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Abstract: Watercore is a physiological disorder in pineapples, which is expressed as fluid depo-
sition in intercellular spaces and presents as water soaked. This disorder affects the fruit quality
and decreases storage life, resulting in enormous commercial losses to growers and restricting the
development of the pineapple industry in China. However, the molecular mechanism of water-
core remains unclear. In order to elucidate the molecular mechanism of pineapple watercore, the
transcriptome analyses of watercored and normal fruits were carried out in pineapples for the first
time using de novo RNA-seq technology. High-quality reads of 46.66 and 43.71 M were obtained in
the transcriptomes of normal and mildly watercored fruits, respectively. Clean reads of 45.50 and
42.79 M were obtained after filtering the original data. These genes are useful resources in subsequent
pineapple watercore research. Fifty genes in phenylpropanoid biosynthesis, glucose metabolism,
calcium transport, and cell wall metabolism were considerably different between normal and water-
cored fruits. Among them, the expressions of the AcPME, AcBGLU43, Ac4CL5, AcPER1, and AcPOD
genes were upregulated by 7–21 times in watercored fruit, while the expressions of AcSUS7 were
downregulated by 16.61 times, and the expressions of other differential genes were upregulated or
downregulated by more than 2 times. A total of 38 differentially expressed transcription factors were
obtained by screening. Among these transcription factors, WRKY was the most abundant, followed
by MYB. The acquisition of these genes is important for the first understanding of the molecular
mechanism of this physiological disorder.

Keywords: fruit quality; physiological disorder; gene expression; RNA-seq

1. Introduction

The pineapple (Ananas comosus) is a perennial herbaceous plant belonging to the
bromeliad family and is one of the most important crops in tropical and subtropical
areas [1]. However, in recent years, the watercore disorder has occurred in the main
pineapple producing areas of China (the main variety is ‘Comte de Paris’), which leads
to the water soaking of the flesh of the pineapple in the near-mature stage. This gives
off the taste of lees and over-ripeness, thus losing the commercial value [2]. The disease
occurs 2–4 weeks before the pineapple harvest, greatly reducing the economic value of the
pineapples and restricting the development of the pineapple industry to a certain extent.

Through the measurement of environmental and fruit temperature, it was found that
the incidence of watercore in pineapples was closely related to the temperature 4 weeks
before harvesting. It has been preliminarily suggested that high temperatures before the
harvest are an inducement of watercoring [3,4]. Through the determination and analysis
of the enzyme activities related to sucrose metabolism, it has been suggested that the
accumulation of sugar and the enzyme activities of glucose metabolism, especially the
activity of cell wall invertase, are closely related to the occurrence of watercore. At the same
time, fruit maturity and crown, slip, and leaf removal are also related to the occurrence
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of watercore [2,4,5]. Further studies showed that spraying calcium 10 weeks before the
harvest could reduce the incidence of watercore, suggesting that the disease may be related
to the reduction of calcium ion concentration [6]. However, up until now, the pathogenesis
of pineapple watercore has not been reported at the transcription level.

In recent years, transcriptome sequencing has been used to study the pathogenesis
of fruit tree diseases. Nishitani et al. analyzed the pathogenesis of watercore in Japanese
pears with transcriptome sequencing and identified 115 differentially expressed genes,
including genes related to sugar metabolism, hormones, and the cell wall [7]. Orcheski
et al. found that MdMADS5 and MdIDL1 could be the key candidate genes through the
transcriptome sequencing of healthy and bitter pit-affected ‘Honeycrisp’ fruit [8]. The
completion of pineapple genome sequencing provides an important basis for systematically
and deeply exploring the functional genes of pineapples and revealing the molecular
mechanism of fine traits. Transcriptome sequencing on the basis of reference genomes
can more accurately and efficiently study tissue-specific expression and the dynamic rule
of differentially expressed genes without stress [9]. In this study, based on previous
experimental studies, transcriptome sequencing was performed on healthy and watercored
fruit so as to explore the possible pathogenesis of pineapple watercore and provide the
basis for the further prevention and treatment of this disease.

