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Abstract

Acidic tea (Camellia sinensis) plantation soil usually suffers from magnesium (Mg) deficiency, and as such, application of fertilizer con-
taining Mg can substantially increase tea quality by enhancing the accumulation of nitrogen (N)-containing chemicals such as amino
acids in young tea shoots. However, the molecular mechanisms underlying the promoting effects of Mg on N assimilation in tea plants
remain unclear. Here, both hydroponic and field experiments were conducted to analyze N, Mg, metabolite contents, and gene expres-
sion patterns in tea plants. We found that N and amino acids accumulated in tea plant roots under Mg deficiency, while metabolism of
N was enhanced by Mg supplementation, especially under a low N fertilizer regime. "°N tracing experiments demonstrated that assimi-
lation of N was induced in tea roots following Mg application. Furthermore, weighted gene correlation network analysis (WGCNA)
analysis of RNA-seq data suggested that genes encoding glutamine synthetase isozymes (CsGSs), key enzymes regulating N assimilation,
were markedly regulated by Mg treatment. Overexpression of CsGS1. in Arabidopsis (Arabidopsis thaliana) resulted in a more tolerant
phenotype under Mg deficiency and increased N assimilation. These results validate our suggestion that Mg transcriptionally regulates
CsGS1.1 during the enhanced assimilation of N in tea plant. Moreover, results of a field experiment demonstrated that high Mg and low
N had positive effects on tea quality. This study deepens our understanding of the molecular mechanisms underlying the interactive
effects of Mg and N in tea plants while also providing both genetic and agronomic tools for future improvement of tea production.

distributed in areas with acidic red soil, where Mg deficiency

is common, and the use of Mg fertilizer in tea cultivation is
generally rare (Ni et al. 2019). Therefore, the mechanisms in-

volved in Mg nutrition and ways to optimize Mg nutrition

Introduction

Tea (Camellia sinensis) is an important economic crop in
Asia, and tea plantations have become a pivotal industry
that increases the income of farmers. The positive effect of

magnesium (Mg) on the growth and quality of tea plants
has been widely demonstrated (Ruan et al. 2012; Gerendas
and Fithrs 2013); however, tea plantations are mainly

management in tea plantations are of considerable interest,
to both improve the quality and enhance the efficiency of
tea production.
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Mg is not only the central atom in chlorophyll but also es-
sential for the activity of many enzymes (Marschner 2012).
Numerous researchers found that Mg has an important
role in improving crop vyield and quality (Marschner 2012;
Gerendas and Fiihrs 2013). In the tea plant, Mg content is
generally 500 to 4000 mg/kg, and the application of Mg fer-
tilizer can improve both tea yield and quality (Ruan et al.
1998, 1999, 2012; Gerendas and Fiihrs 2013). Application of
Mg substantially increases the content of caffeine and aroma
components in tea (Ruan et al. 1999) while low supply of Mg
caused changes in the levels of other nutrients in mature
leaves (Ruan and Gerenda 2015). Jayaganesh and
Venkatesan (2010) and Jayaganesh et al. (2011) demon-
strated that the input—output ratio of Mg sulfate is higher
than magnesite and Mg nitrate. Due to the high mobility
of Mg in the phloem, the application of Mg fertilizer on leaves
has been demonstrated to substantially increase the yield
and quality of a number of crops (Vrataric et al. 2006;
Dordas 2009; Rao and Rajput 2011; Wszelaczynska and
Poberezny 2011).

N is essential for plant growth and development and a lim-
iting factor for crop yield and quality (Tegeder and
Masclaux-Daubresse 2018; Liu et al. 2021). In agricultural pro-
duction, the application of N fertilizer generally increases
plant yield. However, generally, <50% of N fertilizer can be
used by cereal crops; most of the remainder is lost to the en-
vironment, causing pollution (Zhang et al. 2013; Fernie 2021).
However, plant nitrogen use efficiency (NUE) is highly com-
plex, being influenced both by absorption and assimilation of
N via roots, its long-distance transport from roots to leaves,
and the remobilization of stored N reserves in plants.
Ammonium (NHZ) and nitrate (NO3) are the main inorganic
forms of N used by tea plants with the utilization efficiency of
NHZ substantially higher than that of NO3 in tea plant (Tang
et al. 2020). NH; is assimilated via the glutamine synthetase—
glutamate synthase (GS-GOGAT) pathway, which assimilates
ammonium either immediately following its uptake or after
nitrate has been reduced to nitrite (Cruz et al. 2006;
Thomsen et al. 2014). Studies suggest that glutamine synthe-
tase (GS) (EC 6.3.1.2) is a key enzyme regulating tea plant ab-
sorption and utilization of N (Chardon et al. 2012; Liu et al.
2019). GS activity is regulated by 2 isoenzymes, cytosolic
GS (GS1) and plastidic GS (GS2) (Cren and Hirel 1999).
GS1 is encoded by 3 to 5 genes, whereas GS2 is encoded by
a single gene (Swarbreck et al. 2011; Thomsen et al. 2014).
Moreover, GS1 is important for primary N assimilation in
roots and for the re-assimilation of ammonium generated
during protein turnover in leaves, whereas the GS2 is pre-
dominantly involved in the re-assimilation of photo-
respiratory ammonium in chloroplasts as well as the assimi-
lation of ammonium derived from the reduction of nitrate in
plastids (Bernard and Habash 2009; Thomsen et al. 2014).
Intriguingly, the overexpression of GSs in transgenic tobacco
(Nicotiana tabacum) increases the activity of GS and en-
hances N assimilation under low-N conditions (Wang et al.
2013).
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An alternative route is improving the remobilization of
stored N since this allows plants to effectively utilize limited
N (Staswick 1994; Masclaux-Daubresse et al. 2010). During
the sprouting period of spring tea, approximately 70% of N
is derived from remobilization of the plants’ own reserves
(Okano et al. 1994). Ruan and Gerenda (2015) painted
">N-labelled urea on to mature tea leaves and found that it
was mainly transported to the young new shoots. It has
been established that amino acids are transported across
membranes via amino acid transporters, to regulate N distri-
bution between the source and sink, and that proton-coupled
amino acid permeases (AAPs) are involved in this process
(Tegeder and Masclaux-Daubresse 2018). In general, the non-
proteinogenic amino acid theanine, the free amino acid pre-
sentat the highest levels in tea, is considered the primary form
of stored and transported N in tea plants, being synthesized in
the roots and transported to the leaves (Dong et al. 2020).

