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a b s t r a c t

Sugars will eventually be exported transporters (SWEETs) are a group of recently identified sugar
transporters in plants that play important roles in diverse physiological processes. However, currently,
limited information about this gene family is available in pineapple (Ananas comosus). The availability of
the recently released pineapple genome sequence provides the opportunity to identify SWEET genes in a
Bromeliaceae family member at the genome level. In this study, 39 pineapple SWEET genes were
identified in two pineapple cultivars (18 AnfSWEET and 21 AnmSWEET) and further phylogenetically
classified into five clades. A phylogenetic analysis revealed distinct evolutionary paths for the SWEET
genes of the two pineapple cultivars. The MD2 cultivar might have experienced a different expansion
than the F153 cultivar because two additional duplications exist, which separately gave rise to clades III
and IV. A gene exon/intron structure analysis showed that the pineapple SWEET genes contained highly
conserved exon/intron numbers. An analysis of public RNA-seq data and expression profiling showed
that SWEET genes may be involved in fruit development and ripening processes. AnmSWEET5 and
AnmSWEET11 were highly expressed in the early stages of pineapple fruit development and then
decreased. The study increases the understanding of the roles of SWEET genes in pineapple.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

In plants, sugar transporters, which function in regulating plant
sugar translocation and allocation, play crucial roles in multiple
plant biological processes [1e3]. Sugars will eventually be exported
transporters (SWEETs) represent a new class of sugar transporters
belonging to the MtN3-like clan and are characterized by seven ɑ-
helical transmembranes (TM) domains [4]. They are organized as
tandem repeats of two 3-TM domains and by a low conserved
single TM connection. The resulting structure has been described as
the 3-1-3 TM SWEET structure. SWEET members with two repeats
are the predominant form found in higher plants [4,5].

SWEETs are involved in many different functions in plants,
including sugar efflux, plant nectar production, seed and pollen
development, senescence, host-pathogen interactions, and re-
sponses to various biotic and abiotic stresses [3,6e11]. For example,
the earliest proposed SWEET proteins act as sugar transporters that
facilitate the diffusion of sugars across cell membranes down a
concentration gradient, and thus, they were named SWEET. In
Arabidopsis, SWEET1 was the first characterized plant SWEET
transporter, and it acts as a glucose uniporter in different systems
[12,13]. AtSWEET11 and 12 mediate sucrose export from phloem
parenchymal cells into the apoplast prior to sucrose uptake by sieve
elementecompanion cell complexes [10]. AtSWEET17 exports
fructose out of the vacuole and plays a key role in facilitating
bidirectional fructose transport across the tonoplast of roots in
response to the metabolic demand to maintain cytosolic fructose
homeostasis [14]. AtSWEET9, a nectary-specific transporter
expressed in nectary parenchyma, is an efflux transporter essential
for nectar production [15]. Among the studied SWEET genes, a
number are involved in plant reproductive development. At least
two members of the rice (Oryza sativa) SWEET gene family, Xa13/
Os8N3/OsSWEET11 and Os11N3/OsSWEET14, have been character-
ized as regulating rice reproductive development [16,17]. SWEET
transporters are the target of extracellular pathogens that modify
their expression levels to acquire the sugar necessary for their
growth [18]. In Arabidopsis, SWEETs are differentially regulated
following infection with different types of pathogens, suggesting
that each pathogen deploys a specific strategy to divert host
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carbohydrates for its growth [13].
The SWEET gene family has also been comprehensively identi-

fied in several plants based on the completion of an increasing
number of genome sequencing projects. For instance, there are 17
members in Arabidopsis thaliana [2,13], 23 members in rice [19], 27
members in apple [20], 23 members in sorghum [21], 52 members
in soybean [22], 18 members in pear [23], and 17 members in
grapevine [24]. The greatest number of basal SWEET genes was
identified in the lineage of non-plant eukaryotes and green alga.
However, pineapple SWEET genes have not yet been systematically
researched. Pineapple is an important tropical and subtropical fruit
in the world, and is the third most produced tropical fruit, behind
banana and citrus. Pineapple is a C3 plant, having a specialized
crassulacean acid metabolism, photosynthetic carbon assimilation
pathway with a high water-use efficiency. The recent completion of
the pineapple genome sequence made it possible for genome-wide
identification of specific gene families [25,26]. Until now, no SWEET
genes have been reported in pineapple. Thus, there is an urgent
need to completely identify and classify the SWEETs and to char-
acterize their roles in pineapple.

