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ARTICLE INFO ABSTRACT

Keywords: Improving the forage quality of alfalfa in terms of digestibility and crude content is essential for any alfalfa
Forage quality quality breeding programs. Arabidopsis thaliana orphan gene QQS (Qua-Quine Starch) has been shown to improve
Biomass

protein content and alter carbohydrate composition in different food crops. However, there are significant dif-
ferences in agronomic traits and nutritional conditions between alfalfa and other food crops. To explore the
biological function and molecular mechanisms of QQS in alfalfa, we generated QQS transgenic plants and their
segregated population (T1 generation), and evaluated their performance under normal- and nitrogen-deficient
conditions. Our findings indicate that QQS can significantly enhance the total nitrogen and crude protein con-
tent of alfalfa and increase nodule weight under low-nitrogen conditions. Furthermore, QQS transgenic lines also
showed reduced levels of neutral detergent fiber (NDF) and lignin, improving forage digestibility. By RNA
sequencing and RT-qPCR analysis, we found that QQS affected the expression of genes involved in carbon and
nitrogen metabolism, lignin biosynthesis and amino acid biosynthesis and degradation pathways in alfalfa. In
addition, QQS also improved alfalfa biomass yield by increasing branch number and plant height in both
greenhouse and field conditions. Our results demonstrate that QQS as a useful molecular tool can improve alfalfa
biomass yield and overall forage quality and could have significant implications for the alfalfa breeding industry
in satisfying the constant demands for high-quality and high-yielding forage.

Crude protein content
Forage digestibility
Nodule

1. Introduction Genetic modification of alfalfa through transgenic methods has been

attempted to improve the forage quality. Overexpressing bacterial

Alfalfa (Medicago sativa L.) is a valuable forage crop due to its high
biomass yield and good forage quality, provided by its high digestibility
and crude protein content. Increasing crude protein content is particu-
larly important as it positively correlates with the price of alfalfa hay
[17]. However, the high lignin content in alfalfa impedes the digestion
of cellulose, resulting in an unbalanced nitrogen-to-carbohydrate ratio
in the rumen [20], making simultaneous improvement of forage di-
gestibility and crude protein content a challenge.

aspartate kinase and adenylyl sulfate reductase genes has increased
sulfur-containing amino acids content in alfalfa [35,37], while
down-regulating lignin biosynthesis genes has enhanced forage di-
gestibility [4]. However, an effective way for simultaneous improve-
ment of the forage digestibility and crude protein content of alfalfa is
still unknown.

Plants utilize nitrogen metabolism to produce components like pro-
teins, nucleic acids, chlorophyll, and hormones essential for growth and

Abbreviations: QQS, Qua-Quine Starch; TGs, transgenic plants; WT, wild type; PCR, polymerase chain reaction; RT-qPCR, reverse transcription quantitative real-
time PCR; SPS, sucrose phosphate synthase; GS, glutamine synthetase; F5H, ferulic acid-5-hydroxylase/coniferaldehyde-5-hydroxylase gene; PAL, phenylalanine
ammonia-lyase gene; 4CL, 4-coumarate-CoA-ligase gene; CCR, cinnamoyl-CoA reductase gene; PDH, proline dehydrogenase gene; GDH, glycine dehydrogenase gene;
PK, pyruvate kinase gene; PT, plastid transketolase gene; NDF, neutral detergent fiber; ADF, acid detergent fiber; ADL, acid detergent lignin; Ls, glufosinate resistant
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development, while carbon metabolism fulfills organism’s energy re-
quirements and provides structural support and mechanical resistance
[13]. Studies have found associations among carbon/nitrogen meta-
bolism, plant cell wall composition, and crude protein content [1,15].
Kaur et al. [15] reported that overexpressing genes of key enzymes like
sucrose phosphate synthase (SPS) involved in sucrose synthesis in leaves
and glutamine synthetase (GS) involved in ammonia assimilation in root
nodules, increased forage digestibility, crude protein content, and
biomass yield of alfalfa. Therefore, regulating the carbon/nitrogen
metabolism could be a promising strategy for enhancing forage quality.

