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Abstract

Cotton fibres are hair-like single-cells that elongate to several centimetres long after their initiation from the ovule
epidermis at anthesis. The accumulation of malate, along with K+ and sugars, is thought to play an important role in

fibre elongation through osmotic regulation and charge balance. However, there is a lack of evidence for or against

such an hypothesis. Phosphoenolpyruvate carboxylase (PEPC) is a key enzyme responsible for the synthesis of malate.

The potential role of PEPC in cotton fibre elongation is examined here. Developmentally, PEPC activity was higher at

the rapid elongation phase than that at the slow elongation stage. Genotypically, PEPC activity correlated positively

with the rate of fibre elongation and the final fibre length attained. Importantly, suppression of PEPC activity by LiCl that

reduces its phosphorylation status decreased fibre length. To examine the molecular basis underlying PEPC activity,

two cDNAs encoding PEPC, GhPEPC1 and 2, were cloned, which represents the major PEPC genes expressed in
cotton fibre. RT-PCR analyses revealed that GhPEPC1 and 2 were highly expressed at the rapid elongation phase but

weakly at the slow-to-terminal elongation period. In situ hybridization detected mRNA of GhPEPC1 and 2 in 1 d young

fibres but not in the ovule epidermis prior to fibre initiation. Collectively, the data indicate that cotton fibre elongation

requires high activity of PEPC, probably through the expression of the GhPEPC1 and 2 genes.
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Introduction

Cotton is the most important textile crop worldwide as

a result of its long cellulose-enriched mature fibres (Basra
and Malik, 1984; Ruan, 2007). The quality and productivity

of cotton fibre depend mainly on three processes: fibre

initiation, elongation, and secondary cell wall cellulose

synthesis, which determines, in turn, the number of fibres

present on each ovule, the final fibre length attained, and

the fibre strength at maturity (Ruan, 2005; Lee et al., 2007).

Cotton fibres are single-celled hairs originating from the

epidermis of ovular outer integuments at or just prior to
anthesis (Basra and Malik, 1984). After initiation, each

cotton fibre can elongate to several centimetres in length in

about 20 d, rendering it among the fastest growing and the

longest single-cell known in the plant kingdom (Ruan et al.,

2004). Owing to their rate and magnitude of elongation and
their accessibility for experimentation in vivo, cotton fibre

represents an excellent model to study the mechanisms of

rapid plant cell expansion at the single-cell level (Ruan and

Chourey, 1998; Martin et al., 2001; Pfluger and Zambryski,

2001; Ruan et al., 2001).

Plant cell expansion is controlled by the concerted

interaction of cell turgor and cell wall extensibility

(Cosgrove, 2005). In cotton fibre, cell turgor is achieved
through the influx of water driven by the accumulation of

osmotically active solutes, mainly, hexoses, K+, and malate,

which together accounts for about 80% of fibre sap
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osmolality (Dhindsa et al., 1975; Ruan, 2005). In this

context, substantial progress has been made in understand-

ing the control of sugar and K+ transport to, and utilization

within, cotton fibre (Ruan et al., 1997, 2001, 2003). By

contrast, however, little is known about the mechanisms

regulating malate synthesis in these cells. Thus, this study

aims to fill in this knowledge gap by exploring the role of

phosphoenolpyruvate carboxylase (PEPC; EC 4.1.1.31) in
fibre elongation, which is a key enzyme responsible for the

synthesis of malate (Chollet et al., 1996; Johnson et al.,

1996; Izui et al., 2004).

