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We analyzed lipid kinase and lipid phosphatase activities and determined endogenous phytohormone
levels by liquid chromatography—tandem mass spectrometry in root and coleoptile tissues following
germination of barley (Hordeum vulgare) seeds. The enzymes showing highest activity in aleurone cells
were diacylglycerol kinase (DAG-k, EC 2.7.1.107) and phosphatidate kinase (PA-k). The ratio of gibber-
ellins (GAs) to abscisic acid (ABA) was 2-fold higher in aleurone than in coleoptile or root tissues. In
coleoptiles, phosphatidylinositol 4-kinase (PI4-k, EC 2.7.1.67) showed the highest enzyme activity, and
jasmonic acid (JA) level was higher than in aleurone. In roots, activities of PI4-k, DAG-k, and PA-k were
similar, and salicylic acid (SA) showed the highest concentration. In the assays to evaluate the hydrolysis
of DGPP (diacylglycerol pyrophosphate) and PA (phosphatidic acid) we observed that PA hydrolysis by
LPPs (lipid phosphate phosphatases) was not modified; however, the diacylglycerol pyrophosphate
phosphatase (DGPPase) was strikingly higher in coleoptile and root tissues than to aleurone. Relevance of
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these findings in terms of signaling responses and seedling growth is discussed.

© 2012 Published by Elsevier Masson SAS.

1. Introduction

Lipid-mediated signaling in plant cells is an increasingly well-
documented phenomenon. A crucial early event in the regulation
of a variety of plant cell functions is hydrolysis of a minor
membrane phospholipid, phosphatidylinositol 4,5-bisphosphate
(PIP;), by a specific phospholipase C (PLC, EC 3.1.4.11). This reac-
tion gives rise to two intracellular messengers, diacylglycerol (DAG)
and inositol 1,4,5-trisphosphate (IP3) [1]. DAG is rapidly phos-
phorylated to phosphatidic acid (PA) by diacylglycerol kinase (DAG-
k, EC 2.7.1.107) primarily in order to down-regulate DAG levels;
however, PA also functions as a lipid second messenger [2]. PA can

Abbreviations: ABA, abscisic acid; IAA, indole-3-acetic acid; DAG, diacylglycerol;
DAG-k, diacylglycerol kinase; DGPP, diacylglycerol pyrophosphate; DGPPase, diac-
ylglycerol pyrophosphate phosphatase; 1P, inositol 1,4,5-trisphosphate; GAs, gib-
berellic acid; JA, jasmonic acid; LPA, lysophosphatidic acid; LPPs, lipid phosphate
phosphatases; PA, phosphatidic acid; PA-k, phosphatidate kinase; PAP2, phospha-
tidate phosphohydrolase type 2; PI, phosphatidylinositol; PI3-k, phosphatidylino-
sitol 3-kinase; PI3P, phosphatidylinositol 3-phosphate; PI4-k, phosphatidylinositol
4-kinase; PI4P, phosphatidylinositol 4-phosphate; PI-k, phosphatidylinositol
kinases; PIP,, phosphatidylinositol 4,5-bisphosphate; PLC, phospholipase C; SA,
salicylic acid.
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also be produced rapidly in stimulated cells as a direct result of
phospholipase D (PLD, EC 3.1.4.4) activation [3]. PA is converted into
diacylglycerol pyrophosphate (DGPP) by a phosphatidate kinase
(PA-k) [4]. Enzymes that metabolize PA/DGPP play important roles
in switching the PA/DGPP signal on/off [5]. Barley (Hordeum vul-
gare) displays an increase in the PA/DGPP ratio in response to
abscisic acid (ABA), and contains multiple PA phosphohydrolase
genes [6]. Studies on ABA response have focused on metabolic
functions of these enzymes; however, it remains unclear whether
any of these proteins have regulatory functions following
germination.

