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Multi-omics analyses reveal new
insights into nutritional quality
changes of alfalfa leaves during
the flowering period
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High-quality alfalfa is an indispensable resource for animal husbandry and

sustainable development. Its nutritional quality changes dramatically during its

life cycle and, at present, no molecular mechanisms for nutrient metabolic

variation in alfalfa leaves at different growth stages have been clearly reported.

We have used correlation and network analyses of the alfalfa leaf metabolome,

proteome, and transcriptome to explore chlorophyll, flavonoid, and amino acid

content at two development stages: budding stage (BS) and full-bloom stage

(FBS). A high correlation between the expression of biosynthetic genes and

their metabolites revealed significant reductions in metabolite content as the

plant matured from BS to FBS. L-Glutamate, the first molecule of chlorophyll

biosynthesis, decreased, and the expression of HemA, which controls the

transformation of glutamyl-tRNA to glutamate 1-semialdehyde, was down-

regulated, leading to a reduction in leaf chlorophyll content. Flavonoids also

decreased, driven at least in part by increased expression of the gene encoding

CYP75B1: flavonoid 3′-monooxygenase, which catalyzes the hydroxylation of

dihydroflavonols and flavonols, resulting in degradation of flavonoids.

Expression of NITRILASE 2 (NIT2) and Methyltransferase B (metB), which

regulate amino acid metabolism and influence the expression of genes of

the glycolysis-TCA pathway, were down-regulated, causing amino acid

content in alfalfa leaves to decrease at FBS. This study provides new insights

into the complex regulatory network governing the content and decrease of

chlorophyll, amino acids, flavonoids, and other nutrients in alfalfa leaves during

maturation. These results further provide a theoretical basis for the generation

of alfalfa varieties exhibiting higher nutritional quality, high-yield cultivation,

and a timely harvest.

KEYWORDS

alfalfa leaves, metabolomics, proteomics, transcriptomics, chlorophyll, amino
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Introduction

Alfalfa (Medicago sativa L.) is a high-yield perennial forage

legume with excellent nutrition, digestibility, and palatability. It

is a good source of feed for high-yielding dairy cows as it is rich

in protein, amino acids, chlorophyll, flavonoids, and other

nutritious substances (Popovic et al., 2001). Metabolic

processes occurring in the alfalfa leaf, such as photosynthesis,

respiration, and transpiration, are closely related to plant

growth, nutrition, yield, quality, and resistance (Dong et al.,

2021). Therefore, study of alfalfa leaves at different growth stages

may provide information to ensure high yield and

nutrient quality.

To date, only changes in alfalfa leaf protein metabolism have

been studied at different developmental stages (Fan et al., 2018);

there are few reports on how chlorophyll, amino acid, and

flavonoid metabolism change with development. Chlorophyll

is indispensable for absorption and transduction of light energy

during photosynthesis (Gao et al., 2018). Chlorophyll

biosynthesis is a tightly regulated process, since its derivatives

can produce highly toxic compounds upon illumination if not

bound to specific proteins, such as HEMA1 and chlorophyll

synthase ChlG (Stenbaek and Jensen, 1995). Overexpression in

tobacco of HEMA1, which exhibits glutamyl-tRNA reductase

activity, has been shown to increase chlorophyll content and the

rate of photosynthesis (Zhang et al., 2010; Schmied et al., 2011).

ChlG regulates the chlorophyll biosynthetic pathway by

modulating stable assembly of chlorophyll-binding proteins

and other thylakoid membrane components (Shalygo et al.,

2009). Mutations in genes involved in the chlorophyll

synthetic pathway can cause alterations in chlorophyll content

and leaf color. For example, in rice, mutation in the gene

encoding protoporphyrin IX methyltransferase, which

catalyzes formation of protoporphyrin IX mono-methyl ester,

results a yellow-green plant leaf phenotype (Wang et al., 2017).

