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Abstract: Sugar beet (Beta vulgaris L.) is a significant global crop for sugar production, with nitrogen
playing a crucial role in its growth, development, and sugar yield. Autophagy facilitates nutrient
reabsorption and recycling under nutrient stress by degrading intracellular components, thereby
enhancing plant nitrogen use efficiency. However, research on the autophagy response to low-nitrogen
stress in sugar beet remains limited. In this study, 29 members of the ATG gene family were identified,
with genes within the same subfamily displaying similar gene structures and conserved domains.
These ATG genes in sugar beet contain various hormone and stress-response elements. Transcriptome
data and qRT-PCR analysis further revealed that the expression levels of ATG4, ATG8b, ATG18a,
TOR, NBR1, ATI, ATG8a, ATG12, and VTI12a were significantly upregulated under low-nitrogen
stress, with most genes showing high expression levels across different tissues. These ATG genes are
thus likely involved in regulating autophagy in response to low-nitrogen conditions. The observed
increase in autophagosome numbers further supports the induction of autophagy by low-nitrogen
stress. These nine genes can be considered key candidates for further research on nitrogen-sensitive
autophagy in the sugar beet ATG gene family. This study provides a comprehensive analysis of the
structure and biological functions of ATG genes in sugar beet, offering genetic resources for future
efforts to improve sugar beet varieties through genetic engineering. Such efforts could focus on
regulating autophagy to enhance nitrogen use efficiency and develop new germplasm.
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1. Introduction

Nitrogen is an essential element for plant growth and development, serving as a key
component of chlorophyll, proteins, and secondary metabolites while also playing a crucial
role in determining crop yield [1]. With increasing agricultural demands, nitrogen fertilizer
usage is projected to rise, potentially reaching 2.4 million tons by 2050 [2]. However, plants
absorb only a small fraction of applied nitrogen, with the majority lost to the environment,
resulting in resource wastage and environmental pollution [3]. Thus, improving nitrogen
use efficiency has become a critical challenge in agricultural production [4]. A deeper
understanding of plant nitrogen metabolism and transport signaling pathways is critical
for addressing this issue. Autophagy, a conserved intracellular degradation pathway in
eukaryotes, promotes the recycling of macromolecules by degrading them [5]. This process
plays a critical role in enhancing nitrogen utilization in plants. Under normal conditions,
autophagy functions at a basal level to maintain protein quality control [6]; however,
during stress conditions such as nitrogen or carbon starvation, autophagy is greatly induced,
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increasing plant resilience by promoting the degradation of macromolecules and facilitating
nutrient recycling [7].

Autophagy includes three types—microautophagy, macroautophagy, and megaautophagy
—each with overlapping functions but distinct components [8]. Macroautophagy is the most
extensively studied form, in which autophagosomes enclose cellular contents, transport
them to the vacuole, and fuse with the vacuolar membrane to form autophagic bodies.
These bodies are then degraded by vacuolar hydrolases [9]. Autophagy can further be
categorized into selective and nonselective forms. Selective autophagy degrades specific
substrates through receptor recognition, while nonselective autophagy is typically induced
by nutritional stress [10]. The autophagic process relies on a series of ATG proteins, and nu-
merous autophagy-related genes have been identified in plants such as Arabidopsis, rice, to-
bacco, poplar, and alfalfa [11–15]. Autophagy can be divided into four functional categories:
autophagosome initiation (ATG1 kinase complex); membrane trafficking; autophagosomal
membrane modification and vesicle nucleation (PI3K complex); and autophagosome mat-
uration (ATG8/12 ubiquitin-like conjugation system) [16]. These molecular mechanisms
collectively regulate the autophagy process, ensuring efficient degradation and recycling of
cellular materials.

Autophagy plays a crucial role in responding to nutrient stress by promoting the
degradation and recycling of cellular materials, thereby enhancing plant tolerance to low-
nitrogen conditions [17,18]. This process is closely associated with nitrogen recycling and
the expression levels of ATG genes. Studies have shown that in oats, ATG genes are upreg-
ulated under low-nitrogen conditions, with nitrogen-sensitive materials showing increased
autophagic activity and a more pronounced response to nitrogen stress [19]. Similarly,
in barley, an increased expression of ATG genes has been observed in leaves subjected
to low-nitrogen stress [20]. For example, in the Arabidopsis AtATG5 mutant, premature
leaf senescence and reduced nitrogen remobilization and utilization efficiency were ob-
served under both sufficient and low-nitrogen conditions [21]. In maize, the ZmATG12
mutant displayed impaired autophagy, leading to early leaf senescence and a reduction
in the nitrogen harvest index [22]. Conversely, overexpression of CsATG8e in tea plants
increased autophagic activity, improving nitrogen utilization efficiency [23]. Overexpres-
sion of MdATG18a in apple plants under low-nitrogen conditions led to increased nitrate
content in the leaves and improved plant resistance to low-nitrogen stress [24]. Similarly,
research on tomato SlATG6 has demonstrated that overexpression of autophagy genes can
enhance nitrogen assimilation efficiency under low-nitrogen conditions [25]. Collectively,
these findings indicate that impaired protein degradation in autophagy mutants results in
the failure to recycle cellular contents under nutrient stress, highlighting the critical role of
autophagy genes in enhancing plant resistance to nutrient deficiencies.

In summary, ATG genes involved in autophagy play diverse roles in plant responses
to low-nitrogen stress. However, studies on the role of autophagy genes in sugar beet
(Beta vulgaris L.) under low-nitrogen stress remain limited. As a biennial crop in the
Amaranthaceae family, sugar beet is not only an important global source of sugar but also
provides raw materials for industries such as bioethanol production and animal feed, giving
it significant economic value [26]. Furthermore, sugar beet growth is highly dependent
on nitrogen supply, and sufficient nitrogen is crucial for maximizing sugar yield [27].
While nitrogen fertilizers can enhance sugar production, excessive use increases costs and
contributes to environmental issues such as soil compaction and water eutrophication,
which negatively affect the sustainable production of sugar beet and soil health. Despite
these challenges, the current literature on genome-wide analyses for the identification of
ATG-related genes in sugar beet remains limited. Most existing studies focus on model
plants and species with well-annotated genomes, leading to an incomplete understanding
of ATG gene functions and regulation in non-model crops such as sugar beet. Additionally,
due to potential differences in gene functions across species, cross-species gene function
prediction poses difficulties, and the reliability of gene annotation and expression analysis
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in sugar beet is still under development. Therefore, further research is needed to address
these gaps.

In this study, we conducted a genome-wide analysis to identify the ATG gene family
in sugar beet, examining their physicochemical properties, chromosomal localization, gene
structural features, evolutionary relationships, and expression patterns. This research aims
to enhance our understanding of autophagy under low-nitrogen conditions, providing a
theoretical foundation for future genetic engineering efforts to improve sugar beet varieties.

