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GF677 is a widely used peach rootstock with resistance to chlorosis and

continuous-cropping disease. Peach varieties grafted onto GF677 generally

exhibit larger leaf area and deep green foliage in alkaline soils, demonstrating a

higher nitrogen utilization efficiency (NUE) than other rootstocks. To elucidate

the mechanism for the higher NUE of GF677, we grafted four peach varieties

onto either GF677 or peach (Prunus persica, the control rootstock) in alkaline

soils. The results revealed that grafting of peach varieties onto GF677 resulted in

larger leaf area and significantly higher total nitrogen content than grafting onto

the control rootstock. Comparative transcriptomic analysis and WGCNA showed

that the grafting onto GF677 significantly up-regulated 13 genes related to

nitrogen uptake, transport, and reuse, while grafting onto the control rootstock

up-regulated two monothiol glutaredoxin-encoding genes, in the leaves of

different peach varieties. RT-qPCR further confirmed that four genes, including

PpNRT1, PpNRT4, PpGLDH, and PpGRF9, may play crucial roles in the nitrogen

utilization of GF677. Additionally, PpMGrx2 may play an important role in the

response of peach (Prunus persica) to alkaline stress. This study elucidates the

mechanism underlying the efficient nitrogen utilization of GF677, providing an

important bas is for the appl icat ion and improvement of peach

rootstock varieties.
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Introduction

According to statistics from the Food and Agriculture

Organization of the United Nations (FAO), there are

approximately 900 million hectares of saline-alkali soils

worldwide, accounting for 7% of all arable soils (Yang and Guo,

2023). Meanwhile, due to the residual salts in irrigation water, the

problem of soil salinization is becoming increasingly severe on a

global scale (Liang et al., 2024). Among these issues, the damage

caused by alkali stress to plants far exceeds that caused by salt stress,

manifesting in problems such as nutrient deficiency disorders

resulting from reduced nutrient availability (Wei et al., 2021),

destruction of soil structure (Song et al., 2025), ionic toxicity

(Wang et al., 2025), the inhibition of soil microbial activity (Li D.

P. et al., 2025) and so on. The Longquan Mountains area is an

important peach producing region in the Sichuan Basin. The soil in

the peach orchards of this region was predominantly derived from

the weathering of purple shale and therefore has a relatively high

calcium carbonate content, which finally results in high soil pH

levels (Tu et al., 2018). As a result, chlorosis and continuous-

cropping disease have become increasingly prevalent and severe

in older peach orchards in this region in recent years, which has

brought a serious impact on the yield and fruit quality of the peach

orchards (Chen et al., 2018).

The results of previous studies have shown that microbial

diversity in the alkaline purple soil of the Sichuan Basin has

decreased (Sheng et al., 2023), along with a reduction in the

availability and an intensification of the loss of nutrient elements

such as carbon (Liu et al., 2025a), nitrogen (Peng et al., 2025), and

phosphorus (Song et al., 2015). Notably, chlorosis in perennial fruit

trees like peaches, plums, and cherries growing in alkaline purple

soil is far more pronounced than in annual crops such as rice and

corn (Liu et al., 2022; He et al., 2023). Over the past 15 years, we

have compared the relationships between the degree of leaf

chlorosis in peach trees and the nutrient elements and

physicochemical indicators of the soils. The findings indicate that

the contents of bicarbonate ions and carbonate ions in alkaline

purple soils are significantly higher than those in normal soils, while

the contents of total nitrogen and total iron are lower, ultimately

leading to chlorosis in the leaves of peach trees (Chen et al., 2014;

Tu et al., 2014, 2018). Given the extremely high cost of soil

improvement and the severe continuous-cropping disease that

arises from replanting peach (Prunus persica) in situ, selecting

resistant specialized rootstocks has become an inevitable

approach to addressing chlorosis in peach orchards in the

Sichuan Basin.

Peach trees in production are all combinations of rootstocks

and scions, where the rootstock has significant influence on scion

growth and fruit quality (Wang, 2021). Peach (Prunus persica) is a

widely utilized peach rootstock in southern China, primarily

employing seed-propagated seedlings as rootstocks. It possesses

characteristics such as tolerance to infertile soil and strong graft

compatibility but exhibits relatively weak resistance to cold and

alkalinity (Jiang, 2023). GF677 (Prunus amygdalus × Prunus

persica), a rootstock with strong alkaline and continuous-
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cropping resistance, is characterized by a well-developed root

system, vigorous growth, a large canopy, and a high grafting

compatibility peach (Molassiotis et al., 2006; Gullo et al., 2014;

Javed Tareen et al., 2022; Zhang et al., 2023). In 2003, we introduced

the peach rootstock GF677 through the Vivai Battistini Company

from Italy, which demonstrates some highly desirable

characteristics such as resistance to iron-deficiency chlorosis,

continuous-cropping disease, and drought in actual production

(Li et al., 2008; Song et al., 2018). Results from numerous early

studies carried out in normal soils or saline-alkali soils indicated

that GF677 demonstrated higher indicators, such as total leaf area

(Fallah et al., 2025), total root length (Zrig et al., 2011), and above-

ground and below-ground biomass (Gharbi et al., 2025), compared

to other rootstocks. Previous researchers ascribed these findings to

GF677’s high photosynthetic efficiency, or, to put it briefly, its

strong stress resistance (Jimenez et al., 2020). Recently, the results of

a grafting experiment conducted in normal soil (which eliminated

the influence of GF677’s leaves) revealed that the growth indicators

of scion varieties grafted onto GF677 outperformed those grafted

onto rootstocks like Penta (a widely used peach rootstock in

Europe), which indicated that GF677 might also possess

significant advantages in nutrient use efficiency (Gullo et al., 2014).

Our recent studies have revealed that in alkaline soils, genes

related to the transport and storage of ferrin in the root system of

GF677 are significantly enriched and up-regulated, while the

differences in most alkaline tolerance genes between GF677 and

peach are not significant (Sun et al., 2020; Song et al., 2023).

Additionally, genes associated with nitrogen metabolism and

photosynthesis may also be potential reasons for GF677’s resistance

to chlorosis (Sun et al., 2022). Although numerous existing field trials

suggest that GF677may outperform other rootstock varieties in terms

of nitrogen utilization efficiency (Macci et al., 2016), currently, there

are few studies on the nitrogen utilization efficiency (NUE) of GF677,

particularly a lack of studies on the NUE of different scion varieties

after grafting onto GF677.

Nitrogen is the “backbone element” of chlorophyll, contributing

40%–50% to fruit tree yield, and also an essential component of

plant proteins, nucleic acids, and phospholipids (Xu et al., 2012). In

plants, nitrogen metabolism initiates with the uptake of inorganic

nitrogen (NO3
- and NH4

+) and small-molecule organic nitrogen

through the roots, which is then transported upward via the xylem

to the leaves (Tegeder and Masclaux-Daubresse, 2018). After

assimilation in the leaves, these nitrogen sources are synthesized

into biological macromolecules such as proteins and nucleic acids

(Liu et al., 2025b), and some organic nitrogen is subsequently

redistributed through the phloem. Genes such as nitrate

transporter (NRT), nitrite reductase (NiR), amino acid permease

(AAP), ammonium transporter (AMT), glutamine synthetase

isoenzymes (GLN), and growth-regulating factor (GRF) play

crucial roles in this complex and precisely regulated process

(Munos et al., 2004; Gao et al., 2020; Yang et al., 2023; Cai et al.,

2024; Zhang et al., 2025).

As a continuation of previous research, we grafted four different

peach varieties onto either GF677 (Prunus amygdalus × Prunus

persica) or peach (Prunus persica) rootstocks in an old peach
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orchard with alkaline soils, and then compared the growth indices

of the rootstocks and scions, as well as the chlorophyll components

and major nutrient indicators in the leaves after grafting.