The cooperative mechanisms involved in crop N and Mg nu-
trition have been extensively studied (Mulder 1956; Ruan et al.
2000, 2004). The coordination of N and Mg nutrition is an im-
portant factor that affects amino acid accumulation (Ruan
et al. 2012); however, excessive application of Mg fertilizer can
also lead to potassium—Mg antagonism, which may inhibit tea
plant biomass and amino acid accumulation (Ruan et al. 1998).
Similarly, Ruan et al. (2006) found that soil pH, as well as soil
and plant Mg content, decreased substantially with the applica-
tion of excessive N fertilizer. This is important because Mg fertil-
izer can considerably increase the activity of amino acid
transporter proteins in tea shoots (Jayaganesh and Venkatesan
2010). As such, the effect of Mg nutrition on amino acid accumu-
lation in tea leaves is likely related to the long-distance transport
of metabolites in tea plants (Ruan et al. 2006, 2012). However, the
mechanism by which Mg nutrition regulates N assimilation and
metabolism requires further study. Thus, the purpose of this
study was to investigate the molecular mechanisms underlying
the interactive effects of Mg and N in tea plants. We present evi-
dence that Mg supplementation increased the amino acid con-
tent and N assimilation in tea roots and shoots. Heterologous
expression of the CsGS1.7 gene in Arabidopsis (Arabidopsis thali-
ana) further validated this conclusion. Our study thus deepened
our understanding of the molecular mechanisms underlying the
interactive effects of Mg and N in tea plants, which also provided
a potential fertilization strategy on improving N utilization effi-
ciency by Mg supplementation under low N condition. The re-
cent explosion in genomic and transcriptomic resources (Jiang
et al. 2022) means that characterizing tea natural variants follow-
ing the identification of CsGS1.7 as a candidate gene paves the
road for the breeding of enhanced NUE in tea.

Results

Mg deficiency decreases the transport of N from roots
to mature leaves, while Mg supplementation
enhances N metabolism

Mature leaves of tea plants exhibited observable chlorosis
after 3 weeks of Mg deficiency (—Mg). Although root, mature
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leaf (ML), and stem biomass did not differ significantly
among the 3 Mg treatment groups, young shoot (YS) bio-
mass was significantly decreased by Mg deficiency (in com-
parison to plants grown under the Mg1 and Mg2 regimes
(Fig. 1B), suggesting that Mg deficiency inhibits YS growth.
The Mg levels in roots and YS significantly increased with in-
creasing Mg fertilizer, and Mg levels were highest in plants
grown under the Mg2 regime (Fig. 1C). Notably, Mg levels
in YS were substantially higher than those in the root, ML,
and stem (Fig. 1C), suggesting that Mg is a relatively mobile
element.

Under the stress of Mg starvation following the —Mg treat-
ment, the content of total N and free amino acid contents in
the tea roots highly increased, when compared to those of
plants grown under the Mg1 regime (Fig. 1, D and E), suggest-
ing that starvation of Mg may lead to inhibition of N mobil-
ization from the root. That said, in the mature leaves, amino
acids accumulated under —Mg conditions, even though the
total N content significantly decreased in the —Mg group
compared to both other groups. In comparison with Mg suf-
ficiency, Mg deficiency resulted in an increased level of total
N in roots but a decrease in the total N in ML (Fig. 1D),
whereas an opposite trend was observed for mature-leaf ami-
no acid contents (Fig. 1E). Analysis of gene expression
(Supplemental Fig. S1) showed that the amino acid transport
gene, amino acid permease gene CsAAP5, was downregulated
in the roots under —Mg conditions compared to those in
Mg1 conditions, while it was also downregulated in new
shoots under —Mg conditions compared to those in Mg2
conditions. Notably, asparagine synthetase gene CsASN and
glutamate synthase homologue gene CsGLT, which are asso-
ciated with N reactivation and reuse/relocation in tea leaves
(Fan et al. 2020), were significantly upregulated under —Mg
conditions compared with the more Mg replete conditions.

In summary, Mg deficiency has a negative effect on tea
plants, while enhanced supplementation of Mg (Mg2) above
the normal level of application of Mg (Mg1) resulted in tea
plants displaying better performance. Intriguingly, the higher
level (Mg2 vs. Mg1) of Mg supplementation led to a higher N
content in most tea plant tissues with the exception of the
stem (Fig. 1D). Meanwhile, contents of free amino acid and
its dominant composition—theanine—were higher in roots
and YS following enhanced Mg application (Mg2 vs. Mg1;
Fig. 1, E and F). These results thus indicate that enhanced
Mg application likely induces N-related metabolism in tea.

">NH; assimilation in tea plants is enhanced by
increasing Mg supplement

To further assess our hypothesis that increased Mg supple-
mentation enhances N metabolism, we next followed the ab-
sorption of '°N in tea plants under a normal Mg level (Mg1)
and high Mg supply (Mg2) was conducted (Table 1). To mimic
the real condition as the practice of tea production, hydro-
ponic N was provided with a mixture of NH; and NO3. As
shown in Table 1, the absorption efficiency was substantially
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higher for NHZ than NOj in tea plants (Table 1), consistent
with previous observations (Ishigaki 1974). Additionally, the
effect of Mg supplementation on NHZ absorption was sub-
stantially higher than the effect on NO3 absorption. The
>N enrichment (atom percent excess) under Mg1 conditions
was much lower than that under Mg2 conditions in the ">NH;
groups, indicating that NHZ absorption was enhanced under
Mg2 conditions. By contrast, the '°N enrichment under Mg1
conditions was higher than that under Mg2 conditions in the
>NO3 groups, indicating relatively decreased NO3 absorp-
tion and utilization under Mg2 conditions. The absorption
and utilization of NHZ differed under different Mg treatment
conditions and as culture time increased. The ratio of N levels
in samples below and above the ground (root/(mature leaf +
shoot + stem)) was also higher under low Mg condition (0.33
and 0.51, respectively) than that under the Mg-supplied con-
dition (0.26 and 0.41, respectively), which suggests that N
source transformation from the root to the leaf has been en-
hanced under higher Mg condition.