2. Results
2.1. Identification of ATG Gene Family in Sugar Beet

In this study, a total of 29 autophagy-related genes were identified in sugar beet,
named based on their homology with autophagy genes from other species. As shown in
Supplementary Table S1, the lengths of the beet ATG gene sequences range from 612 to
8025 bp. The molecular weights of the associated proteins span from 10.52 to 277.30 kDa,
with isoelectric points ranging from 4.50 to 9.59. Subcellular localization predictions
indicated that most of the ATG proteins are localized in the nucleus, while a smaller
number are found in the chloroplasts, cytoplasm, and vesicles. The ATG gene family
members in sugar beet are distributed across nine chromosomes., with six genes located on
chromosome 5, six genes on chromosome 6, and five genes on chromosome 8. Additionally,
three genes are located on chromosomes 1, 3, and 7, two genes on chromosome 9, and
one gene each on chromosomes 2 and 4 (Figure 1A).
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Figure 1. Identification and phylogenetic analysis of ATG gene family in sugar beet. (A) Chromosomal
distribution of BvATG family members. (B) The phylogenetic tree of the ATG gene families from
beet and Arabidopsis was constructed using the maximum likelihood method in MEGA11, with the
bootstrap test set to 1000 iterations.

2.2. Phylogenetic and Synteny Analysis of the ATG Gene Family Members in Sugar Beet

To investigate the evolutionary relationships among ATG genes, a phylogenetic tree of
Arabidopsis thaliana and sugar beet ATG genes was constructed using MEGA 11.0 (Figure 1B).
The analysis revealed a high degree of similarity between homologous ATG proteins in
sugar beet and Arabidopsis thaliana, suggesting that orthologous proteins derived from a
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common ancestor may perform similar functions. As shown in Figure 2A, within-species
synteny analysis identified a pair of syntenic genes in the ATG family, BvVTI12a and
BvVTI12b, located on chromosomes 6 and 5, respectively. To further elucidate the evolution-
ary relationships within the ATG gene family, synteny analysis was performed, comparing
sugar beet with Arabidopsis thaliana, rice, maize, and tobacco. The results (Figure 2) revealed
33 pairs of homologous genes between sugar beet and Arabidopsis thaliana, 6 pairs with
rice, and 3 pairs each with tobacco and maize (Supplementary Figure S1, Table S2). The
higher number of homologous gene pairs shared between sugar beet and dicotyledonous
species, compared to monocotyledonous species, suggests that certain BvATG genes may
have been present prior to species divergence. Furthermore, some sugar beet ATG genes
were found to be absent from syntenic regions with dicotyledonous species, implying that
chromosomal rearrangements and fusions during genome evolution may have resulted in
selective gene loss in sugar beet.
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collinearity analysis. Chromosomes are distinguished by different colors. (B) A. thaliana. (C) O. sativa.
(D) N. tabacum. (E) Z. mays. Different colors are used to represent different species. The gray
background represents the synteny between the sugar beet genome and those of other species, while
the red lines highlight the synteny of ATG gene pairs.
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2.3. Gene Structure and Conserved Domain of the ATG Gene Family in Sugar Beet

The differences in intron and exon structures within a gene family play a crucial
role in its evolutionary process. As shown in Figure 3A, all ATG genes contain introns
but the number of exons varies across different subfamilies. This variation highlights the
structural diversity among members of the ATG gene family in sugar beet. For example,
members of the BvATG8, BvATG13, and BvVTI12 subfamilies show consistent numbers
of exons and introns. Specifically, in the BvATG1 subfamily, both BvATG1b and BvATG1c
contain 13 exons and 12 introns, while BvATG1a has 8 exons and 7 introns. Similarly,
BvATG18b and BvATG18c both possess four exons and four introns, whereas BvATG18a
and BvATG18d differ in their exon and intron counts. These findings suggest that, although
CDS sequences within the same subfamily show high homology, evolutionary changes
have led to the loss of certain segments in some subfamily members. Among the sugar beet
ATG gene family, BvVTI12a, BvVTI12b, and BvVPS15 each contain two domains, whereas
other family members possess only one, emphasizing the variation in conserved domains
among different subfamilies. Additionally, BvATG1, BvATG8, BvATG13, BvATG18, and
BvVTI12 share the same domain, indicating that domains are typically highly conserved
within the same subfamily (Figure 3B).
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Figure 3. Analysis of the gene structure and conserved domain of the ATG family in sugar beet.
(A) Exons, introns, and untranslated regions (UTRs) of each subgroup are represented by yellow
rectangles, black lines, and green rectangles, respectively. The observed differences in exon–intron
structures may indicate evolutionary adaptations that contribute to functional diversity within the
ATG gene family. (B) Conserved domains, illustrating the shared structural features that may reflect
the conservation of core functions across species.

2.4. Identification of Cis-Acting Elements in the Promoter of ATG Gene Family in Sugar Beet

To better understand the functional characteristics of the BvATG family members, we
predicted the cis-acting elements located in the 2000 bp upstream region of the translation
start site using the PlantCare database. These elements play a critical role in regulating
gene expression. As shown in Figure 4, the ATG gene family of sugar beet contains a
wide variety of cis-acting elements, including those responsive to auxin, stress, gibberellin,
cold, salicylic acid, abscisic acid, jasmonic acid, as well as elements induced by drought.
Notably, hormone and stress-responsive elements were the most abundant. These findings
suggest that the ATG gene family plays an important role in sugar beet’s response to
abiotic stresses.
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2.5. Effects of Low-Nitrogen Stress on Autophagic Structures

Autophagy is essential for plant responses to nutrient deprivation. To explore the ef-
fect of low-nitrogen stress on autophagy, we examined the autophagosome structures in the
roots of sugar beet varieties HI1003 and HI0479 during transmission electron microscopy
(TEM). This study focused on the accumulation of double-membrane autophagosomes
and single-membrane autophagic bodies within the central vacuoles of root cells. The
results showed that, following N8 and N0 low-nitrogen treatments, the number of au-
tophagosomes in the roots of HI1003 plants increased compared to the control group
(Figure 5A). The roots of HI0479 plants also showed an increase in the number of au-
tophagosomes under low-nitrogen conditions compared to the control (Figure 5B). These
findings suggest that plants subjected to low-nitrogen stress produce a higher number of
autophagic structures.