Flavonoids are widely distributed plant secondary

metabolites. These polyphenolic compounds are synthesized

via the phenylpropanoid pathway and classified into ten major

group: flavones , i soflavones , flavanones , flavonols ,

dihydroflavonols, flavan-3-ols (F3Os), anthocyanins,

anthocyanidins, leucoanthocyanidins (flavan-3,4-diols), and

polymeric proanthocyanidins (PAs) (Dantas et al., 2020). The

most common alfalfa flavonoids are glycosides of the flavone

aglycones apigenin, luteolin, tricin, and chrysoeriol (Goawska

et al., 2010). In animals, the flavonoids in alfalfa mainly have

biological activities such as anti-oxidation, anti-aging, anti-

tumor and enhancing body immunity (Jing et al., 2015). Thus,

alfalfa flavonoids can significantly improve the production

performance and antioxidant capacity in animals, such as

cattle (Zhan et al., 2017) and broiler chickens (Ouyang

et al., 2016).

A third group of important metabolites are amino acids,

which are the main circulating form of plant nitrogen. Amino
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acid metabolism through the tricarboxylic acid (TCA) cycle

generates energy and essential elements for protein synthesis,

carbohydrate metabolism, endogenous hormone regulation, and

energy storage (Less and Galili, 2009). Although legumes have a

high content of organic nitrogen, they, like other plants, contains

low levels of some essential amino acids — lysine (Lys),

methionine (Met), threonine (Thr), and tryptophan (Trp) —

constraining their nutritional quality for animals, including

humans (Galili et al., 2016). Cysteine and methionine can also

be limiting, particularly for ruminants; in cattle, methionine

increases both yield and protein content in milk (Bird and Moir,

1972; Tong et al., 2014).

Plant leaf nutrient absorption is one of the important processes

in nutrient utilization and circulation. Previous studies have shown

that leaf nutrients are affected by temporal and spatial

environmental factors (temperature, precipitation, habitat, etc.),

and their responses often show different patterns within and

between species. For some species (e.g., alfalfa), the uptake and

utilization of nutrients vary with growth (growth period, stubble,

age change), leading to changes in plant nutrient reuptake. So

questions arise, such as what is the performance of nutrient

reuptake in the leaves of perennial forage legumes at different

growth stages? And what is its mechanism of regulation?

To date, few studies have linked gene and protein expression

with molecular mechanisms that regulate metabolite

accumulation and nutritional quality in alfalfa leaves during

the flowering period. Here, we have combined transcriptomics,

proteomics, and broad metabolomics analyses to explore

accumulation of primary and secondary metabolites in alfalfa

leaves at different developmental stages, focusing on chlorophyll,

flavonoid, and amino acid metabolism. Our results will provide

new insights and avenues to improve alfalfa leaf nutritional

quality, particularly during flowering.
Materials and methods

Plant material and sampling

Alfalfa plants (Medicago sativa L. var. WL319HQ) were

planted in 2019 and assessed during the 2020 growing season

in the experimental field of the Inner Mongolia Agricultural

University (Hohhot, Inner Mongolia, China). Leaf samples were

collected at two different development stages, namely the

budding stage (BS, lower buds appeared in >80% of the

branches) and full-bloom stage (FBS, 80% flowering). On June

1, 2020 (BS), 60 plants at a uniform growth stage were selected.

Leaves from half of these plants (30) were collected and mixed to

generate the BS samples. The remaining 30 plants were allowed

to grow naturally for 2 weeks (15 June), when leaves were

harvested to generate the FBS samples. Leaves from 10 plants

were combined at each stage to generate the three biological

replicates used for subsequent analyses.
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Leaf sampling occurred in the same way for BS and FBS

stages. All leaves from the above ground part of the plant were

harvested and mixed to provide an accurate assessment of

whole-plant nutritional content as delivered for animal forage.