Phosphatidylinositol 3-kinase (PI3-k, EC 2.7.1.137) and phos-
phatidylinositol 4-kinase (PI4-k, EC 2.7.1.67), which synthesize
phosphatidylinositol 3-phosphate (PI3P) and phosphatidylinositol
4-phosphate (PI4P), plays an important role in the barley aleurone.
Pl4-k activity was shown to be increased by treatment of aleurone
layers with gibberellic acid (GAs), suggesting that PI4-k helps
regulate secretory processes [7].

Several studies have demonstrated the involvement of phos-
pholipid signaling in aleurone responses to GAs and ABA, but little
is known regarding the role of phospholipids following seed
germination. Two tissues become very important after germina-
tion: the coleoptile and the root. The main functions of the
coleoptile are to protect the shoot apex during initial seedling
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establishment [8]. The main functions of roots are absorption of
water and inorganic nutrients from the external environment, and
anchoring of the plant body to the ground. Phospholipid signaling
is well known to be involved in plant responses to treatment with
exogenous phytoregulators, but few studies have addressed func-
tions of lipid kinases/phosphatases in relation to endogenous
levels of phytohormones in barley tissues.

Metabolism of various phytohormones is clearly interdependent
and interrelated, but it has been difficult to quantify them simul-
taneously in a given type of plant tissue because of their diverse
chemical nature. Recent advances in hormone analytical tech-
niques have helped overcome this barrier [9]. The aim of the
present study was to evaluate lipid kinase and lipid phosphatase
activities and the hormone profile in barley tissues. This is useful
information for future studies of cellular responses in barley
tissues.

2. Materials and methods

2.1. Plant materials, growth conditions, and separation of aleurones,
coleoptiles, and roots

Barley seeds (H. vulgare, cv. Carla INTA) were surface sterilized,
and soaked in sterilized water for 4 days in the dark at 25 °C.
Aleurone layers were separated by gently scraping away the starchy
endosperm from barley seedlings with a metal spatula, and kept
frozen in liquid nitrogen at —80 °C until use. Seedlings were
obtained from whole grains, surface sterilized, grown in a growth
chamber on disks of filter paper moistened with sterilized water, in
Petri dishes (10-cm diameter), for 4 days in the dark at 25 °C, and
then harvested. Coleoptiles (the new leaves were also included)
and roots were separated, and kept frozen in liquid nitrogen
at —80 °C until use.

2.2. Preparation of membranes

Aleurones, coleoptiles, and roots prepared as above were
thawed and homogenized in 10 volumes of 50 mM HEPES (pH 7.4)
containing 0.25 M sucrose, 5 mM KCl, 1 mM EDTA, and protease
inhibitors (1 mg mL~! leupeptin, 1 mM phenyl methane sulfonyl
fluoride (PMSF), 1 mg mL~! aprotinin). The homogenate was
centrifuged at 1000x g for 15 min at 4 °C to remove unbroken cells
and cell debris, and the resulting supernatant was further centri-
fuged at 105000x g for 60 min at 4 °C. The supernatant was
eliminated, and the pellet was resuspended in 50 mM HEPES (pH
7.4) and used as crude membrane fraction. Protein concentration of
samples was measured using Bradford reagent with BSA as stan-
dard [10].

2.3. Lipid kinase activity and phospholipid extraction and
separation

The membrane fraction isolated as above (60 pug protein) was
added to thermally equilibrated (30 °C) 50 mM HEPES buffer (pH
7.4), 01 mM EDTA, 0.5 mM DTE, 10 mM MgCl,, 0.1 mM sodium
orthovanadate (inhibitor of lipid phosphate phosphatases), 1 mM
Mg?*-ATP, and [y->?P]ATP (370 MBq). Lipid kinase activities were
assayed simultaneously using endogenous lipids as substrates.
Lipid phosphorylation was allowed to proceed for 2 min at 30 °C in
a final volume of 100 pL, and reaction was stopped by addition of
1.5 mL chloroform/methanol (1:2, v/v). Lipids were extracted from
membranes, and phospholipids were separated by TLC as described
by Racagni-Di Palma et al. [11]. Plates were developed with
chloroform/methanol/acetone/acetic acid/water (40:14:15:12:7,
v/v/v/v|v) for the first dimension, and chloroform/pyridine/formic

