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Abstract: The pear (Pyrus pyrifolia) is an important accessory fruit in which the pear core is tarter
than the pear pulp. However, the reason for the acidic core and diversity in the taste of the same
fruit is not clear. In this study, we observed that the citrate contents were three times higher in the
core than in the pulp, while the malate content decreased along with fruit development and was
significantly lower in the core than in the pulp at 110 days after flowering. Overall transcript levels
for citrate-malate synthesis-related genes increased more in the pear core than the pulp at early
fruit development, while degradation-related genes activity was nearly similar or non-significant
between the core and pulp during fruit development. The lesser malate accumulation in the pear core
compared to the pulp at 110 DAF was possibly due to the reduced activity of tDT2 gene. Regarding
citrate accumulation, we identified five important p-type H"-ATPase genes in pear and found that
the relative expression level of the PH8.1 gene was four-fold higher in the core than in the pulp
during fruit development. Moreover, the expression level of di-carboxylate carrier gene 2 (DIC2)
was constantly and significantly higher in the core than in the pulp. In addition, correlation analysis
signified that the transcript levels of the two genes PHS8.1 and DIC2 positively and significantly
correlated with the citrate contents. These results suggested that the increased and collaborative
activity of PH8.1 and DIC2 played a key role in the higher citrate accumulation in the core than the
pulp, thus, with the help of molecular breeding tools, the citrate contents can be optimized in pear
fruit for divers and improved fruit flavoring.
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1. Introduction

Pear is a famous fruit throughout the world due to its sweet and juicy flavoring,
comprised of a combination of higher total sugars and lesser acid contents. Meanwhile,
variation in the sugar/acid composition greatly affects the sensory traits of fruits [1].
Among the organic acids, the accumulation of citrate, malate, and tartrate is the main
reason for fruit sourness or tartness, but the sensation gets more intense with citrate [2]. On
the other hand, the tarter taste of the fruit is normally less acceptable to consumers [3,4].
Except for the direct association with fruit taste, organic acids are also important substrates
for the production of amino acids, aromatic compounds, and carotenoids; they are also
linked with several cell regulatory processes such as redox balance, ATP metabolism, and
the acidification of extracellular spaces [4,5].

In recent decades, several studies were undertaken to better understand the organic
acid regulation amongst different species of pear [6-11]. Malic acid is identified as a
predominant organic acid in Chinese sand pear (Pyrus pyrifolia) and most pear species [9,12].
It can be synthesized by malate synthase (MS) and cytosolic malate dehydrogenase (c(MDH);
moreover, cMDH effectively controls the cellular malic acid metabolism by catalyzing the
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reversible reaction between malate and oxaloacetate (OAA) in apple [13]. On the other
hand, malate can be degraded by malate dehydrogenase (MDH) and the NAD-dependent
malic enzyme (ME) [13]. The transportation of additional malate from the cytosol into
the cell vacuole is an important step to maintain the cytosolic pH and prevent cellular
damage, which is possibly controlled by two key genes named aluminum-activated malate
transporter 9 (ALMT9) and tonoplast di-carboxylate transporter (tDT) in grapes, apples,
and tomatoes [14-16]. Additionally, di-carboxylate transporter (DIT) is homologous to
chloroplastic 2-oxoglutarate/malate transporter (OMT1) and is an important malate valve
regulator to maintain redox balance and nitrogen assimilation in plant cells [17,18].

Citric acid is the second major organic acid found in pears, and it is the main product
of the tricarboxylic acid (TCA) cycle which can be catalyzed from acetyl-CoA and OAA
by the citrate synthase (CS) enzyme [19]; synthesized citrate can be further catabolized
into isocitrate to continue the TCA cycle by mitochondrial aconitase (miACO) or moved
to the cytosol by the mitochondrial di-carboxylate carrier 2 (DIC2) protein [20]. In the
cytosol, citrate can be utilized by ATP-citrate lyase (ACL) [21] and cytosolic aconitase
(cyACO) [22], or be transported to the vacuole mainly by a plasma membrane proton pump
for storage [23,24]. Moreover, the plasma membrane-type H"-ATPase (P-type ATPase) gene
family has been widely studied for its special role in vacuolar acidification and key genes
were identified in different species to regulate organic acids in the cell vacuole, such as
petunia PhPH5 [25], apple MdMa10 [26], pear PbPH5 [6], citrus CsPHS [24], and CitPH5 [23].