This study aimed to identify all potential SWEET genes encoded
in the pineapple F153 and MD2 cultivar genomes, and compare
their structures and phylogenetic relationships. Further, some
routine bioinformatics analyses were performed, including gene
structures, chromosomal distribution, collinearity, and phyloge-
netics. Finally, functional predictions were performed based on the
gene expression analyses of different fruit developmental stages.
The results will provide an important foundation for future studies
on cloning and functional characterizations of SWEETs in
pineapple.
2. Material and methods

2.1. SWEET gene family sequence and database searches

The pineapple genomes of two cultivars were obtained from
National Center for Biotechnology Information (NCBI) [25]. To
identify SWEET gene family members in the pineapple genome,
HMMER3.0 and BLAST algorithm-based searches were used to
identify members of the SWEET family. The Arabidopsis SWEET
protein sequences were used as queries to perform BLAST
algorithm-based searches against the pineapple genome databases.
Additionally, the AtSWEET genes were used as input in MEGA 7.0
software set at system default values for multiple sequence align-
ments [27]. Then, alignment results were used for structural Hid-
den MarkovModel searches of the protein databases to identify the
candidate SWEET genes. The Arabidopsis sequences were down-
loaded from The Arabidopsis Information Resource (TAIR). To verify
the reliability of the results, the sequences were subjected to
conserved domain database searches of CD-search, based on
whether they contained more than one MtN3_saliva domain [28].
2.2. Phylogenetic analysis

To explore the phylogenetic relationships of SWEET proteins
between Arabidopsis and pineapple, a phylogenetic tree comprising
35 SWEET family members from Arabidopsis (17 genes) and pine-
apple (39 genes) was constructed. In total, 35 amino acid sequences
from pineapple were aligned using ClustalW. An unrooted tree was
constructed based on the alignment using the Neighbor-Joining
method implemented in MEGA7.0, with the following parame-
ters: Poisson correction, pairwise deletion, and bootstrap (1000
replicates; random seed) [27].
2.3. Conserved domains and multiple sequence alignment analysis

A multiple sequence alignment of the predicted amino acid
sequences of the 39 SWEETs was performed using DNAMAN soft-
ware and obtained SWEET domain sequences. To investigate the
protein motifs, the MEME tool was used to identify conserved
motifs shared among SWEET proteins. The following optimized
parameters of MEME were employed: the maximum number of
identified motifs was set to eight, and the optimum width of each
motif was set from 1 to 50 residues [29].

2.4. Structural analysis

The exon/intron organization of the pineapple SWEET genes,
including intron distribution patterns, phases, and introeexon
boundaries, were analyzed using Gene Structure Display Server
(GSDS) tool [30]. Information on the detailed chromosomal location
of each SWEET gene from genome annotation documents were
obtained. The structure of TM domains were analyzed in 18
members of the MtN3/saliva family by inputting the amino acid
sequences in FASTA format into the TMHMM Server v.2.0. The pa-
rameters were set to default.

2.5. Chromosomal location and duplication of SWEET family genes

The physical locations of AnfSWEET genes were obtained from
pineapple cultivar F153's genome database. MapChart softwarewas
used to draw the location images of AnfSWEET genes [31]. To
analyze the duplication pattern for each AnSWEET gene, the Mul-
tiple Collinearity Scan toolkit was applied, and the manipulations
followed the operation manual. For the synteny analysis, syntenic
blocks within the pineapple genome and those containing pine-
apple SWEET genes were identified and analyzed [32].

2.6. Expression patterns of SWEET genes

The expression patterns of SWEET genes from various pineapple
genotypes were analyzed using RNA-seq data from previous
research [25]. The expression level of each gene was measured by
fragments per kilobase of exon model per million reads mapped
(RPKM) values. For the developmental stage dataset, RPKM values
were log2 transformed before generating heat maps. The heat maps
were generated by R software. Differences in gene expression levels
are represented by a color scale.

3. Results

3.1. Identification and phylogenetic analysis of the SWEET gene
family

In this study, 42 putative SWEET genes were obtained using
HMMER3.0 to search against the pineapple protein sequences and
validate the accuracy of the BLASTP results. After submitting the 42
putative SWEETgenes to the online program SMART, three proteins
without a complete SWEET MtN3_saliva domains were removed,
while the other 39 SWEET genes were selected as possible mem-
bers of the SWEET superfamily.

