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Abstract

Nitrogen (N) is regarded as an essential macronutrient and is tightly associated with carbon (C) metabolism in plants. The transcriptome
data obtained from this study showed that the expression level of the apple basic leucine zipper (bZIP) transcription factor (TF)
MdbZIP44 was up-regulated in ‘Oregon Spur Delicious’ (Malus domestica Borkh.) apple fruits under nitrogen supply. MdbZIP44 bound
to the promoter of Mda-GP2 gene and inhibited its expression, thereby promoting starch accumulation and decreasing glucose content
in apple and tomato fruits. Besides, overexpression of MdbZIP44 promoted sucrose accumulation by regulating the activities of sucrose
metabolism-related enzymes and the expression of sugar metabolism-related genes in apple callus and tomato fruits. Furthermore,
biochemical assays indicated that MdbZIP44 directly interacted with MdCPRF2-like, another bZIP gene in apple. Meanwhile, this study
found that MACPRF2-like, along with the MdbZIP44 and MdCPRF2-like complex, could activate the expression of Mdua-GP2, respectively. In
conclusion, this study provides a new reference for potential mechanisms underlying that MdbZIP44-MdCPRF2-like-Mda-GP2 regulates

starch and sugar metabolism under nitrogen supply.

Introduction

Apple is an essential fruit worldwide with significant nutritional
and economic value. As the leading apple producer, China faces
a significant challenge in its primary cultivation regions due to
nitrogen deficiency [1]. Nitrogen is involved in numerous phys-
iological and biochemical processes, including the synthesis of
nucleic acids, proteins, chlorophyll, phospholipids, vitamins, hor-
mones, and alkaloids, playing a vital role in plant development
and fruit yield and quality formation [2, 3]. Insufficient nitrogen
supply will lead to weak plant growth and reduced yield, while
excessive nitrogen supply results in higher production costs and
environmental pollution [4]. Meanwhile, fruit quality is another
crucial economic trait of horticultural crops, highly influenced
by soluble sugar. Soluble sugar has a significant impact on the
sweetness, texture, and preservation ability of the fruit, thus
affecting the taste preference of consumers. Therefore, under-
standing the relationship between carbohydrates and different
nitrogen levels is beneficial for improving the quality and yield of
horticultural crops. Recent research indicates that bZIP transcrip-
tion factors (TFs) regulate carbohydrate accumulation and amino
acid metabolism in pear [5]. However, the role of bZIP TFs in apple
carbon and nitrogen metabolism remains largely unknown.

bZIP TFs are named based on their conserved domain with
60-80 amino acids. This domain includes an N-terminal region
composed of 18 basic amino acids containing a nuclear local-
ization signal (NLS) binding to a specific DNA sequence motif,
N-x7-R/K. The C-terminus is a leucine zipper region that often
interacts to form homo- or heterodimers in an o-helical form

due to its unique amino acid composition [6]. For example, the
bZIP18 and bZIP34 TFs in Arabidopsis pollen can interact to form
heterodimers regulating lipid metabolism pathways and affecting
pollen wall synthesis [7]. AtbZIP10 and AtbZIP53 form a het-
erodimer that specifically binds to the promoter of proline dehy-
drogenase, thereby activating proline dehydrogenase expression
under hypotonic stress [8]. bZIP TFs usually preferentially bind
to ACGT cis-acting elements, including G-box (CACGTG), C-box
(GACGTC), A-box (TACGTA), and ABRE (CCACGTGG). Studies have
shown that several bZIP TFs from the S1 subgroups (bZIP1, 2, 11,
44, and 53) and C subgroups (bZIP9, 10, 25, and 63) are involved
in sugar signaling in plants [8, 9]. Sagor et al. found that the
SIbZIP1 could increase sugar content in tomato fruits by displaying
SIRT (sucrose-induced translation inhibition), without any growth
retardation for the tomato plants [10]. By using gene editing, the
FuebZIPs1.1 gene created seven new alleles in wild strawberries,
and the homozygous T1 mutant had a sugar content that was
33.9% to 83.6% higher than that of the wild type (WT) [11].
Glucan phosphorylase (GP) is crucial for starch degradation
and fruit quality, the phosphorolysis reaction of a-1,4-glucans is
reversibly catalyzed by a-glucan phosphorylase (a-GP; EC 2.4.1.1),
which produces a-D-glucose 1-phosphate (a-G1P) in chloroplasts
[12]. In general, starch, glycogen, and maltodextrin serve as
substrates for phosphorylation of these enzymes. The enzyme
a-GP catalyzes these substrates, resulting in the production of
at least 5 units of glucose residues [13]. In Arabidopsis thaliana,
a-glucan phosphorylase (PHS1; EC 2.4.1.1) releases glucose 1-
phosphate (G1P) from the glucan chains ends, followed by
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phosphoglucomutase form conversion of G1P to glucose 6-
phosphate (G6P), giving rise to the export of G6P from the
chloroplast [14]. In plants with crassulacean acid metabolism,
PHS1 also plays a critical role in starch degradation in the
chloroplast, and compared to the hydrolytic breakdown of
starch (amylase) into maltose and glucose, this phosphorolytic
degradation of starch (glucan phosphorylase) offers energy
advantages [15]. Both bZIP TFs and o-GP contribute to the
regulation of carbohydrate accumulation and quality formation.
However, the potential link between them has not been explored.