Subsequently, we identified the key genes related to the NUE of

GF677 in alkaline peach orchard soils through transcriptome

sequencing and weighted gene co-expression network analysis

(WGCNA). The findings are expected to lay a solid foundation

for research on the NUE in peaches and also facilitate the

popularization and application of the GF677 rootstock.
Materials and methods

Plant materials and growth conditions

The tested rootstocks were one-year-old seedlings of GF677

(Prunus amygdalus × Prunus persica) and peach (Prunus persica,

abbreviated as PP), which were planted in April 2022. In February

2023, four different peach varieties (Huangyu No.1 (HY),

Zhongtao No.9 (ZT9), Baifeng (BF), and Wanhujing (WHJ))

were grafted onto the rootstocks of GF677 or PP, which involved

fifteen plants for each variety that were arranged into three

replicates. The corresponding combinations after grafting were

designated as HY/GF677, ZT9/GF677, BF/GF677, WHJ/GF677,

HY/PP, ZT9/PP, BF/PP, and WHJ/PP. The experimental site was

located in Longquanyi District, Chengdu City, Sichuan Province

(E104°24′ 15.95″, N30°37′52.82″, altitude 799 m), where peach

trees had been planted for 22 years before. The major chemical

properties and mineral nutrients in the soil were pH

(dimensionless) 8.47, organic matter content 6.49 g/kg, total

nitrogen content 0.040%, total phosphorus content 0.57 g/kg,

total potassium content 22.5 g/kg, available phosphorus content

4.7 mg/kg, available potassium content 161 mg/kg, and alkali-

hydrolyzable nitrogen content 20 mg/kg. All tested plants were

trained in a central leader tree form, with a plant spacing of 1.5 m ×

4 m. They were cultivated on raised beds with soil accumulation

with conventional management measures.
Measurement of phenotypic indicators of
plants

On April 10, 2023, 10 one-year-old branches with similar

growth vigor for each tree were randomly selected and tagged

from different orientations on the outer periphery of the tree crown,

and their lengths and basal diameters were recorded. Moreover, the

diameters at 2 cm above and 2 cm below the grafting joint were also

recorded. Subsequently, on September 28, 2023, the aforementioned

indicators were measured again. On July 25, 2023, 20 mature

functional leaves were randomly collected from each variety to

determine the leaf length, width, and aspect ratio. The data for the

aforementioned phenotypic indicators were obtained using a tape

measure and a digital caliper (DL90150, Deli Group Co., Ltd.,

Ningbo, Zhejiang, China). All the aforementioned experiments

were repeated three times. All data were analyzed for significant
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differences and plotted using the Chiplot online platform (https://

www.chiplot.online/). The collected leaves were transferred with

liquid nitrogen and stored in a –80 °C freezer for the determination

of other physiological indicators and transcriptome analysis.
Measurement of chlorophyll and major
nutrient element indicators in leaves

The chlorophyll content in leaves was determined using the

acetone method. In brief, 0.2 g of leaf tissue was weighed, ground

into a fine powder, and then mixed with acetone. The mixture was

kept in the dark at 4°C. After 48 h, the extracted solution was

transferred to a 25-mL volumetric flask and made up to the mark.

The absorbance values at 646 nm and 663 nm were then measured.

The determination of the contents of macroelements and trace

elements in peach leaves was carried out with reference to previous

studies (Zhang et al., 2022; Chen et al., 2021). In brief, the total

nitrogen (N) content in leaves was determined using a Fully

automatic Kjeldahl nitrogen analyzer (Kjeltec 8400, Food and

Agricultural Science Solutions, Denmark). The total potassium

(K) content was measured by flame atomic absorption

spectrometer (ContrAA300, Analytik Jena, Germany) and the

total phosphorus (P) content was determined by ammonium

molybdate spectrophotometry. The determination of magnesium

(Mg) content in leaves was conducted using inductively coupled

plasma mass spectrometry (ICP-MS) (NexION 300x, Perkin Elmer,

America). The zinc (Zn) content was measured using dithizone

colorimetry, and iron (Fe) content was determined using o-

phenanthroline colorimetry. Ten leaves were mixed together to

constitute one biological replicate, and all experiments were set up

with three replicates. All data were analyzed for significant

differences and plotted using the Chiplot online platform (https://

www.chiplot.online/).
Transcriptome sequencing and gene
differential expression analysis

The aforementioned leaf samples were used for total RNA

extraction. Total RNA was extracted from the samples using the

Trizol method. The integrity of RNA was assessed by agarose gel

electrophoresis, and its concentration and purity were determined

using a Nanodrop One (Thermo Fisher Scientific, Massachusetts,

America). RNA samples that passed quality control were used for

library construction and transcriptome sequencing. Low-quality

sequences, adapter sequences, and sequences containing unknown

bases were removed. Gene expression levels were represented by

Fragments Per Kilobase of exon model per Million mapped

fragments (FPKM) values. Analysis of differentially expressed

genes (DEGs) was performed using DESeq2 (Love et al., 2014)

with |Log2 fold change| ≥ 1 and p-value < 0.05. Gene Ontology (GO)

enrichment analysis was performed using the topGO R package

(Song et al., 2024). The annotation of DEGs was obtained using the

Kyoto Encyclopedia Genes and Genomes (KEGG) database.
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Screening of key genes related to nitrogen
accumulation with WGCNA

Weighted gene co-expression network analysis (WGCNA) was

performed using the cloud platform of Metaware Company (https://

cloud.metware.cn/), where the Pearson correlation coefficient was

calculated for the transcriptome data, chlorophyll (Chl) content,

and six major nutrient elements. Subsequently, based on the

correlation with total nitrogen content, the two modules

exhibiting the highest positive correlations were identified.
Verification of key gene expression
patterns via quantitative real-time PCR

Based on the gene annotations, 13 genes associated with

nitrogen metabolism and transport, along with two genes

encoding monothiol glutaredoxin-S1 related to stress resistance,

were selected for subsequent validation using quantitative real-time

PCR (qRT-PCR). The total RNA was extracted using the Plant Total

RNA Extraction Kit (DP441, TIANGEN, Beijing, China), and qRT-

PCR was performed using the blastaqTM 2× qPCR Master Mix Kit

(G891, ABM, Vancouver, Canada). All experiments were carried

out in accordance with the respective operation manuals. The list of

all primers is provided in Supplementary Table S1.
Results

Growth performance of four peach
varieties grafted onto GF677 or peach
(Prunus persica)

As shown in Figure 1A, peach varieties grafted onto GF677 had

significantly larger mature functional leaves than those grafted onto

peach rootstock PP. Specifically, HY/GF677 (scion/rootstock, the

same below) and ZT9/GF677 showed extremely significantly longer

leaf lengths than HY/PP and ZT9/PP, respectively (Figure 1B).

Moreover, ZT9/GF677 and WHJ/GF677 had significantly or

extremely significantly wider leaf widths than ZT9/PP and WHJ/

PP, respectively (Figure 1C). However, grafting onto GF677 and PP

resulted in no significant differences in the aspect ratio (length-to-

width ratio) of leaves in all tested varieties (Figure 1D).

Incompatibility between the rootstock and scion of fruit trees may

lead to different growth rates above and below the graft union,

ultimately resulting in a phenomenon of ‘big feet’ or ‘small feet’

(Amri et al., 2021). We recorded the diameter increments of the

upper part (represented by the scion) and lower part (represented by

the rootstock) of the graft union over a six-month period for plants

grafted onto GF677 or PP, respectively (Figures 1E–G). The results

showed that grafting onto GF677 and PP resulted in no significant

differences in the diameter increment of the scions in all tested varieties.

However, BF/PP and WHJ/PP showed significantly or extremely

significantly higher diameter increments of the rootstock than BF/

GF677 and WHJ/GF677, respectively (Figure 1F). Notably, HY/PP
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diameter and the scion diameter than HY/GF677 (Figure 1G).

In addition, follow-up observation revealed that grafting onto

GF677 and PP led to no significant differences in diameter increment

at the base of one-year-old shoots (Figures 1H–J). ZT9/GF677

exhibited extremely significantly higher increment in shoot length

than ZT9/PP. Conversely, WHJ/PP showed a significantly greater

increment thanWHJ/GF677 (Figure 1I). Furthermore, there were no

significant differences in the increment of plant height between

GF677 and PP grafting (Figure 1J).
Changes in chlorophyll and major nutrient
elements in peach leaves after grafting

HY/GF677 and WHJ/GF677 had extremely significantly higher

contents of chlorophyll a, chlorophyll b, and total chlorophyll in the

leaves than HY/PP and WHJ/PP, respectively (Figures 2A–C).

Conversely, BF/GF677 exhibited extremely significantly lower

contents of chlorophyll a and chlorophyll b in the leaves than BF/

PP (Figures 2A, B).

Determination of the major nutrient elements in mature

functional leaves revealed that grafting onto GF677 resulted in

extremely significantly higher total nitrogen contents in the leaves

of all the four peach varieties compared with grafting onto PP

(Figure 2D). Additionally, HY/GF677, ZT9/GF677, and BF/GF677

had significantly or extremely significantly higher total phosphorus

and total zinc contents in the leaves than HY/PP, ZT9/PP, and BF/

PP, respectively (Figures 2E, H). BF/GF677 showed an extremely

significantly higher total magnesium content in the leaves relative to

BF/PP (Figure 2G). Notably, HY/GF677 and ZT9/GF677 leaves had

extremely significantly higher total iron contents than HY/PP and

ZT9/PP leaves, respectively (Figure 2I).