A similar number of sequences associated with the SWEET gene
family were identified in the two cultivars: 18 different sequences in
F153 and 21 in MD2. The SWEET genes were renamed as
AnfSWEET1e18, and AnmSWEET1e21, respectively, based on the
evolutionary relationships among protein sequences of the two
pineapple cultivars and A. thaliana. Detailed characteristics of SWEET
genes are listed in Table 1, including the SWEET gene-specific group
numbers, chromosomal distribution, and intron numbers.



Table 1
The SWEET family identified in two pineapple varieties.

Varieties Clade Name Glyma ID V1.0 Protain aa TMs Chr. No. Intron Strand mRNA coordinates

Start End

ACMD2 I AnmSWEET1 OAY83262.1 235 6 ACMD2_Scaffold_366 4 e 299480 303917
I AnmSWEET2 OAY82743.1 232 6 ACMD2_Scaffold_444 5 þ 34613 36954
I AnmSWEET3 OAY69557.1 213 7 ACMD2_Scaffold_4376 4 e 205159 206794
II AnmSWEET4 OAY70991.1 288 7 ACMD2_Scaffold_3666 4 e 310143 312229
III AnmSWEET5 OAY66951.1 268 7 ACMD2_Scaffold_5821 4 e 184795 186736
III AnmSWEET6 OAY84229.1 241 6 ACMD2_Scaffold_244 3 þ 238363 241397
III AnmSWEET7 OAY79687.1 885 8 ACMD2_Scaffold_1032 13 e 507860 514669
III AnmSWEET8 OAY79682.1 595 10 ACMD2_Scaffold_1032 9 e 487003 497857
III AnmSWEET9 OAY72957.1 220 6 ACMD2_Scaffold_2909 4 e 5470 6664
III AnmSWEET10 OAY69566.1 232 7 ACMD2_Scaffold_4372 5 e 1949 3548
IV AnmSWEET11 OAY67550.1 268 7 ACMD2_Scaffold_5476 5 þ 13792 17587
IV AnmSWEET12 OAY75472.1 282 7 ACMD2_Scaffold_208 5 e 140314 142081
IV AnmSWEET13 OAY86054.1 274 7 ACMD2_Scaffold_11 5 þ 93247 95945
IV AnmSWEET14 OAY66892.1 324 6 ACMD2_Scaffold_5860 6 þ 1026 3594
IV AnmSWEET15 OAY66999.1 211 5 ACMD2_Scaffold_5777 4 e 129596 131653
IV AnmSWEET16 OAY83986.1 302 7 ACMD2_Scaffold_285 5 e 127102 128961
IV AnmSWEET17 OAY73637.1 273 6 ACMD2_Scaffold_2642 3 þ 36810 37915
IV AnmSWEET18 OAY81169.1 274 6 ACMD2_Scaffold_719 3 þ 57555 58665
IV AnmSWEET19 OAY81173.1 273 6 ACMD2_Scaffold_719 3 þ 96383 97490
V AnmSWEET20 OAY65162.1 293 7 ACMD2_Scaffold_7187 5 þ 78499 81169
V AnmSWEET21 OAY72101.1 239 7 ACMD2_Scaffold_3232 4 e 138437 145643

