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Abstract

Background

Ananas comosus var. bracteatus (Red Pineapple) is an important ornamental plant for its
colorful leaves and decorative red fruits. Because of its complex genome, it is difficult to un-
derstand the molecular mechanisms involved in the growth and development. Thus high-
throughput transcriptome sequencing of Ananas comosus var. bracteatus is necessary to
generate large quantities of transcript sequences for the purpose of gene discovery and
functional genomic studies.

Results

The Ananas comosus var. bracteatus transcriptome was sequenced by the lllumina paired-
end sequencing technology. We obtained a total of 23.5 million high quality sequencing
reads, 1,555,808 contigs and 41,052 unigenes. In total 41,052 unigenes of Ananas como-
sus var. bracteatus, 23,275 unigenes were annotated in the NCBI non-redundant protein
database and 23,134 unigenes were annotated in the Swiss-Port database. Out of these,
17,748 and 8,505 unigenes were assigned to gene ontology categories and clusters of
orthologous groups, respectively. Functional annotation against Kyoto Encyclopedia of
Genes and Genomes Pathway database identified 5,825 unigenes which were mapped to
117 pathways. The assembly predicted many unigenes that were previously unknown. The
annotated unigenes were compared against pineapple, rice, maize, Arabidopsis, and sor-
ghum. Unigenes that did not match any of those five sequence datasets are considered to
be Ananas comosus var. bracteatus unique. We predicted unigenes encoding enzymes in-
volved in terpenoid and phenylpropanoid biosynthesis.
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Conclusion

The sequence data provide the most comprehensive transcriptomic resource currently
available for Ananas comosus var. bracteatus. To our knowledge; this is the first report on
the de novo transcriptome sequencing of the Ananas comosus var. bracteatus. Unigenes
obtained in this study, may help improve future gene expression, genetic and genomics
studies in Ananas comosus var. bracteatus.

Introduction

Pineapple is a perennial, herbaceous monocot of the family Bromeliaceae, sub family Brome-
lioideae, in the order Poales. According to the recent classification, Coppens d’Eeckenbrugge
and Leal, proposed one genus, Ananas, with two species A. comosus (L.) Merr. (diploid, 2n =
2x = 50) and A. macrodontes Morren (tetraploid, 2n = 4x = 100). A. comosus is subdivided into
five botanical varieties: var. comosus, var. ananassoides, var. erectifolius, var. parguazensis and
var. bracteatus [1].

Pineapple is native to South America, cultivated commercially in the tropics and subtropics
parts of the world. It is considerable economic and horticultural crop of the world harvested
over an area of 0.9 million ha with a production of about 23.3 million tonnes in 2012 (http://
faostat.fao.org). Pineapple represents the most valuable food sources consumed globally as
fresh/canned juice, mainly in vegetable diets. Traditionally, pineapple crop was grown for its
stem and leaves, which were a source of high quality silk fiber, widely used in paper and clothes
industry [2,3]. It is also source of bromelain, a proteolytic enzyme complex, used in the meat
industry, but due to its health benefits, it is now commercially used in pharmaceutical industry,
since they contain substances and vitamins that are beneficial for human health [4]. Among
the five varieties of A. comosus, A. comosus var. bracteatus is cultivated as ornamental plants
for its colorful leaves and decorative red fruit.

Several plants have the capacity to synthesize a huge reach of organic compounds that are
traditionally classified as primary and secondary metabolites. Primary metabolites are com-
pounds, which play essential roles in photosynthesis, respiration, normal development, evolu-
tion and reproduction. In contrast, secondary metabolites often play significant functions in
plant defense. To date, a large number of secondary metabolites were synthesized from Ananas
leaves and fruit infusions [5-7]. These include flavonoids, terpenoids and alkaloids, which con-
tribute color to the leaves and fruit and also commonly used as new natural drugs, antibiotics,
insecticides and weed killers [8,9]. A recent study of phytochemical analysis for A. comosus
peel confirmed the presence of phenols, flavonoid and alkaloid [10]. The abundance of second-
ary metabolites makes A. comosus var. bracteatus a good model for investigating the flavonoid
and terpenoid biosynthesis in plants and the related genes and pathways. Therefore an increas-
ing interest has been excited to experience more about the secondary metabolism products of
A. comosus var. bracteatus, could help us amend the employment of these natural products for
human uses.