We further conducted a correlation analysis to examine the

relationships between the chlorophyll content, major nutrient

element content in the leaves, and plant growth indicators across all

samples (Figure 2J). The results revealed that the increment in diameter

of the scion (IDS) exhibited significant or extremely significant positive

correlations with the contents of N, P, Mg, and Fe in the leaves. The

difference between rootstock diameter and scion diameter (DR–DS)

was significantly positively correlated with the Mg content. The

increment in diameter of annual shoots (IDAS) displayed a

significant negative correlation with the K content. The increment in

length of annual shoots (ILAS) demonstrated significant or extremely

significant negative correlations with the contents of chlorophyll a,

chlorophyll b, and total chlorophyll, but significant or extremely

significant positive correlations with IDAS and increment in plant

height (IPH).
Comparative transcriptome analysis of
peach leaves after grafting

The transcriptome analysis results revealed that in the leaves of

the four peach varieties grafted onto PP, a total of 2,861 genes were
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up-regulated (Figure 3A). Notably, three genes were commonly up-

regulated in all four varieties, and two of them encoded monothiol

glutaredoxin. GO enrichment analysis indicated that these genes

were enriched in terms related to iron metabolism and stress

responses, such as monooxygenase activity, heme binding,
Frontiers in Plant Science 05
tetrapyrrole binding, and iron ion binding (Figure 3B). KEGG

enrichment analysis showed that these genes were primarily

involved in 20 major pathways, including secondary metabolite

biosynthesis, plant-pathogen interaction, and plant hormone signal

transduction (Figure 3C).
FIGURE 1

Growth performance of four peach varieties grafted onto GF677 or peach (Prunus persica) rootstocks. (A) Phenotype of leaves. Bar = 1 cm.
(B–D) Comparison of leaf length, width, and length-to-width ratio. (E, F) Comparison of the diameter increments of the scion and rootstock within
half a year after grafting. (G) Difference between rootstock diameter and scion diameter half a year after grafting. (H, I) Increment in diameter and
length of annual shoots half a year after grafting. (J) Increment in plant height half a year after grafting. One or two asterisks indicate statistical
significance according to Student ‘s t-test at the 0.05 or 0.01 level, respectively.
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FIGURE 2

Changes in chlorophyll and major nutrient element contents in peach leaves after grafting. (A–C) Comparison of the contents of total chlorophyll
(A), chlorophyll a (B), and chlorophyll b (C) in leaves. (D–I) Comparison of the contents of total nitrogen (D), phosphorus (E), potassium (F), magnesium
(G), zinc (H), and iron (I) in leaves. (J) Pearson correlation coefficients between the chlorophyll content, major nutrient element content in the leaves,
and plant growth indicators across all samples. Chl: Total chlorophyll, Chl a: chlorophyll a, Chl b: chlorophyll b, N: nitrogen, P: phosphorus, K: potassium,
Mg: magnesium, Zn: zinc, Fe: iron, IDS: increment in diameter of the scion, IDR: increment in diameter of the rootstock, DR-DS: difference between
rootstock diameter and scion diameter, IDAS: increment in diameter of annual shoots, ILAS: increment in length of annual shoots, IPH: increment in
plant height. One or two asterisks indicate statistical significance according to Student ‘s t-test at the 0.05 or 0.01 level, respectively.
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In contrast, in the leaves of plants grafted onto GF677, a total of

1,985 genes were up-regulated (Figure 3D). GO enrichment analysis

indicated that these genes were primarily enriched in terms related

to iron metabolism and stress responses, such as monooxygenase

activity, heme binding, tetrapyrrole binding, and iron ion binding

(Figure 3E). The KEGG enrichment results were similar to those

obtained with PP as the rootstock. However, some genes were

enriched in pathways such as nitrogen metabolism and MAPK

signaling pathway (Figure 3F).
Screening of key genes responsive to
alkaline soil conditions

We conducted WGCNA on the transcriptome data and major

nutrient indices of leaves from all rootstock-scion combinations

(Figures 4A, B). The results revealed that the pink and yellow

modules exhibited highly positive correlations with the contents of
Frontiers in Plant Science 07
N, P, Mg, and Fe. A total of 13 genes involved in nitrogen uptake,

transport, and reuse were screened from these two modules.

Subsequently, we performed RT-qPCR validation on these 13 genes

and twomonothiol glutaredoxin-encoding genes. Grafting onto GF677

led to significantly or extremely significantly higher expression levels of

PpGLDH, PpGRF9, PpNRT1, and PpNRT4 in all four varieties than

grafting onto PP. However, an exactly opposite result was obtained for

the PpMGrx2 gene. Furthermore, the RT-qPCR results were highly

consistent with the transcriptome data, confirming the reliability of the

transcriptome sequencing.
Discussion

The interaction between rootstock and scion represents one of the

most crucial relationships in fruit tree production (Hayat et al., 2021).

The rootstock significantly influences the traits such as growth vigor

(Li et al., 2024), yield (Li B. X. et al., 2025), fruit quality (Saeed et al.,
FIGURE 3

Comparative transcriptome analysis of leaves from four peach varieties grafted onto GF677 or peach (Prunus persica) rootstocks grown in alkaline
soil. Results of the Venn diagram (A), GO enrichment analysis (B), and KEGG enrichment analysis (C) for up-regulated genes in the four peach
varieties grafted onto peach (Prunus persica) rootstocks. Results of the Venn diagram (D), GO enrichment analysis (E), and KEGG enrichment analysis
(F) for up-regulated genes in the four peach varieties grafted onto GF677 rootstocks.
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2024), and resistance of fruit trees (He et al., 2024) by regulating the

root system architecture, nutrient uptake, water use efficiency, and

hormone balance. Our previous studies have indicated that the root of

GF677 exhibits stronger iron translocation and accumulation

capabilities, thereby conferring strong resistance to iron-deficiency

chlorosis (Sun et al., 2020, 2022). Furthermore, GF677 was also

found to advance the flowering period and enhance the yield of

scion varieties (Pica et al., 2021). In this study, grafting of four peach
Frontiers in Plant Science 08
varieties onto GF677 resulted in larger leaf area and higher total

nitrogen content, demonstrating higher NUE of the rootstock. Also,

there were notable differences in the performance of different scion

varieties when grafted onto GF677. Among the 18 plant growth

indicators, HY/GF677, ZT9/GF677, BF/GF677, and WHJ/GF677

outperformed plants grafted onto PP in 9, 7, 4, and 5 indicators,

respectively, with significant or extremely significant differences.

Conversely, HY/GF677, ZT9/GF677, BF/GF677, and WHJ/GF677
FIGURE 4

Screening of key genes responsive to alkaline soil conditions based on WGCNA. (A) Module hierarchical clustering dendrogram. (B) Correlation
heatmap between modules and major nutrient indices. (C–Q) Results of RT-qPCR for 13 genes involved in nitrogen uptake, transport, and reuse, as
well as 2 monothiol glutaredoxin-encoding genes in all rootstock-scion combinations. One or two asterisks indicate statistical significance
according to Student ‘s t-test at the 0.05 or 0.01 level, respectively.
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underperformed plants grafted onto PP in 0, 1, 3, and 2 indicators,

respectively, with significant or extremely significant differences.

Overall, after grafting onto GF677, the growth performance of the

four peach varieties followed the order of HY/GF677 > ZT9/GF677 >

WHJ/GF677 > BF/GF677. These findings provide an important

theoretical basis for future selection of suitable rootstocks for

peach trees.

A study of the NUE of two different rootstocks in normal soils of

peach orchards revealed that GF677 could absorb more soil nutrients

than Franco (a widely used peach rootstock in Europe), thereby

contributing to greater growth and higher yield (Macci et al., 2016).

In this study, in alkaline orchard soils, grafting onto the GF677 rootstock

resulted in significant up-regulation of genes related to nitrogen

metabolism, monooxygenase activity, heme binding, tetrapyrrole

binding, and iron ion binding in the leaves of scions. Among them,

PpGLDH, PpGRF9, PpNRT1, and PpNRT4 exhibited an average up-

regulation of 3.41, 3.10, 5.69, and 6.20 folds, respectively, in the leaves

after GF677 grafting. Our research has once again provided strong

evidence for the universality of GF677’s high nitrogen use efficiency

(NUE) in both normal soils and alkaline soils. Future dynamic

observation of the various forms of nitrogen and related enzyme

activities in the soil, roots, and leaves will help to comprehensively

elucidate mechanism for efficient nitrogen utilization in GF677.

