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Abstract

Fruit quality is defined by attributes that give value to a commodity. Flavor, texture, nutrition, and shelf life are key quality traits that
ensure market value and consumer acceptance. In pear fruit, soluble sugars, organic acids, amino acids, and total flavonoids contribute
to flavor and overall quality. Transcription factors (TFs) regulate the accumulation of these metabolites during development or in
response to the environment. Here, we report a novel TF, PpbZIP44, as a positive regulator of primary and secondary metabolism in pear
fruit. Analysis of the transient overexpression or RNAi-transformed pear fruits and stable transgenic tomato fruits under the control
of the fruit-specific E8 promoter demonstrated that PpZIP44 substantially affected the contents of soluble sugar, organic acids, amino
acids, and flavonoids. In E8::PpbZIP44 tomato fruit, genes involved in carbohydrate metabolism, amino acid, and flavonoids biosynthesis
were significantly induced. Furthermore, in PpbZIP44 overexpression or antisense pear fruits, the expression of genes in the related
pathways was significantly impacted. PpbZIP44 directly interacted with the promoter of PpSDH9 and PpProDH1 to induce their expression,
thereby depleting sorbitol and proline, decreasing citrate and malate, and enhancing fructose contents. PpbZIP44 also directly bound
to the PpADT and PpF3H promoters, which led to the carbon flux toward phenylalanine metabolites and enhanced phenylalanine
and flavonoid contents. These findings demonstrate that PpbZIP44 mediates multimetabolism reprogramming by regulating the gene
expression related to fruit quality compounds.

Introduction
Fruit quality influences consumer preference and market com-
petitiveness. Therefore, improving fruit quality has been the cor-
nerstone for breeders and scientists. Fruit quality includes taste,
aroma, texture, and nutritional quality, in addition to shelf life
and other visual attributes [1]. The content and species of soluble
sugars and organic acids are the fundamental compounds for
fruit growth, development, and ripening and determine the fruit
flavor at the edible stage [2, 3]. Fatty acids, amino acids and
vitamins, and secondary metabolites such as phenylpropanoids,
flavonoids, and phenolics are vital factors in determining the
health-promoting quality of fruits [1, 4, 5]. As with most com-
plex agronomic traits, fruit quality is affected by primary and
secondary metabolic shifts [6]. In the Rosaceae species, sorbitol
and sucrose are the primary end products of photosynthesis, syn-
thesized in leaves and transported to fruits through the phloem
[7]. Then, sucrose is resynthesized via sucrose phosphate synthase
(SPS) or converted to fructose and glucose by invertases (INV) or
sucrose synthase (SUS) [2, 8, 9]. Sorbitol is either accumulated or

converted mainly to fructose by sorbitol dehydrogenase (SDH) in
fruits [7]. Unlike soluble sugar metabolites, the organic acids accu-
mulated in the fruit mainly depend on the de novo synthesis in
fruit cells [3]. Malate, an intermediate product of the tricarboxylic
acid (TCA) cycle, is the most abundant organic acid determining
flavor quality in pear [3]. Organic acids accumulate in young fruits
to generate cellular energy for respiratory and intermediates for
the biosynthesis pathway, then gradually decrease and achieve a
palatable sugar:acid ratio, which is a significant indicator of fruit
quality [3]. Amino acids are derived from different intermediates
of glycolysis and the TCA cycle, and aromatic amino acids (AAA)
are synthesized from the shikimate pathway [10]. Amino acids
are essential for maintaining fruit quality and play positive roles
in human health [10]. Flavonoids, as the most abundant phe-
nolic substance in plants, regulate various plant biological pro-
cesses, including fruit coloration, resistance to UV-B damage and
defense against biotic and abiotic stress, and also possess a wide
range of physiological features that benefit human health, includ-
ing radical scavenging, anti-inflammation and anti-aging [11].
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Elucidation of the underlying metabolic regulation responsible
for changes in fruit attributes is essential for providing scientific
guidance for improvement of fruit quality.

Biosynthesis and accumulation of primary and secondary
metabolites are regulated by transcription factors (TFs) [12–14].
TFs can activate the collaborative expression of multiple genes,
thereby effectively regulating the reprogramming of primary or
secondary metabolic pathways [13]. Evidences suggest that one
subgroup of the basic leucine zipper (bZIP) transcription factors
(S1-bZIP group) mediates sugar-related regulatory gene expres-
sion and are required for sugar signaling and plays important
roles in the regulation of fruit quality and stress response [15].
Conserved upstream open reading frames (uORFs) in the 5′-
untranslated regions of the S1-bZIP group genes encode a sucrose
control peptide associated with sucrose-induced translation
repression [16]. Genome editing FvebZIPs1.1 uORF resulted in a
diverse amount increase in sugar content in strawberries [17].
Compared with the wild type (WT), overexpression of strawberry
FvbZIP11 in tomatoes significantly increased the total soluble
solids and the contents of soluble sugars [18]. Transgenic lines
with overexpressing tomato SlbZIP1 and SlbZIP2 contained 1.5-fold
higher sucrose/glucose/fructose than WT control, and increased
levels of several amino acids [19]. These findings suggest that
the S1-bZIP TFs have a broad role in sugar accumulation and
regulating carbon–nitrogen balance. However, whether or how
pear S1-bZIP TFs regulate primary and secondary metabolic shifts
in fruit remains unclear.

The discovery and identification of novel TFs are vital for suc-
cessfully improving fruit quality, especially in woody plants that
generate commercially superior fruits with better palatability,
nutrient balance, and health benefits [1]. Pear is a popular fruit
worldwide. For several years, there has been increased interest in
the consumption of pear fruits. Hence, cultivation areas have been
increasing, production has intensified, and new cultivars have
been developed [20]. The great demand for pear fruit is associated
with its taste, texture, and nutritional value. Enhancing fruit
quality through metabolite manipulation or breeding has been
an essential in increasing Asian pear quality. We have recently
developed the ‘Sucui 1’ [Pyrus pyrifolia (Burm.f.) Nakai.,] variety
by crossing ‘Huasu’ and ‘Cuiguan’. ‘Sucui 1’ fruits have improved
quality and extrinsic features and an extremely short growth
period, and could be used as an excellent material for studying
the mechanism of fruit quality or other agronomy traits in pears.
In this study, we identified a critical regulator, a member of
the S1-bZIP group PpbZIP44, that affected fructose accumulation,
organic acids contents, amino acid, and flavonoid levels. Our
finding provides new insights into understanding the regulatory
mechanism for future metabolic engineering to improve fruit
quality.

