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e Background and Aims Myo-inositol-1L-phosphate synthase (MIPS) catalyses the conversion of bp-glucose
6-phosphate to 1-L-myo-inositol-1-phosphate, the first and rate-limiting step in the biosynthesis of all
inositol-containing compounds. Inositol phospholipids play a vital role in membrane trafficking and signalling
pathways, auxin storage and transport, phytic acid biosynthesis, cell wall biosynthesis and production of stress-
related molecules. In the present study, an MIPS cDNA from developing Passiflora edulis f. flavicarpa seeds was
characterized and an investigation made into its spatial and differential expression, as well as changes in its
transcription during exposure of growing plants to cold and heat stresses.

e Methods The MIPS-encoding gene was isolated by polymerase chain reaction (PCR) methods, and transcript
levels were examined using semi-quantitative reverse transcription—PCR (RT—PCR) during seed development and
in response to heat and cold stress. In addition, the copy number of the cloned PeMIPSI gene in the genome of
Passiflora edulis, P. eichleriana, P. caerulea, P. nitida and P. coccinea was determined by Southern blot analyses.
e Key Results A full-length cDNA clone of the PeMIPS1 from P. edulis was isolated and characterized. Southern
blot analyses indicated that the genomic DNA might have diverse sequences of MIPS-encoding genes and one
copy of the cloned PeMIPSI gene in the genomes of P. edulis, P. eichleriana, P. caerulea, P. nitida and
P. coccinea. RT—PCR expression analyses revealed the presence of PeMIPS] transcripts in ovules, pollen grains
and leaves, and during the seed developmental stages, where it peaked at 9 d after pollination. The PeMIPS] gene
is differentially regulated under cold and heat stress, presenting a light-responsive transcription.

e Conclusions Experimental data suggest that PeMIPS] transcription plays an important role in the establishment
of developmental programmes and during the response of plants to environmental changes. The PeMIPSI is
differentially transcribed during cold and heat stress, presenting a light response pattern, suggesting that it is

important for environmental stress response.
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INTRODUCTION

Mpyo-inositol-1L-phosphate synthase (MIPS) (EC 5.5.1.4)
and myo-inositol monophosphatase (IMP) (EC 3.1.3.25)
are involved in the de novo inositol biosynthesis pathway
(Loweus and Loweus, 1983; Loweus, 1990; Raboy, 2002).
MIPS catalyses the conversion of b-glucose 6-phosphate to
1-L-myo-inositol-1-phosphate (MIP), the first and rate-
limiting step in the biosynthesis of all inositol-containing
compounds. Inositol is a negative feedback inhibitor of
this conversion (Majumder et al., 1997). IMP catalyses the
dephosphorylation of MIP to produce inositol. An alterna-
tive route to produce intracellular inositol pools is by recy-
cling or scavenging inositol phosphates through the
phosphatidylinositol ~ signalling  pathway and by
myo-inositol polyphosphate breakdown (for a review, see
Downes et al., 2005).

Inositol phospholipids play a vital role in membrane
trafficking and signalling pathways, auxin storage and
transport, phytic acid biosynthesis, cell wall biosynthesis
and production of stress-related molecules (Loewus, 1990;
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Loewus and Murthy, 2000; Stevenson et al, 2000;
Downes et al., 2005). The phosphorylated derivatives are
essential as a phosphorus store and as a second messenger
in signal transduction. In addition, myo-inositol poly-
phosphates participate in chromatin remodelling, gene
expression and mRNA export (Odom ef al., 2000; Shen
et al., 2003). Recently, it was demonstrated that the lack
of expression of GmMIPS in immature soybean seeds
leads to an absence of accumulation of phytate globoids
and seed development (Nunes ez al., 2006).