PEPC exists in bacteria, cyanobacteria, green algae, and in

higher plants (Izui et al., 2004). It catalyses the irreversible

b-carboxylation of phosphoenolpyruvate (PEP) in the

presence of HCO�
3 and Mg2+ to yield oxaloacetate (OAA)

and inorganic phosphate (Chollet et al., 1996). OAA is then
converted to malate catalysed by malate dehydrogenase

(Buchanan et al., 2000). Plant PEPC activities are subject to

allosteric control by a variety of positive (e.g. glucose 6-P)

and negative (e.g. L-malate, Asp) metabolite effectors

(Chollet et al., 1996; Izui et al., 2004) and are up-regulated

by the phosphorylation of conserved serine residues at the

N terminus (Vidal and Chollet, 1997) by PEPC kinases

(Giglioli-Guivarc’h et al., 1996; Coursol et al., 2000). A
recent observation that LiCl treatment reduces PEPC

phosphorylation status and activity by inhibiting PEPC

kinase activity (Monreal et al., 2007) offers new opportuni-

ties to probe the roles of PEPC in plant development.

PEPCs appear to be involved in diverse physiological and

cellular processes (Lepiniec et al., 1994; Gehrig et al., 2001).

The enzyme is required for C4 and Crassulacean acid

metabolism (CAM) photosynthesis by catalysing the initial
carboxylation step in a C4 acid cycle that functions as

a CO2 concentrating mechanism (Rao et al., 2002). In non-

photosynthetic tissues, PEPCs function in the refixation

of HCO�
3 released from dark respiration to produce C4-

dicarboxylic acids, providing carbon skeletons for the

synthesis of compounds that serve in processes such as C/N

partitioning and nitrogen fixation in legumes (Lepiniec

et al., 1994; Leegood, 2002; Rao et al., 2002). PEPC activity
is also implicated in plant cell expansion through an

osmotic effect from the resultant malate. A typical example

is the involvement of PEPC in guard cell movement during

stomatal opening (Tarczynski and Outlaw, 1990). However,

direct evidence is lacking regarding the role of PEPC in

plant cell expansion, the focus of this study.

Cotton fibres are capable of fixing HCO�
3 into malate, the

major anion in these single-cells (Dhindsa et al., 1975). This,
together with their extraordinary rate of cell elongation

(Ruan, 2007), provides a unique opportunity to examine

the potential role of PEPC in cell expansion. By using

a combination of biochemical, pharmacological, and molec-

ular approaches, data have been obtained to show that (i)

PEPC activity correlated with fibre elongation both de-

velopmentally and genotypically; (ii) inhibition of PEPC

activity pharmacologically reduced fibre elongation; and
(iii) high activity of PEPC in fibres appeared to be achieved

through expression of GhPEPC1 and 2 genes.

Materials and methods

Plant materials

Cotton (Gossypium hirsutum cv. Coker 315) plants were grown
under greenhouse conditions. Flowers were tagged at anthesis.
Cotton bolls were collected at specified time points.
For ovule culture, the bolls were collected at 2 DAA, surface-

sterilized with 70% (v/v) ethanol for 30–60 s followed with
treatment of 6% (v/v) sodium hypochlorite (NaOCl) for 20 min.
Thereafter, the bolls were washed with sterile water to remove
residual NaOCl. The seeds were cultured on BT medium (Beasley
and Ting, 1973) in the dark at 30 �C without shaking. For RNA
extraction and enzyme assay, samples were frozen in liquid N2 and
stored at –70 �C until analysis. Fresh samples were fixed for in situ
hybridization.
For treatment with LiCl and other salts, BT media containing

salt were prepared and autoclaved. For treatment with a high
concentration of salts, cotton seeds at 2 d after anthesis (DAA)
were cultured for 3 d in BT medium containing 100 mM of LiCl,
NaCl, or KCl. Alternatively, the 2 d seeds were cultured in BT
medium containing 10 mM LiCl for 12 d. Sorbitol was chosen as
an osmotic control in those experiments.

