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Abstract

The innovation of crassulacean acid metabolism (CAM) photosynthesis in arid and/or low CO, conditions is a remark-
able case of adaptation in flowering plants. As the most important crop that utilizes CAM photosynthesis, the genetic
and genomic resources of pineapple have been developed over many years. Genetic diversity studies using various
types of DNA markers led to the reclassification of the two genera Ananas and Pseudananas and nine species into
one genus Ananas and two species, A. comosus and A. macrodontes with five botanical varieties in A. comosus.
Five genetic maps have been constructed using F, or F, populations, and high-density genetic maps generated by
genotype sequencing are essential resources for sequencing and assembling the pineapple genome and for marker-
assisted selection. There are abundant expression sequence tag resources but limited genomic sequences in pine-
apple. Genes involved in the CAM pathway has been analysed in several CAM plants but only a few of them are from
pineapple. A reference genome of pineapple is being generated and will accelerate genetic and genomic research in
this major CAM crop. This reference genome of pineapple provides the foundation for studying the origin and regu-
latory mechanism of CAM photosynthesis, and the opportunity to evaluate the classification of Ananas species and
botanical cultivars.

Key words: Crassulacean acid metabolism (CAM) photosynthesis, epigenetics, genetic diversity, linkage mapping, reference
genome.

Genetic and genomic analysis of pineapple

The pineapple (Ananas comosus L.) is a perennial mono-
cot belonging to the family Bromeliaceae, subfamily
Bromelioideae, in the order Bromeliales. It is a tropical plant
native to South America and the third most important tropi-
cal fruit crop after banana and mango. The world pineap-
ple production was 21.9 million tonnes in 2012, which is
approximately six times the production in 1961 (3.8 million
tonnes) (http:/faostat.fao.org). In addition to fresh fruit

consumption, pineapple is used for canned slices, juice and
juice concentrates, extraction of bromelain (a meat-tenderiz-
ing enzyme), high-quality fiber, and animal feed.

Based on traditional morphology, the pineapple includes
nine species distributed in two genera, Ananas and
Pseudananas (Smith and Downs, 1979). Later, of these nine
species, 4. monstrosus was excluded from the two genera on
the basis of leaf morphology (Leal, 1990). During the past

Abbreviations: ACC, 1-aminocyclopropane-1-carboxylate; ACINT1, inositol transporter in Ananas comosus; AcMST1, hexose transporter in Ananas comosus;
AcSUT1, sucrose transporter in Ananas comosus; ACS2, ACC synthase gene 2; AFLP, amplified fragment length polymorphism; AP1, aspartic acid protease;
AQPs, aquaporins; BAA, pineapple fruit bromelain gene; CAM, crassulacean acid metabolism; ESTs, expression sequence tags; LHY/CCA1, late elongated
hypocotyl/circadian clock associated 1; NO, nitric oxide; OAA, oxaloacetate; OEE1, oxygen involving enhancer 1; OEE2, oxygen involving enhancer 2; PEPC, phos-
phoenolpyruvate carboxylase; PHOT, photoreceptor; RAPD, random amplified polymorphic DNA; RFLP, restriction fragment length polymorphism; SERK, somatic
embryogenesis receptor-like kinase; SSR, simple sequence repeats; WGS, whole genome shotgun; ZTL, Zeitlupe; ZTL/FKF1/LKP2, Zeitlupe/flavin-binding, Kelch

Repeat, F-Box 1/Lov Kelch Protein 2.
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decade, the classification was further refined, and the two
genera and eight species were downgraded into two species,
A. macrodontes and A. comosus, and five botanical varieties
of A. comosus, vars. comosus, ananassoides, parguazensis,
erectifolius, and bracteatus (Coppens d’Eeckenbrugge and
Leal, 2003). Evidence based on molecular markers confirmed
this revised classification (Coppens d’Eeckenbrugge and
Leal, 2003). A. macrodontes is a self-fertile tetraploid with
2n=4x=100 chromosomes, whereas 4. comosus is a mostly
self-incompatible diploid with 2rn=2x=50 chromosomes
(Marchant, 1967; Brown and Gilmartin, 1986; Brown et al.,
1997). Triploid and tetraploid clones were observed in var.
comosus and tetraploid clones in var. ananassoides (Sharma
and Ghosh, 1971; Lin, 1987; Dujardin, 1991; Cotias-de-
Oliveira et al., 2000).

Pineapple has a special photosynthetic pathway, crassu-
lacean acid metabolism (CAM), the biochemistry of which
is well documented. A CAM plant such as pineapple has the
unique ability to store carbon dioxide as malic acid within
the plant, allowing it to fix carbon dioxide at night as malate
acids, which are then released during the day. This mecha-
nism increases the efficiency of photosynthesis while pre-
venting excessive water loss due to transpiration from open
stomata. Pineapple is considered an ‘obligate’ CAM plant,
using an exclusively CAM pathway during photosynthesis.
Some CAM plants are able to switch between C; and CAM
subject to changes in the environment. Pineapple is a non-
climacteric fruit without the autocatalytic ethylene burst and
increase in respiration.

The available genetic and genomic resources and a large
collection of pineapple germplasm make pineapple an excel-
lent model for studying obligate CAM photosynthesis and
molecular mechanisms of non-climacteric ripening. Thanks
to high-throughput sequencing technologies and the devel-
opment of efficient molecular markers, significant progress
has been made in developing genomic resources, leading to
the sequencing of the pineapple genome. Here we review the
genetic and genomic advances in pineapple and CAM photo-
synthesis and assess the current state of knowledge in these
fields for annotating and analysing the pineapple genome.

Genetic diversity

The genetic diversity among Ananas germplasm was initially
investigated using isozyme markers (DeWald et al, 1988;
Garcia, 1988; Duval and Coppens d’Eeckenbrugge, 1992;
Aradhya et al., 1994). In the study of DeWald ef al. (1988), 15
of 27 A. comosus cultivars were identified by five enzymatic
systems, two peroxidases and three phosphoglucomutases. In
the study of Aradhya et al. (1994), 161 pineapple accessions
from the Hawaiian collection, including four different species
of Ananas and one species of Pseudananas, were identified
by six isozyme systems involving seven putative loci (Smith
and Downs, 1979). Multivariate analyses of the isozyme vari-
ation revealed an inconsistency with the A. comosus group
classifications based only on phenotypic traits. Isozyme
evidence also showed that A. erectifolius is a conspecific
variant of A. comosus, and that among other wild species,

A. ananassoides is more closely related to A. comosus than
A. bracteatus. Pseudananas was shown to be genetically dis-
tinct from all species of Ananas. However, enzymatic systems
have limited use for analysing the genetic diversity of Ananas
accessions. In a test for 37 enzymatic systems, only eight were
confirmed to be useful among Ananas accessions (Duval and
Coppens d’Eeckenbrugge, 1992).