Nitrate transporters (NRT) can not only participate in nitrate

uptake and transport in plants, but also play key roles in many other

physiological processes, such as development of the root system

(Lee et al., 2024), uptake and transport of other mineral ions

through hormone transport (Liu et al., 2025c), signal transduction

(Hu et al., 2019), and even the transport of other ions (Ma et al.,

2025), thereby affecting the plant stress performance related to these

ions. Recent research findings indicate that the nitrate transporter

(NRT2) and calcium-binding protein (CaBP) gene families in wild

barley (Hordeum brevisubulatum) have undergone significant
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expansion, with markedly upregulated expression under alkaline

stress (Feng et al., 2025). This has led to the formation of a unique

CaBP-NRT2 module capable of enhancing the plant’s nitrogen

utilization efficiency, thereby strengthening its alkaline tolerance.

Additionally, GhGLDH35A and AtGRF6 also play crucial roles in

the alkaline stress resistance processes of cotton (Fan et al., 2025)

and Arabidopsis thaliana (Guo J. F. et al., 2022), respectively. Thus,

it is evident that improving nitrogen utilization efficiency represents

an important strategy for plants to cope with alkaline stress.

Monothiol glutaredoxins (Grxs) represent one of the vital

intracellular redox systems, which are extensively involved in various

processes such as stress resistance responses (Guo X. et al., 2022),

reactive oxygen species (ROS) scavenging (Mittler et al., 2022), and

iron-sulfur protein maturation (Moseler et al., 2015), and display

conservation across different species. Previous research has

demonstrated that Grx3 is essential for the growth of Candida

albicans under low-iron conditions (Alkafeef et al., 2020). In

Azorhizobium caulinodans, Grxs play a crucial role in combating

ROS and in the symbiotic nitrogen fixation process with Sesbania

rostrata (Cao et al., 2020). Moreover, under low peroxide

concentrations, the loss of function of dithiol Grxs can be

compensated by monothiol Grxs. In this study, grafting onto PP

resulted in significantly higher expression of two monothiol

glutaredoxin-encoding genes in the leaf transcriptomes of four peach

varieties. Furthermore, RT-qPCR results confirmed that the four

varieties grafted onto PP had 2.81–285.18 times higher expression

levels of PpMGrx2 compared with those grafted onto GF677.

Therefore, based on these research findings, we propose a model for

the nitrogen utilization and response to alkaline soils of GF677

and peach (Prunus persica) rootstock in peach orchards (Figure 5).

In future research, the gene functions of PpNRT1, PpNRT4, and

PpMGrx2 can be further validated to discover novel targets for

enhancing peach resistance to alkaline stress.
FIGURE 5

A model depicting nitrogen utilization and the response to alkaline soils in GF677 and peach (Prunus persica) rootstocks within peach orchards.
PpNRT1, PpNRT4, PpGLDH, and PpGRF9 may make significant contributions to the high nitrogen use efficiency (NUE) of GF677. PpMGrx2 may play a
crucial role in the peach’s response to alkaline stress.
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Conclusion

In the study, we grafted four different peach varieties onto either

GF677 (Prunus amygdalus × Prunus persica) or peach (Prunus

persica) rootstocks in an old peach orchard with alkaline soils, and

then compared the growth indices of the rootstocks and scions, as

well as the chlorophyll components and major nutrient indicators in

the leaves after grafting. The results showed that grafting onto GF677

resulted in larger leaf area and a highly significant elevation in total

nitrogen content in the four peach varieties compared with grafting

onto peach (Prunus persica). Comparative transcriptomic analysis

andWGCNA revealed significant up-regulation of 13 genes related to

nitrogen uptake, transport, and reuse in GF677, among which four

genes, including PpNRT1, PpNRT4, PpGLDH, and PpGRF9, may

have great contributions to the high NUE of GF677. Additionally,

PpMGrx2 may play an important role in the response of peach

(Prunus persica) to alkaline stress. This study confirmed the

mechanism by which GF677 enhances its adaptability in alkaline

soils through improved NUE, and identified four key genes involved

in this process, providing important targets for the improvement of

peach varieties with higher NUE.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: https://ngdc.cncb.ac.cn/gsa/,

CRA029529.
Author contributions

H-yS: Writing – review & editing, Funding acquisition,

Supervision, Project administration, Writing – original draft. KZ:

Writing – review & editing, Software, Writing – original draft,

Visualization. QW: Investigation, Writing – original draft, Software.

G-lJ: Investigation, Writing – original draft, Resources. S-xS:

Writing – original draft, Investigation. JL: Writing – original

draft, Formal Analysis, Methodology. M-yT: Data curation,

Writing – original draft. L-lW: Resources, Writing – original

draft. C-yH: Writing – review & editing, Writing – original draft,

Resources, Validation. TW: Visualization, Writing – original draft.

DC: Supervision, Writing – review & editing, Funding acquisition,

Project administration.
Frontiers in Plant Science 10
Funding

The author(s) declare financial support was received for the

research and/or publication of this article. This work was funded

by The National Key Research and Development Program of China

(2021YFD1600800), National Peach Industry Technology System

(CARS-31), Sichuan Science and Technology Support Plan

(2024NSFSC1307, 2023YFN0086, 2021YFYZ0023-05), Sichuan

Fruit Innovation Team (SCCXTD-2024-4), Chengdu Science and

Technology Plan Project (2024-YF05-02668- SN), Key Technologies

for Enhancing the Entire Industrial Chain of Grain and Cash Crops

in Dryland Areas of Jianyang City (30205-12-000280).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of

this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1699942/

full#supplementary-material
References
Alkafeef, S. S., Lane, S., Yu, C., Zhou, T., Solis, N. V., Filler, S. G., et al. (2020). Proteomic
profiling of the monothiol glutaredoxin Grx3 reveals its global role in the regulation of iron
dependent processes. PloS Genet. 16, e1008881. doi: 10.1371/journal.pgen.1008881

Amri, R., Font I Forcada, C., Gimenez, R., Pina, A., andMoreno, M. A. (2021). Biochemical
characterization and differential expression of PAL genes associatedwith "Translocated" peach/
plum graft-Incompatibility. Front. Plant Sci. 12, 12622578. doi: 10.3389/fpls.2021.622578
Cai, Z. D., Yu, T. B., Tan, W. Y., Zhou, Q. H., Liu, L. R., Nian, H., et al. (2024).
GmAMT2.1/2.2-dependent ammonium nitrogen and metabolites shape rhizosphere
microbiome assembly to mitigate cadmium toxicity. NPJ Biofilms Microbomes 10, 60.
doi: 10.1038/s41522-024-00532-6

Cao, Y. J., Jiang, G. F., Li, M. X., Fang, X. X., Zhu, D., Qiu, W., et al. (2020).
Glutaredoxins play an important role in the redox homeostasis and symbiotic capacity
frontiersin.org

https://ngdc.cncb.ac.cn/gsa/
https://www.frontiersin.org/articles/10.3389/fpls.2025.1699942/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1699942/full#supplementary-material
https://doi.org/10.1371/journal.pgen.1008881
https://doi.org/10.3389/fpls.2021.622578
https://doi.org/10.1038/s41522-024-00532-6
https://doi.org/10.3389/fpls.2025.1699942
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Song et al. 10.3389/fpls.2025.1699942
of azorhizobium caulinodans ORS571. Mol. Plant Microbe Interact. 33, 1381–1393.
doi: 10.1094/MPMI-04-20-0098-R

Chen, D., Qiu, D. Y., Zhong, X. J., Zhu, J., Song, H. Y., Li, J., et al. (2018). Comparison
of plants biochemical indexes and leaf tissue structure of GF677 and wild peach on
alkaline soil. Southwest China J. Agric. Sci. 10, 2152–2159. doi: 10.16213/
j.cnki.scjas.2018.10.027

Chen, H., Reed, S. C., Lü, X. T., Xiao, K. C., Wang, K. L., and Li, D. J. (2021). Global
resorption efficiencies of trace elements in leaves of terrestrial plants. Funct. Ecol. 35,
1596–1602. doi: 10.1111/1365-2435.13809

Chen, D., Tu, M. Y., Li, J., Sun, S. X., Xie, H. J., and Jiang, G. L. (2014). Study on
differences of physiological indicators and mineral nutrient content of different
yellowing degree of peach leaves. Southwest China J. Agric. Sci. 27, 1522–1526.
doi: 10.16213/j.cnki.scjas.2014.04.080