2. Materials and Methods
2.1. Plant Material

The ‘Comte de Paris’ pineapple variety was used as plant material. Twenty pineapple
fruits with the same fruit maturity and no mechanical damage were selected, and the
incidence of watercore was observed after cutting. In accordance with the incidence
of watercore, the pulps of normal (CK) and mildly watercored fruit (MS) were selected
(Figure 1), quickly frozen in liquid nitrogen, and stored at −80 ◦C in a refrigerator for
further use. Three biological replicates were used.
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Figure 1. Fruit and pulp of normal fruit (CK) and mildly watercored (MS) pineapple.

2.2. Assays for Monosaccharide Content

The samples were from two types of pineapple flesh, CK and MS. The sucrose, glucose,
and fructose contents of the flesh were determined by high-performance liquid chromatog-
raphy (HPLC) in accordance with the method of Zhang et al. [10].

2.3. Determination of Cell Wall Composition

The extraction and measurement of cell wall composition (pectin, hemicellulose, and
cellulose) were performed as described by Phothiset and Charoenrein [11].

2.4. Assays for Calcium Content

Calcium content was assessed as described by Miqueloto et al. [12].
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2.5. Extraction and Determination of Total Phenolic Content

The total phenolic content was measured in accordance with the method of Zu-
pan et al. [13].

2.6. RNA Extraction, cDNA Library Preparation, and RNA Sequencing

The total RNA was isolated using a Quick Plant microRNA Isolation Kit (Huayueyang
Biotech Co., Beijing, China) following the manufacturer’s protocol. The concentrations
of the samples were quantified using a NanoDrop 2000C spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). The RNA integrity was evaluated using an Agi-
lent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Samples with RNA
integrity numbers ≥7 were subjected to subsequent analysis. Libraries were constructed
using a TruSeq Stranded mRNA LTSample Prep Kit (Illumina, San Diego, CA, USA) in
accordance with the manufacturer’s instructions. An Illumina Hiseq X Ten system was
used for the high-throughput sequencing of the constructed library to generate 125 or
150 bp double-ended data. The sequencing work was completed by OE Biotech Co., Ltd.
(Shanghai, China).

2.7. Quality Control and Mapping

A large number of Raw data were sequenced, and clean reads were obtained by
removing the joint sequence, primer sequence, and low-quality reads in the raw data.
The data quality was determined by base mass value Q30 and GC content. We used
hisat2 [14] for the clean reads and pineapple genome sequence alignment (http://pineapple.
zhangjisenlab.cn/pineapple/html/index.html, accessed on 9 May 2022), its position in
the reference genome or genetic information, and the specific sequence characteristic
information of the sequencing samples.

2.8. Differential Gene Expression and Enrichment Analysis

The fragments per kilobase of exon model per million mapped reads (KPKM) value
was used to measure the abundance value of gene expression, and the influence of gene
length and sequencing volume differences on gene expression was eliminated. The cal-
culated gene expression levels could be directly used to compare the gene expression
differences among different samples. The screening standards of differentially expressed
genes (DEGs) were p value < 0.05 and fold-change > 2 or fold-change < 0.5. The gene
ontology (GO) gene function annotation and Kyoto encyclopedia of genes and genomes
(KEGG) pathway enrichment analysis were conducted for the selected DEGs.

2.9. Gene Expression Analysis by Using Quantitative Real-Time PCR

To validate the accuracy and repeatability of the RNA-seq analysis, we selected 18 key
DEGs related to phenylpropanoid biosynthesis and performed a qRT-PCR expression
analysis between CK and MS. The gene-specific primers used in the qRT-PCR analysis
are listed in Supplementary Table S1. Quantitative real-time PCR was performed using a
LightCycler 480 II System (Roche, Basel, Switzerland) and a FastStart Essential DNA Green
Master Kit (Roche, Indianapolis, IN, USA). AcActin (HQ148720) was used as a reference
gene [15]. The relative expression levels were analyzed using the 2−∆∆Ct method.

2.10. Data Analysis

The data were analyzed by variance and compared by means of the Duncan test. An
SPSS 26 software package was used for the statistical analysis.

