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Abstract 

Selenium promotes plant growth and improves nutritional quality, and the role of nano-selenium in alfalfa in regu-
lating nutritional quality is unknown. In this study, using the 15N labeling method, it was found that nano-selenium 
could promote plant nitrogen metabolism and photosynthesis by increasing the light energy capture capacity 
and the activities of key enzymes of the nitrogen metabolism process, leading to an increase in alfalfa nitrogen 
accumulation and dry matter content. The transcriptome and metabolome revealed that nano-selenium mainly 
affected the pathways of ‘biosynthesis of amino acids’, ‘starch and sucrose metabolism’, ‘pentose and glucuronate 
interconversions’, ‘pentose phosphate pathway’, and ‘flavonoid biosynthesis’. At the early stage of nano-selenium treat-
ment, the nitrogen metabolism, sugar metabolism, and flavonoid metabolism pathways were regulated by modulat-
ing the expression of genes such as NR, Nir, GS, GOGAT, E3.1.1.11, adh, CHS, FLS, etc., which increased the amount 
of L-glutamic, L-histidine, glycerone-P, coniferin, naringenin chalcone, and other beneficial substances, thus promot-
ing the acceleration of nitrogen accumulation by plants. In summary, this study provides a better understanding 
of the mechanisms by which nano-selenium regulates key nitrogen metabolic pathways in alfalfa.
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Graphical Abstract

metabolism at the right dose and inhibiting it beyond a 
threshold level [10]. A moderate amount of exogenous 
selenium favors photosynthesis in plants, promotes car-
bon and nitrogen metabolism, and increases amino acid 
content [11, 12]. In addition, low doses of exogenous 
selenium increase the content of secondary metabolites 
(flavonoids, phenolics, terpenes, etc.) in the plant, thus 
improving its nutritional quality and medicinal value of 
the plant [13, 14]. Nanoselenium, as a novel exogenous 
selenium, has a broad application throughout the agri-
cultural neighborhood. Domokos-Szabolcsy et  al. [15] 
found that the application of 50–100  mg  L−1 nanosele-
nium made the root more extensive and dense, and the 
fresh weight also increased significantly; in contrast, the 
selenate at this concentration completely inhibited the 
root formation. Nano-selenium can increase the content 
of flavonoids, amino acids, and vitamins in cherry rad-
ish by promoting sugar metabolism and the tricarboxylic 
acid (TCA) cycle metabolism pathway, which improves 
the nutritional quality of cherry radish [16]. Compared to 
inorganic selenium, low-dose, low-toxicity nanoselenium 
has excellent dispersibility and antimicrobial capacity 
[17]. In addition, nanoselenium can improve the anti-
oxidant capacity of plants by scavenging reactive oxygen 
species in them to adapt to adverse environments (heavy 

Introduction
Selenium is an essential trace element for human and 
animal health; it serves as a catalytic center for seleno-
proteins like glutathione peroxidase, contributes to the 
body’s antioxidant defense mechanisms, and may lower 
the risk of cardiovascular disease and cancer [1, 2]. As a 
result, inorganic selenium (selenate, selenite) was tradi-
tionally used to biofortify plants or animals in order to 
offer a safe supply of selenium for people [3]. However, 
since the range of safe doses of inorganic selenium is very 
small, the emergence of nanotechnology in recent years 
has been the key to solving this problem [4, 5]. Through 
physical, chemical, and biological synthesis, selenium 
nanoparticles with a particle size of 0–100  nm are 
formed, which have unique properties such as high sur-
face activity, large specific surface area, and high catalytic 
efficiency [6, 7]. According to studies, nanoselenium has 
the following advantages over inorganic and organic sele-
nium: high bioavailability, great stability, minimal tox-
icity, and high free radical scavenging ability [1, 8]. The 
emergence of nanomaterials such as selenium nanopar-
ticles has become the key to the development of the next 
generation of precision agriculture [9].

Selenium, as a biofortifier, has a dual role similar to 
that of a plant hormone, promoting plant growth and 
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metal pollution, drought, salinity, etc.) [18–20]. Nanose-
lenium also promotes the expression of lignin-related 
genes and an increase in metabolites (mustardiol, p-cou-
maryl alcohol, caffeol, and pine aldehyde) in plant roots, 
leading to an increase in the thickness of the cell wall to 
improve stress response resistance [21]. It is evident that 
nanoselenium is now playing an irreplaceable role in 
agriculture.

Alfalfa (Medicago sativa L.) as a high-quality forage 
with high protein, adaptability, and comprehensive nutri-
tional value, is widely cultivated worldwide [22, 23]. In 
addition to being widely used for feeding livestock, alfalfa 
is rich in flavonoids, polysaccharides, sulfate derivatives, 
and other metabolites, which are used in edible prod-
ucts and have potential commercial value [24, 25]. Stud-
ies on selenium in improving alfalfa yield and nutritional 
quality have been reported (mostly inorganic selenium), 
while less research has been done on nanoselenium. 
Appropriate concentrations of sodium selenite increase 
nodule number in alfalfa roots under low nitrogen condi-
tions and improve sugar accumulation in the plant [26]. 
Sodium selenite (100  mg  kg−1) has positive biostimula-
tory effects on redox metabolism, photosynthesis, and 
nutrition in alfalfa but is toxic at high doses [27]. Exog-
enous selenium will also increase the net photosynthetic 
efficiency of alfalfa and inhibit the formation of lignin 
in aboveground plants, thereby improving nutritional 
quality [28]. However, the molecular level mechanism 
of nanoselenium regulation of alfalfa nutritional qual-
ity has not yet been confirmed, especially for nitrogen 
regulation. Therefore, we analyzed the regulatory mecha-
nisms of nanoselenium on nitrogen metabolism and its 
related metabolic pathways in alfalfa using physiologi-
cal nitrogen isotope labeling, RNA-Seq sequencing, and 
non-targeted metabolomics (LC–MS). In this study, the 
physiological changes (such as photosynthetic efficiency, 
enzyme activity related to nitrogen metabolism, utiliza-
tion, and allocation of 15N) of alfalfa after nanoselenium 
treatment at different time periods were analyzed by 
the 15N isotope labeling method under the optimal con-
centration of nanoselenium initially screened by us, and 
the differently expressed genes (DEGs) and differentially 
accumulated metabolites (DAMs) and their key pathways 
were identified. Our results will elucidate the molecular 
mechanism of nanoselenium regulation on alfalfa nitro-
gen metabolism and provide a theoretical framework for 
further application of nanoselenium.