More recently, DNA-based markers have been used to study
the phylogenetic relationships between Ananas and related
genera. Restriction fragment length polymorphism (RFLP)
markers were analysed among 301 accessions of Ananas and
related genera including 168 A. comosus accessions, suggest-
ing that 4. comosus has lower levels of polymorphism than
wild Ananas species (Duval et al., 2001). Similarly, based on
amplified fragment length polymorphism (AFLP) markers
pattern of Mexican germplasm collections, A. comosus acces-
sions were reported to have a low level of diversity (Paz et al.,
2005). In contrast, in a study of 148 A. comosus accessions
and 14 related genera analysed by AFLP, A. comosus showed
a higher degree of genetic variations (Kato et al., 2005).

According to isozyme, RFLP, and AFLP results (Duval
and Coppens d’Eeckenbrugge, 1992; Duval et al, 2001),
A. comosus and A. macrodontes can be separated clearly, but
A. comosus var. bracteatus appears relatively uniform and bet-
ter differentiated from the other varieties. In the study of Kato
et al. (2005), A. comosus var. comosus is most closely related
to A. comosus var. ananassoide; however, early AFLP results
demonstrated that 4. comosus var. ananassoides, some of
A. comosus var. parguazensis accessions, and A. comosus var.
comosus were clustered in same group (Duval et al, 2001).
Chloroplast DNA (cpDNA) diversity of Ananas and related
genera were evaluated by PCR-RFLP (Duval et al., 2003), sug-
gesting that the genetic diversity of Ananas was relative to the
geographical origin of the accessions but not the species. These
results supported the pineapple classification by Coppens
d’Eeckenbrugge and Leal (2003) and enable us to generate a
dendrogram for pineapple classification (Fig. 1). The level of
genetic diversity among commercial cultivars is still unclear.
Three commercial cultivar groups, ‘Cayenne’, ‘Queen’, and
‘Spanish’, were investigated by random amplified polymorphic
DNA (RAPD). ‘Cayenne’ and ‘Queen’ cultivars were grouped
into two separate clusters, whereas ‘Spanish’ failed to form a
monophyletic group (Sripaoraya et al., 2001). However, major
cultivar groups of the 148 A. comosus accessions of pineap-
ple, such as ‘Cayenne’, ‘Spanish’, and ‘Queen’, could not be
distinctively separated by AFLP (Kato et al, 2005). Simple
sequence repeat (SSR) markers further confirmed the incon-
gruence between taxonomic and molecular markers (Shoda
et al., 2012; Feng et al., 2013). Thirty one pineapple accessions
could be differentiated by the 18 SSR markers, but could not be
clustered into distinct groups with morphological classification
(Shoda et al., 2012). Similar results were reported in 48 pineap-
ple varieties that were clustered into four subgroups using SSR
markers (Feng et al., 2013). In all these studies, genetic diversity
was not in good accordance with morphological classification,
indicating that the phenotypic traits used to characterize dif-
ferent cultivar groups could have evolved from a small number
of mutations in different genetic backgrounds. Re-sequencing
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of selected cultivars from each group could reveal the nature of
genomic variation within and among cultivar groups.

Genetic mapping

Five genetic maps of pineapple were constructed using F,;
and F, populations with molecular markers developed over
the years. The first genetic map of pineapple was generated
using an F, population with 46 progenies derived from a
cross between A. comosus var. comosus (cv. ‘Rondon’, clone
BR50) and var. bracteatus (cv. ‘Brancodo mato’, clone BR20)
(Carlier et al., 2004). The map of the female parent BR50
consisted of 156 molecular markers (33 RAPD, 115 AFLP,
and 8 SSR) in 30 linkage groups, which spans over 1311 cM
covering 31.6% of 3693 cM genome length estimated using
maximum likelihood method (Chakravarti ef al., 1991). The
map of the male parent BR20 consisted of 335 molecular
markers in 50 linkage groups, which spans over 2111 ¢cM and
covered 57.2% of the genome (Carlier et al., 2004).

The second release of the map is an integrated map that com-
bined these two F; maps and an F,-based genetic map (Carlier
et al., 2005). The integrated map contains a total of 46 linkage
groups with 574 markers, which spans more than 2421 cM and
covers 62% of the genome. Using 142 F, individuals, a genetic
map was constructed with 412 markers in 50 linkage groups.
The total span of the map is 2458 cM, which corresponds to
62.7% of the genome (Botella and Smith, 2008).

Recently, an F,-based genetic map was constructed with
492 DNA markers in 40 linkage groups, covering approxi-
mately 80% of the genome (Carlier e al, 2012). The latest
integrated genetic map combines F; and F,-based maps, with
741 markers in 28 linkage groups, and spans 2113 cM (de
Sousa et al., 2013) (Table 1).

A. comosus

(2n =2x=50)
Ananas<A, Macrodontes

(2n =4x = 100)

A reference genetic map of pineapple is a valuable tool for
positional cloning and for marker-assisted selection. A high-
density genetic map is also required for physical mapping and
de novo genome assembly. The current genetic maps have con-
tributed to building the genomic resources for pineapple, but
are still mostly partial maps. With the advance of sequenc-
ing technologies, a sequence-tagged high-density genetic map
covering the vast majority of the pineapple genome is neces-
sary for genome assembly and comparative genomic research
in monocots.

EST resources

Expression sequence tags (ESTs) are an essential resource for
gene discovery and genome annotation. Pineapple ESTs were
generated from cDNA libraries of roots, fruit, and aerial tis-
sues (Neuteboom et al., 2002), green mature fruits (Moyle
et al., 2005b), and nematode infected gall (Moyle et al.,
2005a). PineappleDB includes more than 5500 ESTs with
3383 consensus sequences that were analysed with splice vari-
ants and further compared with putative Arabidopsis homo-
logues for functional annotation (http://genet.imb.uq.edu.au/
Pineapple/index.html). The comprehensive sequence, bioin-
formatic and functional classification of EST resources are
available for text or sequence-based searches.

Recently, a pineapple microarray with 9277 elements was
used for gene expression profiling between mature green and
yellow stages of pineapple fruit ripening (Koia et al., 2012).
A total of 271 unique cDNAs expressed at least 1.5-fold dif-
ference between the two stages. Among the 237 pineapple
sequences with identifiable homologues, 160 were upregulated
and 77 were downregulated during pineapple fruit ripening.
The ESTs showing differential expression were predicted to

vars. comosus (2n = 2x = 50)

T~ vars. erectifolius (2n = 2x = 50)
vars. ananassoides (2n = 2x = 50)

vars. bracteatus (2n = 2x = 50)

vars. parguazensis (2n = 2x = 50)

Fig. 1. The dendrogram of pineapple species and cultivars based on published diversity studies (Smith and Downs, 1979; Duval et al., 2001; Coppens

d’Eeckenbrugge and Leal, 2003; Kato et al., 2005).