2.6. GO and KEGG Annotation Analysis of BvATGs

To investigate the functional roles of BvATG genes in sugar beet, we sequenced the
transcriptomes of sugar beet root systems subjected to 14 days of low-nitrogen stress
and conducted GO annotation for the BvATGs. As shown in Figure 6A, the results were
classified into three categories: biological processes, cellular components, and molecu-
lar functions. In the biological process category, enrichment analysis revealed that ATG
genes were primarily associated with autophagy-related processes. In the cellular com-
ponent category, ATG genes were predominantly enriched at the phagophore assembly
site (GO:0000407) and autophagosome (GO:0005776), with the autophagosome formation
process originating at the phagopore assembly site in the cytoplasm. In the molecular
function category, ATG genes were mainly associated with phosphatidylinositol bind-
ing, suggesting their potential involvement in lipid metabolism and signaling pathways
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related to autophagy (GO:0035091, GO:1901981, and GO:0005543) as well as in ubiqui-
tination modification processes (GO:0008641). Cellular autophagy requires the involve-
ment of ATG-related genes, including the phosphatidylinositol-3 kinase (PI3K) complex
and ubiquitination modification system [28]. KEGG enrichment analysis indicated that
BvATGs were mainly concentrated in the autophagy (ko04136) pathway. These findings
suggest that the beet ATG genes play a significant role in the autophagy process under
low-nitrogen conditions.
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2.7. Analysis of BvATGs’ Protein Interaction Networks

In Figure 6B, an interaction network of BvATG genes was established to analyze their
mechanism of action. The results showed that 24 ATG genes formed an interaction network
with proteins such as BvATG11, BvATG18b, BvATG12b, BvATG2, BvATG9, and BvATG3,
which might play central roles in the interaction process. Based on functional classification
in Arabidopsis, the network can be divided into four modules. In the first module, BvATG1,
BvATG3, and BvATG11 interact to form the ATG1 kinase complex. The second module
includes two components of the PI3K complex, BvATG6 and BvVPS34. The third module
comprises BvATG2, BvATG9, and BvATG18b, which are involved in recruitment membranes
for autophagy. The fourth module consists of BvATG7, BvATG8a, BvATG8b, and BvATG12,
which function as part of the ubiquitin-like conjugation system. The BvATGs function
similarly to those in Arabidopsis, indicating that the beet ATG genes may be evolutionarily
conserved with the Arabidopsis ATG genes.

2.8. Analysis of the Expression Pattern of BvATGs

To explore the expression patterns of ATG genes in sugar beet under low-nitrogen
stress, transcriptome data from the roots of two sugar beet varieties, HI1003 and HI0479,
were analyzed after 14 days of low-nitrogen conditions (Figure 7A). The expression patterns
of BvATG genes were similar in both varieties under low-nitrogen stress. The expression
levels of 12 ATG genes increased in both varieties, with 19 and 20 ATG genes showing
upregulated expression in HI0479 and HI1003, respectively, while other ATG genes showed
no significant changes. The results indicate that under low-nitrogen stress, most ATG
genes were upregulated to varying degrees, though some gene family members exhibited
relatively weak responses. Notably, two members of BvATG8 and BvVTI12, as well as mem-
bers of BvNBR1, BvATG20, BvATG18a, BvATG101, and BvATI showed higher expression
levels, suggesting that these ATG genes may play crucial regulatory roles in the autophagy
process under low-nitrogen conditions. Additionally, we analyzed the expression patterns
of ATG genes across various sugar beet tissues (Figure 7B). Most ATG genes exhibited
low expression levels in leaves but were generally expressed in seeds, roots, and flowers.
Two members of BvATG8 and two members of BvVTI12, BvATG18a, BvATG20, BvTOR,
BvATG3, and BvATG4 showed similar expression patterns in seeds, roots, and flowers,
with higher expression levels compared to leaves, while BvNBR1 and BvATI exhibited
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consistently higher expression across different tissues. These ATG genes may play es-
sential roles in the autophagy process and contribute to the growth and development of
sugar beet.
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Figure 7. Expression patterns of BvATGs under low-nitrogen stress and in different tissues. The color
bar represents the normalized values (log2(FPKM+1)), ranging from blue (low expression levels)
to red (high expression levels). (A) Heatmap of BvATG transcript abundance under low-nitrogen
stress. (B) Heatmap of BvATG transcript abundance in leaves, roots, flowers, and seeds. (C) Relative
expression levels of four BvATG genes in roots under low-nitrogen stress. Statistical analysis was
performed using two-way ANOVA followed by multiple comparisons. “*” indicates a significance
level of p < 0.05, “**” indicates p < 0.01, and “***” indicates p < 0.001. The sample size (n) for each bar
is n = 3.

2.9. qRT-PCR Validation of BvATG Gene Involvement in Low-Nitrogen Stress Response

Building on these predictions, 12 ATG genes were selected for further analysis, and
their expression levels in roots under low-nitrogen stress were examined using qRT-PCR
(Figure 7C). The results showed that under low-nitrogen conditions, the expression levels of
BvATG4, BvNBR1, BvTOR and BvATI were significantly elevated in both varieties. In HI0479,
BvATG8b and BvATG18a exhibited significant upregulation, while BvATG8a, BvATG12, and
BvVTI12a were significantly downregulated. These findings suggest that these nine ATG
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genes play key regulatory roles in the autophagy process during sugar beet’s response to
low-nitrogen stress, with functional differences among them.

3. Discussion

Autophagy, a highly conserved intracellular degradation pathway in eukaryotes, is
a protective mechanism that enables cells to respond to nutrient deficiencies. It plays an
important role in degrading damaged proteins and promoting the recycling and reuse
of cytoplasmic components, thereby helping to maintain intracellular homeostasis and
function [29]. In this study, we identified 29 autophagy-related genes within the sugar
beet genome. The number of ATG genes in sugar beet is comparable to the 33 found
in rice and 30 in tobacco, suggesting that autophagy genes are highly conserved across
evolutionary lineages. However, the number of ATG genes in sugar beet is fewer than
the 47 in Arabidopsis, 48 in poplar, and 39 in alfalfa. This difference may be attributed
to variations in subfamily copy numbers across species. For example, sugar beet has
2 copies of the ATG8 gene, while Arabidopsis, poplar, and alfalfa have 9, 11, and 8 members,
respectively. Similarly, sugar beet has 4 copies of the ATG18 gene, compared to 8, 10, and
8 members in Arabidopsis, poplar, and alfalfa, respectively. This indicates that the ATG
subfamily in sugar beet is contracted, with no significantly amplified subfamilies.

Comparative phylogenetic analysis with the Arabidopsis ATG gene family revealed
a high degree of similarity between the ATG genes of sugar beet and those in different
subfamilies of Arabidopsis. Additionally, protein interaction network analysis indicated
that the ATG genes in sugar beet and Arabidopsis exhibit similar interaction patterns. These
results suggest that the autophagy process is highly conserved across species and that
ATG genes likely perform similar functions in different species, a conclusion consistent
with previous findings on ATG genes in Chinese Cabbage [30]. Based on the collinearity
analysis, all ATG genes within sugar beet and across other species demonstrate collinearity,
reflecting the close evolutionary relationships of ATG genes among species. In both poplar
and Chinese Cabbage, members of the ATG subfamily typically exhibit consistent numbers
of exons and introns, including ATG8, ATG13, and VTI12, among others. Notably, TOR has
the highest count of exons and introns, a trend also observed in our study [14,30]. However,
the number of exons and introns in certain members of ATG1 and ATG18 subfamilies in
sugar beet shows some variation. For example, beet ATG1a has 8 exons, while ATG1 in
both poplar and Chinese Cabbage contains 13 exons, a difference that may be attributed to
the insertion and removal of introns during the evolution of sugar beet ATG genes. The
functional significance of this structural variability within the ATG gene subfamilies is
particularly important. Differences in exon–intron structures can impact gene transcription
regulation, alternative splicing, and protein expression, leading to varied physiological
functions and abilities to respond to environmental stress. Under nitrogen stress condi-
tions, such structural diversity may provide plants with different adaptive strategies to
modulate autophagy responses and optimize nitrogen uptake and utilization. Different
subfamilies of sugar beet ATG genes have similar conserved structural domains, such as
ATG8, ATG13, ATG18, and VTI12, which is consistent with findings in buckwheat [31].
These subfamilies may exhibit functional redundancy, and there may also be specificity in
their expression patterns, a hypothesis that was later confirmed through transcriptional
profiling of expression levels.