Leaves were harvested at 6pm, when light intensity and

temperature are relatively low; at this time, plant metabolism

is relatively slow, so this time was chosen to minimize individual

plant differences in metabolism. Samples were immediately

flash-frozen in liquid nitrogen and stored at -80°C until analysis.
Chemical composition analysis

Amino acid content was determined according to the national

standard of the People’s Republic of China, GB/T 18246-2000

“Determination of Amino acids in Feed” (Dong et al., 2018).

Flavonoid content was determined by colorimetry (Guo et al.,

2020); andchlorophyll contentby spectrophotometry (Harmut, 1987).
Untargeted metabolomics analysis

Freeze-dried samples were homogenized into powder.

Metabolites were extracted from approximately 80 mg of

sample in 1.2 mL 70% (w/v) aqueous methanol overnight at

4°C. After centrifugation to remove undissolved residue, the

supernatant was absorbed and filtered, and stored at -80°C

before the analysis. Quality control (QC) samples were

prepared by pooling 10 ml of each sample.

UPLC-MS/MS was performed as described by Wang et al.

(2019), with a minor modification that the gradient was kept at

40% B for only 2.9 min before final increase to 85% and column

re-calibration. to monitor 10 candidate ions per cycle.

Qualitative analysis was performed by searching a self-

compiled database (Shanghai Applied Protein Technology Co.,

Ltd.). Significantly different expressed metabolites (DEMs) were

determined by Variable Importance in Projection (VIP) ≥1 and

fold-change >1.5 or <0.67 (Wang et al., 2019).
Tandem mass tag-based
proteomic analysis

The freeze-dried samples were ground into a fine powder.

Sample lysis, protein extraction, and filter-aided sample

preparation (FASP Digestion) were performed as described

previously (Wisniewski et al., 2009).

Samples (100 mg peptide) were labeled using a tandem mass

tag (TMT) Isobaric Label Reagent Set (Thermo Fisher Scientific

Inc., Waltham, MA, USA). A Pierce high pH reversed-phase

fractionation kit (Thermo Fisher Scientific Inc., Waltham, MA,

USA) was used to fractionate TMT-labeled digest samples into
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nine fractions according to manufacturer’s instructions. LC-MS/

MS analysis were performed as described by Ren et al. (2020).

The MS raw data for each sample were searched, identified,

and quantified using the MASCOT engine (Matrix Science,

London, UK; version 2.2) embedded into Proteome Discoverer

1.4 software. Differentially expressed proteins (DEPs) were

selected using fold-change >1.2 or <0.83 and P-value < 0.05

(Jing et al., 2020).
Transcriptomic analysis

RNA was extracted, and the RNA-sequencing (RNA-seq)

library constructed and sequenced as described by Xu et al.

(2022). Six libraries were analyzed (three biological replicates at

two developmental stages), using the alfalfa genome from:

https://figshare.com/articles/dataset/genome_fasta_sequence_

and_annotation_files/12327602. Differentially expressed genes

(DEGs) were selected with DESeq2 software using p-adjust<0.05

and |log2 fold change|≥1 as described by Xu et al., 2022.
Bioinformatics analysis

Bioinformatic analyses of DEGs, DEPs and DEMs were

performed with Python programming. At p-adjust<0.05, it was

considered that Gene Ontology (GO, http://www.geneontology.

org/) gene function and KEGG pathways (http://www.genome.

jp/kegg/) were significantly enriched. DEGs in the protein–

protein interaction (PPI) network were predicted by STRING

(https://string-db.org/), and the drawn network diagram and

network node degree were analyzed by Cytoscape 3.5.1.

Transcription factors (TFs) were identified using PlantTFDB

4.0 (http://planttfdb.cbi.pku.edu.cn/).
Statistical analysis

Chemical composition data were analyzed by one-

way ANOVA.

For metabolomics analyses, multivariate statistical analysis,

SIMCA-P (version 14.1, Umetrics, Umea, Sweden) was

employed. After Pareto scaling, principal component analysis

(PCA) and orthogonal partial least-squares discriminant

analyses (OPLS-DA) were performed. The variable importance

in projection (VIP) values were generated from the OPLS-

DA model.