The inositol phosphate biosynthesis pathway in develop-
ing seeds is poorly understood (Hitz et al., 2002; Shi
et al., 2005). Hegeman et al. (2001) found detectable
levels of MIPS protein mainly during seed development,
indicating high level expression only in early cotyledonary
stages. This fact suggests that the conversion of glucose
6-phosphate to MIP occurs earlier in seed development. It
is also suggested that inositol and the o-methyl inositol
esters function in salt tolerance by protecting cellular
structures from reactive oxygen species such as hydrogen
peroxide, and by controlling turgor pressure (for a review,
see Loewus and Murthy, 2000). The introduction of
PcINOI (MIPS-coding gene from Porteresia coarctata) in
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tobacco, Oryza sativa and Brassica juncea generated trans-
genic lines presenting salt tolerance with concomitant
increased inositol production (Majee et al, 2004;
Das-Chatterjee et al., 2006). MIPS is the first enzyme in a
metabolic pathway to p-pinitol, which is a cyclic sugar
alcohol involved in the tolerance of drought stress that
accumulates to higher concentrations in salt-tolerant
legumes (Bohnert and Sheveleva, 1998; Bray et al., 2000).

MIPS coding sequences have been isolated and character-
ized from a number of plant species, such as Spirodela
polyrrhiza (Smart and Fleming, 1993), Arabidopsis thaliana
(Johnson, 1994), Citrus paradisii (Abu-Abied and Holland,
1994), Mesembryanthemum crystallinum (Ishitani et al.,
1996), Nicotiana tabacum (Hara et al., 2000), Glycine max
(Hegeman et al., 2001), Hordeum vulgare (Larson and
Raboy, 1999), O. sativa (Yoshida, 1999), Zea mays (Larson
and Raboy, 1999), P. coarctata (Majee et al. 2004) and
Sesamum indicum (Chun et al., 2003). MIPS-encoding
sequences represent multigene families in some plant
species. Seven sequences were found in maize (Larson and
Raboy, 1999), two in Arabidopsis (Johnson and Sussex,
1995), at least four in soybean (Hegeman et al., 2001) and
at least three copies in S. indicum (Chun et al., 2003). The
MIPS gene from M. crystallinum may also belong to a
multigene family, as suggested by low-stringency Southern
analysis (Ishitani er al., 1996). The multiple MIPS genes in
plant species may be applied to attune its differential
expression to specific physiological functions. The evolu-
tion of the MIPS protein/gene among the prokaryotes seems
more diverse and complex than amongst the eukaryotes.
However, conservation of a core catalytic structure among
the MIPS proteins implies an essential function for the
enzyme in cellular metabolism throughout the biological
kingdom (Majumder ef al., 2003).

In this study, a MIPS cDNA from developing Passiflora
edulis seeds was characterized and its spatial and differen-
tial expression, as well as changes in its transcription
during exposure of growing plants to cold and heat stresses
were examined. Few studies have characterized MIPS gene
expression in tropical species. The yellow passion fruit
(P. edulis f. flavicarpa) is rich in ascorbic and malic acids,
niacin, riboflavin, carotenoids and alkaloids (mainly
harman), and the juice is slightly sedative. The fruit is
commercially important in Australia, the USA (Hawaii
and Southern Florida), South Africa and Brazil (Knight
and Sauls, 2005). Despite its importance, there is no infor-
mation about genes associated with seed development and
that are responsive to environmental stress.

MATERIALS AND METHODS
Plant material

Leaves from P. edulis, P. eichleriana, P. caerulea,
P. nitida and P. coccinea from the Amazon and Brazilian
Cerrado (high-altitude savannah) were collected from the
Germplasm Collection at Embrapa Cerrados (Planaltina,
DF, Brazil). Fruits from P. edulis f. flavicarpa were col-
lected from plants cultivated in the field. For Southern
analyses, leaves were protected from light with aluminium
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foil for 2 d and harvested. Seeds used for obtaining plants
for abiotic stress assays were purchased from Feltrin
Sementes (Farroupilha, RS, Brazil). Plant tissues were har-
vested, frozen immediately in liquid nitrogen and stored at
—80 °C until DNA or RNA extraction.