The autophagy ATG gene family plays a crucial role in plant growth, development,
and stress responses. In sugar beet, numerous hormone-responsive and stress-responsive
elements have been identified within the ATG gene family. Similarly, stress-related response
elements have also been detected in the promoter regions of Arabidopsis ATG genes. For
example, the AtATG9 and RNAiATG18 mutants in Arabidopsis showed early senescence
under both sufficient- and low-nitrogen conditions. Additionally, the AtATG14a/aATG14b
double mutant exhibits nitrogen stress intolerance, premature senescence, and reduced
material recycling efficiency [32]. Different expressions of ATG genes under stress condi-
tions have also been observed in other plants. In cereals, ATG genes displayed distinct
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expression patterns following hormone treatments, with two members of ATG7 being
rapidly upregulated. Moreover, a large number of ATG genes were found to be upregulated
in response to salt, drought, and cold stress, with their expression levels of ATG genes
increasing significantly in the later stages of drought stress. During the early stage of
cold stress, ATG gene expression levels decreased, with only seven ATG genes showing
increased expression after 24 h [33]. In tea plants, 10 of the 12 ATG genes were upregulated
after low-nitrogen stress, although ATG8b was downregulated [23]. Overall, these findings
suggest that ATG genes in sugar beet are essential for responding to low-nitrogen stress.

GO and KEGG enrichment analyses confirmed that ATG genes are mainly involved
in the autophagy process. Under low-nitrogen stress, the expression patterns of ATG
genes were similar between the two sugar beet varieties, with 9 genes showing higher
expression and 20 genes showing lower expression. However, most ATG genes demon-
strated some degree of increased expression. Similarly, in tomato, the expression of ATG
genes increases during the early stages of low-nitrogen stress, then declines after 12 days,
suggesting that ATG genes play a role in the nitrogen stress response and contribute to
nitrogen tolerance [25]. qRT-PCR quantification of 12 highly expressed ATG genes revealed
that 6 genes (BvATG4, BvATG8b, BvATG18a, BvTOR, BvNBR1, and BvATI) were signifi-
cantly upregulated in the roots of sugar beet under low-nitrogen stress, while 3 genes
(BvATG8a, BvATG12, and BvVTI12a) were significantly downregulated. These findings
imply that these nine genes may play key roles in sugar beet’s response to low-nitrogen
stress. Most of these genes, except BvATG12, were highly expressed in roots, flowers, and
seeds, with BvNBR1 and BvATI showing the highest expression across different tissues.
BvATG4, BvATG8, and BvATG12 are part of the ubiquitin-like system that serves as a key
switch for activating autophagy [34]. NBR1, a ubiquitinated protein aggregate receptor,
mediates autophagy by binding to ATG8 on the autophagosome membrane [35]. ATG18 is
crucial for regulating autophagy and vacuole morphology [36], while ATI, a plant-specific
protein, interacts with ATG8 and is degraded in vacuoles under nutrient stress, accelerating
nutrient recycling [37]. TOR, a negative regulator of the ATG1 kinase complex, inhibits
autophagy under nutrient-rich conditions but promotes autophagosome expansion and
closure under nutrient stress, thereby activating autophagy [38]. VTI12, a plant-specific
SNARE protein, is essential for autophagosome–vacuole membrane fusion, and Arabidopsis
T-DNA insertion mutants of VTI12 display accelerated senescence and impaired autophagy
under nutrient-deprived conditions [39]. Autophagy is crucial for plants’ adaptation to
nutrient starvation by inducing autophagosome formation, which sequesters denatured
proteins and transports them to vacuoles for degradation, facilitating nutrient recycling [7].
The significant expression changes observed in these nine ATG genes under low-nitrogen
stress suggest that they regulate the autophagy process in response to nitrogen deficiency
in sugar beet. Additionally, the increase in autophagosome numbers observed in both vari-
eties under low-nitrogen stress indicates that autophagy is induced, resulting in heightened
autophagic activity in sugar beet. Given the crucial role of the ATG gene family in sugar
beet’s response to low-nitrogen stress, further in-depth studies focusing on the functional
roles and interaction mechanisms of key ATG genes—such as BvATG4, BvATG8b, BvATG18a,
BvTOR, BvNBR1, BvATI, BvATG8a, BvATG12, and BvVTI12a—will provide valuable insights
into the regulatory networks involved. Such research will enhance our understanding
of how autophagy affects nitrogen use efficiency in crops, offering a theoretical basis for
improving nitrogen utilization through autophagic regulation.

Currently, the world is facing challenges such as nitrogen deficiency, excessive applica-
tion of nitrogen fertilizers, and low-nitrogen use efficiency, which severely impact the yield
and quality of crops. Autophagy plays a critical role under nutrient-deficient conditions by
degrading and recycling macromolecules, thus promoting nutrient absorption and reuti-
lization. This study revealed the crucial role of autophagy-related genes in sugar beet under
nitrogen stress, providing a theoretical basis for crop genetic improvement. Applying these
genes in breeding programs could enhance crop productivity and nutrient use efficiency
in low-nitrogen environments. However, there are obstacles to the practical application
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of these findings. Different sugar beet varieties exhibit varied regulatory responses to
autophagy genes, which may result in inconsistencies across genotypes. Additionally, the
reproducibility of greenhouse results under actual field conditions may be influenced by
environmental factors such as soil type and climate variability.

Future research should focus on integrating these genes under field conditions to
validate their effectiveness and stability. Furthermore, the application of these genes in
molecular breeding and gene editing technologies to select and develop low-nitrogen-
tolerant sugar beet varieties holds significant agricultural and environmental implications.
Moreover, the transport and utilization of nitrogen within plants are regulated by systemic
signals, such as cytokinins and peptides. Therefore, whether there is a more direct rela-
tionship between autophagy-mediated nitrogen absorption and assimilation and these
hormones and signaling molecules warrants further investigation.