Materials and methods
Plant cultivation and experimental conditions
The experimental soil was taken from the experi-
mental station in Harlinger Town, Baotou City, Inner 
Mongolia Autonomous Region, China (longitude 

110°37″−110°27″ E–40°05″−40°17″ N). The follow-
ing are the original soil properties: pH, 7.4, organic 
matter 4.4  g  kg−1, total nitrogen 0.45  g  kg−1, fast-act-
ing phosphorus 23.57  g  kg−1, fast-acting potassium 
145.94  mg  kg−1, total selenium 0.10  mg  kg−1. Pot tri-
als were conducted in a greenhouse at the Inner Mon-
golia Agricultural University in the Inner Mongolia 
Autonomous Region of China. The plant materials 
were the alfalfa variety ‘WL232HQ’. NPs-Se was a 5% 
NPs-Se stock solution, provided by Shenzhen Zhigao 
Military and Civilian Integration Equipment Technol-
ogy Research Institute. Planter size: 55 × 30 × 20 cm. 60 
clover plants per pot. Stability 15N isotope labeling was 
performed prior to foliar spraying of selenium nanopar-
ticles. The marker used in the experiment was K15NO3 
reagent (white crystals) with 99% abundance. Based on 
the content of 2 µg of 15N per gram of soil in the nat-
ural state [29], 0.036  g of K15NO3 was applied to each 
pot, dissolved in 50 ml of distilled water, and injected 
uniformly into the soil 5  cm below the soil surface of 
the pots at four points with a syringe. When the alfalfa 
grew to about 20 cm, foliar sprays of nanoselenium at a 
concentration of 50 mg L−1 were applied at 7-day treat-
ment intervals (sprayed three times), where sprayed 
distilled water was used as a control (CK). The spray 
rate was 1000 L hm−2. Chlorophyll fluorescence param-
eters were determined on days 1 d, 7 d, and 14 d after 
the last nano- selenium treatment, while alfalfa leaves 
were taken to determine the enzyme activities of key 
enzymes of nitrogen metabolism, transcriptomes, and 
metabolomes for a total of three determinations, with 
three replications for each treatment. The treatment 
groups were recorded as CK_1, CK_7, CK_14, Se_1, 
Se_7, and Se_14. They were immediately washed with 
deionized water and stored on dry ice, these samples 
were kept at −  80  °C. The remaining plants were har-
vested at 14 days and divided into roots, stems, leaves, 
and whole plants for total N and 15N determination.

Determination of plant biomass and 15N indicators
The harvested alfalfa samples were dried at a constant 
temperature of 65°C for 48 h to determine the dry 
weight [22]. Dried samples were pulverized in a ball 
mill (MM400, Retsch, Haan, Germany), and the deter-
mination of the total nitrogen content and 15N concen-
tration (δ15N) was carried out using an isoprime100 
stable isotope mass spectrometer and elemental ana-
lyzer (Vario Isotope Select) from Elementar, Germany. 
The ormulae for each indicator are given below [30]:
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where Rsample is the ratio of 15N to 14N in the sample, 
Rstandard is the ratio of 15N to 14N in the standard. The 
15N/14N in the elemental nitrogen standard (air nitrogen 
bank) is 0.368 per cent.

15N abundance in plants Ndff:

The final 15N abundance Ndff used for the calculation 
was:

The distribution and utilization rates for 15N are cal-
culated as follows:

The cumulative amount of N is calculated as follows:

(1)δ
15N =

Rsample

Rstandard
− 1

(2)Ndff =
Rsample

1+Rstandard
× 100%

(3)Ndff =

Ndff plant − Ndff natural

Ndff fertiliser − Ndff natural

× 100%

(4)

15
N utilization rate =

Ndff ×−TotalNorgans

15Napplication rates
× 100%

(5)

15
N distribution rate =

15N content of each organ

Total15N of the plant
× 100%

(6)
N accumulation = TotalNorgans × Dry matterorgans

Chlorophyll fluorescence parameters
Measurements were taken between 9 and 11 a.m. Chlo-
rophyll fluorescence parameters of the same leaves after 
20 min of dark adaptation were estimated using a plant 
efficiency analyzer (Handy PEA, Hansatech, UK). Initial 
fluorescence (F0), maximum fluorescence (Fm), variable 
fluorescence (Fv), maximum photochemical efficiency of 
PSII (Fv/Fm), and potential activity of PSII (Fv/F0) were 
determined, and OJIP fluorescence curves were plotted.

Determination of key enzymes of nitrogen metabolism
Nitrate reductase (NR), nitrite reductase (Nir), glutamine 
synthetase (GS), and glutamate synthetase (GOGAT) 
were detected by using kits, which were purchased from 
Beijing Solarbio Science & Technology Co., Ltd. (China).

Transcriptomics analysis
Total RNA extraction, library construction, and sequenc-
ing were carried out by Wuhan Metware Biotechnology 
Co. Ltd. (Wuhan, China). Bioinformatics analyses were 
performed using the online data analysis platform Met-
ware Cloud (https://​cloud.​metwa​re.​cn/). Gene expres-
sion levels were estimated as FPKM. Conditions for 
screening differentially expressed genes (DEGs) included 
|fold change|≥ 1.5 and adjusted p < 0.05 [31]. Unigene 
sequences were aligned with KEGG and GO databases 
using Diamond Blastx software to complete functional 
gene annotation.

Metabolomics analysis
Metabolomics analysis was performed using ultra-
performance liquid chromatography-mass spectrometry 

Fig. 1  Effect of nanoselenium on dry weight (A) and relative variable fluorescence curves (B) of alfalfa. CK, treatment group not sprayed 
with selenium; Se, treatment group sprayed with selenium. 1, 7, and 14 represent days 1, 7, and 14 after treatment, respectively. Different uppercase 
letters represent significant differences between selenium treatments at the same organ, and different lowercase letters represent significant 
differences between different organs at the same selenium treatment, p < 0.05. Vertical lines indicate standard errors for three replications