Cloning the PeMIPS1 gene

Total RNA was extracted using the RNAeasy Kkit
(Qiagen, Valencia, CA, USA) from 200 mg of fresh tissue
from immature embryos. The remaining genomic DNA
was eliminated by DNase digestion of the RNA samples.
An 8 pg aliquot of total RNA was used to produce total
cDNA using the Superscript IIT kit (Invitrogen, Carlsbad,
CA, USA). Degenerated primer MIPSPeF (5'-TTCATC
AATGGCAGCCCHCARAACAC-3') and  MIPSPeR2
(5-TCACTTGTAYTCCARRATCATGTTATT-3') (H= A
orCorT; R=Gor A; Y=C or T) based on conserved
regions of available plant MIPS gene were used to amplify
an internal sequence from the PeMIPSI gene. Reverse
transcription—polymerase chain reacions (RT—PCRs) were
carried out in a thermocycler (PTC-100, MJ Researcher,
USA) in 50 pL of solution containing 40 ng of cDNA,
60 mM Tris—SO4 (pH 8-9), 18 mM (NH,4),SO4, 2 mM
MgSO,, 250 nM of each dNTP, 200 nM of each primer
and 5 U of Platinum Taqg DNA Polymerase High Fidelity
(Invitrogen). The mixture was treated at 95 °C (5 min) and
subjected to 35 cycles of amplification (95 °C for 1 min,
55 °C for 1 min, 68 °C for 1 min) with a final elongation
cycle of 5 min at 68 °C. The fragments were cloned into
the pCR2.1 TOPO vector for PCR products (Invitrogen)
and sequenced by using universal M13 and T7 primers on
an automatic sequencer (ABI Prism 3700).

To obtain a full-length PeMIPS1 cDNA sequence, 5'-
and 3'-rapid amplifications of ¢cDNA ends (RACE)-PCR
were carried out. Gene-specific primers were designed
from the internal sequenced fragment and the cDNA end
was amplified by using the 5- and 3’-RACE System
(Invitrogen, Carlsbad, CA, USA), using the reverse-
specific nested primer MIPSPeRACER (5-GAGGTGTAC
TCGTCCATAGC-3") in  combination  with  the
GeneRacer™  5/'-Primer (Invitrogen), and the forward-
specific primer MIPSPeRACEF (5'-GTGAACATCCTGAC
CACGTTG-3') in combination with GeneRacer™
Oligo dT (Invitrogen). Nested PCRs were carried out as
described above. PCR products were cloned into the
pCR2.1 TOPO vector (Invitrogen) and sequenced.

Phylogenetics

The relationship between the PeMIPSI and the MIPS1
genes from another 31 plant species was determined by
aligning it with sequences available at GenBank (www.
ncbi.nih.nlm.gov) and the TIGR Gene Indices (www.tigr.
org). Only complete coding sequences were used
for analysis. The alignment was performed using
CLUSTAL W (Thompson et al., 1994). Phylogenetic ana-
lyses were carried out using the MEGA (Molecular
Evolutionary Genetic Analysis) version 3.1 software
program (Kumar et al., 2004). Mean frequencies of each
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nucleotide were similar (T = 23 %, C =23 %, A =27 %,
G =26 %), but a high transitions: transversions ratio was
observed. Thus, to consider this unequal probability of the
substitution types, the Kimura 2-parameter (Kimura, 1980)
was used to compute distances between each pair of
sequences. Phylogenetic trees were then constructed using
the neighbour-joining algorithm (Saitou and Nei, 1987).
Bootstrap values were computed using 1000 replicates to
evaluate support for the groupings.

RT—PCR expression analysis

Developing seeds (3, 9, 15, 21 and 27 d after pollina-
tion), leaves, ovules, pollen grains, stems, leaf glands and
petals were removed from plants cultivated under field
conditions and used for total RNA extraction as described
above. For abiotic stress assays, plants 8 weeks after
germination maintained at room temperature and light
intensity 10 pmolm ™2 s~ were transferred to a growth
chamber (Conviron, Winnipeg, Canada) at 5, 12, 27 and
37 °C, 85 % relative humidity, under darkness or a light
intensity of 200 wmol m ™2 s~ for a period of 8 and 16 h.
Leaves were collected for total RNA extraction as
described. Total RNA was used to produce cDNA using
the reverse transcriptase Superscript III (Invitrogen),
according to the protocol suggested by the manufacturer.
PCRs were carried out as described above, except that Tag
DNA polymerase (Invitrogen) was used and that 25 ng of
cDNA was used as a template, in reactions with 20 cycles
of amplification. The number of amplification cycles was
previously optimized in order to stop the reaction at the
exponential stage, ensuring that amplification was
semi-quantitative. Primers MIPSPeF and MIPSPeR2 were
used to amplify a 693 bp fragment from the PeMIPS
sequences. As an internal control, primers EFIF
(5-TGTTGCTGTTAAGGATTTGAAGCG-3') and EFIR
(5-AACAGTTTGACGCATGTCCCTAAC-3) were
utilized to amplify 358 bp within the passion fruit house-
keeping gene, PeEF«, elongation factor EF-1a (GenBank
accession nos DQ447160 and DQ447161; cloned and
sequenced in this work). PCRs with total RNA presented
no amplified fragments, while PCR with genomic DNA
presented a higher fragment for both PeMIPSI and EF-l«a
genes, suggesting the presence of intron(s) within the
sequence. Fragments of the MIPS-encoding sequence
amplified from expressing plant tissues were cloned into
the pGEMT-Easy and sequenced. Experiments were
repeated three times.