Analysis of GO and KEGG enrichment was performed using

Fisher’s exact test and Benjamini- Hochberg correction for

multiple testing was further applied to adjust derived p-values.

The coexpression network analyses was screened by Pearson

correlation analysis.
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Further comparisons were performed as described in figure

legends. All statistical analyses were plotted as described by

Wang et al. (2021).
Results

Physiological analysis

The chlorophyll, amino acid, and flavonoid content of alfalfa

leaves was determined and quantified at different developmental

stages (Figure 1). For all analyzed compounds, the content was

significantly higher (P < 0.05) in the budding stage (BS) than in

the full-bloom stage (FBS). The total chlorophyll content was

12.57 mg/g at BS and 8.29 mg/g at FBS, respectively (Figure 1A).

Consistently, the contents of Chla and Chlb at BS (7.45 mg/g and

4.91 mg/g, respectively) were higher than at FBS (2.82 and 1.75,

respectively) (Figures 1B, C). The total amino acid (TAA)

content in alfalfa leaves was 23.51% at BS, higher than the

20.49% at FBS (Figure 1D). When looking at the essential amino

acid (EAA, Figure 1E) and nonessential amino acid (NEAA,

Figure 1F) content, BS leaves contained 8.7% EAA and 13.3%
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NEAA compared with 6.6% EAA and 12.6% NEAA in FBS

leaves. Flavonoid analysis showed that the total flavonoid

(Figure 1G) content of alfalfa leaves was with 3.27 mg/g at BS,

higher than 2.19 mg/g at FBS. This trend was also observed for

specific flavonoids, including apigenin (Figure 1H, 1.5 mg/g vs.

0.46 mg/g) and luteolin (Figure 1I, 0.85mg/g vs. 0.27 mg/g).
Untargeted metabolomic analysis

To explore how leaf nutritional quality changes during

alfalfa development, the metabolomic composition of BS and

FBS leaves was compared (Supplementary Figure 1A).

Repeatability and reliability of the MS data was verified via

QC sample test curves (Supplementary Figure 1B). 56

metabolites clearly separated into two groups (BS and FBS) by

Principal Component Analysis (PCA, Supplementary

Figure 1C), and further delineated using OPLS-DA to identify

differentially abundant metabolites (Supplementary Figure 1D).

That R2 Y and Q2 Y scores were both ≥0.8 confirms the

correctness of the differences identified in the two growth

stages in alfalfa leaf metabolism.
A B

D E F

G IH

C

FIGURE 1

Abundances of metabolites involved in chlorophyll, amino acid, and flavonoid biosynthesis during budding stage (BS) and full-bloom stage (FBS).
(A) total chlorophyll Chlt, (B) chlorophyll a Chla, (C) chlorophyll b Chlb, (D) total amino acids TAA, (E) essential amino acids EAA, (F) non-essential
amino acids NEAA, (G) flavonoids, (H) apigenin, and (I) luteolin. Letters indicate significant differences (P<0.05, Duncan’s method).
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Metabolite abundance was quantified based on mass

spectrum signal intensity (Figure 2A). At FBS, the signal

intensity of Chl, amino acids, and flavonoids decreased by

23.46%, 12.36%, and 14.29%, respectively, compared with

levels during BS; and 24 and 25 upregulated and

downregulated metabolites, respectively, were identified

(Figure 2B). Differentially expressed metabolites (DEMs) were

used for KEGG enrichment analysis. In Figure 2C, the left semi-

circle shows DEMs, while the right semi-circle shows enriched

pathways, with lines linking DEMs with pathways. DEMs were

enriched in Metabolic pathways and Biosynthesis of secondary

metabolites, especially pathways involving L-glutamate, L-

glutamine, L-tryptophan, and L-phenylalanine (Figure 2C).
TMT-based proteomic analysis

The quality and quantity of plant metabolites depends on the

presence of the metabolizing proteins, so we analyzed differential

protein expressionbetween the twodevelopmental stages.A total of

337 proteins was identified (Figure 3A); 38 proteins showed

significant changes in expression from BS to FBS, including 15

upregulated and 23 downregulated proteins (Figure 3B).