Pear fruit (pome) is also called an accessory fruit, the fruit core is developed from
the floral ovary while the flesh/pulp is developed from adjacent tissues of the recepta-
cle [27,28]. Interestingly, sensory analysis at full maturity showed that the pear core has a
significantly tarter taste than the pear pulp. Although organic acid regulation was broadly
studied among different fruit species and cultivars [8,21,29], the knowledge of organic acid
regulation within individual fruit such as accessory fruits (pear core and pear pulp) is still
limited. We compared the citrate and malate profiles between the core and pulp of pear
during fruit development, as well as the transcript activity of synthesis-, degradation-, and
transportation-related genes. These results indicated that the higher acidity in the pear core
than the pulp is due to the high accumulation of citrate, which is mainly decided by the
increasing transcript levels of PH8.1 and DIC2.

2. Materials and Methods
2.1. Plant Material

Four uniform and healthy pear trees (Pyrus pyrifolia cv. Fengshui) were selected for
fruit collection, located at Huazhong Agricultural University, Wuhan, China. Cultural
practices for trees were conventional as the local management to maintain plant health.
The tree height was 210 £ 15 cm and the tree canopy diameter was 185 £ 20 cm of the
experimental pear plants. The flowering time starts around mid-to-late March and fruit
matures around early July, according to Wuhan environmental conditions. A total of five
uniform fruits at 60, 85, and 110 days after flowering (DAF), respectively, were collected
from each tree in clear sunny days around 09:00. The tissues of pear core and pulp from
each tree fruits were separately collected, mixed, and ground into powder using liquid
nitrogen and stored at —80 °C for further analysis.

2.2. Fruit Physical, TSS, and TA Evaluation

Fruit length, width, and weight were measured by using vernier caliper and weighing
machine, respectively. At ripening, average fruit weight was noticed as 324.6 & 8.63 g, while
horizontal and vertical measurements were 6.89 £ 0.27 cm and 5.83 £ 0.19 cm, respectively.
For the collection of juice from pear core and pulp, tissue of core or pulp was squeezed with
the help of a motor and pestle, then raw juice was collected in a 50 mL tube and centrifuged
at 3000 rpm for 5 min. The clear juice supernatant was used for analyzing total soluble
solids (TSS °Brix) with a pocket refractometer PAL-1, and titratable acidity (TA %) of juice
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was calculated by titration with sodium hydroxide (NaOH, 0.1 M) and phenolphthalein
(1%) as a pH indicator.

2.3. Organic Acid Determination

Organic acid contents of fruit core and pulp tissues were analyzed by gas chromatograph-
mass spectrometry (GC-MS), as described previously [30]. Three grams of fruit tissues
were used for metabolite extraction which was analyzed with an Agilent 7890B gas chro-
matograph (Agilent Technologies, Santa Clara, CA, USA) equipped with a flame ionization
detector and a non-polar HP-5MS phenylmethyl-siloxane column (30.0 m x 0.32 mm,
0.25 um). Three independent extractions were performed for each sample.

2.4. Candidate Genes Selection and Sequence Analysis

The respective sequences of citrate accumulation-related genes were queried and
confirmed from Orange Genome Annotation Project, Huazhong Agricultural University
(http:/ /citrus.hzau.edu.cn/) (accessed on 15 November 2021), while the respective se-
quences of malate accumulation-related genes were queried and confirmed from Genome
Database for Rosacea (GDR) (https://www.rosaceae.org/) (accessed on 16 November
2021). The acquired sequences were then identified in pear by utilizing Nucleotide
to Nucleotide BLAST (blastn) tools from a pear genome database accessible at GDR
(https:/ /www.rosaceae.org/blast/) (accessed on 20 November 2021) with default pa-
rameters and filter criteria, while Pyrus pyrifolia genome v1.0 transcript was selected as
target sequence search species, and transcripts with the highest similarity were selected for
analysis. Gene-specific primers and actin gene primers (Table S1) were designed by primer
premier 5.0 (Premier Biosoft Company, Palo Alto, CA, USA) based on the queried genomic
sequences.

2.5. Phylogenetic Analysis of P3s-ATPases Genes in Pear

Phylogenetic analyses were conducted by utilizing the computer program Molecu-
lar Evolutionary Genetics Analysis X (MEGA-X v10.2.2, Mega Limited, Auckland, New
Zealand) [31]. Alignment of polypeptide coding sequences was completed with Multiple
Sequence Comparison by Log-Expectation (MUSCLE) algorithm by using default parame-
ters in MEGA-X, and the phylogenetic tree was then constructed by the neighbor-joining
(NJ) bootstrap method (1000 replicates) with a p-distance and pairwise deletion using
MEGA-X.