Fallah, M., Imani, A., and Rasouli, M. (2025). Assessment of drought tolerance in
peach x almond hybrids to identify promising rootstocks. BMC Plant Biol. 25, 1181.
doi: 10.1186/s12870-025-07247-6

Fan, Y. P., Wang, N., Wang, S., Yang, Z. N., Chen, X., Lu, X. K., et al. (2025).
GhGLDH35A gene-mediated ROS homeostasis and stomatal movement via the
ascorbic acid pathway confers alkaline stress tolerance. J. Adv. Res. doi: 10.1016/
j.jare.2025.06.018

Feng, H., Du, Q. W., Jiang, Y., Jia, Y., He, T. H., Wang, Y. B., et al. (2025). Hordeum I
genome unlocks adaptive evolution and genetic potential for crop improvement. Nat.
Plants 11, 438–452. doi: 10.1038/s41477-025-01942-w

Gao, Y. H., Xu, Z. P., Zhang, L. J., Li, S. C., Wang, S. G., Yang, H. L., et al. (2020).
MYB61 is regulated by GRF4 and promotes nitrogen utilization and biomass
production in rice. Nat. Commun. 11, 5219. doi: 10.1038/s41467-020-19019-x

Gharbi, P., Amiri, J., Mahna, N., Naseri, L., and Sadaghiani, M. R. (2025). Silicon-
induced mitigation of salt stress in GF677 and GN15 rootstocks: insights into
physiological, biochemical, and molecular mechanisms. BMC Plant Biol. 25, 719.
doi: 10.1186/s12870-025-06753-x

Gullo, G., Motisi, A., Zappia, R., Dattola, A., Diamanti, J., and Mezzetti, B. (2014).
Rootstock and fruit canopy position affect peach [Prunus persica (L.) Batsch] (cv. Rich
May) plant productivity and fruit sensorial and nutritional quality. Food Chem. 153,
153234–153242. doi: 10.1016/j.foodchem.2013.12.056

Guo, J. F., Chai, X. Q., Mei, Y. C., Du, J. M., Du, H. N., Shi, H. Z., et al. (2022).
Acetylproteomics analyses reveal critical features of lysine-e-acetylation in Arabidopsis
and a role of 14-3-3 protein acetylation in alkaline response. Stress Biol. 2, 1.
doi: 10.1007/s44154-021-00024-z

Guo, X., Yu, X., Xu, Z., Zhao, P., Zou, L., Li, W., et al. (2022). CC-type glutaredoxin,
MeGRXC3, associates with catalases and negatively regulates drought tolerance in
cassava (Manihot esculenta Crantz). Plant Biotechnol. J. 20, 2389–2405. doi: 10.1111/
pbi.13920

Hayat, F., Iqbal, S., Coulibaly, D., Razzaq, M. K., Nawaz, M. A., Jiang, W., et al. (2021). An
insight into dwarfing mechanism: contribution of scion-rootstock interactions toward fruit
crop improvement. Fruit Res. 1, 1–11. doi: 10.48130/FruRes-2021-0003

He, X. Q., Liu, X. N., Huang, Y. X., and Lan, T. (2023). Difference in nitrogen
transformation rates between rhizosphere and bulk soil in a calcareous soil-rice system.
J. Agro-Environment Sci. 42, 384–392. Available online at: https://kns.cnki.net/
n z k h tm l / xm l R e a d / t r i a l R e a d . h t m l ? d b C o d e = C J FD& t a b l e N am e =
CJFDTOTAL&fileName=NHBH202302016&fileSourceType=1&appId=KNS_BASIC_
PSMC&invoice=oP8PoYBP40Lenrxm/LTDi89Rk/GG6aLyFKeJAPqXRc183+daW
N1WcukScHsxNeOaDyEjrwwK511f2uA4Lkbq+c987j8nSmMWUvpf6MdQ18iLu
D6VPXLUNLsnFp0yEVzGRIaxUO/Y6iYWTiMakvibW4L2yic4OdkQB84eNV49gy0
(Accessed October 15, 2025).

He, W., Xie, R., Chai, J. F., Wang, H., Wang, Y., Chen, Q., et al. (2024).
Comprehensive evaluation of abiotic stress tolerance and graft compatibility of
Citrus junos cv. 'Shuzhen No.1'. Fruit Res. 4, 1-9. doi: 10.48130/frures-0023-0042

Hu, B., Jiang, Z., Wang, W., Qiu, Y., Zhang, Z., Liu, Y., et al. (2019). Nitrate-
NRT1.1B-SPX4 cascade integrates nitrogen and phosphorus signalling networks in
plants. Nat. Plants 5, 401–413. doi: 10.1038/s41477-019-0384-1

Javed Tareen, M., Wang, X. K., Ali, I., Bibi, Y., Naveed Tareen, M., Fiaz, S., et al.
(2022). Influence of Scion/Rootstock reciprocal effects on post-harvest and
metabolomics regulation in stored peaches. Saudi J. Biol. Sci. 29, 427–435.
doi: 10.1016/j.sjbs.2021.09.011

Jiang, L. (2023). Current status and development prospects of peach rootstocks at home
and abroad. Agric. Knowlege, 14–16. Available online at: https://kns.cnki.net/kcms2/
article/abstract?v=o8vMLOX1CKvCjh-rkBA6tCMYarZkCik18I0a_FNblQA9Cbn
SXIS0B4yyOTc1HSb85bu-8C2mN8l1Zb2UG_9nU3gJXdP1VOFha8dRk_
KtE6L8RCT1JZIxHa4NCJEC_kQFJLu7A-XEpRRwunbkXd3Yq5EHhW2-TN5
PQMhiAxmjnBw4jbahFs70jw==&uniplatform=NZKPT&language=CHS (Accessed
October 15, 2025).

Jimenez, S., Fattahi, M., Bedis, K., Nasrolahpour-Moghadam, S., Irigoyen, J. J., and
Gogorcena, Y. (2020). Interactional effects of climate change factors on the water status,
photosynthetic rate, and metabolic regulation in peach. Front. Plant Sci. 11.
doi: 10.3389/fpls.2020.00043

Lee, S., Showalter, J., Zhang, L., Cassin-Ross, G., Rouached, H., and Busch, W. (2024).
Nutrient levels control root growth responses to high ambient temperature in plants.
Nat. Commun. 15, 4689. doi: 10.1038/s41467-024-49180-6
Frontiers in Plant Science 11
Li, W., Chu, C., Li, H., Zhang, H. T., Sun, H. C., Wang, S. Y., et al. (2024). Near-gapless
and haplotype-resolved apple genomes provide insights into the genetic basis of rootstock-
induced dwarfing. Nat. Genet. 56, 505–516. doi: 10.1038/s41588-024-01657-2

Li, H. W., Liu, J. J., Deng, J. L., Chen, K. L., and Li, X. F. (2008). In vitro rapid
propagation of GF677 peach rootstock. Acta Botanica Boreali-Occidentalia Sin. 11,
2226–2230.

Li, B. X., Liu, Y. Y., Zhang, P., Song, X. B., Wang, X. Y., Zheng, Z. M., et al. (2025).
Rootstock of distant hybrid activates transcription factors of scion cultivar to promote
growth and yield in walnut. Plant Biotechnol. J. 23 (10), 4302–4317. doi: 10.1111/
pbi.70207

Li, D. P., Qi, Z. H., Guo, J. Y., Wang, T., Li, X. Y., and Hou, N. (2025). Study on the
screening of high-efficiency salt and alkali-tolerant microbial agents and their roles and
mechanisms in enhancing saline-alkaline soil remediation. J. Clean. Prod, 519145992.
doi: 10.1016/j.jclepro.2025.145992

Liang, X. Y., Li, J. F., Yang, Y. Q., Jiang, C. F., and Guo, Y. (2024). Designing salt
stress-resilient crops: Current progress and future challenges. J. Integr. Plant Biol. 66,
303–329. doi: 10.1111/jipb.13599

Liu, H., Gao, X. H., Fan, W. S., and Fu, X. D. (2025b). Optimizing carbon and
nitrogen metabolism in plants: From fundamental principles to practical applications.
J. Integr. Plant Biol. 67, 1447–1466. doi: 10.1111/jipb.13919

Liu, B., Liu, Y., Hao, Z., Zhan, X. Y., Zhang, Q. W., Yang, Y., et al. (2025a).
Mechanisms of the effects of carbon source addition on carbon transport and
sequestration in purple soil sloping farmland under natural rainfall. J. Soil Water
Conserv. 39, 229–238. doi: 10.13870/j.cnki.stbcxb.2025.01.019