Mg supplementation enhanced accumulation of
metabolites related to N metabolism in roots, stems,
and leaves of tea plants

To reveal the portion of the global metabolome related to N
metabolism that was regulated by Mg application, GC mass
spectrometry-based analysis coupled to principal component
analysis (PCA) was used for phytochemical profiling (Fig. 2).
The PCA score plot (Fig. 2A) clearly distinguished the four
tea tissue samples in PC1 (explaining 32.9% of the variance)
and PC2 (explaining 24.6% of the variance). The metabolites
that significantly differed (P <0.01) in their abundance
among the 3 treatments have been identified based on fur-
ther PCA analysis performed on individual data of each plant
tissue (Fig. 2, B to E). A total of 21 differential metabolites were
identified (Supplemental Table S1). The contents of aspara-
gine, glutamine, phenylalanine, and the dipeptide y-Glu-Leu
were significantly higher in the roots grown in the —Mg
than those grown the Mg1 regime, consistent with the total
amino acid contents. Comparing Mg2 with the Mg1 treat-
ment, increases in phenylalanine and theanine in the roots; as-
paragine, glutamine, threonine, phenylalanine, theanine, and
v-Glu-Leu in the new shoots; and asparagine and citrulline in
the mature leaves could be observed. Further, glucose de-
creased in the roots in the —Mg group compared to the
Mg1 group. In the mature leaves, certain glycoside group-
containing metabolites significantly increased both under
—Mg and Mg2 conditions, respectively, compared to those
under Mg1 conditions, for example, rutin (quercetin-3-
rutinoside) and kaempferol-glucoside.

Mg application improves the efficiency of N
utilization in tea plants under low but not high N
fertilization

In order to evaluate the interaction effect of Mg and N on tea
plants, we carried out hydroponic experiments. In this
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Figure 1. Changes of biomass, Mg content, total N, free amino acid, and theanine content in tea plants under different Mg application levels. A)
Phenotype of tea plants treated with Mg deficiency (—Mg) and Mg application (Mg1 and Mg2, full-strength nutrient solution). The images were
digitally extracted for comparison. B) Biomass, C) Mg content, D) total N content, E) amino acid content, and F) theanine content in mature leaf
(ML), root, young/new shoot (YS), and stem of tea plants treated with Mg deficiency (—Mg), Mg concentration in the full-strength nutrient solution
(Mg1, 0.4 mmol/L), and 2 times the Mg concentration in the full-strength nutrient solution (Mg2). Individual images of plants were digitally ex-
tracted for comparison. Error bars show the mean values + SD (n = 3). Statistical analysis was carried out with Duncan’s multiple range test.
Different letters indicate significant differences (P < 0.05). DW, dry weight; FW, fresh weight; ns, not significant.

Table 1 '°N enrichment (atom percent excess) in mature leaves, roots, shoots, and stems of tea plants treated with low (Mg, full-strength nutrient
solution) and high (Mg2, 2 times of full-strength nutrient solution) Mg application after '°N labeling. Data were presented as mean values + SD
(n=3)

Treatments 5N enrichment in different tissues
Mg N Mature leaf Root Shoot Stem Root/(mature leaf + shoot + stem)
Mg1 K'°NO, 0.66 + 0.01 0.85 + 0.02 1.12 +0.03 0.82 + 0.02 0.33 +0.01
>NH,S0, 1.63 + 0.06 5.70 + 0.15 6.64 +0.17 2.87 +0.13 0.51 +0.02
Mg2 K'°NO; 0.53 +0.03 0.53 +0.02 0.85 + 0.04 0.59 + 0.02 0.26 + 0.01

>NH,S0, 2.88 +0.11 839 +0.22 11.30 £ 0.29 5.86 +0.16 0.41+0.01
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Figure 2. Global metabolites profiling using principal component analysis (PCA). The PCA score plots of metabolites in A) all four tissues, B) mature
leaves (ML), C) young shoots (YS), D) stems, and E) roots from tea plants treated with 3 Mg levels. Each dot represents an individual plant.

experiment, endogenous Mg levels were significantly higher
in all four tea plant tissues from plants grown under high
availability of Mg (Mg") compared to their levels in plants
grown under low Mg levels (Mg") (Fig. 3A), with the Mg level
being highestin YS compared to roots, ML, and stem (Fig. 3A).
In comparison with the Mg" condition, Mg™ exhibited signifi-
cantly elevated total N contents in YS, ML, and stem under
low N conditions (N"), to levels comparable to those observed
under high N conditions (N™) (Fig. 3B). However, under Mg"
condition, there was no significant difference in amino acid
content in YS and ML between N and N" groups (Fig. 3C),
but these were lower in the roots in the N* group than the
N" group. By contrast, under N condition, Mg" increased
N accumulation in the roots (Fig. 3B), which is consistent
with the results that Mg deficiency led to N accumulation
in the soil-grown root (Fig. 1D). Thus, Mg application was
more effective at improving the efficiency of N utilization in
tea plants at the N" level than under N condition.

Theanine is the most abundant free amino acids in tea
plant (Dong et al. 2020) and stable isotope-labeled precursor
tracing reveals that L-alanine is converted to L-theanine via
L-glutamate not ethylamine in tea plants in vivo (Fu et al.
2021). Its content in the roots was higher than that in YS,
ML, and stem, whereas the levels of the other amino acids
such as Ala, Ser, lle, Glu, and GIn were lower in roots than
they were in ML and YS (Fig. 3D). Specifically, changes of
theanine under the four treatments reflect those of total
N, i.e. in ML and YS, it was present at a lower level under
Mg" supply when plants were cultivated under the N" condi-
tion, while its levels were invariant between N" and N" when
tea plants were grown under Mg™ conditions. Given that
theanine represents a major N store in tea, this result sug-
gests that Mg supply highly increases the utilization of N un-
der N" supply.

Transcriptomic profiling of roots, stems, and leaves of
tea plants under Mg treatment

To evaluate the effect of Mg on gene expression in tea, sam-
ples from the hydroponic experiment examining the Mg and
N interaction were subjected to RNA-seq analysis. A total of
8,490, 8,556, 7,318, and 4,702 unique DEGs were identified in
the ML, root, YS, and stem, respectively. GO enrichment ana-
lysis revealed that DEGs were most substantially enriched in
the extracellular region and transporter activity, signal trans-
duction and transport, cellular amino acid, and derivative
metabolic process. Co-expression modules by weighted
gene correlation network analysis (WGCNA) were con-
structed to investigate genes related to the Mg level.
Among the 9,576 DEGs, 25 WGCNA modules were identified.
Based on the correlation analysis of module-trait, the
“MEbrown” and “MEpink” modules positively correlated
with Mg content in tea plant (r=0.65, P = 4.0 x 107 '%, and
r=0.74, P=10X10"", respectively) (Fig. 4). In contrary,
the “MEmidnightblue” modules negatively correlated with
Mg content (r=-082, P=20x%10"'%). Genes in the
“MEpink” and “MEmidnightblue” modules contained GO
terms related to amino acid transport and metabolism and
carbohydrate transport and metabolism.