https://cloud.metware.cn/
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Fig. 2  Effect of nanoselenium on fluorescence parameters of alfalfa. A initial fluorescence (F0); B maximum fluorescence (Fm); C variable 
fluorescence (Fv); D maximum photochemical efficiency of PSII (Fv/Fm); E potential activity of PSII (Fv/F0); F Performance parameters based 
on absorbed light energy (PIABS). CK, treatment group not sprayed with selenium; Se, treatment group sprayed with selenium. 1 d, 7 d, and 14 d 
represent days 1, 7, and 14 after treatment, respectively. Different uppercase letters represent significant differences between selenium treatments 
at the same time, and different lowercase letters represent significant differences between time periods at the same selenium treatment, p < 0.05. 
Vertical lines indicate standard errors for three replications
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(UPLC-MS). Firstly, the biological samples were placed 
in a lyophilizer (Scientz-100F) for vacuum freeze-drying 
and ground (30  Hz, 1.5  min) to powder form using a 
grinder (MM 400, Retsch). Using an electronic balance 
(MS105DΜ), 50 mg of sample powder was weighed, and 
1200  μL of –  20 ℃ pre-cooled 70% methanol aqueous 
internal standard extract was added (less than 50  mg 
was added at the ratio of 1200 μL of extracting agent per 
50 mg of sample). Vortex every 30 min for 30 s for a total 
of 6 vortexes. After centrifugation (12000  rpm, 3  min), 
the supernatant was aspirated, and the samples were 
filtered through a microporous filter membrane (0.22 μm 
pore size) and stored in the injection vial for UPLC-MS/
MS analysis. Substance characterization based on 
secondary spectrum information based on self-built 

database MWDB (metware database). Metabolite 
quantification was accomplished using multiple reaction 
monitoring (MRM) analysis by triple quadrupole mass 
spectrometry.

Statistical analyses
Two-factor analysis of variance (ANOVA) was performed 
on the measurements of alfalfa using SAS 9.4 software 
(SAS Institute, Inc., Cary, NC, USA). Multiple-range tests 
using Duncan’s were used to assess differences between 
treatments. Graphing with Origin version 2021 software.

Fig. 3  Effect of nanoselenium on total nitrogen and 15N partitioning in alfalfa. A total nitrogen content; B nitrogen accumulation; C 15N 
concentration (δ15N); D 15N abundance (Ndff); E 15N utilization rate; F 15N distribution rate. CK, treatment group not sprayed with selenium; Se, 
treatment group sprayed with selenium. Different uppercase letters represent significant differences between selenium treatments at the same 
organ, and different lowercase letters represent significant differences between different organs at the same selenium treatment, p < 0.05. Vertical 
lines indicate standard errors for three replications
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Results
Plant growth and chlorophyll fluorescence parameters
The effects of nanoselenium on the dry weight of 
the whole plant, leaf, stem and root of alfalfa were 
significantly different (p < 0.05) (Fig.  1A). The pattern 
of change of dry weight of different parts of alfalfa 
after the two treatment groups was consistent: 
shoot > root > leaf > steam. The dry weight of the 
whole plant, leaf, stem, and root of alfalfa treated with 
nanoselenium was significantly higher than that of CK, 
which was 20.19%, 27.33%, 12.88%, and 11.59% higher 
than that of CK, respectively.

The OJIP curves after nanoselenium treatment had 
some differences at different time periods (Fig. 1B). The 
fluorescence intensity of the OJ, JI, and IP stages was sig-
nificantly lower than that of CK at 1 d after nanoselenium 
treatment. This suggests that nanoselenium increased the 
ability of the secondary quinone receptor (QB) in PSII 
to accept electrons from the primary quinone receptor 
(QA) in PSII at an early stage. It leads to a decrease in the 
electron accumulation of QA in the photosynthetic elec-
tron transport chain and reduces the reduction capacity 

of both the fast-reducing plastoquinone (PQ) pool and 
the slow-reducing PQ pool. This phenomenon gradually 
weakened with the increase of days and was most obvi-
ous at 7 d. At this time, the fluorescence intensity of the 
OJ segment gradually approached that of CK, while the 
fluorescence intensity of the JI and IP stages was gradu-
ally higher than that of CK. At 14 d, the fluorescence 
intensity of the OJ segment was slightly lower than that 
of CK, while the fluorescence intensity of the JI and IP 
phases was still higher than that of CK. This suggests that 
nanoselenium treatment for 14 d increased the ability of 
the fast-reducing PQ library and the slow-reducing PQ 
library to be reduced, and the receptor side of the PSII 
reaction center was protected.

The effects of nano-selenium on chlorophyll 
fluorescence parameters of alfalfa leaves are shown in 
Fig. 2. In all three time periods, initial fluorescence (F0) 
of the Se group was significantly lower than that of the 
CK group, and F0 of CK showed a decreasing tendency 
with the increase of time, while there was no significant 
difference in F0 of the Se group. With the increase of time, 
maximum fluorescence (Fm), variable fluorescence (Fv), 

Fig. 4  Effect of nanoselenium on the activities of key enzymes of nitrogen metabolism in alfalfa leaves. A nitrate reductase (NR); B nitrite reductase 
(Nir); C glutamate synthetase (GOGAT); D glutamine synthetase (GS). CK, treatment group not sprayed with selenium; Se, treatment group sprayed 
with selenium. 1 d, 7 d, and 14 d represent days 1, 7, and 14 after treatment, respectively. Different uppercase letters represent significant differences 
between selenium treatments at the same time, and different lowercase letters represent significant differences between time periods at the same 
selenium treatment, p < 0.05. Vertical lines indicate standard errors for three replications
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maximum photochemical efficiency of PSII (Fv/Fm), and 
potential activity of PSII (Fv/F0) of the CK group and the 
Se group showed the same pattern of change, and both 
of them showed an upward trend. The Fm, Fv, Fv/Fm, and 
Fv/F0 of the Se group were significantly higher than those 
of CK at 7 and 14 days. The performance parameters 
based on absorbed light energy (PIABS) of both CK and 

Se showed an increasing and then decreasing trend with 
the increase of time, and the PIABS of the Se group was 
significantly higher than that of CK at the three time 
periods.

Nano-selenium had a significant effect on total 
nitrogen content, nitrogen accumulation, δ15N, Ndff, 
15N utilization rate, and 15N distribution rate in different 
parts of alfalfa (p < 0.05) (Fig.  3). The distribution 
pattern of total nitrogen content in different parts was 
leaf > shoot > stem > root. Compared with CK, nano-
selenium significantly increased the total nitrogen 
content in shoot, stem, and root by 14.03%, 14.13%, 
and 3.54%, respectively, while the total nitrogen 
content in leaf was not significant. The distribution 
pattern of nitrogen accumulation in different parts was 
shoot > leaf > stem > root. Nano-selenium significantly 
increased the accumulation of nitrogen in shoots, 
leaves, stems, and roots by 28.21%, 27.81%, 28.84%, 
and 15.53%, respectively, compared with CK. The 
pattern of change of δ15N and Ndff values in different 
parts was leaf > shoot > stem > root. Compared with 
CK, nano-selenium significantly increased δ15N in 
shoots, leaves and stems by 24.09%, 15.65%, and 42.00%, 
respectively, while δ15N in roots was significantly lower 
than that in CK by 3.59%. Nano-selenium significantly 
increased the Ndff values of shoots, leaves, and stems 
by 23.61%, 15.62%, and 42.39%, respectively, compared 
to CK, while there was no significant difference in the 
Ndff values of roots. The patterns of 15N utilization 
rate and 15N distribution rate in different parts were 