QQS (Qua-Quine Starch; At3g30720) is an orphan gene unique
(lacking any similar sequence of protein-coding genes in any other
species) in A. thaliana, which has been shown reported to regulate car-
bon and nitrogen partitioning by binding to the conserved transcription
factor nuclear factor Y, subunit C4 (NF-YC4) in various species [3,18,19,
21,31,32,38]. Up-regulation of QQS has been reported in Arabidopsis
carbohydrate mutants such as Atss3 (lacking starch synthase III),
Atmex1, and Atsis8 [18]. In Arabidopsis, overexpression of QQS led to
increased protein content and decreased starch content in leaves, while
its down-regulation had the opposite effect [19]. Ectopic expression of
QQS in corn, rice, and soybean also enhanced the protein content in
grains and leaves without affecting plant morphology [18,19,21].
However, the effect of QQS on alfalfa forage quality is yet to be inves-
tigated. Unlike annual food crops, alfalfa is a perennial plant that can
form symbiotic relationships with rhizobia to fix nitrogen from the at-
mosphere, providing a nutritional advantage to the plant. Therefore,
previous reports on QQS in annual food crops may not predict its actual
effect on alfalfa forage quality.

This study aimed to evaluate the impact of introducing QQS into
alfalfa, under normal and nitrogen-deficient conditions to determine
QQS effect on plant’s performance and forage quality. To investigate
potential mechanisms, we also conducted RNA-seq and RT-qPCR anal-
ysis to detect differential gene expression related to forage quality.
Similar to food crops, QQS has shown conservative functions such as
increasing crude protein content and changing carbohydrate structure,
as well as specific functions such as improving biomass output, soluble
sugar content, and nodule weight in alfalfa. Our results support using
QQS as a molecular tool for high-yield and high-quality alfalfa breeding.

2. Materials and methods
2.1. Vector construction and alfalfa transformation

The T-DNA region of the QQS overexpression vector used, shown in
Fig. 1A is based on a previous report [19]. The QQS gene expression was

driven by the CaMV 35S promoter, and the Bar (phosphinotricin ace-
tyltransferase) gene was used as a selectable marker (Fig. 1A) [19]. The
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vector was then transformed into Agrobacterium tumefaciens strain
EHA105 and used to transform the alfalfa cultivar ’Baoding’ [40].
Transgenic (TG) plants and wild-type (WT) plants were cultured in
flowerpots filled with soil in a greenhouse with natural light and 25 °C of
temperature [24].

2.2. Transgenic plants identification and quantitative real-time PCR tests

Genomic DNA was extracted from TG and WT plants using the CTAB
method for PCR [24]. A 249-bp fragment that spans the CaMV 35S
promoter and QQS gene was amplified using primer pair 35S-F2 and
QQS-R1 (Table S1) to verify the TG plants. Total RNA was extracted
from young leaves using Trizol reagent (Thermo Fisher Scientific, San
Jose, CA, USA). One microgram of RNA was digested with DNase
enzyme and employed to generate the first strand cDNA for RT-PCR and
quantitative real-time PCR (RT-qPCR) analysis (Takara RR047 Kkit,
Dalian, China). A 107-bp fragment specific to QQS was amplified using
primer pair RT-QQSF and RT-QQSR to determine the expression of QQS
in transgenic plants (Table S1).

The TB Green Premix Ex Taq™ (Takara RR420 kit, Dalian, China)
with primer pair qRT-QQS-F and qRT-QQS-R (Table S1) was used for RT-
qPCR that was carried out on an Eco Real-Time PCR System (Illumina,
EC-100-1001, CA, USA). The relative expression levels of genes were
calculated by the 222C" method [25] using alfalfa f-actin gene
(JQ028730.1) as an internal reference [22]. Three biological replicates
were used for statistical analysis for this experiment.

2.3. Plant culture and phenotype analysis

WT and TG plants were propagated by the stem-cutting method and
cultured in a greenhouse. The T1 generation seeds were harvested from
each transgenic line planted in the field (Beijing, China, N40.09,
E116.22). The seeds of different lines were planted in a greenhouse and
identified by PCR and RT-PCR. The PCR-positive T1 seedlings from the
same transgenic line were treated as a half-sib pool (L) for subsequent
research, and PCR-negative (non-transgenic) seedlings were used as
controls (CK). T1 generation plants were cultured in a greenhouse and
cut every other month. Before the fourth cutting, the T1 plants and WT
control plants were used for plant phenotype analysis. The absolute
height of the plant was measured by a random selection of fifteen
branches. The leaf and stem weight of each plant was measured sepa-
rately to calculate the leaf-to-stem ratio. The above-ground biomass was
harvested for forage quality and amino acid analysis. Three plants from
each pool were used for phenotypic and forage quality analysis as bio-
logical repeats.