In recent years, researchers have concentrated on studying the genetic diversity of the genus
Ananas. Expressed sequence tags (ESTs) sequencing has traditionally been the core technology
used for discovery of reference gene transcripts. For example, EST's were generated from cDNA
libraries of A. comosus var. comosus roots, fruit and aerial tissues [11], green mature fruits [12]
and nematode infected gall [13]. However, it has some inherent limitations, such as time con-
suming, cloning, cDNA library construction, and many Sanger sequencing runs. Later, gene
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expression microarray results have produced much important information about how the tran-
scriptome is deployed in different cell types [14] and tissues [15]. In 2012, first time microarray
based gene expression study undertaken in pineapple [16]. This study identified a number of
genes, processes and pathways with putative involvement in the pineapple fruit ripening pro-
cess [16]. Following this sequencing, Ong et al. generated 4.7 million paired-end high quality
reads of ripe yellow A. comosus var. comosus fruit using Illumina technology [17]. The assem-
bly produced 28,728 unique transcripts with average length of approximately 200 bp. A total
16,932 unique transcripts were identified against non-redundant NCBI database. Of these
15,507 unique transcripts were assigned to gene ontology terms and 13,598 unique transcripts
were mapped to 126 pathways in the genomes pathway database (Kyoto Encyclopedia of
Genes and Genomes; http://www.genome.jp/kegg/). To date, however, the A. comosus var.
bracteatus genome has not been fully sequenced to understand the underlying functional
mechanisms and its encoded genes. As October 2014, only 110 nucleotide sequences, 0 ESTs,

3 protein and 0 genes from A. comosus var. bracteatus had been deposited in the NCBI’s
GenBank database.

In the present study, a de novo transcriptome sequencing for A. comosus var. bracteatus
using the Illumina sequencing was initiated. Leaf, root and stem samples of A. comosus var.
bracteatus were sequenced and a total of 23,584,613 (23.5 million) reads and 41,052 unigenes
were identified. However, short read length limits de novo contig assembly efficiency. Discus-
sions on sequencing bias of high-throughput technologies have taken place in several publica-
tions [18-21]. To our knowledge, this is the first transcriptome characterization of A. comosus
var. bracteatus. In addition, we compared transcriptome sequence similarity with pineapple
(Ananas sp.), maize (Zea mays), sorghum (Sorghum bicolor), rice (Oryza sativa), Arabidopsis
(Arabidopsis thaliana). This information provides genes and gene network involved in the sig-
nificant biological and economical characters of A. comosus var. bracteatus.

Results and Discussion
Sequencing and de novo transcriptome assembly

The ¢cDNA library for A. comosus var. bracteatus was prepared and sequenced using the Illu-
mina Genome analyzer. In order to accurately analyze the data, we filter the raw data to ensure
the quality of each reads the value of less than 20 nucleotides does not exceed 20%, N content
of not more than 5% removal of ribosomal RNA. After data filtering, 23,584,613 (23.5 million)
reads with 98.64% Q20 bases were selected as high quality reads for further analysis. After the
removal of adaptor sequences and exclusion of contaminated or short reads, 23.5 million high
quality read sequences were assembled into 1,134,553,18 contigs using SOAPdenovo [22].
Using the Trinity de novo assembly program, short-reads were assembled into 1,186,576,93
transcripts with a mean length of 1224.83 bp (Fig. 1A). The transcripts were subjected to cluster
and assembly analyses. A total 41,052 unigenes were obtained, with an average length of 837.62
bp, among which 10,923 genes (26.61%) were greater than 1 kb (Fig. 1B). These results demon-
strated the effectiveness of Illumina sequencing technology in rapidly capturing a large portion
of the transcriptome.

The length distributions of contigs, transcripts and unigenes are shown in Table 1. The N50
values of transcripts and unigenes were 1869 and 1520 bp, respectively. As expected for a ran-
domly fragmented transcriptome, there was a positive relationship between the length of a
given unigene and the number of reads (Fig. 1C). To facilitate the access and use of A. comosus
var. bracteatus, transcriptome sequencing data have been deposited in the NCBI Sequence
Read Archive (SRA) database with accession number SRX681749.
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Fig 1. Overview of the A. comosus var. bracteatus transcriptome sequencing and assembly. (A) Length distribution of A. comosus var. bracteatus
transcripts. (B) Size distribution of A. comosus var. bracteatus unigenes. (C) Log-log plot showing the dependence of unigene lengths on the number of
reads assembled into each unigene.
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Sequence annotation

In order to make an functional annotation and classification for the putative identities of the
assembly, all the unigenes were annotated by aligning with deposited sequences in diverse pro-
tein databases including the National center for Biotechnology (NCBI), nonredundant protein
(Nr) database, NCBI non-redundant nucleotide sequence (Nt) database, UniProt/Swiss-Prot,
Kyoto Encyclopedia of Genes and Genomes (KEGG), Cluster of Orthologous Groups of pro-
teins (COG) and UniProt/TrEMBL. The best one was selected from the matches with an
E-value of less than 107°. Only 24,749 (60.2%) unigenes were annotated with a threshold of 10~
by performing a BLASTx using above diverse protein databases (Nr, Nt, Swiss-Port, COG,
KEGG and TrEMBL). According to the BLASTx results, 23,275 (56.6%) unigenes have homo-
logues proteins in the Nr protein database, and 19, 817 (48.2%) had significant matches in Nt
database and while 17,579 (42.8%) unigenes had similarity to proteins in the Swiss-Port data-
base are listed in S1 Table. The overall functional annotation is listed in Table 2. Out of 41,052
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Table 1. Summary of lllumina transcriptome assembly for A. comosus var. bracteatus.