Table 1. Summary of five pineapple genetic maps

No. Population Markers Linkage groups Coverage of genome Reference
1 Fy male 335 50 57.2% Carlier et al. (2004)
F; female 156 30 31.6% Carlier et al. (2004)
2 F,andF, 574 46 62% Carlier et al. (2006)
3 F, 412 50 62.7% Botella and Smith (2008)
4 F, 492 40 80% Carlier et al. (2012)
5 Fyand F, 741 28 86% de Sousa et al. (2013)
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be genes enriched for redox activity, organic acid metabolism,
metalloenzyme activity, glycolysis, vitamin C biosynthesis,
antioxidant activity, and cysteine peptidase activity (Koia
etal.,2012).

Using the Illumina sequencing platform, about 4.7 million
paired-end reads were generated and assembled for transcrip-
tomes of ripe yellow pineapple fruit flesh (Ong et al., 2012).
The paired-end reads were assembled into a total of 28728
unique transcripts with average size of approximately 200 bp.
Of these, 16932 unique transcripts (58.93%) BLAST hit
to homologue sequences in the NCBI database. A total of
13 598 unique transcripts (47.33%) were mapped to 126 path-
ways in the genomes pathway database (http://www.genome.
jp/kegg/). This study provided an EST resource to be further
utilized in gene expression, gene predictions, and other func-
tional genomic studies in pineapple.

In these reported experiments, the molecular basis of rip-
ening for pineapple was the primary objective for both the
Australian and Malaysian groups. However, the ESTs from
Sanger methods covered only 5500 transcripts, whereas the
RNAseq experiments revealed 28728 unique transcripts,
reflecting the rapid advance of sequencing technologies and
increased resolution of genomic research. For the purposes
of gene prediction and genome annotation, it would be neces-
sary to sample widely across many tissues and development
stages to obtain maximum coverage of pineapple transcripts.

Gene discovery and identification

Gene discovery and identification will facilitate pineapple
breeding, through either genetic transformation or marker-
assisted selection. In pineapple, genes relative to the ripening
of pineapple fruit and plant development have been cloned
and characterized. Ethylene biosynthetic genes 1-aminocy-
clopropane-1-carboxylate (ACC) synthase and ACC oxidase
have been cloned and their expression levels analysed at dif-
ferent developmental stages of fruit (Cazzonelli e al., 1998).
The ACC synthase gene (AcACS2) was shown to be involved
in the regulation of time of flowering of pineapple by gene
silencing (Trusov and Botella, 2006). A somatic embryogen-
esis receptor-like kinase (SERK) gene was isolated from pine-
apple, and expression analysis indicated that it may play a
role in the transition from somatic cell to embryogenic cell
and development of competent cell to global embryo (Ma
et al, 2011). Moreover, a full-length cDNA of a putative
aspartic acid protease (AcAPI) has been isolated. The gene
was thought to be involved in resistance to post-harvest chill-
ing stress based on the expression level between two pineapple
varieties differing in their resistance to blackheart (Raimbault
et al.,2013).

Several genes related to modern medicinal use and con-
ferring microbial resistance have been studied, including
bromelain inhibitors (Sawano et al., 2002), the cysteine pro-
tease inhibitor cistatin (Shyu ez al., 2004), and aspartic acid
protease (AcAPI) (Antony et al., 2008). A pineapple fruit
bromelain gene (BAA) has been cloned and transferred into
Chinese cabbage (Brassica rapa) resulting in enhanced resist-
ance to bacterial soft rot (Firoozabady et al, 2005). The

transcript expression of bromelain and AcCYS!1 were shown
to directly correlate with the resistance to blackheart develop-
ment in pineapple fruit (Carter ez al., 2000; Raimbault ez al.,
2013).

Genes involved in sugar transport pathways play essential
roles for sugar accumulation, affecting fruit quality. Three
putative vacuolar sugar transporters—hexose transporter
(AcMSTI), inositol transporter (AcINTI), and sucrose
transporter (4cSUTI)—have been cloned from the leaves of
pineapple (Raimbault ez al, 2013). The subcellular localiza-
tion of the three transporters has been investigated, and both
AcMSTI and AcINTI observed to localize in the tonoplast,
whereas AcSUTI localized to prevacuolar compartments.
The expression profile of AcINT1 showed day—night changes
(Raimbault et al., 2013).

The discovery of key genes will play an important role in
developing strategies for genetic improvement and under-
standing the mechanism of complex traits in pineapple.
According to the physiological features of pineapple, genes
related to the CAM pathway and non-climacteric ripening
could be of primary interest. For better understanding of the
functional diversity of these target genes, it would be neces-
sary to investigate gene family members and allelic variations
in Ananas.

Genome sequencing in pineapple

The pineapple genome was sequenced by our group using the
whole genome shotgun (WGS) approach with both Illumina
and 454 sequencing technologies and pooled BACs with
Illumina only to high depth on pineapple variety F153. The
highly heterozygous nature and self-incompatibility of pine-
apple poses substantial challenge for genome assembly. We
used a combination of bioinformatic techniques to overcome
the difficulty of assembling the pineapple genome, which will
be described in the genome manuscript.

The resulting draft genome has a contig N50 of 9.5 kb and
a scaffold N50 of 408 kb, and covers about 375 Mb (62%) of
the estimated 526 Mb genome. Most of the missing sequences
are repeat sequences, since between 88 and 92% of pineapple
protein-coding genes are covered in the current draft assem-
bly based on evaluation of RNAseq and CEGMA coverage,
respectively. The pineapple draft genome contains 43% repet-
itive sequences, and is predicted to have 25862 genes using
MAKER assisted by RNAseq transcripts. The availability of
a high-quality reference genome will serve as an indispensable
resource for pineapple researchers.

Genomic analysis of the CAM pathway
Origin of CAM

CAM plants comprise at least 343 genera in 35 families of
angiosperms, including both monocots and eudicots, but
are mainly characterized in Crassulaceae, Bromeliaceae,
Orchidaceae, and Agavaceae (Silvera et al., 2010; Matiz
et al., 2013). Phylogenetic reconstruction of CAM and C;
species indicates that C; photosynthesis is the ancestral state
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of CAM. Almost all identified genes involved in the CAM
pathway are already present in C; plants, and CAM photo-
synthesis likely evolved by regulation and reorganization of
gene expression in the ancestral C; pathway (West-Eberhard
et al., 2011). CAM plants in 35 families evolved indepen-
dently, even within the same family. Phylogenetic analysis in
Orchidaceae demonstrated that CAM has evolved at least 10
times independently with several reversals, along with paral-
lel evolution in subfamilies (Crayn et al., 2004; Silvera et al.,
2009).

Genes and gene network involved in the CAM pathway

CAM photosynthesis is characterized by nocturnal CO, fixa-
tion by phosphoenolpyruvate carboxylase (PEPC) to gener-
ate oxaloacetate (OAA), which is rapidly converted to malate
and transported into the vacuole. During the day, when sto-
mata are closed, the C, organic acids are remobilized from
the vacuoles and decarboxylated, generating CO, as a sub-
strate for Rubisco in the Calvin cycle (C;).