Northwest China is the primary apple-growing region, and the
soil quality in this area is relatively poor. Studies have reported
that the quality of apple is strongly correlated with the appli-
cation of nitrogen fertilizer [16, 17]. Therefore, it is particularly
significant to explore the physiological and molecular mech-
anisms of nitrogen on sugar metabolism in apple fruit. How-
ever, the molecular regulatory mechanism between nitrogen and
sugar metabolism has not been thoroughly characterized. In this
study, transcriptome sequencing analysis revealed that MdbZIP44
responded differently to various nitrogen levels and controlled
starch and glucose accumulation by modulating GP enzyme activ-
ity and a-GP2 gene expression in apple callus and tomato fruits.
Moreover, biochemical assays indicated that MdbZIP44 directly
interacted with MdCPRF2-like protein, and their complexes were
able to activate the expression of the Mdu-GP2 gene. Our findings
provide new insights into the molecular understanding of how
MdbZIP44 regulates starch and sugar metabolism in response to
nitrogen.

Results

Transcriptome sequencing analysis of apple
fruits in different nitrogen treatments

Given the physiological characteristics of apple fruits under nitro-
gen treatments [17], nine RNA samples were harvested from 0,
300, and 600 kg-hm~2 nitrogen treatments at 60 days after full
bloom (DAFB) for RNA sequencing. As shown in Table S1 (see
online supplementary material) the Q30 percentage exceeded
93.09%, and the GC content ranged between 47.73% and 48.02%.
The mapped reads ranged from 90.76% to 91.34%, and the unique
match ranged from 87.27% to 88.72%. After data compiling, 2872,
2667,and 339 genes were differently expressed at 300/0, 600/0, and
600/300, respectively. Among them, 784 genes were up-regulated
and 2088 were down-regulated in 300/0, 866 were up-regulated
and 1801 were down-regulated in 600/0, and 92 were up-regulated
while 247 were down-regulated in 600/300 (Fig. 1A and B).

Co-expression clustering categorized 3688 differentially
expressed genes (DEGs) into six clusters based on their expression
characteristics (Fig. 1C). Cluster 1 consists of 166 DEGs that
were rapidly up-regulated from 0 kghm=2 to 300 kghm=2,
followed by a gradual down-regulation from 300 kg-hm=2 to
600 kg-hm~2. Most of these DEGs participated in pathways of
‘zeatin biosynthesis’, ‘fatty acid degradation’, ‘phenylpropanoid
biosynthesis’, and ‘flavonoid biosynthesis’. Cluster 2, containing
the most numerous 1041 genes, was relatively down-regulated
from 0 kg-hm~2 to 300 kg-hm~2, and then gradually up-regulated
from 300 kghm=2 to 600 kg-hm=2. This cluster is enriched
in pathways of ‘photosynthesis’, ‘peroxisome’, ‘glycerolipid
metabolism’, and ‘fatty acid metabolism’. Cluster 3-Cluster 6
were primarily enriched in ‘starch and sucrose metabolism’,
‘photosynthesis’, ‘carbon metabolism’, ‘fatty acid metabolism’,
‘carbon metabolism’, and ‘carbon fixation in photosynthetic
organisms’ (Fig. 1D).

Atotal of 24 DEGs were involved in sugar metabolism, including
three glycogen phosphorylase (Mda-GP-1: MD00G1156200; Mda-
GP-2: MD11G1082200; Mda-GP2: MD05G1167500), one sucrose-
phosphate synthase (MdSPS4: MD10G1002500), three sucrose
synthase (MdSUS-1: MD02G1100600; MdSUS-2: MD15G1223500;
MdSUS3: MD11G1307000), one beta-fructofuranosidase (MdINV1:
MD12G1028200), and one fructokinase (MdFRK1: MD04G1042400).
Genes linked to glycolysis contained one glucose-6-phosphate
(MdG6P: MD02G1144900), two 6-phosphofructokinase (MdPFK3-
1: MDO08G1109700; MdPFK3-2: MD17G1180700), four fructose-
bisphosphate aldolase (MdFBA: MD11G1038900; MdAFBA2-1:
MDO00G1040000; MdFBA2-2: MD10G1063600; MdFBA6: MD12G1018
700), two glyceraldehyde-3-phosphate dehydrogenase (MdGAPN-
1: MD02G1009300; MdAGAPN-2: MD15G1154800), two 2,3-
bisphosphoglycerate-dependent phosphoglycerate mutase (Md
PGAM: MD15G1364700; MdGPMB: MD11G1158000), one enolase
(MAENO1: MD06G1208300), and one pyruvate kinase (MdPK:
MDO00G1031300). The expression levels of MdSPS4, MdFRK1, Mda-
GP, MdSUS, MdINV1, MdFBA6, MdPFK3-2 were up-regulated in
300/0 and 600/0, while MdG6P, MdPGAM, MAENO1, MdPK, MdFBA,
and MdFBA2 were down-regulated in 300/0 and 600/0 (Fig. 1E).
Additionally, 10 DEGs closely linked to sugar metabolism were
selected for the quantitative real-time-PCR (QRT-PCR) analysis to
validate the data from transcriptome sequencing. These results
showed that qRT-PCR expression patterns and RNA-Seq were
highly consistent (Fig. 1F; Fig. S1, see online supplementary
material).

Molecular characterization of MdbZI1P44
MdbZIP44 (MD10G1069900) was excavated through transcrip-