Length range

200-300
300-500
500-1000
1000-2000
2000+

Total number
Total length
N50 length
Mean length

doi:10.1371/journal.pone.0119153.t001

Contigs Transcripts Unigenes
1,521,010 (97.76%) 15,445 (15.94%) 12,186 (29.68%)
13,648 (0.88%) 15,849 (16.36%) 10,466 (25.49%)
9,780 (0.63%) 19,596 (20.23%) 7,477 (18.21%)
7,504 (0.48%) 27,260 (28.51%) 6,696 (16.31%)
3,866 (0.25%) 18,367 (18.96%) 4,227 (10.30%)
1,555,808 96,877 41,052
113,455,318 118,657,693 34,386,147

94 1,869 1,520

72.92 1224.83 837.62

unigenes, only 24,749 (60.2%) unigenes matched to known genes while 16,303 (39.7%) uni-
genes were unmapped in those databases, which could be attributable to the short reads gener-
ated by the sequencing technology, most of which probably lack the conserved functional
domains or insufficient sequences of pineapple in the public databases.

Based on the above similarity search, we conducted species distribution of pineapple uni-
genes based on the BLASTx analysis, it showed that the unigenes hit a range of plant species.
Among the various plants that have protein sequences in GenBank, the A. comosus var. brac-
teatus unigenes had the highest number of homologous to Oryza sativa Japonica group (13%),
Setaria italica (11%) and Vitis vinifera (11%). This was followed by Zea mays (6%), Brachypo-
dium distachyon (6%), Sorghum bicolor (6%), Oryza sativa Indica group (5%), Theobroma
cacao (4%). While less than 4% homologues to other plants and others (20%) were summarized
in the Fig. 2. Interestingly, A. comosus var. comosus fruit transcriptome also had the highest
similarities (26.2%) with O. sativa [17]. The high similarities of the A. comosus var. comosus
[17] and A. comosus var. bracteatus (this study) unigenes to the O. sativa genes may provide
for the possibility of using the rice EST’s as a reference for future assembly using next
generation sequencing.

In addition, functions of the assembled transcripts were classified using Gene Ontology
(GO). A total of 17,746 unigenes were divided into three ontologies: cellular component, mo-
lecular function and biological processes. Of these, majority of the GO terms were assigned to

Table 2. Functional annotation of the A. comosus var. bracteatus transcriptome.

Annotated databases All sequence > = 300nt > =100nt
COG 8,505 7,522 4,837

GO 17,748 15,102 8,482
KEGG 5,825 4,930 2,840
TrEMBL 17,579 15,034 8,252
Swiss-port 23,134 19,619 10,444
NR 23,275 19,569 10,343
NT 19,817 16,881 9,671

All 24,749 20,403 10,516

doi:10.1371/journal.pone.0119153.t002
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Species distribution of A. comosus var. bracteatus unigenes

m Oryza sativa Japonica Group
m Setaria italica
m Vitis vinifera
® 7Zea mays
® Brachypodium distachyon
® Sorghum bicolor
m Oryza sativa Indica Group
m Theobroma cacao
m Populus trichocarpa
m Hordeum vulgare subsp. vulgare
® Prunus persica
m Ricinus communis
m Glycine max
m Aegilops tauschii
Talaromyces marneffei ATCC 18224
® Pseudozyma hubeiensis SY62
= Fragaria vesca subsp. vesca
Cucumis sativus
Solanum lycopersicum

Others

Fig 2. Species distribution of A. comosus var. bracteatus from the velvet de novo assembly.

doi:10.1371/journal.pone.0119153.9002

biological processes (47%), followed by cellular component (27%) and molecular function
(26%) (Fig. 3). The biological function category mainly comprised proteins involved in meta-
bolic, cellular processes and response to stimuli, biological regulation and localization and bio-
genesis are most represented functions. Of these, genes involved in the metabolic and cellular
processes were highly represented. In cellular components, the major classifications of these
genes products were cell, cell part, organelle and membrane. For molecular functions, the
genes involved in catalytic and binding activities were both highly represented. In comparison
to pineapple fruit GO annotation [17], more number of the genes were expressed in all the
three ontologies (cellular component, molecular function, biological function). GO annotation
provided a general gene expression profile picture for A. comosus var. bracteatus, which
showed that the sequenced genes were responsible for fundamental, biological regulation

and metabolism.