3. Results
3.1. Phenotype and Physiology Responses of Pineapples with Watercore

The change of monosaccharide content is shown in Figure 2. MS had lower contents
of sucrose and glucose and a higher content of fructose than CK. The contents of sucrose
and glucose in MS decreased by 30% and 15.87%, respectively. However, no significant
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difference in the fructose level was determined between CK and MS. The cell walls of higher
plants are composed of polysaccharides, such as pectin, cellulose, and hemicellulose, and a
small amount of protein. As shown in Figure 3A, the contents of the cell wall components
in MS were significantly lower than those in CK. The contents of total pectin, hemicellulose,
and cellulose in MS were 14.6%, 2.6%, and 6.9% lower than those in CK, respectively. No
significant difference in hemicellulose and cellulose contents was observed between CK
and MS. The results showed that the calcium content in MS was significantly lower than
that in CK, with a decrease of 16.38% (Figure 3B). As shown in Figure 3C, the total phenolic
content in MS was lower than that in CK, but the difference was not significant.
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3.2. Transcriptome Assembly

After RNA library construction and sequencing, a total of 40.67 Gb of raw data were
obtained from the CK and MS samples. We obtained 37.94 Gb of clean reads by purification
and mass filtration, and the base percentage (Q30) was greater than 96% (Table S2). The
clean reads were sequentially compared with the pineapple genome using hisat2, and the
alignment rate was 84.40–93.54% (Table 1).

Table 1. Statistical results of reads and reference pineapple genome alignment in normal fruit (CK)
and mildly watercored fruit (MS).

Sample Total Reads Total Mapped Reads Multiple Mapped Uniquely Mapped

CK1 44,916,542 42,011,267 (93.53%) 2,149,734 (4.79%) 39,861,533 (88.75%)
CK2 48,666,772 45,257,409 (92.99%) 2,367,889 (4.87%) 42,889,520 (88.13%)
CK3 42,914,366 36,218,955 (84.40%) 1,833,786 (4.27%) 34,385,169 (80.13%)
MS1 46,000,320 42,912,877 (93.29%) 2,303,502 (5.01%) 40,609,375 (88.28%)
MS2 41,521,304 38,836,987 (93.54%) 1,942,808 (4.68%) 36,894,179 (88.86%)
MS3 40,849,212 38,192,793 (93.50%) 1,919,456 (4.70%) 36,273,337 (88.80%)

3.3. Functional Annotation and Classification of DEGs

The results showed that 625 and 438 genes were upregulated and downregulated,
respectively (Figure 4A). GO analysis showed that 778 DEGs were divided into 47 GO
functional groups, which were distributed into three main categories: biological process,
cellular components, and molecular function (Figure 4B). Within the biological process
category, genes encoding proteins related to cellular (53.98%) and metabolic processes
(46.65%) were the most enriched. Among the molecular function category, genes encoding
catalytic active-related proteins (54.11%) and binding proteins (53.47%) were the most
enriched. Within the cell component category, cells (71.97%), cell parts (71.97%), and or-
ganelles (52.31%) were the most abundant genes. The KEGG pathway analysis showed that
355 DEGs belonged to 21 KEGG pathways, among which 236 genes belonged to metabolic
pathways. Of the 236 genes, 44 percent were classified as carbohydrate metabolism, and
35 percent were classified as a biosynthesis of other secondary metabolites (Figure 4C).

3.4. Isolation of Genes Related to Pineapple Watercore

A total of 50 genes related to phenylpropyl metabolism, glucose metabolism, calcium
transport, and cell wall metabolism were screened out according to the transcriptome
differential expression gene data. Among them, the AcBGLU16, AcBGLU18, AcBGLU26,
and AcBGLU43 genes were involved in glucose and phenylpropanoid metabolism, as
shown in Table 2. The phenylpropanin metabolism pathway involves 27 DEGs, of which
20 DEGs are upregulated and 7 DEGs are downregulated. There were 13 DEGs in the
glucose metabolism pathway, of which 9 were upregulated and 4 were downregulated.
There were seven DEGs in calcium transport, of which two were upregulated and five
were downregulated. There were seven DEGs in cell wall metabolism, of which two were
upregulated and five were downregulated.
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Figure 4. Functional enrichment analysis of differentially expressed genes (DEGs) between CK and
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CK and MS; (C) KEGG pathway analysis of DEGs between CK and MS. CK: normal fruit; MS: mildly
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Table 2. Genes with different expression levels between MS and CK. Up, expression in MS > expression
in CK; down, expression in MS < expression in CK.