tional sequencing analysis (Fig. 1F; Fig. S1, see online supplementary

material). MdbZIP44 belongs to the S1 subfamily of apple bZIP TF.
It has been reported that the S1 subfamily of plant bZIP TF is
involved in sugar signal transduction [8-11]. Therefore, this paper
speculates that MdbZIP44 not only responded to nitrogen, but
might also be closely related to sugar metabolism. Subsequent
experiments will be carried out to validate this hypothesis.
MdbZIP44 is located on the chromosome 10 of apple genome,
and its open reading frame (ORF) was 480 bp, encoding a
protein of 160 amino acids. The predicted molecular weight
of MdbZIP44 is ~18 kDa, with an isoelectric point of 5.93.
Multiple sequence alignments revealed that bZIP44 proteins
shares high sequence identity with the bZIP domain from
Malus domestica, Pyrus x bretschneideri, Prunus persica, Prunus
dulcis, Rosa chinensis, Manihot esculenta, Morus notabilis, Theobroma
cacao, Hevea brasiliensis, Populus trichocarpa, Carya illinoinensis,
Populus alba, Citrus sinensis, Durio zibethinus, Juglans regia, and
Vigna unguiculata (Fig. 2A). Phylogenetic analyses showed that
MdbZIP44 is highly homologous to PbbZIP11-like compared to
homologous proteins of other species (Fig. 2B). For the subcellular
localization of MdbZIP44, 35S: MdbZIP44-GFP or 35S: GFP were
transiently transfected into tobacco leaves. The distribution of
35S: GFP fluorescence in the cell was visible through microscopic
analysis, while the 35S: MdbZIP44-GFP signal was confined to the
nucleus (Fig. 2C), suggesting that MdbZIP44 was a nuclear protein.
Furthermore, MdbZIP44 exhibited the highest expression level in
apple fruit, followed by flower, leaf, stem, and root (Fig. 2D).

MdbZIP44 regulates sugar metabolism in tomato
fruits and apple callus under nitrogen supply
MdbZIP44 was heterologously expressed in tomato to analyse its
function on sugar metabolism, resulting in the acquisition of
three T3 transgenic tomato plants (OE-5, OE-6, and OE-8) (Fig. 3A;
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Figure 1. Transcriptome analysis of apple response to different nitrogen levels. (A) The numbers of DEGs in 300/0, 600/0, and 600/300. (B) Venn
diagram analysis of DEGs in 300/0, 600/0, and 600/300. (C) Six major clusters were identified. The X-axis represents different nitrogen treatments at 60
DAFB. The Y-axis represents the value of the relative expression level (log2 (FPKM). (D) Functional analysis of the DEGs in 6 clusters. (E) Regulatory
relationship of sugar metabolism pathways under different nitrogen levels. The expression of DEGs is represented by Log2 (FPKM). The color from blue
to red represents the expression value from low to high. (F) gRT-PCR analysis of sugar metabolism-related genes. Data are expressed as means + SE

(Student’s t-test; *P < 0.05, *P < 0.01).

Fig. S2E, see online supplementary material). The phenotypic
analysis of tomato plants revealed that 0.3% urea application
resulted in an increase in plant height (Fig. 3B). Notably, the
starch and sucrose content of MdbZIP44-overexpressing lines were
significantly higher than those of wild type (WT) lines under 0.3%
urea treatment. Conversely, the glucose content of MdbZIP44-
overexpressing lines was significantly lower than those of WT
lines (Fig. 3C-E). There were no discernible differences in fructose

content between overexpressed and wild tomato fruits under
control (no urea) and 0.3% urea treatments (Fig. 3F). In addition,
GP activity of MdbZIP44-overexpressing lines was significantly
lower than those of WT lines under the control and 0.3% urea
treatments (Fig. 3G), whereas SPS activity was significantly
higher than those of WT lines under the control and 0.3% urea
treatments (Fig. 3H), and SS activity was significantly higher than
those of WT lines only under 0.3% urea treatment (Fig. 31). There
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Figure 2. Bioinformatics analysis of MdbZIP44. (A) Multiple alignments of the amino acid sequences of bZIP44/bZIP11 from Malus domestica (Md), Pyrus
X bretschneideri (Pb), Prunus persica (Pp), Prunus dulcis (Pd), Rosa chinensis (Rc), Manihot esculenta (Me), Morus notabilis (Mn), Theobroma cacao (Tc), Hevea
brasiliensis (Hb), Populus trichocarpa (Pt), Carya illinoinensis (Ci), Populus alba (Pa), Citrus sinensis (Cs), Durio zibethinus (Dz), Juglans regia (Jr), and Vigna
unguiculata (Vu). (B) Phylogenetic analysis of the MdbZIP44 from apple and its closest homologs. (C) Subcellular localization of MdbZIP44 based on GFP
signal in tobacco leaves. Bars =10 um. (D) Relative mRNAs level of MdbZIP44 in different tissues of apple.

was no significant difference in NI activity between the control
and 0.3% urea treatments (Fig. 3]). Furthermore, the expression
levels of SIbZIP44 (Solyc01g109880), SICPRF2-like (Solyc08g022080),
Sla-GP2 (Solyc09g031970), SISnRK2.8 (Solyc04g074500), SISDH1
(Solyc01g006510), SISPS4 (Solyc11g045110), and SISWEET? (Solyc03
2005880) were significantly higher in 0 N-OE-MdbZIP44 (without
urea), 0.3%N-WT (0.3% urea), and 0.3%N-OE-MdbZIP44 than those
in WT-0 N (Fig. 3K). Taken together, these findings indicated
that MdbZIP44 overexpression enhanced the accumulation of
starch and sucrose in tomato fruits by regulating the activities
of enzymes involved in sugar metabolism and the levels of gene
expression under nitrogen treatments.