Based on the Nr annotation, all unigenes were subjected to a search against the COG data-
base for functional prediction and classification. In total, 8,505 unigenes with hits in Nr data-
base could be assigned to COG classification and divided in to 25 specific categories, listed in
Fig. 4. The cluster for general function prediction (17.82%) represented the largest group, fol-
lowed by translation, ribosomal structure and biogenesis (10.87%), replication, recombination
and repair (8.54%) and transcription (8.33%), posttranslational modification, protein turnover,
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doi:10.1371/journal.pone.0119153.9003

chaperones (7.05%) and signal transduction mechanisms (6.94%). Approximately 5% unigenes
hit with energy production and conversion, carbohydrate transport and metabolism and
amino acid transport and metabolism. However, unigenes involved in secondary metabolite
biosynthesis were found in the categories of energy production and conversion and secondary
metabolites biosynthesis, transport and catabolism respectively.
The KEGG database can be used to categorize gene functions with an emphasis on biochem-
ical pathways. To better understand biological pathways in A. comosus var. bracteatus, a
BLASTx search against the KEGG protein database was made on the assembled unigenes. This
process predicted a total of 5,825 (14.19%) were grouped into 117 pathways. Summary of the
sequences involved in these pathways were included in S2 Table. The predicted pathways rep-
resented the majority of ribosome (Ko03010, 629 unigenes, 9.63%), oxidative phosphorylation
(Ko00190, 274 unigenes, 4.20%), protein processing in endoplasmic reticulum (Ko04141, 199
unigenes, 3.05%) and glycolysis/gluconeogenesis (Ko00010, 194 unigenes, 2.97%). A total of
131 (2.01%) transcripts containing the C3 and CAM pathways were found to be potentially re-
lated to carbon fixation in A. comosus var. bracteatus. Other important pathways with highest
transcripts mapping include RNA transport (Ko03013, 172 unigenes, 2.63%), Spliceosome
(Ko03040, 171 unigenes, 2.62%), purine metabolism (K000230, 159 unigenes, 2.43%) and
plant hormone signal transduction (Ko04075, 150 unigenes, 2.30%). Besides all these pathways,
phenylpropanoid biosynthesis (Ko00940, 92 unigenes, 1.41%), terpeniod backbone biosynthe-
sis (ko00900, 47 unigenes, 0.72%) and flavonoid biosynthesis (Ko00941, 25 unigenes, 0.38%)
were most enriched pathways clearly suggested that the plant possess different secondary me-
tabolites with different metabolic functions in plants. In addition, genes involved in Porphyrin
and chlorophyll metabolism pathways (Ko00860, 45 unigenes, 0.69%) represented the
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biological processes of energy capture and utilization in A. comosus var. bracteatus. Moreover,
few genes were also involved in riboflavin metabolism, vitamin B6 metabolism, biotin metabo-
lism, lipoic metabolism and thiamine metabolism pathways in the unigene collection.

Comparative analysis with pineapple, rice, maize, sorghum and
Arabidopsis

In our transcriptome, we examined A. comosus var. bracteatus unigenes with five species name-
ly pineapple, maize, sorghum, rice and Arabidopsis available genome data. To study the distri-
bution of conversation between A. comosus var. bracteatus unigenes and pineapple EST
sequences obtained from NCBI database (until October 2014) based on tBLASTx method. For
this analysis, the E-values of tBLASTx similarity searches were used an estimate of sequence
conservation. The detailed list of tBLASTx scores are listed in the S3 Table. Based on the above
distribution of conservation search, we simultaneously examined more closely the putative
functional role between A. comosus var. bracteatus unigenes and available pineapple EST se-
quences (Fig. 5).

To study the sequence conservation of A. comosus var. bracteatus unigenes in other plant
species, a BLASTX search was performed against the four available proteomes of completely se-
quenced plant genomes. The largest number of A. comosus var. bracteatus unigenes exhibited
22,194 significant similarity hits to rice transcript, 21,886 unigenes had similarity hits to maize,
22,183 unigenes had similarity hits to sorghum and 21,537 unigenes had similarity hits to
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@ PLOS | one

Ananas comosus var. bracteatus transcriptome

15000-

10000

Unigens Number

5000 -

E>0.1 E<1E-50

E<1E-15 E<0.1 E<1E-30

A: RNA processing and modification

B: Chromatin structure and dynamics

C: Energy production and conversion

D: Cell cycle control, cell division , chromosome partitioning
E: Amino acid transport and metabolism