Genomic Southern blot analysis

Genomic DNA was isolated from leaves using the
DNeasy Plant Mini Kit (Qiagen). Southern blotting was
carried out as described (Sambrook and Russell, 2001).
Genomic DNA (15 pg) was digested with EcoRI, HindIII
and Xhol, separated on a 1 % agarose gel and transferred
to a nylon membrane (Hybond N+, Amersham Pharmacia
Biotech, Buckinghamshire, UK). Hybridization was
carried out at 55 °C using the 693 bp internal fragment
from the PeMIPSI gene, labelled with [a-32P]dCTP
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(3000 Ci mol ") using a random primer DNA labelling kit
(Amersham Pharmacia Biotech) according to the manufac-
turer’s instructions. Membranes were washed twice in 2x
SSC (Ix SSC=150mM NaCl and 15mM sodium
citrate), 0-1 % (w/v) SDS at room temperature for 15 min
and once in I1x SSC, 0-1 % (w/v) SDS at 65°C for
15 min. Stringent washing was carried out using
0-1xSSC, 0-1 % (w/v) SDS at 65 °C for 15 min prior to
exposing the membrane for autoradiography.

RESULTS
Isolation of a MIPS-encoding gene from P. edulis

A full-length MIPS cDNA of 1951 bp was isolated from
developing passion fruit seeds and entered into the NCBI
GenBank database with the accession number DQ489558.
The ¢cDNA contains one open reading frame of 1533 bp
encoding 510 amino acids. In the 3’-non-translated region,
the putative polyadenylation signal sequences (AATAA
and ATTAA) were found upstream of the poly(A) tail. The
nucleotide sequence of the PeMIPSI gene-coding region
was compared with sequences of MIPS genes from
31 plant species available in the GenBank and TIGR data-
bases and showed a high similarity (from 74 to 86 %).
The deduced amino acid sequence was used to compare
the amino acid composition of the PeMIPS1 polypeptide
with those of other plant MIPS. The analysis revealed a
high similarity of 85-93 %. The TargetP 1.1
(Emanuelsson et al., 2000) and ChloroP (Emanuelsson
et al., 1999) program algorithms predicted no signal,
chloroplast transit or mitochondrial targeting peptides in
the N-terminal region of the PeMIPS1.

The PeMIPS1 polypeptide contains four highly
conserved motifs found in other plant species:
GWGGNNG (domain 1), VLWTANTER (domain 2),
NGSPQNTFVPGL (domain 3) and SYNHLGNNDG
(domain 4). These motifs are also found in animal and
microorganism species, such as Anopheles gambiae
(GenBank accession no. XM320685), Drosophila melano-
gaster (GenBank accession no. AF071103), Homo sapiens
(GenBank accession no. AF207640), Xenopus laevis
(GenBank accession no. BC077437), Aspergillus fumiga-
tus (GenBank accession no. XM744144), Pichia pastoris
(GenBank accession no. AF078915), Entamoeba histoly-
tica (GenBank accession no. Y11270) and Leishmania
amazonensis (GenBank accession no. U91965).