Liu, M. P., Xu, K. W., Xiao, H., Chen, X. H., Peng, D. D., Lu, J. Y., et al. (2022). Effects
of nitrogen application on the characteristics of mineral nitrogen leaching in purplish
soil and spring maize yield in Sichuan. J. Agric. Resour. Environ. 39, 88–89.
doi: 10.13254/j.jare.2020.0655

Liu, X. X., Zhang, L., Zhao, Z. Q., Zheng, Y., Ren, Y., Zhao, X. M., et al. (2025c).
Regulation of the non-selective Na+ importer capacity of NRT1.2/NPF4.6/AIT1 by
SOS2-mediated phosphorylation in Arabidopsis. Cell Rep. 44, 115729. doi: 10.1016/
j.celrep.2025.115729

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550. doi: 10.1186/
s13059-014-0550-8

Ma, X. J., Wang, W., Zhang, J. Y., Jiang, Z. M., Xu, C. Y., Zhu, W. J., et al. (2025).
NRT1.1B acts as an abscisic acid receptor in integrating compound environmental cues
for plants. Cell. 188 (19), 5231-5248. doi: 10.1016/j.cell.2025.07.027

Macci, C., Doni, S., Peruzzi, E., Mennone, C., and Masciandaro, G. (2016).
Biostimulation of soil microbial activity through organic fertilizer and almond tree
association. Land Degrad. Dev. 27, 335–345. doi: 10.1002/ldr.2234

Mittler, R., Zandalinas, S. I., Fichman, Y., and Van Breusegem, F. (2022). Reactive
oxygen species signalling in plant stress responses.Nat. Rev. Mol. Cell Biol. 23, 663–679.
doi: 10.1038/s41580-022-00499-2

Molassiotis, A., Tanou, G., Diamantidis, G., Patakas, A., and Therios, I. (2006). Effects of
4-month Fe deficiency exposure on Fe reduction mechanism, photosynthetic gas exchange,
chlorophyll fluorescence and antioxidant defense in two peach rootstocks differing in Fe
deficiency tolerance. J. Plant Physiol. 163, 176–185. doi: 10.1016/j.jplph.2004.11.016

Moseler, A., Aller, I., Wagner, S., Nietzel, T., Przybyla-Toscano, J., Muhlenhoff, U.,
et al. (2015). The mitochondrial monothiol glutaredoxin S15 is essential for iron-sulfur
protein maturation in Arabidopsis thaliana. Proc. Natl. Acad. Sci. U. S. A 112, 13735–
13740. doi: 10.1073/pnas.1510835112

Munos, S., Cazettes, C., Fizames, C., Gaymard, F., Tillard, P., Lepetit, M., et al. (2004).
Transcript profiling in the chl1-5 mutant of Arabidopsis reveals a role of the nitrate
transporter NRT1.1 in the regulation of another nitrate transporter, NRT2.1. Plant Cell
16, 2433–2447. doi: 10.1105/tpc.104.024380

Peng, D. D., Xu, K. W., Liu, Y. Y., Pei, L. Z., Zhou, Y., and Chen, Y. X. (2025). Effects
of organic material return on quality of purple soil under equal nitrogen rate. J. Agric.
Resour. Environ. 42, 1010–1020. doi: 10.13254/j.jare.2024.0017

Pica, A. L., Silvestri, C., and Cristofori, V. (2021). Evaluation of phenological and
agronomical traits of different almond grafting combinations under testing in central
Italy. Agriculture 11, 1252. doi: 10.3390/agriculture11121252

Saeed, M., Zhao, H. B., Chen, Z. Y., Ju, P. J., Wang, G. Y., Zhou, C. C., et al. (2024).
Wax bayberry is a suitable rootstock for Chinese red bayberry cultivated in saline-alkali
soil. Sci. Hortic. 323, 323112463. doi: 10.1016/j.scienta.2023.112463

Sheng, N., Cheng, J. H., Sun, Z. X., and Tang, X. Y. (2023). Distribution
characteristics and dynamics of abundant and rare bacteria in purple soil of the
Sichuan Basin. Chin. Agric. Sci. Bull. 39, 94–102. Available online at: https://kns.cnki.
n e t / n z kh tm l / xm lRe ad / t r i a lR e ad . h tm l ?d bCod e=C JFD&tab l eName=
CJFDTOTAL&fileName=ZNTB202335014&fileSourceType=1&appId=KNS_BASIC_
PSMC&invoice=jJZsDgzgLliXCRh46X3e9BLlRO8euo+Ij1UXAJ9aLfLdYjEmOpliArFb
L4wuWsKI/D6EhvH6Wax6QojpU8Olcjb0sMGSLT8360P8sEsLdGTWto8qfd2yDnyR
VAr4zzFN3tztxkPc5scJYowaIfnfOkg6rMTGY4ZV6uSdayRxKI (Accessed October 15,
2025).

Song, H. Y., Chen, D., Jing, L., Zhong, X. J., Yang, W. Y., Zhu, J., et al. (2018).
Chlorophyll synthesis and chloroplast structure comparison research between GF677
and wild peach on alkaline soil. Southwest China J. Agric. Sci. 31, 2630–2637.
doi: 10.16213/j.cnki.scjas.2018.12.029
frontiersin.org