F: Nucleotide transport and metabolism

G: Carbohydrate transport and metabolism

H: Coenzyme transport and metabolism

I: Lipid transport and metabolism

J: Translation, ribosomal structure and biogenesis

K: Transcription

L: Replication, recombination and repair

M: Cell wall/membrane/envelope biogenesis

N: Cell motility

0: Posttranslational modification, protein turnover, chaperones
Other

P: Inorganic ion transport and metabolism

Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only

S: Function unknown

T: Signal transduction mechanisms

U Intracellulartrafficking, secretion, and vesicular transport
V: Defense mechanisms

Y: Nuclear structure

Z. Cytoskeleton

E>1E-100 E>1E-15 E>1E-30 E>1E-5 E>1E-50

E-value

Fig 5. Distribution of Conservation between A. comosus var. bracteatus unigenes and pineapple EST sequences based on tBLASTX scores.

doi:10.1371/journal.pone.0119153.g005

Arabidopsis (Fig. 6A). Based on the above similarity search, we then conducted GO analysis to
compare the functional classification between A. comosus var. bracteatus and the above five
species (Fig. 6B). The detailed results were listed in S4 Table. A total of 20,716 shared homo-
logues among these four species. Of these, genes involved in metabolic and cellular processes
are highly represented in biological processes. Under the molecular function ontology, proteins
involved in binding and catalytic activity was dominant while in cellular component ontology,
proteins for cell part, cell and organelle development were generally encoded by A. comosus
var. bracteatus unigenes. Therefore, we conclude that the differences in the expression profile
and functional allocation of the A. comosus var. bracteatus unigenes with sequence similarity
hits to four species concurrently contribute to the divergence of A. comosus var. bracteatus
from other crops.

Terpeniod backbone biosynthesis

Terpenoids, are the largest group of natural products, extensively used for their aromatic quali-
ties and for the treatment of human diseases [23]. All terpenoids are synthesized through two
independent pathways: the cytosolic mevalonic acid (MVA) pathway and the plastidial-
methyerythriol phosphate (MEP) pathway (Fig. 7). In our transcriptome, we identified 43 uni-
genes, which encode all enzymes involved in the terpeniod backbone biosynthesis.

The mevalonate pathway starts with formation of two molecules of acetyl CoA to produce
acetoacety CoA condensation by acetyl-CoA C-acetyltransferase (ACAT, EC 2.3.1.9, 7 uni-
genes). ACAT is then condensed with a third molecuale of acetyl CoA in an aldol-like reaction
catalyzed by hydroxymethylglutaryl-CoA synthase (HMGCS, EC 2.3.3.10, 5 unigenes). Hydro-
lyzed HMGCS to give Mevalonate byhydroxymethylglutaryl-CoA reductase (NADPH)
(HMGCR, EC1.1.1.34, 3 unigenes). The mevalonate kinase (MVK) with the EC number of
2.7.1.36 was encoded by 1 unigene react to convert mevalonate to mevalonate-5-pyrophos-
phate. A final phosphorylation at the tertiary hydroxyl group catalyzed by phosphomevalonate
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Fig 6. A. comosus var. bracteatus unigene similarity comparison with rice, maize, sorghum and Arabidopsis and functional classification by GO

Cellular component
analysis. (A) Similarity search of A. comosus var. bracteatus sequence against rice, maize, sorghum and Arabidopsis. (B) Functional classification of A.

comosus var. bracteatus unigenes with and without homologs with rice, maize, sorghum and Arabidopsis.

doi:10.1371/journal.pone.0119153.9006
kinase (PMK, EC 2.7.4.2, 1 unigene) and mevalonate-5-diphosphate decarboxylase (MVD, EC

4.1.1.33, 1 unigene) which results in the production of 3-isopentenyl pyrophosphate.
Another important pathway, in addition to isopentenyl pyrophosphate biosynthesis is
MEP/DOXP pathway. In the first step, the pyruvate is converted into 1-deoxy- D-xylulose-5-
phosphate catalyzed by 1-deoxy- D-xylulose-5-phosphate synthase (DXS, EC 2.2.1.7, 3 uni-
genes). Next, 1-deoxy- D-xylulose-5-phosphate is catalyzed by deoxyxylulose-5-phosphate
reductoisomerase (DXR, EC 1.1.1.267, 1 unigene) to produce methyl- D-erythritol 4-phosphate
(MEP). MEP is converted into isopentenyl diphosphate through a number of enzymatic reac-
tions. The enzymes involved were found to be encoded by the unigenes are 2-C-methyl-D-ery-

thritol 4-phosphate cytidylyltransferase (ispD, EC 2.7.7.60, 1 unigene), 4-(Cytidine
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5’-diphospho)-2-C-methyl-D-erythritol kinase (ispE, EC 2.7.1.148, 1 unigene), 2-C- methyl-D-
erythritol 2,4-cyclodiphosphate synthase (ispF, EC 4.6.1.12, 1 unigene), 1-hydroxy-2-methyl-
2-(E)-butenyl 4-diphosphate synthase (ispG, EC 1.17.7.1, 1 unigene), 4-hydroxy-3-methylbut-
2-enyl diphosphate reductase (ispH, EC 1.7.1.2, 1 unigene) and isopentenyl-diphophate Delta-
isomerase (IDI, EC5.3.3.2, 1 unigene).