acid (35:30:7, v/v/v) for the second dimension. Positions of radio-
labeled lipids were determined by autoradiography on Kodak film.
PI3-k assay was performed using pellet and supernatant fractions
from a homogenate of Saccharomyces cerevisiae (~4 ug protein) as
control, and sonicated PI as substrate (0.2 mg mL™!). Phosphory-
lated lipids were extracted as described by Stack et al. [12], and
separated by TLC/boric acid system [13].

2.4. Lipid phosphate phosphatase activity assays

For determination of phosphatidate phosphohydrolase type 2
(PAP2) activity, the assay mixture consisted of 50 mM Tris-maleate
buffer, pH 6.5, 1 mM DTT, 1 mM EDTA plus 1 mM EGTA, 4.2 mM
NEM, and 100 pg of membrane protein in a volume of 0.1 mL. The
reaction was started by addition of 0.6 mM [2->H]phosphatidate,
continued for 30 min at 37 °C, and stopped by addition of chloro-
form/methanol (2:1, v/v). PAP activity product 1,2-diacyl[>H]glyc-
erol was isolated and measured. Radiolabeled PA was obtained
from [2-H|phosphatidylcholine, which was synthesized as
described by Pasquaré and Giusto [14]. PAP activity was
expressed as the sum of nmol ([*H]diacylglycerol and [*H]
monoacylglycerol) x (h x mg protein) .

DGPP phosphatase activity was assayed as described by Han and
Carman [15], based on release of water-soluble 3?P from
chloroform-soluble [B-*2P]DGPP (2000 cpm/pmol). The reaction
mixture contained 50 mM citrate buffer (pH 5.0), 0.1 mM DGPP,
2 mM Triton X-100, 10 mM 2-mercaptoethanol, and enzyme
protein, in a total volume of 0.1 mL. DGPP was synthesized from PA
using enriched-membrane fraction H. vulgare PA kinase. Enzyme
assays were conducted at 30 °C in duplicate.

2.5. Protein gel blot analysis

Barley tissue homogenates were prepared as described above
for lipid kinase assay. Extract samples were separated by 12.5% SDS-
PAGE, and proteins were electrotransferred to nitrocellulose
membranes. Protein blots were blocked with 5% skim milk powder
in phosphate-buffered saline (4.3 mM NayHPO4-7H,0, 1.4 mM
KH5POy4, 2.7 mM KCI, 137 mM NaCl). Antibodies directed to C-
terminal DGPP phosphatase (a generous gift from Dr. George Car-
man) were added at 1:1000 dilution and incubated for 2 h.
Secondary antibody coupled to horseradish peroxidase was used to
visualize target proteins, in combination with chromogenic
substrates.