Semi-quantitative RT-PCR analyses

Total RNA was extracted according to Ruan et al. (1997). One
microgram of RNA was treated by RQ1 DNAase (Promega), and
the DNA-free RNA was used for cDNA synthesis using dT18
oligonucleotides with MMLV Reverse Transcriptase (Toyoba)
following the manufacturer’s instructions.
The following two primers were used to amplify a specific

fragment of PEPC1: P1SpeSF, 5#-TAAAACTTGCGGATTG-3#
and P1SpeSR, 5#-ATACCAGACTGACAAC-3#. The primers of
P2SpeSF (5#-AAATTACAGCGTGAAGTTGC-3#) and P2SpeSR
(5#-CCTATAAGAAAGTTTTTGCCG-3#) were used to amplify
PEPC2.
For internal control, a primer set of GhActinF (5#-CTACGG-

TAACATTGTGCTCA-3#) and GhActinR 5#-CACCATTAAGA-
TGATGGGTC-3#) was used to amplify GhActin, which shows
a relatively constant expression during fibre elongation (Sun et al.,
2005). The cDNAs were amplified by using the following
conditions: 25 cycles of 30 s at 94 �C, 30 s at 55 �C, and 30 s at
72 �C. A final extension step of 5 min at 72 �C was used to
terminate the reaction.

In situ hybridization

In situ hybridization was carried out using our established protocol
(Jin et al., 2009). To amplify gene-specific fragments of PEPC1
and PEPC2, the following two primer sets were used, respectively:
P1PF: 5#-AATGAATTCTGAATACTTCCGCCTA-3# and P1PR:
5#-AATAAGCTTCATACTCGCTTGTAGGG-3#; P2PF: 5#-GAA-
TTCGGATCTTTGCCTGGACACAGA-3# and P2PR: 5#-TCTA-
GAGATATGTGGCCGCAACT-3#. The PEPC1 and 2 fragments
were cloned into pBluescript. The plasmids harbouring the PEPC1
cDNA were linearized with HindIII or EcoRI for the generation of
sense and antisense probes, respectively, whereas plasmid containing
PEPC2 was digested with EcoRI for making a sense probe and XbaI
for the antisense probe. Sense and antisense RNA transcripts were
synthesized by T3 and T7 RNA polymerase with digoxigenin-UTP
(Roche Diagnostics) as the label. The linerlized transcripts were
subject to alkaline degradation to obtain a probe of approximately
200 bp (Cox and Goldberg, 1988).

Assay of PEPC activity

Frozen samples were ground in liquid nitrogen with extraction
buffer containing 200 mM HEPES–NaOH (pH 7.0), 10 mM
MgCl2, 5 mM DTT, and 2% PVP-40 (Hatch and Oliver, 1978;
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Magnin et al., 1997). The crude extracts were then transferred to
prechilled Eppendorf tubes and centrifuged at 12 000 g for 5 min.
The supernatant was immediately used for the PEPCase assay
according to Jiao and Chollet (1988). In short, the samples were
incubated for 30 min at 25 �C in 1 ml of assay buffer (100 mM
HEPES–NaOH pH 8.0, 10 mM MgCl2, 5 mM DTT, 2 mM
NADH, 10 mM NaHCO3, 2 mM PEP-K, and 2 mM malate
dehydrogenase). The reaction was initiated by adding PEP-K
a final concentration of 2 mM and terminated by incubation at
95 �C for 10 min and the reaction absorbance was measured at
340 nm. Controls containing boiled extracts were used as blanks.
The protein content was measured according to Bradford (1976).

Malate extraction and measurements

Samples in ;50 mg each were extracted for 1 h at 80 �C in 1.5 ml
of 80% ethanol and 20% water containing 100 mM HEPES–KOH
(pH 7.1) and 20 mM MgCl2. After cooling to room temperature,
the extracts were centrifuged at 12 000 g for 5 min. The
supernatant was recovered, mixed with 150 ml of charcoal
suspension (100 mg ml�1) and centrifuged at 12 000 g for 5 min.
The supernatant was stored at –20 �C until use (Famiani et al.,
2000).
Malate content was measured using the enzyme-coupled method

(Lowry and Passonneau, 1972; Famiani et al., 2000). The assay
mixture contained, in 1 ml: 50 mM 2-amino-2-methylpropanol and
40 mM glutamate (pH 9.9), and 1 mM NAD+. The reaction was
initiated by adding 10 U of glutamate oxalacetate transaminase
and 0.7 U of malate dehydrogenase to the assay mixture. The
absorbance at 340 nm was read after 1 h. A standard curve
spanning 0–0.15 lM malate prepared in the assay medium was
used to calculate the amounts of malate in samples.