To identify candidate genes associated with N and amino
acid metabolism that were affected by Mg nutrition,
the edge number for each node of the co-expression
modules was then analyzed. Eight hub genes were identified
from the “MEpink” module (Supplemental Table S2).
Among them, four genes were related to amino acid
metabolism (CSS0050330, CSS0033052, CSS0007310 and
CSS0007224), 2 were glycosyl transferase  genes
(CSS0001107 and CSS0006318), and 2 were TF genes (Dof do-
main and Myb-like DNA-binding domain) (Supplemental
Table S2). In the “MEmidnightblue” module, 2 genes,
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Figure 3. The interaction effect of Mg and N on hydroponic tea plants. Changes of A) Mg, B) total N, and C) total free amino acid content. D)
Heatmap of free amino acids in the mature leaf (ML), root, young shoot (YS), and stem of tea plants treated with different levels of N and Mg.
DW, dry weight. Error bars show the mean values + SD (n = 3). Statistical analysis was carried out with Duncan’s multiple range test. Different letters
indicate significant differences (P < 0.05); ns, not significant. Tea seedlings were treated with 2 levels of Mg [1 quarter (Mg" = 0.1 mmol/L) and 2
times (Mg" = 0.8 mmol/L) concentration in the full-strength nutrient solution] and 2 levels of N [1 quarter (N*) and 2 times (N"') concentration in
the full-strength nutrient solution].The 4 treatment groups were as follows: low N and low Mg (N + Mg"), low N and high Mg (N* + Mg™), high N

and high Mg (N"' + Mg"), and high N and low Mg (N" + Mg").

UDP-glycosyltransferase (CSS0010308 and CSS0019985),
were highly connected with other genes.

Identification of potential CsGSs members regulating
Mg-mediated N assimilation

Based on the above WGCNA analysis, among the four genes
related to amino acid metabolism, CSS0007310 and
CSS0007224 were glutamine synthetase (GS) coding genes
directly associated with N assimilation. Considering that
NHZ assimilation in tea plants is enhanced by increasing
Mg supply in this study, the potential gene members of
the GS family in tea plants that might be involved in the regu-
lation of Mg-mediated N assimilation were identified
(Supplemental Fig. S2). There are six CsGS homologues in
the tea plant genome (Xia et al. 2019; Supplemental Fig.
S2A). Combined with data from our previous study
(Tang et al. 2020), there were four gene members that belong
to CsGSs, including CsGS2  (CSS0007310), CsGS1.1

(CSS0007224), CsGS1.2 (CSS0015313 or CSS002630), and
CsGS1.3 (CSS0034978 or CSS0037306). Tissue specificity ana-
lysis revealed that CsGS1.7 is highly expressed in the root and
also abundant in the YS and ML, CsGS1.2 is highly abundant
in the fruit, and CsGS1.3 is most abundant in the flower, while
CsGS2 is most abundant in ML (Supplemental Fig. S2C). This
result suggests that CsGS1.7 might be involved in the regula-
tion of Mg-mediated N assimilation.

Moreover, under both low and high N conditions, the ex-
pression of CsGS1.1 was significantly upregulated in the
leaves (1.6- and 1.5-fold, under low and high N treatment, re-
spectively) in response to elevated Mg supply (Fig. 5A), as
well as in roots (1.5- and 1.2-fold, under low and high N treat-
ment, respectively). In addition, high N supply also increased
the expression of CsGS1.1 under both Mg conditions com-
pared to the low N condition. Notably, low Mg significantly
downregulated the activity of GS in the roots but did not af-
fect the GS activity in the leaves (Fig. 5B).
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Figure 4. Identification of genes related to Mg application level. A) Gene modules identified by weighted gene co-expression network analysis
(WGCNA). B) Relationships of consensus module genes and content of Mg, free amino acids. C) Interaction network of genes and hub genes in
the MEpink and MEmidnightblue modules. The Roman numerals shown in the MEpink and MEmidnightblue modules represent the ten hub genes.
The module name is shown on the left side of each cell. Numbers in the table report the correlations of the corresponding module eigengenes and
contents, with the P-values printed below the correlations in parentheses. The table is color coded by correlation according to the color legend.
Intensity and direction of correlations are indicated on the right side of the heatmap (red, positively correlated; blue, negatively correlated).

Overexpression of CsGS1.1 in transgenic Arabidopsis
promoted the growth of plants and increased N
assimilation under Mg deficiency

Given that tea transformation remains highly recalcitrant
and only possible in a few labs, therefore, to investigate the
function of CsGS1.1 in regulating Mg-mediated N assimila-
tion, we overexpressed CsGS1.7 in wild-type (WT, Col-0)
Arabidopsis. High CsGS1.1 expression and GS activity in the
transgenic lines were confirmed via RT-qPCR and enzymatic
analysis (Fig. 6, A and B). Overexpression of CsGS1.1 in trans-
genic plants increased their tolerance to N deficiency with
higher plant fresh weight and longer root length in transgenic
plants (Fig. 6, C to E), indicating that CsGS1.1 had functional
roles in N assimilation. The growth of WT plants was signifi-
cantly inhibited under Mg deficiency compared to that of
plants grown under normal 1/2 MS medium (Fig. 6, C
to E). The root length of CsGS1.1 overexpressed plants was

significantly longer under the Mg deficiency condition than
the WT (Fig. 6, C to E), and the N contents in CsGS1.7 over-
expressed lines were significantly higher than those of WT
(Fig. 6, F and G). That said, CsGS1.7 overexpression effectively
promoted the growth of plants and increased N assimilation
under Mg deficiency. This provided strong support that
CsGS1.17 regulates Mg-mediated N metabolism in tea. Given
that a wide range of genomic, transcriptomic, and metabolo-
mic studies have been carried out in tea (Li et al. 2017; Huang
et al. 2018; Xia et al. 2019; Liu et al. 2020) we next analyzed
published data to investigate the level of allelic and expres-
sion variance in CsGS1.1 and if the levels of N-containing me-
tabolites also varied. These analyses revealed that the level of
free amino acid, especially theanine and glutamine, is highly
associated with the expression of CsGS1.1, suggesting that
CsGS1.7 regulates N metabolism in tea plant.
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Figure 5. Changes of CsGS1.1 expression levels and GS activities in hydroponic tea plants cultured with different levels of N and Mg. A) CsGS1.1
relative expression levels and B) GS enzyme activities in the leaf and root of tea plant treated with different levels of N and Mg. Error bars show
the mean values + SD (n = 3). Statistical analysis was carried out with Duncan’s multiple range test. Different letters indicate significant differences
(P < 0.05). GS, glutamine synthetase; ns, not significant. Tea seedlings were treated with 2 levels of Mg [1 quarter (Mg" = 0.1 mmol/L) and 2 times
(Mg" = 0.8 mmol/L) concentration in the full-strength nutrient solution] and 2 levels of N [1 quarter (N) and 2 times (N"') concentration in the
full-strength nutrient solution].The four treatment groups were as follows: low N and low Mg (N* + Mg"), low N and high Mg (N" + Mg™), high N and

high Mg (N" + Mg™), and high N and low Mg (N" + Mg").