https://doi.org/10.1094/MPMI-04-20-0098-R
https://doi.org/10.16213/j.cnki.scjas.2018.10.027
https://doi.org/10.16213/j.cnki.scjas.2018.10.027
https://doi.org/10.1111/1365-2435.13809
https://doi.org/10.16213/j.cnki.scjas.2014.04.080
https://doi.org/10.1186/s12870-025-07247-6
https://doi.org/10.1016/j.jare.2025.06.018
https://doi.org/10.1016/j.jare.2025.06.018
https://doi.org/10.1038/s41477-025-01942-w
https://doi.org/10.1038/s41467-020-19019-x
https://doi.org/10.1186/s12870-025-06753-x
https://doi.org/10.1016/j.foodchem.2013.12.056
https://doi.org/10.1007/s44154-021-00024-z
https://doi.org/10.1111/pbi.13920
https://doi.org/10.1111/pbi.13920
https://doi.org/10.48130/FruRes-2021-0003
https://kns.cnki.net/nzkhtml/xmlRead/trialRead.html?dbCode=CJFD&tableName=CJFDTOTAL&fileName=NHBH202302016&fileSourceType=1&appId=KNS_BASIC_PSMC&invoice=oP8PoYBP40Lenrxm/LTDi89Rk/GG6aLyFKeJAPqXRc183+daWN1WcukScHsxNeOaDyEjrwwK511f2uA4Lkbq+c987j8nSmMWUvpf6MdQ18iLuD6VPXLUNLsnFp0yEVzGRIaxUO/Y6iYWTiMakvibW4L2yic4OdkQB84eNV49gy0
https://kns.cnki.net/nzkhtml/xmlRead/trialRead.html?dbCode=CJFD&tableName=CJFDTOTAL&fileName=NHBH202302016&fileSourceType=1&appId=KNS_BASIC_PSMC&invoice=oP8PoYBP40Lenrxm/LTDi89Rk/GG6aLyFKeJAPqXRc183+daWN1WcukScHsxNeOaDyEjrwwK511f2uA4Lkbq+c987j8nSmMWUvpf6MdQ18iLuD6VPXLUNLsnFp0yEVzGRIaxUO/Y6iYWTiMakvibW4L2yic4OdkQB84eNV49gy0
https://kns.cnki.net/nzkhtml/xmlRead/trialRead.html?dbCode=CJFD&tableName=CJFDTOTAL&fileName=NHBH202302016&fileSourceType=1&appId=KNS_BASIC_PSMC&invoice=oP8PoYBP40Lenrxm/LTDi89Rk/GG6aLyFKeJAPqXRc183+daWN1WcukScHsxNeOaDyEjrwwK511f2uA4Lkbq+c987j8nSmMWUvpf6MdQ18iLuD6VPXLUNLsnFp0yEVzGRIaxUO/Y6iYWTiMakvibW4L2yic4OdkQB84eNV49gy0
https://kns.cnki.net/nzkhtml/xmlRead/trialRead.html?dbCode=CJFD&tableName=CJFDTOTAL&fileName=NHBH202302016&fileSourceType=1&appId=KNS_BASIC_PSMC&invoice=oP8PoYBP40Lenrxm/LTDi89Rk/GG6aLyFKeJAPqXRc183+daWN1WcukScHsxNeOaDyEjrwwK511f2uA4Lkbq+c987j8nSmMWUvpf6MdQ18iLuD6VPXLUNLsnFp0yEVzGRIaxUO/Y6iYWTiMakvibW4L2yic4OdkQB84eNV49gy0
https://kns.cnki.net/nzkhtml/xmlRead/trialRead.html?dbCode=CJFD&tableName=CJFDTOTAL&fileName=NHBH202302016&fileSourceType=1&appId=KNS_BASIC_PSMC&invoice=oP8PoYBP40Lenrxm/LTDi89Rk/GG6aLyFKeJAPqXRc183+daWN1WcukScHsxNeOaDyEjrwwK511f2uA4Lkbq+c987j8nSmMWUvpf6MdQ18iLuD6VPXLUNLsnFp0yEVzGRIaxUO/Y6iYWTiMakvibW4L2yic4OdkQB84eNV49gy0
https://kns.cnki.net/nzkhtml/xmlRead/trialRead.html?dbCode=CJFD&tableName=CJFDTOTAL&fileName=NHBH202302016&fileSourceType=1&appId=KNS_BASIC_PSMC&invoice=oP8PoYBP40Lenrxm/LTDi89Rk/GG6aLyFKeJAPqXRc183+daWN1WcukScHsxNeOaDyEjrwwK511f2uA4Lkbq+c987j8nSmMWUvpf6MdQ18iLuD6VPXLUNLsnFp0yEVzGRIaxUO/Y6iYWTiMakvibW4L2yic4OdkQB84eNV49gy0
https://doi.org/10.48130/frures-0023-0042
https://doi.org/10.1038/s41477-019-0384-1
https://doi.org/10.1016/j.sjbs.2021.09.011
https://kns.cnki.net/kcms2/article/abstract?v=o8vMLOX1CKvCjh-rkBA6tCMYarZkCik18I0a_FNblQA9CbnSXIS0B4yyOTc1HSb85bu-8C2mN8l1Zb2UG_9nU3gJXdP1VOFha8dRk_KtE6L8RCT1JZIxHa4NCJEC_kQFJLu7A-XEpRRwunbkXd3Yq5EHhW2-TN5PQMhiAxmjnBw4jbahFs70jw==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=o8vMLOX1CKvCjh-rkBA6tCMYarZkCik18I0a_FNblQA9CbnSXIS0B4yyOTc1HSb85bu-8C2mN8l1Zb2UG_9nU3gJXdP1VOFha8dRk_KtE6L8RCT1JZIxHa4NCJEC_kQFJLu7A-XEpRRwunbkXd3Yq5EHhW2-TN5PQMhiAxmjnBw4jbahFs70jw==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=o8vMLOX1CKvCjh-rkBA6tCMYarZkCik18I0a_FNblQA9CbnSXIS0B4yyOTc1HSb85bu-8C2mN8l1Zb2UG_9nU3gJXdP1VOFha8dRk_KtE6L8RCT1JZIxHa4NCJEC_kQFJLu7A-XEpRRwunbkXd3Yq5EHhW2-TN5PQMhiAxmjnBw4jbahFs70jw==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=o8vMLOX1CKvCjh-rkBA6tCMYarZkCik18I0a_FNblQA9CbnSXIS0B4yyOTc1HSb85bu-8C2mN8l1Zb2UG_9nU3gJXdP1VOFha8dRk_KtE6L8RCT1JZIxHa4NCJEC_kQFJLu7A-XEpRRwunbkXd3Yq5EHhW2-TN5PQMhiAxmjnBw4jbahFs70jw==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=o8vMLOX1CKvCjh-rkBA6tCMYarZkCik18I0a_FNblQA9CbnSXIS0B4yyOTc1HSb85bu-8C2mN8l1Zb2UG_9nU3gJXdP1VOFha8dRk_KtE6L8RCT1JZIxHa4NCJEC_kQFJLu7A-XEpRRwunbkXd3Yq5EHhW2-TN5PQMhiAxmjnBw4jbahFs70jw==&uniplatform=NZKPT&language=CHS
https://doi.org/10.3389/fpls.2020.00043
https://doi.org/10.1038/s41467-024-49180-6
https://doi.org/10.1038/s41588-024-01657-2
https://doi.org/10.1111/pbi.70207
https://doi.org/10.1111/pbi.70207
https://doi.org/10.1016/j.jclepro.2025.145992
https://doi.org/10.1111/jipb.13599
https://doi.org/10.1111/jipb.13919
https://doi.org/10.13870/j.cnki.stbcxb.2025.01.019
https://doi.org/10.13254/j.jare.2020.0655
https://doi.org/10.1016/j.celrep.2025.115729
https://doi.org/10.1016/j.celrep.2025.115729
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.cell.2025.07.027
https://doi.org/10.1002/ldr.2234
https://doi.org/10.1038/s41580-022-00499-2
https://doi.org/10.1016/j.jplph.2004.11.016
https://doi.org/10.1073/pnas.1510835112
https://doi.org/10.1105/tpc.104.024380
https://doi.org/10.13254/j.jare.2024.0017
https://doi.org/10.3390/agriculture11121252
https://doi.org/10.1016/j.scienta.2023.112463
https://kns.cnki.net/nzkhtml/xmlRead/trialRead.html?dbCode=CJFD&tableName=CJFDTOTAL&fileName=ZNTB202335014&fileSourceType=1&appId=KNS_BASIC_PSMC&invoice=jJZsDgzgLliXCRh46X3e9BLlRO8euo+Ij1UXAJ9aLfLdYjEmOpliArFbL4wuWsKI/D6EhvH6Wax6QojpU8Olcjb0sMGSLT8360P8sEsLdGTWto8qfd2yDnyRVAr4zzFN3tztmxkPc5scJYowaIfnfOkg6rMTGY4ZV6uSdayRxKI
https://kns.cnki.net/nzkhtml/xmlRead/trialRead.html?dbCode=CJFD&tableName=CJFDTOTAL&fileName=ZNTB202335014&fileSourceType=1&appId=KNS_BASIC_PSMC&invoice=jJZsDgzgLliXCRh46X3e9BLlRO8euo+Ij1UXAJ9aLfLdYjEmOpliArFbL4wuWsKI/D6EhvH6Wax6QojpU8Olcjb0sMGSLT8360P8sEsLdGTWto8qfd2yDnyRVAr4zzFN3tztmxkPc5scJYowaIfnfOkg6rMTGY4ZV6uSdayRxKI
https://kns.cnki.net/nzkhtml/xmlRead/trialRead.html?dbCode=CJFD&tableName=CJFDTOTAL&fileName=ZNTB202335014&fileSourceType=1&appId=KNS_BASIC_PSMC&invoice=jJZsDgzgLliXCRh46X3e9BLlRO8euo+Ij1UXAJ9aLfLdYjEmOpliArFbL4wuWsKI/D6EhvH6Wax6QojpU8Olcjb0sMGSLT8360P8sEsLdGTWto8qfd2yDnyRVAr4zzFN3tztmxkPc5scJYowaIfnfOkg6rMTGY4ZV6uSdayRxKI
https://kns.cnki.net/nzkhtml/xmlRead/trialRead.html?dbCode=CJFD&tableName=CJFDTOTAL&fileName=ZNTB202335014&fileSourceType=1&appId=KNS_BASIC_PSMC&invoice=jJZsDgzgLliXCRh46X3e9BLlRO8euo+Ij1UXAJ9aLfLdYjEmOpliArFbL4wuWsKI/D6EhvH6Wax6QojpU8Olcjb0sMGSLT8360P8sEsLdGTWto8qfd2yDnyRVAr4zzFN3tztmxkPc5scJYowaIfnfOkg6rMTGY4ZV6uSdayRxKI
https://kns.cnki.net/nzkhtml/xmlRead/trialRead.html?dbCode=CJFD&tableName=CJFDTOTAL&fileName=ZNTB202335014&fileSourceType=1&appId=KNS_BASIC_PSMC&invoice=jJZsDgzgLliXCRh46X3e9BLlRO8euo+Ij1UXAJ9aLfLdYjEmOpliArFbL4wuWsKI/D6EhvH6Wax6QojpU8Olcjb0sMGSLT8360P8sEsLdGTWto8qfd2yDnyRVAr4zzFN3tztmxkPc5scJYowaIfnfOkg6rMTGY4ZV6uSdayRxKI
https://kns.cnki.net/nzkhtml/xmlRead/trialRead.html?dbCode=CJFD&tableName=CJFDTOTAL&fileName=ZNTB202335014&fileSourceType=1&appId=KNS_BASIC_PSMC&invoice=jJZsDgzgLliXCRh46X3e9BLlRO8euo+Ij1UXAJ9aLfLdYjEmOpliArFbL4wuWsKI/D6EhvH6Wax6QojpU8Olcjb0sMGSLT8360P8sEsLdGTWto8qfd2yDnyRVAr4zzFN3tztmxkPc5scJYowaIfnfOkg6rMTGY4ZV6uSdayRxKI
https://doi.org/10.16213/j.cnki.scjas.2018.12.029
https://doi.org/10.3389/fpls.2025.1699942
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Song et al. 10.3389/fpls.2025.1699942
Song, Y., Sun, J. N., and Li, Z. (2025). Intercropping increases land use efficiency and
reduces soil salinity in salt-affected soils, but has minimal effect on pH. Field Crops Res.
332, 332110028. doi: 10.1016/j.fcr.2025.110028