Measurement of fibre length

Fibre length was measured according to Schubert et al. (1973). For
consistency, the measurement was done from the chalazal end of
the seed in all cases.

Results

PEPC activity correlates with cotton fibre elongation
developmentally and genotypically

Measurement of malate in cotton fibre revealed its high

content at the rapid phase of elongation at 5 d and 10

d after anthesis (DAA) and an evidently reduced content at

15 DAA onwards (Fig. 1), when fibre elongation signif-

icantly slowed (Ruan, 2007). These findings are consistent

with previous observations from in vitro-cultured cotton

fibre (Dhindsa et al., 1975). To determine the underlying
biochemical basis of malate accumulation in rapidly elon-

gating fibres, PEPC activity was assayed in fibres over the

entire elongation period across three genotypes, Gb, Gh, and

Ga that differ in the rate and extent of fibre elongation

(Ruan et al., 2004). Figure 2A shows that fibre elongation

displayed a similar temporal trend among the three

genotypes, i.e. a rapid elongation phase from 5–15 DAA

followed by a much slower elongation period from 15 DAA
onwards. However, within a given time period, Gb elon-

gated much faster than Gh, whereas Ga exhibited the

slowest elongation rate (Fig. 2A). Corresponding to this

genotypic difference, PEPC activity was also high, interme-

diate, and low in Gb, Gh, and Ga, respectively (Fig. 2B).

Moreover, the fibre PEPC activity was significantly higher

in the fast elongation phase (5–10 DAA) than that in the

slow phase of 15 DAA onwards across the genotypes

(Fig. 2B). By 25–30 DAA when elongation terminates

(Fig. 2A; Basra and Malik, 1984), the PEPC activity
dropped sharply to that observed in leaves (Fig. 2B).

To provide further genetic evidence on the role of PEPC

in fibre elongation, a monogenic, dominant cotton mutant

Ligon lintless (Li1) was chosen for comparison with its

parent, TM-1. The Li1 mutant displayed normal fibre

initiation but much shorter fibre length compared with

TM-1 (Karaca et al., 2002; Zhu et al., 2003). Figure 2C

shows that, at the rapid elongation phase of 10 DAA, the
PEPC activity in the mutant was only 25% of the wild type,

which corresponded to ;55% reduction of fibre length.

Inhibition of PEPC activity reduces cotton fibre
elongation

To examine whether high PEPC activity (Fig. 2B) is

required for cotton fibre elongation, a potent inhibitor

against the activity of this enzyme, LiCl (Monreal et al.,

2007), was applied to cultured cotton seed and fibre

(Beasley and Ting, 1973; Shi et al., 2006). In this context,

the application of 100 mM LiCl reduced fibre PEPC activity

by 88% (Fig. 3A), which led to 80% and 50% reduction in

fibre length and seed size (Fig. 3B, C), respectively,
compared with the control samples treated with sorbitol.

The effect appeared to be attributable specifically to LiCl,

since treatment with NaCl or KCl at the same concentra-

tion elicited no such inhibitory response (Fig. 3).

To determine unequivocally the effect of LiCl on fibre

elongation without parallel impact on seed development,

LiCl at various concentrations was applied to cultured

seeds. The analyses revealed that treatment with 10 mM
LiCl has no effect on seed size (Fig. 4A) but significantly

inhibited fibre PEPC activity and, hence, fibre length

(Fig. 4B). It is of note that PEPC activity was not reduced

by LiCl in seed with the fibre removed (Fig. 4B), indicating

that the observed effect of 10 mM LiCl is fibre-specific.
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Fig. 1. Changes of malate content during cotton fibre elongation

in G. hirsutum L. (Gh). Each value is the mean 6SE of three

replicates.
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Cloning of major PEPC cDNAs that are highly
expressed in elongating fibres

The strong correlation between PEPC activity and fibre

elongation prompted us to explore the molecular basis of
PEPC activity in cotton fibre. Extensive database searches

identified two major cDNAs, GhPEPC1 and GhPEPC2

(Genbank accession numbers AF008939 and EU032328,

respectively) that accounted for ;75% of GhPEPC ESTs

expressed in cotton fibre (http://www.cottondb.org/).