Confirmation of the interaction effect of Mg and N on
tea plants in the practice of tea production

To investigate the interaction effect of Mg and N on tea pro-
duction, a field experiment was conducted with 2 levels of N
supply and 3 levels of Mg application. The results show that
Mg levels in the 0 to 20 cm soil of tea plantation increased
with the amount of Mg applied under both N conditions
(Fig. 7A). The concentration of Mg in mature tea leaves
was considerably lower in the —Mg condition than in the
plants to which Mg was applied (Mg20 and Mg50)
(Fig. 7B). Notably, under low N conditions, both soil and foliar
Mg supplementation enhanced the amino acid content in
new shoots, compared with control treatment (low Mg con-
ditions, —Mg) (Fig. 7C). Furthermore, the inhibited activity of
GS enzyme was observed in leaves under —Mg condition
when compared to Mg supply (Fig. 7D). Under high N condi-
tions, a moderate Mg level (Mg20) increased the content of
free amino acids but high Mg supplementation (Mg50 or fo-
liar Mg) decreased the content of amino acids (Fig. 7C). Thus,
Mg application was more effective at improving the
efficiency of N utilization in tea plants at low N levels than
under high N conditions. These results have important
implications as agriculture attempts to become more
sustainable.

Discussion

N translocation from roots to leaves is inhibited and
consequently reuse of N in mature tea leaves is
enhanced by Mg deficiency in tea plants

By measuring phloem sap in tea plants, Ruan et al. (2012)
found that Mg supplementation could promote the long-
distance transport of amino acids. In this study, high levels
of amino acid accumulation were detected in tea roots sub-
jected to Mg deficiency, compared with roots under normal
Mg levels (Mg1), while the total N in mature tea leaves signifi-
cantly decreased under the Mg deficiency group than that in
the Mg1 group (Fig. 1, D and E). These data indicate that the

partitioning of N between roots and leaves in tea plants is
regulated by Mg nutrition, with the long-distance transport
of N from roots to leaves seemingly being inhibited by Mg de-
ficiency. Cakmak and Kirkby (2008) found that the long
translocation of N from plant roots inhibited by Mg defi-
ciency was associated with the partitioning of carbohydrates
between shoots and roots, as there was not enough carbon
skeleton for amino acid synthesis and limited N assimilation
in roots. In this study, we also found that Mg deficiency re-
sulted in the reduction of carbohydrates in tea roots
(Supplemental Table S1). Furthermore, we found that as-
paragine and glutamine (which possess relatively high N: C
ratios, Supplemental Table S1) mainly accumulated in the
roots during Mg deficiency, and these amino acids represent
the main form of N transport (Herrera-Rodriguez et al. 2006;
Avila et al. 2015; Gaufichon et al. 2017), indicating that Mg
deficiency inhibits transport of amino acid from roots to
leaves in tea plants. The expression of CsAAPS5, the homolog
of amino acid permeases which have been shown to be highly
important in amino acid transport (Tegeder and
Masclaux-Daubresse 2018), was downregulated under Mg
deficiency compared with normal Mg levels (Supplemental
Fig. S1). This downregulation corresponded to the inhibition
of N distribution from the roots to mature leaves during Mg
deficiency. The function of AAP family genes in tea plants has
been reported previously. For example, CSAAPT was sug-
gested to be highly important in theanine transport (Dong
et al. 2020). Using "°N isotope tracer experiments, Fan et al.
(2020) identified a significant positive correlation between
CsAAP6 expression and >N accumulation in young shoots,
as well as ">N consumption in mature leaves. Considering
the general lack of Mg in tea plantations, these findings indi-
cate that Mg deficiency may restrict the NUE of tea planta-
tions. Here, Mg deficiency downregulated CsGS1.1
expression in tea roots (Fig. 5). Considering the amino acid
accumulation in the roots, our results indicate that downre-
gulation of genes related to N assimilation, such as CsGS1.7,
may be feedback regulated as a consequence of product
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Figure 6. Phenotypic analysis of transgenic Arabidopsis plants overexpressing CsGS1.1 under Mg deficiency (—Mg) and N deficiency (—N). WT was
the Col-0 Arabidopsis and OE1 and OE2 were for CsGS1.7 expression in the WT background. The treatments of Mg deficiency (—Mg) and N defi-
ciency (—N) were plants grown under the standard 1/2MS medium without Mg or N, and the other components were the same as 1/2MS medium
(CK). Overexpression of CsGS1.1 (lines OE1 and OE2) resulted in increased A) CsGS1.1 expression and B) GS activity. C) Phenotype, D) plant biomass
(FW, fresh weight), E) root length, and F and G) N content of CsGS1.7 overexpression plants grown under —Mg and —N conditions compared to CK.
GS, glutamine synthetase; DW, dry weight. Error bars show the mean values + SD (n = 3). Statistical analysis was carried out with Duncan’s multiple
range test. Different letters indicate significant differences (P < 0.05); ns, not significant.



1330 | PLANT PHYSIOLOGY 2023: 192; 1321-1337

A

100
°_ [ N500  y3ueeol o5 of Total variation Pvalue
2 whmo e EE o
gg il N - 0.8397 0.3730
:27:; 40t % &
£ , e
HAW Wil Bl Y
S5 NI Bl

-Mg Mg20 Mg50  Foliar-Mg

C

6k j?‘g;: ;‘u % of T:r:l: riation :D\:;I;p
2z & NE 8
- e

0 .
-Mg Mg20

Mg50  Foliar-Mg

Zhang et al.