MdbZIP44 was cloned into the relative vectors to gener-
ate MdbZIP44-overexpressing and silenced ‘Orin’ callus lines
(Fig. S2A-D, see online supplementary material). Subsequently,
WT, OE-MdbZIP44, and CRI-MdbZIP44 apple callus were treated
with varying concentrations of nitrogen (0 N, 1 N, and 1.5 N-
MS). Phenotype and fresh weight results showed that apple
callus grew better on 1 N-MS medium than 0 N, and 1.5 N-MS
(Fig. 4A and B). The starch, sucrose, and fructose content, SPS,
and NI activities of MdbZIP44-overexpressing callus lines in 1 N-
and 1.5 N-MS medium were significantly higher than those of WT
lines compared to 0 N-MS medium, whereas MdbZIP44 silenced
callus lines showed significantly lower levels than those of WT
lines. Meanwhile, glucose content and GP activity of OE-MdbZIP44
and CRI-MdbZIP44 apple callus exhibited an opposite trend to
starch content compared to WT lines (Fig. 4C-J). In addition, gRT-
PCR showed that the expression levels of MdbZIP44, MdCPRF2-like,
Mda-GP2, MdSPS4, and MdHK1 in 0 N-OE-MdbZIP44, 1.5 N-WT, and
1.5 N-OE-MdbZIP44 were higher than those in 0 N-WT. In contrast,
the expression levels of those in 0 N-CRI-MdbZIP44, and 1.5 N-
CRI-MdbZIP44 were lower than those in 0 N-WT (Fig. 4K), and
the results indicated that nitrogen could activate the expression
levels of these genes.

MdbZIP44 physically interacts with
MACPRF2-like

Using MdbZIP44 as bait, potential MdbZIP44-interacting proteins
were screened via a yeast two-hybrid (Y2H) cDNA library.
MdCPRF2-like (MD05G1206400) was selected as a candidate for
interaction with MdbZIP44. pGBKT7-MdbZIP44 and pGADT7-
MdACPRF2-like were co-transformed into Y2Hold yeast capable
cells, and simultaneously transferred into pGBKT7-53/pGADT7-T
and PGBKT7-Lam/pGADT7-T as positive and negative controls for
the experiment, which were spread on the petri plates containing
different components. The yeast cells transfected with pGBKT7-
MdbZIP44 and pGADT7-MdCPRF2-like recombinant plasmid grew
blue strain on the four-deficient plate, while the yeast cells not
transfected with pGBKT7-MdbZIP44 and pGADT7-MdCPRF2-like
recombinant plasmid did not grow on the four-deficient plate,
but grew on the two-deficient plate, and only showed white
strain (Fig. 5A). Therefore, these results suggested that MdbZIP44
interacts with MACPRF2-like in vitro. Additionally, a GST pull-down
assay demonstrated an in vitro physical interaction between His-
tagged MdCPRF2-like and GST-tagged MdbZIP44 (Fig. 5C).

The in vivo bimolecular fluorescence complementation (BiFC)
assay was carried out to further validate the relationship between
MdbZIP44 and MdCPRF2-like. To create the constructs MdbZIP44-
nYFP and MdCPRF2-like-cYFP, MdbZIP44 and MdCPRF2-like were
ligated to the N- and C-termini of YFP, respectively. Then, the vec-
tors containing different plasmids were transferred into tobacco
leaves in different combinations using an Agrobacterium-mediated
method. The results indicated that the combination of MdbZIP44-
nYFP and MdCPRF2-like-cYFP constructs showed a strong YFP
signal. However, the two other combinations (MdbZIP44-nYFP +
CYFP and nYFP + MdCPRF2-like-cYFP) utilized as negative con-
trols did not show any signal (Fig. 5B). These findings demon-
strated an in vivo physical interaction between MdbZIP44 and
the MdCPRF2-like protein. Additionally, microscopic observation
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demonstrated that the 35S: GFP signal was observed throughout
the tobacco leaf cell, whereas the fluorescence of 355: MACPRF2-
like-GFP fusion protein was only targeted to the nucleus, suggest-
ing that MACPRF2-like was a nuclear protein (Fig. S3, see online
supplementary material).

MdbZIP44 binds to the promoter of Mdu-GP2 and
inhibits its transcription

bZIP proteins can recognize the G-box (5'-CACGTG-3') cis-element
in the promoter region of downstream target genes. In this study,
we identified three G-box cis-elements present in the Mdua-GP2
promoter. The 2000 bp Mda-GP2 promoter was fused to the pAbAi
vector, and MdbZIP44 was attached to the activation domain
PGADTY7, respectively. When the fused Mda-GP2pro::pAbAi was
co-expressed with MdbZIP44-AD, the transformant yeast cells
showed adequate growth on SD/—Leu/AbA +150 ng/mL plates.
However, the growth was absent in the negative control, in which
both Mda-GP2pro::pAbAi were co-expressed with the AD empty
vector (Fig. 6A). These findings were further confirmed by the
yeast one-hybrid (Y1H) assay, which demonstrated that MdbZ1P44
specifically binds to the Mda-GP2 promoter.

Alternatively, the regulatory relationship between MdbZIP44
and Mda-GP2 was also verified using electrophoretic mobility shift
assay (EMSA). The experiments were performed using purified
recombinant His-MdbZIP44 fusion proteins and DNA fragments
containing G-box sequences from the Mda-GP2 promoter region
as probes. The results showed that when the G-box sequence was
utilized as a labelled probe, unique DNA-MdbZIP44 protein com-
plexes could be identified. However, when additional unlabeled

G-box competition probes with the same sequence were added,
the formation of these complexes was significantly reduced, while
this competition was not present in the mutant probe Mda-GP2m
(Fig. 6B). This particular competition proved that a G-box recog-
nition sequence is necessary for the MdbZIP44 protein to bind
with DNA sequences. These findings illustrated that MdbZIP44
specifically binds to G-box cis-elements within the Mda-GP2
promoter.