The GhPEPC1 and GhPEPC2 encoded 966 and 971

amino acids, respectively, exhibiting the typical size of plant

PEPCs (Izui et al., 2004). Alignment of their deduced amino

acid sequences with those from other species (see Supple-
mentary Fig. S1 at JXB online) revealed that GhPEPC1

shared 89.2%, 86%, and 79% sequence identity with that of

AtPPC1, maize C3 PEPC, and maize C4 PEPC, respectively.

Similarly, GhPEPC2 shared 87% identity with that of

AtPPC1 and maize C3 PEPC and 77% to maize C4 PEPC.

GhPEPC1 shared 87.8% identity with GhPEPC2.

As highlighted in Supplementary Fig. 1 at JXB online,

GhPEPC1 and 2 had the typical features of plant PEPCs.
Here, a Ser residue located in the N terminus forming part

of the sequence acid base, XXSIDAQLR, is invariably

present in all plant PEPCs and is the target for phosphor-

ylation (Chollet et al., 1996; Vidal and Chollet, 1997;

Nimmo, 2000). The signature C3 Ala was present in

Fig. 2. Correlation between PEPC activity and fibre elongation

among Genotypes of G. arboreum (Ga), G. hirsutum (Gh), and G.

barbadense (Gb). (A) Kinetics of fibre elongation; (B) PEPC activity,

and (C) reduced PEPC activity correlates with reduced fibre length

in 10-d fibre of Li1 mutant, as compared with its parental line

TM-1. YL, young leaves; ML, mature leaves. Each value is the

mean 6SE of three replicates.

Fig. 3. Effect of a high concentration of LiCL on fibre elongation

and seed size. (A) PEPC activity in cotton fibre. Note PEPC activity

was significantly reduced by 100 LiCl but not by NaCl and KCl at

the same concentration. (B) Fibre length is significantly reduced by

LiCl but not by NaCl and KCl. (C) Seed size (measured as% of

seed length) was also reduced by LiCl. Each value is the mean

6SE of three replicates. An asterisk indicates a significant

difference (t test, *P <0.05; **P <0.01).
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GhPEPC1 and 2, but was absent in Zm PEPC-C4 (Izui

et al., 2004). Furthermore, GhPEPC1 and 2 contained four

loops and two motifs, which are highly conserved domains

in plant PEPCs (Izui et al., 2004). Among them, loops I and

II were the PEP and HCO�
3 binding sites, respectively,

whereas loops III and IV were regulatory domains. A

conserved Arg in GhPEPC1-379 and GhPEPC2-372 may

account for subunit interaction (Chollet et al., 1996; Izui
et al., 2004). Finally, five Cys, present in all plant PEPCs,

were also present in GhPEPC1 and 2 (Chollet et al., 1996).

The expression patterns of GhPEPC1 and 2 in fibres and

other tissues were examined by using semi-quantitative

reverse transcriptase (RT)-PCR with gene-specific primers.

The transcript levels of GhPEPC1 and GhPEPC2 were high

during the rapid elongation phase of 5–15 DAA but

decreased sharply at the slow elongation phase at 15 DAA
onwards and became almost undetectable by 30 DAA when

fibre elongation has terminated (Fig. 5A; see also Fig. 2A).

GhPEPC2 was also highly expressed in elongating hypoco-

tyls and roots as well as in expanding leaves (Fig. 5B).

Within cotton seed, both PEPC genes were mainly

expressed in elongating fibres with much weaker signals

detected from the remaining seed tissue (Fig. 5B), corre-

sponding to high and low PEPC activities in the two tissues,
respectively (Fig. 4B).

GhPEPC1 and GhPEPC2 are expressed in fibres early
in elongation but not in non-differentiating ovular
epidermis

Cotton fibre elongation starts from 0 DAA, protruding

above the ovule epidermis (Ruan and Chourey, 1998).