2.6. Phytohormone analysis

Levels of GAj, GAs, ABA, IAA, SA, and JA were analyzed simul-
taneously by electrospray ionization/tandem mass spectrometry
(LC-ESI-MS-MS), essentially as described by Durgbanshi et al.
(2005). In brief, tissues samples (200 mg) were ground in liquid
nitrogen, extracted with acetone/water/acetic acid (80: 19: 1, v/v/
v), added with 5 pL of a mixture of internal standards (50 ng/sample
of 2Hs-1AA, *Hg-ABA, *Hg-JA, and 2Hys-SA, and 100 ng 2Hy-GAs, 2Hy-
GA1), and centrifuged at 500x g for 15 min. The resulting super-
natant was collected and evaporated, and the solid residue was
dissolved in 500 pL of methanol and evaporated. The resulting
residue was dissolved in methanol/1% acetic acid (99:1, v/v), and
then passed through a DEAE Sephadex A-25 column. Aliquots of the
resulting solution were injected directly into the LC-ESI-MS-MS
system. MS/MS experiments were performed on a Micromass
Quatro Ultima™ Pt double quadrupole mass spectrometer (Micro-
mass, Manchester City, UK). Precursor and product ions specific for
each hormone were identified, using authentic compounds and
appropriate precursor-to-product ion transitions representing
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Table 1
Optimized MS/ MS conditions for the analysis of barley tissues hormones.
Analytes Scan mode Retention Time (min) Transition Collision Energy (eV) Internal standard Transition
GA, Negative 37 348 242 13 2H,-GA; 350 244
GAs3 Negative 6.2 345 221 13 2H,-GAs3 347 223
1AA Negative 5.2 175 130 10 2H5—IAA 180 135
ABA Negative 10.2 263 163 5 2Hg-ABA 269 169
JA Negative 143 209 59 5 2Hg-JA 215 59
SA Negative 4.5 137 93 5 2H4-SA 141 97

a major fragmentation path and unique for each phytohormone
were chosen MS/MS conditions were optimized to produce
maximal signal (Table 1).

3. Results

In order to determine lipid kinase activities in aleurones, cole-
optiles, and roots, we used a sequential measurement system, with
both endogenous substrates and kinases in the same membrane
fraction, prepared by centrifugation at 105000x g. Compounds
present in this fraction were identified by autoradiography as PA,
lysophosphatidic acid (LPA), DGPP, PIP, and PIP, (Fig. 1A). The three
tissues displayed important differences in lipid kinase activities. In
coleoptiles, PIP was the predominant lipid species, comprising
45.25 + 4.19% of total phosphorylated products. In aleurones, the
major lipid component was DGPP (41 + 3.61%), followed by PA
(28.67 £ 3.79%), and PIP was much lower (13.5 & 2.65%). The same
three components were present in roots, but with a more homo-
geneous distribution: PA 20.5 4 4.43%; DGPP 24.75 4 3.86%; PIP
28.67 4+ 8.62%. Percentages of LPA and PIP, were much lower in all
three tissues. Coleoptiles displayed lower DAG-k and PA-k
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Fig. 1. (A) Autoradiography of lipid kinase products from barley aleurone, coleoptile,
and root. Membrane lipids were phosphorylated with [y->2P]ATP, extracted, and
separated by 2-dimensional TLC. Solvent I: chloroform/methanol/acetone/acetic acid/
water (40:14:15:12:7, v/v/v/v/v). Solvent II: chloroform/pyridine/formic acid (35:30:7,
v/v|v). (B) Results are expressed as specific activity (pmol min~! mg protein~') and
shown as mean + S.D., n = 3, *P < 0.05, t-test.

activities, and higher activity of PI-k, with its phosphorylated
product PIP as the major lipid. Enzyme activities for each of the
three tissues, expressed as pmol min~—! mg protein~!, are summa-
rized in Fig. 1B.

These reduced activities of DAG-k and PA-k may be correlated
with increased activities of the enzymes that regulate PA and DGPP
levels. PAP2 activity (measured with [*H]PA as substrate) and
DGPPase activity (measured with [B-32P]DGPP as substrate) in
coleoptile and root tissues, expressed as fold increase relative to
values in aleurone, are shown in Fig. 2. DGPPase activities were ~1
and 0.5-fold higher, whereas PAP2 activities were essentially
unchanged, in coleoptile/root tissues relative to aleurones. In vitro
phosphatase activities were different in coleoptile/root tissues
compared to aleurones, so protein blotting was performed to
determine whether protein levels were different. Protein fraction
isolated from barley tissues was separated by SDS-PAGE and
immunoblotted. Antibody directed to C-terminus of S. cerevisiae
DGPPase, used for detection of DGPPase protein levels, showed
bands with 30 and 35 kDa. Signal levels were significantly different
for coleoptile/root tissues compared to aleurones (Fig. 2, inset).
DGPPase signal levels were ~2.04 + 0.6 and 0.85 + 0.31(n = 4,
P < 0.05, t-test) in coleoptile/root tissues relative to aleurones.