2.6. RNA Extraction and RT-gPCR

RNA isolation from the core and pulp of pear fruit was conducted by following
the 2XCTAB method described by Chang et al. [32]. RNA quality was estimated by
NanoDrop™ 2000 (Thermo Fisher Scientific, Waltham, MA, USA) and 1 ug of high-quality
RNA was taken for first-strand cDNA synthesis using a Transcript one-step gDNA removal
super-mix (TransGen Biotech, Beijing, China). A total of 10 uL of reaction volume was
created to perform RT-qPCR by following the manufacturer’s protocol with SYBR Premix Ex
Taq (TaKaRa, Beijing, China) on a RT-qPCR system QuanStudio? (Thermo Fisher Scientific,
USA). Four technical replicates were used for each sample and arranged on a 384-well plate.
The reactions were started with an initial incubation at 50 °C for 2 min, followed by 95 °C
for 5 min, and then were subjected to 40 cycles of 95 °C for 10 s, 60 °C for 20 s, and 72 °C
for 20 s. All RT-qPCRs were normalized using the Ct value corresponding to actin. Relative
expression values were calculated using the 2-44¢t method [33]. A heat map for relative
expression was generated by using TBtools software (v1.098745) (South China Agricultural
University, Guangdong, China) [34].

2.7. Statistical Analysis

The statistical software Statistix 8.1 (v8.1) (Analytical Software, Inc., Tallahassee, FL,
USA) was used for data evaluation and significant differences among different experimental
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variables were found by All-Pairwise Comparisons Tukey’s HSD test at a significant
difference p < 0.05. Excel (Microsoft Corp., Redmond, WA, USA) was used for finding the
standard error and mean values. The Pearson correlation was calculated by using jamovi
(v2.2.5) software (The jamovi project, retrieved from https://www.jamovi.org (accessed on
30 June 2022)) [35].

3. Results
3.1. Comparing the Contents of Total Soluble Solids and Organic Acids between Pear Core
and Pulp

Pear fruit of three developmental stages, specifically at 60, 85, and 110 DAF, were
selected for initial quality comparison and Physico-chemical analysis between the core and
pulp. The phenotypic traits of the fruit and separation of the core and pulp were shown in
Figure 1A. The titratable acidity (TA %) in the core of the pear was always 3-folds higher
than the fruit pulp and calculated as 0.5% for the core and 0.15% for the pulp at 110 DAF,
while the total soluble solids (TSS) were witnessed to be lower in the core (10.5 °Brix) than
in the pulp (11.1 °Brix) (Figure 1B).
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Figure 1. Comparison of fruit physical traits, total soluble solution (TSS), and titratable acidity
(TA) between pear core and pulp during fruit development. (A) Pictorial view of pear fruit and
identification of pear core and pear pulp. (B) Evaluation of TSS (°Brix) and TA (%) between core and
pulp of pear fruit during development. (C) Organic acid contents between core and pulp of pear fruit.
The asterisk denotes significant difference (p < 0.05) between core and pulp tissues of pear fruit; error
bar determines + SD of four replications.

In addition, the accumulation trend of citrate and malate was observed between the
pear core and pulp. In the core, citrate increased significantly from 1.9 mg/g (60 DAF) to
4.4 mg/g (110 DAF), while in the pulp, citrate increased slightly from 1.0 mg/g (60 DAF) to
1.5 mg/g (110 DAF) during fruit development (Figure 1C). The accumulated citrate content
in the core was always significantly higher than that in the pulp and it was three-fold higher
at 110 DAF than that in the pulp. In addition, the malic acid content decreased along with
fruit development in both the pear core and pulp; however, at 60 DAF the malate content in
the core (4.2 mg/g) was noticed to be significantly higher than that in the pulp (3.3 mg/g),
while at 110 DAF, it was slightly lower in core (2 mg/g) than that in the pulp (2.5 mg/g)
(Figure 1C).