4. Materials and Methods
4.1. Plant Materials and Treatment

The sugar beet high-yield variety HI1003 and high-sugar variety HI0479 used in
this study were maintained by the College of Agriculture at Inner Mongolia Agricultural
University (Hohhot, China) and were sown on 30 August 2023. Plump seeds were selected
and planted in seedling pots filled with a mixture of vermiculite, soil, and sand in a 1:1:1
ratio. The pots were placed in an artificial climate chamber with a 16/8 h (day/night)
photoperiod and an average day/night temperature of 25/20 ◦C. After seedling emergence,
Hoagland nutrient solution was applied once to each pot, and low-nitrogen treatment was
initiated when the first pair of true leaves had fully expanded. The experiment included
three nitrogen concentration treatments: N0 (0 mmol/L), N8 (8 mmol/L), and a control
group N14 (14 mmol/L). Hoagland nutrient solution at different concentrations was applied
every 7 days. After 14, 21, and 28 days of low-nitrogen treatment, the underground parts
of the plants were collected, rapidly frozen in liquid nitrogen, and stored at −80 ◦C for
further analysis.

The low-nitrogen treatment and the nutrient solution applied to control N14 was
modified Hoagland nutrient solution [40]. It contained Ca(NO3)2 4 mmol·L−1, KNO3
6 mmol·L−1, CaCl2 4 mmol·L−1, KH2PO4 2 mmol·L−1, and MgSO4 1.5 mmol·L−1. N8
was treated with Ca(NO3)2 2 mmol·L−1, KNO3 4 mmol·L−1 as nitrogen source, and N0
was treated with no nitrogen source. Calcium and potassium were replaced with CaCl2,
KH2PO4, and KCl. The pH was adjusted to about 6.0 with NaOH.

4.2. Identification and Phylogenetic Analysis of ATG Gene Family in Sugar Beet

The genome and genome annotation files for Arabidopsis thaliana and sugar beet
were downloaded from the Ensembl website (https://plants.ensembl.org/index.html,
accessed on 26 July 2024). A local BLAST database was created and the protein sequences
of autophagy-related ATG genes from previously reported studies in Oryza sativa (rice),
Arabidopsis thaliana, Nicotiana tabacum (tobacco), and Zea mays (maize) were retrieved to
serve as query sequences. BLASTP searches were conducted with an E-value cutoff of less
than 1 × 10−5, ensuring sequence similarity percentages greater than 70%. To increase the
robustness of the results, we set a minimum sequence coverage of 80% for target genes.
All identified homologous sequences were uploaded to the InterPro database for domain
analysis to confirm the presence of ATG domains. Additionally, the SMART database
(http://smart.embl-heidelberg.de/, accessed on 28 July 2024) was used to confirm the
presence of ATG conserved domains in the filtered protein sequences.

The ATG protein sequences from Arabidopsis and sugar beet were aligned using the
MUSCLE algorithm in the MEGA11 software. A phylogenetic tree was constructed using
the maximum likelihood method with 1000 bootstrap replicates. The phylogenetic tree was
beautified using iTOL (https://itol.embl.de/, accessed on 28 August 2024). The molecular
weight (Mw) and isoelectric point (pI) of the proteins encoded by the ATG genes in sugar
beet were estimated using the ProtParam tool on the Expasy website(https://web.expasy.

https://plants.ensembl.org/index.html
http://smart.embl-heidelberg.de/
https://itol.embl.de/
https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
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org/protparam/, accessed on 31 July 2024), and the subcellular localization of the ATG gene
family was evaluated using Cell-PLoc 2.0 (http://www.csbio.sjtu.edu.cn/bioinf/plant/,
accessed on 31 July 2024) [41].

4.3. Characteristic Analysis of the ATG Gene Family in Sugar Beet

Cis-acting element analysis was performed on the 2000 bp sequence upstream of
the gene start codon using PlantCare (https://bioinformatics.psb.ugent.be/webtools/
plantcare/html/, accessed on 10 August 2024) [42]. The cis-acting elements of ATG gene
family members were visualized using TBtools software(TBtools–II v2.138). Fragmentary
and tandemly duplicated genes within the ATG gene family between sugar beet, Arabidopsis
thaliana, rice, and tobacco were analyzed using MCScanX, and the synteny relationships of
the ATG gene family among these species were visualized using TBtools.

4.4. Analysis of BvATGs’ Gene Structure, Chromosomal Mapping, and Conserved Domains

Based on the position, distribution, and chromosome size of ATG genes in sugar
beet, chromosomal mapping and visualization of ATG gene family members were carried
out using TBtools. The CDS sequences, along with genomic sequences including introns
and exons of the ATG gene family were analyzed and visualized using TBtools. Con-
served domains of the ATG genes were predicted using the NCBI-CDD (https://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi, accessed on 25 August 2024), and visualized
using TBtools.

4.5. Transmission Electron Microscope Analysis

After 14 days of low-nitrogen treatment, root samples from the control group (N14)
and the N8 and N0 treatments were cut into approximately 1 mm × 1 mm pieces. The
samples were vacuum-fixed in 2.5% glutaraldehyde at 4 ◦C for 4 h, followed by fixation with
1% osmium tetroxide, and then rinsed with 0.1 mol/L phosphate buffer. The samples were
subsequently dehydrated using a graded ethanol series, embedded in epoxy propane and
embedding solution, and polymerized at 60 ◦C for 48 h. Ultrathin sections were prepared
using an ultramicrotome (Leica UC7, Germany), double-stained with uranyl acetate and
lead citrate. The stained sections were placed in a transmission electron microscope
(Hitachi HT7800, Tokyo, Japan), observed at an accelerating voltage of 80–120 kV with a
magnification of 2500× to 10,000×, and photographed [43].

4.6. RNA-Seq Analysis

After 14d of low-nitrogen (N0) treatment, the roots of sugar beet HI1003 and HI0479
were collected, snap-frozen in liquid nitrogen, and stored at −80 ◦C. Total RNA was
extracted from sugar beet roots using an RNA kit (Tiangen, Beijing, China). Following RNA
extraction, purification, and library construction, the libraries were subjected to paired-end
(PE) sequencing using Next-Generation Sequencing (NGS) on the Illumina platform. The
sequencing data were quality controlled using fastp (version 0.23.0) [@fastp]. This process
involved removing splice sequences from the reads, filtering out reads shorter than 15 bp,
discarding low-quality reads (where the proportion of bases with a quality score below Q20
was greater than 8%), and removing reads containing “N” in the sequence. Gene expression
levels were calculated using the FPKM method, and differentially expressed genes were
identified based on the criteria of absolute logFC > 1 and p-value < 0.05. The transcriptome
sequencing was conducted by Wuhan Meitville Biotechnology Co. (Wuhan, China).