Fig. 1. Generation and morphological features
of QQS transgenic alfalfa plants (TGs). (A) The
schematic diagram of the T-DNA region of the
vector used for QQS overexpression. (B) The
relative expression of QQS in both WT and TGs
through quantitative real-time PCR tests. The
data are shown as mean + SD (n = 3). Different
letters indicate a significant difference
(P < 0.05). (C) Compares the visual phenotype
and morphological features of WT and TGs,
specifically in their above-ground growth.

TG2  TG3 TG6
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2.4. Forage quality analysis

Plant materials were dried at 65 °C 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, Hillergd, 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/I, 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 2695, 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

T, 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 °C. 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 ODgoo
= 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 KNOs 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 Dasin 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 °C. One liter of buffer A has 10 g KHoPOy4,
0.5 g MgS0O4e7H,0, 0.5 g NaCl, 0.1 g CaCl,e2H50, and 0.5 g urea, and
one liter of buffer B has 15 g NayCOs3, 1 g NaySO4e9H0 [28,34]. Fiber
bags were rinsed with cold water after 48 h of digestion, dried at 65 °C
for 48 h, and weighed. Digestibility was calculated according to a pre-
vious report [28,34] with three biological replicates.
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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. STA 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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Fig. 2. Verification and phenotype analysis of the T1 generation of QQS transgenic alfalfa plants (TGs).(A) The relative expression of QQS in the T1 generation of
TGs. L2, L3, and L6 represent the transgenic half-sib pools harvested from TG2, TG3, and TG6 plants, respectively. CK, non-transgenic plants. (B) Visual phenotype
and morphological features of CK and Ls plants one month after the third cutting. (C) Close-up view of the branch of CK and Ls plants. (D-F) Comparison of plant
height (D), branch number (E), and dry matter yield (F) of CK and Ls one month after the third cutting. Values are presented as mean =+ SD (n = 3). Different letters

and an asterisk denote a significant difference (P < 0.05).

histidine, glycine, threonine, arginine, alanine, tyrosine, valine,
phenylalanine, isoleucine, leucine, and lysine. Result showed that,
except for lysine, the content of other amino acids was significantly
higher in Ls compared to WT (Fig. 3E). The relative change rates of
different amino acids in Ls showed a similar tendency (Fig. 3E). These
findings indicate that QQS can enhance the crude protein content of
alfalfa, suggesting its potential use in breeding high-quality alfalfa.

3.3. QQS increased nodules weight per plant to increase nitrogen fixation

Symbiotic nitrogen fixation is crucial for alfalfa growth and devel-
opment. To investigate the increased total nitrogen content in Ls, we

examined the symbiotic nitrogen fixation of CK and Ls. During seed
germination, we separated the glufosinate-resistant seedlings (Ls) and
sensitive seedlings (CK) by culturing with water containing 10 mg/L
PPT for three days, which did not effect the seedling post-germinated
growing (Fig. S3A and B). Seven-old seedlings inoculated them with
Rhizobium bacterium (Fig. S3C). After 28 days of growth cultured in a
test tube, the above-ground and subterranean parts of TG plants were
larger than WT plants (Fig. 4A and Fig. S3C). The number of nodules per
unit root length did not differ significantly between CK and Ls (Fig. 4B).
However, the nodules of transgenic lines were predominantly clustered,
while those of WT plants mainly grew individually (Fig. 4C). The ratio of
nodules with more than five bifurcations was significantly higher in Ls
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than CK (Fig. 4D). These changes in nodule phenotype in Ls led to a
significantly higher single nodule weight (Fig. 4E), although the nitro-
genase activity of nodules remained unchanged (Fig. 4F). Our findings
indicate that overexpression of QQS improves the nodule weight per
plant, leading to increased nitrogen fixation.