The proteomics KEGG analysis for metabolism and

signaling pathways is presented in Figure 3C, and the number
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of proteins per pathway in Figure 3D. In total, 10 pathways were

upregulated and six down-regulated. Of the upregulated

pathways, the amino sugar and nucleotide sugar metabolism

pathway was the most enriched. In line with the metabolite

analysis, photosynthesis and flavonoid metabolism pathways

were downregulated. To further characterize the differential

protein expression, a GO analysis was performed. Enrichment

could be found in 15 categories of biological processes (BP), nine

in molecular functions (MF), and six in cellular components

(CC) (Figure 3E).
Transcriptomic analysis

After filtering low-quality reads, 245,922,094 clean reads were

obtained fromour six sequenced libraries (SupplementaryTable 1).

Clean reads from each sample were aligned to the alfalfa reference

genome, and 96,267 expressed genes were detected.

Our transcriptomic analysis revealed that 7,537 genes were

upregulated, and 6,843 genes were downregulated at FBS

compared to BS (Figure 4A). To further analyze the function

of proteins encoded by DEGs, a GO analysis was performed, and

15 categories were enriched in biological processes (BP), nine in

molecular functions (MF), and six in cellular components (CC)

(Figure 4B). Similar to the metabolomic and proteomic analyses,
A B

C

FIGURE 2

(A) Volcano map of differentially expressed metabolites. (B) Heat map of differentially expressed metabolites. (C) Circle diagram of GO
enrichment analysis of differentially expressed metabolites.
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the KEGG pathway analysis of the transcriptome indicated that

13 genes were differentially expressed involved in Ribosome

biogenesis in eukaryotes, two in Ribosome, and one in

Photosynthesis (Figure 4C).
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A total of 7,228 DEGs encoding 26 families of

transcription factors were identified (Figure 4D), including

the large transcription factor families bHLH, MYB, and

YABBY. These results indicate that these transcription
A B

D E

C

FIGURE 3

(A) Histogram of protein identification and quantitative results. (B) Volcano map of differentially expressed proteins. (C) KEGG enrichment of up-
regulated proteins. (D) KEGG results of all differentially expressed proteins. (E) GO enrichment of all differentially expressed proteins.
A B

DC

FIGURE 4

(A) Volcano map of DEGs. (B) GO enrichment analysis of DEGs. (C) KEGG enrichment of DEGs. (D) Statistical map of differentially expressed
transcription factor families.
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factors participate in regulating changes in gene expression

between BS and FBS.
Expression patterns of gene and proteins
within chlorophyll, amino acids, and
flavonoids synthetic pathways

Based on our results describing changes in metabolite

content, and transcription and translation of key genes, we
Frontiers in Plant Science 07
have proposed some transcriptional regulatory relationships

between candidate transcription factors and genes in the

synthetic pathways of chlorophyll, amino acids, and

flavonoids in alfalfa leaves (Figures 5–7). The Hem family

genes regulate and catalyze many steps in the chlorophyll

metabolism pathway, especially HemA, HemL, HemE, HemY,

and HemH. From BS to FBS, some members of the Hem family

are upregulated whereas other chlorophyll biosynthetic genes

were downregulated, such as ChIH, POR, DVR, CAO, ChlG,

and NOL (Figure 5).
FIGURE 6

Flavonoid biosynthesis pathway highlighting differentially expressed genes.
FIGURE 5

Chlorophyll biosynthesis pathway highlighting differentially expressed genes.
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CYP75B1 family genes participate in the flavonoid metabolic

pathway. Indeed, among the up-regulated genes from BS to FBS

are several genes belonging to this family, as well as many of the

chalcone synthase gene family (Figure 6).