Results
Identification of PpbZIP44 and its expression
patterns during development and ripening in
pear fruit
To gain insight into the structural characteristics of the S1-bZIP
TFs, we performed a phylogenic analysis using 105 pear bZIP
TFs from the ‘Cuiguan’ pear genome database [21] and their
orthologs in Arabidopsis thaliana, Solanum lycopersicum, Musa nana,
Fragaria ananassa, Vitis vinifera, Oryza sativa, and Malus pumila.
The phylogenetic analysis assigned 11 PpbZIPs, which were
noted as red dots to S1-bZIP group (Fig. S1A and Table S2). We
also constructed a comprehensive phylogenetic tree using pear

S1-bZIP proteins and S1-bZIP TFs from other species (Fig. S1B and
Table S2). Pairwise protein sequence alignment found that 3 of
11 PpbZIPs, such as EVM0005411, EVM0009313, and EVM0014055,
were identified as orthologs of AtbZIP11, whereas EVM0014652,
EVM0000485, and EVM0042575 have the highest homology with
AtbZIP44 (Fig. S1B and Table S2). In addition, EVM0041187 and
EVM0041928 were identified as orthologs of AtbZIP53. To perform
gene expression analysis, we collected samples from leaves,
roots, and fruits, including seven developmental stages (15,
30, 45, 60, 75, 90, and 93) and one ripening stage (100 DAP) of
‘Sucui 1’ fruits (Fig.1A). Our previous RNA-seq data showed
that the significantly high transcription abundance of an S1-
bZIP gene EVM0042575 (PpbZIP44) was observed at stage 5 (S5)
among the top 20 highest expressed TFs (Fig. 1B). To further
examine the expression dynamics of several candidate S1-bZIP
genes, we performed the quantitative real-time polymerase chain
reaction (qRT-PCR) analysis. Compared with other genes, PpbZIP44
(EVM0042575) displayed much higher transcript abundances
in fruits (Fig. 1C and Fig. S2). Especially, the expression level of
PpbZIP44 was the highest at S5 and 3.5-fold higher than that at
stage 4 (S4). A higher expression level of PpbZIP44 was also found
at stage 6 (S6) and the ripening stage 8 (S8).

Overexpression or silencing of PpbZIP44
modulated sugar: Acid ratio in pear fruits
We cloned the PpbZIP44 gene from the sweet pear variety ‘Sucui
1’ with early maturation. The 474-bp open reading frame (ORF)
of PpbZIP44 encoded a protein of 157 amino acids with one con-
served bZIP domain (Fig. 2A). To examine the biological function of
PpbZIP44 in fruit, we first carried out the transient overexpression
and silencing assays in pear fruit. Fruits were collected a week
before ripening and injected with the transient overexpression-
, RNAi-, and empty-vector (Fig. 2B). At 7 days after injection, the
expression levels of PpbZIP44 were 59-fold higher in the OE-bZIP44
and 0.44-fold lower in the RNAi-bZIP44 fruit, when compared with
that in the empty vector control (Fig. 2C).

The total soluble sugar displayed a significantly higher level
in OE-PpbZIP44 and lower in RNAi-PpbZIP44 than in fruits with
the empty vector (Fig. 2D). Similarly, the titratable acid content
was significantly reduced in OE-PpbZIP44 but increased in RNAi-
PpbZIP44 compared with the control (Fig. 2E). The sugar:acid
ratio in OE-bZIP44 was 52.67, higher than 45.08 in WT and
42.43 in RNAi-bZIP44 (Fig. 2F). The fructose and sorbitol contents
significantly differed between the transgenic fruits and the
empty vector control. Specifically, compared with the empty
vector control, the fructose contents increased significantly
by 38.17% in OE-bZIP44, whereas they decreased significantly
by 31.45% in RNAi-bZIP44. The sorbitol contents decreased by
26.42% in OE-bZIP44, whereas increasing significantly by 72.09%
in RNAi-bZIP44. Slight changes in glucose and sucrose contents
were observed on the transiently transformed fruits compared
with control ones (Fig. 2G). All organic acids contents were
significantly increased in RNAi-bZIP44 (Fig. 2H), indicating a
role for PpbZIP44 in the TCA cycle. In agreement, the organic
acids, malate, and citrate were decreased by 29.96% and 40.05%,
respectively, in OE-bZIP44 compared with the empty vector
control.

SDH is the essential enzyme in converting sorbitol to fruc-
tose. We evaluated the PpSDH enzymatic activity in transiently
transformed fruits and observed that its activity was increased
approximately 1.3 times in OE-bZIP44 fruits compared with the
empty vector control. In the RNAi-bZIP44, PpSDH enzyme activity
was decreased by 0.6 times (Fig.2I).
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Figure 1. Fruit development stages and transcription abundance of identified genes. A. Eight fruit developmental and ripening stages were selected for
analysis in pear. B. Heatmap hierarchical clustering showing top 20 TFs and FPKM value of S1-bZIP members at fruit development stages 4 and 5 based
on transcriptome data in ‘Sucui 1’. Colors represented different TFs types. C. Time course expression profiles of PpbZIP44 in the root, leaf, fruit
development, and ripening processes of ‘Sucui 1’ using qRT-PCR. Sarcocarp samples with moving peels measuring 0.4-cm thick were collected every
15 days after full bloom. Three independent biological replicates containing at least five fruits for every experiment were performed for each stage.
Expression levels were normalized to the levels of pear GAPDH. The asterisks indicated values determined by the Dunnett t test to significantly differ
from stage 1 (∗P < 0.05, ∗∗∗P < 0.001).

Effects of PpbZIP44 on amino acid contents in
transiently transformed pear fruits
We further analyzed the contents of amino acids in transiently
transformed pear fruits with OE-bZIP44 and RNAi-bZIP44 con-
structs. The total amino acid contents of OE-bZIP44 and RNAi-
bZIP44 fruits were 18.9% higher and 8.5% lower than those of
fruits with the empty vector. Met and Tyr levels were approx-
imately 2-fold higher in OE-bZIP44 than in the empty vector
control. Phe, Asp, and Ala levels were 1.1- to 1.2-fold higher in
OE-bZIP44 and lower in RNAi-bZIP44 compared with empty vector
fruits. Val, Ser, and Pro levels were lower in OE-bZIP44 but higher
in RNAi-bZIP44. The levels of Glu, Ile, and NH3 were similar in the
fruits with the empty vector as that of OE-bZIP44 or RNAi-bZIP44
(Table 1).

Fruit-specific overexpression of PpbZIP44
resulted in metabolites reprogramming in
tomato fruits
To further verify the function of PpbZIP44, we attempted to overex-
press the PpbZIP44 in tomatoes due to the significant challenge in
pear transformation and unrealistic fruit-forming in wood plants
with limited time. The tomato fruit-specific E8 promoter was used
to drive PpbZIP44 expression in tomato fruit. Eight T0 lines were
obtained. These lines grew and developed normally (Fig. 3A). The
expression of PpbZIP44 in the transgenic lines was monitored by
qRT-PCR. E8::PpbZIP44–2 (OE-2) and E8::PpbZIP44–3 (OE-3), which
had higher PpbZIP44 expression in the ripening fruit compared
with the WT control (Fig. 3B), were then chosen to obtain a T1
generation for further investigation.

To better characterize the effect of PpbZIP44 on the contents
of compounds, we performed widely targeted metabolomics of
E8::PpbZIP44–2 and WT tomato fruits using multiple reaction
monitoring methods (MRM) [22]. We identified 613 metabolic
compounds across all samples (Supplementary Table S3).
Among these, 108 were classified as differential expression
metabolites (DEMs) based on two thresholds [variable importance
in projection (VIP) ≥1 and fold-change ≥2 and ≤0.5] when
comparing the E8::PpbZIP44 lines against the WT control
(Fig. 3C). Kyoto encyclopedia of genes and genomes (KEGG)
enrichment analyses in the DEMs showed that the top overrep-
resented pathways included lipid metabolism (e.g. biosynthesis
of unsaturated fatty acid, linoleic acid, and alpha-linolenic acid
metabolism), biosynthesis of other secondary metabolism (e.g.
isoflavonoid/flavonoid/flavone and flavonol biosynthesis), amino
acid metabolism, and carbohydrate metabolism (e.g. the TCA
cycle) (Fig. 3D). Most DEMs in linoleic acid biosynthesis, flavonoid-
like biosynthesis, tyrosine metabolism, and alanine, aspartate,
and glutamate metabolism were upregulated in the E8::PpbZIP44
tomato fruits (Fig. 3D).

