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2.4. Forage quality analysis 

Plant materials were dried at 65 ℃ for 48 h in an oven and then 
passed through a 100-mesh sieve to measure neutral detergent fiber 
(NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) by 
Van Soest herbage analysis using an ANKOM A2000i semi-automatic 
fiber analyzer (ANKOM, Macedon, NY, USA) [36]. Total nitrogen was 
measured with the Kjeldahl method by using Kjeltec 2300 machine 
(FOSS, Hillerød, Denmark) as previously reported [16] and used to 
calculate the crude protein content. Soluble sugar was determined by 
anthrone colorimetry [10], and starch was stained by KI/I2 solution 
[18]. The hand-sliced stem was stained with a phloroglucinol solution to 
observe lignin deposition. For each line, three biological replicates (each 
containing three technical repetitions) were used for statistical analysis. 

2.5. Amino acids analysis 

The amino acid content was determined by high-performance liquid 
chromatography (HPLC, Alliance e2695, Waters, USA) [6]. A 0.05 g 
sample per replicate was used to perform HPLC. Sample treatment, 
analysis, and calculation methods were performed according to the 
previous study [7]. Three biological replicates were used for each line. 

2.6. Low-nitrogen facilitated rhizobia inoculation 

T1 generation seeds were germinated and grown on sterilized filter 
paper moistened with sterile water containing 10 mg/L PPT for three 
days. The germinated and non-germinated seeds were separated and 
cultured with sterile water for four days. Seven-day-old seedlings were 
transplanted into test tubes (diameter=1.5 cm, height=30 cm) with a 
piece of folded sterile filter paper or planted in flowerpots with 
vermiculite. The test tube was wrapped with foil and contained 3-mL 
low-nitrogen (0.36 mM nitrogen) nutrient solution. The formula of the 
low-nitrogen nutrient solution was reported previously [9,29]. Seed
lings in test tubes were cultured in an incubator with sixteen hours of 
natural light and eight hours of darkness at 25 ℃. Seven-day-old seed
lings in flowerpots were treated with non-nitrogen or normal nitrogen 
(5 mM nitrogen) solution. Three QQS T1 plants (containing L2, L3, and 
L6) and one CK were cultured in one flowerpot. Fifteen repeats were 
performed for non-nitrogen and normal nitrogen. Seedlings were inoc
ulated with the rhizobia (Sinorhizobium meliloti 1021, sm1021) cultured 
in TY liquid medium (5 g/L Tryptone, 3 g/L Yeast extract) up to OD600 
= 0.8 [8]. 20 mL of low-, non-, or normal-nitrogen nutrient solution and 
20 mL of rhizobia resuspended in low-nitrogen nutrient solution were 
added to every tube or flowerpot. Plants were watered twice with water 
and followed by once with nutrient liquid. Phenotype and nitrogenase 
activity [23] were analyzed after growing for 28 days. Following a PCR 
test, twenty T1 transgenic seedlings were chosen for analysis, where 
non-transgenic seedlings were used as CK. Refer to [8] for information 
on the non-nitrogen nutritional liquid composition. Non-nitrogen 
nutrient liquid with additional 0.36 mM and 5 mM KNO3 were the 
low- and normal- nitrogen nutrients, respectively. 

2.7. In-vitro digestibility 

About 0.5 g of sample was put into fiber bags that had been treated 
with acetone before being sealed with a sealing machine. Fiber bags 
were put into a DasiyII Incubator digestion tank (ANKOM, NY, USA) 
containing 266 mL of buffer A, 1600 mL of buffer B, and 60 mL of rumen 
fluid and treated for 48 h at 39 ℃. One liter of buffer A has 10 g KH2PO4, 
0.5 g MgSO4•7H2O, 0.5 g NaCl, 0.1 g CaCl2•2H2O, and 0.5 g urea, and 
one liter of buffer B has 15 g Na2CO3, 1 g Na2SO4•9H2O [28,34]. Fiber 
bags were rinsed with cold water after 48 h of digestion, dried at 65 ℃ 
for 48 h, and weighed. Digestibility was calculated according to a pre
vious report [28,34] with three biological replicates. 

2.8. RNA sequencing and data analysis 

In the isolated T1 generation population, three transgenic plants 
with comparable QQS expression levels from L2, L3 and L6 and three 
non-transgenic plants were used to characterize the global gene 
expression profiles. The third mature leaves from top-down on a healthy 
branches were collected as samples for total RNA extracted. RNA 
sequencing and analysis were performed as the previously reported 
method [42]. Ten genes were selected randomly for measurement the 
relative expression level by qRT-PCR to validation the results of 
RNA-Seq analysis. The primers were listed in Table S2. 