To verify whether MdbZIP44, MdCPRF2-like, and MdbZIP44 +
MdCPRF2-like activate or suppress the expression of Mda-GP2,
a construct with Mda-GP2 fused to the reporter gene luciferase
(Mda-GP2pro::Luc) was combined with the 35Spro:MdbZIP44,
35Spro::MdCPRF2-like, and 35Spro::MdbZIP44 + 35Spro::MdCPRF2-
like construct for co-infiltration into tobacco leaves (Fig. 6C).
The co-expression of 35Spro:MdbZIP44 + Mda-GP2pro::Luc,
35Spro::MdCPRF2-like + Mda-GP2pro::Luc, and 35Spro:MdbZIP44
+ 35Spro:MdCPRF2-like + Mda-GP2pro::Luc constructs exhibited
extensively lower, higher, and higher luminescence signals than
the controls, respectively (Fig. 6D-G). These results support
the conclusion that MdbZIP44 suppresses Mda-GP2 expression,
MdCPRF2-like promotes Mda-GP2 expression, and MdbZIP44 in
complex with MdCPRF2-like promotes Mda-GP2 expression by
regulating Mda-GP2 transcription in vivo, respectively.

MdbZIP44 promotes starch accumulation and
decreases glucose content by inhibiting Mda-GP2
expression in apple fruits

A viral vector-based method (vector SP1300 for overexpression
and vector TRV for suppression) was used to investigate
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whether MdbZIP44 regulates starch and glucose accumula-
tion by influencing Mda-GP2 expression in apple fruits. TRV-
MdbZ1P44, SP1300-Mda-GP2, and TRV-MdbZIP44 + SP1300-Mda-
GP2 constructs were produced, and the empty vectors were
used as controls (TRV, SP1300, and TRV +SP1300 vectors)
(Fig. 7A). The results showed that the MdbZIP44 expression
was decreased in TRV-MdbZIP44 apple fruits, while Mda-GP2
expression was increased in SP1300-Mda-GP2 apple fruits
compared to controls (Fig. 7B), qRT-PCR results showed that
the transient apple fruits system was successful. Notably, when
MdbZIP44 was inhibited and Mda-GP2 expression was activated,
the expression level of Mda-GP2 gene was affected by MdbZIP44
(TRV-MdbZIP44 + SP1300-Mda-GP2 compared to SP1300-Mda-
GP2), whereas MdbZIP44 gene expression was not affected by
Mda-GP2 (TRV-MdbZIP44 + SP1300-Mda-GP2 compared to TRV-
MdbZIP44). This suggested that MdbZIP44 further regulates sugar
metabolism in apple fruits by regulating the expression of the
Mda-GP2 gene. In addition, either MdbZIP44 suppression or Mda-
GP2 overexpression alone decreased starch content and increased

the glucose content in apple fruits compared with the controls.
Meanwhile, the co-infiltration of TRV-MdbZIP44 and SP1300-
Mda-GP2 decreased starch content and increased glucose content
to a greater extend compared with the controls (Fig. 7C and D).
It is worth noting that the suppression of MdbZIP44 decreased
sucrose content (Fig. 7E). Moreover, there were no noticeable
differences in fructose content when TRV-MdbZIP44 or SP1300-
Mda-GP2 was injected alone or co-injected with TRV-MdbZIP44
and SP1300-Mda-GP2 compared with the controls (Fig. 7F).

Discussion

DEGs associated with sugar metabolism pathway
under different nitrogen levels

Sugar metabolism is known to be associated with plant growth,
development, and stress tolerance [18, 19]. Genes related to
the sugar metabolism pathway have been extensively studied
in many plants [20-22]. In this study, a total of 24 genes were
identified as DEGs relevant to starch and sugar metabolism
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under different nitrogen levels. Glycolysis generates energy
for cell metabolism and helps cells adapt to abiotic stresses,
such as drought, cold, and salt [23]. Phosphofructokinase (PFK)
(EC 2.7.1.11), the main rate-limiting enzyme in the glycolysis
pathway, catalyzes the irreversible phosphorylation of D-fructose-
6-phosphate (F-6-P) to D-fructose-1,6-bisphophate (F-1,6-BP) [23].
PFKs are found in plastids and cytosol in many plants, such
as potato [24], tomato [25], and ricinus [26]. In the present
study, MdFPK3 (MD08G1109700) was up-regulated under different
nitrogen levels compared with the control, suggesting that
MdAFPK3 contributes to accelerating the sugar degradation helping
plants better adapt to multiple stress responses.

Sucrose can be converted into glucose and fructose by
invertases (INV: EC 3.2.1.26) and sucrose synthases (SuSy: EC
2.4.1.13) when it enters the vacuole [27]. Studies have shown that
INV enzyme plays an important role in glucose accumulation in
fava bean [28], sucrose/hexose ratio in longan [29], and endosperm
nuclear division in cotton [30]. In the present study, MdINV1
(MD12G1028200) expression was up-regulated under different
nitrogen levels compared to the control. This suggests that
MdINV1 may play a positive regulatory role in glucose or fructose
accumulation in apple. SPSis a crucial enzyme for the production
of sucrose from uridine diphosphate (UDP)-glucose and fructose-
6-phosphate (SPS: EC 2.4.1.14). The research showed that SPS
gene overexpression can significantly improve plant growth and
sucrose accumulation in Arabidopsis [31], tobacco [32], strawberry
[18], pumpkins [33], sugarcane [34], and peach [21]. Furthermore,
previous research has shown the up-regulation of MdSPS5 and
MdSPS6 expressions, which can promote sucrose accumulation in
apple [22].In this study, the expression of MdSPS4 (MD10G1002500)
was up-regulated under different nitrogen levels compared with

the control. The results indicated that MdSPS4 can promote
sucrose accumulation at the early fruit development stage in
apple, which could be consistent with those of a previous study
[22]. Several TFs are involved in plant sugar metabolism and
regulate the expression of downstream target genes [35, 36]. We
hypothesize that these TFs may regulate the sugar metabolism
in apple fruits by regulating the expression of the DEGs. However,
the mechanism of this transcriptional regulation requires further
investigation.