3.2. Comparing the Relative mRNA Levels of Malate Synthesis- and Degradation-Related Genes
between Core and Pulp

Relative mRNA levels of malate synthesis- and degradation-related genes were as-
sessed in the core and pulp of pear during fruit development by qPCR analysis and shown
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as a heat map in Figure 2. We observed that the expression levels of the synthesis-related
genes MS1 and cMDH?2 were 3-fold higher and MS2 was 6.7-fold higher in the core than
in the pulp at 60 DAF, while at 85 and 110 DAF, no significant difference was observed
between the pear core and pulp; cMDHI showed a 1.5-fold lower expression in the core
than the pulp at 60 DAF, with no significant difference at 85 and 110 DAF between them.
In addition, degradation-related genes mMDH1 and mMDH?2 showed a relatively lower
expression in the core than in the pulp at 60 and 110 DAF, with no significant difference at
85 DAF between the pear core and pulp. Additionally, relative transcript levels of ME1,
ME?2, and ME3 did not show any significant difference between the pear core and pulp
during fruit development (Figure 2).
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Figure 2. Heatmap of relative mRNA level profiles for malate synthase- and degradation-related
genes between core and pulp during fruit development. Maximum levels are denoted by red and
minimum levels are denoted by yellow color boxes. Abbreviations: MS—Malate synthase; cMDH—
cytosolic malate dehydrogenase; mMDH—mitochondrial malate dehydrogenase; ME—malic enzyme.

3.3. Comparing the Relative mRNA Levels of Citrate Synthesis- and Degradation-Related Genes
between Core and Pulp

The relative mRNA expression levels of four key genes related to citrate synthesis
(CS) and ten citrate degradation-related genes including ATP-citrate lyase (ACL) and
aconitase (ACO) were compared between the pear core and pulp during fruit development
(Figure 3). It was observed that three CS genes (CS1.1, C51.2, CS2.1) showed relatively
higher expressions in the core than the pulp at 60 DAF, while no significant difference in
their transcript levels existed between the core and pulp at 85 or 110 DAF. Another CS gene,
(CS2.2 showed a nearly doubled mRNA level in the core than the pulp at 60 or 85 DAF, with
no significant difference at 110 DAF between the core and pulp (Figure 3).

As for the most analyzed citrate degradation-related genes, their relative mRNA levels
did not show any significant differences between the core and pulp of the pear during fruit
development. However, two genes, ACLx1.1 and ACLB1.2, showed higher relative mRNA
levels in the core than in the pulp for all three fruit developmental stages. ACO genes,
including ACO1.1, ACO1.2, and ACO2, showed higher relative mRNA levels at 60 DAF in
the core than in the pulp, with no significant differences at 85 and 110 DAF. In addition,
three genes, ACLa1.2, ACLB1.1, and ACO3, showed lower relative mRNA levels at 110 DAF
in the core as compared to the pulp (Figure 3).
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Figure 3. Heatmap of relative mRNA level profiles for citrate synthase- and degradation-related
genes between core and pulp during fruit development. Maximum levels are denoted by red and
minimum levels are denoted by yellow color boxes. Abbreviations: CS—Citrate synthase; ACL—ATP
citrate lysase; ACO—aconitate hydrates.

3.4. Comparing the Relative mRNA Levels of Di-Carboxylate Transporter Genes for Citrate and
Malate Translocation between Core and Pulp

Two tonoplast di-carboxylate transporter genes (tDT1 and tDT2) showed similar
expression profiles during fruit development. Their relative mRNA levels were reduced
to half in the core compared to in the pulp at 60 DAF and did not show a significant
difference at 85 and 110 DAF (Figure 4A). The relative mRNA levels of the mitochondrial
di-carboxylate carrier 2 (DIC2) gene were always observed two-fold higher in the core
than in the pulp during fruit development. Moreover, another di-carboxylate transporter
(DIT2) gene showed significantly lower expression levels at 85 and 110 DAF in the core
than in the pulp, while no significant difference was observed at 60 DAF between the core
and pulp during the fruit development of pear (Figure 4A). In addition, we calculated
the Pearson correlation between the citrate, malate, and di-carboxylate transporters genes,
and we found that the relative mRNA levels of tDT2 and DIT2 were significantly and
positively correlated with the malate contents, while the relative mRNA level of DIC2 was
significantly and positively correlated with the citrate content (Figure 4B).
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Figure 4. Transcript comparison of di-carboxylate transporter genes for citrate and malate transport
between pear core and pulp during pear fruit development. (A) Relative mRNA levels of genes
related to di-carboxylate transporter (tDT), mitochondrial di-carboxylate carrier (DIC2), and di-
carboxylate transporter (DIT2) in core and pulp. (B) Pearson correlation matrix between malate or
citrate content and di-carboxylate transporter genes’ relative mRNA levels. The colored gradient
legends represent coefficients of correlation r-values from +1.0 (dark green) to —1.0 (dark red). The
asterisk denotes significant difference (p < 0.05); error bar determines & SD of four replications.