Phylogenetic analysis divided MIPS genes into clusters
in agreement with taxonomic differentiation (Fig. 1). The
rootless phylogenetic tree obtained in the phylogenetic
analysis of MIPS genes showed four main branches. The
first includes the Pinnus sp, the only gymnosperm species
present. The second main branch encompasses the
sequences of monocots. The third branch is formed by
MIPS from S. polyrrhiza, an aquatic plant. The fourth
main branch comprises the sequences of dicotyledonous
species. Surprisingly, Triticum aestivum rooted with dico-
tyledonous species. The branch of the dicotyledonous
species was split into six conspicuous observable sub-
branches. The main sub-branch is formed by species from
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the order Fabales (G. max, Tripolium pratense, Lotus japo-
nicus, Medicago truncatula and Phaseolus vulgaris).
Passiflora edulis MIPS rooted with Populus sp.; both
species are from the order Malpighiales. The other sub-
branches are formed by the orders Solanales (Solanum
tuberosum, N. tabacum and Lycopersicon esculentum),
Lamiales (S. indicum and Avicennia marina), Brassicales
(A. thaliana and Brassica napus) and Caryophylales
(M. crystallinum and Suaeda maritima) (Fig. 1).

Southern analysis of MIPS-encoding genes in five species
of Passiflora

Southern blot analyses were performed to determine the
sequences related to the PeMIPSI clone in the Passiflora
species genome. Genomic DNA was digested with EcoRI,
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FiG. 1. Bootstrap consensus phylogenetic tree of

myo-inositol-1-phosphate synthase (MIPS) genes from plant species. The
tree includes sequences of MIPS available in GenBank and TIGR data-
bases. Passiflora edulis is highlight in bold, as Pe. Abbreviation of the
species and accession number of each sequence are: Aa, Actinidia arguta
(AY005128); Ac, Allium cepa (TC248); Afp, Aquilegia formosa x
pubescens (TC14836); At, Arabidopsis thaliana (U04876); As, Avena
sativa (AB059557); Am, Avicennia marina (AY028259); Bn, Brassica
napus (U66307); Cp, Citrus paradise (232632); Gm, Glycine max
(AY382834); Gh, Gorssypium hirsutum (TC27410); Hv, Hordeum
vulgare (AF056325); Lj, Lotus japonicus (TC8275); Le, Lycopersicon
esculentum (TC154132); Mt, Medicago trunculata (TC93972); Mc,
Mesembryanthemum crystallinum (U32511); Nt, Nicotiana tabacum
(AB059557); Os, Oryza sativa (ABO12107); Pv, Phaseolus vulgaris
(AMO048843); Pisp, Pinus sp. (TC64990); Posp, Populus sp. (TC19238);
Pc, Porteresia coarctata (AF412340); So, Saccharum officinarum
(TC65413); Si, Sesamum indicum (AF284065); St, Solanum tuberosum
(TC112573); Sp, Spirodela polyrrhiza (Z11693); Sm, Suaeda maritima
(AF433879); Tp, Tripolium pratense (AB236831); Ta, Triticum aestivum
(AF120148); Vv, Vitis vinifera (TC45187); Xv, Xerophyta viscosa
(AY323824); Zm, Zea mays (AF56326). Bootstrap values >50 % are
displayed on the nodes.
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HindIll and Xhol separately and probed with the 693 bp
internal fragment from the PeMIPSI gene. At low strin-
gency, a large number of strong bands were visible
(Fig. 2A), which disappeared when the blot was washed at
high stringency (Fig. 2B). Digestions with HindIIl pre-
sented a distinct pattern among species, showing a poly-
morphism within the enzyme site. A single hybridizing
band was observed with Xhol digestions (Fig. 2B). Results
obtained under low-stringency conditions indicated that
there might be diverse sequences of MIPS-encoding genes
in genomic DNA. The strong signal in one band, approx.
3 kb, obtained under high-stringency conditions after
digestion with Xhol indicated that the genome of P. edulis,
P. eichleriana, P. caerulea, P. nitida and P. coccinea may
have one copy of the cloned PeMIPSI gene.