Table 1  Sequencing data statistics

Sample Raw reads Clean reads Clean base(G) Error rate (%) Q20 (%) Q30 (%) GC content (%)

CK_1_1 48805208 47037012 7.06 0.02 98.4 95.01 42.05

CK_1_2 46760160 45058926 6.76 0.02 98.37 94.88 42.17

CK_1_3 49979038 48368818 7.26 0.02 98.38 94.89 42.3

CK_7_1 47196338 46010476 6.9 0.02 98.36 94.86 42.38

CK_7_2 52338658 50755050 7.61 0.02 98.38 94.89 42.3

CK_7_3 47444056 45718586 6.86 0.02 98.44 95.08 42.47

CK_14_1 46353264 45171264 6.78 0.02 98.31 94.76 42.34

CK_14_2 46591682 45221584 6.78 0.02 98.41 95.01 42.34

CK_14_3 42082560 40540476 6.08 0.02 98.25 94.65 42.51

Se_1_1 46869242 45349928 6.8 0.02 98.39 94.94 42.11

Se_1_2 49305142 47688428 7.15 0.02 98.31 94.75 42.18

Se_1_3 45361904 44097002 6.61 0.02 98.19 94.39 42.22

Se_7_1 48714020 47141790 7.07 0.02 98.46 95.16 42.48

Se_7_2 43314010 42026970 6.3 0.02 98.44 95.05 42.64

Se_7_3 48666036 47229678 7.08 0.02 98.39 94.91 42.49

Se_14_1 44293288 43036040 6.46 0.02 98.37 94.9 42.32

Se_14_2 52507874 51146462 7.67 0.02 98.51 95.18 42.51

Se_14_3 49381006 48083558 7.21 0.02 98.56 95.31 42.46

Table 2  Comparison results with the reference genome

Sample Reads mapped Unique mapped Multi mapped

CK_1_1 37690171 (80.13%) 36064794 (76.67%) 1625377 (3.46%)

CK_1_2 35965181 (79.82%) 34437595 (76.43%) 1527586 (3.39%)

CK_1_3 38644793 (79.90%) 36976798 (76.45%) 1667995 (3.45%)

CK_7_1 36901262 (80.20%) 35301845 (76.73%) 1599417 (3.48%)

CK_7_2 40714836 (80.22%) 38936218 (76.71%) 1778618 (3.50%)

CK_7_3 36733743 (80.35%) 35156772 (76.90%) 1576971 (3.45%)

CK_14_1 35879291 (79.43%) 34262527 (75.85%) 1616764 (3.58%)

CK_14_2 35742751 (79.04%) 34126937 (75.47%) 1615814 (3.57%)

CK_14_3 32097388 (79.17%) 30661520 (75.63%) 1435868 (3.54%)

Se_1_1 36490646 (80.46%) 34931996 (77.03%) 1558650 (3.44%)

Se_1_2 38227559 (80.16%) 36569357 (76.68%) 1658202 (3.48%)

Se_1_3 35353567 (80.17%) 33843579 (76.75%) 1509988 (3.42%)

Se_7_1 37584466 (79.73%) 35947997 (76.26%) 1636469 (3.47%)

Se_7_2 33278834 (79.18%) 31831948 (75.74%) 1446886 (3.44%)

Se_7_3 37840765 (80.12%) 36190482 (76.63%) 1650283 (3.49%)

Se_14_1 34272966 (79.64%) 32693738 (75.97%) 1579228 (3.67%)

Se_14_2 40858404 (79.89%) 39009767 (76.27%) 1848637 (3.61%)

Se_14_3 38375447 (79.81%) 36651871 (76.23%) 1723576 (3.58%)
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Fig. 5  Changes in DGEs expression. A Alfalfa unigenes information obtained by comparison in the Nr database. B KOG classification of the alfalfa 
transcriptome. C Correlation analysis between samples. D Clustering heat map of DGEs in different treatment groups. E The regulation of DEGs, 
both up and down. Up-regulation is represented by the green box, and down-regulation by the yellow box. F Coregulation of DEGs in all 
comparison groups. CK, treatment group not sprayed with selenium; Se, treatment group sprayed with selenium. CK, treatment group not sprayed 
with selenium; Se, treatment group sprayed with selenium. 1, 7, and 14 represent days 1, 7, and 14 after treatment, respectively
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shoot > leaf > stem > root. The range of 15N utilization rate 
was 7.24% to 25.18% and 8.08% to 39.93% for CK and Se 
groups, respectively. Compared with CK, nano-selenium 

significantly increased the 15N utilization rate of shoots, 
leaves, stems, and roots by 58.60%, 47.78%, 83.45%, and 
11.57%, respectively. The nano-selenium treatment 
significantly increased 15N distribution rate in shoot and 
stem by 7.09% and 23.88%, respectively, over the control. 
It was significantly lower than CK in roots by 24.66%, 
while there was no significant difference in the partition 
rate of 15N in leaves.

Effect of nanoselenium on the activities of key enzymes 
of nitrogen metabolism in alfalfa leaves
Nano-selenium showed significant differences in the 
activities of key enzymes of nitrogen metabolism in 
alfalfa (p < 0.05) (Fig. 4). The activities of nitrite reductase 
(Nir), glutamate synthetase (GOGAT), and glutamine 
synthetase (GS) in the CK group tended to increase with 
time and were significantly higher than the other two 
time periods at 14 days. In contrast, the activities of Nir, 
GOGAT, and GS in the Se group showed an increasing 
and then decreasing trend over time, reaching a peak at 
7 days, which was significantly higher than the other two 
time periods. The activities of nitrate reductase (NR) in 
both treatment groups showed a decreasing trend with 

Table 3  Metabolite classification

Number of 
metabolites

Percentage (%)