Next, conversion of isopentenyl diphosphate or dimethylallyl diphosphate to geranyl di-
phosphate (geranyl-PP) was carried out by dimethylallyltransferase (geranyl geranyl diphos-
phate synthase (GPS), EC 2.5.1.1, 3 unigenes) for the synthesis of monoterpens. The enzymes,
farnesyldiphospahate synthase (FDPS, EC 2.5.1.10, 2 unigenes) and geranyl geranyl diphos-
phate synthase (GGPS, EC 2.5.1.29, 5 unigenes), are involved in the synthesis of farnesyl
diphospahte (farnesyl-PP) and geranyl geranyl diphosphate (geranyl geranyl-PP) respectively.
The enzymes which are responsible for synthesis of sesquiterpenes, caretenoid, steroid, por-
phyrin and chlorophyll metabolism, ubiquinone and other terpenoid-quinone from farnesyl-
PP and geranyl geranyl-PP were identified in A. comosus var. bracteatus sequence assembly
(Fig. 7). Transcriptome sequencing studies of Ong et al. [17] and our dataset results indicate
the clear picture of terpenoid backbone synthesis in the genus Ananas. The EC number and
number of unigenes encoding the enzymes involved in the terpenoid backbone biosynthesis
are listed in the S5 Table.

Phenylpropanoid biosynthesis

The phenylpropanoid pathway serves as a rich source of metabolites in plants, being required
for biosynthesis of lignin, flavonoids, coumarins and hydroxycinnamic acids [24,25]. In our an-
notated A. comosus var. bracteatus transcriptome datasets, we identified multiple unigenes en-
coding enzymes involved in known lignin and flavonoid pathways. Because of pharmacological
effects of A. comosus var. bracteatus lignin and flavonoids, we focused on the related genes in
this study.

As is well known, lignin plays a crucial role in plant development and prevents pathogen in-
vasion [26]. Aside from the structural function, lignin derivatives have been shown to have sev-
eral bioactive functions. Recently, Ito et al. reported that lignin derivatives suppress the
apoptosis of neural cells caused by oxidative stress [27]. The initial step in its biosynthesis in-
volves the deamination of phenylalanine to cinnamic acid by phenylalanine ammonia lyase
(PAL, EC 4.3.1.24, 11 unigenes) (Fig. 8). Cinnamic is converted into ferulic and sinapic acids
by trans-cinnamate 4-monooxygenase (C4H, EC 1.14.13.11, 5 unigenes), coniferyl-aldehyde
dehydrogenase (REF1, EC 1.2.1.68, 8 unigenes) and ferulate 5-hydroxlase (F5H, EC 1.14.-.-,

1 unigene). These acids are then ligated to CoA, leading to the synthesis of CoA acid derivatives
(caffeoyl-CoA, Feruloyl-CoA, 5-hydroxy-feruloyl-CoA and sinapoyl-CoA) by 4-coumarate-
CoA ligase (4CL, EC6.2.1.12; 6 unigenes). Other intermediate enzyme, caffeoyl-CoA
O-methyltransferase (CCoAMT, EC 2.1.1.104, 5 unigenes) convert caffeoyl-CoA to Feruloyl-
CoA and 5-hydroxy-feruloyl-CoA to sinapoyl-CoA. Next, cinnamoyl-CoA reductase (CCR,
EC1.2.1.44, 5 unigenes) converts acids into caffeoyl, Feruloyl, 5-hydroxy-feruloyl and sinapoyl
aldehydes. All these aldehydes synthesized above then reduced to alcoholic compound bycin-
namyl-alcohol dehydrogenase (CAD, EC: 1.1.1.195; 2 unigenes). In the final step, aldehydes
are polymerized into p-Hydroxyphenyl lignin, Guaiacyl lignin, 5-Hydroxyguaiacyl lignin and
syringyl lignin by peroxidase (EPO, EC 1.11.1.7, 25 unigenes). The EC number and number of
unigenes encoding the enzymes involved in the phenylpropanoid biosynthesis are listed in the
S5 Table.