GO enrichment analysis and KEGG enrichment analysis of sugar beet ATG genes were
performed using Gene Ontology (https://www.geneontology.org/, accessed on 23 August
2024) and KEGG (https://www.genome.jp/kegg/, accessed on 23 August 2024). Protein
interaction networks of differentially expressed genes were analyzed using the STRING
protein interactions database (https://cn.string-db.org/, accessed on 25 August 2024) and
visualized with Cytoscape v 3.7. Transcriptomic data were analyzed to obtain FPKM values
of BvATGs in HI1003, HI0479, and across different tissues, with heat maps generated using

https://web.expasy.org/protparam/
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TBtools. For further details on downloading transcriptome data from various sugar beet
tissues, refer to Supplementary Table S3.

4.7. Quantitative Real-Time PCR (qRT-PCR)

Total RNA from the lower part of the beet field was extracted using an RNA extraction
kit (Tiangen, China) and reverse-transcribed into cDNA using SynScript®III RT SuperMix
for qPCR (tsingke, Beijing, China). The cDNA was then subjected to qRT-PCR using
ArtiCanCEO SYBR qPCR Mix (tsingke, China). Actin was used as the internal reference
gene. The reaction system had a total volume of 20 µL, which included 10 µL of PCR mix,
1.6 µL of upstream and downstream primers, 1 µL of cDNA, and 7.4 µL of ddH2O. Gene
expression data were calculated using the 2−∆∆Ct method, with each reaction repeated
three times. The primers used for qRT-PCR analysis are listed in Supplementary Table S4.

5. Conclusions

In this study, 29 ATG genes were identified in sugar beet, distributed across 9 chromo-
somes, with subfamily members exhibiting similar gene structures and conserved domains.
Further analysis revealed a substantial number of hormone and stress-response elements
within these sugar beet ATG genes, suggesting their potential roles in responding to abiotic
stress. GO and KEGG enrichment analyses indicated that the ATG genes in sugar beet play
critical roles in the autophagy process. Expression pattern and level analyses demonstrated
that ATG4, ATG8b, ATG18a, TOR, NBR1, ATI, ATG8a, ATG12, and VTI12a showed signifi-
cant changes in expression under low-nitrogen stress, with most genes highly expressed
across various tissues. Additionally, the number of autophagosomes in sugar beet cells
increased under low-nitrogen stress. These findings suggest that autophagy activity in
sugar beet is enhanced during low-nitrogen conditions and that these ATG genes may
play key regulatory roles in this process. This study provides a theoretical foundation
for improving nitrogen use efficiency in crops through the regulation of autophagy via
genetic engineering. To further promote the practical application of these research findings,
future studies should focus on validating the functional stability and effectiveness of these
genes under field conditions and exploring how these genes can be applied to the genetic
improvement of sugar beet and other crops to enhance their tolerance to low-nitrogen
conditions and improve nitrogen use efficiency.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms252211932/s1.

Author Contributions: R.J. and R.Z. conceived and designed this study; R.J. and R.Z. conducted
the experiments. R.J. drafted the initial manuscript. R.J., R.Z., Y.C., L.W., L.Y. and B.M. prepared the
figures. S.S. and B.M. reviewed and proofread the manuscript. All authors have read and approved
the final version of the manuscript for publication.

Funding: This study was supported by the National Natural Science Foundation of China (32360537)
and the China’s Agriculture Research System (CARS-170702).

Institutional Review Board Statement: This experiment was approved by the College of Agriculture
at Inner Mongolia Agricultural University.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the finding of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/ijms252211932/s1


Int. J. Mol. Sci. 2024, 25, 11932 15 of 16

References
1. Guleria, G.; Thakur, S.; Shandilya, M.; Sharma, S.; Thakur, S.; Kalia, S. Nanotechnology for sustainable agro-food systems: The

need and role of nanoparticles in protecting plants and improving crop productivity. Plant Physiol. Biochem. 2023, 194, 533–549.
[CrossRef] [PubMed]

2. Chen, W.; Alharthi, M.; Zhang, J.; Khan, I. The need for energy efficiency and economic prosperity in a sustainable environment.
Gondwana Res. 2024, 127, 22–35. [CrossRef]

3. Wang, M.; Sun, X.; Zhong, N.; Cai, D.; Wu, Z. Promising Approach for Improving Adhesion Capacity of Foliar Nitrogen Fertilizer.
ACS Sustain. Chem. Eng. 2015, 3, 499–506. [CrossRef]

4. Chen, K.; Chen, H.; Tseng, C.; Tsay, Y. Improving nitrogen use efficiency by manipulating nitrate remobilization in plants. Nat.
Plants 2020, 6, 1126–1135. [CrossRef]

5. Liu, H.; Liu, Y.; Zhang, Y.; Han, X.; Yang, Q.; Cao, S.; Tong, Z.; Zhang, J. Genome-wide Identification and Expression Analysis of
Autophagy-Related Genes (ATGs), revealing ATG8a and ATG18b participating in drought stress in Phoebe bournei. Environ. Exp.
Bot. 2024, 228, 106012. [CrossRef]

6. Liu, X.; Hu, B.; Chu, C. Nitrogen assimilation in plants: Current status and future prospects. J. Genet. Genom. 2022, 49, 394–404.
[CrossRef]

7. Masclaux-Daubresse, C.; Chen, Q.; Havé, M. Regulation of nutrient recycling via autophagy. Curr. Opin. Plant Biol. 2017, 39, 8–17.
[CrossRef]

8. Wang, L.; Klionsky, D.J.; Shen, H. The emerging mechanisms and functions of microautophagy. Nat. Rev. Mol. Cell Biol. 2023, 24,
186–203. [CrossRef]

9. Lorin, S.; Pattingre, S.; Meijer, A.J.; Codogno, P. Chapter 14—Regulation of Macroautophagy by Nutrients and Metabolites. In The
Molecular Nutrition of Amino Acids and Proteins; Dardevet, D., Ed.; Academic Press: Boston, MA, USA, 2016; pp. 181–203.

10. Nie, T.; Zhu, L.; Yang, Q. The Classification and Basic Processes of Autophagy. In Autophagy: Biology and Diseases: Technology and
Methodology; Xie, Z., Ed.; Springer Singapore: Singapore, 2021; pp. 3–16.

