 mol/L perchloric 
acid to perchloric acid. This was followed by mix-
ing, then ultrasonic extraction for 30 minutes, and 
centrifugation at  6  000 g for  5  minutes. The  first 
supernatant was removed and the sample was ex-
tracted again. Then, the  two supernatants were 
mixed and filtered through a  0.22  μm pore-size 
membrane before the  High-performance liquid 
chromatography (HPLC) analysis. The compounds 
were separated on a  SyncromisTM C18 column 
(250 mm × 4.6 mm, 5  μm) with isocratic elution 
at a flow rate of 1.0 mL/min, the column was 35 oC, 
and the  sample load was  10  μL. For  tryptophan, 
the mobile phase was water: methanol (80 : 20, v/v), 
while for  5-hydroxy tryptophan and serotonin, 
it was  0.05 mol/L KH2PO4 (pH 2.68): methanol 
(90 : 10, v/v). The elution of compounds was moni-
tored at 280 nm.

Fruit diameters, edible part ratio, and yield. 
The transverse and longitudinal diameters were mea-
sured using Vernier callipers (0.01 cm), the fruit and 
kernel mass was measured using a balance (0.01 g), and 
the edible part ratio was calculated as (Wfruit - Wker-

nel)/Wfruit × 100%. The yield was calculated as the total 
fruit harvested mass per plant.

Total soluble solids and titratable acid con-
tents. The total soluble solids were measured using 
a digital refractometer (Pocket Refractometer PalTM, 
Atago, Japan). After calibrating to zero with distilled 
water, and then use gauze clean the prism surface. 
After 0.3 mL fruit  juice was added on the prism, 
the brix (%) was measured by 3 seconds. The titrat-
able acids were titrated with 0.1 mol/L NaOH, us-
ing phenolphthalein as a pH indicator. The endpoint 
was  determined by  titration until the  reddish col-
our does not dissipate over 30 s. The titratable acid 
content was calculated from the consumed NaOH, 
and the  conversion factor was  0.067 (malic acid). 
The solid acid ratio was calculated as the soluble sol-
ids divided by the titratable acids. 

Soluble protein content. The  soluble protein 
content was  detected using Coomassie brilliant 
blue G-250, form 5 g fruit was  ground, and cen-
trifuged, after which 0.3 mL of  the supernatant 
was  added to  1.5  mL of  Coomassie brilliant blue 



144

Original Paper	 Horticultural Science (Prague), 51, 2024 (2): 141–151

https://doi.org/10.17221/45/2023-HORTSCI

G-250 and mixed for 2 minutes before being meas-
ured at 595 nm (Zahedi et al. 2019b). The soluble 
protein content was calculated using a bovine se-
rum albumin standard curve. 

Malondialdehyde (MDA) content. Fresh leaves 
were cut with a hole puncher (diameter 1.5 cm), then, 
6 round blades were selected and ground with quartz 
sand in 4 mL of 10% trichloroacetic acid. The resulting 
homogenate was centrifuged at 4 000 ×g for 10 min. 
Then, 1 mL of the resulting supernatant was combined 
with 1 mL of 0.6% thiobarbituric acid, mixed and boiled 
in  a  water bath for  10  minutes. After rapid cooling 
in water and centrifugation at 4 000 ×g for 10 minutes, 
the absorbance (A) was measured at 450 nm, 532 nm, 
and 600  nm. The  malondialdehyde (MDA) content 
content was  calculated as  follows: MDA (mol/L)  =   
(6.45 × A532 – 0.56 × A450) × 10-6 (Bai et al. 2010). 

Statistical analysis. Origin 8.5 (OriginLab Cor-
poration, USA) was  used to  evaluate the  varia-
tion in the parametric data among the treatments. 
The  differences between the  means were tested 
for  significance with Fisher’s LSD (P < 0.05) level 
using an analysis of variance (ANOVA).