Alkaloids 163 8.70

Amino acids and derivatives 200 10.68

Flavonoids 319 17.03

Lignans and Coumarins 89 4.75

Lipids 185 9.88

Nucleotides and derivatives 62 3.31

Organic acids 84 4.48

Phenolic acids 184 9.82

Quinones 19 1.01

Steroids 9 0.48

Tannins 3 0.16

Terpenoids 280 14.95

Others 276 14.74

Total 1873

Fig. 6  Analysis of GO pathway enrichment of DEGs in different comparative treatment groups. A Se_1_vs_CK_1. B Se_7_vs_CK_7. C Se_14_
vs_CK_14. CK, treatment group not sprayed with selenium; Se, treatment group sprayed with selenium. 1, 7, and 14 represent days 1, 7, and 14 
after treatment, respectively
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Fig. 7  Analysis of GO pathway enrichment of DEGs in different comparative treatment groups. A Se_1_vs_CK_1. B Se_7_vs_CK_7. C Se_14_
vs_CK_14. CK, treatment group not sprayed with selenium; Se, treatment group sprayed with selenium. 1, 7, and 14 represent days 1, 7, and 14 
after treatment, respectively

Fig. 8  Quality control of metabolomics data and changes in DAM expression. A Heatmap showing the results of the clustering analysis of DAMs. 
B Pairwise compare the DAMs in groups on the Venn diagram. CK, treatment group not sprayed with selenium; Se, treatment group sprayed 
with selenium. 1, 7, and 14 represent days 1, 7, and 14 after treatment, respectively
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time and peaked at 1 day. However, the proportions of 
changes in the activities of various enzymes varied in 
different treatment groups. There was no significant 
difference in the activities of NR, Nir, GOGAT, and GS 
in the Se group at 1 and 14 days and were significantly 
higher than CK at 7 days (16.06%, 24.92%, 28.94%, 
33.04%).

Transcriptomic analysis
Transcriptome sequencing and differentially expressed genes 
(DEGs) recognition
Transcriptome sequencing was performed on alfalfa 
leaves from three time periods after treatment (Table 1). 
After RNA was sequenced and quality controlled, a total 
of 124.44 Gb of clean base was obtained. The number 
of clean reads in each sample ranged from 40540476 to 
51146462, and the clean base reached more than 6 Gb. 
The average quality of GC was 42.35%, and the average of 
error rate, Q20, Q30 was 0.02%, 98.38%, and 94.92%. This 
indicates that the sequencing quality is high and can be 
analyzed in the next step. The reads and uniquely mapped 
reads both exceeded 75% (Table  2), demonstrating the 
suitability of the chosen reference genome. Figure  5 
shows detailed annotation information from the 
nonredundant (NR) and clusters of orthologous groups 
for eukaryotic complete genomes (KOG) databases 
(Fig.  5A, B). The correlation heatmap of the samples 
revealed that the treatment groupscorrelation coefficients 
were higher than 0.95 (Fig.  5C). By normalizing the 
data using Z-score and plotting the variance genes 
for each variance subgroup for hierarchical clustering 
heatmaps, the expression patterns of the DEGs differed 
significantly across treatment groups (Fig.  5D). In 
addition, |fold change|≥ 1.5 and a corrected p < 0.05 were 
used as screening conditions for pairwise comparisons 
to identify DEGs for the treatment groups, as shown in 
Fig. 5E and Table 3. A total of 274 (113 up-regulated and 
161 down-regulated), 1245 (699 up-regulated and 546 
down-regulated), and 249 (142 up-regulated and 107 
down-regulated) DEGs were identified in the pairwise 
comparisons of Se_14_vs_CK_14, Se_7_vs_CK_7, and 
Se_1_vs_CK_1, respectively. Venn diagram analysis of 
the differential genes between the different comparison 
combinations revealed 11 common differential genes 
(Fig. 5F).

GO analysis and KEGG pathway analysis
Enrichment analyses were performed in the Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) databases to further evaluate the 
biological functions of DEGs under selenium treatment 
for different time periods. GO analyses classified the 

DEGs from the three comparison groups in the three 
ontologies (biological process (BP), molecular function 
(MF), and cellular component (CC)) (Fig.  6). Similar 
patterns of GO annotation distribution of DEGs in the 
three comparison groups. Most DEGs are assigned 
to ‘cellular process’, ‘metabolic process’, ‘protein-
containing complex’, ‘cellular anatomical entity’, ‘catalytic 
activity’, and ‘binding’. KEGG pathway enrichment was 
analyzed for DEGs using bubble plots, and the top 20 
enriched pathways were selected (Fig.  7). Interestingly, 
the KEGG pathway of DEGs in Se_1_vs_CK_1 was 
significantly enriched in ‘Glutathione metabolism’ 
(p < 0.05). The KEGG pathway of DEGs in Se_7_vs_CK_7 
was significantly enriched in ‘nitrogen metabolism’ 
(p < 0.05). The KEGG pathway of DEGs in Se_14_vs_
CK_14 was significantly enriched in ‘amino sugar and 
nucleotide sugar metabolism’, ‘various types of N-glycan 
biosynthesis’ and ‘N-glycan biosynthesis’ (p < 0.05).

Metabolomic analysis
Quality control of metabolomic data
A total of 1873 metabolites were obtained from 
all samples. All metabolites were classified into 13 
categories (Table 3). Metabolite content was normalized 
to construct a hierarchical clustered heat map and 
Venn diagram, which showed significant differences 
between samples (Fig.  8). We combined VIP values 
and fold change values (VIP ≥ 1, fold change ≥ 2, and 
fold change ≤ 0.5) to identify the differential accurate 
mass search (DAMs). The distribution and expression 
of DAMs between the groups are shown in Fig. 9. After 
screening, we found 22 identical DAMs in the three 
comparison groups, in which the main substances 
were phenolic acids, flavonoids, quinones, lignans, and 
coumarins.

Metabolite content
There were 172 differential metabolites in Se_1_vs_CK_1 
(118 up-regulated and 54 down-regulated), of which 
‘flavonoids’, ‘phenolic acids’, ‘terpenoids’, and ‘amino acids 
and their derivatives’ accounted for 27.33%, 15.12%, 
9.88%, and 7.56%, respectively. There were 185 differential 
metabolites (90 up-regulated and 95 down-regulated) 
in Se_7_vs_CK_7, of which flavonoids, phenolic acids, 
terpenoids, amino acids, and their derivatives accounted 
for 29.19%, 12.97%, 9.73%, and 7.03%, respectively. There 
were 313 differential metabolites (60 up-regulated and 
253 down-regulated) in Se_14_vs_CK_14, of which 
flavonoids, phenolic acids, terpenoids, amino acids and 
their derivatives accounted for 27.48%, 15.02%, 11.50%, 
and 7.35%, respectively (Fig.  9A–C). Based on the fold 
change in metabolite accumulation, we identified the 
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Fig. 9  DAMs up- and down-regulation in various treatment groups. A–C are volcano maps for Se_1_vs_CK_1, Se_7_vs_CK_7 and Se_14_vs_CK_14, 
respectively. D–F are up- and down-regulation of metabolites in the top 20 of Se_1_vs_CK_1, Se_7_vs_CK_7 and Se_14_vs_CK_14 controls, 
respectively. CK, treatment group not sprayed with selenium; Se, treatment group sprayed with selenium. 1, 7, and 14 represent days 1, 7, and 14 
after treatment, respectively
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Table 4  Differential metabolite statistics of different control groups