B
g § 2000~ 41'3% 02119 % %
2 Eao00f| | / / /
-Mg Mg20 Mg50  Foliar-Mg
D
4 Source o o, of Total variation P value
fe | WU omopm T T
LN Bl NN Rl
0 -% -% -é -%ﬁ
-Mg Mg20 Mg50 Foliar-Mg
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accumulation. N assimilation requires not only the inorganic
N but also the carbon skeleton a-ketoglutarate (Yanagisawa
et al. 2004). As such, the level of carbon skeleton production
determines the assimilation of N (Foyer and Ferrario 1994;
Foyer et al. 2011). It has been reported that the photosyn-
thate transport could be inhibited under Mg deficiency con-
dition (Hermans et al. 2005; Farhat et al. 2016). Here,
photosynthates such as glucose decreased in the roots in
the —Mg group compared to the Mg1 group, while in the
mature leaves, glycoside group-containing metabolites sig-
nificantly increased under —Mg conditions (Supplemental
Table S1), indicating that Mg deficiency might have an influ-
ence in the transport of photosynthate in tea plant.
Previous studies have shown that N from the degradation
and remobilization of reserves of old leaves is the main N
source for reproductive growth (Diaz et al. 2008;
Masclaux-Daubresse et al. 2010) and shoot germination
(Okano et al. 1994). For example, in walnut (Juglans nigra)
trees, approximately 54% of the N in spring shoots is derived
from the reuse of stored N (Frak et al. 2002), mainly in the
form of arginine, glutamate, and citrulline. In tea plants, ap-
proximately 70% of N in spring tea originates from N remo-
bilization from intracellular N reserves (Okano et al. 1994).
Here, we observed that, the total N content decreased, while
the amino acid content increased, in mature tea leaves under
Mg deficiency. Based on the combined expression of genes

related to N activation (e.g. CsGLT) and the amino acid con-
tent in the young shoots, we propose that N reuse in young
shoots, and especially in mature tea leaves, is enhanced under
Mg deficiency. Liu et al. (2016) demonstrated that the reuse
of stored N was the main reason for differences in amino acid
content in young tea shoots. Moreover, '°N tracing has con-
firmed that mature leaves transport substantial amounts of
N to corresponding young shoots (Ruan and Gerenda
2015). The enhanced N reuse observed in this study con-
firmed that the inhibition of the long-distance transport of
amino acids resulted in a depletion of N sources in the above-
ground part of the tea plants.

Regulation of Mg supplementation enhanced N
assimilation by CsGS1.1

Previous studies have reported that the biological effects of
Mg application are closely related to the status of nutrients
such as N or potassium (K) (Ruan and Gerendas 2015; Lasa
et al. 2000). In tea, Ruan et al. (1998) also demonstrated
that Mg application improved N metabolism, leading to an
increased synthesis of amino acids. In this study, hydroponic
and field experiments demonstrated that Mg supplementa-
tion substantially increased the N content and amino acids
in the tea plant (Fig. 8), indicating that N assimilation in
tea plants was higher under enhanced Mg supply than
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normal Mg supply. Notably, under low N condition, Mg can
substantially improve the N utilization efficiency (improve
the N content of mature leaves and shoots) and even partly
replace the function of N when regarding to the content of
amino acids (the most important quality index) in young
shoots (the mainly harvesting tissues of tea). Previous studies
have proved that Mg regulates N uptake in plant roots (Peng
et al. 2020; Tian et al. 2021). Thus, the effect of Mg on N in
plants is not merely at the N uptake level but also at the N
metabolism level.

Based on co-expression analysis (WGCNA) of genes, we
identified CsGS1.7 as a potential key gene that is both regu-
lated by Mg and involved in N assimilation in tea plants.
GS potentially represents a major bottleneck during the liga-
tion of free NH, * into organic carbon skeletons and as such
plays a crucial role in plant N assimilation/metabolism in
land plants (Gallais and Hirel 2004; Martin et al. 2006;
Bernard and Habash 2009; Thomsen et al. 2014). GS1 iso-
genes are expressed in different tissues and have functional
roles in the assimilation of ammonia into glutamine. GS2 en-
coded by a single gene (Taira et al. 2004) is expressed abun-
dantly in leaf mesophyll cells (Tobin and Yamaya 2001) and
participates in ammonium assimilation during the processes
of nitrate reduction and photorespiration (Wallsgrove et al.
1987; Lam et al. 1995). Here, we found CsGS1.7 to be highly
expressed in tea roots (Supplemental Fig. S2) and that its ex-
pression level followed the Mg status (Fig. 5), demonstrating
that assimilation of N through CsGS1.7 has been highly af-
fected by Mg provision in tea roots. Correspondingly, the
>N isotope tracer experiments demonstrated that the effi-
ciency of NH; assimilation in roots was substantially higher
during higher Mg conditions than under normal Mg fertiliza-
tion. Using a single N source supply (i.e. NO3 or NH;, not
both), Ruan et al. (1998) demonstrated that NO3 absorption
and metabolism in tea plants were improved by Mg applica-
tion, while additional Mg fertilizer also increased nitrate re-
ductase activity. In this study, by simultaneously supplying

NO3 and NHZ, we examined the priority of N sources and
the role of Mg in N, especially in NHZ-derived N utilization
(Table 1). To improve N assimilation, heterologous GS genes
have been overexpressed in plants such as tobacco (N. taba-
cum) (Oliveira et al. 2002), poplar (Populus tremula) trees
(Pascual et al. 2008) and rice (Oryza sativa) (Cai et al.
2009). Some studies showed that N assimilation efficiency
was increased in transgenic lines overexpressing heterol-
ogous GS genes (Man et al. 2005). However, some studies
found that both N metabolism and NUE were not affected
under the condition of GS overexpression, possibly due to
the post-translational regulation of GS enzymes (Lima et al.
2006; Cai et al. 2009). In our study, we demonstrate that over-
expression of CsGS1.7 in Arabidopsis enhanced N assimilation
in plants grown under —Mg conditions (Fig. 6), suggesting
that this overexpression at least partially circumvents the
need for Mg supplementation.

Adequate plant Mg status seems to be indispensable for
optimal GS activity because Mg is an integral component
of GS activity, having both a structural and a catalytic role
(Eisenberg et al. 2000). In addition, the GS activity appears
to be regulated by end-product feedback inhibition,
especially under the high levels of free glutamine (Rhodes
et al. 1975) and glutamine-dependent amino acids
(Eisenberg et al. 2000). Previous studies have also reported
that Mg deficiency negatively impacted the activity of GS
in rice and spinach (Spinacia oleracea) (Ding et al. 2006;
Yin et al. 2009). Other studies have suggested that Mg defi-
ciency is not necessarily accompanied by decreased GS activ-
ity with neither the activity nor the abundance of this
enzyme being directly associated to the concentration of
Mg in the plant (Jezek et al. 2015). In this study, the GS en-
zyme activity decreased in the case of Mg deficiency condi-
tion when compared to normal condition (Figs. 5B and 7D,
Supplemental Fig. S1), suggesting that the supply of Mg is
an influencer of GS enzyme activity. However, the GS activity
did not correspond linearly with the content of Mg both in
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the hydroponic (Fig. 1 and Supplemental Fig. S1) and field
(Fig. 7, B and D) experiment, especially under the non-
deficient conditions of Mg supplementation. Considering
that the transcription of the gene CsGS1.1 is highly responsive
to the Mg application (Figs. 4, 5A and 6), we suggest that N
assimilation regulation by different Mg application levels is
mainly due to the Mg transcriptionally regulating CsGS1.1.
This suggestion could be validated by the results from trans-
genic Arabidopsis plants, in which the association of N con-
tent and overexpression of CsGS1.1 is sensitive (Fig. 6, A, F,
and G), while changes of GS activity are also not always con-
sistent with the variation of N content in OE1 and OE2
Arabidopsis (Fig. 6, B, F, and G). It is well-known that Mg de-
ficiency in plants commonly increase the levels of 2 metabo-
lites (also known as signal molecules), sugar, and ROS
(Cakmak and Kirkby 2008). These metabolites transcription-
ally fine-tune many intracellular metabolic processes, includ-
ing circadian clock (Chen et al. 2022). Given that many N
uptake and assimilation genes are circadian-regulated, Mg
regulation in GS1.1 is possibly through this pathway.