Few genes involved in the CAM pathway have been studied
in pineapple. The related genes from several CAM plants pro-
vide a good reference for CAM pathway analysis in pineap-
ple. Large-scale mRNA expression profiles in CAM-inducing
and Cs-inducing Mesembryanthemum crystallinum revealed a
range of metabolic genes related to CAM, including genes
for C, metabolism, glycolysis/gluconeogenesis, starch syn-
thesis/degradation, and transporters (Cushman et al., 2008).
Transcriptome sequencing of Agave deserti and Agave tequi-
lana, two drought-tolerant CAM plants, and comparative
analysis with the proteomes of four monocotyledonous grass
species (Brachypodium distachyon, Oryza sativa, Sorghum
bicolor, Zea mays) revealed 4325 orthologous groups com-
mon in both Agave species but absent in the four grass species
(Gross et al., 2013), with some of them likely attributed to
CAM photosynthesis.

Transporters are critical in the CAM pathway. Vacuolar
sugar transporters characterized in pineapple appear to be
functioning to maintain the carbohydrate partition (Antony
et al., 2008). The vacuolar H*-ATPase provides the pro-
ton-motive force for malic acid accumulation in vacuoles.
Recently, dynamic changes in the proteome of M. crystalli-
num leaves showed that the majority of subunits of V-ATPase
(vacuolar H*-ATPase) holoenzyme were significantly affected
during the transition to CAM (Cosentino et al., 2013). While
switching to CAM, all known subunits of V-ATPase showed
a sharp increase, but subunits E and ¢ have the highest rise.
The data show that the V-ATPase holoenzyme performs dif-
ferent functions in CAM and C; photosynthesis via changes
in subunit structure (Cosentino et al., 2013).

Na*/H* antiporters play a role in Na* compartmentation
during plant adaptation to high salinity and expression levels
show a temporal correlation with salt accumulation in leaves
but not in roots. These results indicate that Na*/H" antiport-
ers are probably involved in CAM metabolism (Cosentino
et al., 2010).

It has been demonstrated that aquaporins (AQPs) play a
role in maintaining water balance during CAM. The protein

abundance of AQPs showed a persistent rhythm with CAM.
However, the transcript profiles were not associated with the
protein abundance, which suggests post-transcriptional reg-
ulation of these AQPs in the CAM pathway (Vera-Estrella
etal.,2012).

Proteomic profiling of CAM-inducing pineapple demon-
strated five major spots that were different from Cs-inducing
plants. Two of them, OEEl (oxygen involving enhancer
1) and OEE2, were reported for the first time in Ananas
comosus, whereas the other three are subunits of Rubisco.
OEE!I and OEE2 are subunits of the PSII oxygen-evolving
system. The same study also demonstrated that transcripts of
the antioxidant enzyme catalase and OEEI are related to the
CAM pathway in pineapple (Aragon et al., 2013). The rela-
tionship between CAM and oxidative metabolism has been
observed in many CAM plants, but molecular mechanisms
are still not clear.

It has been demonstrated that the common ice plant has
a similar multigene loop oscillator with Arabidopsis (Boxall
et al., 2005). Transcripts of circadian central gene 7OCI
and LATE ELONGATED HYPOCOTYLICIRCADIAN
CLOCK ASSOCIATED 1 (LHYICCAI) oscillated with a
24-h periodicity, the same as the expression profiles in Cs
plants. However, a recent report suggested that CCAI and
RPPY shown a 12-h oscillation in another CAM plant, the
cactus Opuntia ficus-indica (Mallona et al., 2011). Different
expression rhythms in M. crystallinum and O. ficus-indica
may be the result of independent evolution under distinct
environmental cues.

Based on the available data, ZEITLUPE (ZTL) was pro-
posed as a candidate protein in regulating the expression of
CAM. This is a core component of ZEITLUPE/FLAVIN-
BINDING, KELCH REPEAT F-BOX [/LOV KELCH
PROTEIN 2 (ZTLIFKFI/LKP2), one of the three families
of LOV blue light receptors in green plants. A¢ZTL has been
reported to be expressed independent of light-dark cycles and
the circadian clock in Arabidopsis (Somers et al., 2000), while
oscillation of Mc¢ZTL transcripts was observed not only in
Cs-induced but also in CAM-induced M. crystallinum (Boxall
et al., 2005). ZTL specifically interacts with TOCI and PRRS5
and mediates their proteolytic degradation (Suetsugu and
Wada, 2013). TOCI is a component of an autoregulatory
negative feedback loop, together with two Myb transcription
factors LHY and CCA1, whereas PRRYS is essential for robust
oscillation (Nagel and Kay, 2012). It has been hypothesized
that these rhythm changes of CCAI and PRRY in O. ficus-
indica may be related to the gene ZT'L or blue light.

TOCI, considered a core circadian gene in multigene loop
oscillator for CAM regulation, has been cloned and overex-
pressed in Kalanchoe fedtschenkoi (Hartwell, 2005; Borland
et al.,2009). Studies in O. ficus-indica indicated that TOCI, as
in Arabidopsis, oscillates with a 12-h rhythm, peaking during
the night (Mallona et al., 2011). Therefore, TOCI probably
plays a minor role in the CAM pathway or is regulated post-
transcriptionally. In addition, diel expression of the other
blue light photoreceptors (PHOTI and PHOT2) under circa-
dian clock control have been found in Clusia rosea (Barrera
Zambrano, 2012) (Table 2).
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Table 2. Genes involved in the CAM pathway

Gene

Accession mumber

Function

Species

Reference

Key enzymes
Phosphoenolpyruvate
carboxylase (PEPC1)

Phosphoenolpyruvate
carboxykinase (PEPCK)

Rubisco

NAD*-malic enzyme
(NAD*-ME)

NADP-malic enzyme
(NADP-ME)

Large subunit of Rubisco
(LSU)

Small subunit of Rubisco
(SSV)

Pyruvate phosphate dikinase
(PPDK)

Transporters
V-ATPase

Sugar transporters

Na*/H* antiporter

Oxidative related
Malate dehydrogenase
(MDH)

Oxygen evolving enhancer
1 (OEE1)

Oxygen evolving enhancer
2 (OEE2)

Catalase (CAT)

Ascorbate peroxidase (APX)

Superoxide dismutase (SOD)

AJ312631.1
(EC 4.1.1.31)
X63774.1
AF158091
CAPP1_MESCR
K01595 (KEGG)
NM_119948

RBS3_MESCR
RBS4_MESCR
RBS6_MESCR

RCAT (TIGR: TC4881)
RCA2 (DQO87187)
(EC 1.1.1.39)

Contig7549%

P48683 (EBI)

GW667494.1

Contig5426°

vha-H (AJ438592.1)
vpha-a (AJ438978.1)
vatA (AJ276326.1)
vha-G (AJ438591.1)
vha-B (AJ438590.1)
AcMST1(EF460876)
ACINT1 (EF460877)
AcSUT1(EF4608780)
McNhaD (AM746986)
McSOS1 (AM746987)
McNHX1(AM746985)
McNHX2 (AM748092)
McNHX3 (AM901401)

DT336869
ABQ52657.1
P12359(EBI)

P12302 (EBI)