The changes of the corresponding metabolites in these path-
ways induced by PpbZIP44 were further analyzed. The results of
widely targeted metabolomics showed that the levels of sucrose
and fructose increased >1.1-fold in transgenic fruits compared
with WT fruits.

PpbZIP44 significantly induced the threose level to ∼2-
fold compared with WT fruits (Supplementary Table S4). The
levels of sorbitol, glucose 6-phosphate, fructose 6-Phosphate,
fructose-1,6-biphosphate, D-sedoheptuiose 7-phosphate, and

https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad140#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad140#supplementary-data
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Figure 2. Transient transformation of PpbZIP44 in pear fruits. A. Multiple protein sequence alignments of PZIP44 and other S1-bZIP proteins in different
species. B. Transient assays in ‘Sucui 1’ pear using overexpression (OE-) or RNAi (RNAi) or empty vector (Vector) of PpbZIP44. C. The expression levels of
PpbZIP44 in the fleshy tissue around the infiltration sites of transformed pear fruits using qRT-PCR. The content of total SS (D) and TA (E), SS/TA ratio
(F), individual soluble sugars contents (G), individual organic acids contents (H), and SDH activity (I) in transformed pear fruits and control pear fruits.
Bars represented the mean value ± SE (n ≥ 3). The asterisks indicated values that were determined by the Dunnett t test to significantly differ from
their empty vector or WT control (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001).

3-phospho-D-glyceric acid were decreased; however, the levels
of glucuronic-6,3-lactone, 6-phosphoglucose acid, ribulose-5-
phosphate, and phosphoenolpyruvate were >1.5-fold increase in
the corresponding transgenic fruits (Supplementary Table S4).
Overexpression of PpbZIP44 decreased the TCA cycle inter-
mediate contents (e.g. fumaric acid, citric acid, malic acid,

citraconic acid, 3-Guanidinopropionic acid, α-Ketoglutaric acid)
(Supplementary Table S4) and significantly increased the
level of succinic acid and amino malonic acid (Supplemen-
tary Table S4).

Sugar and organic acids were further measured in transgenic
tomato fruits. The total soluble sugar content (SS) was increased

https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad140#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad140#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad140#supplementary-data
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Table 1. Amino acid composition in PpbZIP44 transient
transformed pear fruits

Amino acids Empty vector OE-bZIP44 RNAi-bZIP44

Asp 244.15 ± 10.13 275.94 ± 13.08 187.62 ± 14.53∗∗

Thr 144.87 ± 7.13 193.82 ± 5.49∗ 170.18 ± 29.43
Phe 178.20 ± 2.96 209.33 ± 4.96∗∗∗ 148.10 ± 3.70∗∗∗

Met 109.87 ± 4.76 198.45 ± 3.46∗∗∗ 96.64 ± 1.94∗∗

Glu 54.71 ± 0.65 55.29 ± 3.32 44.50 ± 1.46∗∗

Ala 42.17 ± 2.80 46.03 ± 1.99 38.04 ± 2.80
Cys 51.30 ± 6.72 45.99 ± 3.80 54.87 ± 1.05
Val 54.46 ± 5.44 44.60 ± 0.07∗ 55.39 ± 1.98
Ser 39.35 ± 2.11 34.13 ± 2.13∗ 43.11 ± 1.46
Tyr 27.50 ± 1.10 47.10 ± 1.35∗∗∗ 17.94 ± 2.04∗∗∗

Ile 24.10 ± 2.62 25.00 ± 1.73 23.59 ± 0.08
Pro 34.08 ± 2.60 12.70 ± 0.36∗∗∗ 39.87 ± 1.52∗

NH3 7.22 ± 0.51 8.79 ± 0.46 6.39 ± 1.00
Total 1011.98 1279.35 926.24

Note: Amino acid levels were given as μg·g−1 fresh weight of pear fruits
(±SE). All measurements were performed in triplicate. Asterisks in the
same row indicate significant differences relative to empty control
(∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001).

significantly, whereas the titratable acid (TA) content was
decreased significantly in both two transgenic tomato lines
compared with WT fruits, as shown in Fig. 4A and 4B. The sugar:

acid ratio in OE-2 and OE-3 was 13.45 and 11.57, respectively,
which was much higher than that in WT (9.10) (Fig. 4C). We
further examined the content of soluble sugars and organic acids
using high performance liquid chromatography (HPLC). Fructose
was significantly induced in E8::PpbZIP44 fruits. However, sorbitol
was significantly reduced. There were no significant changes in
sucrose content in OE-3 (Fig. 4D). Malate and citrate contents were
significantly reduced (Fig. 4E).

The amino acid biosynthesis and metabolism in transgenic
and WT tomato fruits were significantly different. Tyramine
and nicotianamine (NA) had significantly higher contents in
transgenic tomato fruits. Hcy, Met, Glu, Gsh, Phe, and Val
were increased ∼1.45- to 1.7-fold in the E8::PpbZIP44 tomato
fruits. Tyr and Asp were also slightly induced in corresponding
E8::PpbZIP44 tomato fruits. On the other hand, Pro level was
2.3-fold lower in the transgenic tomato fruits (Supplemen-
tary Table S5).

The contents of most unsaturated fatty acids were increased by
1- to 3-fold in the E8:PpbZIP44 fruits, compared with WT (Table 2).
For examples, punicic acid (9Z,11E,13Z-octadecatrienoic acid), 9S-
hydroxy-10E,12Z-octadecadienoic acid, and 9-hydroxy-13-oxo-10-
octadecenoic acid were significantly increased >2-fold in the
E8:PpbZIP44 fruits. In addition, some other unsaturated fatty acids
such as linoleoylglycerol, crepenynic acid, linolenic acid, (9Z,11E)-

Figure 3. Fruit-specific overexpression of PpbZIP44 in tomatoes. A. Representative phenotype of E8::PpbZIP44 tomato fruits. B. The expression levels of
PpbZIP44 in WT and E8::PpbZIP44 fruits. C. Volcano plot of DEMs in E8::PpbZIP44 versus WT fruits. D. Summary of top 20 KEGG pathway, significantly
overrepresented in DEMs in E8::PpbZIP44 versus WT fruits. The results are averages ± SE (n ≥ 3) of WT and transgenic lines, each with three technical
replicates. The asterisks indicated values determined by the Dunnett t test to significantly differ from the WT control (∗∗P < 0.01).

https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad140#supplementary-data
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Figure 4. Overexpression of PpbZIP44 significantly affected the contents of soluble sugars and organic acids in tomato fruits. A. SS contents. B. TA
contents. C. SS/TA ratio. D. Individual soluble sugar content. E. Individual organic acid content. The results are averages ± SE (n ≥ 3) of WT and
transgenic lines, each with three technical replicates. The asterisks indicated values that were determined by the Dunnett t test to be significantly
different from the WT control (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001).