F153 I AnfSWEET1 Aco011302.1 258 7 LG01 5 e 12586879 12591888
I AnfSWEET2 Aco016508.1 194 3 LG11 5 e 483467 487615
II AnfSWEET3 Aco010708.1 288 7 LG10 4 e 2953844 2955929
II AnfSWEET4 Aco006346.1 176 1 LG14 6 þ 3039676 3052361
III AnfSWEET5 Aco005793.1 288 6 LG11 5 e 12923783 12925798
III AnfSWEET6 Aco004463.1 256 6 LG05 4 e 3365524 3369279
III AnfSWEET7 Aco006158.1 885 8 LG16 13 þ 8393014 8399874
III AnfSWEET8 Aco006156.1 251 7 LG06 5 þ 8409892 8413689
III AnfSWEET9 Aco006155.1 423 7 LG16 5 þ 8414666 8419723
IV AnfSWEET10 Aco016418.1 235 7 LG10 5 þ 12052360 12055189
IV AnfSWEET11 Aco001900.1 268 7 LG18 5 þ 6983156 6988444
IV AnfSWEET12 Aco019048.1 281 7 LG20 5 þ 312384 314354
IV AnfSWEET13 Aco004628.1 274 7 LG05 5 e 4577567 4580270
IV AnfSWEET14 Aco016039.1 284 3 LG21 6 þ 737444 740233
IV AnfSWEET15 Aco003627.1 265 7 LG17 5 þ 4381873 4383930
IV AnfSWEET16 Aco017831.1 320 7 LG21 5 þ 646165 648081
V AnfSWEET17 Aco002476.1 293 7 LG04 5 þ 1314296 1317407
V AnfSWEET18 Aco006347.1 150 4 LG14 4 þ 3034035 3035486
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To categorize and investigate the evolutionary relationships of
AnSWEETs, 39 SWEET members, including 18 AnfSWEET proteins
and 21 AnmSWEET proteins, were used to construct a Neighbor-
Joining phylogenetic tree. Phylogenetic results revealed that all
AnSWEET members could be separated into five subfamilies: clade
I, II, III, IV, and V (Fig. 1). By comparing the evolution of the two
cultivars, interesting features were identified. All SWEET homologs
showed similar clustering patterns in both F153 and MD2, with the
exception of AnfSWEET3, which was not represented in MD2. Two
or more AnmSWEET genes were putative orthologs of a single
AnfSWEET gene. For example, there was only one AnfSWEET (Anf-
SWEET16) and four AnmSWEET (AnmSWEET16e19) genes together
in one group. Similar situations were observed for AnfSWEET2 and
AnfSWEET10. Additionally, clade III and IV have greater diversity
levels, with more members than clades I, II, and V.

3.2. Multiple sequence alignment and sequence features of the
SWEET conserved domains

To investigate the evolutionary relationships between MD2 and
F153 cultivars, the MEME motif search tool was employed to
identify the motifs of the 39 AnSWEET members. A total of eight
distinct conservedmotifs were found (Fig. S1). Motifs 15 and 7were
observed in almost all of the AnSWEET members. Motifs 6 and 8
were also specifically found in clades IV III, respectively. AnfSWEET4
was found to contain only one motif. Motifs 1, 3, and 4 always
existed in pairs. Otherwise, most of the results were similar to those
of the phylogenetic analysis.

Predictions of TM helices and the topology of SWEET family
proteins were carried out using TMHMM. Most members were
predicted to have a conserved topology with seven TM helices.
However, there were also 18 members who only contained 6 or less
TMs, but all of these members contained at least one TM, an
extracellular N-terminus, and an intracellular C-terminus (Table 1).

The conserved domain of the AnSWEET family was also sub-
jected to a multiple alignment analysis using 39 AnSWEET amino
acid sequences (Fig. 2). The aligned SWEET family protein se-
quences revealed that amino acid residues were highly conserved
among this family. The conservation of the SWEET proteins was
higher in the C-terminal region, and there was an absolutely
conserved glycine. In particular, in motif 5, the SWEET proteins had
the sequence ILLL(F)TLLL(Y), which contained multiple lysines.
However, the sequence was identified in group IV but was never
found any of the other subfamilies.

3.3. Structure analyses

In general, intron gain or loss generates structural complexity,
which is a key evolutionary mechanism in most gene families [33].
Thus, we further examined the structural features of the SWEET
genes of two pineapple cultivars. The positioning and distribution
of the introns of each SWEET gene are shown in Fig. 3. Most



Fig. 1. The phylogenetic analysis of AnfSWEET and AnmSWEET proteins. SWEETs proteins were used to construct the NJ tree with 1000 bootstraps based on the protein sequences.
The SWEET proteins were clustered into five clades.
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SWEETs, had five introns, while a few SWEET genes had four or
three introns. The numbers of introns in the SWEET genes of clade
III were extremely different, ranging from 3 to 13, which might
represent intron gain or loss some during evolution. In addition,
SWEET genes in clade IV had the most stable numbers of introns,
with most having five introns. Furthermore, the first two exons
were both very short for SWEET genes andmight be easily lost over
time, such as in AnmSWEET17e19, which have only four exons,
having lost the first two. Otherwise, when the numbers of introns
in the two cultivars were compared within the same branches of
the phylogenetic tree, it was found that many of the AnmSWEET
genes contained less introns than the AnfSWEET genes.

3.4. Genomic location and duplication events among pineapple
AnfSWEET genes

Chromosomal location analyses showed that all of the Anf-
SWEET genes were distributed to 12 of the 25 linkage groups (LGs)
of the F153 cultivar (Fig. 4C). However, the distribution of the 18
AnfSWEET genes on the chromosomes was not particularly
uniform.