11. Li, F.; Chung, T.; Vierstra, R.D. AUTOPHAGY-RELATED11 plays a critical role in general autophagy- and senescence-induced
mitophagy in Arabidopsis. Plant Cell 2014, 26, 788–807. [CrossRef]

12. Xia, K.; Liu, T.; Ouyang, J.; Wang, R.; Fan, T.; Zhang, M. Genome-Wide Identification, Classification, and Expression Analysis of
Autophagy-Associated Gene Homologues in Rice (Oryza sativa L.). DNA Res. 2011, 18, 363–377. [CrossRef]

13. Zhou, X.; Zhao, P.; Wang, W.; Zou, J.; Cheng, T.; Peng, X.; Sun, M. A comprehensive, genome-wide analysis of autophagy-related
genes identified in tobacco suggests a central role of autophagy in plant response to various environmental cues. DNA Res. 2015,
22, 245–257. [CrossRef] [PubMed]

14. Yu, X.; Su, W.; Zhang, H.; Niu, M.; Liu, X.; Li, Z.; Liu, C.; Wang, H.; Yin, W.; Xia, X. Genome-wide analysis of autophagy-related
gene family and PagATG18a enhances salt tolerance by regulating ROS homeostasis in poplar. Int. J. Biol. Macromol. 2023, 224,
1524–1540. [CrossRef]

15. Yang, M.; Wang, L.; Chen, C.; Guo, X.; Lin, C.; Huang, W.; Chen, L. Genome-wide analysis of autophagy-related genes in
Medicago truncatula highlights their roles in seed development and response to drought stress. Sci. Rep. 2021, 11, 22933.
[CrossRef]

16. Johansen, T.; Lamark, T. Selective Autophagy: ATG8 Family Proteins, LIR Motifs and Cargo Receptors. J. Mol. Biol. 2020, 432,
80–103. [CrossRef]

17. Cadena-Ramos, A.I.; De-La-Pena, C. Picky eaters: Selective autophagy in plant cells. Plant J. 2024, 117, 364–384. [CrossRef]
18. Zada, S.; Noh, H.S.; Baek, S.M.; Ha, J.H.; Hahm, J.R.; Kim, D.R. Depletion of p18/LAMTOR1 promotes cell survival via activation

of p27kip1-dependent autophagy under starvation. Cell Biol. Int. 2015, 39, 1242–1250. [CrossRef]
19. Chai, M.; Zhu, Z.; Lu, S.; Wang, T.; Wang, Y.; Zhang, A.; Qiang, Z.; Wang, M.; Wang, Y.; Han, B.; et al. Phenotypic and

transcriptome analysis of oat seedlings in response to low nitrogen stress. Chin. J. Grassl. 2024, 46, 1–10. [CrossRef]
20. Liliana, A.O.; Anne, M.; Fabienne, S.; Céline, M. Identification of Barley (Hordeum vulgare L.) Autophagy Genes and Their

Expression Levels during Leaf Senescence, Chronic Nitrogen Limitation and in Response to Dark Exposure. Agronomy 2016, 6, 15.
[CrossRef]

21. Melino, V.J.; Tester, M.A.; Okamoto, M. Strategies for engineering improved nitrogen use efficiency in crop plants via redistribution
and recycling of organic nitrogen. Curr. Opin. Biotechnol. 2022, 73, 263–269. [CrossRef]

22. Li, F.; Chung, T.; Pennington, J.G.; Federico, M.L.; Kaeppler, H.F.; Kaeppler, S.M.; Otegui, M.S.; Vierstra, R.D. Autophagic
Recycling Plays a Central Role in Maize Nitrogen Remobilization. Plant Cell 2015, 27, 1389–1408. [CrossRef] [PubMed]

23. Huang, W.; Ma, D.N.; Liu, H.L.; Luo, J.; Ni, D.J. Genome-Wide Identification of CsATGs in Tea Plant and the Involvement of
CsATG8e in Nitrogen Utilization. Int. J. Mol. Sci. 2020, 21, 7043. [CrossRef] [PubMed]

24. Sun, X.; Jia, X.; Huo, L.; Che, R.; Gong, X.; Wang, P.; Ma, F. MdATG18a overexpression improves tolerance to nitrogen deficiency
and regulates anthocyanin accumulation through increased autophagy in transgenic apple. Plant Cell Environ. 2018, 41, 469–480.
[CrossRef] [PubMed]

25. Cao, J.; Zheng, X.; Xie, D.; Zhou, H.; Shao, S.; Zhou, J. Autophagic pathway contributes to low-nitrogen tolerance by optimizing
nitrogen uptake and utilization in tomato. Hortic. Stud. 2022, 9, uhac068. [CrossRef]

26. Subrahmanyeswari, T.; Gantait, S. Advancements and prospectives of sugar beet (Beta vulgaris L.) biotechnology. Appl. Microbiol.
Biotechnol. 2022, 106, 7417–7430. [CrossRef]

https://doi.org/10.1016/j.plaphy.2022.12.004
https://www.ncbi.nlm.nih.gov/pubmed/36521290
https://doi.org/10.1016/j.gr.2023.03.025
https://doi.org/10.1021/acssuschemeng.5b00064
https://doi.org/10.1038/s41477-020-00758-0
https://doi.org/10.1016/j.envexpbot.2024.106012
https://doi.org/10.1016/j.jgg.2021.12.006
https://doi.org/10.1016/j.pbi.2017.05.001
https://doi.org/10.1038/s41580-022-00529-z
https://doi.org/10.1105/tpc.113.120014
https://doi.org/10.1093/dnares/dsr024
https://doi.org/10.1093/dnares/dsv012
https://www.ncbi.nlm.nih.gov/pubmed/26205094
https://doi.org/10.1016/j.ijbiomac.2022.10.240
https://doi.org/10.1038/s41598-021-02239-6
https://doi.org/10.1016/j.jmb.2019.07.016
https://doi.org/10.1111/tpj.16508
https://doi.org/10.1002/cbin.10497
https://doi.org/10.16742/j.zgcdxb.20240253
https://doi.org/10.3390/agronomy6010015
https://doi.org/10.1016/j.copbio.2021.09.003
https://doi.org/10.1105/tpc.15.00158
https://www.ncbi.nlm.nih.gov/pubmed/25944100
https://doi.org/10.3390/ijms21197043
https://www.ncbi.nlm.nih.gov/pubmed/32987963
https://doi.org/10.1111/pce.13110
https://www.ncbi.nlm.nih.gov/pubmed/29210078
https://doi.org/10.1093/hr/uhac068
https://doi.org/10.1007/s00253-022-12226-0


Int. J. Mol. Sci. 2024, 25, 11932 16 of 16

27. Li, J.; Liu, X.; Xu, L.; Li, W.; Yao, Q.; Yin, X.; Wang, Q.; Tan, W.; Xing, W.; Liu, D. Low nitrogen stress-induced transcriptome changes
revealed the molecular response and tolerance characteristics in maintaining the C/N balance of sugar beet (Beta vulgaris L.).
Front. Plant Sci. 2023, 14, 1164151. [CrossRef]

28. Guan, B.; Jiang, Y.T.; Lin, D.L.; Lin, W.H.; Xue, H.W. Phosphatidic acid suppresses autophagy through competitive inhibition by
binding GAPC (glyceraldehyde-3-phosphate dehydrogenase) and PGK (phosphoglycerate kinase) proteins. Autophagy 2022, 18,
2656–2670. [CrossRef] [PubMed]

29. Cao, W.; Li, J.; Yang, K.; Cao, D. An overview of autophagy: Mechanism, regulation and research progress. Bull. Cancer 2021, 108,
304–322. [CrossRef]