RESULTS 

The total number of flowers of plums treated with 
the  two forms of Se application on March 15–25th 
was  significantly higher than in  the control treat-
ment. The  effect of  the Se2– treatment was  slight-
ly better than the  Se6+ treatment (Figure 1A). 
The number of fruits per plant was also significantly 
increased by the two forms of Se, and the treatment 
with Se6+ had a slightly better effect than the treat-
ment with Se2- (Figure 1B). The number of mature 
fruits per plant under the  Se6+ treatment was  the 
highest, followed by Se2-, and the plums treated with 
either form of Se had significantly higher fruit num-
bers than the control (Figure 1C). 

Compared to the control, the two forms of Se ap-
plication showed no significant difference in  the 
fruit transverse or longitudinal diameter, fruit 
mass, edible part ratio, and water content (Table 1). 
The yield per plant was significantly increased by the 
Se6+ treatment, followed by the Se2- treatment, and 
the yield of the control was significantly lower than 
that of the two forms of Se.
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Figure 1. Effect of Se6+ (from Na2SeO4) or Se2– (from 
SeMet) on the number of flowers (A), young fruits (B), 
and maturity fruits (C)
The presented data are mean ± SD for the four treatments 
(n = 4); values with the different letters are significantly 
different with P < 0.05 (Fisher’s LSD test)
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Sweet and acid makes a major contribution to the 
flavour value of plum fruit. The treatment with the two 
forms of  Se significantly increased the  total soluble 
solids content of the fruits, but there was no signifi-
cant difference between the Se2– and Se6+ treatments 
(Table 2). The  range of  titratable acid and the  solid 
acid ratio was also increased by the treatments with 
the two forms of Se, but the difference was insignifi-
cant. The soluble protein content was significantly in-
creased in the Se6+ treatment, and the Se2– treatment 
also increased the level, but the difference was insig-
nificant. The fruit MDA content was induced by the 
Se treatment, and the  content was  significantly in-
creased with the Se6+ treatment.

In the treated plants, the roots’ Se content was the 
highest, followed by  the leaves, and the  fruits’ 
Se content was  the lowest (Table 3). The  Se con-
tent of  each organ of  the plums treated with Se6+ 
was significantly higher than in the Se2– treatment. 
At the same time, the Se content of the Se2– treated 
plants was significantly higher than that of the con-
trol plants.

The pigment content of the leaves from the plants 
treated with Se2- was  higher than in  the Se6+ and 
control treatments, and the difference was  statisti-
cally significant. The  Se6+ treatment did not differ 
from the control treatment in chlorophyll a, chloro-
phyll b, chlorophyll a + b, and carotenoids (Table 4). 

The TPH level showed similar trends in the roots 
and leaves, and there was no significant change un-
der the  treatments with the  two forms of Se (Fig-
ure 2). However, the TPH level in the fruits was sig-
nificantly higher under the  Se6+ treatment than 
the control. The Se2- treatment had no significant 
impact. The TDC level was significantly increased 
in the roots, reaching the highest level in the Se2- 

group, followed by Se6+ and the control. In leaves, 
the Se6+ treatment increased the TDC level, while 
Se2- reduced the level. In the fruits, the TDC level 
was significantly decreased by the treatments with 
the two forms of Se. There was no significant differ-
ence in the HIOMT levels in the roots and fruits, 
but the  level was  reduced in  the leaves following 
the Se6+ treatment. 