As we know, additional N fertilizer may be needed to main-
tain tea yield stability and quality; however, the excessive N
input involved in current tea production in China has caused
great environmental and ecological burdens (Zhang et al.
2013). Nowadays, a major focus of research on tea plants is
to develop a strategy that reduces the N fertilization level
and increases the quality and yield of tea. Thus, it is meaning-
ful to use a small amount of Mg fertilizer to achieve the same
effect of a large amount of N fertilizer. In this study, Mg sup-
plementation improved N utilization efficiency in tea plants,
under both low and high N conditions. Considering the ef-
fects of Mg both on AAP expression and N transport and
the effects of Mg on N distribution, assimilation, and reuse,
we propose that increasing the Mg supply could effectively
improve N utilization efficiency, and evaluation of combina-
tions of Mg and N levels could provide ways to move towards
a more sustainable production of tea. Notably, our hydro-
ponic experiments on N levels and field experiments found
that under high Mg conditions, the amino acid content in
the new shoots and mature leaves did not differ substantially
between the low and high N conditions, which demonstrated
the effectiveness of an improved fertilization strategy includ-
ing lower N but enhanced Mg application. Given the import-
ance of nitrogenous compounds such as, but not limited to,
theanine for tea quality, these findings will likely be of great
importance to the tea industry.

Materials and methods

Experimental design
Hydroponic experiments
To evaluate the effect of Mg on tea (C. sinensis) plants, hydro-
ponic experiments were conducted with 3 different Mg sup-
ply levels. Young tea plants (1-year-old rooted cuttings of
“Longjing 43”) were treated with 3 levels of Mg: without
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Mg (Mg0), 0.4 mmol/L (Mg1), and 0.8 mmol/L (Mg2). All ex-
periments were conducted in an environmentally controlled
growth chamber, as described previously (Liu et al. 2017). The
pH of all nutrient solutions was titrated to 5.0 with H,SO,
and NaOH.

">N isotope tracer hydroponic experiments

To evaluate the effect of Mg on N assimilation, '>N-labelled
ammonium (NHZ) and nitrate (NO3) were supplied in an in-
dependent hydroponic experiment. Tea cuttings were cul-
tured in the same manner as those used for the Mg level
experiments. In 1 treatment group, Mg levels were
the same as the full-strength nutrient solution
(Mg1, 0.4 mmol/L), and in the other, the Mg level was
0.8 mmol/L (Mg2) (Supplemental Fig. S3). Six weeks (42 d)
later, the tea cuttings in each group were divided into 2 sub-
groups, with K'>NO; and ">NH,SO, °N-labelled compounds
being provided as the N source for each group.

Mg and N interaction experiment

To further evaluate the interaction effect of Mg and N on tea
plants, tea seedlings were treated with 2 levels of Mg [1 quar-
ter (MgL: 0.1 mmol/L) and 2 times (MgH = 0.8 mmol/L)
concentration in the full-strength nutrient solution] and 2 le-
vels of N [1 quarter (NY) and 2 times (N"') concentration in
the full-strength nutrient solution].

Field experiment

For evaluating the application prospect of the interaction ef-
fect of Mg and N in tea production, Mg-deficient tea planta-
tion (25 mg/kg of effective soil Mg content, Supplemental
Fig. S4) in Shengzhou, Zhejiang (120°82'53” E, 29°74'83"
N), was chosen for the experiments. In tea production, the
N form is usually provided as urea by tea farmers. Here, 2
N levels (N300 and N500), 300 and 500 kg/ha, were used.
For each N level, four Mg treatments were used, using a
split—plot design, including various soil Mg levels (—Mg,
Mg20, Mg50; 0, 20, and 50 kg/ha, respectively), and Mg was
also applied directly to the foliage (50 kg/ha). The foliar Mg
fertilizers tested in this experiment included 1% (w/v)
MgSO,4+7H,0 and was applied in October twice with a
1-week interval in between applications. In October, the
shoots of tea plants stop growing, and samples were col-
lected in spring of the following year when the new shoots
grow out. The field experiments began in 2017 and each
treatment was replicated four times.

Measurement of Mg and free amino acid levels in tea
plants

Tea plant samples (0.1 g) were digested using 5 mL of mixed
concentrated acids HNO; and HCIO,4 (Ruan et al. 2012) at
140°C in an electric oven. The reaction was diluted to
25 mL with distilled water. Thereafter, the nutrients were ana-
lyzed by inductively coupled plasma atomic emission spec-
troscopy. Free amino acids in leaf samples were measured
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by high-performance liquid chromatography using a diode ar-
ray detector (HPLC-DAD; 2695-2998; Waters, Milford, MA,
USA), as previously reported by Zhang et al. (2017).

Determination of the total N and >N content in tea
plants

To determine the total N and carbon (C) content in tea
leaves and new shoots, 100 mg of each dried sample was
used. Measurements were completed automatically using
an elemental analyzer (Vario Max CN Analyzer, Elementar
Analysensysteme GmbH, Langenselbold, Germany).

Gas chromatography-based metabolomics analysis
Polar primary metabolites were extracted using an adapted
form of the method reported by Mokochinski et al. (2018).
The extracts were analyzed using the gas chromatography
mass spectrometry system, comprising an Agilent 6890 gas
chromatograph (Agilent Technologies, Santa Clara, CA,
USA) coupled to a Pegasus Ill TOF-MS instrument (Leco
Instruments, Saint Joseph, MI, USA), with hard ionization
at 70 eV. Annotations were based on comparing both the
spectra and the retention index (RI) to standard compounds
previously analyzed using the same system, by referring to
the mass spectral databases of NIST (Gaithersburg, MD,
USA) and the Max Planck Institute (Golm, Germany)
(Kopka et al. 2005; Schauer et al. 2005). The obtained metab-
olite intensity data were introduced to SIMCA-P V13.0
(Umetrics, Sweden) for principal component analysis (PCA)
and partial least squares discriminant analysis (PLS-DA).