GU266543.1
EC1.11.1.6

GU266541.1
EC1.11.1.11

AJ250667.1
EC 1.15.1.1

Initial fixation of CO, into
OAAin C; and CAM

Phosphorylation of PEPC

Carboxylation

Catalyses decarboxylation
of malate

Catalyses decarboxylation
of malate

Photosynthetic carbon
fixation

Photosynthetic carbon
fixation

Controls the
phosphorylation state of
PEPC

Provides the proton-
motive force for malic acid
accumulation

Regulate carbon flow

High salinity Na*
compartmentation

Reversibly catalyses the
oxidation of malate to
oxaloacetate

A subunit of PSII oxygen
evolving system

A subunit of PSII oxygen
evolving system

Key enzyme of the
antioxidative system

Key enzyme of the
antioxidative system

Key enzyme of the
antioxidative system

Ananas comosus;
Phalaenopsis aphrodite;
Mesembryanthemum
crystallinum; Agave deserti;
Agave tequilana

A. comosus; M. crystallinum;
Agave deserti; Agave

tequilana
M. crystallinum

P, aphrodite; Rosularia
elymaitica; Kalanchoe
daigremontiana
Opuntia ficus-indica
A. comosus

A. comosus

O. ficus-indica

M. crystallinum

A. comosus

M. crystallinum

A. comosus

A. comosus

A. comosus

A. comosus; Sedum album;
R. elymaitica

A. comosus; S. album;
R. elymaitica

A. comosus; S. album;
R. elymaitica

Aragon et al. (2012, 2013);
Chen et al. (2008); Cushman
et al. (2008); Davies and
Griffiths (2012); Gross et al.
(2013)

Aragon et al. (2012, 2013)

Cushman et al. (2008); Davies
and Griffiths (2012)

Chen et al. (2008); Habibi and
Hajiboland (2011); Peckmann
etal. (2012)

Mallona et al. (2011)

Aragon et al. (2013)

Aragon et al. (2013)

Mallona et al. (2011)

Cosentino et al. (2013)

Antony et al. (2008)

Cosentino et al. (2010)

Freschi et al. (2010)

Aragon et al. (2013)

Aragon et al. (2013)

Aragon et al. (2013); Habibi
and Hajiboland (2011);
Hajoboland (2010)

Aragon et al. (2013); Habibi
and Hajiboland (2011);
Hajoboland (2010)

Aragon et al. (2013); Habibi
and Hajiboland (2011);
Hajoboland (2010)
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Gene

Accession mumber

Function

Species

Reference

Nitrate reductase (NR)

EC1.6.6.1

Photosynthesis and circadian clock related

Phototropin 1/2 (phot1/2)

CC_MiF_011E05"
CC_MuF_011G04°

NO production and
stimulates the expression
of CAM

Blue light receptor

Pineapple

Clusia rosea

M. crystallinum

C. rosea

M. crystallinum
O. ficus-indica;
M. crystallinum

Freschi et al. (2009, 2010)

Barrera Zambrano (2012)
Boxall et al. (2005)
Barrera Zambrano (2012)

Boxall et al. (2005)
Mallona et al. (2011)

Timing of Cab expression 1 BI543444 Core circadian gene

(TOCH) BI543434

Cryptochrome 2 CC_MuF_004G08? Harvesting light

Zeitlupe (ZTL) AY371290 Blue light acceptor

Circadian clock associated Contig2293? Myb transcription factors,

1 (CCA1) controlling the circadian
clock

Pseudo response regulator Contig18061° Controlling the circadian

9 (PRR9) clock

O. ficus-indica Mallona et al. (2011)

2 Communicate with Mallona et al. for sequence information.

b\Was a Clusia EST database, http://xyala.cap.ed.ac.uk/Gene_Pool/Katherine_Shorrock

Epigenetic control of CAM

DNA methylation plays a role in adaptation to salt stress in
the halophyte M. crystallinum. Under salt stress, M. crys-
tallinum switches from C; to CAM, coupled with increase
in the expression of Ppcl, a CAM-specific isoform of the
PEPC gene family. Nine cytosines in the promoter region
and 5’-untranslated region changed their methylation pattern
during the transition to CAM (Huang ez al., 2010). Further
research demonstrated that the methylation level of a CTG
site, which is 9 bp downstream of TATA-box in the promoter
of Ppcl, coincided with the expression of Ppcl (Huang et al.,
2010). The methylation of this specific site activated the inter-
action of AT-rich DNA-binding factor with the promoter of
Ppcl (Cushman and Bohnert, 1992).

Hypermethylation of CCWGG sequences in the nuclear
genome have an effect on adaptation to salt stress in M. crystal-
linum (Dyachenko et al., 2006). The CpNpG-hypermethylation
occurs in the satellite DNA when switching to the CAM path-
way, probably promoting a specialized chromatin structure,
which could change the expression pattern of a large num-
ber of genes and result in shifting from a C; to CAM path-
way. Transcriptome sequencing of A. deserti and A. tequilana
revealed that the class II KNOX transcription factors have a
higher expression in the distal leaf, where elevated CAM pho-
tosynthesis was detected compared with leaf base (Gross ez al.,
2013). The expression of KNOX1, associated with organogene-
sis during bulbil formation, was epigenetically regulated by the
histone modification marker H3K9me3 in Agave (De-la-Pefia
et al., 2012). In addition, a genome-wide study in Arabidopsis
showed that H3K4Me3 abundance is proportional to the
expression of genes in response to drought (van Dijk ef al.,
2010). Histone modification might be more important in CAM
plants, which mostly live in arid environments.

Most epigenetic variation is reset between genera-
tions, although in some cases it can be transgenerationally

inheritable, which is beneficial for the offspring on adapta-
tion to environmental change (Robertson and Wolf, 2012).
It has been shown that A. tequilana offsets from rhizomes
and bulbils on the inflorescence showed an overall increase
in methylation (Diaz-Martinez et al, 2012). Although the
methylation patterns between mother plant and offspring dif-
fered in three forms of asexual reproduction, in vitro cultured
plants showed patterns specific to each generation.
Epigenetic allele (epiallele) stability and inheritability were
also tested in Arabidopsis under salt stress. The results showed
that epigenetic marker H3K9ac is less abundant in the prog-
eny, with expression analysis identifying downregulated genes
in salt-stressed plants (Farahani, 2013). This suggests that
histone modifications play a part in establishment of trans-
generational stress memory. Research aimed at discovering
epigenetic effects on adaptation and evolution showed that
epigenetic variation in three allopolyploid orchids had been
restructured during genome doubling, forming species-specific
patterns adapting to specific eco-environmental cues, espe-
cially water availability and temperature (Paun ez al., 2010).

Perspective

Pineapple is the most important crop with CAM biosynthe-
sis, parthenocarpic fruit development, and non-climacteric
fruit ripening. Its economic importance and these biologi-
cal features are justification for sequencing the pineapple
genome. The reference genome covered about 90% of genes,
and the remaining unassembled genome is mostly repeti-
tive sequences. The difficulty in assembling a near-complete
genome is due to heterozygosity caused by self-incompati-
bility and vegetative propagation and short reads of current
sequencing technology. Nevertheless, the reference genome
will accelerate genetic and genomic research of pineapple and
CAM photosynthesis, as well as helping in understanding the
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molecular basis of self-incompatibility in monocots, parthe-
nocarpy, and non-climacteric fruit ripening.