Treatment Transverse  
diameter (mm)

Longitudinal 
diameter (mm)

Fruit  
mass (g)

Edible part  
ratio (%)

Water content  
(%)

Yield  
(g/plant)

Control 24.00 ± 1.86a 22.16 ± 1.5a 6.62 ± 1.42a 95.30 ± 0.77a 86.61 ± 1.26a 15.44 ± 3.82b
Se6+ 23.49 ± 1.30a 22.17 ± 1.30a 6.37 ± 1.01a 94.82 ± 1.17a 87.62 ± 1.79a 137.92 ± 95.76a

Se2- 25.15 ± 1.32a 23.18 ± 1.29a 7.52 ± 0.94a 96.0 ± 0.005a 85.29 ± 1.15a 103.45 ± 12.85a

Table 1. Effect of Se6+ (from Na2SeO4) or Se2- (from SeMet) on the fruit transverse or longitudinal diameter, fruit 
mass, edible part ratio, water content, and yield

a,bValues in the columns marked with a different lowercase letter differ significantly at P < 0.05 (Fisher’s LSD significant test).

Treatment Total soluble solids 
(%)

Titratable acids  
(%) Solid acid ratio Soluble protein  

content (%)
MDA content 

[μmol/m2 (f.m.)]
Control 11.01 ± 0.26b 0.92 ± 0.15a 12.15 ± 1.36a 0.23 ± 0.024b 52.63 ± 10.81b

Se6+ 12.85 ± 0.40a 0.98 ± 0.12a 12.71 ± 1.48a 0.32 ± 0.041a 71.72 ± 6.84a

Se2- 13.41 ± 0.49a 0.97 ± 0.03a 13.80 ± 0.45a 0.27 ± 0.030ab 61.02 ± 7.13ab

The lower-case letters represent column comparisons, and the lower-case letters in brackets represent horizontal com-
parisons that differ significantly at P < 0.05 (Fisher’s LSD significant test); d.m. - dry mass

Table 2. Effect of Se6+ (from Na2SeO4) or Se2- (from SeMet) on the fruit total soluble solids, titratable acids, solid 
acid ratio, soluble protein content, and malondialdehyde (MDA) content

a,bMarked with a different lowercase letter differ significantly at P < 0.05 (Fisher’s LSD significant test); f.m. - fresh mass

Treatment Roots Se content  
[mg/kg (d.m.)]

Leaves Se content  
[mg/kg (d.m.)] 

Fruits Se content  
[mg/kg (d.m.)]

Control 0.72 ± 0.25c(a) 0.14 ± 0.03c(b) 0.00 ± 0.00c(c)

Se6+ 2.52 ± 0.17a(a) 1.92 ± 0.46a(b) 0.30 ± 0.07a(c)

Se2- 1.56 ± 0.20b(a) 0.29 ± 0.05b(b) 0.05 ± 0.02b(c)

Table 3. Effect of Se6+ (from Na2SeO4) or Se2- (from SeMet) o'on the selenium (Se) content of the roots,leaves,  and fruits
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The content of  tryptophan in  the leaves was  the 
highest, followed by the roots, but was not detect-
ed in the fruit (Figure 3A). There was no significant 
difference between the two forms of Se treatments 
and the control. The content of 5-HTP was slightly 
reduced by the two forms of Se in the roots, while 
it was  significantly increased in  the leaves under 
the Se6+ treatment (Figure 3B). The treatment with 
Se2- also increased the  content, but the  differ-
ence was not significant. No tryptophan or 5-HTP 
was  detectable in  the fruits, indicating a  content 
of  less than 1.299 μg/g f.m. and 2.593 μg/g f.m., re-
spectively. The range of 5-methoxytryptophan in the 
roots was  reduced by  the Se treatment, especially 
in the Se6+ group, and the difference was significant. 
Conversely, the 5-methoxytryptophan content in the 
leaves was significantly increased by  the two treat-
ments, with the Se6+ increasing it the most, followed 
by Se2- (Figure 3C). At the same time, the fruit con-

tent of 5-methoxytryptophan was also significantly 
increased in the groups treated with the two forms 
of Se compared to the control. The Se treatment also 
significantly increased the roots’ serotonin content 
(Figure 3D). The content was also increased in  the 
leaves, but the difference was not significant. The se-
rotonin content of  the fruits was  similar between 
the groups.