PIP isomers were identified using pellet and supernatant fractions
from a homogenate of S. cerevisiae. Autoradiography showed the
presence of PI3P and PI4P, with Rf values 0.44 and 0.48, respectively
(Fig. 3). In all three tissues, PI4P levels were higher than PI3P
levels. Analysis of radioactive lipids revealed Pl4-k activity
(4.6 pmol min~! mg protein—!) 2.5-fold higher than PI3-k activity
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Fig. 2. PAP2 activity was determined using [>H]PA (0.6 mM) as substrate. DGPPase
activity was determined using [B->2P]DGPP as substrate. Phosphatases activities in
coleoptile and root are expressed as fold increase relative to values in aleurone. Inset:
immunoblotting of homogenates from barley tissues. Barley, rice, and yeast proteins
were separated by SDS-PAGE, and analyzed by protein blotting using yeast anti-
DGPPase antibody. Size of molecular weight marker is indicated at right. DGPPase
protein levels (band with 30 kDa) were quantified (optical density in arbitrary units)
using the Scion Image program, with optical density of aleurone band defined as 1 AU
(arbitrary units).
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Fig. 3. Autoradiography of PI4P and PI3P isomers in aleurone, coleoptile, and root. PI4-
k and PI3-k activities were identified in membrane fraction (60 ug protein) by phos-
phorylation of corresponding endogenous substrates with [y->?P]ATP, and then
extracted and separated by TLC/boric acid system. Proteins prepared from yeast (yeast
soluble, Ys) and membrane homogenate (Yp) were assayed for kinase activity to
generate reference markers for PI3P and PI4P. Products of phosphorylation of lipid
kinases in aleurone (A), coleoptile (C) and root (R) are shown.

(2 pmol min~! mg protein~!) in aleurones, and Pl4-k activity

(9.5 pmol min~! mg protein~!) 4-fold higher than PI3-k activity
(2 pmol min~! mg protein—') in coleoptiles, showing that coleoptiles
have an equal level of PI3P and a higher PI4P level relative to aleurones.
Lipid kinase activities in roots (PI3-k = 2.1 pmol min~! mg protein~;
Pl4-k = 5.8 pmol min~' mg protein~') were higher than in aleurones.

Changes in phytohormone concentrations in plants mediate
a wide range of developmental processes, many of which involve
interactions with phospholipid metabolism. Endogenous phyto-
hormone concentrations in barley aleurones, coleoptiles, and roots,
expressed as ng per g dry weight, are summarized in Table 2.
GA1 + GAj3 levels were ~4-fold higher in aleurone than in cole-
optiles and root tissues. IAA level was ~4-fold higher in aleurones
than in coleoptile and root tissues. ABA content was similar among
the three tissues. SA level was 2.7-fold higher in roots than in
coleoptile and 12-fold higher in roots than in aleurone tissues. JA
level was ~ 3-fold higher in coleoptiles than in aleurone and roots
tissues. For better understanding of these results, we calculated
ratios between various pairs of hormones, and compared these
ratios among the three tissues (Table 3). The GAs/ABA ratio was 2-

Table 2
Endogenous amounts of phytohormones for different barley tissues.

Barley tissues Amount (ng/dry weight)

GA, GAs3 ABA 1AA SA JA
Aleurones 325 220 248 71 33 52
Coleoptiles 24 108 274 21 147 153
Roots 60 46 286 18 404 86

Levels of GA1, GAs, ABA, IAA, SA, and JA were analyzed simultaneously by LC-ESI-
MS-MS essentially as described by Durgbanshi et al. (2005). Results are expressed
as ng/dry weight of barley tissues; they correspond to a representative experiment
performed by triplicate.