3.5. Comparing the Relative mRNA Levels of ALMT Genes for Malate Accumulation between Core
and Pulp

The relative mRNA levels of the four aluminum-activated malate transporter (ALMT)
genes were compared between the core and pulp of pear during fruit development
(Figure 5). The relative mRNA levels of ALMT9.1, ALMT9.2, and ALMT9likel showed
a somewhat similar trend and exhibited 2-fold, 2.5-fold, and 2.5-fold lower levels in the core
than in the pulp at 60 DAF, respectively, with no significant differences at 85 and 110 DAF.
Another gene, ALMT9like2, was observed to have a three-fold higher relative mRNA level
in the pear core than in the pulp at 60 DAF, and no significant difference was seen at 85 and
110 DAF (Figure 5A). Moreover, Pearson correlation analysis does not show a significant
and positive correlation between the ALMT relative mRNA level and the malic acid content
during fruit development (Figure 5B).

3.6. Comparing the Relative mRNA Levels of Plasma Membrane-Type Genes between Core
and Pulp

By screening the pear genome database housed on GDR (https://www.rosaceae.org/)
(accessed on 20 November 2021) with already-published P-type ATPase genes from citrus
(CsPHS8) and apple (MdMa10), and further by phylogenetic analysis, we identified five
important PH genes in pear called PH1.1, PH1.2, PH2, PHS8.1, and PHS.2. Of them, PH1.1,
PH1.2, and PH2 were close to MdMA10, while PH8.1 and PH8.2 were clustered to CsPH8
(Figure S1). PH1.1 and PH1.2 had similar expression trends and had higher relative mRNA
levels in the core as compared to the pulp at 60 DAF, while no significant differences were
found at 85 and 110 DAF (Figure 6A). On the other hand, the relative mRNA levels of PH2
and PHS.2 showed significant differences with a significantly higher expression in the core
than in the pulp during fruit development; PHS8.1 always exhibited a three-fold higher
relative mRNA level in the core than in the pulp during fruit development (Figure 6A).
Additionally, by Pearson correlation analysis, it was seen that the relative mRNA level of
PH2 or PH8.1 has a significant and positive correlation with the citrate content (Figure 6B).


https://www.rosaceae.org/

Agronomy 2022, 12, 1966 8of 12
3 : 3 ALMT9.2
ALMT9like1 (Ppy0690855) ALMT9like2 (Ppy1490982) Pearson
5 Correlation
o] -@- Core
2 O~ Pup | 2 [ ~ |
o ALMT9.1 10 05 00 05
3 ./‘\ * 3
> 1 1 g
: s 3 ALMTOlike2 8057
2 o P
£ o o &
2 ALMT9.1 (Ppy06g1903) % ALMT9.2 (Ppy14g1916) o ALMTOlike 03
B : .
& &
Citrate -0.57
\3\__,0 O. E— 0]
Malate 0.54
0 0
60 85 110 60 85 110
N N
Days After Flowering Days After Flowering &‘?‘?& ,\\\& (§{_® q\&é’b & &Q’(}
S 9 & & v\}‘ v&

Figure 5. Transcript comparison of aluminum-activated malate transporter genes (ALMT5) for citrate
or malate accumulation between pear core and pulp during pear fruit development. (A) Relative
mRNA levels of ALMT genes in core and pulp. (B) Pearson correlation matrix between malate or
citrate content and ALMT genes’ relative mRNA levels. The colored gradient legends represent
coefficients of correlation r-values from +1.0 (dark green) to —1.0 (dark red). The asterisk denotes
significant difference (p < 0.05); error bar determines & SD of four replications.