Table 2. Differentially expressed unsaturated fatty acids in
E8::PpbZIP44 versus WT fruits

Compounds VIP Log2FC Type

1-α-Linolenoyl-glycerol 1.37 1.37 up
2-Linoleoylglycerol 1.02 1.14 up
1-Linoleoylglycerol 1.14 1.47 up
2-Dodecenedioic acid 1.44 −1.84 down
Crepenynic acid 1.51 1.16 up
γ -Linolenic acid 1.49 1.13 up
α-Linolenic acid 1.52 1.16 up
Punicic acid (9Z,11E,13Z-octadecatrienoic
acid)

1.38 2.60 up

Linoleic acid 1.26 1.14 up
(9Z,11E)-Octadecadienoic acid 1.26 1.29 up
Elaidic Acid 1.28 1.17 up
11-Octadecanoic acid(Vaccenic acid) 1.31 1.32 up
9S-Hydroxy-10E,12Z-octadecadienoic acid 1.38 2.68 up
Eicosadienoic acid 1.63 1.99 up
9-Hydroxy-13-oxo-10-octadecenoic acid 1.39 2.82 up

octadecadienoic acid, and eicosadienoic acid were also increased
in E8:PpbZIP44 fruits. However, 2-Dodecenedioic acid was slightly
decreased in the fruits of E8:PpbZIP44 than that in the fruit of WT
(Table 2).

Chalcone and flavonoid compounds were much more abun-
dant in the fruits of E8:PpbZIP44 than WT, with increase of 1- to 12-
fold changes. 3,4,2′,4′,6’-Pentahydroxychalcone-4’-O-glucoside,
isorhamnetin-3-O-(6′′-acetylglucoside), homoeriodictyol, and
cinnamic acid were increased >10-fold in E8::PpbZIP44 versus
WT. The overexpression of PpbZIP44 also strongly increased other

dihydro flavones such as hesperetin-7-O-(6′′-malonyl) gluco-
side, poncirin, eucalyptin, naringin, neohesperidin, hesperidin,
naringenin, and butin; flavonols such as kaempferol-3-O-
(2′′-o-acetyl) glucuronide, rutin, quercetin-3-o-robinobioside,
6-hydroxykaempferol-7-O-glucoside, brassicin, isohyperoside,
and hyperin; isoflavones like genistin and calycosin-7-O-
glucoside, and flavones like chrysoeriol-7-O-rutinoside. However,
delphinidin-3-O-glucoside (Mirtillin) and Isorhamnetin-3,7-
O-diglucoside were significantly decreased in the fruits of
E8:PpbZIP44 than in the fruit of WT (Table 3).

Transcriptome changes induced by PpbZIP44 in
transgenic tomato fruits
To elucidate how PpbZIP44 regulates the expression of down-
stream genes leading to the biochemical alterations described
previously, we performed transcriptomic analyses using the
E8::PpbZIP44–2 transgenic tomato line. The results showed that
there were 1314 differential expression genes (DEGs) (false
discovery rate (FDR) < 0.05 and |Log2FC| > 1) when comparing
the E8::PpbZIP44–2 versus WT tomato fruits (Fig. 5A). The top
overrepresented KEGG pathways among the DEGs included car-
bohydrate metabolism, amino acid metabolism, and biosynthesis
of secondary metabolism (Fig. 5B). The carbohydrate metabolism
pathways included fructose and mannose metabolism, glycolysis,
pentose phosphate pathway, starch and sucrose metabolism, and
galactose metabolism (Fig. 5B and Supplemental table S6). Amino
acids metabolism included glutathione metabolism, alanine,
aspartate and glutamate metabolism, tyrosine metabolism, argi-
nine and proline metabolism, and arginine biosynthesis (Fig. 5B
and Supplemental Table S6). Most of the DEGs were upregulated in
the carbohydrate and amino acid metabolism pathways (Fig. 5B).

https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad140#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad140#supplementary-data
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Table 3. Differentially expressed flavonoid compounds in E8::PpbZIP44 versus WT

Class Metabolites VIP Log2FC Type

Chalcones 3,4,2′,4′,6’-Pentahydroxychalcone-4’-O-glucoside 1.62 12.88 Up
Okanin 1.12 1.41 Up

Dihydroflavone Homoeriodictyol 1.59 10.05 Up
Hesperetin-7-O-(6′′-malonyl)glucoside 1.54 3.35 Up
Poncirin (Isosakuranetin-7-O-neohesperidoside) 1.23 1.93 Up
Eucalyptin 1.49 1.86 Up
Naringin 1.4 1.64 Up
Neohesperidin 1.3 1.49 Up
Hesperidin 1.03 1.39 Up
Naringenin 1.23 1.23 Up
Butin 1.25 1.19 Up
6-C-Glucosyl-2-Hydroxynaringenin 1.23 1.02 Up

Flavonols Isorhamnetin-3-O-(6′′-acetylglucoside) 1.66 10.73 Up

Kaempferol-3-O-(2”-O-acetyl)glucuronide 1.44 2.5 Up
Rutin 1.31 1.9 Up
Quercetin-3-O-robinobioside 1.28 1.8 Up
6-Hydroxykaempferol-7-O-glucoside 1.27 1.72 Up
Brassicin 1.04 1.63 Up
Isohyperoside 1.26 1.61 Up
Hyperin 1.36 1.47 Up
Isorhamnetin-3,7-O-diglucoside 1.23 −3.79 Down

Isoflavones Genistin 1.51 1.28 Up
Calycosin-7-O-glucoside 1.46 1.24 Up

Flavones Chrysoeriol-7-O-rutinoside 1.33 1.94 Up

DEGs in the carbohydrate metabolism pathway were further
analyzed. In starch and sucrose metabolism, the expression of an
INV, two SS genes, TPS and TPP, two BGLU genes, and GLU was
significantly induced by the overexpression of PpbZIP44. On the
contrary, the expression of BAM, linking in starch and maltose and
dextrin, was significantly downregulated by PpbZIP44 (Fig. 5C and
Supplemental Table S6).

In the fructose and mannose metabolism pathway, the expres-
sion of FRK2 and MAN was significantly induced by PpbZIP44.
However, MPI isomerase was significantly downregulated (Fig. 5D
and Supplemental Table S6). In the glycolysis and pentose
phosphate pathway (PPP) pathway, the expressions of PFP,
PFK, FBA, PDC, and RBSK were significantly upregulated in the
E8::PpbZIP44–2 transgenic tomato fruit, as shown in Fig. 5D.
However, the expression of ENO was downregulated. In the TCA
cycle, the expression of CS was repressed but the expression of
ACO, ICDH, and MDH was induced in the transgenic tomato fruits
(Fig. 5E).

In the amino acid biosynthesis pathway, 18 DEGs were found
in E8:PpbZIP44 tomato fruits versus WT fruits. Most of those,
including ALT, AST, ADT, APX, PAL, GLT1, argE, ADH2, HPD, GCCT,
three GSTs, GDH, AHCY, and P4H3, were significantly upregulated
(Fig. 5F and supplementary Table S6). Flavonoids biosynthesis-
related DEGs, such as C4H and F3H, were substantially upregu-
lated by the overexpression of PpbZIP44 (Fig. 5G).