For the amino acid metabolism pathway, we found that

NIT2 and metB genes were down-regulated at FBS compared

with BS, whereas Glutamate dehydrogenase 1 (Glud1) family

genes were upregulated (Figure 7).
Frontiers in Plant Science 08
Coexpression network analysis

The genes, proteins, and metabolites of the chlorophyll,

flavonoids, and amino acids coexpression network reveals 78

nodes and 327 edges (Figure 8). Seven encoded Hub proteins

and three Hub metabolites were identified according to their

margin >20. In this analysis, the interaction between the carbon-

nitrogen hydrolase family protein (fragment) and DL-lactate was
FIGURE 7

Amino acid biosynthesis pathway highlighting differentially expressed genes.
FIGURE 8

Network diagram of alfalfa metabolomic, proteomic, and transcriptomic analysis.
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the strongest. Interestingly, there were relatively more negative

correlation nodes between the metabolism of these hubs

and proteins.

Discussion

Molecular regulation of chlorophyll
biosynthesis in alfalfa leaves
during flowering

Photosynthesis requires chlorophyll, which absorbs and

converts solar energy for cell electron transfer and energy

conversion (Zhang et al., 2021). The content of chlorophyll in

alfalfa leaves affects not only yield and appearance, but also its

nutritional quality (Saric-Krsmanovic et al., 2018). Our study

indicates that there are some differences in metabolite

accumulation between BS and FBS, especially chlorophyll that

decreases significantly. Studies have shown that alfalfa forage

protein significantly correlates with chlorophyll A and

chlorophyll A/B, with chlorophyll A/B being the main factor

affecting protein synthesis, followed by chlorophyll A (Liu,

2018). Therefore, the decrease in chlorophyll content may be

one of the reasons for the decrease of protein content at different

developmental stages.

The content of chlorophyll at BS was higher than at FBS.

During early vegetative growth, alfalfa accumulates more

nutrients and chlorophyll whereas during reproductive growth,

the plants consume more nutrients than produced by

photosynthesis while the chlorophyll content gradually

declines. In contrast, Yu et al. (2017) found that chlorophyll

content increased with leaf age. Chen et al. (2010) found that

chlorophyll content differed during rice growth, peaking during

heading and filling stages, and being low at seedling and tillering

stages. Our divergent results may be due to differences between

species, varieties, or environmental factors; or due to the fact that

our study focused only on two developmental stages, close

together but relevant for forage nutrition.

In our previous research, we found a direct correlation between

chlorophyll and protein (Fan et al., 2018), but the specific regulatory

mechanism was not then explained. Chlorophyll synthesis is

triggered by the conversion of glutamate to 5-aminolevulinic acid

(ALA). L-Glutamate is a precursor for chlorophyll synthesis, and an

increased L-glutamate content in plants is beneficial for chlorophyll

synthesis. After spraying glutamate on citrus leaves, the chlorophyll

content was significantly higher in the treatment group (Wu et al.,

2018). In another experiment, L-glutamate was added to the sugar-

free medium of small plants (Gou et al., 2020), which increased the

dry weight, chlorophyll content, and net photosynthetic rate in

these plants. In alfalfa leaves, our metabolomic results revealed that
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L-glutamate content at FBS was significantly lower than at BS, in

line with our previous experimental results.

ALA is a key precursor of chlorophyll biosynthesis catalyzed

by glutamyl-tRNA synthetase, glutamyl-tRNA reductase (Glu

TR), and glutamine-1-hemicaldehyde-aminotransferase. Glu

TR, encoded by HemA, is the central controller of chlorophyll

biosynthesis (Zeng et al., 2020; Luo et al., 2021). Other involved

catalytic enzymes are bile pigment deaminase, urinary porphyrin

synthase, urinary porphyrin iii decarboxylase, fecal porphyrin

oxidation decarboxylase, and porphyrin oxidase (Zhang et al.,

2010), encoded by HemC, HemD, HemE, HemF, and HemG,

respectively. HemA is a gene family made up of multiple

members, the number of which may vary from plant to plant.