However, genes involving in fibre elongation may be

expressed in ovule epidermis prior to 0 DAA (Ruan, 2005;

Wu et al., 2006). Thus, further studies were conducted by

using in situ hybridization to determine if GhPEPC1 and

GhPEPC2 were expressed in fibre cells early in elongation

or in ovules prior to fibre elongation.
For GhPEPC1 mRNA, the signal was not detected in the

ovule epidermis at 2 d before anthesis (–2 DAA; Fig. 6B),

compared with its sense control (Fig. 6A). Instead, the

GhPEPC1 transcripts were detected in the integument and

nucellus, particularly, at the interface between the outer and

inner integument and at the innermost cell layer of the inner

integument (Fig. 6B). By contrast, no GhPEPC2 transcript

signal was detected in ovule sections at –2 DAA (Fig. 6C).
By 1 DAA, however, GhPEPC1 transcript became evident

in the young elongating fibre cells (Fig. 6E), compared with

its sense control (Fig. 6D). The hybridization signal was also

detected in the nucellus and, to a less extent, in the outer

and inner integuments (Fig. 6E). For GhPEPC2 mRNA, its

signal was observed in fibre cells, the outer integument, and

in the nucellus, but was absent in the inner integument

(Fig. 6F). Hybridization of 5 d seed sections with the
GhPEPC1 antisense probe yielded similar spatial expression

patterns (Fig. 6H) as that in 1 d sections (Fig. 6E). It

showed strong signals of the GhPEPC1 transcript in rapidly

elongating fibres and at the inmost cell layer of the seed coat

(Fig. 6H) compared with the control (Fig. 6G). At 5 DAA,

the transcript of GhPEPC2 became restricted to fibre cells

and the nucellus (Fig. 6I). Throughout the experiments, the

Fig. 4. Effect of 10 mM LiCl treatment on fibre elongation. (A)

Seed and fibre morphology after in vitro culture with 10 mM LiCl.

(B) Fibre length and the PEPC activity in fibre and seeds (with fibre

removed) after salt-treatment. Each value is the mean 6SE of

three replicates. *P <0.05, **P <0.01.

Fig. 5. Transcript levels of GhPEPC1 and 2 in cotton fibre during

development and in other tissues. (A) Expression of GhPEPC1and

2 during fibre development. Note their transcript abundance was

evidently higher at the elongation phase (5–15 DAA) than that at

the slow-to-terminal elongation stage (20–30 DAA). (B) Expression

of GhPEPC1and 2 in other tissues. Note the high transcript level in

fibres as compared to the seed with fibre removed. GhActin was

used as an internal control.
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sense controls for GhPEPC2 showed the same background

as that for GhPEPC1.

Discussion

Several lines of evidence are presented here that high

activity of PEPC is required for the rapid and extensive
expansion of cotton fibre cells. Developmentally, PEPC

activities correlated positively with fibre elongation rate

(Fig. 2A, B; see Supplementary Fig. 2 at JXB online).

Consistently, the transcript levels of GhPEPC 1 and 2, two

major PEPC genes expressed in cotton fibre, were higher in

the rapid elongation phase than in the slow-to-termination

phase (Fig. 5A). Genotypically, fibres with the highest

PEPC activity from Gb elongated the fastest and had the
highest regression coefficient (R2¼0.8305) between fibre

elongation rate and PEPC activity among the three

genotypes (see Supplementary Fig. S2 at JXB online). By

contrast, the genotype, Ga, with the lowest PEPC activity

displayed the slowest fibre elongation rate, leading to short

fibres (Fig. 2A , B). Furthermore, PEPC activity from

a short fibre mutant, Li, was only about 25% of its wild-

type level (Fig. 2C). Consistent with the notion that fibre

elongation requires high PEPC activity is the observation

that GhPEPC1 and 2 were highly expressed in elongating

fibres as compared to the remaining seed tissues (Fig. 5B)
and PEPC activity in elongation fibres was higher than that

in developing leaves (Fig. 2B). Finally, the casual relation-

ship between PEPC activity and fibre elongation was shown

pharmacologically, in which inhibition of fibre PEPC

activity by LiCl reduced fibre elongation (Fig. 4). Collec-

tively, the data show that PEPC probably plays an

important role in rapid fibre elongation.