30. Hu, Y.; Zhang, M.; Yin, F.; Cao, X.; Fan, S.; Wu, C.; Xiao, X. Genome-Wide Identification and Expression Analysis of BrATGs and
Their Different Roles in Response to Abiotic Stresses in Chinese Cabbage. Agronomy 2022, 12, 2976. [CrossRef]

31. Yao, Y.; Zhao, H.; Sun, L.; Wu, W.; Li, C.; Wu, Q. Genome-wide identification of MAPK gene family members in
Fagopyrum tataricum and their expression during development and stress responses. BMC Genom. 2022, 23, 96. [CrossRef]

32. Liu, F.; Hu, W.; Li, F.; Marshall, R.S.; Zarza, X.; Munnik, T.; Vierstra, R.D. AUTOPHAGY-RELATED14 and Its Associated
Phosphatidylinositol 3-Kinase Complex Promotes Autophagy in Arabidopsis. Plant Cell 2020, 32, 3939–3960. [CrossRef]

33. Li, W.; Chen, M.; Wang, E.; Hu, L.; Hawkesford, M.J.; Zhong, L.; Chen, Z.; Xu, Z.; Li, L.; Zhou, Y.; et al. Genome-wide analysis
of autophagy-associated genes in foxtail millet (Setaria italica L.) and characterization of the function of SiATG8a in conferring
tolerance to nitrogen starvation in rice. BMC Genom. 2016, 17, 797. [CrossRef] [PubMed]

34. Antonioli, M.; Di Rienzo, M.; Piacentini, M.; Fimia, G.M. Emerging Mechanisms in Initiating and Terminating Autophagy. Trends
Biochem. Sci. 2016, 42, 28–41. [CrossRef] [PubMed]

35. Rasmussen, N.L.; Kournoutis, A.; Lamark, T.; Johansen, T. NBR1: The archetypal selective autophagy receptor. J. Cell. Biol. 2022,
221, e202208092. [CrossRef]

36. Sun, J.; Shao, Y.; Wang, S.; Li, X.; Feng, S.; Wang, W.; Leroy, P.; Li, C.; Zheng, H. An Arabidopsis Rab18 GTPase promotes autophagy
by tethering ATG18a to the ER in response to nutrient starvation. Dev. Cell 2023, 58, 2947–2958. [CrossRef]

37. Wu, J.; Michaeli, S.; Picchianti, L.; Dagdas, Y.; Galili, G.; Peled-Zehavi, H. ATI1 (ATG8-interacting protein 1) and ATI2 define a
plant starvation-induced reticulophagy pathway and serve as MSBP1/MAPR5 cargo receptors. Autophagy 2021, 17, 3375–3388.
[CrossRef]

38. Pu, Y.; Luo, X.; Bassham, D.C. TOR-Dependent and -Independent Pathways Regulate Autophagy in Arabidopsis thaliana. Front.
Plant Sci. 2017, 8, 1204. [CrossRef]

39. Zeng, Y.; Li, B.; Lin, Y.; Jiang, L. The interplay between endomembranes and autophagy in plants. Curr. Opin. Plant Biol. 2019, 52,
14–22. [CrossRef]

40. Fan, H.; Quan, S.; Ye, Q.; Zhang, L.; Liu, W.; Zhu, N.; Zhang, X.; Ruan, W.; Yi, K.; Crawford, N.M.; et al. A molecular framework
underlying low nitrogen-induced early leaf senescence in Arabidopsis. Mol. Plant 2023, 16, 756–774. [CrossRef]

41. Zhang, B.; Liu, Z.; Zhou, R.; Cheng, P.; Li, H.; Wang, Z.; Liu, Y.; Li, M.; Zhao, Z.; Hu, Z.; et al. Genome-wide analysis of soybean
DnaJA-family genes and functional characterization of GmDnaJA6 responses to saline and alkaline stress. Crop J. 2023, 11,
1230–1241. [CrossRef]

42. Bao, A.; Jiao, T.; Hu, T.; Cui, K.; Yue, W.; Liu, Y.; Zeng, H.; Zhang, J.; Han, S.; Wu, M. Cloning of the Arabidopsis SMAP2 promoter
and analysis of its expression activity. Sci. Rep. 2024, 14, 11451. [CrossRef]

43. Wang, Y.; Cao, J.J.; Wang, K.X.; Xia, X.J.; Shi, K.; Zhou, Y.H.; Yu, J.Q.; Zhou, J. BZR1 Mediates Brassinosteroid-Induced Autophagy
and Nitrogen Starvation in Tomato. Am. Soc. Plant Biol. 2019, 179, 671–685. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fpls.2023.1164151
https://doi.org/10.1080/15548627.2022.2046449
https://www.ncbi.nlm.nih.gov/pubmed/35289711
https://doi.org/10.1016/j.bulcan.2020.11.004
https://doi.org/10.3390/agronomy12122976
https://doi.org/10.1186/s12864-022-08293-2
https://doi.org/10.1105/tpc.20.00285
https://doi.org/10.1186/s12864-016-3113-4
https://www.ncbi.nlm.nih.gov/pubmed/27733118
https://doi.org/10.1016/j.tibs.2016.09.008
https://www.ncbi.nlm.nih.gov/pubmed/27765496
https://doi.org/10.1083/jcb.202208092
https://doi.org/10.1016/j.devcel.2023.11.006
https://doi.org/10.1080/15548627.2021.1872886
https://doi.org/10.3389/fpls.2017.01204
https://doi.org/10.1016/j.pbi.2019.05.009
https://doi.org/10.1016/j.molp.2023.03.006
https://doi.org/10.1016/j.cj.2023.06.005
https://doi.org/10.1038/s41598-024-61525-1
https://doi.org/10.1104/pp.18.01028
https://www.ncbi.nlm.nih.gov/pubmed/30482787

	Introduction 
	Results 
	Identification of ATG Gene Family in Sugar Beet 
	Phylogenetic and Synteny Analysis of the ATG Gene Family Members in Sugar Beet 
	Gene Structure and Conserved Domain of the ATG Gene Family in Sugar Beet 
	Identification of Cis-Acting Elements in the Promoter of ATG Gene Family in Sugar Beet 
	Effects of Low-Nitrogen Stress on Autophagic Structures 
	GO and KEGG Annotation Analysis of BvATGs 
	Analysis of BvATGs’ Protein Interaction Networks 
	Analysis of the Expression Pattern of BvATGs 
	qRT-PCR Validation of BvATG Gene Involvement in Low-Nitrogen Stress Response 

	Discussion 
	Materials and Methods 
	Plant Materials and Treatment 
	Identification and Phylogenetic Analysis of ATG Gene Family in Sugar Beet 
	Characteristic Analysis of the ATG Gene Family in Sugar Beet 
	Analysis of BvATGs’ Gene Structure, Chromosomal Mapping, and Conserved Domains 
	Transmission Electron Microscope Analysis 
	RNA-Seq Analysis 
	Quantitative Real-Time PCR (qRT-PCR) 

	Conclusions 
	References