Levels of PeMIPS|1 transcripts in organs and developing
seeds of P. edulis

RT-PCR expression analyses were carried out to detect
endogenous PeMIPSI transcripts in different P. edulis
organs and developing seeds. The results revealed the pre-
sence of PeMIPS] transcripts in ovules, pollen grains and
leaves, and no signal could be observed in stems, petals or
leaf gland (Fig. 3A). PeMIPSI transcripts were observed
in all seed developmental stages analysed. However, the
transcription peaked in seeds at 9 d after pollination
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F1G. 2. Southern blot analysis of the MIPS gene in the genome of

Passiflora species. The genomes of P. edulis (Pe), P. eichleriana (Pei),

P. caerulea (Pca), P. nitida (Pn) and P. coccinea (Pco) were digested

with EcoRI (E), HindIll (H) and Xhol (X). The membrane was probed

with the 693 bp internal fragment from the PeMIPS! gene at low (A) and
high stringency (B) of washing conditions.
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Fi1G. 3. Differential transcription of the PeMIPS1 gene from passion fruit

(P. edulis) in different organs (A) and developing seeds (B) 3, 9, 15, 21

and 27 days after pollination (DAP). Ov, ovules; PG, pollen grains; St,

stem; L, leaves; Pt, petals; LG, leaf gland. The upper bands are consistent

with the expected fragment amplified from the PeMIPSI gene and the

lower band corresponds to transcripts from the PeEFa gene (elongation
factor EF-1¢; internal control).
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(Fig. 3B). As development progressed, MIPS transcript
levels decreased. A similar level of the PeEF«a (elongation
factor EF-1a) housekeeping gene was observed for all
RT-PCR amplifications. The 693 bp fragment that corres-
ponds to the PeMIPS1-encoding sequence amplified from
expressing tissues was sequenced and revealed 100 %
identity with the cloned PeMIPSI gene.

Levels of PeMIPS1 transcripts in response to cold and heat
stress under light and dark conditions

The effect of temperature and light on the transcript
levels of the endogenous PeMIPSI gene was studied in
growing plants (8 weeks after germination). The results
revealed that under dark conditions, PeMIPSI transcripts
were upregulated during a short period under cold stress
(5 °C), whereas at higher temperatures (27 and 37 °C),
transcription levels increased slightly after 16 h (Fig. 4A).
The highest expression levels were observed at 12 °C at 8
and 16 h, with a slight decrease at 16 h. Plants exposed to
5 °C showed PeMIPS induction after 8 h of cold stress but
a decrease at 16 h. Enhanced transcription of the PeMIPSI
gene was also observed after 16 h at 27 °C but not at
37 °C, which showed the lowest amounts of transcripts
compared with control (Fig. 4A). Under continuous light
conditions (Fig. 4B), enhanced PeMIPS1 transcription was
observed after 16 h at 12 and 27 °C, when compared with
the transcriptional level observed after 8 h (Fig. 4B).
PeMIPS1 transcripts were quasi-undetectable at 37 °C.

DISCUSSION

The phylogenetic tree constructed on the basis of multiple
alignments of MIPS genes shows clear segregation of
these genes into monocotyledonous and dicotyledonous. It
is possible that the divergence of MIPS genes happened
after the divergence of monocotyledons and dicotyledons.
Alignment of the DNA sequence of the gene encoding
plant MIPS revealed remarkable evolutionary conserva-
tion. The presence of conserved sequences and conserva-
tive changes observed in a wide range of organisms
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indicates the central role that this enzyme plays in biolo-
gical systems (Majumder et al., 2003). MIPS catalyses the
synthesis of MIP, which is a precursor to compounds con-
nected to essential cellular functions, such as phosphorus
storage, signal transduction, actin remodelling, membrane
trafficking, stress protection, hormonal homoeostasis and
cell wall biosynthesis (Loewus and Murthy, 2000;
Stevenson et al., 2000; Downes et al., 2005).

Genomic Southern blot suggests that several MIPS,
MIPS-related genes or pseudogenes might be present in
the five studied Passiflora species. However, only one
copy of the cloned PeMIPSI gene was found in the
genome of P. edulis, P. eichleriana, P. caerulea, P. nitida
and P. coccinea. Although several copies of the
MIPS-encoding genes have been observed in the plant
genome, the exact copy number for each gene from MIPS
family members has not been determined for most species.
In rice, genomic Southern analysis suggested that a single
gene encoding the RINOI gene was present in the genome
(Yoshida et al., 1999). Seven sequences were found in
maize (Larson and Raboy, 1999), two in Arabidopsis
(Johnson and Sussex, 1995), two in common ice (Ishitani
et al., 1996) and at least four in soybean (Hegeman et al.,
2001). The multiple MIPS genes in crop plants may be
used to attune differential MIPS expression to specific
physiological functions.