The role of PEPC in plant cell expansion has been
implicated in stomatal guard cell movement. To this end,

drought-induced stomata closure is associated with a guard

cell-specific reduction of PEPC gene expression in potato

(Kopka et al., 1997). Similarly, a decrease in PEPC activity

reduced stomatal conductance and slowed its opening in

response to increased light or reduced CO2 partial pressure

in a PEPC-deficient mutant of Amaranthus edulis (Cousins

Fig. 6. In situ mRNA localization of GhPEPC1 and 2 in cotton ovules and seeds. (A) Cross-section of ovules at –2 DAA hybridized with

a GhPEPC1 sense probe as a negative control. (B) Cross-section of ovules at –2 DAA hybridized with a GhPEPC1 anti-sense probe.

Note the absence of GhPEPC1 mRNA signals in the ovule epidermis but strong mRNA signals, indicated by the purple colour, in

integument and nucellus, particularly at the interface between outer- and inner-integument (arrow heads) and at the innermost layer of

inner integument (arrows). (C) Cross section of ovules at –2 DAA hybridized with a GhPEPC2 anti-sense probe. Note, no GhPEPC2

mRNA signals were detected. (D) Cross-section of seed at 1 DAA, hybridized with a sense probe of GhPEPC1. (E) Cross-section of seed

at 1 DAA, hybridized with an antisense probe of GhPEPC1, showing the presence of GhPEPC1 mRNA in elongating fibres (arrows) in

addition to that in the seed coat and nucellus. (F) Cross-section of seed at 1 DAA, hybridized with an antisense probe of GhPEPC2,

showing the presence of its mRNA in elongating fibres in addition to that in the outer seed coat and nucellus (arrow heads). (G) Cross-

section of seed at 5 DAA, hybridized with a sense probe of GhPEPC1. (H) Cross-section of seed at 5 DAA, hybridized with an anti-sense

probe GhPEPC1. (I) Cross-section of seed at 5 DAA, hybridized with an antisense probe of GhPEPC2. oi, Outer integument; ii, inner

integument; n, nucellus. Bars¼50 lm.
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et al., 2007). It remains difficult, however, to establish

a relationship between temporal changes in PEPC expres-

sion or activities and the kinetics of guard cell expansion. In

tomato, the expression of two PEPC genes has been shown

to correlate with the increase in PEPC activity and the

accumulation of malate and citrate during fruit expansion

from 8–20 d post-anthesis (Guillet et al., 2002). However,

the multicellular nature of tomato fruit renders it difficult to
evaluate the contribution of PEPC to the expansion of

given cell type(s) within the fruit.

In view of the above analyses, our findings on the role of

PEPC in cotton fibre and seed are of significance for two

reasons. First, the developmental and genotypic correlation

between PEPC activity and cotton fibre elongation provides

compelling correlative evidence on the role of this enzyme in

plant cell expansion at the single-celled level during the
course of its normal development. The role of PEPC in fibre

elongation is further supported by the observation that in

vitro-cultured cotton fibre grew faster under high concen-

trations of CO2 (Dhindsa et al., 1975), most likely through

its refixation by PEPC in the fibre cells (Ruan, 2005).

Second, in addition to its role in fibre elongation, the

differential in situ expression patterns of GhPEPC1 and 2 in

cotton seed (Fig. 6) indicate the potential function of PEPC
in ovule and seed early in development. To our knowledge,

there has been no report thus far regarding the expression

of PEPC in seed development before and immediately after

pollination.