Key genes in carbon and nitrogen metabolism, lignin synthesis and 
amino acid metabolism were also selected for RT-qPCR analysis 
(Table S4). Relative expression of genes determined by RT-qPCR in
cludes cinnamyl alcohol dehydrogenase gene (CAD); ferulic acid-5- 
hydroxylase/coniferaldehyde-5-hydroxylase gene (F5H); phenylala
nine ammonia-lyase gene (PAL); 4-coumarate-CoA-ligase gene (4CL); 
cinnamate-4-hydroxylase gene (C4H); cinnamoyl-CoA reductase gene 
(CCR); glutamine synthetase gene (GS); proline dehydrogenase gene 
(PDH); glycine dehydrogenase gene (GDH); pyruvate kinase gene (PK); 
plastid transketolase gene (PT); phosphoenolpyruvate carboxykinase 
gene (PEPC); transcription factor nuclear factor Y, subunit C4 (NF-YC4) 
and subunit B5 (NF-YB5); acetyl-CoA c-acetyltransferase (AACT) and 2- 
oxoglutarate dehydrogenase E1 component (2-OGDH). 

2.9. Statistical analyses 

The data collected from biological duplicates were subjected to a 
one-way ANOVA with SPSS 20.0. Different letters or asterisks represent 
a significant difference (P < 0.05). 

3. Results 

3.1. QQS improved biomass yield in alfalfa 

To investigate the function of QQS in alfalfa, we introduced the gene 
into alfalfa cultivar ’Baoding’. PCR and RT-PCR analysis confirmed the 
generation of six independent transgenic lines (TG1–6) (Fig. S1A and B). 
The relative expression of QQS in the TG lines was significantly higher 
than in the WT plants, as confirmed by RT-qPCR (Fig. 1B). Among TG 
plants, TG2, TG3, and TG6 displayed more vigorous growth of above- 
ground parts than the WT plants in both greenhouse and field condi
tions, and were therefore selected for further study (Fig. 1C; Fig. S2). The 
T1 generation seeds of each individual transgenic line were collected, 
and the T1 generation seedlings were used for verification using PCR 
and RT-PCR (Fig. S1C and D). The transgenic T1 plants showed signif
icantly higher expression of QQS than the WT plants (Fig. 2A). After 
growing the T1 plants for one month, we observed that QQS over
expression led to increased branches and height in half-sib plants (Ls) 
compared to control plants (CK) (Fig. 2B-E), which resulted in a sig
nificant increase in biomass yield (Fig. 2F). Our results demonstrate that 
overexpression of exogenous QQS gene significantly improved biomass 
yield of transgenic alfalfa plants. 

3.2. QQS enhances crude protein content in alfalfa 

Previous studies have shown that overexpression of QQS can increase 
the protein content in soybean and rice seeds and leaves. In our study, 
we observed that the above-ground of parts of QQS-T1-Ls had signifi
cantly higher total nitrogen content than the CK (Fig. 3A). Moreover, the 
crude protein content in Ls was increased from 19.42 % in CK to 
20.25–21.27 % (Fig. 3B). Additional testing revealed no appreciable 
difference between CK and Ls in terms of crude protein digestibility and 
leaf-to-stem ratio (Fig. 3C and D). 

We conducted HPLC analysis to measure the content of fourteen 
essential amino acids, including aspartic acid, glutamic acid, serine, 
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QQS affects the expression of genes involved in carbon and nitrogen 
metabolism, lignin biosynthesis as well as amino acid metabolism, 
contributing to the improved forage quality and nitrogen metabolism 
and altering amino acid content in transgenic alfalfa. 

4. Discussion 

Alfalfa is a crucial leguminous forage crop that provides high-quality 
feed for livestock. In this study, we aimed to improve alfalfa forage 
quality and crude protein content by generating transgenic plants 
overexpressing the Arabidopsis QQS gene, which is known to regulate 
carbon/nitrogen relocation and increase total protein content and 
decrease total starch content in Arabidopsis and food crops [3,18,21,31, 
32]. Surprisingly, we observed an increase in biomass yield in QQS 
transgenic alfalfa plants compared to the WT, which differs from pre
vious reports in food crops [21,31,32]. Due to the complex genetic 
background of alfalfa [26], we carefully selected and compared the 
phenotype, forage quality, and nodulation of QQS transgenic plants (Ls) 
with those of segregated non-transgenic plants used as controls (CK). 

Previous studies have shown that ectopic expression of QQS in rice 
and soybean did not affect plant morphology, development, and flow
ering time [19,21]. However, our results demonstrate that QQS 

overexpression in alfalfa led to an increase in biomass yield, which may 
be due to the regrowth and perennial characteristics of alfalfa. Inter
estingly, we also observed improved nodule weight in QQS transgenic 
plants, indicating enhanced nitrogen assimilation. This finding aligns 
with previous reports that increasing nitrogen assimilation can lead to 
increased branch number, growth, and protein content in plants [11, 
39]. We also tested the effect of nitrogen fertilizer on plant growth and 
protein content, and found that it significantly improved biomass yield 
and crude protein in CK but not in Ls plants. This suggests that the 
growth of CK was limited in the absence of nitrogen, while the Ls plants 
were able to sustain their growth. In contrast, QQS transgenic plants did 
not show any significant phenotypic changes in rice and maize [21], 
crops that lack a biological nitrogen-fixing system, suggesting that the 
increased nitrogen fixation in QQS transgenic alfalfa plants is respon
sible for the observed increase in tiller number and plant growth. 