Se_1_vs_CK_1 Se_7_vs_CK_7 Se_14_vs_CK_14

Number of 
metabolites

Percentage (%) Number of 
metabolites

Percentage (%) Number of 
metabolites

Percentage (%)

Amino acids and derivatives 13 7.56 13 7.03 23 7.35

Phenolic acids 26 15.12 24 12.97 47 15.02

Flavonoids 47 27.33 54 29.19 86 27.48

Nucleotides and derivatives 5 2.91 4 2.16 3 0.96

Quinones 5 2.91 5 2.70 8 2.56

Lignans and Coumarins 10 5.81 13 7.03 29 9.27

Tannins 1 0.58 0 0 2 0.64

Alkaloids 14 8.14 15 8.11 14 4.47

Terpenoids 17 9.88 18 9.73 36 11.50

Organic acids 4 2.33 10 5.41 18 5.75

Lipids 12 6.98 5 2.70 10 3.19

Others 18 10.47 24 12.97 37 11.82

Total 172 185 313

Fig. 10  KEGG up- and down-regulation is significant for the top 20 pathways. x-axis is the enrichment factor and y-axis is the pathway name. The 
size of the bubbles represents the number of involved. The colour of the bubbles represents the enrichment of the pathway. A–C are bubble plots 
of Se_1_vs_CK_1, Se_7_vs_CK_7 and Se_14_vs_CK_14, respectively. CK, treatment group not sprayed with selenium; Se, treatment group sprayed 
with selenium. 1, 7, and 14 represent days 1, 7, and 14 after treatment, respectively
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Fig. 11  Correlation analysis of transcriptomics and metabolomics data from alfalfa leaves after nanoselenium treatment. (A–C) Nine-quadrant plots 
showing the correlation between Se_1_vs_CK_1, Se_7_vs_CK_7, Se_14_vs_CK_14 genes and compounds. (E, F) KEGG enrichment analysis of DEGs 
(blue columns) and DAMs (red columns) enriched in the same pathway. CK, treatment group not sprayed with selenium; Se, treatment group 
sprayed with selenium. 1, 7, and 14 represent days 1, 7, and 14 after treatment, respectively
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top 20 DAMs with fold differences in the Se_1_vs_CK_1, 
Se_7_vs_CK_7, and Se_14_vs_CK_14 comparative 
treatment groups (Fig. 9D–F) (Table 4). Overall, changes 
in the content of different metabolites in alfalfa leaves 
were associated with selenium, suggesting that selenium 
modulates the content of metabolites of amino acids and 
their derivatives in its leaves in order to increase the total 
nitrogen content and alter its nutritional quality.

KEGG enrichment analysis of DAMs
We further identified key metabolic pathways involved 
in the response of alfalfa leaves to selenium by KEGG 
enrichment pathway analysis. In order to directly 
analyze the differences in metabolic pathways between 
groups, the top 20 pathways with the highest degree of 

enrichment in each group were selected by enrichment 
analysis and topology analysis (Fig.  10). The pathways 
‘isoflavonoid biosynthesis’, ‘nitrogen metabolism’, 
‘pentose phosphate pathway’, and ‘polyketide sugar 
unit biosynthesis’ were significantly enriched in the 
Se_1_vs_CK_1. The pathways ‘isoflavonoid biosynthesis’, 
‘valine, leucine and isoleucine biosynthesis’, ‘biosynthesis 
of amino acids’, and ‘riboflavin metabolism’ were 
significantly enriched in the Se_7_vs_CK_7. The 
pathways ‘isoflavonoid biosynthesis’, ‘valine, leucine 
and isoleucine biosynthesis’, ‘flavone and flavonol 
biosynthesis’, and ‘ascorbate and aldarate metabolism’ 
were significantly enriched in the Se_14_vs_CK_14.

Fig. 12  Changes in major metabolic pathways in alfalfa leaves after different time periods following nanoselenium treatment. A The involvement 
of DAMs and DEGs in the amino acid biosynthesis pathway. B The involvement of DAMs and DEGs in the flavonoid metabolic pathways. C The 
involvement of DAMs and DEGs in the sugar metabolic pathways. Yellow ellipses represent differential metabolites with variations in content, 
and white ellipses represent metabolites that were not detected or whose content was not significant. Blue boxes indicate relevant enzymes 
affected by the differential gene. Rectangles indicate differential genes or differential metabolites, the rectangles are divided into three equal parts 
(Se_1_vs_CK_1, Se_7_vs_CK_7, Se_14_vs_CK_14, respectively), and the colours of the rectangles indicate the proportion of genes or metabolites 
regulated under nano-selenium treatment, as described in the scale bar. CK, treatment group not sprayed with selenium; Se, treatment group 
sprayed with selenium. 1, 7, and 14 represent days 1, 7, and 14 after treatment, respectively
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Joint analysis of the transcriptome and metabolome
Correlations between genes and metabolites
To investigate the relationship between DEGs and DAMs 
in alfalfa leaves under selenium treatment, DEGs and 
DAMs analyses were performed using co-expression 
network analysis (Pearson correlation coefficient > 0.8; 
p < 0.05). In Se_1_vs_CK_1, Se_7_vs_CK_7, and Se_14_
vs_CK_14, correlation analyses showed that many of the 
genes were highly positively correlated with metabolites 
(Fig.  11A–C). These findings suggest that the genes 
involved may directly or indirectly control changes in the 
accumulation of these metabolites. KEGG enrichment 
analysis showed that comparisons of Se_1_vs_CK_1, 
Se_7_vs_CK_7, and Se_14_vs_CK_14 revealed 20, 41 and 
14 pathways, respectively (Fig. 11D–F).