Table 3

Pairs of hormones: ratios among the three tissues.
Ratio Aleurones Coleoptiles Roots
GAs/ ABA 2.0 0.5 0.3
SA/ GAs 0.6 11 3.8
SA/ ABA 0.13 0.5 14
SA/ I1AA 0.46 7.0 220
IAA/ GAs 0.13 0.15 0.16
IAA/ ABA 0.28 0.08 0.06
JA/ GAs 0.09 1.16 0.80
JA/ ABA 0.21 05 03
JA/ SA 1.60 0.9 021

GAs: Sum of GA; and GAs.

fold higher, in aleurones than in coleoptile or root tissues. The SA/
GAs ratio was highest in roots, and the SA/IAA ratio was 22-fold
higher in roots than in aleurone or coleoptile tissues, illustrating
the importance of SA for roots function. JA/GA3 ratio was higher in
coleoptiles than in roots, and 13-fold higher in coleoptiles than in
aleurones.

4. Discussion

Our previous studies demonstrated that treatment of barley
aleurones with GA3 and ABA modulates activity of lipid kinases/
phosphatases, and these effects are correlated with stimulation or
inhibition of a~amylase secretion [6,7].

Results of the present study show important differences in lipid
kinase and lipid phosphatase activities, and phytohormone profiles,
in aleurones (isolated from the seedling) in comparison to cole-
optile and root tissues during barley seed germination. Phospho-
lipid metabolism, and related lipid kinases/phosphatases, are
important regulators of normal plant growth and development
[16]. PA and DGPP comprise >50% of total phosphorylated lipids in
barley aleurones. Similarly, in a study of Arabidopsis thaliana,
Katagiri et al. [17] reported that PA and DGPP reached maximal
levels within the first 12 h after germination, followed by a decrease
after 96 h. Thus, these two phospholipids appear to play important
roles in germination.

The balance among various phytohormones, particularly GAs
and ABA, has been shown to determine the onset or progress of
germination or dormancy in several plant species [18]. We found
that the concentration in aleurones of GAs is 2-fold higher than that
of ABA, consistent with findings by Durgbanshi et al. [9]. Our
previous study showed that PA and DGPP play important metabolic
roles during in vitro stimulation of aleurone secretory activity [6]. In
the present study, DAG-k activity correlated positively with an
increase of PA level, with simultaneous DGPP formation through
activation of PA-k. The exact mechanism of DGPP’s role in aleurones
activity remains unclear, although our recent study based on film
packing suggests that DGPP may act as a structural signal trans-
ducer in membrane-mediated cellular processes [19].