Song, C., Xu,M., Zhao,W., Xu, F., Zhang, T., and Yang,W. Y. (2015). Study on phosphorus
availability and its related affecting factors of purple soil under different types of land use. J. Soil
Water Conserv. 29, 85–89+95. doi: 10.13870/j.cnki.stbcxb.2015.06.016

Song, H. Y., Zhao, K., Li, J., Zheng, J. P., Cui, X. L., Li, J. Y., et al. (2023). Research of
orthogonal optimization of hardwood cutting propagation technology of peach
rootstock GF677. J. Xichang University(Natural Sci. Edition) 37, 1–5. doi: 10.16104/
j.issn.1673⁃1891.2023.04.001
Song, H., Zhao, K., Pei, Y., Chen, H., Wang, X., Jiang, G., et al. (2024). Multi-omics

analysis provides new insights into the changes of important nutrients and fructose
metabolism in loquat bud sport mutant. Front. Plant Sci. 15, 151374925. doi: 10.3389/
fpls.2024.1374925

Sun, S., Li, J., Song, H., Chen, D., Tu, M., Chen, Q., et al. (2022). Comparative transcriptome
and physiological analyses reveal key factors in the tolerance of peach rootstocks to iron
deficiency chlorosis. 3 Biotech. 12, 38. doi: 10.1007/s13205-021-03046-6

Sun, S., Song, H., Li, J., Chen, D., Tu, M., Jiang, G., et al. (2020). Comparative
transcriptome analysis reveals gene expression differences between two peach cultivars
under saline-alkaline stress. Hereditas 157, 9. doi: 10.1186/s41065-020-00122-4

Tegeder, M., and Masclaux-Daubresse, C. (2018). Source and sink mechanisms of
nitrogen transport and use. New Phytol. 217, 35–53. doi: 10.1111/nph.14876

Tu, M. Y., Chen, D., Qiu, D. Y., Zhu, J., Zhong, X. J., Song, H. Y., et al. (2018).
Allocation pattern and uptake differences of iron of GF677 and wild peach on alkaline
soil. Southwest China J. Agric. Sci. 11, 2348–2353. doi: 10.16213/j.cnki.scjas.2018.11.021

Tu, M. Y., Chen, D., Sun, S. X., Li, J., Xie, H. J., and Jiang, G. L. (2014). Relationship
between peach yellowing degree and soil physical and chemical index. Southwest China
J. Agric. Sci. 27, 705–709. doi: 10.16213/j.cnki.scjas.2014.02.060

Wang, L. R. (2021). Current situation and development suggestions of peach
industry in China. China Fruits, 1–5. doi: 10.16626/j.cnki.issn1000-8047.2021.10.001
Frontiers in Plant Science 12
Wang, C. L., Wei, X. T., Wang, Y. M., Wu, C. Y., Jiao, P., Jiang, Z. Z., et al. (2025).
Metabolomics and transcriptomic analysis revealed the response mechanism of maize
to aaline-alkali stress. Plant Biotechnol. J. doi: 10.1111/pbi.70292

Wei, T. J., Li, G., Wang, M. M., Jin, Y. Y., Zhang, G. H., Liu, M., et al. (2021).
Physiological and transcriptomic analyses reveal novel insights into the cultivar-specific
response to alkaline stress in alfalfa (Medicago sativa L.). Ecotoxicol. Environ. Saf. 228,
228113017. doi: 10.1016/j.ecoenv.2021.113017

Xu, G. H., Fan, X. R., andMiller, A. J. (2012). Plant nitrogen assimilation and use efficiency.
Annu. Rev. Plant Biol. 63, 63153–63182. doi: 10.1146/annurev-arplant-042811-105532

Yang, Y. Q., and Guo, Y. (2023). Unveiling of a key gene and mechanism regulating
alkaline tolerance in crops. Chin. Bull. Bot. 58, 189–193. doi: 10.11983/CBB23022

Yang, X. Y., Yang, G., Wei, X. L., Huang, W. T., and Fang, Z. M. (2023). OsAAP15,
an amino acid transporter in response to nitrogen concentration, mediates panicle
branching and grain yield in rice. Plant Sci. 330, 330111640. doi: 10.1016/
j.plantsci.2023.111640

Zhang, B. B., Sun, M. X., Liu, W. X., Lian, M., Yang, S. K., Peng, F. T., et al. (2023).
Waterlogging resistance and evaluation of physiological mechanism of three peach (Prunus
persica) rootstocks. Protoplasma 260, 1375–1388. doi: 10.1007/s00709-023-01850-w

Zhang, X. Y., Wen, J. S., Jia, S. J., He, Y. M., Yang, W., Chen, W. B., et al. (2025).
Glutamine synthetase GhGLN1.5 regulates arbuscular mycorrhizal symbiosis and
verticillium wilt resistance in cotton by modulating inorganic nitrogen assimilation.
New Phytol. 246, 702–717. doi: 10.1111/nph.70035

Zhang, Z. X., Zheng, J., Guang, Y. J., Chen, L. J., Luo, X. P., Chen, D. L., et al. (2022).
Phenotypic plasticity contributes more to the variations in nutrient resorption than
genetic differentiation in a grassland dominant. Funct. Ecol. 36, 2605–2615.
doi: 10.1111/1365-2435.14152

Zrig, A., Tounekti, T., Vadel, A. M., Ben Mohamed, H., Valero, D., Serrano, M., et al.
(2011). Possible involvement of polyphenols and polyamines in salt tolerance of
almond rootstocks. Plant Physiol. Biochem. 49, 1313–1322. doi: 10.1016/
j.plaphy.2011.08.009
frontiersin.org

https://doi.org/10.1016/j.fcr.2025.110028
https://doi.org/10.13870/j.cnki.stbcxb.2015.06.016
https://doi.org/10.16104/j.issn.1673&hybull;1891.2023.04.001
https://doi.org/10.16104/j.issn.1673&hybull;1891.2023.04.001
https://doi.org/10.3389/fpls.2024.1374925
https://doi.org/10.3389/fpls.2024.1374925
https://doi.org/10.1007/s13205-021-03046-6
https://doi.org/10.1186/s41065-020-00122-4
https://doi.org/10.1111/nph.14876
https://doi.org/10.16213/j.cnki.scjas.2018.11.021
https://doi.org/10.16213/j.cnki.scjas.2014.02.060
https://doi.org/10.16626/j.cnki.issn1000-8047.2021.10.001
https://doi.org/10.1111/pbi.70292
https://doi.org/10.1016/j.ecoenv.2021.113017
https://doi.org/10.1146/annurev-arplant-042811-105532
https://doi.org/10.11983/CBB23022
https://doi.org/10.1016/j.plantsci.2023.111640
https://doi.org/10.1016/j.plantsci.2023.111640
https://doi.org/10.1007/s00709-023-01850-w
https://doi.org/10.1111/nph.70035
https://doi.org/10.1111/1365-2435.14152
https://doi.org/10.1016/j.plaphy.2011.08.009
https://doi.org/10.1016/j.plaphy.2011.08.009
https://doi.org/10.3389/fpls.2025.1699942
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Mechanism for efficient nitrogen utilization by peach rootstock GF677 (Prunus amygdalus &times; Prunus persica) in alkaline orchard soils
	Introduction
	Materials and methods
	Plant materials and growth conditions
	Measurement of phenotypic indicators of plants
	Measurement of chlorophyll and major nutrient element indicators in leaves
	Transcriptome sequencing and gene differential expression analysis
	Screening of key genes related to nitrogen accumulation with WGCNA
	Verification of key gene expression patterns via quantitative real-time PCR

	Results
	Growth performance of four peach varieties grafted onto GF677 or peach (Prunus persica)
	Changes in chlorophyll and major nutrient elements in peach leaves after grafting
	Comparative transcriptome analysis of peach leaves after grafting
	Screening of key genes responsive to alkaline soil conditions

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