Critical pathway analysis
Combining transcriptome and metabolome analyses, 
we found that the differential genes and metabolites 
were mainly enriched in the pathways ‘biosynthesis of 
amino acids’, ‘starch and sucrose metabolism’, ‘flavonoid 
biosynthesis’, ‘pentose and glucuronate interconversions’, 
and ‘pentose phosphate pathway’ in five pathways 
(Fig.  12). Some of the key genes and enzymes in these 
enriched pathways, such as nitrate reductase (NR), 
nitrite reductase (Nir), glutamate dehydrogenase (GDH), 
carbonic anhydrase (CA), glutamine synthetase (GS), 
glutamate synthase (GOGAT), delta-1-pyrroline-5-
carboxylate synthetase (P5CS), chalcone synthase (CHS), 
chalcone reductase (CHR), and alcohol dehydrogenase 
(adh) were significantly up-regulated and down-
regulated. These up-regulated and down-regulated genes 
and enzymes lead to further changes in the expression 
levels of metabolites, including amino acids (L-glutamate, 
L-histidine, L-proline), flavonoids (liquiritigenin, 
7,4’-dihydroxyflavone, phlorizin), sugars (α-D-
glucose-1P, ribulose-5P, D-arabinose, D-glucose-6P) and 
other metabolites (coniferin, Glycerone-P). By improving 
antioxidant, sugar metabolism, and nitrogen metabolism, 
ultimately leading to increased biomass and nitrogen 
levels in alfalfa.

Discussion
Forage yield is one of the most important economic 
indicators of the size of forage productivity and is 
the most intuitive expression of plant net photosyn-
thesis [32, 33]. Appropriate doses of exogenous sele-
nium can significantly increase plant biomass [34, 35]. 
This was also the case in our study, where foliar spray-
ing of nanoselenium significantly increased the dry 
weight of alfalfa roots, stems, and leaves (Fig.  1A). This 
is due to the fact that moderate amounts of selenium 

increase the light energy capture capacity and conver-
sion efficiency of the plant, thus increasing photosyn-
thesis [36, 37]. In our study, nanoselenium maximized 
the reduction of PQ pools and PIABS, thereby enhanc-
ing electron transfer, which was further elucidated by 
chlorophyll fluorescence parameters (Fig.  1B). Tran-
scriptomic and metabolomic data indicated that the 
Se_7 treatment group up-regulated the expression of 
light-harvesting chlorophyll-protein complex-related 
genes in alfalfa leaves, including MsG0380017141.01, 
MsG0680030760.01, MsG0680030757.01, and 
MsG0680030758.01, thereby enhancing the metabolic 
pathway of Photosynthesis—antenna proteins (Fig.  7B). 
The enhancement of the metabolic pathway of pho-
tosynthesis-antenna proteins implies that the plant 
body is more efficient for the conversion of light energy 
and improves the ability to fix carbon [27, 38]. And the 
Se_7 treatment group finally led to the accumulation of 
10-formyl-THF, glycerone-P, D-threitol, meso-erythritol, 
and other substances. This phenomenon diminished at 
1d and 14d. This suggests that at an early stage nanose-
lenium can maximize photosynthesis in plants and thus 
increase biomass. This may be due to the fact that at 1 
d, nanoselenium has just entered the chloroplast to par-
ticipate in selenium metabolism, resulting in some meta-
bolic disturbances [39, 40]. And at 14 d, as the conversion 
of selenium from nano-selenium to selenium-containing 
proteins or small molecule selenium-containing deriva-
tives in the chloroplasts is completed, and as the newborn 
parts of the plant grow, the selenium-containing proteins 
are redistributed from the old leaves to the newborn 
parts of the roots and leaves, the degree of stimulation 
of the chloroplasts becomes less [41–43]. Therefore, it is 
possible that during the prenatal period (1–7 d), selenium 
is metabolically converted to stimulate the chloroplasts 
to respond by enhancing the photosynthesis-antenna 
protein pathway, thereby enhancing photosynthesis and 
providing energy for the plant’s strenuous activities.

Nitrogen is one of the most demanded mineral ele-
ments in plant growth and is involved in the synthesis 
of organic compounds such as proteins, nucleic acids, 
chlorophyll, enzymes, vitamins, and alkaloids [44, 45]. 
Nitrogen is an important nutrient necessary for plant 
growth and development and plays an important role in 
promoting plant growth, organ formation, flower bud 
differentiation, and improving yield and quality [46, 47]. 
15N isotope labeling is an important research method to 
investigate nitrogen use and redistribution in plants [48, 
49]. In our study, using 15N-labelled tracer method, it 
was clarified that nanoselenium can improve the use of 
nitrogen in alfalfa and promote the redistribution of 15N 
to different parts of alfalfa, which ultimately leads to an 
increase in the accumulation of nitrogen in roots, stems, 
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and leaves. Nitrate reductase (NR) exists widely in plants 
and microorganisms and is a key rate-limiting enzyme 
in the nitrogen assimilation process of higher plants. Its 
activity level directly reflects the strength of plants’ ability 
to reduce nitrate nitrogen to nitrite and is closely related 
to the ability of plants to absorb and accumulate nitrogen 
[50, 51]. Nitrite reductase (Nir) can further reduce nitrite 
to NH4

+ and participate in the subsequent metabolism of 
amino acids [52]. In our study, the Se_7 treatment group 
could significantly enhance the activities of NR and Nir 
in alfalfa leaves (Fig. 4). From the transcriptome data, it 
was found that the Se_7 treatment group significantly up-
regulated the expression of genes related to the control of 
NR (MsG0580027470.01) and Nir (MsG0380016934.01), 
which enhanced the nitrogen metabolic pathway 
(Figs.  7B, 12A). It further demonstrated that nanose-
lenium could control the enhancement of nitrogen 
metabolism-related enzyme activities by regulating the 
up-regulation of their genes, leading to the efficient use of 
nitrogen in plants. In addition, NR is gradually decreasing 
with time, while the activities of Nir, GS, and GOGAT are 
increasing. The reason for this is that plants begin to be in 
the late stage of the nutrient growth period and gradually 
shift to the reproductive growth period. NR, as the first 
restriction enzyme, will respond to this change, and its 
activity begins to decline, weakening the uptake of nitrate 
[53]. In the early stage, when NR activity is stronger, it 
accumulates a large amount of nitrite. This accumulation 
leads to an increase in the activity of Nir, GS, GOGAT, 
and other related enzymes in the subsequent nitrogen 
metabolism process, which accelerates the conversion 
of nitrite into the amino acids and proteins required by 
the plant. The activity of NR declined earlier than that of 
Nir, and the results of this study are consistent with the 
study by Feller et al.[54]. The GS-GOGAT pathway regu-
lates nitrogen assimilation, particularly GS, which is a key 
enzyme for ammonia assimilation. The products of this 
pathway serve as signals or precursors, further regulating 
primary and secondary plant metabolism. In our study, 
it was found from transcriptomic and metabolomic data 
that L-glutamic, L-proline, L-histidine, L-α-glutamyl-L-
glutamic, N-acetyl-DL-phenylalanine, and other amino 
acid derivatives due to the expression of the relevant 
genes at different time intervals led to their up-regu-
lated and down-regulated to varying degrees (Figs.  10, 
12A). Among them, the Se-7 treatment group could sig-
nificantly enhance the activities of GS and GOGAT in 
alfalfa leaves (Fig. 4), and the Se-7 treatment group sig-
nificantly up-regulated the expression of genes related 
to the control of GS (MsG0280007136.01) and GOGAT 
(MsG0780040437.01), which enhanced the amino acid 
biosynthesis pathway (Figs. 7B, 12A). The conclusions of 
this study are consistent with the study by Li et al. [55]. 