Unigenes involved in the flavonoid biosynthesis were also present in A. comosus var. brac-
teatus transcriptome dataset. Flavoniods, are a class of plant secondary metabolites, play a vital

PLOS ONE | DOI:10.1371/journal.pone.0119153 March 13,2015 12/18



@ PLOS | one

Ananas comosus var. bracteatus transcriptome

| PHENYLPROPANOID BIOSYNTHESIS |

Phenylalanine
ud':i'ypbpl:mmyndws

Phenylalanine Q
PAL(11 3124|4315}

Cinnamic scid C4H(S)

p-Coumanc acid Sinapic acid
]I 11413- E o

4CL(6)

[62112

O 4Hydroxystyrene

Od
<
|
|
|
’i'

(a3} > »O Sinapoyl-Coh
p-Coumaroyl

quirde acid

231130 114133 |-»O0— 23118 |—

p-Coumaralde hyde Caffeyl aldehyd

CafTi
qmn::o 5-1 12144

Flavonoid biosynthesis

CAD(2)

a1z L -
(-] >

Stoencid, p-Coumaryl aleohol _y
gingemfgmynﬂ:esis
Caffey alcohol

it hetin

Ll ®

_ dwsl

O 4 Hydroxycinnamyl- O
m?ﬁﬂfigmm Guaiscyl lignin Coniferin 5 Hyd.mx} Syringy lignin Symngin

Fig 8. The Phenylpropanoid biosynthesis. The A. comosus var. bracteatus transcripts encoding enzymes (highlighted) involved in the pathway was
identified by BLASTx (E-value of less than 10-5). Numbers in bracket are the total number of unigenes encode for the enzyme.

doi:10.1371/journal.pone.0119153.9008

biological and pharmacological activities in in vitro studies [28]. The flavonoid biosynthetic
pathways have already have been reported in snapdragon (Antirrhinum majus), petunia (Petu-
nia hybrida) A. thaliana, Z. mays and V. vinifera [29,30]. Flavonoids are synthesized via the
phenylpropanoid pathway, where the phenylalanine is used to produce 4-coumaryol-CoA, and
this then combined with malonyl-CoA to produce chalcones which are backbones of flavo-
noids (Fig. 9). The first step involves the activity of four enzymes, phenylalanine ammonia
lyase (PAL, EC 4.3.1.24, 11 unigenes), cinnamate 4-hydroxylase (C4H, EC 1.14.13.11, 5 uni-
genes), 4- coumarate CoA ligase (4CL, EC 6.2.1.12, 6 unigenes), and chalcone synthase (CHS,
EC 2.3.1.74, 1 unigene), which converts phenylalanine to chalcone. Chalcone isomerase (CHI,
EC 5.5.1.6, 1 unigene) then catalyzes the isomerisation of chalcones into naringenin. Subse-
quently, Naringenin is converted into flavonones, eriodictyol and dihydrotricetin by two en-
zymes namely, flavonoid 3’- hydroxylase (F3’H, EC 1.14.13.21, 1 unigene) and flavonoid 3’,
5’-hydroxylase (F3’5’H, EC 1.14.13.88, 2 unigenes) respectively. Flavanone 3-hydroxylase
(F3H, EC 1.14.11.9) which converts flavanones to dihydroflavonols was not detected in anno-
tated unigenes. Dihydroflavonols can then lead to production of flavonols and flavan—3,
4-diols (leucoanthocyanidin), reactions being catalysed by flavonol synthase (FLS, EC
1.14.11.23, 1unigene) and by dihydroflavonol 4-reductase (DFR, EC 1.1.1.219, 2 unigenes) re-
spectively. The leucoanthocyanidins can either be converted to anthocyanidins by leucoantho-
cyanidin dioxygenase (ANS, EC 1.14.11.19, 1 unigene). We also failed to find any
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doi:10.1371/journal.pone.0119153.9009

Anthocyanidin reductase (LAR, EC 1.17.1.3) which is responsible for production of catechins,
however, we did identify one leucoanthocyanidin dioxygenase (ANS), suggesting that the
genes encoding other anthocyanidine-related products may exist but have not yet been identi-
fied in the A. comosus var. bracteatus. The Anthocyanin and flavones formed here are impor-
tant pigments for the beautiful red color of the leaf and fruit of A. comosus var. bracteatus.
Unigenes of A. comosus var. bracteatus encoding twelve enzymes in the flavonone biosynthesis
pathway are listed in S5 Table.