The expression changes of genes induced by
PpbZIP44 in transformed pear fruits
To further examine and verify the changes in the expression
levels of DEGs identified from the transcriptome analyses in the
tomato system, we measured the transcript abundances of 12
DEGs using qRT-PCR in the transient overexpression or silencing
PpbZIP44 pear fruit. The results confirmed that PpSDH9 gene was
significantly induced in OE-bZIP44 but inhibited in RNAi-bZIP44

pear fruits. The expression levels of PpSUS, PpFRK, PpACO, PpICDH,
and PpMDH were significantly increased in OE-bZIP44. However,
the expression level of PpCS was significantly reduced in OE-
bZIP44. PpProDH1 transcript accumulated approximately 13-fold
in OE-bZIP44. In contrast, it reduced to 0.5-fold in RNAi-bZIP44.
PpADT transcript accumulated 2-fold in OE-bZIP44, reducing to
0.45-fold in RNAi-bZIP44. The transcript abundance of PpC4H and
PpF3H was strongly induced in OE-bZIP44, whereas reduced in
RNAi-bZIP44 (Fig. 6).

PpbZIP44 directly binds to the promoters of
PpSDH9, PpADT, PpProDH1, and PpF3H
To understand how bZIP44 regulates the expression of the down-
stream target genes, we performed the promoter analysis for iden-
tifying the G-boxes cis-element and the dual luciferase transient
expression assays. We identified G-boxes cis-element in the 2000-
bp promoter of these DEGs by PpbZIP44 (Supplementary Table S7).
Among the promoters of the 72 upregulated genes induced by
PpbZIP44, 21 contained G-box motifs. Next, we identified typi-
cal G-boxes in the promoter of these DEGs that are involved
in sorbitol and fructose metabolism, amino acids biosynthesis,
and flavonoids biosynthesis, finding the promoters of PpSDH9,
PpADT, PpProDH1, and PpF3H with G-boxes cis-elements (Supple-
mentary Table S7). The regulation of PpbZIP44 on these genes was
hypothesized. The promoter sequences (within 1 kb) of PpSDH9,
PpADT, PpProDH1, and PpF3H from ‘Sucui 1’ pear fruit were cloned
and analyzed using PlantCARE (Supplemental Table S8). Three to
six G-box cis-acting elements (CACGTT), which were predicted to
recruit S1-bZIP, were found in the promoter of these four genes.
The 1.0-kb fragments were cloned into the pGreen 0800-luciferase
(LUC) vector for dual luciferase transient expression assays. Com-
pared with the control level, the coexpression of 35S::PpbZIP44 and
pSDH9::LUC, pProDH1::LUC, pADT::LUC, or pF3H::LUC resulted in a
3.42-, 2.82-, 5.46-, and 7.27-fold increase in LUC activity, separately

https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad140#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad140#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad140#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad140#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad140#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad140#supplementary-data
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Figure 5. PpbZIP44 significantly changed the primary and secondary metabolism pathway in tomato fruits based on transcriptome data. A. Volcano
plot of DEGs in E8::PpbZIP44 vs. WT fruits. B. Enriched top 20 KEGG pathway of DEGs in fruits of E8:PpbZIP44 (OE-2) compared with WT. Detailed data
are shown in the Support information Supplemental Table S6. C–E. Regulation mechanism analysis of PpbZIP44 in the carbohydrate metabolism. DEGs
induced by PpbZIP44 in the starch and sucrose metabolism (C), fructose and mannose metabolism, glycolysis, and pentose phosphate pathway (D) and
the TCA cycle (E). F. DEGs induced by PpbZIP44 in the amino acid biosynthesis. G. DEGs induced by PpbZIP44 in flavonoids biosynthesis. Squares
representative genes. Red or green means significantly upregulated or downregulated DEGs in E8::PpbZIP44 versus WT (white squares). INV encodes
β-fructofuranosidase; GLU encodes endoglucanase; BAM encodes β-amylase; FRK2 encodes fructokinase; MAN encodes mannan
endo-1,4-beta-mannosidase; MPI encodes mannose-6-phosphate isomerase; PFP encodes diphosphate-dependent phosphofructokinase; PFK encodes
6-phosphofructokinase; FBA encodes fructose-bisphosphate aldolase; RBSK encodes ribokinase; ADT encodes arogenate dehydratase; pheA encodes
prephenate dehydratase; APX encodes L-ascorbate peroxidase; ALT encodes alanine transaminase; argE encodes acetylomithine deacetylase; GST
encodes glutathione S-transferase; argE encodes acetylornithine deacetylase; P4H3 encodes prolyl 4-hydroxylase; AST encodes aspartate
aminotransferase.

https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad140#supplementary-data
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Figure 6. qRT-PCR analysis of gene expression related to sugar, amino acid, and flavonoid metabolism pathways and the TCA cycle in transiently
transgenic pear fruits. Samples were collected in transformed pear fruits at 7 days after injecting overexpression (OE- PpbZIP44) or RNAi (RNAi-
PpbZIP44) or empty vector (Vector) constructs. The results are average ± SE of three biological replicates, each with three technical replicates. The
asterisks indicated values that were determined by the Dunnett t test to differ from their empty vector or WT control significantly (∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001).

(Fig. 7A). To further verify the binding of PpbZIP44 to the G-box
in the promoter of these genes, we performed an electrophoretic
mobility shift assay (EMSA). A 30-bp fragment (position −289 to
−259 of pSDH9, −291 to −261 of pADT, −243 to −202 of pProDH1,
and −178 to −148 of pF3H) was used as a probe for the EMSA
(Fig. 7B). Explicit binding of the PpbZIP44 protein to the biotin-
labeled target probes was detected in the polyacrylamide gel. In
contrast, signals were undetectable for the protein–mutant probe
complex with nucleotide changed from CACGTT to TGTACC. The
signals were reduced or faded away by adding cold probes (Fig. 7B).
These results suggested that PpbZIP44 was directly bound to the
cis-element of the PpSDH9, PpADT, PpProDH1, and PpF3H promoters
and induced their transcript, enhancing the accumulation of
fructose, phenylalanine, and flavonoids but deleting proline.

Discussion
PpbZIP44 modulates carbohydrate metabolism of
fruit
Soluble sugar accumulation determines fruit sweetness and
nutritional quality at harvest. Therefore, increasing sweetness

is an important breeding objective and a vital driver of consumer
preference in many species [23]. Fructose is the predominant and
the sweetest monosaccharide in the fruit of most pear cultivars
[24, 25]. The content of fructose directly determines the quality
of fresh pears. Changes in sorbitol metabolism substantially
affect fructose content. In a recent study, overexpression of
apple MdABI3 increased fructose content by inducing MdSDH2
expression [7]. Pear SDH genes were identified, and their
expression patterns were analyzed [26]. However, it is unclear
how regulating sorbitol metabolism contributes to the change in
fructose content in pear fruit. Here, we found that pear PpbZIP44
was involved in regulating the expression of a sorbitol–fructose
convert. During fruit development and ripening processes in pear,
PpbZIP44 displayed significantly higher transcript abundance
at stage 5, in which cell division and expansion occurs and
the most significant transcriptional changes and fruit grow
and metabolites associated with quality traits are accumulated
[27]. Most DEGs involved in the primary metabolism were
upregulated in this stage [27]. Our results suggest that PpbZIP44
is a positive regulator of soluble sugars accumulation in pear
fruits. Transiently overexpressed and gene-silenced pear fruits
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Figure 7. PpbZIP44 activated PpSDH9, PpProDH1, PpADT, and PpF3H by binding their promoters. A. Analysis of luciferase activity with pSDH9, pProDH1,
pADT, and pF3H. 1.0-kb sequences upstream from ATG of these three genes were fused to the reporter gene Luciferase (LUC). LUC activities were
assayed in transiently transformed tobacco leaves. Left: the vector construction for luciferase assays. Bars represent the mean value ± SE (n ≥ 10). The
data were analyzed using the Dunnett t test (∗∗∗P < 0.001). B. EMSA of PpbZIP44 binding to the pSDH9, pProDH1, pADT, and pF3H containing ACGT core
site. The autoradiograph shows the DNA–protein complex of the biotin-labeled probe. Biotin probe is 30 bp of pSDH9, pProDH1, pADT, and pF3H
promoter, with the CACGTT sequence; 10×, 100×, and 200× are the relative contents of the competitor probe to the detector probe. Biotin m-probe is
30 bp of pSDH9, pProDH1, pADT, and pF3H with the CACGTT mutation as TGTACC sequence.