DISCUSSION

Se is a beneficial elemental for higher plants, and 
has been reported to increase the fruit production, 
fruit quality, antioxidant capacity, and other valu-
able traits (Chu et al. 2013; Wang et al. 2013; Kaur, 
Nayyar 2015; Jing et  al. 2017; Zahedi et  al. 2019b; 
Puccineli et  al. 2020). However, the  effects of  Se 
on the  plant flowering and fruiting have been less 

Treatment Chlorophyll a 
[g/m2 (f.m.)]

Chlorophyll b 
[g/m2 (f.m.)]

Chlorophyll a + b  
[g/m2 (f.m.)]

Carotenoids  
[g/m2 (f.m.)]

Control 0.74 ± 0.11b 0.34 ± 0.07b 1.11 ± 0.19b 0.19 ± 0.01b

Se6+ 0.83 ± 0.03b 0.23 ± 0.02b 1.12 ± 0.05b 0.21 ± 0.02b

Se2– 1.04 ± 0.07a 0.40 ± 0.04a 1.44 ± 0.11a 0.22 ± 0.02a

a,bValues in the columns marked with a different lowercase letter differ significantly at P < 0.05 (Fisher’s LSD significant 
test). f.m. - fresh mass

Table 4. Effect of Se6+ (from Na2SeO4) or Se2– (from SeMet) on the plum leaf contents of chlorophyll a, chlorophyll b, 
chlorophyll a + b, and carotenoids
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Figure 2. Effect of Se6+ (from Na2SeO4) or Se2– (from 
SeMet) on the leaves-, roots-, and fruits level of tryp-
tophan hydroxylase (TPH) (A), tryptophan decarbox-
ylase (TDC) (B), and hydroxyindole-O-methyltrans-
ferase (HIOMT) (C)
The presented data are mean ± SD for the four treatments 
(n = 4); values with the different letters are significantly 
different with P < 0.05 (Fisher’s LSD test); f.m. – fresh mass
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studied. Our previous studies showed that Se6+ and 
Se2- had a beneficial impact on plum growth via the 
plant height and stem diameter with the same mate-
rial (Sun et al. 2020a). In the following year, plants 
with a Se application promoted the plum flower bud 
initiation, increasing the  numbers of  flowers and 
fruits, and the  yield per plant (Figure 1, Table  1). 
The  two forms of  Se had no significant influence 
on the fruits’ appearance quality and some intrinsic 
qualities (Tables 1 and 2). A Se application at differ-
ent doses increased the yield per plant in tomatoes 
(Gaucin-Delgado et  al. 2020), and a  Se application 
increased the  number of  fruits per plant and yield 
of okra (Ali et al. 2020). While little study has been 
undertaken on woody fruit trees, our research 
showed that applying Se via the roots had beneficial 
effects on the  flowering and fruiting of  plum trees 
by  the higher numbers of  flowers and fruits, but 
the mechanism is still unclear. 

The intrinsic quality of the fruits, in terms of the 
total soluble solids, titratable acids, solid acid ratio, 
and soluble protein was increased by the two forms 
of  the Se application. Similar results were also re-
ported in  tomatoes (Gaucin-Delgado et  al.  2020), 
pomegranates (Zahedi et  al. 2019b), grapes (Zhu 
et  al. 2017), strawberries (Zahedi et  al. 2019a), 
peaches and pears (Pezzarossa  et  al. 2012). With 
the intrinsic fruit quality increased, the MDA con-
tent was also increased by the Se treatment, which 
was  a  direct indicator of  the cell membrane integ-
rity. Although, the  MDA content kept low levels 
to  damage the  cells, the  Se6+ application showed 
higher MDA contents compared to  the Se2– appli-
cation and significantly higher than the control. Se 
can induce oxidative stress to cause toxicity in plants 
(Hoewyk  2013). Ferreira  et  al. (2020) reported 
that an increased Se6+ concentration raised the MDA 
content and reached significant levels of more than 
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Figure 3. Effect of Se6+ (from Na2SeO4) or Se2– (from SeMet) on the leaves-, roots-, and fruits content of tryptophan 
(A), 5-hydroxytryptophan (B), 5-methoxytryptophan (C), and serotonin (D)
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5 μM. Moreover, the plants under 5 μm Se2– (SeMet) 
significantly increased the MDA content (Malheiros 
et  al. 2020). Organic and inorganic Se treatments 
had different reported influences on the antioxidant 
levels on broccoli florets (Gui et al. 2022). Our study 
also indicated that the two forms of Se applications 
changed the antioxidant level, but the different dis-
tinct types of stress could not be made clear. 