RNA-seq, data processing, gene annotation, and GO
analysis

Total RNA of tea samples from the hydroponic experiment
examining the Mg and N interaction was extracted using
TRIzol reagent (Invitrogen, USA) following the manufac-
turer's protocol. Sequencing, data processing, gene annota-
tion, and GO analysis were all performed according to the
method described by Liu et al. (2017). The transcriptome
data of all the samples were deposited into the NCBI
Sequence Read Archive (SRA) database under the accession
number SRP423919.

Gene co-expression network, module identification,
and gene edge number

The construction of the gene co-expression network, fol-
lowed by module detection of highly correlated genes, was
inferred from the 9,576 differentially expressed genes
(DEGs) using weighted gene co-expression network analysis
(WGCNA), an R software package (Langfelder and Horvath
2008). WGCNA network construction and module detection
were conducted using default settings. A dynamic cut-tree al-
gorithm was used for automatically and precisely identifying
modules in a hierarchical clustering dendogram (Li and
Horvath 2007). The total number of edges for gene within
each module was estimated using as a cut-off a WGCNA
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edge weight>05. Networks were visualized

Cytoscape 3.4.0 (Saito et al. 2012).

using

Identification of CsGSs in tea plant

The tea plant genome data and Generic Feature Format ver-
sion 3 (GFF3) annotation were downloaded from TPIA (Xia
et al. 2019). All coding sequence (CDS) of CSS genome was
extracted based on GFF3 using Tbtools (Chen et al. 2020).
GS genes in Arabidopsis (A. thaliana) were downloaded
from PlantTFDB.

Phylogenetic analysis

MEGA-X software (https://www.megasoftware.net/) was
used to construct the phylogenetic tree. The protein se-
quences were obtained in different ways. The protein
sequences of CsGSs were extracted from the TPIA website
(http://tpia.teaplant.org/download.html)  according to
the genome ID. GS sequences of Arabidopsis (A. thaliana),
rice (O. sativa), and grape (Vitis vinifera) were obtained
through a BLAST search on the UniProt website (https://
www.uniprot.org/) using the CsGSs protein sequences. GS se-
quences of poplar (Populus trichocarpa) were extracted from
the populous genome (https://genome.jgi.doe.gov/portal/).
All these sequences were imported into MEGA-X and aligned
using MUSCLE with all default settings. By using the “Find
Best DNA Model for ML” function, we choose the “LG + G”
model for constructing a maximum likelihood tree. The
bootstrap replication was 2,000, and the site coverage cutoff
was 85%. The phylogenetic tree was visualized using the ITOL
site (https://itol.embl.de).

Construction of transgenic plants

To generate the transgenic plants overexpressing CsGS1.1,
the coding region of CsGS1.1 without stop codon was amp-
lified using primers (forward: 5'-GGGGTACCATGTCTTTG
CTATCAGA-3’; reverse: 5'-GCTCTAGATGGCTTCCACAGC
AGAGTGG-3’) and cloned into the pMD18-T vector
(TaKaRa) for sequence verification. The verified plasmid
was cleaved and ligated into a modified pCAMBIA1300 vec-
tor between Kpn | and Xba | restriction sites under the con-
trol of CaMV35S promoter to generate the 355:CsGS1.1
construct. The resulting construct was transformed into
wild-type (WT) plants (Col-0) via Agrobacterium tumefaciens
(EHA 105)-mediated floral dip transformation (Clough and
Bent 1998). T1 seeds were surface sterilized and plated on
1/2 Murashige Skoog (MS) medium (pH 5.8) supplemented
with hygromycin. The resistant plants were transferred to
soil and allowed to set seeds (T2). All experiments were per-
formed using plants corresponding to the T4 generation.

Growth assay of transgenic plants under Mg and N
treatment

The transgenic lines and WT seeds were sowed in Petri dishes
with 1/2 MS medium in the growth chamber under 16 h
24°C:8 h 22°C, light:night, a light intensity of 200 umol
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photons m~2 s~ '% and 70% relative humidity. One week la-

ter, seedlings with approximately 1 cm primary roots were
transferred to Petri dishes with different medium containing
no N (—N), no Mg (—Mg), and the same component as the
1/2 MS medium (CK).

Reverse transcription quantitative PCR (Rt-qPCR)
analysis

Total RNA was isolated using an RNAplant Plus kit
(TIANGEN BIOTECH, Beijing, China). cDNA was synthesized
using a PrimeScript RT reagent kit (TaKaRa) and RT-qPCR
was performed on a 7300 Real-Time PCR System (Applied
Biosystems, Carlsbad, CA, USA). The primer pairs used for
RT-qPCR are the same as in Fan et al (2020) and Tang
et al. (2020). Relative transcript levels were then calculated
using the 274" method, with glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as the internal control.

Determination of GS activity

To determine the total GS activity (synthetase reaction),
100 mg samples were measured according to Magalhaes
and Huber (1989). The extracts were centrifuged at
13,000 X g (4°C) for 25 min, and the supernatants were ana-
lyzed for soluble protein (Bradford 1976) and GS activity. To
determine GS activity, the supernatants were incubated in a
reaction buffer at 37°C for 30 min (Magalhaes and Huber
1989; Husted et al. 2002). Absorbance at 540 nm was re-
corded with a spectrophotometer.

Statistical analyses

The statistical analyses were performed in R (http://www.r-
project.org/). Differences among mean values were tested
for statistical significance using one-way analysis of variance
(ANOVA), with correction for multiple testing using the false
discovery rate (FDR) technique, followed by Tukey’s post hoc
test for pairwise comparisons. Differences were considered
significant when P < 0.01.

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers
SRP423919 and KY649469.

Conclusion

In our study, hydroponic experiments with Mg and N levels
suggested that Mg supplementation increased the amino
acid content of tea roots and shoots, especially under low
N condition, most likely as a consequence of enhanced
NHZ assimilation. By analyzing the N content, gene expres-
sion, and enzyme activity in tea plant by a range of strategies,
including whole-plant '°N label tracing, CsGS1.7 has been
identified to play a key role in the regulation of NH assimi-
lation and N metabolism, in response to Mg status. This find-
ing was genetically validated by the heterologous expression

Zhang et al.

of CsGS1.7 in Arabidopsis. Field experiments further con-
firmed that Mg supplementation highly enhanced N assimi-
lation, especially under a low N application. These results on
the one hand provide an improved fertilization strategy with
reduced N but increased Mg application in tea plantations.
On the other hand, they suggest that broader screens of
the allelic variance may result in the isolation of genetic tools
to improve NUE in tea.
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