The available genetic and genomic resources and a large
collection of pineapple germplasm make pineapple an excel-
lent model for studying the genomics of CAM photosynthe-
sis. Based on the potential reference genome of pineapple,
analysis of the genes involved in CAM photosynthesis by
comparing gene expression between pineapple seedlings (uti-
lize C;) and mature plants (utilize CAM), it might be pos-
sible to predict the origin and divergence of CAM plants.
Generating mutant populations through irradiation and/
or EMS treatment to identify mutants that do not express
CAM biosynthesis would be a better approach for identifying
genomic regions containing regulatory elements controlling
CAM photosynthesis. Such information could also be gener-
ated from comparative analysis of ice plants M. crystallinum
under normal and stressed conditions that switch between C;
and CAM biosynthesis and then generating mutant popula-
tions in this model species for studying CAM biosynthesis.
The information from multiple species with independent
origins of CAM photosynthesis will contribute to the iden-
tification of genes and regulatory elements controlling this
photosynthesis pathway, and expedite the conversion between
C; and CAM pathways on targeted crops.

Inconsistencies between morphological classification and
molecular diversity could be explained by similar mutations
in different genetic backgrounds that resulted in different
morphological traits (Duval er al., 2001; Kato et al., 2005).
Utilizing the range of germplasm collections from the centre
of diversity in Brazil and production regions worldwide, it may
be possible to discover domestication genes via genome-wide
association studies (GWAS). The ongoing re-sequencing of
Ananas accessions representing all species and cultivar groups
from the previous and current taxonomic classification will
enable us to verify the current classification. Re-sequencing
of multiple cultivars from ‘Smooth Cayenne’, ‘Queen’, and
‘Spanish’ will provide the opportunity to test the hypothesis
that pineapple cultivars are selected from somatic mutations.

Acknowledgements

This work was supported by a grant from EBI and startup funds from Fujian
Agriculture and Forestry University to RM. We thank Drs Michael Schatz
and Haibao Tang for assembling the pineapple genome that was briefly
described.

References

Antony E, Taybi T, Courbot M, Mugford ST, Smith JA, Borland AM.
2008. Cloning, localization and expression analysis of vacuolar sugar
transporters in the CAM plant Ananas comosus (pineapple). Journal of
Experimental Botany 59, 1895-1908.

Aradhya MK, Zee F, Manshardt RM. 1994. Isozyme variation in
cultivated and wild pineapple. Euphytica 79, 87-99.

Aragon C, Carvalho L, Gonzalez J, Escalona M, Amancio S. 2012.
The physiology of ex vitro pineapple (Ananas comosus L. Merr. var MD-2)
as CAM or Cg is regulated by the environmental conditions. Plant Cell
Reports 31, 757-769.

Aragon C, Pascual P, Gonzalez J, Escalona M, Carvalho L, Amancio
S. 2013. The physiology of ex vitro pineapple (Ananas comosus L. Merr.

var MD-2) as CAM or Cj is regulated by the environmental conditions:
proteomic and transcriptomic profiles. Plant Cell Reports 32, 1807-1818.

Barrera Zambrano VA. 2012. Implications of leaf anatomy
and stomatal responses in the Clusia genus for the evolution of
Crassulacean acid metabolism. PhD thesis, School of Biology,
Newcastle University, UK.

Borland AM, Griffiths H, Hartwell J, Smith JA. 2009. Exploiting the
potential of plants with crassulacean acid metabolism for bioenergy
production on marginal lands. Journal of Experimental Botany 60,
2879-2896.

Botella JR, Smith M. 2008. Genomics of pineapple, crowning the king of
tropical fruits. In: Moore PH, Delmer D, Ming R, eds. Genomics of tropical
crop plants . New York: Springer, 441-451.

Boxall SF, Foster JM, Bohnert HJ, Cushman JC, Nimmo HG,
Hartwell J. 2005. Conservation and divergence of circadian clock
operation in a stress-inducible Crassulacean acid metabolism species
reveals clock compensation against stress. Plant Physiology 137,
969-982.

Brown G, Gilmartin A. 1986. Chromosomes of the Bromeliaceae.
Selbyana 9, 88-93.

Brown GK, Palaci CA, Luther HE. 1997. Chromosome numbers in
Bromeliaceae. Selbyana 18, 85-88.

Carlier J, Nancheva D, Leitao JM, Coppens d’Eeckenbrugge G.
2005. Genetic mapping of DNA markers in pineapple. Acta Horticulturae
702, 79-86.

Carlier J, Reis A, Duval M, Coppens D’Eeckenbrugge G, Leitao
J. 2004. Genetic maps of RAPD, AFLP and ISSR markers in Ananas
bracteatus and A. comosus using the pseudo-testcross strategy. Plant
Breeding 123, 186-192.

Carlier JD, Sousa NH, Santo TE, Coppens d’Eeckenbrugge G,
Leitdao JM. 2012. A genetic map of pineapple (Ananas comosus (L.) Merr.)
including SCAR, CAPS, SSR and EST-SSR markers. Molecular Breeding
29, 245-260.

Carter CE, Marriage H, Goodenough PW. 2000. Mutagenesis and
kinetic studies of a plant cysteine proteinase with an unusual arrangement
of acidic amino acids in and around the active site. Biochemistry 39,
11005-11018.

Cazzonelli Cl, Cavallaro AS, Botella JR. 1998. Cloning and
characterisation of ripening-induced ethylene biosynthetic genes from non-
climacteric pineapple (Ananas comosus) fruits. Functional Plant Biology
25,513-518.

Chakravarti A, Lasher LA, Reefer JE. 1991. A maximum likelihood
method for estimating genome length using genetic linkage data. Genetics
128, 175-182.

Chen WH, Tseng YC, Liu YC, Chuo CM, Chen PT, Tseng KM, Yeh
YC, Ger MJ, Wang HL. 2008. Cool-night temperature induces spike
emergence and affects photosynthetic efficiency and metabolizable
carbohydrate and organic acid pools in Phalaenopsis aphrodite. Plant Cell
Reports 27, 1667-1675.

Coppens d’Eeckenbrugge G, Leal F. 2003. Morphology, anatomy
and taxonomy. In: Bartholomew DP, Paull RE, Rohrbach KG, eds.
The pineapple: botany, production and uses . Wallingford, UK: CAB
International, 13-32.

Cosentino C, Di Silvestre D, Fischer-Schliebs E, Homann U, De
Palma A, Comunian C, Mauri PL, Thiel G. 2013. Proteomic analysis
of Mesembryanthemum crystallinum leaf microsomal fractions finds an
imbalance in V-ATPase stoichiometry during the salt-induced transition
from C5 to CAM. Biochemical Journal 450, 407-415.