3.4. Improved growth and nitrogen fixation of QQS transgenic plants
under nitrogen-deficient conditions

To evaluate the performance of CK and Ls under low-nitrogen growth
conditions, we cultured the plants under non-nitrogen (-N) and normal
(+N) conditions and inoculated with Rhizobium bacterium (Fig. S4A and
B). After 28 days of culture under -N condition, the leaves of CK plants
showed obvious nitrogen-deficient symptoms (Fig. S4C), and the plant
height was significantly shorter compared to Ls (Fig. S4E). Ls had a
higher tiller number, as well as significantly higher dry matter and crude
protein content than CK after -N treatment. However, under the +N
treatment, the phenotype differences between WT and Ls were not sig-
nificant (Fig. S4D and F).

Under the +N and -N treatments, Ls did not show any significant
difference in terms of branch number, plant dry weight, crude protein
content, and nodule fresh weight, except for the increase in crude pro-
tein content in L2 (Fig. 5A-D). In contrast, the WT plants showed sig-
nificant improvements in these parameters under the +N treatment
compared to the -N treatment. These results demonstrate that over-
expression of QQS enhances alfalfa plant growth and nitrogen fixation
under low-nitrogen stress.

3.5. QQS alters alfalfa carbohydrate composition and improves forage
quality

Our study investigated the effect of overexpressing QQS on alfalfa,
and found that it improved both carbohydrate composition and forage
quality. Specifically, QQS overexpression improved alfalfa symbiotic
nitrogen fixation by enhancing nodule growth, while photosynthesis
rates were similar between CK and Ls plants, as well as net photosyn-
thetic rate, stomatal conductance, intercellular CO5 concentration, and
transpiration rate (Fig. SS5A-D). Additionally, we performed leaf KI/I,
staining and measured starch content, which showed no significant
difference between CK and Ls (Fig. 6A and B). However, the soluble
sugar content of L3 and L6 was significantly higher than CK (Fig. 6C).

We also examined the forage quality using phloroglucinol staining to
detect lignin deposition in the stem. Our results indicated that QQS
overexpression reduced the lignin content of alfalfa cell wall, as evi-
denced by the lighter red color in hand-sliced Ls stems compared to the
CK (Fig. 6D). Furthermore, we found that NDF and ADF content were
significantly lower in Ls plants than in WT plants, except for the NDF
content of L2 (Fig. 6E and F). Similarly, ADL content was also signifi-
cantly lower in Ls than CK, except for L6 (Fig. 6G). Notably, the NDF
digestibility (NDFD) of L2, L3, and L6 was 43.5 %, 43.7 %, and 51.2 %,
respectively, which was significantly higher than WT (34.1 %) (Fig. 6H).
Additionally, the ADF digestibility (ADFD) of Ls was 39.4 %, 40.1 %, and
48.0 %, respectively, which was also significantly higher than WT (29.1
%) (Fig. 6I). Overall, our findings suggest that QQS overexpression
significantly improved alfalfa forage quality by reducing cell wall lignin
and cellulose content.
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and Ls. Values are presented as mean =+ SD (n = 20) in D-F. The asterisk represents a significant difference (P < 0.05) by one-way ANOVA analysis.

3.6. QQS modulates the expression of genes involved in carbon and
nitrogen metabolism as well as lignin biosynthesis

To uncover the potential molecular mechanism in improvement of
protein content and forage quality by QQS, we characterized the global
gene expression profiles between Ls and CK. The results showed that
there were 548 up-regulated and 316 down-regulated expressed genes
were detected in Ls plants compared to CK (Fig. S6). We performed qRT-
PCR tests of ten randomly selected genes to validate the reliability of the
RNA-seq data. The relative expression level of them was consistent with
the results of RNA-Seq analysis (Fig. S7). The DEGs between Ls and CK
enrich into 114 KEGG pathways, especially for protein processing in
endoplasmic reticulum, starch and sucrose metabolism, biosynthesis of
amino acid, and degradation of lysine, valine, leucine and isoleucine
(Fig. S8 and Table S3). By examining the relative expression level of the
genes involved in carbon and nitrogen metabolism, we found that the