MdbZIP44 interacts with MdCPRF2-like and
regulates the expression of Mdo-GP2 gene

Multiple bZIP TFs are associated with sugar signaling in Arabidop-
sis, including bZIP1, 2, 11, 44, and 53 from the S1 subgroup, and
bZIP9, 10, 25, and 63 from the C subgroup [7, 36]. Two orthologs
of AtbZIP11 were found in tomato, named SIbZIP1 and SIbZIP2.
When these orthologs were overexpressed in tomato fruits, a 1.5-
fold increase in sugar content (sucrose, glucose, and fructose)
was observed in tomato fruits compared to WT tomato fruits [8].
In the present study, the apple bZIP TF from transcriptome is
known as MdbZIP44 in the apple database and MdbZIP11 in the
National Center for Biotechnology Information (NCBI). Multiple
sequence alignments showed that MdbZIP44 had the highest
homology with the bZIP11/bZIP44 genes in other species (Fig. 2A).
This study suggested that apple bZIP11/bZIP44 belongs to the S1
subgroup within the apple bZIP family and speculated that it
was closely related to sugar metabolism. Moreover, the late-stage
experiments were conducted to verify this hypothesis.

bZIP subfamily members may interact with non-bZIP pro-
teins to form specific regulatory complexes in the nucleus or
cytoplasm [21]. SnRK1 is an essential regulator of nitrogen and
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carbon metabolism in plants. Research reported that PpSnRK1la
interacted with PpbZIP11 to improve trehalase activity. Moreover,
PpSnRK1loa overexpression enhanced PpbZIP11 transcriptional
activity and regulated trehalose metabolism for the purpose of
protecting plants from external stresses [37]. In addition, various
subfamily genes of the bZIP family often interact to form homol-

ogous or heterologous dimers in the form of a-helices, and bind
to specific gene promoters through their basic regions, thereby
regulating the expression of downstream genes associated with
relevant biological processes [38]. MdCPRF2-like protein is a
member of the bZIP family in apple, and MdbZIP44 overexpression
can improve the expression of MdCPRF2-like in transgenic apple
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Figure 7. MdbZIP44 modulates sugar metabolism by regulating Mda-GP2 expression in apple fruits. (A) MdbZIP44 and Mda-GP2 transient expression in
vectors. MdbZIP44 antisense cDNA fragment was ligated into the TRV vector. Mda-GP2 fragment was ligated into the SP1300 vector. Controls were
empty vectors. Bars=1 cm. (B) Relative expression of MdbZIP44 and Mda-GP2 at injection sites. (C-F) Starch, glucose, sucrose, and fructose content in
injected apple fruit. In (B-F) data are expressed as means =+ SE (Student’s t-test; *P < 0.05, **P < 0.01).

callus (Fig. 4K). Subcellular localization showed that both
MdbZIP44 and MdCPRF2-like were located in the nucleus, and
the interaction between MdbZIP44 and MdCPRF2-like was further
confirmed in vivo and in vitro. Furthermore, a-GP catalyzes starch
with a minimum chain length of five glucose residues [13]. Yeast
one-hybrid, EMSA, and dual-luciferase assays have demonstrated
that MdbZIP44 not only bound to the G-box element of the
Mda-GP2 gene promoter, but also transcriptionally inhibited
the expression of Mda-GP2 gene. Interestingly, MdCPRF2-like
protein, the combination of MdbZIP44 and MdCPRF2-like proteins
activated the expression of the Mda-GP2 gene (Fig. 6F and G). In
summary, our findings indicate that MdbZIP44 protein and its
interaction protein MdCPRF2-like have opposite effects on the
regulation of downstream target genes, which may contribute to
maintaining the balance of starch and sugar metabolism in apple
fruits.

MdbZIP44 regulates starch and sugar
metabolism under nitrogen treatments

Nitrogen is the primary mineral nutrient element, which can
affect respiration rate, photosynthesis, carbohydrate, and sugar
metabolism in plants by synthesizing active substances such as
nucleic acids, proteins, hormones, vitamins, and several enzymes

involved in sugar metabolism in plant cells [39]. The growth and
development of plants largely rely on the balance between C and
N metabolism, with N metabolism closely linked to C metabolism
[40-42]. In this study, MdbZIP44-overexpressing tomato plants
treated with 0.3% urea resulted in taller plants compared to the
control (no urea) (Fig. 3B), suggesting that nitrogen promoted the
tomato plants growth under certain conditions. Conversely, when
MdbZIP44-overexpressing apple callus were treated with different
nitrogen levels, the growth of apple callus in 1.5 N-MS medium
were weaker than that in 1 N-MS medium (Fig. 4B), indicating that
excessive nitrogen can inhibit the growth of apple callus. Overall,
within a suitable range, nitrogen positively regulates plant growth.
Nitrogen levels affected the synthesis, transport, and metabolism
of carbohydrates in crabapple, and the expression of MdA6PR and
MdSPS were up-regulated under high nitrogen levels, leading to
sorbitol and sucrose synthesis in the stem tips [43]. In the present
study, MdbZIP44-overexpressing tomato fruits and apple callus
were treated with nitrogen and observed that the GP activity and
the expression of a-GP2 in MdbZIP44-overexpressing tomato fruits
and apple callus were significantly lower than those in WT lines
(Figs 3G and K, and 4G and K), suggesting that MdbZIP44 could
respond to nitrogen and inhibit GP enzyme activity and a-GP2 gene
expression. Meanwhile, MdbZIP44-overexpressing tomato fruits
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and apple callus had higher starch content and lower glucose
content compared to WT lines (Figs 3C and D, and Fig. 4C and D).
It is speculated that MdbZIP44 overexpression increased starch
content and decreased glucose content by negatively regulating
GP enzyme activity and o-GP2 gene expression. In addition,
sucrose content, SPS, and SS activities, and the expression of
sugar metabolism-related genes in MdbZIP44-overexpressing
tomato fruits and apple callus were significantly higher than
those in WT lines. It is suggested that MdbZIP44 can promote
sucrose accumulation by regulating the activities of sucrose-
related enzymes and the expression of sugar metabolism-related
genes. Overall, MdbZIP44 is a crucial regulator associated with
sugar and nitrogen metabolism.