PH8.2
2 2 Pearson
PH1.1 (Ppy06g1537) PH1.2 (Ppy14g1640) =@~ Core Correlation
O Pup PH8.1 L
* * 10 05 00 05 10
1 1
% \E \1 % h
g g
o ° ° 2
% ° ° g PH1.2
E 0 2 £ ’
¢  |PH8.1(Ppy09g1399) °
] * $  PHIA
[i4 * * 4
11— 1
Citrate
o Yol (o)
0 0 Malate
60 85 110 60 85 110 60 85 110

Days After Flowering

Days After Flowering Days After Flowering &
>

W~

4
& &

Figure 6. Transcript comparison of plasma membrane P3-ATPases genes (PHs) for citrate or malate
accumulation between pear core and pulp during pear fruit development. (A) Relative mRNA levels
of PH genes in core and pulp. (B) Pearson correlation matrix between malate or citrate content and
PH genes’ relative mRNA levels. The colored gradient legends represent coefficients of correlation
r-values from +1.0 (dark green) to —1.0 (dark red). The asterisk denotes significant difference
(p < 0.05); error bar determines + SD of four replications.

4. Discussion

By the means of fruit biology, the pear is an exceptional fruit termed as pome and an
accessory fruit. The ripe fruit can be visualized as two parts the core and the pulp; the core
is developed from the ovary of a flower while the pulp is derived from adjacent tissues of a
receptacle [27,28]. Recent studies on accessory fruits have determined that the metabolites
can be differently accumulated among different parts of an individual fruit [36-38]. In
the present study, we found that the two portions (core and pulp) from a pear fruit have
significantly different fruit quality in terms of TA and TSS °Brix (Figure 1) which were
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consistent with previous findings in apples, pears, and strawberries [36-38]. Moreover,
we observed the citrate contents were always higher during fruit development in the core
and increased by up to three-fold more in the core than in pulp at the ripe stage, while
the malate contents are slightly lower in the core than in the pulp at the ripening stage
(Figure 1C). Hence, the sour taste of the pear core is ascribed to the higher accumulation
ratio of citrate therein.

Malate is a predominant organic acid in pear species’ pulp [12]. Here we also found
that the malate contents (2.5 mg/g) are higher than the citrate contents (1.5 mg/g) in the
pulp of a ripe pear fruit (Figure 1C). In plants, malate regulation was also widely studied
among different species of pear fruit [10,39,40]. For example, cMDH and MS are considered
important enzymes to produce malic acid, while nMDH and ME are the key enzymes to
degrade malate into oxaloacetate and pyruvate, respectively [11]. Our findings showed that
the relative activity of MS1, MS2, and cMDH?2 was 3- to 6.7-fold higher, while the relative
mRNA levels of mMDH1 and mMDH?2 were lower in the core than in the pulp at early fruit
development (Figure 2), indicating that the higher malate contents at 60 DAF were possibly
due to more synthesis- and less degradation-related genes activity in the core than in the
pulp. Other than synthesis and degradation, the translocation of organic acids into a vacuole
is an important step to maintain cell pH between different cell organelles [5]. Genes of
aluminum-activated malate transporter 9 (ALMT9) and tonoplast di-carboxylate transporter
(tDT) are localized on the tonoplast of cells and highly recognized for the transportation of
malate into the fruit vacuole [10,14]. This study showed that the ALMT9like2 expression
level was significantly higher at 60 DAF, while at 110 DAF, another gene tDT2 expression
level was significantly lower in the core than in the pulp; moreover, the tDT?2 relative
mRNA level showed a positive correlation with the malate contents (Figure 4B). Likewise,
in plants, a di-carboxylate transporter gene (DIT) is known to be an important malate
valve regulator to maintain the redox balance [17,18]. This study showed that the relative
expression level of DIT2 was significantly lower in the core than in the pulp at 85 and
110 DAF; Pearson correlation analysis also showed a significant and positive correlation
between the DIT2 relative mRNA level and the malate content (Figure 4B). These findings
implied that increased malate contents in the pear core at early fruit development were due
to a higher expression of the ALMT9like2 gene, while, at the maturity stage, tDT2 and DIT2
activity was mainly responsible for the higher malate contents in the ripe pear pulp.