Plum fruits that  are bio-fortified with Se can be 
considered a  functional food that  promotes opti-
mal human health and helps reduce the risk of vari-
ous diseases. The daily dietary intake of Se supplied 
by  fruits and vegetables is estimated to  be 1.21  μg 
per person per day (Diaz-Alarcon et al. 1994). Brata-
kos et al. (2010) reported that the total daily dietary 
intake of Se amounts was an average of 87 μg. In re-
cent recommendations, the daily dose of Se was set 
at 55–220 μg, and the upper limit of Se intake should 
be limited to  400 μg for  adults (USDA-ARS 2012; 
Vinceti et al. 2018). Similarly, the Chinese Nutrition 
Society recommends that the minimum daily intake 
of Se for adults reach at least 50 μg. Se-enriched fruit 
bio-fortified through soil fertilisation has rarely been 
studied compared to  foliar fertilisation, especially 
in woody fruit trees. Our study showed that supply-
ing plum roots with 0.337 mmol Se6+ for one year 
quickly achieved the suggested standards in the ed-
ible parts (0.01-0.05 mg/kg f.m. in China), but sup-
plying 0.337 mmol Se2– for one year did not achieve 
the suggested standard. In this respect, soil fertilisa-
tion with Se6+ was better than Se2– for selenium for-
tification in plums.

Usually, fruits and vegetables show lower levels 
of  Se enrichment (Bratakos et  al. 2012; Garou-
si 2017), which makes a speciation analysis difficult 
or even impossible. However, plants applied with 
Se fertilisers can reach the appropriate concentra-
tions for the analysis (Thiry et al. 2012). Moreover, 
the  biological Se enrichment in  crops can have 
a positive impact on human nutrition and health. 
In  our experiments, the  fruits of  plums treated 
with either form of  Se were more nutritious than 
the control treatment, whereby Se6+ was better than 
the Se2– treatment. The water content in the edible 
part of  the plum fruit was approximately 85-87% 
(Table 3). The treatments with the two forms of Se 
significantly increased the Se content in the edible 
part of  the fruit. The  upper limit of  the daily di-
etary intake of Se is equivalent to 16.29 kg of  for-
tified plums, thus making it impossible to  reach 
a Se overdose. 

The Se content of  the underground plant parts 
and leaves was  significantly higher than in  the 
fruits, which is consistent with the results of Salkić 
et  al. (2019). Leaves, which are the  critical organ 
of photosynthesis, are richer in minerals than buds 
and fruits. A selenium application can improve 
the  photosynthesis and protect the  photosystem 
II  in  fruit tree leaves (Feng et  al. 2015). In  agree-
ment with these findings, both forms of  Se in-
creased the leaves’ pigment contents in our study, 
particularly under the  Se2– treatment. Compared 
to  the leaves, the  roots’ Se content was  higher. 
Se fertiliser recovery (SeFR) is low, and most Se 
taken up accumulates in  the non-harvested plant 
parts (Ebrahimi et al. 2019). Our study also showed 
the same trend, and the SeFR of Se6+ appeared to be 
higher than Se2–. Moreover, also similar to Wu et al. 
(2020), where they reported on a novel Se hyper-
accumulation plant (Cardamine violifolia), the  Se 
accumulation efficiency was Se6+ > Se2–.