Transcripts of the PeMIPS] gene were detected in
ovules, pollen grains, developing seeds and leaves of
plants cultivated in field conditions. However, no signal
was observed in stems, petals or leaf gland. This demon-
strated that the expression of the PeMIPSI gene is organ
specific and such differential regulation would coordinate
inositol metabolism with cellular growth (Ishitani et al.,
1996; Majumder et al., 1997). In soybean, steady-state
RNA levels of the GmMIPSI gene were higher in develop-
ing seeds than in other tissues, including flowers, leaves,
germinating cotyledons and somatic embryos (Hegeman
et al., 2001). In silico northern analyses generated from
the soybean expressed sequence tag (EST) database
predict an expression pattern of four highly similar
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MIPS-coding sequences. ESTs from GmMIPS3 were only
observed in leaf and bud libraries, while ESTs from
GmMIPS1 were only observed in immature cotyledons
(Hegeman er al., 2001). In addition, data from 15 EST
libraries showed that GmMIPSI is the preferred gene of
the seed, although it is expressed in other tissue types,
while GmMIPS?2 is expressed in many tissues but not in
developing seeds (Hitz et al., 2002). This suggested that
the expression of distinct MIPS genes is spatially con-
trolled by regulatory sequences. In S. indicum, SeMIPS1
transcription was observed in leaves, stem, root and deve-
loping seeds (Chun et al., 2003). In rice, transcripts of an
MIPS-encoding gene (RINOI) accumulated at high levels
in developing seeds, but not in leaves, roots or flowers
(Yoshida et al, 1999). Our data suggested that the
MIPS-encoding sequences might present a distinct pattern
when compared with other plants. However, more studies
should be conducted to associate MIPS gene transcription
with specific environmental conditions.

A marked peak in MIPS RNA level was observed 9 d
after pollination, showing that the gene is regulated at the
transcriptional level during seed development. Similar
results were observed in soybean. GmMIPS transcript was
observed in cotyledons at the earliest developmental
stages, with a peak in 2—4 mm seeds (Hegeman et al.,
2001). In contrast, no recognizable differences in
levels of SeMIPSI gene transcription were found between
developing stages of S. indicum seeds (Chun et al., 2003).

The results suggest that conversion of glucose-6-
phosphate to MIP occurs earlier in P. edulis seed develop-
ment. This expression pattern of PeMIPSI may be
correlated with the accumulation of phytate, which is a
storage reserve of phosphorus in seeds (Loewus and
Murthy, 2000). However, the absence of seed development
was recently observed in transgenic soybean plants silen-
cing the GmMIPSI gene (Nunes et al., 2006). This
suggests that MIPS expression during early stages of seed
development is closely related to the essentiality of inosi-
tol biosynthesis for several biochemical pathways in plants
(Downes et al., 2005), rather than phytate accumulation.
In this work, all sequenced PCR-amplified fragments pre-
sented 100 % identity with the cloned PeMIPSI gene.
Passiflora edulis may have other MIPS-coding genes, and
sequences are highly similar; because of this and the fact
that sequence-specific primers were not used for RT—PCR
analysis, it cannot be definitively concluded that the
PeMIPSI gene is the only MIPS-encoding gene expressed
in the organs studied.

RT-PCR analyses were carried out to analyse the effect
of cold and heat stress on the transcript levels of PeMIPS].
The results revealed that PeMIPS] transcripts were upregu-
lated, after a short period (8 h) under cold stress (5 °C),
which decreased after 16 h (Fig. 4A). It has been shown
that sugars and abscisic acid (ABA) have similar effects on
MIPS gene transcriptional levels (Yoshida et al., 2002).
These molecules induced transcript accumulation of the
MIPS-encoding gene (RINOI) in rice. mRNA accumu-
lation revealed that the highest accumulation level occurred
2—4 h after initiation of the combined treatment, and the
signal declined thereafter (Yoshida et al., 2002). In
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M. crystallinum, salinity stress was observed to induce the
upregulation of MIPS mRNA expression 5-fold and free
inositol accumulation approx. 10-fold (Ishitani et al.,
1996). Interestingly, the present results were similar to
those observed in Citrus sinensis submitted to herbivory
from xylem-feeding leathopper and to mechanical damage.
Both treatments induced a PeMIPS] transcript that peaked
after 48 h of treatment and was only slightly increased
after 96 h (Mozoruk et al., 2006). These results agree with
the documented fact that rapid changes in inositol phos-
phates have been observed in different plant systems with
many different stimuli, including osmotic and cold shock,
light and biotic elicitors (Perera et al., 2006). Many of the
genes regulated by biotic and abiotic factors can also be
induced by the phytohormone ABA or by osmotic stress
treatment (Ishitani et al., 1997; Seki et al., 2002; Li et al.,
2006). Indeed, high and low non-freezing temperatures and
osmotic stresses appear to have several features in
common.