Cosentino C, Fischer-Schliebs E, Bertl A, Thiel G, Homann U. 2010.
Na*/H* antiporters are differentially regulated in response to NaCl stress
in leaves and roots of Mesembryanthemum crystallinum. New Phytologist
186, 669-680.

Cotias-de-Oliveira ALP, Assis JGAd, Bellintani MC, Andrade JCS,
Guedes MLS. 2000. Chromosome numbers in Bromeliaceae. Genetics
and Molecular Biology 23, 173-177.

Crayn DM, Winter K, Smith JAC. 2004. Multiple origins of crassulacean
acid metabolism and the epiphytic habit in the Neotropical family
Bromeliaceae. Proceedings of the National Academy of Sciences USA
101, 3703-3708.

Cushman JC, Bohnert HJ. 1992. Salt stress alters A/T-rich DNA-binding
factor interactions within the phosphoenolpyruvate carboxylase promoter

610Z YoIe\ 60 uo Jasn Ausianiun Ansaio4 pue ainynouby uelling Aq 9zS//82/S6EE/E L/S90Nsqe-ajone/gxl/woo dno oliwapeoe//:sdiy Wwoll papeojumo(]



Genomic analyses of pineapple and CAM photosynthesis | 3403

from Mesembryanthemum crystallinum. Plant Molecular Biology 20,
411-424.

Cushman JC, Tillett RL, Wood JA, Branco JM, Schlauch KA.

2008. Large-scale mRNA expression profiling in the common ice plant,
Mesembryanthemum crystallinum, performing C; photosynthesis and
Crassulacean acid metabolism (CAM). Journal of Experimental Botany 59,
1875-1894.

Davies BN, Griffiths H. 2012. Competing carboxylases: circadian and
metabolic regulation of Rubisco in C3 and CAM Mesembryanthemum
crystallinum L. Plant, Cell and Environment 35, 1211-1220.

De-la-Peiia C, Nic-Can G, Ojeda G, Herrera-Herrera JL, Lopez-
Torres A, Wrobel K, Robert-Diaz ML. 2012. KNOX1 is expressed and
epigenetically regulated during in vitro conditions in Agave spp. BMC Plant
Biology 12, 208.

de Sousa N, Carlier J, Santo T, Leitao J. 2013. An integrated genetic
map of pineapple (Ananas comosus (L.) Merr.). Scientia Horticulturae 157,
113-118.

DeWald M, Moore G, Sherman W. 1988. Identification of pineapple
cultivars by isozyme genotypes. Journal of the American Society for
Horticultural Science 113, 935-938.

Diaz-Martinez M, Nava-Cedillo A, Guzman-Lopez JA, Escobar-
Guzman R, Simpson J. 2012. Polymorphism and methylation patterns
in Agave tequilana Weber var. ‘Azul’ plants propagated asexually by three
different methods. Plant Science 185-186, 321-330.

Dujardin M. 1991. Cytogénétique de 'ananas. Fruits 46, 376-379.

Duval MF, Buso GS, Ferreira F, Noyer J, Coppens d’Eeckenbrugge
G, Hamon P, Ferreira M. 2003. Relationships in Ananas and other
related genera using chloroplast DNA restriction site variation. Genome 46,
990-1004.

Duval MF, Coppens d’Eeckenbrugge G. 1992. Genetic variability in the
genus Ananas. Acta Horticulturae 334, 27-32.

Duval MF, Noyer J, Perrier X, Coppens d’Eeckenbrugge G, Hamon
P. 2001. Molecular diversity in pineapple assessed by RFLP markers.
Theoretical and Applied Genetics 102, 83-90.

Dyachenko O, Zakharchenko N, Shevchuk T, Bohnert H, Cushman
J, Buryanov YI. 2006. Effect of hypermethylation of CCWGG sequences
in DNA of Mesembryanthemum crystallinum plants on their adaptation to
salt stress. Biochemistry (Moscow) 71, 461-465.

Farahani BNMA. 2013. Epigenetics of stress adaptation in Arabidopsis:
the case of histone modification. MS thesis, University of Western Ontario,
London, Ontario, Canada.

Feng S, Tong H, Chen Y, Wang J, Chen Y, Sun G, He J, Wu Y.

2013. Development of pineapple microsatellite markers and germplasm
genetic diversity analysis. BioMed Research International 2013, Article ID
317912.

Firoozabady E, Heckert M, Gutterson N. 2005. Transformation and
regeneration of pineapple. Plant Cell, Tissue and Organ Culture 84, 1-16.

Freschi L, Nievola CC, Rodrigues MA, Domingues DS, Van Sluys
MA, Mercier H. 2009. Thermoperiod affects the diurnal cycle of nitrate
reductase expression and activity in pineapple plants by modulating the
endogenous levels of cytokinins. Physiologia Plantarum 137, 201-212.

Freschi L, Rodrigues MA, Domingues DS, Purgatto E, Van Sluys
MA, Magalhaes JR, Kaiser WM, Mercier H. 2010. Nitric oxide
mediates the hormonal control of Crassulacean acid metabolism
expression in young pineapple plants. Plant Physiology 152, 1971-1985.

Garcia ML. 1988. Etude taxinomique du genre Ananas: utilisation de la
variabilité enzymatique. PhD thesis, Université Sciences et Techiques du
Languedoc, Montpellier, France.

Gross SM, Martin JA, Simpson J, Abraham-Juarez MJ, Wang Z,
Visel A. 2013. De novo transcriptome assembly of drought tolerant CAM
plants, Agave deserti and Agave tequilana. BMC Genomics 14, 563.

Habibi G, Hajiboland R. 2011. Comparison of water stress and UV
radiation effects on induction of CAM and antioxidative defense in the
succulent Rosularia elymaitica (Crassulaceae). Acta Biologica Cracoviensia
Series Botanica 53, 15-24.

Hajoboland R. 2010. Photosynthetic characteristics and antioxidative
responses in three species of Crassulaceae following drought stress.
Journal of Sciences, Islamic Republic of Iran 21 (3).

Hartwell J. 2005. The co-ordination of central plant metabolism by the
circadian clock. Biochemical Society Transactions 33, 945-948.

Huang N-C, Li C-H, Lee J-Y, Yen HE. 2010. Cytosine methylation
changes in the ice plant Ppc1 promoter during transition from Cs to
Crassulacean acid metabolism. Plant Science 178, 41-46.

Kato CY, Nagai C, Moore PH, Zee F, Kim MS, Steiger DL, Ming R.
2005. Intra-specific DNA polymorphism in pineapple (Ananas comosus (L.)
Merr.) assessed by AFLP markers. Genetic Resources and Crop Evolution
51, 815-825.

Koia JH, Moyle RL, Botella JR. 2012. Microarray analysis of gene
expression profiles in ripening pineapple fruits. BMC Plant Biology 12, 240.

Leal F. 1990. On the validity of Ananas monstrosus. Journal of the
Bromeliad Society 40 (6).