Gene_Id Gene_Symbol Type log2FoldChange Description

Aco011722 AcPME Up 2.854137583 pectinesterase 11
Aco012969 AcXET Up 1.255265087 xyloglucan endotrans glucosylase/hydrolase 30
Aco016281 AcIVR1 Up 2.289863633 acid beta-fructofuranosidase
Aco026402 AcPKP1 Up 2.056829939 pyruvate kinase family protein
Aco011398 AcFRK1 Up 1.438435348 5-dehydro-2-deoxygluconokinase
Aco017741 AcPGMP Up 1.386643938 phosphoglucosamine mutase
Aco015729 AcGAE3 Up 1.355618 UDP-glucose 4-epimerase
Aco012399 AcUGD4 Up 1.486515 UDP-glucose 6-dehydrogenase family protein
Aco004861 AcUGD4 Up 2.250983 UDP-glucose 6-dehydrogenase family protein
Aco013872 AcTRE Up 1.003237359 trehalase 1
Aco012649 AcBGLU43 Up 4.306265672 beta glucosidase 43
Aco020618 AcPAL2 Up 2.133105338 phenylalanine ammonia-lyase 2
Aco006521 Ac4CL3 Up 1.183466534 4-coumarate:CoA ligase 1
Aco025129 Ac4CL5 Up 2.921188885 4-coumarate:CoA ligase 1

Aco016947 AcHCT Up 1.499476601 hydroxycinnamoyl-CoA shikimate/quinate
hydroxycinnamoyl transferase

Aco012069 AcHCT Up 2.79269754 hydroxycinnamoyl-CoA shikimate/quinate
hydroxycinnamoyl transferase

Aco007241 AcCYP98A1 Up 1.636505965 cytochrome P450%2C family 98%2C subfamily A%2C
polypeptide 3

Aco012235 AcCYP Up 2.542137756 cytochrome P450 superfamily protein
Aco012068 AcACT Up 2.951152256 HXXXD-type acyl-transferase family protein
Aco005277 AcACT Up 2.402289818 HXXXD-type acyl-transferase family protein
Aco005931 AcALDH2C4 Up 1.807339101 aldehyde dehydrogenase family 2 member C4
Aco014080 AcCAD1 Up 1.019355317 alcohol dehydrogenase
Aco001617 AcPER1 Up 3.546972408 peroxidase superfamily protein
Aco002056 AcPER74 Up 1.025435249 peroxidase superfamily protein
Aco004613 AcPER51 Up 1.074516138 peroxidase superfamily protein
Aco004906 AcPER51 Up 1.117580037 peroxidase superfamily protein
Aco006231 AcPER19 Up 2.525533948 hypothetical protein
Aco008430 AcPER42 Up 1.195773495 peroxidase superfamily protein
Aco021357 AcPOD Up 4.360885615 peroxidase 2
Aco019975 AcMenE Up 1.155621331 2-succinylbenzoate-CoA ligase
Aco001760 AcCaM Up 1.428628 calmodulin 4
Aco011911 AcCDPK Up 1.089562 calcium-dependent protein kinase family protein
Aco005383 AcPG Down −2.069971595 pectin lyase-like superfamily protein
Aco012764 AcPG Down −1.164585972 pectin lyase-like superfamily protein
Aco002117 AcPG Down −1.223500285 pectin lyase-like superfamily protein
Aco005884 Acβ-GAL Down −1.218990617 beta galactosidase 1
Aco008843 Acβ-GAL Down −1.169607745 beta-galactosidase 3.2.1.23
Aco009217 AcSUS7 Down −4.053601538 sucrose synthase 6
Aco022842 AcBGLU16 Down −1.011064316 beta glucosidase 46
Aco022841 AcBGLU18 Down −1.068956025 beta glucosidase 46
Aco027476 AcBGLU26 Down −1.396179751 beta glucosidase 43
Aco007727 AcPAL Down −1.356980424 phenylalanine ammonia-lyase 4.3.1.24
Aco003045 AcPER11 Down −2.311152206 peroxidase superfamily protein
Aco021986 AcPER1 Down −2.087255016 peroxiredoxin-6
Aco017493 AcOMT2 Down −1.475079229 O-methyltransferase 1
Aco001959 AcACA1 Down −1.7013 calcium-transporting ATPase
Aco004232 AcACA7 Down −1.77096 calcium-transporting ATPase
Aco007015 AcACA4 Down −1.22819 calcium-transporting ATPase
Aco019320 AcCML25 Down −2.35851 calmodulin-like 23
Aco024800 AcCML29 Down −2.16685 calmodulin-like 23
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3.5. Isolation of Transcription Factors (TFs) Related to Pineapple Watercore