Conclusions

MdbZIP44 was identified from transcriptome at the young fruit
stage in apple, and this study proposed a working model for
MdbZIP44 interacting with MACPRF2-like to regulate starch and
sugar metabolism by modulating Mda-GP2 gene expression under
nitrogen supply (Fig. 8). Nitrogen rapidly induced the transcription
level of MdbZIP44, then MdbZIP44 suppressed Mda-GP2 expression,
thereby accumulating more starch content and less glucose con-
tent. On the other hand, MdCPRF2-like, as well as the complex of
MdbZ1P44 and MdCPRF2-like proteins, could activate the expres-
sion of Mda-GP2. In addition, MdbZIP44 could promote sucrose
accumulation by conferring the activities of sucrose metabolism-
related enzymes and the expression of sugar metabolism-related
genes in apple. Overall, this study provided a new perspective
for revealing the mechanism of how MdbZIP44 interacts with
MdACPRF2-like to regulate starch and sugar metabolism by modu-
lating Mda-GP2 gene expression under nitrogen supply.

Materials and methods

Plant materials and growth conditions

Fruits of apple cultivar ‘Oregon Spur Delicious’ (M. domestica
Borkh.) were harvested at the young fruit stage in June 2020

(60 DAFB). Ten-year-old apple trees were planted in a garden of
Tianshui, Gansu, China (N 39°92/, E 116°40’, 1400 m a.s.l.) at a

spacing of 2 m x 4 m with the total nitrogen was 1.25 g/kg, total
phosphorus was 1.42 g/kg, and total potassium was 39.38 g/kg.

In this experiment, urea (the purity is about 99%, and the
nitrogen content is about 46.65%) was used as nitrogen fertilizer
and there were three different nitrogen fertilizer treatments: 0,
300, and 600 kg-hm~2. On this basis, the fertilization was divided
into three stages: bud break stage (20 April 2020), fruit expansion
stage (18 June 2020), and one week before fruit ripening (20 August
2020), contributing 50%, 30%, and 20% of the total nitrogen applied
in turn. The fertilizer was applied in-hole fertilization, digging four
holes with a diameter of 20 cm and a depth of about 30 cm in the
tree tray in the shape of plum blossoms. Fertilizer was applied into
the holes and mixed thoroughly with the soil. Three comparable-
growth fruit trees were selected as replicates for each treatment,
which consisted of nine trees.

‘Orin’ apple callus was subcultured once at 3-week intervals
on Murashige and Skoog (MS) medium plus 0.4 mg/L 6-BA and
1.5 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D) at 25°C in the
dark. Then, the MdbZIP44-overexpressing and WT apple callus
were cultured under the same conditions in O N-, 1 N-, and 1.5 N-
MS medium (KNOs; and NH4NO5 in MS medium changed, other
components unchanged, 0 N-MS: no KNO3 and NH;NO3, 1 N-MS:
normal MS medium, 1.5 N-MS: one and a half times KNO3; and
NH4NOs3) for 15-days-old.

WT and MdbZIP44-transformed ‘Micro-Tom’ tomato seedlings
were cultivated in plastic pots (10 cm diameter) coupled with a
mixture of soil, sand, and organic-mineral fertilizer (3:1:1, v:v:v)
at 254 2°C and 75% relative humidity for 16-h light/8-h dark.
Before tomato flowering, the WT and transgenic tomato lines
were treated with 0.3% urea as the experimental group, while
normal conditions (no urea) served as the control group. Pho-
tographs were taken when growth differences became apparent
in the tomato plants.

RNA sequencing analysis

A total of nine different sample libraries were established for the
three biological replicates of apple fruits at the young fruit stage
in June 2020 (60 DAFB): 0 kg-hm~2, 300 kg-hm~2, and 600 kg-hm2.
The prepared libraries using apple fruits were sequenced with
the Illumina HiSeq 2000 system by Novogene (Beijing, China). The
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P-value <0.01 and fold change >1.5 were set as the criteria for
differentially expressed genes (DEGs) [44].

RNA extraction, RT-PCR, and qRT-PCR

Total RNA was extracted from apple leaves using RNA Plant
Plus Reagent (Tiangen, Beijing, China) and RNA was reversely
transcribed into cDNA using digestion by DNase I and M-MLV
reverse transcriptase (TaKaRa, Dalian, China). gRT-PCR was
applied for amplification with a Light Cycler 96 instrument
(Switzerland). MdGAPDH and Mdactin were used as internal
controls for apple, SIGAPDH and Slactin were used as internal
controls for tomato, and all the gRT-PCR figures in this study were
plotted with MdGAPDH and SIGAPDH as internal controls. The
gene expression values were calculated using the 2-24¢T method
[45]. All primer sequences (Table S2, see online supplementary
material) were synthesized by Sangon Biotech Co., Ltd (Shanghali,
China).

Plasmid construction and genetic transformation

To construct MdbZIP44 and Mda-GP2 overexpressing or TRV vec-
tors, the CDS sequences of MdbZIP44 and Mda-GP2 were isolated
from ‘Oregon Spur Delicious’ apple leaves using RT-PCR. The PCR
products were linked to the pCAMBIA1300-35S-EGFP and pTRV2
vectors with the 35S promoter accordingly [46]. CRISPR/Cas9 vec-
tor is driven by the maize ubiquitin promoter (PUBI) that contains
two Bsal sites and hygromycin plant selectable marker gene.
Firstly, sgRNA was inserted to the region that is upstream of the
sgRNA scaffold and downstream of the U3d promoter through
overlapping PCR using the sgRNA-AtU3d vector. Subsequently,
two different sgRNA expression cassettes were constructed in the
CRISPR/Cas9 vector by using T4 ligation Golden Gate cloning and
Bsal digestion [45].