Under continuous light conditions, PeMIPS1 transcripts
were upregulated at most temperatures tested, except at
37 °C (Fig. 4B). In potato, it was observed that light drasti-
cally increased St/PS-1 (an MIPS-encoding gene) transcript
level in leaves (Keller et al., 1998). It appears that a light-
and salt-mediated interplay of protease and kinase system
regulates the processing and activation of the chloroplast
inositol synthases genes in higher plants (Hait et al., 2002).
There are few studies on the possible importance of inositol
biosynthesis in light-dependent pathways. A plastid-located
pathway from inositols to D-glucuronate and further to
L-ascorbate has been postulated (Loewus, 1988).
Apparently, L-ascorbate supports chloroplast integrity under
stress conditions which require protection against radical
oxygen species. Nelson et al. (1998) suggested that
myo-inositol acts to facilitate sodium sequestration, protect
photosynthesis and sustain membrane biosynthesis. It seems
that in the common ice, photosynthesis can simultaneously
control root growth via inositol supply and osmotic stress
protection via ononitol and pinitol availability in the roots.
The sequence analysis of the predicted PeMIPS1 indicated
that the N-terminal region contains no signal, chloroplast
transit or mitochondrial targeting peptides. It suggests that
PeMIPS] encodes a cytosolic rather than an
organelle-addressed MIPS protein. However, the absence of
a convincing transit peptide in PeMIPS1 does not preclude
its targeting to a plastidic site for inositol synthesis.
A MIPS from M. crystallinum that does not contain a
transit peptide for chloroplast import presented enhanced
activity only in chloroplasts from light-grown, salt-tolerant
rice plants (RayChaudhuri and Majumder, 1996). Moreover,
experimental data have suggested that a MIPS enzyme from
P. vulgaris, which does not have a recognizable transit
peptide, is also present in plasma membranes, plastids,
mitochondria, endoplasmic reticulum, nuclei and cell walls
(Lackey et al., 2003). Additionally, the program PSORT
(Prediction of Protein Sorting Signals and Localization
Sites in Amino Acid Sequences) predicted a conserved
transmembrane motif (CEDSLLAAPIILDLVLLAELSTR),
located approx. 68 amino acids from the C-terminus in both
P. vulgaris and P. edulis MIPS.
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CONCLUSIONS

The experimental data presented here suggest important
roles for MIPS not only in basic metabolism, but also in
the establishment of developmental programmes and
during the response of plants to environmental changes.
The results demonstrated that a MIPS-encoding gene
cloned from P. edulis, called PeMIPSI, is preferentially
expressed in leaves, pollen grains, ovules and seeds 9 d
after pollination. The PeMIPS1 is differentially transcribed
during cold and heat stress, presenting a light response
pattern, suggesting that it is important for the environ-
mental stress response. There is correlation of these results
with ecological adaptation of passion fruit, a typical
species adapted to tropical and sub-tropical environments
that endures winter chills for a short period without injury,
but does not tolerate severe or prolonged freezing. Our
knowledge of stress proteins/genes is still far from com-
plete, and there are lacunae with respect to behaviour in
tropical plant species. Consequently, other stress-
responsive genes should be studied, cloned and character-
ized. Additionally, studies are required for localization of
PeMIPS1 in subcellular compartments of distinct plant
tissues, as well as MIPS silencing in transgenic plants, to
develop a greater understanding of its role during seed
development.
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