The model plant Arabidopsis thaliana has five HemA members,

while cucumber has only two genes(Zhang et al., 2010). Here, we

found 10 genes, including HemA, HemB, HemC, HemD, HemE,

HemF, HemH, HemY, HemL, and HemN, five of which (HemA,

HemL, HemE, HemY, and HemH) play decisive roles in the

metabolism of L-glutamate to protoheme. To the best of our

knowledge, this study has clarified the metabolic regulation

pathway of Hem family genes in alfalfa for the first time.

A reduction in expression of Hem genes can lead to a

decrease, or even loss, of enzyme activity and a corresponding

decrease in chlorophyll production. Indeed, when HemA of S.

cerevisiae was ectopically expressed in tobacco, transgenic

plants oversynthesized ALA under light conditions and

exhibited significantly enhanced leaf photosynthesis (Zhang

et al., 2021). Li et al. (2020) showed that, in Arabidopsis,

HemA1 was induced by light, and its expression level

changed with light quality (red, far-red, blue, and white

light). Our results are consistent with previous studies,

showing that the decrease in L-glutamate and the down-

regulation of HemA expression may result in the inhibition

of chlorophyll biosynthesis precursors, and ultimately lead to

the decrease in leaf chlorophyll content.
Molecular regulation of flavonoid
biosynthesis in alfalfa leaves
during flowering

The structurally diverse flavonoid metabolites contribute to

various physiological plant processes, including biotic and

abiotic stress response, nodule organogenesis (in legumes),

fertility, pigmentation, and developmental regulation (Wang

et al., 2020; Marco et al., 2021). Flavonoids also regulate root

growth via reactive oxygen species (ROS) (Maloney et al., 2014)

and the stomatal opening of guard cells (Watkins et al., 2017).

Moderate salt stress in crops and medicinal plants can induce
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flavonoid accumulation to improve product quality (Lim et al.,

2012). Flavonoids also help to resist infection by fungi and

bacteria (Zhou et al., 2016).

Our study indicates that the flavonoid content in alfalfa

leaves at FBS was significantly lower than at BS. This study

provides the first report on how flavonoid content changes in

alfalfa leaves during plant maturation, and indicates that

flavonoid content is closely related to, and changes during,

plant development. Similarly, in stevia, the accumulation of

flavonoids is closely related to the growth stage, and its

content show a dynamic trend of increasing (first 70 days),

decreasing (day 70–94), and the remaining stable (Zhou

et al., 2016).

Flavonoids in alfalfa mainly comprise apigenin, digloflavone,

kainic acid, quercetin, and myricetin, among which the first two

are the most common (Lui et al., 2020).

At present, CYP75 family genes have attracted much

attention, but there is no relevant report about CYP75 in

alfalfa. Relevant studies have shown that flavonoid synthesis in

grapes is regulated by CYP75 family genes, and the flavonoid

content at the budding stage is significantly higher than that at

flowering (Castellarin et al., 2006). Consistent with these results,

this study has shown that CYP75B1 plays a key role in the

transformation of cinnamoyl-CoA into luteolin, apigenin and

butin, especially in the transformation of liquintigenin to butin.

Five genes (Ms. Gene000023, Ms. Gene000024, Ms. Gene94506,

Ms. Gene97810, and Ms. Gene97813) were up-regulated,

indicating that these genes play key roles in the transformation

of these metabolites. However, their specific mechanisms of

regulation require further elucidation.
Molecular regulation of amino acid
biosynthesis in alfalfa leaves
during flowering

Alfalfa hasahigh total aminoacid content, oneof the important

indices ofplantquality (Liu et al., 2022). Studieshave shownthat the

amino acid content is positively correlated with the crude protein

content during growth, and that, with time, amino acid content

decreases significantly (Liu, 2018). This observation is consistent

with results from our proteomics analyses.