with PpbZIP44 ORF confirmed the role of PpbZIP44 in promoting
PpSDH9 expression and enhancing PpSDH enzyme activity,
fructose and sucrose accumulation, and reducing sorbitol
accumulation.

SDH catalyzes the reversible sorbitol–fructose reactions and is
found in core eudicot species and monocots [28]. Compatible

with the role in the initial metabolic steps of carbohydrate
metabolism, SDHs are essential for the normal growth of plants
and stress response [28–31]. Unlike pear and other Rosaceous
trees, Zea mays does not transport sorbitol through its phloem,
but instead synthesizes sorbitols in the kernel itself [32]. In
maize, Sdh1 is essential during early kernel development and
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in synthesizing sorbitol from fructose [33]. Conversely, in this
study,the upregulation of PpSDH9 by overexpression of PpbZIP44
demonstrated its central role in fructose accumulation from
sorbitol in pear fruits, which is consistent with the role of MdSDH2
in apple fruit [7]. SDH catalyzes the conversion of fructose to
sorbitol or sorbitol to fructose in a reversible manner, which
might depend on species such as usual sorbitol producers or
non-usual sorbitol ones [31]. In apple fruit, a large amount of
sorbitol is converted into fructose and 80% of the total carbon
flux goes through fructose [7], entering glycolysis and PPP. In
this work, overexpression of PpbZIP44 substantially upregulated
the expression of SUS, FRK2, PFP, PFK, and FBA in the glycolytic
direction. G-boxes cis-elements were found in the promoter of
these genes, implying the bound of PpbZIP44 to these genes
(Supplementary Table S7). Accordingly, our study provides
evidence supporting the notion that PpbZIP44 is involved in
soluble sugars accumulation and guides carbon flux to the
downstream pathway from fructose.

Interestingly, down- or up-regulation of SDH genes, as well as
S6PDH and A6PR, modulates sorbitol contents, leading to stamen
development, pollen tube growth, and other stress responses
[34–37]. SnRK1 promoted sorbitol metabolism by activating SDH
enzyme and phosphorylating PpSDH protein in peach [38]. Most
recently, overexpression of MdSnRK1 increased the transcript
abundance of MdSDH1 and MdA6PR through SnRK1-mediated
phosphorylation of MdbZIP39 [39]. Whether bZIP39 and bZIP44
interact with each other and whether or how SnRK1 mediates
this interaction require further study in the future. Increased
SDH expression and SDH activities allowed a higher carbon
flux through sorbitol–fructose metabolism for plant growth
and development with enough sorbitol supply [39]. The various
roles of PpbZIP44-mediated PpSDH9 expression on the growth
and development and stress response of pear still need to be
investigated.

Organic acids are significant factors determining the fruit
sugar:acid ratio. Engineering organic acid metabolism substan-
tially improved fruit traits [3]. In pear fruit, organic acids were
mainly composed of quinate, citrate, and malate. Quinate can be
synthesized from either 3-dehydroquinate or shikimate; these two
reactions are catalyzed by QDH and QD, respectively [40]. Here,
there were no significant differences in the expression level of
QDH and QD and other genes in the shikimate pathway between
E8::PpbZIP44 and WT. No significant differences were observed
in the content of quinate either in the overexpressed PpbZIP44
pear or tomato fruits compared with WT. Citrate and malate
control fruit acidity and are synthesized in the mitochondrion
but accumulate in the vacuole [41, 42]. Citrate biosynthesis
and conversion mediated by CS and ACO, or malate catalysis
mediated by MDH, is responsible for a change in citrate or
malate contents [42]. The influx and efflux and the capacity
of other parts of the TCA cycle affect the import or export rate
of citrate and malate [42]. In previous research, there were no
apparent effects of manipulating a range of enzymes that have
been proposed to control fruit citrate or malate accumulation on
increasing carboxylic acids in fruits [42]. However, manipulating
transcription factors such as MYB, bHLH, WRKY, and ERF family
members regulated citrate or malate level [43, 44]. In Arabidopsis,
induced AtbZIP11 depleted the levels of intermediates in the TCA
cycle [13]. Here, fruit-specific promoter driving overexpression
of PpbZIP44 led to significant enrichment of the TCA cycle
in transgenic tomato fruits with decreasing content of α-
Ketoglutaric acid, citrate, and malate. Transient expression of
PpbZIP44 significantly decreased the level of citrate and malate in

OE transgenic pear fruits, which substantially contributed to the
higher sugar:acid ratio in transgenic fruits.

PpbZIP44 regulated amino acid biosynthesis and
mediated carbon flux toward secondary
metabolism and flavonoid accumulation
Amino acids are pivotal in human nutrition as a source of
nutraceutical compounds or essential dietary components [10].
The genes in the amino acid metabolism pathway are involved in
plant response to abiotic stress [45]. The ProDH gene encodes a
proline dehydrogenase and catalyzes the catabolism of proline
[12]. In Arabidopsis, AtbZIP11 can bind to the promoters of
ProDH and ASN1 to induce their expression [12]. Here, 13 more
folds increase of PpProDH1 expression was induced by PpbZIP44.
PpbZIP44 induced rapid proline catabolism and significant
enrichment of PPP, glycolysis, and the TCA cycle. We speculated
that the accelerated proline cycle was coupled to the PPP,
driving sugar phosphates and glycolysis for downstream anabolic
pathways. Intermediates in the glycolysis pathway and the TCA
cycle provide substrates and energy for the biosynthesis of amino
acids and fatty acids [10, 46]. Amino acid biosynthesis pathways
were significantly enriched and a series of genes involved in the
pathways were upregulated. Significantly changes in Asp, Glu,
Thr, Met, Val, and Ser contents illustrated the positive role of
PpbZIP44 in prompting the accumulation of these amino acids. In
addition, PpbZIP44 induced significant enrichment of ‘pantothen-
ate and CoA biosynthesis’, ‘linoleic acid metabolism’, ‘alpha-
Linolenic acid metabolism’, and ‘biosynthesis of unsaturated
fatty acids’ and significantly increased unsaturated fatty acids
contents. All together suggested that manipulating carbohydrate
metabolism and accelerating proline catalysis and the TCA cycle
through PpbZIP44 are new and efficient strategies not only in
sugar accumulation but also adjusting the balance between sugar,
organic acids, and other primary metabolites and eventually
affecting fruit quality, as well as role in balancing carbon to
nitrogen metabolism in Arabidopsis [13].