To determine the possible relationships between the SWEET
genes and potential duplication events, segment and tandem du-
plications were processed based on the whole-genome duplication
analysis. First, 15 segmental duplication events that contained 11
SWEET genes were identified in the F153 genome (Fig. 4A). Ac-
cording to phylogenetic and chromosomal location analyses, the
AnfSWEET7/9 syntenic pair, and the AnfSWEET14/15 syntenic pair
were located very close on chromosomes 16 and 21, respectively.
Thus, AnfSWEET7 (or AnfSWEET9) and AnfSWEET14 (or
AnfSWEET15) genes may be generated by intrachromosomal frag-
ment duplications followed by the divergence of the duplicated
genes during evolution. According to phylogenetic and chromo-
somal location analyses, two very closely related pineapple SWEET
genes pairs (AnfSWEET15/16 and AnfSWEET17/18) are homologous
genes and exhibit syntenic relationships. These genes might be
generate by segmental duplications between chromosomes.

A total of 15 collinear SWEET gene pairs and 22 SWEET genes
were discovered among the two pineapple cultivar's genomes
(Fig. 4B). These collinear SWEET gene pairs in the same subgroup,
together with the phylogenetic analysis of SWEET proteins,
strongly support the reliability of the subfamily classification.
Because of the homologous genes, many-to-one relationships were
generated in some blocks. The six homologous gene pairs (Anf-
SWEET2/4 and AnmSWEET3, AnfSWEET8 and AnmSWEET7, Anf-
SWEET9 and AnmSWEET9, AnfSWEET10 and AnmSWEET10,
AnfSWEET11 and AnmSWEET11, and AnfSWEET14 and Anm-
SWEET14) showed not existing collinearity, which indicated dif-
ference between the two cultivars.

3.5. Expression patterns of SWEET genes in developing fruit

To obtain insights into the roles of the AnmSWEET genes in
pineapple fruit development and ripening, their transcript abun-
dance levels were analyzed using the transcriptome data of the five
developmental stages of pineapple fruit. The stages are in chro-
nological order from 1 to 5. The S1, S2, and S3 stages represent the
immature fruit stages, while the S4 and S5 stages represent fruit
maturing stages. Among the 21 AnmSWEETs, 12 genes were
expressed in different stages of fruit development and ripening.



Fig. 2. (A) Multiple sequence alignments of pineapple SWEET proteins. Amino acid identity of 100% is marked with a blue background, amino acids identity of higher than 75% is
marked with a pink background, amino acids identity of more than 50% is marked with a light blue background, amino acids identity of more than 33% is marked with a light purple
background. Gaps are marked as dashes. (B) The sequence of conserved motifs in the SWEET family members. The bit score indicates the information content for each position in the
sequence. The alphabet indicates the conserved amino acids residues, and bigger alphabets would indicate higher conservative. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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As shown in Fig. 4D, the expression profiles for different Anm-
SWEET genes varied significantly among the detected stages. The
expression patterns of SWEET genes during the immature stages
were analyzed. Most of the SWEET genes, including AnmSWEET2,
AnmSWEET3, AnmSWEET4, AnmSWEET5, AnmSWEET11, and Anm-
SWEET20 exhibited a gradually down-regulated expression profile
during fruit development, especially AnmSWEET5 and Anm-
SWEET11, and their expression levels decreased more than 20-fold.
During the fruit ripening stages, numerous SWEETs were expressed
with no significant differences among groups, except AnmSWEET1,
AnmSWEET5, and AnmSWEET13. The expression levels of Anm-
SWEET1 and AnmSWEET5 were down-regulated, whileAnm-
SWEET13 was up-regulated, from S5 to S6. Additionally,
AnmSWEET5 showed high expression levels in all of the tested
stages, suggesting that this gene might play extensive and vital
roles during the pineapple developmental and ripening processes.
More genes showed high expression levels in immaturity, espe-
cially S1, than in maturity during early fruit developmental stages.
4. Discussion

SWEET genes are widely distributed in higher plants, animals,
fungi, and prokaryotic bacteria [22]. Recently, preliminary analyses
of the SWEET gene family have been conducted in many plant
species. Increasing evidence indicates that the SWEET genes play
important roles in sugar efflux, reproductive tissue development,
nutrient unloading, and fruit development. However, this family
has not previously been studied in pineapple [2,13]. This study
identified and characterized 18 AnfSWEET (from the F153 cultivar)
and 21 AnmSWEET (from theMD2 cultivar) genes through genome-
wide analyses, and further analyzed their conserved motifs, struc-
tures, multiple sequence alignment, chromosomal location, syn-
teny, and expression patterns in different stages of fruit
development.