Amino acids are essential molecules that form proteins and

contribute to the nitrogen cycle (Yu et al., 2020), and are also the

precursors of many metabolites (Dinkeloo et al., 2018) such as

the phytohormones auxin and ethylene (Du et al., 2022). Amino

acid content and composition varies between tissues and cell

types, and across different developmental stages (Kishor et al.,

2015). To our knowledge, amino acid content, biosynthesis, and

regulation in alfalfa leaves during development have not

been investigated.

Increases in amino acid content may be due to increased

amino acid biosynthesis or protein degradation; decreased
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glycolysis; or the metabolism of other nitrogen-containing

compounds, including chlorophyll, purines, nucleotides, and

alkaloids (Batista-Silva et al., 2019; Zhao et al., 2019). Here, we

found that most DEGs between BS and FBS were involved in the

glycolysis-TCA pathway, which suggests that decreased amino

acid content in mature alfalfa leaves may be due to alterations in

carbohydrate metabolism.

One member of the NIT2 family was significantly down-

regulated. Wang et al. (2010) described a similar phenomenon in

chlorotic leaves ofMalus domestica (apple), in which amino acid

content was significantly decreased due to depressed glycolysis

and TCA cycle activity. While NIT2 is downregulated in the

glutamate pathway, our results also showed that MetB family

genes, participating in the metabolism of glycine to 2-

oxobutanoate and the transformation and synthesis of L-

cystathionine to 2-oxobutanoate, were significantly down-

regulated. At present, there is no report on MetB in amino

acid metabolism and synthesis, and its gene function needs to be

further studied.

The glycolysis-TCA cycle synthesizes fundamental

metabolites, such as amino acids and the reducing agent

NADH, and provides energy for plant growth and

development (Xiong et al., 2021). Phosphoenolpyruvate (PEP),

an important intermediate in the glycolysis-TCA cycle, is also a

precursor for amino acid biosynthesis, particularly aromatic

amino acids (Li et al., 2020). Higher expression of glycolysis-

TCA–related enzymes could increase amino acid synthesis

(Katsuki et al., 2020). For example, wild ginseng has a higher

amino acid content and higher expression of glycolysis-TCA–

related enzymes than cultivated ginseng (Sun et al., 2016). TCA

cycle intermediates have also been closely correlated with amino

acid pools in tobacco (Zhao et al., 2016).

Results from this study clearly show thatbothglycolysis and the

TCAcycle are downregulated in alfalfa leaves at budding compared

with flowering, indicated by lower expression of several genes

encoding key enzymes (e.g., NIT2, metB) and the decreased

abundance of carbohydrate metabolism intermediates. These

data provide the first description of amino acid regulation during

alfalfa leaf development and provide the basis for further study to

explore the precise roles of enzymes such asNIT2 andmetB for use

as precision tools to improve alfalfa leaf quality.
Conclusion

We have analyzed the differences in chlorophyll, amino acid,

and flavonoid content in alfalfa leaves at transcriptional,

translational, and metabolic levels between two different

developmental stages, the budding and the flowering stages.

We found that as alfalfa matures, the content of chlorophyll,

amino acids, and flavonoids significantly decreases. We

identified ten Hem family genes present in alfalfa, which are

involved in the L-glutamate regulatory and chlorophyll
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biosynthetic pathways. From BS to FBS, we observed a decrease

in L-glutamate content and HemA expression in alfalfa leaves,

which may inhibit the production of chlorophyll synthesis

precursor and eventually lead to the observed decrease in leaf

chlorophyll content. Expression of the key gene family CYP75B1

decreased, resulting in a decline in flavonoids, such as apigenin

and luteolin. In mature alfalfa leave, the amino acid synthesis

genes NIT2 and metB decreased, whereas Glud1 increased,

expression. Most DEGs were involved in the glycolysis-TCA

pathway, causing a reduction in amino acid content and

therefore nutritional quality. We have described some of the

molecular mechanisms underpinning the nutritional value of

alfalfa, providing a theoretical basis to guide future

improvements in high-quality alfalfa hay production.
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