genes related to nitrogen metabolism, including GS, PDH, GDH, PK, PT,
and PEPC, had significantly higher expression levels in Ls lines
compared to WT (Fig. 7A). On the other hand, the expression of lignin
biosynthesis-related genes, F5H and PAL, was significantly decreased in
transgenic lines compared to WT (Fig. 7B). In contrast, the expression of
4CL was significantly increased in transgenic lines (Fig. 7B). The relative
expression of CAD was increased in L2, decreased in L6, and there was
no significant difference in L3 (Fig. 7B). Moreover, the relative expres-
sion of C4H was increased in L2 and L6 plants, while the expression of
CCR did not differ between transgenic plants and WT (Fig. 7B). Several
DEGs associated amino acid biosynthesis and degradation were listed in
Table S4. Among them, two genes associated with lysine degradation,
AACT and 2-OGDH E1 subunit, were significant upregulated in Ls than
in CK. Above that, we also found the nuclear factor Y, subunit C4, which
reported bind with QQS, and subunit B5 significant upregulated in Ls
compared them in CK respectively (Fig. 7C). These results suggest that
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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

vl

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.

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.,
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NF-YC4) in the NF-Y trimeric complex [3,18,21,31,32]. Recent research
showed that the interaction between QQS and the NF-YC subunit, does
not need NF-YA subunit could down regulate starch content and increase
total protein in C. reinhardtii. In S. cerevisiae, QQS appears to regulate
glycogen level via the interaction of QQS with either only HAP5 (NF-YC
homolog) or with HAP2 (NF-YA homolog), HAP3 (NF-YB homolog) or
HAP4, and affect protein content via the interaction with the HAP
complex that requires HAP2, HAP3, HAP4 and HAP5 [38]. It has re-
ported that QQS interacting protein GmNF-YC4 improved nodule fresh
weight per plant and crude protein content [41]. In this study, we also
observed that QQS transgenic plants had improved alfalfa nodule fresh
weight under low-nitrogen conditions. And, according to the results of
RNA-seq and RT-qPCR, MsNF-YC4 is significantly more highly expressed
in QQS transgenic plants than in WT. Those results indicated that QQS
may be interact with MsNF-YC4 to regulated nodule fresh weight and
nitrogen content in alfalfa.

We also identified several key genes in nitrogen metabolism, such as

glutamine synthetase 1 (GSI), proline dehydrogenase (PDH), and
glycine dehydrogenase (GDH), that were significantly up-regulated in
QQS transgenic plants. Similar to QQS transgenic alfalfa, increasing GS1
expression levels in alfalfa led to higher biomass yield, nodule fresh
weight per plant, and crude protein content [15], and ectopic expression
of GSI in tobacco enhanced the utilization of nitrogen, increased
biomass yield and leaf soluble protein in GSI1 transgenic plants [27].
Additionally, PDH and PEPC play important roles in nitrogen fixation,
ammonia absorption, and assimilation of legume root nodules [2,30,
33], which may contribute to the amount of nitrogen accumulation in
QQS transgenic alfalfa plants. Notably, the number of nodule bi-
furcations was significantly increased in QQS transgenic alfalfa plants. In
contrast to soybean, where GmNF-YC4 overexpression did not affect
nodule size and morphology [41], these results indicate the existence of
other regulatory pathways modulating nodule formation and nitrogen
fixation in alfalfa that require further study.

Photosynthesis provides carbohydrates and energy for plant growth
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Fig. 7. Expression of genes associated with carbon and nitrogen metabolism and lignin biosynthesis in CK and Ls alfalfa. (A) Relative expression of genes involved in
carbon and nitrogen metabolism, including GS (glutamine synthetase), PDH (proline dehydrogenase), GDH (glycine dehydrogenase), PK (pyruvate kinase), PT
(plastid transketolase), and PEPC (phosphoenolpyruvate carboxykinase). (B) Relative expression of genes associated with lignin biosynthesis, including CAD (cin-
namyl alcohol dehydrogenase), F5H (ferulic acid-5-hydroxylase/coniferaldehyde-5-hydroxylase), PAL (phenylalanine ammonia-lyase), 4CL (4-coumarate-CoA-
ligase), C4H (cinnamate-4-hydroxylase), and CCR (cinnamoyl-CoA reductase). (C) Relative expression of genes including NF-YC4 (transcription factor nuclear factor
Y, subunit C4), NF-YB5 (transcription factor nuclear factor Y, subunit B5), AACT (acetyl-CoA c-acetyltransferase), and 2-OGDH (2-oxoglutarate dehydrogenase E1
component). Values are shown as mean + SD (n= 3). Statistical significance is represented by different letters (P < 0.05) as determined by one-way

ANOVA analysis.

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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