The critical role of this TF on secondary metabolism was fur-
ther determined by metabolism and transcriptome in transgenic
tomato fruits and transient transgenic pear fruits. Phenylalanine
is biosynthesized through the shikimate pathway and arogenate
pathway [47]. ADT encodes arogenate dehydratase and catalyzes
the final step of the arogenate pathway. Moderate expression
of ADT increased flux through the phenylalanine biosynthesis
[47]. Interestingly, other TFs such as PgMyb308-like can regulate
the expression of genes in the shikimate pathway and promote
the accumulation of shikimate, aromatic amino acids, and total
lignins but reduce the contents of multiple flavonoids [48].
However, in this study, overexpression of PpbZIP44 induced the
expression of ADT and the increase of phenylalanine levels
in fruits rather than activating the differential expression of
genes in the shikimate pathway. Phenylalanine provides the
substrates for these secondary metabolites, including flavonoids.
Dihydro flavone contents displayed a remarkable increase in
transgenic fruits. Dual-luciferase assays and EMSA demonstrated
that PpbZIP44 strongly activates PpF3H promoters and induces
its expression. Notably, the content of many phenolic acids and
the expression of genes in the lignin pathway, cutin, suberin
and wax biosynthesis and zeatin biosynthesis were significantly
downregulated, which was firstly found in the present study and
need to further illustrate the molecular mechanism in the future.

Although the metabolic diversity of fruits in different species
exists, e.g. soluble sugars were the major metabolites in pear
fruits, whereas of considerably lower levels in tomato fruits. Large

https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad140#supplementary-data
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amounts of alkaloids were detected in tomato fruits but not
in pear fruits. Total metabolic pathways and signatures related
to quality formation, such as sugars, acids, flavonoids, phenyl-
propanoids, lipids, and amino acids, are highly conserved among
fruits [6]. Due to the difficulty of obtaining stable transgenic
pear fruits in fruit quality-related research, a stable transforma-
tion system in tomato fruits could be a supplemental function
analysis of a transient transformation system. Fruit-specific pro-
moter drivers powerful TFs, which might be involved in consid-
erable growth and development processes, successfully avoid-
ing the adverse effect on plant growth. RNA-Seq in E8::PpbZIP44
tomato fruits and qRT-PCR examination in transient transforma-
tion pear fruits provide plenitude shreds of evidence for the role
of PpbZIP44 in fruit multimetabolism reprogramming and quality
formation.

In summary, we generated a model to elucidate the regulation
mechanism of PpbZIP44 on substantial changes in multiquality-
related compounds. PpbZIP44 could bind to the PpSDH9 promoter
to induce its expression. The enhanced activity of SDH promoted
the conversion of sorbitol to fructose, resulting in a considerable
accumulation of fructose. PpbZIP44 substantially induced the
higher expression of SUS, FRK2, PFP, PFK, and FBA in the glycolytic
direction. PpbZIP44 recruited the PpProDH1 promoter to accelerate
proline catabolism, which might couple PPP to drive sugar
phosphates and glycolysis for downstream anabolic pathways.
Depleting the intermediate of the TCA cycle facilitated the
biosynthesis of amino acids and affected the sugar:acid ratio.
Moreover, PpbZIP44 bound to the PpADT promoter to induce
their expression, leading to metabolic flux toward phenylalanine.
PpbZIP44 bound to the PpF3H promoter and induced the increase
of dihydro flavone contents. Metabolic flux toward dihydro
flavone might decrease lignin formation, which is involved in
cell stone formation and crucial for the perception of the quality
of pear fruit. Regarding Asian pears, high sugar content, moderate
acidity, crispy, few stone cells, and high nutritional value are
desirable traits. Identification and functional characterization of
PpbZIP44 provides a novel strategy for molecular breeding through
metabolic engineering for fruit quality improvement.

Materials and methods
Plant materials
Fruits at different development stages in ‘Sucui 1’ were collected
every 15 days after full bloom (DAFB) until 90 DAFB for stage 6.
Samples at 93 DAFB and 100 DAFB were collected for stages 7 and
8 from the Pear Germplasms Resources at the Institute of Pomol-
ogy, Jiangsu Academy of Agricultural Sciences, Nanjing, Jiangsu,
China. The trees were cultivated as follows: 3.0 m × 5.0 m spacing,
with rows oriented in the east–west direction. Trees were pruned
into an arch shape. Base fertilizer was applied in the autumn
and the trees were irrigated twice weekly. Alfalfa in winter and
white clover in summer between rows were cut up regularly and
left on the ground. The pear fruit peel (0.3 cm) was removed and
sarcocarp samples were frozen in liquid nitrogen. The sarcocarps
were collected with three independent biological replicates for
qRT-PCR, transient transformation, or DNA extraction.

Identification of S1-bZIP proteins in the sand
pear
All bZIP protein sequences of Arabidopsis were obtained from Ara-
bidopsis Information Resource (http://arabidopsis.org/; release
10.0). Pear genome sequences were obtained from National
Genomics Data Center (https://bigd.big.ac.cn/gwh.). The Hidden

Markov Model profile of bZIP_1 (PF00170) and bZIP_2 (PF07716)
was obtained from the Pfam database (http://pfam.sanger.ac.uk)
[49] and SMART database (http://smart.embl-heidelberg.de) [50].
A local BLAST search was completed with Arabidopsis bZIP pro-
teins as queries to remove redundancies by checking all identical
sequences manually. All the confirmed pear bZIP proteins were
aligned using MUSCLE (version 3.8.31) [51]. A phylogenetic tree
was generated by analyzing the multiple sequence alignment with
the Clustal W [51], and the alignment results were displayed using
Jalview [52]. The sand pear S1-bZIP proteins were further identi-
fied through a local BLAST search of Arabidopsis, tomato, tobacco,
grape, apple, strawberry, rice, cucumber, banana, and petunia
protein sequences, downloaded from Solanaceae Genome Anno-
tation Database (https://solgenomics.net) and Plant Transcription
Factor Database (http://planttfdb.cbi.pku.edu.cn; release 3.0).

Transient overexpression and RNAi silencing of
genes in pear fruits
The transient transformation and expression analysis were per-
formed as Yao described [53]. Briefly, total RNA was extracted
from ‘Sucui 1’ sarcocarps and used as the template to synthe-
size cDNA. The mORF sequence of PpbZIP44 (EVM0042575) was
ligated to the pGreenII 62-SK or pSAK277 vectors using OE- or
RNAi-primers (Table S1) under the control of the 35S promoter
[53]. Agrobacterium tumefaciens-mediated transient transformation
was performed in ‘Sucui 1’ pear fruits at 90 DAFB [53]. Fruits
transformed with pGreen II 62-SK or pSAK277 empty vector were
used as controls. The fruits of three biological replicates, including
five fruits at least for each experiment, were collected for sugars,
organic acids, amino acids, and enzyme activity measurements,
and a qRT-PCR examination after 7 days.