Citrate is another important organic acid in sand pear fruit pulp [12]. Here, we
observed that the citrate contents were 1.6-fold lower than the malate contents in the
pulp, and 2.3-fold higher than the malate contents in the core of the pear fruit at maturity
(Figure 1C). Citrate is produced by the key enzyme CS in a TCA cycle. To date, it was
described that the CS activity may not be the reason for higher citrate accumulation in the
cell vacuole [19,41]. We identified four transcripts of the CS gene in the sand pear genome,
out of which three genes, C51.1, CS1.2, and CS2.1, showed higher expression levels in the
core at 60 DAF, while CS2.2 exhibited a nearly doubled mRNA expression level in the core
at 60 and 85 DAF, as compared to that in the pulp (Figure 3), indicating that citrate is more
synthesized by CS genes in the core than in the pulp at early fruit development. Near the
ripening stages, organic acid degradation should be initiated in fruits to produce sugars
and other secondary metabolites [4]. Generally, citrate degradation was induced by ACO
and ACL enzymes in the cytosol and is usually described to negatively regulate the citrate
contents in citrus species [19,42]. We identified ten transcripts of ACO- and ACL-related
genes in the pear genome database (Table S1); the transcript expression analysis showed
that most ACL and ACO genes have little or no significant difference during fruit growth
between the core and pulp, while three genes, ACLx1.2, ACLB1.1, and ACO3, showed
lower relative expression levels at 110 DAF in the core as compared to the pulp (Figure 3),
indicating that in the pear core, the citrate was less degraded even at the ripening stage than
the pulp and was actively stored in the pear core cell vacuole. Citrate storage in the vacuole
is an essential step for maintaining the cellular pH [5]. Recently, a mitochondrial DIC2
gene was acknowledged as an important translocator of citrate from mitochondria into
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cytosol [20], our analysis showed that the relative expression level of the DIC2 gene was
two-fold higher in the pear core than in the pear pulp during all fruit development stages
(Figure 4A). Moreover, we observed that DIC2 has a significant and positive correlation
with the citrate accumulation trend, indicating that in the core, more citrate was excreted
from the mitochondria into the cytosol to be transferred into the cell vacuole. Furthermore,
different genes from the plasma membrane H*-ATPase (P-type ATPase) family were known
for their special role in the vacuolar acidification of fruit cells. In citrus species, CsPH8 and
CitPH5 were recognized to mainly regulate citrate into the cell vacuole [23,24], while in
apple, MdMal0 was reported to regulate malate into the cell vacuole [26]. We identified
highly similar transcripts of previously reported PH genes in pears by phylogenetic analysis
(Figure S1), and our qPCR analysis showed that three genes, PH8.1, PH8.2, and PH2, have
higher expression levels in the core than in the pulp during all fruit developmental stages.
Additionally, the PH8.1 gene always showed a three-fold higher relative expression in the
pear core than the pulp (Figure 4A). Moreover, Pearson correlation analysis showed that
only PH2 and PHS8.1 have a significant correlation with the citrate contents (Figure 6B),
implying that the increased expression of the PH2 or PH8.1 gene resulted in higher citrate
storage in the pear core than in the pulp. Taken together, the increased citrate content in
a ripe pear core is due to the amplified citrate transportation into the vacuole, which is
induced by the collaborative and amplified activity of two genes, PH8.1 and DIC2.

5. Conclusions

We witnessed lower TSS (°Brix) and higher TA (%) in the ripe pear fruit core than in
the pulp. The higher TA (%) in the pear core was ascribed to the three-fold increased citrate
contents and relatively lower malate contents. The transcript activity of citrate-malate
synthesis-related genes was higher in the core than in the pulp at early fruit growth, while
the overall transcriptional activity of the degradation-related genes was nearly similar
or non-significant between the core and pulp during fruit development. In comparison
to the pear fruit pulp, the lesser malate content in ripe pear pulp was mainly due to the
decreased vacuolar malate storage by the tDT2 gene, and a higher accumulation of citrate
in the pear core is mainly due to the collaborative and higher expression of PH8.1 and
DIC2 genes. Moreover, we propose that the proton pump (P3A-ATPases) genes are critical
for citrate regulation and the acidification of fruit vacuoles. In future studies, with the
help of molecular breeding tools, citrate-malate accumulation can be optimized in pears to
improve fruit flavor and fruit quality.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /agronomy12081966/s1. Figure S1: Phylogenetic analysis of
pear P35-ATPases polypeptide sequences and other important PH proteins from Petunia (PhPH5),
Arabidopsis (AtAHA10), Citrus (CsPHS8), and Apple (MdMa10) marked with red circles. Underline
shows the position of important and highly similar pear isoforms analyzed in the study. The tree was
constructed using MEGA X program with neighbor-joining method, and bootstrap of 1000 replicates.
Table S1: Putative genes for citrate and malate regulation in pear, and their corresponding primer
information.
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