PEPC may control cotton fibre elongation in several

ways. Previous studies have indicated that the generation

and maintenance of cell turgor is essential for cotton fibre

elongation (reviewed by Ruan, 2007). In cotton fibre,
malate, along with K+ and hexoses, is a major osmotic

solute. The in vivo content of malate is about 0.5–0.7 mmol

g�1 DW in the rapidly elongating fibres from 5–10 DAA

(Fig. 1), which is equivalent to about 50–70 mM. Thus, it is

reasonable to argue that malate accumulation probably

plays an important role in fibre elongation through its

osmotic effect to attract the influx of water. The high level

of PEPC expression (Figs 5, 6) and activity (Figs 2, 3, 4) in
fibres provides a biochemical basis for the generation of

malate, and hence an osmotic potential and turgor that

drives fibre elongation.

High PEPC activity may also be required for the bio-

synthesis of membrane lipids during fibre elongation where

the plasma membrane and tonoplast are enlarged at an

extraordinary rate (Ruan et al., 2000, 2001). Indeed, genes

involved in fatty acid biosynthesis, chain elongation, and
lipid transfer are highly up-regulated during early fibre

development (Ji et al., 2003; Qin et al., 2005, 2007; Shi

et al., 2006; Gou et al., 2007). In plant cells, fatty acids are

synthesized in leucoplasts using acetate, pyruvate, and

malate as substrates (Smith et al., 1992). However, the rate

of fatty acid synthesis was approximately 4.5 and 120 times

higher when malate was the precursor compared with that

when pyruvate and acetate served as the precursors, re-
spectively (Smith et al., 1992). Thus, PEPC may play

a major role in the enlargement of the plasma membrane

and tonoplast during fibre elongation by providing malate

for lipid biosynthesis.

Our in situ hybridization analyses further revealed several

important findings. First, the observation that GhPEPC 1

and 2 were expressed in young fibres as early as 1 DAA

(Fig. 6) suggests that PEPC plays a role in fibre elongation

from the very beginning. Interestingly, their transcripts were

undetectable in ovule epidermis at –2 DAA (Fig. 6), when
fibres are undergoing initiation at the molecular level but

remain morphologically indistinguishable from the adjacent

ovule epidermal cells (Ruan, 2005). These findings, together

with expression analyses of GhPEPC1 and 2 in the later

stages of fibre development (Fig. 5) point to the involve-

ment of these genes in fibre elongation but not in the

initiation process.

It is also of significance to note the differential expression
patterns of GhPEPC 1 and 2 in cotton ovules and seed.

While GhPEPC2 was not expressed in ovules before

anthesis (Fig. 6C) in this work, GhPEPC1 mRNA was

abundantly detected in this tissue (Fig. 6B). This indicates

a specific role that GhPEPC1 may play in ovule develop-

ment. After anthesis, the two PEPC genes exhibited similar

expression patterns. Their mRNAs were detected in the

nucellus, the outer integument, and fibres, although the
signal strength of GhPEPC2 appeared to be weaker than

that of GhPEPC1 (Fig. 6).

The role of GhPEPC 1 and 2 in early cotton seed

development is not clear at this stage. However, seed

development typically requires the local synthesis of amino

acids from ammonia-N and the carbon skeleton (Sodek,

1980). Thus, it is possible that activities of GhPEPC1 and 2

may yield oxalacetate, which can serve as a carbon acceptor
for amino acid biosynthesis (Radchuk et al., 2007) in cotton

ovules or seed before and immediately after fertilization.

Noteworthy is the strong mRNA signals of GhPEPC1 at

the interface between the outer and inner integuments and

at the innermost layer of inner integument in ovules before

anthesis (Fig. 6B). These tissue boundaries may be active

cellular sites for the synthesis of amino acids from the

PEPC-derived oxalacetate, which may then be transported
inwards to support the young embryonic tissues after

fertilization.

In summary, data presented here show that (i) high

activity of PEPC is probably required for rapid cotton fibre

cell elongation; and (ii) GhPEPC1 and 2 may play

temporally different roles in cotton ovule and seed de-

velopment in addition to their roles in fibre elongation. The

findings provide new insights into the roles of PEPC in
plant cell expansion and ovule and seed development.

Supplementary data

Supplementary data are available at JXB online.
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PEPC activity and fibre elongation rate.
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