Our analysis of hormone ratios showed important difference in
SA/GAs and SA/ABA ratios in the three tissues studied. Signaling
cross-talk occurs between SA and GAs in barley aleurones, and SA is
capable of blocking barley seed germination by suppressing
induction of amylase by GAs3 [20]. The role of SA in seed germina-
tion is ambiguous; it appears to be capable of either inhibiting
germination or enhancing seed vigor [21]. Few studies have
addressed the interaction of SA with phospholipids [22,23]. We
hypothesize that the lower levels of SA observed in aleurones may
affect the PA/DGPP levels. SA treatment of Capsicum chinense cells
in suspension was recently shown to modulate PA levels via DAG-k
activity [24]. The observed decrease of DGPP and PA levels in
seedlings suggests the involvement of enzymes that utilize DGPP
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and PA as substrates. The present study showed the presence of
PAP2 and DGPPase activities in barley seedling. Differences in
behavior of these two enzymes suggest the presence of distinct LPP
isoforms [5]. Immunoblot analysis of phosphatases in the present
study showed that they are expressed in all three tissues examined,
as well as in rice, but with differences in abundance of phosphatase
protein. These findings are consistent with those of Eastmond et al.
[25]. Plants contain multiple PA phosphohydrolase isoforms, but it
has not been established whether any of these proteins play
a regulatory role in plant lipid metabolism, either directly or indi-
rectly. The study by Eastmond et al. [25], suggested that PAH1/2
may govern phospholipid synthesis through changes in the level of
PA or DAG. In the present study, DGPPase activity was much higher
in barley coleoptile and root tissues than in aleurones, whereas
PAP2 activity was essentially the same in the three tissues. We
therefore suggest that DGPPase activity is the primary phosphatase
activity involved in regulation of PA/DGPP levels in coleoptile and
root cells. We found that the GAs level was 4-fold higher in aleu-
rone than in coleoptiles or root tissues, and JA level was respec-
tively 3-fold higher in coleoptiles and 2-fold higher in roots
compared to aleurones. It has been shown that the analysis of the
GAs is particularly complex as there are a very large number of
these molecules in most plant tissues. In this work we have
determinated the biologically active GA; and its 1,2-double bond
analog, GAs. GA1 is believed to be the predominant bioactive GA
responsible for a-amylase production in germinated mature barley
grains [26] and that GAs applied to de-embrionated half-grains
stimulates amylolytic activity in endosperm. However, a study by
Green et al. [27] of barley embryos showed the highest levels of GAs
inactive and lowest amount of GA; and GA3 was not determinated.
Now, we show that aleurone tissue possess also GAs. The difference
between Green’s studies and this work could be due to the methods
used in the phytohormones measure as well as the grains cultivar.
Although, there are several earlier reports that show the presence
of GAs in germinating grain and leaf sheaths [28,29] therefore the
presence of GA3z should be also considered.

GAs is well known to stimulate growth and elongation of rice
seedlings, but the role of JA is less known. A few reports indicate
a relationship between endogenous JA and GAs levels and PI4-k
activity. Regente et al. [30] observed that treatment of sunflower
seeds with JA altered the profiles of extracellular phospholipids,
and led to accumulation of PI4P. We found previously that GAs
treatment causes major fluctuations in PI4P levels in aleurone cells,
suggesting that PI4P is part of the GA pathway [7]. Here, we show
that level of PI4P is an important feature of coleoptiles. However,
the regulation of PI4P levels in barley tissues is poorly understood.
In both, aleurone [7] and coleoptiles, most PI4P is formed by
phosphorylation of PI by PI4-k. Recent studies have shown PI4P has
multifaceted roles in plants, and regulates diverse plant processes
[31], including polarized membrane trafficking during tip-growth.
This highly polarized form of cell expansion occurs in growing
root hairs and pollen tubes, and requires focused delivery of
secretory vesicles to an apical plasma membrane domain. A role for
PI4P was revealed when PI4Kb1 was found to be recruited to tip-
localized secretory vesicles by the regulatory GTPases, RabA4b in
root hair, and RabA4d in pollen tubes [32,33]. As in this study the
coleoptiles included the young leaves we propose the PI4P could be
involved in the elongating and dividing of barley tissues since PI4P
also regulates the establishment of polarity during cell differenti-
ation in other plant developmental contexts. During cell division, it
accumulates at the cell plate as well as it has also been implicated in
cell polarity establishment during stem cell maintenance [34]. In
this way, both PI4-k and DGPPase activities in coleoptile would be
also related with lipid turnover as well as phospholipid synthesis
through changes in the level of PA or DAG.

Of the three tissues studied, roots showed the fewest differ-
ences among lipid kinase activities; however, SA level was 2.5-fold
higher in root than in coleoptile or aleurone tissues. SA was
reported to display growth-stimulatory effects in soybean and
wheat [21]. The SA/IAA ratio was ~3-fold higher in roots than in
aleurone or coleoptile tissues. Some studies have shown evidence
of cross-talk between SA and IAA signaling during plant vegetative
growth [21], but the precise mechanism is unknown. Thus, we
propose that the different hormonal regulation observed in the
barley tissues would be reflected in the lipid metabolism through
lipid kinase activities. Consequently, the role of phospholipids in
phytohormone function and plant seedling growth is an impor-
tant topic for future studies.
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