Fruit-specific driving vector construction and
tomato transformation
The CaMV 35S promoter was eliminated and E8 promoter (Gen-
Bank: DQ317599) was amplified (Table S1) and linked to pBI121-
GFP [18]. The fragment was then ligated into pBI121-S1-bZIP-
GFP vectors. The cloned inserts, including the E8 promoter and
target genes, were confirmed by sequencing. Explants were pre-
pared and transformation was performed as described by Sagor
et al [18]. The regenerated plantlets were then transferred to the
rooting medium until the shoot grows to 2- to 4-cm long. The
DNA of tomato plantlets was extracted and analyzed by RT-PCR
with the bZIP44-gF2 and GFP-FCX_R. Positive transgenic plantlets
were confirmed by RT-PCR and sequenced, after which they were
planted in soil in a greenhouse.

Widely targeted metabolomics analysis based on
UPLC-MS/MS system
Compounds were extracted and examined using A UPLC
(SHIMADZU Nexera X2) and Tandem mass spectrometry MS/MS
(Applied Biosystems 4500 QTRAP) as previously described [22,
26]. With the methods we used, all metabolites can be measured
simultaneously using widely targeted metabolomics based on
MRM [22, 26]. The relative signal intensities of metabolites were
normalized by dividing them according to the intensities of
the internal standard (lidocaine, 0.1 mg·l−1) first and after that
log2 transform them to get further normalization for normality
improvement [54]. Then we calculated the area of each peak
to quantify the metabolites. The PCA and orthogonal partial
least squares discriminant analysis (OPLS-DA) analysis were
completed to assess the differences in compounds. VIP ≥ 1 and

http://arabidopsis.org/;
https://bigd.big.ac.cn/gwh
http://pfam.sanger.ac.uk
http://smart.embl-heidelberg.de
https://solgenomics.net
http://planttfdb.cbi.pku.edu.cn
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fold-change ≥2 or ≤ 0.5 were used as threshold levels for selecting
differentially abundant metabolites.

RNA isolation, sequencing and differential gene
expression analyses
Each biological replicate consisted of at least five fruits from
different trees. Total RNA from leaves and fruits was extracted
from the sarcocarp or tomato flesh with Trizol (Invitrogen,
USA) and the Ambion RiboPure™ Kit (Ambion, USA) [55]. Then,
mRNA was prepared using Oligo (DT) system. cDNA libraries
were constructed and sequenced with nova-seq6000 platform
based on the manufacturer’s instructions. Clean reads of the
nine samples were pooled and mapped to the tomato genome
(SolGenomicsNetwork, S. lycopersicum 3.0) with HISAT2 (HISAT2
(daehwankimlab.github.io)) [56]. Transcripts were assembled and
quantified with StringTie [57]. Differential analysis was performed
with FDR < 0.05 and |log2FC| > 1 as described [58]. Additionally,
GOseq (adjusted P < 0.05) was used for the GO term enrichment
analysis [59], whereas KO (KEGG Ortholog database) was used to
enrich DEGs to different pathways [60].

Soluble sugar and organic acid content
measurement
The content of the total SS and TA of fruits was measured accord-
ing to the previous description [17]. Sucrose, glucose, fructose,
sorbitol, quinate, malate, and citrate levels in pear and tomato
fruits were measured using HPLC [17]. Briefly, 0.8 g of frozen
pear sarcocarps were ground into powder and then resuspended
with 800 μl of extraction buffer containing 0.2% metaphosphoric
acid and 80% ethanol. The mixture was treated with an ultra-
sonicator for 10 min, incubated overnight at 4◦C, and centrifuged
at 10 000 rpm for 10 min at 25◦C. 800 μl of supernatant was
concentrated for 3 h at 30◦C, dissolved in 1.6 ml deionized water
(Milli-Q water), and then filtered through 0.22-μm Sep-Park filter
paper. Organic acids and soluble sugars were analyzed with an
HPLC system. We calculated the area of each peak to quantify
the metabolites according to an external standard calibration
method.

Amino acid content measurement
For amino acid content, pear fruit samples were directly frozen
and ground in liquid nitrogen after transient transformation for
7 days. Total amino acids were extracted with a mixed 100-
to 200-mg sample and 750 μl of 80% ethanol in an ultrasonic
bath at 50◦C for 30 min. Then we centrifuged samples, collected
the supernatants and removed the solvent by freeze-drying. The
extract was added with 5.7 M of hydrochloric acid, hydrolyzed
overnight under a closed condition at 110◦C, dissolved in water,
dried again, and resuspended in 1 ml of sodium citrate buffer
(pH 2.2). The composition of amino acid in all samples was tested
by Hitachi amino acid automatic analyzer LA8080.

SDH enzyme activity measurement
Activities of SDH were measured using the commercial kits (cat-
alog #:ab252902) based on the instruction. Quantifying enzyme
activities were measured through a spectrophotometer with UV-
VISO 2450 at 25◦C (Shimadzu, Kyoto, Japan).

qRT-PCR
cDNA was synthesized using the HiScript III RT SuperMix Kit with
gDNA wiper (Vazyme, China) for a qRT-PCR analysis with specific
primers (Table S1). The pear GAPDH and tomato SlACTIN genes
were used as internal standards for data normalization. Average

threshold cycle values were counted based on three independent
biological replicates and then calculated the relative transcript
level of each gene [61].

Dual luciferase assay
The dual luciferase reporter assay was performed as previously
described [7]. The coding sequence of full-length PpbZIP11
(EVM0042575) was cloned into the pGreenII62-SK to produce
the effector construct. A 1000-bp promoter sequence (named
pSDH9, pProDH1, pADT and pF3H) of PpSDH9, PpProDH1, PpADT,
and PpF3H (Supplemental Table S8) was introduced separately
into the pGreenII0800-LUC vector. The transformed A. tumefaciens-
strain GV3101 cells were used to coinoculate the young leaves
of Nicotiana benthamiana tobacco plants. The LUC and renilla
luciferase (REN) activities were measured with a dual luciferase
assay system (Promega, USA) and an Infinite M200 (TECAN,
Switzerland), recorded as a ratio of LUC to REN.

EMSA
The EMSA assay was conducted as previously described [62].
Briefly, the PpbZIP44 ORF was ligated into the pET-28a prokary-
otic expression vector. The resulting plasmid was inserted
into Escherichia coli Rosetta cells and cultured on LB medium
with 40 mg·l−1 kanamycin to overexpress the PpbZIP44 pro-
tein via the addition of isopropyl β-D-1-thiogalactopyranoside
and an overnight incubation at 16◦C. The recombinant pro-
tein was purified with the HisTrap HP column (GE Health-
care, Piscataway, NJ, USA). The biotin-labeled DNA fragments
(pSDH9: ATAATTCAAGATGCACGTTAAATTAGGTTC; pProDH1:
CTCAAAATCTCGT-. TAAATACACGTTTTAAAAACACTCA; pADT:
AGGTTCAGGAGTTCACGTCGTTCTT-. GAGGG; pF3H: GAACCA-
CACGTTACCAGGAATACCTGTCAA) were synthesized, annealed,
and used as WT probes, whereas the corresponding site-
directed (CACGTT) mutated DNA fragments (TGTACC) were
used as mutant probes. WT probes without label served as the
competitors. The interaction between PpbZIP44 and the probes
and the binding signals were detected with the LightShift EMSA
Optimization and Control Kit and the Chemiluminescent Nucleic
Acid Detection Module Kit (Thermo Fisher, MA, USA).

Statistical analysis
Dunnett t test in the multiple comparison analysis of variance
was applied to determine whether any of the differences
between the mean values for treatments and genotypes were
significant.
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