Genetic transformation of ‘Orin’ apple callus and ‘Micro-Tom’
tomato plants was carried out by the Agrobacterium-mediated
method [47].

Soluble sugar and starch content assays

Soluble sugars were measured using an HPLC system (model
248, Waters, USA) equipped with a refractive index detector
(model 2414, Waters) and an X BrigeTM amide column (3.5 mm,
4.6250 mm, USA). Briefly, 0.5 g apple pulp was extracted with
80% ethanol at 35°C for 30 min. The resulting supernatant was
removed by centrifugation (13400 g, 15 min) and dried (at 60°C
for 3 h). The sample was dissolved with ddH,0 and acetonitrile
then extracted using a 0.22-pm filter tip [48]. Starch assays were
performed using the starch assay kit (https://www.solarbio.com/,
product code: BC0700) [15].

Assays of sugar metabolism-related enzymes

Sucrose phosphate synthase (SPS), sucrose synthase (SS), and
neutral invertase (NI) were determined according to relevant
assay kits (Beijing Solarbio Science & Technology Co., Ltd, product
code: BC0600, BCO580, and BCO570) [27]. Glycogen phosphorylase
(GP) activities were determined according to glycogen phosphory-
lase activity assay kit (Beijing Solarbio Science & Technology Co.,
Ltd, product code: BC3340) [28].

Subcellular localization

The CDS of MdbZIP44 and MdCPRF2-like were inserted into the
pCAMBIA1300 vector to generate the 355-MdbZIP44-GFP and
35S-MdCPRF2-like-GFP expression vectors. The 35S-GFP vector
was used as the control. After injecting a suspension containing
recombinant plasmids into a tobacco leaf, the GFP signal was
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observed through a confocal laser microscope LSM880 (Zeiss,
Oberkochen, Germany).

Yeast two-hybrid assays

The MdbZIP44 CDS was inserted into the pGBKT7 vector, and
the MdCPRF2-like CDS was cloned into the pGADT7 vector. The
plasmids of pGBKT7-MdbZIP44 and pGADT7-MdCPRF2-like were
co-transformed into Y2H Gold. The yeast strains were grown on
SD/—Trp/—Leu selection medium for the transformation control
and SD/—Trp/—Leu/—Ade/-His selection medium with or without
X-a-gal for the interaction analysis [49].

Pull-down assays

The MdbZIP44 CDS was connected to the pET-32a vector to cre-
ate a His-tagged fusion protein. MACPRF2-like was linked to the
pGEX-4 T-1 vector to generate a GST-tagged fusion protein. The
successfully connected plasmids were inserted into BL21 cells
to obtain MdbZIP44-His and MdCPRF2-like-GST fusion proteins.
Subsequently, a total of 0.5 mg of GST-tagged fusion protein and
an equal amount of His-tagged fusion protein were combined
and incubated on ice for 3 h. The resulting mixture was loaded
onto columns containing glutathione sepharose 4B resin. After
undergoing six washes with a wash buffer, the proteins were
eluted using wash buffer supplemented with 15 mM reduced
glutathione. The eluates then were separated through 12% SDS-
PAGE, transferred onto PVDF membranes, and probed with anti-
His antibodies, following HIS-MdbZIP44, GST-MdCPRF2-like, and
empty GST proteins were pulled down [45].

BiFC assays

The CDS of MdbZIP44 was linked to the vector 35S::pSPYNE-
nYFP (MdbZIP44-nYFP) and MACPRF2-like was linked to the
vector 35S:pSPYCE-cYFP (MdACPRF2-like-cYFP). Agrobacterium
heavy suspension carrying the recombinant plasmid (MdbZIP4-
nYFP + MdCPRF2-like-cYFP, MdbZIP44-nYFP + cYFP, and nYFP +
MdCPRF2-like-cYFP) were injected into tobacco leaves. The YFP
fluorescence of tobacco cells was imaged with the laser confocal
microscope (Zeiss LSM510) [49].

Yeast one-hybrid assays

The full length of MdbZIP44 was ligated into the pGADT7 vector.
The 2000 bp Mdproa-GP2 were ligated into the pAbAi vector. All
the fusion vectors were transferred to the Y1H Gold yeast strain,
yeast cells were grown for 3 d at 28°C on SD/—Leu medium, and
150 ng/mL Aureobasidin A (AbA) was used for screening. The yeast
one-hybrid assays were conducted as previously described [22].

EMSA assays

The 5'-biotinized oligonucleotide probe was incubated with the
nuclear extract at 25°C for 30 min. The entire reaction mixture
was run on a non-denaturing 0.5 x TBE 6% polyacrylamide gel for
1h at 4°C and then transferred to a Biodyne® B nylon membrane.
Visualization of the signal is performed with reagents in the kit
and ChemiDoc XRS (Bio-Rad Laboratories, USA) [50].

Transient dual-luciferase assays

The promoter sequences of Mda-GP2 were linked to the pGreenll
0800-LUC vector (Mda-GP2pro-LUC). MdbZIP44 was inserted into
the pGreenll 62-SK vector (35Spro:MdbZIP44). Luminescence
measurement was made using a living imaging apparatus
(Berthold Technologies, Bad Wildbad, Germany). Firefly luciferase
(LUC) and Renilla luciferase (REN) activity levels were measured
as described previously [51].
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Statistical analysis

The data were analysed using one-way ANOVA (P <0.05) or inde-
pendent t-tests (*P <0.05; **P <0.01) through IBM SPSS Statistics
version 26. These values exist in the form of the mean + standard
deviation (SD) of biological triplicates.
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