Alfalfa’s total nitrogen content is mainly attributed to biological 
nitrogen-fixing by nodules and root nitrogen absorption from the soil 
[1]. QQS overexpression improved total nitrogen and crude protein 
content per gram of alfalfa above-ground materials, consistent with 
previous reports [21]. The molecular mechanism of QQS in Arabidopsis 
and crop species (i.e., soybean, rice, corn, tobacco and potato) has been 
established that QQS could replace NF-YB to interact with NF-YC (i.e., 

Fig. 5. The phenotypes of the plant and nodulation of CK and Ls under non-nitrogen (-N) and normal (+N) conditions. (A) Analysis of branch number per plant after 
growing for 28 days under -N and +N conditions. Fifteen plants per line were used for measurement and data were presented as box plots with minimum to maximum 
plots. Center lines represent the medians, "×" represents the mean value, and down and up whiskers extend to the minimum and maximum values. (B) Comparison of 
dry matter per five plants. Statistical analysis was conducted with three biological duplicates. (C) Comparison of crude protein content of CK and Ls. (D) Comparison 
of nodule fresh weight per plant. Values are presented as mean ± SD (n = 5). Different letters and an asterisk denote significant differences (P < 0.05) by one-way 
ANOVA analysis. 
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and development. Similar to food crops, the leaf photosynthesis rate 
showed no significant difference between QQS transgenic plants and CK 
in alfalfa, indicating QQS did not affect plant carbon fixation [21]. 
However, QQS did alter the carbohydrate composition ratio in alfalfa, 
leading to an increase in soluble sugar content and a decrease in cell wall 
cellulose content (NDF and ADF), which may be related to improved 
nitrogen assimilation in QQS transgenic alfalfa. 

Sucrose, a photosynthetic product, is transported from leaves to roots 
to provide energy and carbon skeletons to nitrogen fixation in nodules 
[12]. The increased demand for root nodules in alfalfa may have affected 
carbon allocation, resulting in changes in the levels of certain amino 
acids. According to the results of global gene expression profiles be
tween WT and Ls, DEGs significantly enrich into the biosynthesis and 
metabolism of amino acids KEGG pathways. Specifically, we found that 
the Lys level in transgenic alfalfa decreased by more than 30 %, while 
the levels of other amino acids increased significantly compared to the 
WT, which may be due to the higher expression of MsAACT and 
Ms2-OGDH, two genes enrichment into lysine degradation pathway, in 
Ls and need further study. Those results suggest that QQS altered the 
nitrogenous metabolites composition and can regulate carbon and ni
trogen partitioning in alfalfa. 

Interestingly, QQS did not decrease starch content in alfalfa, unlike 
other food crops [21,31,32]. This unexpected finding may be due to the 
upregulation of genes responsible for promoting starch accumulation, 
such as pyruvate kinase (PK) and plastid transketolase (PT) [5,14], 
which showed significantly higher expression in QQS transgenic alfalfa. 
This may explain the unexpected starch accumulation phenomenon in 
QQS transgenic alfalfa. 

While QQS did not affect leaf photosynthesis rate, it did alter car
bohydrate composition and amino acid levels in alfalfa, possibly through 
changes in carbon allocation. QQS also appears to regulate starch 
accumulation in a unique way, which warrants further investigation. 

The presence of high lignin content in forage is known to have 
negative effects on forage digestibility and animal performance. In our 
study, we observed a significant reduction in lignin content in Ls alfalfa, 
which led to a significant increase in NDFD and ADFD. This effect may 
be attributed to the downregulation of PAL and F5H, two key enzymes in 
the lignin biosynthesis pathway [17], in the tested transgenic lines. 
Interestingly, we also found that the expression of 4CL and C4H were 
up-regulated in Ls individuals, suggesting that QQS may have a role in 
modulating the expression of lignin biosynthesis genes in alfalfa. How
ever, the precise molecular mechanisms by which QQS regulates lignin 
biosynthesis in alfalfa requires further investigation. 

In conclusion, our study has shown that QQS overexpression im
proves several important agronomic traits of alfalfa, including biomass 
yield, soluble sugar content, crude protein content, and forage di
gestibility, as well as offering increased resistance to low-nitrogen stress. 
Furthermore, our results suggest that these beneficial traits are heritable 
and can be passed on to the next generation of plants. These findings 
highlight the potential of QQS as a valuable tool for improving alfalfa 
forage quality and yield, with potential benefits for animal nutrition and 
the livestock industry. However, further research is necessary to fully 
elucidate the underlying mechanisms involved in the QQS-mediated 
improvements and to assess any potential environmental impacts asso
ciated with QQS overexpression in alfalfa. 
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