5-HTP has  been reported in  many plants (Bell 
and Fellows 1966; Emanuele et  al. 2010; Sun et  al. 
2020b), and is used to prevent and treat some diseas-
es (Meloni et al. 2020; Xu et al. 2020). For example, 
broilers’ dietary supplementation with 5-HTP can 
reduce the  accumulation of  abdominal fat  and be 
beneficial to the intestinal immune function (Wang 
et al. 2020). In the Se-treated plums, the levels of the 
5-HTP synthesis and metabolism were influenced 
by  both forms of  Se, but the  effects were different 
in the roots, leaves, and fruits in our study. 

Tryptophan, a  precursor for  serotonin (Murch 
et al. 2000) and 5-HTP biosynthesis, was not signifi-
cantly influenced by the Se application in the roots 
and leaves in our study, similar to that reported by Li 
et al. (2016). Moreover, Se had no significant influ-
ence on the 5-HTP content in the roots, but signifi-
cantly increased the serotonin content, while reduc-
ing the 5-methoxytryptophan content. In tomatoes, 
the  leaves’ serotonin content was  induced consid-
erably by 3 μmol/L of different Se forms (Na2SeO4, 
Na2SeO3, Se-Cys) of treatments by application to the 
roots for  three days (Li et  al. 2016). By  contrast, 
the 5-HTP range of the leaves was increased by the 
Se treatment, the  5-methoxytryptophan content 
was considerably increased, and there was no signif-
icant change in the serotonin content. Our previous 
study also showed that the two forms of Se did not 
significantly influence the  serotonin content, and 
induced the 5-HTP content in the leaves (Sun et al. 
2020b). Tryptophan, tryptamine, and 5-HTP are 



149

Original Paper	 Horticultural Science (Prague), 51, 2024 (2): 141–151

https://doi.org/10.17221/45/2023-HORTSCI

precursors of serotonin, and the TDC and TPH en-
zymes are involved in the serotonin synthesis (Murch 
et al. 2000; Park et al. 2008; Sun et al. 2020b). TPH 
is converted into 5-methoxytryptophan by HIOMT 
(Harumi and Matsushima  2000). There was  a  dif-
ferent trend in  the relationship between the  sero-
tonin and 5-methoxytryptophan in  the leaves and 
roots. The contents of tryptophan and 5-HTP in the 
fruits were below the  detection limit, which pre-
cluded any analysis of  the influence of Se on these 
metabolites. However, the  5-methoxytryptophan 
content was  increased, and the  serotonin content 
showed no significant influence on the  fruits while 
the TPH increased, the TDC decreased, and the HI-
OMT did not significantly change by the treatments 
with the  two forms of  Se. These results may indi-
cate that the 5-HTP synthesis and metabolism were 
similar in  the fruits and leaves, and different from 
that  in the  roots. Furthermore, the  Se fertilisation 
does not appear to  be an  effective way to  obtain 
a higher serotonin content in ‘Qingcui’ plum fruits, 
but can be obtained with a higher 5-methoxytrypto-
phan content.

CONCLUSION 

The present study showed that  root fertilisation 
with Se6+ and Se2– was beneficial for the plum fruit 
yield and quality. The  Se contents in  the roots, 
leaves, and fruits under the  Se6+ treatment were 
significantly higher than those under the Se2– treat-
ment. The leaves’ pigment contents under the Se2–

treatment were significantly higher than those 
under the  Se6+ treatment. However, either form 
of  Se application influenced the  5-HTP synthe-
sis in  similar ways, with the  underground organs 
mainly upregulating the  tryptophan–›5-HTP–
›serotonin pathway, and the  aboveground organs 
mainly upregulating the  tryptophan–›5-HTP–›5-
methoxytryptophan pathway.
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