Thus, nano-selenium partially facilitates the early forma-
tion of amino acids, which are involved in subsequent 
pathways such as amino acid, carbohydrate, and second-
ary metabolism [56].

Throughout nitrogen metabolism, the enhanced meta-
bolic activity also means that more energy is required to 
support it. Glycolysis and the pentose phosphate path-
way provide the precursors for the biosynthesis of amino 
acids as well as the energy required for the activity [57]. 
Here, nanoselenium altered the ‘starch and sucrose 
metabolism’, ‘pentose and glucuronate interconversions’, 
and ‘pentose phosphate pathway’. The expression of 
E3.1.1.11 was first altered to regulate glucose metabo-
lism through a series of biochemical reactions, including 
α-D-glucose-1P, D-glucose-6P, ribulose-5P, glycerone-P, 
D-arabinose, and other metabolites (Fig.  12C). Among 
them, D-glucose-6P is a key node connecting photosyn-
thesis and respiration and is involved in the production 
of ATP and NADPH, while α-D-glucose-1P is a pre-
cursor of starch synthesis and sucrose transport and is 
able to produce starch and achieve intercellular sucrose 
transport [58, 59]. In our study, the metabolites of α-D-
glucose-1P, D-glucose-6P, and ribulose-5P after nanose-
lenium treatment were progressively up-regulated with 
time compared to CK, whereas the other amino acids 
and their derivatives, such as L-histidine and L-glutamic, 
showed the opposite trend (Fig.  12A, C). This further 
suggests that the pre-treatment with nanoselenium may 
consume a large amount of D-Glucose-6P to produce 
ATP and NADPH, which are further involved in the bio-
synthesis of amino acids [60, 61]. Tang et al. [62] and Liu 
et  al. [63] also showed that selenium can regulate sugar 
metabolism in plants, thereby affecting amino acid bio-
synthesis. In contrast, the regulation of sugar and nitro-
gen metabolism by nanoselenium was bidirectional, with 
positive effects on both, thus leading to an increase in the 
final nitrogen content and dry matter content of alfalfa.

Flavonoids are a class of plant secondary metabolites 
synthesized via the phenylpropane pathway, and more 
than 9,000 different compounds have been identified 
to date that are important for plant growth and 
development [64]. Flavonoid compounds have been 
identified as plant signals and developmental regulators 
of legume nodulation and have long been known to play a 
key role in actinomycete root nodulation processes [65]. 
Exogenous selenium can regulate the accumulation of 
plant flavonoids by affecting the expression of relevant 
structural and regulatory genes [66, 67]. We found 
that nano-selenium can inhibit gene expression of 
enzymes controlling CHS (MsG0780040080.01), FLS 
(MsG0580027458.01, MsG0580027459.01), and other 
related enzymes in the early stage, thus inhibiting other 
metabolic pathways and thereby increasing coniferin, 
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phlorizin, liquiritigenin, and other flavonoid compounds. 
However, in the middle stage, it can promote the 
gene expression of enzymes related to the control of 
CHS, FLS, etc. and enhance flavonoid compounds 
such as naringenin chalcone (Fig.  12B). Coniferin, as 
a precursor for lignin and lignin biosynthesis, helps 
plants to better absorb essential nutrients (e.g., nitrogen, 
phosphorus, potassium) and also facilitates resistance 
to invasive pathogens, thus promoting plant growth and 
development [68]. Naringenin chalcone, an intermediate 
in the synthesis pathway of flavonoids, is cyclized to 
naringenin in a series of reactions that catalyze the first 
biochemical reaction in flavonoid production [69]. In 
turn, naringenin can participate in free radical coupling 
reactions and be doped into lignin polymers, and it 
has an important role in regulating nitrogen fixation in 
plants [70]. Knockdown of chalcone synthase expression 
was found to reduce the levels of specific flavonoids, 
resulting in severely impaired nodulation, whereas by 
supplementing the plants with naringenin, an upstream 
intermediate in flavonoid biosynthesis, the formation 
of rhizomes could be promoted and the nitrogen-fixing 
efficiency of the plants could be improved [65]. At the 
same time, naringenin incorporated into lignin polymers 
reduces the lignin content of the plant and favors the 
enhancement of plant stem availability, thus improving 
the nutritional quality of the plant [71]. Thus, nano-
selenium can augment flavonoid compounds in plants, 
improving plant resilience while also stimulating nitrogen 
fixation efficiency, resulting in increased nitrogen levels 
in plants.

Conclusion
In this study, we investigated the response mechanisms 
of key metabolic pathways, including nitrogen metabo-
lism in alfalfa under nano-selenium treatment using 
multi-omics analysis and 15N labeling. Nano-selenium 
promoted plant nitrogen metabolism and photosynthe-
sis by increasing the light energy capture capacity and 
the activities of key enzymes of the nitrogen metabo-
lism process (NR, Nir, GS, and GOGAT), leading to an 
increase in alfalfa nitrogen accumulation and dry mat-
ter content. Moreover, the transcriptome and metabo-
lome revealed that nanoselenium mainly affected the 
pathways of ‘biosynthesis of amino acids’, ‘starch and 
sucrose metabolism’, ‘pentose and glucuronate inter-
conversions’, ‘pentose phosphate pathway’, and ‘flavo-
noid biosynthesis’. At the initial stage of nanoselenium 
treatment, the ‘nitrogen metabolism’, ‘sugar metabo-
lism’, and ‘flavonoid metabolism pathways’ were regu-
lated by modulating the expression of genes such as 
NR, Nir, GS, GOGAT, E3.1.1.11, adh, CHS, and FLS. It 
increases the content of beneficial substances such as 

L-glutamic, L-histidine, glycerone-P, coniferin, narin-
genin chalcone, etc., thus promoting the acceleration 
of nitrogen accumulation in plants. And this effect 
gradually diminishes in the later stages. The results of 
this study are expected to provide new insights into the 
molecular pathways of alfalfa in response to nano-sele-
nium supply at different times and provide a theoretical 
basis for the safe and efficient production of selenium-
enriched alfalfa.
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