Gene duplication not only expands genome contents but also
diversifies gene functions to ensure the optimal adaptability and
evolution of plants [34]. As part of the Bromeliaceae family, the



Fig. 3. Exon-intron structure of SWEET genes. Gene structure analysis of SWEET genes according to the phylogenetic relationship. Lengths of exons and introns of each SWEET gene
are displayed proportionally. The red boxes denote coding sequence (CDS); the lines connecting them represent introns; and the 50 and30 untranslated regions (UTRs) are rep-
resented by gray boxes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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pineapple genome has undergone two ancient whole-genome
duplication (WGD) events, and the pineapple genes formed by
allopolyploidy during their evolutionary process [25]. Collinearity
and phylogenetic analyses suggested that the recent WGD may
have driven the expansion of the SWEET gene family in pineapple.
Here, duplicated blocks were studied in the F153 cultivar and 15
syntenic gene pairs, containing11 SWEET genes, were duplicated.
These genes share similar gene and protein structures. However,
none of these pairs were genetically linked to each other at their
corresponding chromosomal locations. This data suggests that
segmental duplication events may have driven the expansion
during the evolution of the AnfSWEET gene family. In addition, the
majority of clades contained SWEET genes from both the F153 and
MD2 cultivars. These SWEET family members shared high levels of
similarity in their amino acid sequences, with nine pairs forming
collinear blocks. These data indicated that members within a given
subgroup had recent common evolutionary origins, and that the
functions of most SWEETgenes were conserved during angiosperm
evolution. However, compared with those of the F153 cultivar, the
SWEET genes in the MD2 cultivar underwent significant expan-
sions, especially AnmSWEET16e19. The different SWEET gene
expansion patterns in these two pineapple cultivars could be to the
result of different segmental and transposable element duplication
events.

In this study, AnmSWEET5 and AnmSWEET11, which may be
closely linked to sucrose transport and accumulation, exhibited
gradually down-regulated expression profiles during fruit devel-
opment, especially in the early stages. The expression level of their
homolog, SWEET2.4 in apple, correlates with glucose and galactose
concentrations during fruit development [20]. Another homolo-
gous gene in pear, SWEET5, negatively correlates with sucrose
levels during fruit development, and it may transport sucrose and
contribute to fruit development [23]. This indicated that Anm-
SWEET5 and AnmSWEET11 are involved in pineapple fruit ripening.
However, the expression levels of many other genes, such as
AnmSWEET21 and AnmSWEET6, first increased and then decreased



Fig. 4. The evolutionary and expression patterns analysis of SWEET genes. (A) Synteny analysis of SWEET genes on F153 chromosomes. 25 pineapple chromosomes are randomly
colored differently with their names on the periphery. Colored lines in the figure denote syntenic regions of the pineapple genome. (B) Circos diagram of synteny blocks identified
between F153 and MD2 two pineapple varieties. Ten F153 chromosomes and eleven MD2 scaffolds were filled with blue and orange, respectively. (C) The locations of SWEET genes
on chromosomal of pineapple. Scale represents a 20.0-Mb chromosomal distance. Chromosome sizes (Mb) and numbers are indicated at the bottom end of each chromosomal. (D)
Expression profiles of SWEET genes in pineapple fruit. A heatmap showing expression patterns of SWEET family genes in six stages. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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during fruit development. Thus, they might play different roles
during fruit development. Notably, more genes showed high
expression levels at the S1 stage than other stages, indicating that
the SWEET gene family has more important functions in develop-
ment and ripening during the early stages. Overall, AnmSWEET5
and AnmSWEET11 expression levels are negatively correlated with
sucrose levels during pineapple fruit development, suggesting that
they may play important roles in regulating sucrose levels during
fruit development. Studying the functions of SWEET genes in
pineapple fruit provides a new research direction, because their
control is critical for fruit yield and quality.

Overall, putative18 AnfSWEET and 21 AnmSWEET transporters,
respectively, were identified in two pineapple cultivars. Collinearity
and phylogenetic analyses indicated that segmental duplication
and WGD events contributed to the expansion of the pineapple
SWEET gene family. The phylogenetic clades represented divergent
genes with an ancient common origin. Understanding the link
between SWEET transporters and fruit development in pineapple is
important for developing strategies that improve sugar delivery to
developing seeds, which will increase yield.
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