Lin B. 1987. NUumero cromossémico de exemplares da familia
Bromeliaceae. Revista Brasileira de Fruticultura 9, 49-55.

Ma J, He Y, Wu C, Liu H, Hu Z, Sun G. 2011. Cloning and molecular
characterization of a SERK gene transcriptionally induced during somatic
embryogenesis in Ananas comosus cv. Shenwan. Plant Molecular Biology
Reporter 30, 195-208.

Mallona I, Egea-Cortines M, Weiss J. 2011. Conserved and divergent
rhythms of crassulacean acid metabolism-related and core clock gene
expression in the cactus Opuntia ficus-indica. Plant Physiology 156,
1978-1989.

Marchant C. 1967. Chromosome evolution in the Bromeliaceae. Kew
Bulletin 21, 161-168.

Matiz A, Mioto PT, Mayorga AY, Freschi L, Mercier H. 2013. CAM
photosynthesis in bromeliads and agaves: what can we learn from these
plants? In: Dubinsky Z, ed. Photosynthesis . Available at www.intechopen.
com. DOI: 10.5772/56219.

Moyle R, Crowe M, Ripi-Koia J, Fairbairn D, Botella J. 2005a.
PineappleDB: an online pineapple bioinformatics resource. BMC Plant
Biology 5, 21.

Moyle R, Fairbairn DJ, Ripi J, Crowe M, Botella JR. 2005b.
Developing pineapple fruit has a small transcriptome dominated by
metallothionein. Journal of Experimental Botany 56, 101-112.

Nagel DH, Kay SA. 2012. Complexity in the wiring and regulation of plant
circadian networks. Current Bio logy 22, R648-R657.

Neuteboom LW, Kunimitsu WY, Webb D, Christopher DA. 2002.
Characterization and tissue-regulated expression of genes involved in
pineapple (Ananas comosus L.) root development. Plant Science 163,
1021-1035.

Ong WD, Voo LY, Kumar VS. 2012. De novo assembly, characterization
and functional annotation of pineapple fruit transcriptome through
massively parallel sequencing. PLoS ONE 7, e46937.

Paun O, Bateman RM, Fay MF, Hedren M, Civeyrel L, Chase

MW. 2010. Stable epigenetic effects impact adaptation in allopolyploid
orchids (Dactylorhiza: Orchidaceae). Molecular Biology and Evolution 27,
2465-2473.

Paz EY, Gil K, Rebolledo L, Rebolledo A, Uriza D, Martinez O,
Isidron M, Simpson J. 2005. AFLP characterization of the Mexican
pineapple germplasm collection. Journal of the American Society for
Horticultural Science 130, 575-579.

Peckmann K, von Willert DJ, Martin CE, Herppich WB. 2012.
Mitochondrial respiration in ME-CAM, PEPCK-CAM, and C(3)
succulents: comparative operation of the cytochrome, alternative,
and rotenone-resistant pathways. Journal of Experimental Botany 63,
2909-2919.

Raimbault AK, Zuily-Fodil Y, Soler A, Cruz de Carvalho MH. 2013. A
novel aspartic acid protease gene from pineapple fruit (Ananas comosus):
cloning, characterization and relation to postharvest chilling stress
resistance. Journal of Plant Physiology 170, 1536-1540.

Robertson AL, Wolf DE. 2012. The role of epigenetics in plant
adaptation. Trends in Evolutionary Biology 4, e4.

Sawano Y, Muramatsu T, Hatano K, Nagata K, Tanokura M. 2002.
Characterization of genomic sequence coding for bromelain inhibitors in
pineapple and expression of its recombinant isoform. Journal of Biological
Chemistry 277, 28222-28227.

Sharma AK, Ghosh I. 1971. Cytotaxonomy of the family Bromeliaceae.
Cytologia 36, 237-247.

Shoda M, Urasaki N, Sakiyama S, Terakami S, Hosaka F, Shigeta N,
Nishitani C, Yamamoto T. 2012. DNA profiling of pineapple cultivars in
Japan discriminated by SSR markers. Breeding Science 62, 352-359.

610Z YoIe\ 60 uo Jasn Ausianiun Ansaio4 pue ainynouby uelling Aq 9zS//82/S6EE/E L/S90Nsqe-ajone/gxl/woo dno oliwapeoe//:sdiy Wwoll papeojumo(]


http://www.intechopen.com
http://www.intechopen.com

3404 | Zhang et al.

Shyu DJ, Chyan C-L, Tzen JT, Chou W-M. 2004. Molecular cloning,
expression, and functional characterization of a cystatin from pineapple
stem. Bioscience, Biotechnology, and Biochemistry 68, 1681-1689.

Silvera K, Neubig KM, Whitten WM, Williams NH, Winter K,
Cushman JC. 2010. Evolution along the crassulacean acid metabolism
continuum. Functional Plant Biology 37, 995-1010.

Silvera K, Santiago LS, Cushman JC, Winter K. 2009. Crassulacean
acid metabolism and epiphytism linked to adaptive radiations in the
Orchidaceae. Plant Physiology 149, 1838-1847.

Smith LB, Downs RJ. 1979. Bromelioideae (Bromeliaceae). Flora
Neotropica Monograph No. 14, Part 3 . New York: New York Botanical
Garden, Organization for Flora Neotropica, 1493-2142.

Somers DE, Schultz TF, Milnamow M, Kay SA. 2000. ZEITLUPE encodes

a novel clock-associated PAS protein from Arabidopsis. Cell 101, 319-329.

Sripaoraya S, Blackhall N, Marchant R, Power J, Lowe K, Davey M.
2001. Relationships in pineapple by random amplified polymorphic DNA
(RAPD) analysis. Plant Breeding 120, 265-267.

Suetsugu N, Wada M. 2013. Evolution of three LOV blue light
receptor families in green plants and photosynthetic stramenopiles:
phototropin, ZTL/FKF1/LKP2 and aureochrome. Plant and Cell
Physiology 54, 8-23.

Trusov Y, Botella JR. 2006. Silencing of the ACC synthase gene
ACACS?2 causes delayed flowering in pineapple [Ananas comosus (L.)
Merr.]. Journal of Experimental Botany 57, 3953-3960.

van Dijk K, Ding Y, Malkaram S et al. 2010. Dynamic changes in
genome-wide histone H3 lysine 4 methylation patterns in response
to dehydration stress in Arabidopsis thaliana. BMC Plant Biology 10,
238.

Vera-Estrella R, Barkla BJ, Amezcua-Romero JC, Pantoja O.
2012. Day/night regulation of aquaporins during the CAM cycle in
Mesembryanthemum crystallinum. Plant Cell and Environment 35,
485-501.

West-Eberhard MJ, Smith JA, Winter K. 2011. Plant science.
Photosynthesis, reorganized. Science 332, 311-312.

610Z YoIe\ 60 uo Jasn Ausianiun Ansaio4 pue ainynouby uelling Aq 9zS//82/S6EE/E L/S90Nsqe-ajone/gxl/woo dno oliwapeoe//:sdiy Wwoll papeojumo(]