To identify the TFs involved in the watercore response, we analyzed the TFs of DEGs.
A total of 38 TFs, covering nine families of TFs, were identified (Figure 5). The results
showed that the TFs HSF, GATA, NAC, and MYB were only upregulated, and MADS
was only downregulated in MS vs. CK, while bZIP, ERF, bHLH, and WRKY were both
upregulated and downregulated. The proportion of the up/down regulations of bzip was
3/2; ERF, bHLH, and WRKY were all 3/1.
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3.6. Confirmation of DEGs Related to the Phenylpropanoid Biosynthesis Pathway Using qRT-PCR

The 18 DEGs that may be related to the pathogenesis of pineapple watercore were
analyzed and verified with RT-qPCR, and the results are shown in Figure 6. The results
indicated that most gene expression patterns were similar using both methods. Similar
results from the log2Fold (qRT-PCR) and log2Fold change (RNA-seq) analyses indicated
that the RNA-seq data were reliable.
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4. Discussion

Previous studies on apple and pear watercore found that the accumulation of sor-
bitol may be a cause of watercore. Fruit affected by watercore had lower fructose and
glucose contents, but higher sorbitol content [16,17]. The reason for the accumulation
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of sorbitol is that the reduction of sorbitol transport ability leads to the accumulation of
sorbitol in the intercellular space, thus inducing the occurrence of watercore [18]. The
accumulation of sugar and the activity of glucose-metabolizing enzymes in pineapples
have also been suggested as a cause of watercore [2,4]. Pineapple watercore may be related
to the accumulation of sugar because pineapple basal tissue has 3% to 4% higher total
soluble solids than pineapple top tissue [2]. However, the sucrose and glucose contents in
watercored fruits are less than those in normal fruits. Regardless of whether the occurrence
of watercore is related to sugar accumulation or reduction, our data suggested that sugar
metabolism genes are differentially expressed in fruits. Other studies have suggested that
watercore is related to changes in membrane permeability and integrity and is associated
with maturation [19]. The composition and structure of cell walls were changed in the
watercored fruit, and the low accumulation of cell wall components may lead to watercore
in pears [20,21]. The results of this study showed that the contents of pectin, hemicellulose,
and cellulose in watercored pineapple fruits were lower than those in normal fruits, and this
finding was consistent with the results of the study on pears with watercore disorder. The
phenylpropanoid pathway is also closely related to the occurrence of watercore. The Cebulj
et al. study showed that the content of dihydrochaldone in the flesh of watercored fruit
was higher, and the activity of enzymes related to the phenylpropane pathway significantly
changed in the early stages of watercore [22]. Zupan et al. showed that watercore had an
effect on the sugar and phenol contents of apple fruit before internal decomposition and
browning [13]. The total phenolic content in pineapples with watercore in this study was
consistent with research results in apples. Calcium deficiency can weaken the tolerance
of plants to biotic and abiotic stresses, leading to the occurrence of some physiological
diseases that seriously affect the quality of fruits [23,24], e.g., apple bitter pit [25], citrus
crease [26], and litchi cracking [27]. Studies have shown that the occurrence of watercore
decreases due to calcium fertilization during fruit development [28,29]. The results of this
study showed that the calcium content of fruit with watercore was significantly lower than
that of the control, suggesting that the occurrence of pineapple fruit with watercore may be
related to calcium deficiency.