Conclusions

In recent years transcriptome sequencing has become an effective tool to discover the unigenes
at a given moment in time. The present work presents the first de novo transcriptome sequenc-
ing analysis using RNA-seq technology to profile the A. comosus var. bracteatus transcriptome
on the Illumina platform. A total, 23,584,613 high-quality reads were obtained from the plat-
form, and 41,052 unigenes were identified by de novo assembly. Among them, 24,749 (60.2%)
unigenes were annotated indicating their relatively conserved functions. Functions of the uni-
genes were classified by COG, GO and found potentially involved in biological, cellular and
molecular processes. In addition, A. comosus var. bracteatus genes related to terpenoid and
phenylpropanoid pathways were characterized and their sequences compared to the sequence
databases of pineapple, maize, sorghum, rice and Arabidopsis. To our knowledge, this is the
first report on the characterization of the transcriptome of A. comosus var. bracteatus and as-
sembly of the high quality reads was conducted without a reference genome. This work will
provide a sequence source and facilitate the studies in molecular mechanism of terpenoid,
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lignin and flavonoid biosynthesis in A. comosus var. bracteatus. Overall, our data will facilitate
research on functional studies and serves as reference for other Ananas family members.

Materials and Methods
Plant materials and RNA extraction

A. comosus var. bracteatus was obtained from Sichuan Agricultural University garden, Sichuan
Province. The plant is 2-year old which is generated from the sucker of the mother plant. The
mother plants were obtained from the garden in Zhanjiang, Guangdong Province (coordinates
21°12'N 110°24’E), China [sampling place did not involve endangered or protected species and
require specific permission for these locations]. Leaves with white margin and red color, roots,
stem were dissected and total RNA extracted using the RNeasy plus Micro Kit (Qiagen, Hilden,
Germany). The quality and quantity of total RNA was assessed at an absorbance ratio (OD,g,
280and OD,40/230) and 1% agarose gel electrophoresis. Equal amounts of RNA from each sam-
ple were mixed into a single large pool for cDNA synthesis.

cDNA library construction and sequencing

To obtain cDNA library, first stand synthesis cDONA was synthesized using random hexamer
primers from purified Poly (A) mRNA. Second strand cDNA was synthesized using DNA po-
lymerase I and RNase H. Short fragments were then separated by agarose gel electrophoresis
and selected for PCR amplification as sequencing templates. Finally, cDNA library was se-
quenced on Illumina HiSeq 2000 sequencing platform, Beijing Biomarker Technologies, Bei-
jing, China.

Sequence analysis and de novo assembly

The raw reads were cleaned by removing adapter sequences, low quality sequences (reads with
ambiguous bases ‘N’), and reads with >10% Q-value<20 bases. All sequences smaller than 60
bases were eliminated based on the assumption that small reads might represent sequencing ar-
tifacts [31]. The high quality reads were assembled into contigs using the Trinity method
(http://trinityrnaseq.sourceforge.net/), which recovers more full-length transcripts across a
broad range of expression levels and sequencing depths [32]. Subsequently, the contigs were
linked into transcripts according to the paired-end information of the sequences. Based on nu-
cleotide sequence identity, longest transcripts were considered as unigenes for functional anno-
tation. Sequences with high nucleotide identity were screened and listed.

Functional annotation

The assembled sequences were compared against the NCBI Nr, Nt and Swiss-port databases
with an E-value < 107 [33]. The open reading frames (ORFs) were identified as the nucleotide
sequence or as the protein translation using “GetORF” program of EMBOSS software package
[34].We quantified transcript levels in reads per kilobase of exon model per million mapped
reads (RPKM) [35]. The RPKM method is able to reflect the molar concentration of a tran-
script by normalizing for RNA length for the total read number in the measurement.

To annotate the assembled sequences with GO terms, the Swiss-Port BLAST results were
imported into BLAST2GO, a software package that retrieves GO terms, allowing gene func-
tions to be determined and compared [36]. The unigenes sequences were also aligned with
COG database to predict and classify functions. Then KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathways were assigned to assembled sequences using the online KEGG Auto-
matic Annotation Server (KAAS), http://www.genome.jp/kegg/kaas/. All the mapped
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sequences were annotated to the KEGG database to obtain the enzyme commission (EC) num-
ber. The EC were then mapped to the KEGG pathway to obtain the KEGG Pathway-Maps.

Supporting Information

S1 Table. Sequences with significant BLASTn matches against Nr, Swiss-Prot database and
other databases.
(XLSX)

S2 Table. KEGG biochemical mappings for A. comosus var. bracteatus.
(XLSX)

S3 Table. Distribution of conversation between A. comosus var. bracteatus unigenes and
pineapple EST sequences based on tBLASTX scores.
(XLSX)

$4 Table. Unigenes of A. comosus var. bracteatus with hits to rice, maize, sorghum and Ara-
bidopsis based on BLASTx method.
(XLSX)

S5 Table. Unigenes of A. comosus var. bracteatus encoding key enzymes in the terpenoid
and phenylpropanoid biosynthesis pathways.
(XLSX)
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