For plants, RNA-seq technology makes a remarkable contribution to the understanding
of gene expression level and aims to understand which genes are involved and expressed
in various mechanisms, organs, and cells. At present, the application of RNA-seq in the
molecular mechanism of watercore has been reported. Nishitani et al. conducted a tran-
scriptome analysis of watercore in Japanese pears by comparing susceptible and resistant
F1 sibs and identified a total of 115 genes related to glucose metabolism, hormones, and cell
walls [7]. Cebulj et al. conducted a transcriptome analysis on healthy and watercore-affected
apples and found the upregulated expression of the early flavonoid pathway, sorbitol
metabolism, and stress-related genes in the healthy flesh of watercore-affected fruits [22].
These studies provide a possibility for the transcriptome analysis of the pathogenesis of
pineapple watercore.

Phenolic compounds are the most important secondary metabolites in fruits and
vegetables, which can scout free radicals and have antioxidant and antiaging properties. In
this study, the 9 AcPER, 2 AcPAL, 2 Ac4CL, 1 AcCAD, and 2 AcCYP genes were differentially
expressed. These genes may be involved in the regulation of resistance to watercore by
regulating the synthesis and accumulation of downstream secondary metabolites, lignin,
and flavonoids [30]. PMEs, PG, β-GAL, and XET are the key enzymes in plant cell wall
degradation; participate in the cell wall degradation of blueberries [31], pears [32], and
cherimoyas [33]; and promote fruit softening. In this study, the expression levels of the
AcPME and AcXET genes were upregulated in pineapples with watercore, thus promoting
the degradation of the pineapple pulp cell wall.

Calcium is an indispensable element for plant growth and development and has many
irreplaceable physiological functions, such as building cell walls, stabilizing cell membranes,
participating in signal transduction, and maintaining cell ion balance [34]. Plants can use
Ca2+ channels, Ca2+/H+ exchangers, Ca2+-ATPase (ACA), and calcium-binding proteins to
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regulate the calcium content in cells. ACA and Ca2+/H+ exchangers can actively transport
Ca2+ to vacuoles [35,36], thus maintaining low cytoplasmic Ca2+ levels. In this study, we
found that three AcACA genes were downregulated in watercored fruit. Calcium-binding
proteins include calmodulin/calmodulin-like proteins (CaMs/CMLs), calcineurin-B-like
proteins (CBLs), and calcium-dependent protein kinases (CDPKs) [37]. CBLs, CaMs, and
CMLs function by regulating the activities of downstream targets. However, CDPKs only
act as catalytic proteins and are sensor responders that bind calcium ions and regulate
their enzymatic activities. CaM gene expression in tomato, strawberry, and Arabidopsis is
affected by ABA, SA, GA, and other plant growth regulators [38–40]. Studies on the CML
gene in Arabidopsis showed that AtCML9 plays a negative regulatory role in Arabidopsis
under drought and salt stress conditions [41]. Arabidopsis AtCPK1 can promote cell death
and organ senescence by phosphorylating the core-aging-related transcription factor ORE1
and enhancing ORE1 transcriptional activation activity [42]. Potato StCDPK4 promotes
the production of reactive oxygen species in the extracellular space by phosphorylating
RBOHB, thereby inducing programmed cell death [43]. In this study, we found that the
AcCDPK and AcCaM genes were upregulated, but two AcCML genes were downregulated
in watercored fruit. Thus, we speculated that due to the downregulation or upregulation of
calcium transport genes, calcium metabolism disorder is caused, and the stress resistance
of pineapples is reduced, leading to the occurrence of watercore.

Some TFs are differentially expressed in watercored and normal fruits. Genes for
at least seven MYB-like proteins have been detected. MYB transcription factor plays an
important role in various processes of plant growth and development, such as regulating
the biosynthesis of secondary metabolites, participating in various stress responses, and
responding to plant hormone responses [44,45]. The identification of components affected
by these MYB genes may provide molecular markers for predicting watercore before its
symptoms become visible.

5. Conclusions

The occurrence of pineapple watercore is a complex process involving multiple
genes and various metabolic processes. The results of this study showed that the expres-
sion levels of genes related to phenylpropanoid biosynthesis, calcium transport, glucose
metabolism, and cell wall metabolism were increased or decreased, resulting in incomplete
cell wall structure, accelerated degradation of the cell wall, and the occurrence of water-
core (Figure 7). The results provide reference for the molecular mechanism of pineapple
watercore from the transcriptional level and genetic resources for the exploration